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Microbial Chemical Synthesis

Our goals are to both (1) increase the number of
Byprodud “nodes” in the network by expanding biosynthetic pwth
capacity and (2) maximize target productivity.




Microbial Chemical Synthesis
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Our goals are to both (1) increase the number of
Byprodud “nodes” in the network by expanding biosynthetic
capacity and (2) maximize target productivity.
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3-Hydroxybutyrolactone (3-HBL)

e Key Intermediate in Chiral . 5 o
Synthesis of Solvents (e.g. Furan i .

Derivatives) and Pharmaceuticals  oH

(e.g. Statl nS) 3,4-Dihydroxybutryic Acid HO
(DHBA) 3-Hydroxybutyrolactone
(3-HBL)

e Wholesale Cost ~ $450/kg
(520-50/gram for lab-scale
qguantities)

e No Known Biological Routes
towards DHBA or 3-HBL.

‘;-\
e z
UunRISeANsol
€D uoisawd
0 )




Mpcramyd pas
wid rpk

CIMany hydroxyacids have
been made as constituents of
intracellular PHAs
(biopolymers).

CIVery few have been
produced economically as free
monomers.

Steinblichel et al, FEMS Microbiol. Lett.,
1995, 128:219-228.



Synthesis of Chiral 3-Hydroxycarboxylic Acids

Activation Enzymes m

: o :
i i : ATP ADP HS-CoA P =
Carboxylic Acids PG J\ AR
: buk R P ptb :
o (0] o} ¢} 0 0
/\)k 40\)J\ \)J\ : | ATP PP>2p, Q' lscoa AP )J\ )J\
0 OH| of OH FT* é-h»prpb_ J\ Af TR CoA CoA
: R Amp PTPE L= acyicoA  Acetyl-CoA
Butyrate Isobutyrate Glycolate Propionate : . :
: pc :
TN ZE V.
E )I\O' )l\CoA g
OH O I U OH O OH O

M\)J\OH OH * OH S OH

3-Hydroxyhexanoate | |4-Methyl-3-hydroxyvaleratq | 3,4-Dihydroxybutyrate 3-Hydroxyvalerate 3-Hydroxybutyrate
(3HH) (4M3HV) (DHBA) (3HV) (3HB)

O
poly(3HB-co-3HH) poly(3HB-co-4M3HV) Ho/*Q%o poly(3HB-co-3HV)

Chiral building blocks Chiral building blocks -Hydroxybutyrolactone|| Chiral building blocks

N X s Y

Martin et al, 2013. Nat. Commun. 4:1414.




Accessing new molecules through Biology:
4-Methylpentanol

OH O

35 -
OH _'
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3-hydroxy-4-methyl-valerate g >
(3HAMV) < 2.

: £ 15

I S

\ 4 g 10

4-methyl-pentanol (4MP)

glucose
Mimicking n-butanol I
(CoA-dependent) biosynthesis : .
Theoretical maximum \ 4
energy yield of 94.6%
4MP

conventional gasoline

o a1
. 1 .

97% of
gasoline

T
ethanol butanol 4-methyl-pentanol

alcohol

Final pathway employed 10 genes
from 8 different organisms

Max selectivity of ~80% for 4MP
alcohol

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



Protein Engineering for Increased Selectivity

e Rational protein design (in collaboration
with Bruce Tidor, MIT-BioE)

OH (0]
0 0 MeOH, H,S04 )\/U\ -
\O o O/ Chloroform
/
n (0]
- 3HB-co-3H4AMV -
20.0 -
0
T 15.0 -
o
\ . .
> 10.0 - 4-5x fold improvement in
E selectivity over wild-type enzyme
T 5.0 27
o
0.0 Bonk et al, 2018.

mutl mut2 mut3 Biotechnol. Bioeng. 115:2167-2182



Designer Polymers for Biodegradation
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Biologically
synthesize
biopolymer

~

building blocks
Lab(s) - Prather

J

...and fuse with the best of Chemistry

)

Color & Comfort

0

HO/\HLOH

Allow Biology to do what it does best... (25)-3HIB

-

\_

Chemically
polymerize
building blocks
and predict
properties via in

Lab(s) — Brad
Olsen

~

silico techniques

/

OH O

A

(2S,3R)-3H2MB

(Determine photo\

and
biodegradability
properties of
biopolymers
Lab(s) — Brad
Olsen, Desiree

\ Plata j




Inspiration from branched-chain amino acid catabolism

P. taiwanensis VLB120 Valine Catabolism
(o] (o] (o]
IIivE Bkd PVLB_10075
OH — = OH S-CoA -
NH, (o}
2KIV isobutyryl-CoA

3HIB

valine
o o
PVLB_10050 PVLB_05085
S-CoA HO S-CoA HO

Isobutyric Acid Biosynthesis (Sheppard, M. et al., Nat. Comm.,5 (2014).) :

livC
HO, (E. coli)

AlsS
(B subtilis) (E coli)
glucose ——>
—_—
Y OH
pyruvate
o) .
KivD Fjoh_2967 o
(L. lactis) o (F. johnsoniae)
—_— —_—
OH Z OH

isobutyric acid

ol
I

K’yal Bannister



A Platform Pathway to a-Substituted 3HAS

Module 1

o AlsS
(B. subtilis)

OH
D
(o}

pyruvate (R = H)
2KB (R = CH,)

Module 2

o
Pct
(M. elsdenii)
—

isobutyric acid (R = H)
2-methylbutyric acid (R = CHj3)

live o livD
HO v
(E. coli) (E. coli)
—_— R -
Y OH
OH
o KivD
R (L. lactis)
on — K& A°
o
(o]
PVLB_10075
(P. taiwanensis)
S-CoA R \ S-CoA
OH (o]
PVLB_10050
(P. taiwanensis) (
? R S-CoA

Fjoh_2967
(F. johnsoniae)

—_—
R OH

isobutyric acid (R = H)
2-methylbutyric acid (R = CHj)

OH o}
PVLB_05085
P. taiwanensis)
—_— R OH
3HIB (R=H)

3H2MB (R = CH,)



3H2MB Synthesis from Tiglic Acid

Rz/\HI\OH

Ry

enoic acid

Pct
(M. elsdenii)

o]

Ry X S-CoA

TesB
(E. coli)

15 1

FINAL METABOLITE CONCENTRATION (g/L)

12 1+

09 +

0.6 +

03 1

0.27
- ND ND ND ND

EMPTY VECTOR  PVLB_10050_PT phaJdb_CN phaJ_PS phaJ_AC
NEGATIVE
CONTROL

OH O OH o CH O
[ ] /l\)l\o“ B \/'\)Lon ] /l\l/LOH
3HB 3HV

3H2MB

PhaJd from Aeromonas caviae enables product synthesis



Microbial Chemical Synthesis
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Our goals are to both (1) increase the number of
Byprodu{ “nodes” in the network by expanding biosynthetic pwth
capacity and (2) maximize target productivity.
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Building Metabolite Valves

v’ Achieved tunable, dynamic control of endogenous
gene expression =2 inducible protein degradation®

v’ Utilized a pathway-independent (small molecule
inducible) mechanism

Branch-

e Still required user intervention point

metabolite

- Autonomous Control

Central

metabol Desired
ism product

*Brockman and Prather, 2015. Metabolic Engineering, 28:104-113.



Turning to Quorum Sensing

Pantoea stewartii Esa System*

° .
. ;2
PasaR - PosaR o ® L o '\.\
Repression
(EsaR) esa box esa box
SCT [gene | — Lgene |
Peses ~ esaS [ ] m I Pl— B B
f;:tiv;}uon m 2% - P2\ | Bon2
sa |—|
esabox| ., -I 253 box 7L :
60 '35 10 60 35 -0 : :
Promoter- L | '
RBS library - -
* Esal — AHL synthase Q
* EsaR — Regulator Protein o E‘>
*P.__./P.._.— Cognate Promoters e .o
esaR/ " esaS
A @ csaRri70v >—\/

e Utilize the P, promoter system

e Build an esal expression library to establish
tunability

*Shong et al. 2013. ACS Chemical Biology. 8:789-795 (Cynthia Collins, RPI).
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Esal Library Characterization

GFP Fluorescence (a.u.)

1000
AG2681

800 —1L31 RBS library
— .25
600 L19
Pgioras °
— [ ]
400 Lo ”
—L13 esaRI70V \/

200 —L30 \
PesaS

0 5 10 15 20 }

1200 P1
P2 BCD1
Promoter-

Time (hrs) _
. . tag

Excellent agreementof . g4} I
part performance with  g°¢ £°/-

. . ~ 5 [3) 2 * e
prediction S, i

£ & R, 0@ ®o o %g, 00
Only lowest expression £ ° % 4 10 100
. n 24 Predicted Strength
levels provide graded .
response B PR !
Gupta et al. 2017. Nature Biotechnology. 35:273-279.



Glucaric Acid Production in E. coli
~ x

HO

PEP pyruvate

OH

\ D-glucose \ D-glucose-6-phosphatc—i/ myo-inositol-1 —phosphate/

*phosphatase

OH
Udh o
NADH NAD*| o OH
+H"  +Hy0

o OH
D-glucaric acid

OH
\ \ D-glucuronic acid/ myo-inositol /

* DOE top “value-added” chemical INO1 S. cerevisiae (yeast)
* Pharma, water treatment, MIOX M. musculus (mouse)
materials Udh P. syringae (bacterium)

Moon, T.S., et. al. Appl Environ Microbiol. (2009) Yoon, S.-H., et al. J. Bacteriol. (2009)



Manipulating Glucose Metabolism

Glucose
PTS
PRPPPPPRRPPRRRRRS PR RRRRRPPPPPPRRFRRRRRPR
(II)(II)(II)(II)(II)II 11 IIdI)(II)(II)édI)(II)II gyl I(II)(II)II 11 II(II)(II)éII 11 II(II)(II)éII 11 II(II)(II)éII gyl
P -6-
Glucose-1- F9M 1Glucose-6 Q 6-phospho-glucono-
phosphate phosphate 1,5-lactone

e |

Biomass Fructose-6- Pentose Phosphate
phosphate Pathway
myo-inositol-1- Pfk ¢
hosphate e -
P I,D Fructose-1,6- Biomass

; bisphosphate
= v
v : :

Glucaric acid Remainder of glycolysis e UseP__.promoter system to

¢ achieve ON - OFF switching

Biomass and energy



Metabolite Valves Across Scales

m2p-labs BiolLector 250-ml shake flasks Infors 3-L benchtop reactor
B Glucaric Acid Acetate

0.9 - - 8

» M Glucaric Acid Acet Q DE N 7

12 = o7 I )
g ! £ 06 I . 2
?o.s L ;1 F ) - 5 —
& o 05 - o
= 0.6 E -4 =
S 04 - 04 - 3
0.2 I E 03 - - 3 E
0 o &

L24GA  L19GA  L31GA g 02 - -2

0.1 - -1

Glucaric acid ir 0.0 - o sistent across scales

L24SGA  L19SGA L31SGA IB1379GA
Gupta et al. 2017. Nature Biotechnology. 35:273-279. WT



An Additional Control Point — MIOX

e MIOX activity is increased when
cultured in the presence of myo-
inositol (MI), unstable*

e Product titers are higher when MIOX
induction is delayed

0.6 -
/.
0.5 u
Q i
2 041
o
S |
ﬁ 0.3 ]
2 _
o
8 %21 /
6 | l____./
0.1 1
00 T T T T T T T T T r .
0 2 4 6 8 10
Eric Shiue MIOX Induction Time

(hours post-inoculation)

e Ml-responsive regulator
(IpsA) adapted from C.
glutamicum

e (Can be used to control
MIOX induction

OH
HOy, ~ OH
" O\\\\\\" "I,II//OH

OH

Myo-inositol

Piet O Peon /
—

IpsA

e

I:)hybnd

—

*Moon, T.S., et. al. Appl Environ Microbiol. (2009)



Metabolite-Driven Production of GA

1.4

Glucaric acid (g/L)
e =
(@)) (00) - N

o
~

0.2

MI-driven MIOX expression results in
increased glucaric acid production.

Doong et al. 2018. PNAS. 115:2964-2969.



Layering Both Strategies

2.01“
e Individual strategies A:Z
increase 2- to 3-fold D14
e Layered approach g 121
increases titers 10- 2 197
fold § %
. (-3 0.6 1
e Highest reported 0.4
titers to-date in K =1 ]
strains of E. coli e
Nolps.ﬁ\P
M,b'ose%m 5a

0
Doong et al. 2018. PNAS. 115:2964-2969.



Substrate-Controlled Pathway Regulation

O OH OH O OH OH GarD, Garl, GarR 0
' ~_OH % /\)J\
HO™ | % % HO - —> HO™ > OH
OH OH O HO OH OH O > OH
D-galacturonate D-galactaro-1,5-lactone D-galactarate D-glycerate

Fox and Prather. 2020. J. Ind. Microbiol. f.m‘r f L| DY NIEE ST

Biotechnol., 47:1075

3 50 biosensor pathway operon
a exuR >-|_ PN | gfp >-|_
B 4500
4000
3500
] :
3 2500 | :Eggg 8
o —P100
5 2000 1 __piox
1500 fL_——Nogfp —e— |PTG Ohr
1000 IPTG 3hr
500 — —e—P100, no gal
0 — —e—P100
0 0.01 0.1 1 10 P1XX
Galacturonate (g/L) —e— No pathway
12 15

Ni et al. 2021. Biotechnol. J., 2000433 Time (hr)



Orthogonal Sensor Construction for

Mixed-Substrate Feeds™

PNEDI

GFP (a.u.) mCherry (a.u.)
A 191.9 500 10 3.61 4 6.73
189.8 500 5 3.64 4.05 6.78
- =
= 1] 3976 366.8 3404 192.7 | 400 = 1 3.19 3.76 6.92
o o
e g
S 01 124.6 112.2 136.3 95.79 {300 § o1 2.98 3.49 6.75
3
B 3
@ £ 16
& 0.01 66.38 58.83 60.89 49.05 1200 G o001 2.95 348 6.93
14
0| 3498 34.18 29.02 30.77 1100 0| 283 5.57
0 0.1 1 10 o 0 0.1 1 10 o
Gluconate (g/L) Gluconate (g/L)

* Motivated by the need to valorization complex wastes such as food, MSW



Mixed Substrate-Single Product Fermentations

1 KdgA; i GadH
d
HOJ\/YH Ho/\;/'\)J\f(OH Ho/\)LH —> HO/\;)J\OH
OH o] OH

45 r

40

35

3.0

25 r

20 r

15

1.0 r

05

: 7 |
D-galacturonate 2-dehydro-3-deoxy-D-gluconate
OH OH o Gnab 50
D-gluconate
Mixed substrate use g
results in higher g
conversion, titer, and
yield compared to
0.0

single pathways

Cynthia Ni

(o}

OH

D-glyceraldehyde D-glycerate
95%
T
T
10?%
1
68% 7%.-%
279% 30% 32% 79%
28%

galacturonate gluconate gal+gluconate
24h 48h 72h 24h 48h 72h 24h 48h 72h




Biofuels production using scCO.-tolerant bacteria

Goal: isolate bacteria capable of robust growth under scCO,, engineer them
for biofuel production, and scale up the process

Media
Substrate

Advantages of growth in scCO,

Microbial sterility —— 9P
Product extraction (o | o
° ° ° ° Biofuel
o o ° ||——>»
° 0 © o 0O 6 o © ©
Why CO,? R
. _ P ® ° o a
Sustainable solvent suaate Bkl | e 00 = o oo
. - e) (o] ® (*X6e) [ )
Preferential extraction C‘/ﬁ =" = = 'oﬁo° o,
of desired r— = o> — <“{
products Pathvey = = % o 30'
. . | | |=—= ® © o
Concentration of final CRF o || buesn o= ©
products .\Q-- —, >
. . = = Media
Possible continuous ‘o < o || cels
ippi f d scCO % e r ° \s =
stripping of product N | I
[
| \ f ot Y,
)

Bacillus megaterium strain SR7 isolated from natural CO, reservoir in Colorado

Freedman, A.J.E et al. (2018) Frontiers Microbiol. 9:2152



Improving growth under scCO,

Inoculate reactors with spores of SR7
Modifications to media and supplements facilitate germination, growth

SR7 Spores

p = 0.0036 p =0.381

*k*

100% -
L O Dormant
28% | g -
0 80% - 43% Germinated
g O Low Growth
2 60% - 1 (>10-fold)
- I ® High Growth
- 21% 37% (>40-fold)
o 40% -
% " 64%
O Total Growth
20% 1| 36%
0% . y
Media: Buffered Buffered M9 glucose
LB LB + + L-alanine
L-alanine

Adam Freedman
Freedman, A.J.E et al. (2018) Frontiers Microbiol. 9:2152 Thompson lab



Isobutanol production in SR7 under scCO,

SR7 pXyl KivD, YghD; M9 medium + 5 mM aKIV

SR7 Spores
(scCO, with 100 mM alanine) ST

2-Ketoisovalerate
(aKIV)

0 5.
)\H)‘\ on l O g/L xylose
A @ 5 g/L xylose
© =
E
l kivD,, = 3.
N S . 2.2x10°8 3.1x108
\(\ 8 umol/cell umol/cell
®)
l adh o 1
0 .
OH ] j
- pXyl kivD  pXyl kivD
Plasmid: pXyl empt
WA PAYIEMPY " venD,  yghD,.
Isobutanol Condition: OLMPa  0.1MPa 10 MPa
iton:
Co, Co, scCO,

Production of isobutanol under scCO, in high metabolic

aC“V'ty cultures Boock et al, (2019) Nature Communications. 10:587.



Bioprocess module of in situ extraction using scCO,

ASPEN model of the energetics of scCO, bioprocessing

A. Recycled CO,
co, off gas
compression ?
‘ ! I CO, recycle
scCO, .
Low pressure _’. ) 2 biofuel > ;Illfrllll;
- > water 4
CO, input biofuel
_ » Water
Media g I g
substrate u
Biofuel
Extractor- separation
fermenter unit
B. C.
8. 25 -
[[1 Compressors - 20
6. [~] Heat exchangers o
8 [.] Liquid pump 5 ‘I_"“ 15
= [ Separators/ T o 7
= turbines o x
O o =2
O 4] 3> b
o = E)E 10
>= 2
o ~— 1 ‘\.\\\‘x L 5
c D
W 2oy e s
o o s 0-
N ) ) L
S P L] RS
0 L .-'I : : . ‘é\,QQ
Scenarioc A B C D S
& °

Boock et al, (2019) Nature Communications. 10:587.



o [ opeoo,_ =05 o [ opeoo_ = 0.5 s ( opeoo_ =05 53 [ obsoo_ =05 )
Growth opti LB + Sor+ P v LB + Sor+P LB + Sor +P
Cell weakening Cell weakening No weakening No weakening
Washing buffers Washing buffers Washing buffers MSS + MgCI2 + P
Pulse strength Pulse strength Pulse strength 2kV/cm?
L \ . . J
1 % 10° —
= Increased transformation efficiency
C’m 0to 6.2 x 10° CFU / ug DNA
3
=
L
S
5 RmRN
0

Towards Biosystems Design

1 2 3 4 6 6 7 8 9 10 11 12 13 14 156 16 17 18 19 20 21 22 23 24 256 26 27 28 29 30 31

Sorbitol (0.25 M) 16
Sucrose (0.25 M) 17
Mannitol (0.50 M) 18
Sorbitol (0.50 M) 19
Sucrose (0.50 M) 20

SCINOOARBON

Sorbitol + Sucrose (0.25 M)

26

Mannitol + Sorbitol + Sucrose (0.25 M) 27

Mannitol + Sorbitol (0.50 M)
Mannitol + Sucrose (0.50 M)
Sorbitol + Sucrose (0.50 M)

28
29
30

Water 11 Mannitol (0.75 M) 21 Mannitol + Sorbitol + Sucrose (0.50 M)

Glycerol (10%) 12 Sorbitol (0.75 M) 22 Mannitol + Sorbitol + Sucrose (0.25 M) + MgClz(0.50 mM)
PEG1000 (25%) 13 Sucrose (0.75 M) 23 Mannitol + Sorbitol + Sucrose (0.25 M) + MgClz(1.00 mM)
PEG8000 (25%) 14 Mannitol + Sorbitol (0.25 M) 24 Mannitol + Sorbitol + Sucrose (0.25 M) + MgClz(1.50 mM)
Mannitol (0.25 M) 15 Mannitol + Sucrose (0.25 M) 25 Mannitol + Sorbitol + Sucrose (0.25 M) + MgCl2(2.00 mM)

Mannitol + Sorbitol + Sucrose (0.25 M) + NaPhosphate (0.50 mM)
Mannitol + Sorbitol + Sucrose (0.25 M) + NaPhosphate (1.00 mM)

(
Mannitol + Sorbitol + Sucrose (0.25 M) + NaPhosphate (

Mannitol + Sorbitol + Sucrose (0.25 M) + NaPhosphate (2.00 mM)
(

1.50 mM)

Mannitol + Sorbitol + Sucrose (0.25 M) + NaPhosphate (2.50 mM)

31 Mannitol + Sorbitol + Sucrose (0.25 M)
+ MgCl2 (0.50 mM) + NaPhosphate (0.50 mM)

Transformation efficiency increased from a few colonies per

1g DNA to levels acceptable for genome-scale engineering
Yoseb Song



Summary

e Biological synthesis is an effective tool for the
production of diverse chemical products.

e Pathway optimization benefits from new tools to
regulate metabolic flux and biosynthetic
pathways.

e Non-model microbes open the door to new
modes of bioprocess design that may be
preferential for toxic (and useful) products.



Acknowledgments

Current Group
K’yal Bannister
Kevin Fox

Jennifer Kaczmarek
Vivienne Mol
Cynthia Ni

Michael Ream

Dr. Yoseb Song
Alex Zappi

Vincent Zu

TN 4
T A S SR

Former Members S
Jason Boock, Irene Brockman, Himanshu Dhamankar, Stephanie Doong, Apoorv Gupta,
Collin Martin, Tae Seok Moon, Micah Sheppard, Chris Reisch, Eric Shiue, Yekaterina

Tarasova, Hsien-Chung Tseng, Sang-Hwal Yoon

2%, U.S. DEPARTMENT OF

YENERGY

Clence g Tecno\ oy




