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Let’s start with a different kind of factory...




Intro to Chemical Engineering

System/

Whichfeedstocksare
viable compared to
resources (including
wastes!) that are
available?

Control Volume

What level of
precision, flexibility,
robustness can be
achieved in the

" What canwe

produce compared
to what we need to

roduce?
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transformative steps?



A Many hydroxyacids have
been made as constituents of
Intracellular PHAS
(biopolymers).

A Very fewhave been

produced economically as free
monomers.

Steinhichelet al, FEM®icrobiol. Lett.,
1995, 128:21P928.



Extending the Product Spectrum

(Carboxylic Acids)

CoA-activation

\Isobutyric acid
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Acyl-CoA

Butyric acid Propionic acid |

CoA
Acetyl-CoA

3-Hydroxy-4-methylvalerate 3-Hydroxyhexanate 3-Hydroxyvalerate

3-Hydroxybutyrate

~3000 mg/L 4Me:-(R)-38Wmg/L | (R)-3HHI ~2g/L| (R)-3HV

~2gll| (S)-3HV

T

~3gll| (R)-3HB
~2gll| (S)-3HB



Accessing new molecules through Biology:
4-Methylpentanol
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(3H4AMV)
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4-methylpentanol (4MP)

glucose
Mimicking nbutanol :

(CoAdependent) biosynthesis :
Theoretical maximum =~ ¥
energy Yyield of 94.6%
4AMP
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butanol 4-methyl-pentanol

alcohol

ethanol

A Final pathway employetl0 genes
from 8 different organisms

A Maxselectivity of ~80%or 4MP
alcohol

Sheppard, et al, 2014.
Nat. Commun. 5:5031.



The Need for New Products

Periodic Table of the Elements

7
Carbon Nitrogen Oxygen
12011 | 14007 | 15999 |
3 4 5 6 7 8 9 10 11 12 S l P S
B VB vB VviB viiB i 1B {113 Sili Phosph Sulft o
3B 4B 5B 6B 7B ¥ 8 ¥ 1B 2B 28086 | 33?9;‘{“5 L 32“-“%J_. 35453
21 22 23 24 25 26 27 28 29 30 33 34
Sc Ti V Cr Mhn Fe Co Ni Cu Zn As | Se |
Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Germanium Arsenic Selenium
44.956 47.88 50.942 51.996 54,938 55.933 8.933 58.693 3.541 65.39 72.61 74922 | 78.09 | 79.904
39 40 41 42 43 44 45 46 47 48 | 51 52
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd Sb Te
Yttrium Zirconium Niobium Il Rhodium Palladium Silver Cadmium Antimony Tellurium - lodine
88.906 91.224 92.906 95.94 98.907 101.07 102.906 106.42 107.868 112411 121.760 127.6 | 126.904
72 73 74 75 76 77 78 79 80 84 3
Hf Ta W Re Os Ir Pt Au Hg Po | At
Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Polonium "As'tal'lne
178.49 180.948 183.85 186.207 190.23 192.22 195.08 196.967 200.59 [208.982] | 209.987 |
105 106 107 108 109 110 111 112
Db Sg Bh Hs Mt Ds Rg Cn
Radium Dubnium Bohrium Hassium it il 1 Ci
226,025 [261] [262) [266] [264] [269] [268] [269] 272) [277]

Lanthanide
Series

Actinide
Series

Alkaline
Earth

Transition
Metal

Semimetal Nonmetal Actinide
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w Increase diversityrt atomic composition, molecular weight
OSPIPE YIFIUSNAIT avz auiNHzOU dzNJ
W Are there unique opportunities to build hybrid production
systems?
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Integrating Procesontrol into Cellular Factorie:

System/

Control Volume

Input

+
Disturbance —)O—)

+
Feedback T

Status

System |=—>

Measuring
element

Effector

Command

<€
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Set point

Value l
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O,
‘L Error

Controller

w How can we most effectively design and integrate
O2YUNRTf & OANIDU:

A LINROSaa



Glucaric Acid Production m coli

PEP pyruvate

OH OH
D-glucose \ D-glucose-6-phosphat(y myo-inositol-1-phosphate
lphosphatase
OH
OH
Udh o
NADH NAD*  po™ OH
+H"  +H0 =
. . OH
D-glucaric acid . .
D-glucuronic acid myo-inositol

'{ 5h9 GURRD ®E { O S WA1Oderdvisiae (yeast)
Used in pharmaceuticals, materials, =~ MIOXM. musculus (mouse)
RSAOSNESE RS SNHSYy (V4R wiggoe (bacterium)

Moon, T. S.et. al. Appl Environ Microbiol. (2009) Yoon, SH.,et al. J. Bacteriol. (2009)
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Manipulating Glucose Metabolism

Glucose

phosphate phosphate 1,5-lactone

Pgm -6-
Glucose-1- F'9 [Glucose 6] Q 6-phospho-glucono-
. T ¢

Biomass Fructose-6- Pentose Phosphate
phosphate Pathway
myo-inositoh1- Pk ¢
hosphate e -
P ,p Fructose-1,6- Biomass

! bisphosphate
= v
V_ _ Remainder of glycolysis

Glucaric acid ¢

Sensing

Biomass and energy dirgulls

. ] |



Metabolite Valves Across Scales

m2p-labsBiolLector 250-ml shake flasks Infors 3-L benchtop reactor

09 - B Glucaric Acid A cetate
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L24SGA  L19SGA L31SGA IB1379GA
Guptaet al. 2017. Nature Biotechnology. 35:273¢279.

lucaric Acid Titer (g/L)
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Acetate Titer (g/L)

nsistent across scals




Transforming Cellular Factories

System/
Control Volume

Chemicals Catalog

Discover What's Possible <:><: ’
Set point ' | 3%
Input Status Value \lr+
+ Measurin, -
Disturbance —)O—) System |—> elemuerlug —>O
+ \L Error
Feedback Command

Effector €&———— | Controller







A Pathway for 3HB/3HV Biosynthesis

Propionate Glucose
. ‘u Glycolysis )
E. coli o

\)]\S-COA S CoA

propionyl-CoA acetyl-CoA
: BktB Step 1
- HS-CoA
E § S CoA
- - acetoacetyl-CoA
E E NADH NADPH
- - NADP+
3 Pha Step 2
OH OH o
2 (5)-3HV g /\)\s CoA s CoA
= (R)-3HV 3 (S)-3HB-CoA (R) -3HB-CoA

HS-CoA HS-CoA
OH
/\)I\O- /'\)J\
(S)-3HB (R)- 3HB
- | | )
% \Y%
Tsenget al, 2010Microbial Cell Factories. 9:96 ($)-3HB (R)-3HB

Tseng et al, 200%ppl. Environ. Microbiol. 75(10):31373145.>2 g/LR-or S 3HB



From 3HB/3HV to DHBA?

3-hydroxybutyrate & adhydroxyvalerate biosynthetic pathway

‘C" 7 ﬁ tesB §M ‘C"
et /k/\ T )\/\
H3C/+\SC0A thil. bktB,» (T ﬁ / R SCoA R OH
/‘C‘)\ phaA R SCoA (?H . osB o 5
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R = CHj, CH,CH,



Production of 3,4Dihydroxybutyrate (DHBA)
Glucose + Glycolate

700
0 (S-DHBA/3HBL Expected mDHBA|
B 3-HBL
500
-
CED4OO
= (R-DHBA/3HBL Expected
@ 300 T
[
200 A
100 A
. o =

thil-phaB bktB-phaB phaA-phaB thil-hbd bktB-hbd phaA-hbd
tesB-pct tesB-pct tesB-pct tesB-pct tesB-pct tesB-pct

All cultures werét. coli MG1655(DE3gndA recA grown in LB for 72 hours and were supplied with glycolate.
Martin et al,2013.Nat. Commun. 4:1414



Extending the Hydroxyacid Pathway

(Carboxylic Acids)

CoA-activation ¢

( O 0 . — ¢ .
ﬁ)}\OH /\)kcm \)J\OH R)J\COA )kCoA

Acyl-CoA Acetyl-CoA

| Isobutyric acid  Butyric acid Propionic acid |

4-Methyl-3-Hydroxyvalerate 3-Hydroxyhexanate 3-Hydroxyvalerate 3-Hydroxybutyrate

- /

T

~2000mg/L/ | 4Me=-(R) -3V mg/L/ | (R)-3HHI ~2g/L (R)-3HV, ~3ig/ll (R)-3HB
Martin et al,2013.Nat. Commun. 4:1414 ~20lL1 (S)-3HV ~2'glL (S)-3HB




Synthesis of Products from Fuel Pathway:

Clostridial ABE
Pathway
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Synthesis of Novel Biofuels

Proposed
Pentanol Pathway
Key@Questiofs 0 o
. . )k \)J\ Propionyl-CoA
1. Supply of building block | S-Con  scoa )
(propionykCoA) AN
2. Condensation reaction of \)kl)ks-w\
hbd
C2+C3 \/OH\)OL
3. Acceptance of &£arbon | oo
substrates for the \/\)CL ?
remaining pathway [ bod-etfAB
enzymes ~~_A.
\/\l)oL adhE
l adhE
\ NN on




Bypass rathod for pathway modularization

s ")

COA activator 1

\ )¢ W)ij

t))))ﬂ

WA PX

Tseng and Prathg2012.PNAS, 109:1792530.

Rxn 6

Rxn 1
Rxn 2
Rxn 3
Rxn 4
Rxn 5

/’/ \ / \
) ,/'l f\l\\\
/ \
| ;S) 0

% Péhtanol

. :‘, HPI.C analysis



MetabolicPathway Design

Substrates Glucose

Endogenous production of propionyl-CoA

=

Acetyl-CoA Propij)nyI-CoA
Rxn 1 L
N \bktB, phaA, thl
Ketovaleryl-CoA
Rxn 2 haB : P
p— tesB [ \l tesB
Rxn 3 : [(R)-3HV ] <= (R)-3HV-COA (S)-3HV-CoAmmmmp-| (S)-3HV
N phaJ1 crt
Rxn 4 _pu . | Trans-2-pentenoate |:
7 . pts Z
Rxn 5 I,—:'|:'pan:s."z.'perﬂ;@noy:|;(:gA;:w’l
pa— . "%\60|Trans-2-pentenoate
R e bcd-etfAB 74 i
XN ¥ ptb:buk |
11 | Valerate | =——) \/aleryl-CoA
1 iadhE
( : Pentanol
=t | e .

Tseng and Prather, 2012NAS, 109:1792530.



PentanolSynthesisfrom Trans2-pentenoate

Trans-2-pentenoate

4 lptb-buk N\
Trans-2-pentenoyl-CoA 1.4+ Molar Yields (%)
ATP  ADP | bed-etfAB or ter 15 14 57 0 30 0
Valerate | < ptb-buk Valeryl-CoA _ |
NADH— 2 dhe =it -
~ 0.8 -
Valeraldehyde Q )
NADT)ladhE 204 =l
\Module 3 “A° y b
Pentanol 0.2
: 0.1
ASynthesis of 1 pentanol - | |
requires 2 NADH R e e
ASynthesis of 1 valerate Hee ail il
Q
generates 1 ATP ,\@v&

Hypothesis Cofactor limitation prevents synthesis
2T RSAANBR SYR LINPARNEDZAS( €01 dza

Tseng and Prather, 2012NAS, 109:1792530.




Product Titers (mg/L)

PentanolSynthesisfrom Trans2-pentenoate

2200 0 g/L Formate 1 g/L Formate i
2000 |
1800 -
[1.3g/L
1400 - I Pentanol
| [ valerate ; pe ntan0|
1200 - §
1000 — !
800 §
] A : A
600 — i
1 1 R |
400 - I " |
200 -
1 ! A
(] A— a1 j : ;
Bcd Bcd Ter_, Ter,, | Bcd Bcd Ter,, Ter_,
Fdh1SC Fdh1SC Fdh1SC Fdh1SC Fdh1SC Fdh15c
PDH_ | PDH_

2.5

2.0

1.5

1.0

0.5

0.0

In addition to the indicated enzymes, Ptb-Buk and AdhE were

also over-expressed

olnjey Jejoj\ ajesajep / jouejuad

Valerate

Trans-2-pentenoate

(Module 3 )

Trans-2-pentenoyl-CoA

NADH NADH
) k@@
NAD* NAD*

N

<M> Valeryl-CoA
NADH
NAD* AdhE
Valeraldehyde
NADH—JAdhE
\_ NAD*
Pentanol

Pyruvate NAD*
PDH
NADH
O
)kS-CoA
Acetyl-CoA

NADH limitation can be addressed by the us&earfalong
with overexpression ofdhland PDH,

Tseng gnd Prather, 2012NAS, 109:1792530.



PentanolSynthesis via Module 1 + 2 + 3

Product Titers (mg/L)

3400 -
3200 -|
3000 -
2800 -|
2600 |
2400 |
2200 -
2000 -|
1800 -|
1600
1400 -
1200 -
1000 |

800 |

600 -

400

200

60.6%

31.6%

69%
09%

C2

Ethanol

C4 CS

Propa nol Butanol

| 61.5%

I Aicohol
[ ] Acid

110 mg/L

‘cz

Pentanol :

22.3%
8.0% 8.2%
C4
Ethanol Propa nol Butanol Pentanol

Glucose/Glycerol

Phosphoepolpyruvate

(Module 1 ﬂl )

v ppc
Oxaloacetate
aspC
Aspartate
ThrAff
Aspatyl-4-phosphate
asd
Aspartyl- semlaldehyde
*ThrA r
Homoserine
{ThrB ...........
Phosphohomoserine I CcOo
yThrC LA :
Threonine . ! NADH'
_;IIVA . i
-------------------- H Fdh1 +« ,-----¥---------------
! t P t
NAD* 2-Ketob tyrate : NAD* | | yruva e NAD*
PDH prB —Formate — PDH
NADH : ------------ y! NADH
o : 0
; \)I\s CoA'! 5 )ks CoA
Q--....-P!?R'?!'y_'}??ﬁ ) | Acetyl-CoA
)
(Module2 ~ yBkiB )
Ketovaleryl-CoA
‘ Hbd
(R)-3HV-CoA
\_ Crt W,
( Trans-2-pentenoyl-CoA \
| Ter
Valeryl-CoA
V AdhE
Valeraldehyde
\_Module 3 y AdhE )
Pentanol

Ongoing Challenges

1. Increase alcohol to acid ratios
2. Reduce byproduct formation (C2, C3, and C4)



Changing the paradigne¥ N2 Y ¢ di/2h &

Biomass
Blomass
R GIucose/GcheroI
| Propionate
U m?” 2" 3-Hydroxyvalerate
e Trans-2-pentenoate
BIO— Reflnery
| / \ Valerate
Bio-fuels Value added
Ethanol, Butanol Bio-chemicals
branched chain alcohols Pentanol

*Prof. B. D. Olsen Tseng and Prather, 2012NAS, 109:1792530.



One Pathway, Many Products

Fermentation Products

Potential Applications

\/\OH
Ethanol
[/;]
© S o4
= Propanol
8 Alcohol fuels (Biofuels)
- /\/\OH
< Butanol
\/\/\OH
Pentanol
O Polyketid
olyketide
sy:thesis 6-Deoxyerythronolide B and its
OH derived molecules (Antibiotics)
Propionate
9 Hydrothermal
crackinE N
OH Propane (Biofuels)
Butyrate
Esterification
\/\)L \mth R-OH
I\v’lethy\ valerate (Blofuels
Valerate

Short-chain fatty acids

\/\)J\/\

Ethyl valerate (B\ofuels

MN

Propyl valerate Blofuels

\)\)L Polymerization D\/H\ J/

3-Hydroxyvalerate

0
\/\)LOH

Trans-2-pentenoate

Poly-3-hydroxyvalerate (Biopalymers)

Odor/flavor compound for beverages
and dairy products (Food additives)

Propionate

3-Hydroxyvalerate

Trans-2-pentenoate

Valerate

Tseng and Prather, 2012NAS, 109:1792530.

Biomass

Glucose/Glycerol

Pentanol



An Integrated Approach to Materials Design

Materials design
incorporating
bio/chem
constituents
(Olsen)
: )
High Value
Sustainable
| Materials
Bio-produced - J Chemical catalysis
monomers & for monomers/
intermediates |« > upgrading,
(Prather) polymerization
(Roman)




Acknowledgments

Current Group Current Group Former Students

Dr. Jason Boock SueZanne Tan Dr. Andres Abkk-uentes
Irene Brockman Yekaterinal arasova Dr. Diana Bower
StephanieDoong Former PostDocs Dr. Himanshu Dhamanka
Adam Freedman Dr. Shawn Finney Dr. Collin Martin
LisaGuay Manchester Dr. Tae Seok Moon
Apoorv Gupta Dr. Effendi Leonard Dr. Micah Sheppard

Dr. Michael Hicks Dr. Matthew McMahon Dr. EricShiue
AdityaKunjapur Dr. David Nielsen Dr. Kevin Solomon

Dr. Christopher Reisch Dr. SangHwalYoon Dr. HsierRChungTseng

Collaborator Prof. John Dueber, LEBerkeley

Funding
Institute for Collaborative BiotechnologiedXoD), MasdarMIT Flagship ProgranMIT

PortugalProgram, MIT-ReedFaculty Initiatives Fund/lIT Energy InitiativeNIH Center for
Integrative Synthetic BiologlJational Science FoundationSynBERONSF/CAREER(ffice of
Naval Research/Young InvestigatBrogram Pfizernnc.,Shell Global Solutions (US) Inc

*The presenter declares competing financial interes




AWS-ONRABYUKSUAOE 1
w Integration ofBiocatalysig¢enzyme selection) anéletabolic

Engineeringsystems assembly, analysis)

w (Others) Orgoing work on algorithms for biosynthetic pathwa
design

w Elucidation of Design Principles

w Development of Design and Assembly Tools

*Curr. Opin. Biotechnol. 2008. 19:46874



Candidates for Target Molecules

_ Building Blocks

E 1,4-diacids (succinic, fumaric amaalic)
2,5furan dicarboxyliacid

3-hydroxypropionic acid
T aspartic acid

Glucaric Acid
glutamicacid

itaconic acid

levulinic acid

3-Hydroxybutyrolactone

glycerol

sorbitol

xylitol/arabinitol
August 2004



Coexpression of 3 genes Hicoli

Titer (g/L)

1.4

=
N

=

o
e¢

o
o

o
N

O
N

o

@ 0.1 mM IPTG
W 0.05 mM IPTG

=1

myo-Inositol

Glucuronic acid Glucaric acid

Moon et al, 2009.Appl. Environ. Microbiol. 75(3):589595



Dynamic Control of Metabolic Flux

Glucose

Pgm -6-
Glucose-1- F'9 Glucose-6 Q 6-phospho-glucono-

phosphate phosphate 1,5-lactone

s |

Biomass Fructose-6- Pentose Phosphate
phosphate Pathway

MPfk ¢
myo-inositol1-

Fructose-1,6- Biomass

phoslphate bisphosphate
|
v v
Glucaric acid Remainder of glycolysis

v

Biomass and energy



Dynamic Control of Metabolic Flux

Controlled degradation dPfkA
f SFRa G2 AYONBI AS

— 3.0-

= |

E 2.5

~— i

2 . I 1.4+

o '

8 1.54 1.2 4

8 10 T 1.0

© 1 I ]

@ 054 i

E | T — 0.8

- 00 : : I —] X \9 1

© @ 0.6

— 0’ ox "b\ =

E. & & & =

() X ©” 0.4-

N )

SRR tagged & WT _

-

"E 0.2 1

— [ | Glucose-6-phosphate ]
[ ] Fructose-6-phosphate 0.0

Induction of Pfk degradation (hours)

Brockman and Prather, 2018letabolic Engineering, 28:104113.

I Titer [ ] Yield

a A Dct LJ2?2
andy prod]u

4 0.06

1 0.04

0.02

0.00

Yield (g Ml / g glucose)



Circuit validation with exogenous M

—P1
—P2

P3
—P4
—P5
—No ipsA

No GFP

vsd| Suiseauou|

<
yiduaJis Jo30owoud

GFP / Biomass (a.u.)

0.001 001 01 . 10 100
myo-inositol fed (g/L)

\_ Sensor responds in doskependentmanner

A — 2 - Doonget al. 2018. PNAS. 11529642960,



Circuit validation with endogenous M

250

s 3 Olnol
200

B No Inol

GFP / Biomass (a.u
s g
|_|_|

9]
o

P4 P5

P1 P2 P3 No GFP
>
Inol Increasing IpsA promoter strength
o
Sensor responds tell produced
P % \ from glucose by Inol

Doonget al. 2018. PNAS. 11529642969.



Metabolite-Driven Production of GA

IIIIIII

1.4

i =
o 0 N

Glucaric acid (g/L)
o
~

MI-driven MIOX expression results in
Increasedylucaricacid production.

Doonget al. 2018. PNAS. 115:2964-2969.



Protein Engineering for Increased Selectivi

w Rational protein design (w/B. Tidor, MBE)
w Using insoluble PHA polymer as indicator of selectivity

3H4MV / 3HB

3HBco-3H4MV

27 I

OH o)

0 0 MeOH, H,S04 )\/U\ -
) J\/U\ g - T ¢
o 0 o]

Chloroform
Jn O/

mut 1

13.7
4-5x fold improvement in
selectivity over wildype enzyme
mut2 mut3 Bonket al,2018.

Biotechnol. Bioeng. 115:2162182



Evaluating Quorur®bensing Devices Across Scal

w DevelopedVietabolite Valvesbased on Quorursensing
mechanisms

w Ultimate goal is application in largeale production

w Small, medium and large scales important
¢ Development scale should be reliable

w Especially relevant for QS due to reliance on extracellular
molecular transport




[ SFNOK {UON¥ G§S3IASaA

myo-inositol D-glucuronic acid D-glucaric acid
ATP ADP o ’ Nap: NADH °
H,O0 & +H,0 +H
HO,
Glucose&L G6P — MI3P LL
INOT inm1 " Udh

k

3

Type of Life
clusters 1-5 g \/ertebrates © Bacteria
@00 e®eeFungus © Cnidaria
©Arthropods @ Stramenopiles
@ Plants @ Nematodes
@ Protists @ Sponges
® Echinoderm

(

G0 @9 60 &0 00 OO
SH |

0 ® & C ® 00 & O 00 0 0 0O 0 00O 0" 00 OO0 0 0 0 0
® & & & & & O O 0 O O OO0 0O & 00O O O®@OOCO OO O® OO0 O 0 00
O e & o 0 0 e o

MIOX Enzyme (2 Step)
Network statistics

336 nodes
3207 edges
-log10(E)>120

Median %id = 67.6%
Median alignment

length = 291

Michael Hicks



Variableglucuronicacidtiters in a naive test set

K. lactis Q6CNQ4 cluster %

K. pastoris C4QZH8 Cluster%t <€ || Can we identify a better performer from this cluster?
| | | | | |

S. lactativora Q70GL3 cluster 3 €= | Can we identify functional enzymes from this cluster~
C. neoformans Q8J0T1 clusterj.l
>—|—<
C. neoformans Q55PN7 cIusteri |
A. thaliana Q8H1SO0 cluster ;I . |
: |
M. musculus Q9QXNS5 cluster % . |
] ] : ] !
0 1 2 3 4 ) 6 I

O Glucuronic acid titers (mM) (no fed MI) averageslucuronic acid titers (mM) (fed MI) averag



Choosing a new set of MIOX proteins

Active site residue conservation,-iérminal sequence length
appear correlated with activity

—_

o ~
{‘ fungal cluster 5\

" \Q55PN7 @

L - ) “ -
FDiDaze ] QOOXNS
' I\

\ A"
QBJOT1 A

7
oot
L [fungal cluster 4

ffungal cluster 4

Number of
different residues -

o I I 77 { fngatcuster2
~ Pt

—_

N-terminal length

25
o-24 | I 101066

ol |

~ p
/funga\ cluster 1.7

\ Qscwm'
~ _ ’O/

® ®qgHis0 ® ee o ®  ®etg0 0000000

o e e
o g0
(== BN BN BN B BN BN BN BN BN BN NEORE I BN BN BN BN BRI B BN I BN I R B B BRI NN ) @ @ © © 0 9 O ® O O O O O O " OO OO PO Ee S OO O O O PO 0 00

¢ @ 0 090 000 OO 00 & OO 00 DO O O 00O OO OO OO 0000 ® ® 0 09 0 05O OO OO O OO S OO OO 0SS O Oe DO O S Pe 0
® ¢ 0 &0 0 e 0O ® & o 00 0 0 0



Ve A

Improvedglucuronicacidd A G SNAE A Y 0

K. lactis Q6CNQ4 cluster %

K. pastoris C4QZHS8 cluster —%i<
S. lactativora Q70GL3 cluster 3
)]

C. neoformans Q8J0T1 cluster

C. neoformans Q55PN7 cluster b ~8.5X Increast

\D

A. thaliana Q8H1S0 cluster | : |

M. musculus Q9QXNS5 cluster El_'

2 =
O. parapolymorpha W1Q9B9 cluster 2 =

T. verrucosum D4D3Z6 cluster |3

N-terminal lengthg short
T. rubrum F2SPG1 cluster %_
g

(top) to long (bottom)

| | |
——

P. marneffei B6QP13 cluster

0 1 2 3 4 5 6 7 8
O mM Glucuronic acid (no fed Ml) @ mM Glucuronic acid (fed MI)



Summary

w Biological conversion is an effective tool for the
oroduction of chemical products.

w Pathway design enables access to unnatural
structures, biosynthetic routes.
¢ 3-Hydroxyacids
¢ Saturated acids and alcohols
¢ Glucaric acid

w New tools can be used to assemble, diagnose,
and optimize pathways.
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