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Newly synthesized proteins in the secretory pathway,
including glycosylphosphatidylinositol (GPI)-anchored pro-
teins (GPI-APs), need to be correctly targeted and imported
into the endoplasmic reticulum (ER) lumen. GPI-APs are
synthesized in the cytosol as preproproteins, which contain an
N-terminal signal sequence (SS), mature protein part, and
C-terminal GPI-attachment sequence (GPI-AS), and trans-
located into the ER lumen where SS and GPI-AS are removed,
generating mature GPI-APs. However, how various GPI-APs
are translocated into the ER lumen in mammalian cells is un-
clear. Here, we investigated the ER entry pathways of GPI-APs
using a panel of KO cells defective in each signal recognition
particle–independent ER entry pathway—namely, Sec62, GET,
or SND pathway. We found GPI-AP CD59 largely depends on
the SND pathway for ER entry, whereas prion protein (Prion)
and LY6K depend on both Sec62 and GET pathways. Using
chimeric Prion and LY6K constructs in which the N-terminal
SS or C-terminal GPI-AS was replaced with that of CD59, we
revealed that the hydrophobicity of the SSs and GPI-ASs
contributes to the dependence on Sec62 and GET pathways,
respectively. Moreover, the ER entry route of chimeric Prion
constructs with the C-terminal GPI-ASs replaced with that of
CD59 was changed to the SND pathway. Simultaneously, their
GPI structures and which oligosaccharyltransferase isoforms
modify the constructs were altered without any amino acid
change in the mature protein part. Taking these findings
together, this study revealed N- and C-terminal sequences of
GPI-APs determine the selective ER entry route, which in turn
regulates subsequent maturation processes of GPI-APs.

Most eukaryotic proteins synthesized in the cytosol need
to be transported to various organelles, including mito-
chondria, peroxisomes, nuclei, and the endoplasmic reticu-
lum (ER), so cells have protein transport machinery that
selectively targets each organelle. Approximately one-third of
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proteins are destined to be transported to the ER to enter the
secretory pathway and be further transported to their final
destination (1, 2). The correct ER entry of newly synthesized
secretory and transmembrane proteins is achieved by two
major ER entry pathways: signal recognition particle (SRP)–
dependent and SRP-independent pathways (3). The sub-
strates of the SRP-dependent pathway contain a hydrophobic
sequence such as a signal sequence (SS) and a trans-
membrane domain at or near their N termini. SRP interacts
with these hydrophobic sequences during translation on the
ribosomes and then recruits nascent proteins to the ER by
binding to the ER-resident SRP receptor, which is an auxil-
iary subunit of the Sec61 translocon complex, thereby facil-
itating the cotranslational translocation of nascent proteins
into the ER lumen (4–6). Meanwhile, some proteins con-
taining SSs are known to be recruited to the ER in SRP-
independent manners (3, 7). They are posttranslationally
translocated into the ER by the other Sec61 complex, in
which Sec62 and Sec63 are included as auxiliary subunits
(Fig. 1A upper, Sec62 pathway) (8).

Another class of SRP-independent substrates is tail-
anchored (TA) proteins, which have a transmembrane
domain immediately adjacent to the C termini (9). The major
TA proteins are soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs). TA proteins are not
translocated into the ER lumen, but their C termini are post-
translationally inserted into the ER membrane through the
guided entry of TA proteins (GET) pathway (Fig. 1A upper,
GET pathway) (10–12). TRC40 (GET3 in yeast) directly binds
to the transmembrane domains of TA proteins (13) and then
posttranslationally recruits TA proteins to the ER by inter-
acting with the ER-resident TRC40 receptor, WRB/CAML
(GET1/GET2) heterocomplex (11, 14–16). WRB/CAML
complex then inserts TA proteins into the ER membrane,
completing the biogenesis of TA proteins (17). Other trans-
membrane proteins, whose transmembrane domains are
located in the middle parts of proteins, have recently been
revealed to be targeted to the ER through the SND (SRP-
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Figure 1. The distinct ER entry pathways of two GPI-APs, Prion, and CD59. A, (Upper) schematic of three signal recognition particle (SRP)–independent
ER entry pathways. Proteins that are dependent on the Sec62 pathway have an N-terminal signal sequence (SS) (left). Tail-anchored proteins with a
C-terminal transmembrane domain are dependent on the GET pathway (middle). Proteins that have a transmembrane domain in their middle or C-terminal
part are dependent on the SND pathway (right). (Lower) Schematic of biosynthesis of GPI-APs. GPI is synthesized from PI in the ER. Preproproteins of GPI-
APs are synthesized and translocated into the ER lumen where SSs are removed. GPI-ASs of proproteins of GPI-APs are removed and GPI is attached to
newly exposed C termini, generating GPI-APs. SS, signal sequence; GPI-AS, GPI-attachment sequence; TM, transmembrane domain; Man, mannose; GlcN,
glucosamine; EtNP, ethanolamine phosphate; PI, phosphatidylinositol; FA, fatty acid. B, lysates of HEK293 (WT), HEK293-Sec62-KO, HEK293-Sec63-KO,
HEK293-TRC40-KO, and HEK293-CAML-KO cells were Western blotted for Sec62, Sec63, TRC40, CAML, and GAPDH. C, the surface expression of Prion and
CD59 in WT and KO cells was detected by FACS. Cells were stained with anti-Prion or anti-CD59 antibodies. D, quantification of relative fluorescence in-
tensity of Prion (left) and CD59 (right) in KO cells to that in WT cells is shown. Error bars represent SD (n = 3). Statistical analysis was performed by one-way
ANOVA with post hoc Dunnett test. E, lysates of HEK293 WT and Sec62-KO cells transfected with empty vector (mock) or 3HA-tagged human Sec62 (62-HA)
were Western blotted for Sec62, HA, and GAPDH. F, the surface expression of Prion in WT and Sec62-KO cells transfected with mock or Sec62-HA was
detected by FACS. Cells were stained with anti-Prion antibodies. G, lysates of WT and HEK293-TRC40-KO cells transfected with empty vector (mock) or 3HA-
tagged human TRC40 (HA-TRC) were Western blotted for HA and GAPDH. H, the surface expression of Prion in WT and TRC40-KO cells transfected with
mock or HA-TRC40 was detected by FACS. Cells were stained with anti-Prion antibodies. The numbers indicate percentage of gated region in each panel.
* p < 0.05; *** p < 0.0005. ER, endoplasmic reticulum.

Rules for ER entry and modification of GPI-anchored proteins
independent) pathway (Fig. 1A upper, SND pathway) (18, 19).
In mammalian cells, SND2 (also known as TMEM208) has
been identified as the putative ER-resident receptor for SND
pathway-dependent substrates (19, 20) and shown to interact
with the Sec61 translocon (19, 21). SND2 is also involved in
the ER entry of small secretory proteins, C-terminally trans-
membrane proteins, and multipass transmembrane proteins
(19, 22, 23), although the precise mechanisms for SND
pathway-dependent protein translocation are unknown. These
SRP-independent pathways have partially overlapping func-
tions (20), and it is unclear how an ER entry pathway is
determined for each substrate. Therefore, identification of the
2 J. Biol. Chem. (2022) 298(10) 102444
requirements for entering each pathway is particularly
important to obtain a comprehensive overview of protein entry
into the ER.

In the secretory pathway, after the translocation of proteins
into the ER lumen, glycosylation takes place, which is one of
the most abundant posttranslational modifications of proteins
and regulates protein folding, localization, and functions (24).
Mammalian cell surfaces are covered with various types of
glycans including N-glycans, O-glycans, glycosphingolipids,
and glycosylphosphatidylinositol (GPI) (24, 25). GPI is a
glycolipid modification that is attached to C termini of pro-
teins (26, 27). Mammalian GPI is composed of a common
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core structure, EtNP-6Manα1−2Manα1−6(EtNP)Man-
α1−4GlcNα1-6myoinositol-phospholipid (where EtNP, Man,
and GlcN are ethanolamine phosphate, mannose, and
glucosamine, respectively), and glycan side chains (26, 27). In
mammalian cells, more than 150 proteins are anchored to the
cell surface through GPI anchorage and localized to lipid rafts
(28). GPI-anchored proteins (GPI-APs) are involved in
various biological phenomena such as fertilization, early em-
bryonic development, synaptic formation, and immunological
regulation. Furthermore, abnormalities of GPI-AP expression
or GPI structures cause severe disorders such as paroxysmal
nocturnal hemoglobinuria and inherited GPI deficiency, the
symptoms of which include hemolytic anemia, and epilepsy
and developmental delay, respectively (29–31). In addition,
GPI-glycan structures are involved in the pathology of prion
diseases (32).

The biosynthesis of GPI-APs occurs in the ER where the
biosynthesis of the protein part and GPI moiety are carried out
separately (Fig. 1A lower) (26, 27). Precursor proteins that are
destined to be modified with GPI are synthesized in the cytosol
as preproproteins, which contain N-terminal SSs, mature
protein parts, and C-terminal GPI-attachment SSs (GPI-ASs;
Fig. 1A lower) (26). The preproproteins of GPI-APs are
translocated into the ER lumen where SSs are removed by the
signal peptidase complex (33, 34). Meanwhile, GPI is synthe-
sized from phosphatidylinositol through sequential enzymatic
reactions, and the synthesized GPI moiety is en bloc trans-
ferred to the nascent proproteins by GPI transamidase, which
removes GPI-ASs from the proproteins and adds a GPI moiety
to the newly exposed C termini of mature proteins, generating
GPI-APs (Fig. 1A lower) (35, 36). The GPI moiety of nascent
GPI-APs is then structurally remodeled by post-GPI attach-
ment to proteins (PGAPs) in the ER and Golgi to acquire
mature GPI glycolipid (37–42), and GPI-APs are finally
transported to the cell surface (26, 27).

Although the biosynthetic pathway of the GPI moiety has
been well characterized (26, 27), study of how the pre-
proproteins of GPI-APs are translocated into the ER has only
just been initiated. In yeast, it has been reported that large
amounts of GPI-APs are translocated into the ER lumen by
two SRP-independent pathways, GET and SND pathways, and
these pathways are suggested to compensate each other
(18, 43). Similarly, we have recently reported the contribution
of the SND pathway to the expression of GPI-APs in
mammalian cells. Knocking out SND2 in HEK293 cells
decreased the surface expression of several GPI-APs including
CD59 by approximately 50% (21). Low hydrophobicity of GPI-
AS was the key for determining the dependence on the SND
pathway (21). Moreover, a previous in vitro study suggested
that prion protein (Prion), another GPI-AP, is translocated
into the ER lumen in a Sec62-dependent manner (44).
Consistent with this, recent genome-wide screening identified
both Sec62 and Sec63 as factors required for the cell surface
expression of Prion (45). These studies highlighted that SRP-
independent pathways are dominant ER entry routes for
GPI-APs in both yeast and mammalian cells. However, it re-
mains elusive how each SRP-independent pathway contributes
to the translocation of a wide variety of GPI-APs in
mammalian cells.

Here, we investigated the translocation pathways of various
GPI-APs across the ER membrane and found that CD59 is
dominantly translocated into the ER by the SND pathway,
while Prion and LY6K depend on both Sec62 and GET path-
ways. Furthermore, chimeric Prion, whose ER entry pathway
was altered to that of CD59, was found to be differently
modified by GPI and N-glycans compared with WT Prion. Our
work provides insights into both how GPI-APs are trans-
located into the ER lumen and the importance of the ER entry
pathways of GPI-APs for their GPI remodeling and
N-glycosylation.
Results

The distinct ER entry pathways of two GPI-APs: prion and
CD59

To investigate the ER entry pathways of two GPI-APs, Prion
and CD59, we generated a panel of KO HEK293 cells defective
in each gene for three SRP-independent pathways: Sec62 or
Sec63 for the Sec62 pathway, TRC40 or CAML for the GET
pathway, and SND2 for the SND pathway. The successful KO
of these genes was confirmed by genotyping PCR (Fig. S1A)
and Western blotting (Fig. 1B). We then examined the surface
expression of endogenous Prion and CD59 in these KO cells
by fluorescence-activated cell sorting (FACS). The surface
expression of Prion was decreased by approximately 90% in
both Sec62-KO and Sec63-KO cells compared with that in WT
cells, whereas that of CD59 in Sec62-KO cells and Sec63-KO
cells was comparable to that in WT cells (Fig. 1, C and D).
Re-expression of 3 × HA-tagged Sec62 (62-HA) in Sec62-KO
cells restored the surface expression of Prion (Fig. 1, E and
F), demonstrating that the Sec62 pathway is essential for Prion
but not CD59 biogenesis. Furthermore, we found that TRC40-
KO cells and CAML-KO cells showed approximately 50% and
30% reductions of the surface expression of Prion, respectively
(Fig. 1, C and D), and re-expression of 3 × HA-tagged TRC40
(HA-TRC) in TRC40-KO cells rescued this (Fig. 1, G and H).
Similar to the case of Sec62-KO cells, however, neither
TRC40-KO cells nor CAML-KO cells showed a decrease in the
surface expression of CD59 (Fig. 1, C and D). These results
indicate that the GET pathway is also involved in GPI-AP
biogenesis in mammalian cells in a substrate-dependent
manner. Western blotting of transfected Prion in CAML-KO
and Sec62-KO cells showed the reduction of total expression
of Prion in these KO cells and the robust increase in the Prion
expression in Sec62-KO cells by the inhibition of proteasomes
with MG-132 treatment, demonstrating that preproprotein of
Prion is preferentially degraded by proteasomes (Fig. S2, A and
B). By contrast, knocking out SND2 hardly impaired the sur-
face expression of Prion, but instead, the surface expression of
CD59 was decreased to approximately 50% in SND2-KO cells
compared with that in WT cells (Fig. 1, C and D). Western
blotting confirmed that cellular expression of FLAG-tagged
CD59 was greatly decreased in SND2-KO cells (Fig. S2C).
These results are consistent with a previous study (21) and
J. Biol. Chem. (2022) 298(10) 102444 3
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indicate that CD59 predominantly depends on the SND2
pathway among these three ER entry pathways. These results
clearly indicate that two GPI-APs, Prion and CD59, utilize
distinct ER targeting and translocation routes for their
biogenesis. Regarding CD59, we previously showed the
involvement of SRP receptor for the ER entry (21), and this
was confirmed by knocking out SRPRA (encoding SRP re-
ceptor α) (Fig. S3).

Interaction between Sec62 pathway proteins and GET
pathway proteins

Because the GET pathway functions in the ER targeting and
insertion into the ER membrane of the TA protein, trans-
location of Prion into the ER across the membrane is unlikely
to be completed by the GET pathway alone. Considering that
the Sec62/Sec63 complex regulates Sec61 channel opening
and provides a pulling force to thread the nascent proteins into
Figure 2. Interaction between Sec62 pathway proteins and GET pathway p
TRC40 (HA-TRC) with Sec62-3FLAG (62-FLAG). Sec62-3FLAG and CAML, WRB-3H
immunoprecipitated with anti-FLAG beads. Sec62-3FLAG, CAML, WRB-3HA, an
Sec62-KO, Sec63-KO, TRC40-KO, and CAML-KO cells were Western blotted fo
relative band intensities of Sec62 pathway and GET pathway proteins in Sec62
represent SD (n = 3). Statistical analysis was performed by one-way ANOVA wi
proteins.
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the ER lumen (22), we hypothesized that Sec62 pathway pro-
teins and GET pathway proteins physically interact and are
functionally coupled with each other. To investigate this pos-
sibility, we performed coimmunoprecipitation experiments.
FLAG-tagged Sec62 (Sec62-FLAG) was cotransfected with one
of the three GET pathway proteins, CAML, HA-tagged WRB
(WRB-HA), or HA-tagged TRC40 (HA-TRC40), into HEK293
WT cells, and Sec62-FLAG was immunoprecipitated with
anti-FLAG beads. Not only the two ER membrane compo-
nents, CAML and WRB-HA, but also a cytosolic chaperone,
HA-TRC40, were coimmunoprecipitated with Sec62-FLAG
(Fig. 2A). These results indicate the interaction between
Sec62 complex and GET complex in the ER. To examine
whether such physical interaction contributes to mutual sta-
bilization of the complexes, we investigated the protein levels
of each component in Sec62 pathway–defective or GET
pathway–defective cells. In Sec62-KO and Sec63-KO cells, the
roteins. A, coimmunoprecipitation of CAML, WRB-3HA (WRB-HA), and 3HA-
A, and 3HA-TRC40 were coexpressed in HEK293 cells and Sec62-3FLAG was
d 3HA-TRC40 were detected by Western blotting. B, lysates of HEK293 WT,
r Sec62, Sec63, TRC40, CAML, WRB, STX5, and GAPDH. C, quantification of
-KO, Sec63-KO, TRC40-KO, and CAML-KO cells to those in WT cells. Error bars
th post hoc Dunnett test. * p < 0.05; *** p < 0.0005. GET, guided entry of TA
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protein levels of two GET pathway proteins (CAML and WRB)
were comparable to those in WT cells (Fig. 2, B and C, left),
while that of TRC40 was significantly decreased (Fig. 2, B and
C, left). The partial reduction of TRC40 protein might be
accounted for by the physical interaction between TRC40 and
Sec62 (Fig. 2A). We noticed that the Sec62 protein level was
increased in Sec63-KO cells, suggesting the presence of
mechanisms compensating for loss of the Sec62 pathway
(Fig. 2, B and C, left). In TRC40-KO and CAML-KO cells, the
levels of Sec62 pathway proteins (Sec62 and Sec63) were
almost the same as those in WT cells, although that of WRB
protein in TRC40-KO cells and those of TRC40 and WRB in
CAML-KO cells were slightly and greatly decreased, respec-
tively (Fig. 2, B and C, right). In addition to the protein levels of
Sec62 and GET pathway components, the level of one SNARE
protein, syntaxin 5 (STX5), was also examined as a represen-
tative TA protein. The levels of long and short isoforms of
STX5 protein were decreased in both TRC40-KO and CAML-
KO cells, as expected, whereas those in Sec62-KO and Sec63-
KO cells were slightly but significantly increased compared
with those in WT cells (Fig. 2, B and C), confirming that the
Sec62 pathway is not required for the biogenesis of TA
Figure 3. The hydrophobicity of N-terminal signal sequences determines
constructs with CD59. N-terminal signal sequence (SS), C-terminal GPI-attachm
of CD59. PPP, N- and C-terminal Prion (WT Prion); CPP, N-terminal CD59 and
C-terminal CD59. B, the surface expression of chimeric Prion proteins in Sec62-
with anti-Prion antibody. C, quantification of relative fluorescence intensity o
represent SD (n = 3). D, the surface expression of exogenous GPI-APs with diffe
their SSs is shown in Table 1. E, quantification of relative fluorescence intensit
bars represent SD (n = 3). Statistical analysis was performed by Welch’s t test
sorting; GPI, glycosylphosphatidylinositol; GPI-AP, GPI-anchored protein.
proteins. These results indicate that physical interaction be-
tween Sec62 complex and GET complex is basically dispens-
able for protein stability of the counterpart complex but
instead they function cooperatively for Prion biogenesis.
Hydrophobicity of N-terminal SS determines the dependence
of prion on Sec62 pathway

Next, we investigated the elements in Prion required for its
Sec62-dependent ER entry. To this end, we constructed
chimeric Prions in which N-terminal SS and/or C-terminal
GPI-AS were replaced with the CD59 sequences (Fig. 3A). We
then analyzed the surface expression of the chimeric Prion
proteins in Sec62-KO cells by FACS. To normalize trans-
fection efficiency, the fluorescence intensity of Prion (encoded
by the PRNP gene) was compared in the cells having the same
fluorescence intensity range of ZsGreen1, which is expressed
downstream of the PRNP-IRES2 sequence (Fig. S4A). Whereas
all Prion constructs were expressed at similar levels in WT
cells (Fig. S4B), the surface expression of WT Prion (PPP) was
drastically decreased in Sec62-KO cells compared with that in
WT cells (Fig. 3, B and C), as expected from the results for
the dependence on the Sec62 pathway. A, schematic of chimeric Prion
ent sequence (GPI-AS), or both in Prion constructs were replaced with those
C-terminal Prion; PPC, N-terminal Prion and C-terminal CD59; CPC, N- and
KO cells was detected by FACS. HEK293 WT and Sec62-KO cells were stained
f chimeric Prion in Sec62-KO cells to that in WT cells is shown. Error bars
rent hydrophobicity in their N-terminal signal sequences. Hydrophobicity of
y of exogenous GPI-APs in Sec62-KO cells to that in WT cells is shown. Error
. * p < 0.05, ** p < 0.005, *** p < 0.0005. FACS, fluorescence-activated cell
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endogenous Prion (Fig. 1D). Similarly, the surface expression
of the chimera with C-terminal CD59 (PPC) was also pro-
foundly decreased in Sec62-KO cells compared with that in
WT cells (Fig. 3, B and C). In sharp contrast, the surface
expression of the chimeras with N-terminal CD59 (CPP) and
with both N- and C-terminal CD59 (CPC) was no longer
decreased in Sec62-KO cells (Fig. 3, B and C). These results
clearly indicate that N-terminal SS of Prion is required for the
selectivity of the Sec62 pathway. To further clarify the required
feature in SS for the selectivity of the Sec62 pathway, we
compared the hydrophobicity of N-terminal SSs determined
by the Kyte–Doolittle score between CD59 and Prion. This is
because it has been reported that the hydrophobicity of
N-terminal SSs of SRP-dependent substrates is higher than
that of SRP-independent but Sec62-dependent ones in yeast
(46). We therefore anticipated that this is also the case with
mammalian cells. Consistent with this, the hydrophobicity
score of N-terminal SS of Prion was much lower than that of
CD59, which are Sec62-dependent and Sec62-independent
substrates, respectively (Table 1), supporting our hypothesis.
To further verify this hypothesis, the surface expression of
three other GPI-APs (NRN1, N2DL2, and LY6K), whose hy-
drophobicity scores of SSs ranged between those of Prion and
CD59, was examined in Sec62-KO cells. The surface expres-
sion levels of NRN1 and LY6K were decreased to approxi-
mately 50% and 30% in Sec62-KO cells compared with those in
WT cells, whereas that of N2DL2 in Sec62-KO cells was
comparable to that in WT cells (Fig. 3, D and E). Notably, the
hydrophobicity scores of SSs of CD59 and N2DL2 were higher
than that of Prolactin, a major SRP-dependent substrate (47),
whereas those of NRN1, LY6K, and Prion were lower than that
of Prolactin (Table 1). These results indicate that the lowered
hydrophobicity of N-terminal SS determines dependence on
the Sec62 pathway.

C-terminal GPI-attachment SS is involved in the selectivity to
GET pathway

We next focused on the GET pathway. It has been reported
that TRC40 interacts with TA proteins through their C-ter-
minal transmembrane domains to prevent exposure of their
hydrophobic regions. Given that GPI-ASs have a hydrophobic
region possibly acting as a transmembrane segment (48), we
hypothesized that the hydrophobicity of C-terminal GPI-ASs is
a key for GET dependence. We compared the hydrophobicity
of C-terminal GPI-ASs indicated by the Kyte–Doolittle score
between CD59 and Prion and found that the hydrophobicity of
Table 1
Hydrophobicity scores of N-terminal signal sequence of GPI-anchored
proteins

Protein Kyte–Doolittle score of N-terminal SS

CD59 33.6
N2DL2 29.7
Prolactina 25.9
NRN1 24.8
LY6K 21.5
Prion 20.9

a Prolactin is not GPI-anchored protein but listed as a typical SRP-dependent substrate.

6 J. Biol. Chem. (2022) 298(10) 102444
GPI-AS of Prion was much higher than that of CD59 (Table 2).
To examine the aforementioned hypothesis, the surface
expression of three other GPI-APs (N2DL2, NRN1, and
LY6K), whose hydrophobicity scores of GPI-ASs were higher
than that of CD59 (21), was examined in TRC40-KO cells. The
surface expression of LY6K was decreased by approximately
50%, whereas that of N2DL2 and NRN1 was hardly impaired
in TRC40-KO cells (Fig. 4A). This indicates that GET pathway
dependence is not simply determined by C-terminal
hydrophobicity.

To elucidate the importance of C-terminal GPI-ASs in
selectivity to the GET pathway, we constructed chimeric LY6K
proteins in which N-terminal SS and/or C-terminal GPI-AS
were replaced with CD59 sequences (Fig. 4B) and examined
their surface expression in TRC40-KO cells. The surface
expression levels of WT LY6K (LLL) and the chimera with
N-terminal CD59 (CLL) were decreased to approximately 50%
in TRC40-KO cells compared with those in WT cells (Fig. 4C),
indicating that replacement of N-terminal SS had no impact
on the ER entry of LY6K. By contrast, the surface expression of
the chimeras with C-terminal CD59 (LLC) and with both
N- and C-terminal CD59 (CLC) was hardly changed in
TRC40-KO cells compared with that in WT cells (Fig. 4C).
These results indicate that C-terminal GPI-AS of LY6K de-
termines the selectivity to the GET pathway. We noticed that
the surface expression of LLC and CLC was greatly increased
(approximately three times) in WT cells (Fig. S5). Although
the detailed mechanisms behind this were unclear, replace-
ment of GPI-AS of LY6K to that of CD59 might stabilize the
LY6K preproprotein in the cytosol.

Global mapping of hydrophobicity of N- and C-terminal signal
sequences of GPI-AP precursors predicts ER entry pathway of
GPI-APs

Combining the aforementioned results and our previous
report showing that lowered hydrophobicity of C-terminal
GPI-ASs determines the dependence on the SND pathway
(21), replacement of C-terminal GPI-AS of Prion with that of
CD59 is expected to alter the ER entry of Prion to the SND
pathway. Based on this assumption, Prion chimeras with a part
of CD59 were expressed in HEK293 WT and SND2-KO cells
and analyzed by Western blotting. Although the levels of all
Prion chimeras were comparable in WT cells (Fig. S6A), the
protein levels of PPC and CPC were robustly decreased in
SND2-KO cells (Fig. 5A, approximately 30% of those in WT
cells), indicating that replacement of C-terminal GPI-AS of
Prion with that of CD59 altered its ER entry pathway and
induced SND pathway dependence, as expected.
Table 2
Hydrophobicity scores of C-terminal GPI-attachment sequence of
GPI-anchored proteins

Protein Kyte–Doolittle score of C-terminal GPI-AS

N2DL2 39.6
Prion 35.8
LY6K 34.5
NRN1 34.1
CD59 17.7



Figure 4. The C-terminal GPI-attachment sequence plays key roles for dependence on the GET pathway. A, the surface expression of exogenous GPI-
APs with different hydrophobicity in their C-terminal GPI-ASs. Hydrophobicity of their GPI-ASs is shown in Table 2. B, schematic of chimeric LY6K constructs
with CD59. N-terminal SS, C-terminal GPI-AS, or both in LY6K protein were replaced with those of CD59. LLL, N- and C-terminal LY6K; CLL, N-terminal CD59
and C-terminal LY6K; LLC, N-terminal LY6K and C-terminal CD59; CLC, N- and C-terminal CD59. C, the surface expression of the chimeric LY6K proteins in
TRC40-KO cells. WT and TRC40-KO HEK293 cells were stained with anti-FLAG antibody. The graph shows the quantification of relative fluorescence intensity
of chimeric LY6K in TRC40-KO cells to that in WT cells. Error bars represent SD (n = 3). Statistical analysis was performed by Welch’s t test. * p < 0.05. GET,
guided entry of TA proteins; GPI, glycosylphosphatidylinositol; GPI-AP, GPI-anchored protein; GPI-AS, GPI-attachment signal sequence; SS, signal sequence.
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To visualize the relationship between the hydrophobicity of
N- and C-terminal sequences and ER entry pathways, we
mapped hydrophobicity scores of N-terminal SSs and C-ter-
minal GPI-ASs of more than 130 GPI-AP preproproteins
(Table S2). Proteins with N-terminal SSs with a hydropho-
bicity score of less than 25 (Prion, LY6K, NRN1, LLC, and
PPC) utilized the Sec62-dependent pathway (Fig. 5B). Proteins
with C-terminal GPI-ASs with a hydrophobicity score of more
than 34.5 (Prion, LY6K, CPP, and CLL) utilized the GET-
dependent pathway, while proteins with C-terminal GPI-ASs
with lower hydrophobicity (CD59, PPC, and CPC) depended
on the SND-dependent pathway (Fig. 5B). These results
suggested that the ER entry pathway of each GPI-AP pre-
proprotein is determined by the hydrophobicity of the N-ter-
minal and C-terminal SSs. As mentioned previously, neither
NRN1 nor N2DL2 depended on the GET pathway, suggesting
the presence of other mechanisms for some GPI-AP pre-
proproteins with higher hydrophobicity of GPI-ASs.

Alteration of ER entry pathway of prion and LY6K affects their
N-glycosylation and GPI structure

Finally, we investigated the impacts of different ER entry
pathways on subsequent maturation processes including
glycosylation of GPI-APs. PPC and CPC in WT cells showed
increased mobility in SDS-PAGE compared with WT Prion
(PPP) (Fig. 5A), suggesting that their N-glycosylation states
were altered. To confirm this, N-glycans were removed with
peptide N-glycosidase F (PNGase F) and analyzed by Western
blotting. Although PNGase F treatment generated multiple
Prion bands due to the proteolytic cleavage in the post-Golgi
compartment, generating smaller Prion protein fragments
(49), this diminished the difference in mobility between
PPP and PPC or CPC (Fig. S6B). This clearly indicated that
N-glycosylation states were altered in PPC and CPC. N-
glycosylation is carried out in the ER lumen by oligosacchar-
yltransferase (OST) complexes, and there are two types of
OST, OSTA and OSTB, in which STT3A and STT3B are the
catalytic subunits, respectively (50). As these two OST com-
plexes N-glycosylate their substrates at different timings
(cotranslational and posttranslational) in the ER lumen (51),
we hypothesized that the altered ER entry pathway of Prion
resulted in the altered dependence on OST complexes. To test
this possibility, we first investigated the dependence on OST
complexes of three GPI-APs, Prion, LY6K, and CD59, whose
ER entry pathways differ. We expressed these GPI-APs in
STT3A- and STT3B-KO cells (Fig. S6, C and D) and analyzed
J. Biol. Chem. (2022) 298(10) 102444 7



Figure 5. Global mapping of hydrophobicity of N-terminal SSs and
C-terminal GPI-ASs of GPI-AP preproteins. A, HEK293 WT and SND2-KO
cells were transfected with the plasmids for chimeric Prion proteins. Cell
lysates were Western blotted for Prion and GAPDH. The graph shows the
quantification of relative band intensity of chimeric Prion constructs in
SND2-KO cells to that in WT cells. Statistical analysis was performed by
Welch’s t test. B, global mapping of hydrophobicity of N-terminal SSs and
C-terminal GPI-ASs of more than 130 GPI-AP precursors. The x-axis indicates
the hydrophobicity of N-terminal SSs and the y-axis indicates that of
C-terminal GPI-ASs. Dotted lines indicate the borders of hydrophobicity
scores for the selectivity of the ER entry (25 for the x-axis and 34.5 for the y-
axis). SND-pathway dependence was based on a previous study (21) as well
as this study. ER, endoplasmic reticulum; GPI, glycosylphosphatidylinositol;
GPI-AP, GPI-anchored protein; GPI-AS, GPI-attachment signal sequence; SS,
signal sequence.
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them by Western blotting. We found that the band patterns of
Prion and LY6K in STT3A-KO cells were both comparable to
those in WT cells (Fig. 6A, left and middle, lane 1 versus lane
3), and the protein bands in WT and STT3A-KO cells were
similarly shifted downward by removing N-glycans with
PNGase F (Fig. 6A, left and middle, lane 1 versus lane 2, lane 3
versus lane 4). By contrast, the bands of Prion and LY6K
migrated faster in STT3B-KO cells than in WT cells, even
without PNGase F treatment (Fig. 6A, left and middle, lane 1
versus lane 5), and PNGase F treatment no longer shifted the
bands (Fig. 6A, left and middle, lane 5 versus lane 6). These
findings indicated that N-glycosylation of both Prion and
LY6K is solely dependent on OSTB. Meanwhile, the band of
CD59 migrated faster in both STT3A-KO and STT3B-KO
cells than in WT cells (Fig. 6A, right, lane 1 versus lanes 3
and 5), and a similar migration pattern of CD59 in STT3A-KO
cells was also reported previously (52), indicating that the
N-glycosylation of CD59 depends on both OSTA and OSTB.
Considering that the ER entry pathway of CD59 differs from
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those of Prion and LY6K, these results suggest that the
dependence of OST complex is determined by the ER entry
pathway of substrate proteins. To further investigate this
possibility, we examined the N-glycosylation of the Prion and
LY6K chimeras with a part of CD59 in STT3A- and STT3B-
KO cells by Western blotting. The band patterns of PPP and
LLL (Prion and LY6K WT) expressed in STT3A-KO cells were
again comparable to those in WT cells, while they were shifted
in STT3B-KO cells (Fig. 6B), confirming their dependence on
OSTB. Intriguingly, the bands of PPC and CPC were shifted in
not only STT3B-KO cells but also STT3A-KO cells (Fig. 6B,
upper panel), indicating that these chimeras also became N-
glycosylated by OSTA. Combined with the results of Fig. 5A,
these results suggest that alteration of the ER entry pathway of
Prion by C-terminal replacement results in the alteration of
the types of OSTs involved in its N-glycosylation. By contrast,
the migration patterns of LLC and LLL were similar (Fig. 6B,
lower panel), suggesting that the role of C-terminal GPI-AS in
N-glycosylation is dependent on mature protein parts. We
noticed that the band patterns of CPP and CLL were less
affected in both STT3A-KO and STT3B-KO cells than PPP
and LLL (Fig. 6B), implying that these chimeras are dependent
on both STT3A and STT3B. This indicates that alteration of
the ER entry pathway by replacement of N-terminal SS also
affects N-glycosylation status.

Because the altered ER entry route led to the differential
OST usage, we wondered whether other posttranslational
modifications carried out in the ER were also affected by ER
entry pathways. GPI undergoes lipid remodeling (GPI-inositol
deacylation) in the ER by PGAP1 (37), and we compared the
efficiency of GPI-inositol deacylation by PGAP1 in Prion,
CD59, and their chimeras. Phosphatidylinositol-specific phos-
pholipase C (PI-PLC) cleaves GPI processed by PGAP1 but not
inositol-acylated GPI (37, 53, 54). Therefore, the efficiency of
GPI-inositol deacylation can be estimated from the efficiency of
PI-PLC cleavage. HEK293 WT cells were treated with or
without PI-PLC, and the surface expression of CD59 and Prion
was analyzed by FACS. Whereas the surface expression of
CD59 was drastically decreased by PI-PLC treatment (only
approximately 1% of CD59 remained), that of Prion was only
partially decreased (approximately 50% of Prion remained)
(Fig. 6C). These results indicate that the efficiency of GPI-
inositol deacylation by PGAP1 varies between CD59 and
Prion. To examine whether an altered ER entry pathway led to
the altered efficiency of GPI-inositol deacylation, we expressed
the Prion chimeras in HEK293 WT cells and administered
treatment with or without PI-PLC, followed by FACS analysis.
Whereas the PI-PLC resistance of CPP was comparable to that
of PPP, that of PPC and CPC was slightly but significantly
decreased compared with that of PPP (Fig. 6D). These results
indicate that replacement of C-terminal GPI-AS alters the ef-
ficiency of GPI-inositol deacylation by PGAP1.
Discussion

In this study, we revealed that the ER translocation of GPI-
APs such as Prion and LY6K is dependent on the Sec62 and



Figure 6. Alteration of the ER entry pathway of Prion and LY6K affects their N-glycosylation and GPI structure. A, HEK293 WT, STT3A-KO (clone #4),
and STT3B-KO (clone #1) cells were transfected with FLAG-tagged Prion, LY6K, and CD59. Cell lysates treated with or without PNGase F (PNG-F) were
Western blotted for Prion, FLAG, STT3A, TUSC3, and GAPDH. Lower panel of FLAG (CD59) shows the long-exposed image. * indicates nonspecific bands. B,
HEK293 WT, STT3A-KO, and STT3B-KO cells were transfected with chimeric Prion and LY6K constructs. Cell lysates were Western blotted for Prion, FLAG, and
GAPDH. C, the surface expression of CD59 and Prion treated with or without PI-PLC is shown. Cells were stained with anti-CD59 or anti-Prion antibodies. D,
the surface expression of chimeric Prion in WT cells treated with or without PI-PLC is shown. Cells were stained with anti-Prion antibody. The graph shows
the quantification of relative fluorescence intensity of chimeric Prion constructs treated with or without PI-PLC in WT cells. Error bars represent SD (n = 3).
Statistical analysis was performed by one-way ANOVA with post hoc Dunnett test. * p < 0.05, ** p < 0.005. ER, endoplasmic reticulum; GPI,
glycosylphosphatidylinositol.

Figure 7. Possible ER import pathways and the associated glycosylation machinery for GPI-APs. The ER translocation pathways of GPI-APs are possibly
determined by the hydrophobicity of their N-terminal SS and C-terminal GPI-AS. GPI-APs like Prion and LY6K, in which hydrophobicity of N-terminal SSs and
C-terminal GPI-ASs is low and high, respectively, are targeted to the ER by the GET pathway, followed by import into the ER lumen in a Sec62-dependent
manner. OSTB is suggested as dominant N-glycosylation machinery in this pathway, and GPI remodeling by PGAP1 less frequently occurs. By contrast, GPI-
APs like CD59, in which hydrophobicity of N-terminal SSs and C-terminal GPI-ASs is high and low, respectively, are targeted and imported into the ER in a
SND2-dependent manner. N-glycosylation in this pathway is likely to be mainly carried out by OSTA, and GPI remodeling by PGAP1 is efficient. Glycosylation
enzymes that mainly function downstream of the pathways are indicated by bold red characters and those that less efficiently function are indicated by blue
characters. ER, endoplasmic reticulum; GET, guided entry of TA proteins; GPI, glycosylphosphatidylinositol; GPI-AP, GPI-anchored protein; GPI-AS, GPI-
attachment signal sequence; SS, signal sequence.
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GET pathways, and the hydrophobicity of N-terminal SS and
C-terminal GPI-AS is involved in the selectivity of the ER
translocation pathways. In addition, the replacement of
C-terminal GPI-AS of Prion altered not only its ER import
pathway but also its N-glycosylation status and GPI structure.
To summarize the results of this study and our previous report
(21), the ER entry pathway of preproproteins of GPI-APs are
determined by hydrophobicity of N-terminal SSs and C-ter-
minal GPI-ASs, and subsequent maturation processes
including N-glycosylation and GPI-remodeling are dependent
on the ER entry pathway (Fig. 7). Consistent with this, a recent
study has reported that Sec62 pathway–dependent substrates
commonly have N-terminal SS with low hydrophobicity (55).
Considering that Get3p in yeast directly binds to the C-ter-
minal GPI attachment sequence of Gas1p (43) and that Sec62-
dependent proteins could be posttranslationally translocated
into the ER, we speculate that GPI-APs are posttranslationally
targeted to the ER and that N-terminal signal sequences of
GPI-APs do not contribute to initiating the ER targeting or do
not to arrest the ribosomal translation and that C-terminal
GPI-AS is a key for the ER entry.

Given that Sec61β, which is a component of the Sec61
translocon (6), is a TA protein, loss of GET pathway proteins
might indirectly affect the ER translocation of Prion and LY6K
by impairing the function of the Sec61 translocon. However,
the direct involvement of the GET pathway in the trans-
location of GPI-APs is more likely for the following reasons.
Firstly, the surface expression of CD59 was not changed in KO
cells defective in the GET pathway, indicating that general
functions of the Sec61 translocon were retained. Secondly,
there were no differences in the protein levels of Sec62 and
Sec63 in TRC40- and CAML-KO cells, ruling out that the
Sec62 pathway was impaired in GET pathway–defective cells.
Thirdly, replacement of the C-terminal GPI-AS of LY6K with
that of CD59 overcame the effect of the loss of TRC40.
Fourthly, a previous study revealed the direct interaction of
Get3p (a TRC40 ortholog in yeast) with GPI-AS of a GPI-AP,
Gas1p, in yeast (43). Finally, a previous study reported that the
level of Sec61β was unaffected in GET pathway–deficient cells,
probably due to the alternative membrane insertion through
other ER entry pathways that have redundant function to the
GET pathway (20).

It is still unclear how the ER translocation of GPI-APs is
completed because GET and SND pathway proteins them-
selves have no activity to translocate their client proteins
across the ER membrane. We here showed that Sec62 interacts
with GET pathway proteins (Fig. 2). Sec62/Sec63 complex is
an auxiliary subunit of the Sec61 translocon and facilitates
Sec61 channel opening (22). Furthermore, Sec63 recruits an
ER chaperone, BiP, through its J-domain, providing the force
for threading the nascent proteins into the ER lumen (56–58).
Therefore, the complex formation between Sec62 and GET
pathway proteins may account for the efficient ER trans-
location of some GPI-APs, where GET pathway proteins re-
cruit the GPI-APs to the ER and Sec62 pathway proteins
complete their ER import. Contrary to GPI-APs, TA proteins
such as SNAREs are largely dependent on the GET pathway
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for their targeting to the ER and do not require the Sec62
pathway (Fig. 2) (3). Therefore, only a part of GET pathway
proteins likely interacts with the Sec62 complex and the GET
pathway complex alone can function for TA protein biogen-
esis. This notion is supported by the fact that knocking out one
pathway did not affect the protein levels of the other, and the
level of STX5 protein was increased in Sec62-KO and Sec63-
KO cells, in which the GET pathway complex would exist
alone (Fig. 2). As for the SND pathway, SRP receptor is sup-
posed to function as an auxiliary subunit of the Sec61 trans-
locon, as we previously reported that the surface expression of
CD59 was impaired by knocking down SRP receptor in WT
cells but not in SND2-KO cells (21). Further in vitro studies
testing the involvement of the Sec62 complex, GET pathway
complex, SND pathway proteins, and SRP receptor in the
translocation of various GPI-APs across the ER membrane are
essential to fully understand the ER translocation mechanisms
of GPI-APs.

Although it is reasonable that GPI-APs such as Prion and
LY6K, whose C-terminal GPI-ASs are highly hydrophobic, are
targeted to the ER by the GET pathway, our results indicate
that dependence on the GET pathway does not simply rely on
C-terminal hydrophobicity. Given that the surface expression
of GPI-APs such as NRN1 and N2DL2 was unchanged in
TRC40-KO cells despite the high hydrophobicity of their GPI-
ASs (Fig. 4A), it is possible that other characteristics of GPI-
ASs are also involved in determining the ER entry pathway.
One possible factor might be the length of GPI-AS, as is the
case for the length of C-terminal transmembrane domain of
multipass transmembrane proteins (59). Alternatively, other
ER entry pathways might compensate for the defects caused by
loss of TRC40 for the translocation of these GPI-APs. Indeed,
for the biogenesis of transmembrane proteins and TA pro-
teins, knocking out one pathway can be compensated by
alternative pathways as backup systems (20, 60). Simultaneous
depletion of multiple ER entry pathways would be required to
elucidate this point.

We showed that distinct ER entry pathways contribute to
the differential usage of OST complexes and efficiency of the
PGAP1 reaction (Fig. 6). The Sec61 translocon associates with
various accessory proteins to facilitate multiple cotranslational
processes, including N-glycosylation by OST (6). Since there
are at least two types of Sec61 translocon in mammalian cells,
comprising either α1 or α2 Sec61α channel (3, 61), it is
possible that the types of Sec61 translocon and their inter-
acting OST complex differ among the ER entry pathways. In
this situation, the difference of Sec61α subunit might
contribute to the interaction with different OSTs, leading to
differential N-glycosylation of the same Prion protein with
only different GPI-ASs. Detailed biochemical experiments are
essential to clarify this point.

In addition to our present results, the involvement of
C-terminal GPI-ASs in post-ER events of GPI-APs such as
polarized protein transport and glycosylation was also re-
ported. Regarding polarized protein transport, GFP bearing
C-terminal GPI-AS derived from Prion was localized to the
basolateral side of polarized Madin-Darby canine kidney
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(MDCK) cells, whereas that bearing GPI-AS from folate re-
ceptor was on the apical side (62). Similarly, a chimeric Prion
whose GPI-AS was replaced with that of Thy1 (Prion-Thy1)
was reported to be relocalized from the basolateral side to the
apical side in MDCK cells (63). As for glycosylation, Prion-
Thy1 has been shown to be less modified with sialic acid in
the Golgi on its GPI-GalNAc side chain than WT Prion (64).
Another report described that N-glycan structures of GPI-
anchored horseradish peroxidase (HRP) differ between HRP
fused with GPI-AS from Thy1 and that from DAF, in which
HRP-Thy1 was highly sialylated, whereas HRP-DAF had
immature oligo-mannose-type N-glycans (65). It remains un-
clear how GPI-ASs are involved in polarized protein sorting
and glycosylation, including GPI-GalNAcylation and sialyla-
tion of N-glycans, because these are carried out in the Golgi
where GPI-ASs have already been removed from GPI-APs in
the ER (41, 66). Therefore, GPI-ASs must affect post-ER
processes of GPI-APs before their removal, probably during
the translocation. Our current results provide potential initial
mechanisms for aforementioned phenomena. Since we have
recently reported that the loss of the GPI-GalNAc side chain
accelerates the pathology of prion diseases (32), elucidation of
the mechanisms by which the ER translocation pathways
regulate the biological events in the Golgi will greatly advance
our understanding of protein biogenesis in the secretory
pathway and the mechanisms of development of prion
diseases.

In summary, we revealed the roles of N- and C-terminal
signal sequences for the selective ER entry and subsequent
glycosylation of GPI-APs. Because GPI-APs uniquely have
two hydrophobic sequences in their N and C termini, it is
reasonable that they have characteristic translocation
mechanisms into the ER, which will be attractive targets to
fully understand the ER translocation mechanisms of
proteins.
Experimental procedures

Antibodies and reagents

The following antibodies were purchased and used: rabbit
anti-SEC62 and mouse anti-FLAG (clone M2) (catalog no.:
HPA014059 and F1804) from Sigma–Aldrich; rabbit anti-
SEC63, rabbit anti-ASNA1 (TRC40), and rabbit anti-TUSC3
(catalog no.: 13978-1-AP, 15450-1-AP, and 16039-1-AP)
from ProteinTech; guinea pig anti-CAML, rabbit anti-WRB,
and rabbit anti-Syntaxin 5 (catalog no.: 359004, 324103, and
110053) from Synaptic Systems; anti-β-catenin mAb (clone 14)
from BD Biosciences (610154); rabbit anti-HA (clone C29F4)
(catalog no.: 3724) from Cell Signaling Technology; mouse
anti-GAPDH (clone 6C5) (catalog no.: MAB374) from Milli-
pore; mouse anti-Prion (clone 4D5) (catalog no.: 14-9230-82)
from eBioscience; rabbit anti-Prion (clone EP1802Y) (catalog
no.: ab52604) from Abcam; mouse anti-human CD59 (clone
5H8), mouse anti-ITM1 (STT3A) (clone A-2) (catalog no.: sc-
390227) from Santa Cruz; HRP-conjugated anti-mouse IgG
and HRP-conjugated anti-rabbit IgG from GE Healthcare
(NA931V and NA934V); HRP-conjugated anti–guinea pig IgG
from ProteinTech (SA00001-12); and PE-conjugated goat anti-
mouse IgG (catalog no.: 405307) from BioLegend.

The following reagents and kits were purchased and used:
MG-132 (Millipore, 474790); N-glycosidase F (PNGase F) and
complete mini protease inhibitor cocktail (EDTA-free) (Roche,
11365169001 and 11836170001); Pierce BCA Protein Assay
Kit and Lipofectamine 3000 (Thermo Fisher Scientific, 23227
and L3000); anti-DYKDDDDK tag antibody Magnetic Beads
(FLAG beads) (Wako, 017-25151); and NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs, E2621).
Plasmid construction

Primers used in this study are listed in Table S1. To
construct a plasmid encoding C-terminally 3 × HA-tagged
Sec62, human Sec62 (hSec62) sequence was amplified from a
human brain complementary DNA (cDNA) library as a tem-
plate using primers (#1 and #2), followed by digestion with
EcoRI and MluI. The sequence was ligated into pME-3HA
vector digested with the same enzyme pair. pME-hSec62-
3FLAG was constructed by ligation of the hSec62 sequence,
which was amplified from pME-hSec62-3HA as a template
using primers (#1 and #2) and digested with EcoRI and MluI,
into the pME-3FLAG vector digested with the same enzyme
pair. To construct plasmids encoding C-terminally 3 × HA-
tagged WRB and N-terminally 3 × HA-tagged TRC40, cDNA
sequences of hWRB and hTRC40 were amplified from a cDNA
library of HEK293 cells as a template using primers (#3 and #4
and #5 and #6), followed by digestion with EcoRI and MluI or
SalI and NotI. The sequences were ligated into pME-3HA
vector digested with the same enzyme pair. The cDNA
sequence of hCAML was amplified from a human brain cDNA
library as a template using primers (#7 and #8), followed by
digestion with SalI and NotI. The sequence was ligated into
pME-3FLAG vector digested with the same enzyme pair.
pME-hCAML (untagged) was constructed by ligation of the
hCAML sequence, which was amplified from pME-3FLAG-
hCAML as a template using primers (#9 and #8) and diges-
ted with XhoI and NotI, into the pME-Zeo vector digested with
the same enzyme pair. cDNA sequences of mature protein
parts and C-terminal GPI-ASs of hNRN1 and hLY6K were
amplified from pLIB2-ssCD59-hNRN1 and pLIB2-ssCD59-
hLY6K (21) as templates using primers (#10 and #11 and
#12 and #13), and the same cDNA part of hN2DL2 was
amplified from a human brain cDNA library as a template
using primers (#14 and #15). N-terminal SSs of hNRN1 and
hN2DL2 were amplified from a human brain cDNA library as
a template using primers (#16 and #17 and #18 and #19) and
N-terminal SS of hLY6K was obtained by the annealing of
primers (#20 and #21). N-terminal SSs and mature protein
sequences were ligated into pIRES2-ZsGreen1 digested with
XhoI and EcoRI using NEBuilder HiFi DNA Assembly Master
Mix.

To construct pME-ssPrion-FLAG-hCD59, which is a
chimeric CD59 construct whose N-terminal SS was replaced
with that of hPrion, pME-FLAG-hCD59 was digested with
EcoRI and PstI and ligated with the annealed primers (#22 and
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#23). To generate chimeric CD59 constructs whose C-terminal
GPI-ASs were replaced with that of Prion, pME-FLAG-hCD59
and pME-ssPrion-FLAG-hCD59 were digested with XhoI and
NotI and ligated with the annealed primers (#24 and #25). The
chimeric CD59 sequences were amplified from pME-FLAG-
hCD59, pME-ssPrion-hCD59, pME-FLAG-hCD59-Prion, and
pME-ssPrion-FLAG-hCD59-Prion as templates using primers
(#26 and #27, #28 and #27, #26 and #29, and #28 and #29),
followed by digestion with NheI and BamHI. The amplified
sequences were ligated into pIRES2-ZsGreen1 plasmid
(Takara) digested with the same enzyme pair. The cDNA se-
quences of the mature protein part and C-terminal GPI-AS of
hPrion were amplified from pME-ssHA-hPrion (67) as a
template using primers (#30 and #29 and #31 and #29), fol-
lowed by digestion with PstI and BamHI. The amplified se-
quences were ligated into pIRES2-ssPrion-hCD59-Prion and
pIRES2-ssCD59-hCD59-Prion digested with the same enzyme
pairs. The cDNA sequences of the mature protein part of
hPrion were amplified from pME-ssHA-hPrion as a template
using primers (#30 and #32 and #31 and #32) and the GPI-AS
of hCD59 was amplified from pME-FLAG-hCD59 as a tem-
plate using primers (#33 and #34). The amplified sequences of
the mature protein part of hPrion and GPI-AS of hCD59 were
ligated into pIRES2-ssPrion-hCD59-Prion and pIRES2-
ssCD59-hCD59-Prion digested with PstI and BamHI using
NEBuilder HiFi DNA Assembly Master Mix. To construct
chimeric LY6K plasmids, the cDNA sequences of the mature
protein part of LY6K were amplified from pIRES2-FLAG-
hLY6K as a template using primers (#35 and #36, #37 and #38,
and #35 and #38) and the GPI-AS of hLY6K was amplified
from pIRES2-FLAG-hLY6K using primers (#39 and #34). The
amplified sequences of the mature protein part of LY6K and
the GPI-AS of hLY6K were ligated into pIRES2-ssCD59-
hPrion and pIRES2-FLAG-hLY6K digested with PstI and
BamHI using NEBuilder HiFi DNA Assembly Master Mix.

To construct plasmids for gene editing, pX330-EGFP (68)
and pX330-Puro (69) were digested with BbsI followed by
ligation with the annealed primer sets: single guide RNA
(sgRNA) for human (h) SEC62-1, #40–#41; hSEC62-2, #42–
#43, hSEC63-1, #44–#45; hTRC40-1, #46–#47; hTRC40-2,
#48–#49; hCAML-1, #50–#51; hCAML-2, #52–#53; hSND2-1,
#54–#55; hSND2-2, #56–#57; hSRPRA-1, #58-#59; hSRPRA-2,
#60-#61; hSTT3A-1, #62–#63; hSTT3A-2, #64–#65; hSTT3B-
1, #66–#67; and hSTT3B-2, #68–#69. Primers for sgRNA of
hSTT3A and hSTT3B as described in previous literature were
used (70).
Cell culture

HEK293 cells were obtained from ATCC. HEK293,
HEK293-Sec62-KO, HEK293-Sec63-KO, HEK293-TRC40-KO,
HEK293-CAML-KO, HEK293-SND2-KO, HEK293-STT3A-
KO, and HEK293-STT3B-KO cell lines were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum at 37 �C under 5% v/v CO2 conditions.

To inhibit protein degradation pathways, HEK293 cells were
treated with 10 μM MG-132 for 24 h.
12 J. Biol. Chem. (2022) 298(10) 102444
Establishment of KO cells and stable transfectants

To generate Sec62-KO, Sec63-KO, TRC40-KO, CAML-KO,
and SND2-KO cell lines, one or two different pX330-EGFP
plasmids harboring sgRNAs targeting each gene were trans-
fected into HEK293 cells with Lipofectamine 3000 reagent, as
described later. Two days after transfection, cells with high
expression of EGFP were collected by cell sorting using FACS
Melody (BD Biosciences). For STT3A-KO and STT3B-KO cell
lines, pX330-Puro plasmids harboring sgRNAs targeting each
gene were transfected into HEK293 cells with Lipofectamine
3000 reagent, as described later. The following day, cells were
selected with 3 μg/ml puromycin for 2 days. All of the KO cell
lines were established by cloning by limiting dilution. As we
could not obtain any SRPRA-KO cell line, we generated bulk
population of SRPRA-KO cells. We transfected pX330-Puro
plasmids with sgRNAs targeting SRPRA gene into
HEK293 cells with Lipofectamine 3000 reagent, followed by
7 days incubation with 3 μg/ml puromycin. Obtained bulk
population was subjected to FACS analysis. The KO of each
gene was confirmed by PCR using the following primers listed
in Table S1 and Western blotting with specific antibodies:
SEC62, #70–#71; TRC40, #72–#73; CAML, #74–#75; SND2,
#76–#77; STT3A, #78–#79; and STT3B, #80–#81. Primers for
STT3A and STT3B were used as previously described (70).

Plasmid transfection

Cells at approximately 50% confluence grown on 6 cm or 10
cm dishes were transfected with each plasmid using Lip-
ofectamine 3000 reagent, in accordance with the manufac-
turer’s protocol.

Sample preparation

Cells were washed with PBS twice and collected using cell
scrapers, followed by precipitation by centrifugation at 1400×g
for 3 min. The cell pellets were lysed with lysis buffer (20 mM
Tris (pH 7.4), 150 mM NaCl, and 1% Triton X-100) containing
protease inhibitor cocktail on ice for 30 min, followed by
centrifugation at 20,000×g for 15 min at 4 �C. For the detection
of Prion, cell lysates were prepared with lysis buffer (50 mM
Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 60 mM Octyl-
β-D-glucoside). The supernatant was recovered and the pro-
tein concentration was measured using BCA kit.

For PNGase F treatment, samples were denatured in dena-
turing buffer (20 mM Tris (pH 7.4), 0.5% SDS, 1% 2-
mercaptoethanol, and 5 mM EDTA) at 95 �C for 5 min, fol-
lowed by five times dilution with Tris-buffered saline (TBS)
containing Nonidet P-40 (final concentration, 0.5%). Sixty
microliters of the samples were then incubated with 3 μl of
water or PNGase F at 37 �C for more than 2 h. The samples
were then mixed with 5 × Laemmli SDS sample buffer and
incubated at 95 �C for 5 min.

Coimmunoprecipitation

Cells grown on 10 cm dishes were transiently cotransfected
with Sec62-3FLAG and CAML, WRB-3HA, or 3HA-TRC40
and cultured for 48 h. Cells were washed with PBS twice and
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collected using cell scrapers, followed by precipitation by
centrifugation at 1400×g for 3 min. Cell pellets were lysed with
lysis buffer (20 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-
100) containing protease inhibitor cocktail and sonicated. The
lysates were centrifuged at 20,000×g for 15 min at 4 �C. The
supernatants were incubated with anti-FLAG beads overnight
at 4 �C. The following day, anti-FLAG beads were washed with
lysis buffer three times, and the beads were incubated with
50 μl of Laemmli SDS sample buffer at 95 �C for 5 min.

Western blotting

The same amounts of proteins were loaded in each well and
separated by 5% to 20% SDS-PAGE, followed by transfer to
nitrocellulose membranes. For Western blotting, the mem-
branes were blocked with 5% skim milk in TBS containing
0.1% Tween-20 (TBS-T) for 30 min, followed by incubation
with primary antibodies diluted with 5% skim milk/TBS-T
overnight at 4 �C. After washing with TBS-T three times,
the membranes were then incubated with secondary anti-
bodies conjugated with HRP for 1 h at room temperature.
Signals were detected using FUSION SOLO 7s EDGE (Vilber).
Dilution rates of antibodies and lectins were as follows:
anti-Sec62 (1:500), anti-Sec63 (1:500), anti-TRC40 (1:500),
anti-CAML (1:500), anti-WRB (1:250), anti-STX5 (1:1000),
anti-GAPDH (1:2000), anti-FLAG (1:1000), anti-HA (1:2000),
rabbit anti-Prion (1:500), anti-STT3A (1:500), anti-TUSC3
(1:300), anti-mouse IgG-HRP (1:10,000), anti-rabbit IgG-HRP
(1:20,000), and anti–guinea pig IgG-HRP (1:10,000).

FACS analysis

Cells were washed with PBS twice and collected using cell
scrapers, followed by precipitation by centrifugation at 1400×g
for 3 min. The cells were washed with FACS buffer (1% bovine
serum albumin, 0.1% NaN3 in PBS) once and stained with the
primary antibody in FACS buffer on ice for 45 min. After
washing with FACS buffer twice, cells were stained with the
secondary antibody in FACS buffer on ice for 25 min. Cells
were washed with PBS twice and the data were collected with a
FACS Melody cell sorter and analyzed by FlowJo software (BD
Biosciences). Dilution rates of the antibodies were as follows:
anti-CD59 (5H8) (1:100), anti-Prion (4D5) (1:100), anti-FLAG
(M2) (1:100), and anti-mouse IgG-PE (1:100 for endogenous
prion and 1:500 for endogenous CD59, overexpressed prion,
and FLAG).

In silico analysis of hydrophobicity of N-terminal SSs and
C-terminal GPI-ASs

The list of GPI-APs was used for the global mapping of
hydrophobicity of N-terminal SSs and C-terminal GPI-ASs
(21). The hydrophobicity of the N-terminal SSs and C-termi-
nal GPI-ASs from the ω-sites estimated from the UniProtKB
database was analyzed using the ExPASy server (https://web.
expasy.org/protscale/). The hydropathy score of each amino
acid was calculated from a sliding window of nine using the
Kyte–Doolittle score (71). The total hydrophobicity score of
N-terminal SSs and C-terminal GPI-ASs of each GPI-AP was
plotted by two-dimensional plot and is listed in Table S2.

Statistics

Statistical analyses were performed using GraphPad Prism 8
software (GraphPad Software, Inc).

Data availability

All of the data are contained within the article.

Supporting information—This article contains supporting
information.
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