
 

Analysis of a cancer-associated mutation in the budding yeast Nuf2
kinetochore protein
Angelica Andrade Latino1, Sue Biggins1,2§

1Division of Basic Sciences, Fred Hutch Cancer Center, Seattle, Washington, United States
2Howard Hughes Medical Institute
§To whom correspondence should be addressed: sbiggins@fredhutch.org

Abstract
The kinetochore is a highly conserved megadalton protein complex that ensures proper chromosome segregation via
microtubule attachments. The NDC80 complex is one of the major conserved microtubule binding complexes in the
kinetochore. NUF2, a protein within the NDC80 complex, has been identified as a cancer gene candidate because missense
mutations, found across different tumor samples, cluster within NUF2’s calponin homology domain. In this study, we
examined a NUF2 cancer-associated mutation in a simple and well-studied organism, Saccharomyces cerevisiae, to elucidate
its effects on cell division. We studied the budding yeast nuf2Q21A mutation with the intention of extrapolating our results to
the homologous cancer associated mutation in Homo sapiens NUF2R19H (HsNUF2R19H). Our studies demonstrate that the
nuf2Q21A mutant does not exhibit any growth defects or disrupt kinetochore composition. Additionally, it does not affect the
Ndc80 complex’s interactions with the Dam1 complex or with the Mps1 kinase. These results indicate that the yeast nuf2Q21A

mutant does not cause a significant defect in kinetochore function, and that the role of HsNUF2R19H in cancer will need to be
further investigated by directly studying the cancer-associated mutation in human cells.
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Figure 1. Characterization of the S. cerevisiae nuf2Q21A mutant:
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(A) Top: Side-by-side protein structure comparison of the human (in gray; PDB: 2VE7) and S. cerevisiae (in deep teal; PDB:
5TCS) Nuf2CH domains. Structurally conserved residues HsNUF2-R19 and Nuf2-Q21 are highlighted in brown, and both are
situated in the same alpha helix of the protein. Inset: Protein structure alignment of amino acids 10-30 of HsNUF2 and amino
acids 12-32 of S. cerevisiae Nuf2. Conserved residues highlighted in brown. Bottom: Jalview Nuf2 protein sequence alignment
of the amino acids displayed in the inset. Clustal color scheme denotes colored residues as conserved, and the different colors
indicate the biochemical properties of the side chains. (B) Five-fold serial dilution assay of WT (SBY4), NUF2-V5
(SBY22754), and nuf2Q21A-V5 (SBY22924) strains to test temperature and benomyl sensitivity. Strains were grown for 2-3
days on YPD at the indicated temperatures and on different concentrations of benomyl (5 μg/ml and 15 μg/ml). (C) Flag
immunoprecipitation of Dsn1-His-Flag from NUF2-V5 (SBY23066), and nuf2Q21A-V5 (SBY23028) genetic backgrounds
analyzed via silver-stained SDS-PAGE. (D) Flag immunoprecipitation of Dad1-Flag from NUF2-V5 (SBY23067) and
nuf2Q21A-V5 (SBY23029) genetic backgrounds were analyzed via silver-stained SDS-PAGE. (E) Five-fold serial dilution
assay tested NUF2-V5 (SBY23133), nuf2Q21A-V5 (SBY23073), ask1-2 (SBY1300), NUF2-V5 ask1-2 (SBY23192), and
nuf2Q21A-V5 ask1-2 (SBY23190) for temperature and benomyl sensitivity. Strains were grown for 2-3 days on YPD at the
indicated temperatures and on different concentrations of benomyl (5 μg/ml and 15 μg/ml).

Description
All eukaryotic cells undergo mitosis, a key event required to produce two genetically identical daughter cells during cell
division (Santaguida and Musacchio 2009). Defects in this crucial process can lead to chromosome mis-segregation events that
result in aneuploid cells, a hallmark of cancer (Holland and Cleveland 2009). Proper chromosome segregation during mitosis
requires the kinetochore, a highly conserved and tightly regulated protein network that assembles at centromeres and forms
microtubule attachments (Santaguida and Musacchio 2009; Musacchio and Desai 2017; Ariyoshi and Fukagawa 2023). During
anaphase, microtubules pull chromosomes to opposite poles of a dividing cell via kinetochore attachments to ensure proper
inheritance of the genetic material.

The two major budding yeast kinetochore subcomplexes responsible for forming microtubule attachments are the Ndc80 and
Dam1 complexes (Ndc80c and Dam1c; Biggins 2013). The role of the Ndc80c is to form stable, load-bearing attachments to
dynamic microtubules. The Dam1c facilitates these attachments by interacting with the Ndc80c and oligomerizing around
microtubules enabling the Ndc80c to track the tip of dynamic microtubules with higher affinity (Westermann et al., 2005;
Westermann et al., 2006; Lampert et al., 2010; Tien et al., 2010; Lampert et al., 2013). The highly conserved Ndc80c is a
heterotetramer comprised of Ndc80p-Nuf2 and Spc24-Spc25 heterodimers (Wei et al., 2005). Each heterodimer is positioned
on opposite ends of the dumbbell shaped complex with Ndc80p-Nuf2 oriented to interact with the microtubule while Spc24-
Spc25 connects the complex to the rest of the kinetochore (Wei et al., 2005; Cheeseman et al., 2006). The N-terminus of each
protein within the Ndc80p-Nuf2 heterodimer folds into independent globular calponin homology (CH) domains (Wei et al.,
2007; Ciferri et al., 2008). The CH domain of Ndc80p interacts with microtubules directly, whereas the CH domain of Nuf2
does not (Alushin et al., 2010; Sundin et al., 2011). However, the Nuf2CH domain plays a critical role in chromosome
segregation. In S. cerevisiae, the Nuf2CH domain contains a conserved patch that is a docking site for the Dam1c and the
kinase Mps1 that regulates kinetochore-microtubule attachments (Maure et al., 2007; Sarangapani et al., 2021; Parnell et al.,
2024; Pleuger et al., 2024; Zahm et al., 2024). In HeLa cells, charge reversal mutations within the NUF2CH domain resulted in
cells arresting in mitosis (Sundin et al., 2011).

A previous study mapped somatic missense mutations, identified from different cancerous tumor samples, onto the available
PDB (2VE7) structure of NUF2 and found that they significantly cluster within its CH domain (Kamburov et al., 2015). We
speculated that the NUF2 cancer associated missense mutations could affect the structure of the CH domain and alter its
protein function within cancerous cells. The aim of this study was to elucidate the effects that the human cancer associated
missense mutations in NUF2 have on kinetochore composition and function by examining them in S. cerevisiae. Since the
mutants are viable in cancer cells, we used budding yeast as a tractable system because it provides assays that allow for more
in-depth analyses of these mutations than in human cells. For example, we can perform sensitive growth assays as well as
study genetic and biochemical interactions between kinetochore proteins to uncover the functional consequences of the cancer-
associated mutations.

The CH domain of NUF2 is conserved across H. sapiens and S. cerevisiae (Ciferri et al., 2008), so we performed a structural
alignment of both proteins to identify the location of the cancer-associated residues in the yeast protein. Utilizing PyMOL, we
aligned the NUF2 protein structures from the H. sapiens NDC80cBonsai and S. cerevisiae Ndc80cDwarf PDBs (Fig. 1A, top).
Out of the 8 cancer-associated residues identified (Kamburov et al., 2015), 6 are structurally conserved in S. cerevisiae. Out of
the 6 structurally conserved residues, we focused on the HsNUF2-R19 amino acid since it has the highest mutation frequency
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(cBioPortal) and is equivalent to Nuf2-Q21 in S. cerevisiae as depicted by the overlay of the two protein structures (Fig. 1A,
inset). A recent structural study revealed the Nuf2-Q21 residue to be nestled within an interacting pocket between the
Ndc80cCH domains and the Dam1c (Muir et al., 2023; Zahm et al., 2023). Residues of the Dam1c that are involved in this
interaction are phosphoregulated by Aurora B/Ipl1 kinase when erroneous kinetochore-microtubule attachments are formed
(Keating et al., 2009). The Nuf2-Q21 residue also lies near a highly conserved “interaction hub” in the Nuf2CH domain that
binds to Mps1 and the Dam1c (Parnell et al., 2024; Pleuger et al., 2024; Zahm et al., 2024). Therefore, a mutation at the Nuf2-
Q21 amino acid could alter these vital interactions.

The Nuf2-Q21 residue is positioned on the outer surface of an alpha helix, most likely engaging in intermolecular interactions
with other nearby proteins. We therefore generated a mutant that would most effectively disrupt interactions by substituting the
glutamine with an alanine to introduce a cavity. The nuf2Q21A mutant was made in a NUF2-V5 background strain at the
endogenous locus via CRISPR/Cas9 mutagenesis.

To test for growth defects, we performed a serial dilution growth assay. Strains were plated at various temperatures or onto
various concentrations of benomyl, a microtubule depolymerizing agent (Fig. 1B). The assays demonstrated that the presence
of the V5 epitope tag does not affect cell viability and that the nuf2Q21A mutant did not exhibit growth defects under any of the
tested conditions.

We next examined kinetochore composition by purifying the Dsn1 protein because it isolates most of the budding yeast native
kinetochore (Akiyoshi et al., 2010; Gupta et al., 2018). We purified Dsn1 from WT and nuf2Q21A mutant cells and analyzed
kinetochore composition through silver-stained SDS-PAGE analysis. The nuf2Q21A mutant had no detectable changes in
kinetochore composition compared to WT (Fig. 1C). Some kinetochore proteins that might be affected by the presence of the
nuf2Q21A, such as the Mps1 kinase, are not easily detected via silver-stained analysis. As such, we performed mass
spectrometry (MS) on the Dsn1-His-Flag immunoprecipitation samples. MS analysis revealed Mps1 to be among the most
enriched proteins detected; however, there were no significant changes in its abundance between WT and the nuf2Q21A mutant
(Extended data files 1 and 2). Additionally, the MS analysis further corroborated the findings of the silver-stained analysis in
that there were no significant changes in peptide counts detected across the co-precipitated kinetochore proteins (Extended
data files 1 and 2). Together, these findings indicate the nuf2Q21A mutant does not perturb cell viability, or the Ndc80c’s
interaction with Mps1 kinase and other kinetochore proteins isolated in the Dsn1-His-Flag purification.

Next, we tested whether the nuf2Q21A mutant affected physical or genetic interactions between the Ndc80c and the Dam1c.
Since the Dam1c is substoichiometric in the Dsn1-His-Flag purifications, we directly purified the Dam1c component Dad1 via
a Dad1-Flag co-immunoprecipitation experiment to assay its interaction with Nuf2 (Fig. 1D). In both WT and the mutant,
similar amounts of Nuf2 co-purified with Dad1, indicating that the nuf2Q21A mutant does not disrupt interactions between the
Ndc80c and the Dam1c. We also asked whether the nuf2Q21A mutant exhibited genetic interactions with a mutant in the
Dam1c. We introduced the nuf2Q21A mutant into a background strain that cripples the Dam1c using the temperature sensitive
allele ask1-2 (Li et al., 2002). The double mutant was viable even when its microtubule attachments were challenged and did
not exhibit temperature sensitivity at the ask1-2 semi-permissive temperature of 33 °C (Fig. 1E). Taken together, these data
suggest that the nuf2Q21A mutant does not have a major effect on Ndc80c function or affect the Ndc80c’s interaction with the
Dam1c.

In sum, we demonstrated that the nuf2Q21A mutant does not have detectable effects on kinetochore composition or exhibit any
growth defects, suggesting it does not influence kinetochore-microtubule attachments. It is therefore unclear whether the
homologous HsNUF2R19H missense mutation contributes a significant role in the tumorigenesis of the cancers it was found in.
It is important to note that the HsNUF2R19H is not a hotspot mutation and was obtained from an outdated dataset. With the
emergence of new sequencing profiles of more tumor samples, new mutations should be considered for future studies. For
example, the HsNUF2S340L now has a higher mutation frequency than the HsNUF2R19H (cBioPortal). Ultimately, the
HsNUF2R19H mutant should be studied in human cells as the region this residue occupies is not highly conserved at the
primary sequence (Fig. 1A). Consistent with this limitation, we were unable to generate a chemically similar HsNUF2R19H

mutation in yeast since the chemical properties of the arginine and glutamine side chains are distinctly different from one
another. Additionally, the Dam1c complex is not conserved but has a functional ortholog called the SKA complex in metazoan
cells (Hanisch et al., 2006; Welburn et al., 2009). Cross-linking mass spectrometry demonstrates a potential interaction
between the CH domains of the mammalian NDC80c with the C-terminus of SKA3, a protein within the SKA complex
(Helgeson et al., 2018). It will therefore be interesting to explore whether HsNUF2R19H mutation affects the NUF2-SKA3
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interaction in human cells. Similarly, although the interaction between MPS1 and NUF2CH domain is conserved in metazoan
cells, the region at which the interaction occurs differs. In human cells, the NUF2CH domain contacts the middle region of the
MPS1 kinase (Ji et al., 2015) whereas in S. cerevisiae the interaction occurs at the N-terminal tail of Mps1 (Parnell et al., 2024;
Pleuger et al., 2024; Zahm et al., 2024). Hence the different modes of interaction may account for the lack of phenotype
observed in the nuf2Q21A mutant. In conclusion, future studies in human cells may shed light on the function of HsNUF2-R19
residue and its potential role in cancer.

Methods
Culture conditions

All S. cerevisiae strains used in this study were grown in yeast extract peptone dextrose (YPD) liquid cultures, containing 2%
D-glucose (Sigma-Aldrich) and 0.02% adenine (MP Biomedicals). Cultures were grown at 23-30 °C and were harvested at
late-log phase OD600nm = ~3.

Spotting dilution assay

Strains were grown overnight in 5 ml of YPD liquid. Utilizing the SmartSpec Plus spectrometer (Bio-Rad), the concentration
of cells was measured at OD600nm and were diluted to OD600nm = 1. Each strain underwent a five-fold serial dilution in a 96-
well plate. The first column of the plate contained fully saturated OD600nm = 1 cells and subsequent wells had a 1:5 dilution in
water. Strains were spotted onto YPD and YPD benomyl coated plates (5 μg/ml and 15 μg/ml). YPD plates containing
benomyl were incubated at 23 °C while the plates containing just YPD were incubated at the indicated temperatures. Cells
were grown for 3-5 days.

One-step purifications & silver-staining

Flag purifications were performed as previously described (Gupta et al., 2018) except lysates were treated with benzonase as
described below. Briefly, cells were harvested during late-log phase (OD600nm = ~3) and then flash frozen in Buffer H/0.15
(25 mM HEPES pH 8.0, 2 mM MgCl2, 0.1 mM EDTA pH 8.0, 0.5 mM EGTA-KOH pH 8.0, 15% Glycerol, 0.1% NP-40, and
150 mM KCl) containing phosphatase inhibitors (1 mM sodium-pyrophosphate, 2 mM sodium-β-glycerophosphate, 0.1 mM
sodium orthovanadate, and 5 mM NaF), 0.1 mM microcystin-LR, 0.2 mM PMSF, and protease inhibitors (10 μg/mL for each
of the following leupeptin, pepstatin A, and chymostatin). Pellets were lysed via a Freezer Mill (SPEX SamplePrep) and were
then treated with 50 units/ml of benzonase (EMD Milipore Corp) for 30 minutes on ice. Treated lysates were then
ultracentrifuged at 24,000 RPM for 90 minutes at 4 °C and protein layer was extracted. The Pierce BCA Protein Assay Kit
(Thermo Scientific) was used to measure the protein concentration within each extract which were subsequently normalized
for each immunoprecipitation experiment. Conjugated Flag Protein G Dynabeads were made via crosslinking the α-M3DK
antibody (Barrero et al., 2024) [GenScript] to Protein G Dynabeads (Invitrogen). These beads were incubated with the
normalized protein extracts for 3 hours at 4 °C. After the incubation, beads were washed three times with Buffer H/0.15
containing phosphatase inhibitors, protease inhibitors, 0.1 mM microcystin-LR, 2 mM DTT and then two times with Buffer
H/0.15 containing protease inhibitors, and LPC. Proteins were eluted off beads into Buffer H/0.15 containing 0.2 mM PMSF,
protease inhibitor stock and 0.5mg/mL 3 x M3DK Peptide (Sigma-Aldrich) via gentle agitation for 30 minutes at room
temperature.

5-10 μl of the immunoprecipitated samples were boiled in 1x sample buffer (Invitrogen 1x LDS sample buffer, 5% β-
mercaptoethanol, and sterile water) for 5 mins at 95 °C. Each immunoprecipitated sample was run on precast 4-12% Bis-Tris
gels (Thermo Fisher Scientific). Gels were stained with silver-staining agents following the Silver Quest Staining Kit
(Invitrogen) instructions. The ChemiDoc MP system (Bio-Rad) was used for imaging.

Protein sequence alignment

Nuf2 protein sequences were obtained from UniProt (Homo sapiens, Q9BZD4) and the Saccharomyces Genome Database
(W303 background). Entire protein sequence alignment was generated utilizing the default conditions of the Clustal Omega
algorithm in Jalview (version 2.11.4.1). Clustal color scheme was used to denote the conservation and the biological properties
of the side chains. Image was exported as an EPS file.

Protein structure alignment

Utilizing PyMOL (version 3.1.3), Nuf2CH domains from the following PDB structures were isolated: PDB: 2VE7
(NDC80cBonsai) and PDB: 5TCS (Ndc80cDwarf). Alignment was performed of only amino acids 10 or 12 to 100 of each
Nuf2CH domain. Conserved residues were identified through the alignment. Protein structures were then individually exported
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as PNGs in the aligned orientation. A similar procedure was followed for the inset, except only residues 10-30 of HsNUF2 and
residues 12-32 of Saccharomyces cerevisiae Nuf2 were aligned.

Mass spectrometry preparation and analysis

Immunoprecipitated samples were prepared as indicated under the one-step purification method until the last wash step. After
the last wash, samples were rinsed two times with pre-elution rinse buffer (50 mM Tris pH 8.3, 75 mM KCl, and 1 mM
EGTA). The samples were eluted via gentle agitation on a Vortex-Genie 2 (Scientific Industries) set to the lowest setting for 30
minutes at room temperature. Each sample was eluted in 70 μl of 0.2% RapiGest (Waters Corporation) in 50 mM ammonium
bicarbonate. 10 μl of each elution sample was used for silver-stained analysis as indicated under silver-staining methods while
the remaining 60 μl was sent for mass spectrometry processing.

Samples were prepared for LC-MS/MS analysis by reducing disulfide bonds, capping free cysteines, and digesting the proteins
with trypsin. The resulting peptide samples were analyzed by LC-MS/MS on an Thermo Eclipse mass spectrometer. The mass
spectrometry data collected in this study is available through Mass Spectrometry Interactive Virtual Environment (MassIVE,
University of California San Diego; ftp://massive.ucsd.edu/v09/MSV000097121/).

Reagents
Yeast strains and plasmid methods

To generate the NUF2-3V5:HIS3Mx6 strain, a 3V5:HIS3Mx6 cassette was amplified from pSB3158 using PCR. This cassette
was then inserted into the endogenous locus of NUF2 at the 3’ of the coding region replacing the stop codon via homologous
recombination (Petracek and Longtine 2002). To generate the nuf2Q21A missense mutation in this strain, a single-step
CRISPR/Cas9 edit was performed (Akhmetov et al., 2018). DAD1-3Flag was made as described (De Regt et al., 2022). DSN1-
6His-Flag was generated as described (Akiyoshi et al., 2010). The ask1-2 yeast strain was a gift from Stephen Elledge’s
laboratory (Harvard University, Cambridge, MA) and plasmids pSB3158 and pSB3218 were gifts from Elçin Ünal’s
Laboratory (University of California, Berkeley, CA).

Saccharomyces cerevisiae strains used throughout this study are derivatives of SBY3 and SBY4 (W303).

Strains Genotype Reference

SBY3
(W303)

Mata ura3-1 leu2-3,112 his3-11 trp1-1 can1-100
ade2-1 bar1-1 Biggins Lab

SBY4
(W303)

Matα ura3-1 leu2-3, 112 his3-11 trp1-1 can1-100
ade2-1 bar1-1 Biggins Lab

SBY12465 Matα DAD1-3Flag:TRP1 LYS2 De Regt et al., 2022

SBY1300 Mata ask1-2 Gift from Elledge’s Laboratory, Harvard University,
Cambridge, MA

SBY22754 Matα NUF2-3V5:HIS3Mx6 This study

SBY22924 Matα nuf2Q21A-3V5:HIS3Mx6 This study

SBY23028 Mata nuf2Q21A-3V5:HIS3Mx6 DSN1-6His-
3Flag:URA3

This study

SBY23029 Matα nuf2Q21A-3V5:HIS3Mx6 DAD1-3Flag:TRP1 This study

SBY23066 Mata NUF2-3V5:HIS3Mx6 DSN1-6His-Flag:URA3 This study
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SBY23067 Matα NUF2-3V5:HIS3Mx6 DAD1-3Flag:TRP1 This study

SBY23073 Mata nuf2Q21A-3V5:HIS3Mx6 This study

SBY23133 Mata NUF2-3V5:HIS3Mx6 This study

SBY23190 Mata nuf2Q21A-3V5:HIS3Mx6 ask1-2 This study

SBY23192 Mata NUF2-3V5:HIS3Mx6 ask1-2 This study

Plasmids used in this study.

Plasmid
number Purpose Reference

pSB3158 Integration of the 3V5:HIS3Mx6 cassette at the endogenous
NUF2 locus.

Gift from Elçin Ünal’s Laboratory, University of
California, Berkeley, CA

Janke et al., 2004

pSB3218 Generate sgRNA used for CRISPR/Cas9 mutagenesis. Gift from Elçin Ünal’s Laboratory, University of
California, Berkeley, CA

pSB3608 Generated sgRNA (pSB3218 derivative) used for Nuf2-Q21
CRISPR/Cas9 mutagenesis. This study

Oligonucleotides used in this study.

Oligo
number Purpose Sequence Reference

SB8342

Forward oligo for Gibson
assembly to generate
sgRNA for nuf2Q21A

mutagenesis. Contains
homology to pSB3218.

5’- ggctgggcaacaccttcgggtggcgaatggGTTCCCCATTTTGGATCTAC -3’ This
study

SB8343

Reverse oligo for Gibson
assembly to generate
sgRNA for nuf2Q21A

mutagenesis. Contains
homology to pSB3218.

5’- attttaacttgctatttctagctctaaaacGTAGATCCAAAATGGGGAAC -3’ This
study

SB8350

Forward primer to
amplify 3V5:HIS3Mx6
from pSB3158
containing homology to
NUF2. Used for PCR
tagging.

5’- TATTAATAAATACATGAATGAAATGCTCGAATATATGCAA
gcggccgctctagaactagt -3’

This
study
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SB8351

Reverse primer to
amplify 3V5:HIS3Mx6
from pSB3158
containing homology to
NUF2. Used for PCR
tagging.

5’- AGAAAACACAGAAGGGGGAGTAAAAATAAGTATACCGCTG
ccccctcgaggtcgacggta -3’

This
study

SB8371
Forward primer to
amplify entire NUF2
coding region.

5’- CTCCAGCATCCCTTGAGCAA -3’ This
study

SB8372
Reverse primer to
amplify entire NUF2
coding region.

5’- ACCTTCACATGTTCCGCAGA -3’ This
study

SB8373
Repair template for
nuf2Q21A mutagenesis via
CRISPR.

5’- GAAAAAATACTGGTAAAAAGCATGTACTGAGGAGAAAGGC
TCCAGCATCCCTTGAGCAAAATGAGTAGGAATCAAGATGT
GTTCCCCATTTTGGATCTACAAGAACTAGTTATATGTTTG
CATAGCTGTGATTTTGCGCTAGCCACACAGGAAAATATCT
CTAGGCCCACCTCAGACTACATGGTAACCCTTTACAAACA -3’

This
study

SB8466 Amplify 5' end of NUF2
coding region. 5’- TGCGGTTAAGTCGTCTAACG -3’ This

study

Antibody used in this study:

Name Type Species Brand Reference

M3DK (α-Flag) Monoclonal Mouse GenScript (Barrero et al., 2024)

Acknowledgements: We would like to thank the Biggins’ and Asbury labs as well as Dr. Grant A. King for the insightful
discussions and feedback they provided throughout this study, especially Drs. Christian R. Nelson and Sabrine L. Hedouin. We
thank Dr. Barry L. Stoddard for assistance with the protein structure alignment and identifying the equivalent missense
mutation as well as comments on the manuscript. We thank the Proteomics and Metabolomics Core in shared resources at Fred
Hutchinson Cancer Center for mass spectrometry sample processing, data collection and analysis. We thank the Ünal, and the
Elledge laboratories for providing us with reagents used in this study. We appreciate the information from the Saccharomyces
Genome Database and UniProt.

Extended Data
Description: Description: Mass spectrometry analysis of Dsn1-His-Flag purifications of WT. Resource Type: Dataset. File:
AAL020924_021524_SBY23066.xlsx. DOI: 10.22002/hr7nz-4mb27

Description: Mass spectrometry analysis of Dsn1-His-Flag purifications of nuf2-Q21A-V5. Resource Type: Dataset. File:
AAL020924_021524_SBY23028.xlsx. DOI: 10.22002/kvpk3-pt771

References
Akhmetov A, Laurent JM, Gollihar J, Gardner EC, Garge RK, Ellington AD, Kachroo AH, Marcotte EM. 2018. Single-step
Precision Genome Editing in Yeast Using CRISPR-Cas9. Bio Protoc. 8 40. PubMed ID: 29770349

Akiyoshi B, Sarangapani KK, Powers AF, Nelson CR, Reichow SL, Arellano Santoyo H, et al., Biggins S. 2010. Tension
directly stabilizes reconstituted kinetochore-microtubule attachments. Nature. 468: 576-9. 41. PubMed ID: 21107429

 

3/11/2025 - Open Access

https://portal.micropublication.org/uploads/c609561b1b9148b26e6cc96344076a46.xlsx
https://doi.org/10.22002/hr7nz-4mb27
https://portal.micropublication.org/uploads/d1f1352edf1e648bc95efa65cf0c0c8a.xlsx
https://doi.org/10.22002/kvpk3-pt771
https://www.ncbi.nlm.nih.gov/pubmed/29770349
https://www.ncbi.nlm.nih.gov/pubmed/21107429


 

Alushin GM, Ramey VH, Pasqualato S, Ball DA, Grigorieff N, Musacchio A, Nogales E. 2010. The Ndc80 kinetochore
complex forms oligomeric arrays along microtubules. Nature. 467: 805-810. 39. DOI: 10.1038/nature09423

Barrero DJ, Wijeratne SS, Zhao X, Cunningham GF, Yan R, Nelson CR, et al., Biggins S. 2024. Architecture of native
kinetochores revealed by structural studies utilizing a thermophilic yeast. Curr Biol. 34: 3881-3893 e5. 42. PubMed ID:
39127048

Biggins S. 2013. The composition, functions, and regulation of the budding yeast kinetochore. Genetics. 194: 817-846. 57.
DOI: 10.1534/genetics.112.145276

Cheeseman IM, Chappie JS, Wilson Kubalek EM, Desai A. 2006. The conserved KMN network constitutes the core
microtubule-binding site of the kinetochore. Cell. 127: 983-97. 43. PubMed ID: 17129783

Ciferri C, Pasqualato S, Screpanti E, Varetti G, Santaguida S, Dos Reis G, et al., Musacchio A. 2008. Implications for
kinetochore-microtubule attachment from the structure of an engineered Ndc80 complex. Cell. 133: 427-39. 44. PubMed ID:
18455984

De Regt AK, Clark CJ, Asbury CL, Biggins S. 2022. Tension can directly suppress Aurora B kinase-triggered release of
kinetochore-microtubule attachments. Nature Communications. 13 38. DOI: 10.1038/s41467-022-29542-8

Goldstein AL, Mc Cusker JH. 1999. Three new dominant drug resistance cassettes for gene disruption in Saccharomyces
cerevisiae. Yeast. 15: 1541-1553. 49. DOI: 10.1002/(sici)1097-0061(199910)15:14<1541::aid-yea476>3.0.co;2-k

Gupta A, Evans RK, Koch LB, Littleton AJ, Biggins S. 2018. Purification of kinetochores from the budding yeast
Saccharomyces cerevisiae. 48. DOI: 10.1016/bs.mcb.2018.03.023

Hanisch A, Sillje HHW, Nigg EA. 2006. Timely anaphase onset requires a novel spindle and kinetochore complex comprising
Ska1 and Ska2. The EMBO Journal. 25: 5504-5515. 76. DOI: 10.1038/sj.emboj.7601426

Helgeson LA, Zelter A, Riffle M, Mac Coss MJ, Asbury CL, Davis TN. 2018. Human Ska complex and Ndc80 complex
interact to form a load-bearing assembly that strengthens kinetochore-microtubule attachments. Proc Natl Acad Sci U S A.
115: 2740-2745. 46. PubMed ID: 29487209

Holland AJ, Cleveland DW. 2009. Boveri revisited: chromosomal instability, aneuploidy and tumorigenesis. Nature Reviews
Molecular Cell Biology. 10: 478-487. 60. DOI: 10.1038/nrm2718

Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S, Maekawa H, et al., Knop M. 2004. A versatile toolbox for PCR-based
tagging of yeast genes: new fluorescent proteins, more markers and promoter substitution cassettes. Yeast. 21: 947-62. 52.
PubMed ID: 15334558

Ji Z, Gao H, Yu H. 2015. Kinetochore attachment sensed by competitive Mps1 and microtubule binding to Ndc80C. Science.
348: 1260-1264. 63. DOI: 10.1126/science.aaa4029

Kamburov A, Lawrence MS, Polak P, Leshchiner I, Lage K, Golub TR, Lander ES, Getz G. 2015. Comprehensive assessment
of cancer missense mutation clustering in protein structures. Proc Natl Acad Sci U S A. 112: E5486-95. 47. PubMed ID:
26392535

Keating P, Rachidi N, Tanaka TU, Stark MJR. 2009. Ipl1-dependent phosphorylation of Dam1 is reduced by tension applied
on kinetochores. Journal of Cell Science. 122: 4375-4382. 53. DOI: 10.1242/jcs.055566

Lampert F, Hornung P, Westermann S. 2010. The Dam1 complex confers microtubule plus end–tracking activity to the Ndc80
kinetochore complex. Journal of Cell Biology. 189: 641-649. 67. DOI: 10.1083/jcb.200912021

Lampert F, Mieck C, Alushin GM, Nogales E, Westermann S. 2013. Molecular requirements for the formation of a
kinetochore-microtubule interface by Dam1 and Ndc80 complexes. J Cell Biol. 200: 21-30. 29. PubMed ID: 23277429

Li Y, Bachant J, Alcasabas AA, Wang Y, Qin J, Elledge SJ. 2002. The mitotic spindle is required for loading of the DASH
complex onto the kinetochore. Genes & Development. 16: 183-197. 77. DOI: 10.1101/gad.959402

Maure JF, Kitamura E, Tanaka TU. 2007. Mps1 kinase promotes sister-kinetochore bi-orientation by a tension-dependent
mechanism. Curr Biol. 17: 2175-82. 72. PubMed ID: 18060784

Muir KW, Batters C, Dendooven T, Yang J, Zhang Z, Burt A, Barford D. 2023. Structural mechanism of outer kinetochore
Dam1-Ndc80 complex assembly on microtubules. Science. 382: 1184-1190. 33. PubMed ID: 38060647

Parnell EJ, Jenson EE, Miller MP. 2024. A conserved site on Ndc80 complex facilitates dynamic recruitment of Mps1 to yeast
kinetochores to promote accurate chromosome segregation. Curr Biol. 34: 2294-2307 e4. 27. PubMed ID: 38776906

 

3/11/2025 - Open Access

https://doi.org/10.1038/nature09423
https://www.ncbi.nlm.nih.gov/pubmed/39127048
https://doi.org/10.1534/genetics.112.145276
https://www.ncbi.nlm.nih.gov/pubmed/17129783
https://www.ncbi.nlm.nih.gov/pubmed/18455984
https://doi.org/10.1038/s41467-022-29542-8
https://doi.org/10.1002/(sici)1097-0061(199910)15:14%3C1541::aid-yea476%3E3.0.co;2-k
https://doi.org/10.1016/bs.mcb.2018.03.023
https://doi.org/10.1038/sj.emboj.7601426
https://www.ncbi.nlm.nih.gov/pubmed/29487209
https://doi.org/10.1038/nrm2718
https://www.ncbi.nlm.nih.gov/pubmed/15334558
https://doi.org/10.1126/science.aaa4029
https://www.ncbi.nlm.nih.gov/pubmed/26392535
https://doi.org/10.1242/jcs.055566
https://doi.org/10.1083/jcb.200912021
https://www.ncbi.nlm.nih.gov/pubmed/23277429
https://doi.org/10.1101/gad.959402
https://www.ncbi.nlm.nih.gov/pubmed/18060784
https://www.ncbi.nlm.nih.gov/pubmed/38060647
https://www.ncbi.nlm.nih.gov/pubmed/38776906


 

Petracek ME, Longtine MS. 2002. PCR-based engineering of yeast genome. Methods Enzymol. 350: 445-69. 31. PubMed ID:
12073329

Pleuger R, Cozma C, Hohoff S, Denkhaus C, Dudziak A, Kaschani F, et al., Westermann S. 2024. Microtubule end-on
attachment maturation regulates Mps1 association with its kinetochore receptor. Current Biology. 34: 2279-2293.e6. 80. DOI:
10.1016/j.cub.2024.03.062

Santaguida S, Musacchio A. 2009. The life and miracles of kinetochores. The EMBO Journal. 28: 2511-2531. 59. DOI:
10.1038/emboj.2009.173

Sarangapani KK, Koch LB, Nelson CR, Asbury CL, Biggins S. 2021. Kinetochore-bound Mps1 regulates kinetochore–
microtubule attachments via Ndc80 phosphorylation. Journal of Cell Biology. 220 74. DOI: 10.1083/jcb.202106130

Sundin LJ, Guimaraes GJ, Deluca JG. 2011. The NDC80 complex proteins Nuf2 and Hec1 make distinct contributions to
kinetochore-microtubule attachment in mitosis. Mol Biol Cell. 22: 759-68. 34. PubMed ID: 21270439

Tien JF, Umbreit NT, Gestaut DR, Franck AD, Cooper J, Wordeman L, et al., Davis TN. 2010. Cooperation of the Dam1 and
Ndc80 kinetochore complexes enhances microtubule coupling and is regulated by Aurora B. J Cell Biol. 189: 713-23. 37.
PubMed ID: 20479468

Wei RR, Al Bassam J, Harrison SC. 2007. The Ndc80/HEC1 complex is a contact point for kinetochore-microtubule
attachment. Nat Struct Mol Biol. 14: 54-9. 30. PubMed ID: 17195848

Wei RR, Sorger PK, Harrison SC. 2005. Molecular organization of the Ndc80 complex, an essential kinetochore component.
Proc Natl Acad Sci U S A. 102: 5363-7. 28. PubMed ID: 15809444

Welburn JP, Grishchuk EL, Backer CB, Wilson Kubalek EM, Yates JR, Cheeseman IM. 2009. The human kinetochore Ska1
complex facilitates microtubule depolymerization-coupled motility. Dev Cell. 16: 374-85. 18. PubMed ID: 19289083

Westermann S, Avila Sakar A, Wang HW, Niederstrasser H, Wong J, Drubin DG, Nogales E, Barnes G. 2005. Formation of a
dynamic kinetochore- microtubule interface through assembly of the Dam1 ring complex. Molecular Cell. 17: 277-290. 79.
DOI: 10.1016/j.molcel.2004.12.019

Westermann S, Wang HW, Avila Sakar A, Drubin DG, Nogales E, Barnes G. 2006. The Dam1 kinetochore ring complex
moves processively on depolymerizing microtubule ends. Nature. 440: 565-569. 85. DOI: 10.1038/nature04409

Zahm JA, Harrison SC. 2024. A communication hub for phosphoregulation of kinetochore-microtubule attachment. Curr Biol.
34: 2308-2318 e6. 8. PubMed ID: 38776904

Zahm JA, Jenni S, Harrison SC. 2023. Structure of the Ndc80 complex and its interactions at the yeast kinetochore-
microtubule interface. Open Biol. 13: 220378. 7. PubMed ID: 36883282

Funding: This work is supported by a NIGMS Diversity Supplement to NIH grant R35 GM149357 to S.B. who is also an
investigator of the Howard Hughes Medical Institute. The Proteomics Core in the shared resources facility at Fred Hutchinson
Cancer Center is supported by Consortium grant NIH P30 CA015704. Supported by National Institutes of Health (United
States) R35 GM149357 to Biggins. ,Supported by National Institutes of Health (United States) P30 CA015704 to Tom Lynch.

Author Contributions: Angelica Andrade Latino: investigation, validation, methodology, visualization, writing - original
draft, writing - review editing. Sue Biggins: conceptualization, funding acquisition, project administration, supervision, writing
- review editing, resources, visualization.

Reviewed By: Anonymous

History: Received February 14, 2025 Revision Received March 5, 2025 Accepted March 7, 2025 Published Online March
11, 2025 Indexed March 25, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Andrade Latino A, Biggins S. 2025. Analysis of a cancer-associated mutation in the budding yeast Nuf2 kinetochore
protein. microPublication Biology. 10.17912/micropub.biology.001546

 

3/11/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/12073329
https://doi.org/10.1016/j.cub.2024.03.062
https://doi.org/10.1038/emboj.2009.173
https://doi.org/10.1083/jcb.202106130
https://www.ncbi.nlm.nih.gov/pubmed/21270439
https://www.ncbi.nlm.nih.gov/pubmed/20479468
https://www.ncbi.nlm.nih.gov/pubmed/17195848
https://www.ncbi.nlm.nih.gov/pubmed/15809444
https://www.ncbi.nlm.nih.gov/pubmed/19289083
https://doi.org/10.1016/j.molcel.2004.12.019
https://doi.org/10.1038/nature04409
https://www.ncbi.nlm.nih.gov/pubmed/38776904
https://www.ncbi.nlm.nih.gov/pubmed/36883282
https://doi.org/10.17912/micropub.biology.001546

