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Abstract Secl4-like phosphatidylinositol transfer proteins
(PITPs) play important biological functions in integrating
multiple aspects of intracellular lipid metabolism with phos-
phatidylinositol-4-phosphate signaling. As such, these pro-
teins offer new opportunities for highly selective chemical
interference with specific phosphoinositide pathways in
cells. The first and best characterized small molecule inhibi-
tors of the yeast PITP, Secl4, are nitrophenyl(4-(2-methoxy-
phenyl)piperazin-1-yl)methanones (NPPMs), and a hallmark
feature of NPPMs is their exquisite targeting specificities for
Secl4 relative to other closely related Secl4-like PITPs. Our
present understanding of Sec14::NPPM binding interactions is
based on computational docking and rational loss-of-function
approaches. While those approaches have been informative,
we still lack an adequate understanding of the basis for the
high selectivity of NPPMs among closely related Secl4-like
PITPs. Herein, we describe a Secl4 motif, which we term
the VV signature, that contributes significantly to the NPPM
sensitivity /resistance of Secl4-like phosphatidylinositol
(PtdIns) /phosphatidylcholine (PtdCho) transfer proteins. The
data not only reveal previously unappreciated determinants
that govern Secl4-like PITP sensitivities to NPPMs, but en-
able predictions of which Secl4-like PtdIns/PtdCho transfer
proteins are likely to be NPPM resistant or sensitive based on
primary sequence considerations.llll Finally, the data provide
independent evidence in support of previous studies high-
lighting the importance of Secl4 residue Serl73 in the
mechanism by which NPPMs engage and inhibit Secl4-
like PITPs.—Khan, D., K. R. McGrath, O. Dorosheva, V. A.
Bankaitis, and A. Tripathi. Structural elements that govern
Secl4-like PITP sensitivities to potent small molecule inhibi-
tors. J. Lipid Res. 2016. 57: 650-662.
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Phosphoinositides (PIPs) are phosphorylated derivatives
of phosphatidylinositol (PtdIns), and the metabolism of
these lipids constitutes a major membrane-associated sig-
naling system in eukaryotic cells (1-5). The chemical het-
erogeneity that distinguishes individual PIP species forms
one basis for functionally compartmentalizing signaling
platform identities on membrane surfaces (6, 7). Yet while
the chemical heterogeneity of PIP species is simple, it trans-
lates to an enormous diversity of biological outcomes that
derive from PIP signaling. In that regard, recent studies
demonstrate additional layers of functional specification
for PIP signaling that are of such resolution that production
of an individual PIP species by a specific PtdIns kinase yields
multiple biological outcomes in the same cell (8). We now
appreciate that PtdIns transfer proteins (PITPs) play critical
roles in functional compartmentalization of PIP signaling
reactions by channeling PtdIns to PtdIns kinases and, subse-
quently, to distinct sets of effector proteins (9-11). The
Secl4-like PITPs are best studied in this regard, and the
multiplicity of Secl4-like PITPs expressed in even simple
unicellular eukaryotes highlights the high degree of func-
tional specification for these proteins (12, 13).

Emerging evidence that PITPs instruct the biological out-
comes of PtdIns kinase activities recommends these proteins
as novel targets for chemical intervention with PIP signaling
pathways in cells (11, 14). The advantages of targeting PITPs
for this purpose are that such interventions can be imposed
with selectivities superior to those possible by popular strategies
that either target individual PtdIns-kinase isoforms or indi-
vidual PIP species (15, 16). Proof of concept is exemplified by
the identification and validation of several classes of small
molecule inhibitors (SMIs) that target Sec14, the major PITP
of yeast. Secl4 binds both PtdIns and phosphatidylcholine
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(PtdCho) in vitro, and it coordinates PtdIns-4-phosphate
production with PtdCho metabolism so as to promote mem-
brane trafficking through trans-Golgi network and endo-
somal compartments in vivo (17-19). Of the SMIs that
target Secl4 activity, the nitrophenyl(4-(2-methoxyphenyl)
piperazin-1-yl)methanones (NPPMs) are best understood
(14, 20, 21). These SMIs inhibit Sec14 by loading into the
phospholipid binding pocket of this PITP and preventing
subsequent rounds of lipid exchange (14).

An attractive property of NPPMs is their exquisite selec-
tivity for Sec14 as a target. Even though yeast expresses five
other Secl4-like PITPs (13), none of these proteins are at
all sensitive to inhibition by NPPMs. This selectivity is, in
most cases, accounted for by the mechanism by which
NPPMs are bound by Secl4. Available data project that
NPPM invades the hydrophobic lipid-binding pocket of
Secl4 during a lipid-exchange cycle where the inhibitor en-
gages both residues within PtdIns- and PtdCho-acyl chain
space and residues essential for coordination of the PtdCho
headgroup. Computational docking simulations, coupled
with rational mutagenesis experiments, indicate the latter
binding interactions are crucial. The NPPM-activated aryl
halide moiety is projected to engage residue Ser173, a key
component of the PtdCho headgroup-coordinating sub-
structure, via a halogen bond (14). Because four of the
other five yeast Secl4-like PITPs (Sth2-Sth5) do not con-
serve this PtdCho-coordinating unit (9), the NPPM resis-
tance of those proteins is readily explained by their lack of
the structural elements essential for NPPM binding.

The Secl4 specificity of NPPM remains completely ob-
scure in other cases. For example, the Secl4-like PITP,
Sth1, is highly homologous to Sec14. Sfh1 has both PtdIns-
and PtdCho-binding/transfer activities, as it shares with
Secl4 the same PtdIns-binding motif and, more strikingly,
the same PtdCho-coordinating substructure that is critical
for NPPM binding (9, 13, 22). Yet, Sfhl lipid exchange
activities are impervious to NPPM challenge (14). More-
over, Secl4-like PtdIns/PtdCho-transfer proteins from
other fungal pathogens are even more similar to Secl4
than is Sth1, but are similarly resistant to inhibition by
NPPMs (see Results). Those exceptional cases indicate
that, despite a detailed and experimentally well-supported
description for how NPPMs dock into the Secl4 lipid-
binding pocket (14), there remain substantial gaps in our
knowledge regarding the mechanism of Sec14 inhibition
by NPPMs. Herein, we exploit unbiased approaches to
identify a new Secl4 motif, the VV signature, that contrib-
utes to NPPM sensitivity. The data empower prediction of
which Secl4-like PtdIns/PtdCho-transfer proteins are
likely to be NPPM resistant or sensitive by extending our
understanding of the underlying mechanisms that govern
the sensitivities of Secl4-like PITPs to NPPMs.

MATERIALS AND METHODS

Yeast media and methods

Yeast complex and minimal media and genetic methods fol-
lowed standard procedures (23-25). Yeast strains used in this study

included the wild-type strain CTY182 (MATa ura3-52 lys2-801
his3A-200) and its isogenic sec14-1° and spol4A derivatives, CTY1-
1A (MATa wra3-52 1ys2-801 his3A-200 s1 4-1%), and CTY1092
(MATa ura3-52 lys2-801 his3 his3A-200 spol4A), respectively (26,
27). An isogenic pdr5A derivative of strain CTY1079 was desig-
nated YKMO3 (MATa ura3-52 lys2-801 his3A-200 spol4A pdr5A)
(this study). The gene replacement cassette plasmids used are
listed in supplementary Table 1.

Small molecule inhibitors

Small molecules of interest were purchased from ChemBridge
Chemical Store (San Diego, CA.), dissolved in DMSO to a final
stock concentration of 20 mM, and stored in the dark at —20°C.

Unbiased cell-based screen

Spontaneous NPPM" mutants were generated using yeast
strain CTY1079 (MATa ura3-52 lys2-801 his3A-200 spol4A SECI14)
or the isogenic pdr5A strain, YKMO03, and seeded onto YPD plates
individually supplemented with the appropriate NPPM at con-
centrations of 10 uM and 2 pM, respectively. Approximately 1 x
107 cells from 45 independent overnight cultures were each
seeded onto a YPD agar plate, and the seeded plates were incu-
bated at 30°C for 96 h. One colony was picked from each plate
and purified by two rounds of dilution streaking for isolated colo-
nies. The NPPM" phenotype of each mutant colony was verified
on YPD agar supplemented with NPPM and the colonies were
expanded to generate individual frozen stock cultures.

Amplification and DNA sequencing of SEC14 genes from
isolated NPPM" yeast isolates

Genomic DNA from each independently isolated NPPM" mu-
tant was prepared and the SECI4 gene amplified via PCR using
the DKO98 and 99 primer pair (supplementary Table 2). The
SECI14 nucleotide sequences were determined in both directions
(Eton), and aligned using the multiple sequence alignment pro-
gram, Clustal Omega, with wild-type SECI4 as query sequence
(27, 28).

Protein expression construct generation

NPPM® missense mutations and VV bar code mutants were
generated by site-directed mutagenesis using pET28b (Hiss-
SECI4) as mutagenesis substrate. Site-directed mutations were
generated using QuikChange II (Stratagene) and confirmed by
nucleotide sequencing. SECI 44 was amplified from genomic
DNA via two rounds of PCR using the DKO1,2 and DKO14,15
primer sets (supplementary Table 2) and subcloned into pET28b,
taking advantage of plasmid Ncol and Sacl restriction sites.
SECI4g; was amplified using oligonucleotides KLL100,101 and
subcloned into the Sacll and Sphl restriction sites of plasmid
pVB16. An internal Neol restriction site in SEC14y; was destroyed
by incorporating a sense mutation using the KL.92,93 mutagenic
primer pair followed by a second round of amplification using
primers KL90,91 to incorporate an N-terminal Hisg tag. That
PCR product was subcloned as an Ncol-Sacl restriction fragment
into pET28b. The SECI4.; gene was similarly amplified using oli-
gonucleotides CG86,87 as primers, subcloned into pVB16, and a
natural Neol site was removed by site-directed mutagenesis. The
modified gene was amplified in a second round using CG89,90 as
primer pair and the amplified gene was subcloned into pET28b
as an Neol-Sacl restriction fragment. Primer sequences are listed
in supplementary Table 2. Protein expression plasmids used in
this study are listed in supplementary Table 3.

Protein purification

Recombinant proteins were purified essentially as described (9).
Briefly, Escherichia coli BL21 (DE3) cells carrying the appropriate
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expression plasmids were incubated at 37°C with shaking until
cultures reached the desired cell densities (Agy, = 0.8). Recombi-
nant protein expression was induced with 60 uM isopropyl 3-D-
1-thiogalactopyranoside and cultures were incubated for an
additional 18 h at 16°C. Cells were pelleted, resuspended in 300
mM NaCl, 25 mM Na,HPO,, and 1 mM phenylmethanesulfonyl-
fluoride (pH 7.8), and subsequently disrupted by two successive
passages through a French press at 10,000 psi. Cell-free lysates
were clarified by serial centrifugations at 2,800 g (20 min) and
27,000 g (60 min). Clarified lysates were incubated with Co™
TALON metal affinity beads overnight at 4°C with agitation,
and washed exhaustively with 300 mM NaCl, 25 mM Na,HPO,,
5 mM 2-mercapthoethanol, and 5 mM imidazole (pH 7.8).
Bound proteins were eluted with a continuous 10-200 mM imidaz-
ole gradient in 300 mM NacCl, 25 mM Na,HPO,, and 5 mM 2-mer-
capthoethanol (pH 7.8). Peak fractions were pooled, dialyzed
against 300 mM NaCl, 25 mM Na,HPO, (pH 7.8), and 5 mM
2-mercaptoethanol, and concentrated by using Amicon Ultra fil-
ter centrifugation (EMD Millipore). Protein concentrations were
estimated by SDS-PAGE and visual comparisons to BSA titration
series, and by Aygy, measurements.

PtdIns transfer assays

Assays were performed by previously established methods (9,
14). Recombinant Secl4 proteins were preincubated with accep-
tor membranes in 300 mM NaCl and 25 mM Na,HPO, (pH 7.5)
and SMI or DMSO (vehicle control), as appropriate, for 30 min
at 37°C. Donor membranes (rat-liver microsomes) were added to
initiate the assay, and reactions were incubated for an additional
30 min at 37°C. ["H]PtdIns transfer activities in the presence of
SMIs were normalized to mock DMSO controls.

Preparation of structural files for docking simulations

A homology model for the closed Sec14 conformer was gener-
ated based on structural templates for both the open Secl4 con-
former [Protein Data Bank (PDB) identification, IAUA] and the
closed conformer of Sfh1 bound to PtdIns (PDB ID, 3B7N).
Proteins were prepared for docking using the Protein Prepara-
tion Wizard panel in Schroédinger Suite and complete structure
was optimized to relieve all atom and bond constraints after add-
ing all side chains and missing atoms (29).

Docking simulations

Two independent docking platforms were used. Computa-
tional docking used the genetic algorithm-based ligand docking
program, GOLD (version 5.2.1), which exhaustively explores li-
gand conformations and provides limited flexibility to protein
side chains with -OH groups by reorienting the H-bond donor
and acceptor moieties. The GOLD scoring function is based on
favorable conformations documented in the Cambridge Struc-
tural Database, and on empirical results of weak chemical inter-
actions. The active site was defined by a single solvent accessible
point near the center of the protein active site, a radius of ~10 A,
and the GOLD cavity detection algorithm. To maintain consis-
tency in docking, Sth1 crystal structure was superposed on Secl4
coordinates and the binding cavity was defined using the same
centroid that was used to define the Secl4 binding pocket. This
ensured that the binding site interaction grids generated before
docking shared relatable spatial coordinates and allowed direct
comparisons of Sfh1 and Sec14 6748-481 docking results. GOLD
docking was unconstrained to obtain unbiased results and to ex-
plore all possible ligand binding modes. Ligand was docked in
independent runs, the 10 best solutions were produced for each
run, and early termination of ligand docking was switched off. All
other parameters used default settings (30).
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For Glide docking routines, proteins and ligands were prepared
using Protein Preparation Wizard and the LigPrep module of Mae-
stro 10.1 Interface of Schrédinger Suite (Schrédinger Suite 2015,
Glide version 6.6). Receptor grids were generated without con-
straints and with standard settings. Docking was performed using
XP scoring function. No similarity torsional and inter-molecular
interaction (hydrogen bonding or hydrophobic) constraints were
used. Ligand was docked flexibly with nitrogen inversions and ring
sampling turned on with post-docking minimization (31).

Molecular mechanics with generalized born and
surface area

Molecular mechanics with generalized born and surface area
(MM-GBSA) solvation is a widely applied method to calculate the
free energy of the binding of ligands to proteins. A MM-GBSA
approach was applied to calculate ligand binding energies and
ligand strain energies in wild-type and mutant protein-ligand
complexes. The docked solutions generated from GOLD and
Glide ligand docking were used for calculating ligand binding
energies of complexes. Residues within a 10 A radius from
the ligand were included in the flexible region with implicit
solvent. MM-GBSA is implemented in the Prime module of the
Schrédinger software package (32). Structural coordinates of
Sec14::NPPM complexes overlayed on model Secl4 structures
from Candida albicans, Candida glabrata, and Kluyveromyces lactis in
PDB format are available upon request.

RESULTS

Comparisons of NPPM 6748-481 docking poses in Secl14
versus Sfhl

We sought to capitalize on high resolution Sfhl crystal
structures and a detailed computational model for how
Sec14 binds NPPM 6748-481 to produce a NPPM-sensitive
Sthl for the purpose of direct structural analysis of an
Sth1::NPPM complex. This approach was recommended
by the fact that the modeled NPPM-binding pose in the
Sec14 hydrophobic pocket is experimentally supported by
rational mutagenesis and chemical structure-activity rela-
tionship data (14), that the Sth1l and Sec14 binding pock-
ets share 79% primary sequence identity and 89% similarity
in the residues that form the boundaries of their respec-
tive phospholipid binding cavities, and that those two PITPs
share essentially identical phospholipid binding properties
(9). The high degree of structural conservation between
these two cavities is further emphasized by the 1.06 A root
mean square deviation (RMSD) calculated after superposi-
tion of the two cavity structures. In those comparative anal-
yses, the binding pockets were defined by the binocular
criteria of Sfhl versus Secl4 structural alignments and resi-
dues of interest falling within 4.5 A of bound 6748-481 (as
represented by the experimentally favored Secl14:NPPM
6748-481 pose previously described) (14).

To query why Sth1 is naturally resistant to inhibition by
NPPMs, 6748-481 was docked into the phospholipid-bind-
ing cavity of Sfhl (see Materials and Methods), and those
results were compared with the model pose for 6748-481
bound in the Secl4 hydrophobic pocket. First, the Sthl
crystal structure was superposed on Secl4 coordinates and
the respective phospholipid-binding cavities were related by



defining a reference centroid within the superposed cavity
environments. As had previously been done with Secl4
(14), the Sfhl pocket environment was defined as the sam-
pling space for 6748-481 docking simulations. The refer-
ence centroid ensured that the Sec14 and Sfh1 interaction
grids shared relatable spatial coordinates, thereby allowing
direct comparisons of Sth1 and Sec14 6748-481 docking re-
sults. Comparison of the highest-scoring 6748-481 dock
pose indicated the Sfhl solution shared the same coordi-
nate space within the hydrophobic pocket, and a similar
conformation as that calculated for Secl4. That is, the
chloro-nitrophenyl group of 6748-481 was oriented toward
the polar subregion of the pocket (Fig. 1A). However,
unlike the case of the Secl14::6748-481 complex, where
the chloro-nitrophenyl headgroup coordinates with the
S173 -OH group, the Sth1::6748-481 complex has the NPPM
headgroup rotated 180° around the single phenyl-acyl ro-
tatable bond that links the chloro-nitrophenyl headgroup
moiety with the ketone functional group of the NPPM. This
same rotamer was also represented in potential docking so-
lutions for NPPM 6748-481 with Secl4, and it was initially
considered a plausible binding mode pending experimen-
tal test (14). Short MDS runs (10 ns) showed the rotamer
readily flips its headgroup orientation to adopt the 6748-
481 pose in the Secl4 cavity supported by experiment (sup-
plementary Movie 1). Nonetheless, the Secl4 and Sthl
6748-481 docking poses remain significantly different
(RMSD >3 A, Fig. 1B). Of particular note, the distal fluoro-
benzyl moiety of 6748-481 is wedged in a deep hydrophobic
cleft of the Secl4 lipid-binding cavity where it engages in
stacking interactions with residues Foog and Foo. In the Sth1
case, those hydrophobic interactions are not evident (Fig.
1B), and this disparity reflects the fact that the Secl4 and
Sth1 pocket residues diverge most significantly along this
subregion of their respective lipid-binding cavities.

Rational structure-based engineering of the Sfhl pocket
is insufficient to produce an NPPM-sensitive Sfh1

We sought to use the structural and 6748-481 docking
information to design an Sthl with a Secl4-like pocket
with the expectation that such an Sfhl variant would now
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acquire NPPM sensitivity. To that end, structural and pri-
mary sequence alignments of Sfh1 and Sec14 identified six
divergent residues in the cohort of amino acids that line
the binding pocket and lie within 4.5 A of the “bound”
6748-481. Except for Fi54 (as numbered in Sfh1) most of
the nonconserved residues are positioned toward the hy-
drophobic subregion of the proposed NPPM binding site
(Fig. 2A). Those six residues were converted en bloc to the
cognate residues in Sec14 (F53V, Li76M, 1193V, Vig6A, Aj97S,
and Vyy;F) to generate what we term the Sth1®* mutant.
Computational docking experiments were then run using
the same parameters and settings as those employed in the
Sth1/Secl4 comparative docking experiments. Gratify-
ingly, the highest ranked docking solution was much more
similar to the favored Sec14::6748-481 pose (RMSD = 1.0
A), and the distal fluoro-benzyl group now intercalated
into the hydrophobic cleft where it engaged in stacking
interaction with the newly converted Fo3, (Fig. 2A). While,
the chloro-nitrophenyl headgroup of 6748-481 still ad-
opted the 180° rotamer conformation relative to the
Sec14::6748-481 pose, we considered this a conformer that
could rotate the activated aryl-halide functional group to a
pose nearly identical to that which we predict describes
bound 6748-481 in the Sec14 lipid-binding cavity (14).

To test whether the reengineered protein was sensitive to
inhibition by NPPM, a Qy,A missense substitution was incor-
porated into the Sth1™ protein. This was done because QoA
endows Sfhl the desirable properties of stimulated lipid ex-
change activity in vitro and enhanced Sec14-like properties in
vivo (14, 22). Those features made it an ideal experimental
scaffold for manipulating, and subsequently monitoring, the
NPPM-resistance/sensitivity properties of Sthl and its vari-
ants. Surprisingly, while purified recombinant Sfh1%"**%%
exhibited robust [‘%H]Ptdlns transfer activity in vitro, this ac-
tivity remained indifferent to a high concentration of 6748
481 (20 uM, ~100 times Secl4 1G;; Fig. 2B).

Genetic screen for Secl4 variants resistant to NPPM

The inadequacy of the working Sec14::NPPM 6748-481
docking solution in guiding successful engineering of
an NPPM-sensitive version of Sfhl indicated that our

Fig. 1. Comparisons of NPPM 6748-481 docking

poses in the hydrophobic pockets of Secl14 and Sfh1l.

A: Modeled NPPM 6748-481 poses within the hydro-
F228 phobic pockets of Secl4 (left panel, blue) and Sth1
(middle panel, black) are shown. Residues of interest
are labeled. The right panel shows a superposition of
the binding modes in the two distinct pocket environ-
ments and highlights the differences between the two
binding modes. Secl4 residue Fo is projected to sta-
bilize NPPM binding via stacking interactions, and
these interactions are not available in the Sthl con-
text. B: Top views of NPPM-481 docked to Sec14 (left
panel) and Sth1 (right panel) are shown. The protein
pocket is rendered in surface mesh with residues of
interest highlighted in ball and stick representation.
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Fig. 2. A rational approach for engineering Sfhl sensitivity to NPPM 6748-481. A: Superposition of the
6748-481 poses in Secl4 (blue) and Sfthl (black) binding pockets is shown in ball and stick representation
(left panel). This is to be compared with the improved superposition of 6748-481 poses in Sec14 (blue, ball
and stick) versus Sth1®™ (red, ball and stick) binding pockets (right panel). Key residues in the Sthl and
Sfh1% binding pockets are represented in orange and magenta, respectively. B: Biochemical characteriza-
tion of purified recombinant proteins is shown. Sec14/ Sfh] @A activity was measured in in vitro [ZH]PtdIns
transfer assays, in the absence (black bars) and presence (gray bars) of 6748-481. The proteins were prein-
cubated with DMSO or 20 uM 6748-481 in the presence of PtdCho liposomes, as appropriate, prior to assay
(see Materials and Methods). The values reported for assays with inhibitor are related to mock DMSO vehi-
cle controls. Average values and standard deviations are given (n = 3). The intrinsic PtdIns-transfer activities

measured for Sec14%°4%%

understanding of the inhibitor binding mechanism was,
at best, incomplete or, at worst, incorrect. We therefore
sought to gain additional insight regarding mechanisms of
NPPM-binding by Secl4 (and NPPM-resistance for Sfhl)
via an approach that did not rely on the necessarily tar-
geted logic inherent to structure-based regimes. To that
end, an unbiased genetic screen was performed that se-
lected for mutant Secl4s ablated for NPPM sensitivity,
while at the same time demanding maintenance of biologi-
cally sufficient levels of protein activity. One important con-
sideration in designing the screen was limiting re-isolation
of previously characterized “bypass Sec14” mutations that
represented loss-of-function mutations in structural genes
of the CDP-choline pathway for PtdCho biosynthesis (17),
the SACI gene which encodes the major yeast PtdIns-4-P
phosphatase (33-35) or the sterol- and PtdIns-4-P-binding
protein, Kesl/Osh4 (19, 36-38). These bypass Secl14 mu-
tations occur spontaneously at high frequencies [~5 x
10 ” per cell per generation (17, 33) ], would pass selec-
tion by conferring viability to yeast cells deficient in nor-
mally essential Secl4 activities (14, 21), and dominate the
results of the screen. We therefore took advantage of
the fact that all known bypass Sec14 mechanisms require
activity of the normally nonessential phospholipase D en-
zyme encoded by the SPO14 gene to alleviate the cellular
Secl4 requirement, and spol4A yeasts fail to yield spon-
taneously occurring bypass Secl4 mutants at all [<10_10
per cell per generation (26)]. Thus, the NPPM" screen
was conducted using an otherwise wild-type spol4A
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and other assay statistics are provided in supplementary Table 4.

yeast mutant as parental strain to preclude any background
of known bypass Sec14 mutants.

Parental cells were seeded onto YPD agar plates indi-
vidually supplemented with NPPMs, 6748-481, 4130-1276,
or 67170-49, to final concentrations of 10 M (supplemen-
tary Fig. 1A). While these NPPMs vary in their potencies as
Sec14 inhibitors (6748-481 > 67170-49 > 4130-1276), all
three NPPMs strongly inhibited yeast cell proliferation
when incorporated in growth medium at this concentra-
tion. After incubation at 30°C for 96 h, the frequencies of
emerging NPPM® colonies were scored. As expected,
those frequencies were inversely proportional to NPPM
potency as Secl4 inhibitor. Colonies resistant to 4130-1276
or 67179-49 intoxication arose at frequencies of ~3 x 107°
and 107° per cell per generation, respectively, and those
resistant clones started appearing within 48 h of incuba-
tion. By contrast, colonies resistant to the most potent in-
hibitor, 6748-481, appeared only after approximately 96 h
of incubation, and those colonies emerged at much lower
frequencies (~107" per cell per generation) (supplemen-
tary Fig. 1B). A parallel 6748-481 resistance selection was
also performed in an isogenic pdr>A genetic background
where the structural gene for the major yeast drug pump
was deleted (39). In that version of the screen, the 6748-481
concentration for selection was lowered to 2 uM, as the pdr5A
parental strain is approximately five times more sensitive
to the inhibitor (unpublished observations). The frequencies
of the 6748-481" colonies obtained in this sensitized selection
regime were reduced even further (~3 x 10°® per cell per



generation). As existing Sec14:NPPM docking poses were
built using 6748-481 as ligand (14), subsequent analyses
were restricted to yeast isolates resistant to NPPM 6748-
481. A total of 45 independently isolated 6748-481-resis-
tant clones were recovered from the two parallel screens,
these clones were purified by at least two rounds of single
colony isolation, and were analyzed in further detail.

Secl4 missense substitutions that confer NPPM
resistance

The SECI4 gene was amplified from each of the isolates
by PCR using genomic DNA as template, and the nucleo-
tide sequences of the recovered SECI4 genes were deter-
mined in their entirety. Of the genes so analyzed, 35
exhibited wild-type SECI4 sequence, while the remaining
10 carried single missense mutations in SECI4. Those 10
mutant SECI4 genes represented a total of seven unique
SECI14 missense mutations that resulted in the following

V154F

A
ol )
V155F 'S ,/ of

L

6748-481

single amino acid changes to the Secl4 protein sequence:
P190Q, VissF, VissF, S175P, Rogsll, Go1oV, and Fopoll. Superpo-
sition of the NPPM" missense substitutions onto high
resolution Secl4 structural models demonstrated that,
consistent with our previous in silico docking solution
(14), all substitutions involved residues positioned in the
immediate vicinity of the Secl4 lipid binding pocket (Fig.
3A). Indeed, we had previously identified Sy73 and Fyo
in Secl4:NPPM interaction fingerprint analyses where
those two residues engaged the activated aryl halide and
fluoro-benzyl moieties of NPPM 6748-481 via polar and
hydrophobic/m-m stacking interactions, respectively (14).
Recovery of Sec14®'™ was particularly satisfying, as this
variant was altered for the very residue identified by our
previous docking simulations and rational mutagenesis
studies as essential for the halogen-bonding mechanism
that we propose governs Sec14::NPPM binding interactions
(14). By contrast, the remaining five residues exhibited
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Fig. 3. Functional characterization of NPPM-resistant Sec14 proteins. A: The seven independently isolated
Secl4 missense substitutions identified in NPPM" isolates are highlighted in ball and stick representation
with mutant residues depicted in magenta and the corresponding wild-type residues in orange. The posi-
tions of the corresponding side chains are related to the NPPM 6748-481 pose depicted in green ball and
stick. The surface of the Sec14 hydrophobic pocket is rendered as a gray wire-mesh. B: The indicated SECI14
genes were integrated into the LEU2locus of a sec14-1° strain and expressed under the control of the S. cere-
visiae SEC14 promoter to generate strains exhibiting “physiological” levels of each Secl4 variant. The inte-
grants were subsequently dilution spotted onto YPD plates supplemented with vehicle control DMSO or
20 WM NPPM, as indicated at top, and incubated for 48 h at the indicated temperatures. The mock condition
documents the phenotype of an isogenic strain where a SECI4less integration cassette was transplaced into
the LEU2locus. That expression of each Sec14 protein was sufficient to rescue sec14-1° growth defects at the
restrictive temperature of 37°C is demonstrated by comparison of the growth lE)roﬁles in the left (30°C) and
center (37°C) panels of the integrants relative to mock controls. The NPPM"™ phenotypes are displayed in
the right panel. The plates were incubated for 48 h at the indicated temperatures before imaging. The
NPPM48]1-resistance phenotypes were scored at 30°C. Note that RyysL. and FyL. were weak mutants. Scale
bar, 1 cm. C: Indicates that spontaneous mutants generated in response to 6748-481 confer pan-NPPM resis-
tance to Secl4. The experiment is the same as above in (B) except that the plates were supplemented with
NPPMs 4130-1276 and 67170-49, as indicated (20 pM final concentration). The mock condition documents
the phenotype of an isogenic strain where a SECI4less integration cassette was transplaced into the LEU2
locus. Scale bar, 1 cm. (D) NPPM" Secl4 proteins were expressed and purified as recombinant proteins and
[3H]Ptdlns transfer activities were measured in vitro in the presen