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}@KOBE Construction of cell factories for biorefinery

Synthetic Bio-engineering

Biomass degradation potential Development of metabolic pgt__ljway
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Cell-surface Engineering

Design ofmetabolic pathway
AR Proposing of mutation strategy

Engineering
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Multi-omics analysis

engineering

Anchor
protein

Simultaneous analysis of cell component

Breeding of super microbial cells(cell factory) for direct
production of fuels and chemicals from biomass
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A combination of cell surface engineering and synthetic bioengineering
will be a very effective approach to develop cells with novel metabolic
ability for industrial applications.
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){/) Process Development

Bench-scale plant in Kobe University

100 L
liquefaction reactor

50 L fermentation reactor 30 L fermentation reactor (x3) Cell recycling system
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KQRE Arming Yeast for CBP
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){D Ethanol production from lignocellulosic biomass

Composition of C6 fraction

Lipids Others
2%

Rice straw
Liquid hot water
sc.>luble treatment

2% 9% 4% ¢

/ Yeast cells co-displaying \

BGL1, EGIl and CBHII

WW EGI CBHII
€ ¥ paq
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o -Agglutinin (Waterinsoluble)  (Water soluble)

/




Ethanol production from high-solid biomass

Liquefaction of pretreated
rice straw at 50 °C for 2h

Initial biomass; 200 g/L
Cellulase; 10 -40 FPU/g-biomass

g

Fermentation at 35 °C

Yamada R, Poster 20 : Optimized cellulase expression

Ethanol [g/L]

Ethanol [g/L]
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EG/CBH2/BGL co-displaying yeast
(arming yeast)

Wild type

10 FPU/g-biomass

91% of theoretical yield
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)** Ethanol production from high-solid biomass

Residue after high-solid fermentation

Wild type NBRC1440/B-EC3 gycan

yeaSt Yeast cell Glucan Arming yeaSt 2% Xylan
11% 11% 4%

Xylan
3%

Others insoluble
material
19%

Others insoluble
material
20%

Cellulases displayed on the yeast cell surface hydrolyzed cellulose that was not
hydrolyzed by commercial cellulases, leading to increased ethanol production.



;@ Cell recycle fermentation of high-solid biomass

Ethanol [g/I]

50
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" Initial biomass ; 200 g/L

k& Cellulase added; 10 FPU/g-biomass

Fermentation mixture

QP Centrifugation at 20 x g
Supernatant

%5 Centrifugation at 6,000 x g

pellet mm) Repeated
—=-Wild type —~NBRC1440/B-EC3 fermentation

Liquefaction; 2 h, 50°C

i
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)@KOBE Fermentation of C5 fraction of rice straw
obtained by hydrothermal pretreatment

Oligosacchrides -

Xylose [g/L]
Xylobiose [g/L]
Xylotriose [g/L]
Xylotetraose [g/L]
Xylopentaose [g/L]
Xylohexaose [g/L]
Glucose [g/L]
Cellobiose [g/L]
Cellotriose [g/L]
Cellotetraose [g/L]

Total oligosaccharide [g/L]
Total sugar [g/L]*

419
1.69
15.77
1.10
0.013
0.111
0.036
0.002
0.019
0

9.62
38.12

Acetate [MM] 46.2
Formate [mM] 28.1
Furfural [mM] 15.77

Xylan

5-HMF [mM] 1.10

™  ( Ethanol )
: . \\.3 Xylose
> (% 0o

E Xylooligosaccharide



;{’) Fermentation of hemicellulosic hydrolysate

[ Normal xylose-fermenting strain 12 Cell surface engineered strain
10 MN8140X MN8140X/Xynll-XylA-BGL
g |
2 |
2
0
0 24 48 72 0

0 24 48 72

Time [hr Time [hr] ==Xylobiose
0.02 % (w/v) Hemicellulase

> . Normal xylose-fermenting strain 1, Cell surface engineered strain™ *viose

—o—Glucose

—e—-Ethanol

A= Xylitol

0 24 48 72 0 24 48 72
Time [hr]

The yield corresponds to 82.1% of the theoretlcal yield.
Sakamoto et al. (2011) J Biotechnol
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Xylose [g/L]

~ )% Several approaches to improve tolerance

Overexpression of TAL1 and FDH

z HCOO co,
& 70 H FDH
2w Formate-responsive genes
g_ - WO mM Acetate
= I D3I0mM Acetaie Gene Relative mRNA expression Description
i I W60 MM Acetate
£ X OmM  5mM  10mM 15 mM
20 y
0 ! _ FDH1 1 2.05 8.62 23.09 formate dehydrogenase (FDH)
o T r— BAT1 1 1.53 2.81 7.22 BCAA aminotransferase
ah &h 24h : ALDS 1 1.66 2.45 5.07 aldehyde dehydrogenase
= HXK2 1 1.37 1.94 2.79 hexokinase
. VCX1 1 1.54 2.08 2.78 Ca“* ion transporter
Metabolomic approach GPD2 1 133 1.70 2.45 lycerol-3P dehydrogenase
gly ydrog
HXT4 1 1.29 1.70 2.27 glucose transporter
PFK2 1 1.34 1.58 1.85 6-phosphofluctckinase
Xylose - Xylitol mmpp Xylulose
T, - 20 mM Formate
/ TKL1 N 40 ]
I F6P X5p <~ IzuSP |
|
1 RSP |
: GAP I g
5 J tPGK1 —_
\ B — ied_ohe_tu_losi 7:(51))_ / pPGK1 E r g X l05€ (PGK423FDH)
=
TAL1 from S. cerevisiae @ > —o=Xyloselv.c)
*TAL1 encoding transaldolase (TAL) é < s Ethanol (pGK423FDH)
< £
30 mM Acetate 8 —o=Fthanol {v.c.)
=
_ _ * —a—xylitol (0GK423FDH)
3 3 -
%’ = %’ ——Xylose pGK404TAL ey X ylitol (v.c.)
s W £ —=Xylose (control)
8 2 2 =3
6 = & < = Ethanol pGK404TAL 0 20 40 60 20
4 E = E = Ethanol (control)
, B 8 Xylitol pGK404TAL Time [hr]
0 — 0 == Xylitol (control)

oo s S p Hasunuma et al (2011) Microb Cell Fact
(2011) Appl Microbiol Biotechnol
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Effect of PHO13 deletion on xylose fermentation

. - 35 . - 35
80 Control strain 80 APHO13 strain
70 1 30 20 —— 4 30
60 {25 _ 60 } f {25 _
= f———rl] £ = ) =
5 50 {202 =30 Yield; 30% up 1 20 ; —+—xylose
Q
540 { 15 _g g 40 1 15 .g ~~Ethanol
= o) > o]
X 30 & =30 & Xylitol
4 10 j) 10
20 20 —— ( ==—Glycerol
10 5 10 415
0 0 0 & : % 0
0 12 24 36 48 60 72 36 48 60 72
Time [h] Time [h]
Medium; YP, 80 g/l xylose
Hasunuma T, Poster12 Condition; Oxygen limited

Temp; 30°C

Deletion of p-nitrophenyl phosphatase gene, PHO13 in xylose-fermenting
strain improved ethanol production from xylose

Fujitomi et al., 2012, Bioresour Technol



)@ " Effects of PHO13 deletion on xylose fermentation

Improvement of xylose fermentation in the presence of inhibitors

by PHO13 deletion

30 mM Acetate

0 12 24 36 48 60 72
Time [h]

60 mM Fuer

Time [h]

30

-4 25

4 20

1 15

1 10

Ethanol [g/L]

Ethanol [g/L]

35

15 mM Formate

— 60 =
D50 =)
o ©
40
< S
> 30 =
]
20
10 |
o O
0 12 24 36 48 60 72
Time [h]

PHO13-deleted strain
— Wild type

Medium; YP, 80 g/l xylose
Condition; Oxygen limited
Temp; 30°C

17
Fujitomi et al., 2012, Bioresour Technol



Substrates [y/l]
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n
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“ Effects of PHO13 deletion on xylose fermentation

Fermentation Inhibitors
Acetate  3.23 g/L (53.9 mM)
Formate 1.08 g/L (23.4 mM)
Furfural 1.22 g/L (12.7 mM)

APHO13 strain

25 1 15
20
= Ethanol
5 2 110§
e 3" @
A S
AL g
e Z Xylose 1° &
5 I
0 7 : Eio
0 12 24 36 48 0 12 24 36 48
Time [h] Time [h]

—O0— Glucose —T1— Xylose —O— Fructose —A— Ethanol —e— Xylitol

Fujitomi et al., 2012, Bioresour Technol



){/)zﬁ%f; Global gene expression analysis of APHO13 mutant

Genes highly up- or down-regulated by deleting the PHO13 gene from a
xylose-fermenting recombinant S. cerevisiae strain

Fol
m Category Annotated function

ZWF1 Glucose-6-phosphate dehydrogenase 4.00

SoL3 6-phosphogluconolactonase 3.67
GND1 6-phosphogluconate dehydrogenase 1.64
TKL1 Metabolic pathway  Transketolase 1.57

- (Glycolysis, PPP, Alpha subunit of heterooctameric phosphofructokinase

PFK1 . | . . 1.55
Alcohol biosynthesis) involved in glycolysis

Glyceraldehyde-3-phosphate dehydrogenase 1.48
Major of three pyruvate decarboxylase isozymes 2.04
m Alcohol dehydrogenase 1.94
NAD-dependent glycerol-3-phosphate dehydrogenase 1.64
Subunit Il of cytochrome c oxidase 0.33
Respiratory chain Subunit IIl of cytochrome c oxidase 0.30
Cytochrome c 0.59
Subunit 6 of the ubiquinol cytochrome-c reductase complex 0.57
:ﬁ?;ai:,bunit of the F1 sector of mitochondrial F1FO ATP 5 24
ATP synthase Subunit k of the mitochondrial F1FO ATP synthase 2.60
Subunit 5 of the stator stalk of mitochondrial F1FO ATP 164

synthase



)@ KB Phosphate responsive signaling pathway

The PHO system

product
‘ PHO84/89 \ Pho84  Pi-transporter
Cytoplasm Pho89  Pi-transporter

Pho4 DNA-binding
trascriptional activator

Pho80  Cyclin; inhibitor of
Phodp

Pho85  Cyclin-dependent
kinase; inhibitor of
Phodp

Pho5 Repressible vacuolar
alkaline phosphatase

Nucleus
p P P

Pho8 Repressible vacuolar

PHO responsive genes
P g alkaline phosphatase

PHO84, PHOS5, PHOS, etc

(Ohshima et al., 1997; Lu et al., 2007)



Xylose fermentation

Ethanol yield [%]
- DD W ~ O O N
OO O O O O O o o

_
_
_
_
_
_
_
_
_
_
_
o

~\~ 4 > D Q &x %

6‘”&‘

Medium; YP, 80 g/l xylose
Condition; Oxygen limited
Temp; 30°C



)@ 2 Effect of Pho80/Pho85 deletion on xylose fermentation

W
o

_ - 25 -
- = iy A
2 2 3
: (53 S &
2 Yield; 16.9% up| & S 10
< i =3
- 5
. . . 0 o
0 12 24 36 48 60 72 0 12 24 36 48 60 72
Time [h] Time [h]
BY4741X BY4741X/APHO80 BY4741X/APHO85
Volumetric Ethanol yield Xylitol yield
productivity (g/L/h) (9/9) (9/9)
BY4741X 0.730 0.28 0.27
BY4741X/APHO80 0.844 0.35 0.15
BY4741X/APHO85 0.920 0.33 0.14

Xylose fermentation is affected by the PHO metabolism.



) IPA production from cellobiose

r
Glucose : ! Synthetic pathway
I
| v
| 3 Acetyl-CoA 1 Acetate
2 G3P : atoB 2 ;

2 NAD 1 thlA (C. aceto.) COA CoA
|
! Acetoacetyl-CoA

2 NADH :

2 (1,3 DPG) : l atoD, atoA
\ 4 ctfA, ctfB (C. acefto.)
: Acetoacetate ii
1
2 pyruvate : adc (C. aceto.)

2 CoA | CO:
|

2 Formate : Acetone
I -

2 Acetyl-CoA | ;::a#((f :eu;r)) NADPH Cellobiose /
1 2 Acetyl-CoA, a DLl NADP = =
------------- Cellooligosaccharides
Blue: E. coli pathway iso-propanol

BGL displaying E.coli

————> EXxpression

I

Anchor BGL
Protein

®
e

Glucose

IPA production With Prof Hanai, T., Kyushu Univ



Optimization of BGL and anchor

U/0.D.600/mi

HdeD-Tfu0937

Blc-Tfu0937 —

b

Slp-Tfu0937

Tfu0937-HdeD
Tfu0937-B|c

N~
o
(*)]
o

-
[Tt
|—

Tfu0937 was fused to an anchor,
HdeD, Blc and Slp.
pNPG

i%
w

Previously reported anchor such as
LamB, OmpT, OmpL did not work for
activ BGL display

BGL activity of Blc-Tfu0937 were improved up to
/0-fold higher compared to PgsA-BglA.

Tanaka et al (2012) Appl Environ Microbiol



Growth on 0.2% cellobiose using
BGL-displaying E.coli

0.D. 600

H
) 3

0.2% cellobiose as the sole carbon source
M9 minimum medium, Initial O.D.600 = 0.01

IR
|

08 | Cellobiose

w
0.6 | %3“ glucose

0 SV gel
blc-Tfu0937 — " g
02 c-Ttu &
Growth!!
0 | Growth on 0.2% cellobiose
-10 10 30

Time /h

Blc-Tfu0937 was growth on 0.2% cellobiose
0O.D.600=1.05 after 20h cultivation, almost same levels of glucose

Tanaka et al (2012) Appl Environ Microbiol
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Growth on 0.2% cellooligosaccharide

0.D. 600

Time / h
Successful growth on cellooligosaccharides

e A

Cellotriose

(C3), Cellotetraose(C4), Cellopentaose(C5), Cello
hexaose(C6)

were used as carbon source, respectively

Cellooligosaccharides

vevew

w
w

@ glucose

y > 4
A

! ,!\").u‘ ! ,!\‘J.u‘b
o Yu 9
— T Y o \).u‘b
Growth!!

Tanaka et al (2012) Appl Environ Microbiol
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Direct IPA production from cellobiose
Using BGL-displaying engineered E.coli

oD

5wt% vol cellobiose in SD8 medium

= TA212/pTA147
—e—TA212/pTA411

0 5 10 15 20

Time (h)

25

30

B
200

-
2] (=] 2]
o o o

Cellobiose (mM)

o

Cellobiose

—m-TA212/pTA147

——-TA212/pTA411

0

5

10 15 20 25 30
Time (h)

C
100

2]
o

Isopropanol (mM)
N
a

o

Isopropanol

0

—a-TA212/pTA147
——TA212/pTA411

5 10 15 20
Time (h)

Successful IPA production from cellobiose (69 mM = 4.1 g/L)

25

30



)= EG activity displayed on the E.coli

0.01
M : On the cell surface

[ : Culture supernatant

0.008 | Carboxymethylcellulose (CMC)

0.006 |

S
0.004 | W U Reduced

“GU Wsugar
Yy

U/0.D.600/mL

0.002 |

Blc-Tfu1074
Blc-Tfu1627

HdeD-Tfu1627

o
pHLA (Conrol) E

HdeD-Tfu1074

EG displayed on the cell surface has CMC degradation activity

Submitted



){/) wsz  Direct growth on CMC both BGL and EG
displaying E. coli in the minimum medium

Blc-Tful627
HdeD-Tful074

06 | P HdeD-Tfu1627
\/ Blc-Tful074
‘ pHLA
|
§ 0.4 # [ cMC
o
o |H !*
0.2 | [ ' ““

8 2'S S T ST

Time/h

EG displayed on the cell surface has CMC degradation activity

Submitted
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Metabolome analysis Transcriptome
UPLC/Q-TOFMS  GC/TOF MS CE/TOF MS analysis

XYLOSE
V NAD(P)H
Xylitol
~ > GLUCOSE 1\, NADH

E Y echanisms o
Key ge nes to l m p rove Llse-GP 2 gl_msphogluc JRibulose-SP <> XyIquig’ p H te m pe ratu re
productivity peotose | '
phosphate Ribose-5P
pathway

Fructose-6P
ATP m
N Glycerald Sedohept
FI provement T
Dihydroxyacetone-| P «————> Glyceraldehyde-3P
Erythrose- 4P Fructose-6P

‘Super microbial cells for cell factories
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