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Phosphatidylinositol-transfer proteins (PITPs) are key regu-
lators of lipid signaling in eukaryotic cells. These proteins both
potentiate the activities of phosphatidylinositol (PtdIns) 4-OH
kinases and help channel production of specific pools of phos-
phatidylinositol 4-phosphate (PtdIns(4)P) dedicated to specific
biological outcomes. In this manner, PITPs represent a major
contributor to the mechanisms by which the biological out-
comes of phosphoinositide are diversified. The two-ligand
priming model proposes that the engine by which Sec14-like
PITPs potentiate PtdIns kinase activities is a heterotypic lipid-
exchange cycle where PtdIns is a common exchange substrate
among the Sec14-like PITP family, but the second exchange
ligand varies with the PITP. A major prediction of this model is
that second-exchangeable ligand identity will vary from PITP to
PITP. To address the heterogeneity in the second exchange
ligand for Sec14-like PITPs, we used structural, computational,
and biochemical approaches to probe the diversities of the lipid-
binding cavity microenvironments of the yeast Sec14-like
PITPs. The collective data report that yeast Sec14-like PITP lip-
id-binding pockets indeed define diverse chemical microenvi-
ronments that translate into differential ligand-binding speci-
ficities across this protein family.

Lipids play central roles in cell signaling in addition to their
critical involvements in maintaining intracellular compart-
mentation. A significant aspect of lipid signaling involves the
action and metabolism of phosphorylated derivatives of
PtdIns.6 These phosphoinositides modulate an impressively-
wide range of cellular processes, including regulation of
G-protein– coupled receptor and receptor tyrosine kinase sig-
naling at plasma membranes, actin dynamics, transcription,
and membrane trafficking (1, 2). Although the basic involve-
ments of specific lipid kinases in generating specific phosphoi-
nositide species are well-appreciated, recent studies indicate
that the regulation of phosphoinositide production for specific
signaling events is far more complicated. PtdIns kinases, partic-
ularly the PtdIns 4-OH kinases, are biologically insufficient
enzymes that by themselves cannot produce sufficient
PtdIns(4)P to overcome the activities of negative regulators of
PtdIns(4)P signaling to promote productive signaling events
(3–6). Rather, these enzymes require the activities of Sec14-like
PtdIns transfer proteins (PITPs) to potentiate the robust syn-
thesis of PtdIns(4)P so that the actions of PtdIns(4)P-signaling
antagonists are overcome in a precisely-regulated manner. The
importance of PITPs in regulating phosphoinositide metabo-
lism is amply demonstrated by the biological consequences
associated with defects in individual PITPs in yeast (7–10),
plant (11–13), insect (14, 15), and vertebrate systems (16 –19).

Sec14-like PITPs are founding members of the large Sec14 pro-
tein superfamily, and the common unifying element of this super-
family is a conserved Sec14 (or CRAL-TRIO) fold (3, 20–22). In
that regard, whereas broad conservation of fold can provide indi-
cations of protein functional properties, functional diversification
within a single fold class is manifested by virtue of finer structural
features embedded within individual proteins. Such is the case
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within the Sec14 protein superfamily as exemplified by the fact
that Sec14-like PITPs channel PtdIns 4-OH kinase activities to
specific yet diverse biological outcomes (Fig. 1A) (3–6). The engine
for doing so is proposed to be a heterotypic lipid-exchange cycle
where exchange of a “second” ligand for PtdIns renders the PtdIns
molecule a superior substrate for the lipid kinase (Fig. 1B). The
available data project that this primed “PtdIns presentation”
regime is a major mechanism for functionally specifying diverse
biological outcomes for PtdIns(4)P signaling, even in simple
eukaryotic cells such as yeast (10, 22–24).

The PtdIns presentation model for Sec14-like PITP function is
founded upon structural data that project PtdIns binding as a con-
served activity across the Sec14 superfamily, while the nature of
the second ligand is highly diversified (3, 4). This marked diversity
in ligand-binding specificities, together with the flexibility of the
Sec14-fold, suggests that evolution has (i) taken advantage of the
fundamental architecture of this fold to accommodate a large vari-
ety of lipid ligands and (ii) has translated that biochemical diversity
into a diversity of biological outcomes. Thus, although the general
notion of conservation of overall fold across the Sec14 superfamily
is an interesting one, it is the specific and differential biological
outcome associated with each of these proteins that is central to

our understanding of how phosphoinositide signaling is spatially
organized and functionally diversified in cells. These underlying
mechanisms remain largely uninvestigated, however. It is in this
context that integrating primary sequence comparisons with
structural properties offers powerful opportunities to glean new
insights into how functional diversity is incorporated into an oth-
erwise hardwired Sec14-fold.

Herein, we report systematic investigation of the structural fea-
tures of yeast Sec14-like PITPs to gain an understanding of molec-
ular mechanisms that generate diversity and specificity for lipid
substrates across the Sec14 superfamily. The data indicate that the
chemical microenvironments of yeast Sec14-like PITP lipid-bind-
ing pockets are diverse. Using the Sfh2 and Sfh3 PITPs as experi-
mental models, we show that these structural diversifications
translate to differential “second ligand” lipid-binding specificities.

Results

Sec14 PtdIns/PtdCho-transfer proteins conserve both the
general fold and protein surface electrostatics

Sec14 PtdIns- and PtdCho-transfer proteins from evolution-
arily divergent fungal species (Candida albicans, Candida

Figure 1. Sec14-like PITPs and diversification of PtdIns(4)P signaling. A illustrates the concept that the biological outcome of PtdIns(4)P signaling in yeast
is primarily determined by the Sec14-like PITP that stimulates activity of a PtdIns 4-OH kinase to produce a functionally channeled PtdIns(4)P pool. This strategy
is a major mechanism for diversifying PtdIns(4)P signaling. B depicts a heterotypic PtdIns/“second lipid” exchange cycle where the second lipid (lipid X) is a
priming lipid that potentiates presentation of PtdIns to the lipid kinase, thereby rendering the PtdIns a superior substrate for the kinase resulting in stimulation
of PtdIns(4)P production (3, 4, 6). At left is shown the concept for the Sec14 PtdIns/PtdCho-exchange cycle where PtdIns(4)P is channeled to promotion of
membrane trafficking from the TGN/endosomal system. At right is shown the general case proposed for Sec14-like PITPs that fail to bind PtdCho and for whom
identification of the exchangeable lipid X is sought.
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glabrata, Kluyveromyces lactis, Candida dubliniensis, Aspergil-
lus nidulans, and Schizosaccharomyces pombe) share 53– 87%
primary sequence identity and 71–92% sequence similarity to
Saccharomyces cerevisiae Sec14. The high-sequence homo-
logies shared by these Sec14 proteins permitted the con-
struction of 3D homology models using high-resolution crystal
structures of PtdIns-bound Sfh1 (1.86 Å, PDB code, 3B7N (3)),
PtdCho-bound Sfh1 (2.00 Å; PDB code, 3B7Q (3)), and
�-octylglucoside– bound Sec14 (2.50 Å; PDB code, 1AUA (20))
as templates. As expected, all homology models conformed to a
two-domain structure with an N-terminal tripod motif and a
C-terminal lipid-binding domain (LBD), and an overall fold
consisting of 11 �-helices, eight 310-helices, and six �-strands
(Fig. 2A). An equally prominent feature of all of the Sec14 pro-
teins was a �-sheet floor of the large hydrophobic lipid-binding
cavity with a hybrid �/310-helix gating access to that cavity. A
composite superimposition of all of these models emphasizes

the structural conservation at the level of the �-carbon fold in
this protein class (Fig. 2A).

The impressive structural conservation among this protein
class was further reflected in the general similarities of the
molecular surface properties of these PITPs. Evaluation of the
electrostatic surface maps of Sec14 and its orthologs from
widely divergent fungi illustrated that these proteins are in
effect dipoles. Whereas a significant portion of the exposed sur-
face area of these Sec14 proteins is electronegative, conspicu-
ous regions of electropositive potential are apparent at the sol-
vent-exposed surfaces of substructures that form the helical
gate and floor of the lipid-binding cavity in en face views of
these molecules (Fig. 2B). Electronegative and electropositive
charges are distributed similarly across those surfaces of the
other Sec14s from widely divergent fungal species (Fig. 2B).
These asymmetric surface charge distributions are most likely
involved in orienting the Sec14 molecules in such a way that the
electropositive regions are directed toward interactions with
the electronegative membrane surface, thereby forecasting
potential orientations by which Sec14 and its orthologs dock
onto membranes.

Divergent Sec14 homologs conserve the general fold but not
protein surface electrostatics

S. cerevisiae expresses five other Sec14-like PITPs in addi-
tion to Sec14 (23). These proteins are designated Sec four-
teen homologs (Sfh) 1–5. The Sfh proteins share �25–78%
primary sequence similarity to Sec14, and high-resolution
crystal structures are available for PtdIns- and PtdCho-
bound Sfh1 (PDB codes 3B7N, 3B7Q, and 3B7Z) (3) and for
apo-Sfh3 (PDB codes 4J7Q and 4M8Z) (21, 22). Inspection of
those structures, and of 3D homology models created by
threading of the primary sequences of the Sfh2, Sfh4, and
Sfh5 (i.e. proteins whose crystal structures are not yet solved)
onto the structure of S. cerevisiae Sec14 (PDB code 1AUA)
(20), demonstrated all of these Sfh proteins similarly shared
a typical Sec14-fold with minor differences in detail (primar-
ily in the loops; Fig. 3A).

The conservation of fold notwithstanding, evaluation of the
electrostatic surface maps of the Sfh proteins showed the pro-
tein-surface properties to be distinct from those of Sec14 and its
orthologs. Although Sfh1 exhibited a Sec14-like dipole pattern
of surface charge distribution, the electropositive charge was
further expanded onto the protein surface covering the struc-
tural elements perpendicular to the side of the lipid-binding
cavity (Fig. 3B). Sfh2 also showed electropositive character, but
it was concentrated on the tripod motif surface rather than at
the helical gate surface and the floor of the cavity. Sfh3 pre-
sented strong electropositive character, whereas Sfh4 exhibited
more diffusely distributed areas of electropositive charge over
its molecular surface (Fig. 3B). Sfh5 was an extreme case where
the LBD surface was highly electropositive throughout. The
distinct surface charge distributions and surface electrostatics
of Sec14 and Sfh proteins likely contribute to the distinguishing
molecular recognition determinants that help specify the
diverse biological functions of these proteins.

Figure 2. Structural features of Sec14 orthologs. A, �-carbon backbones of
the basic folds of open conformers of Sec14 orthologs from the indicated
fungal species: S. cerevisiae (blue); C. albicans (orange); Neurospora crassa
(pink); C. dubliniensis (magenta); C. glabrata (yellow); K. lactis (cyan); A. nidu-
lans (brown); and S. pombe (teal). At center is a structural overlay of the collec-
tive �-carbon backbones onto that of Sec14 that highlights the high overall
conservation of the basic fold across large evolutionary distances. B, electro-
static potential surfaces of open conformers Sec14 and Sec14 orthologs from
the indicated fungal species are shown. The en face orientation illustrates the
open gating helices and the exposed lipid-binding cavities. Surfaces with
electropositive potential are rendered blue, and electronegative surfaces are
highlighted in red.
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Inferred heterogeneities in lipid-binding specificity

A second significant property proposed to contribute to
functional diversification of Sec14-like PITPs is diversity in the
nature of the second “ligand” bound by these proteins even with
conserved PtdIns-binding activity. Evidence for this comes
from sequence and structural alignments of divergent Sec14
orthologs that identify residues engaged in specific lipid head-
group binding (i.e. binding barcodes). Both primary sequence
alignments and 3D homology models of fungal Sec14 orthologs
show highly-conserved PtdIns- and PtdCho-binding barcodes
(Fig. S1A; Fig. 4A, left panel). When compared with S. cerevisiae
Sec14, the structural elements that coordinate binding of the
inositol and choline headgroups are highly conserved as are the
hydrophobic residues that lie within 4.5 Å of the fatty acyl

chains. The PtdIns-binding barcode is composed of highly-
conserved Arg, Lys, Glu, and Asp residues that engage in
H-bond interactions with the headgroup inositol ring, and Pro,
Thr, and Lys residues that coordinate the PtdIns phosphate
moiety via H-bonds. In addition, an essentially invariant Thr
within the LBD engages in H-bond interactions with the PtdIns
glycerol backbone, whereas a conserved Arg residue contacts
the PtdIns glycerol backbone and phosphate moieties via side-
chain and backbone H-bonds, respectively.

Similarly, the PtdCho barcode is also conserved in the 3D
homology models of divergent fungal Sec14 orthologs. Those
barcode residues coordinate PtdCho binding via a network of
hydrogen bonds and water bridges and cation–� interactions
between Tyr/Phe residues and the choline methyl groups. In
Sec14, the PtdCho phosphate oxygen engages in a hydrogen
bond network involving Tyr, Ser, and Thr residues to further
stabilize the complex (Fig. S1A; Fig. 4A, right panel). Sec14 and
Sfh1 share an identical PtdCho-binding barcode, and this con-
servation is of functional relevance. Both proteins bind/transfer
PtdCho in vitro (3, 8, 25), and PtdCho binding is an essential
property required for these proteins to potentiate PtdIns 4-OH
kinase activity in vivo (3, 25).

With regard to the functionally-divergent Sfh proteins, the
key PtdIns headgroup-binding barcode residues are conserved
in the Sec14-like Sfh PITPs (Fig. S1B and Fig. 4B, left panel).
This conservation reflects a functional property of these Sfh
proteins as all exhibit PtdIns-binding/transfer activity in vitro
(3, 4, 22, 23, 25).

However, there was a clear departure from the PtdCho-bind-
ing barcode in the other Sfh proteins as indicated by both pri-
mary sequence divergences (Fig. S1B) and by inspection of the
analogous PtdCho headgroup coordinating regions of these
proteins (Fig. 4B, right panel). For Sfh2, Sfh3, Sfh4, and Sfh5, the
corresponding cavity microenvironment was distinct for each
member, and the divergences in the amino acids corresponding
to PtdCho-binding barcode residues are incompatible with
PtdCho binding. Indeed, none of these Saccharomyces Sfh pro-
teins bind/transfer PtdCho in vitro (23). Those sequence diver-
gences forecast distinct ligand specificities that confer differen-
tial ligand-binding properties, and therefore distinct functional
properties, to each Sfh protein (Fig. S1B and Fig. 4B, right
panel).

Comparative PtdIns-binding topographies of Sec14 and Sfh
lipid-binding cavities

As the chemical landscape of the PITP lipid-binding cavity
suggests a chemistry that governs ligand recognition/selectiv-
ity, a detailed structural and physiochemical characterization of
each lipid-binding cavity was warranted. To that end, we deter-
mined the dimensions and extents of each cavity, and then we
characterized each cavity with respect to its three-dimensional
hydropathic properties. The first step involved application of
the cavity search and characterization algorithm (vectorial
identification of cavity extents (VICE)), which we described
previously (26). VICE offers a complete set of metrics, including
the cavity’s volume, entrance opening size, and surface area.
The resulting Boolean cavity extent maps were integrated with
hydropathic “complement” property maps calculated by HINT

Figure 3. Structural features of Sec14 paralogs, the Sec14-like Sfh pro-
teins. A, �-carbon backbones of the basic folds of open conformers of Sec14
and the Sec14-like Sfh PITPs from S. cerevisiae: Sec14 (blue); Sfh1 (orange);
Sfh2 (pink); Sfh3 (magenta); Sfh4 (cyan); and Sfh5 (teal). At center is a structural
overlay of the collective �-carbon backbones superimposed onto that of
Sec14 that highlights the overall conservation of the basic Sec14-fold across
the yeast Sfh1 family. B, electrostatic potential surfaces of open conformers
Sec14 and indicated Sfh PITPs are shown. The en face orientation illustrates
the open-gating helices and the exposed lipid-binding cavities and is labeled
as “front,” and the opposite side of the molecule is identified as “back.” Sur-
faces with electropositive potential are rendered blue, and the electronega-
tive surfaces are highlighted in red.
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(27, 28). The complement map represents the physical and
chemical environments within the lipid-binding cavities in
terms of the hydropathic properties of the ideal “complement”
to a site, i.e. mapping where a complementary molecule should
be hydrophobic, acidic, or basic (see under “Materials and
methods”). We were thus able to obtain detailed fingerprints of
Sec14/Sfh lipid-binding cavity microenvironments in terms of
their polar and hydrophobic character (Fig. 5A). The integra-
tion of VICE and HINT maps, which is a point– by–point mul-
tiplication of the two maps, allowed extraction of unique infor-
mation as to what the general features of a ligand might be, such
that the extracted parameters of Sec14 and Sfh lipid-binding

cavities could be translated to physical/chemical/spatial (rather
than primary sequence) barcodes for ligand-binding activity.
As PtdIns binding is a conserved property of all fungal Sec14
PtdIns/PtdCho-transfer proteins, and of the S. cerevisiae Sfh
proteins, comparative analyses of the PtdIns-binding topogra-
phies of the various lipid-binding pockets served as test case for
assessing the suitability of this general approach.

The cavity properties of Sec14-like PITPs were characterized
(i.e. volume, surface area, hydropathic character, entrance
cross-sectional surface area, etc.; Fig. 5B). In these terms, the
PtdIns-binding cavities were similar with respect to volume and
surface area in all fungal Sec14s, even though PtdIns is a flexible

Figure 4. Structural barcodes for PtdIns- and PtdCho-binding in Sec14 orthologs and Sec14-like Sfh proteins. A, structural overlay of the PtdIns-binding
(left panel) and PtdCho-binding barcode residues (right panel) from Sec14 orthologs superimposed onto those of Sec14. PtdIns-binding barcode residues are
shown in blue stick model with PtdIns rendered in green ball and stick. The PtdCho-binding barcode residues are shown in orange stick model, and PtdCho is
rendered in green ball and stick. Both barcodes are structurally preserved in Sec14 orthologs across large evolutionary distances. B, structural overlay of the
PtdIns-binding (left panel) and PtdCho-binding barcode residues (right panel) from the indicated Sec14-like Sfh PITPs superimposed onto those of Sec14.
PtdIns- and PtdCho-binding barcode residues are shown in a stick model using the color code of Fig. 3A to identify residues of individual Sfh proteins. PtdIns is
rendered in green ball and stick. The PtdCho-binding barcode regions are shown using the color code of Fig. 3A to identify residues of individual Sfh proteins.
PtdCho is rendered in green ball and stick. Although the PtdIns-binding barcodes are structurally well-preserved in the Sfh proteins, the PtdCho barcode is
highly divergent (with the exception of Sfh1).
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molecule (Fig. S2 and Tables S1–S4). The PtdIns headgroup
was consistently bound in these cavities at the interfaces of the
LBD and tripod motifs. As a detailed PtdIns-binding finger-
print, the inositol headgroup and glycerol backbone-binding
region (defined as the proximal end of the lipid-binding cavity)
was landmarked by distinct polar patches ideal for engagement
of these chemical moieties. As expected, the acyl chains were
hosted by the hydrophobic LBD. However, the distal end of the
PtdIns-binding pocket (toward helices �7–�8 and �9) was again
landmarked by a patch of polar residues (Fig. 5A and Fig. S2).

Conservation of this general PtdIns-binding topography was
evident for the Sfh proteins as well, and the Sec14-like PtdIns-
binding microenvironment fingerprint was also nicely con-
served in Sfh1, Sfh2, Sfh3, and Sfh4 (Fig. S3 and Tables S5–S8).
By contrast, Sfh5 provided an exception in that it exhibited a
rather polar and strikingly basic LBD environment, even
though the fingerprint of the Sfh5 PtdIns headgroup– binding
region conformed to the PtdIns-binding fingerprints calculated
for Sec14 and the other Sfh proteins (Fig. 5B and Fig. S3). Taken
together, these data validated the integrated VICE/HINT map-

Figure 5. VICE/HINT mapping of the Sec14 and Sfh PITP lipid-binding cavities. A, VICE-calculated binding cavity of Sfh1 was mapped with HINT comple-
mentary maps, and the PtdIns (top) and PtdCho (bottom) headgroup-binding regions are illustrated. PtdIns is bound in the cavity at the interface between the
LBD and tripod motifs. The inositol headgroup (1) and glycerol backbone-binding region (2) are localized in distinctive polar microenvironments of the cavity
surface. The acyl chains (3) pack into the largely hydrophobic LBD. PtdCho binds the cavity at the interface between the LBD and tripod motifs. The choline
headgroup (1) is located in a hydrophobic area in the near vicinity of an extensive polar region. The PtdCho phosphate moiety (2) is coordinated in a polar
surface, and the acyl chains (3) pack into the largely hydrophobic LBD. The Sfh1 �-carbon backbone is rendered in ribbon style, and the lipid ligands are
rendered with ball and stick. In HINT complementary maps, yellow contours identify hydrophobic regions, and blue and red contours identify polar electropos-
itive and electronegative surfaces, respectively. B, lipid-binding cavity maps for Sec14 and the Sfh PITPs are shown. Binding cavities were mapped by the VICE
cavity detection algorithm and HINT complementary maps. In HINT complementary maps, yellow contours depict hydrophobic regions, and blue and red
contours identify polar electropositive and electronegative cavity surfaces, respectively.
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ping approach as a reliable tool with which to produce spatial
fingerprints of the physical/chemical parameters of individual
Sec14/Sfh lipid-binding cavities for comparative analyses.

Comparative PtdCho-binding topographies of Sec14 and Sfh
protein lipid-binding pockets

Sfh protein divergences from the PtdCho-binding primary
sequence barcode are consistent with the idea that these pro-
teins are able to prime PtdIns 4-OH kinase activity by hetero-
typic exchange of their distinct second ligands for PtdIns (3–6).
The detailed fingerprinting of individual Sfh lipid-binding cav-
ities, as described above, was applied to determine whether
divergences in the primary sequence barcodes translated to
unique physical/chemical properties of Sfh lipid-binding cavi-
ties. Of special interest were distinguishing polar microenvi-
ronments identified by HINT/VICE mapping within individual
(and largely hydrophobic) ligand-binding cavities because it is
those features that likely contribute to the second-ligand bind-
ing specificities of Sec14-like proteins.

Although the polar microenvironment associated with
PtdIns headgroup binding was conserved throughout the Sec14
and Sfh protein cavity maps, the nature and distributions of
other polar microenvironments in the lipid-binding cavities
were unique to each Sfh protein (Fig. 5B and Fig. S3). Interest-
ingly, very similar PtdCho headgroup-binding microenviron-
ments were shared by the two PtdCho-binding members of this
family (Sec14 and Sfh1), but the cavities of other Sfh proteins
showed very different chemical properties in their correspond-
ing microenvironments. Sfh2 exhibited unique polar character
in the area of helix �9 and the loop connecting �9 to �-strand �4,
whereas the large distal region of the lipid-binding cavity was
hydrophobic, unlike the corresponding regions of the Sec14
and Sfh1 cavities (Fig. 5B and Fig. S3). The Sfh3 cavity was
characterized by a deeply-buried cleft that was both larger and
more hydrophobic than that of Sec14 or Sfh1, whereas the
binding pocket shapes and topographies of Sfh4 and Sfh5
diverged significantly from those of Sec14, Sfh1, Sfh2, and Sfh3
(Fig. 5B and Fig. S3).

Sfh2 is a PtdIns- and squalene-exchange protein

The identification of second ligands for a Sec14-like PITP
would afford an opportunity to relate the chemical/physical
fingerprint of the corresponding lipid-binding cavity to binding
of that second ligand. It is from this perspective that the
remainder of this work focuses on the Sec14-like Sfh2 and Sfh3.

The most unexpected result from the VICE/HINT pocket
mapping experiments was the altogether unique toroid-shaped
topography of the Sfh2-binding pocket (Fig. 5B). Although Sfh2
is a PITP that shares 30 –35% homology with Sec14 and Sfh1
(23), and the Sec14 and Sfh1 structures were used as templates
to generate the Sfh2 homology model, the highly-divergent
pocket topography projected Sfh2 bound an unusual second
ligand. In that regard, the first clue was derived from the struc-
tural homology of Sfh2 with the mammalian Sec14L2 protein.
This mammalian member of the Sec14 superfamily has been
crystallized bound to squalene and 2,3-oxidosqualene (29).
These two metabolites are sterol precursors, and squalene is
converted to 2,3-oxidosqualene by the action of the terbinafine

target squalene 2,3-epoxidase (ERG1 gene product; Fig. 6A).
Indeed, structural overlay representations indicated that Sfh2
and Sec14L2 shared toroid-shaped and hydrophobic binding
cavities within the LBDs (Fig. 6B). The data suggested these two
Sec14-like proteins provide similar binding microenviron-
ments for their respective ligands and strongly implicated squa-
lene as a bona fide ligand for Sfh2.

To investigate in more detail the suitability of squalene as a
putative second binding ligand for Sfh2, the molecule was com-
putationally docked in the binding pocket of Sfh2, and the dock
pose was optimized. The docked squalene models showed
binding poses similar to that observed for squalene in the
Sec14L2 lipid-binding cavity (Fig. 6C). Bound squalene, which
describes an open hydrocarbon chain, was primarily coordi-
nated by hydrophobic residues Phe268, Ile271, Trp272, Leu279,
and Val283 positioned on the helical gate and lining the interior
of the lipid-binding cavity. Residues comprising the floor of
hydrophobic lipid-binding cavity also contributed to squalene
binding, and these included Ile224, Phe226, Leu228, Leu256,
Leu259, Leu260, and Ile261. Significant contributions for the
hydrophobic microenvironment supporting squalene binding
were also provided by residues on helix �9, which constitutes
part of the cavity ceiling. Those residues included Pro240,
Val241, Phe243, Leu244, Ile245, and Phe248.

We also note that, in addition to the largely hydrophobic
character of the Sfh2 lipid-binding cavity, the distal and interior
end of the cavity included hydrophilic residues Glu157, Thr158,
Asn177, Arg185, His189, Gln194, Thr195, Glu198, and Lys201. Thus,
the Sfh2 cavity exhibited significant amphipathic character.
Interestingly, these features recapitulated the chemical land-
scape of the Sec14L2 lipid-binding cavity (Fig. 6D). Moreover,
molecular modeling data further projected that the squalene
binding space closely overlaps with that of the sn-2 acyl chain of
PtdIns.

To directly determine whether squalene is an exchange-
able ligand for Sfh2, an assay was developed to measure Sfh2-
mediated transfer of [3H]squalene from donor liposomes to
acceptor bovine heart mitochondria in vitro (see “Materials
and methods”). Indeed, Sfh2 showed robust squalene trans-
fer activity in this assay (Fig. 6E). A fixed amount of Sfh2 (10
�g) typically catalyzed transfer of �40% of the [3H]squalene
from donor liposomes to acceptor membranes in a 30-min
incubation at 37 °C. Those results came with a signal/back-
ground ratio of approximately 4, and squalene transfer
exhibited Sfh2 concentration dependence (Fig. 6E). More-
over, Sfh2-mediated [3H]squalene transfer was a specific
activity from the perspective that neither Sec14 nor any of
the other Sfh proteins effected any significant squalene
transfer above background (Fig. 6F). This level of transfer is
notable as maximal achievable transfer is �50%. That squa-
lene binding by Sfh2 is of physiological relevance is sup-
ported by our finding that Sfh2-deficient yeast cells exhibit
enhanced sensitivity to terbinafine (Fig. 6G).

Sfh3 is a PtdIns- and sterol-exchange protein

The second model for interrogation of lipid-exchange activ-
ity involved Sfh3, a PITP that localizes to a discrete subset of
lipid droplets in sporulating yeast cells and functions to inhibit
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lipid mobilization from those structures (22). In a previous
study of the role of sterol binding in activity of the yeast
oxysterol– binding protein family member Kes1 in vivo (30), we
serendipitously observed that Sfh3 (which was initially chosen
as a presumptive negative control) showed appreciable choles-
terol-binding activity. Moreover, an independent study using a
permeabilized mammalian cell-based lipid-binding assay also
suggested Sfh3 binds cholesterol (31). However, both sets of
binding data were of limited information content as neither
addressed the key issue of whether a sterol is a bona fide
exchangeable second ligand. To build upon those preliminary
observations, several variations of in vitro sterol transfer assays
were performed with purified Sfh proteins using Sec14 and
Kes1 as negative and positive sterol exchange protein controls,
respectively. Dihydroergosterol (DHE), [3H]cholesterol, and
cholestatrienol (CTL) were evaluated as sterol exchange
substrates.

As DHE (an essentially “label-free” form of the major yeast
sterol ergosterol) and CTL are both naturally fluorescent com-

pounds, a fluorescence dequenching assay was used to measure
transfer of these lipids between vesicle populations. Indeed,
Sfh3 exhibited clear DHE exchange capability with an activity
that was �75% of that measured for Kes1, a protein with known
DHE exchange activity (32, 33). Sfh4 displayed a much reduced
DHE exchange activity relative to Sfh3 (�15% of the Kes1 con-
trol), whereas neither the negative Sec14 control nor the test
Sfh1, Sfh2, or Sfh5 proteins exhibited detectable DHE exchange
activities (Fig. 7A). Similar results were again obtained when
[3H]cholesterol was used as a substrate in an assay measuring
lipid transfer from liposomes to bovine heart mitochondria
(Fig. 7C). When CTL was used as substrate in a fluorescence
dequenching system, Sfh3 displayed the highest exchange
activity with Kes1 exhibiting only some 30% of the Sfh3 activity
(Fig. 7C). Neither Sec14 nor any other Sfh protein exhibited any
detectable [3H]cholesterol or CTL transfer activity at all. As
Sfh3 had been previously demonstrated to exchange PtdIns (22,
23), these data identified ergosterol as a likely second lipid
exchange ligand for Sfh3.

Figure 6. Sfh2 is squalene-binding/exchange PITP. A, squalene is a metabolic intermediate in the ergosterol biosynthesis pathway and is produced
from farnesyl pyrophosphate by the action of the ERG9 gene product squalene synthase. Subsequently, squalene is converted to squalene 2,3-epoxide
in a reaction catalyzed by the squalene 2,3-epoxidase (encoded by ERG1) that consumes molecular oxygen. Squalene 2,3-epoxidase is inhibited by the
synthetic allylamine terbinafine. B, left, Sec14L2::squalene structural model is shown with the protein �-carbon backbone in ribbon style (green) with
squalene as a space-filled model (blue) in a yellow translucent binding cavity. Right, close-up view of squalene within the Sec14L2-binding pocket is
shown. The data were extracted from PDB code 4OMK (29). C, left shows the Sfh2 homology model (gray ribbon) with squalene (orange stick) docked into
the lipid-binding cavity. The 10 highest scoring dock poses are shown. Right shows a close-up view of the model Sfh2 lipid-binding pocket with the 10
highest scoring squalene dock poses. The blue ball and stick model is a superimposition of the squalene pose extracted from Sec14L2 for comparison
(PDB code 4OMK). D, structural overlay of the Sec14L2::squalene crystal structure (green ribbon, squalene rendered as a blue space-filled model) and a
homology model of Sfh2 (gray ribbons). E, Sfh2-dependent [3H]squalene transfer. Squalene transfer is expressed as the fraction of total input of squalene
transferred from donor liposomes to bovine heart mitochondria acceptor in 30 min at 37 °C after subtraction of background. [3H]Squalene input in these
assays ranged from 21 to 27 � 103 cpm, and background ranged from 4 to 5 � 103 cpm. The mass amounts of Sfh2 assayed in these titration experiments
are shown at the bottom. The values represent the averages of three independent determinations performed in triplicate. Error bars represent standard
deviations. F, clamped amount (10 �g) of each of the indicated Sec14-like PITPs was assayed for squalene transfer as in E. Under those conditions, Sfh2
catalyzed �40% transfer of input [3H]squalene after subtraction of background. [3H]Squalene input in these assays ranged from 18 to 24 � 103 cpm and
background ranged from 4 to 6 � 103 cpm. The values represent averages of triplicate determinations from three independent experiments. Error bars
represent standard deviations. G, Sfh2-deficient yeast exhibit increased sensitivity to terbinafine. Isogenic WT and sfh2� yeast strains were spotted in
10-fold dilution series onto YPD plates without or with the squalene 2,3-epoxidase inhibitor terbinafine (250 �M), as indicated. Plates were incubated at
30 °C for 72 h.
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Sterol binding pose within the Sfh3 lipid-binding pocket

The HINT hydropathic mapping of the Sfh3 lipid-binding
cavity afforded an opportunity to further interrogate the recog-
nition of sterols as Sfh3 ligands. To decipher the essential struc-
tural and functional features involved in sterol binding by Sfh3,
several sterols (cholesterol, ergosterol, DHE, and CTL) were
docked to the Sfh3 crystal structure (PDB code 4J7Q) (21). The
lipid-binding cavity of the “open” Sfh3 conformer is solvent-
accessible, is not well-defined, and with the flexible 210VPGN-
SKIP217 loop motif is much wider and draws a significantly
larger surface area and volume relative to the cavities of the
PtdIns/PtdCho-binding proteins Sec14 and Sfh1. To ensure
sampling of all possible docking solutions and binding modes,
we carried out unrestrained docking, which generated diverse
solutions during the ligand-docking stage. Several independent
docking runs were carried out to investigate the steric, electro-
static, and hydrophobic determinants for sterol binding within

the Sfh3 hydrophobic cavity. The highest-scoring and most
prominent binding modes were considered likely the most
accurate estimations of an Sfh3-sterol complex (Fig. 8A).

Docking models for ergosterol, cholesterol, DHE, and CTL
consistently indicated that the sterol-binding site was buried
within the inner hydrophobic core region of the Sfh3 lipid-
binding cavity far removed from the PtdIns-binding subregion.
The hydrophobic sterol planar ring system was positioned in a
narrow and highly-hydrophobic cleft of the pocket lined
by Leu237 and Ala240 on �7; Leu195, Leu197, and Ile199 on �6;
Leu158, Leu160, and Pro162 on �5; Leu177 and Leu181 on �6; and
Val225, Leu229, Tyr233, and Pro234 on �7. By contrast, the
hydroxyl oxygen at the 3-position of the sterol A-ring engaged
in H-bond interactions with the backbone amide nitrogen of
Leu237 on �7 and the hydroxyl hydrogen coordinating with the
backbone oxygen of Pro234 (Fig. 8B).

Biochemical validation of in silico binding models

To experimentally test the quality of the Sfh3 sterol-binding
model, the hydrophobic Ile/Leu residues padding the putative
sterol-binding cavity were mutated to Tyr with the expectation
that such substitutions would sterically occlude the binding
pocket and further inhibit sterol binding by introducing polar
character into an otherwise hydrophobic microenvironment.
Thus, the model predicted that the Sfh3L158Y, Sfh3L160Y,
Sfh3L181Y, Sfh3L197Y, Sfh3I199Y, and Sfh3L229Y proteins would
all be compromised for sterol binding on the basis of steric and
electrostatic considerations. That expectation was validated as
all but one of those substitutions were incompatible with DHE,

Figure 7. Sterol exchange activities for Sec14-like PITPs. In vitro transfer
activities of the indicated Sec14-like PITPs were measured for DHE (A),
[3H]cholesterol (B), and CTL (C) transfer. The sterol exchange protein Kes1
served as positive control and Sec14 as negative control. Assay incubations
were for 10 min for the real-time fluorescence-based CTL and DHE assays and
30 min for [3H]cholesterol. All assays were performed at 37 °C. For CTL and
DHE, values for spontaneous transfer (no protein) were measured at the same
times indicated for protein assays, and spontaneous transfer backgrounds
were subtracted from each measurement. Transfer activities were normalized
to Kes1 (DHE) or Sfh3 (CTL). For all experiments, proteins were clamped 10 �g
per assay. The averages of triplicate determinations from two independent
experiments are shown for CTL and DHE, and averages of triplicate determi-
nations from three independent experiments are shown for [3H]cholesterol
transfer. Error bars represent standard deviations for the [3H]cholesterol
assays and mean � range for CTL and DHE assays.

Figure 8. Sterol-binding model for Sfh3. A, image shows a binding model of
ergosterol (green), cholesterol (magenta), and PtdIns (gray stick) with Sfh3 in
open conformation. B, detailed depictions of the docked binding poses of
ergosterol (green) and cholesterol (magenta) in the Sfh3 lipid-binding pocket
are shown with coordinating residues highlighted in red.
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[3H]cholesterol, and CTL exchange activities (Fig. 9, A–C).
Sfh3L181Y was the one exception, and this result is rationalized
below.

The mutant Sfh3 proteins were also evaluated for PtdIns
transfer in parallel with [3H]PtdIns microsomal vesicle and
[Pyr]PtdIns fluorescence dequenching assays. Whereas
Sfh3L158Y, Sfh3L160Y, Sfh3L197Y, Sfh3I199Y, and Sfh3L229Y were
all strongly compromised in terms of sterol-transfer activities,
the effects on PtdIns transfer were generally milder than those
recorded for sterol transfer, although most mutant proteins
were measurably compromised for PtdIns-transfer activity as
well regardless of whether the measurements employed [3H]Pt-
dIns (Fig. 9D) or [Pyr]PtdIns (Fig. 9E) as transfer substrates.

Simulation of the sterol-binding pose within the closed Sfh3
lipid-binding pocket

The sterol docking studies using the open Sfh3 conformer as
the target-binding environment were incomplete in the sense
that Sfh3 transitions to a closed conformation when ligand

binds. Thus, to evaluate the sterol-binding pose in the closed
Sfh3 conformer, a 50-ns MDS was run in a solvent box to model
transition of the open sterol-bound conformer to a stable
closed sterol-bound conformer. Consistent with expectations,
the Sfh3-sterol complex converged to the “closed” conformer
during the time course of the 50-ns simulation. Analysis of the
simulation trajectories showed that the sterol molecule moved
toward the PtdIns headgroup– binding region of the LBD,
where its 3-hydroxyl group coordinated with Gln230 and Thr264

via a network of H-bond and water bridge interactions. In addi-
tion, Glu235 and Lys267 engaged sterol in the same manner. The
rest of the planar sterol ring system was sandwiched between
the ceiling and floor of the LBD’s hydrophobic core. The pri-
mary lipid–Sfh3 interactions in the putative sterol-binding
microenvironment involved dispersed van der Waals and
hydrophobic interactions with Leu160, Leu197, Ile199, Leu226,
Leu229, Leu237, Ala240, and Leu268 (Fig. 10).

Moreover, MD simulation of the Sfh3-sterol complex pre-
dicted Sfh3T264A, Sfh3Q230A, Sfh3E235A, and Sfh3K267A would

Figure 9. In vitro lipid transfer activities of the predicted Sfh3 sterol-binding mutants. Transfer activities for the indicated Sfh3 variants were measured
using DHE (A), [3H]cholesterol (B), CTL (C), [3H]PtdIns (D), and [Pyr]PtdIns (E) as transfer substrates. Assay incubations were for 10 min for the real-time
fluorescence-based DHE and CTL assays and 30 min for [3H]cholesterol, [3H]PtdIns and [Pyr]PtdIns transfer assays. All assays were performed at 37 °C, and
protein input was clamped at 10 �g for all experiments. For DHE, CTL, and [Pyr]PtdIns assays, values for spontaneous transfer (no protein) were determined, and
spontaneous transfer backgrounds were subtracted from each measurement. Transfer activities were normalized to Sfh3 activity. The averages of triplicate
determinations from two independent experiments for DHE, CTL, and [Pyr]PtdIns, and triplicate determinations from three independent experiments for
[3H]cholesterol and [3H]PtdIns, are shown. Error bars represent standard deviations for the [3H]cholesterol and [3H]PtdIns assays and mean � range for DHE,
CTL, and [Pyr]PtdIns assays.
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also show impaired sterol binding and transfer. The basis for
this prediction was the bound sterol molecule engaged these
residues via hydrogen bonding and water bridge interactions, as
it shifted toward the more stabilizing PtdIns headgroup–
binding region. The significance of this observation is detailed
in the following section.

Attempts to uncouple Sfh3 PtdIns- and sterol-binding
activities

Sfh3 was previously shown to regulate lipid droplet homeo-
stasis in vivo (22), and its activity is also reflected in the
increased resistance of yeast to azole drugs when Sfh3 is over-
expressed (31, 34). In those studies, PtdIns binding was con-
cluded to be an essential activity required for Sfh3 to execute its
biological functions. Those conclusions were based on demon-
strations that compromise of PtdIns binding by mutation of
PtdIns barcode residues (T264W in Ref. 22 and E235A and
K267A in Ref. 31) ablated Sfh3 function in cells. However, the
MD-simulated transition of the open Sfh3-sterol conformer to
the closed conformer identified Gln230, Glu235, Thr264, and

Lys267 as residues with which bound sterol was engaged in
H-bond and water bridge interactions as the lipid orientation
shifted toward the PtdIns headgroup– binding region (see pre-
vious section). Because Gln230 and Thr264 coordinate binding of
the PtdIns PO4 moiety and Glu235 and Lys267 coordinate bind-
ing of the inositol headgroup (22), this raised the question of
whether the Sfh3 PtdIns– binding barcode residues interacted
only with PtdIns. This specificity concern was further high-
lighted by docking experiments that forecast proteins previ-
ously assumed to have PtdIns-specific binding defects (e.g.
Sfh3T264A, Sfh3Q230A, Sfh3Q230A,T264A, and Sfh3Q230A,T264W)
would also be impaired in sterol exchange.

Indeed, as predicted by the docking data, Sfh3Q230A,
Sfh3T264A, and Sfh3E235A all showed significantly reduced DHE,
[3H]cholesterol, and CTL exchange activities relative to Sfh3,
whereas Sfh3K267A retained significant sterol exchange activity
(Fig. 11, A–C). The Sfh3Q230A,T264A, Sfh3Q230A,T264W, and
Sfh3E235A,K267A double mutant proteins had no measurable
exchange activity for any of these sterol substrates (Fig. 11,
A–C). These results closely mirrored data obtained from

Figure 10. Ergosterol dynamics within the Sfh3-binding pocket as a function of transition from the open to the closed Sfh3 conformer. Models of the
Sfh3::ergosterol complex in the open Sfh3 conformer (A) is compared with the projected ergosterol pose in the closed Sfh3 conformer (B). In the open
conformer, the ergosterol headgroup is positioned close to the polar environment of the lower cavity and anchors via H-bond interactions with Pro234 (1) and
Leu237 (2). The remainder of the ergosterol ring system is incorporated into the hydrophobic area of the Sfh3 lipid-binding pocket (3). B, Sfh3::ergosterol
complex in the closed Sfh3 conformer. During the simulation, ergosterol moved toward the PtdIns headgroup-binding region of the lipid-binding cavity and
engaged via H-bond interactions with residues Glu235 (1) and Lys267 (2). Complementarity maps depict hydrophobic regions in yellow. Electropositive and
electronegative regions are depicted in blue and red, respectively. C, relative poses of ergosterol in the lipid-binding cavities of the open (from first frame of the
MD simulation; blue stick model) and closed Sfh3 conformers (last frame of the MD simulation; orange stick model) are shown in superposition.
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[3H]PtdIns transfer assays where Sfh3Q230A, Sfh3T264A,
Sfh3E235A, and Sfh3K267A all showed reduced [3H]PtdIns trans-
fer activities relative to Sfh3, whereas the Sfh3Q230A,T264A,
Sfh3Q230A,T264W, and Sfh3E235A,K267A double mutant proteins
were strongly defective in transfer of [3H]PtdIns (Fig. 11D) and
[Pyr]PtdIns (Fig. 11E).

However, as described above, the exceptional Sfh3L181Y

mutant was the one case where the PtdIns/sterol-binding/
transfer activities were successfully uncoupled, i.e. Sfh3L181Y

unexpectedly retained sterol binding/transfer activity in the
face of loss of PtdIns binding/transfer activity. Sterol-binding
defects were predicted for Sfh3L181Y on the basis of initial dock-
ing models that placed Leu181 in proximity to both the bound
sterol molecule and to the PtdIns acyl chains in the open Sfh3
conformer. However, MD simulation of the conformational
transition of sterol-bound Sfh3 from the open to the closed
conformer projected the sterol molecule to move toward the
PtdIns headgroup– binding region, and away from Leu181, as
the open sterol-bound Sfh3 conformer closed. The reposition-
ing of the bound sterol during this conformational transition

rationalizes the PtdIns-specific binding/transfer defects of
Sfh3L181Y.

Discussion

Herein, we report a systematic investigation of structural fea-
tures of Sec14-like PITPs, including their surface electrostatic
properties, and the diverse shapes and chemical microenviron-
ments of lipid-binding cavities, to gain an understanding of
molecular mechanisms that generate diversity and specificity
for lipid substrates across the Sec14 superfamily. Using inte-
grated X-ray crystallographic and computationally-based
approaches, the conservation and evolution of the diverse func-
tionalities in Sec14-like PITPs were interrogated. Particular
focus was trained on defining the comparative anatomies of the
Sec14-like PITP LBDs in terms of the physical and chemical
microenvironments that these structural elements provide for
lipid binding. Using the functionally enigmatic Sfh2 and the
lipid droplet–associated Sfh3 as experimental foci, we identify
squalene and sterols as exchangeable second lipid-binding
ligands for Sfh2 and Sfh3, respectively. Taken together, the col-

Figure 11. In vitro lipid transfer activities of Sfh3 PtdIns-binding mutants. Transfer activities for the indicated Sfh3 variants were measured using DHE (A),
[3H]cholesterol (B), CTL (C), [3H]PtdIns (D), and [Pyr]PtdIns (E) as transfer substrates. Assay incubations were for 10 min for the real-time fluorescence-based DHE
and CTL assays and 30 min for [3H]cholesterol, [3H]PtdIns, and [Pyr]PtdIns transfer assays. All assays were performed at 37 °C, and protein input was clamped
at 10 �g for all experiments. For DHE, CTL, and [Pyr]PtdIns assays, values for spontaneous transfer (no protein) were determined, and spontaneous transfer
backgrounds were subtracted from each measurement. Transfer activities were normalized to Sfh3 activity. The averages of triplicate determinations from two
independent experiments for DHE, CTL, and [Pyr]PtdIns, and triplicate determinations from three independent experiments for [3H]cholesterol and [3H]PtdIns,
are shown. Error bars represent standard deviations for the [3H]cholesterol and [3H]PtdIns assays and mean � range for DHE, CTL, and [Pyr]PtdIns assays.
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lective data indicate that the Sec14-like PITP lipid-binding
pockets define diverse chemical microenvironments, that these
diversifications reflect differential ligand-binding specificities
across this protein family, and that these ligand-binding speci-
ficities are associated with functional diversification.

Selective conservation of physical properties across the Sec14-
protein superfamily

A remarkable feature of Sec14-like proteins in yeast is their
ability to diversify the biological outcomes of PtdIns(4)P signal-
ing in cells. These available data suggest that Sec14-like PITPs
instruct biological outcomes for PtdIns 4-OH kinase activity,
and current ideas are that these PITPs do so via a regulated
metabolic channeling of PtdIns(4)P production to dedicated
effectors of PtdIns(4)P signaling (4, 12). In that regard, we find
that, although the structural fold of Sec14-like PITPs (as
defined by the �-carbon backbone) was highly conserved across
widely-diverged fungal species (S. cerevisiae and S. pombe
diverged from each other �350 million years ago (35)), proteins
of this family differed in at least two general respects. The first
involved protein surface chemistry where the electrostatic sur-
face properties of Sec14 orthologs were impressively preserved
across wide evolutionary distances. These PITPs showed high-
ly-asymmetric distributions of negative and positive surface
charge with the basic regions concentrated in the vicinity of the
helical gate element that controls access to the lipid-binding
pocket. By contrast, four of the five Sec14 homologs of S. cerevi-
siae presented very different surface charge distributions. Sfh1,
the protein most similar in primary sequence to Sec14, was the
single exception.

The second general area of divergence involved the nature of
the lipid-binding cavity. An integrated VICE/HINT cavity
mapping approach indicated that the dimensions and the
chemical environments of the lipid-binding cavities of Sec14,
its homologs from distant fungal species, and of Sfh1, were
again highly conserved, as were the ligand-binding/exchange
properties of those PITPs. The Sec14 proteins from S. cerevisiae
and S. pombe are PtdIns/PtdCho-transfer proteins in vitro as is
Sfh1 (3, 25, 36). By contrast, not only did the PtdCho-binding
barcode regions deviate from those of Sec14 in the other four
yeast Sfh proteins, but the general shapes and chemical finger-
prints of their corresponding lipid-binding cavities were also
distinct from those of Sec14 and from each other. Those fea-
tures further reinforce the concept that Sec14-like proteins
have diverged to accommodate the binding of a wide variety of
lipids/lipophilic molecules while preserving the features critical
for PtdIns-binding/exchange.

Squalene as second ligand for a Sec14-family protein

The most unusual yeast Sec14-like PITPs from the stand-
point of the VICE/HINT analyses were Sfh2 and Sfh5. Whereas
Sfh5 exhibited distinct electropositive character, Sfh2 was char-
acterized by its unique toroid-shaped hydrophobic cavity. This
property of a toroid-shaped lipid-binding cavity is also shared
by the mammalian Sec14-like squalene-binding protein
Sec14L2, and we demonstrate that Sfh2 is a robust PtdIns and
squalene exchange protein, thereby identifying squalene as a
bona fide second ligand for this Sec14-like PITP.

There are two satisfying aspects of those results. First, the
fact that the unique topology of the Sfh2 lipid-binding cavity
translated to a specific ability to bind and exchange squalene
validated the basic premise of using the VICE/HINT approach
to predict ligand-binding diversification in the yeast Sec14-like
PITPs. Second, the data promise to inform downstream analy-
ses of Sfh2 function in vivo. Sfh2 is a functionally enigmatic
PITP that has been indirectly implicated, on the basis of genetic
interactions, to be involved in a number of in vivo activities such
as regulation of oxidative stress, hypoxia-related fatty acid syn-
thesis, DNA replication stress, etc. (37–40). Our collective data,
including the demonstration that Sfh2-deficient cells are sensi-
tized to terbinafine challenge, a condition expected to elevate
intracellular squalene levels, now suggest that Sfh2 activity is
functionally linked either to squalene homeostasis or in poten-
tiating a squalene-induced stress response.

Sterols as second ligands for Sec14-family proteins

Of the yeast Sec14-like PITPs, Sfh3 was notable for both the
general hydrophobicity and the shallowness of its lipid-binding
cavity, and those unique properties also translated to lipid ligand
specificity. Sfh3 was the only one of the S. cerevisiae Sec14-like
proteins that exhibited robust sterol transfer activity, and it did so
regardless of whether DHE, cholesterol, or CTL was offered as
binding/exchange substrates. Indeed, Sfh3 compared favorably
with the known DHE-transfer protein Kes1 in its ability to transfer
each of these sterol ligands between membranes in vitro. On the
basis of such data, we conclude that the most likely binding ligand
for Sfh3, in addition to PtdIns, is the major yeast sterol ergosterol.
These data further demonstrate that Sec14-like PITPs, as a class of
proteins, are not limited to phospholipids as binding/exchange
ligands but are able to bind/exchange sterols or sterol-like mole-
cules as well. This biochemical property is interesting given Sfh3
associates with a subset of lipid droplets enriched in sterol hydro-
lase activities in yeast cells undergoing meiosis, and that this PITP
functions in inhibiting lipid mobilization from lipid droplets (22).

The closest yeast homolog to Sfh3 is Sfh4, and Sfh3 shares no
obvious functional redundancy with Sfh4 in vivo (10, 22). Con-
sistent with the functional divergence of Sfh3 and Sfh4, VICE/
HINT cavity mapping data showed that, irrespective of the gen-
eral shape similarity of the chemical profiles of the Sfh3 and
Sfh4 lipid-binding cavities, the corresponding microenviron-
ment profiles were quite different. Moreover, as was evident
from direct biochemical assays, Sfh4 was a poor DHE exchange
protein for which we measured no significant cholesterol or
CTL exchange activity. Thus, whereas Sfh4 might also bind
a sterol-like molecule as a second exchangeable ligand, we
project that this ligand will be distinct from ergosterol (possi-
bly a late-stage intermediate in the ergosterol biosynthetic
pathway?).

Implications for interpretation and exploitation of lipid-
binding barcodes

High-resolution crystal structures of closed Sfh1 conformers
individually bound to PtdIns or PtdCho provided the startling
demonstration that the motifs that coordinate headgroup binding
for these phospholipids were physically and spatially distinct in
Sec14-like PtdIns/PtdCho-transfer proteins (3). Those data per-
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mitted the recognition of physically discrete PtdIns- and PtdCho
headgroup-specific binding barcodes at the level of the primary
sequence (3–6). The definition of PtdIns- and PtdCho-binding
barcodes, in turn, provide useful guides for generating headgroup-
specific binding mutants for as yet poorly characterized Sec14-like
proteins. This is particularly true for the PtdIns-binding barcode as
it is conserved across the Sec14 protein superfamily. The ability to
generate specific headgroup-binding mutants in Sec14-like PITPs
that do not exchange PtdCho suggests experimental avenues for
rigorous interrogation of the “second” ligand model for priming
PITP-dependent presentation of PtdIns to the PtdIns 4-OH kinase
(3, 10, 13, 22–24).

The results reported herein, however, discourage tacit
extrapolation of the biochemical specificities of defects that
come with altered PtdIns-binding barcodes for Sec14-like
PITPs where the second ligand remains unknown. Two recent
studies of Sfh3 function in vivo provide a case in point. Both
studies assumed that perturbation of the Sfh3 PtdIns-binding
barcode would result in specific inactivation of PtdIns-binding/
exchange activity (22, 31). One of those studies directly con-
firmed that PtdIns-binding/exchange activity and the ability to
stimulate PtdIns 4-OH kinase activity in vivo were indeed
ablated by such perturbations (22), and both studies found that
such perturbations completely abolished Sfh3 biological func-
tion. Those phenotypic data were taken as evidence that
PtdIns-binding/exchange is an essential functional property of
Sfh3 (22, 31). Although that conclusion may yet prove correct,
the data reported herein demonstrate that neither of the
PtdIns-binding mutants used in those studies inactivated Sfh3
PtdIns-binding activity specifically. Rather, both PtdIns- and
sterol-exchange were compromised.

Unlike the case of the PtdIns and PtdCho binding barcodes,
which might yet prove exceptional in their discreteness, the
Sfh3 data indicate substantial overlap of lipid-binding barcodes
might prove a common scenario in Sec14-like PITPs. Indeed,
this also appears to be the case for Sfh2. The squalene binding
space in the Sfh2 lipid-binding cavity overlaps extensively with
that of PtdIns. Consistent with such an assignment, we have to
date failed to generate mutants selectively ablated for squalene
binding/exchange that retain uncompromised PtdIns-binding/
exchange activity. The Sfh3L181Y mutant, where the sterol- and
PtdIns-binding/transfer activities are cleanly uncoupled, is
encouraging in that it suggests that specific headgroup-binding
mutants will be forthcoming for Sfh3. Unfortunately, the utility
of Sfh3L181Y is limited in this regard as the mutant protein is
unstable when expressed in yeast (data not shown).

Taken together, the data herein clearly demonstrate that the
hydrophobic lipid-binding cavities of Sec14-like PITPs present
chemically diverse landscapes that translate to functional diver-
sities for “second-ligand” binding. This property fulfills one
prediction of the “second-ligand priming” model for how
Sec14-like PITPs stimulate the activities of PtdIns 4-OH
kinases and identifies Sec14-like PITPs as particularly well-
suited to contribute to the remarkable diversification of the
biological outcomes of phosphoinositide signaling. In that
regard, these studies identify Sfh5 as a genuinely unique Sec14-
like protein given its hydrophilic and highly-basic surface and
cavity properties. Those unusual properties suggest the inter-

esting possibility that the ligand-binding properties of Sfh5 and
other Sec14-like proteins extend beyond lipids.

Materials and methods

Protein preparation and model building

The X-ray crystal structures of Sec14, Sfh1, Sfh3, and other
mammalian proteins were obtained from PDB repository. The
protein models were prepared using the Protein Preparation
Wizard panel in the Schrödinger suite. The Prime program (41)
was used to predict any missing loops, and the resulting com-
plete structures were optimized with the OPLS_2005 force field
in the Schrödinger suite to relieve all atom and bond strains
found after adding all missing side chains and/or atoms. The
small molecule model structures for cholesterol and ergosterol
were prepared and energy-minimized in MOE (42), and the
lowest energy conformations of each were selected for docking.

Sfh3 model building

The 1.55 Å X-ray crystal structure of the Sfh3 homodimer
(PDB code 4J7Q) was used in this study. The protein model was
prepared using the Protein Preparation Wizard Panel in Schro-
dinger Suite. As interpretable electron density for the N-termi-
nal half of helix A7 (210VPGNSKIP217) was missing from the
electron density map, Prime was used to predict the missing
loop, and the complete structure was optimized to relieve all
atom and bond constraints after adding all side chains and
missing atoms. Structures of cholesterol and ergosterol were
prepared in MOE, and the lowest energy conformation was
selected for docking.

Homology modeling

All sequence and structural alignments were carried out within
the MOE software package version 2013.08. Homology models of
Sec14 for the fungal species were generated with the MOE 2013.08
modeling package. The Sec14 and homolog sequences to be mod-
eled were aligned to the Sec14 (target) crystal structure sequences
in the following: (i) its open conformation (PDB code 1AUA; 2.50
Å resolution); (ii) Sfh1 bound with PtdIns (PDB code 3B7N; 1.86 Å
resolution); and (iii) Sfh1 bound with PtdCho (PDB code 3B7Q;
2.03 Å resolution). The latter two Sfh1 crystal structures, with the
PtdIns and PtdCho ligands, were included in the environment to
facilitate generating induced-fit homology models of Sec14-Pt-
dIns/PtdCho complexes. By default, 10 independent intermediate
models were generated. These different intermediate homology
models were generated as a result of permutational selection of
different loop candidates and side-chain rotamers. The interme-
diate model, which scored best according to the Amber99 force
field, was chosen as the final model and was then subjected to
further optimization.

Docking studies

Computational docking was carried out using the genetic
algorithm-based ligand docking program GOLD 5.2 (43).
GOLD 5.2 includes algorithms that provide limited flexibility to
protein side chains with hydroxyl groups by reorienting the
hydrogen bond donor and acceptor groups. The active site was
defined by manually generating a centroid in the LBD of Sfh3
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surrounded by a volume with a radius of 10 Å around that
centroid created with the GOLD cavity detection algorithm.
GOLD docking was carried out without using any constraints
or biases to explore all possible solutions. In this study, we car-
ried out three separate 10, 100, and 1000 GOLD genetic algo-
rithm runs with early termination turned off. To explore all the
possible binding modes, docking was carried out so as to gen-
erate diverse solutions. All other parameters were as defaults.
To evaluate and validate GOLD performance, the co-crystal-
lized substrate PtdIns was extracted and docked. GOLD, using
our protocol, accurately reproduced the experimentally
observed binding mode of PtdIns in Sfh3 and squalene in
Sec14L2. Cholesterol and ergosterol were then docked to Sfh3,
and squalene was docked to homology model of Sfh2 and
scored using the CHEMPLP-scoring function within GOLD.
CHEMPLP was used because it gives the highest success rates
for both pose prediction and virtual screening experiments
against diverse validation test sets (44).

Surface electrostatics

ICM-Pro was used to calculate the electrostatic potentials of
the molecules in this study using the boundary element algo-
rithm (45), and from that we generated a 3D surface skin model
colored by potential. The ICM-Pro Rapid Exact-Boundary
Electrostatics (REBEL) methodology allows solutions of the
Poisson equation for a molecule without a grid and with exact
positions of electric charges (46). The energies so calculated
consisted of terms representing the intramolecular Coulomb
energy and solvation energy, and those terms were plotted as
colors on the surface elements according to potentials from red
(most negative) to blue (most positive).

Cavity identification

Binding pockets of Sec14 and Sec14-like homologs were
detected using the VICE algorithm (26), which is an option in
HINT (28), implemented as a local module within SYBYL 8.1.
The VICE algorithm is a grid-based method that propels vec-
tors in directions that are defined by integer numbers of grid
cubes, e.g. (0, 0, 1), (0, 1, 0), (1, 0, 0), (0, 1, 1), (1, 0, 1), (1, 1, 0), (1,
1, 1), (1, 1, 2), (1, 2, 1) (2, 1, 1), etc., rather than in directions
defined by angles. These vectors are projected until they either
hit a cube occupied by a molecule (putatively a cavity wall) or
the edge of a grid box. For each grid cube, the fraction of vectors
finding a cavity wall defines it “cavityness”; cubes with cavity-
ness of � �0.5 are thus inside a cavity. Two clean-up phases
finish the algorithm: 1) cubes with few adjacent neighbors also
within the cavity are discarded as small crannies; 2) closed sur-
faces with volumes smaller than a default are also discarded.
VICE was used to search for pockets within the LBDs of Sec14
and Sfh proteins in PtdIns/PtdCho complexes, where the LBD
was defined to include all amino acid residues within 10 Å of the
bound ligand. The grid resolution was set at 0.5 Å, and the
minimum closed contour value was set to be 60 Å3. The default
cavity definition was set to 0.45, and the contour value was set
to 0.4. All other variables were kept at their default values.

Cavity mapping

HINT 3D complement maps were calculated for the cavity
regions within the region of interest nominally defined as the
molecular (dimensional) extent of the substrate within the
binding cavity. This HINT algorithm projects the hydropathic
character and intensity of the atoms adjacent to unoccupied
grid cubes to hypothesize the character and intensity of an
“ideal” atom occupying that space, i.e. a Lewis acid would be
ideal for interacting with Lewis base neighbors, etc. (26 –28). Its
distance to these other atoms mediates its hydropathic inten-
sity. In practice, this is accomplished with map pairs: a hydro-
phobic/polar map where positive field values represent hydro-
phobic regions of space, and negative field values represent
polar (hydrophilic) regions. The second map, acid/base, depicts
the acidic polar and basic polar regions of space with positive
and negative field values, respectively. The VICE cavity map,
represented as a Boolean (1 � inside cavity; 0 � outside cavity),
was then multiplied by each of the complement maps in the
map pair to focus the representation within the cavity. The final
overall display of these contoured maps showed regions of the
active site most hospitable to hydrophobic groups (green con-
tours) and differentiates between the two types of polar regions
(Lewis acid-like in red and Lewis base-like in blue). Generally,
contour values were chosen such that their values were �50%
of the maximum (or minimum) field value.

Molecular dynamics simulations

All atom molecular dynamics simulations were carried out
using the Desmond MD simulation program (47), and analyses
were performed using the Schrodinger Software package.
Structures of Sfh3-sterol complex, Sfh3 mutants, and apo-Sfh3
were used as the starting structures for an all-atom molecular
dynamics simulation in solvent boxes with explicit water mol-
ecules. All the parameters were kept the same for these simula-
tions to maintain consistency. OPLS2005 force field as imple-
mented in the Desmond MD package was used to describe all
the atoms in the system. Periodic boundary conditions were set
with an orthorhombic box with a 12 Å buffer to the box edge.
The complex was solvated with TIP3P water model that is com-
patible with OPLS parameterization (48, 49). Physiological salt
concentration was fixed to 150 mM by adding custom Na� and
Cl	 counter ions to neutralize the total charge on the system.
The system was set up at 300 K temperatures and at 1 bar of
atmospheric pressure. A series of pre-defined energy minimi-
zation and equilibration steps was carried out to thoroughly
relax and equilibrate the system before the final production
run. A 50-ns production run was then carried out at NPT
ensemble conditions. Post-MD simulation analyses were car-
ried out with the simulation interaction diagram protocol as
implemented in Schrodinger package.

Molecular graphics and chemical drawing

Molecular graphics and analyses were performed with the
Schrodinger and MOE software suites. Marvin was used for
drawing, displaying, and characterizing chemical structures,
substructures, and reactions (Marvin 5.10.0 and 5.11.4, 2012;
ChemAxon. Chemical drawings were also produced using
ChemBioDraw Ultra, CambridgeSoft, version 11.01.1.
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Lipids and liposomes

L-�-Phosphatidylcholine, (chicken) egg PtdCho, L-�-phos-
phatidylinositol (soy), and L-�-phosphatidic acid (chicken) egg
of highest available quality were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification.
1-Palmitoyl-2-decapyrenyl-sn-glycero-3-phosphocholine,
[Pyr]PtdCho, and 1-palmitoyl-2-decapyrenyl-sn-glycero-3-
phosphoinositol ([Pyr]PtdIns), were generous gifts from Dr.
Pentti Somerharju (Helsinki University, Helsinki, Finland), and
synthesis of these lipids was described previously (50, 51). 2,4,6-
Trinitrophenyl-phosphatidylethanolamine (TNP-PtdEtn) was
prepared from phosphoethanolamine as described by
Gordesky and Marinetti (52) and purified by silica gel column
chromatography. CTL was a generous gift from Dr. J. Peter
Slotte (Åbo Akademi University, Turku, Finland). [3H]Choles-
terol (1 mCi/ml) was obtained from American Radiolabeled
Chemicals (St. Louis, MO). The concentrations of all phospho-
lipid solutions were determined by Rouser et al. (53). [Pyr]Ptd-
Cho and [Pyr]PtdIns concentrations were determined spectro-
scopically by using � � 42,000 and DHE and CTL by using � �
13,000 and � � 11,250, respectively.

For all fluorescence transfer assays, donor and acceptor ves-
icle solutions were prepared as follows. Donor vesicles were
made from egg PtdCho, fluorescent probe ([Pyr]PtdIns,
[Pyr]PtdCho, DHE, or CTL), and TNP-PtdEtn mixed together
from stock solution in a 4:0.5:0.5 nmol ratio ([Pyr]PtdCho/
[Pyr]PtdIns) or 20:2.5:2.5 nmol ratio (DHE/CTL). Solvent was
evaporated under a stream of nitrogen, and the lipid film was
resuspended in 10 �l of EtOH. For the acceptor vesicles, stock
solutions of egg PtdCho and phosphatidic acid were mixed in a
291:9 nmol (97/3 mol %) ratio and dried under a stream of
nitrogen. The resulting lipid film was then hydrated with 2 ml of
low phosphate buffer and sonicated on ice for 10 min.

[3H]Squalene transfer assays

Donor liposomes were composed of PtdCho/[3H]squalene
(99/1 weight %). For each assay, 40 �g of lipid was dried under a
stream of N2 gas and resuspended by vortexing in 50 �l of phos-
phate buffer (300 mM NaCl, 25 mM Na2HPO4, 5 mM �-mercap-
toethanol, 1 mM NaN3, pH 7.5). Small unilamellar vesicles were
then generated from the suspension by sonication in an ice
bath. Squalene transfer assays were then conducted using
bovine heart mitochondria as acceptor membranes as
described previously for PtdCho-transfer assays (3, 11, 13).
[12,13-3H]Squalene (0.1 mCi/ml) was obtained from American
Radiolabeled Chemicals (St. Louis, MO).

Fluorescence-based lipid transfer assays

The [Pyr]PtdCho and [Pyr]PtdIns binding and transfer mea-
surements were performed as described by Somerharju et al.
(54) with modification. For [Pyr]PtdIns/[Pyr]PtdCho transfer
measurements, 10 �l of the donor vesicles were injected into 2
ml of acceptor vesicle solution. After donor vesicle addition, the
solution was incubated for 5–10 min at 37 °C after which the
fluorescence intensity was recorded at 378 nm (excitation 346
nm) as a function of time using a Horiba Fluorolog 3 fluorime-
ter (Horiba Ltd., Kyoto, Japan). To initiate protein-mediated
lipid transfer, 1 �g of protein was injected every 250 s for a total

of four injections followed by a final 5-�g injection at t � 1250 s
to achieve binding-site saturation.

For the DHE and CTL transfer measurements, the method
was adjusted to consider the rapid spontaneous transfer of ste-
rol between membranes (t1⁄2 �10 min for CTL and DHE com-
pared with t1⁄2 �24 h for [Pyr]PtdIns and [Pyr]PtdCho). 2 ml of
acceptor vesicles were incubated for 5 min with 10 �g of protein
after which 10 �l of donor vesicles were added to the solution,
and the data collection was started immediately. Data were col-
lected for a total of 10 min to reach equilibrium (excitation 338
nm/emission 395 nm for DHE and excitation 325 nm/emission
395 nm for CTL). For each prepared batch of donor and accep-
tor vesicles, a “no protein” measurement was also performed to
record the amount of spontaneous transfer, and those data
points were then subtracted from the measurements contain-
ing protein. All measurements were normalized for the value at
t � 0.

[3H]PtdIns and [3H]cholesterol transfer assays

To measure lipid and sterol transfer using natural ligands
(PtdIns and cholesterol), end-point radioactive transfer assays
were performed. [3H]PtdIns transport was measured from rat
liver microsomes to liposomes (98 mol % PtdCho and 2 mol %
PtdIns) and [3H]cholesterol from liposomes (98 mol % PtdCho
and 2 mol % cholesterol) to bovine heart mitochondria as
described (8, 55).

Expression and purification of recombinant proteins

The SFH3 gene was amplified from the yeast genome and
integrated into a pET28B-His8 protein expression plasmid. All
mutations were confirmed by DNA sequencing outsourced to
the Eton Biosciences service. Recombinant His8Sfh3 and mutant
variants were purified as described by Ren et al. (22) using an
E. coli BL21 (RIL/DE3; New England Biolabs Inc., Ipswich, MA)
expression system.
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