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Spatiotemporal control of phosphatidylinositol
4-phosphate by Sac? regulates endocytic recycling

FoSheng Hsu, Fenghua Hu, and Yuxin Mao

Weill Institute for Cell and Molecular Biology and Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY 14853

t is well established that the spatial- and temporal-

restricted generation and turnover of phosphoinositi-

des (Pls) by a cascade of Pl-metabolizing enzymes is a
key regulatory mechanism in the endocytic pathway. Here,
we demonstrate that the Sac1 domain—containing protein
Sac2 is a Pl 4-phosphatase that specifically hydrolyzes
phosphatidylinositol 4-phosphate in vitro. We further
show that Sac2 colocalizes with eqr|y endosomal markers
and is recruited to transferrin (Tfn)-containing vesicles
during endocytic recycling. Exogenous expression of the

Introduction

Phosphoinositides (PIs) are unique and specialized lipids in that
their headgroup, myo-inositol ring, can be reversibly phosphory-
lated at the 3', 4’, and 5’ positions to generate seven distinct
biologically active PI isoforms. Although comprising <10% of
total phospholipids, PIs are essential regulators of many cel-
lular processes such as cell signaling, cytoskeleton dynamics,
and membrane trafficking (Odorizzi et al., 2000; De Matteis
and Godi, 2004; Di Paolo and De Camilli, 2006). PIs have a
heterogeneous distribution in different membranes, thus allow-
ing selective recruitment of proteins containing PI recognition
modules to specific organelle membranes. The maintenance of
the selective distribution of specific PI species, as well as the
dynamic control of PI composition in response to acute signal-
ing inputs is achieved by a large number of PI kinases and
phosphatases (Balla, 2013).

The Sacl domain—containing proteins constitute one es-
sential family of the PI phosphatases. In vertebrates, five genes
have been identified to contain the Sacl homology domain,
which include Sacl, Sac2, Sac3/Fig4, and synaptojanin 1 and 2.
The founding member of this family, Sac1, is a transmembrane
protein localized to the ER and the Golgi apparatus and plays

Correspondence to Yuxin Mao: ym253@cornell.edu

Abbreviation used in this paper: CCP, clathrin-coated pit; CI-M6PR, cation-
independent mannose 6-phosphate receptor; CRISPR, clustered regularly inter-
spaced short palindromic repeats; hSac2, homology Sac2; N2A, Neuro-2A;
OCRL, oculocerebrorenal syndrome of Lowe; PH, pleckstrin homology; PI, phos-
phoinositide; PI(4)P, phosphatidylinositol 4-phosphate; Tfn, Transferrin; TfnR,
Transferrin receptor; WT, wild type.
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catalytically inactive mutant Sac2C458S resulted in altered
cellular distribution of Tfn receptors and delayed Tfn recy-
cling. Furthermore, genomic ablation of Sac2 caused a
similar perturbation on Tfn and integrin recycling as well
as defects in cell migration. Structural characterization of
Sac2 revealed a unique pleckstrin-like homology Sac2
domain conserved in all Sac2 orthologues. Collectively,
our findings provide evidence for the tight regulation of
Pls by Sac2 in the endocytic recycling pathway.

a major role in the homeostasis of phosphatidylinositol 4-phosphate
(PI(4)P; Whitters et al., 1993; Nemoto et al., 2000). Sac3/Fig4
has been shown to regulate PI(3,5)P, levels at lysosomes or
yeast vacuoles (Rudge et al., 2004; Duex et al., 2006) and ge-
netic mutations in Sac3/Fig4 lead to several diseases, including
an autosomal recessive Charcot-Tooth disorder (CMT4J) and a
subset of amyotrophic lateral sclerosis in human (Chow et al.,
2007, 2009). Synaptojanin 1 and 2 are unique members in that
each contains a Sacl domain, which dephosphorylates PI(3)P
and PI(4)P, and a 5-phosphatase domain, which dephosphory-
lates PI(4,5)P, and PI(3,4,5)P; (McPherson et al., 1996; Guo
et al., 1999).

Among the Sacl domain—containing proteins, Sac2 remains
the least well understood. Sac2 is a 128-kD protein encoded by
the gene INPP5F. Besides the conserved N-terminal Sacl do-
main, Sac2 contains a unique homology domain, homology
Sac2 (hSac2), followed by a proline-rich C-terminal portion
with various lengths in different species. Sac2 is an evolution-
arily conserved protein in multicellular organisms from nema-
tode to human. Sac2 orthologues are also found in fungi genera
such as Aspergillus species and Yarrowia lipolytica, but is ab-
sent in Saccharomyces cerevisiae. Initial cloning and charac-
terization of human Sac2 showed that this enzyme exhibited
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Sac2 is a Pl 4-phosphatase that specifically hydrolyzes PI(4)P. (A) Mouse tissue lysates were normalized and analyzed by Western blot with

specific anti-Sac2 antibody. WBL, whole mouse brain lysate. (B) Different cell lines were harvested and analyzed by Western blot with anti-Sac2 and anti-
tubulin antibodies. (C, left) PI phosphatase assay with recombinant Sac2 proteins purified from insect cells. (right) SDS-PAGE analysis of the purified Sac2
samples. (D) Quantification of phosphatase assays shown in C. (E, left) Phosphatase assay with endogenous Sac2 immunopurified by anti-Sac2 antibody.
(right) Western blot with anti-Sac2 of the purified protein samples. (F) Quantification of the assay shown in E. Data are from three replicate experiments

(mean = SEM).

5-phosphatase activity specific for PI(4,5)P, and P1(3,4,5)P; to
generate PI(4)P and PI(3,4)P,, respectively (Minagawa et al.,
2001). In line with this activity, Sac2 was shown to hydrolyze
PI(3,4,5)P; and thereby inactivate Akt signaling, leading to the
attenuation of heart hypotrophy (Trivedi et al., 2007). More-
over, Sac2-deficient mice displayed abnormal fetal gene re-
activation and increased susceptibility to stress-induced heart
hypertrophy. In contrast, Sac2 transgenic mice prevented the
animal from developing these symptoms (Zhu et al., 2009).
Despite these findings, many functional aspects of Sac2
are still not well understood. For example, Sac2 has a distinct
enzymatic activity compared with Sac1 despite sharing a highly
conserved Sacl domain. In addition, the cellular role of Sac2
remains elusive. In this study, we demonstrate that, in contrast
to a previous study (Minagawa et al., 2001), endogenous as well
as purified recombinant Sac2 proteins solely hydrolyze PI(4)P.
We also show that Sac2 is present at endosomal structures,
which are positive for early endosomal markers Rab4 and Rab5,
and partially with endocytic recycling marker Rabl1, but not
late endosomal markers Rab7 or Rab9. We further reveal that the
exogenous expression of a catalytically inactive form of Sac2 or
ablation of Sac2 by the clustered regularly interspaced short pal-
indromic repeats (CRISPR) technique reduces transferrin (Tfn)

JCB « VOLUME 209 « NUMBER 1 « 2015

receptor (TfnR) and B1 integrin surface levels and delays their
recycling. Furthermore, Sac2 knockout cells display a severe
defect in cell migration, suggesting a link between recycling
and motility. In addition, we solved the crystal structure of a
unique domain, hSac2, and implicated its role in Sac2 dimeriza-
tion and intracellular localization. Overall, our data support a
specialized role of Sac2 in the endocytic pathway through the
spatiotemporal control of PI(4)P.

Results

Sace2 is highly expressed in the brain

Sac2 mRNA transcripts are found ubiquitously expressed but
more enriched in the brain, heart, skeletal muscles, kidney, and
placenta as revealed by Northern blot analyses (Minagawa
et al., 2001). Using specific polyclonal antibodies generated
against the unique hSac2 domain (aa 593-760 of human Sac2),
we were able to detect the tissue distribution of Sac2 at protein
levels. We found that Sac2 has the highest expression levels in
the whole adult mouse brain, as well as the hypothalamus tissue
(Fig. 1 A). Sac2 protein is also detected at high levels in the
lung and the pancreas and at lower levels in the heart. Contrary
to the Northern blot data, there is no detectable Sac2 protein in
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the kidney and the skeletal muscle (Fig. 1 A). Consistent with
the high protein levels in the brain, Sac2 is highly expressed in
several neuronal cell lines, such as Neuro-2A (N2A) and NSC-
34 (Fig. 1 B). These data suggest that Sac2 plays an important
role in neuronal functions or in brain development. We thus
chose the mouse neuroblastoma N2A cell line for subsequent
experiments unless otherwise specified.

We next reinvestigated the enzymatic activity of Sac2. It has
been reported that Sac2 is a 5-phosphatase that removes the
5" phosphate from the inositol ring of PI(4,5)P, and PI(3,4,5)P;
(Minagawa et al., 2001). However, the Sacl domain from Sacl
or synaptojanins has been shown in in vitro phosphatase as-
says to predominantly dephosphorylate PI(3)P and PI(4)P and
weakly against PI(3,5)P, (Guo et al., 1999). Given the high pri-
mary sequence homology between Sacl and Sac2 (Manford
et al., 2010; Hsu and Mao, 2014), it is surprising that Sac2 is a PI
5-phosphatase capable of hydrolyzing di- and tri- phosphorylated
PI species exclusively. To resolve this apparent discrepancy,
GST-tagged full-length human Sac2 protein was expressed
and purified from insect cells. In contrast to a previous study
(Minagawa et al., 2001), GST-Sac2 exhibited specific phospha-
tase activity toward PI(4)P but no activity on either PI(4,5)P, or
PI(3,4,5)P;. Furthermore, a single amino acid mutation of the
catalytic cysteine (C458S) completely obliterated the enzymatic
activity of Sac2 (Fig. 1, C and D). To test whether the observed
activity of Sac2 is conserved in other species, endogenous mouse
Sac2 from N2A cells was immunoprecipitated using the Sac2
polyclonal antibody. Similarly, mouse Sac2 also exhibited en-
zymatic activity toward PI(4)P exclusively (Fig. 1, E and F).
The specific phosphatase activity is also observed with either
GFP- or Flag-tagged Sac2 proteins expressed and affinity puri-
fied from HEK?293T cells (Fig. S1). Collectively, these data
demonstrate that Sac2 is a PI 4-phosphatase that specifically
hydrolyzes PI(4)P to phosphatidylinositol.

Figure 2. Sac2CS mutant localizes to punctate
structures. (A) Schematic diagram of various
constructs used in B. The C458S catalytically
inactive mutation is denoted with an asterisk.
(B) Confocal images of N2A cells that were
transfected with GFP-Sac2, GFP-Sac2CS, or
various Sac2 truncation plasmids containing
an N-erminal GFP tag. (C) N2A cells were
first transfected with GFP-Sac2CS for 24 h and
then subjected to phenylarsine oxide (PAO;
20 pM) treatment for 10 min at 37°C. Bars,
5 pm.

To detect the intracellular localization of Sac2, we first attempted
to use our Sac2 antibodies to probe endogenous Sac2 in N2A
cells. Although the antibody was able to recognize Sac2 from
cell lysates by Western blots, we were unable to detect endoge-
nous Sac2 signal by immunostaining using this antibody. To
overcome this problem, N2A cells were transiently transfected
with GFP-tagged Sac2 (GFP-Sac2) wild type (WT) or various
Sac2 mutants (Fig. 2 A). WT Sac2 showed a cytoplasmic local-
ization (Fig. 2 B). However, the catalytically inactive mutant
GFP-Sac2CS displayed a punctate distribution in N2A cells
(Fig. 2 B). Both the C-terminal truncation mutant Sac2 1-768CS
and AhSac2 (the hSac2 domain deleted) displayed a punctate
distribution. However, the catalytic domain alone (1-590) or the
entire C-terminal region (590-1132) failed to localize to the punc-
tate structures when expressed in N2A cells (Fig. 2 B). These
data suggest that the puntate localization of Sac2 requires both the
catalytic domain and either the hSac2 domain or its C-terminal
proline-rich domain. Because the main substrate of Sac2 is PI(4)P,
we next determined the dependency of Sac2-positive punctate
structures on PI(4)P. When N2A cells expressing GFP-Sac2CS
were treated with the phosphatidylinositol-4-kinase inhibitor
phenylarsine oxide (Vieira et al., 2005), GFP-Sac2CS became
diffused and cytosolic while the proteins remained punctate local-
ized in control cells treated with DMSO (Fig. 2 C). These obser-
vations suggest that GFP-Sac2CS puncta are not caused by protein
misfolding or aggregation. Instead, the GFP-Sac2CS proteins are
likely recruited and trapped to its substrate PI(4)P on these punc-
tate structures because of the loss of its catalytic activity.

To examine the nature of Sac2CS puncta, we performed colocal-
ization analyses with a series of membrane compartment mark-
ers. Sac2CS was detected at a small fraction of clathrin-coated
pits (CCPs) as indicated by the limited partial colocalization
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Figure 3. Sac2 localizes to early and recycling endosomes. (A-E) Colocalization of either GFP- or mCherry-Sac2CS with various endocytic markers.
A single plane of spinning disk confocal microscopy is shown. (F) Colocalization analysis of GFP-Sac2CS with Tfn. N2A cells were transfected with GFP-
Sac2CS and were treated with Alexa594-Tfn for 15 min before fixation for imaging. Bars, 5 pm. (G) Colocalization analysis of Sac2CS with various

endocytic markers. The mean values of the Pearson’s correlation coefficient from three cells and the SEM are shown.

with RFP-tagged clathrin light chain (Fig. 3, A and G; and
Video 1). A significant colocalization of Sac2CS was observed
with early endosomal marker Rab4 and Rab5 (Fig. 3, B, C,
and G; and Videos 2 and 3). Sac2CS also displayed a partial co-
localization with Rab11 recycling vesicles and the endocytic re-
cycling compartment at the perinuclear region (Fig. 3, D and G;
and Video 4). In contrast, little or no colocalization of Sac2CS
was observed with late endosomal markers Rab7 and Rab9, and
the lysosomal marker LAMP1 (Fig. 3, E and G; Fig. S2, A,
B, and G; and Videos 5 and 6). To exclude the possibility that
the perinuclear signal could be Golgi apparatus, we also stained
cells expressing GFP-Sac2CS with antibodies against the Golgi
resident protein GPP130. Very little overlap between Sac2CS
and GPP130 was seen (Fig. S2 C). Furthermore, when these
cells were treated with Brefeldin A, the GPP130 signal disap-
peared at the perinuclear region, whereas GFP-Sac2CS remained
unaffected (Fig. S2 D), suggesting that GFP-Sac2CS does not
localize to the Golgi apparatus. Collectively, these data are con-
sistent with Sac2 being associated with the peripheral early en-
dosomes and juxanuclear endocytic recycling compartment.

The cellular localization of Sac2 at early endosomal struc-
tures implies a role of Sac2 in early endocytic events. We thus
examined the colocalization of Sac2 with endocytic cargoes. Cells
expressing GFP-Sac2CS were either stained with monoclonal
anti-TfnR antibodies or labeled with Alexa Fluor 594-Tfn and
chased for 15 min. Sac2CS displayed significant colocalization
with Tfn and TfnR in the punctate structures (Fig. 3, F and G;
and Fig. S2, E and G). Live cell imaging also showed the active
recruitment of GFP-Sac2CS proteins to Tfn-containing puncta
(Video 7). To assess whether Sac2 specifically functions at the
early stages of the endosomal recycling pathway rather than the
late endosomal-lysosomal degradation pathway, we examined
the colocalization of Sac2CS with EGF, an endocytic cargo tar-
geted to lysosomes for degradation. HeLa cells, which express
high levels of EGFR, were transfected with GFP-Sac2CS and
labeled with Alexa Fluor 555-EGF followed by chase for 15 min.
In contrast to Tfn, GFP-Sac2CS showed little colocalization
with EGF (Fig. S2, F and G). These observations suggest that
Sac? is selectively recruited to endocytic cargoes that are pro-
grammed for recycling.
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Figure 4. Expression of Sac2CS mutant perturbs TfnR distribution and Tfn recycling. (A) Western blot analysis of biotin surface-labeled TnR. (B) Den-

sitometry analysis of the Western blot images shown in A. Data are from three replicate experiments (mean + SEM). (C) Flow cytometry analysis of Tfn
recycling in N2A cells expressing GFP (control) or GFP-Sac2CS. Data are from three replicate experiments (n = 5,000 in each time point; mean + SEM).

*, P<0.05 **, P<0.01.

Sac2CS mutant alters the cellular
distribution of TfnR and perturbs its recycling
To examine the role of Sac2 in the endocytic recycling of cell
surface receptors, we first measured the steady-state ratio of
TfnR levels on the cell surface versus the interior. N2A cells
were transfected with GFP, GFP-Sac2CS, or GFP-Sac2 for 48 h,
and then shifted to 4°C to halt endocytosis. Cell surface proteins
were biotinylated with Sulfo-NHS-SS-biotin. Biotinylated sur-
face proteins were isolated from cell lysates using streptavidin
agarose beads, and the amount of surface TfnR was quantified
using Western blot. A significant reduction (~~30%) in the pro-
tein levels of surface TfnR was observed in cells expressing
GFP-Sac2CS compared with either GFP control or WT Sac2,
whereas the total levels of TfnR were similar in all three condi-
tions (Fig. 4, A and B). These data suggest that exogenous ex-
pression of Sac2CS reduces the surface presentation of TfnR at
steady state. We next examined the effect of Sac2 on the dynam-
ics of Ttn and TfnR recycling. The kinetics of Tfn recycling was
monitored by pulse-chase flow cytometry assays. Within the
first 10 min, the Tfn fluorescent signal in control cells was re-
duced to 45.8%. However, the Tfn signal in cells expressing
GFP-Sac2CS decreased only to 65.3% (Fig. 4 C). Retardation
of Tfn recycling persisted to later time points (Fig. 4 C). To-
gether, the pulse-chase data support a role of Sac2 in the regula-
tion of Tfn recycling.

CRISPR-mediated knockout of Sac2

delays TfnR recycling

To further investigate the role of Sac2 in Tfn recycling, we gen-
erated N2A mutant cell lines with a complete disruption of Sac2
expression by the CRISPR technique (Horvath and Barrangou,
2010; Cong et al., 2013; Fig. S3). Similar to cells transiently ex-
pressing Sac2CS, Sac2 null cells showed a reduced surface dis-
tribution of TfnR (Fig. 5, A and B). In agreement with the notion
that Sac2 plays a role in Tfn recycling, pulse-chase flow cytom-
etry analyses showed a delayed recycling of Tfn in Sac2 null
cells (Fig. 5 C). More importantly, this delay of Tfn recycling
was restored by the reexpression of WT GFP-Sac2 in Sac2 null
cells (Fig. 5 C). The effect on Tfn recycling in Sac2 null cells

was visualized by confocal microscopy. Cells were labeled with
Alexa Fluor 647-Tfn and chased at the indicated time points
(Fig. 5 D). A prominent retention of intracellular Tfn signals
was observed in Sac2 null cells at later time points, which again
suggests a delay in Tfn recycling (Fig. 5 D). Notably, the re-
duced surface signal and delayed Tfn recycling in Sac2 null
cells were rescued by expressing WT Sac2 (Fig. 5 D). Together,
these data demonstrate that Sac2 is an important regulator in the
Tfn/TfnR recycling pathway.

CRISPR-mediated knockout of Sac2
perturbs integrin distribution and recycling
To assess whether Sac2 has a general impact on the recycling of
other endocytic cargos, we analyzed integrin recycling in Sac2
null cells. We first compared the surface distribution of 31 inte-
grin in WT and ASac2 cells by flow cytometry. Surface labeling
revealed that the cell surface 31 integrin levels were reduced by
~20% in Sac2 null cells, whereas the total 31 integrin levels
were similar (Fig. 6, A—C). Immunostaining with anti—31 inte-
grin under nonpermeabilized and permeabilized conditions fur-
ther showed that the 31 integrin signal was significantly weaker
at the cell surface in ASac2 cells compared with WT cells
(Fig. 6 D, top). In contrast to the cell surface levels of B1 inte-
grin, a stronger intracellular 31 integrin signal was detected in
ASac? cells after permeabilization, whereas the total B1 integ-
rin levels were similar (Fig. 6 D, bottom). These results suggest
that, similar to TfnR, the intracellular distribution of 31 integrin,
but not the total protein levels, was also perturbed when Sac2
was deleted. We then examined the effect of Sac2 on integrin
recycling by an antibody-labeling pulse-chase experiment. In
WT cells, internalized antibody-receptor complexes efficiently
recycled back to the cell surface within 20 min, whereas in Sac2
null cells, significantly lower amounts were returned (Fig. 6 E,
top). On the contrary, more labeled integrins were retained
intracellularly in ASac2 cells compared with WT cells (Fig. 6 E,
bottom), suggesting that integrin recycling is delayed in Sac2
null cells.

To assess whether Sac2 specifically affects endocytic re-
cycling processes rather than other membrane trafficking events

Endocytic recycling regulation by Sac2 ¢ Hsu et al.
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Figure 5. Defects of Tfn recycling in Sac2 null cells. (A) Western blot analysis of biotin surface-labeled TfnR. (B) Quantification was performed as in Fig. 4 B.
Values are normalized to WT cells (surface/total). Data are from three replicate experiments (mean + SEM). (C) Flow cytometry analysis of Tfn recycling
in WT and Sac2 null N2A cells. Data are from three replicate experiments (n = 5,000 in each time point; mean + SEM). (D) Representative images of Tn
recycling at the indicated times points. (bottom) Cells transfected with Flag-Sac2 (green). Bars, 10 pm. *, P < 0.05; **, P < 0.01.

such as retrograde trafficking, we examined the localization of a
chimeric form of the cation-independent mannose 6-phosphate
receptor (CI-M6PR), which at steady state resides mostly in
the perinuclear TGN region, but in conditions where retrograde
trafficking is impaired, the receptor switches from a perinuclear
region to peripheral structures or gets degraded (Seaman, 2004,
2007). WT and Sac2 null cells were cotransfected with GFP-
CI-M6PR and DsRed-GalT, a TGN marker. We did not observe
any changes in colocalization with DsRed-GalT or fluorescence
signal of CI-M6PR between WT and Sac2 null cells (Fig. S4).
Collectively, these data suggest that Sac2 is specifically in-
volved in the endocytic recycling of several cell surface recep-
tors but not in other membrane trafficking pathways such as
retrograde trafficking.

Our data showed that Sac2 specifically hydrolyzes PI(4)P and
regulates Tfn recycling. These data led us to hypothesize that in
Sac2 null cells, PI(4)P may transiently accumulate at the com-
partments where Ttn is enriched. To detect this pool of PI(4)P,
we used two commonly used pleckstrin homology (PH) domains
from FAPP1 and OSBP (Levine and Munro, 2002; Godi et al.,
2004; He et al., 2011) and the PI(4)P-binding domain of SidC
(P4C; Dolinsky et al., 2014) as specific in vivo PI(4)P probes.
WT and Sac2 null cells were transfected with GFP-2xPH™F"!
for overnight and then labeled with Alexa Fluor 647-Tfn. Live
imaging was performed to monitor the in vivo PI(4)P dynam-
ics. In WT cells, the PI(4)P probe predominantly labeled the
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Golgi apparatus with very little colocalization with Tfn (Fig. 7,
A and B). However, in Sac2 null cells, the PI(4)P probe not
only strongly labeled the Golgi area, but also labeled punctate
structures scattered in the cytoplasm and some of these la-
beled puncta were also positive for Tfn, suggesting that PI(4)P
indeed transiently accumulates on Tfn-containing endosomal
structures in Sac2 null cells. The increased levels of PI(4)P on
Tfn-positive endosomal structures were completely reversed when
WT mCherry-Sac2 was reintroduced into Sac2 null cells (Fig. 7,
A and B). Similar results were observed when OSBP (Fig. 7,
C and D) or P4C probes were used (not depicted). These obser-
vations suggest that Sac2 deletion causes a transient accumulation
of PI(4)P on Tfn-positive endosomal structures and the hydro-
lysis of PI(4)P by Sac2 is critical for the endocytic recycling of
cell surface receptors.

Endocytic recycling of cell surface cargo receptors is essential
for cell motility and migration (Jones et al., 2006; Fletcher and
Rappoport, 2010). Studies have shown that perturbations on en-
docytic functions that result in reduced plasma membrane pro-
teins, such as integrin and TfnR, lead to defects in cell migration
(Rappoport and Simon, 2003; White et al., 2007; Majeed et al.,
2014). To test whether Sac2 play a role in cell migration, we
performed wound-healing assays. In response to monolayer
wounding, the migration velocity of Sac2 null cells was signifi-
cantly slower (~~1.1 um/h) compared with WT cells (2.6 um/h;
Fig. 8, A and B). The defect in cell migration in Sac2 null cells
was rescued to a rate of ~1.8 um/h by exogenous expression of
GFP-Sac2 (Fig. 8, A and B). Together, our data support a role
of Sac2 in cell migration.

Sac2 has a unique conserved hSac2 domain and our data
suggest that the hSac2 domain contributes to its intracellular
localization (Fig. 2). To understand the molecular basis, we per-
formed structural studies of this unique domain (aa 593-760).
The hSac2 domain contains ~120 aa of unknown function and
structure. Sequence homology searches reveal homology se-
quence in proteins encoded by the transformation-related protein
63 regulated 1 (TPRGI; Antonini et al., 2008) and the tumor
protein p63-regulated gene 1-like genes (TPRGL; Kremer et al.,
2007). The hSac2 domain was expressed, purified, and crystal-
lized. The hSac2 crystal diffracted to 2.7 A and the structure
was solved by single wavelength anomalous dispersion method
(Table S1). The hSac2 domain consists of a core of two perpen-
dicularly apposed 3 sheets with a C-terminal o helix that seals
the gap between two {3 sheets (Fig. 9 A). This core has a similar
architecture to the PH domain (Fig. S5 A). In addition to the
core, hSac?2 has an extra N-terminal « helix and a short 3 strand
at the C-terminal end. PH domains are known to bind to PIs.
However, hSac2 did not show any binding to any phospholipids
in our liposome sedimentation assays (unpublished data). Elec-
trostatic surface potential calculation did not reveal any surface
patch with significant positive electrostatic potentials (Fig. S5,
B and C), which are frequently observed in many lipid-binding
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Figure 6. Defects of integrin recycling in Sac2 null cells. (A) Flow cy-
tometry analysis of surface integrin in WT (black) and ASac2 (red) cells.
(B) Quantitative analysis of the mean intensity shown in A. Data are from
three replicate experiments (n = 10,000; mean = SEM). (C) Western blot
probed with anti-B1 integrin, antitubulin, and anti-Sac2 of cell lysates
prepared from WT and Sac2 null cells. (D) Intracellular distribution of g1
integrin in WT and ASac?2 cells. The mean fluorescence intensity in nonper-
meabilized and permeabilized cells and the SEM are shown in the right
panels (n = 5). (E) Recycling assay of B1 integrin. Bars, 10 pm. The mean
recycled fluorescence infensity in nonpermeabilized and permeabilized
cells and the SEM are shown in the right panels (n = 5). **, P < 0.01.

modules. Our structure further revealed that the hSac2 domain
may form a dimer (Fig. 9 B). The dimer interface mainly con-
sists of the B1 strand and a2 helix in each monomer and embeds
several hydrophobic residues. The dimer is further stabilized by
four pairs of main chain hydrogen bonds formed between the
two 1 strands within each monomer. Furthermore, dimeriza-
tion of hSac2 creates a continuous anti-parallel (3 sheet with a
large hydrophobic surface, which is covered by the N-terminal
al helix in a swapped manner (Fig. 9 B). To test whether
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Figure 7. Tfn-containing vesicles are positive for PI(4)P in Sac2 null cells. (A) Colocalization assay of GFP-2xPH™! (green) with Alexa647-Tfn. (B) Pear-
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of the colocalization in C. Error bars represent SEM. mCherry-Sac2 was pseudo-colored in blue. Bars, 5 pm. *, P < 0.05; **, P < 0.01.

Sac2 indeed forms a dimer and whether the hSac2 domain con-
tributes to the Sac2 dimerization, a coimmunoprecipitation experi-
ment was performed using constructs containing the catalytic and
hSac2 domains (aa 1-798). Flag- and GFP-tagged Sac2 1-798
were cotransfected in HEK293T cells and cell lysates were
immunoprecipitated with anti-Flag beads. Coimmunoprecipitated
proteins were analyzed by Western blot probing for both Flag and
GFP tags. Flag-Sac2 1-798 coprecipitated a significant amount of
GFP-Sac2 1-798 (Fig. 9 C). However, the interaction was signifi-
cantly reduced with GFP-Sac2 1-567 (lacking the hSac2 domain).
Collectively, our structural data suggest that the hSac2 domain is
at least partially responsible for the Sac2 dimerization and may
contribute to the endosomal localization of Sac2 through potential
protein—protein interactions but not by direct lipid binding.

Based on sequence homology, the hSac2 domain family has been
annotated by the Pfam database as a conserved domain family
found in eukaryotes. In all Sac2 orthologues, the hSac2 domain

is associated with the Sacl phosphatase domain and serves as
a unique signature that distinguishes Sac2 from other Sacl do-
main—containing phosphatases. Thus, it is likely that the hSac2
domain may have unique functions, such as membrane targeting
and/or protein—protein interactions for the recruitment of Sac2 to
the endocytic recycling pathway. Interestingly, Sac2 is absent in
S. cerevisiae, which seems to be in agreement with the fact that
yeast does not recycle cargoes from endosomes directly back to
the plasma membrane (Pelham, 2002). We determined the first
crystal structure of the hSac2 domain from human Sac2. The
structure reveals that hSac2 domain has a PH domain-like fold.
Similar to other PH-like domains found in two homologous PI
5-phosphatases, oculocerebrorenal syndrome of Lowe (OCRL)
and INPP5B (Mao et al., 2009), the hSac2 domain lacks a cat-
ionic pocket; thus, it does not bind to phospholipids. However,
our data showed that hSac2 may form a dimer and is responsible
for the intracellular localization of Sac2, presumably via yet un-
known protein—protein interactions.

It is well established that PI(4,5)P, is enriched in and serves
as a marker for the plasma membrane (De Matteis and Godi,
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2004). PI(4,5)P, functions as a coreceptor at the plasma mem-
brane to recruit several endocytic proteins including subunits
of AP-2, AP180/CALM, epsin, and dynamin to trigger the
formation of CCPs (McMahon and Boucrot, 2011). These
PI(4,5)P, molecules are quickly degraded during the subse-
quent endocytic stages. Several PI phosphatases contribute
to the removal of PI(4,5)P,. For example, the PI phospha-
tase synaptojanin is recruited to CCPs and dephosphorylates
P1(4,5)P;, to facilitate the uncoating of CCPs (Cremona et al.,
1999) and the release of PI(4,5)P,-binding adaptor proteins.
The PI 5-phosphatase SHIP-2 (SH2 domain—containing ino-
sitol 5-phosphatase) is localized to endocytic CCPs and con-
trols the maturation of CCPs (Nakatsu et al., 2010). OCRL,
another inositol 5-phosphatase that acts on both PI(4,5)P, and
PI(3,4,5)P;, is associated with newly formed clathrin-coated
vesicles (Erdmann et al., 2007; Mao et al., 2009). By con-
verting PI1(4,5)P, into PI(4)P during the endocytic pathway, PI
5-phosphatases may contribute to the establishment of a new
PI identity of early endosomes to regulate downstream recep-
tor trafficking and sorting. However, the enzymatic cascade
following the actions of 5-phosphatases that eventually leads
to the conversion of PI(4,5)P, to PI(3)P at early endosomes is
still not well understood. One plausible pathway is through the
interplay of PI kinases and phosphatases. Recent data show
that the class II PI 3-kinase C2a controls clathrin-mediated
endocytosis by the phosphorylation of PI(4)P to PI(3,4)P,
(Posor et al., 2013). It also has been shown that the PI
4-phosphatase, INPP4A, which specifically hydrolyzes PI(3,4)P,

to PI(3)P (Norris et al., 1995), contributes to the production of
PI(3)P on early endosomes (Shin et al., 2005).

In contrast with the previously reported activity, which
indicates that Sac2 is a PI 5-phosphatase capable of hydrolyzing
di- and tri-phosphorylated lipids (Minagawa et al., 2001), we
observed that recombinant GST-hSac?2 has a specific enzymatic
activity toward PI(4)P. We speculate the discrepancy might be
a result of the impurity of the enzymes used in Minagawa et al.
(2001). In this work, the specific activity of Sac2 against PI(4)P
was further supported by enzymatic activity observed from
recombinant human Sac2 or endogenous Sac2 purified from
mammalian cells (Fig. 1, E and F; and Fig. S1). Thus, we con-
clude that Sac?2 is a 4-phosphatase that specifically hydrolyzes
PI(4)P. We provide evidence that Sac2 associates with early
endocytic compartments, particularly with the endocytic recy-
cling cargo Tfn and its receptor TfnR. Our data identify Sac2,
a previously poorly characterized PI phosphatase, as a novel
player in the endocytic pathway. These results uncover an alter-
native mechanism on the conversion of PI(4,5)P, during endo-
cytosis and allow us to propose a working model (Fig. 10). In
this model, 5-phosphatases, such as OCRL, may function up-
stream to hydrolyze PI1(4,5)P, to PI(4)P. Sac2 is recruited to
clathrin-coated vesicles and early endosomes to relay the de-
phosphorylation reaction by hydrolyzing PI(4)P to phosphati-
dylinositol, which can be directly phosphorylated by hVps34 to
generate PI(3)P (Simonsen et al., 1998). Thus, through an enzy-
matic cascade of 5-phosphatases, Sac2, and PI 3-kinases, the ini-
tial PI(4,5)P, that is required for clathrin-dependent endocytosis
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Figure 9. Crystal structure of the hSac2 domain of Sac2. (A) Ribbon dia-
gram of the overall structure of the hSac2 domain. The hSac2 domain
consists of a core of two perpendicularly apposed B sheets (pink) with a
C-erminal « helix (blue). (B) Ribbon diagram of the hSac2 dimer. (insef) A
zoom-in view showing the four pairs of main chain hydrogen bond formed
between the two B1 strands within each monomer. (C) Western blot show-
ing Flag-Sac2 1-798 coimmunoprecipiting with GFP-Sac2 1-798 but much
reduced with GFP-Sac2 1-567.

is converted to PI(3)P, which is a key lipid for subsequent endo-
somal functions. As predicted by this model, ablation of Sac2
function by CRISPR-mediated genome editing causes transient
accumulation of PI(4)P on the early endosomes and delays the
recycling of Tfn and integrin.

We also showed that the catalytically inactive mutant of
Sac2CS, but not the WT Sac?2, is localized to punctate struc-
tures in the cell, which are positive for endocytic markers and
recycling cargos. We speculate that the formation of Sac2CS-
positive puncta is likely a result of the following scenarios.
First, Sac2CS is fully functional to engage in binding with PI(4)P
without hydrolysis, thus prolonging the enzyme—substrate
interaction and forming a more stable complex. Second,
the dominant-negative effect of Sac2CS may induce the ac-
cumulation of PI(4)P on endosomes, which may enhance the
binding of Sac2CS to PI(4)P. The third reason could be that
an unknown Sac?2 recruiting factor has a higher affinity for en-
dosome association because of the accumulation of PI(4)P on
endosomes. Because the C-terminal portion of Sac2 is required
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Figure 10. Model for Sac2 function during endosomal recycling. The re-
cycling process is dependent on the proper control of Pls. Initial stage of
endocytosis requires the hydrolysis of PI(4,5)P, to PI(4)P via PI 5-phosphatases,
such as OCRL. Sac2 is then recruited to endocytic intermediates to hy-
drolyze PI(4)P to phosphatidylinositol, which is a substrate for Vps34 to
generate PI(3)P. The spatiotemporal conversion from Pl(4,5)P,- to PI(3)P-
enriched endosome is essential for endosomal maturation and subsequent
recycling events.

for the formation of Sac2CS puncta, it is likely that the hSac2
domain and/or proline-rich domain play a role in the recruit-
ment of Sac2 to the endosomal intermediate structures via the
association with this unknown factor that is specifically local-
ized on endosomes, but not on the Golgi complex.

The role of Sac2 in the regulation

of cardiac hypotrophy

Sac2 was reported to attenuate cardiac hypertrophy via inacti-
vation of the PI 3-kinase—dependent signaling pathway (Trivedi
etal., 2007). It was proposed that the decrease in PI 3-kinase—Akt
signaling is caused by the down-regulation of PI(3,4,5)P; by
the 5-phosphatase activity of Sac2. However, we demonstrate
here that Sac2 is a PI 4-phosphatase that specifically hydro-
lyzes PI(4)P and plays a role in endocytic membrane traffick-
ing. Effects of membrane trafficking on signaling have been
well documented. Membrane trafficking regulates the balance
between degradation and recycling of signaling receptors and
hence, modulates the signal quality, duration, and magnitude
(Lemmon and Schlessinger, 2010; Platta and Stenmark, 2011).
Cellular signaling processes are also governed by the assembly
and turnover of signal transduction complexes, which in turn
are regulated by PIs on the endosomal surface (Zoncu et al.,
2009). Thus, we propose that the inhibition of PI 3-kinase—Akt
signaling may be caused by the altered endocytic trafficking
of signaling receptors, such as receptor tyrosine kinases or G
protein—coupled receptors. However, the exact molecular con-
nection between the cellular function of Sac2 to cardiac hypot-
rophy remains to be elucidated.

The role of Sac2 in neurological functions

Our data showed that Sac2 is highly expressed in the brain tis-
sue and neuronal cells (Fig. 1, A and B). We further showed
that Sac2 regulates the endocytic recycling pathway and plays
a role in cell migration. Accumulating evidence suggests that



endosomal trafficking is essential in neurite outgrowth and has
a pathogenic role in several neurological disorders (Sann et al.,
2009; Li and DiFiglia, 2012). For example, Rab11-positive en-
dosomes were shown to supply membrane materials for neurite
outgrowth (Albertinazzi et al., 2003). In primary cortical neu-
rons derived from mice modeled for Huntington’s disease, the
activity of Rabl1 and hence the recycling of cargoes, such as
TfnR, was impaired (Li et al., 2010). In contrast, neuronal cell
migration is also shown to be a fundamental mechanism for
brain development and neural circuitry establishment (Marin
et al., 2010; Cooper, 2013). Thus, it is likely that Sac2 plays
a role in neuronal development and functions. Although Sac2
knockout and transgenic mice have been created (Zhu et al.,
2009), and these mice showed cardiac hypotrophy-related phe-
notypes, no defects in the nervous system were reported. How-
ever, given the high Sac2 protein levels in brain tissues and the
function of Sac2 in endosomal recycling and cell migration in
cultured N2A cells, we would expect to see some neurological
defects in the nervous system in Sac2 knockout mice. Future
works on neuronal development and function in these mouse
models are required to answer this question.

In conclusion, our data demonstrate that Sac2 is a
PI 4-phosphatase that specifically hydrolyzes PI(4)P. We further
provide evidence that Sac2 participates in endocytic recycling
processes by facilitating the lipid conversion of PI(4,5)P, along
the vesicle trafficking route from CCPs to early endosomes
(Fig. 10). Our data underscore the importance of spatial and
temporal control of PlIs along the endocytic pathway by a cas-
cade of PI-metabolizing enzymes. Our results will pave the way
for further studies on the role of Sac2 in neuronal physiology
and development.

Materials and methods

Cloning, mutagenesis, and plasmids

PCR products for fulllength Sac2 (aa 1-1133) and different Sac2 trun-
cations amplified from cDNA encoding human Sac2 were digested with
BamHI and Notl restriction enzymes and inserted into pEGFP-C1 with CMV
promoter (Takara Bio Inc.) or pCmCherry (the GFP in the vector pEGFP-C1
was replaced with mCherry via EcoRl site) in frame with the N-terminal GFP
or mCherry tag, respectively. Flagtagged Sac2 was generated using Bglll
and Sall restriction sites in the plasmid p3xFlag-CMV7.1. Single amino acid
substitution (C458S) of Sac2 was introduced by site-directed mutagenesis.
For bacteria expression, hSac2 (aa 593-760) was cloned into a pET28a-
based vector with T7 promoter in frame with an N-terminal His-SUMO tag.
The expression plasmids for rabs, M6PR, and GalT were obtained from
B. Brown and A. Bretcher (Cornell University, Ithaca, NY). The rab4 (aa
1-218), rab5 (aa 1-215), rab7 (aa 1-207), rab9 (aa 1-201), and rab11
(aa 1-216) were inserted using BamHI and Notl sites into pEGFP-C1
(Kuroda et al., 2002). The CI-MéPR was cloned into the pEGFP-C1 vector
backbone encoding a chimeric protein composed of an N-terminal signal
peptide from preproglucagon cDNA including 21 residues from the N ter-
minus of the glucagon synthetic precursor followed by EGFP, a linker of six
residues, and the transmembrane and cytoplasmic domains of CI-MPR that
were generated from mouse C-M6PR cDNA. (Waguri et al., 2003). The
Golgi GalT (aa 1-379) was cloned into pDsRed-monomer (Takara Bio Inc.)
in frame with the N-terminal DsRed tag. The gene encoding human clathrin
light chain (aa 1-248) was inserted using Nhel and Bglll in frame with the
N-terminal TagRFP (Evrogen) into the C1 cloning vectors (Takara Bio Inc.;
Shaner et al., 2008). The PI(4)P probe P4C was cloned from Legionella
pneumophila SidC (aa 614-744) and inserted into pEGFP-C1.

Cell culture, transfection, and Western blot
N2A and Hela cells were grown in DMEM supplemented with 10% FBS
(Cellgro) and 1% Pen/Strep (Cellgro) at 37°C in 5% CO, atmosphere. All

plasmids were transfected using polyethyleneimine (PEl) reagent. Mouse
tissue lysates (gift from L. Qi, Cornell University, Ithaca, NY) and cell ly-
sates were resuspended in 2x SDS loading buffer containing 100 mM Tris-
HCl, pH 7.0, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and 200 mM
DTT. Samples were analyzed by Western blot probed with anti-rabbit Sac2
antibody used at 1:1,000.

CRISPR

Guide sequence in the first exon of Sac2 (5-GCTGCAGGCCGCCGTC-
GCGC-3') was designed and chosen using Feng Zhang laboratory’s target
finder (Fig. S3). The insert was cloned into pX330 (Addgene) via the Bbsl
site. The pX330 vector with human U6 promoter containing the Sac2 guide
insert was transfected with PEI reagent. After transfection for 24 h, N2A
cells were counted and diluted in complete medium to a density of 100
cells. The cells were grown 5-7 d until the appearance of colony for-
mation. Individual colony was trypsinized and reseeded to 24-well plate.
A total of 30 clones were screened for endogenous Sac2 protein level by
Western blot with anti-rabbit Sac2 antibody (Covance). Two Sac2 null
clones were isolated.

Immunofluorescence

Cells were seeded on glass coverslips and fixed in 4% PFA/PBS for
15 min. Cells were washed twice with PBS and permeabilized in PBS con-
taining 0.05% saponin and 3% BSA for 30 min. Cells were immunostained
with proper primary and secondary antibodies. Anti-mouse Lamp1 (BD),
anti-mouse TfnR (Invitrogen), and anti-rabbit GPP130 (Covance) antibodies
were used at 1:1,000, 1:500, and 1:500, respectively. Disruption of Golgi
apparatus was performed with 5 pg/ml of Brefeldin A (Sigma-Aldrich)
for 15 min at 37°C. Confocal images, acquired at room temperature,
were taken using a CSU-X spinning disk microscope (Infelligent Imaging
Innovations) with a spherical aberration correction device, 63x, 1.4 NA
objective, on an inverted microscope (Leica), and acquired with a Quan-
tEM EMCCD camera using Slidebook software (Intelligent Imaging Innova-
tions). Image resizing, cropping, and brightness were uniformly adjusted
in Photoshop (Adobe).

Quantitative analysis of colocalization and total cell fluorescence

Fiji program was used to process images. To quantify the degree of colo-
calization between Sac2CS and different organelle markers, three cells
were selected, and for each cell, the entire cell region was examined.
Pearson’s correlation coefficient was calculated using Fiji plug-in Coloc2
program on a single plane between the two indicated fluorescent signals
(Adler and Parmryd, 2010). Image) was used to measure cell fluorescence.
P-value was calculated using Student's t test).

Time-lapse microscopy

For live cell imaging, cells were plated in a 35-mm Petri dish, 14-mm glass
bottom microwell. Cells were transfected as described in the Cell culture,
transfection, and Western blot section. Before imaging, medium was re-
placed with Hepes-buffered DMEM without phenol red (Lonza). All time-
lapse movies were captured with a confocal microscope (LSM 700; Carl
Zeiss) using a 63x oil immersion objective (Carl Zeiss) at 37°C. Single
section images were recorded at 5- to 10-s intervals and processed using
the Zen software (Carl Zeiss). For imaging Tin recycling, cells were first
starved for 2 h in DMEMree medium and, before image capture, were re-
placed with complete medium containing 5 pg/ml of Alexa Fluor 647-Tfn
at 37°C.

Tfn and integrin recycling assay
For immunostaining, cells were grown on glass coverslips and starved for
30 min in DMEM-ree medium at 37°C and then labeled with 10 pg/ml of
Alexa Fluor 594-Tfn for 30 min in HBSS, 20 mM Hepes, and 2 mg/ml
BSA on ice for 30 min. After wash with cold PBS, cells were chased for dif-
ferent time points in complete medium containing 50-fold excessive of un-
labeled Tfn and 100 pM deferoxamine to prevent reinternalization. At the
end of each time point, cells were washed with 0.1 M glycine, pH 3.5, for
1 min and followed by a wash with PBS. Cells were then fixed in 4% PFA.
The coverslips were washed twice in PBS and then mounted on a micro-
scope slide with Fluoromount-G for imaging.

For the antibody-induced recycling assay, cells were incubated with
5 pg/ml of rat anti-B1 integrin (gift from D. Holowka, Cornell University,
Ithaca, NY; FCMAB269F; EMD Millipore) in complete medium for 1 h at
37°C. The cells were first washed with PBS and treated with 0.1 M glycine,
pH 2.5, twice for 1 min to remove surface-bound antibody. After addi-
tional wash with PBS, cells were returned to 37°C in complete medium to
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chase infernalized antibody back to the cell surface. For the analysis of sur-
face receptor level, cells were washed in PBS, fixed in 4% PFA for 20 min,
blocked in 1% BSA in PBS for 15 min, and incubated with anti-rat Alexa
Fluor 488. For the analysis of internal receptor level, cells were treated
with 0.1 M glycine, pH 2.5, twice for 1 min to remove recycled surface
antibody-receptor complex. Cells were fixed in 4% PFA, permeabilized in
0.1% saponin for 30 min, and incubated with the secondary antibody
anti-rat Alexa Fluor 488.

Flow cytometry
N2A cells were detached using trypsin and serum starved in suspension for
30 min at 37°C in DMEM. For labeling, cells were incubated with 10 pg/ml
of Alexa Fluor 647-Tfn in buffer solution containing HBSS, 20 mM Hepes,
and 2 mg/ml BSA at 4°C for 30 min. Unbound Tfns were removed by
washing the cells twice with PBS. Cells were then supplemented in com-
plete medium with 50 pg/ml of unlabeled Tfn and 100 pM deferoxamine
and transferred to 37°C. After 5 min of incubation, cells were sampled at
time 0, 10, 20, and 40 min. At each time point, Cells were washed in 0.1 M
glycine, pH 3.5, followed by fixation in 2% PFA for 15 min. Fixed cells
were resuspended in PBS before subjecting to flow cytometry analysis.
5,000 cells were analyzed by measuring Alexa Fluor 647 fluorescence.
Time points are normalized time O and plotted for cell-associated Alexa
Fluor 647 signal intensity.

For detection of surface B1 integrin, cells were detached with 10 mM
EDTA in PBS for 20 min at 37°C, followed by washing with PBS. The re-
suspended cells were incubated in 50 pl of diluted anti-B1 integrin (1:15;
FCMAB269F; EMD Millipore) in PBS containing 2% FBS for 30 min on ice.
Cells were washed one time in PBS and then incubated with anti-rat Alexa
Fluor 488 (1:100) in PBS containing 10% FBS for 30 min on ice. Cells
were washed again with PBS and fixed in 2% PFA for 15 min. 10,000
cells were analyzed on an Accuri flow cytometer.

Biotin surface labeling

N2A cells were starved in DMEM-free medium for 2 h at 37°C in 5% CO,
incubator. Cells were then washed twice with HBSS buffer before labeling
with 1 mg/ml of Sulfo-NHS-SS-Biotin (ProteoChem) in HBSS for 30 min on
ice. Cells were washed twice with HBSS to remove excess biotin and sub-
sequently harvested in HBSS containing 1% Triton X-100 and protease
inhibitor. After centrifugation, an aliquot was collected as input for total
protein levels, and the lysate was incubated with streptavidin resin (Gen-
Script) at 4°C for 2 h. The resin was then washed three times in lysis buffer
followed by addition of SDS loading buffer. Western blot was performed
and probed with mouse anti-TfR and rabbit anti-Sac2 antibodies.

Scratch wound healing assay

WT N2A cells and ASac?2 cells were transfected with the corresponding
plasmid. The next day, transfected cells were seeded in triplicate in a 96-
well plate in a density that after 24 h, 90% confluence is reached as a
monolayer. Wound was applied by scratching the monolayer with a 10-pl
pipette tip across the center of the well. Each well was washed one time
with PBS to remove the detached cells and replaced with fresh medium. Im-
ages were captured at 0, 24, and 48 h with a microscope (ImageXpress-
MICRO; Molecular Devices) using a 4x objective transmitted light lens and
FITC filter set to identify transfected cells. The experiment was performed
twice in friplicate (n = 6).

Immunoprecipitation

HEK293T cells grown to ~80% confluence were cotransfected with appro-
priate plasmids using PEl reagent. After ~18-h transfection, cells were
lysed in RIPA buffer. Soluble fractions were collected by centrifugation at
18,000 rpm for 15 min at 4°C. Inmunoprecipitates were prepared by 2-h
binding at 4°C, followed by washing with 50 mM Tris-HCI, pH 8.0, and
150 mM NaCl. To prepare Sac2 proteins for enzymatic assays, endoge-
nous mouse Sac? proteins from N2A cells were immunopurified using 1 pg
of anti-Sac2 antibodies and 15 pl of protein A beads. GFP-Sac2 and Flag-
Sac2 proteins were purified using GFP-Trap beads (ChromoTek) and anti-
Flag M2 affinity gel (Sigma-Aldrich), respectively. Final beads were
resuspended in reaction buffer (50 mM TrisHCI, pH 8.0, and 150 mM
NaCl). Endogenous 1 infegrin was defected using rabbit anti-B 1 integrin
(Cell Signaling Technology).

Enzymatic assays

All diC8-PIs were purchased from Cell Signaling Technology. All reactions
were performed in a polystyrene 96-well plate for 20 min at 37°C with a
total volume of 50 pl of reaction mixture, which contains reaction buffer,
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1 nmol of lipids, and 2 pl of bead slurry of immunoprecipitated purified
proteins. The reaction was quenched by the addition of malachite green
solution containing 0.1% Tween. The amount of phosphate release was
measured at OD 620 absorbance and was compared with inorganic phos-
phate standards.

Protein expression and purification

The hSac2 domain was expressed as His-SUMO fusion in Escherichia
coli and was purified by Co?* resins. The His-SUMO-tagged protein was
cleaved by sumo protease Ulp1 and the protein was further purified by
gel filtration. The protein was concentrated to 10 mg/ml in 20 mM Tris,
pH 7.8, and 20 mM NaCl for crystallization. For Sac2 fulllength protein
expression, Tni insect cells were seeded in a 500-ml culture flask contain-
ing 200 ml of culture media. Recombinant proteins were purified with GSH
sepharose resins.

Crystallization

Crystals were grown at room temperature by the hanging-drop vapor diffu-
sion method by mixing 1 pl of protein (11 mg/ml) with an equal volume of
reservoir solution containing 0.2 M ammonium sulfate, 0.1 M Tris-HCI,
pH 8.0, and 20% PEG3350. Rod-shaped crystals were formed within 2-3 d.

Data collection, processing, structure determination, and refinement
Diffraction datasets for selenomethionine protein crystals were collected at
the Cornell High Energy Synchrotron Source. All datasets were indexed,
integrated, and scaled with HKL-2000 (Otwinowski and Minor, 1997).
Selenomethionines were identified in the crystal using the program
HKL2MAP (Pape and Schneider, 2004). lterative cycles of model building
and refinement were performed with the program COOT (Emsley and
Cowtan, 2004) and the refmac5 program (Murshudov et al., 1997) in the
CCP4 suite (Collaborative Computational Project, Number 4, 1994) to
complete the final model.

Atomic coordinates and structure factors for the reported structures have
been deposited into the Protein Data Bank under accession no. 4XUU.

Online supplemental material

Fig. S1 shows Pl phosphatase assay with GFP- and Flag- tagged Sac2. Fig. S2
shows the colocalization of Sac2CS with different endosomal and organ-
elle markers. Fig. S3 shows the generation of Sac2 knockout cells by
CRISPR technique. Fig. S4 shows the cellular distribution of C-M&PR is un-
affected in Sac2 null cells. Fig. S5 shows the structural comparison of
hSac2 domain with a canonical PH domain. Table S1 shows the crystallo-
graphic statistics. Videos 1-7 show the colocalization dynamics of Sac2CS
with a series of endocytic markers. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.201408027/DC1. Ad-
ditional data are available in the JCB DataViewer at http://dx.doi.org/
10.1083/jcb.201408027 .dv.
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