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Abstract

The changes in the partial pressures of oxygen and carbon dioxide (Pg, and
Pco,) during blood circulation alter erythrocyte metabolism, hereby caus-
ing flux changes between oxygenated and deoxygenated blood. In the study
we have modeled this effect by extending the comprehensive kinetic model
by Mulquiney and Kuchel (1999) with a kinetic model of hemoglobin oxy-
/deoxygenation transition based on an oxygen dissociation model developed
by Dash and Bassingtwaighte (2004). The system has been studied during
transitions from the arterial to the venous phases by simply forcing P, and
Pco, to follow the physiological values of venous and arterial blood. The
investigations show that the system passively follows a limit cycle driven by
the forced oscillations of Po, and is thus inadequately described solely by
steady state consideration. The metabolic system exhibits a broad distribu-
tion of time scales. Relaxations of modes with hemoglobin and Mg?" binding
reactions are very fast, while modes involving glycolytic, membrane trans-
port and 2,3-BPG shunt reactions are much slower. Incomplete slow mode
relaxations during the 60 s period of the forced transitions cause significant
overshoots of important fluxes and metabolite concentrations notably ATP,
2.3-BPG, and Mg?". The overshoot phenomenon arises in consequence of
a periodical forcing and is likely to be widespread in nature — warranting a

special consideration for relevant systems.
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Introduction

The erythrocyte is a simple cell in the sense that it obtains its energy and re-
dox equivalents entirely from anaerobic metabolism of glucose through glyco-
lysis and the pentose phosphate pathway (PPP - see list of abbreviations).
Furthermore, it has no genetic material which simplifies modelling consid-
erably. Many kinetic models have been developed that have described the
intercellular dynamics focusing on the oxygenated and deoxygenated steady
state concentrations. The numerically simplest way to obtain information on
steady state dynamics is through modal analysis (1) (see "Theory’) in which
the relaxation times for each mode of a steady state are the reciprocals of
the real part of the eigenvalues of the Jacobian. There is no general method
for calculation of explicit expressions for the dependence of relaxation times
on kinetic parameters in many-component systems. The general trend can

be illustrated by considering a simple example. In a linear irreversible chain

L e g g, s,
the eigenvalues of the Jacobian are —ki, —ko,--- ,—k, and the corespond-
ing relaxation times are 7; = 1/k;. In this case the largest relaxation time is
quite natually the reciprocal of the smallest rate constant. If the reactions in
a chain are reversible the width of the relaxation time distribution increases.
Furthermore, feedback over distant parts of the network may considerably
increase the relaxation times. In the supplementary material (SI, section

1.1) the Yates-Pardee model is used to exemplify changes in time scale dis-
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tribution to the point where the system become unstable and the largest
relaxation time becomes inifinite. Erythrocyte metabolism contains several
linear chains with reversible reactions and feedback, and it is not surprising
that models of this system have extremely slow modes with relaxation times
of several hours as shown by (2).

Compared with the period of circulation at rest of around 60 s it is clear
that a complete relaxation to steady state may not occur if the slow modes
are excited. Fast modes corresponding to small relaxation times may follow
environmental variations accurately while slow modes never relax completely
to the current steady state. Consequently, to describe physiological behavior
the temporal behavior of the bloodstream must be taken into account.
Experimental evidence suggests that steady state glycolytic flux is higher in
deoxygenated blood compared to oxygenated blood in wvitro (3-7), whereas
the opposite to a lesser extent is true for the PPP (3). The flux changes have
been hypothesized to satisfy the demand for NADPH under oxygenated con-
ditions and replenish the ATP stores under deoxygenated conditions (3, 8).
The findings imply that dynamic changes take place across pulmonary and
peripheral tissues where O, and CO, rapidly exchange. In this study we have
extended the steady state model of human erythrocyte metabolism developed
by Mulquiney and Kuchel (9, 10). Specifically, our extended model includes
mathematical descriptions of: 1) The transition kinetics of Hb, building on
previous work by Dash and Bassingthwaighte (11) and 2) The oscillatory
concentrations of O, and CO, in erythrocytes, forced by the repeated pas-
sage of the erythrocytes through the arterial and venous compartments of

the circulatory system (see 'Methods’).
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We estimate the changes in erythrocyte metabolism upon forced oscillatory
gas exchanges. Besides glycolytic flux changes, the forcing also causes sig-
nificant overshoots of a number of important metabolites notably ATP,
2.3-BPG, and Mg?" — which may have physiological consequences for ery-
throcytes.

The study exemplifies the use of modelling to disclose an emergent prop-
erty of a biochemical network, here the overshoot-phenomena observed from

simulations of the present model.

Theory

The kinetic model of erythrocyte metabolism in this study encompasses 63
metabolites and 60 reactions. A schematic drawing of the extended model
is shown in Figure 1. The red species are able to bind Hb. Species able
to cross the membrane are shown in blue. Extracellular Glc, Lac, Pyr and
P; are treated as constants, whereas Po, and Pco, are forced. The model
encompasses descriptions of glycolysis, PPP, 2,3-BPG shunt, Hb and Mg?2"
binding reactions, and the Hb oxy/deoxy transitions as well as the forcing of
Po, and Pco,. The complete set of reaction rate expressions can be found in
the "Supplementary Information’ (SI). Key parameters and initial conditions
of the model are given in tables S3 and S4 in the SI.

The model of erythrocyte metabolism by Mulquiney and Kuchel (9) was cho-
sen because it, to our opinion, is the most comprehensive model with respect
to 2,3-BPG metabolism and Hb and Mg?" metabolite binding reactions. A

huge level of detail is needed in order to assess the possible effects of respira-
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tion on the core metabolism. The most important allosteric regulations are
the 2,3-BPG and ATP inhibition and AMP activation of PFK. Table S5 in
the SI presents the most important allosteric effectors of HK, PFK, ALD,

and PK.

Modal analysis

Modal analysis of steady states is a general method to get infomation on the
time scales of a metabolic network. The time scales are the characteristic
times for metabolic processes to reach completion. The relevant process in
this study is the relaxation of an arbitrary state to a stationary state. If
the characteristic time for this process is always smaller than the circulation
time of the blood the state of the system will almost always be close to one
of the stationary states. For initial states close to the stationary state the
characteristic times are called the relaxation times. They can be calculated
from the eigenvalues of the Jacobian matrix evaluated at the steady state.
The Jacobian matrix is defined as
ov

J=Nog (1)

where N is the stoichiometric matrix, and v is a vector containing all rates as
elements, and S is the vector of metabolite concentrations. The eigenvalues
of the Jacobian are determined by diagonalizing the Jacobian at the steady
state (in this study Mathematica (Wolfram Inc.) was used). The relaxation

times are defined by
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LY. (2)
Ty = 3 t=1,4,9,..,7
|Re(A:)]

where \; are the corresponding eigenvalues of the Jacobian (1).

The modes are the eigenvectors e; of the Jacobian. They can be con-
sidered as a basis of n orthogonal vectors, pointing out the directions in
the space of metabolite concentrations along which the system relaxes back
to the steady state with the relaxation times 7;. The reactions involved
in this relaxation can be determined by transforming the eigenvectors of
the Jacobian from concentration space to reaction space which is a space
with reaction extents as coordinates. This is done most easily by calculating
derivatives of reaction rates with respct to the metabolite concentrations (i.e.
calculating the unnormalized elasticity-matrix of Metabolic Control Analysis
(MCA)), and muliplying this matrix with the eigenvectors of the Jacobian.

The transformed eigenvectors are the columns of

ov
s vV (3)
where W contains the eigenvectors of the Jacobian as columns. Transfor-
mations of this type are used in Table 2.

As the eigenvectors constitute a basis, any vector, u, in the metabolite space
can be written as a linear combination of the eigenvectors u = ) ¢;e;. The
coefficients, ¢;, may be calculated by projecting u onto the eigenvectors. A
coefficient value ¢; measures the extent to which the relaxation of u can be

ascribed the individual relaxation mode. As the Jacobian may be an unsym-

metrical matrix — a usual property of Jacobians of open chemical systems —
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projections on the right eigenvectors of the Jacobian have to be performed

using left eigenvectors, denoted e, i=1,2,...,n (12):

This procedure is utilized in Table 3.

Methods

The extensions to the core model by Mulquiney and Kuchel (9) include the
Hb transition reaction, Hby = Hb, and a model that can force concentra-

tions of selected species during blood circulation.

Hemoglobin Transition

The rate equation of the Hb (oxy-deoxy) transition is based on the following
three major assumptions: First, the reaction kinetics is fast compared with
the frequency of circulation. Second, it is assumed that Hb only undergoes
transition between the T and R states. Fully deoxygenated Hb is thus equiv-
alent with the T state and vice versa for the R state — no intermediaries are
accounted for. Third, only Hb with no heterotropic ligands attached is able
to undergo a transition in the model description.

With these assumptions the rate equations can be approximated by:

Vtorward = K - [Hbq] - K,

Ubackward = k- [Hbo]
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where the equilibrium constant Ky, is a function of Pg,, 2,3-BPG, pH,
Pco,, and temperature (see (11) and in the SI). The scaling constant k is
set to 10° to enforce fast transition (changing the k-value from 10? to 10°
does not change the behavior of the system). Derivation of the rate equation

is found in section 2 in the SI.

Model Description of Blood Circulation

The modelling of the blood circulation is based on the assumption that the
bloodstream consists of just four compartments, namely: the arteries (be-
tween the left ventricle and the organs), the organ capillaries, the veins (be-
tween the organs and the right ventricle), and the lung capillaries (between
the right and left ventricle of the heart). The chemical composition of blood
experienced by an erythrocyte especially Po, and Pco, oscillates in time as
it passes through these four compartments at a constant velocity. This forces
transitions between oxy- and deoxy-Hb to occur in the organ capillaries and
in the capillaries of the lungs.

The model of oscillatory forcing employs a ’step-like’ function (see section
3 in the SI) in which the phase and amplitude of a forced species can be

arbitrarily chosen. The forcing of Po, and Pco, can be seen in Figure 2.

pH considerations

Arterio-venous variations in pH are also known to occur in the blood and
differences are dramatically enhanced upon physical exercise (13). However,
at rest the intracellular compartment of erythrocytes is remarkably stable

against arterio-venous pH variations in the blood, i.e. intracellular pH only
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changes ~0.05 units in the course of circulation due to the high buffer ca-
pacity of Hb and the Haldane effect (14 16). Consequently, the pH influence
on metabolism at rest is very limited. As inclusion would cause consider-
able additional computational load and questionable reaction kinetics, pH

variations are neglected in the model.

Integration method

The set of coupled ODEs was integrated forward in time using CVODE (17)
for stiff problems (Backward Differentiation Formulas — version from sept.
1994) with an absolute €, = 10718 and a relative ¢, = 10719, CVODE is
part of a free suite of numerical integrators collectively known as Sundials
and can be downloaded at: www.11lnl.gov/CASC/sundials/

Typical simulations were completed within a minute on a standard dual core

PC.

Results

Simulating the erythrocyte system circulating periodically between the arte-
rial and venous compartments shows that the intracellular metabolite con-
centrations oscillate as well, i.e. the system passively follows a limit cycle
driven by the forced oscillations of O, and CO, tensions. Figure 3 illustrates
the oscillations of lactate flux and the free 2,3-BPG concentration. Generally,
the metabolite concentrations follow the steady state values corresponding
to changes in O, and CO,. Yet, this is not the case for many reaction fluxes

as well as concentrations of Hb, Mg2" (free or metabolite bound), 2,3-BPG,
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ATP and ADP as shown below.

By inserting parameter values characteristic of the arterial and venous com-
partments, respectively, the system was also allowed to attain either arterial
or venous steady state. Comparison of the arterial and venous steady states
revealed that the sets of concentrations and fluxes are highly similar, as sum-
marized in Table S6 and S7 in the SI. (For comparison, data for the arterial
steady state predicted by the model by Mulquiney and Kuchel and previ-
ously published values for the corresponding metabolites are also given in
Table S8.)

The main result of the study is that the arterio-venous (AV) ratios of a num-
ber of important reaction fluxes and metabolite concentrations in the forced
system of circulating erythrocytes differ significantly from the corresponding
ratios for steady state simulations. Nonetheless, most intermediary metabo-
lites of the glycolytic and PPP pathways are fairly constant. Table 1 shows
ratios between important metabolite concentrations and reaction fluxes, re-
spectively, calculated between a) the late arterial and late venous phase on
the limit cycle and b) the arterial and venous steady states (Hb species are
left out because of their trivial oxy-deoxy ratios). For metabolites it is read-
ily seen that limit cycle to steady state ratios of 2,3-BPG, ATP, FBP, Mg?"
and Mg 2" bound species are of significance (ratios between 15 and 40%). For
reaction fluxes the ratios through most of the glycolytic pathway, 2,3-BPG
shunt and membrane transports are even greater (differences between 50 and
700%. Differences are also seen for AK, Mg?" and Hb binding reactions but
here the steady state fluxes are zero). Transport of Lac, Pyr, and P; can

explain the smaller ratios with respect to metabolites.
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These AV ratios between the limit cycle and steady states are called over-
shoots in the following. Overshoot examples are illustrated in Figure 4. The
dynamics leading to the observed behavior is analyzed through the use of

relaxation modes.

Relaxation Modes

Calculation of the relaxation modes of the steady states revealed that the
54 relaxation modes (there are 9 conserved chemical moieties in the model)
of the arterial steady state are highly similar to the modes of the venous
steady state (data not shown). Table 2 presents a short overview of the
modes where the relaxation times and most involved reactions have been
grouped together (more detail can be found in the SI). It can be seen that Hb
and Mg?" binding reactions are exclusively present in the very fast modes,
while glycolytic, 2,3-BPG shunt, and transport reactions are components of
the slow modes. These findings agree with previous models of erythrocyte

metabolism (e.g. (2, 9)).

The Forced System

The period of blood circulation at rest is approximately 60 s (13). Hence,
the time window provided by the circulatory forcing is too small to allow
complete relaxation of the system in the arterial or venous steady state. It
was tested that no instabilities were introduced on the limit cycle by the
forced oscillations, i.e. no eigenvalue becomes positive (data not shown),
and it must be concluded that the limit cycle is a passive response to the

Po, oscillations that primarily drives the system. Pco, oscillations in the
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physiological range of 40-46 Torr alone could not produce significant flux
oscillations in the system. Consequently, shifting the Hb transition equilib-
rium through Po, perturbs the system through the Hb-metabolite binding
reactions, hereby causing a change of the attractor location in metabolite
space.

To estimate which modes would be excited and to what extent, if infinite re-
laxation after a perturbation was allowed, concentration differences between
a) the early arterial phase of the limit cycle and arterial steady state, and
b) the early venous phase of the limit cycle and venous steady state were
projected onto arterial steady state eigenvectors. The results are displayed
in Table 3. For both projections mode no.54 (the very slow, 2,3-BPG pro-
ducing mode) is the preponderant mode that cannot achieve relaxation in

the time frame given by the respiratory forcing.

System Dynamics

Because of the relative closeness to the arterial and venous steady states,
the overshoots displayed by the forced system compared to the steady states
can be explained to a large part in terms of the eigenvectors and associated
eigenvalues of the Jacobian. That is, the exact geometry of the "excited"
eigenvectors in the phase plane and the magnitude of the corresponding
eigenvalues coupled with the amplitude and "effectiveness" (flux control) of
the forced paramters.

As an illustrative example we consider a two-dimensional system for which
two relaxation modes one fast and one slow relax towards steady state. As

illustrated in Figure 5, periodic changes of an external parameter translo-
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cates the steady state , where the magnitude of translocation depends on
the amplitude of oscillations and flux control of the parameter. Neverthe-
less, the properties of the relaxation modes may remain largely unaltered
(at any given timepoint only one steady state is present. The two steady
states shown represent the steady state at the two different values of the
external parameter). The “fast” eigenvector determines the initial direction
of relaxation followed by slow relaxation along the direction of the “slow”
eigenvector. From Figure 5 it is clear that the angle between the eigen-
vectors, the separation of time scales, the frequency of periodic transitions,
and the distance between the steady state locations determines the extent
of overshoots for some species on the limit cycle. For some species, ratios
are larger on the limit cycle compared with ratios between the steady state
locations.

The data in tables 2 and 3 show that the slow 2,3-BPG producing reaction
modes combined with fast Hb and Mg?" binding reaction modes provide
the basis for the observed dynamics in the high dimensional case of eryth-
rocyte metabolism. The slow 2,3-BPG producing reaction mode are excited
but cannot relax in the timeframes given by the arterial and venous com-
partments. Consequently, 2,3-BPG concentration is quasistationary and the
nonlinear feedback effects of 2,3-BPG inhibition of PFK and HK that decline
in the venous phase (coupled with a slight increase of MgATP at the same

time) explains the observed increase of glycolytic flux in the venous phase.
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Discussion

Erythrocyte metabolism provides an excellent example of a biological system
operating on a multitude of time scales. The ensuing relaxation modes can
be used as a tool to analyze complex models in order to reveal functional
insights of the system near and at steady state. The location of a stable
steady state in metabolite space depends on external conditions, e.g. the
partial pressure of O,. The main conclusions of this study are the following:
1) The periodic forcing of Pg, is a primary driving force behind glycolytic
flux changes in the circulation. 2) The exact geometry and time scale disper-
sal of fast and slow relaxation modes coupled with Pg, transition frequency
and amplitude bring about an overshoot phenomenon observed for both a
number of fluxes and metabolite concentrations. 3) The overshoots are aug-
mented by the nonlinear effects of 2,3-BPG. The overshoot phenomenon, as
illustrated in Figure 5, is a general dynamical property of a driven system
with a broad distribution of time scales. The requirements are 1) a periodic
change of steady state location due to one or more oscillatory parameters
and 2) that the directions of relaxation toward stationarity (approximated
by eigenvectors) are not perpendicular. It is thus anticipated that the phe-
nomenon is widespread in nature and must be taken into account both when
studying externally forced systems and when applying a forcing onto such

systems.

The predicted overshoots are expected to be hard to detect experimen-

tally in vivo due to the fast Hb and Mg?" binding reactions. However, the
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overshoots displayed by Mg?", ATP, and 2,3-BPG may have an important
impact on erythrocyte secondary metabolism. Mg?" and ATP are impor-
tant cofactors and regulators of numerous reactions in the cell and Mg?"
is believed to regulate membrane stability (7, 18, 19). 2,3-BPG is of cen-
tral importance to hemoglobin function and glycolytic flux changes. The
model predicts that total 2,3-BPG is at a quasi-steady state. In the arte-
rial phase most 2,3-BPG is free or bound to Mg?". Free 2,3-BPG inhibits
HK, PFK, and Ald. In the venous phase most is bound to Hb causing a
rise in Mg2" and a decline in enzyme inhibition. Also, the predictions of
the arterio-venous concentration ratios could provide a switch mechanism to
trigger or augment the secondary oxygenation dependent functions within
the erythrocyte (transport activities (20), structural changes (21, 22), mem-
brane fluidity etc .).

As is seen, it is paramount to take the dynamics of a system into account
in order to obtain a faithful representation of the system at hand. Deter-
mination of intracellular fluxes or concentrations of metabolites is (as far as
we know) always carried out relatively long time (on the order of ~30 min
to several hours) after withdrawal of sample blood (see (9, 23) and refences
herein). This is usually done to ensure steady state conditions. Our results
indicate that even longer time is required. In modern time NMR-studies
(e.g. (8, 16, 24-26)) erythrocytes following removal of buffy coat are incu-
bated up to several hours before measurement. The findings of the present
study indicate that standard experimental procedures and steady state ap-
proximations may be unable to capture a number of important features of

the erythrocyte system under the physiological conditions of arterio-venous
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oxygenation changes in the circulation.

cdB3 involvement

In the literature, the oxygen-dependent modulation of erythrocyte metabo-
lism is assumed to be a result primarily of the interplay between Hb and
cdB3 (7, 8, 27-31). This study shows that glycolytic oscillations are able
to occur without cdB3 involvement, albeit at this state of investigation our
model cannot explain all the experimentally reported differences between
oxy- and deoxygenated erythrocytes at steady state.

The cytoplasmatic domain of Band3 (cdB3) is a plausible effector on eryth-
rocyte metabolism. Recent evidence (27, 28, 32) suggests that cdB3 is able
to bind PFK, ALD, GAPDH, and Hb at the membrane and thereby ini-
tiate the formation of a glycolytic enzyme complex, which is expected to
inhibit catalytic activities completely (29). In a separate series of in silico
experiments, we also included cdB3 binding to Ald, PFK, GAPDH, Hby,
and Hb, (data not shown) using a set of association constants used in an
erythrocyte model by Kinoshita et al. (33). The calculations showed even
higher shifts of arterio-venous ratios both on the limit cycle and between the
two steady states and we observed increased overshoots. However, with the
cdB3 inclusion the free concentrations of ALD, PFK, and GAPDH became
so low that it must be concluded that direct use of the published association
constants of cdB3-bindings (33 36) must be wrong (see table S2 in the SI).

(True association constants depends heavily on ionic strength and local pH).
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Model Limitations

The most important limitation of our model and all other models on erythro-
cyte metabolism is the lack of detailed implementations of MgATP, NADH
and NADPH/GSH consuming processes. All existing erythrocyte models
(9, 23, 33, 37, 38) handle such processes by linear first order reactions with
a generalized rate constant. Hence, the supply is modelled in detail, but
models of the demand for these important cofactors are inadequate. For
instance, metabolic control analysis reveal that the ATPase and the "spon-
taneous" oxidation reaction of GSH exert almost exclusive control of the flux
through glycolytic and PPP, respectively (39). In other organisms, for in-
stance in Escherichia coli, glycolytic flux is controlled by the demand of ATP
as well (40). Metabolic models have to reflect the supply and demand of the
relevant species (just as economical models have to account for incomes and
expenditures) in order to hint useful answers to physiological questions.
The kinetic model developed by Mulquiney and Kuchel is a huge model
comprised of many parameters and biochemical details. Thus, the model
may contain considerable errors and may be shown to fit experimental data
using a different set of parameters. It is difficult to assess to what extent
the dynamic properties would have differed with other (hypothetical) sets of
consistent parameter values. However, it seems reasonable to assume that
the set of parameter values that fits the experimental data best also reflects
true dynamical properties of the metabolic network in vivo.
In the context of circulating erythrocytes, the limitations imposed by the

simplistic hemoglobin rate expression and the forcing model are not impor-
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tant, as the purpose of the model is not to be fully accountable of quantitative
details (virtually impossible), but to display important flux and metabolite
changes in the course of bloodstream traversal.

Limitations of our model include the lack of proper implementations of vol-
ume and pH changes. As noted in the 'Methods section’, the minor pH
changes at resting conditions only have a small degree of influence on meta-
bolism. Volume changes are known to occur in erythrocytes because of the
chloride shift. The retention of negative charge causes the erythrocytes to
swell around 3% in the venous phase (13). The presented model assumes
a constant intracellular volume. However, a 3% change of volume will not
affect the calculations of this study significantly.

New experimental research suggest that ATP is released upon hypoxic con-
ditions (41-44). The corresponding changes in ATP level seems to be low
compared with the intracellular concentration. As the time scale of adenine
turnover seems to be around two weeks (9) in the prescence of glucose we
have chosen to set the total nucleotide content constant in this study.
Validation of the model and the results of this study would require measure-
ments of erythrocytes moving between chemically well-defined arterial and
venous compartments of a chemical reactor. A verification of the long re-
laxation times of 2,3-BPG production could be carried out by simultaneous
measurements of glucose uptake rate and the total concentration of intracel-
lular 2,3-BPG from freshly drawn erythrocytes in venous and arterial blood

by NMR.
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Conclusion

In this study we have shown that the respiratory forcing of erythrocyte me-
tabolism results in a) glycolytic flux oscillations and b) overshoots of central
metabolites. This behavior can be explained by the fixed period and ampli-
tude of oxygen exchange during circulation coupled with the slow modes of
glycolysis, metabolite transport and 2,3-BPG production. Systems with dis-
persed time scale distributions coupled to periodic changes in a steady state
location may often produce a dynamic behavior equivalent to the observed

behavior of erythrocyte metabolism forced by respiration.
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Abbreviations

Metabolites: Glc: a-D-glucose; G6P: a-D-glucose-6-phosphate; FBP: (-D-
fructose 1,6-bisphosphate; 1,3-BPG: 1,3-biphosphoglycerate; 2,3-BPG: 2,3-
biphosphoglycerate; PEP: phosphoenolpyruvate; Pyr: (S)-pyruvate; Lac: L-
lactate; GSH: Glutathione; NADH: Nicotinamide adenine dinucleotide (re-
duced form); NADPH: Nicotinamide adenine dinucleotide phosphate (re-
duced form); Pj: inorganic phosphate; Hbgy: deoxy-hemoglobin; Hb,: oxy-
hemoglobin; Enzymes; HK: hexokinase (EC 2.7.1.1); PGI: glucose-6-phos-
phate isomerase (EC 5.3.1.9); PFK: 6-phosphofructo kinase (EC 2.7.1.11);
ALD: fructose-bisphosphate aldolase (EC 4.1.2.13); TPI: triose phosphate
isomerase (EC 5.3.1.1); GAPDH: glyceraldehyde 3-phosphate dehydroge-
nase (phosphorylating) (EC 1.2.1.12); BPGSP: bisphosphoglycerate syn-
thase/phosphatase (EC 5.4.2.4 and EC 3.1.3.13); BPGSPT7: the 2,3-BPG
producing elementary reaction in the shunt; PGK: phosphoglycerate kinase
(EC 2.7.2.3); PGM: phosphoglycerate mutase (EC 5.4.2.1); ENO: phos-
phopyruvate hydratase (EC 4.2.1.11); PK: pyruvate kinase (EC 2.7.1.40);

LDH: L-lactate dehydrogenase (EC 1.1.1.27); G6PDH: glucose 6-phosphate
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dehydrogenase (EC 1.1.1.49); RubPE: ribulose-5-phosphate epimerase (EC
5.1.3.1); TK: transketolase (EC 2.2.1.1); AK: adenylate kinase (EC 2.7.4.3);
Lumped enzymatic reactions; ATPase: non-glycolytic energy consumption;
oxNADH: reducing processes requiring NADH; PyrTR: pyruvate transport;
LacTR: lactate transport; PhosTR: inorganic phosphate transport; Miscel-
laneous; cdB3: cytoplasmatic domain of Band3; MCA: Metabolic Control
Analysis; Po,: partial pressure of Og; PPP: pentose phosphate pathway; SI:

Supplementary information



RBC Metabolism during Respiration 29

Figure Legends

Figure 1.

Core metabolism of human erythrocytes. The figure shows the reactions
of erythrocyte metabolism considered in the model. The red species are
metabolites capable of binding to Hb. The blue species are species also
present extracellularly and are transported across the cell membrane. CO,
is drawn purple as the concentration of CO, is forced in the model. (Abbre-

viations can be found in the SI).

Figure 2.

Forced oscillations of Pg, (solid line) and Pco, (dashed line). Two periods
of circulation is shown, i.e. 120 seconds. The length of the venous, arterial
and capillary phases are about 42.5, 13.5 and 2x2.0 seconds, respectively
(45).

Figure 3.

Limit cycle oscillations of lactate flux (red curve) and free 2,3-BPG concen-
tration (blue curve) as functions of time. The bar at the top of the figure
indicates the arterial (red) and venous (blue) phases. The period of [2,3-

BPG]| oscillations follows the period of forced oxygen strictly.

Figure 4.

Overshoot phenomenon in ATP (a) and 2,3-BPG (b) concentration and PFK

(¢) and LDH (d) fluxes. The figure compares the concentration or flux on
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the forced limit cycles (curves) to the steady states (crosses) at a forcing
amplitude of 40 to 95 Torr. The crosses mark the steady state concentrations

40, 60, 80, and 95 Torr, respectively.

Table 1.

Overshoots of selected metabolite concentrations (left) and reaction rates
(right). Arterio-venous ratios are calculated both on the limit cycle (L.C.)
and between steady states (St.st.). Values representing the arterial and
venous phases on the limit cycle are taken to be the last time point before a
shift in Pp, (capillary traversal) occurs. BPGSPT7: The 2,3-BPG producing
reaction in the 2,3-BPG shunt. oxNADH: unspecified reducing processes

requiring NADH. NA: Not Applicable - steady state flux zero.

Table 2.

Overview of relaxation modes of the steady states. The relaxation back to
steady state upon a perturbation can be systematically presented through
eigenmode analysis of the steady state. In the 'Largest component’-columns,
reactions which have the largest components of the reaction space eigenvec-

tors corresponding to the indicated relaxations times are shown.

Table 3.

Full relaxation to steady state after capillary traversal (in the forced system)
requires mostly relaxation of mode no.54. The table shows the normalized
coefficients (coef;/ > coef;) from projections of concentration differences be-

tween: (a) the early arterial phase of the limit cycle and the arterial steady
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state and (b) early venous phase and venous steady state. The total sum

from the arterial projection is 3.5 times larger than the venous projection.

Figure 5.

Example of overshoot producing dynamics in a 2-dimensional phase plane.
The location of the steady state (marked with a grey dot) depends on exter-
nal parameters that display periodic transitions. Thus, two locations of the
steady state are shown. The two non-perpendicular directions of relaxation

one fast and one slow towards the steady state may be largely preserved
upon the transition. Initially, the system is driven in the fast direction fol-
lowed by relaxation along the slow direction. As the transition frequency is
higher than the slow relaxation mode a limit cycle shown as a stippled curve
emerges. As long as the eigenvectors are not perpendicular, concentration
differences are greater (or smaller — as shown here in the vertical direction)

on the limit cycle compared to the difference between steady state locations.

Table 4.

Distribution of hemoglobin species in late arterial and venous phase. Total

intracellular concentration of Hb is set to be 7.0mM in the model.
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Table(s)

Table 1: Overshoots of selected metabolite concentrati@fiy @nd reaction rates
(right). Arterio-venous ratios are calculated both on the limit cycle (L.C.) and be-
tween steady states (St.st.). Values representing the arterial and venous phases on the
limit cycle are taken to be the last time point before a perturbation (capillary traversal)
occurs. BPGSP7: The 2,3-BPG producing reaction in the 2,3-BPG shunt. oxXNADH:
unspecified reducing processes requiring NADH. NA: Not Applicable - steady state

flux zero.
Metabolite | L.C. St.st.| Flux L.C. Stst.
G6P 1.03 0.98| HK 0.93 0.97
Mg 0.84 0.99| G6PDH 1.01 1.00
Mg2,3-BPG| 1.15 1.02| PFK 0.46 0.96
MgATP 0.96 0.96| LDH 0.68 0.97
2,3-BPG 1.38 1.03| BPGSP7 -1.76  NA
ADP 1.04 0.93| oxNADH 0.94 0.99
ATP 1.14 0.97| AK -0.17 NA
AMP 0.94 0.90| mg23bpg -0.19 NA
FBP 0.75 1.01| Hby23BPG| 47.96 NA
NADH 0.94 0.99]| PyrTR 0.12 1.01




1

Mode TR Largest

nos. time | components

1-24 < 2ms | Mostly Hb and Mg* binding reactions

25-39 < 1s | Mostly PPP reactions
40-44 < 10s | Glycolytic, PPP, Hb and M{ binding reactions
45-50 <4 m | Glycolysis, 2,3-BPG shunt and Lac, Pyr andransport
51-54 8 m-5h| 2,3-BPG shunt, glycolysis and Lac, Pyr andrfansport

Table 2: Overview of relaxation modes of the steady state® r€laxation back to
steady state upon a perturbation can be systematically presented through eigenmode
analysis of the steady state. In the Largest component’-columns, reactions which have
the largest components of the reaction space eigenvectors corresponding to the indi-
cated relaxations times are shown.



(a) Arterial Projection  (b) Venous Projection

Mode Coef Mode Coef
54 71.2% 54 50.1%
47 4.5% 6 9.1%
46 4.5% 2 6.0%
45 4.0% 7 5.8%

6 2.8% 45 4.3%
51 2.7% 46/47 4.0%
Sum relative to venous projection
35 | 1.0

Table 3: Full relaxation to steady state after capillaryéraal (in the forced system)
requires mostly relaxation of mode no.54. The table shows the normalized coefficients
(coefi/ 3 coefi) from projections of concentration differences between: (a) the early
arterial phase of the limit cycle and the arterial steady state and (b) early venous phase
and venous steady state. The total sum from the arterial projection is 3.5 times larger
than the venous projection.



Species Arterial  Venous
Hb-ATP 2.8% 2.7%
Hb-MgATP 2.3% 1.8%
Hb-2,3-BPG| 58.7%  76.5%

Hb-ADP 1.3% 1.1%
Hb-FBP 0.0% 0.0%
Hb-1,3-BPG| 0.0% 0.0%
Free Hb 349% 17.9%

Table 4: Distribution of hemoglobin species in late arteaiatl venous phase. Total
intracellular concentration of Hb is set to be 7.0mM in the model.



