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Bacterial chitobiase structure provides
Insight into catalytic mechanism and the
basis of Tay—Sachs disease

Ivo Tews, Anastassis Perrakis, Amos Oppenheim!, Zbigniew Dauter, Keith S. Wilson

and Constantin E. Vorgias?

Chitin, the second most abundant polysaccharide on earth, is degraded by chitinases and
chitobiases. The structure of Serratia marcescens chitobiase has been refined at 1.9 A
resolution. The mature protein is folded into four domains and its active site is situated at the
C-terminal end of the central (Bo)g-barrel. Based on the structure of the complex with the
substrate disaccharide chitobiose, we propose an acid-base reaction mechanism, in which
only one protein carboxylate acts as catalytic acid, while the nucleophile is the polar
acetamido group of the sugar in a substrate-assisted reaction. The structural data lead to the
hypothesis that the reaction proceeds with retention of anomeric configuration. The structure
allows us to model the catalytic domain of the homologous hexosaminidases to givea
structural rationale to pathogenic mutations that underlie Tay-Sachs and Sandhoff disease.

Chitin is composed of N-acetylglucosamine units
(B-1,4 linked 2-acetamido-2-deoxy-glucopyranosyl,
NAG). After cellulose, chitin is the most abundant car-
bohydrate polymer. Chitin plays a significant morpho-
genetic and structural role in fungi, insects,
crustaceans and plants and is also an important nutri-
ent for bacteria.

Chitin metabolizing enzymes are glycosyl hydrolases,
which split glycosidic linkages between adjacent*sugar
residues. Glycosyl hydrolases are classified into 45 fami-
lies on the basis of amino acid sequence!. To date, three-
dimensional structures are known for representatives of
22 families?. Within the families, variations in chain
length and hence in domain structure are observed.
Many have an eight-stranded (Bot)g-barrel as the catalytic
domain. Structural differences reflect variation in sub-
strate specificity, anomeric specificity (such as o-1,4 or
B-1,4 linkages) and retention or inversion of the
anomeric configuration. All members of any one family
display the same mechanistic stereochemistry.

The chitinolytic glycosyl hydrolases are found in all
organisms in which chitin is a structural component.
Plants, lacking an immune system, use chitinases as a
defence mechanism?®. Bacteria use chitin as a food
source and their chitinolytic systems are involved in the
natural recycling of chitin® these enzymes are of
biotechnological relevance especially as antifungal
agents. Three-dimensional structures are known for
prokaryotic and eukaryotic chitinases falling into fami-
lies 18 (refs 5-8) and 19 (ref. 9). Bacterial chitobiases
(EC 3.2.1.30) belong to family 20; there are no previous
crystal structures available for representatives of this
family. Serratia marcescens is an ideal organism for
structural and mechanistic studies of these enzymes: it
is one of the most active chitinolytic bacteria!?, produc-

ing enzymes with high activity over a wide pH range!!.
S. marcescens possesses a set of chitinases that hydrolyse
chitin to the disaccharide chitobiose (diNAG) which is
then hydrolysed to NAG by chitobiase. The degradation
products are then taken up by the cell.

Family 20 also contains other enzymes, the hex-
osaminidases, which hydrolyse G, ,-type gangliosides in
higher organisms. Deficiencies in these enzymes lead to
accumulation of gangliosides'?, resulting in gangliosi-
doses such as Tay-Sachs or Sandhoff disease. Numerous
mutations in human hexosaminidase genes have been
identified and classified according to the severity of their
phenotype!®. Structural information presented here on
a bacterial member of family 20, chitobiase, allows
modelling of the catalytic domain of hexosaminidase o,
providing a first step towards an understanding of these
diseases at the structural level.

Structure of chitobiase
Chitobiase was constitutively expressed in Escherichia
coli. The gene sequence predicts a 98,500 M, protein!4,
The newly synthesised protein is transported to the
periplasm and undergoes proteolytic cleavage of its
leader peptide. The crystal structure of the protein was
determined by multiple isomorphous replacement, and
refinement statistics reflect good data quality (Table 1).
Chitobiase is a monomeric protein with four
domains (Fig. 1). The overall dimensions are
~90%80x60 A, and three disulphide bridges stabilize
the structure. There are no cofactors, metals or other
ligands in the native enzyme. On one side, opposite to
that containing the active site, the enzyme is essentially
flat (in the plane of the view shown in Fig. 1): this
could represent a potential membrane binding surface.
Domains I, [T and III form a compact body from which
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Fig. 1 Cartoon diagram’® of chito-
biase complexed with the natural
substrate  diNAG. The substrate
binding pocket is open at the back
in the orientation shown. Roman
numerals indicate domains, Arabic
numerals indicate amino acid posi-
tions. Two key active site residues
are shown (Arg 349, Glu 540).
Domain | starts with a 22 turn helix
pointing into solvent. A long linker,
magenta, connects domains | and II.
The Cos of Met 223 at the begin-
ning and Asp 335 at the end of
Domain Il are separated by only 4.8
A. Domain Ill, the eight stranded
(Bag-barrel, is shown side-on. The
eight B-strands, in red, are sur-
rounded by seven o-helices, green.
Helix a8 is kinked after two turns.
Loops inserted in the barrel are
coloured yellow (loop 2), orange

hit’ohin:" P A
- -

&,

(loop 3) and ochre (loop 4): they are in close contact with domain |. Loop 7 (dark green) replaces the helix a7 that would be found in a normal
(Bog-barrel . The final features of this domain (grey) are a B-strand and a kinked seven turn extra helix winding around the barrel. Domain IV,

an immunoglobulin-

like fold is in contact with a helix in the linker region.

the C-terminal domain TV protrudes. Connections
between domains are short except for an elongated
linker containing two helices which connects domains
T'and IL. All four domains have similar average temper-
ature factors and are well ordered.

The N-terminal domain I (residues 28-181) compris-
es two B-sheets. It has a highly ordered hydrophobic
core leading to a compact structure. A two-and-a-half
turn helix precedes the first B-strand; the N terminus of
the helix points into the solvent and is an obvious cleav-
age site for the 27 amino-acid long leader peptide.
Domain I contains a long loop, stabilized by a disul-

phide following the first B-strand, which interacts with
domain III. Domain I is very similar to the cellulose
binding domain (CBD) of the cellulase from Cellu-
lomonas fimi'3, with identical overall topology and simi-
lar B-strand length. Two differences are the presence of
the two-and-a-half turn helix and of the long loop
between B-strands 1 and 2 in chitobiase. In cellulases,
the CBD is often linked to the core domain(s) by a flexi-
ble peptide, but in chitobiase there are well ordered

hydrophobic interactions between domains I and I1I.
Domain 1II (residues 214-335) has o+ topology.
Two regular o-helices, buried inside the protein, are
tilted about 30° with respect to an

Table 1 Crystallographic analysis

exposed, seven-stranded sheet. This
domain shows topological similari-

Diffraction limit (A)
Unique reflections
Overall Ryerge %!
Overall completene
Overall I/ o

Overall redundancy
HR2 shell (A)

HR Rmerge %1

HR completeness %
HRI/c

RDeriv %!

PhP3 (iso / ano)

R.m.s. (bonds 1-2/1-3)4

5
Rfactor

Native Gold Platinum
15-1.9 15-2.0 15-2.4
83,596 75,629 39,502
6.2 6.2 6.8

ss % 99.9 96.2 99.9
15.8 12.0 14.2
5.5 3.7 3.9
1.88-1.85 2.01-1.96 2.45-2.37
27.6 17.7 12.0
99.8 95.1 100
3.2 4.1 8.4
- 10.1 17.7
- 24/2.1 1.5/1.4
0.022/0.032 - -
14.6 - -

Chitobiase ties to other known proteins (such
15-2.0 as the Serratia metalloproteinase,
66,462 serralysin'®). The exposed sheet
8.4 and the parallel arrangement of the
99.7 buried helices appear to be a novel
14.8 structural feature.

4.1 All the other domains are orga-
2.06-2.02 nized around domain III (residues
23.7 336-818), which is a (Bo)g-barrel.
99.9 The active site is on the C-terminal
3.4 end of the barrel. There are signifi-
10.1 cant deviations from the basic
B (Bou)g-barrel motif. First, there are
0.019/0.029  only seven o-helices. Helix a7 is

15.2 absent and is replaced by the 67
amino-acid long loop 7. Helix o5

"Rerge=Zl = Imean|ElT; Ryeriv=ZlFp—Fpyl/Z|Fo|, where Fp=protein structure factor amplitude, Fp,=deriva-

tive structure factor amplitude.

2HR=high resolution.

3Phasing power (PhP)=r.m.s. (F,, /E), where Fy=heavy atom structure factor, £ = residual lack of closure

4R.m.s.=root mean square deviations from ideal values.
5R\‘actor:Z‘Fobs7Fca|c‘/z':ob5'
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is reduced to one turn. Second,
there are long loops at the C-ter-
minal end of the barrel, which
occur after B-strands 2, 3 and 4.
The loops are between 51 and 58
amino acids in length, contain B-
sheets and helical segments, and
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interact with domain I. Third, an additional B-strand
and a long, seven-turn helix complete domain III.
This helix, kinked after four turns, winds around the
barrel and interacts with domain II. This feature of
domain III leads directly into domain IV. The
sequence of this domain is roughly twice as long as
that of the classic (Bo)g-barrel of triose phosphate
isomerasel’.

Domain 1V, like domain I, comprises two {-sheets
but is only 67 amino acids in length (residues
819-885). The C-terminal valine is in the B-conforma-
tion and is buried inside the protein. Domain IV is
similar to the immunoglobulin B-sandwich. The
domain superimposes well on the structure of human

growth hormone receptor!8, but there is a small helical
segment in chitobiase instead of one of the seven
strands that occurs in the receptor.

The complex and active site architecture

The structure of a complex of chitobiase with a sub-
strate may be expected to shed light on various aspects
of the enzyme’s catalytic mechanism, including reac-
tion kinetics'® and whether the reaction proceeds with
retention or inversion of the anomeric configuration
of substrate?0-22, To obtain a complex, a crystal of chi-
tobiase was exposed for less than ten minutes to crys-
tallization buffer containing diNAG (chitobiose), the
enzyme’s natural substrate. In the crystal complex, the

Fig. 2 Substrate binding of chitobiase. a, In
the boot-shaped active-site pocket, the inner
sugar NAGA, bound to Arg 349, is surround-
ed by protein groups and the outer NAGB is
more exposed to solvent. Note the distortion
of NAGA and the position of the catalytic
Glu 540 binding to the glycosidic oxygen,
which is involved in the bond to be cleaved.
The water we believe to be involved in hydrol-
ysis is marked WAT. b, diNAG is distorted.
NAGB is in the 4C; chair; NAGA is in a confor-
mation close to the energetically unfavourable
4-sofa. The twist around the glycosidic linkage
disrupts the hydrogen bond between OS5A
and OH3B. ¢, NAGB stacks against Trp 685,
NAGA against Trp 737. The essentially planar
N-acetyl group of NAGA is stabilized by Trp
616 and Trp 639. A very small movement of
these aromatic residues relative to the native
structure creates space for the incoming
sugar. d, next page, the substrate is tightly
anchored through hydrogen bonds from the
OH3A and OH4A groups of the non-reducing
sugar NAGA to Arg 349. Arg 349 is held in
place by polar interactions with Asp 346, Asp
378, Asp 379, Glu 380 and a water (blue
sphere), where the terminal amino and imino
groups hydrogen bond to Asp 346 (Nn1), Glu
380 (Ng), and a water (Nn2) coordinated by
Asp 379 and Glu 380. e, next page, Glu 540
binds to the glycosidic linkage, and is a candi-
date for the catalytic acid. Ogl accepts a
hydrogen bond (2.7 A) from His 452, which is
itself hydrogen bonded to Asp 378. Qg2 is at
a distance of 2.9 A from the glycosidic 048,
an ideal length for a hydrogen bond and sug-
gesting it is protonated. f, next page, the N-
acetyl-group of the non-reducing sugar ring
may act as nucleophile stabilizing the reaction
intermediate, probably through formation of
a covalent oxazoline intermediate. It is held in
place by hydrophobic interactions (Fig. 2c) and
hydrogen bonds from acetamido-N2A to Asp
539 and from acetamido-O7A to Tyr 669. As
a result, O7A is very close (3.0 A) to the
anomeric centre CT1A. A water hydrogen
bonded between OH5B and Glu 739 is a can-
didate for the nucleophile in the hydrolysis of
the glycosidic bond. Stereograms of the
2F,—F,c electron density map were calculat-
ed with phases from the final refined model
contoured at 1o.

a
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substrate is not cleaved and is present at almost full
occupancy as judged from the crystallographic analy-
sis. This is the first complex of a glycosyl hydrolase
with its natural substrate. The stability of this appar-
ently abortive complex may be due to the high salt
content combined with restricted flexibility in the
crystal lattice, presenting unfavourable conditions for
catalysis. Soak times of a few hours reduced the resolu-
tion limit to less than 5 A and after one day there was
essentially no observable diffraction. This may suggest
that the present structure is a ‘pre-Michaelis’” complex
with induced conformational changes unable to occur
due to the effects of the crystal packing and the short
soak times. Induced changes are presumed to occur
slowly and lead to disorder of the crystal. Attempts at
co-crystallization were unsuccessful.

S G

His52 ’,\

A7
ol

g

nature structural biology volume 3 number 7 july 1996

¥ Glus40™

In the complex, there is an intact glycosidic linkage
between sugar moieties in the —1/+1 sites on either side
of the cleavage point. The two sugar residues are
referred to in this report as the non-reducing NAGA in
the -1 site, and the reducing NAGB in the +1 site. The C
and O atoms of each sugar ring carry the suffix A or B as
appropriate. The active site lies at the centre of the con-
vex side of the enzyme, at the C-terminal end of the
(Ba)g-barrel. diNAG binds in a boot-shaped pocket
(Fig. 2). The two sugar planes are tilted around their
glycosidic linkage by ~90° with respect to one another
(Fig. 2a, b). The intramolecular hydrogen bond between
O5A and OH3B that stabilizes the extended chain con-
formation in B-1,4 linked glycosides is thus disrupted.
Some other major features of how the substrate pocket
binds to diNAG are worth noting. First, diNAG is dis-
torted when bound to the enzyme: the
outer sugar NAGB is in the typical *C,
chair, while the inner sugar, NAGA, is in a
conformation close to the energetically
unfavourable 4-sofa (Fig. 2b). Second,
four tryptophans line part of the binding
pocket complementary to the hydropho-
bic surfaces of the sugar rings (Fig. 2¢).
Third, the non-reducing NAGA is
‘docked’ to the enzyme by hydrogen
bonds from OH3A and OH4A to Arg
349, itself stabilized by polar interactions
to other protein groups. Arg 349 sits at
the base of the binding pocket (Fig. 2d).
Fourth, Glu 540 forms a hydrogen bond
to the glycosidic oxygen (Fig. 2e). Fifth,
the acetamido group of the non-reducing
sugar ring NAGA is bent towards the
anomeric ClA. The distortion is stabi-
lized by hydrophobic interactions (Fig.
2¢), and by polar interactions with Asp
539 and Tyr 669 (Fig. 2/).

An overview of the diNAG complex
(Fig. 3)—combining all the features in
Fig. 2—shows the hydrogen bonds
between substrate and protein. All polar
atoms of the non-reducing sugar ring
NAGA—except  O5A—make  direct
hydrogen-bonds with the protein. The
reducing sugar ring NAGB, accessible
from the surface, makes only indirect
hydrogen bonds with protein groups
through bridging water molecules and
has higher temperature factors than
NAGA. In addition the other important
interactions are evident, namely the
packing of tryptophans around the
hydrophobic surfaces of the sugar, the
vital role of Arg 349 in anchoring NAGA,
the position of Glu 540 and of the N-
acetyl moiety of NAGA.

The carboxylate residue acting as the
catalytic acid in chitobiase is Glu 540,
which binds (distance of 2.9 A) to the
glycosidic linkage (Fig. 2e). As may be
expected, Glu 540 is invariant among
family 20 enzymes. In chitobiase there is

NAGB
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Fig. 3 Stereo view of the hydrogen
bond scheme in the substrate binding.
There are 16 residues and several
water  molecules involved.  The
residues lie at the C-terminal end of
the (Bog-barrel and each of the eight
loops connecting strands and helices
contributes at least one residue. Not
all of these residues are shown. Aro-
matic residues are in green, polar
residues are yellow. Glu 540 and Arg
549, playing a key role in catalysis and
binding are highlighted in red.

no second protein carboxyl group at an appropriate
distance for either a retaining or for an inverting
mechanism. However, due to the distortion of NAGA,
its acetamido O7A atom lies 3.0 A from CIA and is
ideally poised to act as the nucleophilic base.

Some of the general structural features underlying
hydrolysis by chitobiase are comparable to those seen
in chitinases. Chitinases, however, have a groove to
which the polysaccharide chain can bind random-
ly%5-%, while the active site in chitobiase is a pocket
into which the substrate docks. This can be related
directly to the endolytic action of the chitinases which
need to bind an extended polymer or oligomer along
the active site. In contrast chitobiase removes a single
monosaccharide from the non-reducing end of a small
oligomer.

Proposed mechanism

Based on the crystal structure of the diNAG complex
and previous biochemical studies?’-?2 we propose that
chitobiase uses an acid-base reaction mechanism with
Glu 540 as the catalytic acid and with the N-acetyl
group of the substrate replacing the enzymatic nucle-
ophilic base found in other glycosyl hydrolases. From
the structures, it is evident that there are minimal
changes in the conformation of the protein on forming
the diNAG complex; only a small movement of aromat-
ic residues is required for them to pack closely against
hydrophobic surfaces of the sugar. The two sugar

Fig. 4 Sugar distortion. The final, refined
model of diNAG, shown in thick bonds, is over-
layed on a 5c unbiased electron density differ-
ence map calculated using the differences
between diNAG in the complex and native chi-
tobiase data, with phases calculated from the
native chitobiase model. To show the distortion,
the non-reducing ring NAGA from the small
molecule model of diNAG, shown in thin
bonds, is superimposed on that of the present
model. The non-reducing rings superimpose
well, but their conformations are substantially
different. The half-chair conformation of NAGA
causes the reducing NAGB ring to be in a differ-
ent position. The glycosidic linkage is more
twisted in the chitobiase-diNAG complex.
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residues in the complex are at a totally different angle to
one another compared to the conformation observed in
the small-molecule structure of diNAG2??® and that
observed for 3-1,4 linkages in cellulose or chitin.

The more tightly bound non-reducing sugar NAGA
is distorted towards the expected transition state
from the usual *C, chair conformation into a sofa-
like structure, and its acetyl group is bent below the
ring plane so that the acetamido carboxyl comes close
to the anomeric C1A. While the resolution (2.0 A) of
the present analysis shows clearly that NAGA is not in
the *C, chair conformation, it is not sufficient to dis-
tinguish the 4-sofa from other closely related confor-
mations, or indeed from a mixture of these (Fig. 4).
The O1B oxygen at the reducing end of diNAG is a
mixture of o and B anomers, as expected. In effect,
the conformation of the disaccharide is such that
NAGB, which would in chitin be described as being
B-1,4 equatorial to NAGA, is more axial. This confor-
mation is energetically more favourable for a leaving
group. The distortion also makes the anomeric C1A
planar.

The oxygen in the glycosidic linkage is hydrogen
bonded to the protonated carboxyl group of Glu 540,
the acid in the acid catalysis (Fig. 2¢). As the first step
in the reaction, we envision that this glutamate trans-
fers its proton to the glycosidic oxygen. The C1A-O4B
bond between the two sugars would then be split. The
departure of NAGB would leave a potential carbonium

nature structural biology volume 3 number 7 july 1996
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ion on NAGA. In practice this intermediate can be sta-
bilized by the N-acetyl group of NAGA itself, either
through formation of a covalent bond between O7A
and CIA resulting in an oxazoline ring, or by electro-
static stabilization of the oxocarbonium ion by the par-
tial negative charge of the carbonyl oxygen of the
acetamido group. In both cases, this would stabilize
the reaction intermediate for a sufficient time for
NAGB to diffuse out. The departure of NAGB would
allow its replacement by an incoming water molecule
on the same side of the ring, which attacks CIA to
complete the hydrolysis. This proposed double dis-
placement mechanism results in retention of anomeric
configuration. The best candidate for the incoming
water molecule is that located between Glu 739 and the
reducing sugar ring in the substrate complex (Fig.
2a,f). Glu 540 could activate this water by abstracting a
proton from it.

Thus from the structural data it appears that the
reaction probably proceeds with retention of configu-
ration. This is supported by preliminary kinetic data
which provide direct evidence for a retaining mecha-
nism (S. Armand, C.E. V. and B. Henrissat, unpub-
lished  results). Furthermore, the homologous
hexosaminidases, classified in the same glycosyl hydro-
lase family, degrade substrate with an overall retention
of configuration?*. As stated above, enzymes from the
same glycosyl hydrolase family in all known cases
catalyse the reaction with the same mechanism: this
can reasonably be assumed to be true for chitobiase
and hexosaminidase from family 20.

Enzymatic hydrolysis of a saccharide substrate with
overall retention of the configuration implies the par-
ticipation of a nucleophilic/negatively charged residue
resulting in the formation of a glycosyl enzyme inter-
mediate which is subsequently hydrolysed by a water
molecule. In contrast to many retaining glycosyl

hydrolases, there is no such group on chitobiase: the
intermediate stabilization would then have to be pro-
vided by the O7 atom of the acetamido group of the
substrate itself.

Retention in chitobiase through anchimeric assistance
is consistent with similar evidence for other retaining
glycosyl hydrolases or transglycosylases through the N-
acetyl group at the C2 position or other substituents.
Examples include hevamine®, soluble lytic transglyco-
sylse?>  (muraminidase) and probably also goose
lysozyme?¢. For hevamine this was based on the struc-
ture of an enzyme—inhibitor complex which mimics the
reaction intermediate rather than a natural chitin-like
oligomer?”. Hen egg white lysozyme would appear to be
an exception since it is believed to act through an electro-
static stabilization of the intermediate oxocarbonium ion
primarily by Asp 52. However, even in the case of a hen
egg white lysozyme, the participation of the C2 acetami-
do group cannot be totally excluded?s.

Chitobiases and hexosaminidases

The structural information above allows productive
comparison with other family 20 members, notably
the hexosaminidases. Chitobiases hydrolyse B-1,4
linked NAG moieties, whereas hexosaminidase hydrol-
yse the B-1,4 linkage between N-acetyl-galactosamine
and galactosamine. The substrates for mammalian
hexosaminidases are G,;, gangliosides (N-acetylgalac-
tosaminyl-B-1,4- (N-acetylneuraminyl-c.-2,3)-galacto-
syl-B-1,4-glycosyl-B-1,1-ceramide). Sequence
identities between Serratia chitobiase and other glyco-
syl hydrolase family 20 enzymes, either bacterial chito-
biases or eukaryotic hexosaminidases, range between
16-54%. The sequence data imply that the relation-
ships between family 20 members form three distinct
branches in a phylogenetic tree, plus a fourth interme-
diate group. The first group contains three bacterial
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Fig. 5 Sequence alignment for the catalytic domain Ill of chitobiase and human hexosaminidase c-chain. In contrast to a conventional
approach, the positions of insertions and deletions were adjusted to align secondary structural elements predicted from multiple sequence
alignments for hexosaminidases with their known positions in chitobiase (see text). A similar alignment is obtained using the B-chain (not
shown). Underlining indicates o-helices (green) and B-strands (red). Double underlining indicates central elements of the (Bo)g-barrel fold.
Residues coloured blue are important for active site formation (see Fig. 3). Identities are marked by |, similarities by :. Every tenth amino acid is
in bold typeface. Small typeface for Phe 344 and Asn 399 indicate residues excluded from the modelling.
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chitobiases with 42-54% overall sequence identity
(this study and refs 14,29,30); the second group con-

tains two mammalian hexosaminidase c-chains
(HEXA) with 84% overall identity>!32; the third group
contains three mammalian hexosaminidase B-chains
(HEXB) with up to 81 % overall identity33-35, HEXA
and HEXB are closely related?®. There are four other
eukaryotic hexosaminidases making up the intermedi-
ate branch, which are excluded from the present analy-
sis as they are less related.

Homology modelling of hexosaminidases is valuable
because defects in these enzymes lead to various dis-
ease phenotypes!'13. We confine the analysis here to
the relationships between our bacterial chitobiases and
the hexosaminidase o-chains. The starting data were
the structure of chitobiase and the multiply aligned
sequences of the hexosaminidases. Alignments of chi-
tobiase ~ with  hexosaminidase ~ sequences using
ClustalW37 showed identities of about 26% for the cat-
alytic domain. Homology modelling was restricted to
the catalytic domain only.

With 26% sequence identity homology modelling is
difficult  but nevertheless possible’$39.  Similar
hydrophobic cores and active sites are expected with
the differences restricted to the surface loops. We used
a classical multiple sequence alignment with Clustal W
optimized by PHD*. The resulting sequence align-
ment (Fig. 5) was the basis for homology modelling
using WHATIF4-43 (Methods) and the model is
shown in Fig. 6. Several observations support the idea
that the alignment is correct. First, in the homology
model all active-site residues could easily be aligned
with those in the chitobiase structure. Second, in the
model there is a well defined hydrophobic core with no
van der Waals clashes between residues; there are also
about the same number of small cavities as found in
the template structure. All parameters from the
BIOTECH validation®! are similar for the template

Fig. 6 Predicted structure of the (Bo)g-barrel
of hexosaminidase showing pathogenic
mutations colour coded by phenotypical clas-
sification (see text and Table 3): infantile
mutations are in red, juvenile mutations are
orange, adult mutations green, and benign
mutations blue. The lower view shows the
barrel from the top, the upper view is turned
-90° around the x-axis. Note that the (Bo)g-
barrel domain is more compact than that in
chitobiase.

structure and the proposed model (data
not shown). Further support for the align-
ment comes from the location of the dele-
tions and insertions, mainly regions
present in chitobiase but not in hex-
osaminidase. Examples are residues
400-418, 461-477, 544-569 and 675-687,
which lie in loops between the secondary
structural elements of chitobiase. This is
in keeping with the observation that the
loops in different but homologous (Bot)-
barrels can vary greatly in length.

Additional support for the model comes from the
observation of pairs or groups of residue substitutions
which complement each other in the three-dimension-
al structures of the two enzymes (Table 2). These pairs
of substitutions are assumed to have occurred during
evolution to complement one another in maintaining
the structural integrity of the protein. Although it is
certain that the HEXA model contains many errors,
the high degree of conservation of residues in and
around the active site means that the model is much
less prone to errors in the active site pocket.

Tay-Sachs and Sandhoff disease

Deficiency in hexosaminidases cause lysosomal storage
diseases'>. There are two human hexosaminidase
genes, encoding proteins that form dimers with differ-
ent substrate specificity*?. The homodimer S (ctot) has
no measurable activity while the homodimer
B (BB) is active against certain oligosaccharides. The
heterodimer A () has full activity against Gy, type
gangliosides, accumulation of which can cause blind-
ness, paralysis, dementia and death. Tay-Sachs disease
(TSD) is caused by deficient or defective hex-
osaminidase o-subunit. 97% of TSD carriers are posi-
tive in one allele for either an insertion of four base
pairs introducing an early stop codon or a mutation
causing mis-splicing!®. In pathological cases, one of
these gene deficiencies is frequently observed in com-
bination with a missense mutation in the second allele.
TSD is termed the ‘B variant’ if the o-subunit is absent
or present in lower than normal amounts, as the
homodimer B (BB) is present at normal levels but
those of the homodimer S (o.ot) and the heterodimer A
(af) are lowered. The ‘Bl variant, with normal levels
of all three dimers, is caused by a present but inactive
o-subunit. Sandhoff disease (SD), observed in several
geographic or demographic isolates, involves deficien-
cy or defect in the B-subunit. It is termed the ‘0 vari-
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ant’ as there is only the inactive hexosaminidase S (otor)
present at normal levels.
osaminidase A (resulting in a lack of af}) causes Gy,
accumulation, lack of hexosaminidase B (resulting in a
lack of BP) in addition leads to accumulation of

oligosaccharides (for example, from glycoproteins).

The absence of hex- This explains the different phenotype to TSD. Onset

Table 2 Alternate complementary residues in the structure of chitobiase (Chb) and
proposed structure of hexosaminidase A (HexA)

Enzyme
Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Chb
HexA

Residues

lle 384-Tyr 429-Phe 374-Val 357
Tyr 213-Val 239-Trp 203-lle 186

Ala 456-Trp 382
Trp 266-Phe 211

Ile 384-Met 523
Tyr 213-Val 311

Ile 386-Val 516
Ser 215-Phe 304

Gly 388-Lys 515
Thr 217-Thr 303

Gly 397-Phe 423
Ser 226-Ile 233

lle 447-1le 520
Phe 257-Val 308

Met 449-Val 513
Thr 269-Met 301

Asp 483-Val 577
Leu 274-Glu 334

Cys 578-Cys 505
Ile 335-Ser 293

Arg 511-Ser 508
Glu 299-Asn 296

lle 517-Trp 534
Phe 305-Leu 317

lle 384-Met 523-Tyr 429
Tyr 213-Val 311-Val 239

Lys 570-Glu 591
Thr 327-Lys 349

Phe 536-Gly 598
lle 319-lle 356

Glu 659-Arg 633
Arg 413-Asp 386

Contacts/comments

Altered hydrophobic packing
Altered hydrophobic packing
Space compensation

Space compensation

Surface or interface maintenance
and space compensation

Space compensation

Altered hydrophobic packing
Methionine interchange
Swapped charged groups, surface
maintenance and space compensation
Compensation of Cys bridge
Change in surface character

and space compensation

Change in hydrophobic packing
Tyrosine interchange

Swap charge on surface, change
of character, space compensation

Change of hydrophobic packing

Swap charges on surface

A set of substitutions between the known three-dimensional structure of chitobiase (Chb) and
that modelled for hexosaminidase A (Hex A). The sets of pairs of residues in the two enzymes
are complementrary in the sense that they are mutually compensating and thus allow the
integrity of the protein fold to be maintained. For instance the pair Phe 536-Gly 598 in Chb has
one large and one small side chain: the equialent pair in HexA is lle 413-Gly 598 with two medi-
um sized hydrophobic side chains. Other parings involve for example opposite charges on
residue pairs as well as merely size compensation. The indicated sets of residues appear to have
evolved so that they make up equivalent structural units in the two molecules.
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and severity of the clinical course of TSD and SD cor-
relate with enzyme activity. Complete loss of function
leads to the infantile form. The juvenile form has resid-

ual activity while adult and benign forms
retain substantial activity. Wide variability in
late onset is observed. Various factors may
cause pathological states: unsuccessful fold-
ing, insolubility, failure to transport to the
lysosome, instability within the lysosome,
failure to form the heterodimer, failure to
bind activator protein or loss of enzyme
activity.

In an effort to understand the various
manifestations of the disease, we mapped the
known mutations onto the homology-mod-
elled hexosaminidase structure (Fig. 6, Table
3). Mutations leading to the severe, infantile
disease lie in two clusters. The first cluster is
around the active site and causes the B1 phe-
notype. These  mutations  include
Argl178Cys/His/Leu (refs 45-47), Ser210Phe
(ref. 48), Asp258His (ref. 49) and Trp420Cys
(ref. 50). (Residue numbers quoted in the
text refer to the oi-chain (Table 3); equivalent
residues from chitobiases are in parentheses
throughout the text.) Asp258His (Asp 448)
causes a pH optimum shift*%; this residue is
involved in substrate binding (Figs 2a, 3).
Ser210Phe (Gly 381) resides in a loop with
three key functional residues (Asp 378, Asp
379, Glu 380) (Figs 2d, 3). The mutation
may disrupt the three-dimensional structure
of the loop. Asp258His and Ser210Phe prob-
ably introduce steric hindrance either within
the protein fold or in enzyme-substrate
interactions. Trp420Cys has been proposed
to introduce a new Cys-bridge’® but may
well introduce a conformational change
close to Tyr 421 (Tyr 669) which is involved
in substrate binding (Fig. 2f). The involve-
ment of the Arg 178 mutations in this first,
severe cluster is notable. Assuming the
homology model based on the chitobiase
structure is correct, Arg 178 (Arg 349) is
directly involved in substrate binding (Figs
2d, 3). The importance of Arg 178 of hex-
osaminidase is underscored by experiments
showing that when mutations in this o-sub-
unit were duplicated in the B-subunit, inac-
tivity resulted>!. In this light, the so-called
‘active arginine’ hypothesis postulating a
direct charge-transfer role in catalysis for
this residue®? seems incorrect.

The second cluster of infantile mutations
comprises Argl70GIn/Trp (refs 49,53),
Glu482Lys (ref. 54), Trp485Arg (ref. 55)
and the double mutation Vall92Leu /
Val200Met (ref. 56). Some of these muta-
tions are described as B1 phenotypes. Nev-
ertheless, our model places these residues
far from the active site on the N-terminal
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Table 3 Point mutations in hexosaminidases grouped according to onset of the disease

type Hex A Hex B Chb Position in Chb Phenotype Class Ref.
Infantile R170Q/W (R203) R341 begin B1 unstable, slow maturation see text 49,53
R178C/H/L (R211) R349 loop 1 no activity B1 45-47
V192L (A225) Q363 centre o1 <2 % activity see text 56
+V200M (1233) K371 begin B2 neutral exchange see text 56
S210F (5243) G381 begin loop 2 no activity B1 48
D258H (D290) D448 end B3 pH optim. shift B1 49
AF305 (F337) 1517 center of a3 inactive precursor see text 48, 77
W420C (W449) V668 begin loop 7 no activity B1 50
E482K (E511) E760 end 08 remains in ER, < 1 % activity sol 54
W485R (W514) W763 end 08 chinese infantile TSD see text 55
Juvenile G250D (G382) Q440 begin 3 2-3 % activity unknown 62
S279P (S311) T487 loop 3 lower RNA level unknown 77
(Y427) Y4565 E675 loop 7 degradation thl 78
W474C (W503) (F752) centre of o8 12 %, encephalopathic thl 61
R499C/H (R528) n.m. not modelled remains in ER, 3% activity sol 79,80
R504C/H (R533) n.m. not modelled inh. dimeriz. dim 48, 80, 81
Adult (L174) 1207V L345 centre of B1 reduced activity thl 78
G269S (G301) $459 loop 3, long helix 12 % dim 62,63,65
F300L (F332) F512 begin a3 chronic form thl 82
(R476) R505Q R754 center of o8 thermolabile thl 60
Benign R247W (R279) Q437 end o2 40 %, pseudodeficient benign 58,62
R249W (R281) R439 end a2 40 %, pseudodeficient benign 59,62

Homologous amino acid positions are shown for hexosaminidase a-subunit (HexA), B-subunit (HexB) and for chitobiase (Chb). Parentheses around
residue numbers indicate equivalent positions for the known mutated residues which are given without parentheses. For the position of the residues,
compare with Figs 1 and 6. The observed cellular activity (from the original publications) is listed as phenotype, a separate column gives an inter-
pretation on a structural basis classifying the mutations as: benign—no phenotype but reduced activity, dim—inhibited homo/heterodimer forma-
tion, thi—thermolabile enzyme with reduced half life time, sol—enzyme with altered solubility, and B1—without activity, but normal as character-

ized with antibodies against the enzyme. Not modelled (n.m.) are two mutations that fall just outside the op-fold where no reliable prediction could
be made.
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end of the barrel suggesting that other effects may
cause the disease. Argl70GIn/Trp leads to unstable
enzyme with a low rate of maturation®>. In the dou-
ble mutation Val192Leu/Val200Met only Vall92Leu is
responsible for the Bl phenotype*$57. From our
model it remains unclear how such a small change
causes the disease. Glu482Lys leads to insoluble pro-
tein which is trapped unprocessed in the endoplasmic
reticulum?. The clustering of Arg 170, Val 192, Glu
482 and Trp 485 suggests the possibility that they are
part of an interface either for domain—domain or
subunit-subunit interaction.

The other mutations (Table 3 and Fig. 6) are less
severe in phenotype. Most of these follow a general
scheme: benign and adult mutations are often on the
protein surface where a change does not exert a signifi-
cant effect on protein stability; more severe, juvenile,
mutations are closer to the protein core. They all lie
well away from the active site. This is exemplified by
the benign mutations Arg247Trp (ref. 58) and
Arg249Trp (ref. 59) the adult mutation Arg505Gin
(refl. Y i e Jurvenilie Torrtation Trp474Cys (ref. 61).
Arg247Trp/  Arg249Trp, although apparently large
changes, are exposed to solvent and retain significant
activity®2. Trp474Cys is buried, alters the hydrophobic
packing and is important for protein stability.
Arg505Gln (observed in SD for the B-chain, equivalent
to Arg 476 in the a-chain, Fig. 6) disrupts important
salt bridges and induces thermolability>2. Buried
mutations may change thermostability, and mutations

on the surface may alter conditions for domain inter-
action, protein—protein interaction or solubility with
consequent transport defects.

There are mutations which do not follow these gen-
eral principles. The adult mutation Gly269Ser which
affects dimerization is a good example3-65. Chitobiase
has a serine at this position, which is in the middle of
the long helix in loop 3 (Fig. 1). In the hexosaminidase
model, this helix terminates after one turn with Gly
269 into a loop structure: in comparison with chitobi-
ase the remaining helix and a second short helix are
deleted. The mutation from Gly 269 to serine will
probably not allow the altered enzyme to terminate the
helix efficiently in a sharp turn and the altered loop
structure may then affect dimerization. These results,
based on homology modelling, have to be considered
carefully in the light of functional and environmental
differences to periplasmic bacterial chitobiase, for
example the disulphide bridge pattern. Nevertheless,
the locations of the mutations deduced from this
model cluster within the proposed structure reason-
ably welll according to the severity of the phenotype. It
will be interesting to see if analogous mutations in chi-
tobiase will lead to similar defects.

Methods

Sequencing and protein purification. Genomic DNA
from S. marcescens cloned into pEMBL18 (ref. 66) was used
to constitutively express chitobiase in E. coli. The deduced
98,500 M, protein has 885 amino acids. Proteolytic cleavage
of its 27 amino acid leader peptide was verified by protein
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sequencing. Recombinant chitobiase from the bacterial
periplasm was initially fractionated with ammonium sul-
phate (55% to 85%); the protein was then further purified
by anionic ion exchange chromatography (S-Sepharose;
Pharmacia), eluting at pH 6.8 at about 120 to 250 mM NaCl.
A second purification step with Mono-S FPLC (Pharmacia) at
pH 6.4 and a concentration step on the same column yield-
ed the pure protein at a concentration of up to 30 mg ml-1.

Structure determination. Crystals grew in the
orthorhombic space group P2,2,2 within four weeks
from 61.5% ammonium sulphate and 1.5% isopropanol
in 100 mM cacodylate buffer, pH 5.6, at room tempera-
ture. Unit cell dimensions are (A) a=110.7, b=99.9, c=87.7.
Individual data sets were collected on single crystals using
a Marresearch imaging plate scanner at the EMBL beam
lines X31 (native, derivatives) and BW7B (diNAG). Reflec-
tions were integrated and scaled using DENZO and
SCALEPACK®?. Multiple isomorphous replacement (MIR)
phasing was carried out using gold and platinum deriva-
tives. All derivatives and complexes were prepared by
soaking crystals in appropriate solutions: Gold 12 h in 10
mM KAuCly; Platinum 4 h in 20 mM Pt(ll)-(2,2"-6',2"'-
tetrapyridine)-chloride-dihydrate; diNAG 290 s in 100 mg
ml-1 diNAG (2-acetamido-2-deoxy-4-O-(2-acetamido-2-
deoxy-b-d-glucanopyranosyl)-d-glucopyranose, trivial
name N,N'-diacetylchitobiose or chitobiose). The PHASES
package®® was used for heavy atom refinement, solvent
flattening and map skeletonization. The MIR phase set
had a mean figure of merit of 0.69. The model was built
into solvent-flattened MIR density using O9. Prior to
refinement, 10% of the data were randomly flagged for
cross validation using Ry,... Restrained Hendrickson-Kon-
nert refinement’! with the program PROLSQ from the
CCP4 suite’? was used. The ARP program’3 was used to
locate automatically water molecules. Refinement con-
verged to an Re,co, Of 13.9 % with Ry 19.6 %. The Ry,
tor 9iven in Table 1 was calculated including all measured
data. Comparisons against the database of known struc-
tures were carried out with DALI74.

diNAG complex. Soaking was performed by adjusting the
crystallisation buffer to the desired diNAG concentration. A
crystal was exposed to this solution for about five minutes.
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