












demonstrating that the proper positioning of two lysine residues
from the C-terminus is critical for the retention of ER resident
membrane proteins (Jackson et al., 1990). Collectively, our data
suggest that the DM within the cytoplasmic domain of UGT2B7
is sufficient to localize CD4 to the ER but is not necessary for
the ER retention of UGT2B7.
The results described above led us to speculate that the

luminal domain of UGT2B7 is required for ER retention. In
addition, it has been reported that the 141–240 region of
human UGT1A6 is another membrane-associated domain
and functions as an ER retention signal (Ouzzine et al., 1999).
When this region was transplanted to the cytoplasmic en-
hanced GFP, the UGT 141–240/enhanced GFP chimera was
localized to the ER. Based on these findings, we first focused
on theN-terminal half-domain ofUGT2B7 (24-252; except signal
peptide) to explore the regions necessary for ER retention. We
generated five deletion mutants (D1-HA to D5-HA) systemat-
ically lacking 30 residue sections containing two or three
predicted helices from the C-terminal end of UGT2B7 (24-252),
and an HA-tag was added to the C-terminal end of each
deletion mutant (Fig. 4A). We transiently expressed these
UGT2B7 mutants in Sf9 insect cells and confirmed their
expression by immunoblotting (Fig. 4B). We further performed
subcellular fractionation of insect cells expressing these de-
letion mutants using the same procedure, as in Fig. 2C. The
results showed that all of the mutants were exclusively
detected in the microsomal fraction with coexpressed CNX
(Fig. 4C). Moreover, consistent with the results of subcellular
fractionation, the results of immunofluorescence microscopy
in COS-1 cells also showed that all of the deletion mutants
colocalizedwithCNX in reticular-like structures (Fig. 5A), and
that 90% of these mutants colocalized with CNX (Fig. 5B).
Taken together, these results suggest that at least theN-terminal
24-133 region may be necessary for the retention of UGT2B7
in the ER.
To verify the necessity of the 24-133 residue region for ER

retention of UGT2B7, we created a deletion mutant of this
domain (D6-HA) and analyzed its expression and localization
in COS-1 cells (Fig. 6, A–C). To our surprise, UGT2B7 D6-HA
localized to CNX-positive reticular-like structures. We fur-
ther generated a series of deletion mutants of the UGT2B7
luminal domain (Fig. 6A). These deletion mutants were tran-
siently expressed in COS-1 cells, and their expression and
localization analyzed using immunoblotting and immunoflu-
orescence microscopy, respectively (Fig. 6, B and C). As shown
in Fig. 6C, despite the systematic truncation, all of the mutants
were observed in the reticular-like structures and colocalized
with CNX. Moreover, 80%–95% of the serial mutants colocal-
ized with CNX (Fig. 6D) as same as UGT2B7 WT (Fig. 3C).
Collectively, these data imply that UGT2B7 could localize in
the ER without any signal sequence rather than with the
presence of a possible signal for the retention to the ER.
Moreover, it is well known that proteins that aggregate in cells
are largely detergent insoluble (Imai et al., 2001; Hirota and
Tanaka, 2009). When we solubilized microsomes expressing
these deletion mutants with 1% Triton X-100, they were
predominantly recovered in solubilized fractions (Fig. 7A),
indicating that they were properly folded, and thereby ruling
out the possibility that the ER localization of these mutants
resulted from accumulation in the ER by unfolding or misfold-
ing. Moreover, we examined the stability of UGT2B7-HA
deletion mutants (DCT and DTM) using inhibitors of proteasome

and lysosomal degradation. Treatment with MG132, a
proteasome inhibitor, but not with lysosomal protease inhibi-
tors, increased protein levels of WT, DCT, and DTM of UGT2B7
(Fig. 7, B and C), thereby suggesting that the deletion of both
the cytoplasmic and TM domains did not affect the stability of
mutant proteins.
Deletions of the TM domain of membrane proteins trans-

ported by the secretory pathway should result in their secretion
into the medium, unless they contain a retention signal in the
remaining domain (Pääbo et al., 1986, 1987). We examined
whether both cytoplasmic– and TM domain–deleted mutants
of UGT2B7 and CD4 were secreted. Although all of the
deletion mutants of UGT2B7-HA (DTM, D1, and D7) were

Fig. 5. (A) Localization of C-terminal–truncated mutants of UGT2B7
in transfected COS-1 cells. Schematic sequences of the mutants are
presented in Fig. 4A. All of the mutants were fused with an HA-tag at
their C-termini for immunochemical detection. COS-1 cells transiently
expressing the mutants were stained with anti-HA antibody (green).
Endogenous CNX was also visualized with anti-CNX antibody (red) as an
ERmarker. Nuclei stained with DAPI are shown in cyan. Scale bar, 10 mm
in themerge panels. (B) Colocalization of UGT2B7mutants and CNXwere
quantified, and the mean 6 S.D. values are shown.
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detected only in cell lysates, CD4-DTMwas significantly secreted
into the cultured medium (Fig. 7D).

Discussion
The DM is one representative peptide for motif-based

retrograde transportation, but it is controversial whether this
motif is indeed necessary for ER localization of UGTs. In this
study, we present evidence that C-terminal deletion mutants
of UGT2B7, includingDDM,DCT, andDTM, can localize to the

ER in their folded states (Fig. 2C; Fig. 3, B andC; Fig. 7). It has
been demonstrated previously that the proper positioning of
two lysines at23 and24 or25 from the C-terminus is critical
for the retention of ER resident membrane proteins, because
the addition or deletion of residues from the C-terminus
decreased retention efficiency (Jackson et al., 1990). Indeed,
we also confirmed this finding, using the chimeric protein
CD4-UGT (Fig. 3, D and E). However, our findings that not
only UGT2B7DDM, but also UGT2B7-HA, in which the posi-
tions of two lysine residues were shifted from23 and25 to212

Fig. 6. Localization of internal deletion mutants of UGT2B7 in transfected COS-1 cells. (A) Schematic sequences of UGT2B7 mutants (D6-HA to
D11-HA). (B) Immunoblotting to detect the UGT2B7 mutants in COS-1 cells. Cells were transfected with 2 mg of vector coding each UGT2B7
mutant and lysed 24 hours after transfection. The lysates (20 mg) were analyzed by immunoblotting. Anti-HA antibody was used as a primary
antibody. (C) Immunofluorescence to show colocalizations of theUGT2B7mutants with CNX. Themutants were transiently expressed in COS-1 cells and
visualized with anti-HA antibody (green). Endogenous CNX was also stained with anti-CNX antibody (red) as an ER marker. Nuclei were stained with
DAPI and are shown in cyan. Scale bar, 10mm in themerge panel. (D) Colocalization of UGT2B7mutants and CNXwere quantified, and themean6 S.D.
values are shown.
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and 214 by adding an HA-tag to the C-terminus, localized
to the ER (Fig. 3B), suggest that the C-terminal DM of
UGT2B7 is unnecessary for its ER localization, supporting previ-
ous reports (Meech et al., 1996; Meech and Mackenzie, 1997;

Ouzzine et al., 1999). Of note, there are ER-located splice
variants of human UGT, which lack the TM and cytoplasmic
domains (Girard et al., 2007; Lévesque et al., 2007; Bellemare
et al., 2010; Guillemette et al., 2014; Rouleau et al., 2014).

Fig. 7. Analysis of stability and secretion of the UGT2B7-HAmutants. (A) Triton X-100 treatment of microsomal fractions to detect aggregated forms of
UGT2B7-HA and its mutants. Homogenates (Homo) were prepared from COS-1 cells with a syringe equipped with a 23-gauge needle followed by low-
speed centrifugation. An aliquot of homogenate was further fractionated by ultracentrifugation, and supernatants and pellets were collected as cytosols
(Cyt) and microsomes, respectively. Microsomes were solubilized in 1% Triton X-100, and were separated into soluble fraction (Sol.) and insoluble pellet
(ppt) by another ultracentrifugation. Homogenate (15 mg) and equivalent volumes of the later fractions were analyzed by immunoblotting. Top and
bottom panels show the results in short and long exposures, respectively. (B) Effect of treatment with proteasome inhibitor (MG132) and lysosome
inhibitor cocktail (LIs) on expression levels of UGT2B7-HAs. COS-1 cells transfected with UGT2B7-HA and its deletion mutants (DCT and DTM) were
treated with 1 mMMG132 or LIs, 10 mg/ml E-64d, 20 mg/ml leupeptin, and 10 mg/ml pepstatin A for 12 hours. Whole-cell lysates were prepared, and 20 mg
were analyzed in immunoblotting. (C) The experiments with the inhibitors were performed and quantified three times. Each bar represents the mean6
S.D. of relative intensities as each control = 100%. (D) Secretion of UGT2B7-HA, CD4, and their deletion mutants were analyzed. COS-1 cells were
transfected with each construct and were cultured in FBS-free medium for 12 hours. Cells were harvested for lysate preparation, and medium were
concentrated with trichloroacetic acid. The samples were analyzed by immunoblotting with anti-HA antibody and anti-CD4 as primary antibodies.
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Similar variants of UGT2B7 showed ER localization despite
lacking the DM (Ménard et al., 2013). These findings also
reinforce our conclusion that the cytoplasmic region including
the DM is not required for ER retention.
In contrast, previous studies have brought attention to the

role of the DM as a retrieval signal for UGT. Transplantation
of the motif altered subcellular localizations of some plasma
membrane proteins to the ER (Jackson et al., 1990; Kinosaki
et al., 1993). Moreover, it was reported that the interaction of
rat UGT2B1 with b-COP, a subunit in the COPI complex, was
abolished by deletion of the C-terminal cytoplasmic tail of
UGT2B1 (Meech and Mackenzie, 1998). Given that UGT2B7
is statically retained in the ER, what is the physiologic role
of the C-terminal region containing the DM? One possibil-
ity is to retrieve UGT2B7 that has escaped to post-ER
compartments via nonspecific transport known as “bulk
flow.” Details for the transport of proteins from the ER by
bulk flow remain unclear (Barlowe and Helenius, 2016).
Retrieval mediated by the DM should return UGT2B7 to
the ER against such a leak mechanism. The importance
of this region on catalytic activity was also reported with
another UGT isoform. The activity of a water-soluble UGT1A9
mutant lacking the TM and cytoplasmic domains (UGT1A9-
sol), whichwere purified from an insect cell expression system,
was one order of magnitude lower than microsomal WT
UGT1A9 (Kurkela et al., 2004). In addition, we have reported
previously that the C-terminal region of UGT2B7 is important
for its functional interaction with CYP3A4 (Miyauchi et al.,
2015). UGT2B7 WT significantly suppressed CYP3A4 activ-
ity, but this suppression disappeared with DCT and DTM.
These lines of evidence clearly indicate a novel role for the
UGT C-terminal region as a domain regulating UGT activity
and the activity of other drug-metabolizing enzymes, which
may improve our understanding of the large interindividual

differences in the in vivo catalytic activity of UGT and
cytochrome P450 (Shimada et al., 1994; Lamba et al., 2002;
Court, 2010).
ER controls the quality of the synthesized proteins, and

unfolded and misfolded proteins are degraded by ER-associated
degradation (Nakatsukasa and Brodsky, 2008). In this study, we
showed that all UGT mutants were predominantly collected in
the soluble fraction, thereby suggesting that they were folded
correctly (Fig. 7A). Moreover, there was no difference in protein
stability among WT and the mutants. These results demon-
strated that the ER localization of the mutants is not due to
protein misfolding.
Serial mutation analyses suggest that retention or retrieval

signals are not needed for ER localization of UGT2B7 in this
study. Although many ER membrane proteins do not bear a
DM in their C-terminal ends, they are positioned in the ER,

TABLE 1
The ER retention sites predicted for UGT isoforms

Isoform Motif/Predicted Position Evidence References

UGT common DM Nucleotide sequence Iyanagi et al., 1986
Fusion protein with CD4/8 Jackson et al., 1990;
Fusion protein with ErbB2 Kinosaki et al., 1993
Fusion protein with CD4 This study

UGT2B1 Within 24-493 Truncated mutant Meech et al., 1996

UGT1A6 Within 141-240 Fusion protein with GFP Ouzzine et al., 1999

UGT1A(6) 490-506 (TMD) Fusion proteins with CD4 Barré et al., 2005
Deletion mutants Ouzzine et al., 2006

UGT1A(1) Within 26-434 Splice variant i2 Bellemare et al., 2010 Girard et al., 2007
Guillemette et al., 2014 Lévesque et al.,
2007 Rouleau et al., 2014

UGT2B7 Within 24-369 Splice variant i4 Ménard et al., 2013

UGT2B7 Within 24-492 Truncated mutant Miyauchi et al., 2015

UGT2B7 24-492 (DTM) Serial deletion mutants This study
24-252 (D1)
24-133 (D5)
253-492 (D7)
471-492 (D8-D11)
No obvious retention signal can be specified

(Lack of a putative export signal)

TMD, TM domain.

Fig. 8. Predicted mechanism underlying static retention of UGT2B7 in
the ER. Lack of an export signal functions as a retention system excluding
UGT2B7 from anterograde transport.
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indicating the presence of another mechanism underlying ER
localization ofmembrane protein (Teasdale and Jackson, 1996).
One postulated mechanism is that the proteins should have
a novel retrieval/retention signal. Previous studies have
suggested the presence of ER retention signals of UGT
isoforms in either the luminal domain or the cytoplasmic
and TM domains (Table 1). However, all of the UGT2B7
deletion mutants we have constructed were observed in the
ER without being secreted (Fig. 7D). Thus, it seems more
reasonable to assume that UGT2B7 lacks an active signal
required for exit from the ER, which results in passive and
static retention in the ER (Fig. 8), although little is known
about such an export signal.
Further studies are necessary to clarify the molecular

mechanism underlying UGT localization in the ER, which
may improve our understanding of how ER membrane proteins
reside in their respective membrane compartments without
retention and/or retrieval motifs.
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