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ABSTRACT

A gene from Streptomyces plicatus encoding a -N-acetylhexosaminidase (SpHex)
was sequenced and the encoded protein identified as a member of family 20 glycosyl
hydrolases. This family includes human #-N-acetylhexosaminidases whose deficiency results
in various forms of G,, gangliosidosis. Based upon the X-ray structure of Serratia
marcescens chitobiase (SmChb), a three-dimensional model of SpHex was generated by
comparative molecular modeling. The overall structure of the enzyme is very similar to
homology modeling derived structures of human -N-acetylhexosaminidases, with differences
being confined mainly to loop regions. From previous studies of the human enzymes,
sequence alignments of family 20 enzymes, and analysis of the SmChb X-ray structure,
putative SpHex active site residues were selected and mutated. An Argl62His mutation
increased K, 40 fold and reduced 7, . 5 fold, providing the first biochemical evidence for this
conserved Arg residue (Argl78 in human #N-acetylhexosaminidase A (HexA) and Arg349
in SmChb) as a substrate binding residue in a family 20 enzyme, a finding consistent with our
3-dimensional model of SpHex. Glu314Gln reduced V, . 296 fold, K, 7 fold and altered the
pH profile, consistent with it being the catalytic acid residue as suggested by our model and
other studies. Asp246Asn reduced V. 2 fold and increased K, only 1.2 fold, suggesting
Asp246 may play a lesser role in the catalytic mechanism of this enzyme. Taken together with
the X-ray stucture of SmChb, these studies suggest a common catalytic mechanism for family

20 glycosyl hydrolases.



1 INTRODUCTION
1.0  B-N-acetylhexosaminidase, an O-glycosyl hydrolase

[-N-acetylhexosaminidase is responsible for the hydrolysis of terminal M-
acetylglucosamine or N-acetylgalactosamine residues from the non-reducing end of
oligosaccharides and their conjugates in organisms ranging from bacteria to humans (1). The
terminal sugar residues are attached to an oxygen of the adjacent sugar by a (-1,4 linkage.
Because it is the hydrolysis of the oxygen, or the glycosidic linkage, that results in the removal
of these terminal sugar residues from the oligosaccharides and their conjugates, [B-N-
acetylhexosaminidase is referred to as an O-glycosyl hydrolase. F-N-acetylhexosaminidase
is only one of hundreds of O-glycosyl hydrolases that are required to degrade the tremendous
variety of carbohydrate chains and possible linkage configurations that exist. To better
understand the evolutionary and mechanistic properties of O-glycosyl hydrolases, Henrissat
(2; 3) classified these enzymes into families based on amino acid sequence similarity.
Consequently, enzymes within a family tend to have similar structures. Although some of
these O-glycosyl hydrolase families contain enzymes with dissimilar substrate specificities, it
has been found that all enzymes belonging to a particular family have the same anomeric
specificity and all members of a family either retain or invert the anomeric configuration of
the substrate upon hydrolysis (Fig 1)(2). To date, 66 O-glycosyl hydrolase families have been
identified.

[-N-acetylhexosaminidases and chitobiases (EC 3.2.1.52) belong to family 20 of the
O-glycosyl hydrolases. In mammals, #-N-acetylhexosaminidase is a lysosomal hydrolase that

participates primarily in the degradation of the glycosphingolipid G,, ganglioside (Fig 2)



Figure 1 Mechanisms of glycosidic bond hydrolysis as proposed by Koshland (4).
Both mechanisms require a proton donor (acid) and a nucleophile (base) (reviewed in (5)).
Panel A, is a schematic diagram of the retaining mechanism whereby the glycosidic oxygen
is protonated by the proton donor (A-H) and aglycon departure is assisted by the nucleophile
(B"). The glycosyl-enzyme intermediate is hydrolyzed by a water molecule at the anomeric
carbon of the substrate intermediate, producing a product with the same anomeric
configuration as the original substrate. Panel B, is a schematic diagram of the inverting
mechanism whereby no glycosyl-enzyme intermediate is formed. The protonation of the
glycosidic bond and attack by a water molecule (activated by the nucleophilic base) occur
simultaneously to produce a product with a stereochemistry opposite to that of the original

substrate. Figure adapted from (6).







Figure 2 Structures of G, ganglioside, chitobiose and the substrate analogs 4-
methylumbelliferyl- #N-acetylglucosaminide (4-MUG) and 4-methylumbelliferyl-6-
sulfo-#N-acetylglucosaminide (4-MUGS). 4, Structure of G, ganglioside. The arrow
indicates the glycosidic bond hydrolyzed by human [F-N-acetylhexosaminidase A. B,
Structure of chitobiose (diN-acetylglucosamine). C, Structure of 4-MUG. D, Structure of
4-MUGS. Hydrolysis of 4-MUG and 4-MUGS results in the liberation of 4-

methylumbelliferyl (4-MU) and can be measured fluorimetrically.
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(7). Inbacteria, f-N-acetylhexosaminidases are thought to be involved in the degradation of
chitin and other carbohydrate isoforms that are used as sources of carbon and nitrogen (1).
Unlike f-N-acetylhexosaminidases which can catalyze the removal of N-acetylglucosamine
or N-acetylgalactosamine from oligosaccharides and their conjugates, chitobiases hydrolyze
the B-1,4 glycosidic linkage between diV-acetylglucosamine (chitobiose) residues only (Fig
2). Chitobiase activity is also found in organisms ranging from humans to bacteria. In
mammals however, only humans and rats have been reported to have a chitobiase, where it
is believed to perform the last catalytic step in the degradation of oligosaccharide side chains
from glycoproteins by hydrolyzing chitobiose after its removal from Asn by
glycosylasparaginase (8).

1.1  Human 3N-acetylhexosaminidases and the G,,, gangliosidoses

The primary substrate for human f#N-acetylhexosaminidase, G,,, ganglioside, is
abundant in the plasma membrane of many neuronal cells (reviewed in (9)). The majority of
this ganglioside is found in the plasma membrane of neurons within the gray matter of the
brain (10); however, the physiological function of this ganglioside in the neuronal plasma
membrane is unknown. Nonetheless, human fN-acetylhexosaminidase deficiency leads to
a pathological accumulation of G, ganglioside in lysosomes within the nerve endings and
dendrites of neurons throughout the nervous system (9). This accumulation of G,,
ganglioside results in a group of heritable neurological disorders collectively known as the
Gyp, gangliosidoses; the most severe and common form is referred to as Tay-Sachs disease
Initial clinical characterization and morphological features of G,,, gangliosidosis were first

described by Warren Tay and Bernhard Sachs over a century ago; thus, the disorder is



referred to as Tay-Sachs disease (TSD).

TSD is a fatal autosomal recessive disease that has been found to occur in ethnic
groups throughout the world; however, the highest incidence of the disease (1/3600) occurs
in the Ashkenazi Jewish population where there is a carrier rate of approximately 1 in 35.
This contrasts greatly with the non-Jewish carrier rate of 1 in 300 (reviewed in (9)).
Fortunately, the frequency of TSD has been reduced by more than 90% since the introduction
of enzyme based screening programs in the 1970's and many of the genetic mutations
responsible for various disease forms have been documented and used to enhance the
screening programs (11; 12). Forthereasons stated above, human #-N-acetylhexosaminidase
has been the most extensively studied family 20 enzyme since its discovery and association

with Tay-Sachs disease in 1969 (7); therefore, it has become a model family 20 enzyme

1.1.0 Biochemistry
1.1.0.0 HEXA and HEXB gene structures and isoenzyme products

There are 3 isoforms of human lysosomal f-N-acetylhexosaminidase, alt derived from
combinations of two protein subunits ¢ and B: Hex A is a heterodimer of ¢t and § subunits,
Hex B a homodimer of [ subunits and the less common and unstable isoform Hex S, is a
homodimer of ¢ subunits (13). The a-subunit is encoded by HEXA, a 35 kb gene on
chromosome 15 and the  subunit is encoded by HEXB, a 45 kb gene on chromosome S (14-
17). Both genes contain coding regions of approximately 1600 bp divided into 14 exons with
exons 2-14 having splice junctions at similar positions within the coding sequence (16). There
exists a ~60% sequence identity between the coding regions of HEXA and B at both the

nucleotide and amino acid levels (16). Because of this structural similarity between the genes,



it is generally believed that HEXA and HEXB arose from a common ancestral gene.
1.1.0.1 Biosynthesis/processing

Human f-N-acetylhexosaminidase has a complex biosynthetic pathway (13). The
mRNA transcripts from HEXA and HEXB code for an endoplasmic reticulum (ER) signal
peptide, which, upon being translated, assigns the ribosome/mRNA complex to the rough ER
where it can complete translation by feeding the entire polypeptide product into the rough ER
lumen. During translation, the 23 and 43 amino acid ER signal peptides are proteolytically
removed from the newly synthesized prepro-a and prepro-B polypeptides respectively,
creating what are known as the pro-c and -p subunits (18; 19). Once in the ER, the pro-«
and pro-f3 polypeptides experience extensive post-translational modifications as they are
transported to the lysosome. Both pro-subunits become glycosylated at selected Asnresidues
(20; 21) and dimerize to form (Bf (Hex B) and off (Hex A) isoenzymes before being
transported to the Golgi apparatus (22). At least one high mannose oligosaccharide side
chain on each pro-subunit will acquire mannose 6-phosphate markers for lysosomal targeting
during transit through the Golgi cisternae (23). Finally, the isoenzymes are recognized and
bound by the mannose 6-phosphate receptor in the frans-Golgi and transported to the
lysosome; while en route, the isoenzymes dissociate from the mannose 6-phosphate receptor
as the environment within the transport vesicle acidifies (reviewed in (24)).

Once inthe lysosome, the human #N-acetylhexosaminidase isozymes undergo limited
proteolysis, dephosporylation and deglycosylation (25). It is the limited proteolysis of
the pro-c and - subunits in the lysosome that gives rise to mature enzyme (25). A schematic

of the proteolytic processing of Hex A is given in figure 3.



Figure 3 Proteolytic processing schematic for human Hex A. The intracellular
compartments through which the « and [-subunits are transported are indicated on the left.
The ER signal peptides are shaded. The molecular weights of each subunit fragment are
indicated and disulfide bonds are illustrated as “S-S”. To avoid masses contributed by
oligosaccharide side chains, molecular weights were calculated from predicted amino acid

sequences as given by Mahuran (25).
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1.1.0.2 Substrate specificity and the G,, activator protein

Both the a and {3 subunits are catalytically active once dimerization has occurred, even
in the pro-form (26). Only the a-subunit of Hex A is capable of hydrolyzing the terminal N-
acetylgalactosamine residue from the non-reducing end of the oligosaccharide complex of the
G, ganglioside. Hence the Hex A isoform is crucial to the lysosomal degradation of G,
ganglioside. The reason for this selectivity stems from the presence of a negatively charged
sialic acid residue next to the terminal N-acetylgalactosamine in the G,, ganglioside structure
(Fig 2). The -subunit can only hydrolyze neutral substrates (27).

The neutral or uncharged synthetic substrate 4-methylumbelliferyl-3N-
acetylglucosaminide (4-MUG) is commonly used to measure the catalytic activity of S-N-
acetylhexosaminidases (Fig 2)(28). Both Hex A and B hydrolyze 4-MUG at a pH optimum
of 4.4 and with similar K, values of ~0.9 mM and V. of 1.8 x 10™ mol/min/mg and 4.4 x
10~ mol/min/mg receptively (29-32). Because Hex B is heat stable whereas Hex A is not, the
activities of the two enzymes can be differentiated by the introduction of a heat denaturation
step during analysis of a sample for fN-acetylhexosaminidase activity (33; 34). Furthermore,
the negatively charged synthetic substrate 4-methylumbelliferyl-6-sulfo-gG-N-
acetyiglucosaminide (4-MUGS) mimics G,, ganglioside (Fig 2) and is preferentially
hydrolyzed by Hex A with a K, of 0.31 mM and ¥, 25 x 10 mol/min/mg as opposed to
Hex B which hydrolyzes this substrate with a K, of 3.4 mM and a V,_ of 1.2 x 10*
mol/min/mg (27); thus, 4-MUGS is used in an assay devised to specifically measure Hex A
activity (28).

In 1973, Li et al. (35) discovered that a water-soluble lipid-binding cofactor was

11



required in order for Hex A to catalyze the removal of the terminal N-acetylgalactosamine
residue from G, ,, ganglioside. This cofactor, referred to as the Gy, activator protein, is a
lysosomal protein of molecular weight 22 kDa (36) and is encoded by the GA24 gene on
chromosome 5 (37). Although the mechanism is poorly understood, G,, activator protein
specifically binds negatively charged glycosphingolipids, forming a water-soluble complex
(38). Biochemical studies indicate that the activator/-lipid complex in turn, interacts with
both subunits of Hex A in such a way as to present the appropriate glycosidic bond to the
active site of the «-subunit (27).
1.1.1 Classification of G,,, gangliosidoses

Mutations in either HEXA, HEXB or GM2A can give rise to neuronal accumulation
of G,,, ganglioside in one of three vanants of G,,, gangliosidosis (reviewed in (9)): Variant
B (Tay-Sachs disease), or type I G,, gangliosidosis, refers to /EXA mutations that create an
a-subunit defect or deficiency resulting in a lack of Hex A activity whereas Hex B activity
appears normal. The catalytic activity of Hex A appears to be inversely proportional to the
clinical severity of the disease (39). If there is very little or no Hex A activity, G,p,
accumnulation occurs quickly and the onset of neurodegeneration begins during infancy,
resulting in what is referred to as infantile onset G,,, gangliosidosis or classic Tay-Sachs
disease. HEXA mutations that have less of an effect on Hex A activity result in less severe
forms of variant B G,, gangliosidosis, and cause juvenile onset G,,, gangliosidosis, adult-
onset or chronic G,,, gangliosidosis and Hex A pseudodeficiency. Variant O (Sandhoff
disease) or G, gangliosidosis type II, refers to HEXB mutations that create a [3-subunit

defect or deficiency resulting in a lack of both Hex A and Hex B activity. Variant AB is a less

12



common form of G,, gangliosidosis and occurs from mutations in the GA24 gene resulting
in G, activator deficiency where Hex A and Hex B activities appear normal (32).

1.1.2 Identification of catalytic residues in human f-N-acetylhexosaminidase

Even though there is a great deal known about the gene structure, amino acid
sequence, biosynthesis and post-translational modification, the active site of human (3-N-
acetylhexosaminidase remains to be completely characterized. Although human Hex B has
been crystallized (40), no crystallographic information about the three-dimensional structure
has been published because only low resolution data (3.4 A) could be collected from the Hex
B crystals. Until recently, the majority of the information regarding the active site of human
B-N-acetylhexosaminidase was obtained from studying a particular subset of variant B
mutations known as variant Bl mutations. In the majority of Tay-Sachs disease cases, the
mutations in HEXA are so detrimental to the correct synthesis of the a-subunit that proper
dimerization with the [B-subunit rarely occurs. However, variant B1 mutations allow for the
Hex A isozyme to reach maturity even though it is catalytically inactive toward 4-MUGS or
G, ganglioside (41; 42). These Hex A isoenzymes containing B1 mutations do hydrolyze
4-MUG, demonstrating the presence of a functional $8-subunit. Thus, it is thought that B1
mutations inactivate catalytically important residues in the e-subunit without affecting its
ability to dimerize and be processed to the lysosome (42).

The most common and well characterized B1 mutation is Argl78His which causes
late onset infantile Tay-Sachs disease mainly in people of Portuguese descent (43-46). When
the Arg178His allele is found in combination with a totally non-functional allele, the onset of

TSD is slightly earlier, indicating that Arg178His allows for enough residual activity to reduce
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the severity of the clinical phenotype. Two other mutations in the same codon have been
documented. The first is Arg178Cys and is biochemically very similar to Argl78His (46).
The second is Argl78Leu and results in acute infantile Tay-Sachs disease (47).

An experiment which helped to substantiate the hypothesis that B1 mutations may be
specific for catalytic residues was carried out by Brown et al. (48). They demonstrated that
when the Arg178His mutation was introduced into the equivalent position in the 3-subunit
(Arg211His), mature Hex B was produced that was catalytically inactive. Furthermore, the
same group demonstrated that the effect of a mutation at the Arg 211 codon in Hex B could
be attenuated by substituting the Arg with a more similar residue such as Lys (49).
Interestingly, the Arg211Lys produced mature Hex B with a dramatically reduced V,,;
however, it was shown that the K, was unaffected, leading the investigators to conclude that
Arg211 was somehow involved in the catalytic process but did not bind substrate.

Another well characterized B1 variant mutation, Asp258His, appeared to affect only
the catalytic rate and shift the pH optimum of the ¢-subunit while not affecting its ability to
bind substrate (50). Thus, based on the kinetic data of the Hex A containing the Asp258His
mutation, it was postulated that Asp 258 may be the catalytic acid residue needed to
hydrolyze the glycosidic linkage.

Two more Bl variant mutations have been documented Ser210Phe (51) and
Trp420Cys (52). The role of these residues in the catalytic mechanism of Hex A is unknown
except that it was proposed that Trp420Cys introduced a new cystine bridge, thereby
affecting the catalytic properties of the ct-subunit without affecting its ability to dimerize with

the B-subunit (52).
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As an alternative to studying naturally occurring mutations in order to identify
catalytic residues, Liessem ef al. identified Glu 355 as being an active site residue of Hex B
based on photoaffinity labeling experiments (53). This experiment provided the first direct
physical evidence of a residue in the active site of a B-N-acetylhexosaminidase. Alignment
of amino acid sequences indicated that Glu 355 was highly conserved between the a-subunit
of human B-N-acetylhexosaminidase, o« and f-subunits of the mouse p-N-
acetylhexosaminidase and the «-subunit of Dictyostelium discoideum (-N-
acetylhexosaminidase. Interestingly, codon 355 in #EXB had never been found to be mutated
naturally, indicating that studying variant B1 mutations alone would probably not reveal all
the key residues involved in catalysis.

With the discovery of more [-N-acetylhexosaminidase and chitobiases having
considerable sequence similarity to the human o and B-subunit sequences, beginning with the
Vibrio harveyi N,N-diacetylchitobiase sequence in 1989, investigators began to align these
amino acid sequences and look for potential catalytic residues by virtue of their conservation.
The highest conservation among family 20 enzymes occurs within a region corresponding to
exons 5-6 of human HEXA and HEXB and for this reason was thought to encode the majority
of the active site residues (54). In fact, this region includes a-Arg 178 (B-Arg211) and a-
Asp258 is located adjacent to this region in exon 7. Tse et al. investigated the role of another
invariant acid residue in this region of the P-subunit, f-Asp196 and found that upon
substitution to Asn, the catalytic activity of Hex B significantly decreased whereas the K,
appeared unaffected (54). Hence three putative catalytic acid residues, ¢-Asp258, B-Asp196

and B-Glu 355 had been identified for the « and [-subunits of human B-MN-
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acetylhexosaminidase, two of which were within a highly conserved area of family 20
enzymes and one (Glu 355) encoded in exon 8, substantially downstream of the highly
conserved area corresponding to exon 5-6 of human HEXA4 and HEXB.

While not definitive, the recent crystallization and determination of the three-
dimensional structure of the family 20 enzyme Serratia marcescens chitobiase appears to
have, by virtue of the structural conservation within family 20, resolved many elusive
questions regarding the active site of human §-N-acetylhexosaminidase.

1.2  The Serratia marcescens chitobiase x-ray crystallographic model

The Serratia marcescens chitobiase (SmChb) is the only family 20 member for which
a three-dimensional structure has been determined (55). SmChb is an 818 amino acid protein
with a predicted molecular mass of 98.5 kDa (56). The 1.9 A resolution crystallographic
model of SmChb depicts a monomeric protein consisting of four domains. Domain III is the
largest and forms an 8 stranded /c-barrel containing the active site of the enzyme at the C-
terminal end of the barrel. When the investigators solved the SmChb structure complexed
with chitobiose, the proton of Glu540 was found to be within 2.5 A of the oxygen in the
glycosidic linkage of the chitobiose substrate, making it the prime candidate for the proton
donor, or catalytic acid residue. Furthermore, the non-reducing N-acetylglucosamine residue
of the chitobiose substrate was found to dock directly to Arg349 via hydrogen bonding,
predicting Arg 349 as a key substrate binding residue within the SmChb active site.
Furthermore, both Glu540 and Arg349 are conserved among all known family 20 enzymes.

Interestingly, the SmChb x-ray structure appeared to lack the necessary nucleophilic

residue required for either the retaining or inverting catalytic mechanisms depicted in figure
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2. Based on the structural information of SmChb, Tews et al. suggested that SmChb uses the
retaining mechanism as described in figure 2 and that the acetamido group on the non-
reducing N-acetylglucosamine residue of the chitobiose substrate (Fig 3) acts as the
nucleophile (substrate assisted catalysis)(55). This theory has recently been substantiated by
mechanistic studies on SmChb (57).  Firstly, when using p-nitrophenol-B-N-
acetylglucosaminide as substrate, it was found that the [-anomer of the N-
acetylglucosaminide product predominated over the a-anomer, indicating that the anomeric
configuration was conserved after catalysis and that SmChb was using the retaining
mechanism described in figure 2. Secondly, it was demonstrated that SmChb could be
selectively inhibited by oligosaccharide substrates that had been de-N-acetylated at their non-
reducing end, supporting the theory that the N-acetamido group acts as a nucleophile and
allows for substrate assisted catalysis to take place.
1.2.0 The SmChb structure and human (3-N-acetylhexosaminidase

In the a subunit of human Hex A, ¢Glu323 is the homologue to SmChb Glu540; the
homologous residue in the £ subunit is Glu355. Mutagenesis studies based on these data
identified Glu323 and Glu355 as likely proton donors in both the «and £ subunits of human
Hex A and B respectively. Mutation of «-Glu323 to Gin resulted in mature Hex A with
normal substrate binding capacity but dramatically reduced catalytic activity towards 4-
MUGS, indicating that Glu323 may act as a catalytic acid residue in the ¢-subunit (58).

Substitution of B-Glu3 55 to either Ala, Gln, Asp or Trp resulted in mature Hex A with
normal substrate binding characteristics but no activity towards 4-MUG; however, all the

mutants had normal activity toward G,,, ganglioside in the presence of G,, activator protein
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suggesting that Glu355 may serve as a catalytic acid residue in the B-subunit (59). In light
of this data, it appears that the photoaffinity labeling experiment by Liessem et al. (53) had
correctly identified the catalytic acid residue of the P-subunit active site and that the
complementary residue in the a-subunit, Glu 323 also severs as a catalytic acid residue.
Hence, these studies on Hex A and B provide substantial biochemical support for Glu540 of
SmChb as the proton donor in the family 20 enzymes.

Using the SmChb x-ray structure as a template, Tews et al. were able to build three-
dimensional homology models of the a and B-subunits of human Hex A (55). Based on the
molecular model of the human «-subunit, a-Asp 258, previously believed to the catalytic acid
residue of the et-subunit, was found too far removed from the active site to be considered a
catalytic acid residue and more likely to be indirectly involved in binding substrate through
hydrogen bonding. Finally, the homology modeling demonstrated that ¢Arg178 and B-Arg
211 in both the « and B-subunits respectively, were positioned directly within the active site
and were potentially involved in substrate binding in a fashion similar to Arg 349 in SmChb
as predicted from the x-ray structure. However, there is no biochemical evidence in the
literature that supports the suggestion that Arg349 of SmChb, or its homologue in other
family 20 enzymes, is a substrate binding residue.

1.3  Structure/function studies of family 20 enzymes

With the advent of high resolution structural data for a family 20 O-glycosyl
hydrolase, homology modeling of any family 20 member is now possible. Detailed
structure/function studies can be performed to verify the catalytic mechanism proposed by

Tews et al,(55), and to better understand the structural aspects of substrate specificity.
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Modeling of the ¢ and B-subunits of human (-N-acetylhexosaminidase has not only
provided insight into the catalytic mechanism of human 3-N-acetylhexosaminidase, but has
also provided insight into the molecular basis of the different forms of G,, gangliosidosis.
Tews et el. mapped documented disease causing point mutations onto the homology model
of the a-subunit and found that, in general, mutations resulting in Tay-Sachs disease,
including the B1 variant mutations, occurred close to or within the active site, and mutations
causing juvenile onset and less severe forms of G,, gangliosidosis mapped to locations further
away from the active site (55). As Tews et al. point out, the benign mutations Arg247Trp
and Arg249Trp, responsible for causing Hex A pseudodeficiency, are found on the protein
surface and have been shown to have a minor effect on the catalytic activity of Hex A, causing
protein instability instead(60).

Unfortunately, structure/function studies on the human #N-acetylhexosaminidase
isoenzymes have been limited by two factors: 1) very low residual enzyme activity of mutant
Hex A isoenzymes and 2) difficulty in producing sufficient levels of recombinant Hex A in
mammalian expression systems required for detailed kinetic analysis (60; 61). Transient
expression of mutant a-subunit cDNAs in monkey COS-7 cells is the most common
mammalian expression system used. However, COS-7 cells exhibit a high level of
endogenous Hex A and Hex B activity which tends to mask the low levels of [B-N-
acetylhexosaminidase activity expressed by mutant «-subunit cDNAs (reviewed in (61)).
Furthermore, the predominant form of B-N-acetylhexosaminidase produced from the a-
subunit cDNAs when expressed in COS-7 cells is a dimer of et subunits referred to as Hex

S, an isoform that has physiological and biochemical properties different from those of Hex
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A (61; 62).

In an attempt to overcome the problems associated with using COS-7 cells, mutant
a-subunit cDNAs have been expressed in human fetal TSD neuroglial cells (TSD-NG). TSD-
NG cells produce no endogenous a-subunits, allowing endogenous B-subunits to dimerize
with mutant ¢-subunits expressed from transfected a-subunit cDNAs (reviewed in (58)).
Although the problem of endogenous Hex A activity is overcome in this system, mutant Hex
A levels are restricted by the level of endogenous (3-subunit, resulting in low levels of Hex A
for kinetic analysis. Hex S formation remains high and must be distinguished from Hex A by
lengthy chromatofocusing experiments (58).

In order to overcome the low levels of expression inherent in mammalian expression
systems, human -subunit cDNAs have been expressed in the yeast Saccharomyces cerevisiae
and in the Spodoptera frugiperda insect cell line Sf9 (63; 64). Interestingly, active Hex B was
found localized to the yeast vacuole after transformation with B-subunit cDNA; however, the
level of expression was far too low for any kinetic studies to be carried out (63). Transfection
of the insect cell line Sf9 with recombinant baculovirus containing -subunit cDNA, resulted
in high level expression of active Hex B isozyme; however, correct glycosylation and
proteolytic processing of Hex B did not occur (64). Nonetheless, the investigators conclude
that this expression system appeared to produce properly folded Hex B in sufficiently large
quantities to allow for future physical structure analysis of the enzyme by x-ray
crystallography.

1.4  Current study

The complexity of structure/function studies of human [3-N-acetylhexosaminidase
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impelled us to search for bacterial enzymes that might be more amenable to such analyses.
Streptomyces plicatus B-N-acetylhexosaminidase (SpHex) was identified as a candidate for
study on the basis of substrate specificity.

The DNA clone encoding SpHex (Clone 36) was identified during a screen for
chitinases using a Streptomyces plicatus expression library (65). Using 4-methylumbelliferyl
(4-MU) glycosides of N-acetylglucosamine oligosaccharides as a substrate for an in-plate
assay (66), several clones encoding enzymes that hydrolyzed the substrate were identified
(65). Of'these, only the SpHex enzyme, encoded by Clone 36, required a lag period for the
production of 4-MU from these oligosaccharide derivatives of 4-MU. However, SpHex gave
linear release of 4-MU from the monosaccharide derivative, 4-MUG (65). Since 4-MU was
attached to the reducing end of the oligosaccharide substrates and B-N-acetylhexosaminidases
can only degrade oligosaccharides by removing individual N-acetylglucosamine residues
starting at their non-reducing ends, the lag period confirmed SpHex as a B-N-
acetylhexosaminidase because it reflected the time required for the enzyme to completely
degrade the oligosaccharide substrate before being able to liberate 4-MU.

The SpHex was characterized further in an attempt to develop it as a model 3-N-

acetylhexosaminidase to be used for detailed structure/function analyses.
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Materials and Methods

Plasmids

pBluescript (pBS’) was purchased from Stratagene and was used for subcloning,
ssDNA production and sequencing using the T7 and T3 promoters as priming
sites.

psHEX-5.0 was a gift from Dr. P. Robbins and consisted of a 5.0 kb fragment (EcoR
I/EcoR 1) of Streptomyces plicatus DNA encoding a GN-
acetylhexosaminidase activity cloned into pBS™.

pmHEX-5.0 was a gift from New England Biolabs (NEB) and consisted of the 5.0 kb
fragment (EcoR UVEcoR 1Y) of Streptomyces plicatus DNA containing the
coding region of a f-N-acetylhexosaminidase cloned in-frame with the malE
coding region (maltose binding protein) of pMAL-c2. The pMAL-c2 plasmid
is used to produce recombinant proteins fused to the maltose binding protein.

Bacterial culture

Bacterial strains

Escherichia coli IM109 (Promega) was used for all plasmid DNA manipulations and
fusion protein production. Genotype: recA!, supE+4+4, endAl, hsdR17,
gyrA96, relA 1, thi, A(lac-proAB), F’[traD36, proAB™, laqFZAM15].

Streptomyces plicatus (American Type Culture Collection # 27800) was used to
obtain genomic DNA from which the 5'-end of the gene encoding SpHEX was
cloned. Crude cytosolic fractions containing native SpHex were also obtained

from S. plicatus and used for immunoblotting experiments.
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2.1.1 Culture media

LB Media (2.5% [w/v] Miller’s LB Broth Base [Gibco/BRL], autoclaved at 121°C
for 15 min). LBA broth was prepared by adding ampicillin (100pg/ml) after
the liquid had cooled to below 50°C.

LB agar plates (2.5% [wi/v] Miller’s LB Broth Base, 0.75% [w/v] Bacto-agar,
[Difco] autoclaved at 121°C for 15 min). Plates were poured once the LB
agar solution had cooled to 50°C. LBA plates were prepared by adding
ampicillin (100 pg/ml) as described above.

Low Salt LB (2.0 % [w/v] Lennox L Broth Base [Gibco/BRL], autoclaved at 121°
C for 15 min).

M9 Minimal Media was prepared by autoclaving a solution of M9 minimal salts
(Gibco/BRL) (42 mM Na,HPO,, 22 mM KH,PO,, 8.5 mM NaCl and 19 mM
NH,CI, pH 7.4). Once cooled, this solution was supplemented with sterile 1
mM MgS0,, 0.1 mM CaCl,, 0.05 % NaCl, 0.2 % glucose and 1 mM thiamine
(final concentrations). If M9 minimal media plates were to be prepared,
0.75% (w/v) Bacto-agar (Difco) was added prior to autoclaving.

SOC media (1% [w/v] Bacto tryptone, 0.5 % [w/v] Bacto yeast extract, 8.6 mM
NaCl, 2.5 mM KCl, pH 7.0, autoclaved at 121°C for 15 min). Once cooled,
the solution was supplemented with 20 mM glucose (final concentration).

2 x TY media (1.6% [w/v] Bacto tryptone, 1.0 % [w/v] yeast extract, 8.5 mM NaCl,
pH 7.4, autoclaved at 121°C for 15 min).

International Streptomyces Project (ISP) media (Difco) (0.4% [w/v] Bacto yeast
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extract, 1% [w/v] Bacto malt extract, 0.4% [w/v] Bacto dextrose, autoclaved
at 121°C for 15 min). ISP agar plates were made by the addition of 0.75%
(wiv) Bacto-agar to the liquid ISP media prior to autoclaving and plates were
poured once the solution cooled to 50°C.
2.1.2 Preparation of electrocompetent £. coli IM109
E. coli IM109 was streaked from stock onto LB agar and grown overnight at 37°C.
A single colony was used to inoculate 5 ml of LB and the culture was grown overnight at
37°C, with shaking (300 rpm), then subcultured into 500 ml of LB and grown to a density
of approximately 0.5 - 1.0 ODy,,. The cells were pelleted by centrifugation at 4000 x g for
10 min at 4°C and washed once with 1 volume of sterile cold ddH,O and pelleted as above.
The cells were then washed twice with 0.5 volume and once with 0.02 volume of cold ddH, 0.
Finally, the cells were resuspended in 0.002-0.003 volume of sterile-filtered cold 10%
glycerol. Aliquots of 40 ul were snap frozen on dry ice and stored at -80°C.
Electrocompetent cells were thawed 10 min on ice prior to electroporation.
2.1.3 Electroporation of electrocompetent £. coli IM109
Thawed electrocompetent cells were mixed with 1ul (~1-10 ng) of plasmid DNA
suspended in sterile ddH,0. The mixture was transferred to an ice-cold 1 mm gap
electroporation cuvette and subjected to an electrical charge gradient using a BTX Inc.
Electro cell manipulator 600 (settings: 2.5 kV high voltage, 129 Q resistance, 1.3-1.5 kV
charging voltage). Immediately after electroporation, the cells were resuspended in 960 pl
37°C SOC media and incubated at 37°C for 1 hr. Electroporated cells (10-200 ul) were

plated onto LBA agar and grown at 37°C overnight. Single colonies were chosen for further
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manipulations.

2.1.4 Growth and storage of transformed E. coli IM109

Unless otherwise stated, single colonies of transformed E. coli were selected from
LBA agar and grown in 5 ml LBA medium overnight at 37°C with shaking (300 rpm). The
cultures (~1.0 OD,,) were mixed with 80% filter sterilized glycerol to give a final
concentration of 48 % glycerol and stored at - 80°C as stock.
2.1.5 Growth and storage S. plicatus

Lyophilized S. plicatus, purchased from ATCC, was resuspended in 3 ml of ISP
medium and grown at 25°C for 3 days with shaking (200 rpm). The bacteria were
subcultured into 250 ml of ISP medium and grown for a further 5 days. A single spore was
retrieved from the culture and spread onto ISP agar. The plated S. plicatus was grown for
3 days at room temperature and then stored at 4°C as stock. The liquid culture was pelleted
at 5000 x g for 10 min at 4°C and stored at -20°C after aspiration of the supernatant. To
ensure viability over time, once every two weeks, 5-10 ml of ISP media was inoculated with
a loopful of §. plicatus stock and grown for 3 days at room temperature with shaking (200
rpm). A single spore was plated onto fresh ISP agar, allowed to grow for 3 days and then

stored at 4°C as fresh stock.

2.2 Plasmid and genomic DNA isolation

2.2.0 Alkaline lysis minipreparation of plasmid DNA

The alkaline lysis minipreparation of plasmid DNA was performed as described by
Sambrook et al. (67). To destroy contaminating RNA in the plasmid DNA minipreparation,

1 ul of 10 mg/ml RNase A was added to the suspension and allowed to incubate at 37°C for
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30 min before the minipreparation was frozen at -20°C.

2.2.1 Large scale plasmid DNA preparation

Thisisolation procedure is according to instruction provided with the Nucleobond-AX
column (Nest Group Inc.). A 250 ml £.coli culture, grown overnight at 37°C with shaking
(300 rpm), was pelleted at 5000 x g for 10 min at 4°C. The supernatant was aspirated and
the pellet resuspended in 12 mi of S1 buffer (50 mM Tris-Cl, 10 mM EDTA, 100 pg/ ml
RNase A, pH 8.0). To lyse the cells, 12 ml of S2 buffer (200 mM NaOH, 1 % SDS) was
added. The suspension was gently mixed and after a 5 min incubation at room temperature,
12 ml of S3 buffer (2.6 M potassium acetate, pH 5.2) was added. The suspension was gently
mixed and allowed to incubate on ice for S min. The cell debris was pelleted by centrifugation
at 12000 x g for 1 hr at 4°C. The supernatant was loaded onto an AX 500 Nucleobond
column that had been equilibrated with 5-8 ml of N2 buffer (100 mM Tris, 15% ethanol, 900
mM KCl, pH 6.3). The column was washed with 24 ml of N3 buffer (100 mM Tris, 15 %
ethanol, 1150 mM KCl, pH 6.3), and the plasmid DNA was eluted from the column with 6
ml of N5 buffer (100 mM Tris, 15% ethanol, 1000 mM KCI, pH 8.5). The eluate was mixed
with 4.2 ml of 2-propanol and centrifuged at 12000 x g for 1 hr. The supernatant was
aspirated and the pellet washed with 10 ml of ice cold 70% ethanol and allowed to air dry
briefly before being resuspended in 200-400 pl of sterile ddH,0.

2.2.2 DNA purification by phenol/chloroform extraction

To remove contaminating protein from plasmid DNA preparations, an equal volume

of a 1:1 phenol/chioroform solution was added, the mixture was vortexed, and then

centrifuged at 14000 x g for 20 sec to separate the organic and aqueous phases. The aqueous
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phase was collected and the extraction repeated if precipitate was visualized at the interface
of the two phases. This was followed by an extraction with an equal volume of chioroform.
The aqueous phase was mixed with 0.1 volume of sodium acetate, pH 4.8, 2.5 volumes of
95% ethanol and placed at -20°C for 1 hr to precipitate the plasmid DNA. The precipitated
plasmid DNA was pelleted by centrifugation at 14000 x g for 20 min at 4°C. The pellet was
washed with 1-2 ml of ice cold 70% ethanol, briefly allowed to air dry and resuspended in
an appropriate volume of sterile ddH,O.
2.2.3 Isolation of S. plicatus genomic DNA

Isolation of S. plicatus genomic DNA was based on the method of Nisen et a/. (68).
However, the isolated genomic DNA was not dialized after phenol/chlorofrom extraction.
The DNA was isolated from 10 ml cultures of S. plicatus that had been grown for 3 days

(section 2.1.5). The genomic DNA was resuspended in 1 x TE buffer and stored at 4°C.

23 Determination of DNA and protein concentration

2.3.0 Spectrophotometric determination of DNA concentration

Assuming ddH,O containing SO pg/ml double stranded DNA has an absorbance of 1.0
at 260 nm and ddH,O containing 40 pug/ml single stranded DNA has an absorbance of 1.0 at
260 nm (1 cm path length) (67) then the following calculation can be used to quantify
unknown concentrations of double or single stranded DNA:
[DNA] (ug/pl) = Aygo om X S0(dsSDNA) or 40 (ssDNA) + volume (pl) of DNA sample added
2.3.1 Visual estimation of DNA concentration

DNA Mass ™ Ladder (Gibco/BRL) consisted of an equimolar mixture of six blunt

ended DNA fragments ranging from 0.1 to 2 kb in length. Agarose gel electrophoresis
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(Section 2.4.1) of this mixture separated out 6 bands containing 200, 120, 80, 40, 20 and 10
ng of DNA. The concentration of DNA sample could be visually estimated by comparing its
flourescent intensity to bands of the Low DNA Mass Ladder sample after electrophoresis in
a 0.9% agarose gel containing ethidium bromide.
2.3.2 Colourometric determination of protein concentration

Protein concentration was determined using a Bio-Rad protein assay kit based on the
Bradford method (69). To produce a standard curve, bovine y-globulin stock (1 mg/ml) was
diluted to 5, 10, 15 and 20 pg/mi. This typically gave an absorbance range between 0.2 to
0.6 at 595 nm. Protein concentrations in test samples were determined only from dilutions
falling within this linear range that was used to make the standard curve. Linear regression
analysis was performed using the program Origin (Microcal).
24 DNA cloning techniques

2.4.0 Restriction enzyme digests

All restriction enzymes were from New England Biolabs (NEB) or Gibco/BRL and
digests were performed according to their instructions. Briefly, depending on the NEB
restriction enzyme used, the reaction mixture contained 1 x NEB reaction buffer 1,2,3 or 4
and 100 pg/ml BSA, 0.1-5 pg of DNA and 1-5 units of restriction enzyme. For Gibco/BRL
restriction enzymes, digestion reactions contained the appropriate Gibco/BRL enzyme buffer
diluted 10 fold, 0.1-5 pg of DNA and 1-5 units of restriction enzyme. To ensure that the
glycerol concentration did not become exceedingly high, the concentration of restriction
enzyme never exceeded 10% of the total reaction volume. Digestion reactions were

incubated at temperatures recommended by the manufacturer for 1-3 hrs.
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241 Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was used to separate plasmid DNA and DNA fragments
based on size for analysis and further manipulations using a Gibco/BRL Horizon ™ 11-14
electrophoresis apparatus. Agarose gels consisted of 0.7-1.0% molecular biology grade
agarose (Gibco/BRL), 1 x TBE (0.1 M Tris, 0.09 M boric acid, 0.2 mM EDTA, pH 8.0) and
10 mg/ml ethidium bromide. 1 x TBE was used as running buffer. DNA samples to be
separated by electrophoresis were mixed 10:1 with 10 x loading buffer (0.25% (v/v)
bromophenol blue, 0.25% (v/v) xylene cyanol, 30% (v/v) glycerol). To determine the size
of DNA fragments separated in the gel, Gibco/BRL 1 Kb DNA Ladder (100 ng/ul in I x
loading buffer) was separated by electrophoresis in parallel with the test samples. DNA Mass
Ladder could also be added to one of the wells if the DNA concentration needed to be
estimated (Section 2.3.2). DNA was visualized using a Hoefer Mighty Bright™ UV
transiluminator and photographed with a Polaroid MP4 Land Camera. The resolution range

of agarose gel electrophoresis was found to be between 7-0.1 kb.

2.42 Polyacrylamide gel electrophoresis of DNA

Polyacrylamide gel electrophoresis was used for accurate analysis of multiple DNA
fragments smaller than 200 bp using a Bio-Rad Mini-Protean™ II cell apparatus. DNA
fragments were prepared as described in section 2.4.3 and separated by electrophoresis
through I mm 8-20% acrylamide:bisacrylamide (29.2:0.8) made with 1 x TBE. 1 x TBE was
also used as running buffer. For determination of molecular size 1 Kb DNA Ladder was
separated by electrophoresis in parallel with the test samples. Gels were run in 1 x TBE at

100-150 V until the bromophenol blue dye front migrated to approximately 1 cm from the
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bottom of the gel. The gel was then removed from the apparatus, stained in a 0.1% ethidium
bromide solution for 15 min and photographed as described in section 2.4.1.

2.4.3 DNA purification using the Geneclean IT kit

Purification of DNA fragments from agarose gels was accomplished using a
Geneclean II kit (Bio101). Briefly, following electrophoresis (section 2.4.1), separated DNA
fragments were visualized using a hand held UV light source and individual bands excised
from the gel. The gel pieces were weighed, mixed with 4.5 volumes of 6 M Nal (supplied
with kit), 0.5 volumes of TBE modifier (supplied with kit) and incubated at 55°C for
approximately 5 min. Depending on the amount of DNA in the sample, 5-10 ul of
Glasssmilk® (concentrated silica matrix particles supplied with kit) were mixed with the
melted agarose gel solution and the mixture was incubated on ice for 5-10 min.

The Glassmilk®, now bound to the DNA, was pelleted by centrifugation at 14000 x
g for 5 sec, resuspended in 10 to 50 volumes of New Wash (supplied with kit) and pelleted
by centrifugation at 14000 x g for 5 sec. The Glassmilk® was washed twice more with New
Wash before being resuspended in 10-20qul of sterile ddH,0, incubated at 55°C for at least
5 min then pelleted by centrifugation at 14000 x g for 5 sec. The supernatant, now containing
the eluted DNA, was removed from the pelleted Glasssmilk® and was ready for further
manipulation.

2.4.4 Alkaline phosphatase treatment of DNA

Calf intestinal alkaline phosphatase (CIP) (NEB) was used to remove 5' phosphate
groups from DNA fragments. Reaction volumes were typically 10-20u! and contained 0.1-

0.5 ug of DNA and 1-2 units of CIP in 50 mM NaCl, 10 mM Tris-CI, 10 mM MgCl,,1 mM
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dithiothreitol, pH 7.9. Reactions were incubated at 37°C for 1 hr after which the DNA was
purified by phenol/chloroform extraction (Section 2.2.2).
2.45 Filling in 3' recessed ends of DNA

DNA polymerase I, Large (Klenow) fragment (NEB) lacks 5'- 3' exonuclease activity;
however, it retains its 3'-5' polymerase activity and was used to fill in 3' recessed ends of
dsDNA. Reaction volumes were typically 10-20 pl and contained 0.1-0.5 pg of DNA and 3-8
units of Klenow fragment in 10 mM Tris-Cl, pH 7.5, 5§ mM MgCl,, 7.5 mM dithiothreitol,
supplemented with 1| mM dNTPs (NEB). Reactions were incubated at 37°C for 1 hr.

2.4.6 Ligations

T4 DNA ligase (Boehringer Mannheim) was used to catalyze the formation of
phosphodiester bonds between juxtaposed 3'-hyroxyl and 5'-phosphate ends of dsDNA
fragments. Reactions volumes were typicaily 10-20 ul and contained 0.1-0.5 ug of DNA and
1-10 units of T4 DNA ligase in 66 mM Tris-Cl, 5 mM MgCl,, | mM dithiothreitol and 1 mM
ATP, pH 7.5. Reactions were incubated at 14°C overnight and 1 ul of the reaction was
electroporated into E. coli (Section 2.1.3).

2.5  Analysis of S. plicatus Genomic DNA by Southern hybridization
All procedures used for genomic DNA analysis were based on methods described by

Sambrook et al. (67).

2.5.0 Preparation of Southern blots

Genomic DNA (4-10 pg) was digested with appropriate restriction enzymes and
separated by electrophoresis through a 0.7% agarose gel as described in section 2.4.1. The

DNA was transferred to Hybond-H nylon membrane (Amersham) by capillary transfer for 12-
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24 hr using 10 x SSC (1.5 M NaCl, 0.15 M trisodium citrate) as buffer. After the transfer
was complete, the DNA was cross-linked to the nylon membrane using a Bio-Rad Gene

Linker UV chamber.

2.5.1 Random primer labeling of the DNA probe

The DNA fragment to be labeled (30-100ng) was combined with 5 pg of random
hexanucleotides in a total volume of 14 pl, boiled for 2-3 min and then placed on ice. Once
cooled to 4°C, 2.5 ul of 0.5 mM dATP, 2.5 ul of 10 x Klenow buffer (100 mM Tris-ClL, pH
7.5, 50 mM MgCl,, 75 mM dithiothreitol), 5.0 pl of [@-**P] dATP (50 puCi) and 1.0 pl of
Klenow fragment (3-8 units) was added to the randomly primed DNA probe and the reaction
incubated for 3 hr at room temperature.

The nucleotides were separated from the labeled DNA using a Pharmacia nick colurmn.
The column was washed with 5 ml of 1 x TE (10 mM Tris-Cl, pH 7.5, | mM EDTA). The
labeling reaction was stopped by the addition of 1 ul of 0.5 M EDTA, pH 7.5 and brought
to 100 pl total volume with ddH,O before being loaded onto the column. Once the labeling
reaction had entered into the column, 100 pl aliquots of 1 x TE were added to the column and
6 fractions were collected. A 2 pl aliquot from each fraction was counted using a Beckman
LS 3801 scintillation counter and the fraction with the highest specific activity of labeled
DNA was used for subsequent hybridizations.

2.52 DNA/DNA hybridization

The Southern blot was prehybridized at 65°C for 3 hr in prehybridization solution

consisting of 6 x SSC, 0.1% (w/v) BSA, 1% (w/v) Ficoll 400, 0.1% (w/v)

polyvinylpyrollidone, 0.5 % SDS, 100 pg/ml denatured, fragmented salmon sperm DNA in
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a Robbins Model 2000 Micro Hybridization incubator. The prehybridization solution was
replaced with an equal volume of hybridization solution consisting of 6 x SSC, 0.5% SDS,
100 ug/ml denatured, fragmented salmon sperm DNA and at least 10° cpm/ml labeled probe.
The hybridization was carried out at 65°C for 12-18 hr. The *’P-labeled DNA fragments
were detected by autoradiography for 12-24 hr at -80°C using Kodak X-Omat AR X-ray film
and a Fisher Biotech L-plus intensifying screen.

2.6 Preparation of single stranded DNA

Single stranded DNA (ssDNA) was used as template for site directed mutagenesis and
DNA sequencing. Preparation of ssDNA was adapted from the method of Carter (70). E.
coli containing the F* episome were selected on M9 minimal media agar (section 2.1.1) and
used to make electrocompetent cells (Section 2.1.2) for ssDNA production. A single colony
of E. coli (F’) transformed with phagemid was selected and used to inoculate 5 ml 2 x
TY/ampicillin (100 pg/ml) culture that was grown overnight at 37°C with shaking (300 rpm).
A 2 ml aliquot of the culture was used to inoculate 20 ml of 2 x T'Y/ampicillin and 100 ul of
M13KO7 helper phage (NEB) was added. After incubation for 90 min at 37°C with shaking
(300 rpm), kanamycin sulfate (50 -70 pg/ml) was added and the culture incubated for a
further 12 hr as described above.

The E. coli were pelleted by centrifugation at 6000 x g for 7-10 min at 4°C. The
pellet was discarded and the supernatant was mixed with 3.6 ml of 20% (w/v) polyethylene
glycol (PEG) 6000, 2.5 M NaCl and incubated at room temperature for 30 min. Precipitated
phagemid were pelleted by centrifugation at 12000 x g for 10-20 min at 4°C and the

supernatant discarded. The phagemid pellet was resuspended in 1 ml of TE buffer (10 mM
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Tris-Cl, pH 8.0, 1 mM EDTA) containing 0.1 mg/ml RNase A and the packaged ssDNA was
phenol/chloroform extracted as described in section 2.2.2 except that the ssDNA was
precipitated for 20 min at room temperature with 0.5 volumes 7.5 M ammonium acetate and
3 volumes 95% ethanol. The purified sSDNA pellet was resuspended in 50 pl of sterile

ddH,0 and stored at -20°C.

2.7 DNA sequencing

DNA sequencing was performed using a T7 Sequencing ™ Kit (Pharmacia Biotech).

based on the method of Sanger et a/ (71).

2.7.0 Alkali denaturation of double-stranded plasmid DNA

Phenol/chloroform extracted double stranded plasmid DNA (2-3 pg in 32 pl ddH,0)
was combined with 8 ul of 2 M NaOH and incubated for 10 min at room temperature. The
denatured DNA was precipitated by adding 7 pl of 3 M sodium acetate, 4 pl of ddH,0, 120
ul of 95% ethanol and placing at -80°C for at least 15 min. The DNA was pelleted by
centrifugation at 14000 x g for 20 min at 4°C, washed once with ice cold 70% ethanol, briefly
air dried and resuspended in 10 pl of ddH,0O. If DMSO was to be added to the annealing

reaction described below, the DNA was resuspended in 7ul of dd H,O.

2.7.1 Annealing and sequencing reaction

For annealing reactions not requiring DMSO, a 10 pl volume of ddH,O containing 2-3
ug of single stranded or denatured double stranded DNA was mixed with 2 pl of sequence
specific oligonucleotide (10 ng/ul), 2 pl of annealing buffer (1 M Tris-Cl, pH 7.6, 100 mM
MgCI2, 160 mM DTT) and incubated at 65°C for 5 min, 37°C for 10 min and room

temperature for at least 5 min. If DMSO was required for successful sequencing of GC rich

34




double stranded DNA, 3 ul of DMSO was added to 7 pl of denatured double stranded DNA
(2-3 pg) followed by 2 pl of sequence specific oligonucleotide (10 ng/ul) and 2 pl of
annealing buffer. The reaction was incubated at 37°C for 20 min and then for at least 10 min
at room temperature before proceeding to the sequencing reaction.

The primer was extended by adding 3 pl of labeling mix (1.375 uM each d CTP,
dGTP and dTTP, 333.5 mM NaCl), 1 pl [e-**S] dATP and 2 ui of T7 DNA polymerase
(diluted 4 fold in 20 mM Tris-Cl, pH 7.5, 5 mM DTT, 100 ug BSA/ml, 5% glycerol). The
reaction was incubated at room temperature for 5 min and then 4.5 pl aliquots of the reaction
were added to 2.5 ul of prewarmed (37°C) short-mix A, C, G, and T (Short-mix A: 40 mM
Tris-Cl, pH 7.6, 50 mM NaCl and 840 pM of dCTP, dGTP and dTTP; 93.5 uM dATP and
14 uM ddATP. Short-mix C: 40 mM Tris-Cl, pH 7.6, 50 mM NaCl and 840 uM of dATP,
dGTP and dTTP; 93.5 uM dCTP and 14 uM ddCTP. Short-mix G: 40 mM Tris-Cl, pH 7.6,
50 mM NaCl and 840 uM of dATP, dCTP and dTTP; 93.5 uM dGTP and 14 pM ddGTP.
Short-mix T: 40 mM Tris-Cl, pH 7.6, 50 mM NaCl and 840 pM of dATP, dCTP and dGTP;
93.5 uyM dTTP and 14 uM ddTTP). All four reactions were incubated at 37°C for 5 min then
stopped with 5 ul stop solution (0.3% bromophenol blue, 0.3% xylene cyanol FF, 10 mM
EDTA, pH 7.5 and 97.5% deionized formamide).

2.7.2 Sequencing gel electrophoresis

Sequencing reactions were denatured at 100°C for 3 min and separated at 60 W for
2-4 hr in a 6% polyacrylamide/42% urea gel made with 1 x modified TBE (134 mM Tris, 44
mM Boric acid, 2.5 mM EDTA) using a model S2 BRL sequencing gel apparatus. Gels were

transferred onto G002 gel lift paper (Schleicher and Schuell) and dried for 1 hr at 80°C. The
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separated **S-labeled DNA fragments were detected by autoradiography for 12-24 hr at room

temperature using Kodak X-Omat AR X-ray film.

2.8 Comparative molecular modeling

2.8.0 Multiple amino acid sequence alignments

The ClustalW 1.7 program was used for muitiple sequence alignments (72; 73). The
multiple alignments contained as many related sequences as possible including the target
sequence to be modeled and the sequence of at least one protein whose X-ray structure had
been determined (reference structure). To improve the multiple alignments, sequences which
increased the frequency of insertions and deletions were sequentially removed and the
remaining sequences realigned. This minimized the number of insertions and deletions within
the target sequence, and maximized alignments of the secondary structural elements as
visualized using the graphics program O (74). The final alignment between the reference and
target sequences was optimized manually by comparing initial 3-dimensional models of the
target sequence to the reference structure using the program O (75).

2.8.1 Model building

Using the program Homology (Insight software, BioSym Technologies, Inc.), the
aligned amino acid sequence of the target sequence was substituted onto the backbone atomic
coordinates of the reference structure. Initial side-chain steric clashes were relieved using a
rotamer library containing the most favorable residue side-chain conformations. Gaps were
manually joined using the program O. Moreover, O was used to relieve any serious steric

clashes within the model.
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282 Energy minimization

In order to relieve any energetically unfavorable steric clashes and geometry that raise
the overall free energy of the model (introduced when the amino acids of the target structure
were substituted onto the backbone atomic coordinates of the reference structure), the model
was brought to its lowest possible free energy state by repeatedly introducing small rotational
corrections to the main-chain dihedral angles (¢, ) using X-PLOR (76; 77). The model was
placed in a primitive lattice (P1 space group) and subjected to energy minimization using a
conjugate gradient target function implemented in X-PLOR. The unit cell parameters were
set sufficiently large to avoid intermolecular contacts during minimization. Minimization was
performed with the van der Waals and electrostatic terms turned on. The model was
minimized until convergence was reached, as judged by the rms of the energy gradient
(average derivative < 0.1 kcal/mol/A).

2.8.3 Quality assessment

In order to assess the overall sterochemical quality of the model, the program
PROCHECK (78) was used to determine 1) the number and positions of any bad contacts
(any atomic interaction less than 2.5 A) within the model, and 2) The overall geometrical
quality of the main-chain bond angles and lengths and planar groups within the model. The
geometrical quality of the model was based on comparison values typical for a 2.0 A
resolution X-ray structure.

2.9  Site-directed mutagenesis

2.9.0 Annealing of the olignucleotide to sSDNA

Site directed mutagenesis using ssDNA template was performed following instructions
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from Bio-Rad based on the procedure of Kunkel ez al. (79) but using T7 polymerase (80).
Briefly, to anneal a complementary oligonucleotide primer containing the desired base
changes to the ssDNA template, a 10 pl mixture of 200 ng ssDNA, 100 ng oligonucleotide,
20 mM Tris-Cl, pH 7.4, 2 mM MgCl, and 50 mM NaCl was brought to 70°C and slowly
cooled (~1°C/ min) to 30°C before being placed on ice for 10 min.
2.9.1 Synthesis of complementary DNA strand

The annealed primer was extended by the addition of 1 pl of 10 x synthesis buffer (4
mM dNTP, 7.5 mM ATP, 175 mM Tris-Cl, pH 7.4, 37.5 mM MgCl,, 215 mM dithithreitol),
1 ul T4 DNA ligase (2-5 units) and 1 ul T7 DNA polymerase (diluted to 0.5 units/ pl with
20 mM KPO,, pH 7.4, | mM DTT, 0.1 mM EDTA, 50% glycerol) to the annealing reaction.
The reaction was placed on ice for 5 min then brought to 25°C for 5 min, 37°C for 30 min
and then immediately separated on a 0.9% agarose gel as described in section 2.4.1. The
double stranded DNA product was purified using a Geneclean II kit (section 2.4.3). The
product (20-40%) was transformed into E£. coli and colonies containing mutant plasmid
constructs were identified by PCR amplification of the relevant region followed by restriction
enzyme digestion.
29.2 Polymerase chain reaction (PCR)

The polymerase chain reaction (81) was used to amplify specific regions of plasmid
DNA. Reactions (100 pl each) contained 10 mM Tris-Cl, pH 8.3, 50 mM KCI, 1.5 mM
MgCl,, 0.01% gelatin, 0.2 mM dNTP (dATP, dCTP, dGTP, dTTP from NEB), 10% glycerol,
100 ng sense primer, 100 ng anti-sense primer, 0.3 U Taq DNA polymerase (Gibco/BRL) and

a portion of a transformed bacterial colony.
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Reactions were overlaid with approximately 50 pul mineral oil and incubated at 94°C
for 10 min then immediately subjected to 32 PCR cycles in a Perkin Elmer Cetus DNA
thermo cycler. One cycle included 90 sec of denaturation at 94°C, 1 min of annealing at

60°C and 90 sec of extension at 72°C.

293 Restriction enzyme analysis of PCR products

Site directed mutations were designed such that they created or destroyed a restriction
enzyme site. Thus, when PCR products amplified from plasmid containing site-directed
mutations were digested with the relevant restriction enzyme, the banding pattern was
different from the PCR product amplified from the corresponding wild type plasmid and this

difference could be visualized using polyacrylamide gel electrophoresis (section 2.4.2).

N

.10 Expression and purification of pMAIL-c2 derived fusion proteins

Purification of the pMAL-c2 derived fusion protein was based on instructions from
NEB. E. coli transformed with pMAL-c2 based constructs were grown to an optical density
of 0.5 (A600) at 37°C in 125 ml LBA broth. The cultures were cooled to 25°C and fusion
protein expression was induced for 3.5 h with 0.3 mM IPTG.

The induced cultures were centrifuged at 3000 x g for 10 min. at 4°C and the
resulting pellets were frozen at -20°C for 14-18 hr. Each pellet was resuspended in 4 ml ice
cold TNE (20 mM Tris-Cl, pH 7.4, 200 mM NaCl, 1 mM EDTA, pH 7.4) containing I mM
PMSF, 5 ug/ml aprotinin, 5 ug/mi leupeptin, 2 ug/ml pepstatin A and sonicated (6 x 15 sec.)
at 100 W onice. After centrifugation at 10000 x g for 20 min. at 4°C, the supernatant was
brought to 9 ml with ice cold TNE then mixed with 1 ml of amylose resin (NEB) for 45

minutes at 4°C. The resin was washed 5 times with 10 ml ice cold TNE. To elute the fusion
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protein, the resin was resuspended in 0.5 ml ice cold TNE containing 10 mM maltose and
mixed at 4°C for 1.5 hr. After a 5 min. centrifugation at 3000 x g, the eluate containing the
fusion protein (~400 pl) was removed from the resin by aspiration with a pipette and stored
at 4°C.
2.11 Factor Xa digestion of purified pMAIL-c2 derived fusion protein

To hydrolyze the peptide bond joining the recombinant protein to the MBP, fusion
protein was incubated with 2% (w/w) factor Xa protease (NEB) for 18-24 hr in TNE
containing 2 mM CaCl,. The fusion protein and cleavage products were visualized using
SDS-PAGE (section 2.13).

2.1 Preparation of S. plicatus cytosolic protein fraction

To obtain a crude S. plicatus cytosolic fraction for immunoblotting experiments, the
cells were collected by centrifugation at 5000 x g for 10 min, then resuspended in 4 ml TNE
containing 1 mM PMSEF, 5 ug/ml aprotinin, 5 ug/ml leupeptin and 2 ug/ml pepstatin A. The
suspension was homogenized with a Dounce homogenizer for 1 min. at 4°C and sonicated
(6 x 15 sec.) at 100 Watts on ice using a Braun-sonic 1510 (B. Braun Melsungen AG). The
lysate was centrifuged at 20000 x g for 20 min and the supernatant, considered to be the
crude cytosolic fraction, was stored at -20°C.

2.13 SDS-PAGE

SDS-polyacrylamide gel electrophoresis was performed as described by Laemmii (82)

using a Bio-Rad Mini-Protean™ II cell apparatus. Proteins were resolved using a 5% (w/v)

polyacrylamide stacking gel and 7.5-10% (w/v) polyacrylamide separating gels. Gels were

separated by electrophoresis at 100 V until the bromophenol blue was within 1 cm of the
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bottom of the gel. For all SDS-PAGE experiments, broad range prestained protein molecular
weight markers (NEB) were separated by electrophoresis in parallel with the test samples.
If the resolved proteins were not to be transferred to nitrocellulose as described below, they
were visualized by commassie blue R250 staining.

2.14 Western blot analysis

2.14.0 Generation of Antibodies Against SpHex-MBP Fusion Protein
Rabbit-anti-SpHex-MBP (anti-SpHex-MBP) fusion protein antibodies were raised at
the National Biological Laboratories (Oakbank, MB). Briefly, purified SpHex-MBP fusion
protein emulsified with Freund’s complete adjuvant was injected subcutaneously at multiple
sites. Two weeks later, the antigen was emulsified with Freund’s incomplete adjuvant and
injected subcutaneously at multiple sites. This step was repeated 3 weeks later. Serum was
collected one week after the final injection.
2.14.1 Transfer of proteins resolved by SDS-PAGE onto nitrocellulose membrane
Transfer of SDS-PAGE resolved proteins onto nitrocellulose was performed
according to Towbin ef al. (83). Gels containing resolved proteins were transferred to
nitrocellulose within one hour using a current of 200 mA at 4°C in 25 mM Trs-Cl, pH 8.3,
193 mM glycine and 20% (v/v) methanol. The nitrocellulose containing the resolved proteins
was air dried and stored at 4°C.
2.14.2 Immunodetection of proteins bound to nitrocellulose
Empty protein binding sites on nitrocelluiose blots containing SDS-PAGE resolved
proteins were blocked by immersing the blot in TBST (10 mM Tris-Cl, pH 7.5, 100 mM

NaCl, 0.1% Tween 20 (w/v)) containing 5% milk powder for 1 hr with shaking. Next, an
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appropriately diluted primary antibody was added and allowed to incubate with the blot for
an additional 1-2 hr with shaking. The blot was washed with TEST and incubated with
appropriately diluted donkey-anti-rabbit-IgG-horseradish peroxidase conjugate (Amersham)
for 1 hin TBST containing 5% milk powder. After washing with TBST, the antigen-antibody
complex was detected by incubating the blot in enhanced chemiluminescence (ECL) reagent
(Amersham) for 1 min, wrapped in plastic wrap, and exposed to Kodak X-Omat AR X-ray
film for 1-5 min depending of the strength of the signal.

2.15 Analysis of f-N-acetylhexosaminidase activity

2.15.0 In-plate assay of S-N-acetylhexosaminidase activity using 4-MUG

The in-plate assay for detecting ~N-acetylhexosaminidase in £. coli colonies plated
on LBA agar was adapted from the method of Robbins ef al. (66). Briefly, £. coli colonies
were transferred to nitrocellulose and placed colony side up onto chromatography paper
soaked in 3 mM 4-MUG (Toronto Research Chemicals), 10 mM Na,HPO,, 6 mM citric acid
and 0.3% BSA, pH 3.0 for 10 min at 37°C. The nitrocellulose disk was then placed on
chromatography paper soaked in 0.1 M glycine-carbonate buffer, pH 10 for 10 min. Colonies
expressing -N-acetylhexosaminidase fluoresced under 366 nm UV light.

2.15.1 [-N-acetyihexosaminidase activity assay and pH profile analysis

Protein concentrations of samples containing [S-N-acetylhexosaminidase were
determined as described in section 2.3.2. The pH profile was determined by incubating test
samples with 4-MUG as a substrate in 10 mM Na,HPO,, 6 mM citric acid, 0.3% BSA ranging
from pH 2.0 -9.0. After a 45 min. incubation at 25°C, each reaction was quenched with 0.1

M glycine-carbonate buffer, pH 10. The fluorescent product, 4-MU, was measured
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(excitation 364 nm, emission 448 nm) with a Hitachi F-2000 fluorescence spectrophotometer
using a standard curve ranging from 0-400 nM 4-MU (Toronto Research Chemicals).
Kinetics were obtained in an identical manner at the pH optimum of the wild type enzyme
using 4-MUG concentrations ranging from 0.033 - 5 mM. SpHex activity towards 4-MUGS
was determined but no kinetic analysis was performed. The 4-MUGS concentration used was
3.5. mM. Specific activity (S. A.) was determined using the following equation (for 1 ng
protein):
S. A. =4-MU formed (nM) x 10° x 60 min = pmole 4-MU/hr/mg

45 min

Ky and V., values were determined using the direct linear plot method (84).
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3 Results

3.0  Restriction enzyme mapping of Clone 36

Clone 36, encoding the SpHex gene, was previously identified by Robbins ez al. (65)
by screening a Streptomyces plicatus expression library using 4-methylumbelliferyl (4-MU)
glycosides of N-acetylglucosamine oligosaccharides as a substrate for an in-plate assay
(section 2.13.0). Clone 36 was found to have a 5.0 kb insert and expressed a 60 kDa fusion
protein (65). Based on the mass of the expressed protein, the coding region for SpHex was
predicted to be within a 1.8 kb region of the insert, adjacent to the fgalactosidase gene of
the vector which is also under control of the E. coli promoter (coded further upstream in the
vector). The entire 5.0 kb insert was restriction mapped and subcloned into pBluescript
(pBS") (Stratagene) as 7 smaller fragments (Fig. 4).

3.1  Sequencing the SpHex coding region from Clone 36

The first 1.8 kb of the 5'-end of Clone 36, believed to contain the coding region for
SpHex (bounded by EcoR I (5") and Sma I (3') sites), was subcloned into pBS™ as 2 smaller
fragments (Fig 4). The subclones were sequenced at the National Centers of Excellence core
sequencing facility (Toronto, ON) by the dideoxy chain termination method as described in
section 2.7. Sequencing was done on double-stranded DNA and covered both strands. To
clarify the sequence in some areas, sequence-specific primers were used to sequence single-
stranded DNA produced from the 1.8 kb EcoR I/Sma I clone (psHEX-1.8).
3.2 Cloning and sequencing the 5'-end of the SpHex gene

The predicted amino acid sequence of the psHEX-1.8 insert was found to contain 2

large open reading frames, one of which (frame +2) showed homology to other family 20
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Figure 4  Restriction enzyme map and subclones of clone 36. Clone 36 was restriction
enzyme mapped and subcloned into pBS™as 7 smaller fragments to create the psHEX-[kb]
constructs. A 1.6 kb (EcoR V/Xho ) fragment, containing the 5'-end of the SpHex gene, was
cloned into pBS” as a single fragment to create psSHEX-1.6. The psSHEX-1.6 construct was
subsequently subcloned into pBS™ as two smaller fragments to create psSHEX-1.0 and
psSHEX-0.7. In order to produce SpHex-MBP fusion protein, 1.8 kb of the 5'-end of clone
36 (SpHex coding region) was subcloned into pMAL-c2 (in-frame with malE) to create

pmHEX-1.8.
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[-N-acetylhexosaminidases in a ClustalW1.7 multiple sequence alignment. However, this
open reading frame did not include an initiating Met codon, indicating that a portion of the
5'-end of the SpHex gene was missing from clone 36. To obtain the 5'-end of the SpHex
gene, genomic DNA was isolated from S. plicatus as described in section 2.2.3. The genomic
DNA was digested with combinations of Xho I and various restriction enzymes, and
fragments that hybridized to a 600 bp Asc /Xho 1 **P-labeled probe (from the 5'-end of clone
psHEX-1.8) were identified by Southern blotting (Fig. 5 ) as described in section 2.5. There
was only one X#o I site in the known SpHex gene sequence. Thus, using X#o [ to cut out the
5'-end of the probe ensured that any genomic DNA fragment that had been cut with X#0 I in
combination with another restriction enzyme, that did not cut within the first 600 base pairs
of the 5'-end of the known SpHex gene, would contain novel 5'-end sequence plus that which
hybridized to the probe. Hence, a 1.7 kb EcoR V/Xho 1 fragment hybridized with the probe
and was predicted to contain approximately 1.1 kb of sequence beyond the known $' end of
the gene. An area of an agarose gel containing this fragment was excised, purified using a
Geneclean II kit (section 2.4.3), ligated into pBS™ (EcoR V/Xho I), and electroporated into
E. coli (section 2.1.3).

The resulting colonies were screened by DNA/DNA hybridization (section 2.5.2)
using the same DNA probe as described above. Ten positive colonies were identified, one of
which (ps5HEX-1.7) was used to determine the sequence of the 5'-end of the SpHex gene
(Fig. 1). A 700 bp fragment was removed from the 5'-end of the psSHEX-1.7 insert by
digestion with Sma I and EcoR V. The larger vector (4.2 kb), which now contained only 1.0

kb of DNA directly adjacent to the 5'-end of the known SpHex gene sequence, was purified
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Figure 5 Southern blot autoradiograph of S. plicatus genomic DNA probed with a
32p.labeled probe complimentary to the 5'-end of clone 36. In order to isolate a fragment
of S. plicatus genomic DNA containing the 5'-end of the gene encoding SpHex, a Southern
blot of S. plicatus genomic DNA (digested with X#o I and various other restriction enzymes
and separated through a 0.7% agarose gel) was probed with a 600 bp (4sc I (5')/Xho I (3%)

probe complimentary to the 5'-end of clone 36.
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from the 700 bp insert using a Geneclean I kit and religated to create psSHEX-1.0. Upon
sequencing 284 bp beyond the 5'-end of the known SpHex gene sequence coded in the
psHEX-1.0 insert (double stranded DNA, both strands) (section 2.7), the complete coding
sequence (1683 bp; 561 aa, starting at +269 of Genbank accession number AF063001) of the
SpHex gene could be determined (Fig 6).
3.3  Comparison of SpHex to EMBL/SWISS-PROT database

Comparison of the deduced amino acid sequence of SpHex with the SWISS-PROT
database using MaxHom identified 14 S-N-acetylhexosaminidases and 1 chitobiase, all family
20 enzymes (Table [). The SmChb (reference structure) amino acid sequence, which has not
been deposited in the SWISS-PROT database, was retrieved from the Brookhaven protein
database (PDB) and compared to the SpHex by pairwise alignment using MaxHom.
34  Comparative Molecular Modeling of SpHex

Atomic coordinates for the X-ray structure of Serratia marcescens chitobiase
(SmChb) were obtained from the Brookhaven National Laboratory protein database (PDB
file: 1qbb) and used as the reference structure for molecular modeling. A pairwise alignment
between SmChb and SpHex amino acid sequences using MaxHom revealed a sequence
identity of 30%. When the alignment was restricted to SmChb domain 3, an «/p barrel
structure which contains the enzyme active site on the C-terminal end, the sequence identity
was 45%. Domain 3 is the largest of four SmChb domains. Alignment of SpHex residues
Pro149 - Pro498 with domain 3 encompassed 350 residues (63%) of the total amino acid
sequence of SpHex.

Although the multiple alignment of all 15 family 20 enzymes, including SpHex,
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Figure 6 Nucleotide and deduced amino acid sequence of SpHex. The constructs
psHEX-1.8 and psSHEX-1.0 were sequenced as described in section 2.7. The predicted
amino acid sequence used for comparative molecular modeling is underlined. Residues

subjected to mutational analysis (Arg 162, Glu 314, Asp 246) are double underlined.
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ATG ACC ACC GGC GCC GCC CCG GAC OGG ARG GOG
Met Thr Thr Gly Ala Ala Pro Asp Arg Lys Ala Pro Val Arg Pro Thr Pro Leu

GAC OGG GTG ATC CCG GCC CCC GCC TCG GIC GAC
Asp Arg Val Ile Pro Ala Pro Ala Ser Val Asp

ATC ACG OGC GGC ACC CAC ATC OGC GTC GAC GAC
Ile Thr Arg Gly Thr His Ile Arg Val Asp Asp

GGG CAC TAC CIC GOG GAC CIG CIG OGG CCC GCC
Gly His Tyr Leu Ala Asp Leu Leu Arg Pro Ala Gly Tyr Arg Leu Pro Val
ACC GOC CAC GGC CAC GGC GGC ATA OGA CIG CGC
Thr Ala His Gly His Gly Gly Ile Arg Leu Arg Ala Gly Gly Pro Tyr
GAC GAG GGC TAC OGC CTC GAC AGC GGC CCC GCA

Asp Glu Gly Tyr Arg Leu Asp Ser Gly Pro Ala Ile Thr Ala

Val

AAG GCC GCC GGA CTIC TTIC CAC GGC GTC CAG ACC

Lys Ala Ala Gly Leu Phe His Gly Val Gln Thr Arg Gln Leu Leu Pro

i ¥3 BB Eg #8 K8 §8
&
&
8
2

GOC GTC GAG ARG GAC TCC GOG CAG CCC GGC CcC CIG GTC GCG GGC GGC

GGC
Gly
cGC
Arg
CGT CAG CIG CIG CcC CCC
Pro
acC
Ala Val Glu Lys Asp Ser Ala Gln Pro Gly Pro Trp Leu Val Ala Gly Gly Thr

GG

ATA GAG GAC ACG CCG OGC TAC GCC TGG OGC AGC GCG ATIG CIC GAC GTC TCC

Ile Glu Asp Thr Pro Arg Tyr Ala Trp Arg Ser Ala Met Leu Asp Val Ser Arg

CAC TIC TTC GGC GTC GAC GAG GIC AAG CGC TAC ATC GAC OGC GTC GCC CGC TAC
His Phe Phe Gly Val Asp Glu Val Lys Arg Tyr Ile Asp Arg Val Ala Arg Tyr

ARG TAC AAC RAAG CIC CAC CIG CAC CTC AGC GAC GAC CAG GGC TGG CGC ATC GCC

Lys Tyr Asn Lys Leu His Leu His Leu Ser Asp Asp Gln Gly Trp Arg Ile Ala

ATC GAC TCC TGG C0OG OGC CIG GOG ACG TAC GGC GGC TCC ACC GAG GTC GGC GGC
Ile Ser Pro Leu a Gly Gly Ser Thr Glu Val Gly Gl

GGC CCC GGC GGC TAC TAC ACC AAG GOG GAG TAC AAG GAG ATC GIG CGT TAC GCG

Gly Pro Gly Gly Tyr Tyr Thr Lys Ala Glu Tyr Lys Glu Ile Val Arg Tyr Ala

GCC TCC OGC CAC CTC GRAG GIG GTC CCC GAG ATC GAC ATG CCG GGC CAC ACC AAC

Ala Ser Arg His Leu Glu Val Val Pro Glu Ile Asp Met Pro Gly His Thr Asn

GCC GCC CTC GCC TCC TAC GCC GAG CIG AAC TGC GAC GGT GIG GOG CCC COG CIG

Ala Ala Leu Ala Ser Tyr Ala Glu Leu Asn Cys ASp Gly Val Ala Pro Pro Leu

TAC ACC GGC ACC AAG GTC GGC TTC AGC TCG CIG TGC GTG GAC AAG GAC GTC ACC
Thr Gly Thr Lys V. Gly Phe Ser Ser Leu s Val Lys Asp Val Thr

TAC GAC TTC GTG GAC GAC GTC ATC GGC GAA CIC GCC GCG CIC ACC CCC GGC CGC

Tyr Asp Phe Val Asp Asp Val Ile Gly Glu Leu Ala Ala Leu Thr Pro Gly Arg

-228
-169

108
36

162
54

216
72

270
90

324
108

378
126

432
144

486
162

540
180

594
198

648
216

702
234

756
252

810
270

864
288

918
306



TAC CIC CAC ATC GGC GGC GAC GAG GCG CAC TCC ACG CCC AAG GCC GAC TTC GIG

Tyr Leu His Ile Gly Gly Asp Glu Ala His Ser Thr Pro Lys Ala Asp Phe Val

GOG TIC ATG AAG OGG GIG CAG CCG ATC GIC GCC AAG TAC GGC ARG ACG GTC GTC

Ala Phe Met Lys Arg Val Gln Pro Ile Val Ala Lys Tyr Gly Lys Thr Val Val

GGC TGG CAC CAG CIG GCC GGC GOG GAA COG GTC GAG GGC GCG CTC GIC CAG TAC

Gly Trp His GIn Leu Ala Gly Ala Glu Pro Val Glu Gly Ala Leu Val Gln Tyr

TGG GGC CIG GAC OGC ACC GGC GAC GCC GAG AMG GCC GAG GTC GCC GAG GCC GCC
Trp Gly Leu Asp Arg Thr Gly Asp Ala Glu Lys Ala Glu Val Ala Gluy Ala Ala

AGG AAC GGC ACG GGG CTG ATC CTC TCC COG GOC GAC OGG ACG TAC CIG GAC ATG

Arg Asn Gly Thr Gly Leu Ile Leu Ser Pro Ala Asp Arg Thr Tyr Leu Asp Met

ARG TAC ACC ARG GAC ACC COG CIG GGC CIG TCC TGG GCG GGC TAC GIC GAG GIG

Lys Tyr Thr Lys Asp Thr Pro Leu Gly Leu Ser Trp Ala Gly Tyr Val Glu Val

CAG OGG TCC TAC GAC TGG GAC COG GCC GGC TAC CIG CCG GGC GCC COG GCC GAC

Gln Arg Ser Tyr Asp Trp Asp Pro Ala Gly Tyr Leu Pro Gly Ala Pro Ala Asp

GOG GTC CGC GGC GTC GAG GCC COG CIG TGG ACG GAG ACC CIG TCC GAC CCG GAC
Ala Val Gly Val Glu Ala Pro Leu Thr Glu Thr Leu Ser Pro As,

CAG CTG GAC TAC ATG GOC TTC COG AGG CIG COG GGC GTC GOG AAC TGG GCT GGT

Gln Leu Asp Tyr Met Ala Phe Pro Arg Leu Pro Gly Val Ala Asn Trp Ala Gly

ocC OGG OGT CCA OGC AOG ACT GGG ACA CCT ACA AGG TGC GGC TOG COG GCA GGC
Pro Pro Thr Thr Gly Thr Pro Thr S Gly Ser Pro Ala Gl

CCC GTA CIG GGA GGC GGC GGG GAT CGA CIT CTA COG CTC GCC GCA GGT GCC CIG

Pro Val Leu Gly Gly Gly Gly Asp Arqg Leu Leu Pro Leu Ala Ala Gly Ala Leu

GAC CIG ACC CGG ACG GCA OGA OGG GCA COCC OGG AGG ACC GTIC TCC GGG GIG CCC
Asp Leu Thr Arg Thr Ala Arg Arg Ala Pro Arg Arg Thr Val Ser Gly Val Pro

GCC OGT CGG TGG GTC AGA GCC OOG OGA TGG GGT TCT TCA GGG TCC CGA TCA GCT
Ala Arg Arg Trp Val Arg Ala Pro Arg Trp Gly Ser Ser Gly Ser Arg Ser Ala

GGA GCG CIC OGG ACG GGT OGG ACA GGT CCA CCA TCT GCC GGT TGT OGC GCA GCT
Gly Ala Leu Arg Thr Gly Arg Thr Gly Pro Pro Ser Ala Gly Cys Arg Ala Ala

972
324

1026
342

1080
360

1134
378

1188
396

1242
414

1296
432

1350
450

1404
468

1458
486

1512
504

1566
522

1620
540

1674
558

GGA GCC GGT TGAGGCAGGACAGCGOGAACTOGGGOGOGAACATGTOGTACOGCTOGAACTTCTOGGCCAGC 1746

Gly Ala Gly

TOCGGCACOGACTCCTGGTACTCCC

561

1771
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Table I (continued)

SWISS-PROT/PD % Sequence X-ray structure

Enzyme Species accession code Identity available Ref.
Hex A, a-subunit Human P06865/1QBC* 25 Homology model 93
Hex B, p-subunit Human P07686/1QBD* 25 Homology model T 94
Hex Dictyostelium discoideum P13723* 24 N/A 95
Hex Entamoeba histolytica P49009* 24 N/A 96
Hex Bombyx mori (silk moth) P49010* 24 N/A 97

1 All enzymes, except S. marcescens chitobiase, were identified in the SWISS-PROT database (release 34) using MaxHom (expert
mode, n=25).

* Sequences chosen for alignment by ClustalW1.7 for use in comparative molecular modeling.

1 Human HexA & B have been modeled by comparative molecular modeling and the coordinates deposited in the PDB (55).
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revealed high conservation for specific residues predicted to be involved in catalysis, SmChb
Vibrio harveyi chitobiase, Alteromonas sp. 3-N-acetylhexosaminidase and Vibrio vulnificus
[-N-acetylhexosaminidase contained many large insertions not present in the other family 20
members. Using the X-ray structure of SmChb, the insertions in this 4-member sub-family
were found localized to loop regions that were absent in the other family members, including
human Hex A and SpHex. The multiple alignment of the enzymes listed in Table I is shown
in figure 7 and excludes the above mentioned sub-family of sequences - with the exception
of the SmChb. This multiple sequence alignment indicated that SpHex residues Argl62
(human Hex A; a-Arg178, SmChb; Arg349), Glu3 14 (HexA; ¢-Glu323, SmChb; Glu540) and
Asp246 (human HexA; c-Asp258, SmChb; Asp448) are conserved in all the species with the
exception of Porphyromonas gingivalis. In this species, the functionally equivalent residue
Glu, replaces Asp 246. Based on the SmChb structure, Argl162 and Glu3 14 of SpHex were
predicted to be the substrate binding residue and catalytic acid residue respectively.

The pairwise alignment between SmChb and SpHex, shown in figure 8, was taken
directly from the muitiple sequence alignment shown in figure 7 and encompasses the
sequence of SmChb that is responsible for composing the B/a-barrel of domain III. The
pairwise alignment between SpHex and SmChb indicated a total of 9 deletions in the SpHex
sequence and none in the SmChb sequence (fig 8). Deletions in the SpHex sequence localized
primarily to surface loop structures of SmChb; however, some of the deletions partially
overlaped onto secondary secondary structural elements composing the &/ barrel. Thus, to
improve the quality of the alignment shown in figure 8, deletions in the SpHex sequence that

overlapped onto the secondary structural elements of the «/B-barrel were manually
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Figure 7 ClustalW1.7 multiple sequence alignment of family 20 glycosyl hydrolases.
In order to obtain the best sequence alignment between SpHex (indicated as “Sequence 3")
and SmChb (indicated as “Serratia™), these two sequences were multiply aligned with the
family 20 enzymes indicated. Residues altered by site directed mutagenesis (SpHex Arg 162,

Glu 314, Asp 246) are indicated by arrows.
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Hex
Hex
Hex
Hex

Hex
Hex

Hex
Hex
Hex
chb

Hex
Hex
Hex
Hex

Hex
Hex
Hex

Hex
Hex

Chb

oWy

wed>d>»

‘age 3.1

Human a-subunit

Mouse «a-subunit

Human P-subunit
Cat p-subunit

Mouse P-subunit
D. discoideun
E. histolytica
C. albicans

mord
gingivalis
plicatus
marcescens

‘age 4.1

Human a=-subunit
Mouse a-subunit
Human f-~subunit
Cat P-subunit

Mouse f-subunit
D. discoideum
E. hiscolytica
C. albicans

B.
P.
S.
S.

mordl
gingivalis
plicatus
marcescens

QWKRTKDDKNILMTP

271 285
VVTPGC-NQLPTLES
VVTAEC-NEFPNLES
TLQSEC-DAFPNISS
VLDSEC-DLFPNITS

TLESEC-ESFPSLSS
T1YSD--DETLQLGI
SSSNP--MPKLQIGF
QVDDA--TVDLAOLGV

VNENPY-IREFSLDM
AIYIGV-DTALPLK-
GGIRLR-LAGGPYG-
KTDIQPGKFKGAMAV

196 210 211 225 226 240
NNPQFQYDVSSAAQP GC8V----------- -LDEAFPQRYRDLLFG
NNFQFRYHVSSAAQG GCVV-=~=--==---~ -LDEAFRRYRNLLFG
ENFYISHSPNSTAGP SCTL----------- -LEEAFRRYHGYIFG
DNFSIGYGPSSTAGP TCSL--=~===v=-=~ ~-LQEAFRRYHEYIFG
EDFSIDHSPNSTAGP SCSL-----===--- -LQEAFRRYYNYVFG
GSILIESNIESAT-- =---ccc-cwme=-==~- ~-FSVSMDRYTNLFFP
LKSNFNHTISFPLQ- --==~====-=--- == -QQTGLQDFKVSLFK
PRLLQANTSCPLLED AFVR-----=c=-w-- ~TVSAIEKLKWHPFP
GNFLSKINMNTIDIQ ITKQ-----==-=--- GKSDDLLTAAADRFK
SDDSFEVDDKTTI -~ --=-=cesso-w=ven —-= CVSAEELKPIAKL
GGAPYRITRGTHIR- -------c-cccoc~ oo VDDSREARRVGHY
ASRFVSNADLQTLPA GALRGKIVPTPMQVK VHAQDADLRKGVALD
286 300 301 315 316 330
VENYTLTINDDQ-~- -~ CLLLSETVWGALR GLETFSQLVWKSAEG
VENYTLTINDDQ--- -- CLLASETVWGALR GLETFSQLVWKSAEG
DESYTLLVKEPV--- -- AVLKANRVWGALR GLETFSQLVYQDSYG
DESYTLLVKEPV--- -~ AFLKANRVWGVLR GLET#SQLIYQDSYG
DETYSLLVQEPV--- -- AVLKANSVWGALR GLETFSQLVYQDSFG
DESYSLSIEQGS--~ =-- YQLKATNIYGAMR GLETFKQLIVYNELE
DESYILEVTTNS--~ ~- ISIKAVTVYGARH AFETLLQLIRISSNK
NESYTLKINTDG--- -- INIHAATTWGALH GLVSLQQLIIHTSED
DESYELYISSTSSDK VNATIRGNSFFGVRN GLETLSQLIVYDDIR
EEGYMLRSDKRG--- -~ VSIIGKSAHGAFY GMQTLLQLLPAEVES
DEGYRLDSGPAG--- -~ VTITARKAAGLFH GVQTLRQLLPPAVEK
SGAYELKIGKKE--- -~ AQVIGPDQAGVFY GLQSILSLVPSDGSG

241 255
SGSWPRPYLTGKRH-
SGSWPRPSFSNKQQ-
FYKWHHEPAEFQAK -
FDKRQRRPAKPNSA -

FYKRHHGPARFRAE-
FSN-BESEPSSN----
EIDLPRITPSVS---
IDDFNTANGKN- -~~~

TLVSSSVPKGFSAK-
LADKLRASADLSLQ-
LADLLRPATGYR--~
LSTLVKPAADVVSQR

345
------ TFPINKTEI
------ TFRINKTKI
-~~---TFTINESTI
------ TFTVNESDI

==~~=~TFTINESSI
N-e==- SYSIVCVSI
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K---=- YVVPLSVTI

NN----LLIVRDVTI
SNEVLLPMTVPGVEI
DSAQPGPWLVAGGTI
-------- KIATLDA

256 270
----- TLEKNVLVVS
----- TLGKNILVVS
----- TQVQQLLVSI
«wwe-TRLQQLLVTV

----- PQLOKLLVSI
«s------ESFLLSV
----- SVITDVVVEL
~=-~---IKTSLVHI

----- AAGKSVTVYL
----- IEIGEEPSGN
-=-=-=~~-LPVTAHGH
PALLGVPVQTNGYPIY

346 360
EDFPRFPHRGLLLDT
KDFPRFPHRGVLLDT
IDSPRFSHRGILIDT
IDSPRFPHRGILIDT

ADSPRFPHRGILIDT
SDSPRYPWRGFMVDS
SDAPRFKWRGLMVDP
SDFPNFKHRGLMIDS
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SDAPRFPYRGIFLDV
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Hex
Hex
Hex

Hex
Hex
Hax
Chb

Hex
Hex
Hex
Hex

Hex
Hex
Hex
Hex

Hex
Hex
Hex
Chb

Dwmyy

Wy >

’age 5.1

361 375

Human a=-subunit SRHYLPLSSILDTLD
Mouse a-subunit SRHYLPLSS1LDTLD
Human f-subunit SRHYLPVKIILKTLD

Cat Pp~subunit ARHFLPVKSILKTLD
Mouse f-subunit SRHFLPVKTILKTLD
D. discoideunm ARHYIPKNMILHMID
B. histolytica  SRNPLSPLMFKRIID
C. albicans GRNFLTVDSILEQID
8. mori ARNFYSIDSIKRTID
P. gingivalis CRHFLSVEDIKKHID
8. plicatus SRHFFGVDEVKRYID
8. marcescens ARNFHKKDAVLRLLD
‘age 6.1 "\
451 465

Human a-subupit ARLRGIRVLAEFDTP
Mouse «a-subunii ARLRGIRVLAEFDTP
Human fi-subunit ARLRGIRVLPEFDTP
Cat f-~subunit  ARLRGIRVIPEFDSP
Mouse f-subunit ARLRGIRVIPEFOTP
D. discoideum AKTYGIRVIPEFDIP
E. histolytica GANRGVIVYGEIDTP
C. albicans ARARGVRVIPEIDMP
B. morl GLERGVRVLPEFDAP
P. gingivalis ASDHFITVIPMIEMP
8. plicatus AASRHLEVVPEIDMP
S. marcescens AQARQIEVIPEIDMP

376 390
VMAYNKLNVFHWHLV DdEBFPYESFTFPEL
VMAYNKFNVFHWHLV DDSSFPYESFTFPEL
AMAFNKFNVLHWHIV D FPYQSITFPEL
AMAFNKFNVLHWHIV DDQSFPYQSVTFPEL

39 405

AMAFNKFNVLHWHIV
SLGFSKFNTLHWHMV
TLASVKANVLHIBLS
IMALSKMNSLHWHLA

DDQSFPYQSTTFPEL
DAVAFPVESTTYPDL
DAQTFVFESKKYPLL
DSQSWPVALESYPHM

AMAAVKLNTFHWHIT
IMAMFKINRFHWHLT
RVARYKYNKLHLHLS
QMAAYKLNKFHFHLS

DSQSFPLVLQKRPNL
EDQAWRIEIKKYPRL
DDQGWRIAIDSWPRL
DDEGWRIEIPGLPEL

W
w

GHTLS-—-----~ W- ---GKGQKD----- L
W- ---GKGQKD----- L

- ---GKGQKN--~--L
- ---GIGYPE----- L

AHARAAVVSMEARYK KLHAAGKEQEANEFR

420

TEVGS === =mmm-
ATYGG-wmmu-cnnn
TEVGGQRCHDLSETT

496 510
LTPCYSGSEPS----
LTPCYSGSHLS----
LTPCYSRQNKL---~
LTPCYNEHKQS----

LTPCYNQKTKT-~~~
VATCPDYAAN-----
VANCWDYIVSTSMRY
IVECADAFWTDAAVE

LTVCFKAEPWTKFCV
QFRCFPREFKPRIIW
ELNCDGVAPPLYTGT
LVDPTDTSNTTSVQF

421

----- TRTEGDGTQY
-----STBVGGG--P
CLLPQYGQGPD- -VY

511 €25
-GTFGPVNPSLNNTY
~GTFGPVNPSLNSTY
-DSFGPINPTLNTTY
~GTFGPINPILNSTY

-QVFGPVDPTVNTTY
~VNNIPLDISNPATF
GENVLSLNPANPNTF
-PPPGQLNIESEKTY

EPPCGQLNPTKEELY
GVEQDVYCAGKDSVF
KVGFSSLCVDKDVTY
FNRQSYLNPCLDSSQ

436 450
THIYTAQDVKEVIEY
THIYTAQDVKEVIEY
SHVYTPNDVRMVIRY
SHVYTPNDVHTVIEY

SHVYTPNDVRMVLEY
SATFSHDDIQEVVAY
SFVLTQSFLRELAQY
DEVYSKNDLKYIVDY

TKVYTKQDIREVVEY
SGFYTQEQVRDIVQY
GGYYTKABYKEIVRY
GGFFSRQDYIDIXIKY

526 540
EFMSTFFLEVSSVFP
DFMSTLFLRISSVFP
SPLTTFFKRISEVFP
NFLSQFFKEVSMVFP

AFFNTFFKEISSVFP
TFIQNLFTEIAPLFI
PIXIDALMKELSDTFG
EVISNVYNELSDIFI

DYLEDIYVEMAEAFE
RFISDVIDEVAPLFP
DFVDDVIGELAALTP
RFVDKVIGEIAQMHK
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Hex
Hex
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Hex
Hex
Hex

Hex
Hex
Hex
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age 7.1

Human a-subunit

Mouse «a-subunit

Human P-subunit
Cat B-subunit

House f-subunit
D. discoideum
8. histolytica
C. albicans

8.
P.
S.
S.

mori
gingivalis
plicatus
marcescens

Page 8.1

Human o-subunit
Mouse a-subunit
Human PB-subunit
Cat f-subunit

Mouse f-subunit
D. discoideum
E. hiastolytica
C. albicans

B.
P.
S.
S.

mord
gingivalia
plicatus
marcescens

555 556 570
----- DFYLHLGGDE VD----FTCWKSNP-
----- DFYLHLGGDE VD----FTCWKSNP-
----- DQFIHLGGDE VE----FKCWESNP-
----- DHFVHLGGDE VE----FQCWESNP-

----- DQFIHLGGDE VE----FQCWASNP-
----- DNYFHTGGDE LV----TGCWLEDP-
----- TDYVHVGGDE VW----TSGWSKSKE
----- DDVFHVGNDE LQ----EKCYSAQLL

S~ ---TDMFHMGGDE VS----ERCWNSSE-
----- GPTYFHIGGDE CP----KDRWKACS-
————— GRYLHIGGDE AH----STPKADFV-
EAGQPIKTWHFGGDE AKNIRLGAGYTDKAK

631 645 646 660
--VVWQEVFDN---- -KVKIQPDTIIQVWR
-~VVWQEVFDN--~-~ -KVKVRPDTIIQVWR
~=IVWQEVFDD-~-- -KAKLAPGTIVEVWK
-~ IVWQEVFDD-~-- -HVKLLPGTIVQVWK
--IVWQEVFDD- --- -KVELQPGTVVEVWK
-=ITWNDPIDY---- -GVQLNPETLVQVWS
--VVWEEVFK----- -KGNADKNTIIQVWD
TLQVWHEISGV---- -KNLTSRGYDVVVSL
PLILWTSTLTDYTHV EXKFLDKDEYIIQVWT
--IGWDEILEG-~-- =-=~- GLAPSATVMSHWR
--VGWHQLAG-~--- -~ AEPVEGALVQYWG

-MQAWQDGLKDAES- SKAFATSRVGVNFWD
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...... LC-Q-m==~

PEPGKGIIDQSNEDK

661 675
EDIP-VNYMKELELV
EEMP-VEYMLEMQDI

DSA----YPEELSRV
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Figure 8 Amino acid sequence alignment SpHex and SmChb. The pairwise alignment
was abstracted from the larger ClustalW1.7 muitiple sequence alignment shown in figure 4
(section 2.8.0). Amino acid numbering is indicated down the right side of the figure. “*”

“n

indicate identical residues whereas “.” indicates similar residues.

33 I)’

indicate residues

subjected to mutational analysis. Secondary structures are indicated along the top of
alignment (e; alpha helix, B; beta sheet). Secondary structures responsible for forming the

B/ct barrel structure are numbered (B1-f8 and e1-a6, @8; note there is no &7 helix).
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repositioned (1-5 residues in either the N or C-terminal direction) such that they mapped
more precisely onto loop regions of SmChb domain IIT (described in section 2.8.0).

The pairwise alignment in figure 8 indicated that no amino acid insertions into the
SpHex model were required, implying that there were no structural features within the
modeled region of SpHex that were not present in the SmChb structure. After the amino acid
sequence of SpHex had been substituted onto the a-carbon backbone of the equivalent region
of the SmChb structure, all 9 deletions in the model (corresponding to the deletions in the
pairwise alignment) were manually joined using the graphics program O. O allows the user
to manipulate the three-dimensional conformation of the e-carbon backbone by rotating ,
¢ bond angles. Furthermore, O allows the user to rotate any of the bonds composing the
amino acid side chains. Thus, all 9 deletions (none of which were found to create gaps
greater than 10 A) were joined together such that the SpHex model became one continuous
polypeptide chain. In order to relieve any steric clashes (considered to be any atomic
interaction of 2.5 A or less) within the model, and to improve any unfavorable bond angles
and/or bond lengths, the model was energy-minimized as described in section 2.8.2. The final
energy-minimized model of SpHex is shown as a ribbon diagram in figure 9A, B.

A summary of the PROCHECK analysis before and after energy minimization is
shown in Table II. Table II demonstrates that energy minimization dramatically improved the
overall geometry and relaxed most of the bad contacts within the model. Of the 10 bad

contacts remaining, none occur within the core of the model; only one contact, between the
last two residues in the model, is less than 2.5 A (Leu 497 C <Pro 498 N, 1.3 A). A
Ramachandran plot of the final energy minimized model (Fig 10) indicated that 94.3% of the
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Figure 9  SpHex model complexed with chitobiose. The model contains residues Pro
146 - Pro495. Panel A, shows a ribbon diagram of the model looking down the axis of the
o/ barrel. Panel B, is turned 90° on the Y-axis with respect to panel A and shows a side
view of the barrel. Note that the substrate complexes with loop structures on the C-terminal
end of the ¢/P barrel and secondary structures forming the /B barrel are indicated: red
cylinders; a-helix, green ribbons; B-sheets. Panel C, shows residues predicted to be involved
in the catalytic mechanism of the f-N-acetylhexosaminidase. Panel D, depicts the predicted

hydrophobic interactions occurring between the enzyme and substrate.
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Table II

PROCHECK analysis of the quality of the bond angle geometry within the SpHex model

before and after energy minimization using X-PLOR

Parameter measured Before energy minimization After energy minimization
Number of bad contacts* 105 10
Main-chain bond lengths** 66.2% within normal limits 97.1% within normal limits

33.8% generously allowed

8% unacceptable

2.9% generously allowed

Main-chain bond angles**

56.5% within normal limit
43.5% generously allowed

21% unacceptable

71.7% within normal limits
28.3% generously allowed

9% unacceptable

Planar groups**

95.6% within normal limit

4.4% generously allowed

89.8% within normal limits
10.2% generously allowed

4% unacceptable

* any atomic interaction of 2.5 A or less

** Bond lengths, angles and planar group geometry quality is based on the guidelines of

acceptable geometry as defined by Engh and Huber (98).
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Figure 10 Ramachandran plot of energy minimized SpHex model. The model was
placed in a primitive lattice (P1 space group) and subjected to energy minimization using a
conjugate gradient target function implemented in X-PLOR. The stereochemical quality of
the energy minimized model was assessed using PROCHECK and output as a Ramachandran

plot.
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PROCHECK

Ramachandran Plot
modell

ALA 430 (A)

1S
(V)]

Psi (degrees)

o

Phi (degrees)
Plot statistics
Residues in most favoured regions [A,B,L] 25 78.2%
Residues in additional allowed regions [a,b,Lp] 46 16.1%
Residucs in generously allowed regions [~a,~b,~1~p) 10 3.5%
Residucs in disallowed regions 6 2.1%
Number of non-glycine and non-proline residues 285 100.0%
Number of end-residucs (excl. Gly and Pro) 1
Number of glycine residucs (shown as trianglcs) 39
Numbser of proline residucs 25
Total number of residucs 350

Based on an mnalysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no grester than 20%, a good quality model would be expected
to have over 90% in the maost favoured regions.

modell_Ol.ps



residues had &,  torsion angles within core and allowed regions, 3.5% had ¢, ¢ angles
within generously allowed regions and 2.1% (6 residues) had disallowed ¢, {§ angles. The
residues with disallowed &, §r angles (Val 214, Leu 255, Ala 369, Leu 404, Ala 433, Thr 474)
all reside in loop structures on the outer surfaces of the model including locations that were
manually joined together to compensate for deletions.

The modeled SpHex is similar in structure to SmChb domain III, forming an eight
stranded /P barrel where the seventh alpha helix of the barrel has been replaced by an
extended loop structure (Fig 9A, B). As judged from the pairwise sequence alignment
between SpHex and SmChb, the model predicts a significantly more compact o/p barrel
structure for the SpHex as opposed to SmChb (Fig 11). Interestingly, it appears that some
of the large loop structures present in domain [II of SmChb are used to stabilize adjacent
domains; however, because these domains do not appear to exist in the SpHex structure, the
corresponding loops are also absent from the SpHex model. The most prevalent loop in
SmChb (used to stabilize domain IT) that is not present in the SpHex model is indicated by an
arrow in figure 11. This compact /3 barrel structure is comparable to the theoretical model
constructed for the human Hex A «-chain (Fig 12) (55).

Because the SmChb x-ray structure was solved complexed with chitobiose, the SpHex
model could be built complexed with the same substrate (Fig. 9A, B). Of the natural
substrates known to be hydrolyzed by family 20 enzymes, chitobiose is probably the most
analogous to 4-MUG. It is therefore likely that chitobiose and 4-MUG complex with the
SpHex in a similar fashion; thus, the kinetic data collected using 4-MUG as substrate (see

below), should directly support the comparative modeling results.
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Figure 11  Comparison of SpHex model with SmChb X-ray structure. Panel A, shows
a ribbon diagram of the SmChb X-ray structure looking down the axis of the «/f barrel of
domain I (cyan). Panel B, is turned 90°on the Y-axis with respect to parel A and shows
a side view of the barrel of domain ITI. The predicted structure of SpHex is homologous to
SmChb domain ITI. Parel C shows a ribbon diagram of the SpHex model (yellow) (looking
down the axis of the /P barrel) superimposed onto a ¢-carbon trace of SmChb domain III
(cyan). Panel D is turned 90°on the Y-axis with respect to pane/ C. The largest loop
structure of SmChb domain III (thought to provide structural support to domain I) not

present in SpHex and is indicated with an arrow.
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Figure 12 Comparison of Human Hex A a-chain and the SpHex model. Panel 4,
shows superimposed a-carbon traces of SpHex (yellow) and the human Hex A a-chain
looking down the axis of the /3 barrel. Panel B, is turned 90° on the Y-axis with respect

to panel A and shows a side view of the barrel.
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As expected, the active site architectures of the SpHex model and the SmChb are
highly conserved. The salient features, as identified in SmChb (55), include Glu314 (SmChb;
Glu540), Arg 162 (SmChb; Arg349) (Fig. 9C) and three Trp residues Trp344, 442, 408 (Fig.
7d). The SpHex model indicates that the protonated carboxyl group of Glu314 is within
hydrogen bonding distance (2.5 A) of the oxygen in the glycosidic linkage of the substrate.
Thus, Glu314 is perfectly situated to donate its proton to the glycosidic oxygen, thereby
aiding in the hydrolysis of the substrate. The §-guanido group of Argl62 appears to
directly bind the substrate by forming two hydrogen bonds, each at a distance of 2.6 A to
OH3 and OH4 of the non-reducing N-acetylglucosamine sugar of the chitobiose. As
described for the SmChb X-ray structure, the active site model of SpHex appears to lack an
appropriate residue that could act as the nucleophilic base in an acid/base reaction for this
enzyme. As described for the SmChb catalytic mechanism (55), the nucleophile involved in
the SpHex catalytic mechanism may be provided by the substrate itself.

A notable hydrogen bond is predicted to occur between the acetamido-O6 of the non-
reducing sugar of the chitobiose substrate and the OH of the phenolic ring on Tyr393 of
SpHex (SmChb; Tyr 683)(Fig 9C). This hydrogen bond would only occur when the
chitobiose is in the energetically unfavorable 4-sofa conformation as described for the SmChb
mechanism by Tews et al. (55). The twisting of chitobiose into a 4-sofa conformation is
proposed to be essential for the substrate assisted catalytic mechanism for it allows the
acetamido-O7 atom of the non-reducing N-acetylglucosamine to move within 3.0 A of the C1
atom of the same sugar, an ideal position for the nucleophilic attack (55). This twisting of

the chitobiose may be partially stabilized by hydrogen bonding to Tyr 393 in SpHex, as it is
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by the equivalent residue (Tyr 683) in SmChb. To see potential for a similar hydrogen
bonding interaction occurring in the SpHex model provides additional support for the catalytic
mechanism of SmChb and helps validate the quality of the model.

The active site pocket of our model contains Trp residues that pack against the
hydrophobic hexose rings of the chitobiose substrate (Fig. 9D). The indole rings of Trp 442
and Trp 344 appear to stabilize hydrophobic hexose ring of the non-reducible N-
acetylhexosamine of the chitobiose substrate, exactly as is seen in the SmChb X-ray structure.
Although Trp408 appears to be stabilizing the hexose ring of the reducible N-
acetylglucosamine sugar of the substrate, the indole ring of this Trp is not parallel to the
hexose ring of the sugar as is seen in the SmChb X-ray structure. The reason for this
difference could not be explained.

3.5 Construction of the pMAL-c2-SpHex fusion protein vector

The construct pMAL-c2-SpHex (a gift from NEB) was made by subcloning the insert
from clone 36 (BamH /Hind III) into pMal-c2 (Xmn I/Hind IIT). The BamH I site was filled-
in to facilitate subcloning and allow for correct translation of the maltose binding protein
(MBP)-SpHex fusion protein. To remove 3.2 kb of extraneous DNA 3' to the SpHex coding
region, pMAL-c2-SpHex was digested with Sma I and Hind 111, the Hind 11 site was blunt-
ended, and both the larger vector (7 kb) and a 1.8 kb (Sma I/'Sma I) fragment containing the
coding region, were gel purified using Geneclean (section 2.4.3) and ligated to generate
pmHEX-1.8 (Fig 4). A plasmid with the fragment ligated in the correct orientation was
identified using 4-methylumbelliferyl-8-N-acetylglucosaminide (4-MUG) (Toronto Research

Chemicals Inc.) as substrate for an in-plate assay of E. coli colonies (section 2.13.0)
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electroporated with the pmHEX-1.8 ligation reaction.
3.6  Site-directed Mutagenesis of the SpHex gene

Single-stranded DNA from psHEX-1.8 was isolated as described in section 2.6 and
mutations were introduced as described in section 2.9 Phosphorylated oligonucleotides
(ACGT Corporation, Toronto, ON) 5-TCGGCGGCGACCAGGCGCACTCCAC-3', 5'-
CACGAAGTCGTAGGTGACGT-3' and 5'-GTCCCCGAGATCAACATGCCGGGCC-3'
were used to create the substitutions G1208C (Glu314Gln), G753 A and G754T (Arg162His)
and G1004A (Asp246Asn) respectively. Mutant plasmid constructs were identified by PCR
amplification of the relevant region followed by restriction enzyme digestion as described in
section 2.9.2 and 2.9.3 (base change G1208C created a ScrF7 site, G753A and G754T
combined destroyed a Mspl site and G1004A destroyed a 7aq/ site). Fragments containing
the mutation(s) were subcloned into pmHEX-1.8 (4scl/BsrGI fragment contained either
G753A and G754T or G1004A, BsrGl/Agel fragment contained G1208C) to create the
mutant pmHEX-1.8 constructs. The subcloned regions were sequenced to confirm that only
the desired base changes were introduced.
3.7  Purification of SpHex-MBP Fusion and Cleavage with Factor Xa Protease

Purification of the SpHex-MBP fusion protein, encoded by pmHEX-1.8, was
performed as described in section 2.10. The pmHEX-1.8 constructs of wild type and mutant
SpHex-MBP produced high-level fusion protein expression in E. coli, yielding approximately
0.5 mg/100 ml culture. The final protein concentrations for all purifications were brought to
1-2 mg/ml by eluting the fusion protein with 0.5 ml elution/storage buffer. Purified wild type

and mutant SpHex-MBP fusion protein was stable for at least 48 hrs at room temperature and
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at least 2 weeks at 4°C. SpHex displayed catalytic activity toward both 4-MUG and 4-
MUGS; however, the enzyme was approximately 2600 fold more active toward 4-MUG than
4-MUGS (Fig 13). An SDS-PAGE gel of the purified proteins is shown in figure 14.

The purified SpHex-MBP fusion protein was digested with factor Xa protease as
described in section 2.11. To assess the effects of the MBP on activity SpHex, digested
SpHex-MBP fusion protein activity was measured as described in section 2.13.1. There was
no difference in the catalytic activity between the undigested or digested enzyme (Fig 15).
3.8 Western blot analysis of recombinant and native SpHex

Western blot analysis using the anti-SpHex-MBP antibody indicated that factor Xa
cleaved the SpHex-MBP fusion protein into a 55 kDa protein predicted to be recombinant
SpHex and the 43 kDa MBP (fig 16; lane 3). Anti-SpHex-MBP antibody also detected a 55
kDa protein in the cytosol of S. plicatus (fig 16; lane 4), indicating that the recombinant and
native SpHex are of the same approximate molecular mass. Two higher molecular weight
proteins were also detected in the S. plicatus cytosol; however, their identity could not be
determined and may be a result of nonspecific cross-reactivity of the antibody to other
proteins in the fraction. Interestingly, SpHex was detected in the spent medium of S. plicatus
cultures after approximately 5 days of growth, suggesting S. pl/icatus may secrete this enzyme
into the media upon expression (Fig 16; lane 5).

3.9 Kinetic analysis of wild-type and mutant SpHex

Based upon multiple sequence alignments of family 20 enzymes, previous mutagenesis
studies of human Hex A (48-50; 99) and the SmChb structure (55), we created the following
mutations in SpHex: Argl62His, Asp246Asn and Glu314GIn. Since the kinetics of the

SpHex-MBP fusion and factor Xa digested fusion protein were indistinguishable when
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Figure 13  SpHex catalytic activity towards 4-MUG and 4-MUGS. To determine if
1) SpHex was catalytically active toward both 4-MUG and 4-MUGS and 2) the relationship
between SpHex protein concentration and the rate of product formation, increasing
concentrations purified SpHex were incubated at 25°C for 45 min in a 30 ul reaction
containing either 3.5 mM 4-MUG or 4-MUGS in citrate/phosphate buffer, 0.3% BSA, pH

3.0 at protein (n=3).
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Figure 14 SDS-PAGE of purified wild type and mutant SpHex-MBP fusion protein.
SpHex-MBP fusion protein was purified as described in section 2.10. To assess purity,
purified and unpurified SpHex-MBP fusion protein (20 pl) was separated in an 8.0% SDS-
PAGE gel as described in section 2.13. Lanes / and 2 consist of purified and unpurified wild
type SpHex-MBP respectively. Lanes 3 and 4 consist of purified and unpurified Asp246Asn
mutated SpHex-MBP respectively. Lanes 5 and 6 consist of purified and unpurified
Argl62His mutated SpHex-MBP respectively. Lanes 7 and 8 consist of purified and
unpurified Glu314Gin mutated SpHex-MBP respectively. Mobility of prestained protein

standards (NEB) are indicated on the left.

84



a

175

83

62
47.5

325



Figure 15 Comparison of factor Xa digested and undigested SpHex-MBP fusion
protein activity. Kinetic analysis was performed as described in section 2.15.1 at pH 3.0

using 1 ng of protein in each reaction containing 3 mM 4-MUG as substrate.
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Figure 16 = Comparison of recombinant and native SpHex. To directly compare
molecular masses of recombinant and native SpHex, the MBP was removed from affinity
purified SpHex-MBP fusion with factor Xa protease as described in section 2.11. A crude
S. plicatus cytosolic fraction was prepared after growth in ISP medium for 5 days (section
2.12). Protein samples were resolved by 8.0% SDS-PAGE, transferred to nitrocellulose, and
incubated with polyclonal anti-SpHex-MBP antibody (1:10000) as described in section2.14.2.
The antigen-antibody complex was visualized using the ECL protocol using a 1:10000
dilution of donkey-anti-rabbit-IgG-horseradish peroxidase conjugate. Mobility of pertained
protein standards (NEB) are indicated on the left. Larne /, 10 ng affinity purified MBP-LacZ«
fusion (expressed from pMAL-c2 with no insert in the polylinker); /ane 2, 10 ng affinity
purified SpHex-MBP fusion protein; /ane 3, 10 ng incomplete factor Xa digest of SpHex-
MBP fusion protein; lane 4, 15 pg S. plicatus crude cytosolic fraction; /ane 5, 4 pug ISP

medium used to grow the S. plicatus culture.
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using 4-MUG as substrate, kinetic analysis was restricted to the SpHex-MBP fusion protein.
The resulting kinetic analyses (Table III) are consistent with our predicted structure of SpHex
(Fig 9¢c). The model of SpHex predicts that the Argl62His mutation would significantly
affect the substrate binding capacity of the enzyme (Fig 9c). Indeed, this mutation had a
pronounced affect on K, increasing this intrinsic rate constant 40 fold as compared to wild
type SpHex. The proposed catalytic acid residue Glu314, when mutated (Glu314Gin),
reduced ¥, 296 fold, and the X, of this mutant was reduced 7 fold, implying that Glu 314
is the proton donor in the catalytic reaction of SpHex.

In SmChb, Asp448 appears to indirectly hydrogen bond with the chitobiose substrate
through a water molecule and Asp539. The equivalent residue in SpHex is Asp246.
Comparative modeling suggests that Asp246 may fulfil a similar role in this enzyme. The
mutation Asp246Asn results in a 2 fold decrease in V.. and a 2 fold increase in K, In
SpHex, Asp246 most likely forms an indirect hydrogen bond with the substrate through
Glu313.

3.10 pH Profile Analysis

The pH profiles of wild type and mutant SpHex-MBP fusion protein can be seen in
figure 17. Hydrolysis of 4-MUG by SpHex was optimal under acidic conditions. The pH
optimum of wild type SpHex was found to be 3.0. Although the pH optimum of this enzyme
is quite broad, an environment more acidic than pH 3.0 resulted in a steady loss of activity.
Interestingly, the Glu3 14Gln mutation changed the pH profile from that of a broad bell shaped
curve to more a hyperbolic shaped pH curve with no distinctive peak in the pH profile.
According to our model and Tews et al. (55), SpHex Glu 314 and SmChb Glu 540 must be

protonated in order for catalysis to occur. This is reflected in the acidic pH optimum seen
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Table ITI
Kinetic studies of recombinant SpHex-MBP fusion protein
Recombinant wild type and mutant SpHex-MBP fusion protein activities were
determined by incubating a reaction mix containing 1-75 ng of affinity purified SpHex-MBP
fusion protein with 12 various concentrations of 4-MUG (0.033-5.0 mM) in citrate/phosphate
buffer, 0.3% bovine serum albumin, pH 3.0, in 30 pl at 25°C for 45 min. The K, and V.

values were determined using the direct linear plot method (84).

Enzyme K, Ve

mM umole/min/mg
Wild type 0.14+0.01 532+21
Argl62His 5.67 £0.07 10.8+0.72
Glu314Gin 0.02 £0.01 0.18+£0.01
Asp246Asn 0.25 £0.01 23.3+0.16

°* Mean®S.D.(n=3)
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Figure 17  Analysis of pH profiles for wild type and mutant SpHex. Catalytic activity
for wild type and mutant SpHex was measured in 10 mM Na,HPO,, 6 mM citric acid, 0.3%
BSA ranging from pH 2.0 - 9.0 using 4-MUG as a substrate as described in section 2.15.1.
After a 45 min. incubation at 25 °C, each reaction was quenched with 0.1 M glycine-carbonate
buffer, pH 10 and the fluorescent product, 4-MU, was measured by fluorometry. Activity is

indicated as an average percentage of maximal activity (n=3).
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for wild-type SpHex. Gln does not undergo ionization; hence, the loss of a distinct peak at
pH 3.0 suggests that the ionization state of Glu314 is responsible for the pH dependence seen
for the wild-type enzyme.

The Asp246Asn mutation shifted the pH optimum from 3.0 to 3.75. This shift in pH
optima contradicts results from human Hex A studies which showed that the analogous
mutation in Hex A (Asp258His) resulted in a more acidic pH optima (50). The reason for the
pH optimum shift could not be explained. Finally, the Argl62His mutation had a dramatic
affect on the pH optimum for the SpHex, shifting it from pH 3.0 to pH 6.5. No clear
explanation could be identified for this change; the drastic nature of this pH shift may suggest

that the mutation has allowed for an alternative catalytic mechanism.
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4 Discussion

4.0  Clone 36 and the SpHex-MBP fusion protein expression/purification system
Originally, the fusion protein encoded by Clone 36 was classified as a FN-

acetylhexosaminidase on the basis of its substrate specificity (65). In a search for enzymes
related to human fA-N-acetylhexosaminidase that might be useful for structure/function
analysis, the complete nucleotide sequence (1683 bp) and deduced amino acid sequence (561
aa) of the enzyme encoded by Clone 36, SpHex, was determined. Comparison of the deduced
amino acid sequence with the SWISS-PROT database and the Brookhaven protein database
(PDB) (Table I) indicated that not only did SpHex have the substrate specificity of a f-N-
acetylhexosaminidase, its primary amino acid sequence was most similar to those glycosyl
hydrolases that are members of family 20 (chitobiases and f-N-acetylhexosaminidases) as
classified by Henrissat (2; 3).

The ease with which highly active, soluble SpHex-MBP fusion protein could be
expressed and purified, made this enzyme an excellent family 20 enzyme to study structurally
and functionally. Because SpHex originated from a bacteria, the need for complex post-
translational modification was not required for normal function, making this enzyme
compatible with overexpression in E. coli. Furthermore, the fusion of SpHex to MBP
allowed for rapid, one-step affinity purification using amylose resin. Thus, this system
resulted in a yield of highly pure, functional -N-acetylhexosaminidase-MBP fusion protein
(SpHex-MBP). The catalytic activity of the SpHex fusion did not appear to be affected by
the presence of the MBP; therefore, the MBP did not have to be removed after purification
of the fusion protein (Fig 14).
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Assuming that the catalytic mechanism of family 20 enzymes is conserved, it was
hypothesized that functional studies of SpHex, in combination with molecular modeling of its
structure, could provide valuable information not only about its own catalytic mechanism, but
of other family 20 enzymes as well, especially human p-N-acetylhexosaminidase.

4.1  Comparative molecular modeling of SpHex

Building a theoretical model of an enzyme by comparative molecular modeling can
provide structural details of the enzyme that greatly enhance the understanding of results
obtained from functional studies of the enzyme by site directed mutagenesis and other
molecular biology techniques. Furthermore, comparative molecular modeling can provide
insight into the structural relationships between enzymes, in this case, these structural
relationships were studied within the O-glycosyl hydrolase family 20. Interestingly,
comparative molecular modeling of SpHex demonstrated that even though SpHex and SmChb
belong to the same family and therefore are thought to originate from a common ancestral
gene (6), large structural differences between the two enzymes appear to have occurred
during evolution. However, the elements secondary structure and key residues needed to
preserve their common catalytic mechanism have remained unchanged (Figs 9¢ and 11).

The regions of highest amino acid sequence identity between SpHex and SmChb
occurred within the sequence comprising the elements secondary structure of their B/a-barrels
(Fig 8). This evolutionary conservation suggested that the structural elements of the B/c-
barrel were crucial to the function of the enzymes. The major structural differences and
lowest sequence identity between the two enzymes occurred within the loop structures that

connect the conserved secondary elements of the B/a-barrel (Fig 11). Although the spatial
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arrangement of the secondary elements of the B/c-barrels of both enzymes appeared to have
been conserved, the lengths of the intervening loop structures were dramatically different.
Some of the loops form entire domains within SmChb that were absent from the predicted
SpHex structure.

Surprisingly, the key residues in the active site of SpHex (Glu 314 and Arg 162) and
SmChb (Glu 540 and Arg349) were found positioned within two of the highly variable loop
structures at the C-terminal end of the barrel. This is in keeping with the observation that the
active site residues of enzymes with a [/cc-barrel type fold are usually found within the highly
variable loop structures at the C-terminal end of the B/a-barrel (100). Having the key
catalytic residues positioned within these highly variable loop regions helps to explain the
enormous variety of substrate specificties that various [/a-barrel type glycosyl hydrolases
display. This also supports the theory that enzymes with a B/a-barrel type fold that may have
completely different substrate specificities, have all evolved from a common ancestral gene
(101; 102).

The modeling studies alone indicate that the catalytic mechanism of family 20 enzymes
is conserved. These models indicate that SpHex, human 3-N-acetylhexosaminidase (55) and
SmChb all used the same catalytic acid residue (SpHex Glu 314, human «-Glu 323, B-Glu
355, SmChb Glu 540) and substrate binding residue (SpHex Arg162, human a-Arg 178, B-
Arg 211, SmChb Arg 349), and that SpHex used substrate assisted catalysis just as predicted
for SmChb (55). The x-ray crystallographic model of SmChb demonstrated that the enzyme
can twist the chitobiose substrate into an energetically unfavorable conformation within the

active site by using three strategically positioned Trp residues that pack against the
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hydrophobic hexose rings of the substrate. Because SmChb is missing an appropriate residue
to act as a nucleophile during catalysis, Tews et a/ suggested that the twisting of the substrate
allows for the N-acetamido group of the non-reducing sugar to come close enough to the
glycosidic linkage such that it could perform the role of the nucleophile as described for the
retaining mechanism in figure 1 (55).

The three Trp residues used to distort the substrate in the SmChb active site were
found conserved in the SpHex sequence and appeared to perform a similar function in the
three-dimensional SpHex model. Thex-ray crystallographic structure of the complex between
SmChb and chitobiose depicted chitobiose in the twisted conformation and thus was thought
to represent the ‘pre-Michaelis’complex of chitobiose with SmChb. When this conformation
of chitobiose was placed into the active site of SpHex, not only did the conserved Trp
residues pack very well against hexose rings of the distorted substrate (Fig 9d), the
conformation of the substrate appeared to be stabilized by hydrogen bonding with Arg 162
and Tyr 393 (Fig 9c). In addition to the SpHex active site being able to perfectly
accommodate chitobiose in a conformation suited for the mechanism of substrate assisted
catalysis, the SpHex model also demonstrated that the enzyme was lacking an appropriately
situated acidic residue that could act as a nucleophile during catalysis, suggesting that SpHex
must also rely on substrate assisted catalysis.

The theory of substrate assisted catalysis appears to extend to human B-N-
acetylhexosaminidase as well, further substantiating the suggestion that the catalytic
mechanism of the family 20 enzymes is conserved. When Liessem et al. (1995) photoaffinity

labeled the B-subunits of human Hex B, the active-site directed affinity ligand reacted with
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only one residue, Glu 355. This was unexpected because the retaining mechanism proposed
to be acting in 3-N-acetylhexosaminidases would require two acidic residues, one to act as
a proton donor and one to act as the nucleophile (Fig 1). In fact, this observation was now
in complete support of the substrate assisted catalytic mechanism as described above for
SmChb and SpHex. Because Tews et al., suggested that the N-acetamido group on the non-
reducing end of the substrate could act as the nucleophile, there was no need for another acid
residue within the enzyme active site. Hence, the photoaffinity labeling experiment by
Liessem et al appeared to provide physical evidence that the human {-N-
acetylhexosaminidase used a substrate assisted catalytic mechanism, supporting mechanistic
conservation within family 20.

In addition to providing structural evidence in support of the biochemical findings
provided by functional analysis of SpHex by site directed mutagenesis, the molecular model
of the enzyme may be used to provide insight into questions concerning substrate specificity.
Comparison of the molecular models of the human 3-N-acetylhexosaminidase o-subunit and
SpHex indicates that there has been considerable tertiary conservation between the two
proteins (Fig 12). Thus, given the global conservation in tertiary structure between the
modeled sequences of the a-subunit of human Hex A and SpHex, further structure/function
analysis of SpHex may help resolve the unanswered questions surrounding why only the « and
not the B-subunit of human P-N-acetylhexosaminidase can hydrolyze negatively charged
substrates such as 4-MUGS.

The structural similarities between the « and (-subunits of human B-N-

acetylhexosaminidase has allowed for the creation of enzymatically active chimeric o/f3-

99



subunit polypeptides (103; 104). These chimeric polypeptides have indicated that the region
of the a-subunit that confers its ability to specifically bind negatively charged substrates
corresponds to residues «132-283 (104). Residues 0225-556 are involved in interacting with
the GM2 activator protein (103). Both of the homologous regions in SpHex occur within
sequence used to build the SpHex homology model, save the first 29 residues corresponding
to human ¢-subunit region «132-283. Thus the SpHex model contains the majority of the
homologous regions that confer substrate specificity and, surprisingly, GM2 activator binding
of the a-subunit of human [-N-acetylhexosaminidase. Hence, the SpHex
expression/purification system, in combination with the SpHex molecular model, may provide
a valuable tool for further investigation into how differences in these regions of sequence
confer different substrate specificities for the o and PB-subunits of human [-N-
acetylhexosaminidase.

Although much information can be gained from comparative molecular modeling,
there are limits to its usefulness. Because the sequence identity between SpHex and SmChb
was below 30% outside of the sequence encoding the /c-barrel structure, only the sequence
composing the [/a-barrel structure of SpHex could be successfully modeled. Thus, 37% of
the SpHex sequence could not be modeled due to poor sequence identity and thus poor
alignment in these areas. This low amino acid sequence identity indicates that evolutionary
conservation between SpHex and SmChb diminishes with increasing distance from the
nucleotide sequence encoding the B/e-barrel and the active site residues of the enzymes.

Despite the fact that the amino acid sequences are different between SpHex and

SmChb, the fold of the comparatively modeled protein, i.e. SpHex, will be identical to the
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crystallographic model of SmChb except where the multiple sequence alignment algorithm
predicts an amino acid insertion or deletion. Thus, because the sequence to be modeled must
conform to the same fold as the sequence of the x-ray structure, comparative modeling is
highly successful when sequence identity high (> 70%), for when sequence identity is low (~
30%) modeled structures tend to contain many structural errors (75). The sequence identity
between SpHex and SmChb in the modeled region (domain IIT) was 45%,; therefore, the
structural representation of SpHex should be fairly accurate. This is exemplified by the
accurate positioning of the key catalytic residues (Glu 314, Arg 162) within the active site of
the model (Fig 6 c).

4.2  Functional analysis of SpHex by site-directed mutagenesis

The first residues whose role in the catalytic mechanism of SpHex was investigated,
were the homologous to residues that, when mutated in human p-N-acetylhexosaminidase,
result in the human B1 variant biochemical phenotype. These residues were chosen because
B1 variant mutations were believed to effect catalytically important residues within the active
site of the human Hex A «-subunit without affecting its ability to be correctly processed (42).
Thus, emulating a B1 mutation in SpHex would be expected to change a catalytically
important residue.

The first human B1 variant mutation emulated in SpHex was a-Argl78His. The
analogous substitution in SpHex for this human B1 variant mutation is Arg162His. Kinetic
analysis of the Arg162His SpHex mutant indicated that although the V,, was only reduced
5 fold, the K|, was increased 40.5 fold (Table IIT), indicating that Argl62 was potentially

involved in substrate binding. This was the first biochemical evidence indicating that this
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conserved Arg residue (Hex A, a-Argl78, B-Arg211 and SmChb Arg349) was acting as a
substrate binding residue in a family 20 enzyme. Likewise, the Argl62His mutation in SpHex
provided direct biochemical support for the crystallographic model of SmChb and the SpHex
homology model. Both the SpHex homology model and the SmChb crystallographic model
indicated that Arg162 (SpHex) (Fig 9c) and Arg349 (SmChb) (55) form hydrogen bonds with
the non-reducing end of the chitobiose substrate.

Contrary to the kinetic data collected from the Argl62His SpHex mutant and the
physical data provided by the SmChb crystallographic model, it has been suggested that the
corresponding Arg residues in the a and B-subunits of the human 3-N-acetylhexosaminidase,
c-Arg178 and B-Arg211 respectively, are not involved in substrate binding and fulfil another
undetermined role in the active site of human -N-acetylhexosaminidase. This suggestion was
made by Brown et al. (48; 49) who demonstrated that the human f-subunit mutation
Arg211Lys (as opposed to Arg211His) resulted in a mutant Hex B enzyme with measurable
catalytic activity and no apparent change in K,. Thus, it was concluded that Arg 211 of the
[-subunit and, by inference, Argl78 of the e-subunit, were somehow involved in the active
sites of both subunits but neither was involved in substrate binding.

If the catalytic mechanism of family 20 enzymes is conserved, the role of Arg 178 and
Arg 211 in the active site of the & and (-subunits of human B-N-acetylhexosaminidase
respectively, is that of substrate binding and the conclusions from the work of Brown et al.
reflect the difficulties in obtaining accurate kinetic data from the human [-N-
acetylhexosaminidase isoenzymes. Because of the inherent error involved in measuring the

extremely low levels activity that were exhibited by the human Hex B containing the (-
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Arg211Lys mutation, the mutation may have been conservative enough (resulting in the loss
of only one hydrogen bond) not to produce-a detectable change in the apparent K, of the
enzyme.

Our studies identified Glu 314 as the catalytic acid residue in SpHex. According to
the SpHex model (Fig 6¢) and the Glu3 14Gln substitution experiment (Table IIT), it appeared
that Glu 314 was acting as the catalytic acid residue, for not only did the model predict that
the proton of Glu 314 is with 2.5 A of the glycosidic linkage of the substrate, mutation of Gln
314 to Gln reduced the V, _ 270 fold without increasing the X,. Furthermore, the change in
the pH profile of SpHex after introduction of the Glu3 14Gin substitution, suggested that the
ionization state of Glu 314 was responsible for creating the acidic pH profile of the wild type
enzyme (Fig 17).

Wild type SpHex required an acid environment for maximal activity (pH 3.0),
suggesting that the acidic environment kept Glu 314 protonated and ready for catalysis.
When the Glu314GIn substitution was introduced, the residual catalytic activity that was
displayed by SpHex insensitive to pH. Only when the pH was less than 3 did the activity of
the Glu3 14Gln mutant change significantly, reducing the activity to almost nothing, probably
a result of denaturation of the protein under such acidic conditions (Fig 17). Thus, it
appeared that the ionization state of Glu 314 was responsible for the pH profile of the wild
type enzyme and this provided further evidence that this residue was serving as the catalytic
acid residue in the SpHex active site.

SpHex Glu 314 is invariant in all family 20 enzymes. Recent mutagenesis experiments

of Glu 323 and Glu 355 in the ¢~-subunit and B-subunits of human -N-acetylhexosaminidase
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respectively, further substantiated the suggestion that the conserved SpHex residue Glu 314
(SmChb 540) was acting as the catalytic acid residue within the family 20 enzymes. Changing
either Glu 323 or Glu 355 to a residue that cannot undergo ionization specifically abolished
the enzymatic activity of the ¢ and B-subunits without affecting their ability to be correctly
processed (58; 59). Thus, the structural and functional data collected from SpHex in
conjunction with the crystallographic model of SmChb, the mutagenesis experiments of Glu
323 or Glu 355 in the a and (-subunits of human B-N-acetylhexosaminidase and the evidence
for substrate assisted catalysis in human Hex B, suggests that the catalytic mechanism of
family 20 enzymes is conserved.

When the human Bl variant mutation, «¢-Asp258His, was emulated in SpHex
(Asp246His), the results indicated that mutation of Asp 246 to Asn did not dramatically effect
the catalytic activity of SpHex (Table IIT). Thus, it was concluded that Asp 246 was not
directly involved in catalysis and, as the SpHex model indicates (fig 9c), Asp 246 appears to
indirectly bind substrate through Glu 313 and a potential water molecule (see section 3.9)
exactly as is seen for its counterpart, Asp 443, in the SmChb x-ray structure.

The structural and functional studies of SpHex in conjunction with the SmChb
crystallographic data and molecular modeling of the ¢ and [-subunits of human [-N-
acetylhexosaminidase by Tews et al. (55), demonstrate that bacterial enzymes belonging to
family 20 O-glycosyl hydrolases can be used to provide insight into the structural and

functional relationships of human -N-acetylhexosaminidase.
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