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Mutations in the SLC35C1 gene encoding the Golgi GDP-
fucose transporter are known to cause leukocyte adhesion
deficiency II. However, improvement of fucosylation in leuko-
cyte adhesion deficiency II patients treated with exogenous
fucose suggests the existence of an SLC35C1-independent
route of GDP-fucose transport, which remains a mystery. To
investigate this phenomenon, we developed and characterized
a human cell–based model deficient in SLC35C1 activity. The
resulting cells were cultured in the presence/absence of exog-
enous fucose and mannose, followed by examination of fuco-
sylation potential and nucleotide sugar levels. We found that
cells displayed low but detectable levels of fucosylation in the
absence of SLC35C1. Strikingly, we show that defects in fuco-
sylation were almost completely reversed upon treatment with
millimolar concentrations of fucose. Furthermore, we show
that even if fucose was supplemented at nanomolar concen-
trations, it was still incorporated into glycans by these
knockout cells. We also found that the SLC35C1-independent
transport preferentially utilized GDP-fucose from the salvage
pathway over the de novo biogenesis pathway as a source of this
substrate. Taken together, our results imply that the Golgi
systems of GDP-fucose transport discriminate between sub-
strate pools obtained from different metabolic pathways, which
suggests a functional connection between nucleotide sugar
transporters and nucleotide sugar synthases.

Fucose is an abundant component of many N- and O-gly-
cans as well as some glycolipids. Except for O-fucosylation,
where it is the first sugar in the sequence, fucose is always the
terminal sugar in the structure of oligosaccharides. Fucose can
be attached to other sugars or proteins via one of four types of
glycosidic bonds: α-1,2, α-1,3, α-1,4, and α-1,6. In N-glycans,
fucose is predominantly α-1,6-linked to the first (Asn-bound)
N-acetylglucosamine residue. This type of fucose is referred to
as a core fucose, and it is incorporated into the oligosaccharide
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structure only after the attachment of at least one N-acetyl-
glucosamine residue to mannose. For a broader overview of
the consecutive steps of N-glycan processing, see the study by
Varki et al. (1).

Fucosylated oligosaccharides have many biologically rele-
vant functions. AB0 blood group antigens are among the best
known fucosylated glycans. O-linked fucose may affect certain
ligand–receptor interactions involved in signal transduction.
Fucose decorates certain oligosaccharides that are exposed on
the surface of leukocytes and serve as ligands for selectins.
Binding of the latter to the former initiates the leukocyte
adhesion cascade, a multistep process of leukocyte migration
to the site of injury or infection.

Incorporation of fucose into glycoconjugates is mediated by
fucosyltransferases, which are predominantly Golgi-resident
type II membrane proteins. Fucosyltransferases use the active
form of fucose, that is, GDP-fucose, as a substrate. GDP-fucose
is synthesized in the cytoplasm by two different pathways
(shown in Fig. 1). The main source of this nucleotide sugar is
the so-called de novo pathway, which is estimated to provide 90
to 95% of the total GDP-fucose pool in the cell (2, 3). The
primary substrate for this three-step pathway is mannose. First,
this monosugar is converted into GDP-mannose and then
GDP-D-mannose 4,6-dehydratase converts GDP-mannose to
GDP-4-keto-6-deoxymannose. This keto intermediate is then
converted into GDP-fucose by an epimerase/reductase enzyme
complex termed the FX protein or GDP-L-fucose synthase (also
known as GFUS, FCL, SDR4E1, or TSTA3) (4).

The second alternative way of GDP-fucose synthesis is the
so-called salvage pathway. This route uses the cytoplasmic
pool of free fucose, which on the one hand is recovered from
glycoconjugates by lysosomal α-fucosidase activity and on the
other hand is supplied from the environment. Little is known
about the fucose transport system from the extracellular space
to the interior of the cell, but it appears to function through
facilitated diffusion through specific channel(s) (5). The first
step of the salvage pathway involves ATP-dependent synthesis
of fucose-1-phosphate by the enzyme fucokinase (FUK; also
known as FCSK). Fucose-1-phosphate guanylyltransferase
(FPGT; GDP-fucose pyrophosphorylase), the second enzyme
acting in the pathway, catalyzes the conversion of fucose-1-
phosphate and GTP to GDP-fucose (6). As already
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Figure 1. Simplified representation of GDP-fucose metabolism in
mammalian cells. GDP-fucose is synthesized in two independent path-
ways, that is, de novo (from GDP-mannose) and salvage (from fucose).

SLC35C1-independent Golgi GDP-fucose transport
mentioned, it is estimated that only 5 to 10% of the total GDP-
fucose pool is synthesized by this pathway (2, 3).

To reach lumenally oriented catalytic centers of fucosyl-
transferases, GDP-fucose has to be transported across the
Golgi membrane. This function is thought to be played by
GDP-fucose–specific nucleotide sugar transporters (NSTs),
which are hydrophobic type III membrane proteins with 6 to
10 transmembrane domains. NSTs are believed to act as
antiporters; an imported nucleotide sugar is exchanged with
the corresponding nucleoside monophosphate (7). After
reaching the Golgi lumen, the activated monosugar constitutes
a substrate for a respective glycosyltransferase, which attaches
the monosugar to an acceptor, whereas the released nucleoside
diphosphate is broken down into a nucleoside monophosphate
and an inorganic phosphate (8).

In mammals, the role of the main GDP-fucose transporter is
attributed to the product of the SLC35C1 gene, which was
identified by two independent groups in 2001 (9, 10). Although
SLC35C1 is thought to be the major transporter in mammals,
GDP-fucose has also been shown to translocate through its
homolog, SLC35C2. SLC35C2 was shown to localize predom-
inantly in the Golgi, but a small subset of it was found in the
endoplasmic reticulum and endoplasmic reticulum–Golgi in-
termediate compartment. SLC35C2 is specifically required for
O-fucosylation of certain proteins, including the Notch recep-
tor, which in turn does not require SLC35C1 activity (11, 12).

Leukocyte adhesion deficiency II (LADII) is a rare auto-
somal recessive genetic disease characterized by an overall
reduction in fucosylation of glycoconjugates. This syndrome is
caused by mutations in the SLC35C1 gene (13). The charac-
teristic symptoms of this disease include psychomotor retar-
dation, facial dysmorphism, Bombay phenotype, short stature,
immunodeficiency, leukocytosis, as well as recurrent and
frequent bacterial infections (14). LADII was first diagnosed in
1992 (15). To date, 19 individuals bearing inactivating muta-
tions in the SLC35C1 gene have been reported (14–23), with a
predominance of point mutations.
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The concept of using exogenous fucose to improve fuco-
sylation in LADII patients was first proposed in 1998. Pio-
neering experiments were performed with lymphoblastic cells
obtained from one of the patients bearing the Arg147Cys
mutation in the SLC35C1 amino acid sequence. Supplemen-
tation of the cell culture with 10 mM fucose for 5 days trig-
gered an increase in the number of fucosylated structures (24).
These results paved the way to the concept of using fucose
supplementation in patients themselves. Since 1999, several
LADII patients were treated with oral fucose. For some of
them, such treatment was successful, resulting in an
improvement in psychomotor development and a reduction in
neutrophil count (22, 25). However, in the case of two LADII
patients, fucose supplementation failed to improve their con-
dition (20, 26). The administered doses of fucose varied from
25 to 2000 mg/kg body weight (20, 25, 26). An improvement in
fucosylation was also achieved when the LADII patient–
derived fibroblasts were cultured in the presence of 0.1 to
10 mM fucose (18).

To explain the effectiveness of the fucose treatment in
responsive LADII patients, it was postulated that the mutant
SLC35C1 variants display some residual transport activity (9).
Therefore, a therapy causing an increase in the cytosolic
concentration of this nucleotide sugar could potentially allow
the insufficient transporting activity of the defective SLC35C1
variants to be overcome. However, direct proof of an increase
in the cytosolic GDP-fucose concentration in the fucose-fed
cells bearing mutations in the SLC35C1 gene has not been
presented to date. An alternative hypothesis to explain the
efficiency of the oral fucose therapy could be the existence of
an accessory GDP-fucose transport system. However, no such
route has been identified so far.

In 2007, a knockout-based study conducted in mice revealed
that the fucose treatment works even in the absence of
SLC35C1 (27). These findings for the first time suggested the
existence of an SLC35C1-independent GDP-fucose transport
into the Golgi, as the observed effect could no longer be
explained by a residual activity of the SLC35C1 mutants. It was
hypothesized that the SLC35C1 deficiency could be overcome
by the SLC35C2 activity, but this has never been proved. In
general, no studies that could possibly explain this phenome-
non in greater detail have been undertaken so far.

Since the responsiveness of the cells completely devoid of
the SLC35C1 activity to fucose treatment has not been eluci-
dated to date, in this study, we carried out a more in-depth
investigation of this intriguing effect. Within our general in-
terest in the metabolism of fucose and protein fucosylation,
specific goals included (i) generation of single SLC35C1 and
double SLC35C1/SLC35C2 knockouts, (ii) optimization of
fucose-feeding conditions, (iii) establishment of a method
allowing quantification of the extent of N-glycan fucosylation,
(iv) structural characterization of N- and O-glycans produced
by the wildtype and knockout cells, (v) investigation of
N-glycan fucosylation in response to various ranges of exog-
enous fucose concentrations, (vi) single-point and time-course
analyses of intracellular GDP-fucose concentration in control
and fucose-fed cells, (vii) determination of the contribution of



SLC35C1-independent Golgi GDP-fucose transport
de novo and salvage GDP-fucose biosynthetic pathways to
fucose incorporation into N-glycans in the wildtype and
knockout cells, and (viii) assessment of a potential cellular
genetic response to fucose supplementation.

In this study, we developed an approach coupling exogly-
cosidase digestion with HPLC to quantify the percentage of the
core-fucosylated N-glycans with great precision. We found that
in the knockout cells, the core fucosylation of N-glycans is
greatly reduced but can be nearly completely restored by
supplementing the cells with millimolar concentrations of
fucose. Supplementation with 5 mM fucose caused a significant
increase in the intracellular GDP-fucose concentration,
regardless of the presence/absence of GDP-fucose transporters.
Next, by feeding low (nanomolar) concentrations of radioactive
fucose and mannose into the culture medium, we were able to
follow the metabolic fate of the supplemented compounds and
attribute radioactivity to fucosylated structures using our
HPLC-based method. Surprisingly, the SLC35C1 knockouts
showed a dramatic impairment of the ability to incorporate
mannose-derived radioactivity into the fucosylated N-glycans.
In sharp contrast, they were able to incorporate even higher
quantities of radiolabeled fucose than the wildtype cells. To
explain these observations, we hypothesize that in the
SLC35C1 knockouts, the salvage pathway is preferred over the
de novo pathway as a source of GDP-fucose for fucosylation of
N-glycans. We also investigated the potential genetic response
of the SLC35C1 knockouts to fucose treatment. No major gene
upregulation/downregulation was observed. Finally, we
excluded SLC35C2 as an alternative supplier of GDP-fucose for
N-glycan fucosylation.
Results

Generation of the single SLC35C1, SLC35C2, and double
SLC35C1/SLC35C2 knockouts

To develop research models for our study, SLC35C1
knockouts (C1KO) were generated in two human cell lines, that
is, human embryonic kidney 293T (HEK293T) and HepG2, and
SLC35C2 knockout (C2KO) was generated in HEK293T cell
line using the CRISPR–CRISPR-associated protein 9 (Cas9)
approach. In addition, a double SLC35C1/SLC35C2 knockout
Table 1
Primers used in this study

No. Primer name Pr

Primers used in RT–PCR analysis with total RNA as a template
1 F_C1KO CTTCCCCAGCTTGC
2 R_C1KO GCGGCCCACATTG
3 F_C1/C2KO GCTTCTCTACTACT
4 R_C1/C2KO TCAAGCGCCGTCG
Primers used in PCR analysis with genomic DNA as a template
5 F_C1KO CTTCCCCAGCTTGC
6 R_C1KO TTGTTCTTCACTGC
7 F_C1/C2KO ATTTCCCCCTCTTC
8 R_C1/C2KO TTCTCATCCTATGG
Primer used in gene amplification and site-directed mutagenesis
9 F_HAC1 AAAAAGTCGACAT

GACT ACGCAATG
10 R_HAC1 AAAAAGTCGACTC
11 F_C1_420_PAM ACGTCGGTGTAGC
12 R_C1_420_PAM ACTTGAGGCAGAG
(C1/C2KO) was developed in HEK293T cells to evaluate the
influence of SLC35C2 protein on the N- and O-glycosylation in
the SLC35C1 knockout cells and to examine the effect of
fucose treatment in cells lacking both GDP-fucose transporters.

The knockouts were confirmed by both RT–PCR performed
on total RNA and PCR performed on genomic DNA (Fig. S1,
A–C). The forward/reverse primers were designed to align
upstream/downstream of the CRISPR/Cas9-mutated regions
of the SLC35C1/SLC35C2 genes and to yield 133 to 236 bp
fragments (Table 1). As the relative electrophoretic mobility
changes are significant, such short fragments allow the
observation of even small (in terms of base pair) effects of
CRISPR–Cas9 activity on a gel.

Electrophoretic separation of the RT–PCR/PCR products
on 2% agarose gel (Fig. S1, A–C) showed multiple bands
corresponding to the CRISPR–Cas9-mutated SLC35C1/
SLC35C2 gene fragments. The fact that no bands corre-
sponding to the wildtypes were observed even after 35
(genomic DNA) or 40 (mRNA) RT–PCR/PCR cycles excludes
the presence of the wildtype allele.

The SLC35C1 knockout was in addition verified at the
protein level using an anti-SLC35C1 antibody by Western
blotting, where no band was detected in the knockouts in
contrast to the wildtype cells (Fig. S1D), as well as by double
staining with the latter antibody and fucose-specific Aleuria
aurantia lectin (AAL; Vector Laboratories; Fig. S1E). Unfor-
tunately, because of the lack of a suitable antibody, a similar
confirmation was not possible in the case of the SLC35C2
gene. Hence, the SLC35C2 knockout was in addition verified
by genomic DNA sequencing (Figs. S2 and S3 for single
SLC35C2 and double SLC35C1/SLC35C2 knockouts, respec-
tively). All the resulting sequences contained deletions that
either cause a frameshift or introduce a premature stop codon,
whereas the wildtype SLC35C2 sequence was not detected in
any of the analyzed clones.

To show that the knockout phenotype was specifically
associated only with the disruption of the SLC35C1 gene, we
also developed SLC35C1-deficient clones stably over-
expressing a recombinant hemagglutinin (HA)-tagged
SLC35C1 (in both HEK293T and HepG2 cell lines). The
overexpression was confirmed by Western blotting performed
imer sequence 5ʹ-3ʹ Product length (bp)

GCCTG 133
TAGAAGGC 133
GCTTCTC 233
CCAGAGCT 233

GCCTG 236
TTCAGTC 236
ATGACG 165
TTCCCCA 165

GGCATACCCATACGACGTACCA-
AATAGGGCCCCTCTGAAGCGGT

NA

ACACCCCCATGGCGCTCTT NA
CTTCTACA NA
GTTATTG NA

J. Biol. Chem. (2022) 298(8) 102206 3
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on cell lysates using an anti-HA antibody (Fig. S1F). The ob-
tained stable transfectants were also subjected to immuno-
staining to confirm the Golgi localization of the overexpressed
protein (Fig. S1G).

Optimization of fucose supplementation conditions

In order to establish a system to study the effect of fucose
supplementation on the restoration of fucosylation in the
SLC35C1 knockouts, feeding parameters, that is, fucose con-
centration in the culture medium as well as duration of the
treatment, had to be optimized. In the first stage, we employed
a dot blot analysis using AAL (Fig. 2, A and B). Several con-
centrations of fucose were tested, that is, 0.5, 1, 5, and 10 mM
(concentration range inspired by Helmus et al. (18)). We
found that after 5 days, 5 mM concentration was sufficient to
substantially restore fucosylation of glycoconjugates in the
SLC35C1 knockouts. AAL staining performed on the
SLC35C1 knockouts cultured in the presence of 5 mM fucose
for 0 to 48 h demonstrated that the level of fucosylation
gradually increased over time and an optimum (i.e., fucosyla-
tion compared with the wildtype) was reached after 24 h. After
another 12 h, however, the cells became overloaded with
aggregated fucose-containing structures (Fig. 2C).

Since the lectin-based analysis does not allow for quantifi-
cation of the observed fucosylation defects/rescue effects, we
established a new robust method, based on exoglycosidase
digestions followed by HPLC separation, that allows quantifi-
cation of the degree of α-1,6-fucosylation (core fucose). In our
approach, we used specific glycosidases to reduce all multi-
branched complex-type N-glycan species into a simple bian-
tennary (GlcNAc)2(Man)3 structure, either fucosylated or
nonfucosylated (Fig. 2, D and E). Then by taking a ratio of the
area of the fucosylated peak over the sum of areas of both
peaks (fucosylated and nonfucosylated), we determined the
percentage of fucosylated structures for each sample. To
confirm that the fucosylated peak contains only the
Figure 2. Optimization of the conditions of fucose supplementation. AAL
HepG2 (B) cells after 5 days of supplementation with (+) or without (−) differen
supplemented with 5 mM fucose during 48 h. 0 h—control cells (no fucose su
with DAPI. The scale bar represents 10 μm. D–F, schematic representation of o
G, quantitative analysis of α-1,6-fucosylation of N-glycans in HEK293T wildty
centrations for indicated periods. AAL, Aleuria aurantia lectin; DAPI, 4’,6-diami
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(GlcNAc)2(Man)3Fuc structure, α-fucosidase digestion was
performed (Fig. 2F).

By employing our method, we tested supplementation of
selected fucose concentrations (50 μM–100 mM) for different
periods (1–5 days) in wildtype and SLC35C1 knockout
HEK293T cells. Feeding the cells with 50 μM or 1 mM fucose
even for as long as 5 days was not sufficient to restore the
wildtype α-1,6-fucosylation level in the SLC35C1 knockout
cells. Only supplementation of the SLC35C1 knockout cells
with 5 mM fucose restored the fucosylation phenotype to a
level comparable to the wildtype cells, but at the same time, it
did not affect core fucosylation in the wildtype cells. At the
same time, supplementation with a very high fucose concen-
tration (100 mM) did not increase the level of core fucosyla-
tion in the wildtype cells (Fig. 2G). Therefore, for the final
experiments, the conditions of 5 mM fucose and 24 h were
selected.

Supplementation of fucose in the knockout cells significantly
increases α-1,6-fucosylation of N-glycans

We quantified α-1,6-fucosylation of N-glycans in all modi-
fied cell lines (Fig. 3). From the analysis of the cellular N-
glycans from HEK293T cells (Fig. 3A), we concluded that (i)
the native level of core fucosylation in the nonfed wildtype
cells varies around �75% and is compromised to �8 to 10% in
the single SLC35C1 and double SLC35C1/SLC35C2 knock-
outs, (ii) ectopic expression of the HA-tagged SLC35C1 in the
single SLC35C1 knockouts restores the wildtype phenotype,
(iii) nearly complete α-1,6 fucosylation (�60%) can be achieved
in both single SLC35C1 and double SLC35C1/SLC35C2
knockouts upon administration of 5 mM fucose for 24 h, and
(iv) inactivation of the SLC35C2 gene has no influence on the
α-1,6-fucosylation of N-glycans. As anticipated, similar ob-
servations were made for the cellular N-glycans from HepG2
cells (Fig. 3B). MALDI-TOF analysis of N-glycan structures
confirmed those results, showing the presence of a fucosylated
dot blot analysis of the wildtype and SLC35C1 knockout HEK293T (A) and
t fucose concentrations. C, AAL staining (red) of HEK293T SLC35C1 knockout
pplementation, image reused in 6E panel). Cell nuclei were counterstained
ur HPLC-based method for quantification of-α1,6-fucosylation of N-glycans.
pe and SLC35C1 knockout cells supplemented with different fucose con-
dino-2-phenylindole; HEK293T, human embryonic kidney 293T cell line.



Figure 3. Quantification of the percentage of the core-fucosylated N-glycan structures. HPLC quantification of N-glycans derived from endogenous
HEK293T (A) and HepG2 (B) glycoproteins. N-glycans decorating SEAP glycoprotein overexpressed by HEK293T (C) and HepG2 (D) cell lines. *p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001 as determined using one-way ANOVA with the Tukey post hoc test. Data are presented as mean ± SD. Each
sample was run in three technical replicates. HEK293T, human embryonic kidney 293T cell line; ns, not significant, SEAP, secreted alkaline phosphatase.
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structure in the SLC35C1 knockouts and restoration of fuco-
sylated structures after fucose feeding (Figs. S4, S5 and
Table S1).

During the separation and purification of cellular N-glycans,
there is a possibility of contamination with the oligosaccha-
rides derived from serum glycoproteins contained in the cul-
ture medium. To address this problem, the N-glycans derived
from an engineered ectopically expressed and secreted re-
porter glycoprotein, secreted alkaline phosphatase (SEAP),
were also analyzed. The method for SEAP isolation efficiently
prevents contamination with serum glycoproteins (28). From
the analysis of α-1,6-fucosylated N-glycans derived from the
SEAP overexpressed in the wildtype and knockout HEK293T
cells (Fig 3, C and D), we concluded that (i) in the SLC35C1
and SLC35C1/C2 knockouts, α-1,6-fucosylation of SEAP-
derived N-glycans is still present (�3–5%) and supplementa-
tion of 5 mM fucose for 24 h restores α-1,6-fucosylation in
these cells, (ii) SLC35C2 knockout has no influence on the
α-1,6-fucosylation of SEAP-derived N-glycans. Interestingly,
the level of α-1,6-fucosylation observed in the fucose-fed
wildtype and knockout cells was higher than it was in the
wildtype cells before supplementation, which could be a spe-
cific response of the overexpressed SEAP to the supplemen-
tation (Fig. 3C). As anticipated, similar observations were
made for the HepG2 cells (Fig. 3D).
Supplementation of fucose restores fucosylation of O-glycans
in the knockout cells

Certain mucin-type O-glycans are also fucosylated. The ef-
fect of GDP-fucose transport deficiency on this type of
oligosaccharides was only investigated using lectins (27).
Therefore, we in addition analyzed cellular mucin-type O-
glycans using the CORA (Cellular O-Glycome Reporter/
Amplification) strategy (29).

From the analysis of the HEK293T cells (Fig. 4 and
Table S2), we concluded that (i) in the wildtype cells, two
among eight of the identified glycans were fucosylated (m/z
values of �1218 and �1578; Fig. 4A), (ii) both fucosylated
species were absent in the SLC35C1 and SLC35C1/C2
knockouts, in which only their nonfucosylated counter part-
ners were detected (m/z values of �1044 and 1404), (iii) a new
fucosylated species was observed in the knockouts (m/z of
�1013, Fig. 4, B–D), (iv) both fucosylated species were present
in the SLC35C2 knockout, and (v) supplementation with
5 mM fucose for 24 h led to reappearance of the fucosylated
species in the knockouts. Surprisingly, after fucose supple-
mentation, additional fucosylated species were observed in the
wildtype and SLC35C1 knockout cells but not in the SLC35C2
and SLC35C1/SLC35C2 knockouts (Fig. 4, E–H). In the case of
HepG2 cells, the fucosylated O-glycan species were not pro-
duced by the SLC35C1 knockout. However, in contrast to
HEK293T cells, fucose supplementation of the wildtype
HepG2 cells did not have an influence on fucosylated O-gly-
cans (Fig. 5). The observed differences could be cell line
specific.

These results prove the role of SLC35C1 in the process of
mucin-type O-glycan fucosylation and are in line with the
observations made for the N-glycans. Importantly, supple-
mentation with 5 mM fucose for 24 h restored fucosylation of
O-glycans in the single SLC35C1 and double SLC35C1/
SLC35C2 knockout cells.
J. Biol. Chem. (2022) 298(8) 102206 5



Figure 4. O-glycosylation fingerprinting of HEK293T cells. MALDI-TOF mass spectra of permethylated mucin-type Bn-O-glycans secreted to the culture
medium were permethylated and analyzed in a positive-ion mode. Structural assignments based on biosynthetic knowledge were prepared using the
GlycoWorkBench tool (2.1; EuroCarbDB). HEK293T, human embryonic kidney 293T cell line.
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Supplementation of fucose increases intracellular GDP-fucose
concentration

Although it is anticipated that in the SLC35C1-deficient
cells, the exogenous fucose efficiently enters the cells and be-
comes converted into GDP-fucose, to our best knowledge, this
phenomenon has never been quantified in the cells lacking
SLC35C1 activity.

For separation and quantitative analysis of nucleotide
sugars, we employed a modified ion-pair solid-phase extrac-
tion and HPLC strategy developed by Räbinä et al. (30). Our
results demonstrated that in the nonfed HEK293T cells, the
intracellular concentration of GDP-fucose was around �5 μM,
regardless of the genotype (wildtype or single/double
knockout; Fig 6A). This shows that GDP-fucose transporter
deficiency of the SLC35C1 knockout did not cause GDP-
fucose accumulation. This is in contrast to the research con-
ducted on the SLC35A1 (CMP–sialic acid transporter)
knockout, for which such an effect was observed (31).
Importantly, upon fucose supplementation, GDP-fucose con-
centration increased �40- to 50-fold in all HEK293T cell lines,
up to �200 to 250 μM (Fig. 6A). A similar experiment was
performed for HepG2 cells, where the basal concentrations of
GDP-fucose were slightly higher (�10 μM), and the effect of
supplementation was somewhat less pronounced (�15-fold,
6 J. Biol. Chem. (2022) 298(8) 102206
up to �150 μM) (Fig. 6B). Based on these findings, we
concluded that the externally supplemented fucose efficiently
enters the cytoplasm and is converted to GDP-fucose in all
tested cell lines.

Supplementation of fucose causes dynamic changes in fucose
metabolism

As a follow-up on these remarkable increases in the GDP-
fucose concentration in response to fucose supplementation,
measurement of the intracellular concentration of fucose was
undertaken. Using an enzymatic assay, we determined the
intracellular concentration of fucose at a level of �1 mM in the
SLC35C1 knockouts supplemented with 5 mM fucose. From
these numbers, one can postulate an approximate equilibrium
of 5 mM/�1 mM/�0.2 mM for the extracellular fucose/
intracellular fucose/intracellular GDP-fucose.

Subsequently, in order to study the GDP-fucose turnover,
time-course evaluation of the intracellular GDP-fucose con-
centration was performed in the HEK293T wildtype and
SLC35C1 knockout cells over the course of 24 h. As shown in
Figure 6C, GDP-fucose concentrations close to the maximum
levels of �250 μM were reached as soon as 6 to 12 h after
starting supplementation. However, when the supplementa-
tion was terminated, GDP-fucose concentration remained



Figure 5. O-glycosylation fingerprinting of HepG2 cells. MALDI-TOF mass spectra of permethylated mucin-type Bn-O-glycans secreted to the culture
medium were permethylated and analyzed in a positive-ion mode. Structural assignments based on biosynthetic knowledge were prepared using the
GlycoWorkBench tool (2.1; EuroCarbDB).
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stable for �8 h and then started to gradually decline toward
basal levels (Fig. 6D). These observations were then correlated
to the glycophenotype investigated using AAL fluorescent
staining (Fig. 6E). After 24 h of supplementation, fucosylation
was strongly pronounced, which was manifested by efficient
lectin binding (Fig. 6E, 24 h). Withdrawal of the mono-
saccharide from the culture medium caused a gradual reduc-
tion of fucosylation, which was no longer detectable after 48 h
(Fig. 6E, 48 h).

Having discovered that supplementation of 5 mM fucose for
24 h led to a drastic increase in the intracellular GDP-fucose
concentration, we next examined how different fucose con-
centrations would affect the intracellular GDP-fucose con-
centration and core fucosylation of N-glycans. Therefore, we
cultured the wildtype and SLC35C1 knockout HEK293T cells
in the presence of 0 to 5 mM fucose for 24 h and determined
the GDP-fucose concentrations for each of the tested fucose
concentrations. A visible increase in the GDP-fucose concen-
tration required the supplementation of at least 0.2 to 1 mM
fucose (Fig. 6F). Then, we observed that in the SLC35C1
knockouts, core fucosylation of N-glycans increased propor-
tionally to the concentration of intracellular GDP-fucose
(Fig. 6G). The finding that increasing GDP-fucose concentra-
tion in the wildtype cells does not have any effect on the core
fucosylation of N-glycan is in line with our previous results.
Our data demonstrate that a significant increase in the intra-
cellular GDP-fucose concentration is necessary to restore core
fucosylation of N-glycans in the SLC35C1 knockouts.

Our data showed that GDP-fucose derived from the salvage
pathway is efficiently utilized in the SLC35C1 and SLC35C1/
C2 knockout cells. By supplementation of cells with a low
concentration of radiolabeled [6-3H]fucose, we were able to
track the biosynthesis of GDP-fucose via the salvage pathway
and incorporation of fucose into N-glycans. We found that the
radioisotope was incorporated into core fucosylated N-glycans
produced by all tested cell lines (Fig. 7, A–C). It means that
even small amounts of exogenous fucose can be incorporated
into core fucosylated N-glycans in the SLC35C1 and
SLC35C1/C2 knockouts. Based on the known total radioac-
tivity of the fucose substrate fed to the cells and on the
measured radioactivity in the isolated fraction of the core
fucosylated N-glycans, one can estimate the efficiency of the
radioisotope incorporation (Fig. 7, D and E). The fact that a
higher percentage of core fucose was incorporated into
N-glycans by the knockout cells may suggest a greater
contribution of the GDP-fucose derived from the salvage
pathway in the knockout cells as compared with the wildtype
cells. We also observed that the biosynthesis of GDP-fucose in
the salvage pathway occurs in both the wildtype and knockout
cells (Fig. 7, F–H). Altogether, these results may suggest the
preferential usage of the salvage pathway–produced GDP-
fucose for the N-glycan fucosylation in the SLC35C1
knockout cells.
Supplementation of millimolar mannose increases the
intracellular GDP-mannose but not the intracellular GDP-
fucose concentration

The data presented previously clearly suggest that the
restoration of the fucosylation of N-glycans in the SLC35C1
knockout cells requires elevated intracellular GDP-fucose
concentration (Fig. 6, F and G), which can be efficiently ach-
ieved by fucose supplementation to the culture medium.
However, fucose to GDP-fucose conversion constitutes only
up to �10% of the total GDP-fucose production, whereas the
rest is thought to come from mannose to GDP-fucose con-
version. Hence, we have investigated whether supplementation
of 5 mM mannose to the culture medium for 48 h would cause
the intracellular GDP-fucose concentration to increase (Fig. 8).

First, we have tested whether the exogenously supplied
mannose is intracellularly converted into GDP-mannose
(Fig. 8A). Here, in both the wildtype and knockout cells,
J. Biol. Chem. (2022) 298(8) 102206 7



Figure 6. Quantification of intracellular GDP-fucose concentration. Intracellular GDP-fucose concentration in HEK293T (A) and HepG2 (B) cell lines.
*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 as determined using one-way ANOVA with the Tukey post hoc test. Data are represented as mean ±
SD. Each sample was run in three biological replicates. C, time-course analysis (0–24 h) of GDP-fucose synthesis in wildtype and SLC35C1 knockout HEK293T
cells fed with 5 mM fucose. Each sample was run in three biological replicates. D, analysis of GDP-fucose degradation in wildtype and SLC35C1 knockout
HEK293T cells. The cells were first cultured for 24 h in the presence of 5 mM fucose and then for another 24 h in a fucose-free medium. Each sample was run
in three biological replicates. E, disappearance of the fucosylation phenotype visualized by AAL staining (red). 0 h—control cells (no fucose supplemen-
tation, image reused in 2C panel). Cell nuclei were counterstained with DAPI. The scale bar represents 10 μm. F, dependence of the intracellular GDP-fucose
concentration on the concentration of the fucose supplemented to the culture medium (HEK293T). G, dependence of the percentage of the core fuco-
sylated N-glycans on the concentration of the fucose supplemented to the culture medium (HEK293T). Each sample was run in three biological replicates.
AAL, Aleuria aurantia lectin; DAPI, 4’,6-diamidino-2-phenylindole; HEK293T, human embryonic kidney 293T cell line; ns, not significant.
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5 mM mannose supplementation caused an increase in the
intracellular GDP-mannose concentration from �100 to
�220 μM in the wildtype and from �180 to �330 μM in the
knockout. However, no significant increase in GDP-fucose
concentration was observed, regardless of the cell line (Fig. 8B).

As a follow-up and also to verify whether the de novo
pathway works properly in the analyzed cells, we have exam-
ined whether radiolabeled mannose supplemented in low
(nanomolar) concentrations would be converted into GDP-
fucose. As evident from the radioactive signal, both the wild-
type and SLC35C1 knockout cells efficiently converted the
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supplemented radiolabeled mannose into GDP-fucose (Fig. 8,
C and D). It needs to be noted that except the GDP-mannose
and GDP-fucose, radioactivity signal could be also assigned to
other metabolites.
The de novo and salvage pathways differentially contribute
into N-glycan fucosylation in the SLC35C1 knockout cells

To compare the relative contribution of different GDP-
fucose biosynthesis pathways into the N-glycan fucosylation,
the wildtype and SLC35C1-deficient HEK293T cells were



Figure 7. Metabolic labeling of cellular N-glycans with radioactive fucose. A, exemplary representative HPLC chromatograms of digested N-glycans
isolated from indicated cell lines. The fluorescence signal from the 2-AB-labeled N-glycans (black solid lines) was overlaid with the radioactivity data (red dots
and solid lines). Total radioactivity of the fucosylated N-glycans normalized for the amount of the starting material (total protein) from HEK293T (B) and
HepG2 (C) cell lines. Percentage of the radioactive fucose incorporated into the fucosylated N-glycans isolated from HEK293T (D) and HepG2 (E) cell lines. To
calculate the values, the sum of radioactivity measured in the HPLC fractions corresponding to the fucosylated species was divided by the total radioactivity
of the fucose added to the culture medium. Comparison of the relative incorporation of the radioactive fucose derived from the salvage pathway in the
wildtype (F) and SLC35C1 knockout (G) HEK293T cells. H, total radioactivity of the GDP-fucose normalized for total number of HEK293T cells. *p < 0.05 as
determined using two-tailed unpaired t test with Welch’s correction. Data are presented as mean ± SD. Each sample was run in three biological replicates. 2-
AB, 2-aminobenzamide; ISTD, internal standard (GDP-glucose); ns, not significant.
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cultured in the presence of nanomolar concentrations of either
radioactive fucose (salvage pathway) or radioactive mannose
(de novo pathway).

Apart from conversion into GDP-fucose, mannose can also
be processed into other nucleotide sugars, for example, GDP-
mannose, and as such incorporated into the complex-type
N-glycans. To address this problem, we established a new
approach in which the N-glycans are first digested with
α-fucosidase, then the postreaction mixture is passed through
a graphite column, and finally the radioactivity of the flow-
through is measured. This strategy allows us to specifically
assign the detected radioactivity to fucose present in
N-glycans.

First, the contribution of the de novo pathway was assessed
by comparing the specific radioactivity of the flow-through
obtained from the wildtype and SLC35C1-deficient cells fed
with radioactive mannose. The incorporation of radioactive
precursor into the N-glycans derived from the knockout was
reduced to only �6% as compared with the wildtype’s sample.
This indicates that incorporation of fucose derived from the
GDP-fucose synthesized via the de novo pathway (i.e., from
mannose) turned out to be nearly completely abolished
(Fig. 9B).

Mammalian cell lines are routinely cultured in media sup-
plemented with 10% fetal bovine serum, which may contain
free fucose. Since the radiolabelling experiments described
previously utilize minute concentrations of the radioactive
precursor, the potential influence of the serum-derived fucose
cannot be neglected. For this reason, using a colorimetric
assay, we have determined the concentration of fucose in the
serum to be �20 μM, which corresponds to �2 μM concen-
tration of fucose in the complete culture medium. To exclude
the potential influence of the serum-derived fucose on the
obtained results, the experiment with radioactive fucose was
conducted using the cells cultured with and without serum. In
both cases, the SLC35C1 knockout cells incorporated about a
quarter of the radioactivity as compared with the wildtype
(Fig. 9A).

Although it was shown previously that the free fucose pre-
sent in the serum does not affect the level of incorporation of
low amount of radioactive fucose, it cannot be excluded that
an additional pool of free fucose is being produced as a result
J. Biol. Chem. (2022) 298(8) 102206 9



Figure 8. Quantification of intracellular GDP-mannose and GDP-fucose concentration in cells fed with mannose. Intracellular concentrations of GDP-
mannose (A) and GDP-fucose (B) in the wildtype and SLC35C1 knockout HEK293T cells cultured for 48 h in the absence and presence of 5 mM mannose.
*p < 0.05; **p < 0.01 as determined using two-tailed unpaired t test with Welch’s correction. Data are presented as mean ± SD. Each sample was run in
three biological replicates. Comparison of relative incorporation of the radioactive fucose derived from the de novo pathway in wildtype (C) and SLC35C1
knockout (D) HEK293T cells. HEK293T, human embryonic kidney 293T cell line; ISTD, internal standard (GDP-glucose); ns, not significant.
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of the activity of α-L-fucosidase secreted by the cells them-
selves during culturing (32). Hence, two more experiments
were conducted to assess the potential effect of the presence of
free fucose in the cell culture medium (Fig. S6).

In the first experiment, the wildtype and SLC35C1 knockout
cells cultured in the presence of 4 μCi/ml of radioactive fucose
were supplemented with a series of concentrations of nonra-
dioactive fucose. Neither the percentage of fucosylation
(Fig. S6A) nor the radioactivity of the isolated glycans
(Fig. S6B) were influenced by the increasing nonradioactive
fucose in the tested range of 0 to 0.2 μM. In the second
Figure 9. Relative contribution of the de novo and salvage pathways in g
the GDP-fucose produced in the salvage pathway into N-glycans measured fo
cultured in the presence (black contours) and absence (red contours) of fetal bo
GDP-fucose produced in the de novo pathway into N-glycans measured for
Radioactivity was normalized for the amount of the starting material (total pro
with Welch’s correction. Data are presented as mean ± SD. Each sample was ru
line; ns, not significant.
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experiment, the cells were grown in a complete culture me-
dium supplemented with low increasing concentrations of
radiolabeled fucose (1, 4, and 8 μCi/ml; Fig. S6C). Here, the
incorporation of radiolabeled fucose into N-glycans was pro-
portional to the amount of supplemented radioactive fucose.
Quantitative PCR analysis of expression levels of selected
glycosylation-related genes

There is a possibility that some fucosylation-related genes
become upregulated or downregulated by the exogenously
lycan fucosylation. A, incorporation of the radioactive fucose derived from
r the wildtype (full bars) and SLC35C1 knockout (dashed bars) HEK293T cells
vine serum (FBS). B, incorporation of the radioactive fucose derived from the
the wildtype (full bar) and SLC35C1 knockout (dashed bar) HEK293T cells.
tein). *p < 0.05; ***p < 0.001 as determined using two-tailed unpaired t test
n in three biological replicates. HEK293T, human embryonic kidney 293T cell



SLC35C1-independent Golgi GDP-fucose transport
added fucose. Therefore, to complement our metabolic
studies, expression levels of selected glycosylation-related
genes were analyzed in the control and fucose-fed SLC35C1-
deficient cell lines. For the analysis of a larger subset of
genes, a Universal Probe Library–based assay was designed
(Fig. S7). Here, 91 different genes, including NSTs, glycosyl-
transferases, and biosynthetic enzymes, involved in meta-
bolism of different monosaccharides (galactose, N-
acetylglucosamine, mannose, xylose, and fucose) were inves-
tigated. No statistically significant differences could be
assigned for any of the tested genes.

To analyze differences in gene expression between the
wildtype and SLC35C1 knockouts in HEK293T and HepG2
cells, a SYBR Green–based quantitative PCR (qPCR) assay was
performed for six selected genes, that is, FCL, GMDS, FUK,
FPGT1, FPGT2, and SLC35C2 (Tables S4 and S5). Similarly to
the previous findings, no statistically significant differences
between the wildtype and SLC35C1 knockout HEK293T and
HepG2 cells (both control and supplemented with exogenous
fucose) were observed.
Discussion

This study confirmed the existence of SLC35C1-
independent GDP-fucose transport routes in the Golgi com-
plex and determined the intracellular fate of the exogenously
supplied fucose. Moreover, the results showed that the
SLC35C1-dependent route mainly transports GDP-fucose
provided by the de novo biosynthetic pathway, whereas the
SLC35C1-independent route nearly exclusively translocates
GDP-fucose derived from the salvage pathway.

The SLC35C1-deficient mammalian model was for the first
time developed and characterized by Hellbusch et al. in 2007
(27). In that study, treatment of cells from different mouse
organs with exogenously supplied fucose partially restored
glycoprotein fucosylation, which encouraged the authors to
propose the existence of an alternative SLC35C1-independent
GDP-fucose transport mechanism. However, the improvement
in fucosylation was demonstrated using only a single method,
that is, lectin-based flow cytometry, and no intermediate
metabolic steps, for example, conversion of fucose into GDP-
fucose, were investigated.

The study presented here in multiple aspects extends the
previously conducted research. First of all, the improvement in
fucosylation caused by supplementation of the culture medium
with millimolar concentrations of fucose was precisely deter-
mined to be �77% by our self-developed quantitative HPLC-
based approach. Moreover, we also found that nanomolar
concentrations of exogenous fucose are sufficient to observe its
incorporation into N-glycans in the knockout cells. Further-
more, we determined the extent to which exogenous fucose is
transported into the cytoplasm and how it contributes to the
increase of the concentration of the intracellular GDP-fucose
(the extracellular fucose, intracellular fucose, and intracellular
GDP-fucose were shown to exist in a 5 mM/1 mM/0.2 mM
equilibrium). Finally, we found that the SLC35C1-independent
Golgi GDP-fucose transport systems preferentially use the
nucleotide sugar pool derived from the salvage pathway, which
we consider the main outcome of this study.

In this study, we developed a quantitative HPLC-based
approach allowing for very precise determination of the level
of core fucosylation of N-glycans. This form of fucosylation,
mediated by a single Fut8 enzyme, is present in many cell types
including HEK293T and HepG2, which were selected as our
model. Moreover, it is easy to study because of the well-
established procedures of N-glycan isolation and HPLC anal-
ysis. As shown by our data, the level of core-fucosylated
N-glycans in the wildtype HEK293T and HepG2 cell lines is
high (�80%) but does not reach 100%, giving a possibility to
potentially observe a further increase in fucosylation, that is,
overfucosylation, upon fucose treatment. On the other hand, in
these cell lines, the level of core-fucosylated structures is high
enough tomake a clear distinction between the wildtype and the
SLC35C1 knockout phenotypes. To conclude, the choice of cell
lines was dictated by the high percentage of core-fucosylated
N-glycans they produce, which in turn was demanded by the
quantitative HPLC-based approach we employed.

Our quantitative HPLC-based approach revealed that the
core N-glycan fucosylation is significantly compromised in the
SLC35C1-deficient cells. However, some residual fucosylation
could still be detected in these cell lines. The SLC35C2 protein
is also specific for GDP-fucose. Thus, its activity could
potentially compensate for the lack of SLC35C1 in the single
knockout cells. This study demonstrated that this is not the
case, as knocking out the SLC35C2 gene in the SLC35C1-
deficient cells did not make the fucosylation defect any more
severe. These results suggest that there must be yet another
system responsible for the SLC35C1-independent GDP-fucose
import into the Golgi lumen.

Strikingly, supplementation of the culture medium with
millimolar concentrations of fucose caused a substantial
improvement of core N-glycan fucosylation in both single
SLC35C1 and double SLC35C1/SLC35C2 knockout cells. In
contrast, in the wildtype cells, fucose treatment did not cause
any further improvement in fucosylation, which is in line with
the results obtained by Moriwaki et al. (33), who did not
observe any increase in AAL reactivity with glycoproteins
produced by the wildtype Hep3B cells supplemented with up
to 5 mM fucose. This finding in addition supports our
assumption that SLC35C1 mainly utilizes GDP-fucose pro-
duced by the de novo pathway, whereas GDP-fucose synthe-
sized via the salvage pathway does not appear to be an optimal
source of this nucleotide sugar in the wildtype cells, even if the
latter is present in a large excess. We also hypothesize that the
residual fucosylation detectable in the knockout cells is derived
from GDP-fucose produced by the salvage pathway, which is
not the main source of this nucleotide sugar in the wildtype
cells. We believe that if the SLC35C1-independent GDP-
fucose transport system used the nucleotide sugar substrate
produced by the main biosynthetic pathway (i.e., de novo), the
level of core fucosylated N-glycans in the knockout cells would
be much higher.
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It should be emphasized that fucose treatment of the LADII
patients and SLC35C1-deficient cells can only be successful if
the following requirements are fulfilled: (i) fucose must effi-
ciently enter the cells, (ii) after entering the cell, fucose must
be readily converted into GDP-fucose via the salvage pathway,
and (iii) GDP-fucose must reach the Golgi lumen to become
available for the catalytic centers of fucosyltransferases.
Importantly, quantification of intracellular GDP-fucose con-
centration in fucose-fed SLC35C1 knockout cells was not
attempted in the previous studies. To our best knowledge, the
changes in the GDP-fucose content in response to exogenously
supplied fucose were not widely examined. The few reports
addressing this issue include the studies by: (i) Moriwaki et al.
(33) performed on the wildtype Hep3B cells, (ii) Kanda et al.
(34) on the several CHO sublines, and (iii) Sosicka et al. (35)
on the wildtype HepG2, CHO, and Huh7 cells. Importantly,
neither of these studies attempted to determine the intracel-
lular GDP-fucose concentration in fucose-fed SLC35C1
knockout cells, which is crucial for our understanding of the
responsiveness of these cells to exogenous fucose.

Here, we determined GDP-fucose concentrations in the
control and fucose-fed wildtype and knockout cells. We found
that the baseline concentrations of GDP-fucose were similar in
the wildtype and knockout cells, whereas a remarkable in-
crease could be observed upon fucose treatment in all the cell
lines analyzed. In native conditions, the salvage pathway was
shown to play only a negligible role in the overall GDP-fucose
production. We found, however, that the capacity of this
pathway is very high, that is, the corresponding enzymes are
able to process significantly greater amounts of the primary
substrate than normally present in the cell. qPCR data exclude
the possibility that the exogenously added fucose triggers
strong upregulation of expression of the genes encoding en-
zymes acting in this pathway as we did not observe any sig-
nificant changes in the relative levels of the corresponding
transcripts between the control and fucose-fed SLC35C1
knockout cells.

Our results clearly show that the therapeutic approaches for
congenital disorders of glycosylations associated with impaired
NST activity should aim for a drastic increase in the intra-
cellular concentration of the corresponding nucleotide sugar
substrates. It should be noted that treatment of these
congenital disorders of glycosylations by oral monosaccharide
supplementation can only be successful if the Km of an enzyme
initiating the corresponding salvage pathway is sufficiently
high. Otherwise, the treatment would simply be ineffective.
FUK is the first enzyme acting in the salvage pathway of GDP-
fucose biosynthesis. Importantly, in the case of FUK purified
from pig kidney, Km for fucose was determined to be as high as
27 μM (36). This explains why submillimolar and millimolar
concentrations of exogenous fucose are required to efficiently
stimulate GDP-fucose synthesis and rescue N-glycan fucosy-
lation in SLC35C1-deficient cells.

Given the fact that fucose treatment nearly completely
rescued the fucosylation defect in the SLC35C1-deficient cells,
it appears surprising that fucose-based therapy turned out to
be ineffective for some of the LADII patients. There are two
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possible explanations for this phenomenon. First, the nonre-
sponsive LADII patients might bear additional mutations
outside the SLC35C1 gene that affect the performance of the
fucosylation machinery. The other possible explanation is that
the presence of certain mutant SLC35C1 variants is somehow
more deleterious to the cells than the absence of the protein.

Regardless of the improvement of fucosylation in the
SLC35C1-deficient cells treated with millimolar concentra-
tions of fucose, we also found that these cells are able to
incorporate fucose supplemented in nanomolar concentra-
tions. This proves that in the knockout cells, the salvage
pathway is able to fuel the SLC35C1-independent GDP-fucose
transport system even at extremely low fucose concentrations.

Since increasing the intracellular concentration of GDP-
fucose via fucose treatment improved core fucosylation of
N-glycans, we wondered if it would be possible to boost the
production of this nucleotide sugar by feeding the cells with
millimolar concentrations of mannose given the fact that the
de novo pathway of GDP-fucose synthesis utilizes GDP-
mannose as a substrate. However, regardless of the cell line
analyzed, mannose treatment did not cause any significant
changes in the GDP-fucose concentration. This can be
partially explained by the fact that mannose is converted to a
variety of different metabolites (Fig. 8). Although in mannose-
fed cells, a statistically significant increase in the GDP-
mannose concentration was demonstrated, this did not
translate into a similar increase in the GDP-fucose level. We
therefore hypothesize that both in the wildtype and knockout
cells, the de novo pathway operates with nearly maximum ef-
ficiency, and it is impossible to improve its performance by
increasing the amount of its primary substrate, that is, GDP-
mannose. From these findings, it can be concluded that
treatment of LADII patients with mannose would not be an
attractive alternative to fucose feeding.

Based on our results, we propose the existence of three
different GDP-fucose transport systems in the Golgi mem-
brane. The first one is SLC35C1-dependent and mainly utilizes
the nucleotide sugar pool derived from the de novo pathway.
The other two are not dependent on SLC35C1 and mainly use
the nucleotide sugar pool synthesized in the salvage pathway.
However, the first of them works even under very low
(nanomolar) concentrations of exogenous fucose that do not
cause any increase in the GDP-fucose concentrations, whereas
the other requires much higher concentrations of this nucle-
otide sugar that can only be obtained by feeding the cells with
submillimolar and millimolar concentrations of fucose. The
existence of the latter SLC35C1-independent transport system
is strongly supported by the nolinear dependence of the GDP-
fucose content on the concentration of exogenous fucose. We
hypothesize that this route may not be physiological and is not
exclusively specific for GDP-fucose.

The hypothesis raised previously assumes the existence of
distinct, independent, and separate cytosolic pools of GDP-
fucose. Such a phenomenon was recently proposed by
Sosicka et al. (35), who elegantly demonstrated that different
fucosyltransferases utilize distinct GDP-fucose pools derived
from distinct fucose sources. We believe that this effect could
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be achieved by selective cooperation of the different GDP-
fucose transport systems with distinct fucosyltransferases
(similar to, e.g., SLC35C2, which was shown to specifically
support O-fucosylation (11, 12)). But the question arises how
different Golgi transport systems could discriminate between
the GDP-fucose pools derived from distinct metabolic path-
ways. This might require physical proximity (or even an as-
sociation) between the enzymes acting in the individual
pathways and the corresponding transport systems. Although
the predominant Golgi localization of NSTs is well established,
little is known about the precise subcellular distribution of
nucleotide sugar synthases. Coates et al. (37) postulated
cytoplasmic localization of the GDP-mannose and UDP-
glucose pyrophosphorylases. This appears to hold true for all
the other nucleotide sugar synthases except for the CMP–sialic
acid synthetase, whose nuclear localization was demonstrated
in the same study. However, it is widely believed that cyto-
plasmic enzymes catalyzing consecutive reactions in the indi-
vidual pathways are not randomly distributed. Instead, they are
sequestered to specific cytoplasmic subcompartments where
they form functional assemblies that support substrate chan-
neling (38). It cannot be excluded that the enzymes acting in
the GDP-fucose biosynthetic pathways also display such a
tendency.

Importantly, GDP-fucose was shown to inhibit the de novo
pathway in humans (39) and bacteria (40). At the same time,
this pathway is thought to be the main source of GDP-fucose
in mammalian cells. Therefore, an immediate delivery of the
GDP-fucose synthesized by the de novo pathway to the site of
its ultimate utilization (i.e., the Golgi lumen) would be highly
beneficial as it would ensure the efficient course of the GDP-
fucose biosynthesis by shifting the equilibrium of the reac-
tion. Such a scenario could be possible if the enzymes acting in
the de novo pathway and the main GDP-fucose transporter,
that is, SLC35C1, were located nearby. Although the
mammalian FUK was shown to be nearly completely inhibited
by 60 μM GDP-fucose (36), we did not observe such a phe-
nomenon, as we were able to increase the intracellular con-
centration of GDP-fucose up to �200 μM by fucose treatment.
This may suggest that the GDP-fucose formed in the salvage
pathway does not accumulate in the site of its synthesis but
instead is immediately channeled to the subcompartments in
which it is subsequently utilized. Interestingly, the interactions
between a plant UDP-glucose 4-epimerase and two UDP-
galactose transporters were recently reported (41). Therefore,
it is highly likely that also the enzymes acting in the de novo
pathway of GDP-fucose biosynthesis are near to the SLC35C1
protein in mammalian cells.

This study confirmed the existence of alternative SLC35C1-
independent GDP-fucose transport systems in the Golgi
complex. It also demonstrated that SLC35C2 activity is
dispensable for this transport to occur. We observed that the
exogenously supplemented fucose efficiently enters the cells
and is readily converted to GDP-fucose via the salvage
pathway. Strikingly, the SLC35C1-deficient cells were virtually
unable to incorporate fucose derived from GDP-fucose pro-
duced by the de novo pathway. There are several aspects that
still need to be revealed, for example, the molecular identity of
the SLC35C1-independent GDP-fucose transport systems and
how different Golgi transport systems discriminate between
the nucleotide sugar pools derived from different biosynthetic
pathways. Nevertheless, we strongly believe that the findings
obtained in this study initiate a brand new chapter in our
perception of fucosylation.

Experimental procedures

Cell culturing and gene inactivation

HEK293T cells purchased from American Type Culture
Collection (catalog no.: CRL-3216), and HepG2 cells pur-
chased from the collection of the Department of Cancer
Immunology (Hirszfeld Institute of Immunology and Experi-
mental Therapy, Polish Academy of Sciences) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM high glucose;
Sigma–Aldrich) supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were
kept at 37 �C under 5% CO2.

A ready-to-use Santa Cruz Biotechnology CRISPR–Cas9 kit
was used to inactivate the SLC35C1 gene in HEK293T and
HepG2 cell lines. Cells were transfected with a mixture of
human SLC35C1 double nickase plasmids (catalog no.: sc-
410008-NIC-2) using the FuGENE HD transfection reagent
(Promega) according to the manufacturer’s protocol. Next,
cells were cultured in DMEM complete medium supple-
mented with 1 μg/ml of puromycin for 3 weeks to select
transfected cells. After that time, clones were isolated and
checked for the presence of the SLC35C1 transcript using one-
step RT–PCR with the HEK293T and HepG2 wildtype cells as
the controls. Analysis of genomic DNA derived from the
SLC35C1-deficient cells was also performed. Primers used in
the reactions are listed in Table 1. The next step in confir-
mation of SLC35C1 gene knockout was Western blotting.

Inactivation of the SLC35C2 gene in the SLC35C1 knockout
HEK293T cells was performed in the same manner. A Santa
Cruz Biotechnology CRISPR–Cas9 kit with a mixture of hu-
man SLC35C2 double nickase plasmids (catalog no.: sc-
409264-NIC-2) was applied. Confirmation of SLC35C2 gene
knockout was performed at both RNA and genomic DNA
levels using the HEK293T wildtype cells as a control. Used
primers are listed in Table 1.

Generation of cell lines expressing HA-tagged recombinant
SLC35C1 protein

A complementary DNA (cDNA) encoding human SLC35C1
protein (National Center for Biotechnology Information
accession number: NM_018389.5) was generated from total
RNA isolated from the HEK293T wildtype cells. The forward
primer contained the nucleotide sequence of the HA tag. The
amplified sequence was cloned into a pSelect-zeo-mcs plasmid
vector (InvivoGen) using the SalI (New England Biolabs) re-
striction enzyme. Subsequently, HA-SLC35C1 mRNA was
modified within the protospacer adjacent motif region recog-
nized by Cas9 protein by introducing a silent mutation using
the Q5 Site-Directed Mutagenesis Kit (New England Biolabs)
J. Biol. Chem. (2022) 298(8) 102206 13
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according to the manufacturer’s protocol. This step was
necessary to protect the HA-SLC35C1mRNA from the activity
of the Cas9 protein in the knockout cells. The primers used for
mutagenesis are listed in Table 1.

The SLC35C1 knockout HEK293T and HepG2 cells were
transfected with the obtained vector using the FuGENE HD
transfection reagent according to the manufacturer’s in-
structions. Cells were then cultured in DMEM complete me-
dium with the addition of zeocin (400 μg/ml for HEK293T and
200 μg/ml for HepG2) until stable clones were isolated. Cells
stably expressing the HA-tagged SLC35C1 were identified by
immunofluorescent staining with an anti-HA primary anti-
body followed by a secondary antibody conjugated with an
Alexa Fluor dye. In addition, confirmation of expression of the
desired protein was done by Western blotting.

Western blotting

Cells were harvested by scrapping and washed twice with
PBS. Collected cells were lysed using CelLytic M (Sigma–
Aldrich) supplemented with protease inhibitor cocktail
(Bimake) and 0.15% EDTA. Then, protein concentration was
determined using Roti-Nanoquant assay (Carl Roth) and
adjusted to the same values for all samples. Cell lysates were
separated in 10% SDS-PAGE gels and transferred onto nitro-
cellulose membranes (Amersham). After that, the membranes
were blocked. Then, specific fragments of membranes were
incubated with appropriate primary and secondary antibodies
(listed in Table 2). Steps of blocking, antibody incubation,
washing, and signal detection were performed as described
previously (42).

Fluorescence staining

Subcellular localization of the endogenous GDP-fucose
transporter and HA-tagged recombinant SLC35C1 protein
was determined using primary and secondary antibodies listed
in Table 3. Cells were immunostained as described previously
(43). In the case of determination of fucosylation level with
biotinylated lectin in the wildtype and SLC35C1-deficient cells,
the procedure was modified. After fixation, cells were per-
meabilized for 5 min at room temperature using 0.1% Triton
X-100 in Tris-buffered saline (TBS). Nonspecific binding sites
were blocked with 3% bovine serum albumin in TBS for 1 h at
room temperature. Then, biotinylated AAL (catalog no.: B-
1395-1; 1:300 dilution) diluted in blocking solution containing
1 mM CaCl2 and 1 mM MnCl2 was added for 1 h at 37 �C.
Cells were washed with TBS. Slides were then incubated with
streptavidin-Cy3 (Sigma–Aldrich; 1:500 dilution) solution for
Table 2
Antibodies used in Western blotting analyses

Antibody Catalog n

Anti-SLC35C1 PA564146
Anti-HA ab9110
Anti-HSP60 sc-376261
Anti-GAPDH ab8245
Anti-mouse/rat immunoglobulin G—horseradish peroxidase W402B
Anti-rabbit immunoglobulin G—horseradish peroxidase A0545
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1 h at 37 �C. The rest of the protocol remained unchanged.
The resulting samples were analyzed using a Leica SP8
confocal microscope, and the obtained images were processed
using ImageJ software (National Institutes of Health (NIH)).

N-glycan analysis

Control and fucose-fed (5 mM, 24 h) cells were harvested
and lysed as described previously. Protein concentration was
brought up to 2 mg/ml for each sample. Obtained lysates were
treated with acetone to concentrate proteins. Proteins were
then dissolved and enzymatically deglycosylated. Released
glycans were purified, labeled with 2-aminobenzamide (2-AB),
and analyzed as described previously (42). Obtained glycans
were subjected to MALDI-TOF analysis.

O-glycan analysis

Control and fucose-fed (5 mM, 24 h) cells were cultured in
medium with 5% fetal bovine serum with the addition of
peracetylated O-glycan precursor (Ac3GalNAcBn) for 3 days.
Subsequently, O-glycans contained in the culture medium
were purified according to an adopted method described by
Kudelka et al. (29). The obtained glycans were subjected to
MALDI-TOF analysis.

MALDI-TOF mass spectroscopy analysis of N- and O-glycans

Prior to MALDI-TOF analysis, 2-AB-labeled N-glycans
were desialylated using α2-3,6,8,9-neuraminidase A (New
England Biolabs) and purified in the manner reported previ-
ously (42). Both N- and O-glycans were analyzed in a positive-
ion mode as described previously (44).

Analysis of SEAP-derived N-glycans

Cells were transiently transfected with the 6xHis-SEAP
construct using the FuGENE HD transfection reagent ac-
cording to the manufacturer’s recommendations. Medium
containing secreted protein was collected. The SEAP reporter
glycoprotein was subjected to further purification following
the protocol described by Olczak and Szulc (28). Then, iso-
lated N-glycans were labeled with 2-AB and analyzed as
described previously (42).

Preparation of RNA

Total RNA was extracted from �3.2 × 106 cells
(HEK293T, HepG2) using the Total RNA Mini Kit (A&A
Biotechnology). Isolated RNA was treated with DNase I
(A&A Biotechnology) and purified using the Clean-Up RNA
o. Origin Dilution Manufacturer

Rabbit 1:1000 Thermo Fisher Scientific
Rabbit 1:1000 Abcam
Mouse 1:50,000 Santa Cruz Biotechnology
Mouse 1:10,000 Abcam
Goat 1:10,000 Promega
Goat 1:10,000 Sigma–Aldrich



Table 3
Antibodies used in immunofluorescence staining experiments

Antibody Catalog no. Origin Dilution Manufacturer

Anti-GM130 610823 Mouse 1:100 BD Biosciences
Anti-calnexin ab75801 Rabbit 1:100 Abcam
Anti-SLC35C1 PA564146 Rabbit 1:100 Thermo Fisher Scientific
Anti-HA ab9110 Rabbit 1:100 Abcam
Anti-HA 26183 Mouse 1:100 Thermo Fisher Scientific
Anti-rabbit immunoglobulin G [IgG]—Alexa Fluor 488 A21206 Donkey 1:200 Life Technologies
Anti-mouse/rat IgG—Alexa Fluor 568 A10037 Donkey 1:200 Life Technologies
Anti-mouse/rat IgG—Alexa Fluor 488 A21202 Donkey 1:200 Life Technologies
Anti-rabbit IgG—Alexa Fluor 568 A10042 Donkey 1:200 Life Technologies
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Concentrator Kit (A&A Biotechnology). RNA integrity was
verified spectrophotometrically.

SYBR Green–based qRT–PCR

Reverse transcription was carried out on 1 μg of total RNA
using a SensiFAST cDNA Synthesis Kit (Bioline). PCR was
carried out using the Luna Universal qPCR Master Mix (New
England Biolabs) and a LightCycler 96 instrument (Roche).
The amplification reaction comprised initial denaturation at 95
�C for 1 min and followed by 45 amplification steps (dena-
turation at 95 �C for 15 s; primer annealing and extension at 60
�C for 30 s). The melting curves were analyzed to monitor the
quality of PCR products. Relative quantification of expression
of respective genes was determined by the ΔΔCq method using
human GADPH (NM_002046.7) as a reference. Three inde-
pendent experiments (biological replicates) were performed to
test each experimental condition, and each sample was run in
three technical replicates. Hence, in total 3 × 3 = 9 runs were
executed per one experimental condition. No template con-
trols were included on each reaction plate to check for
contamination. Negative controls consisting of untranscribed
RNA (no-reverse transcription controls) were performed to
check for genomic DNA contamination. All primers used in
this study are listed in Table 4.

Universal Probe Library-based qRT–PCR

Preparation of cDNA

cDNA was produced using a Transcriptor First Strand
cDNA Synthesis Kit (Hoffmann-La Roche) according to the
manufacturer’s instructions. Total RNA (4 μg) extracted from
HEK293T cells was mixed with 2 μl of 50 pmol/μl anchored-
oligo(dT)18 primer and supplemented with PCR-grade water
up to a final volume of 26 μl. The template–primer mixture
was incubated in a thermal block cycler with a heated lid for
10 min at 65 �C to denature the RNA secondary structures and
Table 4
List of primers used in SYBR Green–based quantitative RT–PCR

Gene
National Center for Biotechnology

Information accession

FX NM_003313.3 GAC
FUK NM_145059.2 GAC
FPGT1 NM_003838.4 GGG
FPGT2 NM_001199328.2 GGA
GAPDH NM_002046.7 AGG
GMDS NM_001253846.1 GCC
cooled on ice. Subsequently, 5× concentrated Transcriptor
Reverse Transcriptase Reaction Buffer (8 μl), 40 U/μl Protector
RNase Inhibitor (1 μl), and Deoxynucleotide Mix (10 mM
each; 4 μl) and 20 U/μl Transcriptor Reverse Transcriptase
were added. The final reaction mixture (40 μl) was incubated
in a thermal block cycler with a heated lid for 30 min at 55 �C
and inactivated for 5 min at 85 �C.

qPCR procedure

qPCR mixture was assembled at room temperature by
mixing cDNA (40 μl) obtained in the previous step with PCR-
grade water (960 μl) and 2× concentrated LightCycler 480
Probes Master (Roche; 1 ml) and pipetted into a 96-well
RealTime ready Custom Panel plate (Roche; 20 μl per well).
The plate was sealed with LightCycler 480 Sealing Foil (Roche)
and rotated in a horizontal position for 5 min at 1000 rpm to
dissolve primers and probes lyophilized on the bottom of the
Custom Panel plate wells. The plate was spun down in a
centrifuge equipped with a 96-well plate swing-bucket rotor to
remove any potential air bubbles and subjected to the qPCR
experiment using the LightCycler 96 instrument. The PCR was
initiated by a 10-min preincubation at 96 �C followed by 45
amplification steps (95 �C for 10 s; 60 �C for 30 s; and 72 �C for
1 s).

Custom Panel qPCR plates

qPCR assays (primer pairs and probes) were purchased from
Roche and supplied in a lyophilized form in 96-well plates. The
exact configuration of the plate including assay positions on
the plate, assay IDs and gene names, sequences of forward and
reverse primers, and Universal Probe Library probe numbers is
provided in Table S3. Assays were verified by the supplier to
fulfill a number of quality criteria including (i) PCR efficiency
2.0 ± 0.2 (equals 100 ± 10%), (ii) Cq of highest cDNA con-
centration ≤34, (iii) linear dynamic range of at least three logs,
Forward primer Reverse primer

AAGACGACCTACCCGAT GTTCTGCACGTCGATCATCC
TGTGGCAGGGCTTTCA CAGCCGATAGGTCATGATGG
TGACATTGCCGATCTTA CCAAAGCCTGCAGAAAGTCA
GTCTGTTTCCTGTCATGC CAAACTGGGAAAATGCGTG
TCGGAGTCAACGGATTT TGACAAGCTTCCCGTTCTCA
ATGCCAAGGACTATGTG TCTCGACAAATTCCCGGACA
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(iv) high amplification specificity, no side products in gel
analysis, (v) sigmoidal amplification curve, and (vi) fluores-
cence intensity of amplification curves between 5 and 50
fluorescence units.

Selection of a reference gene

The entire dataset, that is, the data from all eight Custom
Panel plates that were run (four experiments with cDNA from
SLC35C1-deficient HEK293T cells and four experiments from
SLC35C1-deficient HEK293T cells grown in fucose-
supplemented medium), was used to reveal the optimal gene
to reference any potential changes in expression level of all
other tested genes. The list of candidates included 85 unique
assays as out of 96 wells, five were technical, whereas for six
genes, the criterion of giving a product in all eight experiments
was not met. The analysis was performed using four different
algorithms, that is, GeNorm, NormFinder, BestKeeper, and
delta-Cq methods. The most stable consensus gene was beta-
1,4-glucuronyltransferase 1 (B4GAT1).

qPCR data analysis

To test the null hypothesis that feeding cells with 5 mM
fucose does not affect the expression of the tested
glycosylation-related genes, the SLC35C1-deficient HEK293T
cells grown in fucose-supplemented medium (N = 4, i.e., four
biological repetitions or four Custom Panel qPCR plates) were
compared with the SLC35C1-deficient HEK293T cells sup-
plemented with PBS (also N = 4). Relative expression folds
were calculated using the ΔΔCq method following the study by
Taylor et al. (45). The results were subjected to the t test and
Benjamini–Hochberg procedure to assess the significance of
the gene expression differences in the nonfed and fed cells.

Optimization of fucose supplementation conditions

Three supplementation parameters were optimized, that is,
time of supplementation, frequency of medium exchange, and
concentration of L-fucose. The first optimizations were carried
out in two variants. In the first variant, the wildtype and
SLC35C1 knockout cells were cultured in complete medium
(DMEM high glucose, 10% fetal bovine serum, 100 U/ml
penicillin, and 100 μg/ml streptomycin) with addition of 0.5, 1,
5, and 10 mM L-fucose dissolved in PBS for 5 and 12 days, and
the medium was exchanged every day. In the second variant,
the wildtype and SLC35C1 knockout cells were cultured in
complete medium with addition of 0.5, 1, 5, and 10 mM L-
fucose dissolved in PBS for 5 and 12 days, but the medium was
replaced every other day. As the control, the wildtype and
SLC35C1-deficient cells were kept in complete medium sup-
plemented with PBS. Control cells were also cultured in two
variants as the fucose-fed cells. After that, cells were collected,
lysed, and subjected to dot blotting with AAL to visualize the
fucosylation level. The procedure of dot blotting is described
in the later section.

In the next step, SLC35C1 knockout cells were cultured on
glass 8-well microscope slides (Merck) in complete medium
with 5 mM L-fucose for 48 h. Cells were fixed after 2, 4, 6, 8,
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10, 24, 36, and 48 h after starting supplementation. Fixed cells
were subjected to fluorescent staining with AAL according to
the procedure mentioned previously.

As the last experiment, the wildtype and SLC35C1 knockout
cells were treated with different L-fucose concentrations for
different times. Cells were collected and lysed. Cell lysates
were subjected to N-glycan extraction performed as described
previously. Purified and 2-AB-labeled N-glycans were analyzed
for α-1,6-fucosylation as described later.

Dot blotting

Whole cell lysates obtained from untreated and fucose-fed
cells were applied directly on nitrocellulose membrane
(Amersham). Glycans containing fucose were detected using
biotinylated AAL (catalog no.: B-1395-1; 1:300 dilution) as
described previously (42). Lectin attached to glycans was
visualized by streptavidin conjugated to horseradish peroxi-
dase (Vector Laboratories; catalog no.: SA-5014-1; 1:50,000
dilution) by chemiluminescence reaction using a Western
Lightning Plus-ECL kit (PerkinElmer). Equal protein loading
was demonstrated by staining proteins on nitrocellulose
membrane with Ponceau S solution.

Determination of L-fucose concentration in fucose-fed
SLC35C1-deficient cells

Concentration of L-fucose in fucose-fed SLC35C1-deficient
HEK293T cells was determined using a commercial kit
(L-fucose, Megazyme). Briefly, �120 × 10⁶ cells were resus-
pended in MilliQ and then sonicated. Next, in order to get rid
of proteins from the lysate, ice-cold perchloric acid was added.
The mixture was spun down, and the supernatant was
collected. Subsequently, an assay sample was prepared by
mixing the supernatant with the detection buffer and NADP⁺
solution (the latter two were supplied with the kit) in volumes
recommended by the manufacturer. The mixture was incu-
bated for 3 min. After that, an L-fucose dehydrogenase sus-
pension (supplied with the kit) was added to the mixture in the
volume recommended by the manufacturer. Finally, the
absorbance was measured at 340 nm using a Beckman DU-640
spectrophotometer. Concentration of fucose was determined
using a calibration curve assuming that the volume of a single
HEK293T cell is 3.5 pL.

Radioactive labeling of N-glycans and nucleotide sugars

Cells were cultured in complete medium supplemented with
4 μCi/ml L-[6-3H]-fucose (American Radiolabeled Chemicals;
specific activity = 60 Ci/mmol) for 24 h or 20 μCi/ml D-[1-3H]-
mannose (American Radiolabeled Chemicals; specific activ-
ity = 20 Ci/mmol) for 48 h to analyze N-glycans. Then cells
were harvested and subjected to N-glycan preparation fol-
lowed by analysis of N-glycan α-1,6 fucosylation. For analysis
of nucleotide sugars, cells were incubated in complete medium
with addition of 4 μCi/ml L-[6-3H]-fucose (American Radio-
labeled Chemicals; specific activity = 60 Ci/mmol) for 24 h or
167 μCi/ml D-[1-3H]-mannose (American Radiolabeled
Chemicals; specific activity = 20 Ci/mmol) for 48 h. Cells were
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collected, and nucleotide sugars were extracted as described
later.

Analysis of N-glycan α-1,6-fucosylation

Purified, 2-AB-labeled, and dried N-glycan pools were dis-
solved in 25 μl of certified, exoglycosidase-free GlycoBuffer 1
(50 mM sodium citrate, pH 6.0; New England Biolabs). Neur-
aminidase A (40 units per reaction), β-1-4 galactosidase S (16
units per reaction), and β-N-acetyl-glucosaminidase S (8 units
per reaction) were added to start digestion. All enzymes were
purchased from New England Biolabs. Reactions were per-
formed overnight at 37 �C in an air-heated incubator to avoid
evaporation. In these conditions, virtually, all complex-type
N-glycans were converted to two conserved trimannosyl core
structures (fucosylated at the first N-acetylglucosamine and
nonfucosylated). The postreaction mixtures were separated on
a GlycoSep N Plus column (Prozyme) at 40 �C. High-resolution
gradient 1 (Prozyme manual for the column) was applied, and
detection was performed with a fluorescence detector (330 nm
excitation and 420 nm emission) connected to a PerkinElmer
Series 200 HPLC gradient system. The percentage of N-glycan
core fucosylation was calculated from peak area of the fuco-
sylated trimannosyl core compared with area of the peak eluted
as a nonfucosylated trimannosyl structure, using TotalChrom
software (PerkinElmer).

The same procedure of separation was applied for N-glycans
released from cells labeled with 3H-fucose. In these experi-
ments, fractions of eight drops (approximately 230 μl) were
collected manually and directly transferred to scintillation
vials.

Calculations of the extent of radioactive fucose incorpora-
tion were based on radioactivity (expressed in counts per
minute) of a radioisotope of known concentration and known
specific activity compared with peak areas of standard, 2-AB-
labeled, and trimannosyl core structures (fucosylated and
nonfucosylated) of known concentrations (all standard glycans
were purchased from Oxford GlycoSystems).

Analysis of N-glycan fucosylation after 3H-mannose and 3H-
fucose labeling

Purified, 2-AB-labeled, and dried N-glycan pools released
from cells labeled with 3H-fucose or 3H-mannose were
resuspended in 25 μl of certified exoglycosidase-free Glyco-
Buffer 1. Then α1-2,4,6 fucosidase O (New England Biolabs;
four units per reaction) was added to start defucosylation. The
reaction was performed overnight at 37 �C. After digestion, the
mixtures were complemented with 250 μl of 1% TFA, mixed,
and applied to the Graphite Spin Columns (Pierce), previously
washed twice with 100 μl of 1 M ammonia, primed with 100 μl
of acetonitrile, and finally equilibrated twice with 100 μl of 1%
TFA; each step was completed by centrifugation at 2000g for
1 min. Applied samples were bound to the graphite resin in
closed spin column for 20 min, with periodic vortex mixing.
After 20 min of incubation, the columns were centrifuged at
2000g for 3 min and washed three times with 100 μl of 5%
acetonitrile/water/1% TFA solution. The flow-through and
washes (approximately 550 μl of total volume) containing
released free fucose were combined and transferred to scin-
tillation vials. Glycans bound to the column were released
from spin columns with three elutions, each with 150 μl of 60%
acetonitrile/water/0.5% TFA. Fractions were combined and
transferred to scintillation vials. The last step confirmed the
100% rate of fucosidase digestion with no detectable radioac-
tivity in released N-glycans.

Control reactions for the same procedure were also per-
formed, without fucosidase added to GlycoBuffer 1. This
confirmed lack of nonenzyme defucosylation during overnight
incubations.

HPLC separation of nucleotide sugars

Nucleotide sugars were purified from collected and frozen
cells using a protocol previously published (30). Enriched
nucleotide sugar pools were separated in ion-pairing reverse-
phase HPLC, as described previously (46) with some changes.
The column was replaced with Interstil ODS-4, 250 × 3 mm,
3 μm particle size; flow rate was set to 0.3 ml/min. Buffer A
(100 mM potassium phosphate, pH 6.4 supplemented with
8 mM tetrabutylammonium hydrogen sulphate) was used for
equilibration, and buffer B (70% of A plus 30% acetonitrile)
was used as an eluent. Separations were performed using the
following gradient: 0% for 20 min, 0% to 72% for 25 min,
72–77% for 10 min, and, finally, equilibration at 0% of buffer A
for 25 min. Nucleotide sugar samples were resuspended in
Milli-Q water.

Sample volumes of 5 μl or less were injected to start sepa-
rations. The column was connected to the Nexera Shimadzu
HPLC system. Detection was performed at 254 nm with an
SPD_M30A Diode Array Detector equipped with a high-
sensitivity quartz cell. Calculations of nucleotide sugar con-
centrations were performed with LabSolutions Software (Shi-
madzu). Standard high-purity nucleotide sugars were
purchased from Sigma–Aldrich. The absolute quantification of
nucleotide sugars was performed by comparison of the
detected signals to the externally added reference compounds.
Next, by referring to the starting number of cells and to the
anticipated volume of a single cell (3 and 3.5 pl per cell for
HepG2 and HEK293T, respectively), it was possible to estimate
the intracellular nucleotide sugar concentrations.

The same procedure of ion-pairing reverse-phase separation
was applied for nucleotide sugar pools, previously purified
from cells labeled with 3H-fucose and 3H-mannose (as
described before). In these experiments, fractions of five drops
(approximately 150 μl) between the 26th and 33rd minute of
the HPLC gradient were collected manually and directly
transferred to scintillation vials. Retention times under sepa-
ration conditions described previously were approximately
27.2 and 31.1 min, for GDP-mannose and GDP-fucose,
respectively.

Statistical analysis

Statistical parameters including data plotted (mean ± SD), p
values, and statistical tests used are detailed in figure legends.
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Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, Inc). Data were analyzed by Student’s t
test and the Benjamini–Hochberg procedure or Welch’s
correction and by one-way ANOVA with the Tukey post hoc
test.
Data availability

The MS data have been deposited in the GlycoPost under ID
GPST000261. Some unpublished data are available upon
request from the corresponding author, e-mail: mariusz.
olczak@uwr.edu.pl, on reasonable request.
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