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Zusammenfassung

1 Zusammenfassung

Myo-Inositol (Ins)-Derivate sind an einer Reihe von zelluldren Prozessen beteiligt. Neben der
Rolle als kompatibles Solut bildet Ins das Grundgeriist fiir eine Vielzahl von Molekiilen,
welche als Signalmolekiile agieren konnen. Sowohl 16sliche, als auch unldsliche Ins-derivate
sind an verschiedenen zelluldren Signalwegen beteiligt, von denen einige essential sind.
Obwohl zahlreiche Funktionen dieser Molekiilklasse in Hefe und Sdugetieren beschrieben
wurden (z.B. bei Signalweiterleitung bei Phosphatmangel oder der Insulinsignaltransduktion),
fangt man in Pflanzen gerade erst an die Rolle dieser Molekiilklasse zu verstehen. In meiner
Doktorarbeit habe ich die Rolle von Ins-basierten Signalmolekiilen bei abiotischem und
biotischem Stress untersucht.

Weltweit stellt Aluminium (Al) eine der schwerwiegendsten, abiotischen Einschrinkungen
fiir die Getreideproduktion dar. Im Manuskript, Johnen et al., untersuchten wir die Rolle von
Ins-basierten Signalmolekiilen bei Al-Stress. Wir zeigen, dass die ektopische Expression der
Secl4 Homologe, AtSFH5 und ScSFHI, im Modelorganismus Hefe robust Al-Toleranz
erzeugt und dass dies sehr wahrscheinlich nicht durch eine Verdnderung der Al-Aufnahme
oder intrazelluldren Kompartimentierung von Al bewirkt wird. Des Weiteren zeigen wir, dass
ScSFHI (2u) Expression die negative Ladung der Plasmamembran (PM) erhoht, dass in
Pflanzen und Hefen eine Erhohung der Biosynthese von negativ geladenen Phospholipid-
spezies zu erhohter Al-Toleranz fithrt und dass Al die Lokalisation von ladungsabhédngig zur
PM-rekrutierter Proteine dndert. Zusammengenommen weisen die Ergebnisse darauf hin, dass
die Ladung der PM einen primédren Angriffspunkt der Al-Toxizitdt darstellt. Genetische,
zellbiologische und biochemische Experimente weisen darauf hin, dass AtSFHS und ScSfhl
durch einen in vivo Phospholipid-Transfer entweder Menge oder Deprotonierungszustand und
damit Aktivitit von Phosphatidylinositol-4-Phosphat an der PM erh6hen, und dass dies die
beobachtete erhohte Al-Toleranz verursacht.

Humanpathogene Pilze verursachen invasive Pilzerkrankungen, welche mit sehr hohen
Mortalitétsraten assoziiert sind. Zur Behandlung solcher Pilzerkrankungen stehen allerdings
nur drei Klassen von Antimykotika zur Verfligung. Daher ist die Entwicklung neuartiger
Wirkstoffe dringend nétig. In Pries, Nocker, Khan, Johnen, Hong et al. (2018) beschreiben
wir zwei Chemotypen, Picolinamide und Benzamide, als hochspezifische Inhibitoren von
ScSecl4 im Modellorganismus Saccharomyces cerevisiae, welche Leitstrukturen fiir die

Entwicklung neuer Antimykotika darstellen. Die Identifizierung des Wirkortes gelang durch
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eine Kombination von chemogenomischer Profilerstellung, sowie genetischen und
biochemischen Experimenten. Die priasentierte Ko-Kristallstruktur eines ScSec14 Proteins mit
gebundenem Wirkstoff, stellt die erste ScSecl4-Inhibitor-Struktur dar und dient als ideale
Grundlage fiir die effektive Entwicklung neuer Pilzmedikamente.

Inositolpyrophosphate (PP-InsPs) sind eine spezielle Klasse von Ins-Derivaten in denen eine
oder mehrere energiereiche Diphosphat- (oder Pyrophosphat-) Gruppen vorhanden sind. In
tierischen Systemen und in Hefe wurde gezeigt, dass diese Molekiile bei einer Vielzahl
bedeutender zelluldrer Prozesse beteiligt sind. Im Gegensatz dazu war die Rolle dieser
Molekiilklasse in Pflanzen zu Beginn meiner Doktorarbeit weitestgehend unbekannt. In Laha
et al. 2015 und Laha et al. 2016, beschreiben wir zwei Proteine in Arabidopsis thaliana,
AtVIHI und AtVIH2, als funktionale PPIPSK Homologe, welche die Biosynthese des Ins-PP
InsPg katalysieren. Basierend auf einer Reihe von Experimenten, in denen wir die Toleranz
von Pflanzen mit gestorter InsPg Biosynthese gegeniiber herbivoren Frafifeinden und
pilzlichen Pflanzenpathogenen untersuchten, konnten wir zeigen, dass InsPg eine Rolle bei der
pflanzlichen Immunantwort spielt. Konkret zeigen unsere Ergebnisse, dass InsPg bei der
Jasmonséure (JA)-abhingigen Pathogenantwort beteiligt ist. Hierbei konnten wir zeigen, dass
Methyl-JA-Behandlung zur spezifischen Erhéhung von InsPg in Pflanzen fiihrt und dass
Pflanzenlinien mit erniedrigten InsPg Gehalten erhohte Konzentrationen aktiver JA-Spezies
aufweisen. Zusammen mit diesen Erkenntnissen, weisen  Askl-AtCOIl1-AtJAZ1 Re-
konstitutionsversuche, Yeast 2-hybrid (Y2H) Studien und in silico Docking-Experimente
darauf hin, dass der gCpAtcon Ko-Rezeptorkomplex InsPg direkt binden kann und dadurch die
JA-Ko-Rezeptor-vermittelte Signalweiterleitung reguliert wird.

Zusammengenommen zeigen die hier prédsentierten Ergebnisse die Bedeutung von Ins-
basierten Signalmolekiile bei der Reaktion von Pflanzen und Hefe auf abiotischen und
biotischen Stress, und erweitern unser Verstdndnis iiber die Rolle dieser einzigartigen

Molekiilklasse.
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2 Summary

Mpyo-Inositol (Ins)-derived molecules are involved in many cellular processes. Besides the
role as compatible solute, Ins represents the building block for a variety of molecules, which
function as signaling molecules. Cells utilize insoluble (lipid-bound) and soluble Ins
derivatives for diverse signal transduction pathways, many of them essential for cell survival.
In yeast and mammalian cells, Ins-derived signaling molecules are involved in many
processes, such as phosphate starvation or insulin signaling. In plants first insights in the roles
of this class of molecules are just emerging. In this work, I address the roles of Ins-derived
signaling molecules during abiotic and biotic stress in Saccharomyces cerevisiae and
Arabidopsis thaliana.

In the presented manuscript (Johnen et al., in preparation) the role of Ins derivatives in
overcoming aluminum (Al) toxicity, representing a major abiotic limitation for crop
production worldwide, was investigated. We report that the ectopic expression of AtSFHS5 and
ScSFH1, encoding proteins, which belong to the ScSecl4 lipid transfer protein family,
mediates Al tolerance in the model organism yeast, likely independent from the uptake or
compartmentalisation of Al. We show that through expression of ScSFHI the negative charge
of the plasma membrane (PM) is increased suggesting PM charge as an early toxicity target
for Al. This idea is corroborated by yeast and plant genetics, as well as by cell biological
analyses, showing that at physiological relevant Al concentrations proper membrane targeting
of proteins is impaired and that an increase or a decrease of the PM charge led to higher or
lower Al tolerance in yeast and plants, respectively. Based on a combination of cell
biological, genetic and biochemical experiments, we propose a model in which AtSFH5 and
ScSth1 mediate in vivo phospholipid transfer, resulting in either increased levels or increased
deprotonation state (and thus activity) of phosphatidyl inositol-4-phosphate (PtdIns(4)P) at the
PM, thereby leading to an increase in negative PM charge and Al tolerance.

Human fungal pathogens cause invasive fungal infections, which are associated with high
morbidity and mortality rates. With only three classes of antifungal drugs in therapeutic use
there is a lack of diversity of antifungal agents. In Pries, Nocker, Khan, Johnen, Hong et al.
(2018), we identified two chemotypes, the picolinamides and the benzamides, as specific
ScSec14 inhibitors in S. cerevisiae, representing lead structures for the development of
antifungal drugs. This finding is based on chemogenomic profiling in yeast and is confirmed

by genetic and biochemical evidence. The presented co-crystal structure of ScSec14 bound to
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a compound belonging to the picolinamide chemotype represents the first structure of
inhibitor-bound Sec14 and lays the groundwork for developing new antifungal drugs.

Inositol pyrophosphates (PP-InsPs) are a specific class of Ins derivatives containing one or
more high-energy diphosphate (or pyrophosphate) groups. In mammals and yeast these
molecules are involved in a variety of cellular processes. In contrast to that, in plants insights
in the biosynthesis or the roles of this class of molecules remained elusive at the onset of this
work. In Laha et al. (2015) and Laha et al. (2016) we identified two proteins of A. thaliana,
AtVIH1 and AtVIH2, as functional PPIP5SK homologs catalyzing the biosynthesis of the PP-
InsP InsPg in planta. Based on a series of bioassays investigating the performance of
herbivores and fungal pathogens on plant mutant lines defective inositol polyphosphate
biosynthesis, we provide evidence that InsPg plays a role in tuning the Jasmonic acid (JA)-
dependent pathogen defense. Furthermore, it is presented that methyl-JA treatment led to an
increase of InsPg and did not have a major effect on other inositol polyphosphate species.
Even though mutant lines with decreased InsPg levels are more susceptible to plant pathogens,
the levels of active JA species are increased compared to wild type plants. Based these
findings, combined with Ask1-AtCOI1-AtJAZ reconstitution assays, yeast 2-hyrbid (Y2H)
studies and in silico docking experiments, we propose that coincidence detection of active JA
species and InsPg by the SCF1*'“°"'_AtJAZ co-receptor complex regulates JA signaling and is
thereby regulating JA-related plant defenses.

Collectively, the presented data in this work highlight the importance of Ins-derived signaling
molecules during abiotic and biotic stress in yeast and plants, and expand our knowledge of

the roles of this exciting class of molecules.
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5 Introduction

5.1 Inositols

Inositol and its derivatives represent a variety of different bioactive molecules involved in
diverse biological processes, such as cellular signaling, osmoregulation or nutrient storage
(Dickson and Hille, 2019; Heilmann and Heilmann, 2015; Michell, 2011; Raboy, 2003).
Inositols are cyclohexanehexols with C¢H,Og as empirical formula. Their core structure is an
all-carbon ring of six carbons each linked to a hydroxyl group. There are 9 isomers of
inositol: myo- scyllo-, muco-, D-chiro-, L-chiro-, neo-, allo-, epi-, and cis-inositol. Among
these nine isomers, six (myo-, scyllo-, epi-, D-chiro-, neo- and muco- inositol) are found in
nature (Michell, 2008). Compared to the other biological relevant isomers, myo-inositol (Ins)
is representing the far most abundant isomer (Michell, 2008). Ins derivatives are used among
all three domains of life, Archaea, Bacteria and Eukarya. In contrast to ubiquitous use and
diverse roles in archaea and eukaryotes, only a few bacterial species use Ins and its

derivatives (Fahey, 2001; Michell, 2008).

Ins is synthesized from the glycolytic metabolite glucose-6-P (Glc6P). First, the NAD'-
dependent enzyme myo-inositol-3-phosphate synthase (MIPS) catalyzes the cyclization of D-
Glc6P resulting in D-inositol-3-phosphate (Ins(3)P) (Majumder et al., 1997). Second, the
phosphate on the third position is cleaved by inositol monophosphatase (InsPase) resulting in
Ins (Chen and Charalam.Fc, 1966). Additional to the Ins synthesis, the uptake of Ins from the
environment through Na'- or H'-coupled symporters is utilized by different organisms
(Wright and Turk, 2004). Dependent on the type of cell, the uptake is tightly regulated by Ins
abundance in the environment (Nunez and Henry, 2006) and is in some cases essential for cell
survival (Eagle et al., 1957). Based on following parameters: synthesis, uptake and usage of
Ins and its derivatives in Archaea, Bacteria and Eukarya, the MIPS and InsPase genes likely
orginated in the Archaea or alternatively in the common ancestor of Archaea and Eukarya
(Michell, 2008). In Bacteria, genes necessary for Ins synthesis probably evolved by lateral
transfer from Archeae or Eukarya (Michell, 2008).

5.2 Ins derivatives
The importance of Ins in many cellular signaling pathways is linked to the occurrence of the
high number of its different derivatives (Michell, 2008). The family of Ins derivatives can be

grouped into soluble and insoluble members.
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5.2.1 Insoluble Ins derivatives

Members of insoluble Ins derivatives are represented by different lipids with an Ins or Ins
derivative containing head group (Michell, 2008). There are two different classes of Ins-
containing lipids: 1) glycerophospholipids, such as archaetidyl inositol and phosphatidyl
inositol and 1i) sphingolipids, such as inositol phosphoceramide or mannose inositol
phosphoceramide (Michell, 2008). Interestingly, these molecules can act as signal molecules
in numerous signaling pathways (De Craene et al., 2017; Dickson, 2010). The best-
understood class of Ins-containing lipids is the class of phosphoinositides (PIPs), along with
phosphatidylinositol (PtdIns) representing the precursor molecule. PtdIns is synthesized by a
class of enzymes with PtdIns synthase (Mamode Cassim et al.) activity, which catalyzes the
PtdIns synthesis from cytidine diphosphate diacylglycerol (CDP-DAG) and Ins (Nikawa et
al., 1987; Nikawa and Yamashita, 1984). The Ins head group of PtdIns can be phosphorylated
at different positions resulting in different PtdIns isomers with a variety of biological
activities. So far seven different PIP isomers were identified in nature, which are generated by
interplay between kinases and phosphatases regulating Ins phosphorylation at specific
positions (De Craene et al., 2017). Enzymes of the Ptdlns 3-kinase type III family
(Saccharomyces cerevisiae: ScVps34, Homo sapiens: HsVPS34 and Arabidopsis thaliana:
AtVPS34) are able to phosphorylate PtdIns at the third position of the Ins ring resulting in
PtdIns(3)P (Lee et al., 2008a; Schu et al., 1993; Volinia et al., 1995). PtdIns(3)P is the
substrate for a class of PtdIns(3)P 5-kinases (S. cerevisiae: ScFabl, H. sapiens: HsPIKfyve
and A. thaliana: AtFABla-d) resulting in PtdIns(3,5)P, (Bak et al., 2013; Gary et al., 1998;
Sbrissa et al., 2000). PtdIns 4-kinases (S. cerevisiae: ScStt4, ScPikl, H. sapiens: HsPl4Ka, [
or A. thaliana: P14Kal, a2, B1, B2 and y1-8) phosphorylate the Ins head group of PtdIns on
the fourth position resulting in PtdIns(4)P (De Craene et al., 2017; Flanagan et al., 1993;
Stevenson et al., 1998; Yoshida et al., 1994). PtdIns(4)P represents the substrate for PtdIns(4)
S-kinases (S. cerevisiae: ScMss4, H. sapiens: HsPIP5Kia,B,y, and A.thaliana: AtPIPKS5KI1-
11), which phosphorylate PtdIns(4)P at the fifth position resulting in PtdIns(4,5)P, (De Craene
et al., 2017; Desrivieres et al., 1998; Mueller-Roeber and Pical, 2002). Furthermore,
PtdIns(3,4)P; and PtdIns(3,4,5)P; can be generated by phosphorylation of the third position of
PtdIns(4)P or PtdIns(4,5)P, (S. cerevisiae: not identified, H. sapiens: HsPI3Ka-6 and A.
thaliana: not identified, (Dickson and Hille, 2019). Interestingly, both PtdIns(3,4)P, and
PtdIns(3,4,5)P; isomers have only been identified in mammalian cells and fission yeast, but

have not been found in baker’s yeast or plants (Divecha and Halstead, 2004). Recently, the
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very low abundant PtdIns(5)P obtained more attention in regard of cellular signaling in
mammals (Shisheva, 2013) and was also described in plants (Ndamukong et al., 2010).
However, the main biosynthetic route for PtdIns(5)P is still under debate since it is not clear if
it mainly occurs via phosphorylation of PtdIns by PtdIns 5-OH kinase or through degradation
of PtdIns(4,5P), or PtdIns(3,5)P, by specific PIP phosphatases. Together this shows that not
only the synthesis of PIPs via specific kinases is an important process in the PIP biogenesis
but also that the degradation of PIPs through PIP phosphatases, removing phosphates at
specific positions, is an important factor in PIP homeostasis. In yeast and mammalian
organisms, specific phosphatases for the third, fourth and fifth position of the Ins head group
are described showing that a complex organization of PIPs evolved in these organism (Liu
and Bankaitis, 2010). Also plant genomes contain genes encoding for different PIP
phosphatases. However their specificity or regulation is still poorly understood (Munnik and

Testerink, 2009).

A hallmark and an essential feature for the different PIPs are their cellular distribution. PtdIns
is produced at the endoplasmic reticulum (ER) but abundant in all cellular membranes (Bell
and Coleman, 1980). In contrast, PtdIns(3)P mainly decorates endosomal membranes.
PtdIns(3,5)P2 is mainly found in membranes of multi vesicular bodies/late endosomes and at
vacuolar/lysosomal membranes. PtdIns(4)P is located at the trans-Golgi network (TGN) and
the plasma membrane (PM). Whereas so far PtdIns(4,5)P,, PtdIns(3,4)P, and PtdIns(3,4,5)P;
appears to be mainly located at the PM (Posor et al., 2015).

Cellular PIP distribution is partially mediated by the localization of PtdIns/PIP kinases, PIP
phosphatases and vesicular trafficking (Sleight, 1987). Even though, spontaneous transfer of
phospholipids (PLs) is considered too slow to be of physiological relevance (Sleight, 1987), a
class of proteins, the so-called lipid transfer proteins (LTP), evolved to facilitate transfer of
PLs (e.g. also PtdIns or PIPs) between membranes through the cytosol (Bankaitis et al.,
2010). Thus, LTPs add another layer of complexity for the regulation of the PL/PIP
distribution in the cell. Interestingly, LTPs were shown to be important to establish PIP
domains in membranes, e.g. for establishing a PtdIns(4,5)P, domain at tip growing root hairs
essential for proper root hair formation (Ghosh et al., 2015). The underlying LTP for tip
localization of PtdIns(4,5)P, in root hairs is a member of the Secretory 14 (Sec14) family. The
name giving member of this family, ScSecl4, is involved in increasing PtdIns(4)P at the
TGN, which is essential for vesicle formation at the TGN (Fang et al., 1996). Based on the
observations that ScSecl4 transfers phosphatidyl choline (PtdCho) and PtdIns membrane
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bilayers in vitro (Bankaitis et al., 1990; Phillips et al., 1999) and that its transfer capabilities
of PtdCho and PtdIns has to reside in cis (Schaaf et al., 2008), two models for ScSec14
function were proposed: 1) the vectorial transfer from PtdIns to the TGN using PtdCho as
counter substrate and ii) the presentation of PtdIns to the TGN localized PtdIns 4-kinase
ScPik1 through a heterotypic exchange with PtdCho, increasing local PtdIns(4)P synthesis.
Till today it is unclear which mechanism reflects the physiological relevant scenario.
Recently, another family of LTPs was in the intense focus of research. The family of
oxysterol-binding protein related proteins (ORP) is proposed to mediate phosphatidyl serine
(PtdSer) and sterol transfer from their origin of biosynthesis, the ER, to the PM fueled by
PtdIns(4)P through a heterotypic exchange (Chung et al., 2015; de Saint-Jean et al., 2011;
Maeda et al.,, 2013). Taken together, organisms developed a complex network for the

spatiotemporal regulation of PIPs.

So it is not surprising that spatiotemporal regulation of PIPs is crucial for many fundamental
cellular processes, such as endocytosis, exocytosis, cell division, cell polarity and many more
(Dickson and Hille, 2019; Heilmann, 2016; Heilmann and Heilmann, 2015). Interestingly,
involvement of PIPs in the majority of named processes occurs among all eukaryotes
(Dickson and Hille, 2019). Looking at the unicellular organism S. cerevisiae with its,
compared to higher eukaryotes, simple PIP metabolism, the importance of PIPs becomes
clear, since each of the three kinases responsible for PtdIns(4)P or PtdIns(4,5)P, (ScPikl,
ScStt4 and ScMss4) are essential (Desrivieres et al., 1998; Flanagan et al., 1993; Yoshida et
al., 1994). Interestingly, even though PIP metabolism is largely similar between yeast, plants
and mammals, it also differs in terms of abundance/existence of PIP isomers, e.g. proposed
lack of PtdIns(3,4)P; and PtdIns(3,4,5)P; in baker’s yeast and plants or the, compared to yeast
and mammalian cells, very low level PtdIns(4,5)P, found in the plant PM (Krishnamoorthy et
al., 2014). This suggests that different organisms evolved different ways for utilizing the PIP
code in the cellular context. Taken together, the spatiotemporal regulation of PIP is essential
for cell survival and involved in numerous cellular processes. But how is this PIP code read

and processed by cells?

There are three principles described how the PIP code is translated to cellular signaling:
1) PIP-binding triggering allosteric changes in target proteins. An example is PtdIns(4,5)P»-
regulated ions channels, which open upon PtdIns(4,5)P, binding (Hansen, 2015). ii)
Recruitment of proteins to certain membranes either by stereospecific interaction of protein

domains with PIP head group or by recruiting proteins containing basic hydrophobic (BH)
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domains by affecting overall negative charge of the target membranes. Based on the PIP
composition, PIPs are involved in the establishment of specific protein pools at different
membranes. Examples for stereospecific PIP-binding motifs are manifold: different pleckstrin
homology (PH) domains that mainly bind to PtdIns(4)P, PtdIns(4,5)P, or PtdIns(3,4)P;
FYVE (Fabl, YOTB, Vacl and EEA1) domains that bind to PtdIns(3)P; B-propellers that
bind polyphosphoinositides (PROPPIN) domains that bind to PtdIns(3,5)P, or plant
homeodomain (PHD) fingers (Streb et al., 1983; Takai et al., 1979) that bind to PtdIns(5)P
(Lemmon, 2008). Proteins containing BH domains are manifold, as well. Prominent examples
are the HSMARKI1 kinase (Moravcevic et al., 2010) and AtPINOID (AtPID) (Simon et al.,
2016). iii) PIPs can act as precursor for soluble 2™ messenger molecules. The most famous
example for this mechanism is PtdIns(4,5)P,, representing the precursor for diacylglycerol
(DAG) and inositol(1,4,5)P; (catalyzed by phospholipase C, PLC) as 2™ messenger molecules
involved in Ca®'- and protein kinase ¢ (PKC)-signaling in mammalian cells (Streb et al.,

1983).

5.2.2 Soluble Ins derivatives

The example that PtdIns(4,5)P, acting as precursor for Ins(1,4,5)P3; shows that insoluble and
soluble Ins derivates are biosynthetically linked. However, two independent biosynthetic
routes were described for soluble InsPs: 1) the lipid-dependent route generates soluble inositol
phosphates (InsPs) by PLC-mediated hydrolysis of PtdIns(4,5)P,, resulting in the Ins(1,4,5)P3
isomer representing the precursor for higher phosphorylated InsP species (Tsui and York,
2010) and 11) lipid-independent route, which synthesize the precursor Ins(3)P through the
MIPS-dependent synthesis from Glc6P. For biosynthesis of higher phosphorylated InsPs the
latter route was only described in slime molds (Dictyostelium discoideum) and duckweed
(Spirodela polyrhiza) (Brearley and Hanke, 1996; Stephens and Irvine, 1990). Till today, the
lipid-independent synthesis of InsPs remains poorly understood (Sparvoli and Cominelli,
2015). In contrast, the lipid-dependent InsP biosynthesis pathway is well described. Starting
with Ins(1,4,5)P; as substrate a dual-specificity InsPs/InsP4 6-/3-kinase (S. cerevisiae: Sclpkl,
H. sapiens: HsIPMK and A. thaliana: AtIPK2a and P) generates Ins(1,3.4,5,6)Ps with
Ins(1,3,4,5)P4 and Ins(1,4,5,6)P4 as intermediates (Nalaskowski et al., 2002; Odom et al.,
2000; Stevenson-Paulik et al., 2002). Ins(1,3,4,5,6)Ps represents the substrate for the inositol
polyphosphate kinase 1 (IPK1) family (S. cerevisiae: Sclpkl, H. sapiens: HsIPK1 and A.
thaliana: AtIPK1), which phosphorylates at the second position resulting in
Ins(1,2,3,4,5,6)Ps, a fully phosphorylated Ins ring (Ives et al., 2000; Stevenson-Paulik et al.,
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2002; Verbsky et al., 2002). Additionally, in plants and mammalian cells an alternative route
for InsP¢ biosynthesis was discovered. The Ins(1,3,4)P; 5/6-kinase family (H. sapiens:
HsITPK1 and A. thaliana: AtIPK1-3) generate Ins(1,3,4,5,6)Ps from Ins(1,3,4,)Ps (Shi et al.,
2003; Sweetman et al., 2006; Sweetman et al., 2007; Verbsky et al., 2005; Wilson and
Majerus, 1997), which is a generated by a phosphate activity of an the inositol polyphosphate
5-phosphatase on Ins(1,3,4,5)Ps (Tsui and York, 2010). Ins(1,3,4,5,6)Ps can further be
phosphorylated by IPK1 kinases to obtain InsPs. In addition to above mentioned InsP species
other isomers exist, which are generated by phosphorylation or dephosphorylation events
resulting in a network of more than 20 isomers (Irvine and Schell, 2001). On top of this
variety of InsP isomers, in the early 90s the striking discovery of the existence of InsPs with a
higher anionic charge than InsPg, referred to as inositol pyrophosphates (PP-InsPs), made by
(Menniti et al., 1993; Stephens et al., 1993), increased the family of inositol polyphosphates
even further. Two classes of enzymes were described, which mainly are responsible for the
biosynthesis of PP-InsPs: The first class, which generates SPP-InsPs, SPP-1P4 or SPP-1P; from
InsPg, InsPs or InsPs respectively, are members of the InsPs kinase (IP6K) family (S.
cerevisiae: ScKcesl, H. sapiens: HsIP6K1-3 and 4. thaliana: not identified). These kinases are
able to phosphorylate the already phosphorylated fifth position of InsPs, InsPs or InsP4
resulting in a pyrophosphate (di-phosphate) moiety at position 5 (5PP-InsPx, (Saiardi et al.,
1999; Saiardi et al., 2001). The second class of enzymes are the PP-InsP5 kinases (PPIP5Ks,
(IP6Ks, S. cerevisiae: ScVipl, H. sapiens: HsPPIP5K1/2 and A. thaliana: not characterized at
the onset of this work), which pyrophosphorylate InsPs or 5SPP-InsPs at the first position
resulting in either 1PP-InsPs and 1,5PP-InsPs (Mulugu et al., 2007). Since S5PP-InsP5
represents the main substrate for PPIP5Ks and 1PP-InsP5 is preferentially degraded by
diphosphoinositol-polyphosphate phosphohydrolases (S. cerevisiae: ScDdpl, H. sapiens:
DIPP1-4 and A. thaliana: not characterized) SPP-InsPs and 1,5PP-InsPs represent the most
abundant PP-InsP species in the cell (Safrany et al., 1998). In addition to that, at least in vitro,
[P6Ks generate tri-phosphate containing molecules (Draskovic et al., 2008; Saiardi et al.,
2001). Given the number of the different, phosphate-rich InsP and PP-InsP species, cells
consume an immense amount of energy maintaining this network, especially when

considering their high turnover rates (Menniti et al., 1993).

For what reasons did cells develop this complex network of InsP and PP-InsP species?
1) Soluble derivatives of Ins or Ins itself are used as compatible solutes for protecting cellular

processes under osmotic stress situations (Yancey, 2005). ii) InsP¢ is used as storage molecule
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of phosphate and (Raboy, 2003). iii) InsP and PP-InsPs are involved in the cellular signaling
network: InsP isomers can bind proteins specifically resulting in regulation through e.g.
allosteric changes (e.g. IP3R representing a Ca’" channel allosterically opened by
InsP(1,4,5)P; (Hamada et al., 2017), acting as co-factor regulating enzymatic activity (e.g.
InsP¢ represents the co-factor for the HsSADAR?2 required for its enzymatic activity mediating
in RNA editing (Macbeth et al., 2005) or it might act as ligand/co-ligand, e.g. 1PP-InsPs was
suggested to influence interactions between ScPho80-ScPho85 and ScPho81 involved in the
yeast phosphate starvation signaling (Lee et al., 2008b). Interestingly, in plants InsPs and
InsPs have been suggested to act as co-ligand for regulating interaction between Jasmonate
(JA) receptor complex SCFCORONATINEINSENSITIVE 1 qpCO_mediated JASMONATE ZIM-
domain (JAZ) (Sheard et al., 2010) and Auxin (IAA) receptor complex SCFRANSFORT
INHIBITOR RESPONSE 1 (g CETIR!y and AUX/IAA (Tan et al., 2007), respectively. iv) PP-InsPs are
also proposed to mediate non-enzymatic pyrophosphorylation of proteins via the
phosphorylation of an already phosphorylated serine residue (Bhandari et al., 2007).
However, the existence and relevance in vivo remains controversial (Marmelstein et al.,
2018). Taken together, these examples show how cells developed different ways to utilize

InsPs and PP-InsPs.

Summarizing the current knowledge of PIPs, InsPs and PP-InsPs clearly shows the
importance of the class of Ins-derived molecules. Studying the homeostasis and utilization of
them is an exciting, but challenging task and will deepen our knowledge of how complex
signaling networks emerged and how interplay of different classes of molecules lay the

ground work achieving single cell survival or development of tissues and whole organisms.
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6 Objectives

Ins and Ins derivatives are present in all three domains of life, in Archaea, Bacteria and
Eukarya. Especially, eukaryotic organisms developed a complex network of Ins-derived
molecules consisting of PIPs, InsPs, PP-InPs and other Ins derivatives. Eukaryotic cells utilize
this network of molecules for a great variety of processes and its proper regulation is essential
for cell survival. Ins-derived molecules often function as signaling molecules regulating
diverse cellular signal transduction pathways. Given that Ins derivatives are rich in phosphate
and exhibit high turnover rates, the maintenance of the PIP, InsP and PP-IP molecular
network is energy costly. Especially during stress situations organisms have to economize
their energy consumption. Thus, using a combination of genetics, cell biology and
biochemistry in the model organisms S. cerevisiae and A. thaliana, 1 aimed to get more
insights in the role of Ins-derived signaling molecules in different abiotic and biotic stress
situations.

1) Aluminum (Al) toxicity represents one of the biggest abiotic limitations to crop production
worldwide. In acidic soils Al becomes soluble and is taken up by the plant subsequently
leading to root shortening and loss of yields. Even though, effects of Al toxicity in plants are
extensively studied, little is known about cellular targets of Al. Previous work in the Schaaf
lab hinted to an involvement of PIPs in an Al tolerance phenotype identified in yeast. The aim
of the first part of my thesis was to understand the molecular basis of the identified Al
tolerance phenotype in yeast and investigate whether the findings can be applied to plants.

i1) Invasive fungal infections (IFIs) are associated with high mortality rates exceeding death
cases caused by tuberculosis or malaria. However, only three compound classes are on the
market, which poses a great risk for the development of drug resistant fungal pathogens.
Previous findings in the Hoepfner lab at the Novartis Institutes for BioMedical Research
(NIBR) led to the identification of two small-molecule inhibitor classes putatively targeting
ScSec14, which is essential for cell viability. The aim of the second part of my thesis was to
characterize the site of action of identified compounds on a structural level. I expect that these
findings will help to evaluate and develop ScSec14 inhibitors as antifungal drugs.

ii1) In mammals, the energy-rich class of PP-InsPs is involved in the regulation of signaling
networks triggered by different stress situations. However, the biosynthesis and roles of this
class of molecules were not yet addressed in plants at the onset of my work. Thus, the aim of
the third part of my thesis was to investigate the biosynthesis and identify roles of PP-InsPs in

planta.
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7 Results and discussion

7.1 Abiotic stress

7.1.1 Aluminum-induced Change of Membrane Charge and Lipid Accessibility

alters Aluminum Tolerance in Yeast and Plants

Johnen, P., Winklbauer, E. M., Herrmann, D., Pankalla S., Fitz, M., Hagenberg, J.,
Enderle, B., Martin, H., Gonzalez, G., Nishimura, T., Krieger, N., Bitters, S.T.,
Ackermann, F., Richter, S., Stierhof, Y.D., von Wirén, N., Stefan, C.J., Molina, M. and
Schaaf, G.

Manuscript in preparation.

7.1.1.1 Summary of results

Stress conditions, caused by drought, heat, salinity or metal toxicity, co-occurring in the field,
represent abiotic factors, which can dramatically limit crop production (Lamaoui et al., 2018;
Mittler, 2006). Al, the most abundant metal in the earth crust, represents a serious factor for
limitations to crop production worldwide (Panda et al., 2009). Al becomes soluble in acidic
soils, representing approximately one-third of all arable land. Soluble Al is taken up by plant
roots and probably together with Al in the apoplast leads to a dramatic root growth inhibition
(Horst et al., 2010; Vonuexkull and Mutert, 1995; Wood et al., 2000). Limitations of crop
production in acidic soils are severely influenced by Al toxicity. In spite of intense research
for unraveling Al tolerance mechanisms in plants, direct cellular targets for Al causing
primary toxicity remain widely elusive. With the work presented in this thesis (manuscript
Johnen, et al., in preparation), we propose the charge of the plant PM, mainly driven by a
combination of PIPs and phosphatidyl serine, (PtdSer, Platre et al., 2018 and Simon et al.,
2016) as a primary cellular toxicity target for Al. This finding is based on a yeast screen and
subsequent experiments, which identified that ectopic expression of two members of the
ScSec14 LTP family, AtSFHS and ScSfhl, led to a dramatic increase in Al tolerance in the
model organism S. cerevisiae. Further analysis led to the model that increased phosphatidyl
ethanolamine (PtdEtn) at the PM might increase the levels or accessibility of PtdIns(4)P at the
PM, along with an overall increase of electronegative charge. Our data suggest that changes in
the lipid composition at the PM might be mediated by a heterotypic exchange of PtdEtn with

PtdCho. Microscopic analyses suggested that this transfer might occur between lipid droplets
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(LD) monolayer membranes and the PM or between different pools of the PM. Furthermore,
we were able to show that abundance of negatively charged PIPs and negatively charged
phospholipids (PLs) correlate with Al tolerance and sensitivity in yeast, respectively.
Moreover, the same correlation was identified by studying A. thaliana mutant lines altered in
the metabolism of the negatively charged PLs PtdIns(4)P, PtdIns(4,5)P, and PtdSer.
Furthermore, Al treatment resulted in a disruption of proper PM targeting mediated by
stereospecific lipid binding domains and of charge-dependent membrane recruitment. Based

on these findings, we propose that PM charge represents a direct cellular target of Al.

7.1.1.2 Discussion

7.1.1.2.1 Role of PIPs and other negatively charged PLs in the plant Al tolerance

In detail, we show that a conditional increase of the PtdIns(4)P 5-kinase (PISK) AtPIP5SK3 led
to an increase of Al tolerance in A. thaliana. The observed increases were between 7% and
20 % increase of relative primary root growth. One problem of this approach is that the global
increase of PtdIns(4,5)P, causes pleiotropic effects in plants (Ischebeck et al., 2013; Kusano
et al., 2008). Thus, it will be important to see if a conditional increase of PtdIns(4,5)P, or
other negatively charged lipids via the expression of lipid biosynthetic genes by promoters
regulated by Al abundance, will increase Al tolerance without affecting general plant
development. Moreover, it will be important to use Al-induced promoters only active in the
root transition zone, which is described as part of the root with the highest Al accumulation.
Since Al is linked to several neurodegenerative diseases (Kawahara and Kato-Negishi, 2011),
it will be further interesting to test the effects of Al treatment on membrane targeting in

mammalian cells, especially on different neuronal cell types.

Furthermore, we were able to show that Al treatment changed the localization of AtPIN
FORMED 2 (AtPIN2), which was shown to be regulated by the AtPINOID (AtPID) kinase
(Friml et al., 2004; Sukumar et al., 2009). Interestingly, it was proposed that biosynthesis and
transport of IAA represent major factors in Al-induced root shortening (Wang et al., 2016;
Yang et al., 2014). In the same line it was shown that PIN trafficking is influenced by
PtdIns(4,5)P; since in a atpip5kl atpip5k2 double mutant PIN cycling is disrupted (Ischebeck
et al.,, 2013). Since PIPs directly regulate membrane trafficking in plants (Ischebeck et al.,
2013; Lin et al., 2019) it will be interesting to dissect if mislocalization of AtPIN2 during Al
treatment is caused by deranged membrane trafficking and/or AtPID localization. One way to

address this question would be to enhance PM recruitment of AtPID by e.g. increasing the
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positive charge of the basic hydrophobic domain of AtPID (Barbosa et al., 2016) or by fusing
a charge independent membrane anchor to AtPID, and to observe if PIN2 localization under
Al conditions is altered and is affecting overall root growth behavior. Interestingly, another
class of kinases (AtD6PKs) involved in regulation of PIN activity was also shown to harbor a
basic hydrophobic (BH) domain (Barbosa et al., 2016). So in future it will be interesting to

test the effect of Al on this class of proteins as well.

Moreover, our work shows that membrane targeting of several tested proteins is disturbed
after Al treatment. The Arabidopsis genome encodes for at least 70 proteins containing
putative lipid binding domains mediating stereospecific PL binding (van Leeuwen et al.,
2004). On top of this number, the Arabidopsis genome encodes proteins containing BH
domains mediating charge-dependent membrane recruitment. Unfortunately, up to date there
is no analysis available estimating the number of BH domain in Arabidopsis. In general in
plants, except for proteins directly involved in the metabolism and organization of PLs
(Ghosh et al., 2015; Stevenson et al., 1998), little is known about the importance of membrane
recruitment by lipid binding domains or BH domain-containing proteins. So in future, there is
a desperate need for identification and the functional characterization of plant membrane
binding domains to understand the relevance of PL homeostasis in plants. In the same line, it
is important to note that the PIP composition of the plant PM differs from yeast and
mammalian cells. It was proposed that the PtdIns(4,5)P, content of the PM is substantially
lower than that of the yeast or mammalian PM (Krishnamoorthy et al., 2014). Furthermore, it
is stunning that in contrast to yeast, in which PtdSer represents the main driving force for the
negative charge of the PM (Yeung et al., 2008), in plants PtdIns(4)P seems to represent the
most important factor (Platre et al., 2018; Simon et al., 2016). In contrast to the classical view
on PM-localized PtdIns(4)P only representing the precursor molecule of PtdIns(4,5)P,, recent
evidence suggest that PtdIns(4)P acts as independent signaling molecule (Hammond et al.,
2012; Yamamoto et al., 2018). Based on the high level of PtdIns(4)P relative to PtdIns(4,5)P»
at the plant PM membrane, it will be very interesting to identify differences in the utilization

of the two PIPs in comparison to yeast and mammals.

7.1.1.2.2 Aluminum tolerance and cell wall integrity

Furthermore, our results show that AtSFHS5-/ScSfth1-mediated Al tolerance requires an intact
cell wall integrity (CWI) pathway in yeast and we suggest that increased accessibility of
PtdIns(4)P mediates proper localization of essential signaling components of the CWI

pathway under Al stress conditions. We also show that Al alone triggers CWI signaling.
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Furthermore, we confirmed the reports that described mutants in the CWI pathway to be more
sensitive to Al stress (Kakimoto et al., 2005; Schott and Gardner, 1997). Together this data
suggests that modulating the composition of the cell wall is an important factor for Al
tolerance. This is in accordance to the finding that Al treatment leads to a fast rigidification of
the cell wall (Kopittke et al., 2015) and leads to changes in the cell wall composition (Tabuchi
and Matsumoto, 2001). Interestingly, the yeast CWI pathway is not conserved in plants.
Insights in CWI signaling of plants are just emerging (Voxeur and Hofte, 2016; Wolf, 2017).
The Catharanthus roseus receptor-like kinase like family, brassinosteroid (BR) signaling and
the class of AtWALL ASSOCIATED KINASEs (AtWAKs) were suggested to be involved in
regulating CWI in plants (Kohorn and Kohorn, 2012; Voxeur and Hofte, 2016). Interestingly,
the finding that overexpression of AtWALL ASSOCIATED KINASE 1 (AtWAKI) encoding a
protein suggested as pectin receptor (Kohorn and Kohorn, 2012) increased Al tolerance in
Arabidopsis (Sivaguru et al., 2003) suggested a link between CWI and Al tolerance in plants.
In future, it will be of great interest to unravel the CWI pathway in plants and to understand
its relation to Al stress for finding possibilities to enhance Al tolerance of plants.
Additionally, it will be interesting to see if PIPs or other lipids are involved in CWI signaling

in plants as well.

7.1.1.2.3 Putative effect of interlipid contacts on PtdIns(4)P accessibility

We propose that PtdEtn is influencing accessibility of PtdIns(4)P at the PM. This is based on
the following findings: 1) ScSFHI (2u) expression significantly increased PM association of
the PtdIns(4)P fluorescent lipid-associated reporter (FLARE) GFP-2xPH"™, ii) PtdIns(4)P
levels are not majorly influenced by ScSFHI overexpression, iii) ScSFHI overexpression
enhanced PtdEtn biosynthesis, iv) a pharmacological approach suggested that ScSFHI
overexpression increased PtdEtn at the PM, v) preliminary data suggesting that localization of
the independent PtdIns(4)P FLARE mCherry-LpP4C is not affected by ScSFHI (2u)
expression (data not shown) and vi) preliminary results suggesting mutant yeast strains with
decreased PtdEtn showed a decrease in PM association of GFP-2xPH*"™, whereas mCherry-
LpP4C was not affected (data not shown). Together these results let us to propose a model in
which PtdEtn abundance changes accessibility of PtdIns(4)P for specific PtdIns(4)P binding
domains. For the following reasons this is an interesting finding. First, it would show that
lipid binding domains, proposed to bind the same PL can have different affinities or can be
influenced by the lipid environment and second, it would open the possibility that PtdEtn can

affect PtdIns(4)P accessibility without changing PtdIns(4)P levels. Interestingly, for
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phosphatidic acid (PtdOH) it was shown that PtdEtn can change its protonation state
(Kooijman et al., 2005), thus decreasing its pKa value. Based on this as working hypothesis,
we propose that PtdEtn can not only influence the protonation state of PtdOH but also that of
PtdIns(4)P. Further we propose that certain lipid binding domains are sensitive to PtdEtn-
mediated changes in lipid protonation states and some are insensitive. This further opens the
question if the protonation state of PLs other than PtdOH and PtdIns(4)P is influenced by
PtdEtn and if pH changes in the cytosol, caused by stress treatments, affect membrane binding
of certain lipid binding domains. In future, it will be of great importance to test these
hypotheses. The first hypothesis might be addressed by studying the influence of PtdEtn on
the pKa value of PtdIns(4)P (and other negatively charged lipids) in artificial liposomes, using
nuclear magnetic resonance (NMR) analysis to determine the protonation state of PtdIns(4)P
in the presence of PtdEtn. The second hypothesis might be addressed by surface plasmon
resonance spectroscopy (SPR) using liposomes containing a fixed PtdIns(4)P concentration,
phosphatidyl choline (PtdCho) as structure giving lipid and increasing amounts of PtdEtn.
The latter setup would allow us to determine binding affinities of different recombinant lipid

h2
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binding domains, such as the 2xP or the LcP4C binding domains.

7.1.1.2.4 Membranes putatively involved in AtSFHS5-/ScSfh1-mediated PtdEtn
transfer
Change in PtdIns(4)P accessibility is not only mediated by overexpression of ScSFH but also
by expression of the plant ScSec14 homolog AtSFHS. Interestingly, AtSFHS mainly contains
two domains: the SEC14 and the NI1j16 domain. The latter was shown to play a role in lipid-
dependent protein recruitment (Ghosh et al., 2015). Using fluorescence microscopy and
correlative light and electron microscopy (CLEM), we show that a functional eGFP-AtSFHS
fusion localized to LDs close to the PM and to the PM itself. Localization studies in
combination with a PtdIns(4,5)P, FLARE suggested localization of eGFP-AtSFHS5 at contact
sites of the PM and LDs, which are not yet described in yeast or other organisms. These
findings gave rise to the working hypothesis that PtdEtn transfer might be mediated between
the PM and LDs. Together with the idea that PtdEtn might influence the protonation state of
several PM localized lipids this opens the questions if the lipid transfer between LDs and the
PM might establish a fast buffer system for lipid accessibility at the PM. This would mean
that the monolayer of lipid droplets might represent a storage organelle for PtdEtn and maybe
other PLs, which are quickly accessible via lipid transfer proteins. To test this hypothesis, it

will be important to test different FLAREs in the darel dare2 Adgal Alrol quadruple mutant
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strain completely devoid of LDs and identify lipid transfer proteins endogenously involved in

this mechanism.

7.1.1.2.5 Lipid transfer proteins in plants

Our findings suggest a role for AtSFHS in yeast. However, 4. thaliana atsfh5 (Atsfh5) knock
out plants did not show any developmental phenotypes or increased sensitivity to Al (our
unpublished data). Moreover, expression of ScSFHI or overexpression of AtSFHS5 in A.
thaliana did not increase Al tolerance (our unpublished data). These observations suggest that
AtSFHS might mediate different functions in yeast and plants. The observation that atsfh5
knock out plants show no obvious defects, suggest that there is redundancy with other AtSFH

homologs.

In general, the Arabidopsis genome encodes for a variety of lipid transfer homologs. Based on
homology, there are 32 proteins with ScSec14 domains, 35 proteins with StAR-related lipid
transfer (START) domains and 12 oxysterol binding proteins-related proteins (ORPs) (Kf de
Campos and Schaaf, 2017; Schrick et al., 2014; Umate, 2011). Except of a handful of studies
addressing the functions of these proteins, very little is known about their importance in
plants (Ghosh and Bankaitis, 2011; Huang et al., 2016; Peterman et al., 2004; Schrick et al.,
2014; Skirpan et al., 2006; Suzuki et al., 2016). The arguably best-studied plant ScSec14 is
AtSFHI. It is shown to regulate PtdIns(4,5)P; clustering at the tip of root hairs and is essential
for proper root hair formation (Ghosh et al., 2015). It was proposed that this spatial regulation
of PtdIns(4,5)P, through AtSFHI is achieved by a combination of AtPIP5K stimulation and
oligomerization of AtSFHI1 tetramers upon PtdIns(4,5)P,-mediated neutralization of the
AtSFHIM'® domain. However, one question still await clarification: Is AtSFH1 stimulating
AtPIP5K3? In this line it is interesting to consider our model for AtSFHS5 (a NIj16 domain
containing protein very similar in architecture as AtSFH1), which proposes that this SEC14
protein regulates PtdIns(4)P accessibility, and to address the question whether PtdIns(4,5)P,
accessibility might be changed AtSFH1. Future studies will be necessary for addressing these

questions and the general importance of lipid transfer proteins in plants.
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7.2 Biotic stress

7.21 Target ldentification and Mechanism of Action of Picolinamide and
Benzamide Chemotypes with Antifungal Properties
Pries, V.*, Nocker, C.*, Khan, D.*, Johnen, P.*, Hong, Z.*, Tripathi, A., Keller, A. L., Fitz,

M., Perruccio, F., Filipuzzi, 1., Thavam, S., Aust, T., Riedl, R., Ziegler, S., Bono, F., Schaaf,
G., Bankaitis, V. A., Waldmann, H. and Hoepfner, D.

*These authors contributed equally to this work.

7.2.1.1 Summary of results

Invasive fungal infections (IFIs) are associated with high morbidity and mortality rates, and
exceed death cases caused by malaria or tuberculosis (Brown et al., 2012). In general, IFIs are
no major threat for humans with a healthy immune system. However, for premature infants,
patients with advanced age, patients receiving immunosuppressive or suffer from
immunosuppressive infections IFIs represent a serious threat, which is reflected in the high
IFI-associated morbidity rates (Pfaller et al., 2006). Currently, there are only three compound
classes in therapeutic use (azoles, polyenes, and echinocandins). However, for several
reasons, such as development of fungal resistances, they are only modestly effective. In Pries,
Nocker, Khan, Johnen, Hong, et al. (2018) we describe two new chemotypes, the
picolinamides and benzamides, both of them representing arylamides, as promising leads for
the development of new antifungal drugs. Chemogenomic profiling using a small-molecule
inhibitor compound archive (Richie et al., 2013) identified a picolinamide-containing
compound as inhibitor for S. cerevisiae growth not showing any cytotoxicity against human
HCT116 cells. Subsequent haploinsufficiency profiling (HIP) and homozygous profiling
(HOP) at sub-lethal compound concentrations identified ScSecl4 as single putative SMI
target. Through performing structure activity relationship (SAR) analysis with a small
compound collection besides the picolinamides we identified benzamide chemotypes as
potent S. cerevisiae growth inhibitors. Subsequent genetic and biochemical analysis revealed
ScSecl4 as sole target for the identified picolinamide and benzamide compounds. By a
directed evolution approach amino acids putatively involved in compound binding were
identified and these were confirmed by compound sensitivity growth assays and a co-crystal
structure of ScSec14 in complex with the picolinamide compound ~{N}-(1,3-benzodioxol-5-
ylmethyl)-5-bromanyl-3-fluoranyl-pyridine-2-carboxamide. Subsequent analysis of the

growth inhibitory effects of the two most potent compounds on clinical relevant pathogens
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revealed inhibitory effects on growth of Candida albican, C. glabrata and Aspergillus
brasiliensis (albeit with a relatively weak effect compared to the positive control
Posaconazole). Taken together, the detailed understanding of the site of action of the
identified compounds lays the groundwork for the development of more potent SMIs

targeting pathogenic Sec14 homologs.
7.2.1.2 Discussion

7.2.1.2.1 Inhibition potency of picolinamides and benzamides on pathogenic
ScSec14 homologs
Our study identified presented compounds as effective and highly specific inhibitors for
ScSec14. However, inhibitory effects on growth of pathogenic fungi were low. Testing in
vitro growth inhibition evaluates mitotic growth and does not necessarily correlate with the
lack of activity as antifungal agent. First there is still lack of detailed understanding of Sec14
in pathogens and Secl4 proteins were reported to be involved in yeast dimorphism,
sporulation and sustaining mycelial growth (Rudge et al., 2004) (Chayakulkeeree et al., 2011;
Lopez et al., 1994; Monteoliva et al., 1996; Phillips et al., 2006) representing processes
involved in fungal pathogenicity but not in mitotic growth. The sequence homology of
pathogenic ScSecl4 homologs ranges from 45% to 86%. In our study, we show that the
presented compounds did not affect the closely related ScSthl (64% similarity). This result
suggests that the compounds are highly specific for the ScSecl14 but not for closely related
homologs even though amino acids of the lipid-binding cavity are highly conserved in Sec14
homologs. Together these observations show that for the development of an efficient
antifungal drug based on inhibition of ScSec14 function there is need of the development of
more potent Secl4 inhibitors. Interestingly, two other studies identified independent classes
of ScSec14 inhibitors (Filipuzzi et al., 2016; Nile et al., 2014). The structural information of
the independent inhibitors together with the presented co-crystal structure and our in silico
analysis with suggestions for inhibitor improvements lay the basis for the development of
more potent Secl4 inhibitors with higher antifungal activity. Additionally, structural
information of pathogenic Sec14 homologs would be valuable for developing more Sec14-

inhibitors for a wide range of Sec14 homologs.
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7.2.1.2.2 HOP result as source for understanding ScSec14 function in S. cerevisiae

The HOP identified known synthetic interaction with ScSec14. Given the high specificity of
the presented inhibitor for ScSec14, the HOP results revealed independent negative synthetic
interactions. Thus presented results are a valuable source for further understanding ScSec14

roles in S. cerevisiae.

7.2.1.2.3 Development of resistances

As shown in our study, single amino acid changes are sufficient for developing resistant
versions of ScSecl4. This questions Secl4 as attractive drug target. However, it was shown
that ScSec14 by-pass mutant strains showed a deranged lipid metabolism, which likely goes
along with reduced fitness and might explain why the relevant residues that render Sec14
susceptible against the inhibitors appear to be conserved in different species. In future, it will
be important to test whether amino acid substitutions in ScSec14 causing inhibitor resistance
also influence overall fitness of yeast. Furthermore, it was shown that in azole-resistant C.
albicans strains ScSFH3 (PDR16), a member of the Secl4-family, is overexpressed and
increasing azole resistance. Thus, co-treatment of Secl4 inhibitors with antifungal drugs

belonging to the azole class might lead to more efficient antifungal treatments.

Taken together, future studies will be necessary to evaluate the potential of Sec14 inhibitors

as new class of antifungal drugs.
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7.2.2 VIH2 Regulates the Synthesis of Inositol Pyrophosphate InsPs and

Jasmonate-Dependent Defenses in Arabidopsis

Laha, D., Johnen, P.*, Azevedo, C.*, Dynowski, M., Weiss, M., Capolicchio, S., Mao,

H., Iven, T., Steenbergen, M., Freyer, M., Gaugler, P., de Campos, M. K., Zheng, N.,
Feussner, I., Jessen, H. J., Van Wees, S. C., Saiardi, A. and Schaaf, G.

*These authors contributed equally to this work

7.2.2.1 Summary of results

In mammals and in yeast, PP-InsPs act as signal molecules and are described in a variety of
signaling pathways. Furthermore, the biosynthesis of these molecules is well understood in
mammalian and S. cerevisiae. In contrast, the biosynthetic route and possible roles of PP-
InsPs in plants remain elusive. In Laha et al (2015) we show that PIP5K homologs, involved
in InsPg biosynthesis in yeast and mammals, are widespread in plants. We identified two
PPIP5SK homologs in 4. thaliana, AtVIH1 and AtVIH2. Functional analyses of AtVIHI and
AtVIH2 in viplA yeast knock out strain showed that the ATP-Grasp kinase domain is
functional and structurally conserved. Expression analysis of different plant tissues revealed
ubiquitous expression of AtVIH2 in all tested tissues, but showed that expression of AtVIH1
was restricted to pollen. Analysis of InsPg levels of independent vii2 knock out lines revealed
a severe decrease of InsPg levels showing that AtVIH2 is involved in PP-InsP homeostasis in
planta. InsPs where previously linked to the Jasmonate (JA)-regulated plant defense response.
Interestingly, analysis of inositol polyphosphate levels after methyl-JA treatment revealed a
strong increase in InsPg levels and no or mild effects on other inositol polyphosphate isomers.
Furthermore, this increase was absent in vih2 mutant plants showing that the methyl-JA
mediated InsPg increase was AtVIH2-dependent. Interestingly, independent vis2 mutant lines
showed a decreased resistance to the insect herbivores Pieris rapae and Mamestra brassica,
as well as to the necrotrophic fungi Botrytis cinerea and Alternaria brassicicola, all of which
plants try to contain by JA-dependent defenses. Moreover, we showed that after wounding,
active JA species were even increased in vih2 mutant plants. Together these data suggested
that InsPg is involved perception of active JA. Yeast 2-hybrid (Y2H) analysis and InsP/PP-
InsP binding assays with the JA-co-receptor complex, SCF*“°"'/AtJAZ, led us to propose a

AtCOIl

model in which direct binding of InsP8 to the SCF -AtJAZ co-receptor complex activates

JA-signaling thereby fine tuning the immune response to plant pathogens.
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7.2.3 Inositol Polyphosphate Binding Specificity of the Jasmonate Receptor

Complex

Laha, D.* Parvin, N.*, Dynowski, M., Johnen, P., Mao, H., Bitters, S. T., Zheng, N.
and Schaaf, G.

*These authors contributed equally to this work

7.2.3.1 Summary of results

InsPs and PP-InsP were suggested to play a role in the JA-dependent SCF*“C''-AtJAZ-
mediated immune response (Laha et al., 2015; Mosblech et al., 2011; Sheard et al., 2010). By
competitive and direct binding assays using recombinant Ask1-AtCOIl and AtJAZ, we show
that disitinct InsPs isomers and InsPs exhibit different binding affinities for the Askl-
AtCOI1/AtJAZ co-receptor complex. We observed the following order of InsPy binding
affinities, InsPs [3-OH] > InsPg > InsPs [4-OH] > InsPs [2-OH] > InsPs [5-OH] > InsPs [6-
OH] > InsPs [1-OH]. Our results further indicate that different AtJAZ are not affecting
binding affinities to different InsP isomers. Interestingly, InsPs [2-OH], which was previously
suggested to positively regulate SCF*“°"'-AtJAZ mediated JA signaling (Mosblech et al.,
2011), exhibited lower binding affinities than InsP¢. The previous proposition that InsPs [2-
OH] is involved in SCF*°"'-JAZ mediated JA signaling was based on Y2H results and the
observation that ipk/-1 mutant plants were more tolerance to Plutella xylostella caterpillars
(Mosblech et al., 2011). Interestingly, our observation that ipk/-1 plants are more susceptible
to the necrotrophic pathogens B. cinerea and A. brassicicola, which plants contain by JA-
dependent defenses, suggested that InsPs [2-OH] does not generally increase JA-related
pathogen responses. Further analysis by in silico docking experiments using available
structural data of the co-receptor complex (Sheard et al., 2010) suggested that both InsPs or
InsPg are able to influence the elliptical shape of the Leu-rich repeat (LRR) solenoid of
AtCOIIl important for hormone binding and likely for binding of the JAZ degron to the
carboxy-terminal of the LRR domain. However, the in silico analysis suggested InsPs as
superior ligand. Mutational analysis of AtCOI1 followed by Y2H studies further suggested
that, in contrast to InsPg, InsPs is unlikely to play a role in AtCOI-AtJAZ interaction.
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7.2.3.2 Discussion

7.2.3.2.1 Influence of InsPg on plant defenses
Together the two publications related to InsPs and PP-InsPs presented in my thesis indicate a

role of InsPgin JA-related plant defenses mediated by the SCF°"

-JAZ co-receptor complex.
Pathogen performance phenotypes presented in these studies only report susceptibility of
plants with reduced InsPs. Interestingly, we also showed that overexpression of the A¢VIH?2
kinase domain led to an increased tolerance towards herbivores and necrotrophic fungi. This
finding also resulted in filing a patent (C12N 15/82). This is a very promising finding for a
possible application of our findings to crops. In future it will be very interesting to evaluate
pathogen tolerance along with other important traits, such as germination rate and yield, for
crops with altered InsPg levels. Moreover, given the reported antagonism between JA-related

defenses on SA-related defense responses (Caarls et al., 2015) it will be important to include a

wide range of plant pathogens including bacterial biotrophs.

The finding that misregulation of InsPs have different effects on JA-related defenses, raises
the question whether InsPs and PP-InsPs fine tune the immune response triggered by different
pathogens. In this regard it would be very interesting to test tolerance of ipkl/-1 and vih2
mutant plants with different herbivores and necrotrophic pathogens. Interestingly, recently it
was shown that the Xanthomonas campestris, a biotrophic pathogen infecting pepper and
tomato, developed an effector acting as 1-phytase on InsP¢ thereby increasing InsPs [1-OH]
maybe changing JA-related signaling (Bluher et al., 2017). However, whether or in which
way increased InsPs [1-OH] and/or decreased InsPs might affect SCFACON_AJAZ mediated
signaling needs to be further elucidated.

To further strengthen the involvement of InsPs and PP-InsPs in JA-related defenses following
lines of experiments are needed. 1) The analysis of protein degradation of different AtJAZ
homologs in plant lines with defects in the InsP and PP-InsP homeostasis and 1i) crossings of
coil mutant lines with lines with defects in the InsP or PP-InsP homeostasis and the
subsequent testing of pathogen resistance of double mutant lines to investigate whether the

signaling molecules also regulate plant defenses independent of the JA-receptor.

7.2.3.2.2 Intracellular concentration of InsPs and PP-InsPs
Furthermore, to understand the involvement of different inositol polyphosphate on SCF“°"-

JAZ co-receptor activity it would be of high interest to develop Forster resonance energy
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transfer (FRET)-based InsP/PP-InsP sensors based on domains specific for different inositol
polyphosphate isomers, e.g. based on the AtCOI1-AtJAZ interaction or other PP-InsP binding
proteins. This would enable studies of InsP/PP-InsP dynamics in living cells and would

certainly revolutionize the field of soluble inositol polyphosphates.

7.2.3.2.3 Developmental roles of InsPg

AtCOIl-mediated JA signaling not only affects plant defenses, but also the plant
developmental program (Huang et al., 2017). Interestingly, vih2 mutant plants did not show
major differences in development. This suggests that InsPg is not involved in the
developmental program mediated by AtCOI1. However, in vih2 mutant plants there is still a

residual amount of InsP8 detectable.

Interestingly, recently a preprint by the Hothorn lab (Zhu et al. 2018, BioRXiv) shows that
vihl vih2 double mutants exhibit a severe developmental phenotype. The vikl vih2 double
mutant plants also showed a phosphate hyperaccumulation. The authors propose that InsPs is
binding to SPX domains, present in many proteins involved in the phosphate starvation
response (PSR, Liu et al., 2018), and thereby influences PSR of plants. Interestingly, Zhu et
al. (2018, BioRXiv) showed that phosphate hyperaccumulation in vik /-2 vih2-4 indeed can be
rescued to wild type level by generating a higher order mutant line with PHOSPHATE
STARVATION RESPONSE 1 (PHR1) and PHRI-LIKE 1 (PHLI, the vihi-2 vih2-4 phrl
phll quadruple mutant line). In contrast to the phosphate hyperaccumulation, the
developmental phenotypes could only be partially rescued suggesting roles of InsPg beyond
PSR in developmental processes. Thus in future, it will be important to dissect phenotypes
originating from defects in the PSR or originating from the involvement of InsPg in other
developmental pathways. To test this it will be interesting to study the phenotypes of the vik -
2 vih2-4 phrl phll quadruple mutant lines.

The SCF*“C"-AtJAZ co-receptor complex is structurally very similar to the SCEAT'RI-

AtAUX/TIAA TAA receptor complex. Interestingly, insect-derived InsPs was co-crystalized
with the receptor complex. Given the similarity to SCF*“°"'-AtJAZ and the idea that different
InsPs and PP-InsPs regulate JA perception, it will be interesting to address if the auxin

perception is influenced by different inositol polyphosphates.
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7.2.3.2.4 InsP6K in plants

Furthermore, the identity of InsP6Ks in plants remains elusive. The identification of the
InsP6K of plants and the subsequent analysis of mutant plants will deepen our knowledge of
the roles of PP-InsPs in plants. To identify plant InsP6Ks a screen with a plant cDNA in the

kcs 14 yeast strain should be performed.

7.2.3.2.5 PP-InsP binding domains in plants

Except of the proposed binding of SPX domains to PP-InsPs no other PP-InsP binding
domain has been identified in plants. Therefore, performing pull down from plant protein
extracts with biotinylated, non-hydrolysable PP-InsP isomers coupled with mass spectrometry
for protein identification (comparable to Wu et al., 2016) would be a straightforward approach
to identify new PP-InsP binding domains. This would certainly expand our understanding of
PP-InsP utilization in plants. Based on the variety of functions of PP-InPs revealed by
studying different organisms,it will be interesting to test the involvement of this class of
molecules in e.g. energy homeostasis, lipid homeostasis, regulation of protein membrane

recruitment, protein pyrophosphorylations and its physiological roles in plants.

7.2.3.2.6 Biosynthesis of InsPs and PP-InsPs

To understand the physiological roles of InsPs and PP-InsPs a wider knowledge of the two
different routes of biosynthesis of InsPs is needed. The importance of the lipid-independent
route for the biosynthesis of higher InsPs suggested by Brearley and Hanke (1996) still needs
clarification. Furthermore, the influence of the lipid or the lipid-independent pathway on
different InsP isomers remains elusive. Studying the abundance of the different InsP and PP-
InsP isomers in mutant plants with alteration in PIP homeostasis or defects in the lipid-
independent biosynthesis will clarify the importance of the proposed two biosynthetic routes.
In summary, research of PP-InsPs in plants is just gaining momentum and the near future will

bring new interesting insights into the role PP-InsP and in their homeostasis.

Taken together, my PhD thesis covered a variety of aspects and roles of myo-inositol-derived
signaling molecules and thereby layed the foundation for subsequent analyses of this exciting

class of molecules.
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9 Appendix

9.1 VIH2 Regulates the Synthesis of Inositol Pyrophosphate InsP8
and Jasmonate-Dependent Defenses in Arabidopsis.

9.2 Inositol Polyphosphate Binding Specificity of the Jasmonate
Receptor Complex.

9.3 Target Identification and Mechanism of Action of Picolinamide
and Benzamide Chemotypes with Antifungal Properties.

9.4 Al-tolerance mediated by SEC14-type lipid transfer proteins
reveals that membrane charge is both a primary target of Al-

toxicity and a tool to increase Al-tolerance in yeast and plants.
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Diphosphorylated inositol polyphosphates, also referred to as inositol pyrophosphates, are important signaling molecules that
regulate critical cellular activities in many eukaryotic organisms, such as membrane trafficking, telomere maintenance, ribosome
biogenesis, and apoptosis. In mammals and fungi, two distinct classes of inositol phosphate kinases mediate biosynthesis of
inositol pyrophosphates: Kcs1/IP6K- and Vip1/PPIP5K-like proteins. Here, we report that PPIP5K homologs are widely distributed
in plants and that Arabidopsis thaliana VIH1 and VIH2 are functional PPIP5K enzymes. We show a specific induction of inositol
pyrophosphate InsP; by jasmonate and demonstrate that steady state and jasmonate-induced pools of InsPg in Arabidopsis
seedlings depend on VIH2. We identify a role of VIH2 in regulating jasmonate perception and plant defenses against herbivorous
insects and necrotrophic fungi. In silico docking experiments and radioligand binding-based reconstitution assays show high-
affinity binding of inositol pyrophosphates to the F-box protein COI1-JAZ jasmonate coreceptor complex and suggest that

coincidence detection of jasmonate and InsPg by COI1-JAZ is a critical component in jasmonate-regulated defenses.

INTRODUCTION

Inositol polyphosphates became an intense focus of research
with the discovery that myo- inositol 1,4,5-trisphosphate (InsP;)
mobilizes Ca?* in a receptor-dependent fashion from intracellular
stores in pancreatic cells (Streb et al., 1983). The stereochemistry
of p-myo-inositol suggested that the inositol ring represents
a 6-bit signaling scaffold with the potential to “encode” 64 unique
signaling states (York, 2006). In plants, InsP; has been associated
with a wide range of cellular functions, such as guard cell phys-
iology (Blatt et al., 1990; Gilroy et al., 1990; Burnette et al., 2003;
Han et al., 2003), drought tolerance (Knight et al., 1997; Perera
et al., 2008), heat shock responses (Liu et al., 2006), blue light
perception (Chen et al., 2008), root gravitropism (Wang et al.,
2009; Zhang et al., 2011), response to mechanical wounding
(Mosblech et al., 2008), and pollen dormancy (Y. Wang et al.,
2012). However, the role of InsP; and other inositol phosphates in
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plant signaling remains controversial as no inositol phosphate
receptor has been identified to date (Munnik and Vermeer, 2010;
Munnik and Nielsen, 2011; Gillaspy, 2013).

Recent discoveries that InsP; binds to the auxin receptor
complex TIR1/IAA (Tan et al., 2007) and InsP binds to the jasm-
onate receptor complex COI1/JAZ (Sheard et al., 2010) suggest
that inositol polyphosphates are involved in plant hormone per-
ception. COI1 is the F-box component of a SKP1-CUL1-F-box
protein (SCF) ubiquitin E3 ligase complex that recruits Jasmonate
ZIM-domain (JAZ) transcriptional repressors upon binding to the
bioactive jasmonic acid (JA) conjugate JA-lle. This triggers poly-
ubiquitylation and subsequent degradation of the JAZ repressors
by the 26S proteasome (Chini et al., 2007; Thines et al., 2007;
Katsir et al., 2008; Sheard et al., 2010). JAZ degradation re-
lieves repression of MYC2 and other transcription factors, thus
permitting the expression of jasmonate-responsive genes
(Chini et al., 2007). Mass spectrometry and NMR analyses re-
vealed that inositol-1,2,4,5,6-pentakisphosphate [Ins(1,2,4,5,6)
Ps] copurified with Arabidopsis SKP1 homolog (ASK1)-COI1
expressed in insect cells (Sheard et al., 2010). Although ligand
binding based reconstitution assays suggested that Ins(1,2,4,5,6)
P potentiates jasmonate receptor assembly in vitro, its physio-
logical role remains unclear. Two studies that analyzed Arabidopsis
thaliana backgrounds altered in inositol polyphosphate metabolism
provide evidence that this class of molecules contributes to COI1
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Figure 1. Vip1/PPIP5K Homologs Are Ubiquitous in Plants.
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BLAST search analyses were performed employing the protein sequence of the Saccharomyces cerevisiae Vip1 ATP-grasp kinase domain (residues
1 to 535) as a search template. The tree was estimated from an alignment of ATP-grasp kinase domains of the encoded proteins using maximum
likelihood. Branch support was calculated from 10,000 bootstrap replicates, and values below 50% are omitted. Branch lengths are given in terms
of expected numbers of amino acid substitutions per site.
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Figure 2. VIH1 and VIH2 Are Functional Vip1-Type PPIP5 Kinases.

(A) and (B) Structural model of the VIH2 ATP-grasp kinase domain (left) and the hPPIP5K2 ATP-grasp kinase domain (PDB ID: 3T9D, right) depicting the
5-InsP; binding sites and key catalytic residues. Residues coordinating substrate via polar contacts are shown as sticks, polar interactions are
highlighted by dashed lines, a-helices are rendered in blue, B-sheets in orange, substrate (5-InsP;) is rendered in magenta, and Mg?* ions are presented
as green spheres. Three carbon atoms on the inositol ring are numbered. The ATP analog AMP-PNP (in [B]) is depicted with gray carbon and orange
and red phosphate groups.

(C) and (D) Complementation of vip7A-associated growth defects in yeast by ectopic expression of inositol pyrophosphate synthetases. The
vip1A yeast strain transformed with episomal pDR195(URA3) plasmids carrying either VIP1, VIH1, or VIH2, sequences encoding their respective
ATP-grasp kinase domains (KD) or designated kinase domain mutants, or carrying KCS1 were spotted in 8-fold serial dilutions onto uracil-free
minimal medium in presence or absence of 6-azauracil, as indicated. Rescue on medium supplemented with 6-azauracil (right) reports Vip1
activity.

(E) and (F) Normalized HPLC profiles of inositol phosphates of extracts from designated [°H] inositol-labeled yeast transformants. Extracts were
resolved by Partisphere SAX HPLC and fractions collected each minute for subsequent determination of radioactivity as indicated. Changes in elution
times in independent experiments were observed and can be explained by subtle changes in column properties or column change. Experiments were
repeated three times with similar results.

(G) Complementation assays of kcs1A-associated growth defects on high salt by ectopic expression inositol pyrophosphate synthetases. Wild-type
(wt) or kes1A yeast transformants (both DDY1810 background) carrying designated plasmids were spotted in 8-fold serial dilutions onto solid minimal
media (MM, uracil deficient CSM media with YNB and appropriate supplements) in presence or absence of NaCl and onto solid YPDA media incubated
at 37°C.



function during the plants wound response (Mosblech et al., 2008,
2011).

The discovery of diphosphoinositol polyphosphates, also referred
to as inositol pyrophosphates, in amoebae, mammals, and yeast
(Stephens et al., 1991; Menniti et al., 1993; Saiardi et al., 2000b)
revealed an even higher complexity of this family of signaling mol-
ecules. In these organisms, inositol pyrophosphates regulate many
cellular processes, including stress responses, membrane traffick-
ing, telomere maintenance, ribosome biogenesis, cytoskeletal dy-
namics, insulin signaling, apoptosis, phosphate homeostasis, and
neutrophil activation (Barker et al., 2009; Burton et al., 2009; Shears,
2009; Chakraborty et al., 2011; Wundenberg and Mayr, 2012). Two
distinct classes of inositol pyrophosphate synthetases have been
described: inositol hexakisphosphate kinases (also termed IP6Ks or
Kcs1-like proteins) and diphosphoinositol pentakisphosphate kina-
ses (PPIP5K or IP7K/Nip1-like proteins). IP6Ks phosphorylate the
phosphate in the 5-position of InsPg and Ins(1,3,4,5,6)P; (InsP)
and can use the resulting inositol pyrophosphates as substrates
to generate more complex molecules containing two or more
additional pyrophosphate moieties (Saiardi et al., 2000a, 2001;
Draskovic et al., 2008). In contrast, PPIP5Ks phosphorylate the
phosphate in the 1-position of both 5-InsP; and InsPg, leading to
the formation of the InsPg isomer 1,5(PP),-InsP, (1,5-InsPg) and
the InsP; isomer 1PP-InsP; (1-InsP,), respectively (Mulugu et al.,
2007; Lin et al., 2009; H. Wang et al., 2012).

The existence of inositol species more polar than InsPg has been
reported in Spirodela polyrrhiza (Flores and Smart, 2000), barley
(Hordeum vulgare; Brearley and Hanke, 1996; Dorsch et al., 2003),
guard cells of intact guard cells of potato (Solanum tuberosum;
Lemtiri-Chlieh et al., 2000), and in extracts of Arabidopsis and
maize (Zea mays; Desai et al., 2014). In the later study, the
authors addressed a possible involvement of Arabidopsis Vip1
homologs in the synthesis of inositol pyrophosphates by per-
forming yeast complementation assays (Desai et al., 2014).
Based on these assays, the authors proposed a function of
Arabidopsis Vip1 homologs as IP6K enzymes with a possible
role in InsP; biosynthesis. However, plants with altered Vip1
functions have not been investigated and the physiological
role(s) of Vip1 proteins and inositol pyrophosphates in plants
await clarification.

Here, we show that plant genomes of phylogenetically diverse
taxa encode Vip1 homologs that appear to have evolved from
a single common ancestor. We also provide evidence that InsP,
and InsPy are readily detected in Arabidopsis extracts. The Vip1
homologs VIH1 and VIH2 are functional PPIP5Ks, and VIH2 is
critical for InsPg production in Arabidopsis seedlings. Our data
further suggest that VIH2-dependent inositol pyrophosphates
represent key cofactors of the COI1-JAZ receptor complex, thereby
playing an important role in jasmonate perception and jasmonate-
regulated defenses.

Note that in a previous published work (Desai et al., 2014),
which was published during the preparation of this article, Ara-
bidopsis homologs of yeast Vip1 were named AtVIP1 and AtVIP2
(corresponding to VIH2 and VIH1, respectively). Because VIP1 is
already in use for an unrelated protein (Arabidopsis VirE2 Inter-
acting Protein 1, encoded by At1g43700), we propose to use the
gene symbol VIH (VIP1 homolog) registered at the TAIR database
(see http://www.arabidopsis.org).

Inositol Pyrophosphates in JA Perception 1085

RESULTS

Vip1/PPIP5K Homologs Are Widespread in Plants

BLAST searching with the N-terminal ATP-grasp kinase domain
of Vip1 as the query sequence allowed us to identify genes en-
coding putative Vip1/PPIP5K proteins in all available plant genomes,
including diverse taxa such as green algae (Chlorophyta), mosses
(Bryophyta), lycopods, and monocot and eudicot angiosperms,
suggesting that PPIP5Ks play important basic functions in all
plants. Phylogenetic analysis of the N-terminal ATP-grasp kinase
domain of selected proteins, with a focus on plants and fungi,
reflects major monophyletic groups as currently accepted (Keeling
et al., 2009; Blackwell et al., 2012) (Figure 1). According to the
maximum likelihood tree (Figure 1), all of the plant homologs are
derived from a single ancestral gene, with subsequent gene du-
plications in the individual lineages.

The N-Terminal ATP-Grasp Kinase Domain in Arabidopsis
Vip1 Homologs Has a Two-Domain Architecture and Is
Structurally Conserved

We named the Arabidopsis Vip1 homologs identified in our BLAST
search VIH1 and VIH2 (Vip1 homolog), respectively. Protein se-
quence comparison suggests that both proteins possess a two-
domain architecture conserved in members of the Vip1/PPIP5K
family, with an N-terminal ATP-grasp kinase domain and a
C-terminal phosphatase-like domain (Supplemental Figure 1A). A
model of the VIH2 kinase domain based on the crystal structure of
human diphosphoinositol pentakisphosphate kinase 2 (hPPIP5K2)
predicts the nucleotide analog AMP-PNP to be coordinated be-
tween two sets of antiparallel B-sheets as it has been described
for hPPIP5K2 (H. Wang et al., 2012) (Supplemental Figure 1B).
InsP; is coordinated exclusively by VIH2 lysine and arginine resi-
dues with the exception of one serine residue (as in hPPIP5K2),
a hallmark of PPIP5K enzymes (H. Wang et al., 2012). Importantly,
all protein-substrate interactions, including residues involved in
the phosphotransfer reaction are conserved: VIH2 (hPPIP5K2)
residues that coordinate the substrate are Lys-23 (Lys-53), Lys-24
(Lys-54), Arg-183 (Arg-213), Lys-184 (Lys-214), Lys-219 (Lys-248),
Arg-244 (Arg-273), Arg-252 (Arg-281), Ser-297 (Ser-326), and
Lys-300 (Lys-329) (Figures 2A and 2B) (H. Wang et al., 2012).
These residues are also conserved in the VIH1 polypeptide
(Supplemental Figure 1C). Collectively, these results suggest Ara-
bidopsis VIH proteins execute Vip1/PPIP5K-like activities.

VIH1 and VIH2 Complement vip71A- but Not
kcs1A-Associated Defects in Yeast

To address the function of VIH more directly, we investigated
consequences of heterologous VIH expression in yeast. A pre-
viously identified vip1A-associated growth defect on 6-azauracil
in yeast (Osada et al., 2012) was rescued by Arabidopsis VIH1
and VIH2, suggesting that these proteins execute Vip1-like ac-
tivities in vivo (Figure 2C). In contrast, ectopic overexpression of
Kcs1 under similar conditions failed to cause growth comple-
mentation of the single vip7A strain (Figure 2C). Rescue of this
yeast strain was also observed by expression of the N-terminal
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Figure 3. Expression Analyses Suggest Specialized Functions of VIH1 and VIH2, and Inositol Pyrophosphates Can Be Detected in Arabidopsis Extracts
and Are Regulated by Jasmonate.

(A) and (B) gPCR analyses of VIH expression in Col-0 plants using cDNA prepared from RNA extracts of different plant tissues as indicated. Averages of
triplicate reactions = sp are shown. B-TUBULIN was used as reference gene. Transcript levels of VIH1 and VIH2 are presented relative to B-TUBULIN
transcript. The experiment was repeated three times with similar results.

(C) and (D) MeJA increases InsPg level. Normalized HPLC profiles (C) of 3-week old [*H] inositol-labeled Col-0 seedlings that were untreated (solid gray
line) or treated for 4 h with 50 uM MeJA (solid red lines). Treated and nontreated plants were harvested simultaneously to avoid daytime-dependent
differences in inositol polyphosphate homeostasis. The experiment was repeated with similar results, and representative results from one experiment
are shown. For relative amounts of respective species (D), averages of fold differences after MeJA treatment of three independent experiments =+ st are



kinase domains of Vip1, VIH1, and VIH2, indicating that the
6-azauracil sensitivity of vip7A is caused by loss of Vip1 kinase
activity and, importantly, that VIH1 and VIH2 possess a functional
Vip1-like ATP-grasp kinase domain. This idea is supported by the
finding that kinase catalytic dead mutant Vip12487A (Mulugu et al.,
2007) and the corresponding mutant proteins VIH1P29'A and
VIH2D292A fajled to rescue vip1A-associated growth defects on
6-azauracil (Figure 2C). In the context of the hPPIP5K2 enzyme,
another residue, Lys-248, interacts with both the 1-phosphate of
5-InsP;, and the y-phosphate of ATP and therefore plays an es-
sential function in the catalytic cycle of 5-InsP, phosphorylation
and the specificity of the phosphotransfer reaction (Figure 2B)
(H. Wang et al., 2012). This residue is conserved in plant Vip1
homologs and our structural model suggests that the corre-
sponding Arabidopsis VIH2 residue K219 interacts with substrate
and cofactor in a similar manner (Figure 2B).

In agreement with this idea, mutant polypeptides VIH1-KDK218A
and VIH2X219A gre dysfunctional (Figure 2D). All proteins, including
catalytic dead mutants, were correctly expressed (Supplemental
Figures 2A and 2B). We further investigated consequences of
VIH2 expression on inositol polyphosphate metabolism in different
yeast strains. We expressed VIH2 in a vipTA kcs1A ddpA triple
mutant yeast strain, which lacks inositol pyrophosphates and is
devoid of Ddp1 (diadenosine-and-diphosphoinositol-polyphosphate-
phosphohydrolase)-dependent inositol pyrophosphatase activity,
thus facilitating the detection of inositol pyrophosphates syn-
thesized by ectopically expressed kinases (Safrany et al., 1998;
Mulugu et al., 2007). VIH2 expression in this background resulted
in a robust InsP; peak that eluted at a retention time identical to
the 1-InsP, peak in transformants ectopically expressing Vip1
(Figure 2E; Supplemental Figure 2D), supporting recent ob-
servations by Desai et al. (2014). However, these results did not
address whether VIH proteins have Vip1/PPIP5K or Kcs1/IP6K-
like activities.

Therefore, we expressed VIH2 in single vip1A or kes1A mutant
backgrounds. Because of a preference of Vip1 to phosphorylate
5-InsP, to 1,5-InsPg, vipT1A yeast cells accumulate the non-
metabolized substrate 5-InsP, (Azevedo et al., 2009; Onnebo and
Saiardi, 2009; Padmanabhan et al., 2009) (Figure 2F). Levels of
1-InsP; and 1,5-InsPg are generally low in wild-type yeast due to
the activity of Ddp1 (Safrany et al., 1998; Mulugu et al., 2007). As
apparent from a robust rescue of (i.e., decrease in) 5-InsP; levels,
expression of VIH2 complemented vip7A-associated defects in
inositol pyrophosphate homeostasis in a kinase-dependent
manner (Figure 2F; Supplemental Figure 2C). We also investigated
the consequences of ectopic expression of Kcs1, Vip1, and VIH2
in a kes1A single mutant yeast strain. While ectopic expression of
Kcs1 complemented a previously described growth defect of
kes1A cells on 1 M NaCl at 37°C, ectopic expression of Vip1 and
VIH2 under similar conditions failed to do so. This is in agreement
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with the idea that VIH2 does not have Kcs1/IP6K-like activities
(Figure 2G). We also found that overexpression of Vip1 kinase
activity in kcs7A cells causes production of InsP, and InsPg
(Supplemental Figure 2E). Based on previous in vitro studies
(Losito et al., 2009), these species are likely to represent 1-InsP,
and 1,3-InsPg or 1PPP-InsP,. Likewise, ectopic expression of
VIH2 caused peaks with identical chromatographic mobilities
(Supplemental Figure 2E). Collectively, these data suggest that
VIH2 executes Vip1/PPIP5K but not Kcs1/IP6K-like activities in
yeast.

Levels of the Inositol Pyrophosphate InsPg Are Regulated by
Methyl Jasmonate and Depend on VIH2

Quantitative PCR (qPCR) analyses showed expression of VIH1
to be restricted mainly to pollen (Figures 3A and 3B). VIH2 expres-
sion, on the other hand, was ubiquitous and especially strong in
rosette leaves (Figure 3A), suggesting specialized functions of both
isoforms. To investigate VIH2 functions in planta, we analyzed ino-
sitol polyphosphates in 3-week-old seedlings of wild-type
(Columbia-0 [Col-0]) and vih2 mutant plants. HPLC runs of
[BH]-inositol-labeled Col-0 plant extracts showed a similar profile as
reported previously (Stevenson-Paulik et al., 2005), with a robust peak
at a retention time identical to the [*H]-InsP, standard (Figure 3C;
Supplemental Figure 3A). However, in contrast to this previous report,
we also detected two additional peaks more anionic than InsPg that
eluted at elution times expected for InsP,; and InsPg, respectively
(Figure 3C), supporting recent findings by Desai et al. (2014).

Inositol phosphates have been implicated in the wound re-
sponse (Mosblech et al., 2008, 2011; Sheard et al., 2010), a pro-
cess that is regulated by the oxylipin JA and related signaling
molecules (collectively referred to as jasmonates), as well as
by the stress hormone abscisic acid (ABA) (Vos et al., 2013).
Therefore, we explored the role of jasmonates and ABA in the
regulation of inositol pyrophosphates. Treatment of Col-0 seed-
lings with methyl jasmonate (MeJA) caused a 2-fold increase in
InsPg, but only had subtle effects on other inositol polyphosphate
species (as exemplified for various InsPg species; Figures 3C and
3D). A time-course experiment with MeJA-treated plants showed
an almost 2-fold increase in levels of InsPg4 already after 15 min,
which remained stable for the course of 3 h. In contrast, InsP,
levels were not affected by MeJA treatment (Supplemental
Figures 3C and 3D). Very different effects were observed in ABA-
treated plants: ABA induced increases in both InsP; and InsPg in
a dose-dependent manner (Supplemental Figure 3E).

To investigate the potential role of VIH2 in inositol pyro-
phosphate homeostasis, we analyzed two independent T-DNA
insertion lines (vih2-3 and vih2-4) that lack VIH2 transcript
(Supplemental Figures 4A and 4B). Overall incorporation of
[BH]-myo-inositol was not affected in these mutants (Supplemental

Figure 3. (continued).

shown. Asterisks indicate statistical differences (Student’s t test; *P < 0.02).The isomeric identity of InsPy, is unknown in Arabidopsis seedlings. Based
on chromatographic mobilities presented in a previous study on seedlings of Col-0 plants and ipk7-1 plants (Stevenson-Paulik et al., 2005), and
comparison with chromatographic mobilities of inositol polyphosphates in the same jpk7-1 line on our HPLC (Supplemental Figures 8A and 8B), InsPs,
represents Ins(1,3,4,5,6)P; and InsP; represents Ins(1,2,4,5,6)P5 or its enatiomer Ins(2,3,4,5,6)P;.
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Figure 4. Bulk Steady State and Jasmonate-Induced Pools of InsPg in Arabidopsis Seedlings Depend on VIH2.

Normalized HPLC profiles ([A] to [C]) or relative amounts (D) of inositol phosphate species of 3-week-old [3H] inositol-labeled Col-0 (solid black line) and
vih2-4 seedlings. In (B) and (C), plants were treated with 50 yM MeJA and harvested after 30 min together with nontreated plants. Extracts were
resolved by Partisphere SAX HPLC and fractions collected each minute for subsequent determination of radioactivity. The experiment was repeated



Figure 4C). HPLC profiles of vih2 plants were similar to those of
wild-type plants but showed a robust reduction of InsPg with
a concomitant increase in InsP,, suggesting that, like Vip1 in yeast,
Arabidopsis VIH2 catalyzes the conversion of InsP; to InsPg (Fig-
ures 4A and 4D; Supplemental Figures 5A to 5C). Small residual
levels of InsPg in vih2 plants remained completely insensitive to
MeJA, independent of the exposure time (30 min MeJA in Figures
4B and 4C; 4 h MeJA in Supplemental Figure 5D). In summary,
these results show that in seedlings, InsPg levels are upregulated
by MeJA treatment and that both bulk/steady state and MeJA-
induced pools of InsPg depend on VIH2.

VIH2 Plays a Critical Role in Jasmonate-Regulated Defenses

We examined the functional role of VIH2 in the defense against
Brassicaceae specialist Pieris rapae (small white butterfly) and
the generalist Mamestra brassicae (cabbage moth) by monitor-
ing larval development in a no-choice setup in which larvae are
contained and allowed to only graze on one specific genotype.
Both P. rapae and M. brassicae larvae feeding on vih2 plants
showed a significant weight increase compared with larvae
feeding on Col-0 plants (Figures 5A and 5B), suggesting that
VIH2 plays a role in activating defenses that interfere with insect
herbivore development.

To examine whether decreased herbivore resistance was caused
by compromised jasmonate production or perception, we analyzed
jasmonates and jasmonate-responsive gene expression. To our
surprise, upon mechanical wounding, vih2 mutants exhibited in-
creased levels of JA and bioactive conjugates such as JA-Leu/lle
and JA-Val compared with Col-0 (Figures 5C and 5D; Supplemental
Figure 6A), an observation that is counterintuitive to decreased in-
sect herbivore resistance in these plants. However, expression of
VSP2, a marker gene of the MYC branch of JA signaling known to
be induced by jasmonates and herbivores, was reduced in vih2
plants after infestation with P. rapae larvae relative to Col-0 plants
(Figure 5E; Supplemental Figure 6B). Similar results were obtained
for MYC2 expression (Figure 5E). These findings are in agreement
with a reduced resistance of vih2 plants in the performance assays.
The observation that MYC-branch marker gene expression in vih2
plants was reduced despite an increase in jasmonates suggests
a defect in jasmonate perception. Supporting a defect in jasmo-
nate-regulated defenses, vih2 plants were also found to be more
susceptible to the necrotrophic fungi Botrytis cinerea and Alternaria
brassicicola (Supplemental Figures 6C and 6D).

Inositol Pyrophosphates Bind to the ASK1-COI1-JAZ
Jasmonate Receptor Complex

To further investigate the role of VIH2 in jasmonate perception,
we performed molecular docking of Ins(1,2,4,5,6)P5, which
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copurified with ASK1-COI1 from insect cells (Sheard et al,,
2010), and 1,5-InsPg into the proposed inositol polyphosphate
binding pocket of the ASK1-COI1-JAZ1-JA-lle complex. Poses
with the highest scores (shown in Figures 6A and 6B) predict
that the concave surface of the COI1 solenoid fold surrounds
and binds molecules at overlapping, yet distinct, sites. An in-
tricate network of basic COI1 residues (Lys-79, Lys-81, Arg-85,
Arg-120, Arg-121, Arg-409, and Arg-440) and JAZ1 residue Arg-
206 are predicted to coordinate Ins(1,2,4,5,6)P; and 1,5-InsPg
(Figures 6A and 6B). The 1,5-InsP; molecule is predicted to be
additionally stabilized by COI1 residues His-118, Arg-346, Tyr-
382, and Lys-492, which coordinate the 1-B-phosphate, the
3-phosphate, the 3-phosphate, and the 5-B-phosphate of 1,5-
InsPg, respectively. We investigated the involvement of three of
these residues (His-118, Arg-346, and Lys-492; highlighted in
Figure 6B) in COI1-JAZ1 interaction in a yeast two-hybrid system.
These residues are positioned as an almost equilateral triangle
(distance of respective coordinating groups: His-118, Lys-492,
13.01 A; His-118-Arg-346, 13.06 A; and Lys-492-Arg-346, 13.57
A) and for geometrical reasons and assuming rigid ligand binding,
not all three residues can interact with Ins(1,2,4,5,6)P5 or other
InsP5 isomers (not containing diphosphobonds) simultaneously.
Individual substitution of these amino acids (predicted to specifi-
cally coordinate 1,5-InsPg) by lle completely abolished COI1-JAZ1
interaction, even though protein stability was not (His-118l and
Lys-492I) or only mildly (Arg-346l) affected (Figures 6C and 6D).
These results suggest a critical role of InsPg rather than InsPg
isomers in COI1-JAZ1 complex formation.

To investigate whether inositol pyrophosphate can bind di-
rectly to the COI1-JAZ1 complex, we performed binding assays
of ASK1-COI1-JAZ1 with radiolabeled [*H]-InsPs, [PH]-InsPg,
and [®H]-InsP, purified and desalted from [3H]-myo-inositol-
labeled seedlings as described in experimental procedures.
Inositol polyphosphate binding was only observed in the pres-
ence of the structural JA-lle analog coronatine, suggesting that
inositol polyphosphates do not stimulate ASK1-COI1-JAZ1 com-
plex formation in the absence of jasmonates (Figure 7A). Impor-
tantly, plant InsP,; bound more efficiently than InsPg, which bound
more efficiently than Ins(1,3,4,5,6)Ps, indicating that inositol py-
rophosphates are superior ligands of the ASK1-COI1-JAZ1 com-
plex compared with less anionic inositol polyphosphate species
(Figures 7A and 7B).

DISCUSSION

Inositol pyrophosphates have gained recent attention as signaling
molecules in amoeba, yeast, and mammalian cells (Mulugu et al.,
2007; Shears, 2009; Chakraborty et al., 2011; Szijgyarto et al.,
2011; Wundenberg and Mayr, 2012; Péhimann et al., 2014). Here,

Figure 4. (continued).

with similar results, and representative results from one experiment are shown. (B) is a zoom-in into the InsP; (left) and InsPg 4 (right) regions of HPLC runs
with extracts of MeJA-treated Col-0 and vih2 seedlings as indicated. For InsP;,_. isomer identities, see comment in Figure 3. (C) is a zoom-in into the InsPg g
regions of HPLC runs with extracts of Col-0 (left) and vih2 (right) seedlings with or without MeJA treatment as indicated. For relative amounts (D), data are
presented either as InsP,/InsPg ratio (a measure of IP6K activity) or as InsPy/InsP;, ratio (a measure of PPIP5K activity). The data represent means + sk.
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Figure 5. Arabidopsis vih2 Lines Have Reduced Defenses against
Larvae of Herbivorous Insects and Are Compromised in Jasmonate
Perception.

(A) and (B) Larval development was monitored in a no choice setup. One
caterpillar each (larval stage L1) of the Brassicaceae specialist P. rapae
(A) or the generalist M. brassicae (B) was released onto a single 5-week-
old plant (n = 20) of the designated genotype. Fresh weight of caterpillars
was determined after 7 d (P. rapae) or 8 d (M. brassicae). The values
represent means + se. Asterisks indicate statistical differences (Stu-
dent’s t test; *P < 0.02). Plant genotype-dependent size differences of
M. brassicae larvae are also visualized by a photograph ([B], right panel).
Experiments were repeated with similar results.

(C) and (D) Determination of bioactive conjugates JA-Val and JA-lle/
Leu. Conjugate levels were determined in rosette leaves of 4-week-old
plants of designated genotypes under sterile conditions and 3 h after
inflecting wounding by squeezing each leaf with forceps. Data repre-
sent means of three independent biological replica = sp. Statistical
significance is indicated by asterisks (Student’s t test; *P < 0.02 and
**P < 0.005).

(E) gPCR analysis of JA-dependent genes. Gene expression was ana-
lyzed by gPCR analyses using RNA extracted from pooled leaves (n = 5)

we describe the presence of InsP; and InsPg in the model plant
Arabidopsis and show that VIH2 is a functional inositol pyro-
phosphate synthetase responsible for InsPg production, playing
a critical role in jasmonate-regulated defenses. The ubiquitous
presence of Vip1/PPIP5K homologs in plants as suggested by
our work supports and extends previous reports of the wide
distribution of these enzymes in eukaryotic organisms and un-
derlines the fundamental importance of inositol pyrophosphates
in regulating cellular functions.

VIH Proteins Have Vip1/PPIP5K-Like Activities

A structural model of the VIH2 ATP-grasp kinase domain and
complementation of defects in growth and inositol poly-
phosphate homeostasis of yeast vip7 mutants indicate that
VIH1 and VIH2 execute Vip1/PPIP5K-like activities and are
likely to pyrophosphorylate the 1-position of InsP; and 5-InsP; in
yeast (Figure 2). A recent study by Desai et al. (2014) that was
published while this article was in preparation also addressed the
function of Arabidopsis Vip1 homologs. Similar to the experiment
shown in Figure 2E, the authors show that expression of these
proteins in a yeast vipTA kcs1A ddp1A triple mutant results in
InsP, production. Based on these results, the authors predicted a
role of these enzymes as IP6K (InsPg kinase) enzymes. Unfor-
tunately, this experiment does not allow discrimination between
Kcs1/IP6K and Vip1/PPIP5K activities because Vip1/PPIP5K
enzymes are well known to efficiently use InsPy as a substrate to
produce (1-)insP; (Mulugu et al., 2007; Lin et al., 2009; Losito
et al., 2009). We therefore investigated the ability of VIH proteins
to complement single mutant kcs7A or vip7A yeast phenotypes
and analyzed the role of VIH2 in planta. We show that VIH pro-
teins rescue vip1A-associated growth defects on 6-azauracil,
whereas they fail to rescue kcs1A-associated growth defects
(Figures 2C, 2D, and 2G). Furthermore, we show that VIH2 com-
plements the vip7A-associated defect in InsP;, to InsPg conversion
(Figure 2F; Supplemental Figure 2C) and that vih2 lines are com-
promised in InsPg synthesis and (similar to yeast vip7A mutants)
accumulate InsP, (Figures 4B and 4D; Supplemental Figure 5).
Collectively, these data provide strong evidence that in vivo VIH
proteins do not execute IP6K/Kcs1-like activities as suggested by
Desai et al. (2014) but PPIP5K/Vip1-like activities.

The Isomer Identity of Plant Inositol Pyrophosphates
Remains Unresolved

The expression pattern of VIH2 and the pronounced effect on
seedling InsPg production observable in vih2 plants indicate that
VIH2 is the major enzyme synthesizing InsPg in Arabidopsis
(Figures 3 and 4; Supplemental Figures 5A and 5B). It remains
unclear, however, whether plant InsP, and InsPg have the
same isomer identity as in yeast. Anion exchange HPLC

of 5-week-old plants of the designated genotype that were untreated or
infested for 24 h by P. rapae larvae as indicated. PP2AA3 was used as
a reference gene. The expression value of untreated Col-0 was set to 1.
Shown are means = sk (n = 3). gPCR analyses were repeated with similar
results.
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Figure 6. Structural Models of ASK1-COI1-JAZ1-Coronatine in Complex with Ins(1,2,4,5,6)P; or 1,5-InsP; and Functional Evaluation of Proposed
1,5-InsPg Binding Mutants Suggest a Role of InsPg in Jasmonate Receptor Complex Formation.

(A) and (B) COI1-JAZ structures containing Ins(1,2,4,5,6)P; or 1,5-InsPg as obtained from in silico docking experiments are shown. COI1 (gray ribbon),
coronatine (COR) in yellow stick representation, and inositol polyphosphates (rendered as stick in magenta) are presented. Hydrogen bonds and salt
bridge networks are depicted as dashed lines. Residues in bold were substituted by lle for yeast two-hybrid studies.

(C) JAZ1 interaction with wild-type or mutant COI1 in yeast was evaluated in the presence of 50 WM coronatine by coexpression of pGBKT7-COI1 (and
mutated versions as indicated) with pGADT7-JAZ1 in yeast strain Y187 (Clontech) and subsequent quantification of B-galactosidase-mediated hy-
drolysis of ortho-nitrophenyl-B-p-galactopyranoside. Values represent means of four independent biological replica * sp.

(D) Stability of mutant COI1 protein. Immunoblots of soluble lysates prepared from tobacco (Nicotiana benthamiana) leaves expressing COI1 mutants
(as designated) in translational fusion with N-terminal GST. Equal amounts of total protein were loaded, and COI1 was detected with antibodies against
GST (Sigma-Aldrich). As a normalization control (lower panel), a representative unspecific band was chosen.

chromatography does not allow unambiguous discrimination
between different inositol pyrophosphate isomers of same mo-
lecular mass. Two major observations challenge the idea that
yeast and plant InsP, and InsPg isomers are identical. First,
BLAST search analyses did not allow the identification of plant
Kcs1/IP6K homologs, suggesting that an unknown enzyme
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activity is responsible for plant InsP, production. Second, plant-
purified InsP, exhibits a higher binding affinity for the ASK1-COI1-
JAZ1 jasmonate receptor complex than InsP; or InsP(1,3,4,5,6)P;
(Figure 7B). In contrast, competition assays following a similar
strategy recently employed to evaluate InsP, binding to human
casein kinase-2 (Rao et al.,, 2014) showed that available
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Figure 7. Plant Inositol Pyrophosphates Are Superior Ligands of the ASK1-COI1-JAZ1 Complex Compared with Less Anionic Inositol Polyphosphate Species.

Direct binding of [*H]-InsPs, [*H]-InsPg, and [*H]-InsP; (purified and desalted from [*H]-myo-inositol labeled seedlings of the ipk7-1 mutant [InsP4] or
Col-0 seedlings [InsPg and InsP,]) to the ASK1/COI1/Hisg-MBP-JAZ1 jasmonate receptor complex or to individual components of the receptor complex
(ASK1-COI1 or Hisg-MBP-JAZ1) was analyzed with or without 1 M coronatine. A total activity of 2000 dpm was used for each [*H]-labeled inositol
phosphate species. The average of recovered radiolabel with [*H]-InsP; in (B) is set to 100%. Values show means * st (n = 2 or 3) of radiolabel
recovered by pull-down of Hisg-MBP-JAZ1 via metal affinity chromatography, and experiments were repeated with similar results.
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Mechanical wounding or herbivore attack stimulate the synthesis of JA and bioactive JA conjugates such as JA-lle. Increasing jasmonate levels trigger a fast
VIH2-dependent increase in InsPg, which is most likely caused by posttranslational activation of the VIH2 protein. Both JA-lle and InsPg occupy designated
binding pockets in COI1-ASK1 and might work as molecular glue to recruit the JAZ repressor protein. Subsequent polyubiquitylation of JAZ by the SCF ubiquitin
E3 ligase complex causes proteasomal degradation of the JAZ repressor and allows expression of jasmonate/InsPg-responsive genes such as VSP2. The
physiological role of other inositol polyphosphates on potentiating jasmonate dependent formation of the SCFCO1 ubiquitin E3 ligase complex remains unclear.

chemically synthesized InsP; isomers have lower affinities than
InsPg (1-InsP, 5-InsP,, and 6-InsP;) or a similar affinity (4-InsP,)
for the jasmonate receptor complex (Supplemental Figures 7A to
7C). Future research will have to address purification of plant
InsP; in sufficient amounts for NMR analyses or crystallography to
reveal plant InsP, (and by extension InsPg) isomer identity. Equally
important for future studies will be the identification of the protein
(s) responsible for plant InsP; synthesis.

Plant InsP; Has a Role in Resistance against Insect
Herbivores and Necrotrophic Fungal Pathogens

The finding that ABA induces InsP,; and InsPg production
(Supplemental Figure 3E), whereas MeJA induces production
of primarily InsPg and not InsP, (Figures 3C, 3D, and 4C;
Supplemental Figures 3C and 3D) identifies interesting inter-
actions between jasmonate and ABA signaling that are distinct
from those reported previously (Pieterse et al., 2012). Several
lines of evidence suggest that plant InsPy is responsible for the
VIH2-dependent contribution to resistance against herbivores
and necrotrophs: (1) vih2-mutant seedlings have robustly de-
creased levels of InsPg and exhibit a decreased resistance
against larvae of herbivorous insects and necrotrophs and have
a defect in jasmonate perception (Figures 4 and 5; Supplemental
Figures 5 and 6); (2) MeJA treatment causes a robust and specific
increase in a VIH2-dependent pool of InsPg (Figures 3 and 4;

Supplemental Figures 3 and 5); (3) direct binding assays suggest
that plant-derived inositol pyrophosphate (InsP;) binds more ef-
ficiently to the ASK1-COI1-JAZ1 complex than less anionic ino-
sitol polyphosphates such as InsPg and Ins(1,3,4,5,6)P5 (Figure
7B); (4) the proposed inositol polyphosphate binding pocket
of the ASK1-COI1-JAZ1 jasmonate receptor complex is large
enough to accommodate a single InsPg molecule (Figures 6A and
6B) and COI1 mutants designed to specifically prevent InsPg
binding failed to interact with JAZ1 in yeast (Figure 6C). Un-
fortunately, we failed to purify sufficient amounts of plant derived
InsPg to perform radioligand binding based reconstitution assays,
which will be an important task for future work.

Our study does not rule out that other inositol polyphosphates
may influence assembly of the jasmonate receptor complex. Ins
(1,2,4,5,6)P5, which copurified with the ASK1-COI1 complex
from insect cells (Sheard et al., 2010), is an interesting candidate
in this regard. However, it is unclear whether plants synthesize
Ins(1,2,4,5,6)P5 or its enantiomer Ins(2,3,4,5,6)P; (Stevenson-
Paulik et al., 2005; Hanke et al., 2012), and a physiological sig-
nificance of either species in herbivore resistance has not been
established so far. Another isomer, Ins(1,3,4,5,6)P5, that highly
accumulates in ipk7-1 plants (Supplemental Figure 8) has been
implicated in the increased herbivore resistance of this plant
mutant (Mosblech et al., 2011). While it remains to be shown
whether this InsP5 isomer has any function in ASK1-COI1-JAZ
complex formation in the context of a wild-type plant, we can
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exclude the possibility that it plays a role in VIH2-dependent in-
sect herbivore resistance because Ins(1,3,4,5,6)P; levels did not
change in vih2 lines (Figures 4A and 4B; Supplemental Figures 5A
and 5B).

Coincidence Detection of Jasmonate and Inositol
Phosphates by the Jasmonate Coreceptor

Direct binding assays with [*H]-Ins(1,3,4,5,6)P;, [*H]-InsPg, and
[®H]-InsP, (Figures 7A and 7B) indicate that inositol poly-
phosphate binding is not sufficient for ASK1-COI1-JAZ1 assem-
bly but still requires the presence of coronatine (or by extension
JA-lle). Combined with the previous observation that coronatine
fails to trigger the formation of the ASK1-COI1-JAZ complex in the
absence of inositol polyphosphate (Sheard et al., 2010), these data
suggest that only coincidence detection of both inositol poly-
phosphate or pyrophosphate and bioactive jasmonate allows
complex formation and subsequent proteasomal degradation of
JAZ repressor proteins to stimulate jasmonate responsive gene
expression (Figure 8). We propose that coincidence detection of
two unrelated molecules might prevent an uncontrolled accidental
trigger of immune responses that are known to severely affect
plant growth and development (Pieterse and Dicke, 2007; Howe
and Jander, 2008). This idea is in agreement with a recent finding
that COI1 protein levels are strictly regulated by a dynamic balance
between SCFCO"-mediated stabilization and 26S proteasome-
mediated degradation (Yan et al., 2013).

In addition, coincidence detection could allow differentiated
immune responses. It still remains a central unanswered question
how plants achieve specificity in their response to herbivore at-
tack. It has been shown, for instance, that transcriptional re-
sponses of Arabidopsis to caterpillar (P. rapae) and thrips
(Frankliniella occidentalis) infestation is primarily via COI1-
dependent gene regulation, but that expression patterns of
these genes are specific to one or the other insect herbivore
(De Vos et al., 2005). We speculate that a differentiation in COI1-
dependent responses might be in part determined by the inositol
pyrophosphate signature of a given tissue under herbivore attack.
It is important to note that InsPg also has previously been
suggested to play an important role in the maintenance of
basal resistance to plant pathogens. The reduction of InsPg in
potato and Arabidopsis was correlated with increased sus-
ceptibility toward different viral infections and also caused
hypersensitivity to fungal and bacterial infections in Arabi-
dopsis (Murphy et al., 2008). In future experiments, it will be
important to study whether these effects are an immediate
consequence of reduced InsPg or whether they are caused by
the reduction of InsP4-dependent inositol pyrophosphates. In-
dependent of this outcome, breeding strategies and bio-
technological approaches to reduce InsPg will have to consider
possible negative side effects in crop plants.

METHODS

BLAST Search and Phylogenetic Analyses

Sequence sampling focused on plants and fungi with some additions of
protist species. BLAST search analyses (http://blast.ncbi.nim.nih.gov/
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Blast.cgi) were performed using the N-terminal part of Saccharomyces
cerevisiae Vip1 (residues 1 to 535), which contains the entire ATP-grasp
kinase domain (Mulugu et al., 2007). The amino acid sequences were
aligned using MAFFT, version 6.927b (Katoh et al., 2005). Heterogeneous
alignment regions were excluded prior to phylogenetic analyses using
Gblocks (Castresana, 2000), with the minimum length of a block set to
five, allowing gaps in up to 50% of the sequences at a given site,
a minimum number of sequences of 24 for a conserved or a flanking
position, and a maximum number of contiguous nonconserved positions
of eight. A phylogenetic tree was estimated using maximum likelihood
(Felsenstein, 1981) with RAXML version 7.3.2 (Stamatakis, 2006a). Fast
bootstrap analyses (Felsenstein, 1985; Stamatakis et al., 2008) over
10,000 rounds were run on the Web-based bioportal facility (Kumar et al.,
2009) (http://www.mn.uio.no/ibv/bioportal/) with eight parallel proces-
sors, using bootstrap trees as starting trees for heuristic searches, and
employing the DAYHOFF model of amino acid substitution as inferred
with the ProteinModelSelection perl script (http://www.exelixis-lab.org/),
accounting for rate heterogeneity by using the CAT model (Stamatakis,
2006b). The final tree was optimized using the Gamma model of rate
heterogeneity (Yang, 1993).

Plants and Growth Conditions

For T-DNA insertion lines, seeds of mutant lines of Arabidopsis thaliana
(ecotype Col-0) were obtained from The European Arabidopsis Stock
Centre (http://arabidopsis.info/). The T-DNA lines used in this study are as
follows: vih2-3a (SAIL_165_F12), vih2-4 (GK-080A07), and ipki1-1
(SALK_065337C). Homozygous lines were identified by PCR using T-DNA
left and right border primers and gene-specific sense or antisense primers
(Supplemental Table 1). The isolated homozygous progeny of the vih2-3a
line identified by PCR-based genotyping was found to have short root
hairs compared with Col-0. However, the phenotype did not cosegregate
with the vih2-3 allele in the F2 generation of a cross with the vih7-1 T-DNA
line (SAIL_543_F08), suggesting that the original vih2-3a plant had an
additional insertion or mutation causing the root hair phenotype.
Therefore, vih2-3a was crossed with a VIH2 wild-type plant (Col-
0 background) and F3 progeny homozygous for the vih2-3 allele (ex-
hibiting normal root hairs) used for further analyses. All lines analyzed in
this study, including Col-0 plants, were grown in parallel for two gen-
erations under identical conditions on soil (16 h light and 8 h dark, day/
night temperature 22/18°C and 120 wmol~" m~2 light intensity), and seeds
of the respective last progenies were used for all analyses described in this
article. For growth in sterile conditions, seeds were sterilized in 70% (v/v)
ethanol and 0.05% (v/v) Triton X-100 for 30 min and washed twice in 90%
(v/v) ethanol. Sterilized seeds were plated onto 0.5X MS, 1% sucrose, 0.7
to 0.8% phytagel stratified for 2 d at 4°C, and grown under conditions of 12
h light (23°C) and 12 h dark (21°C). To investigate the expression of distinct
VIH2 domains in the respective T-DNA insertion lines, gPCR analyses were
performed using the primers listed in Supplemental Table 2.

Performance and Disease Assays

Plants were grown at standard growth conditions in the greenhouse as
described earlier (Verhage et al., 2011). Freshly hatched larvae (L1 stage)
of the Brassicaceae specialist Pieris rapae (small cabbage white butterfly)
or the generalist Mamestra brassicae (cabbage moth) were released onto
fully expanded rosette leaves of 5-week-old plants of the designated
genotype. Individual plants of the designated genotype were infested with
a single caterpillar of either P. rapae or M. brassicae. The caterpillar-
challenged plants were placed in a transparent plastic container sealed
with insect-proof meshes allowing adequate gas exchange and light
transmission. Fresh weight of caterpillars was measured after 7 d (P. rapae)
or 8 d (M. brassicae) of feeding.


http://www.plantcell.org/cgi/content/full/tpc.114.135160/DC1
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.mn.uio.no/ibv/bioportal/
http://www.exelixis-lab.org/
http://arabidopsis.info/
http://www.plantcell.org/cgi/content/full/tpc.114.135160/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.135160/DC1

1094 The Plant Cell

Botrytis cinerea and Alternaria brassicicola assays were performed as
previously described (Kemmerling et al., 2007; Van Wees et al., 2013).

Chemicals

Coronatine, methyl jasmonate, and abscisic acid were from Sigma-Aldrich.
2-Nitrophenyl-B-p-galactopyranoside was from Applichem. InsPg was from
Sichem. 1-InsP;, 4.InsP;, 5-InsP,, 6-InsP;, and 1,5-InsP were synthesized
as recently described (Capolicchio et al., 2013, 2014). [*H]-InsP4 and
[PHI-InsP, were extracted and purified from [*H]-myo-inositol-labeled Col-0
seedlings using a desalting protocol as described earlier (Azevedo et al.,
2010). [PHJ-Ins(1,3,4,5,6)P; was purified from [*H]-myo-inositol-labeled
ipk1-1 seedlings using the same desalting protocol. Standards were
[BH]-InsPg (Azevedo and Saiardi, 2006) and [*H]-5-InsP, that was generated
in vitro from [*H]-InsP and recombinant mammalian IP6K1 (Azevedo et al.,
2010).

In Vitro Binding Assays

In vitro binding assays were performed with recombinant COI1-ASK1 and
Hisg-MBP-JAZ in 1:2 molar ratios. Purified and desalted [*H]-InsPs was
added to the reaction buffer containing 50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 10 mM imidazole, 10% (v/v) glycerol, 0.1% (v/v) Tween 20, and
5 mM 2-mercaptoethanol in a total volume of 0.5 mL. Unless mentioned
otherwise, [®H]-InsP at a total activity of 4000 dpm and 1 uM coronatine
was added to each reaction. The reaction was incubated at room tem-
perature (22 to 24°C) for 90 min, then 30 pL of Ni-NTA resin was added
with a further incubation at 4°C for 90 min. The resin was centrifuged for
5 min at 900g and washed three times with ice-cold reaction buffer.
Proteins were eluted with 250 mM imidazole and recovered radioactivity
analyzed by scintillation counting.

Extraction and HPLC Analyses of Inositol Phosphates

Inositol polyphosphates from yeast were extracted and analyzed as
described (Azevedo and Saiardi, 2006). Extraction and measurement of
inositol polyphosphates from Arabidopsis seedling were performed as
follows. Seedlings were grown under sterile conditions in liquid 0.5X MS
with 2% sucrose for 10 d and then transferred to sucrose-free low MS
semi-liquid medium (0.25 MS and 0.3% Phytagel). Labeling was started at
2 weeks of age by addition of 40 wCi mL~" of [®H]-myo-inositol (30 to 80 Ci
mmol~"and 1 mCi mL~"; Biotrend; ART-0261-5) for 2 mL liquid MS media
containing 10 seedlings. After 6 d of labeling, leaves or seedlings were
washed two times with ultrapure water before harvesting and freezing into
liquid N,. Inositol polyphosphates were extracted as described previously
(Azevedo and Saiardi, 2006) and resolved by strong anion exchange
chromatography HPLC (using the partisphere SAX 4.6 X 125 mm column;
Whatman) at a flow rate of 0.5 mL min—" with the gradient of buffers A
(1 mM EDTA) and B [1 mM EDTA and 1.3 M (NH,),HPO,, pH 3.8, with
H;PO,] following the standard protocol mentioned above. Fractions were
collected each minute, mixed with scintillation cocktail (Perkin-Elmer;
ULTIMA-FLO AP), and analyzed by scintillation counting. To account for
differences in fresh weight and extraction efficiencies between samples,
values shown are normalized activities based on the total activity of each
sample. To avoid misleading results derived from unincorporated
[BH]-myo-inositol in the HPLC run, “total” activities for normalization were
calculated by counting fractions from 17 min (Figures 2F and 2G;
Supplemental Figures 2C and 2D), 22 min (Figure 3C; Supplemental
Figures 2E, 3B, and 5A), or from 18 min (Figure 4) until the end of runs.
HPLC runs within an experimental set were normalized in the following
way: If sample B had less “total” activity than sample A, the equation used
for normalization was —[individual data point of sample A*(“total” InsP of
B/“total” InsP of A)]. Results are presented as minute fractions (circle or
diamond) connected by lines.

Total RNA Extraction and gPCR Analyses

Leaf samples (up to 100 mg) were harvested for total RNA extraction using
the RNeasy Plant Mini Kit (Qiagen). A total of 1 ug RNA was used for cDNA
preparation following DNasel digest (Fermentas). The reverse transcrip-
tion was done according to the manufacturer’s instructions (Roboklon;
AMV Reverse Transcriptase Native). The gqPCR was performed with the
SYBR Green reaction mix (Bioline; Sensimix SYBR No-ROX kit) in a Bio-
Rad CFX384 real-time system. Data were analyzed using the Bio-Rad
CFX Manager 2.0 (admin) system. PP2AA3 or B-TUBULIN was used as
a reference gene.

Yeast Two-Hybrid Assays

The full-length coding sequences of COI7 and JAZ1 were cloned into the
yeast two-hybrid vector pGBKT7 and pGADT7, respectively, in fusion with
N -terminal binding domain or activation domain. The yeast strain Y187
was transformed with individual wild-type or COI7T mutant constructs
generated by site-directed mutagenesis (see above) together with JAZ1
construct following the standard yeast transformation protocol mentioned
above. Yeast transformants were selected on solid CSM-Leu-Trp media
after which single fresh colonies from independent transformants were
grown overnight in liquid CSM-Leu-Trp media. JAZ1 interaction with wild-
type or mutant COI1 in the presence of 50 wM coronatine was evaluated
by quantification of B-galactosidase-mediated hydrolysis of ortho-nitrophenyl-
B-p-galactopyranoside.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: VIH1 (At5g15070), VIH2 (At3g01310), MYC2 (At1932640), VSP2
(At5g24770), PP2AA3 (AT1G13320), B-TUBULIN (AT5G62700), JAZ1
(At1g19180), COIT (At2g39940), IPK1 (At5g42810), Saccharomyces cer-
evisiae VIP1 (YLR410W), S. cerevisiae KCS1 (YDRO17C), and hPPIP5K2
(NM_001276277). Accession numbers for T-DNA insertion lines are as fol-
lows: vih2-3a (SAIL_165_F12), vih2-4 (GK-080A07), ipk1-1 (SALK_065337C),
and vih1-1 T-DNA line (SAIL_543_F08).
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Recent findings that receptor complexes for auxin
and jasmonate bind inositol polyphosphates stimu-
lated the idea that plant hormone perception is regu-
lated by inositol-derived molecules (Tan et al., 2007;
Sheard et al., 2010). Inositol polyphosphates regulate
critical cellular functions in eukaryotic cells (Munnik
and Nielsen, 2011; Munnik and Vermeer, 2010;
Gillaspy, 2013; Tsui and York, 2010; Kuo et al., 2014; Lee
etal., 2015), and the discovery that these molecules bind
to plant hormone receptors provides an interesting case
model to study plant hormone perception. For instance,
the ASK1-TIR1 component of the auxin receptor com-
plex was copurified and cocrystallized with insect cell-
derived inositol hexakisphosphate (InsP,; Tan et al.,
2007). TIR1 mutants defective in InsP, binding failed
to interact with the IAA7 transcriptional repressor in
the presence of auxin in yeast two-hybrid assays and
in pull-down experiments using tagged-recombinant
Aux/IAA protein (Calderén Villalobos et al., 2012),
suggesting that InsP, binding might be important for
auxin receptor function. Interestingly, the ASK1-COI1
component of the jasmonate receptor complex also
copurified with inositol polyphosphate (Sheard et al.,
2010). Here, NMR analyses revealed that insect cell-
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purified, nondialyzed protein contained either b- and /or
L-myo-inositol-1,2,4,5,6-pentakisphosphate (Sheard
et al., 2010), also referred to as Ins(1,2,4,5,6)P; or short
InsP; [3-OH] and Ins(2,3,4,5,6)P; or short InsP; [1-OH],
respectively. Unfortunately, NMR cannot discriminate
between enantiomers; therefore, the structure of the
insect-purified InsP; isomer remains unresolved. Dia-
lyzed ASK1-COI1 protein depleted of inositol poly-
phosphate failed to reconstitute the jasmonate receptor
complex in vitro, while addition of InsP; [3-OH] robustly
stimulated complex formation (Sheard et al., 2010). In-
terestingly, Ins(1,4,5,6)P, and InsP, also stimulated com-
plex formation, although InsP, stimulated with lower
efficiency (Sheard et al., 2010). Other InsP; isomers (in-
cluding the possible alternative InsPy [1-OH] enantio-
mer) were not tested in this study.

In plants, three InsP; species with distinct chromat-
ographic mobilities have been identified (Stevenson-
Paulik et al., 2005; Hanke et al., 2012; Laha et al., 2015;
Brearley and Hanke, 1996). Among them, only the iso-
meric nature of the symmetrical molecule InsP; [2-OH]
was determined, while the identity of the other two InsPs
isomers remains unknown (Stevenson-Paulik et al.,
2005; Brearley and Hanke, 1996). Independent work in
amoeba and in a pancreatoma cell line showed that
inositol polyphosphates can be further phosphory-
lated at an existing phosphate position to give rise to
inositol pyrophosphates, molecules such as InsP, and
InsPg that contain energy-rich diphosphate bonds and
have important cellular functions in amoeba, animal,
and yeast cells (Menniti et al., 1993; Stephens et al.,
1993; Shears et al., 2012; Mulugu et al., 2007; Wilson
et al., 2013; Thota and Bhandari, 2015). Inositol pyro-
phosphates have also been detected in different plant
species (Desai et al., 2014; Lemtiri-Chlieh et al., 2000;
Brearley and Hanke, 1996; Laha et al., 2015), and re-
cent work suggests an important function of these
molecules in regulating jasmonate-dependent responses
(Laha et al., 2015).

Jasmonate perception is regulated by COI1, the F-box
component of an SCF ubiquitin E3 ligase complex.
COI1 recruits Jasmonate ZIM-domain (JAZ) transcriptional
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repressors upon binding to the bioactive jasmonic acid
(JA) conjugate JA-Ile, resulting in polyubiquitylation and
proteasomal degradation of the JAZ repressors and
subsequent activation of jasmonate-dependent gene
expression (Chini et al., 2007; Thines et al., 2007; Katsir
et al., 2008; Pauwels and Goossens, 2011). A combina-
torial approach analyzing InsP¢-deficient vih2 mutant
plants and using in vitro reconstitution and in silico
molecular docking experiments suggested that coinci-
dence detection (i.e. simultaneous detection) of active
jasmonate and the inositol pyrophosphate InsPg by the
ASK1-COI1-JAZ receptor complex is critical for the
activation of defense gene expression and for defenses
against insect herbivores and necrotrophic fungi (Laha
etal., 2015). Another study proposed InsP; [2-OH] to be
involved in jasmonate perception (Mosblech et al., 2011).
Collectively, these reports raise the question whether the
jasmonate receptor shows selectivity for distinct inositol
polyphosphates.

COMPETITIVE BINDING ASSAYS REVEAL LARGE
DIFFERENCES IN RELATIVE BINDING AFFINITIES
OF DISTINCT INSP, ISOMERS TO THE JASMONATE
RECEPTOR COMPLEX

To investigate inositol polyphosphate binding
specificity, we performed in vitro reconstitution ex-
periments with insect cell-purified ASK1-COIl, re-
combinant JAZ proteins, the JA-Ile mimic coronatine,
and [PH]InsP, to determine ICs, values (50% inhibi-
tion of radioligand binding) for different InsP; iso-
mers. This approach was chosen because radiolabeled
InsP; isomers are not commercially available. A simi-
lar strategy was recently employed to investigate rel-
ative binding affinities of mammalian casein kinase-2
to InsP;, 5-InsP;, and a nonhydrolyzable InsP, deriv-
ative (Rao et al., 2014). We used Hisg-tagged recom-
binant JAZ protein to pull down ASK1-COI1 in the
presence of coronatine via Ni-NTA affinity chroma-
tography and then determined [*H]InsP,-derived
activity (see “Supplemental Data”). For JAZ1, the fol-
lowing relative order of effectiveness of InsP, and the
various InsP; isomers in competing with ["H-InsP]
binding was observed (Fig. 1, A and B): InsP; [3-OH]
(IC54: 56 M) = InsP, (ICs: 58 nm) > InsP; [4-OH] (IC5,:
66 nm) > InsPy [2-OH] (IC5,: 146 nm) > InsP; [5-OH]
(IC54: 205 nm) > InsPy [6-OH] (IC5,: 363 nm) > InsPy
[1-OH] (IC5,: 902 nm). The data suggest strong dif-
ferences in the relative binding affinity of different
InsP; isomers (including enantiomers) to the jasmonate
receptor complex. For instance, the IC;, value of InsP;
[1-OH] is 16-fold higher than that of InsP; [3-OH],
suggesting a much higher affinity of the jasmonate
receptor to InsP; [3-OH]. This is remarkable as both
isomers are enantiomers that are chemically indis-
tinguishable and for which a method to determine
enantiomer identity has not yet been developed. Fur-
thermore, the IC;, value for InsP; [2-OH], an isomer
previously suggested to play a role in the activation
of the jasmonate receptor (Mosblech et al., 2011), is
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2.5-fold higher than that of InsP; [3-OH] and InsP
suggesting it is less effective in potentiating jasmonate
receptor assembly (Fig. 1B).

COI1 LARGELY DETERMINES THE INOSITOL
POLYPHOSPHATE BINDING SPECIFICITY

To investigate the contribution of the JAZ protein
to the inositol polyphosphate binding specificity, we
performed similar experiments as described above with
JAZ2, JAZ4, and JAZ9 (Fig. 1, C-E) with InsP, and se-
lected InsP; isomers at a fixed concentration of “cold”
inositol polyphosphate. The effectiveness of InsP; iso-
mers to compete with [°’H]InsP, binding largely reca-
pitulated the observations from the experiment using
the JAZ1 protein, showing binding affinities in the fol-
lowing order: InsP; [3-OH] = InsP, > InsP; [2-OH].
Binding experiments with JAZ4 further indicate that,
as in the case of JAZ1, InsP; [1-OH] has the weakest
affinity, suggesting that the jasmonate receptor com-
plex retains its ability to discriminate between the two
enantiomers (1/3-OH) when using another JAZ protein.
Altogether these data corroborate the idea that COIl,
not the JAZ protein, determines inositol polyphosphate
binding specificity.

The observation that InsP; [2-OH] has a weaker rel-
ative affinity than InsP, was surprising, as an increase
of InsPy [2-OH] at the cost of InsP, in the Arabidopsis
(Arabidopsis thaliana) ipkl-1 mutant was previously
proposed to activate COI1 function and to cause in-
creased resistance to Plutella xylostella caterpillars
(Mosblech et al., 2011).

INCREASE OF INSP, [2-OH] BY DEACTIVATION OF
THE INOSITOL 1,3,4,5,6-PENTAKISPHOSPHATE
2-KINASE (IPK1) DOES NOT GLOBALLY ACTIVATE
COI1 FUNCTIONS IN ARABIDOPSIS

To investigate whether findings by Mosblech et al.
(2011) reflect a global role of InsP- [2-OH] in increasing
COI1 functions, we analyzed the resistance of ipkl-1
against Alternaria brassicicola, a fungal necrotroph
that plants contain by COI1-dependent defenses (Leon-
Reyes et al., 2010). In agreement with previous ob-
servations suggesting that InsPg (which is strongly
reduced in ipk1-1) is critical for COI1 activation (Laha
et al., 2015), the ipkl-1 line showed a severe increase in
susceptibility in this assay, similar to coil mutant plants
(Fig. 1F; Supplemental Fig. S1A). This is also in agree-
ment with a previous report showing increased sus-
ceptibility of the ipkl-1 line to Botrytis cinerea, another
fungal necrotroph, in an assay where whole plants were
sprayed with fungal spores and analyzed for plant
survival (Murphy et al., 2008). We have repeated this
assay with a complementary approach in which we
spotted fungal spores onto the leaf surface and subse-
quently classified disease symptoms 72 h postinocula-
tion. We again found increased susceptibility of the
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Figure 1. COIT determines the inositol polyphosphate binding specificity of the jasmonate receptor complex. A, JAZ-dependent
binding of [’H]InsP, to ASK1-COI. Insect cell-purified ASK1-COI1 was incubated with recombinant His;-MBP-JAZ1 and [>H]
InsP, in the presence of 1 um coronatine. The complex was then purified by immobilized Ni** affinity chromatography (taking
advantage of JAZ1’s N-terminal His, tag), and the immobilized activity was determined by scintillation counting. A reaction in the
absence of JAZ protein served as a negative control. Values show background-subtracted means = se. B, Competitive binding
assays with [’HInsP, and unlabeled inositol polyphosphates as indicated. Results are presented as percentage of total binding.
Nonlinear regression analysis was employed to fit data to a sigmoidal model, which allowed the determination of IC, values. R*
values given in the plots provide estimations for goodness of fit. Error bars represent *st. C to E, Relative [*H]InsP, binding to the
ASK1-COI1 complex in the presence of 1 um coronatine and different InsP; isomers and JAZ proteins as depicted. For the JAZ2
experiment, all competing InsP species were at 150 num; for JAZ4, we used 80 nm of all InsP species; and for JAZ9, all competing
InsP were at 50 nm. The average of [*H]InsP; binding to the jasmonate receptor complex in the absence of unlabeled inositol
polyphosphate was set to 100%. The experiment was repeated with similar results. Error bars denote *st. F, Compromised de-
fenses of vih2-4, ipk1-1, and coil-tagainst a necrotrophic fungus corroborates a role of higher inositol polyphosphates (=InsP,) in
COl1-dependent responses. All genotypes were treated with 5 ul of an A. brassicicola spore suspension (1 X 10° spores/mL).
Disease symptoms were scored in a double-blinded manner after 10 d of spore inoculation and categorized as different classes.
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ipk1-1 line (Supplemental Fig. S1B) in complete agree-
ment with Murphy et al. (2008). Collectively, these data
question the idea that InsP5 [2-OH] globally activates
COI1 functions in vivo.

ANISOTROPIC COORDINATION OF THE COI1
SOLENOID BY INOSITOL POLYPHOSPHATE
SUGGESTS ACTIVATION OF THE JASMONATE
RECEPTOR BY AN ALLOSTERIC SWITCH

Our findings that the JAZ component of the jasmonate
receptor has little, if any, effect on the relative inositol
polyphosphate binding affinities (Fig. 1, B-E) suggest
that COI1 largely determines the inositol polyphosphate
binding specificity of the jasmonate receptor. This may
be explained by in silico molecular docking experiments,
which predicted the solenoid-fold of the F-box protein
COI1 to provide an intricate network of electrostatic in-
teractions engaging in inositol polyphosphate coordi-
nation (Laha et al., 2015). These docking experiments
also predicted 1,5-InsPg to be a better ligand of the
jasmonate receptor complex as compared with InsPj
[3-OH], supporting a physiological role of InsPg jasmonate
perception in agreement with defective defense gene
expression and defective defenses against insect herbi-
vores and necrotrophic fungi in plants compromised in
InsPg synthesis (Laha et al., 2015). Unfortunately, the
isomer identity of plant InsPg remains unknown. While
our previous work indicates that VIH proteins convert
5-InsP, to 1,5-InsPg in yeast and thus have the ability to
catalyze 1-PP bond formation (Laha et al., 2015), the
isomer identity of VIH-dependent InsPg in plants re-
mains elusive. This is mainly because the isomeric nature
of plant InsP; is unknown. Since plant genomes do not
encode Kcs1/IP6K enzymes (which are responsible for
5-InsP, production in nonplant eukaryotes) and since
plant InsP, synthetases have not yet been identified, the
structure identification of plant InsP, and InsPg remains
a challenging task for future research. In addition, low
amounts of these molecules in plant extracts complicate
a thorough analysis. Assuming that VIH proteins retain
their 1-PP synthetase activity independent of the InsP,
substrate, we also performed in silico docking experi-
ments with the remaining 1,X-InsPg isomers. All 1,X-
InsPg isomers occupy largely overlapping sites of the
presumptive inositol polyphosphate binding pocket
(Fig. 2A; Supplemental Table S1). As we have previously
seen for 1,5-InsPg and InsP; [3-OH], all inositol poly-
phosphates are coordinated by a single electrostatic in-
teraction with the JAZ1 degron residue Arg-206 (Fig. 2,
A and B; Supplemental Table S1). All 1,X-InsP; isomers

JA Receptor Inositol Phosphate Binding Specificity

are furthermore predicted to form extensive interactions
with the highly basic concave surface of the COI1 sole-
noid. Interestingly, these interactions stabilize and hold
together the two faces of the inner wall of the Leu-rich
repeat (LRR) solenoid that are distal and proximal to the
hormone binding pocket (Fig. 2, A and B). At the distal
face, the following COI1 residues are predicted to coor-
dinate 1,X InsPg: Lys-79, Lys-81, His-118, Arg-120, and
Arg-121. Additional residues at the distal face are Arg-85
(for 1,3-InsPg; 1,4-InsPg; 1,5-InsPy), Lys-144 (for 1,3-InsPg;
1,4-InsPg; 1,6-InsPg), and Lys-147 (for 1,2-InsPg; 1,3-InsPg;
1,4-InsPg; 1,6-InsPg). COI1 residues at the proximal face
near the hormone binding site that are predicted to co-
ordinate inositol polyphosphate are Arg-409, Arg-440,
and additionally Arg-346 (for 1,2-InsPg; 1,3-InsP; 1,5-
InsPg; 1,2-InsPg) and Arg-492 (for 1,3-InsPg; 1,4-InsPg; 1,5-
InsPg; Fig. 2, A and B; Supplemental Table S1). The
anisotropic nature of these interactions (which are
partially compensated for by four single phosphate
ions in the inositol polyphosphate-free crystal struc-
ture; PDB ID: 30GM) is likely to have a strong effect on
the elliptical shape of the LRR solenoid. Coronatine
forms a salt bridge and hydrogen bond network with
COI1 residues Arg-85, Arg-348, Arg-409, Tyr-444 and
Arg-496. Two of these residues coordinate all (Arg-409)
or most (Arg-85) inositol polyphosphate isomers and
further stabilize the shape of the solenoid (Fig. 2, A and
B). The elliptical shape in turn is likely critical for efficient
recruitment of the JAZ1 degron to the top surface of the
carboxy-terminal LRR domain: besides hydrophobic
packing, a number of polar interactions stabilize the
COI1-JAZ1 interface. For instance, strong interactions
are mediated by a hydrogen bond formed between the
backbone carbonyl of Ala-207 in JAZ1 and the backbone
amide of COI1 residue Met-88, by the hydrogen bond
interaction of Tyr-472 (COI1) with the backbone car-
bonyl of Leu-201 (JAZ1), a hydrogen bond donated by
COI1 residue Arg-351 to the JAZ1 backbone carbonyl of
Ile-203, a salt bridge formed between the side chain of
JAZ1 residue Arg-205 and the carboxyl group of Glu-355
(COI1), a hydrogen bond donated by the same JAZ1
residue to the backbone carbonyl of Gly-352, a salt
bridge formed between side chains of COI1 residue Glu-
359 and Arg-216 in JAZ1, salt bridges formed between
COI1 residues Glu-203/Asp-229 and JAZ1 residue
Lys-215, hydrogen bonds between the COI1 back-
bone carbonyl of Met-203 and the side chain of JAZ
residue Arg-211, as well as hydrogen bonds between
the backbone carbonyl of Pro-202 in JAZ1 and the
coronatine-interacting COI1 residue Arg-496 (Fig. 2C;
Supplemental Fig. S2). The interaction is further sta-
bilized by a hydrogen bond between the backbone

Figure 1. (Continued.)

Classes are defined as follows: Class I, light brown spots at the site of infection; Class Il, dark brown spots on the site of infection;
Class ll, spreading necrosis; Class IV, leaf maceration; Class V, sporulation. The distribution of data were analyzed with a X test
(no. of leaves, n = 29 classes contained at least 2.5% of total scorings per genotype), * P < 0.05. The experiments were repeated

independently with similar results.
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Figure 2. Anisotropic coordination of the COI1 solenoid by inositol polyphosphate suggests activation of the jasmonate receptor by an
allosteric switch. A to C, Structural snapshots of the COIT-ASK1-JAZ1 degron complex bound to coronatine and different inositol
polyphosphates (as indicated) generated from in silico docking experiments. COI1 (gray), JAZ1 degron (dark red), inositol poly-
phosphates (magenta stick), and coronatine (yellow stick) are presented. Residues employed for mutagenesis and yeast two-hybrid
assays are depicted in bold (Arg-346, Lys-492) or orange (His-118) in the 1,5-InsPg structure. Bottom views (A) of InsP; [3-OHJ and 1,X
InsPg structures, as well as side view (B) and top view (C) of the presumed 1,3-InsPg and coronatine binding pockets, are shown. Dashed
gray lines represent strong polar contacts; dashed firebrick lines mark a weak polar contact between the side chain of JAZ1 residue Arg-
206 and the carboxy group of coronatine. D, JAZ12 interaction with wild-type or mutant COI1 in yeast was evaluated in the presence of
50 um coronatine by coexpression of pGBKT7-COIT (and mutated versions as indicated) with pGADT7-JAZ12 in yeast strain Y187
(Clontech) and subsequent quantification of 3-galactosidase-mediated hydrolysis of ortho-nitrophenyl-B-p-galactopyranoside. Values
represent means of two independent biological replicas *se. BD+AD, yeast strain harboring the empty vector controls pGBKT7
(expressing the Gal4 DNA-binding domain) and pGADT? (expressing the Gal4 activation domain).
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amide group of JAZ1 residue Ala-204 and the keto
moiety of the hormone mimic coronatine, as well as
by the interaction between JAZ1 residue Arg-206 and
a phosphate group of the inositol polyphosphate
ligand as mentioned above (Fig. 2C; Supplemental
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Fig. 52). Because of the involvement of several strong
polar backbone interactions (eight in total), it seems
likely that small changes in the elliptical shape of the
COI1 solenoid will have a strong effect on JAZ re-
cruitment because backbone interactions cannot adjust
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easily compared with interactions mediated by amino
acid side chains. We therefore propose that inositol
polyphosphate might induce a conformational change
or allosteric switch of the COI1 carboxy-terminal LRR
solenoid that, with the help of coronatine/JA-Ile, al-
lows docking of the JAZ degron.

To distinguish InsPs- and InsPg-dependent inter-
action of COI1-JAZ in the yeast system (in which,
based on the catalytic activities of Kecsl/IP6K and
Vip1/PPIP5K enzymes, the identity of InsPy is likely
to represent 1,5-InsPg; Wang et al., 2011; Draskovic
et al.,, 2008), we have previously engineered single
COI1 mutant proteins affected in residues His-118,
Lys-492, and Arg-346. These residues were chosen
since all three are predicted to interact with 1,5-InsPq,
but for geometrical reasons, not all three residues
can interact simultaneously with an InsP; molecule
(irrespective of InsP; isomer identity). The observa-
tion that all single mutant COI1 proteins failed to
interact with JAZ1 in a yeast two-hybrid assay sug-
gested that, at least in yeast, InsP; isomers are not
critically involved in COI1-JAZ1 interaction (Laha
etal., 2015). We have now extended these analyses to
the interaction between COIl1 and JAZ12. We have
chosen JAZ12 because it is, together with JAZ11, most
distantly related to JAZ1 (Cuéllar Pérez et al., 2014).
While wild-type COI1 interacted robustly with JAZ12,
all three single Ile substitutions of COI1 residues His-118,
Lys-492, and Arg-346 strongly compromised COI1-JAZ
interaction despite stable protein being made in all
cases (Fig. 2D; Supplemental Fig. S3). These results
suggest that for the interaction of COI1 with JAZ12,
like JAZ1, in yeast, InsP- isomers are unlikely to play a
major role, providing further evidence that COI1, not
the JAZ partner, determines inositol polyphosphate
binding specificity.

FUTURE TASKS

We envisage that the ability of the jasmonate receptor
to discriminate between inositol polyphosphate enan-
tiomers might be employed as a tool to reveal isomer
identity of these molecules in biological samples, in-
dependent of their precise role in activating jasmonate
perception. To address more directly the role of inositol
pyrophosphates in triggering an allosteric switch of
the COI1 carboxy-terminal LRR solenoid, we propose
molecular dynamics simulations and/or crystallization
of various ASK1-COI1 complexes in the presence and
absence of ligands, as well as traditional biochemical
measurements of affinity. The latter two approaches
are currently complicated by the lack of commercially
available InsPg isomers and, more importantly, because
the isomer identity of plant InsP; remains unknown. It
will be a major task for future research to develop
technologies to determine the structure of inositol pol-
yphosphates when present in only small amounts in
biological extracts. Additionally, it will be important to
identify the proteins that generate InsP, in plants so as

Plant Physiol. Vol. 171, 2016
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to allow in vitro reactions to produce sufficient amounts
of InsP, and InsPg for proper structure determination.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: VIH2 (At3g01310), JAZ1 (Atlgl9180), JAZ2 (Atlg74950), JAZ4
(At1g48500), JAZ9 (Atlg70700), JAZ12 (At5g20900), ASK1 (Atlg75950),
COI1 (At2g39940), and IPK1 (At5g42810). Accession numbers for T-DNA
insertion lines are as follows: vih2-4 (GK-080A07), ipk1-1 (SALK_065337C),
and coil-t (SALK_035548).
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The following supplemental materials are available.

Supplemental Figure S1. Increased susceptibility of the Arabidopsis ipk1-1
mutant to fungal necrotrophs.

Supplemental Figure S2. Polar backbone interactions between JAZ1 and
COI1 suggest strong influence of COI1 carboxy-terminal LRR solenoid
shape on JAZ recruitment.

Supplemental Figure S3. Immunoblots of soluble lysates prepared from
yeast transformants.

Supplemental Table S1. List of presumptive electrostatic interactions be-
tween inositol polyphosphate and the jasmonate receptor complex;
script for plotting sigmoidal curves.

Supplemental Methods.
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SUMMARY

Invasive fungal infections are accompanied by high
mortality rates that range up to 90%. At present,
only three different compound classes are available
for use in the clinic, and these often suffer from low
bioavailability, toxicity, and drug resistance. These
issues emphasize an urgent need for novel anti-
fungal agents. Herein, we report the identification
of chemically versatile benzamide and picolinamide
scaffolds with antifungal properties. Chemoge-
nomic profiling and biochemical assays with puri-
fied protein identified Sec14p, the major phosphati-
dylinositol/phosphatidylcholine transfer protein in
Saccharomyces cerevisiae, as the sole essential
target for these compounds. A functional variomics
screen identified resistance-conferring residues
that localized to the lipid-binding pocket of
Sec14p. Determination of the X-ray co-crystal struc-
ture of a Sec14p-compound complex confirmed
binding in this cavity and rationalized both the resis-
tance-conferring residues and the observed struc-
ture-activity relationships. Taken together, these
findings open new avenues for rational compound
optimization and development of novel antifungal
agents.

INTRODUCTION

Invasive fungal infections (IFls) are associated with high
morbidity and mortality rates (Schmiedel and Zimmerli, 2016).
Moreover, the incidence of fungal infections is rapidly escalating
as the numbers of premature infants, patients receiving immuno-

suppressive therapy, and patients afflicted with AIDS, neoplastic
disease, and advanced age increase (Pfaller et al., 2006).
Although the incidence of IFls is rising, the launch of initiatives
aimed at antifungal drug discovery is lagging (Schmiedel and
Zimmerli, 2016). Only three compound classes (i.e., azoles, poly-
enes, and echinocandins) are currently in therapeutic use (Pra-
sad et al., 2016; Roemer and Krysan, 2014), and these act on
the fungal plasma membrane, its biosynthetic pathways, and
cell wall components, respectively. However, these drugs are
only modestly effective in reducing the high mortality rates asso-
ciated with IFls because of: (1) restrictions in route of administra-
tion, (2) limited spectrum of activity, (3) poor bioavailability in
target tissues, (4) significant toxicities that result from undesir-
able drug interactions, and (5) the emergence of drug-resistant
pathogens (Brown et al., 2012). All of these factors highlight
the acute demand for the discovery and development of novel
classes of small-molecule inhibitors (SMls) against a wider range
of targets.

Genome-wide fitness profiling approaches using the surro-
gate model fungus Saccharomyces cerevisiae are proving them-
selves as powerful tools for identifying novel antifungal agents
and developing hypotheses for their cellular target (Hoepfner
et al.,, 2012; Richie et al., 2013). Haploinsufficiency profiling
(HIP) identifies candidate pathways for direct inhibition by the
compound as genes are identified in which one functional
copy, compared with two, confers hypersensitivity to inhibition
by that compound. In homozygous profiling (HOP), both gene
copies are deleted so that information on synthetic lethal gene
interactions and compensating pathways is accessed (Giaever
et al., 1999; Hoon et al., 2008; Lee et al.,, 2014; Lum et al.,
2004; Parsons et al., 2006; Roemer et al., 2011). Using the
HIP-HOP approach, we identified compounds with benzamide
and picolinamide scaffolds as inhibitors of Sec14p, the major
phosphatidylinositol-transfer protein (PITP) in S. cerevisiae,
whose activity is essential for cell viability (Bankaitis et al.,
1989, 1990). A battery of genetic and biochemical assays
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Table 1. Structures and ICs, Values for Active Compounds

ICsp (M) Fold ICsp Shift ICsp (M)
S. cerevisiae S. cerevisiae Wild- S. cerevisiae 1C50 (WM) 1C50 (WM)
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IC50 values were determined in a cell-based growth assay with the heterozygous SEC74 deletion strain against a wild-type control, with a luminescent
cell viability assay on HCT116 cells and in an in vitro lipid-transfer assay, as indicated. ND, not determined.

corroborated the target hypothesis. Finally, we report the first
crystal structure for a Sec14p::SMI complex, - thus providing a
detailed mechanism of inhibition. Taken together, these findings
outline a path for rationale synthesis of the next generation
of small-molecule Sec14p inhibitors with optimized antifungal
properties.

RESULTS

Chemogenomic Profiling
Screening of the Novartis compound archive for SMIs with
antifungal activity (Richie et al., 2013) identified the picolina-
mide-containing compound 1 (Table 1) as a novel inhibitor of
S. cerevisiae growth with a half maximal inhibitory concentration
(ICs0) value of 13.5 uM. Lack of potent cytotoxicity against
mammalian HCT116 cells (Table 1) led us to initiate follow-up
studies on this chemotype. To identify the target protein of com-
pound 1, HIP and HOP experiments were performed. For data
analysis, the strain sensitivity was plotted against the Z score,
which relates the sensitivity score of a strain in the compound pro-
file to the variability in sensitivity of that strain across all the >3,000
compounds tested in the dataset (Hoepfner et al., 2014).
Execution of the HIP-HOP assay at a sub-lethal compound
concentration (20 pM) identified a single strain to be signifi-
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cantly hypersensitive to compound 1: the strain carrying a
heterozygous deletion for SEC14 (Figure 1A). SEC14 encodes
an essential phosphatidylinositol (Ptdins)/phosphatidylcholine
(PtdCho) transfer protein (PITP) that plays a crucial role in pro-
tein transport from the trans-Golgi network (TGN) and endoso-
mal system. As such, Sec14p function is essential for yeast cell
viability (Bankaitis et al., 1990). HOP (Figure 1A) identified
strains deleted for ITR71(Nikawa et al., 1991), encoding a
myo-inositol transporter, YPT31 (Benli et al., 1996), encoding
a Rab GTPase essential for Golgi function, ARL7 (Lee et al,,
1997), and ARL3 (Huang et al., 1999) encoding two ARF-like
GTPases that are involved in TGN/endosomal membrane
traffic and SFH2/CSR1 (Li et al., 2000), a non-classical PITP,
to be synthetic lethal. The significance of the HOP screen
gene set was that it recapitulated independent screens that
previously revealed genetic interactions between SEC74 and
ARL1, ARL3, YPT31, and CSR1/SFH2 (Fairn et al., 2007;
Mousley et al., 2008). Hypersensitivities of the strains identified
in the genome-wide, pooled experiment, were validated by
recording individual growth curves with the specific single
strains picked from the HIP and HOP collection (Figure 1B).
Taken together, the data from the genome-wide fitness
profiling suggested that compound 1 exerts its antifungal ac-
tion through Sec14p.
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(A) Calculated profiles of the chemogenomic profiling experiment. HIP outlines hits directly affected by the test compound. HOP identifies synthetic interactions
with the target. Essential genes are depicted by gray boxes, non-essential genes by black dots.

(B) Single-strain validation of hits from the chemogenomic profiling experiments as recorded in duplicates.

(C and D) Confirmation of hypersensitivity of the Sec14/sec14 HIP strain against compounds 2 and 3 as recorded in duplicates.

(E) The wild-type and two bypass Sec14p strains were spotted on rich medium (YPD) supplemented with DMSO or 20 pM of compounds 2 and 3 and incubated at

30°C for 48 hr.

(F) Transformants of the temperature-sensitive sec74-1 yeast strain harboring centromeric (CEN) plasmids carrying either SFH1 or the designated SFH1
activation alleles (SFH1*) were spotted on minimal medium supplemented with 120 uM of compound 2, 30 uM of compound 3, or DMSO, as indicated and
incubated at permissive (left) or restrictive (right) temperature. Transformants harboring YCplac33 (empty vector), or SEC14 expressed from a centromeric (CEN)

or a multi-copy plasmid (2u) served as controls.

Chemical Derivatization

Sec14p is an attractive antifungal target as it has been shown to
be druggable (Filipuzzi et al., 2016; Nile et al., 2014), it executes
essential functions in several pathogenic fungi and it is required
for efficient secretion of pathogenicity factors (Chayakulkeeree
et al., 2011). We therefore sought to delineate structure-activity
relationships (SARs) by producing and testing a small compound
collection generated by coupling different carboxylic acids and
amines via established chemical synthesis methods (El-Faham
and Albericio, 2010; El-Faham et al., 2009) (Figure 2; Data S1).
All derivatives were tested for their activity against wild-type
S. cerevisiae cells (Table S1). To ensure that the SMIs still acted
at the level of Sec14p, hypersensitivity against the heterozygous
SEC14 deletion strain, as observed in the HIP assay for com-
pound 1, was verified. For compounds 2 and 3 (Figures 1C and
1D), and 4 and 5 (Table 1), decreased fitness of the SEC14/
sec144 heterozygote was observed relative to the isogenic
wild-type. Of this SMI series, the benzamide compound 3 was
the most potent with an IG5y of 6.6 uM. These data indicated
that the nitrogen of the picolinamide moiety was not essential
for the Sec14p-targeted inhibition of these compounds. Com-
pound 3, however, had much reduced solubility in pure aqueous
solutions at pH 7.4 (Table S2), thereby hampering subsequent
testing by requiring careful handling when diluting into a variety
of fungal and mammalian culture medium. Substituting the ben-

zodioxole with benzene, biphenyl, fluorobenzene, pyridine, or
pyrazine functional groups either reduced potency or ablated
inhibitory activity entirely (Table S1). Similarly, exchange of
bromine and fluorine on the benzamide/picolinamide moiety
was also incompatible with inhibitor activity. One desirable prop-
erty of the bioactive derivatives was that all active compounds of
the collection showed reduced cytotoxicity for HCT116 cells
compared with compound 1 (Table 1).

Validation of Sec14p as Cellular Target

Several independent approaches were taken to establish Sec14p
as the direct target of the most bioactive benzamide (com-
pound 3) and picolinamides (compounds 1, 2, 4, 5, and 6). First,
we exploited the fact that the otherwise essential Sec14p activity
is rendered dispensable in mutant cells deleted for structural
genes of the cytidine diphosphate-choline pathway (e.g., CK/7;
Clevesetal., 1991) or the structural gene for the oxysterol binding
protein homolog Kes1p (Fang et al., 1996). In these “bypass
Sec14p” mutants, a functional and Sec14p-independent bal-
ance of lipid metabolism and PtdIns-4-phosphate signaling for
exocytic membrane trafficking from the yeast TGN/endosomal
system is restored (Cleves et al., 1991; Fang et al., 1996; Li
et al., 2002). It was previously shown that the growth-inhibitory
activity of highly specific Sec14p-targeted SMis is alleviated in
genetic backgrounds carrying loss-of-function cki? or kes1
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alleles (Nile et al., 2014). Thus, the cki1 and kes1 bypass Sec14p
mutants were spotted on agar plates supplemented with com-
pounds 2 and 3 to a final concentration of 20 uM (Figure 1E).
Indeed, growth of the bypass Sec14p mutants was indifferent
to challenge by these compounds.

To further investigate target specificity, we assessed the inhib-
itory effects of compounds 2 and 3 on Sth1p, the closest Sec14p
homolog (Schaaf et al., 2011) in S. cerevisiae. Sfh1p is a non-
essential protein and therefore cannot be identified as a drug
target by HIP profiling. In these experiments, we adopted the
previously described strategy of assessing the inhibitory effects
of compounds 2 and 3 on Sfh1p activation mutants that were
identified by a directed evolution approach (Khan et al., 2016;
Nile et al., 2014), and for which single-residue substitutions
endow this pseudo-Sec14p with robust Sec14p-like PITP activ-
ities in vivo and in vitro (Schaaf et al., 2011). All SFH1 activation
alleles (SFH1*) expressed from a single-copy plasmid endowed
resistance to both compounds 2 and 3, even when the SMI was
used at concentrations sufficiently high (120 and 30 uM, respec-
tively) that even an additional copy of wild-type SEC74 failed to
restore cell growth (Figure 1F). Rather, the SFH17*-associated
SMi-resistance phenotype resembled that of yeast expressing
a multi-copy episomal SEC74 expression plasmid or yeast car-
rying ckil or kes1 “bypass Sec14p” mutations. Taken together,
these results strongly suggest that Sec14p is the sole essential
target for these compounds in the yeast cell.
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Figure 2. Synthesis of a Collection of Benz-
and Picolinamides for Structure-Activity
Relationship Studies

SMis Inhibit Sec14p Lipid-Transfer
Activity In Vitro
Based on the knowledge gained from the

R3 cell-based growth inhibition tests, a sub-
H set of 15 compounds was chosen for
R direct analysis of their inhibitory effect on

o Sec14p-mediated phospholipid transfer

in a purified in vitro system (Khan et al.,
2016; Nile et al., 2014; Schaaf et al.,
2008) (Figure 3A). To exclude the possibil-
ity that compound activity was due to
non-specific membrane-active effects,
the selected scaffolds were tested in par-
allel in phospholipid transfer assays re-
constituted with the structurally unrelated
mammalian PtdIns/PtdCho-transfer pro-
tein PITPa (Figure 3B). Recombinant
Sec14p was pre-incubated with acceptor
membranes and compounds for 30 min at
37°C, the assay was initiated by the addi-
tion of radiolabeled rat liver microsomes,
and the reaction was terminated after
incubation of the assay for 30 min at
37°C. The [*H]PtdIns-transfer activities in
the presence of test compounds were
normalized to DMSO (mock) controls.
Compounds 2, 3, 4, 5, and 6 showed clear
inhibition of PtdIns transfer mediated by Sec14p, whereas no
such inhibitory effects were observed when Ptdins transfer
was catalyzed by the mammalian PITPoa. Furthermore, ICsq
values were determined for active compounds in subsequent
titration experiments (Figure 3C; Table 1). In agreement with
the growth inhibition data, compound 3 again scored as the
most potent inhibitor of Sec14p PtdIns-transfer activity, with
an IC5p 0f 0.7 uM (IC50 = 7 UM in S. cerevisiae). To assess if com-
pounds 2 and 3 also inhibited the Sec14p of pathogenic species
we recorded IC5q curves as described above on the purified pro-
teins of C. albicans and C. glabrata. In this experiment both com-
pounds scored similar activity on S. cerevisiae and C. glabrata,
but did not inhibit Ptdins transfer by the C. albicans protein in
the tested concentration range (Figure 3D). Activity on at least
one other important fungal pathogen, and the absence of any
measurable inhibition of Ptdins transfer by the mammalian
PITPa, not only indicated that the Sec14p-directed inhibitory ef-
fect of compound 3 was fungal specific (and not the result of
non-specific membrane-active effect), but it further emphasized
the potential of this chemotype as antifungal lead.

Single-Amino Acid Substitutions Render Sec14p
Resistant to Inhibition by Compounds 2 and 3

The genetic and biochemical data strongly supported Sec14p as
the sole essential cellular target of this SMI series. To obtain
additional resolution for how this chemotype engages its target,
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Figure 3. Analysis of Lipid-Transfer Inhibi-
tion with Recombinant Sec14p

(A) Fifteen compounds were tested for inhibition of
Sec14p-mediated [*H]Ptdins transfer at a fixed
concentration of 20 uM SMI (see the STAR
Methods). Values represent mean + SEM of tripli-
cate assay determinations from two independent
experiments. Total radiolabel inputs per assay
ranged from 8,356 to 9,604 cpm, backgrounds from
436 to 489 cpm, and the transfer efficiency from
14% to 16% of total input [°H]PtdIns. Activities were
normalized against the mock condition set at 100%.
(B) The five small molecules that inhibited Sec14p
[®H]PtdIns transfer by >30% in the endpoint as-
says in (A) were tested for inhibition of the struc-
turally unrelated mammalian PITPa. [*H]Ptdins
input for these assays ranged from 10,703 to
11,202 cpm, assay background from 403 to 415
cpm, and [*H]PtdIns-transfer efficiencies ranged
from 10% to 11% of total input radiolabel. Values
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and to identify amino acids mediating interaction and selectivity
for these compounds, a functional variomics screen was de-
ployed (Huang et al., 2013; Pries et al., 2016). This assay ex-
ploited a library of plasmid-encoded SEC74 genes mutagenized
by error-prone PCR and screens for genetically dominant resis-
tance of respective yeast transformants against the compound
of interest. BY4743 wild-type cells (5 x 10°) transformed with li-
brary DNA previously identified to be of a complexity above 2 x
10° (Huang et al., 2013) were plated onto 20 cm plates with syn-
thetic defined media lacking uracil and containing growth-inhib-
itory concentrations of compound 2 (250 pM) or compound 3
(100 pM). Distinct colonies appeared after 72 hr, and 96
fast-growing colonies were selected from both SMI-resistance
screens. The plasmid-encoded SEC74 genes were then
subjected to nucleotide sequence analysis and SNPs were iden-
tified. For both compounds, single-amino acid substitutions
involving Tyrys1, Valis4, Valiss, and Seryg; were recovered.
Among the 96 clones picked against each compound, the fre-
quencies of mutations identified with unambiguous sequences
were as follows: Tyrqs¢ substitutions were identified 51 and 30
times in compounds 2 and 3 selections respectively, Valis4
was recovered 1 and 3 times, Val{ss 21 and 14 times, and
Sersg1 6 and 25 times, respectively. Furthermore, the compound
2 resistance screen identified a missense substitution of Serq73
to Leu in four resistant clones (Figure 4A). Genotype-phenotype
linkage of the most prominent SNPs, was verified by reintroduc-
tion of the plasmid-encoded mutant SEC74 genes into the
BY4743A8 MATa/a. strain, which is deleted for eight genes

0 00101 1 10 100

Compound 5 [uM] represent mean + SEM of triplicate assay de-

terminations from two independent experiments.
(C) ICsp values for Secl4p-active compounds.
Small-molecule inhibitors of Sec14p were titrated
into PtdIns-transfer assays to determine IC5q values.
[®H]PtdIns input into these assays varied from 9,649
to 11,034 cpm, backgrounds ranged from 243 to 648
cpm, and transfer efficiencies as functions of total
[3H]PtdIns input ranged from 12% to 18%.

(D) ICso curves for compounds 2 and 3 tested
against Sec14p of S. cerevisiae, C. albicans, and
C. glabrata. 1Cso values represent a 95% confi-
dence interval from two independent experiments,
with triplicate determinations for each data point.

involved in drug resistance. Resistance phenotypes were subse-
quently assessed by dose-response experiments (Figure 4B).
Integration of an additional SEC74 wild-type allele already
yielded a 5-fold ICsq shift with compound 2 and a 3-fold I1C5 shift
with compound 3 compared with wild-type cells. However, with
the sole exception of SEC74V%4C, all mutant alleles tested en-
dowed naive yeast cells with significantly increased, or effec-
tively complete, resistance to SMI challenge.

Next, these Sec14p variants were purified as recombinant
proteins from E. coli and [PH]PtdIns-transfer activities were
measured for each in SMI titrations in vitro. All of these mutant
Sec14ps exhibited substantially increased resistance to com-
pounds 2- and 3-mediated inhibition of [*H]PtdIns transfer
relative to wild-type Sec14p. With regard to compound 2, all
mutant proteins exhibited 1Cso values that were some 7- to
30-fold higher than that of wild-type Sec14p (Figure 4C; Table
S38). Moreover, all mutant proteins but one were essentially
indifferent to challenge with compound 3. That exception,
Sec14pY'%%A, exhibited a more modest 17-fold increase in
IC5 relative to wild-type Sec14p (Figure 4C; Table S3). In gen-
eral, the IC5q values for each mutant protein were reflective of
the levels of SMI resistance for the corresponding mutant
yeast strains as measured by cell growth. These data unam-
biguously validate the identified resistance-conferring muta-
tions by directly measuring Ptdins activities and demon-
strating that the magnitude of intrinsic Sec14p resistance
scaled proportionately to the SMI resistance of the corre-
sponding yeast strain.
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Figure 4. Structural and Functional Analysis
of Sec14p-Compound Interactions

(A) SNPs and mutation frequency as identified by
functional variomics for both tested compounds.
(B) Validation of identified mutations by integrative
transformation of indicated SEC14 allele into cells.
(C) Validation of identified mutations by in vitro
testing on recombinant protein. Error bars in
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Mode of Ligand Binding

To identify the mechanism of inhibition, Sec14p was co-crystal-
lized with picolinamide compound 2, and the crystal structure of
the complex was determined at 2.6 A resolution. Compound 2
was prioritized for increased potency over compound 1 and bet-
ter solubility than compound 3 (Table S2). The structure was
solved by Molecular Replacement using Sec14p (PDB: 1aua;
Sha et al,, 1998) as input model in PHASER (Mccoy et al.,
2007). The model was rebuilt and refined using PHENIX and
COOQOT (Adams et al., 2010; Emsley and Cowtan, 2004). The final
model exhibited an Rsactor Of 19.9% and an Ry Of 22.5%, with
good stereochemistry (Table S4). The asymmetric unit contained
one molecule and Sec14p residues from 4 to 303 were identified
in the final model. A discrete portion of the electron density in the
2mFo-DFc map (contoured at 1c) revealed the presence of the
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04 40 (B and C) indicate 1 SD.

(D) Overview of the structure of Secl4p (as
cartoon, in marine) in complex with compound 2
(in sticks representation, in gray). The section dis-
played in detail in (E) is outlined by dotted lines.
(E) Detailed view (rotated 45° along the x axis for
clarity) of the binding pocket of Sec14p bound to
compound 2 as identified by co-crystallization at
2.6 A resolution. Interacting residues and relevant
secondary structure elements of Secl14p are
labeled; side chains are colored in marine and
shown as sticks. H- and halogen-bonding are
visualized as solid lines in blue and green,
respectively, while hydrophobic interactions are
shown as gray dashed lines. m-m stackings are
depicted as green dashed lines (light green for
parallel stacking; smudge green for perpendicular
stacking), with aromatic ring centers as gray
spheres. Functional groups of compound 2 are
indicated.

4 10
concentration [uM]

ligand (Figure S1). As expected, the pro-
tein exhibited a typical Sec14p fold con-
sisting of a globular structure with an
N-terminal tripod motif and a C-terminal
lobe that included a large hydrophobic
pocket of sufficient volume to accom-
modate a single phospholipid molecule
(Schaaf et al., 2008; Sha et al., 1998) (Fig-
ures 4D and S2). In the structure, Sec14p
showed an open conformation, with the
helical gate (helix AqoT4A11 [Bankaitis
et al., 2010; Ryan et al., 2007; Schaaf
et al., 2008]) displaced, as in the
previously described detergent-bound
Sec14p (Sha et al., 1998). Superposition
with a known structure of Sec14p in the
open conformation showed that the two
structures were very similar overall, with a root-mean-square
deviation of 0.336 A over 1,917 atoms (PDB: 1aua; Sha et al.,
1998) (Figure S2).

In the crystallized complex, compound 2 occupied the lipid-
binding pocket of Sec14p, where it was deeply buried in the cav-
ity away from the solvent-exposed Sec14p surface (Figures 4D
and 4E). The buried surface area of the ligand was 440.32 A2,
The bromo-pyridine group (H1) of the picolinamide moiety
pointed toward the core of the cavity, while the 1,3-benzodioxole
ring (H2) was oriented toward solvent. The bromine was in van
der Waals contact with Val;s4 and Valys5 (range from 3.7 to
4.2 A) and interacted with the carboxyl group of Tyrys¢ (3.51 ,&).
The pyridine ring engaged in a w-m stacking interaction with
Tyris1 on one side, and in a hydrogen-bond (H-bond) interaction
between the amine and the carboxyl of Ser;73 on the other. On



this side, the Arg,og side-chain and backbone atoms engaged in
van der Waals interactions and further stabilized SMI binding.
The fluorine atom interacted with Serpo; and Tyrys1 and was in
long-range interactions with Tyrogs. The linker (L) that connected
rings H1 and H2 of compound 2 was stabilized by interactions
with Serapq and Tyrys1 as well as with Metogg and Thryzs. The
1,3-benzodioxole ring was positioned for H-bond interaction
with Seryp¢ and also engaged in van der Waals interactions
with Phesqs, Thry75, and Mety77 on the other side. These struc-
tural data were fully consistent with the results of the functional
variomics screen described above, which independently identi-
fied missense substitutions for Tyrys1, Valiss, Valiss, Serspq,
and Serq73 as incompatible with SMI binding.

SAR Analysis

SAR data assigned the relative importance of individual func-
tional groups for the benz- and picolinamide analogs to their
activities as Sec14p inhibitors. In that regard, an obligatory
requirement for the para-Br on the phenyl ring (H1) and the H1
ring itself were notable, as demonstrated by compounds 2-6
showing inhibition of Sec14p PtdIns-transfer activity, while com-
pounds 7-11 were ineffective inhibitors (Table S1). The crystal
and in silico docking data rationalized these obligate require-
ments (Figures 4D, 4E, S3, and S4). The hydrophobic planar
ring system (H1) was critical for inhibitor activity as it: (1) acted
as a scaffold to properly position the hydrophobic para-Br group
for a functionally essential interaction with V454V455 and the
backbone carboxyl of Tyrys1, and (2) provided a planar ring sys-
tem for stacking interactions within the hydrophobic sub-pocket
composed of residues Yis1, V154, V155, and Rogg. Those latter
stacking interactions lent significant stability to scaffold binding.
The fluorine on Group R3 at the meta position of planar ring
H1 contributed additional hydrophobicity (compounds 2, 3, 5,
and 6). Polar substitutions (compounds 29, 34, and 38) and
incorporation of larger moieties (e.g., CH3, Cl, and Br; see
compounds 7, 11, and 36) at that position were not well
tolerated. Similarly, a halogen substitution on the R1 group
(compounds 9, 10, and 11) also failed to enhance the inhibitory
activities of these compounds.

Nitrogen substitution in the hydrophobic planar ring H1 re-
sulted in decreased activity, while inhibitory activity was
enhanced when H1 was a hydrophobic phenyl ring system.
The carboxyl oxygen (A) of the carboxamide group was required
for the activity of the compounds as it favorably contributed to
the polar amphipathic microenvironment of the PtdCho binding
site. Similarly, the carboxamide amide nitrogen contributed to
polarity of the molecule and engaged residue Thry;5 in polar
and/or H-bond interactions.

The methylene group linker (L), which connects the carbox-
amide group and planar ring H1 with the proximal hydropho-
bic planar ring system (H2), also contributed to the activity
of the picolinamide analogs. The SAR indicated the methylene
group was well tolerated and oriented the benzodioxole planar
ring H2 in a conformation favorable for docking to the amphi-
pathic region of the binding cavity. However, extending the
linker region (L), or substitution of methyl or phenyl group on
the linker, was incompatible with inhibition of Sec14p activity.
Several modifications of the hydrophobic planar ring system
H2 were investigated and affect the potencies of active pico-

linamides. Alterations in size of that ring system, or modifica-
tion of the ring system with polar substitutions, was also pre-
dicted to compromise SMI incorporation into the Sec14p
hydrophobic cleft with the result that inhibitory activity was
ablated.

Structure-Based Optimization of the Benzamide/
Picolinamide Series

Based on the Sec14p::compound 2 co-crystal structure, a me-
dicinal chemistry transformation approach was applied to
design novel chemical structures by structure-based transfor-
mation and optimization of existing ligands. van der Waals
interaction maps of the Sec14p lipid-binding pocket were
generated to identify steric incompatibility boundaries. For
this purpose, we also generated an extended set of strains
with mutations in the binding pocket (Figure S6). These ana-
lyses suggest the availability of space between the respective
C-terminal section of B strand Bz and the Ag helix, which might
be productively exploited in alternative derivatizations of the
benzodioxole planar ring H2 in further compound optimizations.
Electrostatic maps and contact preference statistics were also
created/applied to identify preferred energetically favorable lo-
cations for: (1) hydrophobic entities, and (2) hydrogen-bond do-
nors and acceptors for potential ligand substitutions (Figures
4E, S4, and S5). This model was used to screen fragment sub-
stitutions with filters based on drug-like properties and favor-
able pharmacophoric features for optimal binding (see the
STAR Methods). Out of a total of ~41,000 fragments screened,
582 fragments were retrieved, and the top 15 were ranked and
prioritized based on their estimated binding affinities (Figure S5).
The novel designed compounds are devoid of chemically reac-
tive groups, fulfill Lipinski’s rule of five for bioavailable drug-
likeness (Lipinski et al., 2001), and are predicted to exhibit
higher Sec14p binding affinities relative to compound 2. This
strategy represents a prototypic approach comprising all struc-
tural and genetic data collected in this study for the design of
second-generation, improved Sec14p SMIs as candidates for
synthesis.

Importance of the VV Motif in SMI Sensitivity

Residues Valys4 and Valys5 constitute what is termed the VV
motif, and it was previously recognized that: (1) this motif is
a reliable predictor of sensitivity of fungal Sec14ps to NPPMs,
and (2) that this motif is not conserved between the Sec14ps
of S. cerevisiae and other pathogenic fungi (Khan et al., 2016)
(Figure 5A). This observation took on added significance given
that the Sec14ps of S. cerevisiae and Candida glabrata both
naturally harbor a VV motif, and that the [3H]Ptdlns—transfer
activities of both proteins were sensitive to inhibition by com-
pounds 2 and 3 in vitro (ICsq values of 6.7 and 10.9 uM for
compound 2, and 0.7 versus 1.0 uM for compound 3, respec-
tively; Figure 3D). In contrast, the Candida albicans Sec14p,
which is divergent at these positions was completely resistant
to inhibition by both compounds 2 and 3 in vitro, even at con-
centrations that approached saturation in aqueous solution
(IC50 > 100 uM for each compound). The co-crystal data ob-
tained in this study confirmed the VV motif to be involved in
interactions with bioactive picolinamides and benzamides.
Thus, we tested whether reconstitution of the VV motif
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sensitized otherwise resistant Sec14ps to these SMI chemo-
types. To that end, Sec14p-deficient S. cerevisiae were recon-
stituted with the Sec14p of C. albicans and C. glabrata by
the previously described strategy (Khan et al., 2016), and
those strains were spotted on rich medium (YPD) containing
20 pM inhibitor. Only the strain expressing C. glabrata
Sec14p (naturally harboring the VV motif) was sensitive
to SMI challenge, whereas the strain reconstituted with
C. albicans Sec14p was resistant to SMI challenge (Figure 5B).
To further investigate whether reconstitution of the VV motif in
a Sec14p that naturally lacks it sensitized the protein to SMI
treatment, the VV motif was transplaced into the C. albicans
Sec14p. However, unlike the case with NPPMs (Khan et al.,
2016), transplacement of the VV motif into Sec14ca (M154V,
C455V double mutant) was insufficient to render the strain sen-
sitive to challenge with compound 3 (Figure 5B). Why this is so
remains an important and outstanding conundrum.

Antifungal Activity

The initial aim of this study was to identify novel antifungal com-
pounds. Identification of Sec14p as cellular target of the tested
compounds by the methodologies described above motivated
prioritization of the two optimized compounds, 2 and 3, for
further antifungal testing. As Sec14ps play an important role in
pathogenicity and virulence of pathogenic fungi (Chayakul-
keeree et al., 2011), it was of interest to determine whether com-
pounds 2 and 3 exerted activity beyond the S. cerevisiae PITP.
Thus, the inhibitory effects of compounds 2 and 3 were tested
in vitro following the Clinical Laboratory Standards Institute
guidelines against four diverse and clinically relevant pathogens
(Wayne, 2008a, 2008b). These included two dimorphic fungi of
the Candida genus (C. albicans and C. glabrata), one filamentous
fungus (Aspergillus brasiliensis) and, as representative of the
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Figure 5. Sec14p Sequence Comparison and
Investigations into the VV Motif

(A) Protein sequence alignment of Saccharomyces
cerevisiae Sec14p and Sfh1p and Sec14p of the
pathogenic fungi C. albicans, Candida dubliniensis,
C. glabrata, Aspergillus nidulans, and Crypto-
coccus neoformans. Resistance-conferring amino
acids identified by the functional variomics screen
are marked with black boxes, sites predicted by
co-crystal structure to be involved in compound
interactions with gray boxes.

(B) A wild-type strain and isogenic derivatives ex-
pressing physiological levels of C. albicans and
C. glabrata Sec14 PITPs were spotted on rich
medium (YPD) agar medium supplemented with
the indicated compounds and incubated at 30°C
for 48 hr. Transplacement of the VV motif into
Sec14pca (the M54V, C455V double mutant) did not
render this PITP sensitive to compound 3 (lower
panel). The scale bar represents 1 cm.

173175

Basidiomycota, the yeast Cryptococcus

neoformans. Posaconazole, a triazole

compound, was used as positive control.

For compound 2, a minimal inhibitory con-

centration (MIC) of 100 uM was measured
for C. albicans and C. glabrata, and an MIC of 50 uM for
A. brasiliensis. Compound 3 inhibited growth of C. glabrata
with an MIC of 50 uM, but residual growth was observed at
higher concentrations (likely due to compound precipitation at
higher dose, see Table S2). No growth inhibition was observed
for C. neoformans (Table 2).

DISCUSSION

This report describes the identification of a series of picolina-
mide- and benzamide-containing compounds as a novel class
of SMis of the S. cerevisiae Ptdins/PtdCho-transfer protein
Sec14p. Although there are two previous reports of Sec14 in-
hibitors (Filipuzzi et al., 2016; Nile et al., 2014), this study pre-
sents the first Sec14p::SMI co-crystal structure. This struc-
ture, rationalized by both the functional variomics and SAR
results of more than 40 generated analogs, supports strong
structural fungal selectivity over the mammalian homolog
and represents a quantum leap for rational design of the
next generation of improved Sec14p inhibitors. The picolina-
mides and benzamides share some similarity with related in-
hibitors reported previously by Nile et al. (2014). However,
they also differ considerable from these by the substituent
patterns and the heteroatom in the aromatic acid part and
by different amine substituents than reported before, thus
opening up the chemical landscape for the design of novel
Sec14p SMis.

Sec14p is the major PITP of the budding yeast S. cerevisiae
and potentiates the efficient production of phosphoinositides,
in particular PtdIns(4)P, whose signaling is specifically chan-
neled to protein trafficking in the yeast TGN-endosomal system
(Bankaitis et al., 1990) and for biogenesis of secretory vesicles
from the TGN (Phillips et al., 2006). The sequence homology of
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Table 2. Growth-Inhibitory Concentrations against Pathogenic Fungi

Minimal Inhibitory Concentration (M)

S. cerevisiae  S. cerevisiae  Candida albicans  Candida glabrata  Cryptococcus Aspergillus brasiliensis
BY4743 BY474348 ATCC 10231 ATCC 2001 neoformans DSM 70219  ATCC 16404
Posaconazole <0.3 <0.3 <0.3 3.125 <0.3 <0.3
Compound 2 200 100 100 100 >200 50
Compound 3 >200 50 >200 50 >200 >200

Minimal inhibitory concentrations on solid medium have been determined following the Clinical Laboratory Standards Institute reference in triplicates.

Sec14p from S. cerevisiae with that of pathogenic fungi ranges
from 45% to 86%, but amino acids that line the lipid-binding cav-
ity surface are highly conserved. Although the role of Sec14p in
other fungal species is less well characterized, it is reported to be
involved in yeast dimorphism, sporulation, and in sustaining
mycelial growth, all prerequisites for the infectivity and pathoge-
nicity of fungal pathogens (Chayakulkeeree et al., 2011; Lopez
et al., 1994; Monteoliva et al., 1996; Phillips et al., 2006; Rudge
et al., 2004). Compared with the in vitro potency measured on
some fungal proteins, the recorded potencies on the tested
pathogenic fungi were relatively low. But the used cell-based
assay only recapitulated mitotic growth, but not any of the other
functional aspects of Sec14p inhibition stated above. While the
presented compounds need further evaluation to qualify as
clinical candidates, the analytical platform and structural data
identify a path for application of rational medicinal chemistry
approaches.

The fact that, at least in S. cerevisiae, SMI sensitivity is over-
come by loss of function in any one of one of seven different
genes (bypass Sec14p mutations [Bankaitis et al., 1990; Cleves
et al., 1989; Fang et al., 1996]), or by single-amino acid substitu-
tions in Sec14p itself, would seem to reduce enthusiasm for
Sec14p as an attractive antifungal target. However, bypass
Sec14p mutations derange lipid metabolism and are accompa-
nied by pleiotropic effects that generally reduce the fitness
of the organism, particularly under stress conditions (Cleves
et al., 1989; Mousley et al., 2012). Sec14p amino acid substitu-
tions that result in SMI resistance influence key residues required
for optimal protein function and therefore are also likely to be
deleterious under conditions of high Sec14p demand as in path-
ogenic settings.

Specificity of target is always a primary issue in drug design.
The presented benz- and picolinamides, while toxic to fungi,
were not cytotoxic to mammalian cells and failed to inhibit
the structurally unrelated mammalian Ptdins-transfer proteins
in vitro. The benz- and picolinamides reported here target the
PtdCho head group coordination substructure of the Sec14p
lipid-binding pocket. As none of the mammalian SEC14L pro-
teins exhibit this substructure, it is highly unlikely that these ac-
tivities will be targeted. Thus, the benz- and picolinamide com-
pounds described herein represent privileged scaffolds that
exhibit exquisite specificity among fungal Sec14-like Ptdins/
PtdCho-transfer proteins.

In summary, the structural and functional data gained by the
experimental approach in this study, together with the experi-
mental tools and data from previous studies (Filipuzzi et al.,
2016; Khan et al., 2016; Nile et al., 2014), now provide the scien-
tific community a robust roadmap to the design, synthesis, and

validation of the next generation of Sec14p inhibitors aimed at
treating severe fungal infections.

SIGNIFICANCE

Due to increasing numbers of elderly or immunocompro-
mised patients, severe antifungal infections are on the
rise, and the mortality numbers are unacceptably high. Ex-
isting treatments suffer from emerging drug resistance
against established pathogens and lack of efficacy as
the spectrum of pathogenic fungi identified in patients
today is much broader than a few decades ago. Despite
this, the current pharmaceutical drug discovery pipeline
lists less than a handful of compounds in clinical phases
that modulate novel targets. This report describes benz-
and picolinamide compounds with versatile and robust
chemistry, which exert antifungal activity against the
model organism Saccharomyces cerevisiae, but also
against pathogenic Candida and Aspergillus species. Us-
ing a combination of genetic methodologies, the fungal
lipid-transfer protein Sec14 was identified as the target
of these compounds. Importantly, the tested benz- and pi-
colinamides, while toxic to fungi, were not cytotoxic to
mammalian cells and failed to inhibit the structurally
diverged mammalian lipid-transfer proteins in vitro, further
emphasizing their antifungal potential. A potent compound
of the series was successfully co-crystallized with Sec14p,
yielding the first high-resolution structural dataset for a
phosphatidylinositol-transfer protein in complex with an
inhibitor. The compound-protein data obtained by the
structural approach was in full agreement with a series
of genetic point mutants and the structure-activity data
derived from 48 compound derivatives. Combined, this da-
taset paves the way and provides the protocols for rational
optimization of benz- and picolinamides as antifungal
Sec14 inhibitors.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial Strains

E.c. BL21 New England BioLabs Cat# C2527I
E.c. BL21-CodonPlus (DE3)-RIL Agilent Technologies #230245
Fungal Strains

S.c. BY4743 OpenBiosystems Cat# YSC1050
S.c. BY474348 Dominic Hoepfner’s lab BY474348

S.c heterozygous, genome-wide OpenBiosystems Cat# YSC1055
deletion collection

S.c homozygous, genome-wide OpenBiosystems Cat# YSC1056
deletion collection

S.c. CTY1-1A Bankaitis’ lab CTY1-1A

S.c. CTY159 Bankaitis’ lab CTY159

S.c. CTY303 Bankaitis’ lab CTY303
C.albicans American Type Culture Collection (ATCC) Cat# 10231
C.glabrata American Type Culture Collection (ATCC) Cat# 2001
A.brasiliensis American Type Culture Collection (ATCC) Cat# 16404
C.neoformans Royal Botanic Gardens, Kew Cat# DSM70219

Mammalian Cell Lines

Human colorectoral carcinoma
cell line HCT116

American Type Culture Collection (ATCC)

Cat# CCL-247

Recombinant DNA

Plasmid: SEC14¢g

Plasmid: SEC14ca

Plasmid: SEC14caM!54V: C154V
Plasmid: pDR195-SEC14
Plasmid: YCplac33-SFH1
Plasmid: YCplac33-SFH1*
Plasmid: YCplac33-SEC14
Plasmid: BYInt

Bankaitis’ lab
Bankaitis’ lab
Bankaitis’ lab
Bankaitis’ lab
Schaaf’s lab
Schaaf’s lab
Schaaf’s lab
Hoepfner’s lab

pDK247
pDK9
pDK265
pDR195
N/A

N/A

N/A
pBYInt_LEU

Chemicals and Recombinant Proteins

Compounds 1-48
Hisg-Sec14
Hisg-Sec14y151H
Hisg-Sec14y1s4g
Hisg-Sec14y155a
Hisg-Sec14s173
Hisg-Sec14s201G

Waldman’s lab
Schaaf’s lab
Bankaitis’ lab
Bankaitis’ lab
Bankaitis’ lab
Bankaitis’ lab
Bankaitis’ lab

Compound number as listed in Table S1
N/A
N/A
N/A
N/A
N/A
N/A

Software and Algorithms

Tibco Spotfire
GOLD Suite

Pymol
XDS
Phaser

TIBCO Software Inc.

The Cambridge Crystallographic
Data Centre (CCDC)

Schrédigner
Kabsch et al., Max-Plack Institute, Heidelberg
McCoy et al., University of Cambridge

http://www.spotfire.tibco.com

https://www.ccdc.cam.ac.uk

https://pymol.org

http://xds.mpimf-heidelberg.mpg.de

http://www.ccp4.ac.uk/html/phaser.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

Coot Emsley et al., University of Cambridge https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

MOE Chemical Computing Group https://www.chemcomp.com/

Critical Commercial Assays

CellTiter-Glo Luminescent Promega Cat# G7573
Cell Viability Assay

Deposited Data

S.c. Sec14::compound 2 Protein databank PDB 6FOE (http://www.rcsb.org/pdb/
co-crystal structure explore/explore.do?structureld=6FOE)

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents can be directed to and will be fulfilled by the Lead Contact, Dominic
Hoepfner (dominic.hoepfner@novartis.com). For simplicity, if compounds are requested they can also directly be requested from
the Waldmann lab (Herbert.Waldmann@mpi-dortmund.mpg.de) or genetic reagents listed in the Key Resources Table can be re-
quested from the indicated labs (Bankaitis lab: vytas@medicine.tamhsc.edu, Schaaf lab: gabriel.schaaf@uni-bonn.de).

Signing of a material transfer agreement (MTA) will be required for reagents originating from Novartis. The MTA will restrict use of
provided materials to research purposes in pre-clinical context and will exclude any administration to humans. Special conditions
may apply if reagents are requested for experiments on human embryonic stem cells or for in vivo experiments.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbial Strain Description, Culture Conditions and Plasmids Construction

Strains BY4743 (MATa/a his341/his341 leu240 /leu240 LYS2/lys240 met1540/MET15 ura340/ura340), BY4743A8 (as above
but with snq24::KanMX4/snq2 4::KanMX4, pdr34::KanMX4/pdr34::KanMX4, pdrbA4::KanMX4/pdr54::KanMX4, pdr14::NatMX4/
pdr1d::NatMX4, yap14::NatMX4/yap14::NatMX4, pdr24 /pdr24, yrm14 /yrm14, yor14 /yor14), CTY182 (MATa ura3-52 lys2-801
his34-200) and its isogenic derivatives CTY1-1A (MATa ura3-52 lys2-801 his34-200 sec14-1%), CTY159 (MATa ura3-52 lys2-801
Ahis3-200 sec14-1° kes1 A4), and CTY303 (MATa ura3-52 lys2-801 his34-200 sec144 cki14::HIS3)(Cleves et al., 1991; Fang
et al., 1996; Li et al., 2002). Gene replacement constructs were used to integrate SEC14cg, SEC14ca and SECT4,M154V: €154V
expression cassettes into the LEUZ2 locus as described by Khan et. al.(Khan et al., 2016). Yeast strains were grown on YPD (yeast
extract 1%, peptone 2%, dextrose 2%) plates or in liquid medium. If plasmid selection was necessary, the strains were grown
on synthetic complete medium lacking uracil. Compound 1 was obtained from the Novartis compound store. All other reagents,
chemicals, and buffer salts were purchased from Sigma-Aldrich Chemicals (St. Louis, MO), Fluka (Buchs, Switzerland), Alfa Aesar
(Karlsruhe, Germany) and Acros Organics (Geel, Belgium). Centromeric YCplac33(URA3) plasmids carrying SEC714, SFH1 and
sfh1 activation alleles under control of a SEC14 promoter fragment (Schaaf et al., 2011) as well as episomal high-copy (2w) plasmid
pDR195-SEC174 in which the SEC74 ORF (without its intron) is expressed under control of a strong plasma membrane ATPase
(PMAT) promoter fragment (Schaaf et al., 2008) were described previously. Individual mutations were introduced in YCplac33-
SEC14 by site-directed mutagenesis (QuickChangeTM, Stratagene).

METHOD DETAILS

Compound Synthesis

Unless otherwise noted, all commercially available compounds were used as provided without further purifications. Chemicals and
solvents were purchased from the companies Sigma Aldrich, Alfa Aesar and Acros Organics. Dry solvents (e.g. dimethylformamide
(DMF)) were used as commercially available. Solvents for preparative HPLC (acetonitrile HPLC grade) were used as commercially
available. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel aluminum plates with F-254 indicator. Com-
pounds were visualized by irradiation with UV light or potassium permanganate staining. Solvent mixtures are understood as volume/
volume. Extended information on compound synthesis and analytical methods can be found in Data S1.

Compound Analysis by NMR

"H-NMR and "®C-NMR were recorded on a Mercury VX400 (Varian) (400 MHz), Bruker DRX400 (400 MHz), Bruker DRX500 (500 MHz),
INOVA500 (500 MHz) and INOVAG00 (600 MHz) using CDCl3, MeOD, CD,Cl,, DMSO as solvent. Data are reported in the following
order: chemical shift (3) values are reported in ppm with the solvent resonance as internal standard (CDClg: 5 = 7.26 ppm for 'H,
d = 77.16 ppm for '3C, MeOD: & = 3.34 ppm for 'H, § = 49.86 ppm for °C; CD,Cl,: 3 = 5.32 ppm for 'H, 3 = 54.00 ppm for '3C
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DMSO: & =2.54 ppm for 'H, 3 = 40.45 ppm for '3C ); multiplicities are indicated br s (broad singlet), s (singlet), d (doublet), dd (double
doublet), t (triplet), g (quartet) m (multiplet); coupling constants (J) are given in Hertz (Hz). Extended information on compound syn-
thesis and analytical methods can be found in Data S1.

Compound Analysis by LC-MS

LC-MS measurements were performed on a LCQ Advantage ESI from Agilent 1100 series. As precolumn, a VP 50/21 Nucleodur C18
Gravity 5 um was used and as main column a 125/4 Nucleodur C18 Gravity 3 um. The flow rate was 1 mL per min. Eluent A: H,O +
0.1% HCOOH; Eluent B: Acetonitril + 0.1% HCOOH. The parameters used for the different methods (named A, B, C, D) are
listed below:

Method A

Used Gradient: 0-1 min: 90% A/ 10% B; 1-10 min: 0% A/ 100% B; 10-12 min: 0% A/ 100% B; 12-12.1 min: 90% A/ 10% B; 12.1-
15 min: 90% A/ 10% B. Furthermore, LC-MS measurements were performed on a LCQ Fleet from Thermo Ultimate 3000 series. As
precolumn a VP 50/21 Nucleodur C18 Gravity 5 pm was used and as main column a 50/2 Nucleodur C18 Gravity 1.8 um. The flow rate
was 0.4 mL per min. Eluent A: H,O + 0.1% HCOOH; Eluent B: Acetonitril + 0.1% HCOOH.

Method B

Used Gradient: 0-0.5 min: 90% A/ 10% B; 0.5-7.5 min: 5% A/ 95% B; 7.5-9.0 min: 5% A/ 95% B; 9.0-11 min: 90 % A/ 10% B. High
resolution mass spectra were recorded on a LTQ Orbitrap mass spectrometer coupled to an Accela HPLC-System (HPLC column:
Hypersyl GOLD, 50 mm x 1 mm, particle size 1.9 um, ionization method: electron spray ionization). GC-MS measurements were done
on an Agilent Technologies 7890A GC System. It was used a 5975C inert XI MSD with Triple-Axis Detector.

Method C

DB_100_S: flow rate: 20 ml per min, 1 min hold at 100°C, during 10 min increase to 300°C, at 11 min 300°C for 5 min.

The preparative HPLC purifications were carried out on an Agilent HPLC (1100 series) with LC/MSD VL (ESI-MS) mass detector
with parallel UV-detection. A reversed-phase C18 column (Nucleodur C18, diameter 10 mm, Macherey & Nagel) was used.
Method D
Flow rate 6.0 mL/ min, (A = acetonitrile + 0.1 % trifluoroacetic acid (TFA), B = water + 0.1 % TFA). Gradient: 1-25 min: 10 % A, 90 % B;
26-28 min: 100 % A, 0 % B; 28.10-30 min: 10 % A, 90 % B. Optical activities were measured with a Schmidt + Haensch Polartronic
HH8 polarimeter. Chemical yields refer to pure isolated substances. Melting points were measured on the apparature B-450 instru-
ment from Blchi. Up open capillaries were used.

The amine (1.0 eq) was dissolved in dimethylformamide (DMF) (1 mL) at room temperature. In a separate flask, the carboxylic acid
(1.0 eq) was dissolved in DMF (1 mL) and 1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexa-
fluorophosphate (COMU) (1.5 eq.), ethyl (hydroxyimino)-cyanoacetate (Oxyma) (1.5 eq) were added. After addition of N,N-diisopro-
pylethylamine (DIPEA) (4.5 eq.) to the mixture, the flask was shaken for 30-60 s and the mixture was added dropwise to the solution of
the amine and stirred at room temperature for 18 h. The reaction mixture was diluted with 1 M HCI (50 mL) and extracted with ethyl-
acetate (3 x 50 mL). The combined organic phases were washed with sat. NaHCO3 (1 x 50 mL), with sat. NaCl (1 x 50 ml), dried with
magnesium sulfate and concentrated in vacuo. The crude residue was purified by preparative HPLC (method D). Aqueous solubility
of compounds was determined by spectrophotometrical measurement of the kinetic solubility of a 500 pM compound solution in
aqueous buffer at pH 7.4 compared to a solution in the organic solvent acetonitrile after 90 minutes of vigorous shaking at room tem-
perature. Permeability through artificial membranes (PAMPA) was performed at an initial concentration of 500 uM of the compound in
the donor compartment. After an incubation period of 20 hours, absorption of the receiver wells was measured by spectrophotometry
and permeation was calculated by normalization of the compound flux across a blank filter. Extended information on chemical
synthesis, analytical data and NMR spectra are collected in Data S1.

Chemogenomic Profiling (HIP-HOP)

Potency Determination

The growth-inhibitory potency of compounds was determined using wildtype S. cerevisiae BY4743 as described by Pierce
et al.(Pierce et al., 2007). ODggo values of exponentially growing cultures in rich medium were recorded with a robotic system.
Twelve-point serial dilutions of the tested compounds were assayed in 96-well plates with a reaction volume of 150 pl, start
ODeggo Was 0.05. Solutions containing dimethyl sulfoxide (DMSO) were normalized to 2%. ICs values were calculated using logistic
regression curve fits generated by TIBCO Spotfire v.6.5.3 (TIBCO Software Inc.).

HIP Assay Execution

The HIP assay was performed in 24 well plates (Greiner 662102), with 1600 pl /well YPD. Experimental compounds were tested at n=2
within the same plate at or close to their IC3y concentration. Each plate contained two no drug controls, one positive control
(Benomyl, CMB991), 10 experimental compounds in duplicates and one contamination control that received no cells. A standard
experiment was 4 plates / 40 experimental compounds processed robotically on a BiomekFX (Beckman Coulter) without human
intervention. YPD / compound filled wells were inoculated with ~250 yeast cells/strain (100 pl of a 1.5 ODggo/ml culture) from an over-
night log phase pre-culture to start the experiment. The plates were pipetted with a standard 96 pipettor head by providing tip boxes
pre-configured with a special tip pattern. Plates were incubated for 16 hours in a robotic shaking incubator at 30°C/550 RPM allowing
for ~5 doublings. ~250 yeast cells/strain (120 pl of a 1.2 ODggo/ml culture) were subsequently transferred into a pre-configured 24
well plate that was stored in a robotic plate reservoir at 4°C until 30 minutes prior to its use where it was pre-warmed to 30°C. Once
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inoculated the new plate was incubated at 30°C/550 RPM to allow the next 5 yeast generations (generation 6-10) and the plate con-
taining the first 5 doubling cultures was stored at 4°C. This procedure was repeated 2x more until the final plate containing the yeast
with ~20 generations were stored at 4°C. Detailed information about the robotic setup have been published previously (Hoepfner
et al., 2014).

HOP Assay Execution

The HOP assay was performed similar to the HIP experiment but the duration was reduced to ~5 doublings and no dilutions were
necessary. Before the experiment, aliquots of the HOP pool were thawed and recovered for 3 hours in YPD. The robotic system inoc-
ulated the wells prefilled with YPD and compound at the onset of the experiment with ~320 yeast cells/strain (110 pl of a 1.5 ODggo/ml
culture) from an overnight log phase pre-culture. Plates were incubated for 16 hours in a robotic shaking incubator at 30°C/550RPM
allowing for ~5 doublings and where then stored at 4°C.

.HIP, HOP, and microarray analysis was performed as described previously(Hoepfner et al., 2014; Pierce et al., 2007). Sensitivity
was computed as the median absolute deviation logarithmic (MADL) score for each compound/concentration combination. Z-scores
are based on a robust parametric estimation of gene variability from >3000 different profiles and were computed as described in
detail in Hoepfner et al. (Hoepfner et al., 2014).
gDNA Extraction, TAG Amplification, and Hybridization
An aliquot of 5 ODggg units of yeast/well from the HIP and HOP experiments were arrayed in 96 well plates, spun and the supernatant
discarded. gDNA extraction was performed using the ChargeSwitch kit (Invitrogen #18000) in a partially automated process.
150 ul/well of Zymolyase buffer (2 U Zymolyase, 50 ng RNase A, in 20 mM DTT and 20 mM Tris pH 7.5) were added and the cells
were incubated at 37°C /700 RPM for 45 minutes. 300 ul/well lysis buffer (L18, Invitrogen) was added and the plate incubated at
56°C/ 700 RPM for 30 minutes. 200 pl/well ice cold precipitation buffer (N2, Invitrogen) was added and the precipitate pelleted by
centrifugation at 4°C. The supernatant was saved to a new deep well plate (AB-0932, Abgene) suitable to lock on the Invitrogen
MagnaRack magnet and 40 pl/well of pre-dispersed ChargeSwitch magnetic beads were added. The plate was incubated at
room temperature for 5 minutes followed by incubation on the MagnaRack for 5 minutes to pellet the beads. All supernatant was
carefully aspirated. The deep well plate was removed from the MagnaRack and 500 ul/well wash buffer (W12, Invitrogen) were added
and mixed to disperse the beads. The washing was repeated three times and the wash buffer completely removed. Finally, 70 pl of
elution buffer (E6, Invitrogen) were added. The beads were resuspended by mixing and the plate incubated for 10 min at RT. The
beads were pelleted for one last time by incubation on the magnet for 5 minutes and the supernatant (containing the gDNA) was trans-
ferred to a new plate. The TAG PCR amplification and GenFlex Tag16K v2 hybridization protocol was used as described (Pierce
et al., 2006).

Processing of TAG16K v2 Data

The raw probe intensity values of the CEL are summarized and normalized to tag intensities as described (Pierce et al., 2006). Tags
with low intensity values in control samples are removed by computing an intensity value threshold based on the comparison of the
correlation between the logarithmic intensity ratios for uptags and downtags across different intensity ranges. The tag intensities are
then averaged to obtain a strain intensity value. In order to measure the relative abundance of each strain with respect to the averages
of the control samples we compute MAD logarithmic (MADL) scores for each compound/concentration combination. If we denote the
logarithm of the ratio of the average intensity of the compound samples over the average intensity of the control samples as r;, then
the MADL score is given as (r, — med(r, ))/MAD(r. ) where the median and MAD are computed over all strains in one sample. MADL
scores can be viewed as robustly computed experiment-wise z-scores. We also compute the t-test p-value, p, between the two rep-
licates for a compound and the four to eight control replicates as a measure of the variability of the compound and control sample
intensities across the experiment and. The final (adjusted) score a, is decreased for highly variable strains and computed as:

a; =min(0.05/p,1)-s,

Then, we compute gene-wise z-scores (across all experiments) which are based on a robust parametric estimation of gene vari-
ability allowing for up to 15% outliers. To do this we consider the adjusted MADL scores (a1, ..., a,) of a strain over n experiments.
Usually, the z-score transformation of score a; is defined as z; = (a; - @) / ¢ where a is the mean and ¢ the standard deviation of the
values a;. However, due to the special nature of the HIP-HOP data it is advantageous to introduce a number of changes to the compu-
tation of the adjusted MADL z-score transformation. Since an (adjusted) MADL score of zero indicates a relative growth rate of a strain
in the compound treated sample that is equal to the relative growth rate of the strain in the untreated control, we set a = 0, for all
strains. What remains is to estimate ¢ as a measure of the variability of the strain which is described in the following.

In order to avoid biasing the computation of the standard deviation of a strain profile we allow at most five entries of the same com-
pound/concentration combination in the data set. The samples of the sixth or greater occurance are discarded. We normalize the
positive and negative scores separately; that is, we treat the positive and the negative scores as the halves of two separate distri-
butions (artificially creating two perfectly symmetric distributions in this way). In the following we only consider the negative scores.
Let the profile of the negative scores of a gene be (s, ..., S,) where we assume that the scores are sorted in ascending order. We
assume that the scores follow a normal distribution N(u,s). Note that since the distribution is perfectly symmetric around 0, u = 0;
moreover, for each i, the expectation of the score s; is the i/(2n+1)-quantile g; of the standard normal distribution N(0,1) times 4. In
other words, s; / q; is an estimator @, for o, for each i. These estimators are computed only for the indices i in the interval [0.15n,
0.85n], that is, we consider only the middle 70% of the data to estimate ¢ . We assume that the scores s; are drawn for a normal dis-
tribution only if the standard deviation of the 7; is at most 0.05 times the mean 7 of ;; in this case, the estimators &; are considered to
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be consistent and 7 a good estimate of ¢. If the standard deviation is larger, we abandon the parametric approach and just set g to be
the standard deviation of sample (s1, ..., Sp, =S1, ..., =Sp). The estimate 7 of ¢ obtained from the single-array data is used to compute the
normalized z-score transformation (a4/a, ..., a,/a) of the adjusted MADL scores (@1, ..., @n).

Growth Curves
HIP-HOP profiles were validated by picking the individual strains from the HIP or HOP collections (OpenBiosystems, Cat # YSC1056
and YSC1055) and testing log-phase cultures in 96-well microtiter plates in YPD medium with serial dilutions of the compound. The
assay volume was 150 pl/well, start ODggp was 0.05, DMSO was normalized to 2%. Curves were calculated by taking the 13-14 h
ODegp measurements and applying a logistic regression curve fit in TIBCO Spotfire v6.5.3. Strain HO/YDL228C was used as the wild-
type reference.

For determination of cell viability in HCT116 cells 1500 cells/well were seeded in a 384 well plate and incubated for 72 hours with
serial dilutions of the compound. The readout was done with CellTiter-Glo Luminescent Cell Viability Assay (Promega).

Expression and Purification of Recombinant Proteins

Recombinant S. cerevisiae, C. glabrata and C. albicans Sec14 proteins were purified as previously described (Khan et al., 2016;
Schaaf et al., 2008). The murine PITPa structural gene was subcloned into pET28b(+) as an Nco7-Sacl PCR fragment encoding
an N-terminal octa-histidine epitope tag appended to the PITPa open reading frame. The construct was transformed in E. coli
BL21 (DES3) cells and cultured in LB plus antibiotics at 37°C until an ODggo of 0.6 was reached. Protein production was induced
by adding IPTG to a final concentration of 60uM at which time the culture was shifted to 16°C and incubated overnight with shaking.
Cells were pelleted, resuspended in buffer A (50 mM NaH,PO, 300 mM NaCl pH 7.8) supplemented with PMSF and 2-mercaptoe-
thanol (1 mM each, final concentration). Cells were disrupted by two successive passages through a French Press (10,000 p.s.i.), and
crude lysates clarified by two successive rounds of centrifugation at 2800 g and 27,000 g for 30 minutes each. Clarified lysates were
incubated with Co-TALON metal affinity beads for 3 hours at 4°C followed by exhaustive washing with buffer A. Bound proteins were
eluted in a 20-200 mM imidazole gradient incremented in 1 ml steps of 20, 40, 60, 80, 100, 150, and 200 mM imidazole in buffer A and
evaluated by SDS-PAGE using BSA mass standards to estimate PITPa yield.

Lipid Transfer Assays

Compounds of interest were maintained as 20 mM stock solutions in DMSO and stored at room temperature in the dark. In vitro sen-
sitivities of Sec14p to the compounds was investigated as described by Nile et al.(Nile et al., 2014). Briefly, protein was incubated with
DMSO/compound, as applicable, in the presence of liposomes. Compound concentrations were fixed at 20 pM throughout the ex-
periments. Total [°H]-PtdIns input per assay ranged from 8356-9604 c.p.m., background transfer from 436-489 c.p.m., and transfer
efficiencies from 14-16%. Protein concentrations were clamped at 287 nM (~10 pg per assay).

For ICso determinations, % [*H]PtdIns transfer (normalized to mock) was plotted as a function of log+o of the compound concen-
tration. The IC5o was determined using GraphPad Prism Version 6 software. IC5q values are determined at 95% confidence level from
at least two independent experiments, each done in triplicate. [*H]-PtdIns input for Sec14, its mutant proteins, Sec14ca and Sec14cg,
ranged from 7111-11517 c.p.m. per assay; background ranged between 212-510 c.p.m. per assay. The transfer efficiencies are as
follows: Sec14 (25-30%), Sec14ca (39-43%), Sec14cg (30-34%), Sec14” 1™ (32-35%), Sec14V1%4C (15-18%), Sec14V1%5A (26-31%),
Sec1452°7G (40-43%) and Sec145173- (25-27%). Protein was clamped at 10 pg per assay throughout these experiments.

Functional Variomics

A functional variomics screen to isolate SMl-resistant Sec14p variants was performed (Huang et al., 2013; Pries et al., 2016). 6 x 107
BY4743 yeast transformants harboring the SEC14 variomic library (the SEC74 ORF amplified by error-prone PCR and cloned under
control of the endogenous promoter into a low-copy expression plasmid, at a pre-determined complexity above 2 x 10° primary al-
leles, (Huang et al., 2013)) were plated onto a 15 cm petridish containing uracil-free synthetic complete agar supplemented with either
250 uM of compound 2 or 100 uM of compound 3. The plates were incubated for four days at 30°C. Ninety-six resistant colonies
were picked for each condition, the plasmids purified using the Wizard SV 96 plasmid DNA purification system (A2250, Promega,).
The inserts were amplified by PCR Platinum Hot Start PCR Master Mix (13000012, Invitrogen) using the oligonucleotides
5'CTGTTGGGAAGGGCGATC3’ and 5’CCAGGCTTTACACTTTATGCT3’ respectively and performing the reaction as specified in
Invitrogen’s manual. Single nucleotide polymorphisms (SNPs) were then idenetified by Sanger sequencing.

Mutant Validation

To confirm the SNPs identified with the functional variomics screen, the isolated plasmids were cut with Sacl and BamHl|, ligated with
a pBYInt-URA plasmid and transformed into BY4743A8 MATa/a strain, that is deleted for eight genes involved in drug resistance
(efflux pumps SNQ2, PDR5, YORT1; transcription factors PDR1, PDR2, PDR3, YAP1, YRM1, detailed genotype is described in the
Fungal Strains section above). This sensitized strain was chosen to open up the observable resistance window in the dose-response
validation as testing of high compound concentrations were limited by solubility (Table S2). Growth curves were recorded over
24 hours as described in the growth curve section described above. In vitro validation with recombinant protein was performed
as described above.
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Protein Expression, Purification, and Crystallization

Octahistidine-tagged Sec14p was purified from BL21-CodonPlus (DE3)-RIL cells (Agilent Technolgies) as described for Sth1(Schaaf
et al., 2006) with minor modifications. Protein expression was induced with 60 uM isopropyl-B-D-thiogalactoside at 16°C for 20 h,
prior to harvesting cells and extracting protein in a modified lysis buffer (300 mM NaCl, 25 mM sodium phosphate pH 7.5 and
5 mM B-mercaptoethanol). After purification with a Ni-NTA affinity resin (Macherey-Nagel), the protein was subjected to size exclu-
sion chromatography (Superdex 75 16/600 column, GE Healthcare) at a flow rate of 1 mL/min in modified lysis buffer. Fractions of the
second peak were pooled and concentrated to 5 mg mi™. Initial crystallization screens were carried out manually by sampling an
array of circa 1500 conditions that represent variations on crystallization conditions established for the Sec14 homolog Sfh1 (Schaaf
et al., 2006, 2008). In this initial screen, Hisg-Sec14p was supplemented with 1 volume % compound 2 (30 mM in DMSO), and a
sitting-drop geometry was employed in which drops consisted of 1 pL protein/compound solution and 1 ul well solution. After an
incubation time of ca. 1 week at room temperature, crystals appeared in one condition where the solution consisted of 129,5 mM
sodium acetate, 64,8 mM TRIS, 4,6 % (w/v) PEG 4000, and 11.9 % (v/v) glycerol adjusted to pH 7.0 (by acetic acid).

Crystallography

For data collection, crystals were transferred to a cryo solution (129.5 mM sodium acetate, 64.8 mM TRIS, 10 % (w/v) PEG 4000,
20 % (v/v) glycerol, pH 7.0) and flash frozen in liquid nitrogen. Diffraction data were collected at the Beamline PXIl of the Swiss Light
Source. Data scaling and processing was performed with XDS (Kabsch, 1993). The structure was solved by Molecular Replacement
with PHASER(Mccoy et al., 2007) using the structure of Sec14p prior to removal of the detergent coordinates (pdb id.: 1aua (Sha
et al., 1998)). Cycles of model building and restrained refinement were carried out in COOT and PHENIX (Adams et al., 2010; Emsley
and Cowtan, 2004). Ligand restraints were generated with Jligand (Lebedev et al., 2012). Protein-ligand interaction was analysed with
PLIP(Salentin et al., 2015). Protein structure figures were generated using PyMOL (http://www.pymol.org). The coordinates and
structure factors have been deposited in the RSCB PDB database with ID code 6FOE.

In Silico Docking

Computational docking was carried out using the genetic algorithm-based ligand docking program GOLD 5.2.1 that exhaustively
explores ligand conformations and provides limited flexibility of protein side chains with hydroxyl groups by reorienting hydrogen
bond donor and acceptor groups. For computational docking, the Sec14p::compound 2 crystal structure was used. The binding
site was defined by taking cognate ligand in the crystal structure as reference center and defining a 10 A boundary around it using
the GOLD cavity detection algorithm. GOLD docking was carried out without constraint to explore all possible solutions. To explore
all possible binding modes, docking was carried out with early termination turned off. All other parameters were as the defaults. Com-
pounds of interest were docked and scored using CHEMPLP scoring function within GOLD as it gives the highest success rates for
pose prediction and virtual screening experiments against diverse validation test sets.

Structure-based Design and MedChem Transformation

Structure-based optimization and MedChem Transformation of the picolinamide series was carried out using MOE software (https://
www.chemcomp.com/). The Sec14p::compound 2 crystal structure was used as starting structure for optimization. Binding pocket
within the Sec14p Lipid Binding Domain was mapped in an area 6A around the co-crystallized ligand. Compound 2 was used as lead
template for transformation and optimization. Van der Waals interaction surface were generated near the lead template to determine
accessible space for R group substitutions. Ligand R-vectors were generated on the lead template to show positions at which the
heavy atom could be substituted without introducing > 2 kcal/mol of Van der Waals clash energy.

To ascertain biochemically favorable regions for substitutions, Electrostatic Feature Maps were generated that predict the elec-
trostatically preferred locations of hydrophobic, H-bond acceptor and H-bond donor sites. Similarly, probabilistic receptor prefer-
ence maps were calculated to predict non-bonded contact preferences - i.e. the preferred locations of hydrophobic and hydrophilic
ligand atoms. A fragment screen was generated and drug-like filters were used such that total molecular weight of compound does
not exceed 500 daltons, total polar surface area (TPSA) descriptor between 40 and 140 with no reactive group substitutions. These
parameters were imposed on an MOE fragment and linkers database screen for R-group substitutions. Considering the amphipathic
nature of the sub-pocket, a pharmacophoric feature was included in the query that would position the fragment for interaction with
Giluy,4. Binding poses of compounds retrieved from the screen were refined by energy minimization within the pocket, and their bind-
ing affinities estimated using the GBVI/WSA dG scoring function.

Antifungal Testing

Fungal strains used for testing were as follows: Candida albicans (ATCC 10231), Candida glabrata (ATCC 2001), Cryptococcus neo-
formans (DSM 70219) Asperygillus brasiliensis (ATCC 16404). Antifungal susceptibility testing was performed in triplicates according
to the Clinical and Laboratory Standards Institute (CLSI) guidelines for broth microdilution M27-A3 and M38-A2 (Wayne, 2008a,
2008b). By performing 1:2 serial dilutions, 10 concentrations in a range between 200 and 0.3 uM were tested for growth inhibitory
activity on solid medium in 8 cm petridishes prepared with 15 ml Mueller-Hinton agar medium (2.0 g7/l beef extract, 17.5 g/l casein
hydrolysate, 1.5 g/l starch, 17 g/l agar), with pH adjusted to pH 7.2, in triplicates. 1 pl spore inoculi were spotted manually onto the
plates and absence of growth was scored visually after 72 hours incubation at 30°C to determine the minimal inhibitory concentration.

e6 Cell Chemical Biology 25, 279-290.e1-e7, March 15, 2018


http://www.pymol.org
https://www.chemcomp.com/
https://www.chemcomp.com/

Cell’ress

QUANTIFICATION AND STATISTICAL ANALYSIS

Chemogenomic profiles were acquired as independent duplicates and then averaged and computed against 8 no drug controls as
outlined in the corresponding section above. The statistical analysis performed in described in detail in the chemogenomic profiling
section. Fungal growth curves were acquired as duplicates, biochemical inhibition assays were conducted in triplicates, cytotoxicity
assays were conducted in triplicates. Curves were calculated using the logistic regression curve fit function of TIBCO Spotfire (TIBCO
Software Inc.) or Prism (GraphPad Inc.). MIC experiments were determined in triplicates and lack of colony formation scored visually.

DATA AND SOFTWARE AVAILABILITY
Used software packages are listed in the corresponding experimental sections and the Key Resources Table. The co-crystal struc-

tures have been uploaded to RCSB protein data bank and can be found and retrieved under the code 6FOE or the following link: http://
www.rcsb.org/pdb/explore/explore.do?structureld=6FOE.
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Al-tolerance mediated by SEC14-type lipid transfer proteins
reveals that membrane charge is both a primary target of Al-

toxicity and a tool to increase Al-tolerance in yeast and plants
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Abstract

Aluminum (Al) toxicity represents a major factor for limitations in crop production
worldwide. However, how Al acts on the cellular level is poorly understood. Based on an
Arabidopsis cDNA screen in Saccharomyces cerevisiae, we show that 2u expression of two
ScSec14 homologs, AtSFH5 and ScSFH1, mediate Al tolerance in yeast. Observed tolerance
phenotypes were not linked to overall Al content and were specific for Al among several
tested metals. Through a genome wide screen in yeast, we identify a functional cell wall
integrity (CWI) pathway as essential for ScSthl-mediated Al tolerance and show that Al
treatment triggered CWI signaling. Further, we report a negative synthetic interaction
between ScSfhl and ScPkcl, and that ScSFHI (2u) expression altered localization of
mCherry-Rhol and ScPkcl-GFP, both representing major players in CWI signaling.
Additionally, we show that ScSFHI acts as multi-copy suppressor of different mss4" alleles.
Interestingly, our data provide evidence that partial bypass of the ScMss4 requirement is
independent of global phosphatidyl inositol-4,5-bisphosphate (PtdIns(4,5)P;) levels. The
ability of ScSfhl to bind to phosphatidyl choline (PtdCho), but not to PtdIns, is essential for
observed Al tolerance and partial mss4” rescue, suggesting that lipids are involved in reported
phenotypes. Indeed, we observed that 2u expression of ScSFHI/AtSFHS increased plasma
membrane (PM) localization of the PtdIns(4)P fluorescent lipid-associated reporter (FLARE)
GFP-2xPH>***" but not of other FLAREs binding to PtdSer, PtdIns(3)P or PtdIns(4,5)Ps.
Interestingly, global PtdIns(4)P levels appeared not to be changed. Our results indicate that
ScSFHI1 (2u) expression changes phosphatidyl ethanolamine (PtdEtn) and PtdCho
biosynthesis rates. Based on these findings, we provide first hints that ScSth1 might drive a
PtdEtn/PtdCho transfer in vivo and that PtdEtn abundance at the PM might influence
PtdIns(4)P accessibility or specific PtdIns(4)P pools. Furthermore, employing a genetically
encoded charge sensor suggested that ScSFHI (2u) expression increased overall negative
charge of the PM. Subsequent genetic manipulation of negatively charged phospholipids in
yeast and Arabidopsis showed a strong correlation of Al tolerance with the abundance of
negatively charged lipid species. Using different FLAREs, charge sensors and endogenously
PM-targeted proteins, we show that Al treatment disrupts proper PM recruitment in yeast and
plants. Together these findings suggest negative charge of the PM as a primary target for Al.
Based on our findings, we propose that binding of Al to the inner leaflet of the PM competes
with endogenous membrane-targeted proteins, providing a model how Al can affect cellular

integrity.
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Introduction

Aluminum (Al) is the most abundant metal in the earth crust (2). In acid soils with a pH
below 5.0, Al-oxides become soluble and Al’" is taken by plants leading to root growth
inhibition (3). Around 50 % of the arable land is considered acidic with a pH below 5.0 (4, 5).
Thus, toxic effects of Al on root development and subsequent plant growth represent one of
the biggest abiotic limitations to crop production worldwide.

Plants developed two main strategies to cope with Al toxicity: 1) exclusion of Al from the root
by the exudation of organic acids into the rhizosphere and subsequent chelation of Al and i1)
sequestration of Al in the vacuole (3). Since Al is mainly accumulating in the root apoplasm
(6) but it is also quickly taken up by the root (7) there is an ongoing debate whether Al
toxicity originate from apoplastic or symplastic effects. A variety of direct molecular targets
of Al were proposed to underlie observed phenotypes at toxic Al conditions: cell wall (8),
plasma membrane (PM,(9)), cytoskeleton (10), distinct enzymes (11), cation-/metal binding
proteins (12, 13) and chromatin (10). Most of the suggested direct targets of Al are based on
observation of Al-accumulation within the cell, global changes in cell morphology or in vitro
experiments. With the many proposed targets it remains unclear which (if any) of them
represents the target that is compromised first by increasing Al-concentrations and hence

represents the limiting factor for plant growth in acid soils.

Due to high accumulation of Al in the apoplast, cell wall components represent an attractive
putative target of Al. Al strongly interacts with the cell wall and leads to its rigidification (14,
15). Furthermore, the cell wall composition changes upon Al treatment (16, 17).
Overexpression of ARABIDOPSIS THALIAN WALL ASSOCIATED KINASE 1 (AtWAKI),
which binds to pectin (18) and was suggested to represent a cell wall sensor (19), leads to Al
tolerance (20). Whereas in plants insights in cell wall integrity (CWI) sensing is just emerging
(21), in yeast the CWI signaling pathway is more extensively studied (22). In Saccharomyces
cerevisiae, cell wall stress is sensed by a family of cell surface sensors, proposed as mechano-
sensors (23), which consist of ScWscl-3, Mid2 and Mtll (22). ScWscl and Mid2 represent
the predominant sensor or for cell wall stress (22). Together with phosphatidylinositol-4,5-
bisphophate (PtdIns(4,5)P,)-recruited ScRom1/2 GTP exchange factors (GEFs) the cell wall
sensors activate CWI master regulator ScRhol (22). Furthermore, ScPkh1/2 protein kinases
and the ScTusl GEF regulate ScRhol activity. In its active GTP-bound state, ScRhol triggers
a MAPK signaling cascade containing ScPkcl (MAP4K), ScBckl (MAP3K), ScMkk1/2
(MAP2K) and Mpkl (MAPK) (22). The MAPK signaling cascade alters activity of different
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transcription factors which regulate genes involved in cell wall homeostasis (22).
Furthermore, active ScRhol directly affects several proteins involved in the regulation of cell
wall composition, cytoskeleton organization and membrane trafficking (22). Mutant strains of
CWI signaling compartments are more sensitive to Al treatment (24, 25) suggesting that also

in yeast the cell wall composition is linked to Al toxicity.

Besides the cell wall, in plants, the PM is extensively discussed as a target of Al toxicity (2,
9). Among the variety of cellular membranes, the PM has been shown to be the most
negatively charged membrane in yeast, mammalian and plant cells (26, 27) likely representing
the membrane with the highest Al affinity. The negative charge of the PM is considered a
hallmark of this membrane-type and is e.g. important for protein recruitment to the PM,
which is mediated by simple basic hydrophobic (BH) motifs allowing a charge-dependent PM
localization (26-28). Additionally, membrane recruitment is also mediated by lipid binding
domains, which bind stereospecific to distinct lipid ligands (e.g. via C1, PH, FYVE, PX, and
ENTH domains) (29). Thus, the composition and distribution of phospholipids (PLs) in a
membrane determines protein recruitment and is therefore an essential feature of a living
organism (29). The PM PL composition is a result of an interplay between the biosynthesis,
degradation, membrane trafficking and transfer of PLs. In yeast, the starting point for PL
biosynthesis is phosphatidic acid (PtdOH) (30), which is produced from glycerol-3-phosphate
or dihydroxyacetone phosphate after fatty acyl coenzyme A (CoA)-dependent reactions that
are catalyzed by the glycerol-3-phosphate acyltransferases, ScSctl and ScGpt2 (31-33), and
by the lysophospholipid acyltransferases, ScSlcl and ScSlc4 (34, 35). From PtdOH cytidine
diphosphate diacylglycerol (CDP-DAG) is produced by the CDP-DAG synthase ScCds1 (36).
From CDP-DAG either phosphatidylinositol (Ptdlns) by ScPisl (37, 38),
phosphatidylglycerol (PtdGly) by ScPgs1/ScGep4 (39, 40) or phosphatidylserine (PtdSer) by
ScChol is produced (41). Decarboxylcation of PtdSer by ScPsdl or ScPsd2 leads to
phosphatidylethanolamine (PtdEtn) production (42, 43). PtdEtn is triple methylated by
ScCho2 and ScOpi3 resulting in phosphatidylcholine (PtdCho) production (44). PtdEtn and
PtdCho can also be synthesized from exogenously supplied ethanolamine (Etn) or choline
(Cho), respectively (45). In addition to described PLs, phosphoinositides (PIPs) represent
another class of PLs, which have PtdIns as a building block and which are involved in a
variety of cellular processes (46). The main PIP species found at the yeast PM are
phosphatidylinositol 4-phosphate (PtdIns(4)P) and phosphatidylinositol 4,5-bisphosphate
(PtdIns(4,5)P,) (47). PtdIns(4)P is produced by phosphorylation of PtdIns at the D-4 position
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through ScPikl or ScStt4 (48, 49). PtdIns(4,5)P, is produced by ScMss4 through
phosphorylation of PtdIns at the D-5 position (50).

In plants, the AtPI4Ko and AtPI4Kf families show PtdIns 4-kinase activity (51-53) and the
AtPIP5K family PtdIns(4)P 5-kinase activity (53-55). PtdOH and PtdGly synthesis is similar
to the yeast biosynthesis (56). The main biosynthetic pathways for PtdSer, PtdEtn and PtdCho
production differ from the ones described in yeast. PtdEtn and PtdCho are synthesized by
attaching phosphocholine or phosphoethanolamine to the DAG backbone, catalyzed by
AtAAPTI1 or AtAAPT2 (56, 57). In contrast to yeast, the biosynthesis of PtdSer is solely
mediated by AtPSS1 (58, 59). Because the distribution of PLs is not determined by the
location of synthesis alone, the interplay between biosynthesis, membrane trafficking and
degradation influences membrane composition. Furthermore, PL transfer proteins are
essential for proper lipid distribution in the cell (60, 61). PL transfer proteins are proteins,
which are able to transfer PLs from one bilayer to another. One prominent member of the PL
transfer proteins is Saccharomyces cerevisiae Secretory 14 (ScSecl4). ScSecl4 facilitates
PtdIns and PtdCho transfer between membrane bilayers in vitro and regulates PtdCho and
PtdIns(4)P homeostasis at the trans-Golgi network (TGN) in vivo, which is essential for
viability (62, 63). However, the underlying molecular mechanism of ScSec14 in vivo is still
under debate. Two attractive models are proposed: 1) ScSecl4 transfers PtdIns from its place
of synthesis, the ER, to the TGN, delivering the substrate for the Golgi-resident Pik1, thereby
increasing the PtdIns(4)P synthesis at the TGN (46, 64) and 11) ScSecl4 presents PtdIns,
which in a bilayer is a poor substrate, to Pikl through a heterotypic exchange with PtdCho
(Schaaf 2008). Secl4-type proteins are highly conserved and found in all eukaryotic
organisms (65). Interestingly, in plants, the majority of Secl4-type proteins adopt a multi-
domain structure linking ScSec14 activity to complementary functions (66). As in yeast, also
in plants ScSec14 function was linked to PL homeostasis (67).

For Al two ideas arose how it might act on the PM: 1) by interaction with the PM Al decreases
overall surface charge on the apoplastic leaflet altering for e.g. cation uptake of the root (68,
69) and 11) binding of Al affects the cytosolic leaflet of the PM thereby influencing the
activity of different PM-localized enzymes (70, 71). However, underlying data for presented
ideas were either based on in vitro experiments using artificial membranes or were concluded
from indirect observations. Thus, it remains elusive whether Al has a direct influence on the
PM.

Based on a screen with an Arabidopsis thaliana cDNA library in the model organism yeast,

here we show that (2u) expression of ARABIDOPSIS THALIANA SEC FOURTEEN
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HOMOLOG 5 (AtSFH5) and SACCHAROMYCES CERIVISIAE SEC FOURTEEN
HOMOLOG 1 (ScSFH1) confers Al tolerance in yeast. Observed tolerance is not correlating
with overall cellular Al content and is independent of classical Saccharomyces cerevisiae
ScSec14 function. Through a genome wide screen, using a yeast knock out collection, we
show that an intact cell wall integrity (CWI) pathway is essential for mediation of Al
tolerance by ScSfhl. Furthermore, we provide evidence that ScSFHI (2u) expression
increases PM localization of the CWI components, ScPkcl and ScRhol. Additionally, we
show that ScSFHI is a multi-copy suppressor of mss4” related defects without affecting
PtdIns(4,5)P, levels. A combination of analytical and cell biological methods indicate that
ScSFH1 (2u) expression increase overall negative charge of the inner PM leaflet representing
an explanation for observed phenotypes. Using different fluorescent lipid-associated reporters
(FLAREs) we show that ScSFH1 (2u) expression increased the Ptdlns(4)P FLARE GFP-
2xPH" localization at the PM, while localization of other FLARESs were hardly affected.
Phospholipodom analyses suggested that ScSFHI (2u) expression mainly changes PtdEtn and
PtdCho synthesis in vivo. In the same line, we show that ScSthl is able to transfer PtdEtn and
PtdCho in vitro. Yeast mutant strains with defects in PtdEtn, as well as PtdCho, showed
different localization of GFP-2xPH*" suggesting that PtdEtn and PtdCho affect PtdIns(4)P
distribution or accessibility in vivo. Further we provide evidence that overall negative charge
of the PM strongly correlates with Al tolerance in yeast and in planta and that an increase of
the biosynthesis of negatively charged PLs increased Al tolerance in yeast and plants.
Moreover, we show that yeast and in planta efficient stereospecific and charge-dependent PM
recruitment of FLAREs and endogenous proteins is impaired by Al treatment. Taken together,
our data led us to a model in which Al binds to the cytosolic leaflet of the PM thereby
decreasing overall charge, which disturbs protein recruitment to the PM. Thus, we propose

PM charge as a possible primary cellular target for Al toxicity.
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Results
Ectopic (2u) expression of genes encoding certain Secl4-type proteins

increases Al tolerance in Saccharomyces cerevisiae

To identify plant genes involved in Al tolerance mechanisms we heterologously expressed a
cDNA library from Arabidopsis thaliana (72) in the model organism Saccharomyces
cerevisiae (BY4741) and grew transformants on toxic Al conditions. We identified 10 genes,
which overcame toxic Al levels when expressed in yeast (Table S1). As most robust hit, we
identified the gene Atlg75370, ARABIDOPSIS THALIANA SEC FOURTEEN HOMOLOG 5
(AtSFHS), encoding a homolog of the ScSecl4 protein family known to be involved in
regulation of phospholipid (PL) homeostasis in yeast (66). AtSFHS is a multi domain Sec14-
type protein with an N-terminal SEC14 domain (Sec14D) and C-terminal Nlj16 domain. For
further analysis, we expressed full length AzSFHS5 and the AtSFHS5 Sec14D from a high-copy
2u vector driven by the strong Plasma membrane P2-TYPE H'-ATPase (ScPMA1) promoter.
As shown in Fig 1A, expression of full length AtSFHS5 (21) mediates Al tolerance as well as
expression of AtSFHS5 Secl4D (2u) was sufficient to increase Al tolerance in yeast. To
address if increasing Al tolerance is a common characteristic of proteins with ScSecl4
activity and if it is based on classical ScSec14 functions we tested whether different ScSec14
homologs from yeast, mammals and plants and other PL transfer proteins with ScSec14-like
activity are able to mediate Al tolerance and compared it with the ability to rescue defects of
the secl4-1" strain. Interestingly, expression of ScSECI14 (2u) rescued secl4-1% defects but
did not increase Al tolerance in yeast (Fig 1B). For AtSFHS5 we found that expression of
AtSFH5 Sec14D (2u) increased Al tolerance and rescued secl4-1% defects (Fig SIA).
Expression of SEC FOURTEEN HOMOLOG 1 (ScSFHI) (2u), the closest related ScSec14
homolog in S. cerevisiae, caused Al tolerance, but in accordance to previous reports (73, 74)
did not rescue secl4-1"-releated growth defects. Also for other thirteen tested Secl4
homologs and PL transfer proteins, we could not find a correlation between mediation of Al
tolerance and rescue of sec/4-1" defects (Fig 1A, 1B, SIA and S1B) indicating that the
observed Al tolerance phenotype is not enabled by classical ScSec14 functions. Among tested
ScSec14-type proteins besides AtSFHS5 only expression of ScSFHI (2u), robustly increased
Al tolerance in yeast (Fig 1B, SIA and S1B). To further investigate the independence of
ScSec14 function and mediation of Al tolerance, we tested if the ScSFHI* activation allele
ScSFHI"C, which endows the pseudo ScSecl4 protein, ScSfhl, with robust ScSec14-like

activities in in vitro and in vivo (74), influenced ScSth1-mediated Al tolerance. In agreement
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with described Al tolerance phenotype being independent of ScSecl4 activity, we observed
that expression of the ScSFHI* (2u) activation allele led to an increase in Al tolerance

comparable to ScSFHI (2u) (Fig S1C).

PtdCho binding but not PtdIns binding of ScSfhl is required for Al

tolerance phenoytpe

For ScSecl4-function two properties were shown to be essential in vivo: 1) the ability to
transfer PtdCho and PtdIns between different bilayers in vitro (75) and ii) in cis binding
capability to phosphatidylinositol (PtdIns) and phosphatidylcholine (PtdCho) (75). To test if
lipid binding is required for mediation of Al tolerance, we tested mutants of ScSthl and
ScSth1* activation mutant defective in binding PtdIns and/or PtdCho, which were generated
based on available structural data (75), checked for stability (Fig SID and (74)) and
confirmed in PL transfer assays (Fig 6 and (74)). Analysis of ScSth1*'""W1W and
ScSth1*H 7PV g5bally impaired in PL binding showed that PL binding in general is

1751, T1771
IS 75LT177 and

crucial for the increase of Al tolerance (Fig 1C and SIC). ScSth
ScSth1*S! T mytants defective in PtdCho binding were compromised in mediating Al-
tolerance. In contrast, expressing the PtdIns binding mutants ScSFHI1"**” and ScSFH***%P
indicated that PtdIns binding was not relevant for the ScSth1-mediated Al tolerance (Fig 1C

and S1C). The samepattern was observed in an independent yeast wild type strain (Fig S1E).

Among other tested metals AtSFHS5 (2u) and ScSFH1 (2u) expression only

increased tolerance to Al

Testing the growth behavior of yeast expressing AtSFHS5, AtSFHS5 Secl4D, ScSFHI and
ScSecl4 on solid media supplement with Cu®*, Fe**, Mn>", Ni*" or Zn*"), we did not find a
global increase of tolerance by AtSFHS5, AtSFH5 Secl4D, ScSFHI (2u) expressoin (Fig
S2A). This finding indicated that the ScSFH1/AtSFHS5-mediated tolerance was specific for
Al.

In liquid culture Al tolerance did not correlate with intracellular Al
contents

Because matrix components of agar-based solid growth medium strongly bind (and hence
inactivate Al), for solid media assays, high Al concentrations have to be employed. However,

using a liquid culture, low nutrient and low pH yeast medium, we observed yeast growth
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defects at concentrations (Fig S2B) in range with free Al’" concentrations reported to impair
root growth in natural soils (76). In accordance to results on solid media, also in liquid media
expression of ScSFH1 (2u) increased Al tolerance of yeast in between 0-100 uM (Fig S2B).
Underlying mechanisms of higher tolerance to Al may originate from 1) a decreased uptake or
an increased export of Al resulting in lower intracellular Al concentration, ii) a detoxification
of Al in the vacuole leading to a hyper-accumulation of Al due to the vacuole acting as sink
for Al or iii1) a change in Al-toxicity independent of changes in subcellular Al-concentrations.
The comparison between the intracellular Al levels of Al-sensitive yeast harboring empty
vector (ev) or pDR195-ScSECI4 with Al-tolerant yeast harboring pDR195-4tSFHS5 or
pDR195-ScSFHI-V5, showed no consistent correlation between intracellular Al concentration
and Al tolerance (Fig 1D). This indicates that AtSFH5/Sth1-induced Al-tolerance is unlikely
the result of altered uptake or sequestration. A tolerance mechanism, in which either the
molecular target of Al is altered or in which detrimental effects of Al-induced cell injury are
attenuated appears therefore likely. Furthermore, we measured a variety of other metals and
nutrients to see if AtSFHS5 (2u) or ScSFH1 (2u) expression had an effect on their homeostasis
and found no correlation between their amounts and growth behavior on Al containing media
(Fig S2C).

Taken together, we found that ectopic expression of certain Secl4-type proteins increase
yeast tolerance to Al. Observed tolerance is not related to canonical ScSec14 functions and

might be caused by a change of cellular targets of Al.

The cell wall integrity pathway is essential for the ScSfhl-mediated Al

tolerance in yeast

To identify signaling and biosynthetic pathways that are important for AtSFHS5- or ScSthl-
mediated Al tolerance we performed a genome wide screen using the MATa Library of the
Saccharomyces Genome Deletion Project out collection (for details see the Methods section)
containing around 5200 viable yeast knock out strains. We screened for strains, in which
ScSFH1 (2u) expression did not increase Al tolerance any more with the incentive to identify
pathways essential for Sfh1/AtSFH5-mediated Al tolerance, as illustrated in the cartoon in Fig
2A. For two practical reasons we focused on ScSthl: 1) ScSthl is a single domain protein and
i1) ScSthl high-resolution structures in complex with different phospholipids (PLs) are
available (74, 75). After two rounds of verification, we identified 67 knock out strains in
which Sfhl-mediated increase in Al-tolerance was severely compromised (Table S2). We

identified genes encoding proteins involved in lipid homeostasis, membrane trafficking,

9
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membrane sorting, cell wall integrity (CWI), cell cycle, gene expression, amino acid
metabolism, chaperon function, spermidine/spermine biosynthesis and mitochondrial fusion
(Table S2). Strikingly for the CWI pathway, except of essential proteins or proteins with
functional redundant homologs, we identified most components previously linked to proper
CWI signaling (Table S2). We identified the two cell-surface sensors ScWscl and ScMid2,
described as main sensors for the CWI pathway (22), to be essential for ScSth1-mediated Al
tolerance (Fig 2B). Further, we found that GTP exchange factors (GEFs) ScRom2 and ScTusl
(Fig 2C) and two mitogen-activated kinases (MAPKs) ScBckl and ScMpkl (Fig 2D), both
essential for the CWI signaling (22), were required for ScSthl-mediated Al tolerance. This
data suggested that ScSfhl might be involved in the regulation of CWI signaling.
Interestingly, the sfhl4 knock out strain showed a slightly reduced growth on Al containing
medium. This growth reduction was complemented introducing a single copy plasmid that
allows expression of ScSFHI under its native promoter (Fig 2E). To corroborate an influence
of ScSthl in CWI signaling, we investigated a possible synthetic interaction with ScPkcl a
key player in CWI signaling (22). Employing a synthetic genetic array (SGA, (77)) we
identified a negative synthetic interaction between sfhi4 and pkcI-3" in presence of the cell
wall antagonist Calcofluor white (Fig 2F). Taken together, these results suggest an
endogenous role of ScSthl in CWI signaling. The CWI pathway was previously linked to Al
in yeast by the observation, that mutant strains of CWI components showed a decreased
growth when treated with Al (24, 25). However, so far it was not elucidated if Al treatment
influences CWI signaling directly. In collaboration with the Molina Lab (Madrid, Spain), we
used ScMpk1 phosphorylation as a readout for CWI pathway activity and observed in a time
course experiment that already after 30 min of Al treatment, the CWI pathway reached
maximum activation which, was maintained at least for 8 h suggesting a direct stimulation of
CWI signaling by Al (Fig 2G). Interestingly, expression of ScSFHI (2u) did not increase
ScMpk1 phosphorylation. Given that a proper localization of CWI pathway components are
crucial for efficient CWI signaling (22, 78, 79), we further investigated the effect of ScSFH1
(2u) expression on the localization of the central CWI components ScRhol and ScPkcl (22).
Indeed, ScSFHI (2u) expression led to an increased plasma membrane (PM) localization of
mCherry-ScRhol, as quantified by the PM localization relative to intracellular signal (relative
PM localization, Fig 2H and 2I). For Pkcl-GFP, ScSFHI (2u) expression led to a
significantly change in localization as well, as quantified by counting cells with diffuse, PM,
bud tip and septum localization (Fig. 2J and 2K). Post hoc followed by planned comparison
analysis (80) showed that ScSFHI (2u) expression led to significantly increased membrane

10
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and bud localization and significantly decreased septum localization (Bonferoni corrected p =
0.00625) of ScPkc1-GFP. Taken together, our data show that Al induces CWI signaling, that
an intact CWI pathway is essential for ScSfhl-mediated Al tolerance and that ectopic
expression of ScSFH]I alters the localization of the key CWI signaling components ScRhol
and ScPkcl.

ScSFHI is a multi-copy suppressor of mss4” at semi-restrictive

temperatures

One important regulatory layer of the CWI pathway is the modulation of PIPs, particular by
PtdIns(4,5)P,-dependent PM of ScRhol (81, 82) or its GEF ScRom?2 (83). Since ScSec14 was
described to be involved in the modulation of PIP homeostasis in yeast (62, 75, 84), we aimed
to test the effect of ScSFH1 (2u) expression on growth behavior of yeast with defects in PIP
levels (pikl®, stt4" and mss4"). Interestingly, we identified ScSFHI as a multi-copy
suppressor of mss4” at semi-restrictive temperatures (Fig 3A). In pikl” and stt4” strains
expression of ScSFHI (2u) had a negative on growth performance (Fig 3A). Also in an
independent s-allele, mss4-5°, ScSFHI (2u) expression increased growth at semi-restrictive
temperature (Fig S3A). Interestingly, we observed a rescue of mss4” at semi-restrictive
temperatures for the ScSFHI and ScSFHI™*P but not for SeSFHIS'™" 177! (Fig 3B)
resembling the pattern of ScSfhl-mediated Al tolerance (Fig 1C and S1E). In order to see if
ScSthl is able stimulate ScMss4 activity by presenting its substrate phosphatidylinositol 4-
phosphate (PtdIns(4)P) in similar fashion as proposed previously for ScSecl4 and ScPikl
(75), we tested if recombinant ScSthl, ScSfthl lipid binding mutants or ScSecl4 (Fig S3B)
can stimulate ScMss4 in an in vitro kinase assay (based on (50), Fig 3C). Indeed ScSthl
caused a protein concentration-dependent stimulation of PtdIns(4,5)P, production (Fig 3D).
As control we used PtdIns(4,5)P, as substrate and could not detect any ScMss4 activity (Fig
S3C). Surprisingly, ScSth1">**P impaired in PtdIns binding, showed a wild typic stimulation
of PtdIns(4,5)P, production (Fig 3D) suggesting that an ScSthl mutant defective in PtdIns
binding is still able to bind and present PtdIns(4)P. In contrast, Sec14 had only a minor effect
on MSS4-dependent PtdIns(4)P phosphorylation (Fig S3D). Unexpectedly, ScSth15'7>: 177!
stimulated ScMss4 kinase activity comparable to ScSfhl (Fig 3E). Since PtdCho binding is
essential for Sfhl multi-copy suppression of mss4” defects and for the induction of Al
tolerance, these findings question the physiological relevance of this in vitro assay. Because
our experimental set up did not differentiate between protein-bound and membrane-resident

PtdIns(4,5)P,, we wondered whether protein-bound PtdIns(4)P might be efficiently
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phosphorylated in situ, but may not be released into the membrane from the ScSfh1%'7>: 1177
protein in contrast to Sthl, where such a release might take place by a heterotypic lipid
exchange with PtdCho. For this reason we performed a PtdIns(4,5)P, in vitro release assay
(Figure 3D) and tested for differences between ScSfhl and ScSth1%'" 7" (Fig S3E). We
were able to detect in sifu phosphorylation of PtdIns(4)P for Sth1 (Fig S3F). However, no
differences in the ability to release PtdIns(4,5)P, into liposomes were observed when
comparing Sfhl and ScSth1%'7"" """ independent of whether light PtdCho liposomes or
heavy sucrose-loaded PtdCho liposomes were employed (Fig 3G and Fig S3G). Together with
the observation that ScSfhl-mediated stimulation of PtdIns(4,5)P, synthesis is very
inefficient, these results indicate that a Sthl1-mediated presentation of PtdIns(4)P to ScMss4
appears not to be of physiological relevance and is unlikely responsible for the rescue of
mss4” growth at semi-restrictive temperatures or for the Al tolerance phenotype. In agreement
with that multi-copy ScSFH1 expression did not increase PtdIns(4,5)P; levels as revealed by
SAX-HPLC analyses of deacetylated PIPs extracted from [*H]-myo-inositol-labeled mss4*
transformants (Fig 3H). Also other PIPs appear unaffected by ScSFHI expression with the
exception of a weak increase in PtdIns(4)P (Fig 3H). To investigate if ScSFHI (2u)
expression affected ScMss4 localization and may thereby facilitate suppression of mss4"”
defects, we localized ScMss4-GFP but could not find differences caused by Sthl (2u)
expression (Fig S3H).

In summary, ScSFHI (2u) expression suppressed growth of mss4” at semi-restrictive
temperatures. PtdCho binding but not PtdIns is essential for the suppression of mss4ts growth
defects resembling the activity pattern for ScSthl-mediated Al tolerance. Surprisingly, our
data indicate that the partial rescue of mss4“ was not caused by ScMss4 stimulation or
relocalization of ScMss4 suggesting that ScSFH1 (2u) expression partially by-passes ScMss4

requirement.

ScSFHI and AtSFHS (2u) expression chang PtdIns(4)P accessibility at the
PM

Localization of CWI signaling components has not only been linked to PIPs but also to other
PLs (82, 85). To analyze if ScSFH1 (2u) expression might affect levels of not yet tested PLs,
we performed thin layer chromatography (TLCs) with extracts of *“P-labeled yeast
transformants. Notably, ScSFH1 (2u) expression had no major effect on steady state PL levels
(Fig 4A). To investigate whether ScSFH1 (2u) expression influences cellular PL distribution
or accessibility without affecting total PL levels, we tested the influence of ScSFHI (2u)
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expression on FLAREs for PtdSer, PtdIns(3)P, PtdIns(4)P and PtdIns(4,5)P,. Distribution of
PtdSer, PtdIns(3)P and PtdIns(4,5)P, FLAREs (GFP-LactC2, GFP-FYVE"™™! and GFP-
2xPH™PN) appeared to be unaltered or only mildly altered by SeSFHI (2u) expression (Fig
S4A, S4B, S4C, S4D and S4E). In contrast, the relative PM localization for the PtdIns(4)P
reporter GFP-2xPH***™" was increased significantly when ScSFHI was overexpressed (Fig
4B and 4C) reflecting increased FLARE abundance at the PM. To further investigate whether
the ScSthl-mediated change of PtdIns(4)P FLARE relate to Sfhl’s ability to increase Al
tolerance and suppress mss4°-associated growth defects, we analyzed whether Stfhl-
dependent change in GFP-2xPH***" Jocalization is lipid dependent. Interestingly, increase in
PM localization of GFP-2xPH**" correlated with the activity pattern for Al tolerance and
mss4” rescue in transformants expressing Sfhl and the designated lipid binding mutants (Fig
4B and 4C). Notably, we also observed a significant increase of PM-localized PtdIns(4)P
sensor with AtSFH5 and AtSFH5 Secl4D (2u) expression (Fig 4D and 4E). To further
investigate a possible connection between an increased PtdIns(4)P sensor at the PM and the
mediation of Al tolerance in yeast we performed an unbiased directed evaluation approach
similar to (74) to endow the, in terms of Al tolerance, inactive ScSec14 (Fig 1B) with ScSthl-
like activities to mediate Al tolerance. To this end we introduced random mutations into the
ScSEC14 gene by error-prone PCR, reconstituted 2u-plasmids with mutagenized ScSEC14 by
in vivo gap repair and screened transformants on selective media containing toxic Al
concentrations. From estimated 2 x 10°> Ura” transformants we found 396 transformants with
increased Al tolerance. For 50 transformants plasmids were isolated and for 27 we obtained
qualitative sequencing results (Fig S5A). Interestingly, six of 27 constructs contained a
S173P substitution (Fig S5A) representing the most frequent substitution. In contrast to (2u)
expression of wild typic ScSECI4, expression ScSEC14>'7*" (2u) increased Al tolerance to a
level comparable to ScSFH1 (2u) expression (Fig 4F). Interestingly, based on structural data
of ScSth1 in complex with PtdCho and biochemical evidence, the S173 residue is involved in
PtdCho head group coordination (75). Notably, under restrictive temperatures, SEC14%'7"
(2u) expression rescued secl4-1° growth defects comparable to expression of wild typic
ScSECI14 (2u) (Fig 5B) showing that the S173P substitution did not affect classical ScSec14
function and suggesting that S173P did not abolish PtdCho binding. Strikingly, while cells

h2
HScOs

expressing ScSecl4 (2u) displayed a pattern with internal patches of GFP-2xP similar

to control transformants, ScSEC1 45173P

FLARE PM localization, indistinguishable from ScSFHI (2u) expressing cells (Fig 4G and

(2u) expression caused a strong increase in PtdIns(4)P

4H). Taken together, these results show a clear correlation between increased PM localization
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of the PtdIns(4)P FLARE GFP-2xPH**%™" Al tolerance and mss4* rescue suggesting an
increase of PtdIns(4)P accessibility or abundance as reason for observed effects. Even though
in vitro, the GFP-2xPH>****"> FLARE was described to not only bind to PtdIns(4)P but also
other PIPs (86, 87) in combination with results that ScSFHI (2u) expression did not change
GFP-FYVE® ! GFP-2xPH™"®! |ocalization (Fig S4B and S4C) and did not change
PtdIns(3)P, PtdIns(3,5)P2 or PtdIns(4,5)P, levels in vivo (Fig 3H) our findings suggest that
ScSFHI1/AtSFHS5 (2u) expression either affects accessibility or levels of PtdIns(4)P. Further,
our findings that ScSFHI (2u) expression did not dramatically alter PtdIns(4)P levels in Wt
yeast (Fig 4A) or mss4” at semi-restrictive temperatures suggest that ScSfh1 might rather
affect specific pools than affecting global PtdIns(4)P abundance at the PM.

Preliminary data provide hints that ScSthl has no PtdIns(4)P transfer
activity in vitro

Lipid binding characteristics of ScSthl affect its ability to increase Al tolerance, to partially
rescue mss4”-related defects and correlates with a change in PtdIns(4)P FLARE GFP-
2xPH®"* distribution. Thus, we wondered whether Sfhl might affect PtdIns(4)P FLARE
localization by a direct PtdIns(4)P transfer. To address this possibility, in a collaboration with
Chris Stefan and Taki Nishimura (MRC London), we performed PtdIns(4)P transfer assays
(Fig 5A) based on (88). As expected and previously shown, we detected robust PtdIns(4)P
transfer activity for ScOsh6 A69 serving as a positive control for the assay (Fig 5B and (88)).
In contrast, ScSthl did not display PtdIns(4)P transfer activity in this assay (Fig 5B)
suggesting that direct PtdIns(4)P transfer may not be responsible for relocalization of GFP-
2xPH®O" Jocalization in ScSFHI(2u) expressing cells. It needs to be mentioned that for two
reasons these results need to be considered as preliminary: i) the experiment was only
performed once and i1) recombinant proteins where shipped from Germany to England and
we cannot be sure if they were still active. This experiment needs to be repeated and a

positive control (e.g. PtdIns in vitro transfer activity) needs to be included.

ScSFH1 (2u) expression affects PtdEtn and PtdCho homeostasis

To address if ScSFHI (2u) expression altered PL fluxes in vivo, we performed pulse
experiments with **P-labeled orthophosphate to detect even small changes in PL metabolism
as a potential consequence of Sthl-dependent in vivo lipid transfer. After a 60 min pulse of
32p-orthophosphate, we did not observe differences in PtdIns(4)P abundance after expression

of ScSFHI (2u). However, we observed an increase of PtdCho and, to a lesser degree, an
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increase of PtdEtn when ScSFHI was overexpressed (Fig 5C) indicating that ScSthl
influences PtdCho and/ or PtdEtn biosynthesis rates. This activity was strongly compromised
in transformants expressing the PtdCho binding mutant (ScSth1%'"*" """ Fig 5C, 5D, 5E and

5F). In contrast, transformants expressing the PtdIns binding mutant (ScSfh1***°

) displayed a
strong increase in biosynthesis rates of the aminophospholipids PtdEtn and PtdCho (Fig 5C,
5D, 5E and 5F). Thus, the ability to increase PtdEtn and PtdCho biosynthesis rate of ScSthl
and the respective PL binding mutants correlated with the ability to mediate Al tolerance, to

partially rescue mss4”-related defects and to alter PtdIns(4)P FLARE PM localization.

Mutants yeast strains impaired in PtdEtn and PtdCho biosynthesis exhibit

altered PtdIns(4)P FLARE distribution

To investigate whether PtdIns(4)P FLARE localization is regulated by aminophospholipid
levels independent of ScSFHI (2u) expression, we employed mutants of the major
biosynthesis route of PtdEtn and PtdCho, psdiA psd24 and cho24 opi3A (Fig 5G, for PL
profiles see Fig S6A). Additionally, we tested the effect of bypassing the ScPsd1/2-, ScCho2-,
ScOpi3-dependent methylation pathway by the addition of ethanolamine (Etn) and choline
(Cho) or only Cho to growth media enabling PtdEtn or PtdCho biosynthesis via the Kennedy
pathway (Fig 5G). Interestingly, in wild type cells, addition of 1 mM Cho increased PM
localization of GFP-2xPH****" significantly whereas simultaneous addition of 1 mM Etn and
1 mM Cho led to a weak but significant decrease of PM localization (Fig S6B, S6C, S6D and
S6E). Furthermore, in absence of Etn or Cho, for psdiAd psd2A and cho2A opi3d, we
observed a significant decrease of PM localization of GFP-2xPH****"* (Fig S6B, S6C, S6D
and S6E). Since the presence of Etn and/or Cho in the growth media had effects on of GFP-
2xPH" in wild type yeast, we normalized the relative PM localization obtained in the
mutant strains to wild type ratio in respective media (Fig SH and 5I). Microscopic images
along with not normalized data are shown in Fig S6B, S6C, S6D and S6E, respectively.
Interestingly, for psdiA psd24, addition of Cho alone did significantly increase PM
localization of GFP-2xPH>***"?_ however not to wild typic levels of PM localization (Fig 5H).
In contrast, PM localization was fully rescued by addition of Etn and Cho (Fig 5H). For
cho24 opi34, addition of Cho was sufficient to rescue PM localization of GFP-2xPH*"
(Fig 51). The data presented under this headline have to be considered preliminary and need
independent repetitions. Taken together, our preliminary findings suggest that yeast strains
impaired in PtdEtn and PtdCho biosynthesis exhibit an altered GFP-2xPH>***" Jocalization
suggesting an influence of PtdEtn and PtdCho on PtdIns(4)P abundance or accessibility.
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A change in PtdEtn abundance by PSD2 (2u) expression affected Al

tolerance, mss4” growth performance and PtdIns(4)P FLARE distribution

To investigate whether changes in PtdEtn abundance alone increased Al tolerance, we
overexpressed ScPSDI or ScPSD2 and tested Al tolerance. Interestingly, in contrast to
mitochondrial localized ScPSDI (Zinser et al., 1991), ScPSD2 (2u) expression, robustly
increased Al tolerance (Fig 5J). Additionally, ScPSD2 (2u) expression partially rescued mss4"
defects (Fig 5K) and preliminary data suggested a significant increase in GFP-2xPH>**"> PM
localization (Fig 5L and S6F). Interestingly, TLC-based PL analysis indicated that ScPSD2
(2u) expression mainly increased PtdEtn levels at the expense of PtdSer, but did not affect
PtdCho levels (Fig S6A). To investigate whether expression of ScSFHI (2u) increased
PtdEtn at the PM we used the drug Duramycin, which has been reported to bind to PtdEtn at
the PM leading to a transbilayer movement of lipids resulting in cell death (89-91).
Expression of ScPSD2 (2u) led to hypersensitivity to Duramycin (Fig 5M) showing that
overall increase of PtdEtn affected the Duramycin sensitivity. Interestingly, expression of
ScSFH1 (2u) increased Duramycin sensitivity as well (Fig 5N). In agreement with a stronger
efficiency of SFHI (2u) to increase Al-tolerance and rescue mss4” associated defects, growth
inhibition was stronger than that observed for ScPSD2 (2u) expressing transformants. In line
with our previous finding, SeSFHI*'**™'7" did not alter Duramycin sensitivity (Fig N). Taken
together, these findings suggest that an increase of PtdEtn increases Al tolerance and
counteracts mss4” -related defects at semi-restrictive temperatures. Further, based on the
Duramycin assays our data provide first hints that ScSth1l changes PtdEtn abundance at the
PM.

A coupled transfer of PtdCho and PtdEtn mediated by ScSfhl.

ScSthl and the ScSthl* activation mutant catalyzes the energy-independent transfer of
PtdCho between membrane bilayers in vitro (74). Additionally, ScSfthl purified from E.coli
accommodated almost exclusively bacterial PtdEtn as determined by mass spec analyses (92)
and crystallized with PtdEtn in the lipid binding pocket (75). These findings raise two
questions: 1) Do ScSfthl and respective lipid binding mutants transfer PtdEtn in vitro and i) is
PtdCho transfer coupled with PtdEtn transefer? To address these questions we established an
in vitro PL transfer assay with defined big sucrose-loaded donor liposomes (Lp:
PtdCho:PtdSer in a ratio of 1:10 supplemented with '*C-PtdCho or '*C-PtdEtn:) and defined
light acceptor liposomes (La, PtdSer or PtdEtn:PtdSer in a ratio of 1:10), which are separable
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by centrifugation (Fig 6A). We observed a robust transfer of '*C-PtdCho by ScSfhl and the

238D (Fig 6B). As expected, '*C-PtdCho transfer was absent for

PtdIns-binding mutant ScSthl
the PtdCho-binding mutant ScSth1%'">*'""! Interestingly, increasing PtdCho levels in L, from
0 to 10 mol% increased '*C-PtdCho transfer activity for ScSfhl and for ScSth1'**". For
ScSfhl we also observed an increase of '*C-PtdCho transfer by increasing PtdIns level in La
from 0 to 10 mol% (Fig 6B). This increase was absent for ScSth1'>**" (Fig 6B). These results
were in accordance to literature (75) and confirm that the in vitro PL transfer protocol
employed represents a valuable new tool for studying effects of PL composition on lipid
transfer. Substituting '*C-PtdCho with radiolabeled '*C-PtdEtn showed that ScSfhl was able
to transfer PtdEtn in vitro as well (Fig 6C). Surprisingly, despite of similar binding modes of
PtdEtn and PtdCho, "*C-PtdEtn transfer was only slightly reduced in ScSth1%'7>"""! (Fig 6C).
ScSth1™**° showed '*C-PtdEtn transfer activities comparable to ScSfhl wild type (Fig 6C).
To address if PtdCho and PtdEtn are coupled, we tested '“C-PtdCho transfer into La
supplemented with 10 mol% PtdEtn. Interestingly, the presence of PtdEtn led to a ~ 40 %
increase of '*C-PtdCho transfer (Fig 6D). However, increase of '*C-PtdCho transfer was 4
times higher when PtdCho levels were increased from 0 to 10 mol% in L suggesting PtdCho
as superior counter substrate. Taken together our results show that ScSfhl is able to transfer
PtdCho and PtdEtn between unilammelar liposomes in vitro. Furthermore, supplementation of
La with PtdEtn stimulated PtdCho transfer. Interestingly, the PtdCho lipid binding mutant,
ScSth13HS77 il displayed robust PtdEtn transfer in vitro. Together with the result that
expression of ScSFHI®'5!7" (2u) did not increase Duramycin sensitivity, this suggests a

coupling of PtdCho and PtdEtn transfer in vivo.

A translational eGFP-AtSFHS fusion localizing to PM and a specific pool of

lipid droplets (LDs) robustly increased Al tolerance

To address the question, which membranes might be involved in such a PtdEtn/PtdCho
transfer we looked at the localization of ScSth1-GFP and of eGFP-AtSFHS. The latter
contains a N1j16 domain, which was shown to be involved in membrane targeting (67). Both
the expression of ScSFHI1-GFP (CEN, pPMAI) fusion and the EGFP-AtSFH5 (2u) fusion
were functional as shown by increase in Al (Fig S6G and 7A). As previously shown (93),
ScSth1-GFP showed a diffuse localization in the cytosol and the nucleus (Fig S6H). To
address the question whether ScSthl-mediated Al tolerance is based on a cytosolic and/or
nuclear activity of ScSfhl, we tested the ability of ScSFH1-GFP fused to a nuclear
localization signal (NLS) or a nuclear export signal (NES, Fig S6H) to mediate Al tolerance.
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Interestingly, expression of ScSFHI-GFP-NLS (CEN, pPMAI) only slightly increased Al
tolerance, which was to a lesser extent than expression of ScSFHI-GFP (CEN, pPMAI) and
ScSfh1-GFP-NLS (CEN, pPMAI). Furthermore, expression ScSFH1-GFP-NES (CEN,
pPMAI) slightly increased Al tolerance when compared to ScSFHI1-GFP (CEN, pPMAI)
expression. Together, these findings suggest that the ability to mediated Al tolerance is based
on a cytosolic activity of ScSthl. However, the diffuse cytosolic localization did not allow us
to draw any conclusions on the involvement of certain membrane. Therefore, we looked at the
localization of eGFP-AtSFHS. Interestingly, eGFP-AtSFHS5 localized to punctate structures,
which were observed in close proximity to the PM (Fig 7B). Additionally, by using the
PtdIns(4,5)P, mCherry-N1j16*""! FLARE as PM membrane marker (67), we observed that
eGFP-AtSFHS partially localized to the PM in a patchy pattern. To identify the origin of
observed localization pattern we performed correlative light and electron microscopy. The
punctate fluorescent signal always coincided with round structures framed by lipid
monolayers corresponding to lipid droplets (LDs, Fig 7C). Interestingly, the PM signal of
eGFP-AtSFHS coincided with cortical endoplasmic reticulum (ER, Fig 7C) suggesting
localization at ER-PM contact sites. However, localization of Cerulan-AtSFHS in a tetherA
yeast strain with dramatically reduced number of ER-PM contact sites showed that in contrast
to the ER-PM contact site marker, ScTcb3-GFP, Cerulan-AtSFHS5 localization was
comparable to its localization in wild type yeast (Fig S6I) suggesting that AtSFH5 PM
recruitment was independent of ER-PM contact sites. Using confocal microscopy, we
observed that eGFP-AtSFHS localized at the LD surface (Fig 7D). Interestingly, eGFP-
AtSFHS localization was enriched at the site facing the PM. Co-localization analysis with the
PtdIns(4,5)P, FLARE mCherry-N1j16**™! showed that, in contrast to PM-localized eGFP-
AtSFHS, LD-localized eGFP-AtSFH5 never showed co-localization (Fig 7D and 7E).
Interestingly, at sites where the fluorescent signal of LD-localized eGFP-AtSFHS was
enriched towards the PM, we hardly detected any mCherry-N1j16**"" fluorescence (Fig 7D
and 7E). Furthermore, the surface co-localization of eGFP-AtSFH5 and mCherry-N1j16*™!
revealed that at sites of LD-localized eGFP-AtSFH5, mCherry-N1j16**™! fluorescence was
absent suggesting that the presence of LDs, closely localized to the PM, affected either the
presence of PtdIns(4,5)P, or its accessibility for mCherry-N1j16*! (Fig 7F and 7G). This
observation might suggest the existence of so far not yet described LD-PM contact sites.
Taken together, localization of eGFP/Cerulan-AtSFHS to the LD surface of a subpool of LDs
(only those in close proximity to the PM) suggests that AtSFHS might mediate transfer of
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PtdCho and PtdEtn between LDs and the PM or between different pools at the PM itself
thereby enriching PtdEtn at the PM at the expense of PtdCho.

Al treatment decreases FLARE recruitment to the PM

PtdEtn was suggested to change protonation state and hence negativity of phosphatidic acid
(PtdOH) through inter-lipid H bonds (94, 95). If a potential ScSthl-mediated increase of
PtdEtn at the PM was able to affect the protonation status of PtdIns(4)P (and other lipids) as
well, one would expect an overall increase of negative charge at the PM. To test this
hypothesis we used the amphipathic motif of ScSpo20 fused to GFP (ScSpo20-GCC-GFP)
described to be sensitive to membrane charge (96). In agreement with an overall increase in
PM charge, ScSFHI (2u) expression increased PM localization of the ScSpo20-GCC-GFP
bioprobe (Fig 8A and S7A). Endomembrane localization of ScSpo20-GCC-GFP was severely
reduced by ScSFHI (2u) expression (Fig S7A). Interestingly, expression of ScSFHI1™*%P (2u),
but not ScSFHI5'7"S77! " did resemble expression of wild type ScSFHI (2u) in accordance to
activity patterns of ScSfhl and its lipid binding mutants in regard to Al tolerance, mss4"”
partial rescue and GFP-2xPH>***" sensor redistribution. These results raised the question if
mediation of Al tolerance by ScSfh1/AtSFHS5 is based on alteration of negative membrane
charge, in particular of the PM as membrane with highest negative charge (26) and if the PM
might represents a direct target of Al in vivo. To this end we tested if Al treatment at subtoxic
levels (150 uM, Fig S7B) affected PM localization of the ScSpo20-GCC-GFP bioprobe and
of several FLAREs. In accordance with the idea that Al directly binds to the PM thereby
changing its physico-chemical properties, we observed a decrease of PM/intracellular ratio of
fluorescent signals for all tested sensors (Fig 8B and Fig S7C). This finding suggests that Al
binds to the PM in vivo thereby affecting localization of PM binding proteins. To corroborate
this idea, we tested if an overall decrease of negatively charged lipids would render yeast
more sensitive to Al treatment. Indeed, yeast mutant defective in PtdSer, PtdIns(4)P and
PtdIns(4,5)P, (chold, pikl®, stt4” and mss4"”) were more sensitive to Al treatment (Fig 8C).
Vice versa, we tested if an overall increase of negatively charged PLs would increase Al
tolerance. Indeed, as previously shown, expression of the wheat PtdSer synthase TaPSSI (2u)
increased Al tolerance (Fig S7D, (97)). Additionally, expression of ScMSS4 (2u) increased Al
tolerance, as well (Fig 8D). As shown in Fig 2H and 21, SeSFH1 (2u) expression increased
PM localization of mCherry-ScRhol. Interestingly, ScRhol was shown to be targeted to the
membrane by the negatively charged lipids PtdIns(4,5)P, and PtdSer (81, 82). Since ScSFH1
(2u) did not increase PM localization of the PtdSer FLARE GFP-LactC2 (Fig S4D and S4E)
we performed an in silico analysis using the basic hydrophobic (BH)-search algorithm (98,
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99) to identify polybasic sequences possibly enabling charge dependent rather than
stereospecific PM recruitment. The analysis of the ScRhol primary amino acid sequence
revealed a C-terminal polybasic sequence, with a BH-score higher than the threshold of 0.6
(Fig 8E). Interestingly, this motif was reported to be crucial for correct PM targeting in vivo
(81). Further testing of the ScSfh1 PtdCho and PtdIns binding mutants revealed that increased
PM localization of mCherry-ScRhol was only mediated by wild type ScSfh1 and ScSfh1***P
(Fig 8F and 8G). In contrast, ScSth1%'"*" """ only poorly affected mCherry-ScRhol PM
localization. These results suggest that ScRhol is recruited to the PM by charge dependent
mechanism. Since the ScRho family was linked to the rescue of mss4—2" (50) defects, we
tested if ScRhol and the close homolog ScRho2 increased Al tolerance. Unfortunately,
expression of ScRHOI (2u) severely impaired yeast growth on mock media (Fig S7E),
making an interpretation of Al tolerance difficult. Interestingly, the expression of the partial
redundant ScRhol homolog (22), ScRHO2 (2u), described as suppressor of mss4—2"
increased Al tolerance as well (Fig S7F). Taken together, these results suggest that ScSthl-
mediated changes in PM charge affect Al tolerance and growth of mss4" at semi-restrictive
temperature by increasing charge dependent PM recruitment of proteins, e.g. involved in CWI

signaling. Further these data suggest that overall PM charge is a primary toxicity target of Al.

Negative charge of the PM affected Al tolerance in plants

To investigate whether negative charge of the PM influences Al tolerance in plants as well,
we analyzed primary root growth of mutants defective in the biosynthesis of negatively
charged PLs on solid media containing subtoxic Al concentration (12-15 pM, media was
developed by (100, 101)). Interestingly, atpssi-3 (59) defective in PtdSer biosynthesis,
atpidkpl atpi4kf2 defective in PtdIns(4)P biosynthesis (102, 103), atpipSkl and atpip5kl
atpip5k2 (55) impaired in PtdIns(4,5)P, biosynthesis exhibited all a significantly reduced
relative primary root growth when treated with Al (Fig 9A-9D). Vice versa using a line
expressing AtPIP5K3 under the control of an estradiol inducible promoter shown to display
increased overall PtdIns(4,5)P; level in presence of estradiol (104), significantly increased
relative root growth after Al treatment (Fig 9E). Together these data resembled growth
phenotypes on Al containing media of yeast mutants with changes in the biosynthesis of
negatively charged PLs (Fig 8C and 8D) suggesting that also in plants, Al might affect the
negative charge of the PM directly and might alter proper PM recruitment of PM binding
proteins. To address this further, we investigated localization of cYFP-KA1"MARK! described
as charge sensor (27, 28) and FLARESs for PtdSer (cYFP-LactC2), PtdIns(4)P (cYFP-P4M)
and PtdIns(4,5)P, cYFP-2xPH"™F*! (27, 105) after Al treatment. As observed in yeast (Fig
20
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8B), also in plants the PM/intracellular ratio significantly decreased after Al treatment for
CYFP-KA1"MARK! oY FP-LactC2 and cYFP-P4M (Fig 9F and 9G). Interestingly only after
Al treatment, CYFP-KA1MARKL 9nd ¢ YFP-P4M sensors decorated endomembrane structures
(Fig 9F), suggesting charge reduction primarily of the PM. For cYFP-2xPH™"®! FLARE,
localization in mock conditions differed substantially from plant to plant. Therefore, time
HsPlcdl

course experiments were performed selecting plants with cYFP-2xPH

localized to the PM. Also for PtdIns(4,5)P, FLARE 2xPH™"! the PM/intracellular ratio

exclusively

significantly decreased after Al treatment (Fig 9H). These results were in accordance to
results observed in yeast (Fig 8B) and indicate a general mode of Al toxicity. To test if PM
recruitment of endogenous plant proteins would be affected by Al treatment, we tested the
localization of the AGC3 kinase ARABIDOPSIS THALIAN PINOID (AtPID), which was
shown to localize to the PM charge dependently (27). In accordance with Al affecting
negative charge of the PM, also the PM/intracellular ratios for AtPID-YFP and YFP-AtPID
were significantly reduced by Al treatment (Fig 91, 9J, S8A and S8B). AtPID was described
to influence localization of the ARABIDOPSIS THALIANA PIN FORMED (AtPIN) protein
family (106). Effects of loss of PID function on PIN localization in roots were so far only
described for AtPIN2 in the pid-9 loss-of-function allele resulting in an accumulation of
AtPIN2 endomembrane structures (107). Interestingly, also Al treatment led to an
accumulation of AtPIN2-GFP in endomembrane structures (Fig 9K) in accordance with
reduced PID activity. Furthermore, the fluorescent signal of AtPIN2-GFP increased at the PM
indicating a more general influence of Al on AtPIN2 cycling, as already described by (108).
Additionally, we observed a wavy phenotype for primary roots grown on Al-containing media
(Fig 9L), which resembled phenotypes described for mutant lines of the AGC3 kinase family
(109). Taken together our results indicate the Al is influencing the negative charge of the PM
in vivo in plants and yeast thereby changing recruitment of membrane targeted proteins

indicating the charge of PM as primary toxicity target of Al.

21



647

648
649
650
651
652
653
654
655

656

657

658

659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678

Discussion

Al is toxic for microbes, mammals and plants. It is discussed to be involved in several
important processes such as the growth and composition of bacterial communities in soil
(110), neurodegenerative diseases (111, 112) and it was shown to decrease root growth
representing one of the biggest abiotic limitations for crop production worldwide (4, 5). In
spite of intensive research efforts, direct targets of Al on a cellular level remain elusive. Here
we report an unbiased approach to unravel cellular targets of Al toxicity using yeast genetics.
Together our data provide evidence that negative PM charge is a primary toxicity target for Al

in yeast and plants.

ScSFH1 (2u) expression increases overall PM charge along increased PM
localization of PtdIns(4)P FLARE probably by establishing a different

PtdIns(4)P pool at the PM

Expression of ScSFH1 (2u) led to a robust increase of Al tolerance alongside an increase of
PM targeting of membrane sensors and endogenously PM recruited proteins (Fig 2, 4, 8 and
S5). Notably, steady state PL levels were not changed through ScSFH1 (2u) expression (Fig
4A). Localization studies with different FLAREs showed that Ptdins(4)P FLARE exhibited
increased PM localization after ScSFHI (2u) expression (Fig 4B and 4C). In contrast, PM
localization of FLAREs for PtdSer, PtdIns(3)P, PtdIns(4,5)P, was not increased (Fig S5).
While a ScSthl PtdIns binding mutant was behaving like wild type ScSth1, a PtdCho binding
mutant failed to induce an increase in PM recruitment of the PtdIns(4)P FLARE GFP-
2xPH®?™"* (Fig 4B and 4C). This observation correlated with the observed Al tolerance
phenotypes. Further, Al tolerance mediated by AtSFHS5 and the ScSECI4 Al tolerance
activation allele ScSEC14°'73" induced PtdIns(4)P FLARE PM association as well. Analysis
of the charge sensor GCC-GFP indicated that ScSFHI (2u) expression increased overall
negative charge at the PM. This correlated with an increase of PM recruitment of ScRhol-
mCherry and ScPkc1-GFP. Based on these findings, two models for cellular ScSth1 function
arose: 1) ScSthl increases PtdIns(4)P at the PM by direct in vivo transfer of PtdIns(4)P from
endomembranes with PM localized PtdCho as counter lipid (Fig 10A) or i1) ScSfh1 indirectly
changes lipid accessibility at the PM resulting in a changed PM recruitment of the tested
PtdIns(4)P FLARE, charge sensors and endogenous proteins (Fig 10B). To address the first
model of direct PtdIns(4)P/PtdCho in vivo transfer, we exploited an in vitro transfer system

for PtdIns(4)P (113). Notably, in our preliminary results, ScSth1 did not exhibit PtdIns(4)P
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transfer activity (Fig 5B) questioning this model. Furthermore, our TLC- and HPLC-based
analysis of PtdIns(4)P levels in vivo (Fig 3H, 4A and 5C) revealed that ScSFHI1(2u) did not
affect PtdIns(4)P levels dramatically. Even though these results question that ScSthl transfer
PtdIns(4)P in vivo, we cannot exclude that PtdIns(4)P abundance in certain pools is altered
through ScSFHI (2u) expression and that for in vitro transfer ScSthl needs unknown co-
factors.

Interestingly, pulse experiments with **P-labeled orthophosphate revealed that ScSFHI (2u)
expression changed the biosynthesis rate of PtdEtn and PtdCho (Fig 5C - 5F). Furthermore,
tested ScSthl lipid binding mutants exhibited the same activity pattern as for Al tolerance.
These findings suggest that Sfth1-dependent binding or transfer of PtdEtn/PtdCho might be
involved in the observed phenotype. In accordance, in our genome wide screen we identified
ScCho2 as essential for ScSthl-mediated Al tolerance (Table S2), we observed that an
increase in PtdEtn levels mediated by ScPSD2 (2u) expression increased Al tolerance and that
ScSFHI (2u) expression increased sensitivity to Duramycin sensitivity, reflecting a higher
PtdEtn availability at the PM (Fig 5N). In agreement with the reported phenotypes, the
ScSthl PtdCho binding mutant did not alter the sensitivity to this compound (Fig 5N). These
findings suggest that ScSfhl is increasing PtdEtn at the PM. "*C-PtdCho and '*C-PtdEtn in
vitro transfer assays showed that ScSfhl robustly transferred PtdEtn and PtdCho and that
PtdCho transfer can be stimulated by presence of PtdEtn in acceptor membranes (Fig 6).
Thus, based on these findings we propose that ScSth1 might increase PM PtdEtn levels by a
PtdEtn transport to the PM that is potentially energized by an Sth1-dependent back transport
of PtdCho. This model is supported by the finding that even though the ScSthl PtdCho
binding mutant robustly transfers PtdEtn in vitro (Fig 6C) we did not observe an increased
Duramycin sensitivity or a change of the PtdCho/PtdEtn biosynthesis rate (Fig SC-F).

But how can PtdEtn abundance at the PM might alter PM charge and PM recruitment of a
PtdIns(4)P FLARE? In 2005, Kooijman and colleagues (94) proposed that PtdEtn can change
the protonation status of PtdOH through interlipid contacts, resulting in higher negative
charge of PtdOH. Since lipid binding or membrane binding domains are coordinated by
positively charged amino acid residues, a change in the protonation state might subsequently
change the accessibility of PtdOH. If a similar mechanism took place for PtdIns(4)P one
would expect that mutants impaired in the PtdEtn biosynthesis would have an altered
PtdIns(4)P distribution. Interestingly, preliminary data suggested that PtdIns(4)P FLARE PM
localization was decreased in a psdiA psd24 (Fig SH), suggesting that PtdEtn abundance

indeed affects PtdIns(4)P accessibility or distribution. In the same line we preliminarily
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observed that ScPSD2 (2u) expression increased PM recruitment of the tested PtdIns(4)P
FLARE (Fig 5L). Furthermore, if the proposed PtdEtn/PtdCho heterotypic transfer model
operates in vivo, one would expect the same phenotypes for PtdIns(4)P FLARE distribution in
mutants with impaired PtdCho synthesis. Notably, indeed we preliminarily observed a
decrease in PM recruitment of the tested Ptdlns(4)P FLARE in the cho24 opi34, a strain
devoid of PtdCho biosynthesis (Fig 51). Together our data provide first evidence that PtdEtn
abundance might change accessibility of PtdIns(4)P - potentially by an altered the protonation
state of PtdIns(4)P - thereby changing overall PM charge, protein recruitment to the PM and
possibly defining different PM PtdIns(4)P pools (Figure 10). In future, it will be important to
investigate whether PtdEtn indeed can change the protonation state of lipids other than
PtdOH. Further, it will be crucial to determine if PtdEtn is able to influence the affinity of
different lipid binding domains (e.g. for PtdIns(4)P) and how PtdEtn, which is reported to be
highly abundant at the inner leaflet of the PM (114), might be enriched through PtdCho

transfer activity.
Do PL affinities determine ScSec14/ScSfh1-mediated lipid transfer in vivo?

Our transfer experiments with defined acceptor membranes reveal that composition of
membranes influences the transfer rate of PLs by ScSfhl. A prerequisite for classical ScSec14
function is to bind PtdIns and PtdCho (75). Strikingly, the PtdIns binding mutant is still able
to increase Al tolerance (Fig 1C and S1E), to partially rescue mss4”-related growth defects
and PtdIns(4)P FLARE redistribution similar to wild type ScSfh1 (3B, 4C, 5C and 8G). This
is in accordance with phenotypes being independent of classical ScSec14 function (Fig 1B,
S1A, SIB and S1C). The directed evolution screen presented here revealed a S173P
substitution as sufficient to activate ScSecl4 in terms of mediation of Al tolerance and
increasing PtdIns(4)P accessibility (Fig 4F, 4G, 4H and S5). Interestingly, S173 is involved in
the coordination of PtdCho (75). Notably, the ScSec14%' 7" rescued sec/4-1" related growth
defects comparable to wild typic ScSecl4 (Fig S5B) indicating that PtdCho binding is not
impaired. This leads to the question how the S173P substitution in ScSec14 renders ScSec14
active in terms of mediating Al tolerance and PtdIns(4)P FLARE redistribution. One possible
explanation might be that the amino acid substitution influences overall PL binding affinities
to different PL species thereby influencing in vivo lipid transfer. Following this idea, a model
arises in which lipid binding affinity is a determinant for lipid transfer into certain
membranes, pools or domains and define cellular functions and activities of different
structurally close related ScSecl4-type proteins with comparable in vitro transfer activities.
Interestingly, ScSfhl was recently proposed to transfer PtdSer between the ER and
24
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endosomes when only non-fermentable carbon sources are available thereby indirectly
changing ScPsdl-dependent PtdEtn levels at the mitochondria (115). In the line that PL
transfer mediated by ScSthl might depend on the lipid binding properties, ScSfhl lipid
transfer might also be affected by the lipid composition of membranes. Interestingly, the lipid
composition significantly changes when different carbon sources are used (116). Thus, in
future it will be interesting to address if lipid transfer routes of LTPs, such as ScSthl, are
affected by the composition of donor or acceptor membranes. Therefore, it will be interesting
to exploit the presented in vitro PL transfer assay. With this synthetic system it will be
possible to address whether a change in the composition of L, can influence the transfer rates
of different ScSec14 homologs. In the same line it will be interesting to compare PtdEtn,
PtdCho and PtdIns transfer rates of ScSec14°'*" with the rates of wild type ScSec14, ScSfhl
and the ScSec14 activation allele ScSth1Y'*¢ (74).

Which membranes are involved in ScSfh1/AtSfh5-mediated lipid transfer?

To address which membranes might be involved in the proposed the ScSfhl-mediated
PtdEtn/PtdCho transfer we also investigated AtSFHS, which phenocopies ScSthl. We
localized a functional eGFP-AtSFHS5 protein fusion in yeast. Nlj16 domains were shown to
bind PtdIns(4,5)P, and to be involved in membrane recruitment in vivo (67). Interestingly, in

contrast to the single AtSFH5N/'¢

domain, which recruits a fluorophore fusion to nucleus-like
structures (67), we found that eGFP-AtSFHS localizes to the PM and the LD surface to a
specific sub pool of LD closely localized to the PM. This finding indicates that not only the
NI]j16 domain but also the ScSecl4 domain of AtSFHS determines cellular localization.
Strikingly eGFP-AtSFHS localization is enriched at the PM-oriented site of the LD subpool.
Furthermore occurrence of eGFP-AtSFHS LD signal close to the PM seems to repel the
PtdIns(4,5)P; binding mCherry-AtSFHI™'® protein fusion (Fig 7D-G). This finding suggests
the existence of, not yet described, LD-PM contact sites. In future it will be interesting to see
if the eGFP-AtSFHS decorated LD pool are naturally occurring LDs or if AtSFH5 drives
production of these LDs by a ScSfhl-like activity. Since AtSFHS5 phenocopies ScSfthl in
regard to Al tolerance and PtdIns(4)P accessibility, it is an interesting idea that the dual
localization of AtSFHS to the PM and LD provide a hint that PtdEtn/PtdCho transfer might
occur between the PM and LD. Indeed it was shown that PtdCho and PtdEtn are highly
abundant in LD monolayers (117). Thus, it will be interesting to address if ScSth1/AtSFHS
can still increase Al tolerance and change lipid accessibility in mutants lacking LDs (118) and
if these mutants show a change in overall PM charge. Furthermore, ScSlc1, involved in PA

biosynthesis, was identified in the LD proteome (119) and it was reported that slc/4 mutant
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yeast have altered LD contents (120). Interestingly, we identified s/c/4 in our genome wide
screen, suggesting that ScSlcl function is essential for ScSth1-mediated Al tolerance. Notably
ScSlcl was reported to be redundant to ScSlc4 in terms of overall PA synthesis (121). A
specialized function for ScSlcl at LD monolayers, maybe driving PtdEtn synthesis, might
explain why ScSlcl alone is essential for ScSthl to mediate Al tolerance. Even though lipid
transfer between LDs and the PM is an attractive hypothesis it needs to be stated that ScSthl
localizes to the cytoplasm and the nucleus (Fig S6H), and that, even though majority of the
signal is located to the PM and LDs, eGFP-AtSFHS also localizes to the cytosol. Thus, future
experiments will have to address membranes involved in ScSthl lipid transfer. To address
this, it will be interesting to generate ScSthl fusions, with different lipid binding domains
facilitating the recruitment to different membrane pools and observe stimulation of Al

tolerance.

CWI and Al

In plants, Al treatment leads to a substantial cell wall thickening, to remodeling of cell wall
composition and to a decreased mechanical extensibility of the cell wall (16, 17). In the model
organism S. cerevisiae two independent genetic screens identified yeast impaired in CWI
signaling as more sensitive to Al treatment (24, 25) suggesting that remodeling of cell wall
composition is involved in yeast tolerance to Al. Here, we show that Al treatment triggers
CWI signaling as evident by increased ScMpkl phosphorylation (Fig 2G). ScMpkl
phosphorylation occurs rapidly after 30 min of Al treatment and endures at least 8 h (Fig 2G).
Together with the findings that knock out of genes involved in CWI signaling are more
sensitive to Al (Fig 2B - 2D), this suggests that yeast are able to perceive Al-induced cell wall
stress. In contrast to mutants lacking one of the three other proposed mechano-sensors
(wsc24, wsc34 and mtliA), only wscld and mid24 are more sensitive to Al (Fig 2B)
corroborating that these two genes encode for the main CWI sensors and suggesting that these
two sensors are involved in the perception of Al induced cell wall stress in yeast (22).
Interestingly, even though both ScWscl and ScMid2 were shown to interact with ScRom?2
(122), in the single mutants strains, wscl/A4 and mid24, ScSFH1 expression fails to induce Al
tolerance suggesting that ScWscl and ScMid2 act together. As it was proposed that cell wall
receptors concentration and nanoclustering influence intensity of damage signals (123-125)
this might play a role for ScSfh1-mediated Al tolerance, as well. Thus it would be important
to analyze nanoclustering of ScWscl and ScMid2 after Al treatment and ScSFHI (2u)

expression. Furthermore, it would be interesting to analyze the cluster formation in mutants
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impaired in PtdSer and PIP homeostasis to investigate whether stereospecific or charge-
dependent protein-lipid interaction have an influence on ScWscl and ScMid2 nanoclustering.

Moreover, components of the CWI pathway further downstream of ScWscl and ScMid2 are
essential for increased Al tolerance mediated by ScSFHI (2u) expression (Fig 2B — 2D).
Further, we show that sfh/4 yeast mutants are slightly more sensitive to Al (Fig 2E) and
identified negative synthetic interaction of ScSthl with ScPkcl (Fig 2F). This indicates an
influence of ScSthl on CWI signaling. Surprisingly, ScSthl did not influence the degree of
ScMpk1 phosphorylation after Al treatment (Fig 2G). However, ScSFHI (2u) expression
increase PM localization of ScRhol-mCherry and increased PM and bud tip recruitment of
Pkc1-GFP. These results combined with the findings that ScSFHI (2u) expression increased
overall PM charge (Fig 8A) and that Al treatment impaired charge and stereospecific protein
recruitment to the PM (Fig 8B), provide the following possible explanation for ScSthl-
mediated Al tolerance. The ScSthl-mediated increase in PM negativity is able to counteract
the Al induced decrease of PM protein recruitment, e.g. of ScRhol and ScPkcl, thereby
maintaining a functional CWI pathway longer under subtoxic Al conditions (Fig 10A and
10B). This is in accordance with the findings that proper ScRhol localization is essential for
CWI signaling (81) and that Pkc1-GFP localization is altered after cell wall stress (78, 79). To
test this hypothesis, it will be interesting to analyze the localization of different CWI
components after the combination of Al treatment and ScSFH1 (2u) expression.

Furthermore, our result suggest that PtdIns(4)P and/or PM charge is involved in CWI
signaling. To this end it will be interesting to compare CWI signaling efficiency in a chol4
mutant with the signaling efficiency in a sac/4 mutant. In a chol4 mutant strain, PtdSer,
which was suggested as a main driving force for overall negative charge of the PM in yeast
(26), is absent and PtdIns(4)P levels and PtdIns(4)P FLARE localization to the PM are
increased (126, 127). In contrast, in a sac/4 mutant PtdIns(4)P levels and PtdIns(4)P FLARE
localization to PM are increased and PtdSer levels and PtdSer FLARE PM localization are
decreased (63, 128). Interestingly, whereas in a chol/4 mutant strain, after heat treatment
Mpkl phosphorylation is impaired (129), in a sacl4 mutant Mpkl phosphorylation is
strongly activated (130). These results combined suggest that both PtdIns(4)P and PtdSer are
involved in modulating CWI signaling. To explain observed results, a possible scenario might
be that recruitment of ScRhol is dependent on PtdIns(4)P or on charge of the PM and
subsequent ScPkcl activation is dependent on PtdSer as shown by (129). Along with this it is
interesting to note, that we identified sac/4 as a hit in our genome wide screen showing that

ScSFH1 (2u) expression did not increase Al tolerance in the mutant (Table S2). This might be
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explained by high PtdIns(4)P levels at the PM superposing effects of ScSFHI (2u)
expression. Furthermore, we found that an increase of the charge sensitive ScSpo20-GCC-
GFP bioprobe correlated with increased PtdIns(4)P FLARE localization and did not correlate
with PtdInsSer FLARE PM localization suggesting that both PtdIns(4)P and PtdSer contribute
to overall charge of the PM. This is in contrast to observation that the localization of different
KA1 domains, which bind to negatively charged PLs, were not altered in the stt4” pikl®
double mutant at restrictive temperatures (28). Thus in future it will be interesting to
investigate to what extend PtdIns(4)P and maybe PtdIns(4,5)P, contribute to overall PM
charge. To address this question it will be necessary to compare different charge probes in
temperature sensitive alleles impaired in PtdSer, PtdIns(4)P and/or PtdIns(4,5)P, after short
term PL depletion. Furthermore, exploiting transient systems to deplete specific PLs at
different membranes by PL phosphatases, e.g. using a system established by the Hammond
lab (131), will be useful a tool to analyze the importance of the different negatively charged
PLs on overall membrane negativity. Further it will be interesting to investigate if ScRhol
and ScPkcl localization is charge dependent or dependent on stereospecific lipid interaction.
To this end it will be interesting to mutate domains of ScRhol/ScPkcl responsible for PM
recruitment and replace them with different charge or PL binding domains and analyze the
chimeric proteins in regard of CWI activity.

Our findings indicate that modulation of CWI signaling influences Al tolerance in yeast. In
contrast to the well-studied CWI pathway in yeast first insights in the CWI pathway in plants
are just emerging (21, 132). As possible candidates in mechano-sensing modules members of
the Catharanthus roseus receptor-like kinase like (CrRLKL) family were suggested (21) with
AtFER as most promising candidate (133). Also the phytohormone brassinosteroid (BR)
along with its sensor AtBRII, its co-receptor AtBAK1 and RLP44 were suggested to be
involved in mechano-stress sensing (134). In future, it will be interesting to evaluate if Al
tolerance can be increased by modulating CWI signaling and to clarify whether PL

homeostasis is involved in CWI in plants as well.

PtdIns(4,5)P, independent rescue of mss4” at semi-restrictive temperatures

Expression of ScSFHI (2u) partially suppressed mss4” related growth defects at semi-

restrictive temperatures. In the same line also ScPSD2 (2u) expression led to a partial rescue,

albeit to a lesser extent. PtdIns(4,5)P; analysis through SAX-HPLC of deacetylated PIPs and

with the GFP-2xPH™"®' FLARE specific for PtdIns(4,5)P, revealed that there was no

influence of ScSFHI (2u) expression on PtdIns(4,5)P; levels or accessibility (Fig 3H, S4B

and S4C). Interestingly, the ScSth1l PtdIns but not the PtdCho binding mutant were able to
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partially rescue mss4”, resembling the pattern observed for mediation of Al tolerance, change
in PtdIns(4)P accessibility and increase in PM charge (Fig 4, 8A and S7A). These finding
suggest that ScMss4 requirement can be partially bypassed by increased accessibility of
PtdIns(4)P alongside an increase of overall PM charge. It is interesting to note that (82)
described that under hyperosmotic shock ScRhol recruitment to the PM, which was proposed
to be mediated by increased PtdIns(4,5)P; levels (81), can be also medaited by PtdSer. Along
with our results that suggest that ScRhol recruitment might be charge dependent (independent
of stereospecific interactions, Fig 8F and 8G) and that expression of ScRHO2 (2u), a the
closest ScRhol homolog with partially overlapping function (22), was able to partially bypass
ScMss4 requirement (50) this provides a possible explanation for the observed partial rescue
of mss4” mediated by ScSfhl. Future experiments will have to address if ScSfhl-mediated
partial ScMss4 bypass is dependent on ScRhol recruitment and to what extend PtdIns(4,5)P;

is involved in charge dependent protein recruitment to the PM.

Plasma membrane charge influences Al tolerance and sensitivity in yeast

and in plants

As barrier of the cell the PM was intensely discussed to be one early target for Al toxicity. It
has been demonstrated that Al treatment is affecting overall lipid composition (135, 136) and
various studies showed that Al binds to artificial liposomes and is present in microsomal
fractions of different plant species (69, 137, 138). The affinity of Al to membranes increases
with overall membrane charge (68) and the zeta-potential (expressing the membrane surface
charge) of microsomal-based liposomes increases upon Al treatment reflecting a decrease of
overall negative charge of a lipid bilayer. Based on these results, different concepts were
postulated how Al might act on the PM: 1) it was proposed that Al binds to the outer leaflet
thereby reducing its surface charge and affecting e.g. uptake of other cations (69) and 1ii) it
was suggested that after entering the cells Al binds to the inner, cytosolic leaflet thereby
affecting activity of e.g. PM H'-ATPase activity (71) and phospholipase C (70). However,
these results are based on experiments with artificial or microsomal membranes raising the
question of the influence of Al on the PM in vivo. Based on an unbiased yeast screen we show
that increased accessibility or increased levels of negatively charged PLs increase Al
tolerance in yeast and in planta (Fig 8C and 9D). Genetic modification of lipid biosynthesis in
yeast and plants show that independent of the lipid species a reduction in negatively charged
PLs (PtdSer, PtdIns(4)P or PtdIns(4,5)P,) resulted in higher sensitivity to Al (Fig 8A, 8C, 8D
and 9A-D). In contrast, increased levels of PtdSer, PtdIns(4,5)P, or an increase of PtdIns(4)P
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FLARE recruitment along with an increase in overall PM charge also increased Al tolerance
in yeast (Fig 8D and S7D). Likewise, increased PtdIns(4,5)P; levels resulted in higher Al
tolerance in planta (Fig 9E). Along with these results, we show that in vivo lipid accessibility
is changed after Al treatment. PM recruitment of charge sensors, different FLAREs and
charge-dependent PM recruitment of endogenous proteins is reduced by Al treatment (Fig 8B,
8F, 8G, S7C, 9F and 9H). These results lead to a model in which Al is competing with
proteins for membrane binding of the cytosolic leaflet resulting in a disruption of proper
membrane targeting of proteins (Fig 11A and 11B). Our genetic data and microscopic data in
yeast and plants support the idea that increasing the negative PM charge counteracts this

effect and renders organisms more tolerant to Al treatment.

Physiological influence of changed PM charge in planta

Inhibition of root growth induced by Al treatment is caused by a combination of a reduction
in cell elongation and cell division (9). Both cell elongation and cell division are complex
processes and heavily dependent on extensive membrane trafficking events (139, 140).
Membrane trafficking itself is facilitated by the actin cytoskeleton (141). Interestingly, both
membrane trafficking and actin organization are disrupted by Al treatment (142, 143). One
common regulatory component for membrane trafficking and the actin cytoskeleton are
negatively charged PLs (144). Interestingly, in the presented genome wide screen besides hits
representing components of CWI pathway and lipid homeostasis, various genes involved in
the cell cycle, in the regulation of the cytoskeleton and in membrane trafficking were
identified to be essential for ScSthl-mediated Al tolerance (Table S2). Based on these
findings the question arises if 1) ScSfhl mediates Al tolerance on several levels thereby
influencing CWI, membrane trafficking and actin cytoskeleton formation, i1) does the ScSth1-
mediated increase in PM charge reflect a common feature influencing different processes or
ii1) does CWI signaling influence membrane trafficking and actin cytoskeleton formation
directly. To address this, a combination of genetic (e.g. generation of higher order mutant
strains) and microscopic (localization of components involved) approaches will be interesting
to perform.

We confirmed the observation that AtPIN2-GFP trafficking is misregulated by Al treatment
(Fig 91 and (108)). As shown by (108), after Al treatment we observed an increased AtPIN2-
GFP signal at the PM in accordance with PM lipids involved in endocytosis of AtPIN2 (55,
103) and higher sensitivity of plant lines defective in PIP homeostasis (Fig 9B — 9D). For
AtPIN2-GFP, we also observe dotted intracellular structures after Al treatment (Fig 9K),
indicating that PM recycling of AtPIN2 is influenced by Al treatment as well. Interestingly,
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we observed that localization of the AGC3 kinase AtPID was misregulated by Al treatment.
AtPID is essential for proper PIN2 cycling in the root and pid-loss of function resulted
AtPIN2 accumulation in dotted cytosolic structures (107), similar to intracellular AtPIN2
structures observed after Al treatment (Fig 9K). Taken together these results suggest that Al
influences PIN cycling by affecting membrane trafficking and by mislocalization of AtPID.
Al-induced changes on cellular processes are manifold (9). For the future, it will be
interesting to dissect phenotypes caused by Al treatment, which are linked to changes in lipid
accessibility/membrane charge or phenotypes independent of lipid homeostasis and
accessibility. To address this, it will be interesting to generate AtPID variants, which are
charge independently recruited to PM and investigate the Al tolerance of plants expressing

these proteins.

PM charge: an adaptation to Al toxicity.

Interestingly, PL analysis of two dominant woody species that grow in tropical acid sulfate
soils (Melastoma malabathricum L. and Melaleuca cajuputi Powell), described as more Al
tolerant than rice (Oryza sativa L. (145)), revealed that the Al tolerant species had a
substantial lower ratio between PLs and galactolipids than rice (146). In the same line, in
near-isogenic Al tolerant (ET8) and Al sensitive (ES8) wheat (7riticum aestivum) lines, the
PM membrane charge (measured by the zeta-potential of microsomal liposomes) was
significantly higher for the Al sensitive line (147). These results suggest that an increase in
PM charge renders plants more sensitive to Al. On the first sight, these findings seem
contradictory to the results presented in this study. However, for ES8 and ET8 lines mainly
the zeta potential of right-side-out (apoplastic side out) microsomal liposomes were analyzed.
Further the findings of (146) raises the question if acidic soils with high concentrations of
soluble Al lead to a selective pressure for plants concerning overall PL content and PM
charge. In future, it will be interesting to investigate how cytosolic charge of Al adapted plant
species differs from Al sensitive plants. In this regard it will be interesting to see if PM
targeting mechanisms of proteins adapt to lower PM charge by increasing charge affinity,
pronounced stereospecific PM recruitment or by membrane interaction modules that are
largely charge independent (such as lipid or isoprenoid anchors that interact with membrane
largely by Van der Waals interactions). Combining low charge of the apoplastic leaflet, to
decrease Al binding thereby reducing toxic apoplastic effects and potentially the Al uptake,
with a high charge of the cytosolic leaflet of the PM might describe a promising strategy to

increase overall Al tolerance in plants.
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Material and Methods

Reagents

Standard reagents were purchased from Sigma-Aldrich, (St. Louis, MO, USA) or Roth
(Karslruhe, BW; Germany). Unlabeled lipids were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL, USA). Radiolabeled lipids were purchased from Biotrend (Cologne, NRW,
Germany). Other radiolabeled reagents were purchased from HARTMANN ANALYTIC
GmbH (Braunschweig, NDS, Germany). Monoclonal Anti-V5 antibodies were obtained from

Invitrogen, Carlsbad.

Cloning

Individual mutations were introduced in pDR195-ScSFHI-V5, pDR195-ScSECI14-V5 or
pET28-ScSFHI by site-directed mutagenesis (QuickChangeTM, Stratagene). The resulting
constructs were subcloned into pDR195 or pET28 respectively.

To generate pDR195(LEU2), pDR195(LEU2)-ScSFHI-V5, pDR195(LEU2)-ScSFHI™%P-p’5
and pDR195(LEU2)-ScSFHI*' 7775 yeast in vivo recombination was exploited using the
following ScLEU?2 PCR fragment obtained from a PCR on yeast (BY4741) gDNA with

following primers 5'-
ATACATGCATTTACTTATAATACAGTTTTTTAAGCAAGGATTTTCTTAACTTCTTC
G- 3’ and 5'-

AAAACATGCAGGAAACGAAGATAAATCATGTCTGCCCCTAAGAAGATC - 3° and
the respective pDR195 plasmids.

For pDR195-ScPSD1, ScPSD1 was amplified from yeast (BY4741) gDNA with following
primers 5'- GCGCGCAATTACTTATCACTATGAATATCTTTAAATTATTGTT - 3’ and
5’- GCGCGCAGAATTTATTTAAAATGTGGACAATTAGTTTCTAAA - 3°. The resulting
fragment was subcloned into pJET1.2/blunt (CloneJET PCR Cloning Kit) and cloned into
pDR195 using Xhol and Sacll for opening pDR 195 and Sall and Sacll for pJET digestion.

For pDR195-ScPSD2, ScPSD2 was amplified from yeast (BY4741) gDNA with following
primers 5'- gagactcgagATGAGGATTATTAAGGGCAGAAAGCGAG - 37 and 5'-
AGTccgeggecgcTCATAGCCCAGCAAAATCTTTATTC - 3°. The resulting fragment was
subcloned into pJET1.2/blunt (CloneJET PCR Cloning Kit) and cloned into pDRI95 using
Xhol and Sacll for opening pDR195 and Sall and Sacll for pJET digestion.

For pDR195-TaPSS1, TaPSSI was amplified from pTaPSSI (97) wusing 5'-
ATACCCCAGCCTCGAGATGTCGAAGCGAGCCAC- 3’ and 5'-
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GTCCAAAGCTGGATCCCTAAGGCTTGGGTATGCGG - 3’. The resulting fragment was
subcloned into pJET1.2/blunt (CloneJET PCR Cloning Kit) and cloned into pDRI195 via
BamHI and Xhol.

For of pDR195-ScMSS4prom(short):MSS4 and pDR195-ScMSS4prom(long): MSS4 fragments

were  amplified from  yeast (BY4741) gDNA  using  either 5'-
gagactcgaggatccATGAAGAAGATGAGACAATCTTTGCTG- 3 and 5-
gagactcgagccgcggtTCAGTCTTTATAATTTTTCTGGTTAG - 3 or using 5'-
gagactcgaggatccATGTCAGTCTTGCGATCACAACCTC - 3 and 5-

gagactcgagccgcggtTCAGTCTTTATAATTTTTCTGGTTAG - 3°. The resulting fragments
were subcloned into pJET1.2/blunt (CloneJET PCR Cloning Kit) and cloned into pDR195 via
Xhol and Sacll.

For pDR195-ScSFH3, ScSFH3 was amplified from yeast (BY4741) gDNA using following
primers 5- TTTGCGGCCGCTATGTTCAAGAGATTTAGCAAAAAGAAGGA- 3’ and 5'-
TTTGGATCCTTTACACGGTACTGCTTTCCG - 3’. The resulting fragment was subcloned
into pJET1.2/blunt (CloneJET PCR Cloning Kit) and cloned into pDR195 using Xhol and
Sacll for opening pDR 195 and Sall and Sacll for pJET digestion.

For pDR195-ScRHO1:RHO1, pRHO1:ScRHOI was amplified from yeast (BY4741) gDNA
using 5- CACCAAGCTTTTCCCTCATTTCCAATAACATTGTC- 3° and 5'-
CTATAACAAGACACACTTCTTCTTCTTCTTTTC- 3°.

For generation of pAG414GPD-eGFP-AtSFHS5 and pAG425GPD-Cerulean-AtSFHS5, AtSFHS5
was amplified from Col-0 cDNA using following primers 5'-
CACCATGTCAGGCTCTCTTGATCGATT- 3’ and 5- TCACCAGCACACCTTCTTTTTC
- 3°. The resulting fragment was subcloned into pENTR-D-TOPO using pENTR™/D-TOPO™
Cloning Kit and swapped into pAG414GPD-eGFP-ccdB or pAG425GPD-Cerulean-ccdB

using Gateway™ LR Clonase™ II Enzyme mix.

Yeast growth conditions

If not mentioned differently, yeast cells were grown at 28°C. For yeast growth without
selection, YPD (148) was used. For auxotrophy selection, YNB media (149) was used and
supplemented with CSM amino acids mixes (MP Biomedicals, Santa Ana, CA, USA). For Al
treatments, a modified MY media (150) was changed as follows and called MY* media: 3 %

Glucose (w/v) and 0.2 MgSO,. Al gradient plates were prepared with MY* as described in

33



1047
1048

1049

1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062

1063

1064
1065

1066

1067
1068
1069
1070
1071
1072
1073
1074
1075
1076

(151). For liquid culture assays yeast transformants were diluted to same starting OD600 and

grown at 28°C in indicated media.
Plant Material and growth conditions

All lines used in this study are in the Col-0 ecotype. Seeds used in this study: atpssi-3 (59),
atpss1-4 (59), atpidkpl atpidkp2 (102), atpip5Ski-1 (SALK 146728C from Nottingham
Arabidopsis Seed Stock Center (NASC)), atpip5kl-1 atpip5k2-1 were obtained by crossing of
atpipSkl-1 with atpip5k2-1. ER8-GFP and ER8-PIP5K3 (104). All lipid sensor lines (27).
PID:PID:YFP (152), PIN2:PIN2-GFP (153) and PID:YFP:PID (154) .

For each experimental setup, seeds, including Col-0, were grown in parallel under identetical
conditions on soil (16 h light and 8 h dark, day/ night temperature 22/18°C and 120 mmol™ m"
? light intensity) and the respective progenies were used. Before using the seeds, they were
sterilized in 70% (v/v) ethanol and 0.05% (v/v) Triton X-100 for 30 min and washed twice in
90% (v/v) ethanol. Al treatments were performed as described in (100) except of pre-
germination for 5 days on 0.5 MS, 1% sucrose, 0.7 % phytagel before transfer of seedlings to
Al containing media. Seedlings were grown on plates at 16 h light and 8 h dark, day/ night
temperature 22/18°C and 120 mmol™ m™ light intensity, 50 % humidity.

Al yeast screen

The initial screen was performed as described in (155) using YNB media supplemented with

toxic Al concentration of 2500 uM AICl;.

ICP-OES for Al content analysis

Yeast transformants grown to mid log phase in MY * 4% glucose supplemented with mock or
400 uM AICl; were incubated for 4-6 h and cooled on ice for at least 1 h. For each sample 32
ODs were harvested using a Hoefer Ten-Place Filtration Manifold. Samples were washed
with 1 mM sodium citrate buffer pH 7 and vacuum filterd and freeze dried. Samples were
extracted via high pressure method with 2,5 mL supra pure HNO; 65% using an ultraCLAVE
[T Microwave Digestor (MLS GmbH, Leutkirch, Germany), diluted to 10 mL with MQ water
and analyzed for Al, Ca, Cu, K, Mg, Mo, P and Zn on an ICP-MS ELAN 6000 (PerkinElmer,
Waltham, USA) using a Mira Mist nebulizer and a flow rate of 0.8 mL min" or an ICP-OES
VISTA-PRO (Varian, Palo Alto, USA) using a Meinhard nebulizer and a flow rate of 1.0 mL

min!. NIST-Standard 1575a was used for calibration.
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Genome wide screen

The MATa Library of the Saccharomyces Genome Deletion Project (http://www-
sequence.stanford.edu/group/yeast _deletion_project/deletions3.html) obtained from Open
Biosystems was transformed with the empty vector (pDR195) and pDR195-SFHI-V5 in a 96-
well format. The yeast knockout collection was inoculated from YPD plates using a pin
replicator (Boekel, # Model 140500) and grown overnight in 96-well plates (Carl Roth GmbH
+ Co. KG) each well containing 100 pl YPD. In the morning, 4 ul yeast culture was added to
22.6 ul transformation mix containing 10.32 pg denatured salmon sperm DNA, 40% (w/v)
PEG (Serva 4000), 100 mM lithium acetate, 1 x TE buffer pH 7.5 and ca. 600 ng of the DNA
construct using a “Liquidator96” (Steinbrenner Laborsysteme GmbH). After an incubation of
4 h at 28°C the transformation reaction was heat shocked for 20 min at 42°C and afterwards
20 pl were spotted on square plates containing selective YNB media using “Liquidator96”.
Plates were incubated at 28°C for 2 d. Transformants were inoculated using a pin replicator
and cultured for 24 h in 96-well plates (Carl Roth GmbH + Co. KG) containing 100 pl
selective YNB media. Drops of yeast culture were spotted on plates containing MY * media
with and without Al. pDR195 and pDR195-SFHI-V5 transformants were plated on the same
square plate by positioning the 96-well pin replicator about 2-3 mm apart for the second
transformation set (so that the two transformations of the same yeast strain were spotted
directly next to each other for better comparison). The range of Al concentrations used was
from 0.8 mM to 1.5 mM Al. Yeast strains which did not show an increased Al tolerance by 2u
expression of ScSFHI in comparison to the empty vector control were picked from control
plates and were verified by an additional growth assay. For this, yeast was resuspended in
water, diluted to OD 1 and spotted in 8- or ten- fold serial dilutions on selective media
containing different concentrations of AICls or on control media. To confirm the resulting
candidate genes, the positive yeast strains were independently transformed with pDR795 and
pDRI195-SFHI-V5 and yeast growth assays were performed using Al gradient plates using an
OD of 0.005.

Synthetic genetic array screen

The synthetic genetic array (SGA) screen was modified from (156). In short, single colonies
from yeast strain grown on YPDA (1% (w/v) yeast extract, 2 % (w/v) peptone, 20 % (w/v), 15
png/L adenine, glucose 2 % (w/v) and for solid media 2 % (w/v) agar) or for strains harboring
KanR supplemented on YPDA supplemented with 200 mg/L G418 were inoculated in either
liquid YPDA with or without G418 and grown over night at 28°C. Liquid cultures were
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streaked onto YPDA or YPDA + G418 and grown for 2 days at 28°C. For mating, query gene
deletion strains were streaked onto YPDA and array gene deletion strains were streaked on
top of the respective query strains. After a 1-day incubation at 22.5°C, yeast were streaked on
YPDA supplemented with G418 and clonNAT (100 mg/L) and grown for 2 days at 28°C.
Yeast were streaked onto a plate with enriched sporulation medium (1 % (w/v) potassium
acetate, 0.1 % (w/v) yeast extract 0.05 % (w/v) glucose, 12.5 mg/L L-histidine, 62.5 mg/L L-
leucine, 12.5mg/L L-lysine, 12.5 mg/L L-uracil and 50 mg/L G418) and incubated at 22.5°C.
After 5 days, yeast were resuspended in 1 ml MQ and for no genotype selection 20 uL, of cell
suspension was plated onto SD/AS medium (1.7 g/L yeast nitrogen base, 5 g ammonium
sulfate, 362.5 mg/L L-leucine, 72.5 mg/L L-methionin, 72.5 mg/LL L-uracil, 50 mg/L
canavanine, 50 mg/L thialysine, 2% (w/v) glucose, 20 pg/mL calcofluor-white (CCW) and
2% (w/v) Oxoid Agar). For selection of G418 resistant single knockouts, 40 pl cell
suspension was plated onto onto SD/MSG (1.7 g/L yeast nitrogen base, 5 g ammonium
sulfate, 181.3 mg/L L-leucine, 72.5 mg/L L-methionin, 72.5 mg/LL L-uracil, 50 mg/L
canavanine, 50 mg/L thialysine, 2% (w/v) glucose, 500 pg/mL CCW and 2% (w/v) Oxoid
Agar) supplemented with 200 mg/L G418. For selection of clonNAT resistant single knock
outs, 40 ul were plated onto SD/MSG supplemented with 100 mg/L clonNAT and for
selection of double knock outs 80 pL cell suspension was plated onto SD/MSG plates
supplemented with 200 mg/L G418 and 100 mg/L clonNAT. Plates were incubated for 2 days
at 28°C recorded with a digital camera. Colony size was determined using OpenCFU 3.9.0.

(Geissmann, 2013) setting thresholds to regular, 5; minimum size: 4.

ScMpk1 phosphorylation assay

Detection of ScMpkl phosphorylation was performed as described in (157) using MY*

medium as growth media in presence or absence of 300 uM AICls.

Generation of Liposomes

All lipids were purchased from Avanti Polar Lipids, Inc., Alabaster, AL, USA. Lipids,
dissolved in CHCIl;, were mixed (if necessary) and dried out under a N, gas stream. Lipid
films were resuspended in water or respective buffer by vortexing for 2 min. Then lipids were
either sonicated for 30 s (SONOPULS HD 2070, BANDELIN electronic GmbH & Co. KG,
Berlin, Germany; 20 % power) or generated by extrusion. For extrusion, the Mini Extruder

(Avanti Polar Lipids, Inc., Alabaster, AL, USA) was used as recommended by manufacturer
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using polycarbonate membranes with a pore size of 1 um. Before use of sonicated liposomes,

they were centrifuged at 20 000 x g only supernatant was used for further experiments.

ScMss4 kinase stimulation assays

ScMss4 was purified as described in (50), with the minor change for washing steps as no
detergent was used in the buffers. ScMss4 kinase stimulation assay was based on (50). In
short, sonicated liposomes consisting of soy PtdCho (Avanti #840054) and brain, porcine
PtdIns(4)P (Avanti #840045) or brain, porcine PtdIns(4,5)P, (Avanti #840046) in a molar
ratio 300uM:100uM PtdCho:PtdIns(4)P/PtdIns(4,5)P, prepared in ScMss4 kinase buffer (25
mM HEPES, pH7.4, 2 mM MgCl, 0.2 mM EDTA, 1 mM EGTA, SmM f-glycerophosphate, 1
mM dithiothreitol, and 120 mM NaCl). GST-ScMss4 bound to gluthatione beads was mixed
with liposome solution in a ratio of 1:10. 50 pL of Liposome-GST-ScMss4 suspension was
distributed to individual reaction vials while constantly mixing using a magnetic stirrer. To 50
pL liposome-GST-ScMss4 suspension, if not mentioned differently, 5 uL lysis buffer or
ScSecl4-type protein (1 pg pL™') was added resulting in a 30 x excess of substrate to
ScSec14-type protein. ScMss4 kinase reaction was started by addition of 15 pl of ScMss4
kinase buffer containing 5 uCi [y-""P]JATP (SRP-301, Hartmann Analytics, Braunschweig,
Germany) and 43 uM ATP, and was incubated for 30 min at RT on a spinning wheel.
PtdIns(4,5)P, was extracted as described in (158), mixed with scintillation cocktail (Perkin-

Elmer; ULTIMA-FLO AP) and analyzed by scintillation counting.
PtdIns(4,5)P, in vitro release assay

50 pg brain, porcine PtdIns(4)P (Avanti #840045) was dried under a N, gas stream,
resuspended in 1 mL MQ water and sonicated for 2 min (SONOPULS HD 2070, BANDELIN
electronic GmbH & Co. KG, Berlin, German; 20 % power). The PtdIns(4)P suspension was
divided into two tubes and mixed with lysis buffer (300 mM NaCl, 50 mM NaH,PO,, pH 7.5,
5 mM B-mercaptoethanol) 1:2. To 1,5 mL lipid suspension 50 pL lysis buffer or 50 uL
ScSecl4-type protein (1 pg pL™") was added and incubated over night at room temperature.
Then ScSec14-type proteins were bound to 30 pl Ni-NTA beads (bed volume, Thermo Fisher
R90115), washed 3 x with lysis buffer and 2 x washed with ScMss4 kinase buffer (25 mM
HEPES, pH7.4, 2 mM MgCl, 0.2 mM EDTA, 1 mM EGTA, 5 mM p-glycerophosphate, 1
mM dithiothreitol, and 120 mM NacCl). ScSecl4-type protein was eluted using two times 50
pL of ScMss4 kinase buffer with 250 mM imidazol. 100 uL control/protein solution were
then dialyzed two times for 30 min with 500 mL ScMss4 kinase buffer to decrease the

imidazol concentration. 65 pL suspension of GST-ScMss4 bound to glutathione beads were
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added to each sample and the kinase reaction was started by addition of 15 ul of ScMss4
kinase buffer containing 5 pCi [y-""P]JATP and 43 pM ATP. Samples were incubated for 30
min at room temperature on a spinning wheel. Then GST-Mss4 beads were pelleted for 5 min
at 700 x g and the supernatant was recovered. 10 puL of the supernatant were taken, lipids
were extracted as described in (158) as normalization control and were mixed with
scintillation cocktail (Perkin-Elmer; ULTIMA-FLO AP) and analyzed by scintillation
counting.

For PtdIns(4,5)P, release in light acceptor liposomes, 100 uL of sonicated soy PtdCho
liposomes in ScMss4 kinase buffer with a concentration of 500 uM PtdCho, was added to
samples and incubated for 60 min at room temperature. Then ScSecl4-type protein with 30
pL Ni-NTA beads (bed volume) and incubated for 60 min. After incubation, the supernatant
was recovered and lipids were extracted as described in (158), mixed with scintillation
cocktail (Perkin-Elmer; ULTIMA-FLO AP) and analyzed by scintillation counting. The Ni-
NTA bead pellet was washed 5 times with ScMss4 kinase buffer and beads were directly
mixed with scintillation cocktail (Perkin-Elmer; ULTIMA-FLO AP) and analyzed by
scintillation counting.

For PtdIns(4,5)P2 release in heavy sucrose-loaded acceptor liposomes 100 puL of extruded soy
PtdCho liposomes in ScMss4 kinase buffer containing 10% (w/v) sucrose with a
concentration of 500 uM of PtdCho, were added to samples and incubated for 60 min at room
temperature. The ScSecl4-type/liposome mix was centrifuged at 20 000 x g for 10 min at
room temperature. 50 pL. was separated as supernatant sample. Subsequently, the rest of the
sample, including the pelleted lipids, were extracted as described in (158) mixed with
scintillation cocktail (Perkin-Elmer; ULTIMA-FLO AP) and analyzed by scintillation

counting.

Extraction and HPLC analysis of PIPs

Yeast cells were grown over night in MY* media containing supplemented with 35 uCi [*H]-
myo-inositol and 200 mM glycine (pH 3.0) at 26°C. Thereafter yeast was subcultured in this
MY * media (supplemented with 200 mM glycine (pH 3.0) and 30 pCi [*H]-myo-inositol) for
3 h hours and then shifted to 34,5°C for 2 h. To kill cells trichloricacetic acid (TCA) was
added to a final volume of 5 % (w/v). Cells were pelleted with 2800 x g and pellets were
washed two times with ice cold water and resuspended in 500 ul 4.5 % (w/v) perchloric acid.
Cells were disrupted by bead beating using glass beads (0.25 - 0.45 mm) for 5 min at 4 °C.
The homogenate was pelleted at 20 000 x g for 10 min at 4 °C. Pellets were washed with 100
mM EDTA and resuspended in 700 pl deacylation reagent that was generated as follows: To a
38



1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222

1223

1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235

1236

1237
1238
1239
1240
1241

in 12.3 mL consisting of 6.2 mL methanol, 4.6 mL water and 1.5 mL 1-butanol gaseous
methylamine was added to a final volume of 20 mL. Deacylation was performed at 53 °C for
60 min while shaking at 600 rpm followed by drying samples in a speed vacuum centrifuge at
60°C over night. Pellets were resuspended in 300 ul MQ-H,O and 300 pL extraction reagent
(16 % (v/v) petrol ether, 4 % (v/v) ethyl formate in 1-butanol), vortexed for 30 s and pelleted
at 20.800 x g for 10 min. The aqueous phase was washed two times with extraction reagent,
filtered with a 0.2 um filter and stored at — 80°C. Phosphinositide profiles were resolved by
strong anion exchange chromatography (SAX) HPLC (using the PartiSphere SAX 4.6 x 250
mm column, Whatman) at a flow rate of 0.5 mL min" with the gradient of buffer A (1 mM
EDTA) and B [1 mM EDTA and 1.25 M (NH4)2HPO4, pH 3.8, adjusted with H3PO4] with
follwing gradient: 0 min, 0 % buffer B; 5 min, 10 % buffer B; 70 min, 28 % buffer B; 85 min,
60 % buffer B, 95 min, 100 % buffer B, 106 min, 0 % buffer B. Fractions were collected each
minute, mixed with scintillation cocktail (Perkin-Elmer; ULTIMA-FLO AP), and analyzed by

scintillation counting.
Directed evolution screen

The directed evolution screen was carried out as described earlier (74) and was performed as
follows. For the induction of mutations polymerase chain reactions were carried out with Taq
DNA polymerase in the presence of 120 uM MnCl,, a decreased concentration of dATP or
dGFP (0.3 x) and 35 PCR cycles using pET28-ScSecl4 (75) as template with following
oligonucleotides (ScSEC14 pDR199 Pstl F and pDR199 Pstl F, see Table S4). PCR-products
were precipitated with 3 M NaAc (pH 5,2, 1/10 vol) and EtOH (2.56 vol), washed and
resuspended in 1x TE buffer (pH7.5) buffer. For in vivo recombination and to screen for
ScSECI14 alleles able to mediate Al tolerance in yeast, wild type yeast (BY4741) was
transformed with with PCR product and with linearized pDR199 (74). For linearization of
pDR199 EcoRl and BamHI were used. Transformants were plated on MY* medium
supplemented with 1.25 mM AICIs. Al tolerance mediating plasmids were retransformed into

naive BY4741 to confirm the phenotype or directly subjected to DNA sequencing analysis.
Thin layer chromatography (TLC)

Yeast transformants were grown in YNB-based selective media for 1 day at 28 °C for steady
state experiments in the presence of 7 uCi **P orthophosphate (PRBI, HARTMANN
ANALYTIC GmbH, Braunschweig, NDS, Germany). For pulse experiments, yeast cells were
washed 3x with MY* low-phosphate medium (containing 7 mM phosphate) and cultured to
mid-log phase. Afterwards [**P] orthophosphate (PRB1, HARTMANN ANALYTIC GmbH,
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Braunschweig, NDS, Germany) was added to a final concentration of 80 pCi/mL and
incubated for 1 h. For steady state and pulse experiments, yeast cells were killed by addition
of trichloricacetic acid (TCA) to a final volume of 5 % (w/v). Cells were centrifuged at 1700
x g and washed twice with ice-cold MQ water and resuspended in 4.5 % (w/v) perchloric
acid. Cells were disrupted by bead beating using glass beads (0.5 mm), the suspension was
transferred to a new tube and membranes were pelleted by centrifugation at 20 000 x g for 10
min at 4°C. Pellets were twice with 100 mM EDTA (pH 7.4). Lipids were extracted as
described in (158) and solvent was dried out using a speed vacuum centrifuge. Lipid pellets
were solved in 30 pL. CHCI; and 3 pL were mixed with scintillation cocktail (Perkin-Elmer;
ULTIMA-FLO AP) and analyzed by scintillation counting for normalizing TLC loading).

TLC was performed as described in (159). Densiometric was performed using Imagel.

PtdIns(4)P transfer assay

NBD-PHAPP proteins were prepared as follows. PHgapp T13¢ c375 coas/pGEX6P-1 was prepared
by introducing point mutations for NBD labeling. E.coli strain BL21(DE3) was used as a host
cell line. Expression of GST-PHgapp 113¢ c37s coas recombinant protein was induced with 0.01
mM IPTG at 22°C. The cell pellets were collected and resuspended in ice-cold
homogenization buffer (50 mM Tris-HCI1 pH 6.8, 300 mM NaCl, 1 mM dithiothreitol (DTT,
Thermo Fisher Scientific, R0861), 0.1 mM AEBSF (Thermo Fisher Scientific, 78431), and
complete EDTA-free protease inhibitor (Thermo Fisher Scientific, A32955). Cells were then
disrupted by sonication in ice-cold homogenization buffer. The homogenized cells were
centrifuged at 20,800 x g for 30 min to remove cell debris. GST-tagged recombinant proteins
were purified with glutathione-Sepharose (GE Healthcare, 17-0756-01) and cleaved from
GST by using 0.1 U/uL PreScission protease (GE Healthcare, 270843). After cleavage of
GST tag, untagged PHpapp T13¢ €378 coas Was dialyzed in TBS (50 mM Tris-HCI pH 6.8, and
150 mM NaCl) three times to remove DTT, and then labeled with a 10-fold excess of
[ANBD-amide (Invitrogen, D2004). After overnight incubation at 4°C, the reaction was
stopped with 4 mM cysteine and residual IANBD-amide was removed by dialysis (50 mM
Tris-HCI pH 6.8, 150 mM NaCl, and 1 mM DTT). NBD-labeled proteins were mixed with
equal volume of glycerol and stored at -80°C before analysis.

Liposomes werer prepared as follows. Lipids were mixed at the desired molar ratio and the
organic solvent was removed in a rotary evaporator. The lipid films were hydrated in buffer A
(50 mM Na-phosphate pH7.5, 300 mM NaCl, 5 mM B-ME) or buffer B (25 mM Na-
phosphate pH 7.5, 300 mM NaCl, 5 mM B-ME) for 30 min at room temperature. The
suspensions were sonicated in a bath sonicator. Liposomes were used within 1 day.
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PI4P transfer assay was carried out in buffer A (for ScSec14) or buffer B (for ScSthl) and
measured with a Fluoromax spectrometer (HORIBA Scientific). Briefly, the sample (150 pL)
containing liposomes (400 uM total lipids, Lp: 4 mol% PtdIns(4)P, 2 mol% Rhod-PE and 94
mol% PtdCho; La; 100 mol% PtdCho) were mixed with NBD- PHgapp (final conc. 400 nM)
in a 200 pL quartz cell. After 5 min, the indicated amount of ScSec14 or ScSthl was added.
NBD fluorescence (ex/em 468 nm/530 nm) was recorded every second. The excitation and
emission slits were set at 5 nm bandwidths. We calculated an increase in signal of NBD
fluorescence (AEms30, raw data) from that measured before ScSecl4 or ScSfhl addition. To
subtract the contribution of liposomes alone, a signal change of NBD fluorescence (AEms3o,
Bg) was measured with the NBD-PHpapp after the addition of only buffer. Finally, a NBD
signal increase dependently of ScSecl4 or ScSthl was calculated by using this equation:
AEms3g = AEms30, raw data - AEms3o, pg. Data were analyzed by using RStudio and Graphpad

Prsim 6 software.

Microscopy

Yeast imaging was performed with an Epi-fluorescence microscope Zeiss Imager M2
equipped with a Hamamatsu ORCA-flash 4.0 V.2 CMOS camera or Confocal Zeiss LSM 880
Airyscan (fast), inverted. For plant imaging, Confocal Leica TCS SP8 AOBS-FLIM-FCS

equipped with resonant scanner and HyD detector, was used.

Quantitative analysis of PM/intracellular ratio

Analysis of the PM/intracellular ratio from yeast or plants was performed using the herein
developed software PixelAnalysis. PixelAnalysis was developed in MATLAB 2016a (The
MathWorks Inc., Natick, MA, USA). Webinstaller, source code and additional information
are provided here https://github.com/sbitters/PixelAnalysis. Additionally, detailed description
and the source code of the PixelAnalysis are provided in supplement data (SData 1).
Calculation of relative PM was as follows: (PMpay/intracellular signal-1), PMpax =
average(2xPMmaxima, from cross section of yeast cell), PMmax plants = integral(1XPMmaximum,

between cells) and cytosolic signal = average(intracellular signal).
Sth1 in vitro PL-transfer assays

For generation of heavy sucrose-loaded donor liposomes, soy PtdSer, PtdCho (16:1, A9-cis)
and C14-PtdCho (ARC 0376) or C14-PtdEtn (ARC 3078) were used. PtdSer (100 uM final),
PtdCho (10 uM final) and 4 pL of "*C-PtdCho or '“C-PtdEtn were mixed and liposomes were

generated in 10 % (w/v) sucrose by extrusion. For generation of light acceptor liposomes, soy
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PtdSer and PtdCho (16:1, A9-cis) or soy PtdIns were used. PtdSer (100 uM final) and PtdCho
(10 uM final) were mixed and liposomes were generated by sonication in MQ water. Donor
liposomes, acceptor liposomes and transfer buffer (300 mM NaCl, 50 mM Na,HPO,, 1 mM
EDTA) was mixed 1:1:1 (end volume 900). After mixing by pipetting, 200 uL. were taken
from each sample as pre-centrifugation control. Then either protein elution buffer or ScSec14-
type protein was added to a concentration of 300 uM and incubated for 30 min at 37°C.
Heavy donor and light acceptor liposomes were separated by centrifugation at 20 000 x g for
1 h. Then 350 pL supernatant was taken, mixed with scintillation cocktail (Perkin-Elmer;
ULTIMA-FLO AP) and analyzed by scintillation counting. '*C-PtdCho and '*C-PtdEtn
transfer activity were calculated by protein-related increase of '*C in supernatant and

normalized to pre-centrifugation control.

Correlative light and electron microscopy

For correlative light and electron microscopy (CLEM), yeast cells were fixed with 4%
formaldehyde (1 h; Merck) followed by 8% formaldehyde (1 h) in microtubule-stabilizing
buffer MTSB (50 mM Pipes, 5 mM EGTA and 5 mM MgSO,4, pH 7), embedded in 10%
gelatine (Merck), infiltrated with a mixture of 1.8 M sucrose (Merck) and 20%
polyvinylpyrrolidone (PVP-10; Sigma-Aldrich, Steinheim, Germany) (160). Thereafter
gelatine blocks were mounted on stubs and frozen in liquid nitrogen. GFP-labelling of thawed
cryosections failed, therefore a correlative approach was chosen. 300 nm thick cryosections
were cut at -90°C (Leica cryoultramicrotome EM UC7/FC7), mounted on Celllocate
microgrid coverslips (square size 55 wum) with an etched surface pattern (Eppendorf-Netheler-
Hinz, Hamburg, Germany) and viewed in a Zeiss Imager M2 (equipped with differential
interference contrast (DIC); Zeiss, Germany) with an Orca-flash 4.0 sCMOS black/white
(Hamamatsu, Japan) camera. After obtaining fluorescence and DIC images, sections mounted
on coverslips were postfixed with 2.5% glutaraldehyde, 1% osmiumtetroxide (Science
Services, Miinchen, Germany), and 1% aqueous uranyl acetate (Science Services, Miinchen,
Germany). After dehydration in a graded series of ethanol, sections were infiltrated with Epon
(Roth, Karlsruhe, Germany) and polymerized at 60°C (48 h). The glass coverslip was
removed by plunching into liquid nitrogen. The glass derived surface pattern on the Epon
block surface was used for targeted ultramicrotomy. The first four sections of the resin block
containing the 300 nm cryosection of interest were stained with 1% aqueous uranyl acetate
and lead citrate. Sections were viewed in a JEM-1400plus (120 kV) TEM (Jeol, Japan)
equipped with a 4k CMOS TemCam-F416 camera (TVIPS, Gauting, Germany). Fluorescence
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1341  images, DIC images, and TEM images were aligned with Adobe Photoshop CS5 (Puppet
1342 Warp function).
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Figure captions

Fig 1. 2p expression of AtSFH5 and ScSFHI mediates Al tolerance in yeast. (A) Al
growth assay with AtSFHS. Wild type yeast (BY4741) was transformed with episomal
pDR195(URA3) empty vector as control or plasmids carrying AtSFHS5 full length coding
sequence (CDS) or AtSFHS5 Secl4D and were spotted in 8-fold serial dilutions onto solid
MY * media in presence or absence of Al and incubated for 4 d at 28°C. (B) Al and secl4-1"
growth assay with yeast ScSec14 homologs. Wild type yeast (BY4741) or secl4-1° was
transformed with episomal pDR195(URA3) empty vector as control or plasmids carrying the
CDS for designated ScSec14 homologs and were spotted in 8-fold serial dilutions onto solid
MY* media for Al treatment or on YNB based media for sec/4-1" in presence or absence of
Al and incubated for 2-4 d at 28°C or at indicated temperatures. (C) Al tolerance spotting
with ScSthl lipid binding mutants. Wild type yeast transformed with pDR195(URA3) empty
vector as control or plasmids carrying SFHI or designated sfh/ lipid binding mutants were
spotted in 8-fold serial dilutions onto solid MY* media in presence or absence of Al and
incubated for 4 d at 28°C. (D) Determination of Al content. Wild type yeast (BY4741)
transformed with pDR195(URA3) carrying AtSFHS5, ScSFHI and ScSECI4 were grown to
mid-log phase in MY* media in presence (400 uM) or absence of Al. Al content was
determined using ICP-MS. Averages of four biological replicates = SEM are shown.

Statistical significant differences are indicated by letters (Students #-test, * p < 0.05).

Fig 2. CWI pathway is essential for ScSfhl-mediated Al tolerance. (A) Schematic
overview of genome wide screen for the identification of pathways essential for Sfhl-
mediated Al tolerance. (B) to (D) Al growth assay with CWI related yeast strains. Wild type
yeast (BY4741) or yeast knock out strains related to CWI pathway transformed with
pDR195(URA3) empty vector as control or carrying ScSFH1 were spotted in 8-fold serial
dilutions onto solid MY* media in presence or absence of Al and incubated for 4 d at 28°C.

(E) Al growth assay with sfhid. Wild type yeast (SEY6210) or yeast knock out strain
transformed with YCplac33(CEN) as control or carrying pSFH1:ScSFHI1 (CEN) were spotted
in 8-fold serial dilutions onto solid MY * media in presence or absence of Al and incubated for
5 d at 28°C. (F) Synthetic genetic array (SGA) of Asfhl and pkcl-3" on MY* media
containing calcofluor white (CCW). The fitness (average colony size relative to the average
colony size of respective wild type strain) of single knock outs and double knock outs
emerged from matings between Asfhl (MATa) pkcl-3* (MATa) and Asfhl (MATa) / pkcl-3°

(MATa) is shown. Averages = SEM of at least 243 independent colonies are shown.
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Statistical significant differences are indicated by letters (Students #-test, p < 0.05). (G) Effect
of Al treatment and ScSFHI (2u) expression in an Al time course experiment on ScMpkl
phosphorylation in yeast. After indicated time points of Al treatment, a western blot with
protein extracts of BY4741 transformants carrying indicated plasmids was performed.
Immunodetection was performed with anti-phospho-p42/44, anti-Slt2 and - as loading control
- anti-G6PDH antibodies. (H) Effect of ScSFHI (2u) expression on mCherry-Rhol
localization. Wild type yeast (SEY6210) transformants carrying YCpLAC11-mCherry-RHO1
and designated pDR195(URA3) plasmids were grown to mid-log phase and imaged. Shown
are representative pictures. Scale bar, 5 um. (I) Quantification of PM localization of
mCherry-Rhol. Shown are averages + SEM (n > 100) of the mCherry-ScRhol PM
localization relative to intracellular signal [(PMpay/intracellular signal)-1], for details see
material and methods. Statistical significant differences are indicated by stars (Students ¢-
test, *** p < 0.0001). Similar results were observed in an independent experiment. (J) Effect
of ScSFHI (2u) expression on ScPkcl-GFP localization. PKCI1-GFP expressing cells
(MML550 strain) carrying indicated pDR195(URA3) plasmids were grown to mid-log phase
treated for 3 h with mock or 300 uM Al at 28°C and imaged. Shown are representative
pictures. (K) Quantification of PM localization of mCherry-Rhol by classification of diffuse
localization, PM localization, septum localization and bud tip localization combining three
biological replicates (n=3). Statistically significant differences are indicated by letters
(Pearson * analysis, p < 0.05).

Fig 3. ScSFHI1 (2u) expression partially rescues mss4ts defects at semi-restrictive
temperatures. (A) and (B) Yeast growth assay with strain defective in PIP homeostasis. Wild
type (SEY6210), pikl®, stt4” and mss4” transformed with pDR195(URA3) empty vector as
control and for (A) pDR195(URA3) carrying ScSFHI or for (B) ScSFHI, ScSFHIS'7>" 117!
and ScSFHI, ScSFHI™*" were spotted in 8-fold serial dilutions and incubated for 2-3 d at
indicated temperatures. (C) Schematic overview of in vitro ScMss4 kinase stimulation assay.
(D) ScMss4 kinase stimulation assay. ScSth1 was assayed in 5-fold concentration increases (8
nM, 40 nM 200 nM, 1000 nM) in reactions containing GST-ScMss4, PtdIns:PtdCho
liposomes, and [y*?P]-ATP. Average values £ STD (n=2) are plotted as percentage of
available PtdIns(4)P. (E) ScMss4 kinase stimulation assay. Indicated proteins were assayed in
a concentration of 3 uM in reactions containing GST-ScMss4, PtdIns(4)P:PtdCho liposomes,
and [y"?P]-ATP. Average values + STD (n=2) are plotted as percentage of available
PtdIns(4)P. (F) Schematic overview of PtdIns(4,5)P, in vitro release assay (G) PtdIns(4,5)P;

in vitro release assay. PtdIns(4,5)P, release from indicated proteins into PC liposomes are
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plotted. Separation of PC liposomes and ScSecl4-type protein-PtdIns(4,5)P, complex via
bead purification. For detailed description of procedure, see Methods section. (H) PIP
analysis. mss4” strain (SEY 6210 background) carrying indicated pDR195(URA3) or pDR195-
ScSFHI-V5 were grown over night, then subcultured to mid-log phase at 26°C and then
shifted to 34,5°C for 2 h always in the presence of [*H]-myo-inositol. Deacylated PIPs were
resolved using Partisphere SAX HPLC. Data were normalized to total activity. Shown are
averages £ SEM of changes ScSFHI to ev (n=3 biological replicates) relative to PtdIns.
Statistical significant differences are indicated by letters (Students #-test, *** p < 0.05).

Fig 4. ScSFH1/AtSFH5 (2u) expression leads to relocalization of PtdIns(4)P FLARE to
PM. (A) Steady state PL analysis via TLC. Wild type yeast (BY4741) carrying indicated
pDR195(URA3) plasmids were grown for 1d and subcultured to mid-log phase always in the
presence of [*’P] orthophosphate. Lipids were extracted and separated by TLC.
Autoradiograph of TLC is shown. PL species are indicated based on analysis of yeast strains
impaired in specific PL biosynthesis pathways (Fig S7A). (B), (D) and (G) Localization of
GFP-2xPH*"™ PtdIns(4)P FLARE. Wild type yeast (SEY6210) carrying pRS424-GFP-
2xPH*" and indicated pDR195(URA3) plasmids were grown to mid-log phase at 28°C and
imaged. Shown are three representative pictures. Scale bar, 5 um. (C), (E) and (H)
Quantification of PM-localized PtdIns(4)P FLARE GFP-2xPH?". Shown are averages =+
SEM (n > 278) of the FLARE PM localization relative to intracellular signal
[(PMmay/intracellular signal)-1], for details see material and methods. Statistical significant
differences are indicated by letters (One-way ANOVA with post hoc Tukey HSD, p < 0.05).
Same results were observed in at least one independent experiment. (F) Al tolerance growth
assay with Secl4* activation mutant. Wild type yeast (BY4741) transformants carrying
indicated pDR195(URA3) plasmids were spotted in 8-fold serial dilutions onto solid MY*
media in presence or absence of Al and incubated for 4 d at 28°C.

Fig 5. ScSFHI1 (2u) expression changes PtdEtn and PtdCho biosynthesis rates. (A)
Cartoon of PtdIns(4)P transfer assay. (B) PtdIns(4)P transfer assay using NBD-PHgapp; and
two pools of sonicated liposomes. ScSthl, ScSec14 and Osh6 A69 as control were tested for
ability to transfer PtdIns(4)P from donor liposomes (Lp) to acceptor liposomes (L) resulting
in retargeting of NBD-PHpapp; to La accompanied by increased NBD fluorescence due to
absence of Rho-PE quencher in La. (C) Pulse PL analysis via TLC. Wild type yeast
(BY4741) transformants carrying indicated pDR195(URA3) plasmids were grown for 1d in
YNB-based media, subcultured in MY* low phosphate media in presence of presence of [**P]

orthophosphate and incubated for 1h. Lipids were extracted and separated by TLC.
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Autoradiograph of TLC is shown. (D), (E) and (F) Densiometric quantification of PtdEtn and
PtdCho normalized to total PL is presented in (C). (G) Schematic overview of PtdCho
biosynthetic pathways. (H) and (I) Normalized data for comparison of GFP-2xPH**" PM
localization in Wt, psdiA psd24 and cho2A opi34 mutant yeast (non-normalized data are
presented in S6C and S6E). Wild type yeast (BY4741), psdiA psd24 and cho2A opi3A
carrying pRS424-GFP-2xPH?™™ were grown overnight in selective media in the presence of 1
mM Etn and Cho. After 3 washing steps with selective media without Etn and Cho, yeast cells
were subcultured for 5 h in selective media in indicated presence or absence of Etn and/or
Cho. Shown are the averages = SEM (n > 99) of the PM/intracellular ratio
[PMpax/intracellular intensity], for details see material and methods, normalized to
PM/intracellular ratio [PMpay/intracellular intensity] of Wild type yeast in respective growth
condition. Statistical significant differences are indicated by letters (One-way ANOVA with
post hoc Tukey HSD, p < 0.05). (J) Effect of ScPSD2 (2u) expression on Al tolerance. Wild
type yeast (BY4741) carrying indicated pDR195(URA3) plasmids were spotted in 8-fold
serial dilutions onto solid MY * media in presence or absence of Al and incubated for 4 d at
28°C. (K) Effect of ScPSD2 (2u) expression on growth performance of mss4”. Wild type
yeast (SEY6210) or mss4” carrying indicated pDR195(URA3) plasmids were spotted in 8-fold
serial dilutions and incubated for 2-3 d at indicated temperatures. Shown results were repeated
independently. (L) Effect of ScPSD2 (2u) expression on PM localization of GFP-2xPH?*",
Wild type yeast (SEY6210) carrying pRS424-GFP-2xPH?*™ and indicated pDR195(URA3)
plasmids were grown to mid-log phase at 28°C and imaged. Shown are averages £ SEM (n >
222) of the FLARE PM localization relative to intracellular signal [(PMp,y/intracellular
signal)-1], for details see material and methods.. Statistical significant differences are
indicated by letters (Students #-test, p < 0.001). (M) and (N) Equivalent numbers of wild type
yeast (SEY6210) cells carrying indicated pDR195(URA3) plasmids were each plated as a
lawn on Agar plates with selective media. Paper disks with 10 pl of a Duramycin solution (8
mM) were immediately placed onto lawn and plates were incubated for 2 d at 28°C. Shown
results were repeated independently.

Fig 6. ScSth1 transfers PtdCho and PtdEtn. (A) Cartoon of transfer assay with C-labeled
PtdCho using big sucrose-loaded donor liposomes (Lp) and small light acceptor liposomes
(L) with defined lipid compositions. (B) '*C-PtdCho transfer assay with wild type ScSthl
and lipid binding mutants. '*C-PtdCho transfer activity of indicated ScSfhl proteins from big
sucrose-loaded Lp consisting of PtdSer:PtdCho:'*C-PtdCho (100puM:10pM:10pM) into
respective small light La consisting of PtdSer only, PtdSer:PtdCho or PtdSer:PtdIns
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(100uM:10uM) was assayed. Shown are averages + STD (n = 2 technical replicates). The
experiment was repeated independently with similar results. (C) '*C-PtdEtn transfer assay
with ScSthl. *C-PtdEtn transfer activity of ScSfhl from big sucrose-loaded Lp consisting of
PtdSer:PtdCho:'*C-PtdEtn (100uM: 10pM:10uM) into small light L, consisting of PtdSer was
assayed. Shown are the averages + STD (n = 2 technical replicates). (D) '*C-PtdCho transfer
assay with wild type ScSthl into PtdEtn containing acceptor liposomes. '*C-PtdCho transfer
activity of indicated ScSthl proteins from big sucrose-loaded Lp consisting of
PtdSer:PtdCho:'*C-PtdCho (100pM:10pM:10uM) into respective small light L, consisting of
PtdSer only, PtdSer:PtdEtn or PtdSer:PtdCho (100uM:10uM) was assayed. Shown is the
relative stimulation of ScSfh1 '*C-PtdCho transfer activity into indicated L, (average + STD,
n = 2 technical replicates). The experiment was repeated independently with similar results.
For detailed information see Material and Methods.

Fig 7. GFP-AtSFHS localizes to LDs and the PM. (A) Al growth assay with GFP-AtSFHS.
Wild type yeast (SEY6210) carrying indicated YCplac22(TRPI) as ev control or pAG414-
eGFP-AtSFHS5(TRPI) was spotted in 8-fold serial dilutions onto solid MY * media in presence
or absence of Al and incubated for 4 d at 28°C. (B) Localization of eGFP-AtSFHS5 in yeast.
Wild type yeast (SEY6210) carrying pAG414-eGFP-AtSFH5 and mCherry-N1j16**™! as PM
marker were grown to mid-log phase at 28°C and imaged. Shown are representative pictures.
Scale bar, 5 um. Arrowheads indicate PM localization of eGFP-AtSFHS. (C) Correlative light
and electron microscopy with GFP-AtSFHS5.Wild type yeast (SEY6210) carrying pAG414-
eGFP-AtSFH5 were grown to mid-log phase at 28°C and processed and imaged as described
in Material and Methods. First panel shows fluorescent signal, second panel shows TEM
images and third panel shows the overlay. Asterisks indicate LD with monolayer membrane.
Arrowheads indicate PM free of ER contact site. The plus symbol indicates an ER-PM
contact site. (D) and (F) Confocal microscopic images of eGFP-AtSFHS5 and mCherry-
N1j16*5"1! Jocalization. (D) represents a mid-section and (F) a surface view of yeast. Wild
type yeast (SEY6210) carrying pAG414-eGFP-AtSFH5 and pDR199- mCherry-N1j16*51! ag
PM marker were grown to mid-log phase at 28°C and imaged. Shown are representative
pictures. Scale bar, 5 pm. Arrowheads indicate ring-shaped LD localization of eGFP-AtSFHS.
(E) and (G) Analysis of colocalization shown in (D) using fluorescence intensity plots. (F)
Surface view of pAG414-eGFP-AtSFH5 and pDR199- mCherry-N1j16**™! Jocalization.

Fig 8. Negative charge of PM correlates with Al tolerance in yeast. (A) Effect of ScSFH1
(2u) expression on charge sensor localization in yeast. Wild type yeast (SEY6210) carrying
ScSp020-GCC-GFP and indicated pDR195(URA3) plasmids were grown to mid-log phase at
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28°C and imaged. Shown are averages = SEM (n > 303) of the FLARE PM localization
relative to intracellular signal [(PMpay/intracellular signal)-1], for details see material and
methods. Statistically significant differences are indicated by letters (One-way ANOVA with
post hoc Tukey HSD) p < 0.05). Similar results were observed in at least one independent
experiment. (B) Effect of Al on charge sensor and different FLAREs. Wild type yeast
(SEY6210) carrying indicated sensors were grown to mid-log phase and incubated for 5 h at
subtoxic Al concentrations (150 uM) and imaged. Shown are averages = SEM (n > 203) of
the FLARE PM localization PM/intracellular ratio [PM,/intracellular intensity], for deteals
see material and methods, relative to mock. Statistically significant differences are indicated
by letters (One-way ANOVA with post hoc Tukey HSD) p < 0.05). (C) Al growth assay with
yeast mutant strains defective in the biosynthesis of negatively charged PLs. Corresponding
wild type yeast and indicated strains carrying indicated pDR195(URA3) plasmids were
spotted in 8-fold serial dilutions onto solid MY* media in presence or absence of Al at the
indicated temperatures and incubated for 2-4 d at the indicated temperatures. (D) Effect of
ScMSS4 (2u) expression on yeast growth on Al media. Two different MSS4 versions were
expressed under a native MSS4 promoter fragment, the shorter encoding a truncated protein
lacking a N-terminal autoinhibitory domain. Wild type yeast (BY4741) cells carrying
indicated pDR195(URA3) plasmids were spotted onto solid MY* media in presence or
absence of Al at 28 °C and incubated for 4 d. (E) BH-score of ScRhol (amino acid 180-end).
Score was calculated using the BH-Search web application. (F) Effect of ScSFHI (2u)
expression on mCherry-Rhol localization. Wild type yeast (SEY6210) carrying YCpLAC11-
mCherry-RHO1 and indicated pDR195(URA3) plasmids were grown to mid-log phase at
28°C and imaged. Shown are three representative pictures. Scale bar, 5 um. (G)
Quantification of PM localization of mCherry-Rhol. Shown are averages + SEM (n > 278) of
the increase of mCherry-Rhol PM localization relative to intracellular signal
[(PMmay/intracellular signal)-1], for details see material and methods, normalized to the ev
PM localization. Statistical significant differences are indicated by letters (Mann-Whitney-U-
test, p <0.05).

Fig 9. Alteration in of the biosynthesis of negatively charged PLs correlates with Al
tolerance in plants and Al treatment influenced PM localization of FLARES, a charge
sensor and an of AtPID-YFP. (A) to (D) Al root growth of Wt (Col-0) and indicated mutant
lines compromised in PL synthesis. After 3 d stratification, seeds of indicated plant lines were
germinated on Al-free solid media and transferred to mock or Al solid media 5 d after

germination. Presented are the averages + SEM (n > 81) of primary root length after 2 d for
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(A), (B) and (D) and 5 d for (C) relative to mock grown seedlings in %. Statistically
significant differences are indicated by letters or stars (Students #-test, for letters p < 0.05, for
stars * p < 0.05, ** p <0.01, *** p < 0.001). Similar results were obtained in two additional
experiments using seedlings from an independent seed stock. (E) Effect of AtPIP5K3
overexpression on primary root growth on Al containing media. After 3 d stratification seeds
of control line ER8-GFP and ER8-PIP5K3 line were germinated on Al and B-estradiol-free
solid media and transferred to mock or Al solid media containing 10 uM B-estradiol 5 d after
germination. Presented are the averages £ SEM (n > 90) of primary root length 5 d relative to
mock grown seedlings in %. Statistically significant differences are indicated by letters
(Students #-test, p < 0.05). Similar results were obtained in two additional experiments using
seedlings from an independent seed stock. (F and G) Effect of Al treatment on charge sensor
and FLARESs in planta. After 3 d stratification, seeds of indicated plant lines were germinated
on Al free solid media. 5 d-old seedlings were transferred to solid mock or Al media and
imaged after 5 h incubation. Shown are representative pictures in (F) and in (G) averages +
SEM (n > 167 cells) of the FLARE PM localization relative to mock PM/intracellular ratio
[PMnax plants/Intracellular signal], for details see material and methods, are shown. Presented
decreases of PM/intracellular ratios are all statistical significant (Students #-test, p < 0.001).
Similar results were observed in independent experiments. (H) Effect of Al on PtdIns(4,5)P;
FLARE in planta. 5 d-old seedlings were transferred to object slides containing liquid mock
or Al media (50 uM). Roots were imaged for 21 min. Shown are averages + SEM of the
FLARE PM localization relative to mock PM/intracellular ratio [PMmax piants/intracellular
signal], for details see material and methods, (n=6 cells, Students z-test, p < 0.05). (I) Effect
of Al treatment on AtPID:YFP PM association. After 3 d stratification, seeds of the
AtpPID:AtPID-YFP line was germinated on Al free solid media. 5 d-old seedlings were
transferred to solid mock or Al media and imaged after 5 h incubation. Shown are
representative pictures and in (J) averages = SEM (n > 173 cells) of the FLARE
PM/intracellular ratio [PMpax plants/Intracellular signal], for details see material and methods,
are shown. Presented decreases of PM/intracellular ratios are all statistical significant
(Students #-test, p < 0.001). (K) Effect of Al treatment on PIN2-GFP localization. 5 d-old
seedlings were transferred to solid mock or Al media and imaged after 5 h incubation. Shown
are representative pictures seen in two independent experiments. (L) Root morphology of 5 d-
old seedlings treated with or without Al. Seedlings were geminated on solid mock or Al

media. Shown are representative pictures seen in three independent experiments.
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Fig 10. Models of ScSfhl-mediated lipid transfer in yeast. (A) Model for
PtdIns(4)P/PtdCho counter transfer. PtdIns(4)P is transferred by in vivo lipid transfer
mediated by ScSthl from endomembranes to the PM with the counter substrate PtdCho,
which is transferred in the opposite direction. Also a transfer between different pools of
PtdIns(4)P might be possible. (B) Model for PtdEtn/PtdCho counter transfer. PtdEtn is
transferred by in vivo lipid transfer mediated by ScSthlfrom endomembrane structures (e.g.
LDs) to the PM with PtdCho as counter substrate. Also here a transfer between different pools
might be possible. PtdEtn increase might change the protonation state of PtdIns(4)P by
interlipid H-bonding and subsequently increase accessibility of PtdIns(4)P, similar to the
proposed influence of PtdEtn on PtdOH (94).

Fig 11. Model for mode of action of Al at cellular level. (A) Al is absent: Undisturbed PM
recruitment of proteins targeted by charge or stereospecific interaction takes place facilitating
proper downstream signaling. (B) After Al treatment: Al competes with proteins targeted to
the PM via charge or stereospecific interaction followed by a decrease of overall PM charge
and proper protein recruitment leading to a disruption of downstream signaling.

Fig S1. Activities of Secl4-type proteins, mammalian PITPs and ScSfh1 lipid transfer
mutants. (A) and (B) Al and sec/4-1" growth assay with plant and mammalian ScSec14
homologs and non-squence related mammalian PITPs. Wild type yeast (BY4741) carrying
indicated pDR195(URA3) plasmids were spotted in 8-fold serial dilutions onto solid MY*
media in presence or absence of Al and incubated for 4 d at 28°C or at 37°C as indicated. (C)
Al growth assay with ScSth1* activation mutant and ScSth1* lipid binding mutants. Wild
type yeast carrying indicated pDR195(URA3) plasmids were spotted in 8-folg serial dilutions
onto solid MY * media in presence or absence of Al and incubated for 4 d at 28°C. (D) Protein
stability of ScSfhl lipid binding mutants. Wild type (BY4741) yeast carrying indicated
pDR195(URA3) plasmids were grown to saturation. Proteins were extracted and ScSth1-V5
proteins were detected by western blot, using an anti-V5 monoclonal antibody (Thermo
Fischer Scientific). As loading control endogenous ScKesl was detected using an anti-ScKes1
antibody. (E) Al growth assay with SEY6210. Wild type yeast (SEY6210) carrying indicated
pDR195(URA3) plasmids were spotted in 8-fold serial dilutions onto solid MY* media in
presence or absence of Al and incubated for 4 d at 28°C.

Fig S2. Specificity of AtSFHS/ScSfh1-mediated metal tolerance and element composition
changes induced by AtSFH5/ScSFH1 (2u) expression. (A) Specificity of AtSFH5/ScSthl-
mediated metal tolerance. Wild type yeast (BY4741) carrying indicated pDR195(URA3)
plasmids were spotted in 8-fold serial dilutions onto solid MY*/YNB supplemented with
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indicated metals and incubated for 4 d at 28°C. (B) Yeast Al growth assay in liquid culture.
Saturated cultures of wild type yeast (BY4741) carrying indicated pDR195(URA3) plasmids
were adjusted to the same optical density and grown for indicated time. Shown are averages +
SEM (n=2) of OD600 measurements at indicated time points. (C) Effect of AtSFH5/ScSFH1
(2u) expression on metal/nutrient contents. Wild type yeast (BY4741) carrying indicated
pDR195(URA3) plasmids were treated as described in material and methods. Shown are
averages = SEM (n=4) of ICP-MS/OES measurements. Statistical significant differences are
indicated by letters (Students #-test, p <0.05)

Fig S3. Effect of ScSfh1 on ScMss4 kinase stimulation and localization. (A) ScSFHI (2u)
expression in mss4-5°. Indicated strains carrying indicated pDR195(URA3) plasmids were
spotted in 8-fold serial dilutions onto solid YPD and incubated for 2-3 d at indicated
temperatures. (B) Determination of protein concentration of ScSthl/Sec14 wild type and
mutant proteins. After protein extraction from E.coli and purification (for details see methods
section) 1uL of protein was separated by SDS-PAGE and Coomassie stained. (C) and (D)
ScMss4 kinase stimulation assay. Indicated proteins were assayed in a concentration of 3 uM
in reactions containing GST-ScMss4, PtdIns(4)P:PtdCho or PtdIns(4,5)P, liposomes, and
[v’*P]-ATP. Average values + STD (n=2) are plotted as percentage of available PtdIns(4)P or
PtdIns(4,5)P,. (E) Protein concentration of ScSth1 wild type and mutant protein. After protein
extraction from FE.coli and purification (for details see methods section) 1 uL, 0,5 uL and 0,25
pL of protein was separated by SDS-PAGE and Coomassie stained. Shown is scanned picture
of gel. (F) in situ phosphorylation of ScSthl. ScSthl was pre-loaded with sonicated
PtdIns(4)P. After Ni-NTA purification of ScSthl and thoroughly washing, an in vitro ScMss4
kinase assay was performed as described for (C) and (D). (G) PtdIns(4,5)P, in vitro release
assay. PtdIns(4,5)P; release from indicated proteins into PC liposomes are plotted. Separation
of PC liposomes and ScSecl4-type protein-PtdIns(4,5)P, complex via sedimentation of big
sucrose-loaded liposomes. For detailed description of procedure, see material and methods.
(H) Effect of ScSFHI (2u) expression on ScMss4-GFP localization. Wild type yeast
(BY4741) carrying pRS416_MSS4prom MSS4-GFP (pCS321) were grown to mid log phase
and imaged. Shown are representative pictures.

Fig S4. Effect of ScSFH1 (2u) expression on different FLARESs. (A), (B) and (D) FLARE
localization. Wild type yeast (SEY6210) carrying indicated plasmids were grown to mid-log
phase at 28°C and imaged. Shown are three representative pictures. Scale bar, 5 um. (C) and
(E) Quantification of indicated PM-localized FLARE. Shown are the averages + SEM (n >
202) of the FLARE PM localization relative to intracellular signal [(PMp,y/intracellular
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intensity)-1]. Statisticallly significant differences are indicated by letters (One-way ANOVA
with post hoc Tukey HSD, p < 0.05. Similar results were observed in at least one independent
experiment.

Fig S5. Directed evolution screen to endow ScSecl4 with ScSfhl-like to Al-tolterance
inducing activities. (A) ScSecl4* activation variants. Protein alignment of 27 ScSECI4*
activation mutants obtained in the directed evolution screen. For comparison the wild typic
sequence of ScSecl14 is presented on top. Red boxes indicate amino acid different from wild
type sequence. Green box highlights position S173. Grey boxes mark area of unclear
sequencing results. (B) secl4-1° growth assay. secl4-1° transformed with episomal
pDR195(URA3) empty vector as control or indicated plasmids were spotted in 8-fold serial
dilutions onto YNB based media and incubated for 2-4 d at indicated temperatures.

Fig S6. Effect of ScSFHI1 (2u) expression on PL biosynthesis. (A) PL analysis by TLC
after [**P] orthophosphate pulse. Wild type yeast (BY4741) or indicated yeast knock out
strains carrying pDR195(URA3) ev were grown for 1d in YNB-based media, subcultured in
MY* low phosphate media in presence or absence of 1 mM Etn or Cho, supplemented with
[**P] orthophosphate and incubated for lh. Lipids were extracted and separated by TLC.
Autoradiograph of TLC is shown. All bands shown were run on the same TLC plate. Please
note that ev control shown here is identical with Fig 5C. (B) and (D) Localization of GFP-
2xPH*" in Wt, psdIA psd24 and cho24 opi3A mutant yeast. Wild type yeast (BY4741),
psdlA psd24 and cho24 opi3A carrying pRS424-GFP-2xPH?™™ were grown overnight in
selective media in the presence of 1 mM Etn and Cho. After 3 washing steps with selective
media without Etn and Cho, yeast were subcultured for 5 h in selective media in indicated
presence or absence of Etn and/or Cho. Shown are three representative pictures. Scale bar, 5
um. (C) and (E) Quantification of PM localized PtdIns(4)P FLARE GFP-2xPH**™ in wild
type yeast (BY4741), psdiA psd24 and cho24 opi3A. Shown are averages £ SEM (n > 99) of
the FLARE PM localization relative to intracellular signal [(PM,y/ intracellular intensity)-1].
Statistical significant differences are indicated by letters (One-way ANOVA with post hoc
Tukey HSD, p < 0.05). (F) Localization GFP-2xPH?*"* with ScPSD2 (2u) expression. Shown
are representative pictures. (G) Confocal microscopy of Cerulan-AtSFHS in SEY6210.1 and
tetherA. Shown are representative pictures of Cerulan-AtSFHS5 and ScTCB3-GFP in wild type
(SEY6210.1) and tetherd. Wild type yeast (SEY6210.1) or tetherd carrying pAG425GPD-
Cerulean-AtSFH5 or pRS415-TCB3-GFP (pAM43, encoding as ER-PM contact site marker)
were grown to mid-log phase at 28°C and imaged. Shown are representative pictures. Scale

bar, 5 pm.
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Fig S7. Influence of membrane charge on Al tolerance and effect of ScSFHI (2u)
expression on PM charge. (A) ScSFHI (2u) expression changed localization of ScSpo20-
GCC-GFP charge sensor. Wild type yeast (SEY6210) carrying ScSpo2-GCC-GFP and
indicated pDR195(URA3) plasmids were grown to mid-log phase at 28°C and imaged. Shown
are three representative pictures. Scale bar, 5 um. (B) Yeast Al growth assay in liquid culture.
Saturated cultures of wild type yeast (SEY6210) carrying indicated pDR195(URA3) plasmids
were adjusted to the same optical density and grown for indicated time. Shown are averages +
SEM (n=2) of OD600 measurements at indicated time points. (C) Localization of FLAREs
after Al treatment. Wild type yeast (SEY6210) in mid-log phase carrying indicated FLAREs
were grown in liquid MY * media in the presence or absence of 150 uM Al for 5 h at 28°C
and imaged. Shown are three representative pictures. Scale bar, 5 um (D) Effect of TaPSS1
(2u) expression on Al tolerance in yeast. Wild type yeast (BY4741) carrying indicated
pDR195(URA3) plasmids were spotted onto solid MY* media in presence or absence of Al at
28 °C and incubated for 4 d. Two independent 7aPSS! transformants are shown. (E) Effect of
ScRHOI (2u) expression on yeast growth. Wild type yeast (BY4741) carrying indicated
pDR195(URA3) were spotted onto solid MY* media incubated at 28°C for 4 d. (F) Effect of
ScRHO?2 (2u) expression on yeast Al tolerance. Wild type yeast (BY4741) carrying indicated
pDR195(URA3) as ev or pScRHO2:ScRHO?2 (pC-186, 2u, URA3) were spotted onto solid
MY * media incubated at 28°C for 4 d.

Fig S8. Effect of Al treatment on YFP-AtPID localization. (A) Effect of Al treatment on
YFP-PID PM association. After 3 d stratification seeds of the pAtPID:YFP-AtPID line were
germinated on Al-free solid media. 5 d-old seedlings were transferred to solid mock or Al
media and imaged after 5 h incubation. Shown are representative pictures. (B) Quantification
of YFP-PID PM association after Al treatment. Shown are averages = SEM (n > 72 cells) of
the FLARE PM localization relative to mock PM/intracellular ratio [PMp.x/intracellular
intensity]. Presented decreases of PM/intracellular ratios are all statistical significant

(Students #-test, ***p < 0.001).
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 10
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Figure 11
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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Table S1: Al screen with Arabidopsis cDNA library.

Screen ID Locus Name Description (source: Araport11)
1 Alr3, Alr4 AT1G52300 | N/A Zinc-binding ribosomal protein family protein
2 Alr17 AT4G24160 N/A Encodes a soluble lysophosphatidic acid
acyltransferase with additional triacylglycerol
lipase and phosphatidylcholine hydrolyzing
enzymatic activities. Plays a pivotal role in
maintaining the lipid homeostasis by regulating
both phospholipid and neutral lipid levels
3 Alr23 AT4G24280 | CHLOROPLAST HEAT Involved in protein import into chloroplasts during
SHOCK PROTEIN 70-1, early developmental stages. The mRNA is cell-to-
CPHSC70-1 cell mobile.
Alr65 AT5G 14050 N/A Transducin/WD40 repeat-like superfamily protein
Alr29, Alr38, Alr39 | AT1G04550 BDL, BODENLOS, IAA12, IAA12/BDL plays a role in auxin-mediated
INDOLE-3-ACETIC ACID processes of apical-basal patterning in the
INDUCIBLE 12 embryo. bdl mutants lack a primary root meristem
6 AtAIr35, AtAle56 AT5G15780 | N/A Pollen Ole e 1 allergen and extensin family protein
7 AtAIr42 AT4G33010 | ATGLDP1, GLDP1, Glycine decarboxylase P-protein 1
GLYCINE
DECARBOXYLASE P-
PROTEIN 1
8 AtAIr54 AT1G75370 | ATSFH5, ARABIDOPSIS Sec14p-like phosphatidylinositol transfer family
THALIANA SEC protein
FOURTEEN HOMOLOG 5
9 AtAIr55 AT1G30650 AR411, ATWRKY 14, WRKY Member of WRKY Transcription Factor; Group ll-e
DNA-BINDING PROTEIN
14, WRKY 14
10 AtAIr59 AT5G22830 | ATMGT10, GMN10, Transmembrane magnesium transporter that is

MAGNESIUM (MG)
TRANSPORTER 10

essential for chloroplast development and

photosynthesis. One of nine family members




Table S2: Hits of the genome wide screen.

Category

Gene ID

Standard
Name

References

Lipid metabolism

Trafficking / Sorting

cwi

YLRO56W

YMR207C

YKL212W

YDLO052C

YGR157TW

YALOO2W

YLRO25W

YNL297C

YOR132W

YJL204C

YLR261C

YPLO51W

YDR495C

YDR136C

YBL0O7C

YDR484W

YORO008C

YLR332W

YLR371W

YNRO47W

YJLO95W

YHR030C

YKL161C

YJRO75W

ERG3

HFA1

SAC1

SLC1

CHO2

VPS8

SNF7

MON2

VPS17

RCY1

VPS63

ARL3

VPS3

VPS61

SLA1

VPS52

WSC1

MID2

ROM2

FPK1

BCK1

MPK1

MLP1

HOC1

C-5 sterol desaturase; glycoprotein that catalyzes the introduction of a C-5(6) double bond into episterol,
a precursor in ergosterol biosynthesis; transcriptionally down-regulated when ergosterol is in excess;
mutants are viable, but cannot grow on non-fermentable carbon sources; substrate of HRD ubiquitin
ligase; mutation is functionally complemented by human SC5D

Mitochondrial acetyl-coenzyme A carboxylase; catalyzes production of malonyl-CoA in mitochondrial fatty
acid biosynthesis; relocalizes from mitochondrion to cytoplasm upon DNA replication stress; genetic and
comparative analysis suggests that translation begins at a non-canonical (lle) start codon at -372 relative
to the annotated start codon

Phosphatidylinositol phosphate (PtdInsP) phosphatase; involved in hydrolysis of Ptdins[4]P in the early
and medial Golgi; regulated by interaction with Vps74p; ER localized transmembrane protein which cycles
through the Golgi; involved in protein trafficking and processing, secretion, and cell wall maintenance;
regulates sphingolipid biosynthesis through the modulation of PtdIns(4)P metabolism
1-acyl-sn-glycerol-3-phosphate acyltransferase; catalyzes the acylation of lysophosphatidic acid to form
phosphatidic acid, a key intermediate in lipid metabolism; enzymatic activity detected in lipid particles and
microsomes

Phosphatidylethanolamine methyltransferase (PEMT); catalyzes the first step in the conversion of
phosphatidylethanolamine to phosphatidylcholine during the methylation pathway of phosphatidylcholine
biosynthesis

Membrane-binding component of the CORVET complex; involved in endosomal vesicle tethering and
fusion in the endosome to vacuole protein targeting pathway; interacts with Vps21p; contains RING finger
motif

One of four subunits of the ESCRT-IIl complex; involved in the sorting of transmembrane proteins into the
multivesicular body (MVB) pathway; recruited from the cytoplasm to endosomal membranes; ESCRT-III
stands for endosomal sorting complex required for transport I1I

Protein with a role in endocytosis and vacuole integrity; peripheral membrane protein; interacts with and
negatively regulates Arl1p; localizes to the endosome; member of the Sec7p family of proteins

Subunit of the membrane-associated retromer complex; essential for endosome-to-Golgi retrograde
protein transport; peripheral membrane protein that assembles onto the membrane with Vps5p to
promote vesicle formation; required for recruiting the retromer complex to the endosome membranes
F-box protein involved in recycling endocytosed proteins; involved in recycling plasma membrane proteins
internalized by endocytosis; localized to sites of polarized growth; direct interaction with C-terminal
cytoplasmic region of Drs2p plays an important role for Drs2p function in endocytic recycling pathway

Putative protein of unknown function; not conserved in closely related Saccharomyces species; 98% of
OREF overlaps the verified gene YPTG6; deletion causes a vacuolar protein sorting defect; decreased levels
of protein in enolase deficient mutant

ARF-like small GTPase of the RAS superfamily; required for recruitment of Arl1p, a GTPase that
regulates membrane traffic, to the Golgi apparatus; NatC-catalyzed N-terminal acetylation regulates Golgi
membrane association mediated by interaction with membrane receptor, Sys1p; similar to ADP-
ribosylation factor and orthologous to mammalian ARFRP1

Component of CORVET membrane tethering complex; cytoplasmic protein required for the sorting and
processing of soluble vacuolar proteins, acidification of the vacuolar lumen, and assembly of the vacuolar
H+-ATPase

Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and
comparative sequence data; not conserved in closely related Saccharomyces species; 4% of ORF
overlaps the verified gene RGP 1; deletion causes a vacuolar protein sorting defect

Cytoskeletal protein binding protein; required for assembly of the cortical actin cytoskeleton; interacts with
proteins regulating actin dynamics and proteins required for endocytosis; found in the nucleus and cell
cortex; has 3 SH3 domains

Component of the GARP (Golgi-associated retrograde protein) complex; GARP is required for the
recycling of proteins from endosomes to the late Golgi, and for mitosis after DNA damage induced
checkpoint arrest; involved in localization of actin and chitin; members of the GARP complex are Vps51p-
Vps52p-Vps53p-Vpsb4p

Sensor-transducer of the stress-activated PKC1-MPK1 kinase pathway; involved in maintenance of cell
wall integrity; required for mitophagy; involved in organization of the actin cytoskeleton; secretory pathway
Wsc1p is required for the arrest of secretion response

O-glycosylated plasma membrane protein; acts as a sensor for cell wall integrity signaling and activates
the pathway; interacts with Rom2p, a guanine nucleotide exchange factor for Rho1p, and with cell
integrity pathway protein Zeo1p; MID2 has a paralog, MTL1, that arose from the whole genome
duplication

Guanine nucleotide exchange factor (GEF) for Rho1p and Rho2p; mutations are synthetically lethal with
mutations in rom1, which also encodes a GEF; Rom2p localization to the bud surface is dependent on
Ack1p; ROM2 has a paralog, ROM1, that arose from the whole genome duplication

Ser/Thr protein kinase; phosphorylates several aminophospholipid translocase family members,
regulating phospholipid translocation and membrane asymmetry; phosphorylates and inhibits the protein
kinase Akl1p, stimulating endocytosis; phosphorylates and inhibits upstream inhibitory kinase, Ypk1p;
localizes to the cytoplasm, early endosome/TGN, the plasma membrane and the shmoo tip; redundant
role with KIN82 in the mating pheromone response; activity stimulated by MIPC, a complex sphingolipid
MAPKKK acting in the protein kinase C signaling pathway; the kinase C signaling pathway controls cell
integrity; upon activation by Pkc1p phosphorylates downstream kinases Mkk1p and Mkk2p; MAPKKK is
an acronym for mitogen-activated protein (MAP) kinase kinase kinase

Serine/threonine MAP kinase; coordinates expression of all 19S regulatory particle assembly-chaperones
(RACs) to control proteasome abundance; involved in regulating maintenance of cell wall integrity, cell
cycle progression, nuclear mRNA retention in heat shock, septum assembly; required for mitophagy,
pexophagy; affects recruitment of mitochondria to phagophore assembly site; plays role in adaptive
response of cells to cold; regulated by the PKC1-mediated signaling pathway

Protein kinase; implicated in SIt2p mitogen-activated (MAP) kinase signaling pathway; interacts with
numerous components in the mating pheromone and CWI MAPK pathways; associates with Rim1p;
KDX1 has a paralog, SLT2, that arose from the whole genome duplication
Alpha-1,6-mannosyltransferase; involved in cell wall mannan biosynthesis; subunit of a Golgi-localized
complex that also contains Anp1p, Mnn9p, Mnn11p, and Mnn10p; identified as a suppressor of a cell lysis
sensitive pkc1-371 allele



Category

Gene ID

Standard
Name

References

Cell cycle / Cytosceleton

Transcription / Translation

Amino acid transport /
Metabolism

YGR0O8OW

YEL029C

YELO36C

YER124C

YNLO80OC

YDR364C

YMR216C

YPL254W

YKLOOSW

YKL054C

YDR207C

YGL173C

YDLO75W

YOR369C

YNRO052C

YJRO55W

YDR138W

YBL093C

YMR263W

YBR095C

YDR500C

YMR263W

YHR178W

YDR289C

YDRO025W

YBR068C

YBR069C

YCRO027C

TWF1

BUD16

ANP1

DSE1

EOS1

CDC40

SKY1

HFI1

MRT4

DEF1

UMEG

KEM1

RPL31A

RPS12

POP2

HIT1

HPR1

ROX3

SAP30

RXT2

RPL37B

SAP30

STB5

RTT103

RPS11A

BAP2

TAT1

RHB1

Twinfilin; highly conserved actin monomer-sequestering protein involved in regulation of the cortical actin
cytoskeleton; coordinates actin filament severing and monomer sequestering at sites of rapid actin
turnover; composed of two cofilin-like regions, stimulates actin depolymerization as does the mouse
homolog, mTwf1

Putative pyridoxal kinase; a key enzyme involved in pyridoxal 5'-phosphate synthesis, the active form of
vitamin B6; required for genome integrity; involved in bud-site selection; similarity to yeast BUD17 and
human pyridoxal kinase (PDXK)

Subunit of the alpha-1,6 mannosyltransferase complex; type Il membrane protein; has a role in retention
of glycosyltransferases in the Golgi; involved in osmotic sensitivity and resistance to aminonitrophenyl
propanediol

Daughter cell-specific protein; may regulate cross-talk between the mating and filamentation pathways;
deletion affects cell separation after division and sensitivity to alpha-factor and drugs affecting the cell
wall; relocalizes from bud neck to cytoplasm upon DNA replication stress

Protein involved in N-glycosylation; deletion mutation confers sensitivity to exidative stress and shows
synthetic lethality with mutations in the spindle checkpoint genes BUB3 and MAD1; YNLO8OC is not an
essential gene

Pre-mRNA splicing factor; important for catalytic step Il of pre-mRNA splicing and plays a role in cell cycle
progression, particularly at the G1/S phase transition; required for DNA synthesis during mitosis and
meiosis; has WD repeats; thermosensitivity of the cdc40 null mutant is functionally complemented by a
chimeric construct containing the N-terminal 156 amino acids of yeast Cdc40p fused to the C-terminal two
thirds (297 amino acids) of human CDC4

SR protein kinase (SRPK); involved in regulating proteins involved in mRNA metabolism and cation
homeostasis; similar to human SRPK1

Adaptor protein required for structural integrity of the SAGA complex; a histone acetyltransferase-
coactivator complex that is involved in global regulation of gene expression through acetylation and
transcription functions

Protein involved in mRNA turnover and ribosome assembly; required at post-transcriptional step for
efficient retrotransposition; localizes to the nucleolus

RNAPII degradation factor; forms a complex with Rad26p in chromatin, enables ubiquitination and
proteolysis of RNAPII present in an elongation complex; mutant is deficient in Zip1p loading onto
chromosomes during meiosis

Rpd3L histone deacetylase complex subunit; key transcriptional regulator of early meiotic genes; involved
in chromatin remodeling and transcriptional repression via DNA looping; binds URS1 upstream regulatory
sequence, represses transcription by recruiting conserved histone deacetylase Rpd3p (through co-
repressor Sin3p) and chromatin-remodeling factor Isw2p; couples metabolic responses to nutritional cues
with initiation and progression of meiosis

Evolutionarily-conserved 5'-3' exonuclease; component of cytoplasmic processing (P) bodies involved in
mRNA decay; enters the nucleus and positively regulates transcription initiation and elongation; involved
in microtubule-mediated processes, filamentous growth, ribosomal RNA maturation, and telomere
maintenance; negative regulator of autophagy; activated by the scavenger decapping enzyme Dcs1p;
expression regulated by Ash1p in rich conditions

Ribosomal 60S subunit protein L31A; associates with karyopherin Sxm1p; loss of both RpI31p and
Rpl39p confers lethality; homologous to mammalian ribosomal protein L31, no bacterial homolog;
RPL31A has a paralog, RPL31B, that arose from the whole genome duplication

Protein component of the small (40S) ribosomal subunit; homologous to mammalian ribosomal protein
S12, no bacterial homolog

RNase of the DEDD superfamily; subunit of the Ccr4-Not complex that mediates 3' to 5' mRNA
deadenylation

Protein involved in C/D snoRNP assembly; regulates abundance of Rsa1p; required for growth at high
temperature; similar to human ZNHIT3

Subunit of THO/TREX complexes; this complex couple transcription elongation with mitotic recombination
and with mRNA metabolism and export, subunit of an RNA Pol || complex; regulates lifespan; involved in
telomere maintenance; similar to Top1p

Subunit of the RNA polymerase || mediator complex; associates with core polymerase subunits to form
the RNA polymerase Il holoenzyme

Component of Rpd3L histone deacetylase complex; involved in silencing at telomeres, rDNA, and silent
mating-type loci; involved in telomere maintenance

Component of the histone deacetylase Rpd3L complex; possibly involved in cell fusion and invasive
growth; relocalizes to the cytosol in response to hypoxia

Ribosomal 60S subunit protein L37B; required for processing of 27SB pre-rRNA and formation of stable
66S assembly intermediates; protein abundance increases in response to DNA replication stress;
homologous to mammalian ribosomal protein L37, no bacterial homolog; RPL37B has a paralog,
RPL37A, that arose from the whole genome duplication

Component of Rpd3L histone deacetylase complex; involved in silencing at telomeres, rDNA, and silent
mating-type loci; involved in telomere maintenance

Transcription factor; involved in regulating multidrug resistance and oxidative stress response; forms a
heterodimer with Pdr1p; contains a Zn(l1)2Cys6 zinc finger domain that interacts with a pleiotropic drug
resistance element in vitro

Protein involved in transcription termination by RNA polymerase II; interacts with exonuclease Rat1p and
Rai1p; has an RPR domain (carboxy-terminal domain interacting domain); also involved in regulation of
Ty1 transposition

Protein component of the small (40S) ribosomal subunit; homologous to mammalian ribosomal protein
S11 and bacterial S17; N-terminally propionylated in vivo; RPS11A has a paralog, RPS11B, that arose
from the whole genome duplication

High-affinity leucine permease; functions as a branched-chain amino acid permease involved in uptake of
leucine, isoleucine and valine; contains 12 predicted transmembrane domains; BAP2 has a paralog,
BAP3, that arose from the whole genome duplication

Amino acid transporter for valine, leucine, isoleucine, and tyrosine; low-affinity tryptophan and histidine
transporter; overexpression confers FK506 and FTY720 resistance; protein abundance increases in
response to DNA replication stress

Putative Rheb-related GTPase; involved in regulating canavanine resistance and arginine uptake;
member of the Ras superfamily of G-proteins



Standard

Category Gene ID Name References
Chaperon function
YLR369W SSC2 Mitochondrial hsp70-type molecular chaperone; required for assembly of iron/sulfur clusters into proteins
at a step after cluster synthesis, and for maturation of Yfh1p, which is a homolog of human frataxin
YPL106C SSE1 ATPase component of heat shock protein Hsp90 chaperone complex; serves as nucleotide exchange
factor to load ATP onto the SSA class of cytosolic Hsp70s; plays a role in prion propagation and
Spermidine / Spermine
biosynthesis
YOLO052C SPE2 S-adenosylmethionine decarboxylase; required for the biosynthesis of spermidine and spermine; cells
lacking Spe2p require spermine or spermidine for growth in the presence of oxygen but not when grown
Mitochondrial fusion
YDR470C uUGo1 Outer membrane component of the mitochondrial fusion machinery; binds to Fzo1p and Mgm1p to link
these two GTPases during mitochondrial fusion; involved in fusion of both the outer and inner
Proteins of unknown
function
YHR151C MTC6 Protein of unknown function; mtc6 is synthetically sick with cdc13-1; SWAT-GFP and mCherry fusion
proteins localize to the vacuole while SWAT-GFP fusion also localizes to the endoplasmic reticulum
YER156C N/A Putative protein of unknown function; interacts with Hsp82p and copurifies with Ipl1p; expression is
copper responsive and downregulated in strains deleted for MAC1, a copper-responsive transcription
Dubious open reading
frame
YGLOO7W BRP1 Putative protein of unknown function; conserved among S. cerevisiae strains; located in the upstream
region of PMA1; deletion leads to polyamine resistance due to downregulation of PMA1
YDR024W FYVv1 Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and
comparative sequence data; not conserved in closely related Saccharomyces species; mutation
YLR338W OPI9 Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and
comparative sequence data; partially overlaps the verified ORF VRP1/YLR337C
YNL120C N/A Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and
comparative sequence data; deletion enhances replication of Brome mosaic virus in S. cerevisiae, but
YJL175W N/A Dubious open reading frame unlikely to encode a functional protein; deletion confers resistance to
cisplatin, hypersensitivity to 5-fluorouracil, and growth defect at high pH with high calcium; overlaps gene
YJRO18W N/A Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and
comparative sequence data
YDR433W  N/A Dubious open reading frame; unlikely to encode a functional protein, based on available experimental and

comparative sequence data



Table S3: Yeast strains used in this study.

Strain Genotype Reference
1 BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf KO collection
2 sec14-1ts (CTY1-1A) MATa ura3-52 lys2- 801 Ahis3-200 sec14-1ts Bankaitis et al., 1989
3 pkc1-3ts MATa pkc1-3::KanR; his3A1 leu2A0 ura3A0 met15A0 received from Charly
(TSARRAY#541) Boone
4 sth1 (Y7092, SN#3729) MATalpha ykl091cAO::natMX4 can1A0::STE2pr-Sp_HIS5 received from Charly
lyp1AO0 his3A1 leu2A0 ura3A0 met15A0 LYS2+ Boone
5 BY4741 (Kan array, MATa ykl091cAO0::kanMX4 his3A1 leu2A0 ura3A0 met15A0 received from Charly
DMA#2810) Boone
6 pkc1-3ts Y9687 TS- MATalpha pkc1-3::NatR can1A::STE2pr-Sp_his5 received from Charly
Query (TSQUERY#541) | lyp1A:STE3pr-LEU2 Boone
7 BY4741 wsc1A MATa; ura3A0; leu2A0; his3A1; met15A0; YOR008c::kanMX4 Euroscarf KO collection
8 BY4741 wsc2A MATa; ura3A0; leu2A0; his3A1; met15A0; YNL283c::kanMX4 Euroscarf KO collection
9 BY4741 wsc3A MATa; ura3A0; leu2A0; his3A1; met15A0; YOL105c::kanMX4 Euroscarf KO collection
10 BY4741 mid2A MATa; ura3A0; leu2A0; his3A1; met15A0; YLR332w::kanMX4 Euroscarf KO collection
11 BY4741 mtl1A MATa; ura3A0; leu2A0; his3A1; met15A0; YGR023w::kanMX4 | Euroscarf KO collection
12 BY4741 rom1A MATa; ura3A0; leu2A0; his3A1; met15A0; YGRO70w::kanMX4 | Euroscarf KO collection
13 BY4741 rom2A MATa; ura3A0; leu2A0; his3A1; met15A0; YLR371w::kanMX4 Euroscarf KO collection
14 BY4741 tus1A MATa; ura3A0; leu2A0; his3A1; met15A0; YLR425w::kanMX4 Euroscarf KO collection
15 BY4741 sac7A MATa; ura3A0; leu2A0; his3A1; met15A0; YDR389w::kanMX4 Euroscarf KO collection
16 BY4741 bck1A MATa; ura3A0; leu2A0; his3A1; met15A0; YJLO95w::kanMX4 Euroscarf KO collection
17 BY4741 mkk1A MATa; ura3A0; leu2A0; his3A1; met15A0; YOR231w::kanMX4 | Euroscarf KO collection
18 BY4741 mkk2A MATa; ura3A0; leu2A0; his3A1; met15A0; YPL140c::kanMX4 Euroscarf KO collection
19 BY4741 mpk1A MATa; ura3A0; leu2A0; his3A1; met15A0; YHR030c::kanMX4 Euroscarf KO collection
20 BY4741 mip1A MATa; ura3A0; leu2A0; his3A1; met15A0; YKL161c::kanMX4 Euroscarf KO collection
21 MML550 MATa leu2-3,112 ura3-52 trp1 his4 can1y; Pkc1GFP Vilella et al., 2005
22 BY4742 cho2A opi3A MATa his3A1 leu2A0 lys2A0 ura3A0 cho2::KanMX opi3::LEU2 | Dowd et al., 2001
23 BY4742 psd1A psd2A MATa his3A1 leu2A0 met15A0/lys2A0 ura3A0 psd1:KanMX Gift from Mesut Bilgin
psd2:URA3
24 SEY6210 MATalpha leu2-3,112 ura3-52 his3A200 trp1-A901 lys2-801 Robinson et al., 1988
suc2-A9
25 pik1ts (AAY104) SEY6210 except pik1A::HIS3 and harboring pRS314pik1-83 Audhya et al., 2000
26 stt4ts (AAY102) SEY6210 except stt4A::HIS3 and harboring pRS415stt4-4 Audhya et al., 2000
27 msséts (AAY202) SEY6210 mss4A::HIS3 and harboring YCplac111mss4ts-102 Stefan et al., 2002
28 mss4-5 MATalpha mss4A::KanMX ura3-52 his3-A200 ade Nile et al., 2013
pRS315(mss4-5ts)
29 rho1ts (AAY606) SEY6210 except rho1A::HIS3 carrying pRS316rho1V43T Audhya et al., 2002
30 SEY6210.1 MATa leu2-3,112 ura3-52 his3A200 trp1-A901 lys2-801 suc2- Manford et al., 2012
A9
31 tetherA SEY6210.1 ist2A::HISMX6 scs2A::TRP1 scs22A::HISMX6 Manford et al., 2012

tcb1A::KANMX6 tcb2A::KANMX6 tcb3A::HISMX6
ire1A::NATMX




Table S4: Plasmids used in this study.

Plasmid Name

Source

N

pDR195

Rentsch et al., 2005

2 pDR195-ScSEC14-V5 Schaaf et al., 2008
3 pDR195-ScSEC14°7°"-V5 This study

4 pDR195-ScSFH1-V5 Schaaf et al., 2011
5 pDR195-ScSFH1™>P-y5 This study

6 pDR195-ScSFH1TTLy/5 This study

7 pDR195-ScSFHATT" oW _y/5 This study

8 pDR195-ScSFH1Y ¢T3 y/5 Schaaf et al., 2011
9 pDR195-ScSFH1Y oS T y/5 Schaaf et al., 2011
10 pDR195-ScSFH1Y e oW oW /5 Schaaf et al., 2011
11 pDR195(LEU2) This study

12 | pDR195(LEU2)-ScSFH1-V5 This study

13 pDR195(LEU2)-ScSFH1 -5 This study

14 pDR195(LEU2)-ScSFH1° > T77y/5 This study

15 | pDR195-ScSFH2 This study

16 pDR195-ScSFH3 This study

17 | pDR195-ScSFH4 This study

18 pDR195-ScSFH5 This study

19 | pDR195-AtSFH1_Sec14D This study

20 | pDR195-AtSFH3 This study

21 pDR195-AtSFH3_Sec14D This study

22 | pDR195-AtSFH5 This study

23 | pDR195-AtSFH5_Sec14D This study

24 | pAG414GPD-eGFP-AtSFH5 This study

25 pAG425GPD-Cerulean-AtSFH5 This study

26 | pDR195-MmaTTP This study

27 | pDR195-HsRLBP This study

28 | pDR195-MmRLBP This study

29 | pDR195-HsSSEC14L2 This study

30 | pDR195-MmSEC14L2 This study

31 pDR195-RnPITPa This study

32 | pDR195-RnPITPB This study

33 pDR195-ScPSD1 This study

34 | pDR195-ScPSD2 This study

35 pDR195-ScMSS4prom(short):MSS4 This study

36 pDR195-ScMSS4prom(long):MSS4 This study

37 | pDR195-pScRHO1:RHO1 This study

38 pC-186_pRHO2:ScRHO2 Madaule et al., 1987
39 pCS321: pPRS416_MSS4prom:MSS4-GFP Audhya et al., 2003
40 pRS424-GFP-2xPH(Osh2) Stefan et al., 2011
41 pRS424-GFP-FYVE(EEA1) Burd et al., 1998
42 | pRS426-GFP-2xPH(PLCd) Stefan et al., 2002
43 pRS416-GFP-LactC2 Fairn et al., 2011
44 | pRS414-AHSp020(51-91)-GCCGMAP210 (39-377)-GFP Horchani et al., 2014
45 pRS415-mCherry-P4C Gift from Chris Stefan




46 pRS415-TCB3-GFP (pAM43) Manford et al., 2012

47 pBP73-G: pRS416-GFP-P4C Luo et al., 2015

48 YCplLac11-mCherry-Rho1 Fernandez-Acero et al., 2015
49 pDR199-mRFP-AtSFH1-NIj16 Gift from Marilia de Campos
50 pDR195-TaPSS1 This study

51 pET28-ScSFH1 Schaaf et al., 2008

52 | pET28-ScSFH1 =% This study

53 | pET28-ScSFH1°>" """ This study

54 pET28-ScSec14 Schaaf et al., 2008
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Data S1: Information about PixelAnalysis.

Introduction

In order to partially automate the collection of membrane/intracellular fluorescence ratios in
micrographs of fluorescently labelled cells a small program was developed in MATLAB
2016a (The MathWorks Inc., Natick, MA, USA). The program’s main feature is the automatic
identification of membrane and intracellular regions in cells with bright membrane (= high

pixel intensity) and dark intracellular (= low pixel intensity).

The program features an intuitive Ul and straight-forward operation with only simple user
interaction. After a (high-resolution) digital image of cells has been imported to the program,
the user can manually select a linear region of interest (ROI) across a single cell or between
cells in the micrograph. The pixel intensities along this ROI are then analyzed in order to
automatically discover membrane peaks and intracellular regions in the pixel intensity profile.
In order to calculate the membrane/intracellular fluorescence ratios, first the pixel intensity of
the intracellular region is determined by calculating the average intensity of all pixels in the
intracellular region. The average intensity of the membrane is determined analogously by
calculating the average intensity of the “right” and “left” membrane peaks. Finally, the
membrane/intracellular fluorescence ratio is calculated by dividing average membrane pixel

intensity by average intracellular pixel intensity.

This program is free software released wunder the GNU GPLv3 license

(https://www.gnu.org/licenses/gpl-3.0.en.html).

Background Information

In order to prepare the micrograph for automatic identification of membrane peaks and
intracellular regions the overall image is first converted to grayscale. Then, the image is
sharpened; brightness and contrast are adjusted in order to reduce noise in the micrograph.
For a finer resolution and easier downstream processing, the image is interpolated to a five-
fold resolution. After the user has selected a ROI, an index is assigned to each pixel along
the one-dimensional ROI line. The intensities of these pixels constitute the original data,

which is stored for further use downstream.

In order to find the index of the membrane peaks and the start and end indexes of the cytosol
region, the pixel data along the ROI line is processed further. First, a continuous graph is
created from the raw pixel intensity values along the ROI by interpolating a spline between
the discrete pixel values. Next, a 0.8 order fractional derivative is calculated using

fgl deriv (), a MATLAB function for fractional derivatives developed by Jonathan Hadida
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(MathWorks File Exchange #45982;
https://www.mathworks.com/matlabcentral/fleexchange/45982-fractional-derivative). This
derivative is then integrated again using MATLAB’s trapz () function which implements a
trapezoidal numerical integration method. Subsequently, noise is reduced by applying a

median filter to the data.

In order to find membrane peak candidates, MATLAB’s findpeaks () function is used to
detect local maxima in the resulting graph with the requirement that they are higher than the
background noise and have a certain minimum prominence. The actual membrane peaks are
then selected from the candidates by looking for the peaks with the highest slopes towards
left or right (i.e. versus background), respectively. Using the indexes of the automatically
discovered membrane peaks, each peak’s original pixel intensity is then obtained from the

original data (see above).

When analyzing pixel intensities across single cells, the cytosol pixels are required to be
located between the two membrane peaks. During analyses it became evident that there
usually are several small peaks in the pixel intensities between membrane peak and cytosol
baseline. The first small peak with an intensity below 75 % of the highest membrane peak’s
intensity is declared to be the start (and end, respectively) of the cytosol region. The cytosol
region is made up of all the pixels between the start and end pixel. Analogous to the
treatment of the peaks, the original raw pixel data of each pixel in the membrane region is

obtained by index.

When analyzing pixel intensities between cells, the automatic discovery of membranes and
cytosol is performed in a similar way as described above. However, it is assumed that the
ROI line starts in the first cell's cytosol and ends in the second cell’s cytosol with the
membranes of both directly adjacent cells being somewhere in between. Thus, when the
membranes have been detected as described, the cytosol region is assumed to be in the

pixels from ROI start to first membrane and from second membrane to ROI end.

The original pixel intensities of membrane and cytosol are then each averaged, and the
membrane/cytosol intensity ratio is calculated. For each automatic processing step a graph is
displayed for the user indicating where membrane peaks and cytosol region have been
detected automatically. If the automatic detection is suboptimal, the user can freely change

the position of each peak and the start and end position of the cytosol region.

Usage
The program can be executed on any Windows 64-bit system using the binaries provided
here. During installation the installer will offer to download a free MATLAB runtime

environment for the program. Users who have a MATLAB license of their own — including all
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required toolboxes (Signal Processing Toolbox, Image Processing Toolbox) — can also

execute the program from source.

After the program has been started, first import a digital micrograph. Generally, any image
format should work (e.g. TIFF, JPG, BMP) but it is recommended that a high-quality, high-
resolution image is used for analyses. Next, select whether automatic analyses should be
performed across a single cell (e.g. yeast cells) or between two adjacent cells in a tissue.
When analyzing across single cells it is recommended that each cell is surrounded by a dark
background. Press the “Analyze Cells” button and start placing ROI lines in the micrograph
displayed in the newly created image window. For this, click the left mouse button once to
select a start point for the ROI line, keep the mouse button pressed, move the mouse cursor
to the position where the ROI line should end and release the button. Double click on the
ROI line to confirm the selection or drag the line around the image to place it somewhere
else. After the ROI line is confirmed a new window displaying a graph will open. In this
window the intensities of the pixels along the ROI line are displayed in blue with the start
point of the ROI line being on the left-hand side, the end point being on the right-hand side.
The automatically detected membrane peaks and the cytosol region are displayed in red on
the graph. There is no need to confirm the ROI line — the intensity ratio is saved in the
background. Continue by drawing a new ROl line in the image. Alternatively, the last ROl line
can also be discarded entirely by clicking the “Discard Last” button. By clicking the “Analyze
Manually” button the membrane peaks and cytosol region can also be selected manually in
the graph window. In both cases, by clicking “Analyze Cells” ROI line can be placed in the
image window again. In the end, the intensity ratio data can be exported in a CSV file by
clicking the “Save Data” button. Additionally, a version of the originally imported micrograph
with all the ROI lines drawn on it and all pixel intensity graphs which were used to calculate
these ratios are exported for reference — every graph and ROI line being humbered. In order

to quit the program, simply click the “Quit” button.

A new micrograph can be imported by simply clicking the “Load Image” button — it is not
necessary to close the application in between images. When a new image is imported, the
previous image’s data will be stored in a user-selected directory before the new image is

displayed.
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