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Summary

Recent interest in enzymes capable of degrading chitin has lead to accumulation of
sequences for about 56 chitinases and genes coding for chitinases. Sequence alignments
allow us to arrange all known chitinases into two distinct classes I and II which
correspond to families 19 and 18 of glycosyl hydrolases. Enzymes belonging to class I
are rather homogeneous in their size, with an average of about 300 amino acid residues,
and have homologous primary structures. This class was found to be restricted to the
plant kingdom. Enzymes of class II were found to be present in plant, fungi, gram
positive and negative bacteria including streptomyces. Although the proteins of this class
vary in size (290-820 residues) they all have a central region containing several highly
conserved domains. A multiple sequence alignment and evolutionary analysis of both
chitdnase classes are presented.

chitinases, classification, alignment, evolution.
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Introduction

The hydrolysis of chitin to disaccharides and larger oligomeric saccharides
usually occurs extracellularly. Depending on the specific properties of their hydrolytic
activity, chitinases have been classified as endochitinases and exochitinases.
Endochitinases randomly hydrolyze chitin and produce a population of disaccharides
(chitobiose), and oligosaccharides which are further degraded by chitobiase.
Exochitinases hydrolyze chitin from its non-reducing end and produce disaccharides.
Chitinases and/or their encoding genes have been isolated and studied from various
prokaryotc and eukaryotic organisms.

Chitinases (E. C. 3. 2. 1. 14) include all the enzymes with the ability to cleave
chitin. Chitin is a fibrous polysaccharide of B-1,4-linked N-acetyl-D-glucosamine. It
serves as the major structural component in many fungi and arthropods. In yeast, chitin
maintains the structure of the mother-bud junction, whereas in filamentous fungi it is very
often the major component of the cell wall. It is also the main component of the
exoskeleton of arthropods. The major role of chitinases in fungi and arthropods is the
modification of the chitin which acts as a structural component of the cell wall. Bacteria
produce chitinases primarily to utilize chitin as a carbon and energy source.



In plants, the response to microbial attack involves de novo synthesis of an array
of proteins designed to restrict the growth of the pathogen (elicitor). Until now several
such pathogenic related proteins have been identified and characterized. Among them,
hydroxyproline-rich glycoproteins, proteinase inhibitors, enzymes for the synthesis of
phytoalexins, enzymes contributing to the reinforcement of cell walls and certain
hydrolytic enzymes such as chitinases and glucanases are the most studied. For recent
reviews and further references see (1, 2). Purified chitinases are able to inhibit fungal
growth in vitro by causing lysis of hyphal tips in combination with the activity of b-1,3-
glucanases (6). These properties led to the proposal that chitinases are mainly, if not
exclusively, involved in the defence mechanism primarily against fungal elicitors (3-10).
Therefore chitinases become an attractive subject of intensive investigation. Recently it
has been shown that enhanced chitinase levels in transgenic plants can indeed reduce the
damage caused by pathogens (6).

Methods

The chitinase sequences used were extracted mainly from the Swissprot Data
Bank (41 entries). Additional searches identified more entries in PIR (6 entries), EMBL
(6 entries) and GenBank (2 entries). One chitinase sequence was extracted from the
original paper (30). They have been identified using a three step procedure: (a) all four
Data Banks were searched for the text pattern "chitin” or the EC 3. 2. 1. 14 pointer with
the GCG program StringSearch; (b) usable sequences were defined as those with at least
66% sequence completeness; (c) the usable nucleotide sequences were translated to
protein according to the data originally submitted by the authors. The selected sequences
gave a library of chitinase sequences data files.

The use of both the EC 3. 2. 1. 14 pointer and the text pattern "chitin” ensures the
identification of all sequences with possible chitinolytic activity. The results of these
searches as well as usefull data are summarized in Table I. From the numerous
incomplete sequences found in the databases only one was finally used: Chil_Horvu (nr
24) see Table I, note b.

The Swissprot chitinase entries have been already classified into two families as
described in (71). These families are named family 18 and 19 of glycosyl hydrolases (71,
72). Chitnase entries from the other three data banks were classified in the above families
according to sequence similarities. Multiple sequence alignments were carried out
utilizing the CLUSTALYV program (66). Final alignment for each family was carried out
in several steps and in some cases manual "fine tuning" was performed using a text
editor. In all cases the Dayhoff’s Pam 250 weight matrix was used. Pairwise percent
divergence matrices were calculated considering the identities in any position that is not a
gap in each pair. No correction was applied for multiple substitutions. ’

Phylogenetic trees were constructed from the percent divergence matrices with the
Neighbour Joining method (68) supplied with CLUSTALYV. The trees constructed with
that method are unrooted. Therefore the root was defined as the midpoint between the
two most distant sequences using the RETREE program, included in the phylogeny
inference package PHYLIP 3.5c (67). Finally the rooted trees were plotted with the
DRAWGRAM program of the same package. _

Alignment profiles for both families were constructed with the GCG program
ProfileMake and used to search the Swissprot Data Bank.

Table I. Synoptic presentation of chitinases with full primary structure informaion. The
names proposed and used throughout the text and alignments, is based on the Swissprot
nomeclature. a:The pl was calculated from amino acid composition using the
GCG/Isoelectric, b: fragment with more than 66.6% of the total length of the protein, *
GenBank entries, not in EMBL, ¢: not in 1.12.92 release, sequence was copied from
publication '
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Results and Discussion

We define class [ and class II chitinases, those belonging to family 19 and 18 of |

glycosyl hydrolases, respectively (71). The nomenclature class Ia and class Ib is the same
as found in older versions of Swissprot and is used to distinguish the two subgroups of
family 19.

Classification of chitinases

Until recently there was a major problem in the classification of chitinases. In
previous releases of Swissprot (un:il November 1992) chitinases were classified in
classes I (a and b), IT, III and IV. In another classification, three groups of chitinases (I*,
I1*, [11*) were proposed (40). Class Ia and Ib of Swissprot correspond to [* and II* of
(40) and classes II, IIT and IV to IIT*.

A recent study on the classification of all glycosyl hydrolases by Henrissat (72)
proposed the classification of chitinases in two families, named 18 and 19, of glycosyl
hydrolases. The results presented here are in agreement with this classification and new
unclassified sequences are included. Several sequence fragments included in the
classification of Henrissat (71, 72) are not used here.

Class [ contains 34 chitinases of higher plants and is separated into two distinct
subgroups. Group Ia (25 proteins) has a roughly 40 amino acid Cys-rich N-terminal
domain connected to the main structure via a Gly/Pro-rich hinge region. Group Ib (9
proteins) lacks both the Cys-rich domain and the hinge region and perfectly aligns with
the Ia group. This class is very well conserved and pairwise percent similarities in aligned
sequences are greater than 40% (Table Ia).

In constrast, enzymes belonging to class II (21 proteins), which are found in
bacteria, fungi and plants, are not well conserved. Within class II, the eukaryotic
chitinases form a distinct subgroup of 13 proteins with an average pairwise similarity
from 32-99% between its members: this subgroup is here proposed to be named IIa to
underline this close relauonship (Table IIb). Chit_Apalb exibits 10-30% similarity to
other members of class Ila and 14-38% to bacteria chitinases of class II. It has been
included into class IIa because it is eukaryotic. The other 8 members exhibit a similarity
to each other ranging from 10-38%. However, the similarity of these 8 sequences to
subclass I1a chitinases is only 10 - 19% (Table IIb). Although the sequence similarity
within class II chitinases is weak, there are several central sequence segments which are
highly conserved as shown in Figure 2. The relatively low similarity scores are due to the
different lengths of the members of class II. A detailed representation of similarity scores
is shown in Table II a and b. Given the sequence similarity it is likely that the members of
this class function using an identical enzymatic mechanism.

Multiple sequence alignments

Figure 1 shows the sequence conservation among the chitinases in class I. The
presence of the Cys-rich domain within group Ia and the Gly/Pro-rich hinge region are
indicated. In Agi_Undi (see nr 52, Table I) the duplication of the Cys-rich domain causes
a large gap in the overall alignment.

In contrast, chitinases belonging to class II show only limited regions of
homology (Figure 2). Enzymes of this class greatly vary in their size. It is possible that
these conserved regions, about 200-300 amino acid long, embody the catalytic chitinase
domain. The N and C terminal regions confer additional properties to the enzymes. For
example, it was shown that the C-terminus of the yeast chitinase is responsible for the
high affinity of the enzyme to chitin (23).
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Sequence profile searching

Alignment profiles were constructed for both aligned classes. The Swissprot
databank was searched for the identification of possible similarities. The profile of class [
failed to identify any other sequences except those that were used to construct it. In
contrast, the profile of class II identifies a similarity with the a, 8, y chains of hemoglobin
from several species. :

The results of the sequence profile searches also support this classification
scheme and the absence of detectable homology between the two chitinase classes.

Evolutionary aspects

Several approaches were used to construct phylogenetic trees. These included
several distance methods as well as a parsimony method, implemented in ClustalV and
Phylip 3.5¢ (66 - 69). The constructed trees show no significant differences in topology.
However, different branch lengths can be calculated using different formulas to produce
the distance matrix from the multiple alignments.

The trees presented in Figures 3 and 4 were derived from ClustalV. Trees were
rooted with the midpoint rooting method, which simply places the origin of the tree in the
midpoint between the two most distant sequences. This approach does not require an
additional hypothesis for the root of the tree. We decided to present a rooted tree because
it is easier to follow, particularly when a large number of sequences is included.

According to this classification there are two major questions concerning the
evolution of chitinase genes. The evolution of the Cys-rich N-terminal domain in class I
and the evolution of the two chitinase families.

Concerning the evolution of the Cys-rich N-terminal domain two different
evoiuiionary events may have occured. Either there was an ancestral "proto-chitinase”
gene bearing this domain which was then excised to give rise to class Ib, or this domain
was introduced to a "proto-chitinase” gene by a transposition event and gave rise to class
la.

Shinshi er. al (40) describes the presence of direct sequence repeats at the edges
of the DNA sequence encoding for the Cys-rich domain. These are characteristic of plant
transposons and indicate the potential process of one or more transposition events. These
were also found in other chitinases lacking the Cys-rich domain. That supports the
hypothesis of pre-existence of this domain in the "proto-chitinase” gene which was then
excised to give rise to class Ib.

As shown in Figure 3, class Ia and Ib did not diverge near the root of the tree and
the members of the two subclasses are not clustered but evenly distributed along the tree.
For example: Chil_Horvu (class Ib) is closer to Chil_Orysa (class Ia) than to
Chiq_Tobac (class Ib), although both belong to the same subclass (Figure 3). This
indicates that Chiq_Tobac diverged from Chil_Horvu prior to the divergence of
Chil_Orysa from Chil_Horvu. Thus we assume that the absence of the Cys-rich N-
terminal domain from Chil_Horvu and Chiq_Tobac (class Ib) seems to be due to an
independent excision event. Otherwise Chil_Horvu and Chiq_Tobac should be expected
to be evolutionary closer. Alternatively, the presence of this domain in Chil_Orysa (class
Ia) could have appeared via a recent ransposition event in its ancestral gene. Combined
- with the observation that the two subclasses seem not to diverge near the root, the
process of several transposition events could be assumed. These can be responsible for
this evolutionary inconsistency between these two subclasses.

The Cys-rich domain has been found in several other proteins such as wheat germ
agglutinin, wound-induced proteins, either isolated or in :andem (Table I, Agi_Urdu).
This support the excision/insertion hypothesis. It should be pointed out that the division
of class I in a and b subclasses has a purely structural meaning.
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The second question concerns the evolution of the two chitinase families. The
absence of any similarity between the two families could be due to two different
evolutionary pathways. Either the chitinase classes evolved independently, probably
from two different ancestral genes that acquired chitinolytic activity or they evolved from
the same gene diverged very early in the evolutionary process. Present data stongly
suggest that the two enzyme families represent two independent evolutionary solutions
for an identical or similar activity.

The two classes are different without common structural domains. It is very likely
that they represent different enzymatic chitin degrading mechanism. The plant chitinases
function mainly as a plant defense mechanism attacking the cell wall of the invading
pathogen. In contrast, the bacterial and fungal enzymes main function is to degrade chitin
to smaller chitobiose dimers to be used as energy, carbon and nitrogen source. It is
suggested that class I chitinase activity which is found exclusively in plant kingdom is an
endochitinase. The class IT enzymes act as exochitinases. Conclusive evidence for this
hypothesis is as yet lacking.

We are currently working on the structure of Chitinase A from Serraria
marcescens (73) which belongs to class II. Recently the crystal structure of an
endochitinase from Hordeum vulgare (class I) was published (74). We hope that
structural information will support the elucidation of the structure-function relatioships
between these two classes.
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