Understanding metabolism as an
electrical process

Orkun S Soyer

BEE Workshop
Warwick, 29 March 2019

OSS eAB

B@ Bio Electrical Engineering
| Innovation Hub @ Warwick

L4/ s i P



I’m interested in understanding cell
metabolism / physiology
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Metabolism
before a cell

Metabolism
without growth

Metabolism
across cells

. . . .
*  Selection? Selection on what?

.__'\&' 4

Environmental microbes

Anaerobic digestion

Healthy tissue

Animal gut



Maybe we need an

alternative conceptual view
on metabolism?




The dream of every cell is to
become two cells
Francois Monod
Metabolism optimised for biomass production

C D

Metabolism invented biomass to stabilise a state
of nonequilibrium thermodynamics

Life is an electron looking for a
place to rest
Albert Szent-Gyorgyi




Metabolism as an electron flow system
shaped by thermodynamic bottlenecks
and biophysical tradeoffs

Interrogating metabolism as an

electron flow system.

Christian Zerfass, Munehiro Asally, Orkun S Soyer
Current Opinion in Systems Biology 73: 569-67 (2019).



Vignette 1: Thermodynamic bottlenecks

COMPLEX POLYMERS
(proteins, polysaccharides, etc.)

Biogas s * primary fermenters

OLIGOMERS
(sugars, peptides, etc.)

v

LONG CHAIN FATTY ACIDS
ALCOHOLS
(propionate, butyrate, etc.)

secondary fermenters *
v seconaay v

Cy COM:ZOUNDS ¢ > ACETATE

*methanogens*

CHs, CO:

Anaerobic digestion Schink B Microbiol Mol Biol Rev 61:2 (1997)

Engineer synthetic communities to learn about biochemical

basis of communities

Grosskopf & Soyer, Curr. Op. Biotech (2014)




Syntrophy: Crucial in all AD systems

COMPLEX POLYMERS
(proteins, polysaccharides, etc.)

* primary fermenters

OLIGOMERS Desulfovibrio
(sugars, peptides, etc.)

* vulgaris
HONG c:fc'%:ﬁg AcCIDS Hyd rogen Methanococcus
(propionate, butyrate, etc.) SU |ﬁde maripaludis
v * secondary fermenters *  / Lactate ¢
Cy COMPOUNDS *—> ‘
Hs 44— | ACETATE . > —>e
*methanogens* H2 C H4
CHs, CO;
Schink B Microbiol Mol Biol Rev 61:2 (1997) Sulfate

Lactate + 2Sulfate + 3H+—— 3CO> + 2HS- + 3H-0

AGo = -259.09 kJ/mol



Model system
syntrophy:

Lactate
*—
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to understand the basis of
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Only 1 working co-culture

/ out of 40 trials!
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Replicate number (unrelated)



Isolates from co-culture are consistently
“syntrophic”, while those from wild type are not
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Syntrophy made possible by energy investment to
overcome thermodynamics hurdle

Lactate + HbO —> Acetate + CO2 + 2H> AGo = -8.79 kJ/mol
Lactate —— Pyruvate + Ho AGo = 43 kd/mol
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Grosskopf T. et al. ISME J. (2016).




Vignette 1: Thermodynamic inhibition due to terminal
electron acceptor availability can be a key driver of
evolution of metabolic systems (intra- and inter-cellular)

.- Ethanol, Acetate, Lactate,

Butyrate, Ha...
)\ § \

High energy respiratory Low energy fermentative
pathways pathways

AG, <-=500kJ / mol AG, >-300kJ / mol

Test 1: Use electrodes as terminal electron acceptors
to control metabolism via electrode potential




Vignette 2: Cellular trade-offs

Crabtree-positive species Aerobic species
Glucose 14+02 Glucose
S. cerevisiae 152 +1.1 1.0+ 0.4 Y. lipolytica 3.9+0.3
S. bayanus 84 +1.2 1.1+0.2
! P. angusta 39+04
S. exiguus 72 +0.1 1.4 +0.2 c 3.0+0.4
K. thermotolerans 5.9 +0.4 - rugosa T
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38+ 14402
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-
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: : Growth (h™)
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Christen S & Sauer U, FEMS (2011)

Fermentation can still happen in the presence of terminal
electron acceptor like oxygen



Trade-offs in cellular metabolism can explain
respiro-fermentation (overflow metabolism);

Trade-offs in space/enzyme allocation
Szenk M, Dill KA, de Graff AMR, Cell Systems 5 (2017)

i, A\ M N/
Basan M, et al., Nature 528 (2015) - il 9 o ® 4 U
~—— Qtll:l:\' //nnnko

Trade-offs in pathway rate and yield
Pfeiffer T, Schuster S, Bonhoeffer S, Science 292 (2001)

Trade-offs in substrate-based growth rates
Doebeli M, Pop. Ecology 44:2 (2002)

maximal growth rate on acetate, r,

2 4 5

maximal growth rate on glucose, r



Can trade-offs lead to evolution of overflow
metabolism under selection for biomass?

EVoOFBA Z‘ﬂ,ﬁzfdto Uptake Reaction Bounds

\ Species A | n
f \ Species A Z’a" - const.

[FBAz]
s Species B I:I:DIEEED g“i = const.

Sy «

[ FBA1] v Mutation v

Species B Species B’ EEEL.I:L:E[I ;ai ~ const.

VOou -
az o - ,
. ce = Inspired from:
Continue ad | Beg et al.PNAS 104:31 (2007)
infinitum Species .... Zhuang et. al., MSB 7:500 (2011)

Harcombe W. et al.Curr. Cell Rep. 7:4 (2014)




Directed evolution of E.coli using EvoFBA

1/100 1/100

/7N N\

Continue ad infinitum

—

in silico version of

Lenski, R. et al., 1991. Long-term experimental evolution in Escherichia coli. I.
Adaptation and divergence during 2,000 generations. American Naturalist,
138(6), pp.1315-1341.




Many clones emerge over evolution

e 98678 clones
generated

e 3978 (~4%) clones
survived a sub-

] culturing event

4 * 235+/-30clones

: present each day

Cell number
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Constraints in cellular resources lead to evolution
of overflow metabolism and ‘cross-feeding’

Species A
Glucose specialist

0 [Fea|=
— \ J
Glucose f \ /
FBA||— I |
Acetate_} A )
:I:I:I:I:I:I:I:I: Species B
\ Acetate “specialist”

7 ||FBA
-\

I

O

Grosskopf T, et al BMC Evol Biology 16(1):163 (2016)



Constraints in cellular resources lead to evolution
of ‘cross-feeding’

Acetate 250 mg/L

F <N

oo

Time (hours)
N

(o2}

n
o

S50 S40 S30 S20 S18 S11 S65 2 0 2 L65 L11 L18 L20 L30 L40 LS50
Generation of S or L clones (x 1000)

Glucose 250 mg/L

- Q

Time (hours)

~N O O A WM

S50 S40 S30 S20 S18 S11 S65 2 0 2 L65 L1t L18 L20 L30 L40 LS50
Generation of S or L clones (x 1000)



Vignette 2: Cellular trade-offs can be a key driver of
evolution of metabolic systems (intra- and inter-cellular)

Trade-offs in space/enzyme allocation
Trade-offs in pathway rate and yield

Trade-offs in substrate-based growth rates

Trade-offs arising from conserved moieties and pH???



Vignette 2: Trade-offs arising from conserved moieties and
pPH leading to thermodynamic inhibition in different paths

reduction potential EY (mV)

600 400 200 0 —200 —400 —600

800

e acetate/pyruvate

o lactate+CO,/glucose
o H'/H, e CO,/formate

e CO,/lactate
e COu/butyrate i
Lo CO2/methane  ° sulfur/HS
- —e pyruvate/lactate e acetate/methane

e sulfite/HS™
— ® H+/H2

e fumarate/succinate

o glyoxylate/glycolate

e nitrite/NO

o MNO,/Mn?* e nitrate/nitrite

- ® O2/H20

pH=7 Serine Glycine Valine Isoleucine Methionine
Cysteine Leucine Lysine Threonine
— ! I T
I .02 .
Glucose (/v R T
) ‘ o< =
H0 l Glycolysis = '<Zf
p =
Glucose6P  —-------- —> 3PG — e — Pyruvate
I
E 2 /
> PPp l < . - Aspartate
Ribose-5P . Oxaloacetate
| o3 ’ |
; v ° i i
i Glycerol : l
l TC\A\—/ akg ——> | Glutamate
Histidine ./\ NA.DPH NADP*
Tryptophan £ £
g O

Phenylalanine

Respiration

Test 2: Do conserved moieties act as trade-off points?




Metabolism as an electron flow system
shaped by thermodynamic bottlenecks
and biophysical tradeoffs

Electron rich

substrates Thermodynamic feasibility

Lack of electron acceptors?

Redox R
reactions !nternal _redox / char:ge limitations
. influencing metabolic fluxes
enabling
electron Charge and redox
flow i properties of membranes
'\._ Toxic redox effects of

respiration?
Electron sinks

Ecological drivers
(strong electron acceptors)

Interrogating metabolism as an Engineering microbial communities using
electron flow system. thermodynamic principles and electrical interfaces.
Christian Zerfass, Munehiro Asally, Orkun S Soyer Christian Zerfass, Jing Chen, Orkun S Soyer,

Current Opinion in Systems Biology 73: 569-67 (2019). Current Opinion in Biotechnology 50:121-127 (2017).



Is a view based on electron flows and biophysical
[imits a useful one to understand and manipulate
metabolism?

RED PILL OR BLUE PILL? THE MATRIX, 1999, WARNER BROTHERS



Basics: Develop and parameterise a holistic
model of metabolism and physiology

Topography

(i
LI

4

_NADH NAD+ ADP T ATP g

e acceptor g

H+ =

Storage ofS rote E S
polymer @, . roteins - r:
&b g

-

7))

o5h
*Membrane proteins

o%@:g X/ pum

Can we develop a toy model capturing the
dynamics of metabolism, conserved moieties,
pH, and membrane potential?

Kelsey Cremin Hadrien Delattre



Test 1: Use electrodes as terminal electron
acceptors to shape respiro-fermentation

Control of respiration vs. fermentation in Shewenalla
oneidensis using electrodes poised at specific potentials

Christian Zerfass



Current (uA)

Cells utilise both electrode and oxygen

Ch = Charvel of potentiostat
Ch.1: «130 mV SME
ChS «130 mV SHE
Ch2 «+330 mV SME
Cht: «200 mVy St
Ch3 +530 mV SHE
Ch.7: «530 mV SME

8
1
T

Ch.4: non<ncculaed, +530 mV SHE
Ch.B: non-incculated, +530 mV SHE

~200mV
fum/succ

Lactate Acetate Fum.
cons. prod. cons.

20 14 28

Time (days)

Succ. e estimate e total e
prod. to Oo  calculated measured
28 68 140 140 Assuming 12 (4) e- per

lactate resp. (ferm.)



Try with cellulose degrading Clostridia

N
. | >
Cellobiose Christian Zerfass Jing Chen

IN&E

~ Holly Smith, senior scientist,
- fermentations

Acetate Butyrate

Control of fermentation outputs in
Clostridia celluloticum using electrodes
poised at specific potentials

\ 4
Ethanol



A) faaar!

Link to internal metabolism; Upcoming!

Open PDRA
positions

B@ Bio Electrical Engineering
A Innovation Hub @ Warwick




Test 2: Use electrodes and redox mediators
to shape metabolic trade-offs

Crabtree - positive species

S. cerevisiae 156.2+1.1
S. bayanus 84 +1.2
S. exiguus 72 +£0.1

K. thermotolerans 5.9 +0.4

RbI5P

‘\\ |
I . *:(% CANCER
3 RESEARCH UK

"M PIONEER

AWARD

- Mitochondrium

Cytosiblr R

Control of metabolic pathways in cancer cells
with redox mediators

Zoe Schofield Craig McBeth



More tests: Metabolism as an electron flow
system

Controlling bistability and oscillation Electric nature of metabolic,
in enzymatic reaction motifs spatial oscillations

oy 30 2 L A
. » S P R s S g .
Feeder electrode
Qred !

NADH
O/ \ GSHﬁgG\ Cells

FCY“’z Vi L N =
PEP Q ox Lac /\ O(Z?R Ms
\\\7
Enzyme-level Cell-level — ... @

Open PDRA \
POSItioNs v

B@ Bio Electric
. Innovation M

Clare Hayes Praneet Prakash




Metabolism as an electron flow system

Thermodynamics is the only physical theory of
universal content, which | am convinced, that
within the framework of applicability of its basic
concepts will never be overthrown!
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