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Abstract

In humans, two major B-hexosaminidase isoenzymes exist: Hex A and Hex B. Hex A is a
heterodimer of subunits a and B (60% identity), whereas Hex B is a homodimer of p-subunits.
Interest in human B-hexosaminidase stems from its association with Tay—Sachs and Sandhoff
disease; these are prototypical lysosomal storage disorders resulting from the abnormal
accumulation of Gpyo-ganglioside (Gp2). Hex A degrades Gy by removing a terminal N-acetyl-
D-galactosamine (B-GalNAc) residue, and this activity requires the Gyyp—activator, a protein which
solubilizes the ganglioside for presentation to Hex A. We present here the crystal structure of
human Hex B, alone (2.4 A) and in complex with the mechanistic inhibitors GalNAc-isofagomine
(2.2 A) or NAG-thiazoline (2.5 A). From these, and the known X-ray structure of the Gyo—
activator, we have modeled Hex A in complex with the activator and ganglioside. Together, our
crystallographic and modeling data demonstrate how a and B-subunits dimerize to form either
Hex A or Hex B, how these isoenzymes hydrolyze diverse substrates, and how many documented
point mutations cause Sandhoff disease (B-subunit mutations) and Tay—Sachs disease (a.-subunit
mutations).
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Introduction

The existence of an A-acetyl-B-D-glucosaminidase (NAGase) was first reported in 1936.1 It
was later found that mammals express lysosomal NAGases capable of efficiently catalyzing
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the removal of (1 — 4) linked N-acetyl-D-glucosamine (GIcNAc) and N-acetyl-D-
galactosamine (GalNAc) from the non-reducing end of oligosaccharides and
glycoconjugates. Thus, the mammalian enzyme is classified as an A-acetyl-p-D-
hexosaminidase (Hex).

The early interest in human Hex was derived from its association with Tay—Sachs disease,
first described in 1881.2 Since that time an immense amount of biomedical research has
been carried out with the goal of understanding the disease mechanism(s) through
characterizing the structure and function of human Hex isozymes. This large body of
research has made Hex the primary model for lysosomal glycosidases. The “classical”
infantile or acute form of Tay—Sachs disease (TSD) is a devastating neurological disorder
that has been found in a diverse range of ethnic groups throughout the world. The highest
incidence of the disease occurs in the Ashkenazi Jewish population, with a carrier rate of
approximately 1 in 35, while the carrier rate in the general population is about 1 in 300.3

The disease is caused from the heritable deficiency of one of two major human Hex
isoenzymes; Hex A, an isoenzyme that removes the terminal p-linked GalNAc residue from
Gz ganglioside (Gppp). Its absence results in the accumulation of Gy, primarily in the
lysosomes of neuronal cells (where gangliosides are principally synthesized), and is believed
to eventually cause apoptosis by an as yet undefined mechanism (reviews34).

Both biochemical and genetic data have confirmed that in order to hydrolyze B-GalNAc
from Gy, three different gene products must first undergo proper synthesis, intracellular
transport, post-translational processing, and then associate into a Gyyp-containing quaternary
complex. Two of the genes, HEXA and HEXB, are evolutionarily related and encode the a
and p-subunits of Hex A, whose primary structures are 60% identical. The third gene,
GMZA, encodes a small glycolipid transport protein, the Gy, activator protein (activator)
that serves as a substrate (Gp2)-specific cofactor for Hex A. The activator extracts Gy, from
the intralysosomal membrane as a 1:1 soluble complex and then presents the terminal
GalNAc residue of the ganglioside to Hex A for removal. The structural elements of each of
the three proteins that interact to form the catalytic complex, and the means by which the
activator binds and presents Gy, to Hex A for hydrolysis have long been objects of
scientific interest (reviews*®). Data presented here, coupled with the previously reported
crystal structure of the activator,® have allowed us to obtain new insight into the formation of
the active quaternary complex.

Mutations in any of the three genes described above can cause Gy gangliosidosis, a group
of clinically similar devastating neurological diseases. These are: Tay—Sachs (HEXA, a-
subunit mutations), Sandhoff (HEXB, p-subunit mutations), and the rare AB variant form
(GMZA, activator mutations). To date, there are 100 mutations in HEXA, 25 mutations in
HEXB and five mutations in GMZA that have been reported to cause Gy, gangliosidosis,
and much biomedical research has been done to try and explain the observed phenotype
based on the biochemistry of these known mutationst. The most common and severe acute
forms of G2 gangliosidosis result from mutations that prevent any one of the three gene
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products from being made and/or reaching the lysosome. However, mutations that allow as
little as 1-5% of wild-type Hex A activity, produce a milder subacute or much milder
chronic disease phenotype. Interestingly, several missense mutations have been found in the
HEXA and HEXB genes that allow the production of <10% residual Hex A activity in
individuals who are asymptomatic for the disease.” These findings set a “critical threshold”
of Hex A activity; only 5-10% of normal Hex A activity is necessary to prevent the
accumulation of Gy in the lysosome.®

Although Hex A (ap) is the only Hex isozyme necessary for life, two other isozymes exist.
In normal human tissue Hex B (Bp) is present at comparable amounts to Hex A, and in
Sandhoff disease tissue lacking B-protein, a small amount of Hex S (a.a.) can be detected.®
All three isozymes can hydrolyze the B-linked GalNAc or GIcNAc residues from artificial
and some natural substrates, but only Hex A and Hex S can hydrolyze substrates containing
a negatively charged, terminal non-reducing p-linked GlcNAc — 680;,10'11 and only Hex A
can hydrolyze Gy, (also negatively charged because of its sialic acid moiety) in the
presence of the activator. Interestingly, G2 can also be hydrolyzed by Hex S (aa), but not
Hex B (Bp), when detergent is substituted for the activator. Furthermore, it has recently been
demonstrated that mouse Hex A and Hex S, but not Hex B, are involved in the degradation
of sulfatide SM2a.12

As no reports of active a or f-monomers exist, the above observations produce the
following three conclusions. (1) The a and B-subunits each contain an active site; however,
dimer formation is somehow necessary to confer functionality.13 (2) Although the two
subunits have similar active sites, only the a-subunit active site can accommodate negatively
charged substrates such as 3 — GlcNAc — 6SO; containing keratan sulfate and sialic acid-
containing Gpo.141° (3) Despite the necessity of the a-subunit active site for Gyp
hydrolysis, the presence of the B-subunit is necessary for the binding of the Gy,—activator
complex to Hex A.16

The human Hex isoenzymes belong to the sequence-related family 20 glycoside hydrolases
(glycosidases).1”:18 Like other family 20 members, stereochemical outcome studies
demonstrate that Hex B is a configuration-retaining p-glycosidase.19 Only two other
members of this family have had their three-dimensional structures determined; a chitobiase
from Serratia marcescens (SmCHB)20 and a B-hexosaminidase from Streptomyces plicatus
(Sp HEX).2! These bacterial enzymes do not dimerize but instead exist as active monomers.
Comparative molecular modeling based on the SmCHB structure was used to model the
candidate active site regions in human Hex;2% however, the percentage identity of SmCHB
with either subunit of human Hex is <30% in the active site region and virtually non-existent
elsewhere. Hence, the resulting subunit homology models do not address any of the above
questions concerning the mechanism of Gy, hydrolysis or the protein—protein interactions
involved in isoenzyme dimer formation.

Nonetheless, the structural studies on SmCHB20 and Sp HEX?1-23 in conjunction with
kinetic studies using inhibitors,24-26 provide strong evidence that the catalytic mechanism
for all family 20 glycosidases involves the participation of the neighboring C2-acetamido
group of the substrate. The vast majority of retaining B-glycosidases use an enzyme carboxyl
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group as a nucleophile in the catalytic mechanism; whereas, family 20 glycosidases do not
contain such a residue and use instead the carbonyl oxygen atom of the 2-acetamido group
on the substrate as the nucleophile. Thus, instead of forming a glycosyl-enzyme
intermediate, family 20 glycosidases catalyze the formation of a cyclized oxazolinium ion
intermediate by rotating the 2-acetamido group of the terminal sugar molecule to be
removed into a position suitable for nucleophilic attack at its anomeric center. In a manner
analogous to the mechanism for “normal” retaining p-glycosidases, the cyclized
intermediate undergoes base catalyzed attack from an incoming water molecule to produce a
product with a retained anomeric configuration. Our present structural studies confirm that
human Hex also uses this mechanism (Figure 1).

Like secretory, plasma membrane, and other lysosomal proteins, the a and B subunits of Hex
and the activator monomer are synthesized on the rough endoplasmic reticulum (ER). Each
nascent prepropolypeptide is directed there by an N-terminal signal peptide (Table 1). In the
ER, the signal peptides are removed by signal peptidase, and the propolypeptides are
glycosylated at selected Asn-X-Ser/Thr.2’ For many enzymes destined for the lysosomal
compartment, glycosylation is followed by the addition of one or two phosphate markers to
one or more high mannose-type oligosaccharide?8:29 (Table 1). This allows them to be
separated from secretory proteins through interactions with one of two mannose-6-
phosphate receptors in the frans Golgi.3? The initial recognition of lysosomal enzymes in the
ER is believed to be based on a common three-dimensional signal previously characterized
in Cathepsin D.31-33

In the lysosome, a complex series of proteolytic and glycosidic processing events occur
converting the single pro-a. and B-polypeptides into two or three smaller polypeptides,
respectively, held together by disulfide bonds in the mature subunits (Table 1). These
processing events have been viewed as removing non-essential loop structures (needed only
during initial protein folding) when exposed to the harsh lysosomal environment.34:35 Our
modeling studies presented here suggest that at least one of these events may play a
biological role in forming part of a structural binding epitope that is unique to the a-subunit
and to which the activator associates with to form the quaternary complex.

Results and Discussion

Structure of human Hex B

Mature Hex B (M, 112,000) was purified from human placenta and crystallized in its native
mature (lysosomal) form38 (Table 1). Its crystal structure was determined using the multiple
isomorphous replacement (MIR) method with data to 2.8 A resolution. A model of the Hex
B homodimer was readily built into the experimental electron density and subsequently
refined with data to 2.4 A resolution (Table 2).

Two B-subunits, related by non-crystallographic 2-fold symmetry, comprise the asymmetric
unit of the crystals used to determine the Hex B structure. The subunits share a buried
surface area of 1612 A2, and when aligned structurally, their C* atoms have an r.m.s.
difference of 0.3 A; however, the contacts made between these subunits are the result of
crystal packing and do not represent the biological homodimer interface of the Hex B

J Mol Biol. Author manuscript; available in PMC 2010 July 27.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Mark et al.

Page 5

enzyme. Instead, two biologically relevant Hex B homodimers were found to lie side-by-side
on a common crystallographic 2-fold axis (space group £6122), such that each biological
homodimer contributes one B-subunit to the asymmetric unit. The B-subunits of one of the
biological homodimers share a buried surface area of 2694 A2, whereas the subunits of the
other share a buried surface area of 2737 A2. By choosing either of these
crystallographically related subunit pairs as the biologically relevant Hex B homodimer, the
structural basis for much of the observed biochemistry of this enzyme became apparent.

Subunit structure

Each B-subunit of Hex B is a kidney-shaped, two-domain protein (Figure 2). The three poly-
peptides present in the lysosomal form of each mature B-subunit, By, By, Ba (Table 1 and
Figure 4), could be traced as independent chains through the electron density. However,
residues 50-54 of By, and 553-556 of 8,, which constitute the extreme N and C termini of
the mature amino acid (aa) sequence, respectively, could not be modeled due to insufficient
density. The post-translational proteolytic cleavages that produce these three chains from
their single precursor remove two surface accessible loops (as predicted34:37) from each -
subunit, resulting in the three disulfide-linked polypeptides that comprise the mature subunit
(Table 1 and Figure 4). The locations of the disulfide bonds are consistent with results
obtained by MALDI-MS38 (Table 1). Although A-glycan electron density was observed on
Asn residues 84, 142, 190 and 327, only two sugar molecules (di-GIcNAc) were built into
density extending from position 190; the remaining sugar molecules extending from this
position and all the other N-linked glycan groups were too unstructured to model.

Lysosomal proteins, including human Hex, are believed to contain a conserved three-
dimensional motif that is recognized by the UDP-GIcNAc:lysosomal enzyme A-
acetylglucosamine-1-phosphotransferase.31-33 The phosphotransferase phosphorylates N-
linked oliogosaccharides of lysosomal proteins so that they can be subsequently recognized
by the mannose 6-phosphate receptor and redirected from the Golgi to the lysosome. A
detailed understanding of the molecular structure of the phosphotransferase recognition
motif on lysosomal proteins is lacking; however, it appears that surface lysine residues may
play a significant role in the recognition process.3%-41 For lysosomal cathepsins at least, two
surface lysine residues, spaced ~34 A apart, appear to comprise an important component of
the phosphotransferase recognition motif.49 Human Hex B contains 48 surface lysine
residues, multiple pairs of which are ~34 A apart. Thus, Hex B may indeed contain a similar
lysine-based phosphotransferase recognition motif as suggested for the cathepsins, and our
new structural data provide the basis with which to determine, through functional studies,
which surface lysine residues on Hex B may be involved in the putative phosphotransferase
recognition motif.

Domain | (residues 50-201) of each subunit consists of a six-stranded anti-parallel g-sheet
that buries two, parallel a-helices against domain Il. Domain 11 (202-556) is a (B/a)g-barrel
structure that houses the active site within loops extending from the C termini of the strands
that constitute the B-barrel. The B-subunits of Hex B have a fold remarkably similar to
homologous domains found in the two other family 20 glycosidases that have had their
structures determined; the 506 aa B-hexosaminidase from S. plicatus (Sp HEX)?! and the
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818 aa chitobiase from S. marcescens (SmCHB).20 Sp HEX is a monomeric, two-domain
protein with a fold nearly identical to one mature p-subunit of Hex B; 373 C* atoms of the
two proteins have an r.m.s. difference of only 1.6 A. SmCHB consists of four domains,
where domains 1l and 111 have 344 C® atoms with an r.m.s. difference of only 1.4 A
compared to a mature B-subunit of Hex B. These structural comparisons, along with
multiple sequence alignments, provide sufficient evidence to suggest that the two-domain
structure observed for the mature B-subunit represents a fundamental fold present in all
family 20 glycosidases found in species ranging from prokaryotes to humans.

Dimer interface

The a and B-subunits of Hex are believed to be enzymatically inactive as monomers. The
crystal structure of Hex B not only reveals why dimerization is crucial for catalytic activity,
but also comparative molecular modeling studies of Hex A suggest that the dimer interface
forms the docking site for the Gyyp—activator complex (see below). The B-subunits of Hex B
dimerize with their active sites facing towards one another, but are offset by ~120° about an
axis perpendicular to the crystallographic 2-fold (Figures 2 and 3). This creates a large dimer
(79 A x 90 A x 87 A) with a continuous “U” shaped cleft between the two active sites of the
enzyme, providing each active site unobstructed access to the solvent.

Because of the crystallographic 2-fold symmetry in the Hex B dimer, each subunit
experiences identical protein—protein interactions at the dimer interface. The extensive
interface, formed exclusively between the catalytic (B/a)g-barrel domains, covers a patch on
the monomer surface adjacent to the active site of each subunit, and several residues from
one subunit structurally complete and stabilize active site residues of the other subunit
(Figure 3(c)). The family 20 glycosidase inhibitor GalNAc-isofagomine?2 was soaked into
crystals of Hex B to form a complex and its position within the active site was used to
distinguish important catalytic residues of Hex B. Figure 3(c) shows precisely how residues
from the partnering subunit stabilize and arrange the active site residues that interact with
the inhibitor. This arrangement is identical for both subunits and without these cooperative
interactions at the dimer interface, numerous van der Waals contacts and hydrogen-bonding
interactions required to stabilize more than half of each active site would be absent,
rendering the lone subunits inactive.

In particular, Tyr456 and Tyr547, along with neighboring residues, create a pocket
complementary to the active site residues Glu491 and Tyr492 of the partnering subunit.
Glu491 selectively stabilizes sugars of galacto-configuration within the active site pocket of
Hex B as evidenced by the hydrogen-bonding interaction formed between the carboxyl
group of this residue and O4 of Gal-NAc-isofagomine. Hence, interactions from the
partnering subunit are indirectly involved in stabilizing the galacto pyranoside configuration
most readily catalyzed by human Hex A and B. The functional importance of Tyr456 is
evidenced by the naturally occurring mutation Tyr456Ser, a mutation that affects
dimerization, creating a transport deficiency from the ER. The patient with this mutation
experienced a mild chronic form of Sandhoff disease, which was likely made possible
through his second unidentified mutant allele.42- 44
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Moreover, just two residues from Tyr547 lies Gly549, the backbone nitrogen atom of which
donates a stabilizing hydrogen bond to the carbonyl oxygen atom of Arg211 of the
partnering subunit. This Arg residue is conserved in all known family 20 glycosidases and
has been shown to be crucial for substrate binding and the stabilization of reaction
intermediates (Figures 3(c) and 5).2045.46 The importance of this Arg residue to the catalytic
mechanism of human Hex A is underscored by a series of naturally occurring mutations of
this residue that results in a transport-competent, mature Hex A with an inactive a, but an
active p-active site. Thus, patients with mutations at aArg178 (aligns with BArg211) have
near normal levels of Hex A protein and activity when assayed with artificial p-GIcNAc-
containing substrates, but lack the ability to hydrolyze artificial substrates containing a -
GIcNACc-6-SO4 residue or Gpgp. This novel bio-chemical phenotype defines what has been
called the B1-variant form of Tay—Sachs disease. When present along with a null mutation,
the most severe form of Tay—Sachs, the infantile/acute form, is observed. Patients who are
homozygous for the most common aArg178His B1-mutation experience only a slightly
milder phenotype.’~52 A more conservative mutation (made /n vitro), BArg211Lys, at this
site produces a Hex B variant with a K}y, value elevated tenfold and a A4 value reduced 500-
fold over wild-type.46

Both Gly549 and Tyr547 reside on a loop that terminates at the C terminus of polypeptide
Ba- This loop forms numerous interactions at the dimer interface and is structurally stabilized
by a previously reported disulfide bond between Cys534 and Cys551.34 All residues
downstream of Cys551 to the C terminus of the subunit (residue 556) are disordered. The
stabilizing effect of this disulfide bond must allow for efficient and stable dimerization to
take place. The loss of this disulfide bond by the natural missense mutation BCys534Tyr
results in the acute form of Sandhoff disease.?3 Residues buried at the dimer interface of
Hex B are highlighted in the pair-wise alignment between the a and B-subunits shown in
Figure 4. Assuming Hex A and B dimerize in an analogous manner, the alignment
demonstrates that not all residues at the dimer interface of Hex A and B are identical, which
may explain the differences in dimer stability observed between the isozymes (Bp > ap >
aa) (review?).

Active site structure and catalytic mechanism

By soaking Hex B crystals with the transition state mimic GalNAc-isofagomine?2 and with
the reaction intermediate analogue NAG-thiazoline,?124 enzyme—inhibitor complexes
(Figure 5) were obtained, the structures of which clearly demonstrate that human Hex B uses
a substrate-assisted catalytic mechanism in accordance with results previously described for
other family 20 glycosidases (Figure 1).20:21

Hex B—GalNAc-isofagomine complex

Although crystallographic studies confirm that the piperidinium ring of 1- A-azasugars of the
isofagomine class do not mimic the planar conformation for atoms C1, C2, O5 and C5 of a
pyranoside ring expected during the oxocarbenium ion-like transition state, they do mimic
the electrostatic nature of the transition state via a protonated and positively charged
nitrogen atom as their “anomeric” center.224 The protonated endocyclic nitrogen atom of
isofagomine azasugars typically form a strong electrostatic interaction with the enzyme
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nucleophile of p-retaining glycosidases, thereby making them potent inhibitors of these
enzymes. For Hex, however, the interaction is different; in the absence of an enzyme
nucleophile, the protonated nitrogen atom of the ring forms instead a strong electrostatic,
hydrogen-bonded interaction with the general acid—base residue (Figure 5).22 This
interaction imparts sufficient binding energy to make isofagomines potent competitive
inhibitors of family 20 glycosidases, and the interaction can be observed in the human Hex
B-GalNAc-isofagomine complex as a 2.8 A hydrogen bond donated from the ring nitrogen
of the inhibitor to the carboxyl group of Glu355, a residue previously suspected of being the
general-acid—base residue of Hex B.%56 The mutation BGIu355GIn reduces the kg, value
5000-fold with only a small effect of K}y, an observation consistent with its role as the acid/
base catalyst in the mechanism of Hex B.%’

As expected, the C2-acetamido group of the Gal-NAc-isofagomine is rotated underneath the
a-face (i.e. the same face of the pyranose ring where an axial O1 would lie) of the azasugar
ring and locked into position by two hydrogen-bonding interactions from residues Asp354
and Tyr450 that flank either side of a tryptophan residue lined pocket in which the C2-
acetamido is seated (Figure 5). Finally, there exists a 2.6 A intramolecular hydrogen bond
between the carbonyl oxygen atom of the C2-acetamido group and the protonated ring
nitrogen atom of the inhibitor; this enzyme-induced interaction represents the trajectory of
nucleophilic attack that would lead to the cyclized oxazolinium ion intermediate on the
hydrolytic pathway of a good substrate (Figure 1).

Hex B—-NAG-thiazoline complex

NAG-thiazoline is a relatively stable analogue of the hydrolytically unstable oxazoline
intermediate that is generated along the reaction coordinate of family 20 glycosidases.?*
Indeed, it has been demonstrated that jack bean Hex will synthesize NAG-thiazoline from a
precursor molecule in which the C2-acetamindo carbonyl oxygen atom of the terminal, non-
reducing sugar was replaced by a sulfur atom.24 The thiazoline ring of NAG-thiazoline is
held within the tryptophan lined pocket of the Hex B active site by hydrogen-bonding
interactions to Asp354 and Tyr450 in a manner similar to the C2-acetamido group of
GalNAc-isofagomine (Figure 5). Prior to cyclization, Asp354 and Tyr450 are thought to
polarize the 2-acetamido amide group, thereby increasing the charge density and
nucleophilicity of the carbonyl oxygen atom and promoting nucleophilc attack.22 Indeed, the
mutation Asp354Asn reduces the k.4t value of Hex B 2000-fold while leaving the K, value
essentially unchanged.>” Upon cyclization, the carboxylate of Asp345 adopts an additional
function by stabilizing the positive charge that develops on N2 of the oxazoline ring.2!
Structural and kinetic analysis of the equivalent Asp residue in Sp HEX (Asp313)23 and
SmMCHB (Asp539)°8 demonstrate that this residue not only stabilizies the transition states
leading to and from the oxazoline intermediate, it also helps to orient the C2-acetamido
during catalysis.

The pyranose ring conformation of NAG-thiazoline is best described as a #C; chair; this is in
contrast to the high-energy boat conformation seen for the terminal sugar residue in the
Michaelis complex of SmCHB bound to chitobiose.20 This difference in conformation
indicates that the anomeric carbon atom C1 undergoes the greatest nuclear motion during the
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catalytic reaction and is consistent with the electrophilc migration of C1 recently described
for HEW-lysozyme.>®

In both inhibitor complexes of Hex B, a water molecule is held into position above the -
face (i.e. the pyranose ring face opposite to where an axial O1 would lie) of each inhibitor
by the general acid—base residue, pGlu355, and may represent the incoming water molecule
that is activated by BGIlu355 to attack the anomeric center of the bound sugar, producing a
product with B-configuration (Figure 5). However, in order for this water molecule to be in
an ideal position to attack the anomeric C1 atom, it would need to be associated with, and
activated by the other carboxyl oxygen atom of pGIu355. In the presence of a natural
oxazolinium ion intermediate, it is believed that this water molecule would move into this
ideal position so that BGlu355 could abstract a proton from it and the resulting hydroxide
ion could attack the anomeric center and complete the reaction (Figure 1). The hydrophobic
pocket in which the oxazoline ring sits, appears to protect the intermediate from solvolysis
via unwanted pathways; water can only attack from the p-face of the intermediate,
effectively re-inverting the anomeric configuration of the intermediate to produce a product
with retained anomeric configuration (Figure 1).21

Finally, having inhibitors of both g/uco and galacto-configuration bound in the Hex B-active
site demonstrates how, through a joint effort by pArg211 and BGlu491, Hex B can
accommodate both sugar configurations within its active site. Because Arg211 appears to
play the dominant role for binding sugars of g/uco-configuration (Figure 5), it is not
surprising to find that the mutation pGlu491GIn does not significantly change the kinetic
profile of Hex B when assayed for activity using substrates of g/uco-configuration;>’
however, the GalNAc-isofagomine-Hex B complex (Figure 5) indicates that such a mutation
would have deleterious kinetic effects when catalyzing the hydrolysis of substrates of
galacto-configuration.

Predictive modeling of Hex A and the HexA—Gy>-ganglioside-activator complex

The primary structures of the a and p-subunits are 60% identical, making the a.-subunit an
excellent candidate for comparative molecular modeling using the B-subunit structure as a
template (Figure 4). Most of the conservation between the a and B-subunits is found within
their catalytic domains (Figures 4 and 6), and residues of the p-subunit involved in
dimerization are highly conserved in the mature a.-subunit. With dimerization being a
common functional requirement for the human isozymes, the ap heterodimer almost
certainly dimerizes the same way as observed for the Hex B (Bp) homodimer. Given a
similar dimer interface, the Hex A heterodimer model is essentially identical in overall shape
to Hex B.

Interestingly, the predicted ap dimer interface forms a large groove into which the activator
structure® can dock. The novel B-cup topology of the activator consists primarily of B-sheet
structure forming a hollow hydrophobic cavity that is accessible to the solvent through a
hole at only one end of the protein.8 The activator is believed to form a 1:1 complex with
G280 and two hypotheses have been made for how the activator presents Gy, to Hex A.61
In the first hypothesis, the activator binds Gz in the intra-lysosomal membrane or vesicle
and lifts it a few angstrom units out of the membrane to allow Hex A access to its terminal B
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GalNAc. In the second hypothesis, the activator fully removes Gpyo from the membrane
forming a soluble complex which then interacts with Hex A. Clearly, the closed p-cup
formation of the activator indicates that the ceramide tail must be fully bound within the
cup’s hydrophobic interior (hypothesis 2), presumably leaving the oligosaccharide portion of
the glycosphingolipid exposed through the opening so that the terminal GalNAc sugar can
be presented to the a-subunit active site and removed. Indeed, our results from an automated
docking study found that the optimal surface and electrostatic complementarity between the
Hex A model and the activator occurs when the entrance to the hydrophobic cavity of the
activator is positioned directly over the a-subunit active site (Figure 6). Our predicted model
of the active complex is consistent only with hypothesis 2, discussed above; thus, it appears
that G2 must first be fully removed from its membrane environment by the activator prior
to docking onto Hex A.

The predicted Gyyo—activator—Hex A docking interactions are supported by previous
biochemical findings demonstrating that the activator interacts with the middle section of the
a-subunit and the carboxy! half of the B-subunit of Hex A.5263 Our predicted model of the
quaternary complex indicates that the docked activator interacts with discrete patches on the
a-subunit surface comprised of groups of residues found between 280 and 400 and with
patches of residues between 465 and 545 of the B-subunit sequence. This latter observation
is consistent with the finding that elements of the B-subunit are required for effective binding
of the activator to Hex A.54 Furthermore, two small loops unique to the mature a.-subunit
(a.280-283 and a.396-398), were found to interact directly with the docked activator (Figure
6). Loop 280-283 (Gly-Ser-Glu-Pro) aligns with the B-subunit residues 312-315 (Arg-GlIn-
Asn-Lys) that are removed during post-translational processing, suggesting that the selective
removal of this loop from B-subunit helps to specify to which active site the activator
presents substrate.

Two natural mutations, Cys138Arg of the activator, and Pro504Ser of the p-subunit, are
believed to specifically disrupt activator binding to Hex A.6566 Cys138 forms a disulfide
bond to Cys112 within the activator structure and stabilizes the position of an a-helix
spanning residues 111-120.8 Our model of the quaternary complex suggests that residues of
this a-helix form part of a surface epitope that binds directly to the a-subunit of Hex A. It
appears that the activator mutation Cys138Arg could severely compromise this
intermolecular interaction without affecting its ability to form a complex with Gp;,-
ganglioside. This was exactly the biochemical phenotype found after analysis of the
recombinant activator mutant (Cys138Arg) produced from bacteria.55

Residue Pro504 of the B-subunit introduces a kink into helix a8 of the (B/a.)g-barrel. This
kink is required for proper packing of helix a8 against two loops that, according to our
model of the quaternary complex, interact directly with the docked activator protein. Thus,
disruption of the interactions between these two loops and helix a.8 viathe mutation
Pro504Ser appears to adversely affect this portion of the binding epitope between the -
subunit of Hex A and the activator. This prediction fits the observed biochemical phenotype
for the Hex A mutant (BPro504Ser), which displays a compromised ability to associate with
the Gyjp—activator complex, but can still hydrolyze simple water soluble substrates.56
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The active site structures of the a and B-subunits are essentially identical; however, three
amino acid changes: BAsp426 — aGlu394, BAsp452 — aAsn423 and pLeud53 —
aArg424 appear to provide the a-subunit with the distinct characteristic of being able to
accommodate a negative charge near the terminal non-reducing p-linked hexosamine of its
substrates. A model of the Michaelis complex between the Gy, oligosaccharide and the a-
subunit active site suggests that the negatively charged carboxylate of the sialic acid on Gy
is stabilized by the positively charged guanidino group of Arg424, which is in turn
positioned by Glu394 (Figure 6). Removal of the positively charged guanidino group
(acArg424GIn) results in an a-subunit with a ninefold increase in Ky, value, and a slight
decease in Wyax value relative to wild-type, when assayed for its ability to catalyze the
removal of GleNAc — 6—SO; from an artificial substrate.5” These kinetic data indicate that
the positively charged guanidino group of Arg424 can stabilize the negatively charged 6-
sulfate group on the terminal GlcNAc — 6—SO; that is removed from the substrate by Hex
A. Furthermore, the mutation aAsn423Asp results in a-subunit activity having a K, value
elevated sixfold relative to wild-type when assayed for activity toward the same 6-sulfated
substrate.57 This mutation introduces a negatively charged carboxylate group into the a.-
subunit active site at position 423 and this negative charge appears to reduce the binding
affinity of the negatively charged terminal 6-sulfated sugar molecule due to electrostatic
repulsion of the substrate by the carboxylate of Asp423. Together, these kinetic results
indicate that disruption of the electrostatic environment provided by Arg424 and Asn423,
reduces the ability of the a-subunit active site to accommodate negatively charged
substrates, and provides biochemical evidence to substantiate the model presented here. The
cleft that accommodates the sialic acid residue of Gy, is not present in other family 20
glycosidases,2%:21 but is instead occupied by protein structure comprising sugar binding sub-
sites that for G, at least, appear to be present on the activator protein. Furthermore, the
conformation of the modeled Gy substrate places the negatively charged carboxylate of its
sialic acid in close proximity to the hydroxymethyl group of the terminal GalNAc residue to
be removed. The close spatial arrangement of these two functional groups suggests that
aArg424 and aAsn423 stabilize not only the negatively charged sialic acid moiety of Gy,
they also stabilize natural and artificial substrates that have the hydroxymethyl group of their
non-reducing sugar molecule replaced by a negatively charged 6-sulfate group. Biochemical
confirmation of this hypothesis has been obtained using a a Arg424GIn Hex A variant,
which exhibited an increase in K, value for the Gyjo—activator complex of three- to fourfold
(R. Sharma & D.J.M., unpublished results). Substrates containing a 6-sulfate group are used
to selectively measure a-subunit activity; however, it has been unclear how the a.-subunit of
Hex A could accommodate natural and artificial substrates containing negatively charged
functional groups that appear to be in spatially distant positions from each other, i.e.
GlcNac-6 SOs-X and GalNAc-Gal(SA)-Glc-Ceramide (GM2).

Conclusions

Our structural data provide explanations for the mechanisms behind many of the known
biochemical properties of human Hex, including the structural basis for how many of the
naturally occurring point mutations in HEXA and HEXB cause Tay—Sachs and Sandhoff
disease, respectively. The X-ray crystal structure of Hex B demonstrates clearly why
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dimerization is necessary for enzymatic function. Determining the structure of Hex B in
complex with the mechanism based inhibitors GalNAc-isofagomine and NAG-thiazoline not
only confirm that human Hex uses a substrate-assisted catalytic mechanism in accordance
with other family 20 glycosidases, but also the complexes reveal the structural basis for how
the enzyme binds terminal amino sugar molecules of both g/ucoand galacto configuration.
Furthermore, the comparative molecular modeling of Hex A and subsequent activator
docking studies provide insight into why only the a-subunit active site can stabilize
negatively charged GIcNAc-6-sulfate containing substrates, and the negatively charged sialic
acid moiety on Gy, as well as insight into the structural basis for how Hex A associates
with the Gpyo—activator complex.

Materials and Methods

Purification and crystallization

Hex B was purified from human placental3 and crystallized from ammonium sulfate
solutions using the vapor diffusion method as described.38 The protein was used in its native
glycosylation state for all crystallization experiments. Ellipsoidal crystals having a
hexagonal cross-section perpendicular to the longest crystal axis (space group £6122)
appeared after about three weeks from 6 pl hanging drops and were used as seeds in fresh
crystallization systems that produced large, diffraction quality crystals within six months.

Structure determination

All diffraction data were collected at the Advanced Photon Source beamline 14-BM-C
(BioCars) from single crystals that were briefly soaked (ten seconds) in cryosolvent (30%
(v/v) glycerol, 60% (w/v) ammonium sulfate, 50 mM potassium phosphate (pH 8.0)) then
flash-cooled to 100 K within a N, (g) stream. Intensity data were processed using DENZO
and SCALEPACK_%8 Structure factor phases were determined experimentally using the
multiple isomorphous replacement (MIR) method. Crystals were derivatized by soaking
them overnight in solutions of 3.6 mM methyl mercury acetate (CH3HgCOCHS3) or 2.6 mM
potassium platinum tetrachloride (K,PtCl,). Difference Patterson and Fourier searches of
diffraction data collected from native and heavy-atom derivitized Hex B crystals were
carried out using the program SOLVE.5® Two sites were located within the asymmetric unit
for each heavy-atom type. Each derivative was of sufficient quality to calculate an MIR map
that clearly defined the overall shape of the Hex B subunits to a resolution of 2.8 A.
Statistical density modification using the program RESOLVE? greatly improved the quality
of the experimental map (see Table 2). The density-modified map was used to obtain a crude
estimate of the non-crystallographic 2-fold symmetry (NCS) operator relating the two f-
subunits that comprise the asymmetric unit. This NCS operator was refined by RESOLVE
and used to produce a high quality, 2-fold averaged map into which the molecular model of
Hex B was built using the program 0.71

Model building and refinement of native Hex B

Prior to the refinement process, the program UNIQUE2 was used to calculate a complete
data set to 2.0 A resolution using the space group 6122 and unit cell dimensions determined
for crystals of native Hex B (Table 2). A random subset of A4/ indices (5%) was selected
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from this calculated data set using FREERFLAG2 and set aside for cross-validation using
the free R factor.”® A hand-built model of native Hex B was refined using a high-
temperature, simulated annealing protocol guided by a maximume-likelihood target function
within the CNS program.”® Due to the high temperature simulation, molecular dynamics
were restricted to torsion angles only.”® This initial round of model refinement included
experimental phase information as output from SOLVE and was restrained to the 2-fold
NCS operator refined by RESOLVE. Following simulated annealing, several rounds of
conjugate-gradient minimization were carried out, resulting in a combined reduction of
Ruork (Pree) from 0.41 (0.40) to 0.29 (0.34). Subsequent iterative rounds of model building
and TLS refinement’® were carried out using O and REFMACS5, "2 respectively, until /-
factor convergence was reached (Table 2). NCS restraints and experimental phases were not
included during the later rounds of refinement using REFMACS5. Water molecules were
picked using ARP/WARP."2

Model building and refinement of the NAG-thiazoline-Hex B and GalNAc-isofagomine—Hex
B complexes

NAG-thiazoline and GalNAc-isofagomine were separately soaked into Hex B crystals to
create complexes isomorphous with native Hex B crystals. Using a maximum likelihood
target function within REFMACS, rigid body refinement and several rounds of conjugate
gradient minimization were sufficient to position a solvent-free molecular model of native
Hex B into the asymmetric unit of each crystallographic complex. Initial sigma-A weighted |
Fol = | Al ac and 2| Fo| — | e, ac electron density maps (where a are the calculated phases
and |/, and |~| are the measured and calculated structure factor amplitudes, respectively),
computed prior to solvent modeling, unambiguously defined the conformation of both
GalNAc-isofagomine and NAG-thiazoline bound in the -1 sub-sites of the Hex B active
sites. Models of the inhibitors were built into the appropriate electron density of each
complex using the program O (Figure 5) and the coordinates were subjected to iterative
rounds of TLS refinement and solvent modeling until R-factor convergence was reached
(Table 2).

Crystallographic coordinates

Coordinates and structure factors have been deposited into the RCSB Protein Data Bank
(accession codes: native Hex B, INOU; Hex B-NAG-thiazoline complex, 1INPO; Hex
B-GalNAc—isofagomine complex, INOW).

Comparative molecular modeling of Hex A and docking of the GM2-ganglioside/activator

protein

Using the program Swiss-PDBviewer,’’ a pair-wise alignment was generated between the
mature a and pB-subunit amino acid sequences. This alignment was used as a guide for
substituting the amino acid sequence of the a-subunit onto the C* coordinates of a $-subunit
from the Hex B structure. Loops 280-283 and 396—398, not present in the p-subunit
structure, were modeled using the program MODELLER.’8 Side-chain positions in the a.-
subunit model were optimized manually. Although not energy minimized, the a-subunit
model has acceptable stereochemistry as determined by PROCHECK (Ramachandran plot:
90.5% within limits, 8.3% allowed, 1.2% generous, 0.0% disallowed).”® Because the a.-
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subunit model replaces one of the B-subunits in the Hex B crystal structure, the remaining -
subunit of Hex B was used to create the complete Hex A ap heterodimer with a dimer
interface resembling closely that of Hex B.

The activator crystal structure contains three copies of the protein per asymmetric unit.5 A
mobile loop (Val153-Leul63) forms part of the opening to the hydrophobic cavity of the
activator. For two of the three copies in the asymmetric unit (monomers A and B), the loop
is in an “open” conformation, whereas in the third copy (monomer C) the loop is in a
“closed” conformation.® All three models of the activator (monomers A, B and C) were
individually docked onto the Hex A homology model using the program suite 3D-DOCK.
80.81 Interestingly, when based on optimal electrostatics and surface complementarity, only
monomer A docked onto the Hex A model such that the opening to the hydrophobic cavity
aligned with the a-subunit active site (Figure 6). This suggests that the open conformation of
the activator is the form that binds to Hex A. Inspection of the complex revealed that the
mobile loop of the docked activator in its open conformation occluded part of the active site
so that Gpp-ganglioside could not be modeled into the complex without numerous steric
clashes with the activator. Due to the apparent mobility of this loop and lack of
crystallographic information about how the activator interacts with Gyo-ganglioside, the
geometry of the loop was not adjusted, and space for Gyo-ganglioside in the active site was
instead made through small manual rigid body movements of the whole activator structure
relative to Hex A. Using the program O, the oligosachharide portion of a model of G-
ganglioside was then fit into the a-subunit active site based on the Michaelis complex of
chitobiose bound to SmCHB (Figure 6).20 The modeled conformation of the oligosaccharide
and the manually adjusted position of the activator protein allowed for the lipid tail of Gyp-
ganglioside to enter the hydrophobic cavity of the activator protein (Figure 6).
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TSD Tay-Sachs disease

ER endoplasmic reticulum

aa amino acid
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Proposed catalytic mechanism for family 20 p-hexosaminidase. The Hex B residues Glu355
(Hex A; Glu323) and Asp354 (Hex A; Asp322) are shown. Glu355 acts as a general acid-
base residue, whereas Asp354 acts primarily to help in orienting the C2-acetamido group
into a position for nucleophilic attack and subsequently to stabilize the positive charge on
the oxazolinium ion intermediate. No attempt has been made to indicate the true positions of
these residues. The hydroxyl groups and C6 have been removed from the pyranose ring of

the substrate for clarity.
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Figure2.
Ribbon diagram of human B-hexosaminidase B. The p-subunits of the Hex B homodimer are

colored with domain | in green and domain Il in blue (the eight parallel strands of the -
barrel of domain Il is colored sky blue). What appear to be common structural features of
family 20 glycosidases is the absence of regular a-helices at positions a5 and a7 of the
(B/a)g-barrel structure of domain Il and an additional C-terminal helix following helix a.8.
This additional helix packs between domains | and I, spatially orienting the two domains
relative to each other. Helix a7 consists of only two turns and is part of an extended loop
that forms a major portion of the dimer interface. The subunits are related at the dimer
interface by a crystallographic 2-fold symmetry axis running perpendicular to the page. The
N and C termini created as a result of post-translational processing are numbered by residue.
The labels N and C denote the extreme N (residue 55) and C (residue 552) termini visible
within the electron density. The disulfide bonds Cys91-Cys137, Cys309-Cys360 and
Cysb34-Cysb51 are drawn in brown, magenta and yellow, respectively. The analogue of the
reaction intermediate NAG-thiazoline, bound in the active site of each subunit is drawn as a
space-filling model with carbon atoms in gray, oxygen in red, nitrogen in blue and sulfur in
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yellow. The active sites of each subunit are located 37 A apart. All ribbon diagrams were
drawn with Molscript32 and rendered with Raster3D83 unless otherwise indicated.
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Figure 3.
Electrostatic potential surface map and dimer interface of human Hex B. (a) A solvent-

accessible surface, drawn over one B-subunit and colored with regions of positive charge in
blue and negative charge in red, reveals an overall negative charge about the active site.
Note, however, that the electrostatic surface was calculated using the following charge
profile only: Lys atom NS (charge 1.0); Arg atom NH1 (charge 0.5) and NH2 (charge 0.5);
Glu atom 0#1 (charge —-0.5) and O=2 (charge —0.5); Asp atom 08 (charge —0.5) and 0%1
(charge —0.5); His atom N8I (charge 0.5) and N&2 (charge 0.5); OXT (charge —1.0). Due to
the acidic environment of the lysosome, the electrostatic surface potential of Hex B in the
lysosome may be slightly different from what is represented here, potentially being less
negatively charged about the active site due to protonation of Glu and Asp carboxyl groups
(surface created using the program GRASP®4). The other subunit of the homodimer is
represented by a ribbon diagram with domain | in green and the catalytic (f/a)g domain Il in
yellow. The intermediate analogue NAG-thiazoline, bound in the active site of each subunit
is shown as a space-filling model with carbon atoms in gray, oxygen in magenta, nitrogen in
blue and sulfur in yellow. (b) Surface rendering of a single B-subunit showing the extensive
surface area buried at the dimer interface as determined using the CNS program.” Polar
side-chains are colored blue, hydrophobic side-chains in yellow, backbone atoms in forest
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green, charged residues in magenta and residues not involved in dimerization are colored
gray. The active site pocket is colored red ((b) was drawn using the program PyMOLB85). (c)
Active site residues (gray) stabilized by interactions from residues of the partnering subunit
(yellow). The 2-fold symmetry at the dimer interface results in both active sites experiencing
the same stabilizing effects from the associated monomer. The crystallographically
determined position of GalNAc—isofagomine (IFG) in the active site of each subunit
demonstrates that four of the six hydrogen bonds between the enzyme and inhibitor depend
on stabilizing interactions from the partnering subunit. In the absence of the protein—protein
interactions that are formed upon dimerization, Arg211, Glu491, Asp452 and Tyr450 are
most likely too unstructured to be catalytically acitve.
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Pair-wise sequence alignment and secondary structure of subunits a and B. Residues colored

in light blue are removed during post-translational processing, and residues in italics
compose the ER signal peptides of each subunit (Table 1). Sites (N-X-S/T) known to contain

N-linked oligosaccharides are underlined, and glycan sites that receive the mannose-6-
phosphate lysosomal targeting moiety are doubly underlined (Table 1). Primary sequence
corresponding to the mature, lysosomal a, and By chains are surrounded by square brackets,
sequence comprising chains ay, and By are in curly brackets, and the sequence for chain B,
is surrounded by normal brackets. Secondary structural elements are as follows: a-helices
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are drawn as green boxes, B-strands are drawn as blue arrows and disulfide bridges are
shown by blue—gray lines connecting Cys residues. Residues boxed in yellow are involved in
subunit dimerization as determined from the Hex B crystal structure and also predicted for
the Hex A isozyme. The unique mature a.-subunit loops 280-283 (GSEP) and 396-398
(IPV) are colored magenta and are predicted to interact directly with the bound activator
protein. B-Subunit point mutations known to cause Gyp-gangliosidosis are indicated directly
above the B-subunit sequence in purple.
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Figureb.

Hex B in complex with the transition state mimic GalNAc-isofagomine (IFG) (a—c) or the
intermediate analogue NAG-thiazo-line (NGT) (d—f). (a) Unrefined 2.2 A resolution sigma-
A weighted | /| — | A, ac electron density map containing the refined model of IFG bound
in the active site of a Hex B B-subunit (a; are the calculated phases and | /| and |~| are the
measured and calculated structure factor amplitudes, respectively). Carbon atoms of IFG are
colored green, nitrogen blue, oxygen red. (b) The B-subunit active site showing the extensive
hydrogen-bonding interactions between IFG and the enzyme. The magenta hydrogen bond
between Glu355 and the ring nitrogen atom of IFG is believed to compensate for the missing
hydrogen bond that occurs between an isofagomine inhibitor and a “normal” B-retaining
glycosidase containing an enzyme nucleophile.22:54 Tyr456 (yellow) comes into the active
site from the partnering subunit to stabilize the position of a water molecule linking Asp452
and Glu491, two residues involved in determining substrate specificity. (c) Tryptophan
residues create a hydrophobic pocket in the active site into which the C2-acetamido group
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becomes appropriately positioned for intramolecular nucleophilic attack at the anomeric
center of the terminal sugar molecule being removed from the substrate. The water molecule
located above the B-face of the azasugar ring of IFG may represent the incoming water that
undergoes base catalyzed (activated by Glu355) nucleophilic attack at the anomeric center of
the cyclized intermediate to produce a product with retained configuration. (d) Unrefined 2.5
A resolution sigma-A weighted | /| — ||, a¢ electron density map containing the refined
model of NGT bound in the active site of a Hex B p-subunit (a are the calculated phases
and |Fo| and | /| are the measured and calculated structure factor amplitudes, respectively).
Carbon atoms of NGT are colored green, nitrogen blue, oxygen red and sulfur yellow. (e)
Hydrogen-bonding interactions within the active site that stabilize the cyclized enzyme
intermediate. Tyr456 (yellow) comes into the active site from the partnering subunit. (f)
Once cyclization has occurred, the enzyme intermediate is protected from solvolysis via
unwanted pathways within the tryptophan-lined pocket. A water molecule, activated by
Glu355, can only attack from above the B-face, ensuring net retention of anomeric
configuration of the product.
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Figure®6.
Predicted model of human Hex A-Gyp—activator quaternary complex. (a and b) Two views

of the predicted quaternary complex. Residues of the a-subunit identical to those of the -
subunit are colored blue, non-identical residues are colored light brown. Most of the
conserved amino acids in the a and B-subunits are located in (B/a)g-barrel of domain Il. The
B-subunit is colored gray, with residues of the active site distinguished in orange. The Gpo—
activator protein complex (Gy2—AP) docks into a large groove between the two subunits so
that the terminal non-reducing GalNAc sugar on Gy, can be presented to the a-subunit
active site and removed. Two surface loops (magenta and green), present only on the a-
subunit, interact with the docked activator protein and appear to be involved in creating a
docking site unique to the a-subunit. The magenta colored loop is proteolytically removed
from the B-subunit during post-translational processing and may represent a modification
that regulates the metabolic function of this subunit. (c) Model of the GM2 oligosaccharide
(yellow) bound to the a-subunit active site (gray). The distorted boat conformation of the
terminal GalNAc to be removed (Gal, labeled in blue) and the pseudoaxial orientation of the
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scissile bond and leaving group are based on crystallographic observations of the Michaelis
complex of chitobiose bound to SmCHB.20 By incorporating these conformational restraints
into the model, only one reasonable position could be found for the sialic acid residue
(labeled S1A) within the active site pocket. Once positioned, the negatively charged
carboxylate of the sialic acid, which can only be accommodated by the a-subunit, was found
to come within hydrogen bonding distance of Arg424, a positively charged residue that is
unique to the a.-subunit (the p-subunit contains a Leu at this position). aGlu394 and
aAsn423 (which are both Asp residues in the B-subunit) are believed to help hold Arg424
into position. Arg424, in turn, stabilizes the negatively charged caboxylate of the sialic acid
of the substrate via electrostatic and hydrogen-bonding interactions. The general acid-base
residue, Glu323 (Glu355 in the B-subunit), can be seen interacting with the glycosidic
oxygen atom of the scissile bond.
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