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Abstract Biochemical testing of hexosaminidase A
(HexA) enzyme activity has been available for decades
and has the ability to detect almost all Tay-Sachs disease
(TSD) carriers, irrespective of ethnic background. This is
increasingly important, as the gene pool of those who
identify as Ashkenazi Jewish is diversifying. Here we
describe the analysis of a cohort of 4,325 individuals
arising from large carrier screening programs and tested by
the serum and/or platelet HexA enzyme assays and by
targeted DNA mutation analysis. Our results continue to
support the platelet assay as a highly effective method for
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TSD carrier screening, with a low inconclusive rate and the
ability to detect possible disease-causing mutation carriers
that would have been missed by targeted DNA mutation
analysis. Sequence analysis performed on one such platelet
assay carrier, who had one non-Ashkenazi Jewish parent,
identified the amino acid change Thr259Ala (A775G).
Based on crystallographic modeling, this change is pre-
dicted to be deleterious, as threonine 259 is positioned
proximal to the HexA alpha subunit active site and helps to
stabilize key residues therein. Accordingly, if individuals
are screened for TSD in broad-based programs by targeted
molecular testing alone, they must be made aware that there
is a more sensitive and inexpensive test available that
can identify additional carriers. Alternatively, the enzyme
assays can be offered as a first tier test, especially when
screening individuals of mixed or non-Jewish ancestry.

Introduction

Tay-Sachs disease (TSD) (MIM ID #272800) carrier
screening in the Ashkenazi Jewish (AJ) population, first
initiated in the 1970s, has reduced the birthrate of infants
with TSD in the AJ community worldwide by 90%
(Kaback 2000). The disease is caused by the lack of beta-
hexosaminidase A (HexA) enzymatic activity resulting in
neurodegeneration and lethality, usually in childhood
(Kaback 20006). Since three mutations in the HEXA gene
account for 92-98% of AJ carriers (Triggs-Raine et al. 1990),
molecular screening is highly sensitive in the more
homogenous segments of the AJ population (Bach et al.
2001; Fernandes et al. 1992b). This is in contrast to non-
Jewish populations, wherein over 100 TSD-causing muta-
tions have been identified (Kaback 2006). Biochemical
testing of HexA enzyme activity has been available for
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decades and has the ability to detect almost all carriers
(Kaback 2006), irrespective of ethnic background. This
is increasingly important, as the gene pool of those who
identify as Ashkenazi Jewish is diversifying, and more
individuals will be tested who have some non-Ashkenazi or
non-Jewish heritage (Kotler-Berkowitz et al. 2003).

In a previous report (Schneider et al. 2009), we
described initial findings from TSD carrier screening
performed on self-identified Ashkenazi Jewish individuals
who participated in population-based screening programs.
In that report, we suggested that the platelet HexA enzyme
assay had the ability to identify Tay-Sachs disease carriers
who would have been missed if they had been screened by
targeted mutation DNA analysis only. Here we present the
results of an expanded cohort and also describe one such
carrier with a mutation that was identified by HEXA
sequencing. This mutation is predicted to be deleterious
based on mutation modeling using the published HexA
crystal structure as a template.

Materials and Methods

The cohort comprised 4,325 self-identified Ashkenazi Jewish
individuals who participated in screening programs, as
described in (Schneider et al. 2009), during the March
2006-December 2010 time period. All clinical samples were
tested in the Human Genetics Laboratory at the Jacobi
Medical Center by the serum and/or platelet HexA enzyme
assays as well as by targeted DNA mutation analysis. Serum
enzyme assay was done using heat inactivation methodology
while platelet assay was performed using charge separation
with DEAE-cellulose columns; both assays employ the
artificial substrate 4-methylumbelliferyl-B-D-N-acetylgluco-
saminide to measure enzyme activity and have been
described previously (Nakagawa et al. 1977, 1978; O’Brien
et al. 1970). Our established reference ranges for the serum
assay are noncarrier >56% HexA, carrier <47% HexA, and
inconclusive 48-55% HexA. Our established reference
ranges for the platelet assay are noncarrier >57% HexA,
carrier <48% HexA, and inconclusive 49—56% HexA.

Genomic DNA was tested for seven common mutations
(five disease-causing and two pseudodeficiency mutations)
in the HEXA gene using the Tag-It™ Ashkenazi Jewish
Panel (Luminex Molecular Diagnostics, Toronto, Canada).
The clinical data were retrospectively retrieved, anony-
mized, and analyzed. Confidence intervals were calculated
using the Wilson score method without continuity correc-
tion (Newcombe 1998).

HexA sequencing was performed by the Ambry Genet-
ics Tay-Sachs Plus Test (Ambry Genetics, Aliso Viejo, CA)
(all 14 exons and intron/exon boundaries in sense and
antisense directions). Models were generated using PyMOL
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(Schrodinger 2010) employing the 2.8 A crystallographic
structure of human HexA (Lemieux et al. 2006) as a
template.

Results

Platelet enzyme assays were performed on a total of 2,596
of the 4,325 individuals screened. For the most part, serum
enzyme assays were performed first, with a reflex to the
platelet assay for carriers and inconclusive samples,
although, in some cases, (including but not limited to
pregnant women) only the platelet assay was performed
(780 samples did not have serum testing). The inconclusive
rate for the platelet assay continued to be low (1.35%
(35/2,596); 95% CI 0.1-1.9%), compared to a 29% (95%
CI 28-31%) inconclusive rate for all serum tests performed
(1,034 inconclusive samples of 3,545 samples tested by the
serum assay).

Targeted DNA analysis for the seven mutations on all
4,325 samples showed that there were 188 carriers, with
mutation distribution frequencies similar to published
results (Monaghan et al. 2008; Scott et al. 2010) (Table 1).
Of the 175 carriers of disease-causing mutations, 172 were
platelet carriers, while three were platelet inconclusive. Of
the 13 pseudodeficiency mutations carriers, 50% were
designated as carriers by the platelet assay and the other
50% as inconclusive. Finally, no platelet (or serum)
noncarriers (0/4,150; 95% CI 0-0.1%) were shown to be
carriers by targeted DNA analysis.

Importantly, there were individuals (» = 17) who were
shown to be carriers by the platelet assay but did not carry

Table 1 Carrier and mutation frequency for 4,325 screenees over a
4.7-year period and correlation with platelet enzyme assay results

Mutation Number % of % that % that were
of times  total were platelet
observed DNA platelet  inconclusives

carriers  carriers

1278+TATC 137 72.9 98.5 1.5(n=2)

IVS12+1G>C 27 144 96.3 37(n=1)

G269S 10 53 100 0

del 7.6 kb 0 0

IVS9+1G>A 1 0.5 100 0

R247W 12 6.4 50 50 (n = 6)

R249W 1 0.5 100 0

Total carriers by 188 95.2 48 (n=9)

targeted DNA
analysis
Enzyme positive 17 100 0

and targeted
DNA negative
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Table 2 Demographics of platelet assay-positive/targeted-DNA-panel-negative individuals

Patient # Gender  Serum result  Platelet result ~ Family history Ancestry

1 F Inconc® Carrier No Isracl/Romania/Russia/Spain

2 M Inconc Carrier Adopted Adopted

3 F Inconc Carrier No Yugoslavia/Hungary/Serbia/Lithuania
4 M Carrier Carrier No Russia (AI®); Ireland/England/Nova Scotia (non-AJ)
5 F Not done Carrier No Austria

6 F Not done Carrier Mother is a carrier USA

7 F Inconc Carrier No Poland

8 F Not done Carrier No Russia

9 F Inconc Carrier No Hungary/Russia

10 M Inconc Carrier No Poland/Hungary

11 F Carrier Carrier Father and brother are carriers ~ Russia/Germany

12 M Inconc Carrier No England/Poland/Greece

13 F Inconc Carrier No England/Russia

14 F Carrier Carrier Yes, but does not specify Russia/Poland/Lithuania

15 M Inconc Carrier No Russia

16 F Carrier Carrier Mother is a carrier USA/Russia/Poland

17 F Carrier Carrier No Russia/Romania

#Inconc=inconclusive
® AJ=Ashkenazi Jewish

any of the common DNA mutations (Table 2) (note that
these individuals were never serum noncarriers). The
providers associated with the screening programs offered
sequencing to these individuals, but only one individual
(patient #4 in Table 2) (with HexA levels of 42% in the
platelet assay; carriers defined as <48%) agreed to have the
follow-up HEXA gene sequencing. This sequence analysis
showed the heterozygous presence of an A > G base pair
substitution in HEXA exon 7 at position 775 of the HexA
coding region (GenBank accession number NM_000520).
This base pair change results in a Thr to Ala change at
amino acid position 259 of the HexA alpha subunit
(GenBank accession number NP_000511). Enzyme testing
performed on the parents of this carrier showed that the
mother also was a carrier, with % HexA activity levels
highly comparable to those of the proband (platelet HexA
levels of 46%). An oligonucleotide ligation assay on the
Prism Genetic Analyzer was developed by the laboratory
to interrogate position 775, and this confirmed the same
nucleotide change in the mother but not the father (data
not shown). This A775G (Thr259Ala) mutation also was
uncovered recently after HEXA sequencing of a non-Al
carrier (Park et al. 2010), suggesting that it may not be a
rare familial mutation.

We analyzed further the Thr259Ala change to gain insight
as to whether it could represent a deleterious mutation. This
residue is located in the catalytic core domain of the HexA
alpha subunit (beta-hexosaminidase subunit alpha;

EC = 3.2.1.52), a highly conserved domain that belongs
to glycoside hydrolase family 20 (interpro IPRO15883,
residues 167—488 of human HexA alpha subunit) (Henris-
sat 1991). HexA orthologues from chicken to man bear a
threonine at this position, while the comparable residue in
the paralogous HexB proteins is also a threonine or the
structurally similar amino acid serine. This suggests that
maintaining a polar/hydrophilic residue at this position of
HexA and HexB may have important functional implica-
tions for these enzymes.

Notably, the crystallographic structure of human HexA
(Lemieux et al. 2006) reveals that Thr259 is proximal to
the alpha subunit active site, where it appears to help
stabilize the position of Asp258, a residue that when
mutated to His causes infantile Tay-Sachs (Fernandes
et al. 1992a) (Fig. 1, upper left; Thr259 is shown with
cyan-colored carbon atoms). Asp258 shares a proton with
Asp322 via a short (2.35 A) hydrogen bonding interaction
in the HexA structure, which keeps the carboxylate of
Asp322 rigidly positioned within the active site and
negative. Asp322 is crucial to the catalytic mechanism of
the HexA alpha subunit, as the negatively charged
carboxylate on the side chain of this highly conserved
residue stabilizes the positive charge that develops on the
oxazolinium ion intermediate that occurs during the
reaction (Lemieux et al. 20006).

Based on the alpha subunit structure, we predict that
mutation to an alanine at position 259 (Fig. 1, upper right;

@ Springer



JIMD Reports

Lo PN
Leu3so'n 1

Tyr355

Met301

Heuzso

Arg247Trp

Fig. 1 Crystal structure of wild-type HexA (PDB 2GK1) and model of
the Thr259Ala mutant. The wild-type active site (boxed upper left)
and model of the T259A-containing active site (boxed upper right) are
shown with the carbon atoms of T259 and the predicted A259 residues
colored in cyan. The catalytic acid/base residue of the HexA alpha

Ala259 is shown with cyan-colored carbon atoms) causes
the loss of stabilizing hydrogen bonds that occur between
the side chain OH group of Thr259 and the backbone
carbonyl group of Phe257 and side chain OH group of
Tyr355 (Fig. 1, upper boxes). There would also be
additional loss of favorable van der Waals interactions
between the side chain methyl group of Thr259 and
surrounding hydrophobic residues (Fig. 1, upper boxes).
Loss of these interactions is predicted to destabilize the
structure in this area, causing Asp322 not to remain
appropriately positioned during catalysis and thereby
reducing the rate of substrate turnover. The change may
also, or alternatively, cause a more serious misfolded state
within this region of the protein. Accordingly, we believe
that the A775G (Thr259Ala) change in the proband and
mother is the likely basis for reduced HexA activity as
uncovered by the platelet assay. Of note, there are benign
mutations (Arg247Trp and Arg249Trp; also called pseudo-
deficient mutations) that have been described that lack
activity against the synthetic substrates used in biochemical
screening approaches but not against the natural GM?2
ganglioside substrate (Triggs-Raine et al. 1992). Although
Thr259 is located close to Arg247 and Arg249 in the
HexA primary sequence, the tertiary structure places Thr259
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subunit (Glu323) is positioned above the mechanism-based inhibitor
NAG-thiazoline (NGT; green carbon atoms). Bottom left box shows
positions of the two pseudodeficiency mutations. Images were
generated by PyMOL (Schrodinger 2010)

much closer to the active site than Arg247 and Arg249. The
arginine residues are instead located on the periphery of the
catalytic domain, near an additional domain that comprises
the remainder of the alpha subunit (Fig. 1, bottom left box,
interdomain region of the alpha subunit).

Discussion

Retrospective analysis of our cohort of 4,325 individuals
who participated in screening programs shows a TSD
carrier frequency of 1/23 (95% CI 1/20 to 1/26) if we only
include the 188 known DNA mutation carriers or 1/21
(95% CI 1/18 to 1/24) if we also include the set of carriers
who were enzyme positive/DNA negative. These carrier
rates are similar to, albeit slightly higher than, previously
published rates (Broide et al. 1993; Eng et al. 1997; Schneider
et al. 2009; Scott et al. 2010). This could be explained by a
self-selection bias in our screened population, since 38%
(77/205) of the carriers had listed that they had known TSD
carriers or affected individuals in their families. Impor-
tantly, up to 8% (95% CI 5-13%) of carriers (17 platelet
assay carriers/205 carriers total) of possible disease-causing
mutations would have been missed if TSD testing was
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performed by targeted DNA mutation analysis alone. Also,
given that three carriers of disease-causing mutations had
inconclusive results in the platelet assay, the percentage of
missed carriers could become even higher if the 26 platelet
inconclusive/targeted-DNA-negative samples also were
tested further.

Accordingly, if individuals are screened for TSD in
broad-based programs by molecular testing alone, they
must be made aware that there is a more sensitive and
inexpensive test available that can identify additional
carriers. This is in line with a recent position statement by
the National Tay-Sachs and Allied Disease Association
(NTSAD 2009) and reflects the importance of having an
accurate and sensitive method to screen individuals who
may have mixed ancestry. Ashkenazi Jewish individuals
participating in population-based screening programs
appear to be becoming more genetically diverse, in keeping
with demographic studies that reflect exogamy, higher
intermarriage rates, adoption, egg/sperm donation, and
individuals uncertain about their ancestral origins (Kotler-
Berkowitz et al. 2003). Indeed, the one enzyme positive-
DNA negative sample that we were able to follow up by
sequence analysis has one non-AJ parent. As mentioned,
the Thr259Ala mutation that we identified in this family
was reported in a study of non-AJ TSD carriers and late-
onset patients (Park et al. 2010). Although in that report the
authors speculated that this Thr259Ala could be a benign
polymorphism, we suggest that it may instead be disease
causing. While the precise nature of this mutation remains
to be demonstrated formally, employing data such as that
derived from crystallographic structures can prove to be
very valuable for contemplating the possible clinical
significance of novel changes observed by gene sequencing
(see also (Richards et al. 2008)).

Based on our findings, we propose an approach to TSD
screening in self-reported AJ ancestry populations that
would start with enzyme assays. Normal results would not
require further testing. Targeted DNA analysis would be
required in the case of abnormal and inconclusive results,
and gene sequencing analysis should be considered if none
of the frequent mutations are detected. Such an approach,
with possible expansion of the targeted mutation panel,
may prove beneficial if TSD enzyme screening were to be
expanded to non-Jewish and/or non-Ashkenazi Jewish
populations.
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Take Home Message

The platelet HexA enzyme assay is a highly effective
method for Tay-Sachs disease carrier screening, with a low
inconclusive rate and the ability to detect putative disease-
causing carriers who would have been missed by targeted
DNA mutation analysis alone.
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