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Summary
The Dam1 complex attaches the kinetochore to spindle microtubules and is a processivity factor in
vitro [1, 2]. In Saccharomyces cerevisiae, which has point centromeres that attach to a single
microtubule, deletion of any Dam1 complex member results in chromosome segregation failures
and cell death [3–5]. In Schizosaccharomyces pombe, which has epigenetically-defined regional
centromeres that each attach to 3–5 kinetochore microtubules, Dam1 complex homologs are not
essential [6]. To ask why the complex is essential in some organisms and not in others, we used
Candida albicans, a multimorphic yeast with regional centromeres that attach to a single
microtubule [7]. Interestingly, the Dam1 complex was essential in C. albicans, suggesting that the
number of microtubules per centromere is critical for its requirement. Importantly, by increasing
CENP-A expression levels, more kinetochore proteins and microtubules were recruited to the
centromeres, which remained fully functional. Furthermore, Dam1 complex members became less
crucial for growth in cells with extra kinetochore proteins and microtubules. Thus, the requirement
for the Dam1 complex is not due to the DNA-specific nature of point centromeres. Rather, the
Dam1 complex is less critical when chromosomes have multiple kinetochore complexes and
microtubules per centromere, implying that it functions as a processivity factor in vivo as well as
in vitro.

Results and Discussion
Dam1 complex homologs in C. albicans are essential for viability

The Dam1 (DASH) complex is comprised of 10 proteins and has important roles in
maintaining the connection between kinetochore proteins and spindle microtubules [8].
Although the Dam1 complex is broadly conserved in fungi [9], its contribution to
chromosome segregation differs in different organisms. In the budding yeast S. cerevisiae,
deletion of any Dam1 complex member results in chromosome segregation defects and cell
death [3–5]. In S. pombe, Dam1 complex members are also kinetochore components, yet
they are not essential for viability [6]. Several differences between centromeres and
kinetochores in S. cerevisiae and S. pombe could explain the divergent requirement for the
Dam1 complex components despite their conservation among fungi. S. cerevisiae has small
(~150 bp) point centromeres in which DNA sequence specifies kinetochore position, while
S. pombe has larger (40–100 kb) regional centromeres that are determined epigenetically [9].
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There are some kinetochore proteins found specifically in organisms with point centromeres
(e.g., Ndc10) and others founds specifically in organisms with regional centromeres (e.g.,
CENP-H/Fta3) [9]. Differences in kinetochore protein composition may affect the
requirement for the Dam1 complex. Alternatively, the requirement of the Dam1 complex
members for viability may be a matter of one kinetochore-microtubule attachment vs.
multiple kinetochore-microtubule attachments per centromere. Kinetochores in S. cerevisiae
contain a single nucleosome containing CENP-A, the centromere specific histone H3
isoform, and attach to a single spindle microtubule [10], whereas S. pombe kinetochores are
comprised of multiple CENP-A nucleosomes and form attachments to 2–3 spindle
microtubules per centromere [7].

To ask why the requirement for the Dam1 complex differs in different fungi, we used the
pathogenic yeast C. albicans, which has small (3–10kb), yet regional centromeres, with an
average of four CENP-A nucleosomes that attach to a single spindle microtubule per
kinetochore [7]. First, we identified putative C. albicans homologs of Dam1 complex
members (Figure 1A and Table S1). The C. albicans Dad1 homolog is an intrinsically
disordered protein with a structure similar to that of S. cerevisiae Dad1 [11]. By chromatin
immunoprecipitation (ChIP), Dad1-GFP and Dam1-GFP bind centromere DNA regions that
co-localize with regions bound by CENP-A (Figure 1B). Additionally, Dad1-GFP and
Dad2-GFP localized by fluorescence microscopy as discrete spots within DAPI-stained
nuclei; the localization pattern of Dad1-GFP and Dad2-GFP was highly similar to that of
other kinetochore proteins, such as CENP-A-GFP and Mtw1-GFP (Figure 1C). Together,
these results support the conclusion that the genes identified encode Dam1 complex member
homologs in C. albicans.

We next asked if Dam1 complex members are required for viability in C. albicans, an
organism with regional centromeres. As C. albicans does not undergo meiosis [12], tetrad
analysis cannot be used to determine essentiality. Three independent methods examining
four gene products consistently found that Dam1 complex members are required for
viability in C. albicans. First, GRACE (Gene Replacement and Conditional Expression)
strains [13], in which the only remaining copy of DAD1, DAD2, or SPC19 was conditionally
regulated by a Tet-off promoter system, failed to grow when expression was repressed
(Figure 1D). Second, when one copy of DAM1 or DAD2 was deleted and the MET3
promoter was used to regulate the remaining copy, the strains did not grow under repressive
conditions (media with methionine and cysteine) (Figure S1A). Activation and repression of
the promoter in each conditional promoter system was confirmed by quantitative reverse-
transcriptase PCR (Figure S1B) and all strains grew as well as control strains under non-
repressing conditions (Figure 1D and Figure S1A). Third, we used a UAU single
transformation approach [14] to determine that DAD2 and SPC19 are required for viability
in C. albicans (Figure S1C-E). Together, these experiments indicate that Dam1 complex
members are essential in C. albicans. Thus, the Dam1 complex members are not only
required for viability in S. cerevisiae, which has point centromeres, but also in C. albicans,
which has regional centromeres.

Extra kinetochore proteins and spindle microtubules localize to centromeres when CENP-
A is overexpressed

To test whether the requirement of Dam1 complex members is due to the single
kinetochore-microtubule attachment in both S. cerevisiae and C. albicans versus the
multiple kinetochore-microtubule attachments per centromere in S. pombe, we needed to
develop a method to increase the number of kinetochore-microtubule attachments in C.
albicans. This approach is not possible in S. cerevisiae where the number of kinetochore-
microtubule attachments is limited by the presence of a single CENP-A nucleosome. CSE4,
which encodes the centromeric-specific histone H3 isoform CENP-A in C. albicans [15], is
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at the top of the kinetochore assembly hierarchy [16, 17], and is closely associated with
centromere DNA [18] (Figure 2A). CSE4 expression was conditionally increased by at least
5-fold by placing one copy of the CSE4 gene under control of the PCK1 promoter [19],
which is repressed by growth in glucose and induced to high levels by growth in succinate
(Figure S2A). Overexpression of CSE4 increased centromeric binding of CENP-A to
293±12% of wild-type levels as measured by ChIP (Figure 2B).

Interestingly, CENP-A binding remained localized to the centromere and did not spread to
neighboring DNA (Figure 2B). C. albicans centromere regions normally have 4 CENP-A
nucleosomes per centromere [7]. The 3-fold increase in CENP-A binding to the centromeric
DNA would result in approximately 12 CENP-A nucleosomes per centromere. Interestingly,
this is close to the maximum number of nucleosome occupancy sites (~10–12) predicted to
be present in C. albicans centromere regions [20]. Consistent with this model, increased
association of CENP-A with centromeres results in decreased binding of canonical H3 to the
region as measured by ChIP (Figure S2B). When CENP-A was overexpressed in S.
cerevisiae, CENP-A remained bound only at the point centromere DNA and was removed
from other regions by proteasome-dependent degradation [21]. Increased amounts of CENP-
A also appear to remain at least mostly associated with centromeric regions in S. pombe, as
CENP-A-GFP overexpression resulted in increased fluorescence signal from kinetochore
foci [7]. In contrast to fungi, overexpression of CENP-A in Drosophila [22] and in
vertebrate cells [23] can result in CENP-A mislocalization and spurious kinetochore
formation on chromosome arms. These differences between species may be due to
differences in levels of overexpression; alternatively, fungi may exclude CENP-A from non-
centromeric regions more efficiently than metazoans.

Overexpression of CSE4 using a conditional promoter increased the recruitment of the inner
kinetochore protein Mtw1 to centromere regions in C. albicans [24]. Thus, we asked
whether overexpression of CSE4 would result in increased recruitment of other kinetochore
proteins as well. We examined the localization of representative proteins of the MIND
complex (Mtw1-GFP), Ndc80 complex (Ndc80-GFP and Nuf2-GFP) and Dam1 complex
(Dad1-GFP and Dad2-GFP) to kinetochore foci using quantitative microscopy under
conditions of normal and high levels of CSE4 expression (Figure 2C and Figure S2C). The
average fluorescence intensity, corrected for background fluorescence, and maximum
fluorescence intensity of each GFP-tagged kinetochore protein increased significantly when
CSE4 was overexpressed (p<0.01). The average amount of fluorescence intensity that
localized to kinetochore foci ranged from 129% to 168% of the average fluorescence
intensity with normal CSE4 expression (Figure 2C and Figure S2D). The maximum
fluorescence intensity at the kinetochore regions when CSE4 was overexpressed ranged
from 140% to 212% of the maximum fluorescence intensity with normal CSE4 expression.
ChIP analysis of Mtw1-GFP and Dad1-GFP binding to centromere DNA regions confirmed
that kinetochore protein binding to centromeres was enhanced by CSE4 overexpression
(Figure 2D and Figure S2E). Dad1-GFP binding at CEN5, as measured by estimating the
area under the curve, significantly increased by approximately 1.5 fold (p<0.01), consistent
with the increases in fluorescence intensity observed (Figure 2D, right panel). In contrast,
control cells without the PCK1 promoter driving CSE4 expression exhibited much smaller
differences in fluorescent dot intensity. The background-corrected fluorescence intensity
observed for control cells grown in succinate media ranged from 96% to 122% of the
intensity observed when cells were grown in glucose (Figure S2F).

Importantly, we observed increased numbers of microtubules per mitotic spindle when
CSE4 was overexpressed (greater than 2-fold higher total Tub1-GFP fluorescence intensity)
(Figure 3A and Figure 3B), consistent with extra kinetochore proteins recruiting extra
microtubules. During anaphase, the kinetochore-microtubules contract and the fluorescence
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maximum for the kinetochore-microtubules is found near the spindle pole bodies while the
interpolar microtubule fluorescence is concentrated at the center of the spindle [25]. To
estimate the increase in interpolar microtubules relative to kinetochore-microtubules, we
measured the fluorescence intensity of Tub1-GFP at the center of each anaphase spindle
(Figure 3A and Figure 3B, lower panels). When CSE4 was overexpressed, the fluorescence
intensity at the center of each spindle increased to 131% of the intensity observed with
normal CSE4 expression, compared to 210% of the control intensity when the entire spindle
was measured. These results suggest that a significant fraction of the extra spindle
microtubules are kinetochore-microtubules, rather than interpolar microtubules. Based on
these results, approximately 60% of centromeres have two kinetochore-microtubule
attachments when CSE4 is overexpressed in C. albicans (Figure 3C).

Overexpression of CSE4 resulted in increased localization of kinetochore proteins and
microtubules to centromere regions; total protein levels of Mtw1-GFP, Nuf2-GFP, Dad2-
GFP, and Tub1-GFP remained constant (Figure S3). When measuring the background-
corrected pixel intensity of kinetochore proteins and microtubules, we observed that the
average background fluorescence in cells grown in succinate was higher than in cells grown
in glucose even in the absence of the PCK1-CSE4 construct. To confirm that the increased
fluorescence was a difference in background fluorescence as a result of the media and not an
increase in protein that was not detected by Western blot, we measured the background
fluorescence of an untagged wild-type strain. Background fluorescence was indeed
increased in succinate media relative to glucose media (23% increase, p<0.0001) (Figure
S3B) indicating that while protein concentrations increased at kinetochore foci, total
amounts of kinetochore proteins were not altered.

These results indicate that overexpression of CSE4 in C. albicans increased the recruitment
of inner and outer kinetochore proteins to the centromere and resulted in increased numbers
of spindle microtubules. This occurred at the level of increased localization, rather than
increased total amounts, of the other kinetochore proteins. In contrast, in S. pombe, CENP-A
overexpression resulted in increased numbers of CENP-A molecules per centromere, but not
in increased recruitment of other kinetochore proteins, as measured by fluorescence
microscopy [7]. C. albicans normally has 1 kinetochore-microtubule attachment per
centromere core region of approximately 3kb, while S. pombe has 2–4 kinetochore-
microtubule attachments within the centromere core region of approximately 4kb [7].
Therefore, in wild-type S. pombe, the density of kinetochore proteins is higher than in C.
albicans and steric hindrance may prevent the formation of additional kinetochores.

Since each wild-type C. albicans centromere has only one kinetochore-microtubule
attachment [7], the increase in kinetochore proteins and spindle microtubules could have
several possible effects on chromosome segregation fidelity. Overexpression of CSE4 could
increase chromosome segregation fidelity due to increases in the number of attachments
between the centromere DNA and the spindle microtubules. Alternatively, the presence of
extra kinetochore proteins could decrease chromosome segregation fidelity due to improper
bundling of microtubules and the potential for merotelic attachments. To address the
question of how increasing the number of spindle microtubules affects chromosome
segregation fidelity, we measured the rate of loss of a heterozygous URA3 marker in non-
inducing and inducing conditions for CSE4 overexpression. Interestingly, overexpression of
CSE4 did not alter chromosome segregation fidelity (Figure 3D), suggesting that C. albicans
kinetochore function is not limited by having increased numbers of microtubules. Previous
work in S. cerevisiae found that the number of interpolar spindle microtubules can increase
when cells are arrested in anaphase [26]. To ask if cells with overexpressed CSE4 have any
cell cycle defects such as anaphase arrest, we calculated the percentage of cells with mitotic
spindles in cells with normal and increased levels of Cse4 (Figure 3E). Importantly, no
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significant increase in mitotic cells was observed indicating that cells in which CSE4 is
overexpressed do not have cell cycle delays. When centromeres are composed of >1
kinetochore-microtubule per centromere, they must be aligned to avoid inappropriate,
merotelic associations. This function is accomplished by monopolin, a complex of proteins
that ensures sister chromatid co-orientation during mitosis in S. pombe and during meiosis I
in S. cerevisiae [19]. Because C. albicans chromosomes with increased spindle microtubules
have no reduction in segregation fidelity, it appears that this function has been retained.
Consistent with this, the C. albicans genome sequence includes ORFs predicted to encode
monopolin complex members (orf19.7663 and orf19.3248) and these genes are expressed
[27]. The result that extra microtubule attachments to do not alter chromosome segregation
suggests that they retain function in aligning kinetochores in C. albicans and it is tempting
to speculate that these ORFs have a role in that process.

The requirement for Dam1 proteins is reduced in strains with extra kinetochore
components

Since the stoichiometry of kinetochore proteins and spindle microtubules at centromeres was
increased in cells overexpressing CSE4 in C. albicans, we exploited this system to determine
if the requirement for the Dam1 complex is reduced in cells with increased numbers of
kinetochore and microtubule proteins. We combined the conditional overexpression of
CSE4, under the control of the PCK1 promoter, with the regulated expression of DAD2 or
DAM1, using the MET3 promoter. As a control, we used strains that overexpressed CSE4
and that retained an intact copy of the Dam1 complex gene in addition to one copy that was
controlled by the MET3 promoter. Importantly, cells in which DAD2 or DAM1 expression
was repressed and CSE4 was overexpressed grew significantly better (p<0.01) relative to the
control strains than cells in which DAD2 or DAM1 expression was repressed and CSE4 was
expressed at wild-type levels (Figure 4A). Furthermore, in DAM1 depletion conditions, the
percentage of cells with normal chromosome segregation patterns increased from ~6% to
approximately 36% when CSE4 was overexpressed (p<0.01) (Figure 4B). Given that ~60%
of centromeres are estimated to have multiple kinetochore-microtubule attachments when
CSE4 is overexpressed, this partial rescue of chromosome segregation is consistent with an
increase in normal chromosome segregation at most, but not all, centromeres under these
conditions.

It was formally possible that depletion of the Dam1 complex caused major changes in
kinetochore organization. To ask if this occurred, we examined the localization patterns of
other kinetochore components, Mtw1-GFP (a MIND complex inner kinetochore component)
and Nuf2-GFP (a member of the outer kinetochore Ndc80 complex), following DAM1
repression. Binding of Mtw1-GFP and Nuf2-GFP at the kinetochores was maintained when
MET3p-DAM1 expression was repressed (Figure S4A). Thus, the assembly of the remainder
of the kinetochore was not perturbed by repression of DAM1. Interestingly, kinetochore
declustering, indicative of a loss of the binding between kinetochores and spindle
microtubules [28], was observed for Mtw1-GFP and Nuf2-GFP localization following
depletion of DAM1 (Figure S4A and Figure S4B). Importantly, this declustering of
kinetochores was significantly reduced (p<0.01) following overexpression of CSE4 in the
DAM1 depletion strains (Figure S4B). As a control to ensure that overexpression of CSE4
does not reduce the requirement for components of other essential kinetochore complexes,
we compared the growth of strains conditionally expressing MTW1 or NUF2 to
heterozygous strains that retained an intact copy of MTW1 or NUF2. In both cases,
overexpression of CSE4 did not alter the requirement for MTW1 or NUF2 for growth
(Figure 4C). Therefore, overexpression of CSE4 in C. albicans results in increased numbers
of kinetochore proteins and spindle microtubule that partially bypass the requirement for
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components of the Dam1 complex (DAM1 and DAD2), but do not affect the requirement for
essential components of the MIND and NDC80 complexes of the kinetochore

Conclusions
In this work, overexpression of CSE4 in C. albicans results in the recruitment of larger
amounts of several kinetochore proteins and spindle microtubules and that these
kinetochores with increased copy numbers are functional. While we have not conclusively
shown that the extra kinetochore proteins are attached to the increased numbers of spindle
microtubules, it is tempting to speculate that these are indeed extra kinetochore-microtubule
attachments. Examination of the requirement of the Dam1 complex for viability when CSE4
is overexpressed suggests that the requirement of the Dam1 complex for viability is a
function of whether an organism has a single or multiple kinetochore-microtubule
attachments, rather than whether the organism has point or regional centromeres. In S.
cerevisiae, the Dam1 complex has been proposed to help capture the depolymerization force
of the spindle microtubule to help chromosomes segregate [29, 30]. The Dam1 complex has
been proposed to form rings that surround the microtubule to couple the kinetochore to the
microtubule [30, 31], although non-ring forms of the Dam1 complex may be sufficient to
link kinetochores to spindle microtubules [32]. Our observation that increased numbers of
kinetochore proteins and spindle microtubules reduce the requirement for the Dam1
complex is consistent with the previously published S. cerevisiae and S. pombe phenotypes
and is also consistent with the role of the Dam1 complex as an in vivo processivity factor for
the attachment of microtubules to kinetochore proteins such as Ndc80. Interestingly, the
Dam1 complex components are present at a lower concentration per kinetochore in S. pombe
than in S. cerevisiae or C. albicans [7]. Furthermore, the Dam1 complex is not evident in
mammals or other higher eukaryotes, which also have multiple kinetochore-microtubule
attachments. In humans, the Ska1 complex has been proposed to increase the stability of
kinetochore-microtubule attachment [33, 34]. While the Ska1 complex has been proposed to
be a functional homolog of the Dam1 complex in mammalian cells, the mechanism for the
Ska1 complex is not clear and its dependence upon numbers of kinetochore-microtubules
attachments has not been explored [35].

We propose that the Dam1 complex is required for viability in S. cerevisiae and C. albicans
because its function as a processivity factor for kinetochore-microtubule binding is more
critical when chromosome segregation is dependent upon a single kinetochore-microtubule.
We suggest that when multiple microtubules are present, Ndc80 binding to kinetochore-
microtubules is redundant, such that if a defect occurs at one kinetochore-microtubule, other
kinetochore-microtubule attachments in the same centromere DNA region can help prevent
the kinetochore and spindle microtubule from diffusing away from each other (Figure 4D).
In summary, this study provides in vivo evidence, in an organism in which the number of
kinetochore proteins and spindle microtubules at a regional centromere can be manipulated,
that the Dam1 complex acts as a processivity factor to connect kinetochores to microtubules.
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Figure 1. C. albicans Dam1 complex proteins bind centromere DNA regions and are essential in
C. albicans
(A) C. albicans Dam1 complex homologs identified by reciprocal protein-protein BLAST
and Pfam family analysis (see also Table 1S). (B) ChIP with anti-CENP-A (upper panel) and
anti-GFP antibodies (lower panel) at CEN4 and CEN5 DNA regions in BWP17 (untagged,
blue), Dad1-GFP (dark green), and Dam1-GFP (light green) strains shows co-localization of
CENP-A and Dam1 complex members on centromeric DNA. Data shown are mean ± SEM
of qPCR analysis of each primer set in duplicate and are representative of 3 biological
replicates. (C) GFP-tagged CENP-A, Mtw1-GFP, Dad1-GFP and Dad2-GFP (green) show
similar localization patterns within DAPI-stained nuclei (blue). Cells were imaged by
fluorescence microscopy at 1000x total magnification. (D) GRACE (Gene Replacement and
Conditional Expression) DAD1, DAD2, or SPC19 strains and the control strain (SC5314) all
exhibited robust growth on SDC-Ura media (left panel), but failed to grow when the Tet-off
promoter was repressed by the addition of 50μg/ml tetracycline to SDC-Ura media (right
panel).
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Figure 2. Extra kinetochore proteins localize to centromeres when CENP-A is overexpressed
(A) Schematic of kinetochore protein organization (adapted from [18]). (B) Anti-CENP-A
ChIP analyzed with primers amplifying CEN5 for CENP-A/PCK1p-CENP-A strains grown
in repressing conditions (YPA-glucose - normal expression, magenta) and grown in
activating conditions (YPA-succinate - overexpression, maroon) for 6 h. Data shown are
mean ± SEM of each primer set in duplicate and are representative of 3 biological replicates.
(C) CENP-A/PCK1p-CENP-A strains with Mtw1-GFP, Nuf2-GFP or Dad2-GFP were
grown in repressing conditions (SDC-glucose - normal expression, left image panels) and
grown in activating conditions (SDC-succinate- overexpression, right image panels) for 6 h.
Cells were imaged at 1000X total magnification with a GFP filter set. Scale bar = 2μm. GFP
fluorescence was quantified by selecting the kinetochore region in each cell and measuring
total pixel intensity in the region, corrected for background fluorescence. Data shown are
mean ± SEM for at least 100 cells/experiment for 3 biological replicates. Differences
between normal expression of CSE4 and overexpression of CSE4 for each strain were found
to be statistically significant (<0.0001) using two-tailed unpaired Student’s t-tests (*). (D)
PCK1p-CSE4/CSE4 strains with Dad1-GFP were grown in repressing conditions (YPA-
glucose - normal expression) and grown in activating conditions (YPA-succinate-
overexpression) for 6 h. ChIP with performed with anti-GFP antibodies to assess binding of
Dad1-GFP at CEN5 DNA regions. Data shown in the left panel are mean ± SEM of qPCR
analysis of each primer set in duplicate and representative of 3 biological replicates. In the
right panel, the mean ± SEM of the estimated area under the curve for the CEN5 region for
the 3 replicates is shown. Differences between repressing and inducing conditions were
found to be statistically significant (p<0.01) using a two-tailed paired Student’s t-test.
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Figure 3. Additional spindle microtubules localize to centromeres when CENP-A is
overexpressed
(A) CSE4/PCK1p-CSE4 strains with Tub1-GFP were grown in repressing conditions (SDC-
glucose - normal expression, left image panels) and grown in activating conditions (SDC-
succinate- overexpression, right image panels) for 6 h. Cells were imaged at 1000X total
magnification with a GFP filter set. Upper panels show representative metaphase spindles
and middle panels show representative anaphase spindles. Lower panels show increased
magnification and example middle regions measured. Scale bar = 2μm. (B) GFP
fluorescence was quantified by selecting the mitotic spindle region in each cell (upper bars)
or the middle of the mitotic spindle region (lower bars) and measuring total pixel intensity in
the region, corrected for background fluorescence. Data shown are mean ± SEM for at least
50 cells/experiment for 4 biological replicates. The difference in mitotic spindle GFP
fluorescence between normal expression of CSE4 and overexpression of CSE4 was
statistically significant (p<0.0001 for entire spindles, p<0.01 for middle of spindles) using a
two-tailed unpaired Student’s t-test (*). (C) Summary of estimated number of kinetochore
proteins and kinetochore-microtubule attachments with normal CSE4 expression and
overexpression of CSE4. (D) Fluctuation analysis of loss of URA3 in CENP-A/PCK1p-
CENP-A strains during growth in repressing conditions (YPA-glucose - normal expression)
and growth in activating conditions (YPA-succinate - overexpression). Loss of URA3 was
quantified by plating cells on non-selective media (YPA-Glucose) to obtain total numbers of
cells and on media containing 5-FOA to select for loss of URA3. Colony counts were used to
calculate the rate of FOA/cell division. Results are the mean ± standard deviation of the
rates calculated from two experiments, each with 20 cultures per condition. (E) CSE4/
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PCK1p-CSE4 strains with Tub1-GFP were grown as in (A). The percentage of cells with
mitotic spindles was counted. Data shown are mean ± SEM.
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Figure 4. The requirement for Dam1 proteins is reduced in strains with extra kinetochore
components
(A) Relative colony size was used to quantify growth of CENP-A/PCK1p-CSE4 strains in
which the only copy of DAD2 or DAM1 was controlled by the MET3 promoter (right
columns) compared to strains with an intact DAD2 or DAM1 allele (Het.). Strains were
grown on YPA-Glucose to repress the PCK1 promoter (normal expression) and MET3
promoters and on YPA-Succinate to activate the PCK1 promoter (overexpression – OE) and
repress the MET3 promoter. Colony sizes were measured after 48 h incubation. Data shown
are the mean ± SEM of 4 experiments. Differences between normal CSE4 expression and
CSE4 overexpression were statistically significant (p<0.01) using a two-tailed unpaired
Student’s t-test (*). (B) The CENP-A/PCK1p-CSE4 MET3p-DAM1/Δdam1 strain was grown
in SDC-Glucose-Met-Cys to repress the PCK1 promoter and activate the MET3 promoter,
SDC-Succinate-Met-Cys to activate the PCK1 and MET3 promoters, SDC-Glucose+Met
+Cys to repress the PCK1 and MET3 promoters, or SDC-Succinate+Met+Cys to activate the
PCK1 promoter and repress the MET3 promoter for 6 h. Repression of PCK1 results in
normal levels of CSE4, while activation results in overexpression (OE). Cells were stained
with DAPI, imaged at 1000x total magnification, and chromosome segregation was
analyzed. Data shown are mean ± SEM of 3 experiments. Differences between normal CSE4
expression and CSE4 overexpression when DAM1 was repressed were statistically
significant (p<0.01) (*) using a two-tailed unpaired Student’s t-test. Examples of each
chromosome segregation pattern are below the figure. Scale bar = 2 μm. (C) Relative colony
size was used to quantify growth of CENP-A/PCK1p-CSE4 strains in which the only copy of
MTW1 or NUF2 was controlled by the MET3 promoter (right columns) compared to strains
with an intact MTW1 or NUF2 allele in addition to the conditionally expressed allele. Strains
were grown and colony size measured as in (A). Data shown are the mean ± SEM of 3
experiments. (D) Proposed mechanism to explain the reduced requirement for Dam1
proteins when the number of kinetochore-microtubule interactions is increased. Larger
numbers of spindle microtubules increase the chances that a defective attachment can be
reestablished, and thus reduce the requirement for the Dam1 processivity factor.
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