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BACKGROUND: There is interest in newborn screening
and diagnosis of lysosomal storage diseases because of the
development of treatment options that improve clinical
outcome. Assays of lysosomal enzymes with high analyt-
ical range (ratio of assay response from the enzymatic
reaction divided by the assay response due to nonenzy-
matic processes) are desirable because they are predicted
to lead to a lower rate of false positives in population
screening and to more accurate diagnoses.

METHODS: We designed new tandem mass spectrometry
(MS/MS) assays that give the largest analytical ranges
reported to date for the use of dried blood spots (DBS)
for detection of mucopolysaccharidoses type II (MPS-II),
MPS-IVA, and MPS-VI. For comparison, we carried out
fluorometric assays of 6 lysosomal enzymes using
4-methylumbelliferyl (4MU)-substrate conjugates.

RESULTS: The MS/MS assays for MPS-II, -IVA, and -VI
displayed analytical ranges that are nearly 2 orders of
magnitude higher than those for the corresponding fluo-
rometric assays. The relatively small analytical ranges of
the 4MU assays are due to the intrinsic fluorescence of
the 4MU substrates, which cause high background in the
assay response.

CONCLUSIONS: These highly reproducible MS/MS assays
for MPS-II, -IVA, and -VI can support multiplex new-
born screening of these lysosomal storage diseases.
MS/MS assays of lysosomal enzymes outperform 4MU
fluorometric assays in terms of analytical range. Ongoing
pilot studies will allow us to gauge the impact of the

increased analytical range on newborn screening
performance.
© 2015 American Association for Clinical Chemistry

Newborn screening (NBS)5 and diagnosis of lysosomal
storage diseases (LSD) are under investigation because of
the development of treatment options (1 ). Assay of the
activity of the deficient enzyme in dried blood spots
(DBS) on NBS cards was first carried out with fluoro-
metric methods based on 4-methylumbelliferyl (4MU)
substrates for disease such as Fabry disease (2 ) and more
recently with tandem mass spectrometry (MS/MS) (3 ).
Methods based on both technologies are being piloted for
worldwide NBS and diagnosis (3 ).

Mucopolysaccharidoses are a family of LSDs for
which the deficiency is in the breakdown of glycosami-
noglycans (4 ). For mucopolysaccharidosis-II (MPS-II),
MPS-IVA, and MPS-V, the deficient enzymes are, re-
spectively, iduronide-2-sulfatase (I2S), N-acetylgalacto-
samine-6-sulfatase (GALNS), and N-acetylgalactosamine-
4-sulfatase (ARSB). I2S can be assayed fluorometrically
with the 4MU glycoside of iduronic acid-2-sulfate using
human �-L-iduronidase (IDUA) to liberate 4MU after
the 2-sulfate is removed (5 ) or by MS/MS (6 ). GALNS
can be assayed with the 4MU glycoside of galactose-6-
sulfate using bacterial �-galactosidase to release the 4MU
after the sulfatase acts (7 ) or by MS/MS (8 ). ARSB is
assayed using the generic sulfatase substrate 4MU-sulfate
(9 ) or by MS/MS (10 ).
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We report the development of MS/MS assays for
I2S, GALNS, and ARSB that give a much higher assay
response in the mass spectrometer than previously re-
ported assays. These new reagents lead to a larger lyso-
somal enzyme assay analytical range, which we defined as
the ratio of assay response with the high QC DBS, be-
cause of the relevant enzymatic reaction divided by the
response for nonenzymatic processes. Increasing the an-
alytical range is important for NBS and diagnosis of
LSDs because this is predicted to lead to a more accurate
enzyme activity value at the low end. This is expected to
lead to better differentiation between disease-affected pa-
tients and those with pseudodeficiencies and, in general,
lead to a lower rate of false positives. For diagnosis, it may
lead to better prediction of disease severity. We also com-
pared the analytical range of 6 MS/MS assays to those
measured fluorometrically with 4MU-substrates.

Methods

All methods, including the synthesis of the substrates, are
described in the Data Supplement that accompanies the
online version of this report at http://www.clinchem.org/
content/vol61/issue11.

Results

FIA-MS/MS ASSAYS FOR GALNS AND ARSB

Our original MS/MS substrate for GALNS consisted of a
Gal-6-sulfate linked to an analog of 4MU bearing a hy-
drophobic chain (8 ). Although this assay distinguished
between healthy and MPS-IVA samples, the MS/MS sig-
nal for the product in assays with random newborns was
50-fold less than for our other MS/MS assays for lyso-
somal enzymes. This original assay is not sufficiently ro-
bust for NBS, and the only way forward is to find a higher
activity substrate or to increase the MS/MS response of
the product. GALNS is thought to be responsible for
removal of sulfate from Gal-6-sulfate and GalNAc-6-
sulfate in mucopolysaccharides (4 ). Thus, we explored
the consequence of replacing Gal-6-sulfate in our previ-
ous substrate with GalNAc-6-sulfate. We also replaced
the 4MU-based aglycone in our original GALNS sub-
strate with an aglycone containing the 4-acetamido-
phenol moiety because this aglycone change results in an
improved assay MS/MS response per mole for the prod-
uct derived from our new I2S substrate (6 ). The structure
of our new GALNS substrate, GalNAc-6-S-C6/C6-
benzoyl group (Bz), is shown in Fig. 1. The name derives
from the presence of the N-hexanoyl group (C6), the
hexamethylene linker (C6), and the Bz in the aglycone.
Calculations suggest that the 2 carbonyl groups in the
aglycone serve as a site of facile protonation (Fig. 1),
which allows for higher-yield ionization in the electros-

pray source (11 ). We also pursued new assays for ARSB
using GalNAc-4-S-C5/C5-Bz (Fig. 1).

Online Supplemental Table 3 shows that the
kcat/Km for GalNAc-6-S-C6/C6-Bz was 81-fold larger
than that for Gal-6-S-C7/C6-Bz, indicating that
GALNS greatly preferred the GalNAc substrate (we did
not have the comparator compound Gal-6-S-C6/C6-Bz,
but it is unlikely that GalNAc distinguishes between the
number of methylenes in the aglycone). These studies
justified the selection of our new GALNS GalNAc-6-S-
C6/C6-Bz for continued studies.

The first version of the MS/MS assay was based on
flow injection analysis (FIA). We considered the possibil-
ity of adding an enzyme that cleaved the glycoside only
after the sulfatase removed the sulfate, thus generating
the aglycone (Fig. 2). If the aglycone product gave a
stronger MS/MS response per mole than that for the
immediate sulfatase product (desulfated glycoside), use
of the coupled enzymatic process would yield a gain in
analytical range. Furthermore, buffer salt removal by
liquid–liquid extraction was required for FIA-MS/MS to
prevent suppression during the ionization process. In the
case of sulfatases the initial product contains the sugar,
which is hydrophilic and reduced the solvent extraction
yield. Conversion to the aglycone will increase the trans-
fer of analyte to the organic layer.

The ion response per mole of the GALNS- and
ARSB-generated aglycones, C6/C6-Bz and C5/C5-Bz,
were both found to be 2.4-fold larger than that for the
corresponding glycosides GalNAc-6-S-C6/C6-Bz and

Fig. 1. Structures of the substrates for assaying GALNS,
ARSB and I2S.
The proton shown hydrogen bonded to the 2 carbonyl groups is
the proposed site of gas phase protonation in the electrospray ion
source. Internal standards lack the sulfate and contain 5 deuteri-
ums on the benzoyl group.
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GalNAc-4-S-C5/C5-Bz. This finding, along with the
ethyl acetate consideration, argued for use of a coupled
assay with enzymatic removal of the desulfated sugar. A
disadvantage of this approach became apparent when we
studied the pH dependence of the nonenzymatic hydro-
lysis of GalNAc-6-sulfate-C6/C6-Bz to the aglycone (see
online Supplemental Fig. 1). Glycoside hydrolysis in the
absence of DBS increased with a drop in pH, showing
that it was acid catalyzed. It is known that glycosides of
2-acetamido sugars are more acid sensitive than those
with a 2-hydroxyl because of neighboring group partici-
pation by the acetamido group (12 ). This acid-catalyzed
pathway gave rise to aglycone, thus increasing the back-
ground of the assay. With DBS, enzymatic formation of
the sulfatase product GalNAc-C6/C6-Bz was maximal at
pH approximately 5.0, and thus going to pH �5.0
would not help. Similar pH-dependent observations
were seen with the ARSB substrate GalNAc-4-S-C5/
C5-Bz (see online Supplemental Fig. 1).

The use of GalNAc-4-S-C5/C5-Bz and GalNAc-6-
S-C6/C6 required complete inhibition of hexosamini-
dase A because this enzyme can cleave the glycoside of
GalNAc residues containing a 6-sulfate (13 ) (Fig. 2; also

see online Supplemental Table 4). Recombinant human
hexosaminidase A cleaved GalNAc-4-S-C5/C5-Bz,
showing that the enzyme tolerated 4-sulfation (see online
Supplemental Table 5). Endogenous hexosaminidase A
present in DBS cleaved these glycosides (see online Sup-
plemental Table 5). The hexosaminidase A inhibitor (Z)-
Pugnac (14 ) at 1 mmol/L blocked almost all of the activ-
ity of recombinant hexosaminidase A and enzyme in
DBS (see online Supplemental Table 6). In subsequent
assays we used 2 mmol/L (Z)-Pugnac to ensure complete
hexosaminidase A inhibition. To generate the aglycone
from the desulfated glycoside, we explored the bacterial
enzyme �-N-acetylgalactosaminidase (�-NGA) (15 ).
The data in online Supplemental Tables 6 and 7 show
that �-NGA did not generate aglycones from the sulfated
substrates, and �-NGA catalyzed hydrolysis of the non-
sulfated GALNS and ARSB products were not sensitive
to (Z)-Pugnac. This allowed us to develop the new FIA-
MS/MS assay of GALNS and ARSB based on the natural
GalNAc-4/6-sulfate substrates (described above).

The internal standard for GALNS is GalNAc-C6/
C6-Bz with 5 deuteriums in the benzoyl group. Thus,
any incomplete �-NGA reaction is accounted for by us-

Fig. 2. Enzymatic reactions for I2S, GALNS, and ARSB.
Coupling enzymes to convert the direct product of the lysosomal enzyme to the free aglycone are shown (this step is omitted for some
variations of the assays described in the main text). The use of (Z)-Pugnac to block the action of human hexosaminidase A on the GALNS and
ARSB substrates is also shown.
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ing the glycoside internal standard. We found that in-
creasing the amount of �-NGA beyond that in our stan-
dard assays did not increase the overall rate of aglycone
formation (data not shown), showing that the reaction
was limited by the sulfatase as desired. Selective reaction
monitoring was used with FIA-MS/MS to measure the
amount of nondeuterated product aglycone and deuter-
ated internal standard aglycone after collision-induced
dissociation of precursor ions.

Table 1 lists the analytical range of the FIA-MS/MS
assays for GALNS and ARSB. The analytical range was
defined as the ratio of assay response for the QC high
sample due to the relevant enzyme divided by the re-
sponse for nonenzymatic processes (calculated as de-
scribed in the online Supplemental File).

LC-MS/MS ASSAYS FOR GALNS AND ARSB

Given the multiple factors that contribute to analytical
range in the FIA-MS/MS assay using �-NGA, we also
studied a second assay for GALNS and ARSB based on
coupled LC-MS/MS. In this case, sample desalting oc-
curred on the liquid chromatography (LC) column, and
thus conversion of the glycoside product to the aglycone
with �-NGA and liquid–liquid extraction with ethyl ac-
etate were not required. The assay incubation was
quenched with acetonitrile, and precipitated macromol-
ecules were pelleted by centrifugation. The supernatant
was diluted with water and subjected to LC-MS/MS.
Because we detected the desulfated products GalNAc-
C5/C5-Bz and GalNAc-C6/C6-Bz rather than the agly-
cones, we were not concerned with acid-catalyzed glyco-
side hydrolysis. We were also not concerned with
enzyme-independent desulfation of substrates in the elec-
trospray ion source because substrate and product had
distinct LC retention times (see online Supplemental Fig.
2), and we integrated only the region of the chromato-
graph in which product and internal standard eluted.
(Z)-Pugnac was still added because a substantial amount
of the internal standard was cleaved without the hex-
osaminidase A inhibitor (not shown). To minimize the
instrumental complexity, we used a normal-pressure LC
column and developed an isocratic solvent system to sep-
arate the GALNS and ARSB products from their corre-
sponding substrates. In this way we simply inserted the
LC column into the solvent delivery system that was used
for FIA-MS/MS. Furthermore, in our previous studies of
LC-MS/MS for LSD assays (16 ), several thousand assays
could be obtained without column replacement.

Table 1 lists the analytical ranges for the GALNS
and ARSB LC-MS/MS assays. Given the higher analyti-
cal ranges, we carried out additional studies using LC-
MS/MS rather than FIA-MS/MS assays. To demonstrate
the reproducibility of the assay and the linearity with
respect to the amount of enzyme in the DBS, we carried
out 5 independent replicate assays on a series of QC DBS

containing various amounts of leukocyte-depleted and
whole blood (Table 1; linearity plots provided in online
Supplemental Fig. 3).

Assay results for 50 random newborns and MPS-
IVA– and MPS-VI–affected patients are provided in Fig.
3 (tabular data in online Supplemental Tables 8 and 9),
showing that this LC-MS/MS assay readily distinguished
between 50 healthy newborns and MPS-IVA or MPS-VI
patients.

MS/MS ASSAYS FOR I2S

We explored a variation of our previous MS/MS assay for
I2S by adding IDUA to generate the aglycone after
desulfation (Fig. 2). We found that the glycoside IdA-
C5/C6-Bz gave an approximately 5-fold lower MS/MS
response per mole than did its aglycone (not shown). We
carried out 3 assay variants: (a) coupled assay with IDUA,
ethyl acetate extraction, FIA-MS/MS; (b) IDUA, protein
precipitation with acetonitrile, LC-MS/MS; and (c) no
IDUA, acetonitrile, LC-MS/MS. Table 1 summarizes
the results with QC DBS. All 3 methods gave similar
analytical ranges. LC traces and linearity data are shown
in online Supplemental Figs. 2 and 3.

TRIPLEX ASSAY FOR MPS-II, -IVA, AND -VI

After exploring several possible options, we put all 3 MPS
assays into a single triplex assay using a single cocktail
incubated with a single 3-plex DBS punch. For solubility
reasons we reduced the concentration of the MPS-II sub-
strate to 0.5 mmol/L and kept the other 2 substrates at 1
mmol/L (I2S had the highest activity). We included citric
acid in the quench step so that the MPS-II product con-
taining the iduronic acid group would protonate on its
carboxylate to facilitate extraction into ethyl acetate dur-
ing the liquid–liquid extraction. The extract was submit-
ted to LC-MS/MS using the above isobaric conditions
under low pressure. Ethyl acetate extraction was found to
provide a more robust assay because it led to a large re-
duction in the amount of substrate in the mixture applied
to the LC column, which in turn reproducibly ensured
complete separation between substrates and product/in-
ternal standards. Results are summarized in Table 2, and
linearity data using QC standards is shown in online
Supplemental Fig. 3.

ANALYTICAL RANGE FOR FLUOROMETRIC ENZYME ASSAYS

BASED ON 4MU SUBSTRATES

We used the 4MU substrates in Table 3 to assay lyso-
somal enzymes IDUA, acid �-glucosidase, I2S, GALNS,
and ARSB. The principle of these assays is based on en-
zymatic release of 4MU from the substrate conjugate
(i.e., 4MU-glycosides). The mixture was quenched with
a buffer with a pH of approximately 10 to cause ioniza-
tion of the hydroxyl group of 4MU to its phenolate
(4MU-OH to 4MU-O�). The pKa of 4MU-OH is 7.6,
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Table 1. Performance of the MS/MS assays of GALNS, ARSB, and I2S.

Assay
MS/MS product

response (peak area) Analytical rangea

Mean (%CV) activity for
5 replicates of the QC
DBS, μmol � h−1 � L−1a

GALNS Filter paper, 17 340 23.4 (PE QC H) No data

FIA-MS/MS with �-NGA PE QC H, 220 050

GALNS Filter paper, 525 120 (CDC QC H) Filter paper, 0.02 (9.1%)

LC-MS/MS without �-NGA CDC QC H, 138 460 198 (PE QC H) CDC QC B, 0.08 (1.8%)

PE QC H, 230 905 CDC QC L, 0.22 (8.7%)

CDC QC M, 1.36 (12.8%)

CDC QC H, 2.46 (12.3%)

PE QC L, 0.29 (19.0%)

PE QC M, 2.70 (12.0%)

PE QC H, 4.07 (7.2%)

ARSB Filter paper, 20 520 22.4 (PE QC H) No data

FIA-MS/MS with �-NGA PE QC H, 360 020

ARSB Filter paper, 2750 170 (CDC QC H) Filter paper, 0.12 (6.1%)

LC-MS/MS without �-NGA CDC QC H, 1 209 484 226 (PE QC H) CDC QC B, 0.22 (3.6%)

PE QC H, 1 406 271 CDC QC L, 1.02 (10.2%)

CDC QC M, 11.76 (6.4%)

CDC QC H, 20.51 (11.2%)

PE QC L, 1.96 (9.5%)

PE QC M, 18.11 (5.7%)

PE QC H, 27.39 (3.7%)

I2S Filter paper, 9902 257 (CDC QC H) Filter paper, 0.05 (63.9%)

FIA-MS/MS with IDUA CDC QC H, 1 379 295 387 (PE QC H) CDC QC B, 1.05 (6.2%)

PE QC H, 3 297 559 CDC QC L, 1.72 (4.8%)

CDC QC M, 8.50 (7.2%)

CDC QC H, 11.64 (6.1%)

PE QC L, 1.17 (3.8%)

PE QC M, 9.90 (3.5%)

PE QC H, 17.50 (2.8%)

I2S Filter paper, 4146 424 (CDC QC H) Filter paper, 0.03 (60%)

LC-MS/MS with IDUA CDC QC H, 2 207 739 721 (PE QC H) CDC QC B, 1.31 (6.3%)

PE QC H, 3 104 262 CDC QC L, 2.19 (4.3%)

CDC QC M, 10.35 (2.7%)

CDC QC H, 12.93 (6.4%)

PE QC L, 1.34 (7.0%)

PE QC M, 11.42 (5.8%)

PE QC H, 19.40 (3.3%)

I2S Filter paper, 1756 521 (CDC QC H) Filter paper, 0.04 (145.7%)

LC-MS/MS without IDUA CDC QC H, 1 578 629 681 (PE QC H) CDC QC B, 1.10 (6.4%)

PE QC H, 1 905 935 CDC QC L, 2.20 (3.6%)

CDC QC M, 12.60 (4.7%)

CDC QC H, 18.66 (5.6%)

PE QC L, 1.53 (2.2%)

PE QC M, 14.29 (3.1%)

PE QC H, 24.41 (6.4%)

a Values calculated as described in the online Supplemental Material. QC samples from the CDC are base pool (B, 0% whole blood), low (L, 5% whole blood), medium (M, 50% whole
blood), and high (H, 100% whole blood). Same for the Perkin Elmer (PE) samples except there is no base pool.
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and the 4MU-O�/4MU-OH fluorescence emission ra-
tio is approximately 16 (17 ). We confirmed these find-
ings by spectral titration of 4MU (not shown). The above
analysis showed that the neutral species 4MU-OH had
finite fluorescence, and thus we explored the fluorescence
of 4MU-glycoside substrates. Table 3 lists the percent-
ages of 4MU present as an impurity in the substrates and
the ratio (4MU-O� emission per mole)/(4MU-glycoside
emission per mole). These ratios were in the range 2200–
5400 (the outlier was for 4MU-sulfate, ratio � 58 700)
and accounted for the increase in fluorescence when
4MU-glycosides were acted on by lysosomal enzymes.
Although this ratio was much higher than 1, in assays
with DBS, the percentage of total 4MU-substrate that
was converted to 4MU was typically only approximately
1%. Thus, the intrinsic fluorescence of the 4MU-
glycoside substrate greatly increased the background and
reduced the analytical range.

The analytical ranges of these 4MU assays were de-
fined as above (details of the calculation provided in the
online Supplemental File) and listed in Table 3.
Background-corrected enzyme activities are also listed in
Table 3.

Discussion

ANALYTICAL RANGE FOR 4MU-FLUOROMETRIC VS MS/MS

ASSAYS OF LYSOSOMAL ENZYMES

For the 6 4MU assays studied, the analytical ranges were
in the range 6–16 (except 34 for ARSB with 4MU-
sulfate) (Table 3) when measured with the same QC high
DBS (PerkinElmer QC High, see Methods in the online

Data Supplement). For all of the assays shown in Table 2,
the fluorescence from the buffer or the buffer incubated
with the DBS punch, both lacking substrate, was �5% of
the fluorescence measured with buffer containing 4MU-
glycoside substrate (data not shown). What limits the
analytical range of these assays is clearly the high back-
ground due to the intrinsic fluorescence of the 4MU-
glycoside substrates and the small fraction of substrate
converted to product.

The analytical ranges for the MS/MS assays were
much larger than those for 4MU assays, 51-fold for I2S
and 30-fold for GALNS. For ARSB, the MS/MS analyt-
ical range was 6.6-fold higher than that for the 4MU
assay if 4MU-sulfate was used or 29-fold if the more
natural-like substrate 4MU-GalNAc-4-S was used (see
below for concerns about using 4MU-sulfate). We hy-
pothesize that the assays with higher analytical range will
lead to a better separation between nonaffected and LSD-
affected individuals, which will lead to lower false-
positive rates in NBS and to more accurate estimation of
disease prognoses. Comparison of large-scale NBS pilot
studies has already shown evidence that the MS/MS
method leads to substantially lower false positives
(18–20).

GALNS ASSAYS

The originally reported assay for GALNS used 4MU-
Gal-6-sulfate (21 ) and leukocytes as the enzyme source.
This assay relied on endogenous human �-galactosidase
to release the 4MU after desulfation by GALNS. Exten-
sion of this assay to DBS involved supplementation of the
cocktail with Apergillus oryzae �-galactosidase (Sigma
Chemicals) that is active at pH approximately 4 (7 ). We
attempted this GALNS assay with DBS and found that
the commercial Apergillus oryzae �-galactosidase from
Sigma was capable of generating 4MU from 4MU-Gal-
6-sulfate (no difference in assay response was observed for
assays with DBS vs filter paper, data not shown), suggest-
ing that this preparation of enzyme is contaminated with
a 6-sufatase. The calculation of the analytical range of this
GALNS assay with DBS was not possible because the
assay responses for the blanks were not stated (7 ). How-
ever, we can say that the mean GALNS activity measured
for 50 random newborn DBS with 3 mmol/L 4MU-
GalNAc-6-S is 3.8 �mol � h�1 � L�1 (22 ) compared to
0.28 �mol � h�1 � L�1 reported using 10 mmol/L 4MU-
Gal-6-S (7 ). This suggests that GALNS is approximately
44-fold more active on 4MU-GalNAc-6-S vs 4MU-Gal-
6-S, which is consistent with our MS/MS data (see online
Supplemental Table 3). Thus the analytical range using
4MU-Gal-6-S is likely less than the value of 6.5 for
4MU-GalNAc-6-S. These relatively low analytical ranges
suggest that the 4MU assays for GALNS will not be
appropriate for NBS of MPS-IVA. The enormous in-
crease in analytical range for the LC-MS/MS assay vs the

Fig. 3. Enzyme activities in random newborns and LSD-
affected patients measured using LC-MS/MS.
Note the difference in y-axis scales. Mean activity is shown as a
horizontal line.
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Table 2. Performance of the triplex assay for I2S, GALNS, and ARSB.

Enzyme
MS/MS product

response (peak area) Analytical rangea

Mean (%CV) activity for
5 replicates of the QC
DBS, μmol � h−1 � L−1a

I2S Filter paper, 4100 430 (CDC QC H) Filter paper, 0.028 (5.0%)

CDC QC H, 2 151 806 577 (PE QC H) CDC QC B, 0.732 (5.7%)

PE QC H, 2 737 395 CDC QC L, 1.50 (5.1%)

CDC QC M, 8.49 (5.7%)

CDC QC H, 11.93 (11.3%)

PE QC L, 1.19 (8.2%)

PE QC M, 10.22 (2.5%)

PE QC H, 16.01 (1.7%)

GALNS Filter paper, 3096 85 (CDC QC H) Filter paper, 0.024 (4.7%)

CDC QC H, 248 713 119 (PE QC H) CDC QC B, 0.077 (3.7%)

PE QC H, 353 333 CDC QC L, 0.203 (9.4%)

CDC QC M, 1.26 (8.3%)

CDC QC H, 2.05 (10.3%)

PE QC L, 0.236 (7.7%)

PE QC M, 2.10 (3.2%)

PE QC H, 1.86 (5.8%)

ARSB Filter paper, 3265 143 (CDC QC H) Filter paper, 0.058 (4.5%)

CDC QC H, 453 074 188 (PE QC H) CDC QC B, 0.094 (5.9%)

PE QC H, 584 751 CDC QC L, 0.47 (9.3%)

CDC QC M, 5.34 (8.1%)

CDC QC H, 8.21 (14.0%)

PE QC L, 0.90 (8.8%)

PE QC M, 7.90 (3.2%)

PE QC H, 10.83 (6.6%)

a Values calculated as described in the online Supplemental Material. QC samples from the CDC are base pool (B, 0% whole blood), low (L, 5% whole blood), medium (M, 50% whole
blood), and high (H, 100% whole blood). Same for the Perkin Elmer (PE) samples except there is no base pool.

Table 3. Fluorimetry assays with 4MU glycosides.a

4MU-glycoside/enzyme

Amount of 4MU
contaminant

(mol %)

4MU-O-/
4MU-glycoside/
emission ratio Analytical range

Enzyme activity,
μmol � h−1 � L−1

Percent
substrate

converted to
product

4MU-�-L-iduronide/IDUA 0.067 2744 16.3 (CDC High) 12.5 (CDC High) 2.1 (CDC High)

12.3 (PE High) 9.6 (PE High) 1.6 (PE High)

4MU-�-D-glucose/ 0.023 2245 16.6 (CDC High) 17.5 (CDC High) 2.9 (CDC High)

Acid �-glucosidase 12.3 (PE High) 10.1 (PE High) 1.7 (PE High)

4MU-�-L-iduronide-2-sulfate/I2S 0.025 2520 11.4 (PE High) 8.7 (PE High) 1.4 (PE High)

4MU-sulfate/ARSB 0.032 58 700 34.0 (PE High) 5.0 (PE High) 0.16 (PE High)

4MU-�-N-GalNAc-4-sulfate/ARSB 0.010 5390 7.8 (PE High) 5.94 (PE High) 0.33 (PE High)

4MU-�-N-GalNAc-6-sulfate/GALNS 0.016 4120 6.5 (PE High) 9.14 (PE High) 0.51 (PE High)

a Values calculated as described in the online Supplemental Material. PE, Perkin Elmer.
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fluorometric assay for GALNS is due mainly to the fac-
tors described above that limit the analytical range of the
4MU assays rather than a difference in the enzyme activ-
ities (�mol � h�1 � L�1) for the MS/MS vs 4MU sub-
strates (the same is true for the ARSB and I2S assays, see
below).

The GALNS FIA-MS/MS method requires the use
of �-NGA and ethyl acetate extraction. The analytical
range is 4-fold better than that for the 4MU-GalNac-6-S
fluorometric assay (Tables 1 and 2), and the LC-MS/MS
assay in the absence of �-NGA and ethyl acetate is 8.5-
fold better than the FIA-MS/MS assay and provides a
high-performance GALNS assay (Table 2). Product and
ion counts are approximately 200-fold higher than those
of our original GALNS MS/MS assay based on Gal-6-S
(8 ). This assay readily distinguished between 50 healthy
newborns and the MPS-IVA patients (Fig. 3). Pilot stud-
ies using this new GALNS assay (and ARSB assay, see
below) have started in the Washington State Department
of Health NBS laboratory, which seems timely given that
enzyme replacement treatment is now available (23 ).
Adding a low-pressure LC column with an isocratic elu-
tion solvent does not add significant instrumentation
complexity because the low pressure column is compati-
ble with currently used FIA solvent delivery systems and
column cost is insignificant.

ARSB ASSAYS

The established assay for ARSB for diagnosis of MPS-VI
uses the nonspecific sulfatase substrate 4MU-sulfate or
related catechol sulfates (24 ). Studies with DBS from
MPS-VI patients show low but residual ARSB activity,
suggesting that this substrate is detecting mainly ARSB.
The source of this residual activity is unknown. It may be
due to residual activity of ARSB or due to other sulfa-
tases. Of interest is arylsulfatase A, the enzyme deficient
in metachromatic leukodystrophy, because it hydrolyzes
4MU-sulfate (4, 25 ). Arylsulfatase A is active in samples
using DBS because it can be detected after immunopre-
cipitation and subsequent assay with 4MU-sulfate (25 ).
Additional studies show that this enzyme is relatively un-
stable in DBS (25 ). All together the studies strongly sug-
gest that the use of the nonspecific sulfatase substrate
4MU-sulfate is not appropriate for NBS of MPS-VI in
which fresh DBS will be the enzyme source. Caution is
also warranted for diagnostic assays using DBS or leuko-
cyte samples that have not been confirmed to lack arysul-
fatase A activity. The distinction between ARSB and ar-
ylsulfatase A using 4MU-sulfate can be improved by
using different buffer conditions for the 2 assays (4 ), but
there is still considerable crosstalk between these 2 assays
(4 ).

The ARSB FIA-MS/MS assay described here uses
�-NGA, hexosaminidase A inhibitor, and ethyl acetate
extraction. The analytic range is comparable to the fluo-
rometric assays with 4MU-sulfate and 3-fold better than
the fluorometric assay with 4MU-GalNAc-4-S. Again,
the LC-MS/MS assay without coupling enzyme is supe-
rior, being 10-fold better in analytical range than the
FIA-MS/MS assay. The assay distinguishes healthy new-
borns from MPS-VI patients (Fig. 3).

I2S ASSAYS

The analytic range of the FIA-MS/MS assay is 34-fold
higher than that with the 4MU-IdA-2 assay and is im-
proved another approximately 2-fold if we use LC-
MS/MS without the need for adding IDUA-coupling
enzyme. A pilot study using the MS/MS I2S assay for
NBS of MPS-II has begun in the Washington State De-
partment of Health NBS laboratory.

TRIPLEX ASSAYS

Combining all 3 sulfatase assays into a single triplex assay
using a single assay cocktail and a single 3-mm DBS
punch was straightforward, and results shown in Table 2
and online Supplemental Fig. 3 demonstrate that the
method works essentially as well as for the individual
assays, again with analytic ranges that greatly exceed
those seen with 4MU assays.
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