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ABSTRACT Phosphoinositides (PIPs) are key regulators of membrane traffic and signaling.
The interconversion of PIPs by lipid kinases and phosphatases regulates their functionality.
Phosphatidylinositol (Pl) and PIPs have a unique enrichment of 1-stearoyl-2-arachidonyl acyl
species; however, the regulation and function of this specific acyl profile remains poorly un-
derstood. We examined the role of the Pl acyltransferase LYCAT in control of PIPs and PIP-
dependent membrane traffic. LYCAT silencing selectively perturbed the levels and localiza-
tion of phosphatidylinositol-4,5-bisphosphate [PI(4,5)P,] and phosphatidylinositol-3-phosphate
and the membrane traffic dependent on these specific PIPs but was without effect on phos-
phatidylinositol-4-phosphate or biosynthetic membrane traffic. The acyl profile of Pl(4,5)P,
was selectively altered in LYCAT-deficient cells, whereas LYCAT localized with phosphati-
dylinositol synthase. We propose that LYCAT remodels the acyl chains of Pl, which is then
channeled into PI(4,5)P,. Our observations suggest that the PIP acyl chain profile may exert

broad control of cell physiology.
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INTRODUCTION

Phosphoinositides (PIPs) control many facets of cell physiology, such
as nutrient uptake, receptor signaling, and cell adhesion by control
of specific stages of membrane traffic (Di Paolo and De Camilli,
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2006; Krauss and Haucke, 2007). Through the action of lipid kinases
and phosphatases, PIPs can be interconverted into seven different
species defined by phosphorylation of the inositol head group
(Balla, 2013). Each of the seven PIPs exhibits unique enrichment
within membrane compartments and helps to recruit a variety of
cognate effector proteins. Phosphatidylinositol-4,5-bisphosphate
(PI(4,5)Py) and phosphatidylinositol-3-phosphate (PI(3)P) illustrate
these concepts well.

PI(4,5)P, predominates within the plasma membrane (PM) and
regulates clathrin-mediated endocytosis (referred to here as endo-
cytosis) to control the internalization of cell surface proteins such as
transferrin (Tfn) receptor (TfR; Jost et al., 1998; Vamnai et al., 2006;
Zoncu et al., 2007; Posor et al., 2013). PI(4,5)P, binds to and recruits
AP2 and other proteins, which, together with cargo molecules and
clathrin, initiate the formation and assembly of clathrin-coated pits
(CCPs; Gaidarov and Keen, 1999; Itoh et al., 2001; Jackson et al.,
2010). CCPs couple cargo selection to membrane invagination and
eventually undergo scission from the PM by the GTPase dynamin2
to yield endocytic vesicles (Conner and Schmid, 2003; McMahon
and Boucrot, 2011). CCPs harbor lipid phosphatases such as synap-
tojanins and OCRL that mediate PI(4,5)P, turnover to control the
efficiency of vesicle formation (Antonescu et al., 2011) and, after
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scission, clathrin uncoating (Cremona et al., 1999; Kim et al., 2002).
Disruption of PI(4,5)P, synthesis and turnover affects CCP initiation,
size, and lifetime (Cremona et al., 1999; Nakatsu et al., 2010;
Antonescu et al., 2011; Posor et al., 2013; Néandez et al., 2014).

Endocytic vesicles traffic to early endosomes, which sort and
send cargo molecules to specific destinations such as to the lyso-
somes for degradation or recycling to the PM, processes that re-
quire PI3)P (Li et al., 1995; Puchner et al., 2013). PI(3)P binds to and
recruits effector proteins like EEA1, which mediate endosome fu-
sion, and sorting nexins, which mediate cargo sorting and vesicula-
tion. To complete recycling of internalized cargo to the PM, PI(3)P is
then dephosphorylated to phosphatidylinositol (Pl) by myotubula-
rin-1 (Ketel et al., 2016). Hence the internalization, sorting, and traf-
ficking of membrane cargo proteins depends on the dynamic and
sequential interconversion of PIP species by coordinated regimes of
phosphorylation and dephosphorylation.

Although much has been revealed about the regulation and
function of PIPs based on modification of the inositol head group,
much less is known about the control and function of the acyl chains
of these lipids, despite the fact that 50-70% of total Pl is 1-stearoyl-
2-arachidonyl (18:0/20:4, combined as 38:4), an acyl chain enrich-
ment not found in other phospholipids (Holub and Kuksis, 1978;
Hicks et al., 2006; Imae et al., 2011; D'Souza and Epand, 2014). In
addition, PIPs also exhibit many minor acyl combinations, generat-
ing a great molecular diversity that remains functionally unexplored.
PIP acyl chains are likely to affect regulation and function because
acyl chains affect the substrate preference of type | phosphatidylino-
sitol phosphate kinases (PIPKI) and OCRL, which synthesize and de-
grade PI(4,5)P,, respectively (Schmid et al., 2004; Shulga et al.,
2012).

Acyl chain specificity and diversity may arise during de novo syn-
thesis of Pl in the endoplasmic reticulum (ER), where one of many
acyltransferases may add acyl chains to generate the biosynthetic
precursor phosphatidic acid (PA), which then is converted to cytidine
diphosphate (CDP)-diacylglycerol (DAG) by CDP-diacylglycerol syn-
thase (CDS; D'Souza and Epand, 2014). CDS2 shows preference for
38:4 PA, which may then be channeled to Pl synthase (PIS; D'Souza
et al., 2014; D'Souza and Epand, 2015). Alternatively, PI/PIP acyl
chains may be remodeled postsynthesis by the action of phospholi-
pases and acyltransferases (Shindou and Shimizu, 2009; Imae et al.,
2011; Kim et al., 2011). However, there is a dearth of knowledge
about these Pl acyltransferases.

Lysocardiolipin acyltransferase (LYCAT; also known as LCLAT1 or
ALCAT1) is a lipid acyltransferase that exhibits preference for lyso-
phosphatidylinositol and lysophosphatidylglycerol over other phos-
pholipids in vitro, as well as preference for incorporating longer fatty
acyl-CoA substrates (18:0,18:1 over 12:0,16:0) into these lysolipids
(Zhao et al., 2009). LYCAT-knockout mice exhibit a reduction of stea-
rate and an increase in palmitate within PI/PIPs in various tissues
(Imae et al., 2011). Taken together, these studies show that LYCAT is
required for PI/PIP acyl chain specificity, perhaps by selectively in-
corporating stearate into the sn-1 position of PI/PIPs. Indeed a simi-
lar role has been proposed for the Caenorhabditis elegans homo-
logues of LYCAT (Imae et al., 2010, 2011). LYCAT may also remodel
the acyl chain profile of cardiolipin (CL; Cao et al., 2004). In mice fed
a high-fat diet as a model of diet-induced obesity, LYCAT expression
is enhanced, leading to CL acyl remodeling and mitochondrial
defects (Li et al., 2010). LYCAT-knockout mice are protected from
defects in mitochondrial function and insulin signaling induced by
high-fat feeding (Li et al., 2010). Given that LYCAT-knockout mice
fed a normal diet exhibited only reduced stearate content within PI
without changes in other lipids (including CL; Imae et al., 2011), it is
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likely that the predominant function of LYCAT under normal condi-
tions is to control PI/PIP acyl chain profile.

Although LYCAT regulates the acyl chain profile of PI/PIPs and
CL, the function of LYCAT in controlling membrane traffic remains
unexplored. Using biochemical and lipidomic measurements to
quantify lipids and lipid acyl species in combination with micros-
copy-based approaches to resolve how perturbations of LYCAT af-
fect endomembrane traffic, we find that LYCAT exerts control over
the acyl chain profile of specific PIP species and has an important
but selective role in regulating multiple aspects of PIP-dependent
endomembrane traffic.

RESULTS
LYCAT silencing perturbs endosomal traffic but not
biosynthetic traffic
To examine whether LYCAT controls PIP-dependent endomem-
brane traffic, we used small interfering RNA (siRNA)-mediated si-
lencing of LYCAT in human ARPE-19 cells (RPE henceforth), which
resulted in an ~80% reduction in LYCAT protein expression (Supple-
mental Figure S1, A and B), and examined TfR membrane traffic, a
process controlled by PI(4,5)Py-dependent endocytosis (Varnai
et al., 2006), and PI(3)P-dependent intracellular traffic (van Dam
et al., 2002). LYCAT silencing significantly reduced cell surface TfR
levels (Figure 1, A and B), whereas total levels of TfR were unaltered
(Supplemental Figure S1, C and D). Of importance, cell surface TfR
levels in LYCAT-silenced cells were rescued by expression of siRNA-
resistant exogenous LYCAT, demonstrating that the altered surface
levels of TfR were due to specific perturbation of LYCAT (Figure 1C).
TfR exhibits a pronounced perinuclear morphology as a result of
trafficking through intracellular compartments, including recycling
endosomes (Dugani et al., 2008). LYCAT silencing caused a disper-
sal of the perinuclear accumulation of TfR (Figure 1, D and E), further
suggesting a major perturbation of intracellular trafficking upon LY-
CAT silencing. To contrast with endocytic trafficking, we examined
the biosynthetic membrane traffic pathway, which is controlled by
phosphatidylinositol-4-phosphate (PI(4)P; Szentpetery et al., 2010),
using a temperature-sensitive form of vesicular stomatitis virus G
(VSVQG) that is trapped in and then released from the ER by tempera-
ture shift (Presley et al., 1997; Szentpetery et al., 2010). LYCAT si-
lencing did not alter VSVG trafficking and distribution (Figure 1, F
and G). Thus LYCAT silencing alters TiR traffic, which relies on PI(4,5)
P, and PI(3)P, but has no apparent effect on the PI(4)P-dependent
biosynthetic pathway.

LYCAT silencing reduces total levels and alters localization
of PI(3)P and PI(4,5)P,

Defective TfR distribution in LYCAT-silenced cells might correspond
to altered PIP levels, which we tested by labeling cells with [*H]myo-
inositol and measuring the levels of specific PIPs by high-perfor-
mance liquid chromatography (HPLC; Ho et al., 2016). LYCAT silenc-
ing reduced the levels of PI(3)P and PI(4,5)P, by 25% + 0.05% and
21% + 0.06%, respectively, but had no effect on PI(4)P levels (Figure
2A), suggesting that LYCAT silencing affects the levels of a subset of
PIPs and associated functions.

We then examined the cellular localization of PIPs, using fluores-
cently labeled protein probes specific for PI3)P, PI(4)P, and PI(4,5)P,
(Stauffer et al., 1998; Stenmark et al., 2002; Hammond et al., 2014).
LYCAT silencing reduced the number of 2FYVE-GFP structures, con-
sistent with abated levels of PI(3)P (Figure 2, B and C). LYCAT silenc-
ing also altered the localization of the PI(4,5)P, probe PH-PLC3-GFP
(Varnai and Balla, 1998). Whereas in control cells, PH-PLC3-GFP pre-
dominantly and uniformly decorated the PM, in LYCAT-silenced
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LYCAT silencing perturbs endomembrane traffic but not
biosynthetic traffic. RPE cells were transfected with one of two
distinct siRNA sequences targeting LYCAT (siLYCAT" or siLYCAT?)
or nontargeting siRNA (siControl). (A, B) Detection of cell surface
TR levels by immunofluorescence staining of intact (nonpermeabilized)
cells. (A) Representative epifluorescence micrographs (scale bar,

20 pm). (B) Mean cell surface TfR + SEM from at least four
independent experiments. *p < 0.05. (C) After silencing, cells were
transfected with a cDNA encoding LYCAT-FLAG, followed by
detection of cell surface TiR levels by immunofluorescence staining
of intact cells; mean cell surface TfR + SEM (n=4), *p < 0.05.

(D, E) Detection of total cellular TfR levels (permeabilized cells).

(D) Representative epifluorescence micrographs (scale bar, 20 pm)
and (E) quantitative measurements (mean + SEM) of the relative
concentration of TfR staining within the perinuclear region (n = 4),
*p < 0.05. (F, G) Measurement of biosynthetic traffic from the Golgi
to PM. GFP-VSVG was released from Golgi arrest for indicated times.
(F) Representative micrographs (scale bar, 5 ym). (G) Mean = SEM

(n = 3) of the amount of VSVG-GFP remaining in the Golgi at various
times.

cells, this probe labeled tubular and punctate structures throughout
the cell (Figure 2B). In contrast, the localization of the PI(4)P probe
PAM-GFP was indistinguishable between control and LYCAT-si-
lenced cells, a distribution consistent with the PM and the trans-
Golgi network (Hammond et al., 2014; Figure 2B). Collectively these
data indicate that LYCAT selectively affects the levels and localiza-
tion of PI(3)P and PI(4,5)P, but not those of PI(4)P.
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LYCAT silencing alters clathrin-mediated endocytosis
Because LYCAT silencing altered the levels and localization of PI(4,5)
P,, we next investigated the effect of LYCAT silencing on CCP dy-
namics, which is controlled by PI(4,5)P, (Antonescu et al., 2011). We
performed time-lapse total internal reflection fluorescence micros-
copy (TIRF-M) in RPE cells stably expressing a GFP-fusion of clathrin
light chain (eGFP-CLCa; Figure 3A) followed by automated detec-
tion, tracking, and analysis of CCPs (Aguet et al., 2013). Consistent
with reduction of PI(4,5)P; levels and perturbation of PI(4,5)P; local-
ization, LYCAT silencing reduced CCP initiation density (Figure 3B)
and CCP size (Figure 3C), the latter measured by the fluorescence
intensity of eGFP-CLCa within diffraction-limited CCPs. We also ob-
served that LYCAT silencing altered CCP lifetimes (Supplemental
Figure S1E). Consistent with these defects in CCP dynamics, we ob-
served that LYCAT silencing led to a significant reduction in the rate
of Tfn internalization (Figure 3D). Together these data indicate that
LYCAT is a novel regulator of endocytosis, likely by affecting Pl(4,5)
P, levels and localization.

LYCAT silencing alters intracellular traffic of TfR

Because LYCAT suppression reduced PI3)P levels, we predicted
that PI(3)P-dependent trafficking processes would be disturbed in
LYCAT-silenced cells. To test this, we monitored the arrival of fluores-
cently labeled Tfn pulsed for various time points into EEA1-positive
endosomes. LYCAT silencing did not appreciably alter the number
or intensity of EEA1 puncta, indicating that we could employ EEA1
as a marker of early endosomes (Supplemental Figure S2A). LYCAT
silencing substantially delayed the arrival of Tfn to EEA1 compart-
ments (Figure 4, A and B), which is consistent with the effect of re-
duction in PIQ3)P levels by other manipulations (van Dam et al.,
2002).

We next investigated whether LYCAT-silenced cells manifested a
defect in TR recycling. First, we measured the ability of internalized
Tfn to access the total pool of internal TfR-labeled endosomes,
which include recycling endosomes. We observed a delayed arrival
of Tfn to the total pool of cellular TfR in LYCAT-silenced cells relative
to control cells (Supplemental Figure S2, B and C). To complement
this assay and measure the rate of TfR recycling, we treated live cells
with antibodies that recognize an exofacial TR epitope to measure
the rate of arrival of TfR to the PM, thus measuring TfR recycling
(Antonescu et al., 2008). LYCAT silencing reduced the rate of label-
ing with anti-TfR antibody (Figure 4C), indicating that TfR recycling
is slower in LYCAT-deficient cells. Collectively our studies reveal that
LYCAT is necessary for TfR intracellular trafficking, a process that
depends on PI(3)P.

LYCAT controls the acyl chain profile of specific PIPs

LYCAT regulates the specific content of stearate within PI/PIPs in
mice (Imae et al., 2011), yet LYCAT silencing did not affect PI(4)P
levels or secretion from the biosynthetic pathway while abating PI(3)
P and PI(4,5)P; levels and interfering with endocytic trafficking. To
better understand how LYCAT might differentially affect PIPs and
trafficking processes, we analyzed the acyl chain composition of
various phospholipids using liquid chromatography—electrospray
ionization mass spectrometry (LC-ESI-MS/MS). The acyl chain com-
position of each lipid is presented as a combination of the sn-1 and
sn-2 acyl groups (e.g., the 1-stearoyl-2-arachidonyl species corre-
sponds to 38:4). As previously reported (Holub and Kuksis, 1978;
Hicks et al., 2006; Imae et al., 2011; D'Souza and Epand, 2014), PI
shows a unique and striking enrichment for the 38:4 acyl composi-
tion that is not seen in other phospholipids (Supplemental Figure
S3A). LYCAT silencing did not appreciably disturb the acyl chain
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LYCAT silencing reduces total levels and alters localization of PI(3)P and PI(4,5)P,.
RPE cells were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA
(siControl). (A) The levels of PI(3)P, PI(4,5)P,, and PI(4)P were measured after [*H]myo-inositol
labeling, HPLC, and detection by flow scintillation. Mean + SEM (n = 4). (B, C) Cells were also
transfected with cDNAs encoding 2FYVE-GFP, PH-PLC8-GFP, or PAM-GFP to probe for PI(3)P,
PI(4,5)P,, and PI(4)P, respectively. (B) Representative epifluorescence micrographs (scale bar,
20 pm). (C) Median, 25th and 75th percentiles (boxes), and Tukey range (whiskers) of the number

of 2FYVE-GFP—positive structures per cell (n= 3), *p < 0.05.

composition of phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), and phosphatidylserine (PS; Supplemental Figure S3,
B-D). Surprisingly, LYCAT silencing also did not affect the acyl chain
profile of total Pl (Supplemental Figure S3E).

We surmised that LYCAT may preferentially affect the acyl
chain profile of specific PIPs instead. To address this hypothesis,
we analyzed the acyl composition of PIP species using phosphate
methylation and LC-ESI-MS/MS to resolve Pl, monophosphory-
lated PIPs (PIP1), and bisphosphorylated PIPs (PIP,; Clark et al.,
2011). Of interest, the acyl chain profile of Pl and PIP; species, the
latter being predominantly PI(4)P, were unaltered in LYCAT-si-
lenced cells (Figure 5, A and B, and Supplemental Figure S4, A
and B; Stephens et al., 1993). In contrast, PIP,, which is mainly
PI(4,5)P,, exhibited reduced levels of many acyl combinations in
LYCAT-silenced cells, which partially reflects the reduced PI(4,5)P,
levels in these cells (Figure 5C and Supplemental Figure S4C). Of
importance, we observed a shift in the acyl chain profile in PIP,
upon LYCAT silencing, as determined by the ratio of 38:x to 36:x
acyl species (where x refers to any level of unsaturation). In con-
trast to the altered acyl chain profile of PIP,, the 38:x to 36:x ratios
of Pl and PIP were unaffected by LYCAT silencing (Figure 5D).
These findings are consistent with previous studies (Imae et al.,
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PI(4)P

O

2011) and suggest that LYCAT preferen-
tially affects the acyl chain profile of a sub-
set of PIPs, including PI(4,5)P,, which may
be necessary to maintain PI(4,5)P, levels,
localization, and function.

LYCAT is localized to ER-derived
PIS vesicles
Previous studies suggested that LYCAT may
exhibit some localization to the ER (Cao
et al. 2004; Zhao et al. 2009; Imae et al.,
2011). However, these studies did not per-
form a broader analysis of LYCAT localization
with other relevant markers, an important
consideration, since the ER has several sub-
compartments (English and Voeltz, 2013).
We hypothesized that the preferential effect
of LYCAT silencing on the acyl chain profile
of PI(4,5)P, but not PI/PIP; may be in part
due to its restricted localization to specific
cellular subcompartment(s). To monitor LY-
CAT localization, we transfected RPE cells
*  with LYCAT-FLAG, which rescued the loss of
endogenous LYCAT (Figure 1C), demon-
strating that this exogenously expressed LY-
CAT is functional. Of interest, LYCAT-FLAG
exhibited modest localization with eGFP-

PI(3)P endosomes/cell

(2FYVE-GFP structures)
N B
2

0o+—

‘60\ ?’S KDEL, a generic ER marker (Figure 6, A and
I AO B), suggesting that LYCAT may predomi-
Lo
> & nantly localize to other subcompartments.

PIS is found in ER-derived vesicles that
rapidly move between the ER and various
organelle membranes, as observed in
cells expressing eGFP-PIS (Kim et al.,
2011). Given the role of PIS in synthesiz-
ing Pl, we hypothesized that LYCAT may
localize to PIS vesicles. We found striking
and extensive colocalization between LY-
CAT and eGFP-PIS (Figure 6, A and B). PIS
vesicles make dynamic and transient con-
tact with a number of membrane compartments, including the
PM, which can be demarked by the extended synaptotagmin E-
Syt2 (Min et al., 2007; Giordano et al., 2013). Indeed, LYCAT ex-
hibited partial colocalization with E-Syt2 (Figure 6, A and B).
TIRF-M showed very similar colocalization patterns between LY-
CAT and PIS, KDEL, and E-Syt2 at the cell periphery (Supplemen-
tal Figure S5).

To allow better understanding of the relative localization of
LYCAT with eGFP-KDEL, eGFP-PIS, and eGFP-E-Syt2, we ana-
lyzed this by automated detection of LYCAT puncta followed by
measurement of the localization correlation score (LCS) of the
fluorescence intensities of LYCAT and that of secondary channel
proteins within each object (Supplemental Figure Sé). LCS is a
quantitative, unbiased, and systematic analysis and revealed a
very strong intensity correlation of LYCAT-FLAG with eGFP-PIS
within LYCAT structures (Figure 6B). In contrast, eGFP-KDEL and
LYCAT exhibited very low intensity correlation in LYCAT struc-
tures, whereas eGFP-E-Syt2 and LYCAT had intermediate inten-
sity correlation (Figure 6B). Thus LYCAT is extensively localized to
ER-derived PIS vesicles, known to transiently interact with ER-PM
contact sites, but not the ER domains marked by eGFP-KDEL
(Kim et al., 2011).
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LYCAT silencing alters clathrin-mediated endocytosis. RPE cells stably expressing
eGFP-CLCa were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA
(siControl). (A—C) Cells were imaged using time-lapse TIRF-M. (A) Single-frame representative
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automated detection, tracking, and analysis of CCPs as described in Materials and Methods.
(B) Median, 25th and 75th percentiles (boxes), and Tukey range (whiskers) for CCP initiation
densities. (C) Mean eGFP-CLCa fluorescence intensity grouped into CCP lifetime cohorts; error
bars reflect cell-to-cell variation. The numbers of CCP trajectories and cells for each condition
are, for siControl, 7181 and 16, and for siLYCAT, 2354 and 16, respectively. (D) Measurement of

Tfn internalization; means + SEM (n = 4), *p < 0.05.

DISCUSSION

PIPs play essential roles in cell physiology, including regulation of
membrane traffic (Di Paolo and De Camilli, 2006; Krauss and
Haucke, 2007). The vast majority of studies on PIPs focused on the
regulation and function of the phosphorylation state of the inositol
head group. Of importance, Pl and PIPs show remarkable acyl selec-
tivity, with 50-70% of PI/PIPs harboring a 1-stearoyl-2-arachidonyl
profile (Holub and Kuksis, 1978; Hicks et al., 2006; Imae et al., 2011;
D’Souza and Epand, 2014). The function and significance of this acyl
selectivity have not been scrutinized at the cell biological level. Here
we examine the cell biological function of the Pl acyltransferase
LYCAT, finding that this enzyme selectively controls the levels, local-
ization, and function of specific PIPs and is localized to dynamic ER-
derived vesicles believed to contact the PM. We propose that
LYCAT functions simultaneously with or subsequent to Pl synthesis
to regulate the acyl profile of PI(4,5)P,, revealing a novel dimension
in the regulation of PIP function.

The Pl acyltransferase LYCAT preferentially affects the acyl
chain profile of PI(4,5)P,

Acyltransferases may control PI/PIP acylation during de novo syn-
thesis in the ER or by subsequent processes such as acyl or head
group remodeling. The de novo synthesis of many phospholipids
involves the conversion of DAG to PA (Shindou and Shimizu, 2009).
Synthesis of Pl results from conversion of PA to CDP-DAG by CDS,
followed by conversion to Pl by PIS (Shindou and Shimizu, 2009;
D’Souza et al., 2014; D'Souza and Epand, 2015). CDS2, but not
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selectivity.

How might LYCAT affect the PI(4,5)P,
acyl profile but not bulk PI/PIP? PI(4,5)P,
synthesis was classically believed to occur
from the sequential conversion of Pl to PI(4)
P and PI(4,5)P, at the PM. However, PI(4,5)P,
regulation is much more elaborate than this.
Rather than depend on general ER or PM,
Pl and PI(4,5)P, synthesis appear highly de-
pendent on ER-PM contact sites and sub-
strate channeling. Nonvesicular transport of
PA, DAG, and Pl between the ER and PM is
also implicated in this process (Chang and
Liou, 2015; Kim et al., 2015; Saheki et al.,
2016). In addition, PIS was observed on dynamic ER-derived vesi-
cles that make transient contact with a number of organelles, includ-
ing with the PM (Kim et al., 2011). These observations led Kim et al.
(2011) to propose that PIS vesicles form PIPEROsomes, which may
be involved in the localized synthesis and/or delivery of Pl or PIPs at
organelle contact sites. The localization of LYCAT with PIS in appar-
ent vesicular structures (Figure é) suggests that Pl acyl remodeling
activity may be coupled to PIS activity in these vesicles. For techni-
cal reasons related to the study of endogenous PIS, the ER-derived
PIS vesicles have only been observed upon overexpression of eGFP-
PIS, which is required to observe the localization of this enzyme (Kim
et al., 2011). Our observation that LYCAT also localizes to punctate
peripheral structures in the presence or absence of eGFP-PIS over-
expression (Figure 6) is consistent with the broad formation of ER-
derived vesicles under a number of physiologically relevant condi-
tions. However, the cellular condition(s) that lead to formation of
ER-derived vesicles harboring PIS and LYCAT and whether PIS vesi-
cles indeed function to deliver lipids and/or synthesize Pl by acting
in-trans on the PM remain to be determined. Although beyond the
scope of the present study, future research should examine the dy-
namics of PIS and LYCAT within the ER and ER-derived vesicles, in-
cluding how PIS/LYCAT vesicles interact with the plasma membrane
(Kim et al., 2011) and how Pl transfer proteins are required for acyl
chain remodeling (Cockcroft, 2001; Chang and Liou, 2015).

Work by Hammond et al. (2012) showed that depletion of bulk
PI(4)P from the PM did not reduce PI(4,5)P, levels, suggesting that a
different pool of PI(4)P is specifically used to generate PI(4,5)P,.
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mice exhibited reduced levels of 38:4 PIP4
and PIP,, as well as of total PIP; and PIP,.
Taken together with our results, this may
suggest a model in which several acyltrans-
ferases such as LYCAT and LPIAT1 function
in a Pl-specific Lands cycle for the synthe-
sis of 38:4 PI, perhaps in a mechanism
that involves coordination of several other
acyltransferases.

Moreover, the 2xFYVE and PH probes
that were used to determine PI(3)P and
PI(4,5)P; localization and levels may them-
selves may be selective to the acyl chain
profile of the corresponding lipid. As such, it
is possible that the altered localization of
these probes upon LYCAT silencing may re-
flect both altered abundance and localiza-
tion of these PIPs, as well as alterations in

magnified

time of Tfn intern. (min)

LYCAT silencing alters PI(3)P-dependent intracellular TfR membrane traffic. RPE cells
were transfected with siRNA targeting LYCAT (siLYCAT) or nontargeting siRNA (siControl).
(A, B) Cells were incubated with Tfn-647 for various times and then immediately fixed and
stained with EEA1 antibodies. (A) Representative fluorescence micrographs (scale bar, 20 pm).
(B) Mean colocalization scores of Tfn and EEA1, normalized to the 20-min control condition, +
SEM (n = 3), *p < 0.05. (C) Measurement of the rate of TfR recycling; mean TfR recycling + SEM

(n=3), *p < 0.05.

Given these emerging themes, we propose the hypothesis that
LYCAT acts on a specific Pl pool that is channeled toward synthesis
of PI(4,5)P,. In this model, we speculate that PIS generates two
pools of Pl: 1) PIS in nonspecialized ER membranes generates bulk
Pl, and 2) PIS and LYCAT, perhaps in distinct subdomains of the ER
or in ER-derived vesicles such as PIPEROsomes, regulate a special-
ized Pl pool that is selected for PI(4,5)P, synthesis. The role of PIS in
total Pl synthesis is consistent with reduced levels in total PI, PI(4)P
and PI(4,5)P; in PIS-silenced cells (Kim et al., 2011). We propose that
the newly synthesized Pl is then subject to LYCAT-dependent acyl
remodeling, resulting in enrichment in 38:x acyl chains, followed by
channeling into PI(4)P and PI(4,5)P,. Although there is no evidence
that PI(4)P synthesis is affected by the acyl chains in Pl, PIPKIs show
preference for PI(4)P substrates containing 38:4 (Shulga et al. 2012).
Thus, in the absence of LYCAT, there may be an increase in a minor
pool of misacylated Pl and PI(4)P, the latter being less efficiently
converted into PI(4,5)P, due to lower PIPKI substrate preference,
reducing PI(4,5)P, levels.

Of interest, Anderson et al. (2013) suggested the existence of a
Pl-specific Lands cycle upon examination of phospholipids of brains
and liver of a mouse knockout of LPIAT1, a Pl-specific acyltransfer-
ase that exhibits remarkable selectively for incorporation of arachi-
donic acid into the sn-2 position of Pl. Liver and brains from LPIAT 1/~
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2011). Our findings that LYCAT perturbation
results in reduction in PI(4,5)P, levels and a
reduction in CCP initiation rate and size are
entirely consistent with this previous work.
PI(4,5)P, functions as a membrane ligand to
many CCP proteins, including AP2, epsin,
SNX9, CALM, and dynamin (Gaidarov and
Keen, 1999; Itoh et al., 2001; Di Paolo and
De Camilli, 2006; Krauss and Haucke, 2007;
Jackson et al., 2010). Indeed, PI(4,5)P, binding to AP2 contributes
to conformational changes in AP2, which promotes association with
membrane and cargo receptors, thus potentiating CCP assembly
(Jackson et al., 2010). Of note, defects in CCP dynamics and endo-
cytosis in LYCAT-silenced cells may result not only from reduced
PI(4,5)P, levels, but also from a defect in binding to effectors by
misacylated PI(4,5)P, (van Meer et al., 2008). The acyl chain specific-
ity may be important to dictate the position of the phospholipid
head group by controlling the axial position of the lipid in the mem-
brane, affecting membrane curvature, or partitioning of lipids within
specific membrane domains. Conversely, or in addition, endocytosis
requires turnover of PI(4,5)P, from nascent endocytic vesicles cata-
lyzed by synaptojanins and OCRL (Antonescu et al., 2011; Chang-
lleto et al., 2011). Of interest, the OCRL 5-phosphatase activity, and
to a lesser extent that of synaptojanin 1, exhibits preference for
1-stearoyl-2-arachidonyl over other acyl profiles in substrates (Schmid
et al., 2004). Remarkably, PI(4,5)P,-labeled tubules and endosomes
were present in cells disrupted for 5-phosphatases such as OCRL
(Nandez et al., 2014), which resembles the appearance of PI(4,5)P; in
tubules and puncta in cells silenced for LYCAT (Figure 2B). This sug-
gests that misacylated PI(4,5)P, may affect endocytosis and be a
poor substrate for OCRL/synaptojanins, causing ectopic accumula-
tion of PI(4,5)P,. It is interesting that LYCAT-knockout mice did not
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were transfected with siRNA targeting LYCAT (siLYCAT, gray bars) or nontargeting siRNA
(siControl; black bars). Cell extracts were subjected to quantitative measurement of acyl group
composition of various PIP species by phosphate group methylation, followed by LC-ESI-MS/
MS. Means + SEM of the measurements of molecular compositions of Pl (A), PIP; (B), and PIP,
(C). Note that the molecular species indicate the mass and saturation combination of acyl chains
on the sn-1 and sn-2 positions (n = 4); *p < 0.05. See Supplemental Figure S4 for additional data
related to these measurements. (D) Ratios of the mean 38:x to 36:x levels in PI, PIP; and PIP,

(n=4), *p < 0.05.

show any broad phenotype with respect to viability (Imae et al.,

2011). Hence it is likely that there exist compensatory mechanisms
for lipid-sensitive processes. Although OCRL and synaptojanin 1
demonstrated preference for substrates with specific acyl profiles,
other inositol 5-phosphatases did not (Schmid et al., 2004). Hence
long-term perturbation of LYCAT, as it occurs in LYCAT~~ mice, may

LYCAT-FLAG

merge

magnified

B

LYCAT and ER compartment
localization correlation score (LCS)

result in altered expression profile of these
lipid phosphatases (or other enzymes) to
maintain some of the physiological func-
tions of PIPs under conditions of altered acyl
profiles of these lipids.

LYCAT controls PI(3)P and early
endosomal traffic

LYCAT suppression resulted in reduced levels
of PI(3)P, observed biochemically and using
GFP-based probes. There are at least three
possible paths to depress PI(3)P levels. First,
and as suggested earlier, PI(3)P may depend
on a specific precursor Pl pool remodeled by
LYCAT as we propose for PI(4,5)P,, since PIS
vesicles form transient contacts with a num-
ber of compartments, including endosomes
(Kim et al., 2011). Unfortunately, we cannot
currently assess the acyl chain profile of PI(3)
P, since this is a minority relative to PI(4)P in
the PIP; group. Second, defects in PI(4,5)P;
turnover upon LYCAT silencing may affect
PI(3)P synthesis. Consistent with this possibil-
ity, disruption of early endosomal phospha-
tases causes a reduction in PI(3)P (Shin et al.,
2005). Finally, the effects on PI(3)P levels and
PI(3)P-dependent processes may be indirect,
resulting from primary defects in clathrin-me-
diated endocytosis and membrane flux.

Generation of PI(3)P from Pl acts as a switch responsible for the
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LYCAT is localized to ER-derived PIS vesicles. RPE cells were transfected with cDNAs
encoding LYCAT-FLAG along with either eGFP-PIS, eGFP-KDEL, or eGFP-E-Syt2 and then
subjected to immunofluorescence staining to detect LYCAT-FLAG. (A) Representative
epifluorescence micrographs (scale bar, 10 pm). (B) LYCAT-positive structures were subjected to
automated detection, followed by measurement of the LCS between LYCAT and eGFP-PIS,
eGFP-KDEL, or eGFP-E-Syt2 in these structures. Median, 25th and 75th percentiles (boxes), and
Tukey range (whiskers) of LCS values. The numbers of LYCAT structures and cells for each
condition are, for eGFP-PIS, 24,907 and 29, for eGFP-KDEL, 14,359 and 24, and for eGFP-E-

Syt2, 23,567 and 23, respectively; *p < 0.05.
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maturation of newly formed endocytic vesicles to early endosomes
(Zoncu et al., 2009). In addition, depletion of PI(3)P caused these
endosomes to revert to the immature endosomes (Zoncu et al.,
2009). PI 3-kinase is recruited to the newly formed endosome,
where it converts Pl into PI(3)P, which, together with the small

GTPase Rab5, recruits FYVE domain—con-
taining proteins (including EEA1 and Ra-
benosyn-5) that are important in sorting
events at the early endosome (Christofori-
dis et al., 1999; Lawe et al., 2000; Nielsen
et al., 2000). Our findings that LYCAT si-
lencing causes a reduction in PI(3)P and a
reduction in 2FYVE-positive structures are
consistent with these known functions of
PI(3)P at early endosomes. LYCAT silencing
affects the generation of PI(3)P, which in
turn affects the recruitment of effectors in-
volved in endosomal traffic. That we did
not detect any gross disruption to EEA1
localization is consistent with a study that
observed that a proportion of EEA1 re-
mains on early endosomes in Vps34-si-
lenced cells (Johnson et al., 2006). More-
over, EEA1 was strongly recruited to
Rab5-positive membranes upon acute de-
pletion of PI(3)P by selective targeting of
the PI(3)P phosphatase MTM1 to early en-
dosomes (Fili et al., 2006). Hence some dis-
ruptions of PI(3)P production or abundance
at the early endosome may allow EEA1 re-
cruitment to early endosomes, perhaps via
interaction with Rab5.
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In conclusion, this work adds to the considerable knowledge of
how phosphorylation of the inositol head group controls PIP function
by revealing that the acyltransferase LYCAT also regulates the dy-
namics, localization, and function of specific PIPs. These results sug-
gest that control of acyl chain composition of PIPs by dynamic re-
modeling by specific phospholipases and acyltransferases represent
an additional dimension in the control of Pl function and suggest that
this process may control membrane traffic and cell physiology.

MATERIALS AND METHODS

Materials

DMEM/F12, fetal bovine serum (FBS), penicillin/streptomycin solu-
tion, insulin-transferrin-selenium-ethanolamine solution, and sterile
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
were obtained from Life Technologies (Carlsbad, CA), as was Biotin-
xx-Tfn. Avidin and o-phenylenediamine hydrochloride reagent were
obtained from Biobasic (Markham, Canada), and biocytin was ob-
tained from Santa Cruz Biotechnology (Dallas, TX). Superblock
blocking buffer was obtained from Thermo Fisher (Rockford, IL). An-
tibodies and fluorescent ligands used were as follows: anti-LYCAT
from Genetex (Irvine, CA); anti-EEA1 and actin from Cell Signaling
Technology (Danvers, MA); anti-TfR from Santa Cruz Biotechnology;
Tfn antibodies (used in Tfn uptake assay) from Bethyl Laboratories
(Montgomery, TX); and Alexa 647—conjugated Tfn (A647-Tfn) from
Life Technologies.

Cell culture, transfection, gene silencing,

and Western blotting

Wild-type ARPE-19 (RPE) human retinal pigment epithelial cells (RPE-
WT) and a derivative line stably expressing clathrin light chain fused
to eGFP (RPE eGFP-CLCa) were previously described (Aguet et al.,
2013; Garay et al., 2015). Cells were cultured in DMEM/F12 supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin at 37°C and 5% CO,. A plasmid encoding LYCAT-myc-FLAG
(henceforth, LYCAT-FLAG) was from OriGene (plasmid MR226119;
Rockville, MD). Plasmids encoding eGFP-PIS and eGFP-P4M were
kindly provided by T. Balla (National Institutes of Health, Bethesda,
MD; Kim et al., 2011; Hammond et al., 2014). A plasmid encoding
eGFP-E-Syt2 (66831; Addgene) was kindly provided by P. de Camilli
(Yale School of Medicine, New Haven, CT: Giordano et al., 2013).
Plasmids expressing VSVG-GFP protein were previously character-
ized (Lippincott-Schwartz et al., 1997; Faim et al., 2011).

For plasmid transfection of RPE cells, we used Lipofectamine
2000 (Life Technologies) as per manufacturer’s instructions. For each
well of a six-well plate, 2 pg of cDNA was precomplexed with 6 pl of
transfection reagent in Opti-MEM. Cells were subsequently incu-
bated with DNA-reagent complexes for 4 h, followed by washing
and incubation of cells in regular growth medium for 24 h before the
start of the experiment.

To perform LYCAT silencing, we used the following siRNA oligo-
nucleotides (sense) from Dharmacon (Lafayette, CO): LYCAT?,
5-GGAAAUGGAAGGAUGACAAUU; LYCAT?, 5-CCUCAAAGCGA-
GUCUCAAAUU; and nontargeting control siRNA, 5-CGUACU-
GCUUGCGAUACGGUU. Oligonucleotides were transfected using
Lipofectamine RNAIMAX (Life Technologies), as per manufacturer’s
instructions. Each siRNA construct was transfected at 220 pmol/I|
precomplexed to the transfection reagent in Opti-MEM for 4 h, after
which cells were washed and replaced in regular growth medium.
siRNA transfections were performed twice (72 and 48 h) before each
experiment.

To confirm LYCAT silencing, whole-cell lysates were prepared in
Laemmli sample buffer (LSB; 0.5 M Tris, pH 6.8, glycerol, 10% SDS,
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10% B-mercaptoethanol, and 5% bromophenol blue; all from Bio-
Shop, Burlington, Canada) supplemented with a protease and
phosphatase cocktail (1 mM sodium orthovanadate, 10 nM okadaic
acid, and 20 nM Protease Inhibitor Cocktail [BioShop]). Lysates were
then heated at 65°C for 15 min and passed through a 27.5-gauge
syringe. Proteins were resolved by glycine-Tris SDS-PAGE, followed
by transfer onto a polyvinylidene fluoride membrane, and were
washed, blocked, and incubated with antibodies as previously de-
scribed (Garay et al., 2015). Western blot signals to detect the inten-
sity corresponding to LYCAT protein was obtained by signal integra-
tion in an area corresponding to the appropriate lane and band for
each condition. This measurement is then normalized to the loading
control signal (determined with anti-actin antibodies [Cell Signaling
Technology]) and subjected to statistical analysis by t test.

Immunofluorescence staining
To detect cell surface TfR (Figure 1, A-C), after experimental treat-
ments as indicated, samples were immediately placed on ice and
washed three times in ice-cold PBS?* (phosphate-buffered saline
supplemented with 1 mM CaCl, and 1 mM MgCl,) and incubated
with anti-TfR antibodies (also on ice; Santa Cruz Biotechnology). Af-
ter washing to remove unbound antibodies, cells were fixed in 4%
paraformaldehyde, permeabilized in 0.1% Triton X-100, stained
with appropriate secondary antibodies, and then mounted in fluo-
rescence mounting medium (Dako, Carpinteria, CA).

To detect specific proteins in permeabilized cells (Figures 1, D-F,
2, A and B, and 6 and Supplemental Figures S2A and S5) samples
were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton
X-100, probed with appropriate combinations of primary and sec-
ondary antibodies, and then mounted in fluorescence mounting
medium (Dako).

Fluorescence microscopy

Wide-field epifluorescence microscopy experiments presented in
Figures 1, A and D, and 4A and Supplemental Figure S2, A and B,
were obtained using a 63x (numerical aperture [NA] 1.2) oil objec-
tive on a Zeiss Axiovert 200 M epifluorescence microscope using an
ORCA-Flash 4.0 camera (Hamamatsu, Bridgewater, NJ).

Spinning-disk confocal microscopy experiments presented in
Figures 2B and 6A were obtained using a Leica DMIRE2 equipped
with a Yokogawa CSU X1 scan head and a 60x (NA 1.35) oil objec-
tive using a Hamamatsu C9100-13 electron-multiplying charge-cou-
pled device (EM-CCD) camera. Excitation light was provided by
491-nm (50 mV) and 561-nm (50 mW) laser illumination, and emitted
light was collected after passage through 515/40 and 594/40-nm
emission filters, as appropriate.

Laser scanning confocal microscopy experiments presented
in Figure 1F were obtained using a Zeiss LSM700 with a 63x (NA 1.4)
oil objective. Excitation light was provided by 488-nm laser
illumination.

For TIRF-M, live-cell imaging (Figure 3) was performed on cells
incubated in DMEM/F12 lacking phenol red supplemented with 5%
fetal bovine serum and oxyrase (1/100; Oxyrase, Mansfield, OH).
Cells were placed at 37°C with 5% CO,. Time-lapse image se-
quences were acquired at 1-s frame rate. For experiments on fixed
cells (Supplemental Figure S5), samples were processed as de-
scribed in Immunofluorescence staining. TIRF-M was performed us-
ing a 150x (NA 1.45) objective on an Olympus IX81 instrument
equipped with CellTIRF modules (Olympus Canada, Richmond Hill,
Canada) using 491-nm (50 mW) and 561-nm (50 mW) laser illumina-
tion and 520/35-nm and 624/40-nm emission filters. Images were
acquired using a C9100-13 EM-CCD camera.
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Fluorescence microscopy image analysis

Quantification of cell surface TfR and internal TfR distribution. Cell
surface TfR (Figure 1, B and C) was quantified by measurement of
the mean fluorescence intensity over the area of the whole cell. The
relative concentration of TfR staining within the perinuclear region
(Figure 1, D and E) was measured by kurtosis of a Gaussian model
of the TfR staining intensity over the area of the whole cell. Both
analyses were performed with ImageJ (National Institutes of Health,
Bethesda, MD), and data were normalized to control. Measurements
were subjected to t test.

Automated detection, tracking, and analysis of CCPs. Time-
lapse image series obtained by TIRF-M of cells expressing eGFP-
CLCa were subjected to automated detection, tracking, and analy-
sis using custom software in Matlab (MathWorks, Natick, MA; Aguet
et al., 2013). Briefly, CCPs were detected using a Gaussian-model
based approach to approximate the point spread function, followed
by tracking of CCPs through each image series (Jagaman et al.,
2008). Because CCPs are diffraction-limited objects, the amplitude
of the Gaussian model of the fluorescence intensity of eGFP-CLCa
informs about CCP size (Figure 3C). Given the heterogeneity of CCP
lifetimes, for eGFP-CLCa fluorescence intensity measurements of
CCP size, objects were separated into lifetime cohorts.

LYCAT localization correlation score. Dual-channel fluorescence
micrographs were subjected to automated and unbiased detection
of LYCAT structures and subsequent analysis using custom software
in Matlab. Determination of the LCS was done by quantifying the
correlation of fluorescence intensities of LYCAT and a second com-
partment marker signal (eGFP-KDEL, eGFP-PIS, or eGFP-E-Syt2)
within LYCAT structures. In dual-channel images, LYCAT objects
were detected by a Gaussian model-based approach (Aguet et al.,
2013; Garay et al., 2015), using only the LYCAT fluorescence chan-
nel for initial object detection. Within LYCAT objects, the fluores-
cence intensity corresponding to the amount of LYCAT or other pro-
tein within each object was determined by the amplitude of the
Gaussian model in each structure in each channel.

Given the variability of LYCAT and compartment marker expres-
sion levels in each cell and image, fluorescence intensity values (f)
were rescaled by converting raw fluorescence values to a fluores-
cence standard score (2) as follows: z= (f — p)/c, where p and ¢ are
the mean and SD of fluorescence values of that channel in that par-
ticular image, respectively. For each object, the LCS between two
channels, z; and 25, was determined as LCS=1-|z — 2 |.

To validate this method, we examined the LCS measurements in
sample images, shown in Supplemental Figure S6, B-D. We per-
formed LCS analysis on a pair of identical images (“model overlap”)
and the same pair of identical images in which one of the images
had undergone spatial randomization (180° rotation; “scrambled
channel position”). Before LCS analysis, the correlation of raw pixel
intensities of each channel in each detected LYCAT object shows the
expected result (Supplemental Figure S6B): virtually total complete
correlation between “model overlap” intensities and no correlation
between the “scrambled channel position” intensities. Note that
the correlation in the “model overlap” images is not perfect despite
the images in each channel being identical, as the detection of LY-
CAT structures by Gaussian model was done assuming two distinct
wavelengths for each channel (as per analysis of experimental im-
ages, as shown Figure 6), which was not the case in the sample data.
Nonetheless, despite the slight offset of the Gaussian model in the
secondary channel in the model images, this validation demon-
strates the usefulness of this analysis.
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A histogram of the calculated LCS values in these image sets
(Supplemental Figure S6C) shows that the “model overlap” images
have LCS values in the 0.85-1.0 range (close correlation), whereas,
as expected, the “scrambled channel position” images have LYCAT
puncta with LCS values that span the entire possible range (0-1.0).
LCS values were calculated for many “model overlap” and “scram-
bled channel position” images (Supplemental Figure S6D), showing
strong median correlation scores for “model overlap” images (~0.9)
and poor correlation (~0.2) for “scrambled channel position”
images.

A sample analysis of LYCAT and eGFP-PIS of the images shown
in Supplemental Figure S6A shows a strong correlation of raw fluo-
rescence intensities of LYCAT and eGFP-PIS within detected LYCAT
objects (Supplemental Figure S6E), as well as an LCS distribution
heavily skewed toward high LCS values (Supplemental Figure S6F).

Tfn colocalization with EEA1 or TfR

RPE cells were incubated with 20 ug/ml of Aé47-Tfn for indicated
times at 37°C and then immediately placed on ice and washed three
times in ice-cold PBS?* to remove unbound ligand, fixed in 4% para-
formaldehyde, permeabilized in 0.1% Triton X-100, stained with ei-
ther anti-EEA1 (Cell Signaling Technology) or anti-TfR (Santa Cruz
Biotechnology) and appropriate secondary antibodies, and then
mounted in fluorescence mounting medium (Dako). Colocalization
of A647-Tfn with either EEA1 or TfR was performed in ImageJ using
Pearson'’s r. The results were subjected to two-way analysis of vari-
ance (ANOVA) followed by Bonferonni's multiple comparison
posttest.

VSVG biosynthetic membrane traffic assay

RPE cells were transfected with VSVG-GFP and incubated overnight
at 40°C. To allow VSVG-GFP to exit the ER and accumulate in the
Golgi, the cells were switched to HEPES-buffered DMEM/F12 and
incubated at 20°C for 2 h. To visualize secretory vesicles in transit to
the PM, after the 20°C block, the cells were transferred to medium
prewarmed to 37°C and incubated for O, 15, 30, 60, or 90 min. After
incubation at 37°C for the indicated time points, cells were washed
and fixed with 4% paraformaldehyde for 15 min and washed with
PBS. The results were subjected to two-way ANOVA followed by
Bonferonni’s multiple comparison posttest.

TR recycling assay

TfR recycling (Figure 4C) was measured as previously described for
the measurement of recycling of glucose transporters (GLUTs); these
assays allow orthogonal measurement of internalization and recy-
cling kinetics (Antonescu et al., 2008; Ishikura et al., 2010). TfR recy-
cling was performed by incubating cells with (0.5 pg/ml) anti-TfR
antibodies, which recognize an exofacial epitope on the receptor
(Santa Cruz Biotechnology) in serum-free DMEM to cells, for O, 1, 2,
or 3 hat37°C. This process results in labeling of TfR molecules upon
their exposure to the extracellular milieu, as occurs during recycling
to the cell surface. Subsequently cells were washed three times in
ice-cold PBS?* to remove unbound TfR antibodies, fixed in 4% para-
formaldehyde, permeabilized in 0.1% Triton X-100, and then probed
with secondary antibodies to detect all anti-TfR antibodies bound
during this assay (whether internalized or not). Samples were then
mounted in fluorescence mounting medium (Dako). The amount of
antibody bound during a given time interval, corresponding to TfR
recycling, was normalized to total cell TfR, measured in parallel. All
TfR staining intensity measurements were performed with ImageJ.
These measurements were subjected to two-way ANOVA followed
by Bonferonni’s multiple comparison posttest.
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Measurement of TfR recycling by this assay involves labeling of
TfR upon exposure to the extracellular milieu and does not subse-
quently distinguish between antibody-bound TfR that undergoes
internalization or that which remains at the cell surface (Antonescu
et al., 2008; Ishikura et al., 2010). It is possible that surface antibody
labeling by TfR is partial (but similarly so in all experimental condi-
tions), such that only a portion of TfRs is antibody labeled at each
round of recycling. This may explain why this method of recycling
results in longer apparent recycling time for TfR than the ~60 min
previously reported (e.g., Klausner et al., 1983; Stein and Sussman,
1986). If this is the case, then conditions in which TfR internalization
slowed may exhibit an overestimation of the rate of TfR recycling
rate, as each TR would have a longer cell surface residence time at
each round of recycling through the plasma membrane. As such,
given that LYCAT internalization is delayed in LYCAT-silenced cells
(Figure 3D), the rate of TfR recycling upon LYCAT silencing may be
delayed even further than what is apparent by use of this TfR recy-
cling assay (Figure 4C).

Tfn internalization assay

Cells were then incubated with 10 pug/ml biotinylated transferrin
(Invitrogen) for the indicated times at 37°C, after which they were
immediately placed on ice and washed three times in ice-cold PBS?*
to remove excess (unbound) ligand and arrest membrane traffic. Un-
internalized (surface-exposed) biotin-Tfn was quenched by se-
quential incubation with free avidin (3.1 pg/ml) and biocytin (5 pg/
ml). Cells were then solubilized in blocking buffer (0.05% Triton
X-100 and 0.05% SDS in Superblock solution; Thermo Fisher), and
cell lysates were plated onto enzyme-linked immunosorbent assay
plates coated with anti-Tfn antibodies and assayed for detectable
(internalized) biotin-Tfn using horseradish peroxidase—conjugated
streptavidin. Measurements of internalized Tfn were normalized to
the total levels of surface ligand binding measured at 4°C, measured
in parallel for each condition. The results were subjected to two-way
ANOVA followed by Bonferonni’s multiple comparison posttest.

[*H]myo-inositol-based detection of PIP levels

RPE cells were incubated for 24 h in inositol-free DMEM (MP Bio-
medicals, Santa Ana, CA) supplemented with 10 uCi/ml myo-[2-3
H(N)] inositol (PerkinElmer Life Sciences, Waltham, MA), 10% FBS,
4 mM L-glutamine, 1x insulin-transferrin-selenium-ethanolamine,
20 mM HEPES, and 1x penicillin/streptomycin. Cells were treated
with 600 pl of 4.5% perchloric acid (vol/vol) on ice for 15 min,
scraped, and pelleted at 12,000 x g for 10 min. Pellets were washed
with 1 ml of ice-cold 0.1 M ethylenediaminetetraacetic acid (EDTA)
and resuspended in 50 pl of water. Phospholipids were deacylated
with 500 pl of a solution of methanol/40% methylamine/1-butanol
(45.7% methanol:10.7% methylamine:11.4% 1-butanol [vol/vol]) for
50 min at 53°C. Samples were vacuum-dried and washed twice with
water. The dried samples were then resuspended in water, extracted
with a solution of 1-butanol/ethyl ether/ethyl formate (20:4:1), vor-
texed for 5 min, and centrifuged at 12,000 x g for 2 min. The bottom
aqueous layer was collected and extracted twice more. The aqueous
layer was vacuum-dried and resuspended in 50 pl of water. Equal
counts of 3H were separated by HPLC (Agilent Technologies, Santa
Clara, CA) through an anion exchange 4.6 x 250 mm column (Phe-
nomenex, Torrance, CA) with a flow rate of 1 ml/min and subjected
to a gradient of water (buffer A) and 1 M (NHy4),HPOy, pH 3.8 (buffer
B). The radiolabeled eluant was detected by B-RAM 4 (LabLogic,
Brandon, FL) with a 1:2.5 ratio of eluate to scintillant (LabLogic) and
analyzed using Laura 4 software. Each of the PIPs was normalized
against the parent Pl peak. Measurements were subjected to t test.
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Phospholipid analysis by LC-ESI-MS/MS

Cells were washed in cold PBS, scraped, and then flash frozen. Lip-
ids were extracted by the method of Bligh and Dyer (1959). Phos-
pholipids in lipid extracts quantitated by using the inorganic
phosphorus assay. Internal standards (13:0/15:0 PC, PE, PI, and PS)
were added to the samples before LC-ESI-MS/MS analysis. The LC-
ESI-MS/MS analysis was performed on a Shimadzu Nexera ultra-
high-performance liquid chromatography system (Shimadzu, Kyoto,
Japan) coupled with a QTRAP 4500 hybrid triple quadrupole linear
ion trap mass spectrometer (AB SCIEX, Framingham, MA). Chro-
matographic separation was performed on an Acquity UPLC HSS
T3 column (100 mm x 2.1 mm, 1.8 um; Waters, Mississauga, ON,
Canada) maintained at 40°C using mobile phase A (water/methanol
50/50 [vol/vol] containing 10 mM ammonium acetate and 0.2% ace-
tic acid) and mobile phase B (isopropanol/acetone 50/50 [vol/vol]) in
a gradient program (0-3 min: 30% B — 50% B; 3-24 min: 50% B —
90% B; 24-28 min: 30% B) with a flow rate of 0.3 ml/min. Neutral
loss scans of 74 and 87 Da in the negative-ion mode were used to
detect PC and PS, respectively. Neutral loss scan of 141 Da in the
positive-ion mode was used to detect PE. Precursor ion scan of m/z
= 241 in the negative-ion mode was used to detect Pl. The instru-
ment parameters for negative-ion mode were as follows: curtain
gas, 10 psi; collision gas, 7 arbitrary units; ionspray voltage, —4500 V;
temperature, 700°C; ion source gas 1, 30 psi; ion source gas 2,
70 psi; declustering potential, =96 V; entrance potential, =10 V; col-
lision energy, —36 V; and collision cell exit potential, —15.4 V. The
instrument parameters for positive-ion mode were as follows: cur-
tain gas, 10 psi; collision gas, 7 arbitrary units; ionspray voltage,
4500 V; temperature, 700°C; ion source gas 1, 30 psi; ion source gas
2, 50 psi; declustering potential, 116 V; entrance potential, 10 V;
collision energy, 31 V; and collision cell exit potential, 12 V. Quanti-
fication was performed by integration of the peak area of the ex-
tracted ion chromatograms for each phospholipid species.

Phosphoinositide measurements by phosphate methylation
and LC-ESI-MS/MS

Cells (~10° cells) were washed with cold PBS, scraped in 1 M HCl,
and centrifuged at 15,000 x g for 5 min. The pellets were resus-
pended in 170 pl of water and 750 pl of CHCI3/MeOH/1 M HCI
(2:1:0.1 [vol/vol]) and incubated for 5 min at room temperature. To
each sample, 725 pl of CHCI3 and 170 pl of 2 M HCI were added,
followed by vortexing. After centrifugation at 1500 x g for 5 min,
the lower phase was collected and washed with 780 pl of pre-
derivatization wash solution (the upper phase of CHCl3/MeOH/0.01
M HCI (2:1:0.75 [vol/vol]). The lipid extracts were derivatized by
adding 50 pl of 2 M TMS-diazomethane in hexane. The derivatiza-
tion was carried out at room temperature for 10 min and stopped
by adding 6 pl of glacial acetic acid. The derivatized samples were
washed twice with 700 pl of postderivatization wash solution (the
upper phase of CHCl3/MeOH/water (2:1:0.75 [vol/vol]). After addi-
tion of 100 pl of MeOH/H,0 (9:1 [vol/vol]), the samples were dried
under a stream of Ny, dissolved in 80 pl of MeOH, and sonicated
briefly. After addition of 20 pl of water, the samples were subjected
to LC-ESI-MS/MS analysis. The LC-ESI-MS/MS analysis was per-
formed on a Shimadzu Nexera ultrahigh- performance liquid chro-
matography system coupled with a QTRAP 4500 hybrid triple quad-
rupole linear ion trap mass spectrometer. Chromatographic
separation was performed on an Acquity UPLC C4 BEH column
(100 mm x 2.1 mm, 1.8 pm; Waters) maintained at 40°C using
mobile phase A (water containing 0.1% formate) and mobile phase
B (acetonitrile containing 0.1% formate) in a gradient program
(0-5 min: 45% B; 5-10 min: 45% B — 100% B; 10-15 min: 100% B;

Molecular Biology of the Cell



15-16 min: 100% B — 45% B; 16-20 min: 45% B) with a flow rate of
0.1 ml/min. The instrument parameters for positive-ion mode were
as follows: curtain gas, 10 psi; collision gas, 7 arbitrary units; ion-
spray voltage, 4500 V; temperature, 600°C; ion source gas 1, 30 psi;
ion source gas 2, 50 psi; declustering potential, 121 V; entrance
potential, 10 V; collision energy, 39 V; and collision cell exit poten-
tial, 10 V. Phosphoinositides were identified and quantified by mul-
tiple reaction monitoring (MRM). MRM transition parameters are
shown in Supplemental Table S1.

For these measurements, an internal standard of 10 ng of 32:0
PIP, was added to each sample. However, normalization of lipid
counts to this internal standard was impractical due to the increase
in 32:0 and 34:0 PIP; in lipid samples from LYCAT-silenced cells.
That the raw counts of Pl and PIP between control and LYCAT-si-
lenced cells are very similar indicates that the differences in abun-
dance of specific acyl species of PIP, between these silencing condi-
tions is not due to differences in whole-sample preparation and
instead reflects changes in the levels of PIP, acyl species relative to
the cellular levels of Pl and PIP. Indeed, normalization of each PIP,
acyl species to the amount of 38:4 Pl in each control or LYCAT-si-
lenced sample (Supplemental Figure S4, D and E) illustrates the al-
terations of PIP, acyl species levels relative to Pl upon LYCAT
silencing.
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