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ABSTRACT Mutations of the inositol 5-phosphatase OCRL cause Lowe syndrome (LS), charac-
terized by congenital cataract, low IQ, and defective kidney proximal tubule resorption. A key
subset of LS mutants abolishes OCRLs interactions with endocytic adaptors containing F&H
peptide motifs. Converging unbiased methods examining human peptides and the unicellular
phagocytic organism Dictyostelium discoideum reveal that, like OCRL, the Dictyostelium
OCRL orthologue Dd5P4 binds two proteins closely related to the F&H proteins APPL1 and
Ses1/2 (also referred to as IPIP27A/B). In addition, a novel conserved F&H interactor was
identified, GxcU (in Dictyostelium) and the Cdc42-GEF FGD1-related F-actin binding protein
(Frabin) (in human cells). Examining these proteins in D. discoideum, we find that, like OCRL,
Dd5P4 acts at well-conserved and physically distinct endocytic stations. Dd5P4 functions in
coordination with F&H proteins to control membrane deformation at multiple stages of endo-
cytosis and suppresses GxcU-mediated activity during fluid-phase micropinocytosis. We also
reveal that OCRL/Dd5P4 acts at the contractile vacuole, an exocytic osmoregulatory organelle.
We propose F&H peptide-containing proteins may be key modifiers of LS phenotypes.
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INTRODUCTION

Phosphoinositide lipids (PIPs) are a group of seven phospholipids
that, by reversible phosphorylation of the 3’, 4’, and 5’ positions of
their cytosolic inositol ring, help specify membrane function and
identity. They achieve this chiefly by recruiting cytosolic proteins,
such as adaptor proteins for membrane sorting and deformation
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complexes, allowing coordinated recruitment and sorting of trans-
membrane cargoes in the exo/endocytic cycle. As membranes
progress through the exo/endocytic pathways, changes in their PIP
“signature” signal a change in their identity, thus modifying mem-
brane function. Humans express at least nine enzymes that act on
the 5 position of the lipids PI(4,5)P, and/or PI(3,4,5)P3. Both OCRL
(OCRL1) and its paralog INPP5B (also called OCRL2) contain an N-
terminal Pleckstrin homology (PH) domain (Mao et al., 2009), a cen-
tral 5’-phosphatase catalytic module, an ASH (ASPM, SPD-2, Hydin)
domain (Ponting, 2006), which stabilizes a C-terminal catalytically
inactive RhoGAP-like domain(Erdmann et al., 2007; Pirruccello et al.,
2011). The core structure of the OCRL proteins (5" phosphatase and
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ASH-RhoGAP tandem domain) is exceptionally well conserved
during evolution. OCRL-like proteins are found in most eukaryotic
lineages, including distantly related eukaryotes such as the protist
Giardia lamblia (Yichoy et al., 2011), suggesting a significant con-
served function.

OCRL acts on the 5-phosphates of PI(4,5)P, and PI(3,4,5)P3, two
PIPs that are typically enriched at the plasma membrane. However,
OCRL is a promiscuous interactor of endocytic proteins, which are
found on organelles not typically enriched in these substrate lipids.
Endocytic interactors include proteins involved in the initial steps of
clathrin-mediated endocytosis (Choudhury et al., 2005, 2009; Mao
et al., 2009; Taylor et al., 2011), early and late endosomal adaptor
proteins (Erdmann et al., 2007; Swan et al., 2010; Pirruccello et al.,
2011; Nandez et al., 2014), a wide variety of Rab (Hyvola et al.,
2006; Fukuda et al., 2008), and Rho family GTPases (Lichter-Konecki
et al., 2006), leading to a distinctive distribution of OCRL-positive
intracellular compartments (Erdmann et al., 2007; Williams et al.,
2007; Choudhury et al., 2009).

Loss, truncation, or missense mutation of OCRL causes the con-
genital X-linked disorder, oculo-cerebral renal syndrome of Lowe
(Lowe syndrome [LS; OMIM: 309000; Attree et al., 1992]), affecting
the brain, eyes, and renal system, or a less severe condition that
primarily involves later-onset dysfunction of the renal system, called
Dent2 disease (OMIM: 300555; Hoopes et al., 2005). LS and Dent2
disease are caused by a similar spectrum of OCRL (Attree et al.,
1992) mutations, including in one family, the same mutation (Hichri
et al., 2011). Missense mutations of the ASH-RhoGAP domain pro-
voke the full spectrum of LS symptoms, namely profound defects in
PI(4,5)P, metabolism in patient fibroblasts and the clinical triad of
kidney, brain, and ocular disorders. Previously, we have identified
that these ASH-RhoGAP mutants are specifically deficient in binding
to endocytic proteins containing a helical peptide that we called the
F&H motif (for the obligate presence of conserved phenylalanine
and histidine residues [Swan et al., 2010; Pirruccello et al., 2011]).

The F&H peptide directly binds a surface unique to the OCRL/
INPP5B RhoGAP domain. Previous to this study, we had identified
F&H motifs in three endocytic proteins, the very early endocytic pro-
tein APPL1 (Erdmann et al., 2007), which is a resident of noncanoni-
cal PI3P-negative, Rab5-positive endosomes (Zoncu et al., 2009),
and a pair of later, endosomal adaptors Ses1 and Ses2 (Swan et al.,
2010), otherwise known as IPIP27A/B (Noakes et al., 2011), which
are resident on canonical PI3P-positive endosomes. Binding of
APPL1 and Ses1/2 to OCRL is mutually exclusive and occurs at dif-
ferent endosomal stations defined by the absence or presence of
PI3P, respectively (Swan et al., 2010), suggesting formation of
OCRL-F&H adaptor protein complexes is subject to regulation by
other endocytic factors.

The function of F&H motif-dependent interactions of OCRL and
INPP5B and their contribution to LS pathology remain elusive. In
different systems, fluid-phase endocytosis (Oltrabella et al., 2015)
and efficient ciliary traffic (Coon et al., 2012) require the interaction
of OCRL with F&H proteins, suggesting their relevance to LS pheno-
types. Ses2/IPIP27B recruits OCRL to sort cation-independent man-
nose-6-phosphate receptor (Billcliff et al., 2016), a retromer cargo,
demonstrating a requirement for OCRL-driven PI(4,5)P, dephos-
phorylation via F&H proteins in late endocytic traffic. The F&H bind-
ing patch is conserved in most species that express an OCRL-like
protein, including a variety of protists and other unicellular eukary-
otes, including Dictyostelium discoideum, Trypanosoma brucei
(Pirruccello et al., 2011), Albugo candida (CCl48278.1, an Oomy-
cete), and Cyanidioschyzon merolae (XP_005535444.1, a red alga),
suggesting that interactions with F&H peptides are critical to OCRL
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function. In the above organisms, no orthologues of APPL1 and
Ses1/2 could be identified by primary amino acid sequence similar-
ity or domain structure predictions. We hypothesized that critical
functions of OCRL and INPP5B were mediated by yet-unknown F&H
peptide-containing binding partners that may have human ortho-
logues, which may help to explain cellular dysfunction in LS.

This study aimed to identify ancestral F&H interactors to gain
functional insight into the F&H peptide-binding interface of OCRL/
INPP5B and to help understand OCRL dysfunction in LS/Dent2 dis-
ease. We utilized the unicellular organism D. discoideum, where the
presence of a single OCRL/INPP5B orthologue (Dd5P4, which has a
predicted F&H-motif-binding surface) avoids complications of ver-
tebrate models that express two, partially redundant, enzymes
(Janne et al., 1998; Bernard and Nussbaum, 2010), OCRL and
INPP5B. Importantly, we expected that the study of Dd5P4 would
allow us to assess the role of F&H domain binding to OCRL/Dd5P4
in a cellular context where orthologues of APPL1 and Ses1/2 did not
appear to be present.

Strikingly, our studies showed that not only a network of F&H
peptide interactors of OCRL/INPP5B but also the subcellular local-
ization of these interactors are strongly conserved, suggesting that
OCRL-driven hydrolysis of PI(4,5)P5 or PI(3,4,5)P3 on endolysosomal
organelles is a widely conserved feature of membrane trafficking.
We isolated three D. discoideum proteins with a bona fide F&H
motif. Two are related in domain structure to APPL1 and Ses1/2, in
spite of divergent amino acid sequence: an APPL1-like early endo-
cytic BAR domain protein and a Ses1/2-like PH domain protein. A
third interactor with a novel domain structure is a Rho family GEF,
GxcU, orthologous to mammalian FGD1-related F-actin binding
protein (Frabin), which we find also has a conserved F&H motif, sug-
gesting its relevance to LS/Dent pathology. We find that overex-
pression of GxcU leads to endocytic defects that are enhanced by
Dd5P4 loss, suggesting Dd5P4 represses GxcU activity. We addi-
tionally reveal that both Dd5P4 and the APPL1-like protein are re-
cruited to the contractile vacuole (CV) membrane of D. discoideum
upon their kiss-and-run exocytic water discharge, providing new evi-
dence for a role of OCRL-APPL1 partnership in membrane remodel-
ing in the early endocytic pathway.

RESULTS

Peptide array experiments confirm F&H motif and identify
Frabin/FGD4 as a potential F&H motif-containing OCRL
interactor

To search for potential new F&H motif interactors of human OCRL,
we first defined the F&H interaction consensus via peptide microar-
ray experiments to then search for proteins harboring this consensus
in the human proteome (Figure 1 and Supplemental Figure S1).
Each residue of the F&H peptide of human Ses1 (13 amino acids)
was systematically substituted and immobilized on nitrocellulose
membranes. These membranes were then probed in an overlay as-
say with a GST fusion of the ASHRhoGAP domain of human OCRL
(Figure 1A), or of the same domain harboring a tryptophan to ala-
nine mutation at amino acid 739 (i.e., a tryptophan critically required
for F&H motif binding) (Pirruccello et al., 2011) to exclude nonspe-
cific interactors. We found that this assay validated the F&H motif
deduced by evolutionary conservation of residues in APPL1 and
Ses1/2 (Swan et al., 2010) (Figure 1, B and C). Interaction with OCRL
in the overlay assay was absolutely dependent on the presence of F
and H residues at positions 2 and 6 of the motif as previously pre-
dicted. The peptide array assay, however, appears to favor an
APPL1-like mode of binding (Erdmann et al., 2007; Pirruccello et al.,
2011), which requires only 11 amino acids of the 13 amino acid F&H

F&H motifs and OCRL in Dictyostelium | 2269



A D
Substitution of residues in Ses1 F&H peptide
wt ADE FGHI KLMNPQRSTVWY

PIOSOS+20000200000000000
Fl® @
Al@Sssadoeestatrsosdoen o
RGPS - 28800800 00002000 =
L|® LR B X LN 2
H|® ® & . S
E[@0®Qe - 98 & 00 9600 0| =3
Cleessesvsepcoossadosnee g);
Y|® ® 40 o * P8 T o
G|® e T EETTITE s ER
QBB S RV ER P00 " =
E|0O000O00 00000000008 S
| |- 2000902002900 0000 g;
—

GST-ASHRhoGAP wt &
B a

Ses1/2-derived F&H motif

E
C
L

= Y| = =U=

Array-derived F&H motif
F

lysate GFP-IP G

= Frabin-GFP = Frabin-GFP

-~

_, »
E:) e (XN
2 .

GFP
!
!

160

140

-
N
o

=
=}
=}

%
=t

o))
=]

40 +

20

Identification of candidate human F&H motifs

APPL1
’ Established interactor *
Established non-interactor o SPG39
New interactor » WDRS81
.
Potential interactors
Acel Ses2 ¢ *
PACR| 44
Sesl *e
aCcdc39)e
¢ Sesl .‘ .’ *
i ®
Frabin - ” | g Dynein
Ses1 F-A ; heavy chain
mutant ”
* 'S .
A Non-interactors
000 30 * PO
0 L 4
0”’ *
| 18 ey o ‘ |
0 50 100 150 200 250 300 350

GST-ASHRhoGAPYT binding (A.U)

 N-terminal

}'j‘\{.\“ - DH domain
, \

C-terminal

Overlay assay detects new F&H candidate proteins. (A) Peptide overlay experiments confirm the
established consensus sequence for F&H peptides. Each residue was systematically substituted in the Ses1 F&H
peptide (vertical: the original residue in the peptide, horizontal: substituted residue) immobilized on nitrocellulose and
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were immobilized on nitrocellulose and probed with WT GST-hOCRL-ASHRhoGAP (D, x-axis) and control as before. WT
binding intensity is plotted against the difference (y-axis, arbitrary units) in intensity of binding to WT and W739A
control. We defined candidate interactors as peptides in the top left quadrant of the graph (i.e., peptides whose binding
to GST-hOCRL-ASHRhoGAP is reduced by over 50% by the W739A mutation). All known F&H peptide interactors (red)
were isolated by this analysis, including two identical Ses1 peptides. Peptides determined as noninteractors by ITC are
excluded (yellow) (Supplemental Figure S1B). The Frabin F&H peptide (green) was isolated as an interactor in this assay.
(E) Ruby-OCRL and Frabin-GFP are found together on pinosomal compartments in Cos7; see Supplemental Movie S1.
Scale bar: 3 pm. (F) Full length Frabin-GFP immunoprecipitations isolated a weak but specific interaction with
endogenous OCRL in Cos7 cells. (G) Predicted structure of the Frabin DH-PH module shows the Frabin F&H peptide

(red) is found on an extended alpha helix of the Frabin PH1 domain.

helical peptide (Figure 1, A, C, and D). The array-derived motif also
includes either an R or a hydrophobic residue as opposed to the
bulky hydrophobic residue at position 9 defined by conservation
(Figure 1B), generating a slightly less selective F&H motif than that
derived by evolutionary conservation.
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Peptides in the human proteome that fit the peptide-array
F&H consensus were synthesized and immobilized on nitrocellu-
lose membranes and probed as above with GST-OCRL-
ASHRhoGAP and GST-OCRL-ASHRhoGAPW73A to isolate candi-
date F&H proteins in humans. Peptides predicted to be
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inaccessible to cytosolic proteins (i.e., peptides known to be bur-
ied in folded domains, transmembrane regions, or extracellular
domains) were excluded from the analysis. Peptides whose bind-
ing to GST-ASHRhoGAP is diminished by at least 50% by W739A
mutation (colored region in Figure 1D) were considered to be
candidate F&H peptides.

This screen identified known F&H peptide interactors Ses1,
Ses2, and APPL1, as expected, and excluded peptides that we
had previously determined using isothermal titration calorimetry
(ITC) to be nonspecific (Swan et al., 2010; Pirruccello et al., 2011)
(Supplemental Figure S1), confirming the specificity of the analy-
sis. It also identified additional potential interactors: PACR, Ace1,
Ccdc39, SPG39, WDR81, and Frabin (Figure 1D). PACR was
excluded on closer inspection as key residues are buried in the
plasma membrane (McCulloch et al., 2001). Ace1, Ccdc39, and
SPG39 were also excluded as, based on Western blotting on
GST-ASHRhoGAP pull downs in HKC cells (Supplemental Figure
S1), full-length proteins did not show a specific interaction with
the F&H interaction surface of OCRL. WDR81 has a peptide that
does not fit in the consensus defined by the conservation of
Ses1/2 F&H peptides (Figure 1B), but fits with the looser consen-
sus (including an R residue at position 9) defined in Figure 1C by
peptide array. This low-stringency F&H motif is lost in WDR81 in
lower vertebrates such as Gallus gallus and Danio rerio, suggest-
ing that it is not a conserved interactor of OCRL via this
interface.

Our final candidate, Frabin/FGD4, is a Cdc42-GEF in the Dbl
homology (DH) family of GEFs, consisting of a highly affine actin
binding peptide region(Banerjee et al., 2009), the DH-PH tandem
GEF domain followed by two lipid binding domains: the PI3P-
binding FYVE domain(Catimel et al., 2013) and a second PH
domain, which binds a broad spectrum of phosphoinositides
including PI(3)P and PI(4,5)P, (Catimel et al., 2013). As we had no
antibody that recognized endogenous Frabin, we examined the
interaction of Frabin-GFP with endogenous OCRL. Accordingly, a
pool of Frabin-GFP was detected along with OCRL on spontane-
ously generated pinosomes in Cos7 cells (Figure 1E). It remained
unclear whether this partial colocalization was due to a direct inter-
action or to the ability of both proteins to independently associate
with pinosomes. However, when Cos7 cells expressing Frabin-GFP
were subjected to anti-GFP immunoprecipitation, a weak, albeit
specific, coprecipitation with OCRL was observed (Figure 1F).
Modeling of Frabin using PHYRE2 (Kelley et al., 2015) to thread
the Frabin DH-PH sequence on the known structure of Vav
(PDB:3BJI) suggests that the F&H peptide sits on an extended
helix of the PH domain (Figure 1G), which may be concealed by
the neighboring FYVE domain when Frabin is inactive. The full-
length Frabin-OCRL interaction may thus be regulated and only
transient, despite the interaction of the Frabin F&H peptide with
OCRL being strong.

Inspection of databases revealed that the F&H binding patch of
OCRL is present in species in which APPL1, Ses1/2, and Frabin or-
thologues cannot be identified by primary amino acid similarity,
suggesting that the original interactor of the OCRL-F&H interface
had not yet been identified. Attempts to use unbiased bioinformat-
ics approaches to identify conserved proteins harboring F&H
peptides failed, due largely to the large number of peptides that fit
the putative F&H consensus and poor sequence conservation for
domains such as PH or BAR domains. Thus, we turned to an ancient
unicellular organism, D. discoideum to isolate potential additional
evolutionary conserved OCRL F&H interface interactors and to
understand the function of this interface.
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Identification of three F&H motif-dependent interactors

of Dd5P4

The single OCRL-like protein of D. discoideum, Dd5P4, has the
same overall architecture as mammalian OCRL (Loovers et al., 2003,
2007), except that it lacks the N-terminal PH domain (Mao et al.,
2009) and any identifiable clathrin coat binding motif (Figure 2A and
Supplemental Figure S2). Importantly, the F&H motif binding surface
of the RhoGAP-like domain is conserved. Dd5P4 knockout cells
(Dd5P4 mutants) can be partially rescued by expression of human
OCRL (Loovers et al., 2007), demonstrating that Dd5P4 and OCRL
have well-conserved functions.

To identify F&H interactors of Dd5P4 in D. discoideum, in Dd5P4
cells we expressed GFP fusions of wild-type (WT) Dd5P4 and of a
mutant Dd5P4 harboring a tryptophan to alanine substitution at
amino acid position 620, which corresponds to mammalian W739
required for F&H motif binding(Pirruccello et al., 2011) (Supplemen-
tal Figure S2). We then analyzed triplicate GFP immunoprecipitates
from untransfected WT cells alongside GFP-Dd5P4 and GFP-
Dd5P4W620A transfected Dd5P4knockout cells by mass spectrome-
try. We found four proteins that were specifically enriched in precipi-
tates from GFP-Dd5P4-expressing cells versus negative control
precipitates, but not in precipitates from GFP-Dd5P4"¢2%4-express-
ing cells (Figure 2B; for comparison against GFP alone, Supplemental
Figure S3). These four proteins were identified: three uncharacter-
ized gene products, DDB_G0275301, DDB_G0280015, and DDB_
G0284853, and the putative Rho-GEF GxcU.

To determine whether there was a direct F&H peptide-medi-
ated interaction with Dd5P4-GFP, we made GST fusions of poten-
tial F&H peptides of each protein, performed pull downs from
lysates of Dd5P4- cells expressing Dd5P4-GFP, and probed the
blot with anti-GFP antibodies. To be certain that we captured any
possible interaction, we selected as our test F&H peptide any 13
amino acid stretch in the four proteins that contained the con-
served F&H residues, including peptides that did not fit to either
of our consensus motifs (Figure 2C and Supplemental Figure S1).
GST fusions of the F&H peptides of human Ses2 and APPL1 were
also included. Figure 2C shows that Dd5P4-GFP bound the F&H
motifs of human APPL1 and Ses2, confirming conservation of the
F&H interaction between humans and D. discoideum. GST fusions
of the putative F&H peptides of three of the four candidate D.
discoideum interactors (DDB_G0275301, DDB_G0280015, and
GxcU) bound Dd5P4, while two low-stringency F&H peptides of
protein DDB_G0284853, a mycBP2/Highwire-like protein, did not
(Figure 2C; Supplemental Figure S1C). We thus conclude that
GxcU, DDB_G0275301 (which we called OCRL-Interacting Bar do-
main Protein [OIBP]), and DDB_G0280015 (which we called PH
domain Interacting with OCRL [PIO]) are bona fide direct interac-
tors of the Dd5P4 F&H binding surface. Examining RNA expres-
sion profiles (Van Driessche et al., 2002), all three F&H-containing
proteins are well expressed in cells under nondifferentiation condi-
tions, suggesting that all three proteins are available to interact
competitively with Dd5P4 at the same time.

The three interactors of Dd5P4 have domain homologies to
APPL1, Ses1/2, and Frabin

Remarkably, despite there being no identifiable amino acid se-
quence homology, modeling (Kelley et al., 2015) of the domain
structures of the uncharacterized D. discoideum F&H motif interac-
tors (OIBP, PIO, and GxcU) suggested these to contain signature
domains of those of the well-characterized F&H partners of OCRL:
APPL1 (a BAR domain) and Ses1/2 (a PH domain with extended
PxxP motifs), respectively. GxcU is a DH-PH domain Rho GEF with
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OCRL was found with the known interactors Ses2 and APPL1.

similar domain structure Frabin, which we had identified as a human
candidate interactor by peptide array (Figure 2D).

Using Phyre2 (Kelley et al., 2015) to model D. discoideum se-
quences onto crystal structures deposited in the PDB database,
OIBP (amino acids 37-228) displayed a high structural homology
with the BAR domain portion of the APPL1 paralogue APPL2
(PDB:4H8S, 98.8% confidence) in spite of a low (12%) sequence
identity. The only published study referring to D. discoideum OIBP
(Journet et al., 2012) reported that this protein was purified in
association with macropinosomes, indicating a possible role in en-
docytosis/macropinocytosis, a function that is conserved with mam-
malian APPL1/2 (Zoncu et al., 2009; Swan et al., 2010; Bohdanowicz
etal., 2012).

PIO is a 741 amino acid protein with a predicted PH domain.
Since PIO’s PH domain contains a series of long unstructured pep-
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tide loops that interfere with accurate tertiary structure prediction,
to assess its structural "neighbors" we made structure predictions
by searching only the portions of the PH domain of PIO conserved
in the closely related species Dictyostelium purpureum
(XP_003295168.1) (Supplemental Figure S4) (Schaap et al., 2006).
This PH domain falls loosely into the same structural family as the PH
domain of PRKD3 (PDB:2D9Z 99.2% confidence, 18% sequence
similarity) and of PKCD2 (PDB:2COA; 99.2% confidence, 17% se-
quence similarity), as does the PH domain of human Ses1 (99.9%
model confidence, 17% sequence similarity). No function has previ-
ously been assigned to this protein.

GxcU is one of four D. discoideum proteins (GxcU, GxcV, GxcW,
and GxcX) with a domain structure similar to that of Frabin (Vlahou
and Rivero, 2006): a Dbl-Rho family GEF domain, followed by a PH
domain and a FYVE domain. GxcU is largely unstudied, but knockout
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strains show that this gene is not essential for life (Wang et al., 2013).
Frabin is one of seven closely related so-called FGD (faciogenital
dysplasia) proteins, FGD1-6 and FGD1-related Cdc42-GEF/FARP2,
thought to function as Cdc42 GEFs. Three FGD proteins are associ-
ated with disease: FGD1 is mutated in Aarskog-Scott syndrome
(Pasteris et al., 1994), FGD4/Frabin mutations cause the peripheral
neuropathy Charcot Marie Tooth 4H (Delague et al., 2007), and mu-
tations of FGDé are a risk factor for macular degeneration (Huang
etal., 2016). Expanding on our peptide array analysis, we examined
all putative F&H motifs in the FGD family regardless of possible
presence in folded domains, isolating F&H peptides in Frabin/
FGD4, FGDS5 (a protein specific to haemopoetic stem cells [Gazit
et al., 2014]), and FGDé (Figure 2D).

Pull downs from mouse brain extracts using GST fusions of the
putative 13 amino acid F&H motif peptides of each of the three
FGD proteins, and of Ses2 and APPL1 as positive controls, revealed
that the F&H peptide of Frabin, but not that of FGD5 and FGD6,
specifically enriched endogenous OCRL (Figure 2E). The F&H motif
captured for Frabin was the same as that independently identified
by peptide array (Figure 1D).

Two unbiased methods, peptide array on human proteins and
mass spectrometry in Dictyostelium, converge on a common set of
conserved F&H-peptide harboring OCRL interactors, APPL1,
Ses1/2, and Frabin. We hypothesize that distant homologues of at
least one of these proteins exist in all cells that express an OCRL
protein harboring this patch.

F&H motif-containing proteins are functionally similar in D.
discoideum and mammals

We next examined the properties of our newly identified F&H bind-
ing partners in D. discoideum. PIO-GFP fusion proteins were lo-
cated to compartments of the late-acidic/postlysosomal phase
(Figure 3). PIO-GFP colocalized with the fluid-phase marker TRITC-
dextran (a fluid-phase dye taken up in the phagosomal-lysosomal
system and excreted via postlysosomes) in organelles labeled by
30 min of fluid phase dye uptake by micropinocytosis, suggesting a
function in the endo-lysosomal system. Figure 3 shows PIO-GFP lo-
calization in both WT and Dd5P4- cells exposed for 30 min to TRITC-
Dextran. There is very little colocalization between PIO-GFP and
dextran label at earlier timepoints (Figure 3A, 10 min dextran pulse)
and strong but not complete colocalization at 30 min dye uptake
(Figure 3, B-D), suggesting that PIO-GFP labels organelles at the
transition between late acidic lysosomes to postlysosomes. This is
reminiscent of the localization of Ses1/2 proteins at late endosomal
stages in mammals (Swan et al., 2010; Noakes et al., 2011).

Due to a long, low complexity AT-rich stretch in the D. discoi-
deum GxcU DNA sequence, it was not possible to clone or to syn-
thetize the D. discoideum GxcU cDNA as a GFP fusion. Instead, we
synthetized the sequence of the GxcU orthologue from the closely
related amoeba Dictyostelium intermedium (Schaap et al., 2006)
(see Supplemental Figure S5 for sequence comparison) and ex-
pressed it as a fusion protein. Overall, GxcU-GFP appears more
punctate in Dd5P4 cells (Figure 4, A and B). GxcU-GFP appears on
several subcellular structures, including sites of macropinosome for-
mation (Figure 4C) and on rare occasions at the plasma membrane
some seconds after CV exocytosis events (for a more complete de-
scription of CV, please see below) (Figure 4D), suggesting that GxcU
participates in endocytic events. GxcU-GFP recruitment was evident
at the base of the forming macropinocytic cup (Figure 4C), which
would indicate an early endocytic function, and several seconds
after CV fusion (Figure 4C) (i.e., later than the appearance of OIBP-
GFP on these organelles [Figure 5C]). A role in coordinating actin-
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PIO-GFP labels a late lysosomal station. (A) In WT cells,
PIO-GFP (arrows) does not colocalize with early lysosomal
intermediates labeled by 10 min of fluid-phase dextran uptake
(arrowheads). (B) At 30 min, fluid phase dextran (red) marks some, but
not all, PIO-GFP positive compartments. (C, D) There is no significant
change in PIO-GFP localization in Dd5P4- cells: two examples of
PIO-GFP expressing Dd5P4 cells (one cytosolic, one punctate)
labeled for 30 min with TRITC-dextran. Scale bar: 5 pm.

dependent remodeling of the plasma membrane at endocytic sites
has also been reported for Frabin (Nakanishi and Takai, 2008; Horn
et al., 2012). Recruitment of the GxcU-GFP fusion protein appeared
delayed in the Dd5P4- mutant (Figure 4C).

A C-terminal GFP fusion of OIBP was almost completely cyto-
solic except for brief and intense ‘flashes’ of recruitment, lasting only
a few seconds, near the plasma membrane (Figure 5, A and B, and
Supplemental Movie S4). As we could see no colocalization of this
signal with TRITC-dextran (i.e., the endolysosomal system), we ex-
amined another organelle, the CV. CVs act to excrete excess fluid to
prevent osmotic rupture and are found in many water and soil dwell-
ers. In D. discoideum, CVs are a reticulum of bladders and connect-
ing tubules that fill with excess water, undergo rapid kiss-and-run
fusion to disgorge their contents, and locally recycle CV membrane
without mixing with the plasma membrane by a striking process of
tubulation, fragmentation, and reformation of the CV organelle
(Clarke et al., 2002; Gerisch et al., 2002; Heuser, 2006) (here indi-
cated as collapse phase). The lipophilic dye FM4-64 preferentially
incorporates in CV membranes (Heuser et al., 1993; Nishihara et al.,
2007). Colabeling of the intensely OIBP-GFP-labeled structures with

F&H motifs and OCRL in Dictyostelium | 2273



GxcU-GFP

GxcU-GFP

GxcU-GFP GxcU-GFP

GxcU-GFP labels several endocytic intermediates. Wide-field microscopy (left panel) and confocal
microscopy (right panel) of GxcU-GFP expressing cells. (A) WT cells expressing GFP-GxcU. (B) GxcU-GFP is more
punctate in Dd5P4 cells. Scale bars in B: 10 pm. (C) GxcU-GFP can be detected on phagosomes in both WT (top) and
Dd5P4 (bottom) cells. Gallery of images 0.25 Hz (see Supplemental Movies S2 and S3). (D) GxcU-GFP is also (rarely)
detectible several seconds after CV collapse (site of CV collapse marked by red arrows) in both WT and Dd5P4- cells,

gallery at 1 Hz.

FM4-64 showed that these flashes occurred at the moment at which
CVs open to the extracellular medium during the discharge and col-
lapse phase (Figure 5, A and B). This observation suggests that
OIBP-GFP is recruited as the CV membrane undergoes scission
from the plasma membrane and is reformed by tubulation and frag-
mentation. This localization fits very well with the site of action in
mammalian cells of APPL1, a protein with curvature inducer/sensor
properties due to its BAR domain (McMahon and Boucrot, 2015),

which is recruited to endocytic membranes at the earliest stages of
endocytosis in mammalian cells (Zoncu et al., 2009). When this
OIBP-GFP construct was expressed in Dd5P4- cells, its localization
was essentially unchanged (as is the case for its mammalian ortho-
logue APPL1 in OCRL mutant patient fibroblasts [Swan et al., 2010]).
However, when we examined the OIBP-GFP flash at CV exocytic
pores, we found that the lifetime of these events had approximately
doubled in Dd5P4 mutants (Figure 5, B and C).

WT; OIBP-GFP

‘Collapse phase’

C

N=21 N=43
= 50 P < 0.0005 <
E ©
g w
-
Q
o
& 1o
= —

Dd5P4-

Dd5P4; OIB

§3 &W

F&H interactions contribute to membrane reformation kinetics at the CV. (A

) OIBP-GFP in wild-type cells.

Expression of OIBP-GFP is largely cytosolic except for endocytic structures associated W|th CVs, labeled in by FM4-64
(red). Shown is a gallery of images showing CV fusing en face, image rate 0.25 Hz. Yellow Star, CV beginning to collapse
(see Supplemental Movie S4). (B) Gallery showing OIBP-GFP recruitment to osmotically triggered CV fusion events
imaged at 1 Hz. Top panel, WT cells; bottom panel, Dd5P4 cells. Scale bars in A and B: 4 pm. (C) Lifetime of OIBP-GFP
fluorescence during CV collapse (start of the collapse indicated by yellow stars in A and B) is approximately twice as
long in DA5P4 cells. N =21 WT events, N = 43 Dd5P4 events, two-sided Student’s t test: P < 0.0005.
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Novel function of Dd5P4 in CV fusion/endocytosis is
modulated by F&H peptide interactions

Having determined that the F&H proteins of D. discoideum reca-
pitulate the localization of their mammalian counterparts, we turned
to characterize Dd5P4 recruitment and function on these organelles.
Complementation of a Dd5P4 line with Dd5P4 fused to GFP at
either the N- or the C-terminus rescued previously characterized
growth deficits (Schaap et al., 2006) in these mutants, indicating that
the fusion proteins were functional (Supplemental Figure S5A). We
also successfully rescued the Dd5P4- growth deficit with the F&H
interface mutant GFP-Dd5P4W629A suggesting that either sufficient
overexpression of Dd5P4W6204 is enough to overcome any defects in
efficient targeting of Dd5P4 activity to membranes or, as we had
previously observed in human patient fibroblasts (Pirruccello et al.,
2011), loss of the F&H interface led to loss of OCRL-like activity from
very specific membrane subcompartments and not a generalized
deficit in OCRL-mediated traffic.

Given the presence of GxcU-GFP and PIO-GFP in the micropino-
cytic system and the functional requirement for Dd5P4 for micropi-
nocytosis/nutrient uptake (Supplemental Figure S5A), we reexam-
ined the subcellular recruitment (Loovers et al., 2007) of fluorescently
tagged Dd5P4. Despite an established function of Dd5P4 in phago-
cytosis (Loovers et al, 2007), and despite the recruitment of
mammalian OCRL to endocytic vesicles engulfing pathogens
(Weber et al., 2009), neither published studies (Loovers et al., 2007)
nor our own study with N- or C-terminal GFP-tagged Dd5P4 fusions
detected a clear accumulation of Dd5P4 on macropinocytic inter-
mediates (labeled by TRITC-dextran in Supplemental Figure S5B).
We hypothesize that GFP-tagged fusion proteins are likely to be
expressed at higher levels than endogenous Dd5P4, and the excess
cytosolic fluorescence may mask the presence of a macropinosome-
associated pool of the protein.

Dd5P4 cells expressing either GFP-DA5P4WT or GFP-Dd5P4W620A
exhibited marked transient recruitment of GFP fluorescence to
organelles that appeared to fuse with the plasma membrane. We
excluded postlysosomes (Gopaldass et al., 2012; King et al., 2013)
as the organelles in question, as GFP-Dd5P4WT and GFP-Dd5P4"/é204
fluorescence segregated away from postlysosomal organelles when
cells had been preloaded overnight with TRITC-dextran (Supple-
mental Figure S5B). FM4-64 dye labeling showed both GFP-
Dd5P4WT and GFP-Dd5P4W620A were recruited to CVs in the
moments before its fusion and collapse at the plasma membrane
(Figure 6D). We then explored the functional requirement for Dd5P4
and its F&H interface on this organelle.

When we imaged FM4-64-labeled cells, we identified frequent
CV discharges (see Figure 6A for examples of fusion events showing
a full CV, collapse of the organelle, and local membrane tubulation).
The size of CVs that underwent exocytosis was unchanged between
WT and Dd5P4- cells (Figure 6B), suggesting that CV biogenesis was
grossly normal. Additionally, basal CV fusion, unstimulated by os-
motic pressure, occurred at the same rate in both WT and Dd5P4
mutant strains. However, 1:1 dilution of the imaging medium with
distilled water caused an increase in water pumping and of the CV
exocytic rate in WT (Figure 6C; Supplemental Movie S5), whereas
the exocytic rate of CVs did not change from the basal rate in the
Dd5P4- mutants (Supplemental Movie Sé).

Reexpression of GFP-DA5P4VT in Dd5P4- mutants rescued the
osmotically triggered component of CV exocytosis observed in
these mutants (Supplemental Figure S5C). GFP-Dd5P4V¢204 showed
localization on CVs similar to GFP-Dd5P4"T, speaking against a role
of F&H-containing proteins in the recruitment of Dd5P4 to the CV
membrane. Comparing the reexpression of GFP-Dd5P4"T in Dd5P4
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mutants with that of GFP-Dd5P4W6204 or the catalytic mutant GFP-

Dd5P4P3196 (Figure 6D), we noted that the catalytic mutant exerted
a dominant effect, almost completely abolishing CV cycling (Figure
6E) in both resting and osmotically stimulated conditions. Addition-
ally, we observed that CV diameter (FM4-64 staining) increased in
resting cells expressing GFP-Dd5P4P319G (Figure 6, D, quantified in
F). Interestingly, whereas WT and W620A Dd5P4 appeared to be
recruited to the entire CV membrane at about the time when CV
starts decreasing in size due to CV discharge (stars in Figure 6D) and
persists during the tubulation/collapse phase (arrowheads in Figure
6D), GFP-Dd5P4P3196 appeared punctate and did not spread across
the CV membrane upon arrival at a FM4-64-labeled organelle. We
did not capture any events where GFP-Dd5P4P31%C was recruited to
a collapsed/tubulating CV. We therefore analyzed only the kinetics
of GFP recruitment in Dd5P4;GFP-DA5P4WT, or Dd5P4; GFP-
Dd5P4Wé20A CV fusion events. There was no significant difference in
the lifetime of the GFP signal on precollapse CVs between the two
fusion proteins (Supplemental Figure S5D), as in general both fluo-
rescent proteins were recruited when the CV started to discharge
and collapse (a few CVs took some time to collapse after GFP-
Dd5P4 recruitment as shown in Supplemental Figure S5D). We
found that GFP-Dd5P4W6204 |ingered for a significantly longer time
than GFP-Dd5P4VT during the process of CV collapse/tubulation
(Figure 6Q), suggesting defects in the process by which membranes
tubulate and reform after CVs discharge their content. Taken
together, this indicates that catalytic activity is necessary for Dd5P4-
mediated CV fusion and that F&H peptide interactions in D. discoi-
deum are not essential for recruitment of Dd5P4 to CV membranes,
but are necessary for efficient dynamics/remodeling of these
membranes during fusion and subsequent reendocytosis of CV
membranes (model in Figure 6H).

Dd5P4 loss-of-function deficit in fluid phase dye uptake is
phenocopied and enhanced by GxcU overexpression

Loss of Dd5P4 has been shown to cause deficits in fluid-phase
micropinocytosis. Neither PIO-GFP nor OIBP-GFP appeared to be
recruited to early micropinocytic intermediates, but GxcU-GFP had
a wide distribution on organelles including micropinosomes (Figure
4), suggesting the two proteins may interact in this process. Overex-
pression of GxcU-GFP inhibited uptake of TRITC-dextran (Figure 7,
A and B), over all the timescales measured (10 min, 60 min, and
overnight application of labeled dextran to the culture medium), as
observed with Dd5P4- mutants. Both Dd5P4 mutants and GFP-
GxcU overexpressors exhibited numerous small dye-positive
endolysosomal structures rather than the large lysosomes/postlyso-
somes found in WT cells, suggestive of a defect in membrane traffic
along multiple parts of the endo/lysosomal pathway (see inset
images at 60 min uptake in Figure 7A). GxcU-GFP overexpression in
Dd5P4 evoked a profound deficit in dye uptake, suggesting that
Dd5P4 activity opposes the action of overexpressed GxcU (Figure 7,
B and C). Cumulatively, these data suggest that OCRL and its F&H
protein interactors each act defined points of the membrane cycle
as illustrated in Figure 7D.

DISCUSSION

Previous studies have shown that interactions of F&H-peptide-con-
taining proteins with OCRL/INPP5B participate in the localization
and function of these inositol 5-phosphatases on intracellular mem-
branes (Noakes et al., 2011; Pirruccello et al., 2011). Loss of the F&H
binding surface in mammals very subtly relocalizes OCRL, whereas
loss of the OCRL Rab binding interface (Pirruccello et al., 2011; Luo
et al., 2012) almost completely delocalizes the protein, suggesting
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FIGURE 6: CV dynamics in Dd5P4 mutants and rescues. (A) FM4-64 dye labeling of CV membranes in WT and Dd5P4
cells show CV distribution is similar. Bottom panel: CV collapse event (frames from 0.25 Hz movie) quantified in C and E.
The star indicates a CV about to collapse; the arrow indicates the collapsed CV membrane. Scale bar: 2 um. (B) The size
at the widest point of CVs undergoing fusion is unchanged by Dd5P4 loss: N = 179 (WT), N = 87 (Dd5P4). (C) The rate
of CV fusion triggered by 1:1 osmotic stimulus is strongly reduced, but not abolished, in Dd5P4 mutants. Average of
three movies per condition, SD, two-sided Student’s t test. (D) Recruitment of GFP-Dd5P4 constructs to CVs marked by
FM4-64. GFP-Dd5P4"T and GFP-Dd5P4W620A are recruited to CVs at the moment that the CV starts to collapse (marked
by a red star) and persists at the moment of full collapse (arrow). GFP-Dd5P4P31%G s recruited in punctae to the CV but
do not appear to spread over the CV surface, CVs appear enlarged. Movie: 0.25 Hz. Scale bars: 2 pm. (E) FM4-46
labeling shows that Dd5P4-; GFP-Dd5P4P319G cells exhibit significantly reduced CV fusion/collapse in both basal and
osmotically stimulated conditions. Dd5P47; GFP-Dd5P4W62°A cells show a similar rate of CV fusions as Dd5P4; GFP-
Dd5P4WT. The number of movies per condition are indicated on graph. Student’s t test. See Supplemental Movies S7
and S8 for live imaging of GFP signal. (F) Cells in basal conditions show significantly larger CV diameters in Dd5P4-; GFP-
Dd5P4P3196 cells. (G) GFP signal in collapse phase lasts longer in Dd5P4; GFP-Dd5P4W620A cells than in cells
reexpressing GFP-Dd5P4T. (H) Model of Dd5P4 action during CV cycle.

that the F&H interface, as we see in D. discoideum, has a specialized APPL1 and Ses1/2 (IPIP27A/B) were thought to appear later in evo-
function in membrane traffic, rather than a generalized function re- lution than OCRL, as searches of databases had detected APPL1
cruiting OCRL. The F&H motif-containing OCRL/INPP5B interactors  only in vertebrates (Erdmann et al., 2007) and Ses/CG12393 in
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Drosophila and other insects, but not in uni-
cellular organisms (Swan et al., 2010). In con-
trast, OCRL/INPP5B-like proteins are widely
present in unicellular organisms. Amino acids
critically required for the F&H interacting sur-
face of OCRL (Pirruccello et al., 2011) were
highly conserved even in these ancestral
OCRL species, suggestive of the presence of
yet-to-be-identified F&H interactors in these
evolutionary older organisms.

We tested this possibility in the social
amoeba D. discoideum, which expresses a
single OCRL orthologue, Dd5P4, displaying
an F&H interacting surface. Loss of Dd5P4 is
not lethal (Loovers et al., 2003), but leads to
quantifiable defects in macropinocytosis and
growth (Loovers et al., 2007), which can be
rescued by expression of GFP-fusions of
Dd5P4 and of human OCRL, suggesting
closely conserved function and subcellular
targeting (Loovers et al., 2007).

To our surprise, we found that the identity
of the F&H proteins that interact with OCRL is
as well conserved as the F&H surface itself: in
both humans and amoeba, OCRL uses the
F&H interface to couple to three proteins, a
BAR-domain protein present at the earliest
stages of endocytosis (APPL1 in humans and
OIBP in D. discoideum), a PH-domain con-
taining protein on late lysosomes/postlyso-
somes (Ses1/2 in humans and PIO in D. dis-
coideum), and a novel interactor GxcU/
Frabin, a Rho family GEF, which in humans is
associated with the disorder Charcot Marie
Tooth Type 4. Live imaging of GxcU and
Frabin showed that both proteins appear at
multiple early and later stages of endocytosis.
Our data suggest that there is a specific
requirement of OCRL phosphatase activity
coordinated by different F&H proteins at well-
delineated endocytic stations.

We also established a novel function for
OCRL-like phosphatases in membrane traf-
ficking: in addition to known phenotypes of
Dd5P4 loss in D. discoideum (Loovers et al.,
2003, 2007; Weber et al., 2009; Hilbi et al.,
2011) (reduced growth and a defect in both
micropinocytosis and phagocytosis), we
identified a novel phenotype in axenic cells:
Dd5P4 controls the rate of fusion and endo-
cytic tubulation/recapture of an osmoregula-
tory organelle, the CV. CV exocytosis is
thought to be a kiss-and-run process, involv-
ing minimal mixing of the CV membrane with
the plasma membrane (Essid et al., 2012).

8 pm. (C) GFP-GxcU overexpression enhances
dye uptake defects caused by Dd5P4 loss.
Fluorescence per cell after overnight TRITC-
dextran uptake, ANOVA. (D) Localization of
Dd5P4 and F&H motif-containing interactors.
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Notably, we found that Dd5P4 has two separable functions in the
CV discharge process: CV fusion, which did not depend on F&H
peptide interactions but was blocked by overexpression of a cata-
lytically inactive Dd5P4 fusion protein, and tubulation/reformation
(which we indicate as collapse phase), whose kinetic was influenced
by F&H-mediated interactions. We measured extended kinetics of
the CV collapse phase in GFP-Dd5P4Wé02A expressing mutants
(where the CV fusion rate defects in Dd5P4 knockouts is restored),
and the extended kinetics of the OIBP-GFP fusion protein in this
same stage in Dd5P4-.

How Dd5P4 interferes with CV fusion is yet unclear, although
several functions of OCRL/Dd5P4 might be implicated. Distur-
bances of the actin cytoskeleton cause inappropriate mixing of CV
and plasma membranes (Heuser, 2006), leading to CV-resident
proton pumps being found at the plasma membrane. Similarly,
‘spillover’ of the transmembrane protein Dajumin, responsible for
the biogenesis of CVs, is retrieved from the plasma membrane via
clathrin/AP2 (Macro et al., 2012), where mammalian OCRL is also
known to act. Thus it is possible that Dd5P4 could have several func-
tions on this organelle, for example, regulating underlying actin
and/or PI(4,5)P, at the CV fusion site, or in trafficking of receptors
that are necessary for the CV fusion/reformation cycle. Our images
of GFP-Dd5P4P319G show that this mutant protein remains clustered
in punctae upon arriving to docked CVs, whereas GFP-Dd5P4WT
and GFP-Dd5P4Wé204 arrive at CVs prior to fusion and then spread
over the CV membrane, coincident with the CV starting to fuse and
decrease in size. Previous work (Essid et al., 2012; Parkinson et al.,
2014) suggests that during this phase of the CV cycle (docking and
fusion-ready), CVs are labeled by Drainin and Rab8 and undergo
'ring to patch’ transition to allow full fusion. In the absence of the
ring to patch transition (i.e., in P2XA mutant CVs [Parkinson et al.,
2014]), CV fusion becomes inefficient, as we have seen in Dd5P4-
mutants. In contrast, the more severe phenotype of GFP-Dd5P4P3196
suggests that this mutant may sequester factors such as Rab8¢™.
Indeed, the swollen CV phenotype found in GFP-Dd5P4P319G
is reminiscent of the Rab8PN and drainin phenotypes previously
published (Essid et al., 2012).

While there is no direct analogue of this organelle in mammals,
the CV is decorated by the small GTPase Rab8 prior to its exocyst-
directed fusion with the plasma membrane (Essid et al., 2012). Rab8
is a strong interactor of OCRL in mammals (Hou et al., 2011,
Hagemann et al., 2012), where the interaction is responsible for
membrane traffic to the primary cilium (Coon et al., 2012). Interest-
ingly, both CV fusion in D. discoideum (Essid et al., 2012) and growth
of cilia involve fusion via the exocyst complex (Mukherjee et al.,
2014), suggesting OCRL may serve an analogous function in both
contexts.

The PH domain protein PIO, like its higher-organism counterpart
Ses1/2, is a late endocytic protein, only present on endocytic organ-
elles that are reached by fluid-phase endocytic tracer 30 min or
more after ingestion (Figure 3), consistent with a late endosomal or
lysosomal function. The localization of the newly identified OCRL/
Dd5P4 interactor, GxcU/Frabin, was particularly intriguing. In human
cells, Frabin-GFP has a similar multistage recruitment pattern to
both early and late endosomal and macropinocytic membranes
(Kim et al., 2002; Hayakawa et al., 2004; Brooks et al., 2017) (Figure
2; Supplemental Movie S1). In D. discoideum, GxcU-GFP was re-
cruited to several distinct stages of the endocytic pathway (Figure
4), both at what would be considered very early (at the base of the
macropinocytic crown) and at the site of reforming CVs, several sec-
onds after the timepoint when the other F&H interactor, OIBP-GFP,
appears (e.g., Figure 5A). While the target of the GxcU GEF activity
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is not known, the localization of GxcU to macropinosomes is highly
reminiscent of the localization of active Rac1 (Marinovic et al., 2016;
Rivero and Xiong, 2016). Interestingly, overexpression of GxcU-GFP
phenocopied Dd5P4 loss in terms of fluid-phase dye uptake and
processing and enhanced the Dd5P4- mutant phenotype (Figure 7),
suggesting that Dd5P4 may be a repressor of GxcU function.

In summary, our findings reveal that the network of F&H peptide
interactors of OCRL is more evolutionary conserved than expected
based on previous studies. Furthermore, in all cases that we exam-
ined, selective disruption of the F&H interface of OCRL/Dd5P4 does
not significantly impair its localization, but impacts downstream re-
actions. In D. discoideum, F&H mutant Dd5P4 localizes to the same
subcompartments as WT Dd5P4, but where we made kinetic mea-
surements, we found that the lack of F&H interactions affected the
kinetics of the trafficking step under study. Likewise, F&H-containing
interactors of Dd5P4 were recruited to membranes for longer peri-
ods in Dd5P4- mutants than in WT, suggesting that coordinated ac-
tivity of OCRL and F&H adaptors is necessary for efficient mem-
brane progression.

Our study gives weight to the possibility of functionally relevant
amounts of PI(4,5)P, present in the endocytic system under normal
conditions. Recent research suggests that PI(4,5)P, and/or OCRL
catalytic activity has a critical role in membrane traffic separate from
its role at the plasma membrane, including the transition from early
to late endosomes (Vicinanza et al., 2011; Sun et al., 2013; Henmi
etal., 2016; Muriel et al., 2016) and the transition from endosome to
trans-Golgi (Choudhury et al., 2005; Billcliff et al., 2016). The pres-
ence of conserved, endomembrane-specific interactors for OCRL
argues against a function of OCRL solely as a cellular "housekeeper’
and suggests instead that OCRL-directed PI(4,5)P, on endosomes is
assisted and directed by interaction with F&H proteins.

Fibroblasts from OCRL-mutated LS or Dent2 patients are equally
deficient in PI(4,5)P, phosphatase activity (Montjean et al., 2015);
however, Dent2 disease fibroblasts manifest milder phenotypes
(e.g., the degree of defective actin stress fiber formation, abnormal
alpha-actinin staining, and shortened primary cilia [Montjean et al.,
2015]) than their LS counterparts, suggesting the presence of a
modifier gene on an autosome. The OCRL paralog INPP5B has
been excluded as a phenotype modifier in Lowe/Dent2 patients
(Montjean et al., 2015). Given that the F&H interaction is so well
conserved and appears to change the kinetics of OCRL-dependent
membrane trafficking steps, F&H proteins should be considered as
highly likely candidates for modifiers of the LS phenotype.

MATERIALS AND METHODS
Plasmids
Frabin-GFP was a kind gift of Valerie Delague (Delague et al., 2007).
Ruby-OCRL was created by replacing the EGFP fluorophore with
Ruby in pEGFP-OCRL (Swan et al., 2010). Dd5P4 ¢cDNA was a kind
gift of Peter van Haastert (Loovers et al., 2007). D. discoideum ge-
nomic DNA was isolated as previously described and the loci for
DDB_G0275301/0IBP and DDB_G0280015/PIO were amplified by
PCR. The D. intermedium GxcU cDNA from the genomic locus
AJWI01001082.1 was codon optimized and synthetized (IDT-DNA)
to minimize recombination (protein sequence is shown in Supple-
mental Figure S4). GFP fusion constructs were subcloned into
pDM317 and pDM323 for expression as N- and C-terminal GFP fu-
sions, respectively. Site-directed mutagenesis (Stratagene XL Il kit)
was used to introduce the W620A and D319G substitutions to
Dd5P4 cDNA. See Table 1 for more details.

GST fusion proteins of F&H peptides were made by annealing
oligos of the following sequences to allow cloning into pGex6P-1:
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Dictyostelium strains used

Plasmids used for transformation

Reference

AX3 (WT)
dd5P4 knockout strain

GFP-Dd5P4/dd5P4 KO See below
Dd5P4-GFP/dd5P4 KO See below
GFP-Dd5P4W620A/dd5P4 KO See below
GFP-Dd5P4P3196/dd5P4 KO See below
OIBP-GFP/dd5P4 KO See below
PIO-GFP/dd5P4 KO See below
GxcU-GFP/dd5P4 KO See below

Loovers et al., 2003, 2007

Plasmids generated for this work

Insert

Plasmid and reference

Dd5P4-GFP
GFP-Dd5P4
GFP-Dd5P4W6204

DDB_G0267462
DDB_G0267462

GFP-Dd5P4P319

DDB_G0267462 with a tryptophan to alanine substitution
at amino acid position 620

DDB_G0267462 with an aspartate to glutamine

pDM323 (Veltman et al., 2009)
pDM317 (Veltman et al., 2009)
pDM317 (Veltman et al., 2009)

pDM317 (Veltman et al., 2009)

substitution at amino acid 319

GxcU-GFP GxcU (D. intermedium)
OIBP-GFP DDB_G0275301
PIO-GFP DDB_G0280015

pDM323 (Veltman et al., 2009)
pDM323 (Veltman et al., 2009)
pDM323 (Veltman et al., 2009)

TABLE 1: Constructs and Dictyostelium cell lines used in this article.

OIBP peptide: DFSSQHOQYSFDQ*, PIO peptide: DFLTLHKAY-
IDEW*, GxcU peptide #1: SFQLIHPIKSFTL*, GxcU peptide #2:
SFIATHTAYNKEN*, MycBP2 ortholgoue #1: GFVYIHCNLGLFK*,
MycBP2 ortholgoue #2: CFGTTHFCDTCHD*, human proteins
FGD4/Frabin: AFHQRHETFRNAI*, Fgd5: IFHLYHKKTLFYS*, FGDé:
VFQLLHKNMLFYV*. GST fusions of APPL1 and Ses2 F&H peptides
were previously described (Swan et al., 2010).

Dictyostelium knockout and transgenic lines

Knockout lines and overexpressors are described in Table 1. Knock-
out and fusion protein-expressing strains were maintained under
antibiotic selection, 10 and 5 pg/ml G418, respectively.

GST pull down

D. discoideum lysates were prepared in lysis buffer (20 mM Tris, pH
8, 10% [vol/vol] glycerol, 100 mM NaCl, 1 mM EDTA, and 1 mM
DTT), divided into equal aliquots, and exposed to bacterially
expressed GST or GST F&H peptides immobilized on 40 pl of gluta-
thione Sepharose (GE Healthcare Lifesciences). GFP-Dd5P4 was
then detected in Western blot by anti-GFP antibodies (Abcam 290).
HKC (a human proximal tubule cell line) cells were lysed and
exposed to GST fusion proteins of human F&H peptides, or GST
fusions of OCRL ASHRhoGAP WT and W739A (Pirruccello et al.,
2011). Blots were probed with antibodies to Ace1 (EPR2757, Novus
Biologicals), Ccdc39 (HPA035364, Sigma) and SPG39 (14261-1-AP,
Proteintech). Endogenous OCRL was detected in Western blot
using anti-OCRL antibodies (Erdmann et al., 2007).

Immunoprecipitation

Three 15-cm-diameter dishes per D. discoideum sample were
grown to 80% confluency in full medium (HL5 medium supple-
mented with glucose vitamins and trace elements; Formedium, UK),
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harvested by scraping and centrifugation, and lysed in lysis buffer
(20 mM Tris, pH 8, 10% [vol/vol] glycerol, 100 mM NaCl, 1T mM
EDTA, and 1 mM DTT). GFP-immunopreciptations were performed
in triplicate on 10 pl GFP-trap beads (Chromotek) per sample,
washed extensively, and frozen for mass spectrometric analysis.
Frabin-GFP was expressed in Cos7 cells and immunoprecipated on
GFP trap beads as above. Frabin-GFP was detected in Western blot
by anti-GFP antibody (Abcam 290). Endogenous OCRL was
detected in Western blot using mouse anti-human OCRL (Erdmann
et al., 2007).

ITC

Calorimetry was performed on purified GST-OCRL-ASHRhoGAP as
previously described (Pirruccello et al., 2011). Dynein heavy chain
putative F&H peptide (KFRRQHEQLRAVI) and a peptide with an
alanine in the critical Phe residue (KARRQHEQLRAVI) were tested.

Mass spectrometry

Proteins were reduced, alkylated, and digested overnight at 37°C
with trypsin directly on the agarose beads. The resulting peptide
mixture was removed from the beads and acidified by the addition
of trifluoroacetic acid. Peptides were desalted following the proto-
col for StageTip purification (Rappsilber et al., 2007). Samples were
eluted with 60 ml of buffer B (80% ACN, 0.1% formic acid in H,O)
and reduced in a Vacufuge plus (Eppendorf) to a final volume of
3 pl. Buffer A (2 pl) (0.1% formic acid in H,O) was added, and
the resulting 5 pl was injected through high-performance liquid
chromatography.

Analysis of the peptide mixture was performed as described pre-
viously (Frohlich et al., 2013). Briefly, peptides were separated on
15-cm columns (New Objectives) with a 75-mm inner diameter and
packed in-house with 1.9 mm C18 resin (Dr. Maisch GmbH). Peptides
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were eluted at a constant flow rate of 250 nl for 95 min with a linear
acetonitrile gradient from 5 to 30% and directly sprayed into an
online coupled Q Exactive Mass Spectrometer (Thermo Scientific).
The mass spectrometer was operated in a data-dependent mode to
automatically switch between full-scan MS and up to 10 data-
dependent MS/MS scans. Maximum injection time for MS scans was
20 ms with a target value of 3,000,000 at a resolution of 70,000 at
mass/charge ratio (m/z) of 200. The 10 most intense multiple
charged ions (z > 2) from the survey scan were selected for MS/MS
scans. Peptides were fragmented with higher-energy collision dis-
sociation (38) with normalized collision energies of 25. Target values
for MS/MS were set to 100,000 with a maximum injection time of
120 ms at a resolution of 17,500 atm/z of 200. Dynamic exclusion of
sequenced peptides was set to 35 s. MaxQuant (version1.5.3.30)
with its integrated Andromeda search algorithm was used to ana-
lyze the resulting MS and MS/MS spectra (Cox and Mann, 2008; Cox
et al., 2011). Peak lists were searched against local databases for D.
discoideum (downloaded from dictyBase). Carbamidomethylation
of cysteine was set as fixed and methionine oxidation and N-termi-
nal acetylation as variable modifications. Maximum mass deviation
was 6 ppm for MS peaks and 20 ppm for MS/MS peaks with a maxi-
mum of two missed cleavages allowed and a minimum peptide
length of six amino acids. Label-free quantitation was performed
using the QUBIC software package as described previously (Hubner
etal., 2010). All calculations and plots were done with the R software
package (http://r-project.org/).

Measurement of D. discoideum growth curves
Growth curves were measured as previously described (Loovers
et al., 2007).

Microscopy

D. discoideum cells were habituated to SIH medium (Formedium
UK) for 2 d with a media change 12 h and then 1 h prior to imaging
and imaged on one of three microscopes (PerkinElmer spinning
disk, 3i-Marianas spinning disk, and Zeiss LSM800). For dye-uptake
experiments, 7 KDa TRITC-dextran was added to cells at a final
concentration of 1 pg/ul for the time indicated. Cos7 cells were
transfected using Amaxa nucleofection.

CV labeling

Cells were habituated for 2 d before imaging to SIH culture medium
as described above, resuspended, and plated on 35-mm glass-bot-
tomed imaging dishes (Mattek) and prelabeled for 1 h with FM4-64
dye (1 pg/pl FM4-64 [Life Technologies] in DMSO at a dilution of
1:2000). Cells were then imaged to establish a basal rate of fusion
(events/second/cell) and stimulated for 1 h (or as indicated) by the
addition of 1:1 distilled water to measure fusion rates.

Peptide arrays

Peptide microarrays were synthesized on cellulose membranes by the
SPOT synthesis protocol (Frank, 2002) using a MultiPep Spot synthe-
sizer (Abimed, Langenfeld, Germany) as previously described (Panni
et al., 2011). After synthesis, membranes were first washed with etha-
nol (10 min) and with phosphate-buffered saline (PBS) (30 min). After
overnight incubation at 4°C with blocking buffer (5% bovine serum
albumin in PBS), the membranes were rinsed (10 min) with PBS and
incubated with 1 pg/ml the GST-hOCRL-ASHRhoGAPWT and the non-
binding mutant control GST-hOCRL-ASHRhoGAPW3A fusion pro-
teins, in blocking buffer, for 1 h at room temperature (RT). Next the
membranes were incubated with anti-GST antibody (PHARMACIA) at
a concentration of 1 ug/ml for 2 h at RT. Finally the membranes were
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incubated with a secondary peroxidase—conjugated anti-goat anti-
body (0.2 pg/ml in blocking buffer) for 1 h at RT, followed by washing
three times with PBS. Quantification of peptide-bound domain was
obtained by an electrochemiluminescence assay (Bio-Rad) read on a
Lumi-Imager instrument (Roche Diagnostics, Basel, Switzerland).
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