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Abstract Phosphoinositides are key regulators of a large
number of diverse cellular processes that include membrane
trafficking, plasma membrane receptor signaling, cell prolif-
eration, and transcription. How a small number of chemi-
cally distinct phosphoinositide signals are functionally
amplified to exert specific control over such a diverse set of
biological outcomes remains incompletely understood. To
this end, a novel mechanism is now taking shape, and it in-
volves phosphatidylinositol (PtdIns) transfer proteins (PITPs).
The concept that PITPs exert instructive regulation of PtdIns
4-OH kinase activities and thereby channel phosphoinositide
production to specific biological outcomes, identifies PITPs
as central factors in the diversification of phosphoinositide
signaling. There are two evolutionarily distinct families of
PITPs: the Secl4-like and the StAR-related lipid transfer
domain (START)-like families. Of these two families, the
START-like PITPs are the least understood.lll Herein, we
review recent insights into the biochemical, cellular, and
physiological function of both PITP families with greater
emphasis on the START-like PITPs, and we discuss the un-
derlying mechanisms through which these proteins regulate
phosphoinositide signaling and how these actions translate
to human health and disease.—Grabon, A., V. A. Bankaitis, and
M. I. McDermott. The interface between phosphatidylinositol
transfer protein function and phosphoinositide signaling in
higher eukaryotes. J. Lipid Res. 2019. 60: 242-268.
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Phosphoinositides are a set of molecules derived from
phosphatidylinositol (PtdIns), which define a chemical
code that facilitates the conversion of intracellular mem-
brane surfaces into high-definition lipid signaling screens
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(Fig. 1). Mammalian cells synthesize seven chemically distinct
phosphoinositides: PtdIns 3-phosphate (PtdIns3P), PtdIns
4-phosphate (PtdIns4P), PtdIns 5-phosphate (PtdIns5P),
PtdIns 3,5-bisphosphate [PtdIns(3,5)P,], PtdIns 4,5-
bisphosphate [PtdIns(4,5)P,], PtdIns 3,4-bisphosphate
[PtdIns(3,4)P,], and PtdIns 3,4,5-triphosphate [PtdIns(3,4,5)
P;]. Yeasts (Saccharomyces) synthesize all of these except
PtdIns(3,4)P, and PtdIns(3,4,5)Ps. This cohort of molecules
is produced by a series of reversible phosphorylation and
dephosphorylation reactions catalyzed by phosphoinosit-
ide kinases (PIKs) and phosphatases, respectively, that tar-
get the inositol headgroup at positions C3, C4, and C5 (1, 2).
These chemically distinct lipids, although small in number,
control an impressively large set of intracellular activities.
How is such diversification of biological function achieved?
Current views for how PtdIns and phosphoinositide signal-
ing are diversified focus on regulatory mechanisms that
include: the regulation and localization of the enzymes
that produce, degrade, or sequester phosphoinositides;
the identities of the effector proteins that recognize these
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Phosphoinositide metabolism. The synthesis and degradation of phosphoinositides by kinases and phosphatases (denoted as

“PPase”), respectively, is depicted in schematic form. PLs in tan bubbles exist in higher eukaryotes but not S. cerevisiae.

molecules with the associated coincidence detection mech-
anisms that accompany productive phosphoinositide/ef-
fector engagement; and the physical properties of the
membranes in which these lipids reside (3, 4). In more re-
cent progress, PtdIns transfer proteins (PITPs) are increas-
ingly recognized as central components in mechanisms for
diversification of phosphoinositide biological outcomes.
PITPs were historically interpreted as “lipid carriers” that
ferry PtdIns from sites of synthesis (i.e., the ER) to mem-
branes depleted of PtdIns as a consequence of phos-
phoinositide-driven signaling reactions. The genesis of this
view came from pioneering studies demonstrating that
PtdIns turnover and phospholipase C (PLC)-catalyzed ino-
sitol phosphate headgroup cleavage rapidly increase fol-
lowing stimulation of professional secretory tissues with
carbachol (5-8). Those observations ultimately led to the
discovery that PtdIns(4,5)Py is the metabolic precursor
for the second messengers, inositol triphosphate (IP3) and
diacylglycerol (DAG), via the action of plasma-membrane
resident PLC (9-17). IP; promotes Ca”™ release from ER
stores, and DAG activates downstream protein kinase

signaling. The various data prompted Robert Michell (18)
to raise the question: how are phosphoinositides replen-
ished at the plasma membrane after consumption by PLC?
That question highlighted the conundrum that PtdIns syn-
thesis is presumably restricted to the ER, whereas the phos-
phoinositide cycle runs in a physically distinct subcellular
compartment. Michell hypothesized that plasma membrane
PtdIns pools are resupplied from the ER in a lipid-trafficking
cycle where soluble lipid-carrier proteins ferry PtdIns from
the ER to the plasma membrane, and that a reciprocal
lipid carrier-mediated pathway returns phosphatidic acid
(PtdOH) [produced by DAG kinases using plasma mem-
brane DAG substrates generated by PLC-mediated hydrolysis
of PtdIns(4,5)P,] back to the ER to refuel PtdIns synthesis
(Fig. 2). The Michell hypothesis launched a search for such
lipid transfer proteins and defined a presumptive mecha-
nism of action for proteins so identified that dominates the
field to this day.

A major obstacle to progress on understanding PITPs
(and lipid transfer proteins in general) was the dearth of
genuine functional assays from which to analyze their
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Fig. 2. Models of PITP function in the PIP cycle. PtdIns is synthesized at the ER by the sequential action of the enzymes, CDS1/2 and
PtdIns synthase, which convert PtdOH to CDP-DAG and CDP-DAG to PtdIns, respectively. “Transport models” for describing PITP function
postulate that class I PITPs transfer PtdIns from the ER to signaling membranes (i.e., the plasma membrane). “Presentation models” describe
PITPs as noncatalytic factors that present PtdIns to PI4K, thereby directly stimulating PtdIns4P synthesis. In the presentation model, PITP
utilizes PtdIns at the signaling membrane and does not catalyze PtdIns transport from the ER. PtdIns4P synthesized at the plasma membrane
can be converted to PtdIns(4,5) Py, which is then hydrolyzed by agonist-stimulated PLC activity to produce DAG and IP;. DAG is converted
to PtdOH by DAG kinase. PtdOH must then be replenished at the ER to restore the PtdIns biosynthetic cycle. Class II PITPs, which bind

PtdOH, are proposed to fulfill this role in a transport mechanism.

mechanism (s) of function in a reliable and physiologically
relevant way. Recognition that Sec14 is the major PITP of
yeast broke this barrier, and other studies subsequently fol-
lowed (19, 20). Building evidence now reports that PITPs
are central factors in determining the biological outcomes
of phosphoinositide signaling and that these do so via a
novel mechanism where at least some PITPs are not lipid
carriers at all. Rather they function as nanoreactors that
utilize their lipid-exchange cycle to present PtdIns to oth-
erwise biologically insufficient PtdIns kinases, thereby mak-
ing these kinases better enzymes on demand (21-23). The
biological functions of PITPs and how these proteins
diversify phosphoinositide signaling is the central focus of
this review.

PHOSPHOINOSITIDE SIGNALING IS A MAJOR
REGULATOR OF MEMBRANE TRAFFICKING

The discovery that Secl4 is the major yeast PITP (19),
and subsequent studies demonstrating that Secl14 executes
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an essential coordination of multiple aspects of lipid me-
tabolism to support membrane trafficking from the yeast
trans-Golgi network (TGN) (20, 24), revealed for the first
time that lipid signaling is a core feature of constitutive
membrane trafficking in eukaryotic cells, particularly as it
relates to the Golgi system. It is now well-appreciated that
lipid signaling in TGN/endosomal membranes defines
their functionality in terms of controlling vesicular traffick-
ing into and from these compartments (19, 20, 25-27). As
a growing body of work indicates that PITPs generally func-
tion in the regulation of membrane trafficking at the level
of the Golgi/endosomal systems, these involvements will
be a significant point of discussion in this review. Thus, we
first give a brief overview of the TGN/endosomal system.
The TGN and endosomal networks define a continuum
of maturing compartments that serve as intracellular regu-
latory hubs in which lipid signaling events are integrated
with cargo sorting and membrane trafficking. The TGN/
endosomal system not only orchestrates shuttling of Golgi-
derived cargo to specific cellular locations but also receives



important endocytic cargo (e.g., signaling receptors) recy-
cled from the plasma membrane (28, 29). Endosomes link
the plasma membrane with the Golgi and the lysosome,
and are comprised of three morphologically and biochemi-
cally distinct compartments: the early, late, and recycling
endosomes (30). The early endosome is the first compart-
ment to accept and sort internalized cargo from the plasma
membrane (31). Cargo destined for recycling to the cell
surface can be transported by at least two routes: a fast
route involving membrane tubulation or a slow route in-
volving transport by the recycling endosome (32-34).
Endosomes containing cargo destined for degradation ma-
ture into late endosomes, a process marked by an exchange
of the surface Rab GTPase population (35, 36). This is ac-
companied by endosome acidification and internalization
of intraluminal vesicles containing cargo marked for degra-
dation, giving rise to a multivesicular endosome (or body)
that fuses with the lysosome, facilitating cargo degradation
(37-41).

PtdIns4P AND MEMBRANE TRAFFICKING
IN EUKARYOTES

As the bulk of the evidence to date connects PITP func-
tion with PtdIns4P synthesis/signaling, we focus on PtdIns4P
and the 4-OH phosphoinositide signaling in this review.
The roles of PtdIns3P and PtdIns(3,5)P, in the endosomal/
lysosomal compartments are primary themes of other out-
standing reviews (42, 43). PtdIns4P pools are detected on
the TGN and early endosomal membranes, on the plasma
membrane, and on late endosomal and lysosomal mem-
branes (44-49). Direct evidence that PtdIns4P regulates
Golgi trafficking was first described in yeast through the
identification of secretory pathway defects associated with
hypomorphic PtdIns 4-OH kinase (PI4K) mutants com-
promised for PtdIns4P synthesis (50, 51). A number of
PtdIns4P effectors have since been discovered, which func-
tion on Golgi membranes to regulate vesicle budding (52,
53), maintenance of Golgi structure (54), and perhaps non-
vesicular lipid transport (55, 56).

The most immediate control levels for PtdIns4P signal-
ing come from the PI4Ks that generate PtdIns4P by phos-
phorylating PtdIns on the 4-OH position of the inositol
ring (Fig. 1). Mammals produce two classes of structurally
distinct PI4Ks: type II (PI4KIla and PI4KIIB) and type III
(PI4KIHao and PI4KIIIB) PI4Ks (57). The type II enzymes
are orthologs of the yeast Lsb6 PI4K and primarily localize
to the Golgi and endosomal membranes (57, 58), although
there are reports that PI4KIla chiefly localizes to the TGN
with a minor pool present at the ER (59, 60). PI4KIIp is
found on both trafficking vesicles and the plasma mem-
brane (61, 62). The mammalian type PI4KIIla and PI4KIII@3
enzymes are orthologs of the yeast plasma membrane Stt4
and the Golgi Pikl PI4Ks, respectively (63-66). The mam-
malian type III PI4Ks are variously reported to localize to
the cytosol (67, 68), nucleolus (69, 70), cisGolgi (71), and
ER (72). As is the case in yeast, PI4KIIla synthesizes
PtdIns4P at the plasma membrane (48).

PI4K activity provides the next control point for regula-
tion of PtdIns4P production, and much effort is devoted to
identifying such regulators of kinase activity. Calcium and
the Arfl GTPase regulate yeast and mammalian Pikl/
PI4KIIIB. Yeast Pik1 forms a complex with a small noncata-
lytic integral membrane Ca%-binding protein subunit (fre-
quenin) required for enzymatic activity (74-79). Mammals
present a similar scenario as the PI4KIII3 complexes with a
frequenin ortholog [neuronal calcium sensor-1 (NCS-1)],
and PI4KIIIB recruitment to the Golgi is promoted by acti-
vated Arfl (63, 79).

PtdIns4P signals are interpreted by the direct binding of
effector proteins to the lipid, and these effectors include
activated small GTPases of the Arf and Rab families (3).
Arfl-GTP cooperates with PtdIns4P to recruit vesicle bio-
genesis machinery that nucleates vesicle formation. These
factors include components of clathrin adaptor protein
complex 1 (AP-1), Rab GTPases and Rab-guanine nucleo-
tide exchange factors, oxysterol binding proteins (OSBPs),
and effector proteins, such as the Gga Arf-GTPase-binding
proteins that regulate trafficking between the TGN and ly-
sosomes (81-83). Four phosphate adaptor proteins (FAPPs)
also bind both ARF GTPases and PtdIns4P at the Golgi,
and FAPP membrane recruitment induces membrane tu-
bulation and formation of transport carriers (53, 84).

The functions of discrete PtdIns4P pools can be further
specified by the local PtdIns4P concentration, such as in
the activation of yeast Sec4, a ras-like G-protein required
for consumption of post-Golgi secretory vesicles at the
plasma membrane. A critical aspect of the Sec4 cycle in-
volves the association of Sec4-GTP with Seclb, an essential
subunit of the exocyst complex that tethers secretory vesi-
cles to the plasma membrane (85, 86). Sec2, a Sec4-GEF,
temporally controls Sec4 activation via coincidence detec-
tion of PtdIns4P and the Rab GTPase, Ypt31, which itself
regulates TGN exocytic vesicle biogenesis (87, 88). Whether
Sec2 associates with Ypt31 for its activation, or with Sec15,
is determined by local PtdIns4P availability. Basal PtdIns4P
(as is presumably the prevailing condition on post-Golgi
membranes) facilitates Sec2 binding to Secl5 for down-
stream activation of Sec4, whereas elevated PtdIns4P pro-
motes Sec2 binding to Golgi Ypt31 (89).

HIGHER ORDER PHOSPHOINOSITIDES

PtdIns4P further serves as a metabolic precursor for
the generation of higher-order phosphoinositides, includ-
ing PtdIns(4,5)P; in all eukaryotes and PtdIns(3,4)P,
and PtdIns(3,4,5)P; in higher organisms. The synthesis of
PtdIns(4,5)P; is dependent not only on the kinases that di-
rectly produce it but also on the PI4Ks and PI5Ks that serve
to produce metabolic precursors for the reaction. Yeasts
express a single PtdIns4P 5-OH kinase (PtdIns4P5K), Mss4,
that catalyzes synthesis of plasma membrane PtdIns(4,5)P,
from Pikl- or Stt4-generated PtdIns4P (Fig. 1). The specific
PtdIns4P pool utilized by Mss4 likely dictates downstream
PtdIns(4,5) P, signaling outcome, suggesting the existence
of at least two distinct functional pools of yeast plasma
membrane PtdIns(4,5)P, (65, 90).
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As in the case of PtdIns4P, the cohort of PtdIns(4,5)Po-
producing lipid kinases is larger in mammals, consistent
with an expanded capacity for PtdIns(4,5) P, pool specifica-
tion. Mammals express three type I PtdIns4P5K isoforms:
PIPKIa, PIPKIB, and PIPKIy (91). Mammalian type II PIKs
are encoded by three genes designated as «, 3, and vy, and
these enzymes produce PtdIns(4,5)P, by phosphorylating
PtdIns5P on the 4-OH position on the inositol ring. How-
ever, as PtdIns5P is a quantitatively a trace phosphoinosit-
ide, it remains an open question as to why cells use this
pathway to produce PtdIns(4,5)Py at all when, by far, the
dominant channel for producing PtdIns(4,5)P, is through
the action of PtdIns4P5Ks (92-94).

PtdIns(4,5)P, is also a substrate for PI3K in a reaction
that produces PtdIns(3,4,5)P; (95, 96). This phosphoinosit-
ide class specifies localization and activation of various ef-
fectors through direct (e.g., PDKI) and indirectinteractions
(e.g., AKT), and these protein::PtdIns(3,4,5)P; interactions
are typically mediated through pleckstrin homology (PH)
domains that have evolved as phosphoinositide recognition
units (97-102).

PtdIns(4,5) Py SIGNALING AND MEMBRANE
TRAFFICKING

PtdIns(4,5)P, functions in anterograde trafficking to the
plasma membrane in regulated exocytic pathways, such as
those involving plasma membrane targeting and fusion of
dense core secretory granules in neuroendocrine cells and
synaptic vesicles in neurons (103, 104). In these cases, this
phosphoinositide modulates activities of PtdIns(4,5)Po-
binding proteins, such as calcium-activated protein for se-
cretion (CAPS) (105), the synaptotagmin Sytl isoform
(106, 107), rabphilin (108, 109), synaptotagmin (110), and
secretory carrier membrane protein 2 (SCAMP2) (111).

PtdIns(4,5)P; has a dual role in growth factor recep-
tor signaling, as it is essential for the downregulation of
the very signaling reactions it propagates. For example,
PtdIns(4,5) P, recruits clathrin coat adaptors to the plasma
membrane by a direct-binding mechanism (112-114).
These recruitment events drive internalization of activated
receptors, as evidenced by the fact that depletion of plasma
membrane PtdIns(4,5)Py blocks clathrin coat adaptor
recruitment to the mammalian plasma membrane and
retards internalization of activated-receptors (115, 116).
Following internalization, disassembly of the clathrin coat
on endocytic vesicles requires PtdIns(4,5)P, degradation
by the synaptojanin family of phosphoinositide phosphatases
(117-119). This is a highly conserved process. Clathrin-
dependent endocytosis is a PtdIns(4,5) P-mediated process
in yeast as well (120).

THE INTRINSIC BIOLOGICAL INSUFFICIENCY
OF PI4Ks

The discussion of PITPs is introduced by a simple, yet un-
derappreciated, concept. Namely, that PI4Ks are biologically
insufficient enzymes that, on their own, even as wild-type
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enzymes, cannot produce sufficient PtdIns4P to execute
meaningful signaling in cells (22, 23, 121). This is not to
say that these enzymes fail to produce PtdIns4P in cells on
their own. They do. However, the levels produced are in-
sufficient to overcome the action of antagonists of PtdIns4P
signaling, such as phosphoinositide phosphatases and
PtdIns4P-binding proteins that sequester the phosphoinosit-
ide from its effectors. From an alternative perspective, if
PI4K is viewed as a writer for PtdIns4P signaling, its intrin-
sic signature is too weak to overcome the action of erasers
of PtdIns4P signaling. It is here where PITPs enter the pic-
ture. These proteins boost PtdIns4P production by PI4Ks
so that the pool produced is sufficient to overcome the ac-
tion of erasers and support PtdIns4P signaling. Obviously,
such a mechanism also lends itself not only to exquisite
control of PI4K activity, and therefore PtdIns4P signaling,
but also to diversifying the outcomes for PtdIns4P signaling.

PITPs AND MECHANISMS FOR DIVERSIFYING
PtdIns4P SIGNALING

PITPs are ancient molecules conserved from single-
celled eukaryotes to man. These fall into two distinct fami-
lies: the Sec14-PITPs and the StAR-related lipid transfer
domain (START)-like PITPs (19, 20, 24). Though structur-
ally unrelated, the two families share the ability to transfer
PtdIns between membranes in vitro. There are several
compelling reasons to study PITP reaction mechanisms.
First, the biochemistry of phospholipid (PL) exchange by
PITPs describes a unique interfacial reaction that operates
in the absence of energy. That biochemistry alone begs
mechanistic understanding, and it is clear that PITP func-
tion in cells employs lipid exchange as a core functional
property. Second, and in that regard, the lipid exchange
properties of PITPs are associated with diverse biology
across the Eukaryota, including a number of mammalian
disease conditions (122). Third, the biological derange-
ments associated with individual PITP insufficiencies re-
port novel PITP-dependent mechanisms for regulating
PtdIns kinase activities, and that PITPs are central partici-
pants in mechanisms for diversifying the biological outcomes
of phosphoinositide signaling (121, 123). As Secl4 repre-
sents the best understood PITP in terms of its biochemistry,
structural biology, and biological activity, we first describe
the Secl4 knowledge base and then apply it to a concep-
tual framework for discussing START-like PITPs.

STRUCTURAL INSIGHTS INTO Secl4 FUNCTION:
THE CURIOUS ENGINEERING OF THE Sec14-FOLD

Solution structures of several Secl4 and Secl4-like PITP
conformers provide insights into how this PITP is engineered
for biological function, as well as a conceptual model for
how Secl14-like domains work. The Sec14-fold is comprised
of around 280 amino acid residues folded into a two-lobed
globular structure containing a large hydrophobic cavity
(Fig. 3) (22, 123, 124). This cavity comprises the PL bind-
ing pocket where either PtdIns or phosphatidylcholine
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Fig. 3. The Secl4 structure. Crystal structures of Secl4 and the Secl4-like PITP Sfh1l are shown, with the tripod motif (green) oriented as
if toward the membrane. The lipid binding B-sheet floor is rendered in pink, and the helices that line the binding pocket are in blue. A:
Crystal structures of the Secl4-like PITP Sfh1 reveal that PtdIns and PtdCho both bind in the lipid binding pocket, with the PtdCho head-
group buried deep within the pocket and the PtdIns headgroup facing outwards toward the protein surface. Overlay of Sth1 bound to either
lipid illustrates that PtdIns and PtdCho acyl chain binding regions overlap, and Sth1 cannot fully accommodate both lipids at the same time.
B: The crystal structure of open lipid-free Secl4 is compared with Sth1 bound to PtdCho (lipid not shown for clarity). The helical gate
(orange) closes around the lipid binding pocket, with a key residue of the G-module (G266) highlighted in red.

(PtdCho) bind. Because the pocket is only large enough
to accommodate one PL at a time, Secl4 binds PtdIns or
PtdCho in a mutually exclusive manner (Fig. 3A). The
lipid-free apo-Secl4 structure is considered to approxi-
mate the “open” conformer state that Secl4 transiently
assumes on the membrane surface during the lipid ex-
change reaction (Fig. 3B). As the hydrophobic cavity
presents a chemical environment whose hydrophobicity
gradient is nearly identical to that of a membrane leaflet
(125, 126), lipid exchange into and out of the pocket oc-
curs by simple chemical partitioning, thereby accounting
for the ATP-independence of the exchange reaction.
What marks a PL for exchange by Secl4 is not yet clear,
although a localized perturbation of the membrane sur-
face induced upon Secl4 binding is an attractive possibil-
ity. Access to the Secl14 hydrophobic pocket is controlled

by a short helical gate, which is flipped open in the open
conformer and shut in the “closed” lipid-bound conform-
ers. These helical gate dynamics involve large conforma-
tional transitions (~18 A) governed by a small, but
highly-conserved, conformational switch motif termed
the “G (gating)-module” (Fig. 3B) (127, 128). That the
G-module is a hotspot for disease missense mutations in
mammalian Secl4-like proteins/domains not only em-
phasizes its functional importance across the Secl4 su-
perfamily but also suggests that Secl4-like domains share
similar properties in terms of their conformational dy-
namics (127, 128).

An unexpected feature of the Secl4 molecule is its re-
markable physical segregation of the substructures orga-
nizing binding of the PtdIns and PtdCho headgroups (22,
23). The PtdIns headgroup is coordinated by an extensive
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H-bond network near the protein surface, while the PtdCho
headgroup is sequestered deep within the interior of
the hydrophobic pocket where it is stabilized by cation-m
interactions with the side chains of a three-walled tyrosine
cage (22). The primary sequence motifs that converge in
three dimensions to form the phosphoinositol and phos-
phocholine coordinating units constitute what we term
the PtdIns- and PtdCho-binding barcodes, respectively.
Interestingly, the PtdIns-binding barcode is conserved
across the Secl4 superfamily (forecasting that Sec14 do-
mains generally represent inositol lipid-binding mod-
ules), whereas the PtdCho-binding barcode is not. These
signatures forecast that the noncanonical Secl4-like
PITPs (i.e., bind PtdIns but not PtdCho) greatly outnum-
ber the canonical Secl4-like PITPs (i.e., the PtdIns/
PtdCho transfer proteins) in the eukaryotic proteome
(22, 122).
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The Secl4-fold is a versatile module, as evidenced by
the impressive expansion of Secl4 proteins and domains
throughout the eukaryotic kingdom. Even the simple uni-
cellular eukaryote, Saccharomyces cerevisiae, expresses five
Secl4 homology (Sth) proteins in addition to Sec14 (129).
Significantly, it is these PITPs and not the PI4K itself that
specify (i.e., diversify) the various biological outcomes of
PtdIns4P signaling (Fig. 4A). The mammalian repertoire of
stand-alone Secl4 domain proteins includes a-tocopherol
transfer protein (o TTP), Caytaxin, and cellular retinalde-
hyde binding protein (CRALBP). Mutations in these pro-
teins lead to human diseases, such as ataxia with vitamin E
deficiency, Cayman-type cerebellar ataxia, and retinal de-
generation, respectively (122). In higher eukaryotes, how-
ever, the Sec14 module is most frequently represented as a
functional unit of multi-domain proteins housing other
biochemical activities including: Rho-guanine nucleotide
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Fig. 4. The Secl4 PtdIns presentation mechanism. A: Secl4-like PITPs diversify the biological outcomes of PI4K in cells by specifying
unique PtdIns4P pools that promote unique cellular processes. B: Transient complexes that bring together an individual PITP with a PI4K
and a set of PtdIns4P effectors, either as individual proteins or in PITP-multidomain arrangements, generate a signaling pixel. The identities
of the PITPs in the complex, the specific metabolic input that these sense in the form of the second ligands they bind for priming PtdIns
presentation to the PI4K, and the PtdIns4P effectors determine distinct biological outcomes. The pixel boundary is the molecular space of
each PITP/PI4K/effector complex. Populating interstitial areas of the membrane with PtdIns4P phosphatases sharpens pixel boundaries
and enables PtdIns4P signaling at essentially point resolution. C: Secl4-like PITPs exchange a second ligand for PtdIns, and present PtdIns
to PI4K, which generates PtdIns4P used for signaling reactions. The forward reaction is antagonized by PtdIns4P “erasers,” or negative regu-
lators, such as Osh proteins or Sacl phosphatase. D: PtdIns and PtdCho occupy overlapping positions in the Sec14 lipid-binding pocket. The
slow egress of PtdCho from the Sec14 pocket frustrates entry of incoming PtdIns, resulting in an abortive exchange that exposes (presents)

the frustrated PtdIns to the PI4K.
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exchange factors (e.g., three of the four splice variants of
Dbl, six of eleven Kalirin/Duo proteins, Dbs, Trio), Rho-
GTPaseactivating proteins (e.g., CDC42GAP, p50RhoGAP),
the neurofibromin-1 Ras-GTPase activating protein, and
the MEG2/PTPN9 protein-tyrosine phosphatase (122, 130).
A similar case also applies to plants. Higher plants such as
Arabidopsis express some 25 Secl4-like proteins of which
most exhibit demonstrable PITP activities. Of these, ap-
proximately half are two-domain PITPs that link a Sec14-
domain to a coiled-coil domain unique to plants (the nodulin
domain) that in certain cases constitutes a PtdIns(4,5)Py-
binding motif (131-134).

Based on these lines of evidence, we propose the con-
cept of a signaling “pixel”: a PtdIns-presentation subunit
(the PITP) engaged with a PI4K that itself interacts with a
defined set of PtdIns4P effectors. The signaling pixel facili-
tates the engineering of phosphoinositide signaling with
essentially point resolution. The proposed signaling pixel
arrangement allows functionally distinct PITP/PI4K/
PtdIns4P effector complexes, dedicated to distinct biologi-
cal outcomes, to be physically segregated on a membrane
surface, even though these pixels might be positioned adja-
cent to each other on that same surface. Phosphoinositide
phosphatases are posited to sharpen pixel boundaries by
degrading any phosphoinositides that escape pixel bound-
aries, thereby specifying functional compartmentation of
lipid signaling on a membrane surface with high definition
(Fig. 4B).

KEY PREDICTIONS OF INTER-COMPARTMENTAL
LIPID TRANSFER MODELS

As described above, the existence of PITPs as cytosolic
carriers that ferry PtdIns from the ER to distal compart-
ments that consume PtdIns in phosphoinositide signaling
cascades was predicted by Michell (1). This hypothesis
guides broad extrapolations of the in vitro lipid transfer
activities of proteins to in vivo function, circular though
such arguments may be. Lipid transfer models for PITP
function postulate that the soluble PITP::PtdIns complex is
the mobile intermediate in a PtdIns transport step between
two distinct membranes (Fig. 2). The PITP loads with a
PtdIns molecule in the ER, and this preferential loading is
governed by the higher affinity of PITPs for PtdIns over
other lipids (e.g., PtdCho). Specific targeting of the soluble
complex to the acceptor membrane (e.g., the plasma mem-
brane) is also a key principle of transfer mechanisms. At
the acceptor membrane, the PtdIns is unloaded and the
PITP reloads with a counter-ligand (i.e., a lipid that is not
PtdIns, classically, and in the case of Secl4, PtdCho). In
this model, PITP loading and unloading is governed by an
“accessible” or “free” PtdIns concentration gradient. The
acceptor compartment is PtdIns-deficient relative to the
ER, and the mass excess of the counter-ligand governs the
altered specificity of lipid loading at this organelle.

Transfer models assume that the ER is the sole compart-
ment of PtdIns synthesis, the veracity of which is not clear
(135-139). Transfer models make several key predictions,

but these are surprisingly difficult to interrogate. For ex-
ample, the acid test of lipid transfer models is a direct dem-
onstration that a PITP engages in monomeric PtdIns
transport from the ER to the acceptor organelle. However,
in vivo assays claiming to test this functional mode are
themselves indirect and subject to multiple interpretations.
While in vitro PtdIns exchange assays are consistent with
inter-compartmental transport activities, these assays are
set up as simple equilibration systems (140). As such, these
too are subject to multiple interpretations. Thus, direct evi-
dence in favor of lipid transfer mechanisms for PITP func-
tion is presently missing.

Transfer models demand vectorial PtdIns transfer from
the ER to distal organelle systems. This vectorial transfer is
predicted to derive from the greater affinity of PITPs for
PtdIns relative to other lipid counter-ligands, and this con-
ceptrests on measurements that PtdIns is a relatively minor
PL in mammalian cells (5 mol% of total glycerol-PL). Thus,
even relatively subtle alterations in this PITP lipid affinity
balance are expected to strongly compromise phosphoinosit-
ide signaling. Again, while this issue has not been addressed
experimentally in mammalian systems, it has in yeast and
with surprising results (see below).

There is also the question of scale. While the magnitude
of the flux required for PITP-dependent PtdIns transport
to sustain phosphoinositide signaling is currently unknown,
a PtdIns supply model would suggest that it should be high
in professional high-demand signaling systems. Yet, mono-
mer transport of PtdIns via cytosolic carriers seems to be an
inefficient mechanism when vesicle-based strategies, or po-
tentially membrane contact-site mechanisms (see below),
provide higher capacity systems for PtdIns supply. Given
the expectation that PITP-dependent PtdIns-transport
thresholds must reflect high flux systems in cells, even
modestly reduced PITP expression should be detrimental
to sustained phosphoinositide signaling. If the requisite
flux is low, however, then a clean experimental test of
transfer models becomes ever more difficult as the experi-
mentalist encounters confounding “limit of detection” bar-
riers. A low flux requirement is also difficult to reconcile
with a general PtdIns supply function. Thus, we argue that
the direct evidentiary case for PITPs serving as (rans-
organellar PtdIns carriers is presently weak.

THE Sec14 NANOREACTOR AND ALTERNATIVES TO
LIPID TRANSFER MECHANISMS

As the major yeast PITP, Secl4 executes functions es-
sential for yeast viability. It localizes to TGN/endosomal
membranes, regulating anterograde trafficking from this
compartment to the plasma membrane and retrograde
trafficking from later endosomal compartments to earlier
stages of the TGN/endosomal system (141, 142). Yeast
cells acutely compromised for Secl4 activity do not effi-
ciently form post-Golgi secretory vesicles from the TGN
and endosomal compartments (19, 141, 143). Because
there is an unambiguous physiological coupling of Sec14
activity to cell viability and membrane trafficking through
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the yeast TGN/endosomal system, Secl4 provides the first
reliable system for experimentally dissecting mechanisms
for PITP function. It is in this context that several lines of
evidence converge on the idea that Sec14 functional mech-
anisms do not involve lipid transfer between membranes in
vivo. We highlight the following:

First, yeasts differ from mammalian cells in that PtdIns is
second only to PtdCho as the most abundant cellular PL,
comprising 20-25 mol% of total glycerophospholipid in
yeast membranes versus ~5 mol% in mammals (144). It is
unlikely that monomer PtdIns transfer would play a signifi-
cant biological PtdIns supply role under these normal
physiological conditions of PtdIns surfeit. Remarkably,
even when yeasts are genetically manipulated so that PtdIns
constitutes the most abundant PL in yeast membranes,
the cellular Secl4 requirement for viability is not relieved
(20). The biological threshold for Sec14 activity is also sur-
prisingly low, lower than would be expected if this major
yeast PITP functioned as a bulk monomeric PtdIns carrier.
Furthermore, PtdIns synthesizing activities (e.g., CDP-DAG
synthase, PtdIns synthase, PtdIns kinase) are detected in
secretory vesicles generated at the Golgi, suggesting that
the plasma membrane has the capacity to synthesize its
own PtdIns (187). In mammalian cells, an ER-derived or-
ganelle containing PtdIns synthase shuttles rapidly to vari-
ous intracellular compartments, thereby mobilizing the
capacity to synthesize PtdIns away from the ER (135).

Second, the normally essential Secl4 requirement for
cell viability is “bypassed” by loss-of-function mutations in
specific and biologically nonessential lipid biosynthetic
genes. The biochemical identities of the “bypass Secl4”
mutations are not easily reconciled with lipid transfer
models (20, 24, 145-149). In particular, the finding that
functional ablation of the DAG-consuming CDP-choline
pathway for PtdCho biosynthesis effects bypass Sec14, even
under conditions where this pathway makes no net contri-
bution to PtdCho biosynthesis (i.e., functions as a salvage
pathway only), is not at all congruent with transfer models
for Secl4 function (24). Rather, this evidence demonstrates
that the essential function of Sec14 is to properly integrate
PtdIns, PtdCho, PtdIns4P, and DAG metabolism in order
to establish a TGN/endosomal lipid-signaling environment
conducive to formation of secretory vesicles (23).

Third, transfer models rely on vectorial transfer of lipids
driven by concentration gradients and, for PITPs, this is
attributed to a decreasing gradient of accessible or free
PtdIns from its site of synthesis in the ER, through the Golgi,
and to the plasma membrane. Thus, the relative affinity for
PtdIns versus PtdCho is predicted to be an essential PITP
feature for appropriate response to these PtdIns gradients.
However, a mutant Secl4 with defects in PtdIns-binding
(such that the PITP preferably binds PtdCho) nevertheless
retains considerable biological activity (64, 150).

Taken together, these findings demand fresh ideas re-
garding Secl4 function specifically and PITP function in
general. A promising alternative perspective is described by
“nanoreactor” models of PITP action (22, 23). That is,
Secl4 “presents” PtdIns to the Pikl and Stt4 PI4Ks (this
PITP does stimulate the activity of both of these lipid kinases
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in vivo), with the result that PtdIns4P synthesis is stimulated
(Fig. 4C). This presentation function obligatorily requires
the ability of a single Secl4 protein to exchange bound
PtdCho for PtdIns, and we posit that Sec14 binding PtdIns
and PtdCho at distinct, but overlapping, sites is an essential
design component of the presentation mechanism. De-
tailed discussions of the nanoreactor model are published
elsewhere (21, 23, 125). But, the basic concept is that Sec14
PITPs present PtdIns to the kinase during heterotypic ex-
change reactions where a slowly egressing PtdCho is being
exchanged for PtdIns (Fig. 4D). Slow egress of PtdCho
from the Secl4 lipid-binding pocket results in a series of
abortive PtdIns exchange events, which leave PtdIns in a
transitional state between the membrane surface and the
Sec14 lipid binding pocket. It is this transitional PtdIns
molecule that defines the preferred PI4K substrate “pool”.
That is, an abortive exchange intermediate neither fully
bilayer-incorporated nor incorporated in the Secl4 lipid
binding pocket provides a superior substrate for the other-
wise biologically inadequate interfacial PI4K enzyme (22).
In this scenario, PtdIns molecules that successfully load
into the Secl4 pocket and can be transferred between
membranes are not eligible to be kinase substrates. More-
over, in this scenario, PtdCho acts as a “coincidence-
detector” whose binding primes PtdIns presentation (and
potentiation of phosphoinositide synthesis) in response to
PtdCho metabolic cues.

This “PtdCho-sensing” model raises an interesting ques-
tion: how can the most abundant PL in yeast cell mem-
branespossiblyeffectivelyfunctionasacoincidence-detector?
But, strong in vivo data indicate that this is so. A large body
of genetic and cell biological data demonstrate that Sec14
regulates the critical interface between PtdCho synthesis
and PtdIns4P signaling in vivo in the context of TGN/
endosomal membrane trafficking. The specificity of this
interface yields a clue, however, as it is the activity of the
CDP-choline pathway for PtdCho biosynthesis that is physi-
ologically relevant (22-24). The data are consistent with
the PtdCho-sensing activity of Secl4 constituting a mecha-
nism for sensing metabolic flux through the CDP-choline
pathway and coordinating the metabolism of two pro-
trafficking lipids, DAG and PtdIns4P (23). This view im-
plies that Sec14 has functional access to a restricted pool of
PtdCho and forecasts a more intimate and intricate orga-
nization of Secl4, CDP-choline biosynthetic enzymes, and
PI4K than presently appreciated.

Nanoreactor mechanisms postulate that Secl4 is active
only when it is engaged in multiple cycles of heterotypic
PtdCho/PtdIns exchange while transiently associated
with membrane surfaces, and that “activation” of PtdIns
molecules as lipid kinase substrates does not involve com-
plete sequestration of PtdIns inside the lipid-binding
pocket. Thus, the soluble PtdIns-bound protein is not a
productive intermediate in some inter-membrane lipid
transfer reactions. Rather, the cytosolic Sec14::PtdIns and
Secl4::PtdCho complexes represent functionally quies-
cent pools that define the energy-zero “noise” that ac-
companies the presentation regime and bears no energy
cost to the cell.



Nanoreactor models are also attractive, as these proffer
new perspectives for viewing the expanded Secl4 super-
family, and the prevalence of Secl4-domains in multi-do-
main arrangements. We propose that these domains are
modules that stimulate specific phosphoinositide synthesis
in the immediate locale of other domains whose activities
are modulated by that phosphoinositide. The high conser-
vation of the PtdIns barcode among Secl4-like proteins, in
the absence of conserved PtdCho barcodes, forecasts that
the expansion of the Secl4-superfamily reflects expansion
of the cohort of other lipophilic priming ligands that
Secl4-like modules sense for coupling to a PtdIns or PIK
for stimulated phosphoinositide production, or potentially
a phosphoinositide phosphatase for stimulated degradation.
This concept was initially supported by the observation that
the most commonly inherited missense alleles of o« TTP asso-
ciated with ataxia with vitamin E deficiency and of CRALBP
associated with macular degeneration directly compromise
the PtdIns barcode (122). It was proposed that «TTP and
CRALBP operate along Secl4-like nanoreactor principles
by binding inositol lipids, as well as vitamin E and retinalde-
hyde, as part of their functional mechanisms. The solution of
the crystal structure of «TTP complexed with PtdIns(4,5) P,
confirms these basic predictions (152).

THE ANTAGONISTIC RELATIONSHIP OF Sec14
WITH LIPID EXCHANGE PROTEINS OF THE
OSBP FAMILY

A remarkable development that has come from the
Sec14 studies is that lipid transfer proteins function as an
antagonistic pair in coupling PtdIns4P signaling with
TGN/ endosomal membrane trafficking. That is, the action
of the pro-trafficking Secl4 is countered by the action of
the Kesl/Osh4, a PtdIns4P/ergosterol exchange protein
that functions as a trafficking brake in this system (23, 146,
149, 153-156). Moreover, the antagonistic actions of Kesl
and Secl4 in TGN/endosomal membrane trafficking ex-
tend to cell cycle contexts associated with cellular commit-
ment to a new round of cell division. That is, Kesl is a
negative regulator of progression through the G, stage of
the cell cycle in the face of nutrient-deprived environ-
ments, and it also antagonizes Sec14 activity in regulating
the timing of the G, phase of the yeast cell cycle (156). Al-
though Kesl is one of seven yeast oxysterol binding-related
protein (ORP) homologs, it is unique among yeast Kesl-
like proteins in its role as antagonist to Secl4-dependent
PtdIns4P signaling in membrane trafficking and cell-cycle
contexts (146, 149, 155, 156).

The biological function of ORPs is a matter of strong
contemporary interest, as these proteins are highly con-
served in eukaryotes. ORPs remain functionally enigmatic,
however, because of the general lack of information regard-
ing their biological activities. It is for this reason that this
topic is discussed briefly here, as it affords an opportunity
to relate the Secl4/Kesl functional antagonism to current
controversies associated with the physiological activities of
ORPs.

There are proposals that yeast and mammalian ORPs
function as lipid carriers that promote nonvesicular lipid
trafficking between intracellular membranes (154, 157),
and other studies that argue that these proteins play no
significant role in mobilizing sterols between intracellular
membranes in vivo (155, 158, 159). The most detailed in-
termembrane transfer proposal, one that has gathered sig-
nificant momentum in the literature, is a countercurrent
hypothesis. This model posits that ORPs (including Kesl)
transfer sterol from the ER to TGN membranes and subse-
quently execute the reciprocal transfer of PtdIns4P from
the TGN to the ER where hydrolysis of PtdIns4P by the
Sacl phosphatase provides the energy to drive the cycle
(157, 160). The evidence in support of this proposal comes
largely from elegant in vitro reconstitutions of sterol/
PtdIns4P vectorial transfer systems. Of particular relevance
to this discussion are several key predictions of the counter-
current hypothesis. First, that sterol binding is an essential
functional property of Kesl. Second, that PtdIns4P binding
is an essential functional property of Kesl. Third, that the
Sacl PtdIns4P phosphatase is a central player in the sterol/
PtdIns4P countercurrent cycle. A brief examination of the
veracity of these predictions using authentic functional
readouts based on the Secl4/Kesl functional antagonism
identifies compelling in vivo data that are inconsistent with
the countercurrent proposal.

Whereas PtdIns4P-binding is indeed an essential in vivo
activity of Kesl (149, 154, 156), and Sacl deficits interfere
with Kesl function in cells (149), genetic and functional
data demonstrate that it is the PtdIns4P pool produced by
the Pikl, and not the Stt4, PI4K, that is the Kesl-relevant
pool in cells. This issue of the Pikl versus Stt4 pool is of
critical importance because the Sacl phosphatase accesses
the Stt4 pool exclusively in cells (65, 161). Those data ar-
gue that Sacl is not directly involved in Kesl biological
function and are therefore contrary to a key tenet of the
countercurrent hypothesis. Indeed, PtdIns4P accumula-
tion in the ER in cells lacking Sacl induces Kesl mislocal-
ization from Golgi membranes to ER, thereby resulting in
diminished Kes1 activity on Golgi membranes (149). This
is the proposed basis for how Sacl deficiencies restore
Golgi function to cells lacking Secl4. In fact, elevated Kesl
expression rescues Kesl biological function in cells lacking
Sacl. With regard to sterol binding, loss of sterol binding
strongly enhances Kes1 activity in vivo, as assessed by mem-
brane trafficking or cell cycle readouts (155, 156). These
data are fundamentally at odds with the base predictions of
the countercurrent hypothesis. One would expect a bona
fide sterol transporter to be inactivated by loss of sterol
binding. The hypothesis most consistent with the available
data describes a Kesl sterol/PtdIns4P exchange cycle on
TGN/endosomal membranes that senses available sterol,
which, upon displacement of the PtdIns4P bound to Kesl,
releases the sterol-bound Kes1 from the membrane. In this
manner, sterol availability controls the amplitude of the
Kesl-mediated trafficking brake by tuning the ability of
Kesl to sequester PtdIns4P from pro-trafficking effectors
(155). It remains to be determined whether mammalian
ORPs will conform closely to the Kesl precedent. But, we
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argue that the concepts gleaned from Kesl biology provide
new perspectives from which to view potential ORP func-
tions in cells. Indeed, the evidence identifies Kesl PtdIns4P
binding activity as a key nonhistone target for the highly
conserved NuA4 lysine acetyltransferase (156).

START-LIKE PITPs

The START-like PITPs bear no primary sequence ho-
mology at all to Secl4-like PITPs and, as discussed below,
this lack of homology corresponds to the fact that these
PITPs assume different protein folds. Initially, START-like
PITPs were to represent higher eukaryotic versions, as
these are absent from S. cerevisiae and other fungi, and were
not initially found in plant genomes. However, with the ad-
vent of high throughput genome sequencing, it is now ap-
parent that candidate START-like PITPs are present in the
genomes of ancient eukaryotes, including members of the
Alveolata (a protist subgroup) and the Diplomonadida (flag-
ellates including Giardia lamblia). So, START-like PITPs
represent ancient constructions.

In terms of classification, the START PITP family is sub-
divided into two structural classes: class I PITPs with high
sequence homology to mammalian PITPa and PITPS (the
first established mammalian PITPs) and class II PITPs with
high homology to Drosophilaretinal degeneration B (RdgB)
(including human proteins PITPnm1 or RdgBa1, PITPnm2
or RdgBa2, and PITPncl or RdgBB) (Fig. 5). The PITP
domains of class I and class II proteins share ~40% pri-
mary sequence identity. Unfortunately, an alternative

PITPNM1 (Nir2) [NP_004901.2]
PITPNM2 (Nir3) [NP_065896.1]

Dm RdgB [CAA41044.1]

nomenclature also exists within the literature, which de-
fines class I and class II PITPs by whether they are single- or
multi-domain proteins, respectively. In that classification
system, PITPncl is assigned to class I (162). In this review,
we use the former definition and so describe PITPncl as a
class II protein. Class II PITPs are also subject to yet an-
other standard of nomenclature, which we will not use
but describe, for purpose of reference, based on their as-
sociation with the N-terminal domain of protein kinase
PYK2 (where PITPnml is Nir2, PITPnm2 is Nir3, and
PITPncl has no designation) (163). The primary sequence
divergence between class I and class II START-like PITPs
reflects biochemical distinctions as well. Whereas the class |
proteins are PtdIns/PtdCho transfer proteins, the class II
PITPs are primarily PtdIns/PtdOH transfer proteins
(164-166).

One of the more striking differences between the vari-
ous START-like PITPs is the length and composition of
their C termini (Fig. 6). Mammalian PITP( is expressed as
either a “canonical” or an “alternative” spliceoform, and
these spliceoforms differ in their extreme C termini (167).
This pattern is recapitulated in the transcript processing of
PITPvy, a PITP-like class I PITP unique to zebrafish (168).
PITPncl is also alternatively spliced into two variants that
differ in their C-terminal sequences. The longer isoform
contains a proline, glutamic acid, serine, threonine (PEST)
sequence that mediates binding to 14-3-3 proteins and pro-
motes turnover of the protein. This PEST motif is absent
from the short PITPncl splice variant, however (169), sug-
gesting that the two splice variants may not be functionally
identical. The remaining class II PITPs are distinguished

4%—— Dm cytoplasmic PITP 1 [NP_001007445.1]
PITPNC1 [NP_858057]

Ce Protein Y71G12B.17 [NP_490879]

— Tg PITP beta isoform [XP_002368382.1]

L Pf PITP
[XP_001350223.2]

—‘%—- Tv PITPa [XP_001582795.1]

Tv PITPc [XP_001319100.1]

Ce Protein Y54F10AR.1 [NP_497582]
Dm Vibrator [NP_524404]
Dm PITP alpha isoform [NP_957229.1]
PITPNA [NP_006216.1]
Dm PITP beta isoform [NP_957214.1]
PITPNB [NP_036531.1]
Dm PITP beta-like [NP_998608.1]
Ce PITP-1 [NP_497726]

Tv PITPb [XP_001329380.1]

Fig. 5. The START PITP family. START PITPs are aligned by primary sequence using VectorNTI (Life Technologies), and the alignment
is visualized as a cladogram. Proteins discussed in this review are highlighted in color. Accession numbers for the specific amino acid se-
quences used are in brackets. Class I PITPs are designated in blue, and class II PITPs in red. PITPs from ancient eukaryotes, including

Toxoplasma and Trichomonas do not fall into either category.
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by multiple domains C-terminal to the PITP domain, as dis-
cussed below.

THE START PITP DOMAIN

Crystal structures for mouse, human, and rat PITP«a are
available in both lipid-free as well as in PtdIns- or PtdCho-
bound conformers (170-172) (Fig. 7). The structure for
rat PITPB bound to PtdCho has also been solved (173).
Although there are no crystal structures of the PITP do-
mains of class II PITPs at present, the high primary se-
quence conservation between the two PITP classes forecasts
that class II PITP structures will closely resemble those of
the class I PITPs.

The core START PITP consists of four domains: ) the
lipid binding pocket composed of an eight-stranded (3
sheet and bounded by two a helices; 2) an unstructured
region called the “regulatory loop”; 3) the C-terminal helix
G; and 4) the “lipid exchange loop” that gates entry to the
lipid-binding pocket (Fig. 7A). The START PITP PtdIns
binding barcode consists of four residues on the cavity 3-
sheet floor that coordinate the PtdIns headgroup. For
PITPq, these residues are Thrb9, Lys61, Glu86, and Asn90
(Fig. 7B) (172, 174). In contrast to Secl4, PtdIns and Ptd-
Cho bind in nearly identical orientations in the START-like
PITP lipid-binding pocket (Fig. 7A, C). Both headgroups
are sequestered within the cavity. A random mutagenesis
screen also identified Glu248 on the C-terminal G-helix, a
structure far removed from the headgroup-coordinating
region of the lipid-binding pocket, as being specifically in-
volved in PtdIns-binding and transfer (Fig. 7A, B) (174).

Phosphatidylinositol transfer proteins in higher eukaryotes

The G-helix is conformationally dynamic during PITP as-
sociation with membranes (175). Molecular dynamics sim-
ulations indicate that the G-helix undergoes a localized
unfolding around Glu248 upon PtdIns binding, which
changes its hydrogen bonding network in such a way that
interaction of the G-helix with the A-helix is altered and
promotes closure of the gate over the lipid binding pocket
(176). This is interesting from the standpoint that the tran-
sition is required for stabilizing PtdIns but not PtdCho
binding in the lipid binding pocket, suggesting that the tra-
jectory of these lipids during lipid exchange may not be the
same. Moreover, certain PITPa substructures associate
with the bilayer only when PtdIns is present (residues 147-
153 and 208-219) (Fig. 7D). Thus, the PITPa configuration
may differ when the protein is engaged in heterotypic Pt-
dIns/PtdCho versus homotypic PtdCho/PtdCho exchange
reactions (176).

Whereas functional analysis of START-like PITPs has
lagged behind those of Secl4-like PITPs, the START-like
PITP system is leading the way in terms of defining the de-
tails of the lipid-exchange cycle that is central to PITP bio-
logical function. All-atom molecular dynamics simulations
reveal that PITPa engages membranes primarily though
the lipid exchange loop, which inserts into the bilayer
upon membrane binding and induces a conformational
change to a more helical structure (176). Other regions
involved in membrane association include surface residues
that promote membrane interaction via hydrophobic in-
teractions (residues 135-163, 204-220, and 259-264) and
those that engage the membrane in electrostatic interactions
(residues 28-41 and 99-110) (Fig. 7D). Interestingly, such
simulations not only draw a plausible trajectory for PL
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A Regulatory Loop

PITP::Ptdins PDB: 1TUW5

Open PITP PDB: 1KCM

Lipid Exchange Loop

PITP:PtdCho PDB:1T27

PITP::Ptdins PDB: 1UW5

PITP:PtdCho PDB:1T27

Fig. 7. START PITP structure. A: The crystal structure of PITPa bound to PtdIns is shown in two orientations as indicated by the arrow. The
B-sheet floor of the lipid binding pocket (gray), the regulatory loop (green), helix F (orange), helix A (blue), helix G (purple), and the lipid
exchange loop (pink) are highlighted. B: The PtdIns headgroup-binding motif of PITP« is illustrated and the coordinating residues within
the lipid binding pocket (inset: Thr59, Lys61, Glu86, GIn90) are highlighted. Residues on helix G that do not bind the headgroup directly
but modulate the conformational dynamics that specifically influence PtdIns-binding are also highlighted (cyan: Met240, Glu248). C: The
crystal structures of open lipid-free PITPa and PtdCho-bound PITPa are shown to illustrate the conformational dynamics associated with
gating of the hydrophobic lipid-binding pocket during the exchange cycle. The lipid exchange loop controls access to the pocket and helix
G and helix A fold over the lipid binding floor. Coloring scheme is as in A. D: The crystal structure of PITPa bound to PtdCho is shown with
membrane-association regions. Hydrophobic interactions with the membrane are rendered in green and involve residues 135-163 and 259-
264, while electrostatic interactions with the membrane involve residues 28-41 and 99-110 and are highlighted in blue. Residues that interact
with the membrane only when PtdIns is present in the bilayer are indicated in bright green. The lipid exchange loop is made translucent for

the purpose of clarity, and this substructure penetrates the bilayer surface.

movement into and out of the PITPa hydrophobic pocket
but also indicate that PITP«a interactions with bound PL
(i.e., the exchange substrate) dramatically lower the en-
ergy barrier for transition of PL ligand between PITP and
the membrane bilayer so that it is within the bounds of
thermal energy (176). These findings rationalize the ATP-
independence of PITP-mediated PL exchange/transfer.

START-LIKE PITP FUNCTIONS FROM THE
PERSPECTIVE OF PERMEABILIZED CELL SYSTEMS

A number of biochemical reconstitution studies using
permeabilized cell systems implicated membrane trafficking
activities for START-like PITPs. These include the pio-
neering work of Tom Martin and colleagues (177, 178)
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who reconstituted regulated dense core vesicle exocytosis
in permeabilized neuroendocrine cells, vesicle budding
from the TGN and other mammalian Golgi compartments
(179-181), and the scission of coatomer-coated transport
vesicles (182). Other permeabilized cell models reconsti-
tuting PLC-coupled receptor (i.e., epidermal growth factor
receptor) signaling at the plasma membrane also identi-
fied PITPa as an essential cytosolic factor required for sig-
naling (183-185). In those cases, PITPa was purified from
cytosol as a factor promoting the corresponding reactions.
Interestingly, in all the cases where the experiment was
done, recombinant yeast Secl4 also fulfilled the PITP re-
quirement in the reconstitution (185, 186). With the benefit
of hindsight, it is likely that these semi-intact cell systems
suffered from phosphoinositide degradation (i.e., run-down)



during cell permeabilization and fractionation, and that
phosphoinositide pools needed to be restored for the sys-
tems to function. Thus, whereas permeabilized cell systems
faithfully reconstituted phosphoinositide requirements for
the corresponding reactions, it remains unclear whether
the projected roles for PITPs in the reconstituted processes
are physiologically relevant.

IN VIVO CLASS I PITP FUNCTIONS FROM THE
PERSPECTIVE OF CULTURED CELL MODELS

Localization studies report that PITPa localizes to the
nucleus and the cytoplasm, whereas PITP@ localizes pre-
dominantly to the Golgi complex (168, 187, 188). Interest-
ingly, mutant PITPa defective for PtdIns is excluded from
the nucleus, whereas nuclear pools are readily detected for
wild-type PITPa and PITPa mutants defective in both Pt-
dIns and PtdCho binding (189). While the idea that PITPa
is somehow involved in regulating nuclear phosphoinositide
metabolism is an attractive one, it remains an open ques-
tion. Pulse-chase experiments indicate that PITPa does not
play a significant role in bulk PtdIns import into the nu-
clear matrix (189). There are conflicting assignments as to
which Golgi compartment PITPB targets: one study local-
izes this class I PITP to the TGN, whereas another claims a
cissGolgi localization (168, 188).

Initial studies of class I PITP functions in cellular systems
involved overexpression and siRNA approaches. Overex-
pression strategies suggested that PITPa promotes secre-
tion of mitogenic and survival factors. NIH3T3 fibroblasts
engineered for high-level PITPa expression displayed in-
creased survival upon in vitro induction of apoptosis (190,
191). Transfer of conditioned medium from those cells to
naive NIH3T3 cells increased proliferation rates and con-
ferred protection against UV radiation and TNFa treat-
ment (192). Fractionation studies identified the survival
factor as a COX-2-dependent endocannabinoid that signals
through a cannabinoid 1-like receptor (192, 193). Media
from cells overexpressing PITPa were also neuroprotective
for primary spinal cord-derived motor neurons in terms of
serum deprivation-induced cell death, and this effect was
traced to production of arachidonic acid metabolites
(191).

An RNA interference approach suggested that PITP is
required for cargo transport from the Golgi to the ER in
HelL.a cells (188). Transient knockdown of PITP resulted
in Golgi compaction, changes in nuclear morphology, a
reduction in cellular PtdIns4P levels, and strong defects in
COPI-mediated Golgi to ER retrograde trafficking in the
face of unaffected anterograde membrane trafficking. A
lipid-transfer mechanism was proposed where PITP( deliv-
ers PtdIns from the ER to c¢issGolgi membranes to make
substrate available to PI4KIIB, which produces PtdIns4P
and ultimately affects the actin dynamics that mobilize
COPI-coated vesicles (188). This model has its curious
features, however. Because retrograde trafficking is an
essential pathway for recharging the ER with the v-SNARE
molecules required for targeting of ER-derived vesicles to

the Golgi, it remains unclear how PITPB-depleted cells
would sustain robust anterograde trafficking under condi-
tions of strongly compromised retrograde Golgi to ER traf-
ficking. With the advent of CRISPR/Cas9 technology,
strategies for engineering cleaner cellular models for class
I PITP function are available for independent address of
these issues.

IN VIVO CLASS I PITP FUNCTIONS FROM THE
PERSPECTIVE OF VERTEBRATE MODELS

Both mammalian class I PITPs are ubiquitously ex-
pressed in all tissues, but PITPa is more abundant in the
brain while PITP@ is more abundant in the liver and neu-
trophils (187, 194-196). Mice genetically ablated for PITPa
are born alive at the expected Mendelian frequencies, but
suffer neonatal/perinatal death as a result of spinocerebel-
lar disease, intestinal and hepatic steatosis, and hypogly-
cemia (197, 198). Further studies demonstrated that
PtdIns-binding is an essential biological activity for PITPa
and, interestingly, that neurons ablated for PITPa activ-
ity are nonetheless uncompromised relative to wild-type
when subjected to intense trains of neuronal stimulation
(199). Thus, PITPa does not function as a PtdIns carrier to
the neuronal plasma membrane, at least not as drawn by the
Michell hypothesis. However stark the phenotypes in the
PITPa-null mouse may be, cells derived from the mouse
and cultured ex vivo, including neurons, show no obvious
phenotypes.

The severe effects of PITPB depletion on the Golgi re-
ported by Carvou et al. (188) suggested an important, and
perhaps essential, role for PITPB in mammalian develop-
ment. While initial attempts to generate PITPB-deficient
mice and embryonic stem cells were unsuccessful (200), it
is now clear that PITPB-null mice are viable and show no
obvious phenotypes (201). Furthermore, the available data
indicate that a level of functional redundancy exists be-
tween PITPa and PITPB in the developing mouse. As de-
scribed below, this understanding is driving pioneering
studies of class I PITP function in mammalian neural stem
cells.

Class I PITP studies in zebrafish are also informative. Un-
like the case in mammals where PITPa deficiencies exerted
postnatal consequences, morpholino-mediated knock-
down of the zebrafish PITPa resulted in early embryonic
lethality (168). The zebrafish PITPB ortholog is expressed
as two spliceoforms and these are collectively not required
for development, but knockdown of both PITP( spliceo-
forms in this organism causes dramatic defects in photore-
ceptor outer segment biogenesis and maintenance in
double cone photoreceptor cells (168). This phenotype is
consistent with the tissue expression profile of zebrafish
PITP, as expression of this protein is restricted to double
cone cells of the fish retina (168). Given that the vertebrate
photoreceptor outer segment defines a context of ex-
tremely active membrane biogenesis and turnover, a role
for PITP@ in photoreceptor cell membrane trafficking re-
mains a plausible functional mechanism. Zebrafish express
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yet another PITPB-like PITP, designated PITPy, but the
biological functions of this isoform and any potential func-
tional redundancies with PITPJ remain to be interrogated

(168).

IN VIVO CLASS I PITPs AND EMBRYONIC
DEVELOPMENT OF THE MAMMALIAN
NEOCORTEX

PITPa and PITP( are both expressed in the ventricular
zone of embryonic mouse brain, indicative of their coex-
pression in the neural stem cells from which the mamma-
lian neocortex is ultimately derived. A recent study took
advantage of this fact to investigate PITPa and PITP( func-
tion in neural stem cells and the consequences of loss of
function of these proteins for development of the mam-
malian forebrain during embryogenesis. Neural stem cell-
specific eviction of both PITPa and PITP structural genes
in murine neural stem cells gave rise to progeny that were
born alive but which lacked the forebrain. A single copy of
either class I PITP gene was sufficient to support develop-
ment of an anatomically normal brain (201).

Forebrain loss in the neural stem cell double knockout
mouse was the consequence of loss of neural stem cell po-
larity and subsequent rampant apoptosis throughout the
developing forebrain that erased the compromised tissue
by late gestation. When cell autonomous defects were ex-
amined by in utero electroporation, the earliest event was
loss of polarity of the Golgi system. That is, repositioning
of the Golgi system from the apical process of the neural
stem cell to a perinuclear location coupled to its morpho-
logical collapse from an extended ribbon to a more com-
pact distribution (201). A pathway was written where the
class I PITPs potentiate formation of a Golgi PtdIns4P
pool that recruits the PtdIns4P-binding protein, Golgi
phosphoprotein 3 (GOLPH3) (ortholog of yeast Vps74),
and the nonconventional myosin, Myol8A, to Golgi mem-
branes, thereby linking the system to the F-actin cytoskel-
eton that is itself highly enriched in the neural stem cell
apical process. GOLPH3 had previously been reported to
bind PtdIns4P and to cooperate with Myol8A and F-actin
to drive release of secretory vesicles from the Golgi
(Fig. 8) (b4, 202, 203). Contrary to published reports
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from cultured cell models (54, 204), class I PITP- and
GOLPH3-deficient neural stem cell Golgi were not com-
promised for bulk membrane trafficking and gave rise to
differentiated progeny that were capable of correct direc-
tional migration over large distances in the developing
neocortex (201).

Interestingly, while both PITPa PtdIns- and PtdCho-
binding activities were required for rescue of the neural
stem cell Golgi defects, expression of a fully functional
copy of the yeast Secl4 was not at all able to rescue class I
PITP deficiencies (201). Given that class I PITPs and Sec14
are very similar in their PtdIns- and PtdCho-binding and
transfer properties, and these proteins are very similar in
their differential affinities for PtdIns versus PtdCho, these
data argue strongly that class I PITPs do not operate as
lipid carriers whose vectorial transport of PtdIns is driven
by simple ER-Golgi PtdIns and PtdCho gradients. If that
were the case, Secl4 should have scored as an effective
surrogate.

Are the activities of class I PITPs in neural stem cells
conserved processes? It seems so. The sole Drosophila
class I PITP [vibrator (Vib)] was identified in a genetic
screen for mutants with dysregulated neuroblast homeo-
stasis and self-renewal (205). Indeed, Vib regulates asym-
metric division of neuroblasts (i.e., fly orthologs of neural
stem cells) by anchoring the nonmuscle myosin II regula-
tory light chain Spaghetti-squash (Sph) to the cell cortex
during cell division, thereby promoting the asymmetric
partitioning of cellular components involved in cell fate
determination as well as cytokinesis (206, 207). Vib is in-
ferred to cooperate with PI4KIIIa to maintain a PtdIns4P
pool on the neuroblast cell cortex for Sph recruitment
(205).

CLASS I PITPs AND RECEPTOR TYROSINE KINASE
SIGNALING: THE CASE FOR THE EGF RECEPTOR

PITPa was reported as an essential component of EGFR
signaling in permeabilized cell reconstitution experiments
in which addition of PITP« to cytosol-depleted cells recov-
ered receptor-stimulated PLCy activity (183). These data
were interpreted in the context of the Michell hypothesis,
wherein PITPa delivers PtdIns to the plasma membrane

GOLPH3
recruitment

Fig. 8. Class I START PITP function in apical load-

to Golgi
: ing of the Golgi system in neural stem cells. Class I
START PITPs exchange PtdCho and PtdIns, thereby
stimulating PI4K activity on late Golgi membranes.
The PtdIns4P pool recruits GOLPH3 and CERT to
Myo18A/ Golgi membranes with GOLPH3 subsequently en-
Actin

gaging the apically directed actin machinery via the
nonconventional myosin, Myol8A. This interaction
promotes loading of the Golgi system to the neural
stem cell apical process, thereby setting up an asym-
metry critical for neural establishment/maintenance
of neural stem cell polarity.

Golgi apical
enrichment
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for PtdIns4P and PtdIns(4,5)P, production by PI4K and
PI4P5K, respectively (Fig. 2). This provides PtdIns(4,5P),
for subsequent metabolism by PLC and PI3K. Studies with
genetically engineered mice do not provide obvious sup-
port for such a link, however. The waved mouse is deficient
in EGF signaling due to a hypomorphic EGFR mutation
that compromises receptor activation. This mutant mouse
presents defective hair follicle development, while EGFR
nullizygosity is embryonic lethal in some backgrounds, but
not in others (208). EGFR-deficient mice that survive
through the first postnatal week exhibit defective eyelid
formation (are born with eyes open), hair follicle differen-
tiation (wavy coats), and a shortened intestine with fewer
villi (209). EGFR-deficient mice also have defects in lung
development as evidenced by immature alveoli and respira-
tory failure (210). None of these defects are observed in
PITPa-null mice (198). Furthermore, mice defective in
EGFR signaling do not exhibit pathologies associated with
PITPa deficiency, such as neurodegeneration, liver steato-
sis, and chylomicron retention disease (199, 208, 210, 211).
At any rate, embryonic stem cells genetically depleted of
PITPa can still form tumors in nude mice as efficiently as
wild-type cells, a process that requires competitive growth
factor scavenging from the environment (200).

Recent cancer biology studies indicate that the idea of
some functional linkage between PITPa and EGFR signal-
ing cannot yet be discounted, however. Analysis of human
tumor samples treated with therapeutics targeting EGF sig-
naling suggest an interesting link between PITPa and the
EGF pathway. PITPa was identified as one of 28 genes
highly predictive for human EGFR (HER2)-positive meta-
static breast cancer resistance to trastuzumab-docetaxel
therapy (212). Trastuzumab (trade name Herceptin) is a
humanized monoclonal antibody that binds an extracellu-
lar domain of HER2 and inhibits signaling by promoting
receptor dephosphorylation and/or blocking dimeriza-
tion. The result is an anti-proliferative response through
diminished signaling through the PI3K/Akt pathway (213,
214) and induction of the cyclin-dependent kinase (CDK)
inhibitor, p27kipl (215). Whether the correlation of ele-
vated PITPa expression with trastuzumab-docetaxel resis-
tance is related to a function for PITPa in HER2 signaling
remains to be determined and identifies an interesting fu-
ture direction for investigation.

CLASS I PITPs AND RECEPTOR TYROSINE KINASE
SIGNALING: THE CASE FOR THE NETRIN
RECEPTOR

PITPa has also been reported as essential for signaling
by deleted in colorectal cancer (DCC), a netrin receptor
(216). Netrins are secreted factors that regulate brain and
spinal cord development by acting as neuronal guidance
cues for axon elongation and pathfinding (217, 218). As
for the EGFR pathway, PITPa is posited to physically interact
with netrin-activated DCC, thereby supplying the plasma
membrane with PtdIns as substrate during signaling.

Several lines of evidence support the case (216). First, pull-
down assays report that PITPa binds the DCC cytosolic tail.
Second, the kanga mouse, which presents a natural dele-
tion of the region of the DCC cytosolic tail that binds PITP«
in vitro, phenocopies netrin-deficient mice. Third, some
data are presented to suggest axon-guidance deficits in the
PITPa hypomorphic Vib mouse (216). Again, the neuro-
nal phenotypes associated with PITPa-null mice are not
congruent for an essential role for PITPa in netrin signal-
ing. While netrin-deficient and DCC-deficient (e.g., kanga)
animals exhibit major defects in brain structure, especially
in the anterior and hippocampal commissures and corpus
callosum (218), PITPoa-null mice do not (198, 199). More-
over, PITPa-null mice do not exhibit an obvious thinning
of the ventral plate of the spine (198, 199), a structure
whose formation requires netrin-dependent axon guid-
ance of spinal commisural neurons (218).

CLASS I PITPs AS GENETIC MODIFIERS OF DISEASE

Recent work suggests that PITPa is involved in control of
PtdIns(3,4,5)P;/Akt signaling, although perhaps not via its
propagation. Specifically, PITPa is a genetic modifier for
Duchenne muscular dystrophy (DMD). DMD results from
the absence of the dystrophin protein in muscle and pres-
ents as a progressive muscle wasting disease that ultimately
leads to cardio-respiratory failure. Expression profiling of
DMD model dogs (termed the Brazilian golden retriever
muscular dystrophy or GRMD) reported that dogs with less
severe GRMD phenotypes and slowed disease progression
present significantly lower levels of PITPa expression
(219). That this correlation is of functional relevance is
indicated by several independent lines of evidence. First,
partial knockdown of PITPa expression in the dystrophin-
deficient sapje zebrafish model for DMD improved muscle
structure and swim test performance in affected fish, as
well as improving overall survival. Second, lentiviral knock-
down of PITPa expression in human muscle cells derived
from DMD patients improved the fusion index, a sign of
healthy myoblasts. In all three models, disease severity also
correlated directly with reduced levels of AKT phosphory-
lation on Ser473, as well as increased PTEN levels. As loss
of PITPa expression in those models consistently increased
phospho-AKT levels and reduced PTEN levels (219), the
DMD models may thus represent an interesting case where
PITPa acts as a negative regulator of PtdIns(3,4,5)P; and
AKT signaling via modulation of PtdIns(3,4,5)P; degrada-
tion by PTEN.

CLASS II START-LIKE PITPs

Though all PITPs analyzed to date bind PtdIns, the pre-
vailing view is that the cellular function of PITPs requires
the binding of an additional ligand, presumably a lipid. It
is in this property that class II PITPs diverge biochemically
from class I PITPs. Whereas all class I PITPs analyzed to date
bind PtdIns and PtdCho, the class II PITPs bind PtdIns
and PtdOH (164-166, 220). As such, it is the class I PITPs
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that adhere to the biochemical properties envisioned by
Michell for soluble proteins that recharge PtdIns resynthe-
sis and transport in cells undergoing agonist-stimulated
phosphoinositide hydrolysis and PLC-signaling (Fig. 2). It
remains unclear whether class II PITPs transport PtdIns
and PtdOH between the plasma membrane and the ER to
supply plasma membrane signaling reactions or to carry
out a unique presentation function analogous to that of
Secl4.

THE STAND-ALONE CLASS II START-LIKE PITP,
PITPncl

PITPncl, the only single-domain mammalian homolog
of the class II proteins, is expressed ubiquitously across
many tissues, with highest mRNA expression in the heart,
muscle, kidney, liver and peripheral blood, and lower lev-
els in the brain, eye, spleen, small intestine, lungs, and leu-
kocytes (221). Some studies suggest that PITPncl activity
responds to DAG signaling. After prolonged treatment
with the DAG analog, PMA, PITPncl redistributes to the
Golgi system where it is proposed to interact with the an-
giotensin II receptor-associated protein (ATRAP) (169).
ATRAP localizes to secretory organelles, including the ER,
Golgi, and endocytic vesicles (222), and promotes angio-
tensin II type I receptor internalization in response to an-
giotensin II-mediated activation via a mechanism involving
PLC inhibition (222-224). Upon angiotensin II stimulation,
cellular DAG levels increase in a biphasic manner; the first
peak occurs at 15 s post stimulation due to PtdIns(4,5)P,
hydrolysis, and the second peak occurs at 5 min due to
PtdCho hydrolysis (225). As 16 h treatment of cells with PMA
reflects neither condition, whether interaction of PITPncl
with ATRAP represents a genuine cellular response to DAG
signaling remains an open question.

PITPncl is gathering interest from the perspective of
cancer biology as elevations in PITPncl expression correlate
with metastatic progression in human metastatic breast,
melanoma, and colon tumors, and targeted PITPncl over-
expression in mice was sufficient to promote tumor metas-
tasis (226). The PITPncl gene is also part of a microRNA
(miRNA) regulon involved in cancer cell metastasis (227).
Silencing of miR-126 in MDA-MB-231 is observed in several
human cancers (228, 229), and its silencing in breast can-
cer cells promotes recruitment of endothelial cells and the
induction of angiogenesis that facilitates metastatic coloni-
zation (227). Three miR-126-targeted genes encode com-
ponents of two parallel signaling pathways that regulate
endothelial cell recruitment by cancer cells: PITPncl, the
secreted insulin-like growth factor binding protein 2
(IGFBP2), and the c-Mer tyrosine kinase (MERTK) recep-
tor. PITPncl is required for the IGFBP2-mediated increase
in endothelial recruitment, tumor colonization, and angio-
genesis, and reduction of PITPncl expression in breast
cancer cells results in diminished IGFBP2 secretion (227).

Extended analyses show that PITPncl promotes the
secretion of multiple factors (e.g., metalloproteases and
pro-angiogenic growth factor) that likely contribute to
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metastasis (226). From the functional perspective, liposome
binding experiments identify PITPncl as primarily a
PtdIns4P-binding protein, with negligible PtdIns- and
PtdOH-binding capacity, and mutation analysis argued that
PtdIns4P binding is “conventional,” as it is mediated by the
PtdIns-binding barcode of this protein. Halberg et al.
(226) posit that PITPncl binds PtdIns4P on Golgi mem-
branes through an unspecified mechanism involving as-
sociation with the small GTPase, RablB. It is also
proposed to stimulate Golgi PtdIns4P synthesis, thereby
promoting GOLPH3 recruitment to Golgi membranes.
GOLPHS3 is subsequently envisioned to drive membrane
tubulation and promotes vesical biogenesis (54, 202, 203,
226). These conclusions are not exactly in line with previ-
ous reports that define PtdIns and PtdOH as the primary
PITPncl ligands (164, 220), although the results are not
mutually exclusive. While available START-like PITP struc-
tures suggest that it unlikely that a phosphorylated inositol
headgroup can be accommodated in the START-like PITP
lipid-binding pocket, resolution of the question awaits
structural characterization of a class II PITP. Finally, al-
though cell culture work suggests important roles for
PITPncl in membrane trafficking and cell motility, mice
genetically ablated for PITPncl are born alive and do not
exhibit obvious phenotypic deficits, even as adults (A. Gra-
bon, V. A. Bankaitis, and M. I. McDermott, unpublished
observations).

THE MULTI-DOMAIN CLASS II START-LIKE PITPs

The multi-domain class II PITPs include the Drosophila
RdgBa, the founding member of the class, as well as hu-
man PITPnml and PITPnm2, and the Caenorhabditis ele-
gans PITP-1 (Fig. 6). These proteins contain N-terminal
PITP domains with ~40% homology to class I PITPs (164,
221, 230, 231). In addition, they have several domains, in-
cluding a hydrophobic region that associates with mem-
branes (232), a DDHD domain that binds PtdIns4P in
vitro (233-235), and a FFAT (EFFDAXE) motif that is pro-
posed to anchor PITPnm]1 to the ER (166). Class II PITPs
contain a LNS2 domain found in lipins and lipin homo-
logs in S. cerevisiae (Smp2) and Schizosaccharomyces pombe
(Nedl) (236). Lipins are PtdOH phosphatases, and the
LNS2 domain of PITPnm1 binds PtdOH but does not har-
bor PtdOH phosphatase activity (237, 238). The C termini
of class II PITPs also interact with the protein tyrosine ki-
nase, PYK2, a protein involved in signaling from cell sur-
face receptors (163, 239), from which the alternative Nir
nomenclature derives (discussed above). The physical
properties of the multi-domain class II PITPs are consis-
tent with these proteins functioning at membrane contact
sites, and this mechanism has been proposed for Drosoph-
tla RdgB and human PITPnml in the context of a trans-
port/supply function (165, 166, 240-242). However, as
all of the available data are also equally compatible with
PtdIns presentation models, we argue that the functional
data available for multi-domain PITPs should be interpreted
with an open mind.



THE Drosophila CLASS 11 PITP RdgBa IN THE
PHOSPHOINOSITIDE CYCLE AT MCS

The sole class II PITP of Drosophila is RdgB and mutant
flies lacking this activity altogether are fully viable, albeit
blind. Mutants in the rdgB gene were identified in a screen
for light-enhanced retinal degeneration (243). The Dro-
sophila melanogaster compound eye consists of 750-800 unit
eyes, or ommatidia, each of which contains eight photore-
ceptor neurons that project axons to the optic lobe (244).
RdgB is expressed in these photoreceptor cells, where it
localizes to a plasma membrane-adjacent subcompartment
of the ER called the submicrovillar cisternae (245, 246).
Mutants in rdgB exhibit abnormal electroretinogram pat-
terns in response to light (243, 247). The rhabdomere
membranes housing the photoreceptors are vesicularized
and internalized, resulting in rhabdomere degeneration
(243, 247-250). In addition, the cell bodies feature signs
suggestive of autophagy, and the photoreceptor axon ter-
minals exhibit a marked decrease in synaptic vesicles as
well as in presynaptic structure (249, 250). The light de-
pendence of rdgB mutant retinal degeneration is prevented
either by calcium depletion or by inactivation of IP; signal-
ing components that occur downstream of rhodopsin
activation, including PLC and PKC. That the screen for
light-enhanced retinal degeneration that identified rdgB
also identified a mutant in the fly DAG kinase (rdgA) lends
further support to the notion that deficits in PLC activa-
tion, IP; production, and DAG conversion to PtdOH pro-
mote lightinduced photoreceptor degeneration (251, 252).

Light signaling through G protein-coupled receptors in
the rhabdomere is phosphoinositide mediated, and it rep-
resents a high-demand phosphoinositide turnover/resyn-
thesis circuit, particularly when challenged with intense
light. As such, it is a relevant physiological system for study-
ing the functional role of a class IT PITPs. In that regard,
RdgB localization to the submicrovillar cisternae is suited
to its proposed role in transfer of PtdIns from the ER to the
plasma membrane to propel the PtdIns(4,5)P, cycle, as en-
visioned by Michell (Fig. 2) (253). Recent characterization
of RdgB as a PtdOH-binding protein invites speculation
that it may be involved in the reverse portion of the cycle as
well, transferring PtdOH back to the ER (165). Indeed,
RdgB loss-of-function mutants display an inability to re-
store plasma membrane PtdIns(4,5)P, levels in photore-
ceptor cells following light stimulation, and heterologous
cytosol reconstitution experiments measuring generation
of inositol phosphates following stimulation of permeabi-
lized mammalian cells suggest that the fly RdgB PITP do-
main is required for optimal PLC activity (165). Basal
PtdIns(4,5)P, levels in rdgB mutant retina are also lower
compared with wild-type retina, and rdgB mutants also
show elevated retinal PtdOH levels following light stimu-
lation, suggesting that RdgB is involved in downstream
PtdOH metabolic pathways (165).

However, the data are more complicated. For example,
rhodopsin levels are also downregulated in rdgBnull flies,
possibly as a mechanism to quench a hyperactive PLC sig-
naling cascade in these mutants. Indeed, rdgB mutants fail

to terminate signaling in single light pulse stimulation ex-
periments (247, 250). Mutations in a simple PtdIns supply
activity would be predicted to show signal failure due to
PtdIns(4,5)P; rundown, rather than a deficit in signal ter-
mination. Thus, the data do not exclude the possibility that
PtdIns(4,5)P, deficits to some extent reflect extended PLC
activity profiles following light stimulation. In that sce-
nario, RdgB quenches the plasma membrane signal rather
than, or in addition to, restoring signaling capacity.

It also bears emphasis that it is the extended domain ar-
chitecture of class II PITPs that encourages interpretation
of these proteins as PtdIns transporters that operate at
membrane contact sites, given their presumed abilities to
participate in ER/plasma membrane bridges. As the PITP
domain of the multi-domain class II proteins represents
only some 20-25% of the total primary sequence and does
not contain any of the other domains involved in such
functions (e.g., PtdIns4P-binding, ER-anchoring, etc.), one
would expect that the class II PITP domain alone would be
insufficient to complement defects in the full-length pro-
tein. Yet, in the fly, a context of unambiguous physiological
relevance, expression of the RdgB PITP domain alone fully
restores all RdgB functions to rdgBnull flies as measured by
corrected retinal degeneration and by electrophysiological
criteria, even under conditions of intense light stimulation
(247, 250). This is an altogether remarkable (and largely
ignored) result that does not easily conform to prevailing
(and broadly held) ideas for how class II PITPs function in
mammalian cells (as reviewed below). Interestingly, expres-
sion of mammalian PITPa cannot rescue rdgB-null pheno-
types in the fly (247), and this failure might reflect the fact
that PITPa is a PtdIns/PtdCho-exchange protein, whereas
the RdgB PITP domain has PtdIns/PtdOH exchange
activity.

THE C. elegans CLASS 11 PITP-1 AND PIP/DAG
SIGNALING IN SENSORY NEURONS

PITP-1 is the single worm ortholog of the class II START-
like PITPs and, like RdgB in flies, it too does not execute
functions essential for viability of the organism. Rather,
loss-of-function alleles of the corresponding structural gene
were identified in a genetic screen for C. elegans mutants
defective in ASE right (ASER) gustatory neuron plasticity
(254). ASER is a sensory neuron responsible for sensing
salt under attraction and avoidance conditions, and C. elegans
chemotaxis as a function of prior experience is dependent
on ASER plasticity. For example, worms normally exhibit
attractive behavior to NaCl but switch to NaCl avoidance if
the animals had prior experience to NaCl-exposure in a
starvation environment (255). This behavioral conditioning
is reversible and is dependent on two opposing phos-
phoinositide signaling cascades: I) PLC/DAG/PKC signal-
ing for attractive cues, such that high DAG levels are
associated with attraction and low levels with avoidance;
and 2) PtdIns(3,4,5)P;/PI3K signaling for plasticity and re-
pulsive chemotaxis. Genetic or pharmacological activation
of DAG signaling pathways results in constitutive attraction
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to salt, and inactivation of the PI3K pathway eliminates plas-
ticity (256, 257). The PITP-1 mutant identified in the screen,
pitp-1(pel209), exhibits reduced NaCl attraction and loss
of plasticity in response to starvation conditioning (255).

DAG kinase mutations rescue attraction defects in pitp-
1(pel209) worms, but not plasticity defects, suggesting that
PITP-1 mediates the interface between two distinct signal-
ing pathways that determine attractive or repulsive re-
sponses to a specific cue: I) a DAG-dependent pathway,
possibly due to regulation of PtdIns(4,5)P, pools; and 2) a
pathway insensitive to DAG pools (at least those subject to
regulation by DAG kinase), possibly through PtdIns(3,4,5)
P; signals mediating worm starvation responses. Though
the data were interpreted from the perspective that PITP-1
provides ER PtdIns to the synaptic membrane during sig-
naling, we suggest that the data fit more closely with the
nanoreactor model. PITP-1 might modulate PtdIns avail-
ability to opposing pools of PtdIns/phosphoinositide-
modifying enzymes (signaling pixels?) that compete for
substrate, such as between PLC and PI3K. Whether PITP-1
has intrinsic PtdIns-transfer activity has not yet been tested.
The nature of its second ligand is also unknown.

PITP-1 localizes to RAB-3-positive synaptic vesicles in the
axon of presynaptic regions in ASER neurons, and is also
localized to presynaptic regions of amphid interneuron B
(AIB) interneurons. Unlike the Drosophila rdgB mutant,
which manifests light-induced degeneration of photore-
ceptor cells, pitp-1 worms do not suffer ASER neuron de-
generation when exposed to stimulatory cues (243, 254).
Yet again, the PITP-1 PITP domain was necessary and, re-
markably, sufficient to rescue the chemosensory attraction
and plasticity defects of pitp-1 mutants (254).

THE HUMAN CLASS II PITP, PITPnm1, IN THE
PHOSPHOINOSITIDE CYCLE AT MCS

PITPnm1 is the mammalian ortholog to fly RdgB. Analo-
gous to the proposed function of RdgB at submicrovillar
cisternae in Drosophila photoreceptor cells, PITPnm1 is
identified as an ER-plasma membrane contact site com-
ponent in human cells (166). HEK293T cells stably over-
expressing angiotensin receptor (HEF293T-AT1 cells)
displayed plasma membrane PtdIns(4,5)P, cycle stimula-
tion following addition of angiotensin II. As seen in
rdgB mutant fly photoreceptor cells (165), unstimulated
HEK293T-AT1 cells knocked down for PITPnm1 had lower
basal PtdIns(4,5)P, levels. Additionally, lower levels of
PtdIns and PtdIns4P were observed, suggesting that PITPnm1
plays a role in maintaining signaling lipid pools under
basal conditions (166). PITPnml was required for sus-
tained PLC signaling, as measured by intracellular calcium
and DAG and PtdOH FRET-based biosensors. Addition-
ally, depletion of PITPnml with siRNA led to PtdOH ac-
cumulation, and these cells were unable to convert PtdOH
to CDP-DAG and PtdIns. This effect was PITPnm1 specific
in that siRNA-mediated PITPa and PITPB depletion did
not recapitulate these effects. One interpretation is that
PITPnm1 binds PtdOH as a counter-ligand to PtdIns, while
PITPa and PITPB bind PtdCho and not PtdOH (211).
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However, counter-ligand identity alone cannot entirely ac-
count for the PITPnm1 specificity in these assays because
PITPncl (the soluble human RdgB ortholog), a PtdOH
transfer protein in vitro, also did not recapitulate the effect
(164, 166, 220).

At steady-state, PITPnm1 localizes to the cytoplasm and
the ER. Following stimulation of cells with angiotensin II,
PITPnm1 translocates to ER-plasma membrane contact sites,
as marked by the contact site marker, STIM1. PITPnm1
C-terminal regions were reported to be important for plasma
membrane association, while the PITP domain was inhibi-
tory (258). Considering that the PITPnm1 LNS2 domain
binds PtdOH (238), perhaps this domain mediates plasma
membrane interaction following PLC activation. Alterna-
tively, the PtdOH-transfer ability of the PITPnm1 PITP-do-
main may potentiate propagation of the phosphoinositide
cycle as forecast by Michell (1).

THE CLASS II PITPnm1 AND PIP/DAG SIGNALING
AT THE GOLGI

Like Sec14 in yeast, PITPnml is also linked to Golgi traf-
ficking and promotes membrane fission facilitating vesicu-
lar biogenesis from the TGN (259). Acute siRNA-mediated
depletion of PITPnml1 in HeLa cells causes Golgi mem-
branes to become dispersed and swollen, resulting in re-
tention of secretory cargo in the TGN and a subsequent
delay of cargo transport to the plasma membrane. Cargo
retained in the TGN under PITPnm]1-deficient conditions
localizes to highly tubular membranes associated with the
Golgi, and is accompanied by a marked decrease in inter-
mediate carriers emerging from the Golgi.

Trafficking defects resulting from transient PITPnml
knockdown stem from a reduction of DAG pools at the
TGN (259). PITPnml is required for maintenance of the
DAG pool used in the CDP-choline pathway for PtdCho
biosynthesis (259). The specificity for sensing CDP-choline
pathway activity is analogous to the case of yeast Secl4 for
which the PtdCho counter-ligand is the end-product of the
CDP-choline pathway activity (21, 23, 260). Interestingly,
Litvak et al. (259) excluded Golgi PtdIns4P as a conse-
quence of PITPnm1 depletion on the basis that Golgi-tar-
geting of a PtdIns4P biosensor (the OSBP PH-domain) was
indifferent to PITPnml knockdown. However, because
there are multiple PtdIns4P pools at the Golgi, and PH-
domains are sensitive to these differences, analysis of a
single biosensor may be insufficient to arrive at firm con-
clusions regarding what effects PITPnm1 depletion has on
Golgi PtdIns4P levels. Truncation studies show that the
PITPnm1 PITP domain is required, but not sufficient, to
restore cargo trafficking from the TGN under PITPnml-
silenced conditions (259).

CLASS II PITPs AND RECEPTOR TYROSINE KINASE
SIGNALING: THE CASE FOR THE EGF RECEPTOR

PITPnml is reported to be required for propagation
of EGF receptor signaling responses in HeLa cells (238).
PITPnm1 localizes to the Golgi in this context, though a



distinct report localized PITPnm]1 to the ER in HEK293T
cells (166). The subcellular localization of PITPnm1 may
therefore be cell type dependent. In both cases, however,
PITPnml translocates to the plasma membrane upon re-
ceptor stimulation (166, 238). Modulation of PITPnm1 ex-
pression affects signaling pathways downstream of EGFR
consistent with a role in activation or propagation of
the EGFR response. However, transient siRNA-mediated
PITPnm1 knockdown also causes Golgi defects (259), rais-
ing the possibility that EGFR signaling defects under
PITPnm]l-depleted conditions result from inadequate for-
ward trafficking of components required for plasma mem-
brane signaling. The stable shRNA-expressing knockdown
clones used in this study did not display Golgi defects, how-
ever (238). So, there remains some uncertainty surround-
ing the issue of PITPnm1 involvement in mammalian Golgi
function.

Propagation of EGF signaling required both the PITPnml1
PITP- and LNS2-domains (238). LNS2 domains are charac-
terized by lipid phosphate phosphatase (LPP) (or PtdOH
phosphatase) activity. The multi-domain class II PITPs con-
tain LNS2 domains, but the canonical DXDX(T/V) motifs
involved in phosphatase function are altered such that the
initial aspartate (D) residue is replaced with a serine. As this
residue is required for LPP activity in other HAD superfam-
ily members, it is unlikely that the PITPs possess LPP activ-
ity, although this remains to be tested. The PITPnm1 LNS2
domain associates with PtdOH-containing vesicles and to
PtdIns4P-containing vesicles to a lesser extent. Addition
of PtdOH to cells resulted in LNS2-domain-dependent
PITPnm1 translocation to the plasma membrane, suggest-
ing that PtdOH is the PITPnm1 recruitment signal follow-
ing EGF stimulation. To test this possibility, the authors
interfered with phospholipase D (PLD)-mediated PtdOH
production using primary alcohols. Indeed, inhibition of
EGF-stimulated PITPnm1 redistribution to the plasma mem-
brane was observed. However, use of primary alcohols as
inhibitors of PLD-mediated PtdOH production is not a rig-
orous approach (262-266). With the availability of isoform-
specific PLD inhibitors, the issue can now be revisited in a
more rigorous way (267-270).

PITPnm1 AND MAMMALIAN DISEASE

PITPnm1 exhibits a broad tissue expression profile (271-
273). This fact, when coupled with reports of an essential
role for PITPnml in Golgi trafficking and receptor tyro-
sine kinase signaling, suggest that this class II PITP is
important for mammalian development. In that regard,
PITPnml was initially reported as an essential gene in
mice, as nullizygosity resulted in preimplantation lethality
(274). However, a more recent report demonstrates that
PITPnm1-null mice are viable and fertile with the only re-
ported defect being decreased circulating cholesterol lev-
els in male homozygotes (275). In that regard, 5% of the
human population expresses a prematurely truncated
PITPnml gene from which only the PITP domain is ex-
pressed [from the Exome Aggregation Consortium (ExAC)

(http://exac.broadinstitute.org/about)] (276) (Fig. 6). To
date, the available genomic data only identify heterozygous
states for this allele, suggesting that either the homozygous
condition is lethal in humans or that homozygous individu-
als exist but have notyet been identified in exome sequenc-
ing efforts. The best data presently suggest that, like its fly
and worm orthologs, PITPnml is not an essential gene in
mammals either.

Ironically, in terms of human disease, it is a Nir protein
that is composed of the C-terminal domain arrangement
that typifies the class II StART-like PITPs, but lacks the
PITP domain entirely, that enters the picture. Defects in
PITPnm3 result in an autosomal dominant cone-rod dys-
trophy 5 retinal dystrophy in humans. This disease mani-
fests itself as an onset of blindness in early adulthood due
to cone photoreceptor degeneration (277, 278).

SUMMARY

A chemically simple phosphoinositide repertoire is none-
theless responsible for regulating a diverse set of cellular
responses in mammals. The mechanisms through which
the phosphoinositide code is functionally diversified are
critical to cellular function as well as being of direct rele-
vance to human health and disease. PITPs are assuming
their place on the center stage of the mechanisms by which
phosphoinositide signaling is functionally channeled to
diverse biological outcomes. The importance of PITPs is
evidenced by the remarkable range of highly specific physi-
ological functions these proteins play, from unicellular eukary-
otes to multicellular organisms such as plants, Drosophila,
vertebrates, and even mammals. Although, the collabora-
tion between PITPs and PI4Ks in promoting PtdIns4P sig-
naling has been featured, it remains an open question of
whether other PITP-like activities play similar roles in regu-
lating the activities of PI3K- and phosphoinositide-kinases.

Whereas the history of how PITPs were first identified
supports a broad view of these proteins as inter-organellar
carriers of PtdIns between membranes to support phos-
phoinositide signaling, an alternative view of these proteins
as essential potentiators of PtdIns-kinase activity cells is
emerging, and these presentation (or nanoreactor) mod-
els are conceptually powerful in terms of describing the
roles of PITPs in instructive regulation of PtdIns kinase ac-
tivities and how such regulation contributes to diversifica-
tion of phosphoinositide signaling. Defining the ligand
specificities of each PITP now assumes central importance,
as PITPs act as “sensors” for such ligands and translate that
sensing capacity to PtdIns4P signaling. The compositions
of the signaling pixels for each PITP also represent critical
parts of the functional puzzle. Regardless of whether one
favors PtdIns-presentation or PtdIns-transfer models for
PITPs (and this may prove to be a case-by-case basis), eluci-
dation of the molecular dynamics of the lipid exchange
cycle in atomistic detail is an important area of investiga-
tion, as that cycle is central to PITP function.

Finally, the genetic diversity of mammals will ultimately
have its input into our understanding of PITP function.
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The identification of genetic modifier loci whose loss of
function bypasses the cellular Sec14 requirement for viabil-
ity in yeast provided invaluable and completely unexpected
insights into the role of Secl4 as an integrator of membrane
trafficking, PtdIns4P signaling, and PtdCho metabolism. It
is in that same regard that new and exciting opportunities
are becoming available for studying PITP, and particularly
class I StART-like PITP, function in mammalian disease.
These new opportunities are forecast by genetic studies
that demonstrate the existence of powerful naturally occur-
ring modifiers of PITPa deficiencies in mice. Several ge-
netic modifiers of the hypomorphic Vib allele that reduces
PITPa expression some 80% are now identified (211, 278).
Homozygous Vib mice of the C57/B6 genetic background
die 33-35 days after birth from an escalating neurodegen-
erative disease and an ascending motor paralysis. Yet, Vib
homozygotes crossed onto the A/J genetic background live
much longer, some to nearly 2 years. What is interesting is
that the A/J Vib mice preserve the pathologies of B6 Vib
mice, including severity and rate of onset of tremors and
neurodegenerative disease (269). Those observations raise
a number of questions regarding what the relationship is
between neurodegeneration and morbidity: what is the ac-
tual cause of death in these mice and what are the mecha-
nisms by which lifespan is extended in PITPa-deficient A/]
mice? Identification of the responsible polymorphisms, or
the epigenetic signatures associated with phenotype, is ex-
pected to promote dissection of both the pathologies of
PITPoa-deficiency diseases as well as the cellular mecha-
nisms of PITPa function. It is clear that the PITP field is
one rich for exploration from structural, biophysical, and
biological perspectives. We argue that this essentially un-
plowed field offers outstanding opportunities for talented
young scientists with new ideas to contribute to a major
problem in contemporary cell biology. Bl
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