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Introduction

Phosphoinositides are essential signaling molecules in eukaryotic cells (Fruman et al., 1998;
Strahl and Thorner, 2007). These lipids have both intrinsic signaling capabilities, and also
serve as reservoirs for production of other second messengers. As general examples of the
former case, phosphoinositides form discerning chemical platforms for spatial and temporal
regulation of protein activities, and also serve as co-factors that allosterically regulate the
activities of various enzymes and ion channels (McLaughlin and Murray, 2005). In the latter
case, phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P,) is a precursor for the lipid and
soluble second messenger molecules diacylglycerol and inositol polyphosphates,
respectively.

The metabolic cycle for regenerating the phosphoinositides consumed during the course of
signaling is faced with the problem of navigating the intracellular architecture of eukaryotic
cells. Phosphatidylinositol (PtdIns), while a minor cellular phospholipid in many eukaryotes
(including mammals), is the metabolic precursor for phosphoinositides. PtdIns biosynthesis
is catalyzed by a single PtdIns synthase which utilizes inositol and cytidine-diphospho-
diacylglycerol as substrates to produce PtdIns and cytidine-monophosphate. CDP-DAG is
itself generated from phosphatidic acid (PtdOH) and cytidine-trisphosphate by the enzyme
CDP-DAG synthase. Both Ptdins- and CDP-DAG-synthases are integral membrane proteins
of the endoplasmic reticulum — a compartment physically separated from the major
compartment of PtdIns-4,5-P5 signaling (i.e. the plasma membrane). In a prescient synthesis
of existing data, Robert Michell (Birmingham, UK) posited nearly forty years ago that
PtdlIns-4,5-P, hydrolysis at the plasma membrane by phospholipase C generates a soluble
inositide (now known to be inositol-1,4,5-trisphosphate or IP3) which sets off a trailing
wave of calcium signaling (Michell, 1975). This prediction was verified experimentally
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(Berridge and Irvine, 1984), and extended to diacylglycerol-stimulated signaling via protein
kinases C (Nishizuka, 1984).

Of relevance to this discussion, Michell also recognized that his hypothesis raised the
question of how are phosphoinositides replenished at the plasma membrane in the face of
robust PLC activity? The crux of the matter lies in the assumption that phosphoinositide
resynthesis at the plasma membrane requires PtdIns resupply from the ER — that is, the
compartment where PtdIns is synthesized. To this end, a cycle was proposed where, in the
first stage, soluble lipid carriers ferry either DAG or PtdOH (produced by plasma membrane
DAG kinases) from the plasma membrane back to the ER to fuel Ptdins synthesis. This
newly synthesized PtdIns is subsequently transported from the ER to the plasma membrane
by a second set of lipid carriers, the PtdIns transfer proteins (PITPs). Indeed, PITPs with the
expected biochemical properties (classically with dual activities of Ptdins and
phosphatidylcholine binding/transfer) have been identified and are highly conserved proteins
(Phillips et al., 2006: Cockcroft and Carvou, 2007). It is a testament to the power of the
Michell conjecture linking phosphoinositide signaling with PtdIns synthesis and transport
that general interpretations of PITP cellular function still borrow directly from his
hypothesis (Cockcroft and Carvou, 2007).

Recent work demonstrates that PITPs are unlikely to be bona fide lipid carriers, however,
and that these proteins play unanticipated and interesting roles in regulating PtdIns kinase
activities (Schaaf et al., 2008; Bankaitis et al., 2010). Sec14, the major yeast PITP, is the
founding member of the Sec14 superfamily, and this protein arguably represents the best
understood of the PITPs ( Bankaitis et al., 1989; Bankaitis et al., 1990; Cleves et al.,
1991a,b; Bankaitis et al., 2010). Current thought describes Sec14 as a regulated scaffold, or
nanoreactor, that chaperones an interfacial presentation of PtdIns to PtdIns-kinases. This
presentation function provides an essential level of control that stimulates the biologically
inadequate activity of PtdIns-kinases on membrane-incorporated PtdIns substrate. Sec14-
mediated PtdIns-presentation is cued by Sec14 binding to a second lipid ligand, and this
concept describes how the diverse cohort of Sec14-like proteins integrates diverse channels
of lipid metabolism with phosphoinositide signaling (Schaaf et al., 2008; Bankaitis et al.,
2010). Herein, we describe our perspective regarding what is known about the mechanism of
Sec14 function as a single molecule. We also, identify what we consider to be the key
questions for future address. This work is not intended to serve as a comprehensive review
of the topic, but describes our own perspective of how we see the problem.

Biological Function of Sec14

The bulk membrane PtdIns content of Saccharomyces cerevisiae is high, ca. 20-25 mol% of
total glycerophospholipid (Strahl and Thorner, 2007). This value is in contrast to PtdIns
representing a considerably more minor constituent of mammalian cells (ca. 5% of total
glycerophospholipid). Given this natural surfeit of PtdIns, it is not at all clear why yeast
would require a PITP-driven plasma membrane PtdIns supply pathway. Yet, Sec14 is
essential for cell viability, even under conditions where PtdIns constitutes a remarkable 40
mol% of total membrane phospholipid (Cleves et al., 1991b). The available data, culled
largely from studies of ‘bypass Sec14’mutants, argue that the essential biological function
for Secl4 is to coordinate lipid metabolism with membrane trafficking in trans-Golgi
network (TGN) and endosomal compartments (Cleves ef al., 1989; Bankaitis et a/., 1990;
Cleves et al., 1991a,b; Fang et al,, 1996; Li et al, 2002; Mousley et al., 2008). The key
lipids involved are PtdCho, PtdIns-4-phosphate (the product of Ptdins 4-OH kinase-
mediated activity) and diacylglycerol (Kearns et al., 1997; Hama et al., 1999; Rivas et al.,
1999; Bankaitits et al., 2010; Figure 1). Current thought identifies the key regulatory axis as
the coordination of PtdCho biosynthesis via the CDP-choline pathway with Sec14-mediated
stimulation of PtdIns 4-OH Kinase activity (Figure 1).
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How Sec14 binds phospholipids

The question of how Sec14 binds PtdCho and PtdIns was solved by structural studies of the
yeast Sec14 homolog Sfhl in complex with various phospholipid species — including Ptdins
and PtdCho (Schaaf et al., 2008). The Sfh1 structural information translates directly to
Sec14, and permits formulation of several important conclusions. First, and perhaps most
remarkably, Sec14 binds the PtdCho and Ptdins headgroups at physically distinct sites.
While the PtdCho headgroup and glycerol backbone moieties are buried deep within the
protein’s interior, the corresponding regions of bound PtdIns are positioned much closer to
the protein’s surface. Second, rational mutagenesis studies demonstrate PtdCho-binding and
PtdIns-binding are both individually required for the biological function of Sec14. A Secl4
molecule must harbor the capacity to bind/exchange both Ptdins- and PtdCho in order to be
a biologically active protein that stimulates PtdIns 4-OH kinase activity. What these data
demonstrate is that stimulation of lipid kinase activity by Sec14 requires the PITP to
undergo heterotypic exchange reactions (e.g. Ptdins for PtdCho or vice versa), and that
homotypic exchange reactions (e.g. PtdIns for PtdIns) do not effect a suitable presentation of
PtdIns to the Ptdins 4-OH kinase (Figure 1). Shaaf et al (2008) propose a kinetic trap model
to account for these results, and an essential component of this hypothesis is that PtdIns and
PtdCho traverse different trajectories during lipid exchange into and from the Sec14
hydrophobic pocket. The model also predicts slower kinetics for PtdCho exchange relative
to the kinetics of Ptdins exchange.

Another remarkable feature of Sec14/Sfh1l is that minimal conformational adjustments are
required for these proteins to bind PtdCho vs PtdIns. Internal H,O flux is the foundation of
this particular structural property, and internal H,O also plays an essential role in the
conformational dynamics and the energetics associated with lipid exchange (see below). For
example, five ordered H,O molecules occupy the ‘empty’ phosphoinasitol binding cleft
when Sec14/Sfh1l is bound to PtdCho. Reciprocally, two ordered H,O molecules fill the
vacant phosphocholine-binding space in the PtdIns-bound protein. The selectivity for PtdIns
vs PtdCho is estimated to be small in energetic terms, and H,O rearrangements are sufficient
to negotiate the energy barriers that confront heterotypic phospholipid exchange reactions.

Phospholipid-binding bar codes in Sec14 proteins

The structural and functional studies of Sec14/Sfh1 identify PtdIns- and PtdCho-binding
signatures at the primary sequence level. These signatures, or bar codes, translate 3-
dimensional information into a primary sequence read-out. From a broader perspective,
these bar codes drive interesting inferences about the larger Sec14 superfamily. Primary
sequence comparisons reveal that the PtdIns-binding bar code is generally conserved among
Sec14 superfamily proteins whereas the PtdCho-binding bar code is not (Schaaf et al., 2008;
Bankaitis et al., 2010; Nile et al., 2010). This divergence suggests the superfamily has
retained PtdIns-binding capability while diversifying the nature of alternate binding ligands.
It is therefore proposed that Sec14 superfamily proteins link the metabolism of diverse
lipids/lipophilic molecules (i.e. of alternate Sec14-protein ligands such as a-tocopherol,
retinaldehyde, PtdCho, etc) with stimulated phosphoinositide synthesis. In this manner,
Secl14-like proteins integrate far-flung arms of the lipid metabolome with phosphoinositide
signaling.

This concept of primed PtdIns-presentation by Sec14-like proteins/domains offers new
insights into the mechanisms of inherited mammalian diseases of with Sec14-like proteins as
several naturally occurring disease alleles involve residues of presumptive Ptdins binding
bar-codes. Examples include the most common inherited alleles associated with retinal
degeneration and acute vitamin E deficiency (reviewed by Nile et al., 2010). We posit that
PtdIns binding is the primary defect associated with those specific disease cases, and project
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that PtdIns is a physiological ligand for the affected Sec14-like proteins (cellular
retinadehyde binding protein and a-tocopherol transfer protein, respectively; Schaaf et al.,
2008; Bankaitis et al., 2010). Examples of caytaxin and neurofibromin loss-of-function
mutations being positioned adjacent to their respective PtdIns-binding bar-codes suggests
PtdIns-binding is a biologically important activity for these proteins as well (Nile et al.,
2010).

Conformational dynamics of Sec14

The two major conformations of Sec14 are the open form which approximates the
conformer(s) involved in lipid exchange on membrane surfaces, and the ‘closed” form which
is stably lipid bound and represents the solution structure of the protein (Sha et al., 1998;
Schaaf et al., 2008). The primary difference between the ‘open’ and ‘closed’ conformers is a
large (ca. 18 A) repositioning of a helical gate so that it closes the lipid binding pocket.
Cross-linking experiments demonstrate that opening of the helical gate is essential for lipid
exchange activity (Ryan et al., 2007).

How are the conformational dynamics that govern the transitions between open and closed
conformers controlled? Unrestrained MD simulations derived from a starting structure of the
Sec14 ‘open’ conformer have been informative in this regard (Ryan et al., 2007). These
simulations model partial closing and opening of the helical gate — that is, the structural
element which regulates access to the Sec14 phospholipid binding cavity. These transitions
are projected to involve large rigid body motions subject to control by a hinge unit that
interfaces with the N- and C-terminal ends of the helical gate. Of particular interest in this
regard is the involvement of a gating module (G-module) which transduces conformational
information to the hinge and, ultimately, to the helical gate.

Again, from a broader perspective, the importance of the G-module in conformational
dynamics of Sec14-like proteins is on display in distant members of the Sec14 protein
superfamily such as human vitamin E binding proteins a TTP and supernatant protein factor,
the neurofibromin ras GTPase activating protein, and cellular retinaldehyde binding protein
(Stocker et al., 2002; Meier et al., 2003; Min et al., 2003; Saari and Crabb, 2005; D’Angelo
et al., 2006). a-tocopherol transfer protein, neurofibromin 1, supernatant protein factor, and
cellular retinaldehyde binding protein defects result in human disease and a number of these
disease alleles are missense mutations within the hinge regions that either flank the helical
gate, or within the G-module itself (Ryan et al., 2007). These alleles emphasize the point
that the mechanisms and structural elements that underly the conformational dynamics of
Secl4-like proteins/domains are likely conserved. Clearly, a major unresolved question
remains: how is the activity of the G-module itself regulated so that helical gate dynamics
are properly coordinated with phospholipid exchange?

Conformational dynamics as reported by ‘resurrection-of-function’

The molecular dynamics simulations of Ryan et al (2007) are incomplete because there is no
consideration for how a phospholipid ligand influences Sec14 conformational transitions.
Although this question remains unanswered, some progress comes from an unexpected
direction — the isolation and characterization of Sfh1 resurrection mutants that restore
Secl14-like activities to a ‘dead’ Sec14-like protein (Schaaf et al., 2011). The directed
evolution approach yielded gain-of-function missense substitutions that endow Sfh1 with
enhanced Sec14-like capabilities for stimulating PtdIns-40H kinase activities in vivo.
Remarkably, these missense substitutions involve amino acids conserved between Sec14 and
Sfh1, with a strong bias for clustering in a hydrophilic microenvironment buried deep within
the hydrophobic pocket. This microenvironment resides adjacent to bound phospholipid and
to critical elements of the G-module discussed above. Biochemical and biophysical analyses
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show that these resurrection mutations increase the kinetics of Ptdins and PtdCho exchange
in Sfh1. These do so by enhancing the conformational transitions that control helical gate
dynamics.

The resurrection mutants further emphasize the importance of internal H,O in the functional
dynamics of Sec14 and other Sec14-like proteins. Ordered H,O is evident in the
hydrophobic pocket of the closed ligand-bound state of Sfh1, and this is an interesting result
given the lack of ordered H,O in the ‘open’ Sec14p conformer (Sha et al., 1998; Phillips et
al., 1999; Schaaf et al., 2008). Ordered H,O in the ligand-binding cavity is also recorded in
EPR spectra of spin-labeled PtdCho bound to Sec14 that report domains of the s-2 acyl
chain of Sec14-bound PtdCho resides in an unexpectedly hydrophilic, yet solvent-
inaccessible, environment (Smirnova et al., 2006; Smirnova et al., 2007). Current ideas
propose that bound H,O facilitates the Sec14 conformational transitions required for lipid
exchange. It remains to be determined how H,O penetrates into the hydrophobic cavity
during lipid exchange, and this question is likely to be an important part of the mechanism
for how Sec14 presents PtdIns to lipid kinases.

The PtdIns kinase activation mechanism

The Secl14 nanoreactor mechanism for instructive stimulation of PtdIns 4-OH kinases
describes a new paradigm for control of lipid signaling. The human disease alleles in Sec14-
like proteins described above portend the broad relevance of this mechanism throughout the
Sec14 superfamily, and we find direct functional evidence to this end in plant Sec14-like
proteins (Vincent et al., 2005; R. Ghosh and V. Bankaitis, unpublished data). A current
challenge is to identify non-PtdCho ligands that prime the PtdIns-presentation functions of
other Sec14-likeproteins, and recent progress in crystallization of experimentally tractable
yeast Sec14-like proteins forecasts progress in this area (Ren et al., 2011). So precisely how
does Sec14 effect a PtdCho-primed presentation of PtdIns to a lipid kinase? This is now the
key problem for understanding instructive regulation of PtdIns 4-OH kinase activities. The
solution requires a detailed understanding of how Sec14 docks onto membrane surfaces and
what are the precise trajectories taken by PtdIns and PtdCho as these enter into, and egress
from, the hydrophobic pocket. The rate at which each phospholipid cycles through the
hydrophobic pocket is also a critical question. These are challenging questions to address
experimentally, and will require application of sophisticated biophysical and computational
approaches.

We do know some of the rules, however. For instance, electron spin resonance experiments
demonstrate phospholipid cycling through the Sec14 protein interior is a partitioning
between two nearly equivalent chemical environments — the Sec14 hydrophobic pocket and
the cytoplasmic leaflet of the involved membrane system (Smirnova et al., 2007). The
mechanics for how the phospholipids are enticed to choose between the two environments is
unknown.

The physical relationship between the Ptdins 4-OH kinase and Sec14 is also a central issue
and, while it is most straightforward to envision a direct physical interaction between the
enzyme and Sec14, this does not seem to be the simple case. Two lines of evidence argue in
this direction. First, no direct interaction between Sec14 and PtdIns 4-OH kinases has been
demonstrated. This is negative evidence, however. The second line of evidence is that
mammalian/vertebrate PITPs, which have no sequence homology or structural similarity to
Sec14, are functional surrogates when expressed in yeast (Skinner et al., 1993; lle et al.,
2010). This powerful demonstration argues there is no dedicated interaction between the
PITP and the kinase, and perhaps all the kinase registers is the ‘presented’ headgroup. Such
a model again places a premium on understanding the orientation of PITP and bound
phospholipids to the membrane surface during the exchange reaction.
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Figure 1.

Sec14 coordinates lipid metabolism with membrane trafficking. A lipid-regulated vesicle
formation pathway is shown. This pathway features diacylglycerol (DAG) and PtdIns-4-P as
pro-exocytotic lipids, and its activity is sensitive to flux through the DAG-consuming
cytidine-diphosphate (CDP)-choline pathway. Sec14 senses flux by binding newly
synthesized PtdCho and thereby becomes activated for initiating heterotypic exchange
reactions at the expense of futile PtdIns homotypic exchange reactions. Sec14-mediated
heterotypic exchange reactions stimulate PtdIns-4-phosphate production by Ptdins 4-OH
kinase. Negative regulators of Sec14p-dependent vesicle budding pathways are highlighted
in red -- including the proteins identified by loss-of-function ‘bypass Sec14p’ mutations
(enzymes of the CDP-choline PtdCho biosynthetic pathway, the Sacl PtdIns-4-phosphatase,
the sterol and Ptdins-4-P binding protein Kes1p). Positive regulators of Sec14p-dependent
vesicle biogenesis pathways are highlighted in blue. The two opposing pathways are
regulated by Sec14-mediated heterotypic PtdCho/PtdIns exchange (purple).
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