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Distinct roles for antiparallel microtubule pairing 
and overlap during early spindle assembly
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ABSTRACT During spindle assembly, microtubules may attach to kinetochores or pair to 
form antiparallel pairs or interpolar microtubules, which span the two spindle poles and con-
tribute to mitotic pole separation and chromosome segregation. Events in the specification 
of the interpolar microtubules are poorly understood. Using three-dimensional electron to-
mography and analysis of spindle dynamical behavior in living cells, we investigated the 
process of spindle assembly. Unexpectedly, we found that the phosphorylation state of an 
evolutionarily conserved Cdk1 site (S360) in γ-tubulin is correlated with the number and orga-
nization of interpolar microtubules. Mimicking S360 phosphorylation (S360D) results in bipo-
lar spindles with a normal number of microtubules but lacking interpolar microtubules. Inhib-
iting S360 phosphorylation (S360A) results in spindles with interpolar microtubules and 
high-angle, antiparallel microtubule pairs. The latter are also detected in wild-type spindles 
<1 μm in length, suggesting that high-angle microtubule pairing represents an intermediate 
step in interpolar microtubule formation. Correlation of spindle architecture with dynamical 
behavior suggests that microtubule pairing is sufficient to separate the spindle poles, where-
as interpolar microtubules maintain the velocity of pole displacement during early spindle 
assembly. Our findings suggest that the number of interpolar microtubules formed during 
spindle assembly is controlled in part through activities at the spindle poles.

INTRODUCTION
Mitotic spindles in animal and fungal cells share common design 
features and have a stereotyped architecture that is consistent with 
the requirement to ensure accurate chromosome segregation 
(Bouck et al., 2008). All spindles consist of kinetochore microtubules 
(k-MTs) and polar microtubules (p-MTs). During spindle assembly, 
the k-MTs attach to the centromeres of paired sister chromatids, 
whereas p-MTs contribute to separation of the poles and formation 
of a bipolar spindle. In anaphase, p-MTs both promote spindle elon-
gation and stabilize the anaphase spindle. Proteins recruited to the 

p-MTs of the spindle midzone orchestrate spindle breakdown at the 
end of mitosis.

Microtubules have intrinsic structural and functional asymmetry, 
with a relatively stable (−) end and highly dynamic (+) end. The cap 
of the (+) end of microtubules undergoes cycles of polymerization, 
depolymerization (catastrophe), and repolymerization (rescue), al-
lowing the microtubule to change its length (Mitchison and Kirschner, 
1984). In cells, the dynamical properties of k-MTs and p-MTs are 
modulated by a plethora of proteins that bind along the contour 
length or at the ends of microtubules. These proteins make major 
contributions to the structure of the spindle, as they can stabilize or 
destabilize microtubule ends, couple spindle microtubules to cen-
tromeres, and cross-link microtubules into bundles.

The formation of p-MTs is promoted by the kinesin-5 orthologue 
Cin8 and to a lesser extent Kip1 (Hoyt et al., 1992). The homotetra-
meric structure of kinesin-5 motors is believed to enable multiple 
cross-links of antiparallel microtubules during spindle assembly fol-
lowed by the sliding apart of p-MTs from opposite poles during 
anaphase (Straight et al., 1998). Kar3 (kinesin-14), Bim1 (EB1), and 
Ase1 (PRC-1) provide structural support to the anaphase spindle by 
cross-linking antiparallel microtubules. In the absence of Cin8, these 
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Spindle microtubules in budding yeast 
are nucleated by and project out of γ-tubulin 
ring complexes (γ-TURCs) composed of 
γ-tubulin and associated γ-tubulin–interacting 
proteins (GRIPs) located at spindle poles—
centrosomes in animal cells and spindle pole 
bodies in fungal cells (Moritz et al., 1995; 
Zheng et al., 1995; Knop et al., 1997; Knop 
and Schiebel, 1997). Components of the 
spindle poles, specifically the γ-TURC nucle-
ating complex, assemble microtubules and 
in this way can control the number of spindle 
microtubules. Whether γ-TURCs do enforce 
the number of spindle microtubules, thereby 
producing a spindle with a stereotyped core 
bundle, is not known.

We previously demonstrated that bud-
ding yeast γ-tubulin bound to purified spin-
dle poles is phosphorylated at S360 and 
that S360 can be phosphorylated by Cdk1 
in vitro (Keck et al., 2011). In this study, we 
perform a comprehensive characterization 
of the role of γ-tubulin S360 phosphoryla-
tion. Using electron tomography, we show 
that mimicking constitutive phosphorylation 
at S360 blocks the formation of p-MTs, 
whereas inhibiting S360 phosphorylation re-
sults in spindles containing two distinct 
types of paired antiparallel microtubules 
and 50% increase in the number of antipar-
allel microtubule pairs. Analysis of the dy-
namic behavior of spindles in living cells 
shows that inhibition of S360 phosphoryla-
tion increases the velocity of pole separa-
tion and dampens length fluctuations 
during assembly. Our findings suggest a 
model in which transient phosphorylation of 
γ-tubulin contributes to the formation of 
spindles with stereotyped structure and 
behavior.

RESULTS
Microtubule pairing and overlap 
are features of early steps in spindle 
assembly
The number and organization of microtu-
bules in the yeast mitotic spindle have 
been studied using three-dimensional (3D) 
electron tomography, by which individual 

microtubules and their 3D organization can be determined 
(O’Toole et al., 1999, 2002). These studies provided insight into 
early events in the formation of a bipolar spindle in budding yeast 
(Figure 1A). Spindle assembly begins with events that lead to the 
separation of duplicated spindle poles. Subsequent to the nucle-
ation of spindle microtubules from the new spindle pole, a subset 
of antiparallel microtubules pairs through the activity of cross-link-
ing proteins. Because the duplicated poles are side by side, initial 
pairing occurs at a high angle. Short spindles, 0.8–1 μm, contain 
both long and short microtubules, some of which are paired and 
may contain p-MTs, which are defined by their continuous antipar-
allel overlap of ≥300 nm with a gap of ≤45 nm. Medial spindles 
1–1.5 μm in length have a relatively stereotyped structure, with 

proteins contribute to p-MT formation and pole separation during 
spindle assembly (Saunders and Hoyt, 1992; Kotwaliwale et al., 
2007; Gardner et al., 2008b; Zimniak et al., 2009).

The budding yeast spindle has a relatively simple structure com-
pared with spindles in animal cells (Bouck et al., 2008). At the com-
pletion of spindle assembly, the number of microtubules in the 
metaphase spindle of budding yeast is remarkably uniform, with 
one k-MT for each of the 32 sister chromatids and a core bundle 
composed of six to eight p-MTs (Winey et al., 1995). The number of 
centromeres defines the number of k-MTs. Intuitively, the number of 
p-MTs should be constrained by the abundance of proteins that pro-
mote and/or stabilize pairing, as well as by the number of single 
microtubules available for antiparallel pairing.

FIGURE 1: Analysis of the number and organization of spindle microtubules in wild-type and 
S360 nonphosphorylatable (γ-tubS360A) and phosphor-mimetic (γ-tubS360D) spindles. 
(A) Summary of steps in the formation of the interpolar microtubules: antiparallel pairing is 
observed for spindles <400 nm in length (side by side); both pa-MTs and p-MTs are observed 
in wild-type spindles <1 μm in length. Wild-type spindles >1 μm have three or four pairs of 
p-MTs, each pair with a minimal overlap of 300 nm. The 3D structure and organization of 
k-MTs (pink, green), p-MTs (blue), and pa-MTs (yellow) in representative wild-type spindles 
during early (B) and late (C) phases of spindle assembly. The 3D structure and organization of 
k-MTs (pink, green), p-MTs (blue), and pa-MTs (yellow) in representative medial γ-tubS360A/D 
spindles. (D) A medial γ-tubS360D spindle (1.350 μm) contains pa-MTs (E) but lacks p-MTs. 
(F) Microtubule (−) ends in γ-tubS360D spindles are capped. (G) Both p-MTs and pa-MTs are 
observed in medial (>1 μm) γ-tubS360A spindles, and the MTs appear to be under 
compression.
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γ-Tubulin S360 phosphorylation state alters pairing 
and overlap but not microtubule number
We previously found that budding yeast γ-tubulin S360D/E muta-
tions (γ-tubS360D/E), which mimic constitutive phosphorylation of 
S360, result in long anaphase spindles with an apparent defect in 
spindle breakdown (Keck et al., 2011). Overproduction of γ-tubS360D 
was reported to result in preanaphase spindles with a reduced 
number of spindle microtubules, presumably as a consequence of 
instability of the mutant protein (Lin et al., 2011). Given that S360 
phosphorylation can be detected in γ-tubulin associated with purified 
spindle poles (Keck et al., 2011), we speculated that the physiologi-
cal role of S360 phosphorylation is to limit the number of micro-
tubules formed during spindle assembly. If this were the case, it 
would be expected that short and medial spindles in γ-tubS360D 
cells would have fewer microtubules per pole and an overall reduc-
tion in the number of both k-MTs and p-MTs relative to wild type. 
This would be particularly evident for microtubules projecting from 
the new spindle pole. Conversely, a mutation that inhibits phospho-
rylation of S360 (γ-tubS360A) might represent a basal state or 
increase in the number of microtubules per pole.

We sought to understand how the phosphorylation state of 
S360 relates to microtubule number and organization during spin-
dle assembly. We used 3D electron tomography (O’Toole et al., 
2002) to construct five γ-tubS360D models and six γ-tubS360A 
models, allowing us to determine microtubule number and 3D or-
ganization in medial (1–1.5 μm) spindles in the context of S360 
phosphorylation state (Figure 2 and Supplemental Table S1). 
Figure 1, D and G, shows representative models . Our analysis re-
vealed that the overall number of spindle microtubules is unaf-
fected by S360 phosphorylation state, as there was no difference 
in microtubule number in γ-tubS360D spindles (n = 5, 42 ± 2.7) or 
γ-tubS360A spindles (n = 6, 42 ± 4.6) relative to wild-type spindles 
(n = 6, 40 ± 2.1; Figure 2). The number of unpaired microtubules 
(neither pa-MTs nor p-MTs) was also not significantly different 
among medial wild-type (33 ± 2.5), γ-tubS360D (30 ± 3.2), and γ-
tubS360A (32 ± 3.3) spindles. Although the mean number of un-
paired microtubules in γ-tubS360D spindles is statistically equiva-
lent to that in wild type, based on the SE of the mean, γ-tubS360D 
is more likely to have <32 unpaired microtubules and as a result 
experience chromosome loss. The increased potential for chromo-
some loss in γ-tubS360D cells is consistent with a requirement for 
the spindle assembly checkpoint for viability of this mutant (Keck 
et al. 2011).

Mimicking constitutive phosphorylation of S360 inhibits 
the formation of p-MTs
p-MTs are clearly distinguishable from unpaired microtubules 
(k-MTs) in medial wild-type spindles (Winey et al., 2005), and all of 
our wild-type medial spindles (n = 6) had a well-organized bundle of 
∼6 p-MTs (6.5 ± 1.38; Figure 2). p-MTs were conspicuously absent or 
reduced in number, however, in all medial γ-tubS360D spindles (n = 
5, 1.2 ± 1.79; p = 0.001) relative to wild-type spindles (Figure 1D 
and Supplemental Movies S2 and S3). Numerous pa-MTs (10.6 ± 
4.07, p < 0.001) were observed in γ-tubS360D spindles relative to 
wild-type spindles (Figure 1E and Supplemental Movie S3). The 
mean total contour overlap for all paired microtubules was de-
creased in γ-tubS360D spindles (1.89 ± 0.783 μm; p = 0.001) relative 
to wild type (4.15 ± 0.761 μm). These results suggest that S360 
phosphorylation does not block antiparallel pairing that leads to the 
formation of pa-MTs but instead is defective in p-MT formation. 
Microtubule attachment to the spindle poles, however, did not 
appear to be perturbed in γ-tubS360D spindles. The (−) ends of 

32 k-MTs (16 per spindle pole) and a bundle of 6–8 p-MTs (Winey 
et al., 1995).

We constructed seven models of wild-type spindles 0.8–1.35 
μm in length and extracted the following information for each 
spindle: microtubule number, lengths, type, and pairing and con-
tour overlap (Figure 2 and Supplemental Table S1). Representative 
models are shown in Figure 1. We observed that k-MTs and p-MTs 
could not be readily distinguished in short wild-type spindles 
<1 μm in length (Figure 1B and Supplemental Movie S1) in com-
parison with medial spindles >1 μm in length (Figure 1C). Short 
spindles contain few or no p-MTs but many paired antiparallel mi-
crotubules, which we called polar-approach MTs (pa-MTs). Similar 
to p-MTs, pa-MT pairs consist of two overlapping antiparallel mi-
crotubules with a gap of ≤45 nm. The length of contour overlap, 
however, is reduced (105 ± 77.9 nm) relative to p-MTs (585 ± 184.7; 
Figure 2). Because pa-MTs are abundant in short wild-type spin-
dles but are rare (0.5 ± 1.2, n = 6) in medial wild-type spindles 
(Figure 2), pa-MTs may represent an intermediate step in the for-
mation of p-MTs.

FIGURE 2: Summary of spindle length, microtubule number, type 
(k-MTs, p-MTs, and pa-MTs), and contour overlap in medial spindles. 
Data were extracted from wild-type (six), γ-tubS360D (five), and 
γ-tubS360A (six) tomographic models. The complete data set is 
provided in Supplemental Table S1. Spindle length is defined as 
pole–pole distance (in micrometers).
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which each microtubule projects from the spindle pole body, 2) the 
length of each microtubule, and 3) the contour overlap between the 
paired microtubules, and correlated pitch-length-pairing informa-
tion for all antiparallel paired microtubules (Figure 3A). All medial 
wild-type and γ-tubS360A spindles contained p-MTs (blue dots, 
Figure 3, B and C). In wild-type spindles p-MTs were generally com-
posed of two long microtubules (>500 nm) that project from the 
poles with a pitch of 2.7 ± 1.68° (n = 39). p-MTs in γ-tubS360A spin-
dles project from the poles at an increased pitch (4.1 ± 2.58°, n = 35; 
p = 0.008) relative to wild-type p-MTs. In general, pa-MTs (yellow 
dots, Figure 3, B and C) were composed of at least one short micro-
tubule projecting with a pitch of >5° (maximum 23°) paired with a 
longer, opposing microtubule (Figure 3C). The same organization 
was observed for the pa-MT pairing observed in one wild-type spin-
dle (Figure 3B, inset). In most pairs, the increased pitch (>5°) of the 
short microtubule in the pa-MT pair was correlated with bending in 
the overlapping contour of one of the microtubules (Figure 3C, in-
set). In general, inhibiting S360 phosphorylation is correlated with 
an increase in the number of pole-biased antiparallel microtubule 
overlaps in the form of pa-MTs.

Analysis of the dynamic behavior of wild-type, γ-tubS360A, 
and γ-tubS360D spindles
To investigate how the observed changes in spindle microtubule 
architecture in the presence of γ-tubS360A and γ-tubS360D muta-
tions might affect the process of spindle assembly, we sought to 
accurately measure the dynamic behavior of spindles in living cells. 
The formation of a bipolar spindle and the transition to anaphase 
can be monitored in living yeast cells through the analysis of the 
displacements of fluorescently labeled spindle poles with respect to 

microtubules in γ-tubS360D spindles were capped and closed 
(Figure 1F), which is inconsistent with the depletion or instability of 
γ-tubulin or the γ-TURC (O’Toole et al., 2012).

Inhibiting phosphorylation of S360 results in spindles 
with both pa-MTs and p-MTs
We next asked whether inhibiting S360 phosphorylation might in-
crease the number of p-MTs and/or pa-MTs or increase total overlap 
without increasing the number of p-MTs. Like wild-type spindles, me-
dial γ-tubS360A spindles (n = 6) have a bundle of p-MTs (6.0 ± 1.79) 
that are clearly distinguishable from short, unpaired microtubules 
(Figure 1G and Supplemental Movie S4). The number of unpaired 
microtubules in medial γ-tubS360A spindles (32 ± 3.3) is statistically 
equivalent to that in wild type, with a mean value equal to the num-
ber of centromeres after completion of DNA replication (Figure 2). 
All medial γ-tubS360A spindles contain pa-MTs (4.3 ± 2.07) that are 
uncharacteristic of medial wild-type spindles (Figures 1G and 2). The 
presence of p-MTs and pa-MTs results in 50% increase in paired mi-
crotubules relative to medial wild-type spindles. Surprisingly, the 
mean total pairing lengths contributed by the p-MTs in wild type (n = 
6, 4.15 ± 0.761 μm) and the p-MTs + pa-MTs in γ-tubS360A spindles 
were not significantly different (n = 6, 3.43 ± 0.778 μm, p = 0.139). In 
the absence of S360 phosphorylation, the same amount of at least 
one of the proteins (Cin8, Kar3, Bim1) contributing to antiparallel 
cross-linking is likely distributed over a larger number of paired mi-
crotubules with the same total contour overlap as in wild type.

The mixture of p-MTs and pa-MTs in γ-tubS360A medial spindles 
offered an opportunity for a quantitative comparative analysis of 
their structure. We extracted several parameters from tomographic 
models of wild type and γ-tubS360A medial spindles: 1) the angle at 

FIGURE 3: Topology of p-MTs and pa-MTs in wild-type and γ-tubS360A spindles. (A) Schematic representation of 
microtubule pitch–length pairing analysis. Pitch is defined by the angle of projection of the microtubule from its origin 
relative to the imaginary plane defined by the two spindle poles (spindle axis). The contour length (nanometers) of 
individual spindle microtubules and their intersection and spacing (gap) are extracted from the tomographic models 
using IMOD. Pairing events are represented by two types of antiparallel interactions: p-MTs (blue dots) and pa-MTs 
(yellow dots). p-MTs are defined as two microtubules (usually both >500 nm) projecting from opposite poles that 
interact over a contour length of >300 nm with gap of 45 nm. pa-MT pairs consist of two microtubules projecting from 
opposite poles that intersect over 10–290 nm of contour length with gap of <45 nm. (B) Distribution of p-MT pairing 
angles in wild-type spindles as a function of microtubule length (nanometers). The pitch of wild-type p-MTs is 2.7 ± 1.68° 
(n = 39). Three pa-MTs were identified in one wild-type spindle and are indicated with lines and shown in the inset. 
(C) Distribution of pa-MT and p-MT pairing angles in γ-tubS360A spindles as a function of microtubule length 
(nanometers). The pitch of γ-tubS360A p-MTs is 4.1 ± 2.58° (n = 35). pa-MT pairs are frequently composed of one long 
(>600 nm) microtubule projecting at <10° paired to at least one short (<500 nm) microtubule projecting at a pitch of 
>10°. High angle (>5°) antiparallel pairing is correlated with pa-MT bending. Bending is frequently observed in 
γ-tubS360A spindles (inset, C) and in one medial wild-type spindle that contained three pa-MTs (inset, B). p-MTs in 
γ-tubS360A spindles project from the poles at an increased pitch.
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time lapse. These examples were used to create kymographs com-
posed of extended projections of a time series of image stacks. The 
resolution limit and identity of the old and new poles can be easily 
distinguished in the kymograph. The kymograph of each spindle 
was then compared with the corresponding 3D tracking data.

We observed that all spindles undergo length fluctuations during 
their assembly. Length fluctuations indirectly report the stability of 
the spindle and, by extension, its structure. An example of a wild-
type medial spindle, with an initial length of 1.19 μm, is shown in 
Figure 5A. In the first 8 min, the spindle undergoes large fluctuations 
in length, some of which are visible in the corresponding kymograph. 
The tracking data show that the amplitude of length fluctuations de-
creases over time; however, tilting of the spindle through more than 
one focal plane during the time lapse results in a lack of correspon-
dence with the kymograph. Relative to the initial length of 1.19 μm, 
the spindle has no net increase in length at the end of the time lapse 
(1.18 μm; Figure 5A). An example of a γ-tubS360A medial spindle, 
with an initial length of 1.48 μm, is shown in Figure 5B. The spindle 
undergoes fluctuations in length within the first minute and at 7 min; 
however, spindle length increases steadily to a final length of 
1.87 μm. In this example, the correspondence between the kymo-
graph and tracking data reveals a phase of rapid growth (t = 8–18 min) 
corresponding to outward displacement of both old and new spin-
dle poles relative to the spindle center.

Both the kymograph and pole-tracking data show that 
γ-tubS360D spindles are extremely unstable relative to wild-type 
and γ-tubS360A spindles. An example of a γ-tubS360D spindle, with 
an initial length of 2.78 μm, is shown in Figure 5C. The spindle un-
dergoes large fluctuations in length throughout the time lapse. Of 
the 75 cells imaged, this is the only example of a spindle for which 
the kymograph and tracking data corresponded over portions of the 
time lapse. This example demonstrates that kymographs are of lim-
ited use for quantitative analysis of spindle behavior.

The instability of γ-tubS360D spindles led us to investigate 
whether this mutation blocks initial pole separation, as shown for 
cells lacking the kinesin-5 orthologue Cin8 (Crasta et al., 2006). 
Spindle poles first separate in S phase in budding yeast, soon after 
bud emergence (Winey and O’Toole, 2001). The majority (71%, 
n = 65) of wild-type cells with a small bud of ≤0.3 of the volume of 
the mother cell contain a bipolar spindle (Figure 5D). Initial pole 
separation is defective in cin8 mutants, and consistent with this, 
52% of cells with a bud ∼0.5 of the volume of the mother cell (n = 
57) contained unseparated spindle poles. Neither the γ-tubS360A 
nor the γ-tubS360D mutation perturbed initial pole separation, 
with, respectively, 79% (n = 68) and 81% (n = 68) of cells with a 
small bud ≤0.3 of the volume of the mother cell containing a bipo-
lar spindle (Figure 5D).

Inhibiting S360 phosphorylation increases pole separation 
velocity during spindle assembly
Little is known about how spindle organization might influence the 
separation of the poles before anaphase. The tracking and corre-
sponding kymographs of spindle pole separation suggested that 
the velocity of pole separation is increased in the γ-tubS360A mu-
tant (Figure 5B), which was unexpected. To determine whether this 
was the case, we measured the dynamic behavior of wild-type, 
γ-tubS360A, and γ-tubS360D spindles with initial lengths ranging 
from ∼1 to 3 μm (Figure 6, A–C). We found that the velocity of pole 
separation of γ-tubS360A spindles (Figure 6E; n = 59, 0.021 ± 
0.0156 μm/min) increased 75% relative to that of wild-type spin-
dles (Figure 6D; n = 60, 0.013 ± 0.0157 μm/min, p = 0.005). 
Whereas the mean velocity of pole separation in γ-tubS360D 

each other over time. Starting from initial pole separation, spindles 
slowly increase in length to ∼2.4 μm, followed by fast anaphase 
elongation to ∼6 μm (Figure 4A). The fluorescence intensity of a 
point-like diffraction-limited object can be fit to a Gaussian distribu-
tion in the x,y and z planes of an image stack (Crocker and Hoffman, 
2007; Crocker and Grier, 1996), providing its position in space and 
total intensity (Figure 4B and Materials and Methods). This approach 
allows the accurate measurement of 3D displacements of individual 
spindle poles labeled with Spc42-CFP Cerulean over time at ∼20-nm 
precision (Figure 4C), with a resolution limit of ∼500 nm (Figure 4D). 
The total intensity of each pole of a bipolar spindle can be corre-
lated with the pole’s position relative to the bud neck plane (mean 
position over 20 min, τ = 20 s). We find that for the majority of 
spindles (∼80%) the brighter pole is correlated with proximity to the 
neck. Thus each pole can be assigned as either the old pole inher-
ited from the previous cell cycle (high intensity) or as the new pole 
assembled in G1 (low intensity). Our method of pole assignment 
(Supplemental Figure S1) simplifies spindle pole tracking, as it does 
not require the use of a slow-maturing red fluorescent protein, which 
results in little or no signal from the new pole (Pereira et al., 2001) or 
color switching (Hotz et al., 2012).

The relative displacement of structures that remain within a sin-
gle focal plane can be visualized in time and space using kymo-
graphs, which have been used for the analysis of the displacement 
of yeast centromeres (Pearson et al., 2001, 2003). We identified me-
dial spindles (initial length 1–1.5 μm) for which both poles remained 
within a single 300-nm focal plane for the majority of the 20-min 

FIGURE 4: Spindle-pole tracking and methods of analysis of spindle 
dynamical behavior. (A) Spindle assembly and anaphase can be 
followed by tracking the 3D displacements of the spindle poles as a 
function of time. (B) Spindle poles, reported by Spc42-CFP Cerulean, 
are diffraction-limited, point-like objects whose fluorescence 
intensities in x, y, and z are fit to Gaussian distributions. (C) Subpixel 
measurements of pole position in coordinate space and fluorescence 
intensities are used for pole tracking. (D) Using 3D Gaussian fits to x, 
y, and z intensity distributions of each spindle pole provides a 
resolution limit of 500 nm.
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the completion of biorientation. The ampli-
tude of length fluctuations is therefore ex-
pected to decrease over time. Our analysis 
of individual spindles using kymographs 
suggested that length fluctuations are not 
isotropic throughout spindle assembly but 
instead tend to decrease in amplitude over 
time. In general, wild-type spindles with an 
initial length of >2 μm exhibited small/
uniform length fluctuations and a net in-
crease in length, whereas spindles with an 
initial length of <2 μm exhibited larger 
length fluctuations with little increase in 
length (Figure 7A). In contrast, γ-tubS360A 
spindles with initial lengths between 1 and 
2.3 μm exhibited moderate length fluctua-
tions, and most spindles with an initial length 
of <2 μm steadily increased in length (Figure 
7B). This suggested that inhibiting S360 
phosphorylation results in spindles <2 μm in 
length exhibiting dynamic behavior that is 
observed for wild-type spindles >2 μm in 
length. Conversely, γ-tubS360D spindles ex-
hibited large length fluctuations regardless 
of initial spindle length (Figure 7C).

We next analyzed the amplitude of 
length fluctuations as a function of mean 
length of populations of wild-type, γ-
tubS360A, and γ-tubS360D preanaphase 
spindles (Figure 7, D–F). In general, the 
amplitude of fluctuations decreased as 
spindle length increased. Two distinct sub-
populations of wild-type, γ-tubS360A, and 
γ-tubS360D spindles were identified by k-
means clustering. Spindles <1.9 μm in 
length (cluster 1) underwent larger fluctua-
tions. Cluster 2 (1.9–2.6 μm) contained 
spindles that were relatively stable.

S360 phosphorylation state can 
dampen (S360A) or increase (S360D) 
length fluctuations
Our analysis of length fluctuations during 
spindle assembly (Figure 6, A–C) yielded 
three outcomes. First, wild-type spindles 
<2 μm in length are less stable (cluster 1) 
than spindles ≥2 μm in length (p = 0.0003; 
Figure 7, A and D). Our analysis of individual 
wild-type spindles (Figures 5A and 7A) 
suggests that the dynamics of ∼2-μm spin-
dles is characterized by steady growth. 
Second, fluctuations of all γ-tubS360A 
spindles are damped relative to wild-type 

and γ-tubS360D spindles, and although cluster 1 and cluster 2 pop-
ulations exist (p = 0.0267), all γ-tubS360A spindles are surprisingly 
similar in behavior (Figure 6, B and E). A two-tailed F-test was used 
to compare the fluctuations of cluster 1 wild-type and cluster 1 
γ-tubS360A spindles. It revealed that γ-tubS360A spindles were 
characterized by more uniform (damped) fluctuations relative to wild 
type (p = 0.001; Figure 7, D and E). Third, whereas the amplitude of 
length fluctuations decreased as γ-tubS360D spindle length in-
creased, these spindles are unstable relative to wild-type spindles.

spindles (Figure 6F; n = 75, 0.012 μm/min) was similar to that of 
wild type, the variance (σ = 0.0329) of γ-tubS360D was much larger, 
consistent with large fluctuations in length characterized by rapid 
shrinking and elongation events.

The amplitude of length fluctuations decreases as spindle 
length increases
Spindle stability is expected to increase as the process of spindle 
assembly is completed, resulting in a compact bundle of p-MTs and 

FIGURE 5: Analysis of spindle pole displacements in living cells. Spindle dynamical behavior was 
measured using 3D spindle-pole tracking and extended projection kymographs. (A) Both the 
kymograph and tracking data show that a wild-type spindle does not increase in net length, 
whereas pole tracking demonstrates that the amplitude of length fluctuations decreases over 
time. (B) Both the kymograph and tracking data show that a γ-tubS360A undergoes steady 
increase in length. The kymograph reveals that net increase in length correlates with outward 
displacement of both old and new spindle poles. (C) γ-tubS360D spindles are unstable, 
exhibiting very large fluctuations in length. Frequent tilting of the γ-tubS360D spindle through 
more than a single focal plane results in lack of correspondence between kymograph and pole 
tracking data and illustrates the need for pole tracking for accurate measurement of spindle 
dynamics. (D) Initial pole separation is delayed as a consequence of a cin8∆ loss-of-function 
mutation but is unaffected by γ-tubS360A and γ-tubS360D mutations.
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∼0.7 μm/min, a mid-anaphase slowing of 
pole separation at ∼4 μm, followed by a 
slow-growth plateau phase (Supplemen-
tal Figure S2). Using this information, we 
determined the minimum and maximum 
values for spindle length at the transition 
to anaphase for wild-type (n = 60; 2.17, 
2.79), γ-tubS360A (n = 73; 2.26, 2.93), and 
γ-tubS360D (n = 18; 2.08, 3.28) spindles 
(Supplemental Figure S2). These minimum 
and maximum lengths overlaps consider-
ably with the distribution of mean lengths 
of cluster 2 spindles (Figure 7, D–F), which 
suggests that the majority of these spin-
dles are completing the process of spin-
dle assembly.

Inhibiting S360 phosphorylation 
increases outward displacement 
of the new spindle pole
Pole separation during spindle assembly is 
the outcome of both internal and external 
forces applied through the spindle microtu-
bules and the cytoplasmic microtubules 
(c-MTs). This process has been extensively 
characterized in budding yeast. Three classes 
of motor proteins contribute to the forces ap-
plied through the c-MTs: cytoplasmic dynein, 
kinesins, and type V myosin (Carminati and 
Stearns, 1997; Lee et al., 2000; Yeh et al., 
2000; Liakopoulos et al., 2003). Before ana-
phase, these forces are applied asymmetri-
cally such that the old pole is pulled toward 
the plane of cleavage at the bud neck while 
the new pole is pushed. As a consequence, 
net increase in spindle length is expected to 
be the result of net outward displacement of 
the old pole, with little or no contribution 
from the displacements of the new pole.

We found that inhibiting S360 phospho-
rylation increases the velocity of pole sepa-
ration during the early phase of spindle as-
sembly (Figure 6G). In an effort to 
understand the basis of the increased ve-
locity of pole separation observed for 
γ-tubS360A spindles, we measured the in-
dividual displacements of the old and new 
spindle poles of wild-type and γ-tubS360A 
cluster 1 (<1.9 μm) spindles. We compared 
the displacements of oldWT versus oldS360A 
and newWT versus newS360A poles. Although 
it is not possible to directly measure forces 
applied to the spindle poles in living yeast 
cells, the displacement of each spindle pole 
(old, new) relative to the vector of total 
force indirectly reports the ensemble forces 
(including opposing force from c-MTs) in 

play at each spindle pole. The velocity of pole separation was in-
creased in cluster 1 γ-tubS360A spindles relative to cluster 1 wild-
type spindles (p = 0.02; Figure 8A). The displacement of the old 
pole (Wold) was characterized by overall acceleration in wild-type 
(0.065 ± 3.282) and γ-tubS360A spindles (0.10 ± 2.900; p = 0.41; 

Damped fluctuations and steady growth are correlated 
with the completion of spindle assembly
Wild-type spindles exhibit stereotyped behavior during ana-
phase (Straight et al., 1997; Yang et al., 1997), characterized by 
three modes of pole separation; initial rapid pole separation of 

FIGURE 6: Inhibiting S360 phosphorylation increases the velocity of pole separation during 
spindle assembly. (A–C) Distribution of initial spindle lengths in wild-type, γ-tubS360A, 
and γ-tubS360D cells used for analysis of spindle assembly shown in Figures 5–7. 
(D–F) Distribution of mean pole separation velocities of individual wild-type (n = 60, blue), 
γ-tubS360A (n = 59, red), and γ-tubS360D (n = 75, green) spindles. (G) Mean velocity of the 
wild-type, γ-tubS360A, and γ-tubS360D spindle populations. The mean velocity of pole 
separation is significantly increased in γ-tubS360A spindles (0.021 ± 0.0156 μm/min) relative 
to wild type (0.013 ± 0.0145 μm/min; p = 0.005). Mean velocity of pole separation for 
γ-tubS360D (0.012 ± 0.0329 μm/min) is decreased relative to wild type but was not 
significantly different (p = 0.813).
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pole (Figure 8D), whereas in γ-tubS360A spindles the displacement 
of both old and new poles was characterized by overall accelera-
tion (Figure 8E). This is consistent with the additional acceleration 
of the new spindle pole contributing to the overall increase in the 
velocity of pole separation of γ-tubS360A spindles.

Figure 8B). The displacement of the new pole in wild-type spindles 
(−0.31 ± 2.143) was characterized by overall deceleration, whereas 
outward displacement dominated at the new pole (Wnew) in 
γ-tubS360A spindles (0.70 ± 2.139; p = 0.03; Figure 8C). Thus, in 
wild-type spindles, there was an overall deceleration of the new 

FIGURE 7: Inhibiting S360 phosphorylation dampens fluctuations during early steps in spindle assembly. (A–C) Length 
dynamics of individual representative wild-type, γ-tubS360A, and γ-tubS360D spindles: blue and light blue (A), red and 
purple (B), and green and light green (C), respectively. Tracks represent spindles with initial length <2 or ≥2 μm, 
respectively. (D–F) Analysis of length fluctuations and their relationship to spindle length in wild-type (n = 60, blue), 
γ-tubS360A (n = 59, red), and γ-tubS360D (n = 75, green) cells. The mean fluctuation in length (<f>, in micrometers) is 
plotted as a function of the mean spindle length (<L>), using data collected over 20 min at a time step of 20 s. Spindles 
could be clustered using K-means into two populations based on the amplitude of length fluctuations (cluster 1, large; 
cluster 2, small), with a transition length of ∼1.9 μm for the wild-type (D) and γ-tubS360A (E) populations. Length 
fluctuations of wild-type cluster 1 spindles (<2 μm in length) are larger than fluctuations in γ-tubS360D cluster 1 spindles 
(F-test, p < 0.05). (F) Length fluctuations in the γ-tubS360D spindle population were larger relative to all preanaphase 
wild-type spindles (F-test, p < 0.01) but decrease in amplitude as spindle length increases.
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tions offered an opportunity to investigate 
how p-MTs form. In the case of the 
γ-tubS360A mutation, we detected antipar-
allel microtubule pairs, which we call pa-
MTs, in medial spindles that contain a nor-
mal number (approximately six) of p-MTs. 
Because pa-MTs are infrequently observed 
in wild-type medial spindles (only one of six 
models) but are observed in short (<1 μm) 
wild-type spindles, they likely form before 
p-MTs and may represent a transient inter-
mediate in p-MT formation.

The presence of both p-MTs and pa-
MTs in γ-tubS360A medial spindles sug-
gests that blocking phosphorylation of 
S360 does not inhibit either antiparallel 
pairing (e.g., formation of pa-MTs) or the 
extension of pairing overlap required to 
form p-MTs. If inhibiting S360 promotes 
pairing and p-MT formation, it follows 
that constitutive phosphorylation of S360 
would be expected to inhibit the forma-
tion of pa-MTs and p-MTs. We found that, 
indeed, p-MT formation is defective in 
the γ-tubS360D mutant. γ-tubS360D spin-
dles contain pa-MTs, however, suggesting 
that phosphorylation of S360 causes a 
specific defect in the extension of antipar-
allel microtubule overlap that is required 
to form a p-MT.

If a pairing event (pa-MT) generally leads 
to the formation of a p-MT in wild-type spin-
dles, the combination of p-MTs and pa-MTs 
in γ-tubS360A medial spindles suggests that 
availability of cross-linking factors also con-
tributes to limiting the number p-MTs 
formed during spindle assembly. Our obser-
vation that the total contour overlap in wild-
type and γ-tubS360A medial spindles is 
equally distributed over a variable number 
of pairs (∼6 in wild type vs. ∼10 in γ-tubS360A) 
is consistent with a limiting amount of at 
least one cross-linker protein that is required 
for pairing. We propose that S360 phospho-
rylation, in combination with the availability 
and/or activity of cross-linking proteins, en-
forces the formation of pa-MTs that will effi-
ciently convert to p-MTs during early steps 
in spindle assembly.

pa-MTs form early and are sufficient 
for initial pole separation
The formation of p-MTs is promoted by the 
kinesin-5 orthologue Cin8 and to a lesser 

extent Kip1 (Hoyt et al., 1992). The homotetrameric structure of 
kinesin-5 motors is believed to enable cross-linking of antiparallel 
microtubules during spindle assembly, followed by the antiparallel 
sliding of p-MTs during anaphase (Straight et al., 1998). Kar3 (kine-
sin-14), Bim1 (EB1), and Ase1 (PRC-1) also provide structural sup-
port to the anaphase spindle by cross-linking p-MTs. Deletion 
of Cin8 results in a significant defect in initial pole separation, indi-
cating that its function in cross-linking antiparallel microtubules 

DISCUSSION
S360 phosphorylation state contributes to the formation 
of interpolar spindle microtubules
In this study, we demonstrate that the S360 phosphorylation state 
influences antiparallel pairing, with increased pairing when S360 
phosphorylation is inhibited as a result of the γ-tubS360A mutation 
and a severe defect in the formation of p-MTs in the γ-tubS360D 
phosphomimetic mutant. The γ-tubS360A and γ-tubS360D muta-

FIGURE 8: Measurement of individual pole displacements during spindle assembly. (A) Mean 
velocity of pole separation for wild-type and γ-tubS360A cluster 1 spindles (Figure 7). 
Measurement of the vector of total force relative to the vector of displacement (W) for the old or 
new spindle poles. Each spindle pole moves from t1 to t2 to t3 over time with corresponding 
velocities v1 and v2. Movement (t1…t2…t3) results from the total force (F) applied to the pole 
relative to the vector of displacement. (B) W of the old pole in wild-type and γ-tubS360A spindles 
is positive (force is applied toward the vector of displacement; >90°) and not significantly 
different (p = 0.411). (C) W of new pole in the γ-tubS360A mutant (0.70 ± 2.139 μm2/min2) was 
significantly larger than in wild type (−0.31 ± 2.143 μm2/min2) and demonstrates that overall 
acceleration of the new pole occurs in γ-tubS360A spindles. The wild type had negative W and 
defines overall deceleration of the new spindle pole. For plots of velocity (A) and W (B, C), the 
edges of the boxes represent the 25th and 75th percentiles, whiskers represent extreme data 
points covering 99.3% of the data distribution, and + represent outliers. Green/yellow lines 
(boxes) are mean values. (D, E) Cartoon representation of relative displacements of the new pole 
in wild-type (D) and γ-tubS360A (E) spindles.
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changing the structure of the microtubule. The contribution of γ-
tubulin is likely to be indirect, with S360 phosphorylation state per-
haps influencing regulators of proteins that function in the forma-
tion of p-MTs and specifically in the extension of antiparallel 
overlap. Our findings suggest further investigation of regulatory 
kinases and phosphatases that associate with γ-tubulin and whether 
these interactions contribute to the proper function of microtubule-
associated proteins.

Spindle assembly from the perspective of the (−) ends 
of microtubules
Components of the γ-TURC are evolutionarily conserved, with 
γ-tubulin, Spc97, and Spc98, the three principal proteins of the 
budding yeast γ-TURC, represented in unicellular eukaryotes and 
metazoans (Kollman et al., 2011). Although budding yeast γ-tubulin 
is divergent from the γ-tubulins of animals and plants (Marschall 
et al., 1996; Spang et al., 1996), the sequence containing S360 lies 
in one of several evolutionarily conserved regions (Keck et al., 2011). 
The sequence conservation of S360 and flanking residues suggests 
that S360 phosphorylation is coupled to a conserved function of 
γ-tubulin that contributes to early events in spindle assembly that 
are common to fungal and animal cells.

Much of our understanding of the process of spindle assembly 
and microtubule organization and dynamics during mitosis is based 
on analysis of the properties and behaviors of the (+) ends of spindle 
microtubules and activities of the proteins that bind to (+) ends and/
or the contours of microtubules. Our findings suggest that the pro-
cess of spindle assembly can be considered a series of events occur-
ring at both ends of the spindle microtubules. From this perspec-
tive, γ-tubulin, and the γ-TURC, can be viewed as both a nucleation 
template and a launch pad that can receive regulatory inputs from 
the cell cycle machinery and use this information to appropriately 
deploy proteins that dictate microtubule dynamics and interactions 
that specify their fate as either k-MTs or p-MTs.

MATERIALS AND METHODS
Strain construction, genetic tests, and culture conditions
All strains used in this study are based in the haploid BY4741 wild-
type strain (Brachmann et al., 1998) and are listed in Table 1. Bud-
ding yeast γ-tubulin mutations were introduced by PCR-directed 
homologous recombination into the genomic locus of the YBR4743 
diploid strain expressing a Spc42-CFP fusion protein (pole marker; 
Cerulean variant) from the chromosomal locus. Isogenic haploid 
MATa strains expressing Spc42-CFP Cerulean that were wild type 
for γ-tubulin or bearing γ-tubS360A or γ-tubS360D mutations were 
isolated by tetrad dissection. For spindle analysis, data were col-
lected from three (wild type, γ-tubS360D) or four independent hap-
loid isolates (γ-tubS360A). Strain manipulation on solid media and 
growth of strains in liquid medium for microscopy and tomography 
were performed at 25°C.

Tomography
Log-phase cells were prepared for electron microscopy as previ-
ously described (Winey et al., 1995). Electron tomography was car-
ried out as previously described (O’Toole et al., 2002). Tomograms 
were reconstructed using the IMOD software package (Kremer 
et al., 1996; Mastronarde, 1997). Seven wild-type, five S360D, and 
six S360A complete spindles were reconstructed and spindle micro-
tubules modeled. Microtubule lengths were measured from model 
contour data using the program IMODINFO, and the core bundle 
analysis was performed using the program MTPAIRING as previ-
ously described (Winey et al., 1995). The program FIBERPITCH was 

occurs early and is crucial for initial pole separation (Saunders and 
Hoyt, 1992; Kotwaliwale et al., 2007; Gardner et al., 2008b; 
Zimniak et al., 2009). It was reported that initial pole separation 
does not require the motor activity of Cin8 (Crasta et al., 2006). 
Side-by-side spindle poles each have a small number of long 
(400–600 nm) microtubules, which are paired at a very high angle 
(O’Toole et al., 1999). We propose that pa-MTs form at this time 
and are sufficient for initial pole separation. This model for pa-MT 
formation and function is consistent with our finding that pole 
separation is not defective in γ-tubS360D spindles, which contain 
numerous pa-MTs but rarely p-MTs.

p-MTs influence the velocity of pole separation before 
anaphase
Measurements of the length fluctuations of spindles provide an in-
direct yet quantitative means of measuring their relative stability, 
which then can be correlated with spindle structure (tomographic 
models). We found that γ-tubS360D spindles lacking p-MTs are un-
stable throughout spindle assembly, suggesting that p-MTs have an 
important role in maintaining spindle stability before anaphase. We 
find that fluctuations in spindle length, which indirectly report spin-
dle stability, decrease as cells approach the metaphase–anaphase 
transition. Cross-linking proteins such as kinesin-5 are regulated by 
mitotic forms of Cdk1, which can increase or decrease the affinity of 
motor binding to microtubules (Cahu et al., 2008; Avunie-Masala 
et al., 2011). We observed that spindle dynamical behavior changes 
significantly at ∼2 μm (Figure 7), and this may reflect a change in the 
activity of proteins, such as kinesin-5, that dictate the behavior of 
the spindle through several activity modes: 1) microtubule depo-
lymerization, 2) microtubule cross-linking, and finally 3) antiparallel 
sliding (Gardner et al., 2008a,b). We speculate that the activity of 
one or more proteins that perform antiparallel sliding required to 
increase antiparallel contour overlap may be sensitive to S360 phos-
phorylation—for example, may be inhibited by S360 phosphoryla-
tion. Correspondingly, antiparallel sliding may occur earlier if S360 
cannot be phosphorylated. This model is consistent with our mea-
surement of pole separation velocity, which is significantly increased 
in γ-tubS360A medial spindles regardless of their length.

The role of γ-tubulin in p-MT formation suggests that 
overlap extension requires (−)-end activity
Since its discovery in 1989 (Oakley and Oakley, 1989), γ-tubulin has 
been found to be a ubiquitous component of microtubule-organizing 
centers in animal, plant, and fungal cells. The nucleation function of 
γ-tubulin and the γ-TURC is essential for life, as null mutations or 
depletion of γ-tubulin or GRIPs are generally lethal. Although it is 
not surprising that γ-tubulin is required to assemble a functional 
spindle, S360 phosphorylation does not appear to contribute to 
the formation of microtubules. Our findings are surprising, given 
that formation of p-MTs during spindle assembly is believed to be 
governed through the activities of microtubule-associated proteins 
that interact with microtubules at their (+) ends and/or along their 
contour length. We propose that activities at microtubule (−) ends 
and the spindle pole also contribute to the specification of p-MTs. 
Numerous in vitro single-molecule measurements of kinesins, in-
cluding Cin8/kinesin-5, have been performed with in vitro–assem-
bled microtubules that have varying numbers of protofilaments 
(Cahu et al., 2008; Avunie-Masala et al., 2011; Roostalu et al., 
2011), and there is no evidence that such changes in the micro-
tubule lattice have a significant effect on Cin8 cross-linking or slid-
ing activity. Thus, although formally possible, it is unlikely that the 
phosphorylation state of S360 promotes or inhibits pairing by 
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kernel. By use of a spatial cut-off for the filter kernel close to the 
characteristic size of a spindle pole body (diameter, ∼100 nm; Winey 
et al., 1995), high-frequency noise was attenuated to a level below 
that of true features. The central part of the diffraction pattern, or 
Airy disk, can be approximated to a Gaussian profile. Fitting the 
profile of fluorescent signal of Spc42-CFP Cerulean to a Gaussian 
distribution in three dimensions detects the x, y, z position of each 
spindle pole with subpixel resolution (∼20 nm in x and y and ∼30 nm 
in z dimensions; Figure 4). Images were acquired over 20 min with 
20-s intervals and 27–31 z-stacks. Each spindle pole is tracked 
independently.

To obtain the trajectory of each spindle pole, coordinates of the 
feature extracted from raw images are tracked in time, using a cut-
off distance relative to the previous time step to identify the same 
feature displaced in space between adjacent time steps. Preana-
phase cells undergoing spindle assembly and cells that went through 
anaphase were identified in the total sample population using the 
spindle-tracking algorithm shown in Supplemental Figure S2. Pre-
anaphase cells were used for the analysis of spindle assembly as 
shown in Figure 4. We use this method for the analysis of popula-
tions of wild-type, S360A, and S360D cells to measure relative pro-
tein abundance at poles over time, extract instantaneous spindle 
length, quantify velocities of pole displacement and length fluctua-
tions, and position of the poles in coordinate space relative to the 
bud neck (Rauch et al., 2010). Fluctuation of the spindle length was 
calculated for each spindle as <ν2> − <ν>2, where ν is a matrix of 
instantaneous velocities and <ν> is mean velocity averaged over 
20 min for the population of cells. f = square root of the fluctuation 
(Figure 7).

Cells that transitioned to anaphase were used to determine the 
minimum and maximum values for the length at which wild-type or 
mutant cells transition to anaphase as follows: first, the curve of spin-
dle elongation for each cell was fit to an eighth-order polynomial 

used to measure the angle between each microtubule and the spin-
dle axis as described in Winey et al. (2005). Secondary pitch-pairing 
analysis was performed using MatLab (MathWorks, Natick, MA).

Live-cell imaging
Cells expressing Spc42-CFP Cerulean were imaged at 25°C as pre-
viously described (Rauch et al., 2010) using a custom spinning-disk 
confocal microscope, a Leica (Wetzlar, Germany) DM6000 inverted 
body with a 100×/1.46 numerical aperture plan-Apochromat objec-
tive, piezo stage (Mad City Labs, Madison, WI/Applied Scientific 
Instrumentation, Eugene, OR) and DAQ control board, Borealis 
head (conversion of a QLC100 Visitek unit; Quorum Technologies, 
Guelph, Canada), laser merge module (Spectral Applied Research, 
Richmond Hill, Canada), 441- and 493-nm solid-state lasers 
(Coherent, Santa Clara, CA), and a water-cooled, back-thinned elec-
tron-multiplying charge-coupled device camera with photon count-
ing enabled (Hamamatsu, Hamamatsu, Japan). MetaMorph, version 
7.7.3.0 (Universal Imaging, West Chester, PA), was used for image 
acquisition. Images were collected in a streaming regime as a stack 
(300-nm z-steps in 27–31 focal planes) with an exposure time for 
50 ms/focal plane. For most studies, capture time was 20 min with 
20-s interval (τ) between acquisitions.

Spindle analysis
Pole-tracking algorithm. All data analysis was implemented in 
MatLab. The fluorescence signal from Spc42-CFP Cerulean reports 
the position of the spindle poles, which are tracked in successive 
time steps as point-like, diffraction-limited objects using methods 
described in Crocker and Hoffman (2007) and Crocker and Grier 
(1996). Spc42-CFP Cerulean was used to provide the coordinate 
position of each pole, as it is one of the first proteins recruited to the 
spindle pole body in G1 phase (Jaspersen and Winey, 2004). 
Fluorescence images were filtered using a 3D band-pass Gaussian 

Strain Genotype Notes Source

YV856 MATa SPC42-CFPCerulean-HygB; his3∆1; leu2∆0; met15∆0; ura3∆0 Microscopy; wild-type isolate 1 This study

YV859 MATa SPC42-CFPCerulean-HygB; his3∆1; leu2∆0; met15∆0; ura3∆0 Microscopy; wild-type isolate 2 This study

YV860 MATa SPC42-CFPCerulean-HygB; his3∆1; leu2∆0; met15∆0; ura3∆0 Microscopy; wild-type isolate 3 This study

YV845 MATa; tub4-S360A-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360A isolate 1 This study

YV846 MATa; tub4-S360A-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360A isolate 2 This study

YV848 MATa; tub4-S360A-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360A isolate 3 This study

YV849 MATa; tub4-S360A-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360A isolate 4 This study

YV1607 MATa; tub4-S360D-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360D isolate 1 This study

YV1651 MATa; tub4-S360D-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360D isolate 2
 

This study

YV1652 MATa; tub4-S360D-NAT; SCP42-CFPCerulean-HygB; his3∆1; leu2∆0; 
met15∆0; ura3∆0

Microscopy; γ-TubS360D isolate 3 This study

YV447 MATa; his3∆1; leu2∆0; met15∆0; ura3∆0 Tomography; wild type This study

YV1184 MATa; tub4-S360A-NAT; his3∆1; leu2∆0; met15∆0; ura3∆0 Tomography; γ-TubS360A This study

YV1209 MATa; tub4-S360D-NAT; his3∆1; leu2∆0; met15∆0; ura3∆0 Tomography; γ-TubS360D This study

TABLE 1: Strains used in this study.
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