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Kar1 binding to Sfi1 C+terminal regions anchors the
SPB bridge to the nuclear envelope
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The yeast spindle pole body (SPB) is the functional equivalent of the mammalian centrosome. The half bridge is a SPB
substructure on the nuclear envelope (NE), playing a key role in SPB duplication. Its cytoplasmic components are the
membrane-anchored Kar1, the yeast centrin Cdc31, and the Cdc31-binding protein Sfil. In G1, the half bridge ex-
pands into the bridge through Sfi1 C-terminal (Sfi1-CT) dimerization, the licensing step for SPB duplication. We ex-
ploited photo-activated localization microscopy (PALM) to show that Kar1 localizes in the bridge center. Binding assays
revealed direct interaction between Kar1 and C-terminal Sfil fragments. kar 1A cells whose viability was maintained by
the dominant CDC31-16 showed an arched bridge, indicating Kar1’s function in tethering Sfi1 to the NE. Cdc31-16
enhanced Cdc31-Cdc31 interactions between Sfi1-Cdc31 layers, as suggested by binding free energy calculations. In
our model, Kar1 binding is restricted to Sfi1-CT and Sfi1 C-terminal centrin-binding repeats, and centrin and Kar1
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provide cross-links, while Sfi1-CT stabilizes the bridge and ensures timely SPB separation.

Introduction

Microtubule organizing centers (MTOCs), such as the mam-
malian centrosome (Bornens, 2012) and their yeast equivalent
spindle pole body (SPB; Jaspersen and Winey, 2004), acquire
their microtubule organizing activity by recruiting y-tubu-
lin complexes (Kollman et al., 2011). Both centrosomes and
SPBs duplicate only once in the cell cycle and use the exist-
ing structure as the site for assembly of the daughter organ-
elle (Nigg and Stearns, 2011).

The SPB of Saccharomyces cerevisiae consists of layered
plaques and remains embedded in the nuclear envelope (NE)
throughout the cell cycle. A specialized substructure called the
half bridge is essential for SPB duplication. The half bridge is
a one-sided extension of the central plaque that is layered on
top of the cytoplasmic and nuclear sides of the NE (Byers and
Goetsch, 1975). In early Gl, the half bridge elongates into a
bridge structure. A miniature version of the SPB called the sat-
ellite develops at the distal end of the bridge on the cytoplasmic
side of the NE. After the start of the cell cycle, the satellite elon-
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gates into a duplication plaque that is subsequently inserted into
the NE (Adams and Kilmartin, 2000).

Four proteins constitute the SPB half bridge/bridge and
are all essential for SPB duplication. The membrane-anchored
protein Karl is accompanied by Sfil on the cytoplasmic side
of the half bridge/bridge (Rose and Fink, 1987; Spang et al.,
1995). The yeast centrin Cdc31, a conserved Ca**-binding pro-
tein similar to calmodulin, directly interacts with both Sfil and
Karl (Spang et al., 1993; Biggins and Rose, 1994; Wiech et al.,
1996; Kilmartin, 2003). The SUN domain protein Mps3 was
suggested as the sole component of the nuclear half bridge side
(Jaspersen et al., 2002, 2006).

Sfil is a long, a-helical protein that longitudinally spans
the entire length of the half bridge (Kilmartin, 2003). It consists
of an unstructured N-terminal region (Sfil-NT), central Cdc31
binding sites, and a disordered C terminus (Sfil-CT; Li et al.,
2006). All Sfil molecules are aligned with the same orientation
in the half bridge where the N terminus is embedded in the SPB’s
central plaque and the C terminus marks the distal end of the
half bridge. By C-tail-to—C-tail interaction of Sfil molecules,
half bridge-into-bridge extension occurs (Kilmartin, 2003; Li et
al., 2006; Elserafy et al., 2014). This arrangement exposes a raft
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of Sfil N termini, proposed to function as the satellite assembly
platform (Adams and Kilmartin, 2000). In S phase, Sfi1-CT be-
comes phosphorylated by cyclin-dependent kinase 1 (Cdk1) to
separate the bridge after SPB duplication and to restrict this event
to once per cell cycle (Avena et al., 2014; Elserafy et al., 2014).

Besides its function in karyogamy where Karl recruits
the y-tubulin receptor Spc72 and the motor protein Kar3 to the
bridge (Pereira et al., 1999; Gibeaux et al., 2013), Kar1 has an
important role in SPB duplication (Rose and Fink, 1987). Re-
gion I around Karl’s Cdc31 binding site is essential for SPB
duplication, although the molecular role of this region is not
understood (Vallen et al., 1992a; Spang et al., 1995). Interest-
ingly, several single point mutations in CDC31 suppress Karl’s
function in SPB duplication by a mechanism currently not un-
derstood (Vallen et al., 1994).

Centrin binding to MTOC:S is conserved. In yeast, Karl
harbors a single Cdc31-binding site, whereas Sfil contains
~20-21 binding sites in its center (Li et al., 2006). In higher
eukaryotes, centrin forms complexes with multi-centrin bind-
ing proteins named hSfil and Poc5 in the lumen of centrioles
(Kilmartin, 2003; Azimzadeh et al., 2009).

Here, we describe the interaction of Karl and Cdc31
with Sfil, elucidate the mechanism for the bypassing of Karl
by CDC31 suppressor mutants, and provide a comprehensive
model for the role of Karl and Cdc31 in SPB duplication.

To understand how Karl and Sfil behave during the cell cycle,
we generated tagged yeGFP-KARI and SFII-yeGFP cells.
yeGFP-Karl was chosen, as a tag at the C-terminal membrane
anchor of Karl severely affects SPB duplication (Vallen et al.,
1992a,b). Tagging of the proteins had no impact on cell growth,
or on their recruitment to the SPB (Figs. 1 A and S1 A). Cdc31
was not included in this analysis, as N- and C-terminal fusions
render the protein nonfunctional (Kilmartin, 2003).

The fluorescence intensity of a GFP signal is directly pro-
portional to the number of GFP-tagged proteins (Wu and Pol-
lard, 2005). We determined the relative fluorescence intensity of
Sfil-yeGFP and yeGFP-Kar1 in haploid strains and normalized
it to the constant GFP signal of haploid CSE4-yeGFP cells in
anaphase (Fig. 1, B and C; Erlemann et al., 2012). Polyploid-
ization is a common phenotype that arises from half bridge
gene manipulations. Using FACS analysis, we confirmed the
haploidy of yeGFP-tagged strains (Fig. S1 B).

During the elongation of the half bridge, the fluorescence
signal for Karl and Sfil reached maximal intensities before
each signal declined by around half with bridge separation in
S phase (Fig. 1 A). A slight increase in the SPB signals of each
protein was observed at mitotic entry, possibly reflecting the lat-
eral extension of the half bridge. This cycling behavior of Karl
and Sfil points toward coordinated behavior of both proteins.

Karl was present in a threefold molar excess over Sfil
at the SPB in a-factor-arrested G1 cells (Fig. 1, B and C).
To exclude secondary effects of pheromone treatment on half
bridge/bridge structure, the signals of both proteins were mea-
sured in unsynchronized, morphology-selected G1 cells. The
values resembled the threefold excess of Karl over Sfil in
synchronized cells (Fig. 1 C).

Because EM analysis of SPBs showed a significant size
difference between the core SPB of diploid and haploid cells
(Byers, 1981), we asked whether the size of the half bridge/
bridge structure of diploid cells increased in a similarly coor-
dinated manner. The yeGFP SPB signal of diploid cells was
normalized to haploid CSE4-yeGFP cells (Fig. S1, B-D). The
SPB signal intensities of yeGFP-KARI/yeGFP-KARI and
SFI1-yeGFP/SFI1-yeGFP cycling diploid G1 cells were sim-
ilar to that of haploid cells (Fig. 1, C and E). This shows that
the half bridge/bridge possess a similar architecture irrespective
of the size of the core SPB.

We next tested whether the half bridge/bridge components
are in constant exchange with soluble pools. To this end, ye-
GFP-Karl and Sfil-yeGFP were analyzed using FRAP (Fig. 1,
F and G). Neither protein displayed dynamic behavior at any
cell cycle phase. To exclude the possibility that most of the
Karl and Sfil pools resided at the SPB and were bleached in
the FRAP experiment without the chance of recovery, we per-
formed fluorescence loss in photobleaching (FLIP). As proof of
principle, we analyzed the GFP signal of tagged polo-like ki-
nase Cdc5 at SPBs. The SPB-associated Cdc5 signal diminished
when constant laser pulses bleached the nucleus (Fig. S1 E).
FLIP of SFII-yeGFP cells did not affect the SPB-associ-
ated signal (Fig. S1 F). These data show that the half bridge/
bridge of the SPB is a stable structure and that Karl and
Sfil show coordinated behavior.

The SPB half bridge has a length of ~60 nm, which is doubled
upon bridge formation (Li et al., 2006). Therefore, determining
the exact position of Karl along the bridge is difficult to achieve
by conventional light microscopy. Here we used photo-acti-
vated localization microscopy (PALM) and direct stochastic
optical reconstruction microscopy (dASTORM), both of which
can reach a spatial resolution of 20 nm (Leung and Chou, 2011).
As proof of principle, we analyzed a-factor cells that carried a
satellite structure on their bridge (Fig. 2 A). Photo-convertible
Spc42-mMaple enabled us to resolve the SPB central plaque
and the smaller satellite (Donaldson and Kilmartin, 1996). From
the 2D projection images, we calculated the distance between
the two Spc42-mMaple signals to be 200 nm on average (Fig.
2 A), which is consistent with published bridge length mea-
surements (Li et al., 2006). In a-factor—arrested cells, the SPB
component Spcl10 is only associated with the mature mother
SPB but not with the satellite (Adams and Kilmartin, 1999).
By using Spcl10-mMaple or Spcl10-yeGFP and Alexa Fluor
647-nanobody labeling, we confirmed that the weaker of the
two Spc4?2 signals resembled the satellite (Fig. S2 A).

The bridge is composed of two stacks of parallel, simi-
larly oriented Sfil proteins that overlap in an antiparallel ar-
rangement at the center of the bridge (Kilmartin, 2003; Li et
al., 2006). Consistent with immuno-EM data (Kilmartin, 2003;
Li et al., 2006), the Sfil-yeGFP signal was detected in between
the SPB and the satellite while yeGFP-Sfil localized with the
two Spc42-mMaple signals (Fig. 2 B). The lack of Sfil-yeGFP
resolution in the bridge indicates that the distance between
overlapping Sfil C termini must be below the 20 nm resolution
limit of our microscope system.

To study the localization of Karl within the half bridge/
bridge, we combined either yeGFP- or mMaple-Karl with
Spc42-mMaple or yeGFP, respectively. a-Factor—arrested
cells displayed a single mMaple-Karl signal that resided
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Figure 1. Karl and Sfi1 show coordinated behavior and are stably integrated into the half bridge and bridge during the cell cycle. (A) Kar1 and Sfil
levels at the SPB. The RFI of yeGFPKarl and Sfil-yeGFP at SPBs was measured during G1 phase, S phase (S), metaphase (M), and anaphase (A).
(B) RFI of yeGFPKar1 and Sfil-yeGFP in a-factor-arrested cells. Anaphase CSE4-yeGFP cells were used as a fluorescence standard. (C) Quantification of
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between the two Spc42 dots (Fig. 2 C). This suggests that
Karl localizes in the center of the bridge. Similar results
were observed in yeGFP-KARI cells. It is noteworthy that
in 40% of cells, the yeGFP-Karl signal was resolved into
two adjacent dots that were positioned in between the Spc42
signals of the SPB and satellite (Fig. S2 B). This split ye-
GFP-Karl signal was restricted to the nanobody label and
was not observed with mMaple-Karl. We suggest that in
some cells the nanobodies had limited access to yeGFP-Karl
in the bridge center. In summary, both approaches de-
tected Karl in the bridge center.

Our localization data raise the possibility that Karl directly
interacts with the C-terminal region of Sfil. To test this no-
tion further, we constructed N- and C-terminal Sfil fragments
(Sfrs) lacking Cdc31 binding sites (NT and CT) as well as
several internal Sfrs plus the respective Cdc31 binding re-
peat number, counted from the C terminus (Fig. 3 A). Each
of the Sfrs contained three predicted Cdc31 binding sites and
were bacterially coexpressed with Cdc31 using dicistronic
vectors (Kilmartin, 2003).

We tested the interaction of each Sfr with Karl in vitro.
Bacterially expressed GST or GST-KarlATMD (transmem-
brane domain) on Glutathione Sepharose was incubated
with Escherichia coli extracts containing either His-tagged
Sfil-NT, -CT, or Sfrs-Cdc31. It is noteworthy that the ex-
pression of full-length Karl with the hydrophobic C-termi-
nal TMD leads to protein aggregation (Spang et al., 1995).
Analysis of the Karl beads revealed Karl interactions with
Sfil-CT and the C-terminally located Sfr'~* and Sfr’~® (Fig.
3 B). In contrast, Sfr*°-Cdc31 and the more N-terminally
located Sfrs did not associate with Karl. These data sup-
port the view that Karl selectively binds to Sfil-CT and its
neighboring Cdc31 binding sites.

We next performed coimmunoprecipitation experiments
from yeast cell lysates, in which tandem affinity purification
(TAP)-tagged Karl ATMD was co-overexpressed with a frag-
ment containing Sfil-CT and the last five centrin binding sites
(CT+5) (Figs. 3 C and S3, A and B). Expression of karlAtmd
was not toxic for cells because of the lack of the C-terminal
membrane anchor (Fig. S3 A; Vallen et al., 1992b). Interaction
between the C-terminal Sfr and the Karl protein confirmed the
result of the in vitro capture data.

The half bridge extension model predicts self-interactions
of Sfil-CT (Li et al., 2006). Consequently a Sfil C-terminal
fragment should have the ability to pull down another C-termi-
nal fragment from cell lysates. To test this binding activity of
C-terminal Sfrs, we bacterially expressed Sfrs, with a varying
number of centrin binding repeats (Fig. S3 B). When these frag-
ments were bound to Sepharose and incubated with bacterial
cell lysates expressing an identical copy of these Sfrs but with a
different tag, self-association was observed between C-terminal
fragments (Sfil CT+1 and CT+5) and bare C termini. In con-
trast, no binding was detected between the C and the N terminus

of Sfil (Fig. S3 C). Thus, the C-terminal Sfil region not only
binds to Karl and Cdc31 but can also interact with itself. Note
that our data do not discriminate between parallel or antiparal-
lel interaction of fragments.

Genetic experiments have identified a region in KAR/
(region I; residues 191-246) that is essential for SPB duplica-
tion (Vallen et al., 1992a). We generated four Karl fragments
to test their ability to interact with Sfil CT+5 (Fig. 3 D). Only
KarlATMD and fragment 1 of Karl, which resembles region I,
were able to interact with Sfil CT+5 (Fig. 3 E). These experi-
ments reveal an association of the C terminus of Sfil with the
essential region I of Karl.

Next, we sought evidence for an interaction between Sfil and
Karl in vivo. Since Karl binds to the Sfil C-terminal region in
vitro, we asked whether we could detect an increase in Karl
molecules when we artificially increased the size of the C-ter-
minal region of Sfil. Two SFII constructs were generated. The
first doubled the size of the C terminus and included the last
Cdc31 binding site (sfil-2xct+1), whereas the second doubled
the C terminus and the last five binding repeats (sfil-2xct+5;
Fig. 4 A). The gene fusions replaced the wild-type SFII through
the use of a SFII shuffle strain. As both constructs led to artifi-
cial diploidization, the strains were compared with diploid SF1/
cells (Fig. S4 A). Only sfil-2xct+5 cells, but not sfil-2xct+1,
showed a significant increase in yeGFP-Karl signal at SPBs
(Fig. 4 A). Immunoblotting revealed similar expression levels
of the two elongated Sfil versions (Fig. S4 B). This finding
emphasized the importance of the C-terminal Cdc31 binding
sites in Sfil for Karl binding.

Next, we asked whether SPB localization of Karl re-
quires Sfil. The Sfil degron fusion (dg-SFII) in Gall-UBRI
cells was depleted to address the interdependency of the
Kar1-Sfil interaction (Kanemaki et al., 2003; Elserafy et al.,
2014; Fig. 4 B). Karl did not colocalize with the SPB in >60%
of dg-SFII cells, which indicates that Sfil recruits Kar1 to the
half bridge/bridge (Fig. 4 C). For some cells, the deficiency
in Karl localization was not fully penetrant (Fig. 4 C, 4 h,
lower panel), most probably due to the slow turnover rate of
Sfil (Fig. 1 G). Remarkably, the SPB mislocalized Karl did
not result in a diffuse signal but rather formed puncta on the
NE, as indicated by the colocalization with the nuclear pore
complex marker Nic96-mCherry (Fig. 4 D). Complementation
of dg-SFII cells with an SFI1-encoding plasmid rescued Karl
mislocalization (Fig. S4 C).

To evaluate the graded importance of the C-terminal
Cdc31 repeats in Sfil for Karl binding, we performed SFII
overexpression experiments (Fig. S4 D). All SFII constructs
were coexpressed together with CDC31, as the overexpression
of only Sfil CT+1 caused cell death by depletion of Cdc31 (Fig.
S4 E). Overexpression of Sfil CT+5 mildly affected the growth
of yeast cells. Longer C-terminal constructs, especially CT+7
and +8, severely compromised cell growth, and CT+9 com-
pletely abrogated it. These findings are consistent with the data

yeGFP-Kar1 and Sfil-yeGFP in a-factor—synchronized and unsynchronized cells. (D) Quantification of yeGFP-Kar1 and Sfil-yeGFP in G1 unsynchronized
diploid cells. (E) Quantification of D. (F and G) FRAP of SPB-associated yeGFP-Kar1 and Sfil-yeGFP in G1, S, M, and A cells. Red arrows indicate the
position of bleaching. n, number of analyzed SPBs. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; ns, P > 0.05. Error bars indicate SD. Bars: (A, F,

and G, top images) 5 pm; (F and G, bottom images) 1 pm.
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of Sfil C-terminal Cdc31 binding repeats for Karl binding and
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Several CDC31 mutations have been reported to bypass the
essential need for KARI (Vallen et al., 1994). We analyzed
the bridge morphology in karlA CDC31-16 cells by EM to
better understand Karl function in SPB duplication. Strik-
ingly, the bridge was no longer running parallel along the top
of the NE as was the case for wild-type, 2 um-CDC31, and 2
um-CDC31-16 cells (Figs. 5 A and S5 A). Instead, the bridge
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arched away from the NE yet still retained the connection be-
tween the mother SPB and the satellite. This arched bridge was
observed in all karlA CDC31-16 cells with a detectable bridge
but never in control cells (Fig. 5 B). These data strongly sup-
port a function of Karl as an anchor that tethers the C-termi-
nal region of Sfil to the NE.

We considered the possibility of bypassing the essential func-
tion of Karl’s region I by in vivo cross-linking of Sfil-GFP to
the TMD of Karl with the GFP-binding protein (GBP; Roth-
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Figure 3. Kar1 binds to the Sfi1 C-terminal region and Sfi1 binds to the Kar1 SPB duplication region. (A) Representation of Sfrs, tested for interaction with
Kar1. (B) Kar1 binding to Sfrs from E. coli lysates. The fragments of A were expressed as N-terminal His tag fusions (top/input panel) and incubated with
Sepharose-bound GSTKar1ATMD (middle) or GST (bottom). Immunoblots with anti-His, anti-GST, and anti-Cdc31 are shown. (C) Kar1-Sfi1 interaction
in S. cerevisiae cell lysates. A Cterminal construct of Sfil bearing the last five Cdc31 binding repeats (CT+5) was expressed alone or together with TAP-
Kar1ATMD or TAP tag. After IgG Sepharose incubation, proteins were analyzed by immunoblotting with anti-TAP (top) or anti-Sfi1 (bottom) antibodies.
(D) Cartoon of Kar1 fragments used in E. Hatched box, TMD domain. (E) Sfi1 binding to Kar1 fragments. GST4agged Kar1 fragments from E. coli were
incubated with Sfil CT+5 as in B. Immunoblots with indicated antibodies are shown. aa, amino acid; NT, N terminus; CT, C terminus; Sfr, Sfr.

bauer et al., 2008). Such a bypass might be expected if this
Karl region tethers Sfil to the NE. A series of constructs was
generated in which different N-terminal deletions of Karl were
fused to GBP (Fig. 6 A). In the most extreme case, residues
2-276, comprising essential region I (Vallen et al., 1992a), were
substituted by GBP (GBP-ct-karl). The function of the Karl
truncations was tested in KAR/ shuffle strains expressing SFII
or SFI1-yeGFP (Fig. 6 A). Strikingly, cells only survived the
replacement of Karl’s region I in the presence of SFII-yeGFP.
As expected, Sfil-yeGFP still associated with the SPB in GBP-
ct-karl cells (Fig. 6 B). Cells were inviable when Karl’s TMD
was deleted (Fig. 6 A). Immunoblotting confirmed the absence
of wild-type Kar1 protein from the GBP-containing strains after
passaging on 5-FOA—containing media (Fig. S5 B). We ana-
lyzed the temperature growth profile of the 5-FOA surviving
strains (Fig. S5 C). Mild growth defects were only detected at

37°C. FACS analysis revealed diploidization of these mutant
cells (Fig. S5 D). Thus, cross-linking of Sfil-CT to a membrane
anchor is sufficient to reconstitute Karl’s essential function for
SPB duplication and restores cell viability.

We next analyzed the bridge morphology of GBP-ct-
karl cells by EM. In wild-type KARI SFII-yeGFP cells,
the bridge extended parallel to the NE (Fig. 6 C). The cyto-
plasmic side of the bridge organizes cytoplasmic MTs since
the Karl N terminus anchors the y-tubulin complex receptor
protein Spc72 to the bridge (Pereira et al., 1999). In GBP-
ct-karl SFI1-yeGFP cells, the bridge was also appropriately
aligned along the NE. However, the absence of the N termi-
nus of Karl meant that no cytoplasmic MTs were organized
from the bridge in these cells.

Previous work suggested that Karl’s main function
is to bind Cdc31 to the SPB (Biggins and Rose, 1994). To
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test this possibility, we made use of the GBP-ct-karl SFII-
yeGFP strain, in which we analyzed Cdc31 abundance at
SPBs. Although not functional, Cdc31-mCherry has been
used as reporter for Cdc31 localization (Fischer et al.,
2004). Cdc31-mCherry localized to the SPB in GBP-KARI
cells (Fig. 6 D). The replacement of GBP-KARI by GBP-
ct-karl, which lacks the Cdc31 binding region of Karl, re-
duced Cdc31 binding to SPBs by a factor of 3 (Fig. 6 E).
However, a portion of Cdc31 was still SPB-associated,
probably through Sfil binding.

Collectively, these results demonstrate that the main
function of Karl in SPB duplication is the anchoring of Sfil’s
C-terminal region onto the NE.

To understand the contributions of Sfil-CT and the adjacent
Cdc31 binding sites for Karl binding and bridge function,
we analyzed the viability of C-terminal SFI/ truncation mu-
tants. Viability tests using a shuffle approach showed that
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the C terminus and the last three Cdc31 binding repeats of
Sfil (CT+3) were dispensable for growth at 23°C but not
at 37°C (Fig. S5 E). Yeast strains expressing a truncated
SFII version greater than ACT+3 were no longer viable.
FACS analysis revealed diploidization in the viable SFI/
truncations (Fig. S5 F). Thus, surprisingly, the CT of Sfil is
not essential for viability.

sfilAct cells may be viable because Karl also binds to
the Cdc31 binding sites at the C terminus of Sfil (Fig. 3). In-
deed, analysis of yeGFP-Karl localization in sfilAct cells re-
vealed localization in the bridge center (Fig. S2 C). Attempts
to localize yeGFP-Karl in sfilA(ct+1) cells failed because of
the inviability of such cells.

We next analyzed SPB duplication and bridge stability
in sfilAct cells. At the permissive temperature, sfil/Act cells re-
quired 2-3 h to separate the SPBs. In SFI/ cells, SPB separation
happened 1 h faster (Fig. 7, A—C). EM analysis indicated 50%
side-by-side SPBs in sfi/Act and SFII cells 1 h after the release
of the cell cycle block (n = 10 cells). After 2 h, all analyzed
SFII cells had separated SPBs, whereas in 40% of sfilAct cells,
SPBs were still side-by-side. After 3 h, most sfi/Act cells had

JCB « VOLUME 208 » NUMBER B » 2015

separated SPBs (Fig. 7 D). Thus, sfilAct cells at 23°C sepa-
rate their SPBs with a delay.

Shifting a-factor—synchronized sfil/Act cells to 37°C led
to an arrest of large-budded cells with one SPB signal (Fig. 7,
E-F). EM analysis of these cells showed mostly two side-by-
side SPBs, closely connected by an ill-defined structure (Fig.
7 G). The side-by-side SPBs of sfilAct cells were found in in-
vaginations of the NE (Fig. S5 G). In ~20% of the arrested
cells, only one SPB was detected in thin serial sections of
yeast nuclei (Fig. 7 G). Thus, sfilAct cells that started SPB
duplication with a bridge and a satellite upon shifting cells
to the restrictive temperature duplicated the SPB but then
failed to separate the SPBs.

We next asked whether the Sfil-CT is needed for bridge
stability when cells first duplicated the SPBs at the permissive
temperature and then were shifted to 37°C. We arrested SFI]
and sfilAct cells in G1/S by the overexpression of the Cdkl1-
CIb inhibitor SICI. Cells arrested in this way carry two side-
by-side SPBs that were still connected by the bridge (Haase
et al., 2001). The side-by-side configuration of SFII cells was
unaffected by the impact of shifting the cells to 37°C (Fig. 7,
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H and I). In contrast, sfilAct SICI cells shifted to 37°C showed
two separated SPB signals, probably because of bridge sev-
ering between the two Sfil rafts that extend from each SPB,
as indicated by the equal SPB distribution of Sfil-sfmGFP
(Fig. 7, H and I; and Fig. S5 H). Together, these data suggest
that, depending on the growth condition, Sfil-CT is import-
ant for either SPB separation or bridge stability but less im-
portant for Karl recruitment.

The missing phosphorylation platform raises the question
as to how bridge severing can be promoted in sfi/Act cells at
the permissive temperature. The kinesin motor protein Cin8 has
been implicated in bridge fission (Crasta et al., 2008). Interest-
ingly, sfilAct genetically interacted with the deletion of CINS
but not KIP1 or DYNI (Fig. 7 J). Thus, in the absence of the
regulatory Sfil-CT platform, motor forces provided by Cin8 fa-
cilitate bridge severing and spindle assembly.

CDC31-16 is a suppressor of karlA lethality, and in karlA
CDC31-16 cells, the bridge is able to withstand mechanical
stress applied by bridge arching. This suggests an important
role for Cdc31 in mediating interactions between Sfil layers of
the half bridge/bridge. Biochemical analysis of Cdc31 function
in the Sfil-Cdc31 complex was complicated by the insolubility
of Sfrs expressed without Cdc31. Therefore, we quantified the
Sfil content in G1 arrested cells expressing different CDC31
variants (Fig. 8 A). When CDC31 or CDC31-16 were expressed
alongside the endogenous CDC31, the Sfil-yeGFP signal at the
SPB increased. However, the intensity of the Sfil-yeGFP sig-
nal in karlA CDC31-16 cells was lower than that of cells ex-
pressing CDC31-16, indicating that Karl and Cdc31 may have
overlapping functions in recruiting Sfil to the SPB. The Sfil
signal also increased to the same extent in all cell cycle phases
when CDC31-16 was expressed (Fig. 8 B). Karl levels were
unaffected by CDC31 or CDC31-16 expression (Fig. S5 I). All
yeast strains were haploid according to FACS analysis (Fig.
S5, J-K). In short, both Cdc31 and Cdc31-16 recruit additional
Sfil to the SPB, yet the Cdc31-16 mutant is more potent than
its wild-type counterpart.

Our notion of Cdc31 as a half bridge/bridge stabilizer
was further supported by the analysis of a-factor—arrested
cells that harbored the conditional lethal cdc31-1 allele.
After 3 h of shifting cells to restrictive temperature, the sig-
nal of Sfil at the SPB decreased significantly in comparison
to CDC31 cells (Fig. 8 C). Thus, Cdc31 is required to stabilize
Sfil at the half bridge/bridge.

We analyzed the interaction interfaces of a Sfil-Cdc31 com-
plex in a crystal structure (PDB accession no. 2GV5; Li et

al., 2006) and investigated the positions of the mutated res-
idues D131, E148, and D107 in the Cdc31-12, -14, -16, and
-17 mutants, which suppress the need for Karl. The critical
residues localized on the same side of one Cdc31 molecule
in the vicinity of a crystal contact between two Cdc31 mole-
cules attached to antiparallel Sfil helices (Fig. 8 D). This crys-
tal structure was used as a model for computing the binding
free energies between two Sfil-Cdc31 complexes interacting
via their centrins. The energies computed with the Amber99
force field were —9.6 kcal/mol for Cdc31 and —11.1, —12.0,
—12.1, and —9.9 kcal/mol for Cdc31-12, 14, -16, and -17, re-
spectively (Table S1). Thus, all of these suppressor mutants
favor Sfil-Cdc31-Cdc31-Sfil complex formation more than
wild-type Cdc31 does. The relative binding constants of the
Cdc31-12, -14, -16, and -17 mutant complexes were 11.9-,
56.3-, 64.4-, and 1.5-fold that of wild-type Cdc31. Calculations
performed with two other force fields gave a similar ranking
of the stability of the mutant complexes, with the exception of
a prediction that Cdc31-17 binding may be less energetically
favorable than wild type (Table S1). The differences in binding
free energy arise primarily from differences in the electrostatic
component. The electrostatic potentials of Cdc31 and Cdc31-
16 clearly demonstrate how the electrostatic complementarity
is improved by the KARI-suppressing CDC31 mutations (Fig.
8 D). Remarkably, we found that the ability of the dominant
CDC31 mutants to suppress karlA lethality follows the free
energy calculations (Fig. 8 E). Together, these data support
the contribution of Cdc31 to half bridge/bridge stability by
cross-linking Sfil molecules.

Our data suggest that Cdc31 and Karl cooperate in stabilizing
the bridge structure. Early studies on KAR! revealed its toxic
character when overexpressed (Rose and Fink, 1987; Vallen
et al., 1994). Considering our findings on Karl being an an-
chor for the SPB half bridge/bridge and possibly also a Sfil
cross-linker, we assumed that Karl overexpression would lead
to stabilization of the Sfil layers in the bridge. To test this, a
pulse of KARI expression was set and cell fate was followed
upon a-factor washout (Fig. 9 A). 70% of cells arrested with
a large bud and only one SPB signal (Fig. 9, B and D). Quan-
tification of Karl, Sfil, and Spc42 contents at these evoked
SPBs indicated a strong increase in Karl and Sfil without af-
fecting the Spc4?2 signal (Figs. S5 L and 9 E). Without Gall-
KARI overexpression, the SPB duplicated and subsequently
separated (Fig. 9, C and F).

EM analysis of cells with elevated Karl numbers depicted
an extraordinary elongated bridge (XB), with no satellite at-
tached to its distal end (Fig. 9 G). The length of this XB was
221 = 55 nm (n = 10), approximately twofold longer than the
wild-type bridge (Li et al., 2006). Thus, elevated Karl leads to
an extraordinarily elongated bridge, which cannot organize a
satellite and therefore fails in SPB duplication.

time point. NE, nuclear envelope; cMT, cytoplasmic microtubules; nMT, nuclear microtubules; N, nucleus; B, bridge. (E) The effect of sfilAct on SPB dupli-
cation at 37°C. Synchronized cells were shifted to 37°C upon a-factor washout and cell fate was followed over 4 h. Two representative large-budded cells
of the indicated strains are shown. (F) Quantification of metaphase cells from E. (G) SPB morphology of SFIT and sfilAct cells from E. In D and G, panels
boxed in yellow are enlarged below. (H) Importance of Sfi1-CT for bridge stability. SFIT and sfilAct cells were arrested in G1/S by SIC1 overexpression
at 23°C. Cells were shifted to 37°C and the SPB signal was monitored over time. (I} Quantification of H. (J) Synthetic lethality test between sfilAct and
cin84, kip14, and dyn1A. Serial dilutions of cells were tested for growth at 23°C. n, number of cells analyzed per time point. Bars: (D and G) 200 nm,

where not otherwise indicated; (E and H) 5 pm.
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It has been shown that Karl associates with the SPB bridge
and that it is tethered to the NE via its hydrophobic C terminus
(Vallen et al., 1992a; Spang et al., 1995). Here, we define the
position of Karl in the central region of the bridge between the
SPB and its satellite by super-resolution microscopy. This lo-
calization is consistent with the direct interaction of Karl with
the C terminus and the adjacent Cdc31 binding sites of Sfil
(illustrated in Fig. 10 A). Further, we show a dependency of the
SPB localization of Karl on Sfil.

In sfilAct cells, Karl is still localized to the bridge center
(Fig. 10 B). Thus, the interaction of Karl with the C-terminal
Cdc31-binding repeats of Sfil is sufficient for correct Karl lo-
calization. In contrast, the localization and interaction data do
not support the notion that Karl can interact with Sfil-NT or
the Sfil N-terminal Cdc31 binding repeats. How does Karl
discriminate between the different Cdc31 binding regions in
Sfil? Crystal structures of yeast Sfrs suggest that the center of
Sfil exists as a continuous, long-stretched a-helix, bearing ~20
binding repeats for Cdc31 (Li et al., 2006). This predicts that
the central region of Sfil is continuously decorated with Cdc31
molecules. Pull-down experiments, however, showed that not
all of the Cdc31 binding sites are occupied (Kilmartin, 2003).
Moreover, recent work on fission yeast Sfil demonstrated that,
in fact, not all of the Cdc31 repeats are equal, and that they
show differences in function and importance (Lee et al., 2014).
As one possibility, the Cdc31 density along Sfil may deter-
mine the interaction withKarl. Alternatively, small changes in
the structure of the Sfil-Cdc31 binding regions may determine
the preference for Karl binding. Further structural studies are
required to understand the specificity of Karl binding to the
C-terminal Cdc31 binding sites of Sfil.

The function of Karl is to align Sfil filaments along the
outer face of the NE. This conclusion is based on the arched
bridge phenotype of karlA CDC31-16 cells (Fig. 10 C). It is
further consistent with the suppression of the essential Karl
region I that mediates Sfil binding by in vivo cross-linking
of Sfil-yeGFP with GBP-ct-karl. SFII-yeGFP GBP-ct-karl
cells show a remarkably normal SPB bridge morphology
and therefore prove that the main function of Karl is to be
the tether of Sfil to the NE.

A reasonable model is that the Sfil C termini are interlocked
like the fingers of a newly married couple (Fig. 10 A). Impor-
tantly, a small number of Cdc31-binding sites are most likely
part of the antiparallel Sfil overlap. Binding of Karl to the
Sfil-CT and the adjacent Sfil centrin binding sites probably
promotes the Sfil-C-C-Sfil bridge interactions. This model is
in agreement with the finding that deletion of the Sfil-CT does

not lead to the collapse of the bridge at 23°C and that Karl still
localizes in the bridge center in sfi/Act cells (Fig. 10 B).

What is the function of the C terminus of Sfil? If the
C terminus of Sfil is present, phosphorylation of Sfil-CT by
Cdk1, as indicated by the SPB separation defect of the phos-
pho-inhibitory sfi/-6A allele, is essential for SPB separation and
cell viability (Avena et al., 2014; Elserafy et al., 2014). Here we
show that at 23°C the bridge of sfi/Act cells is robust enough to
ensure SPB duplication and separation. However, because of the
lack of the C-terminal Cdk1 regulation platform, SPB separa-
tion was delayed in sfilAct cells. At the restrictive temperature,
most sfilAct cells duplicate the SPB. However, the side-by-side
SPBs did not separate. The precise SPB defect of sfi/Act cells
remains unclear. Similar bilobed SPBs have been reported for
spc29(ts) or spc42(ts) conditional lethal mutant cells (Donald-
son and Kilmartin, 1996; Elliott et al., 1999).

Mutations in CDC31 that could either suppress the tempera-
ture-sensitive growth defect of kari(ts) or even the complete de-
letion of KARI were previously identified (Vallen et al., 1994).
Here, we propose a simple model to explain how suppressor
mutations in the yeast centrin can bypass the requirement for
KARI. The karlA suppressors CDC31-12, -14, -16, and -17
lead to higher affinity binding between Sfil-Cdc31 filaments.
This is the case for antiparallel Sfil interactions in the bridge
overlap, as indicated by the binding free energy calculations but
probably also for parallel Sfil interactions, as a high gene dos-
age of CDC31-16 recruited additional Sfil to SPBs during all
cell cycle phases. Although the gain in binding free energy upon
mutation is small for one binding site, the stabilizing impact of
each mutation would be additive due to the alignment of sev-
eral Sfil molecules in the half bridge or bridge. This generates
a strong, cohesive, “mass action” association (Li et al., 2006).
We therefore propose that the suppressing activity of Cdc31-
16 arises from an increase in lateral Sfil-Cdc31 interactions,
through which the overlap region in the center of bridge be-
comes more rigid, and so is able to bypass the original task of
Karl, the interconnection of the single Sfil filaments. Although
they rescue viability, the dominant CDC31-16 suppressor muta-
tion cannot tether the stabilized Sfil filaments to the membrane
(Fig. 10 C). Data from fission yeast and green algae further sup-
port a cross-linking function of centrin. Sfil-Cdc31 filaments
found at the SPB of Schizosaccharomyces pombe or in the basal
body contractile fibers in Chlamydomonas reinhardtii are sta-
bilized by interconnecting centrin—centrin interactions (Marti-
nez-Sanz et al., 2006; Bouhlel et al., 2015).

When we increased Karl concentration, SPB duplication
was blocked and cells arrested in the cell cycle with a large bud
(Vallen et al., 1994). Elevated Kar1l at SPBs led to an extraordi-
narily elongated bridge without a satellite. We suggest that su-
pernumerary Karl binds to the bridge via Sfil. This Karl then
recruits an excess of Sfil in a random fashion accompanied by
bridge elongation (Fig. 10 D). In our model, the absence of a co-

0.001; ns, P > 0.05. Error bars indicate SD. Bar, 5 pm. (D) Model of the dimeric structure of two Sfi1-Cdc31 complexes. The interface between the interact-
ing Cdc31 molecules is given by the crystal contacts in PDB accession no. 2GV5 (Li et al., 2006). The proteins are shown with an illustrated representation
(Sfi1, orange; Cdc31, green and lilac); the calcium ions are shown in yellow. The residues, mutated in the suppressing mutants, are shown as sticks (left
inset). The electrostatic potential of CDC31 (top right inset) and CDC31-16 (bottom right inset) is shown mapped onto the molecular surface. (E) The KART
shuffle strain bearing a CEN-based plasmid encoding for one of the indicated CDC31 variants was tested for growth.
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herent Sfil N-terminal border at the distal end of the bridge in-
terferes with satellite binding to the bridge and SPB duplication.
In vertebrate cells the role of the different centrins and
their function in centriole duplication is a matter of debate
(Middendorp et al., 1997; Laoukili et al., 2000; Salisbury et al.,
2002; Strnad et al., 2007; Dantas et al., 2011). Recent findings
now indicated centrin2 as a regulator of primary cilia forma-
tion in human retinal pigmented epithelial cells by controlling
CP110 levels at basal bodies (Prosser and Morrison, 2015).
Besides Sfil, whose well-conserved human homologue
associates with centrioles, the centriolar proteins hPoc5 and
CP110 also bind to centrin (Kilmartin, 2003; Tsang et al., 2006;
Azimzadeh et al., 2009). Studies have revealed the importance
of hPoc5 and CP110 for correct centriole maturation (Chen et
al., 2002; Azimzadeh et al., 2009; Schmidt et al., 2009), but
detailed in vivo studies on Sfil’s function in human cells have
yet to be performed. Our findings on the organization of the
yeast bridge by centrin and Sfil provide an important paradigm

to inform models for the interrogation of hSfil/hPoc5-centrin
function in human centrioles.

Materials and methods

Yeast strains, DNA manipulations, and culture conditions

Yeast cells were grown in SC (synthetic complete) medium, SC-se-
lection, or YPRaf (yeast extract, peptone, and raffinose) at 23°C. 20%
galactose was added to cells in YPRaf medium at a dilution of 1:10 to
induce expression of genes under a pGAL1 promoter. To arrest cells
in G1, a-factor (final concentration 10 pg/ml) was added to the cell
culture. To release cells from the arrest, cells were washed twice with
a-factor—free medium. Alkaline lysis and TCA precipitation were used
to prepare yeast extracts (Janke et al., 2004). The QuikChange method
(Agilent Technologies) was used to perform site-directed mutagen-
esis. The various KARI constructs used in Fig. 6 were inserted into
the genome using the pRS305 vector. The single integration vector
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(pRS305K, LEU2-based integration vector, with a KanMX4 selection
marker) was used to genomically integrate different alleles of SFI/
(Taxis and Knop, 2006). Single integration was confirmed by colony
PCR. Endogenous gene tagging and deletion was done using cassette
PCR-based methods. In short, the sequence of fluorescent proteins or
markers was PCR amplified from a plasmid, using appropriate primer
pairs, bearing homology sequences for the amplicon as well as the ge-
nomic integration locus (Knop et al., 1999; Janke et al., 2004). To test
cellular fitness, yeast cells were grown in the indicated selection me-
dium at 23°C overnight before cell density was adjusted to ODgy = 1
using the same medium. Starting from this suspension, 10-fold serial
dilutions were spotted on the desired plates and incubated at different
temperatures as indicated. All yeast strains and plasmids used in the
study are listed in Tables S2 and S3.

For immuno-affinity isolation, Karl was PCR amplified, de-
leting its C-terminal TMD, and fused to the TAP tag (Rigaut et al.,
1999). Subsequently, the Karl fusion construct was transferred into a
uracil-based, galactose-inducible yeast expression plasmid (pCS180-
1, p426-pGall-TAP-karlAtm). It was cotransformed in ESM356
together with Sfil’s C terminus and the last five C-terminal Cdc31
binding repeats (pCS177-1, p423-pGall-sfi-ct+5). The genes within
these plasmids were expressed by galactose induction for 8 h at 30°C.
After harvesting, the cell pellet was lysed in TAP-A buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 10% glycerol, 1x protease inhibitor
cocktail [Roche], and 1 mM PMSF) and coupled to IgG Sepharose 6
Fast Flow beads (GE Healthcare). After incubation for 1.5 h, the beads
were washed with TAP-A buffer and finally eluted with 0.5 M ammo-
nium hydroxide. The Karl and Sfil interaction was tested by Western
blot analysis. For TAP-Kar]l ATMD detection, an anti-TAP primary an-
tibody (from rabbit; Open Biosystems) was used. To detect untagged
Sfil, we generated an antibody in rabbits, directed against the C termi-
nus (residues 796-947) of the protein.

EM

For EM analysis, cells were high pressure frozen, freeze-substituted,
sectioned, and stained as described previously (Giddings et al., 2001).
First, vacuum filtration was performed to collect cells onto a 0.45
um polycarbonate filter (EMD Millipore). Cells were transferred and
cryo-immobilized by using the EM PACT2 (Leica), a high-pressure
freezing machine operating at a pressure of ~2,045 bar. For freeze-sub-
stitution, an EM-AFS2 device (Leica) together with a freeze-substi-
tution solution of 0.1% glutaraldehyde, 0.2% uranyl acetate, and 1%
water dissolved in anhydrous acetone was used, followed by stepwise
infiltration in Lowicryl HM20 (Polysciences, Inc.), starting at a low
temperature of —90°C. The samples were then exposed to UV light at
—45°C for 48 h and gradually warmed up to 20°C to allow polymeriza-
tion. Serial sectioning of embedded cells, to generate 60—70-nm-thick
sections, was done using a Reichert Ultracut S Microtome (Leica).
Sections were poststained with uranyl acetate and lead citrate. Finally,
images were captured with an electron microscope (CM120; Philips
Electronics) operated at 120 kV.

Fluorescence light microscopy

A DeltaVision RT system (Olympus IX71 based; Applied Precision)
equipped with a Photometrics CoolSnap HQ camera (Roper Scien-
tific), a 100x/1.4 NA UPlan-SApochromat objective lens (Olympus), a
mercury arc light source, and softWoRx software (Applied Precision)
was used for cell imaging and fluorescence signals recording. Imaging
was done at 23°C, using the GFP or the mCherry channels with dif-
ferent exposure times according to the fluorescence intensity of each
protein. For quantification of Sfil-yeGFP, yeGFP-Karl, and Cse4-
yeGFP signals in different strains, cells were analyzed without fixation.

veGFP-KARI or SF11-yeGFP cells were arrested in a-factor and then
mixed with unsynchronized CSE4-yeGFP SPC42-mCherry cells. The
additional mCherry signal in the CSE4-yeGFP SPC42-mCherry cells
allowed the differentiation between the cell types. The relative fluores-
cence intensity (RFI) of the fluorescence Cse4-yeGFP standard was set
to 1 in cases when different yeast strains were imaged independently to
allow comparison of the RFI of Sfil-yeGFP or yeGFP-Kar1 from these
cells. Each quantification experiment was repeated at least three times
and a representative example was shown. Image processing used the
Image] software package (National Institutes of Health).

FRAP

Yeast strains were grown to log phase in sterile-filtered SC medium at
23°C. Cells in the respective cell cycle phases were selected according
to their morphology: G1 (one SPB, no bud), S (small bud, two sepa-
rated, nearby SPBs), M (metaphase; large bud, two separated SPBs),
and A (anaphase; large bud, one SPB in the mother cell and one in the
bud). For imaging, cells were immobilized onto glass-bottom dishes.
Dishes were incubated with 100 ul Concanavalin A solution (6% Con-
canavalin A, 100 mM Tris-Cl, pH 7.0, and 100 mM MnCl,) for 5 min
and subsequently washed with 300 ul of distilled water. Yeast cells were
attached to the dish for 5-15 min at 30°C and subsequently washed and
overlaid with prewarmed medium. Fluorescent images were acquired
with the DeltaVision RT system. The first five prebleach images were
acquired before the target SPB (region of interest [ROI]) was bleached
with a 50-ms laser pulse with 50% laser power. 27 post-bleach images
were then captured over a total experiment duration of 4 min. To obtain
a normalized FRAP curve and correct for acquisition bleaching, the
double normalization method from Phair et al. (2004) was performed.
The 50 mW, 488 nm laser system (DeltaVision QLM; Applied Pre-
cision) was used for photobleaching experiments. Data analysis was
performed with the ImageJ software package and values obtained from
measurements were further analyzed with Microsoft Excel.

FLIP

Before bleaching, one image was acquired with a 0.6 s exposure in the
GFP channel, and a reference image was taken in the bright field chan-
nel (0.05 s exposure). Then an area outside the SPB was continuously
bleached with 20-ms laser pulses with 50% laser power, and images
were acquired before and after bleaching every 1 s with a 0.5-s expo-
sure time in the GFP channel. Fluorescence intensities of a 5 x 5 pixel
ROI of the SPB were measured using the ImageJ software package.
A region outside the cell and a SPB signal of another cell were used for
background subtraction from the ROI.

FACS analysis

To measure the DNA content of the cells, FACS analysis was per-
formed. Yeast cultures were grown at 23°C to log phase. From this
culture, 1 ml was harvested. The pellet was resuspended in 1 ml 70%
cold ethanol and incubated for 2 h at 4°C. The cells were centrifuged at
14,000 rpm for 2 min and washed with 1 ml sodium citrate buffer, pH
7.4. Subsequently, the buffer was removed and the cells were incubated
at 37°C overnight in 1 ml 0.25 mg/ml RNase A. The cells were pelleted
and resuspended in 500 ul of 5 mg/ml pepsin and incubated at 37°C
for 2 h. Cells were transferred into sodium citrate buffer of pH 7.4 and
stained with propidium iodide. FACS analysis was done using a bench-
top analyzer (FACSCanto II; BD). 10,000 events were read per sample
and files were processed using FACSDiva software.

Super-resolution microscopy
Yeast cells were prepared for microscopy in a similar way to an earlier
described protocol (Ries et al., 2012). In short, cells were grown in SC
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medium at 23°C and arrested in a-factor. Cell suspension was placed
in Concanavalin A (Sigma-Aldrich)-coated Nunc Lab-Tek #1 (Thermo
Scientific) to allow the cells to settle. Subsequently, cells were fixed
with 4% PFA, treated with 0.15% Triton X-100, 5% BSA in PBS, and
stained with Alexa Fluor 647 custom-labeled GFP-Traps (ChromoTek).
Super-resolution microscopy was performed as described previously
(Heilemann et al., 2008; Kothe et al., 2014) on a customized micro-
scope setup. In brief, 405 nm, 561 nm, and 647 nm diode lasers (Cube;
Coherent) were coupled into the cellTIRF of an inverted microscope
(IX81; Olympus) equipped with a 150x oil immersion objective lens
(UApo; Olympus). Excitation and fluorescence emission were sepa-
rated using appropriate filters (AHF), and single-molecule fluorescence
was recorded with an EM-CCD camera (Ixon; Andor). Combined
PALM and dSTORM imaging was realized by imaging sequentially,
starting with Alexa Fluor 647, in 50 mM MEA supplemented oxy-
gen-free PBS based buffer. Typically, 6,000 frames were recorded with
an integration time of 20 Hz, for both channels. SimpleSTORM was
used for single-molecule localization and image reconstruction (Kothe
et al., 2014). The images were further processed with ImageJ and the
dual-color images were post-aligned with the aid of multi-spectral
beads (Invitrogen) added to the samples.

Protein expression and capture assays

For in vitro capture assays from E. coli cell lysates, KARI and SFII
fragments of indicated lengths (see illustrations within the figures) were
cloned as GST fusions in the dicistronic vector pGEX-6p-2rbs (a gift
from A. Musacchio, Max Planck Institute, Dortmund, Germany) and as
His-tag fusions in the dicistronic vector pETDuet-1 (EMD Millipore).
All SFII fragments containing a binding site for Cdc31 were coex-
pressed with Cdc31. All proteins were expressed at 25°C with 0.3-0.5
mM of IPTG. As the first step, the bacterial cells expressing the GST
or GST-tagged fragments were lysed in buffer containing 1x PBS, 100
mM NaCl, | mM EDTA, 0.1% Triton X-100, and protease inhibitors
(Roche). After an ultracentrifugation step, the proteins were coupled to
GST Sepharose beads (Macherey-Nagel). A quantitative portion of the
beads was analyzed by SDS-PAGE to retain the same amount of bait
for each fragment tested in the assay. After washing steps, the coupled
beads were incubated with His-tagged constructs, prepared from E. coli
cells lysed in binding buffer (1x PBS, 250 mM NaCl, and 0.25% Triton
X-100). Because the expression rates of the His-tagged fragments were
different, the amount of cell lysate used for the assay was adjusted.
After incubation and extensive washing steps with ice-cold binding
buffer, the beads were eluted with Laemmli buffer and analyzed by
immunoblotting with the indicated antibodies.

Modeling of the dimer of Sfi1-CdC31 complexes for wild-type and
mutant Cdc31
The crystal structure of the Sfil-Cdc31 complex (PDB accession no.
2GVS5; Liet al., 2006) at a 3.0-A resolution consisting of one Sfr bound
to two Cdc31 molecules was used for modeling and for the binding free
energy calculations. To obtain a model of the structure of two Sfil—
Cdc31 complexes interacting at their Cdc31 binding sites, symmetry
mates of the initial structure were generated using PyMol (PyMOL
Molecular Graphics System, Version 1.7.4; Schrodinger, LLC). The
Cdc31-Cdc31 binding regions of the complex structures formed by the
original Sfil-Cdc31 structure and its symmetry mates were investigated
using the PDBePISA webserver (Krissinel and Henrick, 2007). Among
the possible complexes, the one with all the mutated residues (D107,
D131, and E148) in the binding region and the Sfil a-helices approxi-
mately antiparallel was chosen for calculations of binding free energy.
MSE (selenomethionine residues) entries in the PDB file were
replaced with MET (methionine residues) without modifying atomic

positions. Water molecules in the crystal structure were removed and
the missing Ca* atoms were placed in the corresponding Ca>*-binding
sites. All of the cysteines were treated as free residues since no disulfide
bridge was observed in the crystal structure.

Single point mutations for each of the four mutants (Cdc31-12,
-14, 16, and -17) were introduced using the mutagenesis tool imple-
mented in PyMol. Among the rotamers available for each of the mu-
tations, those that had the smallest strain without steric clashes with
neighboring atoms were chosen.

Before the energy calculations, the protonation states of the ion-
izable residues at pH 7.0 were predicted using PropKa (Li et al., 2005;
Bas et al., 2008). The PDB2PQR program (Dolinsky et al., 2004, 2007,
Olsson et al., 2011) was used to add hydrogen atoms by optimizing the
hydrogen bonding network and repositioning some of the atoms to pre-
vent further steric clashes. Coordinate files were generated with partial
atomic charges and atomic radii were assigned from the CHARMM?22
(Brooks et al., 1983), Amber99 (Wang et al., 2000), and PARSE (Sit-
koff et al., 1994) force fields for the wild-type and mutant structures.

Binding free energy calculations

The binding free energies for the wild-type and mutant com-
plexes were computed as the sum of electrostatic and nonpolar en-
ergies using an implicit solvent model. The electrostatic binding
free energy was defined as:

bind _ P1-P2 desolvP1 desolvP2
4 GL’]L’ - E(’le +4 Gele +4 G(*le .

The binding free energy consists of the electrostatic interaction
energy (ELi™) between the binding partners P1 and P2, and the de-
solvation terms (4 G4 and A G4¢°""?) arising from the loss of the
electrostatic interactions with the solvent upon complexation. A two-
step procedure was used for each of the electrostatic desolvation terms.
In the first step, the electrostatic energies of each of the binding part-
ners alone in solvent were computed. In the second, the energies for
each of the partners were computed in the presence of the other partner
without the other partner’s partial charges. The difference in energy
obtained from the two steps resulted in the desolvation energy term for
the corresponding binding partner.

The electrostatic interaction energy between the binding partners
is defined as: Y} ®@;¢,, where @; is the electrostatic potential of one of
the binding partners at the position of the atomic charge g; of the second
partner and the sum is over all charges in the second partner.

The electrostatic interaction potentials and desolvation energies
were calculated by numerical solution of the nonlinear Poisson-Boltz-
mann equation using the UHBD (Madura et al., 1995) software and
three different force fields: Amber99, CHARMM22, and PARSE. The
temperature was set to 298.15 K and the relative dielectric constants of
the solute and the solvent were chosen to be 2.00 and 78.54, respec-
tively. The van der Waals surface was used for the dielectric and ionic
boundaries (Pang and Zhou, 2013). The ionic strength of the solvent
and the ionic radius were set to 0.05 M and 1.8 A, respectively. Elec-
trostatic focusing was used with grid spacing values of 0.6 A for the
coarse and 0.15 A for the fine grids. The dimensions were set as 417 x
385 x 737 points for both grids.

The nonpolar desolvation contribution to the binding free energy
was calculated using the formula:

4 Gr}l)tl;rlzgalar = Vsasa SASA+b 5
where SASA, y, and b stand for the solvent accessible surface area,
surface tension energy, and repulsive offset, respectively. The y and b

parameters were set to 0.00542 kcal/mol A2 and 0.92 kcal/mol, re-
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spectively (Kuhn and Kollman, 2000). The SASA of the molecules
were calculated using a probe of radius 1.4 A with the Shrake-Rup-
ley method (Shrake and Rupley, 1973) implemented in the APBS
software (Baker et al., 2001).

Online supplemental material

Fig. S1 shows the functionality of yeGFP-KARI and SFII-yeGFP,
and it provides FLIP experiments on Cdc5 and Sfil. Fig. S2 presents
controls for the super-resolution microscopy experiments of Fig. 2 and
shows Karl localization in sfi/Act cells. Fig. S3 shows the overexpres-
sion of KAR/ and karlAtmd and depicts the Sfil C-terminal self-inter-
action. Fig. S4 provides controls for the experiments shown in Fig. 4.
It emphasizes the role of Sfil’s C-terminally located Cdc31 repeats for
Karl binding and SPB duplication. Fig. S5 presents additional electron
micrographs of karlA CDC31-16 cells and provides further analysis
of GBP-karl truncated strains. Fig. S5 further shows the viability of
C-terminally truncated Sfil cells, provides the Karl content in cells
overexpressing Cdc31 variants, and confirms the Karl overexpression
as anticipated in Fig. 9. Table S1 shows the computed binding free en-
ergies of the dimer of Sfil-Cdc31 complexes for CDC31 and its dom-
inant mutants. Tables S2 and S3 show the plasmids and yeast strains
used in this study. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201412050/DC1.
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