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Strongly dominant negative mutant actins, identified by An
andMogami (An, H. S., andMogami, K. (1996) J. Mol. Biol. 260,
492–505), in the indirect flight muscle of Drosophila impaired
its flight, even when three copies of the wild-type gene were
present. Understanding how these strongly dominant negative
mutant actins disrupt the function of wild-type actinwould pro-
vide useful information about the molecular mechanism by
which actin functions in vivo. Here, we expressed and purified
six of these strongly dominant negativemutant actins inDictyo-
stelium and classified them into three groups based on their
biochemical phenotypes. The first group, G156D, G156S, and
G268D actins, showed impaired polymerization and a tendency
to aggregate under conditions favoring polymerization. G63D
actin of the second group was also unable to polymerize but,
unlike those in the first group, remained soluble under polymer-
izing conditions. Kinetic analyses using G63D actin or G63D
actin�gelsolin complexes suggested that the pointed end surface
is defective, which would alter the polymerization kinetics of
wild-type actin when mixed and could affect formation of thin
filament structures in indirect flight muscle. The third group,
R95C and E226K actins, was normal in terms of polymerization,
but theirmotility on heavymeromyosin surfaces in the presence
of tropomyosin-troponin indicated altered sensitivity to Ca2�.
Cofilaments in which R95C or E226K actins were copolymer-
ized with a 3-fold excess of wild-type actin also showed altered
Ca2� sensitivity in the presence of tropomyosin-troponin.

Actin filaments are major components of the cytoskeletons
of all eukaryotic cells and play key roles in a variety of cellular
functions, including cell migration, organelle transport, and
muscle contraction. These diverse processes depend on the
dynamic nature of actin filaments and their interactions with
various actin-binding proteins (1), which are thought to involve

conformational changes in the subunits that make up actin fil-
aments. For instance, the stability of actin filaments is affected
by the conformational difference between actin subunits carry-
ing ATP or ADP and those that do not (2, 3), whereas cofilin, a
major actin filament severing protein, alters the twist of actin
filaments (4). In addition, modification of actin filaments
through chemical cross-linking causes motility defects with
myosin, suggesting a possible link between actin-myosin inter-
action and the conformational dynamics of actin (5, 6). More-
over, themyosin-induced conformational changes appear to be
cooperative (7–9), e.g. Ca2�-triggered conformational changes
in the skeletal muscle actin filaments are enhanced by cooper-
ative conformational changes induced by myosin (10). In many
cases, however, details of the molecular relationship between
conformational changes in actin and its physiological function
remain unclear.
Actin is a highly conserved protein, so that Dictyostelium

actin 15 shares 91% amino acid identity with rabbit skeletal
muscle actin. This implies that the majority of amino acid res-
idues in actin are essential for its function. A mutational
approach is a powerful tool to investigate the structural basis
for the functions of actin. In particular, dominant negative actin
mutantsmay be useful for revealing unknownmolecularmech-
anisms that underlie the function of actin, as they have been
with other proteins. The yeast Saccharomyces cerevisiae and the
fly Drosophila melanogaster are well known sources of domi-
nant negative actinmutants. A haploid S. cerevisiae cell has one
actin gene, act1 (11), which is essential for cell viability (12); and
certain mutations to act1 were judged to be dominant lethal,
because cells carrying both the mutant and a wild-type (WT)4
copy of the gene were still unable to grow (13, 14). In Drosoph-
ila, mutation of the act88F gene, which is expressed only in the
indirect flight muscle (IFM), impairs flight without impairing
viability, which has enabled identification of numerous domi-
nant negative mutant actin alleles (15, 16).
An and Mogami (16) introduced random mutations into

act88F and isolated 10 strongly dominant negative alleles
(G63D, R95C, G156D, G156S, E226K, G268D, G301D, G302D,
Q353@, and W356@, respectively, where @ denotes a stop
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codon) that impair the ability of Drosophila to fly, even in the
presence of a 3-fold excess of WT actin genes (antimorphic).
These investigators speculated that the dominant negative
mutant actins are incorporated into actin filaments in the IFM,
where they disrupt the interactions between the filaments and
myosin, tropomyosin (Tm), and/or adjacent actin molecules
within the filaments (16). Detailed biochemical characteriza-
tion of these mutant actins has not yet been achieved because,
up to now, they could not be obtained in sufficient quantities
from flies (17) or in vitro translation systems (18). Recently,
however, we developed a novel expression system in which a
fusion protein of actin and His-tagged thymosin � is expressed
in Dictyostelium cells, and this system has proven particularly
useful for expressing dominant negative actin mutants. Indeed,
it enabled us to purify sufficient amounts of protein to charac-
terize dominant negative mutant actins that were originally
identified in yeast but could not be purified (19). In this study,
we introduced the strongly dominant negative mutations
reported by An and Mogami (16) into the Dictyostelium act15
gene and expressed the proteins using our novel expression
system. This approach enabled us to purify six of the aforemen-
tionedmutant actins (G63D, R95C,G156D,G156S, E226K, and
G268D; Fig. 1) and to characterize their biochemical properties.
Our results show that thesemutations impair polymerization of
actin subunits and confer a tendency to aggregate; they also
affect filament ends or Ca2� regulation via tropomyosin-tropo-
nin (Tm�Tn), suggesting that these perturbations of actin func-
tion cause the observed dominant negative properties.

EXPERIMENTAL PROCEDURES

Plasmid Construction—pTIKL ART, the plasmid used for
our novel expression system (19), contains a G418 resistance
gene for selection and theART gene, which is theDictyostelium
act15 gene modified to carry four unique restriction sites (AR),
followed by a Gly-based linker, a synthetic human thymosin �
gene, and a His tag. Fragments of the actin sequence, separated
by unique restriction sites, were cloned into a cloning vector.
Mutations were introduced using a PCR-based method with
one of the vectors serving as a template, after which they were
subcloned into pTIKLARTusing unique restriction sites. GFP-
fused mutant actin genes were generated by subcloning the
mutated actin gene fragment into pTIKL GFP-AR (19).
Cell Culture—pTIKL-based plasmids were electroporated

into Dictyostelium discoideum Ax2 cells (20). Cells carrying

pTIKL-based plasmids were selected on plates at 21–22 °C in
HL5medium containing 60 �g/ml each of penicillin and strep-
tomycin and 40 �g/ml G418. For biochemical purification of
actin, cells were grown on plates in medium containing 100
�g/ml G418. Large scale cultures were grown for 2–3 days to
0.5–1.0 � 107 cells/ml in 1.5 liters of HL5 medium without
G418 in 5-liter conical flasks on a rotary shaker operating at
110–120 rpm.
Observation of GFPMutant Actin in Live DictyosteliumCells—

Ax2 cells expressing GFP-actin were observed using a confocal
laser-scanning microscope (19).
Western Blotting and RT-PCRAnalyses—RT-PCR analysis of

the RNA expression of mutant ART was performed as de-
scribed previously (21) using ART-specific primers (5�-GGT-
ACCACTATGTTCCCAGGTATTG-3� and 5�-ACGCGTTA-
ATGATGGTGATGATGGTGATGATGTGATTCACCT-3�).
To assess the protein expression of mutant GFP-AR and ART,
cells were lysed in SDS sample buffer and subjected toWestern
blotting analysis using anti-GFP (22) or anti-actin antibodies
(clone C4, Chemicon, Temecula, CA).
Purification of Actin—Recombinant WT and mutant actins

were purified as described previously (19) with some modifica-
tions. Briefly, cells expressing ART were harvested, washed,
resuspended in 2 volumes/g binding buffer (10 mMHEPES (pH
7.4), 40 mM imidazole (pH 7.4), 2 mM MgCl2, 500 mM NaCl, 1
mM ATP, and 7 mM �-mercaptoethanol), and then lysed by
adding 2 volumes of binding buffer containing 1.25% Triton
X-100 and protease inhibitors. The resultant cell lysate was
centrifuged for 30 min at 36,000 � g, after which the superna-
tant was incubated with nickel-Sepharose 6 Fast Flow (GE
Healthcare) for 1 h at 4 °C before washing the resin with wash-
ing buffer (10 mM HEPES (pH 7.4), 40 mM imidazole (pH 7.4),
800 mM NaCl, 0.5 mM MgCl2, 0.1 mM ATP and 7 mM �-mer-
captoethanol). The crude ART fraction was eluted from the
resin in elution buffer (10 mM HEPES (pH 7.4), 500 mM imida-
zole (pH 7.4), 100 mM NaCl, 0.5 mM MgCl2, 0.1 mM ATP and 7
mM �-mercaptoethanol) and dialyzed against G-buffer (2 mM

Tris-HCl (pH 7.4), 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM DTT,
0.01% NaN3). This was then digested with 1-chloro-3-tosyl-
amido-7-amino-2-heptanone-treated chymotrypsin (Sigma)
for 10 min at 25 °C, and the reaction was stopped by the addi-
tion of 0.4mMphenylmethylsulfonyl fluoride. Actin is relatively
resistant to chymotrypsin, so this treatment primarily cleaves
ART immediately after final residue Phe-375 of native actin
(19). However, some mutant actins were more easily cleaved
internally, and therefore the ratio of chymotrypsin to total pro-
tein and the reaction time were optimized for each mutant
actin. The solution of digested proteinwas applied to an Econo-
HighQCartridge (Bio Rad) pre-equilibratedwithG-buffer, and
boundproteinswere elutedwith a linear 0–0.5MNaCl gradient
in G-buffer. Fractions containing the released intact actin were
pooled and ultracentrifuged (300,000 � g for 15 min at 25 °C)
after being supplemented with 1 mM ATP and 4 mM MgCl2. In
the case of polymerization-competent actin (WT, R95C, and
E226K), the pellets were dissolved and dialyzed against
G-buffer, and the supernatants after ultracentrifugation
(300,000 � g for 15 min at 4 °C) were used as the purified actin
fraction. In the case of actin with poor polymerization compe-

FIGURE 1. Mutated residues in the actins characterized in this study. The
Dictyostelium actin structure (58) (Protein Data Bank code 1c0f) is depicted
using Chimera software. Mutated residues are highlighted by space-filling
representation. The numbers indicate the subdomains.
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tence (G63D andG268D), the supernatants from the first ultra-
centrifugation were applied to a nickel-Sepharose column, and
the flow-through was dialyzed against G-buffer and then used
as the purified actin solution. In the case of the G156D and
G156S mutants, which had low but significant polymerization
competence, actin fractions from the Econo-High Q column
were pooled and directly applied to a nickel-Sepharose column,
and the flow-through was collected. After dialysis against
G-buffer, the dialysate was ultracentrifuged (300,000� g for 15
min at 4 °C), and the supernatant was used as the purified actin
solution. Before use, Ca2�-actin in G-buffer was converted to
Mg2�-actin by adding 1 mM EGTA and 50 �M MgCl2 to the
actin solution, which was then incubated for at least 10 min
on ice.
Other Protein Preparation—Rabbit skeletal heavy meromy-

osin (HMM), Tm, Tm�Tn complex, and actin were prepared
as described previously (23–25). Gelsolin was purified from
bovine plasma (26).
Sedimentation Assay—WT and mutant actins were allowed

to polymerize in F-buffer (10mMHEPES (pH 7.4), 4mMMgCl2,
100 mM KCl, 1 mM ATP, 0.5 mM DTT), alone or with a 2-fold
molar excess of phalloidin (Sigma) or an equal molar concen-
tration of WT, for 1 h at the desired temperature. They were
then ultracentrifuged for 10 min at 300,000 � g at the same
temperature, and the resultant pellet and supernatant fractions
were subjected to SDS-PAGE.
Electron Microscopy—Mutant actins (G156D, G156S, and

G268D)were polymerized, negatively stained by 1% uranyl ace-
tate, and observed as described previously (19).
Complexes of Actin and Gelsolin—To form actin�gelsolin

complexes, 0.4 �M WT or G63D G-actin was added to 0.5
mg/ml BSA and 20 nM gelsolin in G-buffer, after which the
buffer was incubated for 30 min at room temperature. To con-
firm complex formation, the solutions were mixed with an
equal volume of 2 �M rhodamine-phalloidin (RhPh)-labeled
skeletal actin filaments in buffer containing 10 mMHEPES (pH
7.4), 4 mM MgCl2, 100 mM KCl, 0.2 mM CaCl2, 0.5 mg/ml BSA,
and 0.5 mMDTT. After incubation for 15 min at room temper-
ature and dilution, the mixtures were introduced into HMM-
coated flow cells (see below) for microscopic observation of
fragmentation.
Pyrene Fluorescence Measurement—Labeling of actin with

N-(1-pyrene)iodoacetamide (Molecular Probes, Eugene, OR)
was carried out as described previously (27). Actin polymeriza-
tion was then monitored based on the increase in pyrene fluo-
rescence following the addition of 100mMKCl and 2mMMgCl2
at 23 °C. The final buffer contained 5 mM HEPES (pH 7.4), 100
mM KCl, 2 mM MgCl2, 0.4 mM EGTA, 0.5 mg/ml BSA, 0.5 mM

DTT, and 1 mM ATP.
Elongation rates of WT actin from gelsolin�actin complexes

were measured as follows. The actin�gelsolin complex was
formed by mixing 2.5 �M G-actin (WT or G63D) and 250 nM
gelsolin in G-buffer and then incubating themixture for 30min
at room temperature. Twenty microliters of the actin/gelsolin
solution were added to 1 �M WT actin (15% of which was
pyrene-labeled), and polymerization was immediately initiated
by adding 100 mM KCl and 2 mM MgCl2 (total volume of 500
�l). The final buffer contained 5 mM HEPES (pH 7.4), 100 mM

KCl, 2mMMgCl2, 0.4mM EGTA, 0.5mg/ml BSA, 0.5mMDTT,
and 0.6 mM CaCl2.
ATPase Activity of Mutant Actin Filaments—ATPase activi-

ties of actin during polymerization were measured by using
malachite green (28). G-Buffer (control) and G-Buffer contain-
ing 5 �M WT, 5 �M G156S, or G268D actin were incubated at
37 °C for 5 min or 1 h in 10 mM HEPES (pH 7.4), 2 mM MgCl2,
100 mM KCl, 1 mM EGTA, 0.25 mM DTT, and 0.5 mM ATP.
After quenching with 0.3 M perchloric acid, Pi concentrations
were measured.
In Vitro Motility Assay—Motility assays using nitrocellu-

lose-coated coverslips were performed as described previ-
ously (29).
When measuring the Ca2� sensitivity of the Tm�Tn regula-

tion system, it was critically important to minimize the stalling
of actin filaments due to denatured HMM heads, so that we
could be sure that stalling was due to the Ca2� regulation. For
this purpose, after washing out unbound HMM, AB/BSA (10
mM HEPES (pH 7.4), 25 mM KCl, 4 mM MgCl2, 0.5 mM DTT,
and 0.5 mg/ml BSA) containing phalloidin-stabilized actin fila-
ments (eitherWTormutant, to be assayed)was introduced and
incubated for 1 min to block inactive HMM heads, followed by
incubation with AB/BSA/ATP (AB/BSA plus 1 mM ATP) for 2
min. Thereafter, the flow cell was washed with AB/BSA and
incubated with a solution of RhPh-labeled actin filaments for 1
min. This was followed by the addition of AB/BSA containing 1
�g/ml Tm�Tn complex, which was incubated for 3min. Finally,
ATP/Tm�Tn solution (10mMHEPES (pH 7.4), 4 mMMgCl2, 25
mM KCl, 2 mM EGTA, 1 �g/ml Tm�Tn complex, 0.5% methyl-
cellulose, 0.5 mg/ml BSA, 1 mM ATP, 10 mM DTT, 200 �g/ml
glucose oxidase, 30 �g/ml catalase, 3 mg/ml glucose, and vari-
ous concentrations of CaCl2) was introduced, and movements
were observed as above. The free Ca2� concentration in the
ATP/Tm�Tn solution was controlled using a Ca2�-EGTA
buffer systemcontaining 2mMEGTAand44�M to 2mMCaCl2.
Individual filaments were classified into the following three
groups based on their motility, according to the criteria of
Homsher et al. (30): moving at a uniform speed, moving errat-
ically, and notmoving. Filaments were judged not to bemoving
if the measured velocity was below a cutoff value, 0.5 �m/s,
which is the mean � 2� of the measured “velocities” of control
filaments immobilized to the HMM-coated surface in the
absence of ATP. The mean filament gliding speeds at different
pCa values were fitted to the following Hill equation: V �
Vmax/(1 � 10n(pCa50�pCa)).
Measurement of Actin-activated S1 ATPase Activity—Actin-

activated S1 ATPase activity was measured using an EnzChek
phosphate assay kit (Invitrogen). Reactions were started by the
addition of 1 unit/ml purine nucleoside phosphorylase, 0.2 mM

2-amino-6-mercapto-7-methylpurine riboside, and then 0.87
�M S1 to a solution of phalloidin-stabilized 4 �M WT or R95C
filaments in ATPase buffer (10 mM imidazole (pH 7.0), 50 mM

KCl, 2 mM EGTA, 3 mMMgCl2, 97 �g/ml Tm�Tn, various con-
centrations of CaCl2 and 1 mM ATP) at 25 °C.

RESULTS

In Vivo Polymerization of GFP-actin and Expression of ART—
To assess their polymerization competence in vivo, fusion pro-
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teins in which GFP was fused to the N terminus of WT or
mutant actin via a flexible linker were expressed in Dictyoste-
lium and observed in live cells under a fluorescencemicroscope
(Fig. 2A). GFP-WT actin localized in the cortical layer of cells,
indicating it is able to copolymerize with endogenous actin
in vivo. GFP-R95C, -G156D, -G156S, -G268D, and -E226K
mutant actins showed localization similar toGFP-WT actin. By
contrast, the remaining mutant GFP actins (G63D, G301D,
G302D, Q353@, andW356@) were diffusely distributed in the
cytoplasm, indicating that polymerization of these mutant
actins was severely disrupted in vivo. Western blot analysis of
whole cell lysates using anti-GFP antibodies showed that
the expression levels of GFP-G156D, -G156S, -Q353@, and
-W356@ actins were much lower than that of GFP-WT actin
(Fig. 2B).
We next used RT-PCR with specific primers and Western

blot analysis with a monoclonal anti-actin antibody to deter-
mine the expression levels of mutant ARTs (Fig. 2, C and D).
The protein expression levels of some mutant ARTs (i.e.
G156D, G156S, and E226K) were significantly lower than that
of WT, whereas G301D, G302D, Q353@, and W356@ ARTs
were not detected at all. In fact, purification of the latter four
mutant ARTs was unsuccessful. Nonetheless, the expression
levels of the mutant ART mRNAs were not significantly lower
than that ofWTmRNA. This suggests that these mutant ARTs
are probably rapidly degraded after translation due to inappro-
priate or unstable folding or because they assume a conforma-
tion that is easily attacked by proteases. This is probably why
expression levels of the correspondingmutantGFP-actins were
also low.

Polymerization Competence of
Purified Mutant Actins in Vitro—
We purified six dominant negative
mutant actins in amounts sufficient
for biochemical analyses. The six
mutantswere allowed to polymerize
under three conditions as follows:
alone, in the presence of excess
phalloidin, and in the presence of an
equal amount of WT actin. They
were then ultracentrifuged and ana-
lyzed by SDS-PAGE (Fig. 3). R95C
and E226K actins sedimented like
WTactin under all conditions. Con-
versely, G63D actin did not sedi-
ment under any conditions, includ-
ing in the presence of the Tm�Tn
complex (not shown). In the pres-
ence of WT actin, approximately
half of a total actinmixture contain-
ing equal amounts ofWT andG63D
actins pelleted, but this pellet
almost certainly consistedmainly of
WT actin, as the addition of WT
protein did not noticeably reduce
the amount of actin in the superna-
tant. G156D, G156S, and G268D
actins did not completely sediment

alone, but the addition of phalloidin significantly enhanced
their sedimentation. Moreover, supernatants of all three
mutants decreased when WT actin was added, suggesting that
they copolymerizedwithWTactin, which is consistentwith the
behavior of the GFP-fused mutant actins in vivo.
Mutant actins showing defective polymerization (G63D,

G156D, G156S, and G268D) were incubated in F-buffer at four
different temperatures ranging from 4 to 37 °C and then ultra-
centrifuged. The sizes of the G156D, G156S, and G268D actin
pellets increased with increasing temperature (Fig. 4A), and the
G156D and G156S actins precipitated almost completely at
37 °C. Electron microscopic observation revealed that G156D
and G156S actins formed small structures, presumably oligo-
mers, in F-buffer at 4 °C (Fig. 4B). At 37 °C, large, amorphous
aggregates were formed, suggesting the pellets obtained after
ultracentrifugation contained improperly polymerized fila-
ments. G268D actin formed filaments after incubation at 37 °C,
but aggregates presumably consisting of denatured G268D
actin molecules were also seen around the normal filaments.
G63Dactin did not precipitate at any of the temperatures tested
(data not shown).
ATP Hydrolysis by G156S and G268D Actins—To know

whether aggregations of G156 and G268D actins occurred
upon transfer to the polymerization condition or after ATP
hydrolysis, we determined the amount of Pi released from
G156S and G268D actins during polymerization. Molar con-
centrations of Pi released fromG156S andWTactins during the
initial 5min after transfer to the polymerization conditionwere
both similar to that of actin (Fig. 5), suggesting that both actins
hydrolyzed ATP once in 5 min. However, G156S actin did not

FIGURE 2. Expression of GFP-mutant actins and mutant ARTs in Dictyostelium cells. A, fluorescence
from GFP-actins in Dictyostelium cells observed using a confocal laser-scanning microscope. For GFP-
G156D, -G156S, -Q353@, and -W356@ mutant actins, the majority of cells were too dark for observation,
and the cells shown here have atypically high expression. Regions of cortical GFP fluorescence are indi-
cated by arrows. Scale bar, 10 �m. B, Western blot (top) and Coomassie Brilliant Blue staining (bottom)
following SDS-PAGE of total cell lysates from Dictyostelium cells expressing GFP-mutant actins. Polyclonal
anti-GFP antibodies were used for Western blotting. C and D, levels of ART protein and mRNA were
examined by Western blot analysis using a monoclonal anti-actin antibody (C) and RT-PCR using ART-
specific primers (D).
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release further Pi during the following 55 min of incubation,
whereasWT actin released 2.5-fold more Pi during this period,
presumably representing treadmilling or cycling between G-
and F-actin. In contrast, G268D actin released 3.5-fold more Pi
than the WT in 1 h of incubation under the polymerization
condition (Fig. 5).
Pyrene Fluorescence Assay—We examined the effects of the

mutant actins on polymerization of WT actin by monitoring
the increase in the fluorescent signal from pyrene attached to
Cys-374 of WT actin polymerized in the presence of mutant
actin (Fig. 6).
R95C and E226K actins accelerated polymerization of WT

actin to the same extent as WT actin (Fig. 6, A and C), suggest-
ing these mutants can interact normally with WT actin, which
is consistent with the results of the pelleting assay. In contrast,

G156D and G156S actins did not
significantly affect the overall po-
lymerization kinetics of WT (Fig.
6B). Numerous aggregates observed
by electronmicroscopy suggest that
the majority of these mutant actin
molecules aggregatedwithout prop-
erly interacting with the WT actin.
Addition of G268D actin acceler-

ated polymerization, but the final
intensity of pyrene fluorescence was
lower than was seen with WT actin
alone (Fig. 6C). Based on this finding
and the results of electron micro-
scopic observations, we suggest that
under our polymerization condi-
tions, a fraction of the G268D actin
molecules polymerized properly,
but the remainder did not, some of

which formed aggregates. In this scenario, the normal fraction
of the mutant molecules interacts with the WT actin properly,
copolymerizing and accelerating the process; however, the
aggregating fraction draws inWTmolecules, which then donot
enhance pyrene fluorescence, resulting in the observed reduc-
tion in the final fluorescence intensity.
Addition of 1 �M G63D actin accelerated polymerization of

WT actin slightly during the early phase of polymerization (Fig.
6A), and this accelerating effect was much more pronounced
with 5 �MG63D actin (data not shown), indicating this mutant
can interact with WT actin during the nucleation stage of
polymerization. Gly-63 is on the surface of the actin molecule
and is at the pointed end when incorporated into filaments.
Gelsolin is a potent actin filament severing and nucleating pro-

FIGURE 3. Sedimentation assay of mutant actins. Each purified mutant actin was allowed to polymerize under three conditions and then ultracentrifuged.
Condition 1, polymerization of actin alone. Condition 2, polymerization with phalloidin. Condition 3, polymerization with additional equimolar concentration of
WT actin. The resulting supernatant (S) and pellet (P) fractions were analyzed using 10% PAGE and stained with Coomassie Brilliant Blue (A). The band intensities
were then quantified using ImageJ software (B). White, gray, and black bars represent the data obtained under conditions 1, 2 and 3, respectively. Error bars
indicate S.D. (n � 3).

FIGURE 4. Polymerization of mutant actins at different temperatures. WT, G156S, G156D, and G268D actins
were incubated in F-buffer at 4, 15, 25, and 37 °C and ultracentrifuged. The resulting supernatant and pellet
fractions were subjected to SDS-PAGE and quantified (A). B, electron micrographs of G156D, G156S, and G268D
actins incubated in F-buffer at 4 or 37 °C. Scale bar, 100 nm.
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tein that caps the barbed end of actin filaments (31, 32), so that
elongation of the filaments from the actin�gelsolin complex
occurs only from the pointed end surface of the complex. We
therefore examined the rates of elongation of WT actin from
the gelsolin�G63D actin complex to assess the interaction
between the pointed end surface of G63D and the barbed end
surface of WT actin. To do this, we first tested whether G63D
actin binds to gelsolin. Gelsolin and WT or G63D actin were
incubated in the presence of Ca2� to allow formation of the
complex, after which the solutions containing the complexes
were added to a solution of RhPh-labeled rabbit skeletal actin
filaments (Fig. 7A). Addition of gelsolin-G63D actin did not
lead to significant fragmentation of the filaments nor did the
addition of gelsolin-WT actin. On the other hand, addition of
gelsolin alone caused significant fragmentation. This inhibitory
effect of G63D actin on the ability of gelsolin to sever actin
filaments confirms that G63D actin is able to bind to gelsolin
normally and that the barbed end surface ofG63Dactin is prop-

erly masked within the complex. The gelsolin�actin complex
reportedly accelerates polymerization in the presence of
Ca2� but reduces the final extent of polymerization because
the elongation occurs only at the pointed end of the fila-
ments (33, 34). The rate of elongation from gelsolin-G63D
actin was significantly slower than the rate from gelso-
lin-WT actin (Fig. 7, BandC), indicating that the pointed end
surface of G63D actin is able to interact with the barbed end
surface ofWT actin, although this interaction is weaker than
between WT molecules.
In Vitro Motility and Actin-activated S1 ATPase Activity—

We tested the ability of filaments of each mutant actin to
slide over immobilized rabbit skeletal muscle HMM in an in
vitromotility assay. G63D actin filaments were not observed
after labeling with RhPh. Few RhPh-labeled G156D and
G156S filaments were observed, and these rare filaments
were very short (data not shown). Therefore, these three
mutant actins were not subjected to the motility assay.
E226K filaments had a tendency to form bundles, and we
chose single filaments for the velocity measurements. The
velocities of E226K and G268D filaments were slightly
slower than the WT filaments, whereas R95C filaments
moved at speeds indistinguishable from the WT (Table 1).
However, higher concentrations of KCl were required to
release R95C filaments from the HMM surface in the pres-
ence of ATP than were required to release WT filaments (60
versus 45 mM KCl; data not shown), indicating that the affin-
ity of R95C filaments for myosin in the presence of ATP is
higher than that of WT filaments.
Because the R95C (35–37) and E226Kmutation (38, 39) sites

overlap the proposed interaction site for Tm,we next examined
the Ca2� sensitivity of movements of R95C and E226K fila-
ments in the presence of Tmor the Tm�Tn complex (Figs. 8 and
9). We used rabbit skeletal Tm and Tm�Tn complex for these
experiments because we previously found that Dictyostelium
actin is efficiently regulated by Ca2� in the presence of rabbit
Tm�Tn (38). The Hill equation parameters obtained by fitting
the velocities and percentages of filaments moving at uniform
speeds are shown in Tables 2 and 3. The calculated maximum
velocity (Vmax) and percentage of filaments moving at uniform
speeds (Fmax) of R95C filaments in the presence of Tm�Tn
(Tm�Tn R95C filaments) was 5.1 �m/s and 95%, respectively.

These were somewhat higher than
3.9 �m/s and 74% obtained with
WT filaments (Tm�Tn WT fila-
ments). The concentration of Ca2�

required for activation of the move-
ment of Tm�Tn R95C filaments was
lower than that required for move-
ment of Tm�Tn WT filaments, and
the Ca2� concentrations required
for one-half Vmax and Fmax (pCa50)
were both shifted by 0.3 (from 6.6 to
6.9). We also tested the effects of
Tm�Tn on filaments in which R95C
andWT actins were copolymerized
at a molar ratio of 1:3 (Tm�Tn
R95C/WT cofilaments). This ratio

FIGURE 5. Actins (5 �M) or G-buffer (control) were incubated in solution
including 10 mM HEPES (pH 7.4), 2 mM MgCl2, 100 mM KCl, 1 mM EGTA,
0.25 mM DTT, and 0.5 mM ATP at 37 °C for 5 min or 1 h. Following acid
quenching, the amounts of total Pi were determined by the malachite green
method. Values shown are after subtracting Pi concentration at 0 min. Error
bars indicate S.D. (n � 4 –7).

FIGURE 6. Effects of mutant actin on the polymerization kinetics of WT actin. 1 �M WT actin (15% pyrene-
labeled) was mixed with 1 �M WT or mutant actin, after which polymerization was initiated by adding 100 mM

KCl and 2 mM MgCl2 at 23 °C. Polymerization was followed for 60 –90 min by monitoring the pyrene fluores-
cence intensity.
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was selected because it is the ratio of the copy numbers of R95C
and WT actin genes in Drosophila IFM showing impaired flight
(16). The pCa50 of Tm�Tn R95C/WT cofilaments in velocity and
percentages of filaments moving at uniform speeds also shifted
upward both by 0.2 to 6.8.
We next investigated the effects of R95C mutation on actin-

activated skeletal muscle S1 ATPase activity in the presence of
Tm�Tn and found that the steady state ATPase activity stimu-
lated by R95C filaments was higher than that by WT filaments
at all pCa points measured in this study (Table 4). This
enhanced activation by R95C mutation in the presence of
Tm�Tn parallels the results of the motility assay. However, we
were unable to detect increased sensitivity to Ca2�, i.e. larger
pCa50, in the present ATPase measurements.
E226Kmutation also significantly impaired regulation by the

Tm�Tn system, but the effect was opposite to that of the R95C
mutation. Even at pCa 5, very fewTm�TnE226K filaments were
moving, and those that were moving did so very slowly in the
presence of the Tm�Tn complex. Furthermore, inhibition of
motility was also seen in the presence of tropomyosin only (Fig.
9), indicating that E226K mutation impairs properly regulated

interaction with tropomyosin.With
the cofilaments of WT and E226K
mutant actins, the pCa50 of the per-
centage of filaments moving at uni-
form speeds was reduced slightly
(6.8 � 0.04 for Tm�Tn E226K/WT
cofilaments and 7.0 � 0.06 for
Tm�Tn WT filaments), but the
pCa50 of velocity did not change sig-
nificantly (6.9 � 0.02 for Tm�Tn
E226K/WT cofilaments and 7.0 �
0.11 for Tm�TnWT filaments).

DISCUSSION

Using our novel system, which
enables expression of toxic actin
mutants, we successfully purified
six of the strongly dominant nega-
tive mutant actins identified by An
and Mogami (16). Subsequent bio-
chemical analyses enabled their
classification into three functional
groups as follows: poor polymeriza-
tion with a tendency to aggregate;
no polymerization presumably due
to disrupted filament ends; and per-
turbed regulation by Tm�Tn.
Mutant Actins Showing Reduced

Polymerization and a Tendency
to Aggregate—G156D and G156S

actins formed large aggregates at higher incubation tempera-
tures during polymerization. Moreover, sedimentation assays
indicated a strong interaction between the mutant and WT
actins, whereas pyrene fluorescence assays did not show signif-
icant copolymerization between the mutant and WT actins.
IFM fibers of heterozygous Drosophila in which G156D or
G156S actin was expressed were normal (16); therefore, we
have no specific idea how G156D and G156S actins affect WT
actin in IFM. Interestingly, G156S mutant actin appeared to
aggregate after ATP hydrolysis under the polymerization con-
dition. Gly-156 is locatedwithin theATP binding loop, which is
thought to sense the nucleotide state and to be involved in the
conformational change accompanying the release of Pi (40).
Thus, aggregation of G156D or G156S actin may correlate with
structural changes coupled to ATP hydrolysis or Pi release dur-
ing polymerization.
In sedimentation assays, G268D actin showed a weak po-

lymerization defect. Gly-268 is in the “hydrophobic loop,”
which interacts with the “hydrophobic pocket” formed by
two subunits in the opposing strand within filaments. Intro-
duction of a hydrophilic residue into this region could desta-
bilize filaments by disrupting the hydrophobic interaction,
as has been suggested for yeast mutant actins (41). This
instability may accelerate “treadmilling,” which may be why
G268D actin released larger amounts of Pi than WT during
extended incubation under the polymerization condition.
Release of Pi from V266G/L267G yeast actin, which only
forms oligomers even under the polymerization condition,

FIGURE 7. Interaction between G63D actin and gelsolin and the effect of the gelsolin�G63D complex on
polymerization of WT actin. A, gelsolin�WT actin complex (Gel�WT complex), gelsolin�G63D actin complex
(Gel�G63D complex), or gelsolin alone was added to 1 �M RhPh-labeled rabbit skeletal muscle actin filaments (SK
actin). The mixture was then diluted and visualized on HMM-coated coverslips using a fluorescence micro-
scope. Scale bar, 10 �m. B, rates of WT actin elongation in the presence of Gel�G63D or Gel�WT complex were
measured to examine the interaction between the barbed ends of WT actin and the pointed ends of G63D
actin. 1 �M WT actin (15% pyrene-labeled) was allowed to polymerize in the presence of the following addi-
tives: gelsolin�G63D complex (filled triangles), gelsolin�WT actin complex (open circles), and G-buffer (open
squares). Polymerization was followed by monitoring the pyrene fluorescence intensity for 60 min. The boxed
area is enlarged in C.

TABLE 1
Gliding velocities of mutant actin filaments
Motility assays were carried out in AB (10mMHEPES (pH 7.4), 4mMMgCl2, 25mM
KCl, 0.5 mg/ml BSA, 10 mM DTT, and the oxygen scavenger system) at 25 °C.

WT R95C E226K G268D

Velocity (�m/s) 4.2 � 0.41 4.3 � 0.43 3.4 � 0.42 3.9 � 0.47
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continues in the steady state. This result was suggested to
represent unstable cycling of oligomers driven by the hydro-
lysis of ATP (42).

Polymerization of G268D actin
was cold-sensitive. Chen et al. (41)
reported that the L266D mutant of
yeast actin is cold-sensitive, pre-
sumably due to the cold sensitivity
of hydrophobic interactions. This
same argumentmay be applicable to
the cold sensitivity of G268D actin.
Furthermore, the conformational
dynamics of the hydrophobic loop
accompanying polymerization is
also important. The hydrophobic
loop detaches from the main body
of actin and is inserted into the
hydrophobic pocket, stabilizing the
filaments (43, 44). Thus, cross-
linked actin, in which extension of
the hydrophobic loopwas inhibited,
was unable to polymerize (45).
Because Gly residues are generally
important to the conformational
dynamics of proteins, and because
Gly-268 is completely conserved
among actin sequences, Gly-268
may contribute to the conforma-

tional dynamics of the hydrophobic loop. Conformational
changes of the hydrophobic loop are unnecessary for ATPase
activity accelerated under the polymerization condition (46).
This is consistentwith the highATPase activity ofG268D actin.
Electron microscopic observation and pyrene assays sug-

gested that a fraction of WT actin molecules are taken into the
aggregates when they are allowed to copolymerize with G268D
actin, which may cause reduction of functional actin in IFM. It
is also possible that G268D, as well as G156D and G156S
mutant actins, take in actin-binding proteins into aggregates,
which may perturb the actin turnover in vivo.
Mutation That Affects Filament Ends—Sedimentation assays

showed that G63D actin only minimally copolymerized with
WT actin in the steady state, whereas pyrene assays indicated
that G63D actin accelerated nucleation and polymerization of
WT actin. G63D actin bound to gelsolin, but polymerization of
WT actin from G63D-gelsolin was slow. Because Gly-63 is
located on the pointed end surface of the actinmolecule, where
it participates in the formation of the hydrophobic pocket
within filaments, we suggest that the polymerization defect of
G63D actin derives from the reduced hydrophobicity on the
pointed end surface of the molecules, whereas the barbed end
surface remains normal. Polymerization of �-actin with R62D
mutation is similarly defective, reflecting a weak interaction
with WT actin (47).
In the early copolymerization phase ofWT andG63D actins,

a fraction of the G63D molecules may have been incorporated
into the filaments from the growing pointed ends. In the steady
state, however, G63D molecules were not found in the fila-
ments. This is presumably becauseG63Dmoleculeswith defec-
tive pointed end surfaces would not be able to polymerize if, as
is generally assumed, polymerization occurs slowly only at the
barbed ends during treadmilling. Moreover, those G63D mol-

FIGURE 8. Effects of R95C mutation on Tm�Tn function. Velocities of moving filaments (A) and percentage of
filaments moving at uniform speeds (B) of RhPh-labeled WT, R95C filaments, and cofilaments over HMM sur-
faces were measured in the presence of Tm�Tn and various Ca2� concentrations (pCa) at 25 °C. The Hill coeffi-
cient, pCa50, maximum velocity (Vmax (�m/s)), and maximum percentages of filaments moving at uniform
speeds (Fmax (%)) were obtained by fitting each data set to the Hill equation (the parameters used are given in
Table 2). Error bars indicate S.D. The differences of velocities and percentages of filaments moving at uniform
speeds at pCa 6.7 between each pair of WT filaments and R95C filaments or cofilaments were significant (p �
0.05, t test). A significant fraction of filaments was not moving at intermediate pCa, and to avoid very large S.D.,
those stalled filaments were excluded from velocity analysis (30). However, this procedure resulted in excessive
high velocity at high pCa if a very small number of filaments moved at velocities above the cutoff, even though
the vast majority of the filaments had stalled. Therefore, those data points were excluded from fitting to the Hill
equation, and zero values were used instead at those data points, which are shown in parentheses. Shown here
is a representative of three independent experiments.

TABLE 2
Hill parameters for WT and R95C actin filaments
Each parameter � S.E. was determined by fitting the data presented in Fig. 8 to the
Hill equation. Shown here is a representative of three independent measurements.

Velocity Filaments moving at
uniform speeds

WT Mutant Cofilament WT Mutant Cofilament

Hill coefficient 1.6 � 0.70 1.5 � 0.28 2.5 � 0.54 2.7 � 0.63 2.0 � 0.14 3.5 � 0.94
pCa50 6.6 � 0.09 6.9 � 0.06 6.8 � 0.03 6.6 � 0.04 6.9 � 0.02 6.7 � 0.04
Vmax (�m/s) 3.9 � 0.38 5.1 � 0.27 4.3 � 0.14
Fmax (%) 74 � 4.1 95 � 1.8 82 � 4.7

TABLE 3
Hill parameters for WT and E226K actin filaments
Each parameter � S.E. was determined by fitting the data presented in Fig. 9 to the
Hill equation. TheWTdata shown here is different from the one in Table 2, and this
presumably reflects a minor difference in the experimental conditions (e.g. the Ca-
EGTA buffer and the HMM batch).

Velocity Filaments moving at
uniform speeds

WT Cofilament WT Cofilament

Hill coefficient 1.9 � 0.80 1.3 � 0.07 2.1 � 0.58 2.9 � 0.68
pCa50 7.0 � 0.11 6.9 � 0.02 7.0 � 0.06 6.8 � 0.04
Vmax (�m/s) 4.6 � 0.40 4.0 � 0.05
Fmax (%) 84 � 4.4 79 � 3.6

TABLE 4
Actin-activated S1 ATPase activity
Data are average and S.D. of three independent measurements.

pCa WT filaments R95C filaments

s�1 s�1

4.0 1.41 � 0.09 2.83 � 0.02
6.4 1.13 � 0.24 3.31 � 0.24
6.7 1.10 � 0.13 2.70 � 0.11
7.0 0.6 � 0.05 1.17 � 0.20
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ecules that had been incorporated into filaments would even-
tually be expelled from the filaments by treadmilling. In this
scenario, G63D actin disrupts the initial phase of the formation
of thin filament structures in IFM. In fact, An andMogami (16)
reported that IFM fibers of heterozygous Drosophila fly con-
taining the G63Dmutation were wavy. That said, we are unable
to rule out the possibility thatG63Dactin sequesters some actin
monomer-binding protein, thereby indirectly disturbing the
turnover of actin in IFM cells. However, this model predicts
that most, if not all, polymerization-incompetent actin alleles
would be dominant negative, but we have no evidence to that
effect.
Mutations at Tropomyosin-binding Sites—R95C and E226K

mutations did not affect polymerization of the mutant actin
alone or in the presence ofWTactin. This is reasonable because
these mutation sites are located away from the surface facing
adjacent actin subunits within the filament. However, RhPh-
labeled E226K filaments tended to form bundles in buffers for
motility assays. Because actin is highly acidic, the charge rever-
sal resulting from E226K mutation either weakens repulsion
between filaments or attracts clusters of negative charges in
neighbor filaments. The bundling ofmutant actin filamentswas

also associated with mutations of
the N-terminal acidic residues (48,
49). However, we do not think that
this bundling of E226K filaments
was the cause of the dominant
negative phenotype, as E226K fila-
ments did not bundle in physio-
logical salt concentrations or
when copolymerized with WT
actin (data not shown).
The acto-S1 docking model (50)

suggests that Arg-95 of actin is
involved in the interaction with
myosin, and previous mutational
studies suggest that negative
charges in this region are important
for myosin binding (48, 51–53).
Consistent with this, R95C fila-
ments, in which the net negative
charge is increased in the region,
showed greater affinity for myosin
in in vitro motility assays. The dif-
ference was subtle, however, and
was unlikely to cause the dominant
negative effect seen in vivo. We
therefore examined Tm�Tn regula-
tion of R95C and E226K filaments,
as these mutation sites are near tro-
pomyosin-binding sites. Tropomy-
osin equilibrates in three states
within thin filaments, blocked,
closed, and open, and equilibrium
among these states is affected by Ca2�
binding to troponin and/or myo-
sin binding to thin filaments (54). In
the blocked state, the myosin-bind-

ing sites on actin filaments are sterically blocked by Tm; in the
closed state they are partially exposed, allowingweak binding of
myosin to actin. Finally, the open state is induced from the
closed state by transition of myosin to the strongly bound state,
leading to force generation. Arg-95 and Glu-226 are near the
proposed position occupied by Tm in the blocked (35–37) and
open states (38, 39), respectively.
Motility of Tm�Tn R95C filaments exhibited a higher sensi-

tivity to Ca2� than Tm�Tn WT filaments. This may be caused
by disruption of equilibrium among the Tm states due to the
loss of a positive charge and/or the higher affinity for myosin.
With respect to the first mechanism, it is known that the equi-
librium among tropomyosin states is shifted to the blocked
state on E93K mutant filaments even in the presence of Ca2�,
suggesting that the introduced positive charge stabilizes the
blocked state (55). In the R95C mutant, a positive charge is
removed, so that Tm may tend to shift away from the blocked
state. With respect to the second mechanism, it is known that
the number of cross-bridges per unit length of the thin filament
alters Ca2� sensitivity (30). Because R95C filaments have a
higher affinity for myosin than WT filaments, a larger number
of HMM molecules may interact with R95C filaments, so that

FIGURE 9. Effects of E226K mutation on Tm�Tn function. Velocities of moving filaments (A) and percentage
of filaments moving at uniform speeds (B) of RhPh-labeled WT, E226K filaments, and cofilaments over HMM
surfaces were measured in the presence of Tm�Tn and analyzed as in Fig. 8. The differences of the velocities and
percentages of filaments moving at uniform speeds between cofilaments and WT filaments at pCa 6.7 were
significant (p � 0.05, t test). The velocities (C) and percentages of filaments moving at uniform speeds (D) in the
presence or absence of regulatory proteins shown in the bar graphs are those at pCa 5, except that the data
in the presence of Tm alone was obtained in the absence of Ca2�.
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the equilibrium of the Tm state may shift to the open state at a
lower Ca2� concentration. At present we have no data with
which to estimate the relative contributions of these two
mechanisms.
Interestingly, enhanced sensitivity to Ca2� was not detected

in the ATPase measurements in solution. In motility assays,
filaments were stretched by HMMmolecules. It is thus tempt-
ing to speculate that stretching affected sensitivity of the fila-
ments to Ca2� and that this is related to stretch activation of
IFM (see below).
Motility of Tm�Tn E226K filaments were severely inhibited

even in the presence of high Ca2� concentrations. Further-
more, a similar motility defect was observed with Tm only,
whereas those filaments moved normally in the absence of Tm.
Thus, these motility defects derive from a disruption of Tm
function. Presumably the equilibrium among tropomyosin
states on E226K filaments is biased to the closed or blocked
state.
Beating IFM undergoes a high frequency oscillation that is

dependent on stretch and is not synchronized to the release of
Ca2� (stretch activation) (56). Nonetheless, a certain level of
Ca2� is maintained during beating (57), which suggests that a
certain level of Tm�Tn activation is required for stretch activa-
tion. BothR95CandE226K filaments showed altered sensitivity
to Ca2� in the presence of Tm�Tn in in vitromotility assays but
appearedmore or less normal in the absence of Tm�Tn. Thus, a
relatively minor perturbation of the Tm�Tn functionmay affect
the intricate stretch activation system, as the pCa50 of Tm�Tn
cofilaments with either R95C or E226K and WT actins were
shifted by only 0.1–0.2. Additionally, the two types of cofila-
ments moved 10% faster and 13% slower than Tm�TnWT fila-
ments, respectively, and these differences in sliding velocities
might enhance the effects of increased and decreased sensitiv-
ities of the cofilaments to Ca2� in terms of stretch activation.

Finally, if R95C and E226K mutant actin molecules are ran-
domly distributed within the thin filaments, there would be
segments of higher concentration of themutant actin, resulting
in nonhomogeneous activation at intermediate pCa. This could
interfere with the muscle function, including the stretch acti-
vation mechanism, more profoundly than can be suggested
from in vitro motility assays reporting averaged motile func-
tions of thousands of actin subunits.
Fibers in IFM expressing E226K were normal, but those

expressing R95C actin were disrupted (16), and this may be an
indirect consequence of the disturbed stretch activation
mechanism.
Mutant Actins That We Failed to Purify—The four mutant

actins that we were unable to purify were expressed at very low
but detectable levels when fused with GFP. They were presum-
ably expressed in the IFM cells as well, because they exhibited
strongly dominant negative effects there. Different approaches
will be needed to express these mutant actins and assess their
effect on muscle function.
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