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Golgi and plasma membrane pools of PI(4)P contribute
to plasma membrane PI(4,5)P, and maintenance of
KCNQ2/3 ion channel current

Eamonn J. Dickson, Jill B. Jensen, and Bertil Hille'

Department of Physiology and Biophysics, University of Washington School of Medicine, Seattle, WA 98195

Contributed by Bertil Hille, April 21, 2014 (sent for review February 4, 2014; reviewed by Nikita Gamper and Donald William Hilgemann)

Plasma membrane (PM) phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P;] regulates the activity of many ion channels and other
membrane-associated proteins. To determine precursor sources of
the PM PI(4,5)P, pool in tsA-201 cells, we monitored KCNQ2/3
channel currents and translocation of PHp 51 domains as real-time
indicators of PM PI(4,5)P,, and translocation of PHogy2.2, and PHogpq
domains as indicators of PM and Golgi phosphatidylinositol 4-
phosphate [PI(4)P], respectively. We selectively depleted PI(4)P
pools at the PM, Golgi, or both using the rapamycin-recruitable
lipid 4-phosphatases. Depleting PI(4)P at the PM with a recruitable
4-phosphatase (Sac1) results in a decrease of PI(4,5)P, measured by
electrical or optical indicators. Depleting PI(4)P at the Golgi with
the 4-phosphatase or disrupting membrane-transporting motors
induces a decline in PM PI(4,5)P,. Depleting PI(4)P simultaneously
at both the Golgi and the PM induces a larger decrease of PI(4,5)P,.
The decline of PI(4,5)P, following 4-phosphatase recruitment takes
1-2 min. Recruiting the endoplasmic reticulum (ER) toward the
Golgi membranes mimics the effects of depleting PI(4)P at the
Golgi, apparently due to the trans actions of endogenous ER
Sac1. Thus, maintenance of the PM pool of PI(4,5)P, appears to
depend on precursor pools of PI(4)P both in the PM and in the
Golgi. The decrease in PM PI(4,5)P, when Sac1 is recruited to the
Golgi suggests that the Golgi contribution is ongoing and that PI
(4,5)P, production may be coupled to important cell biological pro-
cesses such as membrane trafficking or lipid transfer activity.

phosphoinositides | wortmannin | pleckstrin homology domain

his paper concerns the dynamics of cellular pools of phos-
phoinositides, a family of phospholipids located on the
cytoplasmic leaflet of cellular membranes, that maintain cell
structure, cell motility, membrane identity, and membrane traf-
ficking; they also play key roles in signal transduction (1). Phos-
phatidylinositol (PI) can be phosphorylated at three positions
to generate seven additional species. The subcellular localization
of each phosphoinositide is tightly governed by the concurrent
presence of lipid kinases and lipid phosphatases (2, 3), giving
each membrane within the cell a unique and dynamic phos-
phoinositide signature (4). Phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P;] is localized to the inner leaflet of the plasma mem-
brane (PM) and is the major substrate of phospholipase C (PLC).
As a consequence, PI(4,5)P, levels are dynamically regulated by
Gq-coupled receptors activating PLC. The activity of lipid kina-
ses and phosphatases also can be modulated by signaling; for
example, a PI 4-kinase, when associated with neuronal calcium
sensor-1, is accelerated in response to elevated calcium that occurs
with PI(4,5)P, cleavage (5). In addition, transient apposition
between organelles can alter phosphoinositide levels by pre-
senting membrane-bound phosphatases in trans. For example,
the endoplasmic reticulum (ER) can make contacts with the Golgi,
allowing 4-phosphatases of the ER to dephosphorylate Golgi
phosphatidylinositol 4-phosphate [PI(4)P] (6-8).
PI(4,5)P, is a dynamically regulated positive cofactor required
for the activity of many plasma membrane ion channels (9). Current in
KCNQ?2/3 channels (the molecular correlate of neuronal M-current)
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can be turned off in a few seconds by depletion of PI(4,5)P,
following activation of PLC through G4-coupled M; muscarinic
receptors (M;Rs) (10-12). Given the importance of PI(4,5)P,,
we wanted to understand better how it is sourced from its pre-
cursor PI(4)P within the cell. How do subcellular compartments
influence PI(4,5)P, abundance at the plasma membrane? PI(4,5)P,
is derived from PI in two steps: PI 4-kinases make PI(4)P, and
PI(4)P 5-kinases make PI(4,5)P,. Thus, PI(4)P is the immediate
precursor of PI(4,5)P,. Mammalian cells express at least four
distinct isoforms of PI 4-kinase that phosphorylate PI on the 4
position to generate PI(4)P and are commonly referred to as
PI4K types II (o and B) and III (« and B) (1, 13). PI 4-kinase type
Il generates PI(4)P at both the Golgi and the PM (14-16).
Originally thought to be localized to an ER/Golgi compartment
(17, 18), recent experiments show that it is targeted to the plasma
membrane by a palmitoylated peripheral membrane protein (16).
PI 4-kinase III is said to be localized to the Golgi and nucleus
and contributes to the biosynthesis of Golgi PI(4)P through its
association with Arfl and neuronal calcium sensor 1 (19-21).
Inhibition of PI 4-kinase Illa and -f with micromolar concen-
trations of wortmannin prevents the replenishment of PM
PI(4,5)P, following PLC activation (10, 22, 23). Type Ila and IIp
PI4Ks are membrane-bound proteins due to the palmitoylation
of a conserved stretch of cysteines in their catalytic domains (24).
Immunocytochemical analysis has revealed that they are mostly
associated with frans-Golgi, endoplasmic reticulum, and endo-
somal membranes (25-27). These type Ila and IIf enzymes are
blocked by adenosine and calcium, but are resistant to wort-
mannin. Therefore, they are not thought to contribute to the
recovery of PM PI(4,5)P, following Gg-receptor activation (10,
24). Our understanding of the contribution of the PI 4-kinase

Significance

Phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,] is a key in-
formational phospholipid, localized to and defining the inner
leaflet of the plasma membrane (PM). How PM PI(4,5)P, is
sourced and regulated is critically important to the under-
standing of cellular trafficking, cell motility, membrane identity,
and ion channel activity. The immediate precursor of PI(4,5)P; is
PI(4)P. Direct evidence detailing the location and contribution of
PI(4)P pool(s) maintaining steady-state PM PI(4,5)P, is lacking.
We find that PM PI(4,5)P, levels are supported by at least two
continuously supplying precursor pools of PI(4)P, one in the PM
and the other in the Golgi. The contribution of the Golgi pool of
PI(4)P highlights the possibility that PM PI(4,5)P, production is
coupled to important cell biological processes.
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Table 1. Rapamycin inducible dimerization partners

Post-rapamycin
FKBP- Pre-rapamycin FRB-anchor name/ FKBP-construct
construct localization localization localization Perturbation Used in figure
PJ Cyto. Lynq1-FRB/PM PM PM PI(4,5)P, — PI Fig. 2, Fig. S2
PJ-5P Cyto. Lyn4-FRB/PM PM PM PI(4,5)P, — PI(4)P Fig. 2
PJ-4P Cyto. Lynq,-FRB/PM PM PM PI(4)P — PI Fig. 2, Fig. S1, Fig. S4
PJ-Dead Cyto. Lynq41-FRB/PM PM No effect Fig. 2
PJ-4P Cyto. Tgn38-FRB/Tgn Tgn Tgn PI(4)P — PI Fig. 3, Fig. S2, Fig. S4
hSac Cyto. Tgn38-FRB/Tgn Tgn Tgn PI(4)P — PI Fig. 3
PJ-5P Cyto. Tgn38-FRB/Tgn Tgn Tgn PI(4,5)P, —PI(4)P Fig. 3
PJ-Dead Cyto. Tgn38-FRB/Tgn Tgn No effect Fig. 3
PJ-4P Cyto. Lynq,-FRB & Tgn38-FRB/PM & Tgn PM & Tgn PM & Tgn PI(4)P — PI Fig. 4, Fig. S3
CB5-FKBP ER Tgn38-FRB/Tgn Golgi ER and Tgn brought into Fig. 7

closer proximity

Cyto., cytoplasm; ER, endoplasmic reticulum; PM, plasma membrane; Tgn, trans-Golgi network.

isoforms is undergoing refinement by accumulating information
concerning the unique localization, trafficking, and activity of each
PI 4-kinase.

Although PI 4-kinase isoforms are present in the membranes
of several organelles, the most abundant pools of PI(4)P appear
to be those of the PM, Golgi, and secretory vesicles (13-15, 28).
A need for Golgi PI(4)P in the maintenance of PM PI(4,5)P, was
indirectly revealed when plasma membrane PI(4,5)P, recovery
was slowed following recruitment of a 4-phosphatase to the trans-
Golgi network (28). Depletion of PM PI(4)P has been shown to
result in small changes to PM PI(4,5)P, (15, 22), and knockout of
the PM-bound PI 4-kinase Il resulted in loss of PI(4)P and
a relocation of PI(4,5)P, biosensors to intracellular membranes
(16). Nevertheless, others have proposed that PM PI(4)P is re-
dundant for the synthesis of PM PI(4,5)P, (29-31) and may not
serve as its immediate precursor because treatment with the type III
PI 4-kinase inhibitor wortmannin or recruiting a 4-phosphatase
to the PM had little effect on the PM localization of the PI(4,5)P,
reporter, the pleckstrin homology (PH) domain from PLC51
(PHprcs1)-

Here, we revisit the relative contributions of PI(4)P pools to
PM PI(4,5)P,. We find that the majority of PM PI(4,5)P, needed
for maintenance of KCNQ currents comes from two precursor
pools of PI(4)P in the cell, one in the PM and the other in the
Golgi. The PM pool makes the larger contribution, but the
contribution from both locations is significant and ongoing.

Results

Phosphatase Tools to Deplete Specific Phosphoinositide Pools. Assessing
potential precursor sources for plasma membrane PI(4,5)P, re-
quired effective ways to deplete specific phosphoinositide pools.
We recruited lipid phosphatase enzymes to specific membrane
anchors using drug-induced dimerization. Enzymes coupled to
FK506 binding protein (FKBP) and membrane anchors coupled
to FKBP-rapamycin binding domain (FRB) were dimerized by the
addition of rapamycin. (see listing in Table 1). We focused on the
two membranes most likely to contribute to the maintenance of PM
PI(4,5)P,, the plasma membrane (using the Lyn;; anchor) and the
Golgi [using the frans-Golgi network 38 (Tgn38) anchor]. The
experiments used four lipid-phosphatase constructs related to
pseudojanin (PJ) (29) (Fig. 1). They are the dual phosphatase PJ
itself, which is an engineered tandem of a 5-phosphatase (INPPSE)
and a 4-phosphatase (Sacl), and its three point-mutant variants with
only the 4-phosphatase active (abbreviated as PJ-4P), with only the
S-phosphatase active (PJ-5P), and with both lipid phosphatases
inactivated (PJ-Dead). Of these, PJ-4P was used the most often
here, as after recruitment to a membrane by rapamycin it
would remove the 4-phosphate from PI(4)P to produce PI. Note

E2282 | www.pnas.org/cgi/doi/10.1073/pnas.1407133111

that the Sacl enzyme has diverse substrate selectivity, being able
to dephosphorylate PI(3)P, PI(4)P, and PI(3,5)P, [but not PI(4,5)P;]
into PI (32, 33). Because PI(4)P is more abundant than the
other Sacl substrates within the plasma and trans-Golgi mem-
branes, we use a simplified and imprecise notation, calling the PJ
construct that contains only Sacl, PJ-4P. Sometimes we call the
unmutated version of PJ “full PJ” to emphasize that it is an active
dual phosphatase. Each translocatable phosphatase construct had
a fluorescent protein [red fluorescent protein (RFP) or YFP] and
a FKBP domain at its N terminus and was localized primarily to the
cytoplasm when expressed in tsA-201 cells (e.g., confocal micro-
graph in Fig. 24).

Recruiting Sac1 Phosphatase to the Plasma Membrane Reduces PM PI
(4)P and PI(4,5)P,. The logic of our experiments with PJ-4P can be
understood by reference to the reaction schemes and cartoons at
the Top of Fig. 24. In preliminary experiments, we tested the
tandem PH domains of oxysterol-binding protein homolog 2
(PHosmaxo) to see if it is a specific monitor of PM PI(4)P (Table 2).
There are differing reports regarding the selectivity of oxy-
sterol-binding protein homologs (OSH) proteins for PM PI(4)P.
A construct with a single PHosy, domain has been used to re-
port both PI(4)P and PI(4,5)P, in vitro (34, 35) but also has been
used to monitor PI(4)P levels in mammalian cell lines (16). On
the other hand, the tandem PHogpox2 probe is considered more
selective for PM PI(4)P (14, 36-38). Indeed, two observations
suggest that the PHpgpox2 probe has greater sensitivity to PM
PI(4)P over PM PI(4,5)P,. First, we find that recruitment of PJ-5P
to the PM, which dephosphorylates P1(4,5)P, into PI(4)P, caused
a small increase in PHogpoxo probe intensity at the PM (Fig. S14).
Second, following the addition of rapamycin and consequent
recruitment of PJ-4P to the PM anchor (LDR: N-terminal se-
quence of Lyn kinase coupled to FRB domain), the PHosHox2
intensity decreased at the PM and increased concurrently in the
cytoplasm (Table 1 and Fig. S1B). Such observations are consis-
tent with the concept that PHogspox monitors PM PI(4)P, but do
not unequivocally rule out some interaction with PM PI(4,5)P,.

Table 2. Lipid indicator domains

Used as indicator  Localization in
Name for: resting cell Figure in text
PHpics1 PM PI(4,5)P, PM Fig. 2
PHoshax2  PM PI(4)P PM Fig. S1
PHosH1 Tgn PI(4)P Tgn Figs. 3 and 7; Fig. S4
ING2 PI(5)P Cytoplasm Fig. S1

Cyto., cytoplasm; Tgn: trans-Golgi network; PM, plasma membrane.
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Because the enzymatic selectivity of PJ-4P has no such ambiguity
and dephosphorylates only PI(4)P, and not PI(4,5)P,, into PI
(32), we decided to test for a PM pool of PI(4)P contributing
to PM PI(4,5)P, by monitoring PM PI(4,5)P, directly using a
PHpy cs1 probe (Table 2) and by recruiting PJ-4P. Consistent
with the concept of a PM precursor pool of PI(4)P, the addition
of rapamycin and recruitment of PJ-4P to the PM led to a de-
crease in PHp; c5; intensity at the PM (Fig. 24). This decrease of
PM PI(4,5)P, after recruiting PJ-4P was slower (exponential time
constant: T = 61 s) than that after recruiting either the full PJ or
PJ-5P, which cleave PI(4,5)P, directly (v = ~10 s; Fig. 2B). We
suggest that the delayed decrease in PM PHp| ¢5; intensity, fol-
lowing PJ-4P recruitment, represents a secondary decline of PM
PI(4,5)P, following depletion of a precursor PM pool of PI(4)P.

Two control experiments provided further evidence that the
slow decrease in PHpy 5, intensity is due to selective depletion
of a PM PI(4)P pool and not to direct dephosphorylation of
PI(4,5)P, or to an effect of rapamycin recruitment alone. First, we
used a fluorescent probe for PI(5)P PH (GFP-ING2-PH, Table 2)
(39). If PJ-4P were able to remove a phosphate from the 4 po-
sition of PI(4,5)P,, it would be expected to generate PI(5)P at
the PM. However, with recruitment of PJ-4P to the PM there
was no change in intensity of GFP-ING2-PH at the PM (Fig.
S1C). As a positive control of the probe, dialysis of 5 pM diCg
D-myo-phosphatidylinositol 5-phosphate [PI(5)P] into the same
cell via a patch pipette did result in an increase in PM GFP-ING2-
PH intensity (Fig. S1). This experiment fully supports the existing
literature detailing the inability of Sacl to dephosphorylate
PI(4,5)P, directly. Second, recruiting the inactive PJ-Dead to the
PM resulted in no change in PHp; cs; intensity (Fig. 2B). Col-
lectively, these results provide evidence that (i) recruiting PJ-4P
to the PM directly dephosphorylates a PM pool of PI(4)P and that
(i) this PM pool is a precursor for the generation and maintenance
of PM PI(4,5)P,.

PM PI(4)P Makes a Large Contribution to PM PI(4,5)P, and KCNQ2/3
Currents. KCNQ?2/3 channels require PI(4,5)P, as a cofactor for
function. We used these channels as a sensitive monitor of PM
PI(4,5)P,. Replacing RFP with YFP on the N-terminal of the PJ
construct allowed us to measure the Forster resonance energy
transfer (FRET) between PJ and a membrane anchor (YFP-PJ-
4P, acceptor; LDR-CFP, anchor and donor). An increase in
FRET ratio (FRET,) would indicate positive recruitment of PJ-4P
to the intended membrane of interest (Fig. 2 £ and F and Fig.
S2). Recruiting YFP-PJ-Dead to the PM anchor LDR-CFP
consistently produced both an increase in acceptor fluorescence
YFPc and a decrease in the donor fluorescence CFPc, reflecting
recruitment as an increase in FRET,, but no change in KCNQ2/3
currents (Fig. 2C, solid black line). Rapamycin-induced recruit-
ment of either YFP-PJ-5P (Fig. 2C, blue line) or YFP-PJ (Fig.
2C, green line) to the PM-initiated rapid increases in FRET,
(translocation) and also very rapid reduction in KCNQ?2/3 currents

Pseudojanin (PJ) PJ-5P
FKBP Sac1 INPP5E FKBP Eacf INPP5E
PJ-4P PJ-Dead

Sac1 § i FKBP ;Cacﬁ IéPi

Fig. 1. Diagram of the four pseudojanin constructs and their names. PJ:
engineered tandem 5-phosphatase (INPP5E) and 4-phosphatase (Sac1). PJ-4P:
Only the 4-phosphatase is catalytically active. PJ-5P: Only the 5-phosphatase
is active. PJ-Dead: Both enzymes are catalytically inactive. Each construct has
an RFP (red oval) and FKBP domain at its N terminus.
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Fig. 2. Recruiting pseudojanin 4- and 5-phosphatases to the plasma mem-
brane reduces plasma membrane PI(4,5)P, and KCNQ2/3 current. (A) Schematic
representation of PI(4)P depletion by pseudojanin-Sac (PJ-4P) recruitment to
the PM. PI, phosphatidylinositol; PIP, phosphatidylinositol 4-phosphate; PIP,,
phosphatidylinositol 4,5-bisphosphate; PHp cs1, pleckstrin homology domain
of phospholipase C81; Sac1, 4-phosphatase; INPP5E, 5-phosphatase. Re-
cruitment of PJ-4P to the plasma membrane reduces PI(4,5)P, levels at the
plasma membrane. Inverted confocal micrographs of RFP-PJ-4P and PHp cs
distribution before (Left) and after (Right) 5 UM rapamycin. (B) Averaged
normalized time courses (symbols; n = 7) and single-exponential fits (solid
lines) of plasma membrane PHp c51 intensity following recruitment of PJ
enzymes to plasma membrane with the addition of 5 uM rapamycin. PJ
(triangles, green line); PJ-4P, PJ with 4-phosphatase only (INPP5E inactivated;
circles, red line); PJ-5P, PJ with 5-phosphatase only (Sac inactivated; dia-
monds, blue line); PJ-Dead, mutant PJ with both phosphatases inactivated
(squares, black line). (C) Averaged normalized time courses (n = 6) of KCNQ2/3
current with 5 uM rapamycin. (D) Summary of percentage decrease of KCNQ2/3
current (Left) and time constants of single-exponential fits (Right) after re-
cruitment of four enzymes. (E) Averaged time courses of KCNQ2/3 current
(left axis, black line) and FRET, between YFP-PJ-4P and LDR-CFP (right axis,
red line) with application of 5 pM rapamycin and 10 pM oxotremorine-M. M,
muscarinic receptor is coexpressed. (F) Averaged time courses of KCNQ2/3
current (left axis, black line) and FRET, (right axis, red line) with application
of 5 uM rapamycin and four activations of voltage-sensitive phosphatase by
1-s depolarizations to +100 mV (asterisks).
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by ~90% (t of KCNQ inhibition: PJ = 13 s; PJ-5P = 10's; Fig. 2 C
and D). The decreases of KCNQ2/3 current with recruitment of
PJ or PJ-5P report the dephosphorylation of PM P1(4,5)P; at the
5 position. When, instead, PJ-4P was recruited to the PM, we
found that KCNQ2/3 currents were reduced by only ~60%,
starting at once but at a much slower rate than with either PJ or
PJ-5P (v of KCNQ inhibition with PJ-Sac = 141 s; Fig. 2 C-F).
Once KCNQ2/3 currents had reached a new steady-state level,
the remaining PI(4,5)P, could still be depleted by activation (i)
of PLC through the M;R agonist Oxo-M (10 pM) or (ii) of
voltage-sensitive phosphatase (VSP) (Fig. 2 E and F). Note that
KCNQ?2/3 tail currents subsequently recovered to a similar level
as before either MR or VSP activation. These experiments are
compatible with a significant plasma membrane pool of PI(4)P
that helps maintain the PM PI(4,5)P, pool that supports KCNQ2/3
currents. They also suggest that there could be additional sources
of PI(4)P in locations other than the PM because KCNQ2/3 cur-
rents do not fall to zero and recovery from PI(4,5)P, depletion still
occurs. We next consider the Golgi as an additional source for
maintaining PM PI(4,5)P,.

Recruiting Sac1 Phosphatase to the Golgi Depletes Golgi PI(4)P. A
classical source of PI(4)P is the Golgi (40, 41). Several PH-domain
probes have high in vitro specificity for Golgi PI(4)P including the
four-phosphate-adaptor protein (FAPP) 1, the oxysterol-binding
protein (OSBP), and the oxysterol-binding protein homologs
(OSH). These probes report PI(4)P well in the Golgi because
they also require Arfl-GTP, which is located at the Golgi. Here
we use PHogpy as the reporter of Golgi PI(4)P, but preliminary
experiments with the other PI(4)P probes gave similar results.

Under controlled expression conditions (Materials and Meth-
ods), PHpgy; was tightly localized to the frans-Golgi network
(Fig. 34). Recruiting the cytosolic PJ-4P to the trans-Golgi net-
work anchor Tgn38-FRB-CFP (Table 1) resulted in a decline in
the intensity of the Golgi P1(4)P reporter PHosy (Fig. 34 and
red line in Fig. 3B; Movie S1) with a time constant of T = 61 s.
The reduction of PHpgsy over the Golgi parallels the increase in
PJ-4P intensity over the same region of interest (Fig. 34). To
validate the actions of the yeast Sacl domain in the PJ-4P con-
struct, we performed confocal time series experiments while
recruiting a truncated human Sacl 4-phosphatase (hSacly,) to
Tgn38. The hSacl,, enzyme was cytoplasmic because the ER-
localizing transmembrane segments were absent (28). As with
PJ-4P, rapamycin induced an increase in mRFP-FKBP-hSacl,,
intensity and a decrease in PHpgyy; over the same region of in-
terest (Fig. 3B, dashed orange line). The time constant for
PHosy release from the Golgi to the cytosol was similar for the
two Sac constructs (Fig. 3B). The functional similarity between
actions of yeast and human Sacl is consistent with the high de-
gree of sequence similarity between the Sacl orthologs (33, 42).
The fluorescence intensity of PHogy remained unchanged fol-
lowing recruitment of PJ-Dead to the Golgi (Fig. 3B).

Previous quantitative analysis of the trafficking patterns of
Tgn38 (our Golgi anchor) revealed an apparent steady-state
distributed between the trans-Golgi network (~80%), plasma
membrane (~10%), and recycling endosomes (~10%) (43). There-
fore, in our experiments we selected cells that had a predominance
of Tgn38-FRB-CFP localized to the trans-Golgi with little de-
tectable expression at the PM or other cytoplasmic structures.
Nevertheless, as an important control to verify proper Golgi
targeting, we used the Tgn38-FRB-CFP anchor to recruit the
powerful 5-phosphatase PJ-5P (Fig. 3C). Addition of rapamycin
led to only minor changes in the KCNQ2/3 tail current (<5%),
allowing us to conclude that the fraction of this anchor residing
in the PM under our controlled expression conditions is too
small to bias our results. Together, our data so far suggest that
PJ-4P can be used to reduce PI(4)P levels selectively either at the
PM or at the Golgi. With this background, we now can ask what
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Fig. 3. Recruiting pseudojanin 4-phosphatase to the Golgi reduces Golgi Pl
(4)P and plasma membrane KCNQ2/3 current. (A) Schematic of PI(4)P de-
pletion following PJ-4P recruitment to the Golgi. OSH1, oxysterol-binding
protein homolog 1. Inverted confocal images of PJ-4P and PHqsy; before and
after 5 uM rapamycin. (B) Averaged normalized time courses (n = 7) of the
Golgi intensity of the PI(4)P probe OSH1 with addition of 5 uM rapamycin in
the presence of each of the four recruitable PJ enzymes. (Inset) Inverted
confocal images of a representative cell before (Upper) and during (Lower)
the recruitment of PJ-4P by rapamycin. Note same cell as in A. (Right)
Summary of percentage decrease of OSH1 Golgi intensity and time constants
(tau) of single-exponential fits after enzyme recruitment. (C) Averaged nor-
malized time courses of KCNQ2/3 current with addition of 5 pM rapamycin
in the presence of three Golgi-targeted enzymes. (Right) Summary of per-
centage decrease of KCNQ2/3 current (Left) and time constants of single-
exponential fits (Right) after enzyme recruitment. (D) Averaged time courses
of KCNQ2/3 current (left axis, black line) and FRET, between YFP-PJ-4P and
LDR-CFP (right axis, red line) with application of 5 uM rapamycin and 10 pM
oxotremorine-M. M; muscarinic receptor is coexpressed.

effect depleting Golgi PI(4)P has on the PM pool of PI(4,5)P,
that supports KCNQ2/3 channel activity.

Golgi PI(4)P also Contributes to PM PI(4,5)P,. To deplete Golgi PI(4)
P pools, we recruited the YFP-PJ-4P enzyme to Tgn38-FRB-CFP.
At the same time, we monitored FRET as an indicator of trans-
location of YFP-PJ-4P and recorded PM KNCQ2/3 currents as a
reporter of PM PI(4,5)P; levels. Upon the addition of rapamycin,
cytosolic YFP-PJ-4P was reliably recruited to the trans-Golgi
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as indicated by increasing FRET; (Fig. 3D and Fig. S2). A con-
current slow ~30% decrease in KCNQ2/3 tail currents (Fig. 3C,
red line; T = 59 s) suggested that Golgi PI(4)P contributes to
PI(4,5)P, synthesis at the PM. Following muscarinic receptor
activation of PLC, the remaining PI(4,5)P, was hydrolyzed,
and the KCNQ?2/3 tail current was further inhibited (Fig. 3D).
Together, the results suggest that roughly 30% (summary his-
togram, Fig. 3C) of the PM PI(4,5)P, pool is derived from a
Golgi PI(4)P pool.

We tested whether depleting PI(4)P simultaneously at the PM
and the Golgi would have a more powerful effect, giving more
full inhibition of KCNQZ2/3 tail currents. For these experiments
we transiently cotransfected two anchors, PM LDR-CFP and
Tgn38-FRB-CFP, along with PJ-4P and KCNQ2/3 (Table 1 and
Fig. 44). Separate confocal experiments confirmed that PJ-4P
was initially cytosolic and that it was recruited to both anchors
following rapamycin application (Fig. S3). In the electrophysi-
ology experiments, we found that rapamycin recruited cytosolic
PJ-4P to both anchors, increasing the FRET,, and that KCNQ2/3
tail currents were strongly reduced (Fig. 4B, black line; ~75%
reduction; T = ~100 s). Evidently PI(4)P pools of the PM and of
the Golgi together contribute the majority of PI(4)P needed for
maintenance of PM PI(4,5)P,.

Inhibiting Pl 4-Kinases Reduces KCNQ2/3 Current. PI(4)P is synthe-
sized from PI by type II and type III PI 4-kinases (1). We asked
whether both classes of PI 4-kinase contribute precursor PI(4)P
that ultimately enters the PM PI(4,5)P, pool. As general blockers
of each class of PI 4-kinase, we used the type Ila and type IIp
inhibitor cytosolic adenosine (25, 44) and the type IIla and type
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Fig. 4. Recruiting PJ-4P to the plasma membrane and simultaneously to the
Golgi reduces KCNQ2/3 current in an additive manner. (A) Schematic of PJ-4P
recruitment to both the plasma membrane and the trans-Golgi network. The
INPP5E 5-phosphatase is inactivated, leaving only Sac1 4-phosphatase ac-
tivity. (B) Averaged normalized time courses (n = 5) of KCNQ2/3 current with
addition of 5 uM rapamycin. For comparison, data are plotted for re-
cruitment to the Golgi (green line) or the plasma membrane (red line) alone.
(Right) Summary of percentage decrease of KCNQ2/3 current and time
constant (tau) of single-exponential fits.
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IIIB inhibitor wortmannin. PI 4-kinase type IIla localizes to the
PM and makes significant contributions toward cellular PI(4,5)P,
(13, 14, 16, 23, 30, 45). In control experiments, the KCNQ2/3
current is quite stable during 500 s of whole-cell recording (Fig.
5A). Application of wortmannin (30 pM) to block the type III
kinases reduced the current by ~15% within a minute (Fig. 5B,
summarized in F). Dialysis of adenosine (500 pM) through the
patch pipette to block type II kinases was more effective, imme-
diately initiating a slow (7 = ~50 s), ~40% reduction of KCNQZ2/3
currents (Fig. 5 C and E, summarized in F). To verify that aden-
osine actually was acting on phosphoinositide metabolism, we
asked whether it also reduces FRET, between CFP-PHp; 5, and
YFP-PHp; cs1, @ photometric measure of PI(4,5)P,. Similar to the
results with KCNQ2/3 channels, application of adenosine through
the patch pipette reduced FRET, between CFP-PHp; s, and
YFP-PHp cs; (red line in Fig. 5D, summarized in F). We suggest
that the adenosine-mediated reduction of KCNQ2/3 current and
FRET, is through inhibition of PI 4-kinase activity and sub-
sequent reduction of PM PI(4,5)P,. When wortmannin (30 pM)
was applied following the application of adenosine, KCNQ2/3
currents declined further to 90% inhibition (Fig. SE). Thus, in
steady-state, quiescent cells, both 4-kinase activities make a con-
tribution, but the type II enzyme activity seems to be more im-
portant than type III activity to maintain KCNQ2/3 currents and
the PM PI(4,5)P, pool.

Disrupting the Golgi or Inhibiting Myosin Il ATPase Activity Reduces
KCNQ2/3 Currents. Continuing our analysis of the significance of
the Golgi for maintaining PM PI1(4,5)P,, we tested the effect of
brefeldin A (BFA) on KCNQ?2/3 currents and on the localization
of YFP-PHpy 5;- BFA is an inhibitor of Arfl that disrupts transport
from the endoplasmic reticulum to the Golgi by (i) collapsing the
Golgi back into the ER, where (ii) endogenous ER-resident Sacl
effectively depletes PI(4)P. As reported by others (14), we found
that treatment with BFA leads to rapid release of PI(4)P PH
domains from the Golgi complex and disruption of the Golgi
(Fig. S4). Hence, we reasoned that treatment with BFA might
have similar effects on KCNQ?2/3 currents or PM YFP-PHp; 51
intensity as recruitment of PJ-Sac to the Golgi. Indeed, appli-
cation of 5 pg/mL BFA decreased both KCNQ2/3 currents (Fig.
64) and the intensity of YFP-PHp; c5; measured over an entire
total internal reflection fluorescence (TIRF) footprint (Fig. 6C)
by ~20% (quantified in Fig. 6F). The presence of BFA did not
alter (i) the further inhibition of KCNQ2/3 current or decrease
in YFP-PHp 5 intensity by MR activation or (ii) their rates of
recovery following M R activation. Applying wortmannin to-
gether with BFA led to a larger decrease in KCNQ2/3 currents
than with BFA alone (Fig. 6F versus Fig. 64).

Along similar lines, we tested the hypothesis that cytoskeletal-
assisted vesicle transport helps to replenish or maintain the PM
pool of PI(4,5)P,. We first disrupted myosin IT motors with the
general myosin II ATPase antagonist 2,3-butanedione monoxime
(BDM; 20 mM). BDM slowly (t = ~175 s; n = 7) decreased
KCNQ?2/3 currents by ~30% (Fig. 6 G and H). We next tested if
the more specific myosin II ATPase inhibitor, blebbistatin (20
uM), had an effect on PM PI(4,5)P,. Application of blebbistatin
quickly decreased PM KCNQ2/3 currents by ~15% (Fig. 6 I and
L). The blebbistatin-mediated fall in KCNQ2/3 currents was not
accompanied by any statistically significant change of whole-cell
membrane electrical capacitance, a measure of PM surface area.
The experimental change was -3 + 2% from a control capaci-
tance of Cy,, = 26 + 8 pF. A decrease in cell capacitance would be
predicted if one assumes that blebbistatin slows vesicular trans-
port to the PM more than endocytosis. To ensure that the de-
crease in KCNQ2/3 currents with blebbistatin was due to a loss of
PI(4,5)P,, we also monitored YFP-PHp 5; intensity at the PM.
As for KCNQ?2/3 currents, blebbistatin decreased the intensity of
PHpy s at the PM (Fig. 6 J-L). The rate of fall of KCNQ2/3
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Inhibitors of type Il and type Ill Pl 4-kinases reduce plasma membrane PI(4,5)P,. (A) Representative time course of KCNQ2/3 current in a control cell. (B)

Time course of KCNQ2/3 current with addition of 30 uM wortmannin. (C) Time course of KCNQ2/3 current in a cell with 500 pM adenosine in the patch pipette
solution. (D) Time course of FRET, between YFP-PHp 51 and CFP- PHp c51 in cells with (red line) or without (black line: control) 500 pM adenosine in the patch
pipette solution. Arrow indicates transition from on-cell to whole-cell patch clamp configuration, beginning the dialysis of adenosine into the cell. Note that
there is only a small change in FRET, after achieving “whole-cell” in control conditions, indicating that only a small amount of PHp 51 has dialyzed out of the
cell. Yellow bar marks the addition of 10 pM oxotremorine-M. M; muscarinic receptor is coexpressed. (E) Time course of KCNQ2/3 current in a cell with 1 mM
adenosine in the pipette solution and bath exposure to 50 pM wortmannin and 10 pM oxotremorine-M. M, muscarinic receptor is coexpressed. (F) Summary
of percentage decrease (Left) of KCNQ2/3 current and PHp csq intensity and time constant of single-exponential fit (Right) after addition of 30 pM wort-

mannin (n = 8) or 1 mM adenosine (n = 10).

currents following application of blebbistatin (Fig. 6L) was sim-
ilar to that observed following PJ-4P recruitment to Tgn38
(Fig. 3C). Thus, the effects of BFA, BDM, and blebbistatin on
KCNQ?2/3 currents and PM YFP-PHp c5; intensity are similar to
those following recruitment of PJ-4P to the Golgi (Fig. 3 C and D
versus Fig. 6 A, G, and /) and support the concept that some
PI(4)P is continually being delivered to the PM, potentially through
vesicular transport, to aid in the maintenance of PM PI(4,5)P,.

Endogenous Sac1 Can Dephosphorylate Golgi PI(4)P. The PJ con-
structs contain truncated and engineered versions of the Sac-1
and INPPSE phosphatases that allow PJs to exist as soluble cy-
toplasmic proteins. On the other hand, full-length wild-type Sacl
is an integral membrane protein that localizes to nuclear and
peripheral ER compartments in both yeast and mammals. Dur-
ing serum deprivation, Sacl has been reported to traffic from the
ER to the Golgi (6) and to down-regulate PI(4)P levels there.
Recent studies have proposed that ER Sacl also regulates PI(4)P
at the PM (6, 36). To test whether endogenous mammalian ER
Sacl is capable of regulating PI(4)P in our system, we recruited
ER membranes tagged with CFP-CB5-FKBP into apposition with
the Golgi using the Golgi anchor Tgn38-FRB and rapamycin-
induced dimerization (Table 1). At the same time, we monitored
PI(4)P levels in the Golgi with PHogy;. Upon the addition of
rapamycin, the PHogyyy intensity at the Golgi falls steadily (Fig.
7A, green line), whereas the mean intensity of the Golgi anchor
(blue line) remains constant over the same area of interest. The
decline of PHpgy suggests that bringing the ER into apposition
with the Golgi initiates dephosphorylation of PI(4)P to PI at the
Golgi. The constancy of the Golgi anchor intensity shows that the
measured decrease in Golgi PI(4)P reporter is not due to move-
ment of the Golgi out of the region or focal plane of interest. We
next tested the hypothesis that recruiting the ER to the Golgi
would recapitulate the response of KCNQ?2/3 currents to PJ-Sac
recruitment to the Golgi. Indeed, recruiting the ER in apposition
to the Golgi consistently resulted in a decrease in KCNQ2/3
currents at the PM (Fig. 7B). On average, KCNQ2/3 tail currents
fell by ~30%. The rate and total amount of reduction in KCNQ2/3
tail current was similar to that observed following recruitment of
PJ-4P to the Golgi (compare Fig. 3C with Fig. 7B).
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Discussion

We organize our discussion around the model of phosphoinosi-
tide pools shown in Fig. 7C. It represents a summary and working
hypothesis about the relations of pools of PI, PI(4)P, and PI(4,5)P,
in three organelles: PM, Golgi, and ER. In addition, it shows
phosphoinositide transfer proteins (PITPs) that deliver PI to the
PM (46) and a small, mobile organelle dubbed PIPerosome that
has been postulated to synthesize and deliver PI to several cel-
lular compartments (47). Our experiments in tsA-201 cells show
that (i) plasma membrane PI(4,5)P, levels are supported by at
least two precursor pools of PI(4)P, one in the PM and the other
in the Golgi; (ii) selectively depleting PI(4)P at either location
immediately initiates a slow reduction of KCNQ2/3 current or
PH probe intensity, suggesting that the PI(4)P contributions
from both pools are dynamic and ongoing; (iif) the contribution
of the PM PI(4)P pool seems greater than that of the Golgi; (iv)
translocating a 5-phosphatase to the Golgi has no effect on
KCNQ?2/3 currents, suggesting that the Golgi has no significant
PI(4,5)P, pool; (v) inhibiting myosin II-mediated transport pro-
duces declines in PM PI(4,5)P, similar to those with depletion of
Golgi PI(4)P, indicating continuous PI(4)P vesicular traffic from
the Golgi to the PM; and (vi) endogenous Sacl is capable of
dephosphorylating Golgi PI(4)P and thus potentially acts as
a regulator of PM PI(4,5)P;.

Plasma Membrane and Golgi PI(4)P Maintain KCNQ2/3 Currents. We
find that reducing PM PI(4)P, Golgi PI(4)P, or both simulta-
neously by PJ-4P results in a net reduction in KCNQ2/3 currents
by ~60, 30, and 75%, respectively. These decreases in KCNQ2/3
currents begin almost immediately in each case, suggesting that
both pools are delivering lipid continuously, possibly in a cycle as
a dynamic steady state. The concept that a Golgi pool of PI(4)P
acts as a precursor for PM PI(4,5)P, is further bolstered by
pharmacological experiments where disruption of the Golgi or-
ganelle, blockage of myosin motors, and inhibition of Golgi PI 4-
kinase enzymatic activity reduce KCNQ2/3 current by ~30%.
The weight of evidence seems strong. In the simplest interpre-
tation, ~30% of PI(4)P responsible for generating PM PI(4,5)P,
might traffic from the Golgi, whereas ~60% might be generated
de novo at the plasma membrane. However, this quantitative
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Fig. 6. Inhibitors of Golgi trafficking or myosin Il ATPase activity reduce PM PI(4,5)P,. (A) Time course of KCNQ2/3 current with addition of 5 pg/mL BFA. (B) As
in A, with addition of 10 pM oxotremorine-M, M1R is overexpressed. (C) Time course of normalized YFP-PHp c51 intensity within a TIRF footprint following the
addition of BFA. (D) As in C, with the addition of the muscarinic agonist, Oxo-M (10 uM), M;R is overexpressed. (E) As in A and B, with the addition of 30 uM
wortmannin. (F) Summary of percentage decrease (Left) and time constant of single-exponential fit (Right) of KCNQ2/3 current and YFP-PHp 51 intensity after
BFA alone (KCNQ2/3: n = 10; YFP-PHp cs1: n = 6). Note that the percentage change in YFP-PHp cs1 intensity is normalized to Oxo-M response. (G) Time course
of KCNQ2/3 current with addition of 20 mM BDM. (H) Summary of percentage decrease of KCNQ2/3 current (Left) and time constant of single-exponential fit
(Right) after addition of 20 mM BDM (n = 7). (/) Time course of KCNQ2/3 current following the addition of blebbistatin (30 pM) and Oxo-M (10 uM). (J) Time
course of normalized YFP-PHp c51 intensity within a TIRF footprint following the addition of blebbistatin and Oxo-M. (K) Same cell as in J. (Upper) Inverted
TIRF footprints from a cell expressing YFP-PHp, 51 before, during, and after blebbistatin and Oxo-M. (Lower) Kymograph of YFP-PHp cs intensity taken from
black line. (L) Summary of percentage decrease (Left) and time constant of single-exponential fit (Right) of KCNQ2/3 current and YFP-PHp cs1 intensity after
blebbistatin alone (KCNQ2/3: n = 5; YFP-PHp cs51: n = 10). Note that the percentage change in YFP-PHp cs1 intensity is normalized to the Oxo-M response.

interpretation must be tempered by several possibilities. First,
depletion in one of these compartments might accelerate syn-
thesis or delivery from the other, partially masking the full effect
(48-51). Second, PM-targeted PJ-4P likely can act on PI(4)P in the
PM regardless of its source (i.e., synthesized at the PM or coming
from the Golgi pool), thereby reporting the combined effect
of both PI(4)P sources. Third, it is possible that Golgi-targeted
PJ-4P also acts at points distal from the Golgi, thereby over-
estimating the pool of PI(4)P present in this organelle. Such a
compartment would be expected to contain PI(4)P and ultimately
traffic to the PM.

Our results are consistent with previous evidence for precursor
sources for PM PI(4,5)P, synthesis localized to the PM and the
Golgi (28, 49, 52-54). For example, following transient activation
of voltage-sensitive 5-phosphatase (49, 54), the recovery of PM
PI(4,5)P, from its PM PI(4)P precursor is extremely fast (t =
~10 s), suggesting that these pools normally may be in a rapid,
dynamic equilibrium. Nevertheless, recent studies monitoring
phosphoinositide levels by isotope labeling, mass spectrometry,
and antibody staining in fixed cells have advanced the idea that
the participation of PM PI(4)P pools in maintaining resting PM
PI(4,5)P, is truly minor (29-31). Our experimental methods
differ from theirs in that we record from single, living cells,
monitor enzyme recruitment by FRET, and use KCNQ2/3 cur-
rents as a real-time readout of PM PI(4,5)P, levels. A likely
explanation for these differences is that the various PI(4,5)P,
sensors (PH domains, antibodies, KCNQ?2/3 channels, and iso-
tope labeling) have different sensitivities and different non-
linearities and may not monitor identical pools of PM PI(4,5)P;.
There is also some evidence for signaling microdomains (55-57)
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and independent pools of PI1(4,5)P, (58, 59) in nanodomains (60,
61), possibilities that remain controversial (62).

Our experiments provide some temporal information. As mea-
sured by FRET, rapamycin-induced recruitment of enzymes to
target anchors occurs in ~10 s. In about the same short time,
recruiting PJ or PJ-5P to the PM can deplete nearly all of the PM
PI(4,5)P,, as reported by KCNQ2/3 channels and by PHpy cs;.
This is a fast direct action of the enzymes. The 5-phosphatase can
deplete the PI(4,5)P, pool in <10 s. By contrast, all of the actions
of PJ-4P appear slow. They have 60- to 150-s time constants. This
is true of the direct actions of PJ-4P, such as depletion of P1(4)P
as measured by OSH1 and OSH2x2, as well as of the indirect
ones, such as downstream changes of PI(4,5)P,. Why are the
direct actions so slow? We offer two reasons. The hypothesis we
think most important is that the Sacl 4-phosphatase may be
intrinsically much slower (lower catalytic rate constant) than the
INPPSE 5-phosphatase so it takes much longer to deplete PI(4)P.
This would apply to both the recruitable PJ-4P construct and
the recruitable human Sacl construct and may explain the slower
rate of depletion at the PM versus the Golgi considering that the
PM PI(4)P pool appears to be larger. The second concept would
be that the OSH1 and OSH2x2 probes buffer PI(4)P and have
long dwell times on PI(4)P. That would slow down the depletion
of PI(4)P pools even by a fast enzyme. In this second scenario,
the indirect downstream fall of PI(4,5)P, might also be slow in
the absence of OSH probes because it requires that much time
for PI(4)P pools to equilibrate with the PM PI(4,5)P, pool.
However, it is useful to remember that the fast direct effects of
PJ on PI(4,5)P, are seen here even in the presence of the buff-
ering PHpy 51 probe and that this probe has a dwell time on
PI(4,5)P, that is as short as milliseconds (49). Furthermore, we

PNAS | Published online May 19, 2014 | E2287

%)
=2
o
a
w
<
=
[

CELL BIOLOGY



A Rapamycin t=50s
P 1.04
£ 1
c
9 )
£ e,
2 0.5+
© t=500s
E
2 00 =
" T T T T
0 200 400 '&‘F
Time (s) P
B Rapa Oxo-M
o 50
3 0.14 Z
Q
S ¥4
S 325\l @20
O - [0} 3
Z 5 8
< 3
R
0 T T T T T 0- 0
0 200 400
Time (s)
C PM

ood 4 5K
" Pl > PlAP_>

o 0000000000000 ® 4

Fig. 7. Recruiting the endoplasmic reticulum to the Golgi depletes Golgi Pl
(4)P. (A) Averaged (n = 7 + SEM) normalized time course of Golgi intensity of
Tgn-FRB (blue line) and PHosw (green line) with the addition of 5 pM rapamycin
to recruit ER-localized CB5-FKBP in apposition to the Golgi. (Right) Confocal
images of two cells with PHosy¢ before (Upper) and during (Lower) rapamycin.
Tgn-FRB, trans-Golgi network-localized anchor; CB5-FKBP, chromogranin B5 bait
localized to the endoplasmic reticulum. (B) Time course of KCNQ2/3 current
with application of 5 pM rapamycin and 10 uM oxotremorine-M. M; mus-
carinic receptor is coexpressed. (Right) Summary of percentage decrease of
KCNQ2/3 current and single-exponential time constant (n = 8). (C) Schematic
of phosphoinositide synthesis via the plasma membrane, the endoplasmic
reticulum, and the Golgi. GDP-DAG, GDP-diacylglycerol; PIS, phosphatidyli-
nositol synthase; PIP'some, PIPerosome; PITPs, phosphatidylinositol transfer
proteins. Blue arrows indicate transfer pathways of phosphatidylinositols
between compartments; black arrows indicate phosphoinositide synthesis.

have previously shown that the PM PI(4)P pool can be phos-
phorylated by PI(4)P 5-kinase and transferred to the PM PI(4,5)P,
pool in ~10 s (49, 63). Such observations favor the first hy-
pothesis that the Sacl-containing constructs have a low enzyme
velocity, although OSH probes must also be buffering PI(4,5)P5.
Thus, we suggest that the PM pool of PI(4,5)P, equilibrates more
rapidly with the Golgi and PM PI(4)P than our 60- to 150-s time
constants would suggest. Furthermore, if the PJ-4P enzyme is
actually slow, then recruiting it may not deplete PI(4)P pools
fully. Ongoing synthesis of PI(4)P may allow a modest amount of
PI(4)P to remain in a dynamic steady state. For the same reason,
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the fractional contribution of the Golgi and PM PI(4)P pools to
the PM PI(4,5)P, pool may be underestimates.

Direct Delivery of PI(4,5)P, to the Plasma Membrane? How should
we envision delivery from the Golgi PI(4)P pool to the PM?
Perhaps it occurs mostly by fusion of standard transport vesicles
that traffic continuously from the Golgi to the PM. A simple
assumption would be that much of this traffic proceeds by the
pathway labeled 3 in Fig. 7C, where PI(4)P is delivered directly
into the PM PI(4)P pool. However, our results seem to require at
least one other route. If we accept that the PJ-4P recruited to the
PM depletes the PM pool of PI(4)P, then the enzyme should
deplete PI(4)P that has come from the Golgi (pathway 3) as well
as that which is synthesized de novo from PI at the PM. How-
ever, we find that recruiting PJ-4P to the PM and the Golgi si-
multaneously yields a greater reduction in KCNQ2/3 current
than with recruitment to the PM alone. Our experiments suggest
a significant contribution of PI(4)P from the Golgi to the PM
occurring in a manner that is not sensitive to the PJ-4P recruited
to the PM. This forces us to postulate another route, pathway 4,
in which some vesicles initially containing PI(4)P transferring
from the Golgi become associated with a 5-kinase so that their
PI(4)P is converted to PI(4,5)P, before the vesicles arrive and fuse
with the PM. Thus, by conversion en route, their cargo becomes
immune to subsequent dephosphorylation by PJ-4P at the PM.
Pathways 3 and 4 possibly represent the same physical vesicles—
all of which, by encountering at least weak 5-kinase activity be-
fore fusing at the PM, deliver both PI(4)P and newly produced
PI(4,5)P,. In any case, we find remarkable that a transport mech-
anism that may involve vesicle trafficking can equilibrate lipid in a
time as short as 1 min.

If the hypothesis of pathway 4 is correct, we expect the Golgi-
derived transport vesicles to associate with a PI(4)P 5-kinase,
possibly similar to the one recently identified in endosomes (64).
We consider it unlikely that PI(4,5)P, is generated at the frans-
Golgi network before trafficking as recruitment of the 5-phos-
phatase PJ-5P to the frans-Golgi resulted in little change in
KCNQZ2/3 currents. It is noteworthy that ~25% of KCNQ2/3
current remains when PJ-4P is recruited to both the PM and the
Golgi. Is it possible that some PI(4)P in one of these compart-
ments is inaccessible to PJ-4P, or that the slow Sacl enzyme is
always balanced by significant PI(4)P synthesis, or that PI(4)P from
yet another location contributes to PM PI(4,5)P, production?

Pl 4-Kinases and Myosin II-Mediated Transport Participate in the
Maintenance of KCNQ2/3 Currents. Using PI 4-kinase inhibitors
allowed us to probe the identity of PI 4-kinases involved in
maintaining PM P1(4,5)P,. Adenosine targets both PI4KII types
a and P isoforms, whereas wortmannin inhibits PI4KIII types o
and f. Inhibition of either PI4KII or PI4KIII enzymes reduces
KCNQ?2/3 currents (40% with adenosine, 15% with wortman-
nin). PI4KIla, originally cloned from chromaffin granules (24),
traffics throughout secretory pathways and has been suggested to
be present in the trans-Golgi network, endosomes, and transport
vesicles (26, 65-67); PI4KIIp is found in the cytosol, trafficking
vesicles, and clathrin-coated vesicles (68-70). Taking into ac-
count the apparent localization of PI4KII isoforms along dif-
ferent stages of the secretory pathway, it is logical that addition
of adenosine has similar effects on PM PI(4,5)P, as depletion of
the trans-Golgi PI(4)P pool (compare Fig. 3C versus Fig. 5 C and
F). PI4KIII types a and P are present in the cytoplasm, plasma
membrane, the Golgi, and the nucleolus. Considering the impor-
tance of PI4KIIla in maintaining PM PI(4)P (16) and its potent
inhibition by wortmannin (44, 45), the small size of the wort-
mannin effect on KCNQ?2/3 currents (only a 15% decrease) is
more puzzling. One possible explanation would be that following
PI4KIII inhibition there is a compensatory slowing of lipid
phosphatases. Two candidate enzymes are P1(4,5)P, 5-phosphatase
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and PI(4)P 4-phosphatase. Reduction in the dephosphorylation
rates might preserve PM PI(4,5)P, despite reduced precursor
pools. When both sets of PI4K enzymes are inhibited, current is
virtually eliminated. Unfortunately, these experiments still fall
short of providing clear insight into the locations of the enzyme
subtypes relative to the PI(4)P pools.

Further pharmacological analysis revealed that treatment with
inhibitors of myosin IT ATPase activity (BDM or blebbistatin) or
disruption of the integrity of the Golgi (BFA) reduce PM PI(4,5)P,
in a similar way as recruitment of PJ-4P to the Golgi. The near
immediate, slow, ~20% reduction in KCNQ2/3 current or PHpy 51
intensity at the PM suggests that the contribution of Golgi PI1(4)P
is ongoing and that PI(4,5)P, production is coupled to membrane
trafficking.

Endogenous ER Sac1 Can Dephosphorylate Golgi PI(4)P. Exposing the
Golgi to endogenous Sacl presented by the ER membrane inhibits
PM KCNQZ2/3 channels in a manner similar to recruiting cyto-
solic PJ-4P to the Golgi (compare Fig. 3C and Fig. 7B). Therefore,
we believe that Sacl resident on ER membranes is sufficient to
reduce Golgi PI(4)P substantially. This accords with previous
observations that Sacl regulates PI(4)P levels at PM/ER contact
sites (36) as well as possibly by trafficking to the Golgi (6, 7). PI(4)P
has been shown to rise at the PM following inactivation of Sacl
(35) or following knockout of PM-ER contact sites (38). Such
observations lead to the concept that Sacl is a cellular “thermo-
stat” controlling PM and Golgi PI(4)P levels.

Recapitulation. We return to the working hypothesis in Fig. 7C,
a scheme strongly dependent on prior work extensively summa-
rized by Balla (1). It shows three organelles: ER, Golgi, and PM,
each with its own lipid pools, and enzyme activities that maintain
the pool of PI(4,5)P, at the PM. We deduce that the PM pool of
PI(4,5)P, needed to maintain KCNQ2/3 currents depends on at
least two precursor pools of PI(4)P in the cell: one in the PM and
the other in the Golgi. The PM pool seems to make the larger
contribution. PI (dark green in Fig. 7C), produced in the ER and
in PIPerosomes by PI synthase (47), is delivered by transfer
proteins (pathway 1) and perhaps by highly mobile PIPerosomes
to the PM (pathway 2) and to the Golgi. It should be noted that
the putative PIPerosomes have not as yet been shown to make
contact with the PM. PI 4-kinases in the Golgi and PM then
produce pools of PI(4)P in both compartments. The Golgi pool
of PI(4)P supplements the PM pool of PI(4)P directly but also
may be phosphorylated by a 5-kinase during transit and delivered
as PI(4,5)P, to the PM. The PM PI(4,5)P, pool takes about
a minute to adjust to recruitment of PJ-4P to either Golgi or PM.
Quite possibly, the equilibration of PM PI(4,5)P, with the PI(4)P
pools is much faster, and the slow overall time course reflects
slow action of the Sacl phosphatase on each PI(4)P pool. Trans-
locating the ER to the Golgi mimics the effects of translocating
Sacl to the Golgi. The decrease in PM PI(4,5)P, when either ER
Sacl or PJ-4P is active at the Golgi suggests that phosphoinosi-
tide traffic from the Golgi is ongoing and does not wait until the
PM is depleted. We offer a dynamic and quantitative view of the
last stages of PI(4,5)P, production and expect to extend these
methods to other stages of phosphoinositide turnover.
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Materials and Methods

Cell Culture and Transfection Conditions. All experiments were conducted on
tsA-201 cells cultured in DMEM (Gibco 11995) with 10% serum and 0.2%
penicillin/streptomycin. Cells were transfected at ~75% confluency with 0.2—
1 pg of DNA using LipofectAmine 2000 (Invitrogen) and then either subcultured
immediately (confocal experiments) or 24 h later (patch/photometry exper-
iments) onto poly-b-lysine—coated cover-glass chips (#0; Thomas Scientific).

Confocal and TIRF Microscopy. One day posttransfection, cells were trans-
ferred from culture medium to a recording chamber containing modified
Krebs—Ringer solution (see below for solution composition). Fluorophores
were excited with an argon-ion (CFP, GFP, and YFP) and a helium-neon (RFP)
laser and monitored using an inverted microscope under a 63x oil-immer-
sion objective (confocal: LSM 710, Carl Zeiss Microlmaging; TIRF: Nikon TiE
microscope equipped with a Photometrics QuantEM camera, Nikon instru-
ments). Time series images were taken every 5-10 s at room temperature
(23 °C). We and others (28) note that the expression of anchors, phosphatases,
and PH probes should be carefully checked and, when possible, minimal
amounts of DNA transfected. To qualify for study, each cell had to possess
the optimum measure and distribution of anchor (Tgn38-FRB-CFP for Golgi;
LDR-CFP for plasma membrane), phosphatase (PJ constructs), and phosphoino-
sitide indicator [PM PI(4,5)P,: PHp cs1; PM PI(4)P: PHoshax2; Golgi PI(4)P: PHosp1].
Cells that showed perturbed morphology, no sign of positive translocation of
lipid phosphatase to the designated membrane anchor, or no increase in FRET,
between membrane anchor (donor) and lipid phosphatase (acceptor) were ex-
cluded from further analysis. All confocal images or time-series experiments
were analyzed using ImageJ/Fiji (National Institutes of Health).

Simultaneous Electrophysiology and Photometric FRET Measurements. KCNQ2/
3 currents were recorded in whole-cell, gigaseal voltage clamp configuration
at room temperature (71). Recordings were made using an EPC9 amplifier
with Patchmaster 2.35 software (HEKA). Cells were held at a holding potential
of =60 mV, and 500-ms test pulses to —20 mV were given every 4 s. KCNQ2/3
tail currents were measured by comparing current at 50 and 400 ms after
repolarization to -60 mV using a custom-written algorithm (IGOR PRO soft-
ware 6.0, Wavemetrics). In many experiments where rapamycin should induce
translocation to a membrane anchor, we monitored this translocation by
photometry as an increase in FRET between the enzyme (acceptor) and the
membrane anchor (donor) (49). Membrane electrical capacitance was mea-
sured using the lock-in extension of the Patchmaster online program.

Materials and Solutions. All experiments were recorded in a 100-pL chamber
continuously superfused (1 mL/min) with Ringer’s solution containing (in
mM): 160 Nacl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 10 Hepes, 8 glucose, pH 7.4 (NaOH).
Rapamycin, wortmannin (both from LC laboratories), oxotremorine, BFA,
and blebbistatin (Sigma) were applied in the superfusate. BSA (1 mg/mL) was
added as a carrier to all BFA-containing solutions. b-Myo-phosphatidylino-
sitol 5-phosphate (Echelon) and adenosine (Sigma) were applied to the cell
via a patch pipette.

Analysis and Statistics. All data were analyzed using Igor Pro software or
Image). Means are shown + SEM, and significance is assessed by Student t
test using GraphPad Prism software. Differences were considered significant
when P < 0.05. Summarized data include one data point per cell.
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