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What'’s for lunch?

Los Angeles
Og

ARIZONA NUEVO

ARKANSAS

MEXICO Atl%n:
Dall MISISIPI
San Diego Qa9 ALABAMA
QL —— ‘i\ Tucson o 0 v
R El Paso
P~ | Q 2
~L \ TEXAS
BAJA N
CALIFORNIA N Austin
LUISIANA
SONORA ) A Houston °
CHIHUAHUA, /N San yjionio < Nueva Orleans
N \
\
COAHUILA DE
ZARAGOZA-\
\
= NUEVO LEON
o
X
BAJA SINALOA -
CALIFORNIA SUR DURANGO v
e TAMAULIPAS
México
SAN LUIS
NAYARIT POTOSI »
Mérida Cancun
Guadalalarao GUANAJUATO o <
JALISCO YUCATAN
¥ < QUINTANA
CoLIMa MICHOACAN L3 oVeracruz CAMPECHE “ ™00
PUEBLA'VERACRUZ TABASCO r
GUERRERO ~
Belmopén
Acapulco s AdianAe X le
o
P
Instituto de Biotecnologia o S
922 G ——cuer®
TETELA DEI ZONA MILIT
MONTE
Fraccionamiento fo5)
Lomas de Ahuatlan AL
vl“l \\
= :
f= 29 min '§ B
10.2 km [
\ {1
||
Cuernavaca
CUERNAVACAS
CENTRO
f
(f
|| Clva
: TE
e
1954



http://www.ibt.unam.mx/

Instituto de Biotecnologiag
- \‘

o
>
. bﬁc
<A {950} cue®
=
EFAMILPA TEPE
8

Morelos Campus T o oy

Fraccionamiento 55}

www.ibt.unam.mx

Where we are:

Cuernavaca: The
Eternal Spring City

Cuernavaca
NAVACAS )

Clva

What'’s for lunch?

Acido Lactico: Yogurt

Ac. Succinico

Ac. Piravico: Piruvato de Creatinina
Etanol: Mezcal


http://www.ibt.unam.mx/

Biorefineries: Biofuels and Chemicals from
Lignocellulose

Artificial
CO, cycle

The Sun

Glucose
Cellobiose
Mannose
Galactose

Agricultural Residues

Bagasses and Stovers
Fermentation

Purpose: Design'microorganism and process to transform ALL the'SUGARS
contained into lignocellulose (cellulose: glucose & hemicellulose: pentoses,

hexoses, disaccharides) to biofuels or chemicals with homofermentative strains

Carreon Rodriguez et al., 2009



BIO-REFINERIA
Sol + CO, - Biomasa = Combustibles:
Solidos, Gaseosos y Liquidos

Productos de Fermentacion
Bio-Refineria >
Bio-Combustibles :

Bio-Plasticos p |
Bio-Polimeros NN BTV e s Petroleo
Bio-Resinas Sl Vessaniiasl. Costos
Bio-Quimicos NNz 1) oV e
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Bio-Etanol
Martinez 2009



Fermentation Products Escherichia coli

E. FO/I uses a Glucose Cell Mass

Wide range of sugars "

HEXOSES: L [ylose Citrate

Glc, Fru, Gal, Man «— T

PENTOSES PEP PP, Oxalacetate — Fumarate
Xyl, Ara, Rib, Xylu s aor 4 frdABCD

And Galacturonate  pap+ ~ NADH s ATP

D-Lactate «MP ruvate
D-lactate  EwE

co,
Orencio et al., 2008 pfiB
pta -
Acetyl-P +«——AcetylCoA cetaldehyde
ackA ADP NADH NAD* /NADH
ATP adhE SNAW
Ethanol |

and make a mix of fermentation products-> Homo Fermentative

6



D-Lactogenic E. coli strain to use pentose-hexose mixtures
MG1655: ApfIB, AadhE, AfrdA, AxylFGH, Evolved (ALE)

ATP ADP

XYLOSE l@ﬂ‘ﬁ. XYLOSE

—% XYLULOSE

=>- o
GLUCOSE GLUCOSE-GP XYLULOSE-5P
FRUCTOSE-6P <
PEP Pyruvate o 1GCQEI; Pentoses
R FRUCTOSE-1,6 BP
O StrainJU15 ~ | Pathway
O Escherichia coli MG1655 DHA-P < > G3P
Q ApfiB, AadhE, AfrdA, R {
v c frdA

AxylFGH
O Adaptive Evolution

O AxylFGH - gatC S184L PYRUVATE
d Pdh anaerobic expression Formate 4_)ilole NADH'H NAD*
d AmidarpA .
Q Areg 27.3 kb SAce Tolerance |l
O Xylose - D-Lactate Acet:':;;yde
Ethanol

pp :
PEP ~——¥Oxalacetate x> """ » Succinate

ADP
1C>ATP

Acetyl-CoA

K
dhE \

Acetyl-P

ADP >
ATP

IdhA
7?} D-Lactate

FADH*H FAD*

Utrilla et al. 2009
Fernandez et al. 2012
Utrilla et al. 2012
Martinez et al. 2011
ack Martinez et al. 2013
USP: 8563283

Acetate




JU15 Evaluation on Xylose
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Utrilla et al. JIM&B 2009
Utrilla et al. Met Eng. 2012



JU15 and JUO1 gatC xylE mutants

JU15

JUOL gatC S184L TcX

Juo1l

JUuol dreg 27.3

JU15 AxyIE

JuoldgatC

JUls dgatC S184L

JUO1AxyIE

ITI |
II

JUOoldgatC AxylE

JU15 dgatC S184L AxyIE

|

T T
0.00 0.05 0.10 0.15 0.20

Growth rate (h'l)

gatC S184L Point Mutation Serine - Leucine

Position 184 of GatC Protein
Utrilla et al. Met Eng. 2012



® Acetate (g/L)

41 Xylose (g/L)

A) Simulated hydrolysate B) SC-Bagasse hydrolysate
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Sequential: Thermochemical Hydrolysis,
Enzymatic Saccharification and
Fermentation, without detoxification

~ P T

Moss-Acosta, 2012




A) Simulated hydrolysate B) Corn Stover hydrolysate
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PLA: PLLA sc-PLA

PLA is actually a family of (co-)polymers

of D- and L-Lactic units

Crystalline

02 0,020,0,020,0,020,0 0T I PTY

P
10a020,0,0,0,020,0,020,0 NN 1 bus
3149

Conventional PLA 1 0200020,0,0200020,020,0 000

Amorphous PLA 1 020202020202020202020,0 Amorphous

Mo Tm
2 0a0a0,000,0,0,0,0,0,0,00
O D-Lactic Unit (O L-Lactic Unit

Source: Purac

Purac’s newly available D-lactide monomer is the “secret” ingredient in some high-heat
PLA copolymers in development. Shown bere (top to bottom): D/L lactide structures of
stereocomplex (sc) PLA, stereo-block-copolymer PLA, poly-L-lactide homopolymer,

standard PLA, and amorphous PLA.



L - Lactato Opticamente Puro

CHZOH H CH; B ] CHs
0 0 0
v Lo —A A
OH =— —p — 110 0
07 0 0| CH 0
o] L o
Lactico Dimero PLLA

Glucosa




2nd Generation Bio-Plastics: Small Scale BioRef.
Artificial
CO, cycle

The Sun I I 1 kg of Sugar Yield 1 kg of Lactic Acid
>1 USD / kg; PLLA: >4 USA dol/kg

Xylose,
Cellobiose
Glucose,
etc.
Cellulose,

Hemicellulose

Lignocellulose - Biomass
Agricultural Residues

Sugar Cane Bagasse

PUPOSEFDESTIRIMICHO0NGaniSmiand ProcCesSHorthianstorm
Lignocellulose (cellulose & hemicellulose: pentoses, hexoses,

Fermentation

disacchandes) teopticallyipurelactates (D& siopolymerprecursors



Lactic acid (D and L) production with
Metabolic Engineered E. coli strains

Cell Mass
IdhA from E. coli was Glucose PLA Demand
chromosomally L Kylose _
from B. subtilis | T
PEP PPE | Oxalacetate — Fumarate
No Plasmids | ~>ADP frdABCD
NAD* NADH SATP
D-Lactic acid '
1dhA Piruvate o
L-Lactic acid 2
pta v aanE
Acetyl-P +———AcetylCoA ﬁ Acetaldehyde
ackA ADP NADH NAD* /NADH
ATP adhE SN AD*

Utrill Carreri et al., 2009; Leal Reyes 2010; Martinez et al. WO 2011 PCT 016706 A2




Ethanologenic E. coli strain to use pentose-hexose mixtures
MG1655: ApfiB, AadhE, AfrdA, AxylFGH, Aldh, PpfIB::pdc-adh,,

ATP ADP
XYLOSE v, XYLOSE
2 b ke > —%  XYLULOSE
ATP
- T | & —
GLUCOSE _,GLUCOSE-GP XYLULOSE
PEP Pyruvate FRUCTOSE-6P :ATP
Y =15 Pentoses
FRUCTOSE-1,6 BP
<~ . | Pathway
DHA-P ¢——5 G3P
° NAD*
d Strain MS04 NADH'H D&
¥
4 JU15: PpfiB::pdc,, -adhB,, ————" PZP ppc_, L pr——
’ Xalacetate
3 Pyruvate = Ethanol - N
\ ATP FADH*H FAD*
Id
PYRUVATE /)x\q > Lactate

Formatc r_prls NADH*H NAD*
Utrilla et al. 2009

Fernandez-Sandoval et al. . Acetyl-CoA .
App. Microb. Biotechnol. 2012 A pta Fernandez et al. 2012
J. Chem Technol Biotechnol. 2017 dhE \ Utrilla et al. 2012

NADH'H Acetaldehyde Acetyl-P Martinez et al. 2011

NAD* :X>ﬁdh5 aop )‘Y':k Martinez et al. 2013
ATP

USP: 8563283
Acetate

Ethanol




Sequential: Thermochemical
Hydrolysis, Enzymatic Saccharification and Fermentation

100

1 kg of Sugar Yields 0.51 kg of EtOH 1 1% H:S0, -30
~ . 804 A O
0.5USD /L 7% s
g 605 -20 & g:a
Non-aerated Cultures with B 40, %@E
Ethanologenic E. coli MS04, 3.7 g |08
g/L, 0.2 L, 37°C, pH 7, 100 rpm. g 201

No salts were added. No detox.

1
w O
o

1001 29 H,SO,

Vargas-Tah et al,,
Bioresource Technol.
2015

o
(@)
1
N
o

\%
(1/6) erer00V W
(/6) joueyi3 @

1
=
o

M Total Sugar (g/L)

Comment o 12 .2'4 3 48
Small Scale Biorefinery: Ethanol Time (h)

All sugars are fermented to ethanol
by ethanologenic E. coli MS04 in36 h !

8



Lactic acid, Ethanol Scale-up

11
M
' oo (e o]
—_— —| |— — —_—
- 2 Aire Aire
Glicerol Agar LB Medio AM2  Mini-fermentador Fermentador de 11 L Fermentador de 85y 110 L

de 200 mL

Fernandez-Sandoval et al. J. Chem Technol Biotechnol. 2017
Sierra-Ibarra 2017, To be submitted

k,a7.2ht
Corn stover
hydrolysates
0.2=>400L

Yield: ~ 95%
Productivity
1.1 (- 0.5) g/L/h

19



Succinic acid: Strain JU15 AldhA frdA Ptrc pck Appc

i Cell M
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PEP » Oxalacetate —» Fumarate
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Pyruvic acid: Strain JU15 AldhA

1 kg of Sugar Yields Gjucose
S 8 Xylose
0.98 kg of Pyruvate l\
>1USD / kg —
PEP —
/>ADP
1.00
NAD*
IdhA
- 0.98
L-Lactate Coz pflB
pta
Acetyl-P <«——AcetylCoA
ADP
ackA
ATP

0.65
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Plataforma
I ’ Bioquimica
Residuos
A\ 4

Biomasa

Biorefinery

Calory
Electricidad

A

Gas

Plataforma
Termoquimica

Az(cares ‘

Combustibles,
Productos y
Materiales
Quimicos

Gases |

Escherichia coli as
Microbial Cell Factory

for the

(Small Scale)

Biorefinery Concept

* Etanol

e Butanol

e Propanol

e Metanre

e Bio-Diesel

® Bio-Gasolina
e|sopentenol

¢ Bio-Queroseno
eBio-Hidrégeno

k.B. El l..ll

e 1,3 Propanodiol
°PHB

ePlasticos

e Polimeros

e Solventes

® Fendlicos

* Restras-{furfural)
e Ac. grasos

e Ac. organicos

e Pigmentos

e Detergentes




Who Is Escherichia coli?
What does E. coli do for humans?

J Approximately 33% of the
therapeutic proteins for human
use are currently produced with E.
coli in industrial fermenters.

(JHuman growth hormones;
interferons; interleukins;
erythropoietin; among others

 L-fenilalanine, PHB, and
Propanediol, among others

, on; Bacteri 0 Easy to manipulate & cultivate

Sanchez-Garcia et al. MCF 2016;15:33



Macromolecular composition of N. oleoabundans cells
from batch and fed-batch cultures

Proteins Carbohydrates
*1 *1
Culture mode (gproT/gDCW*100) (gcars/gpcw*100)
S M S M
43.7
Batch C/N = 17 41.2 31.7 30.9
(£0.4)  (£1.9) 13  (35)
42.9 14.4 32.1 33.3
Batch C/N =278 (+1.7) (+1.2) (+0.4) (+0.5)
Fed-Batch 40.7 11.6 27.5 54.2
(#14) (209  (+2.0) +0.1

S: at the start of the culture
M: at the time of maximum cell mass produced

Lipids (gur/gocw*100)
S M

24.8 24.0
(£0.3) (+0.9)
23.3 51.7
(¥1.2) (+1.7)
27.5 33.7
(+£1.9) (+0.6)



Combustibles FoOsiles
Necesidad de E. Renovables
Biocombustibles

Combustibles Fésiles
Y Biocombustibles

1ra

Generacion

~ N\ Oleaginosas
Alni€lion no comestibles
acarosa iodi

Bio-Butanol

Algas vy
Cianobacterias

H, Fotobioldgico
Bio-Diesel
Bio-Petro

Bio-Etanol \Bio

2da

Aceites de ..
Generacion

Planta

Bio-Dtésel
,

Biocombustibles — Biorrefinerias
Islas y Martinez 2010 Mediano y Largo Plazo ,

3ra
Generacion ++++
Biorefineria
Bioplasticos
Biosolventes
Proteinas Alimento
Acidos grasos
Aceite comestible
C.
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