
Journal of Industrial Microbiology (1996) 17, 458-462 
O 1996 Society for Industrial Microbiology 0169-4146/96/$12.00 

Basic and applied aspects of metabolic diversity: the 
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The phosphoenolpyruvate (PEP) node represents a metabolic crossroad where carbon is distributed into several 
metabolic pathways. This node is specially important for the industrial production of several metabolites. Depending 
on the organism and its habitat, the enzymes that utilize PEP are regulated by different effectors, and each branch 
of the node is important in PEP consumption. In this review we will focus our attention on the metabolic diversity 
of this node. 
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Introduction 

Life processes depend on the different functions that pro- 
teins, nucleic acids and carbohydrates are capable of pro- 
viding. Despite their complexity, these macromolecules are 
constructed by joining together a variety of simpler units. 
These units, or building blocks, are obtained through 
diverse cellular catabolic and biosynthetic routes. However, 
regardless which metabolic routes an organism uses, all 
cells synthesize the following twelve precursor metabolites: 
glucose-6-phosphate, fructose-6-phosphate, ribose-5-phos- 
phate, erythrose-4-phosphate, triose-phosphate, 3-phospho- 
glycerate, phosphoenolpyruvate, pyruvate, acetyl CoA, c~- 
ketoglutarate, succinyl CoA and oxaloacetate. 

During balanced growth, each cell-type has evolved con- 
trol mechanisms to guarantee that its major components 
remain relatively proportional to one another. These mech- 
anisms should operate to assure the proper distribution of 
precursors to all biosynthetic routes. Furthermore, these 
control mechanisms need to be flexible enough to assure 
that under non-balanced growth conditions, an adequate 
distribution of metabolites is maintained. One way to fulfill 
both requirements has been through the activation and/or 
inhibition of key enzymes by allosteric effectors. These 
effectors can be products of energy metabolism such as 
AMP, ATP or NADH. Other intermediary metabolites like 
pyruvate (PYR), phosphoenolpyruvate (PEP), acetyl-CoA 
and aspartate control specific points of some of the meta- 
bolic routes involved. 

For these reasons, it is important to understand how dif- 
ferent microorganisms regulate fluxes through their primary 
metabolic routes. It is well known that, depending on the 
microorganism and its habitat, metabolic flux patterns can 
be different. For the applied sciences, knowledge about 
cellular metabolic fluxes and regulation of end-product for- 
mation is especially important at the present time. The 
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diversity of microorganisms offers an enormous source of 
enzymes with different properties that may be used to 
improve commercial products or production processes. Fur- 
thermore, enzymes may be modified or new genes can be 
recruited to construct new metabolic pathways. 

In this paper we will review some aspects of the enzymes 
that utilize PEP as substrate. PEP is a key intermediate for 
the biosynthesis of several important compounds. This stra- 
tegic node has been studied extensively in Corynebacterium 
glutamicum [12,14,32] and in Escherichia coli [27,28]. 
From the enormous amount of information that exists about 
central metabolism, we have selected those references that 
make our points clear. This is not an exhaustive review, 
but one which hopefully encourages more research into 
bacterial metabolism, and more interest in taking advantage 
of the immense supply of enzymes and metabolic strategies 
that Nature can provide. 

Two questions will be addressed: how diverse are the 
enzymes that participate in the PEP node?; and how can 
we benefit from this diversity? We will focus our discussion 
basically on bacteria, but, in a few instances, we will also 
use such examples as plant systems. Among the bacteria 
we will initially focus our discussion on E. coli metabolism, 
considering that no other microbe has been studied in such 
detail, where more than 80% of the cell's metabolic routes 
are known, and more than 60% of its genome sequenced. 
From there, discussion will be expanded to some other sys- 
tems. 

The phosphoenolpyruvate node 

Glucose can be used by the cell to provide all the carbon 
skeletons needed to synthesize the twelve precursor metab- 
olites mentioned, which are formed through the concerted 
action of the glycolytic, pentose phosphate and tricarbox- 
ylic acid (TCA) pathways [20]. Several biomolecules are 
derived from PEP (Figure 1), and it is one of the most 
important nodes for carbon distribution in all living cells. 
In E. coli, PEP is utilized basically by the reactions summa- 
rized in Figure 2. The phosphotransferase transport system 
(PTS) is the major PEP consumer and PYR producer, while 
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the phosphoenolpyruvate carboxylase (Ppc) and pyruvate 
kinase (PK) enzymes consume 16.2% and 14.5% of PEP, 
respectively. Only 3.3% of the PEP is diverted to aromatic 
compound synthesis [11]. 

The fact that an important portion of the studies on 
metabolism has been done in yeast, or in E. coli, could lead 
to the conclusion that central metabolism is based on the 
glycolytic or Embden-Meyerhof-Parnas (EMP) pathway. 
However, there are two alternative routes for glucose utiliz- 
ation: the hexose monophosphate shunt (HMS) and the 
Entner-Doudoroff (ED) pathways [20]. The HMS pathway 
oxidizes glucose to CO2 and glyceraldehyde-3-phosphate, 
which in turn, can be directed into the TCA cycle via 
pyruvate by the EMP enzymes, providing NADPH and pre- 
cursors for nucleotide and aromatic compounds biosynth- 
esis. In bacteria like E. coli, this metabolic route consumes 
around 30% of the glucose-6-phosphate [11]. In certain 
microorganisms like Thiobacillus novellus and Brucella 
abortus, which lack the key enzymes of the EMP or ED 
pathways, the HMS route has a central role in glucose 
assimilation [20]. Likewise, it was recently demonstrated 

that in Corynebacterium glutamicum, the HMS pathway 
also has a major role, even though this microorganism has 
a functional EMP pathway [18]. 

Another route for glucose assimilation is the ED pathway 
which is widely distributed among bacteria. As in the HMS, 
the first intermediate in the ED pathway is 6-phosphoglu- 
conate. Two additional enzymes metabolize 6-phosphoglu- 
conate into pyruvate and glyceraldehyde-3-phosphate. In 
many Pseudomonas species and in Zymomonas, the 
Entner-Doudoroff pathway is the main glucose assimilat- 
ory route [15,35]. In microorganisms that utilize the HMS 
or ED metabolic routes to assimilate glucose, the impor- 
tance of the PEP node and the allosteric regulation of the 
enzymes involved, will be different than in cells using the 
EMP pathway. 

The phosphotransferase transport system 

When E. coli is grown in minimal media with glucose as 
the only carbon source, the carbohydrate is transported 
inside the cell by the PTS. Concomitantly to its transport, 
glucose is phosphorylated to glucose-6-phosphate, the first 
intermediate of the glycolytic pathway (Figure 1). The PTS 
is also involved in transport and phosphorylation of a large 
number of carbohydrates, in signal transduction during 
chemotaxis toward certain carbohydrates, and in the global 
regulation of many metabolic pathways [30]. 

PTS is an extremely efficient uptake system; for 
example, if a transportable sugar is present in the medium 
at a concentration as low as 0.1/xM, PTS has the theoretical 
potential to accumulate the sugar against the concentration 
gradient up to 100 mM [26]. Such transport systems are 
essential for microorganisms living in media where carbo- 
hydrates are scarce. On the other hand, microorganisms that 
live in sugar-rich environments do not necessarily have 
PTS. For example, Zymomonas mobilis has a constitutive 
low-affinity high velocity facilitated diffusion system [5]; 
glucose is phosphorylated by glucokinase and metabolized 
through the ED pathway. Studies of the different properties 
of enzymes involved in glucose metabolism in Zymomonas 
have shown that they are operating at their near-maximal 
capacity, with no substantial allosteric control of the key 
enzymes [36]. 

The fact that PTS consumes at least 50% of the PEP 
made from glucose represents an important problem from 
the industrial point of view, since it decreases the avail- 
ability of this intermediate for other reactions, such as aro- 
matic compound synthesis. For example, it has been calcu- 
lated that for tryptophan (Trp) synthesis, the achievable 
yield from glucose in a strain with an operating PTS (ie 1 
mole of PEP per mole of glucose assimilated) is 20%. On 
the contrary, if PEP-consuming PTS was not involved and 
both PEP moles were available for Trp synthesis, the yield 
could be increased up to 41.8% [9]. This example clearly 
shows the importance of increasing the intracellular PEP 
availability for the synthesis of commercially important 
molecules. For example, it was demonstrated recently that 
an E. coli mutant devoid of the PTS, but capable of glucose 
transport by a non-PEP consuming mechanism, was able to 
redirect 50% more of its PEP into the aromatic aminoacid 
pathway [7]. These results demonstrate that it is possible 
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to exploit the metabolic diversity of the cell in order to 
construct mutants with new metabolic capabilities. 

An alternative approach to the same problem was perfor- 
med by exploiting the metabolic diversity among two dif- 
ferent bacteria. In this system, the successful transfer and 
expression of the glucose permease and glucokinase struc- 
tural genes from Z. mobilis in E. coli pts mutants, provided 
a new functional pathway for glucose uptake and phos- 
phorylation. In the same report, it was suggested that the 
permease and glucokinase genes from Z. mobilis, could 
provide an alternative or supplemental route for glucose 
entry into glycolysis in other microorganisms [31]. 

Phosphoenolpyruvate carboxylase 
Phosphoenolpyruvate carboxylase (Ppc) catalyzes CO 2- 
fixation on PEP yielding oxaloacetate. In most bacteria, 
green algae and in many plants, the major physiological 
role of this enzyme is to replenish the TCA cycle [3,14,25]. 
According to their properties, the Ppc enzymes have been 
classified in three types by Utter and Kolenbrander [34]; 
class 1 comprises those enzymes which are subject to both 
activation and inhibition, class 2 includes those proteins 
subject only to inhibition, and class 3 those enzymes that 
are subject neither to activation nor inhibition. For class 3, 
however, there are preliminary studies suggesting that in 
some cases reduced NADH is an activator of the enzyme 
[23]. 

The Ppc from E. coli, S. thyphimurium, P. fluorescens 
and several other organisms included in class 1, are acti- 
vated by acetyl-CoA and inhibited by aspartate. Activation 
of the class 1 enzyme by ADP has also been reported in 
P. citronellonis and in A. vinelandii. However, ADP does 
not seem to affect Ppc from E. coli [24]. Nevertheless, the 
E. coli enzyme is allosterically regulated by multiple effec- 
tors such as fructose 1,6-diphosphate, GTP, certain long- 
chain-fatty acids and malate [4]. There are also reports 
describing that, among several other guanine nucleotides 
such as, GTP, GDP, GMP and ppGpp, the former is the 
most potent activator of the E. coli Ppc [33]. 

In contrast, the Ppc from Z. mobilis seems to be different 
and is not affected by acetyl Co-A. The enzyme is, how- 
ever, inhibited competitively by intermediates of the T e A  
cycle, especially citrate, a-ketoglutarate and aspartate [4]. 

As in many mesophilic bacteria, the Ppc enzyme from 
T. aquaticus requires Mg 2+, and in the absence of acetyl 
Co-A, the enzyme is inactive. However, fructose-l,6- 
diphosphate, which activates several of the Ppc enzymes 
in mesophilic microbes, has no effect on Ppc action in T. 
aquaticus [3]. 

A NADH-activated form of Ppc has been reported in a 
Pseudomonas strain grown on methylamine. This enzyme 
is not activated by acetyl Co-A, ADP, GDP, or a wide var- 
iety of other metabolites [23]. 

It is generally assumed that in several bacterial species, 
the Ppc has an anaplerotic role, replenishing the tricarbox- 
ylic acid cycle (TCA) by supplying oxaloacetate directly 
from PEP. However, in the Chlorobiaceae, a group of pho- 
tosynthetic bacteria, known also as the green sulfur bac- 
teria, Ppc has a key role, participating actively in CO2 fix- 
ation. These bacteria use a unique reductive TCA cycle that 

converts CO2 into acetyl CoA, as shown in Figure 3. This 
pathway is unique in the sense that it is a tricarboxylic 
acid cycle that runs in the reverse direction. However, even 
though several of the TCA cycle reactions are reversible, 
three enzymes must be changed in order to drive the cycle 
in the reverse, or reductive direction [10]. Furthermore, the 
reductive TCA cycle has been proposed to be the ancestor 
of all carbon fixation pathways [36], and the evolutionary 
precursor of the oxidative TCA cycle [17,37]. 

The analysis of Ppc from plants also offers a rich source 
of diversity. One of the major characteristics of plants is 
their ability to fix atmospheric CO2; the CO2 fixation can 
be accomplished in two ways: 

(1) In the Calvin Cycle or reductive pentose phosphate 
cycle, ribulose-l-5, biphosphate reacts with CO2 to pro- 
duce two molecules of glyceraldehyde-3-phosphate 
(PGA) in a reaction catalyzed by ribulose biphosphate 
carboxylase (RuDPCase). Because the initial carbon 
dioxide fixation product is a three-carbon compound 
(PGA), plants with this fixation pattern are often 
referred to as C3 plants. The Calvin cycle occurs in 
many monocotyledons and dicotyledons, including 
such plants as wheat, rice, sugar beet, spinach, 
soybeans and tobacco [14]. 

(2) Another pattern of carbon dioxide assimilation features 
the production of a four-carbon compound as the CO2- 
fixation product. Plants with this pathway are known 
as C4 plants. In this type of plants, CO2 reacts with 
PEP in the presence of Ppc to form oxaloacetate, where 
Ppc plays the key role of CO2 assimilation, as does 
RuBPC in C3 plants. 

It is evident that the allosteric regulation of the Ppc from 
Chlorobiaceae and C4 plants, should be different from the 
ones in microbes where its role is merely anaplerotic. Based 
on these data, and from the applied research point of view, 
it is possible to speculate that the use of a Ppc enzyme from 
C4 plants or Chlorobiaceae sources, could be an interesting 
approach to direct more carbon into oxaloacetate for the 
overproduction of aspartate, lysine, threonine, methionine 
and isoleucine. 
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Figure 3 The reductive tricarboxylic acid cycle of the Chlorobiaceae. 
Adapted from [10 and 20]. 
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Pyruvate kinases 

Pyruvate kinases (PKs) catalyze the conversion of PEP into 
pyruvate coupled to the synthesis of  one molecule of  ATP, 
as shown in Figure 1. This reaction is the last step of the 
glycolytic pathway and it is irreversible under physiological 
conditions. Together with phosphofructokinase (PFK), PK 
plays a major role in glycolysis regulation [8]. No other 
enzyme of central metabolism has received so much atten- 
tion as the PK, More than 30 PK structural genes, from 
different sources, have been cloned and sequenced. In many 
cases, the enzymes have been purified and some biochemi- 
cal and kinetic parameters have been determined. One of 
the reasons for the interest in PK is that a deficiency in 
this enzyme may be the most common cause of hereditary 
nonspherocytic hemolytic anemia in humans [1]. Besides 
this anthropocentric reason, the PK enzymes provide an 
attractive model to understand some aspects of allosteric 
regulation, as well as the modulation of  glycolysis. 

Most bacterial species have one PK. However, E. coli 
and S. typhimurium have two PKs, classified as types 1 and 
2 based on their allosteric regulation. In PK type 1, allo- 
steric regulation is achieved by binding fructose-l,6- 
biphosphate (FBP), resulting in increased enzyme activity. 
Without FBP or in the presence of ATP the enzymatic 
activity is lower. The allosteric regulators of type 2 PK are 
AMP and ribose-5-phosphate. The relative roles of these 
two enzymes have been studied in E. coli [29]. 

The crystal structure of the PK type l from E. coli has 
been determined in the absence of PEP, providing the tri- 
dimensional structure of an enzyme with a low level of 
activity. Another well known PK is the mammalian muscle 
M1 enzyme [13,21]. Interestingly, this enzyme has no allo- 
steric regulation and its crystallization provides the struc- 
ture of a PK on its active conformation. The comparison 
of both structures shows that in most parts, they are very 
similar. However, for the transition from the inactive to the 
active form, a complicated set of domain and subunit 
motions need to be induced by the allosteric regulators [19]. 

Along these lines, there have been some efforts to change 

the allosteric regulation of the PK from B. stearothermo- 
philus. For this purpose, amino acid sequence comparisons 
between allosteric and non-allosteric PKs from various 
sources, in conjunction with homology modelling of  B. ste- 
arothermophilus PK on mammalian muscle crystal struc- 
tures, have been used as criteria to predict regions impli- 
cated in allosteric regulation [16,22]. 

These two examples clearly show the advantage of  com- 
paring the structural and biochemical diversity among 
enzymes from different sources, to understand allosteric 
regulation or predict the type of changes that need to be 
introduced to create enzymes more suitable for certain 
applications. 

Finally, we point out that progress on DNA sequencing 
methodologies, provides an enormous amount of  new 
sequences constantly. In this sense, the abundance of amino 
acid sequences reported can complicate the identification 
of potentially interesting enzymes. For example, it is com- 
mon to see reports of the sequence of a new PK enzyme. 
Normally, this sequence is compared with the data banks 
and a similarity percentage is calculated. This could lead 
to the notion that this new PK is just 'another one'. How- 
ever, with the same data, it is possible to construct a phylo- 
genetic tree, which in turn, could provide another type of 
information [6]. In Figure 4 we present a phylogenetic tree 
constructed from the alignment of 21 known PK sequences. 
As can be seen, the PK from C. glutamicum is more related 
to the type 2 PKs than to the type 1 enzymes of E. coli. 
Interestingly, it was previously assumed that the former PK 
was more closely related to the type 1 PKs [12]. This infor- 
mation could be useful if some property of a particular PK 
needs to be changed. In this case, in order to facilitate the 
identification of targets for mutagenesis, it could be more 
advantageous to compare the amino acid sequences of  the 
closest relatives. 

It is also evident from Figure 4 that the PK from the N, 
tabacum plastid is more closely related to the prokaryotic 
enzymes than to the one located in its own cytosol. In this 
sense, it would be interesting to study the biochemical 
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properties of the PKs from plastids, because they have been 
under different selection pressures and especially because, 
in this organelle, PK participates in a glycolytic pathway 
that supplies substrates and cofactors for fatty acid 
biosynthesis [2]. 

Conclusion 

We have reviewed several aspects of the different enzymes 
that utilize PEP as a substrate. Depending on the organism, 
these enzymes are regulated by different effectors in several 
metabolic pathways. The PEP node represents a strategic 
metabolic crossroad where carbon skeletons are distributed 
and directed into various metabolic pathways for the 
biosynthesis of many important compounds. Each cell has 
evolved sophisticated mechanisms to assure the proper dis- 
tribution of the precursors to all biosynthetic routes and for 
the applied sciences the possibility of modifying these con- 
trol mechanisms, could yield important rewards. 

In order to reduce the cost of industrial biosynthetic pro- 
duction of several important compounds, such as the aro- 
matic amino acids, it is desirable to increase the flux of 
certain carbon skeletons into and through the aromatic com- 
pound pathway. This has been accomplished by using cells 
carrying specific mutations and amplified genes that direct 
more PEP into this pathway [7]. These results clearly indi- 
cate that it is possible to exploit metabolic diversity to 
design and construct organisms with novel properties. 
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