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ABSTRACT The action of guanine nucleotide exchange factors (GEFs) on the ADP-ribosyl-
ation factor (ARF) family of small GTPases initiates intracellular transport pathways. This role
requires ARF GEFs to be recruited from the cytosol to intracellular membrane compartments.
An ARF GEF known as General receptor for 3-phosphoinositides 1 (Grp1) is recruited to the
plasma membrane through its pleckstrin homology (PH) domain that recognizes phosphati-
dylinositol 3,4,5-trisphosphate (PIP3). Here, we find that the phosphorylation of Grp1 induces
its PH domain to recognize instead phosphatidylinositol 4-phosphate (PI4P). This phosphory-
lation also releases an autoinhibitory mechanism that results in the coil-coil (CC) domain of
Grp1 engaging two peripheral membrane proteins of the recycling endosome. Because the
combination of these actions results in Grp1 being recruited preferentially to the recycling
endosome rather than to the plasma membrane, our findings reveal the complexity of recruit-
ment mechanisms that need to be coordinated in localizing an ARF GEF to an intracellular
compartment to initiate a transport pathway. Our elucidation is also remarkable for having
revealed that phosphoinositide recognition by a PH domain can be switched through its
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phosphorylation.

INTRODUCTION

The ADP-ribosylation factor (ARF) family of small GTPases recruits
coat proteins from the cytosol to intracellular membrane compart-
ments to initiate the formation of transport carriers. ARFs, in turn, are
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activated by guanine nucleotide exchange factors (GEFs). As such,
ARF GEFs act as the ultimate initiators of intracellular transport path-
ways (Casanova, 2007; Donaldson and Jackson, 2011; Sztul et al.,
2019). Recruitment from the cytosol to membrane represents a major
mechanism of regulating ARF GEFs. Although recruitment mecha-
nisms are being elucidated for the different ARF GEFs (Hurtado-
Lorenzo et al., 2006; Cohen et al., 2007; Richardson et al., 2012;
Hiester and Santy, 2013; Lowery et al., 2013; Tsai et al., 2013; Quilty
et al., 2014; Karandur et al., 2017), the complexity of mechanisms
that need to be coordinated in localizing an ARF GEF to a particular
intracellular compartment with specificity remains an ongoing goal.
Several subclasses of ARF GEFs exist, with members of the cyto-
hesin subclass being some of the best characterized (Casanova,
2007; Donaldson and Jackson, 2011; Sztul et al., 2019). They are
the first ones to be identified (Chardin et al., 1996; Klarlund et al.,
1997). A mechanistic understanding of how they act is being eluci-
dated in detail (Cherfils et al., 1998; Goldberg, 1998; Ferguson
et al., 2000; Lietzke et al., 2000). A cytohesin member known as
General receptor for 3-phosphoinositides 1 (Grp1) has been shown
to be recruited from the cytosol to membrane by recognizing phos-
phatidylinositol 3,4,5-triphosphate (PIP3; Klarlund et al., 1997), a
phosphoinositide enriched at the plasma membrane (Di Paolo and
De Camilli, 2006). This recognition is particularly well understood,
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as it has been elucidated in molecular detail through structural
studies (Ferguson et al., 2000; Lietzke et al., 2000). Notably, how-
ever, we have found previously that Grp1 can also be recruited to
the recycling endosome (Li et al., 2012). Studying the stimulation-
dependent recycling of glucose transporter type 4 (glut4) in adipo-
cytes, a process critical for glucose homeostasis (Foley et al., 2011;
Kandror and Pilch, 2011; Leto and Saltiel, 2012), we found that in-
sulin-induced signaling activates the protein kinase Akt, which
phosphorylates Grp1 at threonine position 280 (T280), resulting in
Grp1 being recruited to the recycling endosome to initiate glut4
recycling (Li et al., 2012).

The finding that phosphorylation of an ARF GEF can switch its
localization to initiate a different transport pathway is remarkable.
From the mechanistic perspective, such a finding also suggests an
intriguing opportunity. By elucidating how this switch occurs, we
may uncover the complexity of recruitment mechanisms that need
to be coordinated in localizing an ARF GEF to an intracellular mem-
brane compartment to initiate a transport pathway.

RESULTS

As a starting point, we noted that a previous study had suggested a
mechanism for how phosphorylation of the T280 residue in Grp1
regulates its membrane recruitment. Studying a closely related cyto-
hesin member, known as ARNO (ARF nucleotide site opener), the
study found that the phosphorylation of the T276 residue in ARNO
(which is equivalent to the T280 residue in Grp1) releases an autoin-
hibitory mechanism of membrane recruitment (Hiester and Santy,
2013). Specifically, the PH domain was found to bind the CC do-
main, with phosphorylation releasing this intramolecular interaction
to allow the PH domain to engage the membrane (Hiester and
Santy, 2013; also summarized in Supplemental Figure STA). How-
ever, because only total membranes were examined in this studly, it
had remained unclear how the release of this autoinhibitory mecha-
nism could explain the ability of the T280 phosphorylation in Grp1
to switch recruitment from the plasma membrane to the recycling
endosome. Thus, we sought an approach that would achieve
greater mechanistic resolution.

In recent years, liposomes generated with lipid composition that
mimics those of organellar membranes have enabled detailed
mechanistic dissection of how different transport factors act on intra-
cellular membranes. Such an approach would be particularly attrac-
tive in the case of Grp1, as its recruitment involves a direct interac-
tion with a lipid. Thus, to reconstitute the membrane recruitment of
Grp1, we generated liposomes with major lipids of organellar mem-
brane, having 48% phosphatidylcholine (PC), 20% phosphatidyleth-
anolamine (PE), 4% phosphatidylserine (PS), 14% cholesterol, and
4% sphingomyelin, and also added 10% PIP3 as the relevant phos-
phoinositide. We first confirmed that the PH domain of Grp1 is re-
cruited to these liposomes in a PIP3-dependent manner (Figure 1A).
Moreover, as predicted by the previously proposed autoinhibitory
mechanism (Hiester and Santy, 2013; see also Supplemental Figure
S1A), we found that the full-length Grp1 is less efficiently recruited to
these liposomes as compared with the PH domain alone (Figure 1B).

We then examined the effect of mutating the T280 residue in the
full-length Grp1 to aspartate (T280D), as we had shown previously
that this mutation mimics the effect of phosphorylation at the 7280
residue (Li et al., 2012). Remarkably, whereas the previously pro-
posed mechanism of autoinhibition predicts that membrane recruit-
ment should be enhanced, because the T280 phosphorylation
should release this inhibition (Hiester and Santy, 2013; also summa-
rized in Supplemental Figure S1A), we found that the recruitment of
the full-length Grp1 to the PIP3-containing liposomes is instead in-
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hibited by the T280D mutation (Figure 1C). We also confirmed this
finding by examining full-length Grp1 phosphorylated at the T280
residue. To achieve this phosphorylation, we performed the in vitro
kinase assay, incubating Grp1 with Akt as previously described (Li
et al., 2012). When phosphorylated Grp1 was incubated with PIP3-
containing liposomes, we again observed inhibition of membrane
recruitment (Supplemental Figure S1B). Thus, we next sought to sort
out an explanation for this unexpected result.

Initially, we determined whether a similar inhibition would be ob-
served when examining the recruitment of just the PH domain to
PIP3-containing liposomes. Indeed, inhibition was also observed
(Figure 1D). Thus, because the T280 residue is located near the
phosphoinositide-binding pocket of the Grp1 PH domain (Supple-
mental Figure S1C), we next explored the intriguing possibility that
the T280 phosphorylation could induce the PH domain to recognize
a different phosphoinositide.

To screen among all physiologic forms of phosphoinositide, we
generated liposomes that contain major lipids of organellar mem-
brane, and also added a particular form of phosphoinositide indi-
vidually. Thus, besides liposomes that contain PIP3, we also gener-
ated liposomes that contain PI3P (phosphatidylinositol 3-phosphate),
PI4P (phosphatidylinositol 4-phosphate), PISP (phosphatidylinositol
5-phosphate), PI(3,4)P2 (phosphatidylinositol = 3,4-biphosphate),
PI(3,5)P2 (phosphatidylinositol 3,5-biphosphate), or PI(4,5)P2 (phos-
phatidylinositol 4,5-biphosphate). We found that the T280D muta-
tion induces the PH domain of Grp1 to have an appreciable recruit-
ment to liposomes that contain PI4P (Figure 1E). We ruled out the
possibility that the T280D mutation could be inducing the PH do-
main to bind PI4P outside of the canonical phosphoinositide-bind-
ing pocket. Key residues in this pocket have been defined previ-
ously through structural studies (Ferguson et al., 2000; Lietzke et al.,
2000). We found that mutating these residues (summarized in Sup-
plemental Figure S1C) prevents the T280D mutation from inducing
the recruitment of the PH domain to PI4P-containing liposomes
(Figure 1F). This result was also confirmed in cells, as mutating the
key residues also reduced the localization of the full-length Grp1-
T280D to the recycling endosome (Figure 1G and Supplemental
Figure S1D).

We next sought to confirm that PI4P exists at the recycling endo-
some. Antibodies have been generated against different phos-
phoinositides. Using an antibody against PI4P, we found by confo-
cal microscopy that PI4P in adipocytes shows significant
colocalization with two markers of the recycling endosome (Figure
2A and Supplemental Figure S2A): Rab11 (Ullrich et al., 1996) and
cellubrevin (Cbv; D'Souza-Schorey et al., 1998). Moreover, as we
have shown previously that the internal pool of glut4 resides at the
recycling endosome of adipocytes (Li et al., 2007), we found that
P14P also shows significant colocalization with internal glut4 in these
cells (Figure 2A and Supplemental Figure S2A). In contrast, PIP3
exists at a minimal level at the recycling endosome, as assessed by
its colocalization with Rab11, cellubrevin, and internal glut4 (Figure
2B and Supplemental Figure S2B). We also confirmed the presence
of PI4P at the recycling endosome by another approach. PI4P bio-
sensors have been developed based on protein domains that bind
specifically to PI4P. Examining one such sensor, known as GFP-P4M-
SidM (Hammond et al., 2014), we found that it also shows signifi-
cant colocalization with internal glut4 in adipocytes (Supplemental
Figure S2C).

To complement the above findings, we next considered that Pl4
kinase (PI14K) activity controls the PI4P level by converting Pl to PI4P
(Balla and Balla, 2006). As multiple isoforms of PI4K exist, we initially
pursued a pharmacologic approach to determine whether PI4K
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FIGURE 1: T280 phosphorylation induces Grp1 to recognize a new phosphoinositide. Quantitative results are shown as
mean with standard error: *, p < 0.05, NS p > 0.05, Student'’s t test. The number of independent experiments performed
is specified below. (A) PIP3-dependent recruitment of the Grp1 PH domain to liposomal membrane. The PH domain was
incubated with liposomes containing PIP3, or not, followed by centrifugation to detect distribution in the pellet (P) vs
supernatant (S). A representative result along with quantitation from four experiments is shown. (B) Full-length Grp1
shows reduced recruitment to PIP3-containing liposomes as compared with that of the PH domain. Constructs as
indicated were incubated with PIP3-containing liposomes, followed by centrifugation to detect distribution in the pellet
(P) vs. supernatant (S). A representative result along with quantitation from three experiments is shown. (C) The T280D
mutation further reduces the recruitment of full-length Grp1 to PIP3-containing liposomes. Grp1 constructs as indicated
were incubated with PIP3-containing liposomes, followed by centrifugation to detect distribution in the pellet (P) vs
supernatant (S). A representative result along with quantitation from four experiments is shown. (D) The T280D
mutation also reduces the recruitment of the PH domain of Grp1 to PIP3-containing liposomes. PH domain constructs
as indicated were incubated with PIP3-containing liposomes, followed by centrifugation to detect distribution in the
pellet (P) vs. supernatant (S). A representative result along with quantitation from four experiments is shown. (E) The
T280D mutation induces the Grp1 PH domain to recognize PI4P. Liposomes were generated with major lipids of
organellar membrane along with a particular phosphoinositide, PI3P, PI4P, PISP, PI(3,4)P2, PI(3,5)P2, or PI(4,5)P2. The
different liposomes were then incubated with PH domain constructs as indicated, followed by centrifugation to detect
distribution in the pellet (P) vs. supernatant (S). A representative result along with quantitation from three experiments
is shown. (F) Mutating key residues in the phosphoinositide-binding pocket of the Grp1 PH domain prevents its
recruitment to Pl4P-containing liposomes. PH domain constructs as indicated were incubated with PI4P-containing
liposomes, followed by centrifugation to detect distribution in the pellet (P) vs. supernatant (S). A representative result
along with quantitation from three experiments is shown. (G) Mutating key residues in the binding pocket of the PH
domain reduces the localization of the Grp1-T280D at the recycling endosome. Adipocytes were stably transfected with
constructs as indicated, and then the colocalization of different constructs with internal glut4 (marker for the recycling
endosome in adipocytes) was quantified; n= 10 cells per experiment.

activity is critical for Grp1 localizing to the recycling endosome.
Wortmannin has been used in a dose-dependent manner to target
different classes of Pl kinases, with 1 pM inhibiting PI3K activity and
10 pM inhibiting PI4K activity (Balla and Balla, 2006). We found that
the localization of Grp1-T280D at the recycling endosome is signifi-
cantly reduced when cells are treated with 10 uM, but not 1 pM, of
wortmannin (Figure 2C and Supplemental Figure S2D), suggesting
that PI4K activity is needed for Grp1 recruitment to the recycling
endosome.
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As confirmation, we pursued further pharmacologic inhibition
that targets subclasses of Pl4K (Balla and Balla, 2006). We found that
the Grp1-T280D localization to the recycling endosome was re-
duced, when cells were treated with phenylarsine oxide (PAO), but
not with PIK93 or adenosine (Figure 2D and Supplemental Figure
S2E). As this profile of pharmacologic inhibition suggested that the
Pl4KIIlo isoform is being targeted (Balla and Balla, 2006), we sought
further confirmation by treating cells with siRNA against Pl4KIIlo.
We initially confirmed that this siRNA treatment is efficient in
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Recruitment of Grp1 to the recycling endosome requires PI4KIlIIo.. Quantitative results are shown as mean
with standard error from three independent experiments: *, p < 0.05, NS p > 0.05, Student’s t test. (A) PI4P level at the
recycling endosome was assessed through the colocalization of PI4P with different markers of the recycling endosome
followed by quantitation; n= 10 cells per experiment. (B) PIP3 level at the recycling endosome was assessed through
the colocalization of PIP3 with different markers of the recycling endosome followed by quantitation; n= 10 cells per
experiment. (C) Wortmannin reduces the localization of Grp1-T280D at the recycling endosome. Adipocytes were
treated with wortmannin at doses as indicated, and then the colocalization of Grp1-T280D with internal glut4 (marker
for the recycling endosome in adipocytes) was quantified; n= 10 cells per experiment. (D) PAO, but not PIK93 or
adenosine (Ade), significantly reduces the localization of Grp1-T280D at the recycling endosome. Adipocytes were

treated with pharmacologic agents as indicated, and then the colocalization of Grp1-T280D with internal glut4 (marker
for the recycling endosome in adipocytes) was quantified; n= 10 cells per experiment. (E) Knocking down PI4KIIIo.
reduces the colocalization of PI4P with markers of the recycling endosome. Adipocytes were treated as indicated, and
then the colocalization of PI4P with different markers of the recycling endosome (Rab11, cellubrevin, or internal glut4)
was quantified; n =10 cells per experiment. (F) Knocking down PI4KIIIo. reduces the colocalization of Grp1-T280D with
markers of the recycling endosome. Adipocytes were treated as indicated, and then the colocalization of Grp1-T280D

different markers of the recycling endosome (Rab11, cellubrevin, or internal glut4) was quantified; n= 10 cells per
experiment. (G) Knocking down PI4KIIIo: reduces the ability of insulin to stimulate glut4 recycling. Adipocytes were
treated as indicated (SC, scrambled siRNA), and then glut4 recycling was quantified; n =10 cells per experiment.

reducing the cellular level of PI4KIlla (Supplemental Figure S3A).
We then found that the PI4P level at the recycling endosome is
markedly reduced, as assessed by the colocalization of PI4P with
Rab11 (Figure 2E and Supplemental Figure S3B), cellubrevin (Figure
2E and Supplemental Figure S3C), and internal glut4 (Figure 2E and
Supplemental Figure S3D). Treated cells also showed a reduced
level of the Grp1-T280D at the recycling endosome, as assessed by
the colocalization of Grp1-T280D with Rab11 (Figure 2F and Supple-
mental Figure S3E), cellubrevin (Figure 2F and Supplemental Figure
S3F), and internal glut4 (Figure 2F and Supplemental Figure S3G).
Consistent with these findings, we found that the ability of insulin to
induce glut4 recycling is also reduced in the treated cells (Figure 2G).
Moreover, supporting the specificity of the siRNA targeting, we
found that two other sequences against Pl4Klllo. also reduce Grp1-
T280D localization to the recycling endosome (Supplemental Figure
S3H). Thus, the collective results further support the importance of
PI4P for the recruitment of Grp1 to the recycling endosome.

We then noted that, whereas siRNA against PI4KIIlo. markedly
reduced the PI4P level at the recycling endosome, this treatment
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had a less dramatic effect on Grp1 localization to this compartment
(compare Figure 2, E and F). Moreover, although key mutations in
the lipid-binding pocket of the PH domain in Grp1 virtually abol-
ished its recruitment to PI4P-containing liposomes, they had a lesser
effect on the Grp1-T280D localization to the recycling endosome
(compare Figure 1, F and G). Collectively, these observations sug-
gested that additional mechanism(s), besides PI4P recognition by
the PH domain, could be acting to promote the recruitment of Grp1
to the recycling endosome.

To pursue this possibility, we initially noted that ARF6é has been
suggested to recruit cytohesin members to the plasma membrane
(Cohen et al., 2007). However, we found that siRNA against ARFé
(Supplemental Figure S4A), using a sequence with previously docu-
mented specificity (Li et al., 2007), does not affect Grp1-T280D local-
ization to the recycling endosome (Figure 3A and Supplemental
Figure S4B). We next noted that cytohesin members have been
found to interact with multiple peripheral membrane proteins, includ-
ing CASP (Mansour et al., 2002), GRASP (Nevrivy et al., 2000), GRSP1
(Klarlund et al., 2001), and IPCEF1 (Venkateswarlu, 2003), but whether
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with internal glut4 (marking the recycling endosome in adipocytes) was quantified; n = 10 cells per experiment.
(B) Efficiency of knocking down GRASP, IPCEF1, CASP, and GRSP1. Cells were treated as indicated followed by
quantitation of mRNA levels; n = 3 experiments. (C) Colocalization of GRASP or IPCEF1 with cellubrevin was assessed
by confocal microscopy, followed by quantitation; n= 10 cells per experiment. (D) Colocalization of GRASP or IPCEF1
with internal glut4 was assessed by confocal microscopy, followed by quantitation; n= 10 cells per experiment. (E) The
cumulative effect of knocking down GRASP, IPCEF1, and PI4Klllo: on the localization of Grp1-T280D at the recycling
endosome. Adipocytes were treated with siRNA against factors as indicated, and then the colocalization of Grp1-T280D
with internal glut4 (marking the recycling endosome in adipocytes) was quantified; n =10 cells per experiment.
(F) Knocking down the combination of GRASP, IPCEF1, and Pl4Kllla: virtually eliminates the ability of insulin to stimulate
glut4 recycling. Adipocytes were treated with siRNA against factors as indicated, and then glut4 recycling was

quantified; n = 10 cells per experiment.

these interactions mediate cytohesin membrane recruitment have
been unclear. Treating cells with siRNA, we found that targeting
against GRASP and IPCEF1, but not against GRSP1 and CASP, results
in appreciable reductions in Grp1-T280D localization to the recycling
endosome (Figure 3A and Supplemental Figure S4C). The differential
effects observed could not be attributed to differential efficiencies of
siRNA treatment, as the mRNA levels of all four targeted proteins
show a marked reduction (Figure 3B). Moreover, supporting the tar-
geting specificity of the siRNA treatment, two other sequences for
each target induced similar effects on Grp1-T280D localization to the
recycling endosome (Supplemental Figure S5, A-D).

We further noted that, whereas the overexpression of GRASP has
been detected at the plasma membrane (Nevrivy et al., 2000), en-
dogenous GRASP resides mostly at the recycling endosome (Ven-
kataraman et al., 2012). Consistent with the latter finding, we found
that endogenous GRASP and IPCEF1 reside mostly at the recycling
endosome in adipocytes, as reflected by their colocalization with
cellubrevin (Figure 3C and Supplemental Figure S4D) and internal
glut4 (Figure 3D and Supplemental Figure S4E).

Importantly, when adipocytes were treated with the combination
of siRNAs against PI4KIIlo, GRASP and IPCEF1, the level of Grp1 at
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the recycling endosome was virtually abolished (Figure 3E and Sup-
plemental Figure S4F). Correlated with this finding, we found that
the ability of insulin to stimulate glut4 recycling was also virtually
abolished (Figure 3F). Thus, these results suggested that, besides
inducing the recognition of PI4P by the PH domain, the T280 phos-
phorylation also promotes Grp1 recruitment to the recycling endo-
some through GRASP and IPCEF1.

To elucidate how phosphorylation of this single residue in Grp1
could exert such multiple effects, we next sought to reconstitute
Grp1 recruitment using purified proteins and defined liposomes, so
that mechanistic details could be discerned. To incorporate GRASP
and IPCEF1 onto liposomes, we pursued a previously established
approach of localizing peripheral membrane proteins onto liposo-
mal membrane, which involves tagging proteins with the éx-His epi-
tope and then incubating them with liposomes that contain a nickel-
coupled lipid (Lee et al., 2005; Drin et al., 2008). We initially
confirmed that such liposomes still support the Pl4P-dependent re-
cruitment of Grp1-T280D onto liposomal membrane (Figure 4A).
When 6xHis-tagged GRASP was also added to these liposomes, we
found that Grp1 recruitment is further enhanced (Figure 4A). The
addition of 6xHis-tagged IPCEF1 to Pl4P-containing liposomes also

Molecular Biology of the Cell
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Quantitative results are shown as mean with standard error: *, p < 0.05, NS p > 0.05, Student’s t test. The number of
independent experiments performed is specified below. (A) Reconstituting the recruitment of Grp1 to liposomal
membrane. Liposomes were endowed with different factors as indicated, and then incubated with full-length Grp1-
T280D. The degree of recruitment was then quantified; n = 3 experiments. (B) Recruitment of different forms of Grp1 to
liposomal membrane. Constructs as shown were incubated with fully endowed liposomes (containing PI4P, GRASP, and
IPCEF1), followed by centrifugation to detect distribution in the pellet (P) vs. supernatant (S); FL (full-length Grp1-
T280D), CC-Sec7 (Grp1 lacking the PH domain), Sec7-PH (Grp1-T280D lacking the CC domain). A representative result
along with quantitation from three experiments is shown. (C) Recruitment of the CC-Sec7 construct to liposomal
membrane requires GRASP/IPCEF1. The CC-Sec7 construct was incubated with liposomes that were endowed with
different factors as indicated, followed by centrifugation to detect distribution in the pellet (P) vs. supernatant (S). A
representative result along with quantitation from three experiments is shown. (D) Recruitment of the Sec7-PH construct
to liposomal membrane requires PI4P. The Sec7-PH construct was incubated with liposomes that were endowed with
different factors as indicated, followed by centrifugation to detect distribution in the pellet (P) vs. supernatant (S). A
representative result along with quantitation from three experiments is shown. (E) Recruitment of different forms of
Grp1 to the recycling endosome. Constructs as shown were stably transfected into adipocytes, followed by confocal
microscopy to assess the degree of localization to the recycling endosome; FL (full-length Grp1-T280D), CC-Sec7 (Grp1
lacking the PH domain), Sec7-PH (Grp1-T280D lacking the CC domain); n= 10 cells per experiment with three
independent experiments performed. (F) Recruitment of the Sec7-PH construct to the recycling endosome requires
Pl14Klllo.. The Sec7-PH construct was stably transfected into adipocytes that were treated with siRNA as indicated,
followed by confocal microscopy to assess the degree of localization to the recycling endosome; SC (scrambled siRNA);
n =10 cells per experiment with three independent experiments performed. (G) Recruitment of the CC-Sec7 construct
to the recycling endosome requires GRASP/IPCEF1. The CC-Sec7 construct was stably transfected into adipocytes that
were treated with siRNA as indicated, followed by confocal microscopy to assess the degree of localization to the
recycling endosome; n= 10 cells per experiment with three independent experiments performed.

enhanced Grp1 recruitment (Figure 4A). Notably, when liposomes
were endowed with all three recruitment factors (P14P, GRASP, and
IPCEF1), we found that soluble Grp1 becomes virtually all mem-
brane-bound (Figure 4A).

Having reconstituted all three mechanisms of Grp1 recruitment,
we next sought to define in further detail how the T280 phosphory-
lation promotes these recruitment mechanisms. For this goal, we
were led by a previous finding that GRASP interacts with the CC
domain of Grp1 (Nevrivy et al., 2000). Thus, we explored whether
the effects of T280 phosphorylation could be divided mechanisti-
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cally into two parts: a lipid-based mechanism that involves the PH
domain recognizing PI4P and a protein-based mechanism that in-
volves the CC domain recognizing GRASP/IPCEF1.

We generated two truncation constructs: one that lacks the PH
domain (referred to hereon as the CC-Sec7 construct) and the other
that lacks the CC domain (referred to hereon as the Sec7-PH con-
struct; summarized in Supplemental Figure S6A). We compared the
recruitment of these two truncation forms to that of the full-length
form, with the T280D mutation incorporated into constructs that
contain the PH domain (shown in Supplemental Figure S6A). When
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the different constructs were incubated with liposomes that possess
all three recruitment factors (PI4P, GRASP, and IPCEF1), we found
that both truncation forms showed reduced recruitment as com-
pared with the full-length form (Figure 4B). Notably, we next found
that liposomes possessing only PI4P could not recruit the CC-Sec7
construct (Figure 4C), while liposomes possessing only GRASP and
IPCEF1 could not recruit the Sec7-PH construct (Figure 4D). Thus,
these results confirmed that the effects of T280 phosphorylation
could indeed be divided mechanistically into two parts, with one
involving the PH domain engaging PI4P, and the other involving the
CC domain engaging GRASP/IPCEF1.

We also pursued cell-based studies to confirm these findings.
Parallel to the results from the reconstitution studies, we found that
both truncation constructs showed reduced localization to the recy-
cling endosome as compared with that of the full-length form
(Figure 4E and Supplemental Figure S6B). We also found that siRNA
against PI4KIllo reduces the localization of the Sec7-PH construct to
the recycling endosome (Figure 4F and Supplemental Figure S6C),
but does not affect the localization of the CC-Sec7 construct to this
compartment (Figure 4G and Supplemental Figure S6D). Similarly,
targeting against GRASP/IPCEF1 reduces the localization of the CC-
Sec7 construct to the recycling endosome (Figure 4G and Supple-
mental Figure S6D), but does not affect the localization of the Sec7-
PH construct to this compartment (Figure 4F and Supplemental
Figure S6C). Thus, both in vitro and in vivo results suggested that
the effect of the T280 phosphorylation on Grp1 recruitment could
be divided mechanistically into two parts: a lipid-based mechanism
that involves the PH domain targeting PI4P, and a protein-based
mechanism that involves the CC domain targeting GRASP/IPCEF1.

To characterize the protein-based mechanism in further detail,
we next examined whether the CC domain interacts directly with
GRASP/IPCEF1, and whether the T280 phosphorylation regulates
such potential interactions. When GRASP is bound to beads fol-
lowed by incubation with soluble Grp1 in a pull-down experiment,
we confirmed that the T280D mutation enhances a direct interac-
tion between full-length Grp1 and GRASP (Figure 5A). This en-
hancement requires the CC domain, as the deletion of this domain
(resulting in the Sec7-PH construct) prevents Grp1 from interacting
directly with GRASP (Figure 5A). Performing a similar experiment to
examine IPCEF1, we found that the T280D mutation enhances a
direct interaction between full-length Grp1 and IPCEF1 (Figure 5B).
This enhancement also requires the CC domain, as the Sec7-PH
construct shows no direct interaction with IPCEF1 (Figure 5B).

As the intramolecular interaction between the CC domain and
the PH domain had only been known to inhibit the role of the PH
domain in mediating the membrane recruitment of Grp1 (Hiester
and Santy, 2013), we next examined whether this interaction could
also affect the role of the CC domain in mediating membrane re-
cruitment. Initially, we reconstituted the intramolecular interaction
between the CC and PH domains by expressing them separately
and then confirming that they could bind directly as purified com-
ponents (Figure 5C). We also reconstituted the release of this inter-
action by the T280 phosphorylation, as introducing of the T280D
mutation into the PH domain was sufficient in completely abrogat-
ing the interaction between the CC domain and the PH domain
(Figure 5C). We next found that the direct interaction between the
CC domain and GRASP is reduced when the CC domain is preincu-
bated with the PH domain, and remarkably, this effect is abrogated
when the T280D mutation is introduced into the PH domain (Figure
5D). Similarly, the direct interaction between the CC domain and
IPCEF1 is reduced when the CC domain is preincubated with the PH
domain, and this effect is also abrogated when the T280D mutation
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is introduced into the PH domain (Figure 5E). Thus, when taken al-
together, the results revealed a previously unappreciated role for
the intramolecular interaction between the CC domain and the PH
domain. Rather than simply preventing the role of the PH domain in
membrane recruitment, this interaction also prevents the role of the
CC domain in membrane recruitment.

DISCUSSION

We have elucidated the complexity of recruitment mechanisms that
need to be coordinated in localizing an ARF GEF to an intracellular
compartment for its role in initiating a transport pathway. A previous
study had proposed an autoinhibitory mechanism regulating the
membrane recruitment of Grp1, which involves an intramolecular
interaction between its PH and CC domains, with the T280 phos-
phorylation releasing this interaction to allow the PH domain to en-
gage the membrane (Hiester and Santy, 2013). However, we find
that the situation is more complex. Whereas only the PH domain is
currently known to mediate membrane recruitment, we have uncov-
ered that the CC domain is also involved. Specifically, we elucidate
that the PH domain mediates a lipid-based mechanism of recruit-
ment through phosphoinositide recognition, while the CC domain
mediates a protein-based mechanism, which involves its interaction
with two proteins at the recycling endosome, GRASP and IPCEF1.
We also find that the intramolecular interaction between the PH do-
main and the CC domain inhibits this newly defined role of the CC
domain, and thus uncovering an additional regulatory role for the
autoinhibitory mechanism that had not been appreciated.

Even more remarkable, whereas the PH domain of Grp1 has
been known to recognize PIP3, we find that the T280 phosphoryla-
tion induces this PH domain to recognize PI4P. Relevant to this find-
ing, we note that there has been great interest in understanding
phosphoinositide recognition by PH domains, as it represents a ma-
jor mechanism by which many proteins are recruited from the cyto-
sol to membrane (DiNitto and Lambright, 2006; Lemmon, 2008).
Whereas the molecular details of how different PH domains recog-
nize particular phosphoinositides are being achieved (DiNitto and
Lambright, 2006; Lemmon, 2008), our results advance a novel un-
derstanding of this membrane recruitment by revealing that phos-
phoinositide recognition by the PH domain of Grp1 can be switched
through its phosphorylation.

We further note that the crystal structures of the Grp1 and ARNO
PH domains bound to the head groups of PIP3 and PIP2, respec-
tively, have been solved. This allows us to perform molecular model-
ing in suggesting a possible explanation for the effect of T280 phos-
phorylation on the specificity of phosphoinositide binding (Figure
6). In the solved structure having the PIP3 head group, the 3-phos-
phate is located in the most electropositive region of the binding
site, where it mediates critical polar interactions with arginine and
lysine residues in a conserved basic motif characteristic of PH do-
mains that bind phosphoinositides with high affinity (DiNitto and
Lambright, 2006; Lemmon, 2008). Compensating for the lack of a
3-phosphate, the PIP2 head group binds in a rotated orientation in
which the 4-phosphate mediates polar interactions with the con-
served basic residues. Moreover, the side chain of T280 mediates an
important polar interaction with the 1-phosphate of the PIP3 head
group but does not contact the 1-phosphate of the PIP2 head group
as a consequence of the rotated binding mode. Thus, a plausible
molecular model for a complex that contains PI4P can be con-
structed based on the reasonable conjecture that PI4P binds in an
orientation similar to PIP2, allowing the 4-phosphate to interact with
the conserved basic residues. Whereas T280 phosphorylation is ex-
pected to create a major steric conflict with the 1-phosphate of
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FIGURE 5: T280 phosphorylation enhances the interaction between the CC domain of Grp1 and GRASP/IPCEF1.
Quantitative results are shown as mean with standard error: *, p < 0.05, NS p > 0.05, Student’s t test. The number of
independent experiments performed is specified below. (A) GRASP can interact directly with Grp1, which requires the
CC domain in Grp1, and is modulated by the T280 phosphorylation. GRASP as a GST fusion protein was bound to
beads and then incubated with various Grp1 constructs as indicated in pull-down experiments. A representative result
along with quantitation from three experiments is shown. (B) IPCEF1 can interact directly with Grp1, which requires the
CC domain in Grp1, and is modulated by the T280 phosphorylation. IPCEF1 as a GST fusion protein was bound to
beads and then incubated with various Grp1 constructs as indicated in pull-down experiments. A representative result
along with quantitation from three experiments is shown. (C) Reconstituting the intramolecular interaction between the
CC domain and the PH domain in Grp1, and its release by the T280 phosphorylation. The CC domain as a GST fusion
protein was bound to beads and then incubated with different forms of the PH domain as indicated in pull-down
experiments. As negative control, a similar experiment was performed using GST alone. A representative result along
with quantitation from three experiments is shown. (D) The direct interaction between the CC domain of Grp1 and

GRASP is inhibited when the CC domain is preincubated with the wild-type, but not the T280D, form of the PH domain.
The CC domain as a GST fusion protein was bound to beads and then incubated with GRASP in a pull-down experiment
(left lane). The CC domain on beads was preincubated with the wild-type form of the PH domain, and then incubated
with GRASP in a pull-down experiment (middle lane). The CC domain on beads was preincubated with the T280D form
of the PH domain, and then incubated with GRASP in a pull-down experiment (right lane). A representative result along
with quantitation from four experiments is shown. (E) The direct interaction between the CC domain of Grp1 and
IPCEF1 is inhibited when the CC domain is preincubated with the wild-type, but not the T280D, form of the PH domain.
The CC domain as a GST fusion protein was bound to beads and then incubated with IPCEF1 in a pull-down experiment
(left lane). The CC domain on beads was preincubated with the wild-type form of the PH domain, and then incubated
with IPCEF1 in a pull-down experiment (middle lane). The CC domain on beads was preincubated with the T280D form
of the PH domain, and then incubated with IPCEF1 in a pull-down experiment (right lane). A representative result along

with quantitation from four experiments is shown.

PIP3, a minor if any steric clash would be predicted for PI4P. A more
definitive assessment of this possibility will require a structure study
in the future.

Besides ARF GEFs, multiple other classes of transport factors are
also regulated by their recruitment from the cytosol to membranes
(Sztul et al., 2019). Emerging from studies on all these factors has
been a general appreciation that proper targeting to an intracellular
compartment requires the coordination of multiple interactions,
which has been termed coincidence detection (Sztul et al., 2019).
Notably, besides providing targeting specificity, coincidence detec-
tion achieves another major purpose, allowing multiple weak interac-
tions to synergize in forming an overall strong interaction. Along this
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line, we note that the effects of the T280 phosphorylation on indi-
vidual Grp1 recruitment mechanisms (mediated by PI4P, GRASP, or
IPCEF1) could be considered relatively modest. However, when the
effects of the T280 phosphorylation are observed in the context of all
three recruitment mechanisms, we have observed robust changes,
as reflected by this phosphorylation converting Grp1 from its soluble
form to becoming virtually all membrane-bound (Figure 4A).

MATERIALS AND METHODS
Reagents, proteins, and cells
Phospholipids and PIK93 were obtained from Avanti Polar Lipids
(Alabaster, AL). Glutathione-sepharose 4B and PreScission
2823
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FIGURE 6: Structural model for the differential effect of T280
phosphorylation on PIP3 vs. PI4P binding to the Grp1 PH domain. The
phosphoinositide-binding site in the crystal structure of the Grp1 PH
domain bound to the PIP3 head group (PDB ID 1FGY) is compared
with a hypothetical composite model for the PI4P head group. The
P14P head group was acquired from the crystal structure of the ARNO
PH domain bound to the PIP2 head group (PDB ID 1U29) after
alignment of the PH domains and deletion of the 5-phosphate.
Magenta dashes represent hydrogen bonds between the T280 side
chain hydroxyl group and the 1-phosphate of the PIP3 head group
that are not observed for the PIP2 head group in the ARNO complex.

protease were obtained from GE Healthcare (Pittsburgh, PA).
Insulin, wortmannin, PAO, and adenosine were obtained from
Sigma (St. Louis, MO). GST fusion proteins and éxHis-tagged
proteins were purified as described previously (Dai et al., 2004).
Recombinant forms of Grp1 were generated by expressing them
as GST fusion proteins in Escherichia coli, and then purified by
binding to glutathione-sepharose resin, followed by PreScission
protease cleavage according to the manufacturer’s instructions.
3T3-L1 fibroblast was obtained from ATCC (Rockville, MD). Their
differentiation into adipocytes has been described previously (Li
et al., 2007).

Antibodies

The following antibodies have been described previously (Li et al.,
2007, 2012): mouse antibodies against Grp1 and Myc epitope
(9E10), rabbit antisera against ARF6, cellubrevin, Grp1, and glut4,
and anti-mouse and anti-rabbit secondary antibodies conjugated to
HRP, Cy2, or Cy3. Newly acquired antibodies include mouse anti-
bodies against PI4P (Z-P004) and PIP3 (Z-P345) from Echelon Biosci-
ences (Salt Lake City, UT), mouse antibody against Rab11 (610656)
from BD Transduction Laboratories (San Jose, CA), goat antibodies
against GRASP (SC-55951) and IPCEF1 (SC-168195) from Santa
Cruz (Dallas, TX), and anti-goat secondary antibodies conjugated to
HRP (705-035-147) or Cy3 (705-165-147) from Jackson ImmunoRe-
search (West Grove, PA).

Plasmids and transfections

Myc-tagged mouse Grp1 (wild-type and T280D) in pENTR and
PCDNAS3.1 that are siRNA resistant have been described (Li et al.,
2012). A PI4P biosensor, known as GFP-P4M-SidM, has also been
described (Hammond et al., 2014), and was obtained from Add-
gene (plasmid #51469). 6xHis-tagged GRASP and IPCEF1 were
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generated by subcloning the coding sequence of GRASP and IP-
CEF1 into pET-15b vector (EMD Millipore, Billerica, MA). To gener-
ate GST fusions of Grp1, GRASP, and IPCEF1, the coding sequences
of proteins were amplified by PCR, and then subcloned into pGEX-
6P-1 vector (GE Healthcare, Pittsburgh, PA). Different forms of Myc-
tagged Grp1 were subcloned and inserted into pENTR (Invitrogen,
Carlsbad, CA). Point mutants were then generated by a QuikChange
Il XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). Myc-
Grp1 constructs in pLenti6.2 were further generated by recombina-
tion according to the Gateway protocol provided (Invitrogen). Lenti-
viral particles expressing Myc-Grp1 constructs were generated
using a ViraPower Lentiviral Expression System (Invitrogen). 3T3-L1
fibroblast cell lines that stably express different forms of Myc-Grp1
were generated by lentiviral transduction followed by selection in
10 pg/ml blasticidin (Invitrogen).

RNA silencing

The siRNA smartpools for mouse PI4Klllo, GRASP, IPCEF1, GRSP1,
and CASP were obtained from Dharmacon (Chicago, IL). Individual
oligonucleotides in smartpools that are documented in this study
to have efficient knockdown are CCGAATGTTCAATGAGCAT,
AGAAAGCACAGCTCGGAAA, and GATATGACAAGATGGGCTA
for PI4Klllo;; ACGCAGCACTGGAGGACTA, GGGAGATTGTCGAT-
ATCAT, and GGAGAATACAGGTCACTTA for GRASP; CAGAA-
GGTGGTTTGTTGAA, TCAATCACCCACAGATCAA, and ACTC-
AAGCATATTTGCCAA for IPCEF1; GCACGGAGATCCTTGACGA,
GGAGAGCAATTTCCTGATA, and GCACTTCGCTGTCAGGTTC
for GRSP1; and GAAGACAACCGAAGGATTC, GGGAAGAGAT-
GTGCGTTTA, and GAGACGAGATTCTGCGGAA for CASP. The
first sequence against each target is used for all subsequent stud-
ies. A scrambled sequence was used as control, and was obtained
from Ambion (Austin, TX). Transfection of siRNAs into 3T3-L1 adi-
pocytes was achieved by using a Deliver-X Plus delivery kit (Af-
fymetrix, Santa Clara, CA) according to the manufacturer’s proto-
col. Cells were transfected for 48 h before examination.

The efficiency of siRNA treatment was verified by either Western
blotting or quantitative polymerase chain reaction (qPCR). For
gPCR, total mRNAs were extracted from cells by using a Purelink
RNA mini kit (Invitrogen), and then total cDNAs were synthesized by
using a QuantiTect Reverse Transcription kit (QIAGEN, German-
town, MD). Quantitation of mRNA level was performed by using a
Brilliant Ill Ultra-Fast SYBR Green QPCR Master Mix kit (Agilent
Technologies, San Diego, CA) on a Stratagene MX3000P qPCR ma-
chine. The primer pairs for gPCR are GCA GCA CTG GAG GAC TAT
C and TCT CCA AAG TTA GAA CCT TCC G for GRASP; CGT GTG
CTT CCT GGG AAC and TCT CTG CAT TGC CTT CTG TG for IP-
CEF1; TCG GCA AAG ATG ACA GAA GG and AAG TACTCC TTC
TCT TTC AGG TTG for GRSP1; and TCT TTG CCC ACA ATG TCT
CTG and TGA ATC CTT CGG TTG TCT TCC for CASP. The mRNA
levels were normalized to respective scrambled control.

In vivo assays

The glut4 recycling assay has been previously described (Li et al.,
2007). Colocalization studies were performed using a Nikon C1 plus
confocal system and have also been described previously (Li et al.,
2007, 2012). We examined noninsulin stimulated adipocytes for co-
localization studies, which allows internal glut4 to be used as an
additional marker of the recycling endosome, as previously de-
scribed (Li et al., 2007, 2012). Quantitation was performed using
Adobe Photoshop CS6 and NIH image analysis software packages
and Image J (v. 1.50e) with a colocalization plug-in. For each condi-
tion, 10 cells were examined for quantitation.
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In vitro assays

Pull-down assays using GST fusion proteins have also been de-
scribed (Dai et al., 2004). In these experiments, the GST fusion pro-
tein is detected with Coomassie blue staining of gels while the sol-
uble proteins bound to the GST fusion are detected with antibodies
through immunoblotting, which are anti-Grp1 antibody to detect
different Grp1 forms and anti-6xHis antibody to detect éxHis-
tagged GRASP and IPCEF1. The liposome recruitment assay was
performed essentially as previously described (Yang et al., 2008).
Briefly, lipids were mixed in molar ratios to mimic the composition of
organellar membrane (PC 58%, PE 20%, cholesterol 14%, PS 4%,
and sphingomyelin 4%). Unilamellar liposomes were then gener-
ated in a buffer containing 20 mM HEPES, pH 7.4, and 170 mM su-
crose, and resuspended in a buffer containing 20 mM HEPES, pH
7.4, and 100 mM KCI. For recruitment studies involving specific
phosphoinositide, liposomes were generated with 10% of a particu-
lar phosphoinositide, with the level of PC reduced proportionally.
For studies involving a nickel-conjugated lipid, liposomes also con-
tained 10% of 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxy-
pentyl)iminodiacetic acid)succinyl] (nickel salt).
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