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Specific interactions between transmembraneproteins and sphingolipids is a poorly understood phenomenon, and
only a couple of instances have been identified. The best characterized example is the sphingolipid-binding motif
VXXTLXXIY found in the transmembrane helix of the vesicular transport protein p24. Here, we have used a simple
motif-probability algorithm (MOPRO) to identify proteins that contain putative sphingolipid-binding motifs in a
dataset comprising proteomes from mammalian organisms. From these motif-containing candidate proteins,
four with different numbers of transmembrane helices were selected for experimental study: i) major histocom-
patibility complex II Q alpha chain subtype (DQA1), ii) GPI-attachment protein 1 (GAA1), iii) tetraspanin-7
TSN7, and iv), metabotropic glutamate receptor 2 (GRM2). These candidates were subjected to photo-affinity la-
beling using radiolabeled sphingolipids, confirming all four candidate proteins as sphingolipid-binding proteins.
The sphingolipid-binding motifs are enriched in the 7TM family of G-protein coupled receptors, predominantly
in transmembrane helix 6. The ability of the motif-containing candidate proteins to bind sphingolipids with high
specificity opens new perspectives on their respective regulation and function.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Motifs are linear amino acid sequence patterns that correspond to a
specific structural or functional site in proteins. Motifs can indicate a
common structure or functionality between proteins that do not share
a high sequence similarity. Most motifs have been found using various
forms of multiple sequence alignments [1,7,9]. However, there are
only few databases, such as PROSITE and PRINT, that contain motifs,
and few resources exist that enable the identification of novel motifs
[1,14]. This is particularly the case for motifs located in transmembrane
helices (TMHs) of membrane proteins.

Recently, we identified a sphingolipid-binding motif in the p24 pro-
tein, a type I membrane protein involved in vesicular transport in the
early secretory pathway [3,12]. p24 specifically interacts with a single
molecular species of sphingomyelin (SM), SM 18:0, and the specificity
of the interaction was shown to be mediated by residues residing in
the TMH. Residues critical for the interaction form a crevice at one end
of the TMH, lined by rigid, β-branched amino acids and an aromatic res-
idue located next to the crevice.
brane Research, Department of
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This opened the possibility that p24-like sphingolipid-binding mo-
tifsmight allosterically regulatemembrane protein function. Regulation
ofmembrane proteins by distinctmolecular sphingolipid species would
contribute to the understanding of why such complexity in the
lipidome is maintained and needed. Since our previous analysis was
limited to single-spanning membrane proteins, we went on to explore
the entire mammalian membrane proteome for the presence of p24-
like sphingolipid-binding motifs. This demanded an algorithm capable
of evaluating complex motifs in a large dataset.

Here, we describe amotif-finding algorithm that allowed us to test if
this sphingolipid-bindingmotif was a unique occurrencewithin the p24
family, or rather represents a more widespread feature among trans-
membrane proteins. We first describe the new MOtif PRObability anal-
ysis tool (MOPRO; a downloadable version is included in the on-line
Supplementary). MOPRO is similar to the TMSTAT method [13], but it
allows more complex motifs to be analyzed within larger databases
and uses the more reliable z-score rather than p-values. Using MOPRO,
we identify 28 putative sphingolipid-binding motifs in a dataset com-
prising all predicted TMHs in membrane proteins found in entire
proteomes from mammalian organisms; one additional sphingolipid-
binding motif was identified in our earlier study. We find instances of
these 28 motifs in 672 novel candidate sphingolipid-binding proteins.
Among the new candidate proteins, four selected proteins tested posi-
tive for sphingolipid binding in a cellular context [4]. Notably, a high
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Table 1
Putative sphingolipid-bindingmotifs identifiedbyMOPRO. The lastmotif was identified in
Ref. [3] and is included for completeness. The “Motif” column shows the motif analyzed.
The two “z-value” columns contain results from two different runs of MOPRO, and the
“bz-valueN” column gives the average of these two runs. The “Tested candidate protein”
column shows the four candidate proteins for which for sphingolipid-binding was tested
experimentally in vivo.

Motif z-value 1 z-value 2 bz-valueN Tested candidate
protein

LXXILXXLF 8.09 8.02 8.06
LXXLLXXTW 8.08 7.96 8.02
LXXLLXXLY 5.45 5.44 5.45
VXXVVXXLF 5.40 5.39 5.40 DQA1(TMH1)
LXXLLXXLF 5.13 5.17 5.15
IXXVVXXIW 5.09 5.18 5.14
TXXLIXXLF 5.00 4.98 4.99
IXXLLXXLF 4.86 4.85 4.86
TXXTIXXLF 4.78 4.83 4.81
TXXVVXXLF 4.81 4.78 4.79 TSN7(TMH2)
VXXVTXXIF 4.76 4.77 4.77
VXXVVXXVF 4.75 4.76 4.75
LXXLLXXVF 4.39 4.39 4.39
IXXLVXXVY 4.35 4.38 4.36
VXXVTXXVF 4.32 4.34 4.33
TXXVTXXVY 4.15 4.09 4.12
IXXILXXIF 4.04 4.07 4.06
LXXLLXXIF 4.04 4.07 4.06
TXXLIXXVF 3.86 3.89 3.88
IXXTLXXLW 3.84 3.79 3.81
TXXTTXXIW 3.74 3.86 3.80 GRM2(TMH6)
VXXLIXXVW 3.73 3.75 3.74
LXXLVXXIF 3.67 3.71 3.69
LXXLLXXTY 3.69 3.66 3.67
VXXLLXXIF 3.64 3.64 3.64
LXXILXXVF 3.63 3.63 3.63
TXXVIXXIF 3.51 3.52 3.51
VXXTLXXIY [3] 0.97 1.00 0.99 GAA1(TMH4)

Fig. 1. Subcellular localization of candidate sphingolipid-binding proteins as annotated in
UniProt.
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number of the new candidate proteins are G protein-coupled receptors
(GPCRs).

2. Results and discussion

2.1. Motif probability analysis allows proteome-wide identification of
sequence motifs

Based on the biophysical properties of the residues that contribute to
the sphingolipid-binding motif present in p24, a ‘relaxed’ motif was
generated by allowing different permutations of the β-branched
amino acids Val, Thr, Ile and the non-β-branched Leu in the lipid-
binding crevice, and the aromatic residues Phe, Tyr or Trp in the interfa-
cial position: [V/I/T/L]XX[V/I/T/L][V/I/T/L]XX[V/I/T/L][F/W/Y]. This re-
laxed motif corresponds to 768 unique motifs (4 × 4 × 4 × 4 × 3),
generating an unmanageable amount of candidate proteins if used to
screen a large protein database.

This problem was overcome by using the MOPRO algorithm to re-
move motifs that do not generate a statistically significant over-
representation of hits in the database being screened. MOPRO compares
the observed number of occurrences of a motif in the database with the
expected number of occurrences of the same motif in a randomized
data set. The randomized data set is generated by randomizing each
TMH in the original data set by repeatedly swapping positions of ran-
domly chosen amino acids. Hence, the randomdata set contains an iden-
tical number of TMHs with identical amino acid compositions, but with
randomized sequences. Comparison of the frequency of a motif in the
randomized and original data setsmakes it possible to assess the statisti-
cal significance of themotif using either a p-value or z-score, and to iden-
tify motifs that are significantly over-represented in the original data set.

To validate MOPRO, we identified over-represented pairs of amino
acids of varying sequence separation in the mammalian proteome
data set, and compared the results to those presented in the original
TMSTAT publication [13]. Out of the top-twenty over-represented mo-
tifs found by TMSTAT, only 4 were not found as significant hits with
MOPRO, Table S1. Considering that the sequence data sets used are
very different and were collected more than 10 years apart, there is a
satisfying concordance between the MOPRO and TMSTAT results.

Applying MOPRO to search for instances of over-represented
sphingolipid-binding motifs in multi-spanning proteins within a
homology-reducedmammalian dataset, we identified 28 (26 novelmo-
tifs) putative sphingolipid-binding motifs that conform to the ‘relaxed’
motif defined above (Table 1). The occurrence of motifs in the original
and randomized datasets were then used to derive z-scores, withmotifs
considered to be significantly over-represented if the z-score N 3.5.
These motifs were then used to mine for candidates in a non-
homology-reduced mammalian dataset.

A total of 672 novel candidate proteins were found in this way. We
removed 57 redundant proteins among these protein candidates, leav-
ing 615 unique candidate proteins (Supplementary Table I). The novel
candidates predominantly localize to the plasma membrane, Fig. 1.
This is consistent with our earlier results obtained for single-spanning
membrane proteins, and correlates with the fact that the plasmamem-
brane is highly enriched in sphingolipids [3].

The original motif (VXXTLXXIY) found in single-spanning mem-
brane proteins [3] was not present above random expectation in the
set of multi-spanning proteins, but we nevertheless added three
multi-spanning membrane proteins that contain the original motif to
our collection of candidates (Supplementary Table I) and tested one of
them for sphingolipid binding (see below).

Notably, the number of candidate proteins that belong to the GPCR
superfamily is four times higher than expected based on the number
of GPCRs in the screening data set, Fig. 2A. Within the pool of these
GPCR candidates, the motifs are over-represented in TMH 6, common
in TM1, and under-represented in TMH3 and TMH7, Fig. 2B. The canon-
icalmodel for activation of GPCRs involves a critical outwardmovement
of TMH 6, needed to open up the G-protein binding crevice [16,18]. It is
tempting to speculate that sphingolipid binding to TMH 6 may be in-
volved in fine-tuning these conformational changes [11].

The under-representation of the motif in TMH 3 is consistent with
the fact that TMH 3 forms the functional core of GPCRs and is located
at the center of the protein, largely shielded from contact with mem-
brane lipids [16].

2.2. Experimental validation of candidate sphingolipid-binding proteins

As a first experimental test of the list of candidate sphingolipid-
binding proteins, four candidate proteins containing different numbers
of TMHs — one single-spanning transmembrane protein (the major



Fig. 2. (A) Percentages of candidate sphingolipid-biding proteins that are single-spanning,
multi-spanning, and GPCRs. (B) Distribution of the occurrence of putative sphingolipid-
binding motifs across the 7 TMHs of candidate sphingolipid-biding proteins in the GPCR
superfamily.

A

B

Fig. 3. Candidate sphingolipid-biding proteins significantly bind sphingolipids in vivo.
(A) FLAG-tagged ASGR1, DQA1, TSPAN7, GAA1, and GRM2 were transiently expressed in
HeLa cells for 18 h, and then incubated for additional 6 h with [3H]-photosphingosine.
The cells were then UV-irradiated, lysed, and analyzed by Western blot (upper panel)
and digital autoradiography (lower panel). The order of the samples is the same in the
upper and lower panels. (B) Radioactivity/protein was normalized to the non-candidate
protein ASGR1, and the observed ratios from four independent experiments were statisti-
cally compared by two-tailed, unpaired t-tests. *p b 0.05, **p b 0.01, ***p b 0.001.
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histocompatibility complex II Q α-chain subtype DQA1) and three
multi-spanning proteins: GPI-attachment protein 1 (hGAA1, which
contains the motif identified in p24), tetraspanin-7 (TSN7) and a
GPCR, the metabotropic glutamate receptor 2 (GRM2) — were tran-
siently expressed as FLAG-tagged fusion proteins in HeLa cells and
probed for interaction with sphingolipids. Asialoglycoprotein receptor
1 (ASGR1) was used as a negative control, as it does not contain a puta-
tive sphingolipid-binding motif, yet localizes to the plasma membrane
facing the bulk pool of cellular sphingolipids (Supplementary Fig. 1)
[8]. Immunofluorescence analysis of cells expressing the FLAG-tagged
candidate proteins showed that hGAA1 localized to the ER and DQA1
to the trans Golgi network, while TSN7 and GRM2 were found at the
plasma membrane (Supplementary Fig. 1).

To probe for sphingolipid binding, cells were fed a tritiated and
photoactivatable sphingolipid precursor, followed by UV irradiation,
immunoprecipitation, Western blotting, autoradiography, and finally,
normalization of labeling/protein to a non-motif containing plasma
membrane resident protein (ASGR1) [5]. Strikingly, all four candidates
exhibited a 5–12 fold higher extent of labeling over that observed for
ASGR1, Fig. 3. The specific labeling of all four candidate proteins sug-
gests that many more of the candidate proteins identified by MOPRO
may bind sphingolipid.

In summary, our results suggest that p24-like sphingolipid-binding
motifs are not restricted to single-spanning membrane proteins but are
present also among multi-spanning membrane proteins. We find that a
large number of GPCRs contain putative sphingolipid-binding motifs,
with a remarkable overrepresentation of these motifs in TMH6, possibly
implying a common regulation of these receptors by sphingolipids. Iden-
tification of DQA1 as sphingolipid-binding protein suggests the possibil-
ity of a novel kind of regulation of MHC class II molecule assembly and
maturation. GPI-attachment protein 1 (GAA1), as an ER resident protein,
may require sphingolipids as a co-factor for its enzymatic function. The
specific interaction might additionally or alternatively direct the
transamidase complex to subdomains that are enriched in sphingolipids
and its substrate, the immature GPI anchor. Tetraspanins are well-
described signaling-hubs that reside in glycosphingolipid-enriched
membranes. Although ectopic domains were found responsible for
carbohydrate-recognition of glycosphingolipids by these proteins [19],
additional species specificity resulting from recognitionwithin themem-
brane might alter subdomain targeting and function of these proteins
that regulate adhesion molecule organization and signaling.

In conclusion, the novel putative sphingolipid-bindingmotifs identi-
fied by MOPRO serve as a starting point for more specialized functional
studies of individual candidates. The MOPRO approach can be used in
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very large datasets to evaluate complex motifs in TMHs that maymedi-
ate specific protein–lipid or protein–protein interactions.

3. Methods

3.1. Data sets

Themammaliandata setwasdownloaded from theUniprot resource
webpage (www.uniprot.org) [15]. The query used to download the data
set was “taxonomy:"Mammalia [40674]" AND "annotation:(type:
transmem)”. This query returns all annotated transmembrane proteins
(known and predicted) of mammalian origin (18,116 sequences from
1698 mammalian species). The data set was homology reduced down
to 30% identity using CD-HIT [10,20]. After homology reduction 2760
protein sequences from 50 mammalian species remained.

In the homology-reduced set, 10,506 TMHs were predicted by
SCAMPI [2,6]. Since SCAMPI does not predict the precise ends of
membrane-spanning segments with high precision, all sequences
were extended by three residues in both the N- and C-terminal direc-
tion to ensure that the whole transmembrane domain is captured. For
evaluation of motifs within multi-spanning transmembrane proteins,
all entries containing one or two predicted TMHs were discarded
(1187 proteins containing 8355 TMHs). In our earlier work [3] the op-
posite approach was used for evaluating motifs in single-spanning
membrane proteins, i.e., all entries containingmore than two predicted
TMHs were discarded.

3.2. MOPRO

MOPRO processes a list of motifs to be evaluated over a homology-
reduced sequence data set. The first step is to count the number of oc-
currences Ni of the given motif i in the non-randomized TMH data set.
In the next step, the sequence of each TMH in thedata set is randomized.
The randomization is done using a swap algorithm, i.e., the positions of
two randomly selected residues in each TMH are swapped. The number
of swaps is set equal to the number of amino acids within each TMH.
This ensures that on average each amino acid has swapped positions
two times. The number of occurrences of motif i in the randomized
TMH data set, Ri, is then counted. Finally, the randomization procedure
is repeated 10,000 times to obtain the distribution of Ri values expected
for motif i over a TMH data set with randomized sequences, and the p-
value for motif i (i.e., the probability to observe ≥ Ni instances of the
motif) is calculated from this distribution. This distribution also allows
us to calculate the z-score, which is obtained by subtracting the average
random occurrence of Ri from the true occurrence of themotif and then
dividing this with standard deviation of Ri.

3.3. TMSTAT comparison

In the original TMSTAT publication [13], amino acid pair frequencies
were calculated for all 4000 XYn pairs (X, Y run over all 20 natural
amino acids and n= 1–10 is the separation between X and Y in the se-
quence), and compared to a random expectation. The data set used
consisted of 13,606 non-homologous 18-residue long segments anno-
tated as TMHs in the Swiss-Prot database. As a comparison, MOPRO sta-
tistics for the same 4000 XYn pairs were calculated for our mammalian
data set. To make the comparison as fair as possible, only the 19 central
residues in each TMH in the mammalian data set were included in the
MOPRO run.

3.4. Candidate sphingolipid-binding proteins

The motifs that were found to be over-represented were used to
screen for candidate sphingolipid-binding proteins. Candidates were
mined from a 90% homology reduced mammalian data set, containing
9981 proteins. The homology reduction was done using cd-hit [10,20].
Both the previously identified motif and the 28 novel motifs were
used. The TMHswere defined using SCAMPI, with the segments extend-
ed by three residues upstream and downstream of the predicted TMH.

3.5. The GPCR data set

All proteins that were annotated and reviewed as GPCRs were
downloaded from Uniprot. The TMHs of these proteins were predict-
ed using SCAMPI. The data set contains 3175 proteins. This set was
homology-reduced to 90% sequence identity, which resulted in
2008 remaining sequences. The homology reduction was done
using cd-hit [10,20].

3.6. Cell culture

HeLa cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 U/ml pen-
icillin, 100 μg/ml streptomycin and 2 mM L-glutamine at 5% CO2 and
37 °C.

3.7. In vivo photoaffinity labeling of HeLa cells transiently expressing selected
candidate proteins

Four sphingolipid-binding motif-containing protein candidates and a
control plasma membrane protein (ASGR1) not containing any of the
23 motifs (Table 1) were obtained as C-terminal FLAG-tag fusions from
Origene. The candidate proteins were i) human HLA class II histocompat-
ibility antigen, DQ alpha 1 chain, (DQA1), ii) human tetraspanin-7
(TSN7), iii) human glycosylphosphatidylinositol anchor attachment pro-
tein 1 (hGAA1), and iv) human metabotropic glutamate receptor 2
(GRM2). Photolabelling experiments were performed as described [3,5,
17]. In brief, HeLa cells were grown in 6-well dishes and transfected
using FuGENEHD as a transfection reagent (1.5 μg DNA+4.5 μl transfec-
tion reagent in 100 μl Opti-MEM (Invitrogen)) at approximately 70%
confluency. After 18 h of expression, cells were labeled with 12 μCi of
the [3H]-photo-sphingosine precursor in 3 ml of DMEM supplemented
with 10% delipidated FCS for 6 h. Finally, the cells were UV-irradiated
for 10 min on ice, and lysed for 1 h in 100 μl lysis buffer (50 mM
HEPES-NaOH, pH 7.4, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100 (v/v),
0.5% deoxycholate (w/v), and protease inhibitor cocktail). Post-nuclear
supernatants were then subjected to immunoprecipitation using M2-
(anti-FLAG)-affinity gel (Sigma-Aldrich, St Louis, USA) according to the
manufacturer's instructions. Proteins were eluted in 4× SDS-PAGE sam-
ple buffer and subjected to SDS-PAGE (10–20% Tris/Tricine gradient
gels, Invitrogen), Western blotting, and quantitative immunodetection
of FLAG-tagged proteins using a Li-COR infrared imager. Radioactively la-
beled proteins were detected by digital autoradiography (beta-Imager
2000, Biospace) with acquisition times of 16 h. Each construct listed
was probed in 4 independent experiments. In each experiment, the ratios
of radioactivity/protein, resulting from quantitation of radioactivity and
Western blot signal (capitalizing on the fact that all recombinant proteins
share the same epitope), were determined for each of the transiently
expressedproteins. The ratioswere thennormalized to the ratio observed
for ASGR1, the control protein, and the independent experiments were
averaged. Labeling ratios of candidates were then statistically compared
by two-tailed, unpaired t-test with the average labeling ratio observed
for ASGR1.

3.8. Subcellular localization of sphingolipid-binding motif-containing
candidates in HeLa cells

HeLa cells were plated on 35 mm glass bottom dishes (MatTak Cor-
poration, Ashland, USA) 24 h prior to transfection. 3.3 μg of the respec-
tive plasmids containing the FLAG-tagged cDNAs encoding for
candidate proteins, weremixedwith 10 μl of FugeneHD transfection re-
agent (Promega, Madison, USA) and added to the subconfluent cells
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(following the protocol provided byOrigene, Rockville, USA). After 24 h,
the cellswerewashed three timeswith PBS (pH 7.4) andfixedwith 3.6%
PFA (Sigma Aldrich, St. Louis, USA) for 20 min on ice. After washing (3
times) and blocking for 1 h in 1% BSA in PBS, the cells were either direct-
ly incubated with Alexa Fluor 647-conjugated Wheat Germ Agglutinin
(Life Technologies, Carlsbad, USA) at 5 mg/ml for 20 min at RT, or, for
endomembrane stainings, permeabilized with 0.5% (w/v) Triton-X100
for 5 min at RT, followed by three washing-steps of 3 min each. Cells
were then incubated with polyclonal sheep anti-TGN46 (TGOLN2,
Serotec, 1:200), polyclonal rabbit anti-calnexin (Abcam, 1:200), or
monoclonal mouse anti-FLAG-tag sequence DYDDDK (Sigma, 1:200),
respectively, for 1 h at RT (Supplementary Fig. 1). After three washing
steps with PBS of 3 min each, either donkey anti-sheep, Alexa 546,
goat anti-rabbit, Alexa 546, goat anti-mouse, Alexa 488 were used as
secondary antibodies (all from Invitrogen) at a 1:1000 dilution.

Cells were washed again and the samples were subjected to mi-
croscopy using a Zeiss LSM 510 confocal unit mounted on an
Axiovert 200 inverted microscope, equipped with an argon laser
beam. Image processing was performed using Zen 2011 and Image
J software.
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