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Structural Analysis Shows Five Glycohydrolase
Families Diverged From a Common Ancestor
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ABSTRACT We have solved the X-ray structure of barley chitinase and bacterial chitosanase.
Structural constraints predicted these would work by an inverting mechanism, which has been
confirmed biochemically. The two enzymes were compared with lysozymes from goose (GEWL),
phage (T4L), and hen (HEWL). Although the proteins share no significant amino acid similarities,
they are shown to have a structurally invariant core containing two helices and a three-stranded 3
sheet that form the substrate binding and catalytic cleft. These enzymes represent a superfamily
of hydrolases arising from the divergent evolution of an ancient protein. The glycohydrolase su-
perfamily can be structurally divided into a bacterial family (chitosanase and T4L), and a eucary-
otic family represented by chitinase, GEWL, and HEWL. Both families contain the ancestral core
but differ at the amino and carboxy termini. The eucaryotes have a small N terminal domain,
while the procaryotes have none. The C terminal domain of the eucaryotic family contains a single
o-helix, while the prokaryotic domain has three antiparallel helices. J. Exp. Zool. 282:127-132,

1998. © 1998 Wiley-Liss, Inc.

Because the metabolism of polysaccharides is so
crucial to modern life forms, it is reasonable to
assume that it is a very ancient activity. It is also
reasonable to assume that the ancient ancestor en-
zymes may have diverged widely over this long
time. Henrissat and Bairoch (°93) have classified
over 50 families of glycohydrolases based on their
amino acid sequences. Among these are chitinases,
chitosanase, and lysozymes, all involved in the hy-
drolysis of B-1-4 linked polysaccharides. Chitinases
cleave chitin, a linear polymer of N-acetylglucos-
amine (GlcNAc), chitosanases hydrolyze chitosan,
a polymer of aminoglucose (GlcN) polymer, and
lysozymes hydrolyze peptidoglycans found in
bacterial cell walls. These generally contain alter-
nating [-1-4 linked residues of GlcNAc and N-
acetylmuramic acid.

We recently solved the X-ray structure of a 243
residue chitinase isolated from barley (Hart et al.,
’93, ’95). This protein is homologous to a large fam-
ily of plant chitinases and is the structural ar-
chetype for that family. That is, the structure
observed for the barley enzyme is likely to be an
excellent model for any of the enzymes in the fam-
ily; a ribbon drawing of barley chitinase is shown
in Fig. 1A. We also solved the structure for the
238 residue chitosanase from Streptomyces N174
(Marcotte et al., ’96). Again, this protein is ho-
mologous to a number of other enzymes, so our
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model is likely to represent an entire family of
bacterial chitosanases. A ribbon drawing of chito-
sanase is shown in Fig. 1B.

A major goal of any structural analysis is to de-
scribe the way in which substrates are bound to
the active site of an enzyme and how catalysis
may occur. We have built models of substrate bind-
ing to both barley chitinase and to the bacterial
chitosanase. In this way we could predict which
residues along the cleft were likely to be involved
in substrate binding. The putative interactions
between barley chitinase and its substrate is
shown in Figure 2. Similar interactions are made
between chitosanase and its substrate. Because
chitosan is a polycation, however, more of the in-
teractions are specific ion pairings between the
C2 amines and enzyme carboxylates. In this fig-
ure, water is shown being polarized by a base,
Glu 89, and attacking the substrate sugar D. Bond
cleavage occurs between the D and E sugars.

Mechanisms of action for glycohydrolases fall
into two broad classes, retaining and inverting,
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Fig. 2. Models of substrate binding to the active sites of
barley chitinase. Sugars are labeled A through F from the
nonreducing end. Hydrolysis by water breaks the substrate
between sugars D and E.

as shown in Fig. 3. Our model building suggested
that two carboxylates were responsible for the ca-
talysis by both enzymes. These were Glu 67 and
Glu 89 in barley chitinase, and Glu 22 and Asp
40 in chitosanase. In both cases we hypothesized
that the mechanism would be an inverting one,
because the space between the “second carboxy-

Fig. 1. The structures of two novel glycohydrolases. (A) A
ribbon representation of barley chitinase based on the 1.8 A
structure (Hart et 511 ’95). (B) A ribbon drawing of chitosanase
based on the 2.4 A structure (Marcotte et al., ’96). This fig-
ure was drawn using the program MOLSCRIPT (Kraulis, '91).
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Fig. 3. Two common mechanisms of action for glyco-
hydrolases. The top panel (1) shows three steps in a retain-
ing mechanism. The leaving group is protonated by an acid
labeled Glu A. The cationic transition state is electrostati-
cally stabilized by an interaction with a second carboxylate,
B. Water attacks from the same side as the leaving group,

late” and the susceptible glycosidic bond de-
manded that an attacking water be interposed
(Fig. 2). This mechanism was confirmed biochemi-
cally by Dr. Tamo Fukamizo, who showed that
the hydrolysis products were in fact inverted from
the B to the a anomer (Fukamizo et al., ’95; Hollis
et al., ’97).

Prior to our solution of the chitinase and
chitosanase structures, the structures of three
lysozymes, each representing a separate class
of enzymes, had been solved. These were the
lysozyme from hen egg white, HEWL, (Blake
et al., ’65); bacteriophage T4, T4L (Blake et al.,
’65); and GEWL, from goose (Grutter et al., ’83).
HEWL and T4L were compared and it was ini-
tially proposed that the two molecules were un-
related, consistent with their lack of obvious
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retaining the 3 anomeric configuration of the sugar. The lower
panel (2) shows an inverting mechanism. Here, the second
carboxylate acts as a general base to activate water for a
nucleophilic attack on the backside of the susceptible glyco-
sidic bond, inverting the anomeric position to the a form.

amino acid sequence similarity (Matthews and
Remington, ’74). It was subsequently shown by
structural comparisons that, despite the lack
of sequence similarity, HEWL and T4L were al-
most certainly related by divergent evolution
(Rossmann and Argos, ’76; Matthews et al., ’81).
Although the two proteins differed in size and
total folding pattern, they shared several ma-
jor elements of secondary structure and their
active sites appear to bind substrate in a simi-
lar fashion. Later the structure of GEWL was
compared to these, and shown to have a simi-
lar core structure (Grutter et al., ’83). As will
be clear from this review, however, these ear-
lier comparisons are complicated by a lack of
information about larger structural patterns
pertinent to the procaryotic or eucaryotic ori-
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gin of the enzymes. Once several members of
each group were available, these patterns could
be discerned.

Although chitinase and chitosanase showed no
amino acid sequence similarity to any of the
lysozymes, the clearly bilobal and highly helical
nature of the proteins suggested that they might
be structurally related. We carried out a compari-
son in which secondary structural elements, o he-
lices and B sheets, were superimposed (Monzingo
et al., ’96). One example of the many pairwise com-
parisons made is shown in Fig. 4, a least squares
superposition of chitosanase and T4L, a protein
of 164 amino acids. In this particular pairing we
found that 106 residues in various secondary
structural elements occupied essentially the same
relationships in space and they differed by a root

Fig. 4. The superposition of bacterial chitosanase and
phage T4 lysozyme. The larger chitosanase protein is black
and T4L is gray. The proteins are aligned in roughly the same
way as Fig. 1, that is, looking down the prominent substrate
binding cleft on the right-hand side of the figure.
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mean squared distance of only 3.7 A. Inour study
we compared all possible pairs of enzymes and
these comparisons led to the conclusion that, de-
spite lacking any significant sequence homology,
the five proteins shared a common core structure.
This core forms a globular unit with an elongated
polysaccharide binding site. It is roughly 100-150
residues long and contains a number of helices
and sheets that occupy the same position and ori-
entation in space. The larger cores, like those of
chitinase, have fairly large inserts in loop regions,
but the folding pattern is always the same.

Of particular importance is the conservation of
a three-stranded B sheet and two crossing helices
within the core, which taken together form the
polysaccharide binding and catalytic site of each
enzyme. The geometry of this subsection of the
core is very well conserved (Monzingo et al., ’96).
Table 1 shows the residues that compose the an-
cient core protein in all five modern glycohy-
drolases. HEWL has only 129 residues, compared
to 243 for chitinase, and most of its structural
elements appear to have been reduced to a mini-
malist level. For example, HEWL is the only pro-
tein of the group lacking helix I; this has been
replaced by an extended chain along the same space.

It is also clear from our analysis that the an-
cient core protein has been added to during the
evolution of the modern glycohydrolases. The pro-
caryotic members of this superfamily, bacterial
chitosanase and T4L, lack an amino (IN) terminal
domain; the three eucaryotic members possess
one, of around 50 residues. The N terminal do-
main of HEWL, like most elements of that pro-
tein, has been reduced to a bare minimum. The
procaryotic enzymes have a large carboxy, or C,
terminal domain. In both observed cases it has
three a-helices and is about 80 residues in length.
In contrast, the C terminal domain of the eucary-
otes is smaller, about 40 residues, and contains a
single helix. This is also shown in Table 1 but
displayed more graphically in Fig. 5.

It is reasonable to conclude from the structural
analysis that the 150 residue conserved core of the

TABLE 1. Domains of the glycohydrolase superfamily

Core N-terminal C-terminal
Protein residues residues residues
T4 lysozyme 1-105 — 106-164
Chitosanase 1-151 — 152-236
Chitinase 49-199 1-48 200-243
GEWL 62-147 1-61 148-185
HEWL 25-109 1-24 110-129
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Barley Chitinase

Fig. 5. A gallery from the glycohydrolase superfamily. The
top row shows two eucaryotic enzymes, barley chitinase and
GEWL, while the lower row shows two procaryotes, chito-
sanase and T4L. In each case the conserved ancestoral cen-

glycohydrolases represents the folding of an ancient
B glycohydrolase. This protein has existed since be-
fore the procaryotic/eucaryotic split. After the split,
procaryotes modified the core hydrolase by adding
a relatively large C terminal domain. It is unclear
how this improved the enzyme, but presumably it
increased stability or allowed a wider range of sub-
strate affinities to evolve. The eucaryotes modified
the core protein by adding a small N terminal and
a small C terminal domain. Since it is now known
that chitinase, chitosanase and T4L are all cata-

Phage Lysozyme

tral core is shown as a light gray coil, the carboxy terminal
domains in a wide ribbon is shaded a darker gray, and the
amino terminal domains are shown as wide black ribbon.

Iytic inverters, it is reasonable to suppose that the
ancestral core enzyme also was an inverter. HEWL
is probably the most thoroughly studied member of
the superfamily and is known to have a retaining
mechanism. This is unusual and probably arose as
the enzyme evolved. HEWL is very small, only 129
residues, and has undergone substantial modifica-
tion from the ancestral protein. All other members
have the mechanistic second carboxylate (B in Fig.
2) on the first strand of the active site three-
stranded [-sheet. This position allows room for the
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interposing water that becomes the nucleophile in
the hydrolytic reaction. HEWL has the second car-
boxylate on the second strand, bringing it too close
to the bound polysaccharide substrate to accommo-
date a water. As a consequence, the mechanism of
action changed to the retaining form.

As described above, we feel that the plant
chitinase, bacterial chitosanase, and lysozymes
from hen, goose, and phage all belong to a single
superfamily—despite a lack of any significant se-
quence identity. It is the conserved protein fold
that shows the relationship. We believe these pro-
teins diverged from a common ancestor. Is it not
possible that they have converged to a similar fold
from widely different parents? This is possible but
very unlikely. The best example of clearly conver-
gent protein evolution is that between the mam-
malian serine proteases, like chymotrypsin, and
the bacterial proteases like subtilisin. A compari-
son of these proteins shows that they have iden-
tical active site geometries but that the rest of
the protein molecules exhibit no folding or topo-
logical similarities (Robertus et al., ’72). In this
case radically different polypeptide folding units
evolved to form catalytic pockets which are es-
sentially optimum for peptide hydrolysis, but this
site is clearly embedded in widely differing ma-
trices. The similar topology among the five glyco-
hydrolases argues strongly that the proteins
diverged from an ancient ancestor and have filled
a number of related roles centered on the hydroly-
sis of B linked polysaccharides.
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