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ABSTRACT 

 

Our laboratory is interested in studying the junction of glycolysis and the tricarboxylic acid 
(TCA) cycle, specifically the enzymes phosphoenolpyruvate carboxykinase, pyruvate 
carboxylase and phosphoenolpyruvate carboxylase.  All produce oxaloacetate (OAA) for the 
cell.  OAA production is critical for cell carbon synthesis in the methanogenic archaea.  
Therefore OAA-generating enzymes are essential for the survival of methanogens.    In part of 
this study we investigated archaeal-type phosphoenolpyruvate carboxylase (PpcA), a new type of 
phosphoenolpyruvate carboxylase, which is widespread in the archaea and is found in three 
bacterial species. The form of phosphoenolpyruvate carboxylase (Ppc) that is prevalent in 
bacteria and plants is not found in the archaea.    Due to complications expressing PpcA in the 
soluble form and difficulty purifying this enzyme from methanogens, an in-depth investigation 
of this enzyme’s biochemical properties has yet to occur.    In this study we demonstrate the 
successful expression of a PpcA homolog in the soluble fraction of Escherichia coli.  We 
purified the recombinant protein to homogeneity.  This development provides the means to study 
the enzyme’s biochemical properties and manipulate the primary sequence in order to identify 
residues critical to the enzyme’s function.   We also show that this PpcA homolog does have the 
postulated activity and investigate its biochemical properties.  The data show that PpcA has 
unique properties in regard to the enzyme’s substrate and its regulation by metabolites.  Our data 
also reveal that PpcA is a membrane associated protein, unlike Ppc, which is a soluble protein.   
We also show that pyruvate carboxylase (Pyc) can be expressed recombinantly in Pseudomonas 

aeruginosa at levels sufficient for structure-function studies.    This is a major step forward in the 
expression in Pyc because it cannot be expressed at high levels in Escherichia coli.  These are 
important developments in studying the enzymes that connect glycolysis and the TCA cycle. 
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INTRODUCTION
  

The archaea, first identified by Woese in 
1977 (190), are  a hybrid of the prokaryotes 
and eukaryotes.  The archaea are similar to 
bacteria in regard to ribosome size and are 
similar to eukarya in the fact their cell walls 
lack peptidoglycan, methionine is the iniator 
tRNA and the ribosome is sensitive to 
diphtheria toxin, but is not sensitive to 
chloramphenicol, streptomycin and 
kanamycin.  These similarties with two 
different domains of life make archaeal 
species potential models of evolution.  
Despirte these similarities, the archaea are 
unique in their lipids have ether linkages and 
the archaea utilize metabolic pathways that 
are not common in the bacteria and eukarya.  
The methanogens, a type of archaea, have 
proved difficult to study, requiring strict 
anaerobic conditions for growth.   A 
genetics system, a basic requirement for 
manipulating an organism, is available for 
the methanogens Methanococcus 

maripaludis and Methanosarcina 

acetivorans (109, 135, 202).  The system for 
each organism continues to be improved. 

Methanogenic archaea carry out the final 
step in the degradation of complex 
polysaccharides.    These organisms remove 
H2 gas and acetic acid, byproducts of 
fermentative processes, from the system 
through methane production (152).  
Methane, when released into the 
environment, acts as a green house gas that 
is approximately 20 times more powerful at 
warming the atmosphere as compared to 
carbon dioxide (1).  While natural systems 
contribute to the release of methane, human 
activity has the greatest effect and is the one 
area methane release can be controlled.   
However, if methane gas can be captured, it 
can be used as an energy source (106).  The 
most common way to produce methane is to 
develop an environment for the degradation 
of complex wastes, called an anaerobic 

digester (106).   These digesters are difficult 
to set up, often times failing because 
methanogens cannot grow quickly enough to 
keep up with acetate production; resulting in 
the souring of the digester (106). 

Considering the intricate role of methane 
production in the global carbon cycle and 
energy production, it is not surprising that 
the methanogenesis pathway and the 
enzymes involved have been stuidied in 
great detail (152).  However, the anabolic 
pathways still offer an opportunity for new 
discoveries.    In the methanogens, 
approximately 5 to 10% of carbon (carbon 
dioxide or acetate) taken up by the cell is 
fixed to organic carbon.  While some 
pathways for organic carbon production are 
known, the enzymes involved in the early 
stages are just being studied (152).   Our 
laboratory focuses on the junction of the 
tricarboxylic acid cycle (TCA) and 
glycolysis, the gateway for cell carbon 
biosynthesis in methanogens (Fig. 6) (152).  
We have found that most methanogens 
utilize two carboxylases, pyruvate 
carboxylase (Pyc) (Reaction 1) and 
phosphoenolpyruvate carboxylase (Ppc) 
(Reaction 2), to produce oxaloacetate 
(OAA), a precursor of many compounds 
required for cell biosynthesis.  The presence 
of two enzymes with seemingly redundant 
functions (OAA production) is an interesting 
occurrence in organisms that obtain very 
little energy from methane generation. 

Ppc is widespread in plants and bacteria 
(6, 19, 41, 59, 130, 142, 143) and use Mg2+ 
to fill its requirement for a divalent metal 
cation (6, 20, 59).  This reaction provides 
fixed carbon for cell biosynthesis via the 
complete TCA cycle and its oxidative and 
reductive branches (3, 59, 152).  In addition, 
Ppc in plants catalyzes the first committed 
step in CO2 fixation in CAM and C4 plants 
via Rubisco (59).  Other roles of plant Ppc 



 

 Introduction 2 

include nitrogen fixation, sucrose loading 
and the opening of stomata (101, 176).   

This thesis focuses on archaeal-type 
phosphoenolpyruvate carboxylase (PpcA), a 
new type of Ppc discovered in 
Methanothermobacter thermautotrophicus 
(130).  While a detailed characterization of 
PpcA kinetics has yet to be performed, 
initial studies have shown that it is different 
from plant and bacterial Ppcs, which are 

highly homolgous to each other at all levels 
of protein structure (59).  The subunit size of 
Ppca is approximately half the size of Ppc 
(41, 130, 142, 143).   A comparision of the 
primary structure of PpcA and Ppc shows 
that there is little sequence similarity 
between these two proteins (130).  PpcA is 
widespread in the archaea, absent in the 
eukarya and is present in only three 
prokarya: Clostridium perfringens, 

Leuconostoc mesenteroides, and 
Oenococcus oeni (41, 130).    

We are looking to characterize the 
physiological role of the enzyme in the 
methanogen cell and determine the 
biochemical properties of PpcA, similar to 
the indepth studies performed on Ppc from 
plants and bacteria.  This work is an 
essential first step to understanding how 
methanogens partition energy for cell carbon 
biosynthesis and could provide a mechanism 
for the artificial regulation of growth rates in 
methanogens. 

 

 

 

 

 

 

Reaction 1 

PEP OAA 
PPC 

HCO3
- Pi 

Reaction 2 
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REVIEW OF LITERATURE
  

INTRODUCTION 
  
Plant and bacterial phosphoenolpyruvate 
(PEP) carboxylases (Ppcs) have been 
studied for more than half a century (6, 19, 
130).  This enzyme catalyzes the 
carboxylation of PEP to produce 
oxaloacetate (OAA) and inorganic 
phosphate (Pi) and requires a divalent metal 
cation (Reaction 2) (6, 20, 59). 

Initially identified in spinach leaves 
(113), Ppc has since been identified in Zea 

mays (maize), sorghum, Flaveria and 
Crassula species (27, 59, 110, 111, 165, 
177, 179, 195).  The study of Ppc from 
bacteria has also been extensive, with a 
majority of the research focusing on 
Escherichia coli (6, 19, 20, 115, 116, 154-
156). 

Sequence comparison showed that the 
plant and bacterial enzymes had a high 
degree of residue conservation (59, 69, 104).   
Crystal structures of E. coli and maize Ppcs 
showed that these enzymes were also similar 
on the level of secondary, tertiary and 
quaternary structure (104).  Using E. coli 
Ppc, many of the enzyme’s kinetic 
properties were elucidated.  Further 
advances were made with the development 
of a ppc deletion strain in E. coli (34), 
allowing for the manipulation of the primary 
structure of Ppcs without the contamination 
of the native E. coli Ppc. 

Ppc is found in the three types of plants, 
C3, C4 and crassulacean metabolism (CAM) 
plants (18).  Initially studied because of its 
impact on photosynthetic carbon fixation in 
C4 and CAM plants (80), it has since been 
determined that Ppc’s role is much more 
complex than originally thought.   There are 
at least three isoforms encoded by a ppc 
gene family in C4 and CAM plants (7, 35, 
40, 72).  Current research has focused on the 
role of these isoforms. 

Archaeal-type phosphoenolpyruvate 
carboxylase (PpcA) is a new form of the 
well-studied plant and bacterial PEP 
carboxylase (41, 130).   Following an 
overview of plant and bacterial Ppcs and the 
discovery of PpcA, the present discussion 
will focus on the detailed characterization of 
PpcA centering on the physiological 
location and kinetic characterization of the 
enzyme. 
 
BACTERIAL 

PHOSPHOENOLPYRUVATE 

CARBOXYLASE 

 
Bacterial phosphoenolpyruvate (PEP) 
carboxylase (Ppc) is an important enzyme in 
energy production and macromolecule 
synthesis (69).   Oxaloacetate (OAA) is an 
important tricarboxylic acid (TCA) cycle 
intermediate that is siphoned off for amino 
acid generation (3, 59).  If OAA is not 
replenished, the TCA cycle will stop due to 
a lack of substrates and reducing equivalents 
for oxidative phosphorylation will not be 
produced (3, 59).  Not surprisingly the 
bacterial enzyme is activated by 5 to 20 fold 
by acetyl-CoA (20, 59); this intermediate 
would accumulate if the TCA cycle was not 
functioning, thus indicating the need for 
OAA production.    Ppc is strongly inhibited 
by aspartate (30, 61, 113, 156).  Recent 
work has focused on how Ppc impacts 
carbon flux in various organisms.    Work 
with an Acinetobacter species demonstrated 
that increasing levels of Ppc triggered the 
synthesis of cyanophycin (CGP) (38), a non-
protein nitrogen storage polymer found 
predominately in the cyanobacteria and a 
few bacterial species (38).  There is interest 
in altering the carbon flux in 
Corynebacterium glutamicum to produce 
fuel ethanol and this goal was accomplished 
by inactivating Ppc expression (58).   Thus 
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the relevance of studying Ppc in bacteria is 
not limited to understanding the role this 
enzyme plays in the metabolic flux of 
various organisms, but may result in the 
means to produce an alternative energy 
source. 
 

PLANT PHOSPHOENOLPYRUVATE 

CARBOXYLASE 

   
C3 Photosynthesis 

All plants use chloroplasts to harness light 
energy and convert it to chemical energy.  
ATP and NADPH are produced via 
photosystems I and II and the electron 
transport chain.  The energy and reducing 
equivalents are used for carbon fixation by 
the Calvin cycle.   The first product of 
photosynthetic carbon fixation in these 
plants is 3-phosphoglycerate, a three carbon 
molecule (18).  The product is obtained by 
the carboxylation of ribulose bisphosphate 
(RuBP), which is catalyzed by the enzyme 
Rubisco (18).  This process is called C3 
photosynthesis.  However, Rubisco can use 
oxygen as a substrate rather than carbon 
dioxide.  This process is called 
photorespiration.  The resulting product 
contains two carbons and is broken down to 
carbon dioxide by the mitochondria.  This 
process generates no ATP or sugar 
precursors, thus decreasing in 
photosynthetic output.  An estimated 50% of 
carbon fixed by the Calvin cycle is drained 
away by photorespiration.  Many 
agricultural plants: rice, wheat and 
soybeans; are C3 plants and photorespiration 
causes a major reduction in the amount of 
plant material available as food for 
heterotrophs, like humans (18).  C4 and 
CAM plants, which use alternatives to 
Rubisco as the first step of photosynthetic 
carbon fixation, have been of interest to 
researchers because of their increased 
efficiency in photosynthetic carbon fixation. 
 

 

C4 Photosynthesis 

Instead of using Rubisco as the first CO2 

fixation step, C4 plants preface this reaction 
with phosphoenolpyruvate (PEP) 
carboxylase (Ppc) (80).  This reaction takes 
place in the cytoplasm of the mesophyll cell 
and oxaloacetate is converted into malate, 
which is then transported into the bundle 
sheath cell  (18).   Bundle sheath cells have 
thicker cell walls and are tightly packed 
around the leaf veins towards the leaf 
interior (18).    This specialized anatomy 
greatly reduces the cells’ permeability 
towards oxygen and allows for the reduction 
of photorespiration (18).  Ppc has a higher 
affinity for carbon dioxide compared to 
Rubisco.  This higher affinity allows Ppc to 
fix carbon under conditions that Rubisco 
would vulnerable to photorespiration (18).  
Ppc concentrates CO2 in the bundle sheath 
cell, minimizing photorespiration and 
increasing sugar production, allowing for C4 
plants to thrive in hot regions with intense 
sunlight (18).  C4 plants include many 
important to agriculture, such as sugarcane 
and corn, and members of the grass family. 

C4 plants have multiple isoforms of Ppc 
that function in cellular processes besides 
photosynthesis.  These isoforms will be 
discussed in greater detail later in this 
section, but are important for biosynthetic 
reactions of the plant, nitrogen assimilation 
or stomatal movement (27, 40). 
 

CAM Photosynthesis 
C4 plants reduce photorespiration by using 
physical barriers to separate Rubisco and 
oxygen, crassulacean acid metabolism 
(CAM) plants use temporal separation.   
Like C4 plants, CAM plants use 
phosphoenolpyruvate (PEP) carboxylase 
(Ppc) as the first step in photosynthetic 
carbon fixation to concentrate carbon 
dioxide in the cell (18).  However, this 
reaction occurs at night when CAM plants 
open their stomata.  Since the Calvin cycle 
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requires light energy to generate ATP and 
NADPH, photosynthetic CO2 fixation will 
not occur at night and neither will 
photorespiration.    The oxaloacetate (OAA) 
produced by Ppc is stored in CAM plant 
vacuoles until morning when the stomata 
close and CO2 is released from the organic 
acids, making it available to Rubisco for the 
first step of the Calvin cycle  (81, 82, 128).  
Having the stomata closed during the day 
reduces the amount of oxygen in the leaf and 
therefore, reduces the amount of carbon lost 
to photorespiration and conserves water in 
arid environments (18).  Like C4 plants,  the 
CAM plants Mesembryanthemum 

crystallinum and Kalanchoe blossfeldiana 
have Ppc isoforms specific for its 
specialized photosynthetic process (31). 
 

Isoforms of Plant Phosphoenolpyruvate 

Carboxylase 
The C4 plants Zea mays, Sorghum vulgare 

and Flaveria trinervia have three 
phosphoenolpyruvate (PEP) carboxylase 
isoforms (69, 72, 90, 180).  The isoforms of 
F. trinervia are very similar to one another, 
with over 90% similarity for all pairings 
(40).   These isoforms have been identified 
as PpcA, PpcB and PpcC (7, 40, 164).  I will 
refer to plant PpcA, which is used to 
designate the photosynthetic isoform (40), as 
ph-Ppc and  I will use PpcA to indicate 
archaeal-type phosphoenolpyruvate 
carboxylase.  The three isoforms are 
encoded for by the ppc gene family (40, 90).  
ph-Ppc is clearly the photosynthetic isoform 
due to its strong and selective expression in 
the mesophyll cells (27, 35, 71, 196).   The 
tissue specificity of PpcB and PpcC 
expression is dependent on the plant species 
of interest (7).  For example, in the C4 plant 
Flaveria trinervia, PpcB and PpcC 
accumulate at various levels in all tissues, 
while in Flaveria pringeli, PpcB is 
predominately expressed in the root tissue 
(40).  This variable expression pattern 

makes it more difficult to assign function to 
these isoforms.   PpcB could be involved in 
supplying the protons required for loading 
the phloem with sucrose through malic acid 
synthesis (101, 176).  The ppcB promoter is 
responsive to sucrose, which supports 
PpcB’s role in phloem loading (40).  The 
role of PpcB in the roots may be linked with 
the uptake of anions and cations through 
malate metabolism in addition to amino acid 
biosynthesis (101).  In legumes, it has been 
shown that a Ppc isoform plays an important 
role in nitrogen fixation, even though the 
mechanism is unknown (125, 148). 

Plant Ppc isoforms are not only 
differentiated by their function in plants, but 
also by their biochemical properties (66, 88, 
99).  While all isoforms are still strongly 
activated by glucose-6-phosphate (27, 36, 
117, 141, 178), it is typical of non-
photosynthetic Ppcs to have a greater 
affinity for the substrate PEP (176).  PpcB 
and PpcC are also more sensitive to malate, 
but have a higher turnover number when 
compared to ph-Ppc (7).  The PpcB and 
PpcC isoforms are slightly more difficult to 
distinguish from one another due to similar 
affinity for PEP and maximum velocities.  
However, PpcB from F. trinervia has almost 
a two times greater catalytic efficiency and 
is ten times more sensitive to malate than the 
PpcC isoform (7).   The biochemical data 
suggest that over time, enzymatic efficiency 
in ph-Ppc was sacrificed for increased 
malate tolerance, thereby allowing ph-Ppc to 
function during the C4 cycle (7). 

Phosphoenolpyruvate carboxylase is 
involved in many cellular functions.   Its 
best studied role is as the carbon 
concentrating mechanism in C4 and CAM 
plants, but additional research is need to 
clarify Ppc’s other roles. 
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ARCHAEA 

 

Energy Production in Methanogens 

The catabolic processes of methanogens are 
highly specialized, despite the group’s 
phylogenetic diversity (190).  These 
organisms are autotrophic or have recently 
evolved from an autotrophic ancestor (190).  
Methanogens use simple carbon compounds, 
such as CO2 (with H2), formate and carbon 
monoxide as terminal electron acceptors in 
their energy generation processes (98).  
Most species of methanogens can use only 
one or two of these compounds for growth; 
the Methanosarcina genus is the exception - 
it utilizes a variety of one carbon substrates 
as a terminal electron acceptor (98).  
Acetate, a two carbon molecule, is also a 
precursor to methane synthesis in 
Methanosarcina and Methanothrix (98).   
 

Methanogens and the Global Carbon 

Cycle 

Methanogens obtain the aforementioned 
substrates from the breakdown of complex 
polysaccharides by a network of organisms 
including cellulolytic and fermentative 
bacteria, and acetogens.  The methanogens 
play a critical role in the global carbon cycle 
because these organisms remove H2 gas, a 
fermentative product that accumulates and 
hinderss the growth of hydrogenic 
organisms (192, 193).    Methanogens use 
the H2, generated by hydrogeneic organisms 
through interspecies hydrogen transfer, in 
combination with CO2 to produce methane, 
thus removing the thermodynamic block to 
the system (192, 193).  The buildup of 
acetate can also result in an interruption of 
the carbon cycle (106).  When acetate 
accumulates, it causes a drop in the pH of 
the environment, which the bacteria of the 
early steps of the pathway cannot tolerate 
(106).   Members of the Methanosarcina or 
Methanothrix genera utilize acetate and 

allow for the continued degradation of 
complex polymers. 

The methane can be released into the 
surrounding environment.   At this point 
methylotrophs, aerobic organisms that use 
methane as a source of energy, generate 
CO2.  CO2 can then be used by plants to 
generate more complex polymers, thus 
completing the carbon cycle.  If 
methylotrophs do not degrade the methane, 
it can enter the atmosphere. 
 

Anabolic Pathways in the Methanogens 

Methanogens grow on one or two carbon  
containing molecules and do not have the 
luxury of utilizing intermediates from 
catabolic pathways as precursors for cell 
carbon biosynthesis (152).   A modified 
version of the Ljundahl-Wood pathway 
provides methanogens with the precursors 
for carbohydrates, amino acids and fatty 
acids from one and two carbon compounds 
(45, 152).  Amino and fatty acid precursors 
are also provided by the variations of the 
tricarboxylic acid (TCA) cycle used by 
methanogens (152).  Thus, methanogens can 
make all precursors for cell carbon 
biosynthesis using two molecules, acetyl-
CoA and oxaloacetate (OAA). 

The Ljungdahl-Wood pathway is 
widespread in obligate anaerobes, including 
hydrogentrophic methanogens, and reduces 
carbon dioxide to acetate for cell carbon 
(98).  Acetotrophic methanogens use the 
pathway in the reverse direction, oxidizing 
acetyl-CoA to CO2 for methanogenesis (97).  
Acetyl-CoA carbonylase/synthase (ADC/S), 
an enzyme complex, is used for the 
synthesis of acetyl-CoA in hydrogentrophic 
methanogens.    This pathway is 
advantageous because it utilizes an 
electrochemical gradient, rather than ATP, 
as an energy source (87).   This 
electrochemical gradient is either a proton or 
sodium motive force generated by the initial 
reduction of CO2 during methanogenesis 
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(168). In hydrogentrophic methanogens, 
both the methyl and carbonyl carbons are 
derived from CO2, but arrive at the ACD/S 
complex via different routes, as 
demonstrated by radiolabeling studies (87, 
162).  The carbonyl carbon is derived by 
carbon monoxide (CO) dehydrogenase, 
which reduces CO2 to carbon monoxide 
(174).  In most organisms utilizing the 
Ljungdahl-Wood pathway, the methyl group 
is derived from reduced CO2 via the 
coenzyme tetrahydrofolate (152).  However, 
tetrahydromethanopterin, a methanogenesis 
cofactor, supplies the methyl group for 
acetyl-CoA synthesis in methanogens, hence 
the “modified” portion of this pathway 
(162).   

Methanogens rely on methanogenesis to 
meet the energy requirements of the cell (8) 
and use one of two variations of the TCA 
cycle for the generation of critical carbon 
skeletons for biomass synthesis rather than 
energy generation (152).   The variations, 
the partial oxidative and the partial reductive 
TCA cycle, are similar in that both terminate 
at α-ketoglutarate and use oxaloacetate 
(OAA) as the starting molecule (152).    The 
enzymatic activities for a portion of the 
oxidative TCA cycle, including citrate 
synthase, aconitase and isocitrate 
dehydrogenase, were observed in 
Methanosarcina barkeri cell extracts (152).  
α-ketoglutarate oxidoreductase, the enzyme 
required to catalyze the decarboxylation of 
α-ketoglutarate to succinyl-CoA is absent in 
organisms utilizing the oxidative branch, 
ending it at α-ketoglutarate  (188).  Support 
for the reductive TCA cycle in methanogens 
was provided in studies with the cell extracts 
from Methanothermobacter 

thermautotrophicus (200). 
For the reductive pathway to become 

complete cycle, isocitrate dehydrogenase is 
required for the conversion of α-
ketoglutarate to isocitrate (152). However, 
extracts from M. thermautotrophicus lack 

isocitrate dehydrogenase activity (200).  
Additional work with 14C labeled succinate 
supports the conclusion that this organism 
lacks a complete reductive branch (44). 

Whether methanogens utilize the 
oxidative or reductive branch of the TCA 
cycle depends on their growth substrate 
(152).   The oxidative segment requires two 
acetate molecules, one for the generation of 
oxaloacetate and one for the production of 
citrate in combination with OAA.  To 
produce an additional molecule of acetyl-
CoA, hydrogentrophic methanogens would 
have to expend additional energy (152).  
Thus, organisms with an exogenous supply 
of acetate, such as the acetotrophic 
methanogens, employ the oxidative 
pathway.  While acetate is normally used for 
methane production, some is diverted to 
biosynthetic processes (152).  Acetotrophic 
methanogens do not use the reductive 
pathway for biosynthesis because it is 
endergonic and requires reducing 
equivalents that these methanogens do not 
have (200).   Hydrogentrophic methanogens 
have a ready source of reducing equivalents, 
hydrogen gas, which allows the reductive 
segment of the TCA cycle to function (200). 
 
Oxaloacetate Generating Enzymes. 

Oxaloacetate (OAA) formation is essential 
to the methanogenic cell because it is the 
gateway compound that leads to the 
synthesis of some of the carbon skeletons 
required for cell biomass production.  C14 
labeling studies provide evidence that OAA 
production is critical because some early 
products in the methanogen cell are derived 
directly from OAA or indirectly through α-
ketoglutarate (152).  There are three 
carboxylases that can produce OAA: 
pyruvate carboxylase (Pyc), 
phosphoenolpyruvate carboxykinase (Pck) 
and phosphoenolpyruvate carboxylase (Ppc) 
(Fig. 1).  Assays of the cell extracts of 
Methanothermobacter thermautotrophicus 
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and Methanosarcina barkeri have 
demonstrated the presence of pyruvate 
carboxylase activity (121, 122).  However, 
some reports did not find PEP carboxylase 
activity in methanogen cell extract (130). To 
date, not methanogen cell extracts have 
exhibited Pck activity (130).  Studies were 
performed to determine which of the 
remaining carboxylases is present in the 
methanogens.  Table 1 provides a summary 
of the presence of the three carboxylases in 
the archaea. 

Pyruvate carboxylase has been purified 
from M. thermautotrophicus, M. barkeri and 
Methanocaldococcus jannaschii and some 
basic kinetic studies have been performed 
(119, 121, 122).  The enzyme, like bacterial 
Pycs, is an composed of four α-subunits and 
four β-subunits (α4β4-type), but is different 
from bacterial Pycs in regard to bicarbonate 
and pyruvate kinetics (119, 121, 122).  
Methanogen Pyc is also unique because it is 
inhibited by divalent metal cations.   The 
gene encoding for Pyc has been identified 
(119, 121, 122) and is widespread through 
out the methanogens, but is not present in 
the non-methanogenic archaea (Table 1). 

M. thermautotrophicus cell extract 
contains phosphoenolpyruvate carboxylase 
activity (200), but a gene encoding a 
polypeptide homologous to plant and 

bacterial Ppcs could not be identified in the 
archaea.   However, Patel et al. purified a 
protein with phosphoenolpyruvate 
carboxylase activity from M. 

thermautotrophicus and identified the gene 
encoding for the enzyme (130).   This 
enzyme is widespread in both the 
methanogenic and non-methanogenic 
archaea (Table 1) and is absent in the 
eukarya and bacteria, save for three bacterial 
species (41, 130). Phosphoenolpyruvate 
carboxylase from the archaea is distinct 
from plant and bacterial Ppcs in subunit size, 
primary sequence, regulation by metabolites, 
and kinetic properties (41, 130).   For these 
reasons, this enzyme has been identified as 
archaeal-type phosphoenolpyruvate 
carboxylase (PpcA) (130). 

Considering the importance of OAA 
generation to the survival of methanogens, it 
is surprising that there have not been more 
studies in the aforementioned carboxylases.   
Of considerable interest is why both 
pyruvate carboxylase and 
phosphoenolpyruvate carboxylase are 
present in methanogens.   Both enzymes 
produce the same end product and it is 
curious that a methanogen would invest so 
much energy in producing proteins with 
seemingly redundant functions.  From what 
is known, both pyruvate carboxylase (Pyc) 

Mg
2+ 

Pyruvate + CO2 + ATP OAA + Pi + ADP 

PEP + CO2 + GDP OAA + GTP 
Mg

2+ 

PEP + CO2 OAA + Pi  
Mg

2+ 

Figure 1. OAA 

Generating Enzymes in 

the Archaea.    Reaction 1. 
Pyruvate carboxylase 
(Pyc); Reaction 2. 
Phosphoenolpyruvate 
carboxykinase (Pck); 
Reaction 3. 

Phosphoenolpyruvate 
carboxylase (Ppc).  Only 
Pck is reversible under 
physiological conditions. 

1) 

2) 

3) 
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and archaeal-type phosphoenolpyruvate 
carboxylase (PpcA) enzymes have unique 
properties when compared to their bacterial 
or eukaryotic counterparts.  The focus of this 
thesis will be on PpcA because its sequence 
is unlike Ppcs from bacteria and plants. 
 

Relevance 
The manipulation of PpcA could potentially 
affect the food, health care, pharmaceutical 
and energy generating industries and could 
have environmental implications.  The 
production of oxaloacetate (OAA) is vital to 
macromolecule synthesis in various 
organisms (59, 130).   In the three bacteria 
that have a PpcA homolog, Clostridium 

perfringens, Leuconostoc mesenteroides and 
Oenococcus oeni, this protein is the only 
OAA-generating enzyme identified in the 
genomes.   Without PpcA, these organisms 
would be unable to generate the necessary 
macromolecules required for cell growth. 

Oenococcus oeni, a lactic acid 
bacterium, is dominant in malolactic 
fermentation and is well adapted for growth 
in wine (9).  O. oeni is required for the 
development of high quality wines and if 
this organism does not grow, wine quality is 
reduced (9).  Leuconostoc mesenteroides is 
an important organism for the production of 
dextran, a glucose polymer that is used in 
the production of blood plasma extender.  
Developed during the Korean War, this 
product has saved thousands of lives (158).  
Leuconostoc mesenteroides produces 
copious amounts of this compound and can 
contaminate industrial processes that rely on 
sucrose (168).  If PpcA activity can be 
manipulated in O. oeni and L. 

mesenteroides; it may be possible to 
increase the rate of cell growth, thereby 
potentially improving wine and dextran 
production.   

In addition, C. perfringens is an animal 
pathogen (138) and, as discussed previously, 
animals lack PpcA (41, 130).   This enzyme 

could serve as a potential drug target for the 
treatment C. perfringens infections.  
Mentioned earlier in the section Cell Carbon 

Synthesis in Methanogens, OAA was shown 
to be the gateway molecule in methanogens 
for the synthesis of cell components.   These 
organisms are vital to the global carbon 
cycle and can be used to produce energy at 
the industrial level, while participating in the 
degradation of waste products (106).   Also, 
if PpcA is critical to the survival of 
methanogens, this enzyme may be a new 
vehicle for controlling the release of 
methane into the atmosphere.  

Detailed analysis of PpcA will increase 
our understanding of the role the enzyme 
plays in these organisms.   A recombinant 
system will allow for the manipulation of 
the gene and provide more detailed 
information.
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Table 1. Distribution of OAA-synthesizing enzymes in archaea 

ORF no. or absence of ORF 
c
 Organism (reference for experimental and 

genome sequence data)
b
 

PpcA PycA/PycB 
d
 Pck 

e
 

Methanogens    

Methanocaldococcus jannaschii (15, 119) Absent MJ1229/MJ1231a Absent 
Methanococcus maripaludis 

(150)(BX950229)f Absent MMP0341/MMP0340 Absent 

Methanothermobacter thermoautotrophicus 
(57, 67) 

MTH943a MTH1917/MTH1107 Absent 

Methanosarcina barkeri (121) METH1932 METH3573/METH3572 Absent h 

Methanosarcina mazei (33) MM3212 MM1828/MM1827 Absent 

Methanosarcina acetivorans (47) MA2690 MA0675/MA0674 Absent 

Methanococcoides burtonii (146) Absent h Mbur125601/Mbur125501 Absent h 

Methanosarcina kandleri MK0190 Absent Absent 

Non methanogens    

Halobacterium species NRC-1 (124) VNG2259c Absent Absent 

Archaeoglobus fulgidus (79) AF1486 Absent Absent 

Pyrococcus furiosus (137) PF1975 Absent PF0289 

Pyrococcus horikoshii (75) PH0016 Absent PH0312 

Pyrococcus abyssi (25)  PAB2342 Absent PAB1253 

Thermoplasma acidophilum (140) Absent Absent Ta0123 

Thermoplasma volcanium (76) Absent Absent TVN0200 

Ferroplasma acidarmanus FACI0253 Absent  h FACI0139 

Pyrobaculum aerophilum (43) PAE3416 Absent Absent 

Sulfolobus acidocaldarius
i
 (142) Present   

Sulfolobus solfataricus SSO2256 Absent SSO2537 

Sulfolobus tokadaii (73) ST2101 Absent ST1058 

Aeropyrum pernix (74) Absent Absent APE0033 g 

a The evidence for PpcA in M. 

thermautotrophicus and PycA and PycB in 
M. jannaschii, M. thermautotrophicus and 
M. barkeri are experimental (77, 118, 120, 
122, 130); M. maripaludis and S. 

acidocaldariu data are partially 
experimental (41, 150).  The rest of the 
data were inferred from the sequence data 
in the National Center for Biotenchology 
and Information database. 
 
b Organisms in bold are Crenarchaea; all 
other organisms are Euryarchaea. 
 
 

c Retrieved from the National Center for 
Biotechnology Information database from 
similarity searches by use of MTH943 (for 
PpcA), M. thermautotrophicus Pyc 
subunits (for PycA and PycB) (122), E. 

coli Pck (for ATP-dependent PCK) (173) 
and Mycobacterium smegmatis Pck (for 
GTP-dependent PCK) (120) as queries. 
 
d 
α4β4-type enzyme composed of PycA and 

PycB subunits. 
 
e GTP-dependent enzyme, unless otherwise 
indicated. 
 
f An accession number was used to refer to 
the unpublished genome data. 
 
g ATP-dependent enzyme. 
 
h Unfinished genome. 
 
i No genome sequence. 
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MATERIALS AND METHODS 

 
INTRODUCTION 

 
This section contains the materials and 
methods common to all experiments 
performed in this thesis.  Individual chapters 
still have a materials and methods section 
containing information pertinent to that 
specific chapter. 

 

DNA METHODS 

 

Qiagen Miniprep and Gel Extraction kits 
(Qiagen, Inc., Valencia, CA) were used for 
the isolation of plasmid DNA from E. coli 
and for the purification of DNA from 
agarose gels, respectively.  Standard 
methods were used for all other 
manipulations of DNA (5, 144). 

 

PROTEIN METHODS 

 

Gel Electrophoresis and Gel Filtration. 
SDS-PAGE was performed with a 7.5% 
polyacrylamide slab gel prepared according 
to Laemmli (85).  A tris-HCL Ready Gel® 
from bio-Rad Laboratories (Richmond, CA) 
was used for non-denaturing gel 
electrophoresis.   The method for size 
exclusion chromatography has been 
described previously (120). 
 
Protein Assays. 
Protein concentration was determined 
according the method by Bradford (10) 
using dye reagent from BioRad.    
 
Enzyme Assays. 
Phosphoenolpyruvate (PEP) carboxylase 
activity was assayed aerobically by coupling 
the oxaloacetate (OAA) forming reaction to 
malate dehydrogenase (MDH) reaction and 
monitoring the oxidation of NADH 
spectrophotometrically at 340 nm (172).    

Clostridium perfringens PpcA: Assays were 
performed as previously described (130) in a 
modified assay buffer: 50 mM HEPES-
NaOH (pH 7.2), 0.2 mM NADH, 30 mM 
KHCO3, 2 mM MgCl2 and 1 U malate 
dehydrogenase from Thermus flavus (Sigma, 
St. Louis, MO) per milliliter.  The assay 
mixture was warmed to assay temperature 
and 1 µg of purified PpcA was added.  Then 
the reaction was initiated with the addition 
of 1.5 mM PEP.   In the amount used, MDH 
did not limit the reaction in any way.  All 
assays were conducted at 37oC, unless 
otherwise indicated.  Concentrations of the 
divalent metal, bicarbonate or PEP were 
varied depending on the compound being 
analyzed.   For pH studies, the HEPES 
buffer in the assay mixture was replaced 
with a buffer containing 50 mM MES, 100 
mM Tris, and 50 mM glacial acetic acid and 
adjusted to a desired pH value with NaOH. 
The ionic strength of this buffer was 
constant over the pH range of 6 to 9 (39).  
The specific activity of the enzyme varied 
from 39 to 65 µmol min-1 mg-1 depending on 
the preparation used. 
Methanothermobacter thermautotrophicus 

PpcA: Phosphoenolpyruvate carboxylase 
activity was assayed anaerobically as 
described previously (130) with the 
following modifications.  The assay mixture 
composition was 50 mM HEPES-NaOH 
buffer (pH 7.2), 0.2 mM NADH, 20 mM 
KHCO3, 10 mM MgCl2, and 1 unit 
thermophilic malate dehydrogenase (MDH) 
from Thermus flavus (Sigma, St. Louis, 
MO) per milliliter.  After warming the 
mixture to the reaction temperature of 65oC, 
an aliquot of cell extract fraction was added 
to the mixture.  The reaction was initiated 
with the addition of sodium 
phosphoenolpyruvate (PEP) to a final 
concentration of 1.8 mM.
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CHAPTER I 

 

ARCHAEAL-TYPE PHOSPHOENOLPYRUVATE CARBOXYLASE OF 

Methanothermobacter thermautotrophicus IS MEMBRANE ASSOCIATED 

 

 

ABSTRACT 

 

Archaeal-type phosphoenolpyruvate carboxylases (PpcAs) are structurally different from 
bacterial and plant phosphoenolpyruvate carboxylases (Ppcs). We found that PpcA of 
Methanothermobacter thermautotrophicus, a methanogenic archaeon, was membrane-associated. 
PpcAs possess two highly conserved putative transmembrane regions.  In contrast, Ppcs are 
soluble proteins.  Implications of membrane association on PpcA’s cellular function are 
unknown.
  

INTRODUCTION 

 

Bacterial and plant Ppcs are soluble proteins 
(84, 132, 147, 157, 189), except it has been 
suggested that Ppc of Crassula argentea 
chloroplast is bound to the membrane (194).  
In this report we have investigated the 
cellular location of PpcA in 
Methanothermobacter thermautotrophicus, 
a methanogenic archaeon (201). 
 

MATERIALS AND METHODS 

 

Cell Fractionation. 
2 g of Methanothermobacter 

thermautotropophicus cells (wet weight), 
grown and harvested as described previously 
(122), were resuspended in 2 ml of lysis 
buffer (100 mM HEPES-NaOH buffer (pH 
8.0), 10 mM MgCl2, 20% glycerol, 1 mM 
dithiothreitol)  (130).  The cells were lysed 
by using a French pressure cell (130).  1 mg 
of DNase (Sigma, St. Louis, MO) was added 
to the broken cell slurry and this mixture 
was incubated on ice for 15 minutes.  All 
centrifugation steps were performed at 4oC.  
The lysate was centrifuged at 20,000 x g for 
60 minutes.  The resulting pellet was 
discarded and 200 µl of the resulting 2 ml of 
supernatant (crude extract) was saved for 
analysis.   The remaining 1.8 ml of 

supernatant was centrifuged for 1.5 hours at 
150,000 x g.  This step fractionated the cell 
extract into a pellet and two supernatant 
layers, a 650 µl darker layer at the bottom 
and a 900 µl light layer at the top.  These 
supernatant layers were separated and 
analyzed.   The pellet (pellet 1) was 
resuspended in 900 µl lysis buffer and 200 
µl of this suspension was removed for 
analysis.   The remaining 700 µl of 
suspension was centrifuged at 150,000 x g 
for 1 hour.  The resulting 675 µl of 
supernatant was designated the pellet wash.  
The pellet from this step (pellet 2) wash 
resuspended in 500 µl lysis buffer. 
 
Computational. 

The sequences of PpcA homologs (see Fig. 
2 legend) were analyzed for possible 
transmembrane (TM) segments by using the 
computer program TMPred (56) at the 
internet site 
(http://www.ch.embnet.org/software/TMPR
ED_form.html).  The results from this 
analysis are shown in Fig. 2.   The selected 
PpcA amino acid sequences were aligned 
with the ClutalW (version 1.82) (175). 
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RESULTS 

Activity assays of Methanothermobacter 

thermautotrophicus cell fractions 
demonstrated that the majority of PpcA 
activity was in the ultracentrifugation pellet, 
(Table 2).  Sequence analysis of PpcA from 
Clostridium perfringens predicted two 
possible transmembrane (TM) regions, 
regions 1 and 2 (Fig. 2).    Region 1 was 
predicted only in C. perfringens, while 
region 2 was also found in 
Methanothermobacter thermautotrophicus 
and Methanosarcina acetivorans.     

ClustalW alignments of region 1 (Fig. 2B) 
and region 2 (Fig. 2C) showed greater 
variability in region 1 across PpcA from 
various organisms.  Region 2 was found in 
all PpcAs with a majority of residues being 
completely conserved and the remaining 
residues demonstrated functional 
conservation.  The consensus sequence of 
region 2 was determined to be 
AIX(F/Y)T(A/G)ALY(S/T)(I/L)G(I/V)PPE(
I/L)(I/L)G. 

 

Table 2. Recovery of  PpcA activity from M. thermoautotrophicus cell extracts

Sample 
Specific Activity 

(µmol min
-1

 mg
-1

) 
a 

Total Protein 

(mg) 

Total Activity 

(µmol min 
-1

) 

% of Total 

Activity 

Crude extract 
(20,000 x g supernatant) 0.050 +/- 0.001 65.0 +/- 1.7 3.24 +/- 0.03 100 

1st stage 150,000 x g Centrifugation Fractions of Crude Extract 

Upper supernatant 0.020 +/- 0.001 13.7 +/- 0.4 0.28 +/- 0.06  9 

Lower supernatant 0.024 +/- 0.001 43.0 +/- 5.1  1.01 +/- 0.13 30 

Pellet 1 0.l49 +/- 0.001 10.9 +/- 0.9 1.63 +/- 0.08 50 

2nd stage 150,000 x g Centrifugation Fractions of Pellet 1 
(% activity values refer to total crude extract activity) 

Pellet 1 wash 0.011 +/- 0.002 3.59 +/- 0.18 0.04 +/- 0.05 1 

Pellet 2 0.245 +/- 0.071 6.16 +/- 1.38 1.51 +/- 0.37 47 

DISCUSSION 

 
The ultracentrifugation pellet of an 
organism’s cell extract contains its cellular 
membrane.  The first membrane fraction 
(pellet 1) contained 50% of the 
phosphoenolpyruvate (PEP) carboxylase 
activity initially present in the 20,000 x g 
supernatant.  30% of the activity was found 

in the lower, darker portion of the first 
ultracentrifugation supernatant.    9% of the 
activity was found in the upper, lighter 
portion of the aforementioned supernatant.    
Pellet 2, which resulted from the second 
150,000 x g centrifugation step, retained 
47% of the PEP carboxylase activity 
originally measured in the 20,000 x g 
supernatant.  Pellet 1 wash had 1% of the 

a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 20 mM KHCO
3
, 10 mM MgCl

2
, 1 U ml

-1 

MDH and 0.2 mM NADH and desired concentrations of PEP  
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initial enzymatic activity (Table 2).  The 
localization of PEP carboxylase activity to 
the membrane fractions indicates that PpcA 
is a membrane associated protein in M. 

thermautotrophicus.  The lower, darker 
portion of the supernatant from the first 
ultracentrifugation step is composed of 
protein complexes.    The localization of 
approximately one third of PEP carboxylase 
activity to this supernatant could result from 

some of the enzyme being forced off the 
membrane during cell wall disruption.  It is 
possible that PpcA is forming agglomerates 
with itself and this is why it appears in the 
protein complex fraction.  

The implications of a membrane 
associaFted PpcA are currently unknown.   
These results may indicate that the actual 
function of PpcA in methanogens is 
something other than OAA production.

Figure 2. Putative transmembrane segments of PpcA. A. Transmembrane segments that were detected using 
TMpred (50). Methanothermobacter thermautotrophicus and Clostridium perfringens PpcAs are used as examples of 
archaeal and bacterial PpcAs, respectively. Transmembrane segment 1 (TM1) was found in bacterial PpcAs (C. 

perfringens, L. mesenteroides and O. oeni). Transmembrane segment 2 (TM2) was conserved in PpcAs from archaea 
and the three bacterial PpcAs. B. Alignment of TM1 sequences. C. Alignment of TM2 sequences. For the alignments in 
B and C, dark grey background indicates sequence identity and light grey background indicates functional conservation. 
Sources for PpcA amino acid sequences in Fig. 1B and 1C are as follows (organism, ORF, accession number): 
Methanothermobacter thermautotrophicus, MTH943, D69226; Methanosarcina acetivorans, MA2690, NP_617588; 
Methanopyrus kandleri MK0190, NP_613477; Archaeoglobus fulgidus, AF1486, NP_070315; Halobacterium sp NRC-
1, VNG2259c, NP_280898;Pyrococcus furiosus, PF1975, NP_579704; Ferroplasma acidarmanus, DUF557, 
ZP_00610399; Pyrobaculumaerophilum, PAE3416, NP_560717; Sulfolobus solfataricus, SSO2256, NP_343633; 
Clostridium perfringens str. 13, CPE1094, NP_562010. 
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CHAPTER II 

 

EXPRESSION AND PURIFICATION OF RECOMBINANT ARCHAEAL-TYPE 

PHOSPHOENOLPYRUVATE CARBOXYLASE 

 

ABSTRACT 
 

To investigate PpcA’s properties and to identify critical residues essential to the function of this 
protein, an expression system must be available to produce sufficient of protein for kinetic and 
structure-function analysis.  To date, attempts to express PpcA in Escherichia coli without a 
large solubility tag have yielded insoluble products.   The work presented in this chapter 
demonstrates that PpcA can be expressed as a soluble, recombinant protein in E. coli. 
  
 

INTRODUCTION 
 

The recombinant system has made the 
detailed kinetic studies, analysis of 
catalytically critical residues and 
determination of the three-dimensional 
structure of plant and bacterial 
phosphoenolpyruvate carboxylases (Ppc) 
possible (23, 34, 59, 69, 70, 102, 103, 165, 
170, 197).   However, similar studies 
ofnPpcA have been hampered due to the 
difficulty of generating this enzyme in a 
suitable recombinant form (41).   
Purification of PpcA from   
Methanothermobacter thermautotrophicus 
does not produce adequate amounts of the 
protein for crystallization; previous studies 
demonstrated that 87 g of M. 

thermautotrophicus cells are needed to 
obtain 70 µg of homogenous protein (130).  
The crystallization process requires 
approximately 140 times more protein; a 
recombinant system can generate the 
necessary amounts of protein with a fraction 
of the cell mass and has the advantage of 
allowing for the manipulation of ppcA.   

In this study we present a PpcA homolog 
that is expressed recombinantly without a 
large solubilization tag.  We show that the 
protein can be produced and purified quickly 
permitting detailed kinetic studies and 
structure-function analysis. 

MATERIALS AND METHODS 

 

Materials.  
Clostridium perfringens strain 13 
chromosomal DNA was a gift from Stephen 
Melville (Department of Biological 
Sciences, Virginia Polytechnic Institute and 
State University).  Restriction enzymes and 
Deep VENT® DNA polymerase were 
purchased from New England BioLabs 
(Beverly, MA).  DNA ligase and 
oligonucleotide primers were purchased 
from Invitrogen (Carlsbad, CA) and 
Intergrated DNA Technologies (Coralville, 
IA), respectively.  The chemicals were of 
reagent quality. 
 

Bacterial Strains, Media and Growth 

Conditions.   

Escherichia coli strains DH5α was used for 
plasmid construction.  BL21(DE3)(RIL) 
(Stratagene, San Diego, CA) was used for 
protein expression.  The plasmids carrying 
the gene of interest were introduced into 
BL21(DE3)(RIL) (Table 4).  The strains 
were grown in Luria-Bertani (LB) broth 
containing 100 µg ampicillin per milliliter 
and 1 mM IPTG was used to induce protein 
expression in the BL21(DE3)(RIL) strains.  
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Overexpression of PpcA with and without a 

His10-tag in E. coli.    
The ORFs MTH943, MA2690 and 
CPE1094 were amplified from M. 

thermautotrophicus, M. acetivorans and C. 

perfringens, respectively, with the 
oligonucleotide primers listed in Table 4.  
Each amplified DNA was digested with the 
appropriate enzymes and cloned into 
pET11a, pET19b or pET29b (Novagen, 
Sand Diego, CA).  The resulting constructs 
were designed to generate PpcA with or 
without a His10-tag.  The sequence for each 
strand of the cloned DNA was determined at 
the Virginia Bioinformatics Institute (VBI) 
Core Laboratory Facility (CLF). BLAST 
searches matched the sequenced gene 
against the appropriate DNA sequence from 
the National Center for Biotechnology 
Information database.  The constructs were 
then introduced into BL21(DE3)(RIL). 
 

Purification of rCpePpcA-His10. 
1.5 g (wet weight) of Escherichia coli strain 
BL21(DE3)(RIL)(pJLK15-19b) frozen cell 
pellet was resuspended in 1.5 ml 100 mM 
potassium phosphate buffer.  The cell wall 
and membrane was disrupted by four passes 
through an ice-cold 3/8” French pressure 
cell at an internal cell pressure of 20,000 psi.    
DNase was added to the broken cell slurry 
and the mixture was incubated on ice for 15 
minutes and was then centrifuged at 20,000 
x g for one hour.  The 1.5 ml of the resulting 
supernatant (cell extract) was diluted with an 
equal volume of a solution containing 20 
mM imidazole and 200 mM NaCl. 

The diluted supernatant was loaded onto 
a 2 ml Ni-NTA Superflow column (Qiagen, 
Inc., Valencia, CA) equilibrated with five 
column volumes equilibration buffer (50 
mM potassium phosphate buffer, pH 7.0, 
100 mM NaCl and 10 mM imidazole).    
After loading, the column was washed with 
10 ml equilibration buffer.  The two 
subsequent wash steps were five column 

volumes of wash buffer 1 (50 mM 
potassium phosphate buffer, pH 7.0, 500 
mM NaCl and 10 mM imidazole) followed 
by 5 column volumes of equilibration 
buffer.  rCpePpcA-His10 was eluted using 
increasing concentrations of imidazole; the 
base buffer was 50 mM potassium 
phosphate, pH 7.0 with 100 mM NaCl.  The 
imidazole concentrations were 50, 100, 150, 
200, 250, 300, 350, 400, 450 and 500 mM 
and 5 ml of each elution buffer was used.  
0.5 ml fractions were collected at each step.  
SDS-PAGE was used to analyze the purity 
of each fraction. 
 

Purification of rCpePpcA. 
The cell wall and membrane of 0.8 g (wet 
weight) of BL21(DE3)(RIL)(pJLK15-11a) 
resuspended cell pellet was disrupted by 
four passes through an ice-cold 3/8” French 
pressure cell at an internal pressure of 
20,000 psi.    DNase were added to the 
broken cell slurry and the mixture was 
incubated on ice for 15 minutes and was 
then centrifuged at 20,000 x g for one hour.    
The resulting 1.15 ml of the cell extract was 
centrifuged for 1.5 hours at 150,000 x g. 

Ammonium sulfate was added to clarify 
the ultracentrifugation supernatant even 
further.  The levels of saturation used were 
25, 35, 45 and 55%.  The beginning 
ammonium sulfate saturation of the 
ultracentrifugation supernatant was 0%.  The 
level was increased to 25% by adding 
ammonium sulfate slowly to the supernatant 
and dissolving with gentle mixing on ice.  
The mixture was incubated on ice for 30 
minutes allowing the precipitate to form.   
The suspension was centrifuged at 16,100 x 
g for 30 minutes to pellet the precipitate and 
the supernatant was removed.  This was 
considered the 25% pellet and supernatant, 
respectively.   The 750 µl of 25% 
supernatant was brought to a level of 35% 
saturation.  The same method was followed  
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Table 3. Bacterial Strains, Plasmids and Primers Used for rCpePpcA 

Bacterial Strain, 
Plasmid or Primer 

Description or primer sequences 
Reference(s) 

or primer 
restriction site 

Bacteria   

E. coli DH5α supE44 hsdR17 recA endA1 gyrA96 thi-1 relA1 (51) 

E. coli 
BL21(DE3) 

F- ompT gal dcm lon hsdSB (rB
- mB

-) l(DE3) (161) 

   

Plasmids   

pET11a T7-dependent expression vector for E. coli Novagen 

pET19b T7-dependent expression vector for E. coli Novagen 

pET29b T7-dependent expression vector for E. coli Novagen 

pJLK15-19b 
C. perfringens DNA, containing ORF CPE1094, was digested with NdeI 
and BamHI cloned into similarly digested pET19b; polyhistidine-tag 
present 

This work 

pJLK15-11b 
C. perfringens DNA, containing ORF CPE1094, was digested with NdeI 
and BamHI cloned into similarly digested pET11a; protein without 
polyhistidine-tag 

This work 

pJLK11 
M. thermautotrophicus DNA, containing ORF MTH943, was digested 
with NdeI and BglII cloned into similarly digested pET29b; histidine 
tagged protein produced 

This work 

pJLK11a 
M. thermautotrophicus DNA, containing ORF MTH943, was digested 
with NcoI and BglII cloned into similarly digested pET29b This work 

pJLK7 
M. acetivorans DNA, containing ORF MA2690, was digested with 
BamHI cloned pET19b digested with NdeI treated with T4 polymerase 
and then digested with BamHI; histidine tagged protein produced 

This work 

pJLK7a 
M. acetivorans DNA, containing  ORF MA2690, was digested with NcoI 
and BamHI  cloned into similarly digested pET19b This work 

   

Primers   

CpePPC/1F GAAAAGGGGGACTTCATATGAAGATACCTTGTTCCATGATGAC NdeI 

CpePPC/2R CAAGGATCCTTTAGCCTATACTTCCTCTTACTTTACCCATTC BamHI 

MtDHppc/3F GTCCACAGAAATATCACCCCGGAGTGTTAATCATGAAGG BspHI 

MtDHppc/4R GGCAGCTCTCTGCTCAGCACAAAAAATGATCGATGGTT ClaI 

MaPPCExp/1F CAATCCATGGGCAGGAAATCAACTTATCCGAAAGTTAT NcoI 

MaPPCExp/3F TGAGCAGGAAATCAACTTATCCGAAAGTTATGT 
 

 

MaPPCExp/2R GGGAATTTGGATCCTCAACCCAGCGCCTTTCTTATTTTTCCC BamHI 
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 that brought the ultracentrifugation 
supernatant to 25% ammonium sulfate 
saturation.  The 35% superanatant volue was 
700 µl and was brought to a level of 45% 
saturation.   The 650 µl of 45% supernatant 
was brought to a 55% ammonium sulfate 
saturation level; 600 µl of 55% ammonium 
sulfate saturation supernatant was recovered.    
The pellets resulting from each level of 
ammonium sulfate saturation had a 50 µl 
volume and were resuspended in 250 µl 100 
mM potassium phosphate buffer, pH 8.0.  

Prior to loading the resuspended 45% 
ammonium sulfate saturation pellet to the 
DEAE Sephadex A-50 column, the 
resuspended pellet had to be diluted with 
250µl of water, reducing the potassium 
phosphate concentration to 50 mM.   To 
bring the volume to 2.5 ml, 2 milliliters of 
50 mM potassium phosphate buffer was 
added to the diluted pellet suspension.   The 
diluted 45% ammonium sulfate pellet  
resuspension was loaded, under gravity 
flow, onto 2.6 ml DEAE Sephadex A-50 
column that was pre-equilibrated with 15 ml 
50 mM potassium phosphate buffer, pH 8.0.   
The column was then was then washed with 
15 ml potassium phosphate buffer, pH 8.0 to 
remove any unbound protein.   PpcA was 
eluted over a 40 ml gradient from 0 to 1 M 
NaCl in a base buffer of 50 mM potassium 
phosphate, pH 8.0.  During this elution, 1.0 
ml fractions were collected.  PpcA was 
found in the fractions between 400 and 550 
mM NaCl. 

The DEAE Sephadex A-50 fractions 
with phosphoenolpyruvate carboxylase 
activity were pooled and diluted five fold 
with water, to bring the final concentration 
of potassium phosphate and NaCl to 10 and 
100 mM, respectively.   The solution was 
loaded under gravity flow onto a 4 ml 
hydroxyapatite column pre-equilibrated with 
a buffer containing 10 mM potassium 
phosphate, pH 7.0 and 100 mM NaCl.  After 
loading the column was washed with 20 ml 

of the equilibration buffer.  PpcA was eluted 
from this column with a 60 ml potassium 
phosphate gradient, pH 7.0, from 10 to 400 
mM with 100 mM NaCl.   1 ml fractions 
were collected during this elution and PpcA 
was found in fractions between 135 and 155 
mM potassium phosphate.  
 

RESULTS 

 

Expression of Archaeal-Type 

Phosphoenolpyruvate Carboxylase of M. 

thermautotrophicus and M. acetivorans. 
PpcAs from Methanothermobacter 

thermautotrophicus and Methanosarcina 

acetivorans were expressed by Escherichia 

coli as inclusion bodies.    Reducing the 
growth temperature to 25 or 30oC and 
reducing the amount of IPTG used for 
induction (1 mM to 0.1 mM) did not 
improve the solubility of PpcA.   The 
presence or absence of the ten residue 
histidine tag did not affect the proteins’ 
solubility.  Using Pseudomonas aeruginosa 
as the expression host did not result in the 
successful expression of soluble protein.  
The method used for expression of protein 
in P. aeruginosa is described in Chpater 
Four.   
 

Heterologous Expression and Purification 

of Recombinant Archaeal-type 

Phosphoenolpyruvate Carboxylase of C. 

perfringens with a Histidine tag 

(rCpePpcA-His10). 
A SDS-PAGE analysis of whole cell lysate 
showed that upon IPTG induction, 
BL21(DE3)(RIL)(pJLK15-19b) 
overproduced a 65 kDa polypeptide (Fig. 
3A, Lane 2).  This protein was PpcA from 
C. perfringens with an N-terminal histidine 
tag (rCpePpcA-His10).  Upon centrifugation 
of the lysate at 20,000 xg, the majority of 
the rCpePpcA-His10 protein was found in the 
supernatant (Fig. 3A, lane 3).   Therefore, 
we concluded that the recombinant protein 
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was expressed mostly in the soluble form.  
Only a small portion of the rCpePpcA-His10 
was found in the 20,000 xg cell extract 
pellet (Fig. 3A, lane 4), indicating that a 
minor fraction of the expressed protein 
formed inclusion bodies.   

Starting from the 20,000 xg cell extract 
supernatant, the recombinant enzyme was 
purified by a Ni2+ affinity-based 
chromatography.  The yield was 1.47 mg 
PpcA protein per g of wet cell pellet.  The 
purified protein exhibited a single band in a 
non-denaturing gel (Fig. 3B) and was thus 
considered homogenous.  The specific 
activity of the purified enzyme was 38 to 65 
µmol min-1 mg-1 of protein, depending on 
the preparation.  The measured specific 
activity varied with the concentration of the 
purified enzyme in the assay buffer; the 
more PpcA added to the assay mixture, the 
higher the observed specific activity. 
 
 

Heterologous Expression and Partial 

Purification of Archaeal-Type 

Phosphoenolpyruvate Carboxylase of C. 

perfringens (rCpePpcA). 
SDS-PAGE analysis of whole lysate showed 
upon IPTG induction, 
(BL21)(DE3)(RIL)(pJLK15-11a) produced 
significant amount of a polypeptide, 
approximately 63 kDa in size.   The lysate 
was centrifuged at 20,000 x g and the 
majority of the protein was recovered in the 
supernatant (cell extract) (Fig. 4, Lane 1).  
However, some of the recombinant protein 
localized to the pellet, and it was concluded 
that a minor fraction of the protein did 
express as inclusion bodies (Fig. 4, Lane 2).  
The cell extract was further clarified by 
centrifugation at 150,000 x g, which 
separates soluble proteins and membrane 
associated proteins.  Activity assays 
demonstrated that PEP carboxylase activity 
was present in the 20,000 and 150,000 x g 
supernatants (Fig. 4, Lane 1 and 3, 

Figure 3. Gel Electrophoresis Analysis of rCpePpcA-His10.  The arrow shows the locations of PpcA.  A.  SDS-
PAGE  of E. coli cell lysates and purified enzyme.  M indicates a lane with the molecular mass standards, and 
the corresponding mass values are given in kDa.  a 7.5% denaturing polyacrylamide gel for the cell lysate, cell 
extracts and purified rCpePpcA-His10 of E. coli BL21(DE3)(RIL)(pJLK15pET19b) overexpressing the PpcA of 
Clostridium perfringens.  To obtain the whole cell lysates, harvested cells were resuspended in 100 mM 
potassium phosphate buffer, pH 7.0 and then the cell suspensions were passed through an ice cold 3/8” French 
pressure cell at 1.36 x 108 pascals.   1, the whole cell lysate of pre-induction E. coli; 2, the whole cell lysate of 
post-induction (4 hours); 4, the low spin (18,000 xg) supernatant obtained from centrifugation of the post-
induction whole cell lysate; 5, the low spin pellet obtained from centrifugation of the post-induction whole cell 
lysate; and 6, purified His-tagged enzyme.  B.  Non-denaturing polyacrylamide eletrophoresis of purified PpcA.  
Acrylamide  concentration, 10%.  Amount of protein, 2.9 µg. 
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respectively) and the 150,000 x g pellet (Fig. 
4, Lane 4); the activity was attributed to 
recombinant C. perfringens PpcA without a 
histidine tag (rCpePpcA).  This result 
indicates that PpcA is expressed as a soluble 
protein in E. coli, but it is possible a portion 
of rCpePpcA associates with the membrane. 

Starting from the 150,000 xg cell extract 
supernatant, the recombinant enzyme was 
partially purified using ammonium sulfate 
precipitation, DEAE Sephadex A-50 and 
hydroxyapatite chromatographic techniques 
(Fig. 5).  The specific activity of the 
partially purified enzyme was 50 µmol min-1 
mg-1. 
 

Molecular properties of rCpePpcA-His10 

and rCpePpcA.   
The SDS-PAGE data (Fig. 3A, lane 5) 
showed that the apparent subunit mass of the 
His10-tagged enzyme was 65 kDa.  From the 
gel filtration experiment data the 
hydrodynamic radius and apparent 
molecular mass of the native enzyme was 
calculated to be 47.05 Å and 130 kDa, 
respectively.  Thus, the enzyme was a dimer 
of 65 kDa subunits.  The size of the 
recombinant enzyme without the histidine 
tag is approximately 63 kDa.    Gel filtration 
experimental data gave the apparent 

molecule mass of the native enzyme to be 
113 kDa.   On this basis, we concluded that 
rCpePpcA was a dimer of 63 kDa subunits. 

 

DISCUSSION 

 

This is the first report of the successful 
expression of archaeal-type 
phosphoenolpyruvate carboxylase (PpcA) in 
the soluble form.   This study removes a 
major hurdle for meaningful structure-
function studies with the new type of 
phosphoenolpyruvate carboxylase. 
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      1             2          3           4           M     
Figure 4. Gel Electrophoresis Analysis of 

rCpePpcA Expression Location.  M 
indicates a lane with the molecular mass 
standards, and the corresponding mass 
values are given in kDa.  A 7.5% denaturing 
polyacrylamide gel was used for the cell 
extracts of E. coli 
BL21(DE3)(RIL)(pJLK15pET11a) 
overexpressing the PpcA of Clostridium 

perfringens.  1, the low spin (20,000 xg) 
supernatant obtained from centrifugation of 
the post-induction whole cell lysate; 2, the 
low spin pellet obtained from centrifugation 
of the post-induction whole cell lysate; 3, 
the high spin (150,000 xg) supernatant 
obtained from centrifugation of the low spin 
supernatant; 4, the high spin pellet. 

PpcA 
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Figure 5. Gel 

Electrophoresis 

Analysis of 
rCpePpcA.  M 
indicates a lane with 
the molecular mass 
standards, and the 
corresponding mass 
values are given in 
kDa.   A 7.5% 
denaturing 
polyacrylamide was 
used.   1, Partially 
purified rCpePpcA. 

PpcA 
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Until this work, a recombinant system 
for producing a PpcA without a substantial 
modification of its primary structure was not 
available. We attempted to express 
Methanothermobacter thermautotrophicus 

PpcA and the Methanosarcina activorans 

PpcA homolog (130) with and without a 
His10-tag from the pET11a and pET19b 
vectors in E. coli BL21(DE3)(pRIL), a T7-
polymerase expressing strain (139, 160). 
The pRIL plasmid provides certain tRNAs 
for the Arg, Leu, and Ile codons that are 
rarely used in E. coli, but are common in the 
archaea (78). The growth and induction 
steps were performed at 37oC as well as 
25oC.  In each case, the recombinant protein 
was produced as inclusion bodies. Similar 
results were obtained by Ettema et al (41), 
who put forth an extensive effort to express 
various archaeal PpcA homologs 
recombinantly. Finally, they succeeded in 
expressing active PpcA from Sulfolobus 

solfataricus, a thermophilic archaeon, in E. 

coli (41). However, this success required 
that the 58.7 kDa PpcA polypeptide be 
coupled to a NH2-terminal 42.5 kDa 
maltose-binding protein fusion domain (41). 
Protease removal of this tag rendered the 
heterologously expressed enzyme 
catalytically inactive (41).  

In our work, C. perfringens PpcA 
homolog was expressed in E. coli as a 
soluble and catalytically active protein with 
and without an N-terminal His10-sequence. 
The His10-tag is 2.9 Da in size, which is 
considerably smaller than the maltose-
binding protein. Therefore, rCpPpcA-His10 
provides a more suitable system for studying 
the structure-function relationships of PpcA.   
rCpePpcA-His10 could be partially purified 
to homogeneity rapidly using a Qiagen Ni-
NTA Superflow column.  rCpePpcA cannot 
be purified rapidly and several 
chromatography columns had to be 
employed to achieve partial purification.  

The homogeneous C. perfringens 

enzyme retained full activity for 
approximately a week. The PpcAs purified 
from Methanothermus sociabilis, Sulfolobus 

solfataricus, and Sulfolobus acidocaldarius 

are also stable (41, 142, 143). However, the 
enzyme from Methanothermobacter 

thermautotrophicus is very unstable (130).  
The recombinant C. perfringens PpcA 

was found to be a dimer of 65 kDa subunits 
(His10-tagged) (Fig. 3A, Lane 5) or 63 kDa 
subunits (non-His-tagged) (Fig. 5).  In 
contrast, the previously studied PpcAs and 
Ppcs are homotetramers of 50-60 kDa and 
100-130 kDa subunits, respectively (27, 59, 
130, 142, 143, 155, 167). However, it should 
be noted that in many of these cases, the 
molecular mass values were derived solely 
from gel filtration data (130, 142, 143, 167) 
that are unreliable for this purpose (21). 
Also, it has been shown that certain Ppcs 
could exist either as dimers or tetramers and 
the stability of one form over the other is 
dependent on the ionic strength of the 
solution and the presence and absence of 
Mg2+ and effectors such as aspartate (62, 63, 
155, 167, 172). Hence, a final conclusion on 
the number of subunits per the native 
molecule of C. perfringens PpcA as well as 
many other Ppcs and PpcAs must await an 
accurate determination of the respective 
molecular masses by use of a more 
appropriate method, such as analytical 
centrifugation (21), under physiologically 
relevant conditions. 

This work will allow for the 
manipulation of the ppcA gene via site-
directed and random mutagenesis.   These 
structure function studies will enable 
residues critical to PpcA’s function to be 
identified and potentially provide 
information about the enzyme’s reaction 
mechanism.  Detailed biochemical analysis 
of these enzymes will be discussed in the 
next chapter. 
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CHAPTER III 

 

KINETIC CHARACTERIZATION OF RECOMBINANT CLOSTRIDIUM 

PERFRINGENS PHOSPHOENOLPYRUVATE CARBOXYLASE 

 

ABSTRACT 

 

We found that in Clostridium perfringens, a human and animal pathogen, the only recognizable 
anaplerotic enzyme is a homolog of an archaeal-type phosphoenolpyruvate (PEP) carboxylase 
(PpcA) (ORF CPE1094). Therefore, CPE1094 might be vital to this organism. To investigate its 
properties, we expressed CPE1094 protein with and without a His10-tag in E. coli.  rCpPpcA-
His10, a dimer of 65 kDa subunits, exhibited maximum activity at 45oC and pH 8, and utilized 
Mg2+, Co2+ and Mn2+ as the required divalent cation. The kinetic affinities for Co2+ and Mn2+ 
were, respectively, 2.7- and 2.5-fold higher than that for Mg2+, and formers were also strong 
inhibitors. Certain PpcAs do not use Mn2+. Similar to maize Ppc and unlike E. coli Ppc, 
rCpPpcA-His10 used PEP-divalent cation complex as the true carboxylation substrate. Free PEP 
and free Mg2+ inhibited rCpPpcA-His10, whereas these species activate maize Ppc. Aspartate and 
oxalate, two strong inhibitors for Ppcs, inhibited rCpPpcA-His10 mildly. Interestingly, acetyl-
CoA and glucose-6-phsophate, which activate certain Ppcs, inhibited CpPpcA-His10. This work 
sets the stage for a molecular level comparison between two distinct classes of PEP 
carboxylases. 
 

INTRODUCTION 
 
PpcA is ubiquitous in the archaea (37, 

116), but is absent in the eukarya. Only three 
members of the bacterial domain, namely 
Clostridium perfringens, Oenococcus oeni, 
and Leuconostoc mesenteroides, have PpcA 
homologs (37, 116). Interestingly, these 
organisms lack a bacterial and plant type 
Ppc (116). We are interested in determining 
the implication of this finding to the 
physiology of these bacteria. Our current 
study concerns C. perfringens, a strictly 
anaerobic bacterium that a variety of human 
and animal diseases (123). In this chapter we 
report the molecular and kinetic properties 
of a recombinant form of C. perfringens 

PpcA homolog (ORF CPE1094). We also 
present this enzyme as a model for structure-
function analysis of an archaeal type 
phosphoenolpyruvate carboxylase. Thus far, 
such studies have been hampered due to the 
difficulty of generating a PpcA in a suitable 
recombinant form (37).  

MATERIALS AND METHODS 

 

Calculations and Data Analysis. 
Free PEP (fPEP) and free Mg2+ (fMg2+) 
concentrations corresponding to a desired 
[PEP-Mg2+  complex] in the assay mixture 
were calculated from the equation 
[fPEP][fMg2+]/[PEP-Mg2+ complex] = 5.55 
mM (174). All initial rate data were 
analyzed according to Cleland (25) by using 
the KinDist program (obtained from Bryce 
V. Plapp, University of Iowa, Iowa City, IA) 
and the following relationships: Henri-
Michaelis-Menten equation, v = Vm[S]/(Km 
+ [S]), where S is the substrate and Km is the 
Michaelis constant or kinetic affinity of the 
enzyme for the substrate; substrate 
inhibition, v = Vm[S]/(Km + [S] + ([S]2/Ki)), 
where Ki is the inhibition constant; 
competitive inhibition, v = 
Vmax[S]/((Km(1+[I]/ Kis)) + [S]), where I and 
Kis are the inhibitor and the dissociation 
constant for the enzyme-inhibitor or EI 
complex, respectively, and the subscript “is” 
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in Kis represents an inhibition constant that 
affects the slope in the reciprocal plot; 
uncompetitive inhibition, v = 
Vmax[S]/(Km+([S](1+[I]/Kii))), where Kii is 
the dissociation constant for the enzyme-
substrate-inhibitor or ESI complex and the 
subscript “ii” in Kii represents an inhibition 
that causes intercept effect in the reciprocal 
plot; mixed inhibition, v = 
Vmax[S]/((Km(1+[I]/Kis))+ ([S](1+[I]/Kii))); 
non-competitive inhibition, same equation 
as for mixed inhibition, except Kis=Kii.  
 

RESULTS 

 

Effect of Temperature, pH and Salts on the 

Activity of rCpPpcA-His10. 
At pH 7.0, rCpPpcA-His10 exhibited optimal 
specific activity at 45oC. From the linear 
segment (between 25 and 45oC) of the 
corresponding Arrhenius plot, the value of 
the activation energy for the OAA formation 
activity was calculated to be 82.6 kJ mol-1. 
At 37oC, the optimum pH for the activity of 
rCpPpcA-His10 was 8.0. The activity versus 

pH profiles at 37 and 45oC were virtually 
identical. Both NaCl and KCl affected the 
enzyme activity; the effect of NaCl was 
more severe. At a concentration of 0.125 M 
in the assay, NaCl and KCl reduced the 
activity by 56% and 30% of that recorded in 
the absence of these salts, respectively (Fig. 

6). However, the enzyme was stable in a 
solution containing 2 M NaCl, 225 mM 
imidazole, and 25 mM potassium phosphate 
buffer, pH 7; after 4 h of incubation at 4oC, 
100% of the original activity was retained.  
 

Effect of Mg
2+

 and Other Divalent Cations 

on Enzyme Activity. 
rCpPpcA-His10 did not show any activity in 
the absence of divalent cations. Under the 
standard assay conditions and at a pH of 7.2, 
Mg2+, Mn2+, and Co2+ supported enzymatic 
activity, although, at higher concentrations, 
each of these cations inhibited the enzyme 
(Fig. 7). These initial velocity data were 
fitted to the substrate inhibition relationship 
(Fig. 7) to obtain the respective apparent Ki 
and Ka values (Table 3).  In these fits the 
concentration of the metal replaced the 
substrate concentration.  The kinetic 
affinities of the enzyme for Mn2+ and Co2+ 
were, respectively, 2.7- and 2.5-fold higher 
than that for Mg2+ (Table 3). Also, the 
apparent Vmax and catalytic efficiency values 
obtained with Mn2+ and Co2+ were higher 
than that with Mg2+ (Table 3). However, the 
Ki for Mn2+ and Co2+ were, respectively, 
7.5- and 37-fold lower than the Ki for Mg2+ 
(Table 3). As a result, inhibition by cobalt 
was the most severe and, within the group, 
Mg2+ provided the highest observable 
specific activity (Fig. 7).  

Figure 6. Effect of Salts 

on Recombinant C. 

perfringens PpcA-His10.  
Effects of NaCl (�) and 
KCl (�) on the activity.  
For all assays there was a 
baseline NaCl 
concentration of 0.5 mM. 

0

5

10

15

20

25

30

0 100 200 300 400 500 600

[Salt], mM

A
c

ti
v

it
y

, 
U

 m
g-1



 

Chapter III:  Kinetic Characterization of rCpePpcA-His10 

 
24 

Effect of Mg
2+

 and Co
2+

 on rCpePpcA 

Activity. 
This work was conducted with the non-
homogenous preparation described in 
Chapter Two.  rCpePpcA required a divalent 
metal cation for activity.    Under standard 
assay conditions at pH 7.2, Mg2+ and Co2+ 

supported enzymatic activity.  Unlike 
rCpePpcA-His10, rCpePpcA was not 
inhibited as severely by higher 
concentrations of Mg2+ and Co2+ (Fig. 8).   
There was no significant statistical 
difference between the Ka value for Mg2+ 
between PpcA with the polyhistidine-tag 

and the enzyme without the polyhistidine-
tag.    However, the Ki value for rCpePpcA 
was approximately 5-fold higher than 
rCpePpcA-His10.    The specific activity for 
rCpePpcA was only 70% of the recombinant 
protein with the polyhistidine-tag (Table 3).   
The Ka value for colbalt was halved when 
the polyhistidine-tag was removed and the 
Ki value increased 5-fold (Table 3).    The 
difference between Vmax of the enzyme with 
the polyhistidine-tag and without the 
polyhistidine-tag is not statistically 
significant. 

Figure 7. Effect of Divalent 

Metals on OAA-synthesizing 

activity of rCpePpcA-His10.  
The assay mixture was 
standard, except the 
concentrations of Co2+, Mg2+ or 
Mn2+ were as indicated.  All 
divalent metal were supplied as 
chloride salts.  The data were fit 
to the substrate inhibition 
relationship 
V=Vmax[S]/([S]+Km+([S]2/Ki)). 
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Figure 8. Effect of Divalent 

Metals on OAA-synthesizing 

activity of rCpePpcA.  The 
assay mixture was standard, 
except the concentrations of 
Co2+ or Mg2+ were as indicated.  
All divalent metal were 
supplied as chloride salts.  The 
data were fit to the substrate 
inhibition relationship 
V=Vmax[S]/([S]+Km+([S]2/Ki)). 
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Table 4. Activation and inhibition constants for divalent metal cations 

Detailed Analysis of the Effect of Mg
2+

 on 

rCpePpcA-His10 Activity. 
The effect of Mg2+ on the enzymatic activity 
was studied in detail. Fig. 9A presents the 
initial velocity versus [tMg2+] data at various 
fixed levels of tPEP. The calculated 
concentration profiles shown in Figs. 15B 
and D show that at a fixed [tPEP], an 
increase in [tMg2+] elevated [PEP-Mg2+], 
but lowered [fPEP]. These changes 
paralleled an increase in activity (Fig. 9A). 
This observation indicated that the PEP-
Mg2+ complex, not fPEP, was the true 
substrate that is carboxylated by the enzyme. 
To further analyze the data, the specific 
activity profiles were fit to the standard 
substrate inhibition relationship for tMg2+ 
and the resulting kinetic constant values 
were examined for a trend (Table 4). At 
0.125 mM tPEP, Mg2+ was a poor inhibitor; 
the Ki for tMg2+ was 137 times higher than 
the Km value for this divalent cation.  
However, when concentrations of tPEP 
exceeded 0.125 mM, the apparent Ki of 
tMg2+ dropped to as low as 12 times Ka for 

tMg2+ (Table 4, data for 5 mM tPEP). Also, 
the pattern of changes in the Ka for tMg2+ in 
the [tPEP] range of 0.125-1.5 mM was 
different from that between 1.5 and 5 mM. 
These observations are consistent with the 
hypothesis that PEP-Mg2+ is the true 
substrate and fPEP is an inhibitor for C. 

perfringens PpcA. This deduction was based 
on the following rationale. As [tPEP] 
increased from 0.125 mM to 1.5 mM, the 
requirement of Mg2+ for generating PEP-
Mg2+ to a saturating concentration dropped 
(Fig. 9B), and this change was manifested as 
an apparent drop in the Ka for tMg2+ (Table 
4). An increase in [tPEP] beyond 1.5 mM 
made the inhibition by fPEP a significant 
factor, which could be overcome only at 
higher [tMg2+]. This phenomenon was 
reflected in a rise in the requirement or 
apparent Ka value for tMg2+. The drop in 
apparent Ki value for tMg2+ with a rise in 
[fPEP] could also be explained in terms of 
PEP. If [tPEP] is high, fPEP attains an 
inhibitory level at a low [tMg2+] (Fig. 9A 
and D). Consequently, the enzyme was 

Ka, µM
 

Vmax, µµµµmol min
-1

 mg
-1

 Ki, µM
 

Metal 

PEP-

metal 

Kd, mM 
His10-

tag 

No 

His10-

tag 

His10-tag No His10-tag His10-tag 
No His10-

tag 

Catalytic 

Efficiency, 

M
-1

s
-1

 x10
4 d

 

Mg2+ 5.55 85 ±  6 84 ±  1 86 ±  2 58 ±  1 3309 ± 279 
15100 

 ±  
3 

114 

Co2+ 2.86 31 ±  8 12 ± 1 100 ±  14 84 ±  11 90 ±  18 
524  
±  

171 
359 

Mn2+ 1.79 34 ±  4  90 ± 5  441 ± 44  296 

The primary data are shown in Fig. 6 (rCpePpcA-His10) and Fig. 7 (rCpePpcA); M2+, divalent metal cation 
a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO3, 1 U ml-1 MDH, 0.2 mM  
NADH and desired concentrations of CoCl2, MnCl2 and MgCl2 
b Fit: v = Vmax[M

2+]/(Ka + [M2+] + ([M2+]2/Ki)) 
c From reference 
d For His10-tagged enzyme and based on a subunit molecular mass of 65 kDa 
e  Values for rCpePpcA 
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Figure 9. Effect of total Mg
2+

 

(tMg
2+

) concentration on OAA-

synthesizing activity of rCpPpcA-

His10 at various total PEP (tPEP) 

concentrations.  The assay mixture 
was standard, except the 
concentrations of Mg2+ and PEP 
were as indicated. Mg2+ was 
supplied as MgCl2. A. Activity 
versus [tMg2+] plots. A line through 
the data points at a fixed [tPEP] 
shows a fit according to the 
substrate inhibition relationship 
V=Vmax[tMg2+]/(Ka + [tMg2+] + 
([tMg2+]2/Ki)). The kinetic constant 
values derived from these fits are 
shown in Table 5. B, C, and D: 
plots for calculated concentrations 
of PEP-Mg2+, fMg2+, and fPEP, 
respectively.  Plot D is shown on 
the following page. 
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inhibited at lower concentrations of tMg2+ 
(Table 4). The tMg2+ kinetics data (Fig. 9A) 
did not provide much information on the 
interaction of Mg2+ with the enzyme, 
because, as seen in Fig. 9C, the [fMg2+] 
profile for one initial velocity data set was 

not very different from that for another. The 
maximum difference in the [fMg2+] values 
between two profiles was about 1 mM (Fig. 
9C).  
 

Table 5. Kinetic constants for tMg
2+

 at various tPEP concentrations 
a,b

 

[tPEP], mM 
Ka for tMg

2+
, 

mM 
Vmax, U mg

-1
 

Ki for tMg
2+

, 

mM 

Catalytic Efficiency
c
 (Vmax/Ka), 

M
-1

 x 10
4 

0.125 0.24 ± 0.06 11.9 ± 1.1 32.8 ±  34.8 5.4 

0.25 0.20 ± 0.05 25.0 ±  2.6 9.88 ±  4.51 13.5 

0.5 0.15 ± 0.03 37.2 ± 2.6 6.24 ± 1.54 26.9 

0.75 0.12 ± 0.02 39.2 ± 2.6 7.65 ± 2.07 35.4 

1.0 0.10 ± 0.02 41.7 ± 3.0 6.50 ±  1.76 45.2 

1.5 0.09 ±  0.02 40.9 ±  2.9 8.24 ± 2.52 49.2 

2 0.12 ±  0.02 47.3 ± 2.9 5.82 ±  1. 22 42.7 

2.5 0.15 ±  0.02 49.6 ± 3.2 5.59 ± 2.52 35.8 

3 0.16 ± 0.03 49.1 ± 3.4 6.16 ± 1.44 33.2 

4 0.26 ± 0.05 51.2 ± 4.6 5.97 ± 1.69 21.3 

5 0.45 ± 0.10 55.6 ± 6.5 5.38 ± 1.72 13.4 

PEP Kinetics. 

Figure 9. Continued from 
previous page. 

The primary data at [tPEP] of 0.125, 0.25, 1, 2 and 3 mM are shown in Fig. 9A 
a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO3, 1 U ml-1 MDH, 0.2 mM  
NADH and desired concentrations of PEP and MgCl2 (See Fig. 9A) 
b Fit: v = Vmax[tMg2+]/(Ka + [tMg2+] + ([tMg2+]2/Ki)) 
c Based on a subunit molecular mass of 65 kDa 
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PEP Kinetics 
The activity versus total PEP (tPEP) 
concentration data at various fixed tMg2+ 
concentrations are shown in Fig. 10A. The 
corresponding calculated values for [PEP-
Mg2+], [fPEP], and [fMg2+] are given in 
Figs. 16B, C, and D, respectively. At 0.25, 
0.5, and 1 mM tMg2+, it appears that [tPEP] 
is inhibiting PpcA, as indicated by the 
pattern of substrate inhibition (Fig. 10A).  
This apparent substrate inhibition 
corresponds with an increase of fPEP (Fig. 
10C), which would inhibit the enzyme if 
PEP-Mg2+ complex was the true substrate 
for PpcA.  To better understand the basis for 
these observations, each data set was fit 
individually to the substrate inhibition 
relationship (Fig. 10A, Table 5). The kinetic 
constant values derived from these fits 
(Table 5) provided the following model, 
where [PEP-Mg2+] was considered the true 
substrate. At low levels of [tMg2+], higher 
concentrations of tPEP are required to 
achieve saturating values of PEP-Mg2+ 
complex (Fig. 10B).   The increased [tPEP] 
corresponds with a high concentration of 
fPEP in the assay solution (Fig. 10C), which 
would inhibit PpcA.  As [tMg2+] was raised, 
the apparent kinetic affinity for tPEP 
appeared to improve and the apparent Ki for 
tPEP increased (Table 5).  This can be 
explained by the inversely proportional 
relationship between [tMg2+] and [fPEP] 
(Fig. 10C).  The consistent decrease of the 
Km for tPEP as [tMg2+] increased was likely 
due to higher concentrations of PEP-Mg2+ 
complex (Fig. 10B).  This increase in PEP-
Mg2+ complex concentration created the 
appearance of PpcA’s increased affinity for 
tPEP.  The decrease in the Vmax can be 
explained by the amplification in [fMg2+] as 
[tMg2+] were increased.  Attempts to fit 
the data from 0.25 to 1 mM tMg2+ to 
competitive, uncompetitive and 
noncompetitive fits were unsuccessful 
and resulted in negative Kis and Kii 

values.  A similar rationale was valid for 
the observations made with [tMg2+] of 2, 3, 
and 4 mM, but the initial data for this range 
fit the uncompetitive inhibition pattern (Fig. 
10A and E, Table 5). The Kii value for tMg2+ 
obtained from this fit (Table 5) was 
comparable to the Ki values reported for a 
similar [tMg2+] range in Table 4. Also, the 
Km for tPEP at 2-4 mM tMg2+ was lower 
than that determined at a [tMg2+] of 0.25 
mM.  
 
Effect of PEP-Mg

2+
 Complex 

Concentration on Enzyme Activity. 
Two sets of data were collected for this 
study. The first set was for initial velocity 
versus [PEP-Mg2+] at various fixed [fPEP] 
(Fig. 11A), and in the second set the fMg2+ 
was maintained constant at different values 
while [PEP-Mg2+] was varied (Fig. 12A). 
The corresponding calculated profiles for 
[fMg2+] and [fPEP] are shown in Fig. 11B 
and 18B, respectively.  The initial velocity 
versus [PEP-Mg2+] data at various fixed 
[fPEP] exhibited a saturation behavior (Fig. 
11A), indicating that the complex was the 
true substrate for the PpcA reaction. This 
set, in its entirety, did not fit the standard 
inhibition models with fPEP as the inhibitor.  
However, the [PEP-Mg2+ complex] data 
were fit to a noncompetitive inhibition 
equation for [fPEP] of 0.5 to 2.0 mM.  An 
inhibition by fMg2+ certainly was one of the 
complicating factors. Therefore, the velocity 
plots were analyzed individually via the 
Henri-Michaelis-Menten equation and the 
resulting kinetic constant values (Table 6) 
were used to generate the following 
explanation. The low apparent Vmax values 
at low fPEP levels such as 0.2, 0.3, and 0.5 
mM (Fig. 11, Table 6) were indicative of 
inhibition by fMg2+, because under this 
condition a saturating concentration for 
inhibition by Mg2
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Figure 10. Effect of total PEP 

(tPEP) concentration on OAA-

synthesizing activity of 

rCpPpcA-His10 at various total 

Mg
2+

 (tMg
2+

) concentrations.  

The assay mixture was standard 
and the concentrations of PEP and 
Mg2+ are indicated. Mg2+ was 
added as MgCl2. A. Activity versus 
[tPEP] plots. The lines show the 
fits that were generated as follows: 
The data sets at tMg2+ 
concentrations of 0.25, 0.5, and 1 
mM were fit individually to the 
substrate inhibition equation, 
v=Vmax[tPEP]/(Km + [tPEP] + 
([tPEP]2/Ki)). The sets at 2, 3, and 
4 mM tMg2+ were analyzed 
together according to the 
uncompetitive inhibition 
relationship of v = Vmax[tPEP]/(Km 
+ [tPEP](1 + [tMg2+]/Kii)). The 
data and fits for 2, 3, and 4 mM 
tMg2+ are also shown in E. B, C, 
and D. Plots for calculated 
concentrations of PEP-Mg2+, fPEP, 
and fMg2+, respectively. E. Double 
reciprocal plots for initial velocity 
data at tMg2+ of 2, 3, and 4 mM (as 
shown in A). The straight lines are 
fits of the data to the uncompetitive 
inhibition relationship. The kinetic 
constant values derived from the fit 
are shown in Table 6.  Plots D and 
E continue on the next page. 



 

Chapter III:  Kinetic Characterization of rCpePpcA-His10 

 
30 

decreased, which resulted into higher values 
for apparent Vmax (Fig. 11A, Table 6). 
However, the negative effect of fPEP caused 
a rise in the apparent Km for [PEP-Mg2+] 
(Table 6). An increase of [fPEP] from 0.5 
mM to 1 and 2 mM resulted in 3- and 4.6-
fold higher apparent Km values, respectively 
(Table 6), which suggested that fPEP might 
bind to the enzyme and lower its affinity for 
PEP-Mg2+. The initial velocity versus [PEP-
Mg2+] data at various fixed [fMg2+] (Fig. 12) 
also presented a complicated picture. Each 
velocity profile was fit to the standard 
substrate inhibition model (Fig. 12A). The 

corresponding kinetic constant values are 
given in Table 7. It was observed that a rise 
in [fMg2+] from 0.5 to 1 mM or 1 mM to 2 
mM improved the apparent Vmax (Table 7), 
which was likely due to a parallel drop in  
[fPEP].   [PEP-Mg2+] was attained only if 
fMg2+ level was high (Figs. 17A and B). 
When [fMg2+] was raised above 0.5 mM, the 
Km for PEP-Mg2+ increased (Table 7), 
indicating that fMg2+ acted as a competitive 
inhibitor C. perfringens PpcA for the 
complex (Fig. 12C). There was also a 
parallel decrease in the apparent Ki for PEP- 

Figure 10.Continued from the 
previous page. 
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Table 6. Kinetic constants for tPEP at various tMg
2+

 concentrations 
a 

Mg2+ (Table 7).  The data at [fMg2+] of 0.3 
showed a departure from this pattern.  The  
Vmax and Km values for PEP-Mg2+ at 0.3 
mM fMg2+ were higher than that of 0.5 mM 
fMg2+ and the reverse was true for the Ki 
value (Table 7). 
 

Effects of Metabolites on Enzyme Activity. 
In a standard assay, aspartate, oxalate and 
acetyl-CoA, each at a concentration of 1 
mM, reduced the activity of C. perfringens 
PpcA by 30, 66 and 38%, respectively; the 
corresponding value with 2 mM glucose-6-
phosphate (G6P) was only 6%.   The activity 
value in the absence of an effector was taken 
at 100%.   The date from more detailed 
initial velocity studies, where [PEP-Mg2+] 
was varied at various fixed concentrations of 
an inhibitor are shown in Figs 19 and 20.  
These data sets fit the following models: 
aspartate, competitive inhibition (Fig. 14A); 
oxalate and acetyl-CoA, mixed inhibition 
(Figs 19A and 20B, respectively); and G6P, 
non-competitive inhibition (Fig. 13B).  
While the G6P data did fit a non-
competitive inhibition pattern, the inhibition 

was not very strong and a definitive 
conclusion cannot be drawn.  The kinetic 
constant values derived from those fits are 
shown in Table 8. 

 

DISCUSSION 
 

This is the first report on the 
characterization of an archaeal type 
phosphoenolpyruvate carboxylase (PpcA) 
from a bacterium. It opens investigations on 
a hitherto unexplored aspect of the 
physiology of Clostridium perfringens, an 
important human and animal pathogen. This 
report presents a detailed kinetic 
characterization of a PpcA for the first time, 
which is discussed below. We have recently 
reported that C. perfringens is one of three 
bacteria known to carry a ppcA homolog 
(orf CPE1094; (116)). Until then, CPE1094 
did not have an assigned function (134).  In 
the previous chapter, the expression and 
purification of the recombinant was 
described and the orf does have the 
postulated activity. The C. perfringens 

genome (134) does not encode a 

[tMg
2+

], 

mM 

Km for tPEP, 

mM 

Vmax, 

U mg
-1

 

Inhibition 

constant, 

mM 

Catalytic efficiency 

(Vmax/Km) 
d 

M
-1

 s
-1

 x 10
4
 

Data fitting 

   Ki for tPEP   

0.25 1.3 ±  0.4  86 ±  19 1.8 ±  0.2 7 

0.5 0.8 ±  0.1 65 ±  5 4.6 ±  0.7 9.2 

1.0 0.5 ±  0.1 50 ±  3 11 ±  2 11.9 

Individual fits to 
substrate inhibition b 

   Kii for tMg
2+

   

2, 3, 4 0.41 ±  0.02 63 ±  2 3.6 ±  0.3 16.5 
Uncompetitive inhibition 

c 

The primary data are shown in Fig. 10A 
a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO3, 1 U ml-1 MDH, 0.2 mM  
NADH and desired concentrations of PEP and MgCl2 (See Fig. 10A) 
b Fit: v = Vmax[tPEP]/(Km + [tPEP] + ([tPEP]2/Ki)) 
c Fit: v = Vmax[tPEP]/(Km + [tPEP] + ([tMg2+]Kii)) 
d Based on a subunit molecular mass of 65 kDa 
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Table 7. Kinetic constants for PEP-Mg

2+
 complex at vaious fPEP concentrations 

a 

[fPEP], 

mM 

Km for PEP-Mg
2+

 complex, 

µM 

Vmax, 

µmol min
-1

 mg
-1 

Catalytic Efficiency 
c
  

(Vmax/Km), M
-1

 s
-1

 x 10 
4
 

0.2 6.4± 0.1 21 ± 1 351 

0.3 5.7 ± 0.7 24 ± 1 464 

0.5 4.5 ± 0.9 29 ±  1 691 

1.0 13.4 ± 1.5 36 ±  1 293 

2.0 21.0 ± 4.0 39 ±  2 201 

Figure 11.  PEP-Mg
2+

 kinetics 

of OAA-synthesizing activity 

of rCpPpcA-His10 at various 

free PEP (fPEP) 

concentrations.  The assay 
mixture was standard, except at 
every selected [fPEP] the desired 
levels of [PEP-Mg2+] were 
attained by the addition of 
required amounts of MgCl2 as 
calculated from the equilibrium 
relationship described in the 
Materials and Methods. A. 
Activity versus [PEP-Mg2+] 
plots. Each line shows the fit of 
a set of initial velocity data to 
the Henri-Michaelis-Menten 
equation, v = Vmax [PEP-
Mg2+]/(Km + [PEP-Mg2+]). B. 

Calculated values of [fMg2+]. 
The kinetic constant values 
derived from the fit are shown in 
Table 7.   

The primary data are shown in Fig. 11A. 
a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO3, 1 U ml-1 MDH, 0.2 mM  
NADH and desired concentrations of PEP and MgCl2 (See Fig. 10A) 
b Fit: v = Vmax[PEP-Mg2+ complex]/(Km + [PEP-Mg2+ complex]) 
c Based on a subunit molecular mass of 65 kDa 
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homolog of bacterial and plant type 
phosphoenolpyruvate carboxylase (Ppc), α4- 
or α4β4-type pyruvate carboxylase, ATP- or 
GTP-dependent phosphoenolpyruvate  
carboxykinase, or isocitrate lyase. This 
conclusion is based on our results from 
BLAST searches (33) using the E. coli Ppc 
(accession number, P00864; (41)), 
Mycobacterium smegmatis α4-type pyruvate 
carboxylase (accession number, AAG30411; 
(107)), Methanothermobacter 

thermoautotrophicus αβ-type pyruvate 
carboxylase subunits (accession numbers, 
AAC12719 and O27939; (109, 136)), E. coli 

ATP-dependent phosphoenolpyruvate 
carboxykinase (accession number, 
AAA24301; (94)), Mycobacterium 

smegmatis and human GTP-dependent 
phosphoenolpyruvate carboxykinases 
(accession numbers, AAK28534 and 
AAA60084; (105)), and E. coli isocitrate 
lyase (accession number, P0A9G6; (15)). 
Therefore, the anaplerotic need in the 
bacterium C. perfringens must be met by 
PpcA, an archaeal type 
phosphoenolpyruvate carboxylase. This 
aspect has been one of the motivations 
behind the current investigation.  

It is possible that the ten residue 
histidine tag could alter the kinetic 
properties of the recombinant protein, 
especially in regard to metals.    For this 
reason, we expressed rCpePpcA without the 
polyhistidine-tag and were able to purify the 
soluble recombinant protein.     We 
investigated the differences between 
rCpePpcA-His10 and rCpePpcA in regard to 
Mg2+ and Co2+.  The primary data is in Figs. 
13 and 14, respectively.   The effect of the 
inhibition by Co2+ and Mg2+ is not as severe 
regarding rCpePpcA as it is with rCpePpcA-
His10.  However, the polyhistidine-tag did 
not affect the Ka value for Mg2+ (Table 3).   
The Ki value did increase 5-fold for Mg2+.   
However, Ki value for Mg2+ was 
approximately 40 times greater than the Ka 

value for rCpePpcA-His10, indicating a 
minor inhibitory effect.  While this effect 
was further reduced when the polyhistidine-
tag was not present, we decided to use 
rCpePpcA-His10 for all biochemical analysis 
due to ease of purification.  A more detailed 
analysis of the effects of Mg2+, Co2+ and 
Mn2+ is discussed below. 

The rCpPpcA-His10 required slightly 
alkaline pH for maximal activity and the 
relevance of this observation is discussed in 
the following paragraph.  It’s mildly 
thermophilic property, considered with 
PpcA’s wide occurrence in the archaeal 
domain very limited presence in the bacteria 
(37, 116) strongly favors the hypothesis that 
PpcA originated in a deeply rooted 
thermophilic archaeon.  The presence of 
PpcA homologs in the bacteria can be 
explained by lateral gene transfer (33). It is 
also possible that this enzyme originated in a 
deeply rooted thermophilic bacterium, 
although such an organism remains 
unknown.  

The apparent Km for bicarbonate of 
C. perfringens was comparable to that of M. 

thermautotrophicus (1.8 mM; (116)), but 23 
and 38-fold higher than the corresponding 
values for E. coli and maize Ppcs, 
respectively (31, 154). The observed high 
values for the PpcAs are consistent with the 
facts that M. thermoautotrophicus lives in a 
CO2-rich environment (31, 154, 183) and C. 

perfringens produces large amounts of CO2 
during its fermentative and pathogenic 
growth (13, 123). It is possible that due to a 
lower kinetic affinity for bicarbonate, C. 

perfringens enzyme required an alkaline pH 
for optimal activity under air. The pKa for 
CO2(aq)/HCO3

- is 6.37 (169). Therefore, for 
a given CO2 partial pressure, the enzyme 
will be exposed to a higher level of 
bicarbonate if the pH is alkaline. Another 
explanation for our observation is that the 
alkaline pH was necessary to keep key 
active amino acid residues at protonated or 
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Table 8. Kinetic constants for PEP-Mg
2+

 at various fMg
2+

 concentrations 
a,b

 

[fMg
2+

], 

mM 

Km for PEP-Mg
2+

 

complex, µM 

Vmax, 

µmol min
-1

 mg
-1 

Ki for PEP-Mg
2+

, 

mM 

Catalytic Efficiency 
c
 

(Vmax/Km), 

M
-1

 s
-1

 x 10 
4 

0.3 50 ± 9 64 ± 7 0.23 ± 0.05 138 

0.5 36 ± 5 43 ±  3 1.4 ± 0.4 130 

1.0 68 ± 13 52 ± 5 1.0 ± 0.2 83 

2.0 125 ±  24 61 ± 7 0.8 ± 0.2 53 

Figure 12.  PEP-Mg
2+

 kinetics of 

OAA-synthesizing activity of 

rCpPpcA-His10 at various free 

Mg
2+

 (fMg
2+

) concentrations.  
The assay mixture was standard, 
except at every selected [fMg2+] 
the desired levels of [PEP-Mg2+] 
were attained by the addition of 
required amounts of PEP as 
calculated from the equilibrium 
relationship described in the 
Materials and Methods. A. 
Activity versus [PEP-Mg2+] plots. 
Each line shows the fit of a set of 
initial velocity data to the 
substrate inhibition equation, v = 
Vmax[PEP-Mg2+]/(Km + [PEP-
Mg2+] + ([PEP-Mg2+]2/Ki)). B. 

Calculated values of [fPEP]. The 
kinetic constant values derived 
from the fit are shown in Table 8.   

The primary data are shown in Fig. 12A. 
a Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO3, 1 U ml-1 MDH, 0.2 mM  
NADH and desired concentrations of PEP and MgCl2 (See Fig. 11A) 
b Fit: v = Vmax[PEP-Mg2+ complex]/(Km + [PEP-Mg2+ complex] + ([PEP-Mg2+ complex]2/Ki)) 
c Based on a subunit molecular mass of 65 kDa 
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deprotonated states, for such requirements 
have justified alkaline pH optima for certain 
Ppcs (113). It is also possible that the 
requirement for an alkaline pH for the 
optimum activity arises from the fact that 
the true substrate for the enzyme is PEP-
Mg2+. The pKa for PEP is 6.4 (115). Since 
the tri-anion and not the dianion of PEP 
forms complex with Mg2+ (174), an alkaline 
pH maximizes the PEP-Mg2+ level. As 
presented below, the kinetic data for the PEP 
and Mg2+ requirements for activity also 
suggested that PEP-Mg2+ and not PEP is 
carboxylated by C. perfringens PpcA.  

Phosphoenolpyruvate carboxylases 
have an absolute requirement for a divalent 
cation for activity (5, 18, 52). This ion is 
used for stabilizing the enolate of pyruvate, 
a transition intermediate in the carboxylation 
reaction (2, 43, 92, 113). In addition, certain 
Ppcs use it for activating PEP as a PEP-
metal complex, which acts as the true 
carboxylation substrate (97, 104, 161, 170). 
The C. perfringens enzyme also required a 
divalent cation for activity (Fig. 7), and this 
need was met by Mg2+, Mn2+ and Co2+ (Fig. 
7). Mn2+, and Co2+ were more catalytically 
proficient than Mg2+, but the former two 
were also stronger inhibitors (Table 3). 
When compared with the previously 
characterized PpcAs in terms of the divalent 
cation requirement, the C. perfringens 

enzyme was found to be similar to the PpcA 
of Methanothermus sociabilis, a 
methanogenic archaeon (11, 127). The M. 

sociabilis enzyme exhibits activity with 
either Mg2+ or Mn2+ (127).  The maximum 
activity value obtained with Mn2+ is 75% of 
Mg2+ (127). It is most active at a Mg2+ 
concentration of 3 mM, and with 5 mM 
Mg2+, its activity is reduced by 18% of the 
maximum value (127). With Mn2+, the 
activity of M. sociabilis PpcA peaks at a 
concentration of 0.5 mM for this divalent 
cation (127). The enzyme is completely 

inactive if the Mn2+ level in the assay is 3 
mM (127). The enzyme from 
Methanothermobacter thermautotrophicus, 
also a methanogen, uses Mg2+ and it is not 
known whether it is active with Mn2+ (116). 
In contrast, PpcAs from Sulfolobus 

solfataricus and Sulfolobus acidocaldarius 

have an obligatory requirement for Mg2+; 
Mn2+ does not substitute for Mg2+ (37, 126). 
With S. acidocaldarius PpcA, a Mg2+ 
concentration of 1 mM provides maximal 
activity and a level higher than 1 mM is 
inhibitory (126); at 2 mM Mg2+ the activity 
value is 68% of the maximum (126). It is 
possible the reported lack of activity in this 
PpcA with Mn2+ (126) is due to the use of 
this divalent cation at an inhibitory 
concentration. The lowest concentration of 
Mn2+ that has been tested with a Sulfolobus 

enzyme is 2 mM (126). We found that at this 
concentration, Mn2+ reduces the activity of 
C. perfringens PpcA by 70% of the peak 
value (Fig. 7). It is not known whether the 
previously described PpcAs can use Co2+. 
An analysis of the tMg2+ and tPEP kinetics 
data (Figs. 15 and 16, Tables 4 and 5), that 
is presented in the Results, suggested that 
PEP-Mg2+ is the true substrate for C. 

perfringens PpcA, and fMg2+ and fPEP are 
inhibitors of the enzyme. Simultaneous 
inhibition by two free species also provided 
a complex picture for the kinetic behavior of 
the enzyme (Tables 4 and 5). Nevertheless, 

analyses via simple models provided some 
insight into the modes of inhibition by fPEP 
and fMg2+. The initial velocity versus [tPEP] 
data at [tMg2+] of 2, 3, and 4 mM showed an 
uncompetitive inhibition pattern (Fig. 10A 
and E, Table 5). Since PEP-Mg2+ is the true 
substrate for the enzyme, this observation 
indicates that Mg2+ binds to the enzyme-
PEP-Mg2+ complex. Considering that the 
[tPEP] was varied in the 0.25-5 mM range 
with fixed [tMg2+] of 2, 3, and 4 mM, the Kii 
value of 3.6 mM for tMg2+ (Table 5) 
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Table 9. Kinetic values for inhibitors 
a 

corresponded to 2.2-3.5 mM fMg2+ and the 
Km value of 0.42 mM for tPEP (Table 3) 
was equivalent to 0.1-0.17 mM PEP-Mg2+. 
These values identify fMg2+ as a weak 
inhibitor of C. perfringens PpcA. As 
elaborated in the Results, the tMg2+ and 
tPEP kinetics data (Figs. 15 and 16, and 
Tables 4 and 5) suggested that fPEP is an 
inhibitor. 

Since the PEP and divalent cation 
kinetics data (Figs. 15 and 16, Tables 4 and 
5) indicated that C. perfringens PpcA 
carboxylates PEP-Mg2+ complex, we studied 
the effect of [PEP-Mg2+] on enzymatic 
activity (Figs. 17 and 18, Tables 6 and 7). A 
saturation behavior in the initial velocity 
versus [PEP-Mg2+] data at various fixed 
[fPEP] (Fig. 11A) further established the 
PEP-divalent cation complex as the true 
substrate for the enzyme. A similar 
preference has been observed with maize 
and spinach leaf Ppcs (100, 104, 161, 170).  
Maize leaf Ppc uses PEP-Mg2+ as the 

substrate (104, 161, 170). A decrease in the 
Km value for fMg2+ or fMn2+ at high [fPEP] 
and the visa versa indicated that the PEP-
divalent cation complex is the true substrate 
for the spinach leaf Ppc as well (100). 
However, this conclusion was found to be 
inconsistent with the metal-PEP dissociation 
constant data (100, 174). Since Mn2+ has 3-
fold greater affinity for PEP than Mg2+, 
PEP-Mn2+ is expected to be preferred over 
PEP-Mg2+ by a Ppc that utilizes the complex 
as the substrate (174). The spinach leaf Ppc 
did not show such a preference (100). In this 
aspect our data on the C. perfringens PpcA 
presented a mixed picture (Table 3). The 
kinetic affinity, Vmax and catalytic efficiency 
(Vmax/Km) values obtained with Co2+ were 
higher than that with Mg2+ (Table 3). This 
observation also supported our conclusion 
that the PEP-divalent cation complex is the 
substrate for C. perfringens PpcA. However, 
a comparison of the data on Co2+ with that 
for Mn2+ did not show such conformity 

Inhibitor 

Km for  

PEP-Mg
2+

 

complex, µM 

Kis, mM Kii mM 
Vmax, 

µmol min
-1

 mg
-1

 
Inhibition Type 

Prima

ry 

Data 

in
 

Acetyl-CoA 0.06 ± 0.01 0.5 ± 0.1 2.0 ±  0.3 70 ± 2 Mixed c Fig. 
13A 

Aspartate b 0.06 ± 0.01 0.2 ±  0.0 n/a 41 ±  0 Competitived Fig. 
14A 

Glucose-6-
phosphate 0.06 ± 0.01 39 ± 49 43 ± 18 66 ±  3 Noncompetitivec,e Fig. 

13B 

Oxalate 0.05 ±  0.01 0.11 ± 0.0 0.8 ±  0.1 69 ±  2 Mixed c 
Fig. 
14B 

a

Assay mixture composition: 50 mM HEPES-NaOH buffer, pH 7.2, 30 mM KHCO
3
, 2 mM MgCl

2
, 1 U ml

-1 

MDH and 0.2 mM NADH and desired concentrations of PEP and inhibitor  
b

The enzyme preparation used for work with aspartate was different from that used for others.  
c

Fit: v = V
max

[PEP-Mg
2+ 

Complex]/(K
m
(1 + [I]/K

is
) + [PEP-Mg

2+ 
Complex](1 + [I]/K

ii
)); I, acetyl-CoA, glucose-

6-phosphate or oxalate.  
d

Fit: v = V
max

[PEP-Mg
2+ 

Complex]/(K
m
(1 + [aspartate]/K

is
) + [PEP-Mg

2+ 
Complex])  

e

K
is 
≈ K

ii 
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(Table 3). In spite of having a better affinity 
for PEP, Mn2+ was catalytically poorer than 
Co2+ (Table 3). This anomaly could have 
originated from the fact Co2+, either as free 
species or as a part of the complex, has a 
lower Ka value for C. perfringens PpcA than 
Mn2+ (Table 3). This assumption is 
consistent with the fact that the Ki for Co2+ 
was 4.9-fold lower than that for Mn2+. In 
terms of the participation of a divalent 
cation in the reaction, E. coli Ppc differs 
from the plant enzymes and the C. 

perfringens PpcA. E. coli Ppc uses fPEP as 
the substrate, which binds to the enzyme-

metal complex and not to the free enzyme 
(139). 

Similar to the observations made from 
the tMg2+ and tPEP kinetic studies (Figs. 15 
and 16, and Tables 4 and 5), the initial 
velocity versus [PEP-Mg2+] showed that 
fPEP and fMg2+ inhibit C. perfringens PpcA 
(Tables 17 and 18). fPEP was found to lower 
the apparent affinity of the enzyme for PEP-
Mg2+ (Fig. 12, Table 6). It also affected the 
Vmax (Table 7). It is possible that this 
inhibition is due to the binding of PEP to a 
regulatory site of the clostridial enzyme.  
For maize Ppc, at a sub-saturating  

Figure 13. Inhibition of 

rCpPpcA-His10 by acetyl-CoA 

and glucose-6-phosphate. The 
assay mixture was standard, 
except it contained a metabolite 
at the indicated concentration. 
The enzyme preparation used in 
this study was different from 
those that provided the data in 
Figs. 13-18, but was the same 
as the one that was used for 
work described in Fig. 14B. A. 
Inhibition by acetyl-CoA. The 
data fit the mixed non-
competitive inhibition 
relationship, v = Vmax[PEP-
Mg2+]/(Km(1 + [acetyl-
CoA]/Kis) + [PEP-Mg2+](1 + 
[acetyl-CoA]/Kii)). B. Inhibition 
by glucose-6-phosphate (G6P). 
The data were fit to the 
noncompetitive inhibition 
equation, v = Vmax[PEP-
Mg2+]/(Km(1 + [G6P]/Kis) + 
[PEP-Mg2+](1 + [G6P]/Kii)), 
where Kis = Kii. The kinetic 
constant values derived from 
the fit are shown in Table 9. 
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concentration of PEP-Mg2+, fPEP acts as an 
allosteric activator and at a saturating [PEP-
Mg2+], fPEP inhibits maize Ppc (161). The 
data in Table 5 show that fMg2+ affects the 
Km value for PEP-Mg2+, indicating that 
Mg2+ and PEP-Mg2+ might bind to the same 
site or two closely spaced sites on the 
enzyme. This observation and the data in 
Table 5, which indicated that under certain 
conditions Mg2+ could bind exclusively to 
the enzyme-PEP-Mg2+ complex (Table 5, 
data at 2-4 tMg2+), present a complex picture 
of the interaction of this divalent with C. 

perfringens PpcA. A lowering of the kinetic 

affinity for PEP-Mg2+ and elevation of the 
Vmax by fMg2+ have been observed with 
maize Ppc (104).  

L-aspartate and oxalate, which inhibit 
Ppcs (27, 54, 100, 139), affected the activity 
of C. perfringens PpcA (Fig. 14, Table 8). 
However, the observed effects on the 
clostridial enzyme were milder than that seen 
with the Ppcs.  Also, in terms of sensitivities 
to these effectors, C. perfringens PpcA 
aligned with only some of the PpcAs. For 
the clostridial enzyme, aspartate exhibited a 
competitive pattern with respect to PEP-
Mg2+ (Fig. 14A). The Ki for aspartate was 

Figure 14. Inhibition of 

rCpPpcA-His10 by aspartate 

and oxalate.  The assay 
mixture was standard, except it 
contained a metabolite at the 
indicated concentration. The 
enzyme preparation used in this 
study was different from the 
one that provided the data in 
Figs. 2-6. A. Inhibition by 
aspartate. The enzyme 
preparation used in this study 
was different from those that 
provided the data in Figs. 13-18 
and 8. Between the purification 
and use in the study, the 
preparation lost 10% of the 
original activity. The data fit to 
the competitive inhibition 
equation, v = Vmax[PEP-
Mg2+]/(Km(1 + [aspartate]/Kis) + 
[PEP-Mg2+]). B. Inhibition by 
oxalate. The enzyme 
preparation used in this study 
was different from those that 
provided the data in Figs. 2-6, 
but was the same as the one that 
was used for work described in 
Fig. 13. The data set fit the 
mixed non-competitive 
inhibition model, v = Vmax[PEP-
Mg2+]/(Km(1 + [oxalate]/Kis) + 
[PEP-Mg2+](1 + [oxalate]/Kii)). 
The kinetic constant values 
derived from the fit are shown 
in Table 9.  
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3.5 times higher than the Km for PEP-Mg2+ 
(Table 8). Hence, C. perfringens PpcA was 
less sensitive to aspartate than E. coli Ppc. In 
the absence of acetyl-CoA, an activator for 
bacterial Ppcs (18, 52), the Ki of the E. coli 

Ppc for aspartate is 0.06 mM (180). The Km 
of this enzyme for PEP is 0.2 mM (180). 
Therefore, aspartate is a strong inhibitor for 
E. coli Ppc. A moderate inhibition by 
aspartate is also seen with the PpcAs of S. 

solfataricus and S. acidocaldarius (37, 126); 
the former loses 50% of its activity with 5 
mM aspartate, and the latter loses 89.3 and 
100% activity at 3 and 4 mM aspartate, 
respectively. In contrast, the M. sociabilis 

PpcA is insensitive to this effector (127) and 
the M. thermoautotrophicus enzyme loses 
40% of its activity at an aspartate 
concentration of 10 mM (116). Therefore, 
the aspartate sensitivity of C. perfringens 

enzyme is similar to that of the Sulfolobus 

PpcAs. The difference between the aspartate 
sensitivities of the Ppcs and PpcAs can be 
reasoned from the primary sequence data 
(61, 116). In the E. coli Ppc, Arg587, Lys773, 
Arg832, and Asn881 are responsible for 
binding aspartate, of which Arg587 is  
catalytically active (61, 181). Most Ppcs 
carry each residue (61, 116), whereas only 
Arg587 is conserved in the PpcAs (116). 
However, the existence of two types of 
aspartate sensitivities, moderate and low to 
none, within the PpcA group is hard to 
explain. It could indicate that the mode of 
aspartate binding in a PpcA is different from 
that of a Ppc. Oxalate is an isoelectronic 
analog of the enolate of pyruvate (83, 100) 
and it inhibits the enzymes that utilize 
enolpyruvate as the transition state (2, 43, 
99, 100). Inhibition by oxalate has been 
demonstrated for the Ppcs (54, 100), but 
none of the previously described PpcAs 
have been tested for such a sensitivity. We 
found that this compound is a strong mixed 
non-competitive inhibitor for the C. 

perfringens PpcA (Fig. 13B). The Kis and 

Kii values for oxalate were 2 and 14-times 
higher than the Km for PEP-Mg2+, 
respectively (Table 8). Consequently, the 
preferred target for oxalate is the free 
enzyme, and the enzyme-PEP-Mg2+ 
complex has a poor affinity for this 
inhibitor.  

Among all known phosphoenolpyruvate 
carboxylases, C. perfringens PpcA was 
found to be uniquely influenced by acetyl-
CoA and glucose-6-phosphate (G6P). 
Acetyl-CoA is a strong activator for E. coli 

Ppc (18, 52) and glucose-6-phosphate (G6P) 
activates plant Ppcs (24, 32, 104, 125, 161).  
Neither of these compounds have any effect 
on the activities of PpcAs from the archaea 
Methanothermobacter thermoauto-

trophicus, Methanothermus sociabilis, 
Sulfolobus solfataricus, and Sulfolobus 

acidocaldarius (37, 116, 126, 127). In 
contrast, acetyl-CoA was a mild mixed non-
competitive inhibitor of C. perfringens PpcA 
(Fig. 14A, Table 8). The Kis and Kii values 
for acetyl-CoA were 8.4 and 32-fold higher 
than the Km for PEP-Mg2+, respectively 
(Table 8). Therefore, the preferred target for 
acetyl-CoA was the free enzyme. On the 
other hand this metabolite, with a Ka value 
of about 0.02 mM (181), improves the 
affinity of the Ppcs for PEP and increases 
the activity 5-20-fold (17, 18, 20, 112). G6P 
caused a minor yet observable inhibition of 
C. perfringens PpcA with a non-competitive 
pattern with respect to PEP-Mg2+ (Fig. 14B, 
Table 8). The affinity of either the free or 
the substrate bound form of the C. 

perfringens PpcA for G6P was poor and the 
fits gave large error values (Table 8). The 
observation that acetyl-CoA and G6P, two 
known activators of Ppcs (24, 52), inhibit a 
PpcA provides an additional avenue for 
studying how allosteric activation systems 
of the bacterial and plant 
phosphoenolpyruvate carboxylases evolved. 
It is plausible that the Ppcs and C. 

perfringens PpcA use similar structural 
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elements to bind acetyl-CoA and G6P, 
although the respective effects on catalysis 
are different. The determination of the 
crystal structures of both free and effector-
bound forms of C. perfringens PpcA and the 
effector-bound form of a Ppc will be 
necessary to test these hypotheses.  

In summary, C. perfringens expresses a 
archaeal-type phosphoenolpyruvate 
carboxylase which uses PEP-divalent cation 
complex as the carboxylation substrate. A 
sensitivity to oxalate suggests that, similar to 
the Ppcs, phosphoenolpyruvate 
carboxykinases and pyruvate carboxylases, a 
PpcA generates enolpyruvate as a reaction 
intermediate. Inhibition of the clostridal 
enzyme by free PEP, free Mg2+, acetyl-CoA 

and G6P, which activate certain Ppcs, 
represents a major difference between two 
classes of phosphoenolpyruvate 
carboxylases. A strong inhibitory effect of 
aspartate on Ppcs and a mild inhibition of 
PpcAs by this metabolite present another 
such difference, which is justified by the 
primary structure differences between Ppcs 
and PpcAs. Since the recombinant 
expression systems for a PpcA (this study) 
and several Ppcs (22, 31, 110, 149, 152) and 
three dimensional structures for the maize 
and E. coli Ppcs (60, 91) are available, the 
determination of crystal structure for a PpcA 
will provide a strong foundation for 
mechanistic studies on the 
phosphoenolpyruvate carboxylase reaction.
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ABSTRACT 

 
Pyruvate carboxylase (Pyc) is an ecologically, medically, and industrially important enzyme. It is 
widespread in all three domains of life, the archaea, bacteria, and eukarya.  Pyc catalyzes ATP-
dependent carboxylation of pyruvate to oxaloacetate. Detailed structure-function studies of this 
enzyme have been hampered due to the unavailability of a facile recombinant overexpression 
system. Except for the α4 enzyme from a thermophilic Bacillus species, Escherichia coli has 
been unsuitable for overexpression of Pycs. We show that a Pseudomonas aeruginosa strain 
carrying the T7 polymerase gene can serve as a host for the overexpression of Mycobacterium 

smegmatis α4 Pyc and Pseudomonas aeruginosa α4β4 Pyc under the control of the T7 promoter 
from a broad-host-range conjugative plasmid. Overexpression occurred both in aerobic (LB 
medium) and nitrate-respiring anaerobic (LB medium plus glucose and nitrate) cultures. The 
latter system presented a simpler option because it involved room temperature cultures in 
stationary screw-cap bottles. We also developed a P. aeruginosa ∆pyc strain that allowed the 
expression of recombinant Pycs in the absence of the native enzyme. Since P. aeruginosa can be 
transformed genetically and lysed for cell extract preparation rather easily, our system will 
facilitate site-directed mutagenesis, kinetics, X-ray crystallographic, and nuclear magnetic 
resonance-based structure-function analysis of Pycs. During this work we also determined that, 
contrary to a previous report (C. K. Stover et al., Nature 406:959–964, 2000), the open reading 
frame (ORF) PA1400 does not encode a Pyc in P. aeruginosa. The α4β4 Pyc of this organism 
was encoded by the ORFs PA5436 and PA5435. 
  

INTRODUCTION 
 

Pyruvate carboxylase (Pyc) synthesizes 
oxaloacetate from pyruvate (65, 181) (Fig. 
15) and serves gluconeogenic, glycerogenic, 
and anaplerotic roles, which are often vital 
for the survival of a cell (11). This 
ecologically, medically, and industrially 
important enzyme (16, 37, 65, 118, 122, 
133, 134) is widespread (65, 118, 122) and 
found in organisms belonging to all three 
domains of life, the archaea, bacteria, and 

eukarya (65, 118, 122). All archaeal and 
certain bacterial Pycs are the α4β4 type, and 
each is composed of the ~54-kDa PycA 
(biotin carboxylase subunit) and ~65-kDa 
PycB (carboxyltransferase plus biotin 
carboxyl carrier subunit) (65, 93, 122). Most 
bacterial and all eukaryotic Pycs are the α4 
type (65), and in each, a 110- to 130-kDa 
subunit carries both the PycA and PycB 
domains (65, 93, 122, 145). Defects in Pyc 
have been implicated in human diseases, 
such as lactic acidemia (65).  This enzyme 
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also plays an important role in the 
development of type 2 diabetes (65, 114) 
and is involved in the establishment of 
dormancy by Mycobacterium tuberculosis in 
human organs (86, 118). Pyc determines the 
yield in a commercial amino acid production 
process (133, 134) and CO2 fixation rates in 
Rhizobium species (37). Consequently, Pyc 
has been studied extensively (4, 65). 
However, until recently, the tools for 
manipulating the primary structure were not 
available for this important enzyme.  
Escherichia coli does not contain a Pyc and 
often has been shown to be unsuitable for 
the overexpression of this enzyme (55, 64). 
There have been reports of the expression of 
Pyc in E. coli for the purpose of metabolic 
engineering (48, 94, 100, 183), but in these 
instances the enzyme was expressed only in 
minor amounts. Recombinant forms of 
human Pyc have been expressed in a human 
cell line (55, 64), and a homologous system 
for Saccharomyces cerevisiae enzyme has 
also been developed (11). However, these 
hosts do not offer the speed and ease that are 
characteristic of a bacterial system. Very 
recently, an α4-type Pyc from a thermophilic 
Bacillus species has been overexpressed in 
E. coli with activity (163), and its primary 
structure has been manipulated (163, 199). 
This is a rare exception. The α4-Pyc of 
Corynebacterium glutamicum has been 
overexpressed in the same organism (83, 
133). However, this organism has a rather 
rigid cell wall (52), and consequently, 
extract preparation requires a harsh cell lysis 
method (182). Often extracts of Pyc-
expressing C. glutamicum cells prepared by 
this method do not contain significant Pyc 
activity (182). Also, transformation of this 
organism is relatively inefficient (92). We 
report in this paper that an α4-type and an 
α4β4-type Pyc, for which E. coli is not a 
suitable host, can be overexpressed 
recombinantly in Pseudomonas aeruginosa. 

During this work we showed that contrary to 
a previous report (159), the open reading 
frame (ORF) PA1400 does not encode a Pyc 
in P. aeruginosa.  We identified the genes 
for Pyc in this organism.  

 

MATERIALS AND METHODS 

 

Bacterial strains, plasmids, primers, and 

culture conditions. 
The strains, plasmids, and oligonucleotide 
primers used in this study are listed in Table 
10. Unless mentioned otherwise, Luria-
Bertani (LB) liquid medium and TYE solid 
medium supplemented with appropriate 
antibiotics (144, 184) were used for the 
aerobic cultivation of Escherichia coli and 
Pseudomonas aeruginosa strains. For 
selecting plasmid-bearing strains of E. coli 

and P. aeruginosa, respectively, ampicillin 
(100 µg/ml) and carbenicillin (500 µg/ml) 
were used. Other specialized media and 
selection conditions are described below in 
Results. 
 

DNA methods. 
Chromosomal DNA from Mycobacterium 

smegmatis mc2155 was isolated as 
described previously (118). P. aeruginosa 

chromosomal DNA was purified according 
to a method that has been described for E. 
coli (144). Each PCR was carried out by 
using the PfuTurbo DNA polymerase from 
Stratagene (La Jolla, CA). The DNA 
sequence for a clone derived via PCR was 
verified by determining the sequences for  

Figure 15. Pyruvate carboxylase reaction.  OAA, 
oxaloacetate. 
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Table 10. Bacterial Strains, Plasmids and Primers Used. 

Bacterial Strain, 
Plasmid or Primer 

Description or primer sequences 
Reference(s) 

or primer 
restriction site 

Bacteria   
E. coli DH5α supE44 hsdR17 recA endA1 gyrA96 thi-1 relA1 (51) 
E. coli SM10 thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu (Kmr) (32) 
E. coli ALS786 F- l- ilvG rfb-50 rph-1 ldh::Kn (48, 95) 
E. coli BL21(DE3) F- ompT gal dcm lon hsdSB (rB

- mB
-) l(DE3) (161) 

P. aeruginosa 

PA01 
Wild Type (50) 

P. aeruginosa 

ADD1976 
Tcr Cbs mini-D180 T7 polymerase gene on the chromosome (13) 

P. aeruginosa 

BM301 P. aeruginosa ADD1976 ∆pycAB::accC1/gfp This work 

P. aeruginosa 

BM302 P. aeruginosa ADD1976 ∆pa1400::accC1/gfp This work 

   
Plasmids   

pEX18Ap Vector for construction of deletion strains in P. aeruginosa (53) 
pEX18ASacIminu pEX18Ap digested with SacI, treated with T4 polymerase, and recircularized This work 
pPS858 Source of aacC1 gfp cassette (53) 

pKBJK1 
P. aeruginosa pycAB upstream and downstream regions digested with BamHI/SacI 
and SacI/HindIII, respectively; cloned into pEX18ApSacIminus cut with 
BamHI/HindIII 

This work 

pKBJK2 
aacC1 gfp cassette excised from pPS858 with SacI and cloned into pKBJK1 digested 
with SacI 

This work 

pEP1400a 
P. aeruginosa PA1400 upstream and downstream regions digested with HindIII/SacI 
and SacI/BamHI, respectively; cloned into pEX18ApSacIminus cut with 
BamHI/HindIII 

This work 

EP1400 aacC1 gfp cassette excised from pPS858 with SacI and cloned into pEP1400a This work 
pET19b T7-dependent expression vector for E. coli  
pKS27 Expression vector for P. aeruginosa (131) 
pHL31 NdeI/BamHI-cut P. aeruginosa pycAB cloned into NdeI/BamHI-digested pET19b This work 

pHL36 
P. aeruginosa pycAB excised from pHL31 with XbaI/BamHI and cloned into 
XbaI/BamHI-digested pKS27 

This work 

pHL51 NdeI/XhoI-cut M. smegmatis pyc cloned into NdeI/XhoI-digested pET19b This work 

pHL56 
M. smegmatis pyc excised from pHL51 with XbaI/XhoI and cloned into XbaI/XhoI-
digested pKS27 

This work 

pTrc99A-pyc bla lacIq trc ColE1 R. etli pyc (48) 
   
Primersa   
PaPycABKO/UF GCTCGCGGATCCAGCCAGTCGGCCATGGGAGACGCGAG BamHI 
PaPycABKO/UR CACGGAGCTCTCCCTCTTCGGGGTTGGGAACCTGGTACGGTCG SacI 

PaPycABKO/DF GGCGAGCTCCTGATCGAGATGACTGACTGACCGCGACAGACGGTTAAAGTCCCTG 
SacI, three stop 
codons in three 
frames 

PaPycABKO/DR CGCCAAGCTTCTGGGCTTCACCTACGAAGGCACCTTCC HindIII 
PaPyc/UF GGCTGCAAGCTTCGTCGTCGGCCTGGTGCGACCAGTAGAGATTC HindIII 
PaPyc/UR CACGGCAGGTTCTCCGGGGAGCTCGTCAGGCGGCCGGCGAAAG SacI 

PaPyc/DF CGTTCGAGCTCACTAGGTAGATGATCGGCCCGCAGTGCCCTGGCGCCTCAGGACG 
SacI, one stop 
codon 

PaPyc/DR CGCTCAAACATTCCCGGAGGGATCCATGAATACCC BamHI 
PaPyc-VP/1F CTGGAACAGGTCGGTGCTGGTCTTCAGCAGGGCTTC  
PaPyc-VP/2R CAGCAGCATGCAGAACCAGGTGAGCAGGAAC  
PaPycAB1F GAGGGAGACCCATATGATCAA GAAGATCCTGATCG NdeI 
PaPycAB2R CCCAGGGACTTTAACCGTGGATCCCGGTCAGCCCGC BamHI 
MsmPyc1F GGAAATAGACACAGCGGTTAGGGTTACATATGATCTCC NdeI 
MsmPyc2R GCCCGCGATGACTCGAGTCAGCTGACCACCACCAGCA XhoI 
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both strands. E. coli DH5α (51) was used 
for the construction of all vectors. The DNA 
hybridization experiments were performed 
according to the manufacturer’s protocol 
(Roche, Mannheim, Germany). Positively 
charged nylon membranes (MagnaProbe 
nylon membrane; Fisher Scientific, 
Pittsburgh, PA) were used for the transfers. 
The blotted DNA samples were probed with 
digoxigenin (DIG)-labeled probes. These 
probes were generated by random priming 
of the appropriate DNA fragments with the 
High-Prime-DIG labeling kit (Roche). The 
temperatures for prehybridization, 
hybridization, and posthybridization washes 
were as indicated (see the legends to Fig. 
16B and 23B).  The hybridizing bands were 
detected by using alkaline phosphatase-
conjugated anti-DIG antibody and the color 
substrates nitroblue tetrazolium and 5-
bromo- 4-chloro-3-indolylphosphate. 
 

Construction of a pyruvate carboxylase 

deletion strain of Pseudomonas 

aeruginosa. 
The pyruvate carboxylase deletion strain of 
Pseudomonas aeruginosa was obtained by 
deleting the pycAB (PA5436 and PA5435) 
coding sequence from P. aeruginosa 

ADD1976 (13) by use of a sacB-based 
counterselection method (53). The 
pEX18Ap plasmid was used for the 
construction of the suicide vector (53).  The 
SacI site of this plasmid was removed by 
digesting it with SacI and then treating the 
digested DNA with T4 polymerase and 
deoxynucleoside triphosphates.  Ligation of 
the resulting blunt end product provided the 
plasmid pEX18ApSacIminus. The upstream 
region of the pycAB coding sequence 
(UP5436; Fig. 16A) was amplified from P. 
aeruginosa PAO1 chromosomal DNA by 
use of the PaPycABKO/UF and 
PaPycABKO/UR primers (Table 10). 
Similarly, the pycAB downstream region 
(DN5435; Fig. 16A) was amplified by use of 

the PaPycABKO/DF and PaPycABKO/DR 
primers (Table 10). The BamHIand SacI-
digested UP5436 element, the SacI- and 
HindIII-digested DN5435 element, the 1.8-
kbp SacI fragment of plasmid pPS858 
carrying an aacC1/gfp cassette (53), and 
BamHI- and HindIII-digested 
pEX18ApSacIminus were ligated to obtain 
the suicide plasmid pKBJK2 (Fig. 2A). The 
suicide plasmid was delivered into P. 
aeruginosa ADD1976 via conjugation from 
E. coli SM10 on LB agar (32, 53, 108), and 
from the mating mixture the merodiploid 
exconjugants were selected on Vogel-
Bonner minimal medium (53) containing 
citrate (0.3%), gentamicin (150 µg/ml), and 
carbenicillin (500 µg/ml). One of the 
merodiploid strains was propagated in LB 
medium without any selection. An aliquot of 
this culture was plated on LB agar 
containing 5% sucrose and 150 µg/ml 
gentamicin (a counterselection medium 
(53)) to obtain the strain P. aeruginosa 

BM301 ∆pycAB::aacC1/gfp (Fig. 2A). 
 

Deletion of ORF PA1400 from the P. 

aeruginosa chromosome.  
The method of deleting the ORF PA1400 
from the P. aeruginosa chromosome was the 
same as that described above for the 
pyruvate carboxylase genes. The upstream 
and downstream regions of PA1400 (Fig. 
17A), amplified by use of the primer pairs 
Pa1400KO/UF and Pa1400KO/UR and 
Pa1400KO/DF and Pa1400KO/DR, 
respectively (Table 10), were used for the 
construction of the suicide vector pEP1400 
(Fig. 17A). This vector was used to 
construct P. aeruginosa BM302 
∆pa1400::aacC1/gfp (Fig. 17A). 
 

Generation of overexpression constructs 

for P. aeruginosa α4β4-type pyruvate 

carboxylase. 
The pycAB coding sequence from the P. 
aeruginosa chromosome was PCR amplified 
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by use of the primers PaPycAB1F and 
PaPycAB2R (Table 10) and cloned into the 
NdeI and BamHI sites of pET19b (Novagen, 
Inc., Madison, WI) to obtain the pHL36 
plasmid. In pHL36, the pycAB coding 
sequence was fused in frame to the 
polyhistidine sequence of the vector; the 
pycA-pycB intergenic region in the clone 
was the same as that present on the P. 
aeruginosa chromosome.  pHL36 was used 
for the expression studies in E. coli.  For the 
expression of the recombinant enzyme in P. 
aeruginosa, a construct based on pKS27 
(131) was developed. pKS27 is a broad-

host-range vector that can be stably 
maintained in both E. coli and P. aeruginosa 

(131, 185). This vector contains the T7 
promoter, and this element is followed by 
the multicloning site (a XbaI and BspEI 
fragment) that was derived from pET27b 
(Novagen) (131). The 3.2-kb XbaI-BamHI 
fragment from pHL36 carrying the pycAB 

coding sequence, the in-frame 5 
polyhistidine-coding sequence, and a 
ribosome binding site was cloned into the 
XbaI- and BamHI-digested pKS27 to obtain 
pHL53. In pHL53, the cloned fragment was 
placed under the control of the vector-borne 

Figure 16. Construction of P. aeruginosa BM301 ∆∆∆∆pycAB::aacC1/gfp strain.  (A) Schematic representations of 
the wild-type (ADD1976) chromosome, a suicide vector (pKBJK2; based on pEX18Ap and carries a 1.36-kbp region 
upstream of PA5436 [UP5436], a 1.69-kbp region downstream of PA5435 [DN5435], and a 1.8-kbp aacC1/gfp 

cassette flanked with Flp recombinase target site [FRT]), and the chromosome of BM301 (∆pa1400::aacC1/gfp 
derivative of strain ADD1976). The schematic representations are not drawn to scale. aacC1, gentamicin resistance 
gene; gfp, green fluorescent protein gene; ori, pMB1-based origin of DNA replication; oriT, origin for conjugation-
mediated plasmid transfer; sacB, Bacillus subtilis levansucrase-encoding gene; bla, β-lactamase gene; pycA and 
pycB, genes for the Pyc subunits. (B) Verification of the P. aeruginosa BM301 genotype via DNA hybridization. The 
temperatures for prehybridization, hybridization, and posthybridization washes were 37, 47, and 65°C, respectively. 
The arrows point to the hybridizing bands in the indicated lanes. Lane S, molecular mass standards. XhoI-digested 
chromosomal DNA from strain ADD1976 (wild type) (lane 1) and BM301 (lane 2) were analyzed. The probe was 
DIG-labeled XmnI- and BamHI-digested pKBJK2 (a mixture of three DNA fragments) (see Fig. 2A). 
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T7 promoter.  The pycAB constructs in 
pHL36 and pHL53 were expected to 
coexpress PycA and PycB polypeptides and 
to generate an α4β4 enzyme where the PycA 
subunit would be in a His10-tagged form. 
 

Generation of overexpression constructs 

for Mycobacterium smegmatis α4-type 

pyruvate carboxylase.  
The method of generating overexpression 
constructs for Mycobacterium smegmatis 

α4-type pyruvate carboxylase was similar to 
that described for P. aeruginosa Pyc. M. 
smegmatis Pyc is a homotetramer, and the 
121-kDa subunits are encoded by the pyc 

gene (118). By use of the primers 

MsmPycB1F and MsmPycB2R (Table 10), 
the pyc coding sequence was amplified from 
M. smegmatis chromosomal DNA and 
cloned into NdeI- and XhoI digested 
pET19b to generate pHL31. Subcloning of 
the 3.4-kbp XbaI-XhoI fragment from 
pHL31 carrying the pyc gene, the in-frame 5 
polyhistidine encoding sequence, and a 
ribosome binding site into pKS27 (131) 
provided pHL51. pHL31 and pHL51 were 
used for the expression of His10-tagged Pyc 
protein in E. coli and P. aeruginosa, 
respectively. 
 

Figure 17. Construction of the P. aeruginosa BM302 ∆∆∆∆pa1400::aacC1/gfp strain.  (A) Schematic representations 
of the wild-type (ADD1976) chromosome, a suicide vector (pEP1400; based on pEX18Ap and carries a 1.08-kbp 
region upstream of PA1400 [UP1400] and 1.22-kbp region downstream of PA1400 [DN1400]), and the chromosome 
of BM302 (_pa1400::aacC1/gfp derivative of strain ADD1976). Other details are given in the legend to Fig. 2A. The 
schematic representations are not drawn to scale. (B) Verification of P. aeruginosa BM302 genotype via DNA 
hybridization. The temperatures for prehybridization, hybridization, and posthybridization washes were 37, 50, and 
65°C, respectively. The arrows point to the hybridizing bands. Lane S, molecular mass standards. XhoI-digested 
chromosomal DNA of strain ADD1976 (wild type) (lane 1) and BM302 (lane 2) were analyzed with the 4.1-kbp 
BamHI-HindIII fragment of pEP1400 as the insert probe (see panel A for the schematic representation). The vector 
probe did not hybridize to either the ADD1976 or BM302 chromosomal DNA (not shown). 
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Overexpression of recombinant pyruvate 

carboxylases in E. coli and P. aeruginosa 

under aerobic conditions.  
E. coli BL21(DE3)(pHL31), E. coli 

BL21(DE3)(pHL36), and E. coli 

ALS786(pTrc99A-pyc) were grown under 
vigorous agitation in LB medium 
supplemented with ampicillin (100 µg/ml). 
When the optical density at 600 nm of the 
culture reached approximately 0.5 (as 

measured using a Lambda model 25 UV and 
visible spectrometer; Perkin-Elmer 
Instruments, Shelton, Connecticut), Pyc 
expression was induced by the addition of 
isopropyl-1-thio-β-D-galactopyranoside 
(IPTG) to a final concentration of 1 mM. 
Cultivation was continued for an additional 
3 h. Then the cells were harvested by 
centrifugation at 10,000 x g at 4°C and 
stored at ~20°C. Unless mentioned 
otherwise, the same method was used for 
expression of Pycs in P. aeruginosa 

BM301(pHL51) and P. aeruginosa 

BM301(pHL53), except that carbenicillin 
(250 µg/ml) replaced ampicillin. 
 

Overexpression of recombinant pyruvate 

carboxylases in P. aeruginosa BM301 

under anaerobic conditions.  
The medium used to overexpress 
recombinant pyruvate carboxylases in P. 
aeruginosa BM301 under anaerobic 
conditions contained 1% tryptone, 0.5% 
yeast extract, 1% KNO3, and 0.5% glucose. 
Glucose was added to sterile and cooled 
medium from a sterile stock. The complete 
sterile medium was distributed into sterile 
1,000-ml screw-cap Pyrex storage bottles 
with polypropylene caps (catalog number 
1395-1L, Corning Inc., Acton, MA) up to a 

level of 1,000 ml and was inoculated with 1 
ml of overnight culture of the desired P. 
aeruginosa strain. Then the bottles were 
closed with loosely fitted plastic caps and 
incubated at room temperature (~25°C). For 
certain experiments, the medium was 

supplemented with carbenicillin (250 µg/ml) 
before inoculation, and the cultures were 
induced with IPTG as described above. 
 

Purification of recombinant P. aeruginosa 

α4β4-type pyruvate carboxylase. 

Frozen P. aeruginosa BM301(pHL53) cells 
(0.7 g) containing overexpressed Pyc protein 
were resuspended in an equal volume of 100 
mM potassium phosphate buffer, pH 8. The 
cells in the suspension were disrupted by 
four passages through a French pressure cell 
at 1,360 atm. The broken cell slurry was 
centrifuged at 20,000 x g for 60 min at 4°C. 
The resulting supernatant was recentrifuged 
at100,000 x g for 60 min at 4°C. The 
supernatant from this last centrifugation step 
was diluted with an equal volume of a 
solution containing 200 mM NaCl and 20 
mM imidazole. This diluted supernatant was 
loaded onto a column of 2 ml Ni-
nitrilotriacetic acid (Ni-NTA) Superflow 
agarose (QIAGEN Inc., Valencia, CA) that 
was preequilibrated with an equilibration 
buffer containing 50 mM potassium 
phosphate buffer, pH 7, 100 mM NaCl, and 
10 mM imidazole. Then, the column was 
washed with 10 ml of equilibration buffer to 
remove unbound material. Finally, the 
bound proteins were eluted with 5 ml each 
of the 50, 100, 150, 200, 300, 400, and 500 
mM imidazole solutions, which also 
contained 50 mM potassium phosphate 
buffer, pH 7, and 100 mM NaCl. Pyc eluted 
at imidazole concentrations of 150 to 500 
mM. The fractions at 200 and 300 mM 
imidazole contained most of the eluted Pyc 
protein, and these were pooled and stored at 
4°C. At each step, liquid was applied to the 
column under a gravity flow. 
 

Purification of recombinant M. smegmatis 

α4-type pyruvate carboxylase.  

The recombinant M. smegmatis α4-type 
pyruvate carboxylase was purified to 
homogeneity through two successive 
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chromatography steps. Fifteen grams of 
frozen P. aeruginosa BM301(pHL51) cells 
containing overexpressed recombinant Pyc 
were resuspended in 15 ml of 100 mM 
HEPES-KOH buffer, pH 8, 600 mM KCl, 
and 20 mM imidazole. The cell suspension 
was diluted to a final volume of 60 ml with 
buffer B (50 mM HEPES-KOH buffer, pH 
8, 300 mM KCl, and 10 mM imidazole). 
Then the cells were disrupted by three 
passages through a French pressure cell at 
1,360 atm, and the broken cell slurry was 
clarified through two centrifugation steps, 
one at 35,000 x g for 30 min at 4°C and the 
other at 100,000 x g for 60 min at 4°C. The 
resulting supernatant was fractionated on a 5 
ml Ni-NTA agarose column that was 
preequilibrated with buffer B as follows. 
The cell extract supernatant was applied to 
the column. The column was washed with 
50 ml of buffer B and 10 ml each of 0.5 M, 
1 M, and 2 M KCl prepared in the same 
buffer. The KCl concentration in the column 
was lowered by washing it with 15 ml buffer 
B. Then the column was eluted in steps with 
10 ml each of 50, 100, 150, 200, and 250 
mM imidazole in 50 mM HEPES-KOH 
buffer, pH 8, containing 300 mM KCl. The 
100, 150, and 200 mM imidazole fractions 
contained Pyc activity and were pooled. The 
enzyme in this pool was concentrated on a 
Centricon 30 filter (30-kDa cutoff; Amicon, 
Beverly, MA). The retentate was placed in 
buffer A (50 mM Tris-HCl buffer, pH 8, 1 
M KCl, 5 mM MgCl2, 2 mM dithiothreitol) 
by dilution with this buffer and further 
filtration. The final retentate was applied to 
a 15-ml avidin-Sepharose column that was 
preequilibrated with 150 ml buffer A. The 
column was washed with the following: 25 
ml of buffer A without KCl (low-salt 
buffer), 165 ml buffer A, and 115 ml low-
salt buffer. The bound enzyme was eluted 
with 75 ml of 1 mM D-biotin in low-salt 
buffer. 
 

Gel electrophoresis and pyruvate 

carboxylase assay. 
Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) with cell 
lysates and purified protein were performed 
by the method of Laemmli (85).   The gels 
were stained with Coomassie blue R-250.  
Pyruvate carboxylase assays were conducted 
as described previously (122), but with some 
modifications.  The assay mixture contained 
50 mM HEPES-NaOH buffer, pH 8, 8 
mMMgCl2, 20 mMKHCO3, 8 mM ATP, 20 
mM pyruvate, 0.2 mM NADH, 50 µM 
acetyl coenzyme A (acetyl-CoA) (for the M. 
smegmatis and Rhizobium etli enzymes), and 
2 U malate dehydrogenase from Thermus 

flavus per ml.   The assay was conducted at 
37C. 
 

RESULTS AND DISCUSSION 

 

Identification of the pyruvate carboxylase 

gene in Pseudomonas aeruginosa PA01 

genome. 
Pseudomonas aeruginosa  possesses an 
α4β4-type Pyc (136, 149).  Accordingly, it is 
expected to carry a pycA gene (biotin 
carboxylase) and a pycB gene (carboxyl 
transferase plus biotin carrier (122).   
However, the annotation of the P. 

aeruginosa genome sequence did not 
document the presence of these genes in this 
organism (159).   Rather, it suggested the 
ORF PA1400 encodes a putative 117-kDa 
Pyc polypeptide, which would indicate the 
presence of an  α4-type Pyc in this organism  
(159).  On the basis of the available 
information on PYC structures  (65, 93, 122, 
145), we believed that PA1400 did not 
encode a Pyc.  This ORF showed the 
following domain arrangement: NH2 
terminus-biotin carboxylase-biotin carrier-
carboxyltransferase-COO- terminus.  The 
corresponding pattern for an α4-Pyc is NH2 
terminus biotin carboxylase-carboxyl 
transferase-biotin carrier-COO- terminus  
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(93, 122).  Therefore, we examined the 
genome sequence further.  We found that the 
ORFs PA5436 and PA5435, which are 
separated by 15 bp and form an operon-like 
arrangement, had the potential of encoding 
the PycA and PycB polypeptides, 
respectively. In the database, these ORFs 
have been annotated as a biotin carboxylase 
and oxaloacetate decarboxylase α-subunit, 
respectively (159). 

To test our hypotheses, we carried out 
deletion mutagenesis.  For the reasons stated 
in the following section, we chose to work 

with P. aeruginosa ADD1976 (13), a 
derivative of P. aeruginosa PAO1 (50). The 
removal of the PA5436 and PA5435 coding 
sequences and the intergenic region from the 
chromosome of ADD1976 provided strain 
BM301 (Fig. 16A). Similarly, BM302, a 
strain lacking PA1400, was obtained (Fig. 
17A). The mutant genotypes were confirmed 
via DNA hybridization or Southern analysis 
(Fig. 16B and 23B); the vector backbone did 
not integrate into the chromosomes of these 
strains. The Pyc specific activities in the cell 
extracts of strains ADD1976, BM301, and 

Figure 18. SDS-PAGE analysis for the expression of pyruvate carboxylase in E. coli and Pseudomonas 

aeruginosa.  SDS-PAGE was performed with a 7.5% polyacrylamide gel. Cells that were induced with IPTG were 
examined. Each cell extract supernatant was prepared by passing a cell suspension in 100 mM HEPES buffer, pH 8, 
containing 10 mM MgCl2 through a French pressure cell at 1,360 atm and centrifuging the resulting lysate at 20,000  
g for 1 h. Lane M, molecular mass standards. The molecular masses (in kilodaltons) for the standards are shown to 
the right (A) or left (B) of the gel. (A) Cells analyzed (amount of cell extract protein) are as follows: lane 1, P. 
aeruginosa BM301 (control) (82 µg); lane 2, P. aeruginosa BM301(pHL53) expressing P. aeruginosa α4β4-Pyc 
with 52 kDa for PycA and 66 kDa for PycB subunits (79 µg); lane 3, P. aeruginosa BM301(pHL51) expressing M. 
smegmatis α4-Pyc with 121-kDa subunits (70 µg); lane 4, E. coli ALS786 (80 µg); lane 5, E. coli ALS786(pTrc99A-
pyc) (81 µg). MSMPyc, M. smegmatis Pyc; PaPycB and PaPycA, P. aeruginosa PycB and PycA, respectively. (B) 
Cell lysates of P. aeruginosa BM301(pHL53) grown anaerobically with (lane 1, 60 µg protein) and without (lane 2, 
60 µg protein) carbenicillin selection. Addition of IPTG did not improve the Pyc expression level (data not shown). 
Each cell lysate was prepared as follows: 100 µl culture with an optical density at 600 nm of 2 units was centrifuged 
at 14,000 x g for 2 min, and the resulting pellet was resuspended in 100 µl of 25 mM potassium phosphate buffer, pH 
7.2. Then the suspension was mixed with an equal volume of a denaturing solution (60 mM Tris-HCl buffer, pH 6.8, 
2% SDS, 5% β-mercaptoethanol, 10% glycerol [vol/vol], and 0.01% bromophenol blue) and boiled for 10 min. This 
denatured and solubilized cell lysate was then analyzed. 
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BM302 were 0.025, 0.001, and 0.024 
µmol/min/mg of protein unit, respectively. 
Therefore, deletion of PA1400 did not 
eliminate the Pyc activity in the cell, 
whereas a strain lacking PA5436 and 
PA5435 was devoid of this activity. From 
these results, we concluded that in P. 
aeruginosa, PA5436 and PA5435 encoded 
the PycA and PycB subunits of an α4β4-type 
Pyc, respectively, and PA1400 did not 
represent a Pyc. The data presented in the 
following section provide further support for 
this conclusion. 
 

Overexpression trials for P. aeruginosa, M. 

smegmatis, and Rhizobium etli Pycs in E. 

coli.  
For P. aeruginosa and M. smegmatis 

enzymes, we used E. coli BL21(DE3) as the 
host, and the overexpression constructs were 
based on pET19b (161). This combination 
allows expression of a cloned gene from the 

highly active T7 promoter. We also wanted 
to test whether one of the previously 
described E. coli-based Pyc expression 
systems (48, 94, 100, 183), which were used 
for physiological studies, overproduces a 
Pyc. For this purpose, we chose the 
pTrc99Apyc plasmid, an overexpression 
vector for R. etli Pyc and E. coli ALS786 
(Table 10) (48). SDS-PAGE analyses of cell 
lysates showed that E. coli BL21(DE3) did 
not overproduce M. smegmatis Pyc from 
pHL31 or P. aeruginosa Pyc from pHL36 

upon IPTG induction (data not shown). A 
similar observation was made for the 
expression of R. etli Pycs in E. coli 

ALS786(pTrc99A-pyc) (Fig. 18A, lane 5). 
 

Overexpression of P. aeruginosa and M. 

smegmatis Pycs in P. aeruginosa.  
We chose P. aeruginosa as the expression 
host for the following reasons. It possesses a 
Pyc and therefore was more likely to allow 
the expression of a Pyc to a high cellular 
level. It is genetically tractable. Also, the 

strains of P. aeruginosa that carry T7 
polymerase on the chromosome and allow 

expression of cloned genes from the highly 
active T7 promoter are available (13, 54). 
As shown below, this system allowed us to 

overexpress recombinant Pycs.  P. 
aeruginosa ADD1976 was the starting point 
for the construction of our expression host. 
This strain carries an inducible T7 
polymerase gene on the chromosome (185). 
We wanted to ensure that the recombinant 
enzyme could be purified to homogeneity 
without a contamination of the host enzyme. 
This is especially important if the enzyme 
has to be produced without an engineered 
affinity tag. For this reason, the pyruvate 

carboxylase genes from the chromosome of 
P. aeruginosa ADD1976 were deleted (see 
previous section). The resulting strain 
(BM301 ∆pycAB::acc1/gfp) was used as the 
expression host (Table 10 and Fig. 16). The 
expression vectors were based on pKS27, a 
broad-host-range plasmid that replicates 
both in E. coli and P. aeruginosa and carries 
the T7 promoter (131, 185).  In each case, 
the pyc coding sequence, along with a His10 

sequence and a ribosome binding site, was 
cloned from the corresponding pET19-based 
construct (pHL31 or pHL36) into pKS27. In 
the resulting plasmids, pHL51 and pHL53, 
the pyc genes were placed under the control 
of the vector-borne T7 promoter. The data in 
Fig. 4A show that from pHL51 and pHL53, 
respectively, M. smegmatis and P. 
aeruginosa Pycs were successfully 
overexpressed in strain BM301 (lanes 3 and 
2). We also determined the Pyc activities in 
these cell extracts and that of E. coli 

ALS786(pTrc99A-pyc) and found the 
following values (µmol of oxaloacetate 
formed/mg of protein/min): P. aeruginosa 

BM301, 0.001; P. aeruginosa BM301 
(pHL51), 0.349; P. aeruginosa 

BM301(pHL53), 0.778; E. coli ALS786, 0; 
and E. coli ALS786(pTrc99A-pyc), 0.033. 
Therefore, a T7 promoter-based expression 
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vector with a P. aeruginosa ∆pyc strain 
(BM301) as the expression host provided a 
much higher expression level of a Pyc 
protein than a E. coli strain can provide. The 
Pycs were found in the supernatant fraction 
of the cell extracts (Fig. 18A), indicating 
that these proteins were expressed in soluble 
forms.  In P. aeruginosa BM301, both M. 
smegmatis and P. aeruginosa Pycs were 
overexpressed even in the absence of 
carbenicillin selection and IPTG induction 
P. aeruginosa (data not shown). It was also 
possible to overproduce P. aeruginosa 

α4β4-Pyc in P. aeruginosa BM301(pHL53) 
when the culture was raised anaerobically 
with nitrate as the electron acceptor and with 
or without IPTG induction and carbenicillin 
selection; some of these results are shown in 
Fig. 18B. The latter system was the simplest 
and least expensive option, for it did not 
require a shaker or a shaking flask, only a 
screw-cap storage bottle. Also, it did not 
involve the use of IPTG or carbenicillin, 
which are expensive.  M. smegmatis Pyc 
could not be overexpressed in an anaerobic 
culture of P. aeruginosa BM301(pHL51); 
the reason for this observation is unknown. 
 

Purification of recombinant P. aeruginosa 

and M. smegmatis Pycs.  

Recombinant P. aeruginosa α4β4-type 
enzyme was purified to homogeneity from 
clarified extract of aerobically grown P. 
aeruginosa BM301(pHL53) cells via Ni-
NTA chromatography (Fig. 19A). The 
purified enzyme had a specific activity of 
5.7 µmol min-1 mg-1. The yield was 4.5 mg 
Pyc protein per g (wet weight) of cell pellet. 
M. smegmatis Pyc was purified to 
homogeneity from IPTG-induced P. 
aeruginosa BM301(pHL51) cells via a two-
step method, where a fractionation over a 
Ni-NTA agarose column preceded avidin-
Sepharose chromatography (Fig. 5B); the 
specific activity of the purified enzyme was 
19.43 µmol min-1 mg-1, and the yield was 

1.5mg Pyc protein per g (wet weight) of cell 
pellet. A homogeneous preparation of 
recombinant P. aeruginosa Pyc was also 
obtained from anaerobically grown P. 
aeruginosa BM301 (pHL53) cells (data not 
shown). Recombinant M. smegmatis Pyc 
was absolutely dependent on acetyl-CoA for 
activity, and P. aeruginosa enzyme was 
fully active without this effector. This 
observation was consistent with those 
described for these enzymes isolated from 
the original host (29, 120, 136). 
 
Lack of Pyc overexpression in E. coli.  
The reason for a lack of overexpression of a 
Pyc in E. coli is currently unknown. On the 
basis of the available information, one could 
speculate that the expression of Pyc in E.coli 

is regulated via the acetyl-CoA carboxylase 
(Acc) system. Acc, composed of AccA, 
AccB, AccC, and AccD polypeptides, is an 
essential enzyme for membrane lipid 
synthesis in E. coli (42). Structurally, Pyc 
and E. coli Acc are highly homologous, and 
both have the same functional modules 
(122). The N-terminal part of the PycB 
domain of an α4-Pyc or the PycB subunit of 
an α4β4-Pyc acts as a carboxyl transferase, 
and in E. coli Acc, this function is provided 
by the AccA and AccD subunits (122). The 
C-terminal part of the PycB domain or 
subunit is homologous to the biotin carboxyl 
carrier protein of AccB (122). Finally, the 
PycA domain or subunit of a Pyc is 
equivalent to the biotin carboxylase or the 
AccC of E. coli (122). It has been shown 
that in E. coli, AccB autoregulates the 
transcription of the accBC operon (60).  The 
result is that the presence of 50 or more 
copies of accBC operon provides only a 
two- to threefold increase in the cellular 
levels of AccB and AccC (91). It is possible 
that the expression of a Pyc from the T7 
promoter tends to interfere with the E. coli 

Acc synthesis, and via an unknown 
mechanism, the cell counters this negative 
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effect by affecting the expression of the 
cloned gene. 
 

Conclusion.  
We identified the ORFs (PA5436 and 
PA5435) that encode the P. aeruginosa Pyc. 
We showed that contrary to a previous 

report (159), the ORF PA1400 does not 
encode a Pyc. P. aeruginosa was found to be 
a suitable host for the overexpression of an 
α4- and an α4β4-Pyc that could not be 
overproduced in E. coli. Therefore, plasmids 
pHL51 and pHL53 will allow easy 
manipulation of the structures of two types 
of Pycs, and the use of P. aeruginosa 

BM301 ∆pycAB::aacC1/gfp will ensure that 
the purified recombinant enzymes will be 
free of the host enzyme. P. aeruginosa is 
readily transformed with replicable plasmid 
DNA generated in E. coli either via 
electrotransformation (26) or conjugation 
with E. coli (53).  The organism is also 
easily lysed by use of a French pressure cell 
or sonicator, which allows facile preparation 
of cell extracts. Therefore, the system 
described in this report will facilitate site-
directed mutagenesis, kinetics and X-ray 
crystallographic structure-function analysis 
of an important enzyme. 
 

 

 
 

Figure 19. SDS-PAGE analysis of purified 

pyruvate carboxylase preparations.  Gels with 7.5% 
polyacrylamide concentration were used. Lanes M, 
molecular mass standards. The molecular masses (in 
kilodaltons) for the standards are shown to the right 
(A) or left (B) of each gel. (A) Ni-NTA 
chromatography-purified recombinant P. aeruginosa 

α4β4 Pyc from P. aeruginosa BM301(pHL53) (2.3 µg 
protein). PaPyc, P. aeruginosa Pyc. (B) Purified 
recombinant M. smegmatis α4-Pyc from P. 
aeruginosa BM301(pHL51). Lanes: Ni, enzyme from 
Ni-NTA chromatography (10 µg protein); Avi, 
enzyme from avidin-Sepharose chromatography (3 µg 
protein). 
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SUMMARY 

 

This work describes the preliminary 
physiological and enzymological 
characterization of archaeal-type 
phosphoenolpyruvate carboxylase (PpcA).  
This enzyme has been recently identified in 
the archaea (130).    This work demonstrates 
that PpcA is different from the previous 
characterized phosphoenolpyruvate 
carboxylases (Ppcs) from plants and 
bacteria, not only in primary structure (41, 
130), but in cellular location and 
biochemical properties.   PpcA activity was 
found localized to the cell membrane of 
Methanothermobacter thermautotrophicus 
(Table 2) and recombinant Clostridium 

perfringens PpcA was even found in the 
membrane fraction when it was expressed in 
Escherichia coli (Fig. 4, Lane 4).  Previous 
work with Zea mays (maize) Ppc has 
demonstrated that demonstrated that, in 
plants, this enzyme is expressed as soluble 
protein (84, 132, 147, 157, 189).  

Additionally, this work describes the 
successful expression of recombinant PpcA 
homolog from C. perfringens in the soluble 
form, without a large solubilization tag.   
This achievement makes it possible to 
characterize the basic biochemical properties 
of the enzyme as well as provides a means 
of future structure function studies.  Using 
the recombinant C. perfringens PpcA with a 
histidine tag (rCpePpcA-His10), detailed 
kinetic studies were performed.  It was 
shown that PpcA differs from plant and 
bacterial Ppcs in how the enzyme is 
regulated by cellular metabolites.  

Furthermore, our work shows the PEP-metal 
complex is the true substrate for the enzyme, 
instead of PEP and the metal binding 
separately to the enzyme. 

Finally, this work addresses the problem 
of the recombinant expression of pyruvate 
carboxylase (Pyc) in E. coli.   While 
amounts produced have been suitable for 
studies of physiological effects, the 
quantities are not suitable for structure-
function studies (55, 64).   We demonstrate 
that Pseudomonas aeruginosa is a suitable 
expression host for Pyc.  The removal of the 
native Pyc gene (Fig. 16A) will prevent the 
contamination of the recombinant protein 
with P. aeruginosa Pyc.    The recombinant 
protein can be successfully purified using a 
Ni-NTA column (Fig. 19A). 

In short, the work presented in this thesis 
serves as a starting point for future studies of 
the oxaloacetate (OAA) producing enzymes, 
especially PpcA and Pyc in the 
methanogens.   Both enzymes, which 
previously lacked a recombinant expression 
system that would allow for structure-
function studies, can now be expressed in 
large quantities in E. coli with a histidine tag 
for rapid purification (Fig. 3, Lane 5).   
Preliminary studies of rCpePpcA-His10 have 
shown that PpcA is different in biochemical 
properties from previously characterized 
Ppcs.    These differences between the two 
types of phosphoenolpyruvate carboxylases 
extend to where the proteins localize in the 
cell.  
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