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Abstract

In order to investigate the influence of cytoskeletal organization and dynamics on cellular biochemistry, a
mathematical model was formulated based on our own experimental evidence. The model couples microtubular
protein (MTP) dynamics to the glycolytic pathway and its branches: the Krebs cycle, ethanolic fermentation, and the
pentose phosphaté®P) pathway. Results show that the flux through glycolysis coherently and coordinately increases
or decreases with increased or decreased levels of polymerized MTP, respectively. The rates of individual enzymatic
steps and metabolite concentrations change with the polymeric status of MTP throughout the metabolic network.
Negative control is exerted by the PP pathway on the glycolytic flux, and the extent of inhibition depends inversely
on the polymerization state of MTP, i.e. a high degree of polymerization relieves the negative control. The stability
of the model’'s steady state dynamics for a wide range of variation of metabolic parameters increased with the degree
of polymerized MTP. The findings indicate that the organization of the cytoskeleton bestows coherence and robustness
to the coordination of cellular metabolisi®. 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The spatio-temporal coordination of cellular
function is a central problem in biology, and lies
at the heart of understanding cell growth, prolif-
eration, differentiation and functional adaptation
toward environmental stimuli. Such coordination
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In this regard, the cellular metabolic response to
hormones such as insulin and glucagon depends
on cell volume: swollen cells synthesize protein
and glycogen, whereas shrunken cells catabolize
these substancg8,9,15. Cues associated with the
spatial organization and orientation of cytoplasmic
macromolecular assemblies are likely to regulate

has been recognized in a number of biochemical differential gene expressiof10,11, signal trans-
processes, including signal transduction, gene duction pathways[12,13, metastatic potential
expression, energetics and intermediary metabo- [14], and metabolic fluxe$2,6—8,15-19

lism [1-3].

Microtubules, actin microfilaments and inter-

Two main ideas concerning the organization of mediate filaments represent an enormous protein
metabolism in cells have emerged in the last few surface in the cell. When calculated from the

decades(i) the concept of metabolic channeling,
in which reactions are facilitated by product
substrate transfer
enzymegstable or transient enzymatic complexes
(see [4], for a review; and (ii) cytoskeleton-
driven modulation of enzymatic fluxesee[1,2]
for reviews. These two views are not mutually

known size, shape, and concentration of the naked
cytoskeleton, an estimate of 30Q0n? of surface

between closely associatedarea is obtained for a typical mammalian cell in

culture [20]. The cytoskeleton provides an inter-
face for binding a variety of proteins and enzymes.
The binding affinity depends on several factors,
including phosphorylation staty21-23, the pres-

exclusive; however, a number of points have been ence of other proteinée.g. MAPS,[1,6]), or the
made regarding the compatibility between models. enzymatic activity of the protein5,6]. Further-
It has been emphasized that metabolic channelingmore, protein binding also affects MT dynamics

would not be favored on the surface of supramo-

lecular structured4] and a channeling complex

(seel1,2,13,19 for reviews.
Although a large amount of work has been done

cannot be predicted on the basis of binding data on the interactions between glycolytic enzymes

for several single enzymes. Two glycolytic

and cytoskeletal protein§[24,24, see[1] for a

enzymes, aldolase and PFK, individually bind to review), much less is known about the conse-

different domains of microtubules, but the forma-

quences of these interactions on the integrated

tion of a complex between aldolase and PFK fluxes through enzyme-catalyzed steps, or on sig-

would preclude their binding to microtubulés].

nal amplification and transduction pathwali<].

It has been shown that substantial increases inThus, the present work seeks to determine how
flux through chains of 1-3 enzymatic components the organization and dynamics of the tubulin cyto-
may be achieved in the presence of microtubular skeleton influences the biochemistry of living cells.

protein[1,6,7. However, the enhancement of flux
depends on several factors, as follow$) the
concentration of microtubular proteinii) the

More specifically, through mathematical modeling
based on experimental evidence obtained in yeast,
we address the question of whether the degree of

presence, for some enzymatic reactions, of micro- microtubule polymerization affects the metabolic

tubule associated proteiti®APs) apart from tub-
ulin, and (iii) the polymerization state of

network through the glycolytic pathway, afwt
its branches toward the pentose phosphate cycle,

cytoskeletal proteins. Moreover, the type of cyto- the TCA cycle and ethanol fermentation. The main
skeletal protein is also relevant, since there is finding shows that coherence and robustness are
evidence that certain enzymatic reactions are inhib- the two main features bestowed by the cytoskele-
ited when incubated in the presence of F-actin, ton to the modulation of the metabolic network.
contrary to the actions of polymerized MTP In this context, coherence means the integration of
[1,2,7. diverse elements and activities to produce a con-
Cytoskeletal dynamics play a crucial role in sistent response, whereas robustness refers to
sensing and responding to osmotic stréz$8,9. enhanced stability in the steady state dynamic
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behavior of the metabolic network during varia- supernatant analyzed for enzymatic activity; and

tions in parametric conditions. (ii) tubulin and MAPs were separated through a
phosphocellulose column and tested for their

2. The mathematical model effects on the enzymatic couples both separately
or with reconstitution[6].

2.1. Modeling microtubular protein dynamics and These experimental approaches allowed us to

enzyme kinetics establish the following factgi) HK/G6PDH flux
depended on the soluble, rather than polymerized,

2.1.1. Experimental background components of MTP; andii) the flux activation

In vitro studies. Experimental work done in  observed through the PKXDH couple was medi-
vitro [1,2,6,1 showed that the presence of either ated by the thermolabile MAPs component of the
polymerized or non-polymerized microtubular pro- microtubular lattice[1,6,7; and (iii ) the presence
tein (MTP=tubulin+ microtubule associated pro- of polymerized MTP induced an increase in co-
teins, or MAPS differentially modulate metabolic  operativity and theV,,.« of PK [6,7]. Based on
fluxes through the enzyme couples hexokinase these findings, we proposed and tested by mathe-
glucose 6-phosphate  dehydrogenaséHK / matical modeling that PK may exist in two differ-
G6PDH and pyruvate kinagdactate ent oligomerization forms, i.e. tetramer and
dehydrogenaséPK/LDH). The fluxes sustained pentamer, with higher activity for the pentamer
through HK/G6PDH or PK/LDH enzymatic cou- [7,17). It was experimentally shown that MAPs
ples may be easily followed by NADPH produc- might displace the equilibrium of PK oligomers
tion or NADH oxidation, respectively. from tetramers to pentame}2,17. The interaction

To assess the effect of polymerized or non- of G6PDH and PK with MTP was suggested to
polymerized MTP, both enzymatic couples were be mediated by electrostatic interactidfis26]. A
assayed with different concentrations of MTP in similar scheme was proposed for the interaction of
the presence or in the absence of 2 mM GTP, MAPs and PK[1,6].
respectively [6]. Under the assay conditions in In situ studies. We further investigated whether
vitro, the kinase in the enzymatic couple MK  our results obtained in vitro had a cellular correlate
G6PDH was in excess with respect to G6PDH, by permeabilizing yeast cells and studying the
and thus the flux was proportional to the activity sensitivity of G6PDH and PK kinetics to micro-
of the latter enzyme. In the PKDH system, the  tubule disassembly. The yed&iccharomyces cer-
dehydrogenase was in excess; the flux then reflect- evisiae is a single-celled eukaryote that contains
ed the PK activity[6,7]. tubulin and actin in its cytoskeleton and can be

The effects of MTP concentratidipolymerized easily permeabilized, providing an experimental
or non-polymerizefl on G6PDH or PK kinetics tool for the intracellular assay of enzymes
were assessed in two different ways): by chang- [6,27,28. Nocodazole, which interferes with
es in the global flux sustained by the enzymatic microtubule assembly, was used to determine if
couple through continuous monitoring of NADPH enzyme kinetics were influenced by microtubule

production or NADH oxidation, andii) by ana- assembly. The expected disassembly of microtu-
lyzing the initial velocity of the enzyme as a bules induced by nocodazole was confirmed by
function of the enzyme’s substratdADP or PEB direct immunofluorescence visualization of tubu-
at fixed concentrations of polymerized or non- lin-containing structuref6]. The substrate depend-
polymerized MTP in the stimulatory range. ence of PK or G6PDH rates was influenced in a
The interaction of the enzymes with the micro- manner similar to the in vitro results by microtu-
tubular lattice was investigated as followWs,7]: bule polymerization(in the presence of taxplor
(i) MTP was polymerized(37 °C for 30 min, depolymerizatior(in the presence of nocodazle

monitored at 340 nmin the presence or absence Some quantitative differences in the kinetic para-
of the enzymatic couples, subsequently ultracentri- meters of both enzymes were noted in situ with
fuged at 40 00& g for 2 h, and the pellet and respect to the in vitro datg2,6].
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Thus, 'accprdlng to the experimental data GLUCOSE
obtained in vitro and in situ, we concluded that _Extracellular
the dynamics of cytoskeleton and enzymatic reac- Intracellular ,” -'l"\-' ATP =) ADP
tions are regulated by the concentration of cyto- @ Glucose
skeletal protein; the local concentration of x @l
substrates, enzymes, or effectors; and the poly- “Hexose 6 P i
meric status of cytoskeletal componeiits2,19. T

In vivo studies. The control analysis of glyco- PF Kl c;
lysis and the branches towards the TCA cycle and Fructose 1,6 P ag %Epo.
ethanol production, was previously elucidated in ALD
chemostat cultures of the yeast cerevisiae DHAP G3P 2
[29,30. The matrix method of Metabolic Control carp
Analysis was applied according to the rate expres- bPG
sions of each of the enzymes in the model, the FaK I
levels of ATP, ADP, AMP, NAD, G6R-F6P, FdP, PEFP
DHAP+G3P, 2PG, PEP, Pyr, and the main meta- l o% ""
bolic fluxes (O, and glucose consumption, GO TCA | Py Co
and ethanol productiondetermined in three dif- cycy
ferent steady states for the wild-type yeast and
three isogenic mutants for catabolite repression EtOH

[30,31. These studies were performed in chemos-

tat cultures under aerobic conditions in the pres- Fig. 1. A scheme of the metabolic network, the cycle of assem-
ence of glucos¢30-37. bly—disassembly of MTP, and their interactions upon which the
mathematical model is based. The cycle of assembly—disas-

2.2. Theoretical background sembly of MTP is missing in the model in the absence of MTP.

2.2.1. Glycolysis and the branches toward ethanol centration was added to G6BO0]. The branch
fermentation, the TCA cycle and the pentose phos- leading to ethanol formation corresponds to
phate pathways lumped steps between the pyruvate decarboxylase-
The mathematical model of glycolysis utilized @lcohol dehydrogenase, while the branch leading
in the present work essentially consists of the steps to the TCA cycle represents the pyruvate dehydro-
depicted in Fig. 1. Briefly, the first two steps of genase-TCA cycle and oxidative phosphorylation
the pathway are the sugar transport and H¥g. [29].
1). Since the sugar transport step takes into ATP-consuming reactions related to pathways
account its inhibition by G6P, the inhibitory con- other than glycolysis were lumped in a general
stant of G6P and the transmembrane g|ucose gra_ATP-Sink reaction. ATP was the Only nucleotide
dient are important parameters in the moﬂéb considered as a state variable whereas NAD,
1; Tables 1 and 2[30]. The branch from G6P to NADH and AMP concentrations are parameters in
the pentose phosphateP) pathway, catalyzed by ~ our model[29].
G6PDH, is also considered. Since the enzymes
phosphoglucose isomeraéeGl), phosphoglycero  2.2.2. The interaction and regulation of glycolytic
mutase(PGM) and enolase operate near equilib- enzymes and G6PDH by MTP
rium under intracellular conditions, they were not  The equations that describe the MTP polymeri-
included in the model. Thus, the reactions cata- zation—depolymerization assume that tubulin may
lyzed by these enzymes were lumped with the exist in three forms, polymerize@C;); non-poly-
next reaction steps in the pathway, i.e. PGl with merized, bound to GTRC;); or non-polymerized,
PFK and PGM and enolase with PK. In the case bound to GDP(Cy) (Fig. 1) [1,6,17,33,3% A
of PGI, the experimentally determined F6P con- conservation equation relates the three forms of
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Model equations

Model equations: rate expressions
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Table 1(Continued)

Model equations: rate expressions
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Conservation relations:
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Table 1(Continued)
Model equations: rate expressions

d‘;_lﬁpz VHK _ /PFK_ 1/ G6PDH (16)
?’: VPFK_/ALD (17
%:; JY/ALD __ |/GAPDH (18
d?;G: V/GAPDH _ 1/ PGK (19
dz_zEP: PGk PK (20)
%/= YPK_ |/ TCA_ 1/ ADH (21)
dATP

— VHK _VPFK+VPGK+V PK+ POV TCA_V ATP
dr (22

YD po1sydorg / vSSPLIO) S UOY V'

dP

d—f" =0.1koPK:Co—k o, PK 5=k PK GTP 23
d

T?T: 7kpoICT(CP)27kaD7kbCTGDP (24)
dée

E =kpo|CT(CP)2_kde P (25)

UL

" In the model in the absence of MTP, Eq23-29 do not take part of the system. All PK is considered to be in its tetrameric state, thus the correspogding

VEK, andn take the values of the tetrameric form of the enzy(see also Eq(8) and Table 2.
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Table 2 g
Parameters and variables of the model studied.

Name Description(units) Eg. Value Ref?

VIN Maximal rate of glucose uptakéN) (mM min—1) 1 10.0 1,2

Kg Michaelis—Menten constant of glucose transgontV) 1 0.001 1,2

K8, Inhibition constant of transport by G6fnM) 1 12.0 1,2

G, Extracellular glucose concentratiémM) 1 1.0 1,2

VK, Maximal rate of hexokinaséHK) (mM min—1) 2 13.0 1,3, 4

KATP Michaelis—Menten constant of HK for ATEMM) 2 0.1 1,3, 4

K¢ Michaelis—Menten constant of HK for gluco$mM) 2 0.0062 1,3, 4 S
K Michaelis—Menten constant of HK for gluco$mM) 2 0.11 1,3, 4 =
VEEK Maximal rate of phosphofructokinag®FK) (mM min—1) 3 30.0 1,3, 4 >
KSP Microscopic dissociation constant of G6P in the R staé/)® 3 1.0 1,3,4,8,9 7
KATP Microscopic dissociation constant of ATP in the R stateM) 3 0.06 1,3,4,8,9 =
KvP Microscopic dissociation constant of AMP in the R stéateM) 3 0.025 1,348,992
L, Equilibrium constant for the R>T transition 3 25000 1,34,809%3
Caep Ratio of the microscopic dissociation constaktg' K+ with respect to G6P 3 0.0005 1,3,4,8,9 §
CaTP Ratio of the microscopic dissociation constakits/ K+ with respect to ATP 3 1.0 1,3,4,8,9 ~
CamP Ratio of the microscopic dissociation constaits/ K+ with respect to AMP 3 0.019 1,3,4,8,9 g
nl Number of PFK subunitéprotomers and homologous ligand binding sites 3 2 1,3 4,8 %
G, Affinity coefficient for the substrates at the R state 3 10 1,3,4,89
yeeroH Maximal rate of G6PDH from the MTP independent temM min—1) 4 1.6 5 6 S
Y SERDH I Maximal rate of GBPDH from the MTP-dependent tefmM min—1) 4° 1.0 5,6 Q
Koep Kinetic constant of G6PDH on G6EmM) 4 0.05 56 g
Knaop Kinetic constant of GGPDH on NADPmM) 4 0.05 56 Y
Ktus Kinetic constant of GBPDH on soluble MTAFUB) (mM) 4 0.4 56 3
K'nanp Kinetic constant of GGPDH on NADPmMM) 4 0.05 5,6 N
TUB Refers to the sum of the non-polymefisoluble forms of microtubular proteis Cy +C; (mM) 4 5,6 N
NADP Concentration of the oxidized form of NAD@nM) 4 1.0 56 §
VALD Maximal rate of aldolas€ALD) in the sense of G3PmM min—1) 5 2.5 1,3, 4 N
VALD ™ Maximal rate of ALD in the sense of FDENM min~—1) 5 1.0 1,3, 4 e
K&3F Michaelis—Menten constant of ALD for G3fnM) 5 20.0 1,3, 4 &
KFPP Michaelis—Menten constant of ALD for FDEnM) 5 0.5 1,3,4 ~
yearpH Maximal rate of Glyceraldehyde 3-P dehydrogenéG&PDH) (mM min—1) 6 10.0 1,3, 4

Kasp Kinetic constant of GAPDH for G3PmM) 6 0.0025 1,3,4

Knap Kinetic constant of GAPDH for NAD(mM) 6 0.18 1,3, 4

KNADH Inhibition constant of G6PDH for NADHMM) 6 0.0003 1,34

NAD NAD concentration(mM) 6 1.0 1,3, 4

NADH NADH concentration(mM) 6 0.01 1,34

K, Kinetic constant of GAPDH for AMRmM) 6 1.1 1,3, 4

K, Kinetic constant of GAPDH for ADRmM) 6 15 1,3, 4

K3 Kinetic constant of GAPDH for ATRmM) 6 2.5 1,3, 4

VheK Maximal rate of PGK(mM min~1) 7 3.0 1,3, 4

KPPe Michaelis Menten constant of PGK for DP@M) 7 0.002 1,3, 4

m



Table 2(Continued)

Name Description(units) Eg. Value Ref?

4558 Maximal rate of PK tetrameric forrtaimM min—1) 8 25.0 56,7
yEe Maximal rate of PK pentameric forrtmM min—1) 8 50.0 56,7
Kon Equilibrium constant for acid dissociation of PK 8 %30° 1,34

H* Proton concentratiotmM) 8 3.2x10°8 1,3, 4
grx Affinity coefficient for the substrates at the R state 8 0.1 1, 3,4,
ghK Affinity coefficient for the substrates at the T state 8 1.0 1, 3, 4,
KFPEP Microscopic dissociation constant of PEP in the R staté) 8 1.0 1,3, 48,
K2oP Microscopic dissociation constant of ADP in the R stateM) 8 0.06 1, 3, 4, 8,
KFPP Microscopic dissociation constant of FDP in the R statév) 8 0.025 1,3, 4,8,
LPX Equilibrium constant for the R> T transition 8 1,000 1, 3, 4, 8,
Cpep Ratio of the microscopic dissociation constakts/ K+ with respect to PEP 8 0.02 1, 3, 4,8,
CapP Ratio of the microscopic dissociation constakity/ K+ with respect to ADP 8 1.0 1, 3,4, 8,
Crpp Ratio of the microscopic dissociation constaktg/ K+ with respect to FDP 8 0.01 1,3, 4,8,
n Number of PK subunit§protomerg and homologous ligand binding sites 3 4 1, 3, 4,
yrea Maximal rate of the TCA cycldmM min~?1) 9 10.0 1,3, 4
Kby Kinetic constant of the TCA cycle for PgmM) 9 0.329 1,3,4
yhoH Maximal rate of the pyruvate decarboxylase—alkohol dehydrogenase catalyzed ok@idh (mM min—1) 10 0.5 1,34
K%Y Kinetic constant of ADH for PymM) 10 0.169 1,34
Katp Kinetic rate constant of ATPad@gnin—1) 11 5.0 1,3, 4

C, Total concentration of adenine nucleotidesM) 12 9.0 1,3, 4
AMP AMP concentratiofmM) 12 0.5 1,3, 4
Cure Total concentration of microtubular prote{mM) 13 0.9 56,7
Cpk Total concentration of PKmM) 14 0.01 56,7
PO Stoichiometry of ATP production in TCA cycle and respiration 22 4.0 1,3, 4
ko2 Rate constant of PKt and PKp interconvergim~* min—%) 23 10.0 56,7
ko3 Rate constant of PKt and PKp interconversionin~*) 23 0.05 56,7

ky Rate constant of PKt and PKp interconversimi —* min—1) 23 0.02 56,7
GTP GTP concentratiomM) 23 0.95 56,7
GDP GDP concentratiofmM) 24 0.05 56,7
kool Rate constant of MTP polymerizatidmM ~2 min—1) 24 10.0 56,7

ke Rate constant of GTP binding to TU@nin—?1) 24 3.0 56,7

ky Rate constant of GTP hydrolysis by TUB'M ~* min—1) 24 25 56,7

kgp Rate constant of MTP depolymerizatiémin—1) 25 0.0025 56,7

a1, [30]; 2. [43]; 3. [29]; 4. [44]; 5. [6]; 6. [1]; 7. [7]; 8. [45]; 9. [46].
b G6P and F6P are considered to equilibrate rapidly assuming that phosphoglucoisomerase is fast enough.
¢In the model without interaction with MTP, the term containing this parameter in Eq. 4 annihilates.
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MTP [Eq. (13)]. The mathematical modeling of their links. The metabolic network represents gly-
MTP assembly—disassemblEqgs. (24,25] was colysis and the branch toward the PP pathway,
tested by simulation of polymerization kinetics TCA cycle and ethanol production in the yedst

under in vitro conditiong6,7]. cerevisiae. The model behavior was simulated
. through a set of 11 ordinary differential equations
2.2.3. Pyruvate kinase (ODEs 15-25 in Table )land conservation rela-

The actlva_tlon.mechanlsm of PK by MTP was tjons [Egs.(12—14 in Table ) whose parameter
modeled taking into account that MTP promoted yajyes are described in Table 2. Three of the state
an increase in the degree of co-operativity exhib- yariaples of the model concern the polymeric status
ited by the enzyme. This change in co-operativity of MTP, namely the equations describing the evo-
favored the idea that, in the presence of either | tion of polymerized, @ , and non-polymerized,
polymerized- or non-polymerized-MTP, the aver- c_ MTP, and the dynamics of oligomerization of

age degree of self-association increased togetherpk (petween tetrameric and pentameric foyms
with the maximal activity of the enzymfs,7]. A [Egs. (23-25].

partial model of the interaction between the micro-
tubular lattice with PK, favoring the formation of > 4 pyrameter optimization and simulation con-
enzymatic states of higher oligomerization, wWas gjjsions of the mathematical model
previously developed1,6,17. In the presence of
MTP, PK may exist as a tetram€f) or pentamer The individual rate laws described by Eq4—
(P). The proportion of P depends on the polymeric 11) were derived from the enzyme kinetics in
status of MTP, with a higheViie, for P than T yitrg. The kinetic constants were taken from the
(see Egs(8) and (23) in Table D [1,6,17. The |iterature as indicated in Cortassa and A@8,30.
coupling with the polymeric status of MTP is However, we have optimized the, ., of each rate
realizeq through the term of P format?on that is equation so as to reproduce experimental data
proportional to the amount of polymerized MTP, gptained at steady states achievedSbyerevisiae
Cp, with 0.1 as the proportionality constant that jn our chemostat culturef30,33. Three criteria
accounts for the fact that MAPs represent 10% of \yere chosen to perform a parameter optimization:
total MTP [Eq. (23)] [6]. (a) the system of ODEs should attain a steady
state; (b) the flux through glycolysis should be
equal to the experimentally measured flux of
d glucose consumption; ar{@) the metabolite levels
should match the experimentally determined steady
state concentrations. In our hands, it was seen that
Vmax Father thank ., values were the most sensitive
to the optimization procedure, suggesting that the
former could be more affected by differences
between in vitro and in vivo data.

2.2.4. Glucose 6 phosphate dehydrogenase

The modeling of G6PDH Kkinetics takes into
account the effects exerted by MTP as describe
in Section 2.1.1 above. Briefly, the rate expression
of G6PDH comprises MTP-dependent and -inde-
pendent termdEq. (4)]. The soluble component
of MTP (i.e. not participating in the microtubular
lattice) could account for the activation of the flux
through this enzyme that does not interact strongly
or permanently with the assembled MT#]. This
was assessed by the ability of the rate expression
of G6PDH to fit the experimental dati]. The
maximal initial rates of G6PDH utilized in the
model, were those obtained experimentally in the
absence or the presence of MTP.

2.5. Metabolic control analysis (MCA)

The matrix method of MCA35,3d was applied
to determine the rate-controlling steps of the flux
and metabolite concentration control coefficients
[29,3F0. The metabolite concentrations at each
2.3. Model formulation steady state were introduced into the derivatives
of the rate equations with respect to each metab-
Fig. 1 shows a scheme of the metabolic network, olite concentration, in order to calculate the elas-

the cycle of assembly—disassembly of MTP and ticity  coefficients  for  constructing the
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corresponding matriE. The inversion of matrix
E results in the matrix of control coefficients C,
whose first column contains the flux control coef-
ficients. The matrixE was inversed using standard
mathematical software(e.g. Maple, Matlab,
Mathematica

2.6. Dynamic bifurcation analysis (DBA)

Dynamic bifurcation theory permits analysis of
the qualitative dynamic behavior of any system of
equations in terms of type and stability of the
steady states exhibited when a paramétatled a
bifurcation parameteris varied [1,37—39. This
characterization produces a bifurcation diagram
(see, e.g. Fig. R The parameter values for which
the stability properties chande.g. from stable to
unstable steady stafesare called bifurcation
points. A visualization of the ensemble of steady
states and the localization of the bifurcation points
may be obtained with DBA. We applied DBA
based on the numerical analysis of ordinary differ-
ential equationf ODE9) that was performed with
AUTO, a software designed for continuation and
bifurcation analysis of ODEs that can be applied
to the study of non-linear systemi39]. The
numerical procedure used by AUTO is based on
an analysis of the Jacobian of the system with a
Newton chord method and the following is com-
puted:(i) branches of solutions of stable or unsta-
ble steady states, either asymptotic or periodic;
(ii) evaluation of the eigenvalues and accordingly
the stability of such branchegjii) location of
bifurcation points, limit points, Hopf bifurcation
points and computation of the bifurcating branches
[39].

2.7. A numerical approach for control analysis of
metabolic networks

The description of a particular network of reac-
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can be obtained straightforwardly from the first
derivative of bifurcation diagrams plotted in dou-
ble logarithmic form. Otherwise stated, the slope
of the log—log form of the bifurcation diagram
allows a graphical and ready estimate of the control
exerted on the flux or a metabolite concentration,
by a parameter under study].

3. Reaults

In order to seek whether the degree of cytoske-
leton polymerization could exert systemic effects
on the glycolytic flux, we attempted to change the
relative level of polymerized to non-polymerized
MTP. The rate constants of MTP depolymerization,
kgp OF polymerizationk,,, were varied in order
to achieve different levels of polymerized MTP,
Cp. With this rationale in mind we sought to
unravel whether the extent of polymerization of
MTP could affect the dynamics of the whole
metabolic network.

3.1. Effects of the polymeric status of MTP on the
glycolytic flux

3.1.1. Shifting the control of the flux partition
between pathways

We performed stability and bifurcation analyses
of the mathematical model as a function of para-
meters related with the dynamics of assembly—
disassembly of MTP. The level of polymerized
MTP, C,, was changed through variation of the
rate constankgy, Fig. 2 shows the flux ratio of
glycolysis over the PP pathway, and some selected
fluxes through individual enzymatic steggig.
2b) and metabolite concentrationdig. 23, at
different levels of the metabolic network, as a
function of the rate of microtubules depolymeri-
zation, kg,

The change inkg, brings about changes in the
rates and metabolites concentration throughout the

tions or processes implies the characterization of network (Fig. 2a,b. Phase plane analysis shows
all possible steady states that may be attained bythat the flux through glycolysis increases with

this particular networkf1]. DBA makes possible

the analysis of the steady state of a system contin-

uously as a function of a bifurcation parameter.
Thus, as an alternative to the matrix method of
MCA, the flux or concentration control coefficients

higher levels of G (Fig. 20). Similar results were
obtained when the behavior of the system was
analyzed as a function of the rate constant of MTP
polymerization,k,. (Fig. 2c, insel. Concomitant
to the global flux modulation, the steady state
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Fig. 2. Stability and bifurcation analyses of the mathematical model as a function of the depolymeriggtiand polymerization,,, constants of MTP. The steady

state behavior and stability of the mathematical model, as well as the existence of bifurcation points, were analyzed as a function of paréedeteth thk
assembly—disassembly of MTP. In ¢ and d, the main panels show the results obtained through variajjonhefreas the insets correspond to the simulations
performed withk,,. Also shown is the steady state behavior of metabolite concentrations as state variables of tHenamathe fluxes through individual enzymatic

steps as functions of state variablés. For the sake of clarity only some metabolites and fluxes are represented, placed at different levels of the metabolic network.
Also depicted are the phase plane analyses of the glycolytic flux as a function of the level of polymerized-M&R,dt ATP concentratiorfd). The insets belong

to the results obtained with model simulations as a functiok,gfand the axis correspond to the same variables and units as in main panels. The model parameters
are shown in Table 2.
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concentration of metabolites also changed system-
ically (Fig. 29. Particularly, the glycolytic flux
and ATP co-varied either wheky, or ky, were
changed(Fig. 2d, see also insgetThat the altera-
tions induced by the polymeric status of MTP on
the metabolic network were systemic was con-
firmed by varying individual kinetic parameters of
enzymes coupled to MTP dynamics such as PK. L ‘ N - e
In the latter case, only local changes in the level x |
of metabolites(i.e. PEP affected by the enzyme I W
activity were observedresults not showh 03

At high rates of microtubule depolymerization, (b)  Uetake HK  PFK  PPP ATPase ADH TCAcycle
the system bifurcates, as revealed by the existence =
of limit points giving rise to unstable branches of
steady states either of metabolites or enzymatic
rates(Fig. 2a,b, dashed lings

Taken together, these results are in agreement
with a coherent, coordinated, modulation of the
glycolytic flux exerted by the tubulin cytoskeleton
through its degree of polymerization. In order to
unravel the mechanism of this effect, we applied ;5
MCA at high (99% of the total pool of MTP, 2 Uptake HK PFK PPP ATPase ADH TCAcycle
Cyre) OF low (45% of the total pool of MTP, branch
CMTP? levels of polymerized MTP. The main ques- Fig. 3. Metabolic control analysis of the model. The matrix
tion is whether the structure of control of the method of MCA was applied. Shown are the fi(® and the
pathway changes depending on the degree OfATP concentration(b) control coefficients of the steps indi-
polymerization of the cytoskeleton. The results cated in abscissas, obtained with the set of parameters indicated
obtained are shown in Fig. 3. Glucose uptake, HK in Table 2. The values ok, were 8.05 and 10.0 mi

. min~*, whereagy,=1.12 and 0.022 min* , for low and high

and th(_e PP pathway branch are the main rate- ¢ ' jevels, respectively.
controlling stepdthe two former are positive and
the latter negativeeither at high or low levels of
Co. High levels of the polymer decrease the neg- pathway, the ATPase and the alcohol dehydrogen-

ative control exerted by the branch to the PP ase-catalyzed stefFig. 3b). A more even distri-
pathway over glycolysis, thus allowing higher !outlon of the cqntrol over the ATP concentration
fluxes through the networkFig. 3@. The latter IS observed at high amounts of the polymer.
explains why the glycolytic flux increases with
increasing degree of polymerization of the tubulin 3.1.2. Modulating the control of the PP branch
cytoskeleton(Fig. 2¢). Thus, the polymeric status and increasing the robustness of the metabolic
of MTP may exert its modulation of the metabolic nretwork behavior
flux through shifting the flux partition between In order to further substantiate and clarify the
pathways at branch points. modulatory role exerted by the polymeric status of
Panel(b) of Fig. 3 shows that the concentration the tubulin cytoskeleton over the flux control by
of ATP is controlled by the main rate-controlling the PP pathway on glycolysis, we compared the
steps of the flux. In fact, the ATP concentration, behavior of the mathematical model with or with-
as a ‘systemic’ variable, i.e. implied in several out MTP. More specifically, the G6PDH step that
steps of the network, is controlled positively by catalyzes the branch toward the PP pathway pos-
the uptake, HK, PFK and the branch to the TCA sesses two terms, one MTP-dependent character-
cycle, and negatively by the branch to the PP ized byVgSsiPH™ and the other MTP-independent,

(@ ™[
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Fig. 4. Stability and bifurcation analyses of the mathematical model as a functigigsgPH " . The steady state behavior and
stability of the mathematical model as well as the existence of bifurcation points were analyzed as a fungggP'st in the

presence of higlfa,b: 99% of the total pool of MTRp) or low (c,d: 45% of the total pool of MTR y1p) Cp. For clarity, the

top panels(a,0 only show the concentration of selected metabolites that represent different portions of the metabolic pathway. In
the lower panelgb,d), the flux ratio of aldolase over the PP pathwe§-°/VEePPH  and some fluxes through individual enzymatic
steps are depicted. The model in the absence of MTP is independgffdtH " . The branch of stable or unstable steady states i
indicated with continuous or dashed lines, respectively.

characterized by $5FPH . Shown comparatively in modulates the control exerted by the PP branch
Figs. 4 and 5 are the bifurcation analyses as a over the flux through glycolysis. This is evident
function of VEERPHD andVv S8PPH | respectively, at  upon inspection of the model behavior with respect
high or low levels of G (Figs. 4 and % and to VEEPH (from the MTP-dependent term of
without MTP (Fig. 50). With respect tovgsPH G6PDH rate expression, Eq).MMore specifically,
(from the MTP-independent term of G6PDH rate high levels of polymerized MTR99% of the total
expression, Eqg. ¥ the first impression of the pool) drastically reduce the negative control exert-
model behavior is that control exerted by the ed by the PP branch by non-polymerized MTP
branch toward the PP pathway, as compared to the(55% of the total pool; see Figs. 4 and.6
flux through glycolysis(i.e. aldolase;VAP), is Metabolite levels are not shown in Fig. 5, but
high and negativénotice the slope in Fig. 5a)c certainly underlie the changes in enzymatic rates
However, the degree of polymerization of MTP through glycolysis and the PP branch. Essentially,
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G6PDH
HeE|
V..x {(mMmin7)

Fig. 5. Stability and bifurcation analyses of the mathematical
model as a function oFSSPH | The steady state stability and
behavior of the mathematical model as well as the existence
of bifurcation points were analyzed as a functiorV§EkP"  in
the presence ofa) high (99% of the total pool of MTP or

(b) low (45% of the total pool of MTP Cp, or in the absence

of MTP (c). For the sake of clarity, the flux ratio of aldolase
over the PP pathwayA-P/Ve8PPH  "and some fluxes through
individual enzymatic steps are depicted. The distinction
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this is due to the fact that the parameters affecting
the rate equations are kept constant except for
VE;‘;EDH”X

Another important result shows that higb9%)
levels of G significantly increase the robustness
of the metabolic pathway behavior, as can be
judged through the stability exhibited by the model
over a wide range of variation afS8°PH" (Fig.

4) when compared witlv$SEPH (Fig. 5) or to the
model in the absence of MTRFig. 50). In the
case ofVGERPHY " an approximate 60-fold increase
in the extension of the branch of stable steady
states of metabolite concentrations or fluxes
through individual enzymatic steps is noted at high
(Fig. 4a,b vs. low G (Fig. 4c,d. Remarkably,
the model dynamics do not become unstable at
high C., despite a wide variation ifr&giPH D
(Fig. 4a,b; unlike the behavior observed in the
presence of low €(45%), where limit points are
detected(Fig. 4c,0.

The robustness of the metabolic network dynam-
ics and the dependence on the polymerization state
of MTP was confirmed by comparing the two
main (positive) rate-controlling steps of glycolytic
flux, glucose uptake and HK, in the presence or

- -1
S G6PDH
2 G6PDH
§ -0.8 [
3 G6PDH
3
T 06
]
o
5 G6PDH(ll)
o 047
=
Q
c
s L
& 0.2
o
o
o 6PDH(II)
0
Without MTP Low Cp High Cp

Fig. 6. Flux control analysis obtained from the first derivative
of the double logarithmic representation of bifurcation plots.
The flux control coefficients of thé/SSFPH (filled columns
and VESEPH (empty columns on the flux through aldolase,
VALD (as a measure of the glycolytic fluxwere determined
from the slopes of the log—log plot of bifurcation diagrams as
a function of VEEEPH ory SSPPH I In the model without MTP,
the contribution by the term containingZSkPH'™  in B@b) is

between branches of stable and unstable steady states is aswll, so is its control coefficient. The set of parameters is as

indicated in Fig. 4.

indicated in Table 2 and Fig. 2 for high and low. C .
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absence of MTP. Stable behavior of metabolite 2
concentrations and enzymatic fluxes over the (2) High C,
whole metabolic network were obtained over a
wide range of variation of the maximal velocities
of substrate uptak€V\.,) or conversion by HK
(VHK (results not shown When the stability and
bifurcation properties of the model at high or low
Cr were analyzed as a function of the maximal .
velocity of PFK (Fig. 7), the highest changes in S l

flux were o_bse(ved at rglanvely I_OWEQ,E valugs 0 0 5 1040 60 80
under all situations studied. For instance, at high

Cp, one expects major changes in the glycolytic 2 —
flux-controlling properties of the PFK at low (b) T

Viax (given by the slope of/A'™° at low 5, in 1.5 p—VGePOH
Fig. 79, and indeed, the flux control coefficients >“
for the low range ofViak value$0.4-1.0 mM 1 VALD S
min—1) were in the range of 0.7—0.95, whereas at
high VEEK (=30 mM min~1) the flux control

coefficient was only 0.11see also Fig. B Similar e \/ADH
results were obtained for the model behavior in | L

the complete absence of MTP. However, low C 04 5 10 40 60 80 100
levels offered a different picture. In the presence
of low Cp, the lowest maximal velocity of PFK (©) Without MTP
still congruous with stable behavior was 1.6 mM
min~?1, whereas in the case of high C , the minimal
VPEK value attainable was only 0.4 mM mih
This is another indication of robustness conferred
by high (99%) levels of polymerized MTP.

Elux Ratio

k"'\

\/G6PDH

Rate (mM min-1)

Low C,

/ k" Flux Ratio
0.5 4}

Rate (mM min-1)

\/G6PDH

Flux Ratio

Rate (mM min-1)

4. Discussion 0.5 \/ADH

The main results obtained in the present work
support the notion that the organization and 0 10 20 30 40 50
dynamics of assembly—disassembly of microtubu- v PFK
lar protein may modulate the flux of a metabolic mex

pathway. High levels of polymerized MTP bestow Fig. 7. Stability and bifurcation analyses of the mathematical

two main properties to the behavior of glycolysis yoqel as a function oPPE% . The steady state behavior and
and the branch to the PP pathway, TCA cycle, and stability of the mathematical model as well as the presence of
ethanolic fermentatioriFig. 1): (i) coherence, as bifurcation points were analyzed as a functionVgfk  in the
reflected by the coordinated increase or decreasergfvsf:g;) %’%‘1 gi?c:‘ta(ﬁgg/glogftm ;’g" %?c)iLotfhg/llgsgru(:z)of
of the glycolytic flux I.nduced by an mcre:_;\se or MTP (c). As in Fig. 5, the flux ratio gf glycolysigi.e. aldol-
decrease of polymeric MTRCe), respectively  a59 over the PP pathway, and some selected fluxes are
(Fig. 2). Essentially, this is explained by the fact depicted.

that an increase in £ results in lessening of the

(negative control exerted by the PP pathway on behaviors exhibited by the metabolic network
the glycolytic flux, allowing its increaséFigs. 3— toward variation of, for examplé/S8¢PH"  which
6). (ii) Robustness, which is conferred by a sig- catalyzes the branch toward the PP pathwiaig.
nificant increase in the range of stable steady state4). Robustness was also evident for the flux-

(mM min-)
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controlling properties of PFK, which showed an
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growing yeast cells spend most of their time in

MTP-dependent increase in the range of the lowestthe S, G2 and M phases of the cell division cycle

maximal velocities attainable by the enzyifég.

as determined by flow cytometry in chemostat

7). Such an increase in robustness was induced bycultures [31]. In rapidly dividing cells, microtu-

high levels of G —up to 99% of the total MTP

pool. These two properties, coherence and robust-

bules are, on average, more polymerized than in
the G1 phase of the cell cyclg0,41]. We found

ness, clearly explain the changes in metabolite that the time yeast cells spend in G1 phase decreas-
concentrations and in the rates of enzymatic stepses exponentially with the growth ratgt2], and

throughout the metabolic network brought about
by MTP polymerization(Fig. 2).

this is coincident with a change in slope of the
glucose uptake rat€31,34 (see Fig. 2¢. Taken

Previous evidence showed that changes in thetogether, these results point out that the glycolytic

dynamics of tubulin assembly—disassembly may
entrain the dynamics of enzymatic reactions, par-
ticularly PK [1,34. It was also shown that this
enzyme may alternatgin a bistable switch
between two oligomeric statdse. tetramer—pen-
tamep, in turn entrained by the amount of poly-
merized MTP and MAP41,6,17. Regardless of
the regulatory effects exerted by MTP on PK, this
enzyme does not exert control over the glycolytic
flux, as deduced by bifurcation and metabolic
control analysis. PK only exerts a strong control

flux correlates with the polymerization state of the
microtubules, which can be indirectly judged by
the percentage of yeast cells undergoing active
division.

The stability analysis at low and high.C shows
that, as a function of?EEEPHD | the metabolic
network bifurcates at limit points only when there
are reduced levels of polymerized MT 45%)
(Fig. 4). This observation suggests that the extent
of cytoskeleton polymerization in cells could be
regulated so as to achieve stable behavior under

over the concentration of its substrate, PEP, as challenging environmental conditions. After such

evidenced by a high elasticity coefficiefriesults
not shown. In contrast, the finding that whenzC
was high,VEEK could be lowered without introduc-
ing instability is in agreement with enhanced

limit points, we were not able to find a stable
branch of steady statesee, e.g. Figs. 2, 4 and
5); in other words, the network did not reveal
multiple stationary states. In this state, we would

leton (Fig. 7). This is a very important trait since

change or new reactions or mechanisms would

an increase in robustness may allow some nodesgctivate for the system to remain stable, a topic

of the metabolic network, e.g. PFK, to retain their
flux-controlling attributes despite drastic changes
in metabolic conditiongFig. 7; see also text

The steady state flux of glycolysis, as a function
of the depolymerization constarky, increased
with the level of polymerized MTP(Fig. 20).
Glycolytic flux increased from 1.95 mM mint  at
33% polymeric MTP, to 2.73 mM mint at 99%
polymerized MTP; a 40% increaddgrig. 20. A

smaller increase was obtained when the polymeri-

zation constant, k,,, was analyzed(a 13%
increase; Fig. 2c, inskt

The values of glucose uptake rates used in the

model simulations are of the same order of mag-
nitude of those determined in aerobic, glucose-
limited chemostat cultures of yeal80,34. When
yeast cells actively divide, microtubules attain their
maximal degree of polymerizatiof40,41. Fast

that needs further investigation.

In summary, cytoskeletal organization induces
coherent behavior in a metabolic network at the
level of control of the flux partition between
glycolysis and the PP pathway. Additionally, high
levels of polymerized MTP increase the robustness
of the metabolic network’s steady state dynamics.
These properties add to the plasticity of mass-
energy transforming networks to adapt to changing
environmental conditions without losing stability
while retaining biological function.
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