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Fermentation:

Transformation of compounds by activities
of microorganisms.

For examples in wine brewing, glucose in
the grape juice is transformed into ethanol
by metabolisms of microorganisms.

Fermentation supports our good health and
life, better society, and maintain good
environments of the earth.



The first description of brewing was found in
The Epic of Gilgamesh is written in Mesopotamia in B.C. 2000.

! O ARANIBATIT, 4
/4 ' (d dd d d d ¢
0 B .i x

Figures of wine brewing on the wall of pyramid in ancient Egypt
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In Europe, in 6t century, monasteries started brewing
using their well-organized infrastructure.






Japanese sake was reported from about 2,000 years after establishment of
rice cultivation.
Modern sake manufacturing was established around 16" to 17" century.
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“Figures of famous places in Osaka” by Ritou Akishima in 1798
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Bacillus subtilis var. natto



http://bluedaisy.tea-nifty.com/photos/uncategorized/tukeagari.jpg
http://microbewiki.kenyon.edu/index.php/File:LP.jpg

History of industrial fermentation

Ancient brewing
Alcohol fermentation Natural isolates
Acetone butanol ethanol fermentation

Mutant breeding
Organic acid fermentation

Antibiotics fermentation Molecular breeding
0 0
Amino acid fermentation HOJ\/\rU\O' Na*
NH, Metabolic engineering
1955~ Dr. Shukuo Kinoshita & Dr. Shigezo Udaka
O
‘_,-,N“f’l"'“\NH Synthetic biology
3 T AN Nucleoside / nucleotide fermentation
HO-P-0 s
OH N7/ 1957~ Dr. Akira Kuninaka )
OH OH P !
D e R e O A0 Lipid fermentation =
5 A S (Single cell oil) -

1985~ Prof. Hideaki Yamada & Prof. Sakayu Shimizu



Expanding lipid sciences and industries
by analysis and development of

novel microbial functions

1)  Polyunsaturated fatty acid production and modification

2)  Gut microbial fatty acid metabolism



-
o

L
POERLD)




Fatty acids in animals and
plants

= = Acetyl-CoA

AA, arachidonic acid

DGLA, dihomo-y-linolenic acid
EPA, eicosapentaenoic acid
MA, Mead acid

EL, elongase

00 — — —— COOH
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Various physiological activity

» Cardiovascular fitness

= Cerebral function development

* Anticancer

* Lipid metabolism control

Preburer R aetiveamatabeliteentrol

Current source--- fish oil, plant oil

"unstable supply

"low purity
*contamination of u@thy compounds

"prostaglandin, leukotriene, thromboxane

* Anti—inflammatory mediators: resolvins etc.

Microbial oil
as alternative source

/

w6
(n-6)
PUFAs

N\

COOH

Linoleic acid
LA, 18:2w

Arachidonic acid
AA, 20:4w6

— COOH

y—Linolenic acid
GLA, 18:3w6

Dihomo—vy-linolenic acid
DGLA, 20:3w6

n—6 Docosapentaenoic acid

n—6 DPA, 22:5w6 J

(n-3)
PUFAs

\_

/ COOH
w3 wz/\

o —Linolenic acid

ALA, 18:3w3

Eicosapentaenoic
EPA, 20:5w3

T COOH

Stearidonic acid

SDA, 18:4w3

acid n—3 Docosapentaenoic acid Docosahexaenoic acid
n—-3 DPA, 22:5w3

C e

Eicosatetraenoic acid
ETA, 20:4w3

DHA, 22:6 w3 j




*Lipid bodies containing triacylglycerol rich in
arachidonic acid in fungal filament
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‘It's hopeless. Some of them are almost 80% lipid!’




Glucose

PUFA biosynthetic pathway in M. alpina 1S-4

COOH
X
@ ﬂ COOH COOH
oo

181n9

ﬂ COO COOH

18:2n-6 18:3n-6 20 3n-6,DGLA | 20:4n-6, AA
; COOH ; COOH
MG SENN =IO =TSO

18:3n-3 18:4n-3 @ 20:4n-3 @20 :5n-3, EPA



Fatty acid profile of “Single Cell Oil” produced by M. alpina is quite different from
common edible oils and is used as an ingredient for infant formula in the world.

Comparison of Microbial Oils with Dietary Fats

Fatty acid content normalized to 100 per cent

Arachidonic acid I
Mead acid

sta o ooLs Used for
Canola olil

Safflower oil
Sunflower oil
Corn oil
Olive oil
Soybean oil
Peanut olil

- -
otionssed o ingredients
Beef tallow
Palm oil
Butterfat
Coconut oil

Infant milk

T
0 20 40 60 80 100

[l DIUNSATURATED FATS
(Linoleic acid)

[l sATURATED FATS I MONOUNSATURATED FATS

- TRIUNSATURATED FATS D OTHER POLYUNSATURATED FATS
(Linolenic acid)

Looks like plant oils for diet, /é
but the fatty acid profileis = < &

e &

quite different and
rich C20 n-6 PUFA




Various PUFA biosynthetic pathways in M. alpina and its mutants

Glucose

4
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Sakuradani, E. et al, Appl. Microbiol. Biotechnol., 84, 1-10 (2009).



Various PUFA biosynthetic pathways in M. alpina and its mutants

Glucose

COOH OOH
mp (18:1nD
l OH — COOH e OOH T
18206 wep(I8:306 mmp mmp (20:4n-6, AA n-6
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Sakuradani, E. et al, Appl. Microbiol. Biotechnol., 84, 1-10 (2009).



Various PUFA biosynthetic pathways in M. alpina and its mutants

Glucose

4
4
.

OOH
16:0

COOH
ﬂ C @ COOH
COOH COOH OH COOH ———— OOH
20:0 & (180 18n9 = 18; 2n9 202n9 = 20:3n9, MA n-9
6
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Sakuradani, E. et al, Appl. Microbiol. Biotechnol., 84, 1-10 (2009).



Various PUFA biosynthetic pathways in M. alpina and its mutants

Glucose

COOH

COOH COOH OH — COOH - COOH OOH ( )
20:0 & 18:0 £8:1n-9 = 1_8:2n—9 = _20:211'9 —=> 20:3n-9, MA n_9
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— ~~COOH O
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OH  — COOH COOH O00H [~
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Sakuradani, E. et al, Appl. Microbiol. Biotechnol., 84, 1-10 (2009).



Various PUFA biosynthetic pathways in M. alpina and its mutants

COOH —_—— OOH OOH ( )

OOH = OOH = ==
16:3n-1 =) (16:4n-1 = —) (184n-1 .::> 185n-1  =>{20:5n-1 n-1

N %’C 20:3n4 oot
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00H OH
16:0 |:> 6 2n-7 |:> 18 2n-7 |:> 18 3n-7 |:> 20 3n-7

(A9) 1 @ n-7
OOH - OOH
240 COOH Q 1 8 in7
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OH COOH  _ OOH ( )
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l ~—

COOH OOH
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OOH —
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_____
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- COOH 00
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Sakuradani, E. et al, Appl. Microbiol. Biotechnol., 84, 1-10 (2009).



1) Polyunsaturated fatty acid production and modification

Various physiological activi Current source-** fish oil, plant oil
» Cardiovascular fitness (Medical use)

"unstable supply

= Cerebral function development low purity

* Anticancer - contamination of u@thy compounds

* Lipid metabolism control

Preblupdor R adtiveametabsiiteentrol Microbial oil
- prostaglandin, leukotriene, thromboxane as alternative source
* Anti—inflammatory mediators: resolvins etc. Molecular breeding for efficient
/ COOH — COOH roduction COOH \
w6 Linoleic acid y-Linolenic acid Dihomo—y-linolenic acid
LA, 18:2w6 GLA, 18:3w6 DGLA, 20:3w§6
PUFAs —~— o~
Arachidonic acid n—6 Docosapentaenoic acid
\ AA, 20:4wW6 n—6 DPA, 22:5w 6 J
~ COOH = COOH mw )
W3 =~ e e
(n-3) @ —Linolenic acid Stearidonic acid Eicosatetraenoic acid
PUF =8 SDA, 18:4w3 ETA, 20:4w3
Eicosapentaenoic acid n—3 Docosapentaenoic acid Docosahexaenoic acid

PA, 20:5w n-3 DPA, 22:5w3 DHA, 22:6 w3 /




The homologous m3-desaturase gene was overexpressed
in M. alpina 1S-4 and succeeded in raising EPA

production, but only under low cultivation temperature.
—

28°C . 2 days and 12°C. 12 days cultivation

2% glucose
1% yeast extract pBIG3ura5s®w3x2 No. 11

4 ml GY EPA composition (42.2%)

M Others

m AA

m EPA

Composition of total fatty acid (%)

1S4 #1 #1 #4 #8 #10 #1 #9 #11 #13 #14 #16

(wild) =

PBIGS (3 1 ©3%2
Ando, A. et al, Appl. Environ. Microbiol., 75, 5529-5535 (2009).



Various PUFA biosynthetic pathways in M. alpina and its mutants

OOH = OOH = COOH ——— OOH _ _— OOH
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EPA production by expression of heterologous desaturase genes

in M. alpina 1S-4 under ordinary temperature




Characterization of PmA17 desaturase from Plectospira myriandra

Conversion(%) =

LA
6.41 %

COOH
18:2w6, LA

COOH
18:3w3,

0 %

0 %

Product

GLA
3.27 %

- (o{0]0)
18:3w6. GLA-"

- COOH
18:4w6, SDA

0 %

0 %

X 100

Substrate+Product

/DGLA ARA \

3.03 % 2.82 %

20:306, DGLA " 50-4006,

_ COOH SN COOH
20'4w3, ETA 20:5w3, EPA

1.37 % 2.25 %

COOH

311 % 44.4 %

\ A17 desaturase type/

w6-PUFASs

w3-PUFAs

Conversion
(%)

Mo, B. K H. et al, Biosci Biotechnol Biochem., 85, 1252—1265 (2021).



EPA production by expression of heterologous desaturase genes
in M. alpina 1S-4 under ordinary temperature
Glucose gene: A17 desaturase (477m) gene and A12 desaturase gene (412m)

iyt promoter: SSA2 promoter and PP3 promoter

g host: Mortierella alpina (uracil auxotroph)

COOH
16:0
Cx/\/\/ A17m

EL1 @

COOH

A9DS g A12m
A6DS ASDS

COOH COOH COOH COOH
_18:1w9, OA IZ> 18 2w9, ILA IZ> 20 2w9, EDA IZ> 20 309, MA w9-PUFAs

{1 A12 desaturase 412m

COOH - COOH - COOH - — COOH
18:2w6, LA IZ> 18:3w6, GLA IZ> 20:3w6, DGLA E> 20:4w86, w6-PUFAs

$§ A17 desaturase§ 417m

COOH — COOH — COOH — — COOH
{7 18:303, |:> 18408, SDA [> 2074w3, ETA [> 20'5w3, EPA w3-PUFAS

pBIG35Zh \
PP3pA12SSA2A17 |



oL jar fermentor scale EPA production (26°C, 20 days cultivation )

10095
nEPA
mETA
80% - ©18:4n-3 SDA
= 18:3n-3a-linolenic acid
60% - mAA
“DGLA
. =18:3n-6 y-linolenic acid
i =18:2n-6 linoleic acid
=18:1n-9 oleic acid
20% - m240
=220
e , ‘ ' ' , , =180
" 16 2d 3¢ 4d 56 6d 76 8d 9¢ 104 11d 12d 13d 144 15d 166 17d 136 194 20¢ M 16:0
045 mg/mg 10% Glucose (%)
0.4 9%
0.35 k = 8%
0.3 ‘ k L‘n“ W 7% _
MELENANL 4 Y « dry cell weight 70 g/L
N | | X =sx -lipids production 28 g/L
i  ~EPA production 52 % 14.4g/L
' : s | 3%
ST -
0

n T T T T T T T T T T T T 0%
1d 2d 3d 4d 5d 6d 7d 8d 9d 10d 11d 12d 13d 14d 15d 16d 17d 18d 19d 20d



ETA production by expression of heterologous desaturase genes
in M. alpina S-14 (A5-desaturase-defective mutant) under ordinary temperature

A 17-desaturase expression (28°C)

DGLA

4 )

— == Host

Eicosatetraenoic acid
ETA, 20:4w3 A

TA

\_ J

Trans—
formant

mm PUFA biosynthetic pathway
2 of Mortierella alpina S14
OA 18:1w9 18:2w9 20:2w9
COOH — —

‘ w3 desaturase

COOH COOH COOH
__ALA 183w3 SDA, 18:4w3 _ETA 201403

OA, oleic acid; LA, linoleic acid; GLA, 7 —linolenic acid; DGLA, dihomo— ¥ —linolenic acid; ARA, arachidonic acid;
ALA, « -linolenic acid; SDA, stearidonic acid; ETA, w3 eicosatetraenoic acid; EPA, eicosapentaenoic acid.



1) Polyunsaturated fatty acid production and modification

Various physiological activity

» Cardiovascular fitness

Current source--- fish oil, plant oil

"unstable supply

= Cerebral function development low purity

* Anticancer - contamination of u@thy compounds

* Lipid metabolism control

Preburer R aetiveamatabeliteentrol

"prostaglandin, leukotriene, thromboxane

Microbial oil
as alternative source
Production of rare PUFAs

L L L
rforfuturg=

* Anti—inflammatory mediators: resolvins etc.

-

w6
(n-6)
PUFAs

\§

COOH

Linoleic acid
LA, 18:2w6

— COOH

y—Linolenic acid
GLA, 18:3w6

SCoon )

Dihomo—vy-linolenic acid
DGLA, 20:3w6

Arachidonic acid
AA, 20:4w6

n—6 Docosapentaenoic acid
n—6 DPA, 22:5w6

/ COOH
w3 wz/\

(n-3)
P

@ —Linolenic acid
ALA, 18:3w3

Eicosapentaenoic acid
PA, 20:5

T COOH

Stearidonic acid
SDA, 18:4w3

n—3 Docosapentaenoic acid
n—-3 DPA, 22:5w3

Eicosatetraenoic acid
ETA, 20:4w3

Docosahexaenoic acid
DHA, 22:6 w3

/




1) Polyunsaturated fatty acid production and modification
Various physiological activi Current source-** fish oil, plant oil

» Cardiovascular fitness

"unstable supply

= Cerebral function development low purity

* Anticancer - contamination of u@thy compounds

* Lipid metabolism control

PreluraePoPaetneametabelitégntrol Microbial oil
as alternative source

. . . Production of rare PUFAs
* Anti—inflammatory mediators: resolvins etc.

/ COOH — COOH TOT TUTUre=t LCOOH \

"prostaglandin, leukotriene, thromboxane

w6 Linoleic acid y-Linolenic acid Dihomo—y-linolenic acid
LA, 18:2w6 GLA, 18:3w6 DGLA, 20:3w6
UFA C T oo
PUFAs —~— o~
Arachidonic acid n—6 Docosapentaenoic acid
\ AA, 20:4wW6 n—6 DPA, 22:5w6 J

W3 =~ e e~

(n-3) @ —Linolenic acid Stearidonic acid Eicosatetraenoic acid

PUEAs _ALA,_1 8:3w3 cooH — 55 - _ EIA, 2010)3
Eicosapentaenoic acid Docosahexaenoic acid
\ EPA, 20:5w3 DHA, 226 w3 /

n—3 Docosapentaenoic acid
-3 DPA, 22:5w3




Introduction
n—3 DPA (n—3 docosapentaenoic acid)
== COOH
*Preventive effect of arteriosclerosis
("10 times more effective than EPA) ===
-Inhibitory effect of angiogenesis n-3 DPA
(22:5n-3)
Current n—3 DPA source : harp seal oil
Low DPA content (< 5%)
- difficulty of stable and large supply
Alternative source such as microorganisms is required.
Labyrinthulomycetes @g
"marine eucaryotic microorganism @ :
highly accumulate PUFA (including DHA Oe é@ 4
and EPA), astaxanthin, etc. - er ©
O 31
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Isolation of n—3 DPA producing microorganism
— fatty acid compositions of isolates and NBRC strains

31 isolates and 8 NBRC strains were analyzed of fatty acid profiles.
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Isolated strain T7 highly accumulated n—3 DPA (26% of total fatty acids).
The strain T7 was identified as Aurantiochytrium sp.




1) Polyunsaturated fatty acid production and modification
Various physiological activi Current source-** fish oil, plant oil

» Cardiovascular fitness

"unstable supply

= Cerebral function development low purity

* Anticancer - contamination of u@thy compounds

* Lipid metabolism control

PreluraePoPaetneametabelitégntrol Microbial oil
-prostaglandin , leukotriene, thromboxane as alternative source
prostag ) . Modification of PUFAs
- Anti—inflammatory mediators: resolvins etc. i :

w6 Linoleic acid y-Linolenic acid Dihomo—y-linolenic acid
LA, 18:2 GLA, 18:3w6 DGLA, 20:3w6
= e
PUFAs —~—
Arachidonic acid n—6 Docosapentaenoic acid
\ AA, 20:4wW6 n—6 DPA, 22:5w 6 J

(o C”20 CEn CTT

(n-3) @ —Linolenic acid Stearidonic acid Eicosatetraenoic acid
ALA, 18:3w3 SDA, 18:4w3 ETA, 20:4w3

Eicosapentaenoic acid n—3 Docosapentaenoic acid Docosahexaenoic acid
\ EPA, 20:5w3 n—-3 DPA, 22:5w3 DHA, 226 w3 /




Biosynthesis pathway of PGs

— — COOH
Bioactive substance m

Arachidonic acid

—

PGEQ, PGFQa etc.

v Vasodilation

v/ Inhibition of platelet
aggregation

v Constriction ofysmooth muscle

Cyclooxygenase
(COX: Gv COXm)

2 e

Pharmaceuticals |

Mohd Fazli, F.A. et al, Biosci. Biotechnol. Biochem., 83, 774-780 (2019).
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PGF2

7000

6000

5000

4000

3000

2000

1000

GY Medium (glucose 2%, YE 1%) , 28°C, 12 days

C/VC/C\/CjOH

Arachidonic acid
i GvCOXm

\\\\\\ ‘\\\\\\v\/\
o S N—= COOH

o
PGH,
o i PGF,_ synthetase
/\( T S gom
HO :

PGF,,

3 Days 6 Days

9 Days

12 Days

+ GVMA#28
+« SSA2#4
© SSA2#23

sdhBt RB

NPT il

sdhBt pBIG35SSA2pGvCOXm

urab

Mohd Fazli, F.A. et al, Biosci. Biotechnol. Biochem., 83, 774-780 (2019).



1) Polyunsaturated fatty acid production and modification
Various physiological activi Current source-** fish oil, plant oil

» Cardiovascular fitness

"unstable supply

= Cerebral function development low purity

* Anticancer - contamination of u@thy compounds

* Lipid metabolism control

Prekuraeror adtiiametabslieentrol Microbial oil
as alternative source

- Anti—inflammatory mediators : resolvins etc. Modlf'catlon of PUFAS

CTE S TR e

"prostaglandin, leukotriene, thromboxane

w6 Linoleic acid y-Linolenic acid Dihomo—y-linolenic acid
LA, 18:2w6 GLA, 18:3w6 DGLA, 20:3w6
PUFAs e ~— o~
Arachidonic acid n—6 Docosapentaenoic acid
\ AA, 20:4wW6 n—6 DPA, 22:5w 6 J
~ COOH = COOH mw )
w3 e NN
(n-3) a- Llnolenlc acid Stearidonic acid Eicosatetraenoic acid
SDA, 18:4w3 ETA, 20:4w3
PUFAs ’
Eicosapentaenoic acid n—3 Docosapentaenoic acid Docosahexaenoic acid

EPA, 20:5w3 n-3 DPA, 22:5w3 DHA, 22:6 w3 /




EPA metabolome in the body

COOH

—/\—-/@r\ \

(o)
/ l \ 18-HEPE 17,18-EpETE
HEPEs Loz K oo _ _ i oo
3-series Prostaglandins ® Com m\
5-series Leukotrienes == —_ —

O oH OH (o) (o)

il COOH
W 12-OH- | A
17,18-EpETE o
m Anti-inflammato ="
ry — — COOH
mediator <XWW\
E-series
Resolvins )
17,18-series

Epoxy pathway
Kubota T et al. FASEB J

2014;28:586-593



COOH
P50 { _BRAZO53
TR NP
R -
HOOC w NH, — —_—
O

O
17 18-EpETE

Developing new Natto (soy been fermentaion)
containing anti-inflammatory lipids
using Bacillus sp. showing P450 monooxygenase activity



Summary
1) Polyunsaturated fatty acid production and modification

Various physiological activity _ Current source--- fish oil, plant oil

- Cardiovascular fitness -unstable supply

= Cerebral function development "low purity

- Anticancer -contamination of ungaalthy compounds

* Lipid metabolism control EPA: 52 % 14.4 g/L, ETA: 27%, 0.6 g/L
PrePaeP P BEtNEMEtabEIR €8N tro| (M. alpina transformant)

* PGF,_(6 mg/ L) by M. alpina transformant 4 ppA. 165 mg/L

- 17,18-EpETE (0.4 mg/mL) by Bacillus P450 MO : .
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LA, 18:2 LA, 18:3w6 DGLA, 20:3w¥6
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AA, 20:4w6
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(n-3) @ —Linolenic acid Stearidonic acid Eicosatetraenoic acid

ETA, 20:4w3

PUFZ

T

n—3 Docosapentaenoic acid

Eicosapentaenoic acid
EPA, 20:5w3

Docosahexaenoic acid
DHA, 22:6 w3 /




Expanding lipid sciences and industries
by analysis and development of

novel microbial functions

1)  Polyunsaturated fatty acid production and modification

2)  Gut microbial fatty acid metabolism



2) Gut microbial fatty acid metabolism
New lipid science in our inner ecosystem

N
June 2012, Scie

The gut microbiota



The gut microbiota consists of
approximately 100 trillion cells,
greater than the human somatic cell
count of 37 trillion, with the number

~ of species ranging from 500 to
% 1000.

June 2012, Scie

he gut microbiota



Lactobacilus
Candida
Streptococcus
Helicobacter pylor
olon 10"'- 102
Bactaroldes
Clostrichum groups IV and XIV
Bifidobactenum
Duodenum 102
Straptococcus

Distal ileum 107 - 10°

Clostrichum ’ , i Proximal ileum 10°
Streptococcus | Streptococcus
Bscteroides Lactobacius
Corynebacteria

Distribution and abundance of bacteria in human
gastrointestinal tract.
[Figure modified from B. Sartor Gastroenterology 2008]



The gut microbiota in health and intestinal disease

Chronic
disease

Bowel diseases Carcinogenesis

Gut microbial
balance
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Host physiology Metabolism Immune function

Healthy

*Therap Adv Gastroenterol 6, 295 (2013)

The microbiota also provides many effects to the host that influence the host’s
metabolism, immune and organ development, and behavior.



The gut microbial metabolism

. )
“ The microbiota can be viewed as @ metabolic organ exquisitely

tuned to our physiology that performs function we have not had to
kevolve on our own “ (Backhed F et al. Proc Natl Acad Sci USA. 101, 15718 (2004)) Y

© Copyright 2010 SelfCare
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Digestion & Uptake
Food Components

Endogenous Substrates - Mucus

<

Transformation of Food Components
Production of Short Chaln Fatty Aclds

Gastrointestinal Cellular Binding & Specific Response Diversity
Function & Health & Activity



2) Gut microbial fatty acid metabolism

Eood A metabolic organ Intestinal
[ J Gut microbiota tract

component
ps Lactic acid
, ‘ bacteria
' Metabolite | AB=atnii
A n
i Metabolitg
B :
v [ Metabolite ] absorptio
[ Metabolite | X n
C absorptio
_ n
| II\)/Ietabollte | Gut microbial absorptio
v food component "
: metabolism?
| II\EIIetabollte ] E———
lipids!
EXxcretion

What kind molecular species of fat, especially bioactive PUFAs, are
generated by our gut microbes and what kind of function they have in
relation with our health?



Polyunsaturated Fatty Acid Saturation Metabolism
of Gut Microbiota (Lactic Acid bacteria) Affecting
Host Health via Bio-active Fatty Acid Generation

® Gut microbial PUFA saturation metabolism

e Distribution of gut microbial PUFA metabolites
in the host

® Physiological activities of gut microbial PUFA
metabolites

® Preparation of gut microbial PUFA metabolites

® Prebiotic, probiotic, and postbiotic applications



Polyunsaturated Fatty Acid Saturation Metabolism
of Gut Microbiota (Lactic Acid bacteria) Affecting
Host Health via Bio-active Fatty Acid Generation

® Gut microbial PUFA saturation metabolism



Novel PUFA-saturation metabolism found in

Lactobacillus plantarum
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ER

cla-dh, Short-chain dehydrogenase/oxidreductase (861
bi)-dc, Acetoacetate decarboxylase (846 bp)

cla-er, Nitroreductase (645 bp)

Kishino, S. et al, Proc. Natl. Acad. Sci. USA, 110, 17808-17813 (2013)
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Novel PUFA-saturation metabolism found in

Lactobacillus plantarum
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Kishino, S. et al, Proc. Natl. Acad. Sci. USA, 110, 17808-17813 (2013)
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1. CLA-HY -Summary-

CLA-HY
_ OH
VVVNV TV VAN +H,0 NG HOOC
Linoleic acid D 10—-Hydroxy—cis—12—octadecenoic acid
Dehydration
Native M. 52 kDa *__Marker
(l\Dlu;:nber of subunit ) F;D His—tagged 97400
ofactor CLA-HY P> == 66,300
Activator NADH
Optimal reaction temperature (For hydration 40°C 42,400
Optimal reaction pH ~ and é/eh dration) 2.5
Thermal stability y ~28°C 30,000
pH stability 57
_ 20,100
B appK_ 92 uM
' _ _ wat 26 x 1072 sec !
(For linoleic acid) ~  k_/appK_ 28 X 107*  sec'-uM
*Sodium succinate buffer pH 5.5, 20 mM; Hill coefficient 3.3 — -1 —1
FAD, 0.1 mM; without NADH; reaction temperature, 37°C - Vmax 3.1 X 10 umol ‘Sec  ‘mg
Km 98 uM
. : : k 1.2 x 1073 sec
(For 10-hydroxy-cis-12-octadecenoic acid) cat s i i
| | kcat/Km 1.2 X 10_ sec -uM_ )
*Sodium succinate buffer pH 5.5, 20 mM; 14 x 1073 umol -sec™ ‘mg™!

FAD, 0.1 mM; without NADH; reaction temperature, 37°C max

Takeuchi, M. et al, J. Biosci.

Bioeng. 119, 636-641



1. CLA-HY -Substrate specificity-

Substrates (for hydration)

Relative activity (%)
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Novel PUFA-saturation metabolism found in

Lactobacillus plantarum
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cla-dh, Short-chain dehydrogenase/oxidreductase (861
bi)-dc, Acetoacetate decarboxylase (846 bp)

cla-er, Nitroreductase (645 bp)

Kishino, S. et al, Proc. Natl. Acad. Sci. USA, 110, 17808-17813 (2013)
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2. CLA-DH -Summary-

CLA-DH
OH Dehydrogenation o
VAV VAV VoV — oo VAAANAANA s non
10—-Hydroxy—cis—12-octadecenoic acid L etberaraa 10—-Oxo—cis—12-octadecenoic acid
Marker Native M 39 1D
ative a
97,400 r
’ Number of subunit 1
66,300 Cofactor NAD*/NADH
42,400 Optimal reaction temeprature 52° C
7 Optimal reaction pH 45
“w < CLA-DH Thermal stability "28° C
30,000 - pH stability 45~75
20,100
Km 38 uM
. . . -3 —1
For 10-hydroxy-cis-12-octadecenoic acid Kot 7.6 x 10 sec
kcat/Km 20 X 10°*  sec '-uyM~!
Vmax 24 x 107* umol -sec™ ‘mg™!
Km 1.8 uM
For 10-oxo-cis-12-octadecenoic acid sat 57 x 107" sec™
k /K. 31 x 107" sec'uM!

19 X 1072 pmol -sec”™! ‘mg™’

max

Takeuchi, M. et al, J. Mol. Catal., B Enzym. 117, 7-12



2. CLA-DH -Substrate specificity-

OH : - OH . -
position Substrate Relative activity (%) position Substrate Relative activity (%)
OH 12
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Takeuchi, M. et al, J. Mol. Catal., B Enzym. 117, 7-12



Novel PUFA-saturation metabolism found in

Lactobacillus plantarum
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3. CLA-ER

HOOC 11
10-ox0-11(E)-
octadecenoic acid

HOOC 10

10-oxo-octadecanoic acid

CLA-ER was identified as an enone reductase that can saturate the
C=C bond in the 10-oxo-frans-11-octadecenoic acid (KetoB) to
produce 10-oxo-octadecanoic acid (KetoC).

This enzyme is the sole member of the NADH oxidase/flavin
reductase family that has been identified to exert an enone reduction
activity toward free enone fatty acids.

Feng, H. et al, FEBS Journal, 282 , 1526-1537
(ON1 R\



Linoleic acid metabolism by Pediococcus sp. AKU 1080

A9 hydration oo, | Dbstrgle A12 hydration
VVVNV TV VWV
pathway A Pathway
(CIO OH FA) (Lin’oleic acid5 (C13 OH FA)
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HOOC 10 12
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N A

13
HOOC 10
OH
10,13-dihydroxy-18:0

Takeuchi, M. et al, Eur. J. Lipid Sci. Technol., 115, 386-393 (2013)




Hydration reactions catalyzed by L. acidophilus hydratase (FA-HY1)
Substrate (10 mM) Product Yield (%) in 16 h reaction

QOH

Palmitoleic acid /\/\/\/\/\/\/\/
HOOC/\/W\=/W\ HOOC 10 2

-4 ADcis
C16:1 9 10-hydroxyhexadecanoic acid

OH
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= HOOC 12 59
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C1 8:345¢is A3cis, A1 2cis =/ \= A \= 13V VN
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CH
Columbinic acid y AV AVANWAVAVAVAN 45
-2 AStrans, b cis, 12ci AVAVAVANANWAVAV
C18:359tans 25ci “e HOOC 12 13-hydroxy-trans-5, cis-9-octadecadienoic acid
OH
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-2 i cis, Adcis, 41 2cis =/ =/ \= =/ \= 13 57
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Hirata, A. et al, J. Lipid Res., 56, 1340-1350 (2015)



Substrate specificity of fatty acid hydratase (FA-HY1) from
Lactobacillus acidophilus NTVO0O1

Substrate Product

2024 eis Al4eis 1 5_hydroxy-cis-11-20:1

20:345¢is, dscis, Alleis 19 _hydroxy-cis-5,cis-8-20:2

20:345¢is: Allcis, Aldeis 1 5_hydroxy-cis-5,cis-11-20:2

20):388¢cis, dllcis, Al4cis (DGLA) 15-hydroxy-cis-8,cis-11-20:2
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20:448¢is, Allcis, Aldeis, Al7cis 19 _hydroxy-cis-8,cis-14,cis-17-20:3

EPA -
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HOOC/\/ \/ \/_\/—\/_\/—\/
DHA w hydration

00NNV NN NN/

14-hydroxy-cis-4,cis-7,cis-10,cis-16,cis-19-22:5
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Putative pathway of biohydrogenation of
polyunsaturated fatty acid by
Clostridium bifermentans JCM1386

o b

Linoleic acid (18:2)

|

HO

0]

I =B =

Eicosapentaenoic acid (20:5)

|

0 o b

HO

Arachidonic acid (20:4)

\

-

HO

HO

.

0]

0o

o) o7
—~

c9,t11-CLA

+

o) 7
N

t9E,t11-CLA

HO

HO

0 o o7
=P

c5,¢8,c11,t13,c17-20:5

0 o) 7
N —

¢5,c8,t11,t13,c17-20:5

0 ol o7
— — —~ &
HO

¢5,¢8,c11,t13-20:4
+

0 o) o/

— — N
HO

c5,c8,t11,t13-20:4

~

/

0 o7

N e N S N\
c5,c8,t13,c17-20:4

|

0o o7
— — NS
HO

¢5,c8,t13-20:3

Sakurama, H. et al, J. Lipid Res., 55, 1855-1863 (2014).
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Polyunsaturated Fatty Acid Saturation Metabolism
of Gut Microbiota (Lactic Acid bacteria) Affecting
Host Health via Bio-active Fatty Acid Generation

e Distribution of gut microbial PUFA metabolites
in the host
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The concentrations are 0.01 to 0.1u M
Kishino, S. et al, Proc. Natl. Acad. Sci. USA, 110, 17808-17813



In gut ingredients (feces), there are various kinds of modified fatty acids by gut
microorganisms (hydroxy, oxo, enone fatty acids).

Concentrations: 1 yM ~ 100 uM
Mocelular species: from oleic acid, linoleic acid, a-linolenic acid, etc

Ratio of food derived / -10/1~1/10
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?

10 12

110, c12-CLA

9 1
c9, 11-CLA
9 11

9, 11-CLA

9

REAVAVAVAVELVEAVAVAN

oleic acid

HOOC

10(E)-octadecenoic acid

CLA-HY

| A\l

Al

CLA-HY

&Y

OH
12

HOOC
10

10-hydroxy-12(2)-
octadecenoic acid (HYA)
HYA

OH

11
10-hydroxy-11(E)-
octadecenoic acid

HYC

OH

10-hydroxy
octadecanoic acid
HYB

CLA-DH

|

|

CLA-DH

I

(o]
12
N
10-0x0-12(2)-
octadecenoic acid
KetoA l

HOOC

CLA-DC

o)
Il

V4

N
10-0x0-11(E)-
octadecenoic acid

HOOC

s

CLA-ER

KetoC l

0O

10-oxo-octadecanoic acid
KetoB



Polyunsaturated Fatty Acid Saturation Metabolism
of Gut Microbiota (Lactic Acid bacteria) Affecting
Host Health via Bio-active Fatty Acid Generation

e Physiological activities of gut microbial PUFA
metabolites



Bioactivities of gut microbial fatty acid metabolites

Intestinal and gingival epithelial barrier protection
Miyamoto J. et al, J. Biol. Chem., 290, 2902-2918 (2015)
Yamada M. et al., Sci. Rep., 8, 9008 (2018)

Enhancing gut hormone secretion & anti-diabetic activity
Goto J. et al, Biochem. Biophys. Res. Commun., 459, 597-603 (2015)
Kim M. et al, FASEB J., 31, 5036-5048 (2017)
Yonejima Y. et al, Prog. Med., 37, 1105-1111 (2017)
Miyamoto J. et al, Nat. Commun.10, 4007 (2019)
Noguchi, M. et al, J. Biol. Chem., 298(11), 102534 (2022).
Matsushita, R. et al, Nutrients, 17(8), 1393 (2025)

Anti-inflammatory and immune controlling effects

BErgamo F. et al, J. FUNct. Foods, 11, 192-20Z2 (204
Kairiki H. et al, Int J Food Sci Nutr., 68(8), 941-951 (2017)

Ohue-Kitano R. et al, FASEB J., 32, 304-318 (2018)

Hagiwara, S. et al, Biochem. Biophys. Res. Commun., 530, 342-347 (2020)
Sofyana, N.T. et al, Lipids, 55, 151-162 (2020)

Nagatake, T. et al, Mucosal immunology, 15, 289-300 (2022)

Ando, M. et al, Front Immunol, 15, 1374425 (2024)

Saika, A. et al, Front Cell Infect Microbiol, 14:, 355679 (2024)

Hypolipidemic effect
Nanthirudjanar T. et al, Lipids, 50, 1093-1102 (2015)

Ameliorates liver fibrosis
Kasahara, N. et al, Sci. Rep., 13, 18983 (2023)

Prevention and cure of atherosclerosis
Fujimoto, D. et al, Atherosclerosis, 375, 1-8 (2023)

Anti_Aavidativio oaffarcte




a-Linolenic acid-derived metabolites from gut lactic acid bacteria
induce differentiation of anti-inflammatory M2 macrophages
through G protein-coupled receptor 40 (GPR40) and PPARy
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a-Linolenic acid-derived metabolites from gut lactic acid bacteria
accumulate M2 macrophage in adipose tissue and repress inflammation
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KetoA induced TRPV1-mediated Ca?* influx
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KetoA most potently induced TRPV1-mediated Ca?* influx among the
LA-derived various fatty acids.

Kim, M. et al, FASEB J., 31(11),5036-5048 (2017)



KetoA up-regulated genes expression related to BAT function

Gene expression in iBAT and iWAT of WT or TRPV1 KO mice treated with KetoA
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KetoA treatment up-regulated BAT function in iBAT and iWAT and this
function was dependent on TRPV1 activation.

Kim, M. et al, FASEB J., 31(11),5036-5048 (2017)
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Clinical trial results o
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Hydroxy fatty acid production using CLA-HY expressed in E. coli

Substrates (280 g/L) Yield [%]
10
OH
Linoleic acid HOOC A9 _ T 8%
(182) \VAVAVAVAAVALVAVANR i WAVAVAVAVAVEAAVAVANR L L
OH o
Oleic acid HOOC /\/\A/\/\/\/\/\/ 96%
a1 VAVAVAVAVAVAVAV IR e (236 8/1)
QH
a-Linolenic acid HOOC — — — /\/\/\/\/4_\/:\/:\/ 28966_% L
155 NV aVaVaVit d 2865/
OH
Y-Linolenic acid HOOG s 95%
(18:3) AVAAVE VIVALAE VNN (838/0)
HOOC (S)
OH
Stearidonic acid Hoocm/:v?\/ 96%
(18:4) HoOC B a B B - (286 g/L)
OH
Palmitoleic acid HOOC _ /\/\/\/\/\/\/\/ 98%
(16:1) VVNV NV VNV H00C (294 g/L)
OH OH
Ricinoleic acid HOOC OH —> 99%
(12-OH 18:1) V\/\/\/?\/\/\/\/ HOOC (294 g/L)

Takeuchi, M. et al, J. Appl. Microbiol., 120, 1282-1288 (2016).



HYA production from edible plant oils using lactic acid bacteria
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Production of various hydroxy fatty acids through hydration
from edible plant oils using lactic acid bacteria
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Polyunsaturated Fatty Acid Saturation Metabolism
of Gut Microbiota (Lactic Acid bacteria) Affecting
Host Health via Bio-active Fatty Acid Generation

e Prebiotic, probiotic, and postbiotic applications



CLA-HY

OH
: ;
NV V= S AAVAVAAVRV AV
VAVAVAVAAVAAVAVAN a0

10-Hydroxy-cis-12-octadecenoic acid

Linoleic acid

Lactobacillus plantarum

Lactobacillus brevis
Lactobacillus curvatus
Lactobacillus sakei

Enhanced
HYA-production

(HYA) probiotic cells.

Intestinal probiotics
and nutrient uptake

Dietary fat

Probiotics
HYA-producing | Linoleic
microorganisms acid
\ )
Y
( —
Y
%Q ee@eee %g
~ ke
g ;?;ea“e?é@l



CLA-HY

i OH Enhanced
HOOG = /= S BN -
VNV NN NV VNN Srood VIV i HYA-production by
) ) ) 10-Hydroxy-cis-12-octadecenoic acid o .
Linoleic acid (HYA) probiotic cells with
: prebiotics in the
intestine.

Intestinal probiotics

and nutrient uptake
Lactobacillus plantarum
Lactobacillus brevis
Lactobacillus curvatus
Lactobacillus sakei

Probiotics ~ Dietary fat prepiotics

HYA-producing | Linoleic
microorganisms acid

\




The combination of fatty acid composition in the
dietary fat and the fatty acid-metabolizing activity
in gut microbe would regulate the intestinal
disorders and lipid metabolisms of the host.

Prebiotics =

Postbiotics


http://microbewiki.kenyon.edu/index.php/File:LP.jpg
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Various PUFA biosynthetic pathways in M. alpina and its mutants
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Conclusion

Through analysis of microbial metabolisms, we developed technologies to
provide rare lipid compounds that became starting points of new lipid
sciences.

The examples are:
-rare polyunsaturated fatty acid fermentation and transformation through
oxidative microbial metabolisms.
-reductive fatty acid metabolisms generating novel fatty acid metabolites.

These researches:
-stemmed from the screening of novel microbial function.
-expanded by the observation of newly found microbial function.
-contributed to the society through application of unique microbial
function.

These are based on the nature of microorganism.........



The earth is a closed space.
Materials are cycling on the earth
just changing their chemical forms.




Appreciation for Microorganisms

Microbe Monument
(Manshuin temple, Kyoto, Japan)

To the innumerable souls of
microbes who have dedicated
and sacrificed for the
existence of humans, we pay
our deepest respect.

Here, we hold a memorial ,
service for their soul's rest and.
condolence, build a microbe
monument.




ACknOWIngme n?s / X WORLD CONGRESS

‘/) ON OILS & FATS AND

Prof. Hiroyuki Arai (Univ. Tokyo) \?? / Lﬁ;ggﬁgsy"”f“‘ff .
Prof. Makoto Arita (Keio Univ., RIKEN) i ciakt b

Dr. Jun Kunisawa (NIBIOHN)

Prof. Soichi Tanabe (Hiroshima Univ.)

Prof. lkuo Kimura ( Kyoto Univ., Tokyo Univ. Agric. & Technol.)

Prof. Tatsuya Sugawara, Prof. Teruo Kawada, Assoc. Prof. Toyoshi Goto (Kyoto Univ.)

Prof. Kazuhisa Yamazaki (Nigata Univ.)

Dr. Hidenori Matsui (Kitazato Univ.)

Prof Nobuya Inagakl, Dr. Kaori Ikeda (Kyoto Unlv)
Prof. Kenzo Yokozeki (~2012)

Prof. IMa'Y&?di?dﬁ %’Hé Th?ia No&élRMﬂ!af 0 Hara (2018 ~) _. _ " Dr. Makoto Hibi

(2017~ Toyama Pref. Univ. )

Prof. Satomi Takahashi [ Prof. Emeritus
(~2018) Sakayu Shimizu
w lwl

J'SPS NEDO BRAIN-JST-AMED-PRISM-HLSR



1 - “ P - B - — & . s T
\g.‘gl"l"l‘ . o T > -~ » - -
y s D Cvd 2 | > -
’ ' v, . /AL : e,
Nyt » A W ST
- S : s - :r‘..%, _“
- - ; o
B Lo 4 \""j,"&“ 2‘ -~ e o
A \ “ vadd 5 . %
AL e’ %y SR
oot N ‘;-,_"5-’1. | >
> / . . . A S
-3 : * o % % &t ' v .
St P 4 ‘.. ! : .
.- - ey
o e > .
5 . - . v
o « .

R
>
“
2
>
v
-

...‘." ; * \_’i‘_’
RN

o
A%
R
4
T

, - . - ~ ' L ) : - . > i : - ---.
. RS s \ oy 75 - £ #N Al L 4 . ’f L o . -
g . ,—,_._J;" ~ . 5 I / I N o "'t ] PV ) -~
3 »

T T our atiebia
7 - il '..(,/ % -_,*,- e As e | _



