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Adopting a proper topology is crucial for transmembrane
proteins to perform their functions. We previously reported
that ceramide regulates a transmembrane protein called
TM4SF20 (transmembrane 4 L six family member 20) through
topological inversion by altering the direction through which
the protein is translocated across membranes during transla-
tion. This regulatory mechanism, denoted regulated alternative
translocation (RAT), depends on a GXXXN motif present in the
first transmembrane helix of TM4SF20. Here, using site-di-
rected mutagenesis, we show that Asn-26 in the motif is crucial
for RAT of TM4SF20, as it cannot be replaced even by Gln. In
contrast, Gly-22 in the motif could be substituted by other small
residues such as Ala and Ser without affecting RAT of TM4SF20.
We further demonstrate that the GXXXN motif alone is insuffi-
cient to induce RAT of a transmembrane protein because
TM4SF4, a relative of TM4SF20 that also contains the motif in
the first transmembrane helix, did not undergo RAT. Us-
ing TM4SF40 –TM4SF20 chimeras, we identified Pro-29 of
TM4SF20 as another important element required for RAT of the
protein. Substituting Pro-29 alone did not affect RAT of
TM4SF20, whereas replacing Pro-29 together with either
Leu-25 or Val-17 of TM4SF20 with the corresponding residues
of TM4SF4 abolished RAT of TM4SF20. Because Val-17, Gly-
22, Leu-25, Asn-26, and Pro-29 are predicted to reside along the
same surface of the transmembrane helix, our results suggest
that interactions with other proteins mediated by this surface
during translocation may be critical for RAT of TM4SF20.

Unlike cytosolic and nuclear proteins, segments of trans-
membrane proteins located at either side of membranes are
exposed to different environments. Thus, the topology of trans-
membrane proteins, which depicts orientation of their seg-
ments at either side of membranes, is crucial for the function of
these proteins. In eukaryotic cells, the topology of polytopic
membrane proteins is primarily determined during their trans-

lation by the direction through which the first transmembrane
helix is translocated across membranes of the endoplasmic
reticulum (ER)2 (1).

We recently reported that ceramide regulates a polytopic
transmembrane protein called TM4SF20 (transmembrane 4 L
six family member 20) by inverting the topology of the protein
(2). In the absence of ceramide, the N-terminal end of the first
transmembrane helix is inserted into ER lumen, producing
TM4SF20(A), which inhibits proteolytic activation of a mem-
brane-bound transcription factor called CREB3L1 (cAMP
responsive element-binding protein 3-like 1) (2, 3) (Fig. 1A).
Accumulation of ceramide or related sphingolipids inverts the
direction through which the first transmembrane helix is
inserted into the ER, leading to production of TM4SF20(B) in
which the N-terminal end of the transmembrane helix is
located at cytosol (2) (Fig. 1A). In contrast to TM4SF20(A),
TM4SF20(B) stimulates proteolytic activation of CREB3L1 (2),
allowing the transcription factor to drive expression of genes
required for assembly of collagen-containing matrix and those
inhibiting cell proliferation (3–5). Because this regulatory
mechanism does not flip TM4SF20 that has already been syn-
thesized but inverts the topology of the newly synthesized
protein by changing the direction through which the first trans-
membrane helix is translocated across membranes, we desig-
nated this process as regulated alternative translocation (RAT)
(2).

We then determined that RAT of TM4SF20 relies on a
GXXXN motif present in the first transmembrane helix of the
protein, as mutating either the Gly-22 or Asn-26 in the motif to
leucine completely abolished the topological regulation, caus-
ing the protein to be locked into TM4SF20(B) regardless of the
presence of ceramide (2). In the current study, we performed
more detailed analyses on this motif. Our data indicate that the
presence of a G/A/SXXXN motif in the first transmembrane
helix is required but not sufficient to drive RAT of TM4SF20.
The results suggest that the two critical residues in the motif
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along with other residues aligned with them at the same surface
of the helix may interact with ER translocation machinery, and
this interaction may be critical for RAT of TM4SF20.

Results

Characterization of TM4SF20(i), another isoform of the
protein produced through alternative translation initiation

TM4SF20 contains three potential N-linked glycosylation
sites, all located at the longest loop between the third and fourth
transmembrane helix (2). These sites are glycosylated in
TM4SF20(B), as the loop is within the ER lumen (Fig. 1A) (2). In
contrast, these sites are not glycosylated in TM4SF20(A), as the
loop is located at the cytosol (Fig. 1A) (2). This difference in
glycosylation is one of the reasons why the apparent molecular
weight of TM4SF20(B) is higher than that of TM4SF20(A) (2).
A typical immunoblot analysis detecting the Myc epitope
tagged at the C terminus of TM4SF20 was shown in Fig. 1B: in
untreated cells, a band migrated close to the predicted molec-
ular weight of TM4SF20(A) was detected (Fig. 1B lane 2).
Treatment with C6-ceramide, a ceramide analogue that is con-
verted to naturally existing ceramide inside cells (6), led to pro-
duction of TM4SF20(B) with a higher molecular weight (Fig.
1B, lane 3). The residual TM4SF20(A) remained in these cells
(Fig. 1B, lane 3) was synthesized before the ceramide treatment
(2). In addition to ceramide-regulated TM4SF20(A) and
TM4SF20(B), we also detected another form of the protein with
a molecular weight slightly lower than that of TM4SF20(B), the
presence of which was not affected by ceramide treatment (Fig.
1B, lanes 2 and 3).

Although fallen short of revealing the molecular identity of
the protein, our previous study demonstrated that this form of
TM4SF20 was glycosylated, and it can only be detected with
epitopes tagged at the C but not N terminus of the protein (2). A
plausible explanation for these results is that this unknown iso-
form could be an N terminally-truncated TM4SF20 synthe-
sized from a downstream internal translation initiation site.
After the first methionine, the next possible translation initia-
tion sites could be closely positioned Met-61, Met-68, and Met-
84. The protein produced from these internal translation initi-
ation sites should not contain the first transmembrane helix of
TM4SF20, which is crucial to make the protein to adopt a topol-
ogy consistent with TM4SF20(A) (2). Thus, this truncated pro-
tein is expected to be locked into the topology of TM4SF20(B)
regardless of the presence of ceramide. This hypothesis could
explain why the apparent molecular weight of the unknown
form of TM4SF20 is smaller than that of TM4SF20(B), why the
protein is glycosylated, and why expression of the protein is not
regulated by ceramide.

To test this hypothesis, we transfected cells with plasmids
encoding various N terminally-truncated mutants of TM4SF20
tagged with Myc at the C terminus, and detected expression of
the proteins by immunoblot analysis with anti-Myc. Delet-
ing the first methionine (�M1) abolished expression of
TM4SF20(A) and TM4SF20(B) but not this unknown form
of TM4SF20 (Fig. 1B, lanes 4 and 5), indicating that this
protein was not initiated from the first methionine. The
same result was obtained for TM4SF20 initiated from
M61(�1– 60) or M68(�1– 67) (Fig. 1B, lanes 6 –9). In con-
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Figure 1. Internal translation start sites contribute to generation of TM4SF20(i). A, a model illustrating RAT of TM4SF20. The positions of Met-1, -61, -68,
and -84 residues in TM4SF20(B) are indicated. Asparagine residues glycosylated in TM4SF20(B) but not TM4SF20(A) are highlighted. B and C, on day 0, A549 cells
were seeded at 5 � 105 cells per 60-mm dish. On day 1, cells were transfected with 0.1 �g/dish of plasmid encoding C terminally Myc-tagged TM4SF20
containing the indicated mutation or deletion. 4 h after transfection, cells were treated with or without 5 �M C6-ceramide for 16 h. On day 2, cell lysates were
subject to immunoblot analysis with anti-Myc to detect TM4SF20.
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trast, the molecular weight of the truncated TM4SF20 initi-
ated from M84(�1– 83) was slightly smaller than that of the
unknown form of the protein (Fig. 1B, lanes 10 and 11).
These results suggest that the unknown form of TM4SF20
was initiated from an internal methionine N-terminal to
Met-84. We thus designate this form of the protein as
TM4SF20(i) to reflect its initiation from an internal start
codon.

To further characterize TM4SF20(i), we mutated the two
potential internal initiation codons at Met-61 and Met-68 to
alanine. Although mutating either methionine did not affect
migration of TM4SF20(i) on immunoblot analysis (Fig. 1C,
lanes 4 –7), mutating both residues reduced the molecular
weight of TM4SF20(i) to that of TM4SF20(�1– 83) (Fig. 1C,
lanes 8 and 9). TM4SF20(i) almost disappeared when Met-61,
-68, and -84 were all mutated to alanine (Fig. 1C, lanes 10 and
11). These results suggest that TM4SF20(i) is a N terminally-
truncated protein, the translation of which is initiated from a
cluster of methionines between the second and third trans-
membrane domain, namely Met-61, Met-68, and Met-84.

Mutagenesis analysis of the GXXXN motif

We previously reported that a GXXXN motif present in the
first transmembrane helix of TM4SF20 is crucial for the topo-
logical regulation of TM4SF20, as mutating either one of the
two critical residues in the motif to leucine (G22L or N26L)
completely blocked RAT of the protein, locking the topology of
the protein into TM4SF20(B) regardless of the presence of cer-
amide (2). To gain more insights into this motif, we mutated
Gly-22 and Asn-26 to other residues. Although substituting
Gly-22 to other smaller residues such as Ala and Ser did not
affect RAT of TM4SF20 (Fig. 2A, lanes 3– 8), replacing it with a
larger residue such as Thr or Val completely inhibited RAT of
TM4SF20 just like G22L, causing production of only B but not
A form of the protein regardless of ceramide treatment (Fig. 2A,
lanes 9 –14). In contrast to Gly-22, the requirement of Asn-26
for RAT of TM4SF20 appears to be more stringent, as replacing

Asn to other polar or nonpolar residues such as Ala, Leu, Ser, or
Gln all abolished RAT of the protein (Fig. 2B).

The GXXXN motif is not sufficient to induce RAT

TM4SF20 belongs to a family of proteins that contain four
transmembrane domains (7). Within this family, TM4SF4 is
another protein that contains a GXXXN motif in the first trans-
membrane domain. We thus decided to determine whether
TM4SF4 is subjected to ceramide-induced topological inver-
sion through RAT. Similar to TM4SF20, TM4SF4 has two pre-
dicted N-linked glycosylation sites in the loop between the third
and fourth transmembrane helix. Thus, if TM4SF4 behaves
similarly to TM4SF20 undergoing ceramide-induced RAT, we
expect the protein to be unglycosylated in untreated cells, but
become glycosylated in cells treated with ceramide (Fig. 3A).
Surprisingly, TM4SF4 was glycosylated regardless of ceramide
treatment, as treatment with PNGase F, an endoglycosidase
that removes N-linked glycan, reduced the apparent molecular
weight of the protein in either condition (Fig. 3B, lanes 1, 3, 4,
and 6). In contrast to PNGase F, endoglycosidase H, another
endoglycosidase that trims N-linked sugars from proteins local-
ized in the ER but not those in the post-Golgi compartment (8),
was only active for deglycosylation of TM4SF4 in ceramide-
treated but not untreated cells (Fig. 3B, lanes 1, 2, 4, and 5).
These results suggest that trafficking but not topology of
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Figure 2. Mutation analysis of the Gly-22 and Asn-26 in the GXXXN motif
of TM4SF20. A549 cells were seeded, transfected with C terminally Myc-
tagged TM4SF20 mutants as indicated, treated, and analyzed as described in
the legend to Fig. 1B.
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TM4SF4 is affected by ceramide, and TM4SF4 always adopts a
topology consistent with that of TM4SF20(B) regardless of the
presence of ceramide.

We previously reported that the first transmembrane helix of
TM4SF20 is required and sufficient to drive topological inver-
sion of the protein in response to ceramide accumulation (2).
We thus hypothesized that even though TM4SF4 contains a
GXXXN motif, other elements in the transmembrane helix may
prevent RAT of the protein. To test this hypothesis, we replaced
the first transmembrane helix of TM4SF20 with the corre-
sponding sequence of TM4SF4 (Fig. 4A). Unlike TM4SF20, the
chimeric protein (chimera A in Fig. 4B) did not undergo RAT
and was locked into the configuration of TM4SF20(B) regard-
less of ceramide treatment (Fig. 4C).

To further narrow down the regions of TM4SF4 that block
RAT, we divided the first transmembrane domain of the pro-
tein into four regions (Fig. 4A). Sequence alignment revealed
that region 4 located at the C-terminal end of the transmem-
brane helix shared the least sequence homology between
TM4SF4 and TM4SF20 (Fig. 4A). However, substituting resi-
dues of TM4SF20 in this region with that of TM4SF4 (chimera
E, Fig. 4B) did not affect ceramide-induced RAT of TM4SF20
(Fig. 4D, lanes 11 and 12). Likewise, placing back residues of
TM4SF20 in this region to the chimera in which the transmem-
brane helix of TM4SF20 was replaced by the corresponding
sequence of TM4SF4 (chimera F, Fig. 4B) did not restore RAT
of the protein (Fig. 4D, lanes 13 and 14). These results suggest
that this region is not important for RAT of TM4SF20.

Further chimeric analyses revealed that substituting residues
of TM4SF20 in regions 1 or 2 by that of TM4SF4 (chimera B or

C, Fig. 4B) barely affected RAT of TM4SF20 (Fig. 4D, lanes
5– 8). Although replacing residues in region 3 of TM4SF20 with
that of TM4SF4 alone (chimera D, Fig. 4B) partially impaired
RAT of the protein (Fig. 4D, lanes 9 and 10), combining this
substitution with that switching the residues in regions 1 or 2
(chimera G or H, Fig. 4B) completely abolished RAT of the
protein (Fig. 4D, lanes 15–18).

The results shown in Fig. 4 suggest that combining mutations
in region 3 with that in regions 1 or 2 results in complete inhi-
bition of RAT of TM4SF20. To identify the residues in region 3
that are important for RAT, we fixed the substitution in region
1 (chimera B, Fig. 4B), and then mutated each residue of
TM4SF20 in region 3 to the corresponding residue of TM4SF4.
This analysis revealed that only the P29L mutation under this
circumstance completely inhibited RAT of the chimeric pro-
tein (Fig. 5A, lanes 8 and 9). These results suggest that Pro-29 in
region 3 of TM4SF20 may also be important for RAT of the
protein.

We then sought to identify residues in region 1 supporting
RAT of TM4SF20. For this purpose, we substituted each
residue of TM4SF20 in region 1 with that of TM4SF4 on
TM4SF20(P29L). Although P29L by itself did not affect RAT of
TM4SF20 (Fig. 5B, lanes 5 and 6), combining this mutation with
V17P but no other substitutions in region 1 abolished RAT of
TM4SF20 (Fig. 5B, lanes 7–14). Under this circumstance, it
appears that it was gaining a Pro but not losing a Val that
resulted in inhibition of RAT, as mutating Val-17 to other res-
idues such as Ala or Val did not affect RAT of TM4SF20 (Fig.
5C). Using the same strategy, we identified that it was the sub-
stitution of L25A in region 2 combined with the P29L mutation
in region 3 resulted in inhibition of RAT of TM4SF20 (Fig. 5D).

Discussion

We previously reported that ceramide triggers topological
inversion of TM4SF20 through RAT, and this process depends
on a GXXXN motif present in the first transmembrane helix of
the protein (2). Here we present more evidence that the first
transmembrane helix is crucial for RAT. TM4SF20(i), another
isoform of the protein, does not undergo RAT owing to the lack
of the first transmembrane helix because its translation is initi-
ated from a cluster of methionines between the second and
third transmembrane domain. Interestingly, expression of
TM4SF20(i) was significantly inhibited only when all three start
codons were mutated in the mRNA encoding this section of the
protein. This observation suggests that the mRNA surrounding
these start codons lies within a strong internal translation ini-
tiation site so that translation of TM4SF20(i) can be started
from either one of the in-frame start codons. This scenario may
also explain why mutating all three start codons in this region
markedly reduced but did not completely eliminate production
of TM4SF20(i), as multiple non-AUG, noncanonical start
codons (9) present in this strong translation initiation site may
still allow residual amounts of the protein to be produced.

We also performed more mutational analyses on the GXXXN
motif. Although the Gly-22 position can tolerate other small
residues such as Ala or Ser without losing the topological reg-
ulation, Asn-26 appears to be very critical for RAT as it cannot
even be replaced by Gln. These observations are supported by
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arbitrarily split into four regions as indicated. B, graphic illustration of chime-
ras in which the indicated regions in the first transmembrane domain of
TM4SF20 shown in A (green) were replaced by the corresponding sequence of
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sequence alignment of TM4SF20 from various species, which
demonstrates that Asn-26 is conserved across species, whereas
Gly, Ala, or Ser can be found at position 22 of the human
TM4SF20 (Fig. 6A). To gain structural insights into this motif,
we used the structural data of the first transmembrane domain
of the P2Y12 receptor (10, 11) as a template to model the first
transmembrane helix of TM4SF20 (Fig. 6B), as both transmem-
brane helices contain a GXXXN motif and share some sequence
similarity. This structural model predicts that Gly-22 is adja-
cent to Asn-26 at the same side of the transmembrane �-helix.
A small side chain at position 22 may favor formation of a
hydrogen bond between the backbone C � O group at this
location and the Asn-26 side chain NH2 group (10, 12) (Fig. 6B).
Formation of this hydrogen bond may orientate the side chain
of Asn-26 for interaction with another protein during its trans-
location across ER membranes, and this interaction may be
critical for RAT of TM4SF20. The energetic tendency for
protein–protein interaction mediated by the asparagine resi-
due in the GXXXN motif present in the center of a transmem-
brane helix has been reported previously (13).

In addition to Gly-22 and Asn-26, we identified Pro-29 as a
residue important for RAT of TM4SF20. This finding is sup-
ported by the sequence alignment, as Pro-29 is also conserved
in TM4SF20 across species (Fig. 6A). Unlike Gly-22 and Asn-
26, replacing the proline residue at this position with leucine by
itself did not affect RAT of TM4SF20. This mutation has to
combine with other amino acid substitution within the trans-
membrane helix to disrupt the topological regulation. One of
the mutations acting together with P29L to disrupt RAT is
L25A. Given the conservation of Pro-29 within the TM4SF20
family, the presence of Pro-29 may induce a kink in the �-helix
by disrupting the backbone hydrogen bond to be formed by
Pro-29 and the neighboring Leu-25 in a transmembrane helix

structure model (14) (Fig. 6B, left). Although formation of this
hydrogen bond may become possible with the P29L mutation,
the influence of the neighboring Leu-25 side chain may still
favor the native kinked helix conformation (15) (Fig. 6B, mid-
dle). The additional L25A mutation, in which the bulky side
chain on Leu-25 was replaced by the smaller one of alanine,
might allow straightening of the helix (Fig. 6B, right). If this
explanation is correct, then the presence of this kink may also
be a structural requirement for RAT. Another mutation acting
together with P29L to disrupt RAT is V17P. Interestingly, Val-
17, Gly-22, Leu-25, Asn-26, and Pro-29 are all located along the
same surface of the transmembrane helix revealed by the net
projection (Fig. 6C). We currently do not understand why com-
bining the P29L mutation with V17P disrupts RAT of
TM4SF20. Because it is gaining a proline rather than losing a
valine at this position that blocked RAT of TM4SF20, it is likely
that introducing a proline at this position may disrupt the hel-
ical surface formed by the residues described above. Taken
together, our results suggest that a protein-interacting surface
containing Val-17, Gly-22, Leu-25, Asn-26, and Pro-29 may
bind to a component of ER translocon, and this interaction may
be critical for RAT of TM4SF20.

A candidate protein that may interact with the first trans-
membrane helix of TM4SF20 during its translocation is trans-
locating chain-associated membrane protein 2 (TRAM2). We
previously reported that knockdown of TRAM2 stimulated
production of TM4SF20(B) even in the absence of ceramide (2).
TRAM2 is highly homologous to TRAM1, a component of ER
translocon responsible for transporting nascent peptide chains
across ER membranes during translation (16, 17). TRAM2 con-
tains a TLC domain postulated to bind ceramide or related
sphingolipids (18). A possible explanation of these results is
that in the absence of ceramide, TRAM2 interacts with the first
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Figure 5. Pro-29 in combination with Val-17 or Leu-25 is critical for RAT of TM4SF20. A549 cells were seeded, transfected with C terminally Myc-tagged
TM4SF20/TM4SF4 chimeras and/or mutations as indicated, treated, and analyzed as described in the legend to Fig. 1B.
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transmembrane helix portion of the nascent peptide chain of
TM4SF20, and this interaction enables an unusual transloca-
tion process by driving the sequence N-terminal to the trans-
membrane helix into the ER lumen to produce TM4SF20(A).
Ceramide, through its potential binding with TRAM2, may
block this interaction. In the absence of this interaction, the
translocation goes through the default pathway by pushing the
sequence C-terminal to the transmembrane helix into the ER
lumen (19) to produce TM4SF20(B). We have tried to disrupt
RAT of TM4SF20 by substituting polar residues within trans-
membrane helices of TRAM2 that might interact with Asn-26
of TM4SF20 with leucine. Unfortunately, these efforts so far
have been unsuccessful. More sophisticated analyses may be
needed to uncover the biochemical interaction between the
first transmembrane helix of TM4SF20 and ER translocon
machinery that is critical for RAT of TM4SF20.

Notably, all mutations we made in the first transmembrane
helix of TM4SF20 that inhibited expression of TM4SF20(A) in
the absence of ceramide increased synthesis of glycosylated
TM4SF20(B) but not any other forms of the protein with a
lower molecular weight. These results suggest that these muta-
tions did not disrupt the first transmembrane helix, as in the
absence of this transmembrane helix, the loop containing the
glycosylation sites would have been exposed to cytosol, thereby
producing an unglycosylated protein with a molecular weight

lower than that of TM4SF20(B). Thus, the first transmembrane
helix appeared to remain intact in these mutant proteins.

Lipid-induced topological inversion has emerged as a novel
mechanism to regulate transmembrane proteins both in pro-
karyotic and eukaryotic cells (2, 20 –24). To search for more
mammalian proteins subjected to this regulation, we used
bioinformatics analysis to look for proteins containing a
GXXXN motif in the first transmembrane helix. This analysis
revealed that this motif is enriched in the first transmembrane
domain of G protein– coupled receptors (GPCRs). We then
identified one of these receptors, namely C-C chemokine
receptor 5, which indeed undergoes ceramide-induced RAT.3
The current study demonstrates that TM4SF4, which also con-
tains a GXXXN motif in the first transmembrane helix, is not
subjected to topological inversion through RAT. Through var-
ious chimera between TM4SF20 and TM4SF4, we determined
that no single amino acid substitution could explain the differ-
ence in topological regulation between the two proteins.
Instead, it was the combined replacements of Pro-29 with
Leu-25 or Val-17 of TM4SF20 with the corresponding residues
of TM4SF4 that led to inactivation of RAT. However, placing
Pro-29 and Val-17 back still failed to restore the topological
regulation of the TM4SF20 chimera in which the rest of the

3 B. Denard, S. Han, J. Kim, E. M. Ross, and J. Ye, unpublished data.
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Figure 6. Structural modeling of the first transmembrane helix of TM4SF20. A, alignment of the first transmembrane domains of TM4SF20 in select species.
Corresponding residues at the position of Gly-22, Asn-26, and Pro-29 of human TM4SF20 are highlighted. B, speculated structural model to demonstrate the
effect of L25A and P29L mutations on a kink in the first transmembrane helix of TM4SF20. Side chains of indicated residues are shown. The hydrogen bond
formed between the helix backbone at positions 26 and 29 of TM4SF20(L25A,P29L) is highlighted in orange, whereas all other hydrogen bonds are highlighted
in green. C, projection of the first transmembrane helix of TM4SF20 created by NetWheels to show the surface containing Val-17, Gly-22, Leu-25, Asn-26, and
Pro-29.
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residues in the first transmembrane helix were replaced by
TM4SF4.4 Thus, in addition to the residues we have identified,
combined substitutions of other residues of TM4SF20 with that
of TM4SF4 may also block RAT of the fusion protein. Thus,
sequence analysis alone may not be sufficient to predict trans-
membrane proteins subjected to RAT. Detailed biochemical
analysis is required to demonstrate whether a transmembrane
protein is subjected to topological regulation through RAT.

Experimental procedures

Materials and methods

Hybridoma cells producing IgG-9E10, a mouse mAb against
Myc tag, were obtained from the American Type Culture Col-
lection. Rabbit anti-actin antibody was obtained from Sigma.
Horseradish peroxidase-conjugated donkey anti-mouse and
donkey anti-rabbit secondary antibodies were obtained from
Jackson ImmunoResearch Inc. C6-ceramide was obtained from
Sigma.

Plasmids

pCMV-TM4SF20-Myc (2) and pCMV-TM4SF4-Myc en-
codes the indicated full-length human protein followed by five
tandem repeats of the Myc epitope tag and a His6 tag. Mutations
based on pCMV-TM4SF20-Myc were performed using
QuikChange Lightening multisite-directed mutagenesis kit (Agi-
lent Technologies). Truncated protein expression plasmids are
made with TaKaRa Ex Taq polymerase and New England Biolabs
cloning enzymes. The open reading frames of TM4SF20 in all plas-
mids were confirmed by Sanger sequencing.

Cell culture and transfection

A549 cells were maintained at 37 °C, 8% CO2, in medium A
(1:1 mixture of Ham’s F-12 medium and Dulbecco’s modified
Eagle’s medium containing 100 units/ml of penicillin, 100
�g/ml of streptomycin sulfate, and 5% (v/v) fetal calf serum).
Transfection was carried out in 60-mm dishes containing 5 �
105 cells, using X-tremeGENE HP DNA Transfection Reagent
(Roche Applied Science) according to the manufacturer’s sug-
gestion. The total amount of DNA was adjusted to 2 �g/dish
with empty vector.

Immunoblot

Cells were harvested for whole cell lysate as described (25)
and analyzed by SDS-PAGE followed by immunoblot assays
with the indicated antibodies (1:2,000 dilution for mouse anti-
Myc, 1:10,000 dilution for rabbit anti-actin, and 1:5,000 dilution
for secondary antibodies). Horseradish peroxidase-conjugated
secondary antibodies were visualized using SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Scientific
number 34580). The results were captured by films (Phenix
Research Products) (only Fig. 3B) or the LI-COR Odyssey Imag-
ing System.

De-glycosylation

Cell lysate was split into three equal fractions, treated with
glycoprotein denaturing buffer (New England Biolabs), and

then treated with either endoglycosidase H (New England Bio-
labs P0702) or PNGase F (New England Biolabs P0704) accord-
ing to the manufacturer’s recommendations.

Structural modeling of the first transmembrane helix of
TM4SF20

Sequence orthologs of TM4SF20 from various species that
share more than 80% identity with the human protein were
downloaded from the OMA (Orthologous MAtrix) browser
(26) and aligned using the multiple alignment using fast Fourier
transform (MAFFT) server (27). For Fig. 6C, the sequence
LVLLLLGVVLNAIPLI within the first transmembrane of
human TM4SF20 was submitted to the NetWheels web server
(28) to generate a net projection (default parameters).

For Fig. 6B, the sequence corresponding to the first trans-
membrane helix of human TM4SF20 (GFSLLVLLLLGVVL-
NAIPLIVSLV) was submitted to HHPRED (29) to identify
potential structure templates from the Protein Data Bank. The
top scoring templates corresponded to the first transmembrane
helix of GPCRs containing a similar GXXXN motif. We used
P2Y12 as the template to build the structural model not only
because of the presence of the GXXXN motif but also because
the first transmembrane helix of the protein could be either
straight (Protein Data Bank 4ntj) or kinked (Protein Data Bank
4pxz) dependent on ligand binding (10, 11). The kinked helical
template of the P2Y12 receptor was used to build the model
for WT TM4SF20 and the P29L mutant, whereas the straight
helical template was used to construct the model for
TM4SF20(P29L,L25A).
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