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Bilateral frontoparietal polymicrogyria (BFPP) is a congenital brain malformation resulting in irregularities on
the surface of the cortex, where normally convoluted gyri are replaced by numerous (poly) and noticeably
smaller (micro) gyri. Individuals with BFPP suffer from epilepsy, mental retardation, language impairment
and motor developmental delay. Mutations in the gene-encoding G protein-coupled receptor 56 (GPR56)
cause BFPP; however, it remains unclear how these mutations affect GPR56 function. Here, we examine
the biochemical properties and protein trafficking of wild-type and mutant GPR56. We demonstrate that
GPR56 protein undergoes two major modifications, GPS domain-mediated protein cleavage and
N-glycosylation, and that the N-terminal fragment can be released from the cell surface. In contrast to the
wild-type protein, disease-associated GPR56 missense mutations in the tip of the N-terminal domain
(R38Q, R38W, Y88C and C91S) produce proteins with reduced intracellular trafficking and poor cell surface
expression, whereas the two mutations in the GPS domain (C346S and W349S) produce proteins with dra-
matically impaired cleavage that fail to traffic beyond the endoplasmic reticulum. Cell-trafficking impairments
are abrogated in part by pharmacological chaperones that can partially rescue mutant GPR56 cell surface
expression. These data demonstrate that some BFPP-associated mutations in GPR56 impair trafficking of
the mutant protein to the plasma membrane, thus providing insights into how BFPP-associated mutations
affect GPR56 function.

GPR56 mRNA is selectively expressed in hematopoietic
stem cells and neural progenitors, suggesting a role in
multipotent cell identity and tissue development (9). In the
developing mouse brain, GPR56 mRNA is detected in the

INTRODUCTION

Gene-encoding G protein-coupled receptor 56 (GPR56) is an
adhesion G protein-coupled receptor (GPCR). Like other

members of the adhesion GPCRs (also termed LNB-TM7 or
LN-7TM), GPR56 has an unusually long N-terminal extra-
cellular domain containing a high percentage of serine and
threonine residues and a GPCR proteolytic site (GPS)
domain just before the first transmembrane spanning domain
(1-6). The serine and threonine regions can serve as O-
and/or N-glycosylation sites, whereas the GPS domain
serves as a site for protein cleavage (5,6). GPR56 was origi-
nally identified through a degenerate PCR-based approach
for secretin-like GPCRs and by differential display of mela-
noma cell lines with different metastatic potentials (7,8).

embryonic ventricular zone, a region rich in neuronal progeni-
tor cells (10).

Using positional cloning, we recently demonstrated that
GPR56 is required for proper development of the human cere-
bral cortex, as loss-of-function mutations in GPR56 cause a
specific human brain malformation known as bilateral fronto-
parietal polymicrogyria (BFPP) (10). Individuals with BFPP
suffer from severe epilepsy, mental retardation, language
impairment and motor developmental delay. A total of 11 dis-
tinct GPR56 mutations have been reported in BFPP patients,
including one deletion, two splicing and eight missense
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mutations (11). Four of the eight missense mutations (R38Q,
R38W, Y88C and C91S) are located at the tip of GPR56
N-terminus, two (C346S and W349S) in the GPS domain
and two (R565W and L640R) in the transmembrane domain.
The deletion mutation, splicing mutations and all missense
mutations except one give rise to an indistinguishable BFPP
phenotype, suggesting that they all are probably null mutations
(10,11). However, the C346S mutation causes a more severe
phenotype characterized by an excessively small cerebral
cortex called microcephaly, in addition to BFPP (10,11).
Here, we show that GPR56 undergoes two modifications,
a GPS-mediated proteolytic cleavage and N-linked glyco-
sylation. The missense mutations at the N-terminal fragment
of GPR56 produce proteins that are not trafficked properly
to the plasma membrane or secreted. Instead, the majority
of mutant proteins are retained in the endoplasmic reticulum
(ER) and/or Golgi; however, these effects can be partially
reversed by pharmacological chaperones. Our results provide
a detailed analysis of the biochemical modifications of
GPR56 and address how BFPP-causing missense mutations
impair GPR56 protein trafficking and cell surface expression,
resulting in a devastating human brain malformation.

RESULTS

BFPP-causing mutations in the GPS domain of
GPR56 abolish proteolytic cleavage

GPR56 was shown previously to undergo GPS-mediated
proteolytic process resulting in an N-terminal fragment and a
C-terminal fragment (12). To characterize the effects of
BFPP-associated mutations on GPR56 function, we used
site-directed mutagenesis to generate N-terminally VSVG-
tagged and C-terminally His-tagged GPR56 and VSVG/
His-GPR56 constructs containing R38Q, R38W, Y88C, CI18S,
C3468, W349S, R565W or L640R point mutation (Fig. 1A).
HEK293T cells were transiently transfected with VSVG/His-
tagged wild-type or mutant GPR56, and cell lysates were ana-
lyzed for cleavage products. In cells that express the wild-type
GPR56, western blot analysis with anti-VSVG antibody follow-
ing SDS—PAGE revealed a predominant band around 60 kDa,
in addition to a ladder of higher molecular weight protein
bands ranging ~80 kDa (Fig. 1B). The 60 kDa band is larger
than the 1\Predicted size for the N-terminal fragment of GPR56
(GPR567), which could reflect modifications such as N- and
O-linked glycosylations as often observed in adhesion GPCRs
(1,2). Anti-His antibody detected a predominant band of
~22 kDa and a band of ~40 kDa (Fig. 1C). The 22 kDa band
is the C-terminal fragment of GPR56 (GPR56°), whereas the
40 kDa band may be a GPR56 dimer formed by hydrophobic
interactions, as often seen in proteins with multiple transmem-
brane domains (13). The detected GPR56 is smaller than the
predicted size. This phenomenon has been reported previously
and could be explained by the highly hydrophobic nature of
the C-terminal fragment (12).

In cells expressing R38Q, R38W, Y88C, CI1S, R565W and
L640R, western blot with VSVG and His antibodies also
revealed an N-terminal fragment and a C-terminal fragment,
indicating that these mutations do not affect GPS-mediated
GPR56 cleavage (Fig. 1B and C). When HEK293T cells
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were transfected with either C346S or W349S, only the full-size
band around 80 kDa was detected by anti-VSVG or anti-His
western blot analysis, indicating that C346S and W349S
mutations abolish the GPS domain cleavage (Fig. 1B and C).
Interestingly, there was a very faint band detected in cells
that express W349S in anti-His immunoblot (Fig. 1C, arrow),
which corresponds to the cleaved GPR56.

To identify the subcellular compartment(s) where GPS pro-
teolysis occurs, HEK293T cells were treated with brefeldin A
(BFA). BFA is a fungal product that blocks ADP ribosylation
factor activation and interferes with anterograde protein
trafficking from the ER to the Golgi. At low concentrations,
BFA inhibits ER-to-Golgi protein transport, and at high con-
centrations, it can disrupt the trans—Gongi apparatus (14—16).
We detected both GPR56™ and GPR56% following 20 h treat-
ment with various concentrations of BFA, indicating that GPS
domain cleavage was not disrupted by BFA treatment and
therefore occurs most likely in the ER (Supplementary
Material, Fig. S1).

GPRS56 is heavily glycosylated

Since the observed size of the GPR56™ is much larger than
the predicted unmodified size and GPR56 has multiple poten-
tial N-glycosylation sites, we hypothesized that GPR56 is
heavily glycosylated. Proteins can be glycosylated at the
amide nitrogen in asparagine (Asn) (N-linked) or at the
oxygen in serine and threonine side chains (O-linked)
(14,17). We first determined the presence of N-linked glycosy-
lation. HEK 293T cells were transiently transfected with
VSVG/His-GPR56, and soluble receptors were treated with
PNGase F. PNGase F cleaves N-glycosyl linkages between
Asn and GIcNAc (18) and is therefore one of the most effec-
tive reagents to remove virtually all N-linked oligosaccharides
from glycoproteins. Following PNGase F treatment, we
detected a dramatic band shift for GPR56™: the ~80kDa
ladder together with the 60 kDa band disappeared after
PNGase F treatment, resulting in one sharp band remaining
at around 40 kDa, the predicted molecular weight of unmodi-
fied GPR56™ (Fig. 2A). Similar experiments were performed
for the two GPS mutants. PNGase F treatment produced a
band shift from 80 to 60 kDa for both C346S and W349S,
indicating that uncleaved GPR56 mutant protein was also
N-glycosylated (Fig. 2B). In cells expressing R38Q, R38W,
Y88C, CI1S, R565W and L640R, soluble receptors treated
with PNGase F showed the same band shift seen in the
wild-type GPRS56, indicating that these mutant protein had
N-glycosylation modifications similar to the wild-type GPR56
(Supplementary Material, Fig. S2A).

There is no single enzyme that can remove all intact O-linked
sugars. Monosaccharides must be sequentially hydrolyzed by
a series of exoglycosidases prior to O-glycosidase treatment
to remove the Gal-B(1-3)-GalNAc core. To assess the possible
presence of O-linked sugars in GPR56, cell lysates were
treated with neurominidase (NAMase), which removes sialic
acid, and O-glycosidase, which hydrolyzes the common core
sugars of O-linked glycans (19,20). SDS—PAGE analysis was
then used to identify an electroghoretic mobility shift. The
most upper band of the GPR56" was reduced in size after
NAMase treatment compared with the untreated samples
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Figure 1. GPS-mediated proteolytic cleavage. (A) GPR56 schematic. GPR56 was tagged with VSVG and 6-His at the N- and C-termini, respectively. The pos-
itions of the conserved GPS domain are shown. (B—C) GPS-mediated protein cleavage. HEK293T cells were transfected with the wild-type VSVG/His-GPR56
(WT) or different GPR56 mutants as indicated. Cells were lysed 48 h after transfection, and soluble receptors were analyzed by SDS—PAGE and western blot
using anti-VSVG (B) or anti-His (C) antibodies. The wild-type GPR56, R38Q, R38W, Y88C, C91S, R565W and L640R are cleaved into two distinct fragments.
No cleavage products were detected in cells expressing C346S. In cells that express W349S, a faint band corresponding to GPR56¢ was detected (arrow).

(Fig. 2A). The approximate size difference is 2—3 kDa, consist-
ent with the removal of 5—15 sialic acid moieties. However,
there was no difference in apparent size between samples
treated with PNGase F alone or with the combination of
PNGase F, NAMase and O-glycosidase. These results suggest
that GPR56 carries sialic acids that are entirely attached to
the N-linked sugar chains. Similar experiments were performed
with C346S and W349S mutants, which did not reveal any size
shift after NAMase treatment, suggesting that these mutant
proteins did not have the sialic acid modification as seen in
the wild-type GPR56 (Fig. 2B).

The two GPS mutant proteins migrate as much tighter bands
that are not affected by neuraminidase treatment, suggesting

that the mutant proteins contain only simple, high mannose
oligosaccharides modification. N-glycosylation is initiated in
the ER lumen as a high mannosyl oligosaccharide, which is
then modified to a complex form in the cis-Golgi compart-
ment. We therefore checked whether GPS mutant proteins
are stalled in specific intracellular compartments by perform-
ing endoglycosidase (endo) H treatment. Endo H cleaves
only the high mannose oligosaccharides added in the ER but
does not cleave the complex carbohydrate chains synthesized
in the Golgi compartment (4,21). GPR56 wild-type protein
was partially Endo-H resistant, indicating that it is actively
transported to the Golgi apparatus as expected (Fig. 2C).
Similar experiments were performed with the eight missense
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Figure 2. The glycosylated status of GPR56 and its various mutants. (A and B) Deglycosylation experiment. HEK293T cells were transfected with the wild-type
GPR56 (A) or its GPS mutants (B), and cell lysates were treated with various glycosidases as indicated. In the cells that express the wild-type GPR56, both
neuraminidase (NAM) and peptide:N-glycosidase F (PNGase F) treatment resulted in a band shift for the N-terminal fragment of GPR56 (GPR56"), but not
O-glycosidase (O-glyc). In cells that express C346S or W349S mutant protein, only PNGase F treatment elicited band shift. (C and D) Endo H, digestion.
HEK293T cells were transfected with wild-type or different mutant GPR56, and cell lysates were treated with or without Endo Hyas indicated. Some wild-type
GPR56 was resistant to the Endo H, treatment, whereas both C346S and W349S were completely sensitive to Endo H, digestion. (E) Identification of N-
glycosylation sites. HEK293T cells were transfected with wild-type and various mutants as indicated. Cells were lysed 48 h after transfection and soluble recep-
tors were analyzed by SDS—PAGE and western blot analysis using anti-VSVG antibody. A band shift was detected in all seven mutants where one of the seven

N-glycosylation consensus sites was disrupted by the substitution of the Asn to GIn. (F) Deglycosylation of GPR56™. HEK 293T cells were transfected with WT
or N7 mutant GPR56. Cell lysates were treated in the absence or presence of PNGase F as indicated. There was no band shift seen in cells expressing GPR56™’
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mutants. R38Q, R38W, Y88C, CI1S, R565W and L640R
revealed comparable result to the wild-type GPR56 (Sup-
plementary Material, Fig. S2B). In contrast, the C346S and
W349S mutant proteins were completely sensitive to Endo
H digestion, indicating that these proteins contain only high
mannose and suggesting that they are not trafficked out of
the ER compartment (Fig. 2D). Of note, much reduced
levels of the ~80 kDa protein ladders were detected in cells
expressing R38Q, R38W, Y88C and C91S in comparison
with the wild-type GPR56 (Fig. 1 and SZA) To confirm that
this is due to decreased amount of GPR56™ that underwent
higher order N-glycosylation modification, we performed
Endo H treatment on these mutant proteins. Indeed, we
detected very little Endo H-resistant ~80 kDa GPR56N i
cells expressing R38Q, R38W, Y88C and C91S (Supplemen-
tary Material, Fig. S2B).

GPR56 is N-glycosylated at seven sites

We next investigated the extent to which GPR56 is glycosy-
lated. Seven N-linked glycosylation consensus sites
(Asn-Xaa-Ser/Thr) are predicted within the N-terminal

region of GPR56 at amino acid positions Asn-39, -148,
-171, -234, -303 -324 and -341. Using site-directed mutagene-
sis with primers listed in Supplementary Material, Table S1,
we generated a set of GPR56 glycosylation-defective
mutants in which only one of the seven glycosylation consen-
sus sites is disrupted by substituting Asn at the consensus site
(Asn-Xaa-Ser/Thr) to glutamine (Gln). The mutant receptors
were expressed in HEK 293T cells to evaluate each of the
seven possible N-glycosylation sites by SDS—PAGE followed
by immunoblot with anti-VSVG antibody. A band shift was
seen in all seven mutants, indicating that all seven sites are
true glycosylation sites for GPR56 (Fig. 2E). We next gener-
ated a mutant construct, GPR56Y, in which all seven
N-glycosylation sites were disrupted. Only a single 40 kDa
band was detected in cells expressing GPR56™ by anti-VSVG
immunoblot (Fig. 2E). Moreover, PNGase F treatment did not
affect the electrophoretic mobility of the N-terminal fragments
of the GPR56™ mutant (Fig. 2F). These data further confirm
that GPR56 is N-glycosylated at seven sites.

The role of carbohydrate moieties in GPCRs remains
unclear although they have been suggested to have variable
effects on ligand binding, signal transduction and cell
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surface expression. We first tested whether N-glycosylation of
GPR56 plays a role in protein trafficking and cell surface
expression. SH-SY5Y neuroblastoma cells were transfected
with the wild-type GPR56 and its mutant, GPR56". The
cells were then used to perform immunofluorescent staining
and biotinylation experiments to evaluate the status of
GPR56™ surface expression. There were no VSVG immuno-
reactivities detected without triton permeabilization, nor were
biotinylated N-terminal and C-terminal fragments detected in
cells expressing GPR56"™ (Supplementary Material, Fig. S3).
These results indicate that glycosylation is required for GPR56
protein trafficking and cell surface expression.

BFPP-associated GPR56 mutants affect cell surface
expression

To evaluate the effects of GPR56 missense mutations on
protein trafficking and cell surface expression in more detail,
transfected SH-SYS5Y cells were fixed, stained with anti-
VSVG antibody and examined by immunofluorescence
microscopy. Without triton permeabilization, anti-VSVG anti-
body detects the surface-expressed VSVG-tagged GPRS56.
In cells that express the wild-type GPR56 as well as
R565W and L640R mutants, anti-VSVG antibody detected
abundant signals on the cell surface (Fig. 3Aa), whereas in
cells expressing R38Q, R38W, Y88C and C91S, anti-VSVG
antibody detected relatively weak signals on the cell surface
(Fig. 3Ab—e). In contrast, no VSVG immunoreactivities were
detected in cells expressing C346S and W349S (Fig. 3Af and
g), despite the presence of comparable expression level of wild-
type and mutant GPR56 proteins as evidenced by anti-VSVG
antibody staining after triton treatment (Fig. 3Aj—r). In contrast,
R565W and L640R transmembrane mutations had robust
anti-VSVG antibody staining similar to the wild-type GPR56
(Fig. 3Ah and i). Therefore, N-terminal and GPS missense
GPR56 mutant proteins are not properly expressed on the cell
surface.

To confirm further that BFPP-associated mutations affect
the GPR56 protein cell surface expression, we performed live-
cell immunostaining with anti-VSVG antibody. Cells were
incubated with anti-VSVG antibody in the culture media for
1 h prior to fixation, triton permeabilization and anti-His
immunostaining. We detected VSVG immunoreactivities
only in cells expressing the wild-type GPR56, R38Q, R38W,
Y88C, CI1S, R565W and L640R. No VSVG immunoreactiv-
ity was detected in cells expressing C346S or W349S despite
the presence of comparable level of the GPR56 protein de-
tected by anti-His antibody among cells expressing the wild-
type GPR56 and various mutants (Fig. 3B). Moreover, the
percentage of VSVG-positive cells was much lower in cells
expressing R38Q, R38W, Y88C and CI1S, compared with
the cells that express the wild-type GPR56 (Fig. 3C).

To quantify the effect of these mutations on cell surface
expression, flow cytometry analysis was used to compare
the cell surface expression of GPR56 in cells expressing wild-
type and mutant GPR56. SH-SYS5Y cells transfected with
VSVG/His-tagged wild-type GPR56 and its various mutants
were processed with live-cell staining methods. Cell
surface-expressed GPR56 was detected by VSVG antibody,
and fluorescence signals were analyzed by flow cytometry.

These data showed that the overall amount of GPR56
expressed on the cell surface was lower in cells expressing
R38Q, R38W, Y88C and CI1S (Fig. 3D). The fluorescence
signals detected in the wild-type GPR56 (about 58 fluorescent
units) were 4—5-fold higher than R38Q, R38W, Y88C and
CI91S (about 10—15 fluorescent units). In contrast, fluores-
cence signals detected from R565W and L640R were compar-
able with the wild-type.

We expected that the cleaved GPR56% was also expressed
at the cell surface. We therefore performed biotinylation
experiments to confirm the subcellular localization of
cleaved GPR56" and GPR56. HEK293T cells transfected
with the wild-type or mutant GPRS56 were labeled with
Sulfo-NHS-Biotin, a membrane impermeable biotinylation
agent. The cells were lysed and all biotinylated proteins
were isolated by streptavidin affinity chromatography. Using
western blot with anti-VSVG or anti-His antibody, we
detected both biotinylated GPR56"™ and GPR56° in the cells
that were transfected with the wild-type GPR56 and cells
expressing R38Q, R38W, Y88C and C91S, although at
much lower levels. In contrast, we did not detect GPR56™ or
GPR56 in the cells transfected with C346S or W349S
(Fig. 4). Therefore, both GPR56™ and GPR56 are expressed
on the cell surface; however, R38Q, R38W, Y88C and C91S
significantly affected the expression efficiency of N-terminal
and C-terminal fragments of GPR56 on the cell surface,
whereas the non-cleaved full-length C346S and W349S
totally abolished the GPR56 cell surface expression. Interest-
ingly, no surface-expressed GPR56° was detected in cells
expressing R565W, whereas a disproportionally higher level
of GPR56% in comparison with the GPR56Y was seen in
cells expressing L640R.

Wild-type but not mutant GPR56" is detected in
conditioned media

As shown earlier, GPR56 is constitutively cleaved into two
subdomains: a large, soluble GPR56™ and a membrane-bound,
seven-transmembrane GPR56°. However, the biological sig-
nificance of cleaved GPR56" and GPR56% for GPR56 signal-
ing remains unclear. One possibility is that the GPR56™
remains non-covalently tethered to the GPR56°, and that
both fragments continue to function as a single signaling
complex. Alternatively, some of the GPR56" could be
secreted and function as a reciprocal ligand, as seen in Eph/
Ephrin signaling (22—24). To test these possibilities, the con-
ditioned media from transfected cell cultures were subjected to
SDS—PAGE and western blot analysis with anti-VSVG anti-
body. Large amount of glycosylated GPR56™ was detected
in the conditioned media from cells transfected with the wild-
type GPR56 and the two transmembrane mutants (R565W and
L640R), but none from cells transfected with the remaining six
mutant constructs (Fig. 5). To confirm that the detected
GPR56™ was not from the cell debris in the conditioned
media, the same blot was probed with anti-His antibody. As
expected, we did not detect any GPR56“ (Fig. 5). Interest-
ingly, the predominant form of GPR56™ was heavily glycosy-
lated, in contrast to the cell lysates, where 60 kDa glycosylated
GPR56N was the predominant form, suggesting that heavily
glycosylated GPR56" is more readily secreted. We anticipated
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Figure 3. Cell surface expression of the wild-type GPR56 and its various mutants. (A) Immunofluorescence analysis on cells treated with or without triton.
SH-SYSY cells transiently transfected with VSVG/His-tagged wild-type GPR56, R38Q, R38W, Y88C, CI1S, C346S, W349S, R565W and L640R were fixed
and treated without or with 0.1% triton X-100. The cells were stained for GPR56 expression by monoclonal mouse anti-VSVG antibody, and the nuclei were
stained with Hoechst 33342. No surface expression was detected in cells expressing C346S or W349S; reduced surface expression was seen in cells expressing
R38Q, R28W, Y88C and C918S; normal level of surface expression was seen in cells expressing RS65W and L640R. (B—D) Live-cell immunostaining. Transfected
SH-SYSY cells were first incubated with monoclonal mouse anti-VSVG antibody for 1 h at 37°C in the cultured media. These cells were then fixed, permeabilized
and immunostained with anti-His antibody. The nuclei were stained with Hoechst 33342. Again, no surface expression was detected in cells expressing C346S or
W349S; reduced surface expression was seen in cells expressing R38Q, R28W, Y88C and C91S; normal level of surface expression was seen in cells expressing
R565W and L640R, as evident by fluorescent images (B), percentage of VSVG-positive cells (C) and the mean value of fluorescence (D). Percentage of
VSVG-positive cells were counted in the transfected cells (determined by His immunoreactivity). The mean value of fluorescence was determined by the flow cyto-
metry analysis in the population of His-positive cells (determined by His immunoreactivity). Data from three independent experiments are shown. Scale bar 10 pum.
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that the N-terminal fragments of C346S or W349S would not be
secreted into conditioned media because these two mutations
completely abolished the GPR56 cell surface expression.
However, we also did not detect any secreted GPR56™ in
cells expressing R38Q, R38W, Y88C and C91S mutants. This
may be due to the low amount of GPR56™ trafficking to the
cell surface.

We next performed a series of co-immunoprecipitation
experiments with anti-VSVG and anti-His antibodies. As
demonstrated in Supplementary Material, Fig. S4A and B,
the GPR56™ remains attached to GPR56“ by an SDS- and/or
DTT-sensitive linkage. To further confirm the association
of GPR56™ and GPR56° fragments, we performed crosslink
experiments using a cell permeable crosslinker [disuccini-
midyl suberate(DSS)]. We detected a predominant band
around 80 kDa after DSS treatment (Supplementary Material,
Fig. S4C). These data demonstrate that some GPR56™ remains
associated with GPR56° following GPS-mediated cleavage.

The lack of cell surface expression of mutant GPRS56
is not due to constitutive internalization

The low surface expression of the mutant GPR56 could be due
to either constitutively internalization of the mutant protein or
failure in the intracellular protein trafficking. Dynamin2 is a
GTPase involving in the trafficking of proteins at the cell
surface (25). Dynamin2®** is a dominant negative mutant of
dynamin2. When expressed in cells, dynamin2®*** is able to
inhibit the internalization of GPCRs (26,27). Thus, dyna-
min2*** can be used to determine whether a receptor that is
confined to an intracellular compartment is the result of recep-
tor internalization. SH-SYSY cells were co-transfected with
various GPR56 constructs and dynamin2 (dynamin2™'/or
dynamin2®***). Forty-eight hours after transfection, cells
were stained by using the live-cell staining method, and fluor-
escence signals were detected by flow cytometry. In cells
co-expressing the wild-type GPR56 or its two transmembrane

Streptavidin IP

Vector

100 =

TS w—

50 =

WT R38Q R38W Y88C C91S C346S W349S R565W L640R

GPRS6"

GPR56°

Figure 4. Detection of membrane-expressed GPR56 by biotinylation experiments. Transfected HEK 293T cells were labeled with a membrane-impermeable
biotinylation agent and lysed. The biotinylated cell surface proteins were enriched by streptavidin—agarose beads. Streptavidin-purified proteins were then sub-
jected to western blot analysis with anti-VSVG or anti-His antibodies. Both biotinylated GPR56™ and GPR56 were detected in cells expressing the wild-type
GPR56 and cells expressing R38Q, R28W, Y88C and C91S at much lower levels. No GPR56" and GPR56 were detected in cells transfected with C346S and
W349S. In cells expressing R565W, no GPR56 was detected, whereas a disproportionately higher level of GPR56° in comparison with GPR56™ was detected in

cells expressing L640R.
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Figure 5. Detection of the secreted GPR56™ in the conditioned media. The conditioned media were concentrated, filtered through 0.45 wm pore syringe filter and
centrifuged for 10 min at 16 000g prior to western blot analysis with VSVG or His antibody, respectively. GPR56" was detected only in the conditioned media

harvested from cells expressing the wild-type GPR56, R565W and L640R.

mutants and dynamin2***, the cell surface-expressed GPR56
signals were about 2-fold greater than signals from the cells
co-transfected with the wild-type GPR56 and dynamin2™".
This result confirmed that dynamin2®*** could inhibit
GPR56 internalization. However, in cells expressin%( R38Q,
R38W, Y88C and C91S, the expression of dynamin2<*** did
not alter the level of surface-expressed GPR56 (Fig. 6). There-
fore, it is unlikely that the low level of cell surface expression of
the mutant proteins are caused by receptor internalization, but
rather through failure in the receptor intercellular trafficking.

3
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Figure 6. Evaluation of GPR56 receptor internalization. SH-SYSY cells were
co-transfected with various GPR56 constructs and dynamin2 (dynamin2%"/or
dynamin2***). Transfected SY5Y cells were stained using the live-cell
immunostaining, and the mean value of fluorescence was determined by the
flow cytometry analysis in the population of His-positive cells (determined
by His immunoreactivity). In cells expressing R38Q, R38W, Y88C and
C91S, the expression of dynamin2®*** did not alter the level of
surface-expressed GPR56. In contrast, RS65W and L640R behaved as the
wild-type GPR56.

GPRS6 mutant proteins are retained in the
ER and/or Golgi

To investigate how these BFPP-associated GPR56 mutations
affect GPR56 protein trafficking, we performed confocal
microscopy studies following double immunostaining with
anti-VSVG and anti-calreticulin (ER-associated protein) or
anti-His and anti-GM-130 (Golgi complex-associated
protein) antibodies (21,28—-30). In the cells that express the
wild-type GPR56 or the two transmembrane mutants, we
detected scattered punctate VSVG signals as well as concen-
trated signals in the Golgi complex (Fig. 7). In contrast,
majorities of R38Q, R38W, Y88C, C91S, C346S and
W349S mutant proteins were diffusely distributed within the
cells co-localizing with calreticulin  immunoreactivity,
suggesting that the mutant proteins were retained in the ER
(Fig. 7). Moreover, although mutant protein was found in
the Golgi of cells expressing R38Q, R38W, Y88C and
CI91S, no GPR56 mutant proteins co-localized with GM-130
in cells expressing C346S and W349S mutant proteins
(Fig. 7). R565W and L640R, on the other hand, had expression
patterns that more approximated the wild-type GPR56 subcel-
lular pattern (Fig. 7).

Pharmacological chaperones partially rescue cell
surface expression of C346S and W349S mutant proteins

We hypothesized that the N-terminal mutants were trapped in
the ER by chaperone proteins due to protein misfolding, as
reported in some other disease-causing mutations (31,32). To
test this hypothesis, we first analyzed R38Q, R38W, Y88C,
CI1S, C346S and W349S protein structure using Polyphen
(http://genetics.bwh.harvard.edu/cgi-bin/pph/polyphen.cgi) and
SIFT (http://blocks.fhcre.org/sift/SIFT.html) programs, and
both programs predicted that these mutations likely induce
protein misfolding. We next performed rescue experiments
using pharmacological chaperones, thapsigargin and
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Calreticulin Merge

His Merge
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Figure 7. Intracellular retention of GPR56 mutant proteins. Cells expressing the wild-type GPR56 and its various mutant proteins were counterstained with
anti-calreticulin (ER) and anti-GM-130 (Golgi complex) antibodies. The wild-type GPR56 is targeted to the plasma membrane but is also found in intracellular
compartments including the Golgi apparatus. Most of the BFPP-associated mutants are found mainly in intracellular compartments, notably the ER, where they
co-localized in part with calreticulin. The R38Q, R38W, Y88C and C91S mutants are also found in the Golgi apparatus. No major difference was detected in cells
expressing R565W and L640W in comparison with the wild-type GPR56. Scale bar 10 pm.



4-phenylbutyrate (4-PBA). Thapsigargin is an ER calcium
pump inhibitor that rescues cell surface expression of
ER-retained protein by depleting ER calcium stores (33),
whereas 4-PBA reduces mRNA and protein levels of the heat-
shock protein Hsc70 (34,35). After thapsigargin or 4-PBA treat-
ments, the cell surface expression was rescued at different
ranges in cells expressing R38Q, R38W, Y88C, C91S, C346S
and W349S (Fig. 8). These results suggested that these mutant
proteins are retained in the ER due to protein misfolding and
that pharmacological chaperones are able to partially rescue
the cell surface expression. The effectiveness of pharmacologi-
cal chaperones possibly reflects the severity of protein confor-
mational defect (36). The cell surface expression was rescued
in much higher percentage of cells expressing R38Q, R38W,
Y88C, C91S and W349S than in C346S, suggesting that
C346S might induce a much more severe conformational defect.

DISCUSSION

Adhesion GPCRs are a group of signaling molecules that can
facilitate cell-cell and cell-matrix interactions (4,5,14,
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37-46). GPR56 is a particularly distinct member of the
adhesion GPCRs because mutations in GPR56 cause a specific
human brain malformation called BFPP (10,11). In the present
study, we characterize the biochemical properties of GPR56
and demonstrate how various GPRS56 mutations affect
GPR56 function. First, we show that GPR56 undergoes pro-
teolytic cleavage at the GPS domain and that GPS mutations
(C346S and W349S) abolish GPR56 cleavage. Secondly, we
demonstrate that the GPR56 is N-glycosylated at seven sites.
Thirdly, the wild-type GPR56™ can be secreted, although
there is no detectable GPR56™ in the conditioned media
from the six missense mutations in the N-terminal region.
Next, the majority of R38Q, R38W, Y88C and C91S mutant
proteins are retained in the ER and/or Golgi, whereas no
C346S and W349S mutant proteins traffic beyond the ER.
Finally, pharmacological chaperones are able to partially
rescue the mutant protein cell surface expression.
GPS-mediated protein cleavage is an autocatalytic process
(47). The four cysteine and two tryptophan residues in the con-
served sequence, C-x5-W-Xg.16-W-x4-C-x;1-C-x-C, are likely
to be essential for proper formation of the catalytic core.
The GPS domain was first demonstrated to be an internal
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Figure 8. Pharmacological chaperone rescue. Transfected SH-SYS5Y cells were first treated with thapsigargin (1 pm) or sodium 4-PBA 1 mm at 37°C for 3
and 24 h, respectively. Monoclonal mouse anti-VSVG antibodies were added to the media for the last hour of the incubation. These cells were then fixed,
permeabilized and immunostained with anti-His antibody. Surface expression was rescued by pharmacological chaperone in cells expressing R38Q, R38W,
Y88C, CI1S, C346S and W349S, as evident by fluorescent images (A), percentage of cells rescued (B) and the mean value of fluorescence (C). One
hundred randomly selected cells expressing various GPR56 mutant proteins were analyzed. Cell surface expression of mutant protein was determined by
VSVG immunoreactivities. The percentage of cells rescued was calculated by the surface expression of various GPR56 mutants in the transfected cells
(determined by His immunoreactivity). The mean value of fluorescence was determined by the flow cytometry analysis in the population of His-positive
cells (determined by His immunoreactivity). Data from three independent experiments are shown.
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cleavage site in latrophilin and was later found in many other
adhesion GPCRs (14,37). Several other proteins outside the
adhesion GPCR family, including human polycystic kidney
disease protein 1 (PKD-1), and PKDREJ also have the con-
served GPS domain (48,49). Here we show that GPR56 is
cleaved into an N- and a C-terminal fragment in a manner con-
sistent with GPS-mediated proteolysis, whereas the two
mutations in the GPS domain identified in BFPP patients sub-
stitute the conserved cysteine or tryptophan residue and thus
disrupt this cleavage process. Patients who bear the W349S
mutation do not have microcephaly, unlike those with
C346S mutation (10). In cells expressing the W349S mutant,
we observed leaking cleavage product and better rescue in
the cell surface expression. This might explain why patients
harboring the W349S mutations have a less severe phenotype
than patients bearing the C346S mutations (10,11). Further
characterizing the difference between these two mutants
at cellular and molecular levels will shed light on the
pathogenesis.

Proteins that are destined for secretion or the cell surface are
translated in the rough ER and exported to the Golgi, where
additional maturation takes place. In the ER, the proteins
undergo primary N-glycosylation, where only high mannose
oligosaccharides are added. The proteins are then transported
to the Golgi complex, where further N-glycosylation and
O-glycosylation occur. Protein glycosylation is crucial for pro-
moting proper protein folding, intracellular trafficking, cell
surface expression and secretion (17,50). Here, we demon-
strate that GPR56 is heavily N-glycosylated and that this
carbohydrate modification is important for the GPR56
protein translocation and cell surface expression. The
GPR56 N-terminal fragment protein ladders detected in the
wild-type represent the complex carbohydrate chains that are
added in the Golgi. In contrast, no such modification was
detected in the two GPS mutants and very little higher order
glycosylation modification occurred for R38Q, R38W, Y88C
and CI1S (Figs 1 and 2 and S2). This observation is consistent
with the finding that both the two GPS mutant proteins and
most R38Q, R38W, Y88C and C91S proteins were retained
in the ER (Fig. 7).

The N-terminal fragments of several adhesion GPCRs can
be non-covalently tethered to their respective membrane-
bound C-terminal fragments, which form heterodimers on
the cell membrane and function as signaling complexes
(37,49,51). Our data show that GPR56™ remains associated
with GPR56°. Moreover, our data also showed that some
GPR56N is secreted to the conditioned media, as seen in
other adhesion GPCRs (52). It is possible that the GPR56™
could diffuse locally and bind to the reciprocal GPR56
ligand and exert bidirectional signaling, as seen in the cases
of Eph receptors and ephrins (22—24). There is no detectable
GPR56N in the conditioned media collected from all six
N-terminal missense mutations, indicating that secreted
GPR56™ might also be essential for the proper function of
GPR56 and cortex development.

Pharmacological chaperones are a group of low-molecular-
weight compounds that can reverse the mislocalization and/or
aggregation of mutated proteins associated with human
diseases (36). The exact mechanisms by which these com-
pounds function are still not fully understood, although it is

thought that these pharmacological chaperones may stabilize
misfolded protein, prevent protein aggregation or affect the
ER chaperone protein activity (36). In this study, we showed
that the two pharmacological chaperones, thapsigargin and
4-PBA, can partially rescue the cell surface expression of
GPR56 mutant proteins. This finding may open possible strat-
egies to prevent brain malformation in families afflicted with
BFPP.

In contrast to the N-terminal and GPS mutations, the two
transmembrane mutations did not lead to severe defects in
protein trafficking, cell surface expression or N-terminal frag-
ment secretion. Furthermore, the N-terminal and C-terminal
fragment interactions were also not affected by the two trans-
membrane mutations (data not shown). In fact, the only
obvious abnormality observed for the two transmembrane
mutants was a lack of cell surface-expressed GPR56° in
cells expressing R565W or a disproportionately higher level
of GPR56 in cells expressing L640R (Fig. 4). The two trans-
membrane mutations may therefore differentially abolish the
GPR56 protein function by altering the stability and/or turn-
over rate of GPR56“. Further investigation of the structural
and cell signaling properties of GPR56“ will be required to
address this issue.

Although the work described here details the biochemical
properties of the GPRS56 expression and function, several
questions remain unresolved. Notably, the signaling properties
of GPR56 are poorly understood. Recently, GPR56 was shown
to bind the tissue transglutaminase TG2 (12); however, it
remains to be determined whether TG2 functions as a
classic ligand for GPR56. Furthermore, GPRS56 interacts
with the membrane-bound tetraspanin molecules CD9 and
CD81 in vitro, and CD9/CD81/GPR56 complexes facilitate
association with Gagq; and G subunits (53). However, the
relationship of GPR56 with CD9, CD81 and downstream sig-
naling targets is not fully studied in vivo. Finally, further
research is needed to determine the exact role of GPR56,
both at the biochemical and at the physiological level, in
human cortical development and in human neurological
disease.

MATERIALS AND METHODS
Generation of GPR56 expression constructs

All expression constructs were generated using standard mole-
cular biology cloning methods. To generate fusion constructs,
cDNA fragments encoding the full-length mouse GPR56
protein were used as a template for PCR. For VSVG/
His-GPR56, the primers were forward primer 5-GGCTCC
GGAGAGCCCCCGAGAAGACTTCCGCTTCTG-3' and reverse
primer 5'-CGCCGCGGCCGCTCAATGATGATGATGATG-
GATGCGGCTGGAGGAGGTGCTG-3' (the reverse primer
codes for a 6-His tag at the C-terminus of the protein). PCR
products were cloned into the PCR2.1 TOPO system (Invitro-
gen, Carlsbad, CA), and the DNA fragment was digested with
BspEl and Notl and subcloned into VSVG-tagged pCS2 +
vector (gift from Dr Xi He) (54). GPR56 site-directed
mutants were made using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) according to the
protocols suggested by the manufacturer. Primers used for



the mutagenesis are listed in Supplementary Material,
Table S1. All expression constructs were sequenced to
confirm their identity.

Cell culture and transfection

HEK293T and SH-SYS5Y cells were maintained in Dulbecco’s
modified Eagle medium with 10% heat-inactivated fetal calf
serum and incubated at 37°C with 5% CO,. Cells were tran-
siently transfected with different expression constructs and
LipofectAMINE 2000 (Invitrogen) or FuGENEG6 transfection
reagent (Roche Diagnostics, Indianapolis, IN) according to
the manufacturer’s protocol.

Immunoprecipitation, western blot and
crosslinking studies

Cells were washed with phosphate-buffered saline (PBS) and
resuspended in ice-cold RIPA buffer (1% Nonidet P-40,
50 mM Tris pH 7.6, 120 mm NaCl, 1 mm EDTA) with protease
inhibitor cocktail set 1 (Calbiochem, San Diego, CA) and
lysed at 4°C for 30 min. The lysates were cleared of insoluble
materials by centrifugation at 16 000g for 10 min at 4°C.
Protein concentration was determined by Bio-Rad protein
assay method (Bio-Rad, Hercules, CA) according to the manu-
facturer’s protocol, and equal amount of proteins were used
for SDS-PAGE. For immunoprecipitation, cell lysates were
pre-cleared with protein A agarose beads at 4°C for 1 h, fol-
lowed by subsequent incubation with appropriate primary anti-
body and protein A agarose beads. After extensive washes, the
immunopurified proteins were eluted with 8 M urea (50 mm
Tris, pH 8.0) and denatured in 2x SDS sample buffer, separ-
ated by SDS—PAGE gel and transferred to a nitrocellulose
membrane. The membranes were then probed with various
antibodies using standard western blot protocols. Crosslink
studies were carried out according to the manufacturer’s
instruction. Briefly, transfected cells were incubated in PBS
containing 5 mM DSS (Pierce, Rockford, IL) at room temper-
ate for 30 min with gentle stirring. The reactions were sub-
sequently quenched for 15 min at room temperature by
adding 1 M Tris to a final concentration of 20 mMm. The cells
were then washed, lysed and subjected to immunoprecipitation
and western blot analysis as described.

Deglycosylation treatment

HEK-293T cells were transfected with wild-type or different
mutant GPR56 constructs. Forty-eight hours after transfection,
cells were lysed, and equal amounts of proteins were denatured
in denaturing buffer (0.5% SDS, 1% p-mercaptoethanol).
Samples were incubated with different combinations of 1 U
of PNGase F, 1.0 mU of neuraminidase and/or 0.5 mU of
O-glycosidase in 50 mMm sodium phosphate buffer and 1%
NP-40, at 37°C for 4 h prior to SDS—PAGE and western blot
analysis.

Biotinylation of cell surface proteins

Biotinylation of cell surface proteins was performed as
described (55). Briefly, HEK293T cells were transfected
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with VSVG/His-tagged wild-type or mutant GPR56 con-
structs. Twenty-four hours after transfection, cells were
washed with ice-cold PBS and incubated with 0.5 mg/ml of
Sulfo-NHS-Biotin (Pierce) in PBS for 1 h at 4°C. The cells
were subsequently washed extensively in PBS/glycine to
remove any unbound biotin prior to lysis with RIPA buffer.
Equal amounts of cell lysates were incubated with streptavidin—
agarose beads (Sigma, St Louis, MO) for 2h at 4°C.
The beads were then washed three times in RIPA buffer,
and the biotinylated proteins were eluted with 8 M urea (in
50 mm Tris, pH 8.0). Samples were further denatured in
SDS sample buffer, separated by SDS—PAGE and transferred
to a nitrocellulose membrane. The membranes were then
probed with various antibodies, using standard western blot
protocol.

Detection of secreted N-terminal fragment of GPR56

HEK 293T cells were transiently transfected with VSVG/His-
tagged wild-type GPR56 and mutant constructs. Transfected
cells were cultured for 72 h, with media changed after the
first 24 h. Conditioned media were harvested, centrifuged at
300g for 5 min to remove cells and cellular debris, filtered
through a 0.45 pm pore syringe filter (Whatman Inc.,
Clifton, NJ) and concentrated using Centricon Plus-20 spin
columns (Millipore, Billerica, MA). The supernatant was
further centrifuged at 16 000g for 10 min to remove any
residual cellular debris. Equal amount of the concentrated con-
ditioned media from different samples were loaded onto SDS—
PAGE gel and transferred to a nitrocellulose membrane. The
membranes were then probed with rabbit anti-VSVG antibody
using standard western blot protocol.

Immunofluorescence staining

SH-SYSY cells were seeded onto glass coverslips pre-coated
with poly-D-lysine (100 pg/ml) 24 h before transfection.
Cells were transfected with VSVG/His-tagged wild-type or
mutant GPR56 constructs and cultured for another 24 h. The
cells on the coverslips were fixed with 4% paraformaldehyde
and treated with or without 0.1% triton X-100 for 5 min and
blocked with 10% normal goat serum for 1h, as described
(14). Cells were then incubated with proper primary antibodies
[rabbit anti-His (1:500; Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-VSVG (1:200; Roche Applied
Science, Indianapolis, IN), rabbit anti-calreticulin (1:500;
Affinity BioRegents, Golden, CO) or mouse anti-GM-130
(1:250; BD Bioscience Pharmingen, San Jose, CA)] for 1 h.
After rinsing in PBS, samples were incubated with Alexa
fluor-488 goat anti-mouse IgG and/or Alexa fluor-546 goat
anti-rabbit secondary antibodies for 30 min. Cells were then
washed with PBS, and nuclei were stained with Hoechst
33342. Fluorescence was visualized with a Nikon eclipse
TE2000-E inverted microscope (40x objective). Representa-
tive photographs from cells were obtained with the same
exposure setting for wild-type and different mutants. Confocal
data were acquired as images of separate channels (Argon ion
laser, helium—neon laser and two-photon laser) with a Zeiss
LSM 510 confocal microscope (63 x oil objective). Identical
gain, offset, pinhole and laser settings were used for each
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sample. Negative controls for all the immunocytochemistry
staining were carried out by omitting primary antibodies
(data not shown).

Live-cell staining

Cells seeded on the poly-D-lysine-pretreated coverslips were
transfected with VSVG/His-tagged wild-type or mutant
GPR56 constructs. Twenty-four hours after transfection, the
living cells were first incubated with monoclonal mouse
anti-VSVG antibody (1:100) diluted in the culture media for
1 h. These cells were then fixed and treated with 0.1% triton
X-100 and blocked with 10% normal goat serum for 1 h. Sub-
sequently, cells were incubated with polyclonal rabbit anti-His
antibody for 1 h. After rinsing in PBS, samples were incubated
with Alexa fluor-488 goat anti-mouse IgG and Alexa fluor-546
goat anti-rabbit secondary antibodies for 30 min. Cells were
then washed with PBS, and nuclei were stained with Hoechst
33342. Fluorescence was visualized with a Nikon eclipse
TE2000-E inverted microscope (40x objective). Representa-
tive photographs from cells were obtained with the same
exposure setting for wild-type and different mutants.

Flow cytometry

SY5Y cells seeded in poly-D-lysine-coated six-well plates
were transfected with wild-type GPR56 or different mutants
and, in some cases, co-transfected with dynamin2%'/or dyna-
m1n2K44A constructs (a kind gift from Dr Mark A. McNiven)
(27). Cells were processed for live-cell staining as described
earlier. After the last wash, cells were detached from the
plate, and cell fluorescence intensity from each well was
measured on a FACScan flow cytometer (DAKO).

Pharmacological chaperone treatment

Transfected SYS5Y cells were treated with thapsigargin (1 pM,
Calbiochem) or sodium4-PBA 1mm (Sigma) in DMEM
culture media at 37°C for 3 or 24 h, respectively. Monoclonal
mouse anti-VSVG antibodies were added to the media during
the last hour of the incubation. The cells were then processed
for live-cell staining as described earlier.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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