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Metagenomics is a culture-independent technology that allows access to novel and potentially useful genetic re-
sources from a wide range of unknown microorganismes. In this study, a fosmid metagenomic library of tropical
underground water was constructed, and clones were functionally screened for extracellular proteolytic activity.
One of the positive clones, containing a 41,614-bp insert, had two genes with 60% and 68% identity respectively
with a peptidase S8 of Chitinimonas koreensis. When these genes were individually sub-cloned, in both cases their
sub-clones showed proteolytic phenotype, confirming that they both encode functional proteases. These genes —

Eﬁm:ﬁdependem analysis named PrAY5 and PrAY6- are next to each other. They are similar in size (1845 bp and 1824 bp respectively} and
Enzymes share 66.5% identity. An extensive in silico characterization showed that their ORFs encode complex zymogens
Metagenomics having a signal peptide at their 5’ end, followed by a pro-peptide, a catalytic region, and a PPC domain at their
Proteases 3’ end. Their translated sequences were classified as peptidases S8A by sequence comparisons against the non-

Serine proteases
Yucatdn aquifer

redundant database and corroborated by Pfam and MEROPS. Phylogenetic analysis of the catalytic region showed
that they encode novel proteases that clustered with the sub-family $8_13, which according to the CDD database
at NCBIL is an uncharacterized subfamily. They clustered in a clade different from the other three proteases S8
found so far by functional metagenomics, and also different from proteases 58 found in sequenced environmental
samples, thereby expanding the range of potentially useful proteases that have been identified by metagenomics.
[-TASSER modeling corroborated that they may be subtilases, thus possibly they participate in the hydrolysis of
proteins with broad specificity for peptide bonds, and have a preference for a large uncharged residue in P1.

© 2016 Flsevier B.V. All rights reserved.

1. Introduction

Proteases (synonym of peptidases) are hydrolytic enzymes which
catalyze the cleavage of peptide bonds of other proteins, and in some
cases they even have the capacity to cleave themselves (Zheng et al.,
2002). They are produced by all living beings, in which they play impor-
tant physiological roles, e.g. in catabolism, protein turnover, and cell di-
vision. In the market of biotechnological products, proteases constitute
the most important group of commercial enzymes. They are used for a
wide range of applications, especially in detergent, food and pharma-
ceutical industries {Sawant and Nagendran, 2014}, which are eager for
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novel proteases that can better fulfill their process requirements. Specif-
ically, peptidases S8 (also called subtilases} have an outstanding rele-
vance in the detergent industry (Niehaus et al., 2011}, which has the
largest share of the enzyme market (Gupta et al., 2002).

Although proteases can be obtained from plants and animals, micro-
bial proteases have conquered two thirds of the global protease market,
mainly because they are easier to extract and face less climatic and eth-
ical issues (Rao et al., 1998). Until some years ago, the search for novel
microbial proteases was conducted exclusively by traditional microbiol-
ogy procedures based on the cultivation of microorganisms. Neverthe-
less, nowadays we know that these procedures exclude up to the 99%
of the total bacteria present in a given environmental sample {Torsvik
et al., 1990; Amann et al., 1995). Functional metagenomics arose as
the most promising alternative to search for novel biological enzymes
with potential industrial relevance from uncultivated microorganism
{(Chistoserdova, 2009). It basically consists in extracting and cloning
the total microbial DNA contained in an environmental sample
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{constructing a metagenomic library), and screening the clones by ap-
propriate functional assays to detect those with a desired phenotype.
Thus, it is an approach that does not depend on any conserved gene se-
quences, thereby permitting the discovery of unknown genes. This way
of searching has allowed the discovery of several novel enzymes, such
as lipases, esterases, amylases, chitinases and proteases (e.g. Hjort et
al, 2014; Privé et al,, 2015; Vester etal, 2015).

For as we know, there are eleven papers reporting novel proteases
discovered by functional metagenomics: five from DNA in soil samples
{Waschlkowitz et al., 2009; Berlemont et al,, 2011; Niehaus et al,
2011; Biver et al,, 2013; Purchit and Singh, 2013}, one from mud (Lee
et al., 2007}, one from sand (Neveu et al., 2011), one from goat skin
(Pushpam et al., 2011}, one from sediment (Zhang et al., 2011), one
from plankton and rhizosphere (Guazzaroni et al, 2013}, and one
from activated sludge (Morris and Marchesi, 2015}, To our knowledge,
no water body has ever been investigated to search for novel proteases
by means of functional metagenomics. The underground aquifer in
Yucatin is an especially interesting fresh water environment because,
as the ground in the state of Yucatan consists of a highly permeable
limestone, the rain water easily percolates into the subsoil (Bauer-
Gottwein et al., 2011}, collecting and carrying a wide assortment of mi-
croorganisms. Furthermore, as the Aquifer of Yucatdn constitutes an ex-
tensive net of underground rivers, its streams can carry a mixture of
microorganisms from different distant places. Thus, although it should
be a process of natural selection that favors some of thern and elimi-
nates some others, it may contain a representation of microorganisms
of the whole zone.

The aim of the present work was to find novel genes encoding se-
creted proteases, for their potential to be biotechnologically useful,
and to learn the characteristics of these genes, in order to enable their
further overexpression and purification of their products. This paper re-
ports the construction of a large-insert metagenomic library construct-
ed with DNA isolated from Yucatdn aquifer water, the identification
and characterization of two novel protease S8 ORFs found by functional
assays, and the modeling of the enzymes they encode.

2. Materials and methods
2.1. Environmental sample and metagenomic DNA extraction

Sixty liters of underground water from the Yucatin aquifer were
pumped {rom a well (21° 01/ 44" N/89" 38 18" W) and immediately se-
quentially filtered, first through a 5 um Millipore® filter {Cat No:
SVGVO10RS) (Merck-Millipore. Darmstadt, DE}, which was discarded,
and then through a 0.22 um Millipore Sterivex - GV® filter (Cat No:
SVGPB1010), where the prokaryote biomass was trapped. Previously,
the internal surface of all plastic tubes used for pumping had been
disinfected by passing a 10% (v/v} commercial bleach (6% free chlorine}
solution containing 100 uL-L™ ! of Tween 20 {Sigma, St. Louis, US) for
10 min, followed by passing sterile water for another 10 min.
Metagenomic DNA was extracted from the 0.22 um filter using the
“Metagenomic DNA isolation kit for water” (Epicentre-lllumina. Madi-
son, US} following the manufacturer's protocol.

2.2, Library construction and functional screening

A large-insert metagenomic DNA was constructed using the previ-
ously extracted DNA and the “CopyControl®™ HTP Fosmid Library Pro-
duction Kit with pCC2ZFOS®™ Vector™ (Epicentre-lllumina) according to
the manufacturer's instructions, using Escherichia coli EPI300
{Epicentre-Illumina) as host. The quality of the library was evaluated
analyzing the BamHI restriction pattern of inserts from different clones.
Functional screening (for protease activity detection) was performed by
inducing multicopy fosmids with 0.01% L{+ }-arabinose, and growing
the recombinant clones of the library on Luria-Bertani (LB} agar medi-
um supplemented with 2% (w/v} lactose-free skim milk. As selective

agent 12.5 uL-L™ ! chloramphenicol were used. After three days of incu-
bation at 37 °C, protease activity was detected by the presence of a clear
halo around the positive clones.

2.3. Analysis of positive clones

Positive clones were grown overnight at 37 °C and 250 rpm, in
1.5 mL of liquid LB medium containing 12.5 ug-mL~" chloramphenicol
and 0.01% arabinose. Recombinant fosmids were extracted from these
cultures using the “FosmidMAX®™ DNA Purification Kit” (Epicentre-
Illumina) following the manufacturer’s protocol. The BamHI restriction
patterns of positive clones were analyzed in a 0.8% agarose gel, using
“GeneRuler 1 Kb Plus DNA Ladder” (Thermo-Fisher Scientific. Waltham,
US) as molecular-weight marker.

24. DNA sequencing and in silico analysis

Recombinant fosmids from positive clones were sequenced and as-
sembled at the “USU Center for Integrated Biosystems” of Utah State
University using the Ion Torrent chip 314 (Thermo-Fisher Scientific).
ORFs in the contigs were predicted by using the Glimmer3 system
{with default parameters} (Salzberg et al., 1998}, and results were ver-
ified with fgenesB (Solovyev and Salamov, 2011} (http://faww.
softberry.com/berry.phtml? topic=fgenesb). Annotation of these ORFs
was by BLAST analysis against the Non-Redundant NCBI database
{https://blast.nchbinlm.nih.gov/Blast.cgi}. Translation was performed
using the genetic code of Bacteria and Archaea. Identity of the sequences
acknowledged as peptidases was subsequently verified by using Pfam
(http://pfam.xfam.org/), UniProt (http://www.uniprot.org/}), and
HMMER (http://www.eblLac.uk/Tools/hmmer/) databases. Classifica-
tion of the identified proteases was accomplished by using MEROPS—
the peptidase database (http://merops.sanger.ac.uk/). Searching of con-
served domains was conducted with Conserved Domains and Protein
Classification (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shitml}. SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/)
was used for signal peptides prediction, and TMHMM 2.0 server
(http://www.cbs.dtwdl/services,TMHMM/} for trans-membrane helix-
es. Protease sequences were then aligned with the MUSCLE tool indud-
ed in the MEGAG software (Tamura et al, 2013} (http://www.
megasoftware.net/), completed with manual refinements to correct
misalignments. A phylogenetic tree was constructed by using the neigh-
bor-joining method (Saitou and Nei, 1987) with 1000 replicates
(Felsenstein, 1985). Evolutionary distances were computed by the
Poisson correction method (Zuckerkandl and Pauling, 1965).

2.5. Subcloning of PrAY3 and PrAYS ORFs

PrA¥5 and PrAY6 ORFs were individually subcloned in the expression
vector pLATES2 by using specific primers (Table $1). The PCR reaction
was carried out using MAX10 fosmid DNA as template and the enzyme
Phusion Green Hot Star Il High-Fidelity (Thermo scientific), following
the manufacturer’s specifications. The constructions were transformed
into the E. coli host strain BL21 {DE3) (New England Biolabs). As selec-
tive agent 100 pg-mL~" Ampicillin was used. Once subcloned, the ORF
sequences were confirmed by Primer walking sequencing (Macrogen
Inc.).

2.6. Structural modeling

A computational model of the three-dimensional structure of PrAY5
and PrAY6 was constructed by using I-TASSER V4.4 Suite (Yang et al,,
2015}. Overlapping of the 3D models was made with Mustang-MR
Structural Sieving Server (Konagurthu et al., 2010} (http://pxgrid.med.
monash.edu.au: 8080/ mustangserver/). Results were visualized in the
PyMOL Molecular Graphics System {Delano, 2002).
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2.7. Accession numbers

PrAY5 and PrAY6 ORF sequences were deposited in the NCBI Se-
quence Read Archive (SRA) under the accession numbers KU198630
and KU198631, respectively.

3. Results and discussion
3.1. Library construction and functional screening

A fosmid metagenomic library was constructed with DNA extracted
from prokaryotic biomass of the Yucatin underground water. This li-
brary consisted of ~250,000 clones harboring DNA inserts of about
30-40 Kb length (Fig. 51).

Screening of clones with extracellular proteolytc activity was based
on the appearance of hyaline halos around the positive colonies (caused
by the hydrolysis of milk in the growing medium) {(Fig. $2}. 21,000 ran-
domly chosen clones of the library (approximately 735 Mb of
metagenomic DNA} were screened, out of which 23 resulted positive
for the assay (MAX1 to MAX23). When these 23 positive clones were
transferred into fresh indicator medium, all of them retained the proteo-
lytic phenotype for at least three subculture cycles, suggesting that their
insert-bearing-fosmids, as well as the phenotype they originate, are sta-
ble. When the inserts of these 23 colonies were analyzed by BamHI re-
striction, it was observed that all of them showed unique digestion
pattems, with inserts ranging from 15 Kb to 47 Kb (Fig. 53), meaning
that all of them were different from each other.

3.2. Sequence analysis

The inserts of clones MAX1, MAX10 and MAX19, which produced
more hyaline and wider halos than the other positive clones, were se-
quenced. The insert of MAX1 was 35,616 bp, whereas the inserts of
MAX10 and MAX19 were 41,614 bp and 30,538 bp respectively. GLIM-
MER3 gene prediction analysis showed 38 genes in MAX1, 50in MAX10,
and 36 in MAX19. When all these genes were analyzed by BLAST in the
non-redundant NCBI database, only two ORFs in MAX10 showed signif-
icant identity with known protease-encoding-genes. Therefore, we fo-
cused on the analysis of clone MAX10 to go forward.

3.3. Analysis of the cloned DNA in MAX10

Nineteen out of the 50 predicted genes in MAX10 insert were
encoded in the sense (positive} DNA strand and 31 were located in
the antisense (negative) DNA strand. The general GC content of the in-
sert was 56.2%. Fifty percent of the ORFs (25/50) were similar to pro-
teins with a known nearest homolog when searched by BLAST against
the non-redundant NCBI database, 42% of the genes encoded proteins
with a hypothetical or an uncharacterized protein as nearest homolog,
and 8% percent encoded proteins with no significant similarity (Table
52}. These results suggest that the cloned DNA belongs to a bacterial ge-
nome that has not been sequenced until now (or at least is not publicly
available in the NCBI database).

When zooming into the neighborhood of the two protease genes in
MAX10 (Fig. 1, Table 1}, verifying the genes annotation with fgenesB
suite, it was observed that nine out of the ten adjacent ORFs encode
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proteins with nearest homologs belonging to the phylum
Protecbacteria, with identities ranging from 33% to 82%. Only in one
case the nearest homolog belonged to the phylum Acidobacteria, with
46% identity. Of the Protecbacteria cases, seven belonged to
Betaproteobacteria, and two to Gammaproteobacteria. In four out of
the ten cases, the genus of the nearest homolog was Chitinimonas, in-
cluding the two protease genes. These results reinforce the supposition
that the cloned DNA in MAX10 belongs to an unknown bacterial ge-
nome, possibly a Proteobacterium.

Specifically, the translated ORF sequences of gene 5 and gene 6
(named hereafter PrAY5 and PrAY6 - from the Spanish “Proteasas del
Acuifero de Yucatan"} shared 60% and 68% identity, respectively, with
a peptidase S8 of Chitinimonas kereensis (phylum Proteobacteria, class
Betaproteobacteria, order Burkholderiales}, which has been reported
only once, as a Gram-negative motile bacterium isolated from green-
house soil in Korea (Kim et al,, 2006}. The query cover for PrAY5 and
PrAY6 was 94% and 100% respectively, and in both cases the e-value
was zero, meaning that it is likely that the identity percentage is statis-
tical and biologically significant.

34. Subcloning of PrAY5 and PrAY6 ORFs

To verify whether PrAY5 and PrAY6 ORFs were indeed responsible of
the hydrolytic phenotype, each of them was individually sub-cloned in a
pLATE52 vector. Randomly taken sub-clones were subjected to the
skim-milk-medium-test, being in all cases able to produce a clear halo
around them (Fig. 54). This was experimental evidence showing that
both of these genes certainly encode functional proteases. The halo
around PrAY5 sub-clones was smaller and less hyaline than the halo
formed around PrAY6. One possible explanation for this is that the pro-
tease encoded by PrAY5 is less stable or less active under the tested con-
ditions than the protease encoded by PrAY6. Another is that PrAY5 is not
as efficiently folded or secreted as PrAY6 in E. coli. Nevertheless, this re-
sult shows that each of the ORFs is able to produce a proteolytic pheno-
type when separated from the other, suggesting that none of them
depends on the other for its expression, and none of the proteases
they encode depends on the other to be secreted and active.

3.5. In silico characterization of PrAY5 and PrAY6

As can be observed in Fig. 1, PrAYs and PrAY6 are next to each other;
they are only separated by 718 bp. In both cases, the ORF starts with the
codon ATG and ends with the codon TAA, which are common initiation
and termination codons. They exhibit similar length, PrAY5 is 1845 bp
(614 aa) and PrAY6 is 1824 bp (607 aa) long, and they are also similar
at sequence level (66.5% identity); perhaps they encode isozymes. It is
likely that they are paralogs (Mira et al., 2006}, and one of these genes
arose by duplication of the other in the evolution of the genome of the
organism they belong to. It was also noticed that PrAY5 and PrAYG are
much larger than their eight adjacent genes (Fig. 1, Table 1).

When PrAY5 and PrAY6 were aligned to each other with MUSCLE, it
was observed that they share 66.9% identity, and that their differences
were distributed all through their ORFs, and not concentrated only in
one region, suggesting that they are the result of parsimonious changes.
When analyzed by TMHMM Server v. 2.0 (Krogh et al,, 2001}, none of
the two translated ORFs showed transmembrane helices, suggesting

L
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Fig. 1. Genomic neighborhood of bwo protease S8A genes found in an underground water metagenomic library. Schematic representation of the eight genes adjacent to PrAYS and PrAY6.

Arrows represent the direction and length of genes.
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Table 1

Identity of genes in the vicinity of two peptidase S8 genes found in an underground water metagenomic library, as predicted by [genesB suite. Abbreviations: LTO, length of the translated
open reading frame (amino acids); Q cover, query cover; E-value, expected value; Accession No., accession number in the NCBL PraAY5 and PrAY6 are in bold letters.

LTO (aa) Nearest homolog protein Organism Q cover (%) E-value I[dentity % Accession No.
195 Hypothetical protein Algicola sagamiensis 97% 4e—29 42% WP_018692576.1
231 Hypothetical protein Chitinimonas koreensis 96% de—44 45% WP_051318001.1
33z Uncharacterized protein Achromobacter sp. 92% 9e—117 56% CUJ34213.1

61 Uncharacterized protein Achromobacter sp. 98% Ze—22 82% CUJ34213.1

614 Peptidase 58 Chitinimonas koreensis 94% 0.0 60% WP 0284456241
607 Peptidase 58 Chitinimonas koreensis 100% 0.0 68% WP 0284456241
150 GNAT family acetyltransferase Acidebacterium sp. FMMR2 lo0% S5e—42 46% WP_026441685.1
218 Hypothetical protein Chitinimonas koreensis 91% Se—83 60% WP _051318279.1
397 Phosphatidylinositol-specific phospholipase C Fhotobacterium marinum 84% 3e—117 54% WP _007463772.1
166 Multispecies: hypothetical protein Acidovorax 96% le—56 60% WP _019703838.1

that they are not trans-membrane proteases. But by using the SignalP
4.1 server, it was noticed that both encode a signal peptide at their 5/
end, which likely guides the secretion of the enzymes out of the cell.
The predicted cleavage position in PrAY5 is between amino acids 31
and 32, in the sequence AHA|EQ, and the predicted cleavage position
in PrAY6 it is between amino acids 30 and 31, in the sequence
AQA|DQ. When the translated sequences of PrAY> and PrAY6 were ana-
lyzed by BLAST in the NCBI, both ORFs also showed a 101 aa C-terminal
pro-peptidase {containing a PPC domain} at their 3/ end (Fig. 2), which
is usually found in the immature stage of secreted peptidases. All these
results suggest that the proteases encoded by PrAYS and PrAYS are se-
creted peptidases, consistent with the observed phenotype in clone
MAX10. This also shows that E. celi has the molecular means for the
proper folding, secretion, and processing, of these enzymes.

According to the NCBI dataset of conserved domains, the proteins
encoded by PrAY3 and PrAY6 have a peptidase S8 domain, which con-
tains the typical triad in serine proteases, formed by Asp/His/Ser located
within the motifs D(5/T)G, HGTH, GTSMAXP, as well as the Asn
oxyanion hole, in its catalytic domain (Fig. 2}. This was corroborated
by using the search tools HMMER, Pfam, and UniProt. When the two
proteases were classified by using the specialized peptidase database
MEROPS, they grouped within serine peptidases of the family 58, sub-
family S8A, whose type enzyme is the Subtilisin Carlsberg (from the
bacterium Bacillus licheniformis ), which is an important commercial
protease.

3.6. Phylogenetic analysis

A neighbor-joining phylogenetic tree comprising 26 peptidase se-
quences representative of the S8 family (subset cd00306 - NCBI con-
served domain dataset}, the three 58 peptidase sequences discovered
hitherto by functional metagenormics, thirteen sequences homologous
to PrAYS5 and PrAY6 found in environmental sequences, PrAY5, and
PrAY6, was constructed (Fig. 3). This N] tree shows that PrAY5 and
PrAY6 cluster together within the sub-family 58_13 (cd07496), which,
according to the NCBI, is an uncharacterized subfamily. Interestingly,
the other three 58 peptidases found by functional metagenomics spread
in different S8 subfamilies, suggesting that this technology does not bias
towards proteases of a specific subfamily. Although it is worth keeping
in mind that the methodology we followed allows detecting only
genes encoding proteases that are properly expressed/processed/se-
creted in E. coli. Thus, it is likely that there is some bias disfavoring
genes encoding proteases with different requirements than those that
E. coli can provide. PrAYS and PrAY6 grouped also in different clades
than all the homolog metagenomic sequences deposited so far in the
NCBI database, strongly suggesting that the proteases identified in this
work are different from those previously found by metagenomics.
These results reinforce the hypothesis that the proteases identified in
this work represent novel members of family 58, and indicate moreover
that the premise about the underground water of the Yucatin Aquifer
being a good source of an assortment of unknown microbial genomes

is plausible, although further work would be necessary to be conclusive
about this point.

3.7. Structural modeling

The best template found by I-TASSER to elaborate the 3D modeling
for both, PrAY5 and PrAY6, was a protease of Thenmococcus
kodakaraensis -PDB file 3AFG- (Foophow et al,, 2010}, a species that in-
terestingly belongs to archaea and not to bacteria. PrAY5 and 3AFG had
78% coverage, 25% identity, 2.40 Norm Z-score, and — 0.48 C-score;
while PrAY6 and 3AFG had 79% coverage, 28% identity, 2.42 Norm Z-
score, and — 0.66 C-score. Thus, in both cases, the coverage was good
and the scores indicate that there is an acceptable alignment between
the structures, meaning that the model is appropriate. Fig. 2 shows
the models with the best C-score for each case.

To have a reference, the 58 protease of Chitinimonas koreensis (Ck)
(WP_028445624.1), which according to the NCBI was the nearest ho-
molog to both PrAYS5 and to PrAY6, was also modeled with I-TASSER.
In this case, the results were very similar to those found for PrAY5 and
PrAY6: the best template for Ck was also 3AFG, and they had 79% cover-
age, 28% identity, 2.43 Norm Z-score, and —0.46 C-score. These results
reinforce the conclusion that PDB: 3AFG is the best possible template
existing so far in I-TASSER to model PrAY5 and PrAYS, even when it is
not a bacterial protease, but an archaeal one. And they suggest that
some bacterial and archaeal proteases have similar 3D structures, al-
though their sequences may have a relatively low identity, as it has
been discussed by some other authors {e.g. Siezen and Leunissen, 1997).

PrAYS and PrAY6 modeling allowed furthermore to realize that both
enzymes have a pro-peptide (between the signal peptide and the cata-
lytic region}, PrAY5 at Glu32-Leul13, and PrAY6 at Asp31-Leul09 (Fig.
2). It is common that peptidases 58 are synthesized as inactive zymo-
gens (also called pre-pro-enzymes}, which are guided by the signal pep-
tide to the cell exterior, where they become active by release of the
signal peptide and the pro-peptides. The pro-peptides have two roles,
on one hand, they functions as chaperones {assisting in the correct fold-
ing of the enzyme}; and on the other, they block the catalytic site
(preventing the peptidase from damaging other proteins on its way
out of the cell}.

Modeling also shows that PrAYS5 has9 «-helices and 17 p-sheets, out
of which 6 a-helices and 6 p-sheets are in the active site (Fig. S5A), and
PrAY6 has 10 ae-helices and 21 B-sheets, out of which 7 a-helices and 8
(-sheets are in its active site (Fig. S5B). According to the SCOPe structur-
al classification of proteins, they also have the three-layer structure: o/
B/ characteristic of peptidases S8 (Laskar et al., 2011},

Alignment between the template and the modeled sequences (Fig.
56} shows that the amino acids forming the catalytic triad are quite con-
served in the three enzymes; being D186, H246, and 5429 for PrAYS;
D181, H242, and 5423 for PrAY6; and D170, H203, and 5$382 for Ck; as
well as the Asn in the oxyanion hole, corroborating that PrAYS and
PrAY6 are indeed proteases S8.
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Fig. 2. PrAY5 and PrAYG zymogens 3D modeling. Symbols: A PrAY5-mature (145-513), cian; signal peptide {1 —31), gray; N-pro-peptide (32-144) and C-pro-peptide (514-G14), red;
PPC domain (527-568), pink; active site (175-461), yellow. Amino acids forming the catalytic triad (D186, H246, S428) and the oxyanion hole (Asn350) are in green, blue, magenta
and orange respectively. B. PrAYG has the same code of colors as PrAY5. PrAYG-mature (140-506); Signal peptide (1 —30); N-propeptide (31-139) and C-propeptide (507-607); PPC
domain (520-589); Active site (174-455); catalytic triad (D181, H242, 5423); oxyanion hole (Asn344). (For interpretation of the references to color in this figure legend, the reader is
referred to the weh version of this article.)

Fig. 3. Phylogenetic relation hetween PrAY5, PrAY6, members of the nine major S8 peptidase subfamilies (according to CDD), the three peptidase S8 genes found so far by functional
metagenomics, and environmental sequences annotated as putative Subtilase S8 genes. Major S8 peptidase subfamilies were taken from the conserved protein domain family subset
¢d00306 (Siezen and Leunissen, 1997). Only those peptidase S8 genes found by functional metagenomics which are well characterized were considered for the analysis (®). PrAY5
and PrAY6 sequences (#) were used as query for BLASTp against all the metagenomic sequences reported in the NCBI-Metagenomic piotein (env_nr) dataset until now. Results were
filtered, picking only those with =70% cover, E-value <10e —6, and having the catalytic amino-acid triad (D/H/S) which is characteristic of the peptidases S8. When PrAY5 was used as
query, four peptidase sequences fulfilling these criteria were found (&), and when PrAY6 was used, there were nine peptidases (M). The tree was built using the neighbor-joining
method with a Poisson correction model. Bootstrap values are expressed as percentages of 1000 replications and are shown at the nodes. Only bootstrap values higher than 50% are
indicated. Analysis was made with MEGAG (Tamura et al. 2013).
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Overlap of 3D models of these three sequences (Fig. 57A, B) shows
that their structure at the N-terminus has important differences, while
their structure at the C-terminus is quite conserved, and the active site
is practically identical (0.4 A in 64 residues). This suggests that at struc-
tural level, there is a high selective pressure favoring the conservation of
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the active site, but at the lateral regions more variation is permitted.
When zooming in the catalytic triad (Fig. 7C), it can be observed that
this, as well as the oxyanion hole, is entirely conserved. This structural
conservation at the catalytic triad in proteases 58 has been reported pre-
viously by some authors (e.g. Rawlings and Barrett, 2004; Laskar et al,,
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Fig 4. PrAY5 and PrAY6 mature enzymes 3D modeling. A. PrAY5 catalytic triad and oxyanion hole. B. PrAY5 [3-sheets, yellow; and cc-helices, red. C. PrAY6 catalytic triad and oxyanion hole.
D. PrAYG p-sheets, yellow; a-helices, red; and disulphide-tethered (C50-C135 and C181-C218), blue. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

2011, Zhang et al., 2015}, thus this is an additional evidence of PrAY5
and PrAY6 being proteases 58. An interesting difference between
PrAYS and PrAY6, in comparison with other proteases S8, is that while
the catalytic site of proteases 58 typically comprises three layers of
seven-stranded (-sheets between two layers of a-helices {Rawlings
and Barrett, 2004; Kennan et al., 2010; Laskar et al, 2011), PrAY5
modeling showed three layers of six-stranded p-sheets and PrAY6
showed three layers of eight-stranded p-sheets between the two layers
of & helices. However, it is worth keeping in mind that there can be
some artifacts of modeling, because although 3AFG is the best template
available so far, it islikely that it is not totally faultless. A crystallograph-
ic analysis would be necessary to be totally certain about the number of
[B-sheets in PrAY5 and PrAY6.

The nearest homolog PDBs found by I-TASSER showed that possibly
the EC number for PrAYS and PrAY6 is 3.4.21.62 (with a C-score of 0.207
and (.200 respectively}, meaning that they are subtilisins, and there-
fore, it is likely that they participate in the hydrolysis of proteins with
broad specificity for peptide bonds, and have a preference for a large un-
charged residue in P1 {amino acid residues in a substrate undergoing
cleavage are designated P1, P2, P3, etc. in the N-terminal direction
from the cleaved bond; and likewise, the residues in C-terminal direc-
tion are designated P1/, P2/, P3', etc. —Schechter and Berger, 1967-). It
is worth mentioning that the protease of Thermococcus kodakaraensis,
which resulted to be the best template found by I-TASSER to elaborate
the 3D modeling for PrAY5 and PrAY6, is a hyperthermostable peptidase
58, which has two propeptides —one in the N-terminus and one in the C-
terminus- very similar to those found in PrAY5 and PrAY6.

When PraY5 and Pra¥6 core sequences were 30 modeled (Fig. 4),
the best template found by I-TASSER was a subtilisin-like protease of
Dichelobacter nodosus, named AprV2 (PDB file 3LPA), a Gram-negative,
anaerobic Gammaproteobacteria, which is the principal causative
agent of ovine footrot, a debilitating disease of the hoof of ruminants
(Kennan et al., 2010). AprV2 is synthesized as an inactive precursor
very similar to those of PrAY5 and PrAY6, having an N-terminal pre-

pro-region, a core, and a C-terminal domain. PrAY5 and 31PA had 89%
coverage, 51% identity, 3.30 Norm Z-score, and 1.40 C-score; while
PrAY6 and 3LPA had 90% coverage, 48% identity, 3.42 Norm Z-score,
and 1.03 C-score. Thus, in both cases, the coverage and scores were
even better that those obtained when Pra¥5 and Pra¥6 were compared
with 3AFG, meaning that also in this case the models are acceptable.

AprV2 adopts a subiilisin-like fold, consisting of a curved six-strand-
ed parallel p-sheets sand wiched between two «-helices at one side and
five a-helices at the other, and it has a two stranded anti-parallel  hair-
pin, which runs perpendicular to the plane of the central p-sheets. It
contains a catalytic triad formed by D41, H105, and 5277; and further-
more, Aprv2 has two unusual extended disulphide-tethered loops,
which function as exosites, mediating effective enzyme-substrate inter-
actions (Kennan et al,, 2010). When Pra¥5 and Pra¥6 core sequence
models were compared with 3LPA, on one hand it was observed that
the catalytic triad was very similar in the three cases (Fig. 4A-C}); and
on the other hand, it was noticed that while Pra¥6 and 3LPA had the
six-stranded parallel B-sheets sandwiched between two and five a-he-
lices, PraY5 had only two parallel p-sheets at that place. Both, PraY5 and
Pra¥6, had the two stranded anti-parallel 5 hairpin present in Aprv2.
Another interesting observation was that PrAY6 model shows two di-
sulphide-tethered loops almost in the same positions as those present
in AprV2 (Fig. 4D}, while PrAYS lacks these exosites. Possibly this differ-
ence between PrAY5 and PrAY6 might explain why PrAY6 clones show a
higher activity than PrAY5 clones in the milk test; although several ex-
periments would be necessary to prove this hypothesis.

4. Conclusion

In the work described here, two novel genes encoding secreted pro-
teases 58 were discovered by functional metagenomic techniques, and
they and the enzymes they encode were characterized in silico.

This work provides the necessary knowledge to support and guide
further work to isolate and biochemically characterize these proteases;
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a task that could not be accomplished without the information about
the structure of the genes and the enzymes they encode, obtained in
this study.

The results can also be used as a reference for further worlk in which
genes and enzymes with similar characteristics are found, considering
the complexity of their zymogens.

It is worth mentioning that the relatively far phylogenetic distance
between PrAY5 and PrAY6, and all the other proteases 58 found hitherto
by metagenomic techniques, suggests that the tropical underground
water of the Yucatin Aquifer may contain microbial communities con-
siderably different —and therefore interesting- from the other environ-
ments explored so far —-mainly at higher latitudes-. Thus, it might be
worth to conduct further bioprospecting studies searching for genes
encoding novel enzymes, using the microbial biomass of this until
now neglected water body.

Supplementary data to this article can be found online at http://dx.
dol.org/10.1016/].gene2016.08.009.
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