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Identification of three novel proteins (SGSM1, 2, 3) which modulate
small G protein (RAP and RAB)-mediated signaling pathway

Hao Yang a, Takashi Sasaki a, Shinsei Minoshima a,b, Nobuyoshi Shimizu a,⁎

a Department of Molecular Biology, Keio University School of Medicine, Tokyo 160-8582, Japan
b Department of Medical Photobiology, Photon Medical Research Center, Hamamatsu University School of Medicine, Shizuoka, Japan

Received 29 November 2006; accepted 26 March 2007
Available online 23 May 2007
Abstract

We report a novel protein family consisting of three members, each of which contains RUN and TBC motifs and appears to be associated with
small G protein-mediated signal transduction pathway.We named these proteins as small G protein signalingmodulators (SGSM1/2/3). Northern blot
analysis revealed that human SGSM2/3 are expressed ubiquitously in various tissues, whereas SGSM1 is expressed mainly in brain, heart, and testis.
Mouse possessed the same protein family genes, and the in situ hybridization and immunohistochemical staining of tissue sections revealed that
mouse Sgsm1/2/3 are expressed in the neurons of central nervous system, indicating the strong association of Sgsm family with neuronal function.
Furthermore, endogenous Sgsm1 protein was localized in the trans-Golgi network of mouse Neuro2a cells by immunofluorescence microscopy.
Expression of various cDNA constructs followed by immunoprecipitation assay revealed that human SGSM1/2/3 proteins are coprecipitated with
RAP and RAB subfamily members of the small G protein superfamily. Based on these results, we postulated that the SGSM family members function
as modulators of the small G protein RAP and RAB-mediated neuronal signal transduction and vesicular transportation pathways.
© 2007 Elsevier Inc. All rights reserved.
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The G protein is a general term for guanine nucleotide
binding proteins with GTPase activity comprising many similar
but distinct proteins which are associated with a variety of
cellular functions such as differentiation, proliferation, and
intracellular molecular mechanisms. The small G proteins are
low-molecular-weight GTPases including the RAS superfamily
which serve as molecular switches in the pathways of signal
transduction and vesicular transport by shuttling between GTP-
bound active and GDP-bound inactive forms. Furthermore,
these small G protein-mediated signaling pathways affect each
other and such regulation is considered essential for main-
tenance of cellular homeostasis [1–3].

The RAP family is a subfamily of the RAS superfamily and
consists of four members, RAP1A, RAP1B, RAP2A, and
RAP2B. All members of RAP family have a highly conserved
amino acid sequence (60–90% homology) and are regulated
⁎ Corresponding author. Fax: +81 3 3351 2370.
E-mail address: shimizu@dmb.med.keio.ac.jp (N. Shimizu).

0888-7543/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2007.03.013
through exchange reactions controlled by guanine nucleotide
exchange factors (GEFs) or GTPase-activating proteins (GAPs)
[4]. The RAP proteins are shown to play key roles in various
cellular phenomena, such as integrin-mediated cell adhesion [5–
7], cadherin-mediated cell junction formation [8,9], actin
dynamics [10–12], differentiation of neuronal cells [13,14],
and synaptic plasticity and Wnt/β-catenin signaling pathway
[15–17].

The RAB family is the largest subfamily of RAS superfamily
and is composed of over 60 members [18]. Similar to RAP
proteins, RAB proteins act as molecular switches by inter-
changing between active and inactive forms. RAB family
proteins are localized on various intracellular membranes,
where they play key roles in regulating the vesicle formation
and its motility, docking, and fusion. Some RAB family
members are correlated with particular cellular functions such
as synaptic transmission [19,20], endosomal regulation [21–
26], traffic between trans-Golgi network (TGN) and plasma
membrane [27], peripheral distribution of melanosomes [28],
and secretion in cytotoxic T lymphocytes [29].
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In 1999, we finished the DNA sequencing of the euchro-
matic region of chromosome 22 as the first significant
achievement of the Human Genome Project with international
collaboration [30]. Since then, we have continued the
comprehensive analysis of all the probable/putative genes to
confirm their existence by expression profiles, cDNA isolation,
and protein characterization [31–33]. In this paper, we report a
novel gene family, small G protein signaling modulator
(SGSM), consisting of three members: SGSM1 on chromosome
22q11.2, SGSM2 on chromosome 17p13.3, and SGSM3 on
chromosome 22q13.1. All three SGSM proteins possess both
RUN domain (a motif commonly found in RPIP8, UNC-14, and
NESCA) and TBC domain (a motif commonly found in Tre-2,
BUB2p, and Cdc16p), which are reported as domains for
binding to RAP proteins and RAB proteins, respectively. The
SGSMs are expressed in the neuronal cells of the central
nervous system (CNS) and are found to be associated with all
the members of RAP family and several members of RAB
family. Furthermore, endogenous SGSM1 protein is localized at
TGN of neuronal cells. Based on these findings, we postulated
that the SGSM family members act as modulators of RAP and
RAB-mediated cellular signaling.

Results

Cloning, genomic structure, and motif prediction of SGSM
family

In our previous computer analysis of human chromosome 22
DNA sequence, we predicted a novel gene located between two
Fig. 1. Genomic structures, cDNA structures, and motif predictions of SGSM gene
following features. (A) Vertical bars indicate the positions of exons and arrows ind
contents, respectively. (B) Boxes indicate the size of exons and horizontal bars indicat
indicated by boxes. RUN and TBC motifs were predicted in all SGSM proteins. Th
genes PIWIL3 and CRYBB2 in 22q11.2 [30]. Applying RT-PCR
and rapid amplification of cDNA ends (RACE) to human adult
brain cDNA library, we isolated the full-length cDNA of this
novel gene and determined its sequence (Accession No.
AB275761). This novel gene was composed of 25 exons with
3.3-kb open reading frame (ORF) encoding a protein of 1093
amino acid residues (Fig. 1). To determine whether any related
family genes exist in the human genome, we searched for the
homologous genes by BLAST against the public databases [34].
Subsequently, we found two homologs, KIAA0397 (Accession
No. BC039204) on 17p13.3 and DJ1042K10 (Accession No.
CR456441) on 22q13.1. We determined the full-length cDNA
sequences of these two genes and found that these genes encode
proteins of 1051 and 749 amino acid residues, respectively.
Motif analysis revealed that these three proteins possess RUN
and TBC motifs in common. Interestingly, the order of two
motifs was inverted in SGSM3 to which additional SH3 motif
was inserted (Fig. 1). Based on the high sequence homology and
the functional features demonstrated below (see text in details),
we designated these three genes/proteins as the members of a
novel family small G protein signaling modulator (SGSM).

Comparison of genomic structure

The exon/intron structure revealed that the length of most
exons in SGSM1 is the same as that of the corresponding exons
in SGSM2. Therefore, SGSM1/2 would have been generated
from the same ancestral gene by gene duplication during the
evolutionary process. Because of a peculiar difference in the
genomic structure in SGSM3 and SGSM1/2, we also compared
family. Three SGSM genes are shown with chromosomal localization and the
icate the direction of transcription. Black and gray lines indicate GC and CpG
e the ORF in cDNA structure. Motif prediction was carried out using Pfam and is
ese two motifs are inverted in SGSM3 and SH3 motif was found.
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their protein amino acid sequence and the length of each exon
but there was no evidence for direct duplication.

SGSM gene family in other species

To identify the orthologs of human SGSM genes from other
species, we carried out homology search using BLAST in the
Ensembl database. The SGSM1/2/3 orthologs were found in
Takifugu rubripes, Drosophila melanogaster, and Mus muscu-
lus. Interestingly only two genes SGSM1 and SGSM3 were
identified in Caenorhabditis elegans. Because the motif
architecture is different in SGSM3 and SGSM1/2, the multiple
alignment by CLUSTAL W was carried out separately and the
phylogenetic trees were drawn using TreeView (Fig. 2) [35].
These phylogenetic trees indicate that a primordial gene of
vertebrate SGSM had been duplicated into SGSM1/2 before the
divergence of pisces and tetrapod. SGSM1/2were also identified
in Drosophila, but these two genes were clustered. Therefore,
Drosophila SGSM1/2 may have been generated by gene
duplication in the fly lineage.

Tissue expression profiles of SGSM genes

To confirm the expression profiles in human and mouse
tissues, we performed Northern blot hybridization using the
partial sequence of ORFs of human SGSM1/2/3 and mouse
Sgsm1/2/3. In human, SGSM2/3 were expressed in a variety
of organs and tissues, whereas SGSM1 was expressed mainly in
brain, heart, and testis (Fig. 3A). In mouse, the expression
Fig. 2. Phylogenetic trees of SGSM1/2 and SGSM3 family proteins. The deduced am
musculus, Takifugu rubripes, Caenorhabditis elegans, and Drosophila melanogaster
were divided into two groups, SGSM1/2 and SGSM3. Phylogenetic trees were calcula
are proportional to the extent of sequence divergence from the common ancestor.
patterns of Sgsm2/3 are basically the same as these of human
SGSM2/3. However, Sgsm1 was expressed only in adult
mouse brain. Furthermore, the expression analysis at different
developmental stages revealed that Sgsm2/3 are expressed in all
the developmental stages, but Sgsm1 is expressed only in later
stages of development (Fig. 3B).

The transcripts of human SGSM2/3 were detected as 9.4 kb
for SGSM2 and 4.0 kb for SGSM3. The transcripts of mouse
Sgsm1/2/3 were detected in different sizes, with particular size
differences notable between adult and embryo: 7.0 and 5.0 kb for
Sgsm1, 6.0 and 4.4 kb for Sgsm2, and 3.4 and 3.0 kb for Sgsm3.
These transcript variants must be generated by the alternative
splicing in different tissues or at different developmental stages.

We also carried out RT-PCR using human cDNAs derived
from different tissues and obtained similar expression profiles
with Northern blot analysis (data not shown). These results
suggested that SGSM1 is mainly expressed in brain, and hence
this gene might be associated with the CNS function. To confirm
localization of SGSM1 in the CNS, we carried out Northern blot
analysis using human mRNAs prepared from different parts of
human brain and spinal cord. In fact, SGSM1 transcript of 7.0 kb
was detected in most parts of human CNS (Fig. 3C).

Expression profiles in mouse brain

The transcripts of Sgsm family, especially Sgsm1 in mouse,
were expressed predominately in brain. To obtain a more
detailed expression profile of SGSM family in brain, we
performed in situ hybridization with adult mouse brain tissue
ino acid sequences of SGSM orthologs were analyzed for Homo sapiens, Mus
. According to the relative order of RUN and TBC motifs, these three proteins
ted and drawn using CLUSTALWand TreeView. Horizontal lengths of branches



Fig. 3. Expression profiles of the members of SGSM family in human and mouse. (A) Northern blot analyses using human multiple tissues/organs (SGSM1/2/3). The
lengths of transcripts of human SGSM genes are 7.0 kb for SGSM1, 6.0 and 9.4 kb for SGSM2, and 3.4 and 4.0 kb for SGSM3. (B) Northern blot analyses using mouse
multiple tissues/embryos (Sgsm1/2/3). The lengths of transcripts of mouse Sgsm genes are 5.0 and 7.0 kb for Sgsm1, and 4.4 and 6.0 kb for Sgsm2, and 3.0 and 3.4 kb
for Sgsm3. (C) Northern blot analyses using human brain multiple tissues (SGSM1). A single transcript of human SGSM1 was detected at 7.0 kb in most tissues. The
hybridization with human β-ACTIN (ACTB) or mouse β-Actin (Actb) probe was used as the control.
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sections. The transcripts of Sgsm1 gene were detected by
antisense RNA probes in the layer of Ammon's horn (CA1,
CA2, and CA3) and dentate gyrus (DG) of hippocampus (Hip),
granular layer (GL) and Purkinje cell layer (PL) of cerebellum
(Cb), and neuronal cells of cerebral cortex (Cx) (Figs. 4A–4F).
The sense RNA probes exhibited no specific signals (Figs. 4D′–
4F′). We obtained similar expression profiles with the RNA
probes for Sgsm2/3 (data not shown). To confirm the expression
of Sgsm1 protein in CNS, immunohistochemistry was carried
out using anti-SGSM1/Sgsm1 antibody (Figs. 4G–4I). The
expression profile of Sgsm1 protein is similar to that of Sgsm1
transcript in mouse brain sections. These results indicate that
Sgsm family genes are expressed in brain and associated with
the neurons of CNS.

SGSM family proteins interact with RAP family proteins via
novel RAP interacting domain (RAPID) motif

All members of SGSM family proteins possess one RUN
motif. The exact function of RUN motif is still unknown,
however, several proteins containing RUN motif are known to
interact with some small GTPase, namely RAP family proteins
[36,37]. For example, Rap2 interacting protein 8 (RPIP8)
contains a RUN motif in the region 44–188 amino acids (aa) to
which RAP2 interacts as a putative effector for G protein
signaling. The N-terminal region (1–298 aa) of RPIP8 is
necessary for the interaction with GTP-bound form of RAP2
[37]. Our study with Dot matrix analysis of amino acid
sequence revealed that a RUN motif-containing region (16–330
aa) of SGSM1 has a significant homology to RPIP8 (data not
shown). We also obtained similar results for SGSM2/3. These
results suggested that SGSM proteins would also interact with
RAP2. We performed immunoprecipitation assay on the lysate
extracted from Neuro2a cells using anti-SGSM1 antibody and
identified endogenous RAP1 and RAP2 as proteins interacting
with SGSM1 protein (Supplementary Fig. 1). However, anti-
RAP1 antibody could not distinguish between RAP1A and
RAP1B, and anti-RAP2 antibody could not distinguish between
RAP2A and RAP2B. Therefore, we analyzed the possible
interaction between SGSM family and RAP family proteins
using 293FT cells in which FLAG-tagged SGSM1/2/3 and
HA-tagged expression constructs of RAP1A/1B/2A/2B were



Fig. 4. In situ hybridization and immunohistochemistry analyses of Sgsm1 in mouse brain. Horizontal sections of adult mouse brain were used. For the in situ
hybridization, the magnifications were 50× (A–C) and 200× (D–F, D′–F′). Arrows indicate positive signals using antisense DIG-labeled RNA probes (A–F). For
immunohistochemistry analyses, the magnification was 100× (G–I). Arrows indicate positive signals using anti-Sgsm1 antibodies. DG, dentate gyrus; Hip,
hippocampus; GL, granular layer; PL, Purkinje cells layer; Cb, cerebellum; Cx, cerebral cortex; ML, molecular layer; WM, white matter.
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transfected. Then, the immunoprecipitation was performed with
anti-HA tag antibody for the lysates of these transfectants, and
the precipitates were analyzed by Western blotting with anti-
FLAG tag antibody (Fig. 5). All members of FLAG-tagged
SGSMproteins were coimmunoprecipitated with all members of
HA-tagged RAP1A/1B/2A/2B. Essentially the same results
were obtained when anti-FLAG tag antibody was used for
immunoprecipitation and anti-HA tag antibody was used for
Western blotting (data not shown). These results indicate that all
members of SGSM family bind to all members of RAP family.

To identify the binding site of SGSM1 protein for RAP family
protein, we produced the deletion series of FLAG-tagged
SGSM1 and transfected these together with HA-tagged
RAP2A to 293FT cells (Fig. 6A). The coimmuoprecipitation
results indicated that intact SGSM1 and the N-terminal deletion
mutants of SGSM1, namely Del1 (201–1093 aa) and Del2
(301–1093 aa), bind to HA-tagged RAP2A, whereas all the N-
terminal deletion mutants truncated over 350 aa, namely Del3-6,
lost their binding ability to HA-tagged RAP2A (Fig. 6B). We
obtained the same results when these SGSM1 mutants were
transfected with the other RAP family members (data not
shown). These results suggested that the 301–350 aa region of
SGSM1 is necessary for the binding to RAP family members. To
confirm the presence of this binding site, we also carried out
coimmunoprecipitation using the C-terminus-deleted FLAG-
tagged SGSM1 with HA-tagged RAP2A (Fig. 6C). This
experiment supported the idea that the 301–350 aa region of
SGSM1 is essential for the binding to RAP family members.
These results strongly indicated that the binding site is not RUN
motif but the adjacent region (301–350 aa). To examine whether
this binding site sequence is present in other related proteins, we
compared the amino acid sequences of RUN-containing proteins
of human and other species using the CLUSTALWprogram.We
found five additional blocks of conserved sequence (1–5) in the
neighboring region of RUN motif (Fig. 7). Therefore, we
defined these conserved blocks as a novel motif RAPID which
acts as an interacting site between RUN-containing proteins and
RAP proteins. Especially, the 301–350 aa region is essential for
the binding between SGSM1 and RAP proteins, so that the 301–
350 aa region is considered the “core” of RAPID motif (Fig. 7).

SGSM family proteins interact with several members of RAB
family

The small GTPase RAB family in human is composed of
over 60 members and they are believed to function as key



Fig. 5. SGSM family proteins interact with small GTPase RAP proteins. The
expression constructs of FLAG-tagged SGSM and HA-tagged RAP cDNAs
were cotransfected in 293FT cells and the cell lysates were processed for
immunoprecipitation using mouse anti-HA antibody. Western blot analyses
were performed using rabbit anti-FLAG antibody. Cotransfection of p3XHA-N
vector with FLAG-tagged SGSM and HA-tagged RAP2A with FLAG-tagged
DICER deletion mutant 1–1075 aa were used as negative control. The
expression of tagged proteins in cell lysates was confirmed by antibodies for
each tag. The results for SGSM1 are shown as representative. F, FLAG-tagged;
H, HA-tagged; DICER del, DICER deletion mutant of 1–1075 aa; IP,
immunoprecipitation; IB, immunoblotting.
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regulators in intracellular vesicle transportation [18]. In this
system, a series of proteins containing TBC motif has been
identified as RAB-associated proteins and it was demonstrated
that TBC motif acts as a catalytic site for GDP/GTP exchange
reaction and interaction site for the GTP-bound RAB [40,41,46].
Based on these findings, we assumed that SGSM family proteins
interact with RAB proteins through TBC motif. We then carried
out coimmunoprecipitation analysis to examine the possible
interaction between SGSM family and RAB family members
using Neuro2a cells which are derived from mouse neuroblas-
toma of spinal cord and have been shown to have significant
expression of various RAB proteins (data not shown). FLAG-
tagged SGSM constructs were transfected into Neuro2a cells
and the cell lysates of transfectants were processed for
immunoprecipitation using anti-FLAG tag antibody. To detect
the endogenous RAB proteins in the immunoprecipitates,
Western blotting analysis was performed using anti-RAB
antibodies against each of human RAB3, 4, 5, 8, 11, and 27.
As a result, the interaction of SGSM proteins with several RAB
proteins was confirmed, but the pattern of interaction is
apparently different depending on the combination of SGSM
and RAB members (Fig. 8). RAB 4/11 interacted with all the
members of SGSM and RAB 3/5/8 interacted with SGSM1 and
SGSM3; however, RAB27 did not interact with SGSM family
proteins. This indicates a certain specificity in the interaction
between SGSM members and RAB members.

SGSM1 is localized in trans-Golgi network in neuronal cells

To determine the intracellular localization of endogenous
SGSM1 protein, Neuro2a cells were analyzed by immuno-
fluorescence microscopy. The endogenous SGSM1 protein was
detected mainly at a Golgi-like apparatus in the cytosol (Figs.
9F–9J). To further confirm this observation, we carried out dual
immunofluorescence assay using antibodies against two Golgi
markers, GM130 as a marker for cis-Golgi and p230 as a
marker for trans-Golgi network (Figs. 9A and 9B) [42].
Fluorescent images showed that SGSM1 is colocalized with
p230 and not with GM130, indicating the TGN location of
SGSM1 (Figs. 9K′–9L′).

Subcellular localizations of other RAP and RAB proteins
such as RAP1, RAP2, RAB3, RAB4, RAB5, RAB8, RAB11,
and RAB27 were also analyzed using various antibodies. The
endogenous RAP1 was detected strongly in the nucleus and
weakly in the cytoplasm (Fig. 9C), whereas the endogenous
RAP2 was localized only in the cytoplasm (Fig. 9D). Endo-
genous RAB3, RAB4, RAB5, RAB11, and RAB27 were also
localized in the cytoplasm (data not shown). The endogenous
RAB8 was detected in a region near the nucleus (Fig. 9E). Thus,
the majority of RAP and RAB proteins are localized in the
cytoplasm, so that it is reasonable to assume that SGSM1 was
occasionally detected together with RAP and RAB family
proteins at multiple locations in the cytoplasm (Figs. 9M′–9O′).
Therefore, we conclude that SGSM1 interacts with RAP or
RAB family proteins in the cytoplasm.

Discussion

Recent studies have provided abundant evidence that the
modulation of various signaling pathways plays critical roles for
growth, proliferation, and differentiation of cells. It is shown
that the small G proteins such as RAP and RAB proteins are the
key molecules in intracellular signal transduction and vesicle
transportation. In this study, we identified a novel protein family
SGSM consisting of three members and demonstrated that they
bind to RAP and RAB family proteins. Furthermore, it was
found that SGSM1 gene is mainly expressed in the CNS, and at
the subcellular level SGSM1 protein is localized at the TGN.
These results suggested that SGSM family members would play
key roles as novel mediators in the RAP-signaling pathway and
RAB-associated intracellular vesicle transportation.

SGSM genes exist in animal species with multicellular systems

Through the homology search against public databases, we
found the SGSM-like genes (orthologs) in many animals such as
nematode (C. elegans), fly (D. melanogaster), fish (T. rubripes),
and mouse (M. musculus); however, we could not find any
orthologs in plant, fungi, and protozoan. All the animal SGSM
proteins possessed both RUN and TBC motifs. In addition, we
identified a novel motif RAPID near RUN motif in most of the
animal RUN motif-containing proteins.

Further database search revealed that the TBC-containing
proteins exist ubiquitously in eukaryotes, whereas the
RUN-and-RAPID-containing proteins are present only in
animals with multicellular systems. Therefore, we presume
that the TBC motif is involved in the fundamental functions for
both plant and animal cells, whereas the RUN and RAPID
motifs are involved in the intracellular signaling essential for



Fig. 6. Interaction analysis between RAP2A and SGSM1 deletion mutants. (A) A series of SGSM1 deletion mutants was constructed and tagged with 3×FLAG at N-
terminal (F-SGSM1 Del 1–8). (B) and (C) The HA-tagged RAP2A protein was coexpressed in 293FT cells with a series of SGSM1 deletion mutants and analyzed by
immunoprecipitation and Western blotting. p3XHA-N vector with FLAG-tagged SGSM1 and HA-tagged RAP2A with FLAG-tagged DICER Del were used as
negative controls. F, FLAG-tagged; H, HA-tagged; DICER del, DICER deletion mutant of 1–1075 aa; IP, immunoprecipitation; IB, immunoblotting.
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multicellular animal systems. Since SGSM proteins possess all
these TBC, RUN, and RAPID motifs, it is possible that they
function as modulators between RUN/RAPID-mediated signal-
ing and TBC-mediated signaling to maintain vesicle transporta-
tion regulated by various intracellular and extracellular signals.

SGSM proteins are involved in intracellular transportation in
neuronal cells

Human SGSM2/3 and mouse Sgsm2/3 are expressed ubiqui-
tously in both human and mouse tissues, whereas human
SGSM1 and mouse Sgsm1 are expressed in limited tissues,
especially in brain. Human SGSM2/3 and mouse Sgsm2/3 are
expressed in brain, but human SGSM1 and mouse Sgsm1 appear
more specifically related to the function of CNS. Because mouse
Sgsm1 was expressed only at the later stages of embryonic
development, we suspected that it may be related to the
formation of ectoblast fromwhich brain develops.We confirmed
the human SGSM1 and mouse Sgsm1 expression in the neurons
of CNS. Furthermore, the Sgsm1 protein was localized at TGN
in Neuro2a cells. Based on these findings, we speculated that
SGSM1 may play a role in modulating two distinct G protein-
associated pathways, namely signal transduction by RAP family
and vesicle transportation by RAB family in brain. Because
human SGSM2/3 and mouse Sgsm2/3 are expressed ubiqui-
tously, it is possible that they are involved in similar functions in
other tissues and organs.

It is known that GAPs generally exhibit different specificity to
effector proteins. In this study, we determined that SGSM1/3
interact with RAB3/5/8, which function in sorting between endo-
some, Golgi apparatus, and plasma membrane [20,23,24,27],
whereas SGSM2 interact with RAB4 and RAB11, which are
known to function in sorting and recycling of vacuoles between
early endosome and plasma membrane [21,22,25]. This suggests
the specificity in the interaction between SGSM family proteins
and RAB family proteins. Therefore we deduced that SGSM
proteins would affect several processes of intracellular transporta-
tion by interacting with distinct RAB members.

SGSM members mediate interaction between intracellular
signaling pathway and vesicle transportation

All three members of SGSM family possess RUN and TBC
motifs as the common conserved domains. Several proteins
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Fig. 8. SGSM family proteins interact with several members of RAB family
proteins. FLAG-tagged SGSM members were expressed in Neuro2a cells.
Immunoprecipitation was performed using anti-FLAG antibody and eluted with
FLAG peptides. Endogenous RAB proteins were detected by anti-RAB
antibodies specific for RAB3, 4, 5, 8, 11, and 27. p3XFLAG-7.1 vector was
used as negative control. F, FLAG–tagged; IP, immunoprecipitation; IB,
immunoblotting.
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with RUN motif, such as RABIP4 (Rab4-interacting protein),
RAB6IP1 (Rab6 interacting protein 1), and RPIP8, are shown
to interact with RAP and RAB proteins, however, RUN motif
was not the binding site to RAB proteins [36–39,43].
Moreover, the region (1–298 aa) containing RUN motif (60–
189 aa) in the RPIP8 protein was proven to be necessary for the
interaction with RAP2 [37]. Our coimmunoprecipitation assay
demonstrated that RUN motif itself is not necessary for the
association with RAP proteins; instead, a novel motif RAPID
was identified as a true interaction site between SGSM and
RAP proteins. In most of the animal RUN-containing proteins,
the amino acid sequences of RAPID motif were conserved in
the RUN-motif-neighboring region. Therefore, the interaction
between SGSM family and RAP proteins would be mediated
through RAPID domain. Furthermore, it is known that RAP1
and RAP2 share most effectors, such as GEFs and GAPs [4].
Our results confirmed that the SGSM family proteins show no
selectivity for RAP1 and RAP2. As described above, RUN
motif was found in the proteins which interact with the small
GTPase RAP and RAB proteins, but it is not always required
Fig. 7. Identification of a novel RAPID motif in SGSM family proteins of various sp
predicted RUN motif and constitute a novel motif RAP interacting domain (RAPID).
rectangle. The numbers in the parentheses indicate the numbers of amino acid residue
and black letters on dark gray show identical, similar, and conserved residues, respe
Xl, Xenopus laevis; Dr, Danio rerio; Ce, Caenorhabditis elegans.
for the binding itself. For example, the RUN motif of RABIP4
is not involved in the binding to RAB4/5/11, but it is essential
for targeting RABIP4 to its intracellular localization [39]. The
RUN motif in new molecule containing SH3 at the carboxy
terminus (NESCA), which is expressed in brain and is involved
in the neurotrophin-dependent neurite outgrowth, is essential
for the nuclear translocation of NESCA [44]. On the other
hand, the RUN motif of UNCoordinated family member 14
(UNC-14) is necessary for its binding to UNC-16 to regulate
the transportation or localization of synaptic vesicles [45].
Therefore, we postulate that RUN motif plays a role in spatial
regulation for transferring target protein to its proper
intracellular location, especially in the neuronal cells. Since
most RUN motifs are located near RAPID motif, this
regulation may be mainly associated with RAP-mediated
signaling pathway.

In addition to RUN and RAPID motifs, SGSM proteins
possess TBC motif. The TBC motif is found in most GAP
proteins, and it has been shown to act as a catalytic site for
GDP/GTP exchange reaction and interaction site for the GTP-
bound RAB [40,41,46]. From the genome-wide search, at
least 60 RABs and more than 50 GAPs were found in the
human genome [18]. By immunoprecipitation of endogenous
RAB proteins, we determined that all SGSM family members
interact with several selected members of RAB family with
different binding abilities. RAB proteins play key roles in
intracellular vesicle transportation. Thus, it is suggested that
SGSM proteins are involved in the regulation of vesicle
transportation pathways. It was recently reported that SGSM3
has GAP activity specific for RAB5 [46] although our results
showed that SGSM3 binds strongly to RAB8 instead of
RAB5.

In this study, we used only six kinds of antibodies to detect
the endogenous RAB proteins and therefore further compre-
hensive study is necessary to explore the detailed association
between the SGSM family proteins and the over 60 members of
RAB family proteins.

Taking all the data together, we predict that each SGSM
protein forms a complex with distinct RAP and/or RAB
proteins to perform its physiological function. It has been
shown that several RAP family members play important roles
in the regulation of synaptic transmission through protein
kinase c-Jun-N-terminal-kinase- (JNK) or 38-kDa-mitogen-
activated protein kinase (p38 MAPK)-mediated signaling
cascades [4,16,17]. In our study, the SGSM family members
showed strong association with neuronal functions and it is
possible that they function downstream of the RAP signaling
pathway and thereby regulate the vesicle trafficking through
interaction with different RAB proteins. Thus, we postulate
that the SGSM family proteins play significant roles as novel
ecies. Five conserved blocks (1–5) were identified in the neighboring region of
The amino acid region of 301–350 aa in human SGSM1 protein is indicated by
s between blocks. White letters on black background, black letters on light gray,
ctively. Hs, Homo sapiens; Mm, Mus musculus; Dm, Drosophila melanogaster;



Fig. 9. Intracellular localizations of SGSM1, RAP members, and RAB members. Neuro2a cells were fixed and immunofluorescence microscopy was performed. (A)
Anti–GM130 antibody was used as the marker of cis-Golgi. (B) Anti-p230 antibody was used as the marker of trans-Golgi network. (K–O) Cell nuclei were stained
using DAPI. Digitally merged images are shown on the right (K′–O′).
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modulators in the small G protein-mediated neuronal signal
transduction and vesicular transportation pathways.

Materials and methods

Computer analysis of DNA and protein sequences

A genomic clone RP5-930L11 (Accession No.AL049759) on chromosome
22 was analyzed to identify novel genes. The nucleotide sequences and amino
acid sequences were analyzed using several kinds of programs and databases.
The details about the computational analysis and the accession numbers of the
nucleotide acid and amino acid sequences are provided in Supplementary
information [47–49].

cDNA cloning and construction of expression vectors

All PCR primers were designed using the software package OLIGO
(National Biosciences Inc., Plymouth, MN) based on the results of computer-
aided analyses (Supplementary Table 1). The cDNA cloning was performed
using PCR-amplified products from the human or mouse adult brain cDNA
library of Multiple Tissue cDNA Panels (Takara, Palo Alto, CA). The RACE
reaction was performed to determine 5′ and 3′ ends of the novel genes using
Marathon Ready human brain cDNA Amplification Kit (Takara, Japan). PCRs
were performed using KOD plus PCR system (Toyobo, Japan) according to the
manufacturer's protocol under the conditions of 94 °C for 20 s, 60 °C for 30 s,
68 °C for 2 min for 35 cycles. The amplified products were inserted in theHincII
site of pUC118 plasmid vector (Takara, Japan) and used as the templates for
nucleotide sequencing.

HA-tagged or FLAG-tagged RAP1A/1B/2A/2B, SGSM1/2/3, and various
cDNA fragments encoding 1–300, 1–350, 201–1093, 301–1093, 351–1093,
451–1093, 601–1093, and 751–1093 aa of SGSM1 were constructed by
inserting each cDNA into the expression vectors p3XHA-C, p3XHA-N,
p3XFLAG-C, and p3XFLAG-7.1 (Sigma–Aldrich, St. Louis, MO). The details
of the construction of expression vectors are described in Supplementary
information.
Northern blot hybridization

The probes for human or mouse transcripts were PCR products amplified
using primers described in Supplementary Table 1. Human Mutiple Tissue
Northern (MTN) blot, Mouse MTN Blot, and Mouse Embryo Northern Blot
(Takara, Japan) and Human Fetal Normal mRNA Northern Blot (BioChain,
Hayward, CA) prepared from human adult and fetal issues as well as mouse
adult and embryo tissues were hybridized under the following conditions:
probe was labeled with [α-32P] dCTP using Random Primer Extension
Labeling System (NEN life Science). The hybridization was performed at
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42 °C overnight. The filters were washed once at 65 °C in 2.0×standard
saline citrate (SSC) 0.5% SDS and then once at 65 °C in 0.1×SSC/0.5%
SDS. Autoradiogram was carried out using IP plate (Fujifilm, Japan) for
48 h and then hybridization signals were detected by FLA-3000G system
(Fujifilm).

Generation of antiserum to SGSM1

Antiserum was raised against synthetic peptide of SGSM1. The amino acid
sequence selected for peptide synthesis was CIPNGNLVNGT and showed 80%
identity between human and mouse. The peptide was conjugated with keyhole
limpet hemocyanin and processed for rabbit immunization. The antiserum was
purified using HiTrap Protein G HP and NHS-activated HP (Amersham
Bioscience, Uppsala, Sweden). Specificity was examined finally by Western
blotting and immunoprecipitation of the lysates from 293FT cells transfected
with FLAG-tagged SGSM1 or FLAG-tagged Sgsm1 (data not shown). The
purified anti-SGSM1 antibody was used for intracellular immunolocalization
and immunohistochemistry.

In situ hybridization, immunohistochemistry, and intracellular
immunolocalization

Normal adult mouse brain was frozen and sliced into 6-μm horizonal
sections to use for in situ hybridization or immunohistochemistry. For in situ
hybridization, about 500-bp fragments of mouse Sgsm1/2/3 were amplified
and cloned with the vector of Zero Blunt TOPO PCR cloning kit (Invitrogen,
Carlsbad, CA) to synthesize riboprobes using T3, T7 RNA polymerase and
digoxigenin-11-uridine-5′-triphosphate (Roche Diagnostics, Mannheim, Ger-
many). The hybridization signals were detected with anti-DIG antibody
conjugated with alkaline phosphatase (Roche Diagnostics) and revealed by
the reaction with NBT/BCIP (PerkinElmer Life Science, Boston, MA).
Immunohistochemistry staining was performed using affinity-purified anti-
SGSM1 antibody described above. Normal rabbit IgG was used for negative
control. The signals were dected by horseradish-peroxidase (HRP)-conjugated
anti-rabbit IgG antibody (Dako, Glostrup, Denmark). Sigma FAST 3,3′-
diaminobenzidine tablet sets (Sigma–Aldrich) were used to reveal immunor-
eactivity. For the intracellular localization, Neuro2a cells were immunostained
with affinity-purified anti-SGSM1 antibody. For the detections of RAP
family proteins and RAB family proteins, a series of mouse monoclonal
antibodies (BD Transduction, Lexington, KY) was used at 1:50–200 dilution.
Alexa 488-conjugated goat anti-rabbit IgG and Alexa 594-conjugated goat anti-
mouse IgG (Molecular Probes, Carlsbad, CA) were used as secondary
antibodies. Fluroescent images were obtained by LSM 510 META (Zeiss,
Germany).

The detailed protocols of in situ hybridization, immunohistochemistry, and
intracellular immunolocalization are in Supplementary information.

Cell culture, transient transfection, immunoprecipitation, and Western
blotting analysis

293FT cells were cultured in Dulbecco's modified Eagle's medium (Sigma–
Aldrich) supplemented with 10% fetal bovine serum (Intergen, Japan) and 10%
penicillin streptomycin solution stabilized (Sigma–Aldrich) at 37 °C with 5%
CO2. The composition of the medium for Neuro2a cells was basically the same
as that for 293FT except for the addition of 1% G418 disulfate salt solution
(Sigma–Aldrich). The cells were transfected with expression vectors using
lipofectamine 2000 (Invitrogen). After being cultured for 30 h, transfected cells
were lysed with buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
and 1% Triton X-100) containing protease inhibitor cocktail tablet (Roche
Diagnostics) and 100 U/ml Benzonase (Merck, Whitehouse Station, NJ). The
procedures of Western blotting analysis and immunoprecipitation using EZview
Red Anti-FLAG M2 Affinity Gel or EZview Red Anti-HA Affinity Gel
(Sigma–Aldrich) were described previously [50]. DICER del tagged by 3×
FLAG tag at N terminus has a molecular weight similar to that of SGSM1
protein and was used as the control protein. The function predictions and
previous experimental results indicate that DICER Del associates with neither
SGSM family proteins nor RAP family proteins. p3XHA-N vector was used as
another negative control. The detailed protocol for endogenous immunopreci-
pitation is described in Supplementary information.
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