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N-glycosylation of the human β1,4-galactosyltransferase 4 is crucial
for its activity and Golgi localization
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Abstract
β1,4-galactosyltransferase 4 (B4GalT4) is one of seven B4GalTs that belong to CAZy glycosyltransferase family 7 and transfer
galactose to growing sugar moieties of proteins, glycolipids, glycosaminoglycans as well as single sugar for lactose synthesis.
Herein, we identify two asparagine-linked glycosylation sites in B4GalT4. We found that mutation of one site (Asn220) had
greater impact on enzymatic activity while another (Asn335) on Golgi localization and presence of N-glycans at both sites is
required for production of stable and enzymatically active protein and its secretion. Additionally, we confirm B4GalT4 involve-
ment in synthesis of keratan sulfate (KS) by generating A375 B4GalT4 knock-out cell lines that show drastic decrease in the
amount of KS proteoglycans and no significant structural changes in N- and O-glycans. We show that KS decrease in A375 cells
deficient in B4GalT4 activity can be rescued by overproduction of either partially or fully glycosylated B4GalT4 but not with N-
glycan-depleted B4GalT4 version.
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Introduction

Human β1,4-galactosyltransferase 4 (B4GalT4) and other
Golgi-resident B4GalTs belong to glycosyltransferase family
7 according to classification of Carbohydrate-Active enzymes
(CAZy). This family of transferases shares the topology of
catalytic domain termed GT-A [1]. Seven members of
B4GalTs are type II integral proteins with short N-terminal
tail residing in cytosol, membrane anchor and C-terminal cat-
alytic part of the protein constituting larger portion of the
enzyme. Those galactosyltransferases mainly attach galactose
(Gal) to the terminal N-acetylglucosamine (GlcNAc) present
on nascent sugar structures of N-/O-glycans, proteoglycans
and glycolipids via β1,4 linkage [2–4] what is accompanied

by another common to the CAZy glycosyltransferase family 7
trait – inversion of anomeric configuration of carbon in the
substrate (UDP-Gal) during catalysis. Additionally, under
specific conditions, some B4GalTs can perform synthesis of
lactose, which requires attachment of galactose to glucose,
making the latter a second acceptor for B4GalTs [5]. Finally,
initiation of proteoglycan synthesis requires galactose addi-
tion to another potential acceptor, i.e. xylose. To perform all
of the above-mentioned reactions, B4GalTs utilize the activat-
ed form of galactose (UDP-Gal). For the reaction to take
place, nucleotide sugar must be transported into the lumen
of the Golgi apparatus (GA). Therefore, localization of
B4GalT1 on the plasma membrane and its importance in the
sperm-egg recognition in mice as well as evidence for secre-
tion of B4GalT1 and B4GalT4 raises a question about addi-
tional functions of those enzymes [5–9]. The functions of
B4GalTs residing outside of the Golgi apparatus are yet to
be clarified, although the importance of secreted B4GalTs
might lie outside of glycosylation, as was observed for the
secreted version of GlcNAc transferase Mgat5 [10].

Previously, it was postulated that the first cloned B4GalT,
i.e. B4GalT1, was the only transferase responsible for β1,4-
galactosylation, being β1,4-galactosyltransferase unique for
glycoconjugates [11, 12]. However, studies on β1,4-
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galactosylated structures as well as levels of β1,4-
galactosyltransferase activity in different tissues led re-
searchers into cloning of several other B4GalTs with
intertwining activities. Recent studies presenting mutant cells
lacking different combinations of B4GalT1–4 clearly re-
establish B4GalT1 as the major galactosyltransferase for syn-
thesis of N-glycans [13]. Nevertheless, activities of B4GalTs
overlap significantly, which impedes the assignment of differ-
ent enzymes with specific non-redundant biological roles.
Multiple nucleotide sequence alignment of B4GalTs shows
little similarity although such amino acid comparison shows
higher consensus in the central region [4].

Several works put specific emphasis on the importance of
B4GalT4. McDonald et al. presented the influence of its 40%
knock-down in Chinese hamster ovary (CHO) cells on the
increase of the N-glycan branching [14]. However, this effect
was not reproduced in cells with knock-out combinations of
B4GalT4 with B4GalT1–3 [13]. Furthermore, a strong link
between overexpression of B4GalT4 in colorectal cancer cells
and metastatic potential was demonstrated and another study
on tumor tissues of patients with endometrial cancer found a
significant correlation of B4GalT4 and B4GalT1 transcript
levels with likelihood of successful treatment [15, 16]. A re-
cent study suggested a genomic explanation for such up-
regulation of B4GalT4 in colorectal cancer cells [17].

In vitro enzymatic activities of B4GalTs were the subject of
several studies. In those works B4GalT4 was clearly differen-
tiated from other B4GalTs by the lack of activity towards
asialo, agalacto-transferrin [1, 3]. Additionally, B4GalT4
was shown not to be inhibited by high concentrations of
GlcNAc, although its kinetic properties towards the latter in-
dicate much lower activity compared to other B4GalTs [5]. It
was also demonstrated in vitro that B4GalT4 acts on the sul-
fated acceptors with much higher potency than other family
members. That fact suggests the involvement of B4GalT4 in
biosynthesis of keratan sulfate (KS) and 6-O-sulfated N-
acetyllactosamine moiety [18]. Additionally, in an in vitro
study, B4GalT4 together with transferase of GlcNAc and
sulfotransferase were found to synthesize KS and silencing
of the B4GalT4 transcript in MDCK cell cultures caused de-
pletion of KS proteoglycans [19, 20]. Finally, in vitro studies
of B4GalT4 activity suggested its involvement in synthesis of
O-linked poly-N-acetyllactosamine chains [21].

Analysis of genomic localization shows that different
B4GalTs are probably derived by gene duplication with con-
sequent alteration in the primary sequence of individual mem-
bers. Besides a short N-terminal transmembrane helix all
B4GalTs possess 4 conserved cysteine residues and several
homologous sequence motifs (DVD, FGGVS and
WGWGGEDDD). B4GalT2–6 also share one N-
glycosylation site near the C-terminus of the protein [12].
Based on the mutagenesis studies of B4GalT1 it is possible
to assume that C-terminal part of the transferase bearing

mentioned N-glycosylation site is the region responsible for
the substrate recognition [22].

All galactosyltransferases utilize UDP-galactose (UDP-
Gal) as a substrate. This nucleotide sugar is delivered into
the ER/Golgi lumen by a specific member of the solute carrier
35 (SLC35) family, namely SLC35A2 (UDP-Gal transporter,
UGT) [23]. Two splice variants of this protein have been
identified: UGT1, which resides in the Golgi complex, and
UGT2, which localizes both to the ER and Golgi membranes
[24]. We recently demonstrated that UGT1 interacts with
B4GalT1, which raises the question of whether other
B4GalTs also display such ability [25].

In the present study, with the help of mutagenesis, immu-
nofluorescence and CRISPR-Cas9 technology we demon-
strate that B4GalT4 possesses two N-glycans at Asn220 and
Asn335. Removal of either of the two sites abolished enzy-
matic activity of B4GalT4 observed in vitro but had different
effects on the subcellular localization and ability to restore the
wild-type phenotype in A375 cell cultures depleted in endog-
enous B4GALT4. Hence, we postulate non-equivalent roles of
these two N-glycans in modulation of B4GalT4 function.
Moreover, we show that B4GalT4 interacts with SLC35A2
and this phenomenon is also affected by the loss of N-glycans
from the former.

Materials and methods

Cell cultures and stable transfection

A375 and HEK293T cells obtained from the American Type
Culture Collection were cultured in Dulbecco’s Minimum
Eagle Medium (DMEM High Glucose, Biowest) under 5%
CO2 and 37 °C. The medium was supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml
streptomycin and 4 mM L-glutamine. Stable transfections
with pSelect plasmids for protein expression were performed
using the FuGENE HD transfection reagent (Promega) ac-
cording to the manufacturer’s protocol. Selection of stable
transfectants overexpressing different B4GalT4 variants was
done in the complete media supplemented by 400 μg/ml of
zeocin (InvivoGen). Analysis of stable transfectants was done
byWestern blotting and indirect fluorescent staining. After the
selection the cell culture was maintained with a two-fold re-
duced zeocin concentration.

Cloning and mutagenesis

cDNA encoding human B4GalT4 protein (NCBI accession
number NM_212543) was synthesized from the total RNA
isolated from HeLa cells. All constructs were cloned using
restriction enzymes except for pSelect-blasti. For cloning with
restriction enzymes, PCR was performed with the cDNA
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using primers listed in Table S1. Products were then purified
and digested with BamHI and NheI enzymes and finally
cloned into the pSelect-zeo vector (InvivoGen). The
QuikChange Multi Site-Directed Mutagenesis Kit (Agilent
Technologies) was used to introduce the following mutations
into the cloned wild type B4GalT4: T6A (A16G), T222A
(A664G), T337A (A1009G) and T222A/T337A. Resulting
constructs were named accordingly as MT1–3 and MT23.
Verification byDNA sequencing was performed for each con-
struct (Microsynth). All versions of B4GalT4 were than con-
sequently cloned into the pSelect-NHA from pSelect-zeo with
the RF-cloning strategy [26]. Schematic representation of con-
structs is available in Supplementary Data (Fig. S2a).

Construction and analysis of B4GalT4 knock-out cell
line

Generation of B4GalT4-deficient cell lines was performed
with two strategies alongside. Both of strategies relied on
transfection with combination of plasmids. Ready to use
Santa Cruz Biotechnology CRISPR kit used just one antibiot-
ic resistance for selection of transfected cells, while Addgene
plasmids were designed to use combination of antibiotic re-
sistance. According to the manufacturer’s instructions (Santa
Cruz Biotechnology) A375 and HEK293T cells were
transfected with a supplied mixture of human B4GalT4 dou-
ble nickase plasmids (sc-425123-NIC). Next, selection was
performed with 0.5 μg/ml of puromycin (InvivoGen). The
second strategy involved cloning of gRNA intomodified plas-
mids px462 and px459 (Addgene). Design of gRNA was per-
formed with the help of the online tool Atum [www.atum.
bio/]. Primer sequences corresponding to the cloned gRNA
can be found in Table S1. Selection of cells was performed
with a combination of puromycin (1 μg/ml) and zeocin
(400 μg/ml). Isolated clones were screened for presence of
the B4GALT4 transcript by one-step RT-PCR with
HEK293T and/or A375 wild type cells as the controls.
Primer sequences are listed in Table S1. Consequently, to
verify mutations of selected cells, mixtures of RT-PCR prod-
ucts were cloned into the pJET1.2/blunt vector (Thermo
Fisher Scientific) for DNA sequencing (Microsynth).

Immunofluorescent imaging

Poly-L-lysine (0.01%) coated glasses were used for culturing
cells prior to staining. Cells were fixed on the second day of
culture with 4% paraformaldehyde (PFA) in PBS (phosphate-
buffered saline) added to the medium for 2 min and for the
following 10 min with PFA applied after discarding the pre-
vious mixture from cells. Afterwards cells were washed 3
times for 5 min with PBS. To block non-specific binding sites
1 h incubation with 1% (w/v) BSA and 0.1% (w/v) saponin in
PBS was performed. After blocking, cells were incubated for

1 h with primary antibodies (Table S3) at 37 °C.Washing (3 ×
5 min) was performed with blocking solution. Subsequently,
slides were incubated with secondary antibodies (Table S3)
for 1 h at 37 °C. Counterstain with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) was performed for nu-
clei visualization. For staining finalization, fluorescence
mountingmedium (Dako) was used tomount slides onto glass
coverslips. Slides were examined with a ZEISS LSM 510
confocal microscope and pictures were analyzed using
ImageJ software (NIH).

Western blotting, secretion analysis and proteasome
inhibition

For lysate preparations, cells were washed with PBS, har-
vested, centrifuged for 5 min at 200 g at RT, washed with
PBS and centrifuged once again. Cell pellets were lysed
for 15 min at RT in lysis buffer [CelLytic M reagent
(Sigma-Aldrich), 1 mM EDTA, proteinase inhibitors
(Bimake)]. Lysates were then centrifuged for 15 min at
14000 g at RT and pellets were discarded. Protein con-
centration was determined using Roti-Quant reagent
(Roth) and samples were equilibrated with lysis buffer.
After protein equilibration, dedicated samples were incu-
bated with 2500 U of peptide:N-glycosidase F (PNGase
F) in lysis buffer at 37 °C overnight. For SDS-PAGE
lysates were mixed with sample buffer (1.5 M Tris-HCl,
10% glycerol, 45 mM SDS, 5 mg/ml DTT, bromophenol
blue, pH 6.8) and denatured for 10 min at 95 °C. Proteins
were resolved in acrylamide gels and transferred onto ni-
trocellulose membrane (GE Healthcare). Blocking was
performed for 5 h at RT in 5% powdered fat-free milk
in PBS with 0.1% Tween-20 (Roth). Subsequently, mem-
branes were incubated overnight at 4 °C with primary
antibodies (Table S3) in blocking solution. On the follow-
ing day, membranes were rinsed with 1% powdered fat-
free milk in PBS with 0.1% Tween-20 and incubated for
1 h at RT with secondary antibodies coupled with horse-
radish peroxidase (Table S3). Visualization of immunore-
active proteins was carried out with a chemiluminescence
system (PerkinElmer, Waltham, MA, USA).

For proteasome inhibition, cells were incubated for 6 h
with complete DMEM medium supplemented with 8 μM
MG132 (M7449 Sigma-Aldrich).

Secretion analysis was performed by culturing HEK293T
cells overexpressing different B4GalT4 versions in Opti-
MEM without FBS for 24 h in standard conditions.
Conditioned media were collected and concentrated by
Amicon Pro 10 kDa cut-off membranes. Analysis of concen-
trates was done as described above by Western blotting with
anti-B4GalT4 and anti-Mgat5 antibodies for protein assess-
ment and the loading control, respectively.
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Enzymatic assay

Recombinant B4GalT4 (Novoprotein) was used for establish-
ing in vitro conditions for analysis of enzymatic activity.
M592 pentasaccharide (V-labs Fig. S2b) was labeled with 2-
aminobenzamide (2-AB) and used as an acceptor. Reaction
was performed with 130 ng of acceptor in 50 mM Tris-HCl,
5 mM MnCl2, 5 mM CaCl2, 0.5% Tween-20, pH 7.6, over-
night at 37 °C. Reaction products were analyzed by RP-
HPLC. Time of separation on GlycoSepN column =
110 min; time range was set from 2000 to 10,000 (approxi-
mately from 17.7 min to 73.3 min). For lysate-derived sam-
ples, Y axes were normalized due to background line flow in
order to have comparable signals. Total range is preserved in
all samples, except the recombined enzyme, where the signal
was much higher.

Immunoprecipitation

Cells from two 100 mm culture plates were harvested and
suspended in immunoprecipitation buffer (50 mM Tris-HCl,
150 mM NaCl, 0.5% Tween-20 with proteinase inhibitors)
and mildly sonicated. Ani-HAmagnetic beads (Bimake) were
used according to the manufacturer’s protocol. For Western
blotting detection a part of the beads was mixed with SDS-
PAGE sample buffer and incubated for 10 min at 95 °C. For
in vitro enzymatic assay enzymes immobilized on beads were
used.

Analysis of glycoconjugates

For N-glycan analysis, proteins from cell lysates were precip-
itated by overnight incubation with acetone at −20 °C.
Precipitates were then solubilized and overnight digestion
with PNGase F at 37 °C was performed. Released N-glycans
were purified with Supelclean LC18 (Supelco) columns.
Obtained samples were vacuum-dried overnight and subse-
quently labeled with 2-AB for 3 h at 65 °C. Final purification
of labeled glycans prior to HPLC analysis was performed
using cellulose chromatography. Labeled sugars were applied
onto the column in a high concentration of acetonitrile and
eluted with water. O-glycans were analyzed by an adopted
method described by Kudelka et al. [27]. Analysis of proteo-
glycans was performed by Western blotting as described
above with antibody specific for keratan sulfate (Table S3).

Isolated glycans were analyzed by MALDI-TOF at the
Center for Molecular and Macromolecular Research, Polish
Academy of Sciences, Lodz, Poland. 2.5-dihydroxybenzoic
acid (Sigma) in 20 mM sodium acetate in 20% MeCN was
used as a matrix. Collected results were plotted in Microsoft
Office and graphics were created in Affinity Designer (Serif
Europe).

Split luciferase complementation assay

B4GalT4-deficient HEK293T cells (2 × 104) were seeded in a
complete growth medium onto a 96-well plate with white
polystyrene wells and a flat transparent bottom (Greiner Bio-
One, Kremsmünster, Austria). 20–24 h after plating the cells
were transfected with appropriate combinations of plasmids
(25 ng/well of each plasmid, 50 ng/well in total, Table S2)
using the FuGENE HD transfection reagent. 2–3 h before the
measurement the conditioned medium was replaced with the
serum-free OPTI-MEM medium (Life Technologies, CA,
USA). Immediately before the measurement, Live Cell
Reagent (Promega) was added to all wells, according to the
manufacturer’s instructions. Cell-derived luminescence was
recorded using a Glomax Discover Microplate Reader
(Promega). Each tested combination was accompanied by
the respective negative control comprising SLC35A2 fused
with the large NanoLuc subunit combined with the HaloTag
(a recombinant protein not synthesized by mammalian cells,
thus not interacting with proteins of mammalian origin) fused
with the small NanoLuc subunit (Promega). For statistical
analysis of data one-way ANOVA with the Tukey post-hoc
test was used. All analyses were performed with GraphPad
Prism (GraphPad Software, CA, USA). Statistical significance
was assigned to p value <0.05. Only results exceeding the
respective negative controls by at least 10-fold were consid-
ered indicative of an interaction, as suggested by the
manufacturer.

Results

Investigation of B4GalT4 glycosylation sites

Prediction of glycosylation sites for B4GalTs was based on
the amino acid sequence. Since B4GalTs are thought to be
type II transmembrane proteins, some of the foreseen sites
would be on the cytosolic side of the Golgi membrane.
B4GalT4 has 3 potential glycosylation sites (Asn4, Asn220
and Asn335). However, Asn4 resides upstream of the trans-
membrane domain. Thus, in the case of correct prediction of
protein topology only 2 of 3 sites could be occupied by gly-
cans [12]. For examination of glycosylation sites, we mutated
all the glycosylation consensus motifs (either individually or
in combinations) by threonine to alanine substitutions. For
preliminary assessment, we transfected HEK293T cells with
plasmids containing wild-type protein (myc-B4GalT4) or dif-
ferent mutants (myc-MT1–3). Obtained lysates from cells
overexpressing B4GalT4 variants were analyzed using
Western blotting with anti-c-myc and anti-HA antibodies
(Fig. 1a). We treated lysates with peptide:N-glycosidase F
(PNGase F) to clarify the nature of the apparent mass shift.
The relative decrease of molecular weight of bands
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corresponding to B4GalT4 mutated variantsMT2 andMT3 as
well as samples treated with PNGase F indicates that B4GalT4
is indeed glycosylated. Some unglycosylated forms present in
cells overexpressing all B4GalT4 variants are most likely to
be the result of high levels of protein expression and transient
transfection. High levels of protein overexpression might be
overloading the glycosylating machinery, leaving some por-
tion of the produced protein unglycosylated [28].
Additionally, we performed next steps of characterization of
B4GalT4 glycosylation variants in A375 B4GalT4 KO cells
that are described later in text. We again transfected cells with
plasmids bearing individual mutations. Mass shifts of bands
corresponding to cells overexpressing MT2 and MT3 but not
MT1 clearly indicate that in fact only Asn220 and Asn335 are
glycosylated (Fig.1b). Absence of glycan on Asn4 is expected
from cytosolic localization of the B4GalT4 N-terminus.

Impact of glycan removal on subcellular localization
of B4GalT4

B4GalTs are assumed to localize in the Golgi membrane.
Therefore, we performed staining of cells overproducing wild
type (WT) or mutant versions of B4GalT4 with Golgi and ER
markers (Fig. 2, Fig. S1). As expected, non-mutated protein
localized to the Golgi apparatus. However, both the distribu-
tion and the protein level observed inWestern blotting of non-
glycosylated B4GalT4 (MT23) were severely impaired

compared to those of the wild type. The signal corresponding
to MT23 was no longer localized in the Golgi membrane but
instead was scattered throughout the cell. While depletion of
the Asn220 glycosylation site alone seemed to have little or no
effect on protein localization, removal of the Asn335 glyco-
sylation site caused a similar effect in subcellular localization
to MT23 although in less pronounced way. Distribution of
glycosylation mutants overlaid with the ER marker although
not fully (Fig. S1). No overlay with early endosome and lyso-
some markers was observed (data not shown). Therefore, we
hypothesized that the non-glycosylated B4GalT4 variants
could be partially exported to the cytosol for proteasome-
mediated degradation, which seemed more likely since treat-
ment of cells with the proteasomal inhibitor MG-132 for 6 h
before staining caused reversion of the signal derived from
mutant variants from the dispersed pattern towards the more
concentrated, perinuclear one (Fig. S6).

Secretion of B4GalT4 and its unglycosylated variants

Prompted by literature [6, 24] and our preliminary Western
blotting analysis we investigated B4GalT4 secretion. Indeed,
non-mutated B4GalT4 was shown to be secreted to the medi-
um byWestern blotting detection with two antibodies (Fig. 3).
In contrast, none of the mutated versions was found in the
medium. It is even more interesting that although the MT2
unglycosylated variant is found at similar subcellular locations

Fig. 1 Glycosylation of overexpressed B4GalT4. Western blotting
analysis of lysates obtained from cells overexpressing variants of
B4GalT4 treated (+) or not (−) with PNGase. (a) HEK293T were
transfected with either non-mutated (myc-B4GalT4) or individual mu-
tants (myc-MT1–3) and subsequently lysed and treated with PNGase F.
Protein staining was performedwith anti-c-myc antibody. Protein loading

was assessed using staining with anti-calnexin antibody. (b) A375
B4GalT4 KO cells were transfected with non-mutated (HA-B4GalT4)
or mutated (HA-MT1–3) versions of B4GalT4. As previously described,
prior to SDS-PAGE analysis lysates were treated with PNGase F and
protein bands were visualized with anti-HA antibodywith loading control
visualized using anti-calnexin antibody
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as non-altered B4GalT4. Thus, we propose that N-glycans on
both consensus motifs are critically important for B4GalT4
secretion.

In vitro activity of B4GalT4 and its unglycosylated
variants

During our preliminary analysis we observed B4GalT4 activ-
ity towards labeled sugar structure similar to nascent N-glycan
with two terminal GlcNAc residues. Hence, we established
conditions for enzymatic assay in vitro using the recombinant
B4GalT4 (Materials and Methods). To validate the impact of
glycan removal on B4GalT4 activity we performed immuno-
precipitation and purified proteins were subjected to analysis
(Fig. 4). While the activity of non-mutated protein was appar-
ent, the results obtained for MT2 andMT3 variants were com-
parable with those of the negative control, although we were
unable to purify considerable amounts of MT23 for analysis.
Therefore, we conclude that the glycan part of B4GalT4might
be crucial for its enzymatic activity.

In vivo activity of B4GalT4 and its unglycosylated
variants

To investigate the importance of glycans for enzymatic activ-
ity towards endogenous acceptors we generated HEK293T
and A375 cells depleted in functional B4GalT4 using the

Fig. 3 Secretion of different B4GalT4 versions. HEK293T cells stably
overexpressing variants of B4GalT4 were cultured in Opti-MEMwithout
FBS for 24 h. Conditioned media were concentrated by centrifugation in
Amicon Pro 10 kDa cut-off membranes and analyzed byWestern blotting
with anti-B4GalT4 and anti-Mgat5 antibodies for protein assessment and
loading control, respectively

Fig. 2 Subcellular localization of
B4GalT4 versions in HEK293T
cells. Indirect staining of
HEK293T cells stably
overexpressing non-mutated
(myc-B4GalT4) or mutated (myc-
MT2–23) versions of B4GalT4
with anti-c-myc (green) and anti-
GM130 (red) antibodies. Cell nu-
clei were counterstained with
DAPI (blue). Scale bar −10 μm
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CRISPR-Cas9 approach. Obtained knock-out cell lines (KO)
were verified using sequencing of transcripts (Fig. S2).
Interestingly, we observed no significant differences between
N- and O-glycans of wild type and HEK293T and A375KO
cells (Fig. S3 and S4). Since two major classes of
glycoconjugates did not show alterations in KO cells, we ad-
ditionally analyzed keratan sulfate in A375 cells (Fig. 5).
HEK293T cells were not used in the latter analysis because
of the low keratan sulfate content.

Strikingly, in the case of A375 cells depletion of the
B4GALT4 gene caused a drastic decrease in keratan sulfate
proteoglycans. Correction of the observed A375 KO pheno-
type could be done with overproduction of unchanged
B4GalT4. Overproduction of mutated B4GalT4 versions
caused a similar correction of KO phenotype but only in the

case of the MT3 version. Overproduction of MT2 in KO cells
did show an increase of keratan sulfate proteoglycans in cells
but not to levels similar to the ones caused by either B4GalT4
or MT3. B4GalT4 depleted in both N-glycans (MT23) was
not able to show a similar correction ability in A375 KO cells.
Additionally, we performed immunofluorescence staining in
A375 B4GalT4 KO cells overproducing different versions of
B4GalT4 with the markers of the Golgi and ER showing pre-
viously observed localizations as in HEK293T cells (Fig. S5).

Split luciferase complementation assessment of
B4GalT4 interaction with SLC35A2

We applied a recently developed, commercially available pro-
cedure based on the split luciferase complementation assay to

Fig. 4 Assessment of in vitro
activity of B4GalT4. HEK293T
cells stably overexpressing
variants of B4GalT4 were used as
a source of protein in
immunoprecipitation with
magnetic beads. Purified proteins
still immobilized on magnetic
beads were used as a source of
enzyme in reaction towards the
indicated acceptor and resolved in
HPLC conditions described in
Materials and Methods.
Commercially available
recombinant B4GalT4 was used
as a positive control to identify
products of successful reactions

Fig. 5 A decrease in keratan
sulfate synthesis in cell cultures
depleted in endogenous
B4GalT4. Western blotting
analysis of A375 cells depleted in
endogenous B4GalT4 (B4GalT4
KO) and clonal cell cultures
overproducing B4GalT4 versions
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assess interactions of different B4GalT4 versions
overproduced in HEK293T cells with other proteins. Since
another member of the B4GalT family, i.e. B4GalT1, was
recently reported to interact with the UDP-Gal transporter
(UGT) [25], we examined the ability of the latter to associate
with B4GalT4 and its mutant variants using the split luciferase
complementation assay mentioned above. As the wild type
B4GalT4 displayed Golgi localization, we employed the first
splice variant of the UDP-Gal transporter (UGT1) that resides
exclusively in the Golgi apparatus [24]. Having demonstrated
an association of the wild type B4GalT4 with UGT1 we as-
sumed that the B4GalT4 variants unable to reach the target
destination would not make any physical contacts with the
transporter. Indeed, MT2, which is the only variant that retains
Golgi localization, could interact with UGT1 to a greater ex-
tent than the wild type enzyme (Fig. 6). In contrast, MT3 and
MT23, both of which delocalize to a significant extent, were
unable to associate with UGT1. Therefore, the results of the
split luciferase complementation assay are in agreement with
the localization data.

Discussion

N-glycans are known to modulate protein levels, subcellular
localization, conformation and function, although the specific
impact is often unique to the modified protein. Herein we
identified two occupied N-glycosylation sites on the 4th mem-
ber of theβ1–4 galactosyltransferase family at Asn220 (MT2)
and Asn335 (MT3). In an attempt to identify the roles that N-

glycans at the found locations may play in mature protein we
overproduced mutated versions of B4GalT4 lacking either
individual or both N-glycans in HEK293T and A375 cell
lines. In vitro analysis demonstrated no activity of
immunopurified B4GalT4 single mutants. Although we puri-
fied enzymes in native conditions and hence final products
used in the analysis could be protein complexes rather than
individual enzymes, commercially available purified recom-
binant B4GalT4 from the HEK293T cell line was able to
produce sugar structures of higher mass, which allowed us
to assume that galactosylation performed in the in vitro assay
requires only B4GalT4. To the best of our knowledge this is
the first time that the N-glycans of B4GalT4 have been shown
to contribute to production of a stable, enzymatically active
protein [29].

In this study we showed the dependence of proper
B4GalT4 localization in the Golgi complex and its secretion
from the cells on the presence of N-glycans, upon removal of
which high levels of B4GalT4 show delocalization to the ER
and presumably cytosol for proteasomal degradation.
Interestingly, in contrast to subcellular localization, secretion
was not only diminished but completely abolished in the case
of depletion of B4GalT4 of any N-glycan, leading us to as-
sume that although ER to Golgi trafficking is facilitated by at
least one N-glycan attached at Asn335, its secretion strictly
requires the presence of both N-glycans.

Recently, the importance of homo- or heteromeric com-
plexes in glycosylation has gained more attention [30]. To
investigate any effect possibly involving such complexes by
removal of glycans on the surface of B4GalT4, we generated

Fig. 6 Assessment of glycan impact on interaction between B4GalT4 and
SLC35A2. Results of the NanoBiT assay performed for the selected
combinations and the corresponding negative control. B4GalT4-
deficient HEK293T cell cultures were transfected with combinations of
plasmids bearing either small or large subunit of the NanoLuc luciferase
fused to studied proteins or a negative control (HaloTag fused with the
small NanoLuc subunit). A2 – SLC35A2 tagged with the large NanoLuc
subunit at the N-terminus; B4GalT4, M2, M3 and M23 – respective

B4GalT4 variants tagged with the small NanoLuc subunit at the N-ter-
minus, NEG -– HaloTag fused with the small NanoLuc subunit, RLU –
relative luminescence unit. p < 0.0001 ****(b) Fold changes calculated
by dividing the average luminescence obtained for the tested combina-
tions (Sample RLU) by the average luminescence obtained for the corre-
sponding negative control (Control RLU). The threshold value was set at
10, according to the manufacturer’s suggestions
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and characterized HEK293T and A375 cell lines depleted in
functional endogenousB4GALT4. We observed no significant
change in N-glycosylation of KO cell lines, confirming the
results of the latest research on the Chinese hamster ovary cell
line depleted in combinations of B4GalT1–4 [13, 31].
Surprisingly, we were not able to note any differences in O-
glycans although in this regard the role of B4GalT4 could be
expected to be more pronounced [4, 21]. In in vitro studies
B4GalT4 showed a preference towards sulfated acceptors as
well as being found to be capable of in vitro synthesis of short
keratan sulfate chains; therefore we investigated the impact of
B4GALT4 removal in cell cultures on keratan sulfate produc-
tion [18, 19]. Strikingly, KO cell cultures showed dramatic
reduction of keratan sulfate proteoglycans. Based on such
observation and correction of the phenotype by unchanged
B4GalT4 overproduction in KO cells, we claim that
B4GalT4 is essential for the synthesis of keratan sulfate in
A375 cells.

Additionally, not all forms of B4GalT4 showed similar
levels of correction with the mutant version depleted of both
glycans presenting only neglectable levels. Overproduction of
the mutant B4GalT4 version lacking a glycosylation site at
Asn220 (MT2) showed significantly lower ability to correct
the KO phenotype in A375 KO cell cultures. Although, to our
knowledge, currently there are no available studies linking
structural elements of B4GalT4 to its enzymatic activity, se-
quence comparison of B4GalTs shows that this glycosylation
site of B4GalT4 is positioned closely to conserved regions
found to be engaged in catalytic activity and acceptor recog-
nition in B4GalT1 [12, 32, 33]. Interestingly, B4GalT4 is the
only B4GalT to possess an N-glycosylation site near this re-
gion. In parallel, the second N-glycosylation site of B4GalT4
is conserved by homology among B4GalT2–6 besides
B4GalT1 and B4GalT7. Additionally, depletion of that C-
terminal N-glycan produced a transferase able to correct the
A375 KO phenotype, presumably leaving enzymatic activity
intact while causing partial delocalization.

Since recently it was revealed that some transferases can
form multi-enzyme complexes with nucleotide sugar trans-
porters, we decided to explore B4GalT4 interactions with
the Golgi-residing UDP-Gal transporter (UGT1) and how
it can be affected by glycan removal on transferase [34].
Interestingly, observed interactions between transferase
and transporter shown by the split luciferase assay were
abolished in the case of B4GalT4 delocalized versions
(MT3 and MT23) while removal of the N-glycosylation
site essential for enzymatic activity (MT2) showed an in-
crease of them. Those results combined with observed
complete depletion of secretion of all B4GalT4 mutant
versions led us to hypothesize that the lack of secretion
of MT3 and MT23 results from their retention in the ER,
while MT2, although reaching the Golgi complex, is
retained in this organelle and thus prevented from

secretion, as reflected by a significantly tighter association
with UGT1.

Interestingly, in spite of expectations in our case we
observed ability of B4GalT4 to be involved in synthesis
of keratan sulfate while being depleted of interaction with
UGT1. It might be that disruption of interactions with
other transferases rather than transporter would be corre-
lated with loss of restoration of wild-type phenotype in
B4GALT4-depleted cells. Such an assumption is based
on the remark by Hassinen and Kellokumpu on the impor-
tance of B4GalT1 heteromers with another glycoenzyme,
ST6Gal1, for their enzymatic activity [35]. Additionally,
the complexity of keratan synthesis may require similar
cooperation between transferases for UDP-GlcNAc,
UDP-Gal and sulfotransferases. Identified in vitro study
candidates for such enzymes were B4GalT4, B3GnT7,
CGn6ST and KSGalT6ST [18, 19, 36]. With previous
findings in mind it could be interesting to investigate
whether the N-glycan moiety of B4GalT4 could take part
in interactions between those enzymes.

Since depletion of the Asn220 N-glycosylation site caused
significant impairment of the ability to restore keratan synthe-
sis in A375 KO cell cultures while allowing the protein to
preserve proper localization, and depletion of the Asn335 gly-
cosylation site disturbed localization and interactions with
UDP-Gal transporter, we see corresponding N-glycans as ac-
tivity facilitating (Asn220) or localization facilitating
(Asn335). Additional support for such a claim is conservation
by homology of the Asn335 N-glycosylation site between
B4GalT2–6 while conservation of activity facilitating Asn220
N-glycan is not required because of different B4GalT activity
properties. Decrease of enzymatic activity after N-glycan remov-
al is a common phenomenon described for such glycoenzymes
as β1,4-N-acetylgalactosaminyltransferase 1, β1,3-
N - a c e t y l g l u c o s a m i n y l t r a n s f e r a s e 2 , β 1 , 4 -
N-acetylglucosaminyltransferase 3, ⍺1,3-fucosyltransferase 4
and many others [37–40]. As reviewed and summarized by
Skropeta, in most cases the explanation for enzymatic activity
loss upon impairment of N-glycosylation is an assumption of
destabilization of active conformation [41]. This explanation
could be supported by a recent study of collection of X-ray
glycosylated and deglycosylated protein structures from PDB.
Lee and colleagues showed that N-glycosylation does not signif-
icantly affect global protein structure of folded proteins but rather
causes a decrease in protein dynamics propagated from the N-
glycosylation site throughout the protein, causing a general in-
crease of stability [42].

Impairment of secretion of N-glycan-depleted enzymes is a
consistent observation for most studies focused on
glycoenzymes although with rare exceptions, e.g. for ⍺2,3-
sialyltransferase 5 [43]. Alongside loss of secretion a partial
or complete loss of Golgi localization after deglycosylation is
commonly observed [41]. Interestingly, while localization of
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some enzymes could be unaffected by N-glycan removal, as
observed in the case ofβ1,4-N-acetylgalactosaminyltransferase
1 and ⍺1,3-fucosyltransferase 4 [37, 40]. Additionally, among
other galactosyltransferases it was shown that activity and prop-
er intracellular trafficking of β1,3-galactosyltransferase 4 de-
pends on its N-glycosylation while β1,4-galactosyltransferase
1 devoid of its N-glycans could be produced as enzymatically
active and soluble protein [44, 45]. Such studies are hard to
unify since the effects on trafficking and activity might lie in
change of solubility, formation of aggregates and kin interac-
tions; therefore more detailed studies are needed to investigate
the direct role of N-glycans in subcellular localization of pro-
teins of interest.

Our findings demonstrate that N-glycans of B4GalT4
are important for protein activity both in in vitro assays
and in cell cultures. We also observed modulation of
B4GalT4 interaction with the SLC35A2 UDP-galactose
transporter by the presence of N-glycans. Summarizing,
in the present study we show for the first time the un-
equally distributed importance of B4GalT4 N-glycans
and their modulation of the enzyme activity both
in vitro and in cell cultures.
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