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Glycosylation is a vital post-translational modification involving the addition of
sugars to proteins and lipids, facilitated by glycosyltransferases and dependent
on nucleotide sugar donors like UDP-galactose (UDP-Gal). This study examines
how disruptions in UDP-Gal synthesis affect protein-protein interactions critical
for glycosylation. Using CRISPR/Cas9, we generated HEK293T cell lines lacking
key enzymes of the Leloir pathway: UDP-galactose 4'-epimerase (GALE),
galactose-1-phosphate uridylyltransferase (GALT), or both. The knockout of
GALE led to a significant reduction in intracellular UDP-Gal levels and altered
N-glycan profiles, indicating impaired galactosylation. Through the NanoBiT
assay, we observed that knocking out GALE alone or both GALE and GALT
diminished the ability of the UDP-Gal transporter SLC35A2 to form homomers
and to interact with the beta-14-galactosyltransferase 1 (B4GALT1). These
findings suggest that the nucleotide sugar availability and/or the presence of the
corresponding enzymes in the cytoplasm influences the formation of protein
complexes involved in glycosylation in the Golgi apparatus, potentially affecting
the glycosylation process itself. Our study highlights the dynamic nature
of the glycosylation machinery and suggests that the interactions between
glycosylation proteins are responsive to changes in nucleotide sugar levels. This
opens new avenues for understanding the mechanisms underlying glycosylation
and for investigating congenital glycosylation disorders.

UDP-galactose, Golgi apparatus, glycosylation, SLC35A2, B4GALT1, protein-protein
interactions

1 Introduction

Glycosylation is one of the most common post-translational modifications in most
eukaryotic cells, affecting macromolecules such as glycoproteins, proteoglycans, and
lipids. The synthesis and modification of the glycan components are carried out by
glycosyltransferases with catalytic domains located within the lumen of the endoplasmic
reticulum (ER) and Golgi apparatus (GA). The substrates in glycosylation reactions
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are activated sugar molecules, known as nucleotide sugars. One
of them is UDP-galactose (UDP-Gal). In human cells, UDP-Gal is
synthesized in the cytosol through the Leloir pathway that involves
four enzymes: galactose mutarotase (GALM), which converts
beta-D-galactose into alpha-D-galactose; galactokinase (GALK),
which converts galactose into galactose-1-phosphate; galactose-1-
phosphate uridylyltransferase (GALT), which transforms galactose-
1-phosphate and UDP-glucose (UDP-Glc) into UDP-galactose
(UDP-Gal) and glucose-1-phosphate; and UDP-galactose 4'-
epimerase (GALE), which, in turn, epimerizes UDP-GIc to form
UDP-Gal [1]. The schematic representation of the Leloir pathway
is shown in Supplementary Figure S1.

The synthesized UDP-Gal must then be transported into the
lumen of GA/ER, where it serves as a substrate for glycosylation
reactions. The transport of nucleotide sugars into these organelles
is facilitated by a specialized family of proteins classified into
the SLC35 family. These are multi-transmembrane proteins that
function as antiporters, transporting nucleotide sugars in exchange
for molecules of respective mononucleotides (Parker and Simon,
2017). To date, the only protein from the SLC35 family for which
substrate specificity towards UDP-Gal has been established is
SLC35A2 (Miura et al., 1996; Maszczak-Seneczko et al., 2011a;
Maszczak-Seneczko et al., 2011b; Wiertelak et al., 2023a).

Glycosyltransferases are typically type II membrane proteins,
characterized by a short N-terminal cytoplasmic tail, a single
transmembrane domain (TMD), a stem region, and a C-terminal
catalytic domain that resides in the lumen of the GA/ER
(Breton et al., 2001; Grabenhorst and Conradt, 1999). One of
the glycosyltransferases involved in galactosylation is the beta-
1,4-galactosyltransferase 1 (B4GalT1). It plays a crucial role in the
formation of complex type N-glycans (Bydlinski et al., 2018).

Protein-protein interactions (PPIs) play a crucial role in
numerous biological processes, such as the enzyme-driven
addition of carbohydrate groups to macromolecules. In recent
years, the significance of PPIs in glycosylation mechanisms
has become increasingly recognized. Notably, several studies
have highlighted the formation of heterologous complexes by
glycosylation enzymes that catalyze sequential reactions within a
specific pathway (Kellokumpu et al., 2016; Wiertelak et al., 2024).
Nucleotide sugar transporters (NSTs) also undergo homo- and
heteromerization (Maszczak-Seneczko et al., 2012; Puglielli et al.,
1999; Puglielli and Hirschberg, 1999; Wiertelak et al., 2020a).
Parker etal. suggested that lipid-mediated interactions between
NST monomers play a significant role in the molecular mechanism
of transport (Parker et al., 2019).

Many of such interactions also occur between NSTs and
glycosyltransferases (Maszczak-Seneczko et al., 2015; Khoder-
Agha et al, 2019). So far, little is known about the biological
significance of these interactions. However, in 2020, our team
demonstrated the proximity between SLC35A2 and B4GalT1 as well
as between two molecules of SLC35A2 using the NanoBiT technique
(Wiertelak et al., 2020b). Additionally, our team demonstrated the
interaction of SLC35A2 with the galactosyltransferase C1GalT1,
which is responsible for the synthesis of mucin-type O-glycans.
In cells lacking a functional SLC35A2 transporter, a reduced level
of C1GalT1 and partial delocalization of this glycosyltransferase
were observed (Wiertelak et al., 2023b), suggesting that a direct
interaction between the transporter delivering the substrate and the
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enzyme utilizing it may be beneficial for the glycosylation reaction.
Additionally, in 2022, it was demonstrated that mutated and less
active versions of the CMP-Sia transporter (SLC35A1) exhibit
a reduced ability to interact with the sialyltransferase ST3Gal4
(Wiertelak et al., 2022). These pathogenic variants, which are known
to cause congenital disorders of glycosylation, also lost their ability
to dimerize in living cells (Szulc et al., 2020).

The next step in our research was to determine whether
the availability of the substrate could influence the interactions
between transporters and the interactions between transporters and
transferases. To this end, we established stable cell lines with partially
or completely disrupted UDP-Gal synthesis and then investigated
the ability of the SLC35A2 protein to homodimerize and interact
with the galactosyltransferase BAGALT1.

2 Materials and methods
2.1 Cell culture maintenance

Wild-type HEK293T cells (ATCC CRL-3216) were grown in
Dulbeccos Modified Eagles Medium (DMEM, Sigma-Aldrich, St.
Louis, MO, United States) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin under
standard conditions (37°C, 5% CO,). The cells were purchased
from ATCC (American Type Culture Collection, Manassas, VA,
United States).

2.2 Plasmid construction

Expression plasmids encoding human B4GALT1 (NM_
001497.4) and SLC35A2 (NM_005660.3) fused with large and
small NanoBiT fragments were generated using conventional
restriction/ligation techniques according to the manufacturer’s
protocols of the respective systems. Template cDNA was synthesized
on total RNA isolated from wild-type HEK293T cells using
LunaScript® RT SuperMix Kit (NewEngland Biolabs, Ipswich,
MA, United States). Plasmids used in this study are detailed in
our previous publication (Wiertelak et al., 2020b).

2.3 Generation of knockout cell lines

Three cell lines were generated with the help of the CRISPR/Cas9
gene editing approach using guidelines provided by Dharmacon
(Lafayette, CO, United States). The first was lacking the GALE
gene, whereas the second was lacking the GALT gene. The sgRNA
sequences targeting GALT (SQ-010327-01-0002) and GALE (SQ-
009904-01-0002) genes are listed in Supplementary Table S1. Then,
based on the cell line with an inactive GALT gene, a double
knockout cell line deficient in both GALT and GALE proteins was
generated. HEK293T wild-type cells were co-transfected with a set
of sgRNAs targeting three different regions of each gene and a Cas9-
encoding plasmid according to the manufacturer’s instructions.
In parallel, HEK293T wild-type cells were co-transfected with
a set of non-targeting crRNAs (lot. U-007501-01-05), tracrRNA
complexes (lot.U-002005-50) and a Cas9-encoding plasmid in
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order to generate control cells. The enrichment for gene-edited
cells was done by growing transfected cells in complete DMEM
medium, supplemented with puromycin (1 pg/mL) for 3 days.
Single cell clones deficient in GALE, GALT and both GALE
and GALT proteins were isolated and primarily screened via
labeling of the whole cell protein with a biotinylated RCA I
(Ricinus communis agglutinin I) conjugated with streptavidin-HRP
(Vector Laboratories, Newark, CA, United States) followed by
the analysis using dot-blotting. Gene editing in selected clones
was further confirmed using RT-PCR and PCR performed on
total cellular RNA and genomic DNA as templates, respectively.
Total RNA was isolated using the EXTRACTME total RNA kit
(Blirt). It was then reverse transcribed into cDNA using LunaScript
® RT SuperMix (New England BioLabs). The resulting cDNA
served as the template for PCR reactions performed with Q5
® Hot Start High-Fidelity 2x Master Mix (New England BioLabs).
Genomic DNA analysis was carried out using Platinum™ Direct PCR
Universal Master Mix (Thermo Fisher Scientific), which enabled
the use of whole cells as the starting material. All PCR and RT-
PCR reactions were conducted according to the manufacturers’
protocols. The primers used are listed in Supplementary Table S1
and were synthesized by Microsynth AG (Balgach, Switzerland).
Selected clones were finally confirmed using western blotting. Cells
transfected with non-targeting sgRNAs and subjected to puromycin
selection were used as control cells in all experiments and are further
referred to as WT (these cells were not subjected to isolation of
single cell clones).

2.4 Western blotting

Cells were lysed using CelLytic™ MT Cell Lysis Reagent
(Sigma-Aldrich) supplemented with a protease inhibitor cocktail
(Bimake) according to the manufacturer’s recommendations
and protein concentration was estimated using a modified
Bradford assay. Cell lysates were separated in SDS-PAGE using
12% polyacrylamide gels and proteins were electrotransferred
onto nitrocellulose membranes. The membranes were blocked
in 5% milk powder in PBS-T (1X PBS with 0.1% Tween-20)
for 1h at room temperature, then incubated overnight with the
primary antibodies against GALT (lot. 17035-1-AP; Proteintech,
Rosemont, IL, United States) and GALE (lot. sc-390407; Santa
Cruz Biotechnology, Dallas, TX, United States) in dilution
1:1000, followed by the detection with secondary antibodies
conjugated with HRP, respectively anti-rabbit (lot. A0545; Sigma-
Aldrich) and anti-mouse (lot. SA00001-1; Proteintech) in dilution
1:7500. Signal was detected with chemiluminescence reagent
(SuperSignal™ West Pico PLUS Chemiluminescent Substrate,
Thermo Scientific) and documented using ChemiDoc MP Imaging
System (Bio-Rad).

2.5 Quantitation of intracellular nucleotide
sugars
Nucleotide sugars were extracted from collected and frozen

cells following a previously published protocol (Ribind et al,
2001) (the cells were counted before collecting and freezing). The
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enriched pools of nucleotide sugars were separated using ion-pairing
reverse-phase HPLC, as previously described (Nakajima et al.,
2010), with some modifications. The column was replaced with
an Inertsil (GL Sciences, Shinjuku-ku, Tokyo, Japan) ODS-4, 250
x 3mm, with a 3 um particle size, and the flow rate was set
to 0.3 mL/min. Buffer A (100 mM potassium phosphate, pH 6.4,
with 8 mM tetrabutylammonium hydrogen sulfate) was used for
equilibration, and buffer B (a mixture of 70% Buffer A and 30%
acetonitrile) served as the eluent. The separations were carried
out using the following gradient: 0% for 20 min, from 0% to
72% over 25min, from 72% to 77% over 10 min, and finally
equilibrating at 0% Buffer A for 25 min. Nucleotide sugar samples
were dissolved in Milli-Q water, and sample volumes of 5 uL
or less were injected to initiate the separation. The column was
connected to a Nexera Shimadzu HPLC system, with the detection
performed at 254 nm using an SPD-M30A Diode Array Detector
equipped with a high-sensitivity quartz cell. The concentration
of nucleotide sugars was calculated using LabSolutions Software
(Shimadzu, Kyoto, Kyoto, Japan) using the high-purity nucleotide
sugar standards (Promega, Madison, WI, United States). The
chromatogram showing separation of nucleotide sugar standards
(UDP-Gal and UDP-Glc) is shown in Supplementary Figure S2A.
The absolute quantification of nucleotide sugars was achieved
by comparing detected signals to externally added reference
compounds. Next, by referring to the starting number of cells and
the estimated volume per cell (3.5 pL), intracellular concentrations
of nucleotide sugars were estimated.

2.6 N-glycans purification, digestion and
separation

Cells were collected and lysed. The protein concentration of each
sample was adjusted to 4 mg/mL. The resulting lysates were treated
with acetone (1:1) to concentrate the proteins. The precipitated
proteins were then solubilized in glycoprotein denaturation buffer
(N-glycosidase F deglycosylation enzyme pack, New England
Biolabs) and subjected to enzymatic deglycosylation using 500 units
of N-glycosidase F (New England Biolabs) for 18 h at 37°C.

The labeled with 2-
aminobenzamide (2-AB) and digested with a1-2,3,6 Mannosidase

released glycans were purified,
to reduce the background derived from high-mannose structures.
Briefly, the samples were treated with 4units of al-2,3,6
Mannosidase (New England Biolabs) in GlycoBuffer 4 (New
England Biolabs) supplemented with 2mm ZnCl, for 24h at
37°C. Selected samples were digested with 8 units of beta 1-4
galactosidase (New England Biolabs) and/or 20 units of alpha2-
3,6,8,9 neuraminidase A (New England Biolabs) in 10 pL of 1x
Glycobuffer 1 (New England Biolabs) at 37°C for 16 h. Digested
glycans were separated on TSK-Amide-80 150 x 4.6 mm, three
pum column that was standardized with partially digested, 2-AB-
labeled dextran. The column was connected to Nexera HPLC System
(Shimadzu), equipped with RF-20A XS fluorescence detector set at
330/420 nm (excitation/emission) and stored and analysed using
LabSolution software (Shimadzu). The obtained fluorescence values
were normalized using min-max normalization and presented in
graphs as fluorescence over time.
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2.7 NanoBiT

This technique is based on the reconstitution of the NanoLuc
enzyme from its two fragments, which are fused to the proteins
of interest. When the proteins come into contact with each other,
the enzyme is reconstituted, leading to a detectable bioluminescent
signal. One protein in the pair is tagged with the large subunit,
while the other is tagged with the small subunit. All possible
combinations are tested, and the generated relative luminescence is
compared to the relative luminescence of the negative control, which
consists of one of proteins of interest tagged with the small NanoBiT
fragment and a recombinant HaloTag protein fused with the large
fragment. When the luminescence value exceeds a threshold of a 10-
fold increase, the signal is considered indicative of an interaction,
according to the manufacturer’s instructions.

Wild-type HEK293T cells (2 x 10%) were seeded in a complete
growth medium into a 96-well plate with white polystyrene wells
and a flat, transparent bottom (Greiner Bio-One, Kremsmiinster,
Austria) and cultured under standard conditions (37°C, 5% CO,).
20-24 h after seeding, the cells were transfected with plasmids mixed
in equal amounts (25 ng of each plasmid per well) using Fugene
HD transfection reagent (Promega, Madison, WI, United States) at
a ratio of 3 uL per 1 ug DNA. Luminescence was measured 20-24 h
post-transfection using the Glomax Discover Microplate Reader
(Promega, Madison, WI, United States). Immediately before the
measurement, the medium was replaced with the serum-free OPTI-
MEM medium (Life Technologies, Carlsbad, CA, United States)
supplemented with 25 uL/well of Live Cell Reagent (Promega). Each
experimental combination was tested alongside a corresponding
negative control, which included one of the proteins of interest fused
with the large NanoBiT fragment (LgBiT, Promega, Madison, WI,
United States) and HaloTag fused with the small NanoBiT fragment
(SmBIT, Promega, Madison, W1, United States).

2.8 Statistical analysis and graphs
preparation

All statistical analyses and graphs were performed using
GraphPad Prism 8 (GraphPad Software, CA, United States) and
Python software (version 3.9) with the Statsmodels (version 0.14.4,
https://www.statsmodels.org/), Matplotlib (version 3.7.0, https://
matplotlib.org/) libraries. Schematic figures were prepared with
images from (https://smart.servier.com/).

2.9 Dot-blotting analysis using lectins

Cell lysates (2puL) were spotted onto the nitrocellulose
membrane. After drying, the membranes were stained in Ponceau
S solution to confirm equal spotting. The dye was then washed off
with distilled water, and the membranes were blocked in Carbo-Free
Blocking Solution (Vector Laboratories, Newark, CA, United States)
for at least 1 h at room temperature. After blocking, the membranes
were washed three times in TBST solution (Tris buffered saline
with 0.1% Tween-20). Next, the membranes were incubated for
1-2 h at room temperature with lectins from R. communis (RCA)
and Maackia amurensis (MALI and MALII, Vector Laboratories,
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Newark, CA, United States) diluted 1:1,000-1:1,500 in TBST. Next,
the membranes were washed three times in TBST and incubated
for 1 h at room temperature in a solution of streptavidin conjugated
with HRP (Vector Laboratories, Newark, CA, United States), diluted
10,000 times in TBST. The membranes were rinsed again in TBST
and the signal was developed using Western Lightning® ECL
Pro reagent (Thermo Fisher Scientific). The membranes were
documented using the ChemiDoc MP Imaging System (Bio-Rad).

2.10 Indirect immunofluorescence

Cells were immunostained following the protocol previously
described in reference (Szulc et al.,, 2020). The primary antibodies
used were anti-GM130 (cat. 610823, BD Transduction Laboratories,
Franklin Lakes, NJ, United States), anti-B4GalT1 (cat. HPA010807,
Sigma-Aldrich) and anti-SLC35A2 (cat. HPA036087, Sigma-
Aldrich) at dilutions ranging from 1:100 to 1:200. Detection of these
primary antibodies was carried out using secondary antibodies
conjugated with Alexa Fluor Plus 555 anti-mouse IgG and Alexa
Fluor Plus 488 anti-rabbit IgG (Thermo Fisher Scientific) at a
dilution 1:1,000. Imaging was performed using a Stellaris 8 (Leica,
Wetzlar, Germany) system equipped with a 63x NA 1.4 immersion
objective.

3 Results

3.1 Knocking out the GALT and GALE genes
has influence on intracellular UDP-Gal
concentration and cell glycophenotype

One of the objectives of this study was to investigate the impact
of deactivating genes encoding proteins from the Leloir pathway
on the intracellular concentration of UDP-Gal. In the first step,
we generated 3 cell lines: one lacking functional GALE protein
(GALE KO), another lacking functional GALT protein (GALT KO),
and a third line deficient in both proteins (GALE&GALT KO). In
Figure 1, we presented clones that did not react with antibodies for
the corresponding combinations in the western blotting technique.
As can be seen, in the reaction with an antibody directed against
the epitope present in the GALE protein, the signal from the band
observed at approximately 38 kDa disappears in the GALE KO and
GALE&GALT KO cell lines, in contrast to the wild type and GALT
KO (Figure 1A; Supplementary Figure S3A). A similar situation can
be observed for the anti-GALT antibody, where the signal from the
band observed at approximately 43 kDa disappears in the GALT KO
and GALE&GALT KO cell lines, while it remains present in the wild-
type and GALE KO cells (Figure 1B; Supplementary Figure S3B).

The next step was to examine the phenotype presented by
these cell lines. To achieve this, nucleotide sugars were isolated
from cell lysates, and their intracellular concentrations were
measured. The fragments of HPLC chromatograms obtained for
individual cell lines are shown in Supplementary Figure S3B-E. As
can be seen in Figure 2, statistically significant differences were
found only in cell lines that shared the common denominator of
lacking the GALE protein. The cell lines lacking this functional
enzyme exhibited an almost complete suppression of UDP-Gal
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Western blotting analysis confirming the lack of functional proteins from the Leloir pathway. (A) Analysis using an anti-GALE antibody. (B) Analysis using
an anti-GALT antibody. WT - wild type; GALE KO - GALE knockout; GALT KO - GALT knockout; GALEGGALT KO - double knockout of GALE and GALT.

A
50 kDa -
35kDa- Ponceau S
90 kDa -
T C— N— . —
50 kDa -
Anti-HSP60
50 kDa -
35kDa - !
Anti-GALE
FIGURE 1
Ponceau S staining, anti-HSP60 and anti-GAPDH were used as loading controls.
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synthesis. This contrasts with the knockout of the gene encoding
GALT, in which the UDP-Gal levels did not change significantly.
Although the difference between the GALE KO and GALE&GALT
KO remains statistically insignificant, it is worth noting that the
mean concentration of UDP-Gal in the GALE KO was slightly above
the detection limit, whereas in the double knockout, none of the
biological replicates exceeded it. The detection threshold was set at
0.2 uM.

Next, we decided to investigate how reduced intracellular
concentrations of UDP-Gal, a substrate for galactosylation, affects
the glycosylation of HEK293T cells (Figures 2C-F). To this end, we
isolated N-glycans from the total protein pool in the cell and next,
separated them using normal-phase chromatography. Less complex
structures eluted first, while more complex structures, including
those containing galactose, eluted later. The chromatograms for
WT and GALT KO cells were very similar. The glycans were evenly
distributed across the entire plot, indicating normal glycosylation
in these cell types. However, in the case of GALE KO and
GALE&GALT KO cells, we noted a significant shift in the peaks
toward smaller structures. Moreover, we observed differences
between the 2 cell lines lacking GALE; the one in which the GALT
enzyme was present had more complex structures. To confirm
that the disappearing peaks contain galactose, we compared the
glycans with the same glycans treated with neuraminidase and
galactosidase to remove galactose from the glycans. The resulting
chromatograms were almost identical to the chromatogram
obtained for the GALE&GALT KO (Figure 2B). To complement
the HPLC results, we performed dot-blotting analyses using
lectins specific for galactose (R. communis agglutinin, RCA; M.
amurensis lectin I, MALI) and sialic acid (M. amurensis lectin
II, MALII) (Supplementary Figure S3A). All these lectins displayed
comparable reactivity with WT and GALT KO samples. In contrast,
the reactivity of these lectins with lysates derived from GALE and
GALE&GALT KO cell lines was dramatically decreased, confirming
defective galactosylation.
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3.2 The lack of UDP-Gal affects the
interactions between proteins involved in
galactosylation

The final step in the procedure was to examine how the reduction
or complete absence of UDP-Gal affects the ability of SLC35A2
to homomerize, as well as the formation of heteromers between
SLC35A2 and B4GALT1. For this purpose, the NanoBiT technique
was employed. Dimerization of SLC35A2 and its interaction with
B4GalT1 was described in more detail in our previous work, and
the best performing combination based on our findings was selected
(Wiertelak et al., 2020b). Figure 3A shows the behavior of the
selected pair in the case of the SLC35A2-SLC35A2 interaction and
its negative control across the different cell lines described in this
study. In panel C (Figure 3C), we can see analogous pairs for the
SLC35A2-B4GALT1 interaction. In panel B (Figure 3B), the relative
ratio of the studied pair to its control for the SLC35A2-SLC35A2
interaction can be seen. In the GALT KO cell line, a significant
decrease can be observed; however, it remains considerably above
the threshold. The situation is different for the cell lines lacking
functional GALE protein. Here, the signal is not only significantly
different but also close to the threshold, suggesting a substantial
defect in the formation of homomers by the UDP-Gal transporter.
Similar results were obtained for the interaction between SLC35A2
and B4GALT1. In the GALE KO and GALE&GALT KO cell lines, a
statistically significant difference and a decrease below the threshold
were observed. In contrast, in the cell line lacking functional
GALT, a slight decrease was observed, but it was not statistically
significant (Figure 3D).

The defective formation of SLC35A2 homomers as well as
SLC35A2-B4GalT1 heteromers could possibly result from their
mislocalization as these complexes are expected to form in the
Golgi apparatus. Therefore, we co-immunostained endogenous
SLC35A2 and B4GalT1l with the Golgi marker GM130 in all
analyzed cell lines (Supplementary Figure S5). The corresponding
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The presented result is representative of three independent experiments.
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The impact of the absence of enzymes from the Leloir pathway on UDP-Gal concentrations and the glycophenotype. (A) Analysis of intracellular
UDP-Gal concentration per cell. The graph shows the mean and standard deviation. Statistical significance was determined using one-way ANOVA
followed by Tukey's Honestly Significant Difference (HSD) test, based on three independent biological replicates. Asterisks indicate the level of
statistical significance: p < 0.0001 (****) only in comparison to wild-type cell line. (B) HPLC separation of isolated, fluorescently labeled N-glycans from
wild-type total cellular proteins digested with neuraminidase and galactosidase to remove galactose from the glycans. (C—F) HPLC separation of
isolated, fluorescently labeled N-glycans from total cellular proteins. “Time [min]” refers to the retention time in minutes, and "GU" denotes glucose
units. The cell lines included are wild type (WT), GALE knockout (GALE KO), GALT knockout (GALT KO), and GALEGGALT knockout (GALEGGALT KO).
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results demonstrate that the Golgi localization of SLC35A2 and
B4GalT1 was not compromised in any of the knockout cell lines.

4 Discussion

In this study, we generated cell lines with defects in UDP-Gal
biosynthesis to check whether the impairment of this biosynthesis
will affect the interactions between the selected Golgi proteins
involved in galactosylation of N-glycans. The effects of GALE and
GALT deficiency were already studied by other research groups
using yeast and mammalian cell culture models (Haskovic et al.,
2020a; Ross et al., 2004; Mumma et al., 2008; Leslie et al.,
1996; Broussard et al., 2020). Moreover, mutations in the human
GALT gene are associated with a pathological condition termed
galactosemia (Haskovic et al.,, 2020a), whereas mutations in the
human GALE gene result in another disease called epimerase
deficiency galactosemia (Oyanagi et al., 1981; Liu et al., 2013). In
our study, the most significant reduction in intracellular UDP-Gal
levels was observed in cell lines lacking functional GALE protein,
specifically the lines referred to as GALE KO and GALE&GALT
KO in this study. The intracellular concentration dropped almost
below the detection limit in these cell lines. Since B4GALT1
galactosyltransferase, which is responsible for adding galactose
residues to the synthesized N-glycans, is also a focus of this work,
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we investigated how the absence of UDP-galactose-4-epimerase
affects the synthesis of these structures. The results seem to clearly
suggest that the lack of this enzyme has a significant impact on
the synthesis of galactose-containing N-glycans (Figure 2B). The
results obtained in this study are consistent with data from the
literature (Broussard et al., 2020).

It should be noted that GALT plays a significantly lesser role in
the biosynthesis of UDP-Gal. Knockout of the gene that encodes
GALT does not cause substantial changes in the concentration
of this nucleotide sugar. This is in agreement with a previous
study, in which knocking out the GALT-encoding gene in zebrafish
did not cause any significant changes in nucleotide sugar levels,
including UDP-Gal (Haskovic et al., 2020b). In cooperation with
another enzyme from the Leloir pathway (GALK1), GALT converts
galactose into UDP-Gal. Defects in this protein are more commonly
associated with the disorder known as galactosemia rather than
with glycosylation disorders (McCorvie et al., 2016). In 2005, Schulz
etal. proposed that GALE acts as a “gatekeeper’, maintaining the
balance of different nucleotide sugars, and that its absence, when
cells are exposed to exogenous galactose, leads to the accumulation
of high levels of UDP-Gal (Schulz et al., 2005). This suggests that
GALT’s role is related to the utilization of excess galactose to a
greater extent rather than its supply to N-glycans synthesis. It
also appears that this may pertain to specific structures. A similar
selectivity has been observed for GDP-fucose (Sosicka et al., 2022).
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Nonetheless, further studies on this topic are needed. In the final
step, we investigated the ability of SLC35A2 to form homomers
and associate with BAGALT1. Surprisingly, these interactions almost
completely disappeared at reduced UDP-Gal concentrations. In
2019, Parker and colleagues conducted an experiment using a
purified yeast GDP-mannose transporter, where they mixed active
and inactive transporters in various ratios. They demonstrated that
the functional form enabling the transport of nucleotide sugars
across the membrane is a dimer (Parker et al., 2019). We hypothesize
that, in the absence of the transported molecule, nucleotide sugar
transporters remain in a ‘stand-by’ state in their monomeric forms,
and only upon binding of a molecule to the transporter does the
transporter form a dimer, allowing the molecule to be transferred
into the lumen of the organelle. However, it cannot be excluded that
this phenomenon is mediated by other proteins (either membrane
or cytoplasmic) that on one hand are in contact with SLC35A2 or
regulate its function by other means, and, on the other, somehow
respond to the rates of UDP-Gal synthesis or the availability of GALE
and GALT enzymes. Although the exact mechanism of the loss of
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SLC35A2 dimerization in the absence of the functional UDP-Gal
biosynthetic machinery remains to be elucidated, this phenomenon
appears remarkable and suggests a functional interplay between
cytoplasmic nucleotide sugar biosynthetic machinery and transport
of these compounds across the Golgi membrane, which clearly
deserves further attention.

In the case of the BAGALT1-SLC35A2 interaction, the situation
appears to be more complex. So far, the biological significance of
this interaction has not been directly demonstrated. Additionally,
B4GALT1 contains an N-glycosylation site (Yadav and Brew,
1990). Our team has shown, using another galactosyltransferase,
B4GALT4, that improper glycosylation of the transferase can lead
to protein delocalization, resulting in the loss of its interaction
with SLC35A2 in the GA (Shauchuk et al.,, 2020). However, in
this study we showed that the Golgi localization of endogenous
B4GalT1 and SLC35A2 remains unaltered in all knockout cell
lines, which precludes their mislocalization as a cause of defective
complex formation. In one of our previous studies we have also
demonstrated that inactive forms of the CMP-sialic acid transporter
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fail to associate with the sialyltransferase ST3Gal4. We believe
that the lack of an active form of the transporter, which in the
case of this study is due to the absence of UDP-Gal, leads to
the absence of the interaction with the galactosyltransferase.
In theory, a larger complex could form where the transported
substrate might be delivered to the active site of B4GALT1
and then to the synthesized glycan within a single multiprotein
assembly. Additionally, it is necessary to consider the possibility
that the formation of complexes may also be influenced by
other proteins, whose glycosylation may have been disrupted
due to the lack of UDP-Gal synthesis. Moreover, it cannot be
excluded that efficient interactions between SLC35A2 and B4GalT1
require not only the abundance of UDP-Gal but also the presence
of an intact, functional and complete UDP-Gal biosynthetic
machinery understood as a whole, i.e., GALK, GALT and GALE.
In such a case, eliminating GALE alone could be sufficient to
compromise the interactions between the Golgi galactosylation-
related proteins even if UDP-Gal could be
by GALK and GALT.

synthesized
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In conclusion, we have demonstrated that there may be a
potential link between the availability of nucleotide sugars and
the interactions of proteins involved in glycosylation, which could
impact the glycosylation process itself. Our data suggest that the
complexes formed by proteins involved in glycosylation are not
fixed assemblies but in turn undergo dynamic changes of their
oligomeric state in response to the changes in the surrounding
microenvironment (Figure 4). Our brief report opens new pathways
for understanding the glycosylation process and for studying
congenital glycosylation disorders. However, further studies are
necessary to fully elucidate the relationship and significance of these
interactions in the glycosylation process.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1563384
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wiertelak et al.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

WW: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Supervision, Visualization, Writing
- original draft, Writing - review and editing. AP: Data
curation, Investigation, Writing - review and editing. MO:
Conceptualization, Funding acquisition, Investigation, Project
administration, Supervision, Writing - review and editing. DM-
S: Conceptualization, Formal Analysis, Funding acquisition,
Investigation, Project administration, Supervision, Writing — review
and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Science Centre (Narodowe Centrum Nauki,
NCN, grant no. 2020/39/B/NZ3/00825 and 2023/51/B/NZ3/00810),
Krakow, Poland.

References

Breton, C., Mucha, J., and Jeanneau, C. (2001). Structural and functional features of
glycosyltransferases. Biochimie 83 (8), 713-718. doi:10.1016/s0300-9084(01)01298-6

Broussard, A., Florwick, A., Desbiens, C., Nischan, N., Robertson, C., Guan,
Z., et al. (2020). Human UDP-galactose 4-epimerase (GALE) is required for
cell-surface glycome structure and function. J. Biol. Chem. 295 (5), 1225-1239.
doi:10.1074/jbc.RA119.009271

Bydlinski, N., Maresch, D., Schmieder, V., Klanert, G., Strasser, R., and Borth,
N. (2018). The contributions of individual galactosyltransferases to protein specific
N-glycan processing in Chinese Hamster Ovary cells. . Biotechnol. 282, 101-110.
doi:10.1016/j.jbiotec.2018.07.015

Grabenhorst, E., and Conradt, H. S. (1999). The cytoplasmic, transmembrane,
and stem regions of glycosyltransferases specify their in vivo functional
sublocalization and stability in the Golgi. J. Biol. Chem. 274 (51), 36107-36116.
doi:10.1074/jbc.274.51.36107

Haskovic, M., Coelho, A. 1., Bierau, J., Vanoevelen, J. M., Steinbusch, L. K. M.,
Zimmermann, L. J. I, et al. (2020a). Pathophysiology and targets for treatment in
hereditary galactosemia: a systematic review of animal and cellular models. J. Inherit.
metabolic Dis. 43 (3), 392-408. doi:10.1002/jimd.12202

Haskovic, M., Coelho, A. I, Lindhout, M., Zijlstra, E, Veizaj, R., Vos, R., et al. (2020b).
Nucleotide sugar profiles throughout development in wildtype and galt knockout
zebrafish. J. Inherit. metabolic Dis. 43 (5), 994-1001. doi:10.1002/jimd.12265

Holden, H. M., Rayment, I, and Thoden, J. B. (2003). Structure and function of
enzymes of the Leloir pathway for galactose metabolism. J. Biol. Chem. 278 (45),
43885-43888. doi:10.1074/jbc.R300025200

Kellokumpu, S., Hassinen, A., and Glumoff, T. (2016). Glycosyltransferase complexes
in eukaryotes: long-known, prevalent but still unrecognized. Cell. Mol. life Sci. CMLS
73 (2), 305-325. d0i:10.1007/s00018-015-2066-0

Khoder-Agha, E, Sosicka, P, Escriva Conde, M., Hassinen, A., Glumoff, T., Olczak,
M., et al. (2019). N-acetylglucosaminyltransferases and nucleotide sugar transporters
form multi-enzyme-multi-transporter assemblies in golgi membranes in vivo. Cell. Mol.
life Sci. CMLS 76 (9), 1821-1832. do0i:10.1007/s00018-019-03032-5

Leslie, N. D., Yager, K. L., McNamara, P. D., and Segal, S. (1996). A mouse model of
galactose-1-phosphate uridyl transferase deficiency. Biochem. Mol. Med. 59 (1), 7-12.
doi:10.1006/bmme.1996.0057

Frontiers in Molecular Biosciences

10.3389/fmolb.2025.1563384

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.2025.
1563384/full#supplementary-material

Liu, Y, Bentler, K., Coffee, B., Chhay, J. S., Sarafoglou, K., and Fridovich-Keil, J. L.
(2013). A case study of monozygotic twins apparently homozygous for a novel variant
of UDP-galactose 4’-epimerase (GALE): a complex case of variant GALE. JIMD Rep. 7,
89-98. doi:10.1007/8904_2012_153

Maszczak-Seneczko, D., Olczak, T., Jakimowicz, P, and Olczak, M. (2011b).
Overexpression of UDP-GIcNAc transporter partially corrects galactosylation
defect caused by UDP-Gal transporter mutation. FEBS Lett. 585 (19), 3090-3094.
doi:10.1016/j.febslet.2011.08.038

Maszczak-Seneczko, D., Olczak, T., Wunderlich, L., and Olczak, M. (2011a).
Comparative analysis of involvement of UGT1 and UGT2 splice variants of UDP-
galactose transporter in glycosylation of macromolecules in MDCK and CHO cell lines.
Glycoconj. J. 28 (7), 481-492. doi:10.1007/s10719-011-9348-z

Maszczak-Seneczko, D., Sosicka, P., Kaczmarek, B., Majkowski, M., Luzarowski, M.,
Olczak, T., et al. (2015). UDP-Galactose (SLC35A2) and UDP-N-acetylglucosamine
(SLC35A3) transporters form glycosylation-related complexes with mannoside
acetylglucosaminyltransferases (mgats). J. Biol. Chem. 290 (25), 15475-15486.
doi:10.1074/jbc.M115.636670

Maszczak-Seneczko, D., Sosicka, P, Majkowski, M., Olczak, T., and Olczak, M.
(2012). UDP-N-acetylglucosamine transporter and UDP-galactose transporter form
heterologous complexes in the Golgi membrane. FEBS Lett. 586 (23), 4082-4087.
doi:10.1016/j.febslet.2012.10.016

McCorvie, T. J., Kopec, J., Pey, A. L., Fitzpatrick, E, Patel, D., Chalk, R,
et al. (2016). Molecular basis of classic galactosemia from the structure of human
galactose 1-phosphate uridylyltransferase. Hum. Mol. Genet. 25 (11), 2234-2244.
doi:10.1093/hmg/ddw091

Miura, N., Ishida, N., Hoshino, M., Yamauchi, M., Hara, T., Ayusawa, D., et al.
(1996). Human UDP-galactose translocator: molecular cloning of a complementary
DNA that complements the genetic defect of a mutant cell line deficient in UDP-
galactose translocator. J. Biochem. 120 (2), 236-241. doi:10.1093/oxfordjournals.
jbchem.a021404

Mumma, J. O., Chhay, J. S., Ross, K. L., Eaton, J. S., Newell-Litwa, K. A., and
Fridovich-Keil, J. L. (2008). Distinct roles of galactose-1P in galactose-mediated
growth arrest of yeast deficient in galactose-1P uridylyltransferase (GALT) and
UDP-galactose 4’-epimerase (GALE). Mol. Genet. metabolism 93 (2), 160-171.
doi:10.1016/j.ymgme.2007.09.012

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1563384
https://www.frontiersin.org/articles/10.3389/fmolb.2025.1563384/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2025.1563384/full#supplementary-material
https://doi.org/10.1016/s0300-9084(01)01298-6
https://doi.org/10.1074/jbc.RA119.009271
https://doi.org/10.1016/j.jbiotec.2018.07.015
https://doi.org/10.1074/jbc.274.51.36107
https://doi.org/10.1002/jimd.12202
https://doi.org/10.1002/jimd.12265
https://doi.org/10.1074/jbc.R300025200
https://doi.org/10.1007/s00018-015-2066-0
https://doi.org/10.1007/s00018-019-03032-5
https://doi.org/10.1006/bmme.1996.0057
https://doi.org/10.1007/8904_2012_153
https://doi.org/10.1016/j.febslet.2011.08.038
https://doi.org/10.1007/s10719-011-9348-z
https://doi.org/10.1074/jbc.M115.636670
https://doi.org/10.1016/j.febslet.2012.10.016
https://doi.org/10.1093/hmg/ddw091
https://doi.org/10.1093/oxfordjournals.jbchem.a021404
https://doi.org/10.1093/oxfordjournals.jbchem.a021404
https://doi.org/10.1016/j.ymgme.2007.09.012
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wiertelak et al.

Nakajima, K., Kitazume, S., Angata, T., Fujinawa, R., Ohtsubo, K., Miyoshi, E., et al.
(2010). Simultaneous determination of nucleotide sugars with ion-pair reversed-phase
HPLC. Glycobiology 20 (7), 865-871. doi:10.1093/glycob/cwq044

Opyanagi, K., Nakata, F, Hirano, S., Sogawa, H., Takayanagi, N., Minami, R., et al.
(1981). Uridine diphosphate galactose 4-epimerase deficiency. Eur. J. Pediatr. 135 (3),
303-304. doi:10.1007/BF00442108

Parker, J. L., Corey, R. A., Stansfeld, P. J., and Newstead, S. (2019). Structural basis for
substrate specificity and regulation of nucleotide sugar transporters in the lipid bilayer.
Nat. Commun. 10 (1), 4657. doi:10.1038/s41467-019-12673-w

Parker, J. L., and Simon, N. (2017). Structural
sugar transport across the Golgi membrane. Nature 551
doi:10.1038/nature24464

Puglielli, L., and Hirschberg, C. B. (1999). Reconstitution, identification, and
purification of the rat liver golgi membrane GDP-fucose transporter. J. Biol. Chem. 274
(50), 35596-35600. doi:10.1074/jbc.274.50.35596

Puglielli, L., Mandon, E. C., Rancour, D. M., Menon, A. K., and Hirschberg,
C. B. (1999). Identification and purification of the rat liver Golgi membrane
UDP-N-acetylgalactosamine transporter. J. Biol. Chem. 274 (7), 4474-4479.
doi:10.1074/jbc.274.7.4474

Rabing, J., Miki, M., Savilahti, E. M., Jarvinen, N., Penttild, L., and Renkonen, R.
(2001). Analysis of nucleotide sugars from cell lysates by ion-pair solid-phase extraction
and reversed-phase high-performance liquid chromatography. Glycoconj. J. 18 (10),
799-805. doi:10.1023/a:1021107602535

Ross, K. L., Davis, C. N., and Fridovich-Keil, J. L. (2004). Differential roles of the
Leloir pathway enzymes and metabolites in defining galactose sensitivity in yeast. Mol.
Genet. metabolism 83 (1-2), 103-116. doi:10.1016/j.ymgme.2004.07.005

basis of nucleotide
(7681), 521-524.

Schulz, J. M., Ross, K. L., Malmstrom, K., Krieger, M., and Fridovich-Keil,
J. L. (2005). Mediators of galactose sensitivity in UDP-galactose 4’-epimerase-
impaired mammalian cells. J. Biol. Chem. 280 (14), 13493-13502. doi:10.1074/jbc.
M414045200

Shauchuk, A., Szulc, B., Maszczak-Seneczko, D., Wiertelak, W., Skurska, E., and
Olczak, M. (2020). N-glycosylation of the human (1,4-galactosyltransferase 4 is crucial
for its activity and Golgi localization. Glycoconj. J. 37 (5), 577-588. d0i:10.1007/s10719-
020-09941-z

Frontiers in Molecular Biosciences

10

10.3389/fmolb.2025.1563384

Sosicka, P, Ng, B. G., Pepi, L. E,, Shajahan, A., Wong, M., Scott, D. A,, et al.
(2022). Origin of cytoplasmic GDP-fucose determines its contribution to glycosylation
reactions. J. cell Biol. 221 (10), €202205038. doi:10.1083/jcb.202205038

Szulc, B., Zadorozhna, Y., Olczak, M., Wiertelak, W., and Maszczak-Seneczko, D.
(2020). Novel insights into selected disease-causing mutations within the SLC35A1
gene encoding the CMP-sialic acid transporter. Int. J. Mol. Sci. 22 (1), 304.
doi:10.3390/ijms22010304

Wiertelak, W., Chabowska, K., Szulc, B., Zadorozhna, Y., Olczak, M., and Maszczak-
Seneczko, D. (2023b). SLC35A2 deficiency reduces protein levels of core 1 B-
1,3-galactosyltransferase 1 (C1GalT1) and its chaperone Cosmc and affects their
subcellular localization. Biochimica biophysica acta. Mol. cell Res. 1870 (5), 119462.
doi:10.1016/j.bbamcr.2023.119462

Wiertelak, W., Olczak, M., and Maszczak-Seneczko, D (2020a). Demonstration of
heterologous complexes formed by golgi-resident type III membrane proteins using
split luciferase complementation assay.” J. Vis. Exp. JoVE ,163. doi:10.3791/61669

Wiertelak, W., Olczak, M., and Maszczak-Seneczko, D. (2022). An interaction
between SLC35A1 and ST3Gal4 is differentially affected by CDG-causing
mutations in the SLC35A1 gene. Biochem. biophysical Res. Commun. 635, 46-51.
doi:10.1016/j.bbrc.2022.10.019

Wiertelak, W., Olczak, M., and Maszczak-Seneczko, D. (2024). Subcellular
imaging of MGAT1/MGAT2 homo- and heteromers in living cells using
bioluminescence microscopy. Biochem. biophysical Res. Commun. 734, 150470.
doi:10.1016/j.bbrc.2024.150470

Wiertelak, W., Pavlovskyi, A., Maszczak-Seneczko, D., Szulc, B., and Olczak, M.
(2023a). The glycosylation defect in solute carrier SLC35A2/SLC35A3 double knockout
cells is rescued by SLC35A2-SLC35A3 and SLC35A3-SLC35A2 hybrids. FEBS Lett. 597
(18), 2345-2357. doi:10.1002/1873-3468.14714

Wiertelak, W, Sosicka, P.,, Olczak, M., and Maszczak-Seneczko, D. (2020b). Analysis
of homologous and heterologous interactions between UDP-galactose transporter
and beta-1,4-galactosyltransferase 1 using NanoBiT. Anal. Biochem. 593, 113599.
doi:10.1016/j.ab.2020.113599

Yadav, S., and Brew, K. (1990). Identification of a region of UDP-galactose:N-
acetylglucosamine beta 4-galactosyltransferase involved in UDP-galactose binding
by differential labeling. J. Biol. Chem. 265 (24), 14163-14169. do0i:10.1016/s0021-
9258(18)77282-7

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1563384
https://doi.org/10.1093/glycob/cwq044
https://doi.org/10.1007/BF00442108
https://doi.org/10.1038/s41467-019-12673-w
https://doi.org/10.1038/nature24464
https://doi.org/10.1074/jbc.274.50.35596
https://doi.org/10.1074/jbc.274.7.4474
https://doi.org/10.1023/a:1021107602535
https://doi.org/10.1016/j.ymgme.2004.07.005
https://doi.org/10.1074/jbc.M414045200
https://doi.org/10.1074/jbc.M414045200
https://doi.org/10.1007/s10719-020-09941-z
https://doi.org/10.1007/s10719-020-09941-z
https://doi.org/10.1083/jcb.202205038
https://doi.org/10.3390/ijms22010304
https://doi.org/10.1016/j.bbamcr.2023.119462
https://doi.org/10.3791/61669
https://doi.org/10.1016/j.bbrc.2022.10.019
https://doi.org/10.1016/j.bbrc.2024.150470
https://doi.org/10.1002/1873-3468.14714
https://doi.org/10.1016/j.ab.2020.113599
https://doi.org/10.1016/s0021-9258(18)77282-7
https://doi.org/10.1016/s0021-9258(18)77282-7
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Cell culture maintenance
	2.2 Plasmid construction
	2.3 Generation of knockout cell lines
	2.4 Western blotting
	2.5 Quantitation of intracellular nucleotide sugars
	2.6 N-glycans purification, digestion and separation
	2.7 NanoBiT
	2.8 Statistical analysis and graphs preparation
	2.9 Dot-blotting analysis using lectins
	2.10 Indirect immunofluorescence

	3 Results
	3.1 Knocking out the GALT and GALE genes has influence on intracellular UDP-Gal concentration and cell glycophenotype
	3.2 The lack of UDP-Gal affects the interactions between proteins involved in galactosylation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

