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Abstract

Metabolic control analysis (MCA) is a promising approach
in biochemistry aimed at understanding processes in a
quantitative fashion. Here the contribution of enzymes and
transporters to the control of a given pathway flux and
metabolite concentrations is determined and expressed
quantitatively by means of numerical coefficients. Metabolic
flux can be influenced by a wide variety of modulators act-
ing on one or more metabolic steps along the pathway. We
describe a laboratory exercise to study metabolic regulation
of human erythrocytes (RBCs). Within the framework of
MCA, students use these cells to determine the sensitivity
of the glycolytic flux to two inhibitors (iodoacetic acid: IA,
and iodoacetamide: IAA) known to act on the enzyme
glyceraldehyde-3-phosphate-dehydrogenase. Glycolytic flux
was estimated by determining the concentration of extracel-
lular lactate, the end product of RBC glycolysis. A low-cost
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colorimetric assay was implemented, that takes advantage
of the straightforward quantification of the absorbance sig-
nal from the photographic image of the multi-well plate
taken with a standard digital camera. Students estimate flux
response coefficients for each inhibitor by fitting an
empirical function to the experimental data, followed by
analytical derivation of this function. IA and IAA exhibit
qualitatively different patterns, which are thoroughly ana-
lyzed in terms of the physicochemical properties influen-
cing their action on the target enzyme. |A causes highest
glycolytic flux inhibition at lower concentration than I1AA.
This work illustrates the feasibility of using the MCA
approach to study key variables of a simple metabolic
system, in the context of an upper level biochemistry
course. © 2018 International Union of Biochemistry and
Molecular Biology, 00(00):1-14, 2018.
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Introduction

In this article, we describe a teaching module that applies
the Metabolic control analysis (MCA) approach to explore
the control distribution features of the glycolytic pathway in
red blood cells. The first section (Structure and Activity of
Isolated Parts of Metabolic Pathways) describes aspects of
the enzyme GAPDH relevant for this work. The following
two sections (Control Analysis of Metabolic Pathways, Red
Blood Cells to Study the Glycolytic Flux and Perturbing the
Glycolytic Flux by Adding External Inhibitors) describe the
theory and context introduced by teachers before the lab
work is actually performed.

Structure and Activity of Isolated Parts of Metabolic
Pathways

In biochemistry, there are a number of strategies to interro-
gate a biological system in order to learn about its chemical
composition, structure, reactions, molecular mechanisms
and function. The classical way to do this is the “divide and
rule” approach, which laid the foundations of biochemistry
and is based on the isolation and purification of individual
enzymes and metabolites. Here, one gains interesting infor-
mation on each one of the constituting parts of the given
system.

Before starting this activity, our students are first intro-
duced to the structure and kinetics of key enzymes along
this metabolic pathway, and acquire a descriptive knowl-
edge of metabolism. At this stage, students of biochemistry
have been trained in the most important features of protein
structure and are already familiar with experimental mod-
els obtained by X-ray crystallography or NMR, available
from the protein data bank (https:/www.rcsb.org/pdb/home/
home.do). Using proper information found in the literature,
students are able to localize enzyme active sites, focusing
on those amino acid residues important for function. Central
to the present work is the glycolytic enzyme GAPDH (PDBID:
4WNC [11, Fig. 1A). This enzyme catalyzes the oxidative
phosphorylation of the substrate D-glyceraldehyde
3-phosphate (G3P), which is transformed into the product,
1,3-bisphospho-D-glycerate, a mixed anhydride with high
phosphorylation potential, able to synthesize ATP in the
next step along this pathway catalyzed by phosphoglycerate
kinase. GAPDH includes a typical Rossmann fold as the con-
served protein domain whose function is to bind the cofactor
NAD. The Rossmann fold typically consists of a six-stranded
parallel beta sheet and four associated alpha helices [2].

The thiol group of C152 in GAPDH exerts a nucleophilic
addition on the aldehyde group of G3P to yield an enzyme-
bound hemithioacetal. Subsequently, the cofactor NAD+
intervenes to oxidize the adduct (by a usual hydride transfer
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The structure of GAPDH. (A) Ribbon model
of GAPDH (PDB ID: 4WNC) showing the qua-
ternary structure of the enzyme formed by
four subunits (red, blue, green, and yellow).
(B) The active site of GAPDH including C152,
H179 and the NAD+ molecule. In addition,
residue C156, participating in the reversible
oxidation to a disulfide bridge with C152, is
also shown. [Color figure can be viewed at
wileyonlinelibrary.com]

FIG 1

reaction) to a high-energy thioester group, yielding NADH
in the process as the by-product. Remarkably, inorganic
phosphate exerts phosphorolysis of the thioester to yield
the high-energy 1,3-bisphospho-D-glycerate product. The
side-chain imidazole ring of residue H179 plays a key acid-
base role, as it abstracts a proton from the thiol group of
C152 at the beginning, donating it back to it at the end of
this catalytic cycle [3]. The bound NAD+ molecule and the
key catalytic residues C152 and H179 can be clearly identi-
fied in the active site region of the GAPDH structure
(Fig. 1B). Moreover, students analyze the chemistry of
GAPDH inhibition, that is, they study the irreversible inhibi-
tion by each alpha iodo keto reagent: iodoacetic acid
(IA) or iodoacetamide (IAA), both reactive with the thiol
group of C152, modifying this residue in a covalent form.
In addition, they compare the former with the reversible
inhibition by oxidation of C152 and C156 to yield a
disulfide-linked cystine, a process which occurs inside the
cell resulting in protection of C152 against superoxidation
[4]. In this case, the enzyme reverts to the active state by
reduction of the disulfide bond.

Control Analysis of Metabolic Pathways
Metabolism as a whole or even single metabolic pathways
are complex networks where enzymes and proteins interact
through common reactants, substrates, cofactors, and regu-
lators to yield properties which cannot be simply predicted
by the kinetics of enzymes in isolation. This is because the
interaction between individual parts creates new properties
which are inherent to the whole system [5,6].

In this context, MCA provides a suitable system-level
framework to study the impact of the parts (individual
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metabolic steps) on variables of the system like flux or the
concentration of metabolites [7,8]. Metabolic steps are con-
nected mostly by enzymes, but also by transporters. To sim-
plify the treatment, only enzymes will be considered. MCA is
applied under steady state conditions [6], characterized by
invariant metabolite pools and constant individual net reac-
tion rates that determine constant fluxes (J) of metabolites.
This methodology has been recently used in important
fields, such as cancer therapy [9]; biotechnology, for the
redesign of metabolic pathways; [10-12] and the study of
the metabolism of parasites [13], pointing out the high rele-
vance of this approach.

A key-concept in MCA is to test the sensitivity of the
variables of the system to changes in enzyme, substrate
or inhibitor concentrations. Sensitivity is formalized and
quantified by coefficients. In particular, the sensitivity of
the pathway flux to perturbations on the rate of an indivi-
dual step i is characterized by flux control -coeffi-
cients [Eq. 11

dJss (Ui)gs
J _ OUss i)ss
P 0701' ’ Jss (1)

where Jv; reflects the perturbation on the rate of the reac-
tion catalyzed by the enzyme i and (v;)ss is the rate of this
reaction under steady state conditions. Jg is the metabolic
flux of the system under steady state conditions and dJgs
reflects the change in flux that results from the rate pertur-
bation ov;.

Under the MCA formalism, control is understood as a
property of the whole system and is distributed among all
steps of the metabolic pathway [5]. Remarkably, the control
achieved by a given enzyme (or transporter) depends on the
control exerted by the other enzymes of the pathway, and
as Kacser and Burns showed “...questions of flux control
cannot be answered by looking at one step in isolation - or
even each step in isolation” [6].

Another meaningful tool from MCA that can be applied
and that is easy to evaluate in an experimental fashion, is
the sensitivity of the systems’ flux to external modulators
(such as an enzyme inhibitor). This is formalized by the
response coefficient [Eq. 2]:

dJss p
et 2
By p JIss @)

where dp represents a small perturbation in the concentra-
tion of the modulator p, and p, is the concentration of this
modulator in a given steady state condition.

Interestingly, the concept of response does not involve
any assumption on the mechanism of action of the modula-
tor on one or more enzymes, whereas the global flux
(or fluxes) is the modulated system variable. In the simple
case of a specific inhibitor, it will only modify the flux by the
modulation of the rate of the reaction catalyzed by a given
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enzyme i, that is, v;ss. This modulation is quantified by the
elasticity coefficient [Eq. 31:

&l :@. p
P (9]) Viss

3)

Here, a perturbation on the inhibitor concentration dp
will result in a variation dv; of v;. It is readily apparent that
the variation in v;gs will produce a change in flux according
to Eq. 1. In the particular instance of a specific inhibitor, an
important relationship between elasticity and flux control
coefficients can be described by Eq. 4:

Rl =l (4)

However, when the inhibitor acts on more than one
metabolic step, a more general expression is given by Eq. 5:

R :chs; (5)

l

Equation 5 is then valid even for nonspecific inhibitors
because the overall response coefficient takes into account
the sensitivity to the perturbation in the concentration of the
modulator p of each one of the enzymatic activities (i)
weighted by the control coefficient corresponding to each
one of these activities. That is, contributions to the sum only
come from the enzymes for which s]ig is a nonzero value.

Experimental constraints provided by the conventional
kinetic approach (coming from the reductionistic “divide
and rule” view) can enhance the predicting power of mathe-
matical models of the system. In turn, measured experimen-
tal sensitivities can be analyzed side-by-side to simulated
control coefficients (aided by software such as
COPASI, [14)).

We address this practical introduction to MCA based on
our teaching experience of several years of imparting this
topic within the framework of the course entitled “Advanced
Biological Chemistry”, required for every undergraduate
student to attain the degree in Biochemistry at the School of
Pharmacy and Biochemistry, University of Buenos Aires.
MCA represents the subject that most comprehensively
encompasses the rest of the issues lectured along the
course. To our knowledge, this is the only undergraduate
course that imparts this topic in Argentine academic
institutions.

Red Blood Cells to Study the Glycolytic Flux
In humans, circulating red blood cells (RBCs) constitute a
heterogeneous cell population exhibiting a life span of
approximately 120 days. Amazingly, about 1 x 10'! RBCs
are produced daily in the red bone marrow and a similar
number is cleared by macrophages [15].

The RBCs is a simple cell model to study metabolism
because it lacks organelles, lessening major complexities



due to segregation of enzymes in specific compartments.
Besides glycolysis can be studied without significant inter-
ference of other metabolic pathways. The RBC glycolytic
pathway (Fig. 2A) has been widely characterized [16-18].
Each individual enzyme was isolated, its structure-function-
relationships were established and kinetic models were
built. Some of these models provide a good match to the
in vivo metabolic behavior of the cell, mimicking several
regulatory features present in glycolysis [19]. Moreover,
the effects of mutations and several pharmacological,
environmental and hormonal stimuli on RBCs glycolytic
flux were well characterized in various physiological and
pathological conditions [19-22]. Despite its apparent sim-
plicity, compartmentalization has been well described in
RBCs. An outstanding example is GAPDH, which is nor-
mally inhibited upon binding to a plasma membrane pro-
tein (Band 3), whereas in the presence of
deoxyhemoglobin, this enzyme is released into the cyto-
plasm and becomes active [23]. Thus, the specific activity
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of GAPDH depends strongly on the structure and metabolic
state of the complete system.

RBCs convert extracellular glucose into intracellular
intermediates, along the glycolytic pathway, followed by the
transport of the end-product cytosolic lactate to the extra-
cellular medium. The uptake of glucose is facilitated by the
GLUT1 transporter [24], whereas lactate is released to the
extracellular medium by the monocarboxylate transporter,
generically called MCTs [25,26].

In order to convey these notions, prior to the lab work,
a simplified, ‘system-oriented’ glycolytic system is intro-
duced to the students (Fig. 2A). Such a metabolic system is
thermodynamically open, and can exist in different states.
The relevant state for MCA is the so-called steady state or
stationary state [6], which requires to maintain constant
extracellular glucose and lactate concentrations, constitut-
ing the source and sink of the system, respectively. Under
these conditions, metabolite pools are time invariant, as are
the individual net rates (the velocities of each step), which
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Glycolytic flux in RBC and lactate concentration measurements. (A) The metabolic pathway from extracellu-

FIG 2

lar glucose to extracellular lactate. The enzymes involved are the following (in order along the pathway).

HK, hexokinase; PGl, phosphoglucose isomerase; PFK, phosphofructokinase I; TP, triose phosphate isomer-
ase; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; PGK, phosphoglycerate kinase; AL, aldolase;
PGM, phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; LDH, lactate dehydrogenase. In addi-

tion, Band Ill and hemoglobin (HG) are also

included in the scheme given their importance for the control

of the glycolytic flux. The glucose transporter GLUT1 is indicated in orange, and the monocarboxylate
transporter (MCT) in light blue. (B) Scheme of the reactions involved in the colorimetric assay for the quan-
titative determination of lactate. (C) Chemical structures of IAA and IA (D) The image of a 96 well plate
showing a typical result of this practice. [Color figure can be viewed at wileyonlinelibrary.com]
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determine a constant flux (J) of metabolites through the sys-
tem. Students are guided to recall that in glycolysis metabo-
lites are transformed and transported by specific enzymes
or transporters, which in turn display their own-individual-
kinetic and structural properties.

In this system, metabolic concentrations and reaction
rates are the metabolic wvariables, while parameters
define reaction stoichiometry, enzyme kinetic, and envir-
onmental conditions. The magnitudes of these parameters
are assumed to remain constant under steady state condi-
tions, except when a controlled perturbation of a single
parameter is assayed (parameter scan mode), inducing
the system to evolve to a new stead state. As we men-
tioned in the previous section, a main goal of MCA deals
with understanding how a change in the magnitude of a
given parameters impacts the variables of the metabolic
system.

To carry out the practical work presented here, one
needs that extracellular lactate to act as a constant sink,
thus assuring the attainment of a steady state. Nevertheless,
monitoring the rate of extracellular lactate accumulation is
also a methodological requirement to assess the glycolytic
flux. [23,27]. To reconcile these apparently contradictory
conditions, a minor conceptual trick has to be implemented.
In the scheme, we consider the last reaction as irreversible,
so that extracellular lactate can no longer influence system
variables as flux or metabolite concentrations. In this fash-
ion, the concentration of extracellular lactate is then
allowed to change (and be experimentally measured as a
production rate), knowing that this change is not affecting
the system. As a correlate to these considerations, along the
experimental leg of this activity irreversible process, that is,
it does not affect intracellular lactate or any other system
variable, a fact that can be tested experimentally and
proved to be true within the boundaries of the conditions
assayed. Therefore, small changes in the extracellular lac-
tate concentration are assumed not to affect the thermody-
namic strength driving the flux [28]. As we will see below,
special care is taken to wash RBCs with fresh buffer before
the experiments, so that extracellular lactate concentration
is kept at a minimum at the start of the experiments. Once
the basics of the glycolytic system are all set, we proceed to
discuss how to perturb the steady flux by the addition of
inhibitors.

Perturbing the Glycolytic Flux by Adding External
Inhibitors

IAA and IA (Fig. 2C) are two related inhibitors considered
external to the glycolytic system, in the sense that their con-
centrations can be controlled by the experimenter, and there-
fore can be considered parameters. In principle, these
inhibitors act on GAPDH in an irreversible fashion [29],
although other effects along the pathway can also be
expected. The expected covalent reaction of the alpha halo
keto moiety of these reagents is the alkylation of free thiol
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groups, yielding stable carbamido methyl (with IAA), or car-
boxy methyl (with IA) cysteine derivatives. By studying
changes in steady flux at different concentrations of these inhi-
bitors, Eq. 2 can be used to derive the corresponding response
coefficients that measure the sensitivity of pathway flux. In
this manner, the response to IAA, or IA can be compared in a
quantitative fashion.

Laboratory Course

In the course ‘Advanced Biological Chemistry’-required for
all students pursuing the Biochemistry degree at the School
of Pharmacy and Biochemistry of the University of Buenos
Aires), MCA stands out as a module that comprehensively
addresses systemic properties of metabolic pathways.

The laboratory activity described here was thought and
designed for advanced undergraduate students of a Biologi-
cal Chemistry course, focused on intermediate metabolism
and its regulation. The activity applies the MCA approach to
explore control features of the glycolytic pathway in human
RBCs. The MCA module consists of four sessions, of 3 hr
each. In Session 1, topic and the underlying theory are
introduced; in session 2, a hands-on lab work is carried out;
in session 3, a computer assisted processing and analysis of
the collected experimental data is performed and response
coefficients are calculated. Finally, in session 4 students
develop a discussion of results and integrate this knowledge
with real problems extracted from current scientific articles
on this topic.

At the end of the module, each student is required to
prepare a final report with the following structure: Intro-
duction, Goals, Material and Methods, Results (presenting
data as Figures and Tables), Discussion and Conclusion. It is
essential to point out that students will analyze, inform and
integrate the data from all experimental conditions
assayed. Finally, students will discuss the regulatory
aspects of the glycolytic pathway within the framework
of MCA.

Immediately before starting the laboratory work,
instructors wash safety tested deplasmatized RBCs by
repeated dilution and centrifugation steps to provide the
cells with fresh controlled medium consisting of RBC buffer
(see Experimental procedures) using standard protocols
[30]. This procedure approximately 1 hr is a key step to
remove any extracellular lactate prior to the experiment.
Here, care should be taken to avoid preventable hemolysis.

Students, working in pairs or small groups, start the
experiment by adding a known volume of inhibitor solution
to the RBC suspension (Supporting Information Table S1)
and dividing it into four samples. These are incubated for
0, 30, 60, or 90 min at 37 °C. After that, samples are centri-
fuged and the supernatants collected to measure extracellu-
lar lactate content. Each group of students is assigned two
of the eight experimental conditions, for example, group
1 works with conditions A and E (see Supporting Informa-
tion Table S2). As it is necessary to perform the experiment



in duplicate, each condition is repeated twice by different
groups.

Lactate concentration is determined by a colorimetric
assay using a commercial kit (Roche Diagnostics. Indiana-
polis, Indiana). A stock solution of lactate is used as refer-
ence standard to build a calibration curve in duplicate.
Finally, color development is evaluated using a lab-made
device useful for extracting absorbance measurements from
the 96-well microplate. The acquisition of an ad hoc spec-
trophotometer for microplates becomes the limiting eco-
nomic factor due to its high cost, especially for laboratories
with reduced budgets. The development of an application
(the ReadPlate plugin) that fulfills the purpose of analyzing
the photographic image of the plate automatically and
based on a widely popular, free and open source image pro-
cessing program (ImagelJ: https:/imagej.nih.gov/ij/) allowed
us to respond to the needs of any laboratory. In place of a
microplate spectrophotometer, only the following basic
equipment is required [31]: (a) a transilluminator (a white
LED array covered by an acrylic plate which acts as a light-
diffusing base); (b) a regular digital camera (or cell phone
camera), and (c) a personal computer where the ImageJ
program and the ReadPlate plugin are installed. This appli-
cation, measures the color intensity of a photographic image
of 96-well microplate in any of the three color channels
[31]: red, green, or blue (RGB) and returns the blank-
corrected absorbance values for each well (for further
details refer to the Supporting Information).

Experimental Procedures

Throughout the laboratory activity, students are divided into
eight groups. Each group incubates washed RBCs at two dif-
ferent IAA concentrations for the indicated times. Then, stu-
dents separate the supernatants by centrifugation and
preserve them at room temperature. Once all incubations
are finished, samples are charged into a multi-well plate for
lactate determination.

Materials and Reagents for the Laboratory Activity

Materials: Gloves, protection goggles, eppendorf tubes
(1.5 mL), capillary tubes, automatic pipettes (200 and 1000
uL), pipette tips, incubator at 37 °C, centrifuge for 1.5 mL
and 15 mL tubes (room temperature), one personal compu-
ter, one cell phone equipped with camera, the ImageJ soft-
ware and the ReadPlate plugin. Reagents: safety tested
fresh deplasmatized RBCs, isosmotic RBC medium: buffer
(2.7 mM KCI, 137 mM NaCl, 2.5 mM Na,HPO4, 1.5 mM
KH,PO,4, 1 mM MgS0y,4, 1.3 mM CaCl,, 20 mM glucose, [30]),
distilled water, IAA and IA stock solutions (20, 100 and
500 mM), 6.0 mM sodium lactate solution, lactate detection
kit (Roche Diagnostics. Indianapolis, Indiana) including
Reagent 1 (3.5 mM N-ethyl-N-(2-hydroxy-3-sulfopropyl)-
3-methylaniline (TOOS), ascorbate oxidase (cucum-
ber) > 30 U/mL, 100 mM phosphates buffer, pH 7.8, sodium
azide <0.1%) and Reagent 2 (5 mM 4-aminoantipyrine;
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lactate oxidase >10 U/mL, horseradish peroxidase >24 U/
ml; 100 mM phosphates buffer, pH 7.8, < 0.1% sodium
azide.

Red Blood Cells Preparation

Adequately safety tested RBCs, stored in citrate / phosphates
buffer added with dextrose, are used (RBCs are kindly pro-
vided by the Regional Haemotherapy Center Fundosol Foun-
dation). To avoid damage caused by storage, ‘fresh’ human
RBCs are used for all experiments, that is, RBCs from blood
drawn within 10 days. The cells are extensively washed at
room temperature with isosmotic RBC buffer. Deplasma-
tized RBCs are centrifuged at 500 x g for 5 min. The super-
natant is gently suctioned with a Pasteur pipette and
discarded into biohazardous waste. Then, fresh RBC med-
ium is added to the erythrocyte pellet ensuring that the
volume of buffer be double that of the pellet. Tubes contain-
ing the RBC suspension are capped and inverted a few times
to gently mix the content prior to centrifugation at 500 x g
for 5 min at room temperature. The cells are successively
washed (seven times) to minimize lactate concentration pro-
duced along the storage time. Finally, RBCs are supplemen-
ted with sufficient medium to reach a 25% hematocrit.
Tubes are frequently mixed by inversion.

Sample Collection

All steps are carried out at room temperature, except where
indicated. Each group of students receives two tubes con-
taining 1.2 mL of RBC suspension (25% hematocrit) in RBC
medium (buffer supplemented with 20 mM glucose, see
above). To generate the eight different experimental condi-
tions, appropriate aliquots of the IAA (or IA) stock solutions
are added and gently mixed. Each tube (two tubes per
group) is split into four aliquots, one for each incubation
time (0, 30, 60, and 90 min). Immediately thereafter, tubes
are centrifuged at 500 x g for 5 min. The resultant superna-
tants (60 pl) are gently separated, taking care of not per-
turbing the RBC pellet, and kept until further use. If cells
happen to be accidentally re-suspended, a new centrifuga-
tion is carried out. At least 20 pL of each supernatant is
needed for the determination of the lactate content.

Lactate Measurement

One of the key points of this activity is to rely on an opti-
mized method to measure extracellular lactate. Among
techniques commonly applied in clinical chemistry, there
are those based on the detection of NADH by its absorbance
at 340 nm. This molecule is the product of the oxidation of
lactate by the enzyme lactate dehydrogenase (LDH). One
main drawback here is the requirement of a UV spectro-
photometer. By contrast, other methods are based on the
generation of products that absorb in the visible range of
the spectrum, therefore making them more suitable for
teaching purposes. Among them are methods that employ
two coupled reactions catalyzed by the enzymes lactate oxi-
dase (LO) and peroxidase (PO) to generate a product that

Metabolic control analysis and the glycolytic pathway


https://imagej.nih.gov/ij/

absorbs at 555 nm. This latter approach combined with the
low volume requirement of the ReadPlate system allowed us
to carry out this activity at a lower cost than classic colori-
metric determinations with a conventional
spectrophotometer.

In our proposed activity, lactate concentration is deter-
mined by an enzymatic assay, which ultimately results in a
chromogenic product that can be quantified at 555 nm, and
that is proportional to the lactate present in the sample. The
typical detection range for this kit is between 0.2 and 10 nmol
of lactate. Most conveniently, there is no need for pretreat-
ment or purification of samples, and usually hemolysis is so
low that it does not interfere with color determination. Typi-
cally, a volume of 20 pL of either sample or calibration solu-
tion (final lactate mass: 0-40 nmol) is placed in a 96 multi-
well plate and 90 pL of Reagent 1 is added. After incubation
for 2 min at 37 °C, the multi-well plate is placed on top the
transilluminator (Supporting Information Fig. S2) and a snap-
shot for blank control is taken. Then, Reagent 2 (18 uL) is
added to each well and the plate is incubated at 37 °C for
15 min. At the end, a second snapshot is taken. These pictures
are then subjected to color intensity analysis (Supporting
Information Figs. S1,S2, followed by quantification with the
custom-built =~ ReadPlate  plugin (https:/imagej.nih.gov/ij/
plugins/readplate/index.html, instructions for use embedded),
written for the free ImageJ software. Importantly, to validate
the technique, parallel measurements were carried out using
a standard commercially available multi-mode microplate
absorbance reader (BioTek Instruments Inc. Winooski, Ver-
mont, USA). The correlation plot between absorbance read-
ings estimated with each device is shown in Supporting
Information Fig. S3. It should be emphasized that control sam-
ples were included to demonstrate that the inhibitors assayed
do not interfere with the reaction for lactate detection.

System Response Calculation

To determine the response of the flux of the system to the
added inhibitor, we empirically found appropriate to fit a ratio
of polynomials to the flux data (Js). Thus, Eq. 6 provides a rea-
sonable fit to the behavior of flux as a function of the inhibitor
concentration assayed, with a minimal number of parameters:

<ao +aq[inh]+a; [inh]4>
Jos = (6)
(1 + by [ink] +b> [mh]“)

Here, ay, a;, a», b; and b, represent the fitting para-
meters, and [inh] is the inhibitor concentration. In

P (a1 +4a; [inh]3> (1 +b1[inh] +bs [mh]‘*) - (ao +aifinh) + as [inh]4> (b1 +4b, [inh]3)

particular, one should notice that in the absence of inhibi-
tor, the flux equals ay. In addition, the derivative of this
function can be easily calculated analytically [students
should realize that they can use simple rules, like the quoti-
ent or the chain rule, to calculate Eq. 71:

If a(fijrf;i] is multiplied by the corresponding value of [inh]
and divided by the corresponding flux value J of the sys-
tem at that particular inhibitor concentration, we obtain the
expression for the response coefficient [Eq. 8]:

aJss \ link]
=y ) 5 ®

that is similar to Eq. 2. This may be done using an Excel
spreadsheet, such as the one provided as a Supplementary
Material file of this article. Alternatively, after fitting Eq. 6
to the flux data, the response coefficient at any given inhibi-
tor concentration can also be obtained analytically [Eq. 91:

R/ (a1 [inh] +4a; [inh]4) (bl [inh] + 4b> [inh]4>
inh = <ao +aq[inh] +az [inh]4> - (1 +by[ink] +b; [inh]4)

Here, students should notice that R;m becomes null in
the absence of inhibitor.

Results

Lactate Calibration Curves
One of the most relevant features of the MCA approach is
the possibility to describe the response of the system and
the distribution of control along the metabolic pathway in a
quantitative fashion. In the case under study, the accurate
quantification of end-product lactate is an important issue
for the correct determination of the glycolytic flux (Fig. 2A).
To quantify lactate, of central importance is to calibrate
the assay by taking into account a reference curve with
known lactate masses. Fig. 2B shows a scheme of the
coupled reactions that easily allow the student to carry out
lactate measurements. On the other hand, Fig. 2D shows a
snapshot of a 96-well plate representative of the results typi-
cally obtained when the colorimetric reaction is completed.
The calibration curve (run by duplicate) is independently
obtained by different groups of students: absorbance values
are plotted as a function of lactate mass (Fig. 3A and Table I).
It is noteworthy that linearity is observed up to 40 nmol of
lactate, a useful upper limit for the ensuing measurements.

dlinh]
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each well is integrated and absorbance
values calculated by ReadPlate from snap-
shots of 96-well plates (see Supporting
Information) where the assay is run for the
colorimetric detection of lactate. Dilutions of
standard lactic acid solutions (20, 100, and
500 mM) are used. (A) Values obtained by a
group of 20 students for a given plate (black
circles) or for its duplicate (open circles).
(B) Calibration curves obtained by students
who completed the course in 2016 (gray dia-
monds) or in 2017 (black diamonds).
Straight lines obtained after linear regres-
sion are also shown in each case.

We also tested the performance of lactate detection
after dilution of reagents up to 10 times, noting that the
assay remains functional, but the linear range becomes
shorter at higher dilutions. Therefore, to reduce costs with-
out compromising the performance, we decided to dilute
reagents only to one half. This dilution represents a good
choice, because it guarantees a uniformly linear response in
the green channel. Fig. 3B and Table I shows results
obtained by groups of students along two consecutive peri-
ods of classes (2016 and 2017). High reproducibility is
observed by comparison of the results of these two cohorts.
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Calibration curves for lactate

TABLE1

Slope (Abs x nmol ~')

One group of students 0.0217 £0.0009 0.0216 +0.0009

(2017)
2016 cohort 0.0178 £ 0.0001
2017 cohort 0.0208 + 0.0003

Solutions of different concentrations of lactate were used to build a
calibration curve using reagents from the kit Roche Diagnostics
(Indianapolis, Indiana) and photographs of 96-well plates
(Supporting Information Fig. S3). As an example, this table shows
the slopes of the calibration curves obtained by one group of 20 stu-
dents (2017) for one plate measured in duplicate. Likewise, the
averages of the slopes measured by all groups of students who
completed the course in 2016 (cohort 2016) or in 2017 are shown.
The standard deviations of each result are also indicated.

Glycolytic Flux Measurements and its Inhibition

by IAA

As indicated above, we measure the glycolytic flux in
the presence of different IAA concentrations by quantifying
the amount of extracellular lactate secreted by RBCs as
a function of incubation time (Fig. 4). RBCs storage under
blood bank conditions produces significant biochemical
alterations [15], in particular after the first 2 weeks of sto-
rage [32]. Quantitative differences in the glycolytic flux and
regulation features of this metabolic pathway may be
observed, depending on the aging in vitro of the cells, thus
becoming of the utmost importance to work with freshly
drawn RBCs.

Results from a typical experiment carried out in dupli-
cate by one group of students are shown in panels A and B
of Fig. 4. To estimate values for the flux, students process
data by linear regression on each time series corresponding
to a given inhibitor concentration assayed. Results are
shown as a combined plot including all available data. As
expected, in the absence of IAA, the lactate amount in the
supernatant shows the largest increment with time, thus
demonstrating that RBCs remain metabolically active under
these experimental conditions: 90-min incubation at 37 °C
in RBC buffer, 20 mM glucose. Importantly, no significant
hemolysis is observed along this incubation period, values of
lactate concentration at the start of the experiment are very
similar for all conditions tried, and the colorimetric reaction
for lactate assay does not suffer interference by the inhibitor
up to the highest concentration assayed. Most significantly,
the linear production of lactate observed as function of time
is consistent with the main condition necessary to apply this
kind of analysis, that is, that the system should comply with
the steady state.

Metabolic control analysis and the glycolytic pathway
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Lactate production rate for different inhibitor
concentrations. Concentration of extracellu-
lar lactate produced by red blood cells is
determined at four incubation times (0, 30,
60, and 90 min) using the Roche diagnostic
kit (Experimental Procedures). Results
obtained for each concentration of IAA by
one group of 20 students are shown in (A).
Duplicates of each one of the measurements
are shown in (B).

FIG 4

On the other hand, the presence of the IAA inhibitor
decreases the production of lactate, particularly when cells
are exposed to an IAA concentration higher than 1 mM. In
fact, exposure to 5 mM IAA results in a complete abrogation
of lactate production. By this time of the activity, students
realize that IAA causes a major disruption of the metabolic
pathway involved in lactate generation: glycolysis coupled
to lactate fermentation.

Remarkably, each inhibitor concentration determines a
different steady state, characterized by a particular lactate
flux. Through simple inspection, students can easily com-
pare the measured fluxes. In addition, calculation of the
standard error associated to the linear regression fit allows
one to evaluate the accuracy of lactate flux measurements.
Our collected experience points to the overall robustness of
the resulting dataset.
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Results of flux (Jj44) data as a function of IAA concentra-
tion obtained by two independent groups of students of the
2017 cohort is plotted in Fig. 5A and Table II. The profile of
flux variation with IAA incremental concentration is very
reproducible. Accumulated data obtained by all student
groups during 2016 and 2017 are plotted together (Fig. 5B
and Table II). Some interesting points for discussion arise
from the observation of the shape of the graph. First, differ-
ent regions can be clearly defined in the Jjaa versus [IAA]
curves. Actually, a slight increment in flux (more evident in
the 2017 dataset) can be observed at low IAA concentration.
On the other hand, at concentrations higher than 0.5 mM,
IAA brings about a clear inhibition of the pathway flux. The
flux decreases abruptly at concentrations of IAA between
1 and 2 mM, reaching almost null values at approxi-
mately 5 mM.
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Flux of lactate produced by RBCs incubated
F1G 5 at different IAA concentration. (A) Flux data

calculated from the slope of the straight
lines in Fig. 4. The standard deviation of the
measurements is indicated by the error
bars. (B) The averages of those fluxes deter-
mined by all groups of students who com-
pleted this practice in 2016 and 2017.



Glycolytic fluxes evaluated as lactate produc-

TABLE1I tion measured at different inhibitor
concentrations
IAA Glycolytic flux
(mM) (uM min™")

One group of students (2017) 2016 cohort 2017 cohor
000 140+127 11.7+14° 106+3.0 13.6 +2.3
0.05 11.7+08 135+1.3 104 + 3.4 141+ 1.6
010 139+14 145+1.2 104 £ 2.7 145+15
050 15.1+0.7 144+15 8.8 £33 13.6 £ 1.3
0.75 14.0+ 21 12.2 +£ 3.2 58+ 1.9 13.6 £ 1.3
1.00 133+19 10.6+28 27 +11 122 +£1.7
2.00 26+0.7 1.8+ 04 04+0.6 27+0.9
5.00 04+0.7 0.3+0.3 0.0+ 0.4 04+1.4

Glycolytic fluxes measured as lactate production were calculated
from the slopes of the straight lines shown in Fig. 2. This table
shows those flows calculated by one group of 20 students for one
microplate, and ®for its duplicate. In addition, the averages of fluxes
calculated for each IAA concentration by all groups of students who
completed the course in 2016 or 2017 are shown. The standard
deviations of each result are also indicated.

System Response to the GAPDH Inhibitor IAA

Further analysis was carried out to address the issue of the
sensitivity of flux to the presence of inhibitors. Fig. 6 shows
the fitting of Eq. 6 to the glycolytic flux data and the beha-
vior of the calculated flux response to IAA concentration
(R/,,)-This exercise in nonlinear regression allows one to
recover, in a simple way, the derivative function % [Eq. 7]

and the response coefficient R, , [Eq. 8]. After the initial fit,
the latter can be more straightforwardly calculated
with Eq. 9.

Here again, three different regions can be observed in
the R/, , curve. The first one (in the range of IAA concentra-
tions between 0 and 1 mM) is characterized by slightly posi-
tive values of the response coefficient. In the second region
(the range between 1 and 2 mM) highly negative values of
the coefficient are observed, indicating that the glycolytic
flux becomes highly sensitive to a change in the inhibitor
concentration. This region highlights the fact that subtle
changes in the inhibitor concentration can produce a large
change in glycolytic flux. In other words, under this meta-
bolic condition, for example, the steady-state flux measured
at 1.5 mM IAA, the glycolytic flux exhibits high sensitivity to
inhibition, presumably due to a small change in GAPDH
activity. The third region (IAA concentrations higher than
2.2 mM) is dominated by very low glycolytic fluxes, and
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response coefficients approach zero at IAA concentrations
higher than 3 mM.

The variation observed in glycolytic flux may be mainly
attributed to an effect of the inhibitor targeting GAPDH
activity. However, in the cell it has been reported that IAA
reacts with the reduced form of glutathione (GSH) as well,
hence affecting the redox potential of the cytoplasmic com-
partment and compromising the GSH metabolism [29]. In
this complex context, IAA cannot be considered a specific
enzyme inhibitor, thus precluding the calculation the flux
control coefficient of GAPDH (CZ,,,,,) on the glycolytic path-
way by merely taking into consideration the response flux
coefficient (R},,) and the elasticity value of GAPDH by TIAA
(eGP | as in Eq. 5.

Different Responses to IA and IAA inhibitors

We also analyze the effect of IA as a potential inhibitor of
the glycolysis and lactate fermentation pathway (Fig. 7). It
has been reported that IA behaves as a more potent inhibi-
tor for GAPDH because it interacts more favorably with this
enzyme than IAA [29]. In Fig. 7, glycolytic flux as a function
of IAA or IAA concentrations is plotted side by side for com-
parison. Strikingly, the maximal effect of IA is observed at
very low inhibitor concentration (about 0.1 mM), well below
that where IAA shows its top effect (2.2 mM: more than
20 times higher than the former). Although similar in
regard to their chemical reactivity, the response to each
inhibitor is completely different. These results agree well
with those observed in other cell types like astrocytes, that
showed the differential effect of these inhibitors on the cell
thiol-disulfide-based redox system [29]. IAA can compro-
mise the cellular glutathione metabolism much more
severely than IA [29]. For this reason, it is likely that the
effective concentration of IA inside the RBCs be higher than
that reached by IAA because the latter reacts in a higher
extent than the former with the thiol group from reduced
glutathione. On the other hand, IA and IAA might differ at
the level of their action on the transport of lactic acid. One
can speculate that the enhanced IA effect might profit from
co-opting the anion transport machinery (the MCT, Fig. 2),
facilitating its entry to the cytosolic compartment and/or
altering the outward flux of lactic acid. Although we found
no specific reports about this point, it may be an interesting
issue for discussion with the students in class. Interestingly,
for IAA it was found the steady state with the highest
response coefficient reaching the value R/, ,”-3.0, whereas
for IA the coefficient takes a value of R}, ™-2.3.

As it was mentioned before, it would be useful to take
advantage of the response coefficient to evaluate the flux
control coefficient of GAPDH. However, to carry out this
analysis in the most straightforward fashion, it is necessary
that the modulation of the glycolytic flux be caused by a spe-
cific inhibitor of the enzyme [thus enabling the valid applica-
tion of Egs. 4, 5], because, only in this case, the change

Metabolic control analysis and the glycolytic pathway
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produced in flux would be entirely triggered by the change
in the activity of a single enzyme (numerically described by
the elasticity of this enzyme to the inhibitor). Only in this
fashion Eq. 4 might be applied to calculate the control coef-
ficient of this enzyme. In this regard, it will be extremely
interesting to study the behavior of the irreversible inhibitor
koningic acid (KA), a natural product, which was found to
be a selective inhibitor of GAPDH [33-35]. The elasticity
coefficient of GAPDH from RBCs for KA can be experimen-
tally calculated. In the end, the use of Eq. 4 would enable us
to infer whether GAPDH behaves indeed as a flux-
controlling enzyme of glycolysis and more importantly, in
which magnitude the enzyme exerts this control.

Perspectives

In the last three decades MCA has been extended to deal
with basically all types of metabolic structures, including
enzyme—enzyme interactions and channeling [36] and com-
plex physiological processes such as excitation-contraction
and mitochondrial energetics in myocytes [37]. Teachers
should assess how much detail of the theory should be
included in an undergraduate Biochemistry level, depending
on the academic context.

Angelani et al.

[defined by Eqs. 7, 8, or Eq. 9] is shown in gray line. The same fitted curve as in Fig. 5A is shown in black

The approach outlined here introduces the student to a
simple laboratory work, with focus on the concept of path-
way flux, studied as a system variable, and the conse-
quences of altering this flux by changing a parameter of the
system, in this case, the concentration of an external inhibi-
tor. A key conceptual aspect is that the inhibitor acts locally
on one or more enzymes, but the perturbation is trans-
mitted to the network ultimately affecting the flux, the mag-
nitude of which being quantified by the response coefficient
[Eq. 8]. The activity, as such, is closely guided, in the sense
that the protocol and the experimental design are already
set in advance. Upon this basis, it is anticipated that in
future activities students will be given the opportunity to
design and plan an experiment of their own to test the sen-
sitivity of pathway variables. This effort should be comple-
mented with mathematical modeling of the system, which
is an essential tool to raise hypotheses in advance and
make the most of the analysis of the acquired experimental
data afterwards. In addition, the sensitivity of pathway
variables can be studied in connection with their relevance
in medical and biotechnological contexts. A few hints are
given below.

11



(A) 20

-
(5]

-
o

Lactate flux {(uM min'1)
(3]

(B)
0
-1
3
x 0.0 01 02 03 04 05
-2
-3
0 1 2 3 4 5 6
Inhibitor concentration (mM)
ZZ Comparison of IAA and IA as modulators of

the glycolytic flux in RBCs. (A) Lactate flux
from RBCs as a function of IAA (black cir-
cles) or IA (gray squares) concentration.
Each flux value is calculated from the slope
of the straight-line kinetics measured at
each steady-state condition. Continuous
traces correspond to the nonlinear best fit to
the experimental data of the function
described by Eq. 6. (B) Sensitivity of lactate
flux from RBCs to the inhibitor IAA (black
line) or IA (gray line), as illustrated by the
response coefficient dependence with inhi-
bitor concentration. The inset shows the
behavior of the response coefficient in a
range of low inhibitor concentration.

e Medical Examples

Medical applications of the approach include identifying
enzymes/transporters as suitable targets for cancer therapy
[38]. To date this task has proved difficult, mainly because
of the interlinking of disease pathways through the meta-
bolic network. It is in this context that the MCA framework
could help identify target sites for tumor growth that have
maximal impact on the metabolic pathway flux and then
direct drug development to assure maximal drug action
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Z
[39]. In the same fashion, the MCA framework is being
applied to provide rational and quantitative criteria to
choose the target enzymes for drug development [40].

¢ Biotechnological Examples

Although MCA still remains little known by biotechnolo-
gists, it may well provide the key to understanding why the
impact of genetic manipulation on the production of com-
mercial metabolites has been rather disappointing [8,41]. In
this respect, students could make use of curated mathemati-
cal models of yeast glycolysis of various degrees of complex-
ity, which contain the complete set of equations describing
the velocities of each metabolic step. These models may be
then loaded into modeling programs such as COPASI [14],
so as to simulate the dynamic changes of system variables
when the magnitude of system parameters is altered. This
approach could be used to identify key targets that allow
increasing the production of biotechnologically relevant pro-
ducts, such as ethanol [11] or glycerol [42], and analyze the
suitability of already available yeast strains. It may also be
an opportunity to compare the sensitivity of glycolysis in
yeast, as opposed to that observed in RBCs.

Limitations in Application of the MCA Approach
MCA has been commonly used to describe how changes in
enzyme activities of a given metabolic pathway determine
the form in which metabolic variables (fluxes and metabo-
lite concentrations) respond. This is defined by means of the
response and control coefficients. However, the strategy
was originally developed to predict the effect on system
variables of infinitesimal changes in activities [a Sv; gives
rise to a 8Jg, Eq. 11. In some cases, the inability of increas-
ing a given flux by changing the activity of a particular
enzyme is due to an unexpected decrease of the control
coefficient of this enzyme when its activity has been
increased. Remarkably, other approaches were also devel-
oped, which consider coefficients for large changes. Indeed,
here quantitative and qualitative differences were found in
the response by comparison with the infinitesimal treatment
[43,44]. This should be taken into account in metabolic
pathway engineering when larger responses are required,
for example, in the case of biotechnological applications.

Conclusions

This laboratory activity has been successfully implemented
along two yearly editions of an undergraduate course of
advanced biological chemistry. This course is currently
imparted on the third year of the curriculum of the Bio-
chemistry career at the School of Pharmacy and Biochemis-
try at the University of Buenos Aires. Students found no
difficulty in fulfilling the wet-lab segment of this activity
because it does not require complex laboratory skills. How-
ever, they struggle with data processing because of the
mathematical skills required to calculate the coefficients,

Metabolic control analysis and the glycolytic pathway



which they find more difficult than expected. In particular,
the use of tools like nonlinear optimization with Solver, as
implemented in Excel, and general abilities for data man-
agement in this spreadsheet result new for approximately
70% of the students. Therefore, our cumulative experience
suggests that, before actually tackling this MCA practical
exercise, students should be encouraged to gain some train-
ing in the use of these all too important tools. In addition,
key regulatory features of the glycolytic pathway should be
introduced in advance, specifically those aspects relevant
for the case of RBCs. In this fashion, students will be bene-
fited the most to grasp the nuances of the MCA approach,
thus putting them in a position to gain for the first time,
individual experience with quantitative system-level meth-
odologies useful for metabolic studies.
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