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Abstract



Biodiversity of organisms and their genomic content is a valuable source of
enzymes, some of which can be isolated and turned into biocatalysts, useful for more
sustainable and efficient industrial processes.

Organisms thriving in constantly cold environments produce enzymes that may be
more efficient in the cold and more thermolabile than enzymes from other organisms,
and that display interesting features for the catalysis of several processes that require
or are better at low temperature.

In the first part of this thesis, two glycoside hydrolases of family 19 (GH19), named
LYS177 and LYS188, were identified in the genome of an Antarctic Pseudomonas
strain and characterized. Even though most of the characterized GH19 are chitinases,
LYS177 and LYS188 showed no chitinolytic activity, but were active as lysozymes with
an optimum temperature of 25-35°C, and retained 40% of their highest activity at 5°C.
The temperatures of midpoint unfolding transition were estimated to be 20°C higher
than their optimum of activity. Based on these features and sequence analysis, LYS177
and LYS188 can be considered cold-active phage endolysins integrated in prophagic
regions of the bacterial host. Moreover, the best performing of the two, LYS177, was
active and structurally stable over several days only at 4°C, indicating it as a candidate
for potential application on the preservation of food and beverages during cold
storage.

In protein families, enzymes can rapidly acquire new specializations. Therefore,
best practices should be implemented to select optimal candidates with the activity
of interest and new, potentially promising, features.

Characterized GH19 enzymes showed an enhanced in vivo crop defence against
chitin containing pathogens and antimicrobial potentialities.

In the second part of this thesis, the sequence space of the GH19 family was
explored and a database was created to highlight non-described sequences
potentially endowed with interesting variants.

Based on global pairwise sequence identity of all proteins available in public
databases, GH19s were assigned to two subfamilies, the chitinases and the

endolysins. Subfamilies were further split into homologous families, which differ in



the n°® of characterized enzymes they harbour, in the taxonomical distribution, in the
presence of accessory domains and loop insertions.

Despite this heterogeneity, a core consisting of 27 amino acids around the active
site, including important substrate binding residues, was inferred to be conserved
between GH19 subfamilies. Thus, this shared core is suggested to be associated to
the GH19 capacity to bind sugars containing N-acetyl-glucosamine.

Moreover, specifically conserved positions in each subfamily alignment were
identified to be a “signature” useful for predicting the substrate specialization of
chitinases and endolysins, and to indicate possible outliers with different features.

The GH19 evolution was also investigated through molecular phylogeny to explain
the observed sequence and structural plasticity: despite endolysins were divided in
an higher number of homologous families, they remained in phages and their
bacterial hosts, contrary to chitinases, which spread to both prokaryotic and
eukaryotic taxa, and acquired at least four loop insertions; moreover, the GH19
chitinase catalytic domain passed from plants to bacteria by horizontal gene transfer
in at least two cases.

In conclusion, the second part of this thesis shows how bioinformatic tools can be
used to analyse the sequence space of a glycoside hydrolase family and extract
information to help both experts and non-experts to optimize the discovery of new

biocatalysts potentially applied in the field of human health and nutrition.



Riassunto



La biodiversita degli organismi e dei loro rispettivi genomi rappresenta una valida
fonte di enzimi, alcuni dei quali possono essere isolati e convertiti a biocatalizzatori,
utili in processi industriali piu efficienti e sostenibili.

Gli organismi che vivono in ambienti costantemente freddi producono enzimi che
possono essere piu efficienti con il freddo e al contempo piu termolabili di quelli
provenienti da altri organismi, e che mostrano caratteristiche interessanti per
catalizzare parecchi processi che richiedono o funzionano meglio a basse
temperature.

Nella prima parte di questa tesi, due glicosil idrolasi della famiglia 19 (GH19),
chiamati LYS177 e LYS188, sono stati identificate nel genoma di un ceppo antartico di
Pseudomonas e caratterizzati.

Anche se molti enzimi GH19 sono chitinasi, LYS177 e LYS188 non hanno mostrato
attivita chitinolitica, ma sono risultati attivi come lisozimi con un optimum di
temperatura a circa 25-35°C, e hanno mantenuto a 5°C il 40% della loro massima
attivita. Le loro temperature di “midpoint” di denaturazione termica sono state
stimate essere 20°C piu alte delloptimum di attivita. Sulla base di queste
caratteristiche e su un’analisi di sequenza, LYS177 e LYS188 possono essere
considerate endolisine attive a bassa temperatura, integrate in regioni profagiche del
batterio ospite. Inoltre, I'enzima con le prestazioni catalitiche migliori, LYS177, &
risultato attivo e stabile per parecchi giorni solo a 4°C, indicando la sua potenziale
applicazione nella preservazione di cibi e bevande durante lo stoccaggio in frigo.

Nelle famiglie proteiche, gli enzimi possono rapidamente acquisire nuove
specializzazioni. Delle “ottime pratiche” dovrebbero pertanto essere sviluppate per la
selezione di candidati ottimali con le attivita di interesse e nuove caratteristiche
potenzialmente promettenti.

Gli enzimi GH19 caratterizzati hanno mostrato di essere in grado di migliorare in
vivo la capacita difensiva delle colture contro patogeni contenenti chitina e di avere

un potenziale antimicrobico.



Nella seconda parte di questa tesi, lo spazio di sequenza della famiglia GH19 & stato
esplorato ed e stato creato un database per dare rilevanza a sequenze non ancora
studiate e che possiedano delle varianti potenzialmente interessanti.

Sulla base di identita globale tra coppie di sequenze di tutte le proteine disponibili
nei database pubblici, le GH19 sono state assegnate a due sottofamiglie, le chitinasi e
le endolisine. Queste sottofamiglie sono state a loro volta divise in “homologous
family”, le quali differiscono nel n° di enzimi caratterizzati che contengono, nella
tassonomia degli organismi, nella presenza di domini accessori, e in inserzioni
chiamate “loop”.

Nonostante questa eterogeneita, & stato identificato un “core” di 27 amminoacidi
attorno al sito attivo, conservato tra le sottofamiglie di GH19, e comprendente residui
importanti per il legame al substrato. Pertanto, si pud suggerire che questo “core”
condiviso sia associato alla capacita delle GH19 di legare zuccheri contenenti N-acetyl-
glucosammina.

Inoltre, delle posizioni conservate specificamente nell’allineamento di ogni
sottofamiglia sono state identificate per essere usate come “signature” nella
predizione della specificita di substrato in chitinasi ed endolisine, e per indicare
possibili “outlier” con caratteristiche diverse.

Anche I'evoluzione delle GH19 ¢ stata studiata mediante filogenesi molecolare per
spiegare la plasticita di sequenza e di struttura: nonostante le endolisine siano state
divise in pit “homologous family”, sono rimaste nei fagi e nei loro ospiti batterici,
contrariamente alle chitinasi che si sono diffuse sia in taxa procariotici che eucariotici,
e hanno acquisito almeno quattro inserzioni di “loop”; inoltre, il dominio catalitico
delle chitinasi GH19 & passato dalle piante ai batteri mediante trasferimento genico
orizzontale in almeno due casi.

|H

In conclusione, la seconda parte di questa tesi mostra come i “tool” bioinformatici
possano essere usati per analizzare lo spazio di sequenza di una famiglia di glicosil
idrolasi al fine di estrarre informazioni utili sia ad esperti che a non-esperti per
ottimizzare la scoperta di nuovi biocatalizzatori potenzialmente applicabili nel campo

della salute e dell’alimentazione umana.
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1.Introduction



1.1 Enzyme discovery
1.1.1 Enzyme discovery: from the past to the era of next generation sequencing

Biocatalysts are biological enzymes applied in the catalysis of biochemical
reactions, applied in many different biotechnological processes for research or
industrial purposes.

Enzymes have been viewed for more than 20 years as the ‘third wave’ of
biotechnology [1]: they have the advantage to be efficient and selective in the
chemistries they accelerate, catalyse the production of relatively pure products, thus
minimizing waste, and they can carry out regio-, chemo- and stereospecific reactions
that are challenging for conventional chemistries. Reactions catalysed by enzymes are
carried out in conditions usually compatible with biological processes, and with much
less toxic reagents [2]. In this way biocatalysts support high levels of safety, low energy
consumption, and overall environmentally friendly production procedures [3].

Up to date, a small number of industrial biotechnological processes exploiting
biological catalysts have been established, mainly in detergency and food processing
industries. A limiting step in increasing the available biocatalytic processes is the
search and identification of enzymes that fit the reaction of interest. Indeed, one of
the main cause is that only a minor fraction of microbial diversity (= 1%) can be
cultured and isolated [4, 5] to directly assay the enzymatic activities of their crude
cellular extracts.

A valuable alternative is represented by high throughput assay systems applied to
purified recombinant enzymes expressed in microbial hosts optimized for laboratory
conditions [6]. The purification step to obtain a sufficient amount of the soluble and
stable form of the enzyme of interest is an issue in some case [7], hampering its use
at industrial scale.

Since some enzymes do not tolerate the conditions required for the industrial
process, and it could be that no enzyme is known for the desired application or it is
not efficient enough to justify its use from an economical point of view, not every

biocatalyst is useful [7, 8].



At the end of the past century, high interest was triggered by the discovery of
enzymes from organisms living in extreme environments, the so-called extremophiles
[9], capable to grow under extremes of temperature, pH, pressure, or salt
concentration. Enzymes from extremophiles, so called extremozymes, can potentially
work under harsh conditions, solving the stability problem encountered by
biocatalysts in industrial processes, or being used to re-design existing processes
based on mesophilic enzymes [10, 11]. In paragraph 1.5 of this thesis a more
comprehensive overview will be provided for enzymes from psychrophilic organisms.

The recent use of extremozymes relies on advances in the technologies for the
cultivation of extremophiles and on the ability to express genes from extremophiles
into conventional hosts systems to produce recombinant enzymes under milder, less
expensive growth conditions [12].

In spite of the recent progress in culturing techniques, most extremophiles cannot
be grown using traditional protocols, and the amount of DNA isolated from low
biomass collected from environments hostile for life is not always sufficient for the
amplification and isolation of clone libraries from which isolate the gene coding for
the enzyme of interest [12]. Moreover, even when the microorganism could be
isolated, not all enzyme activities in the medium or crude extracts can be detected or
elicited by substrate induced gene expression [13]. Therefore, the identification and
isolation of new organisms producing the biocatalysts of interest is still a time-
consuming step and the screening of recombinant clone library collections may be
not the best choice.

Even if this hurdle has been partly overcome by automatization of the processes
of high throughput library screening [14], different approaches have been developed
to ensure a sustained search for new biocatalysts [15], which exploit Next Generation
Sequencing (NGS) methods, that ease and reduce exponentially time and costs of
sequencing starting from smaller amounts of DNA sample [16], combined by the use
of informatic tools for the prediction of their functions. In this way, it has been
possible since more than a decade to look directly on the enzyme sequences isolated

form the genome of an organism or even a collection of DNA fragments from an
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environmental sample (metagenome). In the meanwhile, the increased
computational power and the capacity to store a huge amount of biological
sequences in public databases enhanced the speed of protein identification and
analysis, through fast in silico predictions of enzymes to select as candidates for
further characterization [17]. In subsequent steps, if these candidates fit the activity
of interest, different variants of the enzyme and the substrate can be tested in
different conditions, up to the development of a new biocatalyst useful in an industrial

process (Fig. 1.1).

Environmental sample
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DNA extraction
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Fig. 1.1 Schematic representation of a biocatalyst discovery and implementation cycle
starting from environmental DNA. The metagenome or an isolated genome are mined to
search for novel open reading frames to analyse, screen for the desired functions, and
eventually improve the characterized enzyme up to apply it in a bio-process for the industrial
biotechnology sector. Reproduced from [15].
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Such advancements have lead to previous time-consuming testing of large libraries
codifying for unknown proteins to be a superseded approach [18], and have paved
the way for the development of bioinformatic tools to obtain accurate predictions of
protein functions from coding genes (a process named genome mining). Numerous
studies have benefit from this approach applied to metagenomes, yielding enzymes
with potential for biocatalytic applications, such as lipase [19, 20], oxidoreductase
[21], amidase [22], amylase [23], nitrilase [24], B-glucosidase [25, 26], decarboxylase
[27], epoxide hydrolase [28], cellulase [29], and others. Moreover, considering the
drawbacks to retrieve enzymes from extreme environments through classical
culturing procedures, genome mining has emerged as an opportunity for pushing the

discovery of novel extremozymes [30].

1.1.2 Genome mining: automatic annotation pitfalls

NGS methods have increased the amount of genome assemblies, supporting the
recent development of standardized in silico protocols for the automatic annotations
of eukaryotic and prokaryotic genomes [31-36].

While slightly different approaches can be used (an example of pipeline is shown
in Fig. 1.2 [34]), all methods assign functions to open reading frames (ORFs, coding
genes identified in the target genome by different heuristics) based on the same
concept: in a first step, algorithms such as BLAST and its variants [37], and most
recently PSI-BLAST [38] and HMMer [39] (developed to increase the search sensitivity)
are used to find significantly similar matches with sequences contained in a reference
public  database (i.e., NCBI,  https://www.ncbi.nlm.nih.gov/;  Uniprot,
https://www.uniprot.org/, etc...); in a second step, a list is generated (from the best
to suboptimal matches) on the basis of an estimated statistical significance with
respect to random matches. Then, the reference sequence with the most significant
similarity is used to transfer the annotation to each ORF.

In the case a protein is modular and can be subdivided in more than one protein

domain, the comparison of its ORF with the sequences present in a database could be
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not straightforward to predict its function as a whole, because each domain (yet or
not characterized) can exhibit a specific function that might be unrelated to other
domains in the same protein (i.e., a non-enzymatic domain that binds the substrate
and a catalytic domain that catalyses its hydrolysis, separated by a flexible linker
region).

The combinations of domain architectures in proteins can be highly plastic,
reflecting the great diversity of modular forms that exist in nature. This is the result
of domain duplication and recombination events during protein evolution [40], and
several known examples suggest that such processes can lead to new combinations
with new functions [41]. Therefore, ORFs coding for a multi-domain protein
annotated by relying on a statistically significant local similarity with a known
reference protein, might result in a wrong or at least incomplete function assignment.
Some recent tools and databases have been developed to tackle some of these
problems by allowing the analysis of the domain composition of proteins, instead of
directly comparing protein sequences. Examples of these domain databases are
SMART [42], PFAM [43], InterPro [44] and Gene3D [45].

Anyway, the rapidly increasing number of sequences in databases required a
rethinking the utility of the definition of homologous relationships among protein
domains: statistically significant local or global sequence similarity among two
proteins may be due to a more or less recent common ancestor, but does not mean
they carry out the same molecular function [46], regardless if their domains are
orthologues (deriving from modifications accumulated in different species since the
speciation event) or paralogues (deriving from two or more different events of
duplications in the genome of the same species).

Substrate promiscuity [47] and the existence of multiple substrate specializations
in the same protein are the major mechanisms responsible for the observed mismatch
between statistical similarity in primary sequence and catalysed reaction in
homology-based predictions of enzymatic functions. Enzymes can also evolve toward
the same activity from completely different ancestral folds or by fusion of domains

from different families. On this ground, they could be no more able to perform their
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original activity, which is predicted on the basis of the most similar sequences in the
database [48]. The evolutionary bases of these processes have been studied
intensively in the last 10 years [49-52].

Moreover, as an annotation is transferred by similarity to a protein usually not
characterized and whose annotation might also be not correct, there is a certain
probability that chains of mis-annotations can be propagated inside a database [53],
considering that generally it is not possible to visualize how function predictions were
assigned up to the most similar characterized protein [54].

Even if sequence-based functional predictions are inaccurate, and in some cases
even wrong, they still provide valuable guidelines for experimental studies and remain
the best approach to start the functional annotation of uncharacterized proteins from
newly sequenced genomes [51].

In order to overcome the limitations presented in this paragraph, new approaches
should be developed and the predicted putative function/s of the enzymes of interest
must be evaluated in wet lab by effective screening systems represented by

qualitative or quantitative enzyme activity assays [55].
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Fig. 1.2 Simplified representation of the prokaryotic genome annotation pipeline performed
by the software package Prokka [34]. “CDS” are the open reading frames identified from
“FASTA contigs”, the collection of genome/metagenome sequences. Taken from a
presentation published at https://www.slideshare.net/torstenseemann/prokka-rapid-
bacterial-genome-annotation-abphm-2013.
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1.1.3 Evolution-aware approaches to handle activity predictions

As explained in the previous paragraph, evolution played an important role in
decoupling sequence similarity and protein functions. The idea behind considering
evolution in predicting protein functions arose at the end of the last century, with the
creation of the clusters of orthologous groups of proteins database (COG, [56]).
However, at that time the computational power was insufficient for the use of model-
based statistical inference on many sequences at once.

In the last years, the use of phylogenetic tools for reconstructing genealogies of
protein families at domain level has been used to correlate the most significant
evolutionary trajectories with observed patterns of functional diversity. Major
mechanisms of protein evolution include events of duplication, horizontal gene
transfer, recombination, genetic drift of redundant copies [40, 57], and co-
evolutionary epistatic effects (within the same of among different proteins), which
created constraints in possible evolving trajectories and opportunities for new
functions [58]. Taking these events into account, it is possible to predict if candidate
enzymes, close or far from known references, are endowed with potentially
interesting properties to be tested by using different types of substrates.

For example, model-based genealogical reconstructions of a collection of
homologous proteins can be used to estimate the relative evolutionary rate of
different regions in the protein sequence, and to highlight sites that have undergone
the same selective pressure [59, 60]. Considering also the protein structure and other
features measured by experiments or simulations, correlated sites can be recognized
important for substrate specificity. In this way, they can be used as signatures to
assign specific functional properties.

Moreover, several conceptually different tools have been implemented for
optimizing protein function prediction based on the phylogenomic context, in
particular for prokaryotic genomes, as reviewed in [61]. Among these, some methods
make use of phylogenetic-aware distribution patterns (Fig. 1.3 Co-occurence):
functionally related genes tend to co-evolve or to be lost in concert in the genome of

different organisms. On the contrary, if a subset of genes co-occur in two different
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genomes without co-evolving, the functional interactions between the corresponding
gene products tend to be less dominated by physical interactions [62]. Alternatively,
a gene that is never found when another one completely different is present, it could
mean the protein products of the two genes carry out the same function even if they
do not possess any sequence similarity (Fig 1.3 Anti-correlation): in this way, if the
function of one of the two is known, it can be used for predicting the function of the
other.

One should be aware that in some protein families and superfamilies the same
catalytic mechanism can be reused to easily acquire new substrate specificities [63].

These situations are difficult to be predicted, even if looking to protein evolution.
Therefore, the protein structure should be integrated to improve the phylogenetic
reconstructions [64, 65], and to calculate the affinity of the active site for different
docked substrates in the three dimensional dynamic network of interactions [66, 67].

Some well documented cases [68-74] demonstrated how exploiting sequence-
based phylogenetics and evolutive patterns, in integration with structural und
functional information, allowed to improve the reliability of enzymatic activity

predictions over the results obtained by sequence-similarity based methods.
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Fig. 1.3 A schematic representation of a genomic context dependent method for
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the prediction of coding gene functions: the phylogenetic reconstruction is used to
map co-occurrence of functionally associated homologous genes or anti-
correlation of non-homologous genes that most probably are functionally
equivalent. Modified from [61].

16



1.2 Carbohydrate active enzyme database (CAZy) and CAZymes discovery
1.2.1 Introduction to CAZy

The enzymes acting on glycoconjugates, oligo- and polysaccharides, designated as
carbohydrate active enzymes (CAZymes), probably constitute one of the most
structurally and functionally diverse set of proteins. As carbohydrate diversity [75]
exceeds by far the number of protein folds, CAZymes have evolved from a limited
number of progenitors by acquiring novel specificities at substrate and product level,
representing an example of how evolutionary processes challenge the functional
predictions based on sequence similarity methods.

The Carbohydrate-Active Enzyme (CAZy) database (http://www.cazy.org/) is a
knowledge-based resource available since 1998, specialized in the classification of
CAZymes into families based on similarity in their primary sequence; each family is
then associated to one or more catalysed reaction, to a catalytic mechanism and to a
protein fold [76].

In CAZy there are 5 major classes based on the general type of activity: glycoside
hydrolases (GHs), which catalyse the hydrolysis and/or transglycosylation of glycosidic
bonds; glycosyl transferases, which catalyse the synthesis of glycosidic bonds from
phospho-activated sugar donors; polysaccharide lyases, which cleave the glycosidic
bonds of uronic acid-containing polysaccharides by a B-elimination mechanism;
carbohydrate esterases, which remove ester based modifications in mono-, oligo- and
polysaccharides and thereby facilitate the action of GHs; carbohydrate-binding
modules, which are non-enzymatic domains known to potentiate the activity of many
enzymes from the classes described above by binding to the substrate and increasing
its prolonged interaction with the catalytic domain.

Each protein sequence in CAZy includes the annotations in publicly available
sources (NCBI), its family classification system [77], and known/predicted structural
and functional information. A feature of CAZy is that new families are built around
new seed sequences biochemically characterized, based on references extracted

automatically from individual accessions with ProFal [78], or entered manually.
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In the last years, the increasing number of sequences led to the reorganization of
CAZy interface design and contents [79]: the aesthetics changed, some GH families
were included into clan sharing the same fold, some families were further divided into
subfamilies to improve the prediction of substrate specificity [80-82]. A new CAZy
class named ‘Auxiliary Activities’ was also created to accommodate mainly lytic
polysaccharide mono-oxygenases responsible for redox enzymatic conversion of

lignocellulosic material in concert with other CAZymes [83].

1.2.2 CAZymes and rational exploration of protein sequence space

Large-scale phylogenetic comparisons of microbial sequenced genomes
highlighted both the relatedness of CAZymes involved in polysaccharide degradation
and the variability of the domain organization in GHs from closely related organisms
[84, 85]. The biochemical characterization of these similar CAZymes present in many
copies in a genome showed that subtle variations exist in substrate specificity,
enzymology, and regulation [86]. Moreover, the skewed taxonomic distribution of GH
domains permitted to correlate specific polysaccharide degrading capacities to
specific lineages of microorganisms, inhabiting certain environments [87, 88].

Despite these studies showed how effectively CAZymes can be described, the gap
between the number of sequences and the number of biochemically or structurally
characterized CAZymes (Fig. 1.4) was growing up to the present due to genomic data
resulting from NGS, combined with the much lower pace of experimental and
structural characterization [79].

In the same GH family, the often occurrence of enzymes that act on different
substrates remain a significant problem for their automated functional annotation.
This can sometimes be overcome by subfamilies defined on the basis of known
substrate specificities, but for many families there is insufficient information to allow
a complete unsupervised automated substrate prediction [79].

Moreover, CAZy database does not provide a tool for the direct addition and
annotation of external sequences neither it is designed to ease the extraction and the
analysis of information at large scale [89]. It is therefore necessary to introduce new
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methods to explore the sequence and structure space, especially when dealing with
multi-specific enzyme families from which only few sequences have been

characterized and no subfamily classification is provided [90].
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Fig. 1.4 The number of proteins containing CAZy modules (years 1999-2007) is
represented with open circles, the number of enzymatically characterized proteins with
triangles and that with solved structures with open diamonds. Reproduced from [76].

A possible solution could be looking to transcriptomics, proteomics, and
metabolomics, that can reveal useful relationships between genes or proteins, but do
not directly assign function or substrate specificity to hypothetical enzymes.

Another option is the development of systems for the easy visualization of
CAZymes sequence space in each CAZy family/clan. In this way, it would be possible
to immediately evaluate the distance in the sequence space between non-described
sequences and the experimentally characterized enzymes [91]; at the same time, the
“empty” regions of the sequence space, far from any known enzyme, would be
interesting for the selection of candidates to experimentally screen. A similar strategy,
based on the rational bioinformatic selection of CAZymes from subfamilies without

characterized reference sequences and with low similarity (<20% identity) to known
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families, was recently done [90], and the experimental screening showed that this
selection procedure was effective.

The creation of sequence similarity networks [92] (Fig. 1.5) can also provide both
a quantitative representation of sequence similarity relationships among sub-clusters
in the sequence space, and an easy visualization of such relationships, that can be
integrated with phylogenetic trees and known biochemical properties, permitting the
analysis and visualization of much larger sets of sequences than trees [93, 94].
Information on other features (i.e., accessory domains, structural motifs, etc...) can
also be visualized on these networks, providing a comprehensive overview of diversity

and evolution within enzyme families and superfamilies.
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Fig. 1.5 Schematic representation of sequence similarity networks (each sequence is a node
represented by a circle) plotted onto a scheme of the evolutionary process by which
functional divergence occurs within a theoretical enzyme superfamily. Edge length are
proportional to the distance in the sequence space, and absent under a certain threshold of
pairwise sequence identity between enzymes (nodes). Different colours represent different
functions. Inner circles mark promiscuous activities. The functional divergence from a
common ancestor (light blue) occurs via the recruitment of promiscuous activities and the
evolutionary optimization of these functions to generate new specialized enzymes. Modified
from [94].
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1.3 Glycoside hydrolases (GHs)
1.3.1 General hydrolytic mechanism

As a consequence of polysaccharide diversity, there is great variety among the GH
families, which are around half of the total number of sequences in CAZy [76]. Despite
this huge diversity, the hydrolysis of the glycosidic bond is usually catalysed by two
amino acids, one acting as a general acid/base (proton donor) and the other as a
nucleophile [95]. Depending on the spatial position of these catalytic residues,
hydrolysis occurs via two catalytic mechanisms: retention or inversion. These names
are due to the fate of the anomeric configuration of the carbon involved in the bond
at the reducing saccharide end, after the hydrolysis.

In retaining enzymes, the nucleophilic catalytic base is close to the sugar anomeric
carbon. This base, however, is more distant in inverting enzymes, which
accommodate a water molecule for the nucleophilic attack between the base and the
sugar. This difference results in an average distance between the two catalytic
residues of 5.5 A in retaining enzymes, as opposed to 10 A in inverting [96]. In some
cases, the catalytic nucleophile is not provided by the enzyme, and is replaced by the
acetamido group at C-2 of the substrate [97]. A completely unrelated mechanism has
been demonstrated recently for two families of GHs utilizing NAD+ as a cofactor [98,
99].

1.3.2 GH classification

There are over 160 GH families divided in 18 clans and 8 types of folds
(http://www.cazy.org/Glycoside-Hydrolases.html). Despite this diversity in terms of
sequences and structures, the overall topologies of the active sites fall into only three
general classes (Fig. 1.6), regardless of whether the catalytic mechanism is inverting
or retaining [95].

|. The pocket (Fig. 1.6A): optimal for the recognition of a saccharide non-reducing
extremity and typical of B-galactosidase, B-glucosidase, sialidase and neuraminidase,
and of exopolysaccharidases such as glucoamylase and B-amylase. Such
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exopolysaccharidases are active on substrates with a large number of available free
chain ends, but not very efficient on fibrous substrates such as native cellulose, which
has almost no free chain ends.

[l. The cleft (Fig. 1.6B): this 'open' structure allows the random binding of several
sugar units in polymeric substrates and is commonly found in endo-acting
polysaccharidases, such as lysozymes, endocellulases, chitinases, a-amylases,
xylanases, B-1,3-1,4-glucanases and B-1,3-glucanases.

lll. The tunnel (Fig. 1.6C): this topology arises from the previous one when the
protein evolved long loops that cover part of the cleft. The resulting tunnel enables a
polysaccharide chain to be threaded through it [100], permitting these enzymes to
release the product while remaining firmly bound to the polysaccharide chain.
Therefore, the conditions are created for processivity, which is probably a key factor
for the enzymatic degradation of insoluble crystalline sugars. In either case it should
be noted that, depending on the mechanism (inverting or retaining) and the exact
position of the cleavage point, the directionality of the enzyme motion along the chain
may change. For instance, cellobiohydrolase Il of Trichoderma reesei proceeds
towards the reducing end of cellulose chain, whereas the reverse was suggested for

cellobiohydrolase | from the same organism [101].
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Fig. 1.6 The three types of active site found in GHs. A: the
pocket (glucoamylase from Aspergillus awamori, PDB code:
1GLM). B: the cleft (endoglucanase E2 from Thermobifida
fusca, PDB code: 2BOD). C: the tunnel (cellobiohydrolase Il
from Trichoderma reesei, PDB code: 3CBH). The proposed
catalytic residues are shaded in red. Reproduced from [95].
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1.4 Glycoside hydrolase family 19 (GH19)
1.4.1 Activity, specificities and catalytic mechanism

Chitinases (EC 3.2.1.14) and lysozymes (EC 3.2.1.17) break down chitin and
peptidoglycan polymers, respectively, by hydrolyzing the glycosidic covalent bonds
between their monomeric subunits. For this reason, they belong to GHs families [95].

Chitin is an insoluble homopolymer of [-(1-4)-linked N-acetylglucosamine
(GlcNAc), the second most abundant sugar polymer in the biosphere (after cellulose)
[102]. Chitinases can be found in any type of organism, with biological roles spanning
from defense against chitin-containing Fungi, to the use of chitin as carbon source
and for chitin recycling and morphogenesis in organisms in which this polysaccharide
forms part of their cells or body (like cuticle for insects and cell wall for Fungi) [103,
104).

Peptidoglycan is a heteropolymer of B-(1-4)-linked GIcNAc and N-acetylmuramic
acid, the sugar component found in the cell wall of Eubacteria [105]. The lysozyme
families are considered to belong to a superfamily sharing the same structural core
[106], and have been studied as antimicrobial specialized enzymes, in particular in
animals [107].

GH19 is a family, defined in CAZy, that collects enzymes characterized both as
chitinases and lysozyme endolysins. “Endolysin” is a generic term used to indicate
many different enzymes produced by bacteriophages at the end of their replication
cycle to degrade the peptidoglycan of the bacterial host from within, resulting in cell
lysis and release of progeny virions [108]. Endolysins can be named differently with
respect to their hydrolysis target (Fig. 1.7).

GH19s have a single displacement catalytic mechanism causing the inversion of the
anomeric C-1 (Fig. 1.8) [109, 110]; their chitinolytic activity is most probably endo-
type, because of the “cleft” active site shape [95] and the predominance of hydrogen
bonds in stabilizing the interactions in enzymes complexed with
chitooligosaccharides, COSs [111]; the endolysin activity is lysozyme-like [112, 113].

Although GH19 chitinases and endolysins are specialized in the hydrolysis of two

substrates, CAZy does not provide any subfamily classification for them
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(http://www.cazy.org/GH19.html) and, despite lysozyme activity is reported, only
chitinases are mentioned in the notes. Nevertheless, the GH19 sequence motifs
described in literature are valid only for the generic annotation of GH19 domain [114],
and there is not any study comparing the conserved and specific features of GH19

chitinases and endolysins to date.

(a) (b)
Gram +
Quter membrane } Gram —
x . ..
Gram + -~ i
= L= Ala
e Yor Yo' g ~ g /," e -5
D—Glu

-3

Periplasm

Sl w ol i B il ®° "GN
\
" s | A i
i Ja' o S e e u . - ~
]
\
5 |
++++ . 4
N
.
Membrane ‘
e L-Ala
-—— 4

Cytoplasm @ \

Fig. 1.7 Bacterial cell Wall structure and endolysin targets. A. Schematic representation

of the bacterial cell wall, and of how phage endolysins gain access to their substrate. Holin
proteins (blue) insert themselves into the cytoplasmic membrane and can oligomerize,
thereby forming membrane lesions. Endolysins (red) cross these pores to access the
peptidoglycan. Lysis of Gram-positive cell walls is possible from the outside. In Gram-
negative cells, the outer membrane is an efficient barrier to prevent lysis by free
endolysins. B. The bonds potentially attacked by endolysins with different specificities are
indicated by numbers: 1, N-acetylmuramoyl-L-alanine amidase; 2, L-alanoyl-D-glutamate
endopeptidase; 3, D-glutamyl-m-DAP endopeptidase 4, interpeptide bridge-specific
endopeptidases; 5, N-acetyl-B-D-glucosaminidase; and 6, N-acetyl-B-D-muramidase (also
known as muramoylhydrolase and lysozyme), the type of activity performed by GH19.
CCWP, carbohydrate cell wall polymer; GIcNAc, N-acetyl glucosamine; LU, linkage unit;
m-DAP, meso-diaminopimelic acid; MurNAc, N-acetyl muramic acid; P, phosphate group.
Reproduced from [115].
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Fig. 1.8 The single displacement hydrolytic mechanism of GH19s [110]. One acidic, one basic
glutamate and a serine (or threonine) for water placement are generally present in the active
site. The reducing end of the hydrolysis product has inversion of the anomeric configuration
from B to a.

1.4.2 GH19 classification

GH19s were first discovered in the late 1980s in plants, and classified as class |, |l
and IV chitinases [116-119].The observations made on the structures available since
the beginning of 1990s revealed that these enzymes have a catalytic core spanning a
deep catalytic cleft connecting two lobes rich in a-helices, while six surface loops
around the cleft (1, 2, 3, 4, 5 and C-terminal [120]) can be present or absent
depending on the enzyme (Fig. 1.9A).

Chitinases of classes | and IV carry an accessory N-terminal carbohydrate binding
module 18 (CBM18). Class IV chitinases do not possess some of the loops, causing a
reduced length of the catalytic cleft and a different substrate binding mode [111, 121,
122]. This explains why class IV chitinases have been recently called “loopless”,
contrary to “loopful” term used for other GH19 [123]. Chitinases of class Il, contrary
to classes | and IV, do not possess any accessory CBM.

Class IV “loopless” chitinases were also found in Actinobacteria, for which
horizontal gene transfer (HGT) of GH19 genes has been suggested from plants [124,
125]. Characterized bacterial GH19 chitinases possess an N-terminal CBM5/12, which
is different from that found in GH19 plant chitinases [114, 125, 126].

These GH19 classes of chitinases were the first groups to be classified based on

taxonomy, on CBMs and on loop content. Recently, other types of GH19 chitinases
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were characterized from Proteobacteria [127-130], while inactive plant isoforms of
GH19[131, 132] and a recent class | plant chitinase lacking loop 3 was described [120],
raising doubts about the capacity of actual class-based GH19 classification to describe
the observed sequence diversity.

Moreover, other three distantly related GH19 clusters (lll, IV and V in [126]) have
been identified based on sequences from bacteriophages, prophages and genomes
of Proteobacteria and Nematoda. Among these, cluster Il comprises the emerging
group of enzymes characterized as endolysins with lysozyme-like properties [112,

113, 133-138], among which one 3D structure was solved (Fig. 1.9B) [113].

A B

Loop C-terminal

Peptidoglycan binding module

Fig.1.9 In A, the structures of a GH19 “loopful” chitinase from the rye seed Secale cereale
(orange, PDB code: 4jol [139]) and a “loopless” chitinase from the moss Gemmabryum
coronatum (cyan, PDB code: 3wh1 [111]) are superposed, showing the five additional loops
of a “loopful” plant chitinases (only loop 3 is present in both). The two chitotetrasaccharides
spanning the catalytic cleft in complex with the crystal structure of rye seed are shown. The
numbers under the moieties of the chitotetrasaccharides are in accordance with the standard
nomenclature for GH: cleavage occurs between units bound in subsites -1 and +1 [140]. In B,
the structure of a GH19 endolysin from the bacteriophage SPN1S (PDB code: 40k7 [141]) of
Salmonella typhimurium.
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1.4.3 Biotechnological applications

GH19s play an important role in plants as pathogenesis-related proteins
overexpressed in defense against chitin-containing pests (like Fungi and insects) [117,
142-147]; an increased pest tolerance was also demonstrated by in vivo experiments
in transgenic plants overexpressing heterologous GH19 genes.

The main application of GH19s is related to their biological role in plants: they are
considered valuable bio-control agents for treating crops against various types of
pests.

Other industrial biotechnological applications of GH19s are the same as for the
chitin  hydrolyzing enzymes from other GH families: the produced
chitooligosaccharides (COSs) are compounds proven to possess multiple properties,
like probiotic [148] and anti-inflammatory activity agents in human gut [149, 150], and
anticancer capacities [151]; on the other hand, chitinase can be directly used in
combination with antifungal drugs for improved therapeutic treatment of human
fungal infections [152].

In human economy, chitinases have been tested as valuable enzymes in the
process of circular bioremediation of shellfish waste from sea food industry, after the
required chemical extraction of its chitin content [153], that can be used for the
production of COSs and as raw material to fed microorganisms in the production of
single cell proteins [103, 154].

In a recent study, a mutated GH19 chitinase was developed to catalyze the chemo-
enzymatic synthesis of chitotetraose [155]. Chitinases applications are summarized in
Fig. 1.10.

In the last decade, interest is growing for the application of endolysins as specific
antimicrobial agents (named also “enzybiotics”) towards Gram positive bacteria in the
frame of the quest for new antibacterial drugs to fight drug resistance [156]. Recent
developments raised expectations also for their possible use against Gram negative
bacteria [157-159].

GH19 were demonstrated to be phage endolysins and, therefore, can provide new

enzybiotics. An example is a recent discovery of an enzyme from this family with
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outer-membrane permeabilizing capacity against hospital Gram negative bacteria
strains [134]. The attention toward the GH19 potentialities in the antimicrobial

biomedical field is expected to increase in the next future.

(i) Treatment of chitinous
waste from sea food
industry

(ii) Preparation of single

cell proteins

(i) Biological control of
Phytopathogenic fungi

(ii) Used as a biopesticide against
various insects and pests

(i) Chitooligomers can be used as
antitumor agents, dietary fibres,
and antihypertensive agents

(ii) Chitinase can be used as antifungal

agent and it also plays a crucial role

in asthma

Fig. 1.10 Main applications of chitinolytic enzymes. Reproduced from [160].
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1.5 Life in cold environments
1.5.1 Psychrophiles

Constantly cold environments are characterized by temperatures below 5°C and
represent approximately 80% of the Earth biosphere, including polar regions, deep
oceanic sediments and mountain glaciers [161, 162].

These environments are inhabited by psychrophilic and psychrotolerant (or
psychrotrophic) organisms, the first ones growing well at temperatures around the
freezing point of water and with an optimum below 15°C, the second ones having the
capacity to survive around 5°C, but usually with an optimum of growth at mild
temperatures [163]. Nevertheless, there is a continuum in temperature adaptation
for life, with wide or narrow growth temperature ranges depending on the organism
[161].

These organisms have to cope with many different challenges: first, any decrease
in temperature exponentially reduce the rate of biochemical reactions; second, the
viscosity of agueous environments, which increases by a factor higher than two
between 37 °C and 0 °C; third the increased production of reactive oxygen species
induced by higher gas solubility at low temperature; forth the deleterious effects of
cold on physical properties and functions of membranes, typically caused by a
reduction in their fluidity, and a general impaired folding of proteins [162].

At temperatures close or below the freezing point of water there is also the
problem to avoid the intracellular or extracellular formation of ice-crystals, which, in
turn, cause direct and indirect damages to all biological membranes, causing cell lysis
[164].

In order to cope with these problems, these organisms have evolved several
strategies, including the modification of membranes composition to change their
fluidity [165], the over-expression of anti-oxidative enzymes [166], the production of
cold-shock proteins, the secretion and accumulation of cryoprotectant osmolytes and
anti-freeze proteins (like ice-binding proteins [162]), and the production of cold-active

enzymes [161].
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1.5.2 Cold-active enzymes (CAEs)

In constantly cold environments, chemical reaction rates decrease exponentially
with decreasing temperature, according to the Arrhenius equation for the catalytic

constant (K q¢) [167] :

_Eq
K.+ = Ae RT

Where E, is the activation energy of the reaction, R is the gas constant, T is the
temperature and 4 a collision frequency factor.

Cold active enzymes (CAEs) have the property to retain a significant fraction of
activity at low temperatures with respect to their temperature of optimum, despite
this phenomenon.

As suggested by the above equation, a possible solution CAEs adopt is the capacity
to decrease the E, required by the reaction more than what happens in mesophilic
and thermophilic counterparts [168-177]. In this way, the K., of CAEs at low
temperatures match more and less those observed for mesophilic enzymes at warm
temperatures.

In order to better understand how this can happen, it is informative to look at the
relation between the free energy of activation (AG*) between the ground and
activated states, which represent the limiting step in a hypothetical reaction model.
The enthalpic (AH¥) and entropic (AS*) contributions are particularly important of
AG#*, which figures in Eyring equation for the K4 calculation [178] :

KyT 86  KgT e(%—%f)

cat = TeRT = —_—

Where Kz is the Boltzmann constant and h is the Planck constant.

To keep high level of K., at decreasing T, it is necessary to decrease AH¥or
increase AS* for the reaction [179].

From a thermodynamic point of view, a decrease in AH* can be obtained by a
decrease of the number of interactions between the active site and the ligand that

must be broken in the transition from the ground to the activated state [180]. The
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increase in AS¥ can be obtained by an increase in the flexibility of regions of the
enzyme active site or of other regions on the protein surface [181]. This hypothesis
was corroborated by recent computational studies [182].

This increased flexibility might drive a trade-off between activity and stability, so
that generally a low stability is observed in CAEs (Fig. 1.11) [172, 183].

Side effects of the enhanced flexibility can be a looser binding of the substrate
(higher Michaelis-Menten constant values), and an increase in the conformational
space explored at the active site, whose flexibility might lead to promiscuity (capacity
to bind and catalyse the same reaction on different substrates) [184].

By comparing corresponding sequence positions and structures of CAEs with
mesophilic/thermophilic homologues, common trends to achieve the above
mentioned thermodynamic changes include: a reduction of the number of ion pairs,
disulphide bonds, hydrogen bonds and hydrophobic interactions; a decrease of
subunit interactions for multimeric enzymes; an increased interaction with the
solvent by reduced hydrophobicity in the core; an higher accessibility to the active
site; a decreased cofactor binding; a clustering of glycine residues, and a lower proline
and arginine content [185].

Besides the relevance of understanding the molecular and evolutionary grounds of
cold activity, enzymes from psychrophilic organisms may find application in
biocatalysis [183]. Because of their high activity at low temperatures, CAEs can help
to reduce energy consumption and the environmental impact of biotransformation
reactions, by avoiding side chain reactions for example in the food industry and in fine
chemistry [186]. Moreover, operating temperatures are permissive for heat-labile
and perishable substrates and raw materials. Not least, the possibility of inactivating
CAEs by moderate heating can also be advantageous whenever the catalyst has to be
removed at the end of a process [187].

Thus, CAEs can be used to re-design existing processes based on mesophilic
enzymes or to develop new ones, promoting an up-coming “cold revolution” in
different fields [183, 187, 188].
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Fig. 1.11 Activity and heat-driven unfolding of psychrophilic
enzymes. A. Temperature dependence of a generic CAE.
Generally, CAEs exhibit optimal temperature for catalysis (Topt)
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1.6 Pseudomonas sp strain Ef1 from an Antarctic bacterial consortium

Euplotes focardiiis an unicellular free-swimming ciliate endemic of the oligotrophic
coastal sediments of Terra Nova Bay, Antarctica [189]. It has an optimal growth
temperature around 4°C and its viability decreases upon exposition to temperatures
above 10°C [190]. It was collected from expeditions in Antarctica and then stored at
low temperature in laboratory conditions since 1990, in order to use it as a model for
the study of biochemical and physiological processes in the cold [191]. It was
proposed that this ciliate lives in association with a consortium of bacterial symbionts
that were found in its recently analysed metagenome [191].

Among these Bacteria, a Pseudomonas sp. strain Efl was isolated and its genome
sequenced (deposited in GenBank under the accession number VAUR0O0O000000)
[192]. Two GH19 sequences coding for putative chitinases, LYS177 (Uniprot accession:
AOA51679W0) and LYS188 (Uniprot accession: AOA51679V1) were automatically
annotated by Prokka [34].

Reported in the first part of this thesis is the biochemical and biophysical
characterization of the first two GH19 enzymes to come from a psychrophilic
organism. Moreover, as GH19 lysozymes and chitinases have potential applications in
human health and nutrition, in the second part of this thesis the analysis of the GH19
sequence space is reported.

This study has contributed to the description of endolysins with cold-active
features, to the identification of sequence signatures for predicting substrate
specificity in GH19, and to the analysis of observed biochemical, sequence and
structural diversity in this family, relevant to the identification of GH19 enzymes with

interesting new features.
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2.Main results and
discussion
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Although sharing the same fold and catalytic residues, GH19s are specialized as
chitinases and endolysins. The activity, structure and biological function of GH19
chitinases have been experimentally characterized in plants and Actinobacteria since
decades [125, 154], while few studies have described GH19 endolysins to date.

The exploration of biodiversity inhabiting extreme environments could allow the
discovery of GH19 enzymes presenting features never described to date, considering
that no extremozyme has been characterized to date from this family.

In a first work, two single domain GH19s, LYS177 and LYS188, were identified in
the genome of a Pseudomonas sp. Ef1, a bacterium [192] living associated with the
marine Antarctic ciliate E. focardii [191]. A manuscript is currently in preparation and
a draft which includes also the methods is reported in chapter 3 of this thesis.

The far-UV circular dichroism spectra (190-260 nm) confirmed that both enzymes
have a globular structure mainly made of alfa helices, typical of the GH19 fold, as can
be appreciated by looking to models built by homology modelling (Fig. 2.1A-B).
Despite most of the characterized GH19s display chitinolytic activity, the phylogenetic
analyses (Fig. 2.2) show that LYS177 and LYS188 are closely related to enzymes
characterized as endolysins [112, 113, 193]. Moreover, by looking to the genomic
context in the natural Pseudomonas host, both enzymes were found in prophagic
regions.

The consequent hypothesis that both enzymes are endolysins was confirmed
experimentally as the two heterologous purified enzymes were not active in the
hydrolysis of insoluble and soluble chitinase substrates (chitin azure and a
chitooligomeric synthetic chromogenic analogue), while proved to be able to lyse
Micrococcus lysodeikticus (Gram positive bacterium) cells. By performing the same
lysozyme assay in different conditions of temperature (Fig. 2.1C-D), the obtained
results permit to show that LYS177 and LYS188 fit the canonical definition of cold-
active enzymes, since they retain a relatively high activity at low temperature (= 40%).
Moreover, the temperature optimum of LYS177 and LYS188 were around 20°C and
30°C, respectively, lower than the estimated temperatures of midpoint denaturation,

around 50°C and 45°C (Fig. 2.1E-F). These results are in agreement with an active site
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having high conformational flexibility with respect to the overall structure, a feature
used to explain how a relatively high catalytic rate can be maintained at low
temperature [172, 184].

Experiments of incubation of LYS177 at different temperatures (4°C, 20°C and
37°C) andincreasing time resulted in retaining of activity and secondary structure only
at 4°C, while at higher temperatures a parallel loss of both was measured after few
days. Overall, this result confirmed that LYS177 is thermolabile. Even if this is
considered a typical feature of cold active enzymes [182], the issue of CAEs
thermolability is far to be fully unveiled, with enzymes losing their activity within few
hours only at mild temperatures [194], to cases of thermostability similar to that of
mesophilic or even thermophilic homologues [195].

Inspection of the LYS177 and LYS188 sequences aligned with other characterized
endolysins showed that these enzymes lack two helices of the peptidoglycan binding
3-helix bundle (named in this study “peptidoglycan binding module”, PBM, shown in
Fig. 1.9), present in the GH19 endolysin of Salmonella typhimurium bacteriophage
SPN1S, from which a 3D structure is available (PDB 40k7). In [141] this region was
experimentally shown to increase the affinity for the cell wall of the host.

The high variability observed in sequence composition and length of the PBM
region also in other characterized GH19 endolysins led to the hypothesis that it could
be important for co-evolutionary phage-host interactions, considering the variability
in the cell wall composition of bacteria [196]; anyway, not enough endolysin
sequences were analyzed in this study to further support this hypothesis.

This work focused on the properties of two enzymes described as cold-active
lysozyme endolysins; thus, conservation analyses were not performed on sequences
of chitinases, and only characterized GH19 proteins (75 sequences) were considered
to build the phylogeny. Nevertheless, average pairwise distance between all identified
GH19 subgroups was calculated to be 60,1 £ 7,3%, indicating that this family most
likely has a very remote common ancestor and its diversity is potentially

underestimated to date.
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Fig. 2.1 In A and B the 3D models, built by RaptorX server [197], of LYS177 and LYS188 are
displayed in cartoon and transparent surface, with the catalytic triad highlighted in yellow. In
C-D and E-F the specific activity at pH optimum and the relative intensity of CD signal at 222
nm (used as a proxy for the fraction of folded protein) are plotted at different temperatures
for both LYS177 and LYS188. The scatterplots in E and F were fitted with a Boltzmann
distribution. Top: = optimum temperature. Ty, = midpoint denaturation temperature.
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Fig. 2.2 Supported monophyletic clade including all characterized endolysins to date,
including LYS177 and LYS188. This clade was extracted from the phylogenetic analysis of the
75 characterized GH19 sequences, reported in Chapter 3 of this thesis. LYS177 is named
EfsLYS177, highlighted in blue, and LYS188 is named EfsLYS188, highlighted in red.

Therefore, a study on GH19 diversity in sequence and structure, and its evolution,
is required to have a more complete picture on GH19 properties. This is relevant also
for the potential applications of GH19s in the field of human health and crop
treatments against pests (see paragraph 1.4.3 of this thesis).

GH19 evolution has been studied by previous authors [114, 126], but mainly GH19
chitinases from plants and Actinobacteria were sampled [89, 103, 104, 198, 199].
Moreover, the substrate specificity of chitinases seem to be high, as demonstrated in
works in which substrate promiscuity was tested [137, 200-205]: weak or no lysozyme
activity was detected for GH19 chitinase. Thus, this indicates also the importance to
identify sequence signatures associated with substrate specificity for understanding
the molecular basis of substrate specialization and for further improving the activity
of GH19 enzymes.

In order to answer to these requests, a bioinformatic investigation of the protein
sequence space, a recently applied approach in the field of enzyme discovery [93, 94,
206], was performed for GH19 family, and its evolution explored by phylogenetic
analyses. The main findings of this work will be presented and discussed below; a
manuscript on this work has been submitted to The FEBS Journal and the draft is
included in chapter 3 of this thesis, together with the details on methods employed
to achieve the results.

The starting point has been the creation of a database named GH19 engineering

database (GH19ED), containing 22461 protein sequences from NCBI non redundant
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and Protein Data Bank public databases, with at least a GH19 domain. All the GH19
sequences from this database were clustered to pick up 5229 centroids (i.e., a sub-
sample of all the sequences, that is representative of the sequence space) and
generate similarity networks with them. By applying a 40% identity cut-off to the
edges connecting the centroids (the nodes of the network), more than 90% of the
sequences are divided into two big clusters (8554 and 10967 sequences) containing,
respectively, the sequences of characterized chitinases and endolysins (Fig. 2.3).
These GH19 clusters were used to define two subfamilies (named “superfamilies” in
the submitted draft, for compatibility with the ontologies used in the database), one
containing putative chitinases (CHITs) and the other putative endolysins (ELYSs). Sub-
clusters within each subfamily were also obtained by applying a 60% identity cut-off,
which permitted to split CHITs sequences into 18 groups, used to define 17
homologous families that are coherent with previously defined chitinase classes [117,
119]. Two of these include most of the characterized GH19 (49 out of 75) divided in
plant “loopful” (class I and 1l) and “loopless” chitinases (class IV); the latter group is a
merge of two sub-clusters that both contain sequences characterized as class IV
“loopless” chitinases from plant or from Bryophyta. Therefore, the system of
classification built in this study takes also into consideration the recently introduced
difference between “loopful” and “loopless” chitinases [111, 207], used to indicate
the presence or absence, respectively, of different combinations of six loops around
the catalytic cleft [111, 201]. Among other homologous families defined in this study,
two are new groups containing plant sequences: it is likely they contain non-active
chitinase like proteins (CLPs), as the sequences in this groups were characterized as
lectins or mediators of plant physiological responses to environmental conditions.
CHIT sequences from organisms other than plants were divided in eight
homologous families from various bacterial taxa, included the most studied bacterial
“loopless” chitinases that come from Actinobacteria fir > 90% of sequences [125]. This
homologous family includes also minor fractions from Myxococcales (> 3%),

Firmicutes ( > 1%), Betaproteobacteria (> 1%) and Gammaproteobacteria (> 1%),
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enriched in species typically found in soils. Other five small clusters are from other
Eukaryotes (Oomycota, Fungi and Metazoa).

ELYSs sequences were divided in 34 homologous families from phage/bacterial
sources. Only two predominant homologous families contain each more than 2500
sequences, while there are 26 homologous families of small size (from few to 100
sequences), more than double than in CHITs. Therefore, the sequence space of GH19
seems to be rather connected for ELYSs with respect to CHITs. This may be due to a
bias in sequence sample available in public databases and not a real difference in

terms of distribution of diversity in the sequence space.

Endolysin subfamily (ELYSs) Chitinase subfamily (CHITs)

@M Characterized
{seed sequences)

Fig. 2.3 Protein sequence networks of representative domains of the two bigger clusters
containing characterized sequences (5067 centroid nodes in total, 2738 nodes on the left for
ELYSs and 2329 nodes on the right for CHITs) connected by edges with 40% minimum global
identity cut-off. The two endolysins characterized in the first part of this thesis are indicated
by black arrows. The prefuse force-directed OpenCL layout of Cytoscape 3.7.1 [208] was used.
The domains were extracted from Pfam GH19 Hidden Markov Model profile (PF00182)
scanning of the sequences collected through BLAST searches using the characterized
sequences as queries. Nodes are coloured according to their taxonomic source annotated in
NCBI.
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Overall, an extended and biochemically integrated classification system for all the
GH19 sequences in CHIT and in the under-characterized ELYS subfamily was created,
providing a scaffold that will be populated after more experimental information will
be available, to better predict the existence of interesting functional variants
occupying unexplored portions (nearby or far from any characterized protein) of the
sequence space in each subfamily, especially for ELYS.

Since there is a clear distinction between putative endolysins contained in ELYSs
and putative chitinases in CHITs by looking to sequence similarity networks,
conservation analyses were performed on = 300 centroids from ELYs and CHITs, to
identify diagnostic sequence positions to serve for immediate prediction of subfamily
specificity.

The results, plotted on reference structures of CHITs and ELYSs (Fig. 2.4A-B-C-D),
revealed that all GH19 possess a conserved core made of 27 residues (Fig. 2.4E-G)
that comprise the central portion of the active site cleft binding the substrate at
subsites -2, -1 and +1. The three catalytic residues part of this core are conserved and
rarely substituted, in particular the catalytic acid, which is typically replaced in GH19
proteins that play a non-enzymatic function, such as lectins or physiological pathway
regulators (as demonstrated in [209-212]). Many structural and kinetic studies
involving GH19 chitinases support the hypothesis that these central subsite positions
are involved in positioning the substrate in place for starting the hydrolysis [111, 125,
139, 201, 213, 214]. Also other hybrid experimental/theoretical kinetic model based
works converged towards this result [215, 216].

On the contrary, sequence plasticity was detected at both extremities and on
surface elements around the substrate binding cleft, comprising the CHITs loop motifs
(Fig. 2.4B) and the PBM of ELYSs (Fig. 2.4D). Indeed, CHITs loops are overall not
conserved in their primary sequence, with exception of loops 3 and 4, and vary in
length, with exception of loops 4 and 5, the conclusion is that most likely they are
flexible motifs responsible for accessory properties and are not necessary for the
catalysis. This is also confirmed by experimental studies on CHIT loops, which

conclude that they are flexible structures [121, 139] that can significantly increase
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the size of the binding cleft, altering the binding mode of COSs [111, 121, 125, 139,
201, 217-220] and reducing in most of the cases the catalytic efficiency on short
soluble substrates [122, 201, 207, 216, 218, 221].

The PBM alone was demonstrated to have an in vitro affinity for peptidoglycans
higher than the enzyme after its removal [141]; the low level of conservation detected
for this module in the results of this thesis is coherent with the hypothesis reported
in the first part of this thesis: it could be a region regulating the adsorption of the
enzyme on the cell wall, useful for the phage to cope with the peptidoglycan
composition variability of the bacterial host [196].

Overall, the performed conservation analysis leads to the conclusion that GH19
share a conserved a core essential for the binding of GIcNAc containing polymers: this
is not surprising because some CHITs and a single ELYS can bind and hydrolyze murein
and chitin, respectively, and these substrates are chemically similar.

In [141], a GH19 endolysin structure was superposed to structures of enzymes
from other families in the lysozyme superfamily, concluding that it is functionally an
N-acetyl-B-D muramidase because the position of catalytic acid and base residues is
compatible to C-type lysozyme (GH22). However, GH22 enzymes have a retaining
catalytic mechanism with the involvement of acetamido substituent at C2 of the
substrate during the catalysis [106]. Instead, we suggest the mechanism of hydrolysis
of GH19 ELYSs to be similar to the GH19 CHITs. Anyway, the superposition of ELYS and
CHIT reference structures suggests that ELYSs differ from CHITs by a larger substrate
binding cleft at subsites from -4 to +3, to accommodate the more bulky murein
substrate, and possibly by a different opening or closing dynamic of the cleft during
catalysis. In this regards, six positions in the generated alignments were specifically
found in CHITs, while absent in ELYSs (and, viceversa, four positions in ELYS, while
absent in CHITs), and defined as hallmarks of activity specialization. These residues
(Fig. 2.4F-H) are located apart from the catalytic cleft and do not interact directly with
the substrate, on the hinge or inside the lobes of the reference structures, with a
possible role in the control of lobe flexibility during the reaction; chemical shift

perturbations were experimentally observed behind the binding groove of GH19
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“loopless” chitinase from Gemmabryum coronatum [111], and domain motion was
often reported to be required upon the ligand binding in bi-lobal glycosyl hydrolases
[222]. However, it is not possible to demonstrate if these signatures effectively
contribute to the molecular mechanism responsible for the observed substrate
specificity. Nevertheless, the amino acid pattern observed for these signatures was
tested on characterized GH19: 62/63 chitinases possess at least 4/6 positions of CHIT
signature, and 10/12 endolysins possess at least 3 /4 positions of ELYS signature.
Therefore, the signatures are general enough to be used for an immediate distinction

between GH19 subfamilies.
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Fig. 2.4 Least conserved (red) and most conserved (blue) residues plotted onto (A-B) the ELYS
reference model from bacteriophage SPN1S (PDB code: 40k7), and (C-D) the CHIT reference
model from rye seed (PDB code: 4j0l). The models are visualized in cartoon, with substrate
binding residues as sticks (except glycine). (E-G) The most conserved and structurally aligned
positions between CHITs and ELYSs are plotted as blue solvent accessible surface on the same
models. (G) The surface representation of two chitotetrasaccharide molecules spanning the
substrate binding cleft of the rye seed chitinase model is visualized and the subsite numbers
are given below. The residues corresponding to ELYS (F) and CHIT (H) sequence signatures
identified in this work are shown as blue solvent accessible surfaces and labelled.

PBM = Peptidoglycan binding module.
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Interestingly, The only CHIT outlier is a GH19 chitinase characterized from a fungus
species [223], located far from the other characterized CHITs, in the lower-right
portion of the CHIT network in Fig. 2.3, and the two characterized endolysins not
fitting the ELYS signature are located apart from others, on top left portion of the ELYS
network in Fig.2.3: these sequences come from the phages of two Acinetobacter
species in which they were reported to possess an amphipathic helix inducing outer
membrane permeabilization [112, 134]. Therefore, the signatures could also be useful
for identifying outliers with possibly novel properties. As no variants have been
studied at these positions, yet, next studies are encouraged to focus on the functional
role of these positions by employing site-directed mutagenesis and simulations.

The evolution of structural motifs (chitinase loops, endolysin PBM) and accessory
binding modules was investigated from an evolutionary point of view, by building a
molecular phylogenetic tree of centroids representative of all homologous families.

Based on the results of this analysis (Fig. 2.5), CHITs loops 3 and 4 were most likely
the first to be present in the common ancestral CHIT sequence, followed by additions
of loops 1 and 2 in the plant lineage, and of loops 5 and C-terminal in the plant
“loopful” lineage (IDs 1-3-4), after its separation from “plant loopless” lineage (ID 2A-
B), which lost loop 4. This genealogy can explain why plant “loopless” chitinases are
structurally similar to bacterial “loopless” chitinases (ID 5) and do not share the loop
content of plant “loopful” chitinases: the “loopless” and “loopful” chitinases probably
evolved from two different ancestors before the appearance of a full set of loops. In
Urtica dioica like CLP lectins (ID 4) loop 5 was secondary lost. “Loopful” plant
chitinases passed to bacteria by two HGTs and lost loop 1 in both cases; some other
loops also disappeared in three bacterial taxa (IDs 7-10-11) and in Proteobacteria
chitinase (ID 6) loops 2 and 3 became longer.

Overall, during GH19 evolution, up to four different loops were acquired in CHITs,
with only the most conserved loops 3 and 4 likely present since the chitinase common
ancestor, while some were secondary lost in different organisms: this permitted GH19
to explore different combinations of properties, still unknown, potentially optimized

for slightly different functions in different taxa. As just three GH19 chitinases were
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described in groups of organisms other than plants and Actinobacteria, other
bacterial taxa would require more attention in future experimental studies. This is
particular true for members of homologous family 7, which have a modified N-
terminal region without the first three loops, and the homologous family 6, as loops
2 and 3 became longer, and evidence of exo-activity was experimentally collected in
the two characterized GH19 chitinases of this group, from Vibrio proteolyticus and
Pseudoalteromonas tunicata [129, 130]. GH19 CHITs are typically endo-acting
enzymes. Thus, the appearance of longer loops during the evolution of homologous
family 6 may explain the processive exo-activity, as supported by observations on
other GHs, where processivity was considered as the result of longer loops
responsible for the conversion of the active site shape from a cleft to a tunnel [95].

Different combinations of accessory modules, added to GH19 during evolution,
exist. By looking to GH19 tree genealogy (Fig. 2.5), the most likely hypothesis to
explain the distribution of CBM18, 5/12 and 13 during CHITs evolution is that CBM18
was added in the plant lineage (IDs from 1 to 4), but was not transferred to bacteria,
as happened to the catalytic domain, when there were the two HGTs to homologous
families with IDs 6-7-9-10, which likely received the CBM5/12 from bacterial
“loopless” CHITs (ID 5). Some members of the bacterial “loopless” chitinases possess
also a CBM13, a domain with loose and broad sugar specificities [99], that was found
in association to xylanases (GH10) from Actinobacteria. It is likely that this is the most
recent accessory domain that recombined with a GH19, as it is limited to a few
sequences in the same homologous family. The same applies for LysM, which is a
ubiquitous non-catalytic motif repeat that was shown to bind both peptidoglycan and
chitin in plants [224], and was mainly found in a small subgroup of "loopless" bacterial
CHITs from Cyanobacteria (ID 11).

The distribution of PBM insertion is restricted to just two ELYSs homologous
families (IDs 2-19) and evolved recently as these groups share a common ancestor
with only another homologous family (ID 30), which agrees with the hypothesis
reported above.

In ELYSs, only two known accessory binding modules are present (PG_binding_1,

and LysM) in a few hundred sequences (represented by more than 10 centroid
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sequences): they are spread among different homologous families with low sequence
similarity. This finding supports the hypothesis of multiple independent
recombination events with the ELYS catalytic domain.

Structural motifs
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Fig. 2.5 Phylogeny of centroid domains representative of GH19 homologous families. Structural motifs
and accessory binding modules analysed in this study for each homologous family are plotted.
Sequences are indicated with the respective subfamily code, homologous family ID and sequence
length in parentheses. The header of centroids representing groups with characterized sequences
inside are in bold. Some of the nodes have been collapsed for a better visualization.

*These loops are longer than the length distribution of the corresponding loop in other homologous
families.

HGT = horizontal gene transfer; ABM = accessory binding module; ND = not defined; ELYS 1 =
Pseudomonas prophage like; ELYS 2 = Salmonella typhimurium like; ELYS 3 = Salmonella phage PVP-SE1
like; ELYS 4 = Ralstonia phage like; ELYS 5 = Pseudomonas phage OBP like; ELYS 6 = Acinetobacter phage
like; ELYS 7 = Mycrocystis phage like; ELYS 8 = Mycobacterium phage like; ELYS 9 to 34 = other putative
endolysins from phages and prophages; CHIT 1 = plant “loopful”; 2A-B = plant “loopless”; CHIT 3 = plant
CLP with regulatory functions; CHIT 4 = Urtica dioica like CLP lectins; CHIT 5 = bacterial “loopless”; CHIT
6-7 = Proteobacteria; CHIT 8 to 12 = other putative chitinases from Bacteria; CHIT 13-14 = Fungi; CHIT
15 = Metazoa; CHIT 16-17 = Oomycota.
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By analyzing the taxonomic distribution of GH19 during its evolution, it is possible
to see that after an early separation between CHITs and ELYSs. The endolysin lineage
remained confined in the genomes of phages and bacteria, while chitinases spread in
both prokaryotic and eukaryotic taxa, in which they independently evolved up to the
appearance of bacterial and plant lineages. The spread of “loopless” bacterial
chitinases (ID 5) from soil bacteria can be associated to the advantage they provided
to exploit the carbon source contained in chitinous organic matter and for inhibiting
the growth of competing fungal species. Waves of enzymatically active GH19 over-
expression were measured in plant tissues after exposure to various stresses,
including mechanical wounding and infections by fungal pathogens [145, 146, 225,
226]. Therefore, these enzymes most probably spread in plants because they entered
in the systemic acquired response mechanism activated against chitin-containing
pathogens. More recently, plant homologous families with ID 3-4 evolved as CLPs,
non-enzymatic coagulant factors in latex or regulators of plant growth in response to
changing environmental conditions. This leads to the hypothesis that this functional
transition from enzymatic to regulative activity may have been favored by the pre-
existing over-expression in plant defense responses.

The evolutionary hypothesis reported in this study revealed an evolutive scenario
different from the one previously described in [114], where plants were considered
to be the original hosts of GH19 genes and secondary transferred to Actinobacteria.
The molecular phylogenetic study reported in this thesis considered a sequence
sample that is representative of the GH19 sequence space known so far, and not
oversampled the most considered groups of plants and Actinobacteria. Moreover, a
Bayesian approach with an underlined statistical model of molecular evolution was
applied. Therefore, robust evidence was collected to support the hypothesis that
bacterial and plant GH19 evolved independently and in parallel, while HGTs moved
GH19 to bacteria just after the diversification of plant chitinases. A byproduct of this
approach was that sequences from superphylum Alveolata and phylum Nematoda
were not represented because in GH19ED database very few sequences belong to

these taxa and the analysis was possible only on a representative sub-sample of all
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sequences in the GH19ED. If more sequences from rare taxa will be added in the NCBI
in the next future, another analysis would be necessary to complete the evolutive
scenario of GH19s.

In conclusion, in this thesis two GH19 lysozyme endolysin from an Antarctic
genome were characterized as cold-active and thermolabile enzymes, suggesting
potentialities for future testing of LYS177 as an anti-bacterial agent to treat
food/beverage stored at low temperature. These sequences were initially annotated
as putative chitinases, probably because the currently available GH19 CAZy
classification is limited. Therefore, the sequence space of the whole family was
explored by a bioinformatic study, establishing the common and divergence features
of chitinases and endolysins. Single position signatures suitable to predict activity
specificity were provided, and the plasticity of GH19 sequence and structural diversity
was embedded in its evolutionary history.

This information was integrated in the public accessible BioCatNet database
system [227] (https://www.gh19ed.biocatnet.de), with a defined standard numbering
scheme for each position of the sequences and a binary code to describe the
presence/absence of structural motifs and their distribution. As the consequence, the
content of this thesis will provide useful insights for future discovery of GH19 enzymes
and for understanding the molecular mechanisms of substrate specificity in order to
find activity enhancing mutations. The capacity to predict and exploit new GH19
functions and properties will benefit also from future efforts into biochemical and
structural characterization of still unknown and unannotated accessory domains,

especially for GH19 endolysins.
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Abstract

Organisms adapted to thrive in cold environments produce enzymes with the remarkable ability to
perform catalysis even at temperatures approaching the freezing point of water. Such cold-active
proteins show adaptive changes when compared with mesophilic homologues and are of interest for
several processes where low-temperature activity coupled with easy thermal inactivation can be of
advantage. We have identified and characterized two glycosyl hydrolases of family GH19 in the genome
of an Antarctic Pseudomonas strain, member of the microbial consortium associated to the
psychrophilic ciliate Euplotes focardii. Both recombinant proteins showed optimal temperatures of
about 25-35°C and were able to retain 40% of their highest activity at 5°C, thus conforming to the
definition of cold-active enzymes. Based on sequence analysis and on activity assays, we hypothesize
they are specialized phage endolysins with lysozyme activity integrated in prophagic regions of the
Pseudomonas host. The best performing of the two, named LYS177, is active and stable over several
days at 4°C and displays activity on both Gram-positive and Gram-negative bacteria.

Keywords: cold-adaptation, cold-active enzyme, endolysin, glycoside hydrolase 19, antibacterial
activity
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Introduction

Adaptation to life in cold environments translates to a variety of molecular changes in the cell
structures and in the macromolecules of the so-called psychrophilic organisms [161, 162]. It is
interesting to observe that the body of information built over the years shows a large diversification in
adaptation strategies that highlights, beside the relevance of the selective pressures exerted by
temperature, also the importance of the evolutionary history organisms followed. This is obvious, if
one compares sequences and biochemical features of cold-active enzymes, where cold activity is
defined as the ability to retain relevant residual activity at temperatures close to 0°C. It is broadly
accepted that most cold active proteins can cope with catalysis at low temperature since they are
endowed with high flexibility either in the whole structure or at least in the regions surrounding the
enzyme active site [180, 228]. This property may reflect in a decrease of thermal stability of the whole
structure or in localized protein lability. The latter often results in the loss of enzyme activity at a
temperature lower than the temperature of melting, because of the uncoupling between overall
structural denaturation and inactivation [172, 229].

Besides the relevance of understanding the molecular and evolutionary grounds of cold adaptation,
enzymes from psychrophilic organisms may find application in biocatalysis [185]. Indeed, high specific
activity at low temperature is of advantage for energy saving and in processes in which heat sensitive
substrates are used and side reactions should be avoided, as for example in the food industry and in
fine chemistry. A further benefit of psychrophilic heat labile enzymes may rely on the possibility to
inactivate them through small temperature increases [185, 230].

We are studying Antarctic bacteria and unicellular eukaryotes sampled at Terranova Bay as sources of
cold-adapted enzymes and antifreeze proteins [166, 231]. This work focuses on glycoside hydrolases
belonging to family 19 (GH19), according to the classification of CAZy, the database of carbohydrate
active enzymes [79]. GH19 enzymes are endo-glycosydases that hydrolyse B-1,4 glycosidic bonds by
inverting the anomeric configuration of the C1 [110]. They are classified either as endochitinases (EC:
3.2.1.14) that cleave glycosidic bonds between N-acetyl-glucosamine (GIcNAc) residues within chitin
chains, or as lysozymes (EC: 3.2.1.17) cutting peptidoglycans between N-acetylmuramic acid and
GIcNAC residues.

Earlier reports included in GH19 plant chitinases only [117-119]. Later on, bacterial chitinases were
added and events of horizontal gene transfer where hypothesized to account for their occurrence in
this family [114, 126]. More recently, a number of papers [232, 233] pointed out that GH19 proteins
are coded by single genes or modular multi-domain lytic gene cassettes in bacteriophages or
prophages. Some of these enzymes have been biochemically characterized and classified as endolysins
with lysozyme-like properties [112, 113, 133, 136, 137, 193]. Endolysins are produced in the late phases
of the bacteriophages lytic cycle and allow for the release of the phage progeny since they attack the
peptidoglycan polymer of the host cell wall. Endolysins are under investigation as specific antimicrobial
candidates towards Gram-positive bacteria in the frame of the quest for new antibacterial drugs to
fight drug resistance [156]. Recent developments raised expectations also for a possible use against
Gram-negative bacteria [157-159].

In this study we report about the features and the evolution of two GH19 endolysins identified in the
genome of the Antarctic Pseudomonas Ef1 bacterium, isolated from a microbial consortium associated
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to the strict psychrophilic protozoan Euplotes focardii [191]. At the best of our knowledge, this is the
first work to report the functional characterization of psychrophilic lysozyme-type endolysins.
Pseudomonas Ef1 endolysins display high murein hydrolase activity at 5°C and are inactivated at mild
temperature, making them candidates for future testing as thermolabile long-term antimicrobial
enhancers during beverage and foodstuff fridge storage.

Materials and Methods

Identification of the bacterial strain and of glycoside hydrolases sequences

Pseudomonas Efl is a Gram-negative bacterium that was isolated from the microbial consortium
previously described as associated to the psychrophilic Antarctic ciliate Euplotes focardii [191].

In order to assess the taxonomic position of this strain with respect to other Pseudomonas species, the
16S rRNA gene was amplified from the genomic DNA (Ramasamy et al., Microbial Resource
Announcement, submitted) by PCR using bacterial universal degenerate primers 27F (5'-
AGAGTTTGATCMTGGCTCAG 3') and 1492R (5'-TACGGYTACCTTGTTACGACTT 3'), as forward and
reverse primers, respectively. Amplification was in a Biometra Thermal Cycler (Biometra Ltd., Kent, UK)
with the following cycling conditions: initial denaturation at 94 °C for 5 min, 30 cycles of 1 min
denaturation at 94 °C, annealing at 60 °C for 1 min, and extension at 72 °C for 1 min. A final extension
step was at 72 °C for 5 min. Sanger sequencing of the 16S rRNA amplicon was performed by BMR
Genomics (Padova, Italy). The rRNA sequence was used as query for a Blastn search on the NCBI data
bank (http://blast.ncbi.nlm.nih.gov).

Glycoside hydrolase sequences were identified in the genome deposited in GenBank under the
Accession Number (AN) VAURO00000QO by the pipeline available in Prokka 1.12 [34] with the dbCAN
database of carbohydrate active enzymes as reference (http://csbl.omb.uga.edu/dbCAN).

The sequences identified as GH19 were named lys177 and lys188 (lys stands for lysozyme and the
numbers stand for the amino acid length of the predicted protein sequences).

Enzymes expression and purification

The lys177 and lys188 gene sequences were codon optimized for expression in E. coli, synthesized and
cloned into pET-21a expression vector by GenScript USA Inc. (Piscataway, NJ 08854, USA). Both genes
are flanked by Ndel and Xhol restriction sites, and harbour 18 supplemental nucleotides for 6xHis-Tag
at their C-terminus. The expression vector was transformed in E. coli DH5a (EMD Millipore, Billerica,
MA, USA) for amplification and then transferred into E. coli BL21[DE3] cells (EMD, Millipore, Billerica,
MA, USA) for heterologous production. Transformants were grown overnight at 37°Cin 2 mL Lysogeny
Broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) and then diluted 1:25 in 50 mL of Zym-5052
medium [234] and incubated overnight at 20°C. Media contained ampicillin 100 mg/L.

Recombinant His-tagged LYS177 and LYS188 were extracted as described in [235], and purified by
immobilized-metal affinity chromatography (IMAC) on Ni/NTA agarose resin (Jena Bioscience, Jena,
Germany) at 4°C after two washing steps at 10 and 20 mM imidazole and elution in 250 mM imidazole,
pH 8.0 (complete protocol of purification in Tab. S1).
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Protein concentration was determined by the protein Bradford assay (Bio-Rad, California, USA), using
bovine serum albumin as a standard. Samples containing highest protein concentrations were buffer
exchanged twice by gel filtration on PD10 column (GE Healthcare, Little Chalfont, UK) against 80 mM
potassium phosphate buffer, pH 6.5.

Whole cell extracts, soluble and insoluble protein fractions, and IMAC purified fractions were loaded
on 14% acrylamide Tris-Glycine SDS/PAGE with BLUeye Prestained Protein Ladder by GeneDirex Inc. as
the standard. After electrophoresis, gels were stained with Coomassie dye (Bio-Rad).

Enzymes characterization
a) Lysozyme activity assay

Lysozyme activity was measured spectrophotometrically in Euroclone Primo® Multiwell plates 96
(Pero, ltaly), by a VICTOR Multilabel Plate Reader (PerkinElmer, Waltham, Massachusetts, U.S). = 10
mg/mL cells of the Gram-positive bacterium Micrococcus lysodeikticus (Merck KGaA, Darmstadt,
Germany) were suspended in 270 uL of 80 mM potassium phosphate buffer, pH 6.5, so that in a single
well Asoo was between 0.6 and 1. Thirty microlitersul (= 2 ug) of enzyme solution were added to the
reaction mix and mixed by pipetting. Asoo was recorded at 10 s intervals up to 10 min. The slope of the
linear regression between Asoo and time (min) was used for the calculation of AAsoo/min. Reactions
were carried out at 30°C and the PD10 buffer was used as blank. In this assay, activity (U) is defined as
the amount of enzyme that induces a decrease of 0.001 Asoo per min, due to Micrococcus cell lysis
following wall degradation elicited by the enzyme. Specific activity is defined here as U/mg normalized
for the reaction volume, according to the formula presented in [236]. HEWL (Hen Egg White Lysozyme,
Merck KGaA) was the positive control. Activity was recorded in the 3-9 pH range and in the 5°C- 65°C
(pH 6.5) temperature range. Measures were taken in biological and technical triplicates.

Lysozyme activity of LYS177 towards Gram-negative bacteria was tested on E. coli BL21 cells treated
with EDTA to increase the outer membrane (OM) permeability as described in [113]. The reaction was
started by adding 30 uL LYS177 (= 400 ng) to 270 ulL of EDTA-treated E. coli BL21 suspended in 80 mM
K-phosphate pH 6.5 suspension. Incubation was performed at 30°C in Euroclone Primo® Multiwell
plates 96. Specific activity was calculated in biological triplicates as above. HEWL was used to compare
the performance in the same assay conditions.

b)  Chitinolytic activity assay

Chitinolytic activity was measured on the low molecular weight chromogenic substrates 4-nitrophenyl
N,N’'-diacetyl-B-D-chitobioside (pNP-chitobioside) and chitin azure (CA) by Merck KGaA.

0.9 mM pNP-chitobioside was dissolved in 270 puL 100 mM sodium acetate, pH 4.8 and 6.0, or 100 mM
potassium phosphate buffer, pH 7.0 or pH 8.0. Reactions started when 30 pL of enzyme solution
(containing either 6 pg or 60 pug enzyme) was added to the reaction mixture. After 1h at 25°C 600 pl of
sodium carbonate 0.37 M was added to stop the reaction. As20 was used to calculate the activity based
on the molar extinction coefficient of released 4-Nitrophenol at pH 10.

3 mg/mL CA 270 pl suspension in 100 mM sodium acetate buffer (pH 4.6) or 100 mM sodium
phosphate buffer (pH 7 and 8) was added with 30 ul of enzyme solution and stirred at 25°C for 1h
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before heat inactivation [237]. The reaction mixture was centrifuged at 13,000 g for 5 min and the
absorbance of the supernatant was measured.

Each measure was in triplicate. The standard chitinolytic cocktail from Streptomyces griseus (Merck
KGaA) was used at different concentrations as the positive control.

c) Circular dichroism (CD) spectroscopy

Measurements of protein samples (6 uM) in 80 mM potassium phosphate buffer, pH 6.5 were
performed in biological triplicates at 4°C by a spectropolarimeter J-815 (JASCO Corporation, Easton,
USA) in a 1-mm path-length cuvette at variable wavelength in the far-UV range (195 - 260 nm). Other
parameters were: scanning speed 20 nm/min, bandwidth 1 nm, digital integration time per data 2 s
and data pitch 0.2 nm. All spectra were corrected for buffer contribution, smoothed twice by the
Means-Movement algorithm and averaged among different biological replicates.

Thermal denaturation spectra were obtained by measuring the CD signal at 222 nm fixed wavelength
when progressively heating the sample from 5°C to 70 °C. Measurements were performed with a data
pitch of 0.2 °C and a temperature slope of 5 °C/min.

Molar mean ellipticity per residue was calculated according to the formula:

3300m - 4A

0] =———
c-n-l

where AA is the difference in the absorption between circularly polarized right and left light of the
protein corrected for blank, m is the protein molecular mass in Daltons, / is the path length (0.1 cm), ¢
is the protein concentration in mg/mL and n is the number of residues [231]. Absolute CD signals were
converted to percentage (%) with respect to maximum and minimum values, and the scatterplot with
temperature was fitted with a Boltzmann distribution to estimate the thermal denaturation midpoint
(Tm).

d) Thermal stability

Relative lysozyme specific activity and relative CD signal at 222 nm were determined after incubation
of LYS177 at 4°C, 20°C and 37°C at the pH optimum (pHopt) in 80mM potassium phosphate buffer.
Measures were recorded at 25°C after 4h, 8h and 24h in the first day of incubation and then after day
2 and 4, and every 4 days up to 16 days. Results were averaged over three biological replicates.

In silico analysis
a) Sequence analysis

The amino acid sequences of LYS177 and LYS188 were Blast - searched in the UniProtkB/Swiss-Prot
database to obtain the closest experimentally characterized protein. SignalP 5
(http://www.cbs.dtu.dk/services/SignalP/, [238]) was used for detecting the presence of signal
peptides. The sequenced genome of the isolated strain was scan-searched with Phaster [239], in order
to detect if the coding genes were located within prophagic regions.
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b) Phylogenetic analysis

Multiple alignments and phylogeny analysis were performed with a group of biochemically
characterized GH19 selected from CAZy (http://www.cazy.org) and UniProt databases.

A starting approximate alignment was built with the E-ins-I algorithm of Mafft 7.313 [240]. All the
accessory domains (not containing the GH19 catalytic domain) were then manually trimmed. A Bio-
Neighbour Joining [241] starting tree was generated from this alignment through Phylogeny.fr web
service (http://www.phylogeny.fr/one_task.cgi?task_type=bionj). These results were refined in a
Bayesian analysis by Bali-Phy 3.4 [242]. 6 independent Monte Carlo Markov chain analyses were run
and stopped after 40000 cycles, when sampled parameters got to convergence and good mixing
according to the manual guidelines (http://www.bali-
phy.org/README.html#mixing_and_convergence). In order to eliminate the background noise at the
beginning of the run, the first 50% of samples was discarded. Each analysis was performed at default
parameters priors with an LG empirical substitution rate matrix [243] and a rs07 [244]
insertion/deletion model. The resulting unrooted tree is the majority consensus from all the samples
collected during runs.

The position of the root was inferred with a parsimony-based approach, minimizing the costs of
duplication, transfer, loss events under a defined species phylogeny by RANGER 2 [245], using the
previously obtained unrooted phylogeny and a chronogram tree of the species in which each branch
represents the evolutionary time. This tree was generated through the “Time Tree of Life” website
(http://www.timetree.org/). Three different cost combinations for duplication (D), transfer (T) and loss
(L) ([D-T-L]: [2-3-1], [3-3-1] and [2-4-1]) were used to select the optimal position of the root. Each
analysis was repeated 100 times. The position of the root was considered reliable if optimal (minimum
number of costs) in all attempts.

c) Conservation analysis and modelling

The multiple alignment from the previous step including LYS177, LYS188 and other GH19 endolysins
was visualized with SeaView version 4.7 [246]. Conserved residues important for substrate binding in
other GH19 [111, 114, 139, 213] were annotated.

Rate4Site (VERSION 2.01) detects conserved amino-acid sites by computing the relative evolutionary
rate for each site with respect to a multiple sequence alignment [247]. Consurf 3.1 [59],
http://consurf.tau.ac.il/2016/) uses Rate4Site relative rate scores and splits them in 9 bins from the
“fastest” (assigned to 1) to the “slowest” (assigned to 9). Results are plotted on an alignment and on a
reference structure. The above mentioned multiple alignment was used as input in the web server
implementation of Consurf [248] with a LG substitution rate matrix [243] and an empirical Bayesian
approach. If half or less sequences in the alignment contained gaps for a specific site, the “fastest”
evolving score was assigned to the corresponding alignment column. Salmonella Typhimurium-
infecting phage SPN1S endolysin [141], the only sequence with a structure available in protein data
bank (PDB code: 40K7) was taken as the reference structure.

The same structure was also used for building a model of LYS177 (= 39% identity) by RaptorX [197],
one of the best performing homology modelling servers (available at http://raptorx.uchicago.edu) and
with  the most complete benchmark available in the CAMEO community project
(https://www.cameo3d.org/sp/1-year/?to_date=2018-12-08).
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The most accurate model was energy minimized with CHARM?22 forcefield [249] in gromacs 2018.4
[250], then visualized and structurally aligned to the reference template with pymol 2.1
(http://www.pymol.org/), in order to predict the structural differences with respect to LYS177.

Deposited sequences

The 16S rDNA sequence of the isolated bacterial strain is deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov/genbank/) under the AN MH177769. The gene sequences of wild type
lys177 and lys188 are deposited in the GenBank database under the AN MK926465 and MK926464,
respectively. Codon optimized sequences are deposited under AN MN243085 (LYS177) and MN243086
(lys 188).

Results
Molecular identification of the bacterial isolate and of glycoside hydrolase coding sequences

The Pseudomonas sp. Ef1 bacterial isolate was compared to other bacterial species based on its 16S
rDNA sequence. Highest identity values were found with the 16S rDNAs from Pseudomonas koreensis
Ps9-147(99.77%, [251], P. reinekei (99.53%) and P. granadensis (99.50%).

Scanning the entire Pseudomonas Efl annotated genome (Ramasamy et al., Microbial Resource
Announcement, submitted) we identified two GH19 sequences that we named lys177 (531 bp) and
lys188 (564 bp). Lys177 is 98% identical to the homologous sequence from P. koreensis, while lys188
is 92% identical to the sequences from P. moraviensis and P. putida, and 91% identical to the glycoside
hydrolase from P. koreensis.

Predicted amino acid sequences of LYS177 and LYS188 share 65% sequence identity to each other.
Their closest match in the UniProtKB/Swiss-Prot database is the GH19 Endolysin A from Mycobacterium
phage D29 (AN 064203). The catalytic domain of Endolysin A is 37% and 36,8% identical to LYS177 and
LYS188, respectively. It is interesting to note that both Lys177 and lys188 genes are inserted in a
complete prophagic region of the host Pseudomonas Ef1, according to Phaster. SignalP 5 did not
predict the presence of any signal peptide.

LYS177 and LYS188 are cold-active, thermolabile glycosidases with lysozyme activity

The vyield of recombinant His-tagged LYS177 and LYS188 (Fig. S1), determined after affinity
chromatography purification and two buffer exchange steps, was respectively = 2.5 mg and = 1 mg per
100 mL of culture.

Since the GH19 family groups proteins with either chitinase or lysozyme activity, we assayed
recombinant proteins for both using the protocols described in the “Materials and Methods” section.
While the two enzymes did not show any activity on neither of the two chitinase-specific substrates,
both were active as lysozymes. In this specific assay, LYS177 pHopt was 6.5 (Fig. 1a) and its temperature
optimum (Topt) 35°C (Fig. 1b). At 5°C LYS177 retained 40% activity, a hallmark of cold activity [183].
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Under optimal reaction conditions, the specific activity of LYS177 was 1877 + 99 U/mg. In the same
assay, the activity of LYS188 was too low to be reliably calculated. For this reason the concentration of
the buffer was lowered to 50 mM in order to increase the assay sensitivity (Levashov et al., 2010). pHopt
and Topt, as well as residual activity at low temperature, did match those displayed by LYS177.
Nevertheless, the temperature dependent loss of activity was sharper, with only 30% residual activity
at 35°C (Fig. 1c-d). Specific activity under optimal conditions was 142 + 20 U/mg.
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Fig. 1 Enzyme activity. The effects of pH (a) and of temperature (b) on the specific activity of LYS177 and of LYS188
was detected by means of a turbidimetric lysis assay with M. lisodeikticus cells. Error bars indicate standard
deviations of three independent biological replicates.

As both proteins resulted to be temperature sensitive, their secondary structure was investigated by
circular dichroism performed at 5°C (Fig. 2). CD spectra displayed a bimodal shape, with two local
minima at ca. 208 and 222 nm. The observation that the minimum peak at 222 nm was slightly more
negative than that at 208 nm, suggested (according to [252] an abundance of a-helices and strong
inter-helix interactions. These data are consistent with a mainly alpha compact globular domain. The
secondary structure content of both enzymes progressively decreased with temperature. Above 45°C,
the CD signal dropped abruptly because of protein aggregation, which was detectable also as
macroscopic precipitates in the cuvette. The Tm, determined at fixed 222 nm wavelength, was ca. 52°C
for LYS177 and ca. 45°C for LYS188 (Fig. 2b and d). To investigate thermal stability over time, LYS177
residual activity and residual secondary structure were measured after incubation at 4°C, 20°C and
37°C, covering the conditions usually applied to study the stability of psychrophilic enzymes, and
increasing time of exposure. The activity and secondary structure content of samples incubated at 4°C
were stable over several days (Fig. 3a and b) after a drop of 35% of activity recorded in the first hours
of the experiment (Fig. 3a). By contrast, both parameters decreased with time upon incubation at 20°C
and 37°C, and half-lives of about 8 days and 2 days, respectively, were recorded.

Furthermore, we performed preliminary assays of LYS177 for lysozyme activity on both Gram- positive
(Micrococcus lysodeikticus) and Gram-negative (permeabilized E. coli BL21) bacteria in comparison
with the commercial HEWL. As shown in Fig. 4 while LYS177 was by far less effective than HEWL (1877
+ 99 U/mg for LYS177 and 28981 + 925 U/mg for HEWL) on Micrococcus cells, it performed higher
specific activity on E. coli at pH 6.5 and 30°C (LYS177 436 + 29 U/mg, HEWL 358 + 101 U/mg). This
behavior may ground in the Gram-negative background from which this enzyme origins.
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Fig. 2 CD spectroscopy analysis. Far-UV CD spectra (a and c) of LYS177 and LYS188 recorded at different
temperatures. Thermal unfolding (b and d) of LYS177 and LYS188. Ellipticity values were collected at fixed 222 nm
wavelength during heating from 5°C to 70°C. Initial CD signal was taken as 100% for normalization. The Boltzmann
fitting was used to estimate Tm. Data are the average of three independent experiments.

LYS177 and LYS188 belong to a specific group of phage and prophage endolysins

We studied the evolution of the two novel glycosydases within the GH19 family by Bayesian
phylogenetic analysis limited to GH19 sequences present in the CAZy and UniProt databases and for
which biochemical characterization is available. We identified five major monophyletic clusters
consistent with specific functional and taxonomic groups (Fig. 5). Four out of them include bacterial
chitinases, Proteobacteria chitinases, and two clusters of plant chitinases differing in the number of
substrate binding loops (the terms “loopful” and “loopless” refer to [207]). The chitinase from a Moss
[111] clusters at the basis of plants GH19, whereas that from a fungus [223] shares a common ancestor
with a derived group containing phage/prophage endolysins with lysozyme activity and ORF69 from
cyanophage Ma-LMMO01, whose chitinolytic activity was reported [137]. LYS177 and LYS188 nest in this
group confirming the classification of the two enzymes as endolysins.
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Fig. 3 Thermal Stability of LYS177. Relative specific activity (a) and relative CD signal at 222nm (b), interpreted as
the relative content in secondary structure, after incubation of the enzyme at different temperatures.

Fig. 6a reports the multiple alignment of GH19 endolysins annotated by Consurf analysis (per site
relative evolutionary rates, described in more detail in Tab. S2) integrated with information about the
position of the active site and of the substrate binding regions in other known GH19 proteins. To better
clarify the picture, we considered the alignment positions with respect to the only GH19 endolysin
structure available (Fig. 6b), the bacteriophage SPN1S endolysin [141]. SPN1S endolysin consists of two
domains, a large “lobe” and a smaller one containing a three-helix bundle hosting the peptidoglycan-
binding domain. In this structure the catalytic dyad (GLU-49 and GLU-58) responsible for the inversion
catalytic mechanism of GH19 is strictly conserved and faces the groove between the two lobes. Most
active site residues (corresponding to positions of HIS-50, THR-97, ASN-101, VAL-155 and ASN-156,
with the exception of GLY-53) relevant for the interaction with chito-oligomer substrates [111, 139]
are also conserved, and belong to Consurf categories 8 or 9, the maximal score for residue
conservation, suggesting their slow evolutionary rate. As these residues also point towards the active
site (Fig. 6b), this observation surmises they may have retained the same substrate binding function
experimentally demonstrated in chitinolytic enzymes, considering that chito-oligomers are not too
different from the sugar chain component of peptidoglycans.

It is interesting to note that in the overall alignment several indels are interspersed with short hotspots
of highly conserved regions. These “slowest” evolving sites are mainly located within and around the
catalytic cleft (Fig. 6b), while most residues on the surface of the two “lobes” were assigned to faster
relative rate categories. In particular, this is true for the peptidoglycan binding 3-helix bundle described
in [141], not conserved in the alignment. Worth of notice is that the energy minimized 3D model of
LYS177 (Fig. 6c) is in good agreement with the structure of the template, but it lacks two out of the
three helices of this motif, and the one that is structurally overlapped is completely different in primary
sequence.
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Fig. 4 Activity against Gram-positive and Gram-negative bacteria. The bar plot displays the absolute values of
the specific activity of LYS177 and HEWL against M. lisodeikticus and OM permeabilized E. coli BL21 cells.

Discussion

The two glycoside hydrolases described in this paper are endowed with lysozyme activity and are
classified as endolysins based on the evolutionary analysis performed and of the antimicrobial activity
they display. Because of their Antarctic origin, we were interested in defining temperature dependence
and temperature stability. A first remark was that the temperature supporting highest activity (35°C
for LYS177and 25°C for LYS188) though moderate is higher than the temperature of growth of the
bacterium that should approach 0°C. The same peculiarity has been reported for several enzymes form
psychrophiles [253, 254]. Both endolysins are consistent with the canonical definition of cold-active
enzymes since they maintain high specific activity at low temperature and are thermolabile. By the
experiments of incubation at increasing temperature and time, we observed that the loss of activity
parallels the reduction of protein secondary structure. This behaviour, shared by several cold-adapted
enzymes, suggests that conformational flexibility spreads over the whole protein structure. In other
cases, loss of activity precedes denaturation, in agreement with a highly flexible active site embedded
in an overall stable structure. The issue of thermolability of cold-active enzymes is far to be fully
unveiled. While some enzymes lose their activity at mild temperature within a few hours only [194], in
other cases robustness to heat is comparable to that of mesophilic or even thermophilic enzymes
[195]. Such cases seem to question the paradigm “localized flexibility allows for cold-activity”.
However, cold activity might depend on increased flexibility restricted to very small protein regions or
loops that are not enough mobile to unfold separately from the protein structure and are therefore
difficult to detect [166].

Based on the GH19 tree topology, we can hypothesize that the common ancestor of GH19 proteins
was most probably a chitinolytic enzyme, while lysozyme activity arose later. Our analysis does not
allow inferring which type of organism harbored the common ancestor of all GH19s, because the first
bifurcation from the tree root is between proteins mainly from Actinobacteria and those from a
composite group including bacterial, plant, phage and fungal proteins. Nevertheless, data support the
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hypothesis of horizontal gene transfer from plants to Proteobacteria, before the diversification of

“loopful” plant chitinases.
Moss chitinase

Bryum_ASZSX0124-208

Acromonas_QIWXI9NZT-627
Pssudoalteromonas_A4CIHSIB3-363
Vibrio_QZSETd84-264

Momardica_Q207U4/74-344
Castanca_Q42428/74-315
Dionca_VSTEIOT0-314
Arabidopsis_P19171/83-338
Brassica_QSSQFTHA4-400

Vigna_Q9FUH2/44-297
He

—ases .« Plant chitinases, “loopfull”

Picoa_G9BAEMSE-341
Pices_GIBAERITI-338

‘Secale_QIAXRIIT:
Oryza_P2462673-320
Oryza_Qa2885176-322
Oryza_P257G570-326

‘Solanum_0Q43184/20-264
Picoa_QEWSRAIT1-276

Daucus_Q96408/66-268
Chenapodium_02380471-273

Mosema_F a7 0.8

Fungal chitinase —— e Gom 518 Phage and
LYEWTTTHIS_STUDYI‘Z-I?T
s o, S prophage
0.97 psmw,mm.féaiﬁmﬁfm =
g e, L endolysins

GH19 ancestral chitinase

r _phage,
L Acinetobacter_phage_F1BCP41-135

Bacilius_Q59146/206-413
Stroptomycas_O50152/86-294
Llo79 Nocardiopsis_QUGISIRE-296
- Stroptomyces_QS.HK1/95-303
Stropiomyces_Q9ZINAI3G-244 = o
Stroptomyces_BIXZC2/93-304 B t h t
058 e s DACIEria cnitinases
Streptomyces_QBRHUSHES-377
Chitiniphilus_FAWSX81175-386

003

Fig. 5 Rooted phylogenetic tree of characterized GH19 proteins. Each tip name represents the organism genus
separated by an underscore from the Uniprot AN and by a slash from the sequence start and end position. In the
Endolysins cluster the two sequences considered in this study are highlighted in blue and red. Other clusters/tips
reported in “Results” section are coded with different colours and their internal relationships are collapsed for
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visualization purpose. The “®” symbol indicates a hypothetical horizontal gene transfer. Decimal numbers at
internal nodes indicate posterior probabilities only if lower than 1. The branch lengths are proportional to the
expected number of substitutions per site.

The evolutionary scenario of the GH19 family presented in this work is different from the most recent
family revision [114], as it does not surmise a plant origin and secondary transfer to bacteria. We are
aware that, in the lack of a dated tree and a comprehensive sequence sampling, relevant elements are
still missing for confirming the inferred rooting and horizontal gene transfer events. Nevertheless, the
big average pairwise distance between all the identified groups (= 60,1 + 7,3%) indicates that GH19
sequences have a very old history. The average pairwise distance between endolysins is also very high
(= 59,4 + 14,7%), suggesting that functional specialization appeared very early (or that molecular
evolution was very fast). The number of GH19 endolysins described to date is too poor and the
alignment variability too high to allow drawing functional hypotheses on specific parts of LYS177 or
LYS188 sequences, which also lack two out of three helices of the peptidoglycan binding motif.
However, the position of the variable amino acids mapped on the reference structure suggests that
these residues are not essential for catalysis and active site substrate positioning.
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Fig. 6 Endolysin cluster alignment and structural annotation. The multiple alignment (a) of sequences belonging
to the GH19 endolysin cluster (see Fig. 5) was annotated based on Consurf analysis and literature information.
Evolutionary rates per site are visualized in black on the top of the alignment, divided between the 9 different
Consurf categories. Substrate binding residues conserved in GH19 and the peptidoglycan binding 3-helix bundle
of Salmonella_phage_H2D0G4 endolysin (the reference structure) are marked. The colour code for residues in the
alignment follows their biochemical properties: blue = non-polar; red = basic; green = polar; violet = acid; yellow
= proline; orange = glycine. Annotations were plotted onto the reference structure represented in cartoon and
surface style (b): the substrate binding conserved residues are visualized in sticks on the left image while the
surface is showed on the right. The colour code flows the legend gradient from the most conserved (slowest rate)
in blue, to the less conserved (fastest rate) in red. In (c) the backbones of the reference structure (red) and the
predicted model of LYS177 (cyan) are structurally aligned (RMSD = 0.088 nm). A circle highlights the major
structural difference.
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Instead, they could participate in the plasticity necessary for co-evolutionary phage-host interactions
[196]. In this scenario, more work is required to understand if such surface residues could have played
a role in host-specific successful invasion. This information might be relevant also for the design of
specific antibacterial agents. Moreover, the observed activity in the degradation of both Gram-positive
and Gram-negative bacteria, contributes to the emerging strategy of exploiting “enzybiotics” [255] in
the control of microbial growth at low temperature.
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Supplementary Material

Fig. S1 SDS/PAGE of recombinant proteins purified by affinity chromatography (IMAC) and PD10 exchanged.
MMM: molecular mass marker. For both samples, the first three lanes from the left contain the total (TOT), soluble
(SOL) and insoluble (INS) fractions from the lysates after production in Zym-5052 medium (see “Materials and
Methods”). IMAC and PD10 lanes contain = 1,5 g of protein. The sequence-based predicted molecular weight of
both proteins is pointed by black arrows on each corresponding IMAC and PD10 lane.

LYS177 LYS188
A A
~ ™ ~ ™
EG SOL |INS IMAC PD10 MKMB\A EG SOL INS IMAC PD10
a
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Tab. S1 IMAC and PD10 gel filtration purification protocol.

1. 5 min centrifugation at 6000 rpm of 50 ml E. coli BL21 cell colture (O.D. = 7)

Step Buffer Volume (pl)

Lysis buffer (10mM imidazole, pH 8 sodium phosphate

buffer 50 mM, NaCl 300 mM) 4000

Cell resuspension

2. Resuspended cells are lysed and the soluble content is collected from the supernatant after
centrifugation for 15 min at 8000 rpm. The soluble fraction is loaded on an IMAC column

Step Buffer Volume (uL)

1%t Flowthrough Lysis buffer 4000

Wash buffer (20mM imidazole, pH 8 sodium phosphate

nd
2" Flowthrough buffer 50 mM, NaCl 300 mM) 4000
st el i Eluition buffer (250mM imidazole, pH 8 sodium phosphate
1% Eluition buffer 50 mM, NaCl 300 mM) >00
2" Eluition “ 500
3 Eluition “ 500
4™ Eluition “ 500
5% Eluition “ 500
6" Eluition “ 500
7% Eluition “ 500

3. Collection of IMAC eluted fractions with the target enzyme, after measurement of protein
concentration through Bradford assay. Loading of a 15t PD10 gel filtration column

Step Buffer Volume (uL)
Final buffer
15t Eluiti 750
urtion (pH 6.5 80 mM potassium phosphate buffer)
2" E|uition “ 750
3 Eluition “ 750
4™ Eluition “ 750
5% Eluition “ 750
6" Eluition “ 750
7" Eluition “ 750
8" Eluition “ 750
9'" Eluition “ 750

4. Collection of gel filtration eluted fractions with the target enzyme, after measurement of
protein concentration through Bradford assay. Loading of a 2" PD10 gel filtration column

Step Buffer Volume (uL)
1t Eluition “ 750
2" E|uition “ 750
3" E|uition “ 750
4™ Eluition “ 750
5t Eluition “ 750
6™ Eluition “ 750
7t Eluition “ 750
8" Eluition “ 750
9*" Eluition “ 750

5. Final collection of PD10 gel filtration eluted fractions with the desired product, after
measurement of protein concentration through Bradford assay
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Tab. S2 Per residue conservation scores. The table provides the Consurf conservation scores at each position of
the reference Salmonella_phage_H2D0G4 endolysin sequence, plotted on the alignment and on the structure in
Fig. 6a and b. The scores range from “1”, indicating the most variable (fastest rate category), to “9”, indicating the
most conserved (slowest rate category) sites.

Residue n° | Residue type | Consurf Score | Positions in the alignment | Residue variety
1 G 1 12/12 S,P,G,L,H,M,Q,K
2 | 4 12/12 M,V,L,I
3 N 6 12/12 AN,T,LS
4 E 3 12/12 D,T,LE)Y,Q
5 Q 2 12/12 Q,K,N,AS,E
6 L 6 12/12 Q,R,H,L,D,E
7 A 5 12/12 G,A,V,L
8 A 1 12/12 F,M,R,Q,A,ILV,D
<) R 1 12/12 ARK,Q,D,T,G,S
10 W 5 10/12 W,M,L,I
11 F 3 9/12 AM,F,L
12 P 8 9/12 P
13 H 4 10/12 AN,H,V,T
14 | 6 11/12 AlL
15 T 6 11/12 M,Q,N,T
16 T 3 11/12 D,T,E,AR
17 A 7 11/12 TLS,A
18 M 7 12/12 L,F,M,G,A
19 N 1 11/12 K,A,N,D,L,E

20 E 1 11/12 H,R,K,E,S,I,T
21 F 1 11/12 H,CF,RY, T
22 G 1 11/12 P,G,N,Q,R,S,E
23 | 9 10/12 |

24 T 4 10/12 N,K,D,V, T
25 K 3 10/12 T,N,G,Q,K
26 P 6 10/12 S,V,P

27 D 1 10/12 K,N,A,L,D
28 D 7 12/12 D,E,R

29 Q 1 12/12 I,V,R,Q,AM
30 A 9 11/12 A

31 M 5 11/12 A,G,M,H,Y
32 F 8 12/12 LF,W

33 | 7 12/12 M,LV,L
34 A 9 12/12 S,A

35 Q 9 12/12 T,Q

36 V 5 12/12 1,S,V,L
37 G 3 12/12 G,M,F,LY
38 H 8 12/12 F,HV

39 E 9 12/12 E

40 S 8 12/12 1,5

41 G 4 12/12 S,D,A,G,M
42 G 3 12/12 D,T,E,N,Q,S,G,C
43 F 6 12/12 L,Y,F,M
44 T 3 12/12 QK,R,T
45 R 2 12/12 R,AP, T.Y
46 L 1 12/12 W,T,,L,D,V
47 Q 1 12/12 V,E,R,Q,K,A
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48 E 9 12/12 E
49 N 1 3/12 N
50 F 1 3/12 F,L
51 N 1 3/12 T,N
52 Y 1 3/12 Y
53 S 1 3/12 ST
54 Vv 1 3/12 T,V,A
55 N 1 3/12 QN
56 G 1 3/12 G,R
57 L 1 3/12 L
58 S 1 3/12 S\V,A
59 G 1 3/12 GA
60 F 1 1/12 F
61 | 1 3/12 I,TV
62 R 1 3/12 RW
63 A 1 3/12 P.A
64 G 1 3/12 S,G
65 R 1 3/12 R
66 | 1 3/12 FLY
67 T 1 3/12 T,L
68 P 1 3/12 M,P,D
69 D 1 3/12 G,N,D
70 Q 1 3/12 Q
71 A 1 3/12 AP
72 N 1 3/12 D,N
73 A 1 3/12 A
74 L 1 3/12 LY
75 G 1 1/12 G
76 R 1 1/12 R
77 K 1 1/12 K
78 T 1 1/12 T
79 Y 1 1/12 Y
80 E 1 1/12 E
81 K 1 1/12 K
82 S 1 3/12 AS
83 L 1 3/12 LP
84 P 1 3/12 S,P.R
85 L 1 3/12 Y,L
86 E 1 3/12 ELA
87 R 1 3/12 N,R
88 Q 1 3/12 P,.Q
89 R 1 3/12 QR
90 A 1 3/12 KA
91 | 1 3/12 Ll
92 A 1 3/12 A
93 N 1 3/12 D,N,G
94 L 1 3/12 N,L
95 V 1 3/12 TV
96 Y 1 3/12 Y
97 S 1 6/12 GAS
98 K 1 6/12 GAKELT
99 R 1 6/12 R

70




100 M 6 10/12 N,M,L
101 G 9 10/12 G

102 N 9 10/12 N

103 N 6 1/12 N

104 G 4 10/12 T,.,G
105 P 1 9/12 K,R,P,V,D
106 G 8 12/12 G,N
107 D 9 10/12 D

108 G 8 10/12 AG
109 W 1 10/12 Y,W,Q,R,AP
110 N 1 12/12 L,T,N,P,R,K
111 Y 7 12/12 Y,F

112 R 5 12/12 I,R,K,C
113 G 9 12/12 G

114 R 8 12/12 RY

115 G 8 12/12 S,G

116 L 5 12/12 W,AY,L
117 | 5 12/12 F,.LV,I
118 Q 9 12/12 H,M,Q
119 | 8 12/12 ILV,L
120 T 9 12/12 T

121 G 8 12/12 G,W
122 L 5 12/12 LR,QK
123 N 5 12/12 D,LS,E,N,A
124 N 9 12/12 N

125 Y 9 12/12 Y

126 R 1 12/12 N,ARQKHV,EG
127 D 2 12/12 N,AKR,Q,D,L
128 C 5 12/12 M,C,FY,V,I
129 G 5 10/12 Q,G,S
130 N 1 10/12 V,LE,N,R K
131 G 3 12/12 M,F,AG,Y,LS
132 L 7 11/12 I,LH
133 K 4 12/12 Y,K,R,G
134 \ 1 11/12 G,RLV,LE
135 D 3 11/12 A,G,P,E,D
136 L 9 11/12 L

137 Vv 7 9/12 I,V,E
138 A 2 9/12 D,S,P,ANK
139 Q 7 9/12 N,QH,E
140 P 9 11/12 P

141 E 6 11/12 ELDW
142 L 3 12/12 K,Q,REL
143 L 7 12/12 AV,L
144 A 3 12/12 LS,EAR
145 Q 6 12/12 QS,LE
146 D 4 12/12 LS,D,P,A
147 E 1 12/12 EITLV,QR
148 Y 1 12/12 P,Y,N,HW,I|,D,L
149 A 9 12/12 AS

150 A 6 12/12 V,LAG,F
151 R 1 12/12 E,LLMAQR
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152 S 6 12/12 AG,LS
153 A 9 12/12 SA

154 A 7 12/12 I,G,A
155 W 7 12/12 W,H,Y
156 F 6 12/12 W,F,Y
157 F 7 10/12 W,F

158 S 1 10/12 S,T.D,E.QKR,A
159 S 2 10/12 R,Q,G,F,TV,S
160 K 1 10/12 H,G,K,R,El
161 G 4 12/12 D,K,G,N
162 C 5 12/12 L1Y,C
163 M 1 1/12 M

164 K 1 1/12 K

165 Y 1 1/12 Y

166 T 1 1/12 T

167 G 1 1/12 G

168 D 5 12/12 D,E,AQ
169 L 6 12/12 FLLY
170 \ 1 12/12 Y,ANREVIT
171 R 1 12/12 ARQKW,S,T
172 \ 7 12/12 LV,A
173 T 8 12/12 RST
174 Q 4 12/12 Q,K,RN,V
175 | 3 12/12 RY,LV,I
176 | 8 12/12 V|

177 N 9 12/12 N

178 G 9 12/12 G

179 G 6 10/12 S,E.G
180 Q 3 10/12 QPATL
181 N 7 10/12 N,ST,I
182 G 4 10/12 T,HN,G
183 | 5 10/12 QM,LV,I
184 D 3 10/12 K,Q,P,AS,D
185 D 5 10/12 D,EQ
186 R 9 10/12 R

187 R 5 10/12 T,LV,R
188 T 1 10/12 R,QATE
189 R 1 10/12 M,HR,Y,,LV
190 Y 3 10/12 Y,LW
191 A 2 10/12 K,QAN
192 A 1 10/12 LV,Q,RKA
193 A 7 10/12 ALTV
194 R 5 10/12 H,N,Q,R,K
195 K 2 10/12 E,;S K .Q,GA
196 \ 7 10/12 AV,
197 L 8 10/12 Ll

198 A 4 9/12 V,5,T,CA
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Abstract

The glycoside hydrolase family 19 (GH19) includes chitinases and endolysins, which are interesting
enzymes for the control of plant fungal pests and the treatment of multi-drug resistant bacteria. 22461
GH19 sequences were collected to establish the GH19 Engineering Database (GH19ED,
https://gh19ed.biocatnet.de). The sequences were assigned to two superfamilies, chitinases (8554
sequences) and endolysins (10967 sequences). The chitinase superfamily was split into 17 homologous
families. The previously established plant classes | and Il were merged into a single homologous family,
and class IV was split into two families. Two new plant families of enzymatically inactive proteins and
12 families from prokaryotic and eukaryotic taxa were added. The endolysin superfamily is more
diverse and consists of 34 homologous families.

Despite their sequence diversity, 27 residues were conserved in both chitinases and endolysins. The
two families were distinguished by 6 and 4 specifically conserved residues outside the active site, which
serve as signatures to predict the substrate specificity of GH19 enzymes.

The evolution of the GH19 sequence space was investigated by phylogenetic analysis. Despite the
large number of homologous families, all endolysins were confined to phages and their bacterial hosts
and have a similar sequence length. In contrast, chitinases are found in many eukaryotic and
prokaryotic taxa, and varied in sequence length due to four loop insertions. The GH19 catalytic domain
is hypothesized to have been transferred from plants to bacteria by two horizontal gene transfers,
while different accessory binding modules were associated in the plant and the bacterial lineages.
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Introduction

Chitinases (EC 3.2.1.14) and lysozymes (EC 3.2.1.17) belong to the class of glycoside hydrolases (GH)
and catalyze hydrolysis of the glycosidic bonds of chitin and peptidoglycan polymers, respectively [95].
Chitin, the second most abundant polysaccharide in the biosphere, is an insoluble homopolymer of -
(1-4)-linked N-acetylglucosamine (GIcNAc) monomers [102]. Peptidoglycan (or murein) is a complex
polymer whose polysaccharidic component is a heteropolymer of B-(1-4)-linked GIcNAc and N-
acetylmuramic acid residues and is found in the cell wall of Eubacteria [105]. Both enzymes play
fundamental biological roles, chitinases in the protection towards chitin containing organisms, in the
degradation of chitinous organic matter into derivative nutrient sources and in autolytic
morphogenetic processes in Eubacteria and Eukaryota [103, 104], and lysozymes as antimicrobial
agents in animals [107].

Glycosyl hydrolases have been assigned to 165 families in the database of Carbohydrate Active
Enzymes (CAZy) [79], including seven families of chitinolytic enzymes (GH3, GH18, GH19, GH20, GH23,
GH48, GH84) [103] and five families of lysozymes (GH19, GH22, GH23, GH24, GH46) [106]. Although
lysozymes do not share any obvious sequence conservation, they are thought to have evolved from a
common ancestor because they share a hairpin and an a-helix in their catalytic core [106]. As a matter
of fact, some lysozymes and chitinases are promiscuous and show a minor activity toward chitin and
murein, respectively [256-259], despite the differences in the protein fold, substrate binding residues
and catalytic mechanism among families [260]. A comprehensive classification based on sequence,
structure and functional properties is the prerequisite for building efficient tools for the
comprehension and, in perspective, modification of these enzymes. GH19 is interesting with respect
to other GHs because it collects specialized enzymes that function either as endo-chitinases [95, 104,
111] or as lysozymes [112, 113]. Therefore, we focused on the properties of the sequence and
structure space of this family, as it represents an ideal opportunity to investigate the relationship
between and the evolution of these two types of activities, likely to be performed by the same catalytic
mechanism in GH19.

Indeed, structural studies on all GH19s revealed that these enzymes have a globular mainly-alpha
fold and a catalytic core spanning a deep catalytic cleft [104]. Their proposed model of hydrolysis
follows a single displacement mechanism causing an inversion of the anomeric carbon (Fig. S1), with
two glutamic acids acting as acid and as base which activates a water molecule. The nucleophilic water
molecule is coordinated by a third catalytic residue, which is usually serine or threonine [110].

In early studies, GH19 enzymes were only found in plants and were grouped into three classes, class
I, 1, and IV [117-119]. Class Il enzymes are characterized by the absence of a carbohydrate binding
domain (CBM), whereas class | and IV enzymes are linked to an accessory N-terminal CBM [122]. Class
IV enzymes display deletions with respect to classes | and Il, resulting in a smaller number of subsites
in the catalytic cleft and a different substrate binding mode [111, 121]. GH19 identified in
Actinobacteria have been suggested to originate from horizontal gene transfer (HGT) from plants, and
were shown to be similar in terms of deletions to and included into class IV GH19 [124, 125, 261].
However, different CBMs are linked to chitinases in Actinobateria and in class IV plant chitinases [114,
125]. Recently, an alternative classification scheme has been proposed by dividing GH19 chitinases into
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“loopful” and “loopless” chitinases, based on the presence or absence of up to six loop insertions [122],
in this study named 1, 2, 3, 4, 5, and C-terminal. Despite these classifications, GH19 were also detected
and characterized as chitinases in Proteobacteria [127-130] and endolysins with lysozyme activity in
phages [112, 113, 134-136]. Endolysin is a generic term used to indicate many different enzymes
naturally produced by bacteriophages at the end of their replication cycle to degrade the peptidoglycan
of the bacterial host from within, resulting in cell lysis and release of progeny virions [14].

The main biological activity of GH19 enzymes in plants is associated with improved resistance against
fungal pests [142-144, 147], especially when they contain accessory CBMs [262, 263], and against
phytopathogenic bacteria [204, 257, 264], demonstrated by both in vitro activity assays and in vivo
expression detection during plant immune responses. Moreover, pest tolerance was demonstrated to
increase in transgenic plants in which heterologous GH19 genes were introduced [265-267]. Members
of the GH19 family can also be involved in the stress response caused by wounding, drought, or high
temperature [210, 268] and in the regulation of lignin accumulation during plant growth [209, 269]. As
GH19s are endo-chitinases, they can be applied in the degradation of chitin to chitooligomers, active
as probiotics, anti-inflammatory drugs [149, 150], and for recycling chitin extracted from shellfish
biomass waste [103, 104]. Moreover, improving the performance or modifying the properties of GH19
chitinases by site-directed mutagenesis was attempted [155, 207, 270, 271]. Recently, a GH19
endolysin was shown to induce outer-membrane permeabilization on treated Gram-negative bacteria
strains isolated from hospitalized patients [134], proving potential in the search of drugs to fight multi-
drug resistant bacteria [156].

Thus, GH19 enzymes are interesting not only for their substrate specificity, but also for the discovery
of novel enzymes with valuable applications. However, only a tiny fraction of all sequences has been
experimentally characterized, yet, and functional predictions on others is mostly based on automatic
annotations transferred by sequence similarity [89]. Currently, in CAZy [79] some families have been
manually split into subfamilies, associated to a different substrate specificity, but for most of them,
including GH19, this information is not provided [79]. Recently, the selection of interesting
carbohydrate active enzymes, predicted by sequence space mining, was validated as a good strategy,
after measuring activity towards a broad range of carbohydrate substrates [90]. Therefore, in order to
analyze and provide a comprehensive knowledge on GH19 sequence space, we created the GH19ED,
as a family database on GH19 enzymes, and assessed the class- and loop-based classification systems.
Moreover, we introduced new standard numbering schemes for the GH19 domain, enabling a
comprehensive comparison of per-site calculated conservation scores, and investigated the evolution
of the GH19 family in relation to annotated features.

Results

1. GH19ED database setup and classification
To build the GH19ED database, 23853 BLAST hits were retrieved, by using 75 biochemically
characterized GH19s, manually screened from literature, as seed sequences (Tab. S1), and then filtered
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with the GH19 profile hidden Markov model (HMM) from Pfam, resulting in 22461 sequence and 16120
protein entries in the final version (see Experimental Procedures section for precise definitions of
ontologies in the database).

Analysis of the length distribution of sequences containing at least one GH19 domain (Fig. S2)
evidenced that nearly 9000 sequences contain around 200 residues and more than 1500 sequences
are approx. 580 residues long. Most of other sequences are up to 1100 residues in length. A few highly
modular sequences up to nearly 6000 residues were also detected. The sequences of GH19 domains
were annotated, extracted from the database and clustered with a fast heuristic method in order to
obtain domain centroids that shared no less than 90% identity with other members of the same cluster.

Domain-based sequence networks were built by global pairwise sequence alignment of centroids,
and edges were defined between two centroids (the nodes) if they shared at least 40% sequence
identity. At that threshold, there were two large networks representing 19521 sequence entries (87%
of all entries in GH19ED database), including all the biochemically characterized seed sequences (Fig.
S3).

The sequences within these two main clusters (Fig. 1) were assigned to two separate superfamilies,
chitinases (CHITs, 8554 sequences) and endolysins from phage and prophages (ELYSs, 10967
sequences), based on the fact that all seed sequences in CHITs and ELYSs were previously characterized
as chitinases and endolysins, respectively. The remaining sequences, being part of small networks (less
than a few tens of nodes) without characterized seeds, were included in the database, but not further
analysed.

The standard numbering scheme of the CHIT superfamily was created from a profile HMM obtained
aligning the sequences of 14 chitinases with known X-ray structure and other 44 biochemically
characterized chitinases (Tab. S1). The “loopful” chitinase from Secale cereale (rye seed, PDB accession
4j0l) was selected as the reference for standard numbering. For this enzyme, a complete mapping of
substrate binding subsites and chitinase loops is available [139]. The standard numbering covers the
catalytic domain from position 24 to 266 (the first 23 amino acids are the N-terminal signal peptide).
This CHIT profile HMM was used to refine the annotation of CHIT catalytic domains that were
previously extracted and clustered, in order to obtain domain centroids networks of CHITs only. Edges
were defined between two nodes if two centroids had at least 60% sequence identity (Fig. 2A). The 18
resulting clusters allowed to split CHITs into 17 homologous families (Tab. $2). Two of them include
“loopful” chitinases (class I and Il, ID 1) and “loopless” chitinases (class IV, ID 2A-B). Clusters 2A and 2B
were merged, because both contain sequences characterized as class IV “loopless” chitinases from
plant (2A) or from Bryophyta (2B). Two smaller homologous families contain plant proteins
characterized as non-enzymatic (IDs 3-4): a chitinase-like lectin from Urtica dioica [132, 272], a latex
protein defending Morus sp. trees from insect herbivory [211], a protein essential for tolerance to heat,
salt and drought stresses in Arabidopsis thaliana [210], and a protein enhancing lignin accumulation in
seedlings of Arabidopsis sp. [209]. The term “plant” is used to indicate Embryophyta, with two
exceptions from the green algae Klebsormidium nitens in “loopful” chitinases. Eight homologous
families include bacterial CHIT sequences. The main cluster contains the most characterized group of
bacterial “loopless” chitinases (class IV bacterial chitinases, ID 5), two clusters contain sequences
mainly from Proteobacteria species (IDs 6-7), and the other five are smaller homologous families (IDs
8 to 12) from different bacterial sources. It is interesting to note that not all “loopless” chitinases derive
from Actinobacteria (> 90%), and a fraction come also from Myxococcales (> 3%), Firmicutes ( > 1%),
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Betaproteobacteria (> 1%) and Gammaproteobacteria (> 1%), enriched in species typically found in
soils. The remaining five homologous families (IDs from 13 to 17) contain only a few tens of sequences

from Fungi, Metazoa, and Oomycota, with the only fungal characterized seed from the homologous
family with ID 14.

O Chitinases (CHITs)

- O Endolysins (ELYSs)
@ @M Characterized

Other taxa (seed sequences)

Figure 1. Protein sequence networks of representative domains of the two bigger clusters containing seed
sequences (5067 centroid nodes, 2738 nodes on the left for ELYSs, endolysins, and 2329 nodes on the right for
CHITs, chitinases) connected by edges with a sequence identity cut-off of 40%. The prefuse force-directed OpenCL
layout was used for network visualization. The domains were extracted by scanning the sequences collected
through BLAST searches (using the seed sequences reported in Tab. S1 as queries) with Pfam’s GH19 profile HMM
(PFO0182). Nodes are colored according to their annotated taxonomic source. The remaining smaller network
clusters are visualized in Fig. S3.

The ELYS superfamily standard numbering scheme was created from the profile HMM obtained
aligning the sequences of 12 biochemically characterized endolysins (Tab. S1). The endolysin from the
bacteriophage SPN1S of Salmonella typhimurium [141], the only ELYS protein with a known structure
(PDB accession 40k7), was selected as reference. The standard numbering covers the catalytic domain
from position 1 to 209 and was used to obtain networks of the catalytic domain centroids with nodes
connected by edges if two centroids shared at least 60% sequence identity (Fig. 2B). Based on the
resulting networks, ELYS sequences were assigned to 34 homologous families from bacteria or viruses
(Tab. S2). Eight homologous families contain at least one characterized seed sequence and only two of
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them contain thousands of sequence entries. One of these contains the reference seed endolysin from
Salmonella typhimurium phage (ID 2), and the other one four seed endolysins from Pseudomonas
phage/prophages (ID 1). Among other homologous families with more than 100 sequences, only one
contains a Mycobacterium phage seed (ID 8), while the other five contain only uncharacterized putative
endolysins. The remaining ELYS homologous families are small and contain just one sequence up to
few tens at most.

The length distribution of both CHIT and ELYS domains is bimodal, more pronounced in CHITs (Fig.
S4). The shorter length mode is around 200 for CHITs and 175 for ELYSs; the longer mode of CHITs is
245, whereas the longer mode for ELYSs is around 200, like the shorter mode of CHITs. Based on the
number of amino acids in single domains, we hypothesize that within the sequence length distribution
(Fig. S2), the shorter peak (around 200 residues) contains single domain proteins, whereas the longer
one (around 580 residues) contains proteins organized in two or more domains. By looking into the
sequences of annotated ELYSs and CHITs within this second peak (a window from 560 to 620 amino
acids), 51% are represented by one CHIT domain in association with one CBM5/12 at the C-terminus
and another putative, not yet characterized, domain at the N-terminus. A catalytic domain is associated
with at least another undefined domain in another 40% of these sequences, while just a minority (6%)
is formed by one CHIT domain and two CBM5/12 either at the N- or C-terminus. Only five sequences
of that peak display one CBM18 at the N-terminus followed by two CHIT domains, or a CBM18 in
between two CHIT domains. One sequence is made by two tandem blocks of CBM18 and CHIT domain,
and just one sequence contains two CHIT domains.

2. Conservation analysis

From the multiple sequence alignments of the CHIT and ELYS superfamilies, the conservation of each
standard position was derived through Rate4Site (see Experimental Procedures) and plotted on the
reference structures (Fig. $5): 77 out of 242 positions in CHITs (Tab. $3) and 51 out of 209 positions in
ELYSs (Tab. S4) had the highest conservation rate. Most (but not all) of the highly conserved positions
were located in the active site cleft, while the least conserved residues were in the loops at the
extremity of the catalytic cleft or at the surface of the two lobes (Fig. $6). The structural alignment of
the highly conserved positions in CHITs (Fig. 3A-C) and ELYSs (Fig. 3B-D) highlights the presence of a
conserved GH19 core spanning the catalytic centre and the internal part of each lobe. The conserved
core comprises the catalytic residues (E69, E87, S120 and E49, E58, T130 for CHITs and ELYSs,
respectively) and the substrate binding residues at subsites -2,-1, and +1 (H66, E67, E89, Y96, Q118,
S120, N124, 1198, N199, R215 and H48, E49, E58 Y106, Q128, T130, N134, 1186, N187, R196 for CHITs
and ELYSs, respectively). Other substrate binding positions at subsites -4, -3, +2, +3 and +4 were not
conserved, neither in CHITs nor in ELYSs (Tab. 1). One structurally equivalent position predicted to bind
the substrate at subsite +1 in the reference chitinase (standard positions E203 and N191 in CHITs and
ELYSs, respectively) has the highest level of conservation, but it is not identified as part of the shared
core since that position does not contain a gap in less than 90% of ELYS sequences. Thus, 27 positions
are conserved among CHITs and ELYSs, whereas the pattern of residues in six positions in CHIT (97,
105, 151, 190, 192, and 222) and four positions in ELYS (33, 109, 118, and 173) was found to be present
within the two superfamilies, but different between them (Tab. 2).
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Chitinases (CHITs)

1. Plant “loopfull” 6 - 7. Proteobacteria
2A - 2B. Plant “loopless” 8 - 12. Others from bacteria
3. Plant CLP with regulation function 13 - 14. Fungi
4. Urtica dioica like CLP lectins 15. Metazoa
5. Bacterial “loopless” 16 - 17. Oomycota
33 . 34 .
) R N Endolysins (ELYSs)

L] 1. Pseudomonas prophage like
2. Salmonella typhimurium like

@M Characterized 3 Salmonella phage PVP-SE1 like
@M Characterized (3D structure) 4. Ralstonia phage like
© Characterized CLP 5. Pseudomonas phage OBP like

6. Acinetobacter phage like
7. Mycrocystis phage like
Other taxa 8. Mycobacterium phage like

9 - 34. Others from phages/bacteria

Figure 2. Protein sequence networks of representative domains of CHITs and ELYs (1860 centroid nodes for CHITs
and 1521 centroid nodes for ELYSs, respectively) connected by edges with an identity cut-off of 60% sequence
identity (used for homologous family assignment). The prefuse force-directed OpenCL layout was used for network
visualization. The domains were extracted by using profile HMMs of CHITs and ELYSs (generated in this study) to
scan the sequences in the GH19ED database. Nodes are colored according to their annotated taxonomic source.
Seed sequences are highlighted, with a different border if a structure is available in the PDB. Nodes representing
characterized “chitinase-like” proteins (CLPs) [132, 210, 211] are also highlighted.
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Table 1. Conserved core shared in CHIT and ELYS superfamilies. Structurally aligned positions are listed in each
row, numbered according to each superfamily-specific standard numbering scheme. Information is provided
about the percentage of conserved residues, if higher than 5%. The reported function is indicated with respect to
the reference chitinase from rye seed [139].

Standard Standard Amino acid distribution
position Amino acid distribution CHIT position ELYS Function?
CHIT ELYS
56 E 68% S23% T52% 38 R 60% D 22% W 4.5%
58 A 80% V11% 14.2% 40 A 90% S2.1% C1.8%
59 A 63% T32% 41 A 36% M 34% Y 9.3%
60 F61% M 19% A 16% 42 F82% W 4.5% M 3.7%
62 A 82% G12% T1.8% 44 A91% G4.3% S 3.4%
63 H52% N 25% Q19% 45 Q 88% T9.3%
66 H 54% Q 34% S$3.6% 48 H 93% V2.3% Substrate binding (+1)
Catalytic proton donor
67 E91% K4.7% 49 E 99% and substrate binding
(-1)
68 T91% S5.4% 50 S 86% T11% C1.4%
Catalytic base and
89 E 94% 58 E 99% substrate binding
(-1)
9% Y90% K17%  M1% 106 Y95%  F2.3% S“bStr""(t_el)b'”d'”g
113 G 99% 123 G 99%
114 R 98% K1.4% 124 R 95% G1.2% Al2%
115 G 99% 125 G 96% T2.5%
118 Q91% P 4.8% M 3.2% 128 Q92% M 5.5% G 1% Substrate binding (+1)
Catalytic water
120 S 84% T9.6% Y 4.3% 130 T99% coordlnathn a‘nd
substrate binding
(-2)
124 N 99% 134 N 96% SUbStr"“(t_z)b'”d'”g
125 Y 99% 135 Y 97% F1.5%
140 P 100% 150 P 95% G1.2%
143 V91% | 4.2% L3.8% 153 L 74% A 13% V7.8%
154 A 85% G13% S1.3% 163 A 83% S4.2% E1.9%
158 W 66% F 30% Y2.3% 167 W 65% F14% Y 10%
195 163% T29% M 4.3% 183 T81% R 9.6% S$3.6%
Substrate binding
198 | 88% L 8.2% V2.1% 186 1 85% V12% without side chain
(-2)
199 N92%  Y4.8% 187 N 97% SUbStr"“(t_‘Z)b'”d'”g
200 G 94% S2.3% A 1.8% 188 G 89% L3.3% P 1.5%
215 R 92% 14.3% 196 R 89% Substrate binding (+1)

aBinding subsites (in parenthesis) are numbered according to the standard nomenclature; cleavage occurs
between the sugar units bound at subsites -1 and +1 [140]

3. Loops in CHITs

The CHITs standard numbering scheme was applied to annotate the start and the end of each of the
loops throughout the database (Tab. 3). The naming convention of the six loops is based on the
comparison of “loopful” and “loopless” chitinases in the structural alignment of Fig. 4A, which
resembles the definition reported in [207]. Loops 2, 3 and 5 are the longest (Fig. S7), and there is also
a wide variation in length, except loops 4 and 5 that have a comparably narrow distribution.
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Loop 4 is the most conserved in terms of sequence, while the loops 1, 2, 5, and the C-terminal are
the most variable. The substrate binding sites located on loops are not conserved, except for standard
position 96 on loop 2. Analysis of the length distribution showed that two different modes of length
could be detected for loops 2 (from 10 to 16 residues and from 18 to 23 residues) and 3 (from 12 to
20 residues and from 22 to 31 residues). Longer loops 2 and 3 are found only in a Proteobacteria
homologous family (ID 6).

Loop 3 was present in all homologous families but a small group of Proteobacteria CHITs (ID 7). The
pattern of presence or absence of the other five loops varied between homologous families (Tab. 4).
All six loops were present in the "loopful" plant CHITs (ID 1), plant chitinase-like protein (CLP) with
regulatory functions (ID 3), and a small group of bacterial CHITs (ID 12), whereas other bacterial
chitinases (IDs from 6 to 11) lacked at least loop 1, and the first 3 loops were absent in a Proteobacteria
chitinase homologous family (ID 7). Loop 5 was absent in Urtica dioica-like CLP lectins (ID 4). The first
three loops were present in most of the "loopless" plant CHITs (ID 2A-B), whereas loops 3 and 4 were
present in the "loopless" bacterial CHITs (ID 5) and, with some variations, in CHITs from Fungi (IDs 13-
14), Metazoa (ID 15), and Oomycota (IDs 16-17). The pattern of loops was summarized with a binary
loop code presented in Tab. 4.

Table 2. Percentage distribution of amino acids at standard positions corresponding to the signatures specific
for CHIT and ELYS superfamilies. Information is provided about the percentage of conserved residues at each
superfamily-specific standard numbering scheme position, if higher than 5%.

St::(::rd CHIT Amino acids St:rl;Z:rd ELYS Amino acids
s distribution rs distribution

position position

97 C93% 33 | 80%

105 C91% 109 R 80% E 5.4%

151 F41% L32% W 23% 118 G 97%

190 G 95% 173 L 54% Y 23%

192 G 95%

222 F39% Y 34% L15%

4. Accessory modules

The protein sequence networks of CHIT centroids together with the information about their
association with known accessory binding modules are shown in Fig. 5. The catalytic domain of some
bacterial chitinases (homologous families IDs 5, 6, 7, 9, and 10) are fused to CBM5/12, a few members
of “loopless” bacterial chitinase (ID 5) are fused to CBM13, and some Cyanobacteria chitinase (in
homologous family ID 11) are fused with LysM.

Most of the plant CHIT homologous families are associated with a CBM, except for plant CLP with
regulatory functions (ID 3). Other eukaryotic and three distinct bacterial homologous families (IDs 8
and 11 to 17) do not contain any CBM. Remarkably, CHIT domains associated with a CBM were not
clustered in a single region of the CHIT sequence space.
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Superior lobe
buried region

Figure 3. The most conserved and structurally aligned positions between CHITs and ELYSs (Tab. 1) are plotted in
blue solvent accessible surface onto the reference models of CHIT (A) and ELYS (B) superfamilies (PDB accessions
4j0l and 40k7, respectively), represented in cartoon style. In (C) and (D), the same models are rotated by 90°
according to the vertical axis.

The protein sequence networks of ELYS domain centroids are shown in Fig. 6 together with the
information about their association with accessory binding modules. Peptidoglycan binding motifs but
not CBMs were found in ELYSs (Fig. 6): LysM and PG_binding_1 are the only motifs present in more
than 10 sequences throughout the ELYS superfamily. PG_binding_1 is the most spread domain, present
in the sequences of two small homologous families (IDs 15 and 21) and in few sequences of other seven
homologous families (IDs 1, 5, 12, 13, 14, 20, and 31). LysM can be found in most of the sequences of
two small ELYS homologous families (ID 13 and 22) and few sequences of the biggest ELYS homologous
family (1D 1)

In [141], the presence of a 3-helix peptidoglycan binding module (PBM) was reported as a new
binding motif that covers standard positions 59 to 106 in the endolysin catalytic domain from
bacteriophage SPN1S (Fig. 4B). In the Rate4Site conservation category assigned to these positions in
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the ELYS superfamily, the average score is 1.8 (minimum is 1, maximum is 5), which means this region,
like some of the chitinase loop motifs, can be considered as overall not conserved. In Fig. 6 the
sequences harbouring a PBM derive from the same homologous family of the reference endolysin (ID
2) from bacteriophage SPN1S of Salmonella typhimurium [141], and from another group (ID 19) which
is small and contains endolysins from Enterobacteriales. PBM is also present in just few sequences with
a Pseudomonas sp. background in Pseudomonas prophage like homologous family (ID 1), whereas all
other ELYS sequences do not contain this motif.

A B
Loop C-terminal

Peptidoglycan binding module

Figure 4. The structures of GH19 “loopful” chitinase from rye seed Secale cereale (orange, PDB accession 4jol
[139]) and “loopless” chitinase from moss Gemmabryum coronatum (cyan, PDB accession 3wh1) superposed with
the mmaker command implemented in ChimeraX 0.9 (A), showing the five additional loops of “loopful” plant
chitinases. The two tetra-chitooligosaccharides spanning the catalytic cleft in complex with the crystal structure
of rye seed are shown; numbers under sugar moieties are in accordance with the standard nomenclature for GH.
Cleavage occurs between units bound in subsites -1 and +1 [140]. The structure of GH19 endolysin from
bacteriophage SPN1S (PDB code 40k7 [141]) of Salmonella typhimurium is shown for comparison (B).

5. Phylogenetic analysis of the GH19 family
A phylogenetic tree was built to study the evolutionary relationships between the GH19 enzymes,

and to relate them to biochemical properties and structural patterns. In this analysis, we considered a
comprehensive and representative sample of the GH19 sequence space by selecting 64 catalytic
domains as clustered centroids from all CHIT and ELYS homologous families (Fig. 7). The result confirms
that the homologous families of the two GH19 superfamilies have two distinct common ancestors. In
the ELYSs branch, 34 out of 40 sequences are of bacterial origins, despite many biochemically
characterized endolysins from phage or prophages.

The centroids of three different ELYS homologous families, whose IDs are 1 (Pseudomonas prophage
like), 5 (Pseudomonas phage OBP like) and 16 (uncharacterized), seem not being closely related from
an evolutionary point of view. The homologous families with IDs 2 (Salmonella tiphymurium like) and
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19 (uncharacterized), which contain the PBM in their catalytic domain, share a common ancestor with
homologous family ID 30 (uncharacterized).

It is not clear which type of organism most likely harboured the ancestral GH19 chitinase gene. The
putative chitinase lineages of eukaryotic homologous families (Fungi, Metazoa and Oomycota) might
have separated very early, before the radiation of the most successful groups of plant and bacterial
chitinases, which share a more recent common ancestor. Bacterial “loopless” chitinases, the most
characterized group of bacterial chitinases, separated before the evolution of plant “loopful” and
“loopless” chitinases, which in turn seem to have the same common ancestor, but evolved along two
distinct lineages. Moreover, the tree is compatible with the hypothesis that GH19 CHITs were
transferred from plant to bacteria through two independent horizontal gene transfers, even if the
posterior probabilities for the nodes corresponding to HGTs are not high (around 0.5 to 0.6).
Interestingly, two centroid sequences from the same bacterial homologous family (ID 11) have
different phylogenetic histories.

6. Properties derived from protein sequence networks

The 21851 sequence regions that correspond to the catalytic domains, or core regions, of CHIT, ELYS,
and sequences not classified in a superfamily were aligned in an all-vs.-all approach as outlined for the
protein sequence networks mentioned above. The distribution N(n) of the degrees n, i.e. the
distribution of the number of neighbouring sequences n, was approximated by a power-law function
with a scaling exponent y = 1.1 for n <50 (Fig. $8). Thus, comparably few sequences of the core region
were found to be densely connected to homologous neighbours, and an exemplary hub region in GH19
sequence space could be derived (Tab. S5). The histograms for the distributions of the number N(s) of
s sequences contained in a common cluster at thresholds of 60%, 70%, 80%, and 90% pairwise
sequence identity could also be approximated by a power-law function (Fig. $9). The slopes T of these
distributions represent the ratios of small to large clusters and thereby indicate the connectedness of
the GH19 sequence space, with an extrapolated exponent of t = 1.1 (Fig. S10)

Table 3. Loop conservation scores at CHIT standard positions. The “loopful” plant
chitinase from rye seed (PDB accession 4j0l) is taken as reference. Conservation
score ranges from 1 (least conserved) to 5 (most conserved). Substrate binding
residues present in the reference chitinase are highlighted in bold.
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Discussion
1. Extended classification of GH19 sequence space

Our study showed that, based on the distance in the sequence space, biochemically characterized
GH19 chitinases and endolysins (retrieved from literature and presented in Tab. $1) can be separated
into two superfamilies, the CHITs and the ELYSs. CHITs consist of four large (>1000 sequences)
homologous families, 1 of intermediate (100-1000 sequences) size, and 12 of small size (<100
sequences). ELYSs consist of two large (>2500 sequences) homologous families, 4 of intermediate (100-
1000 sequences) size, and 26 of small size (<100 sequences). Therefore, if looking to the sequence
space distribution, it is possible to note a difference between ELYSs and CHITs: in ELYS superfamily
most of the sequences are distributed on two very big homologous families and the rest is sparse in
small homologous families which are more than double than the ones present in CHIT superfamily. This
result can be responsible for the limited significance of the inferred scale-free properties of GH19.
However, we argue that this discrepancy is a consequence of dealing with a relatively high (>50%)
number of putative endolysin sequences from phages or phage-related regions in bacteria genomes:
indeed, phages are the most abundant and diverse self-replicating entities in the planet [273] and only
a part of this diversity is more densely studied because of its importance in human health; this can
explain the difference in ELYS sequence space, if compared to CHITs.

Seven CHIT homologous families and eight ELYS homologous families contain at least one
characterized enzyme. Anyway, most of the characterized GH19 are CHITs (63), mainly from plant
sources (49), whereas characterized ELYSs (12) are phage or prophage endolysins, although most of
ELYSs come from bacteria, suggesting that phage sequences may have been internalized in the genome
of the bacterial host, and assigned to the host species in NCBI databases.

The distribution of loop-based classification across the entire sequence space of previously defined
classes was not established in previous work [122]; therefore we first established homologous families
based on clusters obtained by pairwise comparison of GH19 catalytic domains, and then used them in
order to make a first comprehensive comparison and extension of these systems of classification: plant
class I and Il chitinases ("loopful") were assigned to a single plant homologous family (ID 1), and class
IV chitinases ("loopless") was separated into two homologous families (plant: ID 2A-B, bacteria: ID 5).
Two new plant homologous families (ID 3, 4) contained GH19 proteins, which were characterized as
mediators of plant growth (ID 3) or catalytically inactive lectins (ID 4). Therefore, the other sequences
in these two homologous families are predicted as putative CLPs. In addition, we introduced 12
additional homologous families from bacteria (ID 6-12), Fungi (ID 13,14), Oomycota (ID 16,17), and
Metazoa (ID 15). The sequences in the small bacterial homologous family 7 lack the N-terminal catalytic
part, which contains the first 3 loops. However, a biochemically characterized member of this family
has been described as an active chitinase hydrolyzing hexachitooligosaccharides at the second bond
from the non-reducing end [128], with a high free energy of binding at subsites +3 and +4 [274],
whereas most of other plant GH19 chitinases have higher affinity for binding at subsites from -3 to +3
[129]. Thus, we predict that the members of homologous family 7 preferably hydrolyze substrates at
the non-reducing end. Interestingly, the same selectivity was found for members of chitinase “loopful”
homologous family, where a N-terminal region comprising loop 2 was suggested to mediate this
function [201, 218, 220]: therefore, we think that also the members of homologous family 7 contain
an N-terminal region with a similar function, but non-homologous to other plant “loopful” CHITs.
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Three plant CHIT homologous families (IDs 1-2-4) included members with a fused CBM18 domain,
despite it is not present in all the sequences and does not fit any known sequence classification pattern
by looking to the sequence space. Only the smallest plant homologous family (ID 3) did not possess any
CBM; the same scenario applies for CBMs associated to chitinases in bacterial homologous families.
Therefore, we suggest that the presence or absence of CBMs should not be used as a main criterion
for the classification of GH19 diversity in chitinases; however, CBMs are usually associated to an
improved antifungal activity [262], thus it is suggested to look for the presence of accessory binding

modules when selecting GH19 sequences required to have this property.

Table 4. Percentage distributions of loop annotations among CHIT homologous families. Names are defined
according to Fig. 2A (occurrences not displayed if below 5%). h-fam = homologous family name; ID = homologous

family identifier. Loop code: ‘0" = absent; ‘1’ = present; ‘- = undefined.

CHIT h-fam (ID) Loop 1 Loop 2 Loop 3 Loop 4 Loop 5 tI;Orronpi:a-l loop code
Plant “loopful” (1) 88.2% 93.1% 88.7% 97.8% 96.7% 91.8% 111111
Plant “loopless” (2) 95.4% 89.4% 99.8% 5.6% 111000

Plant CLP with
regulation function 90.5% 95.5% 97.0% 100% 99.8% 94.5% 111111

(3)

Urtica dioicalike CLP g0 oo g689%  100%  100%% 71.0% 111101

lectins (4)
BaCte”a(S';’Op'ess 99.9%  99.8% 001100

) 51.7%

Proteobacteria (6) 247 4% 2399.1% 99.7% 99.6% 98.0% 011111
Proteobacteria (7) 100% 100% 93.3% 000111
Bacteria (8) 97.0% 98.5% 100% 98.5% 76.5% 011111
Bacteria (9) 100% 100% 100% 100% 78.6% 011111
Bacteria (10) 100% 100% 100% 100% 15.1% 011110
Bacteria (11) 17.9% 53.6% 100% 78.6% 60.7% 42.9% 0-11--
Bacteria (12) 93.0% 100% 100% 100% 100% 100% 111111
Fungi (13) 100% 73.3% 66.7% 001102
Fungi (14) 30% 60% 88.9% 00-100
Metazoa (15) 100% 22.2% 001000
Oomycota (16) 95.6% 98.5% 001100
Oomycota (17) 19.6% 100% 97.8% 001100

aThis fraction of sequences have a longer loop, based on length distribution reported in Fig. S7.

2. Signatures of substrate specificity

Structure-based comparison done in other studies suggested that the catalytic residues and the
central substrate binding subsites -2, -1, +1 have been described as conserved in GH19 chitinases [111,
125, 139, 201, 213, 215, 216]. We found that 27 CHITs residues, among which the ones corresponding
to this region, are conserved also in ELYSs, while the residues exposed on other subsites are variable
both in CHITs and ELYs. This result can explain why in GH19 some CHITs and a single ELYS can bind and
hydrolyze murein and chitin, respectively, despite the structural differences between the two
substrates. In [141], a GH19 endolysin structure was superposed to structures of enzymes from other
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families in the lysozyme superfamily, concluding that it is functionally an N-acetyl-B-D muramidase
because the position of catalytic acid and base residues is compatible to C-type lysozyme (GH22).
However, GH22 enzymes have a retaining catalytic mechanism with the involvement of acetamido
substituent at C2 of the substrate in the catalysis [106].

Instead, we suggest the mechanism of hydrolysis of GH19 ELYSs to be similar to the GH19 CHITs,
based on our conservation studies and the fact that these are two closely related superfamilies. Despite
this, ELYSs differ from CHITs by shorter loops and a larger substrate binding cleft at subsites from -4 to
+3 (also if only loops 3 and 4, present in the common ancestor of CHITs, are considered) to
accommodate the more bulky murein substrate (Fig. S11) and possibly by a different opening or closing
dynamic of the cleft during catalysis.

[Bacteria]
OCBM18
[Fungi]

OCBM5/12
s

Other taxa| o LysM

Figure 5. The presence of accessory binding modules is plotted with different colors onto CHIT homologous
families sequence networks. The two black arrows indicate the centroids from the bacteria and Metazoa
possessing a CBM18 (typical of plants) and a CBM5/12 (typical of Bacteria), respectively (see main text for details).
The homologous family identifiers are the same as in Fig. 2A..
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Figure 6. The presence of accessory binding modules is plotted with different colors onto ELYS homologous
families sequence networks. The homologous family identifiers are the same as in Fig. 2B.
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The most common residues present in positions conserved specifically in CHIT and ELYS sequences
(Tab. 2) provided a basis for the identification of a specifically conserved signature which might
mediate specificity toward chitin and murein, respectively. The signature coding for chitin hydrolysis is
made by a distribution of residues over six positions, four of which are found in sixty-two of sixty-three
characterized CHITs. The only outlier is a GH19 chitinase characterized from a fungus species [223],
located far from the other characterized CHITs, in the lower-right portion of the CHIT network in Fig.
1. At least three positions of the four residues signature coding for murein hydrolysis was found in ten
of twelve characterized ELYSs. The two outliers are two endolysins from Acinetobacter phages, located
far from the other characterized ELYSs, in the upper-left portion of the ELYS network in Fig. 1: they
possess a unigue C-terminal amphipathic helix, predicted to facilitate the permeabilization of Gram-
negative outer membrane [112, 134]. In the CHIT reference structure, the residues corresponding to
the signature (Fig. 8A-C) are two cysteines forming a disulfide bridge potentially controlling the rigidity
of loop 3, a phenylalanine located behind the active site in the hinge between the lobes, two nearby
glycine residues, and a tyrosine inside the superior lobe over the catalytic cleft, with a possible role in
flexibility control during the reaction. In the ELYS reference structure, the signature (Fig. 8B-D) is made
by a methionine and an isoleucine residue far apart along the sequence, but interacting in the posterior
part of the superior lobe of the structure; the other two residues are an arginine and a glycine between
the hinge and the PBM. Because the residues of the two signatures are not in contact with the
substrate, we argue that they participate in substrate specificity probably by mediating conformational
changes upon substrate binding, which was observed in structural studies on other bilobal glycosidases
[111, 139, 222, 275]. Unfortunately, no variants have been studied at these positions, yet.

3. GH19 evolution: loops, catalytic domain and accessory binding modules

GH19 evolution towards lysozyme (for ELYSs) and chitinolytic specializations (for CHITs) started very
early. ELYSs remained confined in the genomes of phages and their bacterial hosts, specializing as
lysozyme, without a noteworthy increase or decrease in sequence length, while chitinases spread also
on eukaryotic taxa, increasing in length by the addition of loop insertions.

If the six different loops were distributed randomly among sequences, we should expect 2° = 64
combinations of absent/present loop codes (in which 0 stands for “absence” and “1” for “presence”).
However, only 8 combinations were found in the majority of sequences per each homologous family:
111111 (IDs 1,3,12), 111000 (ID 2), 111101 (ID 4), 001100 (IDs 5,16,17),011111 (IDs 6,8,9), 000111 (ID
7), 011110 (ID 10), 001000 (ID 15), indicating that loops were added and lost according to a certain
order, that can be inferred by looking into the details of CHIT evolution (Fig. 7). The CHIT ancestor
included the most conserved loops 3 and 4 (loop pattern: 001100). This "loopless" CHIT remained of
the same length over eukaryotic lineages, while at a certain point it split between a lineage of
exclusively bacterial chitinases, resulting in the bacterial CHITs, and a lineage of plant chitinases in
which loops 1 and 2 were added. Subsequently, plant CHITs diversified into “loopless” that lost loop 4
and into “loopful”, by addition of loops 5 and C-terminal. Bacterial CHITs further diversified in sequence
and function, dividing between a lineage of Cyanobacteria (part of homologous family 11) and
“loopless” chitinases of organic matter processing bacteria inhabiting the soils may have played an
important role to in their ecological niche. Plant chitinases further diversified probably because of their
importance in the plant immune system. Two derived groups of “loopful” plant CHITs, from
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homologous families that likely lost enzymatic activity (ID 3 and 4), became coagulant factors in latex
or plant growth mediators, in response to changing environmental conditions. Two late HGTs events
were inferred to have moved GH19 from plants secondarily to many different taxonomic groups of
bacteria, not only typical organic matter degrading strains: therefore, as just three GH19 enzymes were
described in these groups of organisms, they would require more attention in future experimental
studies. This is particular true for members of homologous family 7, which have a modified N-terminal
region, as described above, and the homologous family 6, as loops 2 and 3 became longer, and
evidence of exo-activity was experimentally collected in the two characterized GH19 chitinases of this
group, from Vibrio proteolyticus and Pseudoalteromonas tunicata [129, 130]. GH19 CHITs are typically
endo-acting enzymes. Thus, the appearance of longer loops during the evolution of homologous family
6 may explain the processive exo-activity, as supported by observations on other GHs, where
processivity was considered as the result of longer loops responsible for the conversion of the active
site shape from a cleft to a tunnel [95]. It should be noted that a few sequences from plant and bacterial
“loopless” homologous families (IDs 2 and 5) possess a longer loop 2, and that two sequences from a
bacterial homologous family (ID 10) possess a longer loop 3, thus demonstrating the broad diversity of
possible loop patterns that were explored during evolution, although the substrate specificity of the
respective gene products is yet unknown.

ELYSs sequences are shorter than CHITs and did not show distinct loop patterns [141]. Instead of loop
3 in CHITs, some ELYSs have a peptidoglycan binding module (3-helix bundle in case of the reference
endolysin from Salmonella phage SPN1S). However, this module is not conserved among ELYSs, but
only exists in two closely related homologous families (ID 2 and 19). Therefore, it is likely that it has
recently evolved from an insertion under the selective pressure of co-evolutionary phage-bacteria
interaction process, which is a key factor in increasing the rate of molecular evolution [196].

Many CHITs are linked to accessory domains. In plants, the prevalence of CBM18 can be explained
by its presence in the early ancestor, whereas in Bacteria CBM5/12 was combined with CHITs after
horizontal gene transfer from plants. A few members of the "loopless" bacterial CHIT homologous
family are linked to CBM13, which is associated with Actinobacteria xylanases and is frequently present
in multi-domain enzymes [276]. Therefore, we hypothesize that this domain was added recently to
CHITs, as well as LysM, which is a ubiquitous non-catalytic motif repeat that was shown to bind both
peptidoglycan and chitin in plants [224], and was mainly found in a subgroup of "loopless" bacterial
CHITs from Cyanobacteria (ID 11). Two exceptions in the taxonomic distribution of CBMs were
observed: a bacterial sequence in the plant "loopless" chitinases (ID 2A) harboring a CBM18, and a
metazoan chitinase in a bacterial family (ID 6) harboring a CBM5/12 (indicated in Fig. 5 by black arrows).
We hypothesize that for these sequences both CBM and catalytic domain were transferred to these
organisms from plants and bacteria, respectively. In ELYSs, only two known accessory binding modules
are present (PG_binding_1, which is a peptidoglycan binding domain consisting of a three-helical
bundle with a left-handed twist, and LysM) in a few hundred sequences (including more than 10
centroid sequences), which are spread among different homologous families with low sequence
similarity. This finding supports the hypothesis of multiple independent recombination events with the
ELYS catalytic domain.
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Less than 50% sequences in the second peak of sequence length distribution (Fig. $2) have all their
domains annotated. Therefore, further accessory domains, catalytic or not, conferring yet unknown
and potentially interesting functions could be present in CHITs and ELYSs.
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Figure 7. Phylogeny of centroids representative of GH19 sequence space, plotted on structural patterns analyzed
in this study. Sequences are indicated with the respective superfamily name (ELYS or CHIT) followed by the
homologous family identifier / n° of represented sequences, followed by sequence length in parentheses.
Sequences representing characterized seed sequences are depicted in bold. *A fraction of sequences possess
longer loops (see Tab. 4). **This sequence is a fragment. HGT = horizontal gene transfer; ABM = accessory binding
module; PG_b_1 = PG_binding_1; CBM = Carbohydrate binding module; ND = Not defined because too variable.
Posterior probabilities are indicated at nodes, which were collapsed and considered not informative if less than
0.5.

ELYS 1 = Pseudomonas prophage like; ELYS 2 = Salmonella typhimurium like; ELYS 3 = Salmonella phage PVP-SE1
like; ELYS 4 = Ralstonia phage like; ELYS 5 = Pseudomonas phage OBP like; ELYS 6 = Acinetobacter phage like; ELYS
7 = Mycrocystis phage like; ELYS 8 = Mycobacterium phage like; ELYS 9 to 34 = other putative endolysins from
phages and prophages; CHIT 1 = plant “loopful”; 2A-B = plant “loopless”; CHIT 3 = plant CLP with regulation
function; CHIT 4 = Urtica dioica like CLP lectins; CHIT 5 = bacterial “loopless”; CHIT 6-7 = Proteobacteria; CHIT 8 to
12 = other putative chitinase from Bacteria; CHIT 13-14 = Fungi; CHIT 15 = Metazoa; CHIT 16-17 = Oomycota.

4. Conclusion and outlook
In conclusion, we retrieved and analyzed more than 20000 sequences, containing at least a GH19

domain, and organized them in superfamilies that correlate with the chitinolytic and lysozyme activity
specializations detected in experimental works. Moreover, GH19 superfamilies were classified in
homologous families, extending the literature classification and providing a public database (GH19ED)
for storing, annotating and organizing sequences, structures, domains and experimental references.
Standard numbering schemes were developed that will help to pass functional annotations to
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sequences still uncharacterized and map the identified signatures coding for chitin and murein
hydrolysis. A loop code for fast description of GH19 chitinase loops was developed that may be
correlated with specific catalytic properties, and we proposed a new evolutionary hypothesis of GH19
homologous families, which is different from past reconstructions in which plant sequences were
overrepresented in the sample [114, 126], and explains the observed plasticity of structural elements,
accessory domains and biological roles in different organisms. The actual lack of attention on non-plant
GH19s was also mentioned in one of the last chitinase review [104]. In this regard, our work will
contribute to the search for new interesting GH19 candidate enzymes in the homologous families from
which no sequence has been described yet, especially most of the putative endolysin clusters and
chitinases from bacterial and eukaryotic taxa. Moreover, we have built the necessary framework to
disentangle the molecular basis of GH19 promiscuity, by guiding rational-based design of mutations.
The capacity to predict and exploit new GH19 functions and properties will benefit also from future
efforts into biochemical and structural characterization of still unknown and unannotated accessory
domains, especially for GH19 endolysins.

Experimental Procedures

1. GH19ED database setup

In order to select the sequences for the database creation and subsequent analysis presented in this
study, BLAST [37] searches were performed using as query the catalytic domain of a list of seed
sequences against the NCBI non-redundant protein database
(https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/)[277] and the Protein Data Bank
(PDB, https://www.rcsb.org/)[278] with a maximal E-value of 10%°. The seed sequences were obtained
by selecting GH19 sequences stored in CAZy (http://www.cazy.org/GH19.html) [79] and Uniprot
(https://www.uniprot.org/)[279], both accessed on 01/05/2019, and for which a biochemical
characterization was found in literature.

Retrieved sequences, their label and organism source were inserted into GH19ED database
(https://www.gh19ed.biocatnet.de) within the BioCatNet database system [227].

A global sequence identity threshold of 99% was applied to assign individual sequence entries to
summarized protein ontology in the database.

2. Protein sequence networks

The sequence space was explored by obtaining protein sequence networks created from GH19
domain-level sequences, after being sorted with decreasing sequence length and clustered by 90%
global identity using the heuristic clustering algorithm of USEARCH (UCLUST) [280]. The resulting
reduced list of representative domain-level sequences, named centroids, is used in order to reduce the
computational efforts for pairwise sequence alignments, performed with the Needleman-Wunsch
algorithm implemented in the EMBOSS software suite [281], by the use of the BLOSUM®62 scoring
matrix [282] and maintaining defaults for gap opening and for gap extension penalties (10 and 0.5,
respectively). The GNU parallel [283] package was employed to reduce the computational time for all
the pairwise alignments by multithreading. Pairwise sequence identities between aligned centroids
were calculated. Sequence networks were generated considering the centroids as the nodes and the
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values of pairwise identity as the edge weights between each pair of nodes, with a certain minimum
cut-off. Networks were then visualized with Cytoscape 3.7.1 [208] using the prefuse force-directed
OpenCL layout algorithm with respect to the edge weights (i.e. sequence pairs with higher sequence
identity tend to be placed in closer proximity).

The number of neighbouring nodes n for a given node, determined at a predefined threshold of
sequence identity, is known as the degree of a node. The number of nodes N(n) having a degree of n
was fitted by a power law N(n) ~ n”, and the scaling exponent y was derived from a log-log plot [284].

Thresholds of global sequence identity were applied to form clusters of homologous sequences. The
number of nodes N(s) of cluster size s (with s being the number of sequences in a given cluster) was
fitted by a power law N(s) ~ s, and the Fisher exponent T was determined as slope in a log-log plot,
too [285]. Logarithmic histograms were formed for subsequent intervals between s > 2 and s < 10,
between s > 11 and s <100, s > 101 and s £ 1000, and between s > 1001 and s < 10,000, respectively.
The slopes t of these histograms were determined at different thresholds of sequence identity. The
slopes T of the actual distribution were approximated by fits of t» against a power-law model
distribution as described previously [285].

Distributions of degrees and cluster sizes were analysed by linear fitting via the fitlm function from
the Statistics and Machine Learning Toolbox (version 11.5) in MATLAB (version R2019a, The
MathWorks, Natick, MA, USA).

3. Superfamily assignment

The GH19 profile HMM from Pfam (PF00182) [286] was used for scanning the sequences contained
in the database using the HMMER software suite (Version 3.1b2) [287]. A list of domain-based
sequence hits was retrieved, and the sequences without at least 1 hit were removed from the
database. The scanning parameters used to define domain hits in HMMER were a maximal E-value of
107, a minimum hit length of 120 residues and a bias ratio (HMMER bias/HMMER profile-sequence
alignment score) < 0.1 (the latter criterion was chosen to reduce false positives due to an uneven amino
acid composition). The list of retrieved domains was used to generate protein sequence networks
based on pairwise identities with the approach described in the above paragraph. By plotting the
characterized seed sequences into networks at 40% identity minimum cut-off, centroid sequences
belonging to different clusters (and the sequences they represent after previous USEARCH clustering)
were assigned to a certain superfamily ontology entry within the GH19ED. Sequences that were found
to be not connected to networks in which there were not seed sequences with available experimental
data were included in the database, but not analyzed further.

4. Standard numbering schemes

The GH19 superfamily networks comprising at least one seed with a known crystal structure from
the PDB, were refined by the creation of a superfamily specific standard numbering scheme according
to the definition presented in [288]. For this purpose, a sequence with a known PDB structure was
chosen as reference, along with a profile HMM derived from a multiple sequence alignment between
that reference and other sequences. A starting alignment was built if other sequences with a known
PDB structure were available, by performing a GH19 domain structure-based alignment generated
through the mmaker command implemented in ChimeraX 0.9 (RBVI, University of California, San
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Francisco, CA, USA) [289]. Other seed sequences in the same superfamily were added to this fixed
structural alignment by the use of “--add” flag option available in MAFFT 7.407 [240] (described under
https://mafft.cbrc.jp/alignment/server/add.html). If no other structures were available rather than
the reference, a sequence-based alignment with other seeds was created with MAFFT “L-INS-i”
strategy [290], improved by adding information of up to 600 close homologs obtained from a search in
Uniprot non-redundant Uniref50 database
(ftp://ftp.uniprot.org/pub/databases/uniprot/uniref/uniref50) using a restrictive E-value threshold of
1020 (a procedure described more in detail at
https://mafft.cbrc.jp/alignment/software/algorithms/algorithms.html#thomologs). The  obtained
alignments were manually cut with respect to the length of the GH19 domain of the reference
structure and used to generate the new superfamily-specific profile HMMs for the assignment of
standard position numbers.

5. Homologous family assignment

The standard numbering schemes obtained as described in the previous paragraph were used to
annotate the GH19 domains in the sequences of the respective superfamily. The domain-level
sequences were retrieved and aligned to calculate pairwise identities and build networks as outlined
in paragraph 2. A 60% identity cut-off was used to split each superfamily into clusters (sub-networks)
in order to better represent and organize the diversity in the sequence space. Each cluster containing
at least one seed sequence or formed by more than 10 centroid sequences were assigned to a
homologous family ontology entry. The available classification of GH19 (see “Introduction” section),
the properties of seed sequences and the taxonomic source of sequence majority was considered for
homologous family nomenclature.

6. Conservation analysis

A conservation analysis was made on superfamilies for which a profile HMM and a standard
numbering scheme with respect to a reference sequence were obtained. For each superfamily, the
domain-level sequences were clustered in descending length order with USEARCH as mentioned
above, but employing a 65% cut-off identity in order to pick up less than 300 representative centroids
(comprised the reference sequence) for generating a multiple sequence alignment with the E-ins-I
algorithm of MAFFT [290]. Rate4Site (Version 2.01, [247]) computes the relative evolutionary rate at
each site with respect to a multiple sequence alignment. Rate4Site rate scores were computed,
normalized, and split in five different categories from the “fastest” (assigned to 1) to the “slowest”
(assigned to 5). The multiple sequence alignment obtained with MAFFT was used as input with an LG
substitution rate matrix [243] and an empirical Bayesian approach. If half or less sequences in the
alignment contained gaps for a specific site, the “fastest” evolving score was assigned to the
corresponding alignment column. Results were plotted on standard positions of each superfamily
reference sequence and structure. The most conserved positions (Rate4Site category 5) without a gap
in at least 90% of all sequences were identified in each superfamily. The structurally aligned positions
of superfamily reference sequences collected from the previous step were selected as the shared GH19
“core”, only if at those positions the amino acid frequency distribution in different superfamilies
overlaps for more than 5%. On contrary, standard positions structurally aligned or not and overlapping
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for less than 5% in the amino acid frequency distribution of different superfamilies, were considered
specifically conserved within each superfamily. All the images of the mapped residues onto models
were prepared with ChimeraX 0.9. Literature on reference sequences was employed in order to

annotate known functions at standard positions.

\

b \\Arg-109
(g

Figure 8. The residues corresponding to the CHIT (A) and ELYS (B) superfamily sequence signatures identified
in this work are labelled and shown as blue solvent accessible surfaces onto the reference models (PDB

accessions 4j0l and 4o0k7 for CHIT and ELYS superfamily, respectively), displayed in cartoon style. In (C) and (D),
the same models are rotated by 90° according to the vertical axis.
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7. CBMs/structural motifs annotation and phylogenetic analysis of GH19

In order to obtain more insight into the distribution of accessory domains, the following list of CBMs
and other peptidoglycan/chitin binding modules were annotated in the database: CBM18, CBM5/12
and CBM13, LysM, PG_binding_1, PGRP and SH3_3. Their presence in association with catalytic
domains was plotted on the networks of homologous families, previously obtained. For this step,
CBM18, CBM5/12, CBM13, LysM and PGRP profile HMMs were built using HMMER from the multiple
sequence alignments available in the SMART database [42] with accession codes SM00270 (CBM18),
SM00495 (CBM5/12), SM00458 (CBM13), SM00257 (LysM) and SM00701 (PGRP). The profile HMMs
available in Pfam with the accession codes PF01471 and PF08239 were used for PG_binding_1 and
SH3_3, respectively. The annotations were performed by scanning the GH19ED database with these
profile HMMs; scanning parameters were more permissive than the ones used for the catalytic domain,
as CBMs are shorter and contain more repetitive motifs, so more sensitivity is required (maximal E-
value of 107, minimum length of 20 residues and bias ratio lower than 1).

The work in [141] reported the presence of a 3-helix peptidoglycan binding bundle (named PBM in
this work) in the reference endolysin from bacteriophage SPN1S, which is the only functionally
characterized structural motif in GH19 endolysin catalytic domain; in order to annotate this motif in
the database, a sequence-based alighment was obtained with MAFFT “L-INS-i” strategy [290] from up
to 600 close homologs searched in Uniprot non-redundant Uniref50 database, by using as query the
reference endolysin and a restrictive E-value threshold of 10%°. The alignment was manually cut with
respect to the length of the reference PBM and used to generate the profile HMM used for annotations
in GH19ED, with the same criteria employed above for CBMs.

The standard positions corresponding to the six chitinases reference loops were annotated in the
GH19ED by looking to recent GH19 literature with respect to the corresponding motifs present in the
reference “loopful” plant chitinase from rye seed (PDB accession 4j0l) and absent from the structurally
aligned “loopless” plant chitinase from Gemmabryum coronatum (PDB accession 3wh1), as shown in
Fig. 2A. The minimum length allowed for a loop was 4 residues shorter with respect to the loop length
of the reference.

A coarse-grained phylogeny was built from catalytic domain centroids extracted from all homologous
families in the defined superfamilies. Centroids were defined by CD-HIT [291] heuristic clustering
algorithm at 40% identity cut-off (and word size 2).

A starting approximate centroids alighment was built with the E-ins-I algorithm of MAFFT. A Bio-
Neighbour Joining [241] starting tree was generated from this alignment through Phylogeny.fr web
service (http://www.phylogeny.fr/). These results were refined in a Bayesian analysis by Bali-Phy 3.4
[242]. Six independent Monte Carlo Markov chain analyses were run and stopped after 200,000 cycles,
when sampled parameters resulted in convergence and good mixing (http://www.bali-
phy.org/README.html#mixing_and_convergence). In order to eliminate the background noise at the
beginning of the run, the first 50% of samples were discarded. Each analysis was performed at default
parameters priors with an LG empirical substitution rate matrix and an rs07 [244] insertion/deletion
model. The resulting unrooted tree is the majority consensus from all the samples collected during the
runs. The position of the root was obtained by considering the splitting between superfamily networks
(identified as described in paragraph 3), if supported in the obtained phylogeny.
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SUPPLEMENTARY MATERIAL

Table S1. List of biochemically characterized GH19 seed sequences screened from literature and used for BLAST
searches to initialize the GH19ED database. Superfamily assignments are based on Fig. 1. Homologous family
assignments and numeral identifier are based on Fig. 2. hfam ID = homologous family numeral identifier.

Uniprot PDB N° Superfamily .
. . Source Activit Propert References
Accession Accession (CBM) (hfam ID) Y perty
. 1 CHIT Chitinase, . [217, 292,
P29022 4mck Zea mais (Plants) (18) (2A) i i— Antifungal 293)
Mycobacterium phage D29 . ELYS
064203 (Virus) (8) Lysozyme [193]
[111, 122,
A9Z5X9 3wh1 Gemmabryum coronatum CHIT Chitinase 123,155,
(Plants) (2B)
207)
Aeromonas sp. 10S24 2 CHIT -
QIWXI3 (Gammaproteobacteria) (5/12) (7) Chitinase (128, 274]
Nosema bombycis b CHIT -
ROMMH7 (- (14) Chitinase [223]
Streptomyces griseus HUT 1 CHIT . X [124, 261,
050152 wvu 6037 (Actinobacteria) (5/12) (5) Chitinase Antifungal 294-296]
. 2 CHIT Chitinase,
Q9SQF7 2237 Brassica juncea (Plants) (18) (1) B — [275, 297]
CHIT [139, 201,
QSFRVO 4jol Secale cereale (Plants) (1) Chitinase Antifungal 203, 298-
300]
Streptomyces sp. MG3 1 CHIT L .
Q5J1K1 (Actinobacteria) (5/12) 5) Chitinase Antifungal [301]
Vibrio proteolyticus 2 CHIT -
Q25874 (Gammaproteobacteria) (5/12) (6) Chitinase [129]
Pseudoalteromonas 1 CHIT
A4C3H5 tunicata Chitinase Antifungal [130]
. (5/12) (6)
(Gammaproteobacteria)
Q43752 Citrus sinensis (Plants) C(Hl‘)T Chitinase [302]
) 1 CHIT - .
QIXFW7 Beta vulgaris (Plants) Chitinase Antifungal [303-305]
(18) (2A)
. 1 CHIT . .
P25765 Oryza sativa (Plants) (18) 1) Chitinase Antifungal [266]
1 CHIT
Q9SAY3 Oryza sativa (Plants Chitinase 306
y. (Plants) ) W (306]
s 1 CHIT Chitinase, [117, 202,
Q9FEW1 Nicotiana tabacum (Plants) (18) 1) lysozyme 307]
CHIT Ice growth
Q9AXR8 Secale cereale (Plants) 1) inhibition [308]
X CHIT .
P85084 3cql Carica papaya (Plants) 1) Chitinase [213, 309]
[110, 144,
CHIT - . 215, 218,
P23951 2baa Hordeum vulgare (Plants) 1) Chitinase Antifungal 219, 310-
313]
. 1 CHIT - . [220, 265,
Q7DNA1 31vr Oryza sativa (Plants) (18) (1) Chitinase Antifungal 314, 315)
Leucaena leucocephala 1 CHIT - :
Q8MD06 (Plants) (18) (1) Chitinase Antifungal [316]
1 CHIT Antibacterial
Q42995 Oryza sativa (Plants) Chitinase (expression [317]
(18) () strai
in)
1 CHIT Ice growth
Q9AXR9 Secale cereale (Plants) (18) 1) inhibition [308]
P42820 Beta vulgaris (Plants) ! CHIT Chitinase [304, 318]
I (18) (2) '
Pseudomonas fluorescens ELYS
QRAICE Pf-5 (prophage in bacteria) (1) e Bl
A7UC81 Oryza sativa (Plants) ! cHIT Chitinase [320]
(18) 1)




P11218

VSTEIO

Q96408

G9B4E2

Q9RHUS

G3BM11

Q59146

QS875M4

G9B4E3

Q9RHU4

B1B6TO

Q9FUH3

004138

Q42428
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G9I9L2
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CHIT
(1)
CHIT
)
CHIT
(2A)
ELYS
()
CHIT
(1)
CHIT
()
CHIT
(2A)
CHIT
1)
CHIT
(1)
CHIT
)

CHIT
(2A)

CHIT
()
CHIT
(2A)
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Antibacterial
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Antifungal
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Antifungal
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(protoplast
formation)

Antifungal

[132, 272,
321, 322]

(323]
(324]

[325]

[326]

[136]

[327-329]

[125, 330,
331]

[325]

[326]

332]
[214]
[221]
333, 334]
335, 336
337)
[136]
338]
339]

[340]

[203, 298,

341, 342]

[117, 202,
343

[344]

[204]

[127]
[121, 345]
[346, 347]

348]

[340]

[212, 349]

[350, 351]

[216, 221]




L . - [202, 205,
P08252 N ’w“z’;’lz:tys/;’ estris ( 118) C(T)T fi’g’z”ar:ee Antifungal 262, 307,
ys0zy 352-354]
17514 Nicotiana tabacum CHIT Chitinase, [117, 202,
(Plants) (1) lysozyme 343]
Musa paradisica 1 CHIT - :
Q2HJIS (Plants) (18) 1) Chitinase Antifungal [225]
Pseudomonas sp. Ef1 ELYS M
ADAS1629V1 (prophage in bacteria) (1) Lysozyme
Solanum lycopersicum CHIT -
Q42878 (Plants) 1) Chitinase [355]
Pinus contorta 1 CHIT -
G9B4E8 (Plants) (18) (1) Chitinase [325]
Nocardiopsis prasina 1 CHIT - .
Q8GI53 (Actinobacteria) (5/12) 5) Chitinase Antifungal [356]
AOA516Z9W0 Pseudomonas sp. EfL ELYS Lysozyme  Antibacterial d
(prophage in bacteria) (1)
Cryptomeria japonica 1 CHIT Allergen, ) [263, 357,
QEAS s (Plants) (18) (2A) Chitinase (ARSI 358]
Crocus sativus 1 CHIT - .
B5L6N2 (Plants) (18) 1) Chitinase Antifungal [226]
Momordica charantia 1 CHIT Antifungal
QUL (Plants) (18) (1) (transgenic) (2671
Pseudomonas aeruginosa ELYS
Q9s566 PAO1 (1) Lysozyme [359]
(prophagic Virus)
Salmonella phage SPN1S ELYS . :
H2D0G4 40k7 (Phage) 2) Lysozyme Antibacterial [113, 141]
Acinetobacter phage ELYS ) !
AOAOM4F9K9 vb_AbaP_CEB1 (Phage) ) Lysozyme Antibacterial [112]
Acinetobacter phage ®AB2 ELYS . .
F1BCP4 (Phage) ) Lysozyme Antibacterial [133, 134]
Cell shape
B22Y61 Ralstonia phage ®RSL1 ELYS modlﬁca‘Flon [138)
(Phage) (4) (expression
strain)
Microcystis aeruginosa ELYS Chitinase,
HOVIE phage (Phage) (7) lysozyme {7

aThis sequence contains an N-terminal amidase domain and a C-terminal domain for host specific membrane
binding.

bThis sequence presents a N-terminal domain with unknown function, potentially involved in chitin binding. <These
sequences possess an N-terminal putative peptidoglycan binding module.

dBjochemical data on these two endolysins has not been published yet. CBM = Carbohydrate binding module.

103



Table S2. List of GH19 superfamilies and homologous families defined in this study (Figs. 1 and 2), their respective
number of sequences and proteins (99% identity clustering of sequences), and the average number of residues in
the catalytic domain + standard deviation.

h-fam ID = homologous family numeral identifier in Fig. 2.

superfamil h-fam ID Literature-based N° N° Av. n° residues
P v classification® sequences  proteins (+SD)
+
1 class I”and I, olt plant 1356 1087 227 £ 30
loopfull
+
A - 2B clas”s IV, or p’llant 1253 971 195+17
loopless

3 402 323 236+ 24
Chitinases 4 classland Il 31 27 226+ 14

i +
(CHIT, 8554 5 C'ass,,'l\é'o‘;rlebsi,c,te”a 1854 1311 202£9
sequences) 6-7 cluster IV 2652 969 243 £19
8to 12 317 253 212 +£21
13-14 33 31 1467
15 18 13 161+4
16-17 114 94 187 +18

Unclassified? 524 482

1 cluster Il 3466 2490 181+ 17
2 cluster I 2780 1876 196+ 11
3 cluster Il 10 10 1791

Endolvsins 4 cluster I 1 1 200
o 1'0967 5 cluster Il 8 8 192+ 14
w u’ences) 6 cluster Il 24 23 163+3

q 7 cluster Il 1 1 165
8 cluster Il 246 166 170+ 4
Sto 34 cluster Il 1813 1418 178 £ 17

Unclassified? 2620 2232

aSequences contained in smaller groups were not classified but were still inserted in the database.
bThe classification system from literature is based on [118, 119, 126], with possible inconsistencies due to
independent sources and the higher sequence sampling contained in this study.
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Table S3. Most conserved sites according to Ratedsite analysis (see Experimental Procedures section) in CHIT
superfamily. Standard position numbering is according to the chitinase from rye seed (PDB accession 4j0l).
Information is provided about the % frequency of amino acids (if higher than 1%) at each site, and the respective
function (if known from [139]). Standard positions corresponding to conserved sites in ELYS superfamily (Tab. S4)
are highlighted in bold. Standard positions specific for CHITs are marked in red.

>90%
Standard . N
position non-gapped Conserved residues Function
sequences?®

6 V 38% 115% L4.4%

11 F 58% W 3.6% Y 1.9%

14 M 31% 1 18% L13%

18 R 45% A13% K2.4%

23 C 30% A 4.4%

28 F 58% E7.1% A2.9%

29 Y 86% W 4.4%

30 T73% S11% D 4.5%

31 Y 77% R 13% F1.1%

34 F67% L 25%

37 A 90%

44 X F 80% V 8.1% L5.6%

54 X K 63% R 25% M 3.8%

55 X R 42% K 35% K 15%

56 X E 68% $23% T5.2%

58 X A 80% V11% 14.2%

59 X A 63% T32%

60 X F61% M 19% A 16%

61 X F 53% L43%

62 X A 82% G 12% T1.8%

63 X H 52% N 25% Q19%

64 X F35% V 34% T15%

66 X H 54% Q34% $3.6% Substrate binding (+1)

Catalytic proton donor and

67 X E91% K4.7% substrate binding (-1)
68 X T91% $5.4%

84 X L 69% Y 14% F12%

Catalytic base and substrate

89 X E 94% binding (-1)

96 X Y 90% K1.7% M 1% Substrate binding (-1)
97 X C93% V 1.5%
105 X C91% P 3.8% G1.2%
111 X Y 99%
113 X G 99%
114 X R 98% K 1.4%
115 X G 99%
116 X P 59% A 38%
118 X Q91% P4.8% M3.2% Substrate binding (+1)

Catalytic water coordination and

120 X S 84% T9.6% Y 4.3% substrate binding (-2)
122 X N 82% H 15%
124 X N 99% Substrate binding (-2)
125 X Y 99%
128 X A 54% F 36% C5.6%
129 X G 62% S37%
136 X L 83% G 15%
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137
140
143
150
151
153
154
156
158
159
165
167
169
171
190
191
192
194
195
196
197

198

199
200
203
204
215
216
219
222
223
228
231
236

X X X X X X X X X X

X X X X X X X XX X X X X X X X X X X X

L 89%
P 100%
V91%
A 38%
F41%
T52
A 85%
W 79%
W 66%
M 42%
K'53%
S45%
H 60%
V 66%
G 95%
F 84%
G 95%
T81%
163%
N 40%
145%

188%

N 92%
G 94%
E92%
C97%
R92%
| 66%
Y 75%
F39%
A 35
V 69%
G 60%
C85%

15.6%

14.2%
N 33%
L32%
S37%
G 13%
F18%
F 30%
N 19%
T16%
T22%
L 32%
A27%
N 1.8%
Y 13%
A 3.5%
| 10%
T29%
R 35%
S 19%

L 8.2%

Y 4.8%
$2.3%
V 2.9%

14.3%
V 29%
W 15%
Y 34%
C31%
1 15%
D 15%

L3.8%
S 26%
W 23%
A 8.3%
S1.3%
L1.4%
Y 2.3%
L15%
S4.6%
N 10%
R4.2%
12.5%

V 4.4%
M 4.3%
Q16%
A 16%

V2.1%

A1.8%

Y1.1%
F7.7%
L15%
T17%
T8.9%
P7.5%

Substrate binding without side
chain (-2)
Substrate binding (-2)
Substrate binding (+1)

Substrate binding (+1)

aAll CHITs sequences classified in the GH19ED database were considered.
bBinding subsites (in parenthesis) are numbered according to the standard nomenclature;

cleavage occurs between the sugar units bound at subsites -1 and +1 [140].
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Table S4. Most conserved sites according to Rate4site analysis (see Experimental Procedures section) in ELYS
superfamily. Standard position numbering is according to the endolysin from bacteriophage SPN1S of Salmonella
typhimurium (PDB accession 40k7). Information is provided about the % frequency of amino acids (if higher than
1%) at each site, and the respective function (if known from [141]). Standard positions corresponding to conserved
sites in CHIT superfamily (Tab. $3) are highlighted in bold. Standard positions specific for ELYSs are marked in red.

>90%
Standard . .
L non gapped Conserved residues Function
position
sequences?
33 X 180 L3.3% C3.2%
38 X R 60% D 22% W 4.5%
40 X A 90% $2.1% C1.8%
41 X A 36% M 34% Y 9.3%
42 X F 82% W 4.5% M 3.7%
44 X A91% G4.3% $3.4%
45 X Q 88% T9.3%
48 X H93% V 2.3%
49 X E 99% Catalytic proton donor
50 X S 86% T11% C1.4%
53 X L 44% F43% M 7.3%
58 X E 99% Catalytic base
61 N 53% G 15% S 8.9%
63 S47% T17% A 16%
102 X A 62% Q3.6% L 3.5%
106 X Y 95% F2.3%
109 X R 80% E5.4% A4.2%
110 X L51% M 25% N 16%
111 X G 94% V 1.6%
112 N 83% D 10%
116 X G 83% T5.8% A2%
117 X D 93% E2.6%
118 X G 97% Y 1.4%
122 X R 79% K9.3% L 3.8%
123 X G 99%
124 X R 95% G1.2% A1.2%
125 X G 96% T2.5%
126 X L 75% P7.7% Y 4.3%
127 X 163% L14% V 8.9%
128 X Q92% M 5.5% G 1%
130 X T99% Catalytic water coordination
131 X G 85% F5.3% W 4.3%
134 X N 96%
135 X Y 97% F1.5%
150 X P 95% G1.2%
153 X L74% A13% V7.8%
159 X A 82% S6.2% G5.5%
163 X A 83% S4.2% E1.9%
167 X W 65% F14% Y 10%
172 X L 60% C29% 14.5%
173 X L 54% Y 23% F4.5%
176 R 19% Al1l% S11%
183 X T81% R9.6% $3.6%
186 X 1 85% V 12%
187 X N 97%
188 X G 89% L3.3% P1.5%

107



189 G 83% A2.1% R1.1%
191 N 75% T3.4% E2.7%
192 G 85%
196 X R 89%
203 A 74% 13.6% C2.1%

aAll ELYSs sequences classified in the GH19ED database were considered.

Table S5. Exemplary sequence entries from the GH19ED with degrees n > 300 in hub regions formed at 95%
sequence identity for the conserved core, listed with their corresponding annotation, taxonomic name of the
source organism and NCBI accession (compare with Fig. S8).

Degree Annotation Source organism NCBI accession
301 glycoside hydrolase family 19 protein Pseudomonas aeruginosa WP_116825151.1
308 glycoside hydrolase family 19 protein Pseudomonas aeruginosa WP_123789282.1
355 carbohydrate-binding protein Vibrio atlanticus WP_065678462.1
364 carbohydrate-binding protein Vibrio owensii WP_122068128.1
376 carbohydrate-binding protein Vibrio splendidus WP_108214678.1
376 carbohydrate-binding protein Vibrio splendidus WP_102462326.1
376 carbohydrate-binding protein Vibrio splendidus WP_108123460.1
395 carbohydrate-binding protein Vibrio chagasii WP_128161859.1
395 carbohydrate-binding protein Vibrio splendidus WP_116870071.1
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@ proton transfer

" Glu Glu
A nucleophilic attack /k /g
HO o HO 0 HO o 0 0
HO a Of:' . HO B HO
~
- R
NH‘}_O_H NHNG
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CHy \ OJ 20 cH,  HO_O

OH
Seror Thr Glu Glu

Figure S1. The single displacement hydrolysis mechanism of GH19 [110]. One acidic, one basic glutamate and a

serine (or threonine) for water placement are generally required in the active site and the hydrolysis product has
inversion of the anomeric configuration.
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Figure S2. Length distribution histogram of sequence entries in the GH19ED database, with a bin size of 20

residues. The two main peaks are around 200 and 580 residues. Only few sequences are longer than 1100 residues
up to 6000.
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Figure S3. Protein sequence networks of all GH19 representative domains (5229 sequence node centroids
obtained from clustering at 90% identity) connected by edges with an identity cut-off of 40%. The two bigger
clusters contain seed sequences of characterized endolysins (2738 sequence nodes on the left) and chitinases
(2329 sequence nodes on the right). The prefuse force-directed OpenCL layout was used. The domains were
extracted from Pfam GH19 HMM profile (PF00182) scanning of the sequences collected through BLAST searches
in which the seed sequences reported in Tab. S1 were used as queries. Nodes are colored according to their
annotated taxonomic source. In Fig. 1 only the two main clusters are visualized.
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Figure S4. Length distribution histogram of ELYS and CHIT domains in the GH19ED database, with a bin size of 5
residues. The two main peaks are around 175 and 200 for ELYSs, 200 and 245 for CHITs.
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el
1 2
Rate4Site score categories
D @ Catalytic proton donor
o A Catalytic base
B Water coordination

[2Y)
E-N
[3,]

Conservation

Figure S5. Rate4Site categories of conservation (see Experimental Procedures section) are visualized onto models
of CHIT reference (A-B, PDB accession 4j0l) and ELYS reference structure (C-D, PDB accession 40k7). (A) and (C)
models are visualized as cartoon with a-helices shown as cylinders, substrate binding residues as sticks (except
glycine), and catalytic residues as balls and sticks. (B) and (D) are the same models shown in A and C, represented
as solvent accessible surface areas.
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o S -
Figure S6. Rate4Site conservation categories 1 (least conserved) and 5 (most conserved), as declared in
Experimental Procedures section, are visualized with two different colors (red for 1 and blue for 5) plotted onto
3D models of rye seed CHIT reference (A-C for category 5 and B-D for category 1, PDB accession 4jol) and ELYS
reference from bacteriophage SPN1S (E-G for category 5 and F-H for category 1, PDB accession 40k7). (A-B) The
CHIT reference model is visualized in cartoon, with substrate binding residues labelled in Fig. S5A as sticks (except
for glycine). (E-F) The ELYS reference model is visualized in cartoon with residues in sticks if corresponding to CHIT
substrate binding residues, according to Tab. 1. (C-D-G-H) above models A-B-E-F are shown as solvent accessible
surface areas.
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Figure S7. Length distribution of CHIT loop motifs. The black arrow indicates the minimum length threshold used
to define the presence of a loop, as specified in the Experimental Procedures section. The red arrow indicates the
threshold used to separate the two modes of length observed for loops 2 and 3.
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Figure S8. The degree distribution N(n) for the conserved region of sequence entries from the GH19ED was
approximated by a power-law for degrees < 50 (red line) at a threshold of 95% sequence identity, yielding a scaling
exponent of y = 1.1.
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Figure S9. The histograms of the cluster size distributions N(s) for the conserved region of sequence entries from
the GH19ED at thresholds of 60% (A), 70% (B), 80% (C), and 90% (D) sequence identity. The distributions were
approximated by a power law yielding exponents t, of 0.7, 0.7, 0.8 and 1.1, respectively (compare with Fig. $10).

114



= 09

081

06 1 1 1 1 1 1
50 60 70 80 90 100

global sequence identity [%]
Figure $10. The slopes of the histograms (Fig. $9) were used to linearly extrapolate the exponent t for individual
amino acid exchanges at 100% sequence identity.

Figure S11. (A) The rye seed chitinase model is visualized in blue transparent solvent accessible surface area (loops
1, 2, 5 and C-terminal are colored in red), superposed to the endolysin from bacteriophage SPN1S model,
visualized in yellow solvent accessible surface area; two co-crystallized tetrachitooligosaccharides are in the
catalytic cleft [139]. (B) The same object is rotated by 90° according to the vertical axis. Black arrows highlight the
regions in which the cleft of the chitinase model is tighter than the one of the endolysin.
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