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What makes populations
of growing cells viable”?



Tumor-in-a-dish
University of Kansas Cancer Center
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Studying bacteria in isolation

| eticia Galera



Dynamics of single bacteria under stress

genetic competence

sigB activity pulses [Suel et al, Nature, 2006]
[Locke et al, Science, 2011]
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A microfluidics chip for 2D biofilm monitoring

Cell trap

Gurol Suel



32:06:00 |

Liu et al, Nature 523, 550-554 (2015)
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The oscillations persist for very long time

Growth Rate
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Liu et al, Nature 523, 550-554 (2015)
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The oscillations are not due to the flow

D 20
fe
§E1O
2 3
0) 0

—h

O
U

Pressure
(psi)

-

54 56
Time (h)

58



The elongation rate of peripheral cells oscillates
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Where does growth stop within the biofilm?

At (10 min)

Growth

No growth

Biofilm growth area

12 14 16



What causes peripheral cells to stop growing?

e (Growth medium: MSgg (minimal salts glycerol glutamate)
> pH buffers: potassium phosphate, MOPS

» Salts: magnesium chloride, calcium chloride, manganese
chloride, iron chloride, zinc chloride, thiamine hydrochloride

» Glycerol

» Glutamate



What causes peripheral cells to stop growing?

e (Growth medium: MSgg (minimal salts glycerol glutamate)
> pH buffers: potassium phosphate, MOPS

» Salts: magnesium chloride, calcium chloride, manganese
chloride, iron chloride, zinc chloride, thiamine hydrochloride

» Glycerol —— carbon source

» Glutamate — nitrogen source



Carbon limitation does not affect oscillations




Nitrogen metabolism

glutavmate \
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Biofilms experience glutamine limitation during growth
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Addition of exogenous glutamine stops oscillations
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...but glutamate is not limiting
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It's ammonium that is limiting!
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Need-based activation of ammonium uptake
iIn Escherichia coli

Minsu Kim', Zhongge Zhang?, Hiroyuki Okano', Dalai Yan®, Alexander Groisman'* and Terence Hwa'***
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A metabolic tug-of-war between interior and periphery

ammonium growth glutamate
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A metabolic tug-of-war between interior and periphery

ammonium growth glutamate




Mathematical model
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Mathematical model
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Mathematical model

glutamate
consumption

~ -~ SN
. o0
jammoniumy
yproduction

/
N /7

Biaﬁlm

\
glutamate (J\— glutamate \

N

m\

|omass
I
interior '/ periphery

glutamate
diffusion
dA .
- = aG;H; — §,A(r; + 1) I ammonium
dG;
dt D(Gp — Gl) aGiHl- — 5GGiri
glutamate
dGy D(G: —G,) +D.(Gr — G 5-G
s (i_ p)+ E(E_ p)_Gprp
dH; G
— ﬁH Kn + Gn _ YHHL' I GDH
dr;
E — IBTAG — VrTi
dr, biomass
E — IBTAGp —Vrlp



Mathematical model

glutamate
consumption

~ T~ SN
. o0
jammoniumy
yproduction

/
N /7

Biaﬁlm

\
glutamate (A\— glutamate \

LT
m\

|omass
I
interior '/ periphery

glutamate
consumption
dA .
— = aGiH; — 5,A(r; + 1) I ammonium
daG;
L = D(G, - G;) - aGiH
glutamate
ot o) Coc6ur)
d G
— ﬁH Kn + Gn _ YHHL' I GDH
dr;
E - IBTAG — Vet
dr, biomass
E — IBTAGp —Vrlp



Mathematical model

glutamate
consumption

~ T~ SN
. o0
jammoniumy
yproduction

/
N /7

Biaﬁlm

\
glutamate (A\— glutamate \

N

m\

|omass
I
interior '/ periphery

biomass
production
dA .
- = aG;H; — 8,A(r; + 1) I ammonium
dG;
== D(Gp = G;) — aGiH; = 85Gym;
glutamate
tp = D(Gi — Gp) + DE(GE — Gp) — 0Gp1y
d G
— ﬁH Kn + Gn _ YHHL' I GDH
dr-
biomass

dn,
s —Vr"p



Mathematical model
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Measuring population growth
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The model reproduces the experimental observations
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The model

reproduces the experimental observations
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Prediction: killing the peripheral cells increases biofilm expansion
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Killing the peripheral cells increases biofilm expansion
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Why don’t peripheral cells produce their own ammonium?
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Why don’t peripheral cells produce their own ammonium?
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Why don’t peripheral cells produce their own ammonium?
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Why don’t peripheral cells produce their own ammonium?
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Why don’t peripheral cells produce their own ammonium?
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A strategy to eliminate biofilms: starve the interior first
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A strategy to eliminate biofilms: starve the interior first
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44 Cell Differentiation within a Yeast Colony:
Metabolic and Regulatory Parallels
with a Tumor-Affected Organism

Michal Cap,’ Ludék Stépanek,' Karel Harant,'-2 Libuse Vachova,2 and Zdena Palkova'-*
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Beyond growth oscillations
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Beyond growth oscillations
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Our key metabolites are charged molecules
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Our key metabolites are charged molecules
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Membrane potential affects the metabolic state

o -
2 X H+

NH, glutamate

glutamate

membrane
potential ~ -150 mV

q glutamate uptake is reduced if the
cell depolarizes



ThT oscillations reflect membrane potential oscillations
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What ions are involved in the membrane potential oscillations?




What ions are involved in the membrane potential oscillations?
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What ions are involved in the membrane potential oscillations?
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Dynamics of extracellular potassium
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Potassium is concentrated inside the cell
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Potassium is released via a stress-gated ion channel
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Potassium is released via a stress-gated ion channel

glutamate ' channel '
decrease opens




Potassium is released via a stress-gated ion channel

® ® o ®®C§>®
® S ®

(@ © L IEAC@

ol e (t@rkA gate ® ® ®
\___© ® 9
® ®

glutamate * channel * potassium
decrease opens released




Potassium release hyperpolarizes the cell
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Hyperpolarization allows glutamate uptake again
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Testing the mechanism: glutamate removal triggers potassium release
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Testing the mechanism: channel opening leads to potassium release
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Potassium exposure also triggers potassium release
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Potassium exposure also triggers potassium release
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Potassium exposure also triggers potassium release

WT
A .
» hyperpolarization
B == -
* depolarization
4
1.0 3IO 56 76
Time (min)
potassium ’ cell channel potassium ' cell
exposure depolarizes opens released hyperpolarizes
(low ThT) (high ThT)




Hodgkin-Huxley model of
neuronal electrophysiology
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Hodgkin-Huxley model of
neuronal electrophysiology
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Hodgkin-Huxley model of K-channel model of

neuronal electrophysiology bacterial electrophysiology
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K-channel model of

Hodgkin-Huxley model of

neuronal electrophysiology

bacterial electrophysiology
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K-channel model of

bacterial electrophysiology
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Modeling results
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Comparison with experiments
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ropagating dynamics of the extracellular potassium




Propagation of potassium is active
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A bucket brigade of potassium
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Model prediction: impairing the gate affects propagation
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Model prediction: impairing the gate affects propagation
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Impairing the gate affects propagation

Prindle et al, Nature 527, 59 (2015)




Impairing the gate affects propagation
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Conclusions

® Metabolic co-dependence leads to global oscillations in
a biofilm

® The oscillations resolve a conflict between protection
and nutrient availability among interior and peripheral
cells

® The metabolic state is transmitted within a biofilm via
electrical communication involving potassium

® A Hodgkin-Huxley-like model reproduces the
observations

® A biological role for ion channels in bacteria




Bacteria as ancestral neurons
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GDH overexpression is not toxic to single cells
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Oscillations do not require quorum sensing
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Oscillations do not require swarming
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Oscillations are not affected by the extracellular matrix components
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Sensitivity analysis of the model
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The model reproduces the system size effect
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Clamping potassium abolishes oscillations
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Clamping potassium abolishes oscillations
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Comparison with a standard voltage-sensing dye
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Glutamine quenches ThT oscillations
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Potassium oscillations propagate outside biofilm

1 | Cell-free region near biofilm
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Sodium clamp does not affect ThT oscillations

600{ +150 mM NaCl

=)
3400-
|_

= 200
|_

0 > 4
Time (hours)



