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Abstract
The recruitment of GDP/GTP exchange factors (GEFs) to specific subcellular sites dictates

where they activate small G proteins for the regulation of various cellular processes.

Cytohesins are a conserved family of plasma membrane GEFs for Arf small G proteins that

regulate endocytosis. Analyses of mammalian cytohesins have identified a number of

recruitment mechanisms for these multi-domain proteins, but the conservation and develop-

mental roles for these mechanisms are unclear. Here, we report how the pleckstrin homol-

ogy (PH) domain of the Drosophila cytohesin Steppke affects its localization and activity at

cleavage furrows of the early embryo. We found that the PH domain is necessary for

Steppke furrow localization, and for it to regulate furrow structure. However, the PH domain

was not sufficient for the localization. Next, we examined the role of conserved PH domain

amino acid residues that are required for mammalian cytohesins to bind PIP3 or GTP-

bound Arf G proteins. We confirmed that the Steppke PH domain preferentially binds PIP3

in vitro through a conserved mechanism. However, disruption of residues for PIP3 binding

had no apparent effect on GFP-Steppke localization and effects. Rather, residues for bind-

ing to GTP-bound Arf G proteins made major contributions to this Steppke localization and

activity. By analyzing GFP-tagged Arf and Arf-like small G proteins, we found that Arf1-

GFP, Arf6-GFP and Arl4-GFP, but not Arf4-GFP, localized to furrows. However, analyses of

embryos depleted of Arf1, Arf6 or Arl4 revealed either earlier defects than occur in embryos

depleted of Steppke, or no detectable furrow defects, possibly because of redundancies,

and thus it was difficult to assess how individual Arf small G proteins affect Steppke. None-

theless, our data show that the Steppke PH domain and its conserved residues for binding

to GTP-bound Arf G proteins have substantial effects on Steppke localization and activity in

early Drosophila embryos.

Introduction
The recruitment and activation of GDP/GTP exchange factors (GEFs) at specific sites is critical
for the activation of small G proteins. These small G proteins control a wide range of cellular
processes, including growth, cytoskeletal dynamics and membrane trafficking [1, 2]. Plasma
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membrane (PM) Arf small G proteins are major, direct inducers of endocytosis and related sig-
naling [3–7]. Both Arf6 and Arf1 act at the PM, whereas Arf1, Arf4 and others induce mem-
brane budding from internal membrane compartments, such as the Golgi. Like other G
proteins, they are activated by GEFs and inactivated by GTPase activating proteins (GAPs). In
humans, 11 Arf-GEFs are predicted to act at the PM and form three main groups; cytohesins,
EFA6s, and BRAGs [3]. In Drosophila, the situation is simpler, with just one GEF per group;
Steppke (Step; a cytohesin), EFA6, and Loner/Schizo (a BRAG) [3]. Notably, cytohesins,
EFA6s and BRAGs have been shown to act on both Arf6 and Arf1 [3, 4, 8, 9], and BRAG2 also
promotes endocytosis via Arf5 [10].

Our research focuses on the cytohesin Step and how it regulates cleavage of the early Dro-
sophila embryo. Drosophila embryogenesis begins as a syncytium in which PM cleavage fur-
rows transiently separate dividing somatic nuclei and then fully cellularize ~6000 nuclei to
form the cellular blastoderm [11–13]. Step localizes to these cleavage furrows and uses its Arf-
GEF activity to antagonize the Rho1-actomyosin pathway during two forms of cell division
[14, 15]. Step acts first to control primordial germ cell division from the syncytial soma, and
without Step, the division occurs at ectopic sites [15]. Then, Step continues to act during the
syncytial nuclear divisions of the soma to prevent closure of cleavage furrows at their basal tips.
Without Step, basal membranes form abnormally creating cells prematurely or displacing
nuclei from the embryo periphery [14]. Suggesting a conserved role for cytohesins in the regu-
lation of cell division, the C. elegans cytohesin localizes to neuroblast cytokinetic furrows and
regulates their asymmetric division [16]. In Drosophila, a conserved cytohesin adaptor, Step-
ping stone (Sstn; a distant homolog of mammalian FRMD4A), aids Step in its antagonism of
actomyosin networks. Sstn and Step interact directly through their coiled-coil (CC) domains,
as mammalian FRMDA4 and cytohesins do [17]; the proteins co-localize at cleavage furrows;
and depletion of Sstn partially phenocopies the effects of step loss [18]. However, Sstn is not
solely responsible for Step recruitment and activation at the cleavage furrows [18].

Mammalian cell culture and biochemical studies have identified many mechanisms for
recruiting and activating cytohesins at the PM through their N-terminal CC domain and their
C-terminal pleckstrin homology (PH) domain [3, 4]. These mechanisms are linked to the direct
output of cytohesins—Arf activation mediated by the central Sec7 GEF domain. Cytohesin CC
domains can bind various adaptor proteins to integrate cytohesins with different PM com-
plexes [17, 19–24]. Additionally, the CC domain can reversibly block the PH domain to control
membrane association [25], and can dimerize [26, 27]. When free, the PH domain of cytohe-
sins can bind PM PIP2 and PIP3, or PIP3 preferentially, depending on a tri-glycine or di-gly-
cine repeat in different isoforms [28, 29]. Additionally, a separate face of the PH domain can
bind to GTP-bound Arf6 [26, 30] and GTP-bound Arf-like 4 (Arl4) [31]. These interactions, as
well as phosphorylation events, have been shown to relieve inhibitory binding of the Sec7
domain by the PH domain [26], creating a potential positive feedback loop with cytohesins
producing Arf-GTP and Arf-GTP activating cytohesins [32]. Overall, localized cytohesin activ-
ity seems to be controlled by multiple direct mechanisms, but it is unclear whether these activi-
ties act together in different contexts or how they function during development.

Since Sstn was identified as an interaction partner for the Step CC domain [18], we turned
to its PH domain to understand how Step is recruited and activated at Drosophila cleavage fur-
rows. The PH domain of Step has been used as a probe for PIP3 (named tGPH) [33]. It was
shown to respond to PIP3 production in vivo [33] and to bind PIP3 liposomes in vitro [34].
However, reduction of PIP3 seems to have no effect on early cleavage furrows of the Drosophila
embryo, despite a specific and strong effect during mid-late cellularization [35]. Thus, it was
unclear whether and how the PH domain would affect Step localization and activity at early
Drosophila cleavage furrows.

A Localization Mechanism for the Arf-GEF Steppke
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Here, we show that the Step PH domain makes an important contribution to both the locali-
zation and activity of Step at Drosophila cleavage furrows, apparently through PH domain
interactions with Arf small G proteins.

Results
To identify mechanisms of Step localization and activation, we conducted a structure-function
analysis focused on the PH domain of Step. We created constructs in which the PH domain or
other domains were deleted, or in which conserved amino acid residues shown to mediate spe-
cific interactions in mammalian studies were changed to non-functional residues based on
these same studies. The constructs were UAS-controlled, inserted at the same chromosomal
site (confirmed by PCR), and GFP-tagged. To analyze their localization and activity in early
embryos, we expressed them maternally and imaged progeny as syncytial embryos when
maternal supplies direct development.

The Step PH domain is necessary but not sufficient for Step localization
Since the PH domain of cytohesins aids their membrane recruitment, we investigated how the
PH domain of Step affects its localization to cleavage furrows in the cellularizing Drosophila
embryo. At this stage, localization data for Step is limited to the imaging of a full length
GFP-Step construct since an antibody shown to specifically detect Step by immunofluorescence
of imaginal discs [24] cannot detect Step above background in the syncytial embryo suggesting
relatively low protein expression [15]. Importantly, an RNAi-resistant form of the GFP-Step
construct has been shown to rescue step RNAi embryos [14, 15], indicating that GFP-Step can
replace the activity of endogenous Step, although its overexpression with the Gal-4-UAS sys-
tem remains a caveat. GFP-Step localizes to the PM furrows with enrichment at their basal tips
(Fig 1A) [14], the PM sites that display the greatest mis-regulation with experimental Step
removal [14]. To determine the role of the PH domain in this localization, we imaged
GFP-Step[ΔPH] and found that it had a much greater cytoplasmic pool resulting in a lower
PM:cytoplasm localization ratio (Fig 1A), and additionally localized to two sub-apical foci per
cell typical of a centrosome association (Fig 1A, arrow). To test whether the PH domain is suffi-
cient for the full length GFP-Step localization pattern, we imaged GFP-Step[PH], GFP linked
to the PH domain alone, and found that it too had a much lower PM:cytoplasm localization
ratio than full length Step (Fig 1A). It was possible that the C-terminal poly-basic region was
needed for PH domain localization, but imaging of a well-characterized construct containing
both regions, GFP-Step[PH+PB] (the tGPH probe [33]), revealed a distribution similar to the
PH domain alone. Thus, the PH domain of Step is needed for its full PM association, but the
domain alone is not sufficient for this localization.

The Step PH domain is necessary for full Step activity
Previously, we found that Step over-expression leads to sporadic furrow loss (the opposite of
the abnormal furrow expansion that occurs with experimental Step removal), and that this
effect was dependent on Step’s GEF activity [14]. Thus, we used this over-expression effect as
an assay for Step construct activity. First, we compared full length GFP-Step and GFP-Step
[ΔPH]. The majority of embryos overexpressing full length GFP-Step displayed either sporadic
loss of furrow membranes (Fig 1B, arrows) or a general disruption to furrows across the
embryo (involving both furrow loss and furrow disorganization; Fig 1B). In contrast, the
majority of embryos expressing GFP-Step[ΔPH] displayed normal furrows (Fig 1B, right
graph). Thus, the PH domain of Step is also needed for it to affect the PM in this assay.

A Localization Mechanism for the Arf-GEF Steppke
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Fig 1. The PH domain of Step is necessary but not sufficient for its membrane localization and activity. (A) Localization of GFP-Step constructs at
early cellularization. N values indicate the number of embryos analyzed quantitatively. Amphiphysin (Amph) staining indicates the furrows. GFP-Step[WT]
had a higher furrow membrane:cytoplasm ratio than the other constructs, as shown in the micrographs and quantifications of the ratios (means ± SD).
GFP-Step[ΔPH] also localized to structures that appeared to be centrosomes (yellow arrows). (B) GFP-Step[WT] over-expression produced a range of
effects on furrows at early cellularization, from no effect (black) to sporadic membrane loss (red, arrows) to a general disruption of furrows including
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The sequence and lipid binding properties of the Step PH domain are
conserved
Since specific residues of the PH domains of mammalian cytohesins have been implicated in
binding either phosphoinositide species or GTP-bound Arf small G proteins, we compared the
sequence of the Step PH domain to those of its mammalian counterparts. As shown for a com-
parison with the mouse Grp1 PH domain, the Step PH domain has high sequence identity with
these domains (Fig 2A). In particular, Step contains the di-glycine motif that conveys specific-
ity for PIP3 (Fig 2A, asterisks, [28, 29]), as well as conserved residues implicated in binding to
GTP-bound Arf small G proteins, I319 and K351 (Fig 2A, pound symbols, [30, 31]).

The PH domain of mammalian Grp1 binds PIP3 specifically and is a commonly used probe
for PIP3 in vivo [36]. The PH domain of Step has been shown to respond to production of
PIP3 in vivo [33], and to bind PIP3 vesicles in vitro [34], but its relative affinity for PIP3 and
PIP2 species has not been reported. Thus we compared the binding of equimolar GST-Step
[PH+PB] and GST-mouse Grp1[PH+PB] to an array of lipid species immobilized on nitrocel-
lulose. Both proteins displayed similar strong and specific binding to PIP3 in repeated experi-
ments (Fig 2B, red asterisks). To test if similar residues are involved in this interaction we
converted the Step di-glycine motif to the tri-glycine motif found in natural mammalian

membrane loss and other disorganization (blue). Quantification of furrow defects (right) showed that the GFP-Step[ΔPH] construct had a weaker effect on
furrows than GFP-Step[WT] (N represents embryo numbers).

doi:10.1371/journal.pone.0142562.g001

Fig 2. Conserved sequence and lipid binding properties of the PH domain of Step. (A) The sequence of the PH domain and PB region of Step
compared to that of mouse Grp1. The di-glycine sequence implicated in PIP3 binding is marked with asterisks. The Ile and Lys residues implicated in GTP-
bound Arf small G protein binding are marked with pound symbols. (B) The amino acid sequences in (A) were expressed as GST fusions and exposed to lipid
arrays at 0.08 μg/ml. Both showed similar preferential binding to PIP3 (red asterisks). (C) The PIP3 binding of the GST Step PH+PB protein was unaffected
by amino acid residue changes expected to disrupt GTP-bound Arf small G protein binding and was lowered by conversion of the di-glycine sequence to a tri-
glycine sequence (red asterisks). The proteins were exposed to lipid arrays at 0.08 μg/ml and the arrays were processed and imaged side-by-side (shown as
a single photograph of all four arrays). Similar amounts and stabilities of the proteins were confirmed by separating 3 μg of each protein by SDS-PAGE and
performing a Coomassie stain (D).

doi:10.1371/journal.pone.0142562.g002
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cytohesin isoforms [28, 29]. This alteration weakened the binding of GST-Step[PH+PB] to
PIP3 in repeated side-by-side assays (Fig 2C, red asterisks). In contrast, mutations shown to
weaken binding to GTP-bound Arf G proteins (I319E and K351L) had no effect on the binding
of GST-Step[PH+PB] to PIP3 or other lipids (Fig 2C, red asterisks), as observed in binding
studies of the mammalian proteins [37]. Together, these sequence comparisons, sequence per-
turbations and lipid binding assays suggest that the PH domain of Step is very similar to its
mammalian counterparts.

Disrupting residues for Arf-GTP binding weakens Step membrane
association, but disrupting PIP3 binding does not
Since the PH domain of Step is well conserved, we hypothesized that one or more of the inter-
actions identified for the mammalian domain would affect Step furrow localization and activ-
ity. Thus, we generated UAS constructs to express the following proteins in vivo: GFP-Step
[3G] to reduce PIP3 binding; and GFP-Step[I319E] and GFP-Step[K351L] to reduce binding
to GTP-bound Arf G proteins. Imaging these three proteins and full length GFP-Step with the
same settings revealed an indistinguishable distribution of full length GFP-Step and GFP-Step
[3G] at early cellularization, whereas both GFP-Step[I319E] and GFP-Step[K351L] displayed a
much greater cytosolic pool (Fig 3A, quantified in 3B), as well as localization to what appeared
to be centrosomes (Fig 3A arrows). To confirm the minimal effect of the mutation affecting
PIP3 binding, we generated a Step construct with mutation of another conserved residue for
PIP3 binding (GFP-Step[R286C] [37]), and its localization was also indistinguishable from full
length GFP-Step (data not shown). Thus, the mutation of residues implicated in binding to
GTP-bound Arf G proteins had a similar effect on Step localization as deleting the full PH
domain (Fig 1), whereas weakening PIP3 binding had no detectable effect. These results do not
exclude a role for PIP3 binding since the altered protein has residual PIP3 binding activity (Fig
2C) and could also localize through homo-oligomerization with endogenous Step in the system
[18]. However, the results do implicate a role for binding to GTP-bound Arf G proteins.

We hypothesized that the greater cytosolic pool of GFP-Step[I319E] and GFP-Step[K351L]
versus GFP-Step[WT] and GFP-Step[3G] might reflect a decrease of protein maintenance at
furrow membranes. To investigate this possibility more directly, we conducted fluorescence
loss induced by photobleaching (FLIP) experiments. Since the cellular compartments of the
early cellularization embryo have a shared cytoplasm, we bleached a narrow rectangle covering
the middle of a central row of cells at one minute intervals, and then monitored the behavior of
GFP-Step constructs in the first, second and further rows of cells away from those being repeat-
edly bleached. For GFP-Step[WT], the effects of the repeated bleaching were relatively local
over a 6 minute period. Specifically, the cell row being bleached showed a reduction of signal,
but no gradient of depleted signal was observed over the neighboring and more distant rows,
and quantification of the second neighboring row revealed no decrease in signal (after correc-
tion for the general photobleaching from the imaging laser) (Fig 4A–4C). The behavior of the
GFP-Step[3G] construct was most similar to the full length, perhaps with somewhat greater
mobility (Fig 4B and 4C). In contrast, both GFP-Step[I319E] and GFP-Step[K351L] displayed
greater mobility through the syncytial embryo, with GFP-Step[I319E] being most mobile. Spe-
cifically, the cell row being bleached showed a reduction of signal, a gradient of depleted signal
was observed both at membranes and in the cytoplasm over the neighboring and more distant
rows, and quantification of the second neighboring row revealed significant decreases in signal
in response to the repeated photobleaching (Fig 4A–4C, red asterisks). Thus, the maintenance
of GFP-Step at membrane furrows has a specific dependence on residues implicated in binding
to GTP-bound Arf G proteins.

A Localization Mechanism for the Arf-GEF Steppke
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Disrupting residues for Arf-GTP binding weakens Step membrane
activity, but disrupting PIP3 binding does not
To determine how the specific residues within the Step PH domain affect the activity of Step,
we compared their membrane levels and effects on membrane furrow organization. Both full
length GFP-Step and GFP-Step[3G] lead to similar degrees of furrow loss and general mem-
brane disruption with similar levels of protein at the furrows (Fig 3A, red asterisks, Fig 5, quan-
tification), as did GFP-Step[R286C] (data not shown). In contrast, both GFP-Step[I319E] and
GFP-Step[K351L] displayed minimal activity despite equal or greater protein levels at the fur-
rows (Fig 5). Thus, the activity of GFP-Step at membrane furrows also has a specific depen-
dence on residues implicated in binding to GTP-bound Arf G proteins.

Fig 3. Amino acid residue changes affecting the localization of Step.GFP-Step[WT] and GFP-Step[3G] had indistinguishable furrow localization
(assessed as in Fig 1A, and additionally with line scans). Over-expression of either protein also induced sporadic furrow loss (red asterisks). GFP-Step
[I319E] and GFP-Step[K319L] showed a lower furrow membrane:cytoplasm ratio (quantified as in Fig 1A), and also localized to structures that appeared to
be centrosomes (yellow arrows).

doi:10.1371/journal.pone.0142562.g003
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Arf6, Arf1 and Arl4 are candidate regulators of Step
Since our data implicated binding to GTP-bound Arf G proteins for the membrane mainte-
nance and activity of Step, we investigated which Arf or Arf-like G proteins might be involved.
First, we investigated the localization of the three Drosophila Arf G proteins (Arf1, Arf4, and

Fig 4. Amino acid residue changes affecting the maintenance of Step at furrowmembranes. (A) Time points from FLIP analyses of GFP-Step[WT] and
GFP-Step[I319E] at early cellularization. 0s shows the embryo before the first photobleaching. In the second column, the white bar shows where the embryo
was photobleached, as well as cell compartments in Row 1 and Row 2 away from the cell row being bleached. The same positions were bleached at 60s
intervals (arrows), and the embryos are shown 45s after each bleaching. The red asterisks indicate example Row 2 furrows that maintain their signal for
GFP-Step[WT] or become depleted of signal for GFP-Step[I319E]. The images are also shown with an inverted Fire look up table (Image J) to show that a
gradient of both cytosolic and membrane signal depletion arises with the repeated GFP-Step[I319E] photobleaching, but not for GFP-Step[WT]. (B)
Quantification of the responses at Row 2 furrows as averages of three sites per embryo normalized to the signals at 0s (each line is data from one embryo).
(C) Quantification of the same responses at Row 2 furrows as in B, but as averages of each single site over time points 225-405s normalized to the signals at
0s (each circle is data from one furrow). For B and C, note that Step[I319E] displayed the greatest increase in mobility versus Step[WT].

doi:10.1371/journal.pone.0142562.g004
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Arf6) and the Arf-like protein implicated in cytohesin recruitment (Arl4) by generating con-
structs for expressing GFP fusion proteins from UAS transgenes in vivo. During early cellulari-
zation, Arf1-GFP localized moderately to the PM furrows as well as strongly to internal puncta
(Fig 6) that were positive for Golgi markers (data not shown); Arf4-GFP was only detected at
strong puncta resembling those positive for Arf1-GFP (Fig 6); Arf6-GFP localized strongly to
the PM furrows (Fig 6); and Arl4-GFP localized weakly to the PM furrows (Fig 6). Thus, Arf1,
Arf6 and Arl4 localize to furrows where they could possibly maintain Step.

Removal of Step, either with step RNAi or mutants, leads to premature cell formation
through the abnormal expansion of basal membranes [14] (Fig 7A). To test whether Arf1, Arf6
or Arl4 aid Step to prevent this abnormal membrane change, we targeted them individually
through maternal loss-of-function approaches. Maternal depletion of Arf1 by RNAi resulted in
major fertility defects, and the embryos that were produced displayed a loss of cleavage furrows
(Fig 7A and 7B) that might be associated with the role of Arf1 in biosynthetic trafficking from
the Golgi [3, 4, 11]. arf6 null mutants are adult viable and fertile as females [38, 39] and we
observed no apparent defects in cleavage furrows derived from these females (Fig 7A and 7B),
although patches of nuclear loss (nuclear fall-out) were observed in some of embryos (data not
shown). To test the role of Arl4, we constructed shRNA constructs targeting Arl4 and found
that two effectively eliminated Arl4-GFP by microscopy (Fig 7A), but they had no apparent
effect on early cellularization furrows (Fig 7A and 7B). Finally, the effects of arl4 RNAi in arf6
null mutants were indistinguishable from the effects of control mCherry RNAi in the arf6 null
mutants (data not shown), suggesting there is not substantial redundancy between these pro-
teins. Three non-mutually exclusive possibilities could reconcile these observations with our

Fig 5. Amino acid residue changes affecting the activity of Step.GFP-Step[WT] and GFP-Step[3G] had
indistinguishable disruptive effects on furrows (assessed as in Fig 1B). GFP-Step[I319E] and GFP-Step
[K351L] each showed a lower degrees of furrow disruption, despite similar furrow levels as GFP-Step[WT].
The difference was greater for GFP-Step[I319E].

doi:10.1371/journal.pone.0142562.g005
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structure-function analyses of the Step PH domain: (i) a subset of Arf1 might activate Step, but
this effect is masked by the earlier developmental disruptions of arf1 RNAi, (ii) there is redun-
dancy between Arf1 and the other proteins, or (iii) there is redundancy with other Step activa-
tion mechanisms.

Discussion
Our data identify a role for the PH domain of Step for its localization and activity at cleavage
furrows of the early Drosophila embryo. More specifically, conserved residues for PH domain-
Arf-GTP binding make a substantial contribution to Step membrane association and control.

A role for PH domain-Arf-GTP binding in the localization and activation of Step provides a
mechanistic explanation for two recent findings in the early Drosophila embryo. First, Sstn was
discovered as a Step adaptor protein, as it binds Step directly through coiled-coil domain het-
ero-dimerization and can recruit Step to the PM, but was not the sole molecule needed for Step
localization and activity, as cleavage furrow mis-regulation was weaker with sstn RNAi versus
step RNAi, and Step over-expression lead to furrow localization and control even with sstn
RNAi [18]. Our current results suggest that the PH domain of Step might be able to convey
Step activity in the absence of Sstn. Second, PIP3, a molecule known to bind to the PH domain
of Step and recruit it to membranes (Fig 2 [33, 34]), was shown to be unnecessary for early
cleavage furrow regulation in Drosophila [35]. Together with our data, this suggests that PH
domain-Arf-GTP binding may be more significant than PH domain-PIP3 binding for Step
recruitment and activity at early Drosophila cleavage furrows.

The source of Arf-GTP for Step recruitment then becomes the question. First, which Arf or
Arf-like small G proteins are involved? Based on GFP-fusion protein localization, it appears
that Arf1, Arf6 or Arl4 are in position to impact Step. However, other roles of these Arf/Arf-
like G proteins and possible redundancies between them make it difficult to test for effects on
Step localization and activity through loss-of-function experiments. Second, how would the
Arf/Arf-like G proteins be converted to their GTP-bound form to initiate Step activation? It is

Fig 6. Localization of GFP-tagged Arf and Arf-like small G proteins at early cellularization. Live imaging revealed Arf1-GFP, Arf6-GFP and Arl4-GFP
localization to furrows (arrows). Arf1-GFP also localized to strong cytosolic puncta resembling Golgi, and Arf4-GFP did as well.

doi:10.1371/journal.pone.0142562.g006
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possible that Drosophila EFA6 or the Drosophila BRAG (Loner/Schizo) catalyze GDP-GTP
exchange for Arf1 or Arf6 [3, 4, 8, 9], as both GEFs are expressed during early embryogenesis
(FlyBase). However, neither GEF has been characterized rigorously at this stage, and EFA6 null
mutant females were shown to be viable and fertile [38]. With some Step activation, Step could
additionally catalyze GDP-GTP exchange on Arf1 or Arf6 as part of a proposed positive feed-
back loop [32]. For Arl4, GDP-GTP exchange may occur intrinsically. Although most small G
proteins have negligible rates of nucleotide exchange and GTP hydrolysis on their own, a
group of Arf-like proteins (Arl4, Arl6, and Arl7) has been shown to undergo intrinsic
GDP-GTP exchange [40], and there have been no reports of GEFs for Arf-like G proteins [4].
Drosophila Arl4 may be controlled in a similar manner, as it is 63% identical to the human
Arl4 protein. These mechanisms, GEF-produced Arf1-GTP and Arf6-GTP and intrinsically-
produced Arl4-GTP, may provide sources of Arf-GTP for Step PM recruitment and activation.

Our study provides new mechanistic insight into the Step pathway for Rho1-actomyosin
regulation during Drosophila embryonic cleavage. It appears that a conserved PH domain-Arf-
GTP interaction contributes to Step PM association and activity. As cautioned from the studies
of mammalian cytohesins [26, 30, 31], these interactions should also be taken into consider-
ation when using the PH domain of Step as an in vivo probe for PIP3.

Materials and Methods

Molecular biology and transgenics
GFP-Step constructs. Previously generated UASp-GFP-Step[WT] [14] was used as a tem-

plate with mutagenesis of the step sequence in the gateway entry vector (Invitrogen) prior to
recombination into the gateway destination vector pPGW (Invitrogen) for an upstream UASp
sequence containing and N-terminal EGFP tagging. For UASp-GFP-Step[ΔPH], the template
was mutated by PCR with an established protocol [14] to create HindIII restriction sites at
both ends of the PH domain, using 5'-CTTCAATCCCGACAAGCTTGGCTGGCTGTGG-3'
(forward1), 5'-CCACAGCCAGCCAAGCTTGTCGGGATTGAAG-'3 (reverse1), 5’-GGCACT
CAGCAAGCTTTAATAGCGGCCGC-3’ (forward2) and 5’-GCGGCCGCTATTAAAGCTTG
CTGAGTGCC-3’ (reverse2). The PCR product was cut with HindIII and re-ligated to generate
the final construct without the PH domain. For UASp-GFP-Step[3G], UASp-GFP-Step
[R286C], UASp-GFP-Step[I319E] and UASp-GFP-Step[K351L], the template was mutated by
PCR with the following respective primers: 5’-CTGGCTGTGGAAGCAAGGAGGCGGCAGA
TACAAATCG-3’ (forward) and 5’-CGATTTGTATCTGCCGCCTCCTTGCTTCCACAGCC
AG-3’ (reverse), using 5’- caaatcgtggaaacgatgctggttcattttg-3’ (forward) and 5’- caaaatgaaccagca
tcgtttccacgatttg-3’ (reverse), 5’-GAACCACGCGGAGAAATACCGCTGGAG-3’ (forward) and
5’-CTCCAGCGGTATTTCTCCGCGTGGTTC-3’ (reverse), and 5’-GGTGCTGATATAATCC
TGGCATGCAAGACTG-3’ (forward) and 5’-CAGTCTTGCATGCCAGGATTATATCAGCA
CC-3’ (reverse). For UASp-GFP-Step[PH], the nucleotide sequences of the Step PH domain
(cag[CTGACA. . .cDNA of the Step PH domain. . .GAATAA]TAGCGGCCGC) were con-
structed by gene synthesis technology (GenScript Inc), cut by PvuII and NotI, and cloned into
gateway entry vector (Invitrogen) at EheI and NotI sites for subsequent recombination into

Fig 7. The effects of Arf or Arf-like small G protein removal are distinct from those of Step removal. Embryos with peripherally dividing nuclei at
metaphase were identified by phospho-histone H3 staining (not shown). (A) Amph staining shows the intact furrows of a control (mCherry) RNAi embryo and
the expansion of the furrow base (brackets) that occurs with step RNAi. arf1 RNAi resulted in furrow loss (arrows; note that the X-Y section showing the base
of furrows is closer to the embryo surface in this case). arf6 null mutants showed no apparent defects, and arl4 RNAi embryos displayed no apparent defects
despite an ability of the RNAi to effectively deplete Arl4-GFP (shown for early cellularization). (B) A quantification of the furrow phenotypes with Arf and Arf-
like small G protein depletion. Two different arf1 shRNA lines produced similar defects with different strengths (data shown separately). Two different arl4
shRNA that each effectively depleted Arl4-GFP had indistinguishable effects on furrows (data combined). N represents embryo numbers.

doi:10.1371/journal.pone.0142562.g007
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pPGW. The destination vectors for GFP-Step[WT], UASp-GFP-Step[3G], UASp-GFP-Step
[R286C], UASp-GFP-Step[I319E] and UASp-GFP-Step[K351L] were inserted into the genome
at the attP40 recombination site on the second chromosome, and the vector for GFP-Step[PH]
was targeted to the attP2 recombination site on the third chromosome (BestGene Inc).

GFP-Arf and -Arl constructs. For UASp-Arf4-GFP, the arf4 coding sequence was PCR
amplified from cDNA (RE53354; the Canadian Drosophila Microarray Centre (CDMC)),
using 5’-AGATATGTCGACATTAATCGAATGACTAG-3’ (forward) and 5’-AGTGTTCTC
GAGCCTTTTTTAGCCAATTCAGC-3’ (reverse) primers. For UASp-Arl4::GFP, the arl4 cod-
ing sequence was PCR amplified from cDNA (AT26185; CDMC), using 5’-AGATATGTCGA
CAAAATCGACAATATTT-3’ (forward) and 5’-AGTGTTCTCGAGAGATTTCTTTTATT
TG-3’ (reverse) primers. The PCR products were cloned into gateway entry vector (Invitrogen)
at SalI and XhoI sites, and recombined into gateway destination vector pPWG (Invitrogen)
containing a C-terminal EGFP tagging and an upstream UASp sequence. The destination vec-
tors for Arf4-GFP was inserted into the genome using P-element transposon activity (Genetic
Services Inc), and that of Arl4-GFP was targeted to the attP2 recombination site (BestGene
Inc). Recovered homozygous-viable Arf4-GFP transgenic fly lines containing the transgene on
the second chromosome were used for this study.

shRNA constructs. The shRNAs were designed based on the algorithm by Vert et al. [41].
For arf1, they targeted two unique sequences: shRNA2 top strand 5’- ctagcagtCTGAGG-
GATGCAGTCTTACTAtagttatattcaagcataTAGTAAGACTGCATCCCTCAGgcg -3'; shRNA4
top strand 5’-ctagcagtAACCTTTCAAGCAGCATATAAtagttatattcaagcataTTATATGCTGC
TTGAAAGGTTgcg -3'. The constructs were ligated into the pValium22 vector (gift from the
Drosophila Transgenic RNAi Resource Project) using the restriction enzymes Nhe1 and
EcoR1, confirmed by PCR, sequenced and targeted to the attp2 recombination site on chromo-
some 3 for transgenic flies (BestGene Inc).

For arl4, they targeted two unique sequences: shRNA1 top strand 5’ctagcagt-
CAGGGTGTTCCCGTTCTGATAtagttatattcaagcataTATCAGAACGGGAACACCCTGgcg-3’;
shRNA3 top strand 5’ctagcagtTCCCGTTCTGATACTAGCAAAtagttatattcaagcataTTTGCT
AGTATCAGAACGGGAgcg-3’. The constructs were ligated into the pWalium20 vector (gift
from the Drosophila Transgenic RNAi Resource Project) using the restriction enzymes Nhe1
and EcoR1, confirmed by PCR, sequenced and targeted to the attp2 recombination site on
chromosome 2 for transgenic flies (BestGene Inc).

Other Drosophila stocks and genetics
The following fly lines were used: maternal-α4-tubulin-GAL4::VP16 flies (gift of M. Peifer, Uni-
versity of North Carolina, Chapel Hill, USA), UASp-mCherry-shRNA flies (P[VALIUM20-
mCherry]attP2, Bloomington Drosophila Stock Center BDSC #35785), UASp-Arf1-GFP [42],
UASp-Arf6-GFP [43], arf6KO [38], arf61 [39], RNAi-resistant UASp-GFP-Step[WT] and UASp-
GFP-Step[E173K] [14], tubulin-Step[PH+PB] (also known as tGPH [33]; BDSC #8164).

For UAS transgene expression, we analyzed progeny of mothers heterozygous for maternal-
α4-tubulin-GAL4::VP16 and for the transgene. For arf6 mutants, we analyzed progeny of
mothers trans-heterozygous for arf6KO and arf61.

Probing lipids on solid supports
For the GST fusions of the wildtype and mutated Step PH domain, PCR products spanning the
protein sequence in Fig 2A were cloned into the pGEX 6P vector for N-terminal GST tagging.
The WT and mutated step sequences in the gateway entry vector were used as the templates for
the PCR, using the same primers. For the GST fusion of the mouse Grp1 PH domain construct,
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DNA encoding the protein sequence in Fig 2A was synthesized (GenScript Inc) and cloned
into the pGEX 6P vector for N-terminal GST tagging. The GST fusion proteins were purified
as described previously [44]. PIP strips were probed with purified GST proteins using supplier
instructions (Echelon, Salt Lake City, UT; www.echelon-inc.com/content/EBI/product/files/
PROTOCOL_Strip_Array.v9.pdf). Rabbit antibodies against GST (generated in our lab),
horseradish peroxidase (HRP)–conjugated secondary antibodies (Thermo Fisher Scientific,
Waltham, MA), HRP detection reagents (Thermo Fisher Scientific), and a FluorChem 8900
imaging system (Alpha Innotech, Santa Clara, CA) were used to detect the GST proteins.

Embryo Staining and Imaging
Embryos were fixed for 20 minutes in 1:1 3.7% formaldehyde in PBS:heptane and then devitel-
linized in methanol. Blocking and staining were in PBS containing 1% goat serum, 0.1% Triton
X-100 and 1% sodium azide. Antibodies used were: rabbit, Amphiphysin (1:2000; gift of G.
Boulianne, Hospital for Sick Children, Toronto, Canada); mouse, Dlg (1:100; Developmental
Studies Hybridoma Bank (DSHB)), KDEL (1:500, Abcam). Secondary antibodies were conju-
gated to Alexa Fluor 568 and Alexa Fluor 647 (Life Technologies). Embryos were mounted in
Aqua Polymount (Polysciences).

For live imaging, dechorionated embryos were glued to a cover slip using tape adhesive dis-
solved in heptane and mounted in halocarbon oil (series 700; Halocarbon Products). The cover
slip, with the embryos facing up, was set into the bottom of a glass bottom culture dish (Mat-
Tek) with its original coverslip removed.

Immuno-fluorescent images were collected by a spinning disk confocal system (Zeiss Axio-
vert 200M; Quorum Technologies, Guelph, Canada) at room temperature using 10x EC Plan-
Neofluar NA 0.3, 40x Plan Neofluar NA 1.3 and 63x Plan Apochromat NA 1.4 objectives (Carl
Zeiss, Toronto, Canada) with a piezo top plate and an EM CCD camera (Hamamatsu C9100-
13; Hamamatsu Photonics, Hamamatsu, Japan), where z-stacks had 1μm and 300 nm step
sizes, respectively. These images were analyzed with Volocity software (PerkinElmer, Waltham,
USA).

For fluorescence loss in photobleaching (FLIP) experiments, cells were photobleached for 5
sec with an argon laser at the furrow tip level 1 min intervals. The bleach region was a long rect-
angular box with a length of 48 μm and a width of 1.3 μm across the field of view, spanning
about 10 furrows. Cells were imaged for 20–30 sec before photobleaching and up to 10 min
after the photobleaching began.

Photoshop (Adobe, Mountain View, CA) was used for figure preparation. Except where
noted, input levels were adjusted so the main signal range spanned the entire output grayscale.
Images were resized by bicubic interpolation without noticeable changes at normal viewing
magnifications.

Post-acquisition image analysis and quantification
Quantifications of membrane and cytoplasmic GFP-Step levels. For each embryo that

had furrow lengths between 2 to 7 μm, the plot profile tool in Image J was used to measured
across 10–15 cellularization furrows, and the five highest and lowest values were selected across
the distribution. These values were averaged to calculate an overall PM:cytoplasm ratio for
each embryo.

FLIP analyses of GFP-Step constructs. For each embryo, the fluorescence intensity of the
GFP-Step construct was measured at three distinct furrows of second row of cells away from
those being photobleached. For these measurements, the plot profile tool was used to collect
the average fluorescence intensity along the furrow region of interest, and to subtract cytosolic
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background from this value we subtracted the average fluorescence intensity of a circle with a
diameter of 2μm at the centre of one of the cells. To correct for photobleaching from the imag-
ing laser, we determined the average fluorescence intensity in a long rectangular box with a
width of 5 μm and a length of 48 μm, at least 27 μm away from the repeatedly photobleached
region, and divided the background corrected furrow values by these amounts at each time
point.

Statistics
Comparisons were done using Student’s t-tests. Means are shown with standard deviations.

Acknowledgments
We thank R. Fernandez-Gonzalez for critiquing the manuscript and G. Boulianne, M. Gonzá-
lez-Gaitán, Y. Hong, M. Peifer and the Drosophila Transgenic RNAi Resource Project for
reagents. D. Lee was supported by an Ontario Graduate Scholarship. The work was supported
by a Canadian Institutes of Health Research (CIHR) operating grant to T. Harris (MOP82829).
T. Harris also holds a Tier 2 Canada Research Chair.

Author Contributions
Conceived and designed the experiments: DML FFR TJCH. Performed the experiments: DML
FFR CGYMS. Analyzed the data: DML FFR CGYMS TJCH. Contributed reagents/materials/
analysis tools: TJCH. Wrote the paper: DML TJCH.

References
1. Cherfils J, Zeghouf M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol Rev. 2013; 93

(1):269–309. Epub 2013/01/11. doi: 93/1/269 [pii] doi: 10.1152/physrev.00003.2012 PMID: 23303910.

2. Bos JL, Rehmann H, Wittinghofer A. GEFs and GAPs: critical elements in the control of small G pro-
teins. Cell. 2007; 129(5):865–77. Epub 2007/06/02. doi: S0092-8674(07)00655-1 [pii] doi: 10.1016/j.
cell.2007.05.018 PMID: 17540168.

3. Gillingham AK, Munro S. The small G proteins of the Arf family and their regulators. Annu Rev Cell Dev
Biol. 2007; 23:579–611. PMID: 17506703.

4. Donaldson JG, Jackson CL. ARF family G proteins and their regulators: roles in membrane transport,
development and disease. Nat Rev Mol Cell Biol. 2011; 12(6):362–75. PMID: 21587297. doi: 10.1038/
nrm3117

5. D'Souza-Schorey C, Chavrier P. ARF proteins: roles in membrane traffic and beyond. Nat Rev Mol Cell
Biol. 2006; 7(5):347–58. PMID: 16633337.

6. Myers KR, Casanova JE. Regulation of actin cytoskeleton dynamics by Arf-family GTPases. Trends
Cell Biol. 2008; 18(4):184–92. PMID: 18328709. doi: 10.1016/j.tcb.2008.02.002

7. Jackson CL, Bouvet S. Arfs at a Glance. J Cell Sci. 2014. Epub 2014/08/26. doi: jcs.144899 [pii] doi:
10.1242/jcs.144899 PMID: 25146395.

8. Padovani D, Folly-Klan M, Labarde A, Boulakirba S, Campanacci V, Franco M, et al. EFA6 controls
Arf1 and Arf6 activation through a negative feedback loop. Proc Natl Acad Sci U S A. 2014; 111
(34):12378–83. Epub 2014/08/13. doi: 1409832111 [pii] doi: 10.1073/pnas.1409832111 PMID:
25114232; PubMed Central PMCID: PMC4151748.

9. Aizel K, Biou V, Navaza J, Duarte LV, Campanacci V, Cherfils J, et al. Integrated conformational and
lipid-sensing regulation of endosomal ArfGEF BRAG2. PLoS Biol. 2013; 11(9):e1001652. Epub 2013/
09/24. doi: 10.1371/journal.pbio.1001652 PBIOLOGY-D-13-01973 [pii]. PMID: 24058294; PubMed
Central PMCID: PMC3769224.

10. Moravec R, Conger KK, D'Souza R, Allison AB, Casanova JE. BRAG2/GEP100/IQSec1 interacts with
clathrin and regulates alpha5beta1 integrin endocytosis through activation of ADP ribosylation factor 5
(Arf5). J Biol Chem. 2012; 287(37):31138–47. Epub 2012/07/21. doi: M112.383117 [pii] doi: 10.1074/
jbc.M112.383117 PMID: 22815487; PubMed Central PMCID: PMC3438945.

A Localization Mechanism for the Arf-GEF Steppke

PLOS ONE | DOI:10.1371/journal.pone.0142562 November 10, 2015 15 / 17

http://dx.doi.org/10.1152/physrev.00003.2012
http://www.ncbi.nlm.nih.gov/pubmed/23303910
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17540168
http://www.ncbi.nlm.nih.gov/pubmed/17506703
http://www.ncbi.nlm.nih.gov/pubmed/21587297
http://dx.doi.org/10.1038/nrm3117
http://dx.doi.org/10.1038/nrm3117
http://www.ncbi.nlm.nih.gov/pubmed/16633337
http://www.ncbi.nlm.nih.gov/pubmed/18328709
http://dx.doi.org/10.1016/j.tcb.2008.02.002
http://dx.doi.org/10.1242/jcs.144899
http://www.ncbi.nlm.nih.gov/pubmed/25146395
http://dx.doi.org/10.1073/pnas.1409832111
http://www.ncbi.nlm.nih.gov/pubmed/25114232
http://dx.doi.org/10.1371/journal.pbio.1001652
http://www.ncbi.nlm.nih.gov/pubmed/24058294
http://dx.doi.org/10.1074/jbc.M112.383117
http://dx.doi.org/10.1074/jbc.M112.383117
http://www.ncbi.nlm.nih.gov/pubmed/22815487


11. Lee DM, Harris TJ. Coordinating the cytoskeleton and endocytosis for regulated plasmamembrane
growth in the early embryo. Bioarchitecture. 2014; 4(2):68–74. Epub 2014/05/31. doi: 28949 [pii] doi:
10.4161/bioa.28949 PMID: 24874871.

12. Mazumdar A, Mazumdar M. How one becomes many: blastoderm cellularization in Drosophila melano-
gaster. Bioessays. 2002; 24(11):1012–22. PMID: 12386932.

13. Lecuit T. Junctions and vesicular trafficking during Drosophila cellularization. J Cell Sci. 2004; 117(Pt
16):3427–33. PMID: 15252125.

14. Lee DM, Harris TJ. An Arf-GEF regulates antagonism between endocytosis and the cytoskeleton for
Drosophila blastoderm development. Curr Biol. 2013; 23(21):2110–20. PMID: 24120639. doi: 10.1016/
j.cub.2013.08.058

15. Lee DM, Wilk R, Hu J, Krause HM, Harris TJ. Germ Cell Segregation from the Drosophila Soma Is Con-
trolled by an Inhibitory Threshold Set by the Arf-GEF Steppke. Genetics. 2015; 200(3):863–72. Epub
2015/05/15. doi: genetics.115.176867 [pii] doi: 10.1534/genetics.115.176867 PMID: 25971667.

16. Teuliere J, Cordes S, Singhvi A, Talavera K, Garriga G. Asymmetric neuroblast divisions producing
apoptotic cells require the cytohesin GRP-1 in Caenorhabditis elegans. Genetics. 2014; 198(1):229–
47. Epub 2014/07/24. doi: genetics.114.167189 [pii] doi: 10.1534/genetics.114.167189 PMID:
25053664; PubMed Central PMCID: PMC4174935.

17. Ikenouchi J, UmedaM. FRMD4A regulates epithelial polarity by connecting Arf6 activation with the
PAR complex. Proc Natl Acad Sci U S A. 2010; 107(2):748–53. PMID: 20080746. doi: 10.1073/pnas.
0908423107

18. Liu J, Lee DM, Yu CG, Angers S, Harris TJ. Stepping stone: a cytohesin adaptor for membrane cyto-
skeleton restraint in the syncytial Drosophila embryo. Mol Biol Cell. 2015; 26(4):711–25. Epub 2014/12/
30. doi: mbc.E14-11-1554 [pii] doi: 10.1091/mbc.E14-11-1554 PMID: 25540427; PubMed Central
PMCID: PMC4325841.

19. Torii T, Miyamoto Y, Sanbe A, Nishimura K, Yamauchi J, Tanoue A. Cytohesin-2/ARNO, through its
interaction with focal adhesion adaptor protein paxillin, regulates preadipocyte migration via the down-
stream activation of Arf6. J Biol Chem. 2010; 285(31):24270–81. PMID: 20525696. doi: 10.1074/jbc.
M110.125658

20. Kitano J, Kimura K, Yamazaki Y, Soda T, Shigemoto R, Nakajima Y, et al. Tamalin, a PDZ domain-con-
taining protein, links a protein complex formation of group 1 metabotropic glutamate receptors and the
guanine nucleotide exchange factor cytohesins. J Neurosci. 2002; 22(4):1280–9. Epub 2002/02/19.
doi: 22/4/1280 [pii]. PMID: 11850456.

21. Nevrivy DJ, Peterson VJ, Avram D, Ishmael JE, Hansen SG, Dowell P, et al. Interaction of GRASP, a
protein encoded by a novel retinoic acid-induced gene, with members of the cytohesin family of guanine
nucleotide exchange factors. J Biol Chem. 2000; 275(22):16827–36. Epub 2000/05/29. doi: 275/22/
16827 [pii]. PMID: 10828067.

22. ZhuW, London NR, Gibson CC, Davis CT, Tong Z, Sorensen LK, et al. Interleukin receptor activates a
MYD88-ARNO-ARF6 cascade to disrupt vascular stability. Nature. 2012; 492(7428):252–5. Epub
2012/11/13. doi: nature11603 [pii] doi: 10.1038/nature11603 PMID: 23143332; PubMed Central
PMCID: PMC3521847.

23. Lim J, Zhou M, Veenstra TD, Morrison DK. The CNK1 scaffold binds cytohesins and promotes insulin
pathway signaling. Genes Dev. 2010; 24(14):1496–506. Epub 2010/07/17. doi: 24/14/1496 [pii] doi: 10.
1101/gad.1904610 PMID: 20634316; PubMed Central PMCID: PMC2904940.

24. Hahn I, Fuss B, Peters A, Werner T, Sieberg A, Gosejacob D, et al. The Drosophila Arf GEF Steppke
controls MAPK activation in EGFR signaling. J Cell Sci. 2013; 126(Pt 11):2470–9. PMID: 23549788.
doi: 10.1242/jcs.120964

25. Hiester KG, Santy LC. The cytohesin coiled-coil domain interacts with threonine 276 to control mem-
brane association. PLoS One. 2013; 8(11):e82084. Epub 2013/12/05. doi: 10.1371/journal.pone.
0082084 PONE-D-12-26132 [pii]. PMID: 24303080; PubMed Central PMCID: PMC3841123.

26. DiNitto JP, Delprato A, Gabe Lee MT, Cronin TC, Huang S, Guilherme A, et al. Structural basis and
mechanism of autoregulation in 3-phosphoinositide-dependent Grp1 family Arf GTPase exchange fac-
tors. Mol Cell. 2007; 28(4):569–83. Epub 2007/11/29. doi: S1097-2765(07)00629-6 [pii] doi: 10.1016/j.
molcel.2007.09.017 PMID: 18042453; PubMed Central PMCID: PMC2156038.

27. DiNitto JP, Lee MT, Malaby AW, Lambright DG. Specificity and membrane partitioning of Grsp1 signal-
ing complexes with Grp1 family Arf exchange factors. Biochemistry. 2010; 49(29):6083–92. Epub
2010/06/10. doi: 10.1021/bi1000454 PMID: 20527794; PubMed Central PMCID: PMC2912425.

28. Klarlund JK, TsiarasW, Holik JJ, Chawla A, Czech MP. Distinct polyphosphoinositide binding selectivi-
ties for pleckstrin homology domains of GRP1-like proteins based on diglycine versus triglycine motifs.
J Biol Chem. 2000; 275(42):32816–21. Epub 2000/07/27. doi: 10.1074/jbc.M002435200 M002435200
[pii]. PMID: 10913124.

A Localization Mechanism for the Arf-GEF Steppke

PLOS ONE | DOI:10.1371/journal.pone.0142562 November 10, 2015 16 / 17

http://dx.doi.org/10.4161/bioa.28949
http://www.ncbi.nlm.nih.gov/pubmed/24874871
http://www.ncbi.nlm.nih.gov/pubmed/12386932
http://www.ncbi.nlm.nih.gov/pubmed/15252125
http://www.ncbi.nlm.nih.gov/pubmed/24120639
http://dx.doi.org/10.1016/j.cub.2013.08.058
http://dx.doi.org/10.1016/j.cub.2013.08.058
http://dx.doi.org/10.1534/genetics.115.176867
http://www.ncbi.nlm.nih.gov/pubmed/25971667
http://dx.doi.org/10.1534/genetics.114.167189
http://www.ncbi.nlm.nih.gov/pubmed/25053664
http://www.ncbi.nlm.nih.gov/pubmed/20080746
http://dx.doi.org/10.1073/pnas.0908423107
http://dx.doi.org/10.1073/pnas.0908423107
http://dx.doi.org/10.1091/mbc.E14-11-1554
http://www.ncbi.nlm.nih.gov/pubmed/25540427
http://www.ncbi.nlm.nih.gov/pubmed/20525696
http://dx.doi.org/10.1074/jbc.M110.125658
http://dx.doi.org/10.1074/jbc.M110.125658
http://www.ncbi.nlm.nih.gov/pubmed/11850456
http://www.ncbi.nlm.nih.gov/pubmed/10828067
http://dx.doi.org/10.1038/nature11603
http://www.ncbi.nlm.nih.gov/pubmed/23143332
http://dx.doi.org/10.1101/gad.1904610
http://dx.doi.org/10.1101/gad.1904610
http://www.ncbi.nlm.nih.gov/pubmed/20634316
http://www.ncbi.nlm.nih.gov/pubmed/23549788
http://dx.doi.org/10.1242/jcs.120964
http://dx.doi.org/10.1371/journal.pone.0082084
http://dx.doi.org/10.1371/journal.pone.0082084
http://www.ncbi.nlm.nih.gov/pubmed/24303080
http://dx.doi.org/10.1016/j.molcel.2007.09.017
http://dx.doi.org/10.1016/j.molcel.2007.09.017
http://www.ncbi.nlm.nih.gov/pubmed/18042453
http://dx.doi.org/10.1021/bi1000454
http://www.ncbi.nlm.nih.gov/pubmed/20527794
http://dx.doi.org/10.1074/jbc.M002435200
http://www.ncbi.nlm.nih.gov/pubmed/10913124


29. Cronin TC, DiNitto JP, Czech MP, Lambright DG. Structural determinants of phosphoinositide selectiv-
ity in splice variants of Grp1 family PH domains. EMBO J. 2004; 23(19):3711–20. Epub 2004/09/11.
doi: 10.1038/sj.emboj.7600388 7600388 [pii]. PMID: 15359279; PubMed Central PMCID: PMC523182.

30. Cohen LA, Honda A, Varnai P, Brown FD, Balla T, Donaldson JG. Active Arf6 recruits ARNO/cytohesin
GEFs to the PM by binding their PH domains. Mol Biol Cell. 2007; 18(6):2244–53. Epub 2007/04/06.
doi: E06-11-0998 [pii] doi: 10.1091/mbc.E06-11-0998 PMID: 17409355; PubMed Central PMCID:
PMC1877112.

31. Hofmann I, Thompson A, Sanderson CM, Munro S. The Arl4 family of small G proteins can recruit the
cytohesin Arf6 exchange factors to the plasmamembrane. Curr Biol. 2007; 17(8):711–6. Epub 2007/
04/03. doi: S0960-9822(07)01074-3 [pii] doi: 10.1016/j.cub.2007.03.007 PMID: 17398095.

32. Stalder D, Barelli H, Gautier R, Macia E, Jackson CL, Antonny B. Kinetic studies of the Arf activator
Arno on model membranes in the presence of Arf effectors suggest control by a positive feedback loop.
J Biol Chem. 2011; 286(5):3873–83. Epub 2010/12/02. doi: M110.145532 [pii] doi: 10.1074/jbc.M110.
145532 PMID: 21118813; PubMed Central PMCID: PMC3030388.

33. Britton JS, LockwoodWK, Li L, Cohen SM, Edgar BA. Drosophila's insulin/PI3-kinase pathway coordi-
nates cellular metabolism with nutritional conditions. Dev Cell. 2002; 2(2):239–49. Epub 2002/02/08.
doi: S153458070200117X [pii]. PMID: 11832249.

34. Krahn MP, Klopfenstein DR, Fischer N, Wodarz A. Membrane targeting of Bazooka/PAR-3 is mediated
by direct binding to phosphoinositide lipids. Curr Biol. 2010; 20(7):636–42. PMID: 20303268. doi: 10.
1016/j.cub.2010.01.065

35. Reversi A, Loeser E, Subramanian D, Schultz C, De Renzis S. Plasmamembrane phosphoinositide
balance regulates cell shape during Drosophila embryo morphogenesis. J Cell Biol. 2014; 205(3):395–
408. Epub 2014/05/07. doi: jcb.201309079 [pii] doi: 10.1083/jcb.201309079 PMID: 24798734; PubMed
Central PMCID: PMC4018783.

36. Sarantis H, Grinstein S. Monitoring phospholipid dynamics during phagocytosis: application of geneti-
cally-encoded fluorescent probes. Methods Cell Biol. 2012; 108:429–44. Epub 2012/02/14. doi:
B9780123864871000195 [pii] doi: 10.1016/B978-0-12-386487-1.00019–5 PMID: 22325613.

37. Varnai P, Bondeva T, Tamas P, Toth B, Buday L, Hunyady L, et al. Selective cellular effects of overex-
pressed pleckstrin-homology domains that recognize PtdIns(3,4,5)P3 suggest their interaction with pro-
tein binding partners. J Cell Sci. 2005; 118(Pt 20):4879–88. Epub 2005/10/13. doi: 118/20/4879 [pii]
doi: 10.1242/jcs.02606 PMID: 16219693.

38. Huang J, ZhouW, DongW, Watson AM, Hong Y. Directed, efficient, and versatile modifications of the
Drosophila genome by genomic engineering. Proc Natl Acad Sci U S A. 2009; 106(20):8284–9. Epub
2009/05/12. doi: 0900641106 [pii] doi: 10.1073/pnas.0900641106 PMID: 19429710; PubMed Central
PMCID: PMC2688891.

39. Dyer N, Rebollo E, Dominguez P, Elkhatib N, Chavrier P, Daviet L, et al. Spermatocyte cytokinesis
requires rapid membrane addition mediated by ARF6 on central spindle recycling endosomes. Devel-
opment. 2007; 134(24):4437–47. Epub 2007/11/28. doi: 134/24/4437 [pii] doi: 10.1242/dev.010983
PMID: 18039970.

40. Jacobs S, Schilf C, Fliegert F, Koling S, Weber Y, Schurmann A, et al. ADP-ribosylation factor (ARF)-
like 4, 6, and 7 represent a subgroup of the ARF family characterization by rapid nucleotide exchange
and a nuclear localization signal. FEBS Lett. 1999; 456(3):384–8. Epub 1999/08/26. doi:
S0014579399007590 [pii]. PMID: 10462049.

41. Vert JP, Foveau N, Lajaunie C, Vandenbrouck Y. An accurate and interpretable model for siRNA effi-
cacy prediction. BMC bioinformatics. 2006; 7:520. Epub 2006/12/02. doi: 10.1186/1471-2105-7-520
PMID: 17137497; PubMed Central PMCID: PMC1698581.

42. ShaoW, Wu J, Chen J, Lee DM, Tishkina A, Harris TJC. A modifier screen for Bazooka/PAR-3 interact-
ing genes in the Drosophila embryo epithelium. PLoS ONE. 2010; 5(4):e9938. doi: 10.1371/journal.
pone.0009938 PMID: 20368978

43. Hunter MV, Lee DM, Harris TJ, Fernandez-Gonzalez R. Polarized E-cadherin endocytosis directs acto-
myosin remodeling during embryonic wound repair. J Cell Biol. 2015; 210(5):801–16. Epub 2015/08/
26. doi: jcb.201501076 [pii] doi: 10.1083/jcb.201501076 PMID: 26304727; PubMed Central PMCID:
PMC4555830.

44. Yu CG, Harris TJ. Interactions between the PDZ domains of Bazooka (Par-3) and phosphatidic acid: in
vitro characterization and role in epithelial development. Mol Biol Cell. 2012; 23(18):3743–53. PMID:
22833561. doi: 10.1091/mbc.E12-03-0196

A Localization Mechanism for the Arf-GEF Steppke

PLOS ONE | DOI:10.1371/journal.pone.0142562 November 10, 2015 17 / 17

http://dx.doi.org/10.1038/sj.emboj.7600388
http://www.ncbi.nlm.nih.gov/pubmed/15359279
http://dx.doi.org/10.1091/mbc.E06-11-0998
http://www.ncbi.nlm.nih.gov/pubmed/17409355
http://dx.doi.org/10.1016/j.cub.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17398095
http://dx.doi.org/10.1074/jbc.M110.145532
http://dx.doi.org/10.1074/jbc.M110.145532
http://www.ncbi.nlm.nih.gov/pubmed/21118813
http://www.ncbi.nlm.nih.gov/pubmed/11832249
http://www.ncbi.nlm.nih.gov/pubmed/20303268
http://dx.doi.org/10.1016/j.cub.2010.01.065
http://dx.doi.org/10.1016/j.cub.2010.01.065
http://dx.doi.org/10.1083/jcb.201309079
http://www.ncbi.nlm.nih.gov/pubmed/24798734
http://dx.doi.org/10.1016/B978-0-12-386487-1.000195
http://www.ncbi.nlm.nih.gov/pubmed/22325613
http://dx.doi.org/10.1242/jcs.02606
http://www.ncbi.nlm.nih.gov/pubmed/16219693
http://dx.doi.org/10.1073/pnas.0900641106
http://www.ncbi.nlm.nih.gov/pubmed/19429710
http://dx.doi.org/10.1242/dev.010983
http://www.ncbi.nlm.nih.gov/pubmed/18039970
http://www.ncbi.nlm.nih.gov/pubmed/10462049
http://dx.doi.org/10.1186/1471-2105-7-520
http://www.ncbi.nlm.nih.gov/pubmed/17137497
http://dx.doi.org/10.1371/journal.pone.0009938
http://dx.doi.org/10.1371/journal.pone.0009938
http://www.ncbi.nlm.nih.gov/pubmed/20368978
http://dx.doi.org/10.1083/jcb.201501076
http://www.ncbi.nlm.nih.gov/pubmed/26304727
http://www.ncbi.nlm.nih.gov/pubmed/22833561
http://dx.doi.org/10.1091/mbc.E12-03-0196

