


Biotechnology Advances 36 (2018) 2077-2100

Contents lists available at ScienceDirect

Biotechnology Advances

journal homepage: www.elsevier.com/locate/biotechadv

Research review paper

Discovering novel hydrolases from hot environments 1)

Check for
updates

Roland Wohlgemuth™", Jennifer Littlechild”, Daniela Monti¢, Kirk Schnorr", _
Teunke van Ross_ume’p, Bettina Siebers', Peter Menzel®™, Ilya V. Kublanov", Anne Gunn Rike"9,
Georgios Skretas’, Zalan Szabo™", Xu Peng®, Mark J. Young'

 Sigma-Aldrich, Member of Merck Group, Industriestrasse 25, CH-9470 Buchs, Switzerland

® Biocatalysis Centre, University of Exeter, The Henry Wellcome Building for Biocatalysis, Stocker Road, Exeter EX4 4QD, United Kingdom I *E;i* 1 z
¢ Istituto di Chimica del Riconoscimento Molecolare, CNR, Via Mario Bianco 9, 20131 Milano, Italy

4 Novozymes A/S, Krogshoejvej 36, 2880 Bagsvaerd, Denmark I F°1 1 O 5
¢ Wageningen University and Research, Laboratory of Microbiology, Stippeneng 4, 6708 WE Wageningen, the Netherlands ° °

MISRRIRIR R AR B 7K R B




Introduction

Mining the environment

Sequencing and bioinformatics

Gene expression and screening

V Functional and structural enzyme characterization

Industrial applications

Qe
>
—
>
-
o,
O

Conclusions




Introduction




Thermophiles extreme thermophiles Hyperthermophiles
(EHAE) L) (mmmAE) =] cemmam)

growing optimally at growing optimally at growing optimally at

50°C or higher 65-79°C above 80°C

deep-sea hydrothermal vents compost

=1 — imEEEY
+BE R




RS ELsRYIFL

ZF L
RIS RE

SHSRIEF

BRI SR MBS

=g RiESE

TS EV
BN
EMERF
BERIE
IKRFEBRITRIE =




EHRE
BRRB & I

HWiERe “IRAL”
43

o
4

=EE A5k
hix

Lgﬁ&ﬁ*




HotZyme

B HotZyme

Home
The Project
Management

Participants HotZyme (GA: 265933) is a project supported by the 7th framework programme for

Event research and technological development (FP7) of the European Union.
vents

Press Releases The research project is a large scale integrating project collaborative project - on the

Publications systematic screening for novel hydrolases from hot environments.
Newsletters

Contact

Coordinator

University of Copenhagen

Partner login

European Commission

Scientific Officer Angel Landabaso

Financial Officer Dalibor Vojta

HAY: NSRRI B E KRS,
:CEs: fEENE, ORfE, MERES, MRCHIKBEESHIERES.




HotzymeIllHF 20115551, FHTF201555chk. fEltHAE], HotzZymeHIBAM EEK
RRIMEFIETHEMER, HPETF—ZREITWFREYHTTHTHESE
1B, =2, 1ZEBIAIRE 7L ettt R SRR n B,

MAFT—RUFRRA, 1ZBAT 15 MERAE R BN EEEEEREHT
T, WEERANEF, 1%BEERIT BRI EFILIREmIETT AEE 7
SEMBERFTKEE, HP SRR T AN ENCFENEE DT




[ Environmental sampling

\

- R
Lab
enrichment
- f
Isolates

i

-

DNA
extraction

/

DNA library
preparation

Substrate
synthesis

|

[ Reference databases ]

\

J [ Sequence analysis

N

/’

Sequencing

Sequence-based or functional

enzyme screenlng

i

[ Gene identification ]

i

Recombinant expression ]

\

[ Commercialization ] « [

Biochemical and structural
analyses of enzymes

Fig. 1. Schematic workflow with exploration of the
biodiversity of hot environments using different
mining approaches (red boxes), involving the de-
velopment of novel bioinformatic tools and plat-
forms (blue boxes) and different screening meth-
odologies (light velvet boxes). In the end, enzymes
were subjected to more detailed functional and
structural characterization (green boxes) and highly
promising enzymes were patented for future poten-
tial commercialisation (yellow box). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 2. Selected sample sites for mining natural thermal environments: A) Kunashir in situ, Dr. E. Taranov is gratefully acknowledged for providing Fig. 2A, B-D)
Kunashir, E) Kamchatka Sun spring (Solnechniy), Russia, F—H) Yellowstone National Park, USA: (F) high temperature sulfur chloride hot spring, (G) acidic hot spring
and (H) sulfuric hot spring.
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Table 1
Isolated pure bacterial and archaeal strains growing on polymeric substrates.

Name Origin Substrate, (concentration g/1) T (°C) Closest relative at the time of isolation and 16S rDNA identity (b. - Bacteria, a. —
Archaea)

Thermoanaerobacterium aciditolerans 99%
Thermomicrobium roseun 91%

7T Iceland Xylan, (10)

7Tnr.1 Iceland Xanthan, (0.5)

7Tnrl A Iceland Xanthan, (0.5) Geobacillus vulcani A3 - ” 3, — | E

7Tnr.2 Iceland Xanthan, (0.5) Cohnella laevinbosi/thermotolerans 97% E?*E \ ‘ i in ]d- —;W = m 1E E

6Tnr.2 Iceland Xanthan, (0.5) Thermus aquaticus 96% s E * I —

6Tnr.3 Iceland Xanthan, (0.5) Thermus aquaticus/thermophilus 95% o — h

8Tnr3 Ieeland Xanthan, (0.5) Thermus antranikianii 99% ¢ ﬁ 10 /0 i =’ Agg*g ¢ g‘; F *

2T 5 2 and 1s2-7%6.2  Iceland Xanthan, (0.5) H Meiothermus silvanus 99% — o

7T n;i,im . Iceland Starch, (5) A Meiothermus silvanus 98% D ﬁ \* “hﬁﬁ \E Eg *g by .-E-l E tﬁ%m EF
7T 2 ABIRR2=PNB S AE BB S a =

2319x Russia, Kunashir Xylan, (10) A . Thermococcus alcaliphilus/aegaeus 99% E

2319cl Russia, Kunashir Sodium carboxy-methyl-cellulose, i . Caldicellulosiruptor owensenis/hydrothermalis 98% m ? D N A; EY m ? 168 r R N A:mu g*u

@ "E I [} ,

87 nr.1 China Xylan, (10) d . Dictyoglomus sp. 99% =0l
87 nr.2 China Xylan, (10) 0 b. Fervidobacterium islandicum 98% ﬁ%eﬁ . **
2410 Russia, Kamchatka  Polyvinyl- 1 . Sulfolobus islandicus 99% - e o

Alcohol, (5)
DG#1 3,2 Denmark Xanthan, (0.5) { . Paenibacillus ginsengihumi 92%
DG#1 4,1 Denmark Xanthan, (0.5) 2 . Cohnella laeviribosi 97%
1s3-14,2 Iceland Xanthan, (0.5) 4 . Thermus igniterrae 98%
1s3-24,1 Iceland Xanthan, (0.5) i . Alicyclobacillus sendaiensis 98%
153-24,6
1s3-24,4
1s3-23,3 Iceland Xanthan, (0.5) ;| . Alicyclobacillus acidocaldarius 99%

$3-23, M —
D(;#Il3l,213 ! Denmark Xylan, (10) g . Brevibacillus thermoruber 99% E E *g ﬁﬁ%** \EI I' ' '\ m 5 Em m

DG#1 2,1 Denmark Xylan, (10) Geobacillus vulcani 98%

DG#IiG;ZI 2,2 Denmark Xylan, (10) o b Brevibacillus thermoruber 98% W Hg _|=;lj_ 168 r R N A ,-gyu Iﬁ _'I.E 7 1E%

DG#1 3,2 Denmark Xylan, (10) Geobacillus thermoglucosidasius 99%
1s3-23,2 Iceland Xylan, (10) Alicyclobacillus sendaiensis 98% 'Itb = — Bﬁ nb
1s3-23,4 Iceland Xylan, (10) Alicyclobacillus sendaiensis 99% e = I% * * e
Is3-24,4 Iceland Xylan, (10) Alicyclobacillus sendaiensis 99% — f—

153-24,7 *
1s3-24,5 Iceland Xylan, (10) i . Alicyclobacillus sendaiensis 98% R Y *

1s3-21,2 Iceland Xylan, (10) Brevibacillus thermoruber 99%
1s3-21,4.1 Iceland Xylan, (10) Geobacillus sp. 99%

1s3-21,4.3 Iceland Xylan, (10) Geobacillus thermoleovorans 99%
1s3-23,1 Iceland Xylan, (10) Geobacillus thermoleovorans 99%
1s2-8 Iceland Xylan, (10) Geobacillus kaustophilus 97%
1s3-21,3 Iceland Polyvinyl-alcohol, (0.5) Thermus brockianus 98%

1s2-7* Iceland Polyvinyl-alcohol, (0.5) Thermus brockianus 99%

It-5 Italy Polyvinyl-alcohol, (0.5) Staphylothermus hellenicus 96%
1t-5.1 Iceland Gelrite, (5) Sulfolobus shibataea 99%

7T Iceland Polyethylene terephthalate, (2) Rhizobium leguminosarum 91%
BPi-2ag Russia, Baikal Rift  Agarose, (5) Caloramator australicus 97%
BPi-4-40 Russia, Baikal Rift ~ Xylan, (2) Paenibacillus lautus 99%

2842 Russia, Baikal Rift Xanthan, (0.5) Phycisphaera mikurensis 80%
2918 Russia, Kamchatka Xanthan, (0.5) Phycisphaera mikurensis 80%
Rift-s3 ‘Guaymas Basin Microcrystalline cellulose (10) Thermosipho atlanticus 96%
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TABLE 1 | Examples of hot springs studied using the amplification of the variable regions of 16S rRNA.

Hot Type of pH Temperature  Sequencer

Region

amplified

References

Roche 454 GS FLX

spring sample (°C)
Siloam, Limpopo, South Africa m ; 63

XFPETFPCRAYIE T3 WIROPRE], BARERE
LR BT B T REA A ) E T A e

B AR T BN

2.5-8 Roche 454 GS FLX
16S rRNAFEFIBID ] se S o K iE=IR Bl
ﬁazatma;eag%fwaa@ﬁnwﬁﬁg1 65 rRNA

Water and sediment 8

Arzakan and Jermuk, Armenia
Bacon Manito Geothermal Field,
Philippines

Furnas Valley, Sad Miguel, Azores Water, sediment and microbial

Yunnan province and Tibet, China

Zavarzin, Uzon Caldera,

Kamchatka, Russia
Sungai Klah, Malaysia 7585
Microbial mat - -

7.14-7.83 43-55

lllumina MiSeq
[llumina
lllumina GAIIX

Jakrem, Meghalaya, India

Odisha, Deulajhari, India Sediment

V4-\/7
V3-v4

V4-\/8
V4-\/8

Va-\V3

V4
V3

Tekere et al., 2011

Dadheech et al., 2013

Hedlund et al., 2013
Huang et al., 2013

Sahm et al., 2013

Song et al., 2013

Rozanov et al., 2014

Chan et al., 2015
Panda et al., 2015

Singh and Subudhi, 2016
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FIGURE 2 | Analytical strategies to determine which taxa are present in a
metagenome. A metagenome (colored lines, left) can be subject to three
general analytical strategies that ultimately produce a profile of the taxa,
phylogenetic lineages, or genomes present in the community. Marker gene
analyses involve comparing each read to a reference database of
taxonomically or phylogenetically informative sequences (i.e., marker genes),
using a classification algorithm to determine if the read is a homolog of a
marker gene, and annotating classified reads based on their similarity across
marker gene sequences. There are several methods for binning

Supercontig/Genome
Assembly

}

O

metagenomes, including (1) compositional binning, which uses sequence
composition to classify or cluster metagenomic reads into taxonomic groups,
(2) similarity binning, which classifies a read into a taxonomic or phylogenetic
group based on its similarity to previously identified genes or proteins, and (3)
fragment recruitment, wherein reads are aligned to nearly identical genome
sequences to produce metagenomic coverage estimates of the genome.
Finally, sequences can be subject to assembly, wherein reads that share
nearly identical sequence at their ends are merged to create contigs, which
can subsequently be assembled into supercontigs or complete genomes.

Genome or
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Metagenome Gene Prediction

FIGURE 3 | A metagenomic functional annotation workflow. A
metagenome (colored lines, left) can be annotated by subjecting each
reads to gene prediction and functional annotation. In gene prediction,
various algorithms can be used to identify subsequences in a
metagenomic read (blue line) that may encode proteins (gray bars). In
some situations, coding sequences may start (arrow) or stop (asterisk)

upstream or downstream the length of the read, resulting in partial gene

Classified and
Annotated
Proteins

— [

Community Functional

Diversity Profile
- ty

Functional Annotation

predictions. Each predicted protein can then be subject to functional
annotation, wherein it is compared to a database of protein families.
Predicted peptides that are classified as homologs of the family are
annotated with the family's function. Conducting this analysis across all
reads results in a community functional diversity profile. As discussed in
the main text, there are alternative annotation strategies and variations on
this general procedure.
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Gene expression and screening
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Sequence-based screening Function-based screening
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characterization y \

FIGURE 2 | The two major strategies used for screening metagenomes in search of new thermozymes.
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©/u Stirene oxide
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Oc Cyclopentene oxide

No substrate

growth
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- >
biolumi-
nescence
ing

A substrate/product

‘ enzyme of interest = library /reporter plasmid

@ reporter mRNA

@ transcriptional regulator | transport
Fig. 3. Overview of the different functional screening strategies. (A) Agar plate based screening. (B) Microtiterplate-based screening. Detection and substrate
profiling of epoxide hydrolase activity with the colorimetric adrenaline assay (Cedrone et al., 2005). (C) Microbial culture chip (MCC) based screening. Left: light
microscope image of a small section of an MCC with 100 pm circular compartments, inoculated with a mixture of E. coli expressing an esterase or carrying an empty
vector. Right: a similar area is shown after transfer of the microcolonies onto nitrocellulose and incubation on a filter paper soaked with assay buffer containing
substrate and the pH indicator bromophenol blue. The scale bar is approximately 300 um. (D) Whole-cell bioreporter-based screening. Adapted from van Rossum
et al. (2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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y-Butyrolactone (GBL) Whiskey Lactone (WGL)

Fig. 6. The overall a/p structural fold of the C. hydrogenoformans lactonase (R)-y-Valerolactone (GVL) (S)-y-Valerolactone (GVL)
enzyme with the catalytic triad characteristic of esterase enzymes shown in

stick ion. Subtle dil in the amil ids within the binding Fig. 7. The structure of the substrates used in the molecular modelling ligand

pockets ds ine the for lactone docking studies of the C. hydrogenoformans lactonase enzyme.

Fig. 8. Docking of substrates into the active site of the C. hydrogenoformans lactonase A)
the GBL docked into the active site of the lactonase enzyme. B) a view of the (3S,4S)-WGL
docked into the active site of the lactonase enzyme. The methyl group of the WGL prevents
this substrate binding in the active conformation for catalysis and explains the experi-
mental results showing no activity as on this sub- strate.

Fig. 9. Structure of carboxyl esterase TtEst (PDB: 4UHC) from T. terrifontis. A) The alcohol binding site of TtEst showing the protein backbone in cartoon mode. The
important amino acid residues and the bound ligand are shown in stick mode. The dashed represent hydrogen bonds and ionic interactions. B) The carboxyl binding
site which restricts the size of the substrate acyl group that can bind is shown. The bound acetate group and the important amino acid side chains are shown as stick
models and the protein backbone in cartoon mode. The hydrogen bonds are shown as dashed lines.

C- Extra loop-helix A. acidocaldarius

N-terminal
Extra helix-loop-helix

Fig. 10. A comparison of the carboxyl esterase TtEst2 (PDB: SA09) of T. terrifontis (blue) with the A. acidocaldarius esterase (PDB: 1EVQ) (green) highlighting the
differences in the cap domain at the N-terminus and towards the C-terminal end of the enzyme. The lack of a cap domain in the TtEst2 enzyme means that this
esterase has a very exposed active site compared to related esterases.The conserved core domain is shown in grey. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)




Active site groove

Fig. 11. An electrostatic surface representation of the carboxyl esterase TtEst2 Fig. 12. The a/p hydrolase fold of the A. fulgidus Est-2 with the esterase catalytic triad shown as stick models (PDB code SFRD). This enzyme has a coenzyme A
of T. terrifontis with the esterase catalytic triad highlighted as stick models. This molecule tightly bound at a unique position which is different from that seen for the thioesterases. The 2F,-F, electron density map contoured at 1.20 shows the
presence of coenzyme A clearly in the protein structure bound close to the active site. The CoA molecule and active site residues are shown as stick models.

highlights the exposed active site groove running along the surface of the en-
zyme.
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Fig. 14. Structure comparison of the ther ble i 1,2-epoxide hydrolases with the LEH of R. erythropolis, A) Overall structure alignment of Tomsk-LEH
(PDB: 5AIF, orange), CH55-LEH (PDB: S5AIH, red), and R. erythropolis LEH (Re-LEH, PDB: 1NU3, blue). B) Key residue side chains in the active pocket (Tomsk-LEH,
orange; CH55-LEH, red, and Re-LEH, blue). The inhibitor valpromide co-crystallized in the Re-LEH structure is coloured yellow (colour by element) which locates the

. . . . . . potential position of substrate binding, while the catalytic water molecules are shown as red spheres. (For interpretation of the references to colour in this figure
Flg. 13. A Flgul/‘e ShOWlmg th@ k“/\etl CS OF the V@actloy\ OF legend, the reader is referred to the web version of this article.)
the A. fulgidus Est-2 at 50 and 70 °C with the

industrially interesting substrate, methyl p-toluate.




Control

70
110311991207 1303

MDG full Ien‘h

GH5-12-12 GH5-12

Fig. 18. Overview of the modular domain structure
and cellulolytic activities of recombinant MDG and
its truncated versions (modified from Gavrilov et al.,
2016). Multidomain structure of the full length MDG
(A), consisting of three glycoside hydrolase (GH)
family domains and two family two carbohydrate
binding modules (CBM2s). Domain order, N- to C-
terminal direction: GH5-12-12-CBM2-2. (B) Hydro-
lytic activities of the full length MDG and truncated
versions were analysed on CMC screening plates.
Recombinant proteins were cloned without the
signal peptide (SP) and the expression strain with
empty plasmid was used as control. Plates were
stained using 0.2% (w/v) Congo red and destained
with 1 M NaCl, three times, 15min at room tem-
perature. For detailed discussion see text. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Common features and specific applications of the novel thermostable hydrolases.

Enzyme activities Common features and specific applications

Lactonases Synthesis of y-hydroxycarboxylic acids and resolution of racemic lactones by selective hydrolysis of lactone rings

Esterases Hydrolysis of small carboxylic esters and y-lactams, resolution of racemates, high stability at elevated concentrations of organic
solvents

Lipases Hydrolys1s of large carboxyhc esters, resolutlon of racemates, stain removal by fat and 11p1d hydroly51s

Epoxide Hydrolases

Cellulases Hydrolysis of cellulose in biomass conversion and textile treatment

Xylanases Hydrolysis of xylan polysaccharides in pulp and paper applications and biomass conversion

STalll Tenoval by proteln Nydrolysis 1 detergent and raunary applcatons
i Dagradation_of nolyathidene tarenhthalate
l Lignin degrading enzymes Depolymerization of lignin in biomass conversion, pulp and paper applications

ycosidase-Endoglucanase/ Mannosidase Hydrolysis of p-glucan
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