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SUMMARY 19 

Stu2 displays dynamic localization patterns in the cell cycle, with different kinetochore and 20 
microtubule distribution during distinct phases. Phosphorylation near Stu2’s C-terminus reduces 21 
its attachment to kinetochores to promote its microtubule activity in anaphase. Cdc5 and 22 
PP2ACdc55 play counteracting roles in this pathway to promote proper timing of Stu2 23 
phosphorylation. 24 

 25 

ABSTRACT 26 

Cells coordinate diverse events at anaphase onset, including separase activation, cohesin 27 
cleavage, chromosome separation, and spindle reorganization. Regulation of the XMAP215 28 
family member and microtubule polymerase, Stu2, at the metaphase-anaphase transition 29 
determines a specific redistribution from kinetochores to spindle microtubules. We show that cells 30 
modulate Stu2 kinetochore-microtubule localization by Polo-like kinase1/Cdc5-mediated 31 
phosphorylation of T866, near the Stu2 C-terminus, thereby promoting dissociation from the 32 
kinetochore Ndc80 complex. Cdk/Cdc28 likely primes Cdc5:Stu2 interaction. Cdc28 activity is 33 
also required for Stu2 nuclear import. PP2ACdc55 actively opposes Cdc5 activity on Stu2T866 during 34 
metaphase. This counter-regulation allows for switchlike redistribution of Stu2pT866 at anaphase 35 
onset when separase inhibits PP2ACdc55. Blocking Stu2T866 phosphorylation disrupts anaphase 36 
spindle progression, and we infer that PP2ACdc55 regulates the mitotic spindle by 37 
dephosphorylating Stu2 and other MAPs. These data support a model in which increased 38 
phosphorylation at anaphase onset results from phosphatase inhibition and point to a larger 39 
regulatory network that facilitates rapid cytoskeletal modulation required for anaphase spindle 40 
maintenance. 41 
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INTRODUCTION 43 

Accurate chromosome segregation during cell division ensures equal partitioning of genetic 44 
information into daughter cells. Cells must therefore exert precise temporal control on the complex 45 
set of regulatory events that determine proper segregation. At anaphase onset in particular, cells 46 
must coordinate separase activation and subsequent removal of cohesin, chromosome 47 
movement, spindle reorganization, and preparation for cytokinesis (De Gramont and Cohen-Fix, 48 
2005). Multiple factors, including microtubule associated proteins (MAPs) and motor proteins, are 49 
also required during anaphase to maintain the integrity of the microtubule cytoskeleton (Goshima 50 
and Vale, 2003; Khmelinskii et al., 2007; Amin, Agarwal and Varma, 2019).  51 

The XMAP215 family member and microtubule polymerase Stu2 is among the proteins that cells 52 
must regulate at anaphase onset. Stu2 is a MAP that is essential for proper chromosome 53 
segregation, performing multiple important roles in the cell. Stu2 binds to the plus ends of 54 
microtubules to regulate microtubule dynamics (Kosco et al., 2001; van Breugel, Drechsel and 55 
Hyman, 2003; Al-Bassam et al., 2006; Ayaz et al., 2012, 2014), but it also must localize to 56 
kinetochores through an interaction with the Ndc80 complex (Ndc80c) to carry out functions 57 
essential for chromosome biorientation (Hsu and Toda, 2011; Tang et al., 2013; Miller, Asbury and 58 
Biggins, 2016; Vasileva et al., 2017; Miller et al., 2019; Herman, Miller and Biggins, 2020; Zahm 59 
et al., 2021). It also has important functions at microtubule organizing centers to support 60 
microtubule nucleation (Wang and Huffaker, 1997; Gunzelmann et al., 2018) and at the spindle 61 
midzone to promote anaphase spindle elongation (Severin et al., 2001). This diversity of function 62 
requires dramatic relocalization of Stu2 during the cell cycle. Fluorescently labeled Stu2 shifts 63 
between kinetochores and microtubules as well as into and out of the nucleus at different cell 64 
cycle stages, (Usui et al., 2003; Ma et al., 2007; Van Der Vaart et al., 2017), and photobleaching 65 
studies show changes in Stu2 dynamics at kinetochores from metaphase to anaphase 66 
(Aravamudhan et al., 2014). Understanding how cells alter Stu2’s activity and localization in the 67 
cell cycle is important for uncovering how it facilitates proper spindle maintenance and 68 
chromosome segregation, and how aneuploidy might result when these processes go awry. 69 

Strict coordination with the cell cycle implicates phosphoregulation by cell-cycle kinases. We show 70 
here that phosphorylation by cyclin dependent kinase (Cdk/Cdc28 in yeast) of a conserved serine 71 
in Stu2’s nuclear localization signal (NLS) promotes nuclear import. Once in the nucleus, Stu2 72 
associates predominantly with kinetochores through its interaction with the Ndc80c. At anaphase 73 
onset, phosphorylation of a conserved threonine near the C-terminus of Stu2 (Stu2T866) reduces 74 
the amount of Stu2 bound to Ndc80c. We show that Stu2T866 phosphorylation depends on Polo-75 
like kinase 1 (Plk1/Cdc5 in yeast) and that phosphorylation of a conserved serine (Stu2S603) in the 76 
basic-linker region of Stu2 primes it for Cdc5 interaction. Phosphorylation of Stu2S603 is the same 77 
modification that promotes nuclear import, showing multiple functions for this region of Stu2’s 78 
basic linker. The phosphatase PP2ACdc55 opposes Cdc5 modification of Stu2T866 during 79 
metaphase and sets up proper timing of Stu2T866 modification at anaphase onset. Phosphorylation 80 
of Stu2T866 corresponds with relocalization of a pool Stu2 from kinetochores to interpolar spindle 81 
microtubules. Blocking this modification leads to defects in anaphase spindle progression. 82 
Furthermore, disrupting PP2ACdc55 activity leads to spindle defects in metaphase and anaphase, 83 
indicating this phosphatase broadly regulates the microtubule cytoskeleton during mitosis. These 84 
findings illustrate an interconnected and likely conserved network of kinases and phosphatases 85 
that regulate Stu2 activity, along with many other factors, to ensure precise timing of the numerous 86 
events that unfold in rapid succession at anaphase onset. 87 
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RESULTS 88 

Stu2:Ndc80c association changes in the cell cycle 89 

To assess changes in the association of Stu2 and Ndc80c across the cell cycle, we measured 90 
signal from fluorescently labeled Stu2 and Ndc80, in yeast strains grown synchronously from a 91 
G1 arrest-release. For this and other in vivo assays, we made use of an Auxin Inducible Degron 92 
(AID), in which the endogenous STU2 locus is fused with IAA7 (hereafter stu2-AID) and degraded 93 
upon treatment with auxin, uncovering phenotypes of ectopic mutants or fusion proteins 94 
(Nishimura et al., 2009). We released G1-arrested stu2-AID NDC80-mKate cells harboring 95 
ectopic STU2-GFP and monitored both total cellular Stu2-GFP signal as well as the kinetochore-96 
localized Stu2-GFP throughout the cell cycle (Fig. 1A). To quantify the kinetochore-localized Stu2-97 
GFP signal, we calculated the ratio of the intensities of Stu2-GFP and Ndc80-mKate in 98 
kinetochore puncta, as in previous studies (Aravamudhan et al., 2014). Because Ndc80c is Stu2’s 99 
kinetochore receptor, changes in the Stu2/Ndc80c ratios will reflect dynamic regulation. Total cell 100 
Stu2-GFP levels rise steadily through G1/S phases and reach a peak in mitosis. This trend is 101 
consistent with previous reports that total Stu2 expression increases as cells progress through 102 
the cell cycle (Guo et al., 2006; Santos, Wernersson and Jensen, 2015). The kinetochore-103 
associated Stu2-GFP pool also increases through G1/S phases, mirroring total Stu2-GFP, but as 104 
the cells enter early mitosis, which marks the peak in the level of total cell Stu2-GFP, kinetochore-105 
associated Stu2 decreases substantially (time point 75 minutes, Fig. 1A, Fig. S1A). Both total cell 106 
and kinetochore Stu2-GFP levels then fall and reach stable signal in the new G1 phase. These 107 
data suggest that during M phase, specific mechanisms cause Stu2 to dissociate from Ndc80c, 108 
despite the continuing rise in total Stu2.  109 

Phosphorylation of T866 near the Stu2 C-terminus 110 

Reversible phosphorylation regulates the function of many kinetochore proteins, especially by 111 
modulating their association with larger complexes (Ciferri et al., 2008; Sundin, Guimaraes and 112 
DeLuca, 2011; London et al., 2012; Sarangapani et al., 2013; Zaytsev et al., 2015; Jenni and 113 
Harrison, 2018; Gutierrez et al., 2020; Dudziak et al., 2021). We have shown previously that the 114 
C-terminal segment (CTS) of Stu2 binds the tetramerization junction of the Ndc80 complex (Zahm 115 
et al., 2021). The CTS contains several serine and threonine residues, and we hypothesized that 116 
phosphorylation of the CTS could affect its association with Ndc80c. To determine if any residues 117 
in the CTS were phosphorylated, we conducted phosphoproteomic analysis of Stu2 purified from 118 
yeast. We detected many phosphorylated Stu2 peptides, including one containing CTS residues 119 
T866, S867, and T868 (Fig. 1B, Fig. S1B). Phosphorylation at T866 was previously reported in a 120 
proteome-wide study from yeast (Lanz et al., 2021). To determine which of the CTS residues is 121 
phosphorylated in vivo, we turned to a phenotypic screen.  122 

Our previous work showed that mutations which perturb the binding of Stu2’s C-terminus with 123 
Ndc80c result in cellular growth and chromosome segregation defects (Zahm et al., 2021). We 124 
made phosphomimetic substitutions throughout the Stu2 CTS by replacing serines and threonines 125 
with aspartates and glutamates, respectively. We then examined the cell growth phenotype of 126 
these mutations expressed ectopically in stu2-AID cells (Fig. 1C). We generated combinations of 127 
mutations and found that cells harboring the phosphomimetic T866E mutation were defective in 128 
growth on auxin, especially in the presence of the microtubule poison benomyl (Fig. 1C, Fig. S1C). 129 
We also examined chromosome segregation phenotypes of the same panel of phosphomimetic 130 
mutants using a quantitative Chromosome Transmission Fidelity assay (Zhu et al., 2015) (Fig. 131 
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1C, Fig. S1D). Mutant constructs harboring T866E showed chromosome segregation defects that 132 
aligned with cell growth defects. Highlighting the importance of T866 in vivo, multiple sequence 133 
alignments also show that T866 is conserved across fungal species (Fig. 1D). These results, 134 
along with the MS data described above, support the idea that Stu2’s CTS is phosphorylated at 135 
T866 in yeast cells. 136 

Phosphorylation of Stu2T866 reduces its association with Ndc80c 137 

T866 is adjacent to the Ndc80c binding region of Stu2 (Fig. 1D). Inspection of the structure shows 138 
that it lies above a hydrophobic patch that mediates interaction with the CTS (Fig 2A-B) (Zahm et 139 
al., 2021). Modeling a phosphothreonine at T866 (pT866) appears to place a highly charged side 140 
chain unfavorably close to this hydrophobic surface (Fig. 2B). Moreover, neighboring surfaces of 141 
Ndc80c have a net negative charge, likely to further destabilize association of Stu2 bearing a 142 
phosphate at T866 (Fig. S2A). As shown in Fig. 2C-D, fluorescence polarization binding 143 
experiments, in which we measured displacement of an Oregon Green labeled Stu2 CTS peptide 144 
from Ndc80cDwarf by an unlabeled CTS peptide, with either unmodified T866 or pT866, showed 145 
about a 6-fold lower affinity of the phosphorylated peptide (unmodified 34 ± 7.2 μM vs pT866 200 146 
± 70 μM). A control scrambled C-terminus peptide sequence showed no detectable binding to 147 
Ndc80Dwarf (Fig. 2D). These data provide direct evidence that pT866 lowers affinity of Stu2 for 148 
Ndc80c.  149 

To assess the effect of T866 mutations on Ndc80c binding in yeast, we continued to use stu2T866E 150 
to mimic constitutively phosphorylated T866 and also generated a stu2T866V allele to prevent T866 151 
phosphorylation. A valine mutation preserves an interaction between the gamma carbon of Stu2 152 
T866 and Spc24 F14 seen in the crystal structure (Fig. S2B); a smaller residue would leave an 153 
unfavorable hole, consistent with the phenotype of a stu2T866A mutant (Fig. S2B-E). We purified 154 
kinetochores from asynchronously growing stu2-AID yeast harboring STU2WT-V5, stu2T866E-V5, 155 
and stu2T866V-V5 by immunoprecipitation of the kinetochore component Dsn1 (Akiyoshi et al., 156 
2010). Consistent with the fluorescence polarization results, we observed less kinetochore 157 
associated Stu2T866E than Stu2WT (Fig. 2E). We also examined the association of Stu2-GFP with 158 
kinetochores in metaphase-arrested cells. Metaphase cells have bilobed clusters of Stu2-GFP, 159 
closely corresponding to kinetochore localization (Fig. 1A). These clusters have diminished 160 
intensity in stu2 mutants that cannot bind Ndc80c (Zahm et al., 2021). Metaphase-arrested cells 161 
expressing stu2T866E-GFP had lower levels of kinetochore Stu2 than STU2WT-GFP (Fig. 2F) and 162 
stu2T866V-GFP had higher levels (Fig. 2F). These results are consistent with the conclusion that 163 
Stu2T866 phosphorylation reduces Stu2 association with Ndc80c. 164 

Cdc5 phosphorylates Stu2T866 165 

Which kinase phosphorylates Stu2 T866? Standard bioinformatics tools (Wang et al., 2020) 166 
produced no strongly matched kinase consensus motif, but the apparent timing of this 167 
modification implied that we should search for a mitotic kinase. We therefore devised a 168 
fluorescence microscopy assay to assess Stu2:Ndc80c binding after local activation of a panel of 169 
mitotic kinases at the kinetochore. In STU2-GFP cells, we made fusions of the mitotic kinases to 170 
the TOR subunit FRB and also expressed NUF2-FKBP, so that we could use rapamycin to recruit 171 
each kinase to Ndc80c (Fig. 3A) (Haruki, Nishikawa and Laemmli, 2008). The C-terminus of Nuf2 172 
is very close to the endogenous Stu2 binding site on Ndc80c, so recruiting the correct kinase to 173 
Nuf2 should result in phosphorylation of Stu2 and reduction of Stu2-GFP signal at the kinetochore, 174 
as we observed in the phosphomimetic stu2T866E cells (Fig. 2F). To remove any confounding effect 175 
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of cell cycle regulation of these kinases, we performed these assays in cells arrested in G1 or 176 
metaphase. Recruitment of Bub1-FRB, Mps1-FRB, and Ipl1-FRB to kinetochores resulted in no 177 
changes in Stu2-GFP levels in either G1 or mitotically arrested cells (Fig. S3A-B). Recruitment of 178 
Cdc5-FRB to kinetochores resulted in a significantly lower Stu2-GFP signal that matched the 179 
magnitude of signal reduction we observed in stu2T866E cells (Fig. 3B compare Fig. 2F). Cdc5-180 
FRB recruitment to kinetochores decreased Stu2-GFP signal in both G1 and mitotically arrested 181 
cells (Fig. 3B and Fig. S3C) and depended on the presence of Nuf2-FKBP and dosage of 182 
rapamycin (Fig. S3D-E). Cells harboring stu2T866V-GFP showed no reduction of kinetochore Stu2-183 
GFP signal upon tethering of Cdc5-FRB to kinetochores, consistent with T866 as the critical Cdc5 184 
target (Fig. 3B, Fig. S3C-D). Additional evidence for the role of Cdc5 came from knockdown 185 
experiments using the cdc5-1 temperature sensitive allele. Mitotically arrested cells were shifted 186 
to non-permissive 37ºC for 1 hour. cdc5-1 cells had higher Stu2-GFP signal at the kinetochore 187 
than did CDC5 control cells, indicating that the removal of Stu2 from the kinetochore depended 188 
on Cdc5 activity (Fig. 3C). Finally, we examined the cellular effect of ectopic Cdc5 recruitment to 189 
kinetochores. Tethering Cdc5-FRB to Nuf2-FKBP resulted in a severe growth defect that could be 190 
rescued by expression of stu2T866V (Fig. 3D, Fig. S3F). These results all support our conclusion 191 
that Cdc5 phosphorylates Stu2 at T866. 192 

Stu2 basic linker interacts with Cdc5 polo-box domain 193 

Cells have diverse mechanisms to ensure proper targeting of many Cdc5 substrates. One such 194 
mechanism is “priming” phosphorylation, in which a substrate must first be phosphorylated at a 195 
distal site before Cdc5 can act upon it (Elia et al., 2003; Örd et al., 2020; Singh et al., 2021). For 196 
such substrates, the priming site of the substrate frequently consists of a Cdk/Cdc28 197 
phosphorylation site that when phosphorylated interacts with the polo box domains of Cdc5 with 198 
high affinity (Fig. S4A). Recent work suggests that in addition to binding to phosphorylated 199 
serines/threonines, the polo-box domains harbor an additional binding interface on the face distal 200 
to the phosphopeptide binding surface, which interacts with hydrophobic residues in a substrate 201 
(Sharma et al., 2019; Almawi et al., 2020). It is not known whether substrates interact with both 202 
the phosphopeptide binding surface and hydrophobic surface at the same time. Stu2 harbors a 203 
consensus Cdc28 phosphorylation site in its basic linker region, comprising residues 600-607 204 
(Fig. S4A). Both we and others have detected phosphorylation of the consensus Cdc28 site 205 
(serine 603) by mass spectrometry (Fig. 1B; see also (Aoki et al., 2006; Humphrey, Felzer-Kim 206 
and Joglekar, 2018)). Does Stu2’s basic linker region mediate an interaction with the Cdc5 polo-207 
box domains? We used AlphaFold 3 to generate a predicted structure of the interaction of the 208 
Stu2 basic linker region (Stu2560-657(pS603)) with the Cdc5 polo-box domains. The predicted structure 209 
shows two putative Stu2:Cdc5 interacting regions (Fig. 4A-B). One region, Stu2592-607, binds to 210 
the phophopeptide binding domain through pS603 and shows strong similarity with Spc72, 211 
another phosphorylated Cdc5 substrate previously determined by X-ray crystallography (Fig. 212 
S4B) (Almawi et al., 2020). This prediction suggests that pS603 contacts Cdc5 H641 and K643, 213 
which are critical for phosphorylated substrate binding (Fig. 4B). The second predicted interaction 214 
region is between another conserved basic linker patch (Stu2634-639) and the Cdc5 polo-box 215 
domain at the hydrophobic binding site (Fig. 4B). This binding mode is similar to another Cdc5 216 
interactor (Dbf4) that binds the hydrophobic site (Fig. S4B) (Almawi et al., 2020). AlphaFold 217 
makes these predictions with high confidence based on plDDT and pTM metrics, and a non-218 
phosphorylated Stu2592-609 is not predicted to bind Cdc5 polo-box domains (Fig. S4C-D). Both the 219 
phospho-binding motif and the hydrophobic binding motif of the Stu2 basic linker are conserved 220 
in fungi (Fig. 4A). 221 
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If Stu2T866 is phosphorylated by Cdc5 to regulate its interaction with Ndc80c, several predictions 222 
emerge. First, mutating either of the putative polo-box binding motifs in Stu2’s basic linker would 223 
prevent interaction with Cdc5’s polo-box domain. As a result, Stu2 would not be phosphorylated 224 
at T866, leading to higher kinetochore localization, similar to Stu2T866V. Second, removal of Stu2 225 
from kinetochores would require Cdk-dependent priming. To test the first prediction, we made 226 
mutants to both conserved regions of Stu2’s basic linker (Fig. 4A). We previously demonstrated 227 
that an overlapping region of the phosphorylated binding motif, Stu2592-607, is the Stu2 nuclear 228 
localization signal (Carrier et al., 2022). Thus, we introduced mutations in a STU2-NLS-containing 229 
construct to evaluate the effects independently of any confounding effects on nuclear localization. 230 
Consistent with the hypothesis above, Stu2S603A-NLS-GFP, Stu2Δ600-605-NLS-GFP, and Stu2Δ633-231 
647-NLS-GFP all showed more Stu2 at kinetochores than did Stu2WT-NLS-GFP in mitotically 232 
arrested cells (Fig. 4C). To test the second prediction, we inhibited Cdc28 activity using cdc28-233 
as1 and addition of 1NA-PP1 (Ubersax et al., 2003). This experiment also showed higher levels 234 
of Stu2-NLS-GFP at kinetochores in cdc28-as1 cells than in cells expressing CDC28WT (Fig. 4D), 235 
consistent with Cdc28-dependent priming of Stu2:Cdc5 association. 236 

We also tested whether mutations in the conserved, putative polo-box binding motifs in Stu2 237 
would disrupt its displacement from kinetochores by tethered Cdc5, using cells expressing 238 
Stu2WT-NLS-GFP, Stu2Δ600-605-NLS-GFP, and Stu2 Δ633-647-NLS-GFP. Consistent with results in 239 
experiments described above, Stu2WT-NLS-GFP levels decreased at kinetochores when Cdc5-240 
FRB was tethered to Nuf2-FKBP (Fig. 4E). Mutation of the basic patch, either to stu2 Δ600-605 or 241 
stu2Δ633-647, rendered Stu2 “resistant” to kinetochore-associated Cdc5 activity. These data strongly 242 
suggest that the basic patch residues Stu2600-607 and Stu2633-647 mediate the interaction between 243 
Stu2 and the Cdc5 polo-box domains in cells, and furthermore, that Stu2T886 is a direct target of 244 
Cdc5. 245 

Stu2 nuclear localization is regulated by Cdc28 phosphorylation of the conserved basic 246 
linker patch  247 

The finding that Stu2600-607 is a polo-box binding motif for Cdc5 was somewhat surprising, as we 248 
had previously characterized this same region of Stu2 as its nuclear localization signal (Carrier et 249 
al., 2022). Furthermore, our data suggest that S603 within this region is phosphorylated, likely by 250 
Cdc28, to facilitate Cdc5 binding. This observation prompted us to investigate whether S603 251 
phosphorylation could also regulate Stu2 nuclear import in addition to priming an interaction with 252 
Cdc5 (Usui et al., 2003; Ma et al., 2007; Carrier et al., 2022). As before, to show that this 253 
conserved basic patch region of Stu2 is sufficient to ensure nuclear localization, we fused these 254 
residues to a GFP-GST construct and monitored nuclear localization. In the absence of Stu2592-255 
607, GFP-GST is diffuse throughout the cell; a construct containing Stu2592-607-GFP-GST 256 
accumulates in the nucleus (marked by the nuclear pore protein Nup2; Fig. 5A-B, see also (Carrier 257 
et al., 2022)). Furthermore, the nuclear localization activity of Stu2’s basic linker is cell cycle-258 
dependent. Cells arrested in G1 contain less nuclear Stu2592-607-GFP-GST than cells arrested in 259 
mitosis (Fig. 5B). The control SV40NLS-containing fusion does not exhibit cycle-dependent nuclear 260 
import, showing similarly high levels in both G1 and mitosis. Mutating residues required for 261 
importin α interaction (stu2K598A R599A i.e. “KR/AA”) (Carrier et al., 2022) also disrupts this 262 
regulation, resulting in consistently low nuclear import across both cell cycle stages (Fig. 5B). 263 
Furthermore, an S603A mutation resulted in impaired NLS function of Stu2592-607-GFP-GST, while 264 
a phosphomimetic S603E partially rescued nuclear localization (Fig. 5C). We propose that the 265 
rescue was only partial because a charged amino acid in this case is a poor mimic of 266 
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phosphorylated serine. We also observed lower mitotic nuclear accumulation of full length Stu2-267 
GFP in stu2S603A cells than in STU2WT cells, showing that the same regulation also occurs in the 268 
full protein context (Fig. 5D). 269 

Because our mutational analysis suggested that Cdc28 phosphorylation is required to drive Stu2 270 
nuclear localization, we tested the importance of Cdc28 activity directly. We arrested CDC28WT 271 
and cdc28-as1 cells in mitosis and added the inhibitor 1NA-PP1 (Ubersax et al., 2003). In cdc28-272 
as1 cells, Stu2 nuclear accumulation in mitosis was lower than in CDC28WT cells, indicating that 273 
Cdc28 activity is required for proper Stu2 nuclear localization during mitosis (Fig. 5E). These 274 
results are consistent with Cdc28 regulation of Stu2 nuclear localization through phosphorylation 275 
of S603. They also indicate that the same region, and the same phosphorylated residue, facilitate 276 
both nuclear import and priming of Stu2:Cdc5 association. 277 

PP2ACdc55 counteracts Cdc5 phosphorylation of Stu2 during metaphase 278 

To examine the precise timing of Stu2 removal from kinetochores, we determined the Stu2 signal 279 
relative to Ndc80 in cells harboring NDC80-mKate and either STU2WT-GFP or stu2T866V-GFP after 280 
release from a G1 arrest, as previously described (Fig. 1A). To correlate any observed changes 281 
with cell cycle stage, we considered the ratio of Stu2:Ndc80 and the distance between the 282 
associated bilobed Ndc80 foci. In mitosis, Ndc80c distance is a close proxy of spindle length, with 283 
'short' distances (< 1.5 µm) indicating pre-anaphase cells and 'long' distances (> 1.5 µm), 284 
anaphase cells (Joglekar, Bloom and Salmon, 2009; Marco et al., 2013). We found no difference 285 
in Stu2:Ndc80c levels between STU2WT-GFP and stu2T866V-GFP cells before anaphase onset, 286 
either when Ndc80c appeared as a single, non-bilobed focus or with short (pre-anaphase) Ndc80c 287 
distance (Fig. 6A, Fig. S5A). In cells with longer (anaphase-like) Ndc80c distance, STU2WT-GFP 288 
cells had sharply lower Stu2:Ndc80c association than stu2T866V-GFP cells (Fig. 6A). This 289 
difference was consistent across cells at every “anaphase-like” Ndc80c distance, suggesting that 290 
phosphorylation of Stu2 T866 occurs rapidly at anaphase onset (Fig 6B, Fig. S5B). 291 

How do cells exert precise temporal control to achieve rapid phosphorylation of Stu2T866 at 292 
anaphase onset? Since specific upregulation of Cdc5 activity seemed unlikely, we considered the 293 
possibility that a counteracting mechanism to Cdc5 phosphorylation is abruptly inactivated. The 294 
activity of a phosphatase that counteracts Cdc5 phosphorylation could provide the “switchlike” 295 
response observed if such a phosphatase were inhibited precisely at anaphase onset. One major 296 
class of phosphatases active in mitosis are members of the protein phosphatase 2A (PP2A) family 297 
(Queralt et al., 2006; Yellman and Burke, 2006; Clift, Bizzari and Marston, 2009; Yaakov, Thorn 298 
and Morgan, 2012; Moyano-Rodriguez and Queralt, 2019). These heterotrimeric phosphatases 299 
have distinct regulatory subunits, such as Cdc55 and Rts1, to specify the substrate to be 300 
dephosphorylated. If PP2A counteracted Cdc5 phosphorylation of Stu2T866 in metaphase, we 301 
would predict that depletion of the proper PP2A regulatory subunit would result in higher levels of 302 
pT866 and lower Stu2 signal at kinetochores. We therefore monitored the Stu2 kinetochore signal 303 
in metaphase-arrested cells with both cdc55-AID and rts1-AID. While the effect was smaller than 304 
that produced by the phosphomimetic stu2T866E allele, possibly due to inefficiency of these AID 305 
alleles (personal communication with Ethel Queralt), depletion of Cdc55-AID but not Rts1-AID led 306 
to a decrease in Stu2 kinetochore association (Fig. S5C). As a more robust test for whether 307 
PP2ACdc55 affects Stu2T866 phosphorylation, we constructed yeast strains harboring a deletion of 308 
CDC55 and measured Stu2-GFP levels in metaphase. Consistent with the idea that PP2ACdc55 309 
opposes Stu2T866 phosphorylation, cdc55Δ cells showed lower Stu2 levels at kinetochores than 310 
did wild-type cells; the effect depended on Stu2T866 phosphorylation, as cdc55Δ stu2T866V cells 311 
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showed higher kinetochore-Stu2 levels than did wild-type cells (Fig. 6C). These results suggest 312 
that PP2ACdc55 counters Cdc5 phosphorylation of Stu2T866 during metaphase.  313 

If this model is correct, how is PP2ACdc55 rapidly downregulated at anaphase onset? Prior genetic 314 
and phosphoproteomic studies suggest a plausible mechanism. They indicate that phosphatase 315 
PP2ACdc55 counteracts general Cdc5 phosphorylation in metaphase (Touati et al., 2019) and that 316 
threonine residues phosphorylated by Cdc5 appear to be more actively targeted. This counter-317 
regulation by PP2ACdc55 ends abruptly at the onset of anaphase, driven by the activation of 318 
separase, which inhibits PP2ACdc55 in a proteolysis-independent manner (Queralt et al., 2006; 319 
Calabria et al., 2012; Touati et al., 2019). Loss of PP2A activity allows Cdc5 to “win” and results 320 
in net phosphorylation of many Cdc5 substrates, including the mitotic exit regulator Net1 and likely 321 
also Stu2 (Fig. 6D). Our results are in good agreement with these prior studies and support the 322 
model of PP2ACdc55 inhibition of Cdc5 activity through our extensive mutational analysis of a 323 
substrate, Stu2.  324 

Stu2T866 modification and PP2ACdc55 activity are important for proper mitotic spindle 325 
maintenance 326 

Finally, we sought to determine the cellular role of Stu2T866 phosphorylation. Stu2 has been 327 
previously implicated in anaphase spindle elongation (Severin et al., 2001; Al-Bassam et al., 328 
2006). Because Stu2T866 phosphorylation appears to occur at the metaphase-anaphase transition, 329 
its relocation from the kinetochore may be crucial for anaphase spindle elongation. Disruption of 330 
this process could therefore lead to cellular defects. As previously observed (Usui et al., 2003; 331 
Ma et al., 2007), we saw Stu2-GFP signal at the spindle midzone (i.e. between the kinetochore-332 
associated foci), which increases significantly at the onset of anaphase. These observations 333 
suggest that Stu2 relocates along interpolar microtubules once it is released from kinetochores 334 
(Fig. 6A, left panels). We investigated whether the increased kinetochore association of Stu2T866V 335 
corresponded with reduced association to the spindle midzone and indeed found, in cells with 336 
elongated spindles, less midzone localized Stu2-GFP in stu2T866V cells than in STU2WT cells (Fig. 337 
7A-B). There was no difference in the overall length of anaphase spindles between STU2WT and 338 
stu2T866V cells, showing that decreased Stu2 signal along microtubules was not due to differences 339 
in anaphase spindle length (Fig. 7C).  340 

To assess directly the effects of Stu2 localization on anaphase spindle elongation, we used live-341 
cell imaging of STU2WT-GFP and stu2T866V-GFP cells, which also had spindle poles marked with 342 
SPC110-mCherry. We imaged cells every minute during mitosis and tracked the distance between 343 
Spc110 foci to measure mitotic spindle elongation. Both STU2WT and stu2T866V cells showed some 344 
frequency of transiently collapsing mitotic spindles under our imaging conditions, but spindle 345 
regression occurred almost twice as frequently in stu2T866V cells (7/26 STU2WT, 16/32 stu2T866V; 346 
Fig. 7D). Moreover, the maximum spindle elongation rate was lower in stu2T866V than in STU2WT 347 
cells (Fig. S5D). These observations suggest that Stu2T866 is phosphorylated at anaphase onset, 348 
causing a portion of the cellular Stu2 to relocalize to interpolar microtubules and regulate 349 
anaphase spindle elongation. This switchlike modification of Stu2 may be crucial for driving the 350 
rapid cytoskeletal reorganization required during anaphase. 351 

Our observation that Stu2 appears to be regulated by the Cdc5-PP2ACdc55 network led us to ask 352 
whether cells use this pathway to regulate other MAPs, to drive large microtubule cytoskeletal 353 
remodeling during anaphase. We performed a GO term analysis of 316 sites previously identified 354 
as regulated by PP2ACdc55 during metaphase (Touati et al., 2019). This analysis showed that many 355 
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microtubule and actin cytoskeleton remodelers, including the MAPs Bim1 and Stu1, are among 356 
the metaphase targets of Cdc55 (Fig. 7E). This result is consistent with the idea that PP2ACdc55 357 
activity is important for regulating the cytoskeleton changes that happen at anaphase onset. 358 

Our GO-term analysis of PP2ACdc55 substrates, combined with mutational analysis of Stu2, led us 359 
to hypothesize that PP2ACdc55 broadly regulates the mitotic spindle. To test this notion directly, we 360 
performed live-cell imaging of CDC55WT and cdc55Δ cells expressing SPC110-mCherry and 361 
MTW1-GFP, tracking the distance between Spc110 foci during mitosis. Consistent with our 362 
hypothesis, cdc55Δ cells had longer spindles in metaphase than CDC55WT and had lower 363 
maximum spindle elongation rates in anaphase (Fig. 7F-G). From our Stu2 mutational analysis, 364 
we expected a spindle defect in metaphase, because PP2ACdc55 actively counteracts Cdc5 365 
phosphorylation at that stage. The persistence of spindle defects into anaphase suggests that the 366 
precise timing of phosphorylation events regulated by Cdc5-PP2ACdc55 is critical for spindle 367 
function. Overall, these findings are in line with the notion that PP2ACdc55 activity supports mitotic 368 
spindle maintenance, likely through post-translational modification of Stu2 and other microtubule-369 
associated substrates (Fig. S5E-G).  370 

 371 

 372 

DISCUSSION 373 

The XMAP215 family member Stu2 has multiple cellular roles and functions at microtubule 374 
organizing centers, kinetochores, and microtubules during different points in the cell cycle (van 375 
Breugel, Drechsel and Hyman, 2003; Al-Bassam et al., 2006; Hsu and Toda, 2011; Miller, Asbury 376 
and Biggins, 2016; Zahm et al., 2021). We have studied their regulation, including the import into 377 
the nucleus and modulation of kinetochore and microtubule localization. In particular, we have 378 
investigated how phosphorylation of Stu2 at two specific sites governs its subcellular activities. 379 
We find that Cdk/Cdc28 activity facilitates nuclear import of Stu2, through phosphorylation of 380 
Stu2S603 in the nuclear localization sequence in Stu2’s basic linker. We further find that 381 
phosphorylation of a threonine in Stu2’s CTS (Stu2T866) reduces association of Stu2 with Ndc80c. 382 
Stu2T866 phosphorylation depends on the polo-like kinase, Cdc5, and Cdc28 phosphorylation of 383 
S603 primes the Stu2:Cdc5 interaction. PP2ACdc55 opposes Stu2T866 phosphorylation in 384 
metaphase. Upon inhibition by the newly activated separase, downregulation of PP2ACdc55 leads 385 
to rapid accumulation of phosphorylated Stu2T866 at anaphase onset (Fig. 8) (Queralt et al., 2006). 386 
Modification of this site allows cells to relocalize a pool of Stu2 to the spindle midzone during 387 
anaphase for maintenance of anaphase spindle stability. This regulatory event is likely one of 388 
many modifications that the Cdc5-PP2ACdc55 network catalyzes to elicit the rapid cytoskeletal 389 
changes required for entry into anaphase (Touati et al., 2019).  390 

The rapid phosphorylation of Stu2T866 at anaphase onset could serve other cellular purposes. One 391 
mechanism we considered is whether Stu2-dependent kinetochore functions are affected by 392 
Stu2T866 phosphorylation, including Stu2’s proposed role in error correction (Miller, Asbury and 393 
Biggins, 2016; Miller et al., 2019). Kinetochore error-correction mechanisms are thought to be 394 
downregulated at anaphase onset to address the “anaphase problem” (Vázquez-Novelle et al., 395 
2010) as kinetochore-microtubule attachments are under low tension during anaphase. Ipl1, a 396 
main effector of error-correction, is relocalized from centromeres to the midzone at anaphase 397 
onset through Cdc14-mediated dephosphorylation of Sli15 (Buvelot et al., 2003; Khmelinskii et 398 
al., 2007; Zimniak et al., 2012; Cairo et al., 2023). It is attractive to propose that phosphorylation 399 
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of Stu2T866 could serve as a mechanism to control Stu2’s putative error-correction activity, but our 400 
data suggest that Stu2T866 modification is not the sole regulator of Stu2-dependent kinetochore 401 
function. The phenotypes observed in stu2T866V cells are not consistent with hyper-activated error 402 
correction, such as tethering Ipl1 to outer kinetochore substrates (Li, Garcia-Rodriguez and 403 
Tanaka, 2023), which compromises cell viability. Instead, it is more likely that Stu2T866 404 
phosphorylation plays a role in redistributing Stu2 between kinetochores and microtubules to 405 
maintain the anaphase spindle, as our data show. Other protein-protein interactions mediated by 406 
Stu2’s C-terminus may also be regulated by Stu2T866 phosphorylation (Figure S5E-G) (Stangier 407 
et al., 2018), similar to the regulation we have shown for Stu2:Ndc80c. Such additional controls 408 
may be necessary for spindle maintenance or other as-yet-undetermined functions. Our results 409 
also do not exclude the possibility that other post-translational modifications of Stu2 or Ndc80c 410 
may influence their association and/or kinetochore function (Greenlee et al., 2022). 411 

Our work provides new, detailed information concerning mechanisms for specifying substrates of 412 
Plk1/Cdc5. Many Cdc5 substrates require priming through proline-directed phosphorylation 413 
before they can interact with Cdc5 polo-box domain (Elia et al., 2003), while others depend on 414 
hydrophobic interactions between the substrate and a distal face of the Cdc5 polo-box domain, 415 
separate from the canonical phosphopeptide binding region (Almawi et al., 2020). A recent report 416 
also suggests a different mode of human Plk1:substrate interaction, mediated by electrostatic 417 
interactions on the canonical phosphopeptide binding surface of Plk1, but independent of 418 
substrate phosphorylation (Conti et al., 2024). This interaction has been shown to be important 419 
for Plk1 to assist in nucleosome deposition in G1, a time at which Cdk activity is very low (reviewed 420 
in (Bloom and Cross, 2007)). Our results show that Stu2 has two polo-box interacting motifs: one 421 
dependent on phosphorylation of a Cdk/Cdc28 consensus site (Stu2S603) and another driven by 422 
hydrophobic interactions, both of which facilitate the Stu2:Cdc5 association. An important 423 
direction for future research will be to determine whether both interaction motifs are always used 424 
or if they are specifically engaged during different stages of the cell cycle, when Cdk activity levels 425 
vary. We also note that a previous study has suggested that Stu2 is a Cdc5 substrate, findings 426 
that nicely complement our mechanistic work here (Park et al., 2008). 427 

Furthermore, our results offer in-depth mutational analysis of a kinase-phosphatase network that 428 
controls the timing of many cellular events at anaphase onset. We show a new Cdc5-PP2ACdc55 429 
substrate that behaves like the prototypical Cdc5-PP2ACdc55 substrate Net1 (Queralt et al., 2006; 430 
Touati et al., 2019). Phosphoproteomics experiments also showed that Cdc5 and PP2ACdc55 431 
modify many microtubule- and actin-cytoskeleton associated factors during the metaphase-432 
anaphase transition (Fig. 7E, see also (Touati et al., 2019)). More targeted studies show that 433 
PP2ACdc55 regulates the actin cytoskeleton during the cell cycle (Jonasson et al., 2016; Moyano-434 
Rodríguez et al., 2022). Complementing these findings, we show that PP2ACdc55 also regulates 435 
the microtubule cytoskeleton, in part by controlling Stu2 localization. Additional microtubule 436 
regulators such as Bim1 or Stu1, which are also PP2ACdc55 targets (Touati et al., 2019), likely 437 
contribute to the large changes in the cytoskeleton during anaphase. Further work is needed to 438 
investigate the effects of Cdc5 and PP2ACdc55 on these additional cytoskeleton regulatory proteins. 439 
We believe that misregulation of these factors may account for the spindle defects observed in 440 
cells induced to enter anaphase via TEV-Scc1 cleavage in the absence of separase activity 441 
(Uhlmann et al., 2000). Prior phosphoproteomics studies of PP2ACdc55 substrates did not detect 442 
Stu2pT866, suggesting that other important substrates in this pathway may have also escaped 443 
detection (Baro et al., 2018; Touati et al., 2019). In particular, several kinetochore, motor, and 444 
MAP proteins are predicted to be Cdc5 substrates, including Ndc80, Spc24, Kar3, Bim1, Sli15, 445 
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and Cse4 (Ólafsson and Thorpe, 2015, 2020). Whether the Cdc5-PP2ACdc55 network also 446 
regulates these or other proteins at anaphase onset could be addressed by the kinase tethering 447 
tools and mutational analyses described here. These issues remain an important avenue for 448 
future work.  449 

Finally, there are reports from studies on human cells indicating anaphase-specific 450 
phosphorylation of Plk1 targets, particularly the microtubule regulator Prc1. These studies show 451 
that Prc1T602 is phosphorylated by Plk1 in metaphase, and that phosphorylated T602 accumulates 452 
rapidly in anaphase to facilitate proper function of the spindle midzone (Neef et al., 2007; Hu et 453 
al., 2012; Holder, Mohammed and Barr, 2020; Lim et al., 2024). This pattern is reminiscent of the 454 
behavior of Stu2T866 and other Cdc5-PP2ACdc55 threonine substrates in yeast. Furthermore, 455 
evidence suggests a similar inactivation of human PP2AB55 dephosphorylation during anaphase 456 
(Játiva et al., 2019). The mechanisms described here may therefore represent a conserved 457 
strategy to enhance phosphorylation of Plk1 substrates rapidly at anaphase onset.  458 

Data Availability 459 

The mass spectrometry data underlying Fig. 1B and Fig. S1B is available in supplemental 460 
material. Any other data are available from the corresponding author on reasonable request. 461 
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METHODS 478 

Strain construction and microbial techniques 479 

Yeast strains  480 

Saccharomyces cerevisiae strains used in this study, all derivatives of M3 (W303), are described 481 
in Table S1. Standard media and microbial techniques were used (Sherman et al., 1974). Yeast 482 
strains were constructed by standard genetic techniques. Construction of DSN1-6His-3Flag is 483 
described in (Akiyoshi et al., 2010), STU2-3FLAG and stu2-3V5-IAA7 in (Miller, Asbury and 484 
Biggins, 2016) and TOR1-1, fpr1∆, and MPS1-FRB:KanMX in (Haruki, Nishikawa and Laemmli, 485 
2008; Aravamudhan, Goldfarb and Joglekar, 2015). Construction of MTWI-3GFP is described in 486 
(Pinsky et al., 2006). NUF2-FKBP12:HisMX construction was described in (Zahm et al., 2021) 487 
CDC5-FRB:KanMX, BUB1-FRB:KanMX, and IPL1-FRB:KanMX, cdc55-3HA-IAA7, rts1-3HA-488 
IAA7, NDC80-mKate, BIK1-3FLAG were constructed by PCR-based methods (Longtine et al., 489 
1998). Strains containing the previously described pMET-CDC20 allele were provided by Frank 490 
Uhlmann. CDC20-AID and cdc55Δ containing strains were gifts from Adèle Marston. The cdc5-1 491 
allele was provided by David Morgan. For Quantitative Chromosome Transmission Fidelity 492 
(qCTF), strains with MFA1-3XGFP and the (CEN3.L.YA5.1)MATalpha:LEU2 mini chromosome 493 
were generously provided by Rong Li. SPC110-mCherry containing strains were provided by 494 
Trisha Davis. 495 

Plasmid construction 496 

pGPD1-TIR1 integration plasmids (pM76 for integration at HIS3 or pM78 for integration at TRP1) 497 
were provided by Leon Chan. Construction of a 3HA-IAA7 tagging plasmid (pM69) as well as a 498 
LEU2 integrating plasmid containing wild-type pSTU2-STU2-3V5 (pM225) and pSTU2-stu2Δ855–499 
888-3V5 (pM267) are described in (Miller, Asbury and Biggins, 2016; Miller et al., 2019). Plasmid 500 
construction for STU2-NLS-GFP (pM659), Stu2592-607-GFP-GST (pM774), STU2-GFP-GST 501 
(pM772) as well as mutants of these plasmids, Stu2592-607(S603A)-GFP-GST (pM1362) and Stu2592-502 
607(S603E)-GFP-GST (pM1410), are described in (Carrier et al., 2022). stu2L869E,I873E,M876E-3V5 503 
construction is described in (Zahm et al., 2021). STU2-GFP (pM488) and STU2-3HA (pM227) 504 
plasmids for this study were constructed by megaprimer mutagenesis as described in (Liu and 505 
Naismith, 2008; Tseng et al., 2008). STU2 variants were constructed by mutagenizing the above 506 
plasmids. Primers used in the construction of the above plasmids are listed in Table S2, and 507 
further details of plasmid construction including plasmid maps are available upon request.  508 

Yeast Culture 509 

Standard culture conditions for Saccharomyces cerevisiae (W303) were followed for all 510 
experiments unless otherwise indicated. Strains were grown to be in logarithmic growth phase for 511 
all experiments unless otherwise noted. Strains containing the temperature sensitive allele cdc5-512 
1 were grown at the permissive temperature of 23ºC to maintain cell viability, then shifted to 37ºC 513 
for 60 minutes to inhibit cdc5-1. For Cdk inhibition, strains harboring the analogue sensitive cdc28-514 
as1 allele were treated with 2.5 µM 1NA-PP1 for 30 minutes. To deplete Cdc20-AID for metaphase 515 
arrests IAA7 treatment was used as described below for 2.5 hours. For metaphase arrests using 516 
pMET-CDC20 cells were arrested in rich media containing 8 mM methionine for 2.5 hours. To 517 
arrest cells in mitosis using nocodazole cells were treated with 10 μg/mL nocodazole for 2.5 hours. 518 
Alpha factor arrests were performed by treating cells with 10 μg/mL alpha factor for 3.5 hours.  519 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 3, 2024. ; https://doi.org/10.1101/2024.11.01.621564doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.01.621564
http://creativecommons.org/licenses/by-nc-nd/4.0/


Auxin inducible degradation 520 

The AID system was used essentially as described (Nishimura et al., 2009). Briefly, cells 521 
expressed C-terminal fusions of the protein of interest to an auxin responsive protein (IAA7) at 522 
the endogenous locus. Cells also expressed TIR1, which is required for auxin-induced 523 
degradation. 500 μM IAA (indole-3-acetic acid dissolved in DMSO; Sigma) was added to media 524 
to induce degradation of the AID-tagged protein. Auxin was added for 30 min prior to harvesting 525 
cells or as indicated in figure legends. 526 

 527 

Spotting assay 528 

For the spotting assay, the desired strains were grown for 2 days on plates containing yeast 529 
extract peptone plus 2% glucose (YPAD) medium. Cells were then resuspended to OD600 ~1.0 530 
from which a serial 1:5 dilution series was made and spotted on YPAD+DMSO, YPAD+500 μM 531 
IAA (indole-3-acetic acid dissolved in DMSO) or plates containing 3.5–5.0 μg/mL benomyl or 0.05 532 
μg/mL rapamycin as indicated. Plates were incubated at 23°C for 2–3 days unless otherwise 533 
noted. 534 

Quantitative Chromosome Transmission Fidelity 535 

Chromosome Transmission Fidelity assay was carried out as described in (Zhu et al., 2015)). 536 
Briefly, exponentially growing stu2-AID strains containing MFA1-3XGFP and 537 
MC(CEN3.L.YA5.1)MATalpha:LEU2 and STU2-3HA variants were diluted into synthetic complete 538 
media containing auxin and grown for 16 hours. Loss of the mini-chromosome fragment was 539 
observed by measuring GFP signal by flow cytometry and quantified for 10,000 cells.  540 

 541 

FRB/FKBP tethering 542 

For re-tethering in culture, exponentially growing cultures were treated with 500 μM auxin and 543 
0.20 μg/mL (200 ng/mL rapamycin) 30 min prior to harvesting. For spotting assays on plates, 0.05 544 
μg/mL rapamycin was used. 545 

Fluorescence microscopy 546 

For imaging of fixed cells, cells were treated with 3.5% Formaldehyde in Kpi (e.g. 0.1 M potassium 547 
phosphate) buffer for 5 minutes. Cell images were collected with a DeltaVison Elite wide-field 548 
microscope system (GE Healthcare) equipped with a scientific CMOS camera, using 60X 549 
objective (Olympus; NA = 1.42 PlanApoN) and immersion oil with a refractive index of n = 1.516. 550 
A Z-stack was acquired over a 3 µm width with 0.2 µm Z-intervals. Images were deconvolved 551 
using the DeltaVision algorithm, maximally projected, and analyzed using the Fiji image 552 
processing package (ImageJ). Intensity of whole-cell Stu2-GFP, and Stu2-GFP and Ndc80-mKate 553 
kinetochore puncta was determined using Fiji. For live cell imaging, exponentially growing 554 
cultures, grown in synthetic complete media, were treated with 500 μM auxin 30 min prior to 555 
imaging to degrade Stu2-AID and analyzed for Stu2-GFP distribution and spindle length or left 556 
untreated to observe Mtw1-GFP and spindle length. For each strain, an aliquot of cells was 557 
pelleted and resuspended in a volume of synthetic complete media with 500 μM auxin to optimize 558 
cell density for imaging (OD600≈5). Cells were adhered to a coverslip coated in Concanavalin A 559 
as described in (Fees, Estrem and Moore, 2017) and the chamber was sealed using petroleum 560 
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jelly. Cells were imaged using a DeltaVision Ultra as above. Images of the Spc110-mCherry 561 
signal, Stu2-GFP signal and DIC were acquired through the thickness of the cells using Z-stacks 562 
0.3 µM apart. These images were acquired every 1 minute. All frames were deconvolved using 563 
standard settings. Image stacks were maximally projected for analysis of spindle lengths and Stu2 564 
distribution. softWoRx image processing software was used for image acquisition and processing. 565 
Projected images were imported into FIJI for analysis. Distance between Spc110-mCherry puncta 566 
were measured every minute beginning 5 minutes prior to anaphase onset until 15 minutes post-567 
anaphase onset. Anaphase onset was determined for a given cell by selecting the spindle length 568 
at the time point prior to which an increase in spindle length of at least 0.2 µM was observed and 569 
followed by an increase in spindle length over the next 3 time points. Spindle collapse events 570 
were defined as events of spindle regression measuring 0.2 µM or more between images. 571 
Maximum rate of spindle elongation for a given cell was calculated by determining the maximum 572 
difference in spindle length over a 2-minute time period and calculating the rate of spindle 573 
elongation over that time period. Metaphase spindle length was determine as the average spindle 574 
length of the five time points prior to anaphase onset. 575 

Gene Ontology Term analysis 576 

Genes for Gene Ontology analysis were compiled from mass spectrometry data of phosphosites 577 
that changed in the presence of cdc55Δ (See (Touati et al., 2019), Figure 3G, also Supplemental 578 
Data S2). GO Terms determined as described in (Ashburner et al., 2000) using The Gene 579 
Ontology Reference Server. 580 

Multiple Sequence Alignment 581 

Fungal proteins related to Saccharomyces cerevisiae Stu2 were identified using a PSI-BLAST 582 
(Altschul, 1997) search on NCBI. Multiple sequence alignments of the entire proteins were 583 
generated with ClustalOmega default parameters and displayed in JalView 1.8  584 

Structure Prediction and Modeling 585 

AlphaFold Server was used to produce AlphaFold 3 structural predictions of indicated protein 586 
complexes containing phosphorylated and un-phosphorylated polypeptides (Abramson et al., 587 
2024). Protein structures were modeled and compared in UCSF Chimera and ChimeraX. Building 588 
phosphates onto threonine in structure models was accomplished using ChimeraX. 589 

Protein biochemistry 590 

Purification of native yeast protein 591 

Native kinetochore particles were purified from asynchronously growing S. cerevisiae cells as 592 
described below. Dsn1-6His-3Flag was immunoprecipitated with anti-Flag essentially as 593 
described in (Akiyoshi et al., 2010). Tagged yeast proteins (Bik1-3Flag, Stu2-3Flag) were similarly 594 
purified from yeast as follows. Cells were grown in yeast peptone dextrose (YPAD) rich medium. 595 
For strains containing stu2-AID, cells were treated with 500 μM auxin 30 min prior to harvesting. 596 
Protein lysates were prepared by mechanical disruption in the presence of lysis buffer using glass 597 
beads and a beadbeater (Biospec Products) or freezer mill (Spex Sample Prep). Lysed cells were 598 
resuspended in buffer H (BH; 25 mM HEPES pH 8.0, 2 mM MgCl2, 0.1 mM EDTA, 0.5 mM EGTA, 599 
0.1% NP-40, 15% glycerol with 150 mM KCl) containing protease inhibitors at 20 μg/mL final 600 
concentration each for leupeptin, pepstatin A, chymostatin, and 200 μM phenylmethylsulfonyl 601 
fluoride and phosphatase inhibitors (0.1 mM Na-orthovanadate, 0.2 μM microcystin, 2 mM β-602 
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glycerophosphate, 1 mM Na pyrophosphate, 5 mM NaF) followed by centrifugation at 16,100 g 603 
for 30 min at 4°C to clarify lysate. Stu2-FLAG lysates were processed by centrifugation at 24,000 604 
g for 90 min at 4°C to clarify the lysate. Dynabeads conjugated with anti-Flag or anti-V5 antibodies 605 
were incubated with extract for 3 hours with constant rotation, followed by three washes with BH 606 
containing protease inhibitors, phosphatase inhibitors, 2 mM dithiothreitol (DTT), and 150 mM 607 
KCl. Beads were further washed twice with BH containing 150 mM KCl and protease inhibitors. 608 
Associated proteins were eluted from the beads by boiling in 2X SDS sample buffer. Stu2-3Flag 609 
protein for mass spec analysis was eluted from beads with rapigest. 610 

Immunoblot analysis 611 

For immunoblot analysis, cell lysates were prepared as described above or by pulverizing cells 612 
with glass beads in sodium dodecyl sulfate (SDS) buffer using a bead-beater (Biospec Products). 613 
Standard procedures for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 614 
and immunoblotting were followed as described in (Towbin, Staehelin and Gordon, 1979; 615 
Burnette, 1981). A nitrocellulose membrane (Bio-Rad) was used to transfer proteins from 616 
polyacrylamide gels. Commercial antibodies used for immunoblotting were as follows: α-Flag, M2 617 
(Sigma-Aldrich) 1:3000; α-V5 (Invitrogen) 1:5000. Antibodies to Ndc80 (OD4) were a kind gift from 618 
Arshad Desai and used at 1:10,000. The secondary antibodies used were a sheep anti-mouse 619 
antibody conjugated to horseradish peroxidase (HRP) (GE Biosciences) at a 1:10,000 dilution or 620 
a donkey anti-rabbit antibody conjugated to HRP (GE Biosciences) at a 1:10,000 dilution. 621 
Antibodies were detected using the SuperSignal West Dura Chemiluminescent Substrate 622 
(Thermo Scientific). 623 

Mass Spectrometry 624 

Rapigest-eluted Stu2-3Flag protein was subjected to trypsin digestion prior to LC/MS -MS 625 
analysis. LC-MS/MS was performed on an Easy-nLC 1000 (Thermo Scientific) coupled to an LTQ-626 
Orbitrap Elite mass spectrometer (Thermo Scientific) operated in positive ion mode. The LC 627 
system consisted of a fused-silica nanospray needle (PicoTip™ emitter, 50 µm ID x 20 cm, New 628 
Objective) packed in-house with Magic C18-AQ, 5mm and a trap (IntegraFrit™ Capillary, 100 µm 629 
ID x 2 cm, New Objective) containing the same resin as in the analytical column with mobile 630 
phases of 0.1% formic acid (FA) in water (buffer A) and 0.1% FA in acetonitrile (MeCN) (buffer B). 631 
The peptide sample was diluted in 20 µL of 0.1% FA, 2% MeCN and 8 µL was loaded onto the 632 
column and separated over 81 minutes at a flow rate of 300 nL/min with a gradient from 5 to 7% 633 
B for 2 min, 7 to 35% B for 60 min, 35 to 50% B for 1 min, hold 50% B for 8 min, 50 to 95% B for 634 
1min, hold 95% B for 9 min. A spray voltage of 2500 V was applied to the nanospray tip. MS/MS 635 
analysis was performed for 80 minutes and consisted of 1 full scan MS from 400-1800 m/z at 636 
resolution 240,000 followed by data dependent MS/MS scans using 35% normalized collision 637 
energy of the 20 most abundant ions. Selected ions were dynamically excluded for 30 seconds. 638 
Raw MS/MS spectra from the analysis were searched against a W303 yeast strain protein 639 
database (downloaded 6/9/2022) containing common contaminants using Proteome Discoverer 640 
v3.1, with tryptic enzyme constraint set for up to two missed cleavages, oxidized methionine and 641 
phosphorylated serine, threonine and tyrosine set as a variable modification, 642 
carbamidomethylated cysteine set as a static modification and peptide MH+ mass tolerances set 643 
at 10 ppm. The peptide FDR was set at ≤1%.  644 

Recombinant protein expression and purification 645 
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Ndc80dwarf protein was expressed and purified as described in (Valverde, Ingram and Harrison, 646 
2016; Zahm et al., 2021). 647 

Fluorescence polarization binding assay 648 

A Stu2 CTS peptide (855-888), a CTS peptide containing a phosphothreonine at position 866, 649 
and a CTS peptide with a randomized sequence, all containing a C-terminal cysteine residue and 650 
synthesized by the Tufts University Core Facility, were resuspended in a volume of buffer 651 
containing 100 mM Hepes pH 7.5, 100 mM NaCl, 0.5 mM TCEP (resuspension buffer) sufficient 652 
to yield a 2 mM peptide concentration. For labeling, the Stu2 CTS peptide was diluted to 100 µM 653 
in resuspension buffer to a final volume of 7 mL. To this solution was added 1 mL of 10 mM Oregon 654 
Green maleimide dissolved in DMSO. After a 24-hour incubation at 4°C, the labeled peptide was 655 
separated from unreacted dye by cation exchange chromatography with Source 15S resin 656 
(Cytiva). For the competition experiment, the peptides were subjected to serial 2-fold dilutions in 657 
resuspension buffer, and each dilution was mixed 1:1 with a solution containing 30 µM 658 
Ndc80dwarf, and 200 nM Oregon green-labeled CTS peptide, also in resuspension buffer. 659 
Fluorescence polarization was measured in triplicate in 96-well plates with an EnVision multi-660 
mode plate reader (Perkin Elmer) located in the ICCB-Longwood Screening Facility at Harvard 661 
Medical School. 662 

 663 
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FIGURE LEGENDS 946 

Figure 1. Evidence for regulation of Stu2-Ndc80c assembly in the cell cycle and identification of 947 
phosphorylated Stu2 T866. 948 

 A. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774), 949 
were released from a G1 arrest into auxin-containing media. Samples were taken every 15 950 
minutes, fixed, and imaged. LEFT: Representative images of cells fixed at indicated time points. 951 
Scale bar is 1 µm. RIGHT: Total GFP signal from individual cells was quantified for each time point 952 
(black line). Kinetochore Stu2-GFP signal and Ndc80-mKate signal were measured for individual 953 
puncta at each time point. Ratio of Stu2/Ndc80c signal plotted over the time course (blue line). All 954 
measurements for each time point (Total Cell-Stu2-GFP, Kinetochore Stu2/Ndc80 ratio) are an 955 
average from 2 replicate time course experiments. Total number of cells for each measurement 956 
range from 184-236. Data points are mean. Error bars are S.E.M, but error values are too small 957 
to easily visualize. 958 

B. Illustrated residues on the domain-map of Stu2 indicate phosphorylated Serine and Threonine 959 
residues identified by mass-spectrometry (for full list of identified residues, see Fig. S1B). 960 
Exponentially growing STU2-3FLAG (M498) cultures were harvested, lysed to produce protein 961 
sample, subjected to α-Flag IP, and analyzed by mass-spectrometry. Table shows which residues 962 
were also previously annotated in Saccharomyces Genome Database (SGD). 963 

C. LEFT - Wild-type (M3), stu2-AID (no covering allele, M619), and stu2-AID cells expressing 964 
various STU2-3HA alleles from an ectopic locus (STU2WT, M2898; stu2T836E S839D S840D S842D S852D 965 
S855D S858D, M3352; stu2T866E S867D T868E S880D T885E T886E, M3353; stu2T866E S867D T868E, M3354; stu2S880D 966 
T885E T886E T888E, M3355; stu2T866E S867D, M3356; stu2S867D T868E, M3357; stu2T866E T868E, M3358; 967 
stu2T866E, M2829) were serially diluted (five-fold) and spotted on plates containing DMSO (control) 968 
or 500 μM auxin + 5 μg/mL benomyl. Residues shown in red indicate S/T amino acids mutated to 969 
D/E. 970 

RIGHT – Exponentially growing wild Type cells (M3) and stu2-AID cells harboring 971 
(CEN3.L.YA5.1)MATα on a mini-chromosome as well as MFA1-3xGFP, with or without STU2-3HA 972 
covering alleles, (no covering allele, M3276; STU2WT, M3451; stu2T836E S839D S840D S842D S852D S855D 973 
S858D, M3592; stu2T866E S867D T868E S880D T885E T886E, M3593; stu2T866E S867D T868E, M3594; stu2S880D T885E 974 
T886E T888E, M3595; stu2T866E S867D, M3596; stu2S867D T868E, M3597; stu2T866E T868E, M3598; stu2T866E, 975 
M3452) were diluted into non-selective media containing 500 μM auxin. Cells were cultured for 976 
16 hours, fixed, and then analyzed by flow cytometry to determine the percentage of cells mis-977 
segregating the mini-chromosome. Bars are mean of 2 biological replicates. Error bars are S.E.M. 978 

D. Multiple sequence alignment of the Stu2 C-terminus and C-termini from Stu2 fungal homologs. 979 
Hydrophobic residues important for Ndc80c binding (Zahm et al., 2021) are indicated under the 980 
labeled black line. 981 

 982 

Figure 2. Phosphorylated T866 decreases binding of Stu2 to Ndc80c. 983 

A. The crystal structure of Stu2 C-terminus bound to Ndc80Dwarf (PDB 7KDF); see (Zahm et al., 984 
2021). Ndc80cDwarf in grey, Stu2 C-terminus in blue. 985 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 3, 2024. ; https://doi.org/10.1101/2024.11.01.621564doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.01.621564
http://creativecommons.org/licenses/by-nc-nd/4.0/


B. Zoom in of crystal structure showing hydrophobicity of Stu2 and Ndc80c amino acids rendered 986 
using ChimeraX on the Kyte-Doolittle scale (kdHydrophobicity). Ndc80c proteins in surface 987 
representation; Stu2 in ribbon representation. LEFT – unmodified Stu2T866 as in PDB 7KDF. 988 
RIGHT – Modeling of Stu2pT866.  989 

C. Schematic representation of fluorescence polarization competition assay. Oregon Green-990 
labeled Stu2 CTS peptide pre-bound to Ndc80Dwarf then treated with unlabeled Stu2 peptide with 991 
or without pT866 and fluorescence polarization was measured. 992 

D. A Stu2 CTS peptide (855-888), a Stu2 CTS peptide containing a phosphothreonine at position 993 
866, and a peptide with a randomized CTS sequence were subjected to serial 2-fold dilutions, 994 
and each dilution was mixed 1:1 with a solution containing 30 µM Ndc80Dwarf, and 200 nM Oregon 995 
green-labeled CTS peptide, also in resuspension buffer. Fluorescence polarization was measured 996 
in triplicate in 96-well plates. Error bars are S.D. Kd calculated with nonlinear fitting in Prism. 997 

E. Exponentially growing stu2-AID cultures expressing an ectopic copy of STU2 (STU2WT, M622; 998 
stu2T866E, M1448; stu2T866V, M4398) as well as DSN1-6His-3Flag at the genomic locus were 999 
treated with auxin 30 min prior to harvesting. Kinetochore particles were purified from lysates by 1000 
anti-Flag immunoprecipitation (IP) and analyzed by immunoblotting. 1001 

F. Exponentially growing stu2-AID, pMET-CDC20 cultures with an ectopically expressed STU2-1002 
GFP allele (STU2WT-GFP, M2599; stu2T866E-GFP, M2600; stu2T866V-GFP, M4447) that also 1003 
contained SPC110-mCherry (spindle pole) were shifted to auxin-containing media to degrade 1004 
Stu2-AID and supplemented with methionine to arrest cells in metaphase by depleting Cdc20. 1005 
Cells were fixed and imaged to determine Kinetochore-Proximal Stu2-GFP. Bars represent mean 1006 
of n=96-111 individual measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-1007 
tests (STU2WT vs. stu2T866E p<0.0001; STU2WT vs. stu2T866V p=0.0162.) 1008 

 1009 

Figure 3. Cdc5 phosphorylates Stu2T866 1010 

A. Schematic illustrating activation of kinases at the kinetochore by chemical-genetic tethering. 1011 
Ndc80 and Spc24 shown in light grey, Nuf2 and Spc25 are shown in dark grey. In the presence 1012 
of rapamycin, the kinase-FRB fusion is induced to bind Nuf2-FKBP12, localizing the kinase to the 1013 
kinetochore. If the kinase is able to phosphorylate Stu2T866, we postulated that Stu2 will unbind 1014 
Ndc80c and delocalize from the kinetochore. 1015 

B. Exponentially growing stu2-AID cells harboring TOR1-1, fpr1∆, NUF2-FKBP12, CDC5-FRB, 1016 
and an ectopic STU2-GFP variant (STU2WT-GFP, M4968; stu2T866V-GFP, M4969) were arrested 1017 
in alpha factor for 3 hours. Cells received either 500 µM auxin + 200 ng/mL rapamycin or 500 µM 1018 
auxin + DMSO for 30 minutes prior to being fixed and imaged. Stu2-GFP puncta intensity was 1019 
quantified using ImageJ. Bars are average of n=114-166 individual measurements. Error Bars are 1020 
S.E.M. p-value from an unpaired t-test (STU2WT + DMSO vs STU2WT + RAP, p < 0.0001; stu2T866V 1021 
+ DMSO vs stu2T866V + RAP, p=0.763). 1022 

C. Exponentially growing cells harboring endogenous STU2-GFP and pMET-CDC20, with or 1023 
without cdc5-1 temperature sensitive allele (CDC5WT, M2827; cdc5-1, M3138), were cultured in 1024 
methionine-containing media to arrest cells in metaphase for 2 hours. Cells were then transferred 1025 
to 37°C to inhibit cdc5-1 for 1 hour. Cells were fixed and imaged to determine kinetochore-1026 
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proximal Stu2-GFP. Bars are average of n=106-116 individual measurements. Error bars are 1027 
S.E.M. p-value from two-tailed unpaired t-tests (CDC5WT vs cdc5-1, p<0.0001). 1028 

D. Cells harboring TOR1-1 & fpr1∆ (M1375), and TOR1-1 fpr1∆ NUF2-FKBP12 CDC5-FRB stu2-1029 
AID cells with either STU2WT-GFP (M4968) or stu2T866V-GFP (M4969) were serially diluted and 1030 
spotted on plates containing DMSO, 500 μM auxin, 0.05 μg/mL rapamycin, or 500 μM auxin + 1031 
0.05 μg/mL rapamycin. 1032 

 1033 

Figure 4. Stu2 basic linker regions mediate interaction between Stu2 and Cdc5 1034 

A. Schematic of Stu2 domain structure as well as multiple sequence alignment of fungal species 1035 
showing conservation of two patches of Stu2 basic linker region. 592-607 is predicted to interact 1036 
with Cdc5 phoshpopeptide binding surface, while 633-648 is predicted to interact with Cdc5 1037 
hydrophobic binding surface. 1038 

B. AlphaFold 3 prediction of Stu2 basic linker with pS603 (Stu2560-657 pS603) bound to Cdc5 polo 1039 
box domain. Left shows pS603 binding to phosphopeptide binding residues on Cdc5. Right shows 1040 
hydrophobic residues interacting with a hydrophobic patch on Cdc5 1041 

C. Exponentially growing stu2-AID cdc20-AID cultures with an ectopically expressed STU2-1042 
NLSSV40-GFP allele (STU2WT-NLS-GFP, M5145; stu2S603A-NLS-GFP, M5147; stu2Δ600-605-NLS-1043 
GFP, M5149; stu2Δ633-647-NLS-GFP, M5980) that also contained SPC110-mCherry (spindle pole) 1044 
were cultured in auxin-containing media to arrest cells in metaphase. Cells were fixed and imaged 1045 
to determine Kinetochore-Proximal Stu2-GFP. Bars represent the average of n=104-112 individual 1046 
measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-tests (STU2WT vs 1047 
stu2S603A, p<0.0001; STU2WT vs stu2Δ600-605, p<0.0001; STU2WT vs stu2Δ633-647-NLS-GFP, 1048 
p<0.0001). 1049 

D. Exponentially growing stu2-AID cells with ectopically expressed STU2-NLS-GFP and either 1050 
CDC28WT (M5554) or cdc28-as1 (M5555) were arrested in mitosis by nocodazole treatment, then 1051 
treated with 500 µM auxin and 2.5 µM 1NA-PP1 for 30 minutes prior to harvesting. Cells were 1052 
fixed and imaged to determine Kinetochore-Proximal Stu2-GFP. Bars represent the average of 1053 
n=103-112 individual measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-1054 
tests (CDC28WT vs cdc28-as1, p<0.0001). 1055 

E. Exponentially growing stu2-AID cells harboring TOR1-1 fpr1∆ NUF2-FKBP12 CDC5-FRB and 1056 
an ectopic STU2-NLSSV40-GFP variant (STU2WT-NLS-GFP, M5150; stu2Δ600-605-NLS-GFP, 1057 
M5154; stu2Δ633-647-NLS-GFP, M5989) were arrested in alpha factor for 3 hours. Cells received 1058 
either 500 µM auxin + 200 ng/mL rapamycin or 500 µM auxin + DMSO for 30 minutes prior to 1059 
fixation and imaging. Bars represent the average of 3 biological replicates normalized to STU2WT 1060 
and n=205-374 individual measurements. Outliers were removed from data by ROUT analysis 1061 
with Q=1%. Error bars are S.E.M. p-value from an unpaired t-test (STU2WT + DMSO vs STU2WT 1062 
+ RAP, p<0.0001; stu2Δ600-605 + DMSO vs stu2Δ600-605 + RAP, p=0.0508; stu2Δ633-647 + DMSO vs 1063 
stu2Δ633-647 + RAP, p=0.9586). 1064 

Figure 5. Phosphorylated Stu2S603 and Cdc28 activity are required for Stu2 nuclear import 1065 

A. Exponentially growing stu2-AID cdc20-AID NUP2-mKate cells ectopically expressing GFP-1066 
GST fused constructs (GFP-GST, M2390; Stu2592-607-GFP-GST, M2392) were treated with 500 1067 
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µM auxin for 2 hours to arrest cells in metaphase. Cells were fixed and the Nup2-mKate and GFP 1068 
signals were imaged. LEFT: Schematic of the constructs used. RIGHT: Representative images of 1069 
DIC, Nup2-mKate, and GFP signals for each strain with an outlined nucleus. 1070 

B. Exponentially growing stu2-AID cells ectopically expressing GFP-GST fused constructs (GFP-1071 
GST, M2441; NLSSV40-GFP-GST, M2442; Stu2592-607-GFP-GST, M2443; or Stu2592-607(KR/AA)-GFP-1072 
GST, M2439) as well as NUP2-mKate were treated with α-factor for 2.5 hours to arrest cells in G1 1073 
and then auxin for 30 minutes to degrade Stu2-AID. And exponentially growing stu2-AID cdc20-1074 
AID cells ectopically expressing GFP-GST fused constructs (GFP-GST, M2390; NLSSV40-GFP-1075 
GST, M2391; Stu2592-607-GFP-GST, M2392; or Stu2592-607(KR/AA)-GFP-GST, M2437) as well as 1076 
NUP2-mKate were treated with auxin for 2 hours to degrade Stu2-AID and Cdc20-AID to arrest 1077 
cells in metaphase. Cells were fixed and Nup2-mKATE and -GFP-GST construct signals were 1078 
imaged. The ratios of nuclear to cytoplasmic GFP intensities were quantified. Each data point 1079 
represents this ratio for a single cell. Mean and standard deviation are shown. n=107-139 cells; p 1080 
values were determined using a two-tailed unpaired t test (**** = p<0.0001). 1081 

C. Exponentially growing stu2-AID cdc20-AID cells ectopically expressing a GFP-GST fusion 1082 
construct (Stu2592-607, M2392; Stu2592-607(S603A), M2438; Stu2592-607(S603E), M2726) were treated with 1083 
auxin for 2 hours to degrade Stu2-AID and Cdc20-AID to arrest cells in metaphase. Cells were 1084 
fixed and Nup2-mKATE and GFP signals were imaged. The ratios of nuclear to cytoplasmic GFP 1085 
intensities were quantified. Each data point represents this ratio for a single cell. Bars represent 1086 
median. Error bars are 95% confidence interval. n=104-124 cells; p-values were determined using 1087 
a two-tailed unpaired test (WT vs S603A, p<0.0001; WT vs S603E, p<0.0001; S603A vs S603E, 1088 
p<0.0001). 1089 

D. Exponentially growing stu2-AID cells ectopically expressing full-length STU2-GFP alleles 1090 
(STU2WT-GFP, M2298; or stu2S603A-GFP, M2351) were treated with alpha factor for 2.5 hours to 1091 
arrest cells in G1 then with auxin for 30 minutes to degrade Stu2-AID, or cells as above but with 1092 
cdc20-AID (STU2WT-GFP, M2208; or stu2S603A-GFP, M2217) were treated with auxin for 2 hours 1093 
to degrade Stu2-AID and Cdc20-AID to arrest cells in metaphase. Cells were fixed and Nup2-1094 
mKATE and Stu2-GFP signals were imaged. The ratios of nuclear to cytoplasmic GFP intensities 1095 
were quantified. Each data point represents this ratio for a single cell. Median and the 95% 1096 
confidence interval are shown. n=100-165 cells; p-values were determined using a two-tailed 1097 
unpaired t-test (STU2WT G1 vs. M, p<0.0001; stu2S603A G1 vs. M, p<0.0001). 1098 

E. Exponentially growing stu2-AID Nup2-mKate cells with ectopic STU2-GFP and CDC28WT 1099 
(M5762) or cdc28-as1 (M5770) were treated with nocodazole for 2.5 hours to arrest in mitosis. 1100 
Auxin and 1NA-PP1 were added 30 minutes prior to harvesting; cells were fixed and Nup2-mKate 1101 
and GFP signals were imaged. The ratios of nuclear to cytoplasmic GFP intensities were 1102 
quantified. Each data point represents this ratio for a single cell. Bars represent mean of n=100 1103 
individual measurements. Error bars are S.E.M. p-values were determined using a two-tailed 1104 
unpaired t-test (CDC28WT vs cdc28-as1, p<0.0001). 1105 

 1106 

Figure 6. Stu2T866 phosphorylation is opposed by PP2ACdc55 until anaphase onset 1107 

 1108 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 3, 2024. ; https://doi.org/10.1101/2024.11.01.621564doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.01.621564
http://creativecommons.org/licenses/by-nc-nd/4.0/


A. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774) or 1109 
stu2T866V-GFP and NDC80-mKate (M4429), were released from a G1 arrest into auxin-containing 1110 
media. Samples were taken every 15 minutes, fixed, and imaged. LEFT: Representative images 1111 
of mitotic cells with pre-anaphase-like Ndc80 distance (Short, < 1.5 µm) and anaphase-like Ndc80 1112 
distance (Long, > 1.5 µm). Scale bars are 1 µm. Dotted line indicates how Ndc80 distance was 1113 
measured. RIGHT: Kinetochore Stu2-GFP signal and Ndc80-mKate signal were measured for 1114 
individual puncta. Ratio of Stu2/Ndc80c signal plotted for cells with Short (< 1.5 µm) or Long (> 1115 
1.5 µm) Ndc80 distance. Measurements are an average from 2 replicate time course experiments. 1116 
Bars represent the mean of n=212-492 individual measurements. Error bars are S.E.M. p-value 1117 
from unpaired t-tests (< 1.5 µm STU2WT vs stu2T866V, p=0.8375; > 1.5 µm STU2WT vs stu2T866V, 1118 
p<0.0001). 1119 

B. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774) or 1120 
stu2T866V-GFP and NDC80-mKate (M4429), were cultured and imaged as in A. Ratio of 1121 
Stu2/Ndc80c signal plotted for cells binned together by Ndc80 distance (0 µm: 0 µm ≤ x ≤1.5 µm; 1122 
1.5 µm: 1.5 µm < x ≤ 3 µm, etc.). Data points are mean of many individual measurements 1123 
(STU2WT: 0 µm n=337, 1.5 µm n=345, 3.0 µm n=42, 4.5 µm n=111, 6.0 µm n=108, 7.5 µm n=104, 1124 
9.0 µm n=110. stu2T866V: 0 µm n=274, 1.5 µm n=182, 3.0 µm n=63, 4.5 µm n=48, 6.0 µm n=58, 1125 
7.5 µm n=50, 9.0 µm n=38). Error bars are S.E.M. 1126 

C. Exponentially growing stu2-AID cdc20-AID cells with an ectopically expressed STU2-GFP 1127 
allele (M5335) and stu2-AID cdc20-AID cdc55Δ cells with ectopic STU2WT-GFP (M5337) or 1128 
stu2T866V-GFP (M5611) were cultured in auxin-containing media to arrest cells in metaphase. Cells 1129 
were fixed and imaged to determine Kinetochore-Proximal Stu2-GFP. Bars represent the average 1130 
of n=98-104 individual measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-1131 
tests (CDC55 STU2WT vs cdc55Δ STU2WT, p<0.0001; CDC55 STU2WT vs cdc55Δ stu2T866V, 1132 
p=0.0056). 1133 

D. Model of PP2ACdc55 opposing Cdc5 activity against Stu2T866. In metaphase (LEFT) PP2ACdc55 1134 
is highly active and removes phosphorylation from Stu2T866, this cycling results in a steady state 1135 
low level of pT866. In anaphase (RIGHT) separase inhibits PP2ACdc55, allowing Cdc5 to “win” and 1136 
resulting in rapid net phosphorylation of Stu2T866.  1137 

 1138 

Figure 7. Stu2T866 phosphorylation is important for maintenance of anaphase spindle progression 1139 

A. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774) or 1140 
stu2T866V-GFP and NDC80-mKate (M4429), were released from a G1 arrest into auxin-containing 1141 
media. Samples were taken every 15 minutes, fixed, and imaged. Representative images of 1142 
anaphase cells showing interpolar Stu2-GFP signal as dashed white line. Scale bars are 1 µm.  1143 

B. Cells grown as in A. were imaged to determine interpolar Stu2-GFP signal for STU2-GFPWT for 1144 
stu2T866V-GFP cells in anaphase. Bar represents mean of n=85-108 individual measurements. 1145 
Error bar is S.E.M. p-value from two-tailed unpaired t-test (STU2WT vs stu2T866V, p<0.0001).  1146 

C. Cells grown as in A. were imaged to determine distance between Ndc80 puncta for STU2WT-1147 
GFP and stu2T866V-GFP cells in anaphase. Bar represents mean of n=85-108 individual 1148 
measurements. Error bar is S.E.M. p-value from two-tailed unpaired t-test (STU2WT vs stu2T866V, 1149 
p=0.5418). 1150 
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D. Exponentially growing stu2-AID, SPC110-mCherry cells ectopically expressing STU2-GFP 1151 
variants (STU2WT-GFP, M2429; stu2T866V-GFP, M5309) were treated with auxin for 30 minutes. 1152 
Spc110-mCherry and Stu2-GFP signals were imaged every minute. Representative time course 1153 
of a cell progressing through anaphase beginning 5 minutes prior to anaphase onset until 15 1154 
minutes post-anaphase onset. The white dotted line indicates anaphase onset. Arrow indicates 1155 
instance of spindle collapse/regression. Proportion of cells that showed spindle regression 1156 
phenotype indicated below time courses. 1157 

E. Gene ontology analysis of 319 phophosites that were shown to be affected by Cdc55 activity 1158 
in mitosis. See (Touati et al., 2019). 1159 

F. Exponentially growing SPC110-mCherry MTW1-3GFP cells containing CDC55WT (M1174) or 1160 
cdc55Δ (M5848) we imaged every minute. Spindle length of cells in metaphase was determined 1161 
by measuring the distance between Spc110-mCherry foci. Each data point represents an 1162 
individual cell. Bars represent the average of n=20-23 individual measurements. Error bars are 1163 
S.E.M. p-values from two tailed unpaired t-test (CDC55WT vs cdc55Δ p=0.0006). 1164 

G. Cells grown and imaged as in F were analyzed to determine maximum rates of spindle 1165 
elongation over a 2-minute period for each individual cell. Each data point represents a single 1166 
cell. Bars represent the average of n=20-23 individual measurements. Error bars are S.E.M. p- 1167 
values from two-tailed unpaired t-test (CDC55WT vs cdc55Δ p=0.0416). 1168 

 1169 

Figure 8. Model of dynamic kinase and phosphatase regulation of Stu2 kinetochore localization 1170 
and function. 1171 

In G1 phase, Stu2 is predominantly localized to the cytoplasm. As Cdk activity increases in the 1172 
cell cycle, Stu2S603 becomes phosphorylated, and Stu2 is imported into the nucleus. In the 1173 
nucleus, Stu2 binds to Ndc80c, and carries out a required function for chromosome biorientation. 1174 
During metaphase, Plk1\Cdc5 interacts with Stu2 via binding phosphorylated Stu2S603. Plk1 1175 
phosphorylates Stu2T866 and PP2ACdc55 opposes this phosphorylation. At anaphase onset, 1176 
PP2ACdc55 activity is inhibited by separase and Stu2T866 becomes predominantly phosphorylated. 1177 
This leads to reduced Stu2:Ndc80c association, and relocalization of some Stu2 to spindle 1178 
microtubules to regulate anaphase spindle elongation. 1179 

 1180 

Figure S1. Stu2 phosphorylation and mutant viability phenotypes 1181 

A. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774), were 1182 
released from a G1 arrest into auxin-containing media. Samples were taken every 15 minutes, 1183 
fixed, and imaged as in Figure 1A. Percent large-budded cells were plotted for each time point. 1184 
Data points are mean from 2 biological replicates and n=92-118 individual measurements. Error 1185 
bars are S.E.M. 1186 

B. Exponentially growing STU2-3FLAG (M498) cultures were harvested, lysed to produce protein 1187 
sample, subjected to α-Flag IP, and analyzed by mass-spectrometry as in Figure 1B. Illustrated 1188 
residues on the domain-map of Stu2 indicate phosphorylated Serine and Threonine residues 1189 
identified by mass-spectrometry. 1190 
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C. Cell viability of STU2 mutants as in Fig. 1C, but with more conditions. Wild-type (M3), stu2-AID 1191 
(no covering allele, M619), and stu2-AID cells expressing various STU2-3HA alleles from an 1192 
ectopic locus (STU2WT, M2898; stu2T836E S839D S840D S842D S852D S855D S858D, M3352; stu2T866E S867D T868E 1193 
S880D T885E T886E, M3353; stu2T866E S867D T868E, M3354; stu2S880D T885E T886E T888E, M3355; stu2T866E S867D, 1194 
M3356; stu2S867D T868E, M3357; stu2T866E,T868E, M3358; stu2T866E, M2829) were serially diluted (five-1195 
fold) and spotted on plates containing DMSO, 500 μM auxin, 5 μg/mL benomyl, or 500 μM auxin 1196 
+ 5 μg/mL benomyl. 1197 

D. Schematic representation of quantitative chromosome transmission fidelity assay adapted 1198 
from (Zhu et al., 2015).  1199 

 1200 
Figure S2. Stu2:Ndc80c binding details and stu2T866A mutant phenotypes 1201 

A. The crystal structure of Stu2 C-terminus bound to Ndc80Dwarf (PDB 7KDF) showing electrostatic 1202 
potential surface of Ndc80Dwarf. Stu2 illustrated as ribbon. 1203 

B. Zoom in of crystal structure (PDB 7KDF) showing hydrophobic interaction between gamma 1204 
carbon of Stu2T866 and Spc24F14. This carbon is lost in a stu2T866A mutation but preserved in 1205 
stu2T866V. 1206 

C. Exponentially growing stu2-AID pMET-CDC20 cultures with an ectopically expressed STU2-1207 
GFP allele (STU2WT-GFP, M2599; stu2T866E-GFP, M2600, stu2T866A-GFP, M2601) that also 1208 
contained SPC110-mCherry (spindle pole) were cultured in methionine- and auxin-containing 1209 
media to arrest cells in metaphase. Cells were fixed and imaged to determine Kinetochore-1210 
Proximal Stu2-GFP. Bars represent mean of n=102-126 individual measurements. Error bars are 1211 
S.E.M. p-values from two-tailed unpaired t-tests (STU2WT vs stu2T866E, p<0.0001; STU2WT vs 1212 
stu2T866A, p<0.0001). 1213 

D. Exponentially growing stu2-AID cultures expressing an ectopic copy of STU2-3V5 (STU2WT, 1214 
M622; stu2T866E, M1448; stu2T866A, M2108) as well as DSN1-6His-3Flag from the genomic locus 1215 
were treated with auxin 30 min prior to harvesting. Kinetochore particles were purified from lysates 1216 
by anti-Flag immunoprecipitation (IP) and analyzed by immunoblotting. 1217 

E. Wild-type (M3), and stu2-AID cells expressing various STU2-3HA alleles from an ectopic locus 1218 
(STU2WT, M2898; stu2T866E, M2829; stu2T866A, M2830) were serially diluted (fivefold) and spotted 1219 
on plates containing DMSO, 500 μM auxin, 5 μg/mL benomyl, and 500 μM auxin + 5 μg/mL 1220 
benomyl. 1221 

 1222 

Figure S3. Effects of tethering mitotic kinases on Stu2 kinetochore association 1223 

A. Exponentially growing stu2-AID cells harboring TOR1-1 fpr1∆ NUF2-FKBP12, ectopic STU2-1224 
GFP, and a kinase-FRB allele (BUB1-FRB, M4970; IPL1-FRB, M4972; MPS1-FRB, M4792) were 1225 
arrested in alpha factor for 3 hours. Cells received either 500 µM auxin + 200 ng/mL rapamycin 1226 
or 500 µM auxin + DMSO for 30 minutes prior to being fixed and imaged. Bar represents mean 1227 
of n=94-123 individual measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-1228 
tests. (BUB1-FRB DMSO vs BUB1-FRB RAP, p=0.9961; MPS1-FRB DMSO vs MPS1-FRB RAP, 1229 
p=0.6295; IPL1-FRB DMSO vs IPL1-FRB RAP, p=0.5822) 1230 
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B. Strains as in A were arrested in nocodazole for 2.5 hours. Cells received either 500 µM auxin 1231 
+ 200 ng/mL rapamycin or 500 µM auxin + DMSO for 30 minutes prior to being fixed and imaged. 1232 
Bar represents average of n=99-113 individual measurements. Error bars are S.E.M. p-values 1233 
from two-tailed unpaired t-tests. (BUB1-FRB DMSO vs BUB1-FRB RAP, p=0.0508; MPS1-FRB 1234 
DMSO vs MPS1-FRB RAP, p=0.2715; IPL1-FRB DMSO vs IPL1-FRB RAP, p=0.5942) 1235 

C. Exponentially growing stu2-AID cells harboring TOR1-1 fpr1∆ NUF2-FKBP12 CDC5-FRB, and 1236 
an ectopic STU2-GFP variant (STU2WT-GFP, M4968; stu2T866V-GFP, M4969) were arrested in 1237 
nocodazole for 2.5 hours. Cells received either 500 µM auxin + 200 ng/mL rapamycin or 500 µM 1238 
auxin + DMSO for 30 minutes prior to being fixed and imaged. Bar represents mean of n=108-1239 
131 individual measurements. Error bars are S.E.M. p-values from two-tailed unpaired t-tests 1240 
(STU2WT DMSO vs STU2WT RAP, p=0.0073; stu2T866V DMSO vs stu2T866V RAP, p=0.5791). 1241 

D. Exponentially growing stu2-AID cells harboring TOR1-1 fpr1∆ CDC5-FRB ) were arrested in 1242 
alpha factor for 3 hours. Cells also contained Stu2WT-GFP with NUF2WT (M5094) or NUF2-FKBP12 1243 
(M4968) or ectopic stu2T866V-GFP with NUF2WT (M5095) or NUF2-FKBP12 (M4969) and received 1244 
either 500 µM auxin + 200 ng/mL rapamycin or 500 µM auxin + DMSO for 30 minutes prior to 1245 
being fixed and imaged. Bar represents mean of n=104-132 individual measurements. Error bars 1246 
are S.E.M. p-values from two-tailed unpaired t-tests. (STU2WT NUF2WT vs STU2WT NUF2-1247 
FKBP12, p<0.0001; stu2T866V NUF2WT vs stu2T866V NUF2-FKBP12, p=0.9851). 1248 

E. Exponentially growing stu2-AID cells harboring TOR1-1 fpr1∆ NUF2-FKBP12 CDC5-FRB, and 1249 
ectopic STU2WT-GFP (M4968) were arrested in alpha factor for 3 hours. Cells received 500 µM 1250 
auxin + varying dose of rapamycin (800 ng/mL, 200 ng/mL, 50 ng/mL, 12.5 ng/mL, 3.12 ng/mL, 1251 
0.78 ng/mL, 0 ng/mL) 30 minutes prior to being fixed and imaged. Points represent mean of 1252 
n=120-208 individual measurements. Error bars are S.E.M.  1253 

F. Cells harboring TOR1-1 and fpr1∆ (M1375), with NUF2-FKBP12 MPS1-FRB stu2-AID and 1254 
STU2WT-GFP (M4792) or stu2T866V-GFP (M4793), or with NUF2-FKBP12 CDC5-FRB stu2-AID 1255 
and STU2WT-GFP (M4968) or stu2T866V-GFP (M4969) were serially diluted and spotted on plates 1256 
containing DMSO, auxin, rapamycin, and auxin + rapamycin. Tethering Mps1 to kinetochores has 1257 
been previously show to result in spindle assembly checkpoint dependent cell death 1258 
(Aravamudhan, Goldfarb and Joglekar, 2015). 1259 

 1260 

Figure S4 Different regions of Stu2 basic linker associate with Cdc5 polo box domain 1261 

A. Schematic representation of Cdk/Cdc28 priming substrates to interact with Cdc5. First, an 1262 
unprimed substrate has low affinity or no interaction with Cdc5. Following Cdc28 phosphorylation 1263 
(P in circle), substrates can interact with Cdc5 higher affinity, and Cdc5 adds its catalytic 1264 
phosphorylation (P in star). 1265 

B. LEFT – Crystal structure of Cdc5 polo-box domain bound to Spc72 (PDB 6MF5) (Almawi et 1266 
al., 2020). Zoom in shows phosphorylated serine bound by lysine and histidine in Cdc5. MIDDLE 1267 
– AlphaFold 3 prediction of Stu2 basic linker with pS603 (Stu2560-657,pS603) bound to Cdc5 polo box 1268 
domain, as in Fig. 4B. Left shows pS603 binding to phosphopeptide binding residues on Cdc5 as 1269 
in 6MF5. Right shows hydrophobic residues interacting with a hydrophobic patch on Cdc5. RIGHT 1270 
– Crystal structure of Cdc5 polo-box domain bound to Dbf4 (PDB 6MF6) (Almawi et al., 2020). 1271 
Zoom in shows Dbf4 interacting with hydrophobic surface on Cdc5. Stu2600-607 shows good 1272 
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agreement with the binding mode of Spc72 (LEFT) and Stu2633-647 interacts similar to the binding 1273 
mode of Dbf4 (RIGHT) 1274 

C. AlphaFold 3 prediction of Stu2 basic linker with pS603 (Stu2560-657,pS603) bound to Cdc5 polo 1275 
box domain. Left shows pS603 binding to phosphopeptide residues on Cdc5 as in 6MF5. Right 1276 
shows hydrophobic residues interacting with a hydrophobic patch on Cdc5. Colored by plDDT 1277 
confidence score. Arrows indicate which surfaces Stu2 binds of Cdc5. 1278 

D. LEFT: AlphaFold 3 prediction of Stu2 basic linker patch with pS603 (Stu2592-607,pS603) bound to 1279 
Cdc5 polo box domain. Arrow indicates which surfaces Stu2 binds of Cdc5. RIGHT: AlphaFold 3 1280 
prediction of Stu2 basic linker patch without pS603 (Stu2592-607) bound to Cdc5 polo box domain. 1281 
Arrow indicates which surfaces Stu2 binds of Cdc5. iPTM and PTM binding scores shown. 1282 
Structures colored by plDDT confidence score.  1283 

 1284 

 1285 

Figure S5. Cell cycle timing of Stu2T866 modification, PP2A regulatory subunit activity on Stu2, 1286 
and predicted Stu2:Bik1 interaction 1287 

A. Exponentially growing stu2-AID cells expressing STU2-GFP and NDC80-mKate (M3774) or 1288 
stu2T866V-GFP and NDC80-mKate (M4429), were released from a G1 arrest into auxin-containing 1289 
media. Samples were taken every 15 minutes, fixed, and imaged. Ratio of Stu2/Ndc80c signal 1290 
plotted for cells without separated/bilobed Ndc80 signal. Bars represent mean of n=274-337 1291 
individual measurements. Error bars are S.E.M. p-values from using a two-tailed unpaired t-test 1292 
(STU2WT vs stu2T866V, p=0.1993). 1293 

B. Data as in Fig. 6A but without binning by Ndc80c distance. Exponentially growing stu2-AID 1294 
cells expressing STU2-GFP and NDC80-mKate (M3774) or stu2T866V-GFP and NDC80-mKate 1295 
(M4429), were released from a G1 arrest into auxin-containing media. Samples were taken every 1296 
15 minutes, fixed, and imaged. Ratio of Stu2/Ndc80c signal plotted against the distance between 1297 
corresponding Ndc80 puncta for cells with bilobed Ndc80 signal.  1298 

C. Exponentially growing stu2-AID cells expressing ectopic STU2-GFP (M5505) or with cdc55-1299 
AID (M5527) or rts1-AID (M5506) were treated with nocodazole for 2.5 hours to arrest in mitosis. 1300 
Cells treated with auxin 30 minutes prior to harvesting and fixed and imaged. Kinetochore 1301 
associated Stu2-GFP signal was quantified. Bars represent mean from n=100-106 individual 1302 
measurements. p-values are from an unpaired two-tailed t-test (WT vs cdc55-AID, p=0.0065; WT 1303 
vs rts1-AID, p=0.0173). 1304 

D. Cells grown and imaged in Fig. 7E were analyzed to determine maximum rates of spindle 1305 
elongation over a 2-minute period for each individual cell. Each data point represents a single 1306 
cell. Bars represent the average of n=25-26 individual measurements. Error bars are S.E.M. p- 1307 
values from two-tailed unpaired t-test (STU2WT vs stu2T866V, p=0.0004). 1308 

 E. Exponentially growing stu2-AID BIK1-3FLAG cells expressing STU2-3V5 variants (STU2WT, 1309 
M1035; stu2∆855-888, M1037; stu2L869E I873E M876E, M2285; stu2T866E, M2286) were treated with auxin 1310 
30 min prior to harvesting. Bik1 complexes were purified from lysates by anti-Flag 1311 
immunoprecipitation (IP) and analyzed by immunoblotting. The loss of Stu2:Bik1 interaction in 1312 
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stu2T866E mutant cells implies that phosphorylation of Stu2T866 may alter interaction with Bik1, and 1313 
potentially other Stu2 interactors that bind to Stu2’s C-terminus.  1314 

F. AlphaFold 3 prediction of full-length Bik1 dimer bound to Stu2(855-888). Zoom in shows 1315 
hydrophobic residues on Stu2 interacting with hydrophobic Bik1 surface. 1316 

G. Structure prediction as in F but colored to show plDDT confidence score. 1317 

 1318 
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Table S1: Yeast Strains used in this study 
 
Strain Relevant Genotype Figure 
 
M3 
(W303) MATa ura3-1 leu2-3,112 his3-11 trp1-1 can1-100 ade2-1 bar1-1 

1C,  
S1C, 
S2E 

M498 MATa STU2-3FLAG:KanMX 1B, S1B 
M619 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 1C, S1C 
M622 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-STU2-3V5:LEU2 2E, S2D 
M1035 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx BIK1-3FLAG:TRP1 leu2::pSTU2-STU2-3V5:LEU2 S6A 

M1037 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx BIK1-3FLAG:TRP1 leu2::pSTU2-stu2(△855-888)-
3V5:LEU2 S6A 

M1174 MATa SPC110-mCherry:HygMx MTW1-3GFP:HIS3 7F, 7G 
M1375 MATa TOR1-1 fpr1△::NatMx 3D, S3F 

M1448 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-stu2(T866E)-
3V5:LEU2 2E, S2D 

M2108 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-stu2(T866A)-
3V5:LEU2 S2D 

M2285 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx BIK1-3FLAG:TRP1 leu2::pSTU2-stu2(L869E I873E 
M876E)-3V5:LEU2 S6A 

M2286 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx BIK1-3FLAG:TRP1 leu2::pSTU2-stu2(T866E)-3V5:LEU2 S6A 
M2298 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-STU2-GFP:LEU2 NUP2-mKate2:HisMx6 5D 

M2351 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-stu2(S603A)-GFP:LEU2 NUP2-
mKate2:HisMx6 5D 

M2390 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-GFP-GST:LEU2 NUP2-
mKate2:HisMx6 5A, 5B 

M2391 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-NLS-GFP-GST:LEU2 
NUP2-mKate2:HisMx6 5B 

M2392 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-stu2(592-607)-GFP-
GST:LEU2 NUP2-mKate2:HisMx6 

5A, 5B, 
5C 

M2429 MATa trp1::pGPD1-OsTIR1:TRP STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx leu2::pSTU2-STU2-GFP:LEU2 7D, S5D 

M2437 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-stu2(592-607 K598A 
R599A)-GFP-GST:LEU2 NUP2-mKate2:HisMx6 5B 
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M2438 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-stu2(592-607 S603A)-
GFP-GST:LEU2 NUP2-mKate2:HisMx6 5C 

M2439 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-stu2(592-607 K598A R599A)-GFP-
GST:LEU2 NUP2-mKate2:HisMx6 5B 

M2441 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-GFP-GST:LEU2 NUP2-mKate2:HisMx6 5B 

M2442 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-NLS-GFP-GST:LEU2 NUP2-
mKate2:HisMx6 5B 

M2443 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx leu2::pSTU2-stu2(592-607)-GFP-GST:LEU2 NUP2-
mKate2:HisMx6 5B 

M2599 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx pMET-CDC20:TRP1 
leu2::pSTU2-STU2-GFP:LEU2 2F, S2C 

M2600 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx pMET-CDC20:TRP1 
leu2::pSTU2-stu2(T866E)-GFP:LEU2 2F, S2C 

M2601 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx pMET-CDC20:TRP1 
leu2::pSTU2-stu2(T866A)-GFP:LEU2 S2C 

M2726 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx CDC20-AID:KanMx leu2::pSTU2-stu2(592-607 S603E)-
GFP-GST:LEU2 NUP2-mKate2:HisMx6 5C 

M2827 MATa pMET-CDC20:TRP1 STU2-3GFP:His3Mx 3C 

M2829 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866E)-
3HA:TRP1 

1C, S1C, 
S2E 

M2830 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866A)-
3HA:TRP1 S2E 

M2898 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-STU2-3HA:TRP1 
1C, S1C, 
S2E 

M3138 MATa pMET-CDC20:TRP1 STU2-3GFP:His3Mx cdc5-1 3C 
M3276 MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 1C, S1C 

M3352 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T836E S839D 
S840D S842D  S852D S855D S858D)-3HA:TRP1 1C, S1C 

M3353 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866E S867D 
T868E S880D T885E T886E)-3HA:TRP1 1C, S1C 

M3354 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866E S867D 
T868E)-3HA:TRP1 1C, S1C 

M3355 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(S880D T885E 
T886E T888E)-3HA:TRP1 1C, S1C 

M3356 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866E S867D)-
3HA:TRP1 1C, S1C 
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M3357 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(S867D T868E)-
3HA:TRP1 1C, S1C 

M3358 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 trp1::pSTU2-stu2(T866E T868E)-
3HA:TRP1 1C, S1C 

M3451 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-STU2-3HA:TRP1 1C, S1C 

M3452 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T866E)-3HA:TRP1 1C, S1C 

M3592 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T836E S839D S840D S842D  S852D S855D S858D)-3HA:TRP1 1C, S1C 

M3593 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T866E S867D T868E S880D T885E T886E)-3HA:TRP1 1C, S1C 

M3594 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T866E S867D T868E)-3HA:TRP1 1C, S1C 

M3595 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(S880D T885E T886E T888E)-3HA:TRP1 1C, S1C 

M3596 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T866E S867D)-3HA:TRP1 1C, S1C 

M3597 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(S867D T868E)-3HA:TRP1 1C, S1C 

M3598 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3V5-IAA7:KanMx MFA1-3XGFP:HIS5 MC(CEN3.L.YFS5.1)MAT⍺:LEU2 
trp1::pSTU2-stu2(T866E T868E)-3HA:TRP1 1C, S1C 

M3774 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7 NDC80-mKate2:HisMX3 leu2::pSTU2-STU2-GFP:LEU2 

1A, 6A, 
6B, 7A, 
7B, 7C, 
S1A, 
S5A, 
S5B 

M4398 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-stu2(T866V)-
3V5:LEU2 2E 

M4429 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7 NDC80-mKate2:HisMX3 leu2::pSTU2-stu2(T866V)-GFP:LEU2 

6A, 6B, 
7A, 7B, 
7C, S5A, 
S5B 

M4447 
MATa his3::pGPD1-OsTIR1:HIS3 STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx pMET-CDC20:TRP1 
leu2::pSTU2-stu2(T866V)-GFP:LEU2 2F 

M4792 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS MPS1-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-STU2-GFP:LEU2 DSN1-HIS-FLAG:URA3 

S3A, 
S3B, S3F 
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M4793 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS MPS1-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-stu2(T866V)-GFP:LEU2 DSN1-HIS-FLAG:URA3 S3F 

M4968 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS CDC5-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-STU2-GFP:LEU2  

3B, 3D, 
S3C, 
S3D, 
S3E, S3F 

M4969 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS CDC5-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-stu2(T866V)-GFP:LEU2 

3B, 3D, 
S3C, 
S3D, 
S3F 

M4970 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS BUB1-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-STU2-GFP:LEU2  

S3A, 
S3B 

M4972 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS IPL1-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-STU2-GFP:LEU2  

S3A, 
S3B 

M5094 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx CDC5-FRB:KanMx STU2-3HA-IAA7:KanMx leu2::pSTU2-
STU2-GFP:LEU2  S3D 

M5095 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx CDC5-FRB:KanMx STU2-3HA-IAA7:KanMx leu2::pSTU2-
stu2(T866V)-GFP:LEU2 S3D 

M5145 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3V5-IAA7:KanMx SPC110-mCherry:HygMx CDC20-AID:KanMx 
leu2::pSTU2-STU2-NLS-GFP:LEU2 ura3-1::TUB1-CFP:URA3 4C 

M5147 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3V5-IAA7:KanMx SPC110-mCherry:HygMx CDC20-AID:KanMx 
leu2::pSTU2-stu(S603A)-NLS-GFP:LEU2 ura3-1::TUB1-CFP:URA3 4C 

M5149 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3V5-IAA7:KanMx SPC110-mCherry:HygMx CDC20-AID:KanMx 
leu2::pSTU2-stu(△600-605)-NLS-GFP:LEU2 ura3-1::TUB1-CFP:URA3 4C 

M5150 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS CDC5-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-STU2-NLS-GFP:LEU2  4E 

M5154 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS CDC5-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-stu2(△600-605)-NLS-GFP:LEU2  4E 

M5309 
MATa trp1::pGPD1-OsTIR1:TRP STU2-3HA-IAA7:KanMx SPC110-mCherry:HygMx leu2::pSTU2-stu2(T866V)-
GFP:LEU2 7D, S5D 

M5335 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx DSN1-HIS-FLAG:URA3 CDC20-AID:KanMx leu2::pSTU2-
STU2-GFP:LEU2 6C 

M5337 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx DSN1-HIS-FLAG:URA3 CDC20-AID:KanMx leu2::pSTU2-
STU2-GFP:LEU2 cdc55△::KanMx 6C 

M5505 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx leu2::pSTU2-STU2-GFP:LEU2  S5C 
M5506 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx leu2::pSTU2-STU2-GFP:LEU2 RTS1-3HA-IAA7:HygMx S5C 
M5527 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx leu2::pSTU2-STU2-GFP:LEU2 CDC55-3HA-IAA7:HygMx S5C 
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M5554 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-STU2-NLS-
GFP:LEU2 4D 

M5555 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx DSN1-HIS-FLAG:URA3 leu2::pSTU2-STU2-NLS-
GFP:LEU2 cdc28-as1 4D 

M5611 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:NatMx DSN1-HIS-FLAG:URA3 CDC20-AID:KanMx leu2::pSTU2-
stu2(T866V)-GFP:LEU2 cdc55△::KanMx 6C 

M5762 MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-STU2-GFP:LEU2 NUP2-mKate2:HisMx6 5E 

M5770 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3HA-IAA7:KanMx  leu2::pSTU2-STU2-GFP:LEU2 NUP2-mKate2:HisMx6 
cdc28-as1 5E 

M5848 MATa SPC110-mCherry:HygMx MTW1-3GFP:HIS3 cdc55△::KanMx 7F, 7G 

M5980 
MATa trp1::pGPD1-OsTIR1:TRP1 STU2-3V5-IAA7:KanMx SPC110-mCherry:HygMx CDC20-AID:KanMx 
leu2::pSTU2-stu(△633-647)-NLS-GFP:LEU2 ura3-1::TUB1-CFP:URA3 4C 

M5989 
MATa trp1::pGPD1-OsTIR1:TRP1 TOR1-1 fpr1△::NatMx NUF2-FKBP12:HIS CDC5-FRB:KanMx STU2-3HA-
IAA7:KanMx leu2::pSTU2-stu2(△633-647)-NLS-GFP:LEU2  4E 
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Table S2: Plasmids and Oligos generated used this study 
 

Plasmid 

Primers 
Used to 
Generate 
Plasmid   Primer Sequence (5' to 3') 

pM227 
(pSTU2-STU2-
3HA, i.e. 
STU2WT) SB4372 GATCGATCgggcccTAGTACAATTTCTAATGGGC 
TRP1 SIV SB4443 GATCGATCtctagaTCAGCACTGAGCAGCGTAATCTGGAACG 
pM488 
(pSTU2-STU2-
GFP, i.e. 
STU2WT) SB3988 GAAAAAATGAAGGCCAAATCAAGGCGGGAAGGGACAACCAGGACGcggatccccgggttaattaa 
LEU2 SIV SB5918 cgataccgtcgaccacctgccttgctccctcgagTTATTTGTATAGTTCATCCATGCC 
pM664 
(pSTU2-
stu2(T866A)-
3V5 i.e. 
stu2T866A) oMM2 tatcgcactcacgtaaacac 
LEU2 SIV oMM253 GTTATAAACGTGCCGCTGCAGTGgCATCTACCCTAAAGGCCAGAATTGAAAAAATG 
pM748 
(pSTU2-
stu2(T866E)-
3V5 i.e. 
stu2T866E) oMM2 tatcgcactcacgtaaacac 
LEU2 SIV oMM99 GCCTCAGAAGAAAGTTATAAACGTGCCGCTGCAGTGGAATCTACCCTAAAGGCCAG     
pM762 
(pSTU2-
stu2(T866E)-
GFP, i.e. 
stu2T866E) oMM2 tatcgcactcacgtaaacac 
LEU2 SIV oMM99 GCCTCAGAAGAAAGTTATAAACGTGCCGCTGCAGTGGAATCTACCCTAAAGGCCAG     
pM763 
(pSTU2-
stu2(T866A)- oMM2 tatcgcactcacgtaaacac 
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GFP, i.e. 
stu2T866A) 
LEU2 SIV oMM253 GTTATAAACGTGCCGCTGCAGTGgCATCTACCCTAAAGGCCAGAATTGAAAAAATG 
pM1397 
(pSTU2-
stu2(T866E)-
3HA, i.e. 
stu2T866E) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oMM99 GCCTCAGAAGAAAGTTATAAACGTGCCGCTGCAGTGGAATCTACCCTAAAGGCCAG     
pM1398 
(pSTU2-
stu2(T866A)-
3HA, i.e. 
stu2T866A) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oMM253 GTTATAAACGTGCCGCTGCAGTGgCATCTACCCTAAAGGCCAGAATTGAAAAAATG 
pM1433 
(pSTU2-
stu2(T836E 
S839D S840D 
S842D S852D 
S855D 
S858D)-3HA 
i.e. stu2T836E 

S839D S840D S842D 

S852D S855D S858D) oMM2 tatcgcactcacgtaaacac 

TRP1 SIV oMM186 
GGCCGTACAGAAAAAACGGCgaaGGAGTGgatgatGTCgatGACGATTTGGATATCGATTTCAACGATgatTTTG
CCgatGAAGAAgatTATAAACGTGC 

pM1434 
(pSTU2-
stu2(T866E 
S867D T868E 
S880D T885E 
T886E)-3HA, 
i.e. stu2T866E 

S867D T868E S880D 

T885E T886E) oMM2 tatcgcactcacgtaaacac 

TRP1 SIV oMM523 
taacccggggatccgCGTCCTttcttcCCCTTCCCGCCTatcTTTGGCCTTCATTTTTTCAATTCTGGCCTTTAGttcatcttc
CACTGCAGCGGCACG 
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pM1435 
(pSTU2-
stu2(T866E 
S867D 
T868E)-3HA, 
i.e. stu2T866E 

S867D T868E) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oMM218 GTTATAAACGTGCCGCTGCAGTGgaagatgaaCTAAAGGCCAGAATTGAAAAAATG 
pM1436 
(pSTU2-
stu2(S880D 
T885E T886E 
T888E)-3HA, 
i.e. stu2S880D 

T885E T886E T888E) oMM11 AGTGAACCCAATAGGGTCAG 
TRP1 SIV oMM524 taacccggggatccgCTCCCTttcttcCCCTTCCCGCCTatcTTTGGCCTTCATTTTTTCAATTCTGGCC 
pM1437 
(pSTU2-
stu2(T866E 
S867D)-3HA, 
i.e. stu2T866E 

S867D) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oMM224 GTTATAAACGTGCCGCTGCAGTGgaagacACCCTAAAGGCCAGAATTGAAAAAATG 
pM1438 
(pSTU2-
stu2(S867D 
T868E)-3HA, 
i.e. stu2S867D 

T868E) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oM226 GTTATAAACGTGCCGCTGCAGTGACAgacgaaCTAAAGGCCAGAATTGAAAAAATG 
pM1439 
(pSTU2-
stu2(T866E 
T868E)-3HA, 
i.e. stu2T866E 

T868E) oMM2 tatcgcactcacgtaaacac 
TRP1 SIV oMM225 GTTATAAACGTGCCGCTGCAGTGgaaTCTgaaCTAAAGGCCAGAATTGAAAAAATG 
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pM1614 
(pSTU2-
stu2(T866V)-
3V5, i.e. 
stu2T866V) oMM2 tatcgcactcacgtaaacac 
LEU2 SIV oMM795 GCCTCAGAAGAAAGTTATAAACGTGCCGCTGCAGTGGTATCTACCCTAAAGGCCAG 
pM1632 
(pSTU2-
stu2(T866V)-
GFP, i.e. 
stu2T866V) oMM2 tatcgcactcacgtaaacac 
LEU2 SIV oMM795 GCCTCAGAAGAAAGTTATAAACGTGCCGCTGCAGTGGTATCTACCCTAAAGGCCAG 
pM1759 
(pSTU2-
stu2(S603A)-
NLS-GFP, i.e. 
stu2S603A) oMM10 gatgagggggaatatcagatag 
LEU2 SIV oMM16 GTTGACGTCCTCTTTCCTTC 
pM1762 
(pSTU2-
stu2(△600-
605)-NLS-
GFP, i.e. 
stu2△600-605) oMM16 GTTGACGTCCTCTTTCCTTC 
LEU2 SIV oMM958 GTTCTGTACTTCCCTCCAAGAGAAGAAATGATAACAAAAGTAAAGTGAACCC 
pM1947 
(pSTU2-
stu2(△633-
647)-NLS-
GFP, i.e. 
stu2△633-647) oMM10 gatgagggggaatatcagatag 
LEU2 SIV oMM16 GTTGACGTCCTCTTTCCTTC 
pETduet(Ndc8
0(NT-6His)(∆1-
55)(∆4))/untag
ged Nuf2(∆4) 

Described 
in (Valverde 
et al 2016) 
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pRSFduet(unta
gged 
spc24(∆c)/unta
gged 
spc25(∆c)) 

Described 
in (Valverde 
et al 2016) 
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