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Abstract 22 

The nuclear pore complex (NPC) forms a gateway for nucleocytoplasmic transport. The 23 

NPC consists of several protein subcomplexes. Nup107-160 is a key subcomplex 24 

responsible for building the basal NPC structure by symmetrical localization on the 25 

nuclear and cytoplasmic sides of the nuclear pore. Here we found an unusual 26 

asymmetrical localization of the Nup107-160 subcomplex in fission yeast. Two 27 

disconnected/split pieces of the Nup107-160 subcomplex were differentially distributed 28 

to either side of the NPC, as revealed by immunoelectron microscopy and 29 

affinity-capture/mass spectrometry for nucleoporins. Nup131 and Nup132 (paralogs of 30 

human Nup133) were differentially localized on the cytoplasmic and nuclear sides, 31 

respectively. The expression of a fusion protein connecting the disrupted components of 32 

the Nup107-160 subcomplex caused symmetrical localization of Nup132, leading to 33 

defects in mitosis and meiosis. These observations suggest that the asymmetrical NPC 34 

structure is necessary for normal cell cycle progression in fission yeast. 35 

 36 
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Introduction 43 

In eukaryotes, the nuclear envelope (NE) separates the nucleus from the cytoplasm. 44 

Molecular transport between the nucleus and cytoplasm across the NE occurs through 45 

nuclear pore complexes (NPCs). These complexes are cylindrical, eight-fold 46 

symmetrical structures that perforate the NE and are made of multiple sets of about 30 47 

different protein species known as nucleoporins (Nups) (Rout et al., 2000; Cronshaw et 48 

al., 2002; Alber et al., 2007). Nups are classified into three groups: transmembrane 49 

Nups, FG repeat Nups, and scaffold Nups. Transmembrane Nups have transmembrane 50 

motifs and anchor NPCs to the NE. FG repeat Nups contain phenylalanine-glycine (FG) 51 

rich repeats and are involved in molecular transport inside the NPC cylinder structure. 52 

Scaffold Nups form two inner rings and two outer rings, which serve as the NPC 53 

structural core, and associate with the membrane through interactions with 54 

transmembrane Nups (Bui et al., 2013; von Appen et al., 2015; Kosinski et al., 2016; 55 

Lin et al., 2016). These NPC structures and most nucleoporins are conserved among 56 

many eukaryotes (Rout et al., 2000; Cronshaw et al., 2002; DeGrasse et al., 2009; 57 

Tamura et al., 2010; Amlacher et al., 2011; Obado et al., 2016), although numerous 58 

species-dependent differences are found (Knockenhauer and Schwartz, 2016).  59 

The Nup107-160 subcomplex is a key component of the outer rings and is 60 

composed of Nup107, Nup85, Nup96, Nup160, Nup133, Sec13, and Seh1 in most 61 

eukaryotes; depending on the species, Nup37, Nup43, and ELYS are also included 62 

(Walther et al., 2003; Harel et al., 2003; Loïodice et al., 2004; Rasala et al., 2006; Liu et 63 

al., 2009; Thierbach et al., 2013). These nucleoporins assemble to form the Y-shaped 64 

Nup107-160 subcomplex in vitro and/or in vivo in Homo sapiens, the budding yeast 65 

Saccharomyces cerevisiae, and the thermophile Chaetomium thermophilum (von Appen 66 
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et al., 2015; Thierbach et al., 2013; Kampmann and Blobel, 2009; Flemming et al., 67 

2010; Fernandez-Martinez et al., 2012; Kelley et al., 2015; Stuwe et al., 2015). Nup85, 68 

Nup43, and Seh1 form one of the two short arms, while Nup160, Nup37, and ELYS 69 

form the other. The two arms are connected to Nup96 and Sec13, creating the 70 

three-pronged structure. Nup96 is connected to Nup107 and Nup133 to form the long 71 

stem (Nup96-Nup107-Nup133) of the Y-shaped molecule. Multiple copies of the 72 

Nup107-160 subcomplex form the outer rings on the nucleoplasmic and cytoplasmic 73 

sides of the NPC (Bui et al., 2013; von Appen et al., 2015; Kelley et al., 2015; Stuwe et 74 

al., 2015). 75 

 Like other eukaryotes, the fission yeast Schizosaccharomyces pombe has a set of 76 

conserved Nups (Baï et al., 2004; Chen et al., 2004; Asakawa et al., 2014). The S. 77 

pombe NPC contains spNup37 and spEly5, a potential homolog of metazoan ELYS, but 78 

not Nup43 (Asakawa et al., 2014; Bilokapic and Schwartz, 2012) (hereafter, we add the 79 

prefix ‘sp’ to denote S. pombe proteins). In addition, S. pombe carries several redundant 80 

Nups: two Nup133 and two scNic96/hsNup93 homologs, each (hereafter, sc and hs are 81 

used to indicate S. cerevisiae and H. sapiens proteins). The two Nup133 homologs in S. 82 

pombe, spNup131 (spNup133a) and spNup132 (spNup133b), are able to interact 83 

biochemically with spNup107 (Baï et al., 2004). Despite their similar biochemical 84 

features, spNup131 and spNup132 are likely to have different functions because gene 85 

disruption strains show different phenotypes; nup132∆ but not Nup131∆ display altered 86 

NPC distribution (Baï et al., 2004), and the strain lacking spNup132 (nup132Δ) but not 87 

that lacking spNup131 (nup131Δ) is inhibited for growth in the presence of a 88 

microtubule-depolymerizing drug (thiabendazole) or a DNA replication inhibitor 89 

(hydroxyurea) (Chen et al., 2004; Asakawa et al., 2014). In meiosis, nup132Δ but not 90 
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nup131Δ exhibits delayed chromosome segregation and unusual spore formation 91 

(Asakawa et al., 2014; Yang et al., 2015). In addition, telomere elongation and 92 

deficiency in SUMOylation have been reported in nup132Δ-specific phenotypes (Liu et 93 

al., 2010; Nie and Boddy, 2015). The causes of these functional differences remain 94 

unknown. 95 

In the present study, we used immunoelectron microscopy to determine the 96 

localization of each Nup in S. pombe NPCs. To understand the overall structure of the S. 97 

pombe NPC, we performed interactome studies of Nups using affinity capture and mass 98 

spectrometry. Our results reveal a unique structure for the S. pombe Nup107-160 99 

subcomplex and suggest that a variation in NPC organization developed during 100 

evolution.  101 

 102 

Results 103 

spNup131 and spNup132 are differently positioned at the cytoplasmic and 104 

nucleoplasmic sides of the NPC 105 

The molecular architectures of spNup131 and spNup132 are similar, with an N-terminal 106 

β-propeller domain followed by a C-terminal α-helix stack domain in the C-terminus, as 107 

found in other species (Whittle and Schwartz, 2009) (Figure 1a). However, 108 

phylogenetic analysis indicates that spNup131 and spNup132 belong to evolutionarily 109 

distant clades, with the spNup131-containing clade branching from a common ancestor 110 

much earlier than that of spNup132 (Figure 1‒figure supplement 1). This result 111 

suggests that despite the similarity in their domain architecture, spNup131 and 112 

spNup132 may have structural features that are distinct enough to confer different 113 

functions.  114 
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To investigate the differences between spNup131 and spNup132, we first 115 

determined the localization of these Nups within the NPC using 116 

immunoelectronmicroscopy (IEM) (see Materials and Methods for details). The 117 

spNup131 or spNup132 gene was replaced with the respective gene N-terminally fused 118 

to GFP (GFP-spNup131 or GFP-spNup132). The results showed that GFP-spNup131 is 119 

located at the cytoplasmic side of the NPC, while GFP-spNup132 is located at the 120 

nuclear side (Figure 1b). To confirm the accessibility of the nucleus to immunogold 121 

particles using this method, the nuclear centromere protein spMis6 (Saitoh et al., 1997) 122 

was co-stained (Figure 1‒figure supplement 2); only the cells positive for spMis6 123 

were evaluated for staining of spNup131. IEM to detect GFP-spNup131 in cells 124 

simultaneously expressing spMis6-GFP showed that spNup131 is localized only at the 125 

cytoplasmic side of the NPC (Figure 1‒figure supplement 2). Montage pictures with 126 

quantification show the distribution of spNup131 and spNup132 and confirm the 127 

distinct locations of spNup131 and spNup132 in the NPC; spNup131 and spNup132 128 

were exclusively located in the cytoplasmic and nuclear, respectively (Figure 1c, 129 

Figure 1‒figure supplement 2). To consider potential artifacts of GFP-tagging at the 130 

N-terminus, we repeated these experiments using strains in which spNup131 or 131 

spNup132 was C-terminally fused to GFP and obtained essentially the same results 132 

(Figure 1d). These results indicate that spNup131 and spNup132 are differentially 133 

positioned at the cytoplasmic and nuclear sides, respectively, of the NPC. 134 

 135 

Immunoelectron microscopy of spNup107-160 subcomplex Nups 136 

Because the Nup133 homologs are integrated components of the Nup107-160 137 

subcomplex, we next examined positioning of the other Nup107-160 subcomplex 138 
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components in S. pombe: spNup107 (scNup84/hsNup107), spNup120 139 

(scNup120/hsNup160), spNup85 (scNup85/hsNup85), spNup96 (also known as 140 

spNup189C; scNup146C/hsNup96), spNup37 (hsNup37), spSeh1 (scSeh1/hsSeh1), and 141 

spEly5 (hsELYS) in the cells expressing each GFP-fused Nup as a sole component. The 142 

spNup98-spNup96 fusion protein is generated as the nup189
+
 gene product, and 143 

spNup96 is separated by the peptides conferring autopeptidase activity in the 144 

C-terminus of spNup98 (also known as spNup189N) (Asakawa et al., 2015). The 145 

C-terminal tag on spNup96 does not inhibit separation of spNup98 from spNup96 146 

(Asakawa et al., 2015).  147 

Results of IEM show that of the 7 nucleoporins, spNup107 is located on the 148 

nuclear side of the NPC, whereas spNup120, spNup85, spNup96, spNup37, spEly5, and 149 

spSeh1 are predominantly located on the cytoplasmic side of the NPC (Figure 2a). The 150 

localization of spNup107 on the nuclear side was also confirmed using an N-terminus 151 

fusion protein (Figure 2a). Simultaneous detection of spMis6-GFP further confirmed 152 

the localization of spNup120, spNup96, spNup85, spNup37, spSeh1, and spEly5 on the 153 

cytoplasmic side (Figure 2a). This result suggests that the Nup107-160 subcomplex is 154 

disrupted into two pieces in S. pombe and that these two pieces are differentially located 155 

on the cytoplasmic and nuclear sides of the NPC. 156 

 157 

Location of other Nups in the NPC  158 

We also performed IEM of other Nups to reveal their locations within the NPC in S. 159 

pombe (Figure 2b-f). We first examined inner ring Nups known as the Nup93 160 

subcomplex in vertebrates. spNup97 and spNpp106, redundant S. pombe homologs of 161 

scNic96/hsNup93, were both similarly positioned near the center of the NPC. spNup184 162 
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(scNup188/hsNup188) and spNup186 (scNup192/hsNup205) were also positioned near 163 

the center (Figure 2b). The redundancy of scNic96/hsNup93 homologs is unique in the 164 

Schizosaccharomyces genus (Figure 2‒figure supplement 1). spNup40 and spNup155 165 

were also located near the center of the NPC, but they showed a slightly broader range 166 

of localization (Figure 2b). 167 

The channel Nups spNup44 (scNup57/hsNup54) and spNup45 168 

(scNup49/hsNup58) were localized at the center of the pore (Figure 2c). spNup98 169 

(scNup145n/hsNup98) was also found near the center of the pores when examined with 170 

an antibody against the N-terminal region (Iwamoto et al., 2013) (see “spNup98” in 171 

Figure 2c). The C-terminal region of spNup98 tagged with GFP was detected on the 172 

cytoplasmic side of the nuclear pore using an anti-GFP antibody (see “spNup98-GFP” 173 

in Figure 2c). In H. sapiens and S. cerevisiae, the C-terminal region of the Nup98 174 

homologs (hsNup98/scNup145n/scNup100/scNup116) interacts with Nup96 homologs 175 

(hsNup96/scNup145c) (Hodel et al., 2002; Griffis et al., 2003; Ratner et al., 2007). In 176 

addition, the C-terminal mouse Nup98-APD (autoproteolytic and NPC-targeting 177 

domain) binds the conserved cytoplasmic scNup82 (Stuwe et al., 2012). Thus, the 178 

C-terminal region of spNup98 might be tethered by spNup96 and spNup82, both of 179 

which are positioned at the cytoplasmic side of the NPC, while the N-terminal region is 180 

extended to the center of the pore. S. pombe homologs of the conserved Nup Nsp1 181 

(scNsp1/hsNup62) was localized frequently in the cytoplasmic side and infrequently in 182 

the nuclear side of the NPC (Figure 2d). The conserved cytoplasmic Nups spNup82 183 

(scNup82/hsNup88) and spNup146 (scNup159/hsNup214) also localized to the 184 

cytoplasmic side (Figure 2e). The conserved nuclear Nups spNup61 (scNup2/hsNup50), 185 

spNup124 (scNup1/hsNup153), spNup211 (scMlp1/scMlp2/hsTpr), and spNup60 186 
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(scNup60) were localized at the nuclear side (Figure 2f). The transmembrane Nups 187 

spCut11 (scNdc1/hsNdc1), spPom152 (scPom152), and spPom34 (scPom34) were 188 

localized at the center of the pore and slightly biased toward the cytoplasm (Figure 2g).  189 

 190 

Interaction mapping of S. pombe Nups 191 

To understand the overall structure of the S. pombe NPC, which is likely assembled 192 

with the unusual characteristics as described above, we performed affinity capture/mass 193 

spectrometry of S. pombe nucleoporins. Whole cell extracts were prepared from S. 194 

pombe strains expressing each of the GFP-fused nucleoporins from the endogenous 195 

genomic locus and subjected to immunoprecipitation with anti-GFP antibodies (see 196 

Materials and Methods for details). Proteins precipitated with GFP-nucleoporins were 197 

separated on SDS polyacrylamide gels and analyzed by liquid chromatography coupled 198 

to tandem mass spectrometry (LC/MS/MS) (Figure 3‒figure supplement 1). The 199 

abundance of immunoprecipitated nucleoporins was semi-quantified using emPAI 200 

(exponentially modified protein abundance index) values (Ishihama et al., 2005), 201 

yielding a map of the interactions between S. pombe nucleoporins (Figure 3).  202 

We first focused on proteins interacting with components of the Nup107-160 203 

subcomplex. spNup107 co-precipitated with spNup132 and vice versa, which is 204 

consistent with the previous study (Baï et al, 2004), suggesting that they form a 205 

complex in vivo in analogy to eukaryotic homologs (e.g., scNup84-133 and 206 

hsNup107-133). However, in contrast to studies in humans and S. cerevisiae, spNup107 207 

did not effectively interact with spNup96, a result consistent with IEM data showing 208 

separate locations of spNup107 and spNup96 at the nuclear and cytoplasmic sides of the 209 

NPC, respectively. spNup107 co-precipitated spNup131, suggesting these proteins 210 
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interact with each other only when they are together in cell extracts, as the IEM data 211 

showed that spNup107 and spNup131 were located on different sides of the NPC. 212 

Because immunoprecipitation does not ensure direct interaction between the two 213 

components, we performed yeast two-hybrid assays to investigate the direct binding 214 

ability between any two components of the Nup107-160 subcomplex. spNup107 bound 215 

spNup132 but not spNup131 (Figure 4a), consistent with IEM data indicating that 216 

spNup107 and spNup132 but not spNup131 are located on the nuclear side of the NPC. 217 

No or minimal interaction was detected between spNup107 and spNup96 (Figure 4a), 218 

suggesting a separation between spNup107 and spNup96, as found in IEM and affinity 219 

capture/mass spectrometry analyses. spNup96 bound to spNup85 (Figure 4a); spNup96 220 

bound to spNup120 in the presence of spNup85 (Figure 4b); spSeh1 bound to spNup85 221 

(Figure 4c); spNup37 bound to spNup120 (Figure 4c); spEly5 bound to spNup120 in 222 

the presence of spNup37 but not in the absence of spNup37 (Figure 4d); and spNup37 223 

and spEly5 did not interact with each other (Figure 4e). These results suggest that 224 

spNup120–spNus37–spEly5, spNup85–spSeh1, and spNup96 form a complex, as 225 

suggested by IEM and affinity capture/mass spectrometry analyses in this study and 226 

previous studies (Bilokapic et al., 2012). The Nup37-dependent interaction of ELYS 227 

with Nup120 is also reported for C. thermophilum (Thierbach et al., 2013). These 228 

results support the idea that in the Nup107-160 subcomplex, the protein complex 229 

containing spNup96 and the other complex containing spNup107 are in separate 230 

locations in S. pombe, as indicated by IEM. 231 

 Interaction and/or complex formation between other Nups was also examined 232 

by LC/MS/MS analysis of affinity-captured Nups. The results suggest a modular 233 

organization of S. pombe NPC subcomplexes, including the Nup93 subcomplex 234 
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(spNup97, spNpp106, spNup184, spNup186, spNup155, and spNup40), channel Nup 235 

subcomplex (spNup45, spNup44 and spNsp1), cytoplasmic ring complex (spNsp1, 236 

spNup82 and spNup146), nuclear basket Nups (spNup211, spNup60, spNup61, and 237 

spNup124) and transmembrane Nups (spCut11, spPom152, and spPom34) (Figure 3). 238 

In the S. pombe Nup93 subcomplex, the redundant Nups spNpp106 and spNup97 239 

showed different affinities toward spNup184 and spNup186: spNup97 preferentially 240 

interacted with spNup186, while spNpp106 preferentially interacted with spNup184 241 

(Figure 3). The Nup93 subcomplex Nups interacted with channel Nups, and vice versa 242 

(Figure 3). Because an interaction of the Nup93 subcomplex and the channel Nup 243 

complex has been reported previously in S. cerevisiae and C. thermophilum (Amlacher 244 

et al., 2011; Stuwe et al., 2015; Fischer et al., 2015), our result suggests that the 245 

interaction between these two subcomplexes is also conserved in S. pombe. In addition 246 

to the interaction with the channel Nups subcomplex, the Nup93 subcomplex interacts 247 

with transmembrane Nups (Figure 3). Interestingly, spNup155 in the Nup93 248 

subcomplex co-precipitated many Nups, including some of the Nup107-160 249 

subcomplex Nups, channel Nup spNup44, and transmembrane Nups, suggesting that 250 

spNup155 may play a role in connecting many subcomplexes/modules of the NPC in S. 251 

pombe (Figure 3). Taken together, these results suggest that the S. pombe NPC exhibits 252 

a split organization of the Nup107-160 subcomplex, and this unique structure may be 253 

maintained by evolutionarily conserved subcomplexes and their mutual interactions.  254 

The position of each subcomplex and Nup within the NPC in S. pombe was 255 

summarized based on the results from immunoelectron microscopy, affinity 256 

capture/mass spectrometry, and yeast two-hybrid assays in Figure 5. 257 

 258 
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The N-terminal β-propeller region is required for differential localization of 259 

Nup133 homologs 260 

Next, we sought to determine which domains of spNup131 and spNup132 are 261 

responsible for their different localizations. In this experiment, we expressed fragments 262 

of spNup131 or spNup132 in a nup131Δ nup132Δ double-deletion strain (lacking genes 263 

for spNup131 and spNup132) to exclude the possibility that endogenous spNup131 or 264 

spNup132 predominantly occupies preferable sites for spNup131 and spNup132 265 

fragments (Figure 6a). In the background of nup131Δ nup132Δ, the full-length 266 

spNup131 (spNup131FL) and spNup132 (spNup132FL) proteins tagged with GFP were 267 

localized at the nuclear periphery by fluorescence microscopy (FM) (Figure 6b). IEM 268 

revealed that GFP-spNup131 was localized at the cytoplasmic side of the NPC, while 269 

GFP-spNup132 localized at the nuclear side, consistent with the wild type strain 270 

(Figure 6c). This result suggests that spNup131 and spNup132 were localized to their 271 

proper sites independent of each other, and that they cannot substitute for one another. 272 

FM analysis revealed that the C-terminal region (spNup132C) but not the N-terminal 273 

region (spNup132N) was localized to the nuclear periphery (Figure 6b). IEM analysis 274 

revealed localization of spNup132C on the nuclear side of the NPC (Figure 6c). The 275 

spNup131 C-terminal region (spNup131C) but not the N-terminal region (spNup131N) 276 

was localized at the nuclear periphery, as with spNup132. However, surprisingly, IEM 277 

analysis revealed that spNup131C is positioned at the nuclear side of the NPC, in 278 

contrast to the full-length protein, which localized on the cytoplasmic side. This 279 

indicates that the N-terminal β-propeller domain of spNup131 is required for the proper 280 

localization of this protein to the cytoplasmic side.  281 

To understand which domains of spNup131 and spNup132 are responsible for 282 
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their interactions with spNup107, we carried out yeast two-hybrid assays (Figure 6d). 283 

The results showed that the C-terminal region of spNup131 but not the full-length 284 

protein bound to spNup107 (Figure 6d). In contrast, both the spNup132 C-terminal 285 

region and the full-length protein bound to spNup107 (Figure 6d). Thus, these results 286 

suggest that the C-terminal regions of both spNup131 and spNup132 have the potential 287 

to interact with spNup107 and that the N-terminal region of spNup131 plays a role in 288 

preventing interaction with spNup107. Taken together, we conclude that the N-terminal 289 

region of spNup131 is necessary but not sufficient for the cytoplasmic localization of 290 

spNup131.  291 

 292 

Forced symmetrical localization of spNup132 causes defects in normal cell cycle 293 

progression 294 

To address the significance of the separation of the S. pombe Nup107-160 subcomplex, 295 

we generated an S. pombe strain with spNup96 artificially fused to spNup107 in the 296 

nup107Δ background (spNup96-spNup107-GFP). The strain was viable, and Western 297 

blot analysis confirmed expression of the protein with the predicted molecular weight 298 

(Figure 7a). By IEM, the majority of the spNup96-spNup107-GFP fusion protein 299 

molecules were localized at the cytoplasmic side of the NPC (Figure 7b), a change in 300 

the location of spNup107 from the nuclear side to the cytoplasmic side. Under this 301 

condition, spNup132 was recruited to both the nuclear and cytoplasmic sides of the 302 

NPC (Figure 7c), suggesting that a fraction of the spNup132 molecules was recruited 303 

by spNup107. Next, we examined the phenotype of the strain expressing the 304 

spNup96-spNup107-GFP fusion protein. This strain exhibited growth sensitivity to the 305 

microtubule-destabilizing drug thiabendazole (TBZ) (Figure 7d), delayed meiotic 306 
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division (Figure 7e, f), and abnormal spore formation (Figure 7g) as previously 307 

reported for nup132Δ cells (Chen et al., 2004; Asakawa et al., 2014; Yang et al., 2015). 308 

This result suggests that the split structure and the asymmetrical localization in the 309 

Nup107-160 subcomplex are necessary for retaining Nup132 at the nuclear side of the 310 

NPC, which in turn is necessary for normal progression of mitosis and meiosis in S. 311 

pombe.  312 

 313 

Function of spNup131 at the cytoplasmic side of the NPC  314 

To determine the function of spNup131, we next examined its interacting proteins. 315 

Affinity capture/mass spectrometry identified several proteins other than Nups that 316 

interact with spNup131 (Supplementary File 1). Among these proteins, we searched 317 

for those that localize at the nuclear periphery and found spFar8 (also known as spCsc3). 318 

This protein is one of the components of the striatin-interacting phosphatase and kinase 319 

(STRIPAK) complex (Goudreault et al., 2009; Frost et al., 2012) that regulates the 320 

functions of the spindle pole body (SPB; equivalent of MTOC) during mitosis (Singh et 321 

al., 2011). GFP-fused spFar8 (spFar8-GFP) localized at the nuclear periphery during 322 

interphase, as previously reported (Singh et al., 2011) (see “wild type” in Figure 8a). To 323 

test whether localization of spFar8 at the nuclear periphery depends on the NPC, we 324 

examined the location of spFar8-GFP in the background of nup132Δ. It is known that 325 

NPCs have a clustered distribution on the NE in the background of nup132Δ (Baï et al., 326 

2004; Asakawa et al., 2014). spFar8-GFP exhibited the clustered distribution with NPCs 327 

labeled with spCut11(scNdc1/hsNdc1)-mCherry in nup132Δ cells (Figure 8b). In 328 

addition, the localization of spFar8 at the nuclear periphery greatly decreased in the 329 

background of nup131Δ (see “nup131Δ” in Figure 8a) despite no marked change in the 330 
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amount of spFar8 protein (Figure 8c). The localization of another STRIPAK complex 331 

protein, spFar11, to the nuclear periphery was also lower in nup131Δ cells (Figure 8d). 332 

These results suggest that spNup131 plays a role in retaining the STRIPAK complex at 333 

the NPC in interphase cells.  334 

 335 

Discussion 336 

IEM and yeast two-hybrid analyses of the S. pombe Nups suggest that the S. 337 

pombe-specific Nup107-160 subcomplex structure is uniquely split into two portions 338 

that localize differently to the cytoplasmic and nuclear sides of the NPC while 339 

preserving the conserved modular structures (Figure 5). In addition, 340 

affinity-capture/mass spectrometry analysis also partly supports this result (Figure 3). 341 

This specificity contrasts with the localization of the Nup107-160 subcomplexes in H. 342 

sapiens, S. cerevisiae, and Trypanosoma brucei in which the complex is found on both 343 

the cytoplasmic and nuclear sides of the NPC (Rout et al., 2000; Obado et al., 2016; 344 

D’Angelo et al., 2006). Our results suggest that the S. pombe NPC has a novel 345 

organization that has evolved in the Schizosaccharomyces genus, which commonly 346 

bears the Nup132 and Nup131 clades (Figure 1‒figure supplement 1). 347 

In H. sapiens and S. cerevisiae, the Nups in the Nup107-160 subcomplex 348 

assemble to form Y-shaped structures (Lutzmann et al., 2002; Kampmann and Blobel, 349 

2009; Kelley et al., 2015; Stuwe et al., 2015; von Appen et al., 2015). A total of 32 350 

Y-complexes form two concentric reticulated rings at both the nuclear and cytoplasmic 351 

side of the human NPC (Kelley et al., 2015; Stuwe et al., 2015; von Appen et al., 2015). 352 

This organization may be supported by the iso-stoichiometry of each Nup in the 353 

Nup107-160 subcomplex. In fact, the amounts of each Nup in the Nup107-160 354 
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subcomplex in human cells are nearly equal (Ori et al., 2013). In contrast, in S. pombe, 355 

Sec13 and Nup43 are not present in the Nup107-160 subcomplex (Asakawa et al., 2014). 356 

Furthermore, Nups of the Nup107-160 subcomplex are not iso-stoichiometrical, as 357 

revealed in our previous study (Asakawa et al., 2014). The different composition and 358 

stoichiometry of the S. pombe Nup107-160 subcomplex components is consistent with 359 

the unique fission-yeast–specific separated structure of the Nup107-160 subcomplex 360 

revealed in this study.  361 

The role of the separate locations of the Nup107-160 subcomplex remains 362 

unknown. In mammalian cells undergoing ‘open mitosis,’ the Nup107-160 subcomplex 363 

is required for NPC assembly at an early stage of telophase and is therefore thought to 364 

provide a structural element important for reconstructing the NPC at the end of mitosis 365 

(Walther et al., 2003; Harel et al., 2003; Boehmer et al., 2003). Thus, the Nup107-160 366 

subcomplex has essential scaffold functions. In contrast, Nup133 homologs are 367 

dispensable for vegetative cell growth in fungi undergoing ‘closed mitosis,’ including S. 368 

pombe and S. cerevisiae (Asakawa et al., 2014), suggesting a different role for Nup133 369 

homologs among eukaryotes depending on the type of mitosis. While the role of 370 

Nup133 homologs in vegetative cell growth in fungi is unknown, it is clear that 371 

spNup132 but not spNup131 is required for the progression of meiosis in S. pombe, 372 

especially with regard to proper segregation of meiotic chromosomes (Asakawa et al., 373 

2014; Yang et al., 2015). Such functional differences between spNup131 and spNup132 374 

are reflected by the different locations of these two components within the NPC (Figure 375 

1). A decrease in spNup132 on the nuclear side and its relocation to the cytoplasmic side 376 

causes defects in meiosis similar to those found in nup132Δ cells, further supporting our 377 

conclusion. 378 
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spNup132 is required for normal kinetochore formation during meiosis in S. 379 

pombe. Deletion of the nup132 gene but not the nup131 gene causes a delay in 380 

kinetochore protein assembly during the first meiotic chromosome segregation (Yang et 381 

al., 2015) and increases the sensitivity to a microtubule destabilizing drug, likely due to 382 

defects in the kinetochore structure (Asakawa et al., 2014). However, the molecular 383 

mechanism of underlying spNup132-mediated regulation of kinetochore proteins 384 

remains unknown. Similarly, in mammalian cells, kinetochore-related functions have 385 

been reported for the Nup107-160 subcomplex. A fraction of the Nup107-160 386 

subcomplex is found at the kinetochores and spindle poles during mitosis (Harel et al., 387 

2003; Loïodice et al., 2004; Belgareh et al., 2001; Orjalo et al., 2006), and depletion of 388 

the Nup107-160 subcomplex from kinetochores results in altered kinetochore protein 389 

recruitment (Zuccolo et al., 2007; Platani et al., 2009; Mishra et al., 2010). Considering 390 

the similarity in kinetochore-related functions, spNup132 but not spNup131 is likely to 391 

be a functional homolog of mammalian Nup133.  392 

 IEM analysis in this study revealed that spNup131 is localized only on the 393 

cytoplasmic side of the NPC. What is its function there? Our study revealed an 394 

interaction between spNup131 and spFar8. spFar8 is an S. pombe ortholog of the 395 

STRIPAK complex component Striatin (Frost et al., 2012) and is located at the nuclear 396 

periphery in interphase cells (Singh et al., 2011). In S. pombe, the STRIPAK complex 397 

regulates the septation initiation network through the conserved protein kinase Mob1 398 

(Moreno et al., 2001; Goudreault et al., 2009) and is required for asymmetric division of 399 

mother and daughter SPBs during mitosis (Singh et al., 2011). The 400 

spNup131-dependent NPC localization of spFar8 revealed by this study implies that the 401 

NPC regulates STRIPAK localization in interphase cells. Human STRIPAK complexes 402 
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have been proposed to play roles at the interface between the Golgi and the outer 403 

nuclear envelope (Frost et al., 2012). Considering the localization of spNup131, 404 

STRIPAK is likely to interact with the NPC on the cytoplasmic side of the NE. 405 

Although the role of the STRIPAK complex in interphase cells in S. pombe is not fully 406 

understood, the interaction between spNup131 and spFar8 may provide an important 407 

example linking the NPC to cytoplasmic structures.  408 

 This study suggests that the S. pombe NPC maintains conserved modular 409 

structures while exhibiting some structural differences. In particular, the Nup107-160 410 

subcomplex appears to have a novel separated structure and exhibits a localization 411 

pattern not reported in other organisms. Recent studies suggest that NPC structures are 412 

not necessarily the same among eukaryotes. For example, the binucleated ciliate 413 

Tetrahymena thermophila has two functionally distinct nuclei called the macronucleus 414 

(MAC) and micronucleus (MIC), which differ in size, transcriptional activity, and 415 

nucleocytoplasmic transport specificity (Karrer, 2012). Interestingly, in T. thermophila, 416 

the NPCs in the MAC and the MIC differ in the amount of Nup107-160 subcomplex 417 

present (Iwamoto et al., 2017). The amount of the subcomplex in the MIC is about three 418 

times more than that in the MAC, suggesting that the Nup107-160 subcomplex form 419 

different structures in the MAC and MIC. In addition, in some multicellular organisms, 420 

the expression level of Nups varies between cell types and during development (Ori et 421 

al., 2013; Cho et al., 2009; Olsson et al., 2004; D’Angelo et al., 2009; D’Angelo et al., 422 

2012). It is also known that some mutations in Nups result in developmental defects in 423 

metazoans (Raices and D’Angelo, 2012). These findings suggest that the NPC 424 

composition in cell types and during development is biologically significant. An altered 425 

composition might alter the NPC structure, at least in part; thus, unidentified NPC 426 
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subcomplex structures may play roles in biological events. Thus, novel NPC structures 427 

may be found in organisms or cell types with different compositions of Nups as we 428 

found in S. pombe. 429 

  430 
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Materials and Methods 431 

S. pombe strains and cultivation 432 

The S. pombe strains used in this study are listed in supplementary Table 2. Fusion 433 

genes were constructed using a two-step PCR method and introduced into cells. YES or 434 

EMM2 culture medium was used for routine cultures (Moreno et al., 1991). ME 435 

medium was used to induce meiosis and spore formation. When necessary, TBZ was 436 

added to the YES medium to a final concentration of 10 μg/mL.  437 

 438 

Immunoelectron microscopy 439 

For immunoelectron microscopy, 1.5 × 10
8
 cells were fixed in 1 mL of a mixture of 4% 440 

formaldehyde and 0.01% glutaraldehyde dissolved in 0.1 M phosphate buffer (PB) 441 

(pH7.4) for 20 min at room temperature, treated with 0.5 mg/mL Zymolyase 100T 442 

(Nacalai Tesque, Inc., Kyoto, Japan) in PB for 20-30 min at 30°C, and then 443 

permeabilized with 0.2% saponin (Nacalai Tesque, Inc.) and 1% bovine serum albumin 444 

(BSA) in PB for 15 min. The GFP epitope tag was labeled with a primary antibody 445 

(rabbit polyclonal anti-GFP antibody, Rockland Immunochemicals, Limerick, PA, 446 

USA) diluted at 1:400 in PB containing 1% BSA and 0.01% saponin, and a secondary 447 

antibody (goat anti-rabbit Alexa 594 FluoroNanogold Fab’ fragment; Nanoprobes Inc., 448 

Yaphank, NY, USA) diluted 1:400. For analysis of the spNup98 N-terminal region, we 449 

used a mouse monoclonal anti-Nup98 antibody (13C2) (Iwamoto et al., 2013; Asakawa 450 

et al., 2015) diluted 1:100 and anti-mouse Alexa594 FluoroNanogold Fab’ fragment 451 

(Nanoprobes) diluted 1:400. Cells then were fixed again with 1% glutaraldehyde in PB 452 

for 1 h at room temperature and treated with 100 mM lysine HCl in PB twice for 10 min 453 

each. The cells were stored at 4°C until use. Before use, the cells were incubated with 454 
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50 mM HEPES (pH 5.8) three times for 3 min each and with distilled water (DW) once, 455 

incubated with the Silver enhancement reagent (a mixture of equal volumes of the 456 

following A, B, and C solutions: A, 0.2% silver acetate solution; B, 2.8% trisodium 457 

citrate-2H2O, 3% citric acid-H2O, and 0.5% hydroquinone; C, 300 mM HEPES, pH 8.2) 458 

at 25°C for 3 min. Cells were embedded in 2% low melting agarose dissolved in DW. 459 

Cells were post-fixed with 2% OsO4 in DW for 15 min and stained with 1% uranyl 460 

acetate in DW at room temperature. Cells were dehydrated using stepwise incubations 461 

in ethanol and acetone and finally embedded in epoxy resin Epon812. Solidified blocks 462 

containing cells were sectioned, and the ultra-thin sections were stained with uranyl 463 

acetate and lead citrate, the usual pretreatment for EM observations. Images were 464 

obtained using a JEM1400 transmission electron microscope (JEOL, Tokyo, Japan) at 465 

120kV.  466 

Nuclear pores containing more than two immunogold particles were chosen for 467 

localization analysis as described previously (Rout et al., 2000). To confirm the 468 

accessibility of the nucleus to immunogold particles, the nuclear centromere protein 469 

spMis6-GFP was co-expressed with GFP-fused Nups in cells and stained with anti-GFP 470 

antibody for IEM. For quantification of the Nup signals, we chose only cell specimens 471 

with a positive spMis6-GFP signal. For quantitative representations, montage pictures 472 

were produced by stacking 20 NPC images with 5% opacity on Adobe Photoshop CS 473 

software.  474 

 475 

cDNA clones 476 

nup107
+
 and nup37

+
 cDNAs were provided by National BioResource Project Japan 477 

(http://yeast.lab.nig.ac.jp/yeast/top.xhtml). cDNA fragments of other Nups were 478 
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amplified from a cDNA library pTN-RC5 or pTN-FC9 (National BioResource Project 479 

Japan) using PCR. 480 

 481 

Strain construction 482 

To visualize nuclear pore localization of the different domains of Nup131 and Nup132, 483 

lys1
+
-integrating plasmids carrying GFPs65t-fused with respective Nup domains were 484 

introduced into cells with a nup131nup132 double-mutant background. To construct 485 

the spNup96-spNup107 fusion Nup, a cDNA fragment encoding spNup107 or 486 

spNup107-GFP followed by a drug resistance marker gene was integrated after the 487 

chromosomal spNup96 coding region. After a diploid strain was obtained by crossing 488 

the yielded and wild type strains, the nup107
+
 gene on the original chromosomal locus 489 

was deleted. To introduce the chromosomal fluorescent tag and gene disruption, a 490 

two-step PCR method was applied (Bähler et al, 1998). Nup-GFP fusion constructs 491 

were described previously (Asakawa et al., 2014). The spMis6-GFP fusion was 492 

constructed as described previously (Chikashige et al., 2004) or using the two-step PCR 493 

method. mCherry-spAtb2 was visualized as described previously (Yang et al., 2015). 494 

 495 

Plasmid construction 496 

To express the full-length or domains of the spNup131 and spNup132 proteins, cDNA 497 

fragments were amplified by PCR. The PCR products were sub-cloned into the BglII 498 

site of the plasmid of pY53 that carries the nup132 promoter (-1000bp)-driven GFPs65t 499 

using the In-Fusion PCR cloning kit (Clontech Laboratories, Mountain View, CA, 500 

USA). 501 

 502 
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Preparation of whole cell extracts 503 

Growing cells (about 5 × 10
9
) were collected and washed with 10 mM HEPES buffer 504 

(pH 7.5) containing 1 mM PMSF. The washed cell pellet was suspended in 10 mM 505 

HEPES buffer (pH 7.5) containing 1 mM PMSF, divided into aliquots of 3 × 10
8
 cells, 506 

and kept frozen by liquid nitrogen until use. To make a cell extract, the cell pellet was 507 

thawed and suspended in 100 μL of lysis buffer (50 mM HEPES (pH 7.5), 150 mM 508 

NaCl, 1% Triton X-100, 1 mM EDTA, 2 mM PMSF) with a protease inhibitor cocktail 509 

(167-26081, Wako, Tokyo, Japan) and mashed by glass beads using Multi-beads 510 

shocker (Yasui Kikai Corporation, Osaka, Japan). To prepare a whole cell extract from 511 

spNup98-GFP expressing cells, the other lysis buffer (50mM HEPES pH7.5, 150mM 512 

NaCl, 1mM EDTA, 2mM PMSF, 1% Triton, 0.1% SDS, 0.5% sodium deoxycholate) 513 

with a protease inhibitor cocktail was used. After the further addition of 400 μL of lysis 514 

buffer, the mashed cell pellet was transferred to new microtubes. The supernatant was 515 

collected after centrifugation at 15 000 rpm for 15 min at 4°C and used as the 516 

whole-cell extract.  517 

 518 

Affinity-capture and LC/MS/MS analysis 519 

The whole-cell extract was incubated with a rabbit anti-GFP antibody (Rockland). 520 

Antibody-conjugated proteins were collected by incubating with Protein A Sepharose 521 

beads (17528001, GE Healthcare). Beads were then washed 4-5 times with the lysis 522 

buffer described above. After elution in SDS-PAGE sample buffer, protein samples were 523 

loaded onto a 12% SDS-PAGE gel for liquid chromatography coupled to tandem MS 524 

(LC/MS/MS). Data analysis for LC/MS/MS was performed as described previously 525 

(Nozawa et al., 2013) using the Pombase protein dataset released on November 12, 526 
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2015. The number of unique spectra and emPAI values (Ishihama et al., 2005) were 527 

computed from one measurement of all pieces of the gel. For spNup131 and spNup132, 528 

protein samples were prepared from two independent experiments and each preparation 529 

was analyzed by LC/MS/MS, and unique spectra detected for at least one of the samples 530 

were identified as interacting proteins with spNup131 and spNup132. For each of other 531 

Nups, protein samples from a single preparation were analyzed by LC/MS/MS.   532 

 533 

Fluorescence microscopy 534 

Images were obtained using a DeltaVision microscope system (GE Healthcare, Tokyo, 535 

Japan) equipped with a CoolSNAP HQ
2
 CCD camera (Photometrics, Tucson, AZ, USA) 536 

through an oil-immersion objective lens (PlanApoN60×OSC; NA, 1.4) (Olympus, 537 

Tokyo, Japan) as described previously (Asakawa et al., 2014). Z-stack images were 538 

obtained and subjected to deconvolution that remove out-of-focus images to improve 539 

images as described previously. For time lapse microscopy, cells were observed every 5 540 

minutes as described previously (Yang et al., 2015). The projection images of z-stacks 541 

were made by softWoRx software equipped in the microscope system. 542 

 543 

Yeast two-hybrid assay 544 

The yeast two-hybrid assay was performed according to the manufacturer’s protocol 545 

(Clontech Laboratories). S. pombe Nup cDNAs were cloned into the pGAD424, pGBT9, 546 

and pBridge vectors. AH109 was used as the host strain. Spot assay was performed 547 

twice or three times for each test, and representative results were shown in Figure 4.  548 

 549 
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Figure legends 805 

Figure 1. Localization of spNup131 and spNup132 at NPCs. (a) Distribution of 806 

secondary structure elements on spNup131 and spNup132. Both spNup131 and 807 

spNup132 have structural features in common with Nup133 found in many organisms, 808 

such as the N-terminal β-propeller rich region assigned as the Nup133 N-terminal like 809 

domain (Pfam PF08801; amino acid residues 44–454 in spNup131 and 50–440 in 810 

spNup132) and the C-terminal α-helical stack region assigned as the 811 

Non-repetitive/WGA-negative nucleoporin C-terminal domain (Pfam PF03177; a.a. 812 

residues 581–1049 in spNup131 and 515–1084 in spNup132). (b) IEM of 813 

GFP-spNup131 and GFP-spNup132. Arrows indicate the nuclear pores. Scale bar, 100 814 

nm. (c) Quantitative representation of IEM for N-terminally tagged spNup131 and 815 

spNup132. (left) A montage image of 20 immunoelectron micrographs. The diameter of 816 

the circle is 200 nm. (right) A schematic drawing illustrating the distribution of 817 

immunogold particles shown in the montage image. Red dots represent the pore centers. 818 

(d) Quantitative representation of IEM for C-terminally tagged spNup131 and 819 

spNup132. Montage pictures and distributions of immunogold particles are shown as 820 

described in (c).  821 

 822 

Figure 1‒figure supplement 1. Phylogenetic tree of Nup133-like proteins.  823 

Species names and Genbank accession numbers are shown. spNup131- and 824 

spNup132-like proteins found in fission yeasts are colored. Alignment and phylogenetic 825 

reconstructions were performed using the “build” function of ETE3 v3.0.0b32 826 

(Huerta-Cepas et al., 2016) implemented on GenomeNet 827 

(http://www.genome.jp/tools/ete/). Alignment was performed using Clustal Omega 828 
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v1.2.1 with default options (Sievers and Higgins, 2014). The ML tree was inferred using 829 

PhyML v20160115 run with model JTT (Guindon et al., 2010). Branch supports are the 830 

Chi
2
-based parametric values determined using the approximate likelihood ratio test. 831 

 832 

Figure 1‒figure supplement 2. IEM of spMis6, spNup131 and spNup132. 833 

(a) IEM of spMis6-GFP. An original electron micrograph (left) and its duplicated image 834 

(right) indicating subcellular structures are shown. SPB, spindle pole body; NE, nuclear 835 

envelope. (b) IEM of coexpressed GFP-spNup131 and spMis6-GFP. A representative 836 

image is shown. Arrows indicate immunogold at the nuclear pores. The yellow-lined 837 

regions indicate immunogold near the SPB, corresponding to the signals from 838 

spMis6-GFP. (c, d) Immunoelectron micrographs of 20 nuclear pores used to generate 839 

the montage picture and distribution analysis in Fig. 1(c). Scale bars, 200 nm. (c) IEM 840 

of GFP-spNup131 and spMis6-GFP. (d) IEM of GFP-spNup132.  841 

 842 

Figure 2. IEM of S. pombe Nups. Immunogold distribution of the projected 843 

immunoelectron micrographs is shown as a quantitative representation for each Nup 844 

(see Materials and Methods for details). (a) Nup107–160 subcomplex Nups. (b) Nup93 845 

subcomplex Nups. (c) Channel Nups. IEM for spNup98 was performed using 846 

anti-GLFG repeats antibody for the wild type strain and anti-GFP antibody for the 847 

spNup98-GFP strain. (d) Nsp1. (e) Cytoplasmic Nups. (f) Nuclear basket Nups. (g) 848 

Transmembrane Nups.  849 

 850 

Figure 2‒figure supplement 1. Phylogenetic tree of Nup93-like proteins.  851 

Species names and Genebank accession numbers are shown. spNpp106- and 852 
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spNup97-like proteins found in fission yeasts are colored. Amino acid sequences were 853 

analyzed as described in Figure 1‒figure supplement 1.  854 

 855 

Figure 3‒figure supplement 1. Gels for MS analysis of immunoprecipitates with 856 

GFP or GFP-tagged Nups. 857 

Images of Coomassie-stained SDS-PAGE gels are shown. Arrows indicate positions of 858 

GFP-tagged proteins. Dots indicate the positions of molecular weight marker proteins 859 

shown at the far left. 860 

 861 

Figure 3. Heat map of semi-quantified abundance (emPAI) of nucleoporins. Nups on 862 

the top row are nucleoporins detected by MS analysis of the sample precipitated with 863 

each GFP-Nup as a bait. The color code was determined using emPAI values. White 864 

boxes indicate no Nups detected. Blue boxes indicate subcomplexes with mutual 865 

connections between components. Pink boxes indicate subcomplexes with connections 866 

to other subcomplexes. 867 

 868 

Figure 4. Interactions S. pombe Nup107-160 subcomplex Nups. (a) Yeast two-hybrid 869 

assay of spNup131, spNup132, spNup107, spNup96, spNup85, and spNup120. AD, 870 

transcriptional activation domain; BD, DNA-binding domain. BD-fused spNup120 and 871 

BD-fused spNup85 were not used in this experiment because they themselves showed 872 

transcriptional activation activity. (b) Yeast three-hybrid assay of spNup96, spNup85, 873 

and spNup120. BD-spNup96 or BD alone was expressed with or without spNup85 874 

expression from a BD vector. (c) Yeast two-hybrid assay of spEly5, spNup37, spSeh1 875 

plus spNup85, and spNup120. (d) Yeast three-hybrid assay of spEly5, spNup37, and 876 
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spNup120. BD-spEly5 or BD alone was expressed with or without spNup37. (e) Yeast 877 

two-hybrid assay of spEly5 and spNup37.  878 

 879 

Figure 5. Model of the S. pombe NPC. Positions of each subcomplex were deduced 880 

according to IEM and mass spectrometry results in this study. Solid line indicates the 881 

direct interaction of Nups demonstrated by yeast two-hybrid assays. Broken line 882 

indicates the interaction of Nups demonstrated by mass spectrometry. 883 

 884 

Figure 6. Localization of the spNup131 and spNup132 domains. (a) Schematics of the 885 

spNup131 and spNup132 fragments. (b) Localization of spNup131 and spNup132 886 

fragments as determined by FM. GFP-fused fragments were expressed under the 887 

spNup132 promoter in the background of the nup131Δ nup132Δ double mutant. 888 

spCut11-mCherry served as an NPC marker. Scale bar, 5 μm. (c) IEM of the spNup131 889 

and spNup132 fragments. Projection images (left) and immunogold distributions (right) 890 

are shown as described in the legend of Fig.1(c). The red points indicate the pore 891 

centers. (d) Yeast two-hybrid assay. AD and BD indicate the transcriptional activation 892 

domain and the DNA binding domain, respectively.  893 

 894 

Figure 7. Localization and functional analysis of spNup96-spNup107 fusion Nup. (a) 895 

Western Blot analysis of the spNup96-spNup107-GFP fusion protein. Asterisks 896 

represent non-specific cross reactions of anti-GFP antibody. (b) IEM of the 897 

spNup96-spNup107 fusion protein. Immunogold distribution of the projected 898 

immunoelectron micrographs is shown. (c) IEM of GFP-spNup132 in the background 899 

of spNup96-spNup107 fusion. (d) A cell growth assay in the presence (+TBZ) or 900 
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absence (-TBZ) of the microtubule-destabilizing drug TBZ. Five-fold serial dilutions of 901 

wild type and spNup96-spNup107 fusion strain were spotted on YES medium 902 

containing or lacking TBZ and incubated for 3 days. (e) Time-lapse observation of S. 903 

pombe cells (wt or spNup96-spNup107 fusion strain) undergoing meiosis. Cells 904 

expressing mCherry-fused α-tubulin (spAtb2) were induced to enter meiosis. The 905 

duration of meiosis I and II was determined as the time the spindle was present. Dotted 906 

lines show cell shapes. The time 0 indicates a time for the first appearance of meiosis I 907 

spindle formation. Representative images are shown (number of cells observed: 32 for 908 

wild type and 33 for spNup96-spNup107). (f) Statistical analysis for images obtained in 909 

(e). Duration of meiosis I and II. Error bars represent standard deviations. The duration 910 

of meiosis I was 28.4 ± 3.0 min in wild type and 37.9 ± 6.3 min in spNup96-spNup107 911 

fusion cells. The duration of meiosis II was 25.8 ± 1.8 min in wild type and 29.8 ± 2.9 912 

min in spNup96-spNup107 fusion cells. Asterisks indicate statistical significance (p < 913 

0.0001) between indicated strains as revealed by Welch’s t-test. Number of cells 914 

observed: 32 for wild type and 33 for spNup96-spNup107. (g) Abnormal spore 915 

formation was observed in the background of spNup96-spNup107 fusion. More than 916 

200 asci were counted for each strain. 917 

 918 

Figure 8. spNup131 interacts with spFar8. (a) spFar8-GFP localizes at the nuclear 919 

periphery in an spNup131-dependent manner. Far8-GFP was expressed in the indicated 920 

strains, and cells exponentially growing in EMM2 liquid medium were observed by FM. 921 

spCut11-mCherry was observed as an NPC marker. Scale bar, 10 μm. (b) 922 

NPC-dependent localization of spFar8-GFP. Wild type and nup132Δ cells expressing 923 

spFar8-GFP were cultured on a YES agar plate at 30˚C for 3 days and observed by FM. 924 
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spCut11-mCherry was observed as an NPC marker. Scale bar, 10 μm. (c) Western blot 925 

analysis of spFar8-GFP. Whole cell extracts were prepared from wild type, nup131Δ, 926 

and nup132Δ cells expressing spFar8-GFP and subjected to SDS-PAGE and Western 927 

blot analysis. spFar8-GFP was detected with anti-GFP antibody. spNup98 was detected 928 

by the anti-Nup98 antibody 13C2 for a loading control. An arrow indicates the position 929 

of spFar8-GFP. (d) spNup131-dependent localization of spFar11-GFP. Cells were 930 

prepared and observed as described in (a). Scale bar, 10 μm.  931 
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