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The class I myosins play important roles in controlling many different types of actin-
based cell movements. Dictyostelium cells either lacking or overexpressing amoeboid
myosin Is have significant defects in cortical activities such as pseudopod extension, cell
migration, and macropinocytosis. The existence of Dictyostelium null mutants with strong
phenotypic defects permits complementation analysis as a means of exploring important
functional features of the myosin I heavy chain. Mutant Dictyostelium cells lacking two
myosin Is exhibit profound defects in growth, endocytosis, and rearrangement of F-actin.
Expression of the full-length myoB heavy chain in these cells fully rescues the double
mutant defects. However, mutant forms of the myoB heavy chain in which a serine at the
consensus phosphorylation site has been altered to an alanine or in which the C-terminal
SH3 domain has been removed fail to complement the null phenotype. The wild-type
and mutant forms of the myoB heavy chain appeared to be properly localized when they
were expressed in the myosin I null mutants. These results suggest that the amoeboid
myosin I consensus phosphorylation site and SH3 domains do not play a role in the

localization of myosin I, but are absolutely required for in vivo function.

INTRODUCTION

The myosin Is are a family of ubiquitous actin-based
motors that have been implicated in the manipulation
of the actin-rich cortex of the cell (Pollard et al., 1991;
Mooseker and Cheney, 1995). First discovered in Acan-
thamoeba castellanii, their biochemical properties and
cellular distribution have been well characterized
(Pollard et al., 1991). Myosin I localization patterns and
their widespread distribution across a range of species
and cell types suggest that they play conserved and
essential roles in generating movements of mem-
branes along actin filaments. Thus, the myosin Is have
been proposed to play important roles in cell migra-
tion, endocytosis, and vesicle transport (Mooseker and
Cheney, 1995; Ostap and Pollard, 1996b).

The amoeboid myosin Is are comprised of a single
heavy chain of approximately 125 kDa and a light
chain that is presumably bound to the single IQ motif
in the neck region (Pollard et al., 1991). They possess
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the biochemical properties characteristic of a myosin,
including actin-activated Mg-ATPase activity (Pollard
et al., 1991) and the ability to generate ATP-dependent
motility in vitro (Albanesi et al., 1985; Zot et al., 1992).
The in vitro activity of Acanthamoeba and Dictyostelium
amoeboid myosin I is tightly regulated by serine/
threonine phosphorylation at a consensus phosphor-
ylation site in the N-terminal myosin motor domain
(Brzeska and Korn, 1996), referred to as the TEDS rule
site (Bement and Mooseker, 1995). The TEDS rule site
is in a region of the myosin head that is believed to
make a significant contact with actin (Cope et al., 1996)
and this interaction is likely to be significantly altered
in the absence of a negative charge at this site. Myosin
I heavy chain kinases (MIHCKSs) have been identified
both in Acanthamoeba and Dictyostelium and are mem-
bers of the Ste20p/PAK family of kinases whose ac-
tivity is regulated by small G proteins (Brzeska et al.,
1996; Lee et al., 1996).

The C-terminal tail region of the amoeboid myosin
Is also possesses conserved domains believed to play
an important role in determining myosin I function
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(Pollard et al., 1991). The first is a polybasic domain,
adjacent to the IQ motif, that mediates the high-affinity
association between membranes and myosin I in vitro
(Adams and Pollard, 1989; Miyata et al., 1989; Dober-
stein and Pollard, 1992). The second is a domain rich
in the amino acids glycine, proline, and alanine (or
glutamate) referred to as the GPA or GPQ domain.
This region has been found to constitute a second,
ATP-insensitive actin-binding site in vitro (Lynch et
al., 1986; Doberstein and Pollard, 1992; Jung and Ham-
mer, 1994; Rosenfeld and Rener, 1994). Finally, there is
a src-homology 3 domain at the C terminus (or close to
the C terminus) of the amoeboid myosin Is (Pollard et
al., 1991) whose role in myosin I function is unclear.
The existence of a membrane-binding site in the tail
region as well as an ATP-independent actin-binding
site (referred to as the GPA domain) supports the
theory that the role of amoeboid myosin Is is to move
membranes or actin along actin filaments (Pollard et
al., 1991).

Dictyostelium expresses at least three classic amoe-
boid myosin Is, myoB, C, and D, all of which have
been localized to the leading edge of translocating
cells (Fukui et al., 1989; Jung et al., 1993, 1996). Addi-
tionally, it expresses three “short” myosin Is that are
distinguished from the classic forms by the lack of the
C-terminal GPA and SH3 domains (Uyeda and Titus,
1997). Loss of myoB from Dictyostelium cells results in
defects in pseudopod formation and translocation
(Jung and Hammer, 1990; Wessels et al., 1991). Dictyo-
stelium mutants that lack two amoeboid myosin Is,
myoA and myoB, were shown to exhibit additional
defects in fluid-phase pinocytosis, growth in suspen-
sion cultures, and rearrangement of F-actin (Novak et
al., 1995). Overexpression of myoB in wild-type Dic-
tyostelium cells also resulted in similar phenotypes,
significant decreases in the rate of cellular transloca-
tion and fluid-phase pinocytosis, and abnormalities in
the normal rearrangement of the actin cytoskeleton
(Novak and Titus, 1997). Overexpression of mutant
forms of myoB lacking the C-terminal SH3 domain or
TEDS rule site (serine 332), however, did not result in
cellular cortical defects, suggesting that these elements
are required for myoB in vivo function.

Overexpression studies were initially used to deter-
mine the importance of myosin I regulatory sequences
such as the TEDS rule site or SH3 domain in Dictyo-
stelium myoB function (Novak and Titus, 1997). How-
ever, this analysis did not provide unequivocal evi-
dence for the role of these elements in the localization
of myoB as the overexpression experiments were per-
formed in wild-type cells, which also possessed en-
dogenous full-length myoB. Furthermore, it did not
permit us to detect whether a mutant form of myosin
I was only partially inactivated. Therefore, we have
undertaken a complementation approach to studying
myoB localization and function. The Dictyostelium
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myoA~ /B~ double mutant was selected as the host for
these studies because its phenotype [defective in cel-
lular translocation, pinocytosis, growth rate, and rear-
rangement of cortical actin (Novak et al., 1995)] is more
severe than that of either the myoA~ or myoB~ single
mutants [only defective in cellular translocation (Jung
and Hammer, 1990)]. Complementation analysis in the
double mutant allowed us to examine a wider range of
myosin I functions to more conclusively test the func-
tion of mutant forms. Full-length and mutant forms of
myoB (lacking either the SH3 domain or the TEDS rule
heavy chain phosphorylation site) were expressed in
the myoA~/B~ mutant and tested for their ability to
undergo proper localization and to restore normal
pinocytic activity, growth, and actin distribution to the
null mutant cell line.

MATERIALS AND METHODS

Maintenance of Stock Cultures

The parental Dictyostelium discoideum Ax3 axenic strain and myosin
I mutant strains were all maintained in HL5, a nutrient medium for
axenic stains (Sussman, 1987). All Dictyostelium strains were either
carried on bacteriological plastic plates in HL5 or were inoculated
into 100 ml of HL5 in 250-ml Erlenmeyer flasks and carried in
shaking culture at 240 rpm. “Suspension-grown” cells were inocu-
lated into 100 ml of HL5 in 250-ml Erlenmeyer flasks and carried in
shaking culture at 240 rpm for 72 h prior to an experiment. The
myoA~/B~ myosin I double mutant HTD5-2 (Novak ef al., 1995) was
maintained in HL5 containing 10 ug/ml G418 (Geneticin, Life Tech-
nologies, Gaithersburg, MD). The myoB expressors (myoA~/B~ cells
expressing full-length myoB), myoB/SH3~ expressors (truncated
myoB expressing cells), and myoB-S332A expressors (cells express-
ing a mutant myoB in which serine 332 has been changed to alanine)
were all maintained in HL5 in the presence of 20 wg/ml blasticidin
(Calbiochem, La Jolla, CA).

Transformation of Dictyostelium

The electrotransformation of Dictyostelium was performed following
a slightly modified version (Kuspa and Loomis, 1992) of the original
protocol (Howard et al., 1988). The myoB~ strain (clone HTD4-4,
(Novak et al., 1995) was cotransformed with 10 ug of the plasmid
pDTb2 (Novak et al., 1995; Figure 1) that contained the 3.7-kb
full-length myoB gene driven by its own 5’ promoter sequence, and
the plasmid pLittle (a derivative of pBIG (Patterson and Spudich,
1995) that contained the neomycin resistance gene (Neo). The
myoA~/B~ double mutant HTD5-2 (Novak et al., 1995) was cotrans-
formed with 10 pg each of the full-length or mutant myoB-bearing
plasmids and pUCBsr, a plasmid that carries a gene conferring
resistance to blasticidin (Sutoh, 1993). The plasmids used for myoB
expression in double mutant cell lines, pDTb18, pDTb39, and
pDTb42, have been described previously (Novak and Titus, 1997).
The plasmid pDTb18 contained the full-length myoB gene, pDTb42
contained a myoB gene with an altered codon that changed serine
332 to alanine (myoB-S332A), and pDTb39 contained a myoB gene
encoding a truncated myoB lacking the C-terminal SH3 domain
(myoB/SH37), each driven by the actin 15 promoter (Cohen et al.,
1986). The plasmids pDTb18 and pDTb42 employed the 3" untrans-
lated region of the myoB gene as a terminator. It should be noted
that the actin 6 promoter from the adjacent Neo cassette served as
the terminator for the truncated myoB gene in pDTb39.

The cells were allowed to recover overnight in HL5 following
electroporation, diluted 1:10 into HL5 containing either 10 ug/ml
G418 for complementation of the myoB~ cell line, or 20 wug/ml
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blasticidin for complementation of the myoA~/B~ cell line. The
media were exchanged every third d. Colonies appeared after 9 d
under drug selection and were picked in 24-well plates. The trans-
formants were allowed to grow for 4-5 d in the presence of 10
png/ml G418 or 20 pg/ml blasticidin. Colonies that had grown to
confluence were collected, counted, and reinoculated into 10-ml
Petri plates containing HL5 and the selection drug. An equal num-
ber of cells from each clone were lysed with urea-containing sample
buffer and run on a 6% SDS-polyacrylamide gel for quantitative
immunoblot analysis (see below).

Quantitative Western blot analysis was performed on whole cell
lysates from a total of 20 independent transformants. Lysates were
prepared by resuspension of 1 X 10° pelleted cells in urea-contain-
ing sample buffer (125 mM Tris, pH 6.8, 6 M urea, 20% glycerol, 4%
SDS, 1 mM dithiothreitol). The protein concentration was deter-
mined by the Bio-Rad DC assay (Bio-Rad Laboratories, Hercules,
CA). Two identical 6% SDS-polyacrylamide gels were loaded with
equal amounts of protein for each sample. One gel was stained with
Coomassie blue R-250 to confirm that the samples were equally
loaded, and the other was transferred to nitrocellulose. The nitro-
cellulose blot was incubated with a polyclonal antibody generated
against myoB (Novak et al., 1995; Novak and Titus, 1997) followed
by incubation with a horseradish peroxidase- conjugated goat anti-
rabbit secondary antibody (Bio-Rad Laboratories). Antibody reac-
tivity was visualized by either the ECL-enhanced chemilumines-
cence (Amersham, Arlington Heights, IL) or Super Signal (Pierce
Chemical Co., Rockford, IL) detection systems. Films from the West-
ern blots were scanned using an Epson ES1200C (Epson, Pittsburgh,
PA) color scanner. The scanned images were then imported into
NIH Image 1.54 (Bethesda, MD), and the mean pixel value of the
myoB reactive bands were measured. These values were used to
determine relative expression levels for each sample. Serial dilu-
tions of Ax3 lysates were included on each Western blot to confirm
that autoradiograms used for quantification were within the linear
range.

Assays

Pinocytosis by cells in suspension culture was carried out using
fluorescein isothiocyanate (FITC)-dextran (Sigma Chemical Co., St.
Louis, MO) as described (Klein and Satre, 1986). Fluorescence was
measured on a Perkin Elmer-Cetus 650—40 fluorescence spectropho-
tometer with an excitation wavelength of 470 nm and emission
wavelength of 520 nm. A standard curve was used to calculate
microliters of FITC-dextran per 10° cells.

The streaming assay was performed as described by Jung and
Hammer (1990) with minor modifications (Peterson et al., 1995).
Streaming cells were observed on a Zeiss Axiovert using a 10X
objective (0.3 aperture) with a 1.25X optivar lens or a 20X objective
(0.5 aperture) and a 2X optivar lens. Images were captured into IP
Lab software (Signal Analytics Corp., Vienna, VA) using a Star 1
camera (Photometrics Ltd., Tuscon, AZ).

F-actin localization was performed using rhodamine phalloidin
(Molecular Probes, Eugene, OR) as described previously (Peterson
et al., 1995). Suspension-grown wild-type, double mutant, and com-
plemented strains were allowed to attach to coverslips before pro-
cessing. Confocal microscopy was performed using a Zeiss Axiovert
Laser Scanning Confocal Microscope with a 63X objective (1.25
aperture) with a 2X zoom.

Immunofluorescent localization of myoB was performed using
suspension-grown Ax3 and myoB-expressing double mutant cells
that were allowed to adhere to coverslips for 15 min as previously
described (Novak and Titus, 1997). Immunofluorescent localization
of chemotaxing cells was performed using the agar overlay tech-
nique as described previously (Fukui et al., 1987, 1989). Briefly, cells
were resuspended to 1 X 10° cells/ml in MES starvation buffer (20
mM 2-[N-morpholino] ethane sulfonic acid, pH 6.8, 2 mM MgSO,,
0.2 mM CaCl,) and flattened with a 2% agar sheet in MES buffer
after 4-h starvation. They were allowed to continue the starvation
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response until they reached the preaggregation stage. Ax3 cells
required 6 h of total starvation to reach this stage, and reexpressing
cells required 8 h. The myoB antibody was preabsorbed using fixed
cells (Fukui et al., 1987) and reacts with a single band of approxi-
mately 125 kDa in blots of Ax3 cells, but does not cross-react with
any other of the Dictyostelium myosin Is, based on the lack of the
125-kDa band in extracts of myoB~ cells (Figures 2A and 3). The
samples were analyzed by laser scanning confocal microscopy in
the same manner as the rhodamine-phalloidin analysis.
Triton-insoluble rigor cytoskeletons were generated as described
(Manstein and Hunt, 1995). The cytoskeletons are referred to as
“rigor” cytoskeletons because the lysis buffer does not include any
Mg-ATP. Ten percent of the Triton lysate was removed prior to the
initial centrifugation and spun separately. Gel samples were made
from both the supernatant and pellet of this aliquot and these were

pDTb2

[BPr.] myoB—» [T]

1 kb

pDTb18

N myoB—» [T]

pDTbh42
S332A
1
N myoB —» [T|

pDTb39
NmyoB/SH3™ »[

Figure 1. Schematic diagram of the myoB expression plasmids.
The pBluescript-based plasmid pDTb2 contains the 3.6-kb full-
length myoB gene along with 1.22 kb of 5" noncoding region that
serves as promoter (BPr.) and 0.45 kb of 3’ noncoding sequences (T)
that are likely to encompass the terminator region of the myoB gene.
The pGEM7-based plasmid pDTb18 contains the 0.3-kb actin 15
promoter (hatched box) upstream of the full-length 3.6-kb myoB
coding sequence and 0.45 kb of 3’ noncoding sequence (T). The
plasmid pDTb42 contains the 0.3-kb actin 15 promoter (hatched
box) upstream of a mutant 3.7-kb myoB gene containing a serine to
alanine change at amino acid 332 (nts. 1361-1363). The vector
pDTb39 is a pLittle-based vector that contains the 0.3-kb actin 15
promoter (hatched box) upstream of a truncated form of the myoB
gene (myoB/SH37) that lacks the 3’ 0.16 kb of coding sequence
encompassing the SH3 domain and 0.45-kb myoB terminator. The
myoB/SH3~ gene is immediately adjacent to the 2.2-kb Neo resis-
tance cassette (gray box) whose transcription is driven by the actin
6 promoter. The arrows represent direction of myoB transcription.
The vector backbone is not illustrated in these diagrams.
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Figure 2. Expression of myoB in myoB™~ cells rescues the streaming
defect. (A) Western blot analysis shows that myoB is expressed in
the B~ rescue cell line. The position of the M, 116,000 marker is in-
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analyzed by quantitative immunoblotting (described above) to de-
termine the total amount of Triton-soluble and Triton-insoluble
myoB. The remainder of the Triton lysate was processed according
to the original method.

RESULTS

Rescue of the myoB~ Phenotype

The validity of our complementation strategy was es-
tablished by first rescuing the myoB~ single mutant
with wild-type myoB. The plasmid pDTb2 that carries
the full-length myoB gene driven by its endogenous
promoter (Figure 1) was cotransfected with the plas-
mid pLittle, which carries neomycin resistance, into a
myoB~ cell line. A number of clones expressing the
myoB heavy chain were identified using Western blot
analysis and were named B~ rescue cells. Figure 2A
shows an example of one clone that expressed wild-
type levels of myoB. The B~ rescue cell line was as-
sayed for its ability to reverse the myoB~ phenotype, a
delay in the onset of aggregation after starvation, also
known as streaming (Jung and Hammer, 1990). When
placed in MES buffer, the wild-type Ax3 cells began
the streaming process by 8 h after starvation (Figure
2B) whereas the myoB~ cell line had not yet begun to
stream (Figure 2C). The myoB~ cells did not begin
streaming until 10 h after starvation (our unpublished
observations). Expression of wild-type levels of myoB
in the myoB™ null cells rescued the ability of these cells
to stream normally at 8 h after starvation (Figure 2D).
A similar result was observed when the pDTb18 plas-
mid was used (our unpublished observations).

Expression of Wild-Type and Mutant Forms of the
myoB Heavy Chain in the myoA~/B~ Double
Mutant

The myoA~/B~ mutants are defective in fluid-phase
pinocytosis and F-actin rearrangement, in addition to
having a streaming defect (Novak et al., 1995). The
full-length myoB heavy chain was expressed in these
cells. Mutant forms of myoB in which the TEDS rule
site at serine 332 (myoB-S332A) had been changed to
an alanine and a truncated myoB lacking the 3" SH3
domain (myoB/SH3~) were also expressed in the
myoA~/B~ cell line to test their ability to rescue the
double mutant phenotype. The myoA~/B~ cell line
was cotransformed with either the myoB expression
plasmids pDTb18, pDTb42, and pDTb39 along with a
plasmid carrying the gene for blasticidin resistance

Figure 2 (cont). dicated on the left of the Western blot. The levels
of expression of the 125-kDa myoB heavy chain in equal numbers of
Ax3 control (Ax3), myoB~ mutant, and the myoB-expressing cell line
(B- rescue) are shown. The same cell lines were analyzed in the
streaming assay and photographed at 8 h after starvation (B-D). Bar,
50 pm.
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Figure 3. The complemented myoA~/B~ cells express normal lev-
els of the wild-type and mutant myoB heavy chain. Western blot
analysis of total cell lysates was used to determine the expression
level of the myoB heavy chain in wild-type, null, and reexpression
strains. The position of the M, 116,000 marker is indicated on the left
of the Western blot. The levels of expression of the 125-kDa myoB
heavy chain in equal numbers of Ax3 control cells (Ax3), myoA~/B~
double mutants (A~/B~), and double mutants expressing full-
length myoB (myoB), myoB/SH3~ (myoB/SH3"), and the myoB
serine to alanine mutant (myoB-S332A) are shown. The levels of
myoB expression are indicated below each lane, and the values are
expressed relative to the Ax3 strain (which is set to 1). Note that the
myoB Ab recognizes the endogenous myoB, as well as the smaller
truncated myoB in the myoB/SH3™ cells, and the mutant form of
myoB in the myoB-S332A cells.

(Figure 1). Clones were initially observed to overex-
press a three to fivefold excess of either wild-type or
mutant forms of myoB (our unpublished observa-
tions). The clones were analyzed weekly for the level
of expressed wild-type myoB and mutant heavy
chains. After 2-3 wk of passage, clones expressing
wild-type levels of either the full-length myoB heavy
chain, myoB-5332A, or myoB/SH3~ were obtained, as
determined by quantitative immunoblotting (Figure
3). These clones were named myoB, myoB-S332A, and
myoB/SH3™ expressors. A total of three independent
clones for each cell type was analyzed in detail.
Growth rate and pinocytosis results are data averaged
from three independent clones, whereas all other re-
sults are representative examples of repeated observa-
tions.

Full-Length, But Not Mutant Forms of myoB
Reverse the Myosin I Double Mutant Pinocytic and
Growth Defects

The most striking defect observed in the myoA~/B~
double mutant was a decreased rate of pinocytosis in
suspension-grown cells (Novak et al., 1995). The fluid-
phase marker FITC-dextran was used to measure pi-
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Figure 4. Expression of myoB rescues the double mutant pinocytic
defect. The uptake of FITC-dextran by Ax3 (X), myoA~/B~ (OJ),
myoB~ (@); myoB-S332A (O), and myoB/SH3"~ expressors (A) over
a 3-h time course.

nocytosis (Klein and Satre, 1986) in double mutants
expressing full-length and mutant forms of myoB (Fig-
ure 4). Wild-type cells grown and assayed for pinocy-
tosis in suspension steadily accumulated approxi-
mately 0.8-0.9 ul of FITC-dextran/10° cells over the
course of 1 h, reaching a fluid internalization plateau
of 1.3 ul/10° cells after 2 h (Figure 4). The myoA /B~
mutant, however, only accumulated 0.3 ul of FITC-
dextran/10° cells by 60 min, a decrease of approxi-
mately 60%, and reached a fluid internalization pla-
teau of 0.45 ul/10° cells after 2.0 h (Figure 4), as
previously shown (Novak et al., 1995). Expression of
the full-length myoB heavy chain in the myosin I
double mutant cells fully rescued the pinocytic defect
observed in the suspension-grown double mutant.
The myoB-expressing cells internalized 0.9 ul of FITC-
dextran/10° cells over the course of 1 h, and 1.3 ul/10°
cells after 3 h (Figure 4), values comparable to those
observed for wild-type cells. However, the myoB-
S332A or myoB/SH3 ™ -expressing cells did not exhibit
wild-type levels of fluid-phase pinocytosis, instead
they internalized fluid identically to myoA~/B~ cells
(Figure 4).

Expression of full-length myoB also restored the
ability of myoA~/B~ cells to grow in suspension. The
wild-type Ax3 cells grew with a doubling time of 9-11
h at log phase in suspension culture and reached a
saturation density of 1 X 107 cells/ml. In contrast, the
myoA~/B~ double mutant grown in suspension exhib-
ited a doubling time of 22-24 h at log phase and
saturated growth at a lower cell density, 2.5 X 10°
cells/ml. Expression of the myoB heavy chain in the
myoA~/B~ double mutant rescued the growth defect,
the cell density doubled every 8-11 h, depending on
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Figure 5.
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the clone, and saturated growth occurred at 1 X 107
cells/ml. Expression of the myoB/SH3~ or myoB-
S332A heavy chains in the double mutant had no effect
on the double mutant growth rate. The myoB-5332A-
expressing cells exhibited a doubling time of 24 h at
log phase and their growth reached saturation at a
density of 4.25 X 10° cells/ml. The myoB/SH3 -ex-
pressing cells exhibited a doubling time of 28 h at log
phase and saturated growth at a lower cell density,
3.0 X 10° cells/ml.

Full-Length But Not Mutant Forms of myoB
Rescued Defects in F-Actin Rearrangements

The myoA~ /B~ cells exhibited delays in the rearrange-
ment of cortical actin that were not observed in either
the myoA~ or myoB~ single mutants (Novak ef al.,
1995). Expression of the myoB heavy chain in these
cells resulted in the recovery of the normal reorgani-
zation of F-actin in cells as they attach to a substrate, as
demonstrated by rhodamine-phalloidin staining. Ax3
cells taken from suspension cultures and allowed to
attach to coverslips for 15 min exhibited a typical
pattern of staining, with a thin peripheral band of
F-actin present at the base of the cells (Figure 5A,
arrow) and a few, small brightly staining projections
and one to two crowns per cell at the top (Figure 5B,
arrow). In contrast, the myoA~ /B~ double mutants
had few of the basal bands or rings of stain, instead
possessing diffuse cytoplasmic staining and bright
spots of F-actin at the periphery (Figure 5C, arrow).
The myoA~ /B~ double mutant cells also had numer-
ous brightly staining crowns on their apical surfaces
(Figure 5D, arrow) as previously observed (Novak et
al., 1995). Expression of full-length myoB heavy chain
reversed the defect in F-actin distribution (Figure 5, E
and F). Attaching cells localized F-actin at the bases of
cells identical to Ax3 cells (compare Figure 5E with
5A) and only formed a few F-actin crowns at the apical
surface (Figure 5F). Cells with numerous crowns or
other actin-filled projections observed in myoA~/B~
double mutant samples were only rarely observed.
The myoB-S332A and myoB/SH3™ expressors did not
exhibit the wild-type F-actin distribution. Instead, their
F-actin staining pattern closely resembled that of the
myoA~ /B~ cells. The myoB-S332A and myoB/SH3™ ex-

Figure 5 (facing page). Expression of full-length myoB rescues the
myoA~ /B~ F-actin defect. Shown are confocal images of rhodamine-
phalloidin-stained cells that have been allowed to attach to a sub-
strate for 15 min. Images of the bottom (A, C, and E) and top (B, D,
and F) of the cells are presented. The pattern of F-actin distribution
in the Ax3 (A and B), myoA~/B~ (C and D), and double mutant
myoB-expressing strains (E and F) are shown. Examples of the
peripheral band staining at the base of the cells (A and E) or brightly
staining peripheral spots of F-actin on mutant cells (C) and apical
crowns (B, D, and F) are indicated with arrows. Bar, 10 um.
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pressors possessed diffuse F-actin staining at the base of
the cells, localizing F-actin only in bright spots at the
periphery (Figure 6, A and C, arrows), and not the thin
band of peripheral stain observed for Ax3 or myoB-
expressing cells (compare Figure 6A and C with Figure
5A and E). The apical surfaces of myoB-S332A (Figure
6B) and myoB/SH3~ (Figure 6D)-expressing cells were
covered with crowns and other F-actin-filled projections,
much like the tops of myoA~/B~ cells (compare Figure 6B
and D with Figure 5D).

Wild-Type and Mutant Forms of myoB Are
Localized Properly in Axenic and Chemotaxing Cells

The localization patterns of the wild-type and mutant
forms of the myoB heavy chain were also analyzed in the
complemented cell lines under both axenic and aggre-
gating conditions. Axenically growing control Ax3 cells
were found to have diffuse fluorescence in the cyto-
plasm, with small amounts of myoB visible at the pe-
riphery and in small cellular projections (Figure 7A, ar-
rows). This is in agreement with previously published
images of the myoB distribution in axenic cells (Novak et
al., 1995). The myoB expressors localized myoB identi-
cally to wild-type Ax3 cells (compare Figure 7A and B).
The myoB staining in these cells was mostly cytoplasmic,
with small areas of peripheral stain (Figure 7B, arrow).
The myoB distribution in the myoB-S332A (Figure 7C) or
myoB/SH3~ (Figure 7D) expressors also closely resem-
bled that of wild-type cells. The mutant forms of the
myoB heavy chain were localized primarily to the cy-
tosol, with bright peripheral regions of stain (Figure 7, C
and D). Occasionally, myoB/SH3 ™ -expressing cells were
observed that exhibited the myoB/SH3-overexpressing
staining pattern (compare Figure 7D with 7C in Novak
and Titus, 1997).

Dictyostelium cells undergoing chemotaxis become
highly elongated and exhibit concentrated staining of
myoB at the leading edge (Fukui et al., 1989; Morita et
al., 1996). Although all of the wild-type and mutant
forms of the myoB heavy chain appear to be properly
localized in axenically growing cells (Figure 7), it was
important to observe myoB localization in chemotax-
ing cells. The signals that cause myosin I to localize to
this region of chemotaxing cells are unknown; there-
fore, it was of interest to determine whether the TEDS
rule site or SH3 domain are required for the localiza-
tion of myoB during this event. The myoB heavy chain
was immunolocalized in cells at the preaggregation
stage, immediately before the onset of streaming (6 h
after starvation for Ax3, 8 h after starvation for cells
expressing myoB, myoB/SH3~ and myoB-S332A), us-
ing the agar overlay technique (Fukui et al., 1987).

The preaggregation stage Ax3 cells were observed to
be highly elongated, with myoB staining in the cyto-
plasm and also at leading edges (Figure 8A, arrow).
Counting at least eight fields of cells for each cell type
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Figure 6. The F-actin distribution remains abnormal in the myoA~/B~ cells expressing mutant forms of myoB. The distribution of F-actin,
as determined by rhodamine-phalloidin staining of cells attached to a substrate for 15 min, in the myoA~/B~ cells expressing either
myoB/SH3™ (A and B) or myoB-S332A (C and D) is shown. Confocal images were taken at the bottom (A and C) and top (B and D) of the
cells. Examples of the peripheral band staining at the base of the cells (A) or brightly staining peripheral spots of F-actin in mutant cells (A
and C) and apical crowns (B and D) are indicated with arrows. Bar, 10 um.

revealed that 52% of Ax3 cells possessed leading edge
myoB staining (n = 125). The myoB-expressing cells
were also observed becoming highly elongated, with
myoB localized to the cytoplasm and areas of pseu-
dopodial extension (Figure 8B, arrow). Counting the
number of myoB-expressing cells with leading edge
stain in eight fields of cells revealed that 50% of myoB-
expressing cells possessed the leading edge staining
pattern (n = 50). The myoB-S332A (Figure 8C) and
myoB/SH3~ (Figure 8D) expressors exhibited a pat-
tern of myoB heavy chain distribution similar to that
of wild-type and myoB-expressing cells (compare Fig-
ure 8C and D with 8A and B). Both cytoplasmic and
leading edge staining were observed in the cells ex-
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pressing these mutant forms of myoB (Figure 8, C and
D, arrows). Fifty-two percent of the myoB-S332A and
49% of the myoB/SH3™ cells localized these mutant
forms of myoB to their leading edge (n = 22 and 40,
respectively). At this gross level of observation, it ap-
pears that neither the phosphorylation site at serine
332 nor the SH3 domain are required for proper local-
ization of myoB in axenic or chemotaxing cells.

Expression of myoB Does Not Rescue the Streaming
Defect of the myoA~/B~ Cells

The reintroduction of the myoB heavy chain into the
myoA~/B~ cells should result in a cell line that is
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Figure 7. myoB, myoB/SH3 ", and myoB-S332A are all localized to the periphery of axenic cells. The localization of myoB in Ax3 cells (A)
myoA~ /B~ cells expressing full-length myoB (B), myoB-S332A (C), and myoB/SH3~ (D) cells taken from suspension culture and allowed to
adhere to a coverslip for 15 min is shown. Confocal images are shown, obtained near the base of cells. The arrowheads in A-D show cells

with myoB localized to peripheral regions of the cell. Bar, 10 wm.

phenotypically indistinguishable from the myoA™~ sin-
gle mutant. The most readily detected defect in the
myoA~ cells is a delay in streaming in submerged
culture (Peterson et al., 1995). Ax3 cells began stream-
ing at 8 h and were aggregated into mounds by 10 h
(Figure 9, A and B). The myoA~/B~ cells, like the
myoA~ cells, did not begin streaming until 10 h after
starvation (Figure 9, C and D) and required 12 h to
fully aggregate into mounds (our unpublished obser-
vations; Novak et al., 1995; Peterson et al., 1995). The
myoB-expressing cells behaved as predicted. Their
streaming was delayed by 2 h, and they did not begin
aggregating until 10 h (Figure 9, E and F). Thus, the
reintroduction of the myoB heavy chain into the
myoA~ /B~ cells resulted in cells with a phenotype
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identical to that of the myoA~ single mutant cells, a 2-h
delay in streaming, but normal growth, pinocytosis,
and F-actin distribution (Figures 4 and 5).

Analysis of S332A-myoB and myoB/SH3~ Triton-
insoluble Cytoskeletons

Our observations suggested that the mutation of
serine 332 to alanine or the removal of the SH3 domain
did not grossly alter the localization of these forms of
myoB. It was of interest to determine whether or not
these mutations affected the ability of myoB to interact
normally with F-actin. This was tested by analyzing
the fractionation of the myoB heavy chain in Triton-
insoluble cytoskeletons and then determining whether
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Figure 8. myoB, myoB/SH3 ", and myoB-5332A are localized to the leading edge of chemotaxing cells. The localization of myoB in Ax3 cells
(A) and myoA~/B~ cells expressing full-length myoB (B), myoB/SH3~ (C), and myoB-S332A (D) is shown. The cells were taken from
suspension culture and allowed to adhere to a coverslip for 15 min prior to processing for immunomicroscopy. Confocal images are shown,
obtained near the base of cells. The arrowheads in A-D show cells with myoB localized to the leading edges of migrating cells. Bar, 10 pwm.

or not the mutated forms of the myoB heavy chains
could be released from the actin cytoskeleton by the
addition of Mg-ATP (Manstein and Hunt, 1995).
Cells were lysed by the addition of 0.5% Triton
X-100, incubated at room temperature for 10 min, and
aliquots were collected by centrifugation. Quantitative
immunoblotting was used to determine what propor-
tion of the total myoB was present in the Triton-
soluble and Triton-insoluble fractions. Nearly equal
amounts of the expressed myoB heavy chain were
found in the Triton-soluble and insoluble fractions
(44.2 = 14.0% versus 55.8 = 14.0%; n = 7). A slightly
higher amount of the S332A-myoB (54 * 13.9% in the
supernatant and 46 = 13.9% in the pellet; n = 3) and
the myoB/SH3™ heavy chains (59 = 12.1% in the
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supernatant and 41 = 12.2% in the pellet; n = 6) were
found in the Triton-soluble fractions. Although there
appears to be more of the 5332A-myoB and myoB/
SH3™ heavy chains in the supernatant than observed
for the myoB heavy chain, these differences were not
statistically significant (p > 0.05). Therefore, both the
S332A-myoB and myoB/SH3™ are present in the actin
present in the Triton-insoluble cytoskeleton to the
same extent as the wild-type myoB heavy chain.

All myosins share the common property of exhibit-
ing ATP-sensitive binding to actin. This can be quickly
assayed in crude lysates and provides a measure of
the functional properties of a given myosin. The Tri-
ton-insoluble cytoskeletons from each cell line were
collected, homogenized in the presence of 10 mM
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Figure 9. Expression of
myoB in myoA~/B~ cells
has no effect on streaming.
The motility of the myoB-
expressing cells was as-
sessed using a submerged
streaming assay. Shown
are Ax3 cells (A and B),
myoA~ /B~ mutant cells (C
and D), and myoB expres-
sors (E and F) at 8 (A, C,
and E) and 11 h (B, D, and
F) after starvation. Bar, 100
m.

Mg-ATP, and subjected to centrifugation to determine
whether a given mutation of the myoB heavy chain
altered its interaction with actin. Equal amounts of the
Mg-ATP-treated supernatant and pellet were ana-
lyzed for the presence of the myoB heavy chain using
immunoblotting. The myoB, S332A-myoB, and myoB/
SH3™~ heavy chains were all equally capable of being
released from the cytoskeleton by the addition of Mg-
ATP (Figure 10).

DISCUSSION

Complementation of both the myoB~ single mutants
and myoA~/B~ double mutants with the myoB gene
has shown that the phenotypes of these mutants are
fully reversible. Expression of wild-type levels of the
full-length Dictyosteliumm myoB heavy chain in the
myoB~ null cell line was able to rescue its delayed
streaming phenotype (Figure 2). These results demon-
strated that the defects observed in the myoB~ single
mutant are solely due to the absence of myoB. Con-
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sistent with this finding, the expression of myoB in
myoA~/B~ cells (Figure 3) also rescued the phenotypes
unique to these mutant cells, allowing them to grow
normally in suspension, undergo normal rates of flu-
id-phase pinocytosis, and rearrange F-actin properly
(Figures 4 and 5). Therefore, the phenotypes of the

Ax3 myoB S332A SH3-
11 B -1
116 KD — 0 o e o< o P e oo
SP SP SP SP

Figure 10. Expressed myoB, myoB/SH3~, and myoB-S332A all
exhibit ATP-sensitive binding to actin. The Mg-ATP release of the
myoB heavy chain from the Triton-insoluble fraction obtained from
a rigor cytoskeleton was analyzed using immunoblotting. Shown
are equal amounts of the supernatant (S) and pellet (P) fractions
derived from the Ax3 myoB, S332A-myoB (S332A), and myoB/
SH3~ (SH37)-expressing cells.
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myoA~/B~ cells, resulting from the deletion of myoB in
the myoA™ single mutant, are solely due to the lack of
the myoB heavy chain.

Alteration of potential regulatory elements of the
myoB heavy chain, such as the TEDS rule phosphor-
ylation site or the SH3 domain, renders myoB non-
functional in vivo (Figures 4 and 6). This occurs in
spite of the apparently normal localization of both the
myoB-5332A and myoB/SH3™ heavy chains (Figures
7 and 8), suggesting that neither the SH3 domain nor
phosphorylation at the TEDS rule site are required for
proper localization of this amoeboid myosin I. These
results confirm and extend the previous observations
made during overexpression analysis of myoB in Dic-
tyostelium cells (Novak and Titus, 1997). Localization
studies in Acanthamoeba revealed that both phosphor-
ylated and nonphosphorylated forms of myosin Is are
present in the cytosol and at the plasma membrane
(Baines et al., 1995), also demonstrating that phosphor-
ylation is not required for myosin I localization to the
plasma membrane.

In contrast to the profound defects observed when
the native myoB heavy chain was overexpressed by
three to fivefold, overexpression of the myoB-S332A
and myoB/SH3™ heavy chains did not affect the be-
havior of the wild-type cells (Novak and Titus, 1997).
The results presented in this report, however, more
clearly define the extent of the defective function of
the two mutant forms of myoB and suggest that the
SH3 domain may not be required for the localization
of myoB.

The S332A myoB heavy chain was predicted to be
nonfunctional in vivo, since both Acanthamoeba and
Dictyostelium amoeboid myosin Is absolutely require
heavy chain phosphorylation for full activity in vitro
(Brzeska and Korn, 1996). Kinetic analysis of dephos-
phorylated Acanthamoeba myosin I has shown that
phosphorylation does not alter the strength of the
interaction between myosin I and actin (Ostap and
Pollard, 1996a). Rather, it is likely to affect the rate-
limiting phosphate release step. Mutation of the TEDS
rule phosphorylation site would thus be predicted to
alter the ability of myoB to function as a motor, but not
affect its localization (Figures 7 and 8) or ability to bind
to actin (see RESULTS), as we have observed. Identi-
fication and characterization of the kinase responsible
for myoB heavy chain phosphorylation would pro-
vide more information about how the activity of this
motor protein is regulated. A MIHCK specific for the
Dictyostelium myoD heavy chain has been identified
and characterized, but it does not appear to function
as the myoB heavy chain kinase (Lee and Co6té, 1995).
This is unexpected in light of the finding that the
Acanthamoeba MIHCK can phosphorylate both the Dic-
tyostelium myoB and myoD heavy chains (Coté et al.,
1985; Lee and Co6té, 1995) and the recent report that
Ste20p and Clalp can phosphorylate the Dictyostelium
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myoD heavy chain (Wu et al., 1996). The reason for this
discrepancy remains to be determined, but it raises the
possibility that there is a separate myoB heavy chain
kinase that is distinct from the other members of the
Ste20/MIHCK family.

The role of the SH3 domain in amoeboid myosin I
function is not known. However, removal of the C-
terminal myoB SH3 domain renders this myosin I
nonfunctional in vivo (Figures 4 and 6, A and B)
without affecting its normal localization (Figure 8C).
These results demonstrate that the SH3 domain is
essential for myosin I function and raise intriguing
questions about how it contributes to amoeboid myo-
sin I function. SH3 domains have been found to play
key roles in mediating protein—protein interactions
important for intracellular signaling events (Pawson
and Gish, 1992). Proteins such as Grb2 and Crk are
composed almost entirely of SH2 and SH3 domains
and function as molecular adapters that nucleate for-
mation of protein complexes important for signaling
pathways (Pawson, 1995). The SH3 domains are also
found in proteins associated with the actin cytoskele-
ton, such as a-fodrin (Merilainen et al., 1993) and
a-spectrin (Wasenius et al., 1987; Sahr et al., 1990).
Therefore, SH3 domains are believed to be involved in
bringing together signal transduction proteins and
their targets in the membrane cytoskeleton. The SH3
domain could play a role in mediating the interaction
between the MIHCK and myoB. The MIHCKSs contain
a sequence known as the PXXP motif that binds to SH3
domains (Brzeska et al., 1996; Lee et al., 1996). Loss of
the SH3 domain from the myoB heavy chain may
result in reduced MIHCK binding and less efficient
phosphorylation of the TEDS rule site. This could
explain our observation that the SH3~ myoB behaves
in the same manner as myoB-5332A in vivo. However,
it should be noted that the Acanthamoeba MIHCK effi-
ciently phosphorylates a nine-amino acid peptide de-
rived from the TEDS rule region in vitro, and that the
K., of the kinase for this substrate is not significantly
changed when compared with intact myosin I (Brz-
eska et al., 1990). Future experiments analyzing the in
vivo phosphorylation levels of the SH3™ myoB heavy
chain will allow us to directly determine whether the
SH3 domain plays a role in heavy chain phosphory-
lation.

Alternatively, the SH3 domain may be required for
myoB to interact with other proteins necessary for its
contractile activity at the cell cortex. The discovery of
a complex of proteins that binds specifically to the SH3
domain of Acanthamoeba myosin IC (Xu et al., 1995)
suggests that interactions with proteins other than a
MIHCK might influence the ability of myoB to func-
tion in vivo. The protein that binds to the Acan-
thamoeba myosin IC SH3 domain, Acanl25, contains
two tandem consensus PXXP motifs, a leucine-rich
repeat (sites for ligand binding), and is related to a
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protein of unknown function found within the Caeno-
rhabditis elegans cosmid K07G5.1 (Xu et al., 1997). The
SH3 domain has also been shown to play a role in the
assembly of protein complexes in other systems. For
example, the yeast cytoskeletal protein Abplp has
been shown to bind to the adenylyl cyclase-associated
protein Srv2p and the actin-associated protein
Rvs167p via SH3 domains in vitro (Lila and Drubin,
1997). Through SH3 domains, Abplp is believed to
localize Srv2p and Rvsl67p to a complicated protein
complex at the cell cortex necessary for proper cortical
patch organization (Lila and Drubin, 1997). Such a
complex of proteins may be required for the function
of myosin I. A kinetic analysis of Acanthamoeba myosin
I (Ostap and Pollard, 1996a) strongly suggested that it
is necessary for myosin I to be locally concentrated to
effectively generate movement along actin. A Dictyo-
stelium homologue of Acanl25 may play a role in
generating myosin I mulitmers by binding the SH3
domain of several myosin I molecules. Loss of the SH3
domain may not affect the localization of myosin I but
could prevent it from forming a complex with other
myosin I molecules.

Cytoskeletal proteins such as myosin Is and other
actin-binding proteins are likely to work together to
organize the location and timing of cellular projec-
tions. The composition of these protein complexes,
along with their methods of localization and activa-
tion, are beginning to be discovered. Demonstration of
the in vivo requirement for the myoB TEDS rule phos-
phorylation site and SH3 domain has offered some
clues as to the method by which myosin I activity is
controlled. Discovery and characterization of the fac-
tors that interact with the myosin I SH3 domains, such
as Acan125, will enable us to determine how the ac-
tivity of these motors is regulated. The complementa-
tion system we have established using the Dictyoste-
lium myoA~/B~ cell line will also allow us to identify
new, functionally important regions of myoB, along
with those of other amoeboid myosin Is. Future exper-
iments using this system will provide clues to the
exact molecular mechanism by which myosin Is con-
trol F-actin reorganization.
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