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Critical role of evolutionarily conserved glycosylation at Asn?'! in the
intracellular trafficking and activity of sialyltransferase ST3Gal-II
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ST3Gal-II, a type II transmembrane protein, is the main
mammalian sialyltransferase responsible for GDla and GT1b
ganglioside biosynthesis in brain. It contains two putative N-
glycosylation sites (Asn®” and Asn*''). Whereas Asn®? is only
conserved in mammalian species, Asn?'' is highly conserved
in mammals, birds and fish. The present study explores
the occupancy and relevance for intracellular trafficking and
enzyme activity of these potential N-glycosylations in human
ST3Gal-II. We found that ST3Gal-II distributes along the Golgi
complex, mainly in proximal compartments. By pharmacological,
biochemical and site-directed mutagenesis, we observed that
ST3Gal-IT is mostly N-glycosylated at Asn®'' and that this
co-translational modification is critical for its exit from the
endoplasmic reticulum and proper Golgi localization. The
individual N-glycosylation sites had different effects on ST3Gal-
II enzymatic activity. Whereas the N-glycan at position Asn*'

seems to negatively influence the activity of the enzyme using
both glycolipid and glycoprotein as acceptor substrates, the
single N-glycan mutant at Asn®* had only a moderate effect.
Lastly, we demonstrated that the N-terminal ST3Gal-II domain
containing the cytosolic, transmembrane and stem region (amino
acids 1-51) is able to drive a protein reporter out of the
endoplasmic reticulum and to retain it in the Golgi complex.
This suggests that the C-terminal domain of ST3Gal-1I depends
on N-glycosylation to attain an optimum conformation for proper
exit from the endoplasmic reticulum, but it does not represent
an absolute requirement for Golgi complex retention of the
enzyme.

Key words: ganglioside, glycolipid, Golgi complex, N-glycan
trimming, N-glycosylation, sialyltransferase, ST3Gal-II.

INTRODUCTION

Gangliosides consist of a lipid anchor, the ceramide, decorated
by a glycan chain of variable length and structure. In
cells, gangliosides are embedded in the outer leaflets of the
plasma membrane through their ceramide moiety, exposing
the oligosaccharide portion to the extracytoplasmic side.
These glycolipids have been implicated in many physiological
processes, including growth, differentiation, migration and apo-
ptosis, through modulating both cell signalling processes and cell—
cell and cell-matrix interactions. Moreover, gangliosides have
been associated with a wide range of pathological processes, being
receptors for viruses, toxins, lectins and antibodies [1-3].

The synthesis of gangliosides starts in the endoplasmic
reticulum compartment with the synthesis of the ceramide, the
common precursor of all gangliosides. Aided by the ceramide-
transfer protein, CERT, ceramide is then transferred to the
Golgi complex, and thereafter converted into glucosylceramide.
Subsequently, other carbohydrate residues are attached, one by
one, catalysed by glycosyltransferases, as described in Figure 1.

The level of expression and diversity of gangliosides
can be controlled by regulating the sugar nucleotide and
acceptor availability and by enzymatic degradation, as well as
through the presence and activity of the glycosyltransferases
that participate in their biosynthesis. Different types of
regulation of glycosyltransferases have been reported, i.e.
transcriptional, translational or post-translational [1,2,4]. More

recently, an additional type of regulation of glycolipid expression
has been shown to occur at the plasma membrane level,
due to plasma-membrane-associated ectoglycohydrolases and
glycosyltransferases [5—7].

N-linked protein glycosylation is one of the most frequent
co- and post-translational protein modifications in eukaryotes,
with more than half of all eukaryotic proteins predicted to
be N-glycoproteins [8]. N-glycosylation is initiated by a co-
translational process in the lumen of endoplasmic reticulum.
The N-glycans are added to the side-chain amide of asparagine
residues in the conserved sequon Asn-Xaa-(Thr/Ser) (where
Xaa#Pro), and further trimmed and remodelled upon transit
through the Golgi. N-glycosylation of proteins has multiple
effects, ranging from intracellular sorting to regulation of half-life
and bioactivity [9,10]. However, many proteins that are normally
glycosylated show no loss of function when glycosylation is
prevented [11-13].

Sialyltransferases are a group of glycosyltransferases that use
CMP-NeuS5Ac (cytidine 5'-monophospho-N-acetylneuraminic
acid) as a donor substrate to catalyse the transfer of sialic acid
to oligosaccharide chains from glycolipids and glycoproteins.
They are classified as ST3Gal, ST6Gal, ST6GalNAc and ST8Sia
families on the basis of the linkage in which sialic acid is
transferred and the acceptor saccharide [14]. Sialyltransferases
are type II integral membrane proteins with an N-terminal
domain consisting of a relatively short cytoplasmic tail facing the
cytoplasm, a transmembrane uncleaved signal-anchor region and

Abbreviations: BFA, brefeldin A; CHO-K1, Chinese-hamster ovary K1; CMP-Neu5Ac, cytidine 5-monophospho-N-acetylneuraminic acid; DMEM,
Dulbecco’s modified Eagle’s medium; Endo H, endoglycosidase H; GM130, cis-Golgi matrix protein of 130 kDa; HA, haemagglutinin; HPTLC, high-
performance TLC; MBPR, mannose 6-phosphate receptor; PNGase F, peptide N-glycosidase F; ST3Gal, «2,3-sialyltransferase; TGN, trans-Golgi network;

TTBS, TBS containing 0.5 % Tween 20.

T To whom correspondence should be addressed (email daniotti@dqgb.fcq.unc.edu.ar).
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Figure 1

Scheme of the biosynthesis of oligosaccharide moieties of gangliosides

Transfer steps for synthesis of a-, b-, and c-series gangliosides are shown. UGCG, UDP-Glc:ceramide glucosyltransferase; g4GalT-VI, UDP-Gal:glucosylceramide galactosyltransferase; ST3Gal-V,
CMP-NeuAc:lactosylceramide sialyltransferase (also called Sial-T1); ST8Sia-l, CMP-NeuAc:GM3 sialyltransferase (also called Sial-T2) and CMP-NeuAc:GD3 sialyltransferase; B4GalNAcT-I,
UDP-GalNAc:lactosylceramide/GM3/GD3/GT3 N-acetylgalactosaminyltransferase (also called GalNAc-T); B3GalT-IV, UDP-Gal: GA2/GM2/GD2/GT2 galactosyltransferase (also called Gal-T2);
ST3Gal-1l, CMP-NeuAc:GA1/GM1/GD1b/GTc sialyltransferase (also called Sial-T4); ST8Sia-V, CMP-NeuAc:GM1b/GD1a/GT1b/GQ1c sialyltransferase and CMP-NeuAc:GD3 sialyltransferase.

Gangliosides are named according to Svennerholm [53].

a luminally oriented C-terminal domain that bears the catalytic
and the sugar nucleotide-binding sites. Sialyltransferases are
mainly localized at the Golgi complex. However, the presence
of these glycosyltransferases at the cell surface has also been
demonstrated [5,7,15,16].

The mouse and human genomes encode six ST3Gal («2,3-
sialyltransferase) enzymes (ST3Gal-I to ST3Gal-VI). They
catalyse the formation of a «2,3-linkage between NeuSAc
and terminal galactose residues found both on glycoproteins
and glycolipids. In particular, ST3Gal-I and ST3Gal-II
catalyse in vitro the addition of sialic acid to the terminal
galactose of GalB1-3GalNAc-terminated glycolipids, which are
comparatively the preferred substrates for ST3Gal-II [17,18].
The amino acid sequence of human ST3Gal-II shows 49 %
similarity to human ST3Gal-I and 93.7 % similarity to murine
ST3Gal-II. Comparison of the substrate specificities of human
and murine ST3Gal-II showed that both enzymes exhibit close
substrate specificity except for asialoglycoproteins containing the
Gal(B1-3)GalNAc terminal sequence that were better substrates
for the human enzyme [19]. In contrast with mammalian
ST3Gal-1I, a related sialyltransferase from the Japanese pufferfish
Takifugu rubripes (Q6KB57; now called ST3Gal-VIII [20]),
exhibits activity towards the disaccharide Galg1-3GalNAc and
asialofetuin, but not GM1 or GDI1b gangliosides [21]. In
this regard, the ceramide-binding/recognition site proposed for
mouse ST3Gal-II [22] may represent a unique feature of
mammalian ST3Gal-II that is lacking in evolutionarily more
distant species such as fish [21].

© 2015 Authors; published by Portland Press Limited

Recently, it was clearly demonstrated by genetic experiments
in mouse that ST3Gal-1I is the main mammalian sialyltransferase
responsible for GD1a and GT1b ganglioside biosynthesis in the
brain in vivo [23]. In addition, ST3Gal-II activity on glycoprotein
substrates was also reported [19,23]. Interestingly, ST3Gal-II,
one of the few glycosyltransferases reported to date that are
capable of transferring to different monosaccharide residues [24],
is the first sialyltransferase described to catalyse ‘reversible
sialylation’, which involves the enzymatic transfer of NeuAc from
linear and sialylated donors to the acceptor CMP resulting in the
formation of CMP-NeuAc [25].

As for other mammalian glycosyltransferases, the primary
amino acid sequence of ST3Gal-II reveals one potential N-
glycosylation site (Asn*'') which is highly conserved in human,
mouse, rat, cattle, monkey, chicken and fish. However, another
potential N-glycosylation site (Asn®?) observed in ST3Gal-II
sequence is only conserved in mammalian species (Figures 2B
and 2C). Whether these glycosylation sequons are occupied by
oligosaccharides is unknown, so information on the possible
influences of carbohydrates on ST3Gal-II activity, stability
and intracellular traffic, as well as subcellular distribution, is
lacking.

In the present study, we first examined the precise sub-
Golgi localization and the occupancy of N-glycosylation
sites of human ST3Gal-II. Additionally, we studied the
effect of inhibiting en bloc glycosylation and oligosaccharide
trimming on the activity and intracellular distribution of the
enzyme.
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Figure 2 N-glycosylation site analysis of sialyltransferases from ST3Gal family

(A) Schematic representation of primary amino acid sequence of human ST3Gal-Il showing putative N-glycan positioning at the two potential N-glycosylation sites Asn® and Asn?'". The
sialyltransferase superfamily conserved sialylmotifs L (large), S (small), Il and VS (very small) are represented by black boxes. The conserved ST3Gal family motifs are represented by white boxes.
CD, cytoplasmic domain; TMD, transmembrane domain. (B) Alignment of reported ST3Gal-, II, I/l and VIII sequences. Alignment of the primary amino acid sequence by Clustal Omega software
(http://www.uniprot.org/align) reveals that the potential N-glycosylation site at Asn?'" (NVS sequon) is absent from ST3Gal-I/Il and ST3Gal-VIII, but highly conserved in ST3Gal-I and ST3Gal-Il
sequences (grey box) with the exception of pig, mouse and rat ST3Gal-l. In contrast, the potential N-glycosylation site at Asn® (NIS sequon) is conserved only in ST3Gal-Il from mammalian
species (grey box). Less conserved potential N-glycosylation sequons are also found near this position in vertebrate ST3Gal-I (NQT/NRS/NKT/NST/NLS/NQS) and ST3Gal-VIIl Xenopus sequences
(NGT/NET) (black box). (C) Phylogenetic tree of the reported ST3Gal-I, II, I/1l and VIII sequences. *Absence of the potential N-glycosylation site at Asn®'" (NVS sequon). **Conservation of the
potential N-glycosylation site at Asn® (NIS sequon).
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EXPERIMENTAL
Plasmids and site-directed mutagenesis

The plasmid coding for the human ST3Gal-II tagged at the
C-terminus with the epitope c-myc (pCi-hST3Gal-II-myc) was
synthesized by Genscript. To generate pCEFL2-hST3Gal-1I-HA,
the human ST3Gal-II was subcloned into pCEFL2-HA, a modified
pCEFL encoding the HA (haemagglutinin) nanopeptide epitope
YPYDVPDYA. Single amino acid substitutions of glutamine
for asparagine in ST3Gal-II (N92Q, N211Q and N92Q/N211Q)
were made using pCEFL2-hST3Gal-II-HA as template and
the QuikChange® site-directed mutagenesis kit (Stratagene). To
generate pCEFL2-ST3Gal-1I-cherry, which drives the expression
of the first 51 amino acids from hST3Gal-II fused to cherry
fluorescent protein, the corresponding cDNA fragment of
ST3Gal-II was subcloned into pCherry plasmid (Clontech). The
identity of each construct was confirmed by DNA sequencing. The
MHC class II invariant chain isoform (Iip33) fused to YFP was
gratefully received from H.J.F. Maccioni (CIQUIBIC, National
University of Cérdoba, Cérdoba, Argentina).

Antibodies

The following antibodies were used for indirect immunofluor-
escence experiments: monoclonal mouse anti-GM130 (cis-Golgi
matrix protein of 130 kDa) and mouse anti-TGN38 (trans-Golgi
network 38) were from BD Biosciences, polyclonal rabbit anti-c-
myc and monoclonal mouse anti-HA were from Sigma—Aldrich.
Alexa Fluor® 488-conjugated goat anti-mouse IgG or Alexa
Fluor® 546-conjugated goat anti-mouse IgG were from Santa
Cruz Biotechnology.

Cell culture and transfection

CHO-K1 (Chinese-hamster ovary K1) cells (A.T.C.C., Manassas,
VA, U.S.A.) were maintained at 37°C, 5% CO, in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with
10% (v/v) FBS and antibiotics (100 pg/ml penicillin and
100 png/ml streptomycin). Cells were transfected with 0.5-
1.0 png/35-mm-diameter dish of the indicated plasmid using
linear polyethyleneimine (2 pg/35-mm-diameter dish) (Sigma—
Aldrich).

In addition, some experiments were also performed using a
CHO-K1 clone stably transfected with a plasmid coding for the N-
terminus of ST8Sia-I (amino acids 1-57 containing the cytosolic
and transmembrane regions) fused to YFP [5,26].

To generate stable CHO-K1 cells expressing ST3Gal-II,
pCi-hST3Gal-II-myc was transfected into CHO-K1 cells using
polyethyleneimine as indicated above. Following 48h of
expression, the cells were cultured in DMEM containing 10 %
(v/v) FBS and 1 mg/ml geneticin (G418). Colonies of stable
transfectants were isolated and screened for ST3Gal-II protein
expression by Western blotting and immunofluorescence.

Confocal immunofluorescence microscopy

Cells grown on coverslips were washed twice with DMEM,
fixed in 1 % (w/v) paraformaldehyde in PBS for 10 min at room
temperature, permeabilized with 0.1 % Triton X-100/200 mM
glycine in PBS for 2 min at room temperature and blocked with
3% (w/v) BSA in PBS for 60 min at room temperature. Then,
cells were exposed for 12 h at4°C to a 1:3000 dilution of antibody
against c-myc or with a 1:2500 dilution of antibody against
HA. Secondary antibodies were Alexa Fluor® 488-conjugated

© 2015 Authors; published by Portland Press Limited

goat anti-mouse IgG or Alexa Fluor® 546-conjugated goat anti-
mouse IgG, both diluted to 1:1000. After final washes with
PBS, cells were mounted in FluorSave reagent (Calbiochem/EMD
Biosciences). Confocal images were collected using an Olympus
Fluoview FV-1000 laser-scanning confocal microscope equipped
with an argon/helium/neon laser and a x63 1.4 numerical aperture
oil-immersion objective. Single confocal sections of 0.8 um
were taken parallel to the coverslip (xy sections). Images were
acquired and processed with the FV10 Ism image software
and Imagel software (NIH). Final images were compiled with
Adobe Photoshop CS6. The fluorescence micrographs shown are
representative of at least three independent experiments.

Inhibition of en bloc glycosylation and oligosaccharide trimming

CHO-K1 cells were transiently transfected with either 0.7 ug
of pCi (mock-transfected) or pCi-hST3Gal-II-myc constructs.
Then, tunicamycin (10 ug/ml) (Enzo) or castanospermine
(75 pg/ml) (Enzo) were added to culture medium. At 15 h after
transfection, cells were processed as indicated under Confocal
immunofluorescence microscopy.

Endo H (endoglycosidase H) and PNGase F (peptide N-glycosidase
F) digestions

For digestion with Endo H, 30 ng of homogenate from ST3Gal-
I expressing CHO-K1 cells was boiled for 10 min and then
incubated in the presence or absence of 1.5 m-units of Endo H in
25 pl of a solution containing 0.1 M citrate buffer (pH 5.5), 0.5 %
SDS and 0.1 M 2-mercaptoethanol for 18 h at 37 °C. For digestion
with PNGase F, 30 ug of homogenate from cells transiently
expressing wild-type or N-glycosylation mutant variants of
ST3Gal-II were used for reaction according to the manufacturer’s
instructions (New England Biolabs) in the presence or absence of
1500 units of PNGase for 4 h at 37 °C in a final volume of 60 1. In
both digestions, reactions were stopped with SDS sample buffer
and the products were analysed by Western blotting as indicated
below.

ST3Gal-1l enzyme activity assay

CHO-K1 cells transiently expressing the wild-type hST3Gal-
II-HA or the enzyme carrying single- or double-asparagine
mutation (N92Q, N211Q or N92Q/N211Q) were scrapped
and resuspended in 50 ul of a solution containing 250 mM
sucrose in 10 mM Tris/HCI (pH 7.2). The incubation system for
enzymatic activity using glycolipid as acceptor substrate was
performed in a final volume of 30 ul and contained 150 g of
protein from the cell extract, 400 uM GM1 (acceptor substrate),
17.6 uM CMP-9-fluoresceinyl-NeuAc (donor substrate, Glyco
Medical Research), 20mM MnCl,, 1 mM MgCl,, 75 ug
of Triton CF54/Tween 80 (2:1 w/w) and 100 uM sodium
cacodylate/HC1 buffer (pH 6.5). Incubations were performed
at 37°C for 150 min. Reactions were stopped with 500 ul of
chloroform/methanol (2:1, v/v) and samples were kept at room
temperature for 20 min for lipid extraction. The lipid extracts were
supplemented with appropriate amounts of standard gangliosides
and chromatographed on HPTLC (high-performance TLC) plates
(Merck) using chloroform/methanol and 0.25 % CaCl, (60:36:8,
by vol.) as solvent. Standard gangliosides were visualized by
exposing the plate to iodine vapour. Images were taken using
an EC3 Bioimaging System (UVP) and analysed using Image]
software.
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A fluorimetric enzymatic assay was performed using
glycoprotein as acceptor substrate [19,27]. The incubation
system contained, in 30 ul of total volume, 50 ug of protein
from the cell extract, 20 mM MnCl,, 1 mM MgCl,, 100 uM
sodium cacodylate/HC1 buffer (pH 6.5), 100 uM galactose
and 25 pug Triton CF54/Tween 80 (2:1, w/w). Additionally,
6.3 uM CMP-9-fluoresceinyl-NeuAc plus 53.7 uM CMP-
NeuAc (donor substrate) and/or 60 pg of asialofetuin (Sigma-—
Aldrich) were added to the incubation system. Reactions were
performed at 37°C for 120 min and stopped with 37.5 ul of
chloroform/methanol (1:4, v/v). The precipitated proteins were
washed twice with 30 ul of methanol and then resuspended in
300 ul of PBS solution containing 10% sample buffer (4 %
SDS, 50 mM Tris/HCl and 5 mM EDTA). Total fluorescence
was measured using a FluoroMax-P Horiba Jobin Yvon
spectrofluorimeter.

Western blotting

Total proteins were precipitated with chloroform/methanol (1:4,
v/v) and quantified using the Bradford method. Then, 40 ug
of total proteins per lane were resolved by SDS/PAGE and
transferred on to nitrocellulose membrane. After incubation with
5% (w/v) non-fat dried milk powder in TBS (50 mM Tris/HCl,
pH 7.4, and 200 mM NacCl) for 60 min, the membrane was washed
once with TBS and incubated with mouse monoclonal antibody
against HA (1:1000) (clone HA-7, Sigma—Aldrich) at 4°C for
12 h. Membranes were washed three times for 10 min with
TTBS (TBS containing 0.5% Tween 20) and incubated
with a 1:10000 dilution of goat polyclonal antibody to mouse IgG
(IRDye 800CW, LI-COR) for 1 h at room temperature. Blots were
washed three times with TTBS and visualized using the LI-COR
infrared imager system according to the manufacturer’s protocols.

RESULTS
ST3Gal-Il expression and sub-Golgi localization

To investigate the protein product of human ST3Gal-II cDNA and
to learn its precise subcellular localization, we generated a plasmid
able to direct the expression of the sialyltransferase tagged with
the epitope HA at its C-terminus (pCEFL2-hST3Gal-II-HA).
Extracts from ST3Gal-II-transfected CHO-K1 cells analysed by
Western blotting showed ST3Gal-II with a molecular mass of
43 kDa (81 %) and 41 kDa (14 %), which probably correspond
to the predicted molecular mass with or without one N-glycan
respectively (Figure 3). A minor band of 45kDa (2%) had a
molecular mass consistent with two N-glycans attached to the
primary sequence (see below). No immunostained band was
observed in extracts from mock-transfected CHO-K1 cells. It
is worth mentioning that CHO-K1 cells synthesize mainly the
simple ganglioside GM3 due to the lack of B4GalNACT-I and
ST8Sia-I activities. However, glycosyltransferases acting on GM?2
to produce GM1 (B3GalT-IV) and GDla (ST3Gal-I/ST3Gal-
II) are constitutively present in these cells [28,29]. In gels run
in the absence of 2-mercaptoethanol, a major band migrating
at approximately 81 kDa was observed, which accounts for
50 % of the total enzyme (Figure 3). On the other hand, under
reducing conditions, the 81 kDa form mostly disappeared and
the concomitant appearance of the 43 and 41 kDa forms were
observed. This result strongly suggested that the 81 kDa form is
probably formed by a dimeric association via disulfide bridges of
the monomeric 43 kDa form.

BME + ”

kDa

45 —!;
43 - |~ |
i e
|
pCEFL2-HA + - + -
pCEFL2-hST3Gal-Il-HA - + - +

Figure 3 Expression of HA epitope-tagged ST3Gal-Il

CHO-K1 cell homogenates (40 g) transiently transfected with expression vector alone
(pCEFL2-HA) or with vector encoding human ST3Gal-Il (pCEFL2-hST3Gal-Il-HA) were
separated by SDS/PAGE (12 % gels) with (+ ) or without ( — ) 5% 2-mercaptoethanol (BME)
in the sample buffer and processed as described in the ‘Western blotting’ Experimental section.
Molecular masses in kDa are shown on the left.

To investigate the subcellular localization of ST3Gal-II,
particularly at the sub-Golgi complex level, immunostaining of
the myc epitope-tagged ST3Gal-II with markers of proximal
Golgi complex (ST8Sia-I, GM130), TGN (TGN38) and TGN
and late endosomes [M6PR (mannose 6-phosphate receptor)]
was carried out. As shown in Figure 4, ST3Gal-II was found
predominantly located in a perinuclear region, co-localizing
partially with ST8Sia-I (80 %) and GM130 (80 %). Thus these
results revealed a broad distribution of ST3Gal-II along the Golgi
complex, including the TGN, as was evident from partial co-
localization with the specific marker TGN38 (30 %) and M6PR
(40%).

To study further the co-localization of ST3Gal-II and the
Golgi markers, cells were treated with BFA (brefeldin A), a
fungal macrocyclic lactone that reversibly blocks intra-Golgi
vesicular transport, causing redistribution of proximal Golgi
membranes (cis, medial and trans), but not TGN membranes,
into the endoplasmic reticulum [30,31]. BFA led to a dispersion of
most ST3Gal-1I throughout the endoplasmic reticulum, increasing
its co-localization with endoplasmic reticulum marker Iip33
(Figure 5). As expected, ST3Gal-II and ST8Sia-I, which co-
localized at the proximal Golgi complex, redistributed into the
endoplasmic reticulum after BFA treatment. It may be argued
that the presence of ST3Gal-1I in the proximal Golgi is due
to mislocalization of overexpressed protein in the transiently
transfected cells, as was shown to occur with f4GalNAcT-I [32].
However, the same sub-Golgi localization and behaviour to BFA
treatment was observed in CHO-K1 cells stably expressing myc-
tagged ST3Gal-II (Figure 5). Thus these experiments reinforce
the notion that ST3Gal-II distributes along the Golgi complex,
mainly in proximal compartments.

ST3Gal-1l depends on N-glycosylation for trafficking to the Golgi
complex and enzyme activity

Prediction of N-glycosylation sites in ST3Gal-II was made
using the prediction server NetNGlyc 1.0 (http://www.cbs.dtu.
dk/services/NetNGlyc/). The enzyme contains two Asn-Xaa-
Ser/Thr sequons (Asn®? and Asn®'!") (Figure 2), and the asparagine

residue predicted by the algorithm to be N-glycosylated is Asn*'!,
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Figure 4 Co-localization of myc epitope-tagged human ST3Gal-1l with sub-Golgi complex markers

CHO-K1 cells stably expressing ST3Gal-I-myc were incubated with specific antibodies against GM130 (cis-Golgi marker), TGN38 (TGN marker) or M6PR (TGN/late endosome marker). In another
set of experiments, these cells were transfected to transiently express ST8Sia-I-YFP (cis/medial-Golgi marker). Polyclonal rabbit antibody against c-myc was used for detection of ST3Gal-ll-myc.
Primary antibodies were detected using specific Alexa Fluor-conjugated antibodies as indicated in the Experimental section. Expression of ST8Sia-I was detected by the intrinsic fluorescence of YFP.
Cell boundaries (white lines) are indicated. Merged images are shown in the bottom row. Insets in merged panels show details at higher magnification. Manders's co-localization coefficients were

calculated using ImagedJ software. Scale bars, 5 zem.

whereas the prediction for Asn® N-glycosylation was below the
threshold. Additionally, it should be mentioned that the presence
of the proline residue (Pro®) at the + 3 position with respect
to Asn®? is indicative of a strong, but not absolute, inhibition of
N-glycosylation [33].

Initially, we observed that the en bloc N-glycosylation inhibitor
tunicamycin drastically affected the exiting of ST3Gal-II from
the endoplasmic reticulum, strongly suggesting that the enzyme
is N-glycosylated and that this co-translational modification is
necessary for proper folding and trafficking to the Golgi complex
(Figure 6A). In addition, the molecular mass of the polypeptide
synthesized in the presence of tunicamycin (41 kDa) was as
expected as calculated from the cDNA of ST3Gal-II (Figure 6C),
suggesting that at least one potential N-glycosylation site of
ST3Gal-II would be occupied by an oligosaccharide (2-3 kDa per
each N-glycan). Next, to explore whether disturbing the N-glycan
trimming at the endoplasmic reticulum affects the intracellular
trafficking of ST3Gal-II, cells expressing the enzyme were treated
with castanospermine, an inhibitor of glucosidase I and II. As
shown in Figures 6(A) and 6(B), this inhibitor also impaired
the arriving of the sialyltransferase to the Golgi complex with
retention at the endoplasmic reticulum, but did not significantly
modify its molecular mass (Figure 6C). In control experiments, we
observed that cell treatment with tunicamycin or castonospermine
did not significantly modify the Golgi complex morphology and
distribution of the GM 130 protein marker (Figure 6A). Thus these
pharmacological studies strongly suggest that ST3Gal-II is being
N-glycosylated and that glycosylation is necessary for proper
intracellular sorting of the enzyme.

© 2015 Authors; published by Portland Press Limited

To conclusively confirm that ST3Gal-II is N-glycosylated and
determine the impact of this modification on the intracellular
transport of this protein, we modified the N-glycosylation sequons
of ST3Gal-II by replacing asparagine residues (Asn®* and Asn?'")
in the consensus sequences for N-glycosylation with glutamine
residues using site-directed mutagenesis of a plasmid encoding the
full-length ST3Gal-II C-terminally tagged with the HA epitope.
As shown in Figure 7(A), mutation of the N-glycosylation site
at position Asn*'' (N211Q) resulted in near total retention of
ST3Gal-II at the endoplasmic reticulum. A similar result was
observed in the protein carrying a double-asparagine mutation
(N92Q/N211Q). Surprisingly, mutation of the N-glycosylation
site at Asn®* (N92Q) did not alter Golgi localization of ST3Gal-
II and did not significantly change the molecular mass of the
polypeptide when analysed by Western blotting (Figure 7B). In
contrast, mutation of Asn*"' mostly resulted in a polypeptide
with a molecular mass expected for a non-glycosylated form
(41 kDa) and a minor band (2 %) which probably correspond to
ST3Gal-II slightly glycosylated at Asn®* (43 kDa). The double-
asparagine mutant resulted in a polypeptide with a molecular
mass of 41 kDa (Figure 7B). These data indicate that ST3Gal-II
is mostly N-glycosylated at Asn®!! and that this co-translational
modification is critical for its proper exit from the endoplasmic
reticulum and Golgi localization. N-glycosylation of ST3Gal-
IT was confirmed further by in vitro digestion with PNGase F.
PNGase F cleaves N-linked oligosaccharides, regardless of their
complexity, by hydrolysing the asparagine oligosaccharide bond.
As shown in Figure 7(C), treatment of ST3Gal-II with PNGase F
caused a reduction in its molecular mass from 43 kDa to 41 kDa,



N-glycosylation influences ST3Gal-Il activity and intracellular sorting 89

BFA

ST3Gal-ll

ST8Sia-l

Marker

Merge

Manders”
coefficient

Figure 5 Effect of BFA on ST3Gal-Il subcellular localization
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CHO-K1 cells stably expressing ST8Sia-I-YFP were transfected to express ST3Gal-I-myc and treated ( + ) or not ( — ) with BFA (2 .g/ml) at 37 °C for 30 min. On the other hand, CHO-K1 cells
stably expressing ST3Gal-ll-myc were transfected with lip33—YFP (endoplasmic-reticulum-resident type Il transmembrane protein) and then treated ( + ) or not ( — ) with BFA as indicated above.
Rabbit anti-c-myc polyclonal antibody was used for detection of ST3Gal-ll-myc. Expression of ST8Sia-I and lip33 was detected by the intrinsic fluorescence of YFP. Cell boundaries (white lines) are
indicated. Merged images are shown in the bottom row. Manders's co-localization coefficients were calculated using ImageJ software. Scale bars, 5 em.

similarly to ST3Gal-II carrying a double-asparagine mutation
(N92Q/N211Q).

The enzymatic activities were also compared between the
wild-type ST3Gal-II and the N-glycosylation mutants. Using
glycolipid as acceptor substrate, ST3Gal-II (N211Q) retained
47 % of the activity of the wild-type protein (Figure 8A) while
the double mutant (N92Q/N211Q) exhibited only 24 % of the
enzyme activity. On the other hand, the single N-glycan mutant
at Asn® increased to some extent the activity of the enzyme.
Interestingly, we observed that the N-glycosylation status of
ST3Gal-II also affected enzyme activity towards glycoprotein
(Figure 8B). Using asialofetuin as acceptor substrate, ST3Gal-
IT (N211Q) retained 29 % of the activity of the wild-type protein,
whereas the double mutant (N92Q/N211Q) exhibited only 24 %
of the enzyme activity. Thus the N-glycan at Asn*"' seems to
influence substrate recognition or, eventually, conformational
events which are necessary for proper enzyme activity.

N-glycan-processing status

As a complementary approach to investigate the sub-Golgi
location of ST3Gal-II, we examined the processing status of
its N-glycan at Asn®''. Tt is known that glycoproteins moving
along the secretory pathway and progressing beyond the medial-
Golgi suffer the successive action of the processing enzymes
N-acetylglucosaminyltransferase I/mannosidase II, acquiring
Endo H resistance and terminal glycosylation of their N-
glycans. Treatment of ST3Gal-Il with Endo H caused a
reduction of its molecular mass from 43 to 41 kDa (Figure 9),

again indicating N-glycosylation at Asn®'' and that this
oligosaccharide contains a high proportion of mannose residues.
Interestingly, the molecular mass of Endo H-treated ST3Gal-
II was similar to both the polypeptide synthesized in the
presence of tunicamycin and ST3Gal-II carrying a double-
asparagine mutation (N92Q/N211Q). The result also indicates
that most ST3Gal-II does not progress beyond the medial-Golgi
and supports the sub-Golgi localization of the sialyltransferase
demonstrated by confocal microscopy and pharmacological
analysis.

The N-terminal, non-glycosylated, region of ST3Gal-ll directs the
Golgi complex localization of a chimaeric protein

Many studies have indicated that determinants residing in the N-
terminal domain of type II transmembrane proteins are involved
in their localization at the Golgi complex. Specifically, it was
demonstrated for ganglioside glycosyltransferases that the main
mechanism of Golgi retention involved their transmembrane
domain; and that N-glycosylation is not an absolute requirement
for Golgi localization [1,4,34]. To examine these aspects in human
ST3Gal-II further, a chimaera was constructed in which the N-
terminus of the protein containing the cytosolic, transmembrane
and the stem region (amino acids 1-51) was fused to the cherry
fluorescent protein, replacing the N-glycan bearing C-terminal
domain of ST3Gal-II (ST3Gal-II' ~>'—cherry). The results shown
in Figure 10(A) indicate that the N-terminal ST3Gal-II domain
was able to drive the fluorescent protein out of the endoplasmic
reticulum and to retain it in the Golgi complex. Additionally,

© 2015 Authors; published by Portland Press Limited



90 F.M. Ruggiero and others

A Tunicamycin Castanospermine

ST3Gal-ll

Merge

GM130

Manders”
coefficient 0.70 0.10 0.80
B Control Tunicamycin Castanospermine

ST3Gal-ll

lip33-YFP

o
= - )
1] \

=

Manders’
coefficient 0.24 0.80 0.80

Figure 6 Effect of tunicamycin and castanospermine on ST3Gal-Il subcellular localization and N-glycosylation

(A) CHO-K1 cells transiently transfected to express ST3Gal-Il-HA were treated ( + ) or not ( — ) with 10 eg/ml tunicamycin or 75 .g/ml castanospermine, and immunostained to detect ST3Gal-II-HA
and GM130 (Golgi marker) as indicated in the Experimental section. Cell boundaries (white lines) are indicated. Merged images are shown in the bottom row. Insets in merged panels show details
at higher magnification. Manders's co-localization coefficients are shown at the bottom. Scale bars, 5 um. (B) CHO-K1 cells were co-transfected to express ST3Gal-I-HA and lip33-YFP
(endoplasmic-reticulum-resident type Il transmembrane protein) and then treated with castanospermine or tunicamycin as indicated above. Merged images are shown in the bottom row. Manders's
co-localization coefficients are shown at the bottom. lip33 was detected by the intrinsic fluorescence of YFP. Scale bars, 5 um. (C) Homogenates from cells expressing ST3Gal-Il-HA in the presence
or absence of added castanospermine (CST) or tunicamycin (TUN) were resolved by SDS/PAGE and probed with anti-HA monoclonal antibody. Molecular masses in kDa are shown on the left.
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Figure 7 Expression and subcellular localization analysis of wild-type and N-glycosylation mutants of ST3Gal-II

(A) CHO-K1 cells were transfected to express wild-type ST3Gal-II-HA or its N-glycosylation mutant variants N92Q, N211Q and N92Q/N211Q, then were fixed, permeabilized and immunostained to
detect ST3Gal-HA and GM130 (Golgi complex marker) before examination by confocal fluorescence microscopy. Additionally, these cells were transfected with lip33—YFP (endoplasmic reticulum
marker) and then treated as indicated above. Cell boundaries (white lines) are indicated. Scale bars, 5 m. (B) Total proteins from wild-type or N-glycosylation mutant variants transfected cells were
resolved by SDS/PAGE (12 % gels) in the presence of 2-mercaptoethanol. Molecular masses in kDa are shown on the left. (C) Homogenates from ST3Gal-Il-expressing cells were treated or not
with PNGase F for 4 h at 37 °C and subjected to Western blotting following the procedures described in the Experimental section. As a control, extracts from cells expressing ST3Gal-Il carrying a
double-asparagine mutation (N92Q/N211Q) were processed and run simultaneously. Molecular masses in kDa are shown on the left.
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Figure 8 Effect of N-glycosylation on ST3Gal-1l enzyme activity

(R) Homogenates from CHO-K1 cells expressing wild-type ST3Gal-Il and N-glycosylation
mutant variants were processed for determination of ST3Gal-Il enzyme activity following
the procedure described in the Experimental section and using GM1 ganglioside and
CMP-9-fluoresceinyl-NeuAc as acceptor and donor substrate respectively. The fluorescent
product was extracted and chromatographed on HPTLC plates. The fluorescence intensity
obtained in each condition was normalized to ST3Gal-Il expression levels which were analysed
by Western blotting. A representative blot is shown beneath the histogram with molecular masses
indicated in kDa. The enzyme activity was expressed as a percentage relative to the wild-type
(WT) ST3Gal-Il condition. (B) Determination of enzymatic activity of wild-type ST3Gal-Il
and N-glycosylation mutant variants on glycoproteins was performed using asialofetuin and
CMP-9-fluoresceinyl-NeuAc as acceptor and donor substrate respectively. Total proteins were
precipitated and the fluorescence intensity obtained in each condition was normalized to
ST3Gal-II expression levels which were analysed by Western blotting. A representative blot
is shown beneath the histogram with molecular masses indicated in kDa. The enzyme activity
was expressed as a percentage relative to the wild-type (WT) ST3Gal-Il condition. Results are
means+S.E.M. from three independent experiments.

these results also suggest that the C-terminal domain of ST3Gal-II
depends on N-glycosylation to attain an optimum conformation
for proper exiting from the endoplasmic reticulum and trafficking
to the Golgi complex. To scrutinize and confirm these hypotheses
further, we performed an additional experiment in which
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Figure 9 Deglycosylation of ST3Gal-1l by Endo H

Homogenates from ST3Gal-Il-expressing CHO-K1 cells were treated with Endo H for 18 h at
37°C and subjected to Western blotting following the procedures described in the Experimental
section. As control, extracts from cells expressing wild-type (WT) ST3Gal-Il or ST3Gal-l carrying
adouble-asparagine mutation (N92Q/N211Q) or wild-type ST3Gal-Il synthesized in the presence
of tunicamycin (TUN) were run and processed simultaneously. Molecular masses in kDa are
shown on the left.

CHO-K1 cells were co-transfected to express both the full-length
and the short version (ST3Gal-II' ~>'—cherry) of ST3Gal-II. As
observed in Figure 10(B), both proteins mostly co-localized
at the Golgi complex. However, tunicamycin treatment impaired
the arrival of the full-length ST3Gal-II to the Golgi complex
with retention in the endoplasmic reticulum, whereas the
non-N-glycosylated ST3Gal-II' ~'—cherry protein version was
mostly not affected by the inhibitor. Surprisingly, we observed
that in a percentage of double-transfected cells, a fraction of
ST3Gal-II' ~>'—cherry protein was retained at the endoplasmic
reticulum. This result probably indicates the formation of
ST3Gal-II homo-complexes at the endoplasmic reticulum, in
which the full-length version of the enzyme might retain the
shorter version, as described previously for other ganglioside
glycosyltransferases [35].

DISCUSSION

Ganglioside glycosyltransferases have been found to present
N-linked oligosaccharides that are essential for their proper
subcellular localization and function. For instance, in f3GalT-1V
[36], B4GalNACT-I [37] and ST8Sia-I [38,39], N-glycosylation
was found to be necessary for their activity and subcellular
localization, probably reflecting known oligosaccharide-mediated
quality controls of protein conformation in the endoplasmic
reticulum [4,40]. Additionally, N-glycosylation was also
demonstrated to occur in glycoprotein glycosyltransferases.
In particular, the critical role of N-linked oligosaccharides
on the enzymatic properties of human O-glycan core 2 S-
1,6-N-acetylglucosaminyltransferase [41] and human «1,3/4-
fucosyltransferase III, -V and -VI [42] and on intracellular
trafficking and subcellular distribution as for ST6Gal 1 [11]
and N-acetylglucosaminyltransferase III [43] is known. In the
present study, by confocal microscopy analysis, pharmacological
and biochemical experiments and site-directed mutagenesis, we
demonstrated that ST3Gal-II is broadly distributed along the
Golgi complex cisternae, mainly in proximal compartments,
and is N-glycosylated at Asn®''. Our results show that the
N-glycosylation-defective mutant of ST3Gal-II decreases both
its exit from the endoplasmic reticulum and proper sorting to
the Golgi complex, which is probably due to conformational
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Figure 10 The N-terminal domain (amino acids 1-51) of ST3Gal-Il directs
the Golgi complex localization of a fluorescent protein

(A) A chimaeric protein containing the N-terminal domain of ST3Gal-Il fused to the
cherry fluorescent protein (ST3Gal-II'—5'—cherry) was constructed. CHO-K1 cells transiently
expressing ST3Gal-I1'~5'—cherry were incubated with specific antibodies against GM130 or
TGN38 (cis-Golgi and TGN markers respectively). In another set of experiments, CHO-K1
cells were co-transfected to express ST3Gal-Il" —5'—cherry and ST8Sia-I-YFP, a proximal Golgi
marker. Primary antibodies were detected using specific Alexa Fluor-conjugated antibodies as
described in the Experimental section. Expression of ST8Sia-I-YFP and ST3Gal-II' ~*'~cherry
was detected by the intrinsic fluorescence of YFP and cherry fluorescent protein respectively.
Scale bars, 5 um. (B) CHO-K1 cells were co-transfected to express full-length ST3Gal-Il
(ST3Gal-Il FL) and ST3Gal-II" —5'—cherry, treated ( + ) or not ( — ) with 10 zg/ml tunicamycin,
immunostained and processed for confocal microscopy. Merged images are shown in the
rightmost column. Cell boundaries (white lines) are indicated. Scale bars, 5 zem.

changes of ST3Gal-II. Additionally, we also demonstrate that
ST3Gal-1II required a proper trimming of its N-glycan for proper
Golgi sorting since inhibition of the endoplasmic-reticulum-
resident glucosidase I and II severely affected its exit from this
organelle. Endo H treatment showed that most of the ST3Gal-II
N-glycan was sensitive to the endoglycosidase, which indicates
that the oligosaccharide was not of the complex type and
contains a high proportion of mannose residues. Additionally,
the result also indicates that most ST3Gal-II does not progress
beyond the medial-Golgi and supports the sub-Golgi localization

of the sialyltransferase demonstrated by confocal microscopy and
pharmacological analysis.

All eukaryotic sialyltransferases contain certain conserved
sequence motifs referred to as sialylmotifs L (large), S (small)
and VS (very small) [44,45] (Figure 2A). Later on, an additional
motif, denoted as motif III, was found to be located between
sialylmotifs S and VS and conserved in all sialyltransferases
[12]. More recently, sequence motifs that are unique to the
various families of sialyltransferases have been identified [46]. In
particularly, ST3Gal family contains two small linkage-specific
motifs located between the L- and S-motifs (Figure 2A). These
motifs are expected to be important for linkage specificity and
for recognizing the monosaccharide moiety that accepts sialic
acid [46]. In this sense, it should be remarked that the N-
glycosylated Asn?' in ST3Gal-II is located between the two
family motifs identified, which strongly suggests that this co-
translational modification could eventually influence enzymatic
properties of the sialyltransferase, as observed in the present study
using both glycolipid and glycoprotein as acceptor substrates
(Figure 8).

It was demonstrated previously for other ganglioside
glycosyltransferases that the main mechanism of Golgi retention
involves their transmembrane domain, and that N-glycosylation
is not an absolute requirement for Golgi localization [1,4,34].
According to results shown in Figure 10, ST3Gal-II does not seem
to be the exception. We observed that the N-terminal ST3Gal-II
domain was able to drive a fluorescent protein reporter out of
the endoplasmic reticulum and to retain it in the Golgi complex,
highlighting the notion that molecular determinants residing at
the N-terminal domain drive Golgi localization.

ST3Gal-II was expressed mainly as a disulfide-bonded 81 kDa
product, whose formation persisted when exit of the protein
from the endoplasmic reticulum was impaired by inhibiting
glucosidases I and II with castanospermine, indicating that
formation of homodimer occurs mainly in the endoplasmic
reticulum (Supplementary Figure S1A). In this regard, disulfide-
bonded homodimers of f4GalNAcT-I formed in the endoplasmic
reticulum [47] have been described. Interestingly, experiments
using the N92Q/N211Q mutant of ST3Gal-II or expression
of ST3Gal-II in the presence of tunicamycin indicated that
the non-N-glycosylated monomeric version ST3Gal-II is also
able to form dimers (Supplementary Figure S1B). Additionally,
experiments shown in Figure 10 strongly suggest the formation
of ST3Gal-II homo-association at the endoplasmic reticulum
since a full-length version of the enzyme, which is retained in
this organelle by affecting its N-glycosylation status, was able
to retain a truncated (amino acids 1-51) and non-glycosylated
version of the enzyme lacking the catalytic domain. In this
regard, it was demonstrated by FRET microscopy experiments
in living cells that the N-terminal domains of f4GalNAcT-I,
a glycosyltransferase involved in the synthesis of GM2, GD2
and GT2 gangliosides, are able to form homocomplexes [35].
Moreover, glycoprotein glycosyltransferases were also found to
form homomers and heteromers during their trafficking within the
early secretory compartments [48,49]. Although this topic should
be investigated further, it was suggested that glycosyltransferase
complex formation might be considered as a potential enzymatic
activity-regulation mechanism, by fine-tuning the compositions
and the stoichiometric relationship between enzymes involved in
a particular glycosylation process [4].

In conclusion, we demonstrated that ST3Gal-II is N-
glycosylated at predicted N-glycosylation consensus sequences
and revealed the role of this glycosylation for its trafficking to the
proximal Golgi complex and enzymatic activity. It is worth noting
that the GD1a ganglioside, the product of this sialyltransferase, is
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a glycolipid target of autoantibodies associated with a wide range
of clinically identifiable acute and chronic neuropathy syndromes,
including Guillain—Barré and Miller-Fisher syndromes [50-
52]. Thus inhibition of ST3Gal-II N-glycosylation might be
considered as a new and potential target for neuropathology
therapeutics.
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