
The class VIII myosin ATM2 stabilizes actin-plasma
membrane contacts by locally promoting
PtdIns(4,5)P2 nanodomain formation in tobacco
pollen tubes
Ingo Heilmann 

Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg
https://orcid.org/0000-0002-2324-1849

Vera Wagner 
Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg

Marta Fratini 
Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg
https://orcid.org/0000-0003-0934-3854

Johanna Uhlenberg 
Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg

Alexandra Schutkowski 
Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg

Christoph Kastner 
Institute for Biochemistry and Biotechnology, Martin-Luther-University Halle-Wittenberg

Kirsten Bacia 
Institute of Chemistry, Martin Luther University Halle-Wittenberg

Article

Keywords: Actin-dynamics, Actin-membrane interface, PIP5K2, Membrane-nanostructure, PIP2

Posted Date: October 7th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-7598484/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

https://doi.org/10.21203/rs.3.rs-7598484/v1
https://doi.org/10.21203/rs.3.rs-7598484/v1
https://orcid.org/0000-0002-2324-1849
https://orcid.org/0000-0003-0934-3854
https://doi.org/10.21203/rs.3.rs-7598484/v1
https://creativecommons.org/licenses/by/4.0/




1 

 

Title 1 

The class VIII myosin ATM2 stabilizes acƟn-plasma membrane contacts by locally promoƟng 2 

PtdIns(4,5)P2 nanodomain formaƟon in tobacco pollen tubes 3 

 4 

Authors 5 

Vera Wagner1, Marta FraƟni1, Johanna Uhlenberg1, Alexandra Schutkowski1, Christoph Kastner1, Kirsten 6 

Bacia2, and Ingo Heilmann1
 7 

1 Department of Plant Biochemistry, InsƟtute of Biochemistry and Biotechnology, MarƟn Luther 8 

University Halle-WiƩenberg, Halle (Saale), Germany 9 

2 Department of Biophysical Chemistry, InsƟtute of Chemistry, MarƟn Luther University Halle-WiƩenberg, 10 

Halle (Saale), Germany 11 

 12 

Short Ɵtle 13 

ATM2 promotes PtdIns(4,5)P2-formaƟon 14 

 15 

Keywords 16 

AcƟn-dynamics, AcƟn-membrane interface, PIP5K2, Membrane-nanostructure, PIP2 17 

 18 

Author for Correspondence 19 

Ingo Heilmann 20 

Department of Plant Biochemistry 21 

InsƟtute of Biochemistry and Biotechnology 22 

MarƟn Luther University Halle-WiƩenberg 23 

Kurt-Mothes-Str. 3a 24 

06120 Halle (Saale) 25 

Germany 26 

ingo.heilmann@biochemtech.uni-halle.de 27 

28 



2 

 

The class VIII myosin ATM2 stabilizes acƟn-plasma membrane contacts by locally promoƟng 29 

PtdIns(4,5)P2 nanodomain formaƟon in tobacco pollen tubes 30 

Vera Wagner, Marta FraƟni, Johanna Uhlenberg, Alexandra Schutkowski, Christoph Kastner, Kirsten Bacia, 31 

and Ingo Heilmann 32 

Abstract 33 

The intersecƟon of acƟn-Įlaments with the plasma membrane in plant cells involves lipid-protein 34 

interacƟons by the Arabidopsis class VIII-myosin, ATM2 that are currently not understood. Using pollen 35 

tube cells as a model, we describe how ATM2 enables acƟn-plasma membrane contacts by modulaƟng 36 

membrane lipid nano-organizaƟon. ATM2 binds both acƟn and phosphaƟdylinositol 4,5-bisphosphate 37 

(PtdIns(4,5)P2), a lipid required for ATM2-plasma membrane-aƩachment. Overexpression of ATM2 38 

unexpectedly stabilized acƟn-dynamics and altered pollen tube-morphology. AcƟn-dynamics remained 39 

unaltered upon overexpression of a lipid binding-defecƟve ATM2-variant. ATM2-eīects on acƟn-40 

dynamics required PtdIns(4,5)P2, as arƟĮcial PtdIns(4,5)P2-depleƟon in pollen tubes abolished eīects of 41 

full-length ATM2 on acƟn dynamics despite its retained plasma membrane-associaƟon. ATM2 colocalized 42 

and interacted with the PI4P 5-kinase, PIP5K2, which resides at acƟn-plasma membrane-contacts and 43 

forms PtdIns(4,5)P2-nanodomains facilitaƟng ROP-dependent acƟn-stabilizaƟon. Upon ATM2-44 

overexpression, a Ňuorescent PtdIns(4,5)P2-biosensor decorated an expanded plasma membrane-region 45 

in vivo, indicaƟng a promoƟng eīect of ATM2 on PtdIns(4,5)P2-abundance. Moreover, catalyƟc acƟvity of 46 

puriĮed recombinant PIP5K2 protein was enhanced upon coincubaƟon with a puriĮed C-terminal ATM2-47 

fragment in vitro, suggesƟng that ATM2 contributes to the intrinsic regulaƟon of PtdIns(4,5)P2-formaƟon. 48 

AcƟn-dynamics are, thus, stabilized at the acƟn-plasma membrane interface by ATM2 locally promoƟng 49 

the formaƟon of PtdIns(4,5)P2-nanodomains, thereby self-reinforcing ATM2-recruitment while also 50 

facilitaƟng ROP-acƟvaƟon to stabilize membrane-proximal acƟn-Įlaments. 51 

IntroducƟon 52 

The extreme polarized morphology of pollen tubes or root hairs is a consequence of polar Ɵp growth 53 

involving the focused transport of secretory vesicles towards a narrow plasma membrane area of the 54 

growing cell apex (Franciosini et al., 2016; Denninger et al., 2019; Guo and Yang, 2020; Orr et al., 2020; 55 

Fritz et al., 2024). The vectorial transport of vesicles, their fusion with the target membrane area, and the 56 

endocyƟc retrieval of vesicles upon cargo-release require the coordinaƟon of membrane traĸcking and 57 

cytoskeletal dynamics in the cell apex (Samaj et al., 2006; Fu, 2015; Heilmann and Ischebeck, 2016; 58 

Grebnev et al., 2017; Guo and Yang, 2020; Fritz et al., 2024). Apart from their respecƟve biological roles 59 

in plant sexual reproducƟon (Lord and Russell, 2002; Higashiyama and Takeuchi, 2015; Heilmann and 60 

Ischebeck, 2016) or in root/rhizosphere interacƟons (Muller and Schmidt, 2004; Denninger et al., 2019), 61 

pollen tubes or root hairs are ideal models to study the underlying molecular mechanisms of 62 

coordinaƟon, as cell morphology is criƟcally altered by any perturbance  in the coordinaƟon between 63 

membrane traĸcking and cytoskeletal dynamics (Stenzel et al., 2008; Braga et al., 2023). In pollen tubes, 64 

the Ɵp-directed traĸcking machinery is focused towards a well-deĮned sub-apical plasma membrane 65 

domain enriched in the regulatory membrane lipid, phosphaƟdylinositol 4,5-bisphosphate (PtdIns(4,5)P2) 66 

(Kost et al., 1999; Ischebeck et al., 2010a; Heilmann and Ischebeck, 2016). PtdIns(4,5)P2 serves as a 67 

posiƟonal signal for the recruitment of proteins to the cytosolic face of the plasma membrane, and as 68 

such can exert diīerent regulatory roles (Heilmann and Heilmann, 2025), including the regulaƟon of 69 

secreƟon (Ischebeck et al., 2008; Sousa et al., 2008; Ischebeck et al., 2010b), endocytosis (Zhao et al., 70 
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2010; Ischebeck et al., 2013), or the control of acƟn-dynamics (Ischebeck et al., 2011; FraƟni et al., 2021). 71 

Pollen tube cells have been used extensively to study PtdIns(4,5)P2-mediated coordinaƟon of membrane 72 

traĸcking and cytoskeletal dynamics, as perturbaƟons in the balance of these processes gives rise to 73 

characterisƟc changes in cell morphology, including pollen tube Ɵp branching (Ischebeck et al., 2008; 74 

Ischebeck et al., 2010b) and related morphologies previously summarized as "secreƟon phenotypes" 75 

(Ischebeck et al., 2010b), or Ɵp swelling associated with perturbed cytoskeletal stability (Ischebeck et al., 76 

2011; Stenzel et al., 2012; Stenzel et al., 2020; FraƟni et al., 2021). Moreover, pollen tubes are an ideal 77 

model to study the distribuƟon of PtdIns(4,5)P2, as the intrinsinc abundance of this lipid in pollen tubes is 78 

20-30 Ɵmes higher than in vegetaƟve Ɵssues (FraƟni et al., 2021), thus enabling observaƟons not 79 

currently possible in other plant cell types. Stabilized acƟn-dynamics upon PtdIns(4,5)P2 overproducƟon 80 

has been shown in various biological systems, including mammalian cells (Fukami et al., 1992; Cremona 81 

and De Camilli, 2001), yeast (Desrivieres et al., 1998) and plants  (Gungabissoon et al., 1998; FraƟni et al., 82 

2021), and while eīects of PtdIns(4,5)P2 on acƟn-dynamics are not limited to pollen tubes, the pollen 83 

tube model uniquely allows to invesƟgate the molecular mechanisms of PtdIns(4,5)P2-mediated 84 

regulaƟon of acƟn-dynamics that are currently not understood in plants. 85 

Several regulatory elements are known to be involved in the PtdIns(4,5)P2-dependent control of acƟn-86 

dynamics in plants, including monomeric rho of plants (ROP) GTPases (Kost, 2008; Yalovsky et al., 2008) 87 

and their eīectors, such as guanine nucleoƟde dissociaƟon inhibitors (GDIs) (Klahre et al., 2006; Yalovsky 88 

et al., 2008; Sun et al., 2015), which control the pool of ROPs that can be acƟvated by plasma membrane-89 

associated guanine nucleoƟde exchange factors (GEFs) (Klahre and Kost, 2006; Yalovsky et al., 2008), or 90 

ROP-interacƟng CRIB-domain containing (RIC) proteins (Wu et al., 2001; Hsu et al., 2010) represenƟng key 91 

ROP targets. It has been proposed that PtdIns(4,5)P2 controls the pool size of ROPs for GEF-mediated 92 

acƟvaƟon by serving as a GDI displacement factor (GDF) to facilitate the release of ROPs from GDI/ROP-93 

complexes for acƟvaƟon (Kost, 2008; Ischebeck et al., 2011; FraƟni et al., 2021). However, PtdIns(4,5)P2 94 

eīects on pollen tube growth are not limited to the control of ROPs and acƟn-dynamics, and 95 

PtdIns(4,5)P2 has addiƟonal, alternaƟve roles in the control of secreƟon and endocytosis (Ischebeck et al., 96 

2008; König et al., 2008; Ischebeck et al., 2013; Grebnev et al., 2017; Fritz et al., 2024). It is currently not 97 

well understood how alternaƟve cellular processes appear to be speciĮcally controlled by the liƩle-98 

abundant plasma membrane lipid, PtdIns(4,5)P2. 99 

One aspect guiding the coordinaƟon of alternaƟve eīects of PtdIns(4,5)P2 on apical secreƟon or on 100 

cytoskeletal dynamics is a subcompartmentalized plasma membrane nanostructure, represented by 101 

clustered and non-clustered distribuƟon of proteins and lipids, including PtdIns(4,5)P2 (FraƟni et al., 102 

2021; Jaillais et al., 2024). Within the sub-apical plasma membrane zone of pollen tube cells, 103 

PtdIns(4,5)P2 enriched in plasma membrane nanodomains has a focused stabilizing eīect on acƟn-104 

dynamics (FraƟni et al., 2021). PtdIns(4,5)P2 with a role in acƟn stabilizaƟon is formed by the 105 

nanodomain-associated PI4P 5-kinase, PIP5K2 (Stenzel et al., 2012; FraƟni et al., 2021). It is currently 106 

unclear how PIP5K2 or PtdIns(4,5)P2 interact with the acƟn cytoskeleton at the molecular level (FraƟni et 107 

al., 2021) or what intrinsic molecular mechanisms control PtdIns(4,5)P2 formaƟon by PIP5K2. The plasma 108 

membrane-acƟn-interface is overall not well deĮned in plants, and plant genomes do not hold genes with 109 

similarity to those encoding proteins mediaƟng acƟn-plasma membrane aƩachment in mammals or 110 

yeast (Yamamoto et al., 2001; Lacalle et al., 2007; Kawaguchi and Asano, 2022), such as the ERM protein 111 

family (Bretscher et al., 2002; Neisch and Fehon, 2011) or Nck proteins (Rivera et al., 2009). Despite the 112 

importance of acƟn-membrane aƩachment for plant physiology, there is currently only limited 113 
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informaƟon on how acƟn Įlaments intersect with the plasma membrane and what proteins or lipids 114 

mediate acƟn-plasma membrane contacts in plant cells.  115 

Candidate proteins for mediators of acƟn-plasma membrane-aƩachment include myosins of the plant-116 

speciĮc myosin class VIII (Nebenfuhr and Dixit, 2018), which in Arabidopsis is represented by four 117 

isoforms, the proteins, ATM1 and VIIIA, and the pollen-speciĮc ATM2 and VIIIB (Nebenfuhr and Dixit, 118 

2018). Class VIII myosins display only minor motor acƟvity compared to the beƩer-characterized class XI 119 

myosins also found in plants (Nebenfuhr and Dixit, 2018). Myosins of classes VIII and XI have an overall 120 

similar domain architecture, with an N-terminal region containing an SRC-homology 3 (SH3)-domain, an 121 

acƟn-binding motor domain, a lever domain containing calmodulin-binding IQ moƟfs, a coiled-coil region 122 

likely mediaƟng interacƟons between myosin monomers, and a C-terminal region mediaƟng target/cargo 123 

interacƟons (Nebenfuhr and Dixit, 2018). Motor acƟvity of myosins is thought to require the formaƟon of 124 

myosin dimers (Haraguchi et al., 2014; Nebenfuhr and Dixit, 2018). However, not all myosins have been 125 

studied in this regard and while ATM1 binds with high aĸnity to acƟn (Haraguchi et al., 2014), it has been 126 

proposed that class VIII myosins might not require motor acƟvity for their physiological funcƟon at all 127 

(Haraguchi et al., 2014; Nebenfuhr and Dixit, 2018). Phenotypic defects of Arabidopsis mutants with 128 

geneƟc lesions in genes for class VIII myosins suggest their involvement in a number of physiological 129 

processes. An Arabidopsis atm1 mutant displays a decreased size of the root apical meristem and 130 

reduced cell proliferaƟon in a sugar-dependent manner (Olatunji et al., 2023), and auxin signaling and 131 

transcripƟonal responses are dampened in roots of atm1 mutants (Olatunji et al., 2023). Arabidopsis 132 

ATM2 has been implicated in endocytosis (SaƩarzadeh et al., 2008). While the available data indicate a 133 

role of class VIII myosins in cytoskeletal control and/or endocytosis, the exact molecular funcƟon of class 134 

VIII myosins remains obscure. In Ɵp-growing Įlament cells of the moss Physcomitrium patens, class VIII 135 

myosins mediate the interplay of acƟn and microtubules, thereby impacƟng on both cytoskeletal 136 

elements and ensuring that acƟn polymerizaƟon and cell expansion are localized properly in the 137 

expanding apex of the moss Įlaments (Wu and Bezanilla, 2014, 2018). These important studies establish 138 

a role of class VIII myosins in the spaƟo-temporal coordinaƟon of plant cytoskeletal structures. However, 139 

there is liƩle informaƟon of how class VIII myosins might interact with membranes. 140 

Based on the biochemical analysis of enriched recombinant myosin VIII fragments from Arabidopsis, we 141 

have previously reported that the pollen-expressed class VIII myosin, ATM2, binds anionic phospholipids 142 

and that a C-terminal polybasic region of ATM2 is necessary and suĸcient for lipid binding and plasma 143 

membrane associaƟon of ATM2 in pollen tubes (Kastner et al., 2022). Importantly,  ATM2 and other class 144 

VIII myosins display features consistent with a role in deĮning the acƟn-plasma membrane interface by 145 

binding both acƟn and anionic plasma membrane lipids through separate N-terminal and C-terminal 146 

domains, respecƟvely (Haraguchi et al., 2014; Nebenfuhr and Dixit, 2018; Kastner et al., 2022). So far, it 147 

has not been demonstrated whether and how ATM2 mediates the aƩachment of acƟn to the plasma 148 

membrane and whether the acƟon of ATM2 inŇuences pollen tube expansion. 149 

Here we show that associaƟon of ATM2 with the plasma membrane exerts a stabilizing eīect on acƟn-150 

dynamics in pollen tubes in vivo. ATM2 colocalizes and interacts with the PI4P 5-kinase, PIP5K2, in 151 

nanodomains and promotes PIP5K2-mediated PtdIns(4,5)P2-formaƟon in vivo and in vitro. Based on 152 

these observaƟons, ATM2 may exert a dual eīect by anchoring acƟn to plasma membrane PtdIns(4,5)P2-153 

nanodomains while at the same Ɵme sƟmulaƟng PtdIns(4,5)P2 formaƟon, resulƟng in self-reinforcing 154 

promoƟon of PtdIns(4,5)P2-dependent ATM2-recruitment and ROP-acƟvaƟon to mediate acƟn-155 

stabilizaƟon at the acƟn-plasma membrane interface. 156 
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 157 

Results 158 

The control of acƟn-plasma membrane contacts by regulatory lipids involves the class VIII myosin, ATM2 159 

(Kastner et al., 2022). To our knowledge, plasma membrane associaƟon of ATM2 has not been analyzed 160 

at the nanodomain-scale, and possible physiological eīects exerted by ATM2 on either acƟn or the 161 

plasma membrane have not been explored. Therefore, we aimed to characterize the distribuƟon and 162 

funcƟon of ATM2, with a parƟcular focus on its relaƟons to the PI4P 5-kinase PIP5K2 and PtdIns(4,5)P2, 163 

which together deĮne plasma membrane nanodomains controlling acƟn-dynamics (FraƟni et al., 2021). 164 

ATM2 and PIP5K2 may deĮne acƟn-plasma membrane contacts in a subapical PtdIns(4,5)P2-enriched 165 

plasma membrane domain of pollen tubes. 166 

In pollen tubes of various plant species, the extreme apical cytosol (the "clear zone") contains no larger 167 

organelles and is instead populated by secretory vesicles driving polarized cell expansion. The extent of 168 

the clear zone is deĮned by a Įne network of dynamic peripheral acƟn Įlaments thought to guide 169 

vesicles to their respecƟve sites of membrane inserƟon, or to remove endocyƟc vesicles (Fritz et al., 170 

2024). The plasma membrane of the endocytoƟc zone of tobacco pollen tubes (Zonia and Munnik, 2008; 171 

Fritz et al., 2024) is occupied by membrane nanodomains decorated by a RedStar-PHPLC marker (König et 172 

al., 2008) indicaƟng the presence of PtdIns(4,5)P2 (Fig. 1 A, leŌ panels). A Ňuorescent marker for the class 173 

VIII myosin ATM2, EYFP-ATM2, occupies a very similar plasma membrane zone at the transiƟon between 174 

the apical clear zone and the shank region of tobacco pollen tubes, where dynamic acƟn Įlaments are 175 

labeled by a coexpressed LifeAct-RFP marker (Riedl et al., 2008; FraƟni et al., 2021) (Fig. 1 A, right panels). 176 

The PtdIns(4,5)P2-biosensor and the EYFP-ATM2 marker, thus, occupy largely overlapping subapical 177 

plasma membrane regions in growing tobacco pollen tubes. 178 

PtdIns(4,5)P2 with a role in the control of acƟn-dynamics is formed by the PI4P 5-kinase, PIP5K2, which 179 

also resides in membrane nanodomains and causes pollen tube Ɵp swelling due to its stabilizing eīect on 180 

acƟn (FraƟni et al., 2021). Plasma membrane nanodomains decorated by PIP5K2-EYFP intersected in 181 

pollen tubes with plasma membrane-oriented acƟn Įlaments labeled by the acƟn marker, LifeAct-RFP 182 

(Fig. 1 B). Computer-aided idenƟĮcaƟon of regions of overlap of the Ňuorescent markers in subsets of 183 

confocal imaging stacks indicates plasma membrane nanodomains with a diameter < 1 µm as possible 184 

contact sites of acƟn Įlaments decorated by LifeAct-RFP with PIP5K2-EYFP at the plasma membrane (Fig. 185 

1 B, lower panels). Please note that images shown in Fig. 1 B represent substacks and not individual 186 

confocal secƟons in order to capture the three-dimensional network of acƟn Įlaments. An EYFP-tagged 187 

N-terminal truncaƟon of PIP5K2 located in a plasma membrane-proximal network-like paƩern 188 

(Supplemental Fig. 1) diīering from the distribuƟon of EYFP-tagged full-length PIP5K2 (cf. Fig. 1 B), 189 

consistent with the previously reported role of the PIP5K2 linker (Lin)-domain in mediaƟng plasma 190 

membrane nanodomain-associaƟon of the enzyme (Stenzel et al., 2012; FraƟni et al., 2021) and 191 

indicaƟng that PIP5K2 has a binding aĸnity to Įlamentous structures possibly represenƟng membrane-192 

peripheral acƟn (Supplemental Fig. 1). When mC-ATM2 was coexpressed with an mTalin-YFP marker for 193 

acƟn (Kost et al., 1998), we observed enhanced acƟn signals at the membrane-proximal ends of acƟn 194 

Įlaments intersecƟng with the plasma membrane (Fig. 1 C, arrowheads). The eīects were observed upon 195 

expression of mC-fusions of Arabidopsis ATM2 (Fig. 1 C, leŌ panels) as well as with fusions of tobacco 196 

ATM2 (NtMyo2-like; Fig. 1 , right panels), leading us to speculate on a possible stabilizing eīect of ATM2 197 

on acƟn at the plasma membrane-acƟn interface. Please note that images shown in Fig. 1 C represent 198 
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substacks and not individual confocal secƟons in order to capture the three-dimensional network of acƟn 199 

Įlaments. Based on the combined observaƟons, we hypothesized that ATM2 and PIP5K2 might be part of 200 

a membrane-associated protein complex mediaƟng and stabilizing acƟn-plasma membrane contacts. 201 

Overexpression of ATM2 stabilizes acƟn-dynamics and induces Ɵp swelling in pollen tube cells. 202 

The observaƟon of stabilized acƟn-plasma membrane contacts in pollen tube cells (Fig. 1 C) is consistent 203 

with previously observed apical swelling of tobacco pollen tubes overexpressing mC-ATM2 (Kastner et al., 204 

2022), a cell morphology known to arise from a stabilized acƟn cytoskeleton, e.g., upon overexpression of 205 

ROPs (Klahre et al., 2006; Kost, 2008; Fritz et al., 2024) or PIP5K2 (but not PIP5K6) (Ischebeck et al., 206 

2010b; Stenzel et al., 2012; FraƟni et al., 2021). To determine whether or not the overexpression of ATM2 207 

variants would mediate pollen tube Ɵp swelling upon overexpression and whether this was related to a 208 

stabilized acƟn cytoskeleton, cell morphologies and acƟn-dynamics were assessed by laser scanning 209 

confocal microscopy in pollen tubes overexpressing mC-tagged variants of ATM2 (Fig. 2 A), including full-210 

length ATM2 (mC-ATM2), a variant lacking the C-terminal lipid-binding domain (mC-ATM2ΔLB) or a C-211 

terminal fragment of ATM2 lacking the acƟn-binding motor domain (mC-ATM2CT), respecƟvely, together 212 

with an acƟn marker, mTalin-YFP (Kost et al., 1998; FraƟni et al., 2021) (Fig. 2 A). In control pollen tubes 213 

coexpressing an mC-protein and mTalin-YFP, acƟn was dynamic by kymograph analysis (Fig. 2 B, right 214 

panel) and occupied predominantly the shank region of the control cells (Fig. 2 B), in a paƩern that was 215 

previously observed (FraƟni et al., 2021). Moreover, the control cells displayed normal pollen tube cell 216 

morphology with Ɵp diameters of approx. 10 µm (Fig. 2 B, D). By contrast, the expression of mC-ATM2 217 

resulted in substanƟal pollen tube Ɵp swelling (Fig. 2 B, D), in enhanced acƟn occupancy in the pollen 218 

tube Ɵp region (Fig. 2 B, E), and in stabilizaƟon of acƟn-dynamics (Fig. 2 B, F). QuanƟtaƟve analysis of 219 

pollen tube Ɵp diameter (Fig. 2 D), Ɵp acƟn occupancy (Fig. 2 E) and of mean acƟn lifeƟme (Fig. 2 F) 220 

indicate staƟsƟcally signiĮcant eīects. DeleƟon of the C-terminal lipid binding region of ATM2 in the mC-221 

ATM2ΔLB abolished plasma membrane associaƟon (Fig. 2 C) and the eīect on acƟn-dynamics, and 222 

expression of mC-ATM2ΔLB did not result in altered pollen tube Ɵp width, altered acƟn occupancy, nor in 223 

altered acƟn-dynamics (Fig. 2 B, D-F). Similarly, the expression of mC-ATM2CT also had no eīect on pollen 224 

tube Ɵp width, on acƟn occupancy, nor on acƟn-dynamics, despite the retained plasma membrane 225 

associaƟon of this C-terminal ATM2-fragment (Fig. 2 B, D-F). Further quanƟtaƟve analysis of the spaƟal 226 

persistence of acƟn signals indicates a signiĮcantly enhanced persistence of acƟn Įlaments upon 227 

expression of mC-ATM2, compared to the mC-controls or to tubes expressing mC-ATM2ΔLB (Supplemental 228 

Fig. 2). The eīect of mC-ATM2 on acƟn-dynamics is further characterized by terminal high-intensity 229 

signals of the mTalin-YFP marker on acƟn Įlaments (Fig. 2 B arrowheads; cf. Fig. 1 C). The data indicate an 230 

unexpected stabilizing eīect of ATM2 on acƟn-dynamics, which requires membrane-associaƟon of full-231 

length ATM2 via its C-terminal lipid binding region.  232 

ArƟĮcial PtdIns(4,5)P2 depleƟon at the plasma membrane abolishes ATM2 eīects on acƟn-dynamics. 233 

The deleƟon of the C-terminal lipid binding region of ATM2 abolished plasma membrane associaƟon and 234 

eīects on acƟn-dynamics (Fig. 2 B-F). To verify the eīect of the deleƟon, we assessed the inŇuence of 235 

PtdIns(4,5)P2 on the funcƟon of full-length ATM2 by modifying the pollen tube membrane lipid 236 

composiƟon. The degree of acƟn stabilizaƟon by full-length ATM2 was monitored in pollen tube cells 237 

upon arƟĮcial depleƟon of PtdIns(4,5)P2 by the coexpressed PtdIns(4,5)P2-speciĮc 5-phosphatase, 238 

PTase11 (Fig. 3). PTase11 speciĮcally degrades PtdIns(4,5)P2 to PtdIns4P and has previously been 239 

described as an enzyme that can counteract eīects of increased PtdIns(4,5)P2 biosynthesis in pollen 240 

tubes (Rausche et al., 2021). While coexpression with mC-PTase11 did not alter plasma membrane-241 
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associaƟon of CFP-ATM2 (Fig. 3 B), the stabilizing eīect of CFP-ATM2 on acƟn decorated by a mTalin-YFP 242 

marker in pollen tube cells was abolished (Fig. 3 A, B), resulƟng in morphologically normal cell shapes. In 243 

the presence of mC-Ptase11, CFP-ATM2 also no longer inŇuenced Ɵp acƟn occupancy or mean acƟn life 244 

Ɵme (Fig. 3 C, right panels). Similar data were obtained by using coexpression of full-length ATM2 with 245 

SAC9 (Williams et al., 2005; Lebecq et al., 2022), another PtdIns(4,5)P2-speciĮc 5-phosphatase of the 246 

suppressor of acƟn (SAC) family (Supplemental Fig. 3), indicaƟng that the abolished funcƟon of ATM2 was 247 

a consequence of PtdIns(4,5)P2 depleƟon, rather than an eīect of any speciĮc coexpressed enzyme.  248 

To assess whether the arƟĮcial depleƟon of PtdIns(4,5)P2 by mC-PTase11 speciĮcally inŇuenced the 249 

plasma membrane-proximal stabilizaƟon of acƟn by CFP-ATM2, we analyzed plasma membrane-proximal 250 

acƟn-dynamics by kymograph analysis for a mTalin-YFP marker, as indicated in Fig. 3 D (leŌ panels). While 251 

the expression of CFP-ATM2 alone resulted in an enhanced lifeƟme of plasma membrane-proximal acƟn 252 

signals (Fig. 3 D), this eīect was abolished to control levels upon coexpression of CFP-ATM2 with mC-253 

PTase11 (Fig. 3 D), indicaƟng that arƟĮcial depleƟon of PtdIns(4,5)P2 rendered full-length ATM2 254 

ineīecƟve. While mC-ATM2 displayed pronounced plasma membrane associaƟon (cf. Fig. 2 B, C) that was 255 

lost upon deleƟon of the lipid-binding C-terminus in the mC-ATM2ΔLB variant (cf. Fig. 2 B, C), interesƟngly 256 

the CFP-ATM2 marker retained plasma membrane associaƟon upon coexpression with mC-PTase11 (Fig. 3 257 

A, B), even though eīects of CFP-ATM2 on cell morphology or acƟn dynamics were abolished (Fig. 3 C, D). 258 

We conclude that lipid-mediated plasma membrane-recruitment of ATM2 is by itself not suĸcient to 259 

enable its regulatory eīects on acƟn, suggesƟng added regulatory interplay between ATM2 and 260 

PtdIns(4,5)P2. 261 

ATM2 displays a binding preference for PtdIns(4,5)P2 in vitro. 262 

To address a possible PtdIns(4,5)P2-speciĮc funcƟon of ATM2, we revisited lipid-binding characterisƟcs of 263 

ATM2-derived protein fragments, ATM2CT, or ATM2CTΔLB addiƟonally lacking the C-terminal 43 residues 264 

represenƟng the polybasic lipid-binding region (Fig. 4). In previous analyses, a recombinant C-terminal 265 

fragment of ATM2 bound to various anionic plasma membrane lipids in vitro, with no clear preference for 266 

any parƟcular lipid (Kastner et al., 2022). Here, puriĮed recombinant ATM2CT carrying a C-terminal His6-267 

tag (ATM2CT-His6) again bound to various lipids in in vitro lipid overlay assays (Fig. 4 A), including to all 268 

phosphoinosiƟdes with the excepƟon of PtdIns5P, and to phosphaƟdic acid. By contrast, the ATM2CTΔLB-269 

His6 variant displayed no detectable binding to any lipids, similar to the negaƟve control, His6 (Fig. 4 A, as 270 

indicated). A drawback of the lipid overlay assay is that lipids are presented in very high abundance but 271 

not in a membraneous formulaƟon, and it may be diĸcult to assess quanƟtaƟve diīerences in lipid 272 

binding by this method (Heilmann and Heilmann, 2025). Therefore, we analyzed lipid binding of enriched 273 

recombinant fusions of ATM2-fragments to superfolder GFP (sfGFP) (Fig. 4 B) by using microscale 274 

thermophoresis (MST) for a more quanƟtaƟve biochemical approach (Fig. 4 C-F). MST can be used to 275 

assess protein-lipid interacƟons (Sparks and Fraƫ, 2019). Importantly, for MST lipid ligands can be 276 

presented in the form of liposomes, represenƟng a lipid regime that more closely resembles a biological 277 

membrane (Julkowska et al., 2013). Here, we used dioleoyl-phosphaƟdylcholine (DOPC) as a liposome 278 

backbone, to which 20 mol% of either PtdIns(4,5)P2  or of PtdIns4P were added (Fig. 4 C). These lipids 279 

were chosen for analysis, because they are the substrate and product, respecƟvely, of AtPTase11, which 280 

exerted a relevant eīect on ATM2 funcƟon in vivo (cf. Fig. 3). The MST analysis shows that a super-folder 281 

GFP (sfGFP)-tagged C-terminal fragment of ATM2 bound to PtdIns(4,5)P2 with a 3-fold higher aĸnity than 282 

to PtdIns4P (Fig. 4 C, F). There was no detectable binding of the sfGFP-tag alone to either liposome 283 

regime used (Fig. 4 D). To further support the imaging data on the C-terminal truncaƟon of ATM2 (cf. Fig. 284 
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2), we applied the MST measurement also to compare PtdIns(4,5)P2 binding by sfGFP-ATM2CT vs. the 285 

truncated sfGFP-ATM2CTΔLB variant. DeleƟng the C-terminal lipid binding region of ATM2 resulted in a 99.5 286 

% reducƟon of PtdIns(4,5)P2-binding aĸnity (Fig. 4 E, F). The data conĮrm that the C-terminal porƟon of 287 

ATM2 is necessary and suĸcient for the ATM2-lipid interacƟon. 288 

ATM2 promotes PtdIns(4,5)P2 formaƟon by PIP5K2 in vivo and in vitro. 289 

While the preference of ATM2 for binding to PtdIns(4,5)P2 is consistent with the eīects of PIP5K2 (FraƟni 290 

et al., 2021) or PTase11 on ATM2 funcƟon in controlling acƟn-dynamics (cf. Fig. 3), we next asked 291 

whether a 3-fold diīerence in binding aĸniƟes to PtdIns(4,5)P2 vs. PtdIns4P might provide a suĸcient 292 

molecular basis for the PtdIns(4,5)P2-dependency of the regulaƟng eīect of ATM2 on acƟn. Both the 293 

deleƟon of the lipid binding domain in ATM2 and the depleƟon of plasma membrane PtdIns(4,5)P2 by 294 

PTase11 abolished ATM2 eīects on acƟn-dynamics, leading us to speculate that an addiƟonal, plasma 295 

membrane-associated process exerts a relevant contribuƟon to acƟn stabilizaƟon by ATM2. When 296 

analyzed by spinning disc microscopy, the localizaƟon of an EYFP-ATM2 marker substanƟally coincided 297 

with the distribuƟon of a RedStar-PHPLC biosensor for PtdIns(4,5)P2 at the plasma membrane of tobacco 298 

pollen tubes (Fig. 5 A), consistent with the preferred in vitro binding of ATM2 to PtdIns(4,5)P2 (cf. Fig. 4). 299 

While analyzing the distribuƟon of the RedStar-PHPLC biosensor upon coexpression of diīerent ATM2 300 

variants, we observed that the distribuƟon of the RedStar-PHPLC marker was inŇuenced by coexpression 301 

with the plasma membrane-associaƟng EYFP-ATM2, but not by coexpression with the lipid-binding-302 

deĮcient variant, EYFP-ATM2ΔLB (Fig. 5 B): The extent of the subapical plasma membrane domain marked 303 

by RedStar-PHPLC was substanƟally enhanced when EYFP-ATM2 was expressed, whereas a much smaller 304 

eīect was observed upon expression of EYFP-ATM2ΔLB (Fig. 5 B). Importantly, the area density of plasma 305 

membrane nanodomains decorated by RedStar-PHPLC (FraƟni et al., 2021) was not signiĮcantly altered in 306 

the expanded plasma membrane regions (Fig. 5 B, boƩom right), indicaƟng a promoƟng eīect of plasma 307 

membrane-associated EYFP-ATM2 on PtdIns(4,5)P2 producƟon. As PtdIns(4,5)P2 with a role in controlling 308 

acƟn-dynamics is formed in plasma membrane nanodomains by PIP5K2 (FraƟni et al., 2021), we next 309 

used split-ubiquiƟn-based yeast two hybrid analysis to test for interacƟons between PIP5K2 and diīerent 310 

myosins represenƟng the two plant-speciĮc myosin classes VIII or XI (Fig. 5 C, leŌ panels).  The data 311 

suggest interacƟons of PIP5K2 with both class VIII myosins tested but with none of the class XI myosins 312 

(Fig. 5 C, leŌ panels). Moreover, the funcƟonally divergent PI4P 5-kinase isoform, PIP5K6, which does not 313 

localize in plasma membrane nanodomains and does not inŇuence acƟn-dynamics when expressed in 314 

pollen tubes (FraƟni et al., 2021), displayed no interacƟon with any of the myosins tested in the split-315 

ubiquiƟn-based yeast-two-hybrid analysis (Fig. 5 C, right panels). To test whether a possible interacƟon of 316 

ATM2 with PIP5K2 exerted an eīect on PtdIns(4,5)P2 formaƟon, we next performed in vitro PI4P 5-kinase 317 

acƟvity tests with puriĮed recombinant PIP5K2 protein in the absence or presence of puriĮed 318 

recombinant fragments of ATM2 or VIIIB proteins (Fig. 5 D, E). All proteins were recombinantly expressed 319 

in E. coli, PIP5K2 as a fusion to an N-terminal maltose-binding protein (MBP)-tag and a C-terminal His6-tag 320 

(Ischebeck et al., 2013), and C-terminal fragments of ATM2 or VIIIB as fusions to N-terminal His6-tags 321 

(Kastner et al., 2022). The in vitro lipid phosphorylaƟon assays with PtdIns4P substrate (Fig. 5 D) show 322 

that PtdIns(4,5)P2 formaƟon by MBP-PIP5K2 (closed arrowhead) was substanƟally enhanced by the 323 

addiƟon of either class VIII myosin-fragment, His6-ATM2 or His6-VIIIB (Fig. 5 D, E). A negaƟve control using 324 

E. coli extract alone did not result in PtdIns(4,5)P2 formaƟon (Fig. 5 D). Further PIP5K2 acƟvity assays 325 

were performed in the presence of recombinant wild type ROP2 from Arabidopsis or its consƟtuƟve 326 

acƟve or dominant negaƟve subsƟtuƟon variants, ROP2 G15V or ROP2 T20N (Feiguelman et al., 2018), 327 

respecƟvely, and these proteins all had no eīect on PtdIns(4,5)P2 formaƟon by PIP5K2 (Fig. 5 E). The in 328 



9 

 

vitro acƟvity tests with puriĮed recombinant proteins are consistent with a direct physical interacƟon 329 

between ATM2 and PIP5K2 exerƟng a regulatory eīect. Importantly, the enhanced in vitro acƟvity of 330 

PIP5K2 in the presence of ATM2 or VIIIB fragments indicates that PtdIns(4,5)P2 formaƟon is promoted by 331 

the presence of the myosin fragments, with no requirement for further elements. In sum, the data from 332 

the in vivo observaƟon of altered distribuƟon of the PtdIns(4,5)P2 biosensor, RedStar-PHPLC, in tobacco 333 

pollen tubes (Fig. 5 B) and from in vitro experiments (Fig. 5 D, E) are consistent with a promoƟng eīect of 334 

ATM2 on the formaƟon of PtdIns(4,5)P2 in the plasma membrane of pollen tube cells. 335 

ATM2 acts in a common pathway with elements of ROP signaling 336 

The funcƟonal interplay of ATM2 with PtdIns(4,5)P2 and PIP5K2 (cf. Figs. 3-5) suggested that ATM2 might 337 

act in the same physiological context as PIP5K2, which has previously been shown to inŇuence ROP-338 

dependent cytoskeletal control (FraƟni et al., 2021). SpeciĮcally, PtdIns(4,5)P2 formed by PIP5K2 has been 339 

proposed to act as a GDF, mediaƟng the release of ROP proteins from GDI-ROP complexes for acƟvaƟon 340 

(Kost, 2008; Ischebeck et al., 2011; FraƟni et al., 2021). As ATM2 acƟvated PIP5K2 and promoted 341 

PtdIns(4,5)P2 formaƟon, we next invesƟgated a possible funcƟonal interplay between ATM2 and the GDI 342 

protein, NtRhoGDI2 (Klahre et al., 2006; FraƟni et al., 2021) (Fig. 6). IniƟal yeast-two-hybrid analyses 343 

indicated interacƟon of NtRhoGDI2 with PIP5K2 (Fig. 6 A, leŌ panel) as well as with ATM2 (Fig. 6 A, right 344 

panel). A funcƟonal interacƟon of ATM2 with NtRhoGDI2 is further supported by the observaƟon that 345 

coexpression of NtRhoGDI2-EYFP inŇuenced the plasma membrane distribuƟon of mC-ATM2. An mC-346 

ATM2 marker expressed in tobacco pollen tubes distributed over a much smaller, more apical plasma 347 

membrane region when coexpressed with NtRhoGDI2-EYFP, compared to a more relaxed plasma 348 

membrane distribuƟon upon coexpression with an EYFP-control (Fig. 6 B). QuanƟtaƟve analysis of the 349 

respecƟve distribuƟon paƩerns indicates that the diīerence was signiĮcant (Fig. 6 C, D), and most 350 

pronounced in the transiƟon zone between clear zone and the shank region of the pollen tube (Fig. 6 E, 351 

cf. Fig. 1 A). As furthermore the coexpression of mC-ATM2 with NtRhoGDI2-EYFP also resulted in 352 

signiĮcantly reduced pollen tube Ɵp swelling compared to that upon coexpression of mC-ATM2 with an 353 

EYFP control (Fig. 6 F), we conclude that ATM2 acts in a common pathway with PIP5K2/PtdIns(4,5)P2, 354 

ROPs and NtRhoGDI2. 355 

Discussion 356 

ATM2 stabilizes acƟn-dynamics at the plasma membrane-acƟn interface through lipid-binding and 357 

protein-protein interacƟons 358 

ATM2 is thought to contribute to forming an acƟn-plasma membrane interface by binding to acƟn via its 359 

N-terminal acƟn-binding region, and to the plasma membrane via its C-terminal polybasic lipid-binding 360 

domain (Kastner et al., 2022). Here we show that ATM2 is not only a tether for acƟn Įlaments at the 361 

plasma membrane, but that ATM2 exerts an acƟve stabilizing eīect on acƟn-dynamics (Fig. 1 C, Fig. 2). 362 

The stabilizing eīect of ATM2 on acƟn-dynamics in pollen tubes resembles that of overproducing ROPs 363 

(Klahre and Kost, 2006), or PtdIns(4,5)P2 via overexpressing nanodomain-associated PIP5K2 (Stenzel et 364 

al., 2012; FraƟni et al., 2021). Our data provide informaƟon on the so-far-elusive molecular role of class 365 

VIII myosins, which serve as adaptors between acƟn Įlaments and the plasma membrane and exert a 366 

stabilizing eīect on acƟn that is linked to the molecular funcƟon of ROPs (Kost et al., 1999; Klahre et al., 367 

2006; Klahre and Kost, 2006; Kost, 2008; Fritz et al., 2024) and PtdIns(4,5)P2 (Ischebeck et al., 2011; 368 

Stenzel et al., 2012; FraƟni et al., 2021). 369 
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Clearly, binding to PtdIns(4,5)P2 is required for ATM2-mediated eīects on acƟn-dynamics, based on the 370 

two key Įndings, (i) that overexpression of the lipid-binding-deĮcient ATM2ΔLB truncaƟon did not exert an 371 

eīect on acƟn-dynamics in tobacco pollen tubes (Fig. 2 B-F); and (ii) that eīects of full-length ATM2 on 372 

acƟn-dynamics were abolished upon coexpression with the PtdIns(4,5)P2-degrading enzymes, PTase11 373 

(Fig. 3) or SAC9 (Supplemental Fig. 3). As the expression of the PtdIns(4,5)P2-binding porƟon of ATM2, 374 

mC-ATM2CT, did not inŇuence acƟn-dynamics or cell morphology in pollen tubes (Fig. 2 B, D-F), we 375 

conclude that the N-terminal half of ATM2 also has a role in mediaƟng ATM2-eīect on acƟn-dynamics, 376 

possibly by mediaƟng interacƟons with acƟn, or with other relevant proteins. As acƟn stabilizaƟon by 377 

ATM2 was observed mostly at the plasma membrane (arrowheads in Figs. 1 C, 2 B; and Fig. 3 D), we 378 

furthermore conclude that a plasma membrane-proximal process mediates ATM2-eīects on acƟn-379 

dynamics. InteresƟngly, plasma membrane-associaƟon of CFP-ATM2 was retained in the presence of mC-380 

PTase11 (Fig. 3 A, B) or of SAC9 (data not shown), which upon coexpression nonetheless both suppressed 381 

ATM2-mediated eīects on acƟn-dynamics and cell morphology (Fig. 3 A, C). As PTase11 and SAC9 convert 382 

PtdIns(4,5)P2 to PtdIns4P, which might sƟll mediate membrane-associaƟon of ATM2, we conclude that 383 

the PtdIns(4,5)P2-dependent acƟn-stabilizing eīect of ATM2 involves not only membrane recruitment of 384 

ATM2, and that the observed acƟvaƟon of PIP5K2 and enhanced PtdIns(4,5)P2-formaƟon (Fig. 5) were 385 

relevant in this context.  386 

ATM2 acƟvates PIP5K2, promoƟng PtdIns(4,5)P2 nanodomains 387 

So far, for plant models it has remained elusive what intrinsic molecular mechanisms control how and 388 

when PtdIns(4,5)P2 is formed. Previous reports on the eīects of PtdIns(4,5)P2 have relied on the arƟĮcial 389 

perturbaƟon of PtdIns(4,5)P2 formaƟon, e.g., by arƟĮcially overproducing or underproducing 390 

PtdIns(4,5)P2 (Ischebeck et al., 2008; Sousa et al., 2008; Ischebeck et al., 2010b; Zhao et al., 2010; 391 

Ischebeck et al., 2011; Stenzel et al., 2012; Ischebeck et al., 2013; Stenzel et al., 2020; FraƟni et al., 2021), 392 

demonstraƟng an essenƟal involvement of PtdIns(4,5)P2 in secreƟon (Ischebeck et al., 2008; Ischebeck et 393 

al., 2010b), endocytosis (Zhao et al., 2010), or in the control of acƟn-dynamics (Ischebeck et al., 2011; 394 

FraƟni et al., 2021). However, only few studies inform on how PtdIns(4,5)P2 formaƟon might be 395 

intrinsically regulated. For instance, the Arabidopsis PI4P 5-kinase PIP5K6 can be regulated by 396 

phosphorylaƟon (Hempel et al., 2017), and this regulaƟon might be relevant for plant responses to 397 

pathogen infecƟon (Menzel et al., 2019). PhosphorylaƟon of plant PI4P 5-kinases has also been reported 398 

for barley, but so far with unclear eīect (Saake et al., 2025). There is currently no report of intrinsic 399 

regulaƟon of PIP5K2 with a role in controlling acƟn-dynamics. 400 

The observaƟon of altered Ňuorescence distribuƟon of the PtdIns(4,5)P2-biosensor, RedStar-PHPLC upon 401 

coexpression with ATM2-EYFP (Fig. 5 B) indicates that ATM2 might contribute to the intrinsic regulaƟon 402 

of PtdIns(4,5)P2-producƟon in vivo. In pollen tubes, PtdIns(4,5)P2 with a role in controlling acƟn-dynamics 403 

is mainly formed by the enzyme, PIP5K2 (Stenzel et al., 2012; FraƟni et al., 2021). Yeast-two-hybrid 404 

analysis (Fig. 5 C) and the direct in vitro acƟvaƟon of puriĮed recombinant PIP5K2 protein by a puriĮed 405 

recombinant C-terminal ATM2 fragment (Fig. 5 D, E) indicate that an interacƟon between ATM2 and 406 

PIP5K2 might modulate PtdIns(4,5)P2 formaƟon by PIP5K2. Our data are consistent with an intrinsic 407 

regulatory eīect of ATM2 on PtdIns(4,5)P2 formaƟon by PIP5K2, which in vivo will likely be occurring  in 408 

plasma membrane nanodomains occupied by PIP5K2 (FraƟni et al., 2021).  409 

In the absence of structural informaƟon on the proposed PIP5K2/ATM2 complex, it remains unclear how 410 

the ATM2-mediated acƟvaƟon of PIP5K2 can be raƟonalized at the protein-structural level. Based on the 411 

in vitro data, it appears that the interacƟon between the C-terminal porƟon of ATM2 with PIP5K2 is 412 
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suĸcient to promote enhanced PtdIns(4,5)P2 formaƟon (Fig. 5 D, E). It has previously been proposed that 413 

the plant-speciĮc N-terminal domains of Arabidopsis PIP5K1 exerts an autoinhibitory role (Im et al., 414 

2007). As PIP5K1 is 87 % idenƟcal in sequence to PIP5K2, it is possible that PIP5K2 is also autoinhibited by 415 

self-interacƟon between the catalyƟc domain of the enzyme with its N-terminal regulatory domains, as 416 

previously postulated for PIP5K1 (Im et al., 2007). The linker (Lin)-region between the catalyƟc domain 417 

and the N-terminal domains of PIP5K2 is of key importance for the associaƟon of PIP5K2 with plasma 418 

membrane nanodomains (FraƟni et al., 2021), and also speciĮcally for the eīect of PIP5K2 on acƟn-419 

dynamics (FraƟni et al., 2021), leading us to speculate that the Lin-region might mediate protein-protein 420 

interacƟons with proteins in plasma membrane nanodomains mediaƟng acƟn-plasma membrane 421 

contacts. As ATM2 is an interacƟng protein acƟng in this context, it appears plausible that an interacƟon 422 

of ATM2 with the Lin-region of PIP5K2 might interfere with the proposed autoinhibiƟon, thereby 423 

eīecƟng an acƟvaƟon of PIP5K2 and enhanced PtdIns(4,5)P2 producƟon. While this scenario is consistent 424 

with previously published data on the catalyƟc behavior of plant PI4P 5-kinases (Im et al., 2007; Stenzel 425 

et al., 2012), in the absence of structural informaƟon the exact molecular mechanism of ATM2-mediated 426 

acƟvaƟon of PIP5K2 remains currently unresolved. Current research is directed towards using combined 427 

molecular modeling and experimental protein structure determinaƟon approaches to determine the 428 

details of PIP5K2 acƟvaƟon by ATM2 at the structural level. 429 

A self-reinforcing regulatory loop to stabilize acƟn-plasma membrane aƩachment 430 

ATM2 eīects on acƟn Ɵe into the system of known regulators of acƟn-dynamics, and the requirement for 431 

lipid-binding places ATM2 downstream of PtdIns(4,5)P2 producƟon (cf. Figs. 2-4). However, the regulaƟon 432 

of acƟn-dynamics is not a linear series of events, as illustrated in the model schemaƟc in Fig. 7. While 433 

ATM2 binds to PtdIns(4,5)P2 via its C-terminal polybasic region (Fig. 5 C, D), and this binding is required 434 

for downstream ATM2 eīects on acƟn-dynamics (Fig. 2), ATM2 also acts upstream of PtdIns(4,5)P2 by 435 

promoƟng PtdIns(4,5)P2-producƟon at the plasma membrane (Fig. 5). The ensuing mutual 436 

interdependencies between ATM2, PIP5K2-acƟvaƟon and PtdIns(4,5)P2-formaƟon illustrated in Fig. 7 437 

introduce an element of self-reinforcement that might explain why ATM2 eīects on acƟn-dynamics may 438 

require plasma membrane associaƟon. By interacƟng at the plasma membrane with PIP5K2, ATM2 will 439 

promote the producƟon of PtdIns(4,5)P2, aƩracƟng more ATM2, releasing more ROP for acƟvaƟon at the 440 

plasma membrane (Kost, 2008), and thus promote acƟn stabilizaƟon (Fig. 7). The interacƟon between 441 

ATM2 and PIP5K2, thus, might locally - and likely also transiently - potenƟate PtdIns(4,5)P2 producƟon to 442 

mediate eĸcient recruitment stabilizaƟon of acƟn. In this scenario, only PtdIns(4,5)P2-producƟon is 443 

locally promoted, making the process PtdIns(4,5)P2-dependent without a requirement for high-aĸnity 444 

preferenƟal binding of ATM2 to any speciĮc lipid. The proposed self-reinforcing loop between 445 

PtdIns(4,5)P2-dependent recruitment of ATM2 and ATM2-dependent promoƟon of PtdIns(4,5)P2 446 

formaƟon by PIP5K2 might, thus, contribute to the intrinsic regulaƟon of PIP5K2 and PtdIns(4,5)P2 447 

abundance at acƟn-plasma membrane contact sites. 448 

Methods and Protocols 449 

Plant materials and growth condiƟons 450 

Wild-type NicoƟana tabacum (ecotype Samsun N) plants were grown on soil in a greenhouse at 21°C–451 

26°C and ambient humidity under long-day condiƟons (16 h light, 8 h darkness) and semi-controlled light 452 

intensiƟes. The pollen was harvested from mature Ňowers aŌer 8-9 weeks of culƟvaƟon and directly 453 

used. 454 
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cDNA constructs 455 

Constructs for transient expression in pollen tubes. The acƟn marker constructs LifeAct-RFP and mTalin-456 

YFP were described previously (FraƟni et al., 2021). The RedStar-PLCPH construct was assembled as 457 

previously described (Ischebeck et al., 2010b). The ATM2 coding sequence was ampliĮed from 458 

Arabidopsis Ňower cDNA using the primer combinaƟon 5′- ATGCGGCGCGCCATGATGTTATCGGCATCG-3′/5′-459 

ATGCCTCGAGCTAGCCTCTTTTTCCCCACC-3′. The coding sequence for ATM2ΔLB (ATM21-1177) was ampliĮed 460 

using the primers 5′-ATGCGGCGCGCCATGATGTTATCGGCATCG-3′/5′-461 

ATGCGCGGCCGCCTAAAATTCATCTTCTGG-3′. For ATM2CT (ATM2972-1220), the primers 5′-462 

ATGCGGCGCGCCATGCGCAATGTGGCGACA-3′ and 5′-ATGCCTCGAGCTAGCCTCTTTTTCCCCACC-3′ sites were 463 

used. The coding sequence for tobacco NtMyo2-like isoform X2 was ampliĮed from tobacco (N. tabacum) 464 

cDNA, using the primer combinaƟon 5'- ATGCGGCGCGCCATGTTGTCCGTTTCGCATAA-3'/5'-465 

ATGCGCGGCCGCTCACTTGCTCTTCTTACCCCA-3'. Amplicons were moved as AscI/XhoI or AscI/NotI 466 

fragments into pEntry:pLAT52 vectors in frame with the coding sequences for EYFP, mCherry, or CFP. The 467 

constructs mC-AtSAC9 or mC-AtPTase11 were idenƟcal to those previously reported (Rausche et al., 468 

2021). For AtPTase11, the coding sequence was addiƟonally excised with XhoI and NotI and cloned 469 

downstream of the pEntry:pLAT52:mCherry casseƩe. 470 

Constructs for recombinant expression. The construct encoding ATMCT-His6 (represenƟng ATM2972-1220-471 

His6) for bacterial expression was used as described previously (Kastner et al., 2022). The ATM2CTΔLB-His6 472 

construct (represenƟng ATM2972-1177-His6) was generated using the primer combinaƟon 5′-473 

ATCGCATATGCGCAATGTGGCGACAAAA-3′/5′-ATCGGGATCCCTAAAATTCATCTTCTGG-3′ restricƟon sites and 474 

moved into pMalc5G as an NdeI/BamHI fragment. Cloning of the His6-MBP-construct (Stenzel et al., 2008) 475 

and the MBP-PIP5K2 construct (Hempel et al., 2017) were described previously. To opƟmize protein 476 

enrichment and detecƟon, a C-terminal His6-tag was added by site directed mutagenesis using the 477 

primers 5'-ACCACCACCACTAGAGTCGACGGAT-3'/5'-CCGGTGGTGAGCGTCTTCAA-3'. For sfGFP fusion 478 

constructs, the sfGFP coding sequence was ampliĮed using the primers 5′-479 

ATGCCCATGGAAAGTAAAGGCGAAGAGCTGTT-3′ and 5′-ATGCGGATGGACGAGCTGTATAAACATATG-3′ and 480 

moved as an NcoI/NdeI-fragment into pET28b. the ATM2CT coding sequence was ampliĮed using the 481 

primers 5′-ATCGGTCGACATGCGTAATGTTG-3′/5′-ATCGGGCAAACGTGGCGCGGCCGC-3′ and moved in frame 482 

downstream of sfGFP as a SalI/ NotI-fragment. The coding sequence for the truncated variant ATM2CTΔLB 483 

was ampliĮed using the primers 5′-ATCGGTCGACATGCGTAATGTTG-3′/5′-484 

ATCGCAGAAGATGAATTTGCGGCCGCA-3′,  and the amplicon was moved into pET28b in frame behind 485 

sfGFP as a SalI/NotI fragment, generaƟng a C-terminal His6 fusion. 486 

Constructs for yeast-two-hybrid analysis. The pBT3-C-OST4 constructs for using PIP5K2 or PIP5K6 as baits 487 

were used as described previously (PIP5K2 (Gerth et al., 2017) or PIP5K6 (Hempel et al., 2017)). The 488 

coding sequences for the respecƟve C-terminal myosin-fragments used as prey proteins were ampliĮed 489 

using the following primer combinaƟons: ATM2972-1220, 5'-490 

ATGCGGCCATTACGGCCCGCAATGTGGCGACAAAATCAAAG-3'/5'-491 

ATGCGGCCGAGGCGGCCCTAGCCTCTTTTTCCCCACC -3'; VIIIB921-1134, 5'-492 

ATGCGGCCATTACGGCCCGCAATGAGAAGAAAAAAAC-3'/5'-493 

ATGCGGCCGAGGCGGCCTCAATAACTTTTCTTGCACC-3'; XI-1881-1520, 5'-494 

ATGCGGCCATTACGGCCACCGGTGCTCTTAAAGATGC-3'/5'-495 

ATGCGGCCGAGGCGGCCTCAATCTGACCTTTCCAACAAG-3'; XI-2883-1505, 5'-496 

ATGCGGCCATTACGGCCACTGGAGCACTCCAAGCAGCC-3'/5'-497 
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ATGCGGCCGAGGCGGCCTTAGTGCAAGAATACAAATG-3'; XI-A883-1730, 5'-498 

ATGCGGCCATTACGGCCACAGGAGCACTTCAAGATGC-3'/5'-499 

ATGCGGCCGAGGCGGCCTCATTCCTTGAGAAAGAGGAAG-3'; XI-C892-1538, 5'-500 

ATGCGGCCATTACGGCCACAGGAGCACTTAAAGAGGC-3'/5'-501 

ATGCGGCCGAGGCGGCCTCACTCAGAGACTGGCAATAAG-3'; XI-E887-1529, 5'-502 

ATGCGGCCATTACGGCCACAGGCGCACTGAAAGAGGC-3'/5'-503 

ATGCGGCCGAGGCGGCCTTAGTCAGAACATGGCAATAG-3'; XI-H890-1516, 5'-504 

ATGCGGCCATTACGGCCACGGGAGTCCTTGAAGCTGCC-3'/5'-505 

ATGCGGCCGAGGCGGCCTTATATCAAGAAACTGAAAGC-3'; XI-I889-1522, 5'-506 

ATGCGGCCATTACGGCCCTTGAGAAACGATTGAGAAC-3'/5'-507 

ATGCGGCCGAGGCGGCCTCAAATGATCTGCTTTGAGG-3'. Amplicons were moved as SĮI/SĮI-fragments into 508 

pPR3-N.   509 

Expression and enrichment of recombinant proteins in E. coli 510 

Recombinant proteins were generated as previously described (Stenzel et al., 2012; Hempel et al., 2017; 511 

Kastner et al., 2022). In brief, ATM2 variants were expressed in E. coli RoseƩa 2 (DE3) cells (genotype F− 512 

ompT hsdSB(rB− mB−) gal dcm (DE3) pRARE2 (CamR) (Merck, Darmstadt, Germany). Precultures were 513 

grown over night in 50 ml liquid 2 YT media 1% (w/v) yeast extract, 1.6% (w/v) tryptone, 0.5% (w/v) NaCl, 514 

0.2% (w/v) glucose) at 37 °C shaking at 150 rpm and used to inoculate 1 l  (ATM2) or 3 l  (PIP5K2) 2 YT 515 

cultures at 0.1 opƟcal density (600 nm) units. Expression cultures were grown in 5 l baŋed Ňasks at 37 °C 516 

shaking at 120 rpm to an opƟcal density (600 nm) of 0.8 units. Expression of recombinant proteins was 517 

induced by adding 0.1 mM isopropyl β-d-thiogalactopyranoside and incubaƟng for 4 h (ATM2) or for 2 h 518 

(PIP5K2) at 22 °C. Enrichment of recombinant proteins or protein fragments was performed as previously 519 

described; MBP-PIP5K2 (Dejonghe et al., 2016); C-terminal fragments of VIII-B or ATM2 (Kastner et al., 520 

2022). His6-tagged sfGFP fusions were enriched by Ni2+-aĸnity chromatography using 5 ml HisTrap HP 521 

(Sigma-Aldrich, Munich, Germany) columns and an ÄKTA FPLC (GE Healthcare, München, Deutschland) 522 

according to manufacturer's instrucƟons.  523 

Transient expression of cDNA constructs in tobacco pollen tubes  524 

Transient expression of cDNA constructs in tobacco pollen tubes was achieved by parƟcle bombardment 525 

exactly as previously described (FraƟni et al., 2021). 526 

Confocal microscopy 527 

Images were acquired using a Zeiss LSM880 Airyscan system or a Zeiss Cell observer with a Yokogawa 528 

CSU-X1 spinning disc (SD) unit. For LSM880 imaging, a 40× objecƟve without immersion was used, and 529 

images were captured with the ZEN Black image analysis soŌware with the pinhole set to 1 Airy Unit. 530 

DistribuƟon and dynamics of acƟn Įlaments were obtained by using mTalin-YFP as an acƟn marker. YFP 531 

emission was detected at 514 nm using a HFT 514-nm main beam spliƩer. Z stacks of 2 µm slices were 532 

captured as Ɵme-lapses of 10 s intervals over the course of 5 min (30 cycles) using the high-resoluƟon z 533 

piezo.  534 

For localisaƟon studies, z stacks and Ɵme series were captured by SD microscopy. Images were acquired 535 

using 63x oil immersion. Firstly, the cytoplasmic streaming was checked by brighƞield acquisiƟon as Ɵme-536 

lapse with 10s/18 cycles (3 min). Z stacks were acquired in 0.3 µm slices. The acquisiƟon Ɵme for 537 

constructs fused to EYFP was 400-600 ms; for mCherry/RFP 700-900 ms at 25% laser power. 538 
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Image Analysis 539 

Pollen tubes Ɵp-width was determined by measuring the diameter in the apical region either on 540 

brighƞield images or Ňuorescence snapshots using the Fiji soŌware package (Schindelin et al., 2012). 541 

AcƟn-dynamics were analysed as previously described (FraƟni et al., 2021; Braga et al., 2023). In brief, Z 542 

image stacks were analyzed over a 5-min Ɵme series with excitaƟon of the YFP of the acƟn marker 543 

mTalin-YFP. Stacks were converted to Z projecƟons with maximum intensity using Fiji (Schindelin et al., 544 

2012). Backgrounds were subtracted using a rolling ball radius of 30 pixels. Due to the strong diīerence 545 

in Ňuorescence intensiƟes between the pollen tube Ɵp and the basal region of the tube, projecƟons were 546 

divided into Ɵp and body and analysed separately. Kymographs were generated from the Ɵp region and 547 

analysed without bias for the length of the Ňuorescence signals using the machine learning program 548 

IlasƟk via segmentaƟon and pixel classiĮcaƟon (Berg et al., 2019). The euclidean diameter of the 549 

segments was extracted, and segments <5 pixels were excluded as background. Further quanƟtaƟve 550 

analysis of the acƟn-dynamics was carried out using Excel. The lengths of the Ňuorescence signals of the 551 

kymographs of all evaluated pollen tubes were normalised against the width of the total length of the 552 

kymograph (in pixels). As a measure for acƟn-dynamics, the mean lifeƟme of the acƟn signals was then 553 

calculated using the normalised values.  554 

AcƟn occupany was analyzed by extracƟng the median plane of the z projecƟons for acƟn dynamic 555 

analysis, and pixel size of both acƟn Įlaments and pollen tube Ɵp was assessed using ilasƟk. The raƟo of 556 

both values was used for calculaƟng the occupancy in %. To analyze plasma membrane–acƟn aƩachment, 557 

the plasma membrane was marked in Z-projecƟons with a segmented line, kymographs were generated 558 

using the reslice funcƟon in Fiji, and mean lifeƟmes were calculated. 559 

To examine the spaƟal correlaƟon between ATM2 and RedStar-PHPLC, the Įrst (most peripheral) opƟcal 560 

secƟon of the Z-stacks recorded by SD was analyzed. Fluorescence channels were examined individually. 561 

Global colocalizaƟon was quanƟĮed using the Manders coeĸcient funcƟon implemented in the Fiji plugin 562 

JACoP (Bolte and Cordelieres, 2006). For local colocalizaƟon, manually selected ATM2 domains were 563 

saved as regions of interest (ROIs) and analyzed separately. 564 

To visualize overlap between ATM2 and RedStar-PHPLC, surface secƟons acquired by SD were split into 565 

individual channels and converted into binary images by thresholding. The overlapping regions were 566 

idenƟĮed using the image calculator, saved as ROIs, and then overlaid onto the original image for 567 

visualizaƟon. 568 

For quanƟfying the area density of RedStar-PHPLC signals  at the pollen tube Ɵp, the Įrst slice of SD 569 

acquired z projecƟons was extracted. Pixel sizes were determined using ilasƟk and presented as a raƟo to 570 

the membrane area analyzed. To further quanƟfy the distribuƟon of the signals, the z projecƟon was 571 

used to extract exact x and y coordinates using the Fiji plugin TrackMate (Tinevez et al., 2017).  572 

Fluorescence intensity proĮles were obtained from SD images. Using ImageJ, a segmented line was 573 

manually drawn along one side of the plasma membrane from the Ɵp toward the shank. The selecƟon 574 

was straightened (width 10 pixel) to generate a Ɵp-to-shank membrane projecƟon. Extracted 575 

Ňuorescence intensity proĮles were normalized to a 0-1 intensity range. For the visualisaƟon of the 576 

spaƟal distribuƟon of the mC-ATM2 signal, normalized intensity values ±SEM were ploƩed. To obtain the 577 

dimension of mC-ATM2 domains, the spaƟal expanse of the signal was determined as a conƟnuous 578 

membrane segment with normalized intensity ≥0.3. To disƟnguish between Ɵp-focused or shank 579 
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distribuƟon, normalized intensiƟes were calculated for the apical Ɵp region (0-20 µm) and the adjacent 580 

shank region (20-40 µm) for each proĮle. 581 

StaƟsƟcal EvaluaƟon 582 

StaƟsƟcal evaluaƟon was performed as indicated, using ANOVA with post hoc Tukeys test performed 583 

using R; or for pairwise comparisons by two sample t-test, assuming pooled-variance with unknown 584 

equal standard deviaƟon, performed using statskingdom.de. 585 

In vitro lipid phosphorylaƟon assay 586 

The catalyƟc acƟvity of recombinant PI4P5-kinases was determined by their ability to phosphorylate 587 

PtdIns4P in the presence of [γ-32P]ATP, following established procedures (Heilmann et al., 2001). In brief 588 

the lipid substrate PtdIns4P (AvanƟ) was sonicated in the presence of Triton X-100 for 10 min in a 589 

sonicaƟng bath. AŌerwards recombinant lipid kinase was mixed with or without ATM2 and 10 μCi [γ-590 

32P]ATP was added. The reacƟon was started by combining lipid and protein components. The reacƟon 591 

mix was incubated at room temperature for 15 min. Lipids were extracted using acidic phase-separaƟon. 592 

Radiolabeled lipid reacƟon products were separated by thin layer chromatography and visualized by 593 

autoradiography.  IncorporaƟon of 32P was quanƟĮed by phosphorimaging using an Amersham Typhoon 594 

scanner (GE), BAS imaging screens (FujiĮlm) and Image Quant soŌware. 595 

Protein lipid overlay assay 596 

Protein–lipid overlay assays were performed using commercial "PIP strips" (Echelon Biosciences) 597 

containing 100 pmol of each immobilized lipid, as indicated. Strips were blocked with 3% (w/v) milk 598 

powder in TBS buīer, washed three Ɵmes with TBS, and incubated for 45 min to 1 h with 0.5–2.5 mg ml⁻¹ 599 

protein in 3% (w/v) BSA with gentle shaking. AŌer three addiƟonal washes with TBS, strips were 600 

incubated with primary anƟbody (mouse anƟ-penta-His, BSA-free, Qiagen, Hilden, Germany, cat. no. 601 

34670, diluted at 1:2000) for 1 h at room temperature or overnight at 4 °C. AŌer two washes with TBS-T 602 

and one wash with TBS, secondary anƟbody conjugated to alkaline phosphatase (goat anƟ mouse IgG-AP, 603 

Sigma-Aldrich/Merck, Darmstadt, Germany, cat. no. A9316, diluted at 1:30000) was applied for 1 h. 604 

Unbound anƟbodies were removed by two washes with TBS-T, and membranes were equilibrated in AP 605 

buīer. Chromogenic detecƟon was performed in 6 ml AP buīer with 21 μl NBT (75 mg ml⁻¹ in 70% DMF) 606 

and 27 μl X-phosphate (50 mg ml⁻¹ in 100% DMF). ReacƟons were stopped by addiƟon of ddH₂O. All steps 607 

were carried out in the dark.  608 

Protein-lipid interacƟon analysis by microscale thermophoresis 609 

Microscale thermophoresis (MST) was used to quanƟfy protein-lipid interacƟons (Wienken et al., 2010). 610 

Measurements were performed using a Monolith NT.115 instrument with MO.Control soŌware (version 611 

1.6.1; NanoTemper Technologies, Munich, Germany). Target proteins were covalently labelled with an 612 

sfGFP tag and a His₆ tag for enrichment, and protein concentraƟons were adjusted to yield a constant 613 

Ňuorescence signal. Enriched recombinant sfGFP–His₆ protein was used as a negaƟve control. Protein 614 

diluƟons were prepared in MST buīer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.05 % (w/v) Tween-20). 615 

Liposomes composed of 80 mol% PtdCho and 20 mol% phosphoinosiƟdes were prepared as described in 616 

(Julkowska et al., 2013). AŌer extrusion through a polycarbonate membrane (pore size 0,2 µm), 1.5 ml 617 

MST buīer  without Tween-20 was added, followed by centrifugaƟon at 20,000g for 20 min at 22 °C. The 618 

sedimented liposomeswere resuspended in MST buīer to 3 mM total lipid concentraƟon. For MST 619 

experiments, a serial diluƟon of liposomes over 16 diīerent concentraƟons was prepared in MST buīer 620 
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from 3 mM down to 45.78 nM. Target protein concentraƟon  was maintained at ~40 nM. 5 µl  of of target 621 

protein soluƟon were mixed with 5 μl of ligand liposome diluƟons, incubated for 10 min at RT and loaded 622 

in Monolith NT.115 standard capillaries (NanoTemper Technologies GmbH, Munich, Germany). The 623 

measurement was performed with 20 % excitaƟon power and medium MST-Power at an ambient 624 

temperature of 22 °C. Data were analyzed with the MO. Aĸnity Analysis soŌware (version v2.3., 625 

NanoTemper Technologies GmbH, Munich, Germany) using the signal from an MST-on Ɵme of 1.5 s.  626 

Yeast-two-hybrid analysis 627 

Protein–protein interacƟons were assessed using split-ubiquiƟn membrane-based yeast two-hybrid 628 

analysis (Dualmembrane Kit 3, Dualsystems Biotech) following established protocols (Johnsson and 629 

Varshavsky, 1994). In brief, bait constructs encoding AtPIP5K2 or AtPIP5K6 and prey with pollen-speciĮc 630 

class VIII myosins or class XI myosins, were co-transformed into the NMY51 yeast strain (Dualsystems 631 

Biotech). For controls, the bait protein was co-transformed with either NubI fused to the ER-resident 632 

protein Alg5 (posiƟve control) or NubG fused to Alg5 (negaƟve control). InteracƟon-dependent growth 633 

was tested on selecƟve SD medium lacking leucine, tryptophan, and hisƟdine (SD-LWH). 634 

Accession numbers 635 

PIP5K2, At1g77740; PIP5K6, At3g07960; ATM2, At5g54280; NtMyo2-like isoform X2, LOC107765078; VIII-636 

B, At4g27370; XI-1, At1g17580; XI-2, At5g43900; XI-A, At1g04600; XI-C, At1g08730; XI-E, At1g54560; XI-H, 637 

At4g28710; XI-I, At4g33200; AtPTase11, At1g47510; SAC9, At3g59770 638 
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Figure Legends 854 

Figure 1. The PtdIns(4,5)P2 biosensor RedStar-PHPLC and EYFP-ATM2 occupy overlapping subapical 855 

plasma membrane domains of tobacco pollen tubes, coinciding with actin-plasma membrane contacts. 856 

The subcellular distribution patterns of the PtdIns(4,5)P2 biosensor, RedStar-PHPLC, EYFP-ATM2 or the 857 

PtdIns(4,5)P2-forming enzyme, PIP5K2-EYFP, were analyzed by spinning disc microscopy (SD) or laser-858 

scanning confocal microscopy (LSM) upon coexpression in tobacco (N. tabacum) pollen tubes, relative to 859 

fluorescent markers for actin (LifeAct-RFP or mTalin-YFP). Expression was driven by a pLat52 promoter. 860 

(A) Fluorescence distribution of RedStar-PHPLC, EYFP-ATM2 and LifeAct-RFP, as indicated, recorded by SD. 861 

Left panels,  RedStar-PHPLC (maximum intensity z-projection or median plane, as indicated). Right panels, 862 

EYFP-ATM2 coexpressed with LifeAct-RFP. The clear zone, the shank region, and the transition zone are 863 

indicated. Scale bars, 5 µm. Images are representative for at least three independent experiments. 864 

(B) Coexpression of Arabidopsis PIP5K2-EYFP and LifeAct-RFP. Panels from left to right depict the maximum 865 

intensity z-projection from the pollen tube tip, substacks of the surface and tip periphery, the overlap 866 

regions (yellow/white) between LifeAct-RFP–marked actin filaments and AtPIP5K2-EYFP nanodomains as 867 

detected by Fiji, and a detail view (white box), highlighting actin attachment to plasma membrane 868 

nanodomains occupied by PIP5K2-EYFP (arrowheads). Scale bar, 5 µm. Images are representative for at 869 

least three independent experiments. 870 

(C) Coexpression of mC-ATM2 or its tobacco homologue, mC-NtMyo2-like, with mTalin-YFP, imaged by LSM. 871 

Upper panels, merged maximum intensity z-projections; lower panels, details (white boxes) of locally 872 

increased mTalin-YFP signals at the plasma membrane (arrowheads). Scale bar, 5 µm. Images are 873 

representative for at least three independent experiments. 874 

 875 

Figure 2. Overexpression of ATM2 stabilizes actin dynamics and induces tip swelling morphology in 876 

pollen tube cells. 877 

Distribution and motility of the actin cytoskeleton were monitored by laser-scanning confocal microscopy 878 

(LSM) in tobacco (N. tabacum) pollen tubes coexpressing the actin marker, mTalin-YFP, with either an 879 

mCherry (mC)-control, or with mC-tagged variants of ATM2, including full length ATM2 (mC-ATM2), an 880 

ATM2 variant lacking the C-terminal lipid-binding region (mC-ATM2ΔLB), or an ATM2 variant lacking N-881 

terminal actin-binding and protein-interaction regions (mC-ATM2CT). Expression was driven by a pLat52 882 

promoter. 883 

(A) Schematic representation of the ATM2 protein (left) and of the mC-fusions of ATM2 variants used (right 884 

panel). Numbers indicate ATM2 residue positions. C, C-terminus; CT, C-terminal domain; IQ, calmodulin-885 

binding IQ-motif-domain; Motor, motor-ATPase domain; N, N-terminus; NT, N-terminal domain; SH3, SRC-886 

homology 3-domain  887 

(B) To capture actin dynamics, Z-stacks (2 µm steps) were acquired in 10 s intervals over 5 min. Left column, 888 

representative maximum intensity projections of merged mTalin-YFP and mCherry fluorescence channels. 889 

Mid and right column, separate Z-projection images of the YFP channel (mTalin) or the mCherry channel 890 

(control and ATM2 variants), respectively. Arrowheads, Locally increased mTalin-YFP signal at the plasma 891 
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membrane. Scale bars, 10 µm. Right panels, Kymographs extracted from the pollen tube tip regions. 892 

Stabilized actin filaments are represented by horizontal lines. 893 

(C) Degree of plasma membrane association of mC-ATM2 or the lipid-binding deficient mC-ATM2ΔLB variant 894 

according to the fluorescence intensity ratio of mC signals at the plasma membrane vs. cytosol, as 895 

indicated. Data represent observations from 12 cells (mC-ATM2) or 13 cells (mC-ATM2ΔLB), respectively. 896 

(D-F) Pollen tube cells coexpressing the actin marker mTalin-YFP with an mC-control, mC-ATM2, with mC-897 

ATM2ΔLB, or with mC-ATM2CT were analyzed for cell morphology (D), actin occupancy in the cell apex (E), 898 

or for mean actin lifetime (F). 899 

(D) Pollen tube tip width (in µm) determined from brightfield images using Fiji. Data represent observations 900 

from 29 cells (mC); 18 cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-ATM2CT), respectively. 901 

(E) The tip actin occupancy quantified as the relative area covered by mTalin-YFP signal at the pollen tube 902 

tip. Data represent observations from 25 cells (mC); 18 cells (mC-ATM2); 16 cells (mC-ATM2ΔLB); or 14 cells 903 

(mC-ATM2CT), respectively. 904 

(F) Mean lifetime (in min) of mTalin-labeled actin filaments, calculated from kymographs. Data represent 905 

observations from 20 cells (mC); 18 cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-ATM2CT), 906 

respectively. 907 

Data in (C-F) represents 3-4 independent experiments. Statistical differences were assessed by one-way 908 

ANOVA followed by Tukey’s post-hoc test; letters denote categories of values exhibiting statistical 909 

significant differences (p < 0.05).  910 

 911 

 912 

Figure 3. Artificial PtdIns(4,5)P2 depletion in the plasma membrane abolishes ATM2 effects on actin 913 

dynamics. 914 

Effects of altered plasma membrane PtdIns(4,5)P2 abundance on the function of ATM2 were studied for 915 

pollen tubes coexpressing CFP-ATM2 either with an mC control, or with the PtdIns(4,5)P2-specific 5-916 

phosphatase, mC-AtPTase11, an enzyme converting PtdIns(4,5)P2 to PtdIns4P. Transgenic pollen tube cells 917 

were then analyzed for cell morphology, tip actin occupancy or mean actin lifetime. Expression was driven 918 

by a Lat52 promoter. 919 

(A) Representative fluorescence images of pollen tubes coexpressing mTalin-YFP with CFP-ATM2 and either 920 

an mC control (upper panels) or with mC-AtPTase11 (lower panels), as indicated. Individual fluorescence 921 

channels and merged images, as indicated. Scale bars, 5 µm. 922 

(B) Degree of plasma membrane association of CFP-ATM2 in control cells coexpressing mC or in cells 923 

coexpressing mC-PTase11 according to the fluorescence intensity ratio of mC signals at the plasma 924 

membrane vs. cytosol. Data represent observations from 12 cells (mC) or 12 cells (mC-PTase11), 925 

respectively. 926 
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(C) Pollen tube tip with in µm (left panel), apical actin occupancy (mid panel), or mean actin lifetime in min 927 

(right panel) of mTalin-YFP-labeled actin filaments, as indicated. Data represent observations from 20-29 928 

cells (mC-control); 6 cells (CFP-ATM2 plus mC); or 15 cells (mC-AtPTase11), respectively. Data were 929 

collected from at least three independent experiments. 930 

(D) The mean actin lifetime of plasma membrane-proximal actin decorated by mTalin-YFP was recorded by 931 

acquiring kymographs along the plasma membrane periphery of the cell apex (yellow line). Images (left 932 

panels) are illustrating the analysis done. Right panel, Plasma membrane-peripheral mean actin lifetime 933 

for control pollen tubes expressing only mC, or for cells coexpressing CFP-ATM2 either with an mC control, 934 

or with mC-AtPTase11, as indicated. Data represent observations from 6 cells (mC-control); 8 cells (CFP-935 

ATM2 plus mC); or 7 cells (mC-AtPTase11), respectively. Data were collected from at least three 936 

independent experiments. 937 

Statistical differences were assessed by one-way ANOVA followed by Tukey’s post-hoc test; letters denote 938 

categories of values exhibiting statistical significant differences (p < 0.05).  939 

 940 

 941 

Figure 4. Lipid-binding features of recombinant C-terminal ATM2 fragments. 942 

Lipid binding of the polybasic C-terminal region of ATM2 was revisited by biochemical analysis, including 943 

quantitative MST-analysis. ATM2-variants representing the C-terminal region of ATM2 (ATM2CT, residues 944 

972-1220,) or the derived lipid binding-deficient variant ATM2CTΔLB (residues 972-1177) were recombinantly 945 

expressed as fusions to C-terminal His6-tags, enriched, and used for in vitro protein-lipid interaction tests. 946 

For MST-analysis, protein were additionally fused to N-terminal superfolder (sf)GFP-tags. Enriched sfGFP 947 

or MBP alone were used as negative controls, respectively.  948 

(A) Protein-lipid overlay assay for binding of a MBP-His6 control, ATM2CT-His6 or ATM2CTΔLB-His6 to 949 

phospholipids (10 nmol) using commercial PIP strips (Echelon Biosciences Inc.). Images of the developed 950 

protein-lipid overlay blots are representative for three experiments.  951 

(B) Exemplary Coomassie blue-stained SDS-PAGE gel of enriched recombinant sfGFP-fusions used for lipid-952 

binding tests by MST, as indicated. Deduced fragment masses: sfGFP-His6, 28.5 kDa; sfGFP-ATM2CT-His6, 953 

57.6 kDa; sfGFP-ATM2CTΔLB-His6, 52.4 kDa. 954 

(C) MST-analysis of the binding of enriched sfGFP–ATM2CT-His₆ to DOPC-liposomes containing 20 mol% 955 

PtdIns(4,5)P₂ (green) or 20 mol% PtdIns4P (blue). Binding curves depict the fraction of bound protein 956 

plotted versus the logarithmic ligand concentration. Proteins were incubated at an approx. concentration 957 

of 40 nM with liposomes serially diluted from 45.78 nM - 3 mM total lipid over 16 dilution steps. The MST-958 

on time was 2.5 s; data were fitted with the KD-fit model. Each point represents four independent 959 

measurements; error bars indicate standard deviation.  960 

(D) MST control-measurements with enriched sfGFP-His₆ and DOPC-liposomes containing 20 mol% 961 

PtdIns(4,5)P₂ (green) or 20 mol% PtdIns4P (blue). As no binding was detected for sfGFP-His6, data is 962 

represented as Fnorm in ‰ against the logarithmic ligand concentration. 963 
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(E) MST-analysis comparing the binding of enriched ATM2CT (dark green), ATM2CTΔLB-His6 (light green) or 964 

sfGFP-His6 (brown) to DOPC-liposomes containing 20 mol% PtdIns(4,5)P₂. MST-on time was 2.5 s and data 965 

were fitted using the KD-fit model. Each data point represents four independent measurements with error 966 

bars indicating standard deviation. ATM2CT data are same as in (C). 967 

(F) KD values representing binding affinities for measurements presented in (C) or (E). Signal to noise ratios 968 

(not shown) were above 5, reflecting reliable binding measurements. Relative affinities are given for 969 

binding to PtdIns(4,5)P2-containing liposomes as a reference (right column). 970 

 971 

 972 

Figure 5. ATM2-EYFP colocalizes with RedStar-PHPLC in plasma membrane nanodomains and promotes 973 

PtdIns(4,5)P2 formation by PIP5K2 in vivo and in vitro. 974 

The functional interplay of ATM2 with PtdIns(4,5)P2 or PIP5K2 was analyzed in more detail by in vivo and 975 

in vitro experiments. 976 

(A) Fluorescence distribution of ATM2-EYFP and the coexpressed PtdIns(4,5)P₂ biosensor, RedStar-PHPLC in 977 

tobacco pollen tubes, visualized by spinning disc microscopy (SD). Images represent maximum intensity 978 

projections from z-stacks acquired in 0.3 µm slices. Upper panels, 3D projections of the EYFP channel (left), 979 

RedStar channel (mid), and the merged image (right). Scale bar, 5 µm. Lower panels, magnified regions of 980 

interest (white boxes). Scale bars, 1 µm. Right panels, Fluorescence intensity plots for the EYFP and RedStar 981 

channels, recorded along the dashed line. Mander’s colocalization coefficients were calculated for 982 

fluorescent nanodomains in red → green and in green → red directions, as indicated.  983 

(B) Spatial extent of the subapical plasma membrane domain decorated by RedStar-PHPLC upon 984 

coexpression with a EYFP-control (left panel), with ATM2-EYFP (mid panel), or with ATM2ΔLB-EYFP (right 985 

panel), as indicated. Upper panels show representative images, respectively. Please note the loss of plasma 986 

membrane association for ATM2ΔLB-EYFP. Arrows indicate the extent of the RedStar-PHPLC-labeled 987 

membrane domain as maximum didtance from apex. Lower panels, Spatial extent of the plasma membrane 988 

domain labeled by RedStar-PHPLC upon coexpression with the EYFP-control, with ATM2-EYFP, or with 989 

ATM2ΔLB-EYFP, as indicated (left). The area density of punctate signals decorated by RedStar-PHPLC was 990 

analyzed for pollen tubes expressing the EYFP-control, ATM2-EYFP, or ATM2ΔLB-EYFP, as indicated (right). 991 

Data represent observations from 8 cells (EYFP-control); 14 cells (ATM2-EYFP); or 9 cells (ATM2-EYFPΔLB), 992 

respectively. Statistical differences were assessed by one-way ANOVA followed by Tukey’s post-hoc test; 993 

letters denote categories of values exhibiting statistical significant differences (p < 0.05).  994 

(C) Yeast-two-hybrid analysis using PIP5K2 or PIP5K6, respectively, as bait proteins against selected myosin 995 

isoforms, including the pollen-specific class VIII myosins ATM2 or VIIIB, and various class XI myosins, as 996 

indicated. Left panels, interaction tests with PIP5K2 as a bait; right panels, interactions tests with PIP5K6 997 

as a bait. Yeast growth on non-selective SD–LW medium confirmed correct transformation, while growth 998 

on selective SD–LWH medium indicated positive interactions. Results are representative for three 999 

independent biological replicates, each performed in triplicates. 1000 
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(D) Enriched recombinant MBP-PIP5K2 fusion protein expressed in E. coli was tested for in vitro catalytic 1001 

activity, converting PtdIns4P to PtdIns(4,5)P2 in the presence of [γ-
32

P]ATP.  Formation of radiolabeled 1002 

PtdIns(4,5)P2 was monitored by phosphormaging after chromatographic separation of the reaction 1003 

products. Assays were performed with E. coli extract as a negative control, with MBP-PIP5K2 alone, or upon 1004 

coincubation of MBP-PIP5K2 with enriched recombinant C-terminal fragments of the class VIII-myosins, 1005 

VIII-B or ATM2, as indicated. The image shows a representative phosphorimage. The experiment was 1006 

performed five times with similar results. 1007 

(E) Quantification of PtdIns(4,5)P₂ production from assays shown in (D), reported in relative units. 1008 

Additional controls include coincubation of MBP-PIP5K2 with the small GTPase ROP2 (a PtdIns(4,5)P2-1009 

binding protein) and its constitutively active (G15V) or dominant-negative (T20N) variants, as indicated. 1010 

Asterisks indicate statistical differences from the MBP-PIP5K2 control, according to a Student’s t-test (p < 1011 

0.05). n.s., not significant. 1012 

 1013 

 1014 

Figure 6. Effects of ATM2 are influenced by coexpression of NtRhoGDI2. 1015 

The guanine-nucleotide dissociation inhibitor, NtRhoGDI2, was previously shown to counteract 1016 

PIP5K2/PtdIns(4,5)P2-dependent stabilization of actin dynamics in pollen tubes. The influence of 1017 

NtRhoGDI2 on ATM2-mediated effects was analyzed by protein-protein interaction studies, by 1018 

coexpression of fluorescent protein fusions in tobacco pollen tubes, and by assessing pollen tube cell 1019 

morphology.  1020 

(A) Yeast-two-hybrid analysis using PIP5K2 or ATM2, respectively, as bait proteins against NtRhoGDI2. Left, 1021 

interaction tests with PIP5K2 as a bait; right, interactions tests with ATM2 as a bait. Yeast growth on non-1022 

selective SD–LW medium confirmed correct transformation, while growth on selective SD–LWH medium 1023 

indicated positive interactions. Results are representative for three independent biological replicates, each 1024 

performed in triplicates. 1025 

(B) Representative confocal images of tobacco pollen tubes coexpressing mC-ATM2 with either EYFP (top) 1026 

or with NtRhoGDI2-EYFP (bottom), as indicated. Scale bars, 5 µm. 1027 

(C) Spatial distribution of mC-ATM2 mean normalized fluorescence intensity (±SEM) along the plasma 1028 

membrane, plotted as mean normalized intensity (AU) against the distance from the apex (µm) for mC-1029 

ATM2 coexpressed with EYFP (green) or with NtRhoGDI2-EYFP (orange). The dashed line indicates the 1030 

threshold of 0.25 intensity units used for domain signal length estimation. Data represent observations 1031 

from 10 cells (EYFP) or 18 cells (NtRhoGDI2-EYFP), respectively, from two independent experiments. 1032 

(D) Dimension of the plasma membrane domain decorated by mC-ATM2 above the 0.25 threshold in pollen 1033 

tubes coexpressing mC-ATM2 with either EYFP or with NtRhoGDI2-EYFP, as indicated. Data represent 2-3 1034 

independent experiments. The asterisk indicates a significantly difference according to a Student’s t-test 1035 

(p < 0.05). 1036 

(E) Mean normalized fluorescence intensity of mC-ATM2 coexpressed with EYFP (white) or with 1037 

NtRhoGDI2-EYFP (grey), in the tip (0-20 µm distance from apex) or shank regions (20-40 µm distance from 1038 

apex) of the pollen tube cells. Data represent 2-3 independent experiments. Statistical differences were 1039 
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determined by one-way ANOVA followed by Tukey’s post-hoc test; letters denote categories of values 1040 

exhibiting statistical significant differences (p < 0.05).  1041 

(F) Pollen tube tip with in µm of pollen tubes coexpressing ATM2-MC with EYFP or with NtRhoGDI2-EYFP, 1042 

as indicated.  Data represents two independent experiments. The asterisk indicates a significantly 1043 

difference according to a Student’s t-test (p < 0.001). 1044 

 1045 

 1046 

Figure 7. Simplified schematic of ATM2-mediated activation of PIP5K2, locally potentiating PtdIns(4,5)P2 1047 

production at the actin-plasma membrane interface. 1048 

The class VIII myosin ATM2 forms an interface between actin filaments and the plasma membrane by 1049 

binding to anionic phospholipid headgroups and to actin filaments. ATM2 might at least transiently occur 1050 

in complex with PIP5K2 and NtRhoGDI2. By binding to ATM2, catalytic activity of PIP5K2 is enhanced, 1051 

thereby promoting PtdIns(4,5)P2 formation at actin-plasma membrane contact sites. The locally increased 1052 

abundance of PtdIns(4,5)P2 acts as a positional signal for the recruitment of further ATM2 proteins, and 1053 

acts as a GDF on NtRhoGDI2, mediating enhanced activation of Rac/ROP proteins, to facilitate actin 1054 

stabilization. Alternative explanations are possible. GDF, guanine nucleotide displacement factor; PtdIns4P, 1055 

phosphatidylinositol 4-phosphate; PtdIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate 1056 

 1057 

 1058 

Supplemental Figure 1. Relaxed localization of AtPIP5K2344-754-EYFP in a plasma membrane-peripheral 1059 

network-like pattern in tobacco pollen tubes. 1060 

The fluorescence distribution of AtPIP5K2-EYFP or the N-terminally truncated AtPIP5K2344-754-EYFP was 1061 

analyzed by spinning disc microscopy upon transient expression in tobacco pollen tubes. 1062 

Top panel, Representation of the expressed EYFP fusion proteins. NT, N-terminal domain; MORN, 1063 

membrane occupation and recognition nexus repeat domain; Lin, hypervariable linker region; Dim, 1064 

dimerization domain; Cat, catalytic domain; AL, activation loop 1065 

Bottom panels, AtPIP5K2-EYFP displays dot-like plasma membrane association resembling nanodomains in 1066 

the apex of a tobacco pollen tube (left). AtPIP5K2344-754-EYFP decorates a plasma membrane-proximal 1067 

filamentous network-pattern, possibly representing the cortical actin network. Images are representative 1068 

for three independent experiments.  1069 

 1070 

 1071 

Supplemental Figure 2. Detailed analysis of mean actin lifetimes in pollen tube cells expressing an mC-1072 

control, mC-ATM2, or mC-ATM2ΔLB. 1073 
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Data from the analysis of mean lifetimes of mTalin-labeled actin filaments were calculated from 1074 

kymographs and analyzed for the proportion of filaments displaying low-mobility. 1075 

(A) Proportion of mTalin-YFP sigbals displaying a spatial persistence of 0 min - 1 min (grey, high mobility) 1076 

or of 1 min - 5 min (black, low mobility).  1077 

(B) Exact number underlying the representation in (A). Data represent observations from 20 cells (mC); 18 1078 

cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-ATM2CT), respectively. 1079 

 1080 

 1081 

Supplemental Figure 3. Artificial PtdIns(4,5)P2 depletion in the plasma membrane abolishes ATM2 1082 

effects on actin dynamics. 1083 

Effects of altered plasma membrane PtdIns(4,5)P2 abundance on the function of ATM2 were studied for 1084 

pollen tubes coexpressing CFP-ATM2 either with an mC control, or with the PtdIns(4,5)P2-specific 5-1085 

phosphatase, SAC9, an enzyme converting PtdIns(4,5)P2 to PtdIns4P. Transgenic pollen tube cells were then 1086 

analyzed for cell morphology or mean actin lifetime. Expression was driven by a Lat52 promoter. 1087 

(A) Actin occupancy in the cell apex was determined for cells expressing fluorescent fusion proteins, as 1088 

indicated. Data were collected from at least three independent experiments (mC-control, 25 cells; CFP-1089 

ATM2, 6 cells; SAC9, 25 cells). 1090 

(B) Mean actin lifetime of mTalin-YFP signals was recorded by acquiring kymographs. Data were collected 1091 

from at least three independent experiments (mC-control, 20 cells; CFP-ATM2, 6 cells; SAC9, 25 cells). 1092 

Statistical differences were assessed by one-way ANOVA followed by Tukey’s post-hoc test; letters denote 1093 

categories of values exhibiting statistical significant differences (p < 0.05).  1094 

 1095 

 1096 

 1097 

 1098 
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Figure 1. The PtdIns(4,5)P2 biosensor RedStar-PHPLC and EYFP-ATM2 occupy overlapping subapical plasma 

membrane domains of tobacco pollen tubes, coinciding with actin-plasma membrane contacts.

The subcellular distribution patterns of the PtdIns(4,5)P2 biosensor, RedStar-PHPLC, EYFP-ATM2 or the 

PtdIns(4,5)P2-forming enzyme, PIP5K2-EYFP, were analyzed by spinning disc microscopy (SD) or laser-

scanning confocal microscopy (LSM) upon coexpression in tobacco (N. tabacum) pollen tubes, relative to 

fluorescent markers for actin (LifeAct-RFP or mTalin-YFP). Expression was driven by a pLat52 promoter.

(A) Fluorescence distribution of RedStar-PHPLC, EYFP-ATM2 and LifeAct-RFP, as indicated, recorded by SD. 

Left panels,  RedStar-PHPLC (maximum intensity z-projection or median plane, as indicated). Right panels, 

EYFP-ATM2 coexpressed with LifeAct-RFP. The clear zone, the shank region, and the transition zone are 

indicated. Scale bars, 5 µm. Images are representative for at least three independent experiments.

(B) Coexpression of Arabidopsis PIP5K2-EYFP and LifeAct-RFP. Panels from left to right depict the maximum 

intensity z-projection from the pollen tube tip, substacks of the surface and tip periphery, the overlap 

regions (yellow/white) between LifeAct-RFP–marked actin filaments and AtPIP5K2-EYFP nanodomains as 

detected by Fiji, and a detail view (white box), highlighting actin attachment to plasma membrane 

nanodomains occupied by PIP5K2-EYFP (arrowheads). Scale bar, 5 µm. Images are representative for at least 

three independent experiments.

(C) Coexpression of mC-ATM2 or its tobacco homologue, mC-NtMyo2-like, with mTalin-YFP, imaged by LSM. 

Upper panels, merged maximum intensity z-projections; lower panels, details (white boxes) of locally 

increased mTalin-YFP signals at the plasma membrane (arrowheads). Scale bar, 5 µm. Images are 

representative for at least three independent experiments.
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Figure 2. Overexpression of ATM2 stabilizes actin dynamics and induces tip swelling morphology in 

pollen tube cells.

Distribution and motility of the actin cytoskeleton were monitored by laser-scanning confocal 

microscopy (LSM) in tobacco (N. tabacum) pollen tubes coexpressing the actin marker, mTalin-YFP, with 

either an mCherry (mC)-control, or with mC-tagged variants of ATM2, including full length ATM2 (mC-

ATM2), an ATM2 variant lacking the C-terminal lipid-binding region (mC-ATM2ΔLB), or an ATM2 variant 

lacking N-terminal actin-binding and protein-interaction regions (mC-ATM2CT). Expression was driven by 

a pLat52 promoter.

(A) Schematic representation of the ATM2 protein (left) and of the mC-fusions of ATM2 variants used 

(right panel). Numbers indicate ATM2 residue positions. C, C-terminus; CT, C-terminal domain; IQ, 

calmodulin-binding IQ-motif-domain; Motor, motor-ATPase domain; N, N-terminus; NT, N-terminal 

domain; SH3, SRC-homology 3-domain 

(B) To capture actin dynamics, Z-stacks (2 µm steps) were acquired in 10 s intervals over 5 min. Left 

column, representative maximum intensity projections of merged mTalin-YFP and mCherry fluorescence 

channels. Mid and right column, separate Z-projection images of the YFP channel (mTalin) or the 

mCherry channel (control and ATM2 variants), respectively. Arrowheads, Locally increased mTalin-YFP 

signal at the plasma membrane. Scale bars, 10 µm. Right panels, Kymographs extracted from the pollen 

tube tip regions. Stabilized actin filaments are represented by horizontal lines.

(C) Degree of plasma membrane association of mC-ATM2 or the lipid-binding deficient mC-ATM2ΔLB 

variant according to the fluorescence intensity ratio of mC signals at the plasma membrane vs. cytosol, 

as indicated. Data represent observations from 12 cells (mC-ATM2) or 13 cells (mC-ATM2ΔLB), 

respectively.

(D-F) Pollen tube cells coexpressing the actin marker mTalin-YFP with an mC-control, mC-ATM2, with 

mC-ATM2ΔLB, or with mC-ATM2CT were analyzed for cell morphology (D), actin occupancy in the cell 

apex (E), or for mean actin lifetime (F).

(D) Pollen tube tip width (in µm) determined from brightfield images using Fiji. Data represent 

observations from 29 cells (mC); 18 cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-ATM2CT), 

respectively.

(E) The tip actin occupancy quantified as the relative area covered by mTalin-YFP signal at the pollen 

tube tip. Data represent observations from 25 cells (mC); 18 cells (mC-ATM2); 16 cells (mC-ATM2ΔLB); or 

14 cells (mC-ATM2CT), respectively.

(F) Mean lifetime (in min) of mTalin-labeled actin filaments, calculated from kymographs. Data 

represent observations from 20 cells (mC); 18 cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-

ATM2CT), respectively.

Data in (C-F) represents 3-4 independent experiments. Statistical differences were assessed by one-way 

ANOVA followed by Tukey’s post-hoc test; letters denote categories of values exhibiting statistical 

significant differences (p < 0.05). 
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Figure 3. Artificial PtdIns(4,5)P2 depletion in the plasma membrane abolishes ATM2 effects on actin 

dynamics.

Effects of altered plasma membrane PtdIns(4,5)P2 abundance on the function of ATM2 were studied 

for pollen tubes coexpressing CFP-ATM2 either with an mC control, or with the PtdIns(4,5)P2-specific 

5-phosphatase, mC-AtPTase11, an enzyme converting PtdIns(4,5)P2 to PtdIns4P. Transgenic pollen 

tube cells were then analyzed for cell morphology, tip actin occupancy or mean actin lifetime. 

Expression was driven by a Lat52 promoter.

(A) Representative fluorescence images of pollen tubes coexpressing mTalin-YFP with CFP-ATM2 and 

either an mC control (upper panels) or with mC-AtPTase11 (lower panels), as indicated. Individual 

fluorescence channels and merged images, as indicated. Scale bars, 5 µm.

(B) Degree of plasma membrane association of CFP-ATM2 in control cells coexpressing mC or in cells 

coexpressing mC-PTase11 according to the fluorescence intensity ratio of mC signals at the plasma 

membrane vs. cytosol. Data represent observations from 12 cells (mC) or 12 cells (mC-PTase11), 

respectively.

(C) Pollen tube tip with in µm (left panel), apical actin occupancy (mid panel), or mean actin lifetime 

in min (right panel) of mTalin-YFP-labeled actin filaments, as indicated. Data represent observations 

from 20-29 cells (mC-control); 6 cells (CFP-ATM2 plus mC); or 15 cells (mC-AtPTase11), respectively. 

Data were collected from at least three independent experiments.

(D) The mean actin lifetime of plasma membrane-proximal actin decorated by mTalin-YFP was 

recorded by acquiring kymographs along the plasma membrane periphery of the cell apex (yellow 

line). Images (left panels) are illustrating the analysis done. Right panel, Plasma membrane-peripheral 

mean actin lifetime for control pollen tubes expressing only mC, or for cells coexpressing CFP-ATM2 

either with an mC control, or with mC-AtPTase11, as indicated. Data represent observations from 6 

cells (mC-control); 8 cells (CFP-ATM2 plus mC); or 7 cells (mC-AtPTase11), respectively. Data were 

collected from at least three independent experiments.

Statistical differences were assessed by one-way ANOVA followed by Tukey’s post-hoc test; letters 

denote categories of values exhibiting statistical significant differences (p < 0.05). 
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Figure 4. Lipid-binding features of recombinant C-terminal ATM2 fragments.

Lipid binding of the polybasic C-terminal region of ATM2 was revisited by biochemical analysis, 

including quantitative MST-analysis. ATM2-variants representing the C-terminal region of ATM2 

(ATM2CT, residues 972-1220,) or the derived lipid binding-deficient variant ATM2CTΔLB (residues 972-

1177) were recombinantly expressed as fusions to C-terminal His6-tags, enriched, and used for in 

vitro protein-lipid interaction tests. For MST-analysis, protein were additionally fused to N-terminal 

superfolder (sf)GFP-tags. Enriched sfGFP or MBP alone were used as negative controls, respectively. 

(A) Protein-lipid overlay assay for binding of a MBP-His6 control, ATM2CT-His6 or ATM2CTΔLB-His6 to 

phospholipids (10 nmol) using commercial PIP strips (Echelon Biosciences Inc.). Images of the 

developed protein-lipid overlay blots are representative for three experiments. 

(B) Exemplary Coomassie blue-stained SDS-PAGE gel of enriched recombinant sfGFP-fusions used for 

lipid-binding tests by MST, as indicated. Deduced fragment masses: sfGFP-His6, 28.5 kDa; sfGFP-

ATM2CT-His6, 57.6 kDa; sfGFP-ATM2CTΔLB-His6, 52.4 kDa.

(C) MST-analysis of the binding of enriched sfGFP–ATM2CT-His₆ to DOPC-liposomes containing 20 

mol% PtdIns(4,5)P₂ (green) or 20 mol% PtdIns4P (blue). Binding curves depict the fraction of bound 

protein plotted versus the logarithmic ligand concentration. Proteins were incubated at an approx. 

concentration of 40 nM with liposomes serially diluted from 45.78 nM - 3 mM total lipid over 16 

dilution steps. The MST-on time was 2.5 s; data were fitted with the KD-fit model. Each point 

represents four independent measurements; error bars indicate standard deviation. 

(D) MST control-measurements with enriched sfGFP-His₆ and DOPC-liposomes containing 20 mol% 

PtdIns(4,5)P₂ (green) or 20 mol% PtdIns4P (blue). As no binding was detected for sfGFP-His6, data is 

represented as Fnorm in ‰ against the logarithmic ligand concentration.

(E) MST-analysis comparing the binding of enriched ATM2CT (dark green), ATM2CTΔLB-His6 (light green) 

or sfGFP-His6 (brown) to DOPC-liposomes containing 20 mol% PtdIns(4,5)P₂. MST-on time was 2.5 s 

and data were fitted using the KD-fit model. Each data point represents four independent 

measurements with error bars indicating standard deviation. ATM2CT data are same as in (C).

(F) KD values representing binding affinities for measurements presented in (C) or (E). Signal to noise 

ratios (not shown) were above 5, reflecting reliable binding measurements. Relative affinities are 

given for binding to PtdIns(4,5)P2-containing liposomes as a reference (right column).
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Figure 5. ATM2-EYFP colocalizes with RedStar-PHPLC in plasma membrane nanodomains and 

promotes PtdIns(4,5)P2 formation by PIP5K2 in vivo and in vitro.

The functional interplay of ATM2 with PtdIns(4,5)P2 or PIP5K2 was analyzed in more detail by in vivo 

and in vitro experiments.

(A) Fluorescence distribution of ATM2-EYFP and the coexpressed PtdIns(4,5)P₂ biosensor, RedStar-

PHPLC in tobacco pollen tubes, visualized by spinning disc microscopy (SD). Images represent 

maximum intensity projections from z-stacks acquired in 0.3 µm slices. Upper panels, 3D projections 

of the EYFP channel (left), RedStar channel (mid), and the merged image (right). Scale bar, 5 µm. 

Lower panels, magnified regions of interest (white boxes). Scale bars, 1 µm. Right panels, 

Fluorescence intensity plots for the EYFP and RedStar channels, recorded along the dashed line. 

Mander’s colocalization coefficients were calculated for fluorescent nanodomains in red → green 

and in green → red directions, as indicated. 

(B) Spatial extent of the subapical plasma membrane domain decorated by RedStar-PHPLC upon 

coexpression with a EYFP-control (left panel), with ATM2-EYFP (mid panel), or with ATM2ΔLB-EYFP 

(right panel), as indicated. Upper panels show representative images, respectively. Please note the 

loss of plasma membrane association for ATM2ΔLB-EYFP. Arrows indicate the extent of the RedStar-

PHPLC-labeled membrane domain as maximum didtance from apex. Lower panels, Spatial extent of 

the plasma membrane domain labeled by RedStar-PHPLC upon coexpression with the EYFP-control, 

with ATM2-EYFP, or with ATM2ΔLB-EYFP, as indicated (left). The area density of punctate signals 

decorated by RedStar-PHPLC was analyzed for pollen tubes expressing the EYFP-control, ATM2-EYFP, 

or ATM2ΔLB-EYFP, as indicated (right). Data represent observations from 8 cells (EYFP-control); 14 

cells (ATM2-EYFP); or 9 cells (ATM2-EYFPΔLB), respectively. Statistical differences were assessed by 

one-way ANOVA followed by Tukey’s post-hoc test; letters denote categories of values exhibiting 

statistical significant differences (p < 0.05). 

(C) Yeast-two-hybrid analysis using PIP5K2 or PIP5K6, respectively, as bait proteins against selected 

myosin isoforms, including the pollen-specific class VIII myosins ATM2 or VIIIB, and various class XI 

myosins, as indicated. Left panels, interaction tests with PIP5K2 as a bait; right panels, interactions 

tests with PIP5K6 as a bait. Yeast growth on non-selective SD–LW medium confirmed correct 

transformation, while growth on selective SD–LWH medium indicated positive interactions. Results 

are representative for three independent biological replicates, each performed in triplicates.

(D) Enriched recombinant MBP-PIP5K2 fusion protein expressed in E. coli was tested for in vitro 

catalytic activity, converting PtdIns4P to PtdIns(4,5)P2 in the presence of [γ-32P]ATP.  Formation of 

radiolabeled PtdIns(4,5)P2 was monitored by phosphormaging after chromatographic separation of 

the reaction products. Assays were performed with E. coli extract as a negative control, with MBP-

PIP5K2 alone, or upon coincubation of MBP-PIP5K2 with enriched recombinant C-terminal 

fragments of the class VIII-myosins, VIII-B or ATM2, as indicated. The image shows a representative 

phosphorimage. The experiment was performed five times with similar results.

(E) Quantification of PtdIns(4,5)P₂ production from assays shown in (D), reported in relative units. 

Additional controls include coincubation of MBP-PIP5K2 with the small GTPase ROP2 (a 

PtdIns(4,5)P2-binding protein) and its constitutively active (G15V) or dominant-negative (T20N) 

variants, as indicated. Asterisks indicate statistical differences from the MBP-PIP5K2 control, 

according to a Student’s t-test (p < 0.05). n.s., not significant.
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Figure 6. Effects of ATM2 are influenced by coexpression of NtRhoGDI2.

The guanine-nucleotide dissociation inhibitor, NtRhoGDI2, was previously shown to counteract 

PIP5K2/PtdIns(4,5)P2-dependent stabilization of actin dynamics in pollen tubes. The influence of 

NtRhoGDI2 on ATM2-mediated effects was analyzed by protein-protein interaction studies, by 

coexpression of fluorescent protein fusions in tobacco pollen tubes, and by assessing pollen tube cell 

morphology. 

(A) Yeast-two-hybrid analysis using PIP5K2 or ATM2, respectively, as bait proteins against NtRhoGDI2. 

Left, interaction tests with PIP5K2 as a bait; right, interactions tests with ATM2 as a bait. Yeast growth 

on non-selective SD–LW medium confirmed correct transformation, while growth on selective SD–
LWH medium indicated positive interactions. Results are representative for three independent 

biological replicates, each performed in triplicates.

(B) Representative confocal images of tobacco pollen tubes coexpressing mC-ATM2 with either EYFP 

(top) or with NtRhoGDI2-EYFP (bottom), as indicated. Scale bars, 5 µm.

(C) Spatial distribution of mC-ATM2 mean normalized fluorescence intensity (±SEM) along the plasma 

membrane, plotted as mean normalized intensity (AU) against the distance from the apex (µm) for 

mC-ATM2 coexpressed with EYFP (green) or with NtRhoGDI2-EYFP (orange). The dashed line 

indicates the threshold of 0.25 intensity units used for domain signal length estimation. Data 

represent observations from 10 cells (EYFP) or 18 cells (NtRhoGDI2-EYFP), respectively, from two 

independent experiments.

(D) Dimension of the plasma membrane domain decorated by mC-ATM2 above the 0.25 threshold in 

pollen tubes coexpressing mC-ATM2 with either EYFP or with NtRhoGDI2-EYFP, as indicated. Data 

represent 2-3 independent experiments. The asterisk indicates a significantly difference according to 

a Student’s t-test (p < 0.05).

(E) Mean normalized fluorescence intensity of mC-ATM2 coexpressed with EYFP (white) or with 

NtRhoGDI2-EYFP (grey), in the tip (0-20 µm distance from apex) or shank regions (20-40 µm distance 

from apex) of the pollen tube cells. Data represent 2-3 independent experiments. Statistical 

differences were determined by one-way ANOVA followed by Tukey’s post-hoc test; letters denote 

categories of values exhibiting statistical significant differences (p < 0.05). 

(F) Pollen tube tip with in µm of pollen tubes coexpressing ATM2-MC with EYFP or with NtRhoGDI2-

EYFP, as indicated.  Data represents two independent experiments. The asterisk indicates a 

significantly difference according to a Student’s t-test (p < 0.001).
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Figure 7. Simplified schematic of ATM2-mediated activation of PIP5K2, locally potentiating 

PtdIns(4,5)P2 production at the actin-plasma membrane interface.

The class VIII myosin ATM2 forms an interface between actin filaments and the plasma membrane by 

binding to anionic phospholipid headgroups and to actin filaments. ATM2 might at least transiently occur 

in complex with PIP5K2 and NtRhoGDI2. By binding to ATM2, catalytic activity of PIP5K2 is enhanced, 

thereby promoting PtdIns(4,5)P2 formation at actin-plasma membrane contact sites. The locally 

increased abundance of PtdIns(4,5)P2 acts as a positional signal for the recruitment of further ATM2 

proteins, and acts as a GDF on NtRhoGDI2, mediating enhanced activation of Rac/ROP proteins, to 

facilitate actin stabilization. Alternative explanations are possible. GDF, guanine nucleotide displacement 

factor; PtdIns4P, phosphatidylinositol 4-phosphate; PtdIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate
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Figure S1

Supplemental Figure 1. Relaxed localization of AtPIP5K2344-754-EYFP in a plasma membrane-

peripheral network-like pattern in tobacco pollen tubes.

The fluorescence distribution of AtPIP5K2-EYFP or the N-terminally truncated AtPIP5K2344-754-EYFP was 

analyzed by spinning disc microscopy upon transient expression in tobacco pollen tubes.

Top panel, Representation of the expressed EYFP fusion proteins. NT, N-terminal domain; MORN, 

membrane occupation and recognition nexus repeat domain; Lin, hypervariable linker region; Dim, 

dimerization domain; Cat, catalytic domain; AL, activation loop

Bottom panels, AtPIP5K2-EYFP displays dot-like plasma membrane association resembling 

nanodomains in the apex of a tobacco pollen tube (left). AtPIP5K2344-754-EYFP decorates a plasma 

membrane-proximal filamentous network-pattern, possibly representing the cortical actin network. 

Images are representative for three independent experiments. 
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Supplemental Figure 2. Detailed analysis of mean actin lifetimes in pollen tube cells expressing an 

mC-control, mC-ATM2, or mC-ATM2ΔLB.

Data from the analysis of mean lifetimes of mTalin-labeled actin filaments were calculated from 

kymographs and analyzed for the proportion of filaments displaying low-mobility.

(A) Proportion of mTalin-YFP sigbals displaying a spatial persistence of 0 min - 1 min (grey, high 

mobility) or of 1 min - 5 min (black, low mobility). 

(B) Exact number underlying the representation in (A). Data represent observations from 20 cells (mC); 

18 cells (mC-ATM2); 13 cells (mC-ATM2ΔLB); or 14 cells (mC-ATM2CT), respectively.



Figure S3

Supplemental Figure 3. Artificial PtdIns(4,5)P2 depletion in the plasma membrane abolishes ATM2 

effects on actin dynamics.

Effects of altered plasma membrane PtdIns(4,5)P2 abundance on the function of ATM2 were studied for 

pollen tubes coexpressing CFP-ATM2 either with an mC control, or with the PtdIns(4,5)P2-specific 5-

phosphatase, SAC9, an enzyme converting PtdIns(4,5)P2 to PtdIns4P. Transgenic pollen tube cells were 

then analyzed for cell morphology or mean actin lifetime. Expression was driven by a Lat52 promoter.

(A) Actin occupancy in the cell apex was determined for cells expressing fluorescent fusion proteins, as 

indicated. Data were collected from at least three independent experiments (mC-control, 25 cells; CFP-

ATM2, 6 cells; SAC9, 25 cells).

(B) Mean actin lifetime of mTalin-YFP signals was recorded by acquiring kymographs. Data were 

collected from at least three independent experiments (mC-control, 20 cells; CFP-ATM2, 6 cells; SAC9, 

25 cells).

Statistical differences were assessed by one-way ANOVA followed by Tukey’s post-hoc test; letters 

denote categories of values exhibiting statistical significant differences (p < 0.05). 
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