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ABSTRACT: Membrane proteins are functionally regulated by the composition of the
surrounding lipid bilayer. The late endosomal compartment is a central site for the
generation of ceramide, a bioactive sphingolipid, which regulates responses to cell stress.
The molecular interactions between ceramide and late endosomal transmembrane proteins
are unknown. Here, we uncover in atomistic detail the ceramide interaction of Lysosome
Associated Protein Transmembrane 4B (LAPTM4B), implicated in ceramide-dependent
cell death and autophagy, and its functional relevance in lysosomal nutrient signaling. The
ceramide-mediated regulation of LAPTM4B depends on a sphingolipid interaction motif
and an adjacent aspartate residue in the protein’s third transmembrane (TM3) helix. The
interaction motif provides the preferred contact points for ceramide while the neighboring
membrane-embedded acidic residue confers ﬂexibility that is subject to ceramide-induced
conformational changes, reducing TM3 bending. This facilitates the interaction between
LAPTM4B and the amino acid transporter heavy chain 4F2hc, thereby controlling
mTORC signaling. These ﬁndings provide mechanistic insights into how transmembrane proteins sense and respond to
ceramide.

■

INTRODUCTION

The functional signiﬁcance of interactions between sphingolipids and TM domains was corroborated by the discovery of a
speciﬁc C18-sphingomyelin interaction motif (VXXTLXXIY) in
the single membrane-spanning vesicular transport protein p24.12
Thereafter, additional putative sphingolipid-binding motifs
conforming to the relaxed motif ([V/I/T/L]XX[[V/I/T/
L][V/I/T/L]XX[V/I/T/L][F/W/Y]) were identiﬁed in over
600 proteins, four of which were experimentally veriﬁed to show
sphingolipid binding.13 However, for these proteins, nothing is
known regarding their regulation by sphingolipids. Over 10
proteins that contain sphingolipid interaction motifs localize to
endosomal/lysosomal compartments12,13 that represent central
organelles in sphingolipid degradation. Sphingomyelin is the
most abundant sphingolipid in mammals, and its immediate
catabolic product ceramide contributes to the pathology of
several diseases including cancer14 and obesity.15 Ceramides

It has been estimated that 20−30% of genes encode membranespanning proteins,1 and their proper function depends on
favorable interactions with the lipids surrounding them.2
Sphingolipids in particular constitute one of the key lipid classes
able to modulate protein activity. They can inﬂuence membranespanning proteins by modulating physical membrane properties
such as ﬂuidity or membrane thickness.3 They can also act as
bona ﬁde ligands4,5 or govern membrane protein behavior
through direct molecular interactions as annular lipids.6 Overall,
annular lipids regulate the function and conformation of
transmembrane (TM) proteins by optimizing membrane
thickness to match the length of the hydrophobic domain of
the protein, and also by speciﬁc interactions with structural
features of membrane-spanning domains.6−9 Further, sphingolipids foster the stability of cellular membranes and may
segregate into functional domains with cholesterol,10,11 thereby
promoting protein function.
© 2018 American Chemical Society
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Figure 1. LAPTM4B contains a functional sphingolipid-binding motif. (A) Schematic representation of a conserved sphingolipid-binding signature (top
panel). All four LAPTM4B transmembrane domains (TMs) are shown (bottom panel). The position of the putative relaxed sphingolipid-binding motif
is indicated by a red arrow, and its sequence is highlighted in red. (B) The association of ceramide−BODIPY with LAPTM4B-TM-containing acceptor
LUVs was studied by a FRET-based in vitro lipid transfer assay. DPH-PC served as FRET donor and ceramide−BODIPY as FRET acceptor. (C)
Quantiﬁcation of ceramide−BODIPY aﬃnity for TM peptide-containing LUVs from n = 3 experiments, mean ± SEM, p* < 0.05. LUVs without
peptides (POPC) and LUVs containing WALP23 served as controls. (D) Cross-linking of Cer-BP-BPY to LAPTM4B in the presence of 50 μM
competing lipids (ceramide, Cer; sphingosine, Sph; sphingomyelin, SM; glucosylceramide, GC) was assessed by immunoprecipitation, in-gel
ﬂuorescence imaging of cross-linked Cer-BP-BPY, and immunoblotting of precipitated Flag-tagged LAPTM4B. Top panel, representative experiment;
bottom panel, quantiﬁcation of cross-linked Cer-BP-BPY for competing lipids compared to control (n = 3 experiments, mean ± SEM, p* < 0.05). (E)
Schematic representation of LAPTM4B, CD63, and LAPTM4B TM domain mutants. Cross-linking of Cer-BP-BPY to LAPTM4B WT and mutants was
assessed as described in part D. Bottom panel, representative experiment; right panel, quantiﬁcation of Cer-BP-BPY cross-linking to TM mutants
compared to LAPTM4B (n = 3 experiments, mean ± SEM, p* < 0.05). (F) Intake of self-assembled ceramide micelles into TM3 peptide-containing
membranes by atomistic simulations.

thereby regulating cell sensitivity to chemotherapy-induced cell
death.18 LAPTM4B was originally identiﬁed as a highly
upregulated transcript in hepatocellular carcinoma,19 and has
been shown to associate with poor outcome in breast cancers20
and acute myeloid leukemia.21 Studies have also indicated
LAPTM4B to be involved in the regulation of mTORC signaling
and autophagy.22−26 LAPTM4B was shown to promote the
recruitment of the amino acid transporter 4F2hc/LAT1 to
lysosomes, thereby enhancing lysosomal leucine uptake and

have been shown to aﬀect the composition of membrane
domains16 and to regulate cell signaling by promoting receptor
clustering.17 However, the mechanisms underlying these
phenomena are poorly understood, and bona ﬁde sphingolipid
interaction motifs that preferentially interact with membrane
ceramide have not been identiﬁed.
We recently showed that the Lysosome Associated Protein
Transmembrane 4B (LAPTM4B) interacts with ceramide and
promotes its clearance from late endosomal compartments,
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Figure 2. The LAPTM4B sphingolipid-binding motif in TM3 is necessary for the interaction with cross-linkable ceramide. (A) Ceramide atom contacts
per residue with LAPTM4B-TM3 in membranes containing 8 or 20 mol % ceramide. The red line highlights the sphingolipid interaction motif. (B) Heat
map of TM3 showing percent of the simulation time that each residue has ≥5 contacts with ceramide in a membrane containing 8 mol % ceramide. (C)
Schematic representation of LAPTM4B TM3 mutants. The red bar indicates the sphingolipid interaction motif. (D) Cross-linking of Cer-BP-BPY to
CTM3, CTM190-201, and CTM203-216 mutants was assessed by immunoprecipitation, in-gel ﬂuorescence imaging of cross-linked Cer-BP-BPY, and
immunoblotting of precipitated Flag-tagged LAPTM4B mutant proteins. Top panel, representative experiment; bottom panel, quantiﬁcations of crosslinked Cer-BP-BPY to half-TM mutants compared to CTM3 (n = 3 experiments, mean ± SEM, p* < 0.05). (E) Cross-linking of Cer-BP-BPY to
LAPTM4B WT, and the control proteins CD63 and LAPTM4A, was assessed as described in part D. SN, supernatant; IP, immunoprecipitate. (F)
Schematic representation of LAPTM4B, LAPTM4A, and ATM3 mutants. The cellular localization of LAPTM4B and ATM3 in A431 cells was visualized
by immunoﬂuorescence microscopy. Scale bar 20 μm. (G) Cross-linking of Cer-BP-BPY to LAPTM4B and the ATM3 mutant was assessed as described
in part D. Top panel, representative experiment; bottom panel, quantiﬁcation of Cer-BP-BPY cross-linked to ATM3 compared to LAPTM4B (n = 3
experiments, mean ± SEM, p* < 0.05).

stimulating mTORC1 activity.22 Interestingly, ceramide can
induce the internalization of nutrient transport proteins,
including 4F2hc.27,28
Here, by combining atomistic computer simulations with
biochemical and cell biological experiments, we identify a
functional ceramide-regulated unit in the third TM domain of
LAPTM4B and show that it consists of a sphingolipid-binding
motif and an adjacent aspartate residue. We provide evidence
that the interaction of LAPTM4B with ceramide plays a role in

the 4F2hc-mediated regulation of mTORC1. Introducing
mutations in the ceramide interaction motif leads to altered
association between LAPTM4B and 4F2hc and dysregulated
mTORC1 signaling. Based on our results, we propose that
ceramide controls the interaction of LAPTM4B with 4F2hc and
thereby enhances downstream nutrient signaling.
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Figure 3. Aspartate 202 in TM3 of LAPTM4B is central for the ceramide interaction. (A) LAPTM4B-derived TM3 can bend in the region surrounding
the central aspartate shown in red (van der Waals representation). (B) The D202A mutation reduces the ﬂexibility of TM3 (increased peptide length)
and dynamics (change in peptide length per 100 ps interval) compared to the WT. (C) Ceramide interaction with WT-TM3 and the D202A mutant.
The WT simulation data are the same as in Figure 2A and included for comparison. The red line highlights the sphingolipid-binding motif. (D)
Schematic representation of LAPTM4B WT and the D202A point mutant. The cellular localization of LAPTM4B and the D202A mutant in A431 cells
was visualized by immunoﬂuorescence microscopy. Scale bar 20 μm. (E) Cross-linking of Cer-BP-BPY to LAPTM4B and D202A mutant was assessed
by immunoprecipitation, in-gel ﬂuorescence imaging of cross-linked Cer-BP-BPY, and immunoblotting of precipitated Flag-tagged LAPTM4B. Top
panel, representative experiment; bottom panel, quantiﬁcation of cross-linked Cer-BP-BPY for D202A compared to LAPTM4B (n = 3 experiments,
mean ± SEM, p* < 0.05).

■

RESULTS
Identiﬁcation of the Ceramide Interaction Site of
LAPTM4B. We have previously shown that LAPTM4B binds a
cross-linkable ceramide with high speciﬁcity.18 Now, we aimed to
identify the speciﬁc structural features that are important in this
interaction. Analysis of the LAPTM4B primary structure
suggested that it contains four transmembrane domains
(TM1−TM4) each 23 amino acids long (predicted by
TMHMM server 2.0; http://www.cbs.dtu.dk/services/
TMHMM/). Further examination revealed that LAPTM4B
contains two amino acid stretches that match the postulated
relaxed sphingolipid-binding motif (Figure 1A),12,13 one located
in TM3 and the other one partially overlapping with the
predicted TM1. To assess whether these TM domains play a role
in the interaction between ceramide and LAPTM4B, we
established an in vitro lipid transfer assay that measures the
association of a ﬂuorescent ceramide probe with large unilamellar
vesicles (LUVs) containing synthetic LAPTM4B-derived TM
peptides (Figure 1B, Figure S1A,B). In this assay, ceramide−
BODIPY displayed a substantially higher association with TM3-

LUVs compared to the control LUVs containing WALP23
(Figure 1C, Figure S1C,D). In contrast, LUVs hosting TM1
showed only a marginally higher uptake of the ceramide probe
compared to WALP23-LUVs (Figure 1C) or TM2-LUVs
(Figure S1D), which lack the consensus sphingolipid-binding
sequence. These results suggest that the consensus sphingolipidbinding motif in TM3 may be functional in the ceramide
interaction.
TM3 Is Necessary for Ceramide Binding to LAPTM4B in
Cells. Next, we addressed whether the in vitro lipid transfer
experiments reﬂect the behavior of LAPTM4B in the cellular
context. For this purpose, we generated a LAPTM4B knockout
cell line (Figure S2A,B), and expressed wild type (WT) or
mutant LAPTM4B constructs on the null background (Figure
S2C,D). The previously characterized cross-linkable probe
ceramide-BP-BPY18 (Figure S2E) was used as a reporter for
the ceramide−protein interaction. The cross-linking of ceramide-BP-BPY to LAPTM4B was competed by an excess of C6ceramide, but not by the immediate metabolites sphingosine, C6sphingomyelin, or C6-glucosylceramide, suggesting that the
probe speciﬁcally reports interaction of ceramide with
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ceramide in cells requires an intact sphingolipid-binding motif in
TM3.
Aspartate 202 in TM3 Is Necessary for the Ceramide
Interaction with LAPTM4B in Cells. A striking observation
from the atomistic simulations was the presence of a ﬂexible helix
region surrounding the central aspartate of TM3 (Figure 3A, see
also Figure S1E). It has been shown that the acidic amino acids
aspartate and glutamate can aﬀect the membrane positioning of
hydrophobic α-helices.29,30 Interestingly, the sphingolipid-binding motif in p2412 is accompanied by a membrane-embedded
acidic glutamate residue. This feature is absent from the
structurally similar but non-sphingolipid-binding protein p23.12
We therefore considered that acidic residues in TM domains
might play an important role in protein−sphingolipid
interactions.
In atomistic simulations, exchange of the central aspartate for
the more hydrophobic alanine (D202A) reduced the dynamic
ﬂexibility of TM3 (Figure 3B). Compared to the wild type TM3containing bilayers, the TM3-D202A membranes were more
ordered, and displayed fewer contacts between hydrophobic
groups and the aqueous phase (Tables S4−S9). This was
accompanied by a tendency for delayed ceramide incorporation
into TM3-D202A-containing bilayers (ranging from 1000 to
2970 ns) compared to the wild type TM3 bilayers (190−1415
ns). In the D202A mutant, the contact points with membraneinserted ceramide were shifted toward the center of the peptide
(Figure 3C). However, the luminal leaﬂet-spanning portion of
TM3-D202A, which contains the sphingolipid-binding motif,
was still the favored region for ceramide interaction. To
investigate the functional role of the aspartate residue for
ceramide binding in cells, we generated an aspartate to alanine
point mutant D202A. The D202A mutant colocalized with wild
type LAPTM4B in endosomes (Figure 3D), yet it displayed a
signiﬁcantly reduced interaction with cross-linkable ceramide
(Figure 3E). Taken together, D202 and the sphingolipid-binding
motif in the luminal membrane leaﬂet are critical for ceramide
interaction. The kink in the TM helix induced by D202 may
facilitate ceramide access to TM3 and may promote ceramide
intake, e.g., from neighboring membranes.
Ceramide Facilitates the Interaction between
LAPTM4B and 4F2hc in Late Endosomes. To gain insight
into the nanoenvironment in which LAPTM4B operates in cells,
we performed a mass spectrometric screen to identify speciﬁc
LAPTM4B interacting proteins. Proteins identiﬁed from at least
ﬁve peptides in the LAPTM4B samples, and that were
simultaneously enriched by more than 3-fold compared to the
negative control (coprecipitation with CD63), were considered
as speciﬁc hits. This yielded 18 LAPTM4B interacting proteins
(Table S10). Nine of the identiﬁed interaction partners belong to
the transporter or solute carrier protein families, suggesting a
function for LAPTM4B in transmembrane transport processes.
The top hit in our screen was the leucine transporter heavy chain
4F2hc/SLC3A2/CD98hc, supporting the observations by
Milkereit et al.22 Co-immunoprecipitation experiments conﬁrmed that 4F2hc interacts speciﬁcally with LAPTM4B, but not
with the paralog LAPTM4A or with CD63 (Figure S4). To
investigate if the 4F2hc-LAPTM4B interaction is regulated by
ceramide, we treated cells with bacterial sphingomyelinase
(bSMase) that hydrolyzes sphingomyelin to ceramide. This
enhanced the interaction between LAPTM4B and 4F2hc (Figure
4A, Figure S4), but did not cause 4F2hc to interact with
LAPTM4A or CD63, suggesting that the interaction is speciﬁc
(Figure S4).

LAPTM4B (Figure 1D). Initially, four LAPTM4B chimeras were
generated with single TM domains exchanged for the
corresponding domain from the tetraspanin CD63 used as a
control protein (mutant constructs CTM1−CTM4, Figure 1E
and Figure S2). Exchanging TM2, TM3, or TM4 resulted in a
reduced interaction with cross-linkable ceramide, suggesting that
these domains cooperate for eﬃcient ceramide binding in the
holoprotein (Figure 1E). In agreement with the in vitro
experiments, the TM3-speciﬁc LAPTM4B mutant (CTM3)
displayed the lowest level of ceramide-BP-BPY cross-linking
(Figure 1E), suggesting that this TM domain is of particular
importance for the ceramide interaction with LAPTM4B also in
cells.
Atomistic Dissection of TM3−Ceramide Interaction. To
elucidate how LAPTM4B-TM3 interacts with ceramide, we next
modeled the interactions by atomistic simulations. POPC
membrane systems with or without transmembrane peptides
were set up to mimic the composition of the LUVs in the
biochemical assay (Figure 1B, Tables S1−S3). C16-ceramides
(N-palmitoyl-D-erythro-sphingosine) were then included as
monomers in the aqueous phase. The ceramides rapidly formed
micelles in the aqueous phase, and did not subsequently insert
into peptide-free or POPC-WALP23 bilayers during 5500 and
5000 ns, respectively (Table S3). In contrast, membranes
containing LAPTM4B-TM3 internalized micellar ceramide in
the time range 190−1415 ns in four separate simulations (Figure
1F, Movie S1). These simulations revealed the molecular
mechanism for the interaction of ceramides with LAPTM4BTM3-containing membranes. First, TM3 was found to be ﬂexible
around the central aspartate residue (D202) which caused
shielded hydrophobic groups to become exposed to the aqueous
phase (Figure 1F, Table S4), thereby facilitating the incorporation of ceramide into the lipid bilayer. Second, simulated
systems where ceramides were introduced randomly and
symmetrically within the membrane indicated that ceramide
predominantly interacts with TM3 in the region that constitutes
the postulated sphingolipid-binding motif (Figure 2A,B).
Ceramide Interaction Motif Promotes Ceramide Binding to LAPTM4B in Cells. To assess the functionality of the
identiﬁed ceramide interaction motif in TM3, we reinserted the
wild type LAPTM4B sequences in either the cytosolic or luminal
leaﬂet-spanning parts of the non-ceramide-binding CTM3
mutant (CTM190-201 and CTM203-216, respectively, see
Figure 2C and Figure S2C,D). Reintroducing the wild type
sphingolipid-binding motif in the late endosomal luminal
membrane leaﬂet (CTM190-201) substantially rescued the
ceramide interaction, while reintroducing the wild type sequence
in the cytosolic leaﬂet (CTM203-216) had a weaker eﬀect
(Figure 2D). As the mutant proteins CTM3, CTM190-301, and
CTM203-216 predominantly localized to the endoplasmic
reticulum (Figure S3), we next generated a ceramide interaction
domain mutant that retained the same localization as the wild
type protein. For this purpose, we used LAPTM4A, a LAPTM4B
paralog that shows negligible binding to cross-linkable ceramide
(Figure 2E). LAPTM4A and LAPTM4B display 89% similarity
over the length of TM3, with the nonconservative mutations
residing in the ceramide interaction motif (Figure S2C,D). A
mutant LAPTM4B protein containing the third TM domain
from LAPTM4A (ATM3) colocalized with the wild type protein
(Figure 2F) and displayed reduced interaction with crosslinkable ceramide (Figure 2G). Taken together, these results
indicate that eﬃcient LAPTM4B interaction with cross-linkable
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To determine the subcellular localization of the LAPTM4B
interaction with 4F2hc we utilized ﬂuorescence resonance energy
transfer (FRET) in cells expressing LAPTM4B-venus (acceptor
ﬂuorophore) and 4F2hc-cerulean (donor ﬂuorophore). Donor
and acceptor ﬂuorophores fused by a short amino acid linker
were used as a positive control, and cells coexpressing 4F2hccerulean and CD63-venus were used as a negative control. FRET
between the LAPTM4B and 4F2hc constructs was observed in
punctate intracellular structures, in line with the observation that
overexpressed LAPTM4B recruits 4F2hc to lysosomes.22
Treating the cells with bSMase further increased the FRET
eﬃciency in these organelles (Figure 4B). Since 4F2hc functions
as the heavy chain of the leucine transporter 4F2hc/LAT1, we
tested whether leucine uptake would be aﬀected by LAPTM4B
knockout or overexpression. Interestingly, while 4F2hc depletion
reduced the Na+-independent leucine uptake by ∼50%,
LAPTM4B knockout or overexpression did not aﬀect leucine
uptake from the extracellular environment (Figure S5). These
observations are in line with the idea that the functionally
relevant interaction between LAPTM4B and 4F2hc takes place
in the late endosomal compartment rather than on the plasma
membrane.22
To further address how late endosomal ceramide aﬀects the
interaction between LAPTM4B and 4F2hc, we attenuated
ceramide degradation in this compartment by depleting cells of
acid ceramidase (ASAH1). Co-immunoprecipitation (Figure
4C) and FRET experiments (Figure 4D) showed that ASAH1depleted cells have increased interaction between LAPTM4B
and 4F2hc compared to controls. These ﬁndings support a role
for late endosomal ceramide in regulating the interaction of
LAPTM4B and 4F2hc.
LAPTM4B Promotes S6K Phosphorylation in a Ceramide- and 4F2hc-Dependent Manner. LAPTM4B has been
shown to regulate mTORC1 signaling by recruiting 4F2hc to
lysosomes. 22 In line with this, we observed decreased
phosphorylation of the mTORC1 substrate S6K in LAPTM4B
knockout cells (Figure S6A). This eﬀect was reversed by
reintroducing LAPTM4B (Figure S6B) indicating that it is
speciﬁc. The LAPTM4B-dependent regulation of S6K was also
observed by gene silencing; cells treated with siRNA, targeting
either LAPTM4B or 4F2hc, displayed reduced phosphorylation
of S6K (Figure 5A). Codepleting cells of LAPTM4B and 4F2hc
did not have an additional inhibitory eﬀect on S6K
phosphorylation (Figure 5A), suggesting that LAPTM4B and
4F2hc function in the same pathway. Next, we silenced ASAH1
to address whether ceramide generated in the late endosomal
compartments regulates S6K via LAPTM4B. Cells depleted of
ASAH1 displayed increased levels of phospho-S6K, and this
eﬀect was reversed in cells codepleted of ASAH1 and LAPTM4B
(Figure 5B). Moreover, depleting cells of acid sphingomyelinase
(SMPD1) to reduce late endosomal ceramide levels also caused a
reduction in S6K phosphorylation (Figure 5C), strengthening
the notion that late endosomal ceramide is involved in this
signaling pathway. Codepleting cells of SMPD1 and LAPTM4B
did not have an additional inhibitory eﬀect on S6K
phosphorylation, suggesting a shared pathway (Figure 5C).
Similar eﬀects were observed in HeLa cells depleted of SMPD1
and LAPTM4B (Figure S6C). This implies that an analogous
regulation also operates in other cancer cell models.
We next assessed whether the LAPTM4B ATM3 and D202A
mutants show diﬀerences in their interaction with 4F2hc as
compared to the wild type protein. The ATM3 mutant which
lacks the ceramide interaction motif showed a severely

Figure 4. Ceramide modulates the interaction between LAPTM4B and
4F2hc. (A) LAPTM4B-3xFlag expressing cells were treated with
bSMase (50 mU/mL, 30 min), and the interaction of LAPTM4B with
endogenous 4F2hc was assessed by Co-immunoprecipitation and
Western blotting. Left panel, representative experiment; right panel,
quantiﬁcation of n = 3 experiments, mean ± SEM, p* < 0.05. (B) A431
cells were treated with bSMase (50 mU/mL, 30 min), and the
interaction of LAPTM4B-V (green) and 4F2hc-C (magenta) was
assessed by FRET. Left panel, representative overlay images of cells cooverexpressing the indicated FRET pairs; right panel, quantiﬁcation of n
= 5 independent FRET experiments, mean ± SEM, p* < 0.05
[endosomes per condition: (i) Venus−Cerulean, n = 36; (ii) CD63-V/
4F2hc-C, n = 38; (iii) LAPTM4B-V/4F2hc-C without bSMase, n = 51;
and (iv) LAPTM4B-V/4F2hc-C with bSMase, n = 43]. Scale bar: 10 μm.
(C) The interaction of LAPTM4B with endogenous 4F2hc in ASAH1silenced LAPTM4B-3xFlag expressing cells was assessed by Coimmunoprecipitation followed by Western blotting. Left panel,
representative experiment; right panel, quantiﬁcation of n = 3
experiments, mean ± SEM, p* < 0.05. (D) ASAH1 was silenced in
cells, and the interaction of LAPTM4B-V with 4F2hc-C was assessed by
FRET. Left panel, representative FRET images; right panel,
quantiﬁcation of n = 3 independent experiments, mean ± SEM, p* <
0.05 [endosomes per condition: (i) LAPTM4B-V/4F2hc-C Ctrl siRNA,
n = 55; and (ii) LAPTM4B-V/4F2hc-C ASAH1 siRNA, n = 60].
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Figure 5. Ceramide-enhanced phosphorylation of S6K is dependent on LAPTM4B and 4F2hc. (A) A431 cells were treated with siRNAs against
LAPTM4B- and/or 4F2hc, (B) ASAH1- or/and LAPTM4B, and (C) SMPD1- or/and LAPTM4B, respectively. Cells were starved (1 h with EBSS), and
S6K/pS6K expression was assessed by Western blotting upon refeeding with stimulation medium for the indicated times. Left panels, show
representative experiments; right panels, quantiﬁcations of n ≥ 3 experiments, mean ± SEM. Diﬀerences are signiﬁcant for p* < 0.05 compared to the
control.

recruiting the leucine transporter 4F2hc/LAT1 to lysosomes.22
ASAH1 depletion did not enhance the S6K phosphorylation in
ATM3 cells (Figure S7), suggesting that the sphingolipidbinding motif is required for mTORC activation by late
endosomal ceramide. Interestingly, although the D202A mutant
showed enhanced interaction with 4F2hc, the cells displayed
reduced lysosomal leucine uptake (Figure 6C), and a lower S6K
phosphorylation compared to LAPTM4B-WT cells (Figure 6D).
This speaks for the importance of the LAPTM4B−ceramide
interaction in the process. Taken together, these results suggest
that reducing TM3 bending is suﬃcient to enhance the
interaction between LAPTM4B and 4F2hc. However,
LAPTM4B needs to interact with both 4F2hc and ceramide to
promote mTORC activation.

attenuated interaction with 4F2hc (Figure 6A), supporting a role
for ceramide in driving the hetero-oligomerization of LAPTM4B
and 4F2hc. Unexpectedly, the D202A point mutant displayed a
signiﬁcantly enhanced interaction with 4F2hc compared to the
wild type LAPTM4B protein (Figure 6A). Since the atomistic
simulations showed that the D202A mutation abrogates the
kinked conformation of TM3 (Figure 3B), we considered that
reduced TM3 bending may promote the interaction between
LAPTM4B and 4F2hc. In a similar way, high ceramide
concentration might restrict TM3-WT ﬂexibility to promote
the interaction with 4F2hc. This idea was supported by
additional atomistic simulations showing that addition of
ceramide in the bilayer reduces the ﬂexibility of TM3-WT
(Figure 6B), analogously to the D202A mutation (see Figure
3B).
To further investigate the functional role of the ceramideregulated element in LAPTM4B, we measured lysosomal leucine
and S6K phosphorylation in the ATM3 and D202A mutant cell
lines. The ATM3 cells displayed substantially reduced lysosomal
[3H]-leucine levels (Figure 6C), and a concurrently attenuated
S6K phosphorylation (Figure 6D). These results are in line with
the ﬁnding that LAPTM4B promotes mTORC activation by

■

DISCUSSION
We recently identiﬁed LAPTM4B as a ceramide interacting
protein that regulates cell sensitivity to chemotherapeutic
agents.18 In the present study, we combined atomistic
simulations with biochemical and cell biological experiments to
pinpoint in atomistic detail the structural features that are central
for the ceramide interaction of LAPTM4B, as well as
554
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Figure 6. The ceramide interaction motif in LAPTM4B-TM3 aﬀects binding to 4F2hc, lysosomal leucine uptake, and S6K phosphorylation. (A)
Schematic representation of LAPTM4B WT, the D202A point mutant, and ATM3 (top right panel). The interaction of LAPTM4B WT, D202A, or
ATM3 with endogenous 4F2hc was assessed by Co-immunoprecipitation followed by Western blotting. Left panel, representative experiment; right
bottom panel, quantiﬁcation of n = 3 experiments, mean ± SEM, diﬀerences are signiﬁcant for p* < 0.05 compared to LAPTM4B. (B) Including
ceramide in the membrane (0%, 8%, or 20% Cer) in atomistic simulations reduces the ﬂexibility of TM3 as judged by increased peptide length. Inset
shows peptide dynamics as change in length per 100 ps interval. (C) LAPTM4B, ATM3, and D202A stable cells were transfected with LAMP1-mGFP,
amino acid starved (1 h with EBSS), and stimulated with EBSS-containing MEM amino acids and [3H]-leucine. Lysosomes were isolated by GFP-Trap
immunoprecipitation, and radioactivity was quantiﬁed by scintillation counting. All values represent mean ± SEM (n ≥ 3), and diﬀerences are signiﬁcant
for p* < 0.05 compared to LAPTM4B. (D) A431 cells expressing LAPTM4B, D202A, or ATM3 were starved (1 h with EBSS), and S6K/pS6K
expression was assessed by Western blotting upon refeeding with stimulation medium for the indicated times. Left panel, representative experiment;
right panel, quantiﬁcation of n = 3 experiments, mean ± SEM, diﬀerences are signiﬁcant for p* < 0.05 compared to LAPTM4B.

characterized its functional relevance for LAPTM4B interaction
with the leucine transporter heavy chain and downstream
nutrient signaling from lysosomes.
We identiﬁed a functional ceramide-regulated element in the
third TM domain of LAPTM4B, consisting of a ceramide
interaction motif and a membrane-embedded aspartate, which
regulates ceramide access to the interaction site. While several
TM domains contribute to the interaction with cross-linkable
ceramide in cells, the luminal half of TM3 containing the
sphingolipid interaction motif is the most critical determinant. It
is therefore likely that LAPTM4B senses ceramide generated in
late endosomes as a result of sphingolipid degradation. In
isolated TM3 peptides, the contacts of ceramide with the
interaction motif are highly dynamic. However, as several TM
domains contribute to the interaction in the full protein,

ceramide might form a more stable complex with LAPTM4B
in cells. As such, the present study provides the ﬁrst functional
characterization of a sphingolipid-binding motif in a multimembrane-spanning protein. A common characteristic between
LAPTM4B and the single membrane span p24 is that
sphingolipid binding regulates the assembly of functional protein
complexes: sphingomyelin binding promotes the homodimerization of p24 and regulates vesicular traﬃcking,12 while ceramide
binding to LAPTM4B promotes its interaction with 4F2hc and
tunes the response to nutrient signaling. Moreover, the observed
LAPTM4B ceramide binding may be linked to our previous
ﬁndings of LAPTM4B-mediated late endosomal ceramide
clearance.18 Besides binding, LAPTM4B (or one of its
interacting proteins) might promote ceramide translocation or
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with structural ﬂexibility that is amenable to regulation by
sphingolipids, thereby aﬀecting protein interactions in response
to lipid binding.

control the traﬃcking and metabolic fate of ceramide-rich
domains.
A key ﬁnding of our study is that the membrane-embedded
aspartate residue provides TM3 with ﬂexibility that is subject to
ceramide-induced conformational changes. Ceramide-enriched
lipid domains have been associated with receptor clustering and
activation,31−33 but changes in protein conformation related to
this are poorly understood. Studies on supported lipid bilayers
have shown that thick ceramide-enriched domains compartmentalize liquid ordered (Lo) phase proteins and decrease their
diﬀusion rate within the plane of the membrane.34−36 This
“trapping” of signaling proteins in ceramide-rich domains has
been suggested to bring them into close contact and to stabilize
their interactions.36,37 We found that the LAPTM4B-4F2hc
interaction in cells can be enhanced either by increasing cellular
ceramides or by replacing the centrally positioned aspartate in
TM3 by the more hydrophobic alanine. The atomistic
simulations showed that TM3 adopts an extended conformation
in the presence of membrane ceramide, and that this eﬀect can be
mimicked by exchanging aspartate for alanine. This suggests that
reducing TM3 bending is suﬃcient for triggering the interaction
with 4F2hc.
The hydrophobic lengths of the predicted LAPTM4B
transmembrane segments are typical for proteins residing in
thick membrane compartments such as the plasma membrane or
endosomes.38 α-Helical TM domains respond to hydrophobic
mismatch mainly by tilting or bending in the membrane,39 and
annular lipids can to some degree compensate for hydrophobic
mismatch by compressing or stretching their acyl chains.40 In our
simulations, TM3-WT did not markedly aﬀect the thickness of
the POPC bilayer (P−P distance 3.90 nm with TM3-WT and
3.89 nm without). In contrast, TM3-D202A increased the
membrane thickness to 3.97 nm, which is comparable to the
eﬀect of including 8 mol % ceramide in the membrane (4.00 nm).
This suggests that wild type TM3 is accommodated in the POPC
membrane by bending, while TM3-D202A forces the stretching
of lipid acyl chains to provide a matching hydrophobic thickness.
We propose that TM3 adopts a kinked structure that is
incompatible with 4F2hc interaction in thin membranes. Instead,
in thick ceramide-enriched domains TM3 adopts an elongated
and less ﬂexible structure, which promotes the interaction with
4F2hc. Interestingly, although the D202A mutant displays higher
interaction with 4F2hc, this was not suﬃcient to rescue
lysosomal leucine levels or enhance S6K phosphorylation.
Considering that the D202A mutant shows reduced interaction
with cross-linkable ceramide it is likely that a combination of
ceramide binding and reduced TM3 ﬂexibility are necessary for
eﬃcient LAPTM4B/4F2hc-dependent downstream signaling.
Acidic amino acids are underrepresented within TM helices,
with an estimated 1.4% incidence in the membrane core of
human proteins.41 Remarkably, the originally identiﬁed
sphingolipid-binding motif in p2412 is accompanied by an
adjacent acidic residue, and the GPI-attachment protein 1
(GAA1) that displayed the highest interaction with a crosslinkable sphingolipid probe in the follow-up study13 also contains
an acidic glutamate residue near its sphingolipid-binding motif.
Moreover, examination of the identiﬁed four membranespanning proteins expressing relaxed sphingolipid-binding
motifs13 reveals that 42% (13 of 31) of them are associated
with TM-embedded acidic amino acids. These data argue that the
principle revealed in this study for LAPTM4B may be more
general: Membrane-embedded acidic residues in the vicinity of a
sphingolipid-binding motif provide transmembrane domains

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscentsci.7b00582.
Additional detailed descriptions of materials, methods,
and ﬁgures including behavior of LAPTM4B transmembrane domain peptides in LUVs; genomic modiﬁcations of LAPTM4B knockout, wild type, and mutant
cell lines; cellular localization of the LAPTM4B mutant
constructs; interaction of endogenous 4F2hc with
LAPTM4B and control proteins; LAPTM4B not aﬀecting
4F2hc-dependent leucine uptake into cells; LAPTM4B
aﬀecting mTORC1 activity; and interaction of ceramide
with LAPTM4B aﬀecting mTORC1 activity (PDF)
Tables S1−S3: description of the simulated systems
(XLSX)
Tables S4−S9: fundamental properties of the simulated
membranes, and their incorporation of micellar ceramide
(XLSX)
Table S10: full results of the proteomic screen (XLSX)
Tables S11−S13: list of used DNA constructs, oligos, and
siRNAs (XLSX)
Movie S1: entry of micellar ceramide into a TM3containing POPC membrane (AVI)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: tomas.blom@helsinki.ﬁ. Phone: +358-50-4484795.
ORCID

Hector Martinez-Seara: 0000-0001-9716-1713
Ilpo Vattulainen: 0000-0001-7408-3214
Tomas Blom: 0000-0001-9711-8387
Author Contributions
○

Co-ﬁrst authorship: K.Z. and A.D. Conceptualization: T.B.,
K.Z., A.D., H. M.-S., E.I., I.V. Experimental design: T.B., K.Z.,
A.D., H.M.-S., T.N., Y.A.K., S.L. Performed experiments: K.Z.,
A.D., H.M.-S., T.B., T.N., Y.A.K., S.L. Wrote the manuscript:
T.B., A.D., K.Z., H.M.-S., E.I., I.V. Funding acquisition: T.B., E.I.,
I.V. Supervision: T.B., E.I., I.V.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We acknowledge the technical support by the Biomedicum
Imaging Unit, University of Helsinki, and the Proteomic Unit,
Institute of Biotechnology, University of Helsinki. This work was
supported by the Academy of Finland (Grants 303771 and
266092 to T.B., and the Center of Excellence Project (307415)
(I.V., E.I.)), the European Research Council (Advanced Grant
GROWDED-PRO-LIPIDS (290974) (I.V.)), and the Sigrid
Juselius Foundation (T.B., E.I., I.V.). T.B. was supported by the
Magnus Ehrnrooth Foundation, the Ruth and Nils-Erik Stenbäck
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Cer, ceramide; LAT1, CD98 light chain; Lo, liquid ordered;
LUV, large unilamellar vesicle; SM, sphingomyelin; SMPD1, acid
sphingomyelinase; TM, transmembrane domain; 4F2hc, CD98
heavy chain
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(17) Bollinger, C. R.; Teichgräber, V.; Gulbins, E. Ceramide-Enriched
Membrane Domains. Biochim. Biophys. Acta, Mol. Cell Res. 2005, 1746,
284−294.
(18) Blom, T.; Li, S.; Dichlberger, A.; Bäck, N.; Kim, Y. A. Y. A.;
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