
Citation: Dei Cas, M.; Montavoci, L.;

Casati, S.; Malagolini, N.;

Dall’Olio, F.; Trinchera, M.

Convenient and Sensitive

Measurement of Lactosylceramide

Synthase Activity Using Deuterated

Glucosylceramide and Mass

Spectrometry. Int. J. Mol. Sci. 2023, 24,

5291. https://doi.org/10.3390/

ijms24065291

Academic Editors: Giuseppe

Sancesario and Valerio Chiurchiù

Received: 26 January 2023

Revised: 6 March 2023

Accepted: 8 March 2023

Published: 10 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Convenient and Sensitive Measurement of Lactosylceramide
Synthase Activity Using Deuterated Glucosylceramide and
Mass Spectrometry
Michele Dei Cas 1 , Linda Montavoci 1, Sara Casati 2 , Nadia Malagolini 3, Fabio Dall’Olio 3

and Marco Trinchera 4,*

1 Department of Health Sciences, San Paolo Hospital, Università degli Studi di Milano, 20142 Milano, Italy
2 Department of Biomedical, Surgical and Dental Sciences, Università degli Studi di Milano, 20133 Milan, Italy
3 Department of Medical and Surgical Sciences (DIMEC), Università di Bologna, 40126 Bologna, Italy
4 Department of Medicine and Surgery (DMC), University of Insubria, 21100 Varese, Italy
* Correspondence: marco.trinchera@uninsubria.it; Tel.: +39-0332-39-7160; Fax: +39-0332-39-7119

Abstract: Lactosylceramide is necessary for the biosynthesis of almost all classes of glycosphin-
golipids and plays a relevant role in pathways involved in neuroinflammation. It is synthesized by
the action of galactosyltransferases B4GALT5 and B4GALT6, which transfer galactose from UDP-
galactose to glucosylceramide. Lactosylceramide synthase activity was classically determined in vitro
by a method based on the incorporation of radiolabeled galactose followed by the chromatographic
separation and quantitation of the product by liquid scintillation counting. Here, we used deuterated
glucosylceramide as the acceptor substrate and quantitated the deuterated lactosylceramide product
by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). We compared this
method with the classical radiochemical method and found that the reactions have similar require-
ments and provide comparable results in the presence of high synthase activity. Conversely, when
the biological source lacked lactosylceramide synthase activity, as in the case of a crude homogenate
of human dermal fibroblasts, the radiochemical method failed, while the other provided a reliable
measurement. In addition to being very accurate and sensitive, the proposed use of deuterated
glucosylceramide and LC-MS/MS for the detection of lactosylceramide synthase in vitro has the
relevant advantage of avoiding the costs and discomforts of managing radiochemicals.

Keywords: glycosyltransferase; glycosphingolipid biosynthesis; enzyme activity; radiochemicals;
tandem mass spectrometry

1. Introduction

The various classes of mammalian glycosphingolipids present on cell membranes
are all derived from lactosylceramide (LacCer) (Figure 1). The biosynthesis of such a key
molecule depends on an enzymatic activity known as LacCer synthase (EC 2.4.1.274),
which is able to transfer galactose in a β1,4 linkage from UDP-galactose to glucosyl-
ceramide (GlcCer) (Figure 2). At present, two members of the large family of B4GALTs
(β1,4 galactosyltransferases) are able to act as LacCer synthases: B4GALT5 and B4GALT6 [1,2].
The two human enzymes share 70% identity at the aminoacid sequence level. The role of
these two enzymes has been elucidated in mice via the phenotypic study of knock-out (KO)
animals for b4galt5, b4galt6, or both. B4galt6 KO mice were healthy [3], whereas b4galt5
KO mice died at an early embryonic age [4], and conditional KO mice that only lacked
b4galt5 in the brain were also healthy [5]. Double KO mice, conditional b4galt5 and null
b4galt6, were born normally but were severely compromised in the central nervous system
and died by four weeks of age [5]. Altogether, these data suggested that B4GALT5 is the
major LacCer synthase [3,6] that can be rescued by B4GALT6, at least in the mouse brain.
In addition to being a key intermediary in complex glycosphingolipid biosynthesis, LacCer
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has been reported to play a specific role in several signalling pathways, such as those
orchestrated by platelet-derived growth factor (PDGF), vascular endothelial growth factor
(VEGF), tumor necrosis factor-α (TNF-α), and oxidized low-density lipoprotein (LDL), thus
affecting inflammation and atherosclerosis (reviewed in [7]).
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Figure 2. LacCer synthase catalyzed reaction. Acceptor substrate GlcCer is depicted as the deuterated
molecular species used in the novel assay.

Moreover, LacCer specifically synthesized by B4GALT6 was found to be responsi-
ble for mediating neuroinflammation via interplay with cytosolic phospholipase A2 in
astrocytes [8,9]. B4GALT5 was found to be modulated in several cancers, including col-
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orectal [10], breast [11], and hepatocellular carcinoma [12], as well as in acute myeloid
leukemia [13]. LacCer was also reported to be involved in diabetes [14], inflammatory
bowel disease [15], adipocyte differentiation [6,16], and immunological functions of neu-
trophils [17]. Despite LacCer synthase’s pleiotropic relevance in both physiological and
pathological conditions, a convenient enzymatic assay in vitro is still lacking. The current
procedure is based on the use of radioactive UDP-Gal as a donor substrate, followed by
the isolation of the radioactive LacCer product by various chromatographic techniques
and quantitation by liquid scintillation counting. The only alternative proposed so far
relies on the fluorescent acceptor substrate NBD-glucosylceramide and the detection of
the NBD-LacCer product by HPLC [18]. Such a procedure was found to be very sensitive,
but the required instrumentation is not routinely available, and the fluorescent substrate is
quite different from its natural counterpart. Both restrictions have limited the application
of such a procedure. In the present article, we reported an approach based on the use of
deuterated GlcCer as an acceptor and the detection of the deuterated LacCer product in the
reaction by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).
Our aim was to set a very sensitive method, avoiding the costs and troubles of radioactive
UDP-Gal manipulation and supply.

2. Results
2.1. Detection of LacCer Synthase Activity by Radiolabeled UDP-Gal and Chromatography

Previous literature data have shown that LacCer synthase activity is due to the ex-
pression of B4GALT5, as well as the expression of B4GALT6 but to a lesser extent since
the former is considered more efficient and relevant than the latter [5,6]. We determined
the expression levels of their transcripts in the model cell line HEK-293T and in human
dermal fibroblasts. We found that both transcripts are expressed at low levels in these two
cell types when compared with that of the UGCG transcript (Figure 3), the one encoding
GlcCer synthase, the enzyme forming the immediate biosynthetic precursor of LacCer. We
thus measured LacCer synthase activity in three alternative sources: HEK-293T cells, HEK-
293T cells transiently transfected with pcDNA3-B4GALT5 (named HEK-B4GALT5), and
human dermal fibroblasts. Notably, upon transfection, the B4GALT5 transcript increases
105-fold in HEK-293T cells (Figure 3). Using tritiated UDP-Gal as the donor substrate and
unlabeled GlcCer as the acceptor substrate, strong synthase activity was detected only in
HEK-B4GALT5 cells. In fact, reactions lacking the GlcCer substrate incorporated 10–20-fold
less tritiated Gal than those with the complete reaction mixture (Figure 4). Conversely, in
the case of both untransfected (or mock-transfected) HEK-293T and dermal fibroblasts, the
incorporation of tritiated Gal was not significantly different with or without acceptor Glc-
Cer at any tested amounts of homogenate proteins (Figure 4). As expected, LacCer synthase
activity in HEK-B4GALT5 required Mn2+ and was slightly stimulated by CDP-Choline
(not shown).

Since LacCer synthase is a Golgi apparatus resident activity, we tried to make it mea-
surable in fibroblasts by preparing an enriched Golgi fraction for use as the enzyme source.
Starting from large amounts of cells, we prepared a subcellular fraction enriched over
20-fold in sialyltransferase and galactosyltransferase activities measured with asialofetuin
or ovalbumin as acceptor substrates, respectively. Using such a fraction as the enzyme
source, we measured a LacCer synthase activity of 7.5 pmol/mg/min (Table 1), confirming
that the activity was actually present in fibroblasts. Due to low expression levels, the assay’s
procedure was unable to detect LacCer synthase in the crude homogenate.

The attempt to measure LacCer synthase activity in vitro using GlcCerd7 as the accep-
tor substrate and unlabeled UDP-Gal as the donor substrate was performed under the same
reaction conditions as in the radioisotopic assay, with the HEK-B4GALT5 homogenate as
the enzyme source. As a negative control, we prepared reaction mixtures lacking GlcCerd7
or containing homogenate from untransfected HEK-293T cells. By LC-MS/MS, a peak
corresponding to LacCerd7 was detected in the reaction mixture containing HEK-B4GALT5
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homogenate that appeared negligible with mock-transfected cells, being more than 200-fold
lower (Figure 5, note the different scales used in each panel).
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Figure 4. Detection of LacCer synthase activity by classical radioisotope method. Various amounts of
homogenate protein prepared from 3 different sources were incubated in reaction mixtures containing
tritiated UDP-Gal together with (+) or without (-) the acceptor substrate GlcCer. Quantitation was
performed by using descending paper chromatography of the mixture followed by liquid scintillation
counting (Panel (A)). True LacCer synthase activity is assumed to be the one detected in the presence
(+) of GlcCer, while the values obtained in its absence (-) represent the background. For comparison,
the results obtained with the same enzyme sources by the novel method were presented at a single
protein concentration (Panel (B)).

Table 1. LacCer synthase activity determined by the classical radioisotope method in a Golgi fraction
prepared from human dermal fibroblasts.

Total Protein Ovalbumin
Galactosyltransferase

Asialofetuin
Sialyltransferase

LacCer
Synthase

µg (%) Specific Activity (RSA) Recovery
% Specific Activity (RSA) Recovery

% Specific Activity

Total homogenate 5670 100 16.7 1 100 10.5 1 100 ND
Golgi fraction 93.6 1.65 337 20.2 33.3 300 28.5 47.1 7.5

Specific activity is expressed as pmol/mg/min. Values are the mean for triplicate assays performed on a single
large-scale subcellular fractionation. Standard deviations were always below 15% of the mean value. RSA, relative
specific activity; ND, not detectable.
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Figure 5. Detection of LacCer synthase activity by the novel method using deuterated glucosylce-
ramide (GlcCerd7). The enzymatic conversion to lactosylceramide (LacCerd7) was monitored by
LC-MS/MS. Comparison of GlcCerd7 (A) and LacCer (B) profiles in HEK-B4GALT5 and HEK-293T
cells. Since it appears as a baseline with the scale used in this last case, it is presented alone in
panel (C) with a different scale. To obtain these chromatograms, various amounts of GlcCerd7 with
0.15 mg/mL of cell homogenate (expressed as proteins) were incubated for 60 min. Note the different
scales used in each panel; cps, counts per second.

The enzymatic conversion of GlcCerd7 to LacCerd7 was linear with the amount of
HEK-B4GALT5 homogenate (Figures 6 and 7 panel C). In the absence of GlcCerd7, no peak
at all at the size of LacCerd7 was detectable at any homogenate protein concentration.
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Figure 6. Effect of protein amounts on the enzymatic conversion of GlcCerd7 to LacCerd7 monitored
by LC-MS/MS. Comparison of GlcCerd7 (A) and LacCerd7 (B) profiles using HEK-B4GALT5 as the
enzyme source. To obtain these chromatograms, 40 µM of GlcCerd7 with cell homogenates ranging
from 0.5 to 8 µg (expressed as proteins) was incubated for 60 min in a reaction volume of 20 µL. The
amounts of LacCer formed at each protein concentration is plotted in subpanel (C).
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Figure 7. Characterization of LacCer synthase activity detected with GlcCerd7 and LC-MS/MS.
Dependence of the activity expressed in HEK-B4GALT5 on the concentration of Mn++ or CDP-Choline
(Panel (A)). Activity measured in HEK-B4GALT5 after different times of incubation (Panel (B)) or
using different amounts of homogenate protein (Panel (C)). Dependence of the activity expressed in
HEK-B4GALT5 on the concentration of the donor substrate UDP-Gal at fixed saturating concentration
of GlcCerd7 (10 µM). The Hanes–Woolf plot of activity values, presented in red (secondary axis),
was used for calculating kinetic constants (Panel (D)). Dependence of the activity expressed in HEK-
B4GALT5 on the concentration of the acceptor substrate GlcCerd7 at a fixed saturating concentration
of UDP-Glc (0.6 mM). The Hanes–Woolf plot is shown in Panel D (Panel (E)). The reactions reported
in Panels D and E were obtained by incubating 0.5 µg of HEK-B4GALT5 homogenate protein for
25 min, which assured initial rates. Detection of the activity in crude homogenates of cells expressing
low levels of B4GALT5/6 transcripts using different amounts of homogenate protein (Panel (F)).

2.2. Characterization of LacCer Synthase Activity Detected by GlcCerd7 and LC-MS/MS

LacCer synthase activity in HEK-B4GALT5 cells assayed in vitro using GlcCer d7 and
LC-MS/MS was found to be completely dependent on Mn2+, with an optimal concentra-
tion of 10 mM, and slightly stimulated by CDP-Choline, with an optimal concentration of
2.5 mM (Figure 7 panel A). The reaction was linear up to 60 min of incubation (Figure 7
panel B) and had homogenate protein concentrations up to 0.2 mg/mL (Figure 7 panel C).
The activity was saturated at a UDP-Gal concentration over 0.8 mM (Figure 7 panel D),
showing an apparent Km value 205 µM for the donor, and by a GlcCerd7 concentration over
10 µM (Figure 7 panel E), with an apparent Km of 3.37 µM for the acceptor. The correspond-
ing Km values calculated via the non-linear regression of the Michaelis–Menten equation
were 214.4 (95% confidence interval, 149.1–308.0) for the donor and 2.47 (95% confidence
interval, 1.88 to 3.19) for the acceptor. Under such optimized conditions, LacCer synthase
activity was also determined using crude homogenates prepared from non-transfected
HEK-293T or human fibroblasts as the enzyme source. LacCer synthase activity was found
to be linear up to 1.5 mg/mL homogenate protein in both fibroblasts and HEK-293T cells
(Figure 7 panel F). The calculated specific activity ranged from 0.5 to 1.0 pmol/mg/min,
being highest in neonatal fibroblasts undergoing less than 5 passages, lowest in adult fibrob-
lasts with more than 15 passages, and intermediate in HEK-293T cells (Figure 8). A direct
comparison of this new method with the classical radiochemical method was performed
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using HEK-B4GALT5 and HEK-293T and with dermal fibroblasts as the enzyme source at
the same fixed protein concentration (Figure 4). LacCer synthase activity was detectable
by both methods and with comparable values only in HEK-B4GALT5 cells that express
very high activity. Conversely, in HEK-293T cells and dermal fibroblasts, the activity was
much lower and detected by the new method only. In fact, at such low activity levels, the
background of the radiochemical method overcomes the true activity value. The calculated
precision, limit of detection, and limit of quantification of both methods are presented
in Table 2.
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Figure 8. Detection of LacCer synthase by the novel method in cells expressing low levels of activity.
Comparison of GlcCerd7 (A) and LacCerd7 (B) profile in HEK-293T and fibroblasts. To obtain these
chromatograms, 40 µM of GlcCerd7 with 1 mg/mL of homogenate protein was incubated for 60 min.

Table 2. Comparison between method performances: liquid chromatography coupled to mass
spectrometry (LC-MS/MS) vs. radiochemical method. The comparison was based on analytical pa-
rameters such as the limit of detection (LOD), limit of quantification (LOQ), and precision (calculated
as coefficient of variation (CV%).

LOD LOQ CV% LacCer CV% GlcCer

pmol/mg ×min pmol/mg ×min n = 6 n = 6

LC-MS/MS 0.05 0.2 3.34 5.07
Radiochemical method 100 330 10.7 -

3. Discussion

We have set a novel assay procedure for determining LacCer synthase activity in bio-
logical samples based on the conversion of deuterated GlcCer (GlcCerd7) in LacCerd7 that
is then quantitated by LC-MS/MS. Compared with the classical radiochemical assay, the
new procedure requires the same reaction conditions, and it provides comparable results
but offers several advantages. First, it avoids the costs and all the problems associated
with the manipulation of radioisotopes. In addition, GlcCerd7 is an isotope of GlcCer
without the relevant modifications present in the fluorescent substrate previously proposed
as alternative to the radiochemical method [18]. Moreover, the procedure appeared even
more sensitive than the classical one, allowing us to measure LacCer synthase activity in
crude homogenates of human fibroblasts or model cell lines in which the radioisotopic
method failed. In fact, it was necessary to prepare an enriched Golgi fraction to detect the
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activity with such a method. Our data indicated that the radiochemical assay performed in
biological sources that poorly express LacCer synthase activity results in high background
incorporation. This is probably due to the presence of several endogenous unspecific
substrates and other galactosyltransferases. Conversely, the same sources lack lipid com-
pounds with a molecular mass identical to that of LacCerd7, making the background close
to zero. Notably, in a 20-fold enriched Golgi fraction from fibroblasts, the specific activity
of LacCer synthase, determined with the radiochemical method (7.5 pmol/mg/min), corre-
sponds to a value about 20-fold higher than that measured in crude homogenates using
the novel approach (0.5 pmol/mg/min). Coupling such high specificity with the high
sensitivity of LC-MS/MS, the procedure proposed here provides an unprecedented tool for
functional studies to address the role of B4GALT5/6 and the cognate LacCer product in
several pathological and physiological conditions relevant to current research topics [7].
Moreover, the LC-MS/MS analysis of the reaction mixture is able to simultaneously char-
acterize and quantify both the enzymatic product LacCerd7 and the substrate acceptor
GlcCerd7, making each point value more accurate and replicates more comparable. The
use of deuterated substrates is emerging as a promising alternative for measuring in vitro
the activity of enzymes involved in glycosphingolipid biosynthesis, as we reported very
recently for UGCG [19].

4. Materials and Methods
4.1. DNA Constructs

Human B4GALT5 and B4GALT6 cDNAs were obtained by PCR using total RNA ex-
tracted from Huh-7 or Hep-3B cells [20] in the presence of Phusion High-fidelity
Taq polymerase (ThermoFischer Scientific, Rome, Italy, Italian distributor), according
to the manufacturer’s protocol. The following primer pairs were used: B4GALT5
(forward) 5′-CGCGAAGCTTGCGATCGCCATGCGCGCCCGCCGGG and (reverse)
5′-CGCGTCTAGAGTTTAAACTCAGTACTCGTTCACCTGAGCC; and B4GALT6 (for-
ward) 5′-CGCGAAGCTTGCGATCGCCATGTCTGTGCTCAGGCGGATG and (reverse)
5′-CGCGTCTAGAGTTTAAACTTAATAGTCTTCGATTGGAGCTAACTC, both containing
HindIII and XbaI restriction sites (italicized), respectively. Annealing was at 64 ◦C, and
30 cycles of amplification were run. The obtained fragments were purified by spin columns,
digested with HindIII, repurified, digested with XbaI, purified again, and ligated to the
pcDNA3 vector that was previously digested/purified with the same enzymes. E. coli
Max-efficiency DH5α (ThermoFischer Scientific) was transformed by an aliquot of ligation
reactions, and the obtained colonies were inoculated in liquid cultures to prepare plasmid
DNA. The obtained clones were first assessed by restriction digestion and then confirmed
by direct DNA sequencing.

4.2. Cell Culture, Transfection, and Processing

HEK-293T cells were grown in DMEM supplemented with 10% foetal bovine serum
and transiently transfected with plasmid DNA in the presence of Fugene-HD (Promega,
Madison, WI, USA), as previously reported [21].

Upon transfection, cells were harvested by trypsinization, pelleted, washed twice with
PBS, and aliquoted. A small aliquot (<0.5 × 106 cells) was used for total RNA extraction
using a Relia-Prep RNA kit (Promega), and the remaining cells (2–10 × 106 cells) were
resuspended in a 0.1 M Tris/HCl buffer, pH 7.5, containing 0.5% TritonX-100, vortexed to
homogeneity, and stored in aliquots at −80 ◦C. After thawing on ice, the crude homogenate
was used as the enzyme source for the in vitro assay. Protein content was determined by
the bicinconic acid method (BCA protein kit, ThermoFischer Scientific). Homogenates for
enzyme assay were kept at a protein concentration of about 10–20 mg/mL.

Human neonatal (P10857) and adult (P10858) fibroblasts were purchased from Inno-
prot (Bizkaia, Spain) and cultured in DMEM supplemented with 10% foetal bovine serum
and antibiotics. Cell harvesting and aliquot preparation were performed, as was the case
for transfected HEK-293 T cells.
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4.3. Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction

First strand cDNA was synthesized from 0.5 to 1 µg of total RNA by a commer-
cial kit (GoScript oligodT mix, PromegaItalia srl, Milano, Italy). Control reactions were
prepared by omitting the reverse transcriptase in the reaction. cDNAs were diluted 1:4,
v/v, with mQ water, and 1–2.0 µL of first strand reactions was amplified in a volume of
20 µL using Sybr Premix Ex Taq (Tli RNase H Plus, Takara, Sandiano, Italy, Italian dis-
tributor), ROX as the reference dye, and a StepOnePlus instrument (Applied Biosystem
Life Technologies, Waltham, MA, USA) as reported [22]. Primer sequences for amplifica-
tion were as follows: B4GALT5 (forward) 5′-GAGAACAATCGGTGCTCAGG, (reverse)
5′-GGGCCCTTCATGGAAGGG; B4GALT6 (forward) 5′-CCGGAAAACTTCACATACTCAC,
(reverse) 5′-GAACTGCCACCTTCCATCTG; UGCC (forward) 5′-GTGATAGTGGAAT-
AAGAGTAATTCC, (reverse) 5′-TGAAGTTCCAAAATATACCTGCTC. Annealing tem-
perature was 60 ◦C. The amounts of amplified target cDNAs were calculated as ∆Ct with
respect to GAPDH [22].

4.4. LacCer Synthase Activity Assay

GlcCer, purified as reported [23], or GlcCerd7 (C15 Glucosyl(β) Ceramide-d7 (d18:1-
D7/15:0, 330729P-1MG], Merck, Rome, Italy, Italian distributor), with 20–800 pmol dis-
solved in chloroform/methanol, 2:1 (v/v), and 15 µg Triton-X100 in the same solvent were
placed together at the bottom of a 0.6 mL microcentrifuge tubes and allowed to dry at RT
under hood and then kept at −20 ◦C until used. A reaction solution was prepared and
added to each tube in order to obtain the following final concentrations: 0.2 M Tris/HCl
pH 7.0, 0.4 mM UDP-Gal, 10 mM MnCl2, and 2.5 mM CDP-choline. In the case of the
radio isotopic method, UDP-Gal was brought to a specific radioactivity of 10 mCi/mmol
by adding UDP-[3H]Gal [24]. In an ice bucket, various amounts of protein (see results)
were added to each tube, which already contained water, to a final volume of 20 µL. The
reactions were started by placing the tubes at 37 ◦C and incubating them for 10–60 min. The
reactions were stopped by placing the tubes on ice and then storing them at −20 ◦C. In the
case of the radio isotopic method, the mixture was assayed by descending chromatography,
and radioactivity was measured by liquid scintillation as reported [21].

4.5. Reaction Product Characterization and Quantification by LC–MS/MS

Samples for the determination of LacCer synthase activity were precipitated by the
addition of pure methanol (75 µL) and centrifuged at 13,400 rpm for 10 min. The precipi-
tates were discarded, and pure extracts (5 µL) were directly injected in LC-MS/MS. The
samples were analyzed by a high-sensitivity LC–MS/MS consisting of a QTrap 5500 triple
quadrupole linear ion trap mass spectrometer (Sciex, Darmstadt, Germany) equipped
with an electrospray ionization (ESI) source and coupled with an Agilent 1200 Infinity
pump Ultra High-Pressure Liquid Chromatography (UHPLC) system (Agilent Technolo-
gies, Palo Alto, CA, USA). Chromatographic separation was carried out on a reverse-phase
Acquity UPLC BEH C8 column at 1.7 µm particle size, and100 × 2.1 mm (Waters, Franklin,
MA, USA) at 30 ◦C using linear gradient elution with two solvents: 0.2% formic acid and
2 mM ammonium formate in water (solvent A) and 0.2% formic acid and 1 mM ammo-
nium formate in acetonitrile (solvent B). Solvent A and B were 20% and 80% at 0.00 min,
respectively. Solvent B increased to 90% from 0.00 to 3.00 min, held at 90% from 3.00 to
6.00 min, increased to 99% from 6.00 to 10.00 min, held at 99% from 10.00 to 12.00 min,
and then decreased back to 80% from 12.00 to 12.10 and held at 80% until 15.00 min for
re-equilibration. The flow rate was kept constant at 0.40 mL/min during the analysis.
The separated analytes were detected with a triple quadrupole MS operated in multiple
reaction monitoring (MRM) mode via a positive ESI using the following precursor ion and
product ions transition: GlucCerd7 C15:0 (m/z 693.6 > 271.3, CE 45 eV, DP 65 eV) and
LacCer d7 C15:0 (m/z 855.6 > 271.3, CE 60 eV, DP 65 eV). Data acquisition and processing
were performed using Analyst®1.7.1 and MultiQuant®2.1.1 software (Sciex, Darmstadt,
Germany), respectively. The declustering potential (DP) and collision energy (CE) are



Int. J. Mol. Sci. 2023, 24, 5291 10 of 12

compound-dependent parameters that should be investigated before every mass spec-
trometry experiment. In particular, DP is a voltage applied—in MS ion source—that helps
prevent ions from clustering together, whereas CE is the voltage produced to induce the
dissociation of the molecular ion from their fragments’ ions. One of the most popular
targeted types of MS experiments is multiple reaction monitoring (MRM). With the use of a
triple quadrupole mass spectrometer, this method first targets the interested protonated
form of the molecular ion before fragmenting it to create different daughter ions depending
on the applied CE.

4.6. Preparation of Golgi Apparatus Fraction from Fibroblasts

About 2.5 × 107 fibroblasts were detached by trypsinization, washed twice with PBS,
resuspended with 0.3 mL of 10 mM Tris/HCl pH 7.5 containing 0.1 mM EDTA and 0.25 M
sucrose, and homogenized by passing them several times through a 27G needle of a 1.0 mL
syringe. The obtained homogenate was spun at 2000 g for 10 min at 4 ◦C. The supernatant
was removed, and the pellet was rehomogenized and spun as above. The two supernatants
were combined, 40% sucrose was made in the same buffer (final volume about 1.4 mL)
and placed at the bottom of an ultracentrifuge tube and overlayered with 1 mL each of
35% and 25% sucrose solutions prepared in the same buffer, and they were covered with
0.25 M sucrose solution. The tube was spun at 54,000 rpm in a Beckmann Ti 55 rotor for
90 min at 4 ◦C. Materials migrating at the 35–25% sucrose interface were collected, diluted
1:8 (v/v) with PBS, and spun again at 54,000 rpm in a Beckmann Ti 55 rotor for 60 min at
4 ◦C to obtain the Golgi membrane fraction that was resuspended with 0.05 mL of 0.1 M
Tris/HCl pH7.0 containing 0.2% Triton-X100. Sialyltransferase activity with asialofetuin
and galactosyltransferase activity with ovalbumin were determined, as reported with other
glycoprotein substrates [25].

4.7. Equations and Statistical Analysis

LacCer synthase catalyzes a reaction that uses two substrates (GlcCer and UDP-Gal)
and forms two products (LacCer and UDP). Consequently, Michaelis–Menten kinetics
could be used only by keeping either substrate at saturating concentrations and varying the
concentrations of the other. For a graphical description and apparent kinetic constant cal-
culations, the Hanes–Woolf equation was used: [S]/v = 1/Vmaxapp * [S] + Kmapp/Vmaxapp.
Linear regression was obtained via Microsoft Excel. R2 values were 0.990 (UDP-Gal satura-
tion curve) and 0.982 (GlcCerd7 saturation curve). Non-linear regression of the Michaelis–
Menten equation was obtained via GraphPad Prism (Dotmatics Scientific, Boston, MA,
USA). The specificity of LacCer synthase assays was assessed by using the response of
a blank sample at the limit of quantitation (LOQ). The LOQ was determined as the low-
est concentration with a signal-to-noise ratio of the instrumental response ≥10; the limit
of detection (LOD) was determined as the lowest concentration with a signal-to-noise
of ≥3. Precision of the methods was determined by assaying six biological replicates and
calculating the coefficient of variation (CV%), which should be appropriate if it is lower
than 15%. For transcripts quantitation, qPCR was performed in duplicate twice, starting
from cDNA prepared from two independent transfections of HEK-293T cells or fibroblast
cultures. For LacCer synthase activity determination, assays were performed in duplicate
twice, starting from two individual cell homogenates consisting of distinct cell plates of
growing cells or independent transfections of HEK-293T cells.
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Abbreviations

B4GALT β1,4 galactosyltransferases (according to HUGO nomenclature)
CE collision energy
DP declustering potential
GlcCer glucosylceramide
GlcCerd7 deuterated glucosylceramide
LacCer lactosylceramide
LacCerd7 deuterated lactosylceramide
LC-MS/MS liquid chromatography coupled with tandem mass spectrometry
KO knock-out
NBD—ceramide 6-((N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)amino)hexanoyl)Sphingosine
RSA relative specific activity
UGCG UDP-glucose: ceramide glucosyltransferase

References
1. Nomura, T.; Takizawa, M.; Aoki, J.; Arai, H.; Inoue, K.; Wakisaka, E.; Yoshizuka, N.; Imokawa, G.; Dohmae, N.; Takio, K.; et al.

Purification, CDNA Cloning, and Expression of UDP-Gal: Glucosylceramide Beta-1,4-Galactosyltransferase from Rat Brain.
J. Biol. Chem. 1998, 273, 13570–13577. [CrossRef] [PubMed]

2. Kumagai, T.; Sato, T.; Natsuka, S.; Kobayashi, Y.; Zhou, D.; Shinkai, T.; Hayakawa, S.; Furukawa, K. Involvement of Murine
β-1,4-Galactosyltransferase V in Lactosylceramide Biosynthesis. Glycoconj. J. 2010, 27, 685–695. [CrossRef] [PubMed]

3. Tokuda, N.; Numata, S.; Li, X.; Nomura, T.; Takizawa, M.; Kondo, Y.; Yamashita, Y.; Hashimoto, N.; Kiyono, T.; Urano, T.; et al.
B4GalT6 Is Involved in the Synthesis of Lactosylceramide with Less Intensity than B4GalT5. Glycobiology 2013, 23, 1175–1183.
[CrossRef]

4. Kumagai, T.; Tanaka, M.; Yokoyama, M.; Sato, T.; Shinkai, T.; Furukawa, K. Early Lethality of Beta-1,4-Galactosyltransferase
V-Mutant Mice by Growth Retardation. Biochem. Biophys. Res. Commun. 2009, 379, 456–459. [CrossRef] [PubMed]

5. Yoshihara, T.; Satake, H.; Nishie, T.; Okino, N.; Hatta, T.; Otani, H.; Naruse, C.; Suzuki, H.; Sugihara, K.; Kamimura, E.; et al.
Lactosylceramide Synthases Encoded by B4galt5 and 6 Genes Are Pivotal for Neuronal Generation and Myelin Formation in
Mice. PLoS Genet. 2018, 14, e1007545. [CrossRef]

6. Rakhshandehroo, M.; van Eijkeren, R.J.; Gabriel, T.L.; de Haar, C.; Gijzel, S.M.W.; Hamers, N.; Ferraz, M.J.; Aerts, J.M.F.G.;
Schipper, H.S.; van Eijk, M.; et al. Adipocytes Harbor a Glucosylceramide Biosynthesis Pathway Involved in INKT Cell Activation.
Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 1157–1167. [CrossRef]

7. Chatterjee, S.; Balram, A.; Li, W. Convergence: Lactosylceramide-Centric Signaling Pathways Induce Inflammation, Oxidative
Stress, and Other Phenotypic Outcomes. Int. J. Mol. Sci. 2021, 22, 1816. [CrossRef]

8. Mayo, L.; Trauger, S.A.; Blain, M.; Nadeau, M.; Patel, B.; Alvarez, J.I.; Mascanfroni, I.D.; Yeste, A.; Kivisäkk, P.; Kallas, K.; et al.
Regulation of Astrocyte Activation by Glycolipids Drives Chronic CNS Inflammation. Nat. Med. 2014, 20, 1147–1156. [CrossRef]

9. Chao, C.-C.; Gutiérrez-Vázquez, C.; Rothhammer, V.; Mayo, L.; Wheeler, M.A.; Tjon, E.C.; Zandee, S.E.J.; Blain, M.; de Lima, K.A.;
Takenaka, M.C.; et al. Metabolic Control of Astrocyte Pathogenic Activity via CPLA2-MAVS. Cell 2019, 179, 1483–1498.e22.
[CrossRef]

10. Chatterjee, S.B.; Hou, J.; Bandaru, V.V.R.; Pezhouh, M.K.; Syed Rifat Mannan, A.A.; Sharma, R. Lactosylceramide Synthase
β-1,4-GalT-V: A Novel Target for the Diagnosis and Therapy of Human Colorectal Cancer. Biochem. Biophys. Res. Commun. 2019,
508, 380–386. [CrossRef]

11. Tang, W.; Li, M.; Qi, X.; Li, J. B1,4-Galactosyltransferase V Modulates Breast Cancer Stem Cells through Wnt/β-Catenin Signaling
Pathway. Cancer Res. Treat. 2020, 52, 1084–1102. [CrossRef] [PubMed]

12. Han, Y.; Li, Z.; Wu, Q.; Liu, H.; Sun, Z.; Wu, Y.; Luo, J. B4GALT5 High Expression Associated with Poor Prognosis of Hepatocellular
Carcinoma. BMC Cancer 2022, 22, 392. [CrossRef] [PubMed]

13. Wu, Y.; Zhao, B.; Chen, X.; Geng, X.; Zhang, Z. Circ_0009910 Sponges MiR-491-5p to Promote Acute Myeloid Leukemia
Progression through Modulating B4GALT5 Expression and PI3K/AKT Signaling Pathway. Int. J. Lab. Hematol. 2022, 44, 320–332.
[CrossRef] [PubMed]

14. Novgorodov, S.A.; Riley, C.L.; Yu, J.; Keffler, J.A.; Clarke, C.J.; Van Laer, A.O.; Baicu, C.F.; Zile, M.R.; Gudz, T.I. Lactosylceramide
Contributes to Mitochondrial Dysfunction in Diabetes. J. Lipid Res. 2016, 57, 546–562. [CrossRef]

15. Filimoniuk, A.; Blachnio-Zabielska, A.; Imierska, M.; Lebensztejn, D.M.; Daniluk, U. Sphingolipid Analysis Indicate Lacto-
sylceramide as a Potential Biomarker of Inflammatory Bowel Disease in Children. Biomolecules 2020, 10, 1083. [CrossRef]
[PubMed]

16. Hocine, T.; Blaise, S.; Hachet, C.; Guillot, A.; Sartelet, H.; Maurice, P.; Bennasroune, A.; Martiny, L.; Duca, L.; Romier-Crouzet, B.; et al.
Lactosylceramide Induced by Elastin-Derived Peptides Decreases Adipocyte Differentiation. J. Physiol. Biochem. 2020, 76, 457–467.
[CrossRef]

http://doi.org/10.1074/jbc.273.22.13570
http://www.ncbi.nlm.nih.gov/pubmed/9593693
http://doi.org/10.1007/s10719-010-9313-2
http://www.ncbi.nlm.nih.gov/pubmed/21057870
http://doi.org/10.1093/glycob/cwt054
http://doi.org/10.1016/j.bbrc.2008.12.078
http://www.ncbi.nlm.nih.gov/pubmed/19114028
http://doi.org/10.1371/journal.pgen.1007545
http://doi.org/10.1016/j.bbalip.2019.04.016
http://doi.org/10.3390/ijms22041816
http://doi.org/10.1038/nm.3681
http://doi.org/10.1016/j.cell.2019.11.016
http://doi.org/10.1016/j.bbrc.2018.11.149
http://doi.org/10.4143/crt.2020.093
http://www.ncbi.nlm.nih.gov/pubmed/32599982
http://doi.org/10.1186/s12885-022-09442-2
http://www.ncbi.nlm.nih.gov/pubmed/35410157
http://doi.org/10.1111/ijlh.13742
http://www.ncbi.nlm.nih.gov/pubmed/34709725
http://doi.org/10.1194/jlr.M060061
http://doi.org/10.3390/biom10071083
http://www.ncbi.nlm.nih.gov/pubmed/32708181
http://doi.org/10.1007/s13105-020-00755-z


Int. J. Mol. Sci. 2023, 24, 5291 12 of 12

17. Iwabuchi, K.; Nakayama, H.; Hanafusa, K. Lactosylceramide-Enriched Microdomains Mediate Human Neutrophil Immunological
Functions via Carbohydrate-Carbohydrate Interaction. Glycoconj. J. 2022, 39, 239–246. [CrossRef]

18. Hayashi, Y.; Horibata, Y.; Sakaguchi, K.; Okino, N.; Ito, M. A Sensitive and Reproducible Assay to Measure the Activity of
Glucosylceramide Synthase and Lactosylceramide Synthase Using HPLC and Fluorescent Substrates. Anal. Biochem. 2005,
345, 181–186. [CrossRef]

19. Dei Cas, M.; Casati, S.; Roda, G.; Sardi, P.; Paroni, R.; Fonzo, A.; Trinchera, M. A Sensitive Method for Determining UDP-Glucose:
Ceramide Glucosyltransferase (UGCG) Activity in Biological Samples Using Deuterated Glucosylceramide as Acceptor Substrate.
Glycobiology 2022, 33, 88–94. [CrossRef]

20. Zulueta, A.; Caretti, A.; Signorelli, P.; Dall’Olio, F.; Trinchera, M. Transcriptional Control of the B3GALT5 Gene by a Retroviral
Promoter and Methylation of Distant Regulatory Elements. FASEB J. 2014, 28, 946–955. [CrossRef]

21. Indellicato, R.; Parini, R.; Domenighini, R.; Malagolini, N.; Iascone, M.; Gasperini, S.; Masera, N.; Dall’Olio, F.; Trinchera, M. Total
Loss of GM3 Synthase Activity by a Normally Processed Enzyme in a Novel Variant and in All ST3GAL5 Variants Reported to
Cause a Distinct Congenital Disorder of Glycosylation. Glycobiology 2019, 29, 229–241. [CrossRef]

22. Aronica, A.; Avagliano, L.; Caretti, A.; Tosi, D.; Bulfamante, G.P.; Trinchera, M. Unexpected Distribution of CA19.9 and Other
Type 1 Chain Lewis Antigens in Normal and Cancer Tissues of Colon and Pancreas: Importance of the Detection Method and
Role of Glycosyltransferase Regulation. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 3210–3220. [CrossRef]

23. Trinchera, M.; Fiorilli, A.; Ghidoni, R. Localization in the Golgi Apparatus of Rat Liver UDP-Gal:Glucosylceramide Beta
1—-4galactosyltransferase. Biochemistry 1991, 30, 2719–2724. [CrossRef]

24. Salvini, R.; Bardoni, A.; Valli, M.; Trinchera, M. Beta 1,3-Galactosyltransferase Beta 3Gal-T5 Acts on the GlcNAcbeta 1–>3Galbeta
1–>4GlcNAcbeta 1–>R Sugar Chains of Carcinoembryonic Antigen and Other N-Linked Glycoproteins and Is down-Regulated in
Colon Adenocarcinomas. J. Biol. Chem. 2001, 276, 3564–3573. [CrossRef]

25. Indellicato, R.; Domenighini, R.; Malagolini, N.; Cereda, A.; Mamoli, D.; Pezzani, L.; Iascone, M.; Dall’olio, F.; Trinchera, M.
A Novel Nonsense and Inactivating Variant of ST3GAL3 in Two Infant Siblings Suffering Severe Epilepsy and Expressing
Circulating CA19.9. Glycobiology 2020, 30, 95–104. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s10719-022-10060-0
http://doi.org/10.1016/j.ab.2005.05.029
http://doi.org/10.1093/glycob/cwac081
http://doi.org/10.1096/fj.13-236273
http://doi.org/10.1093/glycob/cwy112
http://doi.org/10.1016/j.bbagen.2016.08.005
http://doi.org/10.1021/bi00224a021
http://doi.org/10.1074/jbc.M006662200
http://doi.org/10.1093/glycob/cwz079

	Introduction 
	Results 
	Detection of LacCer Synthase Activity by Radiolabeled UDP-Gal and Chromatography 
	Characterization of LacCer Synthase Activity Detected by GlcCerd7 and LC-MS/MS 

	Discussion 
	Materials and Methods 
	DNA Constructs 
	Cell Culture, Transfection, and Processing 
	Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction 
	LacCer Synthase Activity Assay 
	Reaction Product Characterization and Quantification by LC–MS/MS 
	Preparation of Golgi Apparatus Fraction from Fibroblasts 
	Equations and Statistical Analysis 

	References

