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Can yeast glycolysis be understood in terms of in vitro kinetics of the
constituent enzymes? Testing biochemistry
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This paper examines whether the in vivo behavior of yeast glycolysis can be understood in terms of the in vitro
kinetic properties of the constituent enzymes. In nongrowing, anaerobic, compressed Saccharomyces cerevisiae
the values of the kinetic parameters of most glycolytic enzymes were determined. For the other enzymes
appropriate literature values were collected. By inserting these values into a kinetic model for alycolysis, fluxes
and metabolites were calculated. Under the same conditions fluxes and metabolite levels were measured.

In our first model, branch reactions were ignored. This model failed to reach the stable steady state that was
observed in the experimental flux measurements. Introduction of branches towards trehalose, glycogen, glycerol
and succinate did allow such a steady state. The predictions of this branched model were compared with the
empirical behavior. Half of the enzymes matched their predicted flux in vivo within a factor of 2. For the other
enzymes it was calculated what deviation between in wive and in vitro kinetic characteristics could explain the
discrepancy between in vitro rate and in vive flux.
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biochemistry,

In the postgenomic era, all the genetic components that suffice
to constitute a living organism will be known. The elucidation
of the molecular function of the proteins encoded by novel
genes is a major challenge in biology today [1]. Ultimately.
the ambition is to understand functioning in and of the
living organism from the properties of these components.
The traditional biochemical approach to this ‘postgenomic
ambition” studies the properties of the individual components
in isolation, in the belief that combining these properties
afterwards will lead to a proper description of the living cell.
This paper explores this promise of traditional biochemistry:
can the behavior of biochemical pathways be described by
combining the properties of the components in isolation?

The tenet that the behavior of the living cell can be
caleulated from the kinetic properties determined in vitro, is not
undisputed. The conditions in the living cell may differ
drastically from those in a test tube [2]. Regulation of the
activity of enzymes by metabolites produced elsewhere in cell
metabolism may be overlooked. Kinetic data obtained under
different conditions cannot be combined. Enzymes that are
present in a classically defined compartment may be sub-
compartmented due to binding to membranes, to the cyto-
skeleton or to other enzymes [2]. In addition, the concentration
of enzymes in the cell is much higher than in the usual test tube
experiment. a phenomenon that may be aggravated by
macromolecular crowding [3-5]. It remains to be seen
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however, whether these considerations seriously compromise
the ability to understand the functional behavior of the living
cell. This paper shows how this issue can be addressed in a
precise manner.

Thereby, the aim of this paper differs drastically from that of
most modeling papers. Such papers aim to show that certain
kinds of behavior are possible in principle, or to describe
metabolic behavior, without reference to the actual molecular
mechanisms. Starting out with simplified kinetic equations,
they may fit the rate constants until the model reproduces the
behavior of the pathway. Those models may be well suited for
their specific purposes. However, for our particular aim it is
necessary: (a) to employ experimentally determined enzyme
kinetics, obtained from the same yeast source and measured
under the same assay conditions: and (b) to refrain from
adjusting kinetic parameters to obtain best fits to pathway
behavior.

To examine if in vivo behavior may (already) be calculable
from the known kinetic properties, we decided to examine the
glycolytic pathway of Saccharomyces cerevisiae fermenting
glucose. This is a metabolic pathway with a major flux in terms
of its catabolism and energetics. All the relevant enzymes
reside in a single compartment and have been identified and
characterized both biochemically and kinetically, and the
metabolite concentrations and the flux can be measured
reliably.

To comply with condition (a), we collected a data set of in
vitro kinetics of all glycolytic enzymes, largely by measuring
them under one standard condition. In the same cells we
gathered data on the overall behavior of the glycolytic system,
i.e. fluxes and metabolite levels. We employed mathematical
modeling to test whether the best available knowledge of the
kinetic properties of the glycolytic enzymes allows us to
understand the overall behavior of the pathway. For each
enzyme we show the extent to which its in vitro behavior
matches that in vivo.

EXPERIMENTAL PROCEDURES

The following paragraphs will outline the model structure. For
details on rate equations of the enzymes, kinetic data and an
overview of the corresponding literature the reader is referred to
Appendix 1.

Stoichiometry and moiety conservation

The model includes most enzymes of the glycolytic pathway
from glucose uptake to alcohol dehydrogenase (Fig. 1). When
explicit kinetics were used the mass-action ratio of trio-
sephosphate isomerase divided by the equilibrium constant was
always between 0.95 and 1. Adenylate kinase (AK) should be at
equilibrium when the system is at steady state, because AMP
does not partake in any other reaction. The experimental levels
of adenine nucleotides confirmed this within experimental error
(see later). Accordingly, both triosephosphate isomerase and
adenylate kinase were taken to be in equilibrium. All the other
enzymes were included with explicit enzyme kinetics. In the
boxes in Fig. | the branches are indicated that were introduced
in the branched version of the model. From the reaction
stoichiometries of the unbranched glycolytic pathway, three
moiety conservations [6] were derived. The first corresponds to
the conservation of the adenine nucleotides, the second to
conservation of the nicotinamide nucleotide moiety, and the
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third to the conservation of oxidized compounds [7]:
[ATP] + [ADP] -+ [AMP] = X, (1

[NAD] + [NADH] = %, (2)

[BPG] + [3GriP] + [2GriP] + [phosphoenolpyruvate]
+ [PYR] + [AcAld] + [NAD]

=3

-3

(3)

The latter conservation does not occur in the branched
glycolysis model: there the pool size X3 can vary (see the
Results section and the discussion of the branched model
below). The conservation sums X; are parameters of the
model.

Differential equations
The following metabolic pools were defined:
[Trio — P] = |glvcerone phosphate] + [GraP] (4)

P = 2[ATP] + [ADP]| (5)

Due to the conservation of adenine nucleotides and the
equilibrium constraint on adenylate kinase, the adenine
nucleotide concentrations can be described by only one free
variable. The independent variable P. i.e. the sum of high-
energy phosphates in adenine nucleotides, will describe the
involvement of high-energy phosphate in the reactions It is
related to the energy charge and the phosphorylation potential
[B—10].

A set of ordinary differential equations was used to describe
the time-dependence of the metabolite concentrations:

d[Glej, /dt = iransporn — THK (6)
d[GEPY/At = Dk — Vpg1 — Lheimiose — Velyoopen) ()
d[F6P)/dt = vpa1 — wprk (8)
d[F1, 6bP>]/dt = vppk — Varp (N

d[Trio — P)/dt = 2va1p — VGrrpH (— Velyeerol)  (10)

d|BPG|/dt = veppn — PGk (1)
dI3GriP)/dt = vpgk — VroMm (12)
d[2GriP}/dt = vpgm — VENO (13)
d[phosphoenolpyruvate]/dt = vpno — Tpyk (14)
d[PYR]/dt = wpyK — Zppe (15)
d[AcAld]/dt = vppe — Papn (—2%uccinate) (16)

dP/dt = —wpk — vpEk + TUpok T UPYK — UATPase
(— Viehtose — Vglyeogen — HPsuceinate) (17)

d[NADH]/dt = vGrppn — @abpn (—Uglyeeral T+ 3uccinae) (18)

d[NAD|/dt = — d[NADH]/dt (19)



© FEBS 2000

Fig. 1. Scheme of the model. Reactions in
boxes show the branches introduced in the
extended model. GAP, GraP: DHAP. glycerone
phosphate; BPG. 1.3GriP; 3PGA, 3GriP; 2PGA.
2GriP: PEP. phospho-enol-pyruvate: GAPDH,
GraPDH.

The reactions in parentheses were included in the branched
model only (see also Fig. 1). In the unbranched model. the
acetaldehyde concentration was calculated from the changes in
the concentrations of the other members of the conserved
moiety 25 (see Eqn. 19 for NAD). A constant concentration of
10 mM phosphate was assumed. The concentrations of the
metabolites in the equilibrium pools were calculated from the
pool size and the corresponding equilibrium equations [8]. For
TPI:

[GraP)|
[glycerone phosphate]
Combining Eqn (20) with Eqn (4) gives:

[Trio-P]

I+ Kegrrel

Keg et = (20)

[glycerone phosphate] =

[TrioP]-Keq 11

[GraP] =
! L + Kegzpr

(21a.b)
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For the adenine nucleotides the equilibrium equation is as
follows:

[AMP][ATP]

22
[ADP]? 2

Ktq‘.‘\.K =

Solving Egns (1), (5) and (22) for the three unknowns gives two
solutions for [ATP], of which only one yields physiologically
relevant ATP concentrations [10]:

—} + - 4 ~
[ATP] = b V’)b vele 23)
2a

with
a=1 -4ch__f\}\'
b:Zf =P(ll = 4ch.AK)

2
= - Ketg..‘\KP
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Table 1. Experimental determination of fluxes and metabolite concentrations in compressed Koningsgist challenged with 100 mm glucose (averages
and SEM: n = 3). The trehalose and glycogen fluxes are expressed in units of glucose. See Materials and methods for details.

I.L-cytosal ')

Rate® (U-mg protein”~ ")

Fluxes Rate (mmol-min
Glucose 108 = 1.6
Ethanol 135 * 3.2
CO, 154 £ 3.4
Glycogen 6.0 = 04
Trehalose 4.8 £ 1.2
Glyeerol 18.2 £ 1.3
Succinate 29 + 02
Pyruvate 22+ D8
Acetate 0.5+ 03

Metabolites

G6oP 245 £ 0.14
FoP 0.62 £ 0.02
Fl1.6bP, 5.51 £ 0.04
Glycerone phosphate 0.81 £ 0.0l
Gly3p 0.15 = 0.10
3GriP 0.90 = 0.02
2GriP 0.12 £ 001
Phosphoenolpyruvate 0.07 £0.00
Pyruvate 1.85 £ 0.64
Acetaldehyde 0.17 £ 0.02
ATP 252020
ADP 1.32 = 0.10
AMP 0.25 £0.07
NAD 1.20 £ 0.13
NADH 0.39 = 0.09

.40
0.50
0.57
0.022
0.018
0.068
0.011
0.008
0.002

concentration (mmol-L-cytosol h

* Included for comparison with specific activities of Table 3.

The concentrations of ADP and AMP follow from Eqns (12)
and (1), respectively.

The differential equations were integrated on a personal
computer using the metabolic modeling software scamp [L1].

Measurement of enzyme kinetics

Compressed yeast (Koningsgist, DSM Bakery Ingredients) was
used in all experiments. Glucose transport was measured for
intact cells resuspended in 100 mm KH,PO, buffer, pH 6.5, as
described by [12]. To measure the kinetics of intracellular
enzymes (except for PFK and PYK), 1 g of yeast was
resuspended in 1 mL of ice-cold Millipore water. The
suspension was diluted 20 times with 20 mm KH:PO,.
pH 7.0, containing 1 mm of the protease inhibitor phenyl-
methanesulphonyl fluoride. Acid-washed glass beads (1 g.
0.4—0.5 mm diameter) were added to 1 mL of cell suspension
in an Eppendorf tube. The mixture was shaken for [5 min at
4°C. The extract was centrifuged (Eppendorf centrifuge,
15 min, maximal speed) at 4 °C and the supernatant was stored
on ice until further use. For each enzyme to be characterized,
the extract was diluted into 20 mm KH,PO,, pH 7.0, until the
enzyme activity was proportional to the enzyme concentration.
All enzyme assays were carried out in 50 mm Pipes buffer
of pH 7.0 containing 100 mm of KCI, 5 mm of MgSO,
plus specific additions to be specified below. A COBAS BIO
(Roche, Basel) automated analyzer was used for spectroscopic
measurement of the metabolite concentrations through
NAD(P)H-linked assays.

Hexokinase was measured with 0.2 mm NADP, 2.8 U-mL ™'
glucose 6-phosphate dehydrogenase, and ATP and glucose
at varying concentrations. Phosphoglucose isomerase was
meastred in the forward direction in the presence of 0.15 mm
NADH, | mm ATP, 125 UmL™' phosphofructokinase,
1.5 U-mL™" aldolase. 50 U-mL ™~ triosephosphate isomerase
and 43 UmL™" glycerol 3-phosphate dehydrogenase, with
glucose 6-phosphate as the 5ub5mue For the reverse reaction,
0 2 mm NADP and 2.8 U-mL ™" glucose 6-phosphate dehydro-
genase was used. with fructose 6-phosphate as the substrate.
Aldolase was assayed with 0.15 mm NADH 50 UmL™!
triosephosphate isomerase and 4.3 U-mL ! glycerol 3-phos-
phate dehydrogenase, with fructose-1,6-bisphosphate as the
substrate. Glyceraldehyde-3-phosphate  dehydrogenase was
measured in the reverse direction with 1 mm ATP, 0.9 mm
EDTA, 0.2 mm dithioerythritol, 0.15 mm NADH, 50 U-mL "
phosphoglycerate kinase. with 2 mm 3-phosphoglycerate as
the substrate (therefore only the Vi, was measured). Phospho-
glycerate kinase was measured in the reverse reaction in
the presence of 0. 9 mM EDTA, 0.15 mm NADH, 1 mm
ATP and 8 UmL ' glyceraldehyde-3-phosphate dehydro-
genase, with 3-phosphoglycerate as the substrate. Phospho-
glycerate mutase was assayed in 0.15 mm NADH, | mm ADP,
0.5 mm glycerate 2.3- blsphosphate 0.9 mm EDTA, 2.8 U
lactate dehydrogenase, 7 U-mL~ " pyruvate kinase, 3 U-mL
enolase, with 3-phosphoglycerate as the substrate. Enolase was
measured with 0.15 mm NADH, 1 mm ADP, 0.9 mm EDTA,
14 U-mL ™" lactate dehydrogenase. 7 U-mL ! pyruvate kinase,
with 2-phosphoglycerate as the substrate. Pyruvate decar-
boxylase was assayed with 5 mm MgCl, (replacing the MgSO,
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of the assay buffer), 0.2 mm thyaminepyrophosphate, 15 mm
NADH, 110 UsmL " alcohol dehydrogenase, with pyruvate as
the substrate. Alcohol dehydrogenase was assayed in the
reverse direction with 1 mm of oxidized glutathione, 10 mm
semicarbazide and 2 mm NAD with ethanol as the substrate.
For pyruvate kinase. cells were extracted with glass beads in
100 mm Pipes buffer of pH 7.0 containing 10 mm KCI and
I mm phenylmethanesulfonyl fluoride. The assay contained
70 mm Pipes buffer at pH 7.0. 100 mm KCl, | mm MgCla,
0.2 mmM NADH. 10 UmL ™" lactate dehydrogenase and ADP
and phosphoenolpyruvate as variable substrates. The effect of
fructose-1.6-bisphosphate on the kinetics of pyruvate kinase
was tested in a concentration range from 0.025 to 5 mm.

For measurement of phosphofructokinase kinetics, the
enzyme was partly purified from a cell-free extract. The extract
was prepared in extraction buffer containing 40 mm of Mes.
100 mm KCI, I mm MgCl, 2 mM fructose 6-phosphate, 50 mm
KH,PO,. | mm phenylmethanesulfonyl fluoride and 5 mm
[B-mercaptoethanol at pH 6.4. To 25 g yeast in 5 mL buffer,
25 g of glass beads was added and the cells were broken in a
CO; cooled homogenizer (Braun). The extract was centrifuged
and phosphofructokinase in the supernatant was purified by
ammonium sulfate precipitation and Sephadex G200 chromato-
graphy using an eluent buffer containing 40 mm of Mes,
100 mm KCL I mm MgCls, 0.2 mm ATP, 25 mv KH,PO, and
5 mM mercaptoethanol at pH 6.8. The assay contained 70 mm
Pipes buffer at pH 7.0, 90 mm KCI, 10 mm MgS0O,, 15 mm
KH,POy, 10 mm NH,CI, 0.15 mm NADH, 1.5 UmL ! aldo-
lase, 13.5 U-mL ™" triosephosphate isomerase and 2.5 U-mL '
glycerol 3-phosphate dehydrogenase. The coupling enzymes
had been desalted over a PD10 column (Pharmacia). F6P, ATP.
AMP and F2.6P; were used at various concentrations as
substrates or effectors.

Experimental determination of metabolites and fluxes in the
intact cells

Compressed yeast (Koningsgist), was resuspended in potassium
phosphate buffer (100 mm. pH 6.5). It was then mixed with
prewarmed (30 "C) and nitrogen-fluxed phosphate buffer to a
final concentration of 50 (g cake)-L.™" (which was 5-6 gL
protein, wsing Lowry's protein assay [13] with BSA as a
standard). Glucose was added to a final concentration of
100 mm and samples were withdrawn at regular time-intervals
and quenched in ice-cold perchloric acid or —40 °C methanol,
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depending on the metabolites to be measured. Most metabolites
were measured in 5% (final concentration) perchloric acid
extracts (G6P, FOP, F1,6bP,, glycerone phosphate, NAD, ATP,
ADP and AMP). which was also used to measure the pathway
substrates and products glucose, ethanol, glycerol. pyruvate,
acetate and succinate. Such extracls were neutralized with
potassium carbonate and assayed for the metabolites by
enzymatic analyses according to Bergmeyer [14]. as reported
previously [15.16]. Intracellular pyruvate, phosphoenol-
pyruvate, 2GriP, 3GriP, NAD and NADH were measured
after quenching metabolism in cold methanol, which allows
removal of the extra-cellular medium and concentration of the
sample. After centrifugation of the methanol-quenched cells,
NADH was measured by alkaline extraction of the pellet
according to [17]: the other metabolites were extracted with
perchloric acid and analyzed as described [16]. Cytosolic
metabolite concentrations were calculated by a conversion
factor of 3.75 mL of cell water per gram protein [16.18].

Metabolites. glucose, acetate and succinate were measured
by enzymatic analysis: ethanol and glycerol were measured by
HPLC (Aminex 87H column from Biorad, 55 °C mobile phase
0.01 N H,SO4 at 0.5 mL-min ', refraction index detector 131
from Gilson). Glycogen and trehalose were determined by the
method of [19], Acetaldehyde was determined by rapid
filtration immediately after taking a sample, as described
[20]. Equilibration of intracellular and extracellular acetal-
dehyde was assumed. Carbon dioxide production was measured
by off-gas analysis using mass spectrometry (VG gas analysis
systems Ltd. type MMS8-80), calibrated to air of known
composition.

RESULTS

The intact cell: measured fluxes and metabolite
concentrations

We monitored glucose consumption and product formation for
45-60 min after addition of 100 mm of glucose to resuspended
compressed yeast. Some fluxes showed more complex
behavior, especially the net flux into trehalose, which was
negative at first but became positive after some 20 min
(Fig. 2C). The concentration of CO, in the off-gas increased
during the first 20 min after glucose addition. This was
probably due to equilibration of the buffer with bicarbonate
and the filling of the head space of the fermentor. Tt then
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Fig. 2. External concentrations and CO, flux during anaerobic glucose fermentation in resting yeast. (A) glucose (M), ethanol (A) and COs evolution
rate (D). (B) glycerol (A). succinate (O), acetate (M) and pyruvate (#). (C) glycogen (&), trehalose (M) and acetaldehvde (O). Glycogen and trehalose are

expressed in units of glucose.
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Table 2. Kinetic parameters used in the model. The rate equations used for each enzyme and the source of the parameter values are given in Appendix 1.

For equations and meanings of the symbols regarding PFK, see Appendix 2.

Enzyme K, (mMm) Ky, (mm) K, (mm) K, (mm)
Gle transport 1,19 (Gle o) 1.19 (Gl¢;,)

Int, const. K; 0.91
HK 0.08 (Gley) (.15 (ATP) 30 1G6P) 0.23 (ADP)
PGI 1.4 (G6P) 0.3 (F6P)

ALD 0.3 (F1,6bFP,) 2.4 (glycerone phosphate) 2.0 (GraP)
K 10 (GraP)
GraPDH 0.21 (GraP) 0.09 (NAD) 98 % 1077 (1,3GnP;) 0.06 (NADH)

PGK 3 % 1077 (1,3GriPs) 0.2 (ADP) 0.53 (3GriP) 0.3 (ATP)
PGM 1.2 (3GriP) 0.1 (2GriP)
ENO 0.04 (2GriP) 0.5 (phosphoenolpyruvate)
PYK 0.14 (phosphoenolpyruvate) 0.53 (ADP) 21 (Pyr) 1.5 (ATP)
PDC 4.33 (Pyr)
Hill coefficient 1.9
ADI 17 (EtOH) 0.17 (NAD) 011 (NADH) 111 (AcAld)
K 90 (EtOH) 0.92 (NAD) 0.031 (NADH) 1.1 (AcAld)
G3PDH 0.4 (glycerone phosphate) (0.023 (NADH) 1 (G3P) 0.93 (NAD)
PFK Ky (mm) C K tmm) i
F6P 0.1
ATP 0.71 3 0.65 100
AMP 0.0995 0.0845
Fl1.6bP; - - 0.111 0.397
F2.6bP, 6.82 % 10 0.0174
Others 5.12 (gg) 1 (g1) 0.66 (Lg)

became constant for 20 min and decreased subsequently as the
glucose in the medium ran out. After 20 min all fluxes had
reached a steady state, as had the metabolite concentrations
(although some metabolite concentrations still showed time-
dependencies in the order of 20% of the average concentration).
The rates and metabolite levels summarized in Table 1. are
averages over the period from 20 to 40 min after glucose
addition.

Although most of the glucose is converted into ethanol and
CO,, a significant proportion of the glucose-derived carbon was
directed to the branches of glycolysis (Table 1). These include
glycogen, trehalose, glycerol and succinate. Small amounts
of acetate and pyruvate were found (Fig. 2B). One mol of
succinate derived from 1 mol of glucose (with the release of
two moles of CO,) produces 5 mol of NADH [21]. The
production of succinate can account for 80% of the glycerol
formed during the glucose fermentation: together with the
acetate and pyruvate produced, for 95%.

The rate of CO, production was higher than can be
accounted for by the rates of ethanol and succinate production.
We assume that the difference is caused by loss of ethanol (and
possibly acetaldehyde) via the off-gas. If 1 mol of glucose is
taken to produce 2 mol of CO,_the carbon balance was met for
90%:.

Enzyme kinetics and displacement from equilibrium

The literature data on enzyme kinetics had mostly been
determined under experimental conditions different from
those of our intact-cells experiment. Therefore we determined
a number of kinetic parameters in an extract of the cells also
used for the flux and metabolite measurements. The literature
was perused to select the best assay. to determine the kinetic

mechanisni, to prevent pitlfalls and to complement our own data
set. Table 2 gives the resulting parameter set (cf. Appendix 1).
In Table 3 the maximum forward rate, the equilibrium constant
and the displacement from equilibrium is given for each step.
using the experimentally determined metabolite concentrations
and the equilibrium constants. Because no data on the
intracellular glucose concentration was available for the
condition analyzed here, the glucose transport step was lumped
with the hexokinase step. Because 1,3-bisphosphoglycerate is
unstable and its concentration is too low to be measured
accurately, the same was performed for the enzymes GraPDH
and PGK. The steps close to equilibrium were PGI, the
combined GraPDH-PGK step and PGM. The transport-HK
step. PFK. and PYK were virtually irreversible. Also enolase
and aldolase were quite far from equilibrium.

Model results: unbranched glycolysis

Arguing that for nongrowing cells the flux through the branches
is relatively small, we first modeled without the branch
reactions, Using the experimentally determined metabolite
levels. the three conserved moieties (X, X, and 35, Eqns. 1-3)
were calculated at 4.1, 1.6 mum, and 4.3 mwm, respectively. Using
these moiety-conserved sums, the parameter values given in
Tables 2 and 3, and the experimental steady-state concentra-
tions of the metabolites as initial conditions (Table 1), we
numerically integrated the differential equations. No steady
state was reached.

Inspection of the time course of the simulation showed that
F1.6bP5, GraP and glycerone phosphate were increasing (o
extremely high levels, whereas the other metabolites reached a
constant level. The flux through the enzymes upstream
F1.6bP, became constant at 0.48 C-mol-min- 1. 1L-cytosol ':
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Table 3. Experimentally determined maximal rates, equilibrium constants from literature (as specified in the last column) and displacement from
equilibrium for each step in the model. Maximal rates are expressed as U (i.e. pmol-min ') per mg total protein. For aldolase the unit of the equilibrium
constant is mm . For GraPDH, [phosphate] was taken 10 mu. In cases where protons are involved, the concentration of H was taken to be 107 m
(pH 7.0). T" is the mass-action ratio ([products]/[substrates]), based on the steady-state metabolite concentrations of Table 1.

Enzyme Vinaes (U-mg protein ')

Gle transport 0.36
HK 0.84
PG 1.26
PFK 0.68
ALD 1.19
TPI 8.4
GraPDH 442430
PGK 484
PGM 9.4
ENO 1.35
PYK 4.03
PDC 0.65
ADH 3.0¢
AK

G3PDH

Koy I'K. Reference
1 [120]
3.8 x 10° 6.8 x 1070

0.314 0.81 [121)
8.0 x 10° 58 %107 [122]
0.069 0.078 [14]
0.045 I [14]
0.0056 0.88 ¢ [81]
32 x 108 [14]
0.19 0.70 [88]
6.7 0.087 [14]
6.5 % 10° 78 % 107 [14]
1.45 x 10 0.53 [123]
0.45 0.80 [14]
43 % 10° 1.3 % 107 [14]

* Combined mass action and equilibrium constant of glucose transport and hexokinase. The equilibrium constant of hexokinase was calculated from standard
thermodynamic properties of the reactants from [124]. " The V,,,, for the forward and reverse reaction are given. respectively. © Combined mass action and
equilibrium constant of GraPDH and PGK. “ For PGK and ADH the Vi, for the reverse reaction was measured. For ADH the equilibrium constant is also

defined in the reverse reaction (acetaldehyde and NADH being the products).

the flux through the enzymes downstream GraP at only
0.38 C-mol-min~"-L-cytosol ' (where C-mol is a mol of
carbon and L-cytosol is a litre of cytosolic water), explaining
the accumulation of the metabolites in between. This failure of
the “lower’ part of glycolysis to keep up with the flux through
the ‘upper’ part is reminiscent of the phenotype seen in mutants
in trehalose 6-phosphate synthase (Tpsl) which has been
understood from the negative feedback of Tpsl on
hexokinase [22-24] and Appendix 1. The appearance of a
“tpslA-phenotype’ depends on some limitation in the lower
part of glycolysis [24]. This limitation can be understood by
considering the moiety conservation of the oxidized species in
the lower part of glycolysis (Eqn. 3). Given the in witro Kinetics
of PDC, the pyruvate concentration that is required to accom-
modate a flux of 0.48 C-mol-min~ "L-cytosol "', is 8 mm. This
is higher than the conserved sum of oxidized compounds, X3,
which was 4.3 mm. Consequently, the flux through PDC could
not reach the 0.48 C-mol-min~"L-cytosol ' required to reach
a steady state. F1,6bPa, glycerone phosphate and GraP accumu-
lated, because their concentrations were not restrained by X5,
and because PFK was not sensitive to its product F1,6bP (see
Discussion and Appendix 2).

A 6.1-fold increase in the V. of PDC was required to
obtain a stable steady state with the experimentally determined
concentration of pyruvate (Table 4). The glucose consumption
rate of 88 mmol-min~"-L-cytosol ' was some 20% lower than
the measured value of 108 mmol-min~'-L-cytosol '. Most of
the calculated metabolite levels did not differ by more than a
factor of two from the experimental values. Exceptions were
F6P. F1.6bP, and NADH.

Is the correspondence between in vitro kinetics and
in vivo behavior improved by considering the branches
of glycolysis?

An alternative explanation for the failure of the original in vitro
kinetics to describe the in wive situation could be that the

branches from glycolysis were ignored. The kinetics of the
enzymes of most branches has not been characterized well.
Because we focus on steady state, the branches into trehalose
and glycogen could just as well be introduced as constant rates
and did therefore not require additional parameter estimation.
This was not possible for the glycerol and the succinate branch,
because allowing a temporal variation in these rates (by not
fixing them as constants, but making them concentration-
dependent) leads to adjustment of the redox state and hence,
introduction of these branches relieves the moiety conservation
of oxidized species (23).

Even with the maximal rate of PDC kept at its original,
empirical, level. the branched model attained a stable steady
state (Table 4). Apparently, the glycerol and succinate branches
relieved the moiety conservation of oxidized compounds. so
that the increased pyruvate concentration did not dwindle the
NAD concentration; GraPDH could reach the rate required for
a steady state. As expected from the low fluxes through the
branches, the metabolite levels were only somewhat lower and
more displaced from the empirical values than in the
unbranched case. Thus, including the branches did lead to a
substantial qualitative improvement of the model in the sense
that now a steady state was reached with the original in vitro
determined parameter set. It did not, however, lead to a better
correspondence between model prediction and experiment than
including an increased activity of PDC in the unbranched
version of the model.

Assessing the difference between in vitro and in vivo kinetics
for the glycolytic enzymes

The in witro determined kinetic parameters of the glycolytic
enzymes did not enable us to calculate properly all the
in vivo concentrations of glycolytic metabolites. Is the in vitro
biochemistry for all enzymes remote from their in wive
behavior, or is there just a discrepancy for one or two enzymes”?
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Table 4. Model predictions of steady-state fluxes Kaipye and metabolite concentrations in the unbranched and branched model. Concentrations of
glucose and ethanol were fixed at 50 mm. In both models, &k xpp.. Was tuned to obtain the measured ATP concentration of 2.5 mm (i.e. karpaee = 70 min !
and karpeee = 33.7 min~', respectively). In the unbranched model. the maximal rate of PDC was adjusted to obtain the experimentally obtained
concentration of pyruvate (1.85 mm). Without this adjustment, no steady state was reached (see text for explanation). In the branched model, the Vi, of
G3PDH was tuned to yield the measured glycerol flux (ie. Vi G3PDH = 0.26 U-mg prmein"] and kouecinae Was adjusted to obtain the measured
concentration of acetaldehyde of 0.17 mm (i.e. Kyeeinae = 21.4 min ).

Unbranched model Branched maodel
Fluxes rate (mmolmin "L-eytosol ') rate (mmol-min~-Lecytosol ")
Glucose 88 88
Ethanol 176 129
Glycogen 6.0
Trehalose 438
Glycerol = 18.2
Succinate - 3.6
Concentration Concentration
Metdbolites (mmol-L-cytosal ) (mmol-L-cytosol ")
GoP 1.51 1.07
F6P 0.16 0.11
F1.6hP; 0.98 0.60
Glycerone phosphate 0.95 0.74
3GriP 0.52 0.36
2GriP 0.07 0.04
Phosphoenofpyruvate 0.08 0.07
Pyruvate 1.85 8.52
Acetaldehyde 0.24 017
ATP 252 251
ADP .29 1.29
AMP 0.30 0.30
NAD 1.55 1.55
NADH 0.04 0.04
From the experimental flux and the reaction stoichiometries, Here we refrain from deciding a priori that the intracellular
one can readily deduce the steady-state rate of each enzyme. amount of enzyme [25,26] was at fault. Rather, we asked for
For most enzymes the concentrations of all its substrates, each enzyme, by how much we would have to change: (a) The
products and metabolic medifiers were measured as well. For Vi torward A08 Vi reverse concomitantly (i.e. the intracellular

these enzymes one can therefore calculate by how much one activity of the enzyme); (b) the equilibrium constant (through
would have to change the magnitude of any of the parameters in changing the maximal reverse rate, leaving all other kinetic
order for the rate and concentrations to satisfy the rate equation. constants unchanged); (c) the substrate/product affinities

Table 5. Required adjustments to Vi, Ky or pairs of Michaelis—Menten constants for each enzyme to fit the flux and measured metabolite
concentrations for the branched model. Numbers give the dimensionless factor by which the original parameter had to be multiplied. Equating the rates of
glucose transport and hexokinase resulted in a combined equation for the rate through these two steps as 4 function of the coneentration of external glucose,
ATP. ADP and glucose 6-phosphate only. —. Not caleulated: NS, no solution.

Enzyme Vi K KK, KK, KK,
HXT 1.2 = NS - -
HK NS NS NS NS NS
PGI 4.1 3.8 NS = -
PFK 0.73 = — = =
ALD* .35 0.12 28 37 1119
PGM 1.0 1.0 (.46 — -
ENO 0.73 0.26 1 = =
PYK" 1.1 NS 0.89 (.65 1.4
PDC" 6.1 - NS - -
ADH 0.11 6.0 - - -

*KJK, corresponds to F1,6bP» and GraP;, Ky/K, corresponds to F1,6bP; and glycerone phosphate: K /K, corresponds 1o GraP and glycerone phosphate,
where K, should be multiplied and K divided by the indicated factor. ® K,. K. K, and K, correspond to phosphoenolpyruvate, ADP. Pyr and ATP,
respectively. For K /K, K, should be multiplied and Kq divided by the indicated factor. © K/K, stands for the Ky 5 of pyruvate only.
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(equally, keeping the equilibrium constant unchanged: when
two substrates and two products were present, either the K,
values for the structurally related substrate and product were
changed in pairs, or those of two reactants whose affinities were
most uncertain).

Changes in affinity constants did not always lead to a
solution within the constraints of the Haldane relationship.
Where a solution was found, however, the changes required
were generally much larger than for the limiting rate or the
equilibrium constant (Table 5). For half of the enzymes the
in vitro Vi, values needed adjustment by less than a factor of
two for the model to predict the jn wivo rate at the
experimentally determined metabolite levels (Table 3). By
contrast, alcohol dehydrogenase appeared nine times more
active fn witro than it should be in vivo. The V,,, of PDC had to
be increased some sixfold; changes in its other parameters did
not lead to a solution. The kinetics of PGI had to be changed
some fourfold, either by an increase in its maximal rate
or by increasing its equilibrium constant. Aldolase required
a threefold reduction in its lmiting rate, or an eightfold
decrease in its equilibrium constant. The V... of glucose
uptake was 10% lower than the flux through that step.
Consequently, no solution was found for any kinetic parameter
in the transport-HK module except for the maximal rate
of glucose transport.

The solution for the GraPDH/PGK module was more
complicated because of the uncertainty in the concentration
of 1,.3GriP,. The overall equilibrium constant is about 17, at
pH 7 and a phosphate concentration of 10 mm. The mass action
ratio of the substrates and the products of this combined step
was close to the overall equilibrium constant (Table 3).
Consequently, both reactions must be close to equilibrium for
both reactions to proceed in the forward (glycolytic) direction.
With the known kinetics of GraPDH. no concentration of
1.3GriP; could be found that lead to the required flux through
the enzyme. With the kinetics of PGK, the concentration of
1.3GriP; required to match the flux exceeded the concentration
allowing the GraPDH reaction to proceed in the glycolytic
direction. Simultaneous adjustment of kinetic parameters of
both enzymes was examined for the case where both
enzymes were equally displaced from equilibrium, ie. at
[1.3GriP;] = 5.83 x 10" mm. For GraPDH, the V,,,, in both
directions required a 23-fold increase, or a 2.58-fold increase
for the V,, in the forward direction only: the latter adjustment
changes the equilibrium constant. Other parameter changes did
not lead to a solution. For PGK, the Vi, in both directions had
to be increased by a factor of 5.1. Alternatively. the K, for
1.3GriP, (the most uncertain kinetic parameter for PGK)
required adjustment by a factor of 0.75; the latter manipulation
also changed the equilibrium constant. A change in the
equilibrium constants therefore via alterations in the forward
rate of GraPDH and the K, of 1,3GriP; for PGK, was the most
effective way to match the in witro kinetics with the in vivo
behavior.

DISCUSSION

Comparison of models: different questions, different
approaches

The approach in the existing models of yeast glycolysis, e.g
[26—=31] has been quite different from ours. In the biotechno-
logical context. the model equations can be fitted to the
experimental data concerning overall performance of the cell:
the model is satisfactory if a good fit is obtained. This was the
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context of the modeling by Galazzo & Bailey [28], and Rizzi er
al. [26]. The objective is a model that can describe the in vivo
behavior, and predict this behavior under some other con-
ditions. However, many rate equations, also mechanistically
incorrect ones, may give good fits. Having the wrong rate
equations however, increases the chance of erroneous pre-
diction when the model is used outside the conditions used for
fitting.

An alternative to fitting is to use the biochemical knowledge,
gathered by in wvitro kinetic studies, 1o predict the system
behavior and then compare the prediction with experimental
data. The prediction of the steady-state flux and the concen-
wations of the metabolites can be used to check whether
the biochemical knowledge makes sense or not. This
approach was successful for the relatively simple glycolytic
pathway of Trypanosoma brucei [10], but less so for the
much more complex TCA cycle of Dictvostelium discoideum
[25].

In the impressive effort of modeling glycolysis in mam-
malian erythroeytes (e.g. [8,32-35]), the emphasis has been on
developing a model that could satisfactorily describe erythro-
cyte glycolysis, rather than on the issue whether the pathway
can be understood on the basis of kinetics determined in witro.
After all the isolated erythrocyte may be so atypical of living
cells as to be unfit to address the question whether biochemistry
can describe a living organism. Accordingly, linearized rather
than realistic rate equations were used [8,32], most enzymes
were treated as if at equilibrium [33], ATP, ADP. or NADH.
NAD were treated as parameters [8,33], glucose transport
was assumed to be at equilibrium [9,32-34], the values
for Kinetic parameters had not all been determined experi-
mentally for the enzymes from the cognate source under the
same in vivo conditions (e.g. [8,35]), or parameters were fitted
s0 as to obtain optimum correspondence between model
prediction and the experimental steady state properties
[8,32.34,35]. The erythrocyte models have clarified issues
which the present manuscript did not address. These included
the development of a new theory of metabolic control [8.32],
the description of metabolic disease [34], the description of
glycolysis in the context of the much wider metabolic network
it is part of [33] and the regulatory role of 2,3-bisphospho-
glycerate [35].

In contrast to the other modeling studies, we used reversible
kinetics for all but two enzymes (PFK and PDC). Because
product insensitivity leads to diminished control by the
enzymes downstream the product-insensitive enzyme even if
there is still a feedback by cofactors to which the enzyme is
sensitive [36.37], our inclusion of inhibition of PFK by
F1.6bP,, is an important improvement of the existing rate
equations. During glycolytic oscillations, the concentration of
F1,6bF; does oscillate in a range where PFK is sensitive to this
product [16]. Moreover, our rate equation for PFK may be used
when studying the effect of F2,6bP, metabolism on glycolysis,
e.g. on its transition time during a transition from ethanol to
glucose [38].

Another difference with most other models is that we (as did
[26,27]) have treated the concentrations of NAD and NADH as
free metabolic variables, as they may play an important role
in the regulation of glycolysis. They certainly appear important
in the regulation of the dynamics of yeast glycolysis, con-
sidering the important role of acetaldehyde in synchronizing
glycolytic oscillations in populations of intact yeast cells
[20,39-41]: Acetaldehyde most likely acts on these oscillations
via the nicotine amide dinucleotides. When branching occurs,
as it does (Table 1), the NADH/NAD ratio is important as it
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mediates the constraint imposed on the glycerol and succinate
branches by the redox balance requirement.

Finally, our approach has been different in that it has
explicitly addressed the difficulty of combining and
comparing kinetic parameters that have been measured
under many different conditions, in different laboratories
and from yeast which physiological state has not been
specified. To tackle this problem, we have redetermined
experimentally the kinetic parameters for most glycolytic
enzymes under the same assay conditions and from the
same source of yeast. Our set of kinetic parameters appears
the most complete and consistent set among the existing
glycolytic models.

Modeling as a heuristic tool: limits in our biochemical
knowledge of glycolytic enzymes

The calculation of the adjustments that were required to fit the
kinetics to the observed in wive behavior, showed that no
limited set of errors in enzyme parameters could be responsible
for the discrepancy between model and experiment. The
kinetics of all enzymes required adjustment, albeit to various
degrees.

The kinetics of enzymes may be affected by many factors
whose concentration differs between cell and assay. Moreover,
unknown enzyme modifiers may exist which may change the
apparent affinity constants significantly. Effective equilibrium
constants may be affected by uncertainties in the exact
activities of divalent cations (most notably Mg™"). protons,
phosphate and by differences in temperature (Our experiments
were carried out at 30 °C whereas many equilibrium constants
have been determined at 25 °C).

Most enzymes in the model required adjustments that appear
reasonable given the uncertainties in extraction efficiency of
both metabolites and enzymes, the exact conditions in the
cytosol and errors in the determination of Kinetic parameters.
Some enzymes, however, showed larger discrepancies. The
in witro Vi, of ADH appeared 10 times too high. One
uncertainty may be the presence of isoenzymes of ADH.
However, we estimated that ADH-T contributed to some 90% of
the total activity of ADH, and used the kinetics for that
isoenzyme in the model (see Appendix 1). A large proportion
of NADH (and NAD) may be bound and not available to ADH.
Moreover, our experiments did not discriminate between
cytosolic and mitochondrial NADH. The latter may contribute
significantly to the total NADH pool, especially because under
anaerobic conditions the mitochondria may be expected to be
reduced [42]. The steady-state concentration of NADH required
to match the in vitro ADH kinetics with a concentration of
acetaldehyde of 0.17 mm and the in vive rate, was 0.04 mm, ie.
only 10% of the measured total concentration of NADH. Such a
low free NADH concentration would also fit well with the
GraPDH kinetics. At .04 mm NADH, the concentration of
GraPDH would have to be increased by only a factor of 1.4,
PGK remaining unchanged.

PDC required a sixfold increase in its maximal rate. Also
Rizzi and colleagues reported on difficulties with this
enzyme [26]. The affinity of PDC for pyruvate is known 1o
depend on phosphate [43], but assuming a change in affinity
alone did not lead to a match between in wvirro flux and
calculated rate (Table 5). Given its role in diverting the
glycolytic flux into the direction of ethanol formation [44], it
is not unlikely that PDC is regulated by other components that
are as yet not known,
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The in witro activity of PGl was four times too low as
compared to the in wivo rate. The measured Kinetics fit
reasonably well with the equilibrium constant via the Haldane
relationship. The concentration ratio of G6P and F6P was close
to the expected equilibrium ratio, i.e. [FoP)/[GOP] = 0.25, in
agreement with earlier studies in resting yeast cells [45.46]. A
similar discrepancy for PGI between the in vitro and in vivo
activity was attributed to channeling between PGI and PFK, or
regulation of PGI by unknown mechanisms [46].

Aldolase appeared to be too active in wilro. Although
most studies agree on the K, for F1.6bP, of the yeast
enzyme [47-49]. not much information was found on the
inhibition of the enzyme by the products GraP and glycerone
phosphate. No data at all was found on the inhibitory constant
of GraP (Kj, in Eqn. Ad); the value taken from Richter was an
assumption only [27]. The value of K that would fit with the in
wivo data is about three orders of magnitude smaller than the
one estimated by Richter. Complex formation of aldolase with
G3PDH [50], GraPDH [51] and PFK [52] has been suggested.
Poly(ethylene glycol), a macromolecule enhancing macro-
molecular crowding, affected the association of aldolase with
G3PDH, altering altered kinetic properties of the yeast aldolase
[50].

Specific difficulties arose from the GraPDH/PGK module
being close to equilibrium, Although GraPDH has been studied
extensively. not many of its kinetic parameters have been
measured under physiological conditions. Many studies were
carried out at high pH where cooperative binding of NAD(H) is
observed (reviewed in [53]). Moreover, the Kinetics reported by
Lambeir et al. [54], also used by us (except for the affinity
for 1.3GriP,, see Appendix 1), do not fulfill the Haldane
relationship for the equilibrium constant. With our measured
forward and backward maximal rates, the equilibrium constant
calculated with the Haldane relationship was five times larger
than the one measured by [54]. If the forward and reverse
maximal rates from Lambeir et al. were used, the calculated
equilibrium constant was even 75 times larger. For the Kinetics
of the glycosomal GraPDH from T. brucei, this number was
eight [54]. Thus, the kinetics of GraPDH should be handled
with caution.

PGK has been studied much more extensively under
physiological conditions. Accordingly, the adjustments required
for this enzyme are much smaller than for the GraPDH enzyme.
Considering the fact that the concentration of 1,3GriP; is
not measurable, a phenomenological description of the
GraPDH-PGK module rate under a variety of product and
substrate concentrations may suffice to model this step.
Because the combined module is close to equilibrium, one
may even be tempted to replace the module by an equilibrium
pool, similar to what was performed for triosephosphate
isomerase. However, one would then obscure a crucial feature
of glycolysis: the thermodynamic hurdle of the GraPDH
reaction as a potential bottleneck of glycolysis (see below).

Impact of enzyme characteristics on the systemic behavior of
the model

One property of one enzyme in the model has profound impact
on the behavior of the whole system. This is the insensitivity of
PFK for its carbon-derived product FI1,6bP,. Such a lack of
product sensitivity impairs the signaling of a potential bottle-
neck in the ATP-producing steps of glycolysis [24.36,37].
When such a bottleneck was introduced during model develop-
ment. that model exhibited accumulation of F1,6bP, (and
downstream metabolites, depending on the site of the limitation),
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at constant levels of cofactors and metabolites upstream PFK and
downstream the bottleneck. This model behavior is reminiscent of
the phenotype of the ps/A mutant [23]. Indeed, this ‘phenotype’
was not only seen in the first unbranched version of the model,
but also when the glucose-transport activity was increased in the
branched model (results not shown).

To prevent fructose-1,6-bisphosphate and downstream meta-
bolites from accumulating, the rate of PFK should not exceed
the capacity of the downstream reactions. This may be
accomplished in many ways, of which two appear most
relevant for anaerobic yeast glycolysis: limiting glucose uptake
by the transporter, or introducing a brake on hexokinase via
Tpsl. Both should eventually lead to a decrease in the substrate
for PFK, making the latter less active.

For many strains of 8. cerevisiae, it is clear that the deletion
of Tpsl leads to the lethal accumulation of F1,6bP, [23], and
hence, that the inhibition on HK is of crucial importance. Our
model did not include a Tpsl-mediated feedback on hexokinase
(only weak G6P inhibition was included). However, when such
a strong feedback was included, the rate of hexokinase
decreased, which led to an increased intracellular glucose
concentration and hence. to reduced steady-state glucose
transport activity (results not shown). Thus, the transport
kinetics and steady-state glucose consumption rate as measured
for the compressed yeast are incompatible with the presence of
a strong feedback mechanism, via Tpsl, acting on hexokinase.
Moreover, it was remarkable that the V,,, of glucose transport
required a 20% increase to match the flux, as it is the only step
that can be assayed directly in vive in intact cells. Zero
frans influx kinetic experiments have their limitations however,
[55-57]: too low transport rates have been observed before
[18,58] and constitute an unresolved problem in the field of
glucose transport Kinetics in yeast. Tt is therefore not
unreasonable to assume that the actual transport capacity
exceeds that measured by zero rrans influx experiments. A
model with increased transport capacity should allow a strong
feedback on HK.

An increase in the activity of the processes that consume
ATP, lumped into ‘the ATPase’, led to a decrease in the
glycolytic flux (results not shown). A negative response of the
glycolytic flux to the ATPase activity is unexpected in view of
anaerobic glycolysis being the only source of ATP, but not
ununderstandable [8.59]. This negative response in the model is
caused by the positive effect of ATP on HK dominating the
negative effects of ATP on PFK, PGK and PYK. When a strong
inhibition on HK was added to the model (with a simultaneous
increase in the limiting rate of glucose uptake to maintain the
glycolytic flux), the glycolytic flux responded positively to a
decrease in ATP, the inhibition of PFK by ATP then dominating
(results not shown).

Regulation of hexokinase by Tpsl was absent from all other
models described so far. One reason that those models did
not show a ips/-A phenotype may be that the need for
product inhibition of hexokinase was bypassed by supposed
glucose 6-phosphate inhibition of the glucose transport step
[26.30]. This may also have masked the impact of ignoring
F1.6bP; sensitivity of PFK in these models. Our results
highlight the implications of a Tpsl-mediated feedback on
hexokinase.

CONCLUSIONS AND PERSPECTIVES

The question addressed in the introduction, i.e. whether in witro
kinetics are able to describe in vive behavior of a complicated
metabolic pathway such as yeast glycolysis, does not have a
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simple answer, For half of the enzymes the in virro kinetics did
describe the in wivo activity satisfactorily, i.e. within a factor of
two. For most of the enzymes that showed larger deviations,
suggestions could be made that may have caused the
discrepancy. This analysis may guide future experimentation
that should lead to an improvement of our ability to understand
the in vive behavior of glycolysis on the basis of the properties
of the glycolytic enzymes and their interactions. Once the
uncertainties  have been resolved by further rounds of
experimentation and modeling, a tool is at hand with which
not only pathway behavior may be described accurately,
but which is then based on solid biochemical knowledge.
It could then be used to explore the boundaries of metabolic
engineering involving orders of magnitude changes in enzyme
activities.
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APPENDIX 1: ENZYME KINETICS

In this Appendix the rate equations. experimental Kinetic data
and an overview of the biochemical knowledge concerning the
glycolytic enzymes are given. Derivations follow established
practice [32.59]. One substrate, one product reversible
Michaelis—Menten kinetics was used to describe the enzymes
PGI. PGM and ENO:
a (] r )
+ Ku Keq

o

a p
where @ and p represent the concentrations of the corresponding
substrate and product, respectively. I is the mass-action ratio,
pla, K is the equilibrium constant, peg/deq. K, and K, are the
Michaelis—Menten constants for a and p. Reversible Michaelis—
Menten kinetics for two noncompeting substrate-product couples
was used for HK, GraPDH. PGK and PYK:

ab i = I
KuKh Kt:q
a P b q
1 —— il Lt —ate
( +KH+KP)( Kh+Kq)

where @ and b represent the concentrations of the substrates and
p and ¢ the concentrations of the products. For the other
enzymes specific rate equations apply, as described in the
following sections.

o=V (Al)

p= VTt (A2)

Transport of glucose: HXT

The transport of glucose across the cell membrane occurs via
facilitated diffusion [56.60—62]. We have used a symmetrical
carrier model:

[Glegul — [Glein

Ko
Nransgo — PE—— - Glc o A3
Bt =V Glegu] | [OTew] | [Cleoul [Gle]
Kl K " Kae Kae

in which [Glcy,] and [Gle,] are the concentrations of
extracellular and intracellular glucose, respectively. The ‘inter-
active constant’ K; depends on the relative mobility of the
unbound and bound carrier [60,63], and was calculated in [18].
Despite the large number of transporters, glucose transport in
derepressed yeast cells can be kinetically characterized by one
high affinity compenent with a K, of 1-2 mm [12]. This was
also the case for the yeast used in this study: zero trans-influx
of glucose occurred with a Ky, of 1.2 mm (Table 2).

In the literature it has been proposed that glucose 6-
phosphate inhibits glucose transport [64,65]. Such a feedback
regulation has been incorporated in most of the glycolytic
models [26.28-30,66]. The experimental basis for this feed-
back is controversial [67]. We have shown experimentally that,
for high-affinity transport, the simplest model for a facilitated
diffusion transporter (a symmetrical carrier whose rate depends
on extra- and intracellular glucose only) can account for the
difference between initial uptake rates and steady-state glucose
consumption [18]. This removed the necessity of postulating
inhibition by glucese 6-phosphate. This model has therefore
also been used here.
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Hexokinase: HK

In yeast three enzymes can phosphorylate glucose: hexokinase
PI, hexokinase PII. and glucokinase [68]. In our glucose-
derepressed compressed yeast, hexokinase Pl appears to
dominate: we found that K,p/Knge = 1.5 and Viara/
Viuxaw = 2 [68] (results not shown). Our K,, values for
glucose and ATP agree well with published ones [47,68-70].
The kinetics of hexokinase appear more complicated than the
simple Michaelis—Menten kinetics employed in this study. For
example, binding of glucose enhances the affinity for ATP
[69,71]. Such kinetics have not yet been incorporated. They
may have implications for the role of glucose signaling by the
hexokinases [72]. The impact of the more complex kinetics of
hexokinase cannot be assessed yet. as data on the internal
glucose concentration are yet lacking, and because product
inhibition of the enzyme is not fully understood. Rather than
being sensitive to its direct product. G6P (the K; was estimated
to be 40 mm), hexokinase appears negatively regulated, in an as
yet unknown way, by trehalose 6-phosphate synthase [23].
Competitive inhibition by Tpsl's metabolic product trehalose
6-phosphate may offer a mechanism [73]. In our model, as
in all other published ones, no Tpsl-mediated feedback
mechanism was incorporated, as the feedback has not been
characterized kinetically (see main text for the consequences).

Phosphoglucose isomerase: PGI

The kinetics of PGI have been measured in both directions and
a reversible Michaelis—Menten equation was used to describe
the kinetics of this enzyme. Our K, values are in agreement
with those found in the literature [45]. The kinetics fit
reasonably well with the equilibrium constant (K, pe;; = 0.31)
according to the Haldane relationship: we found an equilibrium
constant of 0.26.

Aldolase: ALD

Aldolase is generally assumed to follow an ordered uni-bi
mechanism, with GraP binding after glycerone phosphate

[27.74]. The equation is:
a - I
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where a represents [F1.6bP,), p represents [glycerone phos-
phate] and ¢ represents [GraP]. The kinetic parameters are
scarce, but all agree on the K, for FI1.6bPs: around 0.3 mm
[47-49]. Not many studies have been performed on the
backward reaction, the only numbers found were from [49],
Unknown is the inhibitory constant for GraP: it was estimated
by Richter [27] and used by others (including us), but
experimental data is lacking.

Glyceraldehyde-3-phosphate dehydrogenase: GraPDH

The enzyme GraPDH is an enigma. It is one of the most
abundant enzymes in yeast [53]. In §. cerevisidge, it has been
found in the cytosol and in the nucleus, and in some related
yeast species it appears also located at the cell wall [75]. The
enzyme appears to bind specific tRNAs [76].

The kinetics of the enzyme are renowned for their complex-
ity. The enzyme forms monomers, dimers and tetramers that
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have different activities [77]. Cooperative binding of NAD and
NADH has been documented well [53.78.79]. However, the
cooperativity is only obvious at pH > 7.5 [78]. A complete
data set of K,, values under conditions very similar to ours
exists in the literature [54]: the authors did not observe
cooperativity either. We have therefore not included coopera-
tive binding in the rate equation, but rather used reversible two-
substrates. two-products Michaelis—Menten kinetics. We have
measured the V. in either direction. Inhibition by the adenine
nucleotides has been reported [80] and incorporated in some
models [28,29], but the effects were very small with the
inhibition constants and concentrations of the adenine nucleo-
tides used in the model (result not shown). Therefore this
inhibition has been left out.

When the Haldane relationship and our maximal rates and
the affinities of Lambeir et al. [54] were used, the calculated
equilibrium constant differed fivefold from the published
equilibrium constant [81]. The most suspect parameter in the
rate equation of GraPDH is its affinity for 1.3GriP,. 1.3GriP,
was varied indirectly by in situ generation of 1.3GriP- by PGK,
using excess 3GriP and variable amounts of ATP. It was
assumed that the ATP concentration added equaled the
1.3GriP; concentration at the excess of auxiliary enzyme
added [54]. We have changed the uncertain K, of 1.3GriP,
(fivefold) so as to arrive at the known equilibrium constant for
GraPDH.

Phosphoglycerate kinase: PGK

PGK is difficult to assay in the forward direction because of the
instability of its substrate, 1,.3GriP,. Many studies have been
performed on the reverse reaction, however, with K, values for
3GriP in the range 0.2-0.5 mm [47.82-85], and for ATP
between 0.1 and 0.5 mM [47.82—84.86]. Our values of 0.53 mm
for 3Gri” and 0.3 mm for ATP agree with those. The K, for
1,3GriP> was estimated by the K; as measured by [87]. The K,,,
for ADP was taken from [86].

Phosphoglycerate mutase: PGM

PGM activity in yeast depends on 2,3-diphosphoglycerate. We
have not taken 2,3GriP; into account, assuming that the enzyme
is saturated with 2,3GriP,. The K, for 2.3GriP, is in the low
micromolar range [88], whereas the concentration of 2,3GriP,
was estimated to be 0.1 mm (result not shown). The K, of PGM
for its substrate 3GriP differs considerably between studies. K,,,
values from 2 mm to (.2 mm have been reported [47,88—90)].
We measured and implemented a K, value of 1.2 mm. For the
product 2GriP, a K, value of 0.08 mm was used [90].

Enolase: ENO

Two isoenzymes of enolase are present in yeast. Class I enolase
is expressed under glucose derepressed conditions; class 11
enolase is expressed during growth on glucose [91]. We
measured a Ky, value for 2GriP that agrees well with that of
class T enolase [91], in line with the derepressed state of the
compressed yeast. Subsequently the K, of the product phos-
phoenolpyruvate was taken from class I enolase [91].

Pyruvate kinase: PYK

The most striking feature of pyruvate kinase is its strong
activation by FL.6bP,;. At the low FI1,6bPs concentrations
prevailing during gluconeogenic conditions, the enzyme
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showed cooperativity with respect to phosphoenalpyruvate. At
high F1,6bP, concentrations, however, the enzyme exhibited
hyperbolic Michaelis—Menten kinetics with increased affinity
for phosphoenolpyruvate, in line with earlier findings [92,93].
We found that the activation is maximal at 0.5 mm of F1.6bP,
which is more than 10 times lower than the concentration that
we have measured. We have therefore used Michaelis—Menten
kinetics. Our K, values for phosphoenolpyruvate and ADP fit
well with the values found in numerous studies [47.92-99]. The
affinities of the products are much less studied: we have
equated them to the dissociation constants measured by
Macfarlane and Ainsworth [100].

Pyruvate decarboxylase: PDC

Pyruvate decarboxylase exhibits cooperative kinetics with
respect to its substrate pyruvate [43,101]. Irreversible Hill
kinetics were used to describe this cooperativity:

(IPYR])”"
K(Iﬁ
—h (AS)
iy
- ()
]‘-0,5

The cooperativity and affinity for pyruvate are phosphate-
dependent [43,101]. We have adopted the K5 of 4.3 mm and
the Hill coefficient of 1.9 as measured by Boiteux and Hess
[43] at 25 mm phosphate. This Ky s-value is in line with the
4 mm found by [47] (see also [44]).
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Alcohol dehydrogenase: ADH

ADH follows ordered bi-bi kinetics, with the cofactor binding
first [102]:
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where a is [ethanol], b is [NAD], p is [acetaldehyde] and g is
[NADH].

Of the five isoenzymes of ADH present in yeast, ADH-1 and
ADH-1I have clearly established metabolic functions. We
estimated the contribution of ADH-I and ADH-II to the total
ADH activity by varying the ethanol concentration and
measuring the initial rate of NAD reduction in cell-free
extracts. As the two enzymes differ in their affinity for ethanol
by one order of magnitude (ADH-1I having the higher affinity
[102]), the two components were expected to be visible in
this way. Indeed, Eadie—Hofstee plots of ADH activity vs.
ethanol showed curved kinetics, indicative of more than one
component. When two components were fitted, K, values
of 45 + 10 and 0.7 = 2 mm were found, with corresponding
Viax values of 2.8 0.2 and 0.3 02 U(mg total
protein) . Although the errors are substantial, especially in
the high affinity component (corresponding to ADH-ID), it can
be concluded that the low-affinity component (corresponding to
ADH-I) was the dominant isoenzyme under our conditions. Tt
was checked that also the in vitro activity of ADH-1 was tenfold
higher than that of ADH-II when the measured metabolite

© FEBS 2000

levels (Table 1) were substituted in the rate equation for ADH.
We have therefore used the kinetics of ADH-1 only.

Kinetic parameters for ADH can be found in [102-104] We
have chosen the data from Ganzhorn e wl. as for cach
isoenzyme a complete data set including inhibition constants
was given, under conditions very similar to ours [102]. The
affinities for ethanol found by us are in reasonable agreement
with the ones reported by Ganzhorn er al. ([102] 17 and 0.8 mm
for ADH-I and ADH-II, respectively).

General ATPase

For glycolysis to proceed, the net ATP produced by PGK and
PYK should be consumed by ATP consuming processes. These
processes are lumped into one general ATPase, whose activity
is set to be dependent on ATP, according to experimental
observations [105]. A linear relation was used:

VATRuse = k srpuse [ ATP] (A7)

Branches of glycolysis

For simplicity, the fluxes to trehalose and glycogen were
introduced as constants at the experimentally determined
values. This is allowed because we here analyze one steady
state. For further analysis, the substrate dependencies of these
two branches will be required. For glycerol metabolism, it was
assumed that glycerol 3-phosphate dehydrogenase completely
controlled the flux through that pathway, as experimental
evidence has shown that its control should be high [106-108].
Reversible Michaelis—Menten kinetics (Egn. A3) were used,
with glycerone phosphate and NADH as substrates and glycerol
3-phosphate and NAD as products. The glycerol 3-phosphate
concentration was fixed at the measured value of 0.15 mm
(Table 1).

The kinetics of G3PDH have not been studied extensively.
We measured the affinity of G3PDH for glycerone phosphate,
which was in agreement with that measured by Albertyn ef al.
[109]. Kinetic constants for NAD and NADH were from
[109]. No data were found on the K, of G3PDH to glycerol
3-phosphate. We have adopted a K, value of 1 mm. The V¢
of G3PDH turned out to be very sensitive to the salt and protein
concentration in the assay, and no reliable V., could be
measured. Instead, we have adjusted the G3PDH V,,,,; values to
the measured glycerol flux.

The formation of glycerol leads to a redox imbalance in
alycolysis, as NADH is oxidized in the process [110]. We have
measured production of pyruvate, acetate and succinate. These
weak carboxylic acids can account for 95% of the glycerol
formation, with the production of succinate accounting for 80%
of the glycerol production. For simplicity, we have only
included a branch to succinate to counterbalance the glycerol
branch. The origin of succinate is not clear: it can either be
formed in the glyoxylate cycle or by part of the Krebs™ cycle.
As the latter involves both pyruvate and acetaldehyde as
precursors and the former only acetaldehyde, we have chosen
the glyoxylate cycle as the origin of succinate, for simplicity
reasons only. As no kinetic data were available, the parameters
had to be fit to the succinate production rate, and subsequently
only stochiometric differences between the two alternative
synthesis routes exist. The branch from acetaldehyde towards
succinate via the glyoxylate cycle comprises many steps and
was necessarily simplified by:

Ysuccinate = kwuccineilc'[ACAldl (AS)
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APPENDIX 2: KINETICS OF
PHOSPHOFRUCTOKINASE

PFK may be an enzymologists favorite, but it is a modelers
nightmare. The difficulty is the many regulatory interactions
and the resulting combinatorial explosion. Simplification is
therefore required, and many effectors are necessarily assumed
to be constant in the time window of the model, such as
ammonium, phosphate, protons and fructose 2,6-bisphosphate.
The regulatory effects that have been used explicitly in the
existing glycolytic models are the cooperative binding of F6P,
the inhibition by ATP (in some), the activation by AMP (in all,
[26-29.66]) and ADP (only in [26]). The role of ADP in the
regulation of PFK is much less important than those of ATP and
AMP, and has not been included in our rate equation for PFK.

Product inhibition by F1,6bP> was not included in any of the
existing models. The main inhibitory action of FI.6bP, is a
decrease in the activation by F2,6bP, [111-113]. Therefore. a
minimal kinetic model of PFK should be a function of the
concentrations of F6P, ATP. AMP, F2,6bP, and FI1,6bP,. We
have measured the activity of PFK in partially purified enzyme
preparations as a function of F6P and ATP, and then looked at

the effects of AMP and F2,6bF,. The inhibitory effect of

F1.6bP> was incorporated on the basis of data from Otto et al.
[111]. To our knowledge, no model is available that describes
all these effects at the same time. We have successfully tried to
fit the same model as was used by Galazzo & Bailey [28].
Schlosser er al. [31] and Cortassa & Aon [29]. It is based on the
Monod, Wymann, Changeux model for allosteric enzymes, as
adapted by Hess and Plesser [114] to apply to enzymes with
two substrates.

The effect of AMP, F2.6bP; and F1,6bP,, and the inhibitory
effect of ATP are assumed to be mediated by displacement of
the equilibrium between the Tense state and the Relaxed state.
i.e. they affect the equilibrium constant L. It was assumed that
the Tense state did not bind F&P and thus, that this state is
inactive. The rate equation used to fit the in 2itro kinetic data
was therefore:

8rhiAaR
ppK = V+—.‘ A9
‘ TUpFK 1L (A9)
with:
= [F6P]/Kg rap (AlDa.bh)
= [ATP]/Kg, atp
R=1+Nk; + gghiha (Alla,b)
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and:

L=1 | + C, amelATPl/Karp\* (1 +C; amplAMP]/K spp
W 14 [ATPH K xre I + [AMP]/K anip
(A12)
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The kinetic parameters for F6P and ATP were estimated by
nonlinear regression of over our 200 experimental data
points of the rate of PFK as a function of the concentra-
tions of ATP and F6P [57]. Kinetic parameters are shown in
Table 2. They are quite different from those used in the
other models, most notably Ly [28]. One reason may be that
ATP inhibition was explicit in our equation, where it is
implicit (and therefore ATP-independent) in the Ly of the
equation used by the other groups. If physiological ATP
concentrations were substituted in the right hand side of
Eqn. A12 (ie. in the second factor in which ATP is
invelved), L increased by more than three orders of
magnitude. Hofmann’s group, however, have also found
low Ly values [115-117], in good agreement with ours.

Activation of AMP was measured at different F6P concen-
trations and at an ATP concentration of 1 mm [57]. These data
were used to fit the binding parameters of AMP for the tense
and relaxed state. The same procedure was followed for
F2,6bP- activation [57]. F1,6bP, decreases the activation of
F2,6bP,, most probably by competition for the binding site.
This can explain activation of PFK by F1.6bP; in the absence of
F2,6bP; (results not shown: see [112,118]). Otto et al. showed
an inhibition of F2,6bP; activation by F1.6bP5 [111]. Their data
was used Lo fit a model describing competition of F1,6bP5 and
F2,6bP; for the same site [57]. The same mechanism was used
by Kessler et al. to describe the inhibitory effect of F1,6bP, on
the activation by F2,6bP> [119]. A model of inhibition by
F1.6bP> via competition with F6P could not describe the
observed inhibition curves [57].

To our knowledge this is a first attempt to capture the effects
of so many metabolites in a single rate equation. Our rate
equation was able satisfactorily to describe the effects of the
substrates F6P and ATP, the inhibition by ATP, the activation by
AMP and F2.6bP, and the inhibitory effect of F1.6bP; on the
activation by the latter.



