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The serine/threonine kinase Prk1p is known to be involved in the regulation of the actin
cytoskeleton organization in budding yeast. One possible function of Prk1p is the negative
regulation of Pan1p, an actin patch regulatory protein that forms a complex in vivo with at least
two other proteins, Sla1p and End3p. In this report, we identified Sla1p as another substrate for
Prk1p. The phosphorylation of Sla1p by Prk1p was established in vitro with the use of immuno-
precipitated Prk1p and in vivo with the use of PRK1 overexpression, and was further supported
by the finding that immunoprecipitated Sla1p contained PRK1- and ARK1-dependent kinase
activities. Stable complex formation between Prk1p and Sla1p/Pan1p in vivo could be observed
once the phosphorylation reaction was blocked by mutation in the catalytic site of Prk1p.
Elevation of Prk1p activities in wild-type cells resulted in a number of deficiencies, including those
in colocalization of Pan1p and Sla1p, endocytosis, and cell wall morphogenesis, likely attributable
to a disintegration of the Pan1p/Sla1p/End3p complex. These results lend a strong support to the
model that the phosphorylation of the Pan1p/Sla1p/End3p complex by Prk1p is one of the
important mechanisms by which the organization and functions of the actin cytoskeleton are
regulated.

INTRODUCTION

The rapid assembly and disassembly of actin filaments at
specific subcellular locations provide the mechanistic basis
for various dynamic activities such as cell motility, change of
cell shapes, and translocation of intracellular organelles
(Carlier and Pantaloni, 1997; Mermall et al., 1998; Cooper
and Schafer, 2000). An important part of our current knowl-
edge on the actin cytoskeleton dynamics comes from studies
of the actin cytoskeleton organization in the yeast Saccharo-
myces cerevisiae. The major actin cytoskeletal structures in
yeast are the cortical patches and the cytoplasmic cables,
both of which display a conspicuous pattern of dynamics
during the cell cycle. The pattern of cellular distribution of
these actin structures has long been noticed to correlate with
that of the localized surface growth (Adams and Pringle,
1984; Kilmartin and Adams, 1984; Novick and Botstein,
1985). The actin patches and cables are distributed evenly in
unbudded cells undergoing isotropical surface expansion.
At the time of bud emergence and during the entire period
of bud formation, the yeast cell assumes an apical growth
pattern, with most if not all of the actin patches mobilized
first to the bud site and later in the bud. The mother cell

exhibits essentially no enlargement during this time and
contains only the actin cables, which are all aligned toward
the bud (Adams and Pringle, 1984; Kilmartin and Adams,
1984; Lew and Reed, 1993). Despite the correlation in the
patterns of actin distribution and bud formation, the exact
roles of the actin cytoskeleton, especially the cortical
patches, in promoting cell growth have remained largely
unknown. Although cytoplasmic cables may serve as paths
for myosin molecules to transport secretion vesicles to the
cell surface (Novick and Botstein, 1985; Govindan et al., 1995;
Ayscough et al., 1997; Pruyne et al., 1998), a polarized distri-
bution of the cortical patches does not appear to be a neces-
sity for bud growth, because mutants that failed to maintain
a polarized localization of the cortical actin patches could
still form bud efficiently (Karpova et al., 2000).

Among a large number of proteins that have been identi-
fied to play direct or indirect roles in the function of the actin
cytoskeleton in yeast are a group of actin patch proteins
(Pruyne and Bretscher, 2000). These proteins reside on the
cell cortex as clusters and partially colocalize with the actin
patches. Three of them, Pan1p, End3p, and Sla1p, have been
known to form a complex in vivo (Tang et al., 2000), and to
be required for the actin patch morphology, membrane pro-
tein endocytosis, and cell wall synthesis (Holtzman et al.,
1993; Bénédetti et al., 1994; Tang and Cai, 1996; Tang et al.,
1997, 2000; Ayscough et al., 1999). Recently, the role of Pan1p
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in the actin cytoskeleton organization and endocytosis has
been suggested to be due to its ability to bind and activate
the Arp2/3 complex (Duncan et al., 2001). Two kinases,
Prk1p and Ark1p, have been identified as regulatory factors
in the actin cytoskeleton organization in yeast (Cope et al.,
1999; Zeng and Cai, 1999). Prk1p was discovered from a
genetic screen as a possible negative regulator of Pan1p,
because a loss-of-function mutation in PRK1 suppressed the
temperature sensitivity of the pan1-4 mutant (Zeng and Cai,
1999). Combination of the prk1 null mutation and pan1-4
largely corrected the actin abnormalities in the pan1-4 single
mutant. At 37°C, the prk1 null mutant was viable but was
unable to maintain an asymmetric distribution of the actin
patches (Zeng and Cai, 1999). On the other hand, overex-
pression of PRK1 in wild-type cells led to lethality and gross
actin cytoskeleton abnormalities (Zeng and Cai, 1999). In
vitro kinase assays demonstrated that Prk1p was able to
phosphorylate Pan1p specifically on the LxxQxTG motifs.
Clearly, Prk1p is involved in a pathway of actin cytoskeleton
regulation with Pan1p as a potential target. The function of
Ark1p in the regulation of the actin cytoskeleton is less
unveiled. Both Prk1p and Ark1p colocalize with the cortical
patches (Cope et al., 1999; Zeng and Cai, 1999).

In this study, we show that Sla1p is another regulatory
target of Prk1p. Additional evidence is presented to support
the proposal that Prk1p negatively regulates the Pan1p/
Sla1p/End3p complex by affecting the complex formation
between these proteins.

MATERIALS AND METHODS

Strains, Media, and General Methods
The yeast strains used in this study are listed in Table 1. Yeast cells
were propagated in rich medium (YPD), synthetic complete me-
dium (SC), or SC lacking the appropriate amino acids for plasmid
maintenance (Rose et al., 1990). In experiments requiring the expres-
sion of genes under the GAL1 promoter, raffinose instead of dex-
trose was used as the carbon source and galactose was later added
for GAL1 induction. Genetic and recombinant DNA manipulations
were performed according to standard methods (Sambrook et al.,
1989; Rose et al., 1990).

Plasmid and Strain Constructions
The plasmid constructs used in this study are shown in Table 2.
Disruption of the PRK1 gene (prk1�::URA3) to generate YMC427 has
been described previously (Zeng and Cai, 1999). To disrupt the
ARK1 gene, DNA fragment containing the opening reading frame of
ARK1 and the flanking sequences was cloned by polymerase chain
reaction (PCR) into the vector pRS316. The HpaI/BamHI fragment of
the resulting plasmid containing most of the ARK1 coding sequence
was then replaced with the LEU2 gene. After digestion by SacII-SalI,
the fragment containing LEU2-disrupted ARK1 was transformed
into W303-1B and YMC427 to generate YMC438 and YMC439, re-
spectively. Deletion strains were confirmed by PCR analysis (Hux-
ley et al., 1990).

The strains YMC440 and YMC441 were generated by linearizing
the plasmids pRS306-PAN1c-HA and pRS306-PAN1c-Myc within
the PAN1 gene by BamHI and transforming the linearized plasmids
into W303-1B and W303-1A, respectively. YMC442, YMC443, and
YMC444 were generated by integrating the BamHI-linearized
pRS304-PAN1c-Myc into strains YMC427, YMC438, and YMC439,
respectively. To obtain the strain YMC445, the SacI-linearized
pRS305-SLA1c-GFP and the BamHI-linearized pRS304-PAN1c-RFP

were integrated into W303-1A sequentially. All integration strains
were confirmed by PCR analysis.

Immunoprecipitation, Two-Hybrid Assays, and
Glutathione S-Transferase (GST) Fusion Protein
Binding Experiments
Preparation of yeast extracts, immunoprecipitation, and immuno-
blotting of the epitope-tagged proteins were performed as described
previously (Tang et al., 1997, 2000). Treatment of the immunopre-
cipitates with calf intestinal phosphatase (CIP) also followed previ-
ous procedures (Zeng and Cai, 1999). Yeast extracts to be treated
with CIP were prepared with the use of lysis buffer lacking phos-
phatase inhibitors sodium orthovanadate and p-nitrophenylphos-
phate. The extracts (57 �l) were then incubated with 7 �l of 10�
phosphatase buffer and 6 �l of 10 U/�l CIP (Biolabs, Beverly, MA)
at 37°C for 40 min before subjected to immunoprecipitation.

For the yeast two-hybrid assay, DNA fragments of SLA1 and
PRK1 were fused to the HA-tagged GAL4 activation domain of
pGADT7 or the Myc-tagged DNA binding domain of pGBKT7 as
indicated in Table 2. Plasmids were cotransformed into the strain
SFY526 and the expression of each fusion protein was confirmed by
Western blotting with the use of anti-HA or anti-Myc antibodies.
The �-galactosidase activities were measured as instructed by the
manufacturer (CLONTECH, Palo Alto, CA).

To make GST-fusion proteins, various coding regions of SLA1,
PAN1, and END3 were obtained by PCR and fused in-frame to a
bacterial GST expression vector pGEX-4T-1 (Amersham Pharmacia
Biotech, Malaysia) as described in Table 2. Expression and purifi-
cation of the GST-fusion proteins were performed according to
Zeng and Cai (1999), and the GST-fusion protein binding experi-
ments according to Tang et al. (2000).

In Vitro Kinase Assays
In vitro kinase assays with the use of GST-fusion proteins as sub-
strates were performed as described (Zeng and Cai, 1999). For
Sla1p- and Pan1p-associated kinase assays, the bead-bound anti-

Table 1. Yeast strains used in this study

Strain Genotype

W303-1A MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1
W303-1B MAT� ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1
SFY526 MATa ade2-101 trp1-901 canr leu2-3,112 his3-200 ura3-52

lys2-801 gal4-542 gal80-538 URA3�GAL1-lacZ
YMC427 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

prk1��URA3
YMC438 MAT� ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

ark1��LEU2
YMC439 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

prk1��URA3 ark1��LEU2
YMC440 MAT� ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

pan1�PAN1-HA-URA3
YMC441 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

pan1�PAN1-Myc-URA3
YMC442 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

prk1��URA3 pan1�PAN1-Myc-TRP1
YMC443 MAT� ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

ark1��LEU2 pan1�PAN1-Myc-TRP1
YMC444 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

prk1��URA3 ark1��LEU2 pan1�PAN1-Myc-TRP1
YMC445 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1

pan1�PAN-RFP-TRP1 sla1�SLA1-GFP-LEU2
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Myc immunoprecipitates were first washed with radioimmunopre-
cipitation assay buffer (50 mM Tris-HCl [pH 7.2], 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl) five times, and
another two times with the kinase buffer (25 mM Tris-HCl [pH 7.4],
5 mM �-glycerophosphate, 2 mM dithiothreitol, 0.1 mM sodium
orthovanadate, 10 mM MgCl2), followed by suspension in 34.5 �l of
the kinase buffer. The kinase assays were performed by incubating
the beads with 0.5 �l of [�-32P]ATP (10 mCi/ml; PerkinElmer Life
Sciences, Boston, MA) and 5 �l of 20 �M ATP at 30°C for 40 min and
were terminated by 10 �l of 5� loading buffer. The samples were
boiled and separated by SDS-PAGE, and proteins were transferred
onto a polyvinylidene diflouride membrane (Millipore, Bedford,
MA). After overnight exposure to an x-ray film, the membrane was
subjected to immunoblotting with the use of anti-Myc antibody.

Gel Filtration Chromatography
Yeast cells were grown with raffinose as the carbon source to the
early log phase and galactose was added to a final concentration
of 2%. Cells were allowed to grow for another 5 h before being

collected. Yeast extracts were prepared with the use of the glass
bead lysis method (Dunn and Wobbe, 1993). After polyethyleni-
mine precipitation to remove nucleic acids (Burgess, 1991), the
extracts were subjected to ammonium sulfate fractionation. The
pellet derived from 60% ammonium sulfate was dissolved in
lysis buffer (20 mM Tris-HCl [pH 7.9], 10 mM MgCl2, 1 mM
EDTA, 5% glycerol) and dialyzed overnight at 4°C in a large
volume of gel filtration buffer (50 mM HEPES [pH 7.3], 150 mM
KCl, 0.01% Nonidet P-40). The extracts were then concentrated
with the use of polyethylene glycol 8000 and 15 mg of the
proteins was loaded onto a SR10/50J column (Amersham Phar-
macia Biotech) containing 35 ml of Superose 6 (Amersham Phar-
macia Biotech) equilibrated with the gel filtration buffer. Proteins
were eluted from the column with the gel filtration buffer at a
flow rate of 0.17 ml/min. Ninety fractions were collected in total.
Proteins in each fraction were precipitated by 5% of trichloroace-
tic acid and dissolved in 40 �l of protein loading buffer. Fifteen
microliters of these protein samples was then analyzed by SDS-
PAGE and immunoblotting.

Table 2. Plasmid constructs used in this study

Construct Description

pGEX-SH3 GST-SH3; the DNA coding region for Sla1p (2-440 a.a.) was generated by PCR and cloned in frame into
pGEX-4T-1 (Tang et al., 2000).

pGEX-SR GST-SR; the DNA coding region for Sla1p (856-1244 a.a.) was generated by PCR and cloned in frame into
pGEX-4T-1 (Tang et al., 2000).

pGEX-LR1 GST-LR1; the DNA coding region for Pan 1p (99-383 a.a.) was generated by PCR and cloned in frame into
pGEX-4T-1 (Zeng and Cai, 1999).

pGEX-END3 GST-END3; the END3 coding region was generated by PCR and cloned in frame into pGEX-4T-1 (Zeng and
Cai, 1999).

pGBKT7-PRK1D158Y PRK1D158Y coding region was generated by PCR and cloned in frame into pGBKT7.
pGBKT7-PRK1D158Yn The N-terminal coding region of Prk1D158Yp (1-390 a.a.) in pGBKT7; generated by removing the C-terminal

region of PRK1 from pGBT9-PRK1D158Y with SpeI/SalI digestion.
pGBKT7-PRK1c The DNA coding region for Prk1p (301-810 a.a.) was generated by PCR and cloned in frame into pGBKT7.
pGADT7-SLA1 The DNA coding region for Sla1p (1-1244 a.a.) was generated by PCR and cloned in frame into pGADT7.
pGADT7-SLA1�SR The DNA coding region for Sla1p (1-854 a.a.) was generated by PCR and cloned in frame into pGADT7.
pGADT7-SR The DNA coding region for Sla1p (856-1244 a.a.) was generated by PCR and cloned in frame into pGADT7.
pGAL-PRK1 PRK1 coding region was generated by PCR and placed under GAL1 promoter control in two vectors derived

from pRS315 and pRS316, respectively (Zeng and Cai, 1999).
pGAL-PRK1D158Y PRK1D158Y under GAL1 promoter control in pRS315 and pRS316; generated by replacing the SmaI/SpeI

fragment of pGAL-PRK1 with the SmaI/SpeI fragment of pPRK1D158Y (Zeng and Cai, 1999).
pGAL-HA-LR1 The DNA coding region for Pan1p (1-385 a.a.) was generated by PCR, cloned in frame with the HA epitope,

and placed under GAL1 promoter control in pRS316 (Tang et al., 2000).
pGAL-HA-LR2 The DNA coding region for Pan1p (386-846 a.a.) was generated by PCR, cloned in frame with the HA

epitope, and placed under GAL1 promoter control in pRS316 (Tang et al., 2000).
pGAL-HA-SR The DNA coding region for Sla1p (856-1244 a.a.) was generated by PCR, cloned in frame with the HA

epitope, and placed under GAL1 promoter control in pRS316.
pGAL-HA-PRK1 The PRK1 coding region was generated by PCR, cloned in frame with the HA epitope, and placed under

GAL1 promoter control in pRS316 (Zeng and Cai, 1999).
pGAL-HA-

PRK1D158Y
HA-PRK1D158Y under GAL1 promoter control in pRS314; generated by replacing the SacI/PstI fragment of

pPRK1D158Y with the SacI/PstI fragment of pGAL-HA-PRK1 (Zeng and Cai, 1999).
pRS424-SLA1 SLA1 gene was generated by PCR and cloned into pRS424 (2�, TRP1).
pMyc-SLA1 The SLA1 coding region was generated by PCR, cloned in frame with the Myc epitope, and placed under its

own promoter control in pRS424 and pRS425, respectively.
pPAN1c-HA The DNA coding region for Pan1p (1252-1480 a.a.) was generated by PCR and cloned in frame with a C-

terminal HA epitope followed by the ADH1 terminator in pRS306.
pPAN1c-Myc The DNA coding region for Pan1p (1252-1480 a.a.) was generated by PCR and cloned in frame with a C-

terminal Myc epitope followed by the ADH1 terminator in pRS304 and pRS306, respectively.
pPAN1c-RFP The DNA coding region for Pan1p (1252-1480 a.a.) was generated by PCR and cloned in frame with a C-

terminal RFP epitope followed by the ADH1 terminator in pRS304.
pSLA1c-GFP The DNA coding region for Sla1p (1105-1244 a.a.) was generated by PCR and cloned in frame with a C-

terminal GFP epitope followed by the ADH1 terminator in pRS305.
pYep352-FUR4 FUR4 gene was generated by PCR and cloned into pYep352 (2�, URA3).

Regulation of Sla1p by Prk1p Kinase
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Cellular Localization of RFP-tagged Pan1p and
GFP-tagged Sla1p
Yeast cells were grown to the early log phase at 30°C in raffinose,
followed by addition of galactose (to 2%) for 2 h. Cells were then
harvested and fixed with formaldehyde (3.7%) for 10 min. After
wash with phosphate-buffered saline for three times, cells were
suspended in 90% glycerol containing p-phenylenediamine and vi-
sualized with the fluorescence optics and the Nomarski optics. The
images were acquired with the use of a Leica DMAXA microscope
equipped with a Hamamatsu C4742-98 digital camera.

Electron Microscopy Analysis
Yeast cultures (1.5 ml) were grown in raffinose to the early log phase
followed by addition of galactose to 2% and allowed to grow for
another 5 h. Cells were harvested and prefixed with 50% glutaral-
dehyde solution for 2 h at 25°C. After wash with distilled water
three times, cells were fixed in 2% freshly made potassium perman-
ganate for 2 h at 25°C. After several washes with water, cells were
dehydrated in a graded series of 50–100% ethanol and embedded in
low-viscosity Spurr resin (Sigma, St. Louis, MO). Samples were
sectioned, mounted, and stained with uranyl acetate and lead ci-
trate, and viewed under a JEOL 1200EX electron microscope.

Endocytosis Assays
For the lucifer yellow (LY) uptake assay, cells were grown in raf-
finose to the early log phase at 30°C followed by exposure to 2%
galactose for 2 h. LY was added to 5 mg/ml and incubation was
continued for another 2 h. Cells were collected and washed five
times with phosphate-buffered saline containing 10 mM sodium
azide and 50 mM sodium fluoride, followed by suspension in 90%
glycerol containing p-phenylenediamine and examination with a
Zeiss Axioplan microscope.

The uracil permease internalization assay was carried out as
described by Volland et al. (1994) with minor modifications. Cells
containing pRS315, pGAL-PRK1, and pGAL-PRK1D158Y were trans-
formed with pYep352-FUR4 to increase the production of uracil
permease. The transformants were grown at 30°C in raffinose to
OD600 of 0.2–0.3, followed by galactose addition and another 2.5 h
of incubation. Cycloheximide was added to 100 �g/ml and samples
were taken at 30-min intervals to measure uracil uptake. The uracil
uptake assay was performed by incubating 1 ml of the culture with
5 �M [14C]uracil (PerkinElmer Life Sciences) for 20 s at 30°C. The
suspension was then quickly filtered through a Whatman GF/C
filter, followed by washing twice with ice-old water and counting
for the retained radioactivity.

RESULTS

Phosphorylation of Sla1p by Prk1p In Vitro
Previous reports identified Prk1p as a novel serine/threo-
nine kinase regulating the actin cytoskeleton organization in
yeast (Cope et al., 1999; Zeng and Cai, 1999). In vitro kinase
assays demonstrated that Prk1p could phosphorylate Pan1p
specifically on the LxxQxTG motifs (Zeng and Cai, 1999).
Pan1p contains multiple LxxQxTG motifs, with five of them
found in the first long repeat (LR1) and ten in the second
long repeat (LR2) (Sachs and Deardorff, 1992; Zeng and Cai,
1999). Strikingly, another protein from the yeast sequence
database that contains multiple LxxQxTG motifs is the
Pan1p-interacting protein Sla1p, with five copies of such
motif present in its C-terminal region (Figure 1A).

Sla1p is originally identified as a protein required for the
viability of the abp1 mutant and shown to be essential for the
proper formation of the cortical actin cytoskeleton (Holtz-

man et al., 1993). It contains three SH3 domains in the
N-terminal region and a repeated motif with a core sequence
of TGGAMMP in the C-terminal region (Holtzman et al.,
1993). The five copies of the LxxQxTG motif also reside
within this region. If a shorter version of the motif, QxTG, is
included, the number of the repeats in this region will in-
crease to 14 (Figure 1A). The presence of these motifs in
Sla1p suggests that Sla1p may be another substrate of Prk1p.

To test this possibility, the N-terminal SH3 domains and
the C-terminal QxTG repeats of Sla1p were expressed as
GST fusion proteins (GST-SH3 and GST-SR; Figure 1A) for
in vitro kinase assay. As expected, among the three GST-
fusion proteins (GST-SR, GST-SH3, and GST itself) tested,
only GST-SR could be phosphorylated by the immunopre-
cipitated HA-Prk1p (Figure 1B, lanes 1–3). The phosphory-
lation of GST-SR was Prk1p dependent, because no phos-
phorylation was observed when the immunoprecipitates
prepared from cells containing untagged Prk1p were used
(Figure 1B, lane 4). In addition, the immunoprecipitates
prepared from cells containing an inactive form of Prk1p,
Prk1D158Yp (Zeng and Cai, 199), was unable to phosphory-
late GST-SR (Figure 1B, lane 5). These results demonstrated
that Prk1p could recognize the SR region of Sla1p as an
efficient substrate in vitro.

Interaction of Prk1p with Sla1p and Pan1p In Vivo
To obtain additional evidence to prove that Sla1p is a bona
fide substrate of Prk1p, we investigated whether Prk1p and
Sla1p interact with each other in vivo. Because active kinases
interact with their substrates only transiently, the detection
of such interactions usually requires the use of mutated
forms of the kinases, which are unable to execute the phos-
phorylation reaction (Han et al., 1997). Indeed, the coimmu-
noprecipitation experiments with the use of wild-type Prk1p
could not ascertain the presence of the Prk1p-Sla1p complex
(our unpublished results). However, when HA-Prk1p was
replaced by HA-Prk1D158Yp, the Sla1p-Prk1D158Yp complex
became readily detectable (Figure 2). As shown in Figure 2A,
the anti-Myc immunoprecipitates contained both Myc-Sla1p
(Figure 2A, lane 3), and HA-Prk1D158Yp (Figure 2A, lane 5),
which could not be precipitated by the anti-Myc antibody
when Myc-Sla1p was not present (Figure 2A, lane 4). There-
fore, the inactivated Prk1p kinase, Prk1D158Yp, was able to
form a stable complex with Sla1p in vivo.

Similar experiments were carried out to test the interaction
between Prk1D158Yp and Pan1p. The plasmid pGAL-HA-
PRKD158Y was introduced into a strain containing Myc-tagged
Pan1p (YMC441). As shown in Figure 2B, HA-Prk1D158Yp was
detectable only in the anti-Myc immunoprecipitates made
from the cells containing both Myc-Pan1p and HA-Prk1D158Yp
(Figure 2B, lane 5), not in that made from cells containing only
HA-Prk1D158Yp (Figure 2B, lane 4). This confirmed that
Prk1D158Yp also stably associated with Pan1p in vivo.

Next, we sought to determine the approximate regions in
Prk1p and Sla1p that are responsible for their association
with the use of the two-hybrid protein-protein interaction
assay. Pair-wise combinations of constructs containing var-
ious coding regions of prk1D158Y and SLA1 were introduced
into the strain SFY526 for measurement of the �-galactosi-
dase activity. Western blotting confirmed the expression of
these bait and prey proteins to be at similar levels (our
unpublished results). As shown in Table 3, the only region
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from Sla1p that exhibited significant interaction with Prk1p
was the QxTG rich C-terminal region (856–1244). This re-
gion showed much stronger interaction with the Prk1D158Yp
kinase domain (1–390) than the full-length Prk1D158Yp. This
result further supports that the Prk1p-Sla1p interaction is a
kinase-substrate type of interaction.

Phosphorylations of Sla1p and Pan1p by Their
Associated Kinases
The finding that blockage of the phosphorylation reaction
favored formation of stable Prk1p-Sla1p/Pan1p complexes
suggests that the kinase may quickly dissociate from its
substrates after phosphorylation is accomplished. Although
the transient interactions between wild-type Prk1p and its
substrates are difficult to detect by immunoprecipitation and
protein blotting, they can still be demonstrated if more
sensitive methods are used. One such method is the exam-
ination of the Sla1p immunoprecipitates for the Prk1p-de-
pendent kinase activity. A plasmid expressing Myc-tagged

Sla1p (pRS424-Myc-SLA1) was introduced into the wild-
type strain W303. The anti-Myc immunoprecipitates from
the yeast extracts were then directly incubated with
[�-32P]ATP at 30°C for 40 min. After overnight exposure,
Myc-Sla1p was found to be phosphorylated by the kinase
activities present in the immunoprecipitates (Figure 3A, lane
1). The phosphorylation was specific to Sla1p, because no
phosphorylation of any proteins could be seen if Sla1p was
not tagged (Figure 3A, lane 2). To prove that Prk1p was the
kinase responsible for the phosphorylation, the same exper-
iments were carried out with a prk1� strain (YMC427). To
our surprise, Sla1p immunoprecipitated from the prk1� mu-
tant could still become phosphorylated after incubating with
radioactive ATP (Figure 3A, lane 3). This suggested that
either Prk1p was not the underlying kinase, or there could
be other kinases present in the complex in addition to Prk1p.
The immediate candidate is Ark1p, another kinase that as-
sociates with the cortical actin patches. Indeed, when the
experiments were carried out with the use of a prk1� ark1�
strain (YMC439), the anti-Myc immunoprecipitates no
longer contained any kinase activities that could phosphor-

Figure 1. Distribution of the LxxQxTG mo-
tif in Sla1p and phosphorylation of Sla1p by
Prk1p. (A) Schematic diagram of the protein
structure of Sla1p. Sla1p contains three SH3
domains (solid boxes) at the N terminus. The
C-terminal region contains five copies of the
LxxQxTG motif (black-hatched boxes) and
nine copies of the QxTG motif (cross-hatched
boxes). The positions of each motif are as
shown. The arrows below the diagram indi-
cate the regions of Sla1p used in GST-fusion
proteins. (B) In vitro phosphorylation of
Sla1p by Prk1p. Wild-type Prk1p and the
kinase-inactivated Prk1p (Prk1D158Yp) were
expressed as HA-tagged proteins and quan-
tified by immunoprecipitation and Western.
Equivalent amounts of the immunoprecipi-
tated proteins were used in the kinase reac-
tions (HA-Prk1p, lane 1–3; HA-Prk1D158Yp,
lane 5). Immunoprecipitates from cells con-
taining untagged Prk1p were used in lane 4
as the control. Substrates used in lanes 1–5
were GST-SH3, GST-SR, GST, GST-SR, and
GST-SR, respectively. Phosphorylation re-
sults were shown as autoradiography (left)
and the input substrates were visualized by
the Coomassie Blue staining (right).
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ylate Sla1p (Figure 3A, lane 5). Deletion of the ARK1 gene
alone (ark1�, YMC438) was not sufficient to abolish the
kinase activity (Figure 3A, lane 7). It is concluded, therefore,
that Sla1p associates with two kinases in vivo, Prk1p and
Ark1p, either at the same time or separately.

Similarly, phosphorylation of the immunoprecipitated
Myc-Pan1p could be observed in the wild-type strain (Fig-
ure 3B, lane 1), the prk1 single mutant (Figure 3B, lane 3), and
the ark1 single mutant (Figure 3B, lane 7), but not in the prk1
ark1 double mutant (Figure 3B, lane 5), following the same
pattern of Sla1p.

Obstruction of Sla1p/Pan1p Interaction by Prk1p-
dependent Phosphorylation
One possible purpose for Prk1p to phosphorylate Sla1p and
Pan1p is to regulate the physical interaction between Sla1p
and Pan1p, because the regions that contain the Prk1p phos-
phorylation sites in the two proteins, the Sla1 repeats (SR) in
the C-terminal region of Sla1p and the LR1 in the N-terminal
region of Pan1p, are also the regions required for the inter-
action between them (Tang et al., 2000). This possibility was
tested by the following experiments. First, the effect of phos-
phorylation of LR1 on its interaction with GST-fused SR was

Figure 2. Physical associations of Prk1D158Yp with Sla1p and
Pan1p. Yeast extracts prepared from various strains in equal
amounts were subjected to anti-Myc or anti-HA immunoprecipita-
tions (IP), gel electrophoresis, and analysis by immunoblotting with
the use of anti-Myc and anti-HA antibodies, as indicated. (A) Co-
immunoprecipitation of HA-Prk1D158Yp and Myc-Sla1p. Yeast ex-
tracts were prepared from the wild-type strain W303 (lanes 1 and 6),
W303 containing pGAL-HA-PRK1D158Y (lanes 4 and 7), W303 con-
taining pMyc-SLA1 (lane 2), and W303 containing both pGAL-HA-
PRK1D158Y and pMyc-SLA1 (lanes 3, 5, and 8), respectively. (B)
Coimmunoprecipitation of HA-Prk1D158Yp and Pan1p-Myc. Yeast
extracts were prepared from W303 (lanes 1 and 6), W303 containing
pGAL-HA-PRK1D158Y (lanes 4 and 7), YMC441 (pan1::PAN1-Myc;
lane 2), and YMC441 containing pGAL-HA-PRK1D158Y (lanes 3, 5,
and 8), respectively.

Table 3. Two-hybrid interactions between Prk1p and Sla1p proteins
Units of �-galactosidase activity were determined in SFY526 cells transformed with the indicated pair of plasmids as described in
MATERIALS AND METHODS.

Bait

Prey

pGADT7
(vector)

Sla1p
(1-1244 a.a.)

Sla1p
(1-854 a.a.)

Sla1p
(856-1244 a.a.)

pGBKT7 (vector) �0.50 �0.50 �0.50 �0.50
Prk1D158Yp (1-810 a.a.) �0.50 3.22 � 0.11 �0.50 7.25 � 0.27
Prk1D158Yp (1-390 a.a.) �0.50 33.35 � 1.31 �0.50 47.79 � 3.97
Prk1p (301-810 a.a.) �0.50 �0.50 �0.50 �0.50

(units of �-galactosidase activity)

Figure 3. Phosphorylation of Sla1p and Pan1p by their associated
kinases. Equal amounts of yeast extracts prepared from various
strains were subjected to anti-Myc immunoprecipitation followed
by kinase reaction as described in MATERIALS AND METHODS.
The samples were electrophoresed and analyzed by autoradiogra-
phy and immunoblotting. (A) Phosphorylation of Sla1p. Yeast ex-
tracts were prepared from W303 (wt, lanes 1 and 2), YMC427 (prk1�,
lanes 3 and 4), YMC439 (prk1� ark1�, lanes 5 and 6), and YMC438
(ark1�, lanes 7 and 8) containing either pMyc-SLA1 (lanes 1, 3, 5,
and 7) or pRS424-SLA1 (lanes 2, 4, 6, and 8), respectively. (B)
Phosphorylation of Pan1p. Yeast extracts were prepared from
YMC441 (pan1::PAN1-Myc; lane 1), W303 (lane 2), YMC442 (prk1�
pan1::PAN1-Myc; lane 3), YMC427 (prk1�; lane 4), YMC444 (prk1�
ark1� pan1::PAN1-Myc; lane 5), YMC439 (prk1� ark1�; lane 6),
YMC443 (ark1� pan1::PAN1-Myc; lane 7), and YMC438 (ark1�; lane
8), respectively.
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examined. As shown in Figure 4, HA-LR1 immunoprecipi-
tated from wild-type cells migrated as a single band (Figure
4A, lane 2). However, when this protein was immunopre-
cipitated from cells overexpressing PRK1, it migrated with a
slower mobility with the band becoming broader and
smeared (Figure 4A, lane 4). The protein mobility shift was
confirmed to be due to phosphorylation, because a treatment
by CIP before electrophoresis reversed this phenomenon
(Figure 4A, lane 5). Treatment of the cell extracts by phos-
phatase before the immunoprecipitation also achieved same
result (Figure 4A, lane 6). The mobility shift of HA-LR1 was
not observed in cells overexpressing the inactive Prk1p ki-
nase (Figure 4A, lane 3), indicating that it was the elevated
Prk1p kinase activity that was responsible for the mobility
change. The mobility shift of HA-LR1 as a result of Prk1p
overproduction provided a convenient means for testing its
ability to bind the GST-fused SR. Various yeast extracts were
first incubated with equal amounts of immobilized GST-SR.
After binding and washing, the bound proteins were sepa-
rated by SDS-PAGE and probed with the anti-HA antibody.
As reported previously (Tang et al., 2000), the HA-LR1 pro-
tein in wild-type cells could be precipitated readily by
GST-SR (Figure 4B, lane 2). In contrast, GST-SR could only
precipitate down a minute amount of HA-LR1 in PRK1-
overexpressing cells (Figure 4B, lane 4), suggesting that the
hyperphosphorylated HA-LR1 was incompetent in interact-
ing with GST-SR. A strong interaction could be restored
after dephosphorylation of HA-LR1 by CIP treatment (Fig-
ure 4B, lane 5). These results demonstrated that the ability of
Pan1p to interact with Sla1p was impaired by the Prk1p-
dependent phosphorylation.

A reciprocal experiment was then carried out to test
whether phosphorylation of the Sla1 repeats could affect its
binding to Pan1p. To obtain the hyperphosphorylated form
of SR, the plasmid pGAL-HA-SR was introduced together
with pGAL-PRK1 into wild-type cells. Like HA-LR1 in the
above-mentioned experiment, HA-SR from wild-type cells
appeared as a single band in SDS-PAGE (Figure 4C, lanes 2
and 3), whereas it migrated as a higher and broader band
with a smeared tail after experiencing the PRK1 overexpres-
sion (Figure 4C, lane 4). Again, phosphatase treatment con-
firmed that this mobility shift of SR was due to phosphory-
lation (Figure 4C, lane 5). The GST-fusion protein binding
assay essentially replicated the findings obtained with the
use of HA-LR1, i.e., HA-SR from cells containing no over-
expressed PRK1 could be precipitated by GST-LR1 (Figure
4D, lanes 2 and 4), whereas its binding to GST-LR1 was
almost undetectable after it was hyperphosphorylated (Fig-
ure 4D, lane 3).

The results of GST-fusion protein binding assays were
further strengthened by the data obtained from the gel fil-
tration experiments. When yeast extracts were prepared
from wild-type cells and fractionated by gel filtration on a
Superose 6 column, Sla1p was found to be coeluted with
Pan1p. Both proteins were eluted with the peak position
corresponding to a molecular mass of 700 kDa (Figure 5A).
In contrast, when yeast extracts prepared from cells overex-
pressing PRK1 were subjected to the same protocol, Sla1p
appeared in much later fractions (corresponding to a molec-
ular mass of 150 kDa), which were distinct from the fractions
containing the majority of Pan1p (Figure 5B). In a control
experiment with the use of cells overexpressing prk1D158Y,

Figure 4. Hindrance of the Pan1p/Sla1p interaction by Prk1p-depen-
dent phosphorylation. (A) Phosphorylation of LR1 by Prk1p in vivo.
Yeast extracts in equal amounts prepared from W303 containing
pRS316 and pRS315 (lane 1), pGAL-HA-LR1 and pRS315 (lane 2),
pGAL-HA-LR1 and pGAL-PRK1D158Y (lane 3), and pGAL-HA-LR1
and pGAL-PRK1 (lanes 4, 5, and 6) were subjected to anti-HA immu-
noprecipitation and immunoblotting. In lane 5, the immunoprecipi-
tates were treated with CIP before electrophoresis. In lane 6, the yeast
extracts were incubated with CIP before immunoprecipitation. (B)
Binding of HA-LR1 to GST-SR. Yeast extracts in the same amounts as
used for anti-HA immunoprecipitation prepared from W303 contain-
ing pGAL-HA-LR1 and pRS315 (lanes 1 and 2), pGAL-HA-LR1 and
pGAL-PRK1D158Y (lane 3), and pGAL-HA-LR1 and pGAL-PRK1 (lanes
4 and 5) were incubated with immobilized GST (lane 1), and GST-SR
(lanes 2–5), respectively. The precipitates were separated by SDS-
PAGE and immunoblotted with anti-HA antibody. In lane 5, the yeast
extracts were treated with CIP before incubation with GST-SR. (C)
Phosphorylation of SR by Prk1p in vivo. Equal amounts of yeast
extracts prepared from W303 containing pRS316 and pRS315 (lane 1),
pGAL-HA-SR and pRS315 (lane 2), pGAL-HA-SR and pGAL-
PRK1D158Y (lane 3), and pGAL-HA-SR and pGAL-PRK1 (lanes 4 and 5)
were subjected to anti-HA immunoprecipitation and immunoblotting.
In lane 5, the immunoprecipitates were treated with CIP before elec-
trophoresis. HA-SR in the yeast extracts treated with CIP before IP was
not presented because it got mostly degraded after the treatment. (D)
Binding of HA-SR to GST-LR1. Yeast extracts in the same amounts as
used for anti-HA immunoprecipitation prepared from W303 contain-
ing pGAL-HA-SR and pRS315 (lanes 1 and 2), pGAL-HA-SR and
pGAL-PRK1 (lane 3), and pGAL-HA-SR and pGAL-PRK1D158Y (lane 4)
were incubated with immobilized GST (lane 1) and GST-LR1 (lanes
2–4), respectively. The precipitates were separated by SDS-PAGE and
immunoblotted with anti-HA antibody.
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the elution pattern of Sla1p and Pan1p was unchanged
(Figure 5C). Taken together, these results show that eleva-
tion of the Prk1p kinase activity leads to a disintegration of
the Sla1p/Pan1p complex, in agreement with the model that
Prk1p negatively regulates the function of the Pan1p/Sla1p
complex by affecting the interaction between them.

Disruption of Cellular Colocalization of Sla1p and
Pan1p by Elevated Prk1p Activity
Although Sla1p and Pan1p have been shown to interact with
each other by various methods, their cellular localization
patterns have not been directly compared. Therefore, fluo-
rescent protein labeling was used to see whether the two
proteins indeed colocalize with each other. A yeast strain
(YMC445) containing green fluorescent protein (GFP)-
tagged Sla1p and red fluorescent protein (RFP)-tagged
Pan1p expressed from their native promoters was created as
described in MATERIALS AND METHODS. This strain was
indistinguishable from the wild-type in growth rate and the
actin cytoskeleton organization (our unpublished results).
When visualized under fluorescent microscope, both Pan1-
RFP and Sla1-GFP existed as punctate structures with a

pattern of cell cycle distribution characteristic of the cortical
actin patches (Figure 6A). As expected, Pan1-RFP and Sla1-
GFP were found to colocalize well with each other, either as
dispersed patches, or in the polarized states such as at the
presumptive bud site in unbudded cells and at the mother-
bud junction in large-budded cells (Figure 6A).

Given the findings that overexpression of PRK1 impaired
the interaction between Sla1p and Pan1p, it is likely that
PRK1 overexpression will affect their cellular colocalization.
To investigate this possibility, the pGAL-PRK1 plasmid was
introduced into the strain YMC445. Before induction of
PRK1 by galactose, the cells showed a clear colocalization
between Pan1-RFP and Sla1-GFP (Figure 6B, top). After 2 h
of induction by galactose, however, �30% of the cells had
lost the punctate Sla1-GFP structures, whereas the distribu-
tion of Pan1-RFP was essentially undisturbed (Figure 6B,
bottom). The change in Sla1-GFP distribution was not due to
the addition of galactose per se, because galactose did not
have any effect on the colocalization between Sla1-GFP and
Pan1-RFP in the cells containing either the control plasmid
pRS316 (Figure 6A, bottom), or the inactivated kinase
prk1D158Y similarly expressed by the GAL1 promoter (Figure
6C bottom). These results are again in support of the con-

Figure 5. Dissociation of Pan1p
and Sla1p in PRK1 overexpress-
ing Cells. Yeast extracts prepared
from YMC440 (pan1::PAN1-HA)
containing pMyc-SLA1 and
pRS315 (A), pMyc-SLA1 and
pGAL-PRK1 (B), and pMyc-SLA1
and pGAL-PRK1D158Y (C), were
fractionated by gel filtration on a
Superose 6 column as described
in MATERIALS AND METH-
ODS. Fractions were examined
for the presence of Pan1p-HA and
Myc-Sla1p. The column was
precalibrated with the molecular
mass markers as indicated. BD,
blue dextran; TG, thyroglobulin;
BA, �-amylase; AD, alcohol dehy-
drogenase; CA, carbonic anhy-
drase.
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Figure 6. Disruption of the colocalization of
Pan1p and Sla1p by PRK1 overexpression.
YMC445 (pan1::PAN1-RFP sla1::SLA1-GFP)
containing pRS316 (A), pGAL-PRK1 (B), and
pGAL-PRK1D158Y (C) were grown to the log
phase in medium without galactose (Gal, 0 h)
or with galactose (Gal, 2 h). Cells were fixed
and visualized for Pan1-RFP (left), Sla1-GFP
(middle), and Nomarski image (right) by
Leica DMRXA microscope. Bar, 5 �m.
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clusion that the association of Sla1p and Pan1p in vivo was
disrupted by elevated Prk1 kinase activity.

Obstruction of Pan1p/End3p Interaction by Prk1p-
dependent Phosphorylation
It has been shown previously that Pan1p interacts with
Sla1p through its LR1 region and interacts with End3p
through its LR2 region to form a trimeric complex in vivo
(Tang et al., 2000). Similar to LR1, LR2 is also rich in Prk1p
phosphorylation sites, the LxxQxTG repeats. In vitro exper-
iments have shown that the presence of excess End3p an-
tagonized the Prk1p phosphorylation of LR2 (Zeng and Cai,
1999). It is therefore possible that Prk1p phosphorylation
may also inhibit the interaction between Pan1p and End3p.
This possibility was tested by the GST-fusion protein bind-
ing assay. An HA-tagged LR2 construct (HA-LR2) was gen-
erated to comprise the region that has been shown to interact
with End3p in the two-hybrid assay (Tang et al., 1997).
Although HA-LR2 immunoprecipitated from wild-type cells
migrated as a single band (Figure 7A, lane 2), it appeared as
multiple bands with slower mobilities when immunopre-
cipitated from cells overexpressing PRK1 (Figure 7A, lane 4).
The mobility shift was confirmed by phosphatase treatment

to be due to phosphorylation (Figure 7A, lanes 5 and 6).
Overproduction of the inactive Prk1p, Prk1D158Yp, had no
effect on the mobility of HA-LR2 (Figure 7A, lane 3). When
the binding assays were carried out with the use of GST-
END3, the results were similar to the LR1 and GST-SR
experiment presented in Figure 4. Only the unphosphory-
lated HA-LR2 could be efficiently precipitated by GST-
END3 (Figure 7B, lanes 2 and 3). The hyperphosphorylated
HA-LR2 was essentially inert in interacting with GST-END3
(Figure 7B, lane 4). On dephosphorylation by CIP treatment
before binding, HA-LR2 from PRK1-overexpressing cells re-
gained its ability to interact with GST-END3 (Figure 7B, lane
5). Therefore, similarly to the Pan1p/Sla1p interaction, the
Pan1p/End3p interaction is also hindered by Prk1p over-
production. These results again support the hypothesis that
Prk1p negatively regulates the complex formation between
Pan1p, Sla1p, and End3p proteins.

Endocytosis Defects as a Result of PRK1
Overexpression
The Pan1p/Sla1p/End3p complex is required for multiple
cellular functions, including cortical actin organization, en-
docytosis, and cell wall morphogenesis (Tang et al., 2000). If
Prk1p negatively regulates the complex formation between
these proteins, it is expected that PRK1 overexpression in
wild-type cells will lead to the defects in these functions
similar to those identified in each of the pan1, sla1, and end3
mutants. The defective actin cytoskeleton organization sim-
ilar to that in the pan1-4 mutant as a result of PRK1 overex-
pression has already been reported (Zeng and Cai, 1999).
Here we describe the endocytosis defects caused by PRK1
overexpression.

First, we examined the effect of PRK1 overexpression on
fluid-phase endocytosis with the use of the LY uptake assay
(Dulic et al., 1991). To minimize the lethal effect of PRK1
overexpression (Zeng and Cai, 1999), the exposure of pGAL-
PRK1-containing cells to galactose was limited to 2 h, fol-
lowed by another 2 h of incubation with LY in the presence
of galactose. Although most of the cells containing the con-
trol plasmid pRS315 were able to internalize LY and exhib-
ited an unambiguous vacuolar staining (Figure 8A, left),
only a small portion (�10%) of the cells containing the
pGAL-PRK1 plasmid showed clear vacuolar staining (Fig-
ure 8A, middle). Moreover, �20% of these cells were seen to
be brightly and uniformly stained, due probably to cell lysis.
A similar observation has also been made for the pan1-4
mutant (Tang et al., 1997). On the other hand, the cells
overexpressing the inactive Prk1p, prk1D158Y, accumulated
LY in the vacuoles normally (Figure 8A, right). These results
suggest that the fluid-phase endocytosis was impaired in the
Prk1p-overproducing cells.

Next, we examined the effects of PRK1 overexpression on
the internalization step of membrane protein endocytosis by
the uracil permease internalization assay (Volland et al.,
1994). The yeast plasma membrane protein uracil permease,
encoded by FUR4, is internalized by endocytosis and de-
graded in the vacuole under adverse conditions such as
inhibition of protein synthesis by cycloheximide (Volland et
al., 1994). The diminishing uracil uptake activity from the
cell surface, therefore, can be used as a measurement for the
internalization step of endocytosis. As shown in Figure 8B,
upon the addition of cycloheximide, cells containing the

Figure 7. Hindrance of the Pan1p/End3p interaction by Prk1p-
dependent phosphorylation. (A) Phosphorylation of LR2 by Prk1p
in vivo. Yeast extracts in equal amounts prepared from W303 con-
taining pRS316 and pRS315 (lane 1), pGAL-HA-LR2 and pRS315
(lane 2), pGAL-HA-LR2 and pGAL-PRK1D158Y (lane 3), and pGAL-
HA-LR2 and pGAL-PRK1 (lanes 4, 5, and 6) were subjected to
anti-HA immunoprecipitation and immunoblotting. In lane 5, the
immunoprecipitates were treated with CIP before electrophoresis.
In lane 6, the yeast extracts were incubated with CIP before immu-
noprecipitation. (B) Binding of HA-LR2 to GST-END3. Yeast ex-
tracts in the same amounts as used for anti-HA immunoprecipita-
tion prepared from W303 containing pGAL-HA-LR2 and pRS315
(lanes 1 and 2), pGAL-HA-LR1 and pGAL-PRK1D158Y (lane 3), and
pGAL-HA-LR1 and pGAL-PRK1 (lanes 4 and 5) were incubated
with immobilized GST (lane 1) and GST-END3 (lanes 2–5), respec-
tively. The precipitates were separated by SDS-PAGE and immu-
noblotted with anti-HA antibody. In lane 5, the yeast extracts were
treated with CIP before incubation with GST-SR.
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control plasmid pRS315 internalized the uracil permease
quickly, resulting in a rapid decrease in uracil uptake. How-
ever, the cells overexpressing PRK1 maintained a high ac-
tivity for uracil uptake under the same conditions. Two
hours after the addition of cycloheximide, for example, at
least 60% of the uracil uptake activity was still observed in
cells overexpressing PRK1, whereas �20% of such activity
was retained in the control cells. Again, overexpression of
prk1D158Y imposed no effect on the rate of the uracil per-
mease internalization (Figure 8B). These data suggest that
elevated Prk1 kinase activity leads to a defect in the process
of membrane protein endocytosis at the internalization step.

Cell Wall Defects Caused by PRK1 Overexpression
Cell wall abnormalities are another common phenotype ex-
hibited by the pan1, sla1, and end3 mutants (Ayscough et al.,
1999; Tang et al., 2000). We next determined whether this
defect could also be manifested through PRK1 overexpres-
sion. Cells containing pGAL-PRK1 or the control plasmids
were grown to the early log phase and exposed to galactose
for 5 h. They were then treated with glutaraldehyde and
processed for electron microscopy with the use of the potas-
sium permanganate fixation method. As shown in Figure
8C, cells containing the control plasmid pRS315 displayed a
normal cell wall morphology. They had a single layer of cell
wall with no apparent difference between the mother and
the bud (Figure 8C, a and b). In contrast, �40% of the cells
containing pGAL-PRK1 exhibited aberrant cell wall mor-
phologies similar to what had been observed in the pan1,
sla1, and end3 mutants (Ayscough et al., 1999; Tang et al.,
2000). These included thickened and multilayered cell wall
frequently seen to be restricted to the mother cell (Figure 8C,
c), although occasionally some daughter cells showed such
cell wall abnormalities as well (Figure 8C, d). As a control,
cells overproducing inactive Prk1p, Prk1D158Yp, displayed a
normal cell wall morphology (Figure 8C, e and f). These
results agree with the suggestion that elevated Prk1 kinase
activity leads to the disintegration of the Pan1p/Sla1p/
End3p complex thereby causing various defects commonly
observed in the pan1, sla1, and end3 mutants.

DISCUSSION

Identification of Sla1p as a New Substrate of Prk1p
It is remarkable that the two cortical actin patch regulatory
proteins, Sla1p and Pan1p, are the only two yeast proteins
that contain multiple LxxQxTG motifs that have been iden-
tified as the Prk1p phosphorylation sites in vitro. It is there-
fore anticipated that Sla1p may be another substrate for
Prk1p. The evidence to support Sla1p as a bona fide phos-
phorylation target of Prk1p includes that Sla1p could be
phosphorylated by Prk1p in vitro and that Sla1p, as well as
Pan1p, were found to be physically associated with Prk1p in
vivo. The detection by coimmunoprecipitation was greatly
enhanced with the use of the catalytic site mutated Prk1p,
indicating that the association between the wild-type kinase
and Sla1p/Pan1p is transient and the dissociation occurs
quickly after the phosphorylation reaction is accomplished.
This notion is certainly in line with the finding that it was the
C-terminal region of Sla1p that was responsible for interact-
ing with the kinase domain of Prk1D158Yp. It is therefore not

Figure 8. Phenotypic analysis of cells overexpressing PRK1. (A) LY
accumulation in wild-type strain W303 containing pRS315 (left),
pGAL-PRK1 (middle), and pGAL-PRK1D158Y (right). Cells were incu-
bated with LY at 30°C for 2 h and visualized with fluorescein isothio-
cyanate fluorescence optics (top) and phase-contrast optics (bottom).
Bar, 5 �m. (B) Internalization of uracil permease in W303 containing
pRS315 (Œ), pGAL-PRK1 (�), and pGAL-PRK1D158Y (F). The uracil
permease assays were performed as described in MATERIALS AND
METHODS. On addition of cycloheximide (CHX), uracil permease
levels at the cell surface decreased. Transport of [14C]uracil into yeast
cells was used as a measurement for the relative amounts of uracil
permease retained on the cell surface. Uracil uptake is plotted as the
percentage activity relative to the initial time point. The results shown
are the averages of two independent assays. (C) Cell wall morphology
of W303 containing pRS315 (a and b), pGAL-PRK1 (c and d), and
pGAL-PRK1D158Y (e and f). After exposure to galactose for 5 h, cells
were prefixed and processed for electron microscopy with the use of
potassium permanganate fixation to enhance visualization of the cell
wall and membranes. The arrows in panels c and d indicate the
aberrant cell walls which are thicker and consist of more than one
layer. Bars, 500 nm.
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surprising that Sla1p (and Pan1p) immunoprecipitated from
wild-type cells contained only a small quantity of kinase
activities. Even though these residual kinase molecules co-
immunoprecipitated with Sla1p or Pan1p were beyond the
detection by antibody probing, they could still be uncovered
by the highly sensitive method of radioactive labeling. With
the use of the cell extracts prepared from various mutants,
these kinase activities were identified as Prk1p and Ark1p
dependent.

The finding that the Sla1p (and Pan1p) immunoprecipi-
tates possessed PRK1- and ARK1-dependent kinase activities
is particularly interesting. Ark1p is first identified as a Sla2p-
binding protein from a two-hybrid screen (Cope et al., 1999).
It shares extensive sequence homology with Prk1p and is
similarly localized to the cortical actin patches (Cope et al.,
1999). Although Ark1p contains a kinase domain that is 70%
identical to that of Prk1p, its kinase activity has not been
experimentally demonstrated either in vivo or in vitro. Our
experiments provided the direct evidence for the previous
suggestion that these two kinases may perform some over-
lapping functions in regulating the actin patches (Cope et al.,
1999). The association of both Prk1p and Ark1p with Pan1p/
Sla1p suggest that either the two kinases regulate Pan1p/
Sla1p separately, each representing a distinct signaling path-
way to control the actin patch function in response to
different cues, or they are functionally redundant as far as
the regulation of Pan1p and Sla1p is concerned.

Inhibition of Pan1p/Sla1p/End3p Complex
Formation by Prk1p
The interaction between Sla1p and Pan1p involves the C-
terminal region of Sla1p and the first long repeat of Pan1p
(Tang et al., 2000), both of which contain multiple Prk1p
phosphorylation sites. It is therefore evident that this inter-
action may be regulated by Prk1p phosphorylation. Regula-
tion of protein interactions by kinase phosphorylation is a
common phenomenon in signaling pathways. For example,
the interaction between Sos1 and Grb2 in human cells is
regulated by the mitogen-activated protein kinase (Cor-
balan-Garcia et al., 1996). Similarly, the autophosphorylation
of human p21 activated kinase blocks the binding by Nck or
PIX (Zhao et al., 2000). The regulation of the interaction
between Pan1p and Sla1p by Prk1p was demonstrated with
the use of several approaches. First, the GST-fusion protein
binding assay clearly showed that phosphorylation on HA-
LR1 and HA-SR greatly hindered the bindings to their GST-
tagged interacting partners. The interaction between HA-
LR2 and GST-End3p was also inhibited by Prk1p-dependent
phosphorylation. Second, with the use of our gel filtration
protocols, Pan1p and Sla1p were observed to migrate to-
gether at �700 Kd in wild-type cells, whereas they emerged
separately with smaller molecular masses in the presence of
elevated Prk1p kinase activity. Third, it was shown that
Sla1p and Pan1p no longer colocalized with each other in
cells overexpressing PRK1. The fact that Sla1p lost the punc-
tate structures while the Pan1p localization remained largely
unchanged in the PRK1 overexpression cells implies that
Pan1p and Sla1p acquire the patch localization through dif-
ferent means. The Prk1p-induced disappearance of the Sla1-
GFP signal from the cortical patches was unlikely due to a
marked degradation of Sla1p, because the protein was still

readily detectable in the PRK1 overexpression cells (Figure
5B).

Although it is always possible that hyperphosphorylation
of a given target protein in the presence of an overproduced
kinase could be caused by a secondary phosphorylation
event, we tend to believe that the above-mentioned results
are attributed to the direct phosphorylation of Pan1p and
Sla1p by Prk1p for the simple reason that the Pan1p and
Sla1p sequences that became hyperphosphorylated under
these conditions are rich in LxxQxTG motifs. Therefore,
these results in our view constitute compelling evidence to
support the model that the complex formation between
Pan1p, Sla1p, and End3p proteins are negatively regulated
by Prk1p phosphorylation.

Physiological Consequences of PRK1 Overexpression
Pan1p, Sla1p, and End3p are components of a complex that
plays important roles in actin patch functions and organiza-
tion, endocytosis, and cell wall morphogenesis (Tang et al.,
2000). Mutations in each of the three genes resulted in es-
sentially identical phenotypes in these processes (Holtzman
et al., 1993; Bénédetti et al., 1994; Tang and Cai, 1996; Tang et
al., 1997, 2000; Ayscough et al., 1999). To procure functional
evidence for the regulation of complex formation between
Pan1p, Sla1p, and End3p by Prk1p, the phenotypes of Prk1p
overproduction were investigated. It is shown here that
overexpression of PRK1 also leads to cell wall defects similar
to those observed in the pan1, sla1, and end3 mutants. There
is, nevertheless, a minor difference in these aberrant cell wall
morphologies between the mutants and the PRK1-overex-
pressing cells. Although the thickened cell walls in the mu-
tant rarely extend beyond the mother cell, this seemed to
occur more often in the PRK1-overexpressing cells. The sig-
nificance of this small difference has not been explored. The
PRK1-overexpressing cells also exhibited defects in fluid
phase endocytosis and the internalization of the membrane
protein uracil permease. The prk1� mutant, on the other
hand, was normal in both processes (our unpublished re-
sults). These findings are in agreement with the negative
role of Prk1p in regulating the function of the Pan1p/Sla1p/
End3p complex.

Even though the phenotypes resulted from PRK1 overex-
pression support the model of negative regulation of the
Pan1p/Sla1p/End3p functions, exactly when and how the
regulation takes place in a living cell are unknown. It has
been noticed previously that, in most of the prk1 mutant cells
at 37°C, the actin patches were not maintained in a polarized
manner, and bud emergence and bud growth were also
significantly delayed (Zeng and Cai, 1999). This phenotype
is indicative of a role for Prk1p in the polarization of the
actin patches at G1/S transition. However, whether it is
related to the regulation of the Pan1p/Sla1p/End3p com-
plex remains to be investigated.

Diverse Functions of Sla1p
An important piece of evidence concerning the regulation of
Pan1p by Prk1p was the suppression of the pan1-4 mutant
by prk1� (Zeng and Cai, 1999). prk1� also suppressed the
end3� mutant (Zeng and Cai, 1999). In the light of the new
finding that Sla1p is another substrate of Prk1p, it may be
speculated that loss of Prk1p activity may also confer sup-
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pression to the sla1 mutant. This, however, was not the case.
prk1� could not suppress the temperature sensitivity of the
sla1 null mutant (our unpublished results). This result raises
the possibility that Sla1p may also be involved in functions
distinct from that of the Pan1p/Sla1p/End3p complex. The
suppression of pan1-4 by prk1� requires the presence of the
mutant Pan1p, and hence is a result of rejuvenation of the
mutant Pan1p protein rather than a bypass of the Pan1p
function (Zeng and Cai, 1999). pan1-4 is a nonsense mutation
near the end of the LR2, generating a truncated protein that
has retained all the Prk1p phosphorylation sites but lost all
the sequences to the C terminus, including a part of the
End3p binding domain and the recently identified Arp2/3
complex binding domain (Duncan et al., 2001) (our unpub-
lished results). This explains why elimination of the inhibi-
tory phosphorylation by Prk1p improves the activity of the
mutant Pan1p protein. By the same token, the end3� mutant
can be suppressed by prk1 probably because loss of End3p
surrenders Pan1p to the inhibitory phosphorylation on LR2.
That the sla1� mutation cannot be suppressed by prk1�
suggests that protecting the LR1 region of Pan1p from the
Prk1p phosphorylation is not Sla1p’s main function in vivo.
In agreement with this, deletion of the C-terminal repeats
from Sla1p was not sufficient to generate a temperature
sensitivity, whereas deleting a region near N terminus com-
prising the third SH3 domain was (Ayscough et al., 1999).
Therefore, the essential function of Sla1p is independent of
its ability to interact with Pan1p.

In addition to interacting with Pan1p and End3p, Sla1p
has been shown to interact with the yeast homolog of the
human Wiskott-Aldrich Syndrome protein Las17p (Bee1p)
(Li, 1997). The functional basis for this interaction is still
unclear, because the localization of Las17p appeared to be
normal in the sla1� cells (Ayscough et al., 1999). On the other
hand, two cortical patch-localized proteins, Sla2p and
Rho1p, do require Sla1p for proper localization (Ayscough et
al., 1999). Furthermore, Sla1p has also been shown to interact
with the translational release factor Sup35p through the
C-terminal region, and may play a role in prion formation
and propagation (Bailleul et al., 1999). Whether these func-
tions of Sla1p involve Pan1p is not clear at present.

Regulation by Prk1p beyond Pan1p/Sla1p/End3p
Complex
Although Pan1p and Sla1p are the only two yeast proteins
that contain multiple copies of the LxxQxTG motif, the ones
that contain one or two copies of this motif are numerous.
Interestingly, several such proteins have been shown to
interact either physically or genetically with Pan1p. For
example, Yap1802p, the yeast homolog of the mammalian
clathrin assembly protein AP180 known to be able to interact
with the EH domain of Pan1p in a two-hybrid assay (Wend-
land and Emr, 1998), contains one LxxQxTG motif and one
QxTG motif in its Pan1p binding region. Similarly, Ent1p
and Ent2p, a pair of yeast homologs of mammalian protein
epsin found to be able to interact with the EH domain of
Pan1p (Wendland et al., 1999), both contain one LxxQxTG
motif and one QxTG motif in the EH domain-binding re-
gion. Furthermore, the Sla1p interacting protein Las17p also
contains one LxxQxTG motif and one QxTG motif. It will be
of a great interest to see whether these proteins are also
under the regulation of Prk1p.

An intricate network of protein interactions is involved in
the regulation of actin cytoskeleton dynamics in yeast. Pre-
vious and present studies have provided some insights into
the mechanism of how the actin dynamics is regulated.
Prk1p phosphorylation on the actin patch regulatory pro-
teins Pan1p and Sla1p to inhibit the Pan1p/Sla1p/End3p
complex is likely one of the important schemes to maintain
the normal function and organization of the actin cytoskel-
eton. There is no doubt that identification of additional
upstream and downstream factors in this pathway will
greatly advance our understanding of this complex cellular
system.
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