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Abstract

Novel hydrolases from hot and other extreme environments showing appropriate
performance and/or novel functionalities, and new approaches for their systematic screening
are of great interest for developing new processes, for improving safety, health and
environment issues. Existing processes could benefit as well from their properties. The
workflow, based on the HotZyme project, describes a multitude of technologies and their
integration from discovery to application, providing new tools for discovering, identifying and
characterizing more novel thermostable hydrolases with desired functions from hot terrestrial
and marine environments. To this end, hot springs worldwide were mined, resulting in
hundreds of environmental samples and thousands of enrichment cultures growing on
polymeric substrates of industrial interest. Using high-throughput sequencing and
bioinformatics, 15 hot spring metagenomes, as well as several sequenced isolate genomes
and transcriptomes were obtained. To facilitate the discovery of novel hydrolases, the
annotation platform Anastasia and a whole-cell bioreporter-based functional screening
method were developed. Sequence-based screening and functional screening together
resulted in about 100 potentially new hydrolases of which more than a dozen have been
characterized comprehensively from a biochemical and structural perspective. The
characterized hydrolases include thermostable carboxylesterases, enol lactonases, quorum
sensing lactonases, gluconolactonases, epoxide hydrolases, and cellulases. Apart from
these novel thermostable hydrolases, the project generated an enormous amount of samples
and data, thereby allowing the future discovery of even more novel enzymes.

Keywords :  Hydrolases, Metagenomics, Enrichment,
Sequencing, Genomics, Thermophiles, Gene Expression,
Enzyme Screening, Enzyme Characterisation, Biocatalysis



1. Introduction

The search for thermostable hydrolases with novel functions and appropriate performance is
of much interest despite the fact that hydrolases have already been workhorses in research
and industrial applications (Bornscheuer and Kazlauskas, 2006; Ghisalba et al., 2010;
Wohlgemuth, 2010; Bornscheuer et al., 2012; Meyer et al., 2013; Elleuche et al., 2015). The
fact that hydrolases have already been well established in large-scale industrial
manufacturing environments facilitates further extensions of industrial applications.
Thermostable enzymes provide additional benefits such as ease of purification, higher
stability, better productivity, enlarged process windows and conditions for more favourable
thermodynamics such as a shift of reaction equilibrium (Siddiqui, 2015). These benefits
make the identification and characterization of hydrolases from hot terrestrial environments
attractive for developing various novel and improved processes in industry. Challenges for
discovering hydrolases with the desired properties range from substrate availability, microbial
sampling from the hot environments, gene sequencing, bioinformatics, gene expression, to
hydrolase characterization and production. This clearly requires a multi-disciplinary approach
that combines expertise in sampling and ‘in situ’ enrichment, meta-genomic screening
methods, bioinformatics, and high-throughput screening technologies in order to identify
novel hydrolases.

Even though the number of sequenced microbial genomes has been rising rapidly in recent
years (Land et al., 2015), a large fraction of the global microbial biodiversity remains
unexplored. Culture-independent metagenomic sequencing from environmental samples can
shed light on this microbial dark matter (for example Rinke et al., 2013; Brown et al., 2015)
and facilitate the discovery of novel microbial lineages, especially from extreme
environments (Eloe-Fadrosh et al., 2016). Recent advances in computational methods and
increasing availability of metagenomic sequencing data enable the assembly of near-
complete novel genomes (for example Nielsen et al., 2014; Sangwan et al., 2016). Thus,
metagenomics is valuable for searching and discovering novel enzymes from previously
uncultured or unknown species.

In this review, we will use HotZyme as an example to describe how novel hydrolases could
be screened and discovered. HotZyme is an EU FP7 funded project, aiming to discover
novel thermostable hydrolases from hot environments. Targeted enzyme classes include
glycosidases, esterases, lactonases, epoxide hydrolases and proteases. A brief summary of
the HotZyme workflow is depicted in Fig. 1. Basically, the idea of the project was to explore
the biodiversity of hot environments using different mining approaches, involving develop-
ment of novel bioinformatic tools and platforms and different screening methodologies. In the
end, enzymes were subjected to more detailed functional and structural characterization and
highly promising enzymes were patented for future potential commercialization. The
HotZyme project was started in 2011 and finished in 2015. During this period the HotZyme
team collected from hot spring environments globally hundreds of samples, from which
thousands of enrichment cultures based on a set of polymeric substrates of industrial
interests were performed. Eventually, the team obtained a few dozens of isolates capable of
degrading polymeric substrates. Using next-generation sequencing technologies the team



sequenced 15 hot spring metagenomes and several isolate genomes and transcriptomes.
From the metagenomic libraries, the team identified hundreds of potentially new hydrolases
using in silico methods and/or functional screening methods, more than a dozen of which
were selected for detailed biochemical and structural analyses.

2. Mining the environment

There were two major objectives for sampling diverse high temperature natural environments
found around the world. The first was to obtain environmental DNA samples from the
microbes and viruses that inhabit these environments in order to create functional expression
libraries and for detailed bioinformatic analysis in search of selected thermostable enzymes.
The second objective was to create enrichment cultures of microbes and their viruses for
direct screening for selected enzymatic activities. More than three hundred samples were
obtained from natural thermal environments located worldwide: terrestrial hot springs of
Iceland, ltaly, China, Yellowstone National Park (USA), Kamchatka, Kuril Islands, Baikal
Lake area (Russia) and deep subsurface biosphere (Western Siberia, Norwegian Sea, Troll,
Barents Sea, Spitzbergen). Some representative pictures of the collection sites are shown in
Fig. 2. The temperature of the samples was ranging from 40 to 151 °C, while pH varied from
2.0 to 10.5. Samples were represented by water, sediments and microbial biofiims and were
subjected to DNA isolation as well as enrichment and isolation of thermophilic
microorganisms.

Years of experience of sampling in high temperature environments was brought to the
HotZyme project (Bolduc et al., 2012; Inskeep et al., 2013; Inskeep et al., 2015; Bolduc et al.,
2015; Colman et al., 2016; Gudbergsdottir et al., 2016). While it is still challenging to collect
and extract sufficient quantity and quality of biomolecules from high temperature
environments due to the typically low cell density (as low as 10° cells/ml) and geochemical
properties of hot spring environments (e.g. low pH and high metal content), it is certainly
possible and should not deter researchers new to the field from pursuing field sampling from
thermal environments.

2.1 In situ enrichment of thermophilic microorganisms with hydrolytic
activities

In situ enrichments with diverse biopolymeric substrates of interest were done in the hot
springs of Kamchatka, Kuril Islands and Iceland in a similar way to Kublanov et al. (2009)
and Gauvrilov et al. (2016), using cellulose ((microcrystalline cellulose (MCC), carboxymethyl
cellulose (CMC), leaves of corn and bamboo), xylan, starch, alpha- and beta-keratins,
xanthan, polyester and polyvinyl alcohol as substrates. The composition of microbial
communities developing in primary in situ enrichments was eventually studied by total 16S
rRNA genes fragments sequencing using lllumina platform. Those showing visible
degradation of insoluble substrates and/or containing new phylogenetic groups of
thermophilic microorganisms were used for further characterization and isolation work.



2.2 High-throughput enrichment and isolation of new thermophilic
microorganisms with hydrolytic activities

The aim of this work was to find thermophiles capable to grow on various large molecular
weight substrates and thereby to find thermostable hydrolases degrading the primary
substrate and ideally also catalyzing the hydrolysis of intermediates. Hundreds of crude
environmental samples and in situ enrichments were cultured in the laboratory with media
containing different polymeric substrates of industrial interest. The substrates included
cellulose, xylan, lignin, starch, chitin, bamboo leaves, a- and B-keratins, xanthan, lichenan,
agarose, polyethylene terephthalate and polyvinylalcohol (Table 1). Briefly, xanthan
enrichments were to obtain strains that can degrade xanthan to be used as a carbon source.
High temperature xanthan degrading enzymes are interesting for oil fracking, and deep sea
oil applications. Polyvinyl alcohol is used as a desizing agent (thread lubricant) in textile mills
and degrading this could mean less hot water usage. Strains enriched on lignocellulose
would be expected to have enzymes degrading cellulose or lignin components and would be
of interest in the pulp and paper industry in the case of lignin removal for paper, or the
biomass based ethanol industry (cellulases and lignin degrading enzymes).

Enrichment conditions were either aerobic or anaerobic, without electron acceptor, or with
ferric iron, sulfur, sulfate, arsenate as the electron acceptors, and the temperature/pH was
adjusted to be close to those found in sampling sites. The environmental conditions
(temperature and pH) are provided in Table 1. The media basic salt concentration were
linked with the origin of the sample: thalassic or athalassic (marine or terrestrial), moreover
the T, pH and Eh of the media for enrichment and pure cultures were close to the
parameters of respective hot springs. The combination of different environmental samples,
different substrates and different incubation conditions resulted in a huge number of
enrichment cultures. Detailed recipes of culture media utilized for enrich-ment have been
described (Zarafeta et al., 2016b; Gavrilov et al., 2016; Kovaleva et al., 2015;
Podosokorskaya et al., 2014). Although more than one thousand enrichments were set up,
less than 10% of these survived three transfers. Only these, so-called, stable enrichment
cultures, have been subsequently used for DNA isolation, for sequencing 16S rRNA genes
and for isolating pure strains. Table 1 shows an overview of these strains, isolated from
these stable enrichment cultures. Whereas most of the isolates show high 16S rRNA
sequence identities to known species, several appeared to be quite novel and a few were
published as novel taxa (Podosokorskaya et al., 2014. Kovaleva et al., 2015).

Table 1. Isolated pure bacterial and archaeal strains growing on polymeric substrates

Name Origin Substrate, T pH Closest relative at the time of isolation
(concentration | (°C) and 16S rDNA identity (b. — Bacteria,
g I'l) a. — Archaea)

T Iceland Xylan, (10) 55 7.0 | b. Thermoanaerobacterium aciditolerans
99%




7Tnr.1 Iceland Xanthan, (0.5) | 55 7.0 | b. Thermomicrobium roseum 91%
7Tnrl A Iceland Xanthan, (0.5) | 55 7.0 | b. Geobacillus vulcani
7Tnr.2 Iceland Xanthan, (0.5) [ 55 7.0 | b. Cohnella laevinbosi/thermotolerans
97%
6Thr.2 Iceland Xanthan, (0.5) | 85 7 b. Thermus aquaticus 96%
6Tnr.3 Iceland Xanthan, (0.5) | 85 7 b. Thermus aquaticus/thermophilus 95%
8Tnr.3 Iceland Xanthan, (0.5) | 85 7.0 | b. Thermus antranikianii 99%
2T 5 2 and| Iceland Xanthan, (0.5) [ 55 7.0 | b. Meiothermus silvanus 99%
Is2-7%6.2
7T nr2,1 Iceland Starch, (5) 55 7.0 | b. Meiothermus silvanus 98%
7T nr4,1
7T nr4,2
2319x Russia, Xylan, (10) 85 6.0 | a. Thermococcus alcaliphilus/aegaeus
Kunashir 99%
2319cl Russia, Sodium 75 7.0 | b. Caldicellulosiruptor
Kunashir carboxy- owensenis/hydrothermalis 98%
methyl-
cellulose, (2)
8-7 nr.1 China Xylan, (10) 78 | 7.0 | b. Dictyoglomus sp. 99%
8-7 nr.2 China Xylan, (10) 78 7.0 | b. Fervidobacterium islandicum 98%
2410 Russia, Polyvinyl- 80 | 6.0 | a. Sulfolobus islandicus 99%
Kamchatka | Alcohoal, (5)
DG#1 3,2 Denmark Xanthan, (0.5) | 55 7.0 | b. Paenibacillus ginsengihumi 92%
DG#1 4,1 Denmark Xanthan, (0.5) | 55 7.0 | b. Cohnella laeviribosi 97%
Is3-14,2 Iceland Xanthan, (0.5) | 55 7.0 | b. Thermus igniterrae 98%
Is3-24,1 Iceland Xanthan, (0.5) [ 55 5.0 | b. Alicyclobacillus sendaiensis 98%
Is3-24,6
Is3-24,4
Is3-23,3 Iceland Xanthan, (0.5) | 70 5.0 | b. Alicyclobacillus acidocaldarius 99%
Is3-23,4
DG#1 1,1 Denmark Xylan, (10) 55 7.0 | b. Brevibacillus thermoruber 99%
DG#1 2,1 Denmark Xylan, (10) 70 7.0 | b. Geobacillus vulcani 98%

DG#1 2,2




DG#1 3,2 Denmark Xylan, (10) 55 7.0 . Brevibacillus thermoruber 98%
DG#1 3,2 Denmark Xylan, (10) 70 7.0 . Geobacillus thermoglucosidasius 99%
Is3-23,2 Iceland Xylan, (10) 70 5.0 . Alicyclobacillus sendaiensis 98%
Is3-23,4 Iceland Xylan, (10) 70 5.0 . Alicyclobacillus sendaiensis 99%
Is3-24,4 Iceland Xylan, (10) 55 5.0 . Alicyclobacillus sendaiensis 99%
Is3-24,7
Is3-24,5 Iceland Xylan, (10) 55 5.0 . Alicyclobacillus sendaiensis 98%
Is3-21,2 Iceland Xylan, (10) 55 7.0 . Brevibacillus thermoruber 99%
Is3-21,4.1 Iceland Xylan, (10) 55 7.0 . Geobacillus sp. 99%
Is3-21,4.3 Iceland Xylan, (10) 55 7.0 . Geobacillus thermoleovorans 99%
Is3-23,1 Iceland Xylan, (10) 70 5.0 . Geobacillus thermoleovorans 99%
Is2-8 Iceland Xylan, (10) 70 6.0 . Geobacillus kaustophilus 97%
Is3-21,3 Iceland Polyvinyl- 55 7.0 . Thermus brockianus 98%
alcohol, (0.5)
Is2-7* Iceland Polyvinyl- 55 6.0 . Thermus brockianus 99%
alcohol, (0.5)
It-5 Italy Polyvinyl- 78 7.0 . Staphylothermus hellenicus 96%
alcohol, (0.5)
It-5.1 Iceland Gelrite, (5) 78 5.0 . Sulfolobus shibataea 99%
T Iceland Polyethylene 70 7.0 . Rhizobium leguminosarum 91%
terephthalate,
@)
BPi-2ag Russia, Agarose, (5) 54 7.3 . Caloramator australicus 97%
Baikal Rift
BPi-4-40 Russia, Xylan, (2) 40 7.3 . Paenibacillus lautus 99%
Baikal Rift
2842 Russia, Xanthan, (0.5) | 47 7.5 . Phycisphaera mikurensis 80%
Baikal Rift
2918 Russia, Xanthan, (0.5) | 54 | 6.0 . Phycisphaera mikurensis 80%
Kamchatka
Rift-s3 Guaymas Microcrystalline | 65 6.5 . Thermosipho atlanticus 96%
Basin cellulose (10)




3. Sequencing and Bioinformatics

3.1 Metagenomic sequencing

In early environmental DNA sequencing, Sanger sequencing was the methodology of choice,
similar to sequencing individual genomes. While high quality sequence reads could be
obtained, the major disadvantages were high costs, labour intensive library preparations and
the lack of sufficient sequencing depth for finding rare sequences in the metagenomes.

Today, the most widely used sequencing technology for metagenomics and microbial
genomics/transcriptomics is short read sequencing, for example using sequencers from
llumina, which offer a wide range of instruments with various options for sequencing depth
and read length with a current maximum of 2x300 nt paired-end read length. Another option
are the third-generation sequencers from Pacific Biosciences or Oxford Nanopore, which
offer longer reads, but have a lower throughput and higher error rates (Goodwin et al., 2016).
Direct sequencing of metagenomes, especially from habitats with high diversity, requires
sufficiently high throughput in order to capture also low-abundant organisms in the sample.
Sequencing data for HotZyme were generated either by the Roche/454 platform or by
lllumina sequencing. In the latter case, 2x100 bp paired-end lllumina libraries were used for
metagenomes and 2x90 bp were used for isolate genomes, and sequencing was done at
BGI/Shenzhen. Detailed descriptions of the HotZyme metagenomes, including environmental
conditions, sampling methods and depth, as well as biodiversity, can be found in two
publications (Menzel et al., 2015; Gudbergsdottir et al., 2016).

3.2 Assembly

Sequence assembly refers to the reconstruction of the original chromosomes and plasmids
from the short read data. In metagenomics, assembly is typically performed de novo, which
means that no additional information from existing reference genomes is used for the
assembly. For the assembly of millions of short sequencing reads, assembly programs, for
example Velvet (Zerbino and Birney, 2008) or Spades (Bankevich et al., 2012), use de Bruijn
graphs, which connect consecutive k-mers from the reads (Pevzner et al., 2001). This graph
is then traversed for generating long contiguous sequences (“contigs”). The more complex
assembly of metagenomes compared to a single individual genome is due to the fact that
sequencing reads are derived from genomic fragments of multiple genomes of varying
abundances. Therefore, assemblers need to avoid creating chimeric contigs which are
composed of sequencing reads originating from different species, e.g. the de Bruijn graph is
decomposed by the MetaVelvet assembler (Namiki et al., 2012) into smaller subgraphs of
similar coverage which represent the constituent genomes. Recent metagenomic
assemblers using de Bruijn graphs are Meta-Spades (Nurk et al., 2017) and Megahit (Li et
al., 2015), which is particularly suited for assembling complex metagenomes of large size
due to its reduced memory requirement. The length of the k-mers determines the number
and length of assembled contigs, whose wide variation depends on what is chosen for k. For
llumina-sequenced metagenomes several assemblies have been generated with MetaVelvet
using a range of k-mers and then the contigs and unassembled reads from each assembly
have been merged into one final assembly per metagenome (Menzel et al., 2016).



Another approach for prevention of chimeric contigs and better recovery of less abundant
genomes is to first split the sequencing reads into distinct bins that denote the individual
taxa/genomes and then assemble the reads within each bin separately. This so-called
binning can be based on various measures, such as the k-mer coverage of the sequencing
reads as, for example, implemented in the LSA program (Cleary et al., 2015).

An option for increasing the recovery of protein sequences from the metagenomes is the
direct assembly of protein sequences by translating sequencing reads individually followed
by finding overlaps between the resulting amino acid sequences, for example with the SPA
program (Yang et al., 2015). This approach can be beneficial for genomes of low abundance
in the metagenome, because the effect of point mutations and sequencing errors is lower on
protein-level compared with nucleotide-level so that assembly on protein-level can
compensate low coverage.

3.3 Gene prediction

After the assembly of reads into contigs, ab initio gene prediction programs are used to find
open reading frames (ORFs) which are likely to be genes coding for proteins. These
programs typically employ machine learning algorithms, which are trained on databases of
known genes, for example MetaGeneMark (Zhu et al.,, 2010) or MetaGeneAnnotator
(Noguchi et al., 2008). A third commonly used program, Prodigal (Hyatt et al., 2010), does
not use pre-computed gene models, but finds ORFs from the sequences between predicted
start/stop codons. Since there are differences in the methodologies and the training sets of
each program, the sensitivity of ORF annotation could be improved by combining the output
of several such programs and is for example done in the IMG/M annotation pipeline
(Markowitz et al., 2012). The use of multiple programs could be especially beneficial for
sequencing of unknown extremophiles, whose gene properties (like codon usage and GC-
content) likely deviate from the known genes that are used for training the prediction
algorithms. In this case, one would preferably have too many falsely predicted ORFs, which
will later remain unannotated, rather than missing some ORFs that might yield interesting
proteins. Ab initio gene prediction can also be performed on raw sequencing reads, without
assembly, where the predictors also need to compensate for sequence truncation and
sequencing errors. In that case, the program FragGeneScan showed a higher sensitivity
than the above mentioned programs (Trimble et al., 2012) and the precision can be improved
by combining several predictors (Yok and Rosen, 2011). However, this will usually only yield
truncated protein sequences, due to the short read length when using llumina or 454
sequencing.

3.4 Functional annotation

After prediction of putative ORFs, the protein sequences need to be compared to known
proteins or genes in order to learn about their putative functions. Today, several different
protein databases can be either downloaded or used on-line, for example UniProt, IMG, and
the NCBI protein database NR. Additionally, several annotation pipelines are available either
for online use, for example RAST and IMG/M, or for a local installation, such as Prokka
(Seemann, 2014), which rely on different reference databases and sequence comparison



programs. A major hurdle for the annotation of genes from extremophiles is the lack of
available reference protein sequences, since most known microbial genes originate from
culture-dependent experiments, whereas many extremophiles are still uncultivated.

Even if it is possible to find an alignment to a known protein sequence, it is still likely that the
known protein has no annotated function (often called “hypothetical protein”). However, it is
possible to annotate ORFs with no easily detectable homologue by using more sensitive
search strategies (Lobb et al., 2015) or extending the search to more reference databases,
e.g. Interpro, or to databases focused on certain classes of proteins. For example, the CAZY
database contains enzymes from carbohydrate pathways, whereas the MEGARes (Lakin et
al., 2017) and CARD (Jia et al.,, 2017) databases contain proteins related to antibiotic
resistance.

Another option for functional annotation is to identify specific domains, e.g. DNA binding
domains, by the use of the database Pfam (Finn et al., 2014), or by looking for specific
sequence features, such as transmembrane helices or secretion signals (Kéall et al., 2007). A
protocol for these custom search strategies is outlined in Toshchakov et al. (2017).

Programs for the comparison of protein sequences include NCBI BLAST+ (Camacho et al.,
2009), DIAMOND (Buchfink et al., 2015), and MMSeqgs (Hauser et al., 2016), which differ in
speed and sensitivity. For the most sensitive search, profile comparison programs, such as
Psi-BLAST (Altschul et al., 1997), HHPred (Séding et al., 2005), or HMMER (Eddy, 2011),
can possibly find more distant homologues in the protein databases.

The output of the various annotation programs for all genes identified from the sequenced
metagenomic and culture-based samples was combined and presented in the web-based
portal ANASTASIA, based on the popular Galaxy platform (Afgan et al., 2016), thus
facilitating easy access and search (Theodoros Koutsandreas, Efthymios Ladoukakis,
Eleftherios Pilalis, Dimitra Zarafeta, PM, Anders Krogh, GS, Fragiskos Kolisis, Aristotelis
Chatziioannou, manuscript in preparation). The ANASTASIA portal is open to the public
upon registration for academic  purposes through the  following  links:
http://motherbox.chemeng.ntua.gr/anastasia_dev/ & https://bio.tools/ANASTASIA..

3.5 Taxonomic classification

The community composition for some of the sequenced hot spring metagenomes is
described quantitatively by Menzel et al. (2015). To this end, we assigned taxa to assembled
contigs by using Rapsearch2 (Zhao et al.,, 2012), MEGAN (Huson et al., 2011) and re-
mapped reads to the assembled contigs to calculate taxon abundances. Additionally, the
samples were searched for 16S rRNA genes using the ARB-Silva SSU database (Quast et
al., 2013). Taxonomy assignment from isolate genomes or from binned metagenomic
assemblies was performed by Genbank BLAST with phylogenetic markers found in these
genomes (as 16S and 23S rRNA genes, ribosomal proteins etc.) as queries using the “type
material” option. During the project, we also developed a new fast and sensitive method,
“Kaiju”, for directly quantifying taxon abundances from metagenomic sequencing reads
(Menzel et al.,, 2016). The main advantage of Kaiju is an increased sensitivity of the
taxonomic classification by using sequence comparison on the protein-level instead of
comparing nucleotide sequences. This is important for metagenomes from environmental



samples, especially from extreme environments, because there are only few reference
genomes available for extremophiles and therefore the classification method has to
overcome potentially high evolutionary distances when comparing sequences. Further, the
method is as fast as the fastest state of the art programs, allowing the classification of an
entire metagenome within minutes.

4. Gene expression and screening

4.1 Recombinant libraries for functional screening

In order to screen for genes that encode enzymes in a recombinant system, one must first
create a DNA library (Fig. 1) suitable for such screening in a suitable host. To enhance the
probability of identifying relevant genes in such a recombinant library screening, a number of
factors must be considered. Choosing the appropriate expression system paired with the
appropriate screening host is essential. In the HotZyme project, plasmid libraries were
produced in vectors pUC18 and pRham (Lucigen) designed for screening in Escherichia coli.
The main reason for choosing an E. coli based system was that it matched the criteria for the
HotZyme project:

1. The screened DNA came from environmental samples, enriched samples and single
organism isolates. Especially for the environmental and enriched samples, a
recombinant host with very high transformation rates is desirable as the hit rate for a
particular enzyme gene falls as the relevant genome carrying the gene is diluted with
genomes that do not encode such an enzyme.

2. E. coli has been shown to be highly accepting of foreign Shine Dalgarno translation
initiation sites. Enzymatic activities have been screened for and recovered from Gram
positive, Archaea, and even plant cDNA libraries. In the case of cDNA libraries, it was
shown that translation initiation often occurred using the 5’ untranslated region of the
cDNA (Schnorr et al., 1994; Hoff et al., 1995; Schnorr et al., 1996a; Schnorr et al.,
1996b; Vincenzetti et al., 1999; Becker et al., 2004).

3. The methylation status of donor DNA can be addressed by the use of E. coli strains
developed for receiving foreign DNA. Such strains lack the restriction systems McrA,
McrBC and Mrr found in wild type E. coli and therefore can accept foreign DNA
without destroying it (www.neb.com).

4. In addition to considerations of library quality, average insert size, library complexity
and percentage of recombinants carrying inserts, an additional quality parameter was
explored in the HotZyme project. Purine biosynthesis, with very few exceptions, is
required of all living organisms and requires 14 enzymatic steps (Zalkin and Dixon,
1992). The single reactions steps of the enzymatic pathway are identical and stable E.
coli auxotrophs lacking specific purine biosynthetic enzymes have been used as a
basis for screening such enzymes from foreign sources (Schnorr et al., 1994). E. coli
strain S@3274 lacks the PurD (GAR synthetase) enzyme and was used to determine
the “screening quality” of libraries produced in the HotZyme project by transformation
of the strain S@3274 with a recombinant library and plating on minimal media without
purine.



To prepare recombinant plasmid-based expression libraries of HotZyme enrichments and
isolates, genomic DNA from different sources was cloned into pRham utilizing the Shotgun
Expression Cloning kit (Lucigen). For cloning into the pUC18 vector, DNA was subjected to
partial digestion with Bsp143l and Hinlll and fragments of >2 kb were gel extracted and
ligated with BamHI/Sphl digested pUC18. The ligated DNA was transformed into the highly
competent E. cloni® 10G SUPREME cells (Lucigen) (Zarafeta et al., 2016b).

4.2 Functional in vitro screening of expression libraries

For successful functional screening of E. coli expression libraries for hydrolytic enzymes,
several factors need consideration:

1. A suitable assay is needed to detect the desired enzyme activity, for example by use of
a chromogenic (surrogate) substrate.

2. The substrate must be accessible to the expressed enzyme, either because the
substrate is taken up by the cell, the enzyme is secreted or it is released by cell lysis,
although leakage of highly expressed intracellular enzymes into the extracellular
space may occur.

3. To achieve a good signal-to-noise ratio, the screening host should not contain
significant endogenous activity towards the screening substrate.

For typical expression library sizes (10*-10° clones), a commonly used and robust approach
is to examine bacterial colonies on agar plates that contain a screening substrate (Zarafeta
et al.,, 2016b; Popovic et al., 2017). The substrate is often a colourless compound that
produces a colour reaction, either because a chromophore or fluorophore is released upon
enzymatic hydrolysis, or because the enzyme product can be indirectly detected by means of
a colour reaction. The activity of endoglucanases such as cellulase or xylanase can be
detected by the use of polysaccharides conjugated to remazol brillant blue R (RBB) or cross-
linked with azurine (Fig. 3A). Alternatively, substrate hydrolysis in plates containing
unlabelled beta-D-glucans (such as carboxymethylcellulose) or D-xylan can be detected with
the dye congo red (Teather and Wood, 1982) that strongly interacts with the
polysaccharides. Numerous substrates are available for screening esterases and lipases.
While the specific choice may depend on the desired specificity, it also strongly affects the
success rate of the screen (Ferrer et al., 2016). As an example, esterases and lipases can
be readily screened for on agar plates that contain emulsified triglycerides, tributyrin for
esterase and triolein or olive oil for lipase activity. A clear halo can be observed in the turbid
tributyrin medium around the esterase producing colonies, exemplified by the esterase
EstDZ1 from a new Dictyoglomus isolate (Zarafeta et al., 2016b). Lipase activity screening
can be aided by the addition of rhodamine B, a fluorescent dye that is presumed to form a
complex with free fatty acids yielding bright orange fluorescence (Kouker and Jaeger, 1987).

Moreover, several classes of hydrolases produce an acid or base as reaction product
(such as lactonases, esterases and lipases) and the concomitant pH change can be easily
measured indirectly with pH indicators. Consequently, such generalized assays have been
very popular and versatile, as screening for substrate scope can be performed with the real
substrates and does not require additional synthetic steps for their labeling to chromogenic
or fluorogenic enzyme substrates. If carefully designed, the assay can quantitatively
measure an enzyme’s reaction rate. Similarly, several enzymes including lactonases and



esterases identified by the HotZyme consortium were characterized with a pH indicator
assay using newly synthesized racemic and enantiopure substrates (see section 5,
Functional and structural enzyme characterization).

Direct screening on agar plates may not be possible if the cells need to be lysed to release
intracellular enzymes, the substrate is toxic to the screening host or if a multistep assay is
required to detect activity. An example for the latter is the detection of epoxide hydrolase
activity with a colorimetric adrenaline-coupled assay (Cedrone et al., 2005). In such cases,
screening can be conducted in microtiter plates. Individual library clones are picked and
stored in master plates and transferred to new plates for growth and activity measurements
(Fig. 3B). While screening on agar plates has the above mentioned limitations, microtiter
plate based screening at high throughput can be resource demanding due to the need of
robotics for a large number of plates. Several alternative solid phase approaches have been
presented in the literature to tackle these challenges. One possibility is replica plating
bacterial colonies onto a nitrocellulose membrane and to perform cell lysis (rapid freezing,
chloroform vapour) and enzyme assay on the membrane. Activity in the transferred colonies
is detected by placing the membrane on filter paper soaked with a suitable substrate. A
miniaturized version of this method using microbial culture chips (MCC, Ingham et al., 2007;
Caton et al., 2017) has been developed. MCCs are thin ceramic (porous aluminium oxide)
membranes subdivided into microwells by a patterned polymer layer, which is laminated onto
the membrane, e.g. a MCC having compartments with 100 um diameter and spacings of 200
um results in a colony density of >1000 microcolonies/cm? An E. coli expression library
inoculated on the MCC grow as microcolonies and can be replica plated onto nitrocellulose
membranes for screening on a filter paper soaked with the screening substrate of interest.
Detection is done visually using a low magnification light or fluorescence microscope (Fig.
3C). Other microcolony-based approaches have been developed that require dedicated
instruments or robotics (Youvan et al., 2002), but offer solid phase screening paired with
signal quantification. A further increase in throughput (>10’ clones) can be achieved by the
combination of in vitro compartmentalization (IVC) and fluorescence-activated cell sorting
(FACS). In IVC, cells of a library or a system for in vitro transcription-translation are
encapsulated with a fluorogenic enzyme substrate in droplets consisting of a water/oil/water
emulsion. Substrate hydrolysis leads to an increase of fluorescence in the compartment and
is detected in a FACS instrument that can also sort positive clones for subsequent recovery
(Yang and Withers, 2009). Originally developed for directed evolution studies, such methods
are translatable to the screening of (meta)genomic expression libraries. In a similar
approach, microfluidic screening platforms are used to sort droplets that are fluorescent and
therefore contain active enzyme (Baret et al., 2009), for example specific hydrolases in a
metagenomic library (Colin et al., 2015). Fluorescence-based cell sorting techniques can
also be used to screen libraries containing reporter genes (usually green fluorescent protein)
linked to enzyme activity (see below).

4.3 Functional screening with whole-cell bioreporters

In enzyme screening, general methods for detecting enzyme activity in whole cells are of
much interest. A living microorganism which is able to provide a detectable phenotype by
switching on a reporter, when the enzymatic reaction product is bound to a sensor molecule
of this microorganism, is defined as a whole-cell bioreporter, in short: bioreporter (Hynninen
et al,, 2010). In contrast to screens that rely on the detectability of the product itself, this



indirect measuring makes the method independent of the reaction type and allows a
generalized screening of a broad range of enzymes (van Rossum et al., 2013). This also
allows choosing the type of reporter based on the desired detection method which enables
high-throughput screening. This is of great interest for coping with large metagenomic or
enzyme variant libraries in screening approaches (van Rossum et al., 2013; Zhang et al.,
2015). The reporter applied most often is GFP (Zhang et al., 2015), because it is simple, no
substrates are needed and, most importantly, it can be coupled to high-throughput FACS.
Another high-throughput approach is to use a reporter that enables cell growth through for
example antibiotic resistance or auxotrophy complementation (Zhang et al., 2015). By this
approach only positive cells remain in the variant pool. Moreover, in contrast to FACS, it
does not require expensive equipment. Although all cells that survive are potentially
interesting, a high false positive rate is a risk (Raman et al., 2014; Rogers and Church,
2016). To limit this rate one could tune the selection system, combine negative and positive
selection or combine a reporter for selection and a reporter for screening (Raman et al.,
2014; Mahr and Frunzke, 2016; van Rossum et al., 2017). Other commonly used reporters
are LUXCDABE, LacZ and MtrB.

The sensor part of the bioreporter couples the enzymatic reaction to the reporter and can
consist of various kinds of biomolecules, either protein or RNA (riboswitches). A wide variety
of protein-based systems have been described of which sensor parts include enzymes,
transcriptional regulators, extracytoplasmic function (ECF) sigma factors, two-component
systems, Periplasmic Binding Proteins (PBPs), or fluorophore-containing proteins (e.g.
proteins that allow for Fluorescence Resonance Energy Transfer (FRET)). Design and
optimization of new sensors is, however, challenging and time-consuming. Depending on the
reporter, transcriptional-regulator- or riboswitch-based screens are high-throughput and their
sensor design is, currently, a bit easier compared to that of other types. The transcriptional
regulator or the riboswitch binds the product of the enzymatic reaction and undergoes a
conformational change, allowing transcription or translation of the reporter, respectively.
Riboswitch-based sensors have a modular design, their binding and folding properties are
understood in depth, aptamers can be de novo generated in vitro and they provide less
burden to the cell, because no transcription is required. However, translation to in vivo is not
always straightforward. Transcriptional-regulator-based sensors on the other hand, have a
higher output fold change upon addition of the small molecule and can be applied for a more
diverse range of small molecules, because of their more diverse chemistry, consisting of
amino acids versus nucleotides. More information about bioreporters can be found in the
reviews of Michener et al. (2012), van Rossum et al. (2013), Boock et al. (2015), Eggeling et
al. (2015), zhang et al. (2015), Liu et al. (2015) and Mahr and Frunzke (2016).

At the moment, transcriptional-regulator-based bioreporters are the most successful (Fig.
3D). In the majority of these cases, the transcriptional regulators are natural regulators, often
originating from the model organism E. coli or from soil bacteria like Pseudomonas putida.
However, not for all enzymatic products a natural transcriptional regulator is available that
has the desired characteristics needed for screening. Therefore, some bioreporters are
based on transcriptional regulators that have been engineered via directed evolution (Reed
et al., 2012; Tang et al., 2013) or via computational design (de los Santos et al., 2016; Jha et
al., 2016). Transcriptional-regulator-based bioreporters can also be used for finding novel
hydrolases. Uchiyama and Miyazaki (2010) found three novel benzamide converting



amidases by cocultivating metagenomic library cells (created with DNA from activated
sludge) and sensor cells that contain the benzoate-responsive transcriptional regulator BenR
as sensor and GFP as reporter. For a library size of 96,000 clones, the 96-well format was
reasonable, but for larger libraries the combination with FACS is needed. Several studies
use FACS in combination with the phenol-responsive transcriptional regulator DmpR to
identify novel phenol releasing enzymes from metagenomic libraries (created with DNA from
sea tidal flat sediments) or enzyme variant libraries. These enzymes include several
hydrolases like phosphatases, lipases, cellulases and methyl parathion hydrolases (Jeong et
al., 2012; Choi et al., 2014; Kim et al., 2016). Jha et al. (2016) engineered the 4-
hydroxybenzoate-responsive transcriptional regulator PobR to respond to p-nitrophenol. This
PobR variant allowed discrimination between cells with different levels of phosphotriesterase
activity on paraoxon. All these examples concern hydrolases from mesophilic environments.
To extend the application of bioreporters to thermostable hydrolases, two approaches are
imaginable. A thermophilic host could be used as bioreporter, since more and more
thermophilic organisms become available for genetic engineering and are also used for
enzyme screening, such as Thermus thermophilus and Geobacillus thermodenitrificans
(Leis et al., 2015; Daas et al., 2018). However, a simpler approach is the use of the currently
applied mesophilic hosts, as long as expression is not an issue. The activity of thermostable
enzymes in mesophilic hosts can be sufficient for functional screening (Tirawongsaroj et al.,
2008).

The HotZyme project provides to our knowledge the only case of a bioreporter used to detect
a thermostable enzyme (van Rossum et al.,, 2017). As proof of principle for using this
bioreporter for the detection of a thermostable enzyme, the readily available L-arabinose
isomerase of Geobacillus thermodenitrificans was chosen, because the initially developed
bioreporter was L-arabinose specific. L-arabinose isomerase-expressing cells were enriched
more than a millionfold, when the substrate L-ribulose was present, using both selection and
screening. The L-arabinose-responsive transcriptional regulator AraC activates transcription
of the kanamycin resistance marker (kan) and the luciferase genes (luxCDABE), allowing to
reduce rapidly the metagenomic or mutant library size in one step, based on growth in the
presence of kanamycin, and to exclude subsequently false positives, based on
bioluminescence. This bioreporter with dual reporters therefore tackles the large false
positive rate often encountered for growth-based selection and makes quantification of
positive variants possible. To show adaptability of the system to other transcriptional
regulators and thus to other enzymatic products, two approaches were taken. One approach
focused on engineering the ligand specificity of AraC towards other monosaccharides, e.g.
D-xylose. To this end, araC variant libraries were made by combinatorial site-saturation
mutagenesis and variants were selected using the dual reporter system (van Rossum et al.,
unpublished results). In the second approach, AraC was replaced by allolactose- or IPTG-
responsive Lacl (van Rossum et al., unpublished results). Different system versions were
developed that varied in plasmid copy number (low p15A or medium ColE1l) and selection
reporter (leuB or kan). The low copy system with LeuB, allowing selection based on leucine
auxotrophy complementation, was the best system (Fig. 4). It showed a good sensitivity
(0.001-0.01 mM) and a low leakiness in selection, which is very important to reduce the false
positive rate, while not missing any positives. In screening, it had a good fold change of the
maximal signal over the leakiness (three orders of magnitude), a satisfactory dynamic range
(two orders of magnitude) and a good sensitivity (0.001-0.01 mM), all important for



verification and quantification. These characteristics are comparable to values of other
transcriptional-regulator-based bioreporters (van Rossum et al., 2017). As predicted upfront
(van Rossum et al.,, 2017), a different regulator indeed demands for some optimization
followed by characterization. For the best performance, the AraC- and Lacl-based systems
require other components like medium versus low copy number and KmR versus LeuB as
selection reporter, respectively. In addition, characteristics of the two systems differ; the
Lacl-based system has a better sensitivity and a higher fold change of maximal signal over
leakiness, but its dynamic range for selection is less. This study shows the adaptability of the
dual bioreporter to another transcriptional regulator, broadening the bioreporter's range of
target molecules.

The availability of sensors and more specifically of transcriptional regulators for the target
enzymatic products is the major determinant in making bioreporters widely applicable in
novel biocatalyst detection. Fortunately, more and more efforts are being made to identify
and characterize new transcriptional regulators. Next to regulator engineering, one approach
is to pick up promoters responsive to a target molecule from promoter libraries (Mahr et al.,
2016). Helper enzymes can be used alternatively to convert the target enzymatic product to
a molecule for which a transcriptional regulator is known (Rogers and Church, 2016). Other
issues that could hamper the applicability of bioreporters are of more general nature, like
problems with heterologous expression or uptake of substrate or product by the cell. In short,
efforts like increasing the number of available sensors, expanding the host and reporter
repertoires and improving general issues like heterologous expression, should make
bioreporter-based detection of numerous (thermostable) enzymes possible.

5. Functional and structural enzyme characterization

A wealth of sequencing data has been obtained from the newly isolated bacterial and
archaeal genomes of single organisms and from metagenomes. These sequencing data led
to numerous hits for targets coding for enzyme functions from enzyme subclasses of EC 3. It
is important to characterize the industrially relevant thermostable hydrolase enzymes both
biochemically and structurally in order to optimise their applications for industrial biocatalysis.
This has been carried out for a selection of the enzymes with highest industrial interest which
have been successful in overexpression at high levels and in a soluble form using different
commercially available strains of E. coli as hosts. This has had a high success rate using
synthetic genes that are codon optimised for expression in this host. The enzymes can be
rapidly purified using a His-tag and nickel affinity chromatography. Once these enzymes are
required in commercial quantities other hosts including Aspergillus sp. will be used where the
enzyme is transported to the growth media. Many other enzymes remain to be characterised
due to time restrictions of the HotZyme project. Biochemical and structural characterisation
including both molecular modelling and crystallographic structure determination have been
carried out on a selection of different hydrolase enzymes (outlined in Table 2) within the
project, including thermostable carboxylesterases, enol lactonases, quorum sensing
lactonases, gluconolactonases, limonene epoxide hydrolases, a3 hydrolase fold epoxide
hydrolases and two novel cellulases. An essential prerequisite for the discovery of novel



enzyme functions is the synthesis of the corresponding enzyme substrates and a selection of
representative substrates used for the characterization of the novel hydrolases is shown in
Figure 5.

Table 2. Enzymes selected for biochemical and structural characterisation

Enzyme EC class Gene Bank PDB code
Accession
Number
Lactonases
Quorum sensing Lactonase EC3.1.8.1 Vulcanisaeta 4RDZ, 4REO, 4RDY
sp.CP002529
Enol Lactonase EC31.1.24 Carboxydothermus | Not deposited
sp.CP000141
Carboxyl esterases
AF-Est2Family 6 EC.3.1.1.1 Archaeoglobus sp. | 5FRD
AE000782
TtEst KR002593 4UHC,4UHD,4UHE,4UHF
TtEst2 KT724966 5A09,5A0A,5A0B,5A0C
EstDZ2 EC3.1.1.1 KX301277
EstDZ3 EC3.1.1.1 KX557297
Epoxide Hydrolases
Tomsk-LEH EC3.3.2.8 KP76511 5AIF, 5A1G
CH55-LEH KP76710 5AIH, 5All
SIBE-EH EC3.3.2.9 KX505385 5NG7
CH65-EH KX505386 5NFQ
Cellulases
CelDz1 EC3.2.14 KT844947 S5FIP
Glycosidase- New Thermococcus sp.
Endoglucanase/Mannosidase | multidomain CP012200
enzyme

Over 100 other enzymes were identified but were not selected for further characterisation
within the project due to over-expression problems, were considered lower priority or were
similar to enzymes already described in the literature. Since all proteins selected were from
thermophilic sources they were generally more thermostable than homologues already
discovered and they showed some novelty in their structure where determined.

An essential prerequisite for the discovery of novel enzyme functions is the synthesis of the
corresponding enzyme substrates and a selection of representative substrates used for the
characterization of the novel hydrolases is shown in Figure 5.

In order to further understand enzyme mechanism and substrate specificity to customise the
enzyme properties for industrial applications, site-directed mutagenesis experiments have
been carried out to optimise the substrate specificity for some of the enzymes. This has been
driven by knowledge of the structures of the new esterase and epoxide hydrolase enzymes.
The enzymes studied are all from thermophilic sources and as such are all thermostable and
relatively stable to organic solvents. These properties provide robust industrial enzymes that



donot require further optimisation as regards stability for industrial applications and have the
advantage that they can be recycled for several rounds of catalytic processes without being
denatured. This reduces the costs and economic feasibility for selecting a biocatalytic
application rather than more unsustainable processes.

5.1 Lactonase enzymes

Lactonase enzymes are not commercially available and they are of great interest to industry,
because mild and selective hydrolysis of lactones can provide simple access to
enantiomerically pure products, such as chiral lactones from the enzymatic resolution of
racemic lactones. However, they are relatively understudied and at the start of this project,
there were no thermostable lactonases characterised. The ability to use a variety of
important lactones as substrates and to convert them in a stereospecific way is a novel
feature not previously studied in any detail. A bioinformatics search of the Carboxythermus
hydrogenoformans genome was performed to discover potential lactonase genes. This
search revealed an a/B hydrolase gene with 27% amino acid sequence identity to a known
enol-lactonase from Burkholderia xenovorans. This gene has been cloned and over-
expressed to purify and study the enzyme both biochemically and structurally. A rapid
screening assay was developed based on monitoring lactonase activity using the indicator
dye bromocresol purple for the detection of the product of the lactonase reaction, which
causes a pH change. The activity of the cloned C. hydrogenoformans lactonase (Ch-LAC)
was assayed against a selection of lactone substrates of interest. Activity was observed for
O-decalactone, d-dodecalactone, y-valerolactone, y-butyrolactone and y-caprolactone.

The C. hydrogenoformans lactonase was crystallised by the micro-batch method using an
Oryx Robot (Douglas Instruments) and commercially available crystal screens (Molecular
Dimensions). The quality of crystals was optimized in the presence of Bis-Tris propane buffer
and diffraction was observed to 2.6 A resolution. A full crystallographic data set was
collected with the crystal belonging to space group p2,2;2, with cell dimensions of a=45.4 A,
b=144.4 A ¢=183.3 A a=B=y=90°. The structure was solved by molecular replacement
using a hydrolase from Pseudomonas aeruginosa PAO1l (PDB: 30M8) as a model which
shares 28% sequence identity to the C. hydrogenoformans protein.

Studying these crystals by X-ray diffraction has allowed the structure of this enzyme to be
determined. It belongs to the a/f hydrolase fold family consisting of core and cap domains
and the catalytic triad (Ser92, Asp209 and His237) located at their interface (Fig. 6) (Sayer et
al., 2018, unpublished results).

Ligand docking into the active site of this enol lactonase enzyme was used to rationalise its
substrate specificity. The lactonase was active towards y-butyrolactone (GBL), vy-
valerolactone (GVL) and y-lactones with longer chains, and was not active towards the
(3S,4S)-isomer of whiskey lactone (WGL) (Fig. 7).

To better understand the binding mode of the enzyme substrates and also the lack of activity
towards WGL, the Autodock Vina program was used for docking the structures of these
ligands into the enzyme’s active site (Fig. 8). The results showed that the enzyme substrates
y-butyrolactone, (R)-y-valerolactone and (S)-y-valerolactone can bind in a configuration
where one of their two oxygen atoms lies close to the active site Ser92 OG and another
makes a hydrogen bond to the nitrogen of Leu26, which is part of the oxyanion hole. With
WGL as substrate, the methyl group prevents the effective binding of the ligand in the
catalytic position. In all of the WGL docked configurations one of its oxygen atoms is far from



Ser92 OG in the active site and the oxyanion hole explaining the lack of lactonase enzyme
activity towards WGL.

5.2 Vulcanisaeta mountnovskia quorum sensing type lactonase

Structurally and biochemically related to the phosphotriesterases (PTE), the quorum sensing
lactonases (PLL) show lactonase activity and also a promiscuous PTE activity. Known
members of the PLLs are from Sulfolobus acidocaldarius (SacPOX) and S. solfataricus
(SsoPOX). These enzymes hydrolyse N-acyl-homoserine-lactones (AHL) which mediate
bacterial communication. A BLAST sequence comparison using the archaeal Sulfolobus
lactonases has identified a putative lactonase in the recently sequenced genome of
Vulcanisaeta mountnovskia with 52 % sequence identity. In order to determine if the V.
moutnovskia had PTE or PLL activity cloning and overexpression of the predicted
phosphotriesterase was done in E.coli, which was followed by protein purification and
biochemical characterisation (Kallnik et al., 2014).

The substrate specificity of the lactonase from V. moutnovskia was evaluated using
industrially relevant substrates. The enzyme has been shown to be highly active using y-
lactone substrates with different hydrophobic substituents ranging from a methyl side chain
with GVL to y-dodecalactone. Activity was found with WGL and ©-dodecalactone and
measurable activity was detected with mevalonolactone or &-decalactone. All enantiomers of
the two substrates GVL and y-caprolactone were tested to determine stereoselectivity of the
enzyme. Results indicated that while activity is seen with both isomers the enzyme seems to
favour the D form of these substrates (Kallnik et al., 2014).

The V. moutnovskia lactonase structure (Hiblot et al., 2015) shows a substrate binding
pocket lined with hydrophobic amino acid side chains and located in the enzyme structure by
a bound long chain fatty acid. The homologous lactonase from Sulfolobus islandicus has
been reported to favour y-lactone substrates with long hydrophobic acyl chains of over four
carbons in length (Hiblot et al., 2012). The substrate specificity differences between the
Vulcanisaeta and the Sulfolobus enzymes have been rationalised by molecular modelling
(Saneei et al., unpublished results). The substrate binding site of the S. islandicus lactonase
revealed a number of polar residues at the entrance of the substrate pocket with hydrophobic
residues lining the bottom of this pocket. This would disfavour the binding of the smaller y-
lactones in the correct catalytic position. The different distribution of hydrophobic and other
residues in the active site pocket between the two related enzymes appears to be
responsible their different substrate preferences.

5.3 Esterase enzymes from a novel Planctomycetes sp., Thermogutta
terrifontis

Thermogutta terrifontis was found to be as first thermophilic member of the environmentally
important Planctomycetes group (Slobodkina et al., 2015; Elcheninov et al., 2017). Cloning
and overexpression of two different novel carboxyl esterases from this organism in E. coli
have been done as part of the Hotzyme project. Biochemical and structural characterization
of the first carboxyl esterase enzyme (TtEst) has shown that p-nitrophenyl-propionate is the
best substrate among small p-nitrophenyl-esters and that the enzyme is stable up to high
temperatures. Activity is maintained at 95% when TtEst is incubated for 60 minutes at 80 °C.
The protein was crystallized from condition F10 of the JCSG commercial screen and



crystals of the native enzyme and enzyme complexes belonged to space group P3221 (cell
dimensions a=b=43.3, ¢=227.1 A, a=p=90°, y=120°). The crystals obtained diffracted to 1.1
A resolution (Sayer et al., 2015a).

The enzyme, which is @ monomer in solution, is made up of a core domain which has an a/
hydrolase fold and a cap domain which covers the active site. A catalytic triad of Ser101,
His250 and Asp222 forms the active site, with the active serine located at the end of strand
B5 in a tight nucleophilic elbow as seen in other esterases, and with the classic signature
sequence conserved.

The TtEst enzyme structure consists of a small pocket defining what size carboxyl ester can
be bound and an alcohol binding pocket, larger and closer to the active site funnel. This has
been established by solving the crystal structure of the enzyme under two different
conditions. The structure of TtEst obtained from crystals grown in the presence of racemic
malate and imidazole, polyethyleneglycol 4000 at pH 6.0, showed additional electron density
for a D-malate molecule involving its two carboxyl groups in its binding to the enzyme’s
active site. The proximal carboxyl group forms a hydrogen bond to the backbone oxygen of
Phe35 and to the side chain of His250, while a salt bridge to Arg 139 is formed by the distal
carboxyl group, which in addition forms a hydrogen bond to Tyr 105 by the phenolic oxygen.
The D-malate hydroxyl oxygen, which is located close to His250 side chains and Ser101 of
the catalytic triad, forms a hydrogen bond to water. Other amino acid residues located close
to D-malate define the alcohol binding pocket. This feature of the enzyme is the site of p-
nitrophenylester binding during TtEst-catalyzed hydrolysis (Fig. 9A).

When crystals were grown in ammonium acetate and polyethyleneglycol 10,000 at pH 4.0,
additional electron density was observed for acetate located in the active site. The carboxyl
oxygens of this acetate molecule are oriented differently, with the first one near the serine of
the catalytic triad and the second one forming a hydrogen bond to the amino acid residues
that makeup the oxyanion hole (Fig. 9B). The ester substrate is proposed to be in this
orientation during the reaction since it locates correctly the acetate carbon. The available
space in the TtEst carboxyl binding pocket limits its specificity to react with substrates
containing a small carboxyl group and results in low activity with larger substrates such as
pNP-butyrate. This study of TtEst increases understanding of the evolution of different
substrate specificity for esterases. With knowledge of the crystal structure two mutant
enzymes have been produced by mutation of leucine residues to smaller alanine residues.
This change increases the size of the active site allowing activity towards the larger substrate
pNP-butyrate (Sayer et al.,, 2015a). The L37A mutant structure, obtained by soaking the
crystal in the larger butyrate substrate at pH 4.0, showed clear electron density for the larger
substrate in the extended active site. The C4 atom of the butyrate is positioned equivalently
to the leucine side chain of the native enzyme. The comparison of TtEst with related a/p
hydrolase fold family structures showing activity towards different substrates such as
lactones, y-lactams and different esters, has revealed the subtle modifications in the active
site that account for the different substrate specificities. A BLAST search of the TtEst amino
acid sequence against the structural database shows its relation to 3-oxoadipate-enol
lactonase from Burkholderia xenovorans Lb400 (PcaD; 29% sequence identity; PDB: 2XUA)
(Bains et al., 2011), esterase from Pseudomonas fluorescens (PfEst; 30%; PDB: 3HEA) (Yin
et al., 2010), (-) y-lactamase from Aureobacterium sp. (Agl; 30%; PDB: 1HKH) (Line et al.,
2004) and non-heme haloperoxidases from several bacteria including chloroperoxidase from
P. fluorescens (PfCpo; 28%; PDB: 1A8S) (Hofmann et al., 1998).



The enzymes all show conservation of their positions of the active site catalytic triad and the
the oxyanion hole. The type of catalytic reaction and the different substrate specificities are
dictated by the residues of the small and large active site pockets. The TtEst binding pocket
is larger than the equivalent PcaD and Agl pockets. The charged and much more polar
nature allows D-malate and other organic acids to bind. The more hydrophobic PcaD and
Agl binding pockets contain the bulky Trpl35/Trp204 replacing Argl39 and the lle129/
Leul25 in place of the Tyr1l05 in TtEst. The larger pocket is suitable for binding the cyclic
lactones and y-lactams in both of these enzymes. The hydrophobic side chains of the
phenylalanines in the larger PfEst pocket able to bind a cyclic lactone would provide an
explanation for its additional lactonase activity. The smaller TtEst pocket is designed for the
small carboxyl ester groups to bind.

Another novel carboxyl esterase enzyme, TtEst2 from T. terrifontis was cloned, over-
expressed, purified and crystallized with condition C6 of the Stura Footprint screen (Sayer et
al., 2015b). These crystals belonged to space group P2,2,2, (cell dimensions a= 61.6,
b=71.0, c=75.8 A, a=B= y=90°) and diffracted to 1.6 A. The TtEst2 structure showed the
usual core domain of the a/B hydrolase fold but lacked most of the cap domain when
compared to structurally related proteins. When compared with the esterase from
Alicyclobacillus acidocaldarius (30% amino acid sequence identity) (De Simone et al., 2000)
it was shown that this enzyme has an extra helix-loop-helix region at the N-terminus. The
TtEst2 enzyme shows no contribution to the cap domain from the N-terminus. The A.
acidocaldarius esterase has an extra loop-helix region in its cap domain that folds over the
core domain which is not present in TtEst2 (shown in Fig. 10). This gives the TtEst2 a very
open active site where the catalytic serine (Serl26) residue is positioned at the base of a
groove that traverses the width of the enzyme (shown in Fig. 11).

5.4 An esterase enzyme (Est-2) from Archaeoglobus fulgidus

A putative esterase gene (Est-2) from the genome of A. fulgidus has been cloned, over-
expressed and purified (Sayer et al., 2016). This enzyme Est-2 was characterised
biochemically and structurally and showed esterase activity towards a range of pNP esters,
with the butyrate and valerate esters being optimal substrates. Crystals of Est-2, obtained
with the JCSG screen, belonged to spacegroup P2;2,2, (cell dimensions a=55.6 A, b=67.6
A ¢=139.5 A a=B=y=90°) and diffracted to 1.4 A resolution. The structure was solved by
molecular replacement using the Mycobacterium tuberculosis steroid-degrading hydrolase
(PDB: 2VF2) as a model, with which it shares 27% sequence identity.

The Est-2 structure, showing the usual a/f hydrolase fold, consists of a core domain and a
cap domain with Ser89, His228 and Asp200 making up the catalytic triad (Sayer et al.,
2016). The carboxyl pocket of the Est-2 enzyme is defined by the Ser32, His88, Lys154 and
Met231-side chains. These residues allow the pNP substrates of carbon chain lengths C1-5
to bind with optimal activity towards pNP-valerate, however there is not room for larger
substrates to bind. The Est-2 structure (PDB: 5FRD Fig. 12) is novel since it showed
Coenzyme A (CoA) to be bound close to the enzyme’s active site. The enzyme was
demonstrated to have no CoA thioesterase activity, which has been described for a related
human carboxyl esterase 1 (Bencharit et al., 2006). The structure of Est-2 shows that the
alcohol pocket of the active site is partially obstructed by the CoA pantetheine group, which
suggests that it may have a role in regulating its enzyme activity. Comparing the way how



CoA binds to the human enzyme and Est-2 shows that it is binding in a different way, since
CoA approaches the active site of these two enzymes from opposite directions.

The Est-2 has been shown to be active towards the industrially relevant substrate methyl p-
toluate (Fig. 13). Initial rates of activity were measured by following the pH change upon p-
toluic acid production using the indicator dye phenol red at 540 nm. The enzyme favours a
neutral pH with an optimum of pH 9.0. Stability experiments showed Est-2 was able to
withstand extreme conditions such pH 3.0 and 12.0 for 1 hour, retaining over 88% relative
activity. The Est-2 was very thermostable retaining its full activity after being incubated for 30
min at 75 °C (Sayer et al., 2016).

5.5 Other thermostable esterases

Metagenomic mining has also uncovered a new family of esterolytic enzymes of bacterial
origin. A new esterase, termed EstDZ2, was discovered from a metagenome originating from
a thermal spring in the Kamchatka Peninsula in the Far Eastern region of Russia (Menzel, et
al., 2015). Unbiased phylogenetic analysis demonstrated that the EstDZ2 amino acid
sequence forms a deep branch that includes only functionally uncharacterized bacterial
sequences, along with a few hydrolytic enzymes of animal and plant origin. This unique
phylogenetic positioning suggested that EstDZ2 defines a novel family of esterolytic
enzymes originating from bacteria (Zarafeta et al., 2016a), which has been named Family
XV. EstDZ2 and other Family XV enzymes were found to be most closely related to Family
IV and to a smaller extent to Family VII esterases. However, Family XV enzymes contain a
highly conserved GHSAG catalytic motif, which is rare in other families of esterolytic
enzymes. The nearest EstDZ2 homologue was found to be an uncharacterized lipase from
“‘Candidatus Acetothermus autotrophicum” (Takami et al., 2012), a non-culturable
representative of Acetothermia (OP1) candidate division (Hugenholtz et al., 1998), which is
considered one of the deepest bacterial lineages (Jumas-Bilak et al., 2009). OP1 was one of
the putative new bacteria phyla identified a few years ago following 16S rRNA sequencing of
genetic material recovered from the Obsidian pool (OP), a thermal spring located at the
Yellowstone National Park, USA (Rohini Kumar and Saravanan, 2010). It remains uncultured
until today and poorly characterized, hence, a candidate division (phylum). Interestingly, all
five open reading frames contained in the estDZ2 contig encode for proteins whose nearest
homologues are found in “Candidatus Acetothermus autotrophicum”. This indicates that the
entire contig originates from OP1. Hence, it appears that estDZ2 has not been horizontally
transferred recently, but has been evolutionary stable for a while, a feature supporting a
functional role for the EstDZ2 esterase in this microorganism. In terms of catalytic properties,
EstDZ2 efficiently catalyzed the hydrolytic cleavage of medium chain fatty acid esters at 25-
60 °C and pH 7-8. Furthermore, EstDZ2 exhibited moderate thermostability (half-life of >6h
at 60 °C), but possessed high stability at elevated concentrations of organic solvents, such
as methanol, ethanol, acetone, isopropanol, 1-butanol, acetonitrile, isooctane and n-hexane
(Zarafeta et al.,, 2016a). Multiple sequence alignment, combined with computational
modelling of its 3D structure, revealed that EstDZ2 lacks the largest part of the “cap” domain,
a structural domain that is encountered in all but a small number of esterolytic enzymes (Wei
et al., 1998; Benavente et al.,, 2013; Sayer et al.,, 2015) and whose expanded structure
characterizes the closely related Family IV esterases structurally (Wei et al.,, 1999; De



Simone et al.,, 2000; Mandrich et al, 2005). These results suggest that EstDZ2 differs
significantly from previously characterized esterolytic enzymes both in sequence and
structure.

Other new thermostable esterase enzymes have been identified by bioinformatics analysis
and these have provided knowledge of the increased diversity within this enzyme class. A
very thermostable esterase has been identified in a microbial community isolated from a
Chinese hot spring (Zarafeta et al., 2016b). Genomic screening identified it to originate from
a Dictyoglomus bacterium. Biochemical characterization of this esterase revealed its
preference for slightly basic conditions and fatty acid ester substrates with short to medium
carbon chain length. The enzyme is remarkably thermostable and can maintain activity after
exposure to 95 °C for several hours. Furthermore, it is very stable when exposed to high
concentrations of organics. The so-called EstDZ3 is a member of the family 5 o/
hydrolases. Molecular modelling of the enzyme structure has revealed a subdomain
insertion, which is also encountered in its closest homologue, the cinnamoyl esterase Lj0536
originating from Lactobacillus johnsonii (29% sequence identity). This sub-domain insertion
in the Lj0536 enzyme is proposed to be important for its substrate specificity (Lai et al.,
2011).

5.6 Novel limonene-1,2-epoxide hydrolases

A bioinformatics search of the HotZyme metagenomic assemblies available from the
Anastasia platform was carried out to identify novel sequences showing similarity to the
limonene-1,2-epoxide  hydrolases (LEHs) from Rhodococcus erythropolis and
Mycobacterium tuberculosis. Cloning and heterologous production of two newly identified
LEHs (Tomsk-LEH and CHS55-LEH from metagenomes isolated in Russia and China,
respectively) was carried out together with that for the well studied R. erythropolis LEH (Re-
LEH) to act as a control (Ferrandi et al., 2015b).

The LEH variants were obtained in good yields and purity by purification on Ni-NTA resin and
their performances under different reaction conditions were evaluated using the model
substrate cyclohexene oxide and monitoring the biotransformations by chiral GC analysis.
The influence of pH on the activity and stability of the novel EHs was evaluated within the pH
range between pH 5.0 and 9.5 because most of the epoxide substrates are not stable at
either very high or very low pHs. The best performances were observed at pH 8.0 for both
enzymes. In agreement with their environmental origin, both enzymes showed a thermophilic
character, with optimal activity at 40 °C and 60 °C for Tomsk-LEH and CH55-LEH,
respectively. The observations recorded were consistent with the high melting temperatures
of the two novel LEHs estimated by thermal shift analysis (74.5 °C and 79.7 °C for Tomsk-
LEH and CH55-LEH, respectively).

Crystallization studies performed on the purified enzymes provided high quality crystals
suitable for structure determination. The 3D structure of Tomsk-LEH was solved at 1.3 A
resolution (PBD: 5AIF) by molecular replacement using Re-LEH as a model. Subsequently,
the CH55-LEH structure (PDB: 5AIH) was obtained starting from the corresponding crystals,
which diffracted to 1.4 A resolution, and solved using Tomsk LEH (48% sequence identity).
For both enzymes, the structural characterization confirmed the occurrence of a dimeric
guaternary structure which is in agreement with the behaviour shown by the proteins during
gel filtration chromatography under native conditions. Moreover, they showed to be very
similar, from a structural point of view, to each other as well as to Re-LEH (Fig. 14A). In fact,



the tertiary structure of each monomer consists of a six-stranded 3-sheet, which is curved
and mixed and where three a-helices are packed onto its concave side to form a deep active
site cavity. More detailed analysis of the active site pocket showed the presence of a cluster
of polar/charged residues (Asn34/34, Arg78/80, Aspl111/112, and Asp80/82 in Tomsk-LEH
and CH55-LEH, respectively), in a predominantly hydrophobic environment (Fig. 14B). The
conservation of these residues in Re-LEH, where their essential role in the catalytic
mechanism has been previously demonstrated, supports the fact that the discovered LEHs
act in oxirane ring activation and hydrolysis by a similar way. Moreover, a co-crystallized
complex of Tomsk-LEH crystals with the epoxide hydrolases inhibitor valpromide (PDB:
5AIG) showed hydrogen-bonding interactions between the carboxamide group of
valpromide, Asp80 and a catalytic water molecule. However, the observed different
positioning of a3 helix suggests the existence a slightly less accessible and more
hydrophobic active site in the novel LEH enzymes than in Re-LEH. As far as the superior
thermostability of the metagenome-derived LEHs, a comparative computational analysis has
recently allowed the identification of key determinants ("hotspots") of LEHs structural
stabilization (Rinaldi et al., 2017). Interestingly, while the mesophilic Re-LEH and the novel
thermostable LEHs share a very similar flexibility profile with a main folding core in each
protein monomer, both Tomsk-LEH and CH55-LEH showed an extended pattern of intra-
and inter-monomer interactions that can have a relevant role in their stability at high
temperatures. The stabilizing contribution of specific amino acidic residues was probed by
structural characterization of variants obtained by site-directed mutagenesis.

The effects of the structural variations on the specific activity and selectivity of the LEH
variants in the hydrolysis of different epoxide substrates, e.g., limonene-1,2-epoxides, cyclic
meso-epoxides, aromatic and aliphatic terminal epoxides, were evaluated by estimating the
performances of the enzymes in kinetic resolution and desymmetrization reactions (Ferrandi
et al., 2015b).

Among the tested substrates, a higher activity of the novel LEHs was shown towards the
meso-epoxide cyclohexene oxide, while lower conversion rates were observed with the Cs-
or C,-ring derivatives. The novel LEHs were generally significantly more stereoselective than
Re-LEH. Moreover, the (1S,2S)-diol was always the preferred product of the thermostable
variants, while Re-LEH showed a slight preference for the formation of the (1R,2R) product
in the case of the cyclopentene and cyclohexene epoxides. When tested in the hydrolysis of
racemic mixtures of different terminal epoxides, CH55-LEH showed a high activity in the
presence of the aromatic derivative styrene oxide, although with quite low enantioselectivity.
The most interesting results in terms of stereospecificity were obtained when comparing the
activity of the thermostable LEHs with that of Re-LEH towards different limonene-1,2-epoxide
isomers. In fact, differently from Re-LEH, both Tomsk-LEH and CH55-LEH preferred the
trans isomer of (+)-limonene oxide and the cis isomer of (-)-limonene oxide (Fig. 15).

A preliminary structural analysis indicated that the minor accessibility of the active site in
Tomsk-LEH and CH55-LEH when compared to Re-LEH may be related to the observed
opposite stereopreference. In fact, in the absence of particular steric constraints, i.e., in the
case of Re-LEH, the hydrolytic opening of the cis isomer of (+)-limonene oxide, as well as of
the trans isomer of (-)-limonene oxide, is energetically favourable due to the presence and
conformation of the isopropenyl substituent.

A more detailed structure-based rationalization of the observed opposite stereoselectivity
was obtained by modelling the four limonene oxides isomers into the LEHs active sites. This
study has allowed the identification of different steric factors which could limit the access of



the limonene oxide isomers in Tomsk-LEH and CH55-LEH, thus governing the
stereoselectivity of epoxide opening when using these enzymes. In particular, the presence
of a bulky tryptophan residue (Trp 62/60) in both Tomsk-LEH and CH55-LEH, instead of a
valine (Val83) as in Re-LEH, may hinder the efficient binding of all the isomers, as well as
their interaction with catalytically relevant active site residues. This hypothesis was confirmed
by studying the Trp62/60/Val variants of the Tomsk-LEH and CH55-LEH enzymes. In fact, in
both cases, a significant change in the stereospecificity in limonene oxides opening was
shown. The stereopreference of Tomsk-LEH W62V for trans-(+)-limonene oxide and cis-(-)-
limonene oxide decreased remarkably, while in the case of CH55-LEH W60V, a
stereospecificity switch towards the cis form of (+)-limonene oxide and a lack of preference
for the hydrolysis of any of the two possible isomers of (-)-limonene oxide were observed.
Four complete sequences showing an a/B hydrolase fold with good homology with known or
predicted EHs were identified by searching into the HotZyme assemblies. PCR amplification
of the genes coding for the EH homologues from metagenomes was successfully performed
and has enabled two new EHs which have been characterized biochemically and structurally
(Ferrandi et al., 2018, submitted).

5.7 A novel cellulase

A novel cellulase was identified in the A5-7T enrichment sample through bioinformatics
screening (Zarafeta et al., 2016c¢). The gene consists of 1155 bps and has a 59% sequence
homology to a characterized endoglucanase from Bacillus akibai. Also, the sequence was
95% homologous to a putative glycoside hydrolase family protein from Thermoanaero-
bacterium saccharolyticum. The protein was predicted to have a putative transmembrane
helix at the N terminus, so the first 27 amino acids were replaced by a hexahistidine tag prior
to recombinant production and purification. The truncated protein, designated as CelDZ1,
showed improved expression levels and resistance to degradation compared to the full
length protein. CelDZ1 was over-expressed from the pET-28a(+) expression vector in E. coli
BL21 (DE3) and purified by immobilized metal ion chromatography. For biochemical
characterization, pure enzyme was used in reactions containing CMC as the enzymatic
substrate.

To obtain the pH profile of CelDZ1, the enzyme was assayed within the pH range of 4-10 at
40 °C. The assay revealed that pH 5 is the optimum pH for CelDZ1. At pH 6, the activity of
the enzyme is 72% and at pH 4.9 and 10 the enzyme is inactive. CelDZ1 has a broad
temperature range of action with activity of over 40% between 45 and 75 °C. Its optimum
activity was at 70 °C and at 80 °C the activity drops to 21%, and is inactivated over 85 °C.
The CelDZ1 remained stable when incubated at 65 and 70 °C for 24h. When the enzyme
was incubated at 75 °C, its activity dropped to 20% within the first hour of incubation.
Importantly, CelDZ1 has been found to be highly halotolerant, with its activity remaining
unchanged for up to 4 days in the presence of 5 M NaCl and 4 M KCI. This property of
CelDZ1 is important for industrial processing of high salinity biomass, and unusual for an
enzyme that was not isolated from a high-salt native environment.

The activity of CelDZ1 was also measured in the presence of a range of metal ions, reducing
agents, detergents and organic solvents. LiCl,, CaCl,, CuCl, and zZnCl,, when added at the
concentration of 1 mM, had no effect on the enzyme, whereas MnCl, stimulated the
enzyme’s activity. Also non-ionic surfactants such as Triton X-100, Tween 20 and Tween 40
stimulated the enzyme when added at a concentration of 1% v/v. The addition of 1% of the



organic solvents methanol and ethanol improved the activity of CelDZ1, 5% of the solvents
caused a drop of the enzymatic activity down to 68% and 57% and at 10% of organic
solvents concentration the activity of CelDZ1 reduced to 44% and 14%, respectively.

The substrate specificity of CelDZ1 was studied by assaying the enzyme against a range of
polysaccharides. The substrates used in this assay included CMC, xylan, 3-D-glucan from
barley, cellobiose, avicel, galactomannan, laminarin and methyl cellulose. The CelDzZ1
exhibits maximum activity against barley glucan followed by CMC. The rest of the substrates
did not display measurable activity. Thus, it was concluded that CelDZ1 is a novel endo-
glucanase for soluble cellulose. The Michaelis-Menten kinetic constants K, and V.« were
determined using the initial reaction rates for the different concentrations of CMC. The K,
was calculated at 22.73 g/l £3.24 and Vs at 0.41+0.04 g/l/min.

CelDZ1 was crystallized in condition G6 of the Stura Footprint screen (Molecular
Dimensions). Crystals diffracted to 1.9 A in the space group C2 with unit cell parameters a=
107.3, b=137.5, ¢c=121.3 A, a=90° B=114° y=90°. The structure was solved using molecular
replacement using the Bacillus alkaline cellulase K (PDB 1G01) (Zarafeta et al., 2016c). The
structure of CelDZ1 is a conserved a/f barrel similar to other known GH5 structures. The
catalytic residues were identified based on the sequence similarity and structural
superimposition to the Bacillus enzyme. This identified Glul92 which functions as an
acid/base and Glu294 which functions as a nucleophile in the catalytic mechanism. There is
a clear groove running along one face of the enzyme and superimposition of the Bacillus
enzyme shows the binding site of the cellobiose. The majority of the active site residues are
conserved between the two enzymes with the only difference being Leul55 in the Cel5DZ1
structure compared to His333 in the Bacillus enzyme structure, which is in close proximity to
the CH,OH group of one of the glucose units. X-ray crystallography of CelDZ1 has revealed
structural features which provide potential explanations about the biochemical characteristics
of this new enzyme. CelDZ1 represents the first reported cellulase structure that lacks the
defined sugar-binding 2 subsite which is present in other cellulases. While most of residues
forming sugar binding subsites -3 to 1 are conserved between CelDZ1 and Cel5A (PDB
1H5V) the residues His206 and GIn 180 which form subsite 2 in Cel5A are replaced by
Ala265 and Thr239 respectively in CelDZ1 and are unable to bind a sugar unit at this
position (Fig. 16A and 16B). The highly negative surface of the enzyme especially in the
active site channel is shown by the red colour (Fig. 17).

5.8 An unusual multi-domain glycosidase from Thermococcus sp.

For the identification of novel thermostable hydrolases, we applied an in-situ enrichment
strategy (Kublanov et al., 2009, Gavrilov et al., 2016). 18 ml Hungate tubes were filled with
the hot vent water and incubated in the respective hot vent, located in the tidal zone of
Kunashir Island (Kuril archipelago). Xylan was added before incubation as a carbon and
energy source. This enrichment strategy led to the identification of a novel hyperthermophilic
member of the Thermococcales (Euryarchaeota), named Thermococcus sp. strain 2319x1.
The organism showed optimal growth at 85 °C and neutral pH (pH 7.0) using a variety of
polysaccharides such as amorphous cellulose (AMC), carboxymethyl cellulose (CMC), chitin,
xyloglucan, and xylan.

The genome enabled the reconstruction of the different polysaccharide degradation
pathways, identification of transport systems and central carbohydrate metabolism. Whereas
the modified Thermococcales-like Emden-Meyerhof-Parnas pathway was identified for D-



glucose degradation the respective candidates involved in D-xylose metabolism could not be
assigned pointing towards a novel metabolic route.

In addition, the available genome information allowed the identification of a novel
multidomain glycosidase (MDG) with a new domain structure (Gavrilov et al., 2016). The
enzyme comprises three glycoside hydrolase (GH) domains (one GH family 5 and two GH
family 12 domains), and two carbohydrate-binding modules (family 2, CBM2). The respective
domain order from the N- to C- terminus (GH5-12-12-CBM2-2) is shown in Fig. 18A. In order
to retrieve functional information for the whole protein and different domains the full length
MDG and different truncated versions with variable domain composition were heterologously
expressed in E. coli and their enzymatic activity was analysed.

Among others the hydrolytic activity was analysed on carboxymethyl cellulose (CMC) agar
plates (Fig. 18B). The MDG full length (~143 kDa) and truncated versions (i.e. GH5-12-12
(~125 kDa), GH5-12 (~88 kDa) and GH5 (~46 kDa)) were enriched by heat precipitation
(60°C) and 5-10 pg protein were spotted on CMC agar. As a negative control the crude
extract of the expression strain (E. coli BL21 (DE3) pRIL) with empty vector (pET24a) was
applied. Hydrolytic CMCase activity was confirmed for the MDG as well as for all truncated
proteins on CMC agar plates (Fig. 18B).

In addition, the substrate specificity of the different recombinant proteins and their specific
activity with different substrates was analysed. The full length MDG was found to hydrolyze
various polysaccharides and displayed the highest activity for barley B-glucan (3-1,3/1,4-
glucoside). Reduced activity was observed for carboxymethyl cellulose (3-1,4-glucoside),
cello-oligosaccharides and galactomannan.

This approach embracing in situ enrichment, (comparative) genomics, cloning and classical
biochemistry demonstrates the need and the potential of combined methods for the
screening and characterization of novel enzymes with high biotechnological potential.

6. Industrial applications

Enzymes in their endogenous form have a deep association with mankind with enzymes
such as malting amylases from malted barley and rennin protease, isolated from stomach
tissue for cheese production, to name two common examples. The modern era of enzymes
and their industrial use however really only started during the 1960’s when microorganisms,
typically grown in large fermenters, became more widely used. The advantages of microbial
production of enzymes are many and include: cheap and plentiful nutrition sources, rapid
growth, high enzyme production, low biomass to enzyme output ratio and scalability. These
advantages allow enzymes to be produced in quantities that enable them to be used in
modern industrial processes (Aehle, 2007; Franssen et al., 2010; Buchholz et al., 2012;
Grunwald, 2015; Liese et al. 2016; Faber, 2018) and to compete with traditional, often
chemical based solutions, if indeed such solutions exist. The industrial enzyme market is
estimated to be approximately 14.5 billion USD per year and growth is expected to continue.
Hydrolases have become workhorse catalysts for in many different application areas like
nutrition, bioenergy, chemical, agro, flavours and fragrances, cosmetic, biomedical and



pharmaceutical industries (Meyer et al., 2013). The acceptance and inclusion of hydrolase-
catalyzed reactions steps in industrial large-scale manufacturing processes has to do with
the straightforward and well-established use of this robust and scalable enzyme technology
requiring only standard equipment and no cofactors. Prerequisites for designing efficient and
viable hydrolase-catalysed industrial processes are clear targets for reaction performance,
fast and meaningful analytical methods for measuring product formation and the availability
of substrates and hydrolases with the desired properties. What makes hydrolases attractive
for numerous applications in many different industrial areas is their diversity and versatility in
hydrolysing a large range of substrate classes, from small to large molecular weight
compounds.

The vast majority of industrial enzymes are hydrolases. These act on a variety of bonds,
catalyze their cleavage and degrade compounds with high molecular weights into smaller
components. This grouping includes protein-degrading enzymes. Proteinases have
historically been widely used in detergents but new applications, such as feed enzymes have
recently been established. By total sales, detergent enzymes is one of the largest segments.
Savinase, a serine protease of the category PEPSS, is found in nearly all laundry detergent
formulations. Proteases are effective for removing protein rich stains such as grass and
blood from clothing. Besides enzymes like proteases or lipases in which the main effect is
stain removal, enzymes can also act on the fabric itself. Certain cellulases that are active on
amorphous cellulose can remove cellulose fibers and pills from the surface of cotton fabric
while leaving the crystalline cellulose fibers constituting the fabric itself intact.

Another significant industrial enzyme class are amylases, which are used in two main areas:
removal (desizing) of newly woven fabric and in the production of biofuels. In the first case,
starch is used as a thread lubricant in high speed looms used to make the fabric. After
weaving, the starch sizing agent must be removed and this is where amylase is used to
hydrolyze the starch and therefore assist in this process. Amylases are also used in the total
hydrolysis of starch to yield glucose which can be used directly or fermented into ethanol, the
so named first generation ethanol production.

As opposed to first generation ethanol production, where essentially only amylases are
needed to produce fermentable glucose, production of glucose from cellulosic biomass
requires a suite of enzymes. This is because lignocellulose, as an important building block of
the cell walls in plants, is resistant to degradation. An assortment of endo and exo acting
cellulases are required to liberate the glucose disaccharide cellobiose which is further
degraded to glucose by glucosidase enzymes. One key enzyme in lignocellulose
degradation for bioethanol applications is the cellulose bond breakage through the action of
LPMO (lytic polysaccharide monooxygenase). LPMO enzymes can attack highly crystalline
cellulose by oxidation at the carbon in the 1- or 4-position in cellulose (Hemsworth et al.
2013).

Novel hydrolases have also shaped very much the synthesis of a large number of chiral and
non-chiral small molecular weight compounds like amides, esters, lactones and epoxides.
Hydrolases have also been shown to catalyse the reverse reaction of synthesis by utilizing
various tools for avoiding the hydrolysis direction, such as the use of organic solvents,
irreversible donors or specifically selected or engineered hydrolases. The ability to dissolve
water-insoluble substrates/products, to change the thermodynamics of the reaction system
or to increase selectivity can be an additional advantage in using non-conventional media
like organic solvents. Even though hydrolase-catalyzed reactions are preferred reaction



steps, their early integration into the overall synthetic route is essential, e.g. when
resolutions, deracemizations, desymmetrizations or deprotections are considered. Hydrolytic
resolutions can build on a large variety of easily accessible substrates, while desymme-
trizations of prochiral substrates are attractive due to their potential of complete conversion
into one enantiomerically pure product. The translation from laboratory to industrial large
scale can build on a vast experience in hydrolase-catalyzed reactions (Blaser and Federsel,
2010), from engineering of batch or continuous reactions, use of soluble or immobilized
enzymes, aqueous or non-aqueous media to downstream processing, product recovery and
purification.

The synthetic application of epoxide hydrolases with extraordinarily high stereoselectivity in
numerous biocatalytic epoxide ring-opening reactions aimed at the preparation of chiral
epoxides and diols has been widely demonstrated in the last years (Kotik et al.,, 2012;
Wohlgemuth, 2015). Recently, a set of different limonene epoxide hydrolases (LEHS)
showing complementary stereopreference for the limonene oxide isomers has been
successfully employed in the enzymatic preparation of all imonene oxide stereocisomers and
limonene diols in enantiomerically pure form (Ferrandi et al., 2015a). Fine-tuning of the
biotransformation processes allowed the simultaneous gram-scale preparation of different
limonene oxides and diols in high enantiomeric purity by choosing the biocatalyst with the
desired stereospecificity (Fig. 19). It is worth mentioning that all these epoxide resolutions
could be achieved with good to excellent space-time yields and productivity under solvent-
free conditions as all the LEHs were capable to act in a biphasic reaction system with neat
substrates as a water-immiscible phase.

Beside the importance of individual structural and molecular characteristics of hydrolases
and their catalytic mechanisms for the hydrolysis of large molecular weight substrates as well
as small molecular weight compounds, there are also common aspects in industrial
applications. The common features about the many different novel thermostable hydrolase
activities and their specific industrial applications are listed in table 3.

Table 3. 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 Hydrolysis of large carboxylic esters, resolution of
racemates, stain removal by fat and lipid hydrolysis

Epoxide Hydrolases Synthesis of epoxides and vicinal diols, resolution of
mixtures of cis/trans-isomers by selective ring-opening of
epoxides

Cellulases Hydrolysis of cellulose in biomass conversionand textile
treatment

Xylanases Hydrolysis of xylan polysaccharides in pulp and paper




applications and biomass conversion

Proteases Stain removal by protein hydrolysis in detergent and laundry
applications
Cutinases Degradation of polyethylene terephthalate

Lignin degrading enzymes | Depolymerization of lignin in biomass conversion, pulp and
paper applications

Glycosidase- Hydrolysis of B-glucan
Endoglucanase/
Mannosidase

The integration of desired targets for products and hydrolase-catalyzed bioprocesses with
the search and selection of the ideal hydrolases, the process design, reaction engineering
and rapid prototyping is key for the many successful applications in numerous industries
(Ghisalba et al. 2010; Meyer et al. 2013; Wohlgemuth, 2017; de Gonzalo and de Maria,
2018).

7. Perspectives

For the transition towards more sustainable processes, we need novel robust biocatalysts
that can resist extremes of pH and temperature, solvents and salts. Extremophilic microbes
are a natural reservoir of such robust enzymes. While the HotZyme project contributed to this
goal by identifying novel thermostable hydrolases from high temperature microbiomes, many
challenges remain in all aspects of such an undertaking.

The mining of high temperature environments remains a rich source of new thermostable
enzymes and metabolites and their potential is promising and just beginning to be explored.
Advances over the past decades of various ‘omics’ technologies - such as genomics,
transcriptomics, proteomics, or metabolomics - have made their application to diverse high
temperature environments feasible for life science laboratories. Generating enormous
environmental datasets is not the limitation, however, mining these large and complex
datasets for relevant targets is still challenging. The greatest challenge is gene annotation,
especially of the large number of genes that have no obvious function. Due to errors in
databases, also regarding inference of gene functions by sequence identity, annotation might
not give the actual function. Sequence annotation is therefore only a first step towards
functional characterization. As the HotZyme Project has demonstrated, it takes a
combination of approaches to succeed. In the future, continued efforts at understanding the
fundamental biochemistry of microbes from high temperature environments will undoubtedly
advance our ability to mine these environments for useful products.

For functional screening, an enormous amount of different screening techniques are
available, but unfortunately they are not yet applicable for every individual enzyme. The
major challenges for each screening method are the heterologous expression of the enzyme,
the possibility to screen in a high-throughput manner and the substrate availability for both
the researcher and the enzyme. Expanding the host repertoire, using high-throughput
bioreporter-based or microfluidics-based screening and developing new substrate synthesis
methods could help tackle most of these challenges. Although in vivo screening always faces



the challenge of getting the substrate and the enzyme together due to the presence of the
cell membrane, there are ways around this, for example by modification of the cell
membrane to incorporate additional compounds and by cell lysis and using an in vitro system
Once target enzymes have been identified and characterised a synthetic biology approach
can be developed for in vivo production of important molecules by introduction of non-natural
pathways in an appropriate host organism such as E. coli. New non-natural pathways can
also be developed in vitro by performing enzymatic reactions which are compatible with each
other in one pot or separating in space or time enzymatic reactions which are incompatible
(Wohlgemuth, 2018).

As it is also important to describe and store the wealth and growing understanding of novel
hydrolase structure-function relationships in a way which allows fast retrieval, novel
bioinformatics tools and the enzyme function database STRENDA (Gardossi et al., 2010;
Swainston et al.,, 2018) will contribute to further expand applications of hydrolases which
have been already discovered

7. Conclusions

The search for thermostable hydrolases with novel functions and appropriate performance
for industrial applications is of much interest, because thermostable enzymes provide
additional benefits compared to their mesophilic counterparts. These benefits include higher
stability and better productivity. However, discovering the desired hydrolases presents a lot
of challenges ranging from microbial sampling to characterization. The Hotzyme project
therefore aimed to discover novel thermostable hydrolases from hot environments by using a
multidisciplinary approach that combined various mining and screening methods,
bioinformatics, and detailed functional and structural characterization of the discovered
enzymes. Targeted enzyme classes included lactonases, esterases, epoxide hydrolases,
cellulases and xylanases. The fruitful outcome of this project comprised hundreds of
environmental samples from hot springs worldwide, thousands of enrichment cultures
growing on polymeric substrates of industrial interest, 15 hot spring metagenomes, several
sequenced isolate genomes and transcriptomes, and 100 potentially new hydrolases of
which more than a dozen were biochemically and structurally characterized. The
characterized hydrolases include thermostable carboxylesterases, enol lactonases, quorum
sensing lactonases, gluconolactonases, limonene epoxide hydrolases, a3 hydrolase fold
epoxide hydrolases and cellulases. Apart from the novel thermostable hydrolases and the
enormous potential to discover more of these enzymes from the obtained samples and data,
several tools were developed to facilitate annotation and screening, for example the
annotation platform Anastasia and a whole-cell bioreporter-based functional screening
method. The success of the HotZyme project shows that there are still a lot of hydrolases to
be discovered. It was especially the multidisciplinary approach, in which 13 groups each
having a different expertise worked together in a consortium, that made this project so
successful. The vast diversity of hydrolase enzymes from hot environments, the new
approaches and tools developed provide an enormous treasure for expanding the already



well established hydrolase applications and will be a very valuable asset for the further
exploration of uncharted novel hydrolase territories.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Schematic workflow with exploration of the biodiversity of hot environments
using different mining approaches (red boxes), involving the development of
novel bioinformatic tools and platforms (blue boxes) and different screening
methodologies (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 potential commercialisa-
tion (yellow box).

Selected sample sites for mining natural thermal environments: A) Kunashir in
situ, Dr. E. Taranov is gratefully acknowledged for providing figure 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.

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).

Lacl-based bioreporter with double reporters. (A) Selection based on
leucine auxotrophy complementation. The plasmid-encoded reporter
gene leuB was induced by various concentrations of the inducer IPTG.
Bacteria were grown in M9 medium for 48 h. (B) Screening based on
bioluminescence. The plasmid-encoded reporter operon luxCDABE
was induced by various concentrations of the inducer IPTG. Bacteria
were grown in LB medium for 4.5 h. System: auxotroph E. coli
BW25113 Alacl AleuB ArecA (LLR) with the regulator-reporter plasmid.
Neg. ctrl.: auxotroph LLR with the regulator-reporter plasmid with a
frameshiftin leuB (A) or luxA (B). Pos. ctrl. (only in (A)): non-auxotroph
E. coliBW25113 Alacl ArecA (LR) with the regulator-reporter plasmid
with a frameshift in leuB. The data are an average of three independent
experiments (standard deviation indicated). L, leakiness; M, maximal
signal; D, dynamic range; S, sensitivity. For L and M, the neg. ctrl.
signal was subtracted from the system signal.



Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Representative enzyme substrates which have been used for the discovery
and characterization of novel hydrolases described in this section

The overall a/B structural fold of the C. hydrogenoformans lactonase enzyme
with the catalytic triad characteristic of esterase enzymes shown in  stick
representation. Subtle differences in the aminoacids within the binding
pockets determine the preference for lactone substrates.

The structure of the substrates used in the molecular modelling ligand docking
studies of the C. hydrogenoformans lactonase enzyme.

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 experimental results
showing no activity as on this substrate.

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.

A comparison of the carboxyl esterase TtEst2 (PDB: 5A09) 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.

An electrostatic surface representation of the carboxyl esterase TtEst2 of T.
terrifontis with the esterase catalytic triad highlighted as stick models. This
highlights the exposed active site groove running along the surface of the
enzyme.

The a/p hydrolase fold of the A. fulgidus Est-2 with the esterase catalytic triad
shown as stick models (PDB code 5FRD). This enzyme has a coenzyme A
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.



Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

A figure showing the kinetics of the reaction of the A. fulgidus Est-2 at 50
and 70 °C with the industrially interesting substrate, methyl p-toluate.

Structure comparison of the thermostable limonene-1,2-epoxide hydrolases
with the LEH of R. erythropolis, A) Overall structure alignment of Tomsk-LEH
(PDB: 5AIF, orange), CH55-LEH (PDB: 5AIH, 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.

Specific activity of the thermostable limonene-1,2-epoxide hydrolases
(LEHs) and R. erythropolis LEH (Re-LEH) towards different limonene oxides
Isomers

A representation of the substrate binding in CelDZ1. A) The electrostatic
potential surface of CelDZ1. The known structure of a related cellulase Cel5A
(PDB 1H5V) with a bound substrate analogue, thiocellopentoside, was
superimposed on CelDZ1. The bound ligand is shown as a stick model, the
sugar binding subsites numbered. B) most of the residues forming sugar
binding subsites -3 to 1 (ball and stick model) are conserved between CelDZ1
(cyan carbons) and Cel5A (yellow carbons) the residues His206 and GIn180
which form subsite 2 (marked by an asterisk) in Cel5A are replaced by Ala265
and Thr239 respectively in CelDZ1 and are unable to bind a sugar unit at this
position.

A surface representation of the cellulase Cel5DZ1 enzyme. A superimposition
with the Bacillus enzyme (PDB: 1G01) provides the location of the cellobiose
binding site shown in green stick mode.

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) Hydrolytic 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, 15 min at room
temperature. For detailed discussion see text.

Gram-scale kinetic resolutions of (+)- and (-)-limonene oxide (A and B,
respectively), catalysed by LEHs showing complementary stereo-preference



Highlights

The whole workflow from discovery to industrial application is
covered.

Mining the environment resulted in hundreds of environmental
samples from hot springs worldwide, thousands of enrichment
cultures, 15 metagenomes from hot springs, several sequenced
isolate genomes and transcriptomes.

New tools for facilitating annotation and screening have been
established.

Sequence-based and functional screening has lead to 100
potentially new hydrolases.

More than a dozen new hydrolases have been characterized
biochemically and structurally.
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Enzyme Specific activity (U/mg)

(+)-Limonene-1,2-oxide

(-)-Limonene-1,2-oxide

iol o2

/=\ /z\

(1R.2S,4R) (1S,2R4R) (1S,2R 4S) (1R25,4S)

(+)-cis (+)-trans (-)-cis (-}trans
Re-LEH 30575 2400 1500 6475
Tomsk-LEH 22 200 150 4
CH55-LEH 293 440 365 7
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