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The tail of the yeast myosin V encoded by Myo2p is known to bind several receptors for cargo delivery along polarized
actin cables. However, it is not known how Myo2p activity is regulated or how it selects between cargos. Here we show
that Myo2p is reversibly phosphorylated in vivo. A short peptide at the N-terminal end of the cargo-binding domain
contains three residues contributing to single or doubly phosphorylated species. We confirm that the tail consists of two
proteolytically resistant subdomains and identify a functionally important region N-terminal to sudomain 1 that includes
the phosphorylation sites. Mutagenesis of the phosphorylation sites to alanine abolished a mobility shift diagnostic of
phosphorylation, whereas mutagenesis to glutamic acid produced the shift and the formation of an additional phosphor-
ylated species. These substitutions did not affect overall cell growth. However, one of the sites is predicted to be a
substrate of cAMP-dependent protein kinase (PKA), and yeast expressing Myo2p with alanine substitutions is resistant
to otherwise lethal overexpression of PKA, whereas the glutamic acid mutant is supersensitive to overexpression of PKA.
These results suggest that in yeast, Myo2p is subject to phosphoregulation involving a PKA-related signaling pathway.

INTRODUCTION

All cells are, or have the potential to be, polarized, which
requires mechanisms for the spatial and temporal regulation of
organelle transport. An especially important example is cell
division, where appropriate organelle segregation must occur.
The budding yeast Saccharomyces cerevisiae provides a simple
system in which to elucidate aspects of these basic mechanisms
as it undergoes polarized growth and then cell division. Mul-
tiple studies have shown that yeast utilizes its actin cytoskele-
ton for guiding transport of membranes for polarized growth,
as well as for segregation of organelles (reviewed in Pruyne et
al., 2004). Despite its apparent morphological simplicity, yeast
has at least three types of microfilament organizations whose
locations are regulated in a cell cycle-dependent manner. Cor-
tical actin patches are found on the surface of the bud and are
implicated in endocytosis (Kaksonen et al., 2003; Sun et al.,
2005), actin rings form a collar around the neck of the emerging
bud and play a role in cytokinesis (Lippincott and Li, 1998),
and actin cables are found along the mother bud axis and
provide the tracks for cargo transport (Pruyne et al., 1998).
The assembly of actin cables is dependent on the function-
ally redundant formins, Bnilp and Bnr1p, which nucleate actin
assembly and then remain associated with the barbed ends of
the growing filaments (Evangelista et al., 2002; Pruyne et al.,
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2002; Sagot et al., 2002). These two formins have distinct local-
izations: Bnrlp localizes to the bud neck where it assembles
actin cables that extend into the mother, whereas Bnilp local-
izes to the bud tip or cortex and is responsible for cable forma-
tion from the bud though the bud neck (Pruyne et al., 2004).
Cables are used as tracks for cargo delivery by class V myosins,
a family of conserved actin-dependent motor proteins (Reck-
Peterson ef al., 2000).

Myosin V proteins have a conserved domain structure: an
N-terminal actin-binding motor domain, an extended six IQ
motif neck with associated light chains, a coiled-coil domain
for homodimerization, and a C-terminal cargo-binding glob-
ular tail domain (Reck-Peterson et al., 2000; Vale, 2003;
Pruyne et al., 2004). Budding yeast has two myosin V heavy
chains: MYO4, a nonessential gene involved in cortical ER
and mRNA localization to the bud (Haarer et al., 1994;
Estrada et al., 2003; Shepard et al., 2003), and MYO2, an
essential gene responsible for post-Golgi secretory vesicle
transport (Johnston et al., 1991; Govindan et al., 1995; Schott
et al., 1999), vacuolar inheritance (Hill ef al., 1996; Catlett and
Weisman, 1998), trans-Golgi transport (Rossanese et al.,
2001), mitotic spindle orientation (Beach et al., 2000; Yin et al.,
2000; Hwang et al., 2003), peroxisome inheritance (Hoepfner
et al., 2001), and mitochondrial attachment to the bud cortex
(Itoh et al., 2002; Boldogh et al., 2004; Itoh et al., 2004).

The MYO?2 gene was originally identified through a con-
ditional mutation in the motor domain, myo2-66, that causes
depolarized growth at the restrictive temperature, suggest-
ing that Myo2p is involved in polarized transport of secre-
tory vesicles (Johnston et al., 1991; Lillie and Brown, 1994;
Govindan et al., 1995). The isolation and characterization of
conditionally lethal mutations in the tail domain of Myo2p
that confer a defect in secretory vesicle accumulation, iden-
tified this region as the cargo-binding domain. Subse-
quently, the visualization of Myo2p-dependent movement
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Table 1. Strains used in this study

Strains Genotype Source
ABY1848 MATa/o his3A1/— leu2A0/— met15A0/+ ura3A0/— lys2A0/+ Evangelista ef al. (2002)
ABY1655 MATa his3A1 leu2A0 met15A0 ura3A0 David Pruyne
ABY1656 MATa his3-52 leu2-3,112 ura3A0 David Pruyne
ABY2302 MATa ura3A1 leu2 A0 Ruth Collins
ABY2314 MATa/o his3A1/— leu2A0/— met15A0/+ ura3A0/— lys2A0/+MYO2/MYO2::HIS3 This study
ABY2315 MATa/a his3A1/— leu2A0/— met15A0/+ ura3A0/— lys2A0/+MYO2/myo2-AAA::HIS3 This study
ABY2316 MATa/a his3A1/— leu2A0/— met15A0/+ ura3A0/— lys2A0/+MYO2/myo2-EEE::HIS3 This study
ABY2324 MATa his3A1 leu2 A0 ura3A0 MYO2::HIS3 This study
ABY2323 MATa his3A1 leu2A0 ura3A0 MYO2::HIS3 This study
ABY2326 MATa his3A1 leu2A0 ura3A0 myo2-AAA::HIS3 This study
ABY2325 MATa his3A1 leu2A0 ura3A0 myo2-AAA::HIS3 This study
ABY2327 MATa his3A1 leu2A0 ura3A0 myo2-EEE::HIS3 This study
ABY2328 MATa his3A1 leu2A0 ura3A0 myo2-EEE::HIS3 This study
ABY2323 MATa his3A1 leu2 A0 ura3A0 MYO2::HIS3 TUB1:GFP::URA This study
ABY2325 MATa his3A1 leu2A0 ura3A0 myo2-AAA::HIS3 TUB1:GFP::URA This study
ABY2328 MATa his3A1 leu2 A0 ura3A0 myo2-EEE::HIS3 TUB1:GFP::URA This study

of secretory vesicles observed by imaging GFP-Sec4p, a Rab
protein associated with post-Golgi secretory vesicles, pro-
vided direct evidence for the involvement of Myo2p tail in
post-Golgi vesicle transport (Schott et al., 1999, 2002). The tail
domain has also been shown to bind Vacl7p, a receptor for
vacuole inheritance (Ishikawa et al., 2003), and Kar9p, a
receptor that links Myo2p to microtubule ends for orienta-
tion of the nucleus before mitosis (Yin et al., 2000).

Genetic analysis suggests that receptors for specific cargoes
recognize specific subdomains(s) of the Myo2p tail. For exam-
ple, Myo2p tail mutations have been identified that cause a
vacuole inheritance defect without affecting polarized growth
and vice versa (Catlett and Weisman, 1998; Schott ef al., 1999),
and some conditional mutations affect secretion but not spindle
orientation (Yin et al., 2000). In support of a separation of
functions in the tail, a recent study has demonstrated the
existence of two structurally separable but otherwise coopera-
tive subdomains in the Myo2p tail, termed subdomains I and II
(Pashkova et al., 2005b). A region on subdomain I is specific for
vacuole inheritance, and a region within subdomain II is spe-
cific for secretory vesicle transport, but neither subdomain can
function alone (Pashkova et al., 2005b). Together, these results
suggest that specific regions of the Myo2p tail bind organelle-
specific cargo. The temporal and spatial regulation of these
interactions are not yet understood. A clue to regulation of the
vacuole/Myo2p interaction comes from a recent study show-
ing that cell cycle-regulated synthesis of the vacuolar Myo2p
receptor, Vacl7p, followed by its degradation after transport
into the bud, may serve as a regulatory mechanism for cargo
dissociation (Tang et al., 2003). However, regulation of the
interaction between Myo2p and other cargoes and mechanisms
by which Myo2p selects different cargoes are still not under-
stood.

Another possibility for Myo2p tail regulation is that a
posttranscriptional modification (such as phosphorylation)
of the myosin tail or the receptor may alter the affinity
between myosin and the cargo, thus controlling their inter-
action and cargo selectivity. It has been previously demon-
strated that phosphorylation in mitotic Xenopus egg extract
of mammalian myosin Va tail on serine 1650 releases the
motor from the organelle (Karcher ef al., 2001). Although this
phosphorylated serine is not conserved in Myo2p, the find-
ings suggest that reversible phosphorylation can play a role
in cargo selection.

Given the mammalian precedent for regulation by phos-
phorylation, we set out to explore whether yeast’s Myo2p is
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phosphorylated in vivo. In this study we show that Myo2p is
phosphorylated, we identify the residues involved, and we
explore the in vivo consequences of mutating these residues to
alanine or glutamic acid to mimic a nonphosphorylated or
constitutively phosphorylated motor, respectively.

MATERIALS AND METHODS
Yeast Strains and Media

S. cerevisiae strains used in this study are listed in Table 1. Standard media for
growing yeast were as described (Sherman, 1991). Yeast transformation was
performed using the Frozen-EZ Yeast Transformation Kit (ZYMO Research,
Orange, CA). To create MYO2 phosphomutant strains and the corresponding
wild type, pALM70, pALM64, and pALM65 (see below) were digested with
BamHI and the linearized DNA was transformed into ABY1848. The intro-
duction of mutations in one chromosomal copy of MYO2 was confirmed by
PCR amplification from the genome, followed by restriction analysis. The
resulting heterozygote diploids (ABY2314, ABY2315, and ABY2316) were
sporulated and haploid segregants identified by the linked nutritional
marker, and PCR amplification and sequence analysis of the mutated region.

Plasmids

To create plasmids for the bacterial expression of GST fused to Myo2p tail,
residues 1087-1574 were amplified by PCR from genomic DNA using primers
P1 and P2 (listed in Supplementary Table 1). The resulting product was cut
with BamHI and Notl and cloned into these sites in pGEX-6P-3, generating
plasmid pALM2. To generate GST fused to Myo2p tail residues 1131-1574
(pAB598), bases 3968-5435 were excised from pRS303-Myo2-tail (Schott et al.,
1999) with BglII and Notl and cloned into pGEX-6P-3. All plasmids were
verified by restriction analysis and DNA sequencing.

For overproducing Myo2p tail regions in yeast, DNA encoding Myo2p tail
residues 1087-1574, 1131-1574, 1177-1574, 1177-1329, and 1330-1574 were PCR
amplified from genomic DNA using primers P1 and P24, P53 and P54, P21
and P24, P21 and P25, P22 and P24, respectively. The resulting PCR product
were cloned into pEG-KT vector using BamHI and Smal sites behind GAL1
promoter to generate pALM54b, pALM54, pALM17, pALM19, and pALM18,
respectively.

To create plasmids for myo2 phosphomutant overexpression in yeast, Myo2p
tail region 1131-1574 was amplified from genomic DNA using primers contain-
ing the relevant mutations and restriction sites: P64 and P54 for alanine substitu-
tion (T'131A, S13#A and S''%5A designated AAA, pALM48); P65 and P64 for glu-
tamic acid substitution (T31E, SU34E, SI%5E designated EEE, pALM49); P66 and
P54 alanine substitution residues T!3!A and T!'*4A (pALM50); P67 and P54 glu-
tamic acid substitution of residues T!'3'E, TH3E (pALM51); P68 and P54 alanine
substitution of residues T'3'A and S''°A (pALM52); P69 and P54 glutamic acid
substitution of residues T!3'E and S'3°E (pALM53) digested with BamHI and Smal,
and ligated into pEG-KT plasmid digested with the same enzymes.

To introduce tail mutation into the MYO2 locus, MYO?2 integrating plas-
mids containing the phosphomutant alleles were constructed as follow:
PRS303-MYO2-Spel (Schott et al., 1999) was digested with EcoRV and then
partially digested with BgIIL. The relevant 5.2-kb band was ligated to 981-bp
BamHI and EcoRV insert from the relevant pEG-KT-MYO2 plasmids (see
above) containing wild type (pALM54), AAA substitution (pALM48), and
EEE substitution (pALM49) to give plasmids pALM61, pALMS55, and
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PALMS6, respectively. Introduction of the mutations was verified by restric-
tion digest and DNA sequence analysis. Next, a 1.5-kb fragment containing
the mutations from EcoRI- and Notl-digested pALM61, pALMS55, and
PALMS56 were placed into a similarly cut pRS303-MYO2-BamHI (Schott et al.,
1999) to give plasmids are pRS303-MYO2*-BamHI (pALM70), pRS303-myo2-
AAA-BamHI (pALM64), and pRS303-myo2-EEE-BamHI (pALM65).

Expression and Purification of Recombinant Proteins from
Bacteria

Escherichia coli (BL21) containing the plasmids pGEX-3P-C-MYO2-1087 or pGEX-
3P-C-MYO2-1131 or pGST-3C-Prowere grown to an A, of 0.9 and induced with
1 mM IPTG for 3 h. Cells were harvested at 5000 rpm, 4°C for 10 min. and
resuspended with 20 ml buffer A containing 20 mM Tris, pH 7.4, 0.2 mM EDTA,
1 M NaCl, 1 mM DTT, and a protease inhibitor cocktail (Sigma, St. Louis, MO).
Lysozyme (2 mg/ml; Sigma) was added and the cells incubated at room tem-
perature for 5-10 min. Cells were sonicated, 1% Triton X-100 was added, and
centrifuged at 40,000 X g for 20 min to yield a clarified bacterial extract. The
supernatants were incubated for 30 min with 0.5 ml GSH-Sepharose bead slurry
pre-equilibrated with buffer A and washed twice with buffer A and twice with
buffer B (20 mM Tris, pH 7.4, 0.2 mM EDTA, 0.1 mM NaCl). The beads were then
washed twice with Precision Protease 3C-Procleavage buffer (50 mM Tris, pH 7,
1 mM EDTA, and 1 mM DTT). GST was cleaved from Myo2p by incubating with
a GST-3C-Protease bead slurry for 4-6 h at 4°C at a 1:10 protease to protein ratio.
The beads were centrifuged and the cleaved protein was recovered from the
supernatants. Protein concentration was determined by Bradford protein assay
and analyzed by SDS-PAGE.

Phosphatase Treatment

Yeast strains were grown to an optical density of 0.5 U in YPD or minimal
medium. A ten-milliliter culture was chilled on ice, washed with water, and
then resuspended with 300 ul protein extraction buffer containing 20 mM
Tris-HCl, pH 7.4, 0.2 mM EDTA, 0.1 M NaCl, 1 mM DTT, and 5% yeast
protease inhibitors cocktail (Sigma) in dimethyl sulfoxide (DMSO). Glass
beads, 300 ug, were added and agitated for 5 min in a bead beater at 4°C, and
the cell walls were removed by centrifugation. Crude extracts containing 150
g protein were incubated with 200 U of calf alkaline phosphatase (New
England BioLabs, Beverly, MA) or 400 U A protein phosphatase (New En-
gland BioLabs) with/without phosphatase inhibitors (1 mM NaF, 40 mM
B-glycerolphosphate, 2 mM pyrophosphate, 1 mM orthovanadate, 10 mM
HEPES, pH 7.3, and 5 mM EDTA) for 20 min at 30°C. Proteins were resolved
by 5% SDS-PAGE, blotted onto PVDF (Immobilon, Millipore, Bedford, MA)
and Myo2p detected by ECL Western blotting using an affinity-purified
antibody to the Myo2p COOH-terminal tail (Schott ef al., 1999).

Expression and Purification of Myo2p Tail from Yeast

Wild-type strains expressing different GST-Myo2 tail constructs were grown
to Aggp 0.5 in 50 ml minimal medium containing 2% raffinose and induced for
3 h with 2% galactose. Yeast total proteins were prepared as above, except for
1% Triton X-100 was added after agitation of the cells with glass beads. Yeast
total extracts were then incubated with 0.2 ml GSH-Sepharose beads slurry
(Sigma) pre-equilibrated with yeast extraction buffer for 30 min and washed
three times with the same buffer containing 1% triton and twice without
Triton. For phosphatase treatment, the beads were washed three times with
APPase buffer (50 mM HEPES, pH 7.5, 0.1 mM EDTA, 5 mM DTT, 0.01% Brij
35, and 2 mM MnCl,) and 3 pg of bound proteins incubated with 400 U of
APPase or APPase plus phosphatase inhibitors in a 50 ul reaction for 20 min at
30°C.

Limited Proteolysis

Briefly, GST-My02-1087 (pALM2) and GST-Myo02-1131 (pAB598) constructs
were expressed in E. coli, and the GST was cleaved at an engineered 3C-
protease site, yielding polypeptides with the expected sizes of ~50.5 and ~55
kDa, respectively (see above for details). The resulting proteins (30 ug) were
incubated in buffer containing 25 mM Tris, pH 8.5, and 1 mM EDTA with
Proteinase V8 (Roche, Indianapolis, IN) at a 1:30 M ratio up to 60 min at room
temperature. Samples were removed and analyzed by 12% SDS-PAGE fol-
lowed by Coomassie blue staining. N-terminal amino acid sequencing was
performed at the Cornell BioResource Center.

Fluorescence Microscopy

Immunofluorescence staining for Myo2p and Actlp was performed as de-
scribed previously (Pruyne et al., 1998). Images were acquired with a Nikon
TE-2000U microscope (Melville, NY) using an UltraVIEW LCI confocal im-
aging system (PerkinElmer, Boston MA). Image stacks (15-20 frames) were
recorded every 0.2 um and the optical sections were merged.

Mass Spectrometry

Protein sample preparation: Myo2p-tail 1131-1574 was expressed as a GST fusion
protein in yeast and affinity purified from 11 culture using glutathione beads (see
above). Briefly, purified GST-Myo2p-tail proteins bound to the beads were buffer
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Figure 1. Myo2p is phosphorylated in vivo. (A) Yeast extract was
prepared from a wild-type strain (ABY1655). Equal amounts of
protein were incubated at 30°C for 10 min as indicated. The samples
were fractionated by 5% SDS-PAGE followed by Western blotting
using Myo2p antibodies. (B) Exponentially growing wild-type cells
(ABY1655) were incubated for 2 h with 10 uM alpha factor (aF), 100
mM hydroxyl urea (HU), or 15 ug/ml nocodazole (NOC) or DMSO,
the control for nocodazole-treated cells. Total protein extracts were
prepared and equal amounts of protein were analyzed by Western
blot. (C) Wild-type yeast strain was grown to ODg, 0.4 and 10 uM
alpha factor was added. Equal amounts of sample were removed at
the indicated time intervals, and total protein extracts were pre-
pared and analyzed by Western blot.

exchanged by centrifugation into 50 mM ammonium bicarbonate at pH 7.8. The
proteins were digested on the beads with sequencing grade modified trypsin
(1:50 M ratio, Promega, Madison, WI) overnight at 37°C. The tryptic peptides
were recovered in the supernatant by centrifugation.

The recovered peptides (2 ug) were precleaned with ZipTipC18 (Millipore)
before MS analysis. Samples were diluted with 50% methanol-0.1% acetic
acid to ~1 pmol/uL for nanoESI/MS infusion analysis in positive ion mode.
For negative ion detection, 0.5% NH,OH was added and then samples were
analyzed on a QSTAR Pulsar I quadrupole time-of-flight mass spectrometer
(ABI/MDS Sciex, Toronto, Ontario, Canada) equipped with a chip-based
nanoelectrospray ion source (NanoMate 100, Advion BioSciences).

To identify phosphopeptides, the samples were subjected to precursor ion
scanning operated in the negative ion mode to detect the phosphate-specific
marker ion m/z 79. Precursor ion scans were acquired using a dwell time of
30 ms at a step size of 1.0 Da across the mass range m/z 500-1600. The
identified phosphopeptides were then subjected to Enhanced Product Ion
scanning (EPI) in order to acquire fragmentation data.

To obtain peptide sequence information, 20 pmol peptide samples were
analyzed using an Ultimate capillary LC system (LC Packings/Dionex,
Sunnyvale, CA) with a 300 um C18-column, and LCQ-Deca XP for on-line
LC/MS/MS analysis followed by database searching. The results were fur-
ther validated by off-line fraction collection (1 min per fraction) with subse-
quent NanoMate infusion analysis. The peptides and phosphorylation sites
were identified using fragmentation information from MS/MS spectra and
the automated search program BioWorks 3.1. The database used was a
modified yeast database to which an additional GST-Myo2p fusion protein
sequence was added.

RESULTS

Myo2p Is Phosphorylated In Vivo
The possibility that Myo2p might be phosphorylated in vivo
was first suggested by the observation that in crude yeast
extracts derived from exponentially growing cells, Myo2p runs
as a doublet on SDS-PAGE as detected by Western blotting
(Figure 1A). On alkaline phosphatase (ALP) treatment of the
extract, the slower migrating band is significantly reduced in
intensity, whereas the inclusion of phosphatase plus phospha-
tase inhibitors, or phosphatase inhibitors alone, did not affect
the migration of the protein. Thus, Myo2p is phosphorylated in
vivo.

To determine whether Myo2p phosphorylation might be cell
cycle dependent, its migration pattern was analyzed in extracts
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of wild-type cells arrested at different stages of the cell cycle.
Neither treatment with hydroxyurea, which inhibits DNA syn-
thesis and arrests cells in S phase, or nocodazole, which depo-
lymerizes microtubules and arrests cells at G2, resulted in any
detectable change in Myo2p species (Figure 1B). However, cells
treated with alpha factor, which arrests cells at G1, resulted in
the collapse of the two Myo2p-immunoreactive bands to the
position of the faster migrating, dephosphorylated species.
When arrested cells were washed free of alpha factor and
allowed to proceed into the cell cycle by addition of fresh
medium, the slower migrating Myo2p species appeared after
~20 min (Figure 1C). Thus, Myo2p phosphorylation is regu-
lated by alpha factor treatment.

Myo2p-1131-1574 Is Phosphorylated In Vivo and Residues
1131-1176 Are Important for Lethality and Phosphorylation

Although phosphorylation of Myo2p could occur anywhere
along its length, we specifically focused on the tail region
because of our interest in regulation of the Myo2p-tail cargo-
binding domain. Overproduction of the Myo2p-tail residues
1131-1574 alone is lethal, and phenocopies loss of Myo2p-
dependent polarized secretion, probably by sequestering
tail-interacting proteins and disrupting their interaction
with endogenous Myo2p (Reck-Peterson et al., 1999; Schott et
al., 1999). To begin analyzing the structure of the Myo2p tail
and to determine whether the phosphorylated sites reside
there, we first explored the domain structure of the tail
region by limited proteolysis. We chose to express GST-
fusion proteins with Myo2p amino acid 1131-1574 and 1087-
1574, the region shown to inhibit growth when overex-
pressed (Reck-Peterson ef al., 1999; Schott et al., 1999). GST-
Myo2p tail constructs were expressed in E. coli and bound to
a glutathione resin, and the GST was separated from the tail
domains by cleavage at an engineered 3C-protease site,
yielding polypeptides with the expected sizes of ~50.5 and
~55 kDa, respectively (Figure 2A). The resulting proteins
were subject to limited proteolysis using endoproteinase
Glu-C (V8 protease) and samples were removed at the var-
ious times (Figure 2A). Myo2p-1087-1574 was rapidly
cleaved to the size of Myo2p-1131-1574 (~50 kDa). Then
both 50-kDa polypeptides were each cleaved to 45-kDa
polypeptides, which were then cleaved to polypeptides of 28
and 17 kDa. Based on the N-terminal amino acid sequences
of the 45-, 28-, and 17-kDa polypeptides, indicated in the
right panel of Figure 2B, we concluded that V8 protease
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cleaves Myo2p tail after glutamic acid residues 1176 and
1329 (Figure 2B), resulting in three species containing
Myo2p residues 1177-1574, 1177-1329, and 1330-1574 (45, 17,
and 28 kDa, respectively). No clear sequence was observed
for the band between 50 and 45 kDa, suggesting the exis-
tence of multiple polypeptides and the accessibility of this
region for proteolytic cleavage.

Independent concurrent studies indicated that there are two
trypsin-resistant subdomains in the Myo2p tail, corresponding
to residues 1131-1345 (24 kDa) and 1346-1574 (26 kDa), desig-
nated subdomain I and II, respectively (Pashkova et al., 2005a).
Our results support the existence of the two subdomains and
indicate that the first 89 residues of Myo2p tail starting from
residue 1087 are accessible to proteolytic cleavage and that
residues 1329-1345 between the two subdomains are sensitive
to proteolysis by either trypsin or V8 protease (Figure 2C).

We wanted to test the functionality of the two subdomains
exploiting the observation that overexpression of the com-
plete tail domain (1131-1574) is lethal (Schott et al., 1999).
Regions 1131-1574, 1177-1574, 1330-1574, and 1177-1329
were expressed as N-terminal GST fusion proteins behind
the inducible GALI promoter (Figure 3A) and the effect of
their overexpression on yeast cell growth was evaluated. We
did this in a plasmid containing the partially defective LEU2
allele, leu2d, which selects for two- to fourfold higher plas-
mid copy number when grown in the absence, compared
with the presence, of leucine, and thereby enhancing protein
expression levels (Erhart and Hollenberg, 1983). As re-
ported, overexpression of the 1131-1574 fusion protein is
lethal in the presence of galactose, irrespective of the pres-
ence or absence of leucine (Schott et al., 1999). Overexpres-
sion of the other three constructs was severely deleterious in
the absence of leucine, although not as lethal as the 1131-
1574 fusion protein (Figure 3B). Thus, overexpression of the
subdomain I or subdomain II is at least strongly deleterious.
Furthermore, the short region 1131-1176 is important for the
high lethality of the 1131-1574 fusion protein.

We next determined if the tail is subject to in vivo phos-
phorylation, and, if so, which region is involved. Wild-type
yeast were induced to express the GST fusion proteins to the
different regions of the Myo2p tail and then expressed prod-
ucts recovered using glutathione beads. The purified pro-
teins were treated with phosphatase and analyzed by SDS-
PAGE. As shown in Figure 3C, only Myo2p-1131-1574
exhibits a protein mobility shift upon phosphatase treat-
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Figure 3. Myo2p-1131-1574 is phosphory-
lated in vivo, and residues 1131-1176 are im-
portant for overexpression lethality and phos-
phorylation. (A) Schematic representation of
GST fused to different Myo2p tail segments. (B)
Constructs from figure behind the GALI pro-
moter A were introduced into wild-type yeast
(ABY1655) and 10-fold dilutions plated as indi-
cated and incubated for 2-3 d at 26°C. (C) Yeast
strains (as in B) were grown in S-Raffinose me-
dium. Protein expression was induced for 3 h
by adding 2% galactose, GST fusion proteins
88 1 GST-Myo2p  Wwere purified, and the purified proteins were

tail treated with 1:30 phosphatase. Phosphatase
+ treated (+) and untreated (—) samples were
- analyzed by 12% (left), 8% (middle), and 10%
(right) SDS-PAGE followed by Coomassie Blue
staining. The 25-kDa band in the left and right
panels corresponds to the A phosphatase. (D)
Yeast (ABY1655) was induced for 3 h to express
GST-Myo2p-1131-1574, and the protein was
then purified using glutathione beads and sub-
jected to phosphatase treatment as indicated.

The resulting product was analyzed on 8% SDS-PAGE, and proteins were visualized by Coomassie Blue staining.

ment. We repeated the phosphatase treatment in the pres-
ence or absence of phosphatase inhibitor (Figure 3D), which
revealed that the mobility shift is due to phosphorylation.
Together, these results suggest that a 45-residue region
(1131-1176) of the Myo2p-tail is important for the inhibition
of cell growth when overexpressed and responsible for
phosphorylation as observed by the mobility shift.

Mapping of GST-Myo2p-tail Phosphorylation Sites

We next used mass spectrometry to identify the residues in the
GST-Myo2p tail phosphorylated in vivo. GST-Myo2p tail en-
compassing residues 1131-1574 was purified from exponen-
tially growing yeast and subject to complete trypsin digestion.
Among the peptides resolved by TOF-MS were doubly
charged species at 920.05, 960.05, and 1000.05 m/z that differed
by about 40 amu (half the mass of phosphate), suggesting they
arose from the same peptide with one or two additional phos-
phates (Figure 4A). The digest sample was then subject to
precursor ion scanning operating in a negative ion mode to
selectively detect the precursor ions that give rise to the diag-
nostic fragment ions (m/z 79) created by collision, so that only
potential phosphopeptides are detected from the peptide mix-
ture. (Annan and Carr, 1997). Using this approach, five poten-
tial phosphopeptide ions were detected, at m/z 666.7, 731.7,
771.8, 960.5, and 1000.5 (Figure 4B). The m/z 666.7 ion is triply
charged and appears to be the same as the doubly charged
m/z 1000.5 ion. Interestingly, the remaining four ions appear
to be two pairs of doubly charged ions with 40 amu difference,
suggesting that each pair of peptides share the same core
peptide attached to one and two phospho-groups, respectively.
Analysis of the same sample after ALP treatment resulted in no
detectable ions (Figure 4C), confirming that they represent
authentic in vivo phosphorylated peptides.

The selected doubly charged ion of m/z 961.8 was
found by LC/MS/MS to correspond to the peptide
G!'¥ISTPSSGNNHIDSLSVDR'47 with its Thr!'3? or Ser!'34
monophosphorylated derivatives (the number indicates the
amino acid position corresponds to the full-length Myo2p
sequence and the amino acid “G” comes from the linker
sequence). The MS/MS spectrum of the doubly charged
m/z 1002.3 ion lead to identification of double phosphory-
lated versions of the same peptide corresponding to Thr'132,
Ser'134 and Thr'32, Ser''3> derivatives.
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The LC/MS/MS also showed that the additional pair of
doubly charged ions observed by precursor ion scanning at
m/z 733 and 773, are simply a shorter, mis-cleaved version
(GSTPSSGNNHIDSL) of the core peptide already identified
above. Moreover, these peptides were found to share the
same phosphorylation sites with the 733 ion being the singly
phosphorylated peptide and 773 ion being the doubly phos-
phorylated peptide, in effect confirming the validity of our
findings.

Figure 4D shows the estimated relative abundance of the
phosphopeptide and unphosphorylated peptide ions based
on the peak areas of the extracted ion profiles from the
LC/MS/MS analysis. The extracted ion profile shows the
elution peak for the specifically selected m/z ion and there-
fore can be used for integration of peak areas reflecting the
estimated abundance of the selected ions. It should be noted
that the estimation for the relative abundance is based on the
assumption that the ionization efficiency under the experi-
mental LC/MS conditions for unphosphorylated, singly
phosphorylated and doubly phosphorylated ions is same or
very similar. Both extracted ion profiles from the longer and
shorter peptide forms reveal consistent results. Based on this
quantification ~30% of the Myo2p tail is singly phosphory-
lated on T''32 or S'134, ~10% is doubly phosphorylated on
T1132 /51134 or T1132/S1135 and ~60% is nonphosphorylated.

Phenotypic Analysis of Myo2p Phospho-Mutants

To confirm the phosphorylation of these sites in vivo and to
evaluate the consequences of inhibition or constitutive in
vivo phosphorylation, double mutants of the threonine and
relevant serine residues to alanine or glutamic acid were
assembled in the context of the GST-Myo2p-tail. Thus, four
double mutants were constructed: T'132A, S1134A; T1132E,
SUIB4E; T134A, S1135A; and T'32E, S'3°E. In addition, the
triple alanine T'132A, S'134A, S1155A (AAA) and triple glu-
tamic acid T'32E, S'1%4E, S1135E (EEE) mutants were also
constructed. The plasmids were then transformed into wild-
type cells and their effect on cell growth and the mobility of
the GST-Myo2p tail was evaluated (Figure 5A). The mobility
of the AAA mutant was the same as the unphosphorylated
wild-type GST-Myo2p tail construct, whereas the EEE mu-
tant comigrated with the phosphorylated species. Of the two
EE mutants constructed, only T''32E, S"135E migrated with a
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Figure 4. Identification of phosphorylated resides
in GST-Myo2p-tail by mass spectrometry. (A) TOF
MS survey scan of a trypsin digest of purified GST-
Myo02p-1131-1574 operating in the negative ion mode:
a series of doubly charged ions with 40-amu differ-
ence is indicated. (B) Precursor ion scan operating in
the negative ion mode for monitoring m/z 79 indic-
ative of a phosphate component: five potential phos-
phopeptide ions at m/z 666.7, 731.7, 771.8, 960.5, and
1000.5 were detected as indicated. (C) Precursor ion
scanning as in B, except that phosphatase-treated
GST-Myo2p-1131-1574 was used. (D) Extracted con-
tent ion chromatogram of the doubly charged m/z
1002 ion, m/z 962, m/z 922 species to estimate their
relative abundance, which is indicated.
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Figure 5. Overexpression of GST-Myo2p tail phosphomutants. (A)
Western blot analysis of Myo2p tail phosphomutants. Wild-type
GALI-regulated GST-Myo2p-1131-1574 or containing the indicated
mutation were introduced into wild-type yeast cells (ABY1655),
grown in S-Raffinose medium to OD600 ~0.5, and induced for 3 h
by adding 2% galactose. Total yeast extract was prepared and the
samples were subjected to SDS-PAGE and transferred to a PVDF
membrane, and fusion proteins were visualized using GST antibod-
ies. (B) Cells expressing GALI-regulated GST-Myo2p-tail fusion
proteins (GST-Myo2p-1087-1574, GST-Myo2p-1131, or the phospho-
mutants in the context of GST-Myo2p-1131-1573) or vector alone
were grown to OD600 ~ 0.5, and 10-fold dilutions were plated as
indicated and incubated for 2-3 d at 26°C.

reduced mobility, suggesting that the retardation is due to
phosphorylation of S''35. Surprisingly, all the mutants in-
hibited cell growth as effectively as did the wild-type protein
(Figure 5B).

To explore the importance of the three phosphorylation sites
for Myo2p function in vivo, they were simultaneously substi-
tuted with alanine (AAA) or with glutamic acid (EEE) at the
MYO?2 locus. Western blot analysis revealed that all the pro-
teins were expressed at about the same level and that the
Myo2p-AAA mutant migrated at the position of unphosphor-
ylated Myo2p, thus demonstrating that a site responsible for
the migration shift has been identified (Figure 6B). The Myo2p-
EEE mutant showed slower mobility, with an additional phos-
phorylated band, as confirmed by ALP treatment (unpublished
data). Thus, the identified T''32, $'134, and S''3° phosphoryla-
tion sites in the tail contribute to the mobility shift seen for
Myo2p and appear to be a prerequisite for additional phos-
phorylation at other, unmapped sites. The growth rate of
strains carrying the AAA or EEE mutations was not detectably
different from wild type (Figure 6B).

To explore whether Myo2p tail phosphorylation might affect
its function, we examined it’s localization and the processes in
which Myo2p is known to be involved. We observed that
Myo2p localization or the Myo2p-dependent polarization of
secretory vesicles, spindle orientation, vacuole inheritance, mi-
tochondrial inheritance, or TGN polarization were all un-
changed in the phosphomutants (Supplementary Figure 1).

The phosphomutant strains differed, however, from wild-
type cells both in mating efficiency and in their sensitivity to
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Figure 6. Replacement of chromosomal Myo2p phosphorylation
sites with alanine or glutamic acid. (A) Total protein extract from
wild-type yeast (ABY2323), yeast containing Myo2p-AAA (ABY2325)
or Myo2p-EEE (ABY2328) was prepared in the presence of phospha-
tase inhibitors. Protein was separated by SDS-PAGE and Myo2p was
visualized by Western blotting. An actin blot served as a loading
control. Duplicate samples are shown. (B) Cells having wild-type
Myo2p, or Myo2p-AAA or Myo2p-EEE were grown to ODgy, ~0.5,
and 10-fold dilutions were plated as indicated and incubated for 2-3 d.

growth arrest by alpha factor, with the MYO2-EEE mutant
being somewhat more sensitive and the MYO2-AAA mutant
being marginally more resistant (unpublished data). These
phenotypic differences correlate with our finding that
Myo2p phosphorylation is decreased during alpha factor
arrest (see above). The molecular basis of these phenotypic
differences was not determined.

Differential Sensitivity of MYO2 Mutants to PKA
Overexpression

One of the mapped phosphorylation sites in the Myo2p tail,
T1132, is predicted to be a substrate of protein kinase A (PKA).
In yeast, the catalytic subunits of PKA are encoded by
TPK1,2,3, and it is known that overexpression of TPK1 is lethal
to wild-type cells (Liu et al., 1992). To explore whether this
lethality might be related to phosphorylation of Myo2p, we
tested the sensitivity of the MYO2-AAA and MYO2-EEE mu-
tants to GALI-regulated TPK1 overexpression. As a control, we
also explored the sensitivity to overexpression of two other
proteins, the phosphatase Glc7p and the kinase Cla4p, both
known to be lethal when overexpressed. The MYO2-AAA mu-
tant is much more resistant to TPK1 overexpression than wild-
type or MYO2-EEE cells, but is killed by GLC7 and CLA4
overexpression (Figure 7A). To see if TPKI overexpression
affected the actin cytoskeleton and/or Myo2p localization, cells
overexpressing TPK1 for 5 h were stained for Myo2p (Figure
7B) and actin (unpublished data). Although Myo2p is com-
pletely delocalized in wild-type and MYO2-EEE cells, it re-
mains at least partially polarized in the MYO2-AAA mutant,
which explains how these cells can still grow. Similarly, the
actin cytoskeleton retained some polarity in MYO2-AAA cells,
whereas it was depolarized in the two other strains (unpub-
lished data). Given these results, we sought evidence that TPK1
directly phosphorylated wild-type Myo2p, so we examined the
phosphorylation status of Myo2p in wild-type, MYO2-AAA,
and MYO2-EEE cells before and after 5-h TPK1 overexpression
(Figure 7C). Remarkably, overexpression of TPK1 results in the
elimination of the phosphorylation-induced mobility shift seen
in wild-type and MYO2-EEE cells. It remains to be determined
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Figure 7. Effect of TPK1, 2, 3 overexpression on cell growth. (A) The
indicated plasmids were transformed into wild-type (ABY2323),
Myo2p-AAA (ABY2325), and Myo2p-EEE (ABY2328) yeast. Tenfold
dilutions were plated on the indicated plates and incubated for 2 d at
30°C. (B) TPK1-expressing cells were induced for 5 h and fixed, and
Myo2p was visualized by immunofluorescence microscopy. The per-
centage of small buds showing polarized Myo2p distribution is indi-
cated. (C) Total yeast extract from noninduced and cells induced for
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whether TPK1 overexpression results in dephosphorylation of
Myo2p in wild-type cells or promotes a phospho-regulation
pattern that does not cause a change in protein mobility (e.g.,
T1132E, SU3E, as suggested by Figure 5B) but precludes phos-
phorylation of S35, which is detected by the mobility shift.
Because there are three catalytic subunits of PKA, we
tested whether the three TPKs differentially affect Myo2p
function. GST-TPK1, GST-TPK2, and GST-TPK3 and GST
alone, each behind the GAL1 promoter in multicopy plas-
mids, were introduced into wild-type, MYO2-AAA, and
MYO2-EEE mutant strains. Under these conditions of very
high level kinase expression, all three strains were killed
by GST-TPK1 and GST-TPK2 overexpression. (Figure 7D).
However, neither wild type or MYO2-AAA is sensitive to
GST-TPK3 overexpression, whereas the MYO2-EEE mutant
is killed by it. The effects we see are MYO?2 allele specific
because the expression levels of Tpk1/2/3p are about the
same in the three strains (Figure 7E). The combined results
suggest that MYO2-AAA is more resistant to moderate levels
of TPK1 overexpression, whereas the MYO2-EEE mutant is
more sensitive to very high levels of TPK3 expression.

DISCUSSION

This study demonstrates for the first time that full-length
Myo2p is phosphorylated in vivo and identifies three very
closely spaced phosphorylation sites on a single Myo2p tail
peptide. Although these sites were identified in the Myo2p
tail overexpressed in vivo, they probably represent the same
sites conferring a mobility shift on the full-length protein as
the shift is not seen in the alanine phosphomutants.

Mapping of the phosphorylation sites revealed that the
GST-Myo2p tail recovered from exponentially growing cells
exists in unphosphorylated, single- and double-phosphorylated
forms. Both the single- and double-phosphorylated forms re-
sult from modification of the G'**'STPSSGNNHIDSLSVDR!'#”
tryptic peptide of the GST-Myo2p-tail fusion protein. Two
doubly phosphorylated forms, Thr''32/Ser!'3* and Thr!!32/
Ser'135, were identified. Thr''3? is the dominant singly phos-
phorylated form but Ser''3* phosphorylation was also found. It
is possible that the minor Ser''** phosphorylation form is
caused by the loss of one phosphate from the doubly phos-
phorylated peptide (Thr''3?/Ser!'3*) during electrospray anal-

sis.

Online LC/MS/MS analysis revealed the estimated relative
abundance of the phospho- and unphosphorylated peptide,
suggesting that ~30% of the Myo2p tail is singly phosphory-
lated, ~10% is doubly phosphorylated and ~60% is nonphos-
phorylated. This result agrees well with the finding that a
significant fraction of full-length Myo2p has a retarded mobil-
ity on SDS-PAGE due to phosphorylation. Although the mo-
bility shift seems to be conferred by phosphorylation of Ser!'35,
we did not detect single phosphorylation of this residue, but
rather it seems to only occur in the context of Thr''3? phos-
phorylation. Thus, we have found that a high level of Myo2p
phosphorylation occurs in vivo, as determined by the mobility

5 h to express Tpklp was separated by SDS-PAGE, and Myo2p was
localized by Western blotting. (D) The plasmids constructed to
express very high levels of GST-Tpklp, -2p, or -3p were transformed
into wild type and two Myo2p phosphomutant strains and growth
of 10-fold dilutions analyzed after 2 d at 30°C. (E) Total yeast extract
was prepared from 5 h-induced GST-, GST-Tpklp-, GST-Tpk2-,
and GST-Tpk3p-overexpressing cells. Equal amount of protein
from noninduced and induced samples were loaded on 12% SDS-
PAGE and analyzed by Western blot using GST antibodies.
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shift, and have identified the site responsible for this shift.
Moreover, this phosphorylation is regulated because it is abol-
ished in alpha-factor arrested cells.

The tail of Myo2p has two structurally distinct domains,
called subdomains I and II, that need to remain associated
for its function (Pashkova et al., 2005b). Using V8 protease
we have confirmed the existence of two protease-resistant
domains and, together with previous data, mapped them to
residues 1177-1329 and 1146-1574. We have found that the
1131-1176 region of the tail is very accessible to protease
digestion and is also the region in which the phosphorylated
residues lie. It remains to be determined what structural
changes phosphorylation of these residues confer.

In vertebrates, phosphoregulation of myosin V tail has
been suggested as a mechanism regulating the affinity be-
tween myosin Va and its melanosome cargo (Karcher et al.,
2001). Rab27a binds to melanosomes and then recruits mela-
nophilin, which binds directly to myosin Va (Nagashima et
al., 2002; Wu et al., 2002). The cargo binding is regulated by
calcium/CaM-dependent protein kinase II-dependent phos-
phorylation of a single serine residue in the myosin V tail,
which results in dissociation of the motor from the cargo in a
cell cycle-dependent manner (Karcher et al., 2001). Although
this phosphorylation site is not conserved in Myo2p and the
identified phosphorylation sites in Myo2p are not conserved in
Myo4p or animal myosin Vs, reversible phosphorylation may
nevertheless play a general role in cargo selection. Having
identified the phosphorylation sites, we were surprised that
mutating these sites to alanine, to inhibit phosphorylation, or
glutamic acid to mimic phosphorylation, had no significant
effects on several processes known to involve transport of
cargo by Myo2p.

A crucial step in understanding the function of a protein
kinase is in the identification of the relevant in vivo targets. Our
database search revealed that Thr'!®? in the Myo2p tail is
predicted to be a potential phosphorylation site for the PKA. In
yeast there are three genes encoding the catalytic subunit of
PKA: TPK1, 2, and 3. Although overexpression of TPK1 from
the GAL1 promoter on a single copy plasmid is lethal to wild
type and the MYO2-EEE mutant cells, resulting in depolariza-
tion of both actin and Myo2p, the MYO2-AAA mutant is resis-
tant to it and retains at least some polarity, thereby permitting
growth. Because, all three strains are killed by high overexpres-
sion of GST-TPK1 from a multicopy plasmid: this means that
the MYO2-AAA mutant can tolerate moderate overexpression
of TPK1, yet is still sensitive to very high levels of Tpklp
activity. In addition, the MYO2-EEE mutant is supersensitive
to GST-TPK3 overexpression, in contrast to the GST-TPK3-
resistant wild-type and MYO2-AAA strains. Moreover, all
three stains are sensitive to GST-TPK2 overexpression. Thus
MYO2-AAA is more resistant to one form of PKA overex-
pression and MYO2-EEE is overly sensitive to another.
Given these results, we were surprised that overexpression of
TPK1 in otherwise wild-type cells resulted is loss of the mobil-
ity shift in Myo2p that is diagnostic of in vivo phosphorylation.
Two possibilities emerge: either Myo2p is not a direct sub-
strate of Tpklp and one of its substrates results in reduced
Myo2p phosphorylation, or Myo2p is a substrate, and this
precludes phosphorylation of Ser!'3® that appears to be the
major phosphorylation site responsible for the mobility
change.

In summary, we have identified three closely spaced
phosphorylation sites in the Myo2p tail that are located just
N-terminal to subdomain I. Although we have not yet de-
termined the precise biological meaning of this phospho-
regulatory mechanism, it may be more sophisticated than a
simple “on-off” mechanism. Our results showing differential
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sensitivities of the alanine and glutamic acid mutants to
PKA overexpression implying some functional role for
phosphorylation at the identified sites. Genetic studies
aimed at identifying functional differences between wild
type and the MYO2-AAA and MYO2-EEE mutants will be
one avenue to uncovering these functional differences.
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