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Heparan sulfate acetyl-CoA:a-glucosaminide N-acetyltrans-
ferase (HGSNAT) catalyzes the transmembrane acetylation of
heparan sulfate in lysosomes required for its further catabolism.
Inherited deficiency of HGSNAT in humans results in lysosomal
storage of heparan sulfate and causes the severe neurodegenera-
tive disease, mucopolysaccharidosis IIIC (MPS IIIC). Previously
we have cloned the HGSNAT gene, identified molecular defects
in MPS IIIC patients, and found that all missense mutations
prevented normal folding and trafficking of the enzyme. There-
fore characterization of HGSNAT biogenesis and intracellular
trafficking became of central importance for understanding the
molecular mechanism underlying the disease and developing
future therapies.

In the current study we show that HGSNAT is synthesized as a
catalytically inactive 77-kDa precursor that is transported to the
lysosomes via an adaptor protein-mediated pathway that involves
conserved tyrosine- and dileucine-based lysosomal targeting sig-
nals in its C-terminal cytoplasmic domain with a contribution from
a dileucine-based signal in the N-terminal cytoplasmic loop. In the
lysosome, the precursor is cleaved into a 29-kDa N-terminal
a-chain and a 48-kDa C-terminal (3-chain, and assembled into
active ~440-kDa oligomers. The subunits are held together by
disulfide bonds between at least two cysteine residues (Cys'** and
Cys***) in the lysosomal luminal loops of the enzyme. We speculate
that proteolytic cleavage allows the nucleophile residue, His**®, in
the active site to access the substrate acetyl-CoA in the cytoplasm,
for further transfer of the acetyl group to the terminal glucosamine
on heparan sulfate. Altogether our results identify intralysosomal
oligomerization and proteolytic cleavage as two steps crucial for
functional activation of HGSNAT.
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Integral lysosomal membrane proteins (LMP)> are crucial
components of the lysosomal membrane where they play a
structural role, maintain the pH of the lysosomal lumen, and are
responsible for transport of macromolecules into and degrada-
tion products out of the lysosome. Proper functioning of
LMP is therefore essential to maintain cellular homeostasis.
Defects in genes encoding LMP cause a number of severe
inherited human disorders involving lysosomes and lyso-
some-related organelles, such as melanosomes, lytic gran-
ules, major histocompatibility complex (MHC) class II com-
partments, and platelet dense granules as primary targets
(reviewed in Refs. 1-3). Within the last decade the number of
known LMP and disorders caused by their deficiencies
extended from just a few to 27 and the new LMP are continu-
ing to be revealed (4). In most cases, however, cloning the
genes encoding LMP and identification of causative muta-
tions did not result in immediate understanding of biochem-
ical mechanisms of the corresponding disorders due to a lack
of structure-function information in identified LMP.

The above proved true, in particular, for heparan sulfate
acetyl-CoA:a-glucosaminide N-acetyltransferase (HGSNAT,
EC 2.3.1.78) recently cloned in our laboratory and by others (5,
6). Deficiency of HGSNAT causes the severe metabolic disor-
der mucopolysaccharidosis IIIC (MPS IIIC) characterized by
intralysosomal storage of heparan sulfate. MPS IIIC patients
have onset in infancy or early childhood and show progressive
and severe neurological deterioration causing hyperactivity,
sleep disorders, and loss of speech accompanied by behavioral
abnormalities, neuropsychiatric problems, mental retardation,
hearing loss, and visceral manifestations, such as mild hepato-
splenomegaly, joint stiffness, biconvex dorsolumbar vertebral
bodies, mild coarse facies, and hypertrichosis (7). Many
patients become demented and die before adulthood but some
survive to the fourth decade with progressive dementia and
retinitis pigmentosa (8, 9).

3 The abbreviations used are: LMP, lysosomal membrane protein; MPS lIIC,
mucopolysaccharidosis IlIC; ER, endoplasmic reticulum; 4MU-BGIcN,
4-methylumbelliferyl B-p-glucosaminide; bis-Tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; TEMED, N,N,N',N'-tetra-
methylethylenediamine; MOPS, 4-morpholinepropanesulfonic acid; TAP,
tandem affinity purification; CBP, calmodulin-binding peptide; PFO, per-
fluorooctanoic acid; HGSNAT, heparan sulfate acetyl-CoA:a-glucosamin-
ide N-acetyltransferase.
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HGSNAT, the only known lysosomal enzyme that is not a
hydrolase, transfers an acetyl group from cytoplasmically
derived acetyl-CoA to terminal N-glucosamine residues of
heparan sulfate within the lysosomes (10). This reaction is crit-
ical for degradation of heparan sulfate because there is no
enzyme that can act on the unacetylated glucosamine molecule.
Since the discovery of the gene, 54 HGSNAT sequence variants
have been identified including 13 splice-site mutations, 11
insertions and deletions, 8 nonsense, 18 missense mutations,
and 4 polymorphisms (reviewed in Ref. 11 and also see the
online data base). Although the HGSNAT transcripts with
abnormal splicing, frame shifts, and premature stop codons are
most likely rapidly degraded via the nonsense-mediated mRNA
decay pathway (11, 12), the effect of missense mutations
remained unclear until we expressed 17 mutant proteins in cul-
tured human fibroblasts and COS-7 cells and studied their fold-
ing, targeting, and activity. We found that all studied missense
mutations in HGSNAT caused misfolding of the enzyme,
which was abnormally glycosylated and not targeted to the lyso-
some, but retained in the endoplasmic reticulum (ER). For at
least 5 of the studied mutations (N273K, R344C, R344H, S518F,
and S541L) the active conformation could be stabilized by the
competitive inhibitor of HGSNAT, glucosamine, resulting in
part of the enzyme pool being properly processed and targeted
to the lysosomes (12). These results showed that lysosomal tar-
geting of HGSNAT is essential for expression of enzymatic
activity, consistent with the possibility that the enzyme may
undergo in the lysosome additional post-translational modifi-
cations, obtain appropriate oligomeric structure and/or inter-
act with other proteins necessary for its activation, but the
direct evidence for this was absent. In the current study we
applied site-directed mutagenesis, metabolic labeling, immu-
nocytochemistry, size-exclusion chromatography, and electro-
phoresis to study the catalytic mechanism, oligomeric organi-
zation, and biogenesis of HGSNAT and show that
intralysosomal oligomerization and proteolytic cleavage are
essential for its functional activation.

EXPERIMENTAL PROCEDURES

Constructs and Site-directed Mutagenesis—The previously
described HGSNAT-TAP construct (pCTAP-HGSNAT-long)
was used as a template for site-directed mutagenesis (12).
Mutations were introduced using the QuikChange Lightning
kit (Stratagene) and primers designed with QuikChange Primer
Design Program. The sequence of the primers is shown in
supplemental Table S1. For all constructs except the pCTAP-
HGSNAT-short, the coding sequence included an extra 84 base
pairs on their 5 end encoding 28 amino acids as for the
sequence first described for the HGSNAT gene (6), but for clar-
ity the used nomenclature reflects a unified numbering system
based on the sequence of GenBank™ entries NM_152419.2
and NG_009552.1, as in Refs. 5, 11, 13 and 14. Throughout the
text and figures, wild type refers to HGSNAT-TAP-long, unless
indicated.

Cell Culture and Transfection—CQOS-7 cells were cultured in
Eagles’s minimal essential medium supplemented with 10%
(v/v) fetal calf serum (Wisent). Transfections were carried out
in 10-cm dishes using Lipofectamine LTX (Invitrogen) as
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described by the manufacturer, and cells were harvested 42— 48
h later unless specified otherwise in the figure legends. Inhibi-
tion of lysosomal processing was achieved by incubating cells
with 50 mm ammonium chloride (NH,Cl), starting 6 h post-
transfection and lasting for 24 h. Inhibition of de novo protein
synthesis was then achieved by replacing the NH,Cl-supple-
mented medium with fresh medium containing 7 um cyclohex-
imide (Sigma) and culturing the cells for up to 72 h.

Enzyme Assays—N-Acetyltransferase enzymatic activity was
measured using the fluorogenic substrate 4-methylumbelliferyl
B-p-glucosaminide (4MU-BGIcN, Moscerdam, Rotterdam,
The Netherlands), as previously described by He et al. (15). The
reaction mixture containing 5 ul of cell homogenate, 5 ul of 10
mM acetyl-CoA, and 5 ul of 3 mm 4MU-BGIcN in Mcllvain
buffer (100 mM sodium citrate, 200 mMm sodium phosphate, pH
5.7) was incubated at 37 °C for 3 h. The reaction was terminated
by adding 1.98 ml of 0.5 M Na,CO;/NaHCO,, pH 10.7, and
fluorescence was measured and used to calculate the specific
activity. The protein concentration was measured according to
the method of Bradford (16) using a commercially available
reagent (Bio-Rad).

Western Blotting—Cell homogenates were sonicated and
boiled for 3 min in lithium dodecyl sulfate sample buffer
(Invitrogen) in the presence or absence of 25 mm DTT. Proteins
were resolved by SDS-polyacrylamide gel electrophoresis using
either precast NuPAGE 4 -12% bis-Tris gels (Invitrogen, Figs.
1, 2B, and 6) or casted 8% bis-Tris polyacrylamide gels (see Ref.
17 and Figs. 2C and 3-5) and electrotransferred onto a nitro-
cellulose membrane. Both resolving and stacking layers of bis-
Tris polyacrylamide gels were prepared using 1.25 M bis-Tris
HCI, pH 6.8, and a 30% (v/v) solution of acrylamide/bis-acryl-
amide (29:1). 10% (w/v) ammonium persulfate and TEMED
were used as polymerizing agents. Running buffer contained 50
mM MOPS, 50 mm Tris, 0.1% SDS, 1 mm EDTA, pH 7.7. Detec-
tion of tandem affinity purification (TAP)-tagged HGSNAT
protein was performed using anti-calmodulin-binding peptide
epitope tag (CBP) rabbit antibodies (Immunology Consultants
Laboratory, dilution 1:30,000), followed by HRP-conjugated
secondary antibodies (Invitrogen, 1:25,000) and the Pierce ECL
Western blotting substrate (Thermo Scientific) in accordance
with the manufacturer’s protocol.

Pulse-Chase Experiments—Pulse-chase experiments were
performed using cells transfected with constructs pCTAP-
HGSNAT-long, pCTAP-HGSNAT-short, and pCTAP-
HGSNAT-M29A as described above. Twenty-four hours post-
transfection, medium was removed and cells were placed in 5
ml of starvation medium (Met/Cys-free DMEM) for 1 h. Cells
were then radiolabeled for 2 h with 250 uCi of [**S]Met and
[*°*S]Cys (PerkinElmer Life Sciences) dissolved in the same
medium. After two washes with PBS, the cells were chased for
the indicated times with 5 ml of Eagle’s minimal essential
medium supplemented with 2 mm cold Met and 2 mm cold Cys.
Cell pellets were stored at —20 °C until all time points were
collected. Metabolically labeled HGSNAT was affinity purified
from cell pellets as follows. Pellets were resuspended in 1 ml of
lysis buffer (40 mm Tris-HCI, 300 mm KCl, pH 7.5, 0.1% Nonidet
P-40, 1 mm PMSF) supplemented with Sigma protease inhibitor
mixture (P8340, 10 ul/ml of cell suspension). The homogenates
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were sonicated for 5 s and gently shaken at 4 °C overnight to
solubilize proteins. The suspension was then centrifuged at
13,000 X gfor 30 min. The supernatant was first passed through
0.2 ml of avidin-agarose resin (Sigma A9207), then affinity puri-
fication of TAP-tagged HGSNAT was performed using strepta-
vidin and calmodulin resins (Stratagene) according to the man-
ufacturer’s protocol. Elution from calmodulin resin was done
by boiling in 1 resin volume of lithium dodecyl sulfate sample
buffer (Invitrogen) containing 25 mm DTT. Eluates were
resolved by SDS-PAGE; gels were fixed in 30% MeOH, 10%
acetic acid and incubated in 10 gel volumes of Fluoro-Hance
autoradiography enhancer (Research Products International)
prior to drying. The dried gels were exposed to a phosphor
storage screen for 1 week and then scanned using a Storm 840
molecular imager (GE Healthcare).

Confocal Immunofluorescence Microscopy—Immortalized
control human skin fibroblasts or COS-7 cells were transfected
with pCTAP-HGSNAT-long or plasmids coding for the
HGSNAT mutants as described above. Forty-two hours post-
transfection, cells were washed with ice-cold PBS, fixed with 4%
paraformaldehyde, 4% sucrose in PBS for 5 min, and then rinsed
3 times with PBS. Cells were permeabilized by 0.25% Triton
X-100 for 10 min and blocked for 1 h in 3% horse serum and
0.1% Triton X-100. Cells were either co-stained with rabbit
anti-CBP (Immunology Consultants Laboratory; 1:400) and
mouse monoclonal anti-calnexin (Millipore; 1:250) antibodies
in 3% horse serum or with anti-CBP antibodies and mouse
monoclonal antibodies against human LAMP-2 (Developmen-
tal Studies Hybridoma Bank; 1:100). Cells were then counter-
stained with Oregon Green 488-conjugated anti-rabbit IgG
antibodies and Texas Red-conjugated goat anti-mouse anti-
bodies (Molecular Probes; 1:1000). Slides were studied on a
Zeiss LSM510 inverted confocal microscope. Images were pro-
cessed using the LSM image browser software (Zeiss) and Pho-
toshop (Adobe).

Active Site Labeling with ['*C]Acetyl-CoA—Cell pellets from
COS-7 cells transfected with either pPCTAP-HGSNAT-long or
pCTAP-HGSNAT-H269A were resuspended in Mcllvain
buffer (see above), sonicated, and incubated in the presence of 2
mw [acetyl 1-'*Clacetyl-CoA (American Radiolabeled Chemi-
cals) and 8 mm cold AcCoA at 37 °C for 30 min. Reactions were
then stopped by precipitating the protein with 10% TCA. Pel-
lets were washed with acetone and resuspended in Laemmli
buffer (62 mm Tris-HCI, pH 6.8, 12.5% glycerol, 1% SDS, 0.05%
bromphenol blue, 25 mm DTT). **C-Labeled proteins were sep-
arated by SDS-PAGE. After Coomassie Brilliant Blue staining
of the gel, the lanes were cut into 23 slices and analyzed for
radioactivity via scintillation counting.

Mass Spectrometry Analyses—HGSNAT was affinity purified
from COS-7 cells transfected with the pCTAP-HGSNAT-long
construct as described above. The affinity purified HGSNAT
protein extract was separated by SDS-PAGE, stained with col-
loidal silver, and gel bands were excised and digested with tryp-
sin and Glu endopeptidase (Promega). The tryptic peptides
were analyzed by nano-liquid chromatography mass spectrom-
etry (nano-LC-MS) using an Eksigent nano-LC system (Eksi-
gent, Dublin CA) interfaced to an LTQ-Orbitrap mass
spectrometer (ThermoFisher Scientific, Waltham, MA) via a
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nanoelectrospray ionization source. LC separations were per-
formed using custom made C, 4 pre-column (5 mm X 300 wm
inner diameter, Jupiter 3 wm, C,3) and an analytical column (10
cm X 150 wm inner diameter, Jupiter 3 um C, ). Data-depen-
dent acquisition mode was enabled and each Orbitrap survey
scan (resolution 60,000) was followed by three MS/MS scans on
the LTQ linear ion trap mass spectrometer. The normalized
collision energy was set to 25%. Mass calibration was used as an
internal lock mass (protonated (Si(CHj),0)),; m/z 445.12057)
and provided mass accuracy within 5 ppm for all nano-LC-
MS/MS experiments. The centroided MS/MS data were
merged into single peak-list files and searched with the Mascot
search engine version 2.10 (Matrix Science, UK) against the
mouse HGSNAT sequence using Glu endopeptidase, trypsin,
and semi-tryptic cleavage sites. Parent ion and fragment ion
mass tolerances were both setat = 0.02 and 0.4 Da, respectively.
Assignment of His acetylation sites were validated through
manual inspection of relevant MS/MS spectra.

Size Exclusion Chromatography—Proteins from transfected
cells were solubilized as described for the pulse-chase experi-
ments and the supernatant was loaded onto a FPLC Superdex
200 column (total volume 25 ml) equilibrated with 10 mm Tris,
pH 7.4, 0.15 M NaCl, 0.1% Triton X-100, and 0.02% NaN,. The
column was calibrated with thyroglobulin (669 kDa), ferritin
(440 kDa), catalase (240 kDa), aldolase (158 kDa), and chymot-
rypsinogen A (25 kDa). The elution was performed at a flow rate
of 0.5 ml/min and 0.5-ml fractions were collected and assayed
for N-acetyltransferase activity. The assay mixture contained
50 ul of fraction, 10 ul of Mcllvain buffer (see above), 5 ul of 10
mM acetyl-CoA, 5 ul of 3 mm 4MU-BGIcN in Mcllvain buffer,
and 2.5 pl of total soluble glycoprotein fraction from human
placenta (19). The incubation was performed at 37 °C for 1 h
and terminated by the addition of 1.93 ml of 0.5 M Na,CO,/
NaHCO,, pH 10.7.

Perfluorooctanoic Acid PAGE—Perfluorooctanoic acid
(PFO) PAGE was performed as described by Ramjeesingh et al.
(18). Transfected cell pellets were suspended in PFO-PAGE
buffer (50 mm Tris, 4% NaPFO (Oakwood Products), 10% glyc-
erol, 0.0025% bromphenol blue, pH 8.0), sonicated, incubated
at room temperature for 30 min, and centrifuged at 10,000 X g
for 5 min. Approximately 20 ug of protein was loaded on each
lane of freshly poured 7% Tris glycine gels containing 0.1%
NaPFO, which were run at 1 mA overnight and then at 10 mA
for another 1.5 h, with buffer containing 25 mm Tris, 192 mm
glycine, and 0.1% NaPFO, pH 8.5. Transfer and Western blot
were performed as described above.

RESULTS

HGSNAT Can Use Either of Its Two ATG Start Sites in Vitro
and Retains Its N-terminal Signal Peptide—The cDNA se-
quence of human HGSNAT was previously predicted to con-
tain two putative start sites at a distance of 84 bp from each
other, each preceded by a Kozak sequence (5, 6). The first 43
nucleotides were based on genomic sequence (GenBank acces-
sion number NG_009552.1), nucleotides 44 —202 were present
in a spliced EST (DR000652.1) and nucleotides 203—1992 in
mRNA sequence XM_372038.2. Direct amplification of the
predicted full-length HGSNAT cDNA was, however, unsuc-
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cessful (5, 6) and further publications adopted the nomencla-
ture where the second ATG was considered to be the initiation
site (11-14, 21). In the current work we experimentally
assessed which of the predicted sites initiates the synthesis of a
functional protein. Three constructs were prepared and ex-
pressed in COS-7 cells. The first two defined as “pCTAP-
HGSNAT-long” and “pCTAP-HGSNAT-long-M29A” con-
tained HGSNAT ¢DNA starting from the first ATG but in the
latter the second ATG start site was changed to encode an Ala
residue thus preventing simultaneous synthesis of both long
and short forms of the enzyme. The third construct “pCTAP-
HGSNAT-short” lacked the first 84 bp of the cDNA so protein
synthesis could only start from the second ATG site. All con-
structs expressed HGSNAT with a C-terminal TAP tag consist-
ing of a high affinity streptavidin-binding peptide and a CBP to
allow purification of the recombinant protein using succes-
sively applied streptavidin-resin and calmodulin-resin affinity
purification steps or its detection with anti-CBP antibodies (18,
19). All three constructs produced a full size enzymatically
active protein, although cells transfected with the pCTAP-
HGSNAT-long construct had higher levels of N-acetyltrans-
ferase activity and HGSNAT protein as compared with cells
transfected with the short construct and the M29A mutant (Fig.
1, A and B). Short-term metabolic labeling with [**S]Met/Cys of
cells transfected with the three constructs followed by a 0-30-
min chase revealed that the pCTAP-HGSNAT-long construct
was able to elicit synthesis from both ATG start sites as seen by
the appearance of doublet bands of 77 and 74 kDa (Fig. 1C),
whereas the cells transfected with pCTAP-HGSNAT-long-
M29A and pCTAP-HGSNAT-short constructs expressed 77-
and 74-kDa forms of the protein, respectively. The size differ-
ence of ~3 kDa observed between the long and short forms of
HGSNAT corresponds to the calculated size of the 28-amino
acid sequence fragment between the two putative start sites
suggesting that the N-terminal signal peptide of the HGSNAT
precursor is not cleaved upon entrance into the ER as previ-
ously proposed (5, 6). This finding was further supported by
data obtained through tandem mass spectrometry analysis of
the affinity purified 77-kDa form of HGSNAT protein, which
identified tryptic peptides (R)AAGMSGAGR, (R)ALAALLLA-
ASVLSAALLAPGGSSGR, and (R)DAQAAPPRDLDK present
in the putative signal peptide (supplemental Fig. SI).
Previously, we have shown that homogenates of the cells
transfected with active wild type HGSNAT, but not of cells
transfected with inactive mutants retained in the ER contained
a C-terminal fragment of HGSNAT with a molecular mass of
~48 kDa (12). To understand whether this form represents a
product of intralysosomal maturation of HGSNAT, we treated
cells transfected with HGSNAT-expressing plasmid with 50
mm NH,CI, a procedure known to inhibit lysosomal acidifica-
tion and therefore the activity of lysosomal proteases (20, 21).
Indeed, Western blot analysis showed that cells treated with 50
mm NH,CI contained only a 77-kDa HGSNAT precursor and
its 160-kDa dimer, whereas untreated cells contained the pre-
cursor and the 48-kDa band. Moreover, inhibition of lysosomal
acidification by NH,Cl completely abolished HGSNAT activ-
ity, suggesting that the proteolytic cleavage is essential for the
activation of the enzyme (Fig. 2, A and B). Lysosomal processing
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FIGURE 1. Comparison of recombinant proteins expressed from the two
predicted ATG start sites of HGSNAT. COS-7 cells were transfected with
HGSNAT-TAP plasmids and assayed for N-acetyltransferase activity, analyzed
by Western blot using anti-CBP antibody or labeled with [**S]Met/Cys.
A, N-acetyltransferase activity in the cell homogenates shown relative to the
wild type HGSNAT-TAP-long (mean of three independent experiments; error
bars represent SD of three independent experiments). B, representative West-
ern blot of cellhomogenates. C, synthesis and processing of HGSNAT precur-
sors: the cells were labeled for 15 min with [**SIMet/Cys, and chased for the
indicated time; HGSNAT-TAP was affinity purified prior to analysis on SDS-
PAGE and exposure to autoradiographic film. L, long; S, short; M, M29A.

was restored following replacement of the medium containing
NH,CI with normal medium supplemented with 7 um cyclo-
heximide to inhibit de novo protein synthesis, resulting in the
appearance of the 48-kDa band with a proportional increase in
N-acetyltransferase activity (Fig. 2, A and B).

To confirm these results and understand whether the N-ter-
minal part of HGSNAT remains associated with the mature
protein, we performed 2-h metabolic labeling of the cells
transfected with either pCTAP-HGSNAT-long or pCTAP-
HGSNAT-short constructs with [**S]Met/Cys followed by a
prolonged chase for up to 72 h. This analysis revealed that the
77-kDa precursor predominant after the 2-h pulse is gradually
cleaved into 48- and 29-kDa protein chains (Fig. 2C) present as
expected in a ~1:1 molar ratio. The 29-kDa chain presumably
contains the N-terminal part of the enzyme as it is undetectable
with the antibodies specific against the C-terminal CBP tag,
whereas the 48-kDa form contains the C terminus and is
detected by the antibodies (Fig. 1B). Interestingly, densitomet-
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FIGURE 2. Metabolic labeling of HGSNAT. Six hours post-transfection with
pCTAP-HGSNAT plasmid, cells were incubated for 24 h with 50 mm NH,,Cl and
then for the indicated time in a normal medium containing 7 um cyclohexi-
mide to inhibit de novo protein synthesis. A, N-acetyltransferase activity in the
cell homogenates (mean of three independent experiments; error bars repre-
sent SD of three independent experiments). B, Western blot of cell homoge-
nates using anti-CBP antibody. C, cells were labeled for 1 h with [**SIMet/Cys,
and chased in normal medium for the indicated time; HGSNAT-TAP was affin-
ity purified prior to analysis by SDS-PAGE and exposure to autoradiographic
film. NT, non-transfected cells.

ric analysis revealed that processing of the “short” precursor
form of HGSNAT starting from the Met at position 29 occurs
faster than that of the “long” form starting from the first Met
(not shown), however, it is not clear at this point whether this
has any biological relevance because the cells transfected with
pCTAP-HGSNAT-long-M29A and pCTAP-HGSNAT-short
plasmids show similar levels of enzymatic activity (Fig. 14).
To confirm the results of metabolic labeling and to approxi-
mate the position of the cleavage site we affinity purified the 77-
and 48-kDa forms of HGSNAT, resolved them on SDS-PAGE,
digested by combined action of Glu endopeptidase and trypsin,
and analyzed tryptic peptides from both fragments by LC-MS/
MS. We found (supplemental Fig. SI) that the 48-kDa fragment
contained peptides from the C-terminal part of the protein but
missed peptides (R)JAAGMSGAGR, (R)AALLLAASVLSAAL-
LAPGGSSGR, (R)DAQAAPPR, (R)DAQAAPPRDLDK, (E)LK-
MDQALLLIHNE, (K)MDQALLLIHNE, (K)SECCYHCLFQV-
LVNVPQSPK, (E)FGNYSLLVK, and (R)LLLSLDDFNNWISK
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using anti-CBP antibody in non-reducing and reducing conditions, respec-
tively. NT, non-transfected cells.

C 260—
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40—

from the N-terminal part of HGSNAT that were identified by
the MS analysis of the 77-kDa precursor. In contrast, 29-kDa
fragment contained N-terminal peptide (R)DAQAAPPRDLDK
but none of the peptides in the C-terminal part (supple-
mental Fig. SI). Tryptic peptides from the first cytoplasmic loop
of HGSNAT, (R)ETDRLINSELGSPSR and (R)TDPLDGD-
VQPATWR, were identified in both 48- and 29-kDa fragments.
This together with the calculated M, and predicted glycosyla-
tion pattern of HGSNAT suggested that proteolytic cleavage
occurs within the end of the first and/or the beginning of the
second luminal domain of the enzyme.

Cysteine Residues within the Lysosomal Luminal Domains
Are Essential for Oligomerization and Activity of HGSNAT—
Our previous observation that HGSNAT shows much higher
M, on Western blot under non-reducing conditions* sug-
gested that its oligomeric structure may be supported by
disulfide bonds between cysteine residues. To define which
residues are important for HGSNAT oligomerization, we
expressed HGSNAT mutants with cysteines changed to serines
(supplemental Fig. SII). Cys”® was excluded for lack of conser-

4S. Durand, unpublished data.
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Lysosomal Targeting of HGSNAT
Occurs via a C-terminal Signal YIL-
YRKKIFWKI—Lysosomal targeting
of membrane proteins occurs via
adaptor protein-mediated pathways
(reviewed in Ref. 23). The crucial
step of this mechanism is the inter-
action of the p-subunits of the
adaptor protein complexes with
either tyrosine-based (NPXY or
YXXQ, where O represents a bulky
hydrophobic residue consensus
motifs), or dileucine-based ([DE]-

NT

Mr (kDa)
80—

60—
50—

FIGURE 4. Identification of HGSNAT regions important for lysosomal targeting. COS-7 cells were trans-
fected with HGSNAT-TAP plasmids bearing mutations in the predicted targeting signals and studied by immu-
nohistochemistry and confocal microscopy or analyzed for N-acetyltransferase activity and by Western blot.
A, mutations introduced in HGSNAT sequence. B, transfected cells were fixed and stained with mouse mono-
clonal anti-LAMP-2 antibodies (red) and rabbit polyclonal anti-CBP antibodies (green). Slides were studied on a
Zeiss LSM510 inverted confocal microscope. Magnification X630. C, N-acetyltransferase activity in cell homo-
genates shown relative to the wild type (mean of three or four independent experiments; error bars represent
SD). D, representative Western blots of cell homogenates. NT, non-transfected cells.

vation between species in addition to Cys®*3, Cys®**, Cys*'®,
Cys®"!, and Cys®'?, which are located within the predicted trans-
membrane domains. Cysteine mutations located within the lyso-
somal luminal loops of HGSNAT (C76F, C79S, C123S, C151S, and
C434S) all resulted in a complete loss of enzymatic activity,
whereas all mutations located in the predicted cytoplasmic loops
(C305S, C374S, and C308S) preserved the activity (Fig. 34).
Western blot analysis performed under reducing conditions
revealed the presence of the 48-kDa processed band only for
the wild type enzyme and the active mutants (C305S, C374S,
and C308S), further confirming that the C76F, C79S, C123S,
C151S, and C434S mutants cannot undergo intralysosomal
maturation (Fig. 3C). In turn, Western blot analysis per-
formed under non-reducing conditions (Fig. 3B) showed
that C123S, C434S, and to a lower extent C79S mutations
hindered HGSNAT oligomer formation, resulting in the
decreased appearance of bands above 260 kDa and appear-
ance of an abnormal 60-kDa form of the enzyme. This form
likely represents the HGSNAT precursor showing reduced
size as compared with that detected under reducing conditions
due to the incomplete unfolding of the enzyme because of the
presence of the remaining disulfide bonds (22). Alternatively it
may be a product of the abnormal proteolytic processing of the
enzyme occurring in the absence of correct oligomeric organi-
zation. In contrast, HGSNAT containing mutations affecting
cysteine residues in the cytoplasmic loops was able to multim-
erize properly, resulting in the appearance of higher molecular
weight forms similar to those of the wild type enzyme.
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XXXL[LI] and DXXLL) consensus
motifs in the cytosolic domains of
lysosomal membrane proteins (24,
25). Because the consensus di-
leucine-based signal can be found in
the first cytoplasmic loop of
HGSNAT (amino acids 204 -209)
and the tyrosine-based signal in its
cytoplasmic tail (amino acids 624 —
635), we used site-directed muta-
genesis to identify residues in-
volved in its targeting. In particular
the putative crucial leucine and iso-
leucine residues in a predicted
dileucine targeting motif were
mutated to alanines (L208A/
1209A), and those in the cytoplas-
mic tail were either mutated or deleted (Fig. 44). Most impor-
tantly, deletion of 12 residues at the C terminus of HGSNAT
(del624—635) resulted in the protein being localized to the
plasma membrane, in contrast to the wild type enzyme that
co-localizes with the lysosomal marker LAMP2 (Fig. 4B). The
L208A/I209A mutant displayed both lysosomal and plasma
membrane localization (Fig. 4B), whereas all other mutants
showed lysosomal localization similar to that of the wild type
enzyme (not shown).

Western blot analysis of the del624 —635 mutant revealed
the absence of the 48-kDa HGSNAT peptide chain and a com-
plete lack of enzymatic activity (Fig. 4, C and D), which could be
expected of a HGSNAT mutant that is mistargeted to the
plasma membrane and does not undergo intralysosomal matu-
ration. At the same time, the mutant enzyme showed proper
glycosylation (not shown) suggesting that the deletion does not
cause its misfolding in the ER. The L208A/I209A mutant dis-
played a reduced amount of the processed 48-kDa form, and
was partially mistargeted to the plasma membrane, but had
levels of enzymatic activity comparable with that of the wild
type protein (Fig. 4, C and D). Mutants with alanine substitu-
tions within the cytoplasmic tail all displayed enzymatic activity
but showed unusually high variability between the parallel
measurements and had a reduced level of the 48-kDa HGSNAT
form on the Western blot.

His*®® Is the Active Site Residue Accepting the Acetyl Group in
the Process of Catalysis—Previously Bame and Rome (26)
showed that HGSNAT is specifically inhibited by N-bromosuc-

T
WT

L621A_1622A —1—

Y627A
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FIGURE 5. Identification of the histidine acceptor residue in the HGSNAT active site. COS-7 cells were transfected with HGSNAT-TAP plasmids encoding
mutations of histidine residues and analyzed for N-acetyltransferase activity and by Western blot. Some mutants were expressed in human fibroblasts for
immunohistochemical analysis. A, N-acetyltransferase activity in the cell homogenates shown relative to the wild type (mean of two independent experiments;
error bars represent SD; NT, non-transfected cells). B, representative Western blots of cell homogenates. C, transfected human skin fibroblasts were fixed and
stained with rabbit polyclonal anti-CBP antibodies (green) and mouse monoclonal anti-LAMP-2 or mouse monoclonal anti-calnexin antibodies (red). Slides
were studied on a Zeiss LSM510 inverted confocal microscope. Magnification X630. D, wild type and H269A-transfected COS-7 cell homogenates labeled with
["*Clacetyl-CoA were separated by SDS-PAGE (1.65 uCi per lane), lanes were cut into 23 bands and analyzed using a scintillation counter.

cinimide (26), which allowed them to speculate that the enzyme
active site contains a histidine residue presumably serving as an
acceptor for the acetyl group (26-30). To verify this experi-
mentally and to determine which His residue(s) is involved in
the catalysis we performed site-directed mutagenesis of all his-
tidine residues outside of the predicted transmembrane
domains (supplemental Fig. III). All mutants were analyzed for
enzymatic activity, banding pattern on Western blot, and
intracellular localization. Of the 11 HGSNAT mutants three
(H269A, H451A, and H605A) showed a complete loss of enzy-
matic activity (Fig. 54). Two inactive mutants, H451A and
H605A, also lacked the processed 48-kDa form and showed
reduced molecular mass of the precursor (Fig. 5B) compatible
with their underglycosylation and improper folding in the ER
previously reported for the majority of HGSNAT missense
mutations identified in MPS IIIC patients (12). Indeed both
mutants colocalized with the ER marker calnexin indicating
that they were retained in the ER (see representative image on
Fig. 5C). In contrast, H269A was the only inactive mutant that
showed intralysosomal processing on Western blot (Fig. 5B)
and lysosomal localization (Fig. 5C), suggesting that the muta-
tion affects its catalytic activity but not its folding. To confirm
this we transfected COS-7 cells with plasmids expressing the
wild type enzyme and H269A mutant and performed active site
labeling by incubating the cell homogenates with 2 mm

ACEVEN
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[**C]acetyl-CoA for 20 min. Labeled proteins were then precip-
itated by trichloroacetic acid and resolved by SDS-PAGE. After
fixing, gel lanes were cut into 23 fragments and radioactivity
was measured via scintillation counting for each gel slice. Lanes
containing wild type HGSNAT had radioactive peaks in the
areas of 60 and 80 kDa, which were completely absent in the
case of the H269A mutant (Fig. 5D), further confirming that
His®>*® undergoes acetylation and therefore represents the
active site residue. Although the His**° containing tryptic pep-
tide predicted to be extremely hydrophobic could never be
identified by the MS/MS analysis of purified recombinant
HGSNAT, we detected acetylation of two other His residues
(His'*® and His®%®) but this modification was constitutive and
did not depend of the presence of the AcCoA in the reaction
mixture (supplemental Fig. SIV).

Mature HGSNAT Is Assembled into 440-kDa Oligomers—
Our previous data obtained by gel filtration analysis of semi-
purified HGSNAT from human placenta suggested that the
enzyme forms a high molecular weight protein complex (27).
To confirm these results and to understand whether the
detected form represents a HGSNAT oligomer or its complex
with other proteins we analyzed cells expressing TAP-tagged
HGSNAT by FPLC gel filtration. To understand whether the
organization of the processed active form is different from that
of the enzyme precursor, we also analyzed cells transfected with
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FIGURE 6. Oligomeric composition of HGSNAT active form. COS-7 cells were transfected with HGSNAT-TAP-
short (WT), del624 - 635, or H269A plasmids. Protein extracts were analyzed by size exclusion chromatography
onaFPLC Superdex 200 column or by PFO-PAGE. A, N-acetyltransferase activity in the elution fractions from the
Superdex 200 column loaded with wild type (WT) enzyme. Elution volumes of protein size standards are
indicated above the graph: thyroglobulin (669 kDa), ferritin (440 kDa), catalase (240 kDa), aldolase (158 kDa),
and chymotrypsinogen A (25 kDa). B, elution fractions were analyzed by Western blot using anti-CBP antibody,
in reducing (+DTT) or non-reducing (—DTT) conditions for the WT and reducing conditions for the mutants.
C, cellhomogenates were suspended in PFO-PAGE sample buffer, separated on 7% PFO-PAGE, and analyzed by
Western blot using anti-CBP antibody. Positions of the commercial molecular mass markers (260, 160, and 110

kDa), thyroglobulin (669 kDa), and ferritin (440 kDa) are indicated.

plasmids expressing the mutant del624 — 635, which lacks lyso-
somal targeting, and H269A, which lacks enzymatic activity but
is correctly targeted and processed.

Wild type HGSNAT eluted as a single peak in a volume cor-
responding to a 440-kDa protein (Fig. 6A4). A small amount
(<10% of activity) also eluted at a void volume of the column
and most probably represented protein aggregates. Western
blot analysis of the elution fractions showed that the 440-kDa
peak contained both the HGSNAT precursor and processed
forms appearing as 77- and 48-kDa bands, respectively, under
reducing conditions (the 29-kDa a-chain cannot be detected on
Western blots because it is not recognized by the antibodies).
Under non-reducing conditions we observe 160-kDa HGSNAT
dimers together with a 120-kDa immunoreactive band always
present in a ratio of 2:1. Our attempts to study the composition
of a 120-kDa band by excising it from the gel and analyzing by
the second SDS-PAGE under reducing conditions failed
because once denatured under non-reducing conditions the
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ther reduced by DTT (data not
shown). It is possible that the 120-
kDa form that could be made of the
77-kDa precursor and the 48-kDa
processed chain is produced exclu-
sively in vitro as a result of incom-
plete maturation of HGSNAT.
However, our previous data showed
that treatment of HGSNAT purified
from human placenta and rodent
liver with [**CJacetyl-CoA resulted
in radioactive labeling of the 120-
kDa protein suggesting that this
form is also present in vivo (27). The
active site mutant H269A showed
gel filtration and Western blot pat-
terns similar to that of the wild type,
whereas the del624—635 mutant
was present only in aggregates (Fig.
6B). Both mutants are devoid of
N-acetyltransferase activity (Figs.
4C and 5B) but H269A localizes to
the lysosome and is processed,
whereas del624—635 is directed to
the plasma membrane and is not
processed, suggesting that the
active oligomers of the enzyme are
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- . formed in the lysosome. The results
obtained by gel filtration were con-
H269A (+DTT) firmed using PFO-PAGE analysis

(18). This technique uses the PFO
ability to solubilize and charge a
protein for electrophoretic separa-
tion while maintaining its native
oligomeric state. Analysis by PFO-
PAGE of COS-7 cells expressing
wild type HGSNAT and correctly
targeted and processed active site
mutant H269A shows bands of 440
and ~220 kDa. At the same time the mistargeted del624 — 635
mutant is assembled only in the form of high molecular weight
aggregates that appear as the band in the upper part of the gel
(Fig. 6C).

DISCUSSION

In the current study we characterize the sequence of events
crucial for functional activation of HGSNAT. First, by either
deleting or mutating the two predicted N-terminal Met resi-
dues of the enzyme, expressing mutants in COS-7 cells, and
studying their activity and processing, we demonstrate that
both sites can produce correctly targeted, functional enzymes.
Interestingly, the shorter peptide starting from the second Met
and missing 28 residues at the N terminus is processed ~2-fold
faster. The transfection of cells with the plasmid containing
both start sites resulted in about a 2-fold higher level of
HGSNAT activity and protein suggesting that the translation
can simultaneously start from both sites. Our results show that
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the signal peptide is not cleaved upon translocation into the ER,
which is also observed for several lysosomal transmembrane
proteins including the cation channel, TRP-ML1, which defi-
ciency is responsible for mucolipidosis IV (31), receptor for
lysosomal mannose 6-phosphate-independent targeting LIMP
11, responsible for myoclonus epilepsy and glomerulosclerosis
(32—34), and CLNS3 protein, which deficiency causes neuronal
ceroid lipofuscinosis type 3 (34). Also similarly to many lysoso-
mal membrane proteins, the HGSNAT precursor is targeted to
the lysosomes via the adaptor protein complex-mediated path-
way. This involves tyrosine- and/or dileucine-based conserved
amino acid motifs in the C-terminal 16-amino acid fragment,
TALWVLIAYILYRKK, with help of the dileucine-based motif
in the second cytoplasmic loop of the enzyme. Upon the arrival
to the lysosome the precursor is cleaved into 2 protein chains, a
29-kDa N-terminal a-chain and a 48-kDa C-terminal -chain.
This processing is a prerequisite for the expression of catalytic
activity, because inhibition of lysosomal acidification abolishes
both processing and the enzymatic activity of HGSNAT. The
MS/MS analysis of the purified 48-kDa HGSNAT fragment
suggests that cleavage may happen within the second lyso-
somal luminal loop of the enzyme containing His**° residue
(supplemental Figs. SI and SIII). Our experiments identify this
residue as the nucleophile of the HGSNAT active site because
its conversion to Ala completely abolishes both activity and
acetylation of HGSNAT while maintaining its correct targeting
and processing. Our data therefore directly confirm the previ-
ous hypothesis of Bame and Rome (28) who showed that acetyl-
CoA is not stable in the lysosomal environment and proposed
that HGSNAT catalyzes the acetylation of heparan sulfate in
the lysosome via a ping-pong (double displacement) trans-
membrane reaction, with covalent linkage of the acetyl group to
the enzyme as the intermediate (10, 29, 30). By analogy with
other lysosomal enzymes synthesized as inactive precursors
and then activated in the lysosome by cleavage into a two-chain
form (reviewed in Ref. 35) it is tempting to speculate that the
cleavage may be necessary to provide access for the His>*® res-
idue in the active site of the enzyme to the substrate acetyl-CoA
in the cytoplasm, but structural studies are necessary to con-
firm this directly. Interestingly, MS/MS analysis of the purified
recombinant HGSNAT also detected acetylation of two other
His residues (His!*® and His®%®) but this modification is consti-
tutive and does not depend of the presence of the AcCoA in the
reaction mixture.

Gel filtration analysis combined with PFO- and SDS-PAGE
revealed that the mature enzyme forms of the 440-kDa olig-
omers presumably containing six a- and six B-chains. The
presence of both the processed HGSNAT and its precursor
within the HGSNAT 440-kDa peak separated by FPLC gel fil-
tration is likely caused by co-elution of the oligomers composed
of processed HGSNAT and 77-kDa precursors. However, it is
also possible that because the process of proteolytic maturation
of HGSNAT takes up to 72 h some species of enzyme oligomers
are composed of a precursor and proteolytically processed pep-
tides. Peptide chains within the HGSNAT oligomers are held
together by disulfide bonds. Site-directed mutagenesis reveals
that two residues, Cys'*® and Cys***, located in the first and
fourth lysosomal lumenal domains of HGSNAT are involved
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in its oligomerization and most likely form a disulfide bond
with each other because conversion of either one of them
into a Ser residue results in a dramatic reduction of the level
of oligomers and appearance of monomers under non-re-
ducing conditions. Because both gel filtration and PFO-
PAGE analysis of the enzyme show 440-kDa oligomers as the
predominant form of the enzyme we speculate that it may rep-
resent the native oligomeric organization of the enzyme resem-
bling that of the potassium channel in insulin-secreting B-cells
and other transporters where the transmembrane pore is
formed by association of membrane-spanning domains from
several monomers (36 —38).

Altogether our current results identify intralysosomal oligo-
merization and proteolytic cleavage as two steps crucial for
functional activation of HGSNAT. Previously we showed that
all 17 missense mutations in HGSNAT identified in the MPS
IIIC patients caused misfolding of the enzyme, which was not
targeted to the lysosome but retained in the ER (12). All
mutants were completely missing proteolytic cleavage, which
we now show to be associated with activation of HGSNAT thus
explaining the complete deficiency of HGSNAT in the patients’
cells and their severe clinical phenotype.
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