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Metabolic Synchronization by Traveling Waves in Yeast Cell Layers
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ABSTRACT The coordination of cellular behavior is a prerequisite of functionality of tissues and organs. Generally, this coor-
dination occurs by signal transduction, neuronal control, or exchange of messenger molecules. The extent to which metabolic
processes are involved in intercellular communication is less understood. Here, we address this question in layers of resting
yeast cells and report for the first time the observation of intercellular glycolytic waves. We use a combined experimental and
theoretical approach and explain the radial velocity of the waves to arise from the substrate gradient due to local substrate addi-
tion. Our results show that metabolic processes introduce an additional level of local intercellular coordination.

INTRODUCTION

Unraveling the mechanisms of cell-cell communication is
important for the analysis of tissue and organ function,
and related biomedical questions. In general, coordination
of cellular behavior occurs either top down by signal trans-
duction and neuronal control, or among tissue cells by
exchange of messenger molecules. Well-known examples
for the latter case are the ubiquitous second messengers
Ca®" and cAMP. Ca®" coordinates tissue behavior via inter-
cellular waves, e.g., in astrocyte networks and liver (1).
cAMP waves synchronize the individual cells of the slime
mold Dictyostelium discoideum (2,3), and give an example
of how populations of unicellular organisms can be used
to study aspects of the intercellular coordination.
Communication between cells via the exchange of metab-
olites, introduced as dynamic quorum sensing, was shown in
stirred yeast cell suspensions (4). In this system, glycolytic
oscillations have been observed. Glycolysis converts glucose
to pyruvate and is occurring in nearly all organisms and cells.
The oscillatory dynamics is known to result from feedback
regulation of the phosphofructokinase reaction (5). It has
been shown that, in stirred cell suspensions, glycolytic oscil-
lations synchronize due to exchange of molecules between
the individual cells with acetaldehyde being an important
mediator of this process (6,7). Stirring of cell suspensions
increases the global coupling of cells. It is an open question
whether the coupling of cells without stirring would be suffi-
cient for synchronization. This is intriguing because glyco-
lytic oscillations have not only been observed in yeast, but
also in cell types that are naturally arranged in tissues and
organs, e.g., heart cells and pancreatic B-cells (8,9). We
here address this question using a layer of resting yeast cells.
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MATERIALS AND METHODS

Experiments were performed with aerobically grown yeast cells from
Saccharomyces carlsbergensis (ATCC 9080; American Type Culture
Collection, Manassas, VA) cultivated aerobically in a rotary shaker
(180 rpm) in liquid semisynthetic minimal medium (10) at 28°C. The cells
were grown until the glucose in the medium was just exhausted at the transi-
tion from the logarithmic to the stationary growth phase. After harvesting the
cells by centrifugation at 5000 x g at 21°C and washing them with distilled
water, the cells were suspended in 0.1 M KH,PO, buffer, pH 6.5, as a 20%
suspension (weight/volume) and stirred at 23°C until the cells started to
oscillate in NADH. This generally occurred after 3-5 h of starvation.

The dynamics of the cells is monitored by the changes in fluorescence of
NADH, which serves as an indicator for the concentration changes in the
extracellular acetaldehyde, because the oscillations of these two compounds
exhibit a fixed phase relation (6). For the detection of waves, the yeast cells
were diluted with phosphate buffer to a 10% suspension. A quantity of 1.9 ml
of this suspension was transferred into a small glass petri dish of 40-mm
diameter, yielding an ~1.5-mm-thick liquid layer. The cells in suspension
were monodisperse. The reactor was placed in the light beam of a two-
dimensional spectrophotometer. The waves were initiated by local injection
of 15 ul 1 M glucose solution into the suspension at two opposite sites in the
yeast cell layer. The wave initiation occurred at latest 5 min after the transfer
of the cell suspension into the petri dish. Subsequently, the petri dish was
covered with a 0.17-mm-thick cover glass to avoid evaporation-induced
convection. During the short duration of the experiments (~20 min), no
significant sedimentation of the cells was observed.

To test whether the cell suspensions are indeed active and show glyco-
lytic oscillations, control experiments were performed and the temporal
glycolytic dynamics were measured. This was done by monitoring the
NADH-fluorescence of a stirred 10% yeast cell suspension in a fluorimeter.

The spatiotemporal dynamics of the glycolysis in yeast cells was moni-
tored by a two-dimensional spectrophotometer. White light from a xenon
lamp (Laser 2000, Munich, Germany) was shone through a UG-11 broad-
band filter (centered at ~340 nm) and reflected by a dichroic mirror (LINOS
Photonics, Munich, Germany) onto a petri dish containing the yeast cell
suspension. Fluorescence light from NADH (at 460 nm) in the cell
suspension passed through the dichroic mirror to an image-intensified,
charge-coupled device camera (Corail; Optronis, Kehl, Germany). Any
contribution from the reflecting excitation light was blocked by a 440-nm
long-pass filter mounted directly in front of the camera objective. The
recorded images thus show the spatial distribution of the fluorescence
collected over the entire thickness of the cell suspension. The images
were collected at a resolution of 38.5 um pix' and a sampling rate of
2 Hz, digitized and stored on a computer for subsequent analysis. Details
of the setup are summarized in Bagyan et al. (11).
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The contrast of the acquired images was further enhanced by background
subtraction, where the background was calculated as the temporal average of
all images. Subsequently, the images were subjected to a histogram stretch-
ing, thus enhancing the contrast by making use of the full scope of the gray
value scale. The image processing protocol aims at yielding a substantial
enhancement of the contrasts of the image, thus enabling the detection of
the dynamic structures, i.e., the NADH waves in the cell suspension.

EXPERIMENTAL RESULTS

In the control experiments with stirred cell suspensions, the
addition of glucose induces glycolytic oscillations in the cell
population (Fig. 1 D). Here the synchronization is facilitated
by mixing of the external medium, which enables a fast
exchange of intermediates between the cells. In the absence
of mixing, cells synchronize by local diffusion. Due to this
interaction, the state of the oscillation travels across the cell
layer. In fact, the local injection of glucose into the yeast cell
suspension at two opposite sites leads to the formation of
traveling circular waves which annihilate upon head-on
collision (Fig. 1, A-C), a typical behavior of reaction-
diffusion waves (12).

Waves appear repetitively with a constant period (Fig. 2 A).
The velocity at the origin of waves is ~96 um/s for the first
and 87 um/s for subsequent waves, respectively (see dotted
and dashed white lines in Fig. 2 A). Thus, the initial wave
velocity remains nearly constant for all waves. However,
it is markedly reduced down to 12 um/s for the first and
16 um/s for subsequent waves when the waves approach
each other (see dotted and dashed black lines in Fig. 2 A).
The repetitiveness of wave formation is only observed
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FIGURE 1
sion. (A—C) Snapshots of two traveling waves which are induced outside the
field of view. The time interval is 152 s between panels A and B, and 200 s
between panels B and C. (D) Oscillatory dynamics of yeast cells in a stirred
solution. (Arrow) Addition of glucose.

Repetitive traveling waves in an oscillating yeast cell suspen-
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FIGURE 2 Dynamics of the cell layer in experiment (A and C) and simu-
lation (B and D). (A) The time-space plot is constructed along the horizontal
line in Fig. 1 C. (C) Time-space plot of the measured NADH-fluorescence
in nonoscillating yeast cell layers. (Insetf) NADH-fluorescence in a stirred
cell solution. (B and D) Simulated time-space plots corresponding to panels
A and C. Shown are variables X; in a part of the two-dimensional array.
Parameters: J™ = 8 x 107>, Ky = 3, ™" =3 x 1074, n =2,k =
0.13, ¢ = 0.1, dx = 0.05, dy = 0.002; (B) k, = 0.15, and (D) k, = 0.05.
Substrate is applied to the system via an initial extracellular substrate
concentration at two compartments each with X **(7y) = 187,210.

when the yeast cells are oscillatory. In contrast, nonoscillat-
ing cells exhibit only an initial transient in NADH with no
subsequent wave generation (Fig. 2 C). This initial NADH
transient propagates as a single wave with a velocity of
78 um/s through the cell layer (white dashed line). Again,
in this case we find mutual annihilation of the NADH-tran-
sients together with a reduction of the wave velocity down to
25 um/s (black dashed line).

MATHEMATICAL MODEL

Our mathematical analysis is based on a model that was
recently suggested for the study of glycolysis in cell layers
(13). It considers a two-dimensional array divided into N
compartments. Each compartment contains one cell
embedded in extracellular medium. The dynamics of each
cell is described by a two-variable model, which is derived
from core models of glycolysis. Such core models have also
been used as a starting point for the analysis of synchroniza-
tion phenomena in populations of stirred cells (14,15). The
two variables lump intermediates of the upper and the lower
part of glycolysis, respectively. The substrate glucose is
actively transported into the cell and subsequently
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transformed so that it does not diffuse out of the cell. Several
products of glycolysis, in particular acetaldehyde, can cross
the membrane and, therefore, can be exchanged between
cells.

In our model, the variable X represents the substrate,
which is supplied to the extracellular medium and trans-
ported into the cell. The variable Y is the product in the
system, which can cross the membrane. Therefore, the dy-
namics of an array of N compartments is given by the system
of equations

dXeX X jmaxxgx
L = > d (X x),
a T X Ky ;;X coA) U
dX; Jmax xex y?
T Ak (1b)
dt— X*+Ky 14V
dy; oa+Y"
:Xiil—kY,*— Y,‘—YF:X7 1
i Ty k( ) (Ie)
leex €exX €eX (D8
mzzwm—n)—zy4n—g>, (1d)
(@)
where i = 1, ..., N. Here, we use a rescaled version of the

model given in Schiitze and Wolf (13) that was derived by
scaling all concentrations by a factor 1/K and the time by
the factor k;

thy —t.

By rescaling the kinetic parameters

TP K k=T T K ki —J™, K /K — K,
k2/k1—>k2, K/k1_>K, dx/klﬁdx, dy/klﬁdy,

the kinetic parameters K and k; are eliminated and all vari-
ables, kinetic parameters, and the time of equation system
(la—1d) are dimensionless.

X; and Y, denote the concentrations of the cellular
compounds X and Y, and X;°* and ¥;"* denote the correspond-
ing concentrations in the extracellular medium of the
compartment i, respectively. Central to the cellular system
is an autocatalytic reaction transforming the substrate X
into the product Y (last term in Eq. 1b and first term in
Eq. Ic). The product Y can be converted into downstream
metabolites (second term in Eq. 1c¢) or exchanged across
the cell membrane (last term in Eq. lc and first term in
Eq. 1d). The compound X enters the cell via an active trans-
port across the cell membrane (second term in Eq. la and
first term in Eq. 1b). Extracellular substrate and product
can diffuse between adjacent compartments (last terms
in Egs. 1a and 1d). Each compartment may receive an influx
of the substrate X from the surroundings (first term in
Eq. 1a). In the case of an initial substrate pulse, we set
Ji™ = 0 and apply the substrate via the initial extracellular
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substrate concentration. All processes are assumed to be
unidirectional except for the transmembrane exchange of
Y and the diffusion between compartments.

Yeast cells can be assumed to be largely similar but show
a limited cell variability. To represent this in the model, the
compartments are assumed to be identical in their kinetic
parameters except for «. For this parameter, we use
randomly distributed values in an interval *10% around
a main value. Consequently, the cells of the array slightly
differ in their oscillation characteristics, e.g., frequency.
For the exchange of metabolites between the cells and their
compartments as well as between neighbored extracellular
compartments, the kinetic parameters dy, dy ¢, and k play
important roles. The parameters dyx and dy for diffusion
between two neighbored extracellular compartments i and
j are related to the diffusion coefficients Dy and Dy as

dX OCD)(/LZ and dy OCDy/L27

where L gives the size of the compartments. The parameter
¢ denotes the ratio of cellular and extracellular volume; « is
related to the membrane permeability, cell surface, and cell
volume. For more details of the model and an analysis of its
dynamics behavior, see Schiitze and Wolf (13).

MODELING RESULTS AND DISCUSSION

The model of the one-compartment system (i.e., the expres-
sions in Eq. 1 for N = 1) may show stationary or oscillatory
dynamic behavior depending on the kinetic parameters.
Fig. 3 shows a bifurcation diagram in the (", k) parameter
plane for that case. The region for the occurrence of limit
cycles is marked in shading, indicating the existence of

0.3

SNPO |

degradation parameter, k,

0 1 2 3
injection flux of the substrate, J"x107*
FIGURE 3 Bifurcation analysis of a one-compartment model (N = 1) in
dependence on the substrate injection J™ and the degradation parameter k.
(Shaded) Region of the occurrence of oscillations. (Solid lines) Hopf bifur-
cations (HB). (Shaded lines) Saddle-node bifurcations of periodic orbits
(SNPO). Parameters: J™ =8 x 107, Ky = 3, ™" =3 x 107, n =

2,k =0.13, and ¢ = 0.1.
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critical levels of the substrate injection flux and the degrada-
tion parameter for oscillations to arise.

For the simulation of the cell layer, we consider an array of
193 x 97 compartments. We first analyze the model for
parameters that allow cellular oscillations for appropriate
levels of external glucose, in particular k, = 0.15 (see
Fig. 3). The initial concentrations within all compartments
are set to values close to zero. At time ¢ = 0, the substrate
X is added to the extracellular medium at the centers of the
two halves of the array. Under these conditions, the propaga-
tion of circular wave fronts can be observed (see Fig. 2 B).
The waves originate from the compartments with substrate
addition. This can be explained by the fact that a local injec-
tion of substrate results in a transient substrate gradient and
that cells supplied with high substrate concentration act as
pacemaker of the wave fronts. Corresponding to the experi-
mental observation, the model shows an annihilation of
waves when they collide (see center of array).

To set the cells of the model mostly in a nonoscillatory
state, we decrease the reaction parameter k,. For k, = 0.05,
most values for the substrate injection flux J™ do not allow
oscillations, but instead a stable steady state in the corre-
sponding cells (see Fig. 3). In that case, a stimulus initiates
a single wave front only (see Fig. 2 D). No repetitive wave
fronts are formed corresponding to the experimental obser-
vation in Fig. 2 C. We conclude that the formation of repet-
itive glycolytic waves requires yeast cells in an oscillatory
state.

For both oscillating and nonoscillating cells, the propaga-
tion velocity of waves decreases with increasing distance
from the wave sources in simulations as well as in experi-
ments. The underlying reason for that observation is
analyzed in the mathematical model. To determine the
dependence of the wave propagation velocity as a function
of the extracellular substrate concentration, we use a simula-
tion in a one-dimensional chain of cells under constant
substrate supply (see Fig. 4 A). Waves are initiated by an
additional glucose feeding at one side of the chain. Fig. 4 A

Schitze et al.

shows the dependence of the wave velocity on the extracel-
lular substrate concentration obtained that way. Fig. 4, B and
C, analyzes the relation for those compartments of the two-
dimensional cell layer, which are represented in the time-
space plot in Fig. 2 B. When the first waves collide, the
substrate gradient is steep, resulting in a velocity ratio of 3
between the locations of wave source and wave annihilation
(see dashed lines in Fig. 4, B and C). At a later time-point,
the substrate gradient is reduced (depicted by the solid line
in Fig. 4 B). Accordingly, the difference of the propagation
velocity is less pronounced (see solid line in Fig. 4 C). This
is in qualitative agreement with the experimental observa-
tion. However, a quantitative comparison shows the velocity
ratio between the locations of wave source and wave anni-
hilation to be lower than in the experiments. This discrep-
ancy is mainly a size effect. While in experiments the
diameter of interest is ~20 mm, our simulations cover
2 mm only. Because the wave velocity decreases with the
distance, smaller systems have lower velocity ratios than
larger ones. Discrepancies may also arise from the fact
that we use a simplified core model of glycolysis. Taken
together, Fig. 4 demonstrates that the decreasing propaga-
tion velocity of the waves in the array results from substrate
depletion.

CONCLUSIONS

In summary, we here report, to the best of our knowledge for
the first time, metabolic waves in yeast cell layers. By using
a combined experimental and theoretical approach, we can
explain the radial velocity profile of the waves to arise
from the substrate gradient due to local substrate addition.
So far, glycolytic waves have been observed only in cell-
free yeast extracts (e.g., (11,16)) and in a quasi-one-dimen-
sional arrangement (17). The metabolic waves shown here
demonstrate that the information about the intracellular
metabolic state is not restricted to a cell, but can be fast
and efficiently transmitted to neighboring cells.
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FIGURE 4 Dependence of the wave propagation velocity on the extracellular substrate concentration. (A) Wave velocity in a one-dimensional chain of
cells. Parameters as in Fig. 2 B, except « = 3 x 10~* and dy = 0. (B) Extracellular substrate concentration in the line of compartments within the cell layer
that are analyzed in Fig. 2 B. Results are given for the first collision of wave fronts, t = 3500 units (dashed line) and the end time in Fig. 2 B, t = 11,000 (solid
line). (C) Wave velocity in the case of a chain corresponding to the extracellular substrate concentration in Fig. 4 B.
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Our findings imply that metabolic processes play an
important role in the local intercellular communication
and introduce an additional level of coordination supple-
menting known signaling processes. As shown in Fig. 2, C
and D, this interaction does not require oscillatory
dynamics. Our results prove that metabolic coupling of cells
can act on the timescale of minutes. Therefore, it might be
also important for slower cellular processes and rhythms,
e.g., respiratory oscillations in continuous yeast culture
(18,19). It remains an open question to which extent meta-
bolic coupling contributes to the cellular communication
in tissues. In that respect, it is interesting to note that glyco-
Iytic processes are discussed to be involved in regulation of
insulin secretion in pancreatic $-cells and the synchroniza-
tion of these cells (20).

In addition to the potential of information transfer, meta-
bolic waves also offer new tools for experimental interven-
tions on information processing in living cells—inasmuch
as their dynamics can be controlled by external parameters,
e.g., temperature (21).
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