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Chitinases, chitosanases, and lysozymes
can be divided into procaryotic and
eucaryotic families sharing a conserved

core

Arthur F. Monzingo, Edward M. Marcotte, P. John Hart and Jon D. Robertus

Barley chitinase, bacterial chitosanase, and lysozymes from goose (GEWL), phage (T4L) and
hen (HEWL) all hydrolyse related polysaccharides. The proteins share no significant amino-
acid similarities, but have a structurally invariant core consisting of two helices and a three-
stranded [-sheet which form the substrate-binding and catalytic cleft. These enzymes
represent a superfamily of hydrolases which are likely to have arisen by divergent evolution.
Based on structural criteria, we divide the hydrolase superfamily into a bacterial family
(chitosanase and T4L) and a eucaryotic family represented by chitinase and GEWL. Both
families contain the core but have differing N- and C-terminal domains. Inclusion of chitinase
and chitosanase in the superfamily suggests the archetypal catalytic mechanism of the group
is an inverting mechanism. The retaining mechanism of HEWL is unusual.

Metabolism of polysaccharides is crucial to most life
forms and is presumably a very ancient activity. Among
the enzymes involved in breakdown of sugar-based
polymers are cellulases, chitinases, chitosanases and
lysozymes. Endochitinases catalyse the hydrolysis of
chitin, a linear polymer of B-1-4 linked N-acetylglu-
cosamine (GlcNAc). Chitosanases hydrolyse chitosan, a
[3-1-4 linked aminoglucose (GIcN) polymer, which may
contain some fraction of GlcNAc. Lysozymes hydrolyse
peptidoglycans found in bacterial cell walls; these con-
tain alternating 3-1—4 linked residues of GlcNAc and N-
acetylmuramic acid. These polysaccharides resemble
one another chemically and structurally. Because of this,
one might anticipate that chitinases, chitosanases and
lysozymes would be structurally related enzymes.
Indeed, some lysozymes are very good chitinases;
HEWL hydrolyses chitin about one-half as efficiently as
it attacks its natural substrate. However, amino-acid
sequences show no obvious similarity among these
three types of enzymes.

Endochitinases are generally monomeric proteins
between 25,000-40,000 M,. We have recently solved the
X-ray structure of the 243-residue barley enzyme’.
Amino-acid sequence alignment shows that this protein
is representative of a large number of plant chitinases. A
model for chitin binding and for the catalytic mecha-
nism have been proposed®. In this issue we report the
first X-ray structure of a chitosanase, from Streptomyces
N174%. Binding of the polycationic chitosan substrate
for this 238-residue enzyme has been modelled and a
plausible mechanism of action proposed.

The X-ray structures of three lysozymes, each repre-
senting a class of enzymes, have been solved and the
analysis has led to an interesting view of the evolution of
that enzyme family. The first lysozyme X-ray structure
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was that of the 129-residue HEWL*. Comparison with
the 164-residue bacteriophage T4 lysozyme (T4L)®
reveals that the proteins had no apparent similarity in
amino-acid sequence and the structures appeared to dif-
fer significantly. Although they were both folded into
two distinct lobes, it was initially concluded that HEWL
and T4L were probably evolutionarily unrelated. It was
subsequently shown by structural comparisons that,
despite the lack of sequence similarity, HEWL and T4L
were almost certainly related by divergent evolution®’.
Although different in size and total folding pattern, the
proteins share major elements of secondary structure
and their active sites appear to bind substrate in a simi-
lar fashion. Structural conservation was shown to be
much stronger than amino-acid conservation. This
notion was extended to include lysozyme from goose
egg-white (GEWL). Again, the 185-residue GEWL lacks
any obvious sequence similarity to HEWL or T4L, and
although the protein fold taken as a whole is novel,
GEWL contains the core structure of the lysozyme fold®.
This analysis showed that, after alignment of secondary
structural elements, HEWL and T4L shared 74 equiva-
lent residues with an r.m.s. deviation of 3.8 A. GEWL
shared about 90 residues compared to either HEWL or
T4L, deviating by about 3.2 A, Finally, the X-ray struc-
ture of the 618-residue periplasmic soluble lytic transg-
lycosylase (SLT) revealed it to contain a 167-residue C
terminal domain structurally related to HEWL. Again
there is no obvious sequence similarity between the pro-
teins.

Holm and Sander!'® have suggested that barley chiti-
nase may resemble the lysozyme family, based upon a
computer match of selected coordinates of the models.
A detailed analysis of the refined X-ray structure sug-
gested similarities between chitinase and HEWL which
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Fig. 1 Superposition of chitinase and GEWL. Chitinase (blue) and GEWL (yellow) share substantial
structural overlap in this comparison. GEWL residues 49-185 are shown. Chitinase residues are
shown between 30-226, although several elongated loops, such as residues 69-83, have been

removed for clarity. This figure was drawn using the program MOLSCRIPTZ3.
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facilitated the modelling of substrate in the chitinase
structure?. In this paper we show that the bacterial chi-
tosanase has strong structural relations to chitinase and
to the three lysozymes. We quantify the structural rela-
tionships, describe key features of the secondary struc-
tural elements conserved across this extremely broad
superfamily, and suggest some evolutionary relation-
ships among the proteins.

Comparison of five hydrolases

The five enzymes involved in this comparison vary con-
siderably in size, from 243 residues for chitinase to 129
residues for HEWL. It is clear that even if the structures
are related in an evolutionary sense, there must be sub-
stantial differences in portions of the polypeptide
chains. All of the proteins have a high o-helix content, a
bi-lobal structure, and a pronounced active-site cleft
with a three-stranded B-sheet forming one wall. These
features can be used as a rough guide to structural align-
ments.

Coordinates of HEWL, T4L and the trisaccharide
NAM-NAG-NAM bound to HEWL were taken from the
Brookhaven Protein Data Bank (accession numbers
6LYZ, 2LZM and 9LYZ, respectively). The coordinates
for GEWL were obtained from Brian Matthews and
Larry Weaver. Model observation, manipulation and
least-squares fitting were done on an Evans and Suther-
land PS390 graphics system using the program
FRODO!L

Fig. 1 shows a superposition of major segments of
two proteins, barley chitinase and GEWL, aligned in a
least squares sense. Similar alignments have been made
for each pair of proteins (see Fig. 4 of accompanying
paper? for a comparison of chitosanase with T4L). It is
clear that many elements of secondary structure are
shared between chitinase and GEWL.

Our analysis suggests that chitinase and GEWL have
81 Ca positions which are structurally conserved. This
means they are in analogous places on corresponding

secondary structural elements. The
ram.s, difference between these 81
atoms was 3.2 A. Atoms occupying
similar places in space, but con-
tributed from different portions of
the peptide chain were not counted
as homologues. The Holm and
Sander!? elastic similarity score for
these 81 atoms was 584, indicating
significant structural homology. For
comparison, the HOMOLOGY pro-
gram of Rossmann and Argos®
matched 101 Co atoms between
chitinase and GEWL, obtaining an
r.m.s. deviation of 4.2 A; and a simi-
larity score of 568. Table 1 summa-
rizes these scores for all 10 pairs of
enzymes.

Fig. 2a summarizes the elements
of secondary structure, arranged
along the peptide chain, which can
be aligned in space among the five
enzymes. Chitinase helix C (residues
49-68) has a structural homologue
in each of the other four proteins. The elements of a
three-stranded sheet, downstream from this helix, are
also present in all five proteins. The only other feature
found in all five enzymes is the homologue of chitinase
helix F. Other structural features are conserved among
subsets of this five-member group. For example, helices
structurally equivalent to chitinase helix B are found in
GEWL and HEWL, while homologues of helix D are
found in T4L and chitosanase. It is possible to expand
this comparison (Fig. 2b), showing the amino acids
within the various elements which were aligned by the
least-squares analysis.

Two o-helices (C and F in chitinase) and three
antiparallel B-strands which form a sheet are the only
invariant elements of secondary structure among chiti-
nase, chitosanase, and the three lysozymes (Fig. 2a).
Fig. 3 shows a least-squares superposition of these ele-
ments from all five proteins. Binding of the polysaccha-
ride substrate is included for HEWL!3. It is evident that
the invariant secondary structural elements form the
heart of the substrate-binding and catalytic pocket in this
group of enzymes. These elements form the core struc-
ture which is conserved in all five of these hydrolases.

Structurally important residues

All of these enzymes are polysaccharide hydrolases; they
probably bind substrate in similar orientations, and may
act through similar or related mechanisms. The best
studied mechanism is that of HEWL. HEWL has a bind-
ing site which can accommodate six hexose sugars in
sites called A~F from the nonreducing end. Hydrolysis
occurs between sugars D and E in what is generally
thought to be an Sy1 mechanism'?. Glu 35 protonates
the leaving group O4. Oxocarbonium ion character
develops on sugar D and this may be stabilized by Asp
52, a second carboxylate. Water replaces the E sugar and
attacks the oxocarbonium, creating a product sugar
with the same anomeric configuration (B) as the sub-
strate. That is, the reaction is said to proceed with reten-
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tion of configuration. It has also been argued that
retaining enzymes like HEWL involve a transient cova-
lent intermediate between the I sugar and the second
carboxvlate, Asp 52. It has even been possible to trap
covalent intermediates in retaining enzymes like B-gla-
canase, using 2-fluoro sugar derivatives’® {reviewed in
ref, 16},

In contrast to the retaining mechanism of HEWL, it
has been shown that some glycohydrolase mechanisms
proceed with inversion of the product anomeric hydrox-
v Such a mechanism is likely to involve coordinated
protonation of the leaving group fom the B side and
attack on the o side by water; the water may be polar-
ized by a nearby Dbase, The chitinase from Dioscorea
opposita (yam) has been shown by NMR to proceed
with inversion of product”, Structural analysis suggest-
ed that the homologous barley enzyme may also be an
inverting enzyme?, and this has been confirmed chemi-
cally {T. Fokamizo, personal communication). The
Streptomyces chitosanase is an inverting enzyme™!® and

Table 1 Comparison of chitinase, chitosanase and the lysozymes

_ Chitinase GEWL  Chitosanase T4L HEWL
Chitinase 81! 77 76 61
3.2 A? 30A 4.0A 2.6A
5843 481 399 357
15%* 17% 16% 10%
GEWL 101 63 58 55
40A 32A 2.4A 1.9A
568 218 361 353
8% 5% 15%
Chitosanase 90 87 106 45
35A 4.2 A 3.7A 32A
560 276 820 75
13% 11%
TaL 74 68 109 . 37
33A 30A 3.9A 2.6A
381 408 787 | 122
[ 1%
HEWL 66 86 65 66
39A 31A 43 A 41 A
257 579 77 137

Number of residues in common,

2R.m.s. distance of paired vecarbons.

3Flastic similarity score calculated as describad by Holm and Sander'?,

“Sequence identity of common residues.

Above and 1o the right of the grey boxes, the 1able shows information talculated
from pair-wise superpositions based upon commaon secondary structure. These were
done initially by aligning corresponding a-carhons of the B-sheet and helices C and
F {chitinase namenclature). For each pair of preteins, the superposition was exam-
ined on the graphics system, and additional helices which were topologically con-
sistent and appeared to potentially superimpose were selected to be included in the
feast-squares superposition. Corresponding atoms were chasen such that the helices
could be superimposed with a minimal rotation and translation. in general, hefices
which had been matchad but which had an overall negative similarity score were
remnoved from the superposition, The helix E scores for the HEWLchitinase and chiti-
nasexchitosanase pairs were positive; for consistency, the match of the E hefices of
HEWL and chitosanase, which had a negative scare, was included in the superposition.
For comparison, lieow and left of the grey hoxes are the results of caleulations based
on pairwise superpositions performed by the HOMOLOGY program® using corre-
sponding o-carbons of the B-sheet and helices € and F as the initial set of atoms.
Sequeance identity was not calculated for alignments created using this program.
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it has also been suggested that T4l may proceed with
inversion of product anomer'®, This is based on the for-
mation of a covalent intermediate between a substrate
and a mutant T4k with an added carboxylate near the
position occupied in HEWL by Asp 52.

The glycobydrolases of this superfamily appesr to
require af least two catalytic residues, whether they are
retainers, like HEWL, or the more common inverters. in
either case the mechanism requires an acid to prolonate
the susceptible glycosidic linkage. The least-squares
analysis shows that the homologue of Glu 33 from
HEWTL Is structurally conserved in all five enzymes. These
Gl residues are 67 in barley chitinase, 73 in GEWL, 22 in
chitosanase, and 13 In T4, All rest near the C-terminal
end of the helix labelled C in chitinase {Fig. 2).

The situation is less clear for the second catalytic
resiclue, a carboxylate. Retaining enzymes require a car-
hoxylate very near to sugar [¥ to stabilize the oxocarbo-
nium ton which develops in the $,;1 mechanism. This is
provided by Asp 52 in HEWL, In contrast, inverting
enzymes are likely to proceed by an §,2-like mecha-
nism. They may require a second carboxylate which is
farther removed from the D sugar; this relatively large
separation allows room for an attacking water between
the second carboxylate and the back, or o, side of the D
sugar. Indeed, it has been observed that the distances
between the acid and the second carboxylate are larger
for inverting enzymes than for refaining enzymes®™. The
second carboxylate resides in the three-stranded B-sheet
but the position is variable, Asp 52 of HEWL is on the
second strand, close to the D sugar site. In chitinase, Glu
89 is in the first strand with sufficient room between it
and the substrate to accommodate the attacking water.,
Asp 20 from T4L is also in the first strand of the B-sheet
while Asp 40 of chitosanase is in 2 loop between the first
and second strands,

It has been hypothesized that GEWL has no second
carboxylate, largely because two candidates, Asp 86 and
Asp 97, are too far from the homelogous Asp 57 posi-
tion of HEWL to carry out the same function®. If
GEWL is an inverting enzyme, then the second carboxy-
late rmust be far enough away 1o accomumodate the
artacking water. Asp 86 is on the loop between the first
and second strand of the §-sheet and appears to be well
positioned to serve as the base in an inverting hydrolytic
mechanism. Asp 97 is also a plausible candidate; it occu-
pies a position stmilar to Ser 120 of chitinase, a residue
mnplicated in positioning the attacking water in that
enzyme?,

Quiside of the catalytic site, the avalysis of aming-
acid similarities among the five proteins becomes even
more difficult. This is consistent with the observation
that standard sequence comparison programs reveal o
apparent relationships. Our analysis reveals at least five
interactions which appear to help define and stabilize
the invariant core structure of the five proteins, To facii-
tate discussion, Table 2 Hsts residues in the conserved
core elements of each of the proteins which appear to be
playing corresponding roles. These residues, along with
the catalytic glutamic acids, are shown in bold in Fig. 2t

The features of regions that are outside the catalytic
site bt which appear to be elements of a common core
are as follows:
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4 Barley [B]_ [ o€ ] MG  ___ FEL[F] GGl A ] .-
chitinase 755 30-38 4968 87-90 112-120 121- 139- 147- 168 179- 191- 209-226
133 145 180 173 186 199
Goose ---E----IIHEL ---------- LT e 3 .. 3 - fol
egg white 342 45 sz-n 89-98 110- 136- 170-
lysozyme 39 45 58 35 130 147 181
Streptomyces __E_.. S 19 :) | I O I I I -:- ﬂ [¢ ] fo]a]
chitosanase 7-22 «-53 56-69 77- 107-  122- 180-  203-209- m—
85 105 121 134 151 170 195 207 217 236
T4 1 Bl _BlB[ ] ~.IEl_--EE- .--.- [LelEa]
lysozyme 311 1420 25-34 39-50 108-116- 126 137-143-
sa 90 1os 114 123 134 141 155
Hon e09 N s N I v O . N - B -5 ER R
I aoeyme 515 2535 3846 51-60 80- 89 110- 119-
ysozy 84 100 115 124
b aB aC <38 B2 B3 oD oE oF a6
40 60 90 120 130 140 150 160 170
Chit TYDAFVAAAAAF..QKREVAAFLAQTSHETT..KQER..YGRGPIQLSH...NYNYGPAGRAIGV..PDLVAT..DATVGFKTATWEFWMT . .HAVIA. ..
50 70 85 90 110 120 129
GEWL  YKTIIKKVGEKL..... EPAVIAGIISRESH. ..GWG. .NGFGLMQVDKR. .« v vvveeeeannaaeanannanss GEVHITQGTTILINF-IKTIQK. .
10 20 35 50 60 100 120
Csan . . PHKKEIAMELVSSAENS . .YIED. .YTGGIIGFCSG. . .GDMLELVQHYT. . . TKDWAT . . . DTVFQQAQNDERDRVYFDPAVS . .
10 16 30 50 60 70 80
T4L .NIFEMLRIDEG...LKIY..YTIGIGHLLT...NAAKSELDKAIGR. . 0 eueen. TKDEAEKLFNQDVDAA-VRGILR. .
10 30 44 60 80 90 100
HEWL  LAAAMKRHG........ SLGNWVCAAKFES. .. .ATN. . TDYGILOINS . s e v veereenenunans CSALLS....TASVNCAKKIVSD..........
foi: ol aJ
185 190 220
chit  SAGDRAAG..... GEGVITNIIN . + s e v vseensseneaaeseeeeaeeeeeeecsoosannenans RVADRIGFYKRYC.........
140 170 180
GEWL  vveveenes KDQOLKGGISAYNA . « v v s e v e v e eevvnnnncenssnnnneceeneaeesssasnns YANDVVARAQYYK. ...
140 150 160 167 190 210
CSAN wennnnnnn ALGQFAYYDAIVMH. . SFGGI . TAMKK.YLNAFLDARKAA. . TSRVDTEQRVFLKL. . . . ... ..
85 100 110 120 130 150
T4L NAKLKPVY . . AVRRCALINMVEQM. . GVAGF . NSLRM. RHDEAAVNLAKS . . PNRAK~RVITTFRT . . e cvvveeonrnnnnnrronnns
112 120
HEWL v e e eeeeeneaasesesneeeenanenssnessaneeesosanenecencsasaeresssnnnnnnns RNRC....DVQ..vvuen.

Fig. 2 a, Alignment of secondary structure elements between chitinase, chitosanase, and three lysozymes. Boxes are labelled as o-helices (o)
or B-strands (B); those with parameters outside the normal values are labelled as pseudo (y) Chitinase helices are identified by their order as

A=) for discussion in the text. Those elements which align in space are aligned

in the same column in this figure. For example, the invariant

helices (analogs of o and oF) form a stack of five. b, The amino-acid sequences of the conserved core elements. The amino acids used in the
least-square superpositions are shown for each of five enzymes. The catalytic glutamatic acid and the conserved hydrophobic core residues
are shown in bold type. The secondary structural elements of chitinase are also indicated.

1. There is always a bulky hydrophobic amino acid
seven residues upstream from the catalytic glutamic
acid; it resides on the conserved C helix (Fig. 2b;
Table 2, first column). This is Phe 60 in chitinase, Ile
67 in GEWL, Met 15 in chitosanase, Phe 4 in T4L
and Trp 28 in HEWL. In each case the nonpolar side
chain projects into the heart of the core structure.

2. The hydrophobic residue from the C helix fits
into a hydrophobic socket formed by various
residues on the second conserved helix of the core,
which is labelled F in chitinase. These contacts are
listed in the first column of Table 2. In chitinase, it
would be formed by the side chains of Ile 155 and
Trp 158, one helical turn downstream on the F helix.
The other proteins have similar sockets, although the
socket for chitosanase is displaced about a half turn
in space. That socket also involves contact of Met 15
with a methylene carbon (C38) of Arg 118 whereas all
other sockets are composed of purely nonpolar side
chains.

136

3. The B2 strand contains an invariant Gly, the only
residue besides the catalytic Glu which is strictly con-
served. This is Gly 115 in chitinase and 92, 47, 28 and 92
in GEWL, chitosanase, T4L and HEWL respectively. The
Gly appears to be conserved to maintain packing within
the core. If any L-amino acid were substituted, its side
chain would clash with some atoms from B3, the F helix
or other features, depending on the various residues in
any given protein. For example, an L-amino acid at 115
in chitinase would collide with side chains of Ile 117 on
33 and with Thr 153 on the F helix. An L-amino acid at
position 47 of chitosanase would clash with Phe 51 of B3
and Gln 114 on helix E.

4. The B1 strand of the sheet contains a nonpolar
residue that may make several contacts within the core.
The most consistent contacts are with a conserved
hydrophobic residue on 2 one residue down stream from
the invariant Gly described above, although other contacts
may also be made. For example, chitinase Tyr 84 from 1
contacts Pro 116 from B2, and also Phe 151 on the F helix.

nature structural biology volume 3 number 2 february 1996



@ © 1996 Nature Publishing Group http://www.nature.com/nsmb

insight

Table 2 Conserved interactions of hydrophobic core residues

ol
Chitinase F60
GEWL 166
Chitosanase M15
TaL F4
HEWL W28

----------- of (] E—' [l —
1155/ W158 Y84  P116 1117 F157
T117/L120 A76 193 M94 1119
R118/F123 Y32 148 149 Y122

F67/V71 L13 129 H31 D70
A95 /V99 F38 155 L56 198

The conserved contacts between B1 and B2 strands are
shown in the middle column of Table 2.

5. As shown in the last column of Table 2 there is gener-
ally a hydrophobic amino acid two residues downstream
from the invariant Gly; this residue marks the beginning
of B3. The hydrophobic residue interacts with several
other nonpolar groups, but always contacts a nonpolar
group on the F helix, which lies between the two socket

residues described above. For example, Ile 117 on chiti-
nase 33 contacts Phe 157 on helix E T4L stands out in
Table 2 for this interaction because it has charged residues
His 31 on 3 and Asp 70 on the F helix. In fact these two
groups form an ion pair or hydrogen bond pair and so
conserve the positional interaction, even though it is a
polar one in this case.

The conserved interactions among the core elements of
chitinase are shown in Fig. 4. Similar interactions are
made in the other four proteins although the details may
vary. In describing and discussing these interactions it is
important to remember that we have attempted to distill
out from a myriad of contacts those which appear to be
conserved and which may form the main underlying scaf-
folding for the protein cores. Each core consists of many
other interactions which are difficult to relate between
proteins but which may be very important for any
given protein or even for subgroups of the five proteins.

Fig. 3 Invariant structural elements in chitinase, chitosanase, and lysozyme. Three elements of sec-
ondary structure, the B-sheet and helices C and F, are superimposed from barley chitinase (blue), chi-
tosanase {red) and three lysozymes: hen egg white (purple), T4 (cyan) and goose egg white (yellow).
A trisaccharide observed in HEWL is shown in blue in its proper position with respect to that protein.

This figure was drawn using the prgram MOLSCRIPT?>.

Fig. 4 The hydrophobic interactions securing the invariant core elements from chitinase. The molecular backbone is
shown as an Co trace except the core elements are shown as ribbons. The side chains of key hydrophobic residues are
shown as red bonds with Van der Waals surfaces. The figure was produced using the program RASMOLZ6.

nature structural biology volume 3 number 2 february 1996
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Implications for evolutionary relationships

Matthews and co-workers, making pair-wise compar-
isons of lysozymes, observed that there appeared to be a
common core, similar to the one described here. They
showed that any one lysozyme might also have structural
overlap with another outside the conserved core areas,
and these contacts differed markedly between pairs®.

Fig. 5 Structural comparison of the eucaryotic
and bacterial families of hydrolases. a, A least
squares superposition of the extended core of
barley chitinase and bacterial chitosanase. The
chitinase core, a light blue coil, consists of
residues 49-199. The chitosanase extended
core, a yellow coil, contains residues X1-X151.
b, The Ca trace of chitinase. The N-terminal
domain, residues 1-48, is blue while the C-ter-
minal domain, residues 200-243, is red. ¢, The
Co trace of chitosanase. The C-terminal
domain, residues 152-236, is green. This figure
was drawn using the program MOLSCRIPTZ>,

This is also true when chitinase and chi-
tosanase are added to the comparison.

An obvious question concerning these
structural comparisons is whether they
reflect divergence from a common ancestor
or convergence to a stable folding pattern.
Matthews and co-workers concluded that the
lysozymes probably reflect divergence from a
common ancestor’ and we feel this is also
true when the chitinase and chitosanase pro-
teins are included in the comparison. All five
enzymes appear to hold similar substrates in
a similar manner with respect to conserved
secondary structural core elements and the
key catalytic Glu. This situation contrasts
with that for the serine proteases chy-
motrypsin and subtilisin which are consid-
ered to be an example of convergent
evolution. In that case, substrates are orient-
ed in a very similar manner with respect to a
catalytic triad at the active site? but the fold-
ing pattern and secondary structural ele-
ments are very different between the two
proteins.

Another argument put forward by the
Matthews group in favour of divergence is
also strengthened by addition of chitinase
and chitosanase to the comparison with
lysozymes. That is the argument that the
overlap between various nonessential ele-
ments of the structures favours divergence
from a common ancestor (Fig. 2a). The core
elements define the substrate-binding and
catalytic sites of the enzymes but the overlap
of other nonessential structural elements sug-
gests slow divergence from a common ances-
tor, It seems unlikely for example that the
analogue for chitinase helix I would arise by
chance in both T4L and GEWL.

Two families

Fig. 2a and Table 1 can be analysed to deduce
relations among the five hydrolases. The large number
of corresponding atoms and high similarity score sug-
gest that the two proteins which are the most similar in
structure are bacterial chitosanase and phage T4
lysozyme. It is reasonable to postulate that T4L arose in
phage by capture of a bacterial host protein; this pair
shows evidence of a relatively recent split.

nature structural biology volume 3 number 2 february 1996
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Bacterial Chitosanase

In a structural sense, the next closest pair is barley
chitinase and GEWL. It is informative to consider these
as representatives of a eucaryotic family of hydrolases, to
be compared with the bacterial family, represented by
chitosanase and T4L. It is clear from Fig. 2a that both
families (chitinase/GEWL and chitosanase/T4L) have
similar secondary structural elements running from o.-
helix C through o-helix I, using the chitinase nomencla-
ture. Fig 5a shows a superposition of this region of bar-
ley chitinase, representing the eucaryotic family, and
chitosanase, representing the bacterial family. The
region contains the invariant core elements found in all
five hydrolases, but the core can be extended to include
structural elements through Helix I. The end of Helix I
forms the centre of the substrate-binding wall opposite
the three-stranded sheet. Each protein has a hydropho-
bic residue at the end of this helix which anchors it to
the other core elements. In chitinase this I helix residue
is Ile 198; it makes hydrophobic contacts with groups
from helix C, 3, and helix E.

The two families can be seen to differ markedly in
their modifications to the extended core. The eucaryotic
proteins have several a-helices at the N terminus which
are absent in the bacterial family. As shown for chitinase
(Fig. 5b), these form a folding unit on the opposite side
of the enzyme from the active site. The N-terminal
domain for GEWL is even larger, containing three well

nature structural biology volume 3 number 2 february 1996

Phage Lysozyme

Fig. 6 A gallery from the glycohydrolase superfamily. The top row shows two eucaryotic enzymes,
barley chitinase and GEWL, while the lower row shows two procaryotic enzymes, chitosanase and
T4L. In each case the conserved central core is shown as a gray ribbon, N-terminal domains are
shown in blue and C-terminal domains in red. This figure was drawn using the program
MOLSCRIPTZ5.

defined helices and additional
extended chain. The bacterial
enzymes have no extensive structure
added to the N terminus of the con-
served core. It is unclear if the
eucaryotic N-terminal domain has
been added to the extended core by
the eucaryotes, or deleted by the
bacteria.

The two families also differ at the
C terminus. As shown (Fig. 55}, the
eucaryotes add a small domain to
the C terminus of helix I to complete
the protein. This domain consists of
~40 residues. It begins with a short
chain which runs from the end of
the I helix along the active site wall.
It then forms a helix (J) which lies
outside of the core C helix and they
cross at a ~45° angle (Fig. 5b). The
N-terminal half of the ] helix forms
part of the active site wall. In GEWL
the C-terminal domain finishes with
the helix, but in chitinase an extend-
ed chain runs back up towards, and
terminating near, the domain origin.

By contrast, the procaryotic C-ter-
minal domain is longer, roughly 80
residues; it contains three prominent
helices, comprising around 60
residues, switching back and forth in
a roughly antiparallel fashion. These
helices have their axes approximately
normal to the elongated active-site
cleft, and the helix ends form the top
wall of that cleft. Following the
helices, the procaryotic C-terminal domain has a
polypeptide tail. In chitosanase the tail forms a two-
stranded antiparallel B-sheet (Fig. 5¢) but in T4L it
forms a short helix. It is evident that the C-terminal
domains from procaryotes and eucaryotes have no
amino-acid sequence or structural relationship and
appear to represent independent additions to an ancient
extended core structure. The structural archetypes of
the eucaryotic and procaryotic families are shown by
orienting two members of each family in a similar fash-
ion (Fig. 6).

The structure of the catalytic domain (residues
449-618) of the 70,000 M, bacterial soluble lytic transg-
lycosylase (C-SLT) has been analysed recently”. The
enzyme is not a proper hydrolase, but instead produces
a 1,6-anhydro-muropeptide. The catalytic domain does
have a lysozyme-like fold, however, and is thought* to
have a particularly close resemblance to GEWL.
Although atomic coordinates have not been deposited
for the protein, visual inspection shows that the struc-
ture of C-SLT agrees very well with our new classifica-
tion of the superfamily into procaryotic and eucaryotic
families. Compared to other procaryotic enzymes, C-
SLT appears to have a short N-terminal segment which
links it to the main body of the protein. This linker does
not resemble the extensive N-terminal domains of chiti-
nase or GEWL, but serves to bridge the C-SLT domain
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to the main body of SLI. The core of C-SLT closely
resembles that of the glycohydrolases. Tyr 552 in C-SLT
plays the role of Ile 198 in chitinase, anchoring the I
helix into the conserved core as described above. Fol-
lowing the I helix analog, C-SLT has a three-helix C ter-
minal domain which is characteristic of the other
procaryotic enzymes. Compared with the other pro-
caryotic enzymes, the third helix of C-SLT is tilted
slightly and falls into a position very similar to that of
the single helix of the eucaryotic C-terminal domains.
This may account for the apparent structural similarity
to GEWL, although the overall fold of C-SLT more
closely resembles those of chitosanase and T4L.

Henrissat and Bairoch have proposed a classification
scheme for glycosyl hydrolases, based on amino-acid
sequences®®, In this scheme barley chitinase is in class
19, Streptomyces chitosanase in 46, and lysozymes
GEWL, T4L and HEWL in classes 23, 24 and 22 respec-
tively. It is clear from this and other structural compar-
isons that many proteins which appear to be unrelated
based on sequence are in fact distantly related as seen in
their protein fold. Presumably when more structures are
known from the many glycosyl hydrolase families it will
be possible to reorganize the classification scheme into a
few superfamilies, such as that described here. This may
be useful in the description of enzyme evolution as well
as in the characterization of enzyme mechanism and the
rational design of proteins and inhibitors.

HEWL is unusual

HEWL is significantly smaller than the other proteins
and may well represent a minimal hydrolase protein.
Table 1 shows that HEWL is more closely related to the
eucaryotic family than to the bacterial family. Fig. 2a
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