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Regulated interactions between microtubules (MTs) and

the cell cortex control MT dynamics and position the

mitotic spindle. In eukaryotic cells, the adenomatous

polyposis coli/Kar9p and dynein/dynactin pathways are

involved in guiding MT plus ends and MTsliding along the

cortex, respectively. Here we identify Bud14p as a novel

cortical activator of the dynein/dynactin complex in bud-

ding yeast. Bud14p accumulates at sites of polarized

growth and the mother-bud neck during cytokinesis. The

localization to bud and shmoo tips requires an intact actin

cytoskeleton and the kelch-domain-containing proteins

Kel1p and Kel2p. While cells lacking Bud14p function

fail to stabilize the pre-anaphase spindle at the mother-

bud neck, overexpression of Bud14p is toxic and leads to

elongated astral MTs and increased dynein-dependent

sliding along the cell cortex. Bud14p physically interacts

with the type-I phosphatase Glc7p, and localizes Glc7p to

the bud cortex. Importantly, the formation of Bud14p–

Glc7p complexes is necessary to regulate MT dynamics

at the cortex. Taken together, our results suggest that

Bud14p functions as a regulatory subunit of the Glc7p

type-I phosphatase to stabilize MT interactions specifically

at sites of polarized growth.
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Introduction

Microtubules (MTs) are essential structures that organize the

cytoplasm and assemble and position the mitotic spindle.

Spindle orientation is critical for accurate chromosomal

segregation in eukaryotic cells, and represents a major strategy

to generate cell diversity by asymmetric cell division during

development of metazoans (Pearson and Bloom, 2004). In

Saccharomyces cerevisiae, orientation of the mitotic spindle

along the mother-bud axis is achieved by long astral MTs

emanating from the spindle pole bodies (SPBs) and inter-

acting with the bud cortex (Kusch et al, 2003).

Several components, including the adenomatous polyposis

coli (APC)-like protein Kar9p and the kinesin Kar3p and its

accessory factor Cik1p, localize to SPBs and/or MT plus ends,

and pull the spindle to the bud neck, thereby providing

directional cues for spindle orientation (Liakopoulos et al,

2003). Kar3p is required for MT attachment to sites of

polarized growth during plus-end depolymerization

(Maddox et al, 2003). In a second step, the mitotic spindle

elongates through the neck via dynein-dependent sliding

of cytoplasmic MTs along the bud cortex (Carminati and

Stearns, 1997; Adames and Cooper, 2000). In budding

yeast, the two pathways are genetically redundant such that

they can partially substitute for each other, and only cells

lacking the function of both processes are inviable because

nuclear division occurs in the mother cell.

For MTs to slide along the cortex, dynein needs to be

anchored at the cortex and walk along MTs towards the SPB.

Cytoplasmic dynein and its accessory dynactin complex

localize to the plus end of MTs by a mechanism involving

Lis1p/Pac1p (Lee et al, 2003) and Bik1p (Sheeman et al,

2003). MT sliding requires the cortical protein Num1p, which

interacts with the dynein intermediate chain Pac11p, as

well as the formin Bni1p (Heil-Chapdelaine et al, 2000;

Farkasovsky and Kuntzel, 2001). The interaction between

MT plus ends and cortical Num1p may help to unload dynein

and Pac1p from the MT tip to the cortex and/or activate the

dynein motor or enhance motor processivity at the cortex

(Lee et al, 2005). Dynein has been found at the cell cortex in

higher eukaryotes (Busson et al, 1998; Gönczy et al, 1999),

and the mechanism by which cortically anchored dynein

pulls on astral MTs to move the nucleus or to reorient the

spindle is likely to be conserved (Gundersen et al, 2004).

However, the components involved in MT capture or stabili-

zation at the cortex remain elusive.

The interaction of MTs with cellular structures is dynamic

and evidence from several organisms suggest that type I

phosphatases (PP1) regulate the interaction of MTs with

segregating chromosomes during anaphase (Axton et al,

1990; Fernandez et al, 1992). In budding yeast, the catalytic

subunit of the PP1, Glc7p, regulates the MT-binding activity

of kinetochores, possibly through dephosphorylation of the

CBF3 subunit Ndc10p (Sassoon et al, 1999). Besides the

regulation of MT–kinetochore interactions, Glc7p is involved

in many other biological processes, including glucose repres-

sion, glycogen accumulation, meiosis, and cytokinesis (Stark,

1996). Consistent with these diverse functions, Glc7p

localizes to several cellular compartments and structures,
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including the cytoplasm, nucleus, spindle pole bodies, and

sites of polarized growth (Bloecher and Tatchell, 2000). Glc7p

interacts via a conserved binding motif with a set of regula-

tory subunits, which are thought to recruit the phosphatase to

specific compartments and regulate substrate specificity

(Bollen and Stalmans, 1992; Egloff et al, 1997).

We are interested in understanding how cortical proteins

regulate actin and MT function. Interestingly, Bud14p is

localized at the bud cortex (Ni and Snyder, 2001) and is

found in a synthetic-genome array (SGA) screen with the

MT-binding proteins Kar3p and Bim1p (Tong et al, 2004).

In this study, we investigated a potential role for Bud14p

in stabilizing MT–cortex interactions. Our results suggest

that Bud14p functions as a regulatory subunit of Glc7p to

modulate MT–cortex interactions during mitosis.

Results

Bud14p exhibits genetic interactions with several

components involved in MT function

To investigate the function of Bud14p, we screened the

Euroscarf k.o. collection for genes that are synthetic lethal

with BUD14 (Tong et al, 2001), and confirmed the interac-

tions by tetrad analysis (Figure 1A; data not shown).

Interestingly, several genes that showed a synthetic interac-

tion with BUD14 are known to affect MT function, including

KAR3, CIK1, and PAC10 (Figure 1A; see also Tong et al, 2004).

Kar3p and Cik1p physically interact and exhibit a minus-end-

directed motor activity important for orientation of the mito-

tic spindle by coupling MTs with the cell cortex. Weak

synthetic growth defects were also detected with KAR9 and

BIM1 (Figure 1A), while no interaction was observed

between BUD14 and DHC1. Whereas bud14D, bim1D,

dhc1D, and bud14D dhc1D cells all divided with similar

kinetics, the doubling time of bud14D bim1D cells increased

by approximately 60 min as compared to the respective single

mutants when grown at 301C (data not shown). In addition to

these synthetic interactions, Bud14p physically binds to com-

ponents localized at the bud cortex, such as the GAP Bem2p,

the kelch-domain protein Kel2p, the protein kinase Kin2p,

and the PP1 Glc7p (Figure 1A) (Balakrishnan et al, 2005).

Taken together, the Bud14p functional network suggests a

possible link between the cell cortex and MT dynamics.

bud14D cells exhibit a defect in maintaining the position

of the pre-anaphase spindle at the bud neck

Consistent with a role of Bud14p in the assembly and/or

functioning of the MT cytoskeleton, we occasionally (7.9%;

n¼ 400) observed that bud14D cells initiated anaphase be-

fore nuclear migration to the bud neck was completed (data

not shown). However, no significant defects in spindle or

astral MT properties were apparent when analyzing time-

lapse movies of wild-type (wt) and bud14D cells expressing

Tub1p-GFP (Figure 1B). To investigate whether Bud14p may

play a role in nuclear positioning and/or spindle orientation,

we determined by DAPI staining whether nuclear division

in bud14D occurs in mother cells. As shown in Figure 1C,

bud14D and bim1D single mutants showed only a mild

increase of binucleated cells compared to wt, while, as

expected, over 40% (n¼ 300) of the dhc1D cells underwent

nuclear division in the mother cell. However, over 20%

(n¼ 400) of the bud14D bim1D double-mutant cells accumu-

lated binucleated mother cells. In contrast, no further

increase of binucleated cells was detected in bud14D dhc1D
double mutants, suggesting that Bud14p and Dhc1p may

function in a redundant pathway to Bim1p to regulate spindle

orientation during mitosis. To corroborate these results, we

analyzed cells expressing Tub1p-GFP to determine the

position and stability of the mitotic spindle. As shown in

Figure 1D, bud14D (8%; n¼ 164) and dhc1D (10%; n¼ 41)

single mutants exhibited a mild defect in nuclear positioning

compared to wt cells (3%; n¼ 107), while, as expected, over

70% (n¼ 61) of bim1D cells showed mis-localized nuclei

(Adames and Cooper, 2000). Interestingly however, in time-

lapse movies, we observed that the position of the pre-

anaphase spindle in proximity of the mother-bud neck was

unstable in bud14D cells (Figure 1E and Supplementary

Movies M1 and M2). In contrast to wt cells, the proximal

spindle pole body notably moves away from the mother-bud

neck in 68% (n¼ 25) of the bud14D cells at the G2/M phase

of the cell cycle, as analyzed by time-lapse microscopy (wt:

17%; n¼ 30). Thus, while Bud14p was dispensable for the

initial positioning of the pre-anaphase spindle, it was

required to maintain this position at the mother-bud neck.

Overexpression of Bud14p is toxic and promotes

the formation of long astral MTs

As shown in Figure 2A, wt cells overexpressing Bud14p from

the GAL1,10 promoter were unable to form colonies.

Synchronous release of a-factor-arrested G1 cells revealed

that overexpression of Bud14p did not interfere with bud

emergence or DNA replication, but the cells uniformly ar-

rested with a large budded morphology and a 2N-DNA

content (Figure 2B). Analysis of spinning-disc confocal stacks

of live images of Tub1p-GFP cells overexpressing Bud14p

revealed that the length of astral MTs emanating from either

one of the two spindle poles was greatly increased

(Figure 2C) and MTs often reached around the entire bud

cortex. In contrast, no significant changes in actin structures

were observed (data not shown). Strikingly, the mitotic

spindle was mispositioned and often pulled into the bud

when spindle dynamics were analyzed by Tub1p-GFP time-

lapse microscopy of G2/M cells overexpressing Bud14p

(Figure 2D and E and Supplementary Movies M3 and M4).

In several movies, the mitotic spindle was pulled to the bud

cortex and then rapidly dragged back to the mother cortex

(for example, Supplementary Movie M3), indicating that

excessive forces emanating from the bud and sometimes

also the mother cell cortex are exerted on the premitotic

spindle. Together, these observations suggest that increased

Bud14p levels result in strengthened MT–cortex interactions

preferentially at the bud cortex.

Bud14p accumulates at sites of polarized growth,

and this localization is dependent on an intact actin

cytoskeleton and the cortical proteins Kel1p and Kel2p

To analyze the subcellular localization of Bud14p, we ex-

pressed functional YFP-Bud14p from the constitutive ADH1-

promoter in wt or bud14D cells. Consistent with previously

published results (Ni and Snyder, 2001), YFP-Bud14p accu-

mulated at bud tips and the mother-bud neck at later stages of

the cell cycle (Figure 3A), and was also found at the tip of

mating projections (þ aF). Immunoblotting of a-factor-syn-

chronized cultures showed that endogenous Bud14p levels
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remained constant throughout the cell cycle (Figure 3B).

Costaining of CFP-Tub1p and YFP-Bud14p revealed that the

accumulation of Bud14p at the mother-bud neck occurred

after completion of anaphase and spindle disassembly,

implying that Bud14p at bud tips may be critical with respect

to spindle orientation and function.

Interestingly, we observed that the bud-tip and neck

localization of YFP-Bud14p was reduced after disassembly

of the actin cytoskeleton with Latrunculin-A (LAT-A)

(Figure 3C). Quantification revealed that 72% of LAT-A-

treated cells had no detectable YFP-Bud14p at the tip and

82% no longer showed YFP-Bud14p at the neck (n¼ 200),
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Figure 1 Bud14p is required to stabilize the pre-anaphase spindle at the mother-bud neck. (A) A subset of the synthetic-lethal and protein–
protein interaction network identified by SGA analysis, two-hybrid and co-immunoprecipitation assays is shown (source: Saccharomyces
Genome Database (SGD) (Balakrishnan et al, 2005)). Tetrad analysis confirmed the synthetic-lethal interaction between BUD14 (yMK22) and
KAR3 (Y05556) and the synthetic-sick interactions between BUD14 and BIM1 (Y00147) or KAR9 (Y01023). (B) Live images of the mitotic
spindle in wt (yBL100) and bud14D cells expressing Tub1p-GFP (yMK13). (C) The accumulation of binucleated mother cells at 161C was
determined by DAPI staining in wt (yBL100), bud14D (yMK13), bim1D (yMK93), dhc1D (yMK94), bud14D bim1D (yMK141), and bud14D
dhc1D (yMK146) cells, and plotted as percentage (%) of the total number of cells with standard deviations (n¼ 300–400 in each case).
(D) Percentages (%) of cells expressing Tub1p-GFP that mis-localize the pre-anaphase spindle at the mother-bud neck. Cells were grown to
exponential phase at 161C, fixed in 4% formaldehyde/0.2% glutaraldehyde, and analyzed microscopically (wt (yBL100): n¼ 107, dhc1D
(yMK94): n¼ 41, bim1D (yMK93): n¼ 61, and bud14D (yMK13): n¼ 164). (E) The stability of the mitotic spindle at the bud neck in wt
(yBL100: n¼ 30, light grey) and bud14D (yMK13: n¼ 25, dark grey) cells expressing Tub1p-GFP was quantified by counting the number of cells
where the proximal spindle pole body is displaced from the mother-bud neck by at least half the length of the pre-anaphase spindle. Shown are
stills of time-lapse movies of 7-min intervals at the indicated time points (in min) (Supplementary Movies M1 and M2).
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while YFP-Bud14p localization was largely unaffected after

disassembly of the MT network by Nocodazole treatment

(Figure 3C). Taken together, these results suggest that Bud14p

requires an actin-dependent mechanism to accumulate at

sites of polarized growth.

High-throughput analysis suggests that Bud14p interacts

with the kelch-domain-containing proteins Kel1p and Kel2p

(Ho et al, 2002), both of which localize to sites of polarized

growth (Philips and Herskowitz, 1998). Interestingly, the

localization of GFP-Bud14p to bud sites, shmoo tips, and

the mother-bud neck region was greatly reduced in kel1D and

kel1D kel2D cells, while no effect was observed in kel2D cells

(Figure 3D and E). Quantification revealed that 48% of kel1D
and 71% of kel1D kel2D cells (n¼ 200) exposed to a-factor
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Figure 2 Bud14p overexpression arrests cells in mitosis with long MTs and the pre-anaphase spindle displaced into the bud. (A) Five-fold
serial dilutions of wt (K699) cells harboring an empty control plasmid (eV; pRS415) or a plasmid expressing Bud14p from the inducible
GAL1,10 promoter (pMK5) were spotted on selective media containing glucose (GAL-promoter off; upper panel) or galactose (GAL-promoter
on; lower panel). The plates were photographed after 3 days at 251C. (B) wt (K699) cells harboring an empty control plasmid (eV; pRS415) or a
plasmid expressing Bud14p from the inducible GAL1,10 promoter (pMK5) were arrested in G1 with a-factor (time 0), and released into media
containing 2% galactose. Cell cycle progression was monitored at the times indicated (in h) by FACS analysis. The morphology and budding
index was determined microscopically 6 h after release (n¼ 200). (C) The length of astral MTs (in mm) emanating from the proximal and the
distal SPB was measured as schematically indicated in maximal projections of 13–19 spinning-disc microscopy z-layers, each separated by
0.2mm, using ImageJ software (http://www.nih.gov/). Comparison of wt cells (yBL100) overexpressing Bud14p (pMK5) for 6 h and cells
carrying a control plasmid (eV; pRS415). (D, E) Analysis of spindle dynamics in wt cells (yBL100) overexpressing Bud14p (pMK5) or carrying a
control plasmid (eV; pRS415). Shown in panel D are stills of spinning-disc time-lapse movies of 7-min intervals (Supplementary time-lapse
Movies M3 and M4) at the time points indicated (in min). The displacement of the pre-anaphase spindle into the bud was quantified from live
epifluorescent images in panel (E) at the indicated times (in h) after galactose induction. Shown is the percentage of Bud14p-overexpressing
(dark gray; n¼ 300) and control cells (light gray; n¼ 200) that positioned the pre-anaphase spindle in the bud.
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had no detectable GFP-Bud14p at the tips of mating projec-

tions (Figure 3E). Western blot analysis showed that GFP-

Bud14p was expressed at comparable levels (data not

shown), implying that the localization defect was not due

to instability of GFP-Bud14p. Together, these results suggest

that Kel1p and Kel2p are important for Bud14p localization,

and may function as anchors for Bud14p at sites of polarized

growth.
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Figure 3 The localization of Bud14p to sites of polarized growth requires an intact actin cytoskeleton and the cortical kelch-domain-containing
proteins Kel1p and Kel2p. (A) The localization of YFP-Bud14p (pMK113) expressed from the ADH1 promoter (upper panel) and CFP-Tub1p
(middle panel) was determined by epifluorescence microscopy in wt (yMK78) cells. (B) The level of Bud14p-myc expressed from its
endogenous genomic locus (yMK164) was analyzed by immunoblotting after cell cycle synchronization by a-factor arrest/release. Cell cycle
progression was monitored at the times indicated (in min) by immunoblotting for Clb2p (middle panels). Actin served as a loading control
(lower panels). An untagged wt strain (K699) controls for the specificity of Bud14p-myc detection. (C) The localization of YFP-Bud14p
(pMK113) and CFP-Tub1p was determined in wt (yMK78) cells in the presence (þ ) or absence (DMSO) of the actin depolymerization drug LAT-
A, or the MT-depolymerization drug Nocodazole. Arrows mark the localization of YFP-Bud14p at the bud cortex and bud neck, respectively.
(D, E) The localization of GFP-Bud14p (pMK60) expressed from its endogenous promoter was determined in wt (BY4741), kel1D (YO2852),
kel2D (YO6996) and kel1D kel2D (yMK91) cells. Arrows mark GFP-Bud14p at bud tips, the mother-bud neck, and shmoo tips in cells exposed
to a-factor (panels D and E). Asterisks denote loss of GFP-Bud14p at bud or shmoo tips in kel1D and kel1D kel2D cells, while crosses indicate
loss of GFP-Bud14p staining at the mother-bud neck. Percentages (%) of cells that have lost polarized GFP-Bud14p localization at shmoo
tips (n¼ 200) are shown in (E).
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Bud14p physically interacts with the PP1 Glc7p through

a conserved binding motif

Besides an amino-terminal SH3 domain (amino acids (aa)

262–318), Bud14p contains a conserved motif that is a pre-

dicted binding site for the PP1 Glc7p (aa 375–379; Figure 4A).

To determine whether these motifs are functionally impor-

tant, we performed two-hybrid (Table I) and coimmuno-

precipitation experiments with wt and Bud14p mutants

(Figure 4B). As shown in Table I, Bud14p fused to the

activation domain (AD) strongly interacted with Glc7p

fused to the DNA-binding domain (DBD). A carboxy-terminal

fragment encompassing the putative Glc7p-binding site was

sufficient for this interaction, although the SH3 domain also

significantly contributed to efficient binding. Supporting this
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Figure 4 Bud14p binds Glc7p through a conserved motif and is required to localize Glc7p to bud and shmoo tips. (A) The SH3 domain (light
gray; aa 262–318) and the conserved Glc7p-binding motif (dark gray; aa 375–379) of Bud14p are schematically indicated (Glc7p-binding motif:
dark gray: identical, light gray: strong similarity; NCBI-accession identities: Candida glabrata: XP_447443, Kluyveromyces lactis: XP_45238,
Eremothecium gossypii: AQNP_985077, S. pombe: NP_595240). The arrowhead and asterisk highlight the mutated aa in the Glc7p-binding motif
that abolish the interaction with Bud14p. (B) HA2-Glc7p (pIP607) was immunoprecipitated from extracts prepared from cells (KT1961)
expressing as indicated GST-Bud14p (pCDV476), GST-Bud14p-V377A (pLC742), or GST-Bud14p-F379A (pLC743). The input extracts (upper
two panels) or the immunoprecipitates were analyzed by immunoblotting with GST (lower two panels) or HA antibodies (upper panel). (C, D)
The localization of GFP-Glc7p (pMK146) expressed from the ADH1 promoter was analyzed by spinning-disc confocal microscopy in wt (K699)
(C: lower rows, D: right panels) or bud14D (Y00413) cells (C: upper rows, D: left panel). Shown are maximal projections of z-stacks from live
images, 13–19 layers, 0.2 mm apart. Cells in panel D were treated with a-factor for 2 h and the loss of shmoo tip localization of GFP-Glc7p was
quantified in bud14D (n¼ 19) and wt (n¼ 15) cells. Arrowheads mark GFP-Glc7p localization at sites of polarized growth, while asterisks
denote loss of GFP-Glc7p localization.
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analysis, GST-tagged Bud14p was able to coimmunoprecipi-

tate with HA-tagged Glc7p (Figure 4B) (Lenssen et al, 2005).

Importantly, specific point mutations in the Glc7p-interaction

motif of Bud14p (V377A and F379A; Figure 4A) strongly

diminished its ability to interact with Glc7p both by

two-hybrid (Table I) and coimmunoprecipitation assays

(Figure 4B), implying that Glc7p indeed interacts with

Bud14p through this conserved domain. The mutant protein

is still able to function in two-hybrid assays, as Bem2p

interacted with both wt and Bud14p mutants V377A and

F379A. To corroborate these results, we analyzed several

Glc7p mutant proteins for their ability to interact with

Bud14p. Interestingly, Glc7p-133 was defective for binding

to Bud14p, as shown by two-hybrid assay (Table I) (Lenssen

et al, 2005), but still efficiently interacted with the Glc7p

regulatory subunit Urip/Bud27p (data not shown) (Venturi

et al, 2000). Glc7p-133 contains four mutations changing aa

R186A, R187A, R190A, and Q298K, which are predicted to be

on the surface of Glc7p (Baker et al, 1997). Together, these

results suggest that Bud14p may function as a regulatory

subunit of Glc7p at the bud cortex.

Bud14p is required to localize Glc7p to the bud cortex

and shmoo tips

As regulatory subunits are thought to target Glc7p to specific

cellular regions (Bloecher and Tatchell, 2000), we compared

the localization of GFP-Glc7p expressed from the ADH pro-

moter in wt and bud14D cells. In bud14D cells, the nuclear

and mother-bud neck pools of Glc7p were unaffected

(Figure 4C), and Glc7p was still observed on spindle pole

bodies during mitosis. In contrast, GFP-Glc7p was no longer

detected at the bud cortex (panel C), and also failed to

accumulate at shmoo tips in bud14D cells arrested with

a-factor (panel D). We quantified this defect and found that

GFP-Glc7p was lost in all (n¼ 19) of the bud14D cells looked

at, while only 13% (n¼ 15) of wt cells had no detectable

amounts of Glc7p-GFP at shmoo tips. We conclude that

Bud14p is required to localize Glc7p at sites of polarized

growth, including the bud cortex and shmoo tips. In contrast,

GFP-Glc7p remained visible at the mother-bud neck region in

bud14D cells (Figure 4C), consistent with previous reports

that have identified Bni4p as the limiting determinant of

Glc7p localization at the mother-bud neck (Kozubowski

et al, 2003).

The Bud14p–Glc7p complex may regulate spindle

positioning at the bud cortex

We next compared the subcellular localization of wt Bud14p

with Bud14p-V377A, Bud14p-F379A, and Bud14p-DSH3,

using YFP fusions expressed in bud14D cells harboring

CFP-Tub1p. While an intact SH3 domain was necessary for

the accumulation of Bud14p at the cortex, Bud14p-V377A

and Bud14p-F379A efficiently accumulated at sites of polar-

ized growth and the mother-bud neck region (Figure 5A).

Likewise, wt YFP-Bud14p was found at bud tips and the

mother-bud neck in glc7-133 cells (data not shown), confirm-

ing that binding of Bud14p to Glc7p is not required for its

localization to sites of polarized growth.

To address the functional importance of the Bud14p–Glc7p

complex, we first compared lethality induced by overexpres-

sion of wt and Bud14p mutants unable to interact with Glc7p.

As shown in Figure 5B, overexpression of wt Bud14p, but not

Bud14p-V377A or Bud14p-F379A, from the inducible

GAL1,10 promoter was toxic. Likewise, the toxicity of over-

expression of wt Bud14p was much reduced in isogenic glc7-

133 cells (data not shown). Simultaneous overexpression of

Glc7p and Bud14p did not rescue the toxicity associated with

Bud14p overexpression (data not shown), indicating that

high levels of Bud14p did not simply titrate Glc7p away

from an essential site, but rather functions by a gain-of-

function mechanism. Finally, cells overexpressing Bud14p-

DSH3 were viable, suggesting that the interaction of Bud14p

and Glc7p at the bud cortex is functionally important.

Consistent with this conclusion, DAPI staining revealed

that neither Bud14p-V377A nor Bud14p-F379A were able to

restore the nuclear positioning defect of bud14D bim1D cells,

and over 29% accumulated as binucleate mother cells

(Figure 5C; nX500). Note that, in this experimental setup,

the number of binucleated bud14D bim1D mother cells was

higher compared to Figure 1C, because the cells were grown

in synthetic media to select for the plasmids. Moreover, we

found that like bud14D bim1D cells, glc7-133 bim1D cells

were synthetic-sick (Figure 5D), and an increased number of

nuclei divided in mother cells (Figure 5E; n¼ 500). Finally,

growth of glc7-133 bim1D cells was significantly improved by

mild overexpression of Bud14p from the ADH1 promoter, but

not Urip (Figure 5D), providing further genetic evidence that

the interaction of Bud14p and Glc7p is functionally important.

Table I Bud14p and Glc7p specifically interact in yeast two-hybrid
assays

(A)
b-Galactosidase activity (Miller

Units)

AD fusion (pJG4-5) DBD fusion (pEG202)
GLC7 BEM2 —

BUD14 1361750 576765 873
BUD14[V377A] 116720 515734 ND
BUD14[F379A] 50712 474730 ND
BUD14[1–221] 572 101717 ND
BUD14[l–340] 675 3075 ND
BUD14[221–709] 15387100 170 ND
BUD14[340–709] 959735 170 ND
BUD14[DSH3DC-term] 2673 473 ND
— 370 170 770

(B)
b-Galactosidase activity (Miller Units)

AD fusion (pJG4-5) DBD fusion (pEG202)
GLC7 glc7-133 glc7-132 glc7-129

BUD14 1361750 5673 1623720 876725

(A and B) Wild type Bud14p (pMK122), Bud14p-V377A (pMK123),
and Bud14p-F379A (pMK124) and various truncated Bud14 pro-
teins (pKP555, pKP558, pKP559, pKP554 and pMK117) were tested
for their interaction with Glc7p (pCDV471) and Bem2p (pMK71) by
two-hybrid analysis as activation (AD)- or DNA-binding-domain
(DBD) fusions, as described in Materials and methods. b-
Galactosidase activity was measured in liquid assays for at least
three independent transformants of each strain, and listed as
average Miller Units with standard deviations. The numbers in
brackets indicate amino acids of full-length Bud14p starting from
the amino-terminal methionine. In panel B, full-length Bud14p
(pMK122) was tested for its ability to bind wild-type Glc7p
(pCDV471) and the Glc7p point mutants Glc7p-133 (pIP760),
Glc7p-132 (pMK136), and Glc7p-129 (pMK135). b-Galactosidase
activities were measured as described above.
ND: not determined.
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The Bud14p–Glc7p complex functions as a cortical

activator of the dynein/dynactin complex

To test whether Bud14p may regulate the dynein/dynactin

complex, we analyzed Bud14p-induced MT sliding in cells

deleted for dynein heavy chain (Dhc1p) or its regulator

Num1p. Although Bud14p levels were comparable (Figure

6C), the accumulation of the pre-anaphase spindle in the bud

was abolished in dhc1D and num1D cells overexpressing

Bud14p for 6 h, while it persisted in bim1D cells (Figure 6A

and B and Supplementary Movies M5 and M6). While the

MT-sliding activity along the cortex was suppressed in dhc1D
and num1D cells, astral MTs were still significantly longer

compared to vector controls (Figure 6A and Supplementary

Movies M5 and M6). Moreover, Bud14p-induced MT sliding

was dependent on its ability to interact with Glc7p as over-

expression of Bud14p mutants V377A and F379A did not

displace the spindle into the bud (data not shown), implying

that the Bud14p–Glc7p complex may increase dynein function.

However, while deletion of DHC1 or NUM1 was able to

rescue the spindle positioning defects associated with Bud14p

overexpression, overexpression of Bud14p was still toxic and

the cells arrested at the metaphase–anaphase transition

(Figure 6C and data not shown). Surprisingly, this mitotic

arrest was independent of the Mad2p spindle-assembly/

attachment checkpoint pathway (data not shown), implying

that, besides the dynein–dynactin pathway, the Bud14p–

Glc7p complex must have additional targets involved in the

control of mitosis.
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Figure 5 Interaction of Bud14p with Glc7p is functionally important in vivo. (A) The localization of wt YFP-Bud14p (pMK113) and the
indicated YFP-Bud14p mutants (pMK114: Bud14p-V377A; pMK115: Bud14p-F379A; pMK168: Bud14p-[1-705, DSH3]) expressed from the ADH1
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transformed with an empty control plasmid (eV; pRS415) or plasmids allowing, as indicated, overexpression of Bud14p (pMK5 and pMK150),
Bud14p-V377A (pMK151), Bud14p-F379A (pMK152), or Bud14p-DSH3 (pMK156) from the inducible GAL1,10 promoter were spotted on media
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accumulation of binucleated mother cells at 161C was determined by DAPI staining in bud14D bim1D cells (yMK141) transformed with an
empty control vector (eV; pRS416) or, as indicated, plasmids expressing wt Bud14p (pMK125), Bud14p-V377A (pMK128), or Bud14p-F379A
(pMK131) from the ADH1 promoter. (D) Four-fold serial dilutions of an equal number of wt (KT1112), glc7-133 (KT1636), glc7-133 bud14D
(yMK173), and glc7-133 bim1D (yMK180) transformed with an empty plasmid (eV; pRS416) or plasmids expressing Bud14p (pMK125) or the
Glc7p-interacting protein Uri1p (pBL49) from the ADH1 promoter were spotted on plates and photographed after 3 days at 371C. (E) The
accumulation of binucleated mother cells was determined in DAPI-stained wt (KT1112), bud14D (yMK163), bim1D (yMK172), bim1D bud14D
(yMK180), glc7-133 (KT1636), glc7-133 bud14D (yMK173), and glc7-133 bim1D (yMK167) cells grown to exponential phase at 161C, and
blotted as percentage of the total number of cells with standard deviations (n¼ 500 in each case).
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Discussion

In this study, we identified Bud14p as a novel regulatory

subunit of the PP1 Glc7p involved in the regulation of MT

interactions at the bud cortex. Since Bud14p is conserved in

other systems (Martin et al, 2005), it is possible that Bud14p-

like activities also function to activate the dynein/dynactin

pathway in higher eukaryotes.

The Bud14p/Glc7p complex may regulate MT dynamics

at sites of polarized growth

Our results suggest that Bud14p is a novel regulatory subunit

of Glc7p, which is specifically involved in the regulation

of MT attachment at sites of polarized growth. Glc7p has

previously been implicated in the regulation of MT–

kinetochore interactions during mitosis (Sassoon et al,

1999). Phosphorylation of the essential kinetochore protein
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Ndc10p is thought to prevent MT binding to kinetochores,

and, as a result, glc7-10 cells arrest at the metaphase–ana-

phase transition due to the activation of the Mad2p-mitotic

checkpoint pathway (Sassoon et al, 1999). Capture of spindle

MTs at kinetochores also requires the MT tip binding proteins

Stu2p, Bim1p, and Bik1p (Tanaka et al, 2005), which may be

regulated by Glc7p. The adaptor that targets Glc7p to kine-

tochores is not known, but is unlikely to be Bud14p because

bud14D cells are viable and we were unable to detect Bud14p

at kinetochores by spinning-disc confocal microscopy.

However, these results suggest that stable interactions of

MTs with cellular structures may generally be regulated by

phosphorylation.

The Bud14p–Glc7p complex functions as a cortical

activator of the dynein complex

We propose that the Bud14p–Glc7p complex may function as

a specific activator of the dynein complex at the bud cortex.

It is unlikely that dynein activation triggered by Bud14p

overexpression results indirectly from the increased length

of astral MTs, as, for example, kip3D cells with long MTs do

not promote cortical sliding and pulling of the spindle into

the bud (Yeh et al, 2000). At least three distinct processes are

required to regulate dynein function in vivo. First, dynein

must be loaded onto MTs most likely via SPBs, from where it

is transported to the plus end by a mechanism that involves

the Kip2, Bik1, and Lis1/Pac1 proteins (Lee et al, 2003;

Carvalho et al, 2004). Second, dynein unloading is triggered

presumably by Num1p when a growing MT contacts the cell

cortex (Heil-Chapdelaine et al, 2000). Finally, unloaded cor-

tical dynein must be activated to promote MT sliding along

the cortex. Preliminary experiments suggest that neither loss

nor overexpression of Bud14p affects the localization or

expression level of dynein (S Grava and Y Barral, personal

communication), implying that Bud14p may affect the un-

loading and/or activity of the dynein/dynactin complex.

Interestingly, two large scale screens revealed that the bud-

tip protein Kel1p physically interacts with Dhc1p, Pac1p

(Newman et al, 2000), and Glc7p (Ho et al, 2002). As Kel1p

and Kel2p also bind Bud14p (Ho et al, 2002) and are required

for its cortical localization, it is tempting to speculate that

Bud14p may target Glc7p to sites of polarized growth to

regulate the interaction or activity of the dynein complex

with the cortical kelch-domain proteins Kel1p or Kel2p.

Interestingly, the Bud14p homolog in Schizosaccharomyces

pombe, tea4, was recently identified as a binding partner of

the Kelch protein tea1 (Martin et al, 2005). Deletion of tea4

results in cells with an aberrant shape caused by MT defects,

suggesting that the role of both Bud14/tea4-like proteins in

MT regulation and their binding partners may have been

conserved. However, tea4 was found to localize to the cell

ends as well as plus ends of MTs (Martin et al, 2005),

indicating that in S. pombe cortical localization of tea4 may

at least in part be regulated by a MT-dependent mechanism.

This difference may reflect the different growth patterns, as,

in contrast to budding yeast, MTs determine the site of cell

growth in S. pombe.

What is the critical target of the cortical Bud14p–Glc7p

phosphatase complex?

At present, the Bud14p–Glc7p substrate involved in dynein

regulation is not known. Although dynein and several sub-

units of the dynein–dynactin complex are phosphorylated

(King, 2000; Vaughan et al, 2001), genetic evidence suggests

that the Bud14p–Glc7p complex functions upstream or at the

level of Num1p. Cortical Num1p has been proposed to help

unloading of dynein and Pac1p from MT ends to the bud

cortex (Heil-Chapdelaine et al, 2000; Lee et al, 2005), and

Bud14p–Glc7p may thus regulate capturing of the dynein

complex by Num1p. In S. pombe, tea4 directly binds and

possibly activates the formin for3 at growing cell ends,

suggesting that tea4 may link the actin and MT cytoskeletons

(Martin et al, 2005). However, although the budding yeast

formin Bni1p is known to be phosphorylated during the cell

cycle (Ubersax et al, 2003), bni1D cells are sensitive to

increased Bud14p levels (Cullen and Sprague, 2002).

Moreover, bni1D cells were shown to translocate the pre-

anaphase spindle into the bud (Lee et al, 1999), similar to

Bud14p overexpression described here. Together, these re-

sults indicate that Bud14p rather inhibits than increases

formin function at the cortex. Alternatively, it is possible

that Glc7p dephosphorylates a substrate associated with the

plus end of MTs, which may need to be dephosphorylated at

the cortex to stabilize the interaction. For example, the

Clip170/Bik1p protein is a plus-end-binding protein that is

phosphorylated during mitosis (J Kusch and Y Barral, perso-

nal communication). Interestingly, Bud14p was shown to

coimmunoprecipitate with the PAR-1/MARK-like protein

kinase Kin2p (Ho et al, 2002). PAR-1/MARK kinases regulate

MT dynamics at the cortex in several organisms (Drewes

et al, 1997), suggesting that the Bud14p–Glc7p complex may

counteract phosphorylations by Kin2p.

The Bud14p–Glc7p complex may regulate other cellular

functions

While the MT-sliding phenotype along the bud cortex induced

by Bud14p overexpression is suppressed by deletion of DHC1

or NUM1, the length of astral MTs remains increased and the

cells remain arrested at the metaphase/anaphase transition.

Surprisingly, this cell cycle arrest is not caused by activation

of the Mad2p-dependent mitotic checkpoint (data not

shown), as it has been shown for glc7-10 cells, which arrest

in mitosis because of a defect in MT–kinetochore attachments

(Sassoon et al, 1999). However, this cell cycle arrest depends

on the ability of Bud14p to interact with Glc7p, suggesting

that additional Bud14p–Glc7p targets regulate progression

through mitosis. Moreover, cells deleted for BUD14 exhibit

a budding pattern defect in haploid and diploid cells (Ni and

Snyder, 2001), which is unlikely due to its role in MT

regulation. The Bud14p–Glc7p complex has been shown to

be regulated by the global transcriptional regulatory complex

Ccr4–Not during starvation (Lenssen et al, 2005). As both

CCR4 and NOT5 affect the bipolar bud site selection pattern

(Ni and Snyder, 2001), the role of Bud14p in bud site selection

may be linked to its regulation by the Ccr4–Not complex.

Materials and methods

Strain constructions and genetic manipulations
The genotypes of the yeast strains are: W303 (ade2-1, trp1-1, can1-
100, leu2-3,112, his3-11,15, ura3, ssd1-d2) and S288C (his3D1,
leu2D0, met15D0, ura3D0), unless noted otherwise (Supplementary
Table II). Deletion of BUD14 in yMK22 was obtained by exchanging
the KANMX4 cassette in Y00413 for a NATMX4 cassette by homo-
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logous recombination of transformed EcoRI-linearized p4339. Other
gene deletions were obtained by transformation of PCR-ampli-
fied KANMX4 or NATMX4 cassettes using 30 and 50 UTR-specific
primers. Correct deletions were confirmed by resistance to G418
(KAN) (200mg/ml) or Nourseothricin (NAT) (100mg/ml) and PCR.
Tagging of BUD14 (yMK164) at the endogenous locus was achieved
as described (Longtine et al, 1998).

DNA manipulations and two-hybrid assays
Plasmids are described in Supplementary Table III. Site-directed
mutagenesis was performed by PCR and confirmed by sequencing.
Two-hybrid assays were performed as described previously (Butty
et al, 1998).

Microscopy and morphological examination
Proteins tagged with green- (GFP), cyan- (CFP), or yellow (YFP)
fluorescent protein were visualized with a Zeiss Axiovert 200M
fluorescence microscope equipped with a spinning-disc head and
an argon laser (458, 488, and 514 nm) (Visitec), and an Orca-ER
CCD camera (Hamamatsu, Japan). For time-lapse microscopy,
z-stacks of 13 spinning-disc confocal images separated by 0.2 mm
each were taken at 15 time-points with 30 s intervals and maximally
projected.

Cell cycle synchronization, arrest/release experiments,
and fluorescent activated cell sorting (FACS) analysis
Exponentially growing cells were arrested in G1 by the addition of
25mg/ml (bar1-1 strains) or 50mg/ml a-factor (LIPAL-Biochem-
icals). After 3 h, cells were released and samples for protein
extracts, budding index determination, and FACS analysis were
taken at the indicated time points. For FACS analysis, cells were
fixed in 70% EtOH, treated with RNaseA (0.4mg/ml) overnight, and
pepsin (5 mg/ml) shaking for 30 min at 371C. The DNA was stained
with propidium iodide (50 mg/ml).

Exponentially growing cells expressing YFP-Bud14p were treated
at 251C with LAT-A (0.2 mM in DMSO) for 30 min or Nocodazole
(15mg/ml in DMSO) for 2 h, and analyzed by epifluorescence

microscopy. Actin depolymerization was monitored by staining
with rhodamine-labeled phalloidin (Molecular Probes, Inc.).

Co-precipitation experiments, antibodies,
and immunoblotting
Western blotting was performed using a-myc 9E11 (ISREC), a-Clb2
(kindly provided by D Kellogg, UCSC), a-actin (Roche), a-GFP
(B34/8 and C163/8, ISREC), a-HA11 (IgG1, Covance), and a-GST
(Santa Cruz Biotechnology, Inc.) antibodies. Co-precipitation
experiments between Glc7p and various Bud14p constructs were
carried out in KT1961 co-transformed with YCplac22-GAL-HA2-
GLC7 (expressing HA2-Glc7p from the GAL1,10 promoter) and
plasmids expressing either GST-Bud14p, GST-Bud14p-V377A, or
GST-Bud14p-F379A, under the control of the GAL1,10 promoter.
Cells were grown to exponential phase and induced with 4%
galactose for 4 h. Harvested cells were broken up with acid-washed
glass beads in a cell disruptor (FastPrep FP120), and the extract
cleared by centrifugation. HA2-tagged Glc7p was purified with the
protein G-agarose Immunoprecipitation kit (Roche) using mono-
clonal mouse anti-HA antibodies and associated proteins were
analyzed by immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online.

Acknowledgements

We thank C Boone, D Kellogg, Y Barral, B Luke and K Petrovic
for providing plasmids, strains, and antibodies. We are grateful
to M Gersbach and C Rupp for expert technical assistance,
J Kusch, D Liakopoluos, P Wiget, and the ETHZ Light Micro-
scopy Center (LMC) for their help with microscopy. We thank Y
Barral and S Grava, and members of the IBC polarity club
for stimulating discussion, and Y Barral, J-C Labbé, and M Gotta
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