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A Fungal Sarcolemmal Membrane-Associated Protein (SLMAP)
Homolog Plays a Fundamental Role in Development and Localizes to
the Nuclear Envelope, Endoplasmic Reticulum, and Mitochondria

Steffen Nordzieke,® Thomas Zobel,® Benjamin Frénzel,® Dirk A. Wolters,® Ulrich Kiick,® ¢ Ines Teichert®

Lehrstuhl fur Allgemeine und Molekulare Botanik® and Lehrstuhl far Analytische Chemie,® Ruhr-Universitat Bochum, Bochum, Germany; Institut fir Neurobiologie,
Westfalische Wilhelms-Universitat Minster, Miinster, Germany®

Sarcolemmal membrane-associated protein (SLMAP) is a tail-anchored protein involved in fundamental cellular processes, such
as myoblast fusion, cell cycle progression, and chromosomal inheritance. Further, SLMAP misexpression is associated with en-
dothelial dysfunctions in diabetes and cancer. SLMAP is part of the conserved striatin-interacting phosphatase and kinase
(STRIPAK) complex required for specific signaling pathways in yeasts, filamentous fungi, insects, and mammals. In filamentous
fungi, STRIPAK was initially discovered in Sordaria macrospora, a model system for fungal differentiation. Here, we function-
ally characterize the STRIPAK subunit PRO45, a homolog of human SLMAP. We show that PRO45 is required for sexual propa-
gation and cell-to-cell fusion and that its forkhead-associated (FHA) domain is essential for these processes. Protein-protein in-
teraction studies revealed that PRO45 binds to STRIPAK subunits PRO11 and SmMOB3, which are also required for sexual
propagation. Superresolution structured-illumination microscopy (SIM) further established that PRO45 localizes to the nuclear

envelope, endoplasmic reticulum, and mitochondria. SIM also showed that localization to the nuclear envelope requires
STRIPAK subunits PRO11 and PRO22, whereas for mitochondria it does not. Taken together, our study provides important insights
into fundamental roles of the fungal SLMAP homolog PRO45 and suggests STRIPAK-related and STRIPAK-unrelated functions.

Membrane recruitment of protein complexes, cell signaling
modules, and enzymes is a critical step for many cellular
functions. The family of tail-anchored proteins is recognized for
anchoring proteins and vesicles to specific membranes, such as the
endoplasmic reticulum (ER) and the outer mitochondrial mem-
brane (1), and tail-anchored proteins are characterized by a C-ter-
minal single transmembrane domain, which is posttranslationally
inserted into membranes (2, 3).

Sarcolemmal membrane-associated protein (SLMAP) is a tail-
anchored protein first identified in myocardiac cells (4). In mam-
mals, this protein is known to be involved in myoblast fusion
during embryonic development, excitation-contraction coupling
in cardiac myocytes, and cell cycle progression (5-8). Further-
more, SLMAP was identified to be a disease gene for Brugada
syndrome, a cardiac channelopathy (9). The functional diversity
of SLMAP is dependent on alternative splicing, leading to at least
four different isoforms of the protein (4, 6, 7, 10). Importantly,
gene expression analyses have implicated SLMAP misexpression
with endothelial dysfunctions in diabetes, chromosomal aberra-
tions, and cancer (11-14), and currently, SLMAP is the target of
lectin-based treatment of drug-resistant cancer cells (15).

SLMAP is conserved from yeasts to humans, and characterized
fungal SLMAP homologs include Neurospora crassa HAM-4 (hy-
phal anastomosis 4), Saccharomyces cerevisiae Far9p (factor arrest
9p) and FarlOp, as well as Schizosaccharomyces pombe Csclp
(component of SIP complex 1p) (16-18). HAM-4 is essential for
vegetative cell fusion, whereas Far9p and Far10p are required for
pheromone-induced cell cycle arrest during yeast mating and
Csclp acts in cytokinesis. Interestingly, in a genome-wide screen
for vacuolar protein sorting (vps)-deficient mutants, Far9p was
also identified to be Vps64p and vacuolar morphology was altered
in N. crassa ham-4 mutants, indicating a role for SLMAP ho-
mologs in organelle morphology in fungi (18, 19).
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Recently, SLMAP has been identified to be an accessory protein
to the human striatin-interacting phosphatase and kinase (STRIPAK)
complex, a large multiprotein complex assembled around a core
of protein phosphatase 2A (PP2A) subunits (20). In addition to
PP2A structural (PP2AA) and catalytic (PP2Ac) subunits, human
STRIPAK complex contains striatins (regulatory PP2AB" sub-
units), striatin-interacting proteins 1 and 2 (STRIP1/2), monopo-
lar spindle-one-binder (MOB) proteins, germinal center kinase
III (GCKIII) protein kinases, and cerebral cavernous malforma-
tion protein3 (CCM3). This core STRIPAK complex is able to
assemble in a mutually exclusive way with other accessory pro-
teins, like SLMAP and the suppressor of IkB kinasee (SIKE) or a
cortactin-binding protein 2 family member (CTTNBP2 or
CTTNBP2NL) (21). The high diversity of STRIPAK and STRIPAK-
like complexes makes estimation of the molecular weight of the
complex difficult. Human STRIPAK was found to play a role in
Golgi apparatus polarization and is involved in mitosis by tether-
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ing Golgi vesicles to centrosomes and the nuclear membrane in a
cell cycle-specific manner (22, 23).

STRIPAK-equivalent complexes have been found in a number
of diverse organisms from yeasts to humans. The Drosophila mela-
nogaster dSTRIPAK (Drosophila STRIPAK) complex is a negative
regulator of the Hippo signaling pathway (24). The S. cerevisiae
Far complex plays a role in cell cycle arrest during mating as well as
acts in an antagonistic fashion toward TORC2 (target of rapamy-
cin complex 2) signaling (17, 25). The S. pombe SIP (SIN [septa-
tion initiation network] inhibitory PP2A) complex is required for
the coordination of mitosis and cytokinesis by inhibiting SIN (16).
The N. crassa STRIPAK complex controls nuclear accumulation
of the MAK1 mitogen-activated protein (MAP) kinase and regu-
lates chemotropic interactions between conidial germlings (26).
Moreover, in the fungal model organism Sordaria macrospora
(27-29), the STRIPAK complex is required for cell fusion and
sexual reproduction, namely, the formation of multicellular fruit-
ing bodies (30). Discrete STRIPAK components have been char-
acterized in other filamentous fungi, e.g., Aspergillus nidulans,
Fusarium graminearum, Magnaporthe oryzae, and Sclerotinia scle-
rotiorum (31-34); however, a description of the STRIPAK com-
plex in these fungi is still lacking.

S. macrospora STRIPAK consists of PP2AA, PP2Acl, striatin
homolog PRO11, STRIP homolog PRO22, and the MOB protein
SmMOB3. Strikingly, a mutant lacking the striatin homolog
PROI11 can be complemented by mouse striatin cDNA (35),
thereby highlighting the suitability of S. macrospora for studying
the molecular function of STRIPAK components. Finally, defects
in multicellular differentiation can easily be observed in S. mac-
rospora, since the fungus forms complex three-dimensional fruit-
ing bodies (perithecia) within 7 days without the need of a mating
partner, and early developmental structures (coiled hyphae
termed ascogonia and spherical immature fruiting bodies termed
protoperithecia) are not masked by any asexual spores (27).

The aim of this study was to functionally characterize PRO45,
the SLMAP homolog from S. macrospora, and provide insights
into its role within the fungal STRIPAK complex. Protein-protein
interaction studies indeed showed that PRO45 is part of fungal
STRIPAK. We further established superresolution structured-il-
lumination microscopy (SIM) for S. macrospora to distinctly
demonstrate that PRO45 cellular localization is dependent on
STRIPAK integrity. Here, we provide evidence that the SLMAP
homolog PRO45 plays a fundamental role in fungal development
and might have STRIPAK-related and STRIPAK-unrelated func-
tions.

MATERIALS AND METHODS

Strains and growth conditions. All S. macrospora strains used in this
study (Table 1) were grown under standard conditions and transformed
with recombinant plasmids as described previously (36, 37), with the
following modifications. Fernbach flasks containing liquid complex me-
dium (CM) were inoculated with S. macrospora strains and incubated for
3 days. The cell wall was degraded using 0.05 g/ml VinoTaste Pro enzyme
(Novozymes, Bagsvaerd, Denmark), 0.015 g/ml caylase (Cayla, Toulouse,
France), and 27 U of chitinase (ASA Spezialenzyme GmbH, Wolfenbiittel,
Germany). Transformation was performed using 15 to 20 g of circular (ec-
topic integration) or linearized (homologous integration) plasmid DNA.
Cloning was performed in S. cerevisiae strain PJ69-4A using the ho-
mologous recombination system described previously (38, 39). Yeast cells
were transformed by electroporation according to the method of Becker
and Lundblad (40) in a Multiporator electroporation system (Eppendorf,
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Wesseling-Berzdorf, Germany) at 1.5 kV. Transformants were selected by
screening for uracil prototrophy. For DNA isolation, yeast cell walls were
broken with glass beads (0.5 mm diameter), followed by DNA extraction
with an E.Z.N.A. plasmid miniprep kit I (Peqlab Biotechnologie GmbH,
Erlangen, Germany).

For documentation of vegetative growth rates, S. macrospora strains
were grown on corn meal-malt fructification medium (BMM) for 2 days,
and standard inocula were transferred to synthetic Westergaard’s (SWG)
medium (41), where the growth distance was determined for 2 consecu-
tive days. Perithecium formation was determined after 7 days of growth
on BMM using 10 regions of 37 mm? from 2 plates per strain.

Construction of plasmids. All plasmids and primers used in this
study are listed in Tables 2 and 3, respectively. pDS16 was generated by
insertion of an hph cassette (1.4-kb EcoRI fragment of pDrivehph)
(42) between a 5" and 3’ region of S. macrospora SMAC_01224 in
pRS426 (43). Flanking regions were amplified using primers SMACG_
01224_5F-fw/SMACG_01224_5F-rv (5') and SMACG_01224_3F-fw/
SMACG_01224_3F-rv (3').

For the construction of tandem affinity purification (TAP) vectors,
fragments were amplified by primers 45_CTAP-fw and 45_int-bw and
primers 45_int-fw and 45_CTAP-bw and transformed into yeast with
BgllI-linearized pDS22 (M. Nowrousian, unpublished data). For the con-
struction of pA5AFHA-TAP, the amplicons obtained with primers 45_int-
fw/45AFHA_CTAP-bw and 45_int-fw-2/45_int-bw-2 were transformed
into Clal-linearized p45-CTAP.

For construction of green fluorescent protein (GFP) vectors, PCR
fragments were amplified with primers 45_NtermGFP-fw/45_int-bw and
45_int-fw/45_CtermGFP-bw and cotransformed into yeast with either
Spel-linearized (N-terminal fusion) or BgllI-linearized (C-terminal fu-
sion) pDS23 (44), resulting in plasmids pEGFP-45 and p45-EGFP, respec-
tively. For the construction of a truncated version of PRO45 lacking the
C-terminal transmembrane domain, the amplicons obtained with prim-
ers 45_int-fw/45ATM_CEGFP-bw and 45_int-fw-3/1757 were trans-
formed into yeast together with NotI-hydrolyzed pEGFP-45, resulting in
plasmid p45ATM-EGFP.

Generation of a pro45 deletion strain. To generate pro45 deletion
(Apro45) strains by homologous recombination, the 4.9-kb pro45 dele-
tion cassette of pDS16 was transformed into S. macrospora Aku70 strain
596888 (45). Ascospore isolates, in which the pro45 open reading frame
was replaced by the hph cassette and which had the wild-type (N161) or
the fus (R7329) genetic background, were obtained as described previ-
ously by crosses to the fus spore color mutant (45). Strains were analyzed
by PCR using primer pairs 1224KOvplneu/hphIMN, 1224KOvp2neu/
hph2MN, and 1224KOvplneu/1224KOvp3 for the validation of the
5'flanking region, the 3’ flanking region, and the wild-type control, re-
spectively. Southern blotting and hybridization were performed accord-
ing to standard techniques (46). A 1,012-bp (bp 891 to 1903) pro45 frag-
ment was generated by the digestion of p45-CTAP with SacI, labeled with
2P, and used as the DNA probe to detect pro45, whereas a 616-bp hph
fragment was generated by PCR using the primer pair hph1MN/
hph2_2010-bw and used to detect the hph cassette.

Light and fluorescence microscopy. Light and fluorescence micro-
scopic investigations were carried out with an Axiolmager.M1 micro-
scope (Zeiss, Jena, Germany) using an XBO 75 xenon lamp (LE], Jena,
Germany) for fluorescence excitation. For detection of enhanced green
fluorescent protein (EGFP) and detection of DsRED and MitoTracker
orange CMTMROos fluorescence, Chroma filter sets (Chroma Technology
Corp., Bellows Falls, VT, USA) 49002 (excitation filter HQ470/40, emis-
sion filter HQ525/50, beam splitter T495LPXR) and 49008 (excitation
filter HQ560/40, emission filter ET630/75m, beam splitter T585lp), re-
spectively, were used. For detection of DAPI (4',6-diamidino-2-phenylin-
dole) and ER-Tracker Blue-White DPX, Chroma filter set 31000v2 (exci-
tation filter D350/50, emission filter D460/50, beam splitter 400dclp) was
used. Images were captured with a Photometrix Cool SnapHQ camera
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TABLE 1 Strains used in this study

SLMAP in Fungal Development

Strain Relevant genotype and phenotype® Reference or source

$91327 Wild type, fertile Culture collection”

584595 Spore color mutant fus (fusI-1), fertile Culture collection”

596888 Aku70, recipient strain for homologous recombination 45

N161 Single-spore isolate, sterile, Apro45::Hph" This study

R7329 Single-spore isolate, sterile, Apro45:Hph" fus This study

N401 Single-spore isolate, ectopic integration of p45-CTAP into N161, fertile, Apro45 gpd(p)::pro45::ctap:: This study
trpC(t) trpC(p)::nat

N506, N508 Single-spore isolate, ectopic integration of pEGFP-45 into N161, fertile, Apro45 gpd(p)::egfp::pro45:: This study
trpC(t) trpC(p)::nat

N861 Single-spore isolate, ectopic integration of pPEGFP-45 and pDsREDKDEL into N161, fertile, Apro45 This study
gpd(p)::egfp::prod5:trpC(t) trpC(p):nat gpd(p)::Spro41:DsRED::KDEL::trpC(t) trpC(p)::nat

N883 Single-spore isolate, ectopic integration of pEGFP-45 and pRH2B into N161, fertile, Apro45 gpd(p):: This study
egfp::pro45::trpC(t) trpC(p)::nat gpd(p)::hh2b::tdTomato::trpC(t) trpC(p)::hph

N1032 Single-spore isolate, ectopic integration of pASAFHA-TAP into N161, sterile, Apro45 This study
gpd(p)::prod5AFHA::ctap::trpC(t) trpC(p)::nat

N1111 Single-spore isolate, ectopic integration of p4A5SATM-EGFP into N161, fertile, Apro45 This study
gpd(p)::pro45ATM::egfp::trpC(t) trpC(p)::nat

S5.7 Single-spore isolate, sterile, Aprol1:Hph" 30

S56 Single-spore isolate, sterile, Apro22::Hph" 30

$106172 Single-spore isolate, ectopic integration of pDS23 into S91327, fertile, gpd(p)::egfp::trpC(t) trpC(p)::nat This study

S123155 Single-spore isolate, ectopic integration of pEGFP-45 into S56, sterile, Apro22 This study
gpd(p):egfp::pro45::trpC(t) trpC(p)::nat

T104.4 Primary transformant, ectopic integration of p45-EGFP and pHA11 into S91327, fertile, This study
gpd(p)::prod5:egfp::trpC(t) trpC(p):nat ccgl(p)::HA::proll trpC(p)::nat

T105.2 Primary transformant, ectopic integration of p45-EGFP and pFLAGMob3 into 91327, fertile, gpd(p):: This study
pro45:egfp::trpC(t) trpC(p):nat ccgl(p)::3X FLAG::Smmob3 trpC(p)::hph

T1201-A Primary transformant, ectopic integration of pHA11 into $91327, fertile, ccgl(p)::ha:: This study
proll trpC(p):nat

T1202-A2 Primary transformant, ectopic integration of pPFLAGMob3 into S91327, fertile, ccgl(p)::3X FLAG:: This study
Smmob3 trpC(p)::hph

T131-D5 Primary transformant, ectopic integration of p45-EGFP into S91327, fertile, This study
gpd(p)::pro45::egfp::trpC(t) trpC(p):nat

T133-E6 Primary transformant, ectopic integration of p45-EGFP and pHA11 into $91327, fertile, This study
gpd(p)::prod5:egfp:trpC(t) trpC(p)::nat ccgl(p)::haz:proll trpC(p)::nat

T135-B2 Primary transformant, ectopic integration of pEGFP-45 into S5.7, sterile, Aprol1 gpd(p)::egfp::pro45:: This study

trpC(t) trpC(p)::nat

@ hph, hygromycin resistance gene; nat, nourseothricin resistance gene.

b Culture collection, Lehrstuhl fiir Allgemeine und Molekulare Botanik, Ruhr-Universitit Bochum, Bochum, Germany.

(Roper Scientific, Martinsried, Germany) and analyzed with MetaMorph
software (version 7.7.0.0; Universal Imaging, Bedford Hills, NY, USA).

To analyze hyphal fusion, strains were inoculated on minimal me-
dium containing soluble starch (MMS) on top of a layer of cellophane
(Bio-Rad, Munich, Germany). After incubation for 2 days, hyphal fusion
was analyzed by light microscopy (47). Furthermore, microscopy was
used to determine sexual development and the fluorescence of selected
strains on BMM-covered slides (48).

To determine differences in sexual development, strains were grown
for 2,4, and 7 days, and at each time point, the most advanced stages were
detected. For fluorescence microscopy, strains were grown for 2 days on
BMM-covered slides. For visualization of nuclei, mitochondria, and the
ER, hyphae were stained with 50 pg/ml DAPI (Life Technologies, Darm-
stadt, Germany), 100 uM MitoTracker orange CMTMROos (Life Technol-
ogies, Darmstadt, Germany), and 100 wM ER-Tracker Blue-White DPX
(Life Technologies, Darmstadt, Germany), respectively.

Formation of perithecia was documented using a stereomicroscope
(Stemi 2000-C; Zeiss) equipped with a digital camera (AxioCamERc 5s;
Zeiss). Recorded images were processed with MetaMorph, Adobe Photo-
shop, and Adobe Illustrator CS4 software.

Superresolution SIM. Strains were grown for 2 days on BMM-cov-
ered slides, and fixation was performed with a 0.2% formaldehyde solu-
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tion for 5 min, followed by a washing step with phosphate-buffered saline
(PBS). Staining was performed as described above.

Structured-illumination microscopy (SIM) images were taken with an
ELYRA S.1 microscope (63X [numerical aperture, 1.4] oil-immersion
objective; CellObserver SD; Zeiss, Jena, Germany) with the software ZEN
2010 D (Zeiss, Jena, Germany). For image acquisition, 5 grid rotations
were used with average values for 2 being used. Beam splitter settings were
as follows: for GFP (488), bandpass (BP) 495 nm to 550 nm and longpass
(LP) 750 nm; for DsRED and MitoTracker orange CMTMRos (568), BP
570 nm to 620 nm and LP 750 nm; for DAPI and ER-Tracker Blue-White
DPX (405), BP 420 nm to 480 nm and LP 750 nm. For SIM calculations
with fluorescent hyphae, the following manual settings were used: noise
filter, —3; super resolution frequency weighting, 1.0; and for sectioning,
zero order, 100/first order, 75/second order, 75. Recorded images were
processed with ZEN 2010 D, Adobe Photoshop, and Adobe Illustrator
CS4 software.

Tandem affinity purification and MS. Tandem affinity purification of
PRO45-TAP and PRO45AFHA-TAP, tryptic digestion of proteins, and
multidimensional protein identification technology (MudPIT) (49, 50)
analysis were performed as described previously (30) using an Orbitrap
Velos ion trap mass spectrometer coupled to an Accela quaternary ultra-
high-pressure liquid chromatography pump (Thermo Fisher Scientific,
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TABLE 2 Plasmids used in this study

Plasmid Characteristics Reference or source
p45-CTAP pro45 cDNA fused to a C-terminal TAP tag in pDS22, gpd(p)::pro45::ctap::trpC(t) trpC(p)::nat This study
p45-EGFP pro45 cDNA in pDS23 gpd(p)::pro45::egfp::trpC(t) trpC(p):nat This study
p45AFHA-TAP pro45 cDNA (deletion of bp 682-855) fused to a C-terminal TAP tag in pDS22, This study
gpd(p)::prod5AFHA::ctap::trpC(t) trpC(p)::nat
p45ATM-EGFP pro45 cDNA (deletion of bp 2302-2370) in pDS23, gpd(p)::pro45ATM::egfp:: This study
trpC(t) trpC(p)::nat
pDrivehph Hygromycin resistance cassette consisting of the hph gene from Escherichia coli and the trpC 42
promoter from Aspergillus nidulans in pDrive
pDS16 hph gene with 5" and 3’ flanking regions of SMAC_01224 (pro45) in pRS426 This study
pro45_5":trpC(p)::hph::pro45_3" trpC(p)::nat
pDS22 C-terminal TAP tag in pRSnat, gpd(p)::ctap::trpC(t) trpc(p)::nat Nowrousian,
unpublished
pDS23 egfp in pRSnat, gpd(p)::egfp::trpC(t) trpc(p)::nat 44
pDsREDKDEL DsRed fused with the N-terminal signal sequence for cotranslational insertion into the ER 41
from pro41 and the C-terminal ER retention signal KDEL, gpd(p)::Spro41::DsRED::KDEL::
trpC(t) trpC(p)::nat
pEGFP-45 pro45 cDNA in pDS23, gpd(p)::egfp::prod5:trpC(t) trpC(p)::nat This study
pFLAGMob3 Smmob3 cDNA fused to an N-terminal 3X FLAG tag in pRShyg, ccgl(p)::3X FLAG::Smmob3 30
trpC(p) Hph"
pHAILL proll cDNA fused to an N-terminal HA tag in pRSnat, ccgl(p)::HA::proll trpC(p)::nat 30
pRH2B Histone H2B fused to TdTomato, gpd(p)::hh2b::tdTomato::trpC(t) trpC(p)::hph L. Teichert and U. Kiick,
unpublished data
pRS426 URA3 Hph* 43
pRSnat pRS426 derivative, URA3 Nat" 77

“ Hph', hygromycin resistant; Nat", nourseothricin resistant.

MA, USA). Proteome Discoverer (version 1.2) software was used for tan-
dem mass spectrometry (MS/MS) data interpretation, and data were
searched against those in the S. macrospora database (smacrospora-
pep_v4_110909) with tryptic peptides, a mass accuracy of 10 ppm, a frag-
ment ion tolerance of 0.8 Da, and oxidation of methionine as a variable
modification, with 4 missed cleavage sites being allowed. All accepted
results had a high peptide confidence with a score of 10.

TABLE 3 Oligonucleotides used in this study

Coimmunoprecipitation. Plasmid p45-EGFP was cotransformed
with pPFLAGMob3 and pHA11 (30) into the S. macrospora wild-type strain
$91327, resulting in hygromycin- and nourseothricin-resistant strains
T105.2, T104.4, and T133-E6 (Table 1). Additionally, pDS23 (44) was
cotransformed with pHA11 and pFLAGMob3 to generate T1201-A and
T1202-A2, respectively, which served as control strains.

Purification of FLAG- and GFP-tagged proteins was performed using

Oligonucleotide Sequence (5'-3")

45_start-fw ATGACGGCTGTCGCGAATC

1224KOvplneu GAGGTAAGAGCAAGCTTGTC

1224KOvp2neu GTACCAATGGCAAGATACGC

1224KOvp3 GACGACGACGAATTGGATCG

1757 AGCTGACATCGACACCAACG

45_CTAP-bw AAATTCTTTTTCCATCTTCTCTTTTCGTTCTTCGCCTGCGGCTGCCACCC
45_CTAP-fw CTTCATCGCAGCTTGACTAACAGCTACATGACGGCTGTCGCGAATCCC
45_CtermGFP-bw CAGCTCCTCGCCCTTGCTCACCATGTTCTTCGCCTGCGGCTGCCACCC
45_int-bw GCTTGGCATTTCGCATTTCC

45_int-bw-2 GGTCGCTCGGTGATTCCTC

45_int-fw CCCTGTCACGACTGAACATATTG

45_int-fw-2 CGCCAGAAAATCGCGAGTC

45_int-fw-3 CAGCCGCAGGCGAAGAAC

45 _NtermGFP-fw
45AFHA_CTAP-bw
45ATM_CEGFP-bw
45ATM_NEGFP-bw
hph1MN
hph2_2010-bw
hph2MN
SMACG_01224_3F-rv

SMACG_01224_3F-fw

SMACG_01224_5F-rv

SMACG_01224_5F-fw

CTCTCGGCATGGACGAGCTGTACAAGATGACGGCTGTCGCGAATCCCC
CGTGGGGTTCCGACTCGCGATTTTCTGGCGAAATGTCGGGGTAAAAGG
CTCACCATGTTCTTCGCCTGCGGCTGGGCCTGTATCAACGCACGATCCTG
GTTAAGTGGATCTAGTTCTTCGCCTGCGGCTGGGCCTGTATCAACGCACGATC
CGATGGCTGTGTAGAAGTACTCGC

GCCTCCAGAAGAAGATGTTG

ATCCGCCTGGACGACTAAACCAA
GCGGATAACAATTTCACACAGGAAACAGCCCGTAACTTTCCATACGTAAATACC
GCCCAAAAATGCTCCTTCAATATCAGTTGCCAGTCTCTGTCTTTCTCATACCACA
CGAGGGCAAAGGAATAGGGTTCCGTTGAGGGTTCTCTTGAGATTGTTCCTTTGC
GTAACGCCAGGGTTTTCCCAGTCACGACGATCCAGATCTTCCATCTCAACAAG
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an anti-FLAG M2 affinity gel (Sigma-Aldrich, St. Louis, MO, USA) and
GFP-Trap GFP-binding protein (Chromotek, Planegg-Martinsried, Ger-
many), whereas hemagglutinin (HA) purification was performed using an
anti-HA antibody (Sigma-Aldrich, St. Louis, MO, USA), which was sub-
sequently recovered by protein A-Sepharose (Amersham GE Healthcare
Europe GmbH, Freiburg, Germany). Crude protein extracts and immu-
nopurified complexes were subjected to SDS-PAGE, Western blotting,
and immunodetection with anti-FLAG (anti-FLAG M2; Sigma-Aldrich,
St. Louis, MO, USA), anti-GFP (Living Colors JL-8; TaKaRa Bio Europe/
Clontech, Saint-Germain-en-Laye, France), and anti-HA (monoclonal
anti-HA; Sigma-Aldrich, St. Louis, MO, USA) antibodies in combination
with an anti-mouse IgG horseradish peroxidase-linked secondary anti-
body (Cell Signaling). Signal detection was performed using an Immun-
Star WesternC (Bio-Rad, Munich, Germany) or SuperSignal West Femto
(Thermo Fisher Scientific, MA, USA) chemiluminescent solution on a
ChemiDoc XRS+ system (Bio-Rad, Munich, Germany).

RESULTS

A pro45 deletion strain is sterile and shows a defect in hyphal
fusion. Recently, a homolog of the human STRIPAK complex was
identified in S. macrospora (30). This fungal complex consists of
the striatin homolog PRO11, the STRIP1/2 homolog PRO22,
SmMOB3, and PP2A subunits. STRIPAK complexes from differ-
ent systems contain further accessory components; among them is
SLMAP, which interacts with distinct STRIPAK subunits and
links STRIPAK subcomplexes to the nuclear envelope (22, 51).

We used BLAST (52) to search for an S. macrospora homolog of
SLMAP (gil109731644) and identified SMAC_01224, which we
termed PRO45 due to the phenotype of the mutant, as described
below. Reciprocal BLAST analysis confirmed that PRO45 is an
ortholog of SLMAP. Further, PRO45 shows the same domain or-
ganization as SLMAP and other fungal SLMAP homologs, such as
N. crassa HAM-4 and S. cerevisiae Far9p/Far10p, with a forkhead-
associated (FHA) domain, two coiled-coil domains, and a C-ter-
minal transmembrane (TM) domain typical for tail-anchored
proteins (Fig. 1A). The FHA domain is a phosphoprotein-binding
domain that specifically recognizes phosphothreonine residues,
whereas coiled-coil domains contain a helices that are wound
around each other and that mediate protein-protein interactions
(53, 54). PRO45 consists of 796 amino acids and shows 10.9% and
92.5% overall amino acid sequence identity to human SLMAP and
N. crassa HAM-4, respectively. The amino acid sequence identity
between S. macrospora and human SLMAP is increased within
conserved domains, as shown by the amino acid sequence align-
ments of the FHA and TM domains (Fig. 1B and C). Here, the
amino acid sequence identity was 51.7% and 19.2% for the FHA
and the TM domains, respectively.

To functionally characterize PRO45, we generated a pro45 de-
letion strain by homologous recombination of a pro45 deletion
cassette using a nonhomologous end-joining-deficient Aku70
strain as a host (45). Ascospore isolates that carried the hph
marker cassette instead of pro45 and that were devoid of the ku70
background were obtained from crosses of primary transformants
to a fus spore color mutant (55). Two randomly selected ascospore
isolates, N161 (Apro45) and R7329 (Apro45/fus), were subjected
to Southern analysis, confirming the deletion of the pro45 gene
(see Fig. S1 in the supplemental material). Vegetative growth was
strongly reduced in the mutant compared to that in the wild type,
and this defect was restored by transformation with the full-length
gene (see Fig. S2A in the supplemental material).

All Sordaria STRIPAK components characterized so far are in-
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volved in sexual development, i.e., the formation of sexual fruiting
bodies (perithecia) (35, 56, 57). We therefore analyzed the pro45
deletion strain for defects in the sexual cycle. Sexual development
starts with the formation of a hyphal coil (ascogonium) 2 days
after inoculation. At day 4, enveloping hyphae have covered the
ascogonium, thereby forming melanized spherical structures
(protoperithecia) that develop further into mature, pear-shaped
perithecia. As can be seen from Fig. 2A, the wild type forms as-
cogonia, protoperithecia, and mature perithecia within the ex-
pected time frame on BMM fructification medium. In contrast,
the Apro45 mutant forms only protoperithecia that do not de-
velop any further. To verify that the observed defect is due to
deletion of the pro45 gene, we ectopically integrated wild-type
pro45 gene copies into the Apro45 mutant. Since whole transcrip-
tome shotgun sequencing (RNA-seq) analysis showed that pro45
transcript levels were very low (58), we expressed pro45 from the
Aspergillus nidulans gpd promoter (59). Two different transla-
tional fusions of PRO45 with a tandem affinity purification (TAP)
tag (pro45-TAP) and a GFP tag (EGFP-pro45) were able to com-
plement the sexual developmental defect of the Apro45 mutant
(Fig. 2A; see also Fig. S2B in the supplemental material). The ob-
served sexual phenotype for S. macrospora Apro45 is the most
severe developmental phenotype described so far for a fungal
SLMAP mutant and clearly differs from the phenotype of an N.
crassa ham-4 mutant that is still able to complete the sexual cycle
(18).

Many mutants impaired in sexual development are also im-
paired in vegetative hyphal fusion and vice versa, although this
correlation is not strict (e.g., see references 27 and 60 to 62). Mu-
tants lacking Sordaria STRIPAK components PRO11, PRO22, and
SmMOBS3 are also impaired in vegetative hyphal fusion (30, 56).
We thus assessed hyphal fusion in the Apro45 mutant and com-
plemented strains. Like the other STRIPAK mutants, the Apro45
mutant is unable to undergo hyphal fusion, although hyphae fre-
quently grow side by side (Fig. 2B, asterisks). In contrast, wild-
type and Apro45 strains harboring an ectopically integrated pro45-
TAP or EGFP-pro45 gene are able to undergo hyphal fusion, which
is indicated by fusion bridges between hyphae (Fig. 2B, arrows).
The aforementioned phenotypes for the Apro45 mutant, namely,
a defect in sexual development and hyphal fusion, have also been
described for the S. macrospora Aproll, Apro22 (30), and
ASmmob3 STRIPAK mutants (56) and point to a role for PRO45
in the fungal STRIPAK complex.

As mentioned earlier, in silico analysis identified an FHA do-
main, two coiled-coil domains, and a C-terminal TM domain in
PRO45. To functionally analyze these domains, we generated
mutated PRO45 versions lacking either the C-terminal TM do-
main (PRO45ATM-EGFP) or the N-terminal FHA domain
(PRO45AFHA-TAP; Fig. 1D) and expressed them in the Apro45
mutant as a host strain. Strains carrying the PRO45ATM-EGFP
version were indistinguishable from the wild type with respect to
fruiting body formation and hyphal fusion (Fig. 2; see also Fig. S2B
in the supplemental material). In contrast, PRO45AFHA-TAP
was unable to restore sexual development and hyphal fusion in the
pro45 deletion strain, while a TAP-tagged full-length PRO45 fu-
sion was able to (Fig. 2). Thus, the FHA domain plays a funda-
mental role in overall PRO45 function, whereas the TM domain is
dispensable for hyphal fusion and sexual development.

PRO45 interacts with STRIPAK components PRO11 and
SmMOB3. Our incentive to study the PRO45 protein was to es-
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FIG 1 SLMAP homologs. (A) Domain structure of SLMAP and fungal homologs. Proteins are depicted as medium gray bars. Light gray, white, and black bars,
FHA, coiled-coil, and TM domains, respectively. Domains were analyzed by the use of the ELM (75) and TMPred (76) programs. (B, C) Amino acid alignment
of FHA (B) and TM domains (C) from the indicated SLMAP homologs. Amino acid sequence identities (in percent) are given at the end of the alignments in
relation to the S. macrospora PRO45 amino acid sequence. SLMAP, human SLMAP (GenBank accession number AAI14628.1); PRO45, S. macrospora PRO45
(GenBank accession number CCC07657.1); HAM-4, N. crassa HAM-4 (GenBank accession number EAA34844.2); Csclp, S. pombe Csclp (GenBank accession
number NP_595762.1); Far9p, S. cerevisiae Far9p (GenBank accession number NP_010486.3), FarlOp, S. cerevisiae Farl0p (GenBank accession number
EGA73760.1). (D) Domain structure of S. macrospora PRO45 derivatives PRO45AFHA and PRO45ATM. Numbers give the amino acid positions of the domains
depicted in panel A.

tablish it as an additional component of the S. macrospora STRIPAK
complex. Therefore, we performed TAP followed by MS with a strain
carrying a PRO45-TAP protein in the Apro45 mutant background.
This strain is able to form perithecia and to undergo hyphal fusion,
proving the functionality of the TAP fusion construct (Fig. 2).
TAP-MS was carried out three times, and all detected proteins
are listed in Table S1 in the supplemental material. All three
TAP-MS analyses with PRO45 as the bait yielded large amounts of
the bait protein (234 spectral counts), as well as peptides from
previously identified S. macrospora STRIPAK components PRO11
(164 spectral counts) and SmMOB3 (22 spectral counts) (Table
4). The S. macrospora STRIPAK complex contains further sub-
units, PRO22, PP2AA, and PP2Ac (30). However, these STRIPAK
subunits were not detected in our TAP-MS experiments. We per-
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formed coimmunoprecipitation to confirm the interactions be-
tween PRO45 and PRO11 as well as SmMOB3 (Fig. 3). For this
experiment, we used S. macrospora strains carrying GFP-tagged
PRO45 and either HA-tagged PRO11 or FLAG-tagged SmMOB3,
as well as control strains carrying only one tagged protein. Using
these tagged versions, we verified the interaction of PRO45 with
PRO11 (Fig. 3A) and PRO45 with SmMOBS3 (Fig. 3B).

We further assessed whether the FHA domain, which is crucial
for PRO45 function, mediates protein-protein interaction within
STRIPAK. Therefore, TAP-MS was performed with sterile strain
N1032 carrying a PRO45AFHA-TAP fusion protein in the Apro45
mutant background (Fig. 2; see also Fig. S2 in the supplemental
material). TAP-MS established that both PRO11 and SmMOB3
were still detectable with reasonable spectral counts (Table 4).
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FIG 2 Microscopic investigation of sexual development and hyphal fusion in the wild type (WT) as well as in the Apro45 mutant and different transformants.
(A) Strains were grown for 7 days on BMM-covered glass slides (48), and sexual structures were analyzed after 2, 4, and 7 days to document the development of
ascogonia, protoperithecia, and mature perithecia, respectively. When possible, macroscopic images of mature perithecia growing on solid BMM plates were
taken (7 days, insets). Bars, 20 pm (white) and 100 wm (black). (B) Subperipheral regions 5 to 10 mm from the colony edges were investigated for hyphal fusion.
Arrows, hyphal fusion events; asterisks, hyphal contacts without fusion. Bar, 20 pm.

This result suggests that the FHA domain, which is supposed to
mediate phosphoprotein interactions, is dispensable for the inter-
action of PRO45 with PRO11 and SmMOB3.

PRO45 localizes to the nuclear envelope, ER, and mitochon-
dria. SLMAP has been described to be targeted to different mem-
brane systems, including the sarcolemma, the sarcoplasmic retic-
ulum, and the endoplasmic reticulum, as well as the outer
mitochondrial membrane (4, 7, 22, 63). To assess the localization
of PRO45 in S. macrospora, we generated a translational fusion of
PRO45 to an N-terminal GFP tag and showed its functionality by
complementation of the Apro45 mutant phenotype (Fig. 2). Initial
microscopic analysis with EGFP-PRO45 suggested that the pro-
tein localizes to a membrane. To scrutinize PRO45 localization at
a higher resolution beyond the Abbe diffraction limit, we em-
ployed superresolution SIM. We chose SIM since it allows dou-
bling of the resolution of a conventional wide-field (WF) fluores-
cence image by a combination of spatially structured illumination

and computational three-dimensional reconstruction, using con-
ventional fluorophores and dyes (64).

Due to the longer acquisition times required when using SIM
in comparison to those required when using conventional fluo-
rescence microscopy, we had to fix fungal samples. To confirm
that our microscopic studies did not provide artificial localization
data, we first tested the effect of fixation and SIM computational
reconstruction. For this purpose, we used N883, a strain carrying
histone H2B labeled with tdTomato, and stained ER membranes
with ER-Tracker. After fixation, no artifacts were observed at the
membrane and nuclear signals in WF images (Fig. 4A). By com-
parison of WF and reconstructed (SIM) images, it appeared that
computational reconstruction did not lead to artifacts in localiza-
tion but led to a highly refined membrane structure (Fig. 4B). We
further tested organelle markers for usage in SIM (Fig. 4C). Nu-
cleus, ER, and mitochondrial labeling with DAPI, ER-Tracker,

TABLE 4 STRIPAK components detected by TAP-MS with PRO45 derivatives as the bait

Spectral count (peptide count)

Sum for PRO45
S. macrospora locus tag PRO45 MS1 PRO45 MS2 PRO45 MS3 MSI to MS3 PRO45AFHA STRIPAK component”
SMAC_00877 3(3) 16 (4) 3(3) 22 8(4) SmMOB3/MOB-3/MOB3
SMAC_01224 18 (4) 206 (17) 10 (7) 234 48 (20) PRO45/HAM-4/SLMAP
SMAC_08794 23 (9) 134 (19) 7(7) 164 42 (16) PRO11/HAM-3/striatin

“ The designations for S. macrospora/N. crassa/human proteins are presented.
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FIG 3 PRO45 interacts with PRO11 and SmMOBS3. Strains carrying GFP-
tagged PRO45, HA-tagged PRO11, or FLAG-tagged MOB3, as indicated, were
subjected to immunoprecipitation (IP) with anti-HA, anti-FLAG, and anti-
GFP antibodies. Subsequent Western analysis detected epitope-tagged pro-
teins. (A) Interaction of PRO45 and PRO11. For immunoprecipitation with
GFP (IP-GFP), data from two different experiments are shown. (B) Interac-
tion of PRO45 and SmMOB3. GFP was detected in cell extracts in two different
experiments with different chemiluminescence solutions. Numbers to the left
of the blots are molecular masses (in kilodaltons).

and MitoTracker, respectively, revealed that SIM is a highly suit-
able superresolution microscopy method for filamentous fungi.
The SIM images demonstrated that PRO45 localizes to ring-
like structures and to patches. Colocalization of EGFP-PRO45
with ER-targeted DsRed (DsRed-KDEL) (41) and simultaneous
DAPI staining revealed an association of PRO45 with the ER,
mainly to patches at the nuclear envelope (Fig. 5A). This is con-
sistent with previously published data from N. crassa (26). How-

H2B-Tomato  gjive

ER-Track

H2B-Tomato

ER-Tracker BRI SiM

ever, some of the PRO45 patches did not colocalize with the ER
marker DsRed-KDEL. Colocalization of EGFP-PRO45 with Mi-
toTracker showed that non-ER fluorescent patches were closely
associated with mitochondria (Fig. 5B). To assess the association
of PRO45 with mitochondria and a possible connection between
PRO45-containing ER and mitochondrial structures more
closely, we analyzed strain N506 carrying EGFP-PRO45 labeled
with MitoTracker. Figure 5C shows PRO45 localization in this
strain at a high resolution. Clearly, PRO45 simultaneously local-
izes to the nuclear envelope and to closely attached mitochondria.

The localization of PRO45 to mitochondria prompted us to
look for differences in mitochondrial structure in the wild type
and the Apro45 mutant. However, MitoTracker staining revealed
no differences between the two strains, showing filamentous and
fragmented mitochondria at the colony periphery and colony in-
terior, respectively (Fig. 6, top two rows). In SIM images, mito-
chondria mostly appear to be fragmented, which might be due to
fixation or to the usage of slim optical sections for reconstruction.
To assess whether PRO45 colocalizes only with fragmented, pos-
sibly stressed mitochondria or also colocalizes with filamentous
mitochondria at the colony periphery, we stained hyphae of a
strain carrying EGFP-PRO45 with MitoTracker. As shown in Fig.
6 (bottom two rows), WF images show that PRO45 colocalizes
with both morphotypes of mitochondria. Human PRO45 ho-
molog SLMAP also localizes to ER structures, primarily the nu-
clear envelope, and to mitochondria, and this is due to different
tail anchor domains generated by alternative splicing (22, 63).
However, pro45 does not possess an intronic sequence in the vi-
cinity of the TM-coding region. Further, no evidence of alterna-
tive splicing of the single intron was found in RNA-seq data from
a previous analysis (58). Hydrophobic profiling of the PRO45 tail

alive, WF fixed, SIM

FIG 4 Establishment of superresolution SIM for S. macrospora. (A) Hyphae of S. macrospora N883 carrying a tdTomato-tagged histone 2B (H2B) were stained
with ER-Tracker. Unfixed cells (left) were compared to cells fixed with 0.2% formaldehyde (right). Bar, 5 wm. (B) To determine the effect of Fourier transfor-
mation, strain N883 was stained with ER-Tracker and micrographs were taken before (WF) and after (SIM) computational reconstruction. Bars, 5 umand 1 pm

(inset). (C) Dyes for different organelles were tested for use in SIM. Bar, 5 pm.
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FIG 5 Localization of PRO45 by SIM. (A) Strain N861(pEGFP-45, pDsREDKDEL) was stained with DAPI, indicating localization of PRO45 to the nuclear
envelope. (B) Strain N506(pEGFP-45) was costained with MitoTracker and ER-Tracker, revealing the simultaneous association of PRO45 with the nuclear
envelope and mitochondria. Bars, 5 wm (A and B) and 1 pm (insets). (C) Association of EGFP-PRO45 with the ER, the nuclear envelope, and mitochondria at
high resolution in strain N506. Note the close association of the mitochondrion with the nuclear envelope. (D) Hydrophobicity of tail anchors (TA) of human
SLMAP isoforms and S. macrospora PRO45. The graph represents the hydrophobicity of the last 36 amino acids of each protein, including the transmembrane
domains (boldface sequences) and the very C-terminal amino acids. SLMAP_TA1 and SLMAP_TA2 represent two alternative splice isoforms of SLMAP showing
different subcellular localizations to the ER (SLMAP_TALI) and to both the ER and mitochondria (SLMAP_TA?2) (63). Hydrophobicity was calculated using the
Eisenberg normalized scale with a window size of 9; the relative weight for window edges was 100.

components (51). However, in N. crassa, targeting of PRO45 ho-
molog HAM-4 to the nuclear envelope depends on PRO11 ho-
molog HAM-3 and PRO22 homolog HAM-2 (26). To assess
PRO45 localization in mutants lacking the S. macrospora

anchor revealed that it is highly similar to SLMAP tail anchor 2,
which targets SLMAP to both ER structures and mitochondria
(Fig. 5D) (63). These data are consistent with our microscopic
observations.

PRO45 localization to the ER and nuclear envelope requires
STRIPAK subunits PRO11 and PRO22. Recently, S. cerevisiae
PRO45 homologs Far9p and Far10p were reported to remain at
the nuclear envelope, even in the absence of all other Far complex
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STRIPAK component PRO11 or PRO22, we transformed plas-
mids carrying EGFP-PRO45 into sterile Aproll and Apro22 mu-
tants (30).

SIM was performed using transformants (Table 1), and nuclei
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FIG 6 Mitochondrial morphology in the wild-type and the pro45 deletion and complemented strains. Hyphae of the wild type (WT), the Apro45 mutant, and
strain N508 (Apro45::EGFP-PRO45) were stained with MitoTracker. Mitochondrial morphology and mitochondrial localization of PRO45 were assessed at the
colony periphery (filamentous mitochondria) and the colony interior (fragmented mitochondria). DIC, differential inference contrast. Bar, 5 pm.

and mitochondria were stained with DAPI and MitoTracker, re-
spectively (Fig. 7). Localization of EGFP-PRO45 in the Aproll
mutant is shown in Fig. 7A. PRO45 was absent from the nuclear
membrane in the Aprol1 mutant. However, mitochondrial local-
ization of PRO45 was not affected in the proll deletion strain.
This mitochondrial localization pattern was clearly different from
the localization pattern of cytoplasmic GFP in SIM images (see
Fig. S3 in the supplemental material). Similar to the findings for
the Aproll mutant, PRO45 localization to the nuclear envelope
but not to mitochondria was lost in a Apro22 background (Fig.
7B). Our data suggest that STRIPAK subunits PRO11 and PRO22
are required for nuclear envelope localization of PRO45 in S. ma-
crospora, as described for N. crassa (26). Remarkably, the associa-
tion of PRO45 with mitochondria was retained in the STRIPAK
mutants. These data suggest that the mitochondrial association of
PRO45 might be STRIPAK independent.

DISCUSSION

The STRIPAK complex is a highly conserved multiprotein com-
plex containing phosphatases and kinases (21). Recently, a Sor-
daria STRIPAK complex that controls sexual development and
cell fusion has been described (30). In this study, we showed that S.
macrospora SLMAP homolog PRO45 is a component of this
STRIPAK complex, plays a fundamental role in cell fusion and
sexual propagation, and localizes to the ER and mitochondria.
The composition of STRIPAK complexes in different organ-
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isms seems to be diverse, with striatin, MOB3, PP2A scaffolding
and catalytic subunits, and STRIP proteins being central compo-
nents (21). For instance, SLMAP has been shown to be an acces-
sory protein to human and N. crassa STRIPAK complexes but not
to Drosophila dSTRIPAK (20, 24, 26). However, SLMAP ho-
mologs Far9p/Far10p of S. cerevisiae and Csclp of S. pombe are
integral components of the STRIPAK-equivalent Far and SIP
complexes (16, 51). Using a TAP-MS approach, we showed that
PRO45 is part of the S. macrospora STRIPAK complex and inter-
acts with the striatin homolog PRO11 and SmMOB3. In N. crassa,
SLMAP homolog HAM-4 coprecipitated all five STRIPAK com-
ponents and was itself coprecipitated as prey by all five STRIPAK
members (26), yet TAP-MS analysis with STRIP homolog PRO22
from S. macrospora did not yield any PRO45 peptides (30). How-
ever, this result may be due to the experimental approach that
required two subsequent affinity purifications instead of the one-
step purifications used for N. crassa (26). In human cells, interac-
tion data were also dependent on the experimental approach. In
FLAG-pulldown experiments, SLMAP was precipitated by stri-
atins, MOB3, members of the GCKIII kinase family, PP2A sub-
units, and STRIP1. However, in TAP experiments, SLMAP recip-
rocally interacted only with MOB3 (20). Thus, the absence of
other STRIPAK components in the PRO45 TAP-MS data does not
necessarily mean that there is no complex formation of PRO45
with STRIPAK. In a previous study, for example, we found PRO22
to interact with PRO11, generating the link to PRO45 (Fig. 8).
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FIG 7 Localization of PRO45 in Aprol1and Apro22 mutants by SIM. The Aprol1 and Apro22 mutants were transformed with pEGFP-45 and stained with either
DAPI or MitoTracker. (A) SIM shows that EGFP-PROA45 is absent from the nuclear envelope in the Aprol1 mutant but is still associated with mitochondria. (B)
Similarly, PRO45 can be found only at the mitochondria and not at the nuclear envelope in the Apro22 mutant. Bars, 5 pm and 1 pm (insets).

Thus, although the general composition of the STRIPAK complex
and interactions between core components, i.e., PP2A scaffolding
subunit PP2AA, PP2A catalytic subunit PP2Acl, and PP2A regu-
latory subunit PRO11, seem to be conserved, interactions with
accessory components may be species specific.

The function of SLMAPs in fungi seems to be diverse. The
paralogs Far9p and Far10p of S. cerevisiae are both required for
pheromone-mediated cell cycle arrest (17), and Far9p, also iden-
tified as Vps64p, has a defect in a-factor secretion (19). S. pombe
Csclp participates in SIN inactivation, and a cscl deletion mutant
shows septation defects (16). In N. crassa, HAM-4 is required for
cell-to-cell fusion and, possibly, vacuolar morphology (18). In this

mitochondrion
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PP2AA, PP2Act,
kinases

S Lbb
966666000

Phosphorylation/dephosphorylation of target proteins

Vegetative growth, hyphal fusion,
fruiting body formation

FIG 8 Model of the S. macrospora STRIPAK complex. PRO45 and PRO22
associate STRIPAK components to the nuclear envelope, mitochondria, and
other internal membrane systems (30), with PRO11 bridging both proteins.
SmMOB3 interacts with both PRO45 and PRO11. Phosphatases and kinases in
the fungal STRIPAK complex promote dephosphorylation and phosphoryla-
tion of target proteins, thereby regulating vegetative growth, hyphal fusion,
and sexual propagation.

April 2015 Volume 14 Number 4

Eukaryotic Cell

study, we showed that S. macrospora Apro45 has a severe develop-
mental defect, in addition to the cell fusion phenotype. Like other
pro mutants, the Apro45 strain is unable to form perithecia. This is
clearly different from the phenotype of an N. crassa Aham-4 strain
that is fertile. However, slight developmental defects have been
described, namely, a delay in protoperithecium formation and
aberrant meiosis and ascospore formation in homozygous
crosses (18).

Diverse domains have been annotated in SLMAP homologs;
among them are the FHA domain, a phosphothreonine-specific
protein binding motif. The FHA domain of mouse SLMAP has
been found to be necessary, but not sufficient, for targeting of
SLMAP to centrosomes (6). However, the underlying molecular
mechanisms are still unknown. Results from this study show hy-
phal fusion deficiency and sterility in an S. macrospora strain with
PRO45 from which FHA was deleted, as in the pro45 deletion
strain. Interestingly, N. crassa ham-4 repeat-induced point muta-
tion (RIP) mutants harboring a HAM-4 protein with a shortened
FHA domain are self-fusion competent, whereas a ham-4 deletion
mutant is not (18). In human cells, the FHA domain of SLMAP is
required for binding mammalian Hippo homologs MST1 and
MST2 (mammalian STE20-like kinases 1 and 2, respectively) (65).
Taken together, these findings point to multiple important roles
of the FHA domain in different developmental processes.
However, at least in S. macrospora, these roles seem to be inde-
pendent of the interaction of PRO45 with STRIPAK compo-
nents PRO11 and SmMOB3 since both were copurified with
PRO45AFHA-TAP.

Interestingly, the TM domain of PRO45 seems to have no de-
velopmental function. This is surprising, because the TA domain
of tail anchor proteins, consisting of the C-terminal TM domain
and the amino acids located at the very C terminus, is responsible
for targeting these proteins to specific membranes (1-3). One ex-
planation could be that we did not delete the complete TA but
deleted only the TM domain of PRO45 and that the residual
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amino acids and/or PRO45 interaction partners are sufficient for
targeting. Indeed, many mitochondrial proteins were identified in
TAP-MS experiments with PRO45 as the bait (see Table S1 in the
supplemental material); however, whether these candidates are
true interaction partners remains to be elucidated.

In this study, we analyzed PRO45 localization by superresolu-
tion microscopy. Several superresolution microscopy methods
have been developed, such as photoactivation localization micros-
copy (PALM), SIM, stimulated emission depletion (STED) mi-
croscopy, and stochastic optical reconstruction microscopy
(STORM) (reviewed in reference 66). Although PALM, STED mi-
croscopy, and STORM give a higher optical resolution than SIM,
they require photocontrollable fluorescent proteins. Thus, SIM is
the only superresolution microscopy method that can be applied
using conventional fluorescence proteins, such as GFP, and dyes
(64). SIM has been applied in fungi, e.g., in the yeast S. cerevisiae,
to analyze the ER-mitochondrion association in bud tips (67).
However, as for the other superresolution methods, cells need to
be fixed. Since fixation might lead to artifacts, localization data
must be carefully rechecked by comparison with WF or confocal
images. In this study, PRO45 localization to fragmented mito-
chondria by SIM could imply the binding of PRO45 only to
stressed mitochondria; however, by WF microscopy, we showed
colocalization with both fragmented and filamentous mitochon-
dria (Fig. 6). Thus, here we report on the application of SIM for
filamentous fungi and show that it is a highly convenient method
to study the localization of a developmental protein with possible
functions in organelle connections (see below).

A recurring theme is the function of SLMAP homologs as pro-
teins that mediate membrane anchoring to and/or attachment of
different membranes. Organelle contact sites have been described
between, e.g., the inner nuclear membrane, ER, and vacuoles, be-
tween the ER and plasma membrane, and between the ER and
mitochondria (reviewed in reference 68). Such associations are
thought to facilitate communication between organelles as well as
lipid and ion transfer. In the yeast S. cerevisiae, the ER-mitochon-
drion encounter structure (ERMES) complex localizes at ER-mi-
tochondrion contact sites, tethering both organelles (69). ERMES,
a homolog of which has not yet been identified in higher eu-
karyotes, was suggested to be involved in phospholipid exchange,
calcium signaling, and mitochondrial physiology (70-72). Re-
cently, ER-mitochondrion contact sites have been shown to play a
role in neurodegenerative diseases like Alzheimer’s disease and
amyotrophic lateral sclerosis (73, 74).

In this study, we localized PRO45 to the ER and mitochondria.
These and other data led to the hypothesis that the association of
different organelles may be one function of STRIPAK. S. cerevisiae
Far9p and Far10p are responsible for anchoring the Far complex
at the ER (51). Human SLMAP has been described to localize to
the sarcolemma and the sarcoplasmic reticulum, and it was pro-
posed that homodimerization of differently localized SLMAPs
mediates excitation-contraction coupling in mouse myocardia
(8). Human SLMAP was also implicated in Golgi apparatus-
centrosome connections (22). Similar to mammalian systems,
PRO45 might function as a membrane organizer, bridging two
organelles, the nuclear envelope and the outer mitochondrial
membrane, to mediate signaling. This membrane bridging may
also be required to target different STRIPAK subcomplexes to
different cellular locations or to mediate STRIPAK-related and
STRIPAK-unrelated functions of PRO45 in the same cell (Fig. 8).
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Of course, mitochondrial localization might also hint to a role in
mitochondrial respiration; however, we excluded the possibility
of such a function for PRO45 by high-resolution respirometry of
the deletion mutant (S. Nordzieke, A. Hamann, H. D. Osiewacz,
and I. Teichert, unpublished results).

Similar to the findings for N. crassa (26), localization of PRO45
to the nuclear envelope was absent in STRIPAK Aproll and
Apro22 mutants. Further data from N. crassa indicate that local-
ization of STRIPAK components to the nuclear envelope may not
even be sufficient to direct cell communication and cell differen-
tiation (26). There, STRIPAK has been shown to be required for
the nuclear accumulation of MAP kinase MAK1; however, MAK1
nuclear accumulation does not seem to be required for STRIPAK-
related functions in cell-to-cell communication. It can be hypoth-
esized that a correctly assembled STRIPAK complex tethers
PRO45 to the ER, while the localization of PRO45 to mitochon-
dria might be STRIPAK independent. STRIPAK-independent
functions of distinct STRIPAK subunits have been described for
other systems (reviewed in reference 21), and one example is the
function of S. macrospora PRO22, but not other STRIPAK sub-
units, in ascogonial septation (57). However, PRO45 might still
need interaction with STRIPAK to carry out its function at mito-
chondria. The analysis of STRIPAK complexes from both the an-
imal and fungal kingdoms clearly reveals that STRIPAK compo-
sition and function are diverse. In fact, Frost et al. (22) referred to
these functional differences as a “repurposing” of STRIPAK com-
plexes. Scrutinizing the composition and regulation of different
STRIPAK subcomplexes with distinct functions will be one of the
major tasks for future studies.

In summary, we have characterized PRO45 as a STRIPAK-
associated protein and, by establishing SIM, showed its localiza-
tion at high resolution. Importantly, both fungal PRO45 and
mammalian SLMAP are required for cell-to-cell fusion, underlin-
ing their high degree of functional conservation. It is therefore of
major interest to further scrutinize different STRIPAK subcom-
plexes and to decipher the various roles of PRO45 in a fungal
model system, a system that is highly suitable for unraveling un-
derlying molecular and cellular mechanisms of key eukaryotic cel-
lular processes.
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