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System Design in Biology:
Evolution and the biological design space
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Design principles of metabolism?

Engineered Microbes with DSRS

Super Bug VS Microbial Community

How to (re)engineer metabolism? How to (re)engineer an ecosystem?
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The most fundamental constrain on metabolism is
thermodynamics

glucose biomass

Substrate

Products

anabolic
substrate

o,

Hellingwerf, K J, et al FEMS Microbiol. Lett 15 (1982)

AG._=AG° +R-T-In




Thermodynamic inhibition on metabolism

Exclusion principle revisited

—_
1

. . . K=0.1
Kinetics dominated

—_— 0.8
world /' A =)
. T%/ 06+
Vo LS \ g 0.4}
K +[S] — @ "oz
K =0.01 N RN
0 50




Thermodynamic inhibition on metabolism

Exclusion principle revisited

. . . K=0.1
Kinetics dominated A .|
world /' =N
@
v:Vmax'[S] \ §0.4—
K+[S] — ‘ 02(h,
K =0.01 N/ BN, .
0 20 100 150 200
Time
_ _ 1
Thermodynamics k=0.1,46,,= 22/ mol | [ ——
dominated world s |/
./ 5000
V= Vmax .[S].(l_eXP(Aern)) \ ‘ § 04—1'
- — 0.2
K+[s] (1 th exp(AG,, )) K =0.01, AG,,, = -20 KI/mol
: ’ rxn 0 L )
0 20 100 150 200
Time

Hoh, C Y, R Cord-Ruwisch. Biotech & Bioeng 51:5 (1996)



Thermodynamic inhibition as a general principle
for explaining microbial communities / diversity

v, -[S] (1 — exp(AGm’l))

[Xl]':YI [Xl] Kl +[S].(1_k.exp(Aern,1))

_l'[XJ

v, [S]- (1 - exp(Aern,z ))

[Xz]':YQ'[Xz]' _A[Xz]

K, +[S]'(1—k'eXP(Aern,2)) Many microbes can co-

exist utilizing the same
substrate, as long as
they convert it into

different end-products.
K=0.1,AG,, =-25 KJ/mol

O
/.\ .

K=0.01, AG,, = -20 KJ/mol




Thermodynamic inhibition as a general principle
for explaining microbial communities / diversity

15

10
[X,1'=Y,-[X,]- ' 181 (1-exp(AG ) —A-[X]
K, +[5]-(1-k-exp(AG,,,,))
10"
i 1ST-(1-exp(AG
[X,]'=Y, [X,] —2 5)-(1-exp(4G,,.) ~A-[X,]
~ K, +[S]-(1— k-eXP(AGm,z))
X
<
O
©
5
10
0
10 _ e
0 1
10 10

ddG (KJ/mol)

2
10

Significance of co-existence
will depend on free energy
levels of individual
reactions.



Relevance of low-energy reactions:

Glucose

TN

900 -

All possible, thermodynamically
feasible conversions within a

400 given range of stoichiometries

Butyrate degradation
Ethanol fermentation
Glucose oxidation

number of cases
W
-]
o

200 .
Methanogenesis
100
0 !
0 100 200 300 400 500

ddG (KJ/mol)
Grosskopf T and Soyer OS, ISME journal (2016)



Metabolic cooperation from S
thermodynamic inhibition? oA
A syntrophy at the heart of anaerobic digestion

2l actate- + Sulfate2 —> 2Acetate- + 2HCO3 + H»S DG = -160.4 kdJ/mol

L actate- + 2H,0 —> Acetate- + HCO3z + H*+ + 2H> DG = -4.2 kd/mol

Lactate

Sulfate

Methanogen, e.g.
Methanococcus
maripaludis

Sulfate reducing
bacteria, e.g.
Desulfovibrio

vulgaris

Acetate co, Methane



Initiating a co-culture...

0.50 -

O
(@)
|

O
o))
|

10 15
Days% after Inoculation

O
~
]

0OD600 (in Hungate)
o o
N W

O
[
1

o
-

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
Replicate number (unrelated)



A social clone?

- |
D.vulgaris
M.maripaludis
DvMm M141
Co-Culture
l Plate on Medium C l
[...] l [...]
Pick 20 clones Pick 20 clones
(Medium C) (Medium C)
el M0 f
5 mL CCM
+250 uL D.vulgaris < From From

Y +250 uL M.maripaludis Y'Y

ot P

Mono-Culture

Co-Culture



A social clone?

Mean values + standard deviation, 20 replicates each

0.50

0.45 -

0.40 - T | I

0.35 | L
S 0.30 .
2 0.25 T Hypothesis (V)
©0.20 T Cooperation enabling

0.15 F il @ % T - mutation!

0.10 1 1 Yoo & -

0.05

0.00

0) 2 4 6 3 10 12 14 16 18
Days after Inoculation
Co-culture with Co-culture with

BF-clones - WT-clones



Molecular basis of metabolic cooperation?

Biofilm
formation?

Thermodynamics?



Molecular basis of metabolic cooperation?

Alanine orovision?

for tion? Relative density (X1) — """"

I ) . 50

Thermodynamics?



How to overcome thermodynamic limits?

Lactate- + 2H>0 —> Acetate- + HCO3z + H+ + 2H>»

DG = -4.2 kd/mol

~

_

Lactate —> Pyruvate + Ho

~
DG = +43 kd/mol
Y,




Investment of energy into metabolic cooperation.

Lactate —> Pyruvate + 2H* + 2e- DG = -37 kd/mol
2H+ + 2e- —> Ho DG = +81 kd/mol
Na+(out) —> Na+ (in) DG = 7 kd/mol

pyruvate O
|
CH 3CCC’O -

cytoplasm

T i, i, 0, 0, P 0 0, 0, 50 i, 0, 0 % i 150, 0, % o 0 i % o, P,

T T STy
333333333833833saiiaizaniaaiiaasiaisaiizaiasiiiiiaaiiiig

gt bt it v it gt g g " gt gt gt g gt " gt g g " " gt g

b %%
Es

83
i3

?H lactate

CH,CHCOO™

Walker et al., J. of Bact. (2009)




Investment of energy into metabolic cooperation.

Lactate —> Pyruvate + 2H* + 2e- DG = -37 kd/mol

2H+ + 2e- —> Hpo DG = +81 kd/mol
Na+(out) —> Na+ (in) DG = 7 kd/mol
pyruvate O /
CH SgCOO B DVU2287 DVU3023
N\

e e T % f‘,) e’“‘e 3,0 g"& ,g‘b e‘%’ e‘%‘ g e"; e‘?) :‘9@ :’% %% % %R W B

% % %
eeeeeeeeeeeeeeeee
%3‘9)%9&%}%":9‘9? R A B - R e

wild type DV EI:H:.
syntrophlc !H

INDELs

cytoplasm

0% - 100% 0% - 100%

One mutation
present in all
five “ }/ntrophlc
clones!

T
BRI

e o o e g W g g

f3331
33313

b

?H lactate

CH,CHCOO™

Walker et al., J. of Bact. (2009)



Thermodynamic basis of metabolic cooperation

. and production level depends
on external Na concentration

syntrophic DV

8

Syntrophic clone produces more

H,. .. o .
=3 1000
7 |
S
— (ol !
© 600 ~ e
L T wild type DV
) 200
- - a © g
8 0o2 0’
N Na concentration
D
Q.
-
D
O)
5 I II
= 18
S, ]
L s S2 s3 s4 s5 153 ns4 nsS

syntrophic DV wild type DV

Grosskopf T, et al, ISME Journal (2016)



Thermodynamic basis of metabolic cooperation

... and production level depends
on external Na concentration

Syntrophic clone produces more syntrophic DV

Ha....

8

3

8 ¢
a 000
= 600, Thermodynamic -
o . . , |
< 500 bottlenecks in metabolism | wild type DV
> 400 determine molecular . ° |
N dri f h °  Na concentration °
ag_ 200 | rivers of syntrophy
0C> 200
8) 100
= Liinn
1L s S2 s3 s4 s5 153 ns4 nsS
syntrophic DV wild type DV

Grosskopf T, et al, ISME Journal (2016)



Thermodynamics as a design principle
for multi-cellular ecosystems?

| Mixer ., High-pressure valve COMPLEX POLYMERS
Access hote A (proteins, polysaccharides, etc.)

‘ primary fermenters

OLIGOMERS
(sugars, peptides, etc.)

Fluid zone ; *

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

Sludge zone

secondary fermenters *
¥ Y seconcay v

'.f\"hxmg icme‘ . ® " c COMPOUNDS
L H
- Ground Hz ACETATE
*methanogens*
CH4 ' COz
http://www.mannvit.com/Markets/UnitedKingdom/AnaerobicDigestion/




Exploiting thermodynamic inhibition for synthetic
community design

Mean +/-s.d. (n = 3)

Lactate 3
E
. in £ 2 -
= 3
S5
L o
H2 CO2 :c_'
Acetate 0

DvMm DvMmMb
, Mean +/-5.0. (n = 3
CH4

()

o0 am 0800.a

.- *

< 0.50 e .o

8 000 @88

S 0 5 10 15 20 25

Days after inoculation

Grosskopf T, et al, in preperation



Exploiting thermodynamic inhibition for synthetic
community design

Mean +/-s.d. (n = 3)

Lactate 3
£
. 1 € 5 L
32
Y
L
H2 CO2 TE'
Acetate 0
DvMm DvMmMb
‘M- marit  Expanding from 2 to 3
species community almost
doubles methane production;, sgg--
CH4 E + s L
£ 0.50 * §§§*i "
= an®
3 0.00 +HHE
S 0 5 10 15 20 25

Days after inoculation

Grosskopf T, et al, in preperation



Expanding the synthetic community towards
cellulose to methane conversion

Cellulose
degrader(s)

Lactate

Ca on defined media

CO2 .
Acetate with cellulose
N2 H2 CO2 CH4 Sum
M. maripaludis 120.00
M. barkeri
100.00
X 80.00
CH4 S i T
§ 60.00
2
O  40.00
20.00
v 0.00 |
}’\ Tobias GroBkopf 0 20 40 60 80 100 120 140 160 180
Hours

Jing Chen Matthew Wade

200



Synthetic microbial communities - Future

Community Building

Microbial Communities @ the
Isaac Newton Institute:

http://www.newton.ac.uk/event/umc

Research Theme at WISB waste / .
\ sunlight
streams
=

®

complex
substrates ‘ ‘ \/

=
Tool
Development ‘

® Non-invasive
' monitoring

high value/energy
compounds

Synthetic soil
ecosystem

Applications

Model gut

Anaerobic
Digestion

Biological
Production

Fuel Cells

Basic Science

Community
stability  Multi-step

metabolism

Multi-cellularity

Non-model
organisms


http://people.exeter.ac.uk/oss203/

Synthetic microbial communities - Immediate Future:
Closed ecosystems

Phototrophs

Re-Mineralization Cycle k Heterotrophs /

Christian Zerfass Mn-reducer Mn-oxidizer

with Joseph
Christie-Oleza

Mn(IV)




Synthetic microbial communities - Immediate Future:
Model plant support ecosystem

Philippo L, et al., 2013
g ‘

e.g. Piriforma
Spora 77?
with Patrick e.g. Bacillus

o -
Schaefer subtilis

Nitrosomonas
europaea

& Nitrobacter

winogradskyi
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Microbial Communities @ the
Isaac Newton Institute:

http://www.newton.ac.uk/event/umc

Funders
#,BBSRC

9 bioscience for the future

dstl



http://people.exeter.ac.uk/oss203/
http://people.exeter.ac.uk/oss203/

