
RESEARCH ARTICLE

Tyrosine sulfation and O-glycosylation of chemoattractant
receptor GPR15 differentially regulate interaction with GPR15L
Yukari Okamoto and Sojin Shikano

ABSTRACT
GPR15 is aG-protein-coupled receptor (GPCR) that directs lymphocyte
homing to the colon and skin. Recent studies have identified a
chemokine-like protein GPR15L (also known as C10orf99) as a
functional ligand of GPR15. In this study, we examined the structural
elements that regulate the GPR15–GPR15L interaction with primary
focus on post-translational modifications (PTMs) of receptor N-terminus
and on the C-terminus of the ligand. Our findings reveal that the GPR15
receptor is sulfated on the N-terminal tyrosine residue(s) and disruption
of tyrosine sulfation inhibits binding of GPR15L. In contrast, the
disruption of O-glycosylation on the N-terminal threonine or serine
residues, or the removal of α2,3-linked sialic acids from O-glycans,
enhances the GPR15L binding. Thus, GPR15 represents a unique
chemoattractant receptor in which different N-terminal PTMs regulate its
ligand binding in a contrasting manner. We further demonstrate that,
unlike canonical chemokines, GPR15L activity critically requires its
extreme C-terminal residue and that its hydrophobicity may be a key
attribute that facilitates an optimal interaction with the receptor. Our
results reveal novel insights into chemoattractant receptor–ligand
interaction and provide a valid footing for potential intervention
targeting the GPR15–GPR15L axis.
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INTRODUCTION
GPR15 is a G-protein-coupled receptor (GPCR) family member
that was initially identified as a co-receptor for the entry of the HIV-
1, HIV-2 and simian immunodeficiency virus (SIV) (Deng et al.,
1997). It is expressed in lymphoid tissues and in the colon. The
discovery that GPR15 directs the migration of regulatory T cells to
lamina propria in a mouse colon (Kim et al., 2013) has revealed a
novel role of this receptor in the colon homing of T cells. Another
extensive study by Nguyen et al. (Nguyen et al., 2015) demonstrated
that GPR15 is also expressed by memory or effector T cells, and is
responsible for inducing colitis in the mouse model that requires
trafficking of these cells to the colon. A further study using a
humanized mouse model of colitis also suggested a predominant
role of GPR15 in the homing of human effector T cells to inflamed
mucosa (Fischer et al., 2016). GPR15 also mediates the homing of
dendritic epidermal T cells to the developing epidermis in fetal
mice, plausibly contributing to the establishment of skin barrier

function (Lahl et al., 2014). In addition, numerous recent studies
have reported a strong correlation of chronic tobacco smoking and
GPR15 expression in blood lymphocytes (Bauer et al., 2018; Kõks
and Kõks, 2017), implying that this receptor could be involved in
systemic inflammation.

GPR15L, a gene product of C10orf99, is a 57-amino-acid (mature
form) polypeptide expressed in the colon (but poorly in small
intestine), stomach, tonsil, skin and cervix in humans (Pan et al.,
2014; Suply et al., 2017; Yang et al., 2015). C10orf99 (termed
GPR15L hereafter) has been reported to have multifarious functions,
including antimicrobial activity and cutaneous wound healing (Li
et al., 2015; Yang et al., 2015). Moreover, it has been found to inhibit
growth of colon cancer cells by binding to the transmembrane protein
sushi domain-containing domain-2 (SUSD2) (Pan et al., 2014). More
recent studies have discovered and established that GPR15L is a
natural functional ligand of the GPR15 receptor. GPR15L exerts
chemokine-like activities including the induction of Gαi-dependent
inhibition of cAMPproduction, Ca2+ signaling, β-arrestin recruitment
and in vitromigration of GPR15-expressing cells (Foster et al., 2019;
Ocón et al., 2017; Suply et al., 2017). More importantly, unlike the
canonical chemokine–receptor interaction, the GPR15–GPR15L
interaction appears to be highly specific; GPR15L does not cross-
activate any of the 22 chemokine receptors with known ligands, and
the GPR15 receptor does not respond to any of the 27 known
chemokines (Suply et al., 2017). Thus, the GPR15–GPR15L
signaling axis represents a promising new therapeutic target for
controlling the inflammation in the mucosal tissues, including the
colon and the skin.

Earlier structure–function studies have substantiated the two-site/
two-step binding model for chemokine ligand–receptor interaction,
where the initial interaction with ligands occurs in the N-terminal
tail of receptors and is followed by the formation of interactions
with one or more extracellular loops (ECL) and/or the α-helical
transmembrane (TM) segments (Rajagopalan and Rajarathnam,
2006). Although recent evidence now supports a more complex
model (Kleist et al., 2016), functional roles of post-translational
modifications (PTMs) of receptor N-terminal tail are well recognized
(Stone et al., 2017). Many chemokine receptors are known to be
sulfated on the tyrosine residues in the N-terminal tail and this tends
to enhance chemokine binding to the receptor (Tan et al., 2013).
GPR15 receptor has a cluster of tyrosine residues in the N-terminal
tail that are the potential targets of sulfation. In addition, our previous
study validated that GPR15 is O-glycosylated on the N-terminal
threonine and/or serine residues (Okamoto and Shikano, 2011).
However, whether and how these PTMs on GPR15 regulate the
interaction with GPR15L have not been rigorously investigated.
These seem particularly crucial questions since GPR15L, despite its
chemokine-like functions, is distinct from canonical chemokine
family proteins, such that it has no predictable preference for the
formation of secondary structures such as β-strands and C-terminal
helices (Suply et al., 2017). In addition, the bindingmode ofGPR15L
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to its receptor appears to be different from that of the majority of
chemokines, which require their N-termini for receptor interaction
and signaling (Loetscher and Clark-Lewis, 2001; Mizoue et al.,
2001), since deletion of N-terminal 10 residues of GPR15L does not
markedly influence Ca2+ flux by the GPR15 receptor (Suply et al.,
2017). Instead, short C-terminal fragments of GPR15L by themselves
are capable of activating the GPR15 receptor (Foster et al., 2019;
Ocón et al., 2017; Suply et al., 2017), although the attributes of the
C-terminal residues of GPR15L that contribute to the receptor
binding are not known.
In this study, we investigated the biochemical nature of GPR15

modifications and the GPR15L C-terminal residue that regulates their
interaction. Our results reveal that GPR15 is a unique chemoattractant
receptor in which tyrosine sulfation and O-glycosylation/sialylation
on the N-terminal tail differentially regulate the binding of its ligand,
and that this binding appears to rely on the hydrophobicity of the
extreme C-terminal residue of the ligand.

RESULTS
N-terminal FLAG-tagged GPR15L binds to the GPR15
receptor
To study the structural elements regulating the GPR15–GRP15L
interaction, we first generated a recombinant GPR15L protein in
HEK293T cells to measure equilibrium ligand binding to the
receptor. GPR15L has been reported to be secreted as a 57-amino-
acid mature polypeptide after cleavage of a 24-amino-acid signal
peptide (Fig. 1A). We introduced a FLAG (DYKDDDDK) tag right
after the signal peptide for detection and purification purposes. The
culture supernatants from GPR15L-transfected cells were tested
for whether the secreted FLAG–GPR15L bound specifically to
the GPR15 receptor by flow cytometry (FCM)-based assay.
Concentrations of GPR15L in the samples were determined by
fluorescence-based western blotting using synthetic full-length
GPR15L peptide [amino acids (aa) 1–57] as a standard (Fig. S1A).
HEK293 cells transfected with vector or the GPR15 receptor were
incubated at 4°C with culture supernatant from vector- or FLAG–
GPR15L-transfected cells, followed by staining with phycoerythrin
(PE)-conjugated anti-FLAG antibody (Ab). The left histogram in
Fig. 1B illustrates a typical robust surface expression of the GPR15
receptor in HEK293 transfectants as determined with an anti-
GPR15 Ab. The right histogram in Fig. 1B shows binding of
FLAG–GPR15L to the GPR15-transfected but not the vector-
transfected cells, indicating specific receptor–ligand interaction. By
using the affinity-purified FLAG–GPR15L proteins, we observed a

dose-dependent binding up to ∼1 μM (Fig. 1C; Fig. S1B) with a
dissociation constant (KD) of 172 nM, which is similar to the
reported IC50 value of 100 nM previously determined with a ligand
competition assay (Ocón et al., 2017). The FLAG–GPR15L in the
culture supernatants used hereafter for the binding assays was
adjusted to 75 nM by quantitative western blotting.

Tyrosine sulfation in GPR15 N-terminal tail contributes to
binding of GPR15L
Chemokine receptors often undergo PTMs in the N-terminal
extracellular domain (Szpakowska et al., 2012). We addressed
whether the PTMs of the GPR15 receptor impacted its interaction
with GPR15L. One of the receptor modifications that are known to
promote chemokine binding is tyrosine sulfation, which was first
demonstrated in the N-terminal tail of CCR5. The binding of
cognate ligands CCL3 and CCL4, and HIV-1 gp120 protein to
CCR5 was decreased by sulfation inhibitor treatment or mutation of
the N-terminal tyrosine residues (Farzan et al., 1999). Since this
finding, various chemokine receptors have been found to require
N-terminal sulfation for the optimal binding of their ligands (Tan
et al., 2013). The N-terminus of GPR15 entails four tyrosine
residues (Fig. 2A, red) adjacent to the acidic residue, a key feature of
tyrosine sulfation (Bundgaard et al., 1997). To see whether GPR15
is modified by tyrosine sulfation, we generated a Myc-tagged
GPR15 tyrosine to phenylalanine mutant (hereafter denoted Y/F
mutant GPR15) in which all four tyrosine residues were replaced by
phenylalanine residues. As we reported previously (Okamoto and
Shikano, 2011), when transiently expressed in HEK293 cells, the
wild-type GPR15 is partially O-glycosylated, as represented by a
slower migrating form (Fig. 2B, marked by *) and this form
primarily represents the surface-expressed population. The Y/F
mutant GPR15 exhibited increased electrophoretic mobility in the
western blot (Fig. 2B), most likely due to the alterations in SDS
binding, as reported in the other studies on the GPCRs with a
tyrosine to phenylalanine mutation (Farzan et al., 1999; Gao et al.,
2003). The cells expressing Myc-tagged wild-type (WT) or Y/F
mutant GPR15 were labeled with sodium [35S]sulfate in the
presence or absence of a sulfation inhibitor sodium chlorate, and the
GPR15 proteins were immunoprecipitated by anti-Myc Ab. The
eluants were subjected to 35S autoradiography (left panel), followed
by immunoblotting with anti-Myc Ab (right panel). A strong signal
of 35S in the eluant of GPR15 WT and markedly reduced signal in
both Y/F mutant and sodium chlorate-treated WT (Fig. 2C, left
panel, marked by *) strongly suggested that GPR15 is sulfated and

Fig. 1. N-terminal FLAG-tagged GPR15L binds to
the GPR15 receptor. (A) Amino acid sequence of
GPR15L (C10orf99) in humans. Amino acid
numbers 1–57 are assigned to the mature protein
downstream of a signal sequence (green).
(B) Surface expression of GPR15 and binding of
FLAG-GPR15L. HEK293 cells transfected with
vector or untagged GPR15 were stained for surface
GPR15 with anti-GPR15 Ab followed by AF488-
secondary Ab (left panel) or examined for the ligand
binding by incubation with culture supernatant
containing 75 nM FLAG-GPR15L followed by PE-
FLAG Ab (right panel). (C) Dose-dependent receptor
binding of purified FLAG–GPR15L in the transfected
HEK293 cells. The KD value was determined by
Prism software (GraphPad). Results representative
of three experiments.
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that this occurs primarily on at least one of the N-terminal tyrosine
residues. The electrophoretic mobility of the radioactive bands
matched those of the mature (O-glycosylated) bands (Fig. 2C, right
panel, marked by *), consistent with the notion that both tyrosine
sulfation and O-glycosylation occur only on the receptors that have
reached the Golgi.
At this stage, we tested whetehr tyrosine sulfation affected the

ligand binding to GPR15. HEK293 cells transfected with Myc–
GPR15 WT or Y/F mutant were incubated with FLAG–GPR15L
and then stained simultaneously with Alexa Fluor 488 (AF488)-
labeled anti-Myc and PE-labeled anti-FLAG to measure the surface
GPR15 level and the GPR15L binding, respectively. Since Y/F
mutant GPR15 showed an overall lower level of surface expression
in comparison with WT GPR15 when transfected into HEK293
cells, we focused on the cell populations (gate in Fig. 2Di) that are
expressing equivalent levels of surface GPR15 (Fig. 2Dii, left
panel) for analyzing the ligand binding. In those gated cells,
GPR15L binding to Y/F mutant receptor was significantly lower
than that of the WT receptor (Fig. 2Dii, right panel). This was not
caused by the Myc-tagging of the GPR15 receptor, because we also
observed considerably reduced ligand binding to the Y/F mutant
of the untagged GPR15 receptor expressed in HEK293 cells
(Fig. S2A). To confirm that the reduced binding of GPR15L to Y/F

receptor is due to the loss of sulfation rather than the effect of amino
acid substitution per se, we treated cells with sodium chlorate, a
sulfation inhibitor, and examined for the ligand binding. When
analyzed for the cell populations showing an equivalent level of
surface receptor expression (Fig. 2Ei, left and middle panels), the
WT receptor-expressing cells treated with sodium chlorate showed
significantly reduced binding of GPR15L (Fig. 2Ei, right panel). In
contrast, GPR15L binding to the Y/F mutant receptor was not
affected by sodium chlorate treatment (Fig. 2Eii, right panel) when
analyzed for those at the equivalent level of surface expression
(Fig. 2Eii, left and middle panels), strongly indicating that the effect
of sodium chlorate on ligand binding is due to the altered sulfation
on the tyrosine residues of GPR15. Altogether, our results
demonstrate that sulfation on the N-terminal tyrosine residue(s) of
GPR15 is imperative for the optimal binding of GPR15L.

Sulfated peptide fragments from N-terminal tail of several
chemokine receptors have been shown to bind their cognate
ligands in vitro (Seibert et al., 2008; Zhu et al., 2011). We examined
whether the GPR15 N-terminal tail by itself is sufficient to establish
binding of ligand on the cell surface by using a chimeric receptor
consisting of the GPR15 N-terminal tail and the rest of the regions
from another chemokine receptor, CXCR4. This chimeric receptor
displayed robust surface expression that was comparable to the WT

Fig. 2. Tyrosine sulfation in GPR15 N-terminal tail
contributes to binding of GPR15L. (A) Amino acid sequence
of the human GPR15 N-terminal tail (aa 1–33). Tyrosine, and
threonine and serine residues that are mutated in this study are
highlighted in red and blue, respectively. (B) Myc-tagged
GPR15 WT or Y/F mutant with all four tyrosine residues
replaced by phenylalanine resides were expressed in HEK293
cells and blotted for Myc. The upper (*) and lower (**) bands
represent the mature (O-glycosylated) and immature
(unglycosylated) form of monomeric GPR15, respectively. The
larger molecular mass bands of∼75 kDa are the dimeric forms.
(C) [35S]sulfate labeling of GPR15. The cells transfected with
vector or Myc–GPR15 were incubated overnight with sodium
[35S]sulfate in the presence or absence of the sulfation inhibitor
sodium chlorate. The immunoprecipitated Myc–GPR15
proteins were sequentially analyzed by autoradiography (left
panel) and then by Myc blotting (right panel). Note that the
mobility of radioactive bandsmarked by *matches that of the O-
glycosylated mature bands * of the Myc blot. The faster
migrating bands marked by ** are the unglycosylated forms.
Results in B and C representative of two experiments. (D)
Binding of FLAG–GPR15L to the Y/F mutant receptor. (i) Myc–
GPR15-transfected cells were incubated with FLAG–GPR15L-
containing supernatant and then double stained with AF488–
Myc and PE–FLAG Abs. Illustrated here is a representative dot
plot of three replicates for double-stained cells in which the
thresholds of Myc and FLAG signals are depictedwith red lines.
The gated cell populations (black rectangle) were quantified for
surface Myc–GPR15 expression (ii, left panel) and FLAG-
GPR15L binding (ii, right panel). (E) Effect of a sulfation
inhibitor on the GPR15L binding. Cells transfected with (i) WT
or (ii) Y/F mutant GPR15 were treated with vehicle or sodium
chlorate for 24 h and subjected to Myc staining and FLAG–

GPR15L binding. The gated cell populations (black rectangle)
in the left panels were quantified for Myc–GPR15 (middle
panels) and FLAG-GPR15L (right panels). Quantitative results
are mean±s.e.m. (n=3). **P≤0.01 (Student’s t-test).
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GPR15 as detected by the anti-GPR15 Ab, but showed no
detectable binding of FLAG-GPR15L (Fig. S3). Thus, it can be
deduced that the N-terminal tail of GPR15 by itself is not sufficient
to establish a stable binding of GPR15L on the cell surface and other
receptor domains are critically required as well.

Sialylated O-glycans in the GPR15 N-terminal tail inhibits
binding of GPR15L
Human GPR15 has no consensus N-glycosylation sites (Asn-X-Thr/
Ser) in any of its extracellular domains. Instead, we previously
reported that GPR15 is O-glycosylated on at least one of the threonine
or serine residues in the N-terminal tail (aa 6, 7, 16, 17, and 20;
Fig. 2A, shown in blue) (Okamoto and Shikano, 2011). In
comparison with N-glycosylation, which is known to be important
for biogenesis and signaling in many GPCRs (Nørskov-Lauritsen
et al., 2015), the presence and/or the functional role of O-
glycosylation in GPCRs have been affirmed for a very limited
number of receptors (Bannert et al., 2001; Gutiérrez et al., 2004;
Petäjä-Repo et al., 2000; Sadeghi and Birnbaumer, 1999). For CCR5
and CCR8, the O-glycosylation on the N-terminal threonine and
serine residues has been shown to promote ligand binding (Farzan
et al., 1999; Gutiérrez et al., 2004). In this study, we addressed the role
of O-glycosylation in the ligand binding of GPR15. First, we

compared the cells expressing the WT and TS/AAmutant receptor in
which five N-terminal threonine and serine residues were replaced by
alanine residues. The TS/AAmutant lacks the slower migrating band,
indicating a loss of O-glycosylation (Okamoto and Shikano, 2011;
and Fig. 3Ai, marked by *). These transfected cells were examined
for the binding of FLAG–GPR15L. Since the TS/AAmutant showed
overall lower surface expression thanWTupon transient transfection,
we again focused on the cells that express an equivalent level of
surface GPR15 (Fig. 3Aii, left and middle panels) to analyze for the
ligand binding. The TS/AAmutant in the gated cells showed∼7-fold
higher binding of FLAG–GPR15L than the WT receptor (Fig. 3Aii,
right panel). These data suggested that the O-glycans on the GPR15
N-terminal tail inhibit the binding of GPR15L. The enhanced ligand
binding by TS/AA mutation was also confirmed with an untagged
GPR15 receptor (Fig. S2B).

Since the replacement of the N-terminal threonine and serine
residues for alanine not only disrupts O-glycosylation but may
potentially alter the local conformation of the polypeptides and
possibly affect ligand binding, we used ldlD mutant Chinese hamster
ovary (CHO) cells to address the role of O-glycans without amino
acid substitution. The ldlD cells lack the UDP-galactose/UDP-N-
acetylgalactosamine (GalNAc) 4-epimerase and therefore are
deficient in GalNAc O-glycosylation and galactosylation in the

Fig. 3. O-glycosylation in GPR15 N-terminal tail
inhibits binding of GPR15L. (A) GPR15L binding to the
O-glycosylation-deficient GPR15 receptor. (i) WT and
mutant Myc-GPR15 receptor with five threonine and
serine residues replaced by alanine (TS/AA) were
immunoblotted for Myc. The TS/AA mutant lacks the O-
glycosylated form (*) and shows only the unglycosylated
form (**). (ii) Binding of FLAG–GPR15L to the TS/AA
mutant receptor. The cells transfected with theWT or TS/
AA mutant Myc–GPR15 were subjected to FLAG–

GPR15L binding and Myc staining. The gated cell
populations (left panel, black rectangle) were quantified
for Myc–GPR15 signal (middle panel) and FLAG–

GPR15L signal (right panel). (B) FLAG–GPR15L binding
in the O-glycosylation-deficient CHO cell. (i) CHO ldlD
cells transfected with Myc–GPR15 WT were cultured
overnight with vehicle or galactose (Gal) and N-
acetylgalactosamine (GalNAc), and then cell lysateswere
immunoblotted for Myc. The cells treated with sugars
show both glycosylated (*) and unglycosylated (**) forms
of GPR15. (ii) Myc–GPR15-transfected ldlD cells treated
with or without Gal and GalNAc were subjected to FLAG–

GPR15L binding assay and Myc staining. The gated cell
populations (left panel, black rectangle) were quantified
for Myc–GPR15 signal (middle panel) and FLAG–

GPR15L signal (right panel). (C) FLAG–GPR15L binding
to sialic acid-removed GPR15 receptor. (i) GPR15-
transfected HEK293 cells were treated or not with
neuraminidase from A. ureafaciens and then incubated
with biotin–MALII or biotin–SNA, followed by PE–
streptavidin. (ii) The Myc–GPR15-transfected HEK293
cells were treated or not with neuraminidase as above and
cell lysateswere immunoblotted forMyc.Note themobility
shift of the O-glycosylated form (arrows) caused by
neuraminidase treatment, suggesting removal of sialic
acids. (iii) The cells treated or not with neuraminidase as
described above were subjected to FLAG–GPR15L
binding and Myc staining. The gated cell populations (not
shown) were quantified for Myc–GPR15 (left panel) and
FLAG–GPR15L signals (right panel). Quantitative results
are mean±s.e.m. (n=3). Blots and FCM images shown
are representative of three experiments.**P≤0.01
(Student’s t-test).
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absence of exogeneously-added GalNAc and galactose, respectively
(Kingsley and Krieger, 1984). The appearance of a slower migrating
mature form (marked by *) in the presence of GalNAc and galactose
confirms O-glycosylation of GPR15 in this cell (Fig. 3Bi and
Okamoto and Shikano, 2011). Even though the surface expression
level of GPR15 was observed to be slightly higher for the cells
cultured with sugars (Fig. 3Bii, left and middle panels), those cells
showedmore than three times lower binding of FLAG–GPR15L than
the cells cultured without sugars (Fig. 3Bii, right panel). Altogether,
these results corroborate the notion that O-glycans on the N-terminal
threonine and serine residues of GPR15 inhibit the binding of
GPR15L. Thus, GPR15 represents the first chemoattractant receptor
in which tyrosine sulfation and O-glycosylation in the N-terminal tail
opposingly regulate the binding of a ligand.
Carbohydrate chains are typically capped with sialic acids (Byrne

et al., 2007). For CCR5 and CCR8, the removal of sialic acids by
neuraminidase treatment of cells results in the loss of ligand binding
(Bannert et al., 2001; Gutiérrez et al., 2004). We addressed the
potential role of sialic acids in the GPR15–GPR15L interaction by
treating cells with neuraminidase from Arthrobacter ureafaciens.
This neuraminidase removed both α2,3- and α2,6-linked sialic acids
on HEK293 cells, as indicated by the reduced cell surface binding of
sialic acid-binding lectins MALII and SNA, which are specific for
α2,3- and α2,6-linked sialic acid, respectively (Fig. 3Ci). The
neuraminidase treatment of cells resulted in the mobility shift of the
O-glycosylated form of WT GPR15 (Fig. 3Cii, arrow) but not the
unglycosylated forms of WT and TS/AA, indicative of sialylation
(Gahmberg and Andersson, 1982). When the cell populations with
an equivalent level of surface GPR15 expression (Fig. 3Ciii, left
panel) were analyzed for the FLAG–GPR15L binding, the WT
GPR15-expressing cells showed ∼1.7-fold higher binding of ligand
upon neuraminidase treatment (Fig. 3Ciii, right panel). In contrast,
neuraminidase treatment did not increase ligand binding in the cells
expressing the TS/AA mutant GPR15 (Fig. 3Ciii, right panel).
These results suggest that the enhanced ligand binding to the
neuraminidase-treated cells expressing WT GPR15 is caused by the
loss of sialic acids on the N-terminal threonine and serine residues.
Thus, sialic acids on the N-terminal O-glycans are at least partly
responsible for the inhibition of GPR15L binding to the receptor.
It is conceivable that the sialylated O-glycans block GPR15L

binding by preventing the ligand from accessing the neighboring
sulfated tyrosine residues. We addressed this possibility by gauging
the effect of neuraminidase on ligand binding to the Y/F mutant
GPR15 receptor, which lacks theN-terminal tyrosine residues but still
appears to be sialylated, as judged by the mobility shift of
glycosylated band upon neuraminidase treatment (Fig. 3Cii, right-
hand two lanes, arrow). The neuraminidase treatment of Y/F mutant-
expressing cells led to the noticeably increased binding of GPR15L
(Fig. 3Ciii, right panel), similar to the WT receptor. This indicates
that the removal of sialic acids from O-glycans allows a stronger
binding of GPR15L even in the absence of sulfated tyrosine,
implying that sialylated O-glycans prevent GPR15L binding
irrespective of the sulfation of tyrosine residues.

PTM of GPR15 regulates GPR15L-induced receptor signaling
Having differential regulatory roles of tyrosine sulfation and
O-glycosylation in ligand binding, we attempted to ascertain
whether these PTMs impact the ligand-induced signaling of
GPR15. To accomplish this goal, we performed an ERK1 and
ERK2 (ERK1/2; also known as MAPK3 and MAPK1, respectively)
activation assay using fluorescence-based western blotting. Fig. 4A
depicts that synthetic full-length GPR15L (aa 1–57) induces ERK1/2

phosphorylation in a dose-dependent manner up to 200 nM in
HEK293 cells transfected withWTGPR15 (Fig. 4A, left-most panel).
Since the C-terminal domain ofGPR15L alone is known to be capable
of activating GPR15 (Foster et al., 2019; Ocón et al., 2017; Suply
et al., 2017), in this study, we also examined the C-terminal fragments
of GPR15L encoding the last 18, 13 and 11 residues, which contain
different numbers of charged residues, to address whether receptor
activation by these fragments is also regulated by the receptor PTM.
These fragment peptides dose-dependently activated ERK1/2
(Fig. 4A, right-most three panels) although with substantially lower
efficiency than that of full-length GPR15L, which is consistent with
results from previous studies reporting an ∼100 times lower capacity
of the C-terminal fragments in GPR15 signaling (Foster et al., 2019;
Suply et al., 2017).

We tested whether the Y/F or TS/AA mutation of the GPR15
receptor affects the ligand-induced ERK1/2 activation. Since the
transient transfection of Y/F or TS/AA mutant GPR15 in HEK293
cells results in lower surface expression than the WT receptor and the
ERK assay measures the total signal from the entire cell population,
we used a reduced amount (1/4) of WT plasmid to attain similar
levels of surface expression. Fig. 4B shows the surface expression
levels of GPR15 in the cells used for these ERK activation assays,
whereWTandY/Fwere similar while the TS/AAmutant still showed
a lower level. Under this transfection condition, we found that
ERK1/2 activation by full-length GPR15L was significantly reduced
in Y/F mutant-expressing cells while it was enhanced in the TS/AA
mutant-expressing cells (Fig. 4C,D, GPR15L lanes). This is
consistent with the binding pattern of FLAG–GPR15L to these
mutant receptors (Figs 2 and 3), suggesting that tyrosine sulfation and
O-glycosylation of GPR15 regulate ligand-induced signaling by
modulating the binding efficacy of GPR15L. Interestingly, we found
that ERK1/2 activation by the C-terminal 18-, 13-, and 11-mer
fragments was also regulated by the Y/F and TS/AA mutations to a
similar level to that by full-length GPR15L (Fig. 4C,D). This raises a
possibility that tyrosine sulfation and O-glycosylation impact GPR15
signaling at least partly by regulating the interaction of the ligand
C-terminal domain with the receptor.

Tyrosine sulfation and sialylation regulate GPR15L binding
in T cells
Since types and abundances of protein PTMs are anticipated to vary
between different cell types (Goh and Ng, 2018), we addressed
whether tyrosine sulfation and sialylation of GPR15 also regulate
GPR15L binding in the cell context inwhichGPR15 is endogenously
expressed. We used the T cell lymphoma line HuT 78, for which we
previously demonstrated detectable expression of GPR15 on the
plasma membrane (Okamoto and Shikano, 2017). Since the surface
expression level of endogenous GPR15 was insufficient to facilitate
reliable binding of FLAG-tagged GPR15L (data not shown), we
stably transfected HuT 78 cells with an untagged GPR15 gene to
increase its surface expression (Fig. 5A). In western blots, the anti-
GPR15 C-terminus Ab detected a diffused band signal in HuT 78
cells that were enhanced by GPR15 transfection (Fig. 5B, marked
by **) and migrated slower than those in GPR15-transfected
HEK293 cells (Fig. 5B, marked by *), suggesting a difference in
PTMs. Using this GPR15-transfected HuT 78 cells, we first tested
whether tyrosine sulfation plays a role in the GPR15L binding.
Treatment of cells with 0.5 mM sodium chlorate, which did not
significantly alter the surface level of GPR15 (Fig. 5C, left panel),
resulted in significantly lower binding of FLAG–GPR15L (Fig. 5C,
right panel). This suggests that tyrosine sulfation of GPR15 also
contributes to the interaction with GPR15L in a T cell context.
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Next, we addressed whether GPR15 is sialylated in HuT 78 and
whether that regulates the binding of GPR15L. Here, we used a
neuraminidase from Vibrio cholerae at a concentration that
substantially (>90%) reduced the binding of MALII but not SNA
to HuT 78 cells (Fig. 5D) to ensure preferential digestion of α2,3-
but not α2,6-linked sialic acids. We immunoprecipitated GPR15
proteins from HuT 78 cells that were treated or not with this
neuraminidase, and examined for sialylation by means of a lectin
blot. The neuraminidase treatment caused a discernible mobility
shift of GPR15 in the anti-GPR15 blot (Fig. 5E, left panel),
suggesting sialylation. In essence, the MALII blot of GPR15
immunoprecipitant detected a band signal at a position that matches
a slower-migrating GPR15 band and this was abolished by the
neuraminidase treatment (Fig. 5E, right panel). We also conducted
blotting with SNA but failed to detect any band signals specific to
the GPR15 immunoprecipitant (data not shown). Under this
neuraminidase treatment condition, we next performed a ligand-
binding assay using FLAG–GPR15L. The neuraminidase treatment
of HuT 78 cells did not significantly change the surface expression
of the GPR15 receptor (Fig. 5F, left panel), rather resulted in the

significantly increased binding of FLAG–GPR15L (Fig. 5F, right
panel), consistent with the results in HEK293 transfectants. On the
whole, our results demonstrate that the GPR15 receptor is at least
α2,3-sialylated in the T cell context and that these sialic acids
negatively regulate the binding of the GPR15 ligand.

The extreme C-terminal residue of GPR15L is required for
receptor binding
Having the information that the C-terminal fragment of GPR15L
alone can activate the receptor (Fig. 4A), we next addressed the role
of the extreme C-terminal residues of GPR15L in receptor binding
by testing the truncation mutants. We used C-terminally truncated
FLAG–GPR15L mutants expressed in the culture supernatant at
similar levels, as determined by a FLAG blot (Fig. 6Ai). We found
that the C-terminal deletion of even one residue (Δ56) significantly
reduced binding and further truncation up to aa 54 (Δ54) almost
completely abolished the binding (Fig. 6Aii). To address the
functional role of C-terminal residues in receptor signaling, we
stimulated the GPR15-expressing cells with the WT or Δ54 mutant
GPR15L and examined for the ERK1/2 activation. Consistent with

Fig. 4. PTM of GPR15 regulates GPR15L-
induced receptor signaling. (A) Dose-
dependent ERK1/2 activation by GPR15L and
C-terminal fragments of GPR15. HEK293 cells
transfected with Myc–GPR15 were incubated
with the indicated amounts of synthetic full-
length GPR15L peptide or C-terminal 18-mer
(C-18), 13-mer (C-13) or 11-mer (C-11)
peptide and the cell lysates were analyzed for
phosphorylated and total ERK1/2 (upper
panels). Ratios of phosphorylated ERK to total
ERK from ligand-treated samples were
normalized with respect to that from no-ligand
sample (lower panels). (B) Effects of disruption
of tyrosine sulfation and O-glycosylation on
GPR15L-induced ERK1/2 activation. Cells
were transfected with WT (1/4 amount of Y/F
and TS/AA plasmid), Y/F or TS/AA mutant
Myc–GPR15 and a portion of cells used for the
ERK1/2 assays were subjected to surface Myc
staining to determine surface expression of
GPR15. The graph shows the Myc signal for
the entire cell populations. (C) HEK293 cells
transfected as described in B were stimulated
with full-length GPR15L (100 nM) or C-
terminal fragment (10 μM) and the lysates were
analyzed for the ERK1/2 activation. (D) Data
are shown as the ratio of phospho-ERK1/2 to
total ERK1/2 band intensities and further
normalized to those of WT. Quantitative results
are mean±s.e.m. (n=3). Blots shown are
representative of three experiments. *P≤0.05;
**P≤0.01 (Student’s t-test).
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their receptor binding profile, Δ54 showed only a background level
of ERK1/2 phosphorylation (Fig. 6B). These data demonstrate that
the C-terminal residues of GPR15L are critically involved in the
binding to and activation of the GPR15 receptor.

Hydrophobicity of the extreme C-terminal residue of GPR15L
is important for receptor binding and activation
GPR15L in most of the vertebrates has a valine residue at the extreme
C-terminus with exceptions of isoleucine (in mouse and rat) and

methionine (in mole-rat and armadillo) (Ocón et al., 2017; Suply
et al., 2017). A mutagenesis analysis was performed to determine the
attributes of the extreme C-terminal residue contributing to the
receptor binding. The C-terminal valine was replaced with 13
different amino acids, and the supernatants containing these mutant
ligands were examined for the binding capacity to the GPR15
receptor. Fig. S4A depicts a representative FLAG blot of the culture
supernatants used for the binding assay showing that they exhibited
similar levels of GPR15L except for alanine, methionine and

Fig. 5. Sialylation of GPR15 inhibits GPR15L binding in
lymphoma T cell line. (A) Surface expression of GPR15 in
HuT 78 cells. Cells with or without retroviral transfection of
untagged GPR15 were stained with anti-GPR15 or isotype
Ab followed by secondary Ab. (B) Untagged GPR15
proteins in transiently transfected HEK293 and retrovirally
transfected HuT 78 cells were probed with anti-GPR15 C-
terminus Ab. Band signals that are enhanced by GPR15
transfection in HEK293 and HuT 78 are marked by (*) and
(**), respectively. The lower panel is a PonceauS staining of
the transfer membrane. Hereafter, the term ‘HuT 78’ refers
to the HuT 78 cells that were retrovirally transfected with
GPR15. Results in A and B are representative of three
experiments. (C) Effect of a sulfation inhibitor on GPR15L
binding to HuT 78 cell. The cells were treated overnight with
sodium chlorate and then examined for surface expression
of GPR15 (left panel) and FLAG–GPR15L binding (right
panel). (D) Effect of neuraminidase on the cell surface sialic
acids of HuT 78 cells. The cells were treated or not with
neuraminidase from V. cholerae and then incubated with
biotin–MALII or biotin–SNA, followed by PE–streptavidin.
(E) Sialylation of GPR15 in HuT 78 cell. The GPR15
proteinswere immunoprecipitated fromHuT 78 cells treated
or not with neuraminidase and then blottedwith anti-GPR15
Ab and HRP-secondary Ab (left panel) or with biotin–MALII
and HRP-streptavidin (right panel), followed by
chemiluminescence analysis. Images representative of
three experiments. (F) Effect of desialylation on GPR15L
binding in HuT 78 cell. The cells treated or not with
neuraminidase were examined for the surface GPR15 (left
panel) and binding of FLAG-GPR15L (right panel).
Quantitative results are mean±s.e.m. (n=3). **P≤0.01
(Student’s t-test).

Fig. 6. The extreme C-terminal residue of GPR15L is
required for receptor binding. (A)(i) Expression of C-
terminally truncated FLAG–GPR15L. Culture supernatants
from WT- and truncated FLAG–GPR15L-transfected cells
were blotted for FLAG. The two bands with different
migration speed represent the protein modification related to
the glycosylation (our unpublished data). Images
representative of three experiments. (ii) HEK293 cells
transfected with WT GPR15 receptor were subjected to
FLAG–GPR15L binding using the culture supernatants
shown in i. The upper panels show representative
histograms of three experiments. The open area represents
vector-transfected cells stained with PE–FLAG Ab, and the
filled area is from GPR15-transfected cells incubated with
FLAG–GPR15L followed by PE–FLAG Ab. The lower panel
is a quantification of the FLAG–GPR15L binding signals.
(B) ERK1/2 activation by C-terminally truncated GPR15L.
HEK293 cells transfected with WT GPR15 were stimulated
with culture supernatants containing WT and Δ54 FLAG-
GPR15L and cell lysates were analyzed for the ERK1/2
activation. Blot representative of three experiments.
Quantitative results are mean±s.e.m. (n=3). **P≤0.01
(Student’s t-test).
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arginine, which contained slightly higher amounts. The receptor
binding assay using those FLAG–GPR15L revealed that the
hydrophobic residues including phenylalanine, isoleucine, leucine,
tryptophan and tyrosine at aa 57 enabled comparable or even higher
binding of GPR15L than valine, ranging between 95–159%
(Fig. 7A). Met was fairly less effective but still supported the
binding at 79% of valine. Other less or not hydrophobic residues we
tested (Ala, Asp, Lys, Pro andArg)were considerably less effective in
supporting the binding (8%–27% of Val), with the only exception of
Ser which conferred 54% binding of valine. The replacement with
cysteine resulted in an extremely poor expression of the ligand protein
and thus was not examined (data not shown). These results suggest
that the hydrophobicity of the extreme C-terminal residue is pivotal
for the optimal binding of GPR15L to the receptor. However, the fact
that tyrosine, which is generally not regarded as themost hydrophobic
amino acid, showed the highest binding suggests that other attributes
of the aa 57 may potentially contribute to the receptor binding of
GPR15L.
To assess whether the observed differences in the binding capacity

of the C-terminal mutants impact GPR15 receptor signaling, we
selected V57Y, which showed the highest binding among the
hydrophobic ligands, and V57A, which is less hydrophobic and
showed lower binding thanWT, to compare with WT ligand for their

capacity to activate ERK1/2. FLAG-tagged GPR15L proteins (WT,
V57, and V57A) were obtained at adequately high purity as
determined by Coomassie Brilliant Blue-stained SDS-PAGE gels
(Fig. S4B). The V57Ymutant ligand induced ERK1/2 activation at a
lower dose than WT did, while the V57A mutant required a higher
dose for receptor activation than WT (Fig. 7B). We also performed
the ERK activation assay using the synthetic C-terminal 18-mer
peptides of WT, V57Y and V57A ligands. We observed a similar
trend as that for the full-length ligands, that is mutation of valine to
tyrosine enhances and valine to alanine decreases the capacity of the
GPR15L fragment to activate ERK1/2 (Fig. 7C). In addition, we
compared the rate of receptor endocytosis induced by the C-terminal
18-mer peptides to further confirm the relative efficacy of the
C-terminal residues in the receptor signaling. Based on the reported
β-arrestin recruitment by GPR15L (Ocón et al., 2017), the ligand-
induced endocytosis of GPR15 will most likely represent the
outcome of the β-arrestin recruitment, although other pathways may
also be involved in the GPCR endocytosis (Bhatnagar et al., 2001).
Stimulation with V57Y and V57A peptides induced significantly
higher and lower endocytosis rates than WT, respectively, at all the
concentrations tested (Fig. 7D). Overall, our results together
demonstrate that the C-terminal amino acid of GPR15L critically
contributes to the receptor binding through a mechanism that

Fig. 7. Hydrophobicity of the extreme C-terminal
residue of GPR15L is important for receptor
binding and activation. (A) HEK293 cells transfected
with GPR15 were subjected to FLAG–GPR15L binding
using the culture supernatants shown in Fig. S4A.
(B) Effects of C-terminal mutations of GPR15L on the
ERK1/2 activation. HEK293 cells transfected with
untagged GPR15 were stimulated with the indicated
amounts of purified WT, V57Y and V57A FLAG–

GPR15L (see Fig. S4B for purity analysis) and lysates
were analyzed for the ERK1/2 activation. Upper panels
show representative blot images from three
experiments. The phospho-ERK1/2 signals from
GPR15L-treated cells were subtracted with those of no-
ligand controls and then normalized with respect to the
signals of total ERK1/2 (bottom panel). (C) Effects of C-
terminal mutations of 18-mer GPR15L peptides on the
ERK1/2 activation. HEK293 cells stably expressing
untagged GPR15 receptor were stimulated with C-18
peptides and analyzed for the ERK1/2 activation.
Upper panels show representative blot images from
three experiments; lower panels show the
quantification. (D) Effects of C-terminal mutations of 18-
mer GPR15L peptides on the receptor endocytosis.
HEK293 cells stably expressing untaggedGPR15 were
incubated with C-18 peptides for 60 min at 37°C and
stained with BV421–GPR15 Ab. Cells treated with
ligands and kept at 4°C served for controls. The
endocytosis rate (%) was determined by dividing the
difference of fluorescence between 4°C control and
post-37°C incubation by the 4°C control value.
Quantitative results are mean±s.e.m. (n=3). **P≤0.01
from WT (Student’s t-test).
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plausibly involves its hydrophobic nature, and that this impacts the
receptor signaling.

DISCUSSION
GPR15L (C10orf99) has been reported to have a multitude of
functions in addition to being the chemoattractant ligand activity for
GPR15. It exhibits antimicrobial activity, which inhibits the growth
of bacteria, fungi and viruses (Yang et al., 2015). GPR15L also
promotes cutaneous wound healing (Li et al., 2015) and can
prospectively contribute to the development of psoriasis by
promoting the keratinocyte proliferation (Chen et al., 2018).
GPR15L has also been reported to bind to SUSD2 on the colon
cancer cells and inhibit their growth, although this effect might
depend on the C-terminal tagging of GPR15L (Pan et al., 2014; Yang
et al., 2015). In addition, the GPR15 receptor has been recently found
to interact with thrombomodulin and mediate cytoprotective and pro-
angiogenic activities in endothelial cells (Wang et al., 2018). These
apparently GPR15 receptor-independent activities of GPR15L, as
well as GPR15L-independent activity of GPR15 receptor, raise the
importance of accurately defining the biochemical nature of the
GPR15–GPR15L interaction, as such information might be essential
for interventions specifically targeting this signaling axis.
In this study, we utilized a FLAG epitope to tag the GPR15L

protein for detection and purification purposes. However epitope
tags, such as FLAG, that contain charged residues could affect the
binding properties of GPR15L. To address this concern, we also
attempted the binding assays using the untagged synthetic GPR15L
peptide and commercial anti-GPR15L Abs that we found are able to
immunoprecipitate GPR15L (data not shown). Notwithstanding our
best efforts, wewere unable to detect the receptor-bound form of the
ligand, probably because of the steric hindrance of the Ab-binding
epitope. However, it is important to remark that the functional
assays in Figs 4 and 7 using the untagged GPR15L peptides all
showed results consistent with the binding profiles of the FLAG-
tagged ligands, suggesting that the FLAG tagging of GPR15L does
not affect the nature of its receptor binding to GPR15L, at least with
regard to the sensitivity to the receptor modifications as well as
modification to the ligand C-terminal residue.
N-terminal tyrosine sulfation has been shown to enhance affinity

and selectivity of chemokine binding in numerous chemokine
receptors (Farzan et al., 2002; Fong et al., 2002; Scurci et al., 2021;
Tan et al., 2013; Zhu et al., 2011). This body of evidence indicates the
importance of understanding chemokine receptor sulfation for an
insightful understanding of both chemokine cell biology and for the
development of drugs targeting chemokine receptors. Structural
studies have asserted that the negatively charged sulfotyrosine binds
into an electropositive groove on the chemokine surface (Millard
et al., 2014). Our study demonstrated that the GPR15 receptor is
sulfated on at least one of the N-terminal tyrosine residues and that
this sulfation promotes binding of GPR15L both in a transfected
HEK293 cell and the T cell line HuT78 expressing endogenous
GPR15. Since GPR15L is rich in basic residues, as are the other
classic chemokines, sulfotyrosines of GPR15 likely increase the
binding affinity to ligand primarily through electrostatic interaction.
However, our ERK1/2 assay raised an interesting possibility of
sulfated tyrosine residues also contributing to the ligand binding
through an electrostatic-independent mechanism. The ERK1/2
activation by C-terminal 11-mer peptide, which contains no
charged residue, was also attenuated by the Y/F mutation, implying
the interaction of tyrosine residues with non-charged residues in the
ligand C-terminus. This notion is supported by the nuclear magnetic
resonance structure of the CXCR4–CXCL12 complex, which reveals

that sulfated tyrosine of CXCR4 forms hydrophobic interactions with
two valine residues as well as arginine residue in the binding pocket
of CXCL12 (Veldkamp et al., 2008). It is, thus, possible that
the N-terminal tyrosine residues promote receptor binding of the
C-terminal domain of GPR15L through interaction with the
hydrophobic residues. Therefore, extensive structural studies are
warranted to further define the role of N-terminal sulfotyrosines in the
receptor binding of GPR15L C-terminal domain.

Compared with tyrosine sulfation, the existing body of knowledge
regarding the role of receptor O-glycosylation in chemokine binding
and receptor signaling is fairly limited. In CCR5 and CCR8,
O-glycosylation on the N-terminal threonine and serine residues has
been shown to positively contribute to the binding of their cognate
ligands (Bannert et al., 2001; Gutiérrez et al., 2004). We adopted
three different approaches to determine the impact of receptor
O-glycosylation on the binding of GPR15L. First, the alanine
mutation of threonine and serine residues (TS/AA), which abolished
O-glycosylation, resulted in the increased binding of GPR15L.
Second, conditional induction of O-glycosylation onGPR15 receptor
in the ldlDmutant CHO cell led to the decreased binding of GPR15L.
Third, sialic acid removal by neuraminidase resulted in the increased
ligand binding to WT but not the TS/AA mutant receptor. The
presence of α2,3-linked sialic acids on GPR15 and their inhibitory
role in ligand binding were also observed in the human T cell line
HuT 78. These results collectively corroborate the notion that the
receptor O-glycosylation negatively regulates the GPR15L binding
and that the α2,3-linked sialic acids that cap O-glycans are at least
partly responsible for this inhibition. In essence, the enhanced
ERK1/2 signaling in the O-glycosylation-deficient GPR15 mutant
(TS/AA) demonstrates the functional relevance of O-glycan-
mediated regulation of GPR15L binding. Thus, our findings reveal
that GPR15 represents a unique chemoattractant receptor in which the
N-terminal O-glycosylation and tyrosine sulfation play contrasting
roles in the ligand binding, which is distinct from their reportedly
cooperative roles in the ligand binding of CCR5 and CCR8 (Bannert
et al., 2001; Gutiérrez et al., 2004). Our working model of the PTM-
regulated GPR15–GPR15L interaction is schematically depicted in
Fig. 8.

How do the O-glycans inhibit GPR15L binding? Based on the fact
that the threonine and serine residues are adjacent to the tyrosine
residues within the N-terminus, O-glycans may prevent ligand from
accessing the sulfated tyrosine. However, the enhancement of ligand
binding by the neuraminidase treatment even in the absence of
tyrosine residues (Y/F mutant) suggests that the O-glycans also
inhibit the ligand access to the receptor regions independently of
tyrosine residues, such as ECL and TM segments (Fig. 8). Since the
ERK1/2 activation by the C-13 and C-11 fragment ligands containing
no acidic residue was also increased by TS/AA mutation, the
O-glycan/sialic acids on GPR15 may sterically block the binding of
GPR15L, as has been reported for CCR7 and its ligands (Hauser
et al., 2016), rather than by the charge repulsion mechanism.

PTMs such as tyrosine sulfation and glycosylation/sialylation
represent a highly regulated enzymatic processes. Yyrosine sulfation
of CXCR4 is upregulated by the Epstein–Barr virus-encoded protein
LMP1, which enhances the expression of the tyrosylprotein
sulfotransferase TPST-1, which in turn enhances chemotaxis of
CXCR4-expressing cells (Xu et al., 2013). Such alteration of TPST-1
expression will conceivably influence the ligand-binding affinity of
other GPCRs, including GPR15. Moreover, the expression of
sialyltransferases ST3Gal1 and ST6Gal1 is known to be decreased
by the activation of T cells, leading to the reduction ofα2,3- and α2,6-
linked sialic acids on the cell surface (Villanueva-Cabello et al.,
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2015). T cell activation also induces the increased expression of a
distinct form of sialidase (Neu1), which reduces the cell surface sialic
acid level (Nan et al., 2007). Furthermore, mature monocyte-derived
dendritic cells secrete glycosidases that desialylate CCR7 on T cells,
boosting CCR7-mediated migration toward its chemokine ligand
(Hauser et al., 2016). These observations underpin the conception
that the strength of the GPR15–GPR15L interaction is dynamically
regulated in both physiological and pathological conditions through
alterations of tyrosine sulfation andO-glycosylation/sialylation on the
GPR15 receptor.
The members of chemokine family share conserved secondary

and tertiary structure; a flexible N-terminus and N-terminal loop
followed by a three-stranded β-sheet and a single α-helix on the
C-terminus (Lubman and Fremont, 2016). However, GPR15L has
been reported to have no predictable preference for the formation of
β-strands and helices (Suply et al., 2017). A widely accepted two-
step/two-site model entails the recognition of chemokine core
domain (N-loop and β3 regions, site one) by the receptor N-terminal
tail followed by the activation of receptor through docking of
chemokine flexible N-terminus (site two) to the ECL and TM
segments (Rajagopalan and Rajarathnam, 2006). Consistent with
this model, the truncation or mutation of chemokine N-terminus has
often been found to alter its receptor binding affinity (Clark-Lewis

et al., 1991) as well as agonistic or antagonistic activity (Loetscher
and Clark-Lewis, 2001). In the case of GPR15L, however, the
truncation of the N-terminal residues up to 10 aa does not affect its
ability to induce Ca2+ signaling downstream of GPR15 (Suply et al.,
2017), suggesting a relatively smaller contribution for the N-
terminal tail. Instead, previous studies (Foster et al., 2019; Ocón
et al., 2017; Suply et al., 2017) and our ERK1/2 assays demonstrate
a capacity of the C-terminal domain of GPR15L to activate GPR15
signaling. Our truncation study revealed that the extreme C-terminal
residue (V57) of GPR15L is critically required for its binding to the
receptor. The amino acid extension of ligand C-terminus by even
one residue considerably reduced its binding to the receptor (data
not shown), further supporting the importance of C-terminal
integrity of GPR15L. Moreover, the absence of FLAG–GPR15L
binding to a chimeric CXCR4 receptor with the GPR15 N-terminal
tail indicates a strict requirement of ECL and/or TM domains of
GPR15 receptor for the GPR15L binding. Collectively, these results
suggest that the interaction of C-terminal V57, presumably with the
ECL and/or TM segments of the receptor, leads to the ligand binding
to and activation of GPR15 (Fig. 8). The strict requirement of
C-terminal residues for receptor binding is uncommon for chemokine
family proteins. One rather well-characterized example is C5a, a
chemoattractant protein fragment released from proteolytic cleavage
of complement component C5, where the C-terminal cationic domain
is required for optimal binding to and activation of C5a receptor (Reis
et al., 2012). Our mutagenesis study of the C-terminal V57 indicated
that the hydrophobic residues are favored at this position for receptor
binding. Interestingly, the tyrosine residue, which is customarily not
regarded as the most hydrophobic amino acid, was significantly more
effective than valine in conferring receptor binding and ERK1/2
activation. This implies additional attributes of the C-terminal residue
contribute to the receptor interaction. Our findings suggest that
engineering of the C-terminal tail can potentially develop GPR15
ligands with modified affinity and activity.

MATERIALS AND METHODS
Plasmids
The human GPR15 gene was cloned into the pCDNA3.1(+) vector
(Invitrogen) and pCMVmyc vector (Okamoto and Shikano, 2011) to
generate untagged and N-terminally Myc-tagged GPR15 plasmid,
respectively. The pCDNA-C10orf99 plasmid (Genscript) was used as a
PCR template to generate pCDNA-FLAG-GPR15L, which carries a FLAG
(DYKDDDDK) epitope right after the 24 aa signal sequence. Site-directed
mutagenesis was performed by the overlap extension PCR. Chimeric CXCR4
was generated by replacing the N-terminal extracellular domain of human
CXCR4 (aa 1–38) with that of human GPR15 (aa 1–33).

Reagents
The following reagents were used in this study: sodium chlorate,
neuraminidase (Arthrobacter ureafaciens and Vibrio cholerae), puromycin
and anti-FLAG affinity resin fromSigma-Aldrich; DYKDDDDKpeptide and
18-mer (aa 40–57), 13-mer (aa 45–57), and 11-mer (aa 47–57) peptides
encoding the C-terminus of GPR15L from Genscript and Biomatik; and full-
length synthetic GPR15L peptide (aa 1–57) with disulfide bridges at aa 16/39
and aa 17/36 from Phoenix Pharmaceuticals.

Antibodies and lectins
The following Abs were used: mouse anti-GPR15 (#MAB3654, 2 µg/ml)
from R&D Systems, rabbit anti-GPR15 C-terminus (#PA5-33643, 1:1000),
rabbit anti-C10orf99 (#PA5-62266, termed anti-GPR15L Ab in this study,
1:1000) from Thermo Fisher Scientific, mouse anti-Myc (#05-724, 1:1000)
and Alexa Fluor (AF) 488-mouse anti-Myc (#16-224, 1:500) from EMD
Millipore, Brilliant Violet 421 (BV421)-mouse-anti-GPR15 (#373007,
1:100), BV421-mouse IgG2a (#400259, 1:100), rat anti-DYKDDDDK

Fig. 8. Schematic working model of the differential regulation of GPR15L
binding by the tyrosine sulfation and O-glycosylation of GPR15 receptor.
The GPR15–GPR15L interaction and its regulation involving the sulfated
tyrosine and O-glycosylated threonine and serine residues are depicted. The
GPR15L protein was manually drawn with reference to the predicted model
published previously (Suply et al., 2017). The exact positions of the tyrosine
and threonine and serine residues that are actually sulfated or O-glycosylated
were not mapped in this study. (1) The sulfated tyrosine residues in the GPR15
N-terminus promote GPR15L binding most likely through the electrostatic
interaction with the basic residues (highlighted in blue) of the ligand. (2) The
tyrosine residues potentially also contribute to the ligand binding by forming a
hydrophobic interaction with the C-terminal hydrophobic residues (highlighted
in red) of the ligand. (3) The hydrophobic residue at the extreme C-terminus
(V57) of GPR15L plays a crucial role in the binding to GPR15 presumably by
interacting with the ECL and/or TM segments of the receptor. This, and
possibly other interactions involving upstream regions of GPR15L, are
inhibited by the sialylated O-glycans on the N-terminal threonine and serine
residues of GPR15.
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(#637301, 1:500), phycoerythrin (PE)-rat anti-DYKDDDDK (#637309,
1:400–1:1000), purified rabbit polyclonal control Ab (#910805, 1:1000),
and PE-streptavidin (#405203, 1:400) from BioLegend, rabbit phospho-
p44/42 MAPK (#9101, 1:1000) and mouse p44/42 MAPK (#9107, 1:1000)
from Cell Signaling Technology, AF488-goat anti-mouse IgG H+L
(#A11001, 1:1000) PE-goat anti-mouse IgG H+L (#PA1-84395, 1:1000)
from Invitrogen, horseradish peroxidase (HRP)-goat anti-rabbit-IgG (#111-
036-003, 1:2000) from Jackson ImmunoResearch Laboratory, HRP-horse
anti-mouse-IgG (#PI-2000, 1:2000), Biotin-Maackia amurensis lectin II
(MALII) (#B-1265, 0.5–1 µg/ml), and Biotin-Sambucus nigra lectin (SNA)
(B-1305, 0.1 µg/ml) from Vector Laboratory, 680RD-goat anti-rabbit IgG
(#926-68073, 1:15,000), 680RD-goat anti-rat IgG (#926-68076, 1:15,000),
and 800CW-goat anti-mouse IgG (#926-32210, 1:15,000) from LI-COR
Biosciences, HRP-streptavidin (#SA202, 1:2000) from Sigma-Aldrich.

Cell culture and transfection
HEK293 and HEK293T cells (both ATCC) were maintained in 50% DMEM/
50% Ham’s F-12 and DMEM, respectively, both containing 10% FBS, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Chinese
hamster ovary (CHO) ldlD cells (provided by Dr Monty Krieger,
Department of Biology, Massachusetts Institute of Technology, USA) were
maintained in Ham’s F-12 with 5% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 μg/ml streptomycin. The HuT 78T cell lymphoma line
(ATCC) was maintained in RPMI 1640 containing 20% FBS, 2 mM
L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. All cell
culture media were purchased from Corning, unless otherwise stated.
According to the manufacturer’s instructions, transient transfection of
plasmids was performed using Mirus TransIT-LT1 (Mirus Bio). Both
GPR15-overexpressing HuT 78 cells and stable GPR15-expressing HEK293
cells were generated by retroviral transfection of GPR15 using the culture
supernatants of Phoenix ampho packaging cells (ATCC) transfected with
pBABEpuro-GPR15, and cell populations resistant to puromycinwere selected.

SDS-PAGE and western blotting
Cell lysates were made by using lysis buffer (0.5% Igepal, 25 mM Tris-HCl
pH 7.150 mMNaCl, 5) containing a protease inhibitor cocktail. The protein
samples resolved on Tris-HCl polyacrylamide gels were transferred to
nitrocellulose membranes and blocked with skim milk or blocking buffer
(LI-COR Biosciences). The membranes were first incubated with primary
Abs overnight at 4°C and then with the appropriate HRP-conjugated or near-
infrared fluorescent dye-conjugated secondary Abs. Blot signals were
quantitatively analyzed by Azure c300 (Azure Biosystems) for
chemiluminescence or Odyssey CLx (LI-COR Biosciences) for near-
infrared fluorescence.

Flow cytometry
Fluorescence signal of the Ab-stained cells was measured using Cell Lab
Quanta SC or CytoFLEX S (Beckman Coulter) and analyzed using FlowJo
software (Tree Star).

[35S]sulfate metabolic labeling
HEK293 cells were transfected in 10 cm dishes with vector or Myc–GPR15
constructs, and 4 h later culture medium was replaced with 7 ml of sulfate-
free Joklik-modified minimum essential medium Eagle (JMEM) (Sigma-
Aldrich) supplemented with 1 mM CaCl2, 10% dialyzed FBS (Sigma-
Aldrich) and 10 mM sodium chlorate or vehicle. Subsequent to that,
250 μCi sodium [35S]sulfate (Perkin Elmer) was added and cells were
cultured overnight. After washing, the labeled cells were lysed with 0.5%
Igepal lysis buffer, and the GPR15 proteins were immunoprecipitated with
5 μg of anti-Myc Ab. The eluants were analyzed by SDS-PAGE followed by
autoradiography of the transfer membranes by Storm Molecular Imager
(Molecular Dynamics). Eventually, the same membranes were probed for
Myc signal by western blotting.

Recombinant FLAG–GPR15L protein
HEK293T cells were transfected with pCDNA-FLAG-GPR15L and the
culture medium was replaced with a fresh medium at 48 h after transfection.

The culture supernatant was collected 24 h later and incubated overnight
with anti-FLAG Ab-conjugated resin at 4°C. After an extensive wash with
0.1% Triton X-100-containing PBS (PBST, pH 7.4), the resin was incubated
with PBST containing 100 μg/ml FLAG peptide to elute FLAG–GPR15L
protein. Triton X-100 remaining in the eluant was removed with a HiPPR
Detergent Removal Spin Column kit (Thermo Fischer Scientific). The
concentration of FLAG–GPR15L in the eluant or culture supernatant was
determined by western blotting with anti-GPR15L Ab using known
amounts of synthetic GPR15L peptide as a standard (Fig. S1A).

FLAG–GPR15L binding assay
HEK293 cells transfected with Myc–GPR15 or untagged GPR15 plasmid
were collected by gentle pipetting and then incubated with purified FLAG–
GPR15 or culture supernatants containing FLAG–GPR15 for 45 min at
4°C. After awash with Hanks’ balanced salt solution supplemented with 1%
BSA (staining buffer), cells were further incubated with PE-anti-FLAG Ab
for 20 min at 4°C. In the experiments where cells were transfected with
different Myc–GPR15 constructs or treated with reagents and compared for
FLAG–GPR15L binding, the cells were stained with both AF488-anti-Myc
and PE-anti-FLAGAbs at the same time after FLAG–GPR15L binding. The
stained cells were then washed with staining buffer and stored in 1%
paraformaldehyde-PBS solution at 4°C until FCM analysis. For GPR15L
binding to CHO ldlD, the cells were cultured in Ham’s F-12 containing 3%
dialyzed FBS and ITS (insulin-transferrin-selenium) one day prior to the
transfection. At 3 h after the transfection with Myc–GPR15, vehicle or
N-acetylgalactosamine (GalNAc) and galactose were added to the culture at
200 μM and 20 μM, respectively. The next day, the cells were harvested by
quick trypsinization and then cultured again in the same medium containing
2 mM EDTA for 2 h at 37°C to allow recovery of surface GPR15
expression. The cells were then collected with gentle pipetting and subjected
to surface Myc–GPR15 staining and FLAG–GPR15L binding as described
for HEK293 cells. For GPR15L binding to HuT 78, the cells were treated
with neuraminidase or sodium chlorate and subjected to surface GPR15
staining using BV421-anti-GPR15 Ab as well as to FLAG-GPR15L
binding.

Neuraminidase treatment of cells
HEK293 cells transfected with Myc–GPR15 or GPR15-overexpressing
HuT 78 cells were incubated for 1 h at 37°C in 150 μl of DMEM containing
0.1% sodium azide and 1% FBS (HEK293) or for 30 min at 37°C in 150 μl
of RPMI1640 containing 0.1% sodium azide and 1% FBS (HuT 78)
and neuraminidase from either A. ureafaciens (400 mU/ml) or V. cholerae
(20 mU/ml). The cells were washed and subjected to FLAG–GPR15L
binding, lectin binding or immunoprecipitation of GPR15.

Lectin-binding assays
For assessing the effect of neuraminidase on cell surface sialic acids,
GPR15-transfected HEK293 cells or HuT 78 cells treated or not with
neuraminidase were incubated for 30 min at 4°C with 1 µg/ml of Biotin-
MALII or 0.1 µg/ml of Biotin-SNA. The cells were washed and further
stained with PE–streptavidin for 20 min and analyzed by FCM. For testing
sialylation of GPR15 in HuT 78 cells, the GPR15 proteins were
immunoprecipitated with anti-GPR15 C-terminus Ab from cells treated or
not with neuraminidase and the eluants were immunoblotted with Biotin-
MALII at 0.5 μg/ml for 1 h at room temperature, followed by incubation
with HRP–streptavidin for 20 min at room temperature. The signals were
detected by chemiluminescence.

ERK1/2 activation assay
ERK1/2 activation assays were performed in either 24-well or 96-well format.
For the former, HEK293 cells plated in poly-lysine-coated 24-well plates were
transfected with Myc-tagged GPR15. The following day, the cells were
stimulated with either purified FLAG–GPR15, FLAG–GPR15L-containing
culture supernatant, full-length synthetic GPR15L (aa 1–57), or C-terminal
fragment peptides for 4 min at 37°C, then lysed and the centrifuged
supernatants (13,000 g for 5 min) were subjected to simultaneous blotting for
phosphorylated and total ERK1/2 proteins. For the 96-well format, cells
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transfected in 6-well plates with Myc-tagged or untagged GPR15 were
collected after 24 h and re-plated in 96-well plates. For the indicated
experiments, a HEK293 cell line stably expressing GPR15 was used. After
serum-starved for 1 h at 37°C, cells were stimulated with GPR15L for 1 min
45 s at 37°C. After centrifugation of plates at 2000 g for 1 min at 4°C and
removal of the supernatants, the cells were lysed and the centrifuge
supernatants were subjected to ERK1/2 blot. The band intensities were
measured by near-infrared fluorescence imaging. The phospho-ERK1/2
signals were normalized with respect to the signals of total ERK1/2.

Endocytosis assay
HEK293 cells stably expressing untagged GPR15 were incubated with the
indicated concentrations of C-terminal 18-mer GPR15L peptides for 60 min
at 37°C to allow for receptor internalization. After cells were chilled on ice,
the surface expression level of the GPR15 receptor was measured by
staining with BV421-anti-GPR15 Ab followed by FCM. Cells treated with
each concentration of ligands and incubated at 4°C were also stained for
controls. We have confirmed that the prior binding of the ligand does not
interfere with the GPR15 Ab binding to the receptor (data not shown). The
endocytosis rate (%) was determined by dividing the difference in
fluorescence between 4°C control and post-37°C incubation by the 4°C
control value.

Statistical analysis
Data are shown as means±s.e.m. of triplicate samples from three
independent experiments. The statistical significance was assessed with
the two-tailed Student’s t-test between a pair of datasets and values of
P<0.05 were considered significant.
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Figure S1. A. Dose-signal relationship of GPR15L blot. Indicated doses of
synthetic full-length GPR15L peptide (aa 1-57) were resolved on 10% SDS-PAGE
and immunoblotted with anti-GPR15L Ab (upper panel). Blot was analyzed by
near-infrared fluorescence to generate a standard curve (lower panel), which
was used to quantify FLAG-GPR15L in the culture supernatants or purified
proteins. B. Dose-dependent binding of FLAG-GPR15L to GPR15 receptor.
HEK293 cells transfected with control plasmid (Vector) or untagged GPR15 were
incubated with indicated concentrations of purified FLAG-GPR15L followed by
staining with PE-labeled anti-FLAG Ab. Histograms from FCM analysis were
overlaid.
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Figure S2. Effects of Y/F and TS/AA mutations of untagged GPR15 receptor on
the ligand binding. HEK293 cells transfected with GPR15 WT or Y/F mutant (A)
or TS/AA mutant (B) were incubated with FLAG-GPR15L-containing supernatant
and then double stained with BV421-GPR15 Ab and PE-FLAG Ab to quantify
surface GPR15 expression and the bound GPR15L, respectively. Shown in (i) are
the representative dot plots of double-stained cells in which the thresholds of
GPR15 and FLAG signals are indicated by black lines. The gated cell populations
(black square) were quantified for surface GPR15 expression (ii, left panel) and
FLAG-GPR15L binding (ii, right panel). Statistically significant differences are
indicated by (** ) (p ≤ 0.01).
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Figure S3. N-terminal tail of GPR15 alone is not sufficient for
supporting GPR15L binding. A. Untagged GPR15 or chimeric CXCR4 with
N-terminal tail of untagged GPR15 was expressed in HEK293 cell and
stained with anti-GPR15 Ab. B. Same cells were subjected to FLAG-
GPR15L binding assay and stained with anti-FLAG Ab.
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Figure S4. A. Relative expression level of FLAG-GPR15L proteins with mutations in C-
terminal Val57. Culture supernatants from FLAG-GPR15L transfected HEK293T cells
were immunoblotted for FLAG (upper panel) and the relative band intensities to the
WT protein were determined by quantitation using fluorescence imaging (lower panel).
Data points represent mean ± SEM of triplicate samples from a representative
experiment. Statistically significant differences are indicated by * (p ≤ 0.05) and ** (p ≤
0.01). B. Purity of isolated FLAG-GPR15 proteins. FLAG-GPR15 proteins (WT, V57Y,
V57A) purified from culture supernatants of transfected HEK293T cells were resolved
on 4-15% SDS-PAGE and then visualized by Coomassie Brilliant Blue stain (left) or
immunoblot with GPR15L Ab (right). The difference in the migration of the two bands
(* and **) is related to glycosylation (unpublished data).
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