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Cell biocatalysis technology: The goal

Biorefinery
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Cell biocatalysis technology: Current

state

B

Titer, rate, yield (TRY)

\ Target for industrial
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. strain

Novel
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technologies
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(Nielsen

and Keasling 2016)
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2. Modular design
2.1 Conventional engineering
2.2 Synthetic biology
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Definition:

“A module is an essential and self-contained functional unit relative
to the product of which it is part. The module has, relative to a
system definition, standardized interfaces and interactions that allow
composition of products by combination.”
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Modular design concepts

Definition:

“A module is an essential and self-contained functional unit relative

to the product of which it is part.

The module has, relative to a

system definition, standardized interfaces and interactions that allow
composition of products by combination.”

Types of modular architecture:

Architecture type Example
Sectional Fluid pipe
Features

« All componenets are modules
* Modules share a common interface

Architecture type Example
Computer USB

BAY)

Features

« Modules require a chassis
* Modules share a common interface

Architecture type Example
Slot Car tires

o
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0AQ

Features
« Modules require a chassis
« Each module has a unique interface
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Driving forces and potential tradeoffs of modular design
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Applications and challenges in microbial catalysis

Biorefinery

> Status: Bioengineering
E——) technologies enable micro-

bial biocatalysis

Cellular biocatalyst

Substrates 4 EraalEs N
C6-Sugars C5-Sugars
[ onon o - organic acids  aldehydes alcohols
K, o o ( Metabolic pathways — N o [ ~
S n
H
S WL e00e 1. A :
CO: Methane R o't‘/ \,R/ H,/ \,Rio .
0=C=0|| H—¢—H amino acids esters olefins
U -0 9 L3 1/
Lignocellulosic biomass R\(k —
ST " 99 I OH/ ‘\R/C\OR’} { VAN J
O gﬁgnzg{g;y' !aciams lgrpenoidf
— L= . (5
\7 N —




Applications and challenges in microbial catalysis
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applicable
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Modular design in synthetic biology

The second wave of synthetic biology:
from modules to systems

Priscilla E. M. Purnick & Ron Weiss

Nature Reviews Molecular Cell Biology 10, 410-422(2009) | Cite this article

» Basic elements (e.g., rbs, promoters, » Basic parts and modules need to be
repressors) combined to form small integrated to create systems-level cir-
modules (e.g., Switches, oscilators, cuitry
logic formulas.) » Develop abstract engineering principles

» Modules can be used to regulate and potentially harness biologically-
gene expression, protein function, unique features such as adaptation
metabolism, and cell-cell communica- > Develop better computational models

tion.



Modular cell (ModCell) biocatalyst
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Modular cell (ModCell) biocatalyst

A. Chassis B. Interfaces
[Enzyme synthesis  Carbon precursors  Energy precursors |

i @ o @ Current approach:
Ribosomes
Rpbe O @ > Integral design of one strain to

b
(@ coemer @rvom make a targeted product.

C. Modules D. Production strains

Ethanol produc(lon
0@@@@ L Wiﬁ
Common design

AdhE
phenotypes:
M +GCP: Growth coupled

to product formation
“NGP: Non-growth
phase production
Regulatory  petanolic genes
elements

Adipic acid production

#Sl ™

Ethyl butyrate production

888%@ -




Modular cell (ModCell) biocatalyst
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» Efficiency: Combine common ele-
ments among the different target
phenotypes in the chassis, reduc-
ing redundant engineering efforts.
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3. Computational design of modular cells
3.1 Genome-scale metabolic models

3.2 Multi-objective optimization

3.3 What defines a solution?

3.4 Solution algorithms
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Basics of constraint-based modeling

Vout

Vin >@ Vi ><

Metabolic fluxes v; (mmol/gCDW /hr)
Mass balance for each metabolite in the network:

dC

A: T::Vin—V:[ \:SO
dC

B: —dtB =v—w=0
dC,

C: d—::v2—vout:0

Lower and upper bounds for each reaction:

10<v;;, <10 < Specify measured flux
0<v; <1000 < Irreversible reaction
— 1000 < v, <1000 < Reversible reaction

0 < vour <1000



Constraint-based modeling at the genome-scale

With genomic and bibliomic information, constraint-based stoichiometric models can be
built at the genome-scale.

Databases
Manual curation
- t
Literature 3 .
Version control

Genome-scale model

Si==4



Constraint-based modeling at the genome-scale

Plant biomass
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Mathematical formulation of ModCell
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What defines a solution?

Multi-objective optimization problem
max  F(x) = (A(x), fa(x),...)"
xeX

A

f



What defines a solution?

Multi-objective optimization problem Definition of domination

. T A vector a dominates another vector b
iR (109) = () 000 (denoted a < b) iff a; > b; Vi € {1,2,...,K}

and a; # b; for at least one i.

fl fla > flb' f23 > fzbv
and a# b,soa<b
f7 2
,,,,,,,,,,,,,,,, Q
b |
,,,,,,,, Q : fza
3 f2b 3 C
l @




What defines a solution?

Multi-objective optimization problem Definition of domination
. T A vector a dominates another vector b
i 156s) = (6 edheoo) (denoted a < b) iff a; > b Vi € {1,2,..., K}
and a; # b; for at least one i.
fi
o Pareto set
e PS:={xe X :3x" € X,F(x) < F(x)}
Pareto frontQ\
\ Pareto front
\ PF :={F(x): x € PS}
O O m Q‘
Dominated points \
1 O—



What defines a solution?

Multi-objective optimization problem

r)r:ea))<( F(x) = (f(x), K(x),.. ')T

fl(L Utopia point

.()~~

~
S

Pareto frontQ

m m g Q
Dominated points !

T

Definition of domination

A vector a dominates another vector b
(denoted a < b) iff a; > b; Vi € {1,2,...,K}

and a; # b; for at least one i.

Pareto set
PS :={x € X:3x' € X,F(x') < F(x)}

Pareto front
PF :={F(x): x € PS}

Utopia point
max(fi(x)) = f(x) = f(x) = ...



Solution algorithms for multi-objective optimization

20



Solution algorithms for multi-objective optimization

MILP (Mixed integer linear programming)
» Convert to single-objective problem
» Need a priori specification of preference
» Optimality guaranteed

Goal attaintment formulation: define a
performance target for each objective g

min Z Ok (1)

kek
s.t.
fu + 0k > g Vke K (2)
5,20  Vkek (3)

fleQ (4)



Solution algorithms for multi-objective

» Convert to single-objective problem
» Need a priori specification of preference
» Optimality guaranteed

Goal attaintment formulation: define a
performance target for each objective g

min Z Ok (1)

kek
s.t.
fu + 0k > g Vke K (2)
5,20  Vkek (3)

fleQ (4)

optimization

» Directly obtain Pareto front
» Can be easily adapted to different mod-
els and design objectives

» Scalable to HPC for problems with
many objectives



Basics of genetic algorithms

Population-based heuristic optimization
(e.g., Genetic algorithms):
» Individual: Encodes the variables
of the problem and hence has an
objective value associated with it.

» Operators: Heuristic that modify
individuals to enhance their objec-
tive values.

The population of individuals is mod-
ified with operators to identify poten-
tially optimal solutions to the optimiza-
tion problem.

Parent selection

Initialization ‘ Parents ‘

Population ‘

\4
Termination - - Offspring ‘
Survivor selection |~

Recombination
and mutation




Basics of genetic algorithms

Population-based heuristic optimization
(e.g., Genetic algorithms):
» Individual: Encodes the variables
of the problem and hence has an
objective value associated with it.

» Operators: Heuristic that modify
individuals to enhance their objec-
tive values.

The population of individuals is mod-
ified with operators to identify poten-
tially optimal solutions to the optimiza-
tion problem.

The 2006 NASA ST5 spacecraft an-
tenna. This complicated shape was
found by an evolutionary computer de-
sign program to create the best radia-
tion pattern.



Scaling MOEA for many-objective problems

> We wish to solve modular cell design problems with 100s of products

> Many-objective problems are notoriusly difficult to solve and HPC approaches are
not well explored in the field

» Develop and benchmark an HPC MOEA



MOEA parallelization

a. Master-slave parallelization c. Genetic algorithm with island parallelization

Genetic algorithm e ‘

! Parent selection N
\ | »  Parents J
: T Send
! Initialization
: individual
o @ @ | indviduats | (1

® ® @

Evaulate objectives . E

b. Island parallelization ' -
n Population Recomblngtlon
and mutation
G
ﬂ ﬂ A A Receive
’ Li_nsiiv_iqu_a_lsz__

Termination

Y
- - Offspring w
Survivor selection




Outline

4. Application examples
4.1 Universal design for 20 products
4.2 Designs for 161 product library
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Input: 20

diverse products

Acetyl-CoA
Pyruvate

Oxaloacetate

Precursor

a-Ketoglutarate

Succinate

Succinyl-CoA
T

T T
0 2 5

Pyruvate Acetyl-CoA Succinyl-CoA Succinate a-Ketoglutarate Oxaloacetate

ctate e

Ethanol

Isobutanol

Counts Degree of reduction
(mol e =/ mol C)
[ Alcohol [ Organic acid [0 Ester

Acetate |

Propanol

Butanol ”Adlp\c acid 1,4-Butanediol

Pentanol

Precursor

Acetyl-CoA ——=

Pyruvate ——

Oxaloacetate

a-Ketoglutarate —
Succinate -

Succinyl-CoA =

0

2
Counts

5




Input: 20 diverse products

Acetyl-CoA 8
. Pyruvate 6
o 12]
2 Oxaloacetate =
2 34
& a-Ketoglutarate S
a
Succinate 2
Succinyl-CoA H H Hﬂ 1l
r T T 07 T T T T
0 2 5 3 4 5 6 7
Counts Degree of reduction
(mol e~/ mol C)
[ Alcohol [ Organic acid [0 Ester

Pyruvate Acetyl-CoA Succinyl-CoA Succinate a-Ketoglutarate Oxaloacetate

Lactate.

Ethanol  Acetate

Isobutanol Butanol Adipic acid 1,4-Butanediol

Pentanol

Counts

i

3

| I |
4 5 6
Degree of reduction
(mol e ~/ mol C)

7




Input: 20 diverse products

a b
Acetyl-CoA 87
= Pyruvate 6
o 12]
2 Oxaloacetate €
3 S,
© a-Ketoglutarate S
a
Succinate 2
Succinyl-CoA o
0 2 5 3 4 5 6 7
Counts Degree of reduction
(mol e~/ mol C)
[ Alcohol [ Organic acid [0 Ester
Pyruvate - Acety-CoA Succmy\ -CoA o

Propanol

Isobutanol

Butanol Adipic acid 1,4-Butanediol

Pentanol

Pyruvate Acetyl-CoA

@

PYRDC

LDH_ D

ACLS 4
.
iac.

=0 aame. .

.mm‘

“wmsiLactate /1’“552"

nads
@eioh

Ethanol

23y

DHADT

IBUTCOA

2mppal

ALCD23xi

S buioh

Isobutanol

a0coa
[ )

PTAr

.
@5

atn »
@=

Acetat

Succinyl-CoA

|ACACT1r

A

@aecon

e, nadhe . -
ACKr HACDT

nad o

@ hboos

eJ
ECOAH1

@beeoa

nadhe. o nadhe.

ACOADT

nad o rade

-

mm-+v pie
BTCOARx

nad o . o

bl

nadhe, | o aupe

ALCD4

nag o e

@biah

1

1

Y.

B0XCOAT

.
\OXEODCOA
& nadh

HADPCOADH3

* nad

& shadpcoa

DHACOAH

BUK?

Butanol Adipic acid

25



Universal design for 20 products

Product yield (Cmol/Cmol)
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Phenotypic spaces:

» Represent feasible
metabolic states accord-
ing to stoichiometric
constraints

» Gray region: Wild type +
production module

» Red region:
chassis +
tion module

Designed
produc-



Universal design for 20 products

Product yield (Cmol/Cmol)

0.9
0.6
03

0.0

Ethanol Propanol Butanol Isobutanol Pentanol
1,4-Butanediol Pyruvate D-Lactate Acetate Adipic acid

Isobutanol

0.9
0.6
03

=2

-

0.0

Ethyl acetate

Propyl acetate
0.9
0.6
0.3

0.0

Butyl butanoate Isobutyl butanoate
0.9
0.6

0.3

¥

0.0
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

\

ite

15

Growth rate(1/h)

>

Phenotypic spaces:

Represent feasible
metabolic states accord-
ing to stoichiometric
constraints

Gray region: Wild type +
production module

Red region:
chassis +
tion module

Designed
produc-



Universal design for 20 products

Product yield (Cmol/Cmol)

Ethanol Propanol Butanol Isobutanol Pentanol
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» Represent feasible
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ing to stoichiometric
constraints
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The universal design leads to
high product yields at the
maximum growth rate for all
combinations of chassis and
production modules.



Identification of chassis metabolic interfaces
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Natural modularity and flexibility of core metabolism enables universal

design
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Natural modularity and flexibility of core metabolism enables universal

design
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Natural modularity and flexibility of core metabolism enables universal

design
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Natural modularity and flexibility of core metabolism enables universal

design
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Input: 161 endogenous products

Endogenous metabolites in E. coli
that are organic and can be
coupled to growth under anaerobic

conditions.
» Diverse molecule size

» Highly reduced due to anaero-
bic conditions.

Products
IS
B3

15%
12%
10%

8%

Products

5%
2%

0%

50

C atoms in molecule

250 450 650 850
Molecular weight (g/mol)

20

C

Products

30%

20%

10%

0%

30

DoR

40



Smallest set of designs to cover product library

a. Compatible modules
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Smallest set of designs to cover product library

a. Compatible modules b. Reaction deletions
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