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Lsh5p interacts with actin regulators Sla1p and Las17p, ubiquitin and Arf3p
to couple actin dynamics to membrane trafficking processes

Rosaria COSTA, Derek T. WARREN and Kathryn R. AYSCOUGH'

Department of Molecular Biology and Biotechnology, University of Sheffield, Firth Court, Western Bank, Sheffield S10 2TN, UK.

The importance of coupling the process of endocytosis to factors
that regulate actin dynamics has been clearly demonstrated in
yeast, and many proteins involved in these mechanisms have been
identified. Slalp is a well-characterized yeast protein that binds
both to activators of actin dynamics, Las17p and Panlp, and to
cargo proteins, such as the pheromone receptor Ste2p. Previously,
we reported that the Lsb5 protein plays a role in endocytosis in
yeast and that it localizes to the plasma membrane. Lsb5p has a
similar structure to the GGA [Golgi-localized, y -ear-containing,
Arf (ADP-ribosylation factor)-binding] family of proteins with an
N-terminal VHS [Vps27p (vacuolar protein sorting protein 27),
Hrs, Stam] domain and a GAT (GGA and Tom1) domain. It does
not, however, contain either a y-adaptin ear or a clathrin-binding
motif. In the present study, we have further defined its interaction
site with both Slalp and with Las17p, two regulators of actin dyna-
mics. The site of interaction with Slalp involves the Slal HDI

(homology domain 1), which also was shown previously to inter-
act with the pheromone receptor Ste2p. We also demonstrate
hitherto unknown interactions between Lsb5p and the active form
of the yeast Arf3 protein, and with ubiquitin. Finally, we demon-
strate a requirement for Arf3p expression in order to localize
Lsb5p to the correct cortical site in cells. Taken together, our data
provide further evidence for the role of Lsb5p in membrane-traf-
ficking events at the plasma membrane and also demonstrate for
the first time an interaction of Arf3 with the endocytic machinery
in yeast.

Key words: ADP-ribosylation factor 3 (Arf3), actin dynamics,
endocytosis, GGA and Tom1 domain (GAT domain), Golgi-lo-
calized, y-ear-containing, ADP-ribosylation-factor-binding pro-
tein (GGA protein), Saccharomyces cerevisiae.

INTRODUCTION

There is a growing body of evidence that demonstrates a require-
ment for a dynamic actin cytoskeleton to facilitate the process of
endocytosis. Much of the initial evidence for a role for actin in the
process of endocytosis derives from studies in yeast which demon-
strate that strains mutated in actin-binding proteins cause con-
comitant defects both in cortical actin organization and in endo-
cytosis (reviewed in [1]). Despite some controversy, the growing
consensus supports the idea of evolutionary conservation of the
endocytic machinery, and many studies using mammalian cells
are now indicating the importance of cortical actin in facilitating
endocytosis [2,3]. Currently, the precise mechanisms in the endo-
cytic process for which actin is required are not completely de-
fined. However, recent studies indicate that there are likely to be
multiple stages, involving distinct activators of actin dynamics, for
which there is a requirement for actin reorganization [4].
Previous work in our laboratory, and that from other re-
searchers, has characterized the cortical protein Slalp in the regu-
lation of actin dynamics and in coupling this role to the func-
tioning of the endocytic machinery [5—9]. While Slalp does not
yet have a direct mammalian homologue, it does have a similar
domain composition, and a comparable spectrum of interactions
with the protein CIN85 (Cbl-interacting protein of 85 kDa)/
CD2AP (CD2-associated protein)/CMS (Cas ligand with multiple
Src homology 3 domains) found to be involved in endocytosis in
mammalian cells [10-13]. A combination of in vitro and in vivo
studies in yeast reveals that Slalp localizes with the endocytic
machinery, but it functions to regulate actin dynamics through

its interactions with Arp2/3 (actin-related protein complex 2/3)
activator proteins [8]. Two-hybrid approaches led us to identify
Lsb5p as an Slalp interactor [14]. Lsb5p has also been listed in
a report of proteins interacting with the yeast WASP (Wiskott—
Aldrich syndrome protein) homologue Las17p [15]. Sequence
analysis reveals that LsbSp contains a number of recognizable
motifs reminiscent of membrane-trafficking proteins (Figure 1A).
At its N-terminus is a region that has homology with VHS
[Vps27p (vacuolar protein sorting protein 27), Hrs, Stam]
domains. It also contains a putative Arf (ADP-ribosylating factor)-
interacting GAT [GGA (Golgi-localized, y-ear-containing, Arf-
binding) protein and Tom1] domain and a motif termed NPF (Asn-
Pro-Phe), which, in other proteins, has been demonstrated to
interact with EH (Eps homology) domains [16]. VHS and GAT
domains are found as adjacent domains in a recently recognized
family of proteins termed the GGA proteins (reviewed in [17,18]).
However, this family of proteins also contains a y-adaptin ear
domain and a clathrin-binding motif, neither of which is identifi-
able in Lsb5p. Furthermore, the GGA proteins do not contain NPF
motifs. The GGA proteins have been shown to function largely
within the endoplasmic reticulum and Golgi apparatus [19,20].
We have described previously a role for LsbSp in endocytic
events [14], and proposed that yeast has at least two definable
endocytic pathways and that Lsb5p is an important adaptor-like
protein in one of these. In the present study, we have investigated
the interactions of Lsb5p with Slalp and Las17p in more detail.
We have also identified Arf3p as a new binding partner for Lsb5p,
providing the first evidence of a role for Arf3p in the endocytic
process in yeast. Our data contribute to the hypothesis that Lsb5p

Abbreviations used: Arf, ADP-ribosylation factor; Arp2/3, actin-related protein complex 2/3; GFP, green fluorescent protein; GGA protein, Golgi-localized,
y-ear-containing, Arf-binding protein; GAT, GGA and Tom1; GST, glutathione S-transferase; HD, homology domain; IPTG, isopropy! g-b-thiogalactoside;
RFP, red fluorescent protein; VHS, Vps27p (vacuolar protein sorting protein 27), Hrs, Stam; WASP, Wiskott-Aldrich syndrome protein; WH, WASP homology.
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Figure 1 Interactions between Sla1p and Lsh5p
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(A) Schematic diagram depicting domain structures of Sla1p and Lsb5p. Sla1p residues 486731 were used in the original yeast two-hybrid screen to isolate interacting Lsb5p. C-term, C-terminal; SH3,
Srchomology 3. (B) Yeast two-hybrid analysis showing growth on plates lacking histidine, adenine, uracil and leucine of strains carrying different combinations of bait and prey plasmids. The upper panel
depicts interactions between Sla1p domains and the original Lsb5 plasmid [Lsb5 (174-354)], which includes the GAT domain. The plasmid Lsb5 (301-354) lacks the GAT domain. The lower
panel reveals the effect of deleting the C-terminal nine amino acids, including the NPF motif, when co-transformed with the same Sla1 plasmids. (C) The same combinations of plasmids were
analysed for interactions using a B-galactosidase assay. Data shown are from triplicate samples and are normalized to the empty activation plasmid reading for each case. Results are means + S.E.M.
(D) Biochemical analysis of the Sla1p-Lsb5p interaction. Hiss-tagged Sla1 (HD1 + HD2) (upper panels) or Hisg-tagged Sla1 (HD1 alone) (lower panels) was incubated with GST-Lsb5p on beads
or with GST-beads alone. Binding of both fragments to Lsb5p, but not to GST, was detected. |, input; FT, flow through; W3, third wash; BB, beads before incubation; BA, beads after incubation with

Hisg-tagged protein.

is a novel adaptor-like protein which functions in membrane-traf-
ficking processes through interactions with Arf3p and regulators
of the actin cytoskeleton.

MATERIALS AND METHODS
Materials

Unless stated otherwise, chemicals were obtained from BDH/
Merck or Sigma. Media were from Melford Laboratories (yeast
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extract, peptone and agar) or Sigma (minimal synthetic medium
and amino acids). Molecular-biology reagents were purchased
from Qiagen (Miniprep and Maxiprep kits and pQE31 plasmid),
Taq polymerase was from Bioline and restriction enzymes were
from New England Biolabs.

Yeast growth, transformation and strains

Yeast strains and plasmids used in this study are listed in Tables 1
and 2 respectively. Unless stated otherwise, cells were grown with
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Table 1 Yeast strains used in the present study

Strain Genotype Ref/origin

PJ69-2A MATa trp1-901, leu2-3,112, ura3-52, his3A200, gal4 A, gal80 A, GAL2::ADE2, GALT::HIS3 Clontech

PJ69-4a MATa trp1-901, leu2-3,112, ura3-52, his3-200, gal4 A, galB0 A, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ [34]

PJ69-4a MAT« trp1-901, leu2-3,112, ura3-52, his3-200, gal4 A, gal80 A, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ [34]

KAY446 MATa hisA1, leu2 A,urs3A, met1h A Invitrogen

KAY583 MATa his3A, leu2 A, ura3A, met15A, ycl034w A :KanMx Invitrogen

KAY659 MATa his3A, leu2 A, ura3A, met15 A, arf3 A :KanMx Invitrogen

KAY684 Mat o Sac6RFP::KanMx, his3A1, leu2 A0, lys2 A0, ura3A0 [23]

KAY687 Mat o Snf7RFP::KanMx, his3A1, [eu2 A0, lys2 A0, ura3A0 [23]

KAY686 Mat & Anp1RFP::KanMx, his3A1, leu2 A0, lys2 A0, ura3A0 [23]
Table 2 Plasmids used in the present study
UTR, untranslated region.
Name Description Ref/origin
pGBDU-C1and C3  Two-hybrid plasmid ,Ura-marked [34]
pGAD-C1 Two-hybrid plasmid, Leu-marked [34]
pKA142 pGEX4T1 Amersham
pKA260 Nucleotides 1460—-2192 of Sla7 corresponding to region HD1 + HD2 were amplified by PCR. The product was then cloned into pGBDU-C3. [14]
pKA263 Nucleotides 522—1065 of Lsb5, including the GAT domain to end of gene in pGAD-C1 [14]
pKA267 PGEX2T + full-length Lsb5 amplified by PCR with flanking BamHI and Bglll restriction sites [14]
pKA273 pQE31 His-tagging vector (Qiagen) with nucleotide region 1460-2192 of Sla?, which was subcloned using restriction sites BamHI and Pstl from pKA260 This study
pKA312 PGBDU-C1 + LSB5(1-1062) This study
pKA316 PEGFP-C2 + LSB5 This study
pKA325 PGAD-C1 + LAS17(292-536) isolated from screen
pKA342 pKA260 with stop codon introduced at nucleotide 1733 of Sla7 using oligonucleotides 0KA329 and 330 This study
pKA343 pKA260 with stop codon at nucleotide 1927 using oligonucleotides 0KA331 and 332 This study
pKA346 pGAD-C1 + Lsb5(301-354). Lsb5 from nucleotide 901 was cloned after PCR amplification from genomic DNA using oligonucleotides 0KA346 and 347 This study
pKA365 pGAD-Las17(292-422). Stop codon in pKA325 introduced using 0KA323 and 324. This study
pKA366 pGAD-Las17(292—384). Stop codon in pKA325 introduced using 0KA325 and 326. This study
pKA367 pQE31 His-tagging vector with nucleotides 1460-2192 of Sla?, subcloned using restriction sites BamHI and Pstl from pKA342. This study
pKA369 PGEX6P2 + Arf3 lacking the N-terminal 14 amino acids S. Munro
pKA370 PGEX6P2 + Arf3 lacking the N-terminal 14 amino acids and GDP-locked (T31N) S. Munro
pKA371 PGEX6P2 + Arf3 lacking the N-terminal 14 amino acids and GTP-locked (Q71L) S. Munro
pKA372 pRS316 + GFPArf3 S. Munro
pKA384 pNB701. pRS316 plasmid modified for GFP tagging under CUP1 control. N. Bryant
pKA409 pKA263 with stop codon introduced at nucleotide 1036 of Lsb5 using oligonucleotides 0KA443 and 444 This study
pKA410 pKA346 with stop codon introduced at nucleotide 1036 of Lsb5 using oligonucleotides 0KA443 and 444 This study
pKA416 pKA384 +- Lsb5. Lsb5 PCR amplified using oligonucleotides 0KA441 and 442 with 3'-CUP1 and 5'-UTR flanking from a plasmid containing full-length Lsb5.  This study

rotary shaking at 30 °C in liquid YPD medium (1 % yeast extract,
2 % Bacto-peptone and 2 % glucose, supplemented with 40 pg/
ml adenine), except for strains carrying plasmids which were
grown on appropriate selective media.

Transformations were performed using lithium acetate as
described in [21]. The yeast strain pJ69-2A was transformed with
both activation and bait plasmids at the same time, and cells were
grown on plates lacking uracil and leucine. Yeast strains pJ69-4a
and pJ69-4a were transformed with either the bait or the activation
plasmid, and were grown accordingly on plates lacking uracil or
leucine. The two transformed strains were then crossed on YPD
plates first and later grown on plates lacking uracil and leucine.
Interaction between bait and activation domains was observed
on plates lacking histidine, uracil, leucine and adenine or by
B-galactosidase assay (performed as described in [21]).

Cloning and in vitro mutagenesis

GFP (green fluorescent protein)-LSB5 was cloned into plasmid
pKA384 by PCR using oligonucleotides 0KA441 and 0KA442
which placed a CUPI promoter and UTR (untranslated region)
sequence at the 3’ and 5’ end of the gene respectively. The PCR

product was co-transformed with linearized plasmid pKA384 into
strain KAY446 and grown on plates lacking uracil. The plasmid
was rescued as follows: 1 ml of overnight culture was spun down
at 1500 g for 5 min, and the pellet was washed first in 1 ml of
TE (Tris/EDTA), then resuspended in 500 u1 of buffer S (100 mM
potassium phosphate, pH 7.2, 10 mM EDTA, 50 mM 2-mercapto-
ethanol and 50 pg/ml zymolase), incubated for 30 min at 37°C
before adding 100 ul of lysis buffer (25 mM Tris/HCL, pH 7.5,
25 mM EDTA and 2.5 % SDS), followed by brief vortex-mixing
and incubation at 65 °C for 30 min. A 166 p1 volume of 3 M potas-
sium acetate was added, and DNA was ethanol-precipitated before
resuspending in 40 1 of water. DNA (1-2 pl) was then used for
electrotransformation into bacterial KC8 cells. Plasmids were
then extracted from KC8 cells using a Qiagen Miniprep Kkit,
according to the manufacturer’s instructions.

Mutagenesis of plasmids pKA260, pKA263, pKA325 and
pKA346 to generate Slal(HD1 alone) (where HD is homology
domain) and Slal(HD1 + gap region) (from pKA260), Lsb5 Anpf
(from pKA263 and pKA346); and Lasl7 truncations (from
pKA325), was carried out according to the manufacturer’s
protocol for the QuikChange Site-Directed Mutagenesis kit
(Stratagene) using oligonucleotides as listed in Table 3.

© 2005 Biochemical Society
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Table 3 Oligonucleotides used in the present study

Name Sequence (5 — 3)

0KA323 ACAGGCCACTGGAAGAAGAGTCTAGACACCACCACCTCCTCCAAG

0KA324 CTTGGAGGAGGTGGTGGTGTCTAGACTCTTCTTCCAGTGGCCTGT

0KA325 CTTTGGATATCAGACAAATATCTAGATGTCATCTCCACCCCCTCC

0KA326 GGAGGGGGTGGAGATGACATCTAGATATTTGTCTGATATCCAAAG

0KA329 CAAGAGACTCTGAAAGAGAAATCTAGAAAGGAGATTGAAGGAGCAGG

0KA330 CCTGCTCCTTCAATCTCCTTTCTAGATTTCTCTTTCAGAGTCTCTTG

0KA331 CAAATACGACGTCCGTACCACTCTAGACAGCCGAAAGCAGCAATAAC

0KA332 GTTATTGCTGCTTTCGGCTGTCTAGAGTGGTACGGACGTCGTATTTG

0KA346 CGTCGTGAATTCAGCAGCGATGAAAGTGATC

0KA347 CGTCGTGGATCCTTCGAGCAAGGCCAAGTT

oKA441 GATATTAAGAAAAACAAACTGTACAATCAATCAATCAATCATCACATAAAGCTGCTGGCATGGGGTTTCTTTCGGATCA
0KA442 ATTATAACGTATTAAATAATATGTGAAAAAAGAGGGAGAGTTAGATAGGATCAAATTTTGTTATGATCACCG
0KA443 CAGCCGTCCACGATCTTCTAGACTTTCGGTGATCATAAC

oKA444 GTTATGATCACCGAAAGTCTAGAAGATCGTGGACGGCTG

Protein purification

Hisq-tagged Slal(HD1+ HD2) was expressed and purified
from 100 ml of BL21 bacterial culture on Ni-NTA (Ni*"-nitrilo-

triacetate) resin column as described in the QIAexpressionist™

handbook (Qiagen; http://wwwl.qiagen.com/literature/hand-

books/PDF/Protein/Expression/QXP_QIAexpressionist/1024473_
QXPHB_0603.pdf). GST (glutathione S-transferase) alone and
GST-Lsb5 fusion protein were induced from 200 ml of BL21

bacterial culture for 2h at 37°C by the addition of 0.5 mM
of IPTG (isopropyl B-D-thiogalactoside) and then purified by

washing the cell pellet in PBS (137 mM NaCl, 2.7 mM KCl,

10 mM Na,HPO, and 1.76 mM KH,PO,) twice, resuspended in
PBS containing protease inhibitors (0.5 mg/ml leupeptin, apro-

tinin, chymostatin, pepstatin A and 1 mM PMSF) and 5 ng/
ml lysozyme, sonicated, incubated with 1 uM MnCl,, 10 uM
MgCl, and 10 mg/ml DNasel followed by a 45000 rev./min spin
in a TLA100 ultracentrifuge. The supernatant was incubated
with 0.5 ml of glutathione—Sepharose 4B beads (Amersham Bio-

sciences) for 1 h at4 °C with rotation. Beads were pelleted at 900 g
for 3 min and washed three times in PBS with 1 % (v/v) Triton

X-100. GST-Arf3 fusion proteins were induced from 1 litre of
BL21 bacterial culture for 4 h at 25°C by the addition of 0.1-
0.2 mM of IPTG. Cells were pelleted at 4000 g for 20 min and
resuspended in buffer A1 [1 % Triton X-100, 5 mM MgCl,, 5 mM
2-mercaptoethanol, 1 mM PMSF and 1 pl/ml protease inhibitor
mixture (stock 0.5 mg/ml leupeptin, aprotinin, pepstatin A and
chymostatin), in 1 x PBS], homogenized 10-15 times, sonicated
five to ten times for 15 s. Lysates were spun at 16 500 g for 10 min
at 4°C. Supernatant was then incubated with 0.75 ml of gluta-

thione—Sepharose 4B beads for 30 min at 4 °C on rotation. Beads

were washed with 10 ml of buffer A1, followed by a wash with
5 ml of buffer A2 [5 mM MgCl,, 5 mM 2-mercaptoethanol, | mM
PMSF and 1 pl/ml protease inhibitor mixture (stock 0.5 mg/ml

leupeptin, aprotinin, pepstatin A and chymostatin), in 1 x PBS],

and resuspended in 5 ml of buffer A3 [20 mM Tris/HCI, pH 8§,

110 mM KCl, 5 mM 2-mercaptoethanol, 1 mM PMSF and 1 ul/
ml protease inhibitor mixture (stock 0.5 mg/ml leupeptin, apro-

tinin, pepstatin A and chymostatin), in water].

Protein interactions

For the Slalp-Lsb5p interaction, 40 ul of GST or GST-Lsb5p
fusion protein on glutathione—Sepharose 4B beads was incubated
with 80 ul of eluted Hisq-tagged Slal(HD1 4- HD2) protein in
binding buffer (50 mM Hepes, pH 7.5, 100 mM KCl and 1 mM
EDTA, pH 8, to a total volume of 400 wl), for 2.5 h at 4°C with
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rotation. The beads were spun down at 250 g for 3 min and washed
three times with 10 bed vol. of binding buffer with 15 min rotation
at4 °C for each wash. Bound proteins were eluted in sample buffer
and separated on 10 % [for Slal(HD1+ HD2)] and 15% [for
Slal(HD1 alone)] polyacrylamide/SDS gels before transfer on to
PVDF membranes for analysis.

For the Arf3-Lsb5 interaction, Lsb5p was cleaved from the
GST tag by incubation with 4 ul of thrombin in 1 ml of PBS for
2h and 40 min with rotation. A 100 ul volume of the cleaved
Lsb5p protein (0.2 mM) was incubated with 50 1 of glutathione—
Sepharose 4B beads, containing 10 ul of GST-Arf3p or GST
alone beads, in binding buffer to a total volume of 200 ul, for 3 h
at 4°C with rotation. Beads were washed three times in binding
buffer and bound protein was eluted in sample buffer and separated
on an SDS/10 % polyacrylamide gel before transfer on to PVDF
membrane for analysis.

For the ubiquitin—Lsb5 interaction, 50 ul of 10 mg/ml ubi-
quitin—agarose resin (AG Scientific) or mouse IgG—agarose (Santa
Cruz Biotechnology) was incubated with 10 p1 of 0.2 mM Lsb5p,
in binding buffer to a total volume of 200 ul, for 2h at 4°C
with rotation. Washes, elution and analysis were performed as de-
scribed above.

For ubiquitin—Lsb5p—Arf3p interaction, ubiquitin was obtained
as a Hiss-tagged fusion protein and as a GST fusion protein
(BioMol International). For the first study, GST—Arf3 was pre-
pared as described above. It was then incubated with Lsb5 (cleaved
from GST-Lsb5) which was pre-incubated with 2 ul of 1 mg/ml
Hiss—ubiquitin. Beads were then washed and separated on an
SDS/14 % polyacrylamide gel as described above. For the second
study, GST-ubiquitin was incubated with Arf3 (cleaved from
GST-Arf3) and Lsb5 (cleaved from GST-Lsb5). Beads were
then washed and separated on an SDS/10 % polyacrylamide gel
as described above.

Antibody preparation

Polyclonal rabbit antisera raised against Slalp and GST-Lsb5p
were partially purified by Protein A—Sepharose (Amersham Bio-
sciences) and eluted with 100 mM glycine, pH 2.5, neutralized
with 10 mM Tris/HCI, pH 7.5. The anti-GST—Lsb5 antibody was
also cleaned with GST-bound glutathione—Sepharose 4B beads to
remove antibody raised against GST. The antibodies were used in
a 1:500 and 1:2000 respectively.

Mammalian cell culture and transfection

Plasmid pKA316 was prepared using a Qiagen Maxiprep
kit. It was transfected into subconfluent COS7 cells using
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Lipofectamine™ (Invitrogen) according to the manufacturer’s
instructions. Cells were fixed on coverslips using formaldehyde
before being visualized as described below. For co-localization
with tubulin, after fixation, cells on coverslips were incubated with
monoclonal mouse anti-tubulin antibodies (Sigma) at a dilution
of 1:1000 and then detected using TRITC (tetramethylrhodamine
B-isothiocyanate)—anti-mouse secondary antibodies (Vector) at a
dilution of 1:100. Cells were visualized as described below.

Microscopy techniques

Cells expressing GFP-Arf3 (pKA372) or CUP-GFP-LSBS5
(pKA416) were grown overnight in synthetic medium lacking
uracil. They were re-inoculated to low density and grown for a fur-
ther 6 h to mid-exponential phase of growth (Dgy of 0.2). Strains
transformed with pKA416 were induced with 500 uM of CuSO,
before visualization. Cells were viewed with an Olympus BX-60
fluorescence microscope with a 100 W mercury lamp and an
Olympus 100X Plan-NeoFluar® oil-immersion objective. Images
were captured using a Roper Scientific Micromax 1401E cooled
CCD (charge-coupled device) camera using IPLab Software
(Scanalytics, Fairfax, VA, U.S.A.) on an Apple Macintosh G4
computer.

RESULTS
Defining the interacting sites in Sla1p and Lsb5p

In our previous study, we reported that Lsb5p interacts with the
central homology domains, HD1 and HD2, of Slalp, encompassed
by residues 486731 (Figure 1A) [14]. These central domains are
the most highly conserved regions of Slalp when sequences from
several fungal species are compared. It has previously been
reported that HD1 interacts with the o-factor pheromone receptor
Ste2p, making Slalp an endocytic adaptor protein, since it inter-
acts both with cargo proteins and with the endocytic machinery
itself [22]. Further evidence for the role of Slalp in Ste2p uptake
was from the demonstration that deletion of SLA/ is inhibitory
to internalization of Ste2p [8,22]. The sequence that the Slalp
HD1 motif was shown to interact with is the NPFXD motif found
in a number of integral membrane proteins that transit the plasma
membrane. Interestingly, although not postulated to be an in-
tegral membrane protein, a similar sequence is found near the
C-terminus of Lsb5p (residues 346-350). In the present study,
we investigated which of the homology domains was involved in
Slalp binding to Lsb5p. We also determined whether the NPF
sequence in Lsb5p is required for the interaction. Two-hybrid bait
plasmids were constructed expressing the full Slalp HD1-gap-
HD?2 sequence, HD1-gap or HD1 alone. These were co-expressed
with the C-terminal half of Lsb5p (residues 174-354) to determine
whether there was an interaction using two-hybrid growth assays
on plates. As shown in Figure 1(B), all of the Slalp fusions,
including the HD1 sequence alone, were able to interact with
Lsb5p. The portion of Lsb5p used in the assay included the GAT
domain. To determine whether GAT played a role in the inter-
action, a construct was generated in which the activation domain
sequence used in the two-hybrid assay was ligated to the sequence
of Lsb5 downstream of GAT (residues 301-354). As shown in Fig-
ure 1(B), the HD1 domain of Slalp was able to interact with both
Lsb5p-(174-354) and Lsb5p-(301-354), but the interaction ap-
peared to be weaker. A possible role for the NPF motif of LsbSp
in the interaction with Slal was investigated by generating a
truncation mutant of Lsb5p. The Lsb5p-interacting plasmids were
mutagenized to generate both Lsb5-(174-345) and Lsb5-(301—
345) lacking the NPF motif and the extreme four C-terminal
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Figure 2

Interaction of Lsb5p and Las17p

(A) A schematic diagram depicting the domains of Las17p. A, acidic region. (B) Yeast two-hybrid
analysis on plates lacking histidine, adenine, uracil and leucine of strains carrying an Lsbb bait
plasmid and different combinations of Las17 prey plasmids. Interaction was found between
Lsb5p and a region of the proline-rich (Pro-rich) region in Las17p.

amino acids. As shown (Figure 1B), there was no interaction with
Slalp when the NPF motif was deleted. Thus the extreme C-ter-
minus, including the NPF motif, of Lsb5p is necessary for the
interaction with HD1 of Slalp, while the GAT domain of Lsb5p
appears to enhance the interaction. These data were verified by
detecting interactions using a S-galactosidase assay (Figure 1C).

To show that the interaction between Lsb5p and Slalp is direct
and not mediated by intermediary proteins, recombinant Slalp
fragments of HD1 4 HD2 and HD1 alone were purified and incu-
bated with GST—Lsb5p beads. In agreement with the yeast two-
hybrid data, the Slalp HD1 region alone is necessary and sufficient
to support the interaction with Lsb5p (Figure 1D).

Lsh5p interactions with Las17p

Lsb5p was first described as a Las17p-binding protein, and an in-
teraction was shown between full-length Las17p and residues 40—
213 of Lsb5p [15]. We conducted a two-hybrid screen using strain
pJ69-2A with full-length LsbSp on the bait plasmid. Plasmids
expressing interacting fusions were sequenced, and over 40 %
(15 of 36) were shown to be Las17p. Clones containing Lsb5p-
and Las17p-interacting partners dominated the first 25 colonies
that grew when selected directly on plates lacking histidine and
adenine (as well as uracil and leucine) to select for activation
(20 of 25), indicating that the interaction between Las17p and
Lsb5p is relatively strong and very reproducible. The smallest
fragment obtained was Las17p-(292-536), which encompasses
the polyproline region of Las17p, but does not include the WH
(WASP homology) 1 domain, the actin-binding WH2 domain or
the acidic region at the extreme C-terminus (Figure 2A). As well
as interacting with full-length Lsb5p, we also obtained a positive
yeast two-hybrid interaction, albeit slightly weaker, when the
Las17 clone was co-expressed with Lsb5 residues 1-156, which
encompasses just the VHS domain of Lsb5p (results not shown).
In vitro mutagenesis was then used to introduce stop codons
within the Las17p sequence. Two truncations were made, each
introducing a stop codon at gaps in the tracts of polyproline that
dominate this region of Las17p. Using this approach, we were able
to observe two-hybrid interactions between Lsb5p and a region of
Las17p between residues 292 and 422, but not with a construct en-
compassing Las17p-(292-384) (Figure 2B), suggesting that the
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Figure 3 Co-localization of Lsh5p and Sac6p

Yeast strain KAY446 expressing a GFP—Lsb5 plasmid was crossed with KAY684 carrying
integrated Sac6-RFP, as described in the Materials and methods section. Arrows indicate
regions of overlap of the staining patterns, indicating some co-localization. Other spots of
Lsh5p or Sac6p fluorescence are clearly not overlapping (arrowheads), indicating that they exist
in distinct complexes at the cell cortex. Scale bar, 10 em.

sequence between 384 and 422 of Lasl7p is responsible for
the interaction with Lsb5p.

Localization of GFP-Lsh5p

In order to determine whether the interaction between Lsb5p and
either Las17p or Slalp is functionally important for localization
in vivo, a construct was generated in which the sequence of Lsb5p
was fused to that of GFP in a plasmid containing a copper-
inducible promoter. This was transformed into wild-type cells
(KAY446), and expression of GFP-Lsb5p was induced for 6 h. As
shown in Figure 3, in wild-type cells, the GFP—Lsb5p staining is
largely punctate and at the cell cortex. As well as spots, there also
appear to be elongated cortical patches which appear as smooth
lines of cortical fluorescence. This pattern of localization is very
similar to the staining that we obtained previously when we
integrated the sequence for a 13 x myc tag on the 3’ end of LSBS
and localized the protein using indirect immunofluorescence [14].
In order to determine whether Lsb5p shows co-localization with
known organelle markers, a strain expressing GFP-Lsb5p was
crossed with strains expressing Sacop—RFP (red fluorescent pro-
tein) (cortical actin marker), Snf7p—RFP (endosomal marker) and
Anplp (Golgi apparatus marker) [23]. These strains were then
visualized under appropriate filters to determine whether staining
patterns overlapped. Merging of images indicated that there was
no overlap in localization of Lsb5p with Snf7p or Anplp. How-
ever, as shown in Figure 3, some localization with Sac6p could be
observed (indicated by arrows), although there are clearly spots
that also contain either Lsb5p or Sac6p alone (arrowheads). To
determine whether either Slalp or Las17p is required for local-
ization of Lsb5p, pKA416 was transformed into cells lacking Sia/
and LasI7. Asreported previously [14], the absence of Slal causes
a reduction, but not complete abrogation, of Lsb5 localization to
the cell cortex. Similarly, cells lacking Las/7 expression were
clearly aberrant and carried some morphological and actin organ-
ization defects. However, GFP-Lsb5p was observed at the cell
cortex, mostly in punctate structures resembling those in wild-
type cells (results not shown). Therefore Las17p is not required
for Lsb5p localization.

Lsh5p interacts with active Arf3p and ubiquitin

The central region of Lsb5 contains a domain with significant, but
low-level, homology with the previously described GAT domain.
In the GGA family of proteins, the GAT domain has been shown
to interact with Arf proteins [20,24]. In particular, the yeast Ggalp

© 2005 Biochemical Society

Arf3T31N
beads

B

LsbS+Ubi-Ag
beads

Lsb5+IgG-Ag
beads

Figure 4 Interaction of Lsh5 with Arf3 and ubiquitin

(A) Lsb5 was purified and incubated with GST-Arf3 beads with Arf3 in either the active (Q71L) or
inactive (T31N) form as described in the Materials and methods section. Binding was observed
only with the active Arf3p and Lsb5p. (B) Lsb5p was then incubated with ubiquitin—agarose or,
as a control, IgG—agarose beads. After washing, binding was assessed by SDS/PAGE. Binding
was detected with Lsb5 only on the ubiquitin-conjugated beads. I, input; FT, flow through; W1,
first wash; W3, third wash; B, bound; Ubi, ubiquitin; Ag, agarose.

and Gga2p proteins interact with both Arflp and Arf2p [20]. Yeast
Arf3p, however, does not interact with the GGA proteins, and it
appears to localize to the plasma membrane [25]. These earlier
studies by Huang et al. [25] also suggested that Arf3p does not
play a role in endocytosis. However, these studies investigated
the deletion in a wild-type background. As we have shown in our
previous study, deletion of /sb5 alone does not confer any endo-
cytic defect on cells, so it may be that the role of Arf3p in
endocytosis is also masked by an overlapping or redundant path-
way [14]. Because Lsb5p contains a putative GAT domain that
could bind Arf proteins, and because Arf3p, like Lsb5p, is local-
ized to the plasma membrane, we made recombinant proteins to
determine whether Lsb5p is able to interact with active or inactive
Arf3p. As shown in Figure 4(A), Lsb5 interacts strongly with the
active form of Arf3 and only weakly with the inactive form,
demonstrating a direct interaction of Arf3 with a protein in-
volved in endocytosis in yeast.

The GAT domain of mammalian GGA3 protein has been re-
ported to interact both with Arf proteins and with ubiquitin. This
latter interaction is postulated to be important for stabilizing
and enhancing the interaction between Arfs and GGA proteins
[26-28]. We expressed Lsb5p and incubated it with ubiquitin—
agarose beads. As shown in Figure 4(B), there is a significant pro-
portion of Lsb5p that is able to bind to the ubiquitin-bound beads
compared with binding to an IgG—agarose bead control, sug-
gesting that, like the GGA proteins, the Lsb5 protein is also able
to bind to ubiquitin. The site of interaction is unlikely to be at the
C-terminus, because a degradation product also shows binding to
the beads.

In addition to a straightforward binding assay, we also con-
sidered whether the presence of ubiquitin might enhance binding
of LsbSp to Arf3p. This situation would be analogous to that
observed for GGA3 protein interacting with Arf and ubiquitin.
To do this, we first repeated the above assay with GST—Arf3, but
added either Lsb5p alone or Lsb5p pre-incubated with Hiss-tagged
ubiquitin. We also used GST—ubiquitin and added Lsb5p and
then Arf3p, and looked for enhanced binding. Neither approach
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Figure 5 In vivo interaction between Lsh5p and Arf3p

(R) GFP—Arf3 was expressed in wild-type cells (KAY446) and in cells lacking /sb5 (KAY583). As shown, Arf3p is still able to localize to the plasma membrane in the absence of Lsb5 expression.
Scale bar, 10 um. (B) GFP-Lsb5p was expressed in wild-type cells (KAY446) and in cells lacking Arf3 (KAY659). As shown, cells lacking Arf3 are no longer able to localize GFP-Lsb5p to the cell
cortex, demonstrating a role for Arf3p in organization of the membrane-trafficking endocytic machinery. (G) Cells lacking Arf3 expression are still able to localize Sac6p to punctate cortical spots,

demonstrating that the actin cytoskeleton is still organized in the AArf3 cells. Scale bar, 10 m.

revealed any increase in binding of Arf3p to Lsb5p (results not
shown), demonstrating that Arf3p and ubiquitin binding to Lsb5p
are independent and not co-operative events.

Dependence of Arf3 and Lsh5 localization

In order to determine whether the interaction between Lsb5p and
Arf3p is required for the localization of Arf3, we obtained a
construct to allow the expression of GFP-tagged Arf3 (a gift
from Dr Sean Munro, MRC Laboratory of Molecular Biology,
Cambridge University, Cambridge, U.K.). Previous studies have
shown that Arf3p has a highly polarized localization at the plasma
membrane of buds in actively growing cells [25]. On transform-
ation of the GFP—Arf3 plasmid into wild-type cells (KAY446),
we also saw this localization pattern (Figure 5A). In addition to
the localizations reported previously, we also were able to observe
alower level of staining around vacuoles, indicating possible traf-

ficking through the endosomal pathway (Figure 5A). Cells lacking
Isb5 were also studied, and these were found to contain a similar,
but distinct, pattern of GFP—Arf3 localization. While there were
no significant differences in levels of Arf3p at the membrane,
subtle differences in localization were noted. Wild-type cells
showed GFP—Arf3 localization all around the bud at the small-
budded stage, while at the large-budded stage, staining was mostly
on the bud side, rather than in the mother cell. However, in the
Alsb5 cells, Arf3p localization appeared to be more confined to
the mother bud neck region and did not extend around the per-
iphery of small-budded cells, and was also found on both mother
and daughter sides of large-budded cells.

We also examined GFP-Lsb5 localization in cells lacking arf3.
As shown in Figure 5(B), in the wild-type cells, we obtained the
usual punctate and cortical patch staining of GFP—Lsb5p, whereas
in the mutants, no cortical staining was obtained at all. These
Aarf3 cells do, however, show a wild-type actin organization, as
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Merge: tubulin-red; GFPLsb5-green

Figure 6 Interaction between Lsb5p and mammalian Arf6

(A) Yeast two-hybrid analysis in cells expressing Lsb5 bait plasmid and different Arf constructs fused to an activation domain sequence. Only co-expression of Lsb5 and activated Arf6Q67L gave
a positive interaction on selection plates. (B) GFP—Lsb5 was transfected into COS7 cells as described. Localization was observed in two main localizations: in punctate spots dispersed in the
cytoplasm (right-hand panel) and at the midbody, indicated by arrows (left-hand and central panels). (C) To demonstrate that the staining of Lsb5GFP is at the midbody, we used immunofluorescence
microscopy to observe tubulin localization in the cells. Tubulin localizes to distinct structures either side of a midbody, but has a clear zone at the midbody itself. As depicted, GFP—Lsb5p localizes

to the midbody, as defined by the tubulin structures on either side. Scale bar, 10 zem.

revealed by localization of Sac6p at appropriate punctate cortical
spots (Figure 5C). This adds further to the evidence for an in vivo
link between Lsb5p and Arf3p, and arole for Arf3p in endocytosis.

Lsh5p interacts with Arf6 and localizes to the midbhody
in mammalian cells

Despite the absence of a clear LSB5 homologue in mammalian
cells, we postulated that, if yeast Lsb5p was able to interact with
Arf3p, then it might also interact with its mammalian homo-
logue Arf6 [30]. If this was the case, then it may be informative

© 2005 Biochemical Society

about possible conservation of Lsb5p-binding domains. Two ap-
proaches were taken. First, yeast two-hybrid analysis was per-
formed, comparing growth on plates, of cells co-transformed with
Lsb5p and ArflQ71L (active), Arfl1T27I (inactive), Arf6Q67L
(active) and Arf6T26N (inactive). Only cells containing both
Lsb5 and Arf6Q71L showed activation to permit growth on plates
lacking uracil, leucine, histidine and tryptophan (Figure 6A).
Secondly, LSBS was cloned into a mammalian GFP expression
vector and was transfected into COS7 cells. While many cells
showed disperse or vesicular staining, up to 20 % showed a clear
staining to the midbody (Figures 6B and 6C). This localization
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was verified by co-localization with tubulin, which allows clear
identification of the midbody position (Figure 6C). In cells trans-
fected with GFP alone, no midbody staining was seen at all. We
also observed that, in cells transfected with GFP—Lsb5, the pre-
sence of Lsb5 appeared to have a detrimental effect such that
cytokinesis appeared to be blocked and binucleate cells could be
observed. The proportion of binucleate cells in the population
increased from 2 % in untransfected cells to 12 % in cells trans-
fected with GFP alone, and to 28 % in cells transfected with GFP—
Lsb5p. It is known that Arf6 localizes to the midbody [29,30], and
our data indicate that Lsb5p is likely to be interacting with Arf6
in this location possibly disrupting its normal function.

DISCUSSION

Studies linking endocytosis to the actin cytoskeleton have iden-
tified many proteins that are involved in this process, and it seems
clear that a number of sequential complexes are formed during
invagination, scission and movement of the vesicle into the cell
([4,8,9], and reviewed in [31]). One suggestion is that different
actin organizations are required for each step, and so proteins that
can be regulated to stimulate actin remodelling are central to the
endocytic mechanism. In previous studies, we have shown that
the Slal protein plays a central role in linking regulators of the
actin cytoskeleton to the endocytic machinery [8]. Through a yeast
two-hybrid screen, we identified Lsb5p as an Slalp interactor [14].
Others also identified Lsb5p as a protein that binds to the Arp2/3
regulator Las17p [15]. Thus, from two studies, this protein shows
links to the actin-regulatory machinery. Deletion of Isb5 alone
does not confer any observable phenotype on cells. However,
when /sb5 is deleted in a background already lacking the actin-
associated protein gene ysc84, there is a severe phenotype with
aberrant actin organization and an almost complete loss of fluid-
phase endocytosis. Because neither single deletion has a distinct
phenotype, we reasoned that the double deletion highlights the
existence of two endocytic pathways that are able to function in
at least a partially overlapping fashion [14].

Analysis of the domain structure of Lsb5p provides some inter-
esting ideas for how Lsb5p may function in endocytosis. Its struc-
ture is reminiscent of the GGA proteins, having an N-terminal
VHS domain and a central GAT domain. It does not, however,
have the y -adaptin ear motif or the clathrin-binding sequence, but
it does have the C-terminal NPF motif. In the present study, we
have furthered our understanding of the Lsb5 protein, and have
shown that the NPF motif is the likely interaction site with the HD1
domain of Slal. This is the first non-integral membrane protein
with an NPF motif that has been demonstrated to have a specific
interaction role. As HDI also interacts with the NPF motifs of
other proteins, e.g. Ste2p, Ste3p and Kex2p [23], it seems likely
that these interactions are mutually exclusive. It will be interesting
now to determine whether the interactions of Slalp with receptors
and Lsb5p occurs sequentially or whether there is an equilibrium
with interactions occurring at the same time, but with different
Slal molecules. The interaction between Lsb5p and Slalp was
stronger when the GAT domain was present, indicating that the
presence of other binding partners, such as Arf3p or ubiquitin,
might stabilize this interaction.

The other central findings of the present study were the demon-
stration that Lsb5p is able to interact with Arf3 and, importantly,
that Arf3p is necessary for Lsb5p localization. In previous
studies, we showed that Slal deletion appears to decrease LsbSp
localization at the membrane. However, there was still a distinct,
low level of Lsb5p localization to cortical patches in the ASlal
cells [14]. This might suggest that, while Arf3p localizes Lsb5p
to the cortex, binding is then transferred to Slalp (and possibly to

\[1(\Ste2p

Figure 7 Schematic diagram depicting interactions of Lsh5 with other
proteins involved in actin remodelling and endocytosis

In the present study and in previous work [14], we have identified interaction sites between
Lsb5p and Slaip. This interaction occurs between the HD1 (1) domain of Sla1 and most likely
the NPF motif (N) of Lsb5p. The interaction appears to be stabilized by the presence of the GAT
domain (G). The GAT domain of Lsb5 is most likely to interact with Arf3. Our studies, and those
of Madania et al. [15], indicate that the VHS domain of Lsb5 is the domain likely to interact with
Las17p. Other domains and proteins depicted: S1, S2, S3, Src homology 3 domains 1, 2 and 3
of Slat; 2, HD2 of Slat; Ct, C-terminal repeats region of Sla1; P, Pan1p; E, End3p. Arf3*, active
Arf3.

Las17p). In the absence of the latter proteins, there would be
expected to be some binding, while deletion of Arf3 might lead
to a much more severe reduction in Lsb5p localization. This out-
come was what was observed. A schematic model depicting Lsb5
interactions is shown in Figure 7.

The possible evolutionary importance of the Lsb5p inter-
actions with Arf3p was highlighted in the observed interaction of
LsbSp with active mammalian Arf6 and in the localization
of Lsb5p to the midbody of mammalian cells, a recognized site of
Arf6 function [29,30]. This conserved interaction then leads to the
question of whether there is an Lsb5p homologue in mammalian
cells. Many of the proteins involved in the endocytic process, other
than those that directly bind to and regulate actin, do not appear to
be highly conserved. Indeed, many potential homologues, such as
amphiphysin and Rvs167, and epsin and Ent1/2, share a very low
level of direct sequence identity, but their domain structure is very
similar, and, for that reason, they have been proposed to carry out
related functions. Searching databases on the basis of sequence
identity does not reveal any clear Lsb5p homologues other than
in all fungal species listed. However, analysis of proteins carrying
a similar domain structure reveals some interesting candidates,
the best characterized of which is the mammalian protein Tom1.
Current data on Tom1 indicate that it is a protein that localizes to
the endosomal network and that it is involved in the recruitment
of ubiquitin-conjugated proteins to early endosomes [32]. Given
the localization of Lsb5p, mostly to the cell cortex and probably
to early endosomes, and that we are able to show interactions with
ubiquitin, the similarities between the two proteins indicate that
Lsb5p and Tom1 might perform the same function in yeast and
mammalian cells respectively. Tom1 itself has not been studied
intensively, but additional interacting proteins have been identified
which are involved in localizing it to the endosomes (endofin)
and which form a complex involved in the binding of ubiquit-
inylated proteins (Toll-IP) [32,33]. Investigating whether homo-
logues of these are found in yeast and also whether they interact
with Lsb5p will strengthen the evidence for the functional
similarity of these proteins. Conversely, determination of whether
Toml is able to interact with Arf6 and with actin regulatory pro-
teins may shed light on the role of this protein, and in particular
highlight whether Tom1 is also able to act to couple actin regu-
lators to the endocytic process.

© 2005 Biochemical Society
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