Discovery and engineering of enzymes from termite
gut metagenome for green industry

Translating biodiversity to bioindustry
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Thailand 4.0
Innovation & Sustainabllity

Advanced Bio-industry and Biorefinery
will be one of the 5 new S-curve industries in
the national ageda.

This is strongly linked to the country’s

established strength in agricultural sector,

3; : ' food industry and biofuel industry.
£ . ,

O Renewable resource

O Green & Clean processing

O Environmental

& Economic sustainability
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Food & Feed

* Pre-biotics/ supplements

Enzyme & Bio-based
economy

Enzymes play an essential role in

modern biotechnology related to
production of commodity and
specialty products in everyday life.

Biofuels & Chemicals
Y& saccharification/ processing

* Accelerating process reactions
 Additives in products for desirable
properties

. g
. E Healthcares &

4620 M USS 2500 M THB § Pharmaceuticals
6% growth/y 15% growth/y \~‘ ) Specialty high value enzymes

g

N Green processing
Pulp/ Textile/ Detergent

S
soTec) —— — — —
Mational Center for Genetic Enginesring and Biotechnology (BIOTEC) 113 Thailand Science Park, Paholyotin Road, Klong 1, Klong Luang, Patumthani 12120, THAILAND

& s of HETDA



Enzymes for green industry - Animal Feed

Enhancing nutrition/

From diversity to industry digestibility

Environmental .
metagenome Multi-activity Biofuels &
WIT./Mutant ] Biorefinery
Sugar platform
conversion
Expression @
systems Green
rocessin
Lab-to-pilot E Ip/Textil &
- Production & ulp/lextile
Recombinant ] Formulation Reducing chemicals
and energy

collection e E. coli
* P pastoris

e 0. thermomethanolica*
* Aspergillus

[ Culture J Single activity

©

Specialty enzymes

Healthcare products

BCC > 80,000 strains
(15t in SEA)






Exploration of uncultured microbial resources

Metagenome: The genomes of total | Activity screening:
microbiota found in nature representing the | ENZyme function

genetic diversity of uncultured microbes @ @ Q@

Sequence screening:
Conserved sequences

— —

A—

nculturable
microorganismn

Next-gen sequencing
& bioinformatics
annotation

* Tagged amplicon
sequencing:
16S rRNA, ITS,
metabolic marker

* Direct shotgun
sequencing:
metagenomic library
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Metagenomic exploration @BIOTEC

Source

Method/ Target

References

Peatswamp forest
Site: Narathiwas, THA
Organic carbon sink

16S rRNA on NGS
Biodiversity profiling
Cellulose degradation

Kanokratana et al. (2011)
Microb. Ecol. 61, 518-528
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Bagasse collection site
Site: Chaiyapoom, THA
Thermophilic lignocellose
decomposition

Shortgun/16S rRNA
Activity-based
Cellulose degradation
and enzyme isolation

Mhauntong et al. (2015)
Biotechnol. Biofuel 8:16

Termite gut symbioint
Source: Trametes hindgut
Alkaliphilic cellulose
degradation

Activity-based screening
Alkaliphilic
cellulase/hemicellulase

Nimchua et al. (2012)
J. Microbiol. Biotehnol.
22, 462-469

Carnivorous plant pitcher

fluids

Source: 8 local Nepenthes sp.
Acidic hydrolytic environment

16S rRNA on NGS
Biodiversity profiling
Acidophilic microbes
& enzymes

Kanokratana et al. (2016)
Microb. Ecol. 72: 381-393

Cow rumen

Source: Cow rumen fluid
Anaerobic cellulose
degradation

16S rRNA on NGS
Biodiversity profiling
Cellulose degradation

Thoertkiattikul et al. (2012)
Curr. Microbiol. 67, 130-137
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Lignocellulose structure & decomposition
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Hemicellulase Cellulase
*  Endo-acting: «  Endoglucanase |
Xylanase/Mannanase . Exoglucanase Paper pulp
. Exo-acting/debranching . B-Glucosidase
"-‘|‘| Modified from Rubin (2008), Nature 454; 841-845
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Synergistic enzymes for biomass saccharification

Gene pool Enzyme library Mixture formulation Application
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=NZYIMeS for green processing of pulp in paper industry

Alkaliphilic xylanase with no background
cellulase activity is desirable

A Y
/' Pulping: Cellulase N\ Debarking

4
/' *Reduce energy

. and chemicals in — oA 8
. pulping == 2
\

," Bleaching: Xylanase \
/" elncrease brightness \
/ *Reduce bleaching N\
< chemicals \,‘
N\ *Increase pulp strength ,"

‘. compared to conventional Y

"\, chemical bleaching /

\
/' Refining: Cellulase \
*Reduce refining R
energy %
. eIncrease fibrillation  /
«and pulp stregth /

Papermaking

Partial xylan » Destruction of Lignin- » Increase accessibility » Chlorine
hydrolysis Hemicellulose complex of bleaching chemicals usage



Isolation of alkalophilic endo-xylanase from termite gut

metagenome

Alkali pH with effective cellulolytic
microbial community

Termite gut symbiont is one of the
nature’s most efficient model for the
breakdown of wood. Genomic study
revealed that almost 1,000 enzymes play a
role in this process.

Potential source for discovery of
lignocellulose degrading enzymes for
biotechnological application.
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Bacteroidetes

Diversity of the gut microbiota Firmicutes

. . . . . Spirochaetes
The termite gut microbiota comprises all three domains B Proteobacteria

Of Iife: Elusimicrobia
*Bacteria TG3 phylum

Fibrobacteres
*Archaea Other
*Eukarya (flagellate protists in lower termites)
€ \M
Cuticular . “Ca. Endomicrobium Trichonympha
b
Higher termite spines Higher termite trichonymphae” spp. 18S rRNA
Soil-feeding Alkaline Wood-feeding 16S rRNA )
Cubitermes compartment Nasutitermes Z.nevadensis A mam
R. lucifugus | —
H. sjoestedti ——— mm—
Microhabitats

Incisitermes (w) Coptotermes (w)

present in all termites

R. santonensis —
— R hesperus g ﬂ |
R. lucifugus ——
H. sjoestedti ——

Lower termites

Alkaline
compartment

Wood
particles PS

Hindgut cuticle Microbial filaments

Zootermopsis (w) Reticulitermes (w)

8

Clones from termite guts

Clones from rice paddy soil

Clones from forest soil

Clones from deep sea sediments
Clones from hypersaline microbial mats
Clones from termite guts

Microvilli Gut fluid

H Chitinivibrio alkaliphilus
E Macrotermes (f) ~ Nasutitermes (w) TG3 phylum
g —
5 Clones from termite guts
Surface of Cytoplasm < Clones from cockroaches
protist of protist _JE:‘

Clones from ruminants
Fibrobacter succinogenes
Clones from horse guts
" Clones from horse guts
Clones from ponds, lakes, and wetland soils

X

Cubitermes (s) Microcerotermes (w)

Fibrobacteres

002 |

Lower termite

Wood-feeding Brune and Dietrich, 2015

Reticulitermes



Major functional niches of the hindgut ecosystem

Alkaline pH

Foregut Midgut Hindgut
r I I '
, ' Flagellates
lélo:t . Exoglucanases
n Iog ug;:ases Endoglucanases
B-glucosidases | B-glucosidases

—

Glucose

Salivary gland Polysaccharide Degradation

Cellulases
* Exoglucanases
* Endoglucanases

Hemicellulases
* Xylanases
* Arabinosidases
* Mannosidases

'Gizzard Short-chain

. fatty acids
&
i\— Mandibles

Faeces
(lignin-rich)

 _

Nature Reviews | Microbiology
Brune, 2014

Wood (lignocellulose)



Sequence analysis and annotation of the cellulase and xylanase genes retrieved from
the metagenomic fosmid library of termite gut.

. . Protein Identity/ GH/conserved GenBank
Sﬁ::'d gr;dF'ﬂEd length hf:;s;il&mnulﬂgﬂus Organism similarity motif (range)/ Accession References
(aa) P (%o) catalytic residues No.
GHS (ABW39333) Cellulase/GHS
CLI 0001 404 from metagenomes E;‘E*:“'F'l’“d 58/71 (82-372)/E205  GU721061 “';ra'}'“*;‘g‘*
of termite gut erium and E338 etal. [36]
Endo-1 4-p-xylanase Xy .
ylanase/GHS3
Xyn5 xI088 651 (AASE5781) from Uncultured  54¢5 (8-405)/E44 GU721062 Brennan
metagenomes of adult  bacterium and D376 etal. [5]
lepidopteran moth -
Endo-1 4-p-xylanase ) .
Xylanase/GH11
Xynl2 xp012 273 (AASSSTS4)from Uncultured 5603 (42250)E142  GU721063 Drennan
metagenomes of adult  bacterium and F244 etal. [5]
lepidopteran moth
C thermocell Xylanase/GH 10
Xyn9  x/098.1 700 GH10 (ABN52146) e 40/58 (38-378)/E184  GU721064 Unpublished
ATCC27405 and F306
Xylanase (AASEST84) Xy .
ylanase/GH11
Xynd  xI098.2 664 from metagenomes of  Uncultured 0 00 (55-260/E147  GU721064 Drennan
adult lepidopteran bacterium and F253 et al. [5]
moth

Kylanase (AASES5T83) Uncultured XNylanase/GH11 B
Xyn9 xI098.3 529 from metagenomes h;;:rim 59/73 (32-244)E145  GUT21064 f’j}“‘[‘;‘i

of caterpillars and E242

Nimchua et al. 2012



Highlights on enzyme prototype development

ENZ-Bleach: Alkaliphilic xylanase for pulp bio-bleaching E EEM-H

Pilot-scale
industrial test-run

Recombinant DoE Optimisation
expression in E. coli HCD Fermentation
Opt T: 50-55°C OD¢y, > 50; cost 40x ¢
Opt pH 8.5

No cellulase act. 10 U/g
50°C
pH8.5 wn —) —>

@ Brigh thess ? €&—— Unwashed paper “ "ashed paper
@ Chlorine ia | 87.68 — EH—stage 87.83
87.04 i st I ner 87.19 87.13 —‘ 87.09
Chemical < il B E
Energy tEEREEIEEE B E
Waste water % s 5 § '
84 T

Nimchua et al. (2012) J. Microbiol. Biotechnol. I r | . ‘ ‘ o'
o 22:462-469 Pulp brightness (%)

E._ID.,.,TME Mational Center for Genetic Enginesring and Biotechnology (BIOTEC) 113 Thailand Science Park, Paholyotin Road, Klong 1, Klong Luang, Patumthani 12120, THAILAND




Structure-based protein engineering for thermostable and alkaliphilic
enhancement of Xyn12.2 xylanase for applications in pulp bleaching

< Insert-3

Cord
Insert-4 =—p g

(

Xylohexaose~ _*

Rational design

Insert-2 Approach 1
’ 1 N Enhancing H-bonding

Approach 2
’ Arginine replacement
/ Insert-C on polar surface

Approach 3
S-S bond

Insert-1 Approach 4

Hydrophobic packing

The overall structure of Xyn12.2.

A cartoon representation of Xyn12.2 shows the right-handed B-jelly roll fold typical for GH11 xylanases. Positioning of the
xylohexaose substrate was adopted from T. reesei xylanase crystal structure (PDB code 4HK8) and drawn as sticks to

indicate the active site of Xyn12.2. _
Boonyapakorn et. al. J. Biotech 259 (2017)



Approach Il: Addition of disulfide bonds

One S-S bond in XynTT

171%

Relative activity
Tm 54/50,:°C

T28C
158%

Relative activity
Tm 54/48,::°C

XynTT and XynTTTE : exterior S-S bond



Approach llI: increasing enthalpy: Hydrophobic packing

Xyn12.2wte wild type - 1210+16 100
Hydrophobic packing + disulfide bond formation

XynTTL2¢ hydrophobic core packing + S-S bond T28C, T60C, L59F 1371133 113
XynTTTLYC hydrophobic core packing + S-S bond T28C, T60C, T48F, L59F 1620158 134
Active site

E244A° catalytic activity disruption E244A 810 1
E244H" catalytic activity disruption E244H 110

E142H° catalytic activity disruption E142H 210 0

XynTTTL & XynTTL
Tm 52/465r1°C & 54/4¢




Successful Xynl12.2 variants

Xyn12.2wtc wild type - 1210+16 100
Disulfide bond formation

XynTT!'< exterior S-S bond T28C, T60C 207047 171
XynTTTE!< two exterior S-S bonds T28C, T60C, T77C, E249C 191222 158
H-bond and engineered arginine + disulfide bond formation

MITT'c V5N, V6N, K7R, K223R, K227R, 1859+27 154

T28C, T60C
M3TT!c K73R, K185R, T28C, T60C 1807+26 149

Hydrophobic packing + disulfide bond formation
hydrophobic core packing +

XynTTL2< S-S bond T28C, T60C, L59F 137133 13
hydrophobic core packing +
XynTTTL! < s-S bond T28C, T60C, T48F, L59F 162058 134
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250 Effect of pH and Temp at 1 h digestion time on
hydrolysis of beechwood xylan
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Xyn12.2  XynTT

Hydrolysis of alkaline-pretreated bagasse at
pH 8.0, 50°C

T ‘I ‘ |

Xynl12.2

1461

XynTT

m pH9.0 m pH9.0 mpHB8.0

128455

15|‘

60°C

50°C

60°C

161 163
7
119
108
100
87
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M3TT  XynTTTE XynTTL XynTTTL

1462

915“
M3TT

1680
101

XynTTTE

mlh

984

iI

XynTTL

m24 h

970
886

XynTTTL

Operational stability

relationship to performance
of enzyme variants

We can improve the performance of
Xynl12.2 by addition of S-S bonds, high
pKa Arg replacement, H-bonds, and
hydrophobic interactions as shown in
the variants XynTT, M1TT, M3TT, TTTE,
XynTTL, and XynTTTL.

The performance of the variants are pH
and temperature dependent, with
higher threshold of tolerance than wild

type.

Xyn TTTE quadruple mutants

* k. 270% at pH 8, 60°C

* Tm: 3-6°C at pH 8-9

» Catalytic efficiency: 420% at pH
9, 50°C, 1h



Enzyme R&D
Enhancing capability of existing bio-industry
for THAILAND 4.0

Biobank & Bioservice Innovative R&D Demonstration plant
* National Enzymelibrary ¢  Enzyme engineering (OEM/ODM)
* Quality control for *  Strain development * Non-GM/GM
product registration . HTP bioprocess opt *  SmF/SSF
AL sonuct * IP helpdesk «  Formulation « Downstream processing

* Pre-processing unit

¥ ¥

o
ar Platform technology Creating economic
,I 1 rl build-up impact via value chain

EAOEONNERT M) € - producer M) user W) society



Industrial & academic collaboration
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