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Abstract

Phosphoinositides and soluble inositol phosphates are essential components of a complex
intracellular chemical code that regulates major aspects of lipid signaling in eukaryotes. These
involvements span a broad array of biological outcomes and activities, and cells are faced with the
problem of how to compartmentalize and organize these various signaling events into a coherent
scheme. It is in the arena of how phosphoinositide signaling circuits are integrated and, and how
phosphoinositide pools are functionally defined and channeled to privileged effectors, that
phosphatidylinositol (Ptdins) transfer proteins (PITPs) are emerging as critical players. As plant
systems offer some unique advantages and opportunities for study of these proteins, we discuss
herein our perspectives regarding the progress made in plant systems regarding PITP function. We
also suggest interesting prospects that plant systems hold for interrogating how PITPs work,
particularly in multi-domain contexts, to diversify the biological outcomes for phosphoinositide
signaling.
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Introduction

Phosphatidylinositol is a minor phospholipid in most eukaryotic cells. It is primarily, and
perhaps exclusively, produced in the endoplasmic reticulum (ER) via the action of PtdIns
synthase. This enzyme uses inositol and cytidine-diphospho-diacylglycerol (CDP-DAG) as
substrates to produce PtdIns and cytidine-monophosphate. CDP-DAG is produced by
another primarily ER-localized enzyme, the CDP-DAG synthase, which uses phosphatidic
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acid (PtdOH) and cytidine-trisphosphate as substrates (1,2). The minor contribution of
PtdIns to bulk membrane mass notwithstanding, Ptdins is an essential phospholipid in
eukaryotic cells. The essential nature of PtdIns in no small part reflects the fact that it is the
immediate metabolic precursor of phosphoinositides — an essential cohort of chemically
distinct phosphorylated derivatives of Ptdins produced by dedicated lipid kinases that
modify the inositol headgroup of PtdIns, or even of other phosphoinositides, at specific
positions.

The biological importance of phosphoinositides rests in their utility as versatile signaling
molecules in eukaryotic cells. These lipids are not only precursors for other soluble and lipid
second messengers, but phosphoinositides collectively form the chemical basis for an
important and diverse signaling code (1-4). Their intrinsic signaling properties take several
forms. For example, phosphoinositides contribute to the assembly of chemically distinct
platforms on membrane surfaces that allow spatial and temporal regulation of protein
activities recruited from the cytoplasm. Phosphoinositides are also critical allosteric
regulators of numerous enzymes (such as GTPases and phospholipase D; 5,6) and ion
channels (7,8). In terms of serving as metabolic precursors for other second messenger
signaling molecules, the best documented example is the hydrolysis by phospholipases C of
phosphatidylinositol-4,5-bisphosphate (Ptdins-4,5-P5) to generate diacylglycerol (a lipid)
and soluble inositol polyphosphates that subsequently launch a protein kinase cascade and a
wave of calcium signaling, respectively (9,10). Soluble inositol-polyphosphates are also
recognized to play a number of other interesting roles such as serving as allosteric regulators
of protein activities (11-14), and even as essential structural cofactors for protein folding
(15,16)

Plant systems engage in robust pathways for lipid signaling, including phosphoinositide
signaling, and this review is focused on novel mechanisms by which phosphatidylinositol
transfer proteins regulate phosphoinositide signaling and the fascinating plant biology
associated with such mechanisms. A number of excellent reviews that more broadly discuss
lipid and phosphoinositide signaling in plants have recently been published, and we refer the
interested reader to them for general information (17-19). The subject of lipid trafficking
and the potential roles of other types of lipid transfer proteins in such processes is also an
active field in plant biology, and outstanding reviews have been produced regarding various
aspects of lipid transfer mechanisms and lipid transfer proteins in plants (20-22). Because
this review has a specific focus that does not encompass those important mechanisms and
pathways, the reader is again referred to those discussions for additional information.

Setting the conceptual stage for phosphatidylinositol transfer proteins

The experimental linkage of phospholipase C-mediated cleavage of PtdIns-4,5-P, to calcium
signaling was forecast some forty years ago in a remarkable synthesis produced by Robert
Michell (Birmingham, UK; 23). Of relevance to this discussion, the Michell review
crystallized a topological problem associated with phosphoinositide signaling—that is, how
are phosphoinositides replenished at the plasma membrane when PLC activity is highly
stimulated? Michell’s conjecture was that phosphoinositide resynthesis at the mammalian
plasma membrane demands PtdIns be transported from its compartment of synthesis (the
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ER) to the plasma membrane where Ptdins kinases can regenerate phosphoinositide pools. It
is this ER to plasma membrane PtdIns transfer concept that led to the prognostication that a
set of cytoplasmic soluble PtdIns carriers, the Ptdins transfer proteins (PITPs), exist for just
such a purpose. In a case of ‘seek and you shall find’, proteins satisfying the biochemical
criteria for PITPs were subsequently purified from multiple sources and biochemically
characterized (24,25). In lock step with the Michell conjecture, there is to this day a school
of thought that interprets PITP cellular activities as intracellular lipid carriers that resupply
membranes engaged in phosphoinositide signaling with PtdIns from the ER (26-28). Direct
evidence to support such an interpretation is lacking, however.

One issue that frustrated lipid transfer protein studies for many years was the complete lack
of knowledge regarding the biological functions of these proteins, and the lack of systems
from which to address biological questions—a drought that was broken with the recognition
that the yeast Sec14 protein, essential for membrane trafficking through late Golgi/
endosomal compartments, is a PITP (29). While studies in multiple genetically tractable
systems are now drawing back the curtain to reveal the biological functions of PITPs, central
details for how these proteins execute these functions remain unclear. For the Sec14-like
PITPs, it is no longer the case that the simplest interpretations of the data are consistent with
lipid transfer mechanisms for these proteins. Other ideas now demand consideration.
Moreover, the biological functions of multi-domain proteins that harbor Sec14-like modules,
and the mechanisms that underlie such functions, are poorly understood. It is in these areas
of inquiry that plant systems offer new and exciting avenues for studying the biological and
biochemical activities of Sec14-like PITPs. This review summarizes the sparse, but
increasingly exciting, progress in understanding mechanisms of plant PITP function. It is
abundantly clear that plants employ PITPs in interesting ways, and we endeavor to highlight
the unique opportunities provided by plant systems for studying Sec14 - like PITPs in
physiologically relevant contexts.

Secl4-like proteins and the coupling of lipid metabolism to phosphoinositide signaling

Recent work demonstrates that PITPs play novel roles in regulating Ptdins kinase activities
via mechanisms that do not involve intermembrane PtdIns transport (30,31). This concept
derives from a body of work on arguably the best understood of the PITPs -- Sec14, the
major yeast PITP, and other Sec14-like proteins (29,31-35). The body of evidence is
consistent with Sec14 and other Sec14-like proteins executing an interfacial ‘presentation’ of
PtdIns to PtdIns 4-OH kinases. That is, PtdIns 4-OH kinases are biologically inadequate
enzymes because of their inability to efficiently engage membrane-incorporated PtdIns
substrates. The poor ability of the enzyme to produce PtdIns-4-P is of insufficient power to
counter the repressive action of cellular ‘brakes’ that antagonize PtdIns-4-P signaling -- such
as the Sacl phosphoinositide phosphatase and the PtdIns-4-P binding protein Kes1/Osh4
(36-43). Secl4 is proposed to help the Ptdins 4-OH kinase to overcome that threshold by
executing abortive PtdIns exchange events, when bound to (i.e. primed with) PtdCho, that
expose PtdIns in a neither fully incorporated membrane-bound or Sec14-bound states. Thus,
for a brief window in time, a frustrated Ptdins molecule foiled in its entry into the Sec14
hydrophobic pocket is a superior substrate for PtdIns 4-OH kinases. It is via such an abortive
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exchange mechanism that the stimulated enzyme can generate sufficient PtdIns-4-P to
overcome the threshold set by negative regulators of PtdIns-4-P signaling (30,31,41).

There are two attractive corollaries to this mechanism. The first is that the PITP presentation
activity exerts an essential level of control that not only stimulates the biologically
inadequate activity of PtdIns 4-OH kinases, but does so in response to binding of a second
lipid ligand (PtdCho in the case of Sec14). This circuit is suggested to define a common
strategy for how diverse cohorts of Sec14-like PITPs (that presumably bind diverse cohorts
of second ligands) integrate the activities of multiple lipid metabolic pathways with
phosphoinositide signaling (30,31,44,45). Powerful examples in support of this concept
include: (i) the biologically essential role of Sec14 in coordinating metabolic flux through
the CDP-choline pathway for PtdCho biosynthesis with PtdIins 4-OH kinase activity to
regulate the interface between Ptdins-4-P, PtdCho and diacylglycerol metabolism and vesicle
trafficking through the yeast trans-Golgi/endosomal pathway (29,33,34,36,39-41,46), and
(ii) the role of the Sec14-like PITP Sfh4 in regulating an endosomal pathway for
phosphatidylserine (PtdSer) decarboxylation (47-49). The second is that productive activity
of the lipid kinase requires a vicinal PITP to present substrate, thereby defining a precise site
on a membrane surface where signaling is initiated. As discussed in greater detail below,
when coupled to appropriate pre-existing protein assemblies, such local control of PtdIns-4-
P production can be channeled directly to unique sets of effector molecules—thereby creating
a highly compact and tightly integrated signaling ‘pixel’. This engineering strategy holds the
prospect for enabling execution of phosphoinositide signaling at “point’ resolution. Such
capabilities give birth to powerful new ideas for how cells might prosecute high definition
phosphoinositide signaling, and plant systems offer unique models for thorough examination
of both of these corollaries given the clear phenotypes associated with specific plant PITP
defects that are ripe for productive exploitation.

The plant Sec14-like protein family

Higher eukaryotes express a large number of Sec14 proteins and most of these define
interesting modular proteins with Sec14-domains. The dizzying breadth of the Sec14
superfamily is obvious upon examination of even individual plant genomes. For example,
Arabidopsis alone expresses 32 distinct members of this superfamily and these proteins span
an interesting spectrum of domain arrangements—ranging from the plant-specific Sec14-
nodulin two-domain proteins, to Sec14-GOLD proteins also found in other multicellular
eukaryotes, to single-domain Sec14 proteins (Figure 1). This dramatic amplification of the
plant Sec14 family, as exemplified by Arabidopsis, is a common feature throughout the plant
kingdom, and highlights the difficulties with kingdom-wide treatments of the subject. So,
this discussion focuses on members of the plant Sec14 superfamily for which functional
information already exists, or cases where functional information is almost certain to
translate to areas of biological impact. The Sec14-like proteins of other plant species that
will be discussed are highlighted in Figure 2 for reference. We expect the concepts gleaned
from those case studies to apply generally to PITPs of plant species not discussed here.

In this review, particular emphasis is invested in discussion of plant multi-domain Sec14
proteins. The Arabidopsis and rice cohorts of Sec14-like proteins amply demonstrate that
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these structurally complex Sec14-like proteins are not only prevalent (at least 18 of the 32
are confidently classified as multi-domain proteins in Arabidopsis), but that some of these
arrangements are also more broadly conserved throughout the multicellular Eukaryota. Yet,
little information exists regarding /n vivo functions for multi-domain Sec14-like proteins.
Plant experimental systems offer unique prospects for future research in this arena of lipid
metabolism. The free-standing Sec14-like proteins are also numerous (as many as 14
Arabidopsis Secl4-like proteins may fall into this category depending on how stringently
one defines a domain), and these too hold their own interesting properties and potentials for
new insight into how the phosphoinositide signaling landscape is managed in plants.

Secl4-nodulin two-domain proteins

An impressive feature of the Arabidopsis and rice Secl4-protein families is the large number
of Secl14-nodulin proteins. Functional analyses of the Sec14-domains from Arabidopsis
Secl14-nodulin proteins demonstrate that all share intrinsic Sec14-like activities (50). These
two-domain proteins are of particular interest because these are plant-specific constructions,
and the path for how Secl14-nodulins came onto the scientific radar is a curious one. That
path deserves a brief summary as it has its origins in the study of the bacterial/legume
symbiosis nitrogen fixation and forecasts a large biological significance for these proteins.

The genesis of Sec14-nodulin research came from expression profiling studies that
catalogued the genes/proteins of leguminous plants whose expression is elevated during the
nodulation phase of legume infection by Rhizobium. While the tractability of RAizobiato
genetic approaches spearheaded progress in understanding the bacterial functions required
for productive nodulation, the intractability of legumes to such approaches has retarded
progress in understanding the symbiosis problem from the perspective of the plant (51-53).
Of the plant proteins expressed during nodulation (hence the name nodulins), one class
represents a family of small 14-16Kda proteins for which a cDNA was isolated from the
leguminous plant Lotus japonicus. That specific cDNA was derived from an mRNA
expressed exclusively in No-fixing root nodules during late stages of the nodulation program
(54). A family of four related nodulin genes, referred to as the NIj16-like nodulin family,
was subsequently identified in Lotus (Figure 2). Curiously, these nodulins are genetically
encoded as two-domain Sec14-nodulin proteins with the Sec14 domain having intrinsic
PITP activity (LjPLP-1V in the specific case of the NIj16-nodulin; 55). Nodule-specific
expression of the NIj16 nodulin domain was determined to be driven by a complex and
developmentally-regulated reprogramming of gene transcription that activated nodulin
domain expression at the expense of the full-length Sec14-nodulin protein (55). The
proliferation of Sec14-nodulin proteins in

Avrabidopsis indicates this modular arrangement is not restricted to legumes. However,
survey of plant genomes for Sec14-nodulin genes also indicates these two-domain proteins
are restricted to the most evolutionarily advanced plants. Whereas Norway spruce potentially
encodes for only one Sec14-nodulin protein, and the presumptive nodulin domain is
significantly diverged from other NIj16-family sequences, individual flowering plant species
encode many Sec14-nodulin proteins and the arrangement is conserved across the
angiosperms (Figure 3). By far the best studied Sec14-nodulin to date is the Arabidopsis
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AtSfhl protein, and it is the product of the gene defined by the can-of-worms (cowl)
complementation group identified in studies of short root hair Arabidopsis mutants
(50,56,57). We refer to this gene and its product in AtSFHI (AtSfhl) nomenclature as that
designation transmits both functional and gene relatedness information that the COW1
designation does not. Arabidopsis mutants devoid of AtSfh1 are fertile but, consistent with
the root-specific expression profile of the AtSFHI gene, produce short and stubby root hairs
that often exhibit two and sometimes even three growing tips. In wild-type plants, AtSfhl is
most concentrated at the tip of the developing root hair root where it is most heavily
concentrated on vesicles in the tip cytoplasm, the tip plasma membrane, and in a surprisingly
intricate spiraling distribution along the root hair cortical plasma membrane (50). The root
hair phenotype of AtSfh1-deficient plants is the consequence of the collapse of a tip-directed
PtdIns(4,5)P, (and perhaps a PtdIns-4-P) gradient in the growing root hair in Arabidopsis
(58,59), loss of membrane vesicles from the tip cytoplasm, and derangements in the tip actin
microfilament network (a phosphoinositide-responsive system) and in the cortical
microtubule cytoskeleton. These derangements are impressively local. That is, the root hair
cortical actin cytoskeleton appears substantially normal, and the microtubule cytoskeleton is
also apparently normal in the body of the parent trichoblast cell from which the root hair
emanates.

The cumulative data indicate that, in AtSfhl-deficient mutants, a highly polarized system of
membrane trafficking collapses into an isotropic mode of deposition of membrane contents
into the plasma membrane—including such cargo as ion channels and other receptors. Indeed,
rather than exhibiting a strong tip-directed cytoplasmic Ca** gradient typical of growing
root hairs (60), AtSfhl-deficient root hairs present precocious ‘hot-spots’ of high
cytoplasmic Ca™ (>600 nM) along the cortical plasma membrane fueled by robust Ca**
influx from the extracellular milieu (~ 4-8pmol Ca**/cm?/sec). This derangement of what is
typically a tightly spatially organized pattern of Ca** uptake is consistent with inappropriate
distribution of Ca**-channels across the root hair plasma membrane (50). It is therefore
almost certain that other ion channels and solute transporters are similarly mis-distributed in
AtSfhl-deficient root hair plasma membrane with the result that root hair ion and solute
gradients are generally disrupted.

The detailed functional analyses of AtSfhl suggest some members of the Sec14-nodulin
protein family represent a novel class of polarized membrane trafficking regulators. This
inference is supported by tissue expression profiling data indicating that ten of the
Arabidopsis Secl4-nodulin proteins are preferentially expressed in tissues that undergo
programs of extreme polarized membrane growth -- i.e. root and pollen
(www.ncbi.nlm.nih.gov/geo/; summarized in 61). Independent studies also find that the
Secl14-nodulin proteins AtSfh3 and AtSth12 are most highly expressed in flowers (for
AtSfh3), or exclusively in flowers for AtSfh12. More detailed analyses show that AtSth3 is
expressed in pollen grains both prior to and after fertilization while AtSfh12 is expressed
only in mature and germinating pollen grains (62).

While the expression profiling data are suggestive of general roles for Sec14-nodulin
proteins in polarized membrane trafficking, more convincing data that speak directly to this
issue are forthcoming from other plant systems. Forward genetic screens for short root hair
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mutants in rice, coupled to map-based cloning and sequencing approaches, demonstrated
that the OsSNDPI gene is required for proper root hair biogenesis, that the gene product is a
plasma membrane-localized Sec14-nodulin protein that exhibits high homology throughout
its amino acid sequence to AtSfhl, and that OsSNVDPI expression rescued short root hair
phenotypes in Atsfh1 null mutant Arabidopsis plants (63). The inactivating allele identified
in the screen evokes a single Gly — Val missense substitution in the Sec14-domain of the
protein that does not alter protein localization to the plasma membrane, but presumably
inactivates Sec14 domain activity. Moreover, the short-root hair phenotype of Ossnap1 loss-
of-function mutants closely mirrors that of A#sfh1 null mutants. OsSNDPI transcriptional
expression is highest in roots and in flowers, particularly anthers, suggesting a role for this
Sec14-nodulin protein in pollen tube formation as well (63).

The data obtained from Arabidopsis and rice directly demonstrate that Sec14-nodulin
domain proteins play critical roles in regulating extreme modes of polarized membrane
growth (i.e. tip-growth) in higher plants. It is also worth emphasizing yet again that rice
encode 27 Sec14-like proteins, of which 10 are Sec14-nodulin proteins, and that one of
those ten Sec14-nodulin proteins plays a critical role in root hair biogenesis (63; Figure 3).
The emerging theme from these early studies is that, the impressive amplification of the
Sec14-like protein and the Sec14-nodulin domain families notwithstanding, these proteins
channel their respective activities to surprisingly specific physiological contexts (e.g. even
specific aspects of membrane polarity programs?).

Functional diversification is also determined by the nodulin domain

Emerging data report that diversification of Sec14-nodulin protein functions does not rest
solely with diversification of the biochemical properties of Sec14 domains (see below), but
that the nodulin domains also play determining roles. While there exists no structural
information for the 16kDa NIj16-like nodulin unit, both ab initio structure prediction and
limited templated structural threading routines consistently project nodulins to assume
coiled-coil structures—most probably three-helix coiled coils (61). The NIj16-like nodulin
domains share significant sequence homology across their entire primary sequences, but
these modules can be subdivided into three classes based on the nature of their extreme C-
terminal sequences. The Class | sequences are marked by an uninterrupted stretch of seven
basic residues with vicinal aromatic residues. While the Class Il nodulins also have basic C-
termini with aromatic residues, the basic residue tracts are shorter than those of the Class |
nodulins and Cys residues (potential sites for palmitoylation or prenylation) are more
prevalent. The Class Il nodulin C-termini also exhibit these features but the sequences are
more divergent (61).

The classification translates to biochemical differences. Class | nodulin domains represent
phosphoinositide-binding units whereas neither Class Il nor Class 111 have detectable
phosphoinositide or other anionic phospholipid binding activity—at least not in the assay
systems employed (61). Comprehensive analyses of the AtSfh1l nodulin domain (and indeed
all Class I nodulins tested) demonstrate it to be a highly specific PtdIns(4,5)P,-binding unit,
that this binding is mediated by the C-terminal run of basic amino acids that distinguish
Class I nodulins, and that PtdIns(4,5)P,-binding by this domain is required for AtSfhl
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function in promoting polarized tip-directed membrane trafficking in growing root hairs.
Several other biochemical features of the nodulin domain are similarly noteworthy (61).
These are as follows:

First, these units form stable homo-oligomers and this oligomerization lends high avidity to
what is otherwise a highly specific, but low affinity, PtdIns(4,5)P»,-binding activity. AtSfhl
nodulin domain mutants that fail to homo-oligomerize fail to bind PtdIns(4,5)P; in
biological membranes and are non-functional proteins in plants.

Second, the extent to which AtSfh1 nodulins self-assemble into larger order oligomers is
promoted by neutralizing the basic charge of their C-termini—as would happen upon
PtdIns(4,5)P,-binding. Since AtSfthl localization to the plant plasma membrane is not
dependent on the phosphoinositide-binding activity of the nodulin domain, that unit is
concluded to function in lateral organization/sequestration of PtdIns(4,5)P5.

Third, AtSfhl nodulin domains exhibit other functionally important properties that are
independent of PtdIns(4,5)P,-binding. That is, AtSfh1 nodulin domain missense mutants
were obtained that preserve the nodulin domain’s ability to homo-oligomerize and bind
PtdIns(4,5)P,, but are nevertheless non-functional as AtSth1 nodulin units in the plant. What
the activities identified by these particular mutants may be remain unclear. However, one
attractive possibility is that the responsible amino acid substitutions break critical
protein::protein interactions.

The functional principles gleaned from analyses of AtSfh1 will likely apply to many (if not
all) of the Sec14-like proteins with Class | nodulin domains. In this regard, Sec14-nodulin
proteins offer interesting possibilities for a lipid signaling nanoreactor that couples
phosphoinositide synthesis with spatial organization of the product (61,64). Using AtSfhl as
conceptual template, the phosphoinositide lateral organization principle is envisioned to
reside in the nodulin domain, while synthesis of the PtdIns(4,5)P, ‘pool’ is potentiated by
the Sec14-domain. That locally produced pool of phosphoinositide is efficiently captured by
electrostatic interactions with the AtSfh1 nodulin domain-thereby enabling a nanopatterning
of a specific PtdIns(4,5)P, pool on root hair membrane surfaces with the potential to channel
the phosphoinositide to vicinal effector molecules. AtSfhl and Ptdins(4,5)P, confocal
imaging data in growing root hairs show that AtSfhl and areas of PtdIns(4,5)P, enrichment
adopt similar patterns (50). Although it is yet to be demonstrated that these patterns are
coincident, the imaging data are consistent with AtSfh1 promoting PtdIns(4,5)P, synthesis
and lateral organization in root hair membrane ‘nano-domains’. This concept is further
supported by the demonstration that loss of AtSfh1 function results in loss of the
PtdIns(4,5)P, arrangement typical of growing wild-type root hairs.

The notion that Class | nodulin domains interact physically (and perhaps transiently) with
appropriate PtdIns 4-OH and PtdIns4-P 5-OH kinase isozymes is now an attractive one as
such a design would consolidate the cardinal features of AtSfhl biochemistry and cell
biology. In that regard, the question of whether AtSfh1 interacts with the PtdIns 4-OH kinase
beta-1 and/or PIP5K3 PtdIns4-P 5-OH kinase isozymes is an especially interesting one given
that PtdIns 4-OH kinase beta-1 and PIP5K3 deficiencies evoke short root hair phenotypes
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similar to those associated with AtSfh1 deficiencies (59,65). Moreover, the fact that
biological outcomes of Ptdins(4,5)P, signaling in pollen tubes can be altered by PtdIns-4-P
5-OH kinase domain-swap indicates the determining role played by lipid kinase interaction
partners (66). If AtSfh1l does play a role in PtdIns(4,5)P, nanopatterning, an important
question that remains is how the nodulin domain:: PtdIns(4,5)P, clamp is released. While
the data indicate high local Ca** is insufficient to do so by itself, a Ca**-calmodulin-
dependent release mechanism remains a possibility, given the high affinity of Ca**-
calmodulins for basic peptides, and post-translational modifications of the nodulin domain
may also be involved (61). The effectors of AtSfh1l-dependent Ptdins(4,5)P2 signaling
remain to be identified. But root hair phospholipase D isoforms (e.g. PLDC; 67) are potential
candidates of lipid signaling import to consider, as is the Agdl Arf GTPase activating
protein given Agdl shows genetic interactions with AtSfhl and PIP5K3 (68).

Some of the functional principles gleaned from study of AtSfh1 will translate to Class 11 and
Class Il nodulin-containing Sec14 nodulin domains as well. For example, all of the
Arabidopsis nodulin domains homo-oligomerize when expressed as recombinant proteins
(61). But, their protein interaction partners and small molecule ligands (if any) will almost
certainly be different. What biological functions these Sec14-nodulins play, and what the
underlying biochemical principles are, define questions for the future. We suggest that these
early returns already make a compelling case that detailed study of the biology of Sec14-
nodulin proteins is warranted. For plant biologists, the first wave of scientific developments
should hold an added attraction as the question defines an area of inquiry that is uniquely of
plants.

The Sec14-GOLD patellins

Another structural arrangement favored by evolution is the coupling of Sec14 domains to
what is referred to as a GOLD (Golgi dynamic) domain—a module originally identified as a
family of primary sequences related to the luminal portion of the p24 protein superfamily of
secretory cargo receptors using bioinformatics approaches (69,70). Crystallography shows
the GOLD domain of the mammalian Sec14-GOLD protein Sec14L2 adopts an eight-
stranded jelly-roll B-barrel structural fold (71). It remains to be determined whether this
structural fold generally applies to all GOLD domains. It is also unclear whether the GOLD
domain is a functional signature for membrane trafficking-associated proteins, or not — the
suggestive designation notwithstanding. Nonetheless, the Sec14-GOLD arrangement is on
display in worms, flies, mammals, and plants, and the Sec14-module is consistently placed
N-terminal to the GOLD domain. Unlike the nodulins, that are genetically encoded as
fusions to Sec14 domains (see above), Sec14-GOLD proteins comprise only one subset of a
total of six distinct sub-families of GOLD-containing proteins. Moreover, genetically fused
Sec14-GOLD domains do not seem to be uncoupled via altered transcriptional schemes. As
is the case with Sec14-nodulin proteins, the patellins are rather late additions to the plant
repertoire of Secl4-like proteins as these Sec14-GOLD proteins first appear in
gymnosperms.

Arabidopsis expresses six Sec14-GOLD proteins referred to as the patellins PATL1-PATL6
(Figure 1), and the rice genome sequence encodes four patellins (Figure 2). This gene family
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was discovered by Peterman and co-workers who leveraged a zucchini tryptic peptide
sequence obtained from a protein that co-purified with a membrane-associated actin-binding
protein to isolation of the cognate Arabidopsis and zucchini genes and subsequent
recognition of their other homologs (72,73). The patellin moniker given to these proteins
acknowledges the recruitment of AtPATL1 from cytoplasmic and/or endosomal reservoirs to
the expanding cell plate of actively dividing cells where this Sec14-GOLD protein is
proposed to be involved in maturation of the cell plate during the late telophase stage of
cytokinesis (72). This is an intriguing result on two counts. First, cell plate biogenesis and
subsequent maturation relies on a complex course of membrane trafficking to build the
initial structure and intensive membrane remodeling to complete it. Second, the Sec14-
GOLD construction itself combines a Sec14 lipid-binding unit demonstrated to play an
essential role in yeast membrane trafficking with a putative protein interaction domain
recognized in the p24 class of membrane trafficking cargo receptors.

At this point, the precise role of AtPATL1 in cell plate maturation remains unclear. The
timing of AtPATL1 recruitment to the cell plate suggests the protein is not involved in the
early membrane trafficking events associated with cell plate biogenesis. Rather, on the basis
of several observations, it is inferred that AtPATL1 more likely participates in clathrin-
dependent endocytic events that aid in the remodeling and completion of the cell plate (72).
This inference is an interesting one given the modular engineering of AtPATL1 as a lipid
signaling unit. Its C - terminal GOLD domain exhibits a lysine rich 551KX1oK/
RK3MQ2.3YR573 motif that resembles known PtdIns(4,5)P» binding motifs of proteins
directly involved in endocytosis. Furthermore, in vitro vesicle sedimentation experiments
indicate that AtPATL1 is a phosphoinositide binding protein with some positional specificity
of binding (72). Thus, as has been amply demonstrated for the Class 1 Sec14-nodulin
proteins discussed above, the Sec14-GOLD proteins may also be built as tightly integrated
signaling circuits where stimulated phosphoinositide synthesis is coupled to lateral
organization of phosphoinositide via direct channeling to a binding module—in this case the
GOLD domain. The presence of a “YGEFQ’ motif suggests a AtPATL1 recognition
sequence for -y-ear domains of clathrin adaptor proteins (72), and raises the intriguing
possibility that this specific patellin potentiates local phosphoinositide synthesis and
organization by channeling newly synthesized phosphoinositide to lipid-regulated
components of the clathrin endocytic machinery.

The fact that AtPATL1 is functionally the best characterized patellin emphasizes just how
little is known about these intriguing proteins in plants. This is not exceptional in and of
itself as such gaps in functional understanding are the case for the Sec14-GOLD proteins in
general. Yet, the broad conservation of Sec14-GOLD proteins in multicellular eukaryotes
forecasts an important physiological function for these proteins. Thus, Sec14-GOLD
proteins are compelling subjects for future study, and plant systems are poised for
exploitation as attractive models systems in this area of investigation. With regard to efforts
in plant systems, other avenues for investigating patellin biological functions are emerging
that promise new insights and opportunities. For example, brassinosteroid signaling in plants
regulates many developmental processes that are influenced by cellular functions that could
reasonably involve PATL proteins, such as membrane trafficking, cytoskeleton dynamics,
lipid signaling, etc. In that regard, 2D-DIGE proteomic profiling efforts document, and
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follow-up experiments confirm, that AtPATL1, AtPATL2 and AtPATL4 protein expression is
rapidly elevated upon exposure of Arabidopsis to brassinosteroid (74). Moreover, AtPATL1
and AtPATL 2 exhibit behaviors suggesting these patellins are core members of this steroid
hormone response pathway given that mutants deranged for brassinosteroid signaling are
also coherently deranged for AtPATL1 and AtPATL2 expression responses to challenge with
hormone (74). One interesting possibility is that the AtPATL Sec14-domains bind
brassinosteroid as ‘second-ligand’ in a version of the Sec14 PtdIns-presentation mechanism
for stimulation of PtdIns-kinase activity as discussed above. Such an idea may hold
considerable merit given that the mammalian Sec14-GOLD protein Sec14L 2 stimulates
activity of the cholesterol biosynthetic pathway enzyme squalene epoxidase, and that its
Sec14 domain binds tocopherols, tocotrienols, squalene, and oxidized sterols (75-77).

Recent work is featuring patellins on another exciting front, and that is in plant host defense
mechanisms to viral infection. Protein interaction screens identified AtPATL3 and AtPATL6
as direct interactors with the Alfalfa mosaic virus movement protein that plays a critical role
in systemic spread of virus from the site of initial infection. Interestingly, both patellins
antagonize movement protein activity by interfering with its targeting to the plasmodesmata
of infected plants. This interference is of biological relevance as both single and double
mutant plants showed increased viral RNA loads and increased susceptibility to systemic
dissemination of virus (78). The roles of Sec14-domain proteins in host/pathogen contexts
and in plant immunity are also gaining traction in other systems as well (see below), and this
idea identifies an open area of impactful research.

Free-standing Secl4-domain proteins in plants

Phylogenetic analyses that interrogate the relatedness of isolated Arabidopsis Sec14-like
proteins/domains distribute these primary sequences into five clades (Figure 4A). Strikingly,
the Sec14-domains of Sec14-nodulins form one clade of their own (Group 1), and the
patellin Sec14-domains also distribute into their own exclusive clade (Group I1). The stand-
alone Sec14 proteins are more diverse and are classified into three distinct clades (Groups
I11, IV and V). This phylogenetic structure is recapitulated in the rice Sec14-homology
protein family (Figure 4B). Again, the Sec14 domains of Sec14-nodulins and patellins
define their own exclusive clades while the free-standing Sec14-like proteins fall into three
others. One interpretation of these patterns is that Arabidopsis and rice Sec14-domains
define at least five distinct biochemical categories of Sec14-like protein/domain. As
described below, these distinctions might lie primarily in the nature of their ‘second-ligand’
lipid-binding properties.

Although our discussion of the plant single-domain Sec14-like proteins follows that of the
multi-domain Sec14-like proteins, the former were the first to appear on the plant PITP
scene. Their discovery was facilitated by construction of cDNA libraries from various plant
sources for the purpose of supporting phenotypic rescue screens designed to identify
functional plant paralogs of yeast activities of interest for which convenient mutant alleles
were available. The temperature sensitive for growth sec14-1% yeast strain was one that was
exploited in this fashion to identify presumptive plant PITP genes, and the first progress on
that front came from the isolation of two genes from soybean and one from Arabidopsis
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(79,80). All three genes encode single-domain Sec14-like proteins. The Arabidopsis gene
was originally designated as AtSECI4 on the basis of its ability to rescue Secl14 defects in
yeast but, as it is a more distant Sec14 paralog, we designate it as AtPITP11. This gene is
ubiquitously expressed throughout the plant, and the AtPITP11 exhibits PtdIns-transfer
activity, but no PtdCho-transfer activity, in vitro (78). Functional analyses of AtPITP11 have
yet to be reported, but we note that Arabidopsis encodes a close paralog (AtPI1TP12) that
likely shares at least some functional redundancy with AtPITP11-thereby potentially
complicating such analyses (Figure 4A).

The two soybean genes (Soybean Sec14 Homologs 1 and 2) encode what are almost
certainly functionally distinct Sec14-like proteins (79). Whereas the SSHZ gene is
transcribed most robustly in leaves and roots, SSHZ expression is highest in developing
seeds. The proteins are also biochemically distinct. Ssh2 exhibits PtdIns-transfer activity in
vitro, but not PtdCho-transfer activity, while Sshl does not exhibit either lipid transfer
activity—at least not in the assay systems employed. More interestingly, photo-labeling and
competitive binding experiments identified both Ssh1 and Ssh2 as phosphoinositide-binding
proteins albeit with distinct binding specificities (79). Whereas the significance of those
activities remains to be determined, the ability of the osmotic stress-induced
phosphoinositide PtdIns(3,5)P, to bind Ssh1 is of particular interest given that hyperosmotic
stress, particularly salt stress, evokes rapid phosphorylation of Ssh1 (but not of Ssh2) both in
a heterologous yeast system and in plants. The net result of this modification is to release
Sshl from membranes—suggesting that this Sec14-like polypeptide is mobilized from
membrane stores upon challenge with osmotic stress so as to launch at least one
phosphoinositide signaling arm of a larger cellular osmoregulatory response pathway
(79,81).

The phosphorylation of Ssh1 in plants is a strikingly local phenomenon (81). The response is
tightly confined to the tissue region in direct contact with the osmotic stressor, and the
modification is induced in response to several different types of hyperosmatic stress (e.g.
dehydration, high sugar, high salt). Phosphorylation occurs exclusively on Ser and Thr
(predominantly Thr) residues, is directly mediated by the highly homologous pair of
soybean stress-activated kinases SPK1 and SPK2, and these kinases are activated rapidly
upon challenge with stressor (81). Whereas the sites of Ser/Thr modification have not been
precisely determined, and functional studies of Ssh1 and Ssh2 in the plant remain to be
done, the collective Sshl data forecast that Sec14-like proteins will play important stress-
response roles in plants. In many cases, it may ultimately prove that it is under specific stress
conditions that the physiological roles for individual Sec14-like proteins will be revealed. In
that regard, we note that AtPITP11/AtPITP12 represent the pair of Arabidopsis proteins
most related to soybean Sshl by primary sequence—suggesting that one or both of these
proteins prosecute Sshl-like functions in Arabidopsis.

The Nicotiana benthamiana SEC14 gene (NbSEC14) is another, more distantly-related,
single-domain Sec14-like protein whose discovery was driven by differential display
approaches (82). NbSec14 too has the capacity, when expressed in yeast, to phenotypically
rescue the growth and membrane trafficking defects that accompany shift of sec14-1%
mutants to restrictive temperatures, and the polypeptide exhibits both PtdIns- and PtdCho-
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transfer activity in vitro. These properties are quite surprising given the significant
divergence of this PITP from Sec14. The differential display parameter that revealed
NbSEC14 involved challenge of Nicotiana with a virulent soil pathogen (Ralstonia
solanacearum) in a screen for genes whose products are involved in the plant immune
response to this gram-negative bacterium. The data confirm that NbSec14 expression is
induced upon stimulation of either transmembrane protein pattern recognition receptor or
effector-triggered immunity pathways. This infection-induced expression pattern is also
physiologically relevant as plants silenced for NbSECI14 expression, although viable, are
markedly sensitized to Ralstonia infection (82). NbSec14 reduces plant vulnerability to
infection by stimulating activity of the jasmonic acid pathway for plant defense responses,
and stimulating activities for multiple lipid signaling pathways involving phospholipases C
and D and diacylglycerol kinase—all of which are linked to innate immunity in plants (83).
Thus, NbSec14 plays an important role in coordinating the lipid signaling interface with
innate plant immunity responses. We interpret this to be yet another example where a Sec14-
like protein is involved in a specialized plant stress response pathway.

Phospholipid-binding bar codes in plant Sec14-like proteins

X-Ray crystallography studies demonstrate that yeast Sec14-like PtdIns/PtdCho-transfer
proteins bind PtdCho and Ptdins headgroups at physically distinct sites, and identify
structural signatures (bar-codes) for PtdIns - and PtdCho-binding that can be recognized at
the primary sequence level (30). These bar codes translate 3-dimensional information into
the language of primary sequence, and structural depictions of the PtdIns and PtdCho-
binding bar-codes of Sec14 are shown in Figure 5. Whereas the PtdIns headgroup is
coordinated by an extensive H-bond network and one electrostatic interaction, the PtdCho
headgroup is coordinated by two H-bonds from Ser;73/Thry75 residues interacting with the
headgroup phosphate and cation-m interactions involving two Tyr residues (Tyrq22,Tyr151)
that form a “tyrosine cage’ surrounding the choline headgroup.

Primary sequence comparisons of plant Sec14 domains show that the Ptdins-binding bar
code is conserved in the Sec14 superfamily proteins, particularly in the cases of higher plant
Secl14-like proteins, whereas the PtdCho-binding bar code is not (Figure 5). Those
divergences predict that the plant Sec14 superfamily conserves PtdIns-binding activity while
simultaneously diversifying ‘second ligand’ binding specificity. It is proposed that it is in
this way that the plant Sec14-like proteins integrate the metabolism of diverse lipids/
lipophilic molecules to stimulated phosphoinositide synthesis. This general mechanism
enjoys supporting evidence building in analyses of yeast, mammalian systems, and inherited
diseases in humans associated with Sec14-domain protein deficiencies as well (30,31,44,45).

The breakdown of which plant proteins exhibit a PtdCho-binding bar-code vs which proteins
do not is intriguing. The Arabidopsis, rice and Lotus Secl14-nodulin proteins all conserve a
consensus, or a nearly consensus, PtdCho-binding bar-code. None of the patellins of
Arabidopsis or rice do. For those proteins not only is the bar-code degenerate but,
throughout, the patellins exhibit substitutions in that motif that are expected to be
incompatible with PtdCho-binding (as inferred from mutagenesis experiments of that bar-
code in the yeast Sec14-like proteins; 30). Thus, the PtdIns-kinase stimulatory activities of
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patellin Sec14-domains are projected to be primed by second-ligands that are distinct from
those of Sec14-nodulin proteins. Similarly, the single-domain Sec14-like proteins of
Avrabidopsis and rice also lack recognizable PtdCho-binding bar-codes. The inabilities of
Sshi, Ssh2 and AtPITP11 to transfer PtdCho in vitro (79,80; see above) are fully consistent
with those proteins lacking PtdCho-binding bar-codes.

The conformational dynamics wiring scheme of Sec14 domains

As the body of structural information of Sec14-like proteins grows, it is becoming
increasingly clear that the general structural principles which underly how Sec14 functions
as a molecule will translate to the plant PITPs as well. That is, the nature of the
conformational dynamics that accompany the lipid exchange reactions of plant Sec14-like
proteins can be inferred from the body of work done with yeast Sec14 and Sfh proteins. The
major conformational transition Sec14 undergoes during lipid exchange is from the ‘open’
conformer actively involved in phospholipid exchange on membrane surfaces (84), to a
‘closed’ conformer in which one phospholipid molecule is stably incorporated into the
protein interior, is shielded from bulk solvent, and represents the solution structure of the
protein (30). The transition between these two conformers is dominated by a large (~ 18 A)
repositioning of a helical gate over the lipid binding pocket, and chemical cross-linking
experiments confirm that these helical gate dynamics are essential for phospholipid
exchange activity in vitro (85). As far as the phospholipid exchange substrates are
concerned, electron spin resonance experiments demonstrate that cycling through the Sec14
protein interior represents a simple partitioning of phospholipid molecules between two
chemically equivalent environments. That is, between the Sec14 hydrophobic pocket and the
cytoplasmic leaflet of the membrane (86). The lipid-binding pocket of Sec14 is not
anhydrous, however (30,84,87). Structural data project that H,O flux in this cavity
minimizes the conformational adjustments required for Sec14 to bind PtdCho vs PtdIns.
Two ordered H,0 molecules fill the phosphocholine headgroup-binding space in PtdIns-
bound Sec14/Sfh, whereas five ordered H,O molecules occupy the ‘empty’ phosphoinositol
headgroup-binding cleft when Sec14/Sfh1 is bound to PtdCho. These H,O rearrangements
in the lipid-binding cavity are proposed to overcome the energy barriers that confront PtdIns/
PtdCho-exchange reactions (85).

Unrestrained MD simulations that successfully model helical gate closing and opening
identify these transitions to be governed by large rigid body motions controlled by a hinge
unit that interfaces with the N- and C-terminal ends of the helical gate. MD simulations also
identify a conformational switch unit (the G-module) which transduces conformational
information to the hinge and, ultimately, to the helical gate (85). The G-module, which is
central to control of Sec14 conformational transitions, includes (but is not limited to) a 17
amino acid sequence (residues P1og-E125) with a core 115 TDKDGR 1o motif. Structural
representations of this core motif are shown in Figures 7A and 7B, and the G-module
connects the interior of the hydrophobic pocket with structural elements at the back-end of
the Sec14 molecule required for appropriate helical gate dynamics. The core motif of the G-
module is not only conserved in far-flung mammalian members of the Sec14 protein
superfamily, but inherited missense mutations associated with this motif are recognized as
human disease alleles—thereby suggesting that the conformational dynamics proteins/
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domains are broadly conserved across the Sec14-like protein superfamily (85). The
mechanism by which G-module switch activity is controlled remains an important and
outstanding question. However, directed evolution screens point to a key role for H,O fluxes
within the lipid-binding cavity in the coupling of G-module activity with structural dynamics
of the hydrophobic pocket during lipid exchange (88).

The core element of the G-module is highly conserved in the Sec14-nodulin proteins and the
patellins of Arabidopsis, rice and Lotus (Figure 8). While only the identities between the
corresponding motifs of these two-domain Sec14 proteins are highlighted in Figure 8,
inspection of the alignments show that even the divergences involve conservative amino acid
substitutions. The single domain Sec14 homology proteins similarly preserve the core unit
of the G-module. Thus, primary sequence alignments forecast that the conformational switch
element wiring diagram of the yeast Sec14 will translate broadly to plant Sec14-like
proteins.

Future prospects

Genome sequencing efforts amply demonstrate that plants make robust use of the Sec14
domain and that these organisms do so in the context of both single domain polypeptides
and in multi-domain arrangements. Our knowledge of the biological functions of these
Secl4-like PITPs is scant, however. In the cases where there is information, the biological
context is a significant one. The relationship between plant PITPs and stress-signaling
pathways is an area of inquiry that we anticipate will prove an active and fruitful one. We
hold the same optimism with regard to plant PITPs and establishment and maintenance of
cell polarity and in supporting extreme modes of polarized membrane trafficking. The
mechanisms by which these polypeptides are themselves localized and “patterned’ raise key
questions for future research. To date, most of the progress on plant PITPs has come from
functional, physical interaction and expression profiling screens and we expect that trend
will continue. However, there have been few efforts targeted at direct functional analyses of
individual plant PITPs and this represents a wide open area ripe for exploitation.

A great deal remains to be learned about Sec14-homogy proteins and their activities as
molecules. Whereas much of the structural information regarding how the Sec14 domains
operate as single molecules can be translated from the yeast proteins to those of plants,
many questions remain on that front as well. Prime among these are what are the lipid-
binding specificities of plant Sec14-homology proteins, and how do these biochemical
properties correlate with phylogenetic relationships? Such information will be invaluable in
deciphering what territories of lipid metabolism are integrated with specific
phosphoinositide-dependent signaling pathways that channel to specific biological
outcomes.

The multi-domain Sec14-like PITPs of plants afford additional opportunities for scientific
inquiry. What is the mechanistic relationship between the multi-domain arrangement and
biological outcome? What are the downstream effectors to which the phosphoinositide
signal is channeled? These questions require a confident knowledge of the compositions of
multi-protein complexes of which the PITP is a component. Recent progress made on
understanding how Sec14-nodulins function as single molecules argues for more of those
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kinds of studies. Indeed, ideas for how Sec14-nodulins operate as single molecules set useful
conceptual blueprints for interpreting integrated design of phosphoinositide signaling
circuits at the molecular level, and how these circuits enable phosphoinositide signaling to
be prosecuted at essentially ‘point” resolution. We note that the patellins are also
appropriately configured to participate in analogous circuit designs (Figure 9).

Finally, there are interesting evolutionary questions. Why is it that the Sec14-domains of
Secl14-nodulins, i.e. PITPs of the most evolutionarily advanced plants, share the greatest
relatedness to fungal Sec14s? Is this a case of convergent evolution of a Sec14-domain with
specific biochemical properties (i.e. PtdCho-binding), or is this the consequence of a
fortuitous lateral gene transfer to plants from a fungal pathogen-a circumstance
subsequently exploited by plants for organizing and diversifying their phosphoinositide
signaling landscapes at what is effectively “point’ resolution? We anticipate that studies of
plant PITPs in the coming years will make large and unique contributions to a more
complete understanding of what is already an exciting biology and a fascinating
biochemistry of phosphoinositide signaling. .
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. PITPs and the diversification of phosphoinositide signaling outcomes.

. Architecture of the plant Sec14-like PITP family.

. Biological functions of Sec14-homology proteins in plants.
. Functional anatomy for how plant PITP Sec14-homology domains work as
molecules.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Huang et al.

Gene
Secld
AtSFH1
ALSFH2
ASFH3
ASFH4
ASFHS
ALSFH6
AtSFH7
ASFHB
AtSFHI
ASFH10
AtSFH11
AtSFH12
ASFH13
AtSFH14

AtPATLL
APATL2
AtPATL3
AtPATLA
AtPATLS
APATLE

APITP1
AtPITP2
AtPITP3
AtPITPA
APITPS
APITPG
AtPITP7
AtPITPS,
AtPITPY
AtPITP10
AtPITP11
AtPITP12

0 iﬁiﬂﬂ HHE!@&H@HEW!‘I

Figure 1. Arabidopsis Sec14-homology proteins
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Secl4-like proteins were identified by interrogating NCBI (http://www.ncbi.nlm.nih.gov/),
greenphyl (http://www.greenphyl.org/cgi-bin/index.cgi), and phytozome (https://

phytozome.jgi.doe.gov/pz/portal.html) databases with yeast Sec14 as query primary

sequence and BlastP as search tool using default parameters (http://blast.ncbi.nlm.nih.gov/
Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome). For
confirmed the Sec14-homology proteins, the nodulin domain was further screened using

NIj16 sequence as query primary sequence and BlastP as the search tool with default

parameters. A hit score of 40 was set as the BlastP cutoff value. The GOLD domain was
scanned by the InterPro tool (http://www.ebi.ac.uk/interpro/search/sequence-search) with
default parameters. Sec14 domains are indicated by black boxes; nodulin domains are in
green, and GOLD domains are in gold. Bar = 100 amino acids. Gene designations and locus
identifiers, primary sequence identities and positive similarities of corresponding Sec14-

domains to yeast Sec14, and corresponding E-values are listed at right.
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Figure 2. Secl14-homology proteins of rice, birdsfoot trefoil, tobacco, and soybean
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Database searches were as described in the legend to Figure 1, and Figure labeling is also as
described in Figure 1. The asterisk in the LjPLP-1 denotes an amber stop in the Sec14-
domain coding sequence (55), and the Lotus japonicus genome assembly build 3.0 tool
(http://www.kazusa.or.jp/lotus/blast.html) predicts two annotated genes (Lj4g3v0988870.1
and Lj4g3v0988870.2, rather than a single Sec14-nodulin gene as shown here. The .1 and .2

suffixes indicate alternative splicing from the same pre-mRNA. The predicted

Lj4g3v0988870.1 translation product is a 384 polypeptide containing the N-terminal 159
residues of the Sec14 domain, while the Lj4g3v0988870.2 is predicted to encode a 314
amino acid polypeptide consisting of a 79 residue C-terminus from the Sec14-domain joined
to the nodulin-domain. As translational read-through of translation stop codons is known, we
list the full-length LjPLP-I polypeptide (550 amino acids) as such read-through could
potentially generate such a translation product at some low frequency. Thus, the Sec14-

nodulin protein family of Lotus consists of at least three, and perhaps four, proteins.

Abbreviations: Os, Oryza sativa; Lj, Lotus japonicus, Nb, Nicotiana benthamiana, Ssh,

soybean Sec14 homolog.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 March 30.


http://www.kazusa.or.jp/lotus/blast.html

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 25

Green Algae

Moss

Seedles!
A

Gymnosperm

Club Moss
Norway Spruce

Maize

Green Plant

Rice

Land Plant
Monocots

— Poplar

Barrel clover

Angiosperm

Dicots

Arabidopsis

Figure 3. A survey of Secl4-nodulin proteins across the plant kingdom
BlastP searches using the yeast Sec14 as query primary sequence against NCBI: http://

www.nchi.nlm.nih.gov/, greenphyl: http://www.greenphyl.org/cgi-bin/index.cgi, and
phytozome: https://phytozome.jgi.doe.gov/pz/portal.html databases were performed. For
confirmed the Sec14-homology proteins, the nodulin domain was further screened using
NIj16 sequence as query primary sequence and BlastP as the search tool with default
parameters. A hit score of 40 was set as the BlastP cutoff value. Indicated plant species were
analyzed. Numbers of total Sec14-like proteins and Sec14-nodulin proteins are plotted.
Green bars indicate numbers of Sec14-nodulin proteins, and purple bars indicate numbers of
Secl4-like polypeptides without nodulin domains. Numbers in parentheses indicate total
Secl4-like proteins produced by the indicated plant species. Taxonomic hierarchy of the
selected plant species surveyed is shown at left.
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Figure 4. Molecular phylogenetic analysis of Arabidopsisand rice Sec14-like domains by the
neighbor-joining method

Avrabidopsis (A) and rice (B) Secl4-domain primary sequences were aligned using Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) with the default parameters except order
= input. Aligned sequence files were the process using the ClustalW?2 phylogeny tool with
default parameters (http://www.ebi.ac.uk/Tools/phylogeny/clustalw2_phylogeny/). The
phylogenetic tree files were plotted and edited using SplitsTree4. For both the Arabidopsis
and the rice analyses, the Sec14-domains were classified into 5 clades. These clades are
designated Group I - Group V and are highlighted by differential coloring. Bars = 0.1
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represent amino acid genetic changes of 0.1 (http://www.ebi.ac.uk/Tools/phylogeny/
clustalw2_phylogenyy/).
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Figure 5. Structural description of Sec14 PtdIns- and PtdCho-binding bar-codes
The Sec14 Ptdins and PtdCho bar-code residues are rendered in blue stick and orange stick

mode, respectively. The phospholipids are not included in these models. See ref 30 for those

structural details.
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Secl4

AtSFH1
AtSFH2
AtSFH4
AtSFH9
OsSNDP1
OsSNDP2
OsSNDP4
OsSNDP7
LjPLP-I
LjPLP-II
LjPLP-III
LjPLP-IV

AtPATL1
AtPATL2
AtPATL3
AtPATL4
AtPATLS
AtPATL6
OsPATL1
OsPATL2
OsPATL3
OsPATL4

AtPITP1
AtPITP3
AtPITP4
AtPITP11
AtPITP12
OsPITP1
OsPITP2
OsPITP4
OsPITP10
OsPITP13
Ssh1l
Ssh2

Ptdins-binding Bar-code

6566 236 239
LRFLRARKFDVQLA. «*=++*+* FL-DPVIVSKIFIL—G-

LRFLRARKFDIEKA. «--essoe FL-DPKTTAKIHVL—G—
LRFLRARKFDLEKA. -+ FL-DPKTTAKIHVL——G—
LRFLFARKFDLGKA. «s+eeve FL-DPKTVSKIHVL——G—
LRFLKARRFDLEKT" -++---..- FL-DPKTTSKIHVL--G—
LRFLKARKFDVEKA. ........ FL-DPKTTAKIHVL—G—
LRFLKARKFDVEKA. «veuvve FL-DPKTTAKIHVL--G-
LRFLKARRFDIEKA. ... FL-DPKTTSKIHVL-—G—
LRFLKARKFDTEKA. vvvvee FL-DPKTASKIHVL—-G-
LRFLKARKFDTEKS ........ FL-DPKTTSKIHVL--G—
LRFLKARKFDIEKS, .-+ FL-DPKTTSKIHVL——G—
LRFLKARKFDIEKA ........ FL-DPKTTSKIHVL—-G—
LRFLKARKFEIDKS ......... FL-DPKTTAKINVL--G-

TKFLRARDFKVKEA «eses+-- TITSPRTRSEMVLA--GP
LKFLRARDFKVKEA :-++++- TTTSPRTRSEMVLS——GP
LKFLRAREFKVKDS e+ FM-TPRSKSKLVFA--GP
LKFLRARDFKVNEA ++++e+»+ FL-TQRTKSKFVVA—RP
LKFLRARDFKPQEA +-++-+-- FM-SQRSKSKLVFA--GP
LKFLRARDFKVADS +essvs: FL-TQRTKSKFVMS--KE
LKFLRAREFKVKEA ++-++-+ FL-TQRTKSKIIFC--TA
LKFLRAREFKVKEA +-ese1t FL-TQRTKSKFIFA--SP
LKFLRARDFKAGAA --e+evn: FM-TQRTKSKFVIA--RP
LKFLRARDFRVRDA +++++-+-- FL-TERTKSKFVIA——RE

LRYLRARNWHVKKA »++ee+- FL-EPKTRNEVKFVYSDD
RRFLDARNWDVEKA »+++-++- FL-DPRTAEKVKFVYPKD
KRYLEARNWNVGKA -+ FI-DAKTFVKVKFVYPKN
LRFLKARDGNVQKA »++++++++ LL-QERTKKKIQVL—-K-
GRFLKARDWNVCKA +eseseee LL-QERTRKKVHVL—-S-
LRFLKMRGENIVEKA vveeveee CM-EARTLAKIQVL--G-
VRFLKAREWNVPKA +eseveee LL-QERTKRKIKVL—-Y-
LRFLKAREWNVSKA «+--eove LL-QERTKKKVKVL—H-
RRFLRARNWSTEQA «vvvevvee FI-EPKLKEKVKFVYTNN
RRFLRARDHNVEKA +e-e1ee FI-DNVIRDKFVFV--DD
MRFLKARDWDPCKA ===+ LL-QERTRRKIQVL——P-
RRFLRARDLDVEKA ++++++++* FI-DNKTKKKIVFV--EK
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PtdCho-binding Bar-code

111 122 151 173 175

QYY wereeees YFE] eeeenees EYE:--ee SHLVETSCTIMDLKG
QGY - - NKHIDQSTTILDVQG
QGY - -+ KRHIDQSTTILDVQG
QGY KRHIDSSTTILDVQG
HGY KRHINSSTTTIDVHG
QGY - - KCHIDQSTTILDVQG
QGY - - KCHIDQSTTILDVQG
HGY - -« KRHIDSSTTILDVQG
QGY KRHIDSTTTILDVDG
HGH -+ KKHIDQSTTILDVQG
HGH - KKHIDQSTTILDVQG
HGH eevvene -+ KRHIDSSTTILDVQG
QGH «ssevvee -+ KKHIDQSTTILDVQG
VFA «eeeeee LQE-++- KSSFVFVSDFRNAPG
VET weeeeeee FQE-+--- KSSFVFVSDFRNAPG
VEM - FLE-+--+ \VSTIFQVNDMKNSPG
AYM LME-++---+\VTSLLQIHDLKNAPG
VEM woveeseee FLE-+++-+ iVSTICQVNDLKNSPG
AYM ... VLE....... iNSTIQVTDLKDMP-
VFY LLE-++- ;TCSMVQVTDLKNSPP
VFY . LLEwsi TCSMVQVTDLKNSPP
CYL - AME-...... VASLLQVTDLKNSPG
AYM VME-+-+--- iVNAT IQVTDLKDMP-
IYR ececceee LIM coevsenee CME---EEQMV“’MIDFHG
ASR weeevess LIM veveenees LLE-e ——=QKQMSWLIDFTG
VYK - LIE-w . ——QEQMSWLIDFTG
VGV - MNE-++++-- GRPTCTCLKILDMSG
IGM . INE-..... GRPITTCVKVLDMTG
HGF .. EQE....... KKHIGSTTAIFDVKG
VGL . MNE-+o. ‘GKQINTCLKVMDMTG
VGL .. INE....... GRPVTTCVKVLDMTG
YT . NLE.......—==DECTVWLTDFQG
VYM .. LLD....... ———QEKFVCIVDLKG
IGL - ++ INE-++-IGRPITTCIKVLDMTG
VEM s+ VLD-+oseee ———QEKFVGIAELKG

Figure 6. Alignment of Ptdins- and PtdCho-binding bar codes in plant Sec14-like proteins
Alignments of the indicated Arabidopsis and rice Sec14 homology proteins were performed

using ClustalW2. As indicated, selected Sec14 homology proteins include Sec14-nodulin
proteins (top rows) and GOLD domains (middle rows). Representative single domain Sec14-
like proteins discussed in the text are also included (bottom rows). Precisely conserved
PtdIns- binding bar code residues (RgsT236 and KggKozg) are highlighted with red; and
conserved PtdCho-binding bar code residues (Y111Y122 Y151S173T175) are highlighted in
blue. The Y12, residue is included in the PtdCho-binding bar-code because it is involved in
coordinating the binding of other amino-phospholipids (e.g. phosphatidylethanolaming) in
the hydrophobic pocket. It is, however, less critical for the binding of PtdCho.
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Figure 7. Structural description of the core unit of the Sec14 G-module
Secl4 a-chain is represented as grey ribbon with the helical substructure that gates entry to

the hydrophobic pocket highlighted in yellow. The core TDKDGR motif of the G-module is
highlighted in red. Panel at left shows Sec14 with 'helical gate' facing front with TDKDGR
motif at the back of the molecule while the panel at right is rotated by 180° to visualize the
back face of the Sec14 module and better highlight the core TDKDGR unit.
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Sec14-nodulins

Secl4 QYY-HKTDKDGRPVYFEE

AtSFH1  QGY-HGVDKEGRPVYIER
AtSFH2  QGY-HGVDKEGRPIYIER
AtSFH4  QGY-HGVDKEGRPVYIER
AtSFH9  HGY-HGVDREGRPVYIER

0ssNDP1 QGY-HGVDKEGRPVYIER
0ssNDP2 QGY-HGVDKEGRPVYIER
0ssNDPa HGY-HGVDKDGRPVY IER
0sSNDP7 QGY-HGVDRQGRPVYIER

LjPLP-1  HGH-HGVDKDGRPVYIEN
LjPLP-Il  HGH-HGVDKDGRPVYIEN
LjPLP-IIl  HGH-HGVDKEGRPVYIER
LjPLP-IV  QGH-HGVDKEGRPVYIEQ

Secl4

AtPATL1
AtPATL2
AtPATL3
AtPATLA
AtPATLS
AtPATL6

OsPATL1
OsPATL2
OsPATL3
OsPATL4

Patellins
QYY-HKTDRDGRPVYFEE

VFA-HGVDKEGHVVIYSS
VFT-HGVDKQGHVVIYSS
VFM-HGHDREGHPVCYNV
AYM-NGVDRESHPVCYNV
VFM-QGQDKENHPVCYNV
AYM-RGYDKEGHPVCYNA

VFY-RGADREGHPVCYNV
VFY-RGADREGHPVCYNV
CYL-DGADREGHPVCYNA
AYM-HGWDREGHPVCYNA

Figure 8. The core G-module of plant Sec14-homology proteins
Alignment analyses of the indicated Sec14 homology proteins were performed using

ClustalW?2 as described in the legend to Figure 6. Precisely conserved core G-module
residues (TDKGDR) are highlighted in blue and, for purposes of reference, the Y-residues
forming the tyrosine cage of the PtdCho-binding bar code residues are highlighted in red.

Single-domain
Sec14 like proteins
Secl4 QYY-HKTDKDGRPVYFEE

AtPITP1  [YRSSCVDKLGRPVLIMR
AtPITP3  ASRASFHDRQGRVVLIMR
AtPITP4  VYKAGFHDRHGRTVLILR
AtPITP11  VGV-SGYSKEGLPVIAIG
AtPITP12  [GM-SGYTKEGLPVFAIG

OsPITP1  HGF-HGVDRFGRPLY IER
OsPITP2  VGL-TGYSKQGQPVYAFG
OsPITP4  VGL-SGYTKEGLPVFAVG
OsPITP10 TYJADYFDENGRIVFISN
OsPITP13 VYM-GGADRTGRPILLAF

Ssh1 IGL-SGYSREGLPVFAIG
Ssh2 VFM-QGHDKIGRPILMVF
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Figure 9. Organization of PITP-dependent phosphoinositide circuits for signaling with point
resolution

Distinct classes of Sec14 multi-domain proteins (Sec14-domains, cylinders; nodulin-
domains, hexagons; GOLD-domains ovals) scaffold PtdIns and PtdIns-phosphate kinase
(gold and purple triangles, respectively) assemblies with distinct phosphoinositide effectors
(bolts). Different colors depict differences in the biochemical properties of Sec14- and
associated domains and effectors, and these differences specify the functional channeling of
each individual signaling circuit or pixel (open circles). That individual signaling pixels
prosecute distinct biological outcomes for phosphoinositide signaling is illustrated by the
pixel boundaries being shaded in different colors. Phosphoinositide phosphatases (red
PacMan) hydrolyze phosphoinositides that escape pixel boundaries and thereby sharpen
those boundaries. Stabilities of these complexes determine their corresponding lifetimes and
impose another flexible layer of control to the phosphoinositide signaling landscape.
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