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ABSTRACT. There are three humghhexosaminidase isozymes which are composed of all possible dimeric
combinations of am and/or a3 subunit; A @5), B (58), and S ). The amino acid sequences of the

two subunits are 60% identical. The homology between the two chains varies with the midbie
carboxy-terminab> the amino-terminal portions. Although dimerization is required for activity, each
subunit contains its own active site and differs in its substrate specificity and thermal stability. The
presence of thg subunit in hexosaminidase A also influences the substrate specificity of sdunit;

e.g, in vivo only the A heterodimer can hydrolyzassganglioside. In this report, we localize functional
regions in the two subunits by cellular expressionogf fusion proteins joined at adjacently aligned
residues. First, a chimerig/f chain was made by replacing the least well-conserved amino-terminal
section of theB chain with the corresponding section. The biochemical characteristics of this pro-
tein were nearly identical to hexosaminidase B. Therefore, the most dissimilar regions in the subunits
are not responsible for their dissimilar biochemical properties. A second fusion protein was made that
also included the more homologous middle section ofcttehain. This protein expressed the substrate
specificity unique to isozymes containing arsubunit (A and S). We conclude that the region responsible
for the ability of theo. subunit to bind negatively charged substrates is located within resudL@&3-

283. Interestingly, the remaining carboxy-terminal section fromatehain, 3316-556, was sufficient

to allow this chimera to hydrolyze % ganglioside with 10% the specific activity of heterodimeric
hexosaminidase A. Thus, the carboxy-terminal section of each subunit is likely involved in subunit

subunit interactions.

B-N-Acetylhexosaminidase (Hexis a lysosomal hydro-
lase that cleaves terminal nonreducipgl,4-linked N-

acetylhexosamines from oligosaccharides, glycolipids, gan-

gliosides, glycoproteins, and glycosaminoglycans. The

though only dimeric forms of Hex are active, the existence
of the three Hex isozyme®£, o, andaa) indicates that
each subunit contains a potential active site. That the
subunits share many structurinction relationships is not

human enzyme occurs as two major isozymes composed ofsurprising since théiEXA and HEXB genes arose from a

o [encoded by theHEXA gene 150923-g24 (Nakai et al.,
1991)] and/oi [encoded by théedEXB gene 5q13 (Bikker
et al., 1988)] subunits. Hex A is a heterodimes, whereas
Hex B is a homodime3s. A third, unstable isozyme, Hex
S, is composed of twat subunits. Hex S was originally

common ancestral gene (Korneluk et al., 1986; Proia, 1988).
This relationship is evident from the nearly identical place-
ment of the intron/exon junctions (13 of 14) and the close
similarity in the deduced primary structures (60% identity)
between theHEXA and HEXB genes and thex and

detected in very small amounts and characterized in humansypunits, respectively.

cells that do not synthesize a functioiasubunit,i.e., from
Sandhoff patients (see below) (lkonne et al., 1975). Al-
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1 Abbreviations: Hex,3-hexosaminidase; MUG, 4-methylumbel-
liferyl- 5-N-acetylglucosamine; MUGS, methylumbellifefgdN-acetyl-
glucosamine 6-sulfate; MU, methylumbelliferoneuganglioside,
GalNAg3(1—-4)-[NeuAc(2-3)-]-Gal3(1—4)-Glc-ceramide; ER, endo-
plasmic reticulum; wt, wild type; activator, 3 activator protein;
FCS, fetal calf serum; CAT, chloramphenicol acetyltransferase; PBS,
phosphate-buffered salingg*, mutant form of thef subunit of
hexosaminidase containing an AHyLys substitution; Hex A* ¢5%),
form of hexosaminidase A containing the inactive, mufznsubunit.

Whereas the active sites of both thheand subunits (in
dimeric form) are able to hydrolyze many of the same neutral
artificial, e.g, MUG (Hou et al., 1996a), and several natural
substrates [reviewed in Mahuran et al. (1985)], only the
catalytic site in theo. subunit can hydrolyze negatively
charged substrates such @dinked glucosamine 6-sulfate
containing glycosaminoglycans (Hou et al., 1996a; Kresse
et al.,, 1981; Kytzia & Sandhoff, 1985) and artificial
substrates (Hou et al., 1996a; Kytzia & Sandhoff, 1985),
e.g,4-MUGS (Bayleran et al., 1984), and most importantly
Gwmz ganglioside. In the latter case, only thesubunit in its
heterodimeric Hex A form is functionah vivo (Meier et
al., 1991). Naturally occurring mutations in thiEEXAgene
cause Tay Sachs disease. Two other inheritable diseases
with clinically similar phenotypes are Sandhoff disease and
the AB-variant form of G, gangliosidosis. These diseases
arise from mutations in either théEXB gene or theGM2A
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gene [encoding the @ activator protein (see below), together by disulfide bonds in the mature subunits,

respectively; reviewed in Gravel et al., (1995)]. [0p2% 740y 1897529 §,,50-974,,112-3113 816-55) (Figure 1) [re-
In order for Hex A to hydrolyze & ganglioside, it viewed in Gravel et al. (1995)].
requires the small, heat-stableGactivator protein (activa- One possible method to bypass the quality control system

tor). The activator interacts with both the carbohydrate and in the ER for structure/function studies of the two Hex

the lipid portion of the ganglioside, solubilizing, or at least subunits is to make chimeric proteins joined at adjacent
lifting, a ganglioside molecule from the membrane, and aligned residues. Since evolutionarily-related proteins retain
“presenting” it to Hex A for hydrolysis (Meier et al., 1991). nearly identical three-dimensional structures, the exchange
In vitro assays demonstrate that detergents can be substitutegf aligned sequences should produce minimal effects on the
for the activator; however, under these conditions, Hex S, folded structure, allowing efficient transport from the ER to
as well as Hex A, but not Hex B, can efficiently hydrolyze the Golgi. In this report, we demonstrate that this hypothesis
Gwmz ganglioside. Interestingly, Hex B can hydrolyze is at least partially true.

the neutral, asialo derivative of \g in the presence of

detergent, but not in the presence of activator alone. Also, MATERIALS AND METHODS

the activator, even in the absence afi.Gcan inhibit the i i

hydrolysis of MUGS by both Hex A and Hex S [reviewed PCR-Mediated Fusion of the and 5 cDNAs. The PCR

in Furst and Sandhoff (1992) and Sandhoff et al. (1989)]. (polymera;e chain reactlon_)jmed_lated gene fu5|c_)n technique
These data indicate that the binding site for the complex is (YOn & Fried, 1989) was utilized in the construction of two
also located in thex subunit, but that elements of th ch|mer|c proFems consisting of l\_l-termlnal portions of the
subunit [other than its active site (Hou et al., 1996a)] are chain replacing the corresponding aligned segments of the
necessary to somehow correctly orientate the complex and?® c¢hain of human Hex. The PCR technique allows the
allow hydrolysis of the ganglioside. Further functions that amplification of DNA sequences by using two specific
have been identified for the subunit are to greatly increase  Primers. By incorporating extra nucleotide sequences into
the stability of the resulting dimer and to facilitate the these synthetic primers, one is able to generate amplified
transport of thea subunit out of the ER (see below) DNA sequences with modlfled equ. Baseq on this con_cept,
[reviewed in Gravel et al., (1995) and Mahuran (1991)]. We @ third DNA primer (oligo 869, fusion 1; or oligo 113, fusion
have also recently shown that the presence offteabunit 2) termed the I|nk|ng-ol|g(_) is constructe_d in such a way that
in the Hex A heterodimer changes some of the kinetic the (3) upstream half of its sequence is complementary to
properties of thex-active site, as previously assessed in the the cCDNA encoding thec subunit of Hex, whereas the other
Hex S homodimer (Hou et al., 1996a). This conclusion was (3) half is c.omplementlary to th(ésubumt en_codlng CDNA.
based on the analysis of a novel form of Hex A (Hex A*) Togethe_r with the Sprimer (oligo 868, fusion 1; or oligo
which contained a normally folded but inactilesubunit 143, fusion 2) complementary to atDNA sequence and

(8%) with an Arg?llLys substitution mutation (Brown & @ 3 primer (oligo 870, fusion 1; or oligo 112, fusion 2)
Mahuran, 1991). complementary to #DNA sequence, the linking-oligo is

It is possible that if conserved regions account for some able to mediate the fusion of thecDNA to the ScDNA at

of the common properties of theand chains,e.g, exon precise Ioc_ations_,. Direct_ tra_nslation_ of t_his amplified
5 which contains the aligned active site residogsp!sy cons_truct gives rise to chlmer!c proteins with their NI—_|
BASPL and oArgl78BArg?!! (Brown & Mahuran, 1991; terminal portion from thex sgbunlt and the rest of the protein
Brown et al., 1989; Tse et al., 1996), then nonhomologous Melecule from thes-subunit.
domains may confer the aforementioned differences in The whole process was carried out in a single step with
substrate specificity and thermal stability. Interestingly, all three primers and both cDNA templates present, to
when the amino acid sequences of th@ndf chains are  generate “fusion 17, as was suggested in the original
aligned, the greatest homology is in the last three-fourths of procedure (Yon & Fried, 1989). For “fusion 2", a more
the deduced sequence. The homology between the twoconsistently successful method was developed employing two
chains at the N-terminal quarter} 13 and* 164 is minimal major steps. In step 1, 30 cycles of amplification are
(Figure 1). This lack of homology is also reflected in the performed using the linking oligo/primer along with the 5
fact that it is only the placement of the exon 1/intron 1 end primer and thexcDNA template. An intermediate
junctions that is not conserved in tlEEXAandHEXBgene  product is then generated which contains theg fusion
structures (Neote et al., 1988). point. In step 2 of the process, the intermediate fragment
Like other lysosomal and secretory proteins, thand3 acts as a primer in conjunction with the éhd primer and
chains of Hex are synthesized in the ER. ER to Golgi theScDNA template to yield the final product of the reaction.
transport requires that proteins fold into their near-native  Whereas transiently transfected COS-1 cells were used to
conformation and that some, like Hex, form dimers [reviewed produce the fusion 1 protein, permanently transfected CHO
in Edgington (1992), Hurtley and Helenius (1989), Mahuran cells were used to express fusion 2. The necessity for this
(1991), and Pelham (1989)]. Most deleterious missensevariation was the exhaustion of our human-specific anti-Hex
mutations leading to TaySachs disease prevent proper B antiserum which did not cross-react with endogenous COS
folding and/or dimerization and result in the detection of only Hex (Brown et al., 1989). Other antisera were less specific.
small amounts of pr@ chain cross-reacting material (the ER  If they were absorbed with COS cell extract, they lost cross-
form) [reviewed in Gravel et al. (1995)]. When pro-isozymes reactivity to both human and COS cell Hex. In order to
are able to exit the ER, they are transported to the lysosomeallow absorption of an antiserum without a coordinate loss
where the single-chain pro-subunits undergo further pro- in reactivity to the human-derived Hex, cells from a species
teolytic processing at exposed hydrophilic sites (Sagherianfurther removed from man than monkey were needed for
et al., 1993) to produce complex polypeptide structures heldthe transfections experiments. CHO cells were found to
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chain aat GAGGAGTAAAC-3. Twenty nucleotides at its ®nd are
¢ MISSRLIFSLLLAGAEAGRATA 2 complementary to the sequence that extends the junction
p MELCGIGLPRPPHILALLLATI LAANLALLTOVALVYQVARA 42 of the sense strand of tifleDNA, and 20 nucleotides at the
o mmemmmemem———— [LWPWPQNFQTSDQRYVLY PNNFQFQYDVSSAAQPGCSVLDEAFQRY 68 3' end are Complementary to the Sequence that ts ﬂ]e
B ARAPSVS[AKPGPA;V;;L;LSVKMTPNLLHEA;E;I;‘YISHSPN;T;\G;S;TL;E;Z:;‘R;; 101 JunCtlon Of the Sense Stra’nd Of tkEDNA' (C) Ollgo 870
o RDLLFG] SGSWPRPYLTGKRH { TLEKNVLVVSVVTPGCNQLPTLESVENY TLTINDDQCL 126 IS Complementary to the Sense Strand Ofﬁb@NA around
B HGVI;:;]FyK;JHHEPAEFQAK(;QVQQL:.;SITLQSE;DAF;NIS;D::s;;;LVKEPVAv 159 its second internaEcoRI site (UndErIiHEd), and has the
5129y pusion 1 following sequence: 'SGCAGGACTCGAATTCCTCG-
¢ e R R AL s 1% TAATC-3'. Various concentrations of each primer and PCR
B LEANR| VHGALRGLETFSQLVYQDSYOTPTINESTIIDOPRESHRGILIDISRAVLEVKL 218 conditions were evaluated to optimize the procedure. The
o VMAYNKLNVFHWHLVDDPSFPYESFTFPELMRKGSYNPVTHIYTAQDVKEVIEY 245 Condltlons that reSU|ted ln the generatlon Of the fUSIOn CDNA
B ARG SN SLS PR 277 are as follows. PCR reactions were carried out in b0
suston 2 volume containing buffer (final concentrations: 100 mM
@ MERGTIVIATITIINTLSIGROIROLICLS ooRe soTIgvineLIEe 3 Tris, pH 8.3, 500 mM KClI, 15 mM MgGl and 0.1% gelatin
B ARLRGIRVLPEF‘DTPGH’I‘LSWGKGQKDLLTPCYS)RQN‘J {LDSFGPINPTLNTTYSFLT 334 W/V), ZOO#M each Of deoxynudeotlde trlphosphate&m
o TFFLEVSSVFPDFYLHLGGDEVDF TCWKSNPE IQDFMRKKGFGEDFKQLESFYIQTLLDT 362 eaCh Of Ollgo 868 and Ollgo 870, O-W Ollgo 869, 10
8 ’;‘;‘;‘K;I;E;;‘;I;QFI:!;:;(:l;;\;E;K;;JE;;I;K;;;;;I;{Q;{(;;‘(;T];;Izl(:.;;;;;éKV!:l;; 394 ng of pSVL-(l DNA, and 100 ng of a restriction fragment
generated from the digestion of pS\iLby EcaRV and
R i et BarH| (encompassing the region needed for PCR fusion).
[3 IATINKGSIVWQEVFDDKVKLAPGTIVEVWK-DSA~-YPEELSRVTASGFPVILSAPWYL 451 . .
Tag polymerase, 1.25 units (from Perkin Elmer Cetus),
@ NRISICPDUKDFYVVEPLATOSTPEQRALVICGEACMICELVINTILVERLIPRAGIVAE 452 was added after the reaction mix was heated to°G4
B DLISYGODWRKY YKVEPL.DFGETOKQKQLF TGGEACLWGEYVDATNLTPRLWPRASAVGE 511 Thirty_five CyCIeS of PCR were performed on a Perkin Elmer
T — e oCetus DNA Thermal Cycler with 30 s denaturation at 94
B RLWSSKDVRDMDDAYDRLTRHRCRMVERGIAAQPLYAGYCNHENM) 556 ?’73 orgln annea“ng at 4&, and 2 min pl’lmer eXtenSIOn
a .

Ficure 1. Alignment of the deduced primary structures of the . .
preprax and prepr@ chains of humarg-hexosaminidase A. The (A) Production of the pSVbf1l Expression Vector.

signal peptide is in italics and underlined. The matageand 3, General cloning procedures were as described by Sambrook
chains are enclosed in brackets. The matuseand3, chains are (Sambrook et al., 1989). Briefly, the PCR product generated
enclosed in braces. The matytechain is enclosed in parentheses.  from the above procedure was isolated by agarose gel
Residues between the end of one set of brackets and the beginnin%lectrophoresis and purified with the Geneclean Kit (Bio

of another are believed to be removed during maturation. Residues . . . L
believed to be involved in the active sites (Brown & Mahuran, 1991; 101). After being digested with restriction enzymésd

Tse et al., 1996) are double-underlined. The most highly conservedand EcoRl and subcloned into a Bluescript vector (Strat-
domain within 15 aligned Hex-related sequences is underlined (Tseagene), the insert was sequenced by the dideoxy chain
gt(lfi'dsilogn9%-;g‘i‘ilr{gigt‘ggoglsvoefrzgf’ﬁnt S(F#]io? 1) a“g _fUSi?_” termination method (Sanger et al., 1977). To allow expres-
. e tusion unctuon ; H ; H
has been previously shownyto be located in a hydrophjilic loop sion 1N ma_mmallan cells, th(_a Insert. was Subse_zqu’ently
structure (Sagherian et al., 1993). subcloned into pSVIB, replacing the corresponding’ 5
segment of theggcDNA.

serve this purpose. However, because they lacked the COS (B) Cell Culture and DNA TransfectionMonkey kidney
cell's ability to replicate the expression vector (through the cells (COS-1) (American Type Culture Collection) were
SV40 ori), transient expression did not result in sufficient maintained and propagated éxminimal essential media
protein synthesis to allow detailed biochemical analyses to (Flow Laboratories) supplemented with 10% FCS v/v, 100
be carried out. Expression in selected “highly producing” u«g/mL streptomycin, and 10@g/mL penicillin, at 37°C in
permanently transfected CHO cell clones was found to be 5% CQ. Ten micrograms of purified pSVL containing the

necessary (data not shown). BCDNA or the fusion cDNA in the eukaryotic expression

Fusion 1. Translation of this construct would produce a vector pSVL, plus 5tg of pBLCAT2 containing the cDNA
chimeric polypeptide with its N-terminus consistingodflet encoding the bacterial CAT gene, was transfected into these
to aThri3tand the rest of th@ chain fromSVal®*to fMet>>6 cells as previously reported (Brown et al., 1989).

(Figure 1). This strategy was used to prevent the disruption (C) f-Hexosaminidase Assay€ell lysates, obtained from

of any unique N-terminal pxo chain secondary structure. freezing and thawing the transfected COS-1 cells in PBS,
The cDNAs encoding the Hext and S subunits had  were assayed for human Hex activity using a solid-state
previously been subcloned into the eukaryotic expressionimmunoprecipitation method (Brown et al., 1989). The
vector pSVL (referred to as pSVia-and pSVL§B, respec- immobilized human Hex was assayed with both the common
tively) (Brown & Mahuran, 1993; Neote et al., 1990a). The MUG anda-isozyme-specific MUGS substrates (Brown &
three oligonucleotides utilized in the PCR reactions were the Mahuran, 1993). Lysate protein was determined by the
following: (@) Oligo 868, which binds to the antisense strand Lowry method.

of pSVL-a in the region corresponding to the junction of (D) Western Blot. COS-1 cell lysates (treated withs

the vector and thecDNA, had the following sequence’-5  volume of CC} to reduce their lipid content) were analyzed
TAAAAGCTCCTCGAGGTCGCCGCT-3 within the center by Western blotting as previously reported (Brown et al.,
of which is a uniqueXhd site (underlined) originally used  1989). The rabbit anti-human Hex B IgG used primarily
in subcloning thexcDNA. It is this oligo that initiates the  cross-reacts with thg, chain portion (Figure 1) of the pfo
PCR reaction from the'®nd of theancDNA. (b) The linking chain or the matur@ subunit (Mclnnes et al., 1992).

oligo, Oligo 869, had the following sequence (antisense): (E) Stability Study The appropriate amount of COS-1
5'-CCTCGTAATGCTCCCCAAACAGTCTCAGA- lysates was incubated with temperature-preequilibrated cit-
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rate—phosphate buffer, pH 4.1, containing 0.15% human
serum albumin w/v as a stabilizing agent at’@) Aliquots
were taken at different time points (0, 10, 20, 30, and 50

Biochemistry, Vol. 35, No. 33, 1996.0897

These subcloning procedures are described as follows: (i)
Xhd and Clal digestion of the construct pSVL-fusion and
ligation of the insert into a Bluescript vector (Stratagene);

min) and assayed using the solid-state immunoprecipitation (i) Apa and Xba digestion of the construct pB&52 and
methods described above. The log of percentage of residualigation of the insert into the super-linker vector, pSL301-

bound activity (after subtracting the corresponding value
given by nonspecific binding of the COS cell enzymes) was
plotted against the time of exposure to 8D. From this
graph, the time at which 50% of the original activity
remained was calculated from the best-fit liffe, 60 °C.
Fusion 2. A new construct was produced that encoded a
chimeric protein composed ofMet'—oaPro?® fused to
BLew?e—pMet>>¢ (Figure 1). The cDNAs encoding the Hex
o and s subunits have previously been subcloned into the

(Invitrogen); and, finally, (iii) transferring of the fusion
cDNA to the vector pEFNEO b¥cdRI partial digestion:

the insert was then sequenced by the dideoxy chain termina-
tion method (Sanger et al., 1977).

(B) Production of Expression Vectors, pEFNB®&-and
pREP4e. The construction of pEFNE@-containing the
wild-type ScDNA, pREP4et containing the wild-typ@cDNA,
and pEFNEQ3* encoding af subunit with an Arg''Lys
substitution has been previously described (Hou et al.,

eukaryotic expression vector pSVL (see Fusion 1). The three1996a). The lattef* substitution produces a nearly inactive

oligonucleotides utilized in the PCR reactions were as
follows: (a) Oligo 143, which binds to the antisense strand
of pSVL-a in the region corresponding to the junction of
the vector and thecDNA, had the following sequence:-5
TAAAAGCTCCTCGAGGTCGCCGCT-3 within the center

of which is a uniqueXhd site (underlined) originally used

in subcloning thexcDNA. It is this oligo that initiates the
PCR reaction from the'®nd of theancDNA. (b) The linking
oligo, Oligo 112, had the following sequence (antisense):
5'-ATAGGTCCAAAAGAGTCCAAGGGCTCA-
GACCCAGAGTAGC-3. Twenty nucleotides at its' ®nd
are complementary to the sequence that extends the
junction of the sense strand of tifeDNA, and 20 nucle-

dimeric Hex B* which can also interact with humerchain

to produce a Hex A* isozyme fully capable of hydrolyzing
Gwmz ganglioside in the presence of human activator protein,
but with an inactives* subunit (Brown & Mahuran, 1991,
Hou et al., 1996a). Expression of this construct in CHO
cells was used as a control to demonstrate the lack of
interspecies dimer formation,e., human Hex subunits
interacting with endogenous CHO Hex subunits.

(C) Cell Culture and DNA Transfection.The same
methods that were used to culture COS cells (above) were
used to culture Chinese hamster ovary cells (CHO). Trans-
fections were carried out with 1@ of purified plasmid DNA
(the B or the fusion cDNA in the eukaryotic permanent

otides at the 3end are complementary to the sequence that expression vector pEFNEO), or with 2@ of pREP4e. with

is 5 to the junction of the sense strand of theDNA. (c)

or without 10ug of wt pEFNEOpS. These were mixed with

Oligo 113 is complementary to the sense strand of the 70 ug of Lipofectin reagent (GIBCO BRL) in 20@QL of

BCcDNA around its uniqué®st site (underlined), and has the
following sequence:'sSTCGACCATCCTGCAGCGGTGC-

serum-free MEM, as previously reported (Hou et al., 1996a).
(D) p-Hexosaminidase AssaysCHO cell lysates were

CTT-3. Various concentrations of each primer and PCR obtained and analyzed through similar procedures as de-
conditions were evaluated to optimize the procedure. The scribed in Fusion 1 (Brown et al., 1989), except that the
conditions that resulted in the generation of the fusion cDNA antibody used in this case was a sheep anti-human Hex
are as follows: In both steps, the reaction was carried out A-IgG. The antibody was preabsorbed with the glycoprotein
in a 100uL volume in reaction buffer composed of 100 mM fraction from normal CHO lysate, bound to a concanavalin
Tris, pH 8.3, 500 mM KCI, 15 mM MgG| and 0.1% gelatin ~ A—sepharose column (Pharmacia), in order to remove the
w/v with 200uM each of deoxynucleotide triphosphates. Taq majority of the endogenous CHO cell Hex binding capacity.
polymerase, 5 units (from Perkin EImer Cetus), was added This antibody retained its ability to recognize the human
after the reaction mix was heated to 9@. Thirty cycles isozymes (this was not the case if COS lysate was used for
of PCR were performed on a Perkin Elmer Cetus DNA the absorption). The buffers were also slightly modified:
Thermal Cycler with 30 s denaturation at 9€, 2 min PBS (pH 7.0) or citratephosphate buffer (pH 4.1) each
annealing at 54C, and 2 min primer extension at 7G. In containing 2.5% w/v human serum albumin and 5% v/v
step 1, 0.«M of each Oligo 143 and Oligo 113 and 10 ng glycerol, was utilized for washing the protein-Gepharose
of pSVL-a. DNA were used. In step 2, 048V oligo 112, beads (Pharmacia) and in the actual enzyme reaction,
10 ng of pSVLA DNA, and 100 ng of the “intermediate” respectively.
fragment (generated from step 1) were used. (E) Western Blat CHO cell lysates were analyzed by the
(A) Production of the pEFNE@32 Expression Vector method as described above for Fusion 1. However, the blot
General cloning procedures were as described by Sambrookvas developed by the ECL procedure (Amersham) (Hou et
(Sambrook et al., 1989). The isolation and purification of al., 1996a), and a rabbit anti-Hex A IgG preparation was
the PCR product are the same as for Fusion 1. The insertisused as the primary antibody. This antibody cross-reacts
treated with restriction enzymehd and Pst (complete and more strongly with the reduced chain and thegs, segment
partial digestion, respectively) and subsequently subclonedof the prg chain (which runs off the gel if the major
into pSVL5, replacing the corresponding &gment of the ~ component in the lysate is the reduced, majisubunit),
BcDNA. The construct pSVL-fusion, due to the lack of rather than with thg, chain (Figure 1) which is the primary
appropriate restriction sites, was then subjected to variousantigen for our rabbit anti-Hex B IgG.
subcloning steps in order to produce a eukaryotic expression (F) Chemical Cross-Linking with Dithiobis(succinimidyl
construct containing a suitable selection marker for the Propionate). Cross-linking with 0.6 mM dithiobis(succin-
permanent transfection of CHO cells. The vector used wasimidyl propionate) using a 6 mM stock solution in dimethyl
pEFNEO (kindly supplied to us by Dr. Anson) (Anson et sulfoxide was performed as previously repoted (Tse et al.,
al., 1992), which has a neomycin (G418) resistance marker.1996). Transfected CHO cell lysates were prepared as
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described above except that the PBS lysis buffer was COS() Fa4  COS()  F#3
substituted with the following: 50 mM sodium phosphate,
pH 7.0, 150 mM NaCl, 10 mM MgG) 0.05% Triton
X-100 v/v, 5 mMg-glycerophosphate, and 0.05% w/v bovine
serum albumin, to prevent nonspecific protein aggregation
and equalize protein concentrations. Denatured but nonre-
duced lysates were subsequently analyzed by Western
blotting.

(G) Indirect Immunofluorescencélransfected cells were
grown at 37°C 'n_S% CQ on a chamber Sl'de (Lab-Tgk) N Fure2: Western blot of COS-1 cell lysates using an anti-Hex B
1mL wells containingx-MEM complete medium. Indirect  |gG (strongly reacts with thg, chain) from nontransfected cells,
immunofluorescence was carried out as previously reportedCOS (); cells transfected with a wicDNA construct, COS+);
(Hou et al., 1996b), using a rabbit anti-Hex A primary and cells transfected with the fusion 1 cDNA construct from two

; ; ; independent cDNA clones, F#B and F#1-4. The positions of
antibody. In control cultures, the preimmune rabbit IgG the prc8 chain, Pré (65 kDa), and the single immunoreactive

substituted for the primary antibody. matures chain,fa (Bm, 30 kDa), are indicated on the left. As well,
(H) Stability Study. The methods used here were the same a nonspecific band, X, can be seen in the COglysate and other

as described in Fusion 1 except that the incubation temper-samples.
ature was 45C. The same type of buffer was utilized as a . . . _
stabilizing agent at 48C except that it contained 0.3% wi/v Table 1: Expression of Fusion 1 and wt Hex B in Transiently
human serum albumin Transfected COS Cells

Prop

B — S —

(1) Gy Hydrolysis. Natural substrate assays using tritium- Hex cDNA f-MUG B-MUGS
labeled Gy, ganglioside and human activator protein purified COS() (0.047 (0.003%
from transformed bacteria (Klima et al., 1993) were done ;32:32 i:ic ggg 8-88§
using equal MUGS units, rather than total cell protein, of fusion -5 0.0 0.00F
human Hex S, human Hex A, endogenous CHO Hex A, or wt ScDNA 0.6 0.00F
fusion 2 Hex expressed from the transfected pEFNES2- 2 The nmol of MU hr! mg of human Hex activity immunopre-

vector (at least three different amounts of MUGS units from cipitated from mock-transfected COS cell lysate, COBalues were
each isozyme were tested, and the slope of the best-fit linesubtracted from those belowThe nmol of MU hr' mg of Hex

was calculated) as previously reported (Hou et al., 1996a). activity produced from the wild-typg and fusion 1 cDNA constructs
after (a) immunoprecipitation of the human Hex, (b) the subtraction of

RESULTS the residual COS{) activity, and (c) normalization for the transfection
efficiency by factoring in the specific CAT activity.Three fusion

. . . cDNAs in the pSVL vector are referred to as clones 3, 4, and 5, all of
Fusion 1. A fusion cDNA was generated by PCR. Direct which contained the correct sequence of the fusion cDNFhe nmol

sequencing of the fragment demonstrated that it was com-of MU hr* mg-2 of Hex activity produced from the wild-typg and
prised of portions from both the and8 cDNA sequences  fusion 1 cDNA constructs after (a) immunoprecipitation of the human
extended from Oligo 868 and Oligo 870, respectively. The Hex and (b) subtraction of the residual Co$activity. CAT values
PCR fragment was subcloned into Bluescript, and individual Were used to confirm transfection of the cells (data not shown).
. However, Hex values were considered too low to be significant and
clones were sequenced to confirm that there were no PCR,
artifacts generated. Three independent cDNA clones, found
to have the correct sequence, fusion +§3, and one mutant  prg3 chain was seen when the membrane fraction from these
cDNA clone, containing a single nucleotide substitution |ysed cells was reextracted with detergent (Sagherian et al.,
(TCT to TAT) encoding a Sé¥Tyr change in thex portion 1994) (data not shown). These data emphasize the severe
of the fusion cDNA, were subcloned into the vector pS¥L-  impairment on ER to Golgi transport that can occur because
and transiently expressed in COS-1 cells. of a single amino acid substitution. Some impairment to
To confirm that each construct caused a stable fusion the transport of the fusion protein can be inferred from the
protein to be synthesized and transported into the lysosome decrease in the levels of both immuno-cross-reactivity (Figure
Western blot analysis was carried out using equal amounts2) and Hex activity (see below, Table 1) as compared to wt
of cell lysate protein (corrected for transfection efficiency Hex B.
by CAT assays) (Figure 2). Under reducing conditions, wt  The level of Hex activity associated with the fusion 1
Hex B produces an immunoreactive band corresponding toprotein was assessed using our solid-state assay procedure
about 30 kDai.e., the matures, chain (Brown et al., 1989).  for both MUG and MUGS substrates. This procedure
Processing from its 65 kDa precursor form (pruolypeptide reduces the COS cell background by selectively precipitating
chain) to its mature polypeptides (Figure 1) has long been the human cDNA-derived Hex activity in transfected cells
taken as evidence for incorporation of the enzyme into the (Brown et al.,, 1989; Neote et al., 1990a). These Hex
lysosome (Hasilik & Neufeld, 1980a,b). The pattern of activities were normalized for transfection efficiency through
immunoreactive bands produced from cell lysates transfectedtheir CAT activities and compared (Table 1). Itis clear that
with fusion 1-3 or fusion -4 showed the same pattern as expression of the fusion cDNA produces an active Hex with
the wt Hex B (Figure 2). However, there appeared to be a substrate specificity very similar to the wt Hexig,, the
less immunoreactive protein in the cells transfected with sameK,, for MUG and very little activity toward MUGS
either of the fusion 1 cDNAs, as compared to thefaDNA. (Tables 1 and 2). The reduced levels of immunoreactive
Interestingly, no pr@ or 8, bands were detected in lysates protein seen in the Western blots were comparable to the
from cells transfected with the mutant ($&fyr) fusion 1 reduced levels of activity produced by the three fusion
cDNA. However, a very dark band corresponding to the constructs (3640% of wt Hex B). Also in keeping with

ere thus not normalized with CAT.
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Table 2: Summary of Kinetic and Thermal Stability Data from
Various cDNA Constructs Expressed in Transfected Cells

Table 3: Immunoprecipitation Assay of Hex Activity in Transfected
and Nontransfected CHO Cells

Tue Tue transfected MUG® MUGS* MUG/
(45°C) 60°C cDNA Hex bound bound MUGS?
Hex MUGKm2 MUGSKn® Gu/MUGS (min)2  (min)? none CHO (0.15) (0.005)
B (8B) 0.71+0.05 UDF ND¢ ubDe 138 pPEFNEOe32 fusion 2 0.41 0.16 25
A (o) 0.75+ 0.05 0.25+ 0.05 1.3 230 2.2 pREP4el Hex S 1.0 0.80 1.2
S (o) 1.55+ 0.04 0.30+ 0.06 0.0000 73 ND PEFNEOS & Hex B & Hex A° 31 4.0 7.7
fusionf 0.75+0.05 UD ND ubDe 10.6 pREP4e
fusion2  0.79%+ 0.05 0.30+ 0.05 0.076 160 ND pEFNEO# Hex B 70 0.22 320
A* (0*)9 0.92+0.05 0.21+ 0.05 1.2 ND ND pPEFNEO#S*  inactive Hex B 0.03 0.00
CHO" ND ND 0.0000 ND ND (Arg?tiLys)
a : . : —. . pEFNEO#* inactive Hex B* & 7.0 35 2.0
Assays were made using a solid-state assay immunoprecipitation & pREP partially active Hex

systemstandard error where giveh[Gw, ganglioside] hydrolyzed
x 10%[MUGS] hydrolyzed. Values for ¢ hydrolysis were obtained

in a free solution assay (endogenous CHO cell enzyme was present

A* (Hou et al., 1996a)
2 The nmol of MU ! (ug of cell lysate proteiny., negative control

but found to be inactive toward the human activator protein/ganglioside levels from untransfected CHO cells, in parentheses, were subtracted
compleX). Units of MUGS activity were determined utilizing the solid- ~ from the levels presented in the table for cells transfected with the
state assay system except in the case of the negative coirgrol, various cDNA constructs. Total recoveries of Hex units in both the
untransfected CHO cells, which was assayed in free solutintivity bound and unbound fractions were-880% of that originally measured
levels were too low to determine an accurate vaftiEne value was in the lysate? The ratio of units of MUG versus units of MUGS
not determined for this isozyméUndetectable decrease in activity hydrolyzed.c The MUG/MUGS ratio for Hex A, separated by ion-
over the incubation periodThe fusion 1 protein was transiently  exchange from Hex B and S, is 4.0 (Hou et al., 1996a).

expressed in COS cells. All other values are for constructs permanently
transfected into CHO cell§.Data from Hou et al. (1996a) for a Hex

A* isozyme with a normalo. subunit and an inactivgg subunit.
hEndogenous CHO cell Hex, negative control.

toward either substrate over that found in nontransfected cells
(data not shown).

After selection of apparently “high producing” clones,
the Western blot data, the mutant cDNA encoding the immunoprecipitation followed by the solid-state human Hex-
Sef2Tyr substitution produced Hex activity only slightly ~ specific assay was used to increase the human Hex “signal”
higher than the background when assayed with the MUG over the endogenous CHO Hex “noise” in the lysates. This
substrate (data not shown). Since there was little or no procedure resulted in the transfected cell lysates producing
activity toward the a-specific MUGS substrate, natural 4- or 32-fold higher levels of immunoprecipitable Hex
substrate () hydrolysis was not tested. activity than did lysates from untransfected cells with the

Another unique characteristic of the Hex B isozyme is its MUG or MUGS substrates, respectively (Table 3, data from
increased thermostability (Robinson & Stirling, 1968). Thus, the highest producing clone). Thus, unlike Hex B and fusion
the rate of heat denaturation at°4&nd 60°C of fusion 1 1, fusion 2 has the ability to hydrolyze negatively charged
was compared with those of wild-type Hex B and Hex A. substrates.

There was only a slight difference in the heat stability = The levels of activity immunoprecipitated from lysates of
between Hex B and the fusion 1 protein at°€l) both were cells transfected with pEFNE@* [producing inactive but
stable at 45C. Thus, both isozymes had half-lives greater otherwise normal Hex B dimers (Brown & Mahuran, 1991;
than that those of Hex A at either temperature (Table 2). Hou et al., 1996a)] were nearly identical to those of the
Therefore, the N-terminal domain of the subunit is not nontransfected lysates (Table 3). These data indicate that
responsible for either its ability to hydrolyze negatively like human Hex expression in monkey COS cells, not even
charged substrates or its decreased thermal stability. very low levels of CHG-human Hex interspecies dimers

Fusion 2. Since the substitution of the N-terminal domain form using this expression system. These data confirm that
of the 8 chain with the aligned section of tte (Figure 1) the additionab. sequences in the fusion 2 protein convey to
had little effect on either the substrate specificity or the heat it the substrate specificity of Hex A, Hex A*, or Hex S.
stability of the chimeric protein (as compared to the wt Hex Finally, theKysfor fusion 2 binding of the MUG and MUGS
B isozyme, Tables 1 and 2), we increased the percent of substrates were determined. These more closely resembled
chain sequence in the fusion 2 protein. The additional those determined for Hex A or Hex A* than those for Hex
section of thea chain that was addedyVal'®2—qPrc?83 S (Table 2).
replacing SVal*®5—Lys%'5 is the most highly conserved The activity levels of the fusion 2 protein were far less
region found in 15 deduced Hex sequencesafd/or 3 than those found for CHO cells cotransfected with pREP4-
subunits) from various species including bacteria (Tse et al., and either pEFNEG-or pEFNEOS* (Table 3: “Hex B &
1996). Hex A” and “Inactive Hex B* & partially active Hex A*”),

The two-step PCR process used to produce this chimeraor transfected with pEFNE@-alone (Hex B, Table 3).
proved to give more consistent results than did the original Interestingly, when compared to eitherand, or o. and
one-step procedure (data not shown). The fusion fragments* cotransfected cells, lower levels of MUGS activity were
sequence was confirmed by nucleotide sequencing andalso observed in cells transfected with the pREPdector
subcloned into the mammalian expression vector pEFNEO alone (Table 3). These data lead to the investigation of the
(Anson et al., 1992) which was then used to permanently intracellular location of the various Hex isozymes. Western
transfect CHO cells. Clonal populations of CHO cells that blotting was done in order to confirm the synthesis of the
survived growth in selection medium were assayed for Hex fusion 2 protein. Because the sequence replaced tite
activity with the MUG and MUGS substrates. The majority sequence responsible for the cleavage event in the lysosome
of the clones showed only slightly increased levels of activity that produces the matuf® andf, chains (Figure 1), only
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Ficure 3: (a) Western blot of reduced and denatured CHO cell
lysates using an anti-Hex A IgG (strongly reacts with theand

om chains of theo subunit, and the, segment of thg subunit;

only reacts weakly with thg, chain) from cells cotransfected with

o andp cDNAs, Hex A; nontransfected cells, CHO); and four
clones expressing the fusion 2 protein (9, 10, 11, and 21). Positions
of the oy (56 kDa) andBn, (B, 30 kDa) chains are indicated on the
left with arrows. Positions of the fusion 2 precursor (pre-fusion 2)
and mature fusion 2 polypeptides are indicated by arrows on the
right. (b) Western blot of chemically cross-linked, nonreduced
(reduction would remove the cross-links) and denatured CHO cell
lysates from cells expressing the fusion 2 protein, fusion 2; cells
transfected with g8&cDNA construct, Hex B; and nontransfected
cells, CHO(). The regions of the gel corresponding to the cross-
linked dimers and monomers are indicated by arrows at the right.
The difference in molecular mass between the Hex B bands and
those from the fusion 2 protein-@ kDa) is caused by the presence
of an N-linked oligosaccharide on tifig chain in the former which ~ serves as a control for the efficiency of the cross-linking

has been replaced by a similar sized but unglycosylatechain reaction (never 100%). The results demonstrated that the
in the latter. fusion 2 subunits are not as efficiently formed into dimers

two polypeptides should be generated in the lysosaige, ~ as were the wild-typg subunit controls (Figure 3b).
and thea—j, fusion. In addition, there are three potential ~ Next we directly examined the intracellular locations of
glycosylation sites in the.—f, chain (apparen, = 2000 the various Hex isozymes by immunofluorescence micros-
each). Thus, the apparelt; for the reduced pro-form of  copy using the rabbit anti-Hex A antibody. Cells cotrans-
the fusion 2 protein (no cleavage of the unglycosylaigd  fected with both pREP4- and pEFNEQS were found to
chain, i.e., ap—a—f2) should be about 63 000, and the have a staining pattern consistent with the majority ofdhe
appareniV, of the reduced.—j3, fusion alone about 55 000. andj chains being localized to the lysosome (Figure 4).
A major immunologically reactive band was detected by Interestingly, cells transfected with either pRE&4er
Western blot analysis of transfected cell lysates which pPEFNEO#32 alone produced more diffuse patterns with
migrated more slowly than the, chain of wt Hex A, 56 fewer distinct spots, indicating that a large population of the
kDa (from pREP4e. and pEFNEQ3 cotransfected CHO cell  two proteins (Hex S and Hex fusion 2) resides in the ER,
lysates, Table 3), indicating that the majority of the fusion 2 with a corresponding decreased level of lysosomal incorpo-
protein was in the precursor form (Figure 3a). A minor ration (Figure 4). Taken along with the results from the
doublet was also seen which migrated slightly faster than Western blot and the Hex activity measurements (above),
thea, chain. These bands likely represent the mature fusion these data suggest that both the humarmpod fusion 2
2 polypeptidex the oligosaccharide gtAsn®?’ (Figures 1 proteins are not able to efficiently form active dimers, a
and 3a, clone 9). The loss of this oligosaccharide through aprerequisite for transport out of the ER.
single lysosomal processing step often produces a doublet Since the fusion 2 protein has the ability to hydrolyze
for the 5, chain in transfected cells (Mclnnes et al., 1992; negatively charged MUGS, like Hex A, Hex A*, and Hex S
O’Dowd et al., 1988). Thus, the low levels of Hex activity (Hou et al., 1996a) (Table 3), its ability to hydrolyze the
found in cells expressing fusion 2 are consistent with the negatively charged natural substrate of Hex A, @anglio-
low levels of mature fusion 2 protein detected by Western side/Gy, activator complex, was tested. In this experiment,
blotting, suggesting the precursor forms are inactive and/or equal numbers of units of MUGS activity (rather than protein
monomeric. mass) from (a) nontransfected CHO cells (CHO-Hex A), (b)
Since dimer formation has been shown to be a prerequisitehuman fibroblast lysate from a Sandhoff patient shown to
for both the transport of the Hex isozymes out of the ER be homozygous for a partillEXB gene deletion (Neote et
and the expression of enzymatic activity (Proia et al., 1984), al., 1990b) (human Hex S), (c) CHO cell transfected with
we assessed the level of dimer formation attained by the wt pREP4ec and pEFNEQS (human-Hex A), and (d) CHO
fusion 2 protein. The assessment was obtained by introduc-cell transfected with pEFNE®@#$2 (human-derived Hex
ing a cross-linking reagent (cleavable if reduced) into the fusion 2) were used along with &y of purified human G,
lysates of CHO cells transfected with either pEFNEGR activator protein produced in bacteria (Klima et al., 1993).
or pEFNEOS. We have previously shown that only dimeric  As previously shown (Hou et al., 1996a), endogenous CHO
forms of thep subunit are detectable in wild-tygeDNA- cell Hex A and human Hex S do not interact productively
transfected cells (Brown et al., 1989). Thus, the latter samplewith the Gy,—human activator protein complex, and there

Ficure 4: Immunofluorescence microscopy of CHO cells perma-
nently transfected with pEFNE@B2 (fusion 2), (A), nothing
(negative control), (B), pEFNE@-and pREP4x (Hex A and Hex
B), (C), or pREP4a (Hex S) (D).
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Ficure 5: Hydrolysis of G, ganglioside in the presence of human
G activator protein by CHO cell lysates containing equal numbers
of MUGS activity units k-axis) from (a) nontransfected cells
[endogenous CHO-Hex A, CHB{)] (closed triangles plotted on
the righty-axis), or cells permanently transfected with (b) pEF-
NEO-3 and pREP4x (Hex A) (open squares plotted on the lgft
axis), or (c) pPEFNEQu/32 (fusion 2), (closed squares plotted on
the righty-axis). These were compared to equal numbers of MUGS
activity units &-axis) from human fibroblast lysates from a patient
shown to be homozygous for a partial deletion of HEEXB gene
(human Hex S) (closed circles plotted on the rigkaxis). The
best-fit slopes of these lines (divided by 18 to equalize the
hydrolysis times) are reported in Table 2.

was no detectable increase igfhydrolysis with increased
units of MUGS activity added to the reaction mix (Figure

Biochemistry, Vol. 35, No. 33, 19964.0901

was found that a significant part of the fusion 2 protein and
likely some of the fusion 1 protein were retained in the ER.
However, the degree of sensitivity of the Hex system to
random amino acid substitutions was emphasized by the
failure of a mutant form of the fusion 1 protein, containing
an additionaloSef?°Tyr substitution, to be transported out
of the ER even in transfected COS-1 cells.

Unlike the transient transfection ofcDNA in the COS
cell system where efficient expression of Hex S has been
shown to be possible (Brown & Mahuran, 1993), we were
only able to detect low levels of MUGS (Hex S) activity in
transfected CHO cells. However, high levels of MUGS
activity were observed when both and § cDNAs were
cotransfected into CHO cells (Table 3). In this respect,
permanently transfected CHO cells behave more like fibro-
blasts from Sandhoff patients where the majorityathains
are retained and degraded in the ER [reviewed in Mahuran
(1991)]. We confirmed the similar fates of tlwe subunit
and fusion 2 proteins in transfected CHO cells by immu-
nofluorescence microscopy (Figure 4). Chemical cross-
linking studies also showed that fewer fusion 2 dimers were
formed (monomers are not active), as compared tqQswt
subunit dimers, in lysates from transfected CHO cell (Figure
3b, fusion 2 as compared to Hex B). We have used this
technique previously to demonstrate that in CHO cells

5, Table 2). Whereas assays using Hex A (Figure 5) or Hex €xpressing # subunit containing a AsffAsn substitution,

A* (Hou et al., 1996a) produced ayg@MUGS hydrolysis
ratio of ~1 x 1073, assays using the fusion 2 protein
produced a @/MUGS hydrolysis ratio of~0.1 x 1073
(Figure 5, Table 2). Thus, § ganglioside in the presence
of the human activator is a substrate for the fusion 2 Hex.
Therefore, this chimeric enzyme contains a significant portion
of both thea subunit’s active site and its\g activator/Gy,

ganglioside complex binding site. It also contains at least

part of the previously undefined domain in tfesubunit
necessary to force a productive interaction of thactive
site in the heterodimer with the boundu&activator/Gys,
ganglioside complex.

The heat stability of fusion 2 was tested at 45 and
compared to fusion 1 and Hex A, B, and S. The protein
had aT,, about twice that of Hex S, but only 50% that of
Hex A. At this temperature, fusion 1 and Hex B are stable
(Table 2). Thus, the heat stability of the Hex isozymes is
as follows: Hex B= fusion 1> Hex A > fusion 2> Hex
S. These data indicate that the middle segment ofothe
subunit is responsible for both its ability to hydrolyze
negatively charged substrates and its decreased therm
stability.

DISCUSSION

Linking biochemical functions and characteristics to
protein domains througim vitro mutagenesis and mam-
malian cell expression is now a common technique. How-

al

no 3p dimers were formed. These data were also consistent
with the lack of any human Hex B activity and the detection
of only pro8Asp?®®Asn chains in untreated cell lysates (Tse
etal., 1996). Thus, the sequences contained in the fusion
2 protein may be responsible for the increased retention of
both the wild-typea chain and the fusion 2 protein in the
ER.

At low levels of expression such as those we report for
fusion 2 and Hex S, the question of whether or not
interspecies heterodimersg, humanee—CHO-3, CHO-0—
humang, or CHOf—humang, are able to form must be
considered. Such heterodimers would be expected to im-
munoprecipitate in our assay because of their single human-
derived subunit. A careful examination of the data in Table
3 demonstrates that there is no such heterodimer formation
because of the following: (a) We have shown that the ratios
of MUG/MUGS hydrolysis for isozymes partially purified
by ion-exchange chromatography are Hex-B00:1, Hex
A ~4:1, Hex A*~2:1, and Hex S-1:1 (Hou et al., 1996a).
When normal humamcDNA (pRep4e) is expressed and
irnmunoprecipitated from CHO cell lysates, the MUG/MUGS
ratio is ~1:1 (Table 3). Thus, no humain—CHO-5 het-
erodimers are formed. (b) When a cDNA insert encoding a
nearly inactive (MUGVmax = 0.25% of wt Hex B) but
otherwise normgb* subunit, pPEFNEQ5* (Brown & Mahu-
ran, 1991; Hou et al., 1996a), is expressed in CHO cells,
the immunoprecipitated protein does not produce activities
significantly above those of the negative control cells with

ever, in the case of Hex, as well as many other proteins thateither substrate. Detectable amounts of MUG and/or MUGS
are synthesized in the ER, the common approach of makingactivity would be expected i3* subunits could recruit
random changes to its primary structure as a means ofpotentially active CHO cellx and/orf subunits, as they do

probing for functional domains is thwarted by the quality
control system present in the ER (Edgington, 1992; Hurtley
& Helenius, 1989; Pelham, 1989). In an attempt to
circumvent this problem, we constructed-3 chimeric

when humaru subunits are preserite., when pEFNEQ3*
is cotransfected with pREP&{Table 3). Thus, while both
inactive* —f* dimers and active human—{* dimers form
in transfected CHO cells (Hou et al., 1996a), no CBO-

proteins joined at adjacently aligned sequences (Figure 1).humang* or CHO-o.—humang* active, interspecies dimers
This approach proved to be at least partially successful. It are able to form. (c) The MUG/MUGS ratio for fusion 2 is
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very similar to that of Hex A* (Table 3), as are tKg, values

for MUG and MUGS (Table 2). Thus, there is likely no
fusion 2-CHO+3 dimer present. (d) Finally, like the
a-active site in human Hex A, CHO cell Hex A can
hydrolyze MUGS, but unlike its human counterpart it cannot
hydrolyze Gy, ganglioside when it is complexed with the
human activator proteinj.e., no interspecies CHO-Hex
A—Gyz/human activator complex can form (Figure 5, Table
2). Since the Gy/activator complex is bound by elements
of the a subunit of Hex A [reviewed in Furst and Sandhoff
(1992) and Sandhoff et al., (1989)], the retention of this
species-specific ability to utilize the yghuman activator

Tse et al.

be proven. The fusion 2 construct contained all of exons
1-7 and 15 codons from exon 8 of tHeéEXA gene (
sequence), with the rest of the coding sequence from the
HEXB gene  sequence). This area was chosen because
the remainings sequence encodes all of the matdsehain
(Figure 1). However, the norm@./f, cleavage does not
occur in fusion 2 (Figure 3) because Bef,-Arg-Gin-Asn-
Lys®'>3, cleavage sites (underlined) have been replaced by
the alignedo. sequencedy-aGly-Ser-Glu-Pré?%(,) which

is not cleaved (Figure 1). We have previously shown that
the 54pp cleavage site is located in a hydrophileturn
structure, and that the deletion of the enfirerg-Gin-Asn-

complex as a substrate by fusion 2 indicates that fusion 2 Lys?'®sequence, or its substitution by the aligmesequence,

contains the section of the humersubunit responsible for
both complex binding and the hydrolysis of negatively
charged substrates (zand MUGS).

The data in this report link various protein domains within
the o and 8 subunits of Hex with some of the biochemical

prevents posttranslational cleavage. However, neither of
these modifications affects the substrate specificigy;each
mutant Hex B hydrolyzed MUG but not MUGS, and only
the deletion construct produces a less heat-stable Hex
isozyme {12 at 60°C = 4.6 min) (Sagherian et al., 1993).

properties associated with each of the Hex isozymes. SinceThus, the fusion point did not interrupt a domain critical to
the two oo and 8 polypeptides are evolutionarily related folding of the 5 chain.

(Proia, 1988), one hypothesis could be that common func- Despite the lower than expected yield of the fusion 2
tions are linked to highly homologous protein domains and protein and its associated Hex activities (Table 3), we were
the areas of least homology confer their functional differ- still able to characterize it biochemically through our human
ences. This is an attractive hypothesis since the overall 60%Hex-selective solid-state assay systems (Brown & Mahuran,
amino acid identity between the two subunits is not 1993) (Table 2). In several respects, fusion 2 resembled Hex
distributed evenly throughout their primary sequences. To S. Neither was efficiently transported from the ER to the
test this hypothesis, we exchanged the sequences betweelysosome of transfected CHO cells (Figure 4), but both could
the o and 8 chains that comprise the least homologous bind and hydrolyze thex-specific MUGS substrate with
domains within their aligned sequences, joined at the similarK,. However, fusion 2'«, for the MUG substrate
beginning of a stretch of 15 invariant residues so as not to was similar to that of Hex A*, rather than Hex S (Table 2),

affect any unique secondary structure of theopihain,

indicating that the elements of thflesubunit that moderate

fusion 1 (Figure 1). The region of exchange contained the the kinetics of thea subunit in the Hex A and Hex A*

signal sequence of the preprehain, the entirex, chain,
and a small segment of the matureN-terminus (Figure 1)

heterodimers (Hou et al., 1996a) are contained in ghe
subunit’'s C-terminal segment. This conclusion was strength-

which accounts for all of exons 1and 2, and most of exon 3 ened by the most striking difference between biochemical
(all but 6 codons) (Neote et al., 1988; Proia, 1988; Proia & properties of fusion 2 and Hex S; fusion 2 was able to
Soravia, 1987) (Figure 1). Our results demonstrated that thishydrolyze Gy, ganglioside in the presence of the humap G
chimeric protein had both the thermal stability and the activator at 10% the specific activity of Hex A or Hex A*
substrate specificity of Hex B. Thus, this nonhomologous (Figure 5, Table 2).
a N-terminal domain does not appear to confer any of the  Qur data from the biochemical characterization of fusions
unique a. properties to the otherwisg-derived fusion 1 1 and 2 localize the area responsible for thesubunit's
protein. decreased thermal stability and its ability to specifically bind
As the nonhomologous N-terminal regions seem to be negatively charged substrates to residu£32—283 (Figure
functionally irrelevant [except for initial folding (Sagherian 1). This region is encoded by exonsBin HEXAand must,
et al., 1994) and perhaps for the rate of transport out of the as well, contain part or all of the domain responsible for
ER], determinants that create the novel biochemical char- hinding the activator/G, complex. Our data also identify
acteristics of thex andf subunits might be located only in  the C-terminus of thed subunit as the area in the Hex A
a few short stretches of nonhomologous sequences withinheterodimer responsible for correctly orienting thg,G
the much more homologous middle and C-terminal regions ganglioside/G. activator complex for hydrolysis by the
of the two chains. Of these two sections, the middle section, g-active site (Figure 5). This area also appears to be
exons 5-6, is the most conserved in 15 deduced primary responsible for the kinetic differences we have previously
structures of Hex from various organisms/species (Tse et al.,reported for the active site of thesubunit when present in
1996). We have also shown that exon 5 contains two jts heterodimeric Hex A* form, versus its homodimeric Hex
residues involved in substrate hydrolysis which are invariant s form (Tables 2 and 3) (Hou et al., 1996a). Having these
in all 15 aligned Hex sequencesg., aArgt¥BArg?'* and effects on a domain im suggests that this area in tife

0ASPOYBASP'® (Tse et al., 1996). However, arecent report subunit is involved inu subunit-f subunit interactions.
suggests that a residue in exon 8 may be involved in substrate

binding. In this study, a photoaffinity label in the aglycon REFERENCES

region of a substrate analog was transferreds@lu>®

(Llessem etal., 1995). This regldut_a is !nvanant in 10 o_f the Gibson, G. J., & Hopwood, J. J. (199Bjochem. J. 284789
15 aligned Hex sequences. Sinceinaitro mutagenesis, 794,

expression, and kinetic studies were reported, the relationshipgayleran, J., Hechtman, P., & Saray, W. (1984n. Chim. Acta
between this residue and the active site of Hex remains to 143 73-89.
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