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Summary
Substitution mutations adversely affecting the a-subunit
of j0-hexosaminidase A (ap) (EC 3.2.1.52) result in Tay-
Sachs disease. The majority affect the initial folding of
the pro-a chain in the endoplasmic reticulum, resulting
in its retention and degradation. A much less common
occurrence is a mutation that specifically affects an "ac-
tive-site" residue necessary for substrate binding and/or
catalysis. In this case, hexosaminidase A is present in
the lysosome, but it lacks all a-specific activity. This
biochemical phenotype is referred to as the "Bi-variant
form" of Tay-Sachs disease. Kinetic analysis of sus-
pected Bi-variant mutations is complex because hexos-
aminidase A is heterodimeric and both subunits possess
similar active sites. In this report, we examine a pre-
viously identified B1-variant mutation, a-Valt92Leu.
Chinese hamster ovary cells were permanently cotrans-
fected with an a-cDNA-construct encoding the substitu-
tion and a mutant P-cDNA (IP-Arg2l1Lys), encoding a
,8-subunit that is inactive but normal in all other re-
spects. We were surprised to find that the Val192Leu
substitution produced a pro-a chain that did not form
a-P dimers and was not transported to the lysosome.
Finally, we reexamined the hexosaminidase activity and
protein levels in the fibroblasts from the original patient.
These data were also not consistent with the biochemical
phenotype of the Bi variant of Tay-Sachs disease pre-
viously reported to be present. Thus, we conclude that
the Val192Leu substitution does not specifically affect the
a-active site.

Introduction
There are two major P-hexosaminidase (Hex) isozymes
in normal human tissue. Hex A is a heterodimer com-
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posed of an a- and a 5-subunit, whereas Hex B is com-
posed of two n-subunits. While each subunit contains an
active site, dimerization is required for either to become
functional (Kytzia and Sandhoff 1985). The presence of
the P-subunit increases the stability of the dimer; thus
Hex B is heat stable, and Hex A is heat labile. In vivo
only the a-active site present in the Hex A heterodimer
can catalyze the hydrolysis of the C-linked GalNAc resi-
due from GalNAcp(1-4)-[NANAa(2-3)-]-Galp(1-4)-
Glc-ceramide (GM2 ganglioside) to produce GM3 ganglio-
side. Thus, mutations in either the HEXA gene (chromo-
some 15), encoding the a-subunit, or the HEXB gene
(chromosome 5), encoding the P-subunit, result in stor-
age of GM2 ganglioside, primarily in the lysosomes of
neuronal cells, and severe neurological disease, i.e., ei-
ther Tay-Sachs or Sandhoff disease, respectively (Sand-
hoff et al. 1989). Hex S is an acidic, unstable a-dimer
found only in small amounts in samples from patients
with Sandhoff disease, and, despite its functional a-ac-
tive sites, it cannot hydrolyze GM2 ganglioside in vivo
(reviewed by Gravel et al. [1995]).
More than 50 mutations in the HEXA gene, leading

to various forms of Tay-Sachs disease, have been docu-
mented (Gravel et al. 1995). Many of them produce
unstable mRNA and/or an early stop codon that elimi-
nate all Hex A activity. Demonstration of the relation-
ship between various missense mutations and a clinical
or biochemical phenotype is not straightforward. In the
case of a-chain-substitution mutations, most of those
that have been characterized affect the folding and/or
assembly of the protein in the endoplasmic reticulum
(ER), i.e., "folding mutations," leading to the acceler-
ated degradation of the monomeric a-chains (reviewed
by Mahuran [1991]). In patient cells, folding mutations
produce normal levels of a-mRNA, but reduced or un-
detectable levels of a-cross-reacting material (CRM). If
a-CRM is detected, it corresponds to the a-precursor
form of the protein (-65 kD), which is assumed to be
contained in the ER, rather than to the mature lysosomal
a-form (-56 kD). Residual Hex A activity is reduced
to 0%-5% of normal activity levels. The degree of re-
duction can be roughly correlated to the age at onset of
clinical symptoms, which in turn correlates to the sever-
ity of the phenotype (Leinekugel et al. 1992).
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Another biochemical phenotype is observed with rare

a-substitution mutations that affect active site residues,
i.e., residues involved in substrate binding and/or cataly-
sis. As in other Tay-Sachs variants, the Hex A activity
measured in these patient samples with 4-methylum-
belliferyl-,1-N-acetylglucosamine-6-sulfate (MUGS),
which is hydrolyzed by only a-subunit-containing di-
mers (Hex A and S), is deficient. The key observations
needed to link this finding to the B1 variant form of
Tay-Sachs disease are that (a) patient samples have near

normal levels of mature a-CRM, and/or (b) activity lev-
els measured before and after heat denaturation of Hex
A by using the common 4-methylumbelliferyl-o-N-ace-
tylglucosamine (MUG) substrate, which is hydrolyzed
by both a- and P-active sites, are near normal (reviewed
by Sandhoff et al. [1989]; Mahuran [1991]; and Gravel
et al. [1995]). Thus, Hex A with an active J-subunit is
formed; because of the Bi-mutation, however, the active
site of the a-subunit is not functional.
Three missense mutations have been associated with

the B1 variant phenotype, a-Arg178His (exon 5) (Ohno
and Suzuki 1988), a-Val192Leu (exon 6) (Ainsworth and
Coulter-Mackie 1992), and a-Asp258His (exon 7) (Fer-
nandes et al. 1992). Of these three, only the biochemical
effect of the a-Arg178His has been fully characterized
(Brown et al. 1989; Brown and Mahuran 1991). In order
to accomplish this characterization, we developed an

alternative method of analysis for a-chain mutations
that exploits the common evolutionary origins of the a-
and n-subunits, i.e., conserved domains and residues in
the a- and ,3-subunits serve similar functions. We ex-

pressed Hex B with the mutation in the homologous
position in the n-chain, f-Arg21'His, transiently in COS
cells (Brown et al. 1989). An inactive lysosomal Hex B
was formed. However, some small abnormalities in the
stability and rate of maturation of the mutant Hex B
protein were also noted. These changes were normalized
by introducing a more conservative Lys211-substitution
into Hex B. The P-Arg2l1Lys-Hex B had a normal Km
with a Vmax of only 0.25% of wild type (Brown and
Mahuran 1991). Whereas this same approach could be
used to characterize the above a-Asp258His substitution
(aligned f-residue is Asp290), it cannot be used for the
a-Val'92Leu substitution, since the aligned residue in the
,B-chain is Ala224. Indeed, the absence of homology itself
suggests that this is not a catalytic-site residue but could
be part of the binding site for negatively charged sub-
strates.

In this report, we introduce a new strategy for analyz-
ing a chain mutations that can be used with substitu-
tions that are not in residues conserved in the n-subunit,
i.e., the a-Val192Leu substitution (above). This method
avoids the necessity of producing the unstable Hex S
isozyme but still eliminates the problem of an active P-
subunit in the Hex A heterodimer by the incorporation

of the P-Arg211Lys substitution (f*, see above). Thus,
we cotransfect an a-cDNA construct encoding either
wild-type or mutant a- with a mutant P-cDNA construct
encoding the inactive *-subunit (Brown and Mahuran
1991). We have recently shown that, when this proce-
dure is used with a normal a-cDNA, a Hex A (ap*) is
formed that has nearly identical kinetic properties as the
wild-type Hex A. These properties include the ability to
hydrolyze GM2 ganglioside in the presence of human
activator protein (Hou et al. 1996). Thus, this method
allows us to differentiate between an a-active site muta-
tion that affects substrate specificity and a mutation that
acts to generally inactivate the a-subunit.

Material and Methods

DNA Construction and Mutagenesis
In order to create a pREP4-a construct encoding the

Val192Leu substitution, a 250-bp Sad cDNA fragment
from pSVL-a (Brown and Mahuran 1993) was sub-
cloned into pBS+ (Stratagene). Mutagenesis was carried
out by two-step PCR procedure. In the first PCR round,
a 100-bp fragment was generated by using T7 primer
and a synthetic primer, CTGGATCTCATGGCGTA-
CAA, containing the G-*C substitution necessary to pro-
duce the Val'192Leu substitution. The reactions were per-
formed in 100 jil. Each reaction mix contained 10 ng
plasmid DNA, 10 mM Tris-HCI (pH 8.3), 50 mM KCI,
1.5 mM MgCl2, 0.01% gelatin, 0.2 mM each of dNTPs,
0.5 ig of each primer, and 5 U Taq polymerase (Boeh-
ringer Mannheim). The cycling steps used were as fol-
lows: 1 cycle of heat denaturation at 940C for 7 min,
30 cycles each consisting of denaturation at 940C for 2
min, annealing at 540C for 2 min, and extension at 720C
for 2 min, in a Perkin Elmer-Cetus thermal cycler. The
product of the first PCR amplification was purified and
utilized as primer (:e 1 jig) along with an antisense T3
primer for the second PCR reaction using the same con-
ditions as mentioned above. The DNA fragment of
-250 bp from the second round was subcloned into a
PCR fragment cloning vector by using TA cloning kit
(InVitrogen). The mutation was confirmed by sequenc-
ing the entire 250-bp fragment by using T7 Pharmacia
sequencing kit. The mutant insert was then subcloned
into pREP4 to replace the Sad segment. To obtain the
mutant pEFNEO-f3 containing the Arg21'Lys substitu-
tion (pEFNEO was kindly supplied to us by Dr. D. An-
son), a 2,000-bp partial BamHI cDNA fragment from
pHexB43 (Arg21lLys) (Brown and Mahuran 1991) was
isolated and ligated into BamHI- and alkaline phospha-
tase-treated pEFNEO-P.
Cell Culture and DNA Transfection

Chinese hamster ovary (CHO) cells were grown in
modified Eagle's medium with 10% FCS and antibiotics
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at 370C in 5% CO2. Transfections were performed ac-

cording to the lipofection protocol from GIBCO-BRL
as described by Hou et al. (1996).

Immunoprecipitation Assay for Hex Activity
Hex A activity from cell lysates and media was deter-

mined by using an a-specific substrate, MUGS, while
total Hex activity was assayed by a common substrate,
MUG. The human Hex (A and B) in transfected cells
were separated from CHO-endogenous Hex by immu-
noprecipitation with CHO-preabsorbed (the glycopro-
tein fraction from nontransfected CHO cell lysate bound
on concanavalin A sepharose) sheep anti-Hex A antise-
rum coupled to protein G sepharose (Pharmacia) essen-

tially as described by Brown and Mahuran (1991).

RNA Analysis
Total RNA was isolated by using TRIzoI reagent

(GIBCO BRL 5596UAIIB). Ten-microgram samples of
RNA from each of transfected cell line and control CHO
were separated by 1.0% agarose gel and then transferred
to Hybond-N (Amersham). Hybridizations were per-

formed at 650C in a solution containing 7% SDS, 500
mM Na2HPO4, pH 7.2, 1% BSA, and 1 mM EDTA.
The filters were washed two times with 5% SDS, 40
mM Na2HPO4, 1mM EDTA, and four times with 1%
SDS, 40 mM Na2HPO4, 1mM EDTA, at 65°C. The
probes were radiolabeled using BRL random primer la-
beling kit. The probes that were used to detect a- or -

RNA were a 2.0-kb cDNA fragment encoding the a-

chain from pSVL-a and a 2.0-kb BamHI cDNA insert
encoding the 0-chain from pHexB43, respectively. As
well, a 500-bp Pst DNA insert encoding P-actin was

used as a probe to confirm that equal amounts of total
RNA were separated and analyzed (data not shown).

Western Blot Analysis
Equal amounts of total proteins from each sample of

cell lysates were resolved by SDS-PAGE by the Laemmli
gel system (12.5% gel) using a Bio-Rad mini-gel system.
Proteins were transferred to nitrocellulose overnight at
40C. The filter was blocked and then incubated with
1:800 dilution of rabbit anti-human Hex A or anti-hu-
man a-subunit IgG. The filter was developed using Am-
ersham ECL system according to the manufacturer's in-
structions and as described by Xie et al. (1992).

Indirect Immunofluorescence
Transfected cells were grown at 37°C in 5% CO2 on

chamber slide (Lab-Tek). After 24 h of incubation, the
cells were fixed and gently permeabilized with 100%
cold methanol at -20°C for 30 min. The fixed cells
were then washed three times with PBS, 5 min/wash.
Immediately after the third wash, blocking solution (PBS
containing 1% BSA [w/v; Sigma] and 2% normal goat

serum) was added to the wells and allowed to stand for
30 min, prior to incubation with the primary antibody.
Cells were incubated with either of two primary anti-
bodies diluted 1:100 with blocking solution for 1 h in
a moist chamber. The IgGs were (a) a rabbit anti-Hex
B IgG or (b) a rabbit anti-Hex A IgG, which was preab-
sorbed with an excess amount of Hex B to produce an
anti-a-IgG. Cells were then washed and the secondary
antibody (a fluorescein-labeled goat-anti-rabbit IgG), di-
luted 1:100 with blocking solution, was added. The cells
were then washed three times with PBS and were
mounted with elvanol containing p-phenylenediamine
(fluorescence preservatives). In control cultures, the pre-
immune rabbit IgG was substituted for the primary anti-
body. The slides were analyzed using a fluorescent mi-
croscope (Olympus AN-3) at 400x magnification.

Separation of Hex Isozymes by Diethylaminoethyl
(DEAE) Ion-Exchange Chromatography

Proteins (5 mg) from control CHO or transfected cell
lysates were applied to a 3-ml column of DEAE sepha-
rose CL-6B (Pharmacia). The unbound Hex B fraction
was collected by washing the column with 10 mM
Na2HPO4 (pH 6.0). To remove most of the endogenous
CHO Hex A, the column was washed with 50 ml of
0.075 M NaCl in 10 mM sodium phosphate (pH 6.0).
In order to separate Hex A from Hex S, a 0.075-0.25
M NaCl gradient was used (Hou et al. 1996). Three-
milliliter fractions were collected and assayed for Hex
activity. The concentration of salt in each fraction was
determined by conductivity measurements (Mahuran
and Lowden 1980).

Results

CHO cells were permanently cotransfected with
cDNAs encoding either the wild-type pro-a chain and
P-Arg2e1Lys substituted pro-P chain (ap*), or the a-
Val192Leu substituted pro-a chain with the pro-n
Arg21'Lys chain (a* *). The a-constructs also contained
a hygromycin-selectable marker, while the 5-construct
contained a neomycin selectable marker. Cells were
grown in the presence of both chemicals and individual
surviving clones selected for analysis. Confirmation that
each CHO clone was expressing both cDNA inserts was
obtained by Northern blot analysis (fig. 1A).

Individual CHO cell clones that were transcribing
from either the a- and P*- or the a*- and P*-cDNAs
(fig. 1A) were assayed using the common MUG substrate
(hydrolyzed by both a- and 5-active sites of Hex A) or
the a-specific MUGS substrate (table 1). Since the P*-
subunit is virtually inactive, any of the activities in table
1 obtained after immunoselection (Bound), to remove
endogenous CHO-Hex, are a direct result of hydrolysis
by the a-subunit of Hex A. Our immunoprecipitation
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A a*i* ap* CHO(-) B CHO(-) ap* oc*P*

aRNA Procac/ -lI_
A~~~~~~Omp__0
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Figure 1 Northern blots (A) and Western blots (B) of mock

transfected CHO cells, CHO(-), and CHO cells cotransfected with

either a and ~P cDNA (encoding wild-type a- and P-Arg"'Lys) or

a*- and 3*-cDNA (encoding a-Val"'9Leu and f3-Arg211'Lys). As shown

in panel A, total RNA from each line was electrophoretically separated

and visualized by probing with either [32P]-normal a- or P3-cDNA. As

shown in panel B, total cell lysate protein from each cell line was

separated by SDS-PAGE and visualized using a preabsorbed (un-

transfected CHO cell lysate) anti-human Hex A IgG, the positions

corresponding to the pro-a/-p4 chains, mature-a, and mature-13 chains

are indicated.

of the human isozymes followed by our solid-state assay

(Brown et al. 1989) produced >100- or >900-fold in-

creases in MUG or MUGS activity, respectively, in CHO

cells transfected with the ac- and I3*-cDNAs as compared
to untransfected cells. However, when the. -Val19.Leu

was substituted for the wild-type ac, activities of only

approximately twofold above background were detected

with either substrate (table 1, ac*1*, Bound). These data

are consistent with either an inactive a*f3*-Hex A, an

unstable ao3*p*Hex A that is rapidly degraded, or an

incorrectly folded ca* monomer that cannot form dimners

and exit the ER.

To help differentiate between the above possibilities,
we analyzed the cotransfected CHO cells by western

blotting with anti-Hex A rabbit IgG (fig. 1B). Blots failed

to detect any CRM in nontransfected CHO cells (fig.

lB, CHO[-] detected large amounts of mature (lyso-

somnal) f3- and a-CRM in ac- and f3* cotransfected cells

(fig. 1B, alph),and large amounts of mature cbut
smaller amounts of only pro-ca* CRM in CR0 cells

cotransfected with a*-and l3*OcDNA constructs (fig.
lB, ac*Ip). The lack of detectable mature ax*-chain is

inconsistent with the Bi-biochemlical phenotype and in-

stead suggests that the ai*p*hHex A is either unstable in

the lysosome or that the pro-i*monomer cannot exit

the ER.

Because our data contradict those reported by others,

who concluded that a-Va1-mHLeusubstitution specifically
affected the oa-active site, we confirmed and extended
our results with two additional experiments. The first

utilized indirect immunofluorescence to determine
whether there were detectable amounts of prowa* chains
in the lysosomes of cotransfected cells. We utilized either
anti-p-rabbit IgG or anti-Hex A rabbit IgG absorbed
with excess purified human placental Hex B (Mahuran
and Lowden 1980), i.e., effectively an anti-a-IgG, as
the primary antibody. We found that, whereas the P*-
protein detected by the anti-P-IgG produced a distinct
punctate pattern indicating a lysosomal localization,
whether it was cotransfected with the normal or mutant
a construct (fig. 2D, F), only cells cotransfected with the
wild-type a-cDNA produced such patterns when probed
with the anti-a-IgG (fig. 2C). When the a*I* cotrans-
fected cells were analyzed with the anti-a-IgG, only a
diffuse central fluorescence pattern was observed, which
suggests that the residual prowa* protein is retained and
degraded in the ER (fig. 2E).

Finally, we demonstrated that no inactive pro-a*f*
dimers were being formed in the ER of cotransfected
CHO cells. Lysates from cells cotransfected with either
a- and by- or a*- and 0*-cDNAs were separated by
DEAE sepharose 6B-CL. This procedure separates ho-
modimeric Hex B (pI = 6.9) and Hex S (pI = 3.6) from
heterodimeric Hex A (pI = 4.8) (Mahuran and Lowden
1980). Pooled fractions eluting between 0.1 and 0.14
M NaCl (containing the peak MUG or MUGS activity)
from the a- and 0*-cDNA cotransfected cell lysate and
the corresponding fractions (containing no activity to-

Table 1

Assay of Hex A from Transfected and Nontransfected (CHO[-])
CHO Cell Lysates with the Common, MUG, or the a-Specific,
MUGS, Substrates

AcTivITY
(nmol MU/mg/h [cell lysate])

Lysatea Freeb Boundc

HEX A MUG MUGS MUG MUGS MUG MUGS

CHO(-) 2.1 .48 2.0 .44 .05 .005
ape 8.5 5.4 1.4 .39 6.5 4.5
a*p* 2.1 .41 1.9 .33 .13 .01

NoTE.-Two forms of Hex A were expressed in CHO cells. Cells
were permanently cotransfected with two cDNAs encoding either (1)
wild-type a- and PArg21Lys, ant*, or (2) aVall92Leu and PArg21Lys,
a*p*. Immunoprecipitation was carried out with a sheep anti-Hex A
IgG that had been preabsorbed with excess amount ofCHO cell lystate
(see Material and Methods) and bound to sepharose protein-G beads.

a Hex activity (endogenous CHO and expressed human) in the total
CHO cell lysate, i.e., before immunoprecipitation.

b Hex activity (endogenous CHO) remaining in the supernatant after
immunoprecipitation with anti-Hex A antibody (this precipitates any
active human Hex S as well as Hex A).
'Hex activity (expressed human) bound to the protein G beads and

assayed directly.
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Transfected cDNACHO (-)

(m~fProor43-°'mx

[NaCI]
Hex Isozyme
Expected

0.0 0.075 0.12 | oo 0.075 0.12 | 0.0 0.075 0.12
B None A B None A B None A

Figure 2 Indirect immunofluorescence of nontransfected CHO
cells (A and B) or cells cotransfected with either a- and I*- (C and
D) or a*- and I*- (E and F) cDNAs. In panels A, C, and E, cells are

visualized utilizing an anti-a IgG as the primary antibody, whereas
cells in panels B, D, and F were probed using an anti-Hex B (anti-P)
IgG as the primary antibody.

ward either substrate) from the a*- and P*-cDNA co-

transfected cell lysate, as well as an inactive sample from
the unbound fraction, 0 M NaCI (inactive P*IP*-Hex B),
were concentrated and analyzed by western blotting (fig.
3). While a- and P-CRM was easily visible in the Hex
A (ap*), 0.12 M NaCl fraction, none was detectable in
the Hex A (ax*p*) 0.12 M NaCl fraction. The unbound
fractions from both cotransfected CHO cell clones pro-

duced large amounts of mature P-CRM. Thus, all the
data from the various cotransfection studies indicate
that the Val192Leu substitution prevents the mutant a-

chain from forming heterodimers and exiting the ER.
Conclusive evidence for the above conclusion was ob-

tained by a reevaluation of the biochemical phenotype
expressed in fibroblasts from the original Tay-Sachs pa-

tient (table 2, fig. 4). Lysates from these cells were as-

sayed by using either (a) the a-specific substrate or (b)
the common MUG substrate before (total Hex) and after
(Hex B) heat denaturation. In addition, these lysates
were analyzed by western blotting using an anti-Hex A
IgG. The results were similar to those obtained from the

Figure 3 Western blot analysis of the concentrated pools of
fractions from the DEAE column separation of untransfected CHO
cells, CHO (-), or cell cotransfected with either a- and P*- or a*-
and I3*-cDNAs. The identities of the subunits producing the immuno-
reactive bands with the anti-Hex A antiserum are indicated on the left
and are of the expected M, (mature a = 56 kD; mature P = 26-
30 kD). The expected Hex isozyme to be eluted at the given NaCl
concentrations are shown at the bottom of the figure.

fibroblasts of a classical Jewish Tay-Sachs patient (table
2, fig. 4). Thus, no heterodimeric Hex A with mature,
functional 0- and mature, nonfunctional a-subunits is
present in the patient's fibroblasts, and the Val192Leu
substitution is not associated with the B1 variant pheno-
type.

Discussion

In a previously published report, two substitution mu-
tations were identified in a single HEXA allele,
Val192Leu and Val200Met, from a patient apparently ex-

Table 2

Hexosaminidase Activity in Human Fibroblasts before (Total Hex A
and B) and after (Hex B) Heat Inactivation with the Common
MUG Substrate and Measured Directly (Hex A) with the
a-Specific MUGS Substrates

Sample Total (MUG) %A (MUG)' MUGSb

Normal 10,469 47 500
Patient's (Bi?) father 9,446 38.7 346
Patient (Bi?) 6,192 4.8 10
Classical Tay-Sachs patient 5,752 4.3 14

NoTE.-Units of Hex activity are in nmol MU/mg/h.
a Determined by heat denaturation method, 100x (total-heat sta-

ble)/total.
b Alpha-specific substrate, nmol MU/mg/h. See Gordon et al. (1988).
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TSD
gnllm1

N P-B1? F

_4- Proc
=* Cro ,
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Figure 4 Western blot analysis of lysates from human fibro-
blasts. TSD is lysate (20 ,ug) from cells of a Jewish Tay-Sachs patient,
homozygous for the common 4-bp insertion mutation in exon 11,
which produces unstable mRNA and thus no a-protein (Gravel et al.
1995); N is lysate (5 ,ug) from normal cells; P-B1? is cell lysate (20
ig) from the patient previously identified as having the B1 variant
form of Tay-Sachs disease; F is cell lysate (20 gg) from the patient's,
P-B1?, father.

pressing the biochemical phenotype associated with the
Bi-variant form of Tay-Sachs disease (Ainsworth and
Coulter-Mackie 1992). The second mutant allele was

later identified as a splicing mutation caused by anGA
transversion at the +1 position of intron 9 (Coulter-
Mackie 1994). This splice-junction mutation has been
previously linked to the most severe infantile onset form
of Tay-Sachs disease, consistent with lack of detectable
normal a-mRNA in homozygous patient cells, even by
PCR analysis (Akli et al. 1991; McDowell et al. 1992).
Of the two substitution mutations, only a-cDNA encod-
ing the Val192Leu or both the Val192Leu and Val200Met
substitutions produced little MUGS activity (0%-7%)
when coexpressed with a normal ,-cDNA in COS-1
cells. However, Hex A activity as measured by MUG
hydrolysis after heat denaturation was reported to be
-60% of wild type a-P-cDNA cotransfected cells in
both cases, which is suggestive of the Bi-phenotype.
Thus, the Val200Met substitution was found to be a neu-

tral mutation, and the Val192Leu substitution was identi-
fied as the deleterious mutation (Coulter-Mackie 1994).
Our earlier report characterizing the COS cell cotrans-
fection method by using normal or mutant a-cDNA
along with normal PcDNA (Brown and Mahuran 1993)
revealed two major weaknesses in the methodology used
to examine the a-Val192Leu substitution (Ainsworth and
Coulter-Mackie 1992). We showed that (a) Hex B levels
cannot be used to normalize Hex A levels in transiently
cotransfected COS cells, i.e., correct for variations in
transfection efficiency, as was done. This is because total
MUG activity (Hex B levels) can double when the co-

transfected a-cDNA encodes a mutation that severely
inhibits a-chain folding as compared to the wild-type
a-cDNA (a phenomenon that can also occur in samples
from infantile Tay-Sachs patients [Sandhoff 1969; Sand-
hoff et al. 1971]). An independent cDNA, e.g.,
pBLCAT2, a plasmid containing the chloramphenicol
acetyltransferase gene, must also be transfected to nor-
malize for transfection efficiency between culture dishes.
(b) It is always necessary to analyze the transfected cell
lysates by western blotting to determine the proportion
of pro-a (ER) versus mature-a (lysosomal) chains and
to compare the amounts of a-CRM with the units of
MUG and MUGS activities, i.e., to obtain an estimate
of the Hex A-specific activities. This was not done in
the previous report. These data are necessary because
residual Hex A activities produced by cotransfected
COS cells are much higher than in patient samples if the
mutation affects protein folding because of overex-
pression (Brown and Mahuran 1993; Banerjee et al.
1994; Wu et al. 1994).
The previously reported data (Ainsworth and Coulter-

Mackie 1992) when compared to the original analysis
of the patient's samples (Gordon et al. 1988) were very
suggestive of the Bl-phenotype. However, it was diffi-
cult to rationalize a role for a neutral amino acid (Val192)
in the active site of the a-subunit. The most likely possi-
bility was that it was close to the predicted unique a-
binding site for negatively charged substrates, e.g.,
MUGS. This hypothesis was also consistent with the
fact that a-Val192 is not conserved in the n-chain. Thus,
this mutation presented us with the ideal situation in
which to test our new Hex A, CHO cell-expression
system. We predicted that the mutation would produce
a Hex A (a-Val192Leu:p2l'-Lys, a*P*) that was active
toward the MUG substrate but not toward the MUGS
substrate. We unexpectedly found that the a-Val'92Leu
substitution produced a mutant pro-a chain in cotrans-
fected CHO cells that could not form heterodimers and
exit the ER. Thus, no detectable mutant Hex A isozyme
was formed with activity toward either substrate. These
characteristics are typical of mutations affecting protein
folding (Mahuran 1991). Because of the previous report
to the contrary, we performed a number of experiments
to confirm our conclusion. We (a) independently con-
firmed the sequence of our mutant cDNA insert through
the Network of Centres of Excellence, Canadian Genet-
ics Diseases Network's DNA sequencing facility, (b)
confirmed that the steady-state levels of RNA tran-
scribed by the isolated CHO cell clone from the a- and
,*-cDNAs were comparable to the selected clone con-
taining the a*- and P*-cDNAs (fig. 1A), and (c) demon-
strated that both pro-P* and pro-a* were also translated
by the latter cloned cells; but unlike the pro-I* chain,
the pro-a* was not converted into its mature lysosomal
form (fig. 1B). (d) Whereas the mature a- and P*-pro-
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teins were localized to the lysosome in cotransfected
CHO cells by immunofluorescence microscopy, the pro-
a and the mature-** chains were localized to the ER
and lysosomes, respectively, in cells coexpressing these
proteins (fig. 2). (e) We used ion-exchange chromatogra-
phy to separate any momeric subunits and homodimeric
Hex isozymes from heterodimeric Hex A (an). Western
blot analysis was then used to demonstrated that no
inactive a*,p* dimers were present in the area where
Hex A is expected to elute (Mahuran and Lowden 1980;
Mahuran et al. 1985) (fig. 3). (f) Finally, we were able to
reexamine cultured fibroblasts from the original patient.
The analyses of the Hex isozymes by activity measure-
ments, and the individual levels of mature subunit pro-
tein by Western blotting, in lysates from these cells were
not consistent with the B1-biochemical phenotype (table
2, fig. 4). These data emphasize the care that must be
taken in the diagnosis of the Bl-variant of Tay-Sachs
and in the interpretation of results from transfected COS
cells.
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