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We have discovered evidence for a physical interaction between a class V myosin, Myo2p, and a
kinesin-related protein, Smylp, in budding yeast. These proteins had previously been linked by
genetic and colocalization studies, but we had been unable to determine the nature of their
association. We now show by two-hybrid analysis that a 69-amino acid region of the Smylp tail
interacts with the globular portion of the Myo2p tail. Deletion of this myosin-binding region of
Smylp eliminates its ability to colocalize with Myo2p and to overcome the myo2-66 mutant
defects, suggesting that the interaction is necessary for these functions. Further insights about the
Smy1lp-Myo2p interaction have come from studies of a new mutant allele, myo2—2, which causes
a loss of Myo2p localization. We report that Smylp localization is also lost in the myo2-2 mutant,
demonstrating that Smylp localization is dependent on Myo2p. We also found that overexpres-
sion of Smylp partially restores myo2-2p localization in a myosin-binding region—dependent
manner. Thus, overexpression of Smylp can overcome defects in both the head and tail domains
of Myo2p (caused by the myo2-66 and myo2-2 alleles, respectively). We propose that Smylp
enhances some aspect of Myo2p function, perhaps delivery or docking of vesicles at the bud tip.

INTRODUCTION

In Saccharomyces cerevisiae, virtually all growth is directed to
the bud rather than the mother cell. Myo2p is a class V
myosin that has been implicated in this polarized growth.
The temperature-sensitive myo2-66 mutant fails to target
growth to the bud at restrictive temperature, resulting in
abnormally large mother cells (Johnston et al., 1991). Because
vesicles were observed to accumulate in the mutant,
Johnston et al. (1991) proposed that Myo2p targeted growth
by delivering secretory vesicles to the bud. However, evi-
dence that Myo2p is indeed a secretory vesicle motor is far
from conclusive (Liu and Bretscher, 1992; Govindan et al.,
1995). Immunolocalization studies also implicate Myo2p in
polarized growth. Myo2p normally localizes to sites of ac-
tive growth, such as the bud tip and the mother—daughter
neck during cytokinesis (Lillie and Brown, 1994). Myo2p
also has been implicated in the delivery of vacuoles to the
emerging bud (Hill et al., 1996; Catlett and Weisman, 1998).
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Much to our surprise, a search for suppressors of the
myo2—66 defect led to the discovery of Smylp, a rather
divergent member of the kinesin superfamily (Lillie and
Brown, 1992). It was not immediately clear how overexpres-
sion of a putative microtubule-based motor protein would
compensate for a defect in an actin-based motor protein
(Myo2p). Further investigation showed that Smylp itself is
not required for polarized growth, because deletion of SMY1
causes no detectable phenotypic change. Nor can Smylp
completely replace Myo2p function, inasmuch as MYO?2 is
essential. We have ruled out the possibility that suppression
is an artifact of overexpression; if SMY1 is deleted and the
only form of Myo2p present is encoded by myo2—-66, the cell
is dead even at permissive temperatures (synthetic lethality).
Furthermore, we have eliminated the obvious possibility
that Smylp provides an alternate pathway along microtu-
bules (Lillie and Brown, 1998). Myo2p and Smy1p colocalize
and their localizations are perturbed in an identical way by
several cellular stresses (Lillie and Brown, 1994). Overex-
pression of Smylp not only restores myo2-66p localization,
but also enhances the localization of wild-type Myo2p.
However, Myo2p can localize independently of Smylp, be-
cause deletion of Smylp does not abolish the localization of
Myo2p.

Therefore, it seems clear that Smylp is in close proximity
to Myo2p and acts rather directly to enhance Myo2p func-
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Table 1. Yeast strains used in this study

Strain Relevant genotype?® Source
Y190 MATa gal4 gal80 leu2-3,112 trp1-901 his3 ade2-101 URA:: GAL1%-lacZ S. Elledge
LYS2::GALI-HIS3
L40 MATa leu2 trpl his3 LYS2::lexA-HIS3 URA3::lexA-lacZ R. Sternglanz
SLY88 MATa myo2-66 ura3-52 leu2-3,112 trp1-Al his3 his6
MATa myo2-66 ura3-52 leu2-3,112 TRP1 HIS3 HIS6 Lillie and Brown (1994)
SLY86 MATa smy1-A2::LEU2 ura3-52 leu2-3,112 trp1-289 his4
MATa smyl-A2::LEU2 ura3-52 leu2-3,112 TRP1 his4 Lillie and Brown (1994)
LWY2599 MATa myo2-2 his3A-200 lys2-801 leu2 trp1-A901 suc2-A9 ade8:: HIS3 L. Weisman
LWY7213 MATa MYQO2 his3A-200 lys2-801 leu2 trp1-A901 suc2-A9 ade8::HIS3 L. Weisman

2 Some strains may carry additional mutations; most or all are S288C derivatives and therefore gal2.
P Contains 4 Gal4 DNA-binding sites within the GAL1 promoter (Clontech, Palo Alto, CA).
¢ Contains 8 LexA DNA-binding sites within the lexA promoter (Dagher and Filhol-Cochet, 1997).

tion independent of microtubules; however, the mechanism
of action remained a mystery. We now have gained the first
insight into how Smylp exerts its effects on Myo2p. In this
article we report that these proteins interact in the two-
hybrid system. We have mapped the site of interaction and
present evidence that the interaction site is necessary for
Smylp localization and for the suppression of myo2-66 by
SMY1. Our data indicate that the physical interaction of a
kinesin-related protein can cause physiological changes in
the behavior of a myosin.

MATERIALS AND METHODS

Yeast Strains and Media

All yeast strains used are listed in Table 1. Liquid media used were
rich medium YPD and synthetic complete medium SC lacking the
appropriate supplement to select for plasmid (Sherman et al., 1986).
Standard (Sherman et al., 1986) solid media were made by adding
1.5% agar to YPD or synthetic complete medium. For all media,
glucose was autoclaved separately and added to 2%. Cultures were
grown at 30°C unless otherwise indicated.

DNA Manipulations

Standard procedures were used for DNA manipulations and Esch-
erichia coli transformation (Sambrook et al., 1989) and for yeast
transformation by the lithium acetate method (Sherman et al., 1986).

Plasmids YEpSMY1-26 and YEpSMY1-38 contain the full-length
SMY1 gene in the high-copy-number vectors YEp352 (2u URA3)
and YEp351 (2u LEU2), respectively (Lillie and Brown, 1994). To
create YEpSMY15,5, YEpSMY1-26 was digested with SstI and reli-
gated, (9 bp of the vector are read before a stop codon is reached).
An LEU2 version of this construct was made by inserting an Sstl
fragment from YEpSMY15,, into the SstI site of YEp351 (Hill ef al.,
1986), creating the plasmid YEpSMY15,5-351 used in Figure 6.
YEpSMY1,,, was created by inserting a Hpal-Scal fragment of
YEpSMY1-26 into the Smal site of YEp352 (99 bp are read before a
stop codon is encountered). Protein expression levels of Smylp
were comparable from all plasmids, as detected by Western analysis
and displayed in Figure 4B.

Two-Hybrid Vectors and Constructs

The Gal4 two-hybrid activation domain vectors pGAD-C(x), where
x =1, 2, or 3 to indicate reading frame, were kindly provided by
Philip James (University of Wisconsin, Madison, WI) (James et al.,
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1996). Each of these vectors has a multiple cloning site (MCS) in a
different reading frame, a high copy number (2u LEU2), and an
altered ADH promoter yielding lower expression levels than pAC-
TII (another activation domain vector; see below). The lower expres-
sion level is useful for avoiding toxicity effects.

The vector pBTM116 (2u TRPI) is a high-copy-number, two-
hybrid LexA DNA-binding domain vector (Bartel et al., 1993). For
these studies we have created three new versions, each containing
the MCS in a different reading frame. This series referred to as
pBTM-C(x), where x = 1, 2, or 3 was made by inserting the appro-
priate EcoRI-PstI MCS fragment from the pGAD-C(x) series into the
EcoRI-Pst1 sites of pPBTM116.

pAS1-CYH2 (2n TRP1) and pACTII (2w LEU2) are two-hybrid
Gal4 DNA binding domain and activation domain vectors, respec-
tively. Both are high-copy-number plasmids containing strong ADH
promoters (Clontech, Palo Alto, CA).

All two-hybrid constructs used in this study are listed in Table 2.
The plasmids listed as fragment sources are as follows: plasmid
YEpSMY1-26 was described above. PKS™D9 contains the SMY1
gene (Sall-Pst]) in Bluescript (Stratagene, La Jolla, CA). pNLCI10
was obtained from N. Catlett and L. Weisman. It contains an ~1.6-
kbp Spel-Clal tail fragment of myo2-2 in Bluescript.

Two-Hybrid Assay and Library Screen

Two different systems were used for the two-hybrid analysis: The
Gal4 system used a Gal4 DNA-binding domain in the bait con-
structs (vector = pAS1-CYH2) expressed in strain Y190 (Table 1).
The LexA system used a LexA DNA-binding domain [pBTM116 or
pBTM-C(x)] in strain L40. Log phase cells were cotransformed with
construct pairs (except in the case of the library screen) or were
transformed with appropriate individual plasmids by the lithium
acetate method. Transformants were grown for 2-4 d at 30°C before
filter lift assays were performed for detection of B-galactosidase
activity (Bartel et al., 1993).

For the library screen, a library containing three reading frames
(Y2HL-C1, Y2HL-C2, and Y2HL-C3) (James et al., 1996) was trans-
formed into Y190 containing pAS1-SMY1 effectively as described by
Firmenich and Redding (1993). To further enhance the transforma-
tion efficiency, library DNA was added with sheared carrier DNA,
which was prepared according to Golemis et al. (1996). The trans-
formation mix was shaken for 30 min at 30°C, and DMSO was
added to a final concentration of 10%. The mix was heat shocked for
15 min at 42°C and incubated overnight at room temperature before
plating. Plates contained 30 mM 3-amino-triazole (Sigma, St. Louis,
MO) in SC medium lacking leucine and tryptophan. Colonies were
grown 3-7 d at 30°C before filter lift assays were performed. A total

Molecular Biology of the Cell



Smylp and Myo2p Two-Hybrid Interaction

Table 2. Two-hybrid Constructs Used in This Study

Construct
name SMY1 or MYO?2 fragment Fragment source® Vector used?®
pBTM-SMY1 SMY1 (SallP-Pst]) YEpSMY1-26 pBTM116 (BamHIP-Pstl)
pAS1-SMY1 SMY1 (Ncol®-Snabl) YEpSMY1-26° pAS1-CYH2 (Ncol-BamHIP)
pACT-SMY1 SMY1 (Xbal®-Snabl) YEpSMY1-26 pACTII (Bg/II®)
pGAD-SMY1 SMY1 (Xbal*-Snabl) YEpSMY1-26 pGAD-C1 (Smal)
(D1)
D2 SMY1 (Dral-PstI) pKS~D9 pGAD-C1 (Smal-PstI)
D3¢ SMY1 (Dral-Scal) pKS™D9 PGAD-C1 (Smal)
D44 SMY1 (Xbal>-Dral YEpSMY1-26 GAD-C1 (Smal
D5e SMY1 EDmI—Ssth—}’sth) D2p gGAD—Cl ESmaIzPsth)
D6 SMY1 (Sspl-Pstl) pKS~D9 pGAD-C2 (Smal-PstI)
D7 SMYT1 (SstIP-Pst]) D6 GAD-C3 (BamHI"-Pstl)
DYf SMY1 (Sspl-HinP1I-PstI) D6 gGAD—Cl (Clal-PstI)
pBTM-MYO28 MYO2 (BamHI-PstI) pBTM116
pACT-MYO2 MYO2 (BamHI-Nael) pBTM-MYO2 pACTII (BamHI-EcoRIP)
Myo2R MYO2 (BamHI-PstI) pBTM-MYO2 pPGAD-C2 (BamHI-PstI)
M1 BglII digest and religation pGAD-MYO2
M2 MYO2 (BgIII-PstI) pGAD-MYO2 pGAD-C1 (BamHI-Pst])
Mm3h MYO?2 (EcoRT-EcoRV) M2 pGAD-C1 (EcoRI-Smal)
BTM-C1 (EcoRI-Smal)

M4h MYO2 (EcoRV-PstI) M2 gGAD—Cl (Smal-Pstl)

MYO?2 (EcoRI*-Pst]) M2 pBTM116 (EcoRI-PstI)
M73 AflIl digest and religation pBTM-MYO2
M76 AflIl digest and religation pBTM-MYO2

stop codon created at ligation
pBTM-M11 myo2-2 (Spel-AfIII) pNLC10 pBTM-MYO2 (Spel-AflII)
M2-2 myo2-2 (BgII-Pstl-Sall) pNLC10 pGAD-C1 (BamHI-Sall)
pBTM-MYO4s pBTM116

2 Vectors and fragment sources are described in MATERIALS AND METHODS.

b Blunted with klenow fragment or T4 DNA polymerase.
¢ A 10-bp Ncol-Xbal polylinker was used.

4 A short stretch of vector sequence occurs before stop codon is encountered.

¢ Construct D5 was made by inserting the fragment into the vector, digesting with Sstl and PstI, blunting, and religating.

f The fragment for D9 was isolated and digested with HinP1I before ligation into the receiving vector.

& pPBTM-MYO2 and pBTM-MYO4, kindly provided by Ralf Jansen, contain the MYO2 tail fragment bp 3360-5306 and the equivalent fragment

of the Myo4p tail.

" Constructs M3 and M4 were made in both pGAD-C(x) and pBTM-C(x) vectors in an attempt to increase their expression levels (see

MATERIALS AND METHODS).
T EcoRI site is located in the MCS of pGAD-C1.

of 1.5 million transformants, each from Y2HL-C1 and Y2HL-C3, and
0.5 million from Y2HL-C2 were screened.

The colony filter lift assay was performed as previously described
(Bartel et al., 1993). In every assay, pairs of constructs previously
shown to interact were used as positive controls, combinations that
do not interact were used as negative controls, and individual
constructs were tested for self-activation. When known pairs were
tested, 50-1000 individual transformants were assayed from each of
three or more independent transformation procedures. In all cases,
color development was assessed at 3 h. (Little further change was
observed in up to 18 h.)

Levels of fusion protein were checked for selected two-hybrid
constructs by Western blotting. In all cases in which the presence of
fusion protein could not be confirmed by two-hybrid analysis
and/or Western blotting, cloning junctions were sequenced to con-
firm that the insert was in frame. In general, fusion proteins with
smaller fragments of Myo2p or Smylp appeared less abundant:
Myo2R, M73, and M76 (Figure 1B) were much more abundant than
endogenous Myo2p, M2 was much less abundant than endogenous
Myo2p, and M3 and M4 could not be detected with the polyclonal
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antibody against Myo2p (but were detected in trace amounts using
a LexA antibody). The mutant myo2-2 fragment M2-2 was more
abundant than the equivalent wild-type fragment M2 (Figure 1B),
whereas the expression level of the other myo2-2 fragment (M11)
was roughly equivalent to the comparable wild-type construct
Myo2R. In the case of Smylp (Figure 1A), D5 protein was much
more abundant than endogenous Smy1lp, but D7 and D9 were not
detected. In all cases in which proteins were detected by Western
analysis, fragments were of the expected size.

Immunofluorescence Microscopy and Western
Blotting

Growth conditions, cell preparations, antibody, and antibody incu-
bations were as previously described (Lillie and Brown, 1994). Both
Myo2p and Smylp antibodies are polyclonal and directed against
tail domains only (Lillie and Brown, 1994). For endogenous Myo2p
(and myo2-2p) and Smylp immunolocalization, affinity-purified
antibody was used at 1:25 and 1:20, respectively. When Smylp was
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Figure 1. Western analysis of selected two-hybrid constructs. (A)
Protein expression of SMY1 fragments inserted into pGAD-C(x).
The blot was probed with affinity-purified polyclonal anti-Smy1p.
The ~70-kDa band is endogenous Smylp. (B) Protein expression of
MYO2 and myo2-2 fragments. M2, M2-2, and M3 fragments are
inserted into pGAD-C(x), whereas M73 and M76 are in pBTM116.
The ~180-kDa band is endogenous Myo2p. Because of their strong
expression, a shorter time exposure (25 s instead of 2 min) is shown
for M73 and M76. Expression levels and constructs are described in
MATERIALS AND METHODS. Constructs also are described in
Table 2 and illustrated in Figure 2.

overexpressed, antibody dilutions of 1:60-1:150 were used. Second-
ary antibody was 1:200 fluoroscein isothiocyanate—conjugated goat
anti-rabbit immunoglobulin G (IgG; Sigma).

Specimens were viewed with an Orthoplan fluorescence micro-
scope, and digital images were collected with a Sony DKC 5000
video—charge-coupled device camera. Images were optimized using
Adobe (San Jose, CA) Photoshop.

For the Western blots, a total of ~2 X 10® log phase cells were
collected by centrifugation. The pellet was transferred to microcen-
trifuge tubes and resuspended in 200 ul of 5% trichloroacetic acid.
Glass beads (0.5 mm) were added up to the meniscus, and samples
were vortexed 1 min and then microfuged 5 min at high speed
(~12,000 X g) at 4°C. Supernatant and beads were removed, and the
pellet was washed with 1 ml water. The pellet was resuspended in
50 wl 2% SDS solubilizing buffer + 50 ul PBS + complete protease
inhibitors (Boehringer Mannheim, Indianapolis, IN). The suspen-
sion was boiled 3 min, vortexed 1 min, and microfuged 30 s. Thirty
to 50 ul of sample were loaded onto 5 or 7% SDS-polyacrylamide
minigels (Laemmli, 1970).

Proteins were blotted onto nitrocellulose as previously described
(Lillie and Brown, 1987). Blots were blocked with 5% milk/PBS and
incubated at room temperature with 1:100-200 dilutions of affinity-
purified polyclonal anti-Myo2p or anti-Smylp. The monoclonal an-
tibody against LexA (Clontech) was used at a concentration of 10
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Table 3. Smylp interacts with Myo2p in two different two-hybrid
systems, independent of vectors used

2-Hybrid
interaction
LexA System constructs®
pBTM-SMY1* + pACT-MYO2¢ + 44
pBTM-SMY1 + Myo2R (pGAD)® ++
pBTM-MYO2 + pACT-SMY1 ++
pBTM-MYO2 + pGAD-SMY1¢ ++
Gal4 system constructs®
pAS1-SMY1 + pACT-MYO2 ++

PAS1-SMY1 + pGAD-MYO2 -

@ All fusion proteins were detected by Western analysis.

®The N terminus of all Smylp fusions is truncated by 18 amino
acids, except for pPBTM-SMY1, which is truncated by 43 amino acids.
¢ The Myo2p fusions begin with the coiled-coil domain (amino acid
927) and continue to the C terminus of the tail.

4 ++, robust two-hybrid interaction which corresponds to 15-fold
greater activity than the background activity determined with the
individual plasmids; —, no two-hybrid interaction detected.

¢ These pairs were tested in a liquid beta-galactosidase assay (Kaiser
et al., 1994) and found to have 15-fold greater activity than the
background activity determined with the individual plasmids.

ng/ml. As appropriate, either horseradish peroxidase—conjugated
goat anti-rabbit IgG (Bio-Rad, Hercules, CA) or horseradish peroxi-
dase—conjugated goat anti-mouse IgG (Sigma) were used as second-
ary antibodies, and a chemiluminescence kit (Boehringer Mann-
heim) was used for detection.

RESULTS

Smylp Interacts with Myo2p in the Two-Hybrid
Assay

Smylp and Myo2p display an intimate relationship, as de-
termined by colocalization and genetic interactions (Lillie
and Brown, 1992, 1994, 1998). This prompted us to ask
whether they might physically interact. Using the two-hy-
brid assay, we discovered that Smylp does indeed interact
with Myo2p. The two-hybrid interaction between Smylp
and the Myo2p tail is reproducible, vector independent, and
detectable in both the LexA and Gal4 assay systems (Table
3). The one exception occurs under circumstances in which
expression is low [pGAD-C(x) vectors have a weak pro-
moter; see MATERIALS AND METHODS], and the assay is
less sensitive (the Y190 strain used in the Gal4 system has a
reduced number of binding sites; Table 1).

In an attempt to identify other interacting proteins we
used SMY1 bait to screen a two-hybrid yeast genomic li-
brary. So far, we have used a library created in the pGAD-
C(x) vector series (James et al., 1996) and screened using the
Gal4 system. The screen was completed to a confidence of
99% (James et al., 1996; see MATERIALS AND METHODS)
and 30+ candidates were obtained. However, on the basis of
their ability to self-activate or on the loss of the positive
interaction after plasmid recovery and retransformation, all
candidates were determined to be false-positives. (Given the
combination of vector and assay system, we did not expect
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IQ ins coiled-coil
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Figure 2. Myo2p forms ho-
modimers. pPBTM-MYO2 (same in-
sert as MYO2R) was tested for two-

hybrid interaction with three pGAD- Myo2R
C(x) constructs: MYO2R, M1, and

M2. The interaction of M1 but not M2 M1
suggests the coiled-coil domain is M2

necessary for dimerization.

to pull Myo2p; see Table 3.) We therefore have no evidence
that Smylp interacts with any protein other than Myo2p. A
useful conclusion that we can draw is that the SMY1 bait is
not promiscuous (i.e., does not interact nonspecifically with
a large number of irrelevant proteins).

Smylp and the tail of Myo2p also were tested for two-
hybrid interactions with various other proteins of interest.
For example, we tested a- and B-tubulin (plasmids obtained
from K. Richards and D. Botstein, Stanford University, Stan-
ford, CA), actin (K. Schwartz and D. Botstein), and Sec2p
and Sec4p (obtained from R. Collins and P. Novick [Yale
University, New Haven, CT] and included because of syn-
thetic lethal interactions reported by Lillie and Brown, 1998).
Neither Smylp nor the Myo2p tail was found to interact
with any of these proteins. We also tested both the Myo2p
tail and Smylp with the Myo4p tail (plasmid obtained from
R. Jansen, University of Heidelberg, Heidelberg, Germany)
and did not observe a two-hybrid interaction. Myo4p shares
homology with Myo2p even outside the motor domain
(Haarer et al., 1994) and is the only other class V myosin
found in yeast. These characteristics made Myo4p a useful
negative control for both the Smy1p-Myo2p interaction, and
the Myo2p-Myo2p interaction discussed below.

A Myo2p-Myo2p Interaction Detected by Two-
Hybrid Analysis

We have determined that Myo2p interacts with itself, and
the interaction can be mapped to the coiled-coil domain
(Figure 2). When full-length tails were tested against one
another, a positive two-hybrid interaction was detected. We
then tested either the coiled-coil (M1) or the globular portion
of the tail (M2) and found that the former but not the latter
retained the ability to interact. To ask about the specificity of
this interaction, we tested our constructs (Myo2R, M1, and
M2 in Figure 2) against the analogous portion of Myo4p tail
and found that none of them interacted. Myo4p is an opti-
mal control because it is another yeast class V myosin. We
conclude that Myo2p dimerizes via a coiled-coil interaction,
as has been shown to be the case for another class V myosin
(Cheney et al., 1993).

Because Smylp also contains a predicted coiled-coil do-
main, we tested Smylp for two-hybrid interactions with
itself. Only an extremely weak positive signal was obtained.
Thus, two-hybrid analysis does not provide strong evidence
for homodimerization of Smylp.

Vol. 11, February 2000
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Domain Mapping of the Smylp—-Myo2p Two-Hybrid
Interaction

Based on sequence comparisons, Smylp is one of the most
divergent members of the kinesin superfamily (Lillie and
Brown, 1992; Goldstein, 1993). Nonetheless, it is predicted to
have the same general layout as conventional kinesin: a
conserved “motor”/head domain, and a tail comprising a
putative coiled-coil domain, followed by a globular domain
(illustrated in Figure 3A). To determine which domain is
responsible for the two-hybrid interaction with Myo2p, we
created a series of SMY1 two-hybrid constructs (Table 2). As
described below, these constructs allowed us to narrow
down the two-hybrid myosin-binding region (MBR) to 69
amino acids within the globular tail domain of Smy1lp (Fig-
ure 3A).

We first asked whether the MBR was located in the head
or the tail of Smylp. Comparison of construct D4 to D2
(Figure 3A) demonstrates that the Smy1p tail interacts with
the Myo2p tail, but that the Smy1p head does not. Next, we
asked which domain of the Smy1p tail was necessary for the
interaction. We found that the coiled-coil domain of Smylp
(D5) does not interact with the Myo2p tail. Western blotting
(Figure 1A) shows that D5 is strongly expressed, confirming
that its lack of interaction is not due to a lack of fusion
protein. On the other hand, the globular portion of the tail
did show an interaction (D6 and D7). The fact that D6 gives
a stronger two-hybrid signal than D7 may indicate that the
full MBR includes a sequence upstream of D7. Alternatively,
the weaker signal of D7 may be a result of a lower level of
fusion protein (see MATERIALS AND METHODS). A com-
parison of results with D2 and D3 indicates that the C-
terminal 9 amino acids are dispensable, whereas further
truncation (compare D3 with D5) abolishes the interaction.
This places the MBR mostly or entirely in a 69-amino acid
region of the Smylp tail spanning amino acid 578 to amino
acid 647. Further subdivision of this region gives fragments
(e.g., construct D9) that produce a very weak positive signal,
suggesting that these contain only a portion of the MBR.

We have also attempted to determine the putative Smylp-
binding site on the Myo2p tail. Like other class V myosins,
Myo2p contains a conserved head/motor domain, IQ do-
mains, and a tail comprising coiled-coil and globular do-
mains (Figure 3B). Testing a series of truncated Myo2p two-
hybrid constructs (Table 2) allowed us to narrow the Smylp-
binding region down to the globular portion of the Myo2p
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Figure 3. Domain mapping of the Smylp-Myo2p interaction by two-hybrid analysis. (A) SMY1 fragments were inserted into pGAD-C(x)
and tested for two-hybrid interaction with pBTM-MYO?2. (B) Fragments of MYO2 and myo2-2 inserted into pGAD-C(x), Myo2R, M1, M2, M3,
M4, and M2-2 were tested for interaction with pBTM-SMY1(D1). M73, M76, and M11 were constructed in pBTM116 and tested for interaction
with pGAD-SMY1. M3 and M4 fragments were also inserted into pBTM-C1 and pBTM116, respectively. The asterisk indicates the G1248 to

D1248 mutation of myo2-2p (Catlett and Weisman, 1998).

tail (cf. M1 and M2, Figure 3B) (Note the results in Figure 2
provide a positive control for the M1 construct by demon-
strating that it is capable of giving a two-hybrid reaction
with a different partner). We have not been able to specify
the location of the Smy1-binding site more exactly than this,
although a comparison of M73 and M76 (Figure 3B) suggests
that sequence at the C terminus of the globular tail domain
is involved. However, if the Smylp-binding site were re-
stricted to the end of the C terminus, we would predict that
M4 (but not M3, Figure 3B) would be positive by two-hybrid
analysis. Because this is not the case, some other portion of
the globular tail may be involved as well, or there may be
too little M4 fusion protein present (see MATERIALS AND
METHODS).

The MBR of Smylp Is Required for Functional
Rescue of the myo2—66 Mutant

Smylp when overexpressed, partially overcomes the defect
in polarized growth in the myo2-66 mutant, although the
mechanism of suppression has remained elusive. Our new
observation that Smylp and Myo2p display two-hybrid in-
teraction would seem to provide a physical basis for the
suppression. Therefore, we have asked whether the 69-
amino acid MBR of the Smylp tail is required for suppres-
sion of the myo2—66 mutant phenotype.

High-copy-number SMY1 constructs containing or lack-
ing the MBR were tested for their ability to overcome the
temperature-sensitive growth defect of the my02—66 mutant
(Figure 4A). The strain expressing the truncated Smylp
protein Smylps,s (missing the MBR) was unable to grow at
restrictive temperature. In contrast, Smylpg,, (truncated
downstream of the MBR), like the full-length control Smy1p,
was able to rescue the myo2—-66 mutant at restrictive tem-
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perature, indicating that the MBR is required for suppres-
sion. Western blotting reveals approximately equal levels of
proteins of the predicted sizes from all three constructs
(Figure 4B). On the basis of the two-hybrid and the suppres-
sion data, we postulate that Smylp must bind to Myo2p in
order to overcome the myo2—66 mutant phenotype.

The MBR of Smylp Is Required for the Normal
Localization of Smylp

To test the importance of the MBR for Smylp localization,
we used the same constructs, YEpSMY15,; and YEpSMY1,;,
that were used above, transformed into a SMY1 null (smy1A)
strain. As expected, no Smylp was seen in cells with vector
alone (Figure 5a), whereas distinct caps were seen in cells
carrying full-length SMY1 (Figure 5b). Cells expressing
Smylps,; also had distinct caps (Figure 5c). However, in cells
expressing Smylps,s and therefore lacking the MBR, Smylp
was diffuse throughout the cytoplasm (Figure 5d). These re-
sults indicate that the MBR is necessary not only to overcome
the myo2—66 mutant phenotype, but also for the normal local-
ization of Smylp.

Localization of Smylp in the myo2-2 Mutant

A new mutant allele of MYO2 (myo02-2) has been isolated
and characterized by Catlett and Weisman (1998). The
myo2—2 mutation lies in a region encoding the globular
portion of the tail (Gly1248 to Asp1248). In contrast, the
myo2—66 mutation is found in a region encoding the actin-
binding face (Lillie and Brown, 1994). Catlett and Weisman
(1998) have found that myo2-2p does not localize normally,
even though the actin cytoskeleton appears normal and
polarized growth seems unaffected. In contrast, myo2-66p
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Figure 4. The MBR of Smylp is necessary to overcome the tem-
perature-sensitive growth defect of the myo2-66 mutant. (A) The
yeast strain SLY88 carrying the myo2—-66 mutation was transformed
with high-copy-number plasmid vectors YEp352 (a), YEpSMY1,,,
(b), YEpSMY1s,5 (missing the MBR) (c), and YEpSMY1-26 (full
length) (d) . Transformants were grown at permissive temperature
(24°C) and at restrictive temperature (33°C) for 3—4 d on selective
medium. The myo2-66 mutant cells overexpressing full-length
Smylp (656 amino acids) (d) and Smy1lp truncated at amino acid 647
(b) were able to grow at 33°C, but those without overexpressed
Smylp (a) or with Smylp truncated at amino acid 578 (c) were not.
(B) Western analysis of vector YEp352, YEpSMY1y,s (missing the
MBR), YEpSMY1,,, and YEpSMY1 (full length) in the smyIA (null)
strain SLY86 demonstrates nearly equivalent levels of protein ex-
pression. Constructs are described in MATERIALS AND METH-
ODS.

fails to localize only at restrictive temperature, when actin
organization and polarized growth also are disrupted. The
myo2—2 mutant thus affords us an opportunity to look at the
relation between Smylp and Myo2p localization without
concomitantly perturbing the actin. We have used this mu-
tant allele to ask three questions. First, given that myo2-2p
is not localized normally despite normal actin localization,
does Smylp localize? Second, given that overexpression of
Smylp enhances Myo2p localization in wild-type cells and
restores it in myo2—-66 cells (Lillie and Brown, 1994), does
overexpression of Smylp also restore the localization of
myo2-2p? Third, if so, do the effects of overexpression of
Smylp depend on the MBR in the Smylp tail?

The results of these experiments are shown in Figure 6.
Like myo2-2p (Figure 6c), Smy1p is not detectable at sites of
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active growth in the myo2-2 mutant (Figure 6d). To ask
whether there might be some residual localization of these
proteins that is below detectable limits, we turned to the
fluorescent probe CY3 conjugated to secondary antibody
(Ayscough and Drubin, 1998). This fluorophore has been
used to detect Myo2p localization that had been undetect-
able with fluorescein isothiocyanate (Ayscough, personal
communication). However, the localization of Smylp and
myo2-2p remained undetectable in the myo02-2 strain when
CY3 was used.

In answer to our second question, we found that overex-
pression of Smylp can partially restore the localization of
myo2-2p to the bud tip (Figure 6e). However, normal
Smylp localization is still not detectable (Figure 6f). It is
possible that a weak Smy1p localization signal at the bud tip
might be masked by the increased cytoplasmic signal when
Smylp is overexpressed. We have observed in wild-type
MYQO2 cells that this problem can be overcome by examining
the less brightly stained cells in the population and by
varying the concentration of antibody. However, these ap-
proaches did not reveal Smylp caps in the Smylp-overex-
pressing myo2-2 mutant. Two-hybrid analysis failed to show
an interaction of Smylp with the tail of myo2-2p, even
though this construct was expressed approximately as well
as the parallel wild-type construct (Figures 1B and 3B). Thus,
a reduction in the affinity of myo2-2p for Smylp probably
contributes to the reduced localizations we have observed.

The ability of overexpressed Smylp to restore the local-
ization of myo2-2p depends on the presence of the MBR in
the Smylp tail. Overexpression of Smylps,s (missing the
MBR) is not capable of restoring the myo2-2p localization
(Figure 6g), whereas overexpression of wild-type Smylp can
(Figure 6¢). This demonstrates that the MBR of the Smylp
tail is necessary for Smylp to exert its influence not only on
myo2-66, as discussed above, but also on the myo2-2 allele.
Thus, Smy1lp is not merely stabilizing an altered domain of
Myo2p, because these alleles alter different domains. In-
stead, it is enhancing the function of Myo2p in a way that
compensates for two different defects.

DISCUSSION

Two-Hybrid Interaction between Smylp and Myo2p

SMY1 was originally isolated as a multicopy suppressor of
myo2—66, which encodes a defective class V myosin (Lillie
and Brown, 1992). Our subsequent studies have provided
strong support for the significance of this interaction (see
INTRODUCTION), but it was not obvious how a myosin-
and a kinesin-related protein would cooperate in a common
function. One hypothesis was that Smy1p could compensate
for the defective myosin by transporting the cargo via mi-
crotubules instead. Although the spatial and temporal ar-
rangement of microtubules is conducive to this hypothesis
(Kilmartin and Adams, 1984), we have determined that mi-
crotubules are not required for Smy1p localization or for the
rescue of the myo2—66 mutant phenotype (Lillie and Brown,
1998).

An alternative hypothesis is that Smylp and Myo2p may
cooperate through some form of a physical interaction. In
this article we have presented evidence that this is in fact the
case. We have observed a two-hybrid interaction between
Smylp and Myo2p, which we have confirmed in two differ-

697



K.A. Beningo ef al.

+ vector

+Smylp

+Smylp

+ S:1'|1_.|l|:i578

Figure 5. The MBR of Smylp is necessary for localization of Smylp The smylA (null) strain SLY86 was transformed with high-copy-number
plasmids YEp352 (LIRA3) (a), YEpSMY1-26 (b), YEpSMY1,; (c), and YEpSMY15,4 (missing the MBR) (d). Full-length Smy1p (b) and Smylpg,,
(c) localize normally, whereas Smy1ps,s, missing the MBR (d), does not localize but is diffuse throughout the cytoplasm. See Figure 4B for

expression levels of these constructs. Bar, 5 um.

ent two-hybrid systems. We have also swapped vectors and
have demonstrated by testing with library and known pro-
teins that neither the Myo2p nor Smy1lp two-hybrid protein
is promiscuous. These proteins associate via their globular
tail domains, and the site of two-hybrid interaction in Smy1p
has been further mapped to a 69-amino acid region that we
refer to as the MBR. Because we have shown that the MBR
is required for Smylp to suppress the myo2—66 mutant phe-
notype, we propose that Smylp corrects the myosin defect
via this physical interaction.

We chose to look for an interaction between Smylp and
Myo2p using two-hybrid analysis because it is performed in
vivo and allows very sensitive detection (Phizicky and
Fields, 1995). To investigate the possibility that some other
protein(s) might contribute to the interaction, we have at-
tempted to observe the interaction in vitro by coimmuno-
precipitation and coaffinity purification, using proteins ex-
pressed in either yeast or bacteria. The attempts were
unsuccessful, but there are good reasons to suspect that the
association of Smylp and Myo2p may be labile. First, the
localization of these proteins to caps is easily disrupted
(Lillie and Brown, 1994); thus, caps are not expected to
survive cell lysis. Second, the localization is cell cycle de-
pendent, suggesting that the association between Smylp
and Myo2p may be highly regulated. Therefore, we believe
that the negative in vitro results in no way undermine our
discovery that Smylp and Myo2p associate, especially given
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the wealth of other supporting evidence provided in this
and previous articles.

Localization Studies

We have also shown that the MBR is required for Smylp
to localize to the bud tip. Therefore, we propose that it
localizes via its binding to Myo2p. This fits with our
finding in myo2-2 cells that Smylp does not reside inde-
pendently at the bud tip but requires Myo2p. There are
indications that some activity, in addition to Myo2p bind-
ing, may be involved in Smylp localization. For example,
Ayscough et al. (1997) have shown that upon treatment
with latrunculin-A to disrupt actin filaments, 20% of
treated cells have weak but detectable Myo2p caps, but no
Smylp caps, using antibodies we provided. However,
given the faintness of their Myo2p signal and the fact that
Smylp signal is less strong than Myo2p signal with our
antibodies (Lillie and Brown, 1998), we believe that
Smy1lp localization would have been difficult to detect. A
second indication is our finding that a “headless” Smylp
does not localize (Lillie and Brown, 1998). However, the
deletion might have caused folding problems that inter-
fere with other domains. Therefore, it remains possible
that Smy1lp localization is dependent only on Myo2p.
The localization of myo2-2p presents several puzzles.
First, it is surprising that the myo2-2 mutant functions
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Figure 6. Localization of Smylp and myo2-2p in the myo2-2 mutant. (a and b) Localization of Myo2p (a) and Smylp (b) in the wild-type
strain LWY7213 carrying the high-copy-number vector YEp351 (LEU2). Localization of myo2-2p (c) and Smylp (d) are not detected in the
myo2—2 mutant strain LWY2599-carrying vector. Localization of myo2-2p is detectable in LWY2599 when Smylp is overexpressed from
plasmid YEpSMY1-38 (e), but Smylp localization is not, even in the cells with less background cytoplasmic staining (f). Neither myo2-2p
nor Smylp localization is detected when Smylps,s (missing the MBR) is overexpressed from the plasmid YEpSMY15,.-351 in LWY2599 (g
and h). Constructs are described in MATERIALS AND METHODS under DNA Manipulations. Bar, 5 um.
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Figure 7. Comparison of Smylp and mouse ubiquitous kinesin heavy chain (ukhc). (A) Cross-hatched boxes indicate the motor domains,
black boxes the predicted coiled-coil domains, and brackets the myosin-binding regions (MBR) identified by two-hybrid analysis (this article;
Huang et al., 1999). The two proteins are aligned on the basis of a small region of sequence similarity near the ends of the coiled-coils. (B)
Alignment of Smylp (amino acids 468-559 Swiss Prot accession number P32364) with consensus sequences for animal and fungal kinesins.
Hyphens indicate gaps that were introduced in the sequences, and + indicates conservation of a positively charged amino acid. This region
of Smylp also showed sequence similarity with the end of the coiled-coil region of lamin B (Swiss Prot accession number P14732. This
alignment also revealed a couple of downstream clusters of serines that were spaced in a similar manner. Smy1p also shows a lesser degree

of similarity to a variety of other coiled-coil proteins.

well in polarized growth despite having lost its polarized
localization to sites of such growth. Second, it is surpris-
ing that excess Smylp can restore myo2-2p localization
despite the lack of two-hybrid interaction with the mutant
protein. A possible explanation is that myo2-2p’s loss in
affinity for Smylp may affect its retention at the bud tip
but not its delivery there. (In addition, some loss in bud
tip localization might result from the loss in vacuolar
delivery.) For this explanation to work, we postulate that
the loss of affinity is not total; there must be sufficient
remaining affinity for Smy1p to have an effect on myo2-2p
when overexpressed.

Smylp Is Not Involved in Vacuole Transport by
Myo2p

Myo2p has been implicated in polarized delivery, not only
for bud growth but also for vacuolar inheritance (Hill et al.,
1996; Catlett and Weisman, 1998). Interestingly, Smylp
seems to play a role only in the former process. Catlett and
Weisman (1998) have determined that both myo02-66 and
myo2—2 mutants are defective in vacuole inheritance and
that overexpression of Smylp does not correct the defect in
either case. Unlike the myo2—-66 mutation, they found that
the myo2-2 mutation does not affect polarized growth, nor is
it synthetically lethal with deletion of SMY1. In addition,
unlike smyIA (SMY1 deletion) and myo2—-66 (Lillie and
Brown, 1998), the myo2-2 mutation is not synthetically lethal
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with two late secretory mutants, sec2 or sec4 (Catlett and
Weisman, 1998). This fits with the idea that the Myo2p-
Smylp association plays a role at a late step of the secretory
pathway that also involves Sec2p and Sec4p but has no role
in vacuole inheritance. We infer from the above findings that
the loss in affinity of myo2-2p for Smylp that we have
observed is unrelated to its vacuolar delivery defect. Because
the myo2-2p mutation introduces a charged amino acid into
the globular tail of Myo2p, it may alter folding and interfere
separately with the binding of vacuolar cargo and the asso-
ciation of Smylp to this region of Myo2p.

Parallels with Other Organisms

No homologues of Smylp have been found in other organ-
isms, raising the issue of whether it is a kinesin-related
protein that is uniquely specialized for interactions with a
myosin. However, the recent findings of Huang et al. (1999)
lead us to believe otherwise. These authors, using fragments
of mouse myosin Va as bait in a two-hybrid screen, have
found an interaction with the ubiquitous heavy chain of
conventional kinesin. Thus, like us, they have found that the
globular portion of a class V myosin tail can associate with
the tail of a member of the kinesin superfamily. However,
the extent of the similarities between the two kinesins is not
clear. Although Smylp has been classified as an “orphan”
kinesin, it does share a small region of sequence similarity
with conventional kinesin (Figure 7). What’s more, this cor-
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responds to the only region of conserved sequence between
the tails of animal and fungal kinesins (Steinberg and
Schliwa, 1995). These authors suggest that similarity in this
region may be diagnostic of the conventional kinesin sub-
family, because it is not shared by kinesin-related proteins in
other subfamilies. When Smylp and mouse ubiquitous ki-
nesin are aligned using this region, it can be seen that the
two-hybridizing regions are not superimposed (Figure 7).
Despite this, we believe these kinesins may be associated
with myosin Vs in a similar way. Each two-hybridizing
region may only be part of the interaction site. For example,
it can be seen in Figure 3A that we obtain a stronger two-
hybrid interaction when more of the Smylp tail is included
in the bait, and the same might be true of the interaction
reported by Huang et al. (1999).

Possible Function of a Kinesin—-Myosin Interaction

Kuznetsov et al. (1992) have shown that a single vesicle/
organelle can move along a microtubule and then switch to
an actin filament. This and succeeding observations (for a
review, see Brown, 1999 ) have led to the idea that microtu-
bules are used for long-range transport, followed by local
delivery on actin filaments. It would be desirable to coordi-
nate the motors involved, so that one motor is turned off at
the same time the other is turned on, to prevent the motors
from working against each other. A physical interaction
between motors would provide a reasonable way of medi-
ating such regulation. We speculate that Smy1p may directly
or indirectly induce a conformational change in Myo2p that
enhances its interaction with actin and thus its localization.
Such a mechanism could explain how Smylp both rescues
the mutant myo2—66 (mutation in the actin-binding site) and
restores localization of the tail mutant myo2-2. In other
systems, the switch can presumably be flipped in the other
direction, so that the myosin is turned off when the kinesin
is turned on. In our system, Smylp may not even have
motor activity (Lillie and Brown, 1998), and if it does, that
activity is not required for suppression (Lillie and Brown,
1994). Regardless of whether some functions of Smy1p have
been lost, we propose that its ability to upregulate Myo2p
has been retained.

It will be interesting to learn from future studies precisely
how Smylp and Myo2p coordinate their actions. Nonethe-
less, the discovery that their behaviors are mediated by
some form of a physical interaction adds a new dimension to
the subject of molecular motors.
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