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SUMMARY

How septin architecture is remodeled from an hourglass to a double ring during cytokinesis in
fungal and animal cells remains unknown. Here, we show that during the hourglass-to-double ring
transition in budding yeast, septins acquire a “zonal architecture” in which paired septin filaments
that are organized along the mother-bud axis associate with circumferential single septin filaments,
the RhoGEF Bud3, and the anillin-like protein Bud4 exclusively at the outer zones and with
myosin-11 filaments in the middle zone. Deletion of Bud3 or its Bud4-interacting domain, but not
its RhoGEF domain, leads to a complete loss of the single filaments whereas deletion of Bud4 or
its Bud3-interacting domain destabilizes the transitional hourglass, especially at the mother side,
with partial loss of both filament types. Deletion of Bud3 and Bud4 together further weakens the
transitional structure and abolishes the double ring formation, while causing no obvious defect in
actomyaosin ring constriction. This and further analyses suggest that Bud3 stabilizes the single
filaments whereas Bud4 strengthens the interaction between the paired and single filaments at the
outer zones of the transitional hourglass as well as in the double ring. This study reveals a striking
zonal architecture for the transitional hourglass that pre-patterns two cytokinetic structures — a
septin double ring and an actomyosin ring, and also defines the essential roles of a RhoGEF-anillin
module in septin architectural remodeling during cytokinesis at the filament level.
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INTRODUCTION

Septins form distinct filamentous structures that act as a scaffold and/or diffusion barrier to
carry out critical roles in diverse processes including cytokinesis, cell migration, membrane
trafficking, and microbial infection [1-8]. During cytokinesis, septins stabilize the cell
division site and also undergo dramatic architectural remodeling to allow fission. Such a
remodeling event, in which one ring is remodeled into two, occurs in various organisms
ranging from yeast to human [9-18]. In Drosophila S2 cells [19] and mammalian cells [16-
18], septins form an hourglass-shaped structure during furrow ingression, which is then
remodeled into a double ring during abscission. A similar transition occurs in the budding
yeast Saccharomyces cerevisiae where septins at the bud neck (i.e. the cell division site)
undergo an hourglass-to-double ring (HDR) transition at the onset of cytokinesis [9-11, 15].
In the fission yeast Schizosaccharomyces pombe [12, 13] and the filamentous fungi
Neurospora crassa [20, 21] and Aspergillus nidulans [22, 23], septins also undergo a single
ring-to-double ring transition at the onset of cytokinesis. Despite striking similarity of the
septin architectural remodeling at the division site across species, the molecular mechanisms
underlying this process remains largely unknown in any system.

We have previously shown using platinum-replica electron microscopy (PREM) [15] that the
septin hourglass formed at the division site upon bud emergence in S. cerevisiae consists of
paired septin filaments oriented along the mother-bud axis. This early hourglass develops
into a “transitional hourglass” before cytokinesis in which the paired filaments are

Curr Biol. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

RESULTS

Page 3

intersected perpendicularly by periodic circumferential single septin filaments spaced by
~30 nm (the length of a single septin octamer) that can be seen underneath the paired
filaments, whereas myosin-I1 filaments are present on the top and in the middle of paired-
filament arrays. At the onset of cytokinesis, the transitional hourglass is remodeled into a
double ring that contains a mixture of circumferential paired and single septin filaments.
Together with live-cell imaging data, these findings suggest that septin remodeling during
the HDR transition is regulated with a high spatial and temporal precision. However, these
regulatory mechanisms are far from being understood.

A RhoGEF-anillin module plays important roles in coordinating actomyosin ring (AMR)
assembly and septin recruitment to drive furrow ingression and stabilize the furrow shape,
respectively, during cytokinesis in animal cells [19, 24-28]. A similar module in budding
yeast is represented by the Cdc42-GEF Bud3 [29] and the anillin-like protein Bud4 [30].
Immunostaining data indicate that the endogenous Bud3 and Bud4 associate with the septin
hourglass during mitosis and with the septin double ring during cytokinesis and cell
separation [31, 32]. Both proteins interact with the septins through their central regions [33—
36] and with each other through their C-terminal regions, which, in the case of Bud4,
contains the anillin-homology (AH) and pleckstrin-hology (PH) domains [33, 34]. Genetic
studies have also implicated Bud3 and Bud4 in septin organization [30, 33, 34, 37, 38]. Our
previous analysis indicates that Bud4 is essential for maintaining the mother side of the
double ring during cytokinesis [30]. However, it remains unknown how Bud3 and Bud4
affect the HDR transition at the architectural and filament level in vivo.

Using an integrative approach that combines yeast genetics, cell synchronization,
quantitative live-cell imaging, and PREM coupled with immunogold labeling, we show here
that the transitional septin hourglass possesses a zonal architecture, with Bud3 and Bud4
decorating the septin gauze at the outer zones while myosin-I1 filaments marking the middle
zone. Bud3 and Bud4 play distinct and essential roles in the HDR transition, but are
dispensable for AMR constriction.

The RhoGEF Bud3 and the anillin-like protein Bud4 localize to the outer zones of the
transitional septin hourglass as well as the septin double ring

Previous studies suggest that the HDR transition involves filament disassembly [15, 30, 39—
41] as well as assembly of the double ring instructed by unknown “spatial cues” at the ends
of the hourglass [15]. We hypothesize that the RhoGEF Bud3 [29] and the anillin-like
protein Bud4 [30] (Figure 1A) might function as the spatial cues, as both proteins associate
with the septin hourglass during mitosis and with the septin double ring during and after
cytokinesis [31, 32]. This pattern of localization is unique among the more than 120 bud
neck-localized proteins in budding yeast [1, 2]. In addition, Bud4 is essential for maintaining
the mother side of the double ring during cytokinesis, suggesting a role in the HDR
transition [30].

To test the “spatial-cue™ hypothesis, we first determined the precise timing and pattern of
Bud3 and Bud4 localization in relation to the septin structures during the cell cycle.
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Spinning-disk imaging of live cells expressing either Bud3-GFP or Bud4-GFP with Cdc3-
mCherry (septin) (Figure 1B and Video S1) or with mRuby2-Tubl (a-tubulin) (Figure S1
and Video S1) showed that both Bud3 and Bud4 began to localize to the preformed septin
hourglass at the bud neck in S/G2, and then to the septin double ring during cytokinesis and
cell separation (Figure S1). This result suggests that Bud3 and Bud4 are not required for
early hourglass assembly, but might play a role in late hourglass and double ring formation.
As expected, the septins (Cdc3-mCherry) displayed a stereotypical drop of 25-30% in
intensity during the HDR transition (Figure 1C) [30, 38, 42]. In contrast, the levels of Bud3
and Bud4 remained fairly constant or even slightly increased during this period (Figure 1C).
This data suggests that Bud3 and Bud4 might not associate with the septin filaments evenly
throughout the hourglass. Indeed, analysis by super-resolution instant structured illumination
microscopy (iSIM) revealed that both Bud3 and Bud4 localized first to the mother side of
the septin hourglass, then to both ends of the hourglass, and, finally, co-localized with the
septin double ring after the HDR transition (Figures 1D and 1E and Video S1). Together,
these data indicate that Bud3 and Bud4 associate with the outer zones, but are less abundant
or absent in the middle zone of the septin hourglass.

To determine the localization of Bud3 and Bud4 during the HDR transition at higher
resolution, we used PREM coupled with immunogold-labeling [15]. Consistent with the
iSIM data, we found that the gold particle-labeled Bud3 and Bud4 (Figure 1F) localized
exclusively to the outer zones of a “transitional hourglass” [15] where the paired filaments
running along the mother-bud axis (Figure 1F, green) were intersected by the
circumferential single filaments at ~90° angle (Figure 1F, orange) [15]. In contrast, the
middle portion of the transitional hourglass was occupied by myosin-11 filaments (Figure 1F,
purple) [15], but lacked the circumferential single filaments, and was not labeled by the
Bud3 or Bud4 immunogold. As expected, Bud3 and Bud4 also associated with the septin
filaments in the double ring (Figure 1F). These data define a striking “zonal architecture” for
the transitional hourglass, and suggest that Bud3 and Bud4 are likely involved in the
formation of the gauze structure.

Bud3 and Bud4 play distinct and essential roles in the septin hourglass-to-double ring
transition, but are dispensable for actomyosin ring constriction

To define the specific roles of Bud3 and Bud4 in the HDR transition, we monitored septin
behavior (Cdc3-GFP) in wild-type (WT), bud34, bud4A, and bud3A bud4A cells by time-
lapse microscopy. We found that the septin hourglass and double ring were fragmented at the
onset of cytokinesis in every bud3A cell. The fragmented double ring was eventually
disintegrated and migrated away from the division site (Figure 2A and Video S2). In bud4A
cells, the mother side of the double ring was abolished, and the single ring at the daughter
side lasted for less than 8 min, in contrast to the ~ 20 min duration for the double ring in WT
cells (Figure 2A and Video S2) [30]. Strikingly, the septin double ring was nearly eliminated
in bud34 bud4A cells; only a weak single ring was formed at the daughter side and
disappeared quickly (Figure 2A and Video S2). Importantly, after cytokinesis, the assembly
of a nascent septin ring, which would become an early hourglass upon bud emergence,
formed normally in the double mutant (Figure 2A, white arrow, and Video S2), suggesting
that Bud3 and Bud4 are dispensable for the assembly of early septin structures. This
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conclusion is further supported by the fact that both proteins are expressed and begin to
localize to the bud neck after S/G2 during the cell cycle [32, 43]. When the septin intensity
at the bud neck was quantified against the background outside of the cell (Figure 2B), the
intensity drops for different strains were 23% (WT), 35% (bua34), 49% (bud44), and 60%
(bud34 bud44), respectively, at the time of spindle break. Furthermore, the intensity drop
occurred ~ 8 min earlier in the bud3A bud4A cells compared to the WT cells (Figure 2B).
Taken together, these data indicate that Bud3 and Bud4 play important, but distinct roles, in
the HDR transition.

To define the distinct roles of Bud3 and Bud4 at the architectural and filament levels, we
performed PREM analysis. All of the transitional hourglass structures (n = 40) from WT
cells arrested at the onset of cytokinesis consisted of longitudinal paired filaments oriented
in parallel to the mother-bud axis (Figure 3A, green) and circumferential single filaments
(Figure 3A, orange) [15]. The middle portion of the hourglass was devoid of the single
filaments and was occupied by circumferential myosin-I1 filaments that were on top of the
longitudinal paired filaments (Figure 3A, uncolored region; and Figure S2A). In bud3A
cells, most of the transitional hourglass structures captured (61 out of 110) displayed
“elongated” paired filaments at one side of the bud neck (Figure 3A, right side), which
likely reflects fragmented transitional structures, as observed by time-lapse microscopy
(Figure 2A and Video S2). Most importantly, none of these transitional structures (n = 110)
contained the circumferential single filaments (Figures 3A and S2B), a defect that can be
visualized only by PREM, not time-lapse, analysis. Thus, Bud3 is absolutely essential for
the assembly and/or maintenance of the circumferential single filaments in the transitional
hourglass. In bud4A cells, most of the transitional structures (59 out of 83) displayed a clear
asymmetry, with one side having a gauze- or a partial gauze-like architecture, while the
other side lacked single filaments and also had fewer paired filaments (Figure 3A, orange,
and Figure S2B). The remaining transitional structures (24 out of 83) were disorganized on
both sides, and contained no single filaments at either side. This is consistent with the
preferential, but shortened, presence of septins at the daughter side of the bud neck in bud4A
cells (Figure 2A and Video S2) [30]. Thus, Bud4 is required for the assembly and/or
maintenance of both the paired and the single filaments in the transitional hourglass,
especially at the mother side of the bud neck. Not surprisingly, very few septin transitional
structures were recovered from bua34 bud4A cells. These structures were disorganized and
contained no circumferential single filaments (Figure S2B). Together, these data indicate
that Bud3 and Bud4 play distinct roles in the assembly of a transitional hourglass.

We also examined the double-ring structures from WT, bua34, and bud4A cells. Note that
only one side of the double ring was visualized in a majority of the cases. The other side was
presumably separated from its cognate pair during unroofing. As expected, all the double
ring halves (n = 74) from WT cells contained circumferential paired and single filaments
that were connected by short bridges, often having a bulging appearance, at the intervals of
32.6 = 5.0 nm (n = 153) - approximately the length of a septin octamer (Figures 3B and S3,
arrowheads). In some cases (33 out of 74), an AMR was detected within the septin ring
(Figures 3B, arrows). In bud3A cells, no intact double ring halves were observed. This is
consistent with the absence of circumferential single filaments in the transitional hourglass,
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which likely serve as precursors for the double ring. The presumed double ring fragments (n
= 24) contained septin filaments with much less density than those from WT cells (Figures
3B and S2C). A few such structures (6 out of 24) were accompanied by a nearby AMR
(Figures 3B). Despite this defect, the septin filaments in the double ring fragments were still
connected by the bulging bridges at the intervals of 32.2 + 5.2 nm (n = 63) (Figures 3B and
S3, arrowheads). In bud4A cells, most of the double rings or their fragments were
associated with an AMR (23 out of 29) (Figures 3B and S2C). Strikingly, the septin
filaments in all the observed structures were no longer connected by the bulging bridges
(Figures 3B and S3). These results suggest that Bud4 is required for crosslinking septin
filaments in the double ring at the interval of a septin octamer. Together, these data
demonstrate that Bud3 and Bud4 play distinct roles in the double ring assembly.

The zonal architecture of the transitional hourglass suggests that it pre-patterns two
cytokinetic structures — a septin double ring and an AMR. Both structures are
simultaneously generated from remodeling of the transitional hourglass at the onset of
cytokinesis, and act in concert to promote cytokinesis [30]. The data described above
demonstrate that Bud3 and Bud4 play essential roles in converting the gauze-like structure at
the outer zones of the transitional hourglass into a septin double ring. In contrast, we found
that the constriction of the AMR, marked by Myo1-GFP (the sole myosin-Il heavy chain in
budding yeast) [44, 45], appeared largely normal in bud34, bud44, or bud3A bud4A cells
(Figures S4A and S4B; and Video S3). Thus, Bud3 and Bud4 are dispensable for AMR
constriction. This observation also suggests that the paired septin filaments in the
transitional hourglass, especially those beneath the myosin-11 filaments in middle zone, are
sufficient for scaffolding AMR assembly, and that cell cycle-triggered removal of these
septin filaments allows the AMR to be anchored to the PM and initiate its constriction.
Indeed, the mitotic exit network-controlled displacement of septins at the division site is
required for AMR constriction [46]. Taken together, these data suggest that Bud3 and Bud4
play essential roles in the HDR transition, but not in AMR assembly and constriction.

Bud3 targets to the division site via both Bud4-dependent and -independent mechanisms

Bud3 and Bud4 are known to interact with each other [35, 47], as well as with septins [33,
34, 36]. To understand their specific roles in the HDR transition, we must understand their
interplay at the division site during the cell cycle. Towards this goal, we found that in the
absence of Bud4, the accumulation of Bud3-GFP at the division site dropped by ~55% (see
Methods for details) in comparison to its intensity in WT cells before the HDR transition
(Figures 4A and 4B and Video S4), indicating that Bud3 possesses both Bud4-dependent
and —independent mechanisms for its targeting to the bud neck before the HDR transition.
The Bud4-dependent mechanism is likely mediated by its direct interaction with Bud4
whereas the Bud4-independent mechanism is likely mediated by its interactions with the
septins and the PM [33-35]. These data also suggest that Bud3 is able to interact with the
paired septin filaments in the early hourglass (without circumferential single filaments) [15]
before the HDR transition. During the HDR transition, Bud3-GFP was essentially lost at the
division site in bud4A cells, except for a weak signal at the daughter side of the bud neck
(Figures 4A and 4B and Video S4). This pattern of Bud3-GFP localization was similar to
that of Cdc3-GFP localization in bud4A cells during the HDR transition (Figures 2A and 2B
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and Video S2), suggesting that the further loss of Bud3 localization in bud4A cells during the
HDR transition is due to the loss of septin structures caused by the absence of Bud4. Thus,
Bud4 may retain Bud3 at the division site via a direct interaction as well as indirectly via its
role in septin organization. In contrast, deletion of BUD3 did not appreciably change the
overall spatiotemporal profile of Bud4-GFP at the division site, but caused Bud4-GFP signal
to fragment and migrate away from the division site during the HDR transition (Figures 4C
and 4D and Video S4) [47]. This phenotype is remarkably similar to the septin behavior in
bud3A cells (Figure 2A and Video S2), suggesting that Bud4 can associate with the septins
independent of Bud3 [47]. Taken together, these results indicate that despite the overall
similarity in localization pattern, Bud3 and Bud4 regulate each other’s behavior in distinct
ways. Bud4 closely associates with septins and partially controls Bud3 localization whereas
Bud3 is largely dispensable for Bud4 localization at the bud neck.

The Bud4-interacting domain, but not the RhoGEF domain, of Bud3 is essential for the
assembly of the single filaments in the transitional hourglass

We then analyzed how specific domains in Bud3 and Bud4 mediate their localizations to the
bud neck and contribute to their roles in the HDR transition. We first examined the
possibility that Bud3 regulates the HDR transition through its GEF activity towards Cdc42,
which is thought to be important for spatially linking the division site to the next
polarization or budding site [29]. However, precise deletion of the coding sequence for the
RhoGEF domain (aa259-442) of Bud3 at the endogenous locus affected neither the Bud3
localization nor the HDR transition during the cell cycle (Figures S5A and S5B). The zonal
architecture of the transitional hourglass was also properly maintained (32 out of 32
structures examined) (Figures 5A and 5B). Thus, the GEF domain of Bud3 is not required
for its localization or septin remodeling.

In contrast, deletion of the Bud4-interacting domain (B4ID, aal221-1636) in Bud3 caused
nearly ~35% drop in its localization to the bud neck before the HDR transition (Figure S6A
and S6B), similar to Bud3 localization in bud4A cells (~55% drop) (Figures 4A and 4B).
Thus, the Bud4-dependent localization of Bud3 before the HDR transition is mainly
mediated by B4ID. Unlike the near-complete loss of Bud3-GFP at the bud neck in bud4A
cells during the HDR transition (Figures 4A and 4B), the level of Bud3-B4IDA-GFP at the
bud neck remained the same before and during the HDR transition (Figure S6A and S6B).
This observation could be explained by the fact that the septin structures were retained much
better at the division site during the HDR transition in bud3-B4/DA cells (Figure S6A and
S6B) than in bud4A cells (Figures 4A and 4B), presumably due to the presence of Bud4 in
the bud3-B41DA cells that could stabilize the septin structures. This was indeed the case, as
the septin double ring was nearly abolished in bud3-B41DA bud4A cells and, consequently,
Bud3-B4IDA-GFP failed to localize to the bud neck during the HDR transition (Figure S6A
and S6B). Thus, the Bud4-stabilized septin structures might help retain Bud3-B4IDA at the
division site during the HDR transition via an interaction between the septin-association
domain (SAD) in Bud3 and the septins (Figure 1A) [33]. This interaction could, in turn,
stabilize the septin structures at the bud neck, as their fragmentation during the HDR
transition was much less pronounced in bua3-B4/DA cells than in bud3A cells (Figures 2A
and S6A). Surprisingly, the localization of Bud3-B4IDA to the bud neck was also nearly
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abolished in bud4A cells before the HDR transition, despite the presence of abundant septins
at the bud neck (Figure S6A and S6B). The underlying reason remains unknown, although it
is possible that the altered architecture of the septin hourglass in bud4A bud3-B41DA cells
might prevent its interaction with the SAD in Bud3-B4IDA. Collectively, these data indicate
that the B4ID of Bud3 plays a role in its neck localization as well as in septin organization.

Indeed, the bud3-B41DA cells displayed more rapid disassembly of the septin double ring at
the mother side than at the daughter side (Figure S6A and S6B). This phenotype is similar,
but much milder than that of the bud4A cells (Figures 2A and 2B). Nonetheless, these data
suggest that the interaction of Bud3 with Bud4 is preferentially needed for maintaining the
mother side of the septin double ring. Remarkably, PREM analysis showed that the
circumferential single filaments in the transitional hourglass were completely abolished (44
out of 44 structures examined) (Figures 5A and 5C), indicating that the B41D of Bud3 is
essential for the assembly and/or maintenance of the single filaments in the transitional
hourglass.

The AH and PH domains of Bud4 are critical for the assembly and stability of the
transitional hourglass

Similarly, we examined different domains of Bud4 for their roles in Bud4 and Bud3
localization as well as in the HDR transition. As expected, deletion of the septin-interacting
domain (SID, aa623-774) of Bud4 [33-36] reduced its localization to the bud neck
throughout the cell cycle (dropped by ~34% and 24% at the time points =14 and +4,
respectively) (Figures 6A and 6B), presumably due to its decreased interaction with the
septins. As the neck localization of Bud3 partially depends on Bud4, not surprisingly, this
localization was also reduced in bud4-SIDA cells (dropped by ~26% and 24% at the time
points —14 and +4, respectively) (Figures S7A and S7B). The septins were able to undergo
the HDR transition in bud4-SIDA cells, although the septin intensities were reduced before
and during the HDR transition, and the mother side of the double ring was hardly detectable
(Figures 6A, 6B, STA, and S7B). This destabilization of septin structures at the bud neck is
presumably caused by the reduced binding of Bud4 and Bud3 to the septins in bud4-SIDA
cells, which likely acts as a stabilizing force during the HDR transition.

We then deleted the C-terminal fragment (aa1067-1447) of Bud4, which contains the AH-
PH domains (Figure 1A) [for simplicity, this truncated allele is referred to as bud4-(AH-
PH)A hereafter]. Bud4-(AH-PH)A displayed a dramatic loss of neck localization (dropped
by ~56% at the time point —14) before the HDR transition with no apparent effect on the
hourglass shape and intensity (Figures 6A and 6B). The localization of Bud3 to the bud neck
was also dramatically reduced in bud4-(AH-PH)A cells (dropped by ~48% at the time point
—14) (Figures S7A and S7B). This is not surprising, as the AH-PH domains of Bud4 are
known to interact with Bud3 (Figure 1A) [34, 35]. Thus, the AH-PH domains play a major
role in the localization of Bud4 to the bud neck before the HDR transition, which, in turn,
affects Bud3 accumulation at the bud neck. However, these domains are largely dispensable
for the maintenance of septins at the bud neck before the HDR transition.

Strikingly, the localization of Bud4-(AH-PH)A at the bud neck increased dramatically during
the HDR transition, and this increase was accompanied by a positional shift of Bud4-(AH-
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PH)A, together with the septins, from the mother side to the daughter side (Figure 6A,
arrows and Figure 6B). The shift was also manifested by the sudden expansion of the ring
size at the daughter side, without apparent change in the total septin intensity. These data
suggest that the AH-PH domains are essential for tethering the septin structures to the PM at
the mother side during the HDR transition, and that the SID in Bud4-(AH-PH)A prefers to
interact with septin structures formed during the HDR transition. Indeed, deletion of the
SID, together with the AH-PH domains, in Bud4 [i.e. Bud4-(SID; AH-PH)A] completely
abolished its localization to the bud neck and further destabilized the septin structure to
almost non-detectable level during the HDR transition (Figures 6A and 6B). Together, these
data indicate that the SID and AH-PH domains account for the entire neck-targeting signals
in Bud4; and, more importantly, that while the SID can provide a means for Bud4-septin
association, the AH-PH domains play a critical role in the HDR transition.

The localization of Bud3 increased slightly and appeared to co-shift with the septins from
the mother side to the daughter side in bud4-(AH-PH)A cells during the HDR transition
(Figure S7A, arrows and Figure S7B). This data suggests that Bud3 can associate with the
septins independent of its interaction with Bud4 during the HDR transition. However, in
contrast to Bud4-(AH-PH)A that associated with the single ring at the daughter side until the
next budding event (Figure 6A, asterisks), Bud3 disappeared from the daughter side
immediately after the HDR transition, despite the abundant presence of the septins (Figure
STA, asterisks). These data suggest that the maintenance of Bud3 in the septin double ring
after the HDR transition depends on its interaction with Bud4. The disappearance of Bud3
from the daughter side occurred even more quickly in bud4-(SID; AH-PH)A cells than in
bud4-(AH-PH)A cells (Figure STA, asterisks). This is not surprising, as the septin structure
disappeared much faster in bud4-(SID; AH-PH)A cells than in bud4-(AH-PH)A cells
(Figures S7A and S7B). Collectively, these data suggest that the interaction between Bud3
and Bud4 as well as their interactions with the septins are highly regulated during the HDR
transition, and that Bud4 can associate with the septin double ring (after the HDR transition)
independent of its interaction with Bud3, whereas the association of Bud3 with the double
ring depends on its interaction with Bud4.

Because all the analyses described above point to a critical role of the AH-PH domains of
Bud4 in controlling Bud3 localization as well as septin organization during and after the
HDR transition, we examined the architecture of the transitional hourglass in bud4-(AH-
PH)A cells. Strikingly, these cells either failed to form circumferential single filaments
completely (56 out of 78 structures examined) or formed asymmetrically (22 out of 78
structures examined) (Figure 6C) in the transitional hourglass, similar to the bud4A cells
(Figure 3A). These data indicate that the AH-PH domains of Bud4 are most critical for its
role in the assembly and maintenance of the transitional hourglass.

Discussion

In this study, we have defined a striking zonal architecture for the transitional hourglass with
unparalleled resolution, which has direct implication on how two crucial cytokinetic
structures — the septin double ring and the AMR - are simultaneously generated with a
defined spatial relationship during the HDR transition (Figure 7). PREM analysis coupled
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with immunogold labeling of Bud3 and Bud4 allowed us to visualize clearly the distinct
zones of the transitional hourglass. The gauze-like structure is limited to the outer zones that
consist of the longitudinal paired filaments, circumferential single filaments, Bud3, and
Bud4, whereas the middle zone is occupied by the longitudinal paired filaments and
circumferential myosin-1I filaments. This zonal architecture suggests a mechanism by which
the transitional hourglass is converted into a septin double ring that sandwiches the AMR.
Previous studies suggest that the HDR transition, which is triggered by the mitotic exit
network [10, 11, 46], must involve a net loss of septins from the division site [39, 40, 48],
90° change in filament orientation [40, 49], and the presence of spatial cues at the ends of
the hourglass that instruct the double ring formation [15]. Based on this knowledge and the
zonal architecture discovered in this study, we speculate that, during the HDR transition, the
paired filaments in the transitional hourglass are triggered to disassemble into shorter
fragments and/or septin complexes. Without the stabilization by Bud3 and Bud4 in the
middle zone, the disassembled septins underneath the myosin-I1 filaments are lost, therefore,
allowing the AMR to anchor to the PM and initiate its constriction. In the outer zones, the
shorter septin filaments and/or complexes are stabilized at the PM through their binding to
Bud3 and Bud4, and are then re-organized and/or re-polymerized into circumferential paired
filaments that are connected to the circumferential single filaments via Bud3 and Bud4.
Whether the single filaments also undergo dynamic rearrangement during the HDR
transition remains unknown. Collectively, these dynamic actions in the outer zones lead to
the formation of a septin double ring that sandwiches the AMR. Thus, the transitional
hourglass pre-patterns two crucial cytokinetic structures that are known to act in concert to
restrict diffusible factors at the division site during cytokinesis [30, 50].

We have also, for the first time, defined the critical roles of Bud3 and Bud4 in the HDR
transition at the architecture and filament levels (Figure 7). The surprising finding is that
Bud3 is absolutely essential for the assembly of the circumferential single filaments in the
transitional hourglass, which presumably explains the fragmentation of septin structures
during the HDR transition in bua3A cells. This role of Bud3 requires its interaction with
Bud4 and septins, but not its RhoGEF activity towards Cdc42. On the other hand, Bud4 is
required for the stability of the transitional hourglass and the double ring, especially at the
mother side of the bud neck. PREM analysis suggests that Bud4 carries out this role, at least
in part, by controlling the assembly and/or maintenance of both paired and single filaments
in the transitional hourglass, and this function requires its conserved AH-PH domains, which
also mediate its interaction with Bud3 [34, 35]. Taken together, these observations suggest
that the interaction between Bud3 and Bud4 is essential for the assembly of the transitional
hourglass and its subsequent remodeling into a double ring.

At the molecular level, we found that Bud4 is required for the formation of a bulky-looking
cross-linker that connects septin filaments in the double ring at the interval of a septin
octamer. This crosslinking presumably can occur between paired and single filaments as
well as between neighboring paired filaments (e.g. in bud3A4 cells). Based on this
observation, we hypothesize that the Bud4-Bud3 complex stabilizes the junction between the
paired and single filaments in the transitional hourglass with Bud4 being more proximal to
the paired filaments while Bud3 being more proximal to the single filaments (Figure 7). This
model is also supported by the observation that Bud4 interacts with both Cdc11 and Shs1,
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the terminal subunits for the two distinct septin octamers in budding yeast [36, 51]. Cdc11
octamers are known to form paired filaments in vitro [52] whereas Shs1 octamers cannot
form linear filaments via end-to-end ligation but can be laterally staggered to form a ring-
like structure or associate with Cdc11 octamer-formed filaments in vitro [53]. In addition,
Cdc11 and Shsl interact with each other [54-56]. Thus, the junction between the paired and
single filaments in the transitional hourglass is likely defined by the Cdc11-Shs1 interaction
and possibly other interactions involving either or both septins [15]. It’s noteworthy that, in
our model, the Shs1 octamers do not polymerize end-to-end into single filaments, and the
detailed interactions between Bud3, Bud4, and the septins require further investigation.

Why is the mother side of the transitional hourglass or double ring preferentially
disassembled in bud4A cells? One possibility is that the septins at the mother side of the bud
neck are asymmetrically modified, e.g. by sumoylation [57] (Figure 7) to alter the
interactions between Bud4 and the septins, membrane lipids, or Bud3 to enable a more rapid
disassembly of the mother side of the transitional hourglass or double ring. Regardless of the
molecular details, this mechanism must be evolved to accommodate the lifestyle of
asymmetric cell division by the budding yeast, i.e. the mother cell is significantly larger than
the daughter cell at the time of cytokinesis. Consequently, the mother cell enters the next cell
cycle right after cytokinesis and cell separation, and disassembles the old septin ring at the
division site and forms a new ring at an adjacent budding site much quicker than the
daughter cell does.

As exemplified by the Bud3-Bud4 pair in budding yeast, a RhoGEF-anillin module is also
likely involved in the coordination of cytokinesis and septin remodeling in fission yeast [12,
13, 58, 59], filamentous fungi [22, 23, 60], Drosophila [19], and mammalian cells [16-18,
28]. Further studies are required to establish to what extent the mechanisms underlying the
RhoGEF and anillin-mediated septin remodeling during cytokinesis are conserved across
model systems.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for research materials may be directed to and will be
fulfilled by the Lead Contact, Erfei Bi (ebi@pennmedicine.upenn.edu). Reagents generated
in this study will be made available on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our experimental model is the budding yeast Saccharomyces cerevisiae. All yeast strains
used in this study are listed in Table S1. Standard culture media and genetic techniques were
used. Yeast strains were grown routinely at 25°C in synthetic complete (SC) minimal
medium lacking specific amino acid(s) and/or uracil or in rich medium YM-1 or yeast
extract/peptone/dextrose (YPD). New strains were constructed either by integrating a
plasmid carrying a modified gene at a genomic locus or by transferring a deletion or tagged
allele of a gene from one strain to another via PCR amplification and yeast transformation
(see footnotes in Table S1).
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METHOD DETAILS

Plasmids—All primers were purchased from Integrated DNA Technologies and described
in Table S2. Sequencing of constructs was performed at the DNA Sequencing Facility,
University of Pennsylvania. Plasmids Y1p128-CDC3-GFP [48] and YIp128-CDC3-mCherry
[61] (integrative, LEUZ) carries an N-terminally GFP- or mCherry-tagged CDC3 under the
control of its own promoter, respectively. Plasmids pHIS3p::mRuby2-Tub1+3’UTR::URA3
and pHIS3p::mRuby2-Tub1+3’UTR::HPH [62], pFA6a-link-yEGFP-SpHis5 and pFA6a-
link-yEGFP-Kan [64], and pFA6a-His3MX6 [65] were described previously. Plasmid
YCp50-MYOL1 (CEN URAS3, supplied by S. Brown, University of Michigan, Ann Arbor,
MI) carries wild-type MYOZ under its own promoter control [66]. Plasmid pAG25
(NVatMX®) [67] was purchased from Addgene and was used for making myolA::NAT
deletion.

Live-cell imaging and quantitative analysis—For time-lapse microscopy, cells were
grown at 25°C to exponential phase in liquid SC media with selection for the presence or
absence of specific plasmids carried in the yeast strain. Cells were concentrated by
centrifugation, spotted onto a poly-lysine-coated glass-bottom dish, and then embedded with
SC containing agarose [68]. SC media was added to dish for live imaging at room
temperature (~23°C). Images were acquired using a Nikon microscope (model Eclipse Ti-U,
Tokyo, Japan) equipped with a Nikon 100x/1.49NA oil objective (model CFI Apo TIRF
100x), and a Yokogawa spinning-disk confocal scanner unit (model CSU-X1, Tokyo, Japan).
A Photometrics QuantEM EMCCD camera (model 512SC, Tucson, AZ, USA) was used for
image capture. Solid-state lasers for excitation (488 nm for GFP and 561 nm for RFP) were
housed in a launch constructed by Spectral Applied Research (model ILE-400, Richmond
Hill, Ontario, Canada). The imaging system was controlled by MetaMorph version 7.8.10.0
(Molecular Devices, Downingtown, PA, USA). Images were taken with z-stacks of 11 x 0.7
um for all the experiments.

For quantification of the fluorescence intensity of targeted protein-GFP signal (Bud3-GFP,
Bud4-GFP, Cdc3-GFP, and Myol-GFP, respectively), a sum projection was created and
quantification was performed with ImageJ (National Institutes of Health). A polygon was
drawn around the region of interest and the integrated density was measured. The
fluorescence intensity of the background was subtracted from this measurement (outside the
cell unless indicated otherwise). The data was further calculated as intensity per unit area,
and finally normalized to the peak intensity (100%) of the protein-GFP signal at the bud
neck in the cell. Data were analyzed with Microsoft Excel, and expressed as the mean value
+ standard deviation (SD). For calculating the decrease in fluorescence intensity of a full-
length protein (Bud3-GFP or Bud4-GFP) in a mutant (bud3A4 or bud4A cells) versus WT at
the bud neck before the HDR transition, we use the formula of 1-(protein-GFP in mutant/
protein-GFP in WT at the time point —14). For calculating the decrease in fluorescence
intensity of a truncated protein [e.g. Bud4-(AH-PH)A-GFP] versus the full-length protein
(e.g. Bud4-GFP) at the bud neck before and during the HDR transition, we use the formula
of 1-(truncated protein-GFP/full-length protein-GFP) at the time points —14 and +4,
respectively (see plots in relevant figures).
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For imaging with VT-iSIM, cell growth and slide preparation was the same as described
above. Images were acquired using an Olympus microscope (model Olympus IX71 inverted
microscope) equipped with an Olympus 100x/1.4 NA U Plan-S-Apo oil immersion objective
(Olympus America, Inc, Center Valley, PA), and a confocal scan head: VisiTech VT-iSIM
(VisiTech International, Inc., Sunderland, UK). The Hamamatsu ORCA Flash4.0 V3
SCMOS (model C13440-20CU, Hamamatsu USA, Bridgewater NJ) and the Evolve® 512
Delta EMCCD Camera (Tucson, AZ, USA) were used for image capture. The imaging
system was controlled by MetaMorph (Molecular Devices, Downingtown, PA, USA). For
time-lapse imaging (Figure 1D), we took only one optical section per fluorophore per time
point to avoid photo-bleaching. For snapshots (Figure 1E), images were taken with z-stacks
of 21 x 0.25 um.

For deconvolving the VT-iSIM images, we used the Microvolution deconvolution plugin of
ImageJ [63].

Cell synchronization, spheroplasting, and unroofing—Cells of different strains
containing the cdc15-2 mutation were cultured in 50 mL YM-1 medium with shaking at
25°C to achieve ODggg = 0.4. Cells were then pelleted and resuspended in 37°C-preheated
YM-1 medium. Cells were grown at 37°C for 2.5 h to achieve synchrony at onset of
cytokinesis or followed by down shifting to 25°C for 35 min to achieve synchrony at the
double-ring stage.

Cells were washed with 40 mM Tris-EDTA (TE) (pH 8.0), and then incubated in 3 mL TE
plus 5 pL B-Mercaptoethanol for 15 min at 30°C. After centrifugation, the cell pellet was
resuspended in spheroplast buffer (10 mM PIPES,1.2 M sorbitol, pH 6.5) containing 0.3
mg/mL zymolyase-100T (Amsbio, Oxfordshire, UK) and incubated at 35°C with moderate
shaking for 1 h. Sephroplasts were washed three times with the spheroplast buffer and then
mounted to a polylysine-coated coverslip. Two coverslips with spheroplasts on top were
dipped into the spheroplast buffer and 1X KHMgE buffer (70 mM KCI, 20 mM HEPES, 5
mM MgCl,, 3 mM EGTA) sequentially, and then pressed against each other with the
spheroplasts in between the coverslips on a slide with one drop of the 1X KHMgE buffer.
The coverslips were lifted and then fixed immediately in 2% glutaraldehyde in 1X KHMgE
buffer at room temperature (RT ~ 23°C) for 20 min.

Immunogold labeling—The coverslips with fixed unroofed spheroplasts were quenched
in 2 mg/mL and 5 mg/mL NaBH4 in phosphate-buffered saline (PBS) for 10 min
sequentially, blocked in 1% glycine for 10 min, and then washed three times in PBS. The
coverslips were blocked in PBS with 5% donkey serum for 30 min. Each coverslip was
incubated with the goat polyclonal anti-GFP antibody (1:50 in PBS with 5% donkey serum,
ABCAM ab5450) at RT for 1.5 h. After washing five times with PBS and blocking for 10
min in immunogold-labeling buffer (20 mM Tris-HCI, pH 8.0, 0.5 M Nacl, and 0.05%
Tween 20) containing 0.5% donkey serum, the coverslips were incubated with 18-nm
Colloidal Gold AffiniPure Donkey Anti-Goat 1gG (H+L) (Jackson ImmunoResearch
Laboratories, Inc. 705-215-147, 1:5 dilution) in immnogold-labeling buffer containing 5%
donkey serum at RT for overnight. After washing five times in immunogold-labeling buffer
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containing 0.05% donkey serum, the coverslips were fixed with 2% glutaraldehyde in 0.1 M
sodium cacodylate, pH 7.3.

Critical point drying and platinum coating—This was done by following a protocol
described previously [15, 69]. The coverslips with fixed unroofed spheroplasts were treated
in 0.1% tannic acid in water for 20 min. After washing three times with water, they were
stained in 0.2% urany! acetate in water for 20 min, which was followed by sequential
incubation in 10, 20, 40, 60, 80, 100% ethanol and then critical point-dried with Samdri
PVT-3D (Tousimis) CPD. Platinum was rotary-shadowed to the samples at 45° angle to form
~2-nm layer and carbon was then rotary-shadowed at 90° angle to form a 3.5-4 nm layer.

PREM imaging and analysis—After detaching the glass coverslips with hydrofluoric
acid, coated samples were mounted on EM grids and imaged using a JEM 1011 transmission
electron microscope (JEOL USA, Peabody, MA) operated at 100 kV. Images were captured
with an ORIUS 832.10W charge-coupled device (CCD) camera (Gatan, Warrendale, PA),
and were presented in inverted contrast. Structures of interest were color-labeled using the
Adobe Photoshop.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of fluorescence intensity was performed using NIH ImageJ. Data were
analyzed with Microsoft Excel, and expressed as the mean value * standard deviation (SD)
throughout this study. Detailed statistical information can be found in Figures and Figure
Legends.

DATA AND CODE AVAILABILITY

Data supporting the findings of this study are available within the paper and its
Supplemental Information files and from the authors upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bud3 and Bud4 localize to the outer zones of the transitional hourglass as well as the
double ring
(A) Domains and motifs in Bud3 and Bud4, modified from references [33, 35]. DH/

RhoGEF, Dbl Homology domain/Rho Guanine-nucleotide-Exchange Factor; AHX,
Amphipathic Helix; SAD, Septin Association Domain; B41D, Bud4-Interacting Domain;
SID, Septin-Interacting Domain; AH, Anillin Homology; PH, Pleckstrin Homology; and
B3ID, Bud3-Interacting Domain.

(B) Montage of time-lapse data showing the localizations of Bud3 and Bud4 in relation to
the septins during the cell cycle. Cells of the strains YEF8459 (BUD3-GFP CDC3-mCherry)
and YEF8461 (BUD4-GFP CDC3-mCherry) were imaged with a 2-min interval. Due to
space limitation, only selected frames are shown here. Septin transition = time point “0” (the
first time-point after the full drop in septin intensity). “D/M” refers to Daughter/Mother
orientation throughout this paper. Scale bar, 2 pm. See also Figure S1 and Video S1.

(C) Quantitative analysis of Bud3 and Bud4 localization (Mean £ SD) in relation to septin
HDR transition during the cell cycle. Imaging data acquired from (B) were used for this
analysis. n, individual cells. Please note that max projection of a z-stack is used to illustrate
the pattern of protein localization whereas sum projection of the same z-stack is used for the
guantitative analysis throughout this study.

(D) Time-lapse analysis of Bud3 and Bud4 localization in relation to the septin hourglass
and double ring by iSIM. Strains imaged were YEF8459 (BUD3-GFP CDC3-mCherry) and
YEF8461 (BUD4-GFP CDC3-mCherry). Cdc3-mCherry: septin HDR transition was used as
the clock. Due to photo-bleaching, a single optical section for each fluorophore was acquired
for each time point to show the pattern of protein localization. Scale bar, 2 um. See also
Video S1.
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(E) Line-scanning profiles of Bud3-GFP and Bud4-GFP in relation to the septin hourglass
(Cdc3-mCherry) across the boxed region at the bud neck from representative cells of the
same strains described in (D). Z-sections of the cells were imaged by iSIM and sum-
projected into a 2D image that was subjected to line-scanning analysis. a.u., arbitrary units.
(F) Immunogold labeling PREM analysis of Bud3 and Bud4 localization in relation to the
septin transitional hourglass and double ring. Strains used were YEF8455 (BUD3-GFP
cde15-2) and YEF8457 (BUD4-GFP cdc15-2). The cdc15-2 mutation was used to
synchronize cells at the stage of transitional hourglass (top) or double ring (bottom).
Unroofed cell cortices were first labeled with a primary anti-GFP antibody followed by an
18-nm gold particle conjugated secondary antibody (pseudo-colored in yellow). Myosin-11
filaments (purple), paired filaments (green), and single filaments (orange) are indicated.
Scale bar, 200 nm.
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Figure 2. Bud3 and Bud4 are differentially required but collectively essential for the double ring
assembly
(A) Time-lapse analysis of septin organization (Cdc3-GFP) during the cell cycle (mRuby?2-

Tubl) in WT (YEF8106), bud3 (YEF8104), bud4 (YEF8105) and bud3 bud4 (YEF8103)
cells. Cells were imaged with a 2-min interval, and only selected frames are shown here. The
selected bud-neck region (white box) was magnified and shown in the bottom panel for each
strain. “Spindle break” refers to the cell cycle-triggered breakage of the mitotic spindle at its
mid-point. Scale bar, 2 um. See also Video S2.

(B) The intensity of Cdc3-GFP at the bud neck from the cells imaged in (A) was quantified
against the background outside the cell. Data are expressed as mean value + SD.
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Transitional septin hourglass

Septin double ring

Figure 3. Bud3 and Bud4 play distinct roles in generating the architecture of the transitional
hourglass and the double ring

(A) PREM analysis of the transitional hourglass in WT, bud3A4, and bud4A cells. Cells of the
strains YEF8356 (cdc15-2) (WT), YEF8909 (bud3A cdc15-2), and YEF8908 (bud4A
cdc15-2) were synchronized at the stage of transitional hourglass and then processed for
PREM analysis. To aid visualization and filament recognition, the paired filaments oriented
along the mother-bud axis (green) and the circumferential single filaments (orange) in the
enlarged regions of the transitional hourglasses from the WT (a’), bud3A (b’), and bud4A
(c?) cells were highlighted. See also Figures S2A and S2B.

(B) PREM analysis of the double ring in WT, bud34, and bud4A cells. The same strains as
in (A) were used for the analysis except that the cells were synchronized at the double ring
stage. A constricted actomyosin ring (AMR) within or next to the double ring or its
fragments (only one side of the double ring was visualized) was indicated to illustrate the
spatial relationship between the two cytokinetic structures, which also confirms the
correctness of the cell cycle stage. To visualize the filament density and identify the Bud4-
dependent “bulky-looking” cross-linker, the cross-linkers (white arrowheads) on the double-
ring filaments (orange) in the enlarged regions of the structures from the WT (d”), bud3A
(€”), and bud4A (f°) cells were highlighted. Scale bar, 200 nm. See also Figures S2C, S3, S4,
and Video S3.
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Figure 4. Bud3 targets to the division site via both Bud4-dependent and —independent
mechanisms.

(A) Montage of time-lapse data showing the neck-localization dependence of Bud3 on Bud4
during the cell cycle. The strains imaged were YEF8408 in (WT) (top) and YEF8409 (bud4)
(bottom). Cells were imaged with a 2-min interval, and only selected frames are shown here.
Spindle break = time point “0” (arrowhead). Scale bar, 2 pum. See also Video S4.

(B) Quantitative analysis of Bud3 localization at the bud neck during the cell cycle. Both
normalized intensity (left) and the raw data (right) acquired in (A) are presented to show the
rate and level of Bud3 accumulation, respectively. Data are expressed as mean value = SD.
a.u., arbitrary units.

(C) Montage of time-lapse data showing the neck-organization dependence of Bud4 on
Bud3 during the HDR transition. The strains imaged were YEF8410 in (WT) (top) and
YEF8462 (bud3) (bottom). Cells were imaged with a 2-min interval, and only selected
frames are shown here. Scale bar, 2 pm. See also Video S4.

(D) Quantitative analysis of Bud4 localization at the bud neck during the cell cycle. Both
normalized intensity (left) and the raw data (right) acquired in (C) are presented to show the
rate and level of Bud4 accumulation, respectively. Data are expressed as mean value + SD.
a.u., arbitrary units.
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Figure 5. The Bud4-interacting domain, not the RhoGEF domain, of Bud3 is essential for the
assembly of the circumferential single filaments in the transitional hourglass

(A) WT and mutant Bud3 constructs used in this analysis. DH/RhoGEF, Dbl Homology
(DH) domain/Rho Guanine-nucleotide-Exchange Factor; SAD, Septin Association Domain;
B4ID, Bud4-Interacting Domain.

(B) PREM analysis of the transitional hourglass from the strain YEF9672 (bud3-
RhoGEFAcdc15 2). See also Figure S5.

(C) PREM analysis of the transitional hourglass from the strain YEF9817 (bud3-
B4IDAcdc15-2). Scale bar, 200 nm. See also Figure S6.
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Figure 6. The AH-PH domains of Bud4 are critical for the assembly and stability of the
transitional hourglass

(A) Montage of time-lapse data showing the neck localizations of Bud4, Bud4-SIDA, Bud4-
(AH-PH)A, Bud4-(SID; AH-PH)A, in relation to the septins during the HDR transition. The
strains imaged were YEF8461 (BUD4-GFP CDC3-mCherry), YEF10122 [ bud4-SIDA-GFP
CDC3-mCherryl, YEF9520 [bud4-(AH-PH)A-GFP CDC3-mCherry], and YEF10124 [bud4-
(S51D; AH-PH)A-GFP CDC3-mCherry]. Cells were imaged with a 2-min interval, and only
selected frames are shown here. Septin transition = time point “0”. Scale bar, 2 um.

(B) Quantitative analysis of the intensities of Bud4 variants and septin at the bud neck
during the cell cycle. The data acquired in (A) are used for the analysis, and are expressed as
mean value + SD. a.u., arbitrary units. See also Figure S7.

(C) PREM analysis of the transitional hourglass from the strain YEF9523 [bud4-(AH-
PH)Acdc15-2]. Scale bar, 200 nm.
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Figure 7. A model for the mechanism of Bud3- and Bud4-mediated septin architectural

remodeling at the division site

Bud3 and Bud4 play distinct and essential roles in the assembly and remodeling of the

transitional hourglass (see text for details)
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Bacterial Strains
E. colistrain DH5a | Invitrogen | Cat #: 18258012

Chemicals, Peptides, and Recombinant Proteins

Bacto Tryptone

Formedium, Hunstanton, UK

Ca t#: TRPO3

D(+)- Glucose-Monohydrat

Merck, Darmstadt, Germany

Cat #: 1.08342.2500

Yeast nitrogen base w.0. (NH4),SO4

Formedium, Hunstanton, UK

Cat #: CYN0502

L-Arginine 136,15N4 Hydrochloride

Sigma, Darmstadt, Germany

Cat #: 608033-250MG

L-Asparagine-Monohydrate

AppliChem, Darmstadt, Germany

Cat #: A3669,0100

L-Isoleucine

Ducheta Biochemie, Haarlem, NL

Cat #: 10 711.0100

L-Lysine-Monohyrate

Merck, Darmstadt, Germany

Cat #: 1.12233.0100

L-Methionine

Sigma, Darmstadt, Germany

Cat #: M9625

L-Phenylalanine

Ducheta Biochemie, Haarlem, NL

Cat #: P0716.0100

L-Threonine Sigma, Darmstadt, Germany Cat #: T-8625
Adenine Sigma, Darmstadt, Germany Cat #: A9126-100
L-Histidine Ducheta Biochemie, Haarlem, NL Cat #: H0720
L-Leucine Ducheta Biochemie, Haarlem, NL Cat #: L0712

Uracil Sigma, Darmstadt, Germany Cat #: U0750-100G
L-Tryptophane Sigma, Darmstadt, Germany Cat #: T-0254
Yeast extract powder (Yeast Bacto Extract) Formedium, Hunstanton, UK Cat #: YEA04
Agar-Agar Carl Roth GmbH+Co. KG, Karlsruhe, Germany | Cat #:5210.5

5-fluoro-orotic acid

Formedium, Hunstanton, UK

Cat #: 5FOA10

Ampicilin Sodium

Formedium, Hunstanton, UK

Cat#: AMP100

Agarose

Sigma, Darmstadt, Germany

Cat #: A9539-500

G-418 Disulphate

Formedium, Hunstanton, UK

Cat #: G4185

PEG3000 Merck, Darmstadt, Germany Cat #: 8.17019.5000
EDTA AppliChem, Darmstadt, Germany Cat #: APPCA3553.1000
Lithiumacetate Carl Roth GmbH+Co. KG, Karlsruhe, Germany | Cat #: 5447.1

Sodium Chloride Sigma, Darmstadt, Germany Cat #: 31434

Zymolyase 100T

Amsbio, Oxfordshire, UK

Cat#: 120493-1

Glutaraldehyde

Polyscience, Pennsylvania, USA

Cat#: 01909-10

Anti-GFP antibody

Abcam, Cambridge, USA

Cat#: ab5450

18 nm Colloidal Gold AffiniPure Donkey Anti-Goat
1gG (H+L)

Jackson ImmunoResearch, Pennsylvania, USA

Cat#: 705-215-147

Tannic Acid Mallinckrodt, Kentucky, USA Cat#:1764
Uranyl Acetate Structure Probe, Pennsylvania, USA Cat#:02624
Experimental Models: Organisms/Strains

Saccharomyces cerevisiae strains, see Table S1 This paper N/A

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primers, see Table S2 This paper N/A
Recombinant DNA
Plasmid: Y1p128-CDC3-GFP [48] N/A
Plasmid: Y1p128-CDC3-mCherry [61] N/A
Plasmid: pFA6a-TRP1 Addgene Cat #: 41595
Plasmid: pAG25 Addgene Cat #: 35121
Plasmid: pFA6a-URA3-KanMX6 John Pringle N/A
Plasmid: pHIS3p: mRuby2-Tub1+3’UTR::HIS3 [62] N/A
Plasmid: pHIS3p: mRuby2-Tub1+3’UTR::HPH [62] N/A
Plasmid: pFA6a- link-yoEGFP-Sp H/S5 Addgene Cat #: 44836
Plasmid: pFA6a-link-yoEGFP-KAN Addgene Cat #: 44900

Software and Algorithms

MetaMorph version 7.8.10.0

Molecular Devices

https://www.moleculardevices.com/

Fiji

[63]

https://imagej.net/Fiji/

NIH ImageJ (1.51j)

NIH

https://imagej.nih.gov/ij/
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