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Abstract 

Cryptococcus neoformans (Cn) is an important human pathogen and a model system for 

basidiomycetes.  Here we carry out a dissection of its spindle assembly checkpoint (SAC), 

focusing on Bub1 and Bub3.  In many eukaryotes, including humans, Saccharomyces 

cerevisiae and Schizosaccharomyces pombe, Bub1 underwent gene duplication, 

generating paralogues referred to as Bub1 and BubR1 (or Mad3).  Bub1 has upstream 

signalling functions at kinetochores, whilst BubR1/Mad3 is a component of the 

downstream mitotic checkpoint complex (MCC) that delays anaphase onset until all 

chromosomes are correctly attached.  Here we demonstrate that the single CnBub1 

protein carries out all the checkpoint roles of both Bub1 kinase and Mad3/BubR1.  

Proteomic analysis reveals kinetochore targeting via Spc105KNL1 and interactions with all 

downstream SAC components and effectors (Cdc20 and the anaphase promoting 

complex/cyclosome).  We demonstrate that CnBub1 kinase activity is required to maintain 

prolonged checkpoint arrest.  Thus CnBub1 acts as a SAC signalling hub and is a future 

target for anti-mitotic drugs. 
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Introduction 
Mitosis is the key step in cell division where cells segregate the two copies of the genome 

they produced in S phase to their daughter cells.  Most cells carry out this segregation with 

remarkably high fidelity and mitotic control pathways have evolved to ensure that this is 

the case.  One of these is the spindle assembly checkpoint (SAC) which is a mitotic 

surveillance system1,2.  It monitors interactions between chromosomes and spindle 

microtubules and if any attachment errors are apparent it delays the metaphase to 

anaphase transition.  This provides the cell with additional time to carry out error-

correction, whereby inappropriate kinetochore-microtubule interactions are disrupted, 

through the action of Aurora B kinase, the enzymatic core of the chromosomal passenger 

complex (CPC)3.  The SAC consists of the Mad and Bub proteins and Mps1 kinase, all of 

which are highly conserved from yeast to human2. 

Bub1 was one of the first checkpoint components identified, in the original bub (budding 

uninhibited by benzimidazole) screen for mitotic checkpoint mutants4.  Intriguingly, Bub1 

has been duplicated at least 16 times through evolution, and the two resulting genes 

usually sub-specialised to have very distinct roles5.  Bub1 acts as an upstream signalling 

scaffold:  it stably associates with unattached kinetochores, where it gets phosphorylated 

by Mps1 kinase and then interacts with the Mad1-Mad2 complex6.  The Bub1-Mad1-Mad2 

complex then acts as the catalytic platform for production of Mad2-Cdc20, and thereby the 

mitotic checkpoint complex (MCC)7,8.  The second gene (BubR1/Mad3) has a downstream 

role, directly interacting with Cdc20 and Mad2 as part of the MCC complex (Mad2-Cdc20-

BubR1-Bub3)9,10 that binds and inhibits Cdc20-APC/C11,12.  Inhibition of this mitotic E3 

ubiquitin ligase stabilises securin and cyclin, thereby delaying the metaphase-to-anaphase 

transition. 

A few organisms, such as Dictyostelium discoideum, Neurospora crassa, and 

Cryptococcus neoformans did not duplicate the Bub1 gene5.  Their Bub1 protein is thought 

to produce a single polypeptide (sometimes referred to as a MadBub) carrying out all the 

roles of Bub1 kinase and Mad3/BubR1, but this has yet to be thoroughly tested.  Here we 

analyse in detail the multiple domains and functions of Bub1 in C. neoformans, which is an 

environmental basidiomycete yeast and human fungal pathogen. Although widespread in 

the global environment, it rarely affects humans as it is successfully cleared by the 

immune system13.  However, immunocompromised patients can succumb to infections 

with the yeast passing from the lung, through the blood-brain barrier, to cause meningitis 

and death.  Globally, cryptococcal disease accounts for almost 20% of deaths in AIDS 
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patients: 152,000 annual cases of Cryptococcal meningitis worldwide, mainly in Sub-

Saharan Africa, lead to ~112,000 deaths in AIDS patients14. 

During human infection Cryptococcus cells can undergo a striking morphological transition 

and increase in cell size, forming thick-walled, polyploid Titan cells, 10-100µm in 

diameter15. Titan cells are important as host immune macrophages struggle to engulf them 

during infections16.  Remarkably, once formed these Titan cells are then able to undergo a 

reductive division and successfully bud off small, haploid daughter cells17.  Most are 

viable, yet some level of chromosome mis-segregation occurs, leading to aneuploidy17.  

This increases genetic diversity of the fungal population and may on occasions lead to 

drug-resistance in the clinic18,19. 

Few studies of Cryptococcus mitosis have been reported, but these hint at several 

fascinating aspects of mitotic regulation in this organism.  Its centromeres are regional, 

contain many full-length and truncated transposable elements silenced by RNAi20,21 and 

are enriched for 5mC DNA methylation22 and H3K9me2 marked heterochromatin, although 

the latter is not mediated by RNAi20.  Unlike S.cerevisiae and S.pombe, kinetochores are 

not clustered in interphase, but they do mature and cluster after the microtubule-

organising complexes have clustered to form a bi-polar spindle23.  Whilst much of the 

Cryptococcus kinetochore is well conserved, proteomics identified a fascinating linker 

protein, Bridgin, which replaces the whole of the CCAN network24.  Mitosis is semi-open, 

enabling another level of cell cycle control on key mitotic regulators, such as Aurora B 

kinase (Ipl1)25.  Recently several cyclins and cdc2 homologues were described in 

Cryptococcus, and Cln1 was shown to control polyploid Titan cell formation26.  Almost 

nothing is known about the molecular mechanism of the SAC in this organism, nor its 

relevance to Titan cell formation or their reductive division to produce haploid daughter 

cells. 

Here we demonstrate that CnBub1 carries out multiple SAC functions: site-specific loss-of-

function phenotypes, physical interactions, and in vivo behaviour are all consistent with it 

carrying out checkpoint roles of both Bub1 kinase and Mad3/BubR1.  Thus it acts as a 

signalling hub, directly linking kinetochores (Spc105) to APC/C regulation (see Fig.1a).  In 

addition, we describe a novel microfluidics assay for high-throughput analysis of single-cell 

SAC arrests, which will be transferable to many other stresses and systems. 
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Results 
Cryptococcus bub1D and bub3D strains are extremely sick 
In a previous study a systematic set of gene deletions was generated for 129 protein 

kinases in Cryptococcus neoformans27.  CnMPS1 was fully deleted and a (C-terminal) 

fragment of the CnBUB1 gene was replaced with the NAT marker.  Both kinases were 

shown to be relevant to cryptococcal infections as the deletion mutants displayed reduced 

virulence27. We have since made a complete deletion of the CnBUB1 gene (SuppFig.1a), 

along with a new rescue construct (PHIS3 GFP-Bub1, integrated at a safe-haven locus on 

Chr3). The full bub1 deletion strain exhibited slow growth at all temperatures and was 

extremely sensitive to the microtubule poison benomyl (Fig.1b,e,f). 

In most systems Bub1 forms a constitutive complex with Bub328.  Our expectation was that 

the Cnbub3D phenotype would be as equally severe as bub1D, so first we introduced a 

second copy of the CnBUB3 gene that was N-terminally tagged with the HA-epitope, 

regulated by the galactose-inducible promoter (PGAL7)29 and integrated at the safe haven 

locus on Chr3.  Next, we transformed this strain with a bub3 deletion blaster cassette30 

replacing the endogenous BUB3 gene with the amdS (acetamide) marker, and maintained 

cells on galactose until knock-out transformants were confirmed by PCR (SuppFig.1b). As 

expected, switching these cells from galactose to glucose media led to gradual depletion 

of HA-tagged Bub3 (Fig.1d) and cells with a very similar phenotype to bub1D. The 

absence of Bub3 leads to reduced growth at all temperatures tested, and extreme 

benomyl (anti-microtubule drug) sensitivity (Fig.1b,e,f). Growth in plate readers confirms 

that bub1D and bub3D strains grow very slowly compared to mps1D and the parental, wild-

type (H99) strain (Fig.1e).  We conclude that, as in S. cerevisiae, the Cnbub1 and bub3 

deletion mutants are both extremely sick under a broad range of growth conditions.   

To confirm the bub1D and test whether the absence of Bub3 or Mps1 proteins might affect 

Bub1 protein stability we made specific anti-CnBub1 polyclonal antibodies.  We expressed 

residues 53-209aa of Bub1 as a 6xHis-Bub1 fusion protein in bacteria, purified the 

recombinant protein and used this as antigen.  Affinity-purified sheep serum demonstrates 

that the Bub1 band is missing in bub1D extracts, but present at normal levels in both the 

bub3D and mps1D strains (Fig.1c). 
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CnBub1 functions are Bub3-dependent 
To determine the level of dependency of CnBub1 functions on Bub3, we made a site-

directed mutation in Bub1 that should abolish Bub3 binding.  In the absence of crystal 

structures, we generated alpha-fold models for the CnBub1-CnBub3 complex using a 

ColabFold notebook AlphaFold2_advanced. The high confidence model shown in Fig. 2a 

suggests that CnBub1 indeed interacts with Bub3 via a region containing what is often 

referred to as the GLEBS motif due to a similar domain in Gle231,32 , in a mode similar to 

that observed for human and S.cerevisiae Bub proteins.  Particularly, CnBub1 GLEBS 

motif residues E448 and E449 make electrostatic interactions with CnBub3 R190 and 

R138, respectively. To disrupt this interaction, we mutated from CnBub1 448E and 449E to 

K. If all CnBub1 functions are Bub3-dependent, one would expect a very serious (possibly 

complete) loss of function phenotype for this mutation, as no Bub1 functions could be 

effectively performed in the absence of Bub3 binding.  bub1-glebs has a similar phenotype 

to bub1D and bub3D mutants, in terms of benomyl sensitivity (Fig.2b).  Plate reader 

experiments confirm that the bub1-glebs mutant has a very similar growth rate to 

bub1D and bub3D strains (Fig.2c).  We conclude that most, possibly all, CnBub1 functions 

are likely to be Bub3-dependent.   

To demonstrate this interaction biochemically, we co-immunoprecipitated GFP-

Bub1 and mCherry-Bub3 from Cryptococcus cell extracts.  Strains were grown to log 

phase and some then treated with the anti-microtubule drug nocodazole (2.5µg/ml for 

120mins at 30oC) to arrest cells in mitosis.  Fig.2d shows that mCherry-Bub3 could be 

immunoprecipitated with GFP-Bub1 from cycling cell and mitotically arrested cell extracts, 

consistent with CnBub1-Bub3 being a constitutive protein-protein interaction, throughout 

the cell cycle.  

  

CnBub1 co-localises with Bub3 at mitotic kinetochores 
In most systems Bub1 targeting to mitotic kinetochore structures is Bub3-dependent32.  

Both Bub proteins are recruited to kinetochores early in mitosis, and in the presence of 

defective/inappropriate kinetochore-microtubule interactions they are maintained there at 

high levels.  Fig.3a is a schematic of the typical Bub1 recruitment mechanism:  when the 

SAC is activated Mps1 kinase phosphorylates Spc105 on conserved MELT motifs33-36, to 

which the Bub3-Bub1 complex can then bind.  Fig.3b shows a field of GFP-Bub1 cells, in 

the absence and presence of nocodazole.  Whilst only the few mitotic cells show foci of 
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GFP-Bub1 in the cycling population, all arrested cells display bright Bub1 foci.  To analyse 

the mitotic cells in more detail GFP-Bub1 was expressed in a strain expressing Tub4-RFP 

(g-tubulin) to label the spindle poles24.  Fig.3c shows GFP-Bub1 in a cycling population of 

cells, where most cells have diffuse Bub1 staining.  Only in the mitotic cells does Bub1 get 

recruited to structures and these lie between the poles of a bi-polar spindle, consistent 

with GFP-Bub1 being recruited to mitotic kinetochores. Fig.3d shows a montage of cells 

taken from a cycling population, highlighting different stages of mitosis. The Bub1-GFP 

signals are brightest early in mitosis, after the spindle has moved to the bud which is 

typical of basidiomycetes23. After bi-polar spindles form and elongate back into the mother 

cell the Bub1-GFP signals are significantly weaker.  This is consistent with Bub1-GFP 

being enriched on kinetochores yet to form mature, bi-oriented attachments.   In 

nocodazole-arrested cells the GFP-Bub1 is near to, but distinct from the g-tubulin (Fig.3e).  

To confirm that Bub1 is localised to unattached kinetochores we co-localised GFP-Bub1 

with the kinetochore marker Dad2 (Fig.3f), which is part of the microtubule-binding Dam1 

complex37 24.  Fig.3g demonstrates that GFP-Bub1 co-localises with mCherry-Bub3 in 

nocodazole-arrested cells.  Finally, Fig.3h shows that GFP-Bub1 is no longer recruited to 

kinetochores when the Bub3 protein has been depleted from cells, demonstrating that 

kinetochore targeting of CnBub1 is Bub3-dependent.  We conclude that both Bub1 and 

Bub3 are recruited to cryptococcus kinetochores early in mitosis and remain there if 

kinetochores are unattached. 

 
Distinct Bub1 domains have important yet separable functions 
The schematic in Fig.4a indicates conserved motifs that we identified in CnBub1, based on 

their sequence homology to regions of Bub1 and BubR1/Mad3 in other organisms. For a 

recent review on Bub1 and BubR1 conserved domains and SLiMs see38.  Separation-of-

function alleles can be a very useful tool when dissecting the multiple functions of a 

complex signalling molecule like Bub1 kinase.  To test whether these domains had their 

expected functions, we generated a series of bub1 strains in which the endogenous BUB1 

gene had been deleted and a mutant bub1 allele is expressed at an ectopic, safe-haven 

locus on Chr330,39.  The bub1 strains we made include: bub1-ken1, bub1-ken2, (both 

perturbing Cdc20 interactions), bub1-cd1 (predicted to have no Mad1 binding6,40) and a 

bub1-kd (kinase-dead) allele (Fig.4a). 
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In an attempt to specifically disrupt spindle checkpoint signalling functions of Bub1, we 

made mutations in motifs predicted to mediate Cdc20 and Mad1 binding.  CnBub1 

contains N-terminal motifs (KEN and ABBA motifs) that are typically found in Mad3/BubR1 

(Fig. 4a) and very important for interaction with Cdc2041-43, and thus formation of MCC and 

MCC-APC/C complexes.  These are key motifs for Mad3/BubR1’s role as a Cdc20-APC/C 

inhibitor.  The CD1 motif (residues 494 to 496 were mutated from SPT to AAA in bub1-

cd1) is regulated by phosphorylation (typically in a CDK1 and Mps1-dependent fashion).  

In mitosis this region of Bub1 is phosphorylated and this stabilises a highly conserved 

interaction with the Mad1 checkpoint protein6,44,45.  Thus, CD1 is likely to be a key-

mediator of Bub1’s checkpoint signalling function.  Fig. 4b compares the benomyl 

sensitivity of these bub1 alleles with those of mps1D and mad1D deletion mutants.  The 

mad1D mutant will be described in detail elsewhere46 and is used here as a checkpoint 

null mutant.  The bub1-ken1 and bub1-cd1 strains were significantly less sensitive/sick 

than bub1D, having a phenotype much more like the mad mutant.  The bub1-ken2 and 

bub1-kd strains were less benomyl sensitive, suggesting that their checkpoint responses 

remain partially intact (see below).   

Next we wanted to look at the relative stability of the mutant bub1 proteins.  Fig. 4c (and 

SuppFig2) shows an anti-GFP western blot of these site-specific bub1 mutants.  Only the 

bub1-glebs mutant protein appears to be less stable than wild-type (SuppFig2), so 

phenotypes of the bub1-ken, -cd1 and -kd mutations are not explained by reduced protein 

levels.  The Bub1 protein was not unstable in the bub3 mutant, so it is unclear why the 

bub1-glebs mutation is less stable (~50% of wild-type levels, SuppFig2).  It is noteworthy 

that in human cells very low levels of Bub1 protein are sufficient for robust checkpoint 

signalling and mitotic arrest47,48. 

There are several reasons why a mutant might be sensitive to anti-microtubule drugs, so 

more specific checkpoint assays were sought.  To assess SAC signalling in bub1 mutants 

we challenged cells with the anti-microtubule drug nocodazole and then followed a time 

course where we scored the numbers of cells in the population that were in early mitosis 

with bright GFP-Bub1 foci on their unattached kinetochores.  If the SAC is proficient then 

arrested cells should accumulate in the population.  Fig. 4d shows fixed time point analysis 

of the ability of different strains to arrest with Bub1-GFP on kinetochores.  All these bub1 

alleles, and the mad1 and mps1 mutants, were unable to arrest in mitosis with GFP-Bub1 
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on kinetochores for a prolonged period.  Fig.4e shows that bright GFP-Bub1 foci were 

detectable in a few of the bub1 and mad1 cells, but never in the mps1 mutant. 

The weaker benomyl sensitivity observed in Fig.4b, hinted at a weak SAC response in the 

bub1-ken2 and bub1-kd alleles.  To assess SAC function more carefully we developed a 

single-cell microfluidics assay, where we could analyse the response of specific cells to 

microtubule perturbation over several divisions.  This was based on the Alcatras system, 

previously developed by the Swain lab49. In this assay, cells are pre-grown then trapped 

as single cells in a microfluidics device where they are maintained in a constant flow of 

media (see Methods).  Over time the trapped cells bud and divide to produce daughters, 

most of which are washed away by the fluid flow through the device.  After 5 hrs in these 

traps we switched to media containing 2.5 µg/ml nocodazole, and continued our analysis 

for another 7 hours (30oC), capturing images every 2 minutes. Fig.5a displays temporal 

heat map representations of 30 randomly selected cells for each strain and Fig.5b a 

summary plot showing the average dwell time of the enriched GFP-Bub1 fluorescence at 

the kinetochore within each population.  Bright GFP-Bub1 signals represent cells that are 

in early/mid mitosis.  Any mutant that is checkpoint defective will fail to maintain this mitotic 

delay and thus fail to maintain high levels of GFP-Bub1 on kinetochores through the heat 

maps.  Importantly, strains with a partially functional checkpoint will delay for longer than 

those completely defective in checkpoint signalling.  Thus, this assay provides a 

quantitative measure of how important specific motifs/domains are in CnBub1 for spindle 

checkpoint activation and maintenance. 

From this analysis we found that the mitotic (SAC) delay was perturbed in all the mutants 

we tested, but to varying degrees.  The bub1-ken1 and bub1-cd1 mutants displayed a very 

similar response to the mad1D, which we believe to be fully checkpoint defective.  

Interestingly, the bub1-ken2 mutant was able to delay for a little longer (~10 mins), 

suggesting that a weak checkpoint response is mounted in this strain.  Fig.5c shows a 

schematic model explaining our interpretation of this data, based on MCC-APC/C 

interactions described in yeast and humans12,50,51.  An Alpha-fold predicted structure of 

CnBub1 bound to two molecules of Cdc20 via its two KEN boxes (shown in Fig. 5d) 

supports our model. KEN1 likely forms a key MCC interaction between CnBub1 and 

Cdc20:  Mad3/BubR1-KEN1 (but not KEN2) interaction is essential for MCC formation in 

model yeasts and humans. Our interpretation is that the Mad1 and Cdc20 interactions 

mediated by CD1 and KEN1 in CnBub1 are both critical for checkpoint signalling.  As in 
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S.cerevisiae Mad3, S.pombe Mad3 and human BubR1 we see a weaker phenotype for the 

ken2 allele41,52. KEN2 mediates the Mad3/Bub1 interaction with a second molecule of 

Cdc20, which acts as the APC/C activator in MCC-APC/C complexes. In the absence of 

this second Cdc20 interaction, some inhibition of Cdc20 is still possible through Cdc20 

sequestration in MCC complexes (Bub3-Bub1-Cdc20-Mad2), likely explaining the brief 

delay observed in the ken2 mutant. 

 

CnBub1 is an active kinase that is required to maintain checkpoint arrests 
Even though it has been studied for decades, the importance of Bub1 kinase activity in 

SAC signalling remains contentious.  To test its importance in Cryptococcus neoformans 

we generated a kinase-dead allele (K1011R, D1149N).  This was based on a similar 

kinase-dead mutation made in fission yeast, where it was found that single amino-acid 

substitutions retained some, albeit very minor Bub1 kinase activity53.  We have analysed 

this mutation both in vivo and in vitro.  The full length bub1-kd mutant protein was stably 

expressed in yeast at a comparable level to the wild-type protein (Fig.6a).  In Fig.6a the 

GFP-Bub1 kinase purified from yeast auto-phosphorylates and phosphorylates 

recombinant histones, in the form of reconstituted nucleosomes, whereas the kinase-dead 

protein does not.  Recombinant Bub1 was purified from E.coli. This also phosphorylated 

itself and phosphorylated H2A on the expected human H2A T120 residue when 

nucleosomes were used as substrate (Fig. 6b)53.  These Bub1 kinase results show striking 

evolutionary conservation:  when Bub1 kinase is presented with whole, recombinant 

nucleosomes, it specifically phosphorylates H2A on the conserved threonine, just as it 

does in human or fission yeast cells53.  We expect this phosphorylation of H2A will be 

relevant to centromere targeting of shugoshin, Aurora B kinase and the CPC, but testing 

that will be the subject of future CnBub1 studies. 

We confirmed that the bub1-kd allele was not as sensitive to benomyl as the checkpoint 

mutant (mps1D) and that it showed very similar sensitivity to the previously described bub1 

kinase truncated strain27 (Fig.6c).  We analysed these cells in liquid media to see if they 

could recruit GFP-bub1-kd to kinetochores and mount a checkpoint response to anti-

microtubule drug treatment.  Fig.6d analyses cells from fixed time-points (every 30 mins 

after nocodazole inhibition) for GFP-Bub1 foci, and Fig.6e shows the temporal heat map of 

kinetochore localization for this mutant from a microfluidic experiment, where we have 

compared it to the bub1-ken2 mutant which showed a short mitotic delay.  bub1-kd cells 
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delayed for longer than the ken2 allele, for ~30 mins, and then re-budded (see SuppFig3 

and Movies).  Our interpretation is that Bub1 kinase needs to phosphorylate something to 

maintain prolonged SAC arrest.  There are several possibilities for the relevant SAC 

substrate, including Cdc2054,55.  Preliminary in vitro kinase assays suggest that 

recombinant CnCdc20 is a CnBub1 substrate (data not shown).  Future work will map 

these sites in Cdc20 and test whether their modification is important for stabilisation of 

MCC-APC/C complexes in Cryptococcus. 

 

CnBub1 co-purifies with kinetochores and Cdc20-APC/C 
The above data on a series of CnBub1 mutant alleles suggests that CnBub1 likely 

performs all the functions expected of both Mad3/BubR1 and Bub1 kinase.  To test this 

possibility biochemically we performed large scale purification of GFP-Bub1 from 

Cryptococcus cells, using GFP-Trap magnetic beads, followed by mass spectrometry.  We 

aimed to see whether kinetochore proteins and/or Cdc20-APC/C sub-units could be 

identified as stable CnBub1 interacting partners. 

When we compared the mitotic GFP-Bub1 pull down with an untagged strain (the dashed 

line represents a significance threshold of P=0.05), we identified kinetochore proteins 

(Spc105, Stu1), SAC components (Bub3, Mad1, Mad2), SAC effectors (Cdc20, 

Apc1,2,3,4,5,6,8,10&11) and candidate regulators (PP1, PPZ1) as Bub1-interactors 

(Fig.7a).  We further compared the GFP-Bub1 pull down data from cycling and 

nocodazole-arrested cell extracts (Fig.7b).  Most of the specific interactors associate more 

strongly with GFP-Bub1 in mitosis.  Supporting this, we could co-immunoprecipitate 

mCherry-Bub1 with GFP-Apc4 from mitotically-arrested Cryptococcus extracts (Fig.7c and 

SuppFig4b).  

Fig.7d shows a schematic model of SAC signalling in Cryptococcus neoformans with many 

of these Bub1 interactions displayed.  Our interpretation of this proteomics data is that 

CnBub1 is recruited to mitotic kinetochores through interaction with phosphorylated 

Spc105, just as one would expect a Bub1 SAC scaffold.  However, such scaffolds are 

relatively stably bound to the kinetochore, whereas MCC proteins are much more dynamic 

and exchanging with a soluble pool every few seconds 56,57.  Preliminary FRAP 

experiments suggest that the bulk of CnBub1 displays dynamic association with 

unattached kinetochores (data not shown).  
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Discussion 
This study has demonstrated striking functional conservation in SAC signalling, even 

where in C. neoformans a single Bub1 polypeptide performs the roles of two proteins in 

most organisms, Bub1 and Mad3/BubR1.  We have demonstrated that CnBub1 is 

recruited to unattached mitotic kinetochores in a Bub3-mediated fashion, most likely 

through binding to the kinetochore protein Spc105 after it is phosphorylated by Mps1 

kinase.  All of this is consistent with CnBub1 having a kinetochore-based signalling 

scaffold role.  Yet proteomics, structural modelling and site-directed mutagenesis all argue 

that the CnBub1 protein also has the key downstream effector function, interacting with 

Cdc20-APC/C to delay the onset of anaphase.  Thus, we have confirmed that CnBub1 

performs both Bub1 and Mad3/BubR1 SAC functions.  Our findings are consistent with the 

observation that the single L.kluyveri MadBub gene can rescue a S.cerevisae bub1,mad3 

double deletion strain58.   

To analyse the importance of distinct mechanistic functions in more detail, we have 

developed a novel micro-fluidics SAC assay.  This enables imaging of single cells in a 

range of media and conditions, and measures the time spent in each mitotic cycle with 

GFP-Bub1 at kinetochores.  Upon nocodazole treatment, this was very revealing and 

enabled quantitative analysis of a range of mitotic delays in different bub1 alleles.  The 

bub1-cd1, ken1 and ken2 phenotypes are remarkably consistent with what one might 

predict from studies of model systems, such as S.pombe, S.cerevisiae and human cells 

over the past 30 years. Very little (if any) SAC delay remains when either Cdc20 (MCC) or 

Mad1 binding are disrupted, through mutation of KEN1 or CD1.  After mutation of KEN2, 

where Cdc20-APC/C can’t be stably bound by CnBub1, a mitotic delay of ~10 mins was 

still observed (see Fig.5b and 6f).  Removing the kinase activity of Bub1 has the weakest 

phenotype and a SAC delay of ~30 mins was still apparent. This finding is consistent with 

studies in other organisms (and our own unpublished work in S. pombe) where Bub1 

kinase activity is only required to maintain prolonged SAC arrest, most likely through 

phosphorylation of Cdc2054,55.  More generally, related micro-fluidics assays will be an 

excellent way to study single cell responses of Cryptococcus neoformans to a whole range 

of stresses.    

We conclude that whilst many aspects of mitosis are distinctly different in Cryptococcus (a 

partially open mitosis, scattered KTs and MTOCs in interphase, and distinct ploidy shifts23) 

the molecular mechanism of SAC signalling is remarkably well conserved.  Thus most of 

what has been learnt from studying the SAC in model systems and humans, is very likely 
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relevant to studies of this important fungal pathogen.  It will be fascinating to see how 

important SAC signalling and other Bub1 functions are in polyploid Titan cell divisions. 

 

Preliminary FRAP studies suggest that the bulk of CnBub1 (~80%) exchanges rapidly on 

mitotic kinetochores, consistent with behaviour of BubR1 and Cdc20 at human 

kinetochores56,57.  Whether all of the CnBub1 is dynamic, or there is also a small pool 

acting as a stable scaffold at kinetochores will require careful analysis.  It will be very 

interesting to see whether the APC/C also interacts with kinetochores in a dynamic 

fashion, exchanging with a diffuse nuclear pool.   

 

Non-SAC functions for Bub3-Bub1?  A striking observation is the severity of the 

complete loss of function phenotype of CnBub1 and CnBub3 (see Fig.1).  These mutants 

are much sicker than mad and mps1 mutants, indicating that the Bub complex is likely to 

have important functions outside of core SAC signalling.  We have demonstrated that 

CnBub1 kinase phosphorylates nucleosomes on the conserved T120 residue of human 

H2A in vitro.  In other systems this chromatin mark helps recruit Sgo1 and CPC to 

kinetochores53,59,60.  We are currently testing the hypothesis that Bub1 kinase carries out 

related bi-orientation and error-correction roles in Cryptococcus mitosis. In addition, 

CnBub1 could be involved in cross-talk with other stress and checkpoint signalling 

responses.  Cnbub1 mutants were previously shown to be sensitive to hydrogen peroxide 

and 5-Flucytosine27. Much remains to be learnt about the many roles of CnBub1, but we 

believe that it is already a relevant anti-mitotic drug target and we are pursuing a search 

for small molecule inhibitors of this fascinating mitotic protein.  
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Methods 
Cryptococcus strains were all derived from Cryptococcus neoformans var. grubii H99 
YSB3632  mps1Δ::NAT (Ref 27) 
YSB3398  bub1Δ::NAT (this study) 
YSB4190 bub1-kinase domain truncation::NAT (Ref 27) 
CNSD159 TUB4::TUB4-mCherry:G418 (Ref 24) 
CNVY105 DAD2::DAD2-mCherry:G418 (Ref 24) 
KA51   mad1Δ (amdS2 Blaster) 
IL006   mps1Δ::NAT, HISp:GFP-Bub1:HYG (chromosome 3, safe haven p37) 
IL089   mad1Δ, HISp:GFP-Bub1:HYG (chrom 3, safe haven p37) 
IL102   bub1Δ::NAT, HISp:GFP-Bub1:HYG (chrom 3, safe haven p37) 
IL143   bub1Δ::NAT, HISp:GFP-bub1-kd:HYG (chrom 3, safe haven p37) 
IL173   bub1Δ::NAT, HISp:GFP-bub1-cd1:HYG (chrom 3, safe haven p37) 
IL178   bub1Δ::NAT, HISp:GFP-bub1-glebs:HYG (chrom 3, safe haven p37) 
IL226   bub1Δ::NAT, HISp:GFP-bub1-ken1:HYG (chrom 3, safe haven p37) 
IL231   bub1Δ::NAT, HISp:GFP-bub1-ken2:HYG (chrom 3, safe haven p37) 
IL066   GAL7p:HA-Bub3:HYG (chrom 3, safe haven p37)  
IL111   bub3Δ, GAL7p:HA-Bub3:HYG (chrom 3, safe haven p37)  
IL187   Dad2-RFP:G418, HISp:GFP-Bub1:HYG (chrom 3, safe haven p37) 
IL194   Tub4-RFP:G418, HISp:GFP-Bub1:HYG (chrom 3, safe haven p37) 
IL129   bub1Δ::NAT, HISp:GFP-Bub1:HYG (chrom 3, safe haven p37), GPDIp:mcherry-
Bub3:G418 (chrom 14, safe haven p36) 
IL86    HISp:GFP-Bub1:HYG (chrom 3, safe haven p37), GPDIp:mcherry-Bub3:G418 
(chrom 14, safe heaven p36) 
IL305  bub3Δ, GAL7p:HA-Bub3:HYG (chrom 3, safe haven p37), HISp:mcherry-
Bub1:NATR (chrom 7, safe heaven 31) 
IL278 bub1Δ::NAT, HISp:mcherry-Bub1:HYG (chrom 3, safe haven p37), HISp:GFP-APC4 
(chrom 7, safe haven 37). 
 

Yeast media 
All Cryptococcus strains were generated in the H99 genetic background and stored in 

YPDA (2% bactopeptone, 1% yeast extract, 2% glucose, 2% agar, 1mM adenine) with 

50% glycerol at -80 ºC. Strains were grown on YPDA plates for two days prior to use. For 

microfluidic experiments yeast synthetic complete media (SC: 0.67% Yeast Nitrogen Base; 

amino acid mix; 2% glucose). Knockout transformants generated using the blaster 

cassette were selected on plates containing YNB medium (0.45% yeast nitrogen base w/o 

amino acids and ammonium sulphate, 2% glucose, 10mM ammonium sulphate, 2% agar, 

1mM adenine) with 5mM acetamide. To get rid of the blaster cassette strains were re-

streaked on YNB media containing 2% glucose, 10mM ammonium sulphate, and 10mM 

fluoroacetamide, as described previously30.  For drug selection cells were grown on YPDA 

plates containing 300μg/ml hygromycin B (Invitrogen), 100μg/ml Geneticin (G418 

Sulphate, Gibco) or 100μg/ml nourseothricin (Jena Bioscience). For expression from the 
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GAL7 promoter: this promoter is switched on and off by adding 2% galactose or 2% 

glucose respectively. 

 

Gibson assembly, sequencing 
Primers were purchased from Sigma/Merck or IDT.  Gibson assembly and NEB builder 

assembly were performed following manufacturer’s instructions; sequencing was carried 

out using Big Dye.  

 

Plasmids generated in this study: 

ILCP1  P37:HISp_GFP_Bub1: hygR 

ILCP2  P36:GAL7p_HA_Bub3: hygR 

ILCP3  bub3 deletion: Bluescript_5’UTR (1kb)_amdS2_3’UTR(1kb) 

ILCP4  P37:HISp_GFP_bub1cd1: hygR  

ILCP5  P37:HISp_GFP_bub1ken1: hygR  

ILCP6  P37:HISp_GFP_bub1ken2: hygR  

ILCP7  P37:HISp_GFP_bub1glebs: hygR  

ILCP8  P37:HISp_GFP_bub1kd: hygR  

ILCP9  P31:HISp_mcherry_Bub1:NatR 

ILCP10 P36:Hisp_APC4_GFP:G418 

TDP1  6xHis:Bub1_kinase domain (residues 891-1295) 

TDP2  6xHis:Bub1_kinase-dead domain (K1011R, D1149) 

 

Primers used in this study: 

 
Primer 
number 

Primer name Sequence Purpose 

IL124 Cn TPR Bub1_Fw 5’_ΤACTTCCAATCCAATGCAGAACAGCACAG
GAAAGCTATCCAGGAAGC_3’ 

LIC cloning 

IL125 Cn TPR Bub1_Rv 5’_TTATCCACTTCCAATGTTATTAACCCGAC
GGTGGCGCCATAATCCTTTC_3’ 

LIC cloning 

IL329 Gal7_FW1 5’_TGGAGCTCCACCGCGGTGGCAAGATATA
TATAGTAATAAATTTGAAATGAAC _3’ 

Gibson 

IL330 Gal7_RV1 5’_ATGGGTACATTCTCAGGAGAGAATTGAG_
3’ 

Gibson 

IL331 Bub3_FW3 5’_TCAGTGCAATATGTCCTCAGGTAAGCATC
TCCAC_3’ 

Gibson 

IL332 Bub3_RV3 5’_GGATCCACTAGTTCTAGAGCTCACGCCTT
GGCCTTGGG_3’  

Gibson 

IL333 3xHA_FW2 5’_TCTCCTGAGAATGTACCCATACGATGTTC
C_3’ 

Gibson 
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IL334 3xHA_RV2 5’_CTGAGGACATATTGCACTGAGCAGCGTAA
TC_3’ 

Gibson 

IL358 Gpdi_Short NLS_FW1 5’_TGGAGCTCCACCGCGGTGGCCCGCTGCA
TTACGAAATG_3’ 

Gibson 

IL359 Gpdi_Short NLS_RV1 5’_TGCTCACCATGACCTTACGCTTCTTCTTT
G_3’ 

Gibson 

IL339 mcherry_FW1 5’_GCGTAAGGTCATGGTGAGCAAGGGCGAG
_3’ 

Gibson 

IL355 mcherry_RV1 5’_CTGAGGACATCTTGTACAGCTCGTCCATG
C_3’ 

Gibson 

IL356 Bub3_FW3 5’_GCTGTACAAGATGTCCTCAGGTAAGCATC
TCCAC_3’ 

Gibson 

IL357 Bub3_RV3 5’_GGATCCACTAGTTCTAGAGCTCACGCCTT
GGCCTTGGG_3’ 

Gibson 

IL476 HISP_FW1 5’_TGGAGCTCCACCGCGGTGGCATGATTAC
GCCAAGCTTG_3’ 

Gibson 

IL477 HISP_RV1 5’_TGCTCACCATGGTGATAGATGTGTTGTG_
3’ 

Gibson 

IL478 mcherry_FW1 5’_ATCTATCACCATGGTGAGCAAGGGCGAG
_3’ 

Gibson 

IL479 mcherry_RV1 5’_GGGAATCCATCTTGTACAGCTCGTCCATG
C_3’ 

Gibson 

IL480 Bub1_FW1 5’_GCTGTACAAGATGGATTCCCCGGGCGTA
G_3’ 

Gibson 

IL481 Bub1_RV1 5’_GGATCCACTAGTTCTAGAGCCTAAAGCTT
CCTTGAAGTCGTAGC_3’ 

Gibson 

IL422 Bub1 glebs_FW 5’_GCTGCTTCGCTCGAATTTTCTTGAAACTC
CACTCTTCGCC_3’ 

mutagenesis 

IL423 Bub1_glebs_RV 5’_GGCGAAGAGTGGAGTTTCAAGAAAATTC
GAGCGAAGCAGC_3’ 

mutagenesis 

IL424 Bub1_cd1_RV 5’_CTTGAACAGTGCAAACCTCCTGCAGCGG
CGGTAAACACCAAAC_3’ 

mutagenesis 

IL425 Bub1_cd1_FW 5’_GTTTGGTGTTTACCGCCGCTGCAGGAGG
TTTGCACTGTTCAAG_3’ 

mutagenesis 

IL466 Bub1_KEN1_FW 5’_TTTGCCCTCATAGAGTCTCAGGCAGCGG
CCATCAGGCCGCTCGCTACAGG_3’ 

mutagenesis 

IL467 Bub1_KEN1_RV 5’_CCTGTAGCGAGCGGCCTGATGGCCGCTG
CCTGAGACTCTATGAGGGCAAA_3’ 

mutagenesis 

IL468 Bub1_KEN2_rv 5’_GCCCAGCTTCTACAGTAGCCGCGCTTTTC
TCTCATCTCGGCTTCCAAACTCTGGCC_3’ 

mutagenesis 

IL469 Bub1_KEN2_FW 5’_GGCCAGAGTTTGGAAGCCGAGATGAGAG
AAAAGCGCGGCTACTGTAGAAGCTGGGC_3’ 

mutagenesis 

TD1 Bub1_ K1011R_RV 5’_CGGGTCTTTCTACTCTGAGCGCTACCAAG
GAC_3’ 

mutagenesis 

TD2 Bub1_ K1011R_FW 5’_GTCCTTGGTAGCGCTCAGAGTAGAAAGA
CCCG_3’ 

mutagenesis 

TD3 Bub1_D1149NR_RV 5’_GCACGGCCGAAATTGATTAACCGGAGAC
CTTGC_3’ 

mutagenesis 

TD4 Bub1_ D1149NR_FW 5’_GCAAGGTCTCCGGTTAATCAATTTCGGCC
GTGC_3’ 

mutagenesis 

AR44 HISp _F1 

5’_TCACTAAAGGGAACAAAAGCTGGAGCTC
CACCGCGGTGGCATGGTCTAGATAAATTGG
TATGCTGTATGCAG_3’ 

Gibson 

AR45 HISp _R1 5’_TGTGATTGTGGGAAAATCATGGTGATAGA
TGTGTTGTGGTGTTGTTG_3’ 

Gibson 

AR46 APC4 _F2 5’_ACCACAACACATCTATCACCATGATTTTC
CCACAATCACAGTCGT_3’ 

Gibson 

AR47 APC4 _R2 5’_TCCTCGCCCTTGCTCACCATAATCACATC
CCCGTCCCAG_3’ 

Gibson 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 21, 2022. ; https://doi.org/10.1101/2022.09.21.508923doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.21.508923


 

 17 

AR48 GFP_F3 5’_ACTGGGACGGGGATGTGATTATGGTGAG
CAAGGGCGAG_3’ 

Gibson 

AR49 GFP_R3 

5’_TCGAATTCCTGCAGCCCGGGGGATCCAC
TAGTTCTAGAGCTTAAGTGGATCCGTACAGC
TCGT_3’ 

Gibson 

IL373 Bub3_-1500_Fw 5’_CTCGCCCGGAGGTTGAACAG_3’ Bub3D screen 

IL374 Bub3_1a.a_Rv 5’_GAGATGCTTACCTGAGGACAT_3’ Bub3D screen 

KA183 Ade6_RV 
5’_ATCATCTACTATATGCTTCGTAAATGTCCA
T_3’ 

Bub3D screen 

B2578 
BUB1 5’ flanking region 
primer 1  

5’_CAACGCCATTGAGGAAAG_3’ 
 

 

B2579 
BUB1 5’ flanking region 
primer 2  

5’_TCACTGGCCGTCGTTTTACGCCTGATGTT
CTCTTTCTGAG_3’ 
 

 

B2580 
BUB1 3’ flanking region 
primer 1  

5’_CATGGTCATAGCTGTTTCCTGAAGCGACT
TTGAGGGATGGC_3’ 
 

 

B2581 
BUB1 5’ flanking region 
primer 2  

5’_ATCCCAGAACAGTGGCAGAC_3’ 
 

 

B2582 
bub1D diagnostic primer 
1  

5’_GGAGGATACATCAGGTGAGC_3’ 
 

 

B79 
bub1D diagnostic primer 
2 

5’_TGTGGATGCTGGCGGAGGATA_3’ 
 

 

B2583 
BUB1 Southern probe 
paring with B2578 

5’_AACAGCACTTTGGGGTAAC_3’ 
 

 

 

 
Bub1 knockout and rescue (HISp-GFP-Bub1) 
The complete Bub1 knockout was made homologous recombination of the PCR amplified 

BUB1::NAT knockout cassette. Briefly, the amplified 5¢ and 3¢ flanking regions were fused 

to split 5¢ and 3¢ nourseothricin-resistance markers (NAT; nourseothricin acetyl 

transferase), respectively, by double-joint PCR as previously reported24. The knockout 

cassette was introduced into H99 wild-type strain by biolistic transformation and selected 

on YPD medium containing 100µg/mL nourseothricin. The transformants were confirmed 

by diagnostic PCR and Southern blot analysis (SuppFig 1a). 

 
HISp-GFP-Bub1 
For construction of HISp-GFP-Bub1 the pCN19 vector was digested with SpeI and ligated 

with a full length Bub1 clone that had been PCR-amplified from H99 genomic DNA. The 

resulting construct was digested with XbaI and NruI and the p37 safe-haven vector 

(developed by James Fraser30,39) digested with Xbal and EcoRV, then the linearised 

fragments ligated. Plasmids were sequenced and the final vector digested with PacI to target 

homologous recombination to the correct chromosomal safe-haven locus. 
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Bub1 alleles (kinase-dead, KEN1&2, GLEBS, CD1) 
The HISp-GFP-Bub1 plasmid was mutagenised using the Quickchange lightning kit 

(Agilent), according to the manufacturer’s instructions.  

 
GPDIp-mCherry-Bub3 
The GPDI promoter, mCherry and Bub3 genomic fragments were assembled into p36 (G418 

resistance, chromosome 14 safe-haven) using Gibson assembly. 

 
Blaster knockout of BUB3 and the PGAL-BUB3 ‘rescue’ construct 
Ectopic expression of HA-tagged Bub3 was generated under the PGAL7 promoter 41.61. The 

Gal7 promoter, the HA tag and the Bub3 genomic fragment were inserted into pPEE37 

(James Fraser) using Gibson assembly (NEB).  Expression of HA-Bub3 was confirmed by 

immunoblotting with anti-HA antibodies. Due to the very strong phenotype of bub3Δ the 

endogenous gene was deleted in this strain, already containing the ‘rescue construct’, GAL-

HA-Bub3. The Bub3 knockout construct was made using the Blaster construct 30. 1 kb 

homologous arms, consisting of the 5’ and 3’ Bub3 UTR sequences, were ligated at both 

ends of the selective amdS2 marker: BlueScript vector was digested with HindIII/EcoRI, and 

pEE8 with SpeI/HindIII. The final construct was digested with SacII and XhoI, transformed 

into IL66, and colonies selected on acetamide media. Cells were restreaked several times 

to ensure stable integration had occurred and that all cells contained the Blaster.  Correct 

integration of the marker was confirmed by PCR analysis of genomic DNA made from stable 

transformants (SuppFig.1b). 

 
Cn transformation protocol 
Strains were pre-cultured in YPDA, then diluted overnight into 100ml of culture. Overnight 

cultures were grown at 30ºC (25 ºC for bub1Δ) until the OD600 reached 0.3-0.36 the next 

morning. Cells were harvested, washed twice with 50ml iced cold water and once with 50ml 

of ice-cold electroporation buffer [10mM Tris-HCl pH7.5, 1mM MgCl2 and 270mM sucrose]. 

Then cells were resuspended in 35ml electroporation buffer containing 150μl of 1M DTT 

and incubated for 15 mins on ice. Cells were then harvested again, washed with 50ml 

electroporation buffer and finally resuspended in ~100µl of electroporation buffer. 40µl of 

cell suspension was gently mixed with linearised DNA (~4µg) and transferred to pre-cooled 

electroporation cuvettes (2mm).  Electroporation was performed at 1400 V, 600 ohm and 

25µF (Biorad, GenePulser). Following electro-pulse cells were incubated on ice for two 
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minutes then 1 ml pre-warmed (30 ºC) YPDA was added to the cells before plating on YPDA. 

After overnight recovery, cells were replica-plated on selection plates. Colonies were 

typically tested by PCR for correct construct integration and by western blot for protein 

expression.  

 

 
 
Bub1 antibody generation and purification 
Residues 53-209 of Bub1 were amplified from cDNA and cloned into a Biobrick vector (9B, 

pET His6 TEV, a gift from Scott Gradia, https://www.addgene.org/48284/).  This Bub1 

construct was expressed in E. coli ArcticExpress cells (Agilent), purified on Cobalt resin, 

eluted and then dialysed into 50mM Hepes pH7.6, 75mM KCl.  This recombinant protein 

was used to immunise sheep (MRC PPU Reagents and Services, University of Dundee). 

Specific antibodies were affinity-purified using Affigel 10 resin coupled to the same 

recombinant 6xHis-Bub1 protein. Sheep sera was diluted with PBS, filtered, then gently 

pumped through the Affigel-Bub1 column overnight. The column was then thoroughly 

washed with PBS-Tween, then PBS containing an additional 0.5M NaCl, and finally eluted 

with 100 mM triethylamine (pH 11.5), before dialysing the antibodies overnight into PBS 

containing 40% glycerol. 

 
PHIS-GFP-Bub1 and mCherry-Bub3 microscopy 
Live-cell microscopy was performed with a Spinning Disc Confocal microscope (Nikon Ti2 

CSU-W1) with a 100X oil objective (Plan Apo VC) coupled to a Teledyne-Photometrics 95B 

sCMOS camera. For imaging, Z-stacks of 11 images (step size 0.5µm) were acquired using 

a 491nm laser line for GFP and 561nm laser for m-Cherry. Exposure times were 300ms and 

laser power was kept to the minimum to avoid photobleaching. Images were captured using 

Nikon Elements software. 

ImageJ was used for all image analysis and specific scripts for GFP-Bub1 cell counting can 

be found here (web-link to be added). Images were further processed in Adobe Photoshop 

to adjust brightness and contrast, all adjustments were applied to whole images uniformly, 

and to all images being compared.  

 
Checkpoint assays 
Benomyl plates - serial dilution assay 
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Cells from an overnight culture were diluted to OD600 ~0.4 in distilled water. 10-fold, serial 

dilutions were made and spotted onto YPDA plates (with or without the anti-microtubule 

drug, benomyl at different concentrations) then typically incubated at 30OC for 48 hours.  

Benomyl stock was 30mg/ml in DMSO, and due to solubility issues this was added directly 

to boiling YPD agar. 

 

Time lapse microfluidic assays 
The utility of microfluidics for single cell analysis in Cryptococcus was demonstrated 

previously in studies of ageing62.  We used the Alcatras cell traps49 incorporated into devices 

allowing for use with multiple strains63,64. We moulded devices in polydimethylsiloxane 

(PDMS) from an SU8-patterned wafer with an increased thickness of 7µm, to accommodate 

the larger size of C neoformans cells compared to S cerevisiae (manufactured by Micro-

resist, Berlin, design available on request). Imaging chambers for individual strains are 

isolated by arrays of PDMS pillars separated by 2µm gaps. This prevents intermixing of 

strains while cells experience identical media conditions.  

Before use we filled the devices with synthetic complete (SC) media, supplemented with 

0.2g/l glucose and containing 0.05%w/v bovine serum albumin (Sigma) to reduce cell-cell 

and cell-PDMS adhesion. Cells pre-grown to logarithmic phase in the same media (lacking 

the BSA) were injected into the device. An EZ flow system (Fluigent) delivered media at 10µl 

per minute to the flow chambers and performed the switch to media containing nocodazole 

after 5 hours. This media also contained Cy5 dye to allow monitoring of the timing of the 

media switch. We captured image stacks at 2 minute intervals at 4 stage positions for each 

strain, using a Nikon TiE epifluorescence microscope with a 60x oil-immersion objective (NA 

1.4), a Prime95b sCMOS camera (Teledyne Photometrics) and OptoLED illumination (Cairn 

Research). Image stacks had 5 Z-sections, separated by 0.6µm, captured using a piezo lens 

positioning motor (Pi). 
 

Time lapse image processing and analysis  
Cell outlines were segmented using a method developed by the Swain laboratory based on 

a convolutional neural network (manuscript in preparation, details available on request). 

Matlab (Mathworks) was used for further processing and visualisation.  To quantify 

kinetochore dwell time of Bub1-GFP fluorescence we create a projection of the maximum 

values from all GFP sections then divide the median fluorescence of the brightest 5 pixels 

within each cell by the median fluorescence of the cell as a whole. This ratio gives a reliable 
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measure of the aggregation of protein at an organelle and has been used extensively for 

quantifying nuclear localization65-67.  In the absence of nocodazole, cells that have any 

outlier values for the ratio, defined as values greater than 3 scaled median absolute 

deviations away from the median, are removed. Cells present for fewer than 80% of the time 

points recorded are also removed.   

For each strain, the ratios were normalised by dividing by the mean value for wild type cells 

in the absence of nocodazole, measured in the same experiment. For calculation of the 

kinetochore dwell times (Fig.5b and 6f), a threshold of 1.22 was applied to the ratio values 

at each time point to determine the presence or absence of Bub1 at the kinetochore. Small 

gaps in localization (due to kinetochore signal dropping briefly out of focus) were removed 

by applying a 1-dimensional morphological closing to the thresholded image, with a 3 pixel 

(3 timepoint or 6 minutes) structuring element. For the temporal heat maps (Fig.5a and 6e) 

the data for 30 cells present for the whole experiment are selected for inclusion from each 

strain pseudorandomly using the Matlab rand function.  

 

Immunoblot analysis 
For whole-cell lysates, typically a 10 ml (OD600 ~0.5) cell culture was harvested by 

centrifigation. Cells were washed once and snap frozen in liquid nitrogen. Frozen pellets 

were resuspended in 2x sample buffer with 200mM DTT and 1mM PMSF. Cells were then 

disrupted with 0.5mm Zirconia/Silica beads (Thistle Scientific) using a multi-bead beater for 

1 min (BioSpec Products). Samples were spun, boiled for 5 min at 95oC, and the cell debris 

pelleted by centrifugation for 5 min at 13000 rpm. Cleared extracts were then immediately 

loaded and separated by SDS-PAGE. Proteins were transferred onto nitrocellulose 

membrane (Amersham Protran 0.2 μm nitrocellulose, GE Healthcare Lifescience) using a 

semi-dry transfer unit (TE77, Hoefer, Inc, MA, USA) in 25mM Tris, 130 mM glycine and 20% 

methanol. Transfer was typically for 1.5-2 hours at 150-220 mA. Efficiency of protein transfer 

was visualised using Ponceau S solution.  Membranes were blocked with Blotto (PBS, 

0.04% Tween 20, 4% Marvel skimmed milk powder) for at least 30 min at room temperature 

on a shaking platform. The primary antibody (anti-Bub1, anti-GFP or anti-HA) was incubated 

in the same blocking buffer (1 in 1000 dilution) overnight at 4oC. The membrane was then 

washed 3 times for 10 mins with PBS+0.04% Tween and then incubated with the secondary 

antibody (1 in 5000 dilution) for at least an hour at room temperature. The membrane was 

washed again, rinsed with PBS and ECL performed (SuperSignal West Pico, or SuperSignal 

West Femto, Thermo Fisher Scientific Inc, IL, USA). 
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Bub1 purifications and kinase assays 
Residues 891-1295 of CnBub1 were amplified from cDNA and cloned into the pET His6 TEV 

9B BioBrick cloning vector.  Induction of protein expression was performed in BL21 (pLysS) 

cells. IPTG was added and cultures incubated for 16 hrs at 18oC. Cells were harvested, 

washed and pellets frozen in liquid nitrogen. Cell pellets were resuspended in lysis buffer 

[50mM Tris-HCl pH8, 500mM NaCl, 10% Glycerol, 5mM Imidazole, 1mM β-

mercaptoethanol, EDTA-free protease inhibitor tablet (Roche), 1mM PMSF] then lysed by 

sonication (1 sec ON and 2sec OFF for a total of 3 min). To remove the cell debris, lysed 

cells were centrifuged at 20,000 rpm, for 30-45 min, at 4°C, and the lysate filtered through 

a 0.45µm syringe. Lysates were then incubated with rotation for 2 hours (at 4°C) with Talon 

cobalt resin (Thermofisher). After incubation, the beads were transferred to a Biorad column, 

washed with 10 column volumes of wash buffer, and protein eluted with lysis buffer 

containing 250mM imidazole. The recombinant kinase domain was dialysed overnight into 

50mM Tris-HCl pH8, 150mM NaCl, 5% glycerol, 2mM DTT. 

Protein was concentrated via centrifugation (Vivaspin) and activity assayed against 

reconstitutes nucleosome substrates for phosphorylation of T120 residue of Histone H2A. 

Recombinant nucleosomes were purified as described previously 68.  Recombinant kinase 

was added to 10µl of 2X kinase buffer [40mM Hepes (pH 7.5), 200mM KCl, 20mM MgCl2, 

2mM DTT, 400µM ATP] and nucleosomes, and water to a final volume of 20µl. Reactions 

were incubated at 30°C for 30 min and quenched with an equal volume of SDS-PAGE 

sample buffer, and run on an SDS-PAGE gel. Immunoblot analysis was performed as above, 

with anti-His and anti-T120 phosphoantibody (Active motif, 39391).  

Radioactive Bub1 kinase assays were performed in a similar reaction for 30 min at 30°C:  

20mM Hepes (pH 7.5), 100mM KCl, 10mM MgCl2, 1mM DTT, 100µM cold ATP, 5µCi g-
32P-labelled-ATP and 1µg recombinant nucleosomes. 

 
Lysis of large scale cell extracts for mass spectrometry 
Yeast cells were grown overnight (to OD600 of ~0.5) in 500mls of YPDA. 2.5μg/ml 

nocodazole was added to the cells and incubated for three hours. Cells were harvested by 

centrifugation at 5000 rpm at 4oC, for 15 mins.  Pelleted cells were frozen in drops, using 

liquid nitrogen. The cells were then ground manually, using a mortar and pestle. Yeast 
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powders were resuspended into lysis buffer containing 50mM Hepes pH7.6, 75mM KCl, 

1mM MgCl2, 1mM EGTA, 10% Glycerol, 0.1% Triton X-100, 1mM Na3VO4, 10μg/mL 

CLAAPE (protease inhibitor mix containing chymostatin, leupeptin, aprotinin, antipain, 

pepstatin, E-64 all dissolved in DMSO at a final concentration of 10 mg/mL), 1 mM PMSF, 

0.01 mM microcystin. 1g of yeast powder was resuspended in 1ml of the lysis buffer. Cell 

lysis was completed by sonication (cycles of 5 sec ON, 5 sec OFF for 1 min). After 

sonication, the cell debris was pelleted (30 min, at 22000 rpm, at 4oC) and the supernatant 

incubated with anti-GFP TRAP magnetic agarose beads (ChromoTek) for 1 hr at 4oC. The 

beads were washed at least 9 times with wash buffer (50mM Hepes pH7.6, 75mM KCl, 1mM 

MgCl2, 1mM EGTA, 10% Glycerol) and once with PBS+0.001% Tween 20. Proteins were 

eluted from the beads by adding 2X sample buffer containing 200mM DTT and boiled at 

95oC for 5-10 min, before running on an SDS-PAGE gel.  

 
GFP-Bub1 mass-spectrometry and volcano plots 
Protein samples from all biological replicates were processed at the same time and using 

the same digestion protocol without any deviations. They were subjected for MS analysis 

under the same conditions, and protein and peptide lists were generated using the same 

software and the same parameters. Specifically, proteins were separated on gel (NuPAGE 

Novex 4-12% Bis-Tris gel, Life Technologies, UK), in NuPAGE buffer (MES) and visualised 

using InstantBlueTM stain (AbCam, UK). The stained gel bands were excised and de-stained 

with 50mM ammonium bicarbonate (Sigma Aldrich, UK) and 100% (v/v) acetonitrile (Sigma 

Aldrich, UK) and proteins were digested with trypsin, as previously described 69. In brief, 

proteins were reduced in 10mM dithiothreitol (Sigma Aldrich, UK) for 30mins at 37°C and 

alkylated in 55mM iodoacetamide (Sigma Aldrich, UK) for 20 min at ambient temperature in 

the dark. They were then digested overnight at 37°C with 12.5 ng trypsin per μL (Pierce, 

UK). Following digestion, samples were diluted with an equal volume of 0.1% TFA and spun 

onto StageTips as described previously 70. Peptides were eluted in 40 μL of 80% acetonitrile 

in 0.1% TFA and concentrated down to 1 μL by vacuum centrifugation (Concentrator 5301, 

Eppendorf, UK). The peptide sample was then prepared for LC-MS/MS analysis by diluting 

it to 5 μL with 0.1% TFA. 

LC-MS analyses were performed on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass 

Spectrometer (Thermo Fisher Scientific, UK) coupled on-line, to an Ultimate 3000 HPLC 

(Dionex, Thermo Fisher Scientific, UK). Peptides were separated on a 50 cm (2 µm particle 

size) EASY-Spray column (Thermo Scientific, UK), which was assembled on an EASY-
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Spray source (Thermo Scientific, UK) and operated constantly at 50oC. Mobile phase A 

consisted of 0.1% formic acid in LC-MS grade water and mobile phase B consisted of 80% 

acetonitrile and 0.1% formic acid. Peptides were loaded onto the column at a flow rate of 

0.3 μL min-1 and eluted at a flow rate of 0.25 μL min-1 according to the following gradient: 2 

to 40% mobile phase B in 150 min and then to 95% in 11 min. Mobile phase B was retained 

at 95% for 5 min and returned back to 2% a minute after until the end of the run (190 min).  

Survey scans were recorded at 120,000 resolution (scan range 350-1500 m/z) with an ion 

target of 4.0e5, and injection time of 50ms. MS2 was performed in the ion trap at a rapid 

scan mode, with ion target of 2.0E4 and HCD fragmentation (Olsen et al, 2007) with 

normalized collision energy of 28. The isolation window in the quadrupole was 1.4 Thomson. 

Only ions with charge between 2 and 6 were selected for MS2. Dynamic exclusion was set 

at 60 s.  

The MaxQuant software platform 71 version 1.6.1.0 was used to process the raw files and 

search was conducted against our in-house Cryptococcus neoformans var. grubii protein 

database, using the Andromeda search engine 72. For the first search, peptide tolerance 

was set to 20 ppm while for the main search peptide tolerance was set to 4.5 pm. Isotope 

mass tolerance was 2 ppm and maximum charge to 7. Digestion mode was set to specific 

with trypsin allowing maximum of two missed cleavages. Carbamidomethylation of cysteine 

was set as fixed modification.  Oxidation of methionine, and phosphorylation of serine, 

threonine and tyrosine were set as variable modifications. Label-free quantitation analysis 

was performed by employing the MaxLFQ algorithm 73. Peptide and protein identifications 

were filtered to 1% FDR. Statistical analysis was performed by Perseus software 74, version 

1.6.2.1. 
 
MS data availability (links to PRIDE will be added here) 
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Figure 1  
Bub1 and Bub3 are required for normal growth. 

a) Schematic model of the SAC in Cryptococcus neoformans. 

This is based on previous work from model systems and human cells.  The 

unattached kinetochore recruits active Mps1 kinase.  This phosphorylates Spc105 

on conserved MELT motifs, to produce a binding site for Bub3-Bub1 complexes.  

Bub1 is then phosphorylated to produce a binding site for the Mad1-Mad2 complex.  

The Bub1-Mad1 scaffold provides a scaffold for the efficient assembly of the mitotic 

checkpoint complex (MCC), which will then bind and inhibit the anaphase promoting 

complex (cyclosome) APC/C. 

b) The bub mutants grow slowly at all temperatures, in particular 37 and 18oC.  Strains 

were diluted, plated and grown for 2-3 days.  The bub mutants are both rescued 

with constructs expressing tagged, but otherwise wild-type copies of the gene from 

ectopic, safe-haven loci (PGAL7HA-BUB3 and PHISGFP-BUB1).  mps1D is included 

here as a checkpoint mutant control.   

c) Whole yeast extracts were made, separated by SDS-PAGE and immunoblotted with 

polyclonal anti-Bub1 antibodies. 

d) To determine how quickly HA-Bub3 was depleted from cells, we carried out a time 

course experiment where log phase cells expressing PGAL7HA-BUB3 were pre-

grown in galactose media, washed 4 times, and then grown for a further 9 hours in 

either 2% galactose or 2% glucose media.  Whole cell lysates were made and 

immunoblotted with 12CA5 (anti-HA) monoclonal antibodies. 

e) The strains indicated were grown in Tecan plate readers at 30oC overnight. 

f) The strains indicated were diluted, plated and grown on YPGlucose or YPGalactose 

plates with or without 2µg benomyl (anti-microtubule drug) for 3 days at 30oC. 

 

Figure 2 
Bub1-Bub3 interactions are critical for Bub1 functions 

a) An alphafold model of the Bub1-Bub3 interaction site highlighting the mutated 

residues.  Alignment of the GLEBS motif in Saccharomyces cerevisiae Mad3, 

Cryptococcus neoformans Bub1 and human BubR1 and Bub1.  In the bub1-glebs 

mutant, resides 448 and 449 were mutated from E to K. 
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b) Sensitivity of bub1-glebs mutant.  Mutating these two residues E448/9 to K448/9 

generates a strain with similar phenotypes to the bub1D and bub3D strains.  Strains 

were diluted, plated and grown on YPGlucose or YPGalactose plates with or 

without 2.5µg benomyl (anti-MT drug) for 3 days at 30oC. 

c) Plate reader growth curves demonstrate that the bub1-glebs mutant grows as 

slowly as the bub1D and bub3D strains at 30oC.  

d) Co-immunoprecipitation of GFP-Bub1 with mCherry-Bub3.  Native protein lysates 

were made from the strains indicated, incubated with GFP-TRAP beads, beads 

washed and bound proteins immunoblotted with anti-mCherry and anti-GFP 

antibodies.  mCherry-Bub3 specifically co-immunoprecipitates from strains 

expressing GFP-Bub1.  NB.  The difference in Bub1-GFP levels (lanes 2-4) was not 

reproducible.  The faster migrating bands are GFP-Bub1 degradation products, 

 

Figure 3 
GFP-Bub1 is recruited to mitotic kinetochores 

a) Recruitment hypothesis:  unattached kinetochores recruit active Mps1 kinase.  This 

phosphorylates Spc105 on conserved MELT motifs, to produce a binding site for 

Bub3-Bub1 complexes. 

b) GFP-Bub1 is enriched in bright foci in nocodazole arrested cells. 

c) Double label imaging of GFP-Bub1 with mCherry-Tub4 (gamma-tubulin, MTOC and 

spindle pole marker) indicates that in most cells Bub1-GFP is found diffusely 

through the cell.  In mitotic cells with a bi-polar spindle (mid-mitosis) GFP-Bub1 is 

found between the spindle poles.  Scale bars is 10 microns. 

d) Montage of mitotic cells reveals that GFP-Bub1 is recruited at high levels to 

kinetochores early in mitosis, when spindles are first being assembled and KTs not 

yet appropriately attached.  Significantly lower levels of GFP-Bub1 are present on 

kinetochores at later stages in mitosis.  Tub4-RFP (gamma-tubulin) is used here as 

a marker for the spindle poles.  These specific images, representative of different 

stages in mitosis, were taken from a large field of cycling cells.  Scale bar is 5 

microns. 

e) Upon nocodazole treatment, bi-polar spindles are not assembled and GFP-Bub1, 

whilst often nearby is not co-localising with spindle poles (Tub4).  
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f) GFP-Bub1 does co-localise with the kinetochore marker Dad2-RFP in nocodazole 

arrested (pro-metaphase) cells. 

g) GFP-Bub1 co-localises with mCherry-Bub3 in nocodazole arrested (pro-metaphase) 

cells. 

h) GFP-Bub1 does not localise to kinetochore foci after cells have been depleted on 

Bub3 (after 6 hours in glucose). 

 

 

Figure 4 
Separation of function alleles, demonstrate distinct functions for Bub1 domains 

a) Schematic model of CnBub1 indicating conserved domains, including the two KEN 

boxes and CD1.  Below are Clustal sequence alignments. * indicate the mutations 

made to generate the bub1-ken1, bub1-ken2 and bub1-cd1 alleles. 

b) The bub1 alleles, including a kinase-dead (-kd) mutant (see Fig. 6) were expressed 

in a bub1D background, and phenotypically compared to mad, bub and mps1 

deletion mutants.  Strains were diluted, plated and grown on YPGlucose (YPDA) 

plates with 0, 2 or 2.5µg benomyl (anti-MT drug) for 3 days at 30oC. 

c) Whole cell extracts were made from these strains, separated by SDS-PAGE and 

immunoblotted with anti-GFP antibodies.  All strains are expressing GFP-Bub1 at 

similar levels to wild-type.  The glebs mutant protein is less stable (see Supp Fig2). 

d) The strains indicated, were grown to log phase, then treated with nocodazole at 

2.5µg/ml for 60, 120, 180 minutes.  They were then imaged and the % of cells with 

bright GFP-Bub1 foci scored (these represent the mitotically arrested cells). 

e) Representative images of Bub1-GFP are shown, from the 120min time point.  Scale 

bar is 10 microns. 

 

 

Figure 5 
Microfluidics analysis demonstrates varying SAC responses in different bub1 
alleles 

a) The strains indicated were cultured in SC media in the microfluidic device for 5 

hours, then switched to media containing 2.5µg/ml nocodazole for another 7 hours.  

Images were captured every 2 minutes.  Here 30 random kymographs for GFP-
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Bub1 are shown for each strain.  Bright GFP-Bub1 signals (>1.22) are indicative of 

mitosis, with significant GFP-Bub1 enrichment on kinetochores.  The mutants are 

unable to maintain mitotic arrests, and the length of the bright ‘dash’ in each heat 

map indicates how long the cell spent in mitosis. The mad1D, bub1-ken1 and bub1-

cd1 mutant spend ~5 mins each mitosis, but this is extended slightly in bub1-ken2 

(to ~10 mins). 

b) Quantitative analysis of GFP aggregation data, shows the average length of time 

spent in mitosis for each of these strains (n of 386 BUB1-GFP; 219 GFP-bub1-

ken1; 234 GFP-bub1-ken2; 128 GFP-bub1-cd1; 120 for GFP-BUB1 in mad1D). 

c) Schematic explaining Bub1-KEN1 and KEN2 interactions:  KEN1 interacts with the 

Cdc20 molecule that is part of the MCC, whereas KEN2 interacts with the second 

molecule of Cdc20 that is the APC/C activator. 

d) Alpha-fold model of Bub1 highlighting the two Cdc20 interactions, through KEN1 

and KEN2.  Unstructured Bub1 residues (217-271) are hidden in this model. 

 
 

Figure 6 
CnBub1 kinase activity is needed to maintain prolonged arrest 

a) GFP-Bub1 and GFP-bub1-kd were immunoprecipitated from mitotic (nocodazole-

arrested) Cryptococcus cell extracts using GFP-trap beads, washed and added to 

kinase assays with or without recombinant nucleosomes as substrate. 

b) 6xHis-tagged, recombinant Bub1 kinase and a kinase-dead control were purified 

from bacteria.  The kinase-dead protein failed to auto-phosphorylate in the kinase 

assay (left), nor does it phosphorylate human H2A on Threonine 120 in an 

immunoblot of a kinase assay with recombinant nucleosomes as substrate (right 

immunoblots). 

c) The bub1 kinase-dead (-kd) mutant (see Fig. 6) was expressed in a bub1D 

background, and phenotypically compared to the bub1-kinase truncation and mps1 

deletion mutants.  Strains were diluted, plated and grown on YPGlucose plates with 

0 or 2.5µg benomyl (anti-microtubule drug) for 3 days at 30oC. 

d) Fixed time points were analysed (30, 60, 90, 120 and 180 mins after 2.5µg 

nocodazole addition) for bright GFP-Bub1 foci (SAC arrested cells).  The bub1-kd 

cells delay, but can’t maintain the mitotic arrest. 
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e) Microfluidic temporal heat maps of the indicated strains:  nocodazole was added 

after 5 hours, and cells imaged every 2 mins. 

f) Plot of the average times with GFP-Bub1 on kinetochores in the SAC delay in these 

mutant backgrounds (n of 716 for BUB1-GFP, 201 for GFP-bub1-kd, 109 for GFP-

bub1-ken2; 199 for BUB1-GFP, mad1D). 

 

 

Figure 7 
CnBub1 pulls down kinetochores and Cdc20-APC/C 

a) GFP-trap immunoprecipitates from a strain expressing GFP-Bub1 were compared 

to an untagged control strain (H99, wild-type).  Both were arrested in mitosis with 

2.5µg nocodazole.  Immunoprecipitates were run into an SDS-PAGE gel, cut out 

and digested into peptides with trypsin before analysis on a Orbitrap Fusion™ 

Lumos™ Tribrid™ Mass Spectrometer.  Volcano plots show the difference (mean 

LFQ difference) and confidence (-log10P-value of Perseus statistical test) between 

the GFP-Bub1 and untagged control pull-downs (n=3 for each). 

b) Volcano plot showing difference (mean LFQ difference) and confidence (-log10(P-

value of Perseus statistical test) of GFP-TRAP pull downs from nocodazole-

arrested versus cycling GFP-Bub1 cells (n=3 for each). 

c) Co-immunoprecipitation of GFP-Apc4 (CNAG_04231) with mCherry-Bub1.  Strains 

expressing tagged proteins were arrested in nocodazole and mitotic extracts 

prepared.  mCherry-Bub1 was immunoprecipiated, run on an SDS-PAGE gel and 

then immunoblotted with anti-GFP and anti-mCherry antibodies, to detect tagged 

Apc4 and Bub1 respectively. 

d) Schematic model of the whole SAC pathway summarising the many Bub1 

interactions. 
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Supplementary data files (Leontiou et al): 
 

Supp Figure 1 
a) Schematic of bub1 deletion construction and Southern blot. 

b) Schematic of bub3 deletion construction using the amds2 Blaster cassette, 

indicating the primers used to confirm replacement of the BUB3 gene. 

 

 

Supp Figure 2 
a) Anti-GFP immunoblot of whole cell extracts from H99, GFP-Bub1 and various 

GFP-bub1 mutants.  The GFP-bub1-glebs mutant was found at ~50% wild-

type levels but other mutant proteins were very similar to wild-type. 

 

Supp Figure 3 
Imaging of the GFP-Bub1 and GFP-bub1-kd strains after 0, 1.5 and 3 hours of 

nocodazole treatment.  The bub1-kd cells failed to maintain arrest and re-budded 

(cells outlined with dashed white lines). 

 

Supp Figure 4 
a) Volcano plot comparison of GFP-trap pull downs from extracts of mitotic H99 

cells (untagged control) versus cycling GFP-Bub1 cells. 

b) Anti-mCherry immunoprecipitation pulled down GFP-Apc4 in the strain 

containing mCherry-Bub1. 
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