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Human lysosomal B-hexosaminidases are dimeric enzymes composed of
a and B-chains, encoded by the genes HEXA and HEXB. They occur in
three isoforms, the homodimeric hexosaminidases B (B) and S (aa), and
the heterodimeric hexosaminidase A (af3), where dimerization is required
for catalytic activity. Allelic variations in the HEXA and HEXB genes cause
the fatal inborn errors of metabolism Tay-Sachs disease and Sandhoff
disease, respectively. Here, we present the crystal structure of a complex
of human -hexosaminidase B with a transition state analogue inhibitor
at 2.3 A resolution (pdb 1o07a). On the basis of this structure and previous
studies on related enzymes, a retaining double-displacement mechanism
for glycosyl hydrolysis by B-hexosaminidase B is proposed. In the dimer
structure, which is derived from an analysis of crystal packing, most of
the mutations causing late-onset Sandhoff disease reside near the dimer
interface and are proposed to interfere with correct dimer formation. The
structure reported here is a valid template also for the dimeric structures
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of B-hexosaminidase A and S.
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Introduction

The human B-hexosaminidases (EC 3.2.1.52) are
lysosomal enzymes that degrade the carbohydrate
moieties of glycoproteins, glycolipids and
proteoglycans through the removal of terminal
B-glycosidically linked N-acetylglucosamine or
N-acetylgalactosamine  residues.  They are
indispensable in human metabolism for the
degradation of gangliosides, an essential class of
outer-layer membrane lipids. The dimeric enzymes
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are composed of two subunits, a and B, that are
approximately 60% identical in their amino acid
sequence.'” The subunits encoded by the genes
HEXA and HEXB are synthesized as precursor
proteins; processing and subunit assembly in the
endoplasmatic reticulum yields three isoforms;
B-hexosaminidase A  (aB, HexA), B-hexo-
saminidase B (BB, HexB) and B-hexosaminidase S
(aa, HexS). Dimerization of two chains is a pre-
requisite for the formation of catalytically active
enzyme. Interestingly, the assembly of HexB from
two B subunits is faster than the dimerization of a
and B subunits to HexA. Thus, a pool of newly
synthesized, unassembled o« subunits is retained
prelysosomally.>* Properly folded and assembled
enzymes are transferred rapidly to the Golgi
apparatus for attachment of the mannose-6-
phosphate recognition marker and targeted sub-
sequently to the lysosomes, where final processing
produces the mature enzymes.’

The wide substrate specificity of the A, B and
S-isoforms of B-hexosaminidase is, at least in part,
due to a unique active site carried by each subunit:
the B-subunit predominantly hydrolyzes neutral
substrates, whereas the a-subunit can cleave
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Table 1. Data collection, phasing and refinement statistics

Data collection Pt Hg Native
Cell parameters (A) a=b=1635 a=b=164.0 a=>b=163.9

. c=12447 c=245.1 c=2447
Wavelength (A) 0.83432 0.83432 0.93400
Mosaicity (deg.) 0.298 1.061 0.466
Total reflections 465785 710539 1930354
Unique reflections 75615 77399 180325
Resolution (A) 15-3.0 30-3.0 30-2.25
Reym (%)** 12.6 (45.5) 14.2 (58.2) 6.5 (35.6)
Completeness (%)? 100 (100) 100 (99.9) 99.9 (100)
I/o* 13.9 (4.0) 14.5 (3.3) 25.4 (5.5)
Number of sites 12 15
Riso (%)° 14.1 17.0
Phasing power? 0.86/1.15 0.88/1.06
Combined FOM* 0.54
<BWilson> (AZ) 32
Refinement Native
R, Rfree 0.196, 0.236
rm.s.d. bonds (A) 0.010
r.m.s.d. angles (deg.) 1.5
DPIf (A) 0.30
Monomers/a.u.8 6
No. protein residues 2925
No. protein atoms 23,623
No. water molecules 2326
Heterogroups 6 d-Lactone

18 N-Acetylglucosamine

Solvent content (%)
<Bprotein> (éz)
<Bsolvent> (Az)

18 Ethylene gycol
53

40 £ 11
50 £ 11

“b Values for highest-resolution shells (Pt and Hg, 3.11-3.00 A; native, 2.33-2.25 A) are given in parentheses.

Sym = Ellobs <I>‘/E<I>

¢ Riso = SIFY, — F2I/SIF2, 4 FRl.

Phasmg power l(Dcentrlc / acentrlc) = rm.s. F,/Eiso, Where E;q, is the lack of closure error.

¢ FOM, figure of merit. FOM =

f DPI, diffraction data precision indicator. DPI=

(cos(Aay)), where Aqy, is the error in the phase angle for reflection .
\/(Natoms/Nobs)(C - 1/3)dmmerem where Natoms = number of atoms, Nobs =

number of observations, C = fractional completeness and dmin = maximal resolution.

& a.u., Asymmetric unit.

negatively charged substrates.®

The hydrolysis of

ganglioside GM2 by HexA and of the sulfated
glycosphingolipid SM2 by HexS requires coactiva-
tion by the GM2 activator protein (GM2AP). It
lifts the gangliosides out of the membrane and
presents their terminal sugar moieties to the
water-soluble enzyme.”®

The particular importance of human B-hexo-
saminidases is demonstrated by severe inborn
errors of metabolism: mutations in the HEXA
gene, which result in a lack of the isoforms HexA
and HexS, cause Tay—Sachs disease; mutations in
the HEXB gene lead to a deficiency of isoforms
HexA and HexB and cause Sandhoff disease (SD).
Both genetic disorders are characterized by a
massive accumulation of ganglioside GM2 in
neuronal lysosomes, leading to severe and, in
most cases, fatal neurodegeneration.

The only structural information on human
B-hexosaminidases available so far is a partial
homology model based on the X-ray crystal struc-
ture of a related bacterial enzyme, Serratia
marcescens chitobiase (SmChb), which belongs to
family 20 of glycosyl hydrolases.” SmChb and
other bacterial homologues differ significantly in

structure and function from human B-hexosamini-
dases, being monomeric enzymes of a different
substrate specificity as they degrade only water-
soluble substrates. Also, the bacterial enzymes do
not form ternary complexes with coactivator
proteins and substrates, as observed for HexA and
HexS. Thus, only limited insights into the unique
and functionally decisive features of human
B-hexosaminidases can be gained from analyzing
the structures of bacterial homologues. To provide
a structural basis for the understanding of folding,
processing, dimerization and substrate specificity,
we have determined the X-ray crystal structure of
human B-hexosaminidase B (hHexB) at 23 A
resolution in complex with the transition state
analogue inhibitor 2-acetamido-2-deoxy-D-
glucono-1,5-lactone (3-lactone).

Results and Discussion

Overall structural features

The crystal structure of hHexB, recombinantly
expressed in insect cells, was determined by the
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Figure 1. Fold and homologues of human B-hexosaminidase B. (a) Schematic topogram, o-helices are represented by
circles, B-strands by triangles, numbers indicate the position in protein sequence. Glycosylation sites (hexagons),
disulfide bonds (red lines), proteolytic cleavage sites of the mature human enzyme ({ }) and active-site residues
(yellow circles) are indicated. (b) Ribbon diagram (stereo), N and C termini and proteolytic cleavage sites of processed
HexB (107-122, 311-315) are indicated. In (a) and (b) the N-terminal domain is shown in orange (sheets) and red
(helices), the C-terminal domain in green and cyan (strands and helices of central (B,o)s-barrel) and blue (extensions).
In (b) the bound 8-lactone inhibitor is shown in red. (c) Least-squares superposition of hHexB (blue) with SpHex
(green; pdb 1hp5) shown in cartoon representation. The view is identical with that in (b). (d) Least-squares super-
position (stereo) of the active-site residues of hHexB (blue) in complex with 8-lactone, SpHex (green; pdb 1hp5) with
the bound substrate chitobiose and SmChb (gold; pdb 1gbb) in complex with NAG-thiazoline. Residue labels relate

to hHexB.

MIRAS method and refined to a crystallographic
R/Rgee-factor of 19.6%/23.6% at 2.3 A resolution
(Table 1). hHexB folds into two domains, an
N-terminal a/B-domain and a central (B,a)s-barrel
domain. a-Helices and B-strands are termed A to
R and a to r, respectively; strands in the central
(B,a)s-barrel are additionally numbered 1 to 8 in N
to C-terminal order (Figure 1(a)). The N-terminal
domain consists of a small two-stranded (b,g) and
a larger six-stranded B-sheet (c,dfeh,a) that is
flanked by one short (A) and two long (B,C)
a-helices, the latter forming the largest part of the
interface to the central domain, while the opposite
side of the large PB-sheet is solvent-exposed
(Figure 1(b)). The central domain is dominated by
the (B,a)s-barrel that carries insertions (blue in
Figure 1(a)) near strands 2 (j), 3 (k), 4 (n) and 8 (r)
as well as a C-terminal helical extension (R). After
strand 2 (j) as well as before and after strand 8 (r),

single helices (E, O, P, respectively) are inserted,
while the insertion after strand 3 (k) comprises
one helix (G) and a two-stranded antiparallel
B-sheet (I, m). Two adjacent helices (I, J) are
inserted at the C terminus of strand 4 (n). All
active-site residues are located in loops on the
C-terminal side of the central (B,a)s-barrel
(Figure 1(a) and (b)). According to the observed
electron density and mass spectrometry, the
enzyme is N-glycosylated at Asn84, Asn190 and
Asn327 (indicated by linked hexagons in
Figure 1(a)), but not at Asn142, while the enzyme
purified from human placenta is glycosylated at
all four sites."

Structural homology to bacterial enzymes

The protein fold is highly conserved between
hHexB and the bacterial members of family 20
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glycosyl hydrolases with known structures;
namely, a chitobiase from Serratia marcescens
(SmChb)’ and an N-acetylhexosaminidase from
Streptomyces plicatus (SpHex)." Though sequence
identity with SmChb and SpHex is only 22% and
27%, respectively, the positions of secondary struc-
ture elements of the C-terminal (B,a)s-barrel and,
unexpectedly, the N-terminal domain are well con-
served in hHexB (Figure 1(c)). While SmChb
contains two extra domains, extending the protein
N and C-terminally, SpHex contains only the
domains shared with hHexB. Structural alignments
of SmChb/SpHex with hHexB identify 344/349
(71%/72% of residues in hHexB) matching
residues with an r.m.s.d. between the C* atoms of
1.4 A/1.5 A. However, both bacterial enzymes are
monomeric and have different substrate specifi-
cities compared to the dimeric human B-hexo-
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saminidases. Though all catalytically essential
residues are conserved, most of the loops on the
C-terminal face of the (B,a)s-barrel are in different
conformations or of different length in the bacterial
enzymes (Figure 1(c) and (d)). Consequently, these
loops are modelled incorrectly in the homology
model of hHexB, which includes the C-terminal
(B,a)s-barrel, but not the N-terminal domain and
the C-terminal residues beyond helix Q. Thus, the
rm.s.d. for an all-atom or C* atom superposition
of the homology model (pdb 1gbd) onto the
hHexB crystal structure is high, 3.6 A or 3.0 A,
respectively.

Catalytic mechanism: the transition state

The crystal structure of hHex B is in agreement
with the suggested conservation of a common

=== Ligand bond e Nondigand residues involved
= Protein bond in hydrophobic contacts

@ -® Hydrogen bond and length @& %og;ﬁggﬂgmg géon?;sc‘i{ﬂstsolved

Figure 2. Active site and inhibitor interactions. (a) The active site is shown in ribbon-and-stick representation. The
electron density (F, — F. omit map around the inhibitor) is contoured at the 1.5¢0 level. The view in (a) and (b) is
identical with that in Figure 1(d). (b) Interactions between active-site residues and the bound 8-lactone inhibitor. The
hydrophobic stacking partner of the bound inhibitor, Trp489, is highlighted. (c) Stereo view of the bound inhibitor
shown in stick representation together with three surrounding water molecules, I-III, represented by spheres. Covered
by a semitransparent solvent-accessible surface, protein residues important for substrate binding are shown. Tyr456
(blue) belongs to the other subunit of the dimer. Only selected hydrogen bonds involving the three water molecules
are indicated. (d) The solvent-accessible surface of one monomer of hHexB is shown in solid grey, the surface of the
second subunit is shown in transparent blue. The 8-lactone inhibitor, which is bound to the first dimer subunit and
close residues from the second subunit are shown in blue. Residues coordinating the +1 sugar of chitobiose, co-crystal-
lized with SmChb, in SmChB (gold; pdb 1gbb) and corresponding residues in SpHex (green; pdb 1hp5) are
superimposed on the hHexB structure based on the fit shown in Figure 1(d).
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Figure 3. Catalytic mechanism of human
B-hexosaminidase B. The sketch in the upper panel
illustrates the two-step double-displacement mechanism:
in the first step (1a, 1b) (R = carbohydrate) a substrate-
mediated nucleophilic attack on C1 is assisted by the
general acid-base catalyst Glu355 and releases the
residual carbohydrate R via the formation of a cyclic oxa-
zolinium intermediate. In the second step (2a, 2b)
(R=H) a water molecule activated by Glu355 carries
out a nucleophilic attack on C1 to open the oxazolinium
ring, thereby retaining the initial configuration at C1. In
the lower panel, all steps of the mechanism are
illustrated by X-ray crystal structures: (a) SmChb
together with the substrate chitobiose (pdb 1gbb);
(b) hHexB in complex with 8-lactone inhibitor (this
work); (c) SpHex in complex with NAG-thiazoline; here,
the water position is occupied by a glycerol molecule
(pdb 1hp5).

catalytic mechanism with the bacterial hexosamini-
dases. The family 20 glycosyl hydrolases share a
configuration = retaining  double-displacement
mechanism with a substrate-mediated nucleophilic
attack. It is the acetamido oxygen atom of the
terminal non-reducing —1 sugar of the substrate
itself that carries out the nucleophilic attack on the
anomeric C1, as has been demonstrated by the
crystal structures of SpHex in complex with chito-
biose (di-N-acetylglucosamine, di-NAG) and of
SmChb in complex with the potent inhibitor
NAG-thiazoline.”""*> The —1 subsite, binding the
non-reducing sugar, of the substrate pocket is
almost identical between these enzymes and
hHexB (Figures 1(d) and 2(a) and (b)). The pro-
posed double-displacement mechanism involves
two steps (Figure 3):

In the first step (Figure 3, reaction 1a, 1b, R =
carbohydrate), the acetamido oxygen atom of the
non-reducing —1 sugar molecule is forced into an
optimal position by Asp354, Tyr450 and Trp424
(Figures 2(c) and 3, state (1)) and attacks as a
nucleophile the anomeric C1 of the same sugar
molecule to form an oxazolinium intermediate
and to release the deprotonated +1 sugar
molecule; Glu355 protonates the departing carbo-
hydrate. While the terminal non-reducing sugar
molecule binds to the —1 site in a distorted boat
conformation (Figure 3, state (1)), it relaxes to a

4C, chair conformation in the oxazoline inter-
mediate (Figure 3, state (c)). In a second step
(Figure 3, reaction 24, 2b, R = H) the general acid-
base catalyst Glu355 activates an incoming water
molecule,’® which attacks the anomeric C1 of the
—1 sugar molecule and hydrolyzes the oxa-
zolinium ion ring while retaining the initial
configuration of the sugar. Glu355 is part of a
hydrogen bonded catalytic triad, formed together
with His294 and Asp240 (Figure 2(a)). The
reported complex of SmChb with di-NAG
represents a substrate-like structure, whereas the
NAG-thiazoline bound to SpHex is a hydrolytically
stable analogue of the oxazolinium intermediate. In
contrast, in the hHexB complex, the potent inhibi-
tor d-lactone with its planar carboxyl group
resembles the transition state of the non-reducing
—1 sugar molecule in the moment the anomeric
C1 traverses the plane defined by C2, C5 and O5
of the sugar ring (Figure 3, state (b)). The structure
reported here demonstrates that the transition of
C1 does not require or induce any change in the
geometry of the substrate-binding pocket.

Two possible candidates for the incoming water
molecule attacking C1 in the oxazolinium ring in
the second step of the double-displacement mech-
anism were suggested from the crystal structures
of SmChb and SpHex and are found in the
hHexB-3-lactone complex (Figure 2(c)): a first
water molecule, I, in the SmChb structure hydro-
gen bonded by Glu739 (Glu491 in hHexB) and
Asp671 (Asp452 in hHexB)’ and a second,
hypothetical, water molecule, II, in a bulk solvent-
exposed position in a site occupied by a glycerol
oxygen atom hydrogen bonded to Glu314 (Glu355
in hHexB) in the structure of SpHex." Both poten-
tial water sites are occupied by water molecules in
all six monomers in the asymmetric unit of hHexB
crystals.

Water molecule I (Figure 2(c), I) has an average B
value of 33.0 A* and is fixed in its position by short
hydrogen bonds to O® of Asp452 and O of
Glu491. Remarkably, this water molecule is coordi-
nated also by the hydroxyl O" of Tyr456 of the
other subunit of the dimer (see below) at a distance
of 2.7 A. The coordination sphere would allow
interpretation of this water position as a sodium
ion. The strong coordination suggests a structural
role for this water molecule, similar to that of a
second conserved water molecule coordinated by
Asp240 and Asp354, which is involved directly in
ligand binding by forming a hydrogen bond to
O3’ of the d-lactone inhibitor (Figure 2(c), III). Both
of these water molecules are buried once a sub-
strate molecule is bound. Water molecule II
(Figure 2(c), II) is coordinated and activated by
Glu355 and has a higher average B value of
55.3 A%, corresponding to greater mobility or
partial occupancy. It is well positioned for an inline
attack on the anomeric C1 in the oxazolinium
intermediate with an interatomic distance of 3.2 A
to the C1 atom of the transition-state analogue
inhibitor &-lactone. Even with the non-reducing
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sugar molecule bound to the — 1 subsite, this water
molecule is solvent-exposed and water molecules
from the bulk solvent could easily enter this
position after departure of the residual carbo-
hydrate chain (Figure 2(c)). Therefore, we identify
water molecule II as the nucleophilic water
molecule attacking the intermediate oxazolinium
ring to form the final product in the second step
of catalysis (Figure 3).

Crystal packing and quaternary structure

Until now, the dimer structure of human hexo-
saminidases and its influence on substrate
specificity has remained an open question. To
identify the physiologically active dimer (for a
review, see Gravel et al’°), it is necessary to dis-
tinguish between intermolecular crystal packing
contacts and the interface of the dimer, which is
observed in solution. The crystal packing of
hHexB is complex, with the crystal asymmetric
unit containing six monomers, organized in three
pairs of molecules related by non-crystallographic
2-fold rotation axes. Aside from a few weak con-
tacts involving no more than five residues in each
interacting monomer, three intermolecular inter-
faces are observed, numbered I to III in decreasing
interaction strength (Table 2). Interface I involves a
larger number of contacting residues (24) than
either II (13) or III (11), and an approximately two-
fold greater buried surface area per monomer
(1368 A%) and number of involved hydrophobic
residues (eight residues). Although interface I is
formed mainly by loop regions, the average B
value of its residues is significantly lower (Bayer =

Table 2. Properties of intermolecular interfaces I-III
observed in hHexB crystals

Properties I (AB) II (AC) 11T (BC)

Residues involved in 71-75

each monomer

211,212,260 78

452-456 89,92,96,99 123
491,492,494 247,249 183,184
496,497
500,501, 533 262,265,267 186,187
543-550 269,270,273 552
No. of residues*® 24 13 11
Non-bonded contacts 59 8 7
No. hydrophobic 8 3 3
residues**
Hydrogen bonds 10 10 3
per 100 A” area 0.73 1.33 0.63
Residues identical (%)? 63 23 18
Residues conserved 25 38 36
(%) c
Average B value (A% 33+4 40+ 6 49 + 10
Buried surface (A?%)? 1368 751 473

? Values are given per interface side. )

b nterface residues contain atoms closer than 3.66 A to atoms
of the interface partner.

¢ Hydrophobic residues are Ile, Leu, Val, Met, Tyr, Phe and
Trp.
g Conservation between all human and murine hexosamini-
dase o and B-chains.

33 A?) than for interfaces II (Bayer = 40 A?) and III
(Baver = 49 A?); lower, even, than the average B
value for all protein residues (Bayer = 40 A?)
(Table 2; Figure 4(a) and (b)). Both the buried
surface area and the number of hydrogen bonds
between the monomers in interface I are close to
the typical values obtained in a survey of 36 per-
manent protein complexes."* More amino acid
residues involved in formation of interface I are
identical (63%) between different mammalian «
and B-subunits than those comprising interfaces II
and III (23% and 18%, Table 2). Therefore, only
interface I favors the formation of equivalent
dimers in HexS (aa), HexA (aB) and HexB (BpB).
Out of all possible monomer—monomer interfaces,
only I positions side-chains of one subunit (e.g.
Tyr456, colored blue in Figure 2(c)) in the vicinity
of the active site of the other subunit, thus making
the regulation of substrate specificity by an inter-
action partner plausible, as is demonstrated by the
different activities of the a-subunits in HexS and
HexA against SM2.® Thus, the physical strength of
the interaction and biological evidence qualifies
interface I as a physiologically valid dimer inter-
face, while the others must be regarded as crystal
packing interactions.

The dimer interface

The proposed dimer interface is formed mainly
by loop regions at the C-terminal face of the
(B,a)s-barrel, as is the active site. The contributing
loops are located between strand i and helix D,
helices E and F, strand q and helix N, and strand r
and helix P. Furthermore, helix P and the
C-terminal loop residues from 543 to 550 contri-
bute to the dimer interface. The interface itself is
approximately rectangular, with dimensions of
45 A*x 25 A?. The most striking feature of the
interface is a crescent formed by five tyrosine resi-
dues (Figure 4(c)). Each of these forms, among
other interactions, hydrophobic contacts to one of
the five tyrosine residues in the interface region of
the other subunit. Contacts of other non-polar
side-chains, e.g. those of Leu453, Pro545 and
Leu546 (colored dark grey in Figure 4(c)), with
one of the five tyrosine residues comprise further
hydrophobic interactions. Hydrogen bonding con-
tributes to the dimer interactions to a lesser extent,
being observed in only four side-chain—side-chain
and one main-chain—side-chain, but no main-
chain—-main-chain interaction (Figure 4(d)). A con-
siderable number of ordered water molecules is
embedded between the two subunits forming
hydrogen bonds to residues of both chains.

Anatomy of the substrate-binding site

Though the active center and the binding site of
the non-reducing sugar molecule —1 are highly
conserved between hHexB and the bacterial
homologues, the remainder of the substrate-bind-
ing site is significantly different. In the bacterial
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Figure 4. Crystal packing and dimerization. (a) Interface I (molecules A and B), viewed along the 2-fold rotational
dimer axis. (b) Interface II (molecules A and C), the view is perpendicular to that in (a). In (a) and (b), ribbon represen-
tations are colored according to increasing temperature factors, from blue to red. The bound inhibitor molecules are
shown in red. Positions of disease-associated mutations are indicated by red spheres around the corresponding C*
atoms. (c) The dimer interface (as shown in (a)) of molecule A (green). Interface residues are shown as sticks, non-
polar residues are colored dark grey, polar non-ionic residues light grey, cationic residues blue and anionic residues
red. Tyrosine residues forming a crescent around the interface are shown in yellow. The 2-fold rotation symmetry
axis is shown as a transparent stick. (d) A representation of the dimer interface; only major interacting residues are
shown. They represent half of the dimer contacts; the second half is generated by a 2-fold rotation symmetry axis,
which is perpendicular to the paper plane, indicated by a black ellipse.

enzymes, the +1 sugar molecule is bound to a con-
served tryptophan residue, Trp685 and Trp408 in
the Sm and Sp enzymes, respectively, via hydro-
phobic stacking interactions. The walls of the
sugar-binding crevice are formed by hydrophobic
residues in similar positions in SmChB and
SpHex; namely, Val493/Val276 (Sm/Sp) on the
opposite side and Tyr683/Leu406 on the same
side of the 41 sugar ring as compared to the con-
served tryptophan residue. No equivalent of these
residues binding the 41 sugar ring is present in

hHexB (Figure 2(d)). The binding pocket of the
human enzyme encloses only the —1 sugar mol-
ecule tightly and is wide open around the +1
sugar molecule and following groups in the
natural substrates such as glycolipid GA2. A differ-
ent binding mode for the natural substrates of
human hexosaminidases compared with the chito-
biose binding of bacterial enzymes is unlikely, as
it would interfere with the conserved double-
displacement mechanism. Only the binding of the
substrate in a distorted sofa conformation, instead
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of a relaxed *C; chair one, brings the glycosidic
atom Ol in close proximity to the general acid-
base catalyst Glu355 (Figure 3). It still remains
unclear whether parts of the larger natural sub-
strates beyond the first sugar residue —1 interact
with hHexB. In the case of HexA and HexS, it is
assumed that most atoms of the substrates, sugar
as well as lipid moieties, are in contact with
GM2AP" and only the terminal sugar molecules
are bound by hexosaminidases.

Allelic variations of the HEXB gene

Genetic defects causing SD include partial gene
deletions, smaller insertions and deletions, and
individual base substitutions in the HEXB gene.
Mutations leading to no or highly unstable mRNA
are associated with early onset of disease symp-
toms and a fatal clinical course. Point mutations
allowing the production of mRNA and protein
with residual activity cause less severe cases of
SD, with late onset and slow progression of the dis-
ease. Several of these point mutations in hHexB
were detected in patients suffering from SD
(Table 3).°

All residues whose mutations impair protein
function are very well ordered in the crystal
structure of hHexB, with B values lower than the
average for all residues (Figure 4(a)). The func-
tional importance of these residues has been
discussed,” but with only limited information as
the homology model used lacked the N-terminal
domain and the C-terminal residues involved in
the dimer interface. Moreover, most loops of the
dimer interface were modelled incorrectly and
protein-protein interactions in the dimer were not
known or considered, although human (B-hexo-
saminidases are active only in the dimeric form.
Because most observed mutations are located in
regions of dimer contacts or disturb the dimer
interface structure indirectly (Figure 4(a)), as will
be discussed for the individual mutations in the
following paragraphs, the previous model based
analysis has proven insufficient.

Of those residues associated with pathogenic
mutations, only Pro504 and Arg505 are highly con-
served in related eukaryotic and prokaryotic

enzymes, while Pro417, Tyr456, Cys309, Cys534
and Ala543 are conserved only in mammalian o
and B-chains. As the active site and the catalytic
mechanism of eukaryotic and prokaryotic homo-
logues are virtually identical, this again points to
the importance of dimerization properties as a key
to understanding the function of hHexB.

Mutation Ser62Leu: infantile acute SD

The nucleotide exchange CI185T resulting in a
Ser62Leu mutation in the hexosaminidase B-chain
was found in one allele of an infantile onset SD
patient with a partial deletion of the HEXB gene
in the second allele.”® No report exists on the
expression or activity of the mutant enzyme. Ser62
is located in a sharp B-turn at the N terminus of
the N-terminal B-strand a. While serine is one of
the residues that strongly favors a turn confor-
mation, leucine disfavors it, as reflected by their
Chou-Fasman turn parameters of 143 for Ser and
59 for Leu."” This suggests an influence of the
amino acid substitution Ser62Leu on the overall
folding of HexB, as the turn is essential to keep
the fold of the N-terminal domain intact.

Mutation Pro417Leu: subacute or chronic SD
due to missplicing

The nucleotide exchange C1214T in exon 11 of
the HEXB gene leads to the production of an
unstable and misspliced mRNA and thus to low-
ered expression levels of HexB. However, the
mutant protein expressed in COS cells also shows
only 70% of the specific activity of the wild-type
enzyme.'”® This mutation is similar in nature to
Ser62Leu, as a proline residue in a B-turn is
replaced by a leucine residue that disfavors loop
conformations. The Pro417Leu mutation has been
observed in patients together with a Cys309Tyr
mutation, which blocks the formation of a disulfide
bond,” and a common  polymorphism
Lys121Arg.* The combination of these mutations
potentially has a stronger effect on the activity of
hHexB than a single Pro417Leu mutation.

Table 3. Point mutations in the hexosaminidase 3-chain detected in Sandhoff disease patients

Mutation =~ Biochemical phenotype Clinical phenotype Reference
S62L Unknown Infantile acute (second allele del50kb) 16
C309Y Unknown Chronic (probably due to second allele P417L) 19
P417L 70% of normal activity in mutant expressed HexB Subacute or mild chronic 19,20,43
Y4565 HexB absent, B chains only in HexA, HexA activity: 30%  Subacute (second allele 1207V) 21,44

of wild type
P504S Approx. 20% activity against MUG, mainly in proenzyme  Chronic (second allele del16kb) 23

form
R505Q Thermolabile Chronic (second allele null) 22
C534Y Unknown Infantile acute 24
A543T Thermolabile Asymptomatic 26
K121R Unaffected Polymorphism 20
1207V Unaffected Polymorphism 16
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Mutation Tyr456Ser: subacute or chronic SD

Two mutations in the hexosaminidase B-chain
were observed in a patient suffering from a
juvenile onset motor neuron disease, a paternally
inherited Ile207Val and a maternally inherited
Tyrd56Ser mutation.”® The Ile207Val mutation has
been characterized as a common polymorphism
not associated with diminished enzyme activity or
SD.'® Tyr456 is located in a loop on the C-terminal
side of strand q (strand 7 of the (B,a)s-barrel;
Figure 1(a)), close to the active-site residues
Tyr450, Asp452 and Leu451, the latter being
affected also by the Arg505GIn mutation (see
below). Thus, one possible effect of the mutation
is a change in loop conformation affecting the
active-site geometry, though the distance between
Tyr456 and the bound ligand is about 20 A
(Figure 5(a)). As mentioned above, Tyr456 plays
an important role in dimerization, where it
forms strong hydrophobic interactions with Ile454
and Tyr492 of the other subunit, and is located on
the crescent around the dimer interface
(Figure 4(c)). These contacts aid in the fixation and
positioning of loops on the C-terminal sides of
strands q and r (strands 7 and 8 of the (3,a)s-barrel)
carrying active-site residues of the other subunit.
The importance of Tyr456 for dimerization is con-
firmed by biochemical data: the absence of active
HexB from cultured fibroblasts of an SD patient
carrying the Tyr456Ser mutation together with the
presence of B-chains in active HexA suggests a
defect in homodimerization of the mutant
B-chains.”" Moreover, Tyr456 protrudes as a tyro-
sine finger towards the substrate bound in the
second subunit, such that its hydroxyl group is at
a distance of just 4 A from the closest atom of the
inhibitor &-lactone (Figures 2(d) and 5(a)). The
Tyr456 hydroxyl O" coordinates a structural water
molecule, which is coordinated also by Asp452
and Glu491 of the other monomer, as discussed
above (Figures 2(c) and 5(a)). Therefore, Tyr456

Glu 491

Tyr 492

Tyr 456

g

RS ¢

may indirectly influence the active-site structure
of the other subunit and is a potential binding
partner for larger and natural substrates. A
mutation to the smaller serine would abolish the
hydrophobic intermolecular contacts formed by
the bulky aromatic tyrosine ring and may affect
the stability of the HexB dimer, as well as the
geometry of the catalytic site on both subunits of
the dimer.

Mutations Pro504Ser and Arg505Gin: heat-
labile HexB and chronic SD

Bolhuis et al*” identified the mutation
Arg505GIn in the B-chain of HexB as the molecular
basis for an adult onset form of SD. This variant
enzyme was expressed in COS cells and its activity
was found to be heat-labile as compared to the
wild-type enzyme. Argb505 is located at the N
terminus of helix Q and short hydrogen bonds are
formed between its guanidyl nitrogen atoms
N"H1 and N"H2, and the backbone oxygen atom
of Leu451. Residue Leu451 is located in a loop at
the C terminus of strand q (strand 7 of the (B,o)s-
barrel) and its direct neighbors Tyr450 and Asp452
play important roles in substrate binding
(Figure 2(a) and (b)). We suggest that the hydrogen
bond between Arg505 and Leu451 is essential to
stabilize the strongly bent loop conformation
around Leu451 and thus to maintain the geometry
of the —1 sugar-binding site. The guanidyl N"H1
of Arg505 forms a short hydrogen bond to the
backbone oxygen atom of Arg501 located in helix
P. Arg501 itself is involved directly in dimerization:
a hydrogen bond is formed between its guanidyl
N"H2 and the side-chain O of GIn544 in the
other subunit (Figures 4(d) and 5(b)). Therefore,
Arg505 acts together with Tyr456 as a second direct
link between dimerization and active-site struc-
ture. A mutation of the neighbouring residue of
Arg505, Pro504, to serine results in the expression
of heat-labile HexA with reduced activity towards

Figure 5. Overview of residues associated with pathogenic mutations. The hHexB subunit carrying the mutation
associated residue(s) is shown in green, the other one in blue. Residues mutated in pathogenic variants are colored
grey and labelled red. The cocrystallized 8-lactone inhibitor is shown in red. Only selected residues are shown.
(a) Tyr456; (b) Pro504 and Arg505; (c) Cys534 and Ala543.
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its natural substrates, but not towards small arti-
ficial substrates.” This indicates that the mutation
affects substrate binding, but not catalytic turnover.
Pro504 is located at the beginning of a B-turn and
adopts a cis-peptide conformation. A serine residue
is unlikely to accommodate a similar conformation
and will consequently distort the loop confor-
mation. Such alterations would change the orien-
tation of the neighboring C-terminal loop that
forms major parts of the dimer interface, as well
as the positioning of the adjacent residue, Arg505,
discussed above (Figure 5(b)).

Mutation Cys534Tyr: infantile acute SD

Kuroki et al.** have found a patient with infantile
SD to be homozygous for a HEXB mutation
resulting in a Cys534Tyr substitution, originally
described as Cys522Tyr. Cys534 of the hexo-
saminidase B-chain forms a disulfide bond to
Cys551,'" which fixes the C-terminal loop to the
C-terminal core domain of the protein. Considering
one monomer only, the non-disulfide bonded
C-terminal loop is expected to be disordered and
solvent-exposed as residues 547-552 have no
contact to the rest of the protein except the
disulfide bond involving Cys551. In the active
dimer, these C-terminal residues form an integral
part of the dimer interface and all residues from
543 to 550, i.e. to the disulfide bonded Cys551,
form interchain contacts. The mutation of Cys534
to tyrosine leaves the C terminus conformationally
unrestrained and affects a large portion of the
interaction potential between the two subunits of
the dimer (Figure 5(c)).

Mutation Ala543Thr: heat-labile HexB

Upon incubation at 50 °C for three hours, HexA
is inactivated completely, whereas HexB activity
remains unchanged. This heat-stability of HexB is
commonly used to differentiate it from HexA.
However, a heat-labile form of HexB was identified
by Navon & Adam,” which occurs in different fre-
quencies among various population groups and
exists in unaffected persons as well as some SD
patients. Narkis ef al.*® identified the underlying
mutation G1627A in the HEXB gene as causing an
Ala543Thr change in HexB. Residue Ala543 is part
of the dimer interface and a hydrogen bond is
formed between its backbone oxygen atom and O”
of Thr496 of the other subunit. Additionally, the
neighboring residues in sequence and space,
Arg533 and GIn544, both form hydrogen bonds to
side-chains of residues of the other dimer subunit,
Asp494 for Argb33 and Asn497, Arg501 for
GIn544. The change of Ala543 to the bulkier
Thr543 is expected to affect the packing of this
residue and consequently distort the geometry of
the dimer interface, explaining the heat-lability of
the resulting HexB variant (Figure 5(c)).

Conclusion

We report here the crystal structure of recombi-
nantly expressed, homodimeric human B-hexo-
saminidase B with a glycosylation pattern nearly
identical with that of the enzyme purified from
human placenta.'” On the basis of this crystal struc-
ture, the function of individual amino acid resi-
dues mutated in patients suffering from Sandhoff
disease has been discussed. Most of these residues
are involved in formation of the proposed dimer
interface directly (Tyr456, Ala543) or indirectly
(Pro504, Arg505, Cys534). Residues Tyr456 and
Arg505 even act as direct links between the
geometry of the active site and the structure of the
dimer interface. Remarkably, 20 out of 25 residues
in the dimer interface are identical between the 3
and a-subunits of human B-hexosaminidases and
two more residues are conserved, though most of
these residues are located in loop regions (data
not shown; details of the alignment are available
from the authors upon request). The insights con-
cerning dimerization properties are thus not
limited to HexB but will also provide a key to the
mechanism by which the substrate specificities of
HexA and HexS are determined.

The availability of structural details of the com-
plete binding site beyond the —1 sugar-binding
site facilitates understanding of the interaction of
HexB with larger natural substrates. GM2AP
binds to HexA and HexS, and stimulates substrate
hydrolysis but does not act on HexB.>”** Based
on the crystal structure presented here, residues in
the vicinity of the active site on both monomers of
the dimer can be identified, which are not con-
served between the o and PB-chains of B-hexo-
saminidases. These will be the primary targets of
mutational studies to analyze the binding of
GM2AP protein to hexosaminidases. Together
with the known X-ray crystal structure of
GM2AP,” models for the ternary complex of
natural substrate, GM2AP and B-hexosaminidase
can be constructed by computer modelling that
will guide future biochemical investigations on
the mode of coactivation in glycolipid degradation
by B-hexosaminidases. Furthermore, the structure
of hHexB will aid in the rational design of hexo-
saminidase inhibitors recently described as
promising drug candidates for the treatment of
osteoarthritis.”® To render such inhibitors non-
toxic, they must be as specific as possible. HexS
acts on glycosaminoglycans,® which are of particu-
lar interest in osteoarthritis development. The —1
sugar-binding site of the a-subunits in HexS and
HexA are identical, but the different dimerization
partners in both enzymes will lead to structural
differences in the surrounding of the active sites.
These differences can be exploited in the rational
design of isoform-specific inhibitors of hexosamini-
dases. The future potential of structure determi-
nation of recombinant hHexB is therefore not
limited to an extended molecular understanding
of the hexosaminidase related genetic diseases.
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Materials and Methods

Crystallization and X-ray data collection

Human B-hexosaminidase B (hHexB) was expressed
using a recombinant baculovirus expression system and
purified as described.”” The hanging-drop, vapor-
diffusion method was used for crystallization. The
reservoir solution was 100 mM sodium citrate buffer
(pH 5.6), 16% (v/v) ethylene glycol, 10% (v/v) poly-
ethylene glycol 8000. The protein solution contained
10 mg/ml of hHexB in 10 mM sodium citrate (pH 6.0),
100 mM NaCl. The drop was formed by adding 4 pl of
protein solution and 1 pl of 5 mM 2-acetamido-2-deoxy-
D-glucono-1,5-lactone  (3-lactone; Toronto Research
Chemicals Inc., Toronto, Canada) to 5 ul of reservoir
solution. Crystals of a size of 0.1 mm X 0.1 mm X 0.4 mm
were transferred to a cryobuffer (100 mM sodium citrate
buffer (pH 5.6), 30% ethylene glycol, 12.5% polyethylene
glycol 8000, 0.5 mM &-lactone) and flash-cooled in liquid
nitrogen. For heavy-atom derivatization, crystals were
soaked overnight in cryobuffer containing 1 mM K,PtCl,
(Pt) or 1 mM HgCl, (Hg) prior to flash cooling. Crystals
belong to space group P3;21 with cell parameters a =
b=164 A and c¢=245A. Crystallographic data were
collected at 100 K at BAMline, BESSY (Berlin, Germany)
and at ID14EH1, ESRF (Grenoble, France). Details of
data collection and reduction are given in Table 1.

Structure solution, refinement and analysis

HKL Suite® was used for data reduction. Initial
phases were obtained with SOLVE® in a MIRAS protocol
using the Pt and Hg datasets in the resolution range 20—
4 A (Table 1). Phases were improved by electron density
modification and NCS-averaging with DM®' exploiting
the observed 6-fold non-crystallographic symmetry.
Phase extension to 2.25 A resolution with a native data-
set yielded well-interpretable experimental maps of
extraordinary quality. The model was built with O,*
refinement was carried out with CNS* using simulated
annealing and conjugate gradient minimization against
maximum likelihood targets including bulk solvent cor-
rection. Individual B values were refined for all non-
hydrogen atoms. The final model included six protein
chains, each composed of three fragments of residues
54-107, 122-311 and 315-552/553. The C-terminal resi-
dues up to 556 and residues 42-53 on the N terminus
are disordered, the N terminus of the mature human
enzyme is located at residues 48-50. Due to the
expression in insect cells, HexB is not processed proteo-
lytically by removal of residues 108—121 and 312-314 as
the mature human enzyme. However, the loop 108-121
is excised partially during purification, as demonstrated
by SDS-PAGE (data not shown) and no electron density
was found for either loop; thus, they are disordered in
the crystal. The protein is N-glycosylated at residues
N84, N190 and N327. No glycosylation is observed at
N142, in contrast to the enzyme purified from human
placenta.” Three intrachain disulfide-bridges are formed
between residues Cys91 and Cys137, Cys309 and Cys360,
and Cys534 and Cys551. Alternate conformations were
observed for 28 residues, amongst them several cysteine
residues in the free instead of the expected' disulfide
bonded form. The opening of these disulfide bonds is
attributed to radiation damage during the X-ray
experiment.** The C-terminal three or four amino acid
residues are disordered and not visible in the electron
density maps. One molecule of the inhibitor 3-lactone is

bound to each protein chain. The R/Rgee values for the
final refined model including 2925 amino acid residues,
42 non-protein residues (six 8-lactone, 12 ethylene glycol,
24 N-acetyl-glucosamine) and 2326 water molecules are
0.196/0.236. In the Ramachandran plot, 89.6% of all
amino acid residues are in the most favored, 10.1% in
additionally allowed, 0.2% in generously allowed and
0.0% in disallowed regions. The refined average atomic
B factor for all protein residues of 40 A” is slightly higher
than the Wilson plot B factor of 32 A* (Table 1). This
difference may be explained by anisotropic disorder, the
applied scaling protocols or the larger number of less
well ordered chain termini due to the presence of
multiple chains in the asymmetric unit.

Structural alignments were carried out with CE.*
Hydrogen bonding patterns were analyzed with
HBPLUS.* Contacting residues between the two
monomers were determined with the program
CONTACTS, using a distance cutoff of 3.66 A. Differ-
ences in residue accessibility and solvent-exposed sur-
faces among the six hHexB monomers were analyzed
with  AREAIMOL.*' Representations of protein topo-
graphy and protein-ligand interactions were generated
with TOPS” and LIGPLOT,® respectively. Molecular
images were drawn with MOLSCRIPT* and Raster3D*
using a graphical interface developed by N. Strater
(unpublished results). Electron density representations
were generated with CONSCRIPT,*' molecular surfaces
were calculated with MSMS.*?

Protein Data Bank accession number

The atomic coordinates and structure factors have
been deposited with the RCSB Protein Data Bank as
entry pdb lo7a.
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