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A CAAX motif can compensate for the PH domain
of Num| for cortical dynein attachment

Xianying Tang, Jesse J. Punch and Wei-Lih Lee*

Biology Department; University of Massachusetts at Amherst; Amherst, MA USA
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During mitosis in budding yeast, cortically anchored dynein exerts pulling forces on cytoplasmic microtubules, moving the
mitotic spindle into the mother-bud neck. Anchoring of dynein requires the cortical patch protein Numl, which is hypoth-
esized to interact with PI(4,5)P, via its C-terminal pleckstrin homology (PH) domain. Here we show that the PH domain
and PI(4,5)P, are required for the cortical localization of Numl, but are not sufficient to mediate the cortical assembly of
Numl patches. A GFP fusion to the PH domain localizes to the cortex in foci containing ~2 molecules, whereas patches
of full-length Num|-GFP contain ~14 molecules. A membrane targeting sequence containing the CAAX motif from the
yeast Ras2 protein can compensate for the PH domain to target Numl to the plasma membrane as discrete patches. The
CAAX-targeted Numl exhibits overlapping but largely distinct localization from wild-type Numl. However, it is fully
functional in the dynein pathway. More importantly, cortical PI(4,5)P, is dispensable for the localization and function of
the CAAX-targeted Numl. Together, these results demonstrate that cortical assembly of Numl into functional dynein-
anchoring patches is independent of its interaction with PI(4,5)P,.

Introduction

Movement and positioning of the mitotic spindle occurs through
interactions between the distal tips of astral microtubules and
the cell cortex. The minus-end directed microtubule motor, cyto-
plasmic dynein, plays a pivotal role in these microtubule-cortex
interactions, as evidenced by studies in diverse organisms such
as early embryo development in C. elegans,'® germline stem cell
divisions in D. melanogaster, nuclear migration in A. nidulans
and S. cerevisiae,’” and spindle alignment in cultured mamma-
lian cells.'!2 The general hypothesis emerging from these studies
is that astral microtubules probe the cell cortex for dynein attach-
ment sites; anchored dynein then generates pulling forces on the
microtubule, causing the spindle to orient or move to a defined
position. Although various studies have implicated dynein in
generating force between microtubules and the cell cortex, the
mechanism by which dynein is attached at the cortex is poorly
understood.

In the budding yeast S. cerevisiae, cortical attachment of
dynein requires the nuclear migration protein Num1.>7* The
NUMI gene encodes a 313 kDa protein consisting of a pre-
dicted N-terminal coiled-coil domain, a predicted EF hand, a
central region that contains thirteen repeats of 64 amino acids
of unknown function, and a C-terminal pleckstrin homology
(PH) domain (Suppl. Fig. 1 and ref. 15). Numl associates with
dynein'*'® and localizes to the plasma membrane as discrete non-
motile patches.”"> A favored hypothesis is that Numl anchors
dynein to the cortex through the interaction between its PH
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domain and PI(4,5)P, at the plasma membrane, since the PH
domain binds tightly to PI(4,5)P, in vitro.” However, whether
the interaction with PI(4,5)P, mediates the assembly of Numl
into stationary cortical patches has not been directly tested. More
importantly, it is not known whether this interaction is required
for Numl to mediate anchoring of cortical dynein.

In this study, we found that although the PH-PI(4,5)P, inter-
action is required for targeting of Num1 to the cell cortex, it is
not sufficient to mediate formation of cortical patches character-
istic of full-length Num1. Using a membrane targeting sequence
from the yeast Ras2 protein, we showed that Num! rtargeted to
the cell cortex via an entirely different mechanism is fully func-
tional in the dynein pathway, indicating that the sole role of the
PH domain is to direct membrane targeting.

Results

PH domain alone is not sufficient for assembly of cortical
Num1 patches. We asked whether the C-terminal PH domain of
Numl is sufficient for Numl targeting to the plasma membrane
as discrete patches. We altered the VUM locus to express only
the PH domain fused with GFP under its native promoter. Two
different PH domain boundaries were tested: (1) amino acids
25742683 as defined by the Pfam database,'® and (2) amino acids
2563-2692 as defined by a genome-wide study of PH domains
in S. cerevisiae.”” Haploid cells carrying the Pfam-defined PH

(2574-
-GFP exhibited diffuse cytoplasmic fluorescence and no corti-

GFP

2683)

cal localization. However, haploid cells carrying PH ;. ,,, -
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Figure I. Localization of full-length Num| and isolated PH domain. (A)
Wide-field single focal plane images of live cells expressing Num|-GFP
(left) or PH-GFP (right; construct No. 8 in Fig. 2) at the NUMI chro-
mosomal locus under the control of the NUMI promoter. Arrowheads
indicate representative bright and dim Num!|-GFP and PH-GFP foci,
respectively. Arrows indicate enhanced PH-GFP signal at the bud neck.
(B) Histograms of the number of molecules of PH-GFP and Numl -

GFP per cortical focus. The fluorescence intensity of individual foci of
PH-GFP (n = 143), NumI-GFP (n = 173) and Cse4-GFP (n = 184) was
measured using Image). The mean intensity of Cse4-GFP foci (Suppl.
Fig. 2) was used as a standard to normalize the intensity of PH-GFP and
NumI-GFP to number of molecules. Values less than zero are a result of
background subtraction.
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exhibited discrete cortical foci along the mother and daughter cell
cortex (Fig. 1A, right, arrowheads), as previously described for
full-length Num1-GFP foci.”' We also found that PH ., , o, -
GFP showed enhanced signal at the bud neck region (Fig. 1A,
right, arrows), a localization pattern that was similarly observed
when the PH domain of rat phospholipase PLC-81 was expressed
in yeast cells as a GFP fusion protein.” The discrepancy between
PH i¢; 160,"GFP and the Pfam-defined PH . .. -GFP sug-
gests that the former contains the minimal PH domain required
for proper folding and interactions with the cortical membrane.

We observed significant differences between the cortical foci
of PH(2563»2692)—GFP (hereafter referred to as PH-GFP) and full-
length Num1-GFP. Most notably, the fluorescence intensity of
individual foci is lower for PH-GFP than Num1-GFP (Fig. 1A).
PH-GFP cells did not contain bright foci that were frequently
observed in NUMI-GFP cells (Fig. 1A, left, arrowheads). Using
quantitative ratiometric methods, we determined the number of
fluorescent molecules at individual cortical foci. Cse4, a stable
kinetochore protein present at two copies per chromosome,?
was used as a standard for the intensity measurements (Suppl.
Fig. 2). We found that on average, cortical PH-GFP foci con-
tain -2 molecules per focus (Fig. 1B, top). The intensities of
full-length Num1-GFP foci gave a broader distribution with a
mean of ~14 molecules per focus (Fig. 1B, bottom). Immunoblot
analysis revealed that the dimmer patch formed by PH-GFP was
not due to unstable protein (Suppl. Fig. 3). These results indicate
that the PH domain is not sufficient to mediate the full assembly
of cortical Num1 patches.

PH domain is required for plasma membrane targeting.
Next, we asked whether the PH domain is necessary for Numl
localization to the plasma membrane. In previous studies, Numl
constructs lacking the PH domain were found diffusely in the
cytoplasm and did not localize to the cell cortex. However,
these studies used constructs that contained either (1) a large
C-terminal deletion,'* or (2) a deletion that included internal and
C-terminal sequences,” or (3) a deletion that included the PH
domain and the last 65 amino acids of Num1,?? referred to here
as “C domain” (Fig. 2A), which contains multiple predicted PKA
and PKC phosphorylation sites."” Thus, a strict requirement for
the PH domain in cortical targeting of Num1 has not been firmly
established.

We performed targeted disruption of the PH domain. We
altered the NUMI locus to express truncated Numl constructs
lacking the PH domain, the C domain, or both PH and C
domains, each fused with GFP under the control of its native
promoter (Fig. 2A). Deleting the PH domain or the C domain or
both did not result in unstable proteins (Suppl. Fig. 3). In fact,
Num! appeared more stable when the PH and C domains were
deleted. Haploid cells carrying numIAC-GFP as their sole source
of Num! exhibited cortical fociindistinguishable from full-length
Num1-GFP foci (Fig. 2B), indicating that the C domain is not
required for cortical patch assembly. In contrast, haploid cells
carrying numIAPH-GFP or numIAPHAC-GFP did not exhibit
cortical foci, in agreement with a role of the PH domain in cor-
tical targeting.!*' Interestingly, we observed that Num1APH-
GFP and NumIAPHAC-GEFP constructs were present as motile
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Figure 2. Chimeric Numl A C
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foci in the cytoplasm, with the number of foci per cell ranging
from one to three (Fig. 2B; Video 1). This pattern is distinct
from the diffuse cytoplasmic localization previously reported for
Numl fragments lacking the PH domain.”® The localization of
NumlAPH-GFP and NumlAPHAC-GEFP to cytoplasmic foci
may be due to their association with mitochondria via an inter-
action with the dynamin-related Dnml protein.”® We stained
the mitochondria in numIAPH-GFP and numIAPHAC-GFP
cells with mitotracker and found that the motile cytoplasmic
foci of Num1APH-GFP and Numl1APHAC-GFP co-localized
with mitochondrial tubules (Videos 2 and 3). These results show
that the PH domain is required for cortical targeting of Num1,
but not for its association with mitochondria.

CAAX motif in place of the PH domain restores cortical
localization. To test whether the PH domain is only required
for recruitment of Numl to the cortex, we replaced the PH
domain with a different membrane targeting sequence. We
fused the membrane-targeting sequence of Ras2, GSGGCCIIS,
to the C-terminus of NumlAPHAC-GFP. These nine amino
acids located at the C-terminus of Ras2 (hereafter referred to

as CAAX motif) signal for prenylation and palmitoylation**
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and have previously been used to direct cytoplasmic proteins to
the plasma membrane.?® Haploid cells carrying numIAPHAC-
GFP-CAAX as the only source of Numl exhibited discrete cor-
tical foci similar to those observed in NUMI-GFP cells (Fig.
2B). Quantitative measurements showed that the intensities of
NumIAPHAC-GFP-CAAX foci were lower compared to Num1-
GEFP foci, but they were significantly higher than PH-GFP foci.
On average, cortical NumlAPHAC-GFP-CAAX foci contained
~9 molecules per focus (Fig. 3A). This was ~1.5-fold lower than
full-length Num1-GFP foci, but ~4-fold higher than PH-GFP
foci (Fig. 3B). As a control, we examined the localization of
Ras2, the protein from which we obtained the CAAX motif.
Cells expressing N-terminally tagged mCherry-Ras2, under the
control of its native promoter, showed evenly distributed fluo-
rescence along the plasma membrane (Fig. 2C). Additionally,
as for Num1-GFP foci,” we found that Num1APHAC-GFP-
CAAX foci appeared to be stationary during time-lapse image
collections (10—15 min duration). These results demonstrate that
attaching a C-terminal CAAX motif enables NumlAPHAC-
GFP to assemble into cortical patches that are similar to Num1-

GFP.

Volume 8 Issue 19
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Figure 3. Targeting of NumIAPHAC-GFP-CAAX versus Num|-GFP. (A) Histogram of the number of molecules of Num|IAPHAC-GFP-CAAX per
cortical focus (n = 168). (B) Mean number of molecules of NumI-GFP, Num|IAPHAC-GFP-CAAX and PH-GFP per cortical focus. Error bars represent
standard error. (C) NumI-GFP and NumIAPHAC-GFP-CAAX show overlapping but distinct cortical localization in the same cell. Left: diploid cells car-
rying NUMI-mCherry and NUMI-GFP. Right: diploid cells carrying NUMI-mCherry and num|APHAC-GFP-CAAX. Merged images show Num|-mCherry in
red and Num|-GFP and Num|APHAC-GFP-CAAX in green. Bottom panel shows the percentage of foci exhibiting signals for GFP only, mCherry only,

or both. Bars represent standard error of proportion; n = 400 for each.

Num1APHAC-GFP-CAAX foci overlap with butare distinct
from those of wild-type Numl. To test whether NumlAPHAC-
GFP-CAAX localized to the same cortical sites as full-length
Numl, we constructed a diploid strain carrying numIAPHAC-
GFP-CAAX and NUMI-mCherry at the two NUMI chromo-
somal loci, both under the control of the native NUM1I promoter.
Imaging of the resulting diploid strain revealed that Numl-
mCherry and NumlAPHAC-GFP-CAAX often localized to
distinct foci: ~45% of cortical foci had only Numl-mCherry,

www.landesbioscience.com
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~27% had only Num1APHAC-GFP-CAAX, and ~28% had both
(n = 400 foci; Fig. 3C, right). Conversely, imaging of a control
diploid strain carrying NUMI-mCherry and NUMI-GFP at the
two NUM1I chromosomal loci revealed that the majority of Num1-
mCherry and Num1-GFP fluorescence colocalized at the same foci:
~22% of cortical foci had only Numl1-mCherry, ~13% had only
Num1-GFP, and ~65% had both (n = 400 foci; Fig. 3C, left). Thus,
these results showed that Num1APHAC-GFP-CAAX assembles at
cortical sites that are distinct from those of wild-type Num].

3185



>

% binucleated cells
o o 5 o &
1 L 1 [
H
H
[
Dyn1-3mCherry intensity

J\D ? Q Q Q
O @,cff S ¥ Ay
N\ Q b@(\b . Co?? . 0(,? $\)‘@‘\ Yg\e\b 0(,‘?
Y ’ ’ A o
A
(\°<(\ (\\56\

(A.U.x10%
o N A ©® ® o
1 L L L L |

bars represent standard error (n > 40 plus end foci for each strain).

Figure 4. CAAX rescues num/APHAC-GFP function in the dynein pathway. (A) Percentage of binucleated cells in indicated strains. Mid-log cultures
were shifted to 12°C for ~16 h, fixed and stained for nuclei with DAPI, and imaged. The percentage of binucleated cells was plotted for each strain.
Error bars represent standard deviation (n > 1000 cells for each strain). (B) Fluorescence intensity of plus end Dynl-3mCherry foci in strains carrying
NUMI-GFP, numIAPHAC-GFP and num|APHAC-GFP-CAAX. Each strain also expressed CFP-Tubl to mark microtubules. A 2 um Z-stack of images was
collected at 5 s intervals for Dynl-3mCherry and CFP-Tubl. Motile plus end foci of Dyn|-3mCherry were identified and measured as described.'® Error

NumlAPHAC-GFP-CAAX is functional in the dynein
pathway. We next evaluated NumlAPHAC-GFP-CAAX for
dynein pathway function. Loss of NUMI causes a nuclear seg-
regation phenotype characterized by accumulation of cells with
two nuclei in the mother (binucleate cells). This phenotype is
enhanced at low temperatures.””?’ Figure 4A shows that, after
incubation at 12°C, ~18.7% of numIA cells exhibited a binucle-
ate phenotype, whereas only 0.1% of wild-type and NUMI-GFP
cells exhibited a binucleate phenotype. As expected from the
loss of cortical localization (Fig. 2B, top row, third from left),
~18.4% of numIAPHAC-GFP cells exhibited a binucleate phe-
notype, similar to that of a numIA mutant. Strikingly, when the
CAAX sequence was fused to numIAPHAC-GFP, the percent-
age of binucleate cells was reduced to 0.4%, indicating that the
CAAX motif fully restored the nuclear segregation function of
NumlAPHAC-GFP.

We further examined the function of NumlAPHAC-GFP-
CAAX by assaying for rescue of synthetic growth defects with
the Kar9 pathway. Budding yeast need either the dynein or Kar9
pathway for normal growth.’** Tetrad analysis showed that
numlIA kar9A double mutants (12 of 12) formed microcolonies
that grew poorly (Table 1). In contrast, numIAPHAC-GFP-
CAAX kar9A double mutants grew normally (10 of 10), forming
colonies that were indistinguishable from those of wild-type or
parental single mutants, indicating that NumlAPHAC-GFP-
CAAX rescued the synthetic growth defects with £279A. In con-
trol crosses, numIAPHAC-GFP kar9A double mutants formed
microcolonies (11 of 11), whereas NUMI-GFP kar9A (12 of 12)
and NUMI-GFP-CAAX kar9A (12 of 12) progeny formed nor-
mal colonies with no observable growth defects.

To investigate the rescue of dynein function more directly, we
evaluated how NumlAPHAC-GFP and NumlAPHAC-GFP-
CAAX affect cortical attachment of dynein heavy chain Dynl1/
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HC. We previously showed that Dyn1/HC is targeted to motile
foci at the plus end of cytoplasmic microtubules, and to station-
ary foci at the cell cortex, which we proposed represent cortically
anchored dynein.** We found that numIA cells (Video 4) and
numIAPHAC-GFP cells (Video 6) exhibited plus end foci but no
cortical foci of Dynl/HC-3mCherry. In contrast, numIAPHAC-
GFP-CAAX cells exhibited both plus end and cortical foci of
Dyn1/HC-3mCherry (Video 7), similar to those observed in a
control NUMI-GFP strain (Video 5). Additionally, we examined
how Num1APHAC-GFP and Num1APHAC-GFP-CAAX affect
the level of Dyn1/HC-3mCherry at the plus end of cytoplasmic
microtubules. Loss of cortical attachment of Dynl/HC leads to
an enhanced level of Dynl1/HC at the plus ends.”* We found
that the intensity of Dynl/HC-3mCherry at the plus ends in
numIAPHAC-GFP cells was higher than that in numIAPHAC-
GFP-CAAX cells (Fig. 4B), which showed a level similar to wild-
type cells. Thus, cortical attachment of dynein was rescued in
numIAPHAC-GFP-CAAX cells. Taken together, these results
show that Num1APHAC-GFP-CAAX performs normal dynein
pathway function.

Localization and function of NumlAPHAC-GFP-CAAX
is independent of PI(4,5)P,. The PH domain of Numl binds
PI(4,5)P, in vitro with high affinity and specificity,” suggest-
ing that in the cell, interactions with PI(4,5)P2 may help anchor
Numl to the cortex. To examine whether PI(4,5)P, affects the
localization and function of NumlAPHAC-GFP-CAAX, we
altered PI1(4,5)P, levels using mss4*-102, a temperature sensitive
mutant of the essential PI(4)P 5-kinase MSS4. Mss4 is respon-
sible for all PI(4,5)P, synthesis at the plasma membrane.’*
Heat inactivation of mss4*-102 causes significant reduction in
PI(4,5)P, levels (to <20% of wild-type levels) without affecting
the levels of other phosphoinositide species.”” We constructed

NUMI-YFP mss4A and numIAPHAC-GFP-CAAX mss4A strains

Volume 8 Issue 19



Table I. Viability of NUMI alleles in combination with kar9A mutant

Mutant crossed with kar9A Number of tetrads

analyzed
numlIA I
NUMI-GFP 12
num|APHAC-GFP I
NUMI-GFP-CAAX 12
num|APHAC-GFP-CAAX 12

Number of predicted double

Viability of double mutant

mutants
Microcolony Viable
12 12 -
12 - 12
1 I -
12 - 12
10 - 10

Indicated mutant strains were crossed with kar9A. The resulting diploid strains were sporulated, and tetrads were dissected.

NUM1-YFP
[ MSS4]

NUM1-YFP
[ mss4™-102]

25°C

num1APHAC-GFP-CAAX
[ MSS4]

num1APHAC-GFP-CAAX
[ mss4*-102]

mic Num|-YFP foci (see Video 8) observed after inactivation of mss4*-/02.

Figure 5. Inactivation of Mss4 results in loss of cortical NumI-YFP, but not Num|IAPHAC-GFP-CAAX. NUMI-YFP and num|APHAC-GFP-CAAX strains
carrying chromosomal mss4A and either MSS4 plasmid or mss4%-102 plasmid were cultured at 25°C to mid-log phase and then shifted to 37°C for 2 h
20 min prior to fluorescence microscopy. Bright field and single focal plane wide-field images of live cells are shown. Arrows indicate motile cytoplas-

harboring the conditional mss4-102 or wild-type MSS4 plas-
mid. At the permissive temperature (25°C), NUMI-YFP and
numIAPHAC-GFP-CAAX cells expressing mss4*-102 as their
only source of Mss4 exhibited cortical foci that were indistin-
guishable from those expressing MSS4 (Fig. 5). After shifting
to the restrictive temperature (37°C), we found that ~68% (n =
251) of NUMI-YFP cells expressing mss4*-102 exhibited a loss of
cortical Num1-YFP foci; the majority of these cells had one to
three motile cytoplasmic foci (Fig. 5, arrows; Video 8) that were
strikingly similar to those observed in numIAPHAC-GFP cells
(Video 1; Fig. 2B, top row, third from left). In contrast, after an
identical temperature shift, we observed that all numIAPHAC-
GFP-CAAX cells expressing mss4*-102 (n = 261) exhibited cor-
tical foci that were indistinguishable from those in pre-shifted
cells (Fig. 5). Similarly, cortical foci in NUMI-YFP (n = 571)
and numIAPHAC-GFP-CAAX (n = 525) cells harboring the
control MS54 plasmid were unaffected by the temperature shift
(Fig. 5). These findings demonstrate that cortical targeting of
NumlAPHAC-GFP-CAAX does not depend on P1(4,5)P, levels
at the cell cortex.

To assess dynein function after inactivation of Mss4, we scored
for dynein-dependent spindle oscillation across the bud neck,
using a kar9A background to enhance spindle movements.*® We

www.landesbioscience.com
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found that NUMI-YFP mss4/A kar9A cells expressing mss4*-102
as their only source of Mss4 showed a large decrease in spindle
oscillation events after shifting to the restrictive temperature
(pre-shift: 81.4% of spindles, n = 97; after-shift: 57.3% of spin-
dles, n = 89). In comparison, numIAPHAC-GFP-CAAX mss4A
kar9A cells expressing mss4*-102 showed a much smaller decrease
in spindle oscillation events after an identical temperature shift
(pre-shift: 82.5% of spindles, n = 114; after-shife: 72.2% of
spindles, n = 90). These spindle oscillations often coincided with
lateral sliding of a cytoplasmic microtubule along the cell cortex,
indicating cortical dynein activity (Video 9). Thus, these results
indicate that the function of Num1APHAC-GFP-CAAX does
not depend on PI(4,5)P, levels at the cell cortex.

Discussion

In summary, we found that the interaction between the PH
domain and PI(4,5)P, directs plasma membrane targeting but is
not sufficient to mediate cortical patch assembly of Numl. Our
analysis of CAAX-targeted constructs lacking the PH domain
indicates that membrane targeting by the PH domain can be sub-
stituted by a different mechanism, and yet, Num1 remains fully
functional for dynein anchoring. Furthermore, we discovered

3187



that NumlAPHAC-GFP-CAAX assembles patches at sites dis-
tinguishable from those of wild-type Numl, suggesting that
there may be no preferential sites at the cell cortex for Numl to
exert its function in spindle positioning.

Numl is an essential component of the dynein pathway, which
mediates timely and efficient movement of the mitotic spindle
into the bud neck during mitosis.”** One important question
regarding Numl function is how it is tethered at the plasma
membrane to form a functional platform for anchoring dynein.
Although previous studies have implicated its PH domain in
membrane targeting, the manner in which this domain contrib-
utes to Numl patch assembly was unclear. Our data reveal that
PH-GEFP foci are significantly dimmer than full-length Num1-
GFP foci (Fig. 1). Molecule-counting indicates that there are
only -2 molecules of PH-GFP per cortical focus, compared to
~14 molecules per cortical focus for full-length Num1-GFP. This
result, together with our deletion analysis (NumlAPH-GFP,
NumIAC-GFP and NumlAPHAC-GEFP; Fig. 2), suggests that
the sole function of the PH domain is to mediate the recruitment
of Numl to the cell cortex. We propose that an additional step of
aggregation, which may be mediated by the sequence N-terminal
to the PH domain, is required for Numl to form functional
patches. Consistent with this idea, we find that a CAAX motif
is sufficient to replace the PH domain to form non-motile bright
cortical foci when attached to the N-terminal sequence of Numl.
In contrast, the Ras2 protein, which also contains a CAAX motif,
localizes smoothly at the cell cortex.

Quite surprisingly, although NumIAPHAC-GFP-CAAX
shows largely distinct localization from wild-type Numl-
mCherry (Fig. 3C), it is fully functional in the dynein pathway.
Since both Num1-APHAC-GFP-CAAX and Numl1-GFP foci
are non-motile, and both proteins share the same N-terminal
sequence, we speculate that the N-terminal-sequence-mediated
aggregation of Numl is the key determinant in the formation of
a stationary structural scaffold for dynein anchoring. For Num1-
GFP, this scaffold binds tightly to the plasma membrane via
numerous PH—PI(4,5)P2 interactions. For Num1-APHAC-GEFP-
CAAX, this scaffold is covalently attached to the cytoplasmic
face of the plasma membrane via numerous hydrophobic palmi-
tate and prenyl groups. It would be interesting to investigate in
the future how the N-terminal sequence is involved in the patch
assembly of Numl.

Materials and Methods

Yeast strains and plasmids. Yeast strains used in this study
are listed in Supplementary Table 1. All strains are isogenic
with YWL36," and were constructed by standard genetic cross
or by PCR product-mediated transformation.”> Correct tagging
of Numl with GFP or GFP-CAAX was confirmed by sequenc-
ing the PCR product amplified from the tagged genomic locus.
CEN-containing plasmids pRS416-MS54 and YCplaclll-
mss4¥-102 were recovered from strains AAY201 and AAY202,
respectively.’” The GFP-tagging vectors pKT0127 and pKT0128
were obtained from Addgene plasmid repository. We con-

verted pKT0127 into a GFP-6xHIS-tagging vector, pXT07, by
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ligating a synthetic insert made from two oligos with the sequence
5-GTACAAAGATTACGATATCCCAACGCATCACCATCA
CCATCACTA G-3'and 5-GTACCTAGTGATGGTGATGGT
GATGCGTTGGGATATCGTAATCTTT-3' BsrGI-
digested pKT0127.

To replace the chromosomal NUMI gene with PH-GFP
sequence, we first built a targeting vector containing the NUMI

into

upstream and downstream non-coding sequences. Briefly, a PCR
fragment containing 400 bp downstream of the NUMI stop
codon was amplified from genomic DNA using primers flanked
with AatlI sites and cloned into AatlI-digested pRS304,** gen-
erating pXT10. Next, a fragment containing the GFP-6xHIS
coding sequence was amplified from pXTO07 using a forward
primer flanked with BamHI and Sall sites and a reverse primer
flanked with a BglII site. The PCR fragment was digested with
BamHI and BglII and ligated into BamHI-digested pXT10,
generating pXT12. Next, a PCR fragment containing 601 bp
upstream of the NUMI start codon was amplified from genomic
DNA using a forward primer flanked with a Sall site and a
reverse primer flanked with a Xhol site. The PCR fragment
was digested with Sall and Xhol and ligated into Xhol-digested
pXT12, generating pXT15, the targeting vector that contains
NUM1I upstream and downstream non-coding sequences. The
coding sequence of Numl PH domain (residues 2563-2692)"
was amplified from genomic DNA using a forward primer
flanked with a Xhol site and a reverse primer flanked with a
Sall site. The PCR fragment was digested with Xhol and Sall
and ligated into Xhol/Sall-digested pXT15, generating pXT33.
Pfam-defined PH domain (residues 2574—-2683) was cloned
similarly into Xhol/Sall-digested pXT15, generating pXT21.
To construct the PH(Z%&MZ)—GFP and PH(2574>2683)—GFP strains,
pXT33 and pXT21 were digested with Avrll and Mlul, and the
resulting 4.1 kb fragment was gel purified and transformed into
a numlIA strain (YWL555).

To replace the chromosomal NUMI gene with numIAPH-
GFP sequence, we constructed pXT38. Briefly, a Xhol/BamHI
fragment containing the coding sequence of NUMI with-
out the stop codon was cloned into Xhol/BamHI-digested
pXT12, generating pXT12-NUMI-no-stop-codon. We verified
the entire NUM1I coding sequence by DNA sequencing. Next,
a PCR fragment containing 601 bp upstream of the NUM]I
start codon was amplified from genomic DNA using a forward
primer flanked with a Sall site and a reverse primer flanked
with a Xhol site. The PCR fragment was digested with Sall and
Xhol and ligated into Xhol-digested pXT12-NUMI-no-stop-
codon, generating pXT19. Next, using a PCR-based technique
for joining DNA sequences,** we amplified from pXT19 the
sequences flanking the PH domain (encompassed by two Ndel
sites) as one 0.9 kb Ndel fragment. The resulting PCR product
was digested with Ndel and ligated into Ndel-digested pXT19,
generating pXT38. To construct numIAPH-GFP strain, pXT38
was digested with Avrll and Mlul, and the resulting 11.6 kb
fragment, containing the coding sequence of numIAPH-GFP
flanked by NUMI 5-UTR and 3-UTR sequences, was gel
purified and transformed into a numlIA strain (YWL555) to
yield YWLI105.
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To construct a vector for tagging Numl with GFP-
CAAX, pKT0128 was digested with BsrGI and ligated with
a synthetic insert made from two oligos with the sequence
5-GTACAAAGGTGCTGGTGCTGGATCGGGTGGCTG
TTGTATTATAAGTTAA-3' and 5-GTACTTAACTTATAA
TACAACAGCCACCCGATCCAGCACCAGCACCTTT-3..
The insert encodes a Gly-Ala-Gly-Ala linker followed by the
C-terminal membrane-targeting sequence from Ras2, Gly-Ser-
Gly-Gly-Cys-Cys-lle-Ile-Ser.?® The resulting plasmid pKT0128-
RAS2-C-term was used as a template for PCR to tag NUMI at
the chromosomal locus with GFP-CAAX.

To express mCherry-tagged Ras2, we amplified the mCherry
open reading frame without the stop codon from pRS305-
mCherry with a forward primer flanked with an AvrII site and
a reverse primer flanked with a Spel site and ligated the PCR
fragment into a TOPO TA vector (Invitrogen). Next, we excised
the mCherry fragment from the TOPO TA vector by Avrll and
Spel digestion and ligated it into Spel-digested pRS315-MET3p,
generating pRS315-MET3p-mCherry. A Spel/Sacl fragment con-
taining the RAS2 open reading frame amplified from genomic
DNA was then cloned into the Spel and Sacl sites in pRS315-
MET3p-mCherry, generating pRS315-MET3p-mCherry-RAS2.
Finally, a Sall/BamHI fragment containing 795 bp immedi-
ately upstream of the RAS2 open reading frame was amplified
from genomic DNA and cloned into the Sall and BamHI sites
in pRS315-MET3p-mCherry-RAS2, replacing the MET3p. The
resulting plasmid, which expresses 7 Cherry-RAS2 under the con-
trol of RAS2 promoter, was named pXT43.

Fluorescence microscopy. Cells for fluorescence microscopy
were cultured in synthetic defined media (SD) at 30°C unless
stated otherwise. Cold nuclear segregation assay was performed as
described.?”*>3! Briefly, early mid-log culture at 30°C was shifted
to 12°C for 16 h, fixed with 70% ethanol and then stained with
DAPI to visualize the nuclei. To examine movement of preana-
phase spindles in YWL1472 and YWL1476 strains, cells were
arrested in S phase at 25°C by addition of 200 mM hydroxyurea
(HU) and then shifted to 37°C for 70 min. Spindle movement
was visualized in live cells on agarose pads. Wide-field fluores-
cence images were collected using a 1.49 NA 100X objective on
a Nikon 80i upright microscope equipped with SmartShutter
(Sutter Instrument), motorized filter cube turret, and a cooled
EM-CCD Cascade-II camera (Photometrics) controlled by the
NIS-Elements software (Nikon). We used Image] to quantify
fluorescence intensities of Num1 or Dynl foci as described.!®
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