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pathyay have been mostly based on the inhibition or over-expression ofthe presumed rate-imiting step. However,the atctnpts
to manipulate a metabolic pathway by following such approach have proved to be unsuccessful. Metabolic'Control Analysis

Moreover, MCA helps
to understand (i) the underlying mechanisms by which a given enzyme exerts high or low control and (ii) why the control
of the pathway is shared by several pathway enzymes and transporters.

The different MCA experimental approaches
developed for the determination of the flux-control distribution in several pathways are described. Full understanding of the
pathway properties when working under a variety of conditions can help to attain a successful manipulation of flux and metabolite
concentration.

Copyright © 2008 Rafael Moreno-Sanchez et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. INTRODUCTION the absence of a solid theoretical background that may build
a strategy for the rational design of drugs, the pharmaceutical
industry has applied the knowledge of inorganic and organic
chemistry for the arbitrary and rather randomized modi-
fication of metabolic intermediaries by replacing hydrogen
atoms in a model molecule with any other element or
compound. This approach has been successful in the battle
against many diseases. However, in many other instances
such an approach has been unsuccessful.

This

Historically, drug design was the first area in which  approach certainly decreased the amount of intermediaries

modification of metabolism was tried: the primary goal of
drug administration is the inhibition of essential metabolic
pathways, for example, in a parasite or a tumor cell. Thus, any
metabolic pathway can be a potential therapeutic target. In

to be chemically modified, focusing only on the substrates,
products, and allosteric effectors of the “rate-limiting step,”
instead of dispersing efforts on all the metabolic pathway
intermediates. The experimental approaches used in the
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identification of the pacemaker, key enzymes, “bottlenecks.”
limiting steps, or regulatory enzymes [1, 2] were

Hence, if all the branches of the pathway are considered
(Figure 1), then according to the teleological approach there
will be additional potential rate-limiting sites.

The application of
the crossover theorem (approach no. v) to glycolysis has
shown a consistent variation in the PFK-1 substrate (F6P)
and product (F1,6BP). Up to now, there are few studies
on control of glycolysis using the shape of the inhibitor
titrating curve (approach no. vi), due to the lack of specific
inhibitors for any of the three presumed key steps. An
exception is iodoacetate which is indeed a potent inhibitor
of GAPDH, but also of other highly reactive cysteine-
containing enzymes [3-5]. By using iodoacetate as specific
inhibitor, both GAPDH activity and flux showed identical
titration curves, leading to the conclusion that GAPDH
was the rate-limiting step of glycolysis in Streptococcus lactis
and S. cremoris [6] (see, however, Section 3.2; Glycolysis in
lactobacteria below).

Although the above-described experimental approaches
are qualitative, full control has been automatically assigned
to the “key” steps because the concept of the rate-limiting
step assumes that there is only one single enzyme controlling
the metabolic pathway flux (and the concentration of the
final product of the pathway) and, in consequence, assigns
values of zero to the control exerted by the other enzymes and
transporters. However, as analyzed for glycolysis, researchers
have commonly “identified” more than one limiting step.
In the case of oxidative phosphorylation (OXPHOS), in
the 70s and 80s some researchers considered cytochrome ¢
oxidase as the rate-limiting step, whereas others preferred
the ATP/ADP translocator or the Krebs cycle Ca**-sensitive
dehydrogenases (for a review, see [7]).
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F1GUre 1: Glycolytic pathway and principal branches. GLUT, glucose transporter; HK, hexokinase; PFK-1, phosphofructokinase-1; G6P,
glucose-6-phosphate; F1,6BP, fructose 1,6 bisphosphate; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde-3-phosphate; 3PG,
3-phosphoglycerate; PEP, phosphoenolpyruvate; pyr, pyruvate; PYK, pyruvate kinase; L-lac, L-lactate; acetal, acetaldehyde; AT, alanine
transaminase. S. cerevisiae lacks the LDH gene.

The glycolytic reactions are
almost identical in all organisms; in addition, the enzymes
catalyzing these reactions are highly conserved throughout
the evolutionary scale (their amino acid sequences are highly
similar). In mammals, the genes of the 12 glycolytic enzymes
are scattered throughout the genome, generally in different
chromosomes, whereas in bacteria many of the glycolytic
enzymes are clustered in operons [8]. However, there are
organisms (like some human parasites) that contain enzymes
with remarkable differences in their biochemical proper-
ties (substrate selectivity, catalytic capacity, stability, and
oligomeric structure), or in genetic expression regulation in

comparison to the human enzymes, which could be consid-
ered as drug targets.

CO; for bread manufacturing; and
lactic acid and other organic acids for cheese production.

it is important to emphasize that the
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TABLE 1: Overexpression of glycolytic enzymes in different cell types.
Cell type Enzyme Activity . Flux (% Control) Reference
(overexpression fold)
HK 13.9 107 [12]
PFK-1 3.5,3.7,5 102 [9, 10, 12]
PYK 8.6 107 [12]
Saccharomyces PDC 3.7 85 [13]
cerevisiae ADH 48 89 (2]
PFK-1 + PYK 56+ 1.3 107 [12]
GAPDH + PGK +
PGAM + ENO + PYK }b44++1'17o; 1+61+44 * 121 [12]
+PDC + ADH ’ ’ ’
GAPDH + PGK +
PGAM + ENO + PYK ;gi }"111?"2” 15+ 94 (11, 14]
+PDC + ADH ’ ’ ’
72
Escherichia coli PEK 8.7 [15]
PYK 2.9,4.2 91,95 [16]
Lactococcus lactis GAPDH 14-210 100 [17]
. . PFK 3 100
Aspergillus niger (18]
PYK 5 100
Chinese hamster ovary PFK 2.2,3.4,3.7 100 [19]

Flux to ethanol was for S. cerevisiae and E. coli; flux to citrate was for A. niger; and flux to L-lactate was for hamster.

metabolites. Then, it is physiologically more common to
change a metabolic flux and the production of the final
metabolite in the pathway than varying the intermediary
concentrations [2]. However, we will see that, by using a
suitable approach of metabolic control analysis, it is possible
to design strategies to manipulate not only fluxes but also
metabolic intermediary concentrations.

3: INAVHYO-OVEREXPRESSION-EXPERIMENTS
OFENZYMES
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FiGUure 2: Sulfur assimilation and glutathione and phytochelatins synthesis in plants ATPS, ATP sulfurylase; APS, adenosine 5’
phosphosulphate; y-ECS, y-glutamyl cysteine synthetase; y-EC, y-glutamyl cysteine; GS, glutathione synthetase; GSH, reduced glutathione;
GSSG, oxidized glutathione; GPx, GSH peroxidase; GR, GSH reductase; PCS, phytochelatin synthase; PCs, phytochelatins; GT, GSH-S-
transferases; Xe, xenobiotic; GS-Xe, glutathione-xenobiotic complex. The reactions are not shown stochiometrically. GR uses the cofactor
NADPH. The Cd*"-GSH complex formation (cadmium bis-glutathionate) is fast and spontaneous and does not require enzyme catalysis.

Modified from [31].
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TasLE 2: GSH and phytochelatin synthesis enzymes overexpression in plants and yeasts.

Overexpressed enzyme Organism (experimental Metabolite
. .. Reference
(activity fold) condition) (increment fold)
ATP sulfurylase (2.1) Brassica juncea 2.1 [GSH] [37]
ATP sulfurylase (4.8) Tobacco (unstressed) 1.3 [SO4*7] (38]
O-acetyl-serine thiol-lyase 2 [Cys]
Tobacco (unstressed
(2.5) ( ) 0 [GSH] [39]
Serine acetyl transferase Potato chloroplasts 2 [Cys]
(>10) (unstressed) 0 [GSH] [40]
. Populus tremula
E. coli GS (90) (unstressed) 0 [GSH] [34]
GS (3) S. cerevisiae (unstressed) 0 [GSH] [41]
Brassica juncea
H
E. coli y-ECS (>2) (unstressed) 0 [GSH] [35]
B. juncea (+100 uM Cd*") 4 [GSH]®
y-ECS (2.1) S. cerevisiae (unstressed)) 1.3 [GSH] [42]
. Populus tremula
- 4. H
E. coli y-ECS (50) (unstressed) 6 [GSH] [34]
. Brassica juncea 3.5 [GSH]®
E. coli y-ECS (4.9) (unstressed) B. juncea 1.5 [GSH]® [43]
. gf+2oo UM Cd*") ’
E. coli y-ECS (40) obacco (unstressed) >4 [GSH] [44]
y-ECS (9.1) + GS (18) S. cerevisiae (unstressed) 1.8 [GSH] [45]
Arabidopsis thaliana
PCS (52) (485 M C™) 0 [GSH] [36]
Vacuolar transporter of S, pombe Higher Cd**
PC-Cd complexes (>2) P resistance [46]

(@) The increase was only in roots with no effect on shoots. ") The increase was only in shoots with no effect on roots.

4. DOWNREGULATION OF ENZYMES TO
MANIPULATE METABOLISM

4.1. Glycolysis in tumor cells
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FIGURE 3: Trypanothione synthesis in trypanosomatids. The trypanothione producing enzymes are y-ECS, GS, ODC, aminopropyl
transferase (PAT), and TryS. The trypanothione consuming enzymes are ascorbate peroxidase (APX); tryparedoxin peroxidases (TXNPx);
trypanothione-glutathione thiol transferase (thiol transferase); and glutathione peroxidases I (GPX I) and II (GPX II). The regenerating
enzyme is TryR. APX, thiol transferase, and GPX II have only been described in T. cruzi. This last parasite lacks ODC activity, but it has
developed high-affinity transporters for putrescine, cadaverine, and spermidine [71].

is overexpressed under hypoxia in human tissues [63], the
role of HIF-1 has not been demonstrated.

although overexpression of tran-

scription factors may also be difficult due to the numerous
upstream and downstream factors involved.

such
as HIF-1a (hypoxia-inducible factor 1a), SP family factors,
AP-1, and possibly MRE (metal response elements) [8, 59—
61]. HIF-1a is probably the principal coordinator in gene
induction. There are binding sites (consensus sequence
ACGT) for HIF-la in the promoters of genes for HK
[62], PFK-1, ALDO, GAPDH, PGK, ENO, PYK, and LDH
(reviewed in [8]). TPI and perhaps HPI and PGAM are
also induced by hypoxia, but it is not clear whether HIF-
la mediates this induction [8], and whether this factor
regulates other metabolic pathways associated with glucose
catabolism. For example, although glycogen phosphorylase
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5. THEORY OF METABOLIC CONTROL ANALYSIS

was initially devel-
oped by Kacser and Burns in Scotland [82, 83] and by
Heinrich and Rapoport in East Germany [84, 85]. This
analysis establishes a theoretical framework that explains
the results observed with the enzyme overexpression and

downregulation experiments. In addition, it Relpsto'identify

(heavy metal hyperaccumula-
tion; increased production of ethanol, CO,, lactate or acetate;
or inhibition of a metabolic pathway flux with therapeutic
purposes).

Different
experimental approaches have been developed to detect and
direct what has to be done and measured, in order to identify
and understand why an enzyme exerts a significant or a
negligible control on flux and metabolite concentration in
a metabolic pathway.

To understand how a metabolic pathway is controlled
and could be manipulated, its control structure has to be
evaluated. The control structure of a pathway is constituted

the concentration control coefficient (Cj;), which
is the degree of control that a given enzyme i exerts on
the concentration of a metabolite (X); and the elasticity
coefficients.

In practice, the infinitesimal
changes in v; are undetectable, and hence measurable
noninfinitesimal changes are undertaken.

dimensionless and normalized values of C‘{i the scaling factor
vio/Jo is applied, which represents the ratio between the
initial values from which the slope dJ/dv; is calculated.

The MCA clearly distinguishes between the control
exerted by a given enzyme on flux (flux control coefficient)
and on the metabolite concentration (concentration control
coefficient). Thus, an enzyme can have significant control

Flux (J)

Enzyme activity

FIGURE 4: Experimental determination of flux control coefficient.

on a metabolite concentration but not on the pathway flux.
This distinction is important for biotechnology purposes.
On one hand, the use of the rate-limiting step concept
for manipulating metabolic pathways does not make such
differentiation, which probably has contributed to the many
unsuccessful experiments reported in the literature; on
the other hand, it should be clearly defined whether the
aim of the project is to increase flux and/or a metabolite
concentration since MCA establishes for each aim a different
experimental design.

The experimental points are plotted as shown in Figure 4
to calculate the slope at the reference point vj,/J,. This
experiment, apparently easy to perform, has demanded great
intellectual and experimental effort. Several experimental

strategies have been developed to determine Ci:
(i) formation of heterokarionts and heterocygots (classi-
cal genetics),
(ii) titration of flux with specific inhibitors,
(iii) elasticity analysis,
(iv) mathematical modeling (in silico biology),

(v) in vitro reconstitution of metabolic pathways,

(vi) genetic engineering to manipulate in vivo protein
levels.
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TasLE 3: Continued.
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— _ , .
S PACTy  +—FAkeq ')

in which T is the mass action ratio, and Keq is the equilib-
rium constant preferentially determined under physiological
conditions.

This inverse relationship between the
elasticity and the flux control coefficients is expressed in
a formal equation denominated connectivity theorem. A
metabolic pathway can be divided in two blocks around an
intermediary X: the producing (synthetic, supply) and the
consuming (demand) enzyme blocks of X are i; and i,
respectively. Thus, the connectivity theorem for this two-
block system is

C{/l _ 53(2
o, ©)
v2

The negative sign of the right part of the equation cancels
with ey', which is negative because X is a product of enzyme

block 7, (Figure 6).
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This method for determining C, using the elasticities
of the two blocks was called double modulation by Kacser
and Burns [83]. Years later, Brand and his group [103, 104]
renamed this method as top-down approach. By applying
the procedure shown in Figure 7 and using (10) for different
metabolites along the metabolic pathway, it is possible
to identify those sites that exert a higher control (which
may be the sites for therapeutic use or biotechnological
manipulation) and those that exert a negligible control under
a given physiological or pathological situation.

Elasticity analysis has been used to evaluate the OXPHOS
control distribution in tumor cells [90]. Almost all studies on
this subject have been carried out with isolated mitochondria
incubated in sucrose-based medium at 25 or 30°C or with
the more physiological KCl-based medium but still at 30°C
(Table 3). Furthermore, these studies did not consider that
the product, ATP, never accumulates in the living cells,
which does occur in experiments with isolated mitochondria.
Under such a condition, a steady state in ATP production
can never be reached as in living cells. In other words, the
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distribution of control in mitochondria (Table 3) has been
determined in the absence of an ATP-consuming system.
A remarkable exception to this incomplete experimental
design was the work done by Wanders et al. [105], in which
isolated liver mitochondria were incubated with two different
ATP-consuming systems (or ADP-regenerating systems):
HK + glucose and creatine kinase (CK) + creatine. Under
this more physiological setting, the OXPHOS flux control
distributed between ANT and the ATP-consuming system;
however, flux control by the other pathway components was
not examined. Therefore, to accurately evaluate OXPHOS
control distribution, mitochondria should be incubated in
the presence of an ATP-consuming system or in their natural
environment (i.e., inside the cell).

The rate of OXPHOS in intact cells is determined from
the rate of oligomycin-sensitive respiration: in the steady
state, the enzyme rates are the same and constant; in
branched pathways the sum of the branched fluxes equals the
flux that supplies the branches. The global elasticity of the
ATP-consuming processes (e.g., synthesis of protein, nucleic
acid, and other biomolecules, as well as ion ATPases to main-
tain the ionic gradients, mechanical activity such as muscular
contraction or flagellum and cilium movement, and secre-
tion of hormones, digestive enzymes and neurotransmitters)
is estimated by inhibiting flux with low concentrations of
oligomycin or a respiratory chain inhibitor. To determine the
elasticity of the ATP-producing block, flux, and [ATP] are
varied with streptomycin, an inhibitor of protein synthesis
(Figure 7). The elasticity coefficients are calculated from
the initial coordinate slopes (without inhibitors) of each
titration. With this procedure, it has been determined that
the ATP-consuming block exerts a significant flux control of
34% [90]. Remarkably, this flux control value obtained in
cells is quite similar to the flux control coefficients of the
ATP-consuming system (HK or CK) reported by Wanders
et al. [105] with isolated mitochondria.

Elasticity analysis by enzyme blocks allows the inclusion
of the end-product demand as another pathway block. The
conclusions obtained from this analysis have formulated the
supply-demand theory [30], which proposes that when flux
is controlled by one block (demand), the concentration of
the end-product is determined by the other block (supply).
The ratio of elasticities determines the distribution of flux
control between supply and demand blocks. For instance,

. Suppl .
if ey PPy e)l?emand (i.e., demand becomes saturated by

the end-product X, and hence its elasticity is near zero),
then the demand block exerts the main flux control. For

Demand Supply
- &

concentration control, at larger ey , smaller

absolute values of both Cg(upply and CJ....q are attained;
hence, under demand saturation, the supply elasticity fully
governs the magnitude of the variation in the end-product
concentration. On the other hand, when demand increases,
it loses flux control and induces a diminution in the end-
product concentration. In turn, supply gains flux control
and loses concentration control. In the presence of feed-
back inhibition, the system can maintain the end-product
concentration orders of magnitude away from equilibrium
(at a concentration around the Kj 5 of the allosteric enzyme).

As mentioned before, the demand is not usually included
in the pathway because it is erroneously thought that it is
not part of it. But then, is it valid to analyze the control
of a metabolite synthesis if its demand is not considered?
When the demand block is not included, it is assumed that
the metabolic pathway produces a metabolite at the same
rate regardless whether the metabolite demand is high or
low. This reasoning is incorrect because a metabolic pathway
indeed responds to changes in the metabolite demand
and, more importantly, a pathway without end-products
consumption reactions is unable to reach a steady state.

Therefore, a metabolic pathway can be divided in supply
and demand blocks. The intermediary X linking the two
blocks is one of the end-products of the producing block
(e.g., pyruvate or lactate or ethanol, and ATP for glycolysis).
The variation in rate of the two blocks in response to
a variation in X can be theoretical or experimentally
determined (Figure 8(a)). It is worth noting that, for this
supply-demand approach, it is not necessary to know the
kinetics of each pathway enzyme because the rate response
of each block reflects the global kinetics of all participating
enzymes. When the X concentration is increased, the rate
of the supply block decreases (i) because X is its product
and (i) because usually an enzyme within this block receives
information from the final part of the pathway, decreasing
its rate through feedback inhibition. In turn, the rate of the
demand block increases as X is its substrate.

To better visualize the effect of large rate changes, the
kinetics of both blocks are plotted in a logarithmic scale.
Figure 8(b) shows the kinetics described in Figure 8(a) con-
verted to natural logarithm. The intersection point between
kinetic curves, at which the supply and demand rates are
identical, represents the pathway steady-state flux (in the
Y axis) and end-product concentration (in the X axis).
Since the elasticity is also defined as ey = dlnvi/dInX,
the slope at the intersection point represents the elasticity
of each block towards the intermediary X. Here, the use
of the scalar factor is not necessary because it is included
in the logarithmic equation. With the elasticity coefficients
calculated from plots like those shown in Figure 8, and the
connectivity theorem, the flux control coefficient of each
block is determined. The example in Figure 8(b) shows that
the demand exerts a high flux control (and has low elasticity)
and the supply block exerts low control (and has high
elasticity).

The fact that the demand may exert a high flux con-
trol in metabolite pathways has at least three important
implications: (a) the supply block responds to variations
in the demand (high elasticity); (b) the demand block has
information transfer mechanisms towards the supply block
that avoid the unrestricted intermediary accumulation under
a low demand, particularly when the supply block has
reactions with large Keq (>100; AG*" > 3 Kcalmol™! at
37°C); and (c¢) if the main flux control resides in the demand
block, then the supply block may only exert control on the
intermediary concentration but not on the flux [30, 32]. This
last conclusion explains why it is incorrect to consider that an
enzyme that controls flux must also control the intermediary
concentration.
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FiGure 8: (a) Kinetics of the synthesis (supply) and consuming
(demand) blocks of the intermediary X. The kinetic parameters
are from enzymes in tobacco glutathione (GSH) synthesis. X
represents the intermediary concentration, in this case GSH. (b)
Rate plots of the supply and demand blocks in a natural logarithmic
scale.

Regulatory mechanisms of enzyme activity are modula-
tion of protein concentration by synthesis and degradation,
as well as covalent modification and variation in the substrate
or product concentrations (which are components of the
pathway). In addition, another regulatory mechanism is the
modulation by molecules that are not part of the path-
way, that is, through allosteric interaction with cooperative
(sigmoidal kinetics) or noncooperative enzymes (hyperbolic
kinetics) (e.g., Ca?" activates some Krebs cycle dehydro-
genases; citrate inhibits PFK-1; malonyl-CoA inhibits the
mitochondrial transporter of acyl-carnitine/carnitine; or the
initial substrate of a pathway that has not entered the
system). For these last cases, Kacser and Burns [83] proposed

the use of the response coefficient R which is defined by the
following expression:

Rl = Ceely, (11)

where M is the external modulator of the i enzyme. The
response coefficient is dJ/dMeM,/],. If the elasticity of
the sensitive enzyme toward the external effector is also
determined, then it is possible to calculate CJ, by using
(11). Unfortunately, due to the experimental complexity
for determining the elasticity coefficient, this coefficient is
often calculated in a theoretical way by using the respective
rate equation (Michaelis-Menten or Hill equations) and the
kinetic parameters Km and Vp.x determined by someone
else under optimal assay conditions, which are commonly
far away from the physiological ones. Therefore, for this
theoretical determination of elasticity only the value of
the external modulator concentration is required. It is
convenient to emphasize that the determination of the
flux control coefficients becomes more reliable when they
are calculated from several experimental points (Figure 7),
instead of only one, as occurs with the theoretical elasticity
analysis.

Groen et al. [106] determined the flux control distri-
bution of gluconeogenesis from lactate in hepatocytes by
using both theoretical and experimental elasticity analysis
and the response coefficient. These authors concluded that
gluconeogenesis stimulated by glucagon was controlled by

Jglucose

the pyruvate carboxylase (Cp™ = 0.83); in the absence
of this hormone, the control was shared by PC, PYK, ENO-
PGK segment, and TPI-fructose-1,6-biphosphatase segment
[106].

Elasticity analysis has been applied to elucidate the flux
control of ATP-producing pathways in fast-growing tumor
cells. For OXPHOS, this approach showed that respiratory
chain complex I and the ATP-consuming pathways were
the enzymes with higher control (Cﬂ,. = 0.7) [90]. For
glycolysis, the main flux control (C), = 0.71) resided in
GLUT + HK reactions because HK is strongly inhibited by
its product G6P despite extensive enzyme overexpression
[107]. Examples of elasticity analysis on other pathways are
photosynthesis [108], ketogenesis [109], serine [110] and
threonine synthesis in E. coli [111], glycolysis in yeast [112],
glucose transport in yeast [113], DNA supercoiling [114],
glycogen synthesis in muscle [115], and galactose synthesis
in yeast [116].

In conclusion, the elasticity analysis is the most fre-
quently used method for determining flux control coeffi-
cients because it does not need a group of specific inhibitors
for all the enzymes and transporters of the pathway, neither
does it require knowledge of the inhibitory mechanisms or
kinetic constants. It is only necessary to produce a variation
in the intermediary concentration X by using an inhibitor of
either block or by directly varying the X concentration.

5.4. Pathway modeling

In agreement with Fell [2], it seems impossible for a
researcher to analyze one by one the rate equation of each
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enzyme in a metabolic pathway to predict and explain the
system behavior as a whole. To deal with this problem,
in the last three decades some scientists have constructed
mathematical models for some metabolic pathways using
several software programs. Thus, the specific variation
of a single enzyme activity without altering the rest of
the pathway (Figure 4), which has been an experimentally
difficult task for applying MCA, becomes easier to achieve
with reliable computing models. The term “in silico biology”
has been coined for this approach.

There are two basic types of modeling: (a) structural
modeling and (b) kinetic modeling. The former is related to
the pathway chemical reaction structure and does not involve
kinetic information. The use of reactions is based on their
stoichiometries. The information obtained with structural
modeling is the description of the following:

(i) the exact determination of which reactions and
metabolites interact among them;

(ii) the conservation reactions. There are metabolites for
which their sum is always constant or conserved (e.g.,
NADH + NAD"; NADPH + NADP*; ubiquinol +
ubiquinone; ATP + ADP + AMP; CoA + acetyl-CoA).
The identification of conserved metabolites might
not be obvious;

(iii) enzyme groups catalyzing reactions in a given rela-
tionship with another group of enzymes;

(iv) elemental modules, which are defined as the minimal
number of enzymes required to reach a steady state,
which can be isolated from the system (for a review
about structural modeling; see [117]).

Kinetic modeling is more frequently used. In addition
to an appropriate computing program, this approach
requires the knowledge of the stoichiometries, rate
equations, and Keq values of each reaction in the pathway
(or the Vpa in the forward and reverse reactions), as
well as the intermediary concentrations reached under
a given steady state. Some currently used softwares
are Copasi (http://www.copasi.org/tiki-index.php)
based on Gepasi (http://www.gepasi.org/; [118]);
Metamodel [119]; WinScamp [120] and Jarnac [121]
(both available at http://www.sys-bio.org/); and PySCeS
(http://pysces.sourcesforge.net/; [122]). For other programs
and links, go to http://sbml.org/index.psp. To reach a
steady-state flux, it is necessary to fix the initial metabolite
concentration to a constant value and the irreversible and
constant removal of the end products. Except for the final
reactions in which their products have to be removed from
the system, all pathway reactions have to be considered as
reversible, notwithstanding whether they have large Keq
(if there is an irreversible reaction under physiological
conditions, then a reversible rate equation that includes
the Keq suffices to maintain the reaction as practically
irreversible). Care should be taken to include the enzyme’s
sensitivity toward its products because this property is
related with the enzyme elasticity and hence with its flux
control; omission of this parameter may very likely lead to
erroneous conclusions.

It should be pointed out that the purpose of kinetic mod-
eling is not merely to replicate experimental data but also to
explain them [117]. Thus, pathway modeling is a powerful
tool that allows for (i) the detection of those properties of the
pathway that are not so obvious to visualize when the indi-
vidual kinetic characteristics of the participating enzymes
are examined; and (ii) the understanding of the biochemical
mechanisms involved in flux and intermediary concentration
control. Modeling requires the consideration of all reported
experimental data and interactions that have been described
for the components of a specific pathway, thus allowing
for the integration of disperse data, discarding irrelevant
facts [84]. Although all models are oversimplifications of
complex cellular processes, they are useful for the deduction
of essential relationships, for the design of experimental
strategies that evaluate the control of a metabolic pathway,
and for the detection of incompatibilities in the kinetic
parameters of the participating enzymes and transporters,
which may prompt the experimental revision of the most
critical uncertainties.

With the model initially constructed, the simulation
results do not usually concur with the experimental results;
in consequence, the model normally requires refinement, a
point at which the researcher’s thinking and knowledge of
biology plays a fundamental role in modifying the structure
and parameters of the model. The discrepancies observed
between modeling and experimentation unequivocally pin-
point what elements or factors have to be re-evaluated or
incorporated so that the model approximates more closely
reality (i.e., experimental data). The comparison of the
experimentally obtained intermediary concentrations and
fluxes with those obtained by simulation is an appropriate
validating index of the model; this index indicates whether
the model approximation to the physiological situation is
acceptable or whether re-evaluation of the kinetic properties
of some enzymes and transporters and/or incorporation of
other reactions or factors is required.

A reason to why the results obtained by modeling may
substantially differ from the experimental results is that the
kinetic parameters of the pathway enzyme and transporters
and the Keq values used were determined by different
research groups, under different experimental conditions
and in different cell types. Moreover, enzyme kinetic assays
are carried out at low, diluted enzyme concentrations (thus
discarding or ignoring relevant protein-protein interac-
tions), and at optimal (but not physiological) pH and “room
temperature” (which may be far away from the physiological
values). In addition, no experimental information is usually
available regarding the reactions reversibility and the product
inhibition of the enzymes and transporters (particularly for
physiological irreversible reactions, i.e., reactions with large
Keq). With worrisome frequency, the researcher has to adjust
the experimentally determined V'm and Km values to achieve
a model behavior that acceptably resembles that observed
in the biological system. Apparently, this type of limitations
as well as the sometimes overwhelming amount of kinetic
data necessary for the construction of a kinetic model has
restricted the number of reliable models that can be used for
the prediction of the pathway control structure.


http://www.copasi.org/tiki-index.php
http://www.gepasi.org/
http://www.sys-bio.org
http://pysces.sourcesforge.net/
http://sbml.org/index.psp

Rafael Moreno-Sanchez et al.

19

Once the kinetic model stability, robustness, struc-
tural and dynamic properties have been evaluated, and
experimentally validated, the model may become a virtual
laboratory in which any parameter or component can be
modified or replaced and any aspect of the pathway behavior
can be explored within a wide diversity of circumstances or
limits [117]. At this stage, the model is suitable for examining
the pathway regulatory properties and control structure.

Glycolysis in S. bayanus, S. cerevisiae [113, 123, 124],
and Trypanosoma brucei [125, 126] is the metabolic pathway
that has been more extensively modeled. Both cell types
have a very active glycolysis and are fully dependent on
this metabolic pathway for ATP supply, under anaerobiosis
and aerobiosis, respectively. One advantage of modeling
glycolysis in these cell types is that most of the kinetic
parameters used have been experimentally determined by
the same groups under the same experimental conditions.
However, the kinetics of the reverse reactions has not been
determined and thus these authors used Kmp and Keq
values reported by others and obtained in other cell types
under rather different experimental conditions, or they were
adjusted to improve model fitting.

Nevertheless, the simulation results yielded relevant
information on the control of the glycolytic flux. In both
cases, the enzymes traditionally considered the rate-limiting
steps, HK, ATP-PFK-1, and PYK did not contribute to the
flux control, whereas the main control resided in GLUT
(54% in the parasite and 85-100% in yeast). Under some
conditions, HK may exert some control (15%) in S. cerevisiae
and some nonallosteric enzymes such as ALDO, GAPDH,
and PGK may also exert some flux control in T. brucei.

MCA through kinetic modeling has been applied to
several pathways:

(i) glycolysis in erythrocytes [84] in which flux control
distributes between HK (71%) and PFK-1 (29%);

(ii) carbohydrate metabolism during differentiation in
Dictyostelium discoideum [127] with cellulose syn-
thase (86%) as the main controlling step;

(iii) sucrose accumulation in sugar cane with HK, inver-
tase, fructose uptake, glucose uptake, and vacuolar
sucrose transporter having the most significant flux
control [128];

(iv) glycerol synthesis in S. cerevisiae with GAPDH (85%)
as the main control step [129];

(v) penicillin synthesis in Penicillium chrysogenum con-
trolled (75-98%) either by d-(a-aminoadipyl) cys-
teinylvaline synthetase (short incubation times <30
hour) or isopenicillin N. synthetase (long incubation
times > 100 h) [130];

(vi) Calvin cycle [131] controlled by GAPDH (50%) and
sedoheptulose-1,7-bisphosphatase (50%);

(vii) threonine synthesis in E. coli controlled by homoser-
ine dehydrogenase (46%), aspartate kinase (28%),
and aspartate semialdehyde dehydrogenase (25%)
(111];

(viii) lysine production in Corynebacterium glutamicum
mainly controlled by aspartate kinase and permease
[132];

(ix) nonoxidative pentose pathway in erythrocytes mainly
controlled by transketolase (74%) [133];

(x) EGF-induced MAPK signaling in tumor cells con-
trolled by Ras-activation by EGF (21%), Ras dephos-
phorylation (43%), ERK phosphorylation by MEK
(44%), and MEK phosphorylation by RAS (143%)
(13];

(xi) Aspergillus niger arabinose utilization with flux con-
trol shared by arabinose reductase (68%), arabitol
dehydrogenase (17%), and xylulose reductase (14%)
[134];

(xii) glycolysis in L. lactis in which several end products are
generated (lactate, organic acids, ethanol, acetoin)
[135]. Model predictions indicated that flux toward
diacetyl and acetoin (important flavor compounds)
was mainly controlled by LDH but not by acetolactate
synthetase, the first enzyme of this branch.

We modeled the GSH and PCs biosynthesis (Figure 2)
to determine and understand the control structure of the
pathway and thus be able to identify potential sites for
genetic engineering manipulation that might lead to the
generation of improved species in heavy metal resistance
and accumulation. Two models were constructed, one for
higher plants and the other for yeast, both exposed to high
concentrations of Cd*" [136]. Due to the similarity in the
results, only the plant results are analyzed below.

An interesting conclusion from the GSH-PCs synthesis
modeling is that control of flux (and GSH concentration)
is shared between the GSH supply and demand under both
unstressed and Cd*" exposure conditions (Table 4). This
observation strongly differs from the idea that y-ECS is the
rate-limiting step [33-35]. For many researchers, the concept
of y-ECS being the key controlling step has seemed to be
correct because (a) y-ECS receives information from the final
part of the pathway, as it is potently inhibited by GSH, the
pathway end-product; and (b) y-ECS is localized in the first
part of the pathway (Figure 2). In addition, GS is usually
more abundant and efficient than y-ECS [137].

However, in most of the studies on the control of GSH
synthesis, the GSH demand has not been considered. The
GSH synthesis modeling shows that under a physiological
feedback inhibition of y-ECS by GSH a small increase
in demand increases flux because the GSH concentration
decreases and the y-ECS inhibition attenuates. In contrast,
if the demand remains constant, then an increase in y-ECS
activity or content (by overexpression) does not increase flux
because the GSH inhibition is still there and operates on both
new and old enzymes. The same pattern is also observed
when HK is overexpressed to increase glycolytic flux since it
is still inhibited by G6P (see Section 3). On the other hand, y-
ECS indeed exerts significant concentration control on GSH,
which means that a y-ECS increase results in higher GSH
concentration (Table 4). This last observation demonstrates
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TaBLE 4: Control of GSH and PC synthesis in plants exposed to Cd*".
Enzyme ] lx‘y-ECS + PCS ] 2.5‘x y-ECS + PCS
Ci G i G St G it G
y-ECS 0.58 0.60 0.68 0.76 0.45 0.61 0.70 0.60
GS <0.01 <0.01 0.01 0.01 0.19 <0.01 <0.01 0.97
GS-transferase 0.01 -0.06 -0.07 -0.07 <0.01 <0.01 < —-0.01 —-0.05
PCS 0.40 0.44 —-0.63 —-0.56 0.33 0.44 —-0.62 0.57
vacuole PC-Cd transporter <0.01 <0.01 <0.01 -1.2 <0.01 <0.01 <0.01 -2.1
Ci,-GSH, control coefficient of enzyme i in GSH synthesis; C{,fc, control coefficient of enzyme Ei on PCs synthesis; CSH, control coefficient of enzyme i on

GSH concentration; C2C, control coefficient of enzyme i on PCs concentration. An enzyme with a negative flux control indicates that it is localized in a branch,
turning aside the principal flux; an enzyme with a negative concentration control indicates that an increase in its activity decreases metabolite concentration.

that an enzyme controlling a metabolite concentration does
not necessarily control the flux.

Cd** exposure promotes a high GSH demand because
significant oxidative stress surges, thus causing oxidation of
GSH through GSH peroxidases, and because GSH and PCs
are used for sequestering the toxic metal ion; hence, a higher
GSH consuming rate sets up. Under this condition, modeling
predicted that control was almost equally shared between the
supply and demand blocks, but particularly between y-ECS
and PCS (see Figure 2). Modeling was also able to explain
why PCS overexpression can have toxic effects on the cell
[36]. An increase in the GSH demand (PCS overexpression)
under high-demand conditions (Cd*" stress) leads to GSH
depletion that severely compromises other processes such as
the oxidative stress control and xenobiotic detoxification.

The conclusions drawn by this model led us to pro-
pose that, to significantly increase the Cd*" resistance and
accumulation, y-ECS and PCS should be simultaneously
overexpressed (Table 4; Figure 9). This particular manipu-
lation promotes an increase in the rate of GSH and PCs
synthesis (determined by the high-to-low transition of their
flux control coefficients) and in the GSH and PCs concen-
trations (determined by their high concentration control
coefficients). The model predicts that a 2-fold increase in
the simultaneous overexpression of y-ECS and PCS brings
about a 1.9-2.4-fold increase in flux to GSH (Jgs) and
PCs (Jpcs) and in PCs concentration (Figure 9); a 5-fold
overexpression further increases by 4.5-8.1 times the fluxes
and PCs concentration.

This proposed enzyme overexpression should not exceed
the GS and the complex PC-Cd (or GS-Cd-GS) vacuolar
transporters’ maximal activities, in order to keep the cell
away from a severe oxidative stress caused by GSH depletion
or y-EC accumulation. Indeed, the concentration of GSH
was maintained high and constant although y-EC accu-
mulated with the simultaneous overexpression (Figure 9).
Furthermore, this enzyme manipulation should avoid the
increase of the PC-Cd and GS-Cd-GS complexes in cytosol
to toxic levels. In other words, excessive enzyme overex-
pression should be avoided, unless this is accompanied by
compensating overexpression of consuming enzymes (GS for
y-ECS overexpression and PCs vacuolar transporters for that
of PCS). In yeasts and plants, Cd*" is ultimately inactivated
by the additional interaction with $*~ and the subsequent

Flux (J) (nmol min~1)
[Metabolite] (mM)

0.5t Jecs H05
[PCs]

[ e e S S 1= I (
2 4 6 8 10

y-ECS + PCS simultaneous over-expression

F1GURE 9: Modeled simultaneous overexpression of two controlling
enzymes, one in the supply (y-glutamylcisteine synthetase, y-ECS)
and the other in the demand branch (phytochelatin synthase, PCS),
of the glutathione and phytochelatins synthesis pathway in plants.

formation of stable high molecular weight complexes with
PCs, Cd*", $*7, and GSH [138, 139]. In parallel to the y-ECS
and PCS overexpression, moderate repression of GSH-S-
transferases, which compete for the available GSH (Figure 2),
may also promote an increase in GSH concentration and PCs
formation flux [136].

MCA is based on infinitesimal changes in an enzyme or
metabolite concentration. In contrast, gene overexpression
induces large changes in activity; hence, further theoretical
background has been developed for predicting the effect
on flux and metabolite concentrations induced by large
enzyme changes. Such a theoretical background was initially
developed by Small and Kacser [140], who depicted (12)
based on the flux control coefficients to predict the effect
promoted by large changes in enzyme activity:

fi = :
Ew ™ _ Zﬁj(cﬂ%.(n ~1)/r)’

(12)

in which f is the amplification factor (the flux increase),
and r represents how many times the enzyme is overex-
pressed. To predict the flux changes, promoted by identical
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Ficure 10: Effect on flux when one or more enzymatic activities
with different control coefficients are varied. This figure represents
an enzyme or group of enzymes in which their CJ, sum is indicated
in parenthesis and is modified by the same r factor. Number 1
represents the reference control, thus if r < 1, there is suppression,
whereas r > 1 represents overexpression.

overexpression of two enzymes (same r value) with different
Cl,, the equation is
1

]
S =1 (Cl+Che((r—1)/r) (1)

Figure 10 shows the effect on flux when one or more
enzymes with different C}, are changed by the same r factor.
If the sum of CJ, of one or more enzymes is less than
0.25, the impact on flux is discrete when the expression
increases 5 folds (which is the most common variation in
the overexpression experiments analyzed in Section 2). But
for a 3-fold overexpression of a group of enzymes, for which
their sum of Cﬁi is more than 0.5, then a significant flux
change is achieved. If the sum of Cl, is 1, the flux varies in
a linear proportion with the degree of overexpression. It has
to be remarked, however, that the predicted change in flux
(Figure 10) will be valid until certain degree, the limits of
which being determined by the other pathway enzymes that
should stay as noncontrolling steps.

Figure 10 also shows the effect on flux of decreasing
an enzyme activity (third quadrant). This segment plot is
useful when inhibition of pathway flux is being pursued for
therapeutic purposes or for understanding the molecular
basis of the genetic dominance and recessivity. Like in the
enzyme overexpression experiment, only a significant effect
on flux is achieved when the enzymes with high Cl, values
are inhibited. For an enzyme or group of enzymes with cl,
of 0.25, greater than 80% inhibition has to be attained to
decrease 50% the pathway flux. In this context, it seems
feasible to explain why knockdown of enzymes involved
in TSH, synthesis has to be almost total to detect an

effect on TSH, content or to alter functional or pathogenic
properties of the parasites (Section 4.3). The knockdown or
knockout experiments in trypanosomatids suggest that y-
ECS, TryS, and TryR most probably have low flux control
and concentration-control coefficients since their contents
or activities have to be reduced >80% of the normal levels
to reach changes in intermediary levels or in oxidative stress
handling.

Contrary to the several unsuccessful overexpression
experiments carried out to increase the flux or metabolites
of a metabolic pathway, modeling may allow for a more
focused and appropriate design of experimental strategies of
genetic engineering to increase flux or a given metabolite,
and for selecting drug targets to decrease flux or metabolite
concentration. For these predictions, modeling considers
that overexpression of a controlling enzyme or transporter
may promote flux or metabolite control redistributions.
Thus, a low-control step may become a controlling point
when overexpressing another step and, in consequence, the
prediction shown in Figure 10 based on (11) and (12) may be
inaccurate. By considering the whole pathway components,
modeling is also a powerful tool for predicting the effects
on flux and metabolite concentration of varying an enzyme
activity (by overexpression or drug inhibition).

Model predictions to inhibit a pathway flux

Kinetic modeling has been used to identify the flux control-
ling steps in Trypanosoma brucei glycolysis for drug targeting
purposes. Interestingly, modeling has predicted controlling
steps for the parasite pathway different from those described
for glycolysis in human host cells [125, 126].

Entamoeba histolytica is the causal agent of human
amebiasis. The parasite lacks functional mitochondria and
has neither Krebs cycle nor OXPHOS enzyme activities.
Therefore, substrate level phosphorylation by glycolysis is
the only way to generate ATP for cellular work [141]. An
important difference in amebal glycolysis in comparison to
glycolysis in human cells is that it contains the pyrophos-
phate (PPi)-dependent enzymes phosphofructokinase (PPi-
PFK) and pyruvate phosphate dikinase (PPDK), which
replace the highly modulated ATP-PFK and PYK present in
human cells. Moreover, both have been proposed as drug
targets by using PPi analogues (bisphosphonates) [141].

We recently described the construction of a kinetic
model of E. histolytica glycolysis to determine the control
distribution of this energetically important pathway in
the parasite [142]. The model was constructed using the
Gepasi software and was based on the kinetic parameters
determined in the purified recombinant enzymes [143],
as well as the enzyme activities, fluxes, and metabolite
concentrations found in the parasite. The results of the
metabolic control analysis indicated that HK and PGAM
are the main flux control steps of the pathway (73 and
65%, resp.) and perhaps GLUT. In contrast, the PPi-PFK
and PPDK displayed low flux control (13 and 0.1%, resp.)
because they have overcapacity over the glycolytic flux [142].
The amebal model allowed evaluating the effect on flux of
“inhibiting” the pathway enzymes. The model predicted that
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FiGure 11: Modeled flux behavior when inhibiting pathway
enzymes. The predicted flux when varying the enzyme activity
was obtained using the kinetic model for Entamoeba histolyt-
ica glycolysis [142]. In this case, 100% enzyme activity is the
enzyme activity present in amebal extracts, and 100% flux is
the ethanol flux displayed by amoebae incubated with glucose.
PPi-PFK, PPi-dependent phosphofructokinase; PPDK, pyruvate
phosphate dikinase; PGAM, 2,3 bisphosphoglycerate independent
3-phosphoglycerate mutase.

in order to diminish by 50% the glycolytic flux (and the ATP
concentration; data not shown), HK and PGAM should be
inhibited by 24 and 55%, respectively, or both enzymes by
18% (Figure 11). In contrast, to attain the same reduction
in flux by inhibiting PPi-PFK and PPDK, they should be
decreased >70% (Figure 11). Therefore, the kinetic model
results indicate that HK can be an appropriate drug target
because its specific inhibition can compromise the energy
levels in the parasite. They also indicate that although PPi-
PFK and PPDK remain as promising drug targets because
of their divergence from the human glycolytic enzymes,
highly potent and very specific inhibitors should be designed
for these enzymes in order to affect the parasite’s energy
metabolism.

5.5. Invitro reconstitution of metabolic pathways

Another experimental approach for determining the enzyme
control coefficients is the in vitro reconstitution of segments
of metabolic pathways. It is recalled that for determining
the flux control coefficient exerted by a given step on a
metabolic pathway the enzyme activity has to be varied,
without altering the other components in the system, and
the flux variations are to be measured (Figure 4). Such an
experiment can be readily made if a pathway is reconstituted
with purified enzymes. Some advantages of this approach
are that the pathway structure is known, in which the com-
ponents concentration may be manipulated and analyzed
separately, and the enzyme effectors can be assayed. As the
system composition is strictly controlled, the results may
be highly reproducible. The main disadvantage is that the

enzyme concentrations in the assays are diluted and thus
the enzyme interactions are not favored. If this interaction is
important for activity, the in vitro reconstitution may limit
the extrapolation to the metabolic pathway inside the cell.

There are not many studies describing this type of
experiments, most probably due to the fact that for applying
MCA the pathway must be working under steady-state
conditions. In a reconstituted system, only a quasi steady
state may be reached because there is net substrate, and
cofactors consumption, as well as product accumulation,
since it is difficult to attain a constant substrate supply and
release of products.

One of the first experimental reports on control coeffi-
cient determination in a reconstituted system was carried out
for the upper glycolytic segment with the commercially avail-
able rabbit muscle HK, HPI, PFK-1, ALDO, and TPI [144].
Each enzyme was separately titrated and the flux variation to
glycerol-3-phosphate (by coupling the reconstituted system
to an excess of a-GPDH) was measured in the presence of
CK to maintain the ATP concentration constant. The flux
control coefficients were determined as described in Figure 4.
The results showed that PFK-1 and HK exerted the main flux
control (65% and 20%, resp.), whereas the remaining 15%
resided in the other enzymes. These authors observed that
the addition of F1,6BP, a PFK-1 activator slightly diminished
the flux control exerted by PFK-1 and increases that of
HK. The validation of the summation theorem was also
demonstrated in this work [144].

The lower glycolytic segment has also been reconsti-
tuted with commercial enzymes for determining the flux
control coefficients [145]. The results showed that flux was
mainly controlled by PYK (60-100%), although under some
conditions control was shared with PGAM; ENO did not
contribute to the flux control.

Another important limitation of the reconstitution
experiments is that the commercial availability of the
purified enzymes from the same organism is restricted
or inexistent. However, by using the information from
the genome sequence projects and the recombinant DNA
technology, it is now possible to access all the enzyme
genes from a metabolic pathway in the same organism, thus
facilitating their cloning, overexpression, and purification.
With this strategy, we cloned, overexpressed, and purified
the 10 glycolytic enzymes of Entamoeba histolytica [143] for
studying the flux control distribution in this organism by
using kinetic modeling [142] and pathway reconstitution.

The reconstitution experiments of the lower amebal
glycolytic segment, under near physiological conditions of
pH, temperature, and enzyme activity (Figure 12) showed
that PGAM and, to a lesser extent, PPDK exert the main
flux control (these amebal enzymes are genetically and kinet-
ically different from their human counterparts) with ENO
exhibiting negligible control [143]. In turn, reconstitution of
the upper amebal glycolytic segment has revealed that HK
and, to a much lesser extent HPI, PPi-PFK, and ALD, exerted
the main flux control, with TPI having negligible control
[146]. These results strongly correlate with the enzyme
catalytic efficiencies previously reported [143], in which HK
is highly sensitive to AMP inhibition, ALD, and PGAM
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have the lowest catalytic efficiencies among the glycolytic
enzymes, leading to high flux control coefficients and thus
becoming suitable candidates for therapeutic intervention.
The reconstitution results also agree with the pathway
modeling predictions previously analyzed (Section 5.4), in
which HK and PGAM are two of the main controlling steps
[142].

The in vitro reconstitution experiments are also useful
for studying the effect on control redistribution of an
enzyme modulation that is particularly difficult to manage
in vivo; the main controlling steps identified with the
reconstitution experiments should be further analyzed with
other experimental strategies such as elasticity analysis in the
in vivo systems.

5.6. Genetic engineering to manipulate the in vivo
protein levels

This experimental approach for determining the control
coefficients could be part of the genetic approach analyzed
in Section 5.1, but it was separated due to its recent
methodological development and because it actually belongs
to the molecular genetics rather than to the Mendelian
genetics.

5.6.1. Repression of gene expression

This approach is based on the in vivo modulation of the
enzyme levels using the RNA antisense technology. There
are at least three strategies to inhibit gene expression: (a)
the use of single stranded antisense oligonucleotides, which
form a double stranded RNA that might be degraded by
RNAse H; (b) target RNA degradation with catalytically
active oligonucleotides, known as ribozymes that bind to
their specific RNA; and (c) RNA degradation using siRNAs
(21-23 nucleotides) [147].

The RNA antisense technology was applied for con-
trol coefficient determination of the ribulose-bisphosphate-
carboxylase (Rubisco) that fixes CO, in the plant Calvin
cycle. This enzyme considered the rate-limiting step of the
Calvin cycle and of the whole photosynthetic process, despite
its high concentration (4 mM) in the chloroplasts stroma that
compensates its low catalytic efficiency.

Attempts to make Rubisco a nonlimiting step, either by
modifying its catalytic efficiency or by overexpressing it,
have been unsuccessful. Stitt et al. [148] determined the
C{Eﬁﬁiﬁsynthes‘s of tobacco plants by decreasing its activity with
DNA antisense. The plants were transformed with DNA
antisense against the mRNA of the enzyme’s small subunit,
thus promoting its degradation. For Calvin cycle enzymes,
the pleiotropic effects were minimal. The results showed that

Rubisco may indeed be the photosynthesis limiting step with

a rg&zgsymheﬂs = 0.69-0.83 when plants are exposed to high

illumination (1050 ygmol quanta m~2s7!), high humidity
(85%), and low CO, concentrations (25Pa). However,
this flux control decreases to 0.05-0.12 under moderate
illumination or high CO, levels [148]. Unfortunately, the
authors did not determine the control coefficients of the

other pathway enzymes or the branches fluxes which may be
significant.

As described in Section 5.4, the results of the T. brucei
glycolysis modeling indicated that GLUT was the main flux
control step (CéLUT ~ 50%), [125, 126]. This model pre-
dicted a large overcapacity for HK, PFK-1, ALDO, GAPDH,
PGAM, ENO, and PYK over the glycolytic flux leading to low
flux control coefficients [125, 126]. To validate the modeling
results, the concentrations of HK, PFK-1, PGAM, ENO,
and PYK were changed with siRNAs in growing parasites
[149]. These knockdown expression experiments showed
overcapacity of HK and PYK over the flux, although at lower
levels than predicted by the model. A good correlation for
PGAM and ENO was obtained between model predictions
and experimental results. However, a large difference (9
folds) was obtained for PFK-1. This discrepancy is perhaps
related to pleiotropic effects of PFK-1 downregulation, as
these mutants also displayed diminution in the activities
of other enzymes (HK, ENO, and PYK). The combination
of these two approaches, in silico modeling and in vivo
experimentation, is complementary: on one hand, modeling
identifies the enzymes (out of 19 that contain the model)
that display the highest flux control coefficients, whereas in
vivo experimentation validates the accuracy of the model to
establish predictions about the pathway’s behavior.

5.6.2. Fine tuning of cellular protein expression

The knockdown experiments described above usually yield
only two experimental points of the plot shown in Figure 4:
the wild-type and the knockdown strain protein levels
or enzyme activities. Thus, with such an approach high
levels of inhibition (>80%) are mostly analyzed, whereas
intermediate levels of downregulation (if obtained) are
generally overlooked. Therefore, knockdown experiments
are not very useful to obtain the complete set of experimental
data (above and below the wild-type levels of enzyme activity
with the corresponding flux) for determining reliable control
coefficients.

A strategy to determine flux control coefficients
from several protein levels has been developed by us-
ing adenovirus-mediated glucose-6-phosphatase (G6Pase)
overexpression under the control of the cytomegalovirus
promoter in rat hepatocytes. A 2-fold G6Pase overexpression
did not alter C(C;'IG};;SIZSIS or CSLY“"YS‘S (GK, glucokinase).
However, if G6Pase is overexpressed by 4 folds, then
C(G;gcogen'symhem diminished from 2.8 to 1.8 and there was
a 35% lowering in glycogen synthesis [150]. However, this
approach allows titration of flux only above the basal enzyme
activities found in the cell, but not below.

These experimental inconveniences have been circum-
vented by using inducible gene expression systems based in
the lac, Lambda, nisin, GAL, tetracycline, and other inducible
promoters, in bacteria and yeast [151, 152]. However, a
problem frequently encountered with inducible promoters is
that a steady-state of protein expression is difficult to attain
[151, 152].
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FiGure 12: Determination of flux control coefficients in an in vitro reconstitution of the final section of Entamoeba histolytica glycolysis.
Enzymatic assay with the three recombinant enzymes from the ameba: EhPGAM, EhENO, and EhPPDK. LDH, commercial lactate
dehydrogenase. The flux control coefficient was determined at the *marked position. 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate.

Modified from [143].

Recently, Jensen and Hammer described the design
of synthetic promoter libraries (SPL), in particular for
L. lactis metabolic optimization [153]. These promot-
ers maintain constant the array of the known consen-
sus sequences for L. lactis gene transcription (—10 and
—35 boxes), while the nucleotide sequence between these
boxes (a spacer sequence of 17 + 1bp) is randomized,
thus producing a set of promoters with different tran-
scriptional strength. These promoter libraries allow the
transcription and protein expression several folds above
and below the wild-type levels of enzyme activity [153],

thus enhancing the usefulness of this approach for MCA
studies.

The control distribution of glycolysis in E. coli and L.
lactis, as discussed in Section 3.2 [17, 24, 27, 151], has been
determined by using the SPL technology. SPL for yeast,
mammalian and plant cells are also under development
[151, 152]. Certainly, the advances in genetic engineer-
ing in combination with MCA allow better experimental
designs for metabolic optimization of micro-organisms of
biotechnological interest.
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Concluding remarks

(1)

(2)

(3) If the aim of the researcher is a metabolite con-
centration increase, which is not the end product
of the pathway, MCA suggests the overexpression
of those enzymes or transporters in the supply
block with the highest control coefficients and/or the
repression of those enzymes in the demand block
with the highest control coefficients. These manip-
ulations may become complicated if the metabolite
of interest has allosteric interactions with enzymes
and transporters (inhibition and activation) of both
the supply and demand blocks. It is recalled that
ethanol production in yeast and lactate and acetate
production in lactobacteria do not increase by
overexpressing PFK-1, an allosteric enzyme and the
presumed rate-limiting step of glycolysis. In fact,
the flux was diminished with an excessive PFK-
1 overexpression. However, the analysis of these
results reveals that the F1,6BP concentration is
indeed increased many times over the control level.
Another strategy for eliminating the feedback inhi-
bition might be the introduction of mutations on

the enzymes that are closer to the metabolite of
interest.

ABBREVIATIONS

ADH: alcohol dehydrogenase

CK: creatine kinase

ENO: enolase

GAPDH: glyceraldehyde-3 phosphate dehydrogenase
HPI: hexose phosphate isomerase

LDH: lactate dehydrogenase

PDC: pyruvate decarboxylase

PGK: phosphoglucokinase

PGAM: phosphoglycerate mutase

TPIL: triose phosphate isomerase
PPi-PFK: pyrophosphate-dependent phosphofructokinase
a-GPDH: a-glycerophosphate dehydrogenase
F6B: fructose-6-phosphate

F1,6BP:  fructose-1,6-bisphosphate

G1P: glucose-1-phosphate

G6P: glucose-6-phosphate

GSH: reduced glutathione

y-EC: y-glutamylcysteine

MCA: metabolic control analysis

siRNA:  small interfering RNA.
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