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Abstract Glycosphingolipids (GSLs) are abundant
glycolipids on cells and essential for cell recognition,
adhesion, signal transduction, and so on. However,
their lipid anchors are not long enough to cross the
membrane bilayer. To transduce transmembrane
signals, GSLs must interact with other membrane
components, whereas such interactions are difficult
to investigate. To overcome this difficulty, bifunc-
tional derivatives of II3-β-N-acetyl-D-galactosamine-
GA2 (GalNAc-GA2) and β-N-acetyl-D-glucosamine-
ceramide (GlcNAc-Cer) were synthesized as probes to
explore GSL-interacting membrane proteins in live
cells. Both probes contain photoreactive diazirine in
the lipid moiety, which can crosslink with proximal
membrane proteins upon photoactivation, and click-
able alkyne in the glycan to facilitate affinity tag
addition for crosslinked protein pull-down and
characterization. The synthesis is highlighted by the
efficient assembly of simple glycolipid precursors
followed by on-site lipid remodeling. These probes
were employed to profile GSL-interacting membrane
proteins in HEK293 cells. The GalNAc-GA2 probe
revealed 312 distinct proteins, with GlcNAc-Cer
probe-crosslinked proteins as controls, suggesting
the potential influence of the glycan on GSL func-
tions. Many of the proteins identified with the
GalNAc-GA2 probe are associated with GSLs, and
some have been validated as being specific to this
probe. The versatile probe design and experimental
protocols are anticipated to be widely applicable to
GSL research.
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Glycosphingolipids (GSLs) are glycolipids consisting
of a hydrophilic glycan as the head group and a hy-
drophobic ceramide (Cer) as the backbone, which are
stitched together by a glycosidic bond (Fig. 1) (1). Their
distinctive structures and biophysical properties, for
‡These authors contributed equally to the current work.
*For correspondence: Zhongwu Guo, zguo@chem.ufl.edu.

© 2024 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY license (http://creativecommons.org/lic
example, being able to form specific microdomains in
the cell membrane (2–5), warrant GSLs a unique niche
in cell biology. For example, GSLs are a principal and
essential membrane constituent (6–8) functioning as
receptors on the cell surface (9, 10); thus, many exo-
plasmic and cell surface proteins contain GSL-binding
domains (11–13). As such, GSLs are involved in regu-
lating various physiological and pathological events like
signal transduction (14), cell differentiation and prolif-
eration (15–17), cancer (18), Alzheimer's disease (19–21),
and microbial infection (22–24). LcGg4 in Fig. 1 is an
illustrative example of GSLs, representing the LcGg
series core structure (25), and a leukemia-associated
GSL antigen as well (26). It has been further demon-
strated that the interactions between GSLs and their
ligands are regulated by both their glycan moiety and
their lipid anchor (9, 27).

Despite the documented involvement of GSLs in
various cellular activities, the exact mechanisms by
which GSLs transduce binding signals through the cell
membrane remain ambiguous. In general, it is believed
that GSLs can generate specific microdomains in the
membrane, such as the “lipid rafts,” which serve as
platforms to recruit other biomolecules to facilitate
their interactions with GSLs (28–31). Although extra-
cellular ligands can directly bind GSLs (31, 32), the lipid
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Fig. 1. The chemical structure of LcGg4, a representative GSL and a cancer antigen, and its association with the cell membrane.
chains of GSLs are usually not long enough to cross the
entire membrane bilayer. To transduce signals induced
by GSL binding with extracellular ligands across the
cell membrane, GSLs must communicate with other cell
membrane components. Unfortunately, cell membrane
components interacting with GSLs are difficult to
identify due to the highly diverse, complex, and dy-
namic structures and nature of GSLs and the cell
membrane.

To investigate lipid–protein interactions, several
proteome-wide mapping methods have been explored,
which include microarrays of various metabolites to
profile lipid-binding proteins (33), proteome chip-based
screening (34), affinity-based protein purification by
columns or lipid immobilized magnetic beads (35, 36),
and so on. Various model membranes (e.g., nanodiscs,
liposomes, and supported bilayers) have also been
employed to examine the interactions of GSLs with
proteins by mass spectrometry (MS) and competitive
ligand binding assays (37, 38). As a result, many proteins,
such as Galectin (39), death receptor Fas (40), notch
ligand delta-like 1 protein (41), Serotonin (42), insulin
receptors (43), and numerous growth factor receptors
(44–52), have been found to interact with GSLs. How-
ever, a main limitation of these methods is that the
lipids or proteins immobilized onto solid supports are
not in their natural state. Moreover, the most important
mechanism of lipid-protein interactions, that is, hydro-
phobic matching between the lipid tails of GSLs and
the hydrophobic domains of proteins is likely to be
neglected. To address these problems, specially func-
tionalized probes have drawn significant attention in
recent years. Typically, such probes contain two func-
tional groups, one crosslinking with target molecules
and the other enabling the isolation and characteriza-
tion of cross-linked molecules (53–58). A trifunctional
probe containing photocage, photoreactive diazirine,
and clickable alkyne moieties was also developed to
explore the signaling events of sphingosine and diac-
ylglycerol (59).
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The present research aimed to develop a practi-
cable approach for the identification of membrane
proteins interacting with GSLs. To this end, we have
designed and synthesized two bifunctional GSL ana-
logs that contain photoreactive diazirine to facilitate
GSL crosslinking with interacting proteins and click-
able alkyne to enable the introduction of an affinity
tag for crosslinked protein isolation. These GSL ana-
logs were used as demonstrating probes to explore
GSL-interacting proteins in the membrane of
HEK293 cells.
MATERIALS AND METHODS

General methods and materials
Chemicals and materials were purchased from commercial

sources and used as received without further purification
unless noted otherwise. Molecular sieves 4Å (MS 4Å) were
flame-dried under a high vacuum and used immediately after
being cooled to rt in an N2 atmosphere. Analytical thin layer
chromatography (TLC) was carried out on silica gel 60 Å F254
plates with detection by aUVdetector and/or by charring with
10% (v/v) H2SO4 in ethanol. Flash column chromatography
was performed on silica gel 60 (230–400 Mesh). NMR spectra
were acquired on a 400 or 600 MHz NMR spectrometer with
chemical shifts reported in ppm (δ) referenced to CDCl3 (re-
sidual 1H NMR: δ 7.26 ppm, 13C NMR: δ 77.16 ppm) or CD3OD
(residual 1H NMR: δ 3.31 ppm, 13C NMR: δ 49.0 ppm). Peak and
coupling constant assignments are made based on 1H, 1H–

1H
COSY, 1H-13C HSQC, and 1H-13C HMBC experiments, and
structural elucidations weremade with additional information
from gCOSY, gHSQC, and gHMBC experiments. Aluminum
heating blocks were used for heating. Paraformaldehyde
(PFA), copper sulfate (CuSO4), sodium ascorbate, poly-L-lysine,
and tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
were from Sigma Aldrich. Fetal bovine serum (FBS), Dulbec-
co’s Modified Eagle’s Medium (DMEM), and penicillin-
streptomycin solution were from the American Type Culture
Collection (ATCC). Dulbecco’s phosphate buffer saline (DPBS),
4′,6-diamidino2-phenylindole (DAPI), streptavidin Agarose
resin, Cy5-azide, bovine serum albumin (BSA), Pierce™ anti-
DYKDDDDK magnetic agarose beads, and lipofectamine™



2000 transfection reagent were from Thermo Fisher scientific.
Biotin-azide (or Biotin-PEG3-Azide) and tris-(3-
hydroxypropyltriazolylmethyl)amine (THPTA) were from
Click Chemistry Tools. Streptavidin-A488 was from Santa Cruz
Biotech. RPMI 1640 buffer was from Lonza. Fluorescent im-
aging was performed on an Olympus IX71 inverted system
equipped with LED light source (Cool LED, PE-300), 20X 0.8
and 60X 1.25 NA plan apochromatic objectives (Olympus
LUCPlanFl N objective), DAPI and Cy5 fluorescence channels,
and Olympus DP23M color camera. Image analysis was per-
formed using Olympus Cellsens Standard 3 and FIJI/ImageJ
software. The cell lysis buffer contained 4% sodium dodecyl
sulfate (SDS), 120 mM NaCl, and 50 mM triethanolamine. The
cell permeabilization buffer is 1× DPBS with 0.1% Triton-X-
100% and 2.5% BSA. For VPS36, SNX5, and RAB27A protein
overexpression, VPS36, SNX5, and RAB27A cDNA ORF
Clones, Human, Flag tag plasmids were purchased from Sino
Biological. Organelle markers utilized in this work are listed in
the Supplemental data with corresponding catalog numbers.
(2S,3R)-2-(tert-Butyloxycarbonyl)amino-3-
pivaloyloxypent-4-en-1-yl 3,4,6-tri-O-acetyl-2-deoxy-
2-(2,2,2-trichloroethoxycarbonylamino)-β-D-
glucopyranoside (6)

Amixture of 4 (0.61 g, 0.98 mmol), 5 (0.27 g, 0.89 mmol), and
flame-dried MS 4Å (1.0 g) in dry dichloromethane (DCM,
10 ml) was stirred at room temperature (rt) under Argon for
30 min before cooling to −78◦C. Trimethylsilyl triflate
(TMSOTf, 8.2 μl, 0.05 mmol) was added, and the mixture was
allowed to warm to −30◦C and kept at this temperature for
1 h. TLC analysis confirmed the complete consumption of
starting materials, and trimethylamine was added to quench
the reaction. The mixture was filtered through a Celite pad,
and the filtrate was concentrated in a vacuum. The product
was purified by flash chromatography (Hexane/EtOAc 1/1)
to afford 6 as a colorless syrup (0.60 g, 88%). TLC: Rf = 0.46
(Hexane/EtOAc 1:1). 1H NMR (600 MHz, CDCl3): δ 5.77 (ddd,
J = 17.1, 10.6, 6.1 Hz, 1H, =CH), 5.40–5.26 (m, 3H, -C=CH2),
5.24–5.22 (m, 2H), 5.04 (t, J = 9.7 Hz, 1H,H3), 4.85 (d, J = 7.7 Hz,
1H,), 4.81 (d, J = 12.0 Hz, 1H, O-CH-CCl3), 4.61 (d, J = 3.6 Hz, 1H),
4.59 (d, J = 7.8 Hz, 1H, anomeric H), 4.21 (dd, J = 12.3, 4.8 Hz,
1H), 4.16–4.07 (m, 1H), 4.06–3.99 (m, 1H), 3.95 (dd, J = 9.9, 4.2 Hz,
1H), 3.72–3.60 (m, 2H), 3.56 (dd, J = 9.6, 3.7 Hz, 1H), 2.06 (s, 3H),
2.01 (s, 3H), 2.01 (s, 3H), 1.41 (s, 9H), 1.18 (s, 9H). 13C NMR
(151 MHz, CDCl3): δ 177.0, 170.9, 170.7, 169.5, 155.5, 154.2, 133.2,
118.7, 100.8, 100.7, 95.5, 79.8, 74.6, 73.3, 73.3, 71.9, 71.9, 68.6, 68.0,
62.1, 60.5, 56.2, 52.0, 38.9, 28.5, 27.1, 20.8, 20.7, 20.7. HRMS (ESI-
TOF) m/z: [M + H]+ Calcd for C30H46Cl3N2O14 763.2009;
Found 763.2022.
(2S,3R,E)-2-(tert-Butyloxycarbonyl)amino-3-
pivaloyloxyoctadec-4-en-1-yl 3,4,6-tri-O-acetyl-2-
deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-β-D-
glucopyranoside (8)

To a solution of 6 (201 mg, 0.26 mmol) and pentadec-1-ene 7
(0.43 ml, 1.58 mmol) in dry DCM (65 ml) was added second-
generation Hoveyda−Grubbs catalyst (16.5 mg, 0.026 mmol).
The mixture was refluxed for 5 days, while a batch of 7
(0.43 ml, 1.58 mmol) and Hoveyda−Grubbs catalyst (5 mol%)
was added at 24-h intervals. After the reaction was complete, 2
drops of dimethyl sulfoxide (DMSO) were added at rt, fol-
lowed by stirring for another 2 h. The mixture was concen-
trated, and the product was purified by silica gel column
G

chromatography to give 8 (206 mg, 83%) as a white solid. TLC:
Rf = 0.7 (Hexane/EtOAc 2:3). 1H NMR (600 MHz, CDCl3): δ
5.77 (dt, J = 14.1, 6.7 Hz, 1H, C=CH-CH2), 5.35 (dd, J = 15.3,
7.4 Hz, 1H, -C=CH-C), 5.28–5.18 (m, 3H), 5.06 (t, J = 9.6 Hz, 1H),
4.94–4.71 (m, 2H), 4.64–4.64 (m, 2H), 4.22 (dd, J = 12.3, 4.7 Hz,
1H), 4.10 (dd, J = 12.3, 2.2 Hz, 1H), 4.01–3.95 (m, 1H), 3.93 (dd, J =
9.9, 4.3 Hz, 1H), 3.72–3.65 (m, 1H), 3.62 (q, J = 8.8 Hz, 1H),
3.59–3.53 (m, 1H), 2.07 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01–1.96
(m, 2H), 1.42 (s, 9H), 1.38–1.22 (m, 22H), 1.17 (s, 9H), 0.87 (t, J =
7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 176.9, 170.7, 169.5,
155.5, 154.2, 137.1, 124.6, 100.6, 95.5, 79.8, 74.6, 73.3, 72.0, 71.9, 68.6,
68.1, 62.1, 56.3, 52.2, 38.9, 32.4, 32.0, 29.8, 29.7, 29.7, 29.6, 29.4, 29.3,
29.0, 28.5, 27.1, 22.8, 20.8, 20.7, 20.7. HRMS (ESI-TOF) m/z: [M +
H]+ Calcd for C43H72Cl3N2O14 945.4062; Found 945.4044.
(2S,3R,E)-2-(tert-Butyloxycarbonyl)amino-3-
pivaloyloxyoctadec-4-en-1-yl 3,4,6-tri-O-acetyl-2-
deoxy-2-(pent-4-ynamido)-β-D-glucopyranoside (9)

To a solution of 8 (39 mg, 0.041 mmol) in acetic acid
(AcOH)/tetrahydrofuran (1:3, 2 ml) was added activated Zn
(134.5 mg, 2.06 mmol). After the mixture was stirred at rt for
12 h, it was filtered through a Celite pad, and the filtrate was
concentrated in vacuo. The product was washed with dry
toluene (3 × 3 ml) and then dissolved in 1 ml of dry DCM. To
this solution were added pent-4-yonic acid (20.1 mg,
0.204 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, 39.2 mg, 0.204 mmol), and 4-dimethylaminopyridine
(DMAP, 5 mg, 0.041 mmol) in 2 ml of dry DCM at 0◦C. The
mixture was stirred at rt overnight and diluted with DCM. The
organic layer was washed with saturated NaHCO3, water, and
brine, and dried over Na2SO4. The solution was concentrated
under vacuum and the residue was separated by silica gel
column chromatography to give 9 (24.8 mg, 71%) as colorless
syrup. TLC: Rf = 0.74 (EtOAc/Hexane 4:1). 1H NMR (600 MHz,
CDCl3): δ 5.88–5.70 (m, 2H), 5.35 (dd, J = 15.3, 7.4 Hz, 1H),
5.31–5.25 (m, 1H), 5.20 (t, J = 7.1 Hz, 1H), 5.05 (t, J = 9.6 Hz, 1H),
4.87 (d, J = 9.5 Hz, 1H, -CONH), 4.65 (d, J = 8.2 Hz, 1H,
anomeric), 4.22 (dd, J = 12.3, 4.8 Hz, 1H), 4.10 (dd, J = 12.2, 2.2 Hz,
1H), 4.01–3.93 (m, 1H), 3.91 (dd, J = 9.9, 4.5 Hz, 1H), 3.83 (q, J =
8.5 Hz, 1H), 3.74–3.64 (m, 1H), 3.54 (dd, J = 9.8, 3.4 Hz, 1H),
2.53–2.46 (m, 2H), 2.42–2.33 (m, 2H), 2.07 (s, 3H), 2.03 (s, 4H,
3H × CH3 and 1H acetylene), 2.01 (s, 3H), 2.01–1.95 (m, 2H), 1.42
(s, 9H), 1.36–1.31 (m, 2H), 1.31–1.20 (m, 20H), 1.17 (s, 9H), 0.87 (t,
J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 176.9, 171.3, 170.9,
170.6, 169.4, 155.4, 136.9, 124.5, 100.6, 82.8, 82.8, 79.5, 73.3, 72.0,
71.9, 69.5, 68.5, 67.7, 62.1, 54.7, 52.2, 38.7, 35.4, 32.3, 31.9, 29.6, 29.6,
29.6, 29.4, 29.3, 29.19, 28.9, 28.4, 27.0, 22.6, 20.7, 20.7, 20.6, 14.7,
14.1. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C45H75Cl3N2O12 851. 5264; Found 851. 5281.
(2S,3R,E)-2-[11-(3-Hexyl-3H-diazirin-3-yl)
undecanamido]-3-(pivaloyloxy)-octadec-4-en-1-yl
3,4,6-tri-O-acetyl-2-deoxy-2-(pent-4-ynamido)-β-D-
glucopyranoside (11)

Trifluoracetic acid (TFA, 107 μl, 1.4 mmol) was added to a
stirred solution of 9 (17 mg, 0.02 mmol) in DCM (3 ml) at rt,
and the mixture was stirred until the disappearance of 9. The
solvent was removed in vacuo, and the residue was dissolved
in dry DCM (3 ml), followed by adding EDC (7.54 mg,
0.039 mmol), DMAP (1.4 mg, 0.011 mmol), and 10 (12.2 mg,
0.039 mmol) at 0◦C. The mixture was stirred under Argon at rt
for 12 h. After the completion of the reaction, water was
added. The organic layer was separated and washed with
lycosphingolipid-interacting proteins and proteomics 3



saturated NaHCO3, water, and brine and dried over Na2SO4.
The solvent was removed in vacuo, and the residue was pu-
rified by silica gel column chromatography to afford 11
(18.4 mg, 90%) as colorless syrup. TLC: Rf = 0.8 (EtOAc/
Hexane, 4:1). 1H NMR (600 MHz, CDCl3): δ 6.96 (d, J = 8.7 Hz,
1H,-NH), 6.02 (d, J = 9.1 Hz, 1H, -NH), 5.86–5.82 (m, 2H), 5.80 (t,
J = 7.2 Hz, 1H), 5.39–5.27 (m, 3H), 5.27–5.17 (m, 2H), 5.10–5.01 (m,
2H), 4.68 (d, J = 8.3 Hz, 1H, anomeric), 4.37–4.37 (m, 1H),
4.26–4.21 (m, 2H), 4.11 (dd, J = 12.3, 2.3 Hz, 1H), 3.98–3.91 (m, 1H),
3.91–3.81 (m, 1H), 3.84–3.78 (m, 1H), 3.74–3.65 (m, 3H), 2.58–2.39
(m, 2H), 2.41–2.28 (m, 2H), 2.08 (s, 3H), 2.04 (s, 3H), 2.03 (s, 5H,
3H × CH3 and 2H -COCH2-) 2.02–1.99 (m, 2H), 1.97 (t, J = 2.5 Hz,
1H, acetylene), 1.65–1.52 (m, 2H), 1.37–1.20 (m, 49H), 1.19 (s, 9H),
1.11–1.01 (m, 1H), 0.88 (t, J = 7.0 Hz, 6H). 13C NMR (151 MHz,
CDCl3): δ 177.1, 171.8, 171.2, 170.7, 169.4, 157.2, 138.1, 123.7, 100.3,
82.7, 72.7, 72.3, 72.2, 69.5, 68.4, 65.4, 62.1, 54.5, 51.6, 39.0, 35.4, 33.0,
32.4, 32.0, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.5, 29.2, 28.9, 27.1, 22.8,
20.8, 20.8, 20.7, 14.7, 14.2. HRMS (ESI-TOF) m/z: [M +H]+ Calcd
for C58H99N2O12 1043.7259; Found 1043.7269.
(2S,3R,E)-2-[11-(3-hexyl-3H-diazirin-3-yl)
undecanamido]-octadec-4-en-1-yl 2-deoxy-2-(pent-4-
ynamido)-β-D-glucopyranoside (2)

To a solution of 11 (18 mg, 0.017 mmol) in dry MeOH/DCM
(3:2, 2 ml) was added NaOMe in MeOH (4.5 M, 38.3 μl,
0.172 mmol) at 0◦C. After the solution was stirred at rt for
2 days, the mixture was neutralized with Dowex 50W (H+)
resin, filtered, and concentrated in vacuo. The product was
purified by silica gel column chromatography to give 2 as a
white solid (12.1 mg, 67%). TLC: Rf = 0.38 (CHCl3/MeOH 4:0.5).
1H NMR (600 MHz, MeOD:CDCl3 1:3): δ 5.66 (dt, J = 14.2, 6.7 Hz,
1H), 5.38 (dd, J = 15.3, 7.7 Hz, 1H), 4.31 (d, J = 8.3 Hz, 1H,
anomeric), 4.06 (t, J = 7.8 Hz, 1H), 3.98 (dd, J = 10.1, 4.1 Hz, 1H),
3.93–3.79 (m, 2H), 3.75–3.57 (m, 3H), 3.40 (dd, J = 10.2, 8.7 Hz,
1H), 3.36–3.29 (m, 1H), 3.25 (ddd, J = 9.4, 6.0, 2.6 Hz, 1H),
2.55–2.33 (m, 5H), 2.18–2.10 (m, 1H), 2.09–2.03 (m, 1H), 2.02 (bs,
1H, acetylene), 2.01–1.89 (m, 2H), 1.59–1.49 (m, 2H), 1.48–1.13 (m,
46H), 1.06–0.99 (m, 1H), 0.86–0.81 (m, 6H). 13C NMR (151 MHz,
MeOD): δ 175.0, 173.9, 134.8, 129.5, 101.4, 82.9, 76.5, 75.0, 71.9, 71.3,
69.5, 68.1, 62.0, 56.3, 53.6, 45.4, 36.8, 35.5, 33.2, 32.7, 32.2, 31.9, 30.1,
30.0, 30.0, 29.9, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.6,
29.6, 29.5, 29.2, 26.3, 24.1, 24.1, 22.9, 22.8, 15.1, 14.2. HRMS (ESI-
TOF) m/z: [M + H]+ Calcd for C47H85N4O8 833.6362; Found
833.6382.

(2S,3R,E)-2-(tert-Butoxycarbonyl)amino-3-
pivaloyloxyoctadec-4-en-1-yl 3,4,6-tri-O-acetyl-2-
deoxy-2-(pent-4-ynamido)-β-D-galactopyranosyl-
(1→3)-[3,4,6-tri-O-acetyl-2-deoxy-2-(pent-4-ynamido)-
β-D-galactopyranosyl-(1→4)]-2,6-di-O-acetyl-β-D-
galactopyranosyl-(1→4)-2,3,6-tri-O-acetyl-β-D-
glucopyranoside (13)

Compound 13 (14.1 mg, 61%) was synthesized from 12
(27 mg, 0.016 mmol) by the same procedure and conditions
employed for the synthesis of 9. TLC: Rf = 0.7 (EtOAc). 1H
NMR (600 MHz, CDCl3): δ 6.90 (d, J = 9.0 Hz, 1H, -NH), 5.89 (d,
J = 7.8 Hz, 1H, -NH), 5.76 (dt, J = 14.3, 6.6 Hz, 1H, -C=CH), 5.39
(d, J = 3.0 Hz, 1H), 5.35 (d, J = 3.5 Hz, 1H), 5.33 (d, J = 7.3 Hz, 1H,
-NH), 5.26 (d, J = 8.7 Hz, 1H, anomeric-H””), 5.21–5.16 (m, 2H),
5.11 (t, J = 9.5 Hz, 1H), 4.97–4.83 (m, 2H), 4.67 (d, J = 9.5 Hz, 1H,
-NH), 4.55 (d, J = 8.0 Hz, 1H, anomeric-H’’’), 4.46–4.34 (m, 2H,
anomeric-1H”), 4.30–4.08 (m, 8H, anomeic-1H), 4.09–3.99 (m,
3H), 3.99–3.81 (m, 4H), 3.70 (t, J = 9.5 Hz, 1H), 3.63 (dd, J = 10.0,
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3.0 Hz, 1H), 3.61–3.58 (m, 1H), 3.57–3.54 (m, 1H), 3.47 (dd, J = 9.7,
4.4 Hz, 1H), 2.71–2.56 (m, 3H), 2.55–2.40 (m, 6H), 2.37–2.28 (m,
1H), 2.19 (s, 6H, 2 × CH3), 2.12 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 2.06
(s, 3H), 2.05 (s, 6H), 2.02 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.97–1.95
(m, 2H), 1.41 (s, 9H), 1.35–1.21 (m, 22H), 1.16 (s, 9H), 0.88 (t, J =
7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 176.9, 174.0, 172.2,
172.1, 171.0, 170.9, 170.7, 170.6, 170.5, 170.3, 170.0, 169.8, 168.7, 155.3,
137.1, 124.6, 102.6, 101.2, 100.4, 100.1, 84.0, 83.2, 79.6, 79.1, 74.7, 73.2,
73.0, 72.4, 72.2, 71.8, 71.3, 71.2, 71.0, 70.6, 69.4, 69.3, 68.7, 68.6,
66.79, 66.6, 63.4, 62.3, 61.6, 61.0, 52.2, 51.5, 50.2, 38.9, 35.4, 35.0,
32.7, 32.4, 32.0, 29.8, 29.6, 29.62, 29.5, 29.3, 29.0, 28.4, 27.1, 22.8,
20.9, 20.9, 20.9, 20.8, 20.8, 20.7, 20.7, 14.9, 14.6, 14.3, 14.2. HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for C84H125N3O36 1751.8116;
Found 1751.8186.
(2S,3R,E)-2-[11-(3-hexyl-3H-diazirin-3-yl)
undecanamido]-3-pivaloyloxyoctadec-4-en-1-yl 3,4,6-
tri-O-acetyl-2-deoxy-2-(pent-4-ynamido)-β-D-
galactopyranosyl-(1→3)-[3,4,6-tri-O-acetyl-2-deoxy-2-
(pent-4-ynamido)-β-D-galactopyranosyl-(1→4)]-2,6-di-
O-acetyl-β-D-galactopyranosyl-(1→4)-2,3,6-tri-O-
acetyl-β-D-glucopyranoside (14)

Compound 14 (8.2 mg, 62%) was synthesized from 13 (12 mg,
0.006 mmol) by the same procedure and conditions employed
for the synthesis of 11. TLC: Rf = 0.7 (EtOAc). 1H NMR
(600 MHz, CDCl3): δ 6.90 (d, J = 9.0 Hz, 1H, -NH), 5.85 (d, J =
7.9 Hz, 1H, -NH), 5.75 (dt, J = 14.4, 6.7 Hz, 1H, -C=CH-), 5.63 (d,
J = 9.3 Hz, 1H, -NH), 5.39 (d, J = 2.7 Hz, 1H), 5.36 (d, J = 2.6 Hz,
1H), 5.33 (d, J = 7.5 Hz, 1H), 5.25 (d, J = 8.6 Hz, 1H), 5.21 (t, J =
7.4 Hz, 1H), 5.19–5.15 (m, 2H), 5.12 (t, J = 9.5 Hz, 1H), 4.93–4.83
(m, 2H), 4.53 (d, J = 7.9 Hz, 1H, anomeric), 4.40 (d, J = 10.8 Hz,
1H), 4.38 (d, J = 7.8 Hz, 1H, anomeric), 4.35–4.30 (m, 1H),
4.29–4.10 (m, 8H), 4.08–3.99 (m, 3H), 3.94–3.86 (m, 3H), 3.70 (t,
J = 9.6 Hz, 1H), 3.66–3.62 (m, 1H), 3.62–3.58 (m, 1H), 3.57–3.51 (m,
1H), 3.48 (dd, J = 4.5 Hz, 1H), 2.67–2.58 (m, 2H), 2.56–2.41 (m,
5H), 2.39–2.26 (m, 2H), 2.19 (s, 3H), 2.17 (s, 3H), 2.12 (s, 3H), 2.10 (s,
3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H),
2.02 (s, 3H), 2.00 (s, 3H), 1.98–1.93 (m, 2H), 1.54–1.47 (m, 1H),
1.36–1.19 (m, 47H), 1.16 (s, 9H), 1.08–1.03 (m, 1H) 0.88 (t, J = 7.0 Hz,
6H). 13C NMR (151 MHz, CDCl3): δ 177.0, 172.6, 172.1, 172.0, 171.0,
170.9, 170.7, 170.4, 170.2, 170.0, 169.8, 168.7, 168.6, 159.4, 159.3,
137.2, 125.0, 102.7, 100.9, 100.4, 100.0, 84.0, 83.2, 79.1, 73.1, 72.4,
72.2, 71.3, 71.1, 70.6, 69.4, 68.7, 68.6, 67.7, 66.6, 63.4, 62.3, 61.6, 61.0,
51.5, 50.5, 50.1, 38.9, 36.9, 35.4, 35.0, 34.8, 33.0, 32.4, 32.0, 31.7, 31.0,
29.8, 29.6, 29.5, 29.3, 29.3, 29.1, 29.0, 28.5, 27.1, 25.8, 25.4, 24.0, 22.8,
22.8, 21.2, 20.9, 20.9, 20.9, 20.8, 20.7, 20.7, 14.9, 14.6, 14.2, 14.1.
HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C97H149N5O35
1944.0106; Found 1944.0197.
(2S,3R,E)-2-[11-(3-hexyl-3H-diazirin-3-yl)
undecanamido]-3-hydroxyoctadec-4-en-1-yl 2-deoxy-
2-(pent-4-ynamido)-β-D-galactopyranosyl-(1→3)-[2-
deoxy-2-(pent-4-ynamido)-β-D-galactopyranosyl-
(1→4)]-β-D-galactopyranosyl-(1→4)-β-D-
glucopyranoside (1)

Compound 1 (4.1 mg, 69%) was prepared from 14 (8.2 mg,
0.004 mmol) by the same procedure and conditions used
for the synthesis of 2. TLC: Rf = 0.4 (MeOH:CHCl3 1:1). 1H
NMR (600 MHz, MeOD:CDCl3 1:1): δ 5.66 (dt, J = 14.3, 6.8 Hz,
1H), 5.42 (dd, J = 15.3, 7.6 Hz, 1H), 4.89 (d, J = 8.6 Hz, 1H,
anomeric), 4.50 (d, J = 8.4 Hz, 1H, anomeric), 4.33 (d, J =
7.6 Hz, 1H, anomeric), 4.29 (d, J = 2.5 Hz, 1H), 4.25 (d, J =



7.7 Hz, 1H, anomeric), 4.16 (dd, J = 9.9, 4.1 Hz, 1H), 4.05 (t,
J = 7.8 Hz, 1H), 3.96–3.90 (m, 3H), 3.86–3.76 (m, 7H),
3.73–3.66 (m, 2H), 3.64 (dd, J = 11.6, 5.6 Hz, 1H), 3.62–3.57 (m,
2H), 3.57–3.46 (m, 8H), 3.34 (ddd, J = 10.2, 4.9, 2.4 Hz, 1H),
3.29–3.26 (m, 1H), 2.56–2.38 (m, 8H), 2.14 (t, J = 7.6 Hz, 2H),
2.10–2.06 (m, 2H), 2.02–1.96 (m, 2H), 1.60–1.51 (m, 2H),
1.43–1.14 (m, 46H), 1.08–1.00 (m, 2H), 0.85 (t, J = 7.0 Hz, 3H).
13C NMR (151 MHz, MeOD): δ 174.7, 154.8, 154.7, 134.9, 129.9,
104.2, 104.0, 103.5, 102.3, 83.6, 83.4, 79.2, 75.8, 75.7, 75.5, 75.15,
74.5, 73.9, 73.1, 72.5, 72.4, 70.3, 69.6, 69.5, 69.2, 69.1, 68.9, 62.3,
62.2, 61.0, 60.5, 54.2, 53.9, 53.8, 53.4, 36.9, 35.5, 33.3, 32.8, 32.4,
30.1, 30.1, 30.0, 29.9, 29.8, 29.7, 29.3, 28.6, 26.4, 24.32, 24.2, 23.1,
22.9, 15.1, 14.2. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C70H119N5O23 1398.8369; Found 1398.8416.
Cell culture
HEK293 cells were cultured in high glucose DMEM sup-

plemented with 10% (V/V) FBS, 100 μg/ml streptomycin, and
100 U/ml penicillin at 37◦C in a 5% CO2 incubator main-
taining a water-saturated atmosphere. HEK293 cells of pas-
sage four were used for various studies.
Fluorescence imaging of cells
HEK293 cells (50 × 103) were seeded in poly-L-lysine (1%

solution in DPBS)-coated 35 mm dish and were allowed to
grow to ∼60% confluence. Cells were washed three times with
DPBS and incubated with RPMI buffer (1 ml) containing
50 μM of 2 (24.43 μl from 2.05 mM stock solution in DMSO) or
1 (18.94 μl from 2.64 mM stock solution in DMSO), respectively.
For the negative control, cells were incubated with DPBS only.
After 3 h of incubation, cells were washed with DPBS (0.5 ml)
three times, and DPBS (1 ml) was added to each dish. Cells
were exposed to UV irradiation (365 nm wavelength) at 4◦C
for 15 min using a Spectroline UV lamp (Spectroline, ENF-
280C, 120 V, 60 Hz, 0.20 Amps), which was followed by
washing. Cells were incubated with 4% PFA in DPBS at rt for
15 min and rinsed with DPBS (3 × 1 ml). The fixed cells were
treated with click master mix (50 μM Biotin-Azide, 50 mM
THPTA, 4.75 mM sodium ascorbate, and 2 mM CuSO4) at rt
for 1 h as described in the literature (60). Cells were washed
with DPBS (3 × 500 μl), 500 mM aq. NaCl solution (3 × 500 μl),
and double-distilled water. Cells were incubated with
streptavidin-A488 (1:1,000 dilution of 1 mg/ml stock) in 1 ml of
DPBS for 30 min in the dark. After washing with DPBS, cells
were incubated with DAPI (50 nM, 1 ml for each dish) at rt for
5 min. Finally, the cells were washed with DPBS and subjected
to fluorescent imaging.

For organelle localization study, HEK293 cells were
treated with streptavidin-A488 by the same procedure. The
cells were washed, fixed, and permeabilized with cell per-
meabilization buffer for 15 min, followed by washing and
incubation with fluorophore-conjugated organelle antibody
markers (in a final concentration of 2 μg/ml for each anti-
body) in 1 ml of DPBS containing 1.5% BSA at rt for 1 h with
gentle shaking. Finally, the coverslip containing cells was
washed and mounted on the microscopic glass slide using the
mounting media.
Flow cytometry analysis of cells
After treatment with 1 or 2 (200 μM), using DPBS as control,

for different periods (1, 2, 3, 4, 6, and 12 h), cells were pelleted
by centrifugation (600 g) at 4◦C for 8 min, suspended in DPBS
(1×, 200 μl) containing 100 μM of biotin-azide, and incubated
G

on ice for 45 min as mentioned above. Cells were washed with
ice-cold PBS (1.0 ml) and pelleted by centrifugation, which was
repeated three times. The cells were suspended in PBS (100 μl)
and incubated with A488-streptavidin (1:500 dilution) on ice in
the dark for 30 min. The cells were centrifuged and washed
with ice-cold DPBS (500 μl), which was repeated three times.
Finally, the cells were resuspended in ice-cold PBS (200 μl) and
subjected to FACS analysis using a blue (488 nm) excitation
laser and 530 nm emission filter. Data were analyzed using the
Attune NXT software.
Labeling proteins in live HEK293 cells using 1 and 2
HEK293 cells (0.8 × 106) were seeded onto a 100 mm tissue

culture dish as mentioned above and were allowed to grow
to 90% confluence. The cells were harvested, pelleted, and
resuspended in serum-free media (7 ml) with a final cell
count of ∼4.7 × 106. Cells were equally divided into three
centrifuge tubes, washed with DPBS three times, replen-
ished with fresh serum-free media containing 200 μM of 1,
2, or PBS (negative control), and transferred onto a 35 mm
tissue culture dish. Following incubation at 37◦C for 4 h,
cells were washed with DPBS, resuspended in DPBS (1 ml),
and exposed to 365 nm UV light as described. Thereafter,
cells were pelleted through centrifugation (800 g, 4◦C,
6 min), washed with cold DPBS (2×), and aspirated. Cell
pellets were either stored at −80◦C until use or directly
applied to the next step.
Western blot analysis of labeled proteins
These experiments followedour previous protocols (60, 61). In

short, the cell pellets obtained above were lysed in ice-cold lysis
buffer (500 μl) containing 5.0 μM protease inhibitor (Halt pro-
tease inhibitor cocktail, Thermo Scientific) on a Qsonica probe
sonicator (6 pulses, 60%duty cycle, 30 s each, Amp 10). Thewhole
cell lysate (WCL)was subjected toproteinprecipitationbyadding
coldMeOH (2ml), CHCl3 (0.5 ml), and water (3.5ml) (4/1/7, v/v/
v), followed by mixing and centrifuging at 21,000 g for 20 min.
The supernatant was discarded, and this precipitation process
was repeated two more times. The resulting protein pellet was
dried at rt, resuspended in PBS, and analyzed to determine pro-
teinconcentrationusingabicinchoninicacid (BCA)proteinassay
kit (Thermo Scientific) following the manufacturer’s in-
structions. An aliquot of ca. 50 μg proteins was put in a 1.5 ml
centrifuge tube and mixed with freshly prepared click master
mix (50 μM Biotin-Azide, 50 mM THPTA, 4.75 mM sodium
ascorbate, and 2 mMCuSO4) at rt for 1 h. Each reaction mixture
wasmade up to 50 μl of final volumeby addingDPBSandmixed
by vortexing. The reaction was kept at rt for 1 h before being
quenchedwith 50 μl ice-coldMeOH.ColdDPBS (50 μl)was added
to themixture, followedby coldMeOH(150 μl), CHCl3 (50 μl), and
water (300 μl). The cloudy solution was vortexed and then
centrifuged (21,000 g, 4◦C, 20 min) to separate proteins from the
aqueous and organic layers, and the protein fractionwaswashed
with cold MeOH (3×). The pelleted proteins were dried at rt,
resuspended in SDS lysis buffer (100 μl), and sonicated in a water
bath until they were dissolved. Protein concentration was
measured using a BCAprotein assay kit. Proteins (25 μg/gel lane)
were mixed with SDS loading buffer (4× stock), boiled at 95◦C,
loaded in SDS-PAGE gels containing 10% acrylamide, and
developed. The protein gel was transferred onto the PVDF
membrane that was washed with PBS, incubated with blocking
solution (10 ml) at rt for 1 h, washed with PBS again, and then
incubated with streptavidin-alkaline phosphatase (AP) (1 μg/ml
in PBS) at rt for 45 min with gentle shaking. Themembrane was
lycosphingolipid-interacting proteins and proteomics 5



washed with PBS, and the protein bands were detected by incu-
bating with 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro
blue tetrazolium (NBT) chromogenic substrate (1 tablet dissolved
in 7 ml of PBS) for 5 min before being photographed.
MS/MS-based proteomic analysis
Cell lysis, tagging of the labeled proteins with biotin using

biotin-azide instead of Cy5-azide for the click reaction, and
protein isolation from cell lysate followed the above-
described protocols. The protein fractions were washed with
MeOH, pelleted, and then resuspended in a freshly prepared
pre-equilibrated solution of streptavidin Agarose resin in
DPBS (300 μl) at rt for 2 h with end-to-end rotation. The
streptavidin beads were separated by centrifugation (1,500 g,
2 min) and washed with 0.2% SDS in DPBS (3 × 2 ml) and H2O
(3 × 2 ml). The beads were finally applied to an MS/MS-based
proteomic study. MS sample preparation and analysis condi-
tions are the following. 1) On-bead trypsin digestion of pro-
teins. Protein-loaded beads obtained above were diluted with
50 mM ammonium bicarbonate and then treated with 4 mM
dithiothreitol (DTT) at 65◦C for 15 min, 10 mM chlor-
oacetamide (CAA) at rt for 30 min in the dark. Next, the beads
were treated with trypsin (500 ng) at 37◦C overnight. Tryptic
peptides were desalted with ZipTip following the manufac-
ture's protocol (Millipore Sigma). The peptides were lyophi-
lized at 160 mBar with a speed vac and resuspended in 0.1%
formic acid (FA) for liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. Two valid replicates for
each genotype were prepared for proteomic study. 2) LC-MS/
MS-based proteomic study. Proteomic data acquisition was
achieved on an EASY-nLC™ 1200 System coupled with
Orbitrap Fusion™ Mass Spectrometers (Thermo Fisher Sci-
entific). Samples were loaded to a PepMap® 100 C18 trapping
column (75 μm i.d. × 2 cm, 3 μm, 100 Å) and separated on a
PepMap® C18 analytical column (75 μm i.d. × 25 cm, 2 μm,
100 Å). The flow rate was set at 250 nl/min with solvent A
(0.1% FA in water) and solvent B (0.1% FA and 80% acetonitrile
in water) as the mobile phases. Separation was conducted us-
ing the gradient of 2%–35% of B over 0–70 min; 35%–80% of B
over 70–75 min; 80%–98% of B over 75–76 min, and isocratic
at 98% of B over 76–90 min. For MS data acquisition, the full
MS1 scan (m/z 350–1,800) was performed on the Orbitrap with
a resolution of 120,000. The automatic gain control (AGC)
target is 2e5 with a maximum injection time of 50 ms. Peptides
bearing +2–6 charges were selected with an intensity
threshold of 1e4. Dynamic exclusion of 30 s was used to pre-
vent resampling the high abundance peptides, and the
quadrupole isolation window was 1.3 Th. Fragmentation of
the top 10 selected peptides by collision-induced dissociation
was done at 35% of normalized collision energy. The MS2
spectra were acquired at the Ion Trap with AGC target as 1e4
and maximum injection time as 35 ms.
Analysis of MS/MS data
Proteome DiscovererTM (version 2.5, Thermo Scientific)

was used to search the MS/MS spectra from the protein
samples. The SEQUEST algorithm in the Proteome Discov-
erer was used to process raw data. Spectra were searched
using the Uniprot Homo sapiens protein database with the
following parameters: 10 ppm mass tolerance for MS1 and 0.6
for MS2, two maximum missed tryptic cleavage sites, a fixed
modification of carbamidomethylation (+57.021) on cysteine
residues, and dynamic modifications of oxidation of
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methionine (+15.996). Search results were filtered at 1% false
discovery rate (FDR) and at least two unique peptides per
protein for protein identification. Relative protein abun-
dance in the samples was measured using label-free quanti-
fication, and proteins identified and quantified in all
biological samples were used. No imputation was performed.
Peptides in samples were quantified as areas under the
chromatogram peak. FDR cutoffs for both peptide and
protein identification were set as 1%.

Experimental validation of candidate GSL-binding
proteins

HEK293 cells (∼0.8 × 106) were seeded in a poly-L-lysine-
coated 60 mm tissue culture dish with 5 ml of cell culture
media and grown until ∼80% confluence for transfection.
The transfection reagent was prepared according to the
manufacturer’s protocols using the recommended concen-
tration of lipofectamine agent. In short, on the day of
transfection, 2.5 μg of plasmid DNA was diluted in 600 μl of
OptiMEM media, and 10 μl of lipofectamine 2000™ trans-
fection reagent was separately diluted in 600 μl of OptiMEM
media containing enhancer reagent (2 μl). The two solutions
were mixed and incubated at rt for 45 min with occasional
mixing using a pipette. In the meantime, cells were washed
with OptiMEM media (1 ml) three times and incubated with
the DNA/lipofectamine reagent mixture in 2.5 ml of opti-
MEM media for 5 h. Thereafter, 2.5 ml of serum-containing
cell culture media was added to the cells. After 12 h of in-
cubation, the cell culture media was discarded and replen-
ished with 5 ml of serum-containing media for 36 h. The
transfection efficiency was validated and optimized by
analyzing the proteins extracted from the WCL using SDS-
PAGE as mentioned above and blotting against the anti-
protein antibody or anti-FLAG tag antibody. The gener-
ated transfected cells were incubated with 1, 2, or PBS
(control) and then exposed to UV irradiation following the
protocol mentioned above. Cells were collected by centri-
fugation, washed with cold DPBS, and lysed by resuspending
the pellet in 1 ml of cell lysis buffer containing 10 μl of
protease inhibitor cocktail using a Qsonica probe sonicator
(6 pulses, 60% duty cycle, 30 s each, Amp10). Cell lysate was
subjected to protein extraction following the above proto-
col. Protein pellet was resuspended in DPBS, and protein
concentration was measured using a BCA assay kit. Proteins
(∼500 μg) were placed in a separate centrifuge tube and
subjected to click reaction with biotin-azide as mentioned
above. The reaction was quenched by adding cold methanol,
and the proteins were extracted. The protein pellet was
resuspended in DPBS with protein concentration measured
with a BCA assay kit. Thereafter, ∼250 μg of proteins was
diluted in cell lysis buffer (final volume of 300 μl) and
subjected to anti-FLAG magnetic agarose bead-mediated
purification according to the manufacturer’s protocol.
Thus, 50 μl of the magnetic bead slurry (25% slurry stock
dissolved in DPBS containing 0.01% Tween-20% and 0.02%
sodium azide, pH 7.2) was transferred into a 1.5 ml centri-
fuge tube and washed with cell lysis buffer (450 μl) three
times. The tube was placed on a magnetic stand to collect
the beads while discarding the supernatant. This bead-
washing process was repeated four more times. Next, pro-
tein samples (300 μl) were added to the washed beads, fol-
lowed by vortexing and incubation at rt for 45 min. The
beads were collected with a magnetic stand and washed with
cell lysis buffer three times and protein washing buffer (1×



DPBS containing 150 mM NaCl, pH 7.2) three times. There-
after, 50 μl of SDS-PAGE buffer containing 2.5 μl of 2M
DTT was added to each tube, and the sample was heated at
95◦C for 15 min. The magnetic beads were separated from
the solution using a magnetic stand. An aliquot of the su-
pernatant was subjected to SDS-PAGE and Coomassie blue
staining for visualization, whereas another aliquot of the
supernatant (∼25 μl) was subjected to SDS-PAGE and fluo-
rescence analysis employing Cy5-streptavidin conjugate so-
lution (1 μg/ml in DPBS) according to conventional
protocols.

Statistical analysis
Statistical analysis of data was achieved with the GraphPad

Prism 9.0 software. Results are presented as the mean ±
standard deviation and are compared with a two-tailed stu-
dent’s t test. *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001
show different levels of statistical significance.
RESULTS

Research design
To study GSL-cell membrane interactions and

identify GSL-binding membrane proteins, it is neces-
sary to have probes that not only label GSL-binding
proteins but also help isolate them. In this context,
we have designed and synthesized bifunctional de-
rivatives 1 and 2 (Fig. 2) of II3-β-(N-acetyl-D-galactos-
amine)-GA2 (GalNAc-GA2), which is an epimer of
LcGg4, and β-(N-acetyl-D-glucosamine)-ceramide
(GlcNAc-Cer), respectively. The latter is utilized as a
negative control because GlcNAc-Cer linkage is not
found in mammalian GSLs yet. However, these two
probes contain the same lipid tail, which carries a
photoreactive diazirine in the fatty acyl moiety that
can be activated with 365 nm UV light to yield a car-
bene to react with proximal molecules and generate a
covalent linkage. This will enable 1 and 2 attachment
to transmembrane proteins close to or interacting with
their lipid moiety and, hence, label the targeted
Fig. 2. Structures of the designed GSL probes 1 and 2.
proteins. Photo-affinity labeling has proved to be a
powerful tool to investigate protein-protein/lipid in-
teractions in live cells (62–66). The C18:0 stearic group
in 1 and 2 is an abundant fatty acyl chain in the Cer
moiety of mammalian GSLs, while its C-12, where the
diazirine is located, would be in the outer leaflet of the
cell membrane. In the meantime, both 1 and 2 also
contain alkynes in the glycan, which can react with
azides via click reactions under mild conditions for the
introduction of an affinity tag to facilitate the rapid
isolation of crosslinked proteins and subsequent pro-
teomic studies. Probe 1 was designed to contain an
alkyne group in each GalNAc unit, as its synthesis is
easier than that of probes with alkyne on a single
GalNAc residue, which needs to differentiate the two
sugar units. The diazirine and alkyne groups are used
to modify the fatty acyl chain of Cer and the GalNAc
N-acetyl group of glycans, respectively, because they
are small and are expected to have a minimal impact
on the GSL structure. Thus, 1 and 2 are anticipated to
be effective probes to explore GSL-membrane inter-
action, while the exact impact of the pent-4-ynoic
group on GSL-membrane interactions can be studied
by comparing 1 to probes containing unmodified gly-
cans. Moreover, probes 1 and 2 are designed to have
the diazirine and alkyne moieties separately located in
the lipid and glycan. As a result, even if 1 and 2 are
metabolized and their metabolites are incorporated by
cells into the salvage biosynthetic pathways of GSLs
and other biomolecules like lipids or glycoproteins, it is
unlikely that both functional groups would end up in
the same biosynthetic products for being labeled and
pulled down simultaneously. Additionally, because 1
and 2 contain the same Cer moiety but different gly-
cans, comparing the proteins captured by these probes
can provide additional information. Firstly, the results
will verify the feasibility of these probes to label and
identify GSL-associated membrane proteins. Secondly,
the results will demonstrate how the glycan structure
Glycosphingolipid-interacting proteins and proteomics 7



in GSLs influences their interactions with cell mem-
branes and other functions.

Our experimental procedures/protocols for the la-
beling, pull-down, and identification of GSL-
interacting membrane proteins are depicted in Fig. 3.
Synthetic probes 1 and 2 will be added to the cell cul-
ture for cellular incorporation into membranes, which
has been verified with many synthetic glycolipids (60,
61, 67, 68). Next, the cells will be subjected to UV irra-
diation to initiate the cross-linkage between probes and
adjacent or GSL-interacting membrane proteins,
thereby labeling the targeted proteins. Subsequently,
total proteins will be extracted from the cell lysates and
applied to a click reaction to attach a biotin tag to the
crosslinked proteins. Finally, the biotinylated proteins
will be isolated with streptavidin-beads and subjected to
MS/MS-based proteomic analysis by conventional
protocols.

Chemical synthesis of probes 1 and 2
The synthesis of probe 2, as outlined in Scheme 1,

commenced with the conversion of a fully protected
glucosamine derivative 3 into imidate 4 as a glycosyl
donor in two steps, including regioselective anomeric
de-O-acetylation using hydrazine acetate and reaction
of the resultant hemiacetal with trichloroacetonitrile
in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
Fig. 3. An illustration of the experimental procedures designed to
for proteomic study. Synthetic GSL probes are spontaneously integ
UV radiation of the cells, a reactive carbene is generated in the lipid
covalent bond. Click reaction between the alkyne group in the probe
biotin tag to facilitate their isolation utilizing streptavidin-modified
proteomic analysis according to established protocols.
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(DBU) under conventional conditions. Glycosylation
of the sphingosine precursor 5 with 4 under the pro-
motion of TMSOTf gave an excellent overall yield
(88% for three steps) of the glycolipid precursor 6. The
newly formed β-glycosidic linkage in 6 was confirmed
by the large coupling constant (J = 7.5 Hz) of the
anomeric 1H signal (δ 4.59 ppm) in its 1H NMR spec-
trum. Thereafter, 6 was subjected to lipid remodeling
and protecting group manipulation. Firstly, cross-
metathesis of 6 and n-pentadecene 7 in the presence
of the second-generation Hoveyda-Grubbs catalyst
(3 mol%) in DCM gave the desired Z-olefin 8 (82%),
which was confirmed by the coupling constant (J =
15.3 Hz) of its vinyl protons. This reaction was slow,
taking approximately 5 days to complete, but clean.
Next, the N-2,2,2-trichloroethoxycarbonyl (Troc)
group in 8 was selectively removed using Zn/AcOH,
which was followed by selective N-acylation of the
resultant amine using 4-pentynoic acid and EDC to
provide 9 in a 71% yield (two steps). The successful
incorporation of an alkyne group in 9 was verified by
its 1H NMR spectrum, showing the terminal alkyne
proton as a triplet (J = 2.5 Hz) at δ 1.99 ppm. Subse-
quently, the N-tert-butyloxycarbonyl (Boc) group in 9
was removed with 4% TFA in DCM, and the resultant
amine was acylated using C-12-diazirine-modified
stearic acid 10 (67, 68), EDC, and DMAP to provide 11 in
label and isolate GSL-interacting proteins in the cell membrane
rated into the cell membrane after incubation with cells. Upon
chain of the probe, which reacts with proteins nearby to form a
and azide-modified biotin labels the crosslinked proteins with a
beads. The bead-bound proteins are subjected to MS/MS-based



Scheme 1. Synthesis of probe 2.
an 83% yield. Finally, all O-acyl groups in 11 were
removed with NaOMe (5 M) to afford 2 in a 67% yield.
The diazirine moiety was proved to be stable to the
deprotection conditions.

Probe 1 was synthesized by the procedure outlined in
Scheme 2. First, we prepared the key intermediate 12
according to a method developed for the synthesis of
LcGg4 and its derivatives (69). Next, as described above,
the N-Troc groups in 12 were selectively removed using
Zn/AcOH, which was followed by N-acylation using 4-
pentynoic acid, EDC, and DMAP to provide 13 in a 61%
yield. Similarly, the diazirine-modified fatty acyl chain
was attached to the lipid moiety using 10 in the presence
of EDC and DMAP, after the Boc group in 13 was
removed with TFA, to afford 14. Finally, global depro-
tection of 14 with NaOMe provided 2 in a good yield
(69%). Both 1 and 2, as well as the synthetic
Scheme 2. Synthesis of probe 1.
intermediates, were fully characterized with NMR and
HRMS data.
Cell incorporation of probes 1 and 2
The human embryonic kidney (HEK) 293 cell was

used in this study since it has been commonly used for
protein overexpression and related studies and its
proteomic information is easily accessible (70). For
example, currently, there are several reports about
quantitative and qualitative proteomics (71, 72) and GSL
analyses (73) of HEK293 cells. To verify the effective
incorporation of 1 and 2 in HEK293 cell membranes, we
performed fluorescence labeling and flow cytometry
(FACS) study of cells. In these experiments,
HEK293 cells were incubated with 1 and 2 for different
periods (1–12 h) and washed. Then, the cells were
Glycosphingolipid-interacting proteins and proteomics 9



sequentially treated with azide-modified biotin for
biotinylation by copper-catalyzed alkyne-azide cyclo-
addition (CuAAC), a click reaction, and streptavidin-
A488 (a green fluorophore). Finally, fluorescence in-
tensities of the treated cells were analyzed with FACS to
prove that 1 and 2 were efficiently incorporated by
HEK293 cells within 2–3 h (supplemental Fig. S1). No
further significant increase in the fluorescence in-
tensity was observed after 12 h of incubation, which
agreed with previous reports (61, 74). We also utilized
fluorescence microscopy to validate the incorporation
of 1 and 2 by HEK293 cells. To this end, cells were
incubated with the probes for 3 h, washed, exposed to
UV lights for 15 min, and then treated with azide-
modified biotin and streptavidin-A488 as described.
Finally, the labeled cells were analyzed using a fluo-
rescence microscope. The results (Fig. 4A) clearly show
strong fluorescent labeling of cells treated with both 1
and 2, in contrast to control cells treated with PBS
instead. Therefore, both the FACS and fluorescence
microscopy results indicate the efficient incorporation
of 1 and 2 into the membranes by HEK293 cells.

Previous studies by our group and others indicate
that besides the plasma membrane, glycolipids can also
translocate into cells to interact with intracellular
organelle membranes (60, 61, 75–77). To determine the
locations of 1 and 2 in organelles, we studied their
cellular distributions using fluorescence labeling. After
cells were incubated with 1 or 2 for 1, 2, 3, and 4 h and
Fig. 4. A: Bright-field (BF), 4′,6-diamidino-2-phenylindole (DAPI),
fluorescent images of HEK293 cells treated with DPBS (negative co
modified biotin, Streptavidin-A488, and finally DAPI to stain DNAs
and Coomassie blue staining (right) results of proteins extracted f
control), then with biotin-azide, and finally run by SDS-PAGE and
Coomassie blue (right).
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labeled with azide-biotin and streptavidin-A488, they
were fixed, permeabilized, and treated with A647-
tagged anti-calreticulin, GM130, EEA1, RAB7, and
LAMP1 antibodies to stain the endoplasmic reticulum
(ER), Golgi, early endosome, late endosome, and lyso-
some (supplemental Table S1), respectively. Next, the
cells were analyzed with a fluorescent microscope using
the A488 and Cy5 channels to find the correlation be-
tween the two fluorescent labels. The results
(supplemental Figs. S2–S11) reveal a time-dependent co-
localization of 1 or 2 with intracellular organelles.
Within 1 h, both 1 and 2 showed a significant overlap
with ER fluorescence, suggesting their rapid incorpo-
ration into ER, which is the main destination in GSL
recycling. However, such correlation declines with
elongated time, possibly due to probe metabolism and
redistribution to other organelles. Indeed, the correla-
tion of 1 or 2 with other organelles is low at 1 h but
increases gradually until 3 h, followed by a generally
declining trend thereafter, especially for 1. Interest-
ingly, the overlap of both 1 and 2 with lysosome is low.
These findings are further validated by the results of
Pearson correlation coefficient analysis (supplemental
Figs. S12 and S13). Moreover, 1 and 2 show different
distributions in specific organelles, suggesting their
potentially different transport and metabolism path-
ways due to their different glycans. Since the two
probes show the most similar localization patterns at
3 h, this condition was selected for subsequent
streptavidin-A488 (Strep-A488), and Strep-A488/DAPI overlay
ntrol), 1, and 2, respectively, followed by treatments with azide-
in the cell nucleus. The scale bar is 20 μm. B: Western blot (left)
rom HEK293 cells treated with 1, 2, or DPBS buffer (negative
stained with streptavidin-AP and then with BCIP/NBT (left) or



experiments. Clearly, upon incubation with cells, at
least a part of 1 and 2 is localized in intracellular or-
ganelles, which is expected due to their involvement in
glycolipid metabolism and recycling (77, 78). Thus,
crosslinking of these probes with proteins in intracel-
lular membranes is also expected in the following ex-
periments. In addition, we cannot eliminate the
possibility that some fluorescent signals are from other
biomolecules that have incorporated alkyl GlcNAc in
the metabolites of 1 and 2 through salvage pathways,
but unlike 1 and 2, they are not bifunctional to achieve
simultaneous cross-linkage with membrane compo-
nents and biotinylation in subsequent experiments.

Analysis of GSL-interacting membrane proteins in
live cells using probes 1 and 2

Next, we conducted experiments to investigate
whether 1 and 2 could crosslink with proteins in live
cells for protein pull-down and analysis. Following the
procedure outlined in Fig. 3, we incubated
HEK293 cells with 1 or 2 for 3 h and then exposed the
cells to UV lights to allow for probe-protein cross-
linking. Thereafter, the cells were lysed, and the pro-
teins were extracted. An aliquot of the protein sample
was subjected to a click reaction with azide-modified
biotin to introduce a biotin tag to the probes. Finally,
the proteins were precipitated to remove excess biotin
and applied to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The developed gels
were treated with streptavidin-AP and BCIP/NBT for
the detection of biotinylated proteins. The results
(Fig. 4B) clearly indicate that both probes can label and
pull down many proteins, which contrasts cells treated
with only DPBS (negative control), suggesting the
feasibility of using 1 and 2 to investigate GSL-
membrane interactions.

Analysis of GSL-interacting proteins in the mem-
branes of HEK293 cells was performed according to the
procedure depicted in Fig. 3, using the optimized con-
ditions established by the SDS-PAGE study. After in-
cubation of cells with the probes and UV irradiation,
cells were lysed, and the cell lysates were subjected to
protein precipitation, click reaction with biotin-azide,
and then protein precipitation as described earlier.
The proteins were dissolved in SDS buffer and incu-
bated with streptavidin beads. The beads were isolated,
washed, and finally subjected to MS/MS-based proteo-
mic analysis following well-established protocols. Each
experiment was repeated three times to verify the
results.

Our proteomic results reveal 2,584 proteins
(supplemental Fig. S14) identified with 1 (2,272 proteins)
and 2 (2,284 proteins). The volcano plot of proteins
pulled down by 1, using proteins pulled down by 2 as
references, is depicted in Fig. 5A. Among the 2,584
proteins, 1,972 are common for 1 and 2, and 312 are
unique for 1. Of the 312 unique proteins (supplemental
Table S2), 238 were observed in all three experiments,
G

while the other 74 proteins were observed in any two
experiments (supplemental Fig. S15). In addition to the
unique proteins, we have also identified 65 proteins
significantly enriched with 1 (supplemental Table S3).
In the meantime, we have identified 300 proteins spe-
cific for 2 (i.e., not crosslinking to 1), of which 105 were
observed in all three experiments (supplemental
Table S4). Overall, many proteins are crosslinked with
probes 1 and 2. Nonetheless, each probe can selectively
interact with a specific set of proteins, even though the
two probes have the same lipid moiety. These results
suggest the significant influence of the glycan structure
of GSLs on their interaction with the cell membrane.
The unique and highly enriched proteins identified
with 1 and 2 should be useful targets for further in-
depth investigation of GSLs as well as their signaling
and metabolic pathways.

The identities of the 238 unique proteins pulled
down by 1, along with their cellular locations and po-
tential biological functions, were analyzed in detail
(supplemental Table S1). According to the Uniprot data,
most of these proteins are associated with membranes,
either plasma or intracellular organelle membranes. As
anticipated, 1 and 2 target not only the plasma mem-
brane but also the ER, Golgi, and nuclear membranes,
because glycolipids can be internalized by cells via
varied mechanisms. Optimizing the time of cell incu-
bation with probes may help gain certain selectivity,
according to the results in supplemental Figs. S2–S13.
Nevertheless, cell internalization does not affect 1 and 2
as useful probes to explore GSL-cell membrane in-
teractions; instead, it can broaden the application scope
of these probes, for example, for the characterization
of proteins related to GSL biosynthesis, transport,
recycling, and trafficking, which is one of our future
research directions.

More importantly, a series of the unique proteins
pulled down by 1 (Table 1) are reported or predicted to
be related to GSLs, including GSL endocytosis, traf-
ficking, and GSL-mediated signaling. For example, the
vacuolar protein sorting-associated proteins (VPSs) are
associated with the endosomal sorting complex
required for transport (ESCRT) that plays a role in
transporting lipids from the early endosome to Golgi
via the multivesicular body pathway (MVP) (114, 115).
Their extracellular binding to GSLs mediates their
clustering on cells, which is sensed by proteins within
the lipid rafts to trigger endocytosis in clathrin-
dependent and independent manners(116). GSL traf-
ficking from the plasma membrane to the Golgi
network is assisted by a retromer protein complex,
which contains different VPS and SNARE proteins of
the Syntaxin family. For example, various VPS proteins
(such as VPS4A, VPS4B, VPS18, VPS36, and GAPVD1)
participate in the retromer complex-mediated sphin-
golipid translocation from the membrane to the endo-
some. Categorically, VPS4 and VPS4A are required for
retromer complex formation, and VPS4B plays a role
lycosphingolipid-interacting proteins and proteomics 11



Fig. 5. A: Volcano plot showing the distribution of proteins identified with 1, presented in log2FC and log10 P, using proteins pulled
down by 2 as controls. Color dots indicate significantly (P < 0.05) enriched proteins by ≥10 (red), 5 (blue), and 2 (green) folds. Some
GSL-related proteins reported in the literature are specially marked. B: Cy5-streptavidin blot (top of each panel) and corresponding
Coomassie staining (bottom of each panel) images of anti-FLAG resin-isolated proteins from i) FLAG-VPS36, ii) FLAG-SNX5, and iii)
FLAG-Rab27A overexpressing HEK293 cells incubated with 1 (protein+/1) and 2 (protein+/2) or from wild-type cells (control) after
UV light-mediated protein crosslinking and then biotinylation via a click reaction, to validate the specific interaction between 1 and
VPS36, SNX5, or Rab27A proteins. The whole gel images are presented in supplemental Fig. S16.
in ESCRT-III complex disassembly in an ATP-driven
manner. VPS18 and VPS36 contain a ubiquitin-
binding domain, regulating membrane trafficking of
ubiquitinated proteins via ESCRT-II complex forma-
tion (117). VPS18 and VPS36 association with ubiquiti-
nated molecules also supports the presence of ubiquitin
ligases or related components (e.g., UBE3C, UCHL3,
IRF2BPL, supplemental Table S1) as unique proteins
pulled down by 1. Syntaxin 7 (STX7), as well as other
syntaxin family proteins such as STX5, STX6, and
STX16, are engaged in protein or lipid trafficking from
plasma membrane to early endosome or other endo-
cytic organelles, thus STX7 is expected to be involved in
cellular translocation of GSLs. Sorting nexin proteins 4
and 5 (SNX4 and SNX5) are membrane proteins from
the nexin protein family, possessing lipid-binding do-
mains. Other nexins like SNX1 and SNX2 are reported
to be present in the retromer complex and required for
efficient retrograde transport of GSLs from early en-
dosome to trans-Golgi network. Although there is no
report directly linking SNX4 and SNX5 to GSLs, we
anticipate that they are also involved in regulating GSL
trafficking, because they share a similar sequence as
SNX1 and SNX2. Ras-related proteins Rab-27A and
Rab-32 are small GTPases, which act as binary on/off
12 J. Lipid Res. (2024) 65(7) 100570
switches to control signal transduction. Other Rab
proteins (such as Rab-7 and Rab-9) are known to be
important mediators of the Golgi transport and traf-
ficking of caveolae-internalized GSLs (87). Therefore,
Rab-27A and Rab-32 are expected to participate in GSL
trafficking as well. PALS2 is a protein localized at the
lateral membrane of HEK293 cells as a component of
mLin-7 complex, which regulates GSL and GPI endo-
cytosis (106).

We also analyzed the unique proteins identified with
2 and attempted to associate them with GSL-related
processes but failed to find obvious correlations. This
may be due to the unique structure of 2 with a GlcNAc
residue directly linked to Cer. This linkage form has not
been discovered in mammalian GSLs. Therefore, 2may
not have specific binding targets in the cell.

To further profile the unique proteins identified
with 1, we conducted bioinformatics studies. Gene
ontology analysis of the 238 proteins observed in all
three experiments indicates that the highly enriched
proteins are related to protein and lipid trafficking,
endocytosis, and transport (Fig. 6A). This is not sur-
prising because the first step for GSL participation in
various signaling pathways starts with extracellular
ligand binding and then endocytosis and redistribution



TABLE 1. GSL-related unique proteins identified with probe 1

Proteins Uniprot ID Literature Reported Functions and Associations with GSLs Ref.

Q9UN37 VPS4A Vacuolar protein sorting (VPS) associated proteins, which are known to
promote early endosome to Golgi transport of cellular proteins and lipids.
GSL-binding Shiga toxins (STXs) requires retromer complex (SNX1 and
SNX2, VPS) in their translocation process from cell membrane to trans-
Golgi network.

(79–83)
O75351 VPS4B
Q9P253 VPS18
Q86VN1 VPS36
Q14C86 GAPVD1
O95219
Q9Y5X3

SNX4
SNX5

Sorting nexin proteins, which possess lipid binding domains. Various SNX
proteins along with VPS proteins are key components of the mammalian
retromer complex, which regulates GSL transport from endosome to
trans-Golgi network.

(82–86)

P51159
Q13637

RAB27A
RAB32

Rab proteins, which constitute the largest family of small GTPases that
regulate cellular protein and lipid transport along the different stages of
endocytic pathway. Rabs play an important role in GSL transport from
late endosome to trans-Golgi network.

(87–93)

Q8N6T3 ARFGAP1 A GTP-ase activating protein for ADP-ribosylation factor 1, which mediates
COPI vesicle formation from Golgi membrane. Binding of ARFGAP1 to
the GSL fatty acid chain initiates the membrane bending, which acts as a
starting point for different signaling pathway.

(94–96)

Q68EM7 ARHGAP17 A Rho-GTPase activating protein, which participates in Ca2+-dependent
regulation of endocytosis and exocytosis of membrane proteins and
glycolipids.

(97–100)

P84085 ARF5 An ADP-ribosylation factor GTPase, which regulates vesicle trafficking.
ARF5 regulates the biosynthesis of clathrin-independent endocytosis
(CLIC) at the plasma membrane, required for GSL assembly with other
signaling molecules.

(101–103)

Q15386 UBE3C A ubiquitin-protein ligase, which interacts with a particular GSL called N5, to
regulate the endocytosis of different notch receptors present on the cell
surface. Ubiquitin-protein ligases act as mediators for the interaction
between notch receptor and GSLs.

(104, 105)

Q9NZW5 PALS2 A scaffolding protein localized at the lateral membrane of kidney cells. As a
component of mLin-7 complex, it interacts with GSLs or GPI anchors to
regulate the endocytosis of transmembrane proteins.

(106, 107)

O15400 STX7 A protein from the membrane integrated SNARE protein family. It interacts
with GPI-anchored proteins and GSLs to mediate protein trafficking to
early endosome.

(108–110)

P84095 RHOG A Rho-related GTP-binding protein, which interacts with glycolipid transfer
proteins to regulate GSL distribution in different intracellular
membranes.

(111, 112)

Q13823 GNL2 A nucleolar GTP-binding protein, which acts as GTPase involved in GSL
biosynthesis.

(113)
to ER, Golgi, and endosomes. Our analysis of the
cellular functions of the unique proteins (Fig. 6B) re-
sults in similar conclusions. Functional analysis further
reveals proteins that are associated with cytoskeletal
rearrangement, cell adhesion, and ATP binding, which
is also expected since GSLs are believed to initiate
signaling processes via conspicuous cytoskeletal rear-
rangements (118–120). The remaining proteins are
associated with RNA processing and RNA splicing,
which is likely caused by probe incorporation into the
cytoplasm and nucleus membranes.

Validation of the proteomic results
To verify the proteomic results and prove that the

interactions of 1 with the unique proteins pulled down
by 1 were specific, we selected three of these proteins,
VPS36, SNX5, and Rab27A, as models to perform
further in-depth investigation. VPS36 was reported to
assist ESCRT in regulating the retrograde transport of
multivesicular endosomal (MVE) cargos (121). However,
there is no report of direct interactions between VPS36
and GSLs, although GSLs have been found to play a
critical role in MVE formation (122–124). SNX5 is
G

mainly involved in intracellular protein trafficking via
the retromer complex by facilitating cargo retrieval
from the endosome to the trans-Golgi network.
Although SNX proteins often possess GSL-binding
domains (82–86), there is no report of GSL binding to
SNX5 yet. Rab27A is a membrane-bound protein as an
essential component of the melanosome receptor
potentially involved in protein, GSL, and small GTPase-
mediated signal transduction (125). Here, we aimed to
validate that the observed interactions between 1 and
VPS36, SNX5, or Rab27A were specific.

In these experiments, first, we overexpressed the
target proteins carrying a DYKDDDDK (FLAG) tag
using HEK293 cells and commercially available plas-
mids by established protocols. Next, the cells were
incubated with 1 and 2 to label proteins interacting with
them, following the procedure described above. Sub-
sequently, the labeled proteins were extracted and
applied to the click reaction to introduce a biotin tag.
Finally, the target proteins were isolated using anti-
FLAG resins and subjected to SDS-PAGE analysis by
streptavidin-Cy5 blot. If the target protein is labeled
with 1 or 2, it should exhibit Cy5 fluorescence signals;
lycosphingolipid-interacting proteins and proteomics 13



Fig. 6. Gene ontology analysis of the 312 unique proteins pulled down by 1 with respect to (A) biological processes and (B) biological
functions. The Y axis shows the folds of enrichment of specific proteins pulled down by probe 1.
otherwise, the target protein is not labeled with the
probe. Our results from protein-overexpressing cells
(Fig. 5B and supplemental Fig. S16) clearly indicate that
VPS36, SNX5, and Rab27A were labeled by 1 but not by
2, although cells treated with 1 and 2 expressed the
same levels of FLAG-tagged VPS36, SNX5, and Rab27A
proteins (see Coomassie blue staining results presented
in Fig. 5B and supplemental Fig. S16). These results
prove that VPS36, SNX5, and Rab27A crosslinked with 1
specifically, which is in accordance with our proteomic
results. Considering that 1 and 2 contain the same lipid
moiety and are different only in the glycans, these re-
sults are especially interesting, as they demonstrate the
great influence of glycans of GSLs on their interaction
with cell membranes and biomolecules on cells.

DISCUSSION

To facilitate the investigation of GSL-interacting
membrane proteins, we have designed and synthe-
sized bifunctional GSL probes 1 and 2, which contain
photoreactive diazirine and clickable alkyne. This
design enables the cross-coupling of probes 1 and 2
with target membrane proteins upon UV irradiation
and the labeling of crosslinked proteins with an af-
finity tag by click reaction to facilitate their isolation
and identification, respectively. The design to have
the diazirine and alkyne moieties separately located in
the lipid and glycan can enhance the specificity of the
probes because even if they are metabolically incor-
porated by cells into other GSLs and biomolecules,
the two functional groups are unlikely to be present
in the same biosynthetic products to act as bifunc-
tional probes. We anticipate this probe design, as well
14 J. Lipid Res. (2024) 65(7) 100570
as the relevant protocols, to be widely applicable to
various GSLs. Eventually, we employed different
techniques to validate that both probes 1 and 2 were
effectively incorporated into the plasma and intra-
cellular organelle membranes and pulled down spe-
cific proteins.

Using 1, we have identified a series of unique pro-
teins, many of which were previously reported as being
related to GSL biosynthesis, trafficking, recycling,
cytoskeletal rearrangement, and signaling. Triplicate
experiments gave similar results, suggesting the reli-
ability and reproducibility of the method. In addition,
we have conducted experiments to further verify that
VPS36, SNX5, and Rab27A, which are among the
unique proteins pulled down by 1, indeed interact with 1
specifically. Direct interactions of VPS36, SNX5, and
Rab27A with GSLs have not been reported previously.
Therefore, we have demonstrated that 1 and 2 are
useful probes for studying GSL-membrane interaction
and revealing new GSL-binding proteins. Moreover,
although the embryonic kidney cell line HEK293 was
used for the current work, the method and protocols
described here should also be useful for studying other
cell lines.

Another discovery of this research is that 1 and 2,
which have the same lipid moiety but different gly-
cans, crosslink to different sets of membrane proteins.
This directly proves the decisive influence of the
glycan structure of GSLs on their properties or be-
haviors on the cell surface and their interaction with
cellular membranes. It will also be interesting to study
if probe 1 and the similar bifunctional derivative of
LcGg4, which are epimers differing only in the ste-
reochemistry of one carbon atom (Figs. 1 and 2), bind



to the same membrane proteins or not. We further
anticipate that the lipid tail of GSLs can also signifi-
cantly affect the properties of GSLs and their inter-
action with membranes, which is another topic of our
future research. This problem can be studied using
similar GSL probes with different lipid moieties. While
disclosing GSL-binding proteins in the plasma mem-
brane is the key to understanding the functional roles
and mechanisms of GSLs, identifying GSL-interacting
proteins in intracellular membranes is also important,
especially for in-depth investigation of the processes
related to GSL biosynthesis, metabolism, cellular traf-
ficking, and recycling. In this regard, the proteomic
dataset generated herein is useful, although more ac-
curate results can be obtained by modifying the
experimental conditions, such as the duration of
cellular treatment with the probe, because this can
affect the probe distribution within cells. Therefore,
the GSL probes developed here can be employed to
study these problems as well. Finally, another future
direction of this project is to study the identified pro-
teins using techniques like genetic engineering to
reveal their functions in GSL-regulated biological and
pathological processes.
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173. Sivá, M., Svoboda, M., Veverka, V., Trempe, J. F., Hofmann, K.,
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Rodríguez-Rodríguez, R., Ribeiro, M. P. C., et al. (2021) Poly-
phosphate degradation by Nudt3-Zn. Cell Rep. 37, 110004

178. Kavanagh, K. L., Jörnvall, H., Persson, B., and Oppermann, U.
(2008) Medium- and short-chain dehydrogenase/reductase
gene and protein families: the SDR superfamily: functional and
structural diversity within a family of metabolic and regulatory
enzymes. Cell. Mol. Life Sci. 65, 3895–3906

179. Maeda, Y., Tanaka, S., Hino, J., Kangawa, K., and Kinoshita, T.
(2000) Human dolichol-phosphate-mannose synthase consists
of three subunits, DPM1, DPM2 and DPM3. EMBO J. 19,
2475–2482

180. Timchenko, N. A., Cai, Z. J., Welm, A. L., Reddy, S., Ashizawa, T.,
and Timchenko, L. T. (2001) RNA CUG repeats sequester
CUGBP1 and alter protein levels and activity of CUGBP1. J. Biol.
Chem. 276, 7820–7826

181. Rochman, M., Malicet, C., and Bustin, M. (2010) HMGN5/NSBP1:
a new member of the HMGN protein family that affects
chromatin structure and function. Biochim. Biophys. Acta. 1799,
86–92

182. Jin, S. B., Zhao, J., Bjork, P., Schmekel, K., Ljungdahl, P. O., and
Wieslander, L. (2002) Mrd1p is required for processing of pre-
rRNA and for maintenance of steady-state levels of 40 S ri-
bosomal subunits in yeast. J. Biol. Chem. 277, 18431–18439

183. Snider, J., Kittanakom, S., Damjanovic, D., Curak, J., Wong, V.,
and Stagljar, I. (2010) Detecting interactions with membrane
proteins using a membrane two-hybrid assay in yeast. Nat. Pro-
toc. 5, 1281–1293

184. Russo, L. C., Farias, J. O., Ferruzo, P. Y. M., Monteiro, L. F., and
Forti, F. L. (2018) Revisiting the roles of VHR/DUSP3 phos-
phatase in human diseases. Clinics (Sao Paulo). 73, e466s
lycosphingolipid-interacting proteins and proteomics 19

http://refhub.elsevier.com/S0022-2275(24)00075-0/sref141
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref141
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref141
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref141
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref141
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref142
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref142
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref142
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref142
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref142
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref143
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref143
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref143
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref144
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref144
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref144
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref145
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref145
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref145
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref145
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref145
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref146
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref147
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref147
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref147
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref147
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref148
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref148
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref148
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref148
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref149
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref149
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref149
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref149
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref150
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref150
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref150
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref150
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref150
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref151
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref152
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref152
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref152
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref152
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref153
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref153
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref153
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref153
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref154
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref154
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref154
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref154
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref155
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref155
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref155
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref155
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref156
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref156
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref156
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref157
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref157
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref157
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref158
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref158
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref158
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref158
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref159
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref159
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref159
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref160
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref160
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref160
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref160
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref160
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref161
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref161
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref162
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref162
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref162
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref162
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref162
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref163
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref164
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref164
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref164
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref164
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref165
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref165
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref165
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref165
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref166
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref166
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref166
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref166
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref167
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref167
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref167
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref167
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref168
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref168
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref168
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref168
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref169
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref169
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref169
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref169
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref170
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref170
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref170
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref170
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref171
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref171
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref171
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref171
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref172
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref172
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref172
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref172
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref173
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref174
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref175
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref175
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref175
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref175
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref176
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref176
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref176
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref177
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref177
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref177
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref177
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref177
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref178
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref179
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref179
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref179
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref179
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref179
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref180
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref180
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref180
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref180
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref180
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref181
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref181
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref181
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref181
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref181
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref182
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref182
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref182
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref182
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref182
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref183
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref183
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref183
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref183
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref183
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref184
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref184
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref184


185. Wendeler, M. W., Paccaud, J. P., and Hauri, H. P. (2007) Role of
Sec24 isoforms in selective export of membrane proteins from
the endoplasmic reticulum. EMBO Rep. 8, 258–264

186. Akiyama, H., Fujisawa, N., Tashiro, Y., Takanabe, N., Sugiyama,
A., and Tashiro, F. (2003) The role of transcriptional core-
pressor Nif3l1 in early stage of neural differentiation via
cooperation with Trip15/CSN2. J. Biol. Chem. 278, 10752–10762

187. Lu, X., Ng, H. H., and Bubulya, P. A. (2014) The role of SON in
splicing, development, and disease. Wiley Interdiscip. Rev. RNA. 5,
637–646

188. Hu, H., Wang, Z., Li, M., Zeng, F., Wang, K., Huang, R., et al. (2017)
Gene expression and methylation analyses suggest DCTD as a
prognostic factor in malignant glioma. Sci. Rep. 7, 11568

189. Schou, K. B., Mogensen, J. B., Morthorst, S. K., Nielsen, B. S.,
Aleliunaite, A., Serra-Marques, A., et al. (2017) KIF13B establishes
a CAV1-enriched microdomain at the ciliary transition zone to
promote Sonic hedgehog signalling. Nat. Commun. 8, 14177

190. Rachlin, A. S., and Otey, C. A. (2006) Identification of palladin
isoforms and characterization of an isoform-specific interac-
tion between Lasp-1 and palladin. J. Cell Sci. 119, 995–1004

191. Bend, R., Cohen, L., Carter, M. T., Lyons, M. J., Niyazov, D.,
Mikati, M. A., et al. (2020) Phenotype and mutation expansion of
the PTPN23 associated disorder characterized by neuro-
developmental delay and structural brain abnormalities. Eur. J.
Hum. Genet. 28, 76–87

192. Tanabe, K., Kon, S., Ichijo, N., Funaki, T., Natsume, W., Wata-
nabe, T., et al. (2008) A SMAP gene family encoding ARF
GTPase-activating proteins and its implication in membrane
trafficking. Methods Enzymol. 438, 155–170

193. Brobeil, A., Bobrich, M., Tag, C., and Wimmer, M. (2012)
PTPIP51 in protein interactions: regulation and in situ inter-
acting partners. Cell Biochem. Biophys. 63, 211–222

194. Tu, Y., Popov, S., Slaughter, C., and Ross, E. M. (1999) Palmi-
toylation of a conserved cysteine in the regulator of G protein
signaling (RGS) domain modulates the GTPase-activating ac-
tivity of RGS4 and RGS10. J. Biol. Chem. 274, 38260–38267

195. Schwarz, R. I. (2015) Collagen I and the fibroblast: high protein
expression requires a new paradigm of post-transcriptional,
feedback regulation. Biochem. Biophys. Rep. 3, 38–44

196. Kapoor, N., Gupta, R., Menon, S. T., Folta-Stogniew, E., Raleigh,
D. P., and Sakmar, T. P. (2010) Nucleobindin 1 is a calcium-
regulated guanine nucleotide dissociation inhibitor of G{alpha}
i1. J. Biol. Chem. 285, 31647–63160

197. Kevenaar, J. T., Bianchi, S., van Spronsen, M., Olieric, N., Lipka,
J., Frias, C. P., et al. (2016) Kinesin-binding protein controls
microtubule dynamics and cargo trafficking by regulating
kinesin motor activity. Curr. Biol. 26, 849–861

198. Herlihy, A. E., Boeing, S., Weems, J. C., Walker, J., Dirac-
Svejstrup, A. B., Lehner, M. H., et al. (2022) UBAP2/UBAP2L
regulate UV-induced ubiquitylation of RNA polymerase II and
are the human orthologues of yeast Def1. DNA Repair (Amst). 115,
103343

199. Cavdar Koc, E., Burkhart, W., Blackburn, K., Moseley, A., and
Spremulli, L. L. (2001) The small subunit of the mammalian
mitochondrial ribosome. Identification of the full complement
of ribosomal proteins present. J. Biol. Chem. 276, 19363–19374

200. Burns, R., Majczenko, K., Xu, J., Peng, W., Yapici, Z., Dowling, J.
J., et al. (2014) Homozygous splice mutation in CWF19L1 in a
Turkish family with recessive ataxia syndrome. Neurology. 83,
2175–2182

201. Rosing, M., Ossendorf, E., Rak, A., and Barnekow, A. (2007)
Giantin interacts with both the small GTPase Rab6 and Rab1.
Exp. Cell Res. 313, 2318–2325

202. Guo, X., Engel, J. L., Xiao, J., Tagliabracci, V. S., Wang, X.,
Huang, L., et al. (2011) UBLCP1 is a 26S proteasome phosphatase
that regulates nuclear proteasome activity. Proc. Natl. Acad. Sci.
U. S. A. 108, 18649–18654

203. Boczonadi, V., Müller, J. S., Pyle, A., Munkley, J., Dor, T., Quar-
tararo, J., et al. (2014) EXOSC8 mutations alter mRNA meta-
bolism and cause hypomyelination with spinal muscular
atrophy and cerebellar hypoplasia. Nat. Commun. 5, 4287

204. Sbrissa, D., Ikonomov, O. C., Fu, Z., Ijuin, T., Gruenberg, J.,
Takenawa, T., et al. (2007) Core protein machinery for
mammalian phosphatidylinositol 3,5-bisphosphate synthesis
and turnover that regulates the progression of endosomal
20 J. Lipid Res. (2024) 65(7) 100570
transport. Novel Sac phosphatase joins the ArPIKfyve-PIKfyve
complex. J. Biol. Chem. 282, 23878–23891

205. Goppelt, A., Stelzer, G., Lottspeich, F., and Meisterernst, M.
(1996) A mechanism for repression of class II gene transcrip-
tion through specific binding of NC2 to TBP-promoter com-
plexes via heterodimeric histone fold domains. EMBO J. 15,
3105–3116

206. Damianov, A., Kann, M., Lane, W. S., and Bindereif, A. (2006)
Human RBM28 protein is a specific nucleolar component of
the spliceosomal snRNPs. Biol. Chem. 387, 1455–1460

207. Ye, Y., Shibata, Y., Yun, C., Ron, D., and Rapoport, T. A. (2004) A
membrane protein complex mediates retro-translocation from
the ER lumen into the cytosol. Nature. 429, 841–847

208. Vukotic, M., Oeljeklaus, S., Wiese, S., Vögtle, F. N., Meisinger, C.,
Meyer, H. E., et al. (2012) Rcf1 mediates cytochrome oxidase
assembly and respirasome formation, revealing heterogeneity
of the enzyme complex. Cell. Metab. 15, 336–347

209. Huang, G., Shigesada, K., Ito, K., Wee, H. J., Yokomizo, T., and
Ito, Y. (2001) Dimerization with PEBP2beta protects RUNX1/
AML1 from ubiquitin-proteasome-mediated degradation.
EMBO J. 20, 723–733

210. Burman, J. L., Bourbonniere, L., Philie, J., Stroh, T., Dejgaard, S.
Y., Presley, J. F., et al. (2008) Scyl1, mutated in a recessive form of
spinocerebellar neurodegeneration, regulates COPI-mediated
retrograde traffic. J. Biol. Chem. 283, 22774–22786

211. Sarkar, A. A., and Zohn, I. E. (2012) Hectd1 regulates intra-
cellular localization and secretion of Hsp90 to control
cellular behavior of the cranial mesenchyme. J. Cell Biol. 196,
789–800

212. Adams, G. N., LaRusch, G. A., Stavrou, E., Zhou, Y., Nieman, M.
T., Jacobs, G. H., et al. (2011) Murine prolylcarboxypeptidase
depletion induces vascular dysfunction with hypertension and
faster arterial thrombosis. Blood. 117, 3929–3937

213. Koc, E. C., Burkhart, W., Blackburn, K., Moyer, M. B., Schlatzer,
D. M., Moseley, A., et al. (2001) The large subunit of the
mammalian mitochondrial ribosome. Analysis of the comple-
ment of ribosomal proteins present. J. Biol. Chem. 276,
43958–43969

214. Agrimi, G., Russo, A., Scarcia, P., and Palmieri, F. (2012) The
human gene SLC25A17 encodes a peroxisomal transporter of
coenzyme A, FAD and NAD+. Biochem. J. 443, 241–247

215. Barik, S., and Banerjee, A. K. (1992) Phosphorylation by cellular
casein kinase II is essential for transcriptional activity of ve-
sicular stomatitis virus phosphoprotein P. Proc. Natl. Acad. Sci. U.
S. A. 89, 6570–6574

216. Kalousek, F., Isaya, G., and Rosenberg, L. E. (1992) Rat liver
mitochondrial intermediate peptidase (MIP): purification and
initial characterization. EMBO J. 11, 2803–2809

217. Kondo, H., Matsumura, T., Kaneko, M., Inoue, K., Kosako, H.,
Ikawa, M., et al. (2020) PITHD1 is a proteasome-interacting pro-
tein essential for male fertilization. J. Biol. Chem. 295, 1658–1672

218. Vazquez-Sanchez, S., Gonzalez-Lozano, M. A., Walfenzao, A., Li,
K. W., and van Weering, J. R. T. (2020) The endosomal protein
sorting nexin 4 is a synaptic protein. Sci. Rep. 10, 18239

219. Teng, F. Y., Wang, Y., and Tang, B. L. (2001) The syntaxins.
Genome Biol. 2, REVIEWS3012

220. Ciccarelli, F. D., Proukakis, C., Patel, H., Cross, H., Azam, S.,
Patton, M. A., et al. (2003) The identification of a conserved
domain in both spartin and spastin, mutated in hereditary
spastic paraplegia. Genomics. 81, 437–441

221. Vagin, O., Tokhtaeva, E., Garay, P. E., Souda, P., Bassilian, S.,
Whitelegge, J. P., et al. (2014) Recruitment of septin cytoskeletal
proteins by botulinum toxin A protease determines its
remarkable stability. J. Cell Sci. 127, 3294–3308

222. Keele, G. R., Prokop, J. W., He, H., Holl, K., Littrell, J., Deal, A. W.,
et al. (2021) Sept8/SEPTIN8 involvement in cellular structure
and kidney damage is identified by genetic mapping and a
novel human tubule hypoxic model. Sci. Rep. 11, 2071

223. Fürst, M., Zhou, Y., Merfort, J., and Müller, M. (2018) Involve-
ment of PpiD in sec-dependent protein translocation. Biochim.
Biophys. Acta Mol. Cell Res. 1865, 273–280

224. Lahiri, S., Lee, H., Mesicek, J., Fuks, Z., Haimovitz-Friedman, A.,
Kolesnick, R. N., et al. (2007) Kinetic characterization of
mammalian ceramide synthases: determination of K(m) values
towards sphinganine. FEBS Lett. 581, 5289–5294

http://refhub.elsevier.com/S0022-2275(24)00075-0/sref185
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref185
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref185
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref185
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref186
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref186
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref186
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref186
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref186
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref187
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref187
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref187
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref187
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref188
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref188
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref188
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref189
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref189
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref189
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref189
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref190
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref190
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref190
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref190
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref191
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref192
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref192
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref192
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref192
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref192
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref193
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref193
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref193
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref193
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref194
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref194
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref194
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref194
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref194
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref195
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref195
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref195
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref195
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref196
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref196
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref196
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref196
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref196
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref197
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref197
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref197
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref197
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref197
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref198
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref198
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref198
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref198
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref198
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref199
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref199
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref199
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref199
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref199
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref200
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref200
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref200
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref200
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref200
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref201
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref201
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref201
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref201
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref202
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref202
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref202
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref202
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref202
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref203
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref203
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref203
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref203
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref204
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref205
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref206
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref206
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref206
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref206
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref207
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref207
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref207
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref207
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref208
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref208
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref208
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref208
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref208
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref209
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref209
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref209
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref209
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref209
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref210
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref210
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref210
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref210
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref210
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref211
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref211
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref211
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref211
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref211
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref212
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref212
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref212
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref212
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref212
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref213
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref214
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref214
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref214
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref214
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref214
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref215
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref215
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref215
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref215
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref215
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref216
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref216
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref216
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref216
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref217
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref217
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref217
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref217
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref218
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref218
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref218
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref219
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref219
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref220
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref220
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref220
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref220
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref220
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref221
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref221
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref221
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref221
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref221
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref222
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref222
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref222
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref222
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref223
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref223
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref223
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref223
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref224
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref224
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref224
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref224
http://refhub.elsevier.com/S0022-2275(24)00075-0/sref224


225. McNally, T., Huang, Q., Janis, R. S., Liu, Z., Olejniczak, E. T., and
Reilly, R. M. (2003) Structural analysis of UBL5, a novel ubiq-
uitin-like modifier. Protein Sci. 12, 1562–1566

226. Ni, C., Schmitz, D. A., Lee, J., Pawłowski, K., Wu, J., and Buszczak,
M. (2022) Labeling of heterochronic ribosomes reveals
C1ORF109 and SPATA5 control a late step in human ribosome
assembly. Cell Rep. 38, 110597

227. Lin, C., Zhang, J., Lu, Y., Li, X., Zhang, W., Lin, W., et al. (2018)
NIT1 suppresses tumour proliferation by activating the TGFβ1-
Smad2/3 signalling pathway in colorectal cancer. Cell Death Dis.
9, 263

228. Kutzleb, C., Sanders, G., Yamamoto, R., Wang, X., Lichte, B.,
Petrasch-Parwez, E., et al. (1998) Paralemmin, a prenyl-palmi-
toyl-anchored phosphoprotein abundant in neurons and
implicated in plasma membrane dynamics and cell process
formation. J. Cell Biol. 143, 795–813

229. Jurica, M. S., Licklider, L. J., Gygi, S. R., Grigorieff, N., and
Moore, M. J. (2002) Purification and characterization of native
spliceosomes suitable for three-dimensional structural analysis.
RNA. 8, 426–439

230. Xu, G. F., O'Connell, P., Viskochil, D., Cawthon, R., Robertson,
M., Culver, M., et al. (1990) The neurofibromatosis type 1 gene
encodes a protein related to GAP. Cell. 62, 599–608

231. Dong, H., O'Brien, R. J., Fung, E. T., Lanahan, A. A., Worley, P. F.,
and Huganir, R. L. (1997) GRIP: a synaptic PDZ domain-con-
taining protein that interacts with AMPA receptors. Nature. 386,
279–284

232. Prendergast, J., Umanah, G. K., Yoo, S. W., Lagerlöf, O., Motari,
M. G., Cole, R. N., et al. (2014) Ganglioside regulation of AMPA
receptor trafficking. J. Neurosci. 34, 13246–13258

233. Cheadle, L., and Biederer, T. (2012) The novel synaptogenic
protein Farp1 links postsynaptic cytoskeletal dynamics and
transsynaptic organization. J. Cell Biol. 199, 985–1001

234. Lin, A., Minden, A., Martinetto, H., Claret, F. X., Lange-Carter,
C., Mercurio, F., et al. (1995) Identification of a dual specificity
kinase that activates the Jun kinases and p38-Mpk2. Science. 268,
286–290

235. Kremer, B. E., Haystead, T., and Macara, I. G. (2005) Mammalian
septins regulate microtubule stability through interaction with
the microtubule-binding protein MAP4. Mol. Biol. Cell. 16,
4648–4659

236. Meng, G., Zhao, Y., Bai, X., Liu, Y., Green, T. J., Luo, M., et al.
(2010) Structure of human stabilin-1 interacting chitinase-like
protein (SI-CLP) reveals a saccharide-binding cleft with lower
sugar-binding selectivity. J. Biol. Chem. 285, 39898–39904

237. McPherson, P. S. (1999) Regulatory role of SH3 domain-medi-
ated protein-protein interactions in synaptic vesicle endocy-
tosis. Cell. Signal. 11, 229–238

238. Poulard, C., Rambaud, J., Hussein, N., Corbo, L., and Le
Romancer, M. (2014) JMJD6 regulates ERα methylation on
arginine. PLoS One. 9, e87982

239. Wu, W., Chen, Y., Ye, S., Yang, H., Yang, J., and Quan, J. (2021)
Transcription factor forkhead box K1 regulates miR-32
expression and enhances cell proliferation in colorectal cancer.
Oncol. Lett. 21, 407

240. Sun, N., Critchley, D. R., Paulin, D., Li, Z., and Robson, R. M.
(2008) Human alpha-synemin interacts directly with vinculin
and metavinculin. Biochem. J. 409, 657–667

241. Tu, C., Ortega-Cava, C. F., Winograd, P., Stanton, M. J., Reddi, A.
L., Dodge, I., et al. (2010) Endosomal-sorting complexes required
for transport (ESCRT) pathway-dependent endosomal traffic
regulates the localization of active Src at focal adhesions. Proc.
Natl. Acad. Sci. U. S. A. 107, 16107–16112

242. You, K. T., Park, J., and Kim, V. N. (2015) Role of the small
subunit processome in the maintenance of pluripotent stem
cells. Genes Dev. 29, 2004–2009

243. Raemaekers, T., Ribbeck, K., Beaudouin, J., Annaert, W., Van
Camp, M., Stockmans, I., et al. (2003) NuSAP, a novel microtu-
bule-associated protein involved in mitotic spindle organiza-
tion. J. Cell Biol. 162, 1017–1029

244. Carsberg, C. J., Myers, K. A., and Stern, P. L. (1996) Metastasis-
associated 5T4 antigen disrupts cell-cell contacts and induces
cellular motility in epithelial cells. Int. J. Cancer. 68, 84–92
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