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Effect of macromolecular crowding on the
kinetics of glycolytic enzymes and the behaviour
of glycolysis in yeastf

Henrik S. Thoke, (2 £ Luis A. Bagatolliz® and Lars F. Olsen (2 3*?

Water is involved in all aspects of biological activity, both as a solvent and as a reactant. It is hypothesized
that intracellular water is in a highly structured state due to the high concentrations of macromolecules in
the cell and that this may change the activity of intracellular enzymes due to altered binding affinities and
allosteric regulations. Here we first investigate the kinetics of two glycolytic enzymes in artificially crowded
aqueous solutions and show that crowding does indeed change their kinetics. Based on our kinetic
measurements we propose a new model of oscillating glycolysis that instead of Michaelis—Menten
or Monod-Wyman-Changeux kinetics uses the Yang-Ling adsorption isotherm introduced by G. Ling in
the frame of the Association-Induction (Al) hypothesis. Using this model, we can reproduce previous
experimental observations of the coupling of glycolytic oscillations and intracellular water dynamics,
e.g., (i) during the metabolic oscillations, the latter variable oscillates in phase with ATP activity, and
(i) the emergence of glycolytic oscillations largely depends on the extent of intracellular water dipolar
relaxation in cells in the resting state. Our results support the view that the extent of intracellular water
dipolar relaxation is regulated by the ability of cytoplasmic proteins to polarize intracellular water with
the assistance of ATP, as suggested in the Al hypothesis. This hypothesis may be relevant to the
interpretation of many other biological oscillators, including cell signalling processes.

Insight, innovation, integration

Traditionally, metabolic pathways and signalling networks have been modelled using classical enzyme kinetic approaches (Michaelis-Menten and Monod-
Wyman-Changeux kinetics). However, such kinetics, which is derived from studies of enzymes in dilute aqueous solutions may not hold in the crowded
environment inside the cell, due to high concentrations of macromolecules and restrictions in the mobility of water. Here we first study the kinetics of two
enzymes from glycolysis in artificially crowded aqueous solutions and demonstrate that models based on the Association-Induction hypothesis developed by G.
N. Ling fit the data better than classical enzyme kinetic models. We then go on to show that such alternative models can be used to simulate and understand
the coupling between metabolism and the dynamics of water in yeast cells with an oscillating glycolysis.

Introduction

properties as a polar solvent influence all biological processes.
While water constitutes the most abundant component in

All known forms of life depend on the presence of water. Water
acts as an essential reactant or product in many metabolic
processes, and it has long been known that its unusual
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cells, the high concentration of biological macromolecules,
estimated to be approximately 200-350 mg mL~","? amounts
for a volume fraction of 40%. This high concentration of macro-
molecules and the large polar surface areas of intracellular
lipid membranes may bind water molecules and restrict their
motion, substantially altering the state and dynamics of water
in the cytoplasm compared with bulk water.® Work done as
early as the 1960s™® and later in the 1980s°® on the status of
water in cells has led to a view of the cytoplasm as a crowded,
reversible, non-covalent gel network, as opposed to a more
classical view where cytoplasmic water is considered to be in a
fluid state.’ This view has since been corroborated by a number
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of experiments (e.g., ref. 10-12). Additionally, recent studies
using molecular dynamics (MD) simulations have indicated
that the mobility of water molecules is very heterogeneous, and
a large fraction of intracellular water molecules is essentially
immobilized in long-lived water bridges between proteins."
Despite this body of knowledge on the state of intracellular
water, its importance in biological processes is still frequently
overlooked or ignored, presumably due to the simplicity in
assuming that water can be treated as a dielectric continuum
with properties similar to bulk water.'* As a result, there seems
to be a gap between the current view of metabolism and its
regulation as determined for enzymes in dilute solutions and
the properties of the same enzymes in the crowded environ-
ment inside a cell.'>"®

In addition to the effect of the entire cytosol, there has been
a recent interest in understanding the properties of so-called
biomolecular condensates. A subset of these are sometimes
referred to as membraneless organelles, such as e.g., the nucleolus
or P granules.'”'® These condensates are thought to be intra-
cellular areas of very high protein concentration, which may
contain specific proteins and metabolites. Not only is this vital
for compartmentalization of cellular processes, but the very
nature of the increased crowding has been proposed to affect
molecular function such as reaction kinetics."

It has been known for more than seven decades that when
glucose is added to a dense suspension of yeast cells glycolysis will
start to oscillate.”® These glycolytic oscillations manifest themselves
as temporal oscillations in e.g. NADH fluorescence,’*>" glycolytic
intermediates,”* and mitochondrial membrane potential.**
In recent studies,>**> we have shown that during glycolytic
oscillations in yeast*® there is a tight coupling between the
dynamics of glycolytic intermediates, particularly ATP, and the
dynamics of intracellular water, measured as the fluorescence
of the probes ACDAN (6-acetyl-2-(dimethylamino)naphthalene),
PRODAN  (6-propionyl-2-(dimethylamino)naphthalene) and
LAURDAN (6-dodecanoyl-2-(dimethylamino)naphthalene). These
probes are responsive to water dipolar relaxation phenomena in
their local milieu.”””>° Using the generalized polarization (GP)
function for these probes,*® which is a way to quantify the extent
of the dipolar relaxation of intracellular water, we showed that
the GP oscillates in phase with the intracellular concentration of
ATP (Fig. S1, ESI{).>**® Furthermore, we found for a wild type
strain and 24 additional strains with null mutations in proteins
involved in glycolysis, ATP synthesis, vacuolar H' transport,
actin polymerization and microtubule formation that the only
parameter linking the amplitudes and frequencies of glycolytic
oscillations was the GP function for ACDAN (the most hydro-
philic probe of the DAN probes) measured in the resting state of
the cells.” In addition, using these mutant strains, we presented
evidence for a critical region of ACDAN GP in which oscillations
occur. This critical region is flanked by two supercritical Hopf
bifurcations, and glycolytic oscillations do not occur outside this
region (Fig. S2, ESIY).

We proposed that our results can be explained using
the Association-Induction (AI) hypothesis developed by Gilbert
Ling.'® Briefly, this hypothesis proposes that in resting living
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cells, the high affinity for K' is dictated by its interaction with
fibrillar cytoplasmic proteins with the assistance of high levels
of ATP through an inductive effect. In addition, this inductive
effect affects the dynamic state of intracellular water, which is
polarized by its adsorption to these proteins. A decrease in ATP
levels can transiently depolarize water, affecting the extent
of water dipolar relaxation and the ionic balance in the intra-
cellular space, as observed during cell function (for more
details, see ref. 10).

In the current work, we investigate if the AI hypothesis can
be used to develop alternative descriptions of enzyme action in
the crowded intracellular environment of eukaryotic cells to the
classical Michaelis-Menten approach for enzyme activity. In
this description, we use the Yang-Ling adsorption isotherm,*'*?
which may exhibit both Michaelis-Menten and more compli-
cated cooperative enzyme kinetics without the need for specific
requirements for enzyme structure or subunit number. The
Yang-Ling isotherm is based on the AI hypothesis and builds
on equilibrium statistical mechanics. We use the enzymes
hexokinase (HK) and pyruvate kinase (PK) as our test enzymes
by measuring their kinetic behaviour in artificially crowded
aqueous solutions. We have used polyethylene glycol (PEG) as
a crowding agent because it binds and immobilizes at least two
water molecules per monomer®® and because it increases the GP
value of ACDAN, suggesting that water is, at least partially,
polarized.”* In this new description we introduce a variable O,
which refers to the order or polarization of intracellular water.
For bulk aqueous water, where the dipole vectors of the water
molecules are randomly oriented in space we take O as equal
to zero. On the other hand, a water molecule adsorbed to an
appropriate surface, on average, has a preferred direction,'®**
and here O must be greater than 0. Furthermore, following
Bagatolli and Stock® we may assume that the experimentally
determined ACDAN GP value is a measure of O. Finally, inspired
by previous work by Teusink et al.,>> who demonstrated that it is
possible to construct models of in vivo metabolic process from
in vitro Kinetic studies, we use our in vitro studies of HK and PK
to construct a simple model of glycolysis, based on Yang-Ling
isotherms for glycolytic enzymes. We show that this model may
exhibit oscillations in intracellular ATP coupled to oscillations
in O. The model is capable of reproducing all our previously
observed observations of the coupling of glycolysis to polariza-
tion of water, including the phase relationship between ATP
concentration and water dynamics as well as the narrow region
of water dynamics flanked by two supercritical Hopf bifurcations
giving rise to oscillations in glycolysis. We strongly believe that
our model represents a paradigm shift in the perception of
intracellular water and its role in cell physiology.

Methods

Chemicals

The aptamer switch probe S10 developed to measure ATP
concentration®® was synthesized by VBC Biotech (Vienna);
6-acetyl-2-(dimethylamino)naphthalene (ACDAN) was purchased

This journal is © The Royal Society of Chemistry 2018
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from Santa Cruz Biotechnology, Inc. (Dallas, TX). Hexokinase
(99 U mg ") from yeast was purchased from USB Products (OH,
USA); ADP, ATP, phospho(enol)pyruvic acid (PEP), pyruvate
kinase (575 U mg ') from rabbit muscle, polyethylene glycol
(PEG) 8000 (average mass), and chemicals for the ATP buffer
were obtained from Sigma-Aldrich (Munich, Germany). All water
used was of Milli-Q quality.

Synthesis of fluorescent ATP nanosensor

A polyacrylamide fluorescent nanosensor based on the aptamer
switch probe S10 was synthesized as described previously.*®
This sensor uses fluorescence to determine the ATP con-
centration and has successfully been used to measure ATP
concentration both in vitro and in vivo as the fluorescence
signal can be converted directly to ATP concentration using
an in vitro calibration curve.**?”

Measurement of hexokinase kinetics

ATP concentrations were measured using the aptamer-based
ATP nanosensor, as previously described.>® The experiments
were performed using a SPEX spectrofluorometer. The sample
was excited at 480 nm, and fluorescence emission was measured
at 520 nm with both excitation and emission slits set to 4.5 nm.
Prior to the experiments, the sensor signal was calibrated using a
2 mg mL ! solution of ATP sensor in either ATP buffer (10 mM
KH,PO,, pH 6.8, 25 mM K,SO,, 5 mM MgCl, and 10 mM
glucose) or in a PEG-ATP buffer mixture (ATP buffer containing
10% or 30% (w/w) PEG) with a series of ATP concentrations
(0-6 mM ATP). In each experiment, the aptamer-based ATP
sensor was added to a solution (ATP buffer or PEG-ATP buffer)
to a final concentration of 2 mg mL ". Then, 1 mL of the
solution was placed in a quartz cuvette and measured by
the spectrofluorometer. After a baseline was established, ADP
was added to a concentration of 10 mM; 60 s later, PEP was
added to a concentration of 10 mM. After an additional 60 s,
pyruvate kinase (PK) was added to a final concentration of
16 U mL . Mechanical stirring was performed after each addition.
Measurements were continued until the ATP concentration had
reached a constant level. Then, hexokinase (HK) was added to a
final concentration of 1 U mL™" and stirred. Measurements
were continued until the ATP concentration had dropped to the
level obtained after ADP addition. The kinetic parameters
were obtained from the transient value of [ATP] versus time,
either as initial rates or as transient rates, as described in the
following sections.

Statistical analysis of kinetic data and numerical simulations

Experimental transient rates (v, ;) were obtained by calculating
the slope of the graphs of [ATP] versus time and compared to
theoretical rates from the various models (v;;) (Michaelis-
Menten or Yang-Ling isotherm models) and the best fit was
obtained by minimizing the term:

N

R2 = Z (Ve‘i — Vt_’,')z (1)

i=1
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Statistical analysis and simulations of the various models
were performed using MatLab (MathWorks, Natick, MA) and
Berkeley Madonna software (Berkeley Madonna, Berkeley, CA).

Theoretical models

Kinetics of enzyme-catalyzed reactions in artificially crowded
environments

Traditionally, mathematical models of enzyme-catalyzed reactions
in cells have been constructed using mass-action kinetic methods,
i.e. Michaelis-Menten or Monod-Wyman-Changeux (MWC)
equations of the form:

V]TlaXS
— L maxd 2
V= Kyt S (2)
or
S S n—1
Vmax?(l + ?)
v = S S (3)

S n
L+ (1+FS>

where V. is the maximum rate of the enzyme-catalyzed
reaction, S is the substrate concentration and Ky, Ks and L
are constants related to the binding of the substrate to
the enzyme (Ky and Ks) or the equilibrium constant for the
interconversion of active and inactive conformations of the
enzyme (L). n in eqn (3) represents the number of subunits in
the enzyme. Eqn (2) and (3) have mainly been used to fit data of
initial velocity v, against initial substrate concentration S, to
obtain values of V.x and Ky/Ks, but also integrated forms of
these equations (S against time) have been used to determine
these parameters.’®*® Mass action and enzyme kinetics have
been enormously successful in describing the kinetics of enzymes
in dilute solutions, but also in setting up mathematical models of
metabolic and signaling pathways in intact cells.”**° Nevertheless,
these descriptions may be less accurate for enzymes in the
crowded intracellular milieu. In such an environment an alter-
native description based on statistical mechanical methods
may be more appropriate. Such a description, based on the
Association-Induction hypothesis proposed by G. N. Ling,"**" is
presented in the following section.

Several reports have proposed that water in the cytoplasm is
in a polarized or gel-like state.'®'"*>** In this new model, we
therefore also introduce the variable © > 0, which we will refer to
as the order of the intracellular water. For bulk aqueous water,
where the dipole vector of each water molecule is randomly
oriented in space, O = 0. In contrast, a water molecule adsorbed
to an appropriate surface, on average, has a preferred direction'®**
corresponding to O > 0. According to the Al hypothesis* (and
as found in MD simulations'®) this water, in addition to a
preferred direction, has a reduced rotational velocity. Since
dipolar relaxation is affected by the dipolar strength, average
dipolar direction and rotational correlation times,***> we treat
the GP function as a measure of O, such that a low GP value
(i.e., high extent of dipolar relaxation) corresponds to a small O
value, and a high GP value (low extent of dipolar relaxation)
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corresponds to a large O value. As we shall demonstrate below
we may assume that the order of intracellular water has a
regulatory effect on enzymatic reactions.

Yang-Ling isotherm for adsorption

To describe the kinetics of enzymes in crowded environments we
use the Yang-Ling adsorption isotherm from the Al hypothesis.***
As opposed to Michaelis-Menten, the MWC or the related
Koshland-Némethy-Filmer (KNF) models, the Yang-Ling
adsorption isotherm has a statistical-mechanical origin and is
general. For example, unlike the MWC and KNF models of
allosteric enzymes, the Yang-Ling isotherm does not rely on
the existence of multiple catalytic and regulatory subunits and
yet the model is capable of showing both positive and negative
cooperativity’® as demonstrated below, (see also Fig. S5, ESIT).
Coupling of the isotherm to the dynamic state of water is carried
out using the theoretical framework of Ling’s Al hypothesis,"’
which builds on the following assumptions: (i) intracellular
water and various solutes are adsorbed on fibrillar proteins in
the intracellular milieu (e.g., actin); (ii) this adsorption is
cooperative as a result of the interactions of neighbouring
adsorption sites; and (iii) the cooperative adsorptions are
largely controlled by a smaller number of molecular species
(e.g., relevant metabolites, such as ATP) referred to as cardinal
adsorbents, which exert their control by interacting with key sites
(cardinal sites) on the same proteins.'® Here, we will briefly
explain the Yang-Ling adsorption isotherm®"** for cooperative
adsorption to a linear polymer, where two species (i and j) can
both adsorb to the same adsorption sites, f, on a protein. The
concentration of the adsorbed ith species, [pild, is given by:*'*>

8()—1

\/(80 — 1) + 4egexp (%)

where [f] is the concentration of adsorption sites for the ith
(and jth) species, —y,/2 is the free energy cost of creating one
mol of ij neighbouring pairs (such that an exchange in the triad
iii — ji (two ij pairs) would entail an energy of —7,)*! in the
absence of cardinal adsorbent C. R is the gas constant, and T is
the absolute temperature. g, is defined as:

[pi] 1
[p/]

Here, [p;] and [p;] are the concentrations of the free ith and jth
solutes, respectively, and K77 ;, is the intrinsic dissociation

[pi]ad_l
o2t

)

& =

()

Ko

constant for a j — i solute exchange in the absence of cardinal
adsorbent (contrary to Ling,'**> we use dissociation constants).
Thus, ¢, takes into account the relative concentration of the ith
and jth species and the change in free energy, AG(;_,,, associated
with aj — i exchange of adsorption. The latter is given by:

AGOO

= RTInK (6)

J=i)

Each fibrillar protein also allows for the adsorption of cardinal
adsorbents, C, on cardinal sites, F, and the concentration of
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adsorbed cardinal adsorbents, [Cl.q, can be described analo-
gously to (4) as:

Here, the alternative adsorbent on F is an unspecified adsor-
bent with a constant concentration (e.g., H,0), included in the
apparent dissociation constant k¢-. Now, according to assump-
tion (iii), the adsorption of C to the protein can change
[pi] . 1
] Kiic
constant for the j to i solute exchange in the presence of C
and y, — 7., where y. is defined as y, but in the presence of
cardinal adsorbent. Therefore, the total concentration of the ith
adsorbed solute is given by:

g — & = , Where Kf;;f)c is the dissociation

e =8| 14 Chl
\/(nc — 1) + 4ecexp (é})
9
[F] = [Clag & — 1
+ 1+
2 \/(8() —1)? + 4eg exp (%)
Results

Investigation of hexokinase and pyruvate kinase in crowded
environments

To compare the validity of Michaelis—-Menten versus Yang-Ling
isotherm kinetics in crowded environments we measured
kinetic constants for two enzymes HK and PK in aqueous
media with increasing concentrations of PEG as a molecular
crowder. These two enzymes catalyze either the consumption
(HK) or the production (PK) of ATP. To measure the change in
concentration of ATP we used a fluorescence-based ATP nano-
sensor, that can measure time resolved changes in ATP concen-
tration both in aqueous solutions and in cytoplasma.®® Fig. S3A
in the ESIT shows the fluorescence signal from the probe after
addition of 1 U mL ™" of yeast HK to a solution containing 2 mM
ATP and 10 mM glucose. Fig. S3B (ESIt) shows the corres-
ponding concentration of ATP after applying a calibration curve
to the signal in Fig. S3A (ESI{).*® In order to investigate the
kinetics of HK we measured both initial rates and transient
rates obtained from the computed slope of curves like those
in Fig. S3B (ESIt). Calculating the initial slope of the graph in
Fig. S3B (ESIt) immediately after addition of HK and of similar
graphs corresponding to other initial concentrations of ATP we

This journal is © The Royal Society of Chemistry 2018
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are able to construct the plot in Fig. S3C (ESIt). This graph can
easily be fitted to a rectangular hyperbola as defined by eqn (2)
with a Viax = 8.8 tM s~ * and a Ky for ATP of 0.59 mM. Conversely,
if we calculate the instantaneous rate v = —d[ATP]/d¢ from
progress curves like that in Fig. S3B (ESIT) and plot them against
the corresponding ATP concentration obtained from the ordinate
of Fig. S3B (ESIt) we would expect to get a plot like that in
Fig. S3C (ESIt). Such a plot is shown in Fig. S3D (ESIt). Clearly
this plot deviates strongly from a rectangular hyperbola. The
reason is that HK is inhibited by one of its products, ADP.*® The
kinetics of HK in dilute aqueous solution has been shown to
follow the relation:*®

Vimax [ATP] [glu]
[ATP]

KatpK, 1+ + [ADP} 1+
ATP el Katp  KiaDP

where [glu] indicates the concentration of glucose, Kxrp and Kg,
represent the Michaelis-Menten constants for ATP and glucose,
respectively, [G6P] indicates the concentration of glucose
6-phosphate and K; app and K; gep indicate the inhibition con-
stants of ADP and glucose 6-phosphate, respectively.

Since the initial glucose concentration used in our experi-
ment (10 mM) is much higher than Ky, (~0.1 mM*>*’) and
K;gep (of the order of 20-30 mM>>*®) is much larger than the
concentration of glucose 6-phosphate formed in the experi-
ment (<4 mM) eqn (10) can be reduced to:

' (glu] (10)

Kglu

[GéP])

KiGep

Vinax [ATP]
[ATP] | [ADP] )

K l+——
ATP ( Karo

V=

(11)
Kiapp

Furthermore, since the sum of concentrations of ADP and ATP
is equal to the initial ATP concentration [ATP], we can rewrite
eqn (11) as:

_ Vinax [ATP} (12)
"= [ATP] [ATP], — [ATP]
Katp| 1+ +
Katp K; App

The best fit of eqn (12) to the experimental data (minimizing
R? in eqn (1)) was obtained with Viyay = 8.7 uM s~ %, Karp =
0.6 + 0.2 mM and K; app = 0.5 & 0.2 mM. However, we also note
from Fig. 1 that the best fit of K; spp shifts to higher values as the
ADP concentrations increases (ATP concentration decreases).
A similar approach to study to HK kinetics by plotting the
transient rate versus substrate concentration as shown in Fig. 1
was made with glucose as the limiting substrate.*® It should be
emphasized that the Michaelis-Menten equation and similar
equations based on steady state kinetics are not limited to only
initial rates versus substrate concentration, but as mentioned in
the previous section, it is indeed be possible to obtain the
relevant kinetic constants from substrate concentration versus
time progress curves®® like those in Fig. S3A and B (ESIY).

If we perform the same experiment as shown in Fig. S3
(ESIT) and Fig. 1 in a solution containing PEG the fit of the
experimentally determined rates versus rates predicted from
eqn (12) becomes very poor (Fig. 2, red curve).

This journal is © The Royal Society of Chemistry 2018
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v (uM/s)

[ATP] (mM)

Fig. 1 Experimental and theoretical data for the dependence of the
instantaneous rate v on the ATP concentration. The open triangles repre-
sent the experimental data from Fig. S3D (ESIt). The graphs are plots
of v against concentration of ATP using egn (12) with the parameters
Vinax = 8.8 pM 571, Ka1p = 0.6 mM and values of Kiapp Of 0.2 mM (purple),
0.4 mM (blue), 0.8 mM (green), and 1.2 mM (orange).

Instead we implement the Yang-Ling isotherm model®*'*
(eqn (4)-(9)) for the enzyme HK. We consider ATP to be an
adsorbed species (substrate), while ADP is considered to be a
cardinal adsorbent.*> Hence, the rate of ATP consumption can
be described by the equation:

v:V(%~R1+(1—%) -R2)7

7] 7] (t3)

where V is the maximal activity of HK, and [ADP],q is the
concentration of adsorbed ADP. The form of (13) is equivalent
to (9), and the terms R, and R, are given as:

[ATP]

-1
1 K
Ri=3f1+ ZC . (14a)
([ATP} ] 1) L AT )
K K RT
[ATP] |
KOO
R, :% 1+ 20 (14b)
[ATP] ATP] (3,
el B | 4 0
\/< K° TR P <RT>
while [ADP],q can be described similar to (7) as:
[ADP] |
ADPL, 1|, <
K] 2 ADP] \?> [ADP] /T \|
——1) +4——exp|—=
Ke Ke RT
(15)

When comparing eqn (14a) or (14b) to eqn (9) and eqn (15) to
eqn (7) we assume that the binding sites for ATP and ADP both
have water as an alternative adsorbent. Again, using that [ADP] =
[ATP], — [ATP] we obtain a very good fit to the experimental

Integr. Biol., 2018, 10, 587-597 | 591
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(5)
A Experimental data B
Michaelis-Menten
4 Yang-Ling isotherm

Slope (uM/s)

[ATP] (mM)

Fig. 2 Transient kinetics of hexokinase catalyzed phosphorylation of glucose by ATP. In (A) is plotted the ATP concentration before and after addition of
1 U of yeast hexokinase (HK) (arrow) to a 1 mL aqueous solution containing 10% PEG, 6 mM ATP and ATP sensor corresponding to 1 mg mL™%. The graph is
calculated from the data in original fluorescence data using a calibration curve.®® The triangles in (B) represent the slope from the graph in (A) plotted
against the ATP concentration. The red curve represents the best fit of eqn (12) to the experimental data while the violet curve represents the best fit of

eqn (13)-(16).

data in Fig. 2B using eqn (13)-(15) and the parameters
V=5 M s, KC=10mM, —y./2 1 kecal mol™?,
K =0.6mM, —y/2 = 0.25 keal mol ', ¥ =1.0mM and
—TI'/2 = 0.05 keal mol ™" (violet curve in Fig. 2B).

Thus, it seems that in an artificially crowded environment
the Yang-Ling isotherm model describes the experimental data
significantly better than classical Michaelis-Menten kinetics.
Furthermore, measurements of the kinetic constants also revealed
that V.« decreases while K¢, K;° and ¢ increase with increasing
molecular crowding (increasing concentration of PEG, Table 1).
Plots of these constants against the ACDAN GP value are shown
in Fig. S4 (ESIY). It is worth pointing out here that if we evaluate
only the initial rate of ATP consumption from eqn (13)—(15)
(corresponding to an ADP concentration of zero) then we obtain
a plot of v against [ATP] forming essentially a rectangular
hyperbola as that shown in Fig. S3C (ESIt). In fact, the Yang-
Ling adsorption isotherm used to model HK activity has several
advantages over the more traditional models, such as Michaelis—
Menten or MWC. As already noted by Yang and Ling,** the model
is general and has a statistical-mechanical basis. Furthermore,
the model can produce both cooperative and non-cooperative
enzyme kinetics if we change the value of the nearest neighbour
interaction energy (7). o # 0 generates cooperative kinetics (yo < 0
yields positive cooperativity, 7, > 0 yields negative cooperativity),
while 7y, = 0 generates non-cooperative (hyperbolic) kinetics.

This is illustrated in Fig. S5 (ESI{), which shows both sigmoidal
and hyperbolic initial rates. It should be noted that since the
Yang-Ling isotherm relies solely on the presence of adsorption
sites to generate cooperativity, it has no requirements for the
presence of specific enzymatic states or number of enzymatic
subunits. Thus, unlike MWC and KNF models, the Yang-Ling
adsorption isotherm allows for monomeric enzymes to exhibit
cooperativity (observed experimentally in, e.g., ref. 49).

Next we studied the kinetics of the reaction catalyzed by the
enzyme pyruvate kinase (PK), Fig. S6A and B (ESI{) show the
ATP concentration change after adding 1 U mL™" of rabbit PK
to an aqueous phosphate buffer solution, pH 7.0, containing
ATP sensor and 0.5 mM (Fig. S6A, ESIT) or 3 mM ADP (Fig. S6B,
ESIT). We note that after addition of PK the ATP concentration
increases due to transfer of phosphate from phosphoenol-
pyruvate (PEP) to ADP. We also note that in the beginning the
change in ATP concentration is more linear compared to the
ATP concentration change in reactions catalyzed by HK
(Fig. S3B, ESIY). Fig. S6C (ESIt) shows a plot of the initial
velocity of ATP formation catalyzed by PK against the ADP
concentration. The plot was fitted to a rectangular hyperbola
and an apparent Ky for ADP and Vy,.x were determined as
0.62 mM and 16 uM s~ ', respectively. The inset shows that also
for PK does v, increase linearly with the concentration of PK.
The apparent Ky, for ADP of 0.62 mM is slightly larger than that

Table 1 Experimental kinetic constants for the Yang-Ling isotherm model of HK (egn (13)-(15)) in artificially crowded aqueous solutions

% PEG w/w VMsh K& (mM) —7¢/2 (keal mol ™) K§° (mM) —70/2 (keal mol ™) Kk (mM) —I/2 (keal mol ™)
0 8.3 8 1 0.3 0.25 0.6 0.05
10 5 10 1 0.6 0.25 1.0 0.05
30 2.9 12 1 1.0 0.25 1.6 0.05
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estimated for rabbit PK previously’® under quite different
experimental conditions. Fig. S6D (ESI{) shows a plot similar
to that in Fig. 1, where we have taken the slope of the graph of
ATP concentration against time (corresponding to Fig. S6A and
B (ESIT) but with initial ADP concentration [ADP], = 2 mM) and
plotted it against ADP concentration (calculated as [ADP], — [ATP]).
From this plot we estimate an apparent Ky, for ADP of 0.63 mM
and a Viyae = 20 pM s, in good agreement with the values
estimated from the plot of v, against [ADP]. This suggests that
product inhibition by ATP and pyruvate are not contributing
(or contribute only little) to the temporal change in ATP
concentration following addition of PK to a solution containing
PEP and ADP. A similar fit to the data could be obtained with
the Yang-Ling isotherm with ADP as adsorbing species and no
cardinal adsorbent, i.e.

[ADP]
KOO
v=—|1+ 0

2 2
[ADP) ADF|
\/( K ') Tk b (27)

(corresponding to V = 19 uM s ', K5° = 0.62 mM, —y,/2 =
0.1 kcal mol™"). Repeating the experiments in 10% and 30%
PEG solution resulted in data that could be fitted to the Yang-
Ling isotherm (eqn (16)) with Via =12 uM 574, K§° = 0.95 mM,
—70/2 = 0.1 keal mol™" and Vi = 8 pM s, Kg° =12 mM,
—70/2 = 0.1 kecal mol™", respectively. Thus, for PK molecular
crowding also results in a decrease in Vi, and an increase in K;°.

To summarize, our studies of two enzymes in artificially
crowded environments showed that both enzymes could
be modelled by the Yang-Ling isotherm approach and that
an increased molecular crowding resulted in a decrease in
maximal rates and increases in dissociation constants for the
binding of both substrates and cardinal adsorbents. Measure-
ments of the ACDAN GP for the 0, 10 and 30% PEG solutions
showed an increase in GP with increasing concentration of
PEG,** (see Fig. S4, ESIt for graphs related to HK) corres-
ponding to a decrease in the extent of water dipolar relaxation.
This result can be interpreted as an increase in the order O of
intracellular water. In the following section we shall use this
information to construct a simple model for the coupling of
glycolytic oscillations to O.

1

(16)

Simple Yang-Ling model of glycolytic oscillations

An important aim of this study was to construct a mathematical
model that can simulate and explain our previous observations
of the tight coupling between the dynamics of intracellular
water and the intracellular ATP concentration.”***> This new
model should make use of the kinetic information obtained in
the previous section and the Yang-Ling isotherm equations. In
this endeavour we have been inspired by a simple glycolytic
model,>" that involves only ATP and ADP and where phospho-
fructokinase (PFK) is the central regulatory enzyme. We
use that this enzyme shows cooperativity with respect to the
binding of ATP and (as opposed to HK discussed above) the
activity of PFK is stimulated by ADP. Thus, in our model we
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assume (as for HK) that ATP is the substrate and ADP is
a cardinal adsorbent. However, unlike HK, binding of ADP
stimulates the rate of consumption of ATP. Nevertheless the
rate expression for PFK is the same as for HK, ie. vVppx iS
defined by:

ADP
VPFK = V(@ R+ (1

] SR e) @

(F]

where V is the maximal activity of PFK, and [ADP],q is the
concentration of ADP adsorbed to PFK. The form of (17) is
equivalent to (9) and (13), where ADP (as for HK) acts as a
cardinal adsorbent and R;, R, and [ADPJ,q are described by
eqn (14a), (14b) and (15), respectively.

A change in the nearest neighbour interaction energies 7.
and y, and K{° (compared to those estimated for HK) will
change the regulatory function of ADP from an inhibitor to an
activator. Thus, the binding of ADP as a cardinal adsorbent will
increase the activity of PFK by changing the equilibrium of ATP
vs. ADP adsorption to PFK via changing the relative weights of
R, and R, in eqn (17) (see Fig. S7, ESIT).

The resulting model for glycolytic oscillations is similar to
that of Goldbeter and Lefever:>*

d[ATP]
dr

=V — VpPFK (1 8)
d[ADP]

= — ki[ADP
a4 VPFK 1 [ ]

(19)
The model assumes that ATP is supplied to the system at a
constant rate, v, and is in turn transformed into ADP in the
PFK-catalysed reaction at the rate vppx defined by eqn (17).
Finally, ADP is removed at a rate that is proportional to its
concentration, with rate constant k;. In the current form of the
model, [ATP], [ADP], and time ¢ appear as dimensionless
variables. The model is simulated using the results obtained
from the kinetics studies in the previous section, i.e. we assume
that as for HK V is inversely proportional to O and K¢° is
proportional to O as suggested by Fig. S4 (ESIt) (note that as
discussed in the Introduction O is equivalent to the ACDAN
GP). In principle we could also make other constants (y., K;°,
Y0, k& and I') dependent on O, but numerical simulations
showed that this does not change the qualitative behaviour of
the model. Plots of the simulated amplitudes and frequencies
versus the value of O are shown in Fig. 3. We note that these
plots are very similar to those in Fig. S2 (ESIf) (obtained
experimentally®®), except that in the model, the frequency
decreases slightly with increasing O.

Coupling of the physical state of water to the oscillations of
metabolites

In the previous section O was treated as a parameter. However,
as observed in previous work the ACDAN GP, which is the
experimental equivalent of O, changes with time and hence in
what follows O will be treated as a variable. According to Ling’s
AI hypothesis,*' the presence of specific cardinal adsorbents
(e.g., ATP) on certain fibrillar proteins (e.g., actin) has the effect
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Fig. 3 Plot of (A) relative amplitude and (B) frequency of ATP oscillations
versus the value of O obtained from simulations of egn (18) and (19). The
parameters, most of which are dimensionless, are as follows: v = 0.4;
_25
ok
oo r -1
ke = 10; 5= 0.7 kcal mol™"; k; = 0.07.

=8 x0; —’5 = 0.5 keal mol™!; Kg° = 50; —VE‘J = 0.6 keal mol !

of polarizing water to a more structured state with lower mobility
and higher local viscosity. In our treatment, this is analogous to
creating an increase in (. This effect has recently been
indirectly observed using ACDAN,**** where it was shown that
glycolytic ATP oscillations in yeast were in phase with the extent
of dipolar relaxation of intracellular water (see also Fig. S1,
ESIT). The adsorption of ATP to a fibrillar protein is described
analogously to (7) as:

[ATP]
ATPlL, _Lf K&

[F] 2 \/ <[AT ] )2 [ATP] <r1)

1) +4 exp( —

K& K& RT

(20)

Any adequate description of enzymatic action should account
for the environmental effects on the enzyme. Hence, in addi-
tion to eqn (18) and (19), we will describe the change in the
physical state of water, O, as:

do

—:Vo—koo

T (21)
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[ATP]

Fig. 4 Phase plot of O versus ATP concentration obtained from simula-
tions of the model described by egn (18), (19) and (21). The phase plot is
very similar to the experimental phase plot (Fig. S1, ESIt) in that O and [ATP]
are in complete phase. The parameters are as described in Fig. 3, but with
additional Vy = 2.3; k5 = 10; —% = 0.5 kcal mol™!; ko = 2.3. Initial (dimen-
sionless) values for [ATP], [ADP] and O are 10, 4 and 1.13 respectively.

where k, is a first-order rate constant, and the rate v, is

proportional to the concentration of ATP adsorbed to fibrillar

proteins (described by eqn (20)):
[ATP}ad

o=V

(22)

We then couple eqn (21) to eqn (18) and (19), again with the
assumption that the maximum activity of PFK and the dissocia-
tion constant of ATP binding to PFK are functions of the
variable O, i.e., V(O) and K& (O). Simulations of [ATP], [ADP]
and O are shown in Fig. S8 in the ESL{ A phase plot of the
simulations of the full model (eqn (18), (19) and (21)) are shown
in Fig. 4. Previously, oscillations in ACDAN GP, which serves as
a measure of O, have been shown to oscillate in phase with
[ATP]**?* (see also Fig. S1, ESIt); to the best of our knowledge,
this is the first model that can reproduce and explain this
observation. Furthermore, reducing either the maximum velocity
V; from eqn (22) or increasing the rate constant &, will abolish
the oscillations. Changing the rate constant &, will change the
steady-state level of O, which again will affect the amplitude
and the frequency of the oscillations.

Discussion

In the current study, we have compared the Yang-Ling iso-
therm kinetic model with the Michaelis-Menten model in
describing the kinetics of two glycolytic enzymes in artificially
crowded aqueous solutions. Using polyethylene glycol (PEG) as
the crowding agent we found that the Yang-Ling isotherm
model describes the kinetics better than the Michaelis-Menten
model. A somewhat related approach was made by Olsen et al.*°

This journal is © The Royal Society of Chemistry 2018
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to study hexokinase kinetics, but with glucose as the limiting
substrate. Their experimental conditions differ from those used
here in that ATP was present in excess compared to glucose, so
the ATP concentration does not change significantly during an
experiment and hence substrate inhibition by ADP will be very
small (the term (1 + IATP] + IADP]

Katp  KiaDP
essentially constant). Therefore, their results cannot be directly
compared to those presented here. In addition, these authors
found limited effect of crowding agents on the enzyme’s Viax
and Ky for glucose using serum albumin as the crowding
agent. This is not surprising within the framework of the
Association-Induction hypothesis. Specifically, it has been
shown that globular proteins (or proteins denatured by sodium
dodecyl sulfate (SDS) and by n-propanol) have much less
capacity to polarize water than fully extended proteins (fibrillar
proteins such as gelatin, or urea-, guanidine, HCI-, as well as
NaOH-denatured proteins). Ling classified these two model
systems as introverts and extroverts respectively.”>** In the
case of the introverts the NH and CO groups of the polypeptide
chains are internally neutralized and as a result have minimal
effects on the solvency of the bulk-phase water. On the other
hand, the NH and CO groups of the polypeptide chains of the
extrovert proteins are directly exposed to the bulk-phase water,
reducing its solvency for Na,SO,, glycine and sucrose.’® This
higher ability to polarize water has also been demonstrated for
PEG-8000 and other oxygen containing polymers, e.g., poly-
vinylpyrrolidone (PVP), polyvinyl methyl ether (PVME) where the
oxygen atoms of the linear polymers produce a similar effect on
water to that of extroverted proteins.’” This behaviour has been
confirmed for PEG-8000 from our results using ACDAN, ie. the
extent of dipolar relaxation decreased by increasing the amount
of the polymer in the sample (Fig. S4, ESI,T see also ref. 24). The
specific effect of PEG on the kinetic parameters of HK compared
to that produced by albumin®® shows that the effect of crowding
is a necessary but not a sufficient condition to explain the
changes observed on the kinetic parameters of the enzyme,
i.e. the polarizing effect on water by extroverts (that affects it
activity and dynamical properties) seem to be an important
phenomenon to explain this discrepancy. This is fully consistent
with the Association-Induction hypothesis.

We have then used the results of our kinetic studies to
constructed a simple model of oscillating glycolysis in yeast.
The model is based on thermodynamic rather than mass-action
kinetic considerations, and seems to capture the essential proper-
ties of the real system. The model uses our experimental
observations that the Yang-Ling isotherm®"** seems to describe
the kinetics of glycolytic enzymes in crowded environments
better than classical mass action-based enzyme kinetics, and
that the maximum activities of these enzyme decrease while the
dissociation constants for binding of substrates and cardinal
adsorbents increase with increasing ACDAN GP (corresponding
to an increase in the variable O in our model). The increase in
dissociation constants may be due to a decrease in the ko,
constant, while the k. constant remains the same. Such a
decrease in k., is consistent with a decrease in the local

) in eqn (10) will be
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diffusion rate of substrates and products and is to be expected
in a more polarized solvent. Our finding that the maximum
rate and the dissociation constants for adsorption of species
(substrates) and cardinal adsorbents depend on the polariza-
tion of intracellular water are in line with previous observations
made on enzymes in viscous solutions. Here it was shown that
the maximum activity and dissociation constants of substrates
change with crowding.>*°*

The proposed model for the coupling of glycolytic oscilla-
tions and water dynamics using the Yang-Ling adsorption
isotherm instead of classical enzyme kinetics allows for the
type of chemo-electrodynamic coupling of chemical reactions
to the physical state of water observed in our previous work.>**>
The model is centered around PFK, which most experimental
and theoretical studies point to as the key control point in
glycolysis.>®**>® It reproduces several experimental observations
in addition to glycolytic oscillations, namely: (i) oscillations in
ACDAN GP, which is taken as a measure of the variable O, occur
in phase with ATP oscillations, and (ii) ACDAN GP (and by
extension O) decreases when glucose and KCN are added to
resting yeast.>> It was previously shown that the intracellular
ATP concentration®® experiences a similar decrease, and when
glucose is exhausted, both the ATP concentration and ACDAN
GP increase again. In the framework of this model this drop is
naturally explained as the decrease in ATP concentration is
accompanied by a decrease in the amount of adsorbed water
molecules, in accordance with the AI hypothesis."

As for the ability to reproduce oscillations in glycolytic inter-
mediates this new model is comparable to previous models of
glycolysis in that PFK and its regulation is central to the
occurrence of the oscillations and hence the feed-back regula-
tion by ADP used here is not new. Thus, the success of previous
glycolytic models based on classical enzyme kinetics (e.g. ref. 35,
51 and 56-62) should not be underestimated. However, classical
enzyme kinetics does not take into account the physical state of
the solvent (in this case intracellular water) and hence it cannot
be used to describe the experimentally observed coupling®*>®
between changes in metabolite concentration and the dynamics
of intracellular water (O in our model). By contrast, the Al
hypothesis is based on a description of the polarization of
intracellular water and how it affects cellular processes'®>**!
and hence it may be better suited to model the coupling of
metabolic oscillations to oscillations in the polarization of water.
Furthermore, our model may be able to account for how areas
of high O may polarize adjacent areas of low O, which would be
accompanied by a phase delay. This effect was observed in
earlier studies,***> where metabolic oscillations in the cytosol
of resting yeast were measured using LAURDAN or Nile
Red, both hydrophobic probes that partition in intracellular
lipid droplets, cellular membranes or both. Oscillations in
these probes display the same frequency, as observed for the
ACDAN GP or NADH concentration, but with a small phase
shift compared to oscillations in ACDAN fluorescence. While
earlier models of glycolysis do not even consider how oscilla-
tions in glycolytic intermediates can cause oscillations of water
polarization in regions where glycolysis is absent, this result
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may be easily explained by a model coupling glycolysis and
water polarization as an effect transmitted through the intra-
cellular water, which is present in the entire cellular volume.
Fig. S9 in the ESIf illustrates this nicely: The figure shows a
phase plot of oscillations of Nile Red versus oscillations of the
three DAN probes ACDAN, PRODAN and LAURDAN. While Nile
Red and LAURDAN, both of which are polarity sensitive probes
localized in lipid droplets, oscillate in complete phase with
each other, PRODAN, which is both water soluble and soluble
in hydrophobic solvents, oscillates slightly out of phase with
Nile Red and finally ACDAN, which is very water soluble and
hence predominantly localized in the cytoplasm>*>° oscillates
even more out of phase with Nile Red. This we interpret as
the polarization of water is somehow transmitted from the
cytoplasm to the lipid droplets. How this transmission occurs is
still under investigation.

The experimental evidence obtained so far from our
group®®*® suggest an important paradigm-shift concerning a
possible key role of the dynamical state of intracellular water
during cellular function. For example, if water is taken into
account, not as a passive medium dominated by random
thermally driven collisions, but as a reversibly dynamically
structured active participant (as proposed in the association-
induction hypothesis), then general coupling principles natu-
rally follow. This implies a drastic change in the view of the
cellular interior, traditionally seen as an aqueous environment
where mass action kinetics and van’t Hoff dilute solution
theory apply, to a highly dynamic and structured milieu.
Additionally, in a recent publication we provided evidence
for the existence of an isentropic (adiabatic) process during
glycolytic oscillations, suggesting that heat is not dissipated
during oscillations but can be stored and moved around in the
system to minimize further energy consumption® challenging
the classical view of steady-state energetics. In this respect it is
of interest that the Yang-Ling isotherm is based on equilibrium
statistical mechanics.

It should be possible to use the Yang-Ling adsorption
isotherm to set up more detailed models incorporating all
enzymes involved in glycolysis, equivalent to the detailed models
based on enzyme kinetic expressions.’***®' A more rigorous
version of the current model might also include the effects of
the environment, specifically O, on creating neighbouring ij
pairs (i'e" [y07YC7F7F|] - [VO(O),yC(O),F(O),Fl(O)D, but we
have refrained from this since making this change will not
have a major qualitative effect on the model’s behaviour, but
may only affect, e.g., the position and the width of the critical
region of O (Fig. 3).

Finally, we conjecture that the state of intracellular
water plays an important role in cellular activity in general
and that a similar formalism can be used to propose a model
for how this information may be rapidly transmitted through-
out the cell. This idea has previously been suggested,’
and the general formalism presented here for cardinal adsor-
bents should apply to any enzyme involved in metabolism and
cell signalling, e.g., intracellular Ca**, which also exhibits
oscillations.
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