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ABSTRACT Myosin- and Rab-interacting protein (MyRIP), which belongs to the protein ki-
nase A (PKA)-anchoring family, is implicated in hormone secretion. However, its mechanism
of action is not fully elucidated. Here we investigate the role of MyRIP in myosin Va (MyoVa)-
dependent secretory granule (SG) transport and secretion in pancreatic beta cells. These cells
solely express the brain isoform of MyoVa (BR-MyoVa), which is a key motor protein in SG
transport. In vitro pull-down, coimmunoprecipitation, and colocalization studies revealed that
MyRIP does not interact with BR-MyoVa in glucose-stimulated pancreatic beta cells, suggest-
ing that, contrary to previous notions, MyRIP does not link this motor protein to SGs. Glucose-
stimulated insulin secretion is augmented by incretin hormones, which increase cAMP levels
and leads to MyRIP phosphorylation, its interaction with BR-MyoVa, and phosphorylation of
the BR-MyoVa receptor rabphilin-3A (Rph-3A). Rph-3A phosphorylation on Ser-234 was inhib-
ited by small interfering RNA knockdown of MyRIP, which also reduced cAMP-mediated hor-
mone secretion. Demonstrating the importance of this phosphorylation, nonphosphorylat-
able and phosphomimic Rph-3A mutants significantly altered hormone release when PKA
was activated. These data suggest that MyRIP only forms a functional protein complex with
BR-MyoVa on SGs when cAMP is elevated and under this condition facilitates phosphoryla-
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tion of SG-associated proteins, which in turn can enhance secretion.

INTRODUCTION

Insulin is stored in large, dense-core secretory granules (SGs) that
are released upon nutrient stimulation from pancreatic beta cells.
When blood glucose is elevated, insulin is secreted in a biphasic
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manner. The first, rapid phase is due to the ATP-sensitive K* (Karp*)
channel-dependent (triggering) pathway, which increases [Ca?*];.
This is followed by a sustained second phase of secretion, which
includes the Karp® channel-dependent pathway because of the
need for elevated [Ca?*]; and additional signals from Karp* channel-
independent (amplifying) pathways. The latter include stimulation of
adenylyl cyclase activity and activation of protein kinase A (PKA)
by incretin hormones such as glucagon-like peptide-1 (GLP-1;
Bratanova-Tochkova et al., 2002; Seino and Shibasaki, 2005; Doyle
and Egan, 2007). SGs released during the first phase are likely to be
situated at the plasma membrane (Olofsson et al., 2002), but they
might also be recruited from relatively distant areas of beta cells
(Kasai et al., 2008). During the second phase new SGs need to be
recruited from the central regions to the periphery of the cell, which
occurs by directed SG transport. Our studies showed that SGs are
transported from the cell center to the cell cortex primarily by the
microtubule-based motor protein conventional kinesin (Varadi et al.,
2002, 2003). The short-range movements in the cortical regions of
the cell that carry SGs over the last few hundred nanometers to the
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cell surface involve myosin Va (MyoVa; Varadi et al., 2005; Ivarsson
et al., 2005). Inhibition of MyoVa function by the expression of the
dominant-negative—acting MyoVa-tail domain or small interfering
RNA (siRNA) knockdown led to a significant decrease in the number
of docked SGs and to a reduction in insulin release (Varadi et al.,
2005).

Our recent work revealed that the SG-docking proteins gran-
uphilin-a/b (Gran-a/b) and rabphilin-3A (Rph-3A) link the neuronal/
brain isoform of MyoVa (BR-MyoVa) to SGs (Brozzi et al., 2012).
These findings were rather unexpected because this was the first
time that direct interaction between these C2-domain—containing
proteins and MyoVa was demonstrated. Previous studies of the
melanocyte isoform of MyoVa (MC-MyoVa) receptor melanophilin
(Mlph; Fukuda and Kuroda, 2002) on melanosomes raised the
possibility that in endocrine and neuroendocrine cells the comple-
mentary myosin- and Rab-interacting protein (MyRIP)/Slac2-c ful-
fils the same role. Although it is clear from previous studies that
MyRIP is important for beta-cell function, its mechanism of action
is controversial.

Knockdown of MyRIP protein level by siRNA significantly reduces
stimulated hormone release (Waselle et al., 2003; Goehring et al.,
2007). Furthermore, MyRIP partially localizes to insulin-containing
SGs (Waselle et al., 2003; Goehring et al., 2007). It is not clear, how-
ever, whether MyRIP is able to interact with BR-MyoVa under physi-
ological conditions. The majority of in vitro and in vivo studies inves-
tigated the MC-MyoVa isoform interaction with MyRIP, and very little
is known about the interactions and role of BR-MyoVa, which is ex-
pressed in cells with key physiological functions (e.g., endocrine and
neuroendocrine cells and neurons). These MyoVa variants contain
different alternative exons in their medial tail domain (Seperack
et al., 1995). MC-MyoVa contains exons D and F, both of which are
important for cargo binding in melanocytes (Au and Huang, 2002).
In contrast, the BR-MyoVa contains exon B but lacks both exons D
and F (Seperack et al., 1995). In vitro binding assays revealed that
BR-MyoVa interaction with MyRIP is negligible compared with that
of MC-MyoVa (Fukuda and Kuroda, 2002), demonstrating that alter-
native splicing of MyoVa influences its ability to interact with MyRIP.
One study showed that the affinity of MyRIP binding even to the
MC-MyoVa variant is very low in vitro (~15-fold less than the Miph—
MC-MyoVa interaction), and overexpression of MyRIP could not
rescue melanosome transport in Mlph-knockout cells (Kuroda and
Fukuda, 2005a). This study suggested that it is highly unlikely that
interaction could occur between BR-MyoVa and MyRIP under physi-
ological conditions unless MyRIP is either posttranslationally modi-
fied or forms a complex with other proteins to enhance its interac-
tion with BR-MyoVa. In support of this finding, overexpression of the
MyoVa-binding domain of MyRIP did not affect SG localization and
hormone secretion from pancreatic beta cells (Waselle et al., 2003).
Furthermore, overexpression of MyRIP containing a mutation A748P
that has reduced binding activity to the MC-MyoVa tail domain did
not change global insulin vesicle distribution (Mizuno et al., 2011).
Moreover, in PC12 cells the control of SG exocytosis by MyRIP de-
pends on its actin- and Rab27A-binding ability but is independent
of interaction with MyoVa (Desnos et al., 2003). Our recent study of
pancreatic beta cells also suggested that MyRIP is unlikely to be-
have as a classic receptor for MyoVa on SGs (Brozzi et al., 2012).

In striking contrast, another study found that the affinity of MyRIP
to MC-MyoVa is similar to that of MIph and that overexpression of
MyRIP is able to restore melanosome transport in Mlph-knockout
cells (Ramalho et al., 2009). It suggested that MyRIP and MyoVa
might interact in cells in which both proteins are endogenously
coexpressed (e.g., insulin-secreting beta cells and PC12 cells). In

Volume 23 November 15, 2012

support of this study, an antibody that prevents the interaction of
MyoVa with MyRIP has been shown to reduce the recruitment of
insulin granules for release (lvarsson et al., 2005). The main reason
for these confounding results is that the functionally different
MC-MyoVa and BR-MyoVa variants were used interchangeably. To
better understand the role of MyRIP in MyoVa transport in endo-
crine, neuroendocrine cells, and neurons, it is essential to investi-
gate endogenous BR-MyoVa and MyRIP in a cell type that solely
expresses this MyoVa splice variant.

In addition to its potential MyoVa receptor function, MyRIP
has been shown to operate as a PKA-anchoring protein (AKAP;
Goehring et al., 2007). MyRIP colocalizes with the PKA regulatory
domain (PKAg) and forms complexes with both regulatory (PKAR)
and catalytic subunits (PKA¢), and PKA activity is enriched in the
MyRIP complexes in pancreatic beta cells (Goehring et al., 2007).
Furthermore, MyRIP interacts with the exocyst complex, an evolu-
tionarily conserved protein complex that controls protein traffick-
ing and exocytosis (Novick et al., 1980; Munson and Novick, 2006;
Bajjalieh, 2004; Tsuboi et al., 2005). Thus, MyRIP may mediate
correct positioning of PKA at sites of exocytosis to synchronize
SG transport in response to second-messenger and other cellular
signals. However, no targets for MyRIP-facilitated PKA phosphory-
lation have been identified to date.

The following questions regarding MyRIP functions are unre-
solved: Does MyRIP functionally couple to BR-MyoVa? Are Rab27A-
MyRIP-MyoVa and the MyRIP-PKA part of the same complex? If so,
is there a target for PKA on this complex? The present study ad-
dresses these questions.

RESULTS

The neuronal/brain form of MyoVa is expressed

in pancreatic beta cells

The schematic working model of the MyoVa-SG complex and the
alternative exons of the MyoVa medial tail domain are shown in
Figure 1, A and B. Both MINé insulinoma cells and primary rat islets
of Langerhans express a single MyoVa splice variant, BR-MyoVa,
which contains exon B but not exon D or F (Figure 1, B and C). In
contrast, the neuroendocrine PC12 cells coexpress several MyoVa
splice variants (Figure 1C), including the melanocyte-spliced form
that contains exons D and F (MC-MyoVa).

MyRIP and BR-MyoVa are not part of the same protein
complex, and they do not colocalize in beta cells at
stimulatory glucose concentrations

To identify whether MyRIP interacts with BR-MyoVa in glucose-stim-
ulated MIN6 cells (16.7 mM glucose), we generated glutathione S-
transferase (GST)-tagged constructs encoding the most likely site
for cargo interaction: exons ABCE with globular tail domain (E-GTD)
and globular tail domain (GTD; Figures 1, A and B, and 2A), which
were used for GST pull-down assays (Figure 2B). Although MyRIP
and Rab3 are clearly detectable in the input (Figure 2B, lane 1), they
never appeared in pull-down samples (Figure 2B, lanes 2-4). In con-
trast, under the same conditions the known interaction partner
Rab27 (Brozzi et al., 2012) was equally detectable in the pull-down
fractions (Figure 2B, lanes 2 and 3), which can link BR-MyoVa to SG
via Gran-a, Gan-b, or Rph-3A (Brozzi et al., 2012).

To test whether the lack of colocalization can be observed in situ
in glucose-stimulated beta cells, we costained MINé cells for MyoVa
and MyRIP. As demonstrated previously, both MyoVa (Varadi et al.,
2005; Brozzi et al., 2012) and MyRIP (Waselle et al., 2003) partially
colocalize with insulin, but staining is also observed in the cytosol.
In contrast, MyRIP and MyoVa showed very little colocalization on
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FIGURE 1: Schematic model of the MyoVa-SG complex and MyoVa
expression in pancreatic beta cells. (A) The alternative exons ABCE
and the globular tail domain (E-GTD) of MyoVa are involved in the
interaction with SGs. Rab27 is an essential component of a protein
complex that serves as the SG receptor for MyoVa. This complex is
likely to include a Rab effector protein(s) such as MyRIP in pancreatic
beta cells. Note that MyRIP is an AKAP (Goehring et al., 2007), hence
the presence of PKA in the model. (B) Schematic representation of the
different alternatively spliced forms of MyoVa and location of the
primers used for PCR. The capital letters represent exons as
described previously (Seperack et al., 1995; Brozzi et al., 2012).

(C) Amplification of different alternative spliced forms of MyoVa by
RT-PCR. Two sets of PCR primers were used: PCR a and b (positions
are shown on B). Agarose gels show the MyoVa and B-actin
amplification products from MIN6 beta cells, PC12 cells (left) and
primary rat islets of Langerhans (right). Plasmids encoding exons
ACDEF or ABCE were used as controls (left). PCR amplification in the
absence of DNA template was used as negative control (-Cont.). Data
are representative of three independent experiments.
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insulin granules (Figure 2, C and D). Immunogold electron micros-
copy revealed that only 7% of SGs were colabeled with both anti-
bodies (250 SGs on eight different sections from four different
blocks). However, when both MyoVa and MyRIP localized onto the
same SGs, the distance between the gold particles was >30 nm in-
dicating that they are not part of the same protein complex even on
these SGs (van Weering et al., 2010; Brozzi et al., 2012). Occasion-
ally the gold particles were found within 10-30 nm in the cytosol (14
such clusters were observed on eight sections). These results indi-
cate that the majority of MyoVa is not linked to insulin vesicles via
MyRIP.

As an alternative approach and also to test whether the lack
of interaction seen in GST pull down is not the result of using a
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truncated form of MyoVa, we performed immunoprecipitations (IPs)
of native endogenous proteins. Whereas MyoVa could specifically
be immunoprecipitated with the anti-MyoVa antibody (Figure 3A,
Spec. IgG, first row) MyRIP was not detectable in the same sample
(Figure 3A, Spec. IgG, second row). In contrast, kinesin, which is
known to be in the same complex as MyoVa (Huang et al., 1999),
was clearly detectable (Figure 3A, Spec. IgG, third row). PC12 cell
homogenate was used as a positive control, which is known to con-
tain several splice variants of MyoVa, including the MC-MyoVa
(Figure 1C), and it has been shown that MyRIP can interact with this
MyoVa variant (Fukuda and Kuroda, 2002; Desnos et al., 2003). In
these cells MyRIP and MyoVa are part of the same complex because
MyRIP was clearly visible in the samples immunoprecipitated with
the anti-MyoVa antibody (Figure 3A, Spec. IgG, bottom row) but
was absent in the IP samples obtained using preimmune immuno-
globulins (Figure 3A, Cont. IgG, bottom row). In agreement with the
result of the MyoVa IP in MIN6 cells, MyoVa was not present in the
MyRIP immunocomplexes (Figure 3B, second row). As another con-
trol, IP was performed with the anti-Rab27 antibody. Rab27A is
known to be in the same protein complex as MyRIP, MyoVa, or -
actin (Desnos et al., 2003; Brozzi et al., 2012), all of which could
clearly be detected in samples immunoprecipitated with the Rab27-
specific antibody but was absent in controls (Figure 3B). Note that
Rab27A could not be detected in the MyRIP or MyoVa immunopre-
cipitates due to the presence of a nonspecific band (~27 kDa) cor-
responding to immunoglobulin G (IgG) light chain. Cytochrome ¢
was used as a negative control for IP (Figure 3, A and B). These data
demonstrate that endogenous BR-MyoVa and MyRIP are not part of
the same protein complexes, and they are differentially distributed
in glucose-stimulated beta cells. Rab27A binds directly to MyRIP
and via another Rab27A effector protein such as Gran-a, Gran-b, or
Rph-3A to MyoVa. Our data also showed that the other splice vari-
ants of MyoVa that contain exon F or D or both can interact with
MyRIP in PC12 cells.

MyRIP and BR-MyoVa become part of the same complex
when the cAMP-PKA pathway is activated

Because MyRIP functions as scaffolding protein for PKA in beta cells
(Goehring et al., 2007), we investigated whether activation of cAMP-
PKA would induce the formation of a complex between MyRIP and
MyoVa. MINé cells were treated for 60 min with 1 mM 3-isobutyl-1-
methylxanthine (IBMX; inhibitor of phosphodieseterases) and 10 uM
forskolin (activator of adenylyl cyclases), which increase cellular
cAMP in a concentration-dependent manner (Yajima et al., 1999;
Chan et al., 2001). We performed immunoprecipitation of solubi-
lized proteins using an anti-MyRIP antibody, which specifically pre-
cipitated endogenous MyRIP from both unstimulated (3 mM glu-
cose) and stimulated (16.7 mM glucose) MING cells (Figure 3C, first
row). Similar to the result presented on Figure 3B, MyoVa was not
part of the MyRIP immunocomplex in unstimulated or glucose-stim-
ulated cells. However, MyoVa became part of the MyRIP complex
after an increase in cAMP (Figure 3C, second row). Our recent study
(Brozzi et al., 2012) demonstrated that the SG-associated protein
Rph-3A directly interacts with MyoVa and colocalizes with MyoVa
exclusively on SGs (Brozzi et al., 2012). We investigated whether
MyRIP interacts with MyoVa alone (i.e., cytosolic MyoVa) or with the
MyoVa-SG complex. Similar to MyoVa, Rph-3A was hardly detect-
able in the IP samples at nonstimulatory condition, but it was clearly
present after activation of PKA (Figure 3C, third row). In agreement
with the results discussed earlier, MyRIP was only detectable in im-
munoprecipitated samples obtained with the anti-MyoVa antibody
when cAMP level was increased (Figure 3C, bottom two rows). To
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FIGURE 2: MyRIP and BR-MyoVa are present on insulin-containing vesicles, but they show limited
colocalization, and they do not interact in glucose-stimulated MIN6 beta cells. (A) Schematic
representation of the MyoVa constructs used for GST pull-down assays. GST-E-GTD contains
exons ABCE expressed in pancreatic beta cells (Figure 1C, BR-MyoVa) and the globular tail
domain. GST-GTD contains the globular tail domain alone. (B) Proteins eluted from beads coated
with GST-GTD (lanes 2 and 5), GST-E-GTD (lanes 3 and 6), and GST (lanes 4 and 7) in the
presence (lanes 2-4) or absence (lanes 5-7) of solubilized MIN6 cell homogenates (cells were
stimulated with 16.7 mM glucose) were analyzed by 10% SDS-PAGE, followed by
immunoblotting with anti-MyRIP (1:1000 dilution), anti-Rab27 (1:2000 dilution), and anti-Rab3
(1:1000 dilution) antibodies. Input represents 1/25 of the reaction mixture used for pull-down.
The positions of the molecular mass markers are shown on the left. Data are representative of
four independent experiments. (C) Glucose-stimulated MINé cells were permeabilized with
digitonin before fixation (Varadi et al., 2006) and coimmunostained with a rabbit polyclonal
anti-MyoVa (1:200 dilution) and a goat polyclonal anti-MyRIP (1:250 dilution) primary antibody
and then visualized with an Alexa Fluor goat anti-rabbit 568 and an Alexa Fluor donkey anti-goat
568. Enlarged regions are shown on the fourth image, and arrows indicate noncolocalized regions
on individual vesicles. Pearson’s r as a measure for colocalization of MyoVa and MyRIP doubly
labeled structures (200-500 nm), which corresponded closely with SGs, was 0.12 £ 0.11 in 256
cells (which indicates little or no association) in three independent experiments. Scale bars, 5 and
2 pm. (D) MyoVa (6-nm gold particles) and MyRIP (10-nm gold particles) were immunolocalized on
cryosections of MINé cells. cyt., cytosol; PM, plasma membrane; SG, insulin-containing secretory
granules. White and black arrowheads indicate MyoVa and MyRIP, respectively. Scale bar, 50 nm.

after stimulation with glucose alone (Figure
2D). Thirty-eight of SGs showed double la-
beling (238 SGs on 12 different sections
from four different blocks). In most cases
MyoVa and MyRIP labeling was observed on
the SG periphery at a distance from 10 to
30 nm apart (84% of double-labeled SGs;
Figure 3D). These data suggest that MyRIP
forms a complex with BR-MyoVa on SGs
when cAMP is elevated.

Rph-3A is expressed in pancreatic

beta cells

Given that Rph-3A is a receptor for MyoVa
on SGs, we investigated its expression in
primary beta cells. In contrast to previous
reports showing that Rph-3A expression
was undetectable in INS-1 cells and pri-
mary islets of Langerhans (Inagaki et al.,
1994; Regazzi et al., 1996), we found by re-
verse transcription (RT)-PCR that both
MINé6 and INS-1 beta-cell lines and primary
rat and mouse islets of Langerhans express
Rph-3A mRNA (Figure 4A). This finding is
in agreement with the transcriptional profil-
ing of Rph-3A in fluorescence-activated
cell sorting—purified mouse beta cells
and mouse islets of Langerhans available
in the EMBL-EBI database (www.ebi.ac
.uk/gxa/experiment/E-TABM-877/
ENSMUSG00000029608). RNA from spleen
was used as a negative control in which Rph-
3A was not detectable, whereas the PCR
product for B-tubulin was clearly visible
(Figure 4A). The corresponding proteins
were also clearly detectable in MIN6 and
INS-1 cells (Figure 4B). A high amount of
Rph-3A protein is found in the brain (Inagaki
et al., 1994), and thus we used a protein
preparation from rat brain as a positive con-
trol on immunoblots. Proteins prepared from
200 rat islets of Langerhans were used for
immunoblots, but the presence of Rph-3A
was not clear in these samples, probably due
to the small amount of total protein in the
sample (compared with the cultured beta
cells, for which 50 pg of protein was loaded
onto the gel) and also to the relatively low
amount of Rph-3A mRNA in primary rat and
mouse beta cell samples (Figure 4A).

In immunocytochemistry of isolated pri-
mary rat beta cells the Rph-3A antibody
specifically labeled vesicle-like structures,
which showed good colocalization with in-
sulin (Figure 4C). The same staining pattern
was observed when the Rph-3A antibody
was used alone (unpublished data). To test
that the Rph-3A staining in primary beta
cells is specific, we labeled human pancre-

confirm our biochemical data, we performed immunogold electron  atic sections for Rph-3A or Rph-3A and insulin. Similar to the stain-
microscopy, which revealed that MyRIP and MyoVa are colocalized  ing shown in the human protein atlas database (www.proteinatlas
on SGs more frequently after activation of the cAMP pathway than  .org/ENSG0000008%169/normal/pancreas), the insulin-containing
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FIGURE 3: MyRIP and BR-MyoVa become part of the same protein complex only when insulin
secretion is stimulated via activation of PKA but not glucose alone. (A) MIN6 or PC12 cell lysates
were immunoprecipitated with anti-MyoVa polyclonal antibody (Spec. IgG) or rabbit IgG (Cont.
IgG). Copurification of BR-MyoVa and MyRIP, kinesin 1, or cytochrome ¢ (Cyt c) was assessed by
immunoblotting using specific antibodies as indicated (anti-MyRIP, 1:1000 dilution; anti-kinesin
1, 1:2000 dilution; anti-Cyt ¢, 1:500 dilution). (B) Immunoprecipitation was performed with
anti-MyRIP polyclonal antibody, and copurification of MyRIP and BR-MyoVa or Cyt c was
assessed by immunoblotting using specific antibodies as indicated. Coimmunoprecipitation was
performed as described for A but using a rabbit anti-Rab27a polyclonal antibody. For
immunoblotting Rab27a was used at 1:2000 dilution and B-actin at 1:2000 dilution. (C) MIN6
cells were cultured at 3 mM glucose overnight and incubated in buffer containing 3 mM glucose
for a further 1 h and then with 3 mM glucose or 16.7 mM glucose, 10 pM forskolin, and 1 mM
IBMX for 60 min. Cell lysates were immunoprecipitated with anti-MyRIP polyclonal antibody
(Spec. IgG) or goat IgG (Cont. IgG) and analyzed by immunoblot for the presence of MyRIP
(anti-MyRIP, 1:1000 dilution). Coprecipitation of MyRIP and MyoVa with Rph-3A was assessed by
immunoblot using specific antibodies as indicated (anti-MyoVa, 1:1000 dilution; anti-Rph-3A,
1:500 dilution). IP was also carried out with the anti-MyoVa antibody (bottom two rows). Data
are representative of four independent experiments. Note that films for IP samples (Cont. IgG
and Spec. IgG; shown on A-C) were exposed simultaneously, whereas longer exposure of the
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cells were specifically labeled, whereas no
staining was observed in the surrounding
exocrine cells (Figure 4D). The same stain-
ing pattern was observed when the Rph-3A
antibody was used alone (unpublished
data). Note that isolated human islets were
not available for RNA or protein extraction.
These data suggest that both cultured and
primary beta cells express Rph-3A, but its
amount is somewhat lower in primary cells.

Rph-3A becomes phosphorylated after
elevation of cAMP, which depends on
the presence of MyRIP

Rph-3A is phosphorylated in vitro and in vivo
in neurons by PKA, and the physiological
phosphorylation site is the Ser-234 (S234)
residue (Fykse et al, 1995, Lonart and
Stdhof, 1998, 2001). We next investigated
whether Rph-3A is phosphorylated on
Ser-234 in pancreatic beta -cells using a pre-
viously well-characterized antibody raised
against a 12-amino acid Rph-3A synthetic
peptide containing a central phosphorylated
serine residue (Ser-234; Lonart and Stdhof,
1998, 2001; Foletti et al., 2001). There is
moderate phosphorylation in the presence
of 3 or 16.7 mM glucose (Figure 5, A, lanes 1
and 2, and B). In contrast, elevation of cAMP
by IBMX and forskolin significantly increased
the amount of P-Rph-3A(S234) (Figure 5, A,
lanes 3 and 4, and B). To test whether this
phosphorylation of Rph-3A could occur un-
der physiological conditions, we treated
cells with the cAMP-elevating agent exen-
din-4, which displays biological properties
similar to those of the naturally occurring
incretin hormone GLP-1 (Goke et al., 1993).
Exendin-4 also induced phosphorylation of
Rph-3A, which was significantly higher than
glucose alone (Figure 5, A, lane 5 vs. lane 2,
and B). We observed 3.5-fold increase in
Rph-3A phosphorylation, which, based on a
previous study (Foletti et al., 2001), likely
represents ~30-40% phosphorylation of
the total Rph-3A. We next investigated
the cellular localization of Rph-3A and
P-Rph-3A. In agreement with our immuno—
electron microscopy studies (Brozzi et al.,
2012), both Rph-3A and P-Rph-3A were
found exclusively in the SG-enriched fraction
and were not detectable in the supernatant

same blot was used to detect proteins in the
homogenates. (D) MyoVa (6-nm gold
particles) and MyRIP (10-nm gold particles)
were immunolocalized on cryosections of
MING cells stimulated with IBMX and
forskolin as for C. cyt., cytosol; SG, insulin-
containing secretory granules. White and
black arrowheads indicate MyoVa and MyRIP,
respectively. Scale bar, 50 nm.
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lease (Figure 5G). It was not possible to
specifically block MyRIP and PKA interac-
tion with the Ht31 peptide (commonly used
to block interaction between the AKAPs
and PKA) because MyRIP is an atypical
AKAP that contains two PKA-anchoring do-
mains (Goehring et al., 2007). Furthermore,
rescue experiments using siRNA-resistant
forms of MyRIP that contain or lack the
PKA-binding domain were inconclusive in
beta cells (Goehring et al., 2007). Never-
theless, these data demonstrate that MyRIP
is important for cAMP-regulated insulin se-
cretion and aids phosphorylation of the
SG-associated protein Rph-3A.

Overlay

Rph-3A phosphorylation on Ser-234

is important for its interaction with
14-3-3 and for stimulated

hormone secretion

It has been shown that P-Rph-3A interacts in
vitro with 14-3-3 protein (Sun et al., 2003),
which regulates the subcellular localization
of its interaction partners. It is important for
normal synaptic transmission (Broadie et al.,
1997) and stimulation of catecholamine se-
cretion in chromaffin cells (Morgan and
Burgoyne, 1992). We investigated whether

The insulin vesicle-associated protein Rph-3A is expressed in primary rodent and
human beta cells. (A) The agarose gel shows the mRNA expression of Rph-3A in MIN6 and INS-1
cells, in rat spleen, rat, and mouse islets of Langerhans. (B) Immunoblot shows Rph-3A protein in
samples prepared from rat brain, INS1, C6, MIN6, and COS-7 cells. (C) Distribution of Rph-3A
proteins was analyzed using immunocytochemistry in isolated primary rat beta cells. Cells were
fixed, permeabilized, and coimmunostained with a guinea pig polyclonal anti-insulin (a, 1:250
dilution) and a rabbit polyclonal anti-Rph-3A (b, 1:10 dilution) primary antibody and then
visualized with an Alexa Fluor goat anti-guinea pig 647 and an Alexa Fluor goat anti-rabbit
488 secondary antibody. Overlay of a and b is shown in image c. Scale bar; 5 pm; on the
enlarged images, 2.5 pm. Pearson’s r as a measure for colocalization of Rph-3A and insulin
doubly labeled structures was 0.78 £ 0.11 in 21 cells (which indicates significant association) in
three independent experiments. (D) Human pancreatic sections were immunostained using the
same primary antibodies that are described in C. Scale bar, 10 pm. Data are representative of

the same interaction can take place in MIN6
beta cells. Cells were incubated and IP was
carried out as described for Figure 3C using
an anti-14-3-3 antibody. This antibody spe-
cifically immunoprecipitated the 14-3-3 pro-
tein (Figure 6A, Spec. IgG), which was ab-
sent in the control samples (Figure 6A, Cont.
IgG). Rph-3A was already detectable in the
IP samples obtained from unstimulated cells
using the anti-14-3-3 antibody (Figure 6A,
second row, Spec. IgG). However, there was
a significant 2.6-fold increase (p < 0.05) in

three independent experiments. Exoc. cells, exocrine cells.

that contains the cytosol (Figure 5C). In contrast, MyoVa was detect-
able in both pellet and supernatant. The distribution of Rph-3A did
not change after PKA activation, suggesting that the phosphoryla-
tion of Rph-3A takes place when it is associated with SGs.

Rph-3A is part of the MyRIP-MyoVa-SG complex (Figure 3C)
and is phosphorylated by PKA (Figure 5, A and B). This raises the
possibility that the localized phosphorylation of Rph-3A might be
mediated by the AKAP function of MyRIP. We therefore decided to
reduce MyRIP protein level with siRNA (Figure 5, D, even lanes,
and E and F) and investigated Rph-3A phosphorylation on Ser-234
using the same experimental protocol as shown in Figure 5A. Clear
phosphorylation of Rph-3A on Ser-234 was observed in controls
(Figure 5D, odd lanes), which was significantly reduced in the
MyRIP siRNA samples (Figure 5, D, even lanes, and F). In contrast,
the amounts of total Rph-3A and B-tubulin were unchanged. As
demonstrated previously (Goehring et al., 2007), the MyRIP siRNA
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Rph-3A in the immunoprecipitates after

IBMX and forskolin treatment. As shown
(Figure 5, A and B), under these conditions Rph-3A becomes phos-
phorylated (Figure 5A, third and fourth rows). These data suggest
that the interaction between Rph-3A and 14-3-3 is increased after
PKA-dependent phosphorylation of Rph-3A.

We next investigated the functional importance of Rph-3A phos-
phorylation in stimulated hormone release. First, Ser-234-Rph-3A
was replaced by Ala (S234A-Rph-3A) using a standard site-directed
mutagenesis approach. Hormone release was measured from empty
vector, full-length Rph-3A wild-type (WT)-, or S234A-Rph-3A-mu-
tant-expressing MIN6 cells cotransfected with plasmid encoding
human growth hormone (hGH; Coppola et al., 2002; Varadi et al.,
2002, 2005). Consistent with previous studies (Joberty et al., 1999;
Brozzi et al., 2012), overexpression of Rph-3A WT enhanced stimu-
lated secretion. In contrast, the S234A mutation nearly completely
abolished this effect (Figure 6B). We also generated phosphomimic
mutants by substituting serine with aspartate (5234D) or glutamate
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FIGURE 5: Rph-3A is phosphorylated on insulin vesicles and is dependent on the AKAP function
of MyRIP. (A) Cells were incubated as described in Figure 3C. Changes in the PKA-dependent
phosphorylation of Rph-3A on Ser-234 (S234) were detected by immunoblotting using a rabbit
polyclonal anti-phosphor $234-Rph-3A antibody (1:500 dilution). To detect total Rph-3A, the
same blots were reprobed with a mouse monoclonal anti-Rph-3A antibody (1:500 dilution).

(B) Quantification of Rph-3A phosphorylation under the conditions described in A. Density of
P-Rph-3A was normalized to total Rph-3A. Data are means + SD Three independent experiments
were carried out with three parallel samples for each condition (n=9). (C) MIN6 cells were
incubated as described in Figure 3C. SG-enriched pellet (Pellet) and supernatant (Sup.) were
obtained after the centrifugation of the postnuclear supernatant (Hom.) at 10,000 x g for

20 min. (D) Silencing of MyRIP was carried out as described in Materials and Methods, and the
amount of MyRIP was determined by immunoblotting using anti MyRIP antibody (1:1000
dilution, top lane). Phosphorylation of Rph-3A on 5234 after MyRIP knockdown was detected on
immunoblots using a rabbit polyclonal anti-P-Rph-3A antibody. Total Rph-3A and B-tubulin was
detected in the same samples. (E) Relative amount of MyRIP normalized to a-tubulin. Data are
means * SD. Three independent experiments were carried out with four parallel samples for
each condition (n = 48). (F) Relative density of P-Rph-3A normalized to total Rph-3A. Three
independent experiments were carried out with four parallel samples for each condition (n = 12).
(G) Insulin secretion from control (black bars) and MyRIP-silenced (white bars) MIN6 cells were
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(S234E). Both of these mutants significantly
enhanced hormone release induced by high
glucose, forskolin, and IBMX compared with
wild-type Rph-3A (Figure 6C). In contrast,
they had no effect on glucose-stimulated
hormone release (Figure 6C). These data
suggest that Rph-3A phosphorylation on
Ser-234 is important for cAMP-regulated
hormone release.

MyRIP becomes phosphorylated

after PKA activation

To find other potential PKA phosphorylation
targets on the MyoVa-SG complex, we
probed anti-MyRIP antibody-immunopre-
cipitated samples with an anti-phospho Ser/
Thr PKA substrate antibody. Although nu-
merous proteins become phosphorylated
after PKA activation (Figure 7A, lane 2 vs.
lane 1), one very dominant band of ~98 kDa
(Pho-98) appeared consistently in the IP
samples (Figure 7A, lane 5 vs. lane 3). To
test that the phosphorylation of this protein
requires the presence of MyRIP, cells were
incubated with MyRIP siRNA as described
previously (Figure 5D) and then immunopre-
cipitated with the anti-MyRIP antibody.
There was a 3.05 + 0.07-fold (p < 0.003)
reduction in the phosphorylation of this
98-kDa protein in the MyRIP siRNA-treated
samples under stimulatory conditions
(Figure 7B, lane 7 vs. lane 3). Of interest, this
98-kDa protein was recognized as MyRIP on
the same blots (Figure 7B, right). An identi-
cal result was obtained when the total-cell
homogenates of the MyRIP siRNA-treated
cells were probed with the anti-phospho
Ser/Thr PKA substrate antibody. Numerous
phosphorylated bands appeared after IBMX
and forskolin stimulation, as shown in Figure
7A (first two lanes). However, a clear
2.01 £ 0.013-fold (p < 0.0025) reduction in
the phosphorylation of the 98-kDa protein
was observed in the MyRIP siRNA-treated

measured. After siRNA or scrambled RNA
transfection, cells were kept in culture for 3 d
(see Materials and Methods) and then
incubated overnight at 3 mM glucose. On the
following day cells were equilibrated at 3 mM
glucose-containing buffer for 1 h and then
incubated at 3 mM glucose, 16.7 mM
glucose, or in the presence of stimulatory
concentration of glucose, IBMX, and forskolin
(16.7 mM Glu, T mM IBMX, 10 puM forskolin)
for 60 min. The total amount of insulin in the
cells and the fraction released during the
incubation was determined by enzyme-linked
immunosorbent assay. Data are means * SD.
Three independent experiments were
performed with four parallel samples for each
condition (n=12).

Molecular Biology of the Cell



o o
A C\° Fe & & $
S & & IP'1433
~2~° P KR F R

M, (K)

- aw "’ ‘5«1433
25-

showed that the immunoprecipitated MyRIP
remains phosphorylated under these condi-
tions (Figure 7D), confirming that indeed
MyRIP is the identified 98-kDa protein.
Similar to Mlph, MyRIP is heavily phosphory-
lated on serine and threonine (Passeron
etal., 2004), and 12 potential PKA phospho-
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FIGURE 6: Rph-3A phosphorylation at $234 is important in its interaction with 14-4-3 and
cAMP-dependent secretion. (A) MING cell lysates were immunoprecipitated with anti-14-3-3
polyclonal antibody (Spec. IgG) or rabbit IgG (Cont. IgG) and analyzed by immunoblotting for
the presence of 14-3-3. Copurification of Rph-3A was assessed by immunoblotting using a
specific antibody as indicated (top two rows). IP was carried out with the P-Rph-3A-specific
antibody as described for 14-3-3. Note that films for IP samples (Cont. IgG and Spec. IgG) were
exposed simultaneously; for Hom. longer exposure of the same blot was used. (B) MINé cells
were transiently cotransfected with a plasmid encoding hGH and either empty vector (pcDNA3,
Cont., black bars) or plasmids encoding full-length, wild type Rph-3A (WT, white bars) or
phosphorylation mutant Rph-3A (S234A, gray bars) as indicated. After 3 d in culture, cells were
incubated for 60 min under basal conditions (3 mM Glu) or in the presence of stimulatory
concentration of glucose, IBMX, and forskolin (16.7 mM Glu, 1 mM IBMX, 10 pM forskolin). The
total amount of hGH expressed in the cells and the fraction released during the incubation was
determined by enzyme-linked immunosorbent assay. Data are means = SD (n=9). Three
independent experiments were performed with three parallel samples for each condition.

(C) Cells were incubated as described in B, but the transfection was carried out using the WT
(white bars) and phosphomimic Rph-3A (5234D, black bars, or S234E, gray bars). Four
independent experiments were performed with three parallel samples for each condition. Data
are means * SD (n = 12). The transfection efficiencies were very similar for all constructs, and the
total hGH content was not significantly different between these samples.

samples (Figure 7C, lane 6 vs. lane 4). This 98-kDa phosphorylated
band was again recognized by the MyRIP antibody. Despite the cor-
rect molecular weight and the dependence on the AKAP function of
MyRIP, there is a remote possibility that the identified 98-kDa phos-
phorylated protein may represent another, unidentified interaction
partner. To eliminate this possibility, we used a pretreatment (Moult
et al., 2006; Gladding et al., 2009) that completely dissociated
MyRIP and its associated proteins before immunoprecipitation. This
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contrast, another study showed that MyRIP
affinity to MC-MyoVa is comparable to that
of Mlph to MC-MyoVa (Ramalho et al.,
2009), and the likely explanation for the dif-
ference between this and the previous
studies (Kuroda and Fukuda, 2005a,b) is
that different cell systems were used and
different expression levels achieved. Inter-
action between BR-MyoVa and MyRIP was
investigated previously using an in vitro
binding assay with a very high amount of
proteins (Kuroda and Fukuda, 2005a,b). In
agreement with our results (Figures 2 and
3), these two proteins showed negligible
interaction (Kuroda and Fukuda, 2005a,b),
suggesting that interaction cannot occur
between BR-MyoVa and MyRIP under phys-
iological conditions unless MyRIP is either
posttranslationally modified or forms a
complex with other proteins to enhance its
interaction with BR-MyoVa.

Induction of MyRIP and BR-MyoVa interaction

We next investigated whether interaction between MyRIP and BR-
MyoVa can be induced under physiological conditions when hor-
mone secretion is stimulated in pancreatic beta cells. It has been
demonstrated that siRNA or short hairpin RNA knockdown of MyRIP
reduced depolarization-stimulated (lvarsson et al., 2005), KCl-stimu-
lated (Mizuno et al., 2011), or high-glucose-, IBMX-, and forskolin-
stimulated (Waselle et al., 2003; Goehring et al., 2007) hormone
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FIGURE 7: MyRIP becomes phosphorylated after activation of the cAMP pathway.

(A) Solubilized MINé cell proteins obtained under the same conditions as described in Figure 3C
were immunoprecipitated with the anti-MyRIP polyclonal antibody (Spec. IgG) or goat IgG
(Cont. IgG). Copurification of phosphorylated proteins on Ser/Thr residues was assessed by
immunoblotting using the anti-phospho Ser/Thr PKA substrate antibody. N/S, IgG-related
nonspecific band; Pho-98, 98-kDa phosphorylated protein. Note that films for IP samples (Cont.
IgG and Spec. IgG) were exposed simultaneously, but for Hom. longer exposure of the same
blot was used. (B) Same immunoprecipitation as described in A of MyRIP siRNA-silenced MINé
cell homogenates (same silencing as described in Figure 5D). Blots were probed with antibodies
as indicated. (C) Phosphorylation of the 98-kDa protein in untreated (lanes 1 and 2), control
siRNA-treated (lanes 3 and 4), or MyRIP siRNA-silenced (lanes 5 and 6) MINé cells. Proteins
were separated on 10% SDS gels and run for several hours to obtain good separation of
proteins, and immunoblots were probed with the anti-phospho-Ser/Thr PKA substrate or the
anti-MyRIP antibody. (D) MyRIP and its associated proteins were solubilized and dissociated in a
modified RIPA buffer at 100°C before MyRIP immunoprecipitation, which was carried out as
described in Figure 3B. MyRIP phosphorylation on Ser/Thr residues was then assessed by
immunoblotting using the anti-phospho Ser/Thr PKA substrate antibody. Three independent
experiments were performed with three parallel samples for each conditions (n=9).

release from pancreatic beta cells. siRNA knockdown or expression
of the dominant-negative-acting globular tail domain of BR-MyoVa
reduced depolarization- and glucose-stimulated insulin secretion
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(Varadi et al., 2005). Therefore both MyRIP
and BR-MyoVa result in similar effects on
exocytosis. However, these two proteins are
not part of the same protein complex in the
presence of basal or stimulatory glucose
concentrations (Figures 2 and 3), suggesting
that their roles in SG transport and secretion
under these conditions are independent of
each other.

Although the main physiological trigger
of insulin secretion is glucose, its effect is
greatly augmented by incretin hormones
(Doyle and Egan, 2007), which account for
60% of the insulin secretory response after
oral glucose load (Nauck et al., 1986). The
incretin hormones (glucose-dependent in-
sulinotropic peptide and GLP-1) potentiate
insulin secretion through cAMP signaling
(Supplemental Figure S1). cAMP action in
insulin secretion is mediated through PKA-
dependent (Supplemental Figure S1) and
PKA-independent mechanisms, the latter
involving Epac2 (Renstrdm et al, 1997;
Eliasson et al., 2003; Seino and Shibasaki,
2005). There is evidence that MyRIP knock-
down by siRNA reduces cAMP-regulated
hormone release (Waselle et al., 2003;
Goehring et al., 2007). Therefore we investi-
gated MyRIP and BR-MyoVa interaction
when cAMP was increased (Supplemental
Figure S1). Under this condition MyRIP and
BR-MyoVa became part of the same protein
complex on SGs (Figure 3, C and D), which
is likely to be facilitated by phosphorylation
of MyRIP (Figure 7). In our recent study we
demonstrated that Rph-3A links BR-MyoVa
to SGs in endocrine and neuroendocrine
cells (Brozzi et al., 2012), and, surprisingly,
Rph-3A remains associated with MyoVa-SG
even after activation of PKA (Figures 3C and
5C), suggesting that MyRIP does not replace
Rph-3A in this complex. This suggests that
MyRIP’s role is most likely to target PKA to
the MyoVa-SG complex.

Target of PKA-dependent
phosphorylation on the BR-MyoVa-SG
complex

In our previous study we identified Rph-3A
as a link between Rab27 and MyoVa on SGs
(Brozzi et al., 2012). Rph-3A is phosphory-
lated by Ca?*/CaM- and cAMP-dependent
kinases in vitro (Fykse et al., 1995) and in
mossy fiber nerve terminals of the hip-
pocampus in vivo (Lonart and Stidhof, 1998).
Rph-3A is physiologically phosphorylated
on Ser-234 mediated by PKA (Lonart and
Stdhof, 2001). This phosphorylation altered
Rph-3A affinity to membranes (Foletti et al.,

2001) and occurred in different regions of the hippocampus (Lonart
and Suidhof, 1998). The phosphorylated Rph-3A, similar to another
Rab3a-binding protein, RIM, is able to interact with 14-3-3 protein,
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which functions through its ability to bind specific phosphoserine
sites (Sun et al., 2003).

Similar to neurons, Rph-3A is phosphorylated on Ser-234 by PKA
(Figure 5, A and C). This site is phosphorylated after IBMX and for-
skolin treatment and, more important, by the physiologically rele-
vant exendin-4 (Figure 5A and Supplemental Figure S1). It has been
estimated that 75-80% of Rph-3A is phosphorylated after high-K*
stimulation in rat brain slices (Foletti et al., 2001). High-K* stimula-
tion produced a approximately sixfold to eightfold increase in phos-
phorylation compared with unstimulated basal levels in brain slices
(Foletti et al., 2001). Under these conditions not only PKA but also
Ca?*-dependent kinases would be activated. The maximal increase
in phosphorylation after PKA activation was 2.5- to 3.5-fold (Foletti
et al., 2001), which is similar to our findings (Figure 5B). Therefore
it is estimated that a maximum of ~30-40% of Rph-3A becomes
phosphorylated on SGs (Figure 5B). Phosphorylation of Rph-3A is
dependent on the presence of MyRIP, because knockdown of MyRIP
with an siRNA that reduces IBMX- and forskolin-induced insulin re-
lease from pancreatic beta cells (Figure 5G; Goehring et al., 2007)
also reduced Rph-3A phosphorylation on Ser-234, whereas the
amount of total Rph-3A was unchanged (Figure 5, D and F, and
Supplemental Figure S1). Overexpression of the S234A-Rph-3A mu-
tant failed to increase stimulated secretion (Figure 6B). In contrast,
the phosphomimic mutants of Rph-3A at position Ser-234D/E sig-
nificantly enhanced hormone release (Figure 6C), suggesting that
Ser-234 phosphorylation is important for Rph-3A function in insulin
secretion (Supplemental Figure S1). The Ser-234D/E mutants ele-
vated hormone release only when cAMP was elevated (Figure 6C)
and similarly to MyRIP (Figure 5G) had no effect on glucose-stimu-
lated hormone release (Figure 6C). There is evidence that Rph-3A
phosphorylation is influenced by its interaction with other proteins
(i.e., Rab-3a) and by its correct localization at the site of exocytosis
(Foletti et al., 2001). In agreement, we showed that MyRIP influ-
ences Rph-3A phosphorylation (Figure 5D) when MyRIP becomes
part of the MyoVa—Rph-3A-vesicle complex after PKA activation
(Figure 3, C and D). Under this condition MyRIP, Rph-3A, and other,
yet-unidentified proteins on the MyoVa-SG complex become phos-
phorylated (Figure 7). It has also been demonstrated that MyRIP and
MyoVa mediate the retention/correct localization of secretory gran-
ules at the cell periphery (Mizuno et al., 2011; Huet et al., 2012).
Thus the correct assembly and localization of the MyRIP-MyoVa—
Rph-3A-vesicle complex is necessary for hormone release, and
mere phosphorylation of one of the components (i.e., Rph-3A) is not
sufficient to enhance secretion in the absence of PKA.

MyRIP siRNA reduced cAMP-mediated hormone secretion but
not glucose-stimulated secretion, suggesting that 1) MyRIP is crucial
for cAMP-mediated hormone secretion, 2) Rph-3A phosphorylation
can enhance hormone secretion but only when PKA is activated,
and 3) the MyRIP-MyoVa complex is formed.

These findings suggest that MyRIP as an AKAP protein is in-
volved in GLP-1-mediated signaling. Only a few AKAPs have been
implicated in PKA activation in the context of GLP-1 signaling, such
as AKAP18 (Fraser et al., 1998) and AKAP 79 (Nauert et al., 2003),
and this is the first experimental evidence showing MyRIP’s role as
an AKAP in incretin-mediated signaling. Furthermore, this is the first
study to identify a direct phosphorylation target for MyRIP-PKA. It is
not clear whether Rph-3A is the only phosphorylation target on the
MyoVa—SG or perhaps on the closely located soluble N-ethylma-
leimide-sensitive factor attachment protein receptor complex. It is
well known that Rph-3A interacts with SNAP-25 (Supplemental
Figure S1), and thus it could be a potential target. SNAP-25 has
multiple phosphorylation sites, and only the Ser-187 site, which is
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phosphorylated by PKC, has been investigated in primary islets
(Gonelle-Gispert et al., 2002). The in vivo phosphorylation site for
PKA on SNAP-25 is Thr-138 (Hepp et al., 2002), which regulates re-
leasable vesicle pool sizes in chromaffin cells (Nagy et al., 2004), but
its role is not known in beta cells. Most recently snapin, which can
interact with SNAP-25, has been shown to be phosphorylated on
Ser-50 by PKA after incretin-mediated signaling (Song et al., 2011).
Future work will need to identify other targets for the GLP-1-MyRIP
pathway. Given that cAMP-dependent phosphorylation increased
the frequency of granule movement in beta cells (Yu et al., 2000),
our data indicate that MyRIP functionally links insulin vesicle trans-
port and GLP-1 signaling.

MATERIALS AND METHODS

Materials

The following antibodies were used: goat polyclonal anti-MyRIP
and mouse monoclonal anti-kinesin 1 (Abcam, Cambridge, United
Kingdom), rabbit polyclonal anti-myosin Va, rabbit anti—cytochrome
¢, anti-phospho-Ser/Thr PKA substrate, and rabbit polyclonal anti—
protein kinase A catalytic subunit antibodies (Cell Signaling,
Danvers, MA), rabbit polyclonal anti-Rab27, rabbit polyclonal
anti-Rab3, and rabbit polyclonal anti-Rph-3A (Synaptic Systems,
Géttingen, Germany), mouse monoclonal anti—-B-actin (Sigma,
Poole, United Kingdom), mouse monoclonal anti-rabphilin-3A
(BD Transduction Laboratories, Swindon, United Kingdom), and
(phosphor S234) rabbit polyclonal Rph-3A antibodies (Abnova,
Heidelberg, Germany). The horseradish peroxidase—coupled sec-
ondary antibodies, glutathione Sepharose, and benzamidine Sep-
harose beads were obtained from GE HealthCare (Chalfont St Giles,
United Kingdom). The fluorophore-coupled secondary antibodies
were obtained from Invitrogen (Paisley, United Kingdom). Donkey
anti-rabbit or anti-mouse immunoglobulins G (IgGs) conjugated to
6- or 15-nm gold particles and acetylated bovine serum albumin were
from Aurion (Wageningen, Netherlands). Nonidet P-40 and protease
inhibitor cocktail tablets were obtained from Roche Diagnostics
(Burgess Hill, United Kingdom). IPTG, protein G Sepharose beads,
Coomassie brilliant blue colloidal, and collagenase were obtained
from Sigma (Poole, United Kingdom). MyRIP siGENOME SMART
pool siRNA was purchased from Dharmacon Thermo Scientific
(Fisher Scientific UK, United Kingdom). QuikChange I Site-Directed
Mutagenesis Kit was from Agilent Technologies UK (Stockport,
United Kingdom). Human islets of Langerhans sections were a gift
from K. Gillespie (Diabetes and Metabolism Unit, University of
Bristol, Bristol, United Kingdom).

Cell culture and transient transfection

MING cells (passages 29-35) were cultured as described previously
(Varadi et al., 2006). Cells were grown at 37°C in 5% CO, and hu-
midified atmosphere and at 50% confluency were transfected with
the indicated DNA plasmids using Lipofectamine (Invitrogen)
according to manufacturer's instructions.

Isolation of rodent islets of Langerhans, RNA preparation,
and RT-PCR

Isolation of rat and mouse islets was performed as previously de-
scribed (Varadi et al., 2005). The study was conducted in accordance
with the Principles of Laboratory Care. Total RNA was isolated using
TRI Reagent (Sigma; Varadi et al., 1996). Reverse transcription and
PCR ampilification using GoTaq polymerase were performed accord-
ing to manufacturer's recommendations (Promega, Southampton,
United Kingdom). Primers flanking the MyoVa tail domain corre-
sponding to nucleotides 3660-3678 (forward), 4183-4208 (reverse),
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and 4352-5372 (reverse) of the sequence (NM_010864) were used.
The sequences were verified by sequencing. The GST-tagged myo-
sin Va constructs were generated and pull-down assays carried out
as described previously (Brozzi et al., 2012).

Coimmunoprecipitation

MIN6 cell homogenates were prepared as described earlier for GST
pull-down experiments (Brozzi et al., 2012) except that the pellet
was resuspended in ice-cold buffer B (20 mM Tris, pH 7.5, contain-
ing 150 mM NaCl, 2 mM MgCl,, 1 uM CaCl,, 0.5 mM ATP,
1% [vol/vol] Triton X-100, 50 mM NaF, 1 mM Na glycerophosphate,
0.5 mg/ml Pefabloc, and protease inhibitor cocktail tablets). Pro-
teins (800 pg) were incubated with 20 pl of protein G Sepharose
beads for 1 h at 4°C and clarified by centrifugation at 1000 x g for
5 min at 4°C. The resulting supernatant, specific antibody, or cor-
responding preimmune immunoglobulin (1 pg) was then mixed and
incubated overnight at 4°C and then with protein G Sepharose
(20 pl) for 1 h. After five washing steps with buffer B, beads and
associated proteins were resuspended in SDS-PAGE buffer and
analyzed by immunoblotting.

The dissociation of MyRIP and its associated proteins was car-
ried out using a previously established protocol (Moult et al., 2006;
Gladding et al., 2009). In brief, MINé cell homogenates were incu-
bated in a modified radioimmunoprecipitation assay (RIPA) buffer
(1% [vol/vol] Triton X-100, 1% [wt/vol] SDS, 0.4 [wt/vol] sodium
deoxycholate, 2mM EDTA, 150 mM NaCl, 50 mM Tris-HCI, pH 7.4)
in the presence of protease and phosphatase inhibitors at 100°C
for 5 min. SDS was diluted out by adding 950 pl of RIPA buffer lack-
ing SDS, transferred into preactivated membranes (size 1, mole-
cular weight, 12,000-14,000 Da; Medicell International, London,
United Kingdom) and dialyzed against 4 x 1 | of 0.1% SDS and
1% Triton X-100 containing lysis buffer overnight at 4°C. MyRIP
was immunoprecipitated as described.

Immunoblotting, subcellular fractionation, immuno—electron
microscopy, immunocytochemistry, and imaging

These were performed as described previously (Varadi et al., 2004,
Brozzi et al., 2012). Imaging was performed using a wild-field micro-
scope (Nikon TD300; Nikon, Melville, NY) and a confocal micro-
scope (UltraView Real Time Confocal microscope; PerkinElmer Life
Sciences, Boston, MA). On immunogold electron microscopy all
SGs were counted manually in a visual field. Gold particles at the SG
periphery (within 30 nm of the SG membrane) were counted, and
two proteins were counted as colocalizing when distance between
the gold particles detecting the respective proteins was <30 nm
(van Weering et al., 2010; Brozzi et al., 2012).

siRNA knockdown of MyRIP expression

Cells were transfected with 70 nM MyRIP siGENOME SMART
pool siRNA or BLOCK-iT Fluorescent Oligo as RNAi Transfection
Control (Invitrogen) using Lipofectamine (Invitrogen) according to
manufacturer’s instructions. At 36 h posttransfection, cells were cul-
tured in media containing 3 mM glucose overnight and then incu-
bated in modified 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)-balanced Krebs-Ringer bicarbonate (KRB) buffer con-
taining 3 mM glucose for 1 h and then in KRB buffer supplemented
with 3 mM or 16.7 mM glucose, 10 uM forskolin, and 1 mM IBMX,
or 16.7 mM glucose and 10 uM exendin-4 for 60 min.

Human growth hormone release
MINé cells were seeded at a density of (4—60) x 10%/ml and were
cultured overnight. Cells were cotransfected with 0.5 pg of
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hGH-encoding plasmid together with 1 pg of wild-type, full-length
Rph-3A, Rph-3A (S234A, S234D, S234E) pcDNA3 constructs, or
empty vector using Lipofectamine. Two days after transfection cells
were cultured at 3 mM glucose overnight and then washed two
times for 15 min in 20 mM HEPES (pH 7.4), 128 mM NaCl, 5 mM
KCI, 1 mM MgCly, 2.7 mM CaCl,, and 3 mM glucose at 37°C.
To stimulate secretion, cells were incubated in the same buffer con-
taining 3 or 16.7 mM glucose, 1 mM IBMX, and 10 puM forskolin
(16.7 mM Glu, IBMX, forskolin) at 37°C for 1 h. At the end of the incu-
bation, the supernatants were removed and the cells lysed with
500 pl of 0.5% (vol/vol) Triton X-100. The hGH assay was carried
out using a colorimetric sandwich enzyme-linked immunosorbent
assay method according to the manufacturer’s instructions (Roche
Diagnostics).

Statistical analysis

Data are presented as mean * SD for the number of observations
given, and statistical significance was calculated using a two-tailed
Student’s t test. Every experiment was performed at least three
times unless otherwise stated in the figure legend.
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