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ABSTRACT 

A gene f?om Streptomyces plzcatus encoding a PN-acetyhexosaminidase (SpHex) 

was sequenced and the encoded protein identified as a member of f d y  20 glycosyl 

hydrolases. This family includes human w-acetylhexosaminidases whose deficiency results 

in various forms of G ,  ganghosidosis. Based upon the X-ray structure of Serraria 

marcescens chitobiase (SmChb), a three-dimensional model of SpHex was generated by 

comparative molecular modehg. The overd structure of the enzyme is very similar to 

homology modehg derived structures ofhuman PN-acetylhexosaminidases, with ciifferences 

being confined mainly to loop regions. From previous studies of the human enzymes, 

sequence aligments of family 20 enzymes, and analysis of the SmChb X-ray structure, 

putative SpHex active site residues were selected and mutated. An Arg l62Hïs mutation 

increased Km 40 fold and reduced V,, 5 fold, providing the first biochernical evidence for this 

conserved Arg residue (kg178 in human PN-acetyihexosaminidase A (HexA) and Arg.349 

in SmChb) as a substrate binding residue in a f d y  20 enzyme, a hding consistent with o u  

3-dimensional model of S ' x .  Glu3 14Gln reduced V__ 296 fold, Km 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 Km oniy 1 -2 fold, suggestùig 

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 cornrnon cataiytic mechanism for famiy 

20 glycosyl hydrolases. 



1 INTRODUCTION - 

1.0 - PN-acetvlhexosaminidase an O-elvcosvl hydrolase 

PN-acetyihexosamuiidase is responsible for the hydrolysis of terminal N- 

acetylglucosamine or N-acetylgalactosamine residues fiom the non-reducing end of 

oligosaccharides and their conjugates in organisms ranging f?om bacteria to humans (1). The 

terminal sugar residues are attached to an oxygen of the adjacent sugar by a P-1,4 linkage. 

Because it is the hydrolysis of the oxygen, or the giycosidic linkage, that results in the removal 

of these terminal sugar residues from the oligosaccharides and their conjugates, P N -  

acetylhexosamuiidase is referred to as an O-glycosyl hydrolase. PN-acetylhexosaminidase 

is only one of hundreds of O-glycosyl hydrolases that are required to degrade the tremendous 

variety of carbohydrate chahs and possible M a g e  configurations that exist. To better 

understand the evolutionary and mechanistic properties of O-glycosyl hydrolases, Henrissat 

(2; 3) ciassified 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 familes contain enzymes with dissimilar substrate specificities, it 

has been found that ail enzymes belonging to a particular family have the sarne 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. 

PN-acetylhexosaminidases and chitobiases (EC 3.2.1.52) belong to f d y  20 of the 

O-glycosyl hydrolases. In mammals, PN-acetylhexosaminidase is a lysosomal hydrolase that 

participates prirnarily in the degradation of the glycosphingolipid G, gangJioside (Fig 2) 



Figure 1 Mechanisms of glycosidic bond hydrolysis as proposed by Koshland (4). 

Both mechanisrns require a proton donor (acid) and a nucleophile (base) (reviewed in (5)). 

Pmel A, is a schernatic diagram of the retaining mec hanism whereby the glycosidic oxygen 

is protonated by the proton donor (A-H) and aglycon departure is assisted by the nucieophiie 

(B-). The giycosyl-enzyme intemediate is hydrolyzed by a water mofecuie at the anomenc 

carbon of the substrate intermediate, producing a product with the same anomeric 

configuration as the original substrate. Panel B, is a schematic d iagm of the inverting 

rnechanism whereby no glycosyi-enzyme intermediate is formed. The protonation of the 

glycosidic bond and attack by a water rnolecule (activated by the nucleophilic base) occur 

sirndtaneously to produce a product with a stereochemistry opposite to that of the original 

substrate. Figure adapted fiom (6). 





Figure 2 Structures of G ,  ganglioside, chitobiose and the substrate analogs 4- 

methylumbeliiferyC~~acetyIglueosaminide (CMUG) and 4-methylumbeUiferyC6- 

sulfo-Pwacetylglucosaminide (4-MUGS). A, Structure of G,  ganglioside. The arrow 

indicates the glycosidic bond hydrolyzed by human ,LW-acetyihexosaminidase A. B, 

Structure of chitobiose (dUV-acetylglucosamine). C, Structure of 4-MUG. D, Structure of 

4-MUGS. Hydrolysis of 4-MUG and CMUGS results in the iiberation of 4- 

rnethylumbeliXeryI(4-Mü) and can be measured fluorirnetricdy. 





(7). In bacteria, PN-acetyIhexosamuzidases are thought to be involved in the degradation of 

chitin and other carbohydrate isoforms bat  are used as sources of carbon and nitrogen (1). 

Unlike PN-acetylhexosaminidases which can catalyze the removal of N-acetylglucosamine 

or N-acetylgalactosamine nom oligosaccharides and their conjugates, chitobiases hydrolyze 

the P- 1,4 glycosidic Linkage between W-acetylglucosamine (chitobiose) residues only (Fig 

2). Chitobiase activity is also found in organisrns 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 cataiytic step in the degradation of oligosaccharide side chahs 

fiom glycoproteins by hydrolyzing chitobiose after its removal nom Asn by 

glycosy las paraginase (8). 

1.1 Human PN-acetvlhexosaminidases and the G ,  sangliosidoses - 

The primary substrate for human PN-acetylhexosaminidase, Gm ganglioside, is 

abundant in the plasma membrane of many neuronal ceiis (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 PN-acetyhexosaminidase deficiency leads to 

a pathologicai accumulation of G, ganghoside in lysosomes within the newe endings and 

dendrites of neurons throughout the nervous system (9). This accumulation of G ,  

ganglioside results in a group of hentable neurological disorders colIectively known as the 

G, gangliosidoses; the most severe and common form is referred to as Tay-Sachs disease 

Initial clinical characterization and rnorphological features of G, gangliosidosis were first 

described by Warren Tay and B-rnhard 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 fiequency of TSD has been reduced by more than 90% suice 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 (1 1 ; 12). For the reasons stated above, human ,@IV-acetyhexosaminidase 

has been the most extensively studied f d y  20 enzyme since its discovery and association 

with Tay-Sachs disease in 1969 (7); therefore, it has become a mode1 family 20 enzyme 

1.1 .O Biochemistw - 
1.1 -0.0 H .  and HEXB gene structures and isoenqme products 

There are 3 isofoms of human lysosomal PN-acetyhexosaminidase, all derived fiom 

combinations of two protein subunits a and p: Hex A is a heterodimer of a and P subunits, 

Hex B a homodimer of P subunits and the Iess common and unstable isoform Hex S, is a 

homodimer of a subunits (13). The a-subunit is encoded by H ' ,  a 35 kb gene on 

chromosome 15 and the P subunit is encoded by H m ,  a 45 kb gene on chromosome 5 (14- 

17). Both genes contain coding regions of approximately 1600 bp divided into 14 exons with 

exons 2-14 havhg splice junctions at similar positions within the coding sequence (1 6). There 

exists a -60% sequence identity between the coding regions of H m  and B at both the 

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



it is generaiiy believed that HEYA and HWLo arose from a common ancestral gene. 

Human PN-acetylhexosaminidase has a complex biosynthetic pathway (1 3). The 

mRNA transcrïpts Corn H l X 4  and HUCB code for an endoplasrnic 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 proteolyticdy 

removed from the newly synthesized prepro-a and prepro-P polypeptides respectively, 

creating what are known as the pro-a and -p subunits (18; 19). Once in the ER  the pro-a 

and pro-B polypeptides experience extensive post-translational modifications as they are 

transported to the lysosome. Both pro-subunits become glycosylated at selected Asn residues 

(20; 21) and dùnerize to form pp (Hex B) and ap (Hex A) isoenzymes before being 

transported to the Golgi apparatus (22). At lest one high mannose oligosaccharide side 

chah on each pro-subunit will acquire mannose 6-phosphate markers for lysosomal targeting 

during transit through the Golgi cistemae (23). Finally, the isoenzymes are recognized and 

bound by the mannose 6-phosphate receptor in the ~ m - G o l g i  and transported to the 

lysosome; whiie en route, the isoenzymes dissociate fiom the mannose 6-phosphate receptor 

as the environment within the transport vesicle acidifies (reviewed in (24)). 

Once in the lysosome, the human PN-acetylhexosaminidase isozymes undergo Limited 

proteolysis, dephosporylation and deglycosylation (25). It is the b t e d  proteolysis of 

the pro-a and -p 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 Proteoiytic processing schematic for human Hex A. The intracellular 

compartments through which the a and P-subunits are transported are indicated on the lefi. 

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 chahs, molecular weights were calculated frorn predicted amino acid 

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

Both the a and P subunits are catalytically active once dimerization has occurred, even 

in the pro-fom (26). Only the a-nibunit of Hex A is capable of hydrolyzing the tennuial N- 

acetylgalactosarnine residue fkom the non-reducing end of the oligosaccharide complex of the 

G, ganghoside. Hence the Hex A isoform is crucial to the lysosomal degradation of G,, 

ganglioside. The reason for this seldvity stems fkom the presence of a negatively charged 

sialic acid residue next to the terminal Kacetylgaiactosamùie in the G,  ganglioside structure 

(Fig 2). The B-subunit can only hydrolyze neutrai substrates (27). 

The neutral or uncharged synthetic nibstrate 4-methy lumbellifery l-,@N- 

acetylglucosaminide (4-MUG) is commonly used to m a u r e  the catalytic activity of ,@N- 

acetylhexosaminidases (Fig 2)(28). Both Hex A and B hydrolyze 4-MUG at a pH optimum 

of 4.4 and with sunilar Km values of -0.9 mM and V,, of 1.8 x IO4 moUrnin/mg and 4.4 x 

1 O4 mol/rnin/mg receptively (29-3 2). Because Hex B is heat stable whereas Hex A is not, the 

adVities of the two enzymes can be differentiated by the introduction of a heat denaturation 

step during anaiysis of a sample for PN-acetylhexosaminidase activity (3 3; 34). Furthemore, 

the negatively charged synthetic substrate 4-methylumbelliferyl-6-sulfo-,LW- 

acetylglucosaminide (4-MUGS) mimics G ,  ganglioside (Fig 2) and is preferentidy 

hydrolyzed by Hex A with a Km of 0.3 1 mM and V,, 25 x 1 O4 moVrnin/mg as opposed to 

Hex B which hydrolyzes this substrate with a Km of 3.4 mM and a Y' of 1.2 x 10.'' 

mol/min/rng (27); thus, 4-MUGS is used in an assay devised to spedically measure Hex A 

activity (28). 

In 1 973, Li et al. (3 5) discovered that a water-soluble lipid-binding cofactor was 



required in order for Hex A to catalyze the removai of the terminal N-acetylgaiactosamine 

residue fiom G, ganghoside. This cofacîor, referred to as the G, activator protein, is a 

lysosomal protein of rnolecular weight 22 kDa (36) and is encoded by the GMZA gene on 

chromosome 5 (37). Although the mechanism is poorly understood, G,, activator protein 

specificdy binds negatively charged glycosp hingolipids, forming a water-soluble complex 

(38). Biochemical midies indicate that the activatorf-lipid complex in tum, interacts with 

both subunits of Hex A in such a way as to present the appropriate glycosidic bond to the 

active site of the a-subunit (27). 

1.1.1 Classification of G,, gandiosidoses 

Mutations in either HEX4, HlXB or GM2A can give rise to neuronal accumulation 

of G,, ganglioside in one of three variants of G, gangliosidosis (reviewed in (9)): Variant 

B (Tay-Sachs disease), or type 1 G,  gangliosidosis, refers to HEYA 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 appean to be inversely proportional to the 

clinical seventy of the disease (39). If there is very little or no Hex A activity, G, 

accumulation 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. HEX4 mutations that have less of an effect on Hex A activity result in less severe 

forrns of variant B G, ganghosidosis, and cause juvenile onset G, ganghosidosis, adult- 

omet or chronic G, gangliosidosis and Hex A pseudodeficiency. Variant O (Sandhoff 

disease) or G,  gangliosidosis type II, refers to HEU3 mutations that create a B-subunit 

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



common form of G,, gangliosidosis and occurs fiom mutations in the GMZA gene redting 

in G, activator deficiency where Hex A and Hex B activities appear normal (32). 

1.1 -2 Identification of catalytic residues in human P-N-acetvlhexosaminidase 

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 P-N- 

acetyihexosaminidase remains to be completely characterized. Although human Hex B has 

been crystahed (40, no crystallographic information about the three-dimensionai structure 

has been published because only low resolution data (3 -4 A) could be coilected fkom the Hex 

B crystals. Until recently, the rnajority of the information regarding the active site of human 

P-N-acetylhexosaminidase was obtained fkom shidying a particular subset of variant B 

mutations known as variant B 1 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 B 1 mutations ailow for the 

Hex A isozyme to reach maturity even though it is catalytically inactive toward 4-MUGS or 

G, gangiioside (41; 42). These Hex A isoenzymes containing B 1 mutations do hydrolyze 

4 - M G ,  demonstrating the presence of a fùnctionai P-subunit. Thus, it is thought that B 1 

mutations inactivate catalyticdy important residues in the a-subunit without af5ecting its 

ability to dimerize and be processed to the lysosome (42). 

The most common and well characterized B 1 mutation is Arg l78His which causes 

late onset infantile Tay-Sachs disease mainly in people of Portuguese descent (43-46). When 

the Arg178His dele is found in combination with a totally non-hctionai allele, the onset of 

TSD is slightly earlier, hdicating that Argl78His ailows for enough residuai activity to reduce 



the severity of the clinical phenotype. Two other mutations in the same codon have been 

documented. The fist is Argl78Cys and is biochemicdy very similar to Argl78His (46). 

The second is Arg l78Leu and results in acute infantile Tay-Sachs disease (47). 

An experiment which helped to substantiate the hypothesis that B 1 mutations may be 

specinc for catalytic residues was carried out by Brown et al. (48). They demonstrated that 

when the Argl78His mutation was introduced into the equivalent position in the P-subunit 

(Arg21 lHis), mature Hex B was produced that was catalyticdy inactive. Furthemore, the 

same group demonstrated that the efect of a mutation at the Arg 2 1 1 codon in Hex B codd 

be attenuated by substituting the Arg with a more similar residue such as Lys (49). 

Interestingly, the Arg211Lys produced mature Hex B with a dramaticdy reduced V- 

however, it was shown that the Km was unaffected, leading the investigators to conclude that 

Arg2 1 1 was somehow involved in the catalytic process but did not bind substrate. 

Another well characterized B 1 variant mutation, Asp258His, appeared to affect oniy 

the catdytic rate and shift the pH optimum of the cc-subunit while not affecthg its ability to 

b i d  substrate (50). Thus, based on the kinetic data of the Hex A containing the Asp25 8His 

mutation, it was postulated that Asp 258 may be the catalytic acid residue needed to 

hydrolyze the glycosidic linkag e. 

Two more B1 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 a-subunit without aEecting its ability to dirnerize with 

the P-subunit (52). 



As an aitemative to studying naturally ocauring mutations in order to iden* 

cataiytic residues, Liessem et al. identifïed Glu 355 as being an active site residue of Hex B 

based on photoafbîty labehg experiments (53). This experiment provided the first direct 

physical evidence of a residue in the active site of a P-N-acetylhexosaminidase. Alignment 

of amino acid sequences indicated that Glu 355  was highly conserved between the a-subunit 

of human P-N-acetyihexosaminidase, a and P-subunits of the mouse P-N- 

aceîyihexosamînidase and the a-subunit of Dictyostehn discoidm B-N- 

acetyhexosaminidase. Interestingly, codon 3 5 5 in H '  had never been found to be mutated 

naturally, indicating that midying variant B 1 mutations aione would probably not reveai al1 

the key residues involved in catalysis. 

W~th the discovery of more PN-acetylhexosaminidase and chitobiases having 

considerable sequence sllnilarity to the human a and p-subunit sequences, beginning with the 

Vibno hmveyi N.W-diacetylchitobiase sequence in 1989, investigators began to align these 

amino acid sequences and look for potential catalytic residues by viriue of their conservation. 

The highea conservation among family 20 enzymes occurs within a region correspondhg to 

exons 5-6 of human H M  and HEXB and for this reason was thought to encode the rnajonty 

of the active site residues (54). In fact, this region includes a-Arg 178 @-Ar@ 1 1) and a- 

Asp258 is located adjacent to this region in exon 7. Tse et al. investigated the role of another 

invariant acid residue in diis region of the p-subunit, P-Asp 196 and found that upon 

substitution to Asn, the catalytic activity of Hex B signincantly decreased whereas the Km 

appeared unaEected (54). Hence three putative cataiytic acid residues, a-Asp258, P-Asp 196 

and P-Glu 355 had been identified for the a and P-subunits of human P-N- 



acetylhexosaminidase, two of which were within a highly conserved area of f d y  20 

enzymes and one (Glu 3 5 5 )  encoded in exon 8, substantidy downstream of the highly 

conserved area correspondhg to exon 5-6 of human H .  and H ' .  

While not definitive, the recent cry st h t i o n  and determination of the three- 

dimensional structure of the family 20 enzyme Serralia marcescens chitobiase appears to 

have, by Whie of the structural conservation w i t h  family 20, resolved rnany elusive 

questions regarding the active site of human P-N-acetyIhexosaminidasee 

1.2 The Se&a marcescens chitobiase x-rav crvstalioma~hic mode1 - 
The Sem& marcescens chitobiase (SmChb) is the only f d y  20 mernber for which 

a three-dimensional structure has been detemiined (55). SmChb is an 8 18 amino acid protein 

with a predicted molecular rnass of 98.5 kDa (56). The 1.9 A resolution crystdographic 

mode1 of SmChb depicts a monorneric protem consisting of four domains. Domain III is the 

largest and forms an 8 stranded Ph-barre1 containhg 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 M a g e  of the chitobiose substrate, rnaking it the prime candidate for the proton 

donor, or catalytic acid residue. Furthermore, the non-reducing N-acetylglucosamuie 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 k g 3 4 9  are conserved among ali known f d y  20 enzymes. 

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

residue required for either the retaining or inverting catalytic rnechanisms depicted in figure 



2. Based on the structural information of SmChb, Tews et al. suggested that SmChb uses the 

retaining mechanism as descn'bed 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 recentiy been substantiated by 

mechanistic studies on SmChb (5 7). Firstly, when ushg p-nitrophenol- B-N- 

acety1glucosaminide as substrate, it was found that the p-anomer of the N- 

acetylglucosaminide product predominated over the a-anomer, indicating that the anomenc 

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, suppotting the theory that the N-acetamido group acts as a nucleophiie and 

allows for substrate assisted catalysis to take place. 

1.2.0 The SmChb structure and human p-N-acetvihexosaminidase 

In the a subunit of human Hex A, aG1323 is the homologue to SmChb Glu540; the 

homologous residue in the P subunit is Glu355 Mutagenesis studies based on these data 

identified Glu323 and Glu355 as iikely proton donors in both the a and ,8 subunits of human 

Hex A and B respectively. Mutation of a-Glu323 to Gln resulted in mature Hex A with 

normal substrate binding capacity but dramatically reduced catalytic activity towards 4- 

MüGS, indicating that Glu323 may act as a catdytic acid residue in the a-subunit (58). 

Substitution of P-Glu3 5 5 to either Ala, Gln, Asp or Trp resulted in mature Hex A with 

normal substrate binding characteristics but no activity towards CMUG; however, aii the 

mutants had nomal activity t oward G, ganglioside in the presence of G,, activator protein 



suggesting that Glu35 5 may serve as a catalytic acid residue in the P-subunit (59). In tight 

of this data, it appears that the photoafhity labeling experirnent by Liessem et al. (53) had 

comedy identified the catalytic acid residue of the P-subunit active site and that the 

complementary residue in the a-subunit, Glu 323 aiso severs as a cataiytic acid residue. 

Hence, these studies on Hex A and B provide substantial biochemical support for Glu540 of 

SmChb as the proton donor in the f d y  20 enzymes. 

Using the SmChb x-ray structure as a ternplate, Tews et al. were able to build three- 

dimensional homology models of the a and P-subunits of human Hex A (55) .  Based on the 

molecuiar mode1 of the human a-subunit, a-Asp 258, previously believed to the catalytic acid 

residue of the a-subunit, was found too far removed fiom the active site to be considered a 

catalytic acid residue and more lïkely to be indirectly involved in binding substrate through 

hydrogen bonding. Finaiiy, the homology modeling demonstrated that aArg 178 and P-Arg 

2 1 1 in both the cc and P-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 prediaed &om the x-ray structure. However, there is no biochemical evidence in the 

literaîure that supports the suggestion that Arg349 of SmChb, or its homologue in other 

family 20 enqmes, is a substrate binding residue. 

1.3 Stmcture/fÙnction studies of famiIv 20 e m e s  - 

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 

stmcture/function studies can be perfonned to ve* the catalytic mechanism proposed by 

Tews et a1,(55), and to better understand the structural aspects of substrate speciticity. 



Modeling of the a and P-nibunits of human P-N-acetylhexosaminidase has not only 

provided insight into the cataiytic mechanism of human P-N-acetylhexosaminidase, but ha 

also provided insight into the molecuiar basis of the different forms of G,, gangliosidosis. 

Tews et el. mapped documented disease causing point mutations ont0 the homology mode1 

of the a-subunit and found that, in general, mutations resulting in Tay-Sachs disease, 

including the B 1 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 M e r  

away firom 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 rninor effect on the cataiytic activity omex  4 causing 

protein instability instead(60). 

Unfomuiately, stmcture/function studies on the human PN-acetylhexosaMinidase 

isoenzymes have been k t e d  by two factors: 1) very low residual enzyme activity of mutant 

Hex A isoenzymes and 2) ditnculty in producing d c i e n t  levels of recombinant Hex A in 

m a d a n  expression systems required for detailed kinetic analysis (60; 61). Transient 

expression of mutant a-subunit cDNAs in monkey COS-7 cells is the most cornmon 

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 P-N- 

acetylhexosaminidase activity expressed by mutant cc-subunit cDNAs (reviewed in (61)). 

Furtherrnore, the predomùiant form of P-N-acetylhexosaminidase produced from the a- 

subunit cDNAs when expressed in COS-7 ceus is a dimer of cla subunits referred to as Hex 

S, an isofom that has physiological and biochemicai propedes different from those of Hex 



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, ailowing endogenous P-subunits to dirnerize 

with mutant a-subunits expressed fiom 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 resvicted by the level of endogenous P-subunit, resulting in Iow levels of Hex A 

for kinetic analysis. Hex S formation remains high and must be distinguished corn Hex A by 

lengthy chromatofocusing experiments (5 8). 

In order to overcome the Iow levels of expression inherent in mammalian expression 

systems, human P-subunit cDNAs have been expressed in the yeast Saccharomyces cerevisiae 

and in the SpodopterafrugrPer&z insect cell iine S B  (63; 64). Interestingly, active Hex B was 

found locaiized to the yeast vacuole after transformation with P-subunit cDNA; however, the 

level of expression was far too low for any kinetic studies to be canied out (63). Transfection 

of the insect celi line SB with recombinant baculovhs containing P-subunit cDNA, resulted 

in high level expression of active Hex B isozyme; however, correct glycosylation and 

protwlytic processing of Hex B did not occur (64). Nonetheless, the investigators conclude 

that this expression system appeared to produce properly folded Hex B in sufkiently large 

quantities to d o w  for fiiture physical structure analysis of the enzyme by x-ray 

crystdography . 

1.4 Current studv - 

The complexity of stmcture/fimction studies of human P-N-acetylhexosamlliidase 



impelled us to search for bacterial enzymes that might be more amenable to nich analyses. 

Streptomycesp[icatus P-N-acetyihexosaminidase (SpHex) was identified as a candidate for 

study on the basis of nibstrate specificity. 

The DNA clone encoding SpHex (Clone 36) was identified d u ~ g  a screen for 

chitinases using a Streptomycesplicatus expression library (65). Using 4-methy1umbeiWeryi 

(4-MU) glycosides of N-acetylglucosarnine oligosaccharides as a substrate for an in-plate 

assay (66), several clones encoding enzymes that hydrolyzed the substrate were identified 

(65). Of these, ody the SpHex enzyme, encoded by Clone 36, requûed a lag period for the 

production of 4-MU fkom these oligosaccharide denvatives of4-MU. However, SpHex gave 

linear release of 4-MU fiom the monosaccharide denvative, 4-MUG (65). Since 4-MU was 

attached to the reducing end of the oligosaccharide substrat es and P-N-acetyhexosarninidases 

can only degrade oligosaccharides by removing individual N-acety iglucosamine residues 

starting at their non-reducing ends, the lag period confmned SpHex as a P-N- 

acetyihexosaminidase because it reflected the t h e  requùed for the enzyme to completely 

degrade the oligosaccharide substrate before being able to liberate 4-MU. 

The SpHex was characterized m e r  in an attempt to develop it as a mode1 P-N- 

acetyihexosaminidase to be used for detailed stnicture/fbnction analyses. 



2 Materials and Methods - 

2.0 Plasmids 

pBI~escnpt @BS) was purchased tiom Stratagene and was used for subcloning 

ssDNA production and sequencing using the T7 and T3 promoters as priming 

sites. 

psHEX-5. O was a @ ftom Dr. P. Robbins and consisted of a 5 -0 kb fiagrnent (EcoR 

VEcoR 1) of Streptomyces pikatus DNA encoding a P N -  

acety lhexosaminidase advity cloned into pB S ' . 

pmHEY-5. O was a fl from New England Biolabs (NEB) and consisted of the 5.0 kb 

6agment (EcoR VEcoR 1) of Streptomyces plicalus DNA containing the 

coding region of a PN-acetyhexosaminidase cloned in-£?me with the malE 

coding region (maltose binding protein) of pMALc2. The pMALc2 plasrnid 

is used to produce recombinant proteins fused to the maltose bindiig protein. 

2.1 Bacterial culture - 

2.1 .O Bacterial strains 

Escherichia coli Ml09 (Promega) was used for ali plasmid DNA manipulations and 

fusion protein production. Genotype: recA1, supE-44, en& 1, Mi 7, 

gyrA96, reLA1, thi, A(lac-proAB), F'[rraD36, proAB', laqPZAMI5J 

Sb=eptomyces plicatus (Amencan Type Culture Collection # 27800) was used to 

obtain genornic DNA from which the S'-end of the gene encoding SpHEX was 

cloned. Cnide cytosolic fiactions containing native SpHex were also obtained 

60m S. plicatus and used for immunoblotting experiments. 



2.1.1 Culture media - 

LB Media (2.5% [w/v] Miller's LB Broth Base [Gibco/BRL], autoclaved at 12 1 O C 

for 1 5 min). LBA broth was prepared by adding ampicillin (1 00pghni) afler 

the liquid had cooled to below 50" C. 

LB agar plates (2.5% [wlv] Miller's LB Broth Base, 0.75% [wlv] Bacto-agar, 

pifcol autoclaved at 12 1 OC 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/mi) as described above. 

Low Salt LB (2.0 % [wlv] Lennox L Broth Base [GibcolBRL], autoclaved at 121 O 

C for 15 min). 

M9 Minimal Media was prepared by autoclaving a solution of M9 minimal salts 

(GibcolSRL) (42 rnM N@I?O, 22 rnM M2P0, ,  8.5 mM NaCl and 19 mM 

NH,Cl, pH 7.4). Once cooled. this solution was supplemented with sterile 1 

mM MgSO,, O. 1 rnM CaCl, 0.05 % NaCl 0.2 % glucose and 1 mM thiamine 

( h a 1  concentrations). If M9 minimal media plates were to be prepared, 

0.75% (w/v) Bacto-agar @&O) was added prior to autoclaving. 

SOC media (1 % [wlv] Bacto tryptone, 0.5 % [wlv] Bacto yeast extract, 8.6 mM 

NaCl, 2.5 mM KCI, pH 7.0, autoclaved at 12 1 OC for 1 5 min). Once cooled, 

the solution was supplernented with 20 mM glucose (final concenûation). 

2 x TYmedia (1 -6% [w/v] Bacto tryptone, 1 .O % [wlv] yeast extract, 8.5 rnM NaCl, 

pH 7.4, autoclaved at 12 1 OC for 15 min). 

htemationaf Streptomyces Project (7SP) media (Difco) (0.4% [w/v] Bacto yeast 



extract, 1 % [w/v] Bacto malt actracf 0.4% [w/v] Bacto dextrose, autoclaved 

at 12 1 OC for 15 min). ISP agar plates were made by the addition of 0.75% 

(wh) Bacto-agar to the liquid ISP media pnor to autoclaving and plates were 

poured once the solution cooled to 50°C. 

2.1 -2 Preoaration of electrocornpetent E. coli JM 109 - 

E. coli M l 0 9  was streaked f?om stock onto LB agar and grown ovemight at 37°C. 

A single colony was used to inocdate 5 ml of LB and the culture was grown overnight at 

37"C, with shakhg (300 rpm), then subcultured into 500 ml of LB and grown to a density 

of approlamately 0.5 - 1.0 ODm. 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@ and pelleted as above. 

The cells were then washed twice with 0.5 volume and once with 0.02 volume of cold ddH20. 

Finally, the cells were resuspended in 0.002-0.003 volume of sterile-filtered cold 10% 

glycerol. Aliquots of 40 pl were snap fiozen on dry ice and stored at -80°C. 

Electrocornpetent cells were thawed 10 min on ice pnor to electroporation. 

2.1.3 Electro~oration of electrocom~etent E. coli JMlO9 - 

Thawed electrocompetent cells were mixed with 1 pl (- 1- 10 ng) of plasmid DNA 

suspended in sterile ddH20. 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 SI resistance, 1.3-1.5 kV 

charging voltage). Immediately d e r  electroporation, the ceils were resuspended in 960 pl 

3 7°C SOC media and hcubated at 37'C for 1 hr. Electroporated cells (10-200 pl) were 

plated ont0 LBA agar and grown at 37°C overnight. Single colonies were chosen for fùrther 



manipulations. 

2.1 -4 Growth and storaae of transformeci E. coli JM 1 09 - - 

Unless otherwise stateci, single colonies of transformecl E. coli were selected fiom 

LBA agar and grown in 5 ml LBA medium overnight at 37" C with shaking (300 rpm). The 

cultures (- 1 .O OD,) were mixed with 80% £ilter stenlized glycerol to give a h a i  

concentration of 48 % glycerol and stored at - 80 OC as stock. 

2.1.5 Growîh and storage S. plicatus - 

Lyophilized S. plicaîus, purchased fkom ATCC, was resuspended in 3 ml of ISP 

medium and grown at 25°C for 3 days with shaking (200 rprn). The bactena 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 ont0 ISP agar. The plated S. piicahis was grown for 

3 days at room temperature and then stored at 4°C as stock. The liquid culture was peileted 

at 5000 x g for 10 min at 4" C and stored at -20°C after aspiration of the supernatant. To 

ensure viability over the, once every two weeks, 5- 10 ml of ISP media was inoculated with 

a Ioopful of S. plicahs stock and grown for 3 days at room temperature with shaking (200 

rprn). A single spore was plated onto fkesh ISP aga, dowed to grow for 3 days and then 

stored at 4°C as fiesh stock, 

2.2 Plasmid and genomic DNA isolation - 

2.2.0 Alkaline lvsis rninipreparation of plasrnid DNA 

The aikaline lysis rninipreparation of plasrnid DNA was performed as descr-ibed 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 aiiowed to incubate at 37°C for 



30 min before the minipreparaîion was fiozen at -20" C. 

2.2.1 Large sale plasmid DNA preparation - 
This isolation procedure is according to instruction provided with the Nucleobond-AX 

wlumn (Nest Group Inc. ). A 250 mi E- coli culture, grown ovemight at 3 7 OC with shakhg 

(300 rpm), was pelleted at 5000 x g for 10 min at 4°C. The supernatant was aspirated and 

the pellet resuspended in 12 ml of S 1 buffer (50 mM Tris-Cl 1 0 rnM EDT4 100 pg/ ml 

Mase A, p H  8.0). To lyse the cells, 12 ml of S2 b a e r  (200 rnM NaOH, 1 % SDS) was 

added. The suspension was gently mixed and after a 5 min incubation at room temperature, 

12 ml of S3 b&er (2.6 M potassium acetate, pH 5.2) was added. The suspension was gently 

mixed and dowed to incubate on ice for 5 min. The cell debns was pelleted by cenaga t i on  

at 12000 x g for 1 hr at 4°C. The supematant was loaded onto an AX 500 Nucleobond 

column that had been equilibrated with 5-8 ml of N2 b d e r  (100 rnM Tris, 15% ethanol, 900 

mM KC17 pH 6.3). The colurnn was washed with 24 ml of N3 buffer (100 rnM Tris, 15 % 

ethanol, 1150 mM KC17 p H  6.3), and the plasmid DNA was eluted kom the column with 6 

ml of NS buffer (100 rnM Tris, 15% ethanol, 1000 rnM KCI, pH 8.5). The eluate was mixed 

with 4.2 ml of 2-propanol and centrifiiged at 12000 x g for 1 hr. The supematant 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 ddH20. 

2.2.2 DNA ~urification by ~henoVchloroform extraction 

To remove contaniinating protein fiom plasmid DNA preparations, an equal volume 

of a 1:1 phenoVchloroform solution was added, the mixture was vortexed, and then 

centrfiged at 14000 x g for 20 sec to separate the organic and aqueous phases. The aqueous 



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 chlorofom 

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 

piasrnid DNA was pelleted by centrifùgation 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 ddHtO. 

2.2.3 Isolation of S. plicatus genomic DNA - 
Isolation of S. plicatus genomic DNA was based on the method of Nisen et al. (68). 

However, the isolated genomic DNA was not dialized d e r  phenol/chlorofiorn extraction. 

The DNA was isolated fiom 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 OC. 

2.3 Determination of DNA and protein concentration - 

2.3.0 Spectror>hotometic determination of DNA concentration 

Assuming ddH,O containing 50 pg/rnl double stranded DNA has an absorbance of 1.0 

at 260 MI and ddH20 containing 40 pghl single stranded DNA has an absorbance of 1 .O at 

260 nm (1 cm path length) (67) then the following calculation can be used to quant@ 

unknown concentrations of double or single stranded DNA: 

[DNA] (&pl) = A,, x SO(dsDNA) or 40 (ssDNA) + volume (pl) of DNA sample added 

2.3.1 Visual estimation of DNA concentration 

DNA Mass Ladder (GibcoBRL) consisted of an equimolar mixhire of six blunt 

ended DNA Eagments ranging Eorn 0.1 to 2 kb in length. Agarose gel electrophoresis 



(Section 2.4.1) of this miamire separated out 6 bands containing 200, 120, 80,40,20 and 10 

ng of DNA The concentration of DNA sample could be visudy estimated by comparing its 

flourescent intensity to bands of the Low DNA Mass Ladder sample after electrophoresis in 

a 0.9% agarose gel containing ethidiurn bromide. 

2.3 -2 Colourometric determination of d rote in concentration 

Protein concentration was detennined using a Bio-Rad protein assay kit based on the 

Bradford method (69). To produce a standard curve, bovine y -globulin stock (1 mg/rnI) was 

diluted to 5, 10, 1 5 and 20 pgM. 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). 

2.4 DNA clonine techniaues - 

2.4.0 Restriction e q m e  digests 

AU restriction enzymes were from New England Biolabs (NEB) or Gibco/BRL and 

digests were performed according to their instructions. Bnefly, depending on the NEB 

restriction enzyme used, the reaction mixture contained 1 x NEB reaction buffer 1,2,3 or 4 

and 100 pglml B S 4  0.1-5 pg of DNA and 1-5 units of restriction enzyme. For Gibco/BRL 

restriction enzymes, digestion reactions contained the appropnate 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 hi& 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. 



2.4.1 Agarose gel electrophoresis of DNA 

Agarose gel electrophoresis was used to separate plasmid DNA and DNA fiagrnents 

b& on size for d y s i s  and M e r  manipulations using a Gibco/BRL Horizon TM 1 1- 14 

electrophoresis apparatus. Agarose gels consisted of 0.7- 1 .O% rnolecular biology grade 

agarose (Gibco/BRL), 1 x TBE (0.1 M Tris, 0.09 M boric acid, 0.2 mM EDTq pH 8.0) and 

10 mg/d ethidium bromide. 1 x TBE was used as ninnuig buffer. DNA samples to be 

separated by electrophoresis were rnixed 103 with 10 x loading buffer (0.25% (v/v) 

bromophenol blue, 0.25% (vlv) xylene cyanol, 30% (vlv) glycerol). To detennine the size 

of DNA fragments separated in the gel, GibcolSRL 1 Kb DNA Ladder (100 ng/pl in 1 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 ushg a Hoefer Mighty BrightTM W 

transiluminator and photographed with a Polaroid MP4 Land Camem The resolution range 

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

2.4.2 Polvacrvlamide gel electro~horesk of DNA - 
Polyacrylamide gel electrophoresis was used for accurate analysis of multiple DNA 

fiagrnents srnaller than 200 bp using a Bio-Rad Mini-Proteanm II celi apparatus. DNA 

fiagments were prepared as described in section 2.4.3 and separated by electrophoresis 

through 1 mm 8-20% acry1amide:bisaqlamide (29.2:0.8) made with 1 x TBE. 1 x TBE was 

also used as running buffer. For determination of moiecular 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 approlcimately 1 cm from the 



bottom of the gel. The gel was then removed 6om the apparatus, stained in a O. 1% ethidium 

bromide solution for 15 min and photographed as descnbed in section 2.4.1. 

2.4.3 DNA ourif?cation using the Geneclean II kit 

Purification of DNA eagments fiom agarose gels was accomplished using a 

Geneclean II kit (Bio 10 1). Briefly, following electrophoresis (section 2.4.1), separated DNA 

fragments were visualized using a hand held W light source and individual bands excised 

tiom the gel. The gel pieces were weighed, rnixed with 4.5 volumes of 6 M Nd (supplied 

with kit), 0.5 volumes of TBE modifier (supplied with kit) and incubated at 55  OC for 

approximately 5 min. Depending on the amount of DNA in the sample, 5-10 pl of 

Glasssmilk@ (concentrated silica m a t h  particles supplied with kit) were mùced 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 Glassmilka was washed twice more with New 

Wash before being resuspended in 10-20p1 of sterile ddH20, incubated at 55°C for at least 

5 min then peUeted by centrifugation at 14000 x g for 5 sec. The supernatant, now containing 

the eluted DNA, was removed fiom the pelleted Glasssmilk@ and was ready for fbrther 

manipulation. 

2.4.4 Alkaline ~hosphatase treatment of DNA - 
Calf intestinal alkaline phosphatase (CIP) W B )  was used to remove 5' phosphate 

group s fiom DNA fiagrnent S. Reaction volumes were typicaliy 1 0-20 pl and contained 0.1 - 

0.5 pg of DNA and 1-2 units of CIP in 50 mM NaCl, 10 rnM Tris-CI, 10 mM MgCl, 1 m M  



dithiothreitol, pH 7.9. Reactions were incubated at 3 7" C for 1 hr afler which the DNA was 

purined by phenoVchloroform extraction (Section 2.2.2). 

2.4.5 Fillùig in 3' recessed ends of DNA 

DNA polymerase I, Large (Klenow) fkagment (NEB) lacks 5'- 3' exonuclease activity, 

however, it retains its 3 ' 4 '  polymerase activity and was used to £iII 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 wïth 1 rnM dNTPs (NEB). Reactions were incubated at 37" C for 1 hr. 

2.4.6 Ligations - 
T4 DNA Ligase (Boehringer LMannheh) was used to catalyze the formation of 

phosphodiester bonds between juxtaposed 3'-hyroxyl and 5'-phosphate ends of dsDNA 

fragments. Reactions volumes were typicaiiy 10-20 pl and contained O. 1-0.5 pg of DNA and 

1-10 units of T4 DNA Ligase in 66 mM Tris-Cl, 5 mM MgCl> 1 mM dithiothreitol and 1 rnM 

ATP, pH 7.5. Reactions were incubated at 14" C overnight and 1 pI of the reaction was 

electroporated into E. coli (Section 2.1.3). 

2.5 Analysis of S. oiicatus Genomic DNA b~ Southern hvbridization - 

All procedures used for genomic DNA analysis were based on methods described by 

Sambrook et al. (67). 

2.5.0 Pre~aration of Southem biots 

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- 



24 hr using 10 x SSC (1.5 M NaCl 0.15 M trisodium citrate) as buffer. M e r  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 mimer 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, boiied for 2-3 min and then placed on ice. Once 

cooled to 4" C, 2.5 pl of O S  mM dATP, 2.5 pl of 10 x Klenow buffer (100 rnM Tris-Cl pH 

7.5, 50 mM MgCl, 75 mM dithiothreitol), 5.0 pl of dATP (50 pCi) and 1 .O pl of 

Klenow fiagment (3 -8 units) was added to the randornly prirned DNA probe and the reaction 

incubated for 3 hr at room temperature. 

The nucleotides were separated tiom the labeled DNA using a Pharmacia nick column 

The column was washed with 5 ml of 1 x TE (10 mM Tris-CI pH 7.5, 1 rnM EDTA). The 

labeling reaction was stopped by the addition of 1 pl of 0.5 M EDTA, pH 7.5 and brought 

to 100 pl total volume with ddH20 before being loaded ont0 the column. Once the labeling 

reaction had entered into the column, 100 p1 aliquots of 1 x TE were added to the column and 

6 fractions were collected. A 2 pl aliquot fkom each fiaction was counted using a Beclanan 

LS 3801 scintillation counter and the fiaction with the highest specific activity of labeled 

DNA was used for subsequent hybridizations. 

2.5.2 DNA/DNA hvbndmtion 

The Southem blot was prehybridized at 65°C for 3 hr in prehybridition solution 

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

polyvinylpyroilidone, 0.5 % SDS, 100 pg /d  denatured, fiagmented salmon sperm DNA in 



a Robbins Mode1 2000 Micro Hybridization incubator. The prehybridization solution was 

replaced with an equal volume of hybridization solution consisting o f 6  x SSC, 0.5% SDS, 

100 pg/d denatureci, fiagmented sairnon spem DNA and at least IO6 c p d m l  labeled probe. 

The hybridization was carried out at 65 ' C for 12- 1 8 hr. The 3?-labeled DNA 6ragments 

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 intensifjing screen. 

2.6 Preparation of single stranded DNA - 

Single stranded DNA (ssDNA) was used as templat e for site directed mutagenesis and 

DNA sequencing. Preparation of ssDNA was adapted from the method of Carter (70). E. 

coli containhg the F' episome were selected on M9 minimal media agar (section 2.1.1) and 

used to make electrocompetent ceils (Section 2.1.2) for ssDNA production A single colony 

of E. col2 (F') transformed with phagernid was selected and used to inoculate 5 ml 2 x 

TY/ampicillin (1 00 pg/ml) culture that was grown overnight at 3 7 OC with shaking (300 rpm). 

A 2 ml aliquot of the culture was used to inoculate 20 ml of 2 x TY/arnpiciliin and 100 pi of 

M13K07 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 

fiirther 12 hr as described above. 

The E. coli were pelieted 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% (wh) polyethylene 

glycol (PEG) 6000,2.5 M NaCl and incubated at room temperature for 3 0 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 



Tris-Cl, pH 8.0 , l  mM EDTA) mntaining 0.1 m g / d  RNase A and the packaged ssDNA was 

phenoVchloroform extracted as descnbed 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 purifieci ssDNA pellet was resuspended in 50 pl of sterile 

d n 2 0  and stored at -20" C. 

2.7 DNA seauencing - 

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

based on the method of Sanger et al (71). 

2.7.0 Aikali denaturation of double-stranded dasrnid DNA - 
PhenoVchloroform extracted double stranded plasmid DNA (2-3 pg in 32 pl dm@) 

was combined with 8 pl 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@, 120 

pl 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 rnin at 4"C, washed once with ice cold 70% ethanol, briefly 

air dried and resuspended in 10 p1 of ddH20. If DMSO was to be added to the ameaiing 

reaction described below, the DNA was resuspended in 7pl of dd HzO. 

2.7.1 Annealing: and seauencing reaction 

For annealing reactions not requiring DMSO, a 1 0 pI volume of ddH20 containing 2-3 

pg of single stranded or denahired double stranded DNA was rnixed with 2 p1 of sequence 

specific oligonucleotide (1 0 @pl), 2 pI of annealing b a e r  (1 M Tris-CI, pH 7.6, 100 mM 

MgCi2, 160 mM DTT) and incubated at 65OC for 5 min, 37°C for 10 rnin and room 

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



double stranded DNA, 3 pl of DMSO was added to 7 pl of denatured double strmded DNA 

(2-3 pg) followed by 2 pl of sequence specific oligonucleotide (10 &pl) and 2 pl of 

annealing buffer. The reaction was incubated at 37OC 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 pM each d CTP, 

dGTP and dTTP, 333.5 m M  NaCl), 1 pl [a--'*S] dATP and 2 pi of T7 DNA polyrnerase 

(diluted 4 fold in 20 mM Tris-Cl, pH 7.5, 5 mM DTT, 100 pg BSAhl, 5% glycerol). The 

reaaion was incubated at room temperature for 5 min and then 4.5 pl aliquots of the reaction 

were added to 2.5 pl of prewarmed (37°C) short-& 4 C, G, and T (Short-mix A: 40 mM 

Tris-Cl, pH 7.6,50 rnM NaCl and 840 pM of dCTP, dGTP and dTTP; 93.5 pM dATP and 

14 ddATP. Short-mVc C: 40 mM Tris-Cl, pH 7.6,50 mM NaCl and 840 pM of dATP, 

dGTP and dTTP; 93.5 pM dCTP and 14 pM ddCTP. Short-mix G: 40 r nM Tris-Cl, pH 7.6, 

50 m M  NaCl and 840 pM of dATP, dCTP and dTTP; 93.5 pM dGTP and 14 pM ddGTP. 

Short-mix T: 40 mM Tris-Cl, pH 7.6,50 rnM NaCl and 840 pM of dATP, dCTP and dGTP; 

93 -5 pM dTTP and 14 pM ddTTP). AU four reactions were incubated at 3 7" C for 5 min then 

stopped with 5 pl stop solution (0.3% brornophenol blue, 0.3% xylene cyan01 FF, 1 0 rnM 

EDTq pH 7.5 and 97.5% deionized formamide). 

2.7.2 Seauencinp: gel electrophoresis - 

Sequencing reactions were denatured at 100 O C for 3 min and separated at 60 W for 

2-4 hr in a 6% polyacrylamide/42% urea gel made with 1 x modifieci TBE (134 mM Tris, 44 

mM Boric acid, 2.5 mM EDTA) using a mode1 S2 BRL sequencing gel apparatus. Gels were 

transferred ont0 G1002 gel lift paper (Schleicher and Schuell) and dried for 1 hr at 80°C. The 



separated "S-labeled DNA fi-agments were detected by autoradiography for 12-24 hr at room 

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

2.8 Com~arative molecular modeling - 
2.8.0 Muiti~ie amino acid seauence a l imen t s  

The ClustalW 1.7 program was used for multiple sequence aiignments (72; 73). The 

multiple dignments 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 fiequency of insertions and deletions were sequentially rernoved and the 

remaining sequences realigned. This minimized the number of insertions and deletions within 

the target sequence, and maximized alignments of the secondary structural elernents as 

visuaiized using the graphics program O (74). The final alignment between the reference and 

target sequences was optimized manuaîly by comparing initiai 3-dimensional models of the 

target sequence to the reference structure using the program O (75). 

2.8.1 Mode1 building - 

Using the program Homology (Insight software, BioSym Technologies, Inc.), the 

aligned amino acid sequence of the target sequence was substituted ont0 the backbone atornic 

coordinates of the reference structure. Initial side-chah 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 stexic 

clashes within the model. 



2.8.2 Energv minimiZation - 
In order to relieve aay energetically unfavorable steric clashes and geomeûy that raise 

the overaü free energy of the model (mtroduced when the amùlo acids of the target structure 

were substituted ont0 the backbone atomic coordinates of the reference structure), the model 

was brought to its lowest possible fiee energy state by repeatedly introducing smaii rotationai 

corrections to the main-chah dihedrd angles ($,Jr) using X-PLOR (76; 77). The model was 

placed in a primitive lamce (Pl space group) and subjected to energy mùiimization using a 

conjugate gradient target fimction implemented in X-PLOR The unit ceil parameters were 

. 
set nifncientiy large to avoid intemolecdar contacts during minllnization. Minrmization 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 kcaVmo~A). 

2.8.3 Ouality assessrnent 

In order to assess the overd sterochemicd quality of the modei, the program 

PROCHECK (78) was used to determine 1) the number and positions of any bad contacts 

(any atornic interaction less than 2.5 A) within the model, and 2) The overd geometrical 

quality of the main-chah bond angles and lengths and planar groups within the model. The 

geometncal quality of the model was based on cornparison values typical for a 2.0 A 

resolution X-ray structure. 

2.9 Site-directed mutagenesis - 

2.9.0 an ne al in^ of the olimucleotide to ssDNA - 

Site directed mutagenesis using ssDNA template was performed following instructions 



f?om Bio-Rad based on the procedure of Kunkel et al. (79) but ushg T7 polymerase (80). 

Bnefly, to anneal a complementary oligonucleotide primer containing the desired base 

changes to the ssDNA tempiate, a 10 pl mùaure 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 "CI min) to 30°C before being placed on ice for 10 min. 

2-9.1 Svnthesis of complementarv DNA strand - 
The annealed primer was extended by the addition of 1 pl of 10 x synthesis buffer (4 

mM dNTI?, 7.5 mM ATP, 175 mM Tris-Cl, pH 7.4,37.5 mM MgCI, 2 15 rnM dithithreitol), 

1 pl T4 DNA ligase (2-5 units) and 1 pl T7 DNA polymerase (diluted to 0.5 unitd pl with 

20 mM KPO,, p H  7.4, 1 mM DTT, 0.1 rnM 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 (2040%) was transformed into E. coli and colonies containing mutant plasmid 

constnicts were identitied by PCR amplification of the relevant region followed by restriction 

enzyme digestion. 

2.9.2 Polvrnerase chah reaction @CR) - 
The polymerase chah reaction (8 1) was used to ample specsc regions of plasmid 

DNA Reactions (100 pl each) contained 10 mM Tris-Cl, pH 8.3, 50 mM KCl, 1.5 m .  

MgCl, 0.0 1 % gelatin, 0.2 mM dNTP (dATP, dCTP, dGTP, dTTP from NEB), 10% glycerol, 

100 ng sense p h e r ,  100 ng anti-sense primer, 0.3 U Taq DNA polymerase (Gibco/BRL) and 

a portion of a transformed bacterial colony . 



Reactions were overlaid with approximately 50 pl mineral oil and incubated at 94°C 

for 10 min then immediately subjected to 32 PCR cycles in a P e r h  Elmer Cetus DNA 

themo cycler. One cycle included 90 sec of denaturation at 94"C, 1 min of amealing at 

60°C and 90 sec of extension at 72°C. 

2.9.3 Restriction enzyme analvsis of PCR products 

Site directed mutations were designed such that they created or destroyed a restriction 

enzyme site. Thus, when PCR products amplified fiom plasmid containing site-directed 

mutations were digested with the relevant restriction enzyme, the banding pattern was 

different fkom the PCR product amplified fiom the corresponding wild type plasmid and this 

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

2.10 Expression and ~urification of ~ W c 2  derived fusion proteins - 

M c a t i o n  of the pMAL-c2 derived fusion protein was bas& on instructions fiom 

NEB. E. coli transformed with pMALc2 based constnicts were grown to an optical density 

of 0.5 (ri600) 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 f?ozen 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 rnM EDTA, pH 7.4) containhg 1 mM 

PMSF, 5 u g h l  aprotinin, 5 ug/d  leupeptin, 2 ughl  pepstatin A and sonicated (6 x 15 sec.) 

at 100 W on ice. After centrifugation at 10000 x g for 20 min. at 4 O 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 OC. The resin was washed 5 times with 10 ml ice cold TM2. To elute the fùsion 



protein, the resin was resuspended in 0.5 ml ice cold TNE containing 10 mM maltose and 

mixeci at 4'C for 1.5 hr. After a 5 min. centrifugation at 3000 x g, the eluate containing the 

fiision protein (-400 pl) was removed fiom the resin by aspiration with a pipette and stored 

at 4°C. 

2.11 Factor Xa digestion of ~urified p W c 2  derived fusion protein - 

To hydrolyze the peptide bond jouùng 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 produas were visualized using 

SDS-PAGE (section 2.13). 

2.12 Pre~aration of S. plieaius cvtosolic  rotei in fraction - 

To obtain a crude S. pIica?us cytosolic fiaction for irnmunoblotbng experirnents, the 

celis were colleaed by centrifugation at 5000 x g for 10 min, then resuspended in 4 ml TNE 

containing 1 mM PMSF, 5 ug/ml aprotinio, 5 ug/ml leupeptin and 2 @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 15 10 (B. Braun Melsungen AG). The 

lysate was centrifuged at 20000 x g for 20 min and the supernatant, considered to be the 

crude cytosolic fiaction, was stored at -20" C. 

2.13 SDS-PAGE - 
SDS-polyacrylarnide gel electrophoresis was performed as descnbed by Laernmli (82) 

using a Bio-Rad Mun-Proteanm II ceU 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 



bottom of the gel. For dl SDS-PAGE experiments, broad range prestained protein molecular 

weight markers (NEB) were separated by electrophoresis in pardel with the test samples. 

Ifthe resolved proteins were not to be transferred to nitrocellulose as described below, they 

were visualized by commassie blue R250 staining. 

2.14 Western blot analvsis - 

2.14.0 Generation of Antibodies Against SvHex-MBP Fusion Protein 

Rab bit-anti-S'ex-MBP (anti-SpHex-MBP) fusion protein antibodies were raised at 

the National Biological Laboratones (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 Iater. Serum was 

coliected one week fier the h a 1  injection. 

2.14.1 Transfer of proteins resolved by SDS-PAGE onto nitrocellulose membrane 

Transfer of SIX-PAGE resolved proteins ont0 nitrocellulose was performed 

accordhg to Towbin et al. (83). Gels containing resolved proteins were transferred to 

nitroceUulose within one hour using a current of 200 mA at 4°C in 25 mM Tris-Cl, pH 8.3, 

193 rnM glycine and 20% (v/v) methanol. The nitroceilulose containing the resolved proteins 

was air dried and stored at 4°C. 

2.14.2 Immunodetection of ~roteins bound to nitroceiiulose - 
Empty protein binding sites on nitrocellulose blots containing SDS-PAGE resolved 

proteins were blocked by immersing the blot in TBST (10 mM Tris-Cl pH 7.5, 100 mM 

NaCi, 0.1% Tween 20 (wlv)) containhg 5% mi& powder for 1 hr with shaking. Next, an 



appropriately diluted primary antiiody was added and dowed 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 h in TBST wntaining 5% milk powder. M e r  washing wiîh TBST, the antigen-antibody 

complex was detected by innibathg the blot in enhanced cherniluminescence (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 Andvsis of BRr-acetvlhexosaminidase activitv - 
2.15.0 In-plate assav of -&N-acetyhexosaminidase activitv usine 4-MUG 

The in- plate assay for detecting PN-acetyihexosaminidase in E. coli colonies plated 

on LBA agar was adapted from the method of Robbins et al. (66). Bnefly, E. coli colonies 

were transferred to nitrocellulose and placed coiony side up onto chromatography paper 

soaked in 3 mM CMUG (Toronto Research Chernicals), 10 m M  N;izHPO,, 6 m M  citric acid 

and 0.3% BSA, pH 3 -0 for 10 min at 37" C. The nitrocellulose disk was then placed on 

chrornatography paper soaked in 0.1 M glycine-carbonate buffer, pH 10 for 10 min. Colonies 

expressing PN-acetyhexosaminidase fiuoresced under 3 66 nm LV Light. 

2.15.1 -bN-ace~hexosaminidase activitv assav and pH profile analvsis 

Protein concentrations of samples containing PN-acetylhexosaminidase were 

determined as described in section 2.3.2. The pH prome was determined by incubating test 

samples with 4-MUG as a substrate in 10 mM Na&PO,, 6 mM citric acid, 0.3% B SA ranging 

from pH 2.0 - 9.0. mer a 45 min. incubation at 25 O C ,  each reaction was quenched with O. 1 

M glycine-carbonate buffer, pH 10. The fluorescent product, 4-MU, was measured 



(excitation 364 nm, emission 448 nm) with a Hitachi F-2000 fluorescence spectrophotometer 

using a standard m e  ranging fiom 0-400 nM 4 M U  (Toronto Research Chemicals). 

Kinetics were obtained in an identical manner at the pH optimum of the wild type enzyme 

using 4MUG concentrations ranging f?om 0.033 - 5 mM. SpHex activity towards 4-MUGS 

was determined but no kinetic andysis was perfonned. The 4-MUGS concentration used was 

3.5. mM. Specific activity (S. A) was detennined using the following equation (for 1 ng 

S.  A. = 4-MU formed (nMl x 10' x 60 min = pmole CMU/hr/mg 
45 mui 

& and V,, values were determined using the direct Linear plot method (84). 



3.0 Restriction enzyme mamine of Clone 36 - 

Clone 36, encoding the SpHex gene, was previously identifïed by Robbins et al. (65) 

by screening a Streptomyces plic6u.s expression Liirary usbg 4-methylumbeWeryl(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 ~galactosidase gene of 

the vector which is dso under control of the E. coli promoter (coded fiuther upstrearn in the 

vector). The entire 5.0 kb insert was restriction mapped and subcloned into pBluescript 

@BS') (Stratagene) as 7 smaller 6agments (Fig. 4). 

3.1 Seauencina the SpHex coding region from Clone 36 - 

The first 1.8 kb of the S'-end of Clone 36, believed to contain the coding region for 

SpHex (bounded by EcoR 1 (5') and Sma I (3') sites), was subcloned into pBS' as 2 smaller 

fiagrnents (Fig 4). The subclones were sequenced at the National Centen ofExcellence core 

sequencing facility (Toronto, ON) by the dideoxy chah termination method as described in 

section 2.7. Sequencing was done on double-stranded DNA and covered both strands. To 

clarifL the sequence in some areas, sequence-specific prirners were used to sequence single- 

stranded DNA produced fiom the 1 -8 kb EcoR VSma 1 clone @sHEX- 1.8). 

3.2 Cloninn and seauencina the 5'-end of the SpHex eene - 

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

large open reading frames, one of which ( h e  +2) showed homology to other farnily 20 



Figure 4 Restriction enzyme map and subclones of clone 36. Clone 36 was restriction 

enzyme mapped and subcloned into pBS' as 7 smaiier fragments to create the psHEX-[kb] 

constnicts. A 1.6 kb (EcoR V/1Yho I) fkagment, containing the 5'-end of the SpHex gene, was 

cloned into pBS'as a single hgment to create psSHEX- 1 -6. The ps5HEX- 1 -6 construct was 

subsequently subcloned into pB S' as two smalier eagments to create psSHEX- 1.  O and 

ps5HEX-0.7. In order to produce SpHex-MBP fision protein, 1.8 kb of the S'-end of clone 

36 (SpHex coding region) was subcloned into pMAL-c2 (in-&me with rnalE) to create 

pmWEX- 1.8. 



psHEX-5.1 (clone 36) 

l 
1 Kbp 

I 
- Coding region for QHEX 

* Restriction sites encoded by pBS' 

** Restriction sites encoded by pMALc2 



PN-acetylhexosaminidases in a ClustalW1.7 multiple sequence aignment. However, this 

open reading M e  did not include an initiating Met codon, Uidicating that a portion of the 

S'-end of the SpHex gene was rnissing fkom clone 36. To obtain the %end of the SpHex 

gene, genomic DNA was isolated nom S. plicatus as described in section 2.2.3. The genomic 

DNA was digested with combinations of B o  1 and various restriction enzymes, and 

hgments that hybridized to a 600 bp Asc Y .  1 '9-labeled probe (6rom the 5'-end of clone 

psHEX- 1.8) were identified by Southem blotting (Fig. 5 ) as desaibed in section 2.5. There 

was oniy one Xho I site in the known SpHex gene sequence. Thus, using Xho 1 to cut out the 

S a d  of the probe ensured that any genornic DNA fragment that had been cut with Mao 1 in 

combination with another restriction enzyme, that did not cut withh the f%st 600 base pairs 

of the S'-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/%o I fiagment hybridized with the probe 

and was predicted to contain approxirnately 1 .1  kb of sequence beyond the known 5' end of 

the gene. An area of an agarose gel containing this fiagment was excised, purified using a 

Geneclean II kit (section 2.4.3), Ligated into pBS' (EcoR VIXho I), and electroporated into 

E. coli (section 2.1.3). 

The resulting colonies were screened by DNAlDNA hybndization (section 2.5.2) 

using the same DNA probe as described above. Ten positive colonies were identified, one of 

which @sSHEX- 1.7) was used to determine the sequence of the %end of the SpHex gene 

g 1 A 700 bp fragment was removed f?om the S'-end of the ps5HEX-1.7 insert by 

digestion with Sma 1 and EcoR V. The larger vector (4.2 kb), which now contained oniy 1 .O 

kb of DNA directly adjacent to the S'-end of the known SpHex gene sequence, was purified 



Figure 5 Southern blot autoradiograph of S pliciztza genomic DNA probed with a 

32~-labeled probe cornplimentary to the 5'-end of clone 36. In order to isolate a fiagrnent 

of S. plicatus genomic DNA containhg the 5'-end of the gene encoding SpHex, a Southern 

blot of S. plicdus genomic DNA (digested with Xho 1 and various other restriction enzymes 

and separated through a 0.7% agarose gel) was probed with a 600 bp (Asc 1 (5')lXho I (3')) 

probe cornplimentary to the S'-end of clone 36. 





ficm the 700 bp inseri using a Geneclean II kit and religated to create ps5HEX-1 .O. Upon 

sequencing 264 bp beyond the 5'-end of the known SpHex gene sequence coded in the 

psHEX- 1 .O insert (double stranded DNq both strands) (section 2.7). the complete coding 

sequence (1 683 bp; 56 1 aa, starting at +269 of Genbank accession number M O 6 3  00 1) of the 

SpHex gene could be d e t e d e d  (Fig 6). 

3.3 Com~arison of SpHex to EMBUSWISS-PROT database - 

Comparison of the deduced amino acid sequence of SpHex with the SWISS-PROT 

database using MaxHom identified 14 PN-acetyhexosaminidases and 1 chitobiase, all f d y  

20 enzymes (TabIe I). The SmChb (reference structure) amino acid sequence, which has not 

been deposited in the SWISS-PROT database, was retrieved &om the Brookhaven protein 

database (PDB) and compared to the SpHex by painvise alignment using MaxHom. 

3.4 Com~arative Molecular Modeling; of SpHex - 

Atornic coordinates for the X-ray structure of Serrath marcescens chitobiase 

(SmChb) were obtained fiom the Brookhaven National Laboratory protein database (PDB 

file: lqbb) and used as the reference structure for rnolecular modeling. A pairwise alignment 

between SmChb and SpHex mino acid sequences using MaxHorn reveaied a sequence 

identity of 30%. When the alignment was restricted to SmChb domain 3, an a@ barre1 

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. Aiignment 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 ail 15 famiiy 20 enzymes, including SpHex, 



Figure 6 Nucleotide and deduced amino acid sequence of S'He% The constmcts 

psHEX-1.8 and ps5HEX-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 3 14, Asp 246) are double underlined. 



G A i C C û G G I G A T C 0 0 G G C C C C C G C C T a ; G T C G Z K : O O C G G C G G C G C G O C G T A C O G C  108 
Asp Arg V a l  I l e  P r o  M a  P r o  llla Ser V a l  Asp P m  G l y  G l y  M a  P r o  T y r  Arg 36 

G C G C A C : ' 1 I A Z : c I ' c G O G G A C ~ C r ( ; C W ; a # : c c C A i c c G G C T A C O G G C l l C C C C ~ 2 1 6  
G l y  H b  Tyr Leu N a  Asp Leu Leu Arg P r o  M a  Thr G l y  Tyr Arg L e u  Pro Val 72 

A # : ~ C A C C G C C A C G G C C G C A T A O G A ~ O G C ~ G C G C ; G C G G C C a ; l i A c c c C 2 7 0  
!l!hr Ala His G l y  His GZy G l y  I le AzyLeu Arg Leu N a  Gfy G l y  P m  Tyr G l y  90 

A Z U ; ~ G C C C G A C l l C ~ ~ C G C G l l C C I U ; A C C C I l G a ; T ~ ~ C I I C ; C C C C C C 3 7 8  
Lys  M a  M a  G l y  Leu P h e  His G l y  V a l  G l n  Zhr L e u  Arg G l n  Leu Leu Pro Pro 126  

GOCGLlCGAGAAC;GACTCCGO[;CeJGCCCCGCCCC~CrT;C1I?I ICGCGCGCCGCAiCC432  
Ala V a l  G l u  L y s  Asp S e r  M a  G l n  P m  Gly Pro Trp Leu V a l  m a  G l y  G l y  Thr 144 

C A C ~ T I ' c G G C û T C G A C ~ ~ A A G c e C T A C A T C G A C O G C G T C G C C C G C T A C  540 
Ris Phe Phe G l v  V a l  ASD G l u  V a l  Lys  A m  Tvx Ile  Asn A m  V a l  A h  Aro T m  180 

A A G T A C A A C ~ c r c C A C C l l G C A C C T C A G c 6 A C G ; A C C A G G G C T I X ; O G C A T C G C C  594 
LYS Ty r  Asm LYS Leu His L e u  H i s  Leu Ser Asp ASR G i n  G l v  Tzw Am Ile M a  198 

GûCOCCGGCCGCTACl !ACACCAAiGGa3GWT2àCAAC:ûAGATCG!KGOuNTTACGa;  702 
G l y  P r o  G l v  G l v  Tvr Thr LYS M a  G l u  TM LYS G l u  Ile V a l  Aro Tvr M a  234 

G C C G C C C r C C C C T C C ~ G C C G A C ; C l l G A A C T I I C G A C G G T G n ; G C G C C C C a ; c r C ; 8 1 0  
Ma Ma Leu M a  Set Tvr Ma G l u  Leu Asn Çys ASD G l v  VaL M a  P r o  P r o  Leu 2 7 0  

TAL=GACITCG%G74CGACGTCA!EGGCGAACTCGCCGa;CZlCAIX:CCCûGCOGC 918 
ASD Phe  V a l  Ast, Asn V a l  Ile G l v  G l u  Leu Ala Ata Leu Thr P m  G l y  Atq 306 



GaGGTCa=CGGCGTCGAiGGCCCOGCrT:TIXACGGAGA#:CrC;TCCGACCOGGAC 
M a  VaL Ara G l y  V a l  G l u  M a  P r o  Leu Trr, Thr G l u  Thr Leu Ser Asn Pro Asp 

GGAGCX;CI lCCGGAa;GGT a K ; A C A G G T C C A o C a T c r G C C G G T ~ C G C G C A G C T  
G f y  M a  t e u  Arg Thr G l y  ILrg Thr Gly Pro Pro Ser Ma Gly Cys Arg ALa M a  

GGA GCC GGT C ~ c I T c T o G G c C A i G c  
G l y  M a  G l y  





Table I (continued) 

Enzyme Species 

SWISS-PROTIPD % Sequence X-ray structure 

accession code Identity available Ref. 

Hex A, a-subunit Human P06865/1 QBC* 25 Hornology mode1 t 93 

HexB,P-subunit Human PO76861 1 QBD* 25 Homology mode1 t 94 

Hex Dictyostditrni discoideirni P13723* 24 NIA 95 

Hex En fanioe ha histoly f ica P49009* 24 NIA 96 

Hex Bombyx nio,? (silk mot h) P490 1 O* 24 NIA 97 

-- 

$ Al1 enzymes, except S. marcescem chitobiase, were identified in the SWISS-PROT database (release 34) using MaxHom (expert 

mode, n=25). 

* Sequences chosen for alignment by ClustalW 1.7 for use in comparative molecular modeling. 

t Human HexA & B have been modeled by comparative molecular modeling and the coordinates deposited in the PDB (55). 

55 



revealed high conservation for specinc residues predicted to be involved in catalysis, SmChb 

Vibrio h w e f l  cbitobiase, Alterornonas sp- PN-acetylhexosaminidase and Vibrio vuInzj?ms 

PN-acetylhexosaminidase contaïned many large insertions not present in the other family 20 

members. Using the X-ray structure of SmChb, the insertions in this Crnember s u b - f d y  

were found localized to loop regions that were absent in the other f d y  members, including 

human Hex A and SpHex. The multiple alignment of the enzymes listed in Table 1 is shown 

in figure 7 and excludes the above mentioned sub-fdy of sequences - with the exception 

of the SmChb. This multiple sequence alignment indicated that SpHex residues Arg 162 

(human Hex A; a-Arg178, SmChb; Arg349), Glu3 14 (HexA; a-GIu323, SmChb; Glu540) and 

Asp246 (human He* a-Asp258, SmChb; Asp448) are conserveci in ail the species with the 

exception of Porphyomom gïngivalis. ln  this species, the hctionally equivalent residue 

Glu, replaces Asp 246. Based on the SmChb structure, Arg162 and Glu3 14 of SpHex were 

predicted to be the substrate binding residue and catalytic acid residue respectively. 

The painvise alignment between SmChb and SpHex, show in figure 8, was taken 

diectly from the multiple sequence alignment shown in figure 7 and encompasses the 

sequence of SmChb that is responsible for composing the P/a-barre1 of domain m. The 

painvise 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 d a c e  loop stnictures of SmChb; however, some of the deletions partially 

overlaped ont0 secondary secondary stmctural elements composing the a@ barrel. Thus, to 

improve the quality of the alignment shown in figure 8, deletions in the SpHex sequence that 

overlapped ont0 the secondary structural elements of the al(]-barre1 were manuaiiy 



Figure 7 CiustalW1.7 multiple sequence alignment of famüy 20 glycosyl hydrolases. 

In order to obtain the best sequence alignment between SpHex (indicated as "Sequence 3") 

and SmChb (indicated as "SerratiaY'), these two sequences were multiply aligned with the 

family 20 enzymes hdicated. Residues altered by site directed mutagenesis (SpHex Arg 162, 

Glu 3 14, Asp 246) are indicated by arrows. 
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181 195  196 210 211  225 226 240 2 4 1  255 256 270 
- - - - - - - - - -  YVLYP NNPQFQYDVSSAAQP GCSV----------- -LDEAFQRYRDLLM3 SQSWPRPYLTGKHH- ----- TLEKNVLWS 
- - - - - - - - - -  YTLY-P NNFQFRYHVSSMQQ GCW----------- -LDEAFRRYRNLLFG SOSWPRPSFSNKQQ- ----- T M K N I L W S  
---------- LHLAP ENFYXSHSPNSTAOP SCTL----------- -LEEAFRRYHGYIPO FYKWHHEPAEFQAK- ----- TQVQQLLVS 1 
-----..---- LHLSR DNPSXGYGPSSTAOP TCSL----O------ -LQEAFRRYHEYIFO FDKRQRRPAKPNSA- ----- I E ~ L L W  

---------- LYISA EDFSIDHSPNSTAOP SCSL----------- -LQEAFRRYYNWFO PYKRHHOPARFRAE- ----- PQUJKLLVSI 
----------  IPVAP QSILIESNIESAT-- --------------- -FSVSHDRYTNLPFP FSN-BSEPSSN---- -------- ESPLLSV 
- - - * m . . - - - -  YCINF LKSNFNHTISFPLQ- --------------- -OQMLQDPKVSLFK EIDLPRITPSVS--- ----- SVITDVWEL 
---------- AIIIN PRLLQWSCPLLED Am----------- -TVSAIEKLKWHPFP IDDFNTANOKN---- ------- IKTSLVHI 
OLLWPK--PTIETNL GNFLSKINMNTIDIQ ITKQ----------- QKSDDLLTAAADRFK TLVSSSVPKQFSAK- ----- MOKSVTWL 
---------- MQLTE SDDSFEMDKTTI-- --------------- --CVSAEELKPIAKL LADKLR~SADLSLQ- ----- IEIQEEPSW 
---------- ASVDP GCAPYRITRQTHIR- --------------- --VDDSREARRVOHY LADLLRPATQYR--- ------- LPVTAtiûH 
QWKRTKDDKNXLMTP ASRFVSNADLQTLPA GALRQKIVPTPMQVK VHAQDADLRKQVALD LSTLVKPMDWSQR FALi&VPVQTNûYPI[ 

27 1 285 286 300 301  315 316 330 331  345 346 3 60 
WTPGC-NQLWLES VENYTLTINDûQ--- --CLLLSETWALR GLETFSQLVWKSAEQ ------ TFFINKTEI BDFPRFPHRGLLLDT 
VVTAEC-NEFPNLES VENYTLTXNDDQ--- --CLLASETVWGALR GLETPSQLVWKSAEQ ------ TPFINKTKI KDFPRFPHRGVLLDT 
TLQSEC-DAFPNISS DESYTLLVKEPV--- --AVLKANRVWALR GLETPSQLWQDSYQ ------ TFTIN~STI IDSPRPSHimILIm' 
VLDSEC-DLFPNITS DESYTLLVKEPV--- --AFLKANRWVLR GLETFSQLIYQDSYO ------ TFTVNESDI IDSPRFPHRQILIVi' 
TLESEC-ESFPSLSS DETYSLLVQBPV--- --AVLKANSVWGALR GLETFSQLVYQDSFCI ------ TFTINESSI ADSPRFPHROILIDT 
TIYSD--DETLQMI DESYSLSIEQQS--- --YQLKATNIYGAMR GLETFKQLXVYNBLE N-----SYSIVCVSI SDSPRYPWRQPWVDS 
SSSNP--MPKLQIOF DESYILEVTTNS--- --fSIKAVTWQARH AFETLLQLIRISSNK F-----VISQLPIKI SDAPRFKWRGLWDP 
QVDDA--TVDLQLCV NESYTLKINTDC--- --INIHAATTWALH OLVSLQQLIIHTSED K-----YWPLSVTI SDPPNFKHROLHIDS 

VNENPY-IREPSLDM DESYELYISSTSSDK VNATIRGNSFFQVRN QLETLSQLIWDDIR MJ----LLIVRDVTI KDRPVYPYROILLDT 
AIYIGV-DTALPLK- EEGYMLRSDKRG--- --VSIIGKSAHQAFY QMQTLLQLLPAEVES SNBVLLPMTVFOVEI KDPPAPQYROPHLDV 
GGIRLR-LAWPYQ- DEGYRLDSQPAG--- --VTITARKAAGLFH GVQTLRQLLPPAVeK DSAQWPWLVAGGTI EDTPRYAWRSMLDV 
KTDIQPGKFKOIIHAV SQAYBLKIQKKE--- --AQVIGFDQAGVPY OLQSILSLVPSDOSQ -------- KIATLDA SDAPRPPYROIPLDV 



?age 5 . 1  
361 375 376 390 391  405 406 420 4 2 1  435 436 450 

H.X A Human a-mubunit SRtiYLPLSS 1 L m L D  VMAYNKLNVFHWHLV DL@FPYESFTFPBL MRKGS---- - -- --- -- - - -YNP- - - - - - V THIYTAQDVKEVI8Y 
Hox A noua. a-mubunit SRHYLPLSSILDTLD VMAYNKFNVFHWHLV DDSSFPYESFTFPEL TRKGS---------- -----PNP------ V THIYTAQDVKEVIBY 
H m  B HUIUn P-mubunk SRHYLPVKI ILKTLD AMÂFNKWLHWHXV D&FPYQSITFPEL SNKOS---- ------ -----YS--- --- - L SHWTPNDVRWVIBY 
BOX B C A t  p-mubunit ARHFLPVKSILKTLD AMAFNKFNVLHWHIV DDQSFPYQSVTFPEL SNKGS---------- -----YS------- L SHWTPNûVtîTVIEY 

B Houio 8-mubunit SRHPLPVKTILKTLD AMAFNKFNVLHWHIV DDQSFPYQSTTFPEL SNKGS---------- -----YS------- L SHWTPNDVMVLEY 
#8X D .  df.ooid@um hRHYIPKNMILHMID SMFSKFNTLHWHMV DAVAFPVESTTYPDL T-KOA---------- -----FS------- P SATPSHDDIQEWAY 
iïmx 8. hirtolytfaa SRNPLSPLMFKRIID TLASVKANVLHIHLS DAQTFVFESKKYPLL HQKGM---------- -----YD------- E SFVLTQSFLREUQY 
I(OX C. albfoan. GRNFLTVDSILEQID IMALSKMNSLHWHLA DSQSWPVALESYPHM 1-KDA---------- -----YS------- N DBWSKNDLKYIMY 

Hmx 8. -ri ARNPYSIDSIKRTID AMAAVKISJTPHWHIT DSQSFPLVLQKRPNL SKMA---------- -----YS------- P TKWTKQDIREWEY 
Hmx P. gligivrlir CRHPLSVEDIKKHID IWKINRFHWHLT EDQAWRIEIKKYPRL TENG%--------- ----- TRTEûDGrQY SOFYTQEQVRDIVQY 
fh% 8- plilWu# SRHPWVDEVKRYID RVARYKYNKLHLHLS DDQCWRIAIDSWPRL ATYGO---------- ----- STEVûûû--P GGYYTKABYKBIVRY 
Chb 8. maraamoonm CLRNFHKKDAVLRLLD QMMYKLNKFHFHLS DDEGWRXEIWLPEL TEVGGQRCHDLSBTT CUPQYOQOPD--W CQFFSRQDYXDlfKY 

451  465 466 480 4 0 1  495 496 510 511  525 526 540 
ihü A Huaian a-mububit ARLRQIRVLAEF~P GHTLS--------w- ---GWIW----- L LTPCYSGSEPS---- -GTWPVNPSWNTY EFMSTPPLWSSVFP 
H U  A Houmm ~ - ~ U ~ U ~ ~ ~ A R L R G I R V L A E F ~ P  GHTLS--------W- ---GmAW----- L L'I'PCYSMHLS---- -OTF'ûPVNPSWSTY DFMSTLFLBISSVFP 
HU B Huaun 0-mubunit ARLRGIRVLPEPDTP GHTLS-------- W- ---GKGQKD-----L LTPCYSRQNKL---- -DSFQPINPTLNTTY SFLTPFFKBISEWP 
HO* B Cat 0-mubunit ARLRGIRVIP~POSP GHTQÇ-------- W- ---CKGQKD-----L LTPCYNEHKQS---- -GTFûPINPILNSTY NFLSQFPKBVSMVFP 

#O% B Houmo 8-mubunit ARLRGIRVIPEF~P GH~QS-------- w- ---GKGQKN-----L LTPCYNQKTKI---- -QVPOPVDPTVNTTY AFFNTFPKEISSVFP 
Ho% D .  df.cofd@u AKTYOIRVIPEFDIP O H M - - - - - - - - W -  ---GIGYPE----- L VATCPDYAAN----- -VNNIPLDISNPATF TFIQNLFTEXAPLFI 
Hox 8. hi.tolytiaa GANRGVIVYGEIDTP AHTAS-------- W- ---NMYW-----v VANCWDYIVSTSMRY OBNVLSWPANPNTF PIIDAUKBLSDTF~ 
Hmx C. albfoann ARARGVRVIPEIDMP GHARAC-------W- ---KQVDP------ T IVECADMDAAVE -PPPûQLNIESEKTY EVISNVYNeLSDIFI 

Hox 8 .  nori GLERGVRVLPEFDAP AHVGEO-------W- ---QûTG-------- LTVCFKAEPWTKFCV EPPCGQLNPTKEELY DYLEDIWRHkEWE 
a- P. gingivalii ASDHPITVIPHIEMP GHAMA--------A- ---WIAYP------- QFRCFPREFKPRIIW QVEQDWCAOKDSVF RFISDVIDBVAPLFP 
Hox S. pliortua AASRHLEWPEIDMP GHTNA---------- ---ALASY------ A EWCDGVAPPLY'POT KWFSSLCVDKDVTY DFVDDVIOELMLTP 
Chb S. ni8rc@acanri AQARQIEVIPEIDHP AHARAAWSMEARYK KLHAAGKEQEANEFR LVDPTIWSNTTSVQF PNRQSYLNPCLDSSQ RFVDKVIOEIAQW 



Hox A 
Hox A 
Max B 
Hmx B 

Xmx B 
Hox 
m x  
Hmx 

Hox 
#WC 

Hox 
Chb 

Hox B 
Hmx 
Hmx 
Hax 

Hmx 
Hmx 
Hmx 
Chb 

H w n  a-rubunit 
Moumo a-iubunit 
Human P-subunlt 
Cat B-mubunit 

B .  mri 
P .  g i n g i v a l f a  
S. p l i c a t u n  
S .  mucemcan. 
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Human a-rubunit 
Houim a-iubunit 
H w n  P-iubunit 
Cat P-iubunlt 

noue@ 0-mubunlt 
0 ,  d l s c o l d ~ u m  
B .  h i s t o l y t i c a  
C.  a l b i o u i .  

B .  mord 
P .  g i n g i v a l f a  
S. p l i c a t u n  
S. arxcaroann 

----- DQPIHLGûDE VE----FQCWASNP- ------NI-Q----- GFMKR-..------ KG FO-SDFRRLESFYIK KILBIISSLKKNS-- 
- - - - -  DNYFHTGODE LV----TGCWLEDP- ------AI-A----- NWMTK-------- MO P--STTDAFQYFEN- NLDVTHKSINRTK-- 
----- TDYVHVOODE VW----TSGWSKSKE YS----DI+----- KFMKS-------- KG L--NSLTELW;YFNK YAQBQVIHNOKHP-- 
----- DDVPHVGNDE LQ----EKCYSAQLL PNN---TV-T----- DLLKRYLKK--ALPI FN-KVNHRKLTMWDD VLLSDVSMKIPSNI 

--IVWQEVFDD---- -KVELQPGWEVWK SEH----YSYELKQV TGSGFPAILS---AP WYLD----------- ------ LXSYGQWK 
--ITWNDPIDY---- -GVQLNPETLVQVWS SGS------- DLQGI VNSGYKALVS---FA WYLDKQNPDN----- ---- NIHYEWQmWQ 
--VVWEEVFK----- -KGNADKNTIIQVWD DIR------- LLQQV VNSGYKAIFS---AG FYLDKQMPLCNSYDS STCVNTHSMWVWPNR 
TLQVWHEISGV---- -KNLTSRGYDVWSL SDFL-YLWNAOWV TND--PRWE---TP ENVDFNM------- ----- QGûSWCGPY K 
PLILWTSTLTDYTHV EKFLDKDBYIIQVWT TGA-----DPQIQOL LQKGYRLIMSN-YDA LYFDCGWAWW--- ----- SQNNWCSPY 1 
--IGWDEILEG---- ---CLAPSATVMSWR GED------- W I M  ANMNHDVIMTPûSGû LYLDHYQûDP----- -TVEPVAIOOYAPLE 
--VGWHQLAG----- --AEPVEGALVQYW LDRMDAEKAEVAEA ARNQMLILSP-ADR TYLDMKYTKDT---- ----- PIALSWAQW 
-MQAWQDOLKDAES- SKAFATSRVOVNFWD TLYWW-GFDSVNDW ANKQYMSN-PDY VYMDFPYEVNPD--- ---- ERûYYWGTRFS 



Hex A 
Hox A 
Hex B 
Hox 0 

Hox 
Hex 
Hex 
Chb 
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Human a - i u b u n l t  
Moura a-eubunit 
Human B-iubunlt  
Cat P-eubunit 

7 2 1 735 736  750 751  765  766 780 781 795 796  810 
DPYW~PLAFEG--T PEQKAL---- - - - - -  - - - - - - - -  VIGGEAC MWEYVDNTN-LVPR LWPRAOAVAERLWS- ---NKLTSD------ 
DMYKVEPLAFHG--T PEQKAL---------  -------- VIGGEAC M E Y V D S T N - L V P R  LWPRAOAVAeRLWS- ---SNL'i"i'N------ 
K Y Y K V E P L D ~ - - T  QKQKQL--------- -------- FIGOEAC LWOEWDATN-LTPR LWPRASAVOERLWS- ---9KDVRD------ 

NYYKVDPLHFDC--S QEQKKL---------  -------- VIGGEAC L W E W I I A T N - L T P R  LWPRASAVGERLWS- ---PBDITS------  

GGQKWGNSPAV-MA LSYRDQ--------- -------- fLGGEVA LWSEQSDPAT-LWR LWPRAAAFAGRMWA- ---EPSTAW------ 
QWAYNPLPKEL--P ADKHRY--------- -------- VMAQAN LWAEYLYTSERYDYQ AYPRLLAVAELTWT- - - - P W K D - - - - - -  
EVQRSYWDPAGYLP CAPADA--------- -------- VRGVEAP LWTETLSDPDQLDYM APPRLPGVAN--WA- ---QPRRPR------ 
DERKVFSFAPDNMPQ NAETSMRffiNHFNA KSDKPWPGAYGLSAQ LWSETQRTDPQHEYM IFPRALSVlLBRSWHR AGWBQDYRABRBYKO 

iiix 8 .  aior1 -----..*- --QDAEti M L -  --- -- H m E R L  VMGIQA---ES-- -  L & p m C y Q N Q O w - y  O--------------  ---..----------- 
He% P. p i n g f v a l i s  - - - - - - - - - -  FADFC RRLD----- NACVRL DMHGINYHIPLP--- EQPCdSSDFIAFT-D KAKLTFTTSRPMKMV YTLDETEPSLTSTPY 
Hi% 5. p l i c e t u 8  - - - - - - - - - -  TTCTP TRCC----- SPAGPV LCGGODR--LLP--- LAAGALDLTRTAR-R APRRTVSGVPARRWV RAPRWS-SGSRSAG 
Chb S. m a r c e s C @ n E  GEVHFVDTQALEKDW LRFANILCQRELAKL DKGGVAYRLPVWAR V M G K L B A N I A L W L  QIBYSTDGOKQWQRY DAKAKPAVSQEVQVR 



2 ; : : :  I : : :  I  
O I l l l I  I I I 1  I 

1 1 1 1  I l I I  1  
1 1 1 1  1 1 1 1  1  
1 1 1 1  I l I I  I 
1 1 1 1  1 1 1 1  1  
1 1 1 1  1 1 1 1  1  
1 1 1 1  I l l l  1  
1 1 1 1  1 1 1 1  I 
I I I 1  I l l 1  I 
1 1 1 1  I l I l  I 

c l l l t l  1 1 1 1  I 
O I I I L  I l I f  I 
m 1 1 1 1  I l I I  I 



i i i t  I I  i r  i G i i  



Figure 8 Amino acid sequence alipment SpHex and SmChb. The painvise alignment 

was abstracted fiom the Iarger ClustalW 1.7 muitiple sequence alignment shown in figure 4 

(section 2.8.0). Amino acid numbering is indicated down the nght side of the figure. "*" 

indicate identicai residues whereas "." indicates similar residues. " 1" indicate residues 

subjected to mutationai analysis. Secondary structures are indicated dong the top of 

alignment (a; alpha h e k  P; beta sheet). Secondary structures responsibie for forming the 

p/a barre1 structure are nurnbered (P 1-p8 and al-a6, a8; note there is no a7 helix). 



S p H e x  
smchb 

S p H e x  
Smchb 

S p H e x  
Smchb 

S p H e x  
smchb 

S p H e x  
smchb 

S p H e x  
smchb 

S p H e x  
Smchb 

B1 al 82 L3 a 
EDTPRYAWRSAMLDV SRHFFGVDEVKRYID RVARYKYNKLHLHLS DDQGWRIAIDSRFRZ 
SDAPRFPYRGIFLDV AWFHKKDAVLRLLD QMZlAYKLNKFHFHLS DDEGWRIE IPGLPEL * ** .*..,*** * * * * * .* ** **,*,*** ** **** * * * 
- 1 13 a2 03 AT~GGS~------ --------- GGGPGG YYTKAEYKEIVRYAA SRHLEVVPEIDKPGH 
TEVGGQRCHDLSETT CLLPQYGQGPDVYGG FFSRQDYIDIIKYAQ ARQIEVIPEIDMPAH 

* * O  ** * *. - ** * ,**,***t ** * 
Q a a 

T N ~ - - - - - - - -  ----------- YAEL NCDGVAPPLYTGTKV GFSSLCVDKDVTYDF 
ARAAWSMEARïKKL HAAGREQEANEFRLV DPTDTSNTTSVQFFN RQSYLNPCLDSSQRF 

* * . O *  . .  * 0 *.* . * .. * 
a3 84 O[ A L  D A  

VDI)VIGELAALT--- --PGRYLHIGGDm S-------------- -----------O--- 

VDKVIGEIAQMHKEA GQPIKTWHFGGDEAK NIRLGAGYTDKAKPE PGKGIIDQSNEDKPW ** ****,* , * *.***l* .  . 
a a4 AL a5 ---------______ --TPKADFVAFMKRV QPIVARYGKTVVGWH QLAGAEPVËË---A 

ARSQVCQTMIKEGKV ADMEEILPSYFGQEVS KLVKAHGIDRMQAWQ DGLKDAESSKAFATS 
- 9  r r  * o r  . * 

86 a6 87 Cr 
LVQYWGLDRTGDAE KAEVAEAARNGTGLI LSPADRTYLDMKYTK D--TPLGLSWAGYVET 
RVGVNFWDTLYWGG FDSVNDWANXGYEVV VSNPDYVYMDFPYEV NPDERGYYWGTRFSDE * . .  * .  * .  * *. .. .* .* *.*. * . 0 .  

a a 1 û8 a8 
QRSYDWDPAGYL-- ------------O-- PGAPADAVRGVEAPL WTETLSDPDQLDYMAF 
RKVFSFAPDNMPQN AETSVDRDGNHFNAK SDKPWPGAYGLSAQL WSETQRTDPQMEYMIF 

* . .  * *, * * *.** * .** * 

RLLP 498 
GGVA 817 



repositioned (1 -5 residues in either the N or C-terminai direction) nich that they mapped 

more precisely ont0 loop regions of SmChb domain III (described in section 2.8.0). 

The pairwise alignment in figure 8 indicated that no amino acid insemons 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. Mer  the amino acid 

sequence ofSpHex had been substituted onto the a-carbon backbone of the equivalent region 

of the SmChb structure, all9 deletions in the model (correspondhg to the deletions in the 

p M s e  alignment) were manually joined using the graphics program O. O allows the user 

to manipulate the three-dimensional conformation of the a-carbon backbone by rotating q, 

@ bond angles. Furthemore, 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 becarne one continuous 

polypeptide chah 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 

andlor bond lengths, the model was energy-mùllmized as described in section 2.8.2. The final 

energy-mlliimized model of SpHex is shown as a ribbon diagram in figure 9 4  B. 

A summary of the PROCHECK analysis before and &er energy minimization is 

shown in Table II. Table II dernonstrates that energy minimization dramatically improved the 

overali 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 mode4 is less than 2.5 A (Leu 497 C *Pro 498 N, 1.3 A). A 

Ramachandran plot of the final energy minirnized model (Fig 10) indicated that 94.3% of the 



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 

a /p  barrel. Panel B, is tumed 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-teminal 

end of the a@ barrel and secondary structures forming the a/p  barrel are indicated: red 

cylinders; a-helix, green ribbons; P-sheets. Panel C, shows residues predicted to be involved 

in the cataiytic mechanism of the PN-acetyIhexosamiRidase. Panelil, depicts the predicted 

hydrophobie interactions occumïng between the enzyme and substrate. 



1 P Chitobiose 1 

Glu 314 1 

Trp 408 * 
Chitobiose 



Table II 

PROCHECK unalysis of the quality of the bond mgle geornehy wzthin the &Hex m d l  

befoe and qFer energy minimimtiion using X-PLOR 

Parameter m m e d  

Number of bad contacts* 

Main-chain bond lengths** 

Main-chain bond angles* * 

Planar groups* * 

Before enerm minimization 

1 O5 

66.2% within nonnal limits 

3 3.8% generously aliowed 

8% unacceptable 

56.5% within normal lunit 

43.5% generously allowed 

2 1 % unacceptable 

95.6% within norrnd lirnit 

4.4% generously aiiowed 

* any atomic interaction of 2.5 A or l e s  

Af ter enerm minimization 

10 

-- - -- 

97.1% within normal limits 

2.9% generously ailowed 

-- - -- 

7 1.7% within normal iimÎts 

28 -3% generously ailowed 

9% unacceptable 

- -  

89.8% within nonna1 limits 

1 0.2% generously allowed 

4% unacceptable 

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

acceptable geometry as definecl by Engh and Huber (98). 



Figure 10 Ramachandran plot of energy minimized SpHex model. The model was 

placed in a primitive lattice (Pl space group) and subjected to energy muiimization using a 

conjugate gradient target hc t ion  irnplemented in X-PLOR The stereochernical quality of 

the energy minimized mode1 was assessed using PROCHECK and output as a Ramachandran 

plot. 
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residues had a ,  Jr torsion angles withui core and allowed regions, 3.5% had 4, angles 

within generously dowed regions and 2.1% (6 residues) had didowed 4, mangles. The 

residues with disallowed a ,  @ angles (Val 2 14, Leu 255, AIa 369, Leu 404, Ala 433, Thr 474) 

aii reside in loop structures on the outer surfaces of the model including locations that were 

manudy joined together to compensate for deletions. 

The modeled SpHex is similar in structure to SmChb domain III, forrning an eight 

stranded JP barrel where the seventh alpha heIk of the barrel has been replaced by an 

extended Ioop structure (Fig 9 4  B). As judged fiom the pairwise sequence alignment 

between S ' x  and SmChb, the mode1 predicts a significantly more compact a/p barrel 

structure for the SpHex as opposed to SmChb (Fig 1 1). Interestingly, it appears that some 

of the large Ioop structures present in domain III of SmChb are used to stabilize adjacent 

domains; however, because these domains do not appear to exîst in the SpHex structure, the 

corresponding loops are aiso absent f?om the SpHex model. The most prevalent loop in 

SmChb (used to stabilize domain II) that is not present in the SpHex model is indicated by an 

anow in figure 1 1. This compact a@ barrel structure is comparable to the theoretical model 

constructed for the human Hex A a-chain (Fig 12) (55). 

Because the SmChb x-ray structure was solved complexed with chitobiose, the SpHex 

mode1 could be built compicxed with the same substrate (Fig. 9 4  B). Of the natural 

substrates known to be hydrolyzed by famiy 20 enzymes, chitobiose is probably the most 

analogous to 4-MUG. It is therefore iikely that chitobiose and 4-MUG complex with the 

SpHex in a similar fashion; thus, the kinetic data coilected using CMUG as substrate (see 

below), shodd directiy support the comparative modeling redts.  



Figure 11 Cornparison of SpHex model with SmChb X-ray structure. PmelA, shows 

a ribbon diagram of the SmChb X-ray structure looking d o m  the axis of the a/p  barrel of 

dornain III (cyan). Pmel B, is tunieci 90°0n the Y-axis with respect t o p d A  and shows 

a side view of the barrel of domain III. The predicted structure of SpHex is homologous to 

SmChb domain III. Panel C shows a ribbon diagram of the SpHex model (yeuow) (looking 

d o m  the axis of the a / P  barrel) superimposed ont0 a a-carbon trace of SmChb domain III 

(cyan). Panel D is tumed 9o0on the Y-axis with respect to p d  C. The largest loop 

structure of SmChb dornain IIX (thought to provide structural support to domain I) not 

present in SpHex and is indicated with an arrow. 





Figure 12 Cornparison of Hunan Eex A a-chah and the SpHex model. Panel A, 

shows niperimposed a-carbon traces of SpHex (yeiiow) and the human Hex A a-chah 

looking d o m  the axis of the alfi barrel. Panel B, is turned 90" on the Y-axis with respect 

to p d  A and shows a side view of the barre[. 





As expected, the active site architectures of the SpHex model and the SmChb are 

highly conserved. The salient features, as identi£ied in SmChb (55) ,  include Glu3 14 (SmChb; 

Glu540), Arg 162 (SmChb; Arg349) (Fig. 9C) and three Trp residues Trp344,442,408 (Fig. 

7d). The SpHex model hdicates that the protonated carboxyl group of Glu314 is withli 

hydrogen bonding distance (2.5 A) of the oxygen in the giycosidic m a g e  of the substrate. 

Thus, Glu3 14 is perfecty situated to donate its proton to the giycosidic oxygen, thereby 

aiding in the hydrolysis of the substrate. The 8-guanido group of kg162 appears to 

directly bind the substrate by fomiing two hydrogen bonds, each at a distance of 2.6 to 

OH3 and OH4 of the non-reducing N-aceîylglucosamine sugar of the chitobiose. As 

described for the SmChb X-ray structure, the active site model of S ' x  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 ( 5 9 ,  the nucleophile involved in 

the S ' x  catalytic mechanism rnay be proMded by the substrate itsetf. 

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 oniy occur when the 

chitobiose is in the energetically unfavorable Csofa conformation as described for the SmChb 

mechanism by Tews et al. (55). The twisting of chitobiose into a Csofa conformation is 

proposed to be essential for the substrate assisted catalytic mechanism for it allows the 

acetamido-07 atom of the non-reducing N-acetylglucosarnine to move within 3 -0 A of the C 1 

atom of the same sugar, an ideal position for the nucleophilic attack (55).  This twisting of 

the chitobiose may be partidy stabilized by hydrogen bondiig to Tyr 393 in S'He& as it is 



by the equivaient residue (Tyr 683) in SmChb. To see potential for a similar hydrogen 

bonding interaction occurring in the SpHex modei provides additionai support for the catdytic 

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 stabilinng the hexose ring of the reducible N- 

acetylglucosamine sugar of the substrate, the indoie ring of this Trp is not puallei to the 

hexose ring of the nigar as is seen in the SmChb X-ray structure. The reason for this 

difference wuld not be explained. 

3.5 Construction of the DMAL-c2-SpHex fusion  rotei in vector - 

The mnstruct pMALc2-SpHex (a g& fiom NEB) was made by subcloning the insert 

fiom clone 36 (BamH LHindm) into pMd-c2 (kn»l YHind III). The B d I  site was med- 

in to facilitate subcloning and d o w  for correct translation of the maltose binding protein 

(ME3P)-SpHex fusion protein. To remove 3.2 kb of extraneous DNA 3' to the SpHex coding 

region, pMALc2-SpHex was digested with Srna I and Hind III, the Hind IiI site was blunt- 

ended, and both the larger vector (7 kb) and a 1.8 kb (Sma YSma I) fkagment comaining 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 fiagrnent ligated in the correct orientation was 

identifid using 4-methyiumbelWery~-~N-acety1gi~~0saminide (4-MUG) (Toronto Research 

Chernicals Inc.) as substrate for an in-plate assay of E. colz colonies (section 2.13.0) 



electroporated with the ~MHEX- 1 -8 Ligation reaction. 

3.6 Sitedirecteci Mutaenesis of the SpHex gene - 

Singiestranded DNA &om psf31EX-1.8 was isolated as describeci 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 (Glu3 I4GLn), G753Aand G754T (Argl62His) 

and G1004A (Asp246Asn) respectively. Mutant plasmid construas were identified by PCR 

amplification of the relevant region foliowed by restriction enzyme digestion as described in 

section 2.9.2 and 2.9.3 (base change G1208C created a ScrFI site, G753A and G754T 

combined destroyed a M q I  site and G1004A destroyed a Taql site). Fragments containing 

the mutation(s) were subcloned into pmHEX- 1.8 (AscIBsrGI fiagrnent contained either 

G753A and G754T or G1004q BsrGIAgel fragment contained G1208C) to create the 

mutant pmHEX- 1.8 constnicts. The subcloned regions were sequenced to confirm that only 

the desired base changes were introduced. 

3.7 Purification of SDH~X-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 ofwild type and mutant 

SpHex-MBP produced high-level fusion proteh expression in E. coli, yielding approxirnately 

0.5 mg/100 ml culture. The final protein concentrations for d purifications were brought to 

1-2 mglml by eluting the fugon protein with 0.5 ml elutiodstorage bufFer. M e d  wüd type 

and mutant SpHex-MBP fiision proteh was stable for at lest  48 hrs at room temperature and 



at least 2 weeks at 4°C. SpHex displayed catdytic activity toward both 4-MUG and 4- 

MüGS; however, the enzyme was approximately 2600 fold more active toward 4-MUG than 

4-MUGS (Fig 13). An SDS-PAGE gel of the purifid proteins is shown in figure 14. 

The purified SpHex-MBP fusion protein was digested with factor Xa protease as 

describeci in section 2.1 1. To assess the effects of the MBP on activity SpHeq digested 

SpHex-MBP fision 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 analvsis of recombinant and native SoHex - 
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; Iane 3). Anti-SpHex-MBP antibody also detected a 55 

kDa protein in the cytosol of S. pliatus (fig 16; lane 4), indicating that the recombinant and 

native SpHex are of the same approximate molecular rnass. Two higher molecular weight 

protehs were also detected in the S. plicafus cytosol; however, their identity could not be 

deterrnined and may be a result of n o n s p d c  cross-reactivity of the antibody to other 

proteins in the hction. Interestingly, SpHex was detected in the spent medium of S. plicahrs 

cultures after approximately 5 days of growth, suggesting S. plicatus may secrete this enzyme 

into the media upon expression (Fig 16; lane 5). 

3.9 Kinetic anal~sis of wild-me and mutant SoHex - 
Based upon multiple sequence alignrnents offamily 20 enzymes, previous mutagenesis 

studies of human Hex A (48-5 0; 99) and the SmChb structure (SS),  we created the foilowing 

mutations in SpHex: Argl62His, Asp246Asn and Glu314Gln. Since the kinetics of the 

SpHex-MBP fusion and factor Xa digested fusion protein were indistinguishable when 



Figure 13 SpHex catalytic activity towards 4-MUG and CMUGS. To determine if 

1) SpHex was catalytically active toward both CMUG and 4-MUGS and 2) the relationship 

between S ' x  protein concentration and the rate of product formation, increasing 

concentrations purified SpHex were incubated at 25°C for 45 mîn in a 30 pl reaction 

containing either 3.5 mM CMUG or CMUGS in citratelphosphate buffer, 0.3% B S 4  pH 

3.0 at protein (n=3). 



[protein] (ng) 

[protein] (ng) 



Figure 14 SDSPAGE of purified wild type and mutant SpHex-MBP fusion protein. 

SpHex-MBP fusion protein was purified as described in section 2.10. To assess ptrity, 

p d e d  and unpurified SpHex-MBP fusion protein (20 pl) was separated in an 8.0% SDS- 

PAGE gel as descnbed in section 2.13. &es 1 and 2 conskt of purifïed and unpurified wild 

type SpHex-MBP respectively. h e s  3 and 4 consist of purified and unpurined Asp246Asn 

mutated SpHex-MBP respectively. Lunes 5 and 6 consist of purified and unpurified 

Argl62His mutated SpHex-MBP respectively. h e s  7 and 8 consist of purified and 

unpurified Glu3 14Gh rnutated SpHex-MBP respectively. Mobi2ity of prestained protein 

standards (NEB) are Uidicated on the lefi. 





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 containhg 3 mM CMUG as substrate. 



- Factor Xa + Factor Xa 



Figure 16 Cornparison of recombinant and native SpHer. To directly compare 

molecular masses of recombinant and native SpHex, the MBP was removed fiom atFnty 

purifieci SpHex-MBP fùsion with factor Xa protease as described in section 2.1 1. A crude 

S. piicatus cytosolic fiaction was prepared a e r  growth in ISP medium for 5 days (section 

2.12). Protein samples were resolved by 8.0% SDS-PAGE, transferred to nitrocellulose, and 

incubateci with polyclonal antiSpHexMBP antibody (1  : 10000) as descnbed in section 2.14.2. 

The antïgen-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 lefi. Lune 1, 10 ng a f h t y  p d e d  MBP-LacZa 

fusion (expressed &om pMAL-c2 with no insert in the polylinker); Iane 2, 10 ng affinity 

purified SpHex-MBP fusion protein; Iane 3, 10 ng Uicomplete factor Xa digest of SpHex- 

MBP fusion protein; lme 4, 15 pg S. plicatus crude cytosolic fiaction; Iane 5, 4 pg ISP 

medium used to grow the S. plicatus culture. 



IB: anti-SpHex-MBP 



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 9c). 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 

pronounceci affect on Km, increasing this intrinsic rate constant 40 fold as compared to wild 

type SpHex. The proposed catalytic acid residue Glu3 1 4, when mutated (Glu3 l4Gln), 

reduced V' 296 folci, and the Km of this mutant was reduced 7 fold, implying that Glu 3 14 

is the proton donor in the catalytic reaction of SpHex. 

In SmChb, Asp448 appears to indiredy hydrogen bond with the chitobiose substrate 

through a water m o l d e  and Asp539. The quivalent residue in SpHex is Asp246. 

Comparative modeling suggests that Asp246 may fulnl a sirnilar role in this enzyme. The 

mutation Asp246Asn results in a 2 fold decrease in V,, and a 2 fold increase in Km In 

SpHex, Asp246 most likely foms an indirect hydrogen bond with the substrate through 

Glu3 13. 

3.10 pH Profiie 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 .O. AIthough the pH optimum of this entyme 

is quite broad, an environment more acidic than pH 3.0 resulted in a steady loss of aaivity. 

Interestingly, the Glu3 i4Gln mutation changed the pH profile fiom 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. ( 5 9 ,  SpHex Glu 3 14 and SmChb Glu 540 must be 

protonated in order for catalysis to occur. This is refiected in the acidic pH o p h u m  seen 



Table III 

Kinetic d e s  of recombinant &Ha-n?i(BPPfunon protein 

Recombinant wild type and mutant SpHex-MBP fusion protein activities were 

determineci by incubating a reaction mix containing 1-75 ng of atfinuy purineci SpHex-MBP 

fusion protein with 12 various concentrations of 4-MUG (0.03 3 -5 .O mM) in citratelphosphate 

buffer, 0.3% bovine s e m  dbumin, pH 3.0, in 30 pl at 25°C for 45 min. The Km and y,, 

values were detemiined using the direct hear plot method (84). 

- -- 

Enzyme 

Wdd type 

Arg 162His 

Glu3 14Gln 

Asp246Asn 

Mean S.D. (n = 3) 



Figure 17 Analysis of pH profùes for wild type and mutant SpHer. Catalytic activity 

for wild type and mutant SpHex was measured in 10 rnM Na@PO,, 6 mM citnc acid, 0.3% 

BSA ranghg fiom pH 2.0 - 9.0 using 4-MUG as a substrate as described in section 2.15.1. 

Mer a 45 min. incubation at 25 OC, each reaction was quenched with 0.1 M glycine-carbonate 

buffer, pH 10 and the fluorescent produci, 4-MU, was measured by fluorometry. Activity is 

indicated as an average percentage of maximal activity (n=3). 





for Ad-type SpHex Gln does not undergo ionization; hence, the loss of a distinct peak at 

pH 3.0 suggests that the ionization state of Glu3 14 is responsible for the pH dependence seen 

for the wild-type enzyme. 

The Asp246Asn mutation shifted the pH optimum £tom 3 -0 to 3 -75. This shift in pH 

optima contradicts results fkom human Hex A studies which showed that the analogous 

mutation in Hex A (Asp258Kis) resulted in a more acidic pH optima (50). The reason for the 

p H  optimum shift could not be explained. Finally, the Argl62His mutation had a drarnatic 

affect on the pH optimum for the SpHex, s m g  it fiom pH 3.0 to pH 6.5. No clear 

explanation could be identifiai for this change; the drastic nature of this pH shift may suggest 

that the mutation has allowed for an alternative catalytic mechanism. 



4 Discussion - 

4.0 Clone 36 and the SpHex-MBP fusion  rotei in emression/~urification -stem - 

Onginally, the fusion protein encoded by Clone 36 was classined as a P N -  

acetylhexosaminidase on the basis of its substrate specificity (65). In a search for e-es 

related to human PN-acetyihexosaminidase that might be useful for stnichire/fiinction 

adysk,  the complete nucleotide sequence (1 683 bp) and deduced amino acid sequence (56 1 

aa) ofthe enzyme encoded by Clone 36, SpHeq was deteRnined. Cornparison of the deduced 

amino acid sequence with the SWISS-PROT database and the Brookhaven protein database 

(PDB) (Table 1) indicated that not only did SpHex have the substrate specificity of a PN-  

acetylhexosaminidase, its primary amino acid sequence was most similar to those glycosyl 

hydrolases that are mernbers of f d y  20 (chitobiases and PN-acetylhexosaMinidases) as 

classiiïed by Henrissat (2; 3). 

The ease with which highly active, soluble SpHex-MBP fusion protein could be 

expressed and puded, made this enzyme an excellent f d y  20 enzyme to study structurally 

and functionaily. Because SpHex originated fiom a bacteria, the need for complex post- 

translational modification was not required for normal hction, making this enzyme 

compatible with overexpression in E. cdi. Furtherrnore, the fusion of SpHex to MBP 

allowed for rapid, one-step f i t y  pudication using amylose resin. Thus, this system 

resulted in a yield of highly pure, fiindonal P-N-acetyhexosaminidase-MBP fusion protein 

(SpHex-MBP). The catalytic activity of the SpHex fbsion 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 midies of SpHex, in combination with molecular modehg 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 Com~arative molecular modeling of SpHex - 

Building a theoretical mode1 of an enzyme by comparative molenilar modeling can 

provide structural details of the enzyme that greatly enhance the understanding of results 

obtained from fhctional studies of the enzyme by site directed mutagenesis and other 

molenilar biology techniques. Furthemore, comparative molecular modeling can provide 

insight into the structural relationships between enzymes, in this case, these structural 

relationships were studied wit hin the O-glycosyl hydrolase family 20. Interestingly, 

comparative molecular modeling ofSpHex demonstrated that even though SpHex and SmChb 

belong to the same farnily and therefore are thought to onginate fiom a common ancestral 

gene (6), large structural ciifferences between the two enrymes appear to have occurred 

during evolution. However, the elements secondary structure and key residues needed to 

preserve their comrnon catalytic mechanism have remallied unchanged (Figs 9c and 11). 

The regions of highest amino acid sequence identity between SpHex and SmChb 

occurred within the sequence compnsing the elements secondary structure of their P/a-barrels 

(Fg 8). This evolutionary conservation suggested that the structural elements of the P/a- 

barre1 were crucial to the fùnction of the enzymes. The major structural clifferences and 

lowest sequence identity between the two enzymes occurred within the loop structures that 

comect the conserved secondary elements of the P/a-barre1 (Fig 1 1). Although the spatial 



arrangement of the secondary elements of the pla-barrels of both enzymes appeared to have 

been conse~ved, the lengths of the intervening loop structures were dramaticaily different. 

Some of the loops form entire domains within SmChb that were absent eorn the predicted 

SpHex structure. 

Surprisingly, the key residues in the active site of SpHex (Glu 3 14 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 P/a-barre1 type fold are usually found within the highly 

variable loop structures at the C-terminal end of the Plu-barre1 (100). Having the key 

catalytic residues positioned within these highly variable loop regions helps to explain the 

enormous variety of substrate specincties that various Plu-barre1 type giycosyl hydrolases 

display. This also supports the theory that enzymes with a ph-barre1 type fold that may have 

completely different subsvate specincities, have ail evolved fiom a comrnon ancestral gene 

(101; 102). 

The modeling studies alone hdicate that the catalytic mechanism of f d y  20 enzymes 

is conserved. These models indicate that SpHex, human P-N-acetylhexosaminidase (55) and 

SmChb ail used the same catalytic acid residue (SpHex Glu 3 14, human a-Glu 323, P-Glu 

355, SmChb Glu 540) and substrate binding residue (SpHex Arg162, human a-Arg 178, P- 

Arg 2 1 l, SmChb Arg 349), and that SpHex used substrate assisted catalysis just as predicted 

for SmChb (5 5). The x-ray crystailographic mode1 of SmChb demonstrated that the enzyme 

can twist the chitobiose substrate into a .  energetically unfavorable conformation within the 

active site by ushg three strategically positioned Trp residues that pack against the 



hydrop hobic hexose rings of the substrate. Because SmC hb is misshg an appropriate residue 

to act as a nucleophile during catalysis, Tews et al suggested that the twisthg of the substrate 

aliows for the N-acetamido group of the non-reducing sugar to corne close enough to the 

glycosidic linkage such that it codd 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. The x-ray crystallographic structure ofthe cumplex between 

SmChb and chitobiose depictecl 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 adve 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 appropnately 

situated acidic residue that could act as a nucleophile during catalysis, suggesting that SpHex 

mua dso rely on substrate assisted catdysis. 

The theory of substrate assisted catalysis appears to extend to human P-N- 

acetylhexosaminidase as wel, further substantiating the suggestion that the catalytic 

mechanism of the £àdy 20 enzymes is conserved. When Liessem et al. (1 995) photoatnnity 

labeled the P-subunits of human Hex B, the active-site directed affinity ligand reacted with 



only one residue, Glu 3 55.  This was unexpected because the retaining mechanism proposed 

to be acting in P-N-acetyihexosaminidases would require two acidic residues, one to act as 

a proton donor and one to act as the nucleophile (Fig 1). Ln fa- this observation was now 

in complete support of the substrate assisted catalytic rnechanism as desaibed above for 

SmChb and SpHex. Because Tews et ai-, suggested that the N-acetarnido group on the non- 

reducing end of the substrate could a a  as the nucleophile, there was no need for another acid 

residue w i t h  the enzyme active site. Hence, the photoaflbity labeling experirnent by 

Liessem et al. appeared to provide physical evidence that the human P-N- 

acetyihexosaminidase used a substrate assisted catalytic mechanism, supporthg mechanistic 

conse~ation within family 20. 

In addition to providing structural evidence in support of the biochemical findings 

provided by functionai analysis of SpHex by site directed mutagenesis, the molecular mode1 

of the enzyme may be used to provide insight into questions conceming substrate specificity. 

Cornparison of the molecular models of the human P-N-acetylhexosaminidase a-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, f i e r  stnicturdfimction 

analysis of SpHex may help resolve the unanswered questions surrounding why only the or and 

not the P-subunit of human B-N-acetylhexosaminidase can hycirolyze negatively charged 

substrates such a s  4-MUGS. 

The structural simiiarities between the a and P-subunits of human P-N- 

ac~lhexosaminidase has dowed for the creation of enzymatically active chimeric a$- 



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 a 1 3 2-283 (1 04). Residues a225-5 56 are involved in interacting with 

the GM2 ativator protein (103). Both of the homologous regions in SpHex occur within 

sequence used to build the SpHex homology model, save the fïrst 29 residues correspondhg 

to human a-subunit region a132-283. Thus the SpHex model contains the majority of the 

homologous regions that confer substrate specificity and, surprisingly, GMZ advator binding 

of the a-subunit of human P-N-acetylhex~sarniaidase~ Hence, the SpHex 

expression~p~cation system, in combination with the SpHex moiedar model, may provide 

a valuable tool for M e r  investigation into how differences in these regions of sequence 

confer dflerent substrate specificities for the a and P-subunits of human P-N- 

acetylhexosaminidase. 

Although much information can be gained nom comparative rnolecular modeling, 

there are limits to its usefulness. Because the sequence identity between SpHex and SmChb 

was below 30% outside ofthe sequence encoding the Ph-barre1 stmcture, only the sequence 

composing the Ph-barre1 structure of SpHex codd be successfùiiy rnodeled. 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 fiom the 

nucleotide sequence encoding the plu-barre1 and the active site residues of the enzymes. 

Despite the fact that the amui0 acid sequences are different between SpHex and 

SmChb, the fold of the comparatively modeled protein, i.e. SpHex, will be identical to the 



crystailographic mode1 of SmChb except where the multiple sequence alignment algorithm 

predicts an amino acid insertion or deletion. Thus, because the sequence to be modeled mut  

conform to the same fold as the sequence of the x-ray structure, comparative rnodeling 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 III) was 45%; therefore, the 

structural representation of SpHex should be fairiy accurate. This is exemplified by the 

accurate positionhg of the key catalytic residues (Glu 3 14, Arg 162) within the active site of 

the mode1 (Fig 6 c). 

4.2 Functîonal analvsis of SoHex by site-directed mutagenesis - 

The fim residues whose role in the catalytic rnechanism of SpHex was investigated, 

were the homologous to residues bat, when mutated in human P-N-acetylhexosaminidase, 

r e d t  in the human B 1 variant biochemical phenotype. These residues were chosen because 

B 1 variant mutations were believed to effect catalyticdy important residues within the active 

site of the human Hex A a-subunit without aEecting its ability to be correctly processed (42). 

Thus, emulating a B1 mutation in SpHex would be expected to change a catalyticdy 

important residue. 

The fïrst human B 1 variant mutation emulated in SpHex was a-Arg l78Kis. The 

analogous substitution in SpHex for this human B 1 variant mutation is Arg 1 6ZHis. Kinetic 

analysis of the Argl62His SpHex mutant indicated that although the V,, was only reduced 

5 fold, the Km was increased 40.5 fold (Table III), indicating that Arg162 was potentiaily 

involved in substrate binding. This was the first biochemical evidence indicating that this 



conservecl Arg residue (Hex a-Arg178, P-kg211 and SmChb Arg349) was acting as a 

substrate bindmg residue in a famiy 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 cryaaiiographic model 

indicated that Arg 162 (SpHex) (Fig 9c) and Arg349 (SmChb) (5 5) form hydrogen bonds with 

the non-reducing end of the chitobiose substrate. 

Con'trary to the kinetic data collectai f?om the Argl62His SpHex mutant and the 

physical data provided by the SmChb crystallographic model, it has been suggested that the 

comesponding Arg residues in the a and P-subunits of the human P-N-acetylhexosaminidase, 

a-Arg 1 78 and P-Arg2 1 1 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 f3-subunit mutation 

k g 2 1  1Lys (as opposed to Arg2 1 1His) resulted in a mutant Hex B enzyme with measurable 

catalytic activity and no apparent change in Km. Thus, it was concluded that Arg 2 1 1 of the 

P-subunit and, by inference, Arg178 of the a-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 1 78 and 

Arg 21 1 in the active site of the a and P-subunits of human P-N-acetylhexosaminidase 

respectively, is that of nibstrate binding and the conclusions fiom the work of Brown et al. 

reflect the diaicuities in obtaining accurate kinetic data fiom the human P-N- 

acetylhexosaminidase isoenzymes. Because of the inherent error involved in measuring the 

extremely low levels activity that were exhibited by the hurnan Hex B containing the P- 



Ar@ 1 1Lys mutation, the mutation may have been conservative enough (resulbng in the l o s  

of only one hydrogen bond) not to produce a detectable change in the apparent Km of the 

enzyme. 

Our studies identified Glu 3 14 as the catalytic acid residue in SpHex. According to 

the SpHex model (Fig 6c) and the Glu3 14Gln substitution experiment (Table III), it appeared 

that Glu 3 14 was acting as the catalytic acid residue, for not only did the model predict that 

the proton of Glu 3 14 is with 2.5 ofthe glycosidic linkage ofthe substrate, mutation of Gln 

3 14 to Gln reduced the V,, 270 fold without increasing the Km. Furthermore, the change in 

the pH profle of SpHex after introduction of the Glu3 14Gln substitution, suggested that the 

ionization state of Glu 3 14 was responsible for creating the acidic pH profile of the wild type 

enzyme (Fig 1 7). 

Wild type SpHex required an acid environment for maximal activity (pH 3.0), 

suggesting that the acidic environment kept Glu 3 14 protonated and ready for catalysis. 

When the Glu3 14Gln substitution was introduced, the residual catalytic activity that was 

displayed by SpHex insensitive to pH. Ody when the pH was less than 3 did the activity of 

the Glu3 14Gh mutant change significantly, reducing the acàvity 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 3 14 was responsible for the pH profile of the wild 

type enzyme and this provided M e r  evidence that this residue was serving as the catalytic 

acid residue in the SpHex active site. 

SpHex Glu 3 14 is invariant in ail family 20 enzymes. Recent mutagenesis experiments 

of Glu 323 and Glu 355 in the a-subunit and P-subunits of human P-Kacetylhexosaminidase 



respectively, M e r  substantiated the suggestion that the conserved SpHex residue Glu 3 14 

(SmChb 540) was acting as the cataiytic acid residue within the f d y  20 enzymes. C-g 

either Glu 323 or Glu 355 to a residue that carmot undergo ionization specifically abolished 

the enzymatic activity of the a and P-subunits without affecting their ability to be conedy 

processeci (58; 59). Thus, the structural and functional data coliected f?om SpHex in 

conjunction with the crystallographic model of SmChb, the mutagenesis experiments of Glu 

323 or G£u 355 in the a and P-subunits of human P-N-acetyihexosaminidase and the evidence 

for substrate assisted catalysis in human Hex B, suggests that the cataiytic mechanism of 

family 20 enzymes is conserved. 

When the human B1 variant mutation, a-Asp258His, was emulated in SpHex 

(Asp246Hs), the results indicated that mutation of Asp 246 to Asn did not dramaticdy effect 

the catalytic activity of SpHex (Table m). Thus, it was concluded that Asp 246 was not 

directly involved in catalysis and, as the S ' x  model indicates (fig 9c), Asp 246 appears to 

indirectiy buid substrate through Glu 3 13 and a potential water molea.de (see section 3 -9) 

exactly as is seen for its counterpart, Asp 448, in the SmChb x-ray structure. 

The structural and fùrtctional studies of SpHex in conjunction with the SmChb 

crystailographic data and molecular modeling of the a and P-subunits of human P-N- 

acetylhexosaminidase by Tews et al. (55) ,  demonstrate that bacterial e-es belonging to 

family 20 O-glycosyl hydrolases can be used to provide insight into the structural and 

bc t iond  relationships of human ~-wacetylhexosaminidasee 
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