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 The Promise of Industrial Synthetic Biology
* Cell-Free as a Bioconversion Platform
o Lysate, Purified, and Hybrid Systems
o Example Application: Biomass Sugars to H,
o Key Metrics
o Challenges and Opportunities
* Cell-Free Metabolic Engineering
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Promise of Industrial Synthetic.Biology

Industrial applications i -
* Current: ) c
o Energy- and carbon-efficient conversions % 3

o Novel platform molecules § 150 | g é

(3 2

o Waste stream utilization
“vast difference: a mixture of valuable chemicals

and a valuable mixture of chemicals”

0! 0

Rogers et al. (2016) Curr Op Biotechnol
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Promise of Industrial Synthetic.Biology

mOil Refinery N .
: _ i, 12 hectares
Industrial applications 100,000 § 2STLPlnt
e Current: ] & Catlilonts Ethanct
. — 1{ ®1,4-BDO
. . . c 1
o Energy- and carbon-efficient conversions 210000 | o e I
o Novel platform molecules e . _ saa0oosoran
o Waste stream utilization £ o’ "
“vast difference: a mixture of valuable chemicals < 100 S o g .
. . ” n “a o" - -
and a valuable mixture of chemicals =
(S
* Long-term: .

o All C-based synthetic materials (including biofuels) ** 010 100 1000 1000

o Renewable Cis distributed (biomass, biogas, CO,) Capacity (million metric tons/year)

— Biological conversions benefit from economy of unit ~ Clomburg etal. (2017) Science
number: CapEx efficient at small scale

o Heterologous feedstocks
— Selective removal of functionality required
— Average oxidation state ~0

Enormous possible impact - 1 .: ] QT ngmn
potential to mitigate >15% of US emissions “ln

Cellulose Hemicellulose

Xu et al. (2016) Energy Technol
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Transportation (Non-light duty): ~9% of US Energy Use

Petroleum Net Imp...
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= Commercial Light ...
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Light-Duty Vehicl...

Transportation Sector
Total value: 27.655 Quadrillion BTUs
Breakdown:

+ Non-Highway: 4.067 Quadrillion BTUs

2r

P Related Fuel C:
Quadrillion BTUs
« Highway: 21.293 Quadrillion BTUs

Final breakdown:
« Waste: 20.489 Quadrillion BTUs
« Energy Services: 7.165 Quadrillion BTUs

2.088 |line Fuel Nat...
ultural Equi...
struction and ...
strial Equipm...
reational Equi...

Primary Coal
Electricity

Freight Trucks

Total value: 5.518 Quadrillion BTUs

Breakdown:
« Class 7-8 Trucks: 4.502 Quadrillion BTUs
« Class 3-6 Trucks: 1.016 Quadrillion BTUs

Final breakdown:
« Waste: 3.462 Quadrillion BTUs
« Energy Services: 2.056 Quadrillion BTUs

—‘_Waler-Fyelgﬁi o NN
—— Recreational Boat... i gt¥ateo
Non-Highway
Total value: 4.067 Quadrillion BTUs
Breakdown:

« Water: 0.969 Quadrillion BTUs

« Rail: 0.518 Quadrillion BTUs
« Air: 1.707 Quadrillion BTUs

Final breakdown:
« Waste: 2.892 Quadrillion BTUs
« Energy Services: 1.175 Quadrillion BTUs

« Pipeline Fuel Natural Gas: 0.873 Quadrillion BTUs

energyliteracy.com
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Chemical Production: 5% of US Energy Use

Petroleum Net Imp...

Total Petroleum F...

[ Renewable Fuels a...
Petroleum Process...

e RS ELERGET

Natural Gas Produ...

Bupemgohfngs..

Coal Production

o Gostesersuel.

B Hydroelectric En

I Wind Energy Produ...

Nuclear Productio...

~——— Electricity Net I...

. Total Biomass Ene...

...plus 1% of additional emissions

Primary Petroleum

Industrial Sector
Coal Stock Change
Primary Natural G...
T . Industrial-Petrol...
I Industrial-Coal
Primary Coal Industrial-Natura...
Electricity

- Industrial-Electr...

Industrial-Other

Manufacturing

. Primary Biomass

——— Primary Geotherma...
e Primary Solar/PV

- Primary Hydroelec...

I Primary Wind

IO

Primary Nuclear

.c

Chemicals
Total value: 4.995 Quadrillion BTUs
Breakdown:

Noncellulosic Organic Fibers: 0.042 Quadrillion
BTUs

Synthetic Rubber: 0.041 Quadrillion BTUs

and M 0.092 Quadrillion

P
BTUs
Ethyl Alcohol: 0.31 Quadrillion BTUs

Carbon Black: 0.088 Quadrillion BTUs
Chemicals-Other: 2.074 Quadrillion BTUs

Other Basic Organic Chemicals: 1.151 Quadrillion
BTUs

Cyclic Crudes and Intermediates: 0.098 Quadrillion
BTUs

Other Basic Inorganic Chemicals: 0.239 Quadrillion
BTUs

Petrochemicals: 0.86 Quadrillion BTUs

Final breakdown:

Waste: 2.103 Quadrillion BTUs
Energy Services: 2.892 Quadrillion BTUs

Process Heating
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mmmm Other Process Use...

Waste
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. Machine Drive
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Chemical Production: 5% of US Energy Use

...plus 1% of additional emissions

U.S. Greenhouse Gas Emissions from
Industrial Processes, 1990-2015

500
400
300
200

100

Emissions (million metric tons of
carbon dioxide equivalents)

1990 1995 2000 2005 2010 2015
Year

@ Mineral products @ Chemical production and use @ Metal production
@ Production and use of fluorinated gases

Source: US EPA’s Inventory of US Greenhouse Gas Emissions and Sinks: 1999-2015
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

N

Microbial

Microbial Fermentation
 Dominant biomanufacturing platform
* High engineering complexity

— Self-replicating / self-repair

— Natural system — evolves for maximum growth rate

(opposed to engineering objective)
e Membrane-enclosed
Guedes et al. (2007) Anim. — Transport required
Feed. Sci. Techno. . .
— Solvent toxicity
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

Microbial

Cell-free

Cell-Free Bioconversion

e Fastreaction rate

 Broad reaction conditions (solvent tolerance,
reduced effect of toxins, temp., pH, etc.)

* Complete orthogonality
—> high yield

* Challenge: unstable, expensive co-factors
—> Pathway design
—> Cofactor engineering

Zhang. (2011) ACS Catalysis 1: 998
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

Microbial
Cell-free
\ AS>B 90’5 G
Cell extract-based $ \F’
D—>
4 Prototyping Self-assembly\
¢ regulatory parts ¢ phages
e circuits e biophysics
Prs
%
Prud
> < TR:
KSynthetic cell | Medicine ]\ BIOPHARM A
® sensors e probes
o self-replication e therapeutics
e Snl, =
\ “““gﬂ“‘w‘ y /

www.noireauxlab.org
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

Microbial

Cell-free
\ AS>B 90’5 G
Cell extract-based J \F)'

Yeast cells are ground
with sand and water

Cell-Free Ethanol Fermentation Mixure s
Eduard Buchner

Nobel Prize in Chemistry, 1907

Filtrate with enzymes
is added to sterile
juice. Flask is sealed

Fermentation occurs.
Enzymes convert sugar
cane juice to alcohol

Sugar cane juice
is sterilized with heat
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

Microbial

Cell-free
\ AS>B 90’5 G
Cell extract-based J \F)'

Extract Y sut;strate
.. + salls
Mix Ing + cofactors

YQ greenlioht

BIOSCIENCES

Engineering

Cofactor Enzyme ratio Enzyme variant b qlev QM et al
optimization optimization testin udley QM et al.
P P 9 (2016) ACS Synth Biol

5, 1578-1588.
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Cell-Free Bioconversion

Bioconversions — production of value-added compounds using biocatalysts

Microbial

Cell-free

Cell extract-based

Purified enzyme-based
/—/—\\
E,
—
E,

< — >

=
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Purified Cell-Free Example: Biomass.Sugars.to H
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NATIONAL RENEWABLE ENERGY LABORATORY




Purified Cell-Free Example: Biomass:Sugars to H,

-
(=) =
2 > A—)g—)C\¢ I

D-—“’Fﬂ

Key Bioprocess Metrics
- Titer— phase separation

- Yield
- Productivity
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Purified Cell-Free Example: Biomass:Sugars to H,

-
(=) =
2 > A—)g—)C\¢ I

D-""’F;'

Key Bioprocess Metrics
- Titer— phase separation

- Yield — complete orthogonality
- Productivity C.H,,0, +7H,0+(P) > 12 H,+6CO, + (P, ,+P,
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Purified Cell-Free Example: Biomass:Sugars to H,

Organism-based Enzyme-based

CE j biotransformation biotransformation
1 A _A
(/ — - ' ) : a
E _] O = Q *
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Key Bioprocess Metrics TTN, (kg product perka biocatalyst)
. . Zhang (2009) Biotechnol Bioeng
- Titer — phase separation

- Yield — complete orthogonality; TTN,,
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Q -
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NATIONAL RENEWABLE ENERGY LABORATORY 17



Purified Cell-Free Example: Biomass:Sugars to H,

- Adapted from Rollin JA et al. —— Non-optimized
E, (2015) PNAS 112:16, 4964-4969. = 404 Simulation
[—?z _] s | AvBaclE 35 Experimental
i %_.—:F’

Key Bioprocess Metrics
- Titer — phase separation L B
- Yield — complete orthogonality; TTN,, ™™™

- Productivity — rational, model-driven improvement

o o,

Hydrogen Production Rate (mmol/L/h
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Purified Cell-Free Conversion —.Challenges.and Opportunities

E, ° ° H
[/[?j Advanced modeling
: > | e o Ensemble approaches
@ o Perturbations for robust parameterization
o o Alternative objectives (min [NADH], reduce inhibitory
intermediates, modulation of ATP, PP, recycle rates
etc.)

Feed

PYR 0.25 mM 0 25 50 65 80 95 110 125
NADH 0.75 mM @ : | | | | | | | Time (min)

ADP 1 mM Ldh Pyk PEP NADH PYR ADP FBP End
PEP 0.25 mM 025U 2U 05mM0.5mM 0.5mM 0.5mM 1mM
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] T T B ! S ! T B R
= I [T T T | [T T T [ | I
E 05 0.5 0.5
< ,—_-4\ |f\| o | [ | A N [ [ T
0 L | L 0 0 I I R B
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1 I i 15 [ L 1 [ i [
1
05 I | N T 05 [ | I
I 0.5 | [ [ [ [ T
0 I I | 0 1 L1 1 1.1 0 [ L1111
0 50 100 0 50 100 0 50 100
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! [ D 1.5 | T T T 1 v :
easuremen
0.5 Y L ! I bl Simulation
| A 0.5 | ol — — - Injection
0 | | | 0 | | | | | |
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Time (min)
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Purified Cell-Free Conversion —.Challenges.and Opportunities

E, ° ° H
[CEJT Advanced modeling
: > | e o Ensemble approaches
@ o Perturbations for robust parameterization
- o Alternative objectives (min [NADH], reduce inhibitory
intermediates, modulation of ATP, PP, recycle rates
etc.)

* Cofactor engineering
o Replacement with biomimetics
o Opportunities to harness external reducing power

NADP NAD
$ 4500/kg $ 1500/kg
5 o
o
nH, H
; fj/U\ l,_;xf_l‘ ,.-JL_“"’ NMN
Ne-0~F—0
| X Voo e »EW BCP

e
wo o, L | \(—i - s U $ 50/kg
N'o_g—o\ﬁ;/:]f:: l HO <‘“J©‘ . @ NH; Eﬁ")?\u, SZSZ
8 PR i = 2R e e
é. wo H HO OH ﬂ/ﬁ) l l

M

You and Zhang (2017) Proc Biochem
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Purified Cell-Free Conversion —.Challenges.and Opportunities

E, ° ® H

[_/[_/EJ_] Advanced modeling
2 > | e o Ensemble approaches

@ o Perturbations for robust parameterization
E

o o Alternative objectives (min [NADH], reduce inhibitory
intermediates, modulation of ATP, PP, recycle rates
etc.)

Cofactor engineering
o Replacement with biomimetics
o Opportunities to harness external reducing power
Tunable pathway properties
o Artificial actuators
o Engineered allostery
Compartmentalization / spatial control enabling for:
o Substrate channeling
o Hybridization with chemical catalysis

\/\) Enzyme \/\J O
Q- MeaPAu Denard et al. (2013) ACS Cat
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Cell-Free Metabolic Engineering

Biomass

Biological Valorization

of Lignin to Chemicals

Comparison to Directed Evolution

Beckham GT et al.
(2016) Curr Opin
Biotechnol 42, 50-53.

Catalysis & Polymerization
Enzyme loading

Separations

L, >
Reconstitution —>

—3 |, E2, E3 Kinetic modeling &« @ optimization

ifi E8 >

from purified E4i o \’ o \’ AW Nt 5N v

enzymes ST T @}
T o, T1 Ty T3Ti I \./,‘

Validation | (%Q
Validation f%gj\.

W
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Pseudomonas putida KT2440 — LighinBiological Funneling
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hitp://Icshepfl.ch les/content/sites < /filds /imagks/)pgMastersProjett/Alexandr 02018 jpg \
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Product WCCOOH B-ketoadipic acid
Pathways
3.5 ~8-0D o )OI\ Acetyl-CoA
SCoA
3.0 ~® Pyruvate Muconic Acid Ho\r(\/\)LOH ¢

) o R'O
~#-p-Coumarate 1)\)1\ ]{ Polyhydroxyacid (PHA)
o

-
kS
g Catalytic Upgrading
(a)]
o Depolymerization Depoly-
o Deoxy
HO\“/\/\)I\OH 5 Dire Use
o R O
. AdipicAcid |, o /\/\/\/\/\/:\
0 12 24 36 48 Hydroxyacid monomers Hydrocarbons
Time (hr) Linger JG et al. (2014) PNAS 11:33, 12013-12018.

Johnson CW and Beckham GT. (2015) Metab Eng 28, 240-247.

NATIONAL RENEWABLE ENERGY LABORATORY



Pathway Selection: PCA 4,5-metaCleavage

/=<:OO_LigAB'°°C ~ PCA — protocatechuic acid
H;")"\_gzi; ) oo CHMS — 4-carboxy-2hydroxymuconate-6-
semialdehyde
PCA 0, CI—ﬂV\S PDC — 2-pyrone-4,6-dicarboxylate
_ _ 006500 OMA — 4-oxalomesaconate
N Lig€ o 1T CHA — 4-carboxy-4-hydroxy-2-oxoadipate
° I PDC
+ T PDC
CHMS & & H,0
(hemiacetyl) < = og'
“O0C. | O COO o
008H OH
OMA (¢, t-enol) o
1105 ngJ -00C coo" LIgK Pyruvate o

oo Oxaloacetate Pyruvate
OMA (keto) CO,

Il

OMA (c,c-enol)

-00C coor ; 2;8’ HOMOH L 8 K \’o‘)kOH
oy Ho  CHA 7 §
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Pathway Selection: PCA 4,5-metaCleavage

-00C COoO-
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Confirmation of Pathway. Activity

1 10 -
O mln —PDC Control

8 + —Enzyme Control
—NADH Control
—Pathway

Absorbance
(o))

2

0 T T T T T T T 1

240 260 280 300 320 340 360 380 400

Wavelength
10 min .

—PDC Control

8 - —Enzyme Control
—NADH Control

—Pathway

Absorbance
[e)]

240 260 280 300 320 340 360 380 400
Wavelength
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Pathway Kinetic Modeling

 Michaelis-menten kinetics rate equations built for each reaction

o]

OH
O

.ooC\E\n/COO' L|gK Pyruvate
onll —_—

COO- Q Q

HO
CHA

OH

(e}
Oxaloacetate

d[0AA] d[Pyrl] k-9 [LigK][CHA]
TLigk1 = = = -
dt dt Kyena + [CHA]
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Pathway Kinetic Modeling

* Michaelis-menten kinetics rate equations built for each reaction

 Parameters determined for enzymes collectively
* Orthogonal collocation for rapid curve-fitting
* Bootstrap method to determine probability density for each

variable
* Additional possible parameters: inhibition constants, inactivation
terms L
' Kllv,ligl
__ d[OMAenol] _ ke d! [LigI[PDC] Lo
Hat dt KT 4 [PDC] Keat
, KLigU
L AIOMAero] _ keat 1LigUN[OMAenol] ;
e a Kiy®” + [OMAenol] KL
__dICHA] _ keg [Lig]1[OMAreto] P= | K
Lig] dt Klf:llg] + [OMAketo] kLigKl
cat
LigK1y, .
Fiigks = d[0AA] _ d[Pyr1] _ kthi IEngK][CHA] K;iggA
dt dt Ky ona + [CHA] '
kLi‘iKz
o _dlpyr2] _ KH92 1LigK 1[0AA] |
T KE9K "+ [0AA] Kyt ona
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Pathway Kinetic Modeling - Experimental\alidation and lteration

* Input at least 10 different conditions to inform 9-
parameter model

[E] (uM)

(E1 | (01] [ o5 (1] (0.1 BN (1] (1 ]
2| |o1 0.5 1 1 0.1 1 1
3|~ |o1 0.5 1 1 1 0.1 1
E4 01|, |os|, |1 | 1| 1, 1|, 01|,

* Qutput parameter range
estimation

L

Ligl ,,Ligl , LigU ,,LigU , Lig] ,,Lig]
kcat KM kcat KM kcat KM

* lterative improvement by varying enzyme ratio,
substrate loading
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Preliminary Model Results (PeterSt.dohn)

-~ pdc —— oma_ct - oma_k -~ cha —— 0aa —— pyr
1000 1000
3 800 800
S 600 600
(o
T 400 ' 400
()
(@]
S 200 /’A 200
O
0 0
10° 10" 102 10°
Time (s) Time (s)
[E], = 2 mg/L [E], =4 mg/L
* Good initial fit of [Pyr] based on literature kinetic
parameters

* Intermediates detection required for robust model
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NMR Metabolomics — Initial.Data

—[PDC]
—[OMAe]
s 20 —[OMAK]
£ —I[CHA]
6 15 - —[OAA + Pyr]
B
©
§ 10
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0 5 10 15 20 25 30
Time (min)
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|
f’d W %, | -
12 10 8 6 4 2 o -2 [ppm]
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Cell-Free Metabolic Engineering.Project Summary

1. Cell-free replication of lignin biological funneling pathways of
interest

2. Characterization of the enzymes in this system
* Kinetic parameters for each reaction: K, k_., K,
 Simultaneous system parameter estimation

3. Predict improvements that may be used in the production strain
 Expression levels
 Enzyme engineering targets / variant candidates

4. Use RBS calculator (or alternative methods) to translate optimal
enzyme loadings into genetic elements

5. Directed evolution of this pathway to compare this approach to
genetic, whole-cell optimization methods

4
=

1 —w@’

5

Y Vv

=>
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