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�- and �-nonmuscle actins differ by 4 amino acids at or near
the N terminus and distant from polymerization interfaces.
�-Actin contains an Asp1-Asp2-Asp3 and Val10 whereas �-actin
has a Glu1-Glu2-Glu3 and Ile10. Despite these small changes,
conserved across mammals, fish, and birds, their differential
localization in the same cell suggests they may play different
roles reflecting differences in their biochemical properties. To
test this hypothesis, we established a baculovirus-driven expres-
sion system for producing these actins in isoform-pure popula-
tions although contaminatedwith 20–25% insect actin. Surpris-
ingly, Ca-�-actin exhibits a slower monomeric nucleotide
exchange rate, amuch longer nucleation phase, and a somewhat
slower elongation rate than �-actin. In theMg-form, this differ-
ence between the two is much smaller. Ca-�-actin depolymer-
izes half as fast as does �-actin. Mixing experiments with Ca-
actins reveal the two will readily co-polymerize. In the Ca-form,
phosphate release from polymerizing �-actin occurs much
more rapidly and extensively than polymerization, whereas
phosphate release lags behind polymerization with �-actin.
Phosphate release during treadmilling is twice as fast with �-
as with �-actin.WithMg-actin in the initial stages, phosphate
release for both actins correlates much more closely with
polymerization. Calcium bound in the high affinity binding
site of �-actin may cause a selective energy barrier relative to
�-actin that retards the equilibration between G- and F-mon-
omer conformations resulting in a slower polymerizing actin
with greater filament stability. This difference may be partic-
ularly important in sites such as the �-actin-rich cochlear
hair cell stereocilium where local mM calcium concentrations
may exist.

Birds, fish, and mammals have genes that encode two non-
muscle actin isoforms termed� and �, based on theirmigration
in an isoelectric focusing gel, with�-actin themore acidic of the
two.These twononmuscle isoformsdiffer at only four positions
out of 375 residues, and the divergent residues are very similar
between the two proteins. �-Actin contains an Asp-Asp-Asp
N-terminal tripeptide and a Val at position 10 whereas �-actin
has a Glu-Glu-Glu N-terminal tripeptide and an Ile at position
10 (1) (Fig. 1).

In nonmuscle cells of mammals, birds, and fish, the �- and
�-nonmuscle actin isoforms exist in varying ratios depending
on the cell type, and these ratios are conserved in a cell and
tissue-specific way across these three groups of species. Usually
they are found in about a 2:1 �- to �-actin ratio (2). However,
there are notable exceptions. For example, in auditory hair
cells, the ratio is reversed (3), and in mature skeletal muscle
myotubes, �-nonmuscle actin, which lies in a thin layer just
beneath the sarcoplasmic membrane, is the only nonmuscle
actin isoform present (4, 5). Despite these small sequence dif-
ferences, their localization in cultured cells indicates that �-
and �-nonmuscle actins may play very different physiological
roles. In motile cells, �-actin tends to accumulate at the mem-
brane-cytoskeleton interface in dynamic ruffling regions near
the leading edge of the cell, whereas �-actin seems to be
enriched in stress fibers (6) although this generalization has
been challenged in a recent study (7). Spatial and temporal seg-
regation of �- and �-nonmuscle actins has also been found in
gastric parietal cells (8), auditory hair cells (3), osteoblasts (9),
and neurons (10, 11).
Despite the apparent differences in physiological behavior of

these two isoactins, the molecular basis for this cellular dis-
crimination has been difficult to ascertain. One way for the cell
to deal with this problem would be to synthesize the two iso-
forms in the different parts of the cells where they predominate.
Along these lines, it has been demonstrated that some cells can
post-transcriptionally sort �-actin mRNA through its isoform-
specific 3�-untranslated region to the leading edge resulting in
preferential �-actin synthesis in these regions (12–15). How-
ever, streaming of actin away from this area (16, 17) would
result in an ultimate mixing of isoforms further toward the cell
center. Another possibility is differential recognition of the two
isoforms by different actin binding proteins. Toward this end,
Namba et al. (18) have demonstrated that L-plastin preferen-
tially binds �- over �-actin, although the reason for this is
unclear, especially considering the small differences between
the two actins. A third possibility is differential post-transla-
tionalmodifications of the two isoforms. In this vein, it has been
reported that�-actin can beN-terminally arginylated following
removal of the N-terminal acidic residue (19). Initial estimates
based on mass spectroscopic methods suggested that this
occurred in 20–40% of the �-actin, although this number may
be much lower in different cell types. However, even if a fourth
of the �-actin is modified, it is hard to understand how this
small fraction could exert its effect over the entire �-actin pop-
ulation. A fourth possibility is that these small inherent struc-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DC008803 (to P. A. R.) and DC004568 (to K. H. F.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2.

1 To whom correspondence should be addressed. Tel.: 319-335-7911; E-mail:
peter-rubenstein@uiowa.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 21, pp. 16087–16095, May 21, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 21, 2010 • VOLUME 285 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 16087

http://www.jbc.org/cgi/content/full/M110.110130/DC1


tural differences result in propagated allosteric changes that
alter distant binding sites for actin-binding proteins. However,
based on the monomer crystal structure, the three N-terminal
actin residues are in an unstructured finger that reaches out
into solution from the surface of the protein making this possi-
bility seemingly less likely (20–22). Position 10, in which the
residues differ by only a single methylene carbon, is in the middle
of a structural core of subdomain 1, and this difference might
result in a conformational change, perhaps via crowding effects.
To date, because of their similar sequences and their pres-

ence as mixtures in most cells, a limiting factor in addressing
these isoform differences at the biochemical level has been a
difficulty in readily obtaining significant amounts of these
actins as pure isoform populations. The demonstration that
cardiac actin could be successfully expressed in and purified
from baculovirus-infected insect cells (23, 24) suggested that
this approachmight also be away to obtain pure preparations of
human �- and �-nonmuscle isoactins. In this report, we dem-
onstrate that we are able to do just that although endogenous
insect actin is present to the extent of �20–25%.We also show
that this has little effect on the biochemical properties of the
individual isoforms. We have then used these preparations to
compare the biochemical properties of these two isoactins in
themonomeric state and in their ability to polymerize.Our data
show that despite their very similar amino acid sequences, the
two isoactins display distinct polymerization characteristics that
correlate with their apparently differential roles in motile cells.

EXPERIMENTAL PROCEDURES

Materials—DNase I (grade D) was purchased from Worth-
ington. Affi-Gel 10-activated resin andMicro Bio-Spin P-30 Tris

gel filtration chromatography col-
umns were obtained from Bio-Rad.
DE52 DEAE-cellulose was acquired
from Whatman. N-(1-pyrenyl)male-
imide, ATP, ADP, hexokinase, and
glucose were acquired from Sigma-
Aldrich. Tween-20, enzyme grade,
was obtained from Fisher Scientific.
Yeast cakes for WT actin prepara-
tions were purchased from a local
bakery. All other chemicals were rea-
gent-grade quality.
Cells and Cell Culture—Low pas-

sage Sf21 cells (BD Biosciences)
were cultured in SF900 II medium
(Invitrogen) with 1% penicillin/strep-
tomycin. These cells, after being
switched to TC-100 Insect Medium
with L-glutamine and sodium bicar-
bonate (Sigma-Aldrich) with 1%
penicillin/streptomycin and 10%
fetal bovine serum, were used for
recombinant virus production and
protein expression.
Construction of Baculovirus

Transfer Vectors—The coding se-
quences of human �- and �-non-

muscle actins were cloned into pDEST8. The AcMNpv 6.9
baculovirus promoter was cloned upstream of the actin gene.
The Invitrogen Bac-to-Bac system was then used to generate
recombinant bacmids containing either the �- or �-nonmuscle
actin gene. All sequenceswere confirmed by sequencing of viral
DNA from infected cells.
Purification of Recombinant Actin—Infected cells (with a

multiplicity of infection equal to 2) were harvested 48 h postin-
fection by centrifugation, washed in phosphate-buffered saline
and lysed in a high Tris buffer (1 M Tris-HCl, pH 7.5, 0.5 mM

MgCl2, 0.5 mM ATP, 4% Triton X-100, 1 mg/ml Tween 20, 1
mM dithiothreitol, and a protease inhibitor mixture (benzami-
dine, leupeptin, aprotinin, antipain, TLCK, TPCK, E-64, each at
1.25 �g/ml)) by sonication. The cell lysate (50 ml from a prep-
aration of �9 � 108 cells) was cleared by centrifugation at
40,000K for 1 h using a Beckman L8–70Multracentrifuge with
a 45Ti rotor. The lysate was then diluted with 1� G-buffer (10
mMTris-HCl, pH 7.5, 0.2 mMCaCl2, and 0.2 mMATP) with the
same protease inhibitor mixture as above. Control insect actin
was also purified from uninfected SF21 cells as described for
recombinant actin purification.
Muscle actin was purified from rabbit muscle acetone

powder, as described by Spudich and Watt (25). Yeast and
nonmuscle actins were purified in the calcium form via a
combination of DNase I-agarose affinity chromatography,
DEAE-cellulose chromatography, and polymerization/de-
polymerization cycling as described previously (26). Purity of
the actin preparations were assessed by SDS-PAGE analysis
(supplemental Fig. S1). The concentration of G-actin was
determined from the absorbance at 290 nm using an extinction
coefficient of 0.63 M�1 cm�1. The yield was typically 1–2 mg of

FIGURE 1. Locations of the structural differences between �- and �-nonmuscle actin. A, monomer view of
the crystal structure of �-actin, modified from Protein Data Bank code 1HLU (22) using Swiss-PdbViewer Ver-
sion 3.7. The positions of the differing residues are color-highlighted and labeled: D1, D2, D3 green; V10, pink.
B, model of the actin trimer based on the filament model of Oda et al. (21), with the positions of the differing
residues color-highlighted and labeled as described above. ATP is depicted as an orange stick, and Ca2� or
Mg2� ion depicted as a red circle.
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actin per liter of infected cells. Using mass spectroscopic anal-
ysis, we determined there to be �20–25% insect actin in our
nonmuscle actin protein preparations (data not shown). Mg-
actin was generated by diluting actin in G-Buffer with MgCl2
for 10 min and then adding EGTA to chelate calcium as
described previously (27).
Actin Thermal Stability—The apparent melting tempera-

tures of yeast and nonmuscle actins were determined using cir-
cular dichroism by following the change in ellipticity of the
G-actin sample at 222 nm as a function of temperature between
25 and 90 °C as described previously (28). Measurements were
made on an Aviv 62 DS spectropolarimeter. Data were fit to a
two-state model, and the apparentTm value was determined by
fitting the data to the Gibbs-Helmholtz equation to approxi-
mate the temperature at which 50% of the actin was denatured.
Actin ATP Exchange—The ability of G-actin to exchange its

bound nucleotide was assessed by first loading the actin with
�-ATP2 and then following its displacement from the actin in
the presence of a large excess of ATP as described previously
(28). Exchange rates were determined by fitting the data to a
single exponential expression using BioKine Version 3.1.
Actin Polymerization—Polymerization of G-actin in a total

volume of 160�l was induced by the addition ofMgCl2 andKCl
to final concentrations of 2 mM and 50 mM respectively
(F-salts). Polymerization was monitored at 25 °C by following
the increase in light scattering of the sample in a FluoroMax-3
or a Flurolog (model FL3–21) fluorescence spectrometer out-
fitted with a computer-controlled thermostatted four position
multi-sample exchanger (HORIBA Jobin Yvon Inc.). Differ-
ences in machines can cause variations in the light scattering
values; therefore, data from any given graph were obtained
from the same fluorescence spectrometer. Both the excitation
and emission wavelengths were set to 360 nm with the slit
widths for both set at 1 nm.
For seeded actin polymerization assays, 4.8 �M actin was

polymerized as above. Then after polymerizationwas complete,
a 1:1molar ratio of phalloidin was added to the actin. Filaments
were sheared creating phalloidin actin seeds (PAS) and the
seeds were added to G-actin to make up 5% of the total actin in
the reaction. F-salts then were added, and polymerization was
monitored at 10-s intervals as above.
Pi Release from Actin—The rate of Pi release from polymer-

izing actin samples following ATP hydrolysis was assessed
using the commercially available EnzChekTM phosphate assay
(Invitrogen) at 25 °C. Briefly, this spectrophotometric assay uti-
lizes the purine nucleoside phosphorylase-dependent phos-
phorolysis of 6-mercapto-7-methylpurine riboside to ribose
1-phosphate and 2-amino-6-mercapto-7-methylpurine, the
latter of which has a characteristic absorbance at 360 nm that is
not shared by the nucleotide substrate at pH values greater than
6.5 (29, 30). Following induction of polymerization of 4.8 �M

actin, the absorbance wasmonitored as a function of time, with
readings taken automatically at 10-s intervals at 360 nm using a
thermostatted cuvette holder set to 25 °C � 0.1 °C.

Actin Depolymerization—Actin was polymerized to steady-
state levels. DNase I was then added in a 1:5 actin to DNase
molar ratio. Depolymerization was monitored as a decrease in
light scattering over time. Depolymerization rates were deter-
mined by fitting the data to a single exponential expression
using BioKine Version 3.1.
Electron Microscopy—Actin filaments were visualized by

depositing 2 �l of a sample containing 4.8 �M F-actin onto
carbon-coated Formvar grids. The grids were negatively
stainedwith 1% uranyl acetate, and observed using a JOEL 1230
transmission electron microscope (University of Iowa Central
Electron Microscopy Facility). Image J was used to process the
images.

RESULTS

Characterization of G-actin Properties—We first determined
if the four amino acid difference between �- and �-actin causes
differences in the physical behavior of the actinmonomers. The
apparent melting temperatures of the actins with calcium
bound at the high affinity binding site in the nucleotide cleft,
the form inwhich they are purified, were determined by follow-
ing the change in molar ellipticity as a function of increasing
temperature in aCD spectropolarimeter. The differing residues
between �- and �-actin have no significant effect on the ther-
mal stabilities (data not shown).
We next determined the ability of the calcium G-actins to

exchange a bound fluorescent ATP analog (�-ATP) as a func-
tion of time in a solution with a large excess of ATP. We also
used yeast and muscle actins as reference points because yeast
actin has been shown have one of the fastest exchange rates of
all actins and muscle actin one of the slowest. Table 1 shows a
slightly but reproducibly faster rate of nucleotide exchange for
yeast actin compared with �-actin. The �-actin nucleotide
exchange rate is significantly slower than �-actin but is still
much faster than that of muscle actin (31).
Actin Polymerization—Most actin functions within the cell

depend on its ability to form filaments, and isoform differences
in polymerization and depolymerization kinetics could account
for isoform-specific functions. We therefore wanted to deter-
mine if the polymerization rates and filament stabilities of the

2 The abbreviations used are: �-ATP, 1-N6-ethenoadenosine 5�-triphosphate;
PAS, phalloidin actin seeds; WT, wild type; L.S., light scattering; A.U., arbi-
trary units.

TABLE 1
Effect of isoform residue differences on ATP exchange rates and
depolymerization kinetics
ATP exchange rates: The release of actin-bound �-ATP 1 �M actin in G buffer
without free ATP was triggered by the addition of 100 �M ATP. The decrease in
fluorescence caused by �-ATP exchangewas followed over time, and data were fit to
a first order reaction mechanism as described under “Experimental Procedures.”
Depolymerization Kinetics: The decrease in light scattering of actin filaments was
followed as a function of time after the addition of DNase I at 25 °C. The t1⁄2 of
depolymerization was determined as described under “Experimental Procedures.”
The number of experiments performed is indicated in parentheses.

Cation
bound Actin isoform Nucleotide

exchange t1⁄2
1/2 Time of

depolymerization

S s
Ca2� Yeast 35 � 3 (13) 70 � 6 (2)

�-Nonmuscle 66 � 2 (5) 127 � 2 (2)
�-Nonmuscle 92 � 15 (9) 202 � 20 (2)
Muscle 405 � 41 (3) NDa

Mg2� Yeast 4 � 1 (2) 48 � 7 (2)
�-Nonmuscle 10 � 2 (2) 105 � 3 (2)
�-Nonmuscle 10 � 4 (2) 110 � 5 (2)

a ND, not determined.
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two isoforms differed from one another. Again, yeast and mus-
cle actins were used as standards. Fig. 2 shows that Ca-�-actin
polymerizes nearly as fast as yeast actin. Further, the total light
scattering changewas almost identical for both�- and �-actins,
indicating little if any difference in critical concentration for the
isoactins. Surprising, however, was the extremely slow rate of
�-actin polymerization and the extended nucleation phase,
especially because the divergent residues between the two non-
muscle isoactins would seem to have little effect on the surfaces
of the actin involved in monomer-monomer contacts (Fig. 1).
EM analysis of negatively stained samples of filaments of both
actins showed no apparent differences between them in fila-
ment morphology (supplemental Fig. S2, A and B). Insect actin
also showed no apparent differences (data not shown).
Because of the significant degree to which insect actin was

present in our mammalian actin preparations (20–25%) we
wished to determine the extent of insect actin influence on
�-actin polymerization kinetics. A titration polymerization
assay was performed in which the total actin concentration was
kept at 4.8 �Mwith varying ratios of insect actin to �-actin (Fig.
3A). The results demonstrated that �-actin polymerization
kinetics remain relatively constant with an additional 10% pure
insect actin and were marginally affected by an additional 25%.

The results from Fig. 2 suggested that insect and �-actin
polymerization kinetics were very similar. We thus studied
their relative rates of polymerizations at a lower actin concen-
tration where differences might be more apparent. Fig. 3B
shows first that both actins polymerize to the same extent and,
second, that they do so with almost the same rate although the
insect actin repeatedly seems to polymerize slightly faster than
the �-actin preparation.

As stated before, despite their high degree of chemical iden-
tity, �- and �-nonmuscle isoactins often differentially localize
within the cell. We thus wished to determine whether this
asymmetry reflected an inherent inability of the two actins to
co-polymerize.We first established the polymerization kinetics
for 1.2�M �- and �-actins individually. Because this concentra-
tion is very near the critical concentration for actin, little if any
noticeable polymerization should occur over the course of the
experiment as demonstrated in Fig. 4. If the two actins could
not co-polymerize, mixing �- and �-actins with each at 1.2 �M

should produce no polymerization. However, Fig. 4 also shows
that such a mixture polymerizes to the same extent as either
actin does at double the concentration, 2.4 �M, indicating the
two actins are totally copolymerizable. The polymerization rate
of the mixture is intermediate between the behavior of the two
pure samples, reflecting that one isoform is not totally domi-
nant over the other in dictating overall behavior.
Fig. 2 suggests that the �-actin preparation has a much more

protracted nucleation phase than does the �-actin preparation.
We thus assessed the ability of increasing amounts of the �-ac-
tin preparation to overcome this apparent �-actin nucleation
barrier. Fig. 5 shows that adding increasing amounts of �-actin
to �-actin while holding total actin constant produced a dose-
response curve similar to what we sawwith insect actin in over-
coming the �-actin nucleation lag.
If, in fact, the delay in �-actin polymerization relative to that

of �-actin was caused by a nucleation barrier, the addition of
small amounts of F-actin seeds made from �-actin should
largely overcome this observed delay. For this experiment, we
generated F-actin seeds by sonicating phalloidin stabilized �-
and �-actin filaments and added them at amolar ratio of 1:20 to
samples of G �- and �-actins, respectively. Fig. 6 shows that, as
predicted, the �-actin seeds largely overcome the delay seen
with G �-actin alone. However, the seeded elongation rate of

�-actin is still somewhat faster than
that of �-actin suggesting a small
difference in their relative elonga-
tion rates as well.
One indication of filament stabil-

ity is its rate of depolymerization.
We thus measured the depolymer-
ization rates of Ca2� �- and �-F-
actins by following the first-order
decrease in light scattering as a
function of time following addition
of super-stoichiometric amounts of
DNase I as a sequestering agent for
actin monomers as they are gener-
ated. Table 1 shows the t1⁄2 values for
this process. Both �- and �-actins

FIGURE 2. Polymerization kinetics of actin isoforms. Polymerization of 4.8
�M actin was initiated by the addition of magnesium and potassium chloride
as described under “Experimental Procedures,” and the increase in L.S. was
monitored as a function of time at 25 °C. Shown are representative plots of
experiments performed at least three times with three independent actin
preparations.

FIGURE 3. Polymerization of insect and �-actin mixtures. Polymerization of 3.5 �M total actin was initiated
by the addition of magnesium and potassium chloride as described under “Experimental Procedures,” the
increase in L.S. was monitored as a function of time at 25 °C. The �-actin preparation used in this work contains
20 –25% insect actin. A, �-actin preparation, mixtures of �-actin preparation and insect actin, and pure insect
actin were polymerized, numbers behind the isoforms represent the relative percentage of each actin prepa-
ration within the reaction. B, pure insect and �-actin were polymerized. Shown are representative plots of
experiments performed at least three times with three independent actin preparations.
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depolymerize slower than yeast actin, and the t1⁄2 of�-actin is 1.6
times longer than that of �-actin indicating an enhanced stabil-
ity for the �-isoform filament.
Phosphate Release Kinetics—Another determinant of fila-

ment stability is the rate at which the inorganic phosphate is

released from the actin surface once the ATP is hydrolyzed
during polymerization because ADP-Pi F-actin is more stable
than ADP F-actin (32). For most polymerizing actins, the Pi
release curve is biphasic: an initial rapid release curve concom-
itant with polymerization and a slower second phase caused by
the treadmilling of monomers through the filament at steady
state.
Fig. 7, A and B, show the data obtained in the comparison of

Ca2� �-actin versus �-actin behavior. For �-actin, the initial Pi
release phase appears to actually proceed at a rate noticeably
faster than polymerization as determined by light scattering. In
comparison, the first phase Pi release with yeast actin is much
more synchronized with polymerization. This �-actin result
suggests some kind of salt-dependent uncoupling of ATPase
and polymerization or abortive filament formation and subse-
quent cycling of monomers. In contrast, the rate of first-phase
Pi release from �-actin seems to actually lag behind polymeri-
zation, similar to what is observed with muscle actin (33, 34).
For second-phase treadmilling, the rate of Pi release is approx-
imately twice as fast for �-actin (2.3 � 10�3 � 0.3 � 10�3 �M

Pi/s) than for �-actin (1.1� 10�3 � 0.1� 10�3 �M/s) similar to
the faster depolymerization rate of�- versus�-actin. Again, this
result is suggestive of a more dynamic �-filament.
Mg-actin Behavior—All of the above assays were performed

with calcium initially occupying the high affinity divalent cation
binding site on actin. However the predominant actin form in
the cell is thought to have boundmagnesium due principally to
the relative abundance of magnesium versus calcium in the
cytosol. Therefore we wanted to determine if the differences in
the behavior of Ca2� �- versus �-actin were maintained by the
actins in their Mg2� form. As with Ca2� actins, no differences
in thermostabilities of the Mg2� form of �- and �-actins were
observed (data not shown).
Nucleotide exchange rates for Mg2� yeast, �-, and �-actins

were all accelerated compared with their Ca2� counterparts,
indicative of amuchmore dynamicmonomer in theMg2� state
(Table 1). Additionally, the 2-fold difference in exchange rates
for �- versus �-actin in the Ca2� form virtually disappeared
suggesting the release of selective conformational restraints on
the calcium form of �-actin accompanying its conversion from
the Ca2� to the Mg2� form (Table 1).

We then repeated the polymerization assay with Mg-actins,
using 3.5 �M actin rather than the higher concentration used
previously to allow better differentiation between more rapidly
polymerizing actins. Fig. 8 shows that the rates of both Mg-
actin isoforms are faster than their Ca2� counterparts. Further-
more, as before, the�-actin polymerizesmore rapidly, although
the difference between Mg2� �- and �-actins has been drasti-
cally reduced. This result is consistent with less steric
restraints on flexibility of the Mg2� form of the G-actin
monomer allowing it to much more easily assume its poly-
merization-competent monomer conformation. As with
Ca2� actins, EM examination of the Mg-actin filaments
shows similar filament morphologies for �- and �-actin
(supplemental Fig. S2, C and D).
The relative rates of Pi release for the two isoactins are also

much closer in the Mg2� form than in the Ca2� form (Fig. 9, A
and B). For �-actin, the first phase Pi release rate appears much

FIGURE 4. Co-polymerization of �- and �-actin. Polymerization of 2.4 �M or
1.2 �M total actin was initiated by the addition of magnesium and potassium
chloride as described under “Experimental Procedures,” and the increase in
L.S. was monitored as a function of time at 25 °C. Shown are representative
plots of experiments performed four times with two independent actin
preparations.

FIGURE 5. Polymerization of �- and �-actin mixtures. Polymerization of 3.5
�M total actin was initiated by the addition of magnesium and potassium
chloride as described under “Experimental Procedures,” and the increase in
L.S. was monitored as a function of time at 25 °C. Numbers behind the iso-
forms represent the relative percentage of each actin isoform within the
polymerization reaction. Shown are representative plots of experiments per-
formed four times with two independent actin preparations.

FIGURE 6. Seeded polymerization of �- and �-actin. Polymerization of 3.5
�M actin was initiated by the addition of magnesium and potassium chloride
as described under “Experimental Procedures,” in the presence or absence of
PAS as indicated above and the increase in L.S. was monitored as a function of
time at 25 °C. Shown are representative plots of experiments performed four
times with two independent actin preparations.
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more closely synchronized with polymerization suggesting the
absence of substantial abortive monomer cycling (Fig. 9A). For
�-actin, there is still a lag in Pi release relative to the rate of
polymerization, although this discrepancy is smaller than with
the Ca2� actin. Finally, as before, with Mg2� actin, the tread-
milling rate for�-actin (2.8� 10�3 � 0.2� 10�3 �MPi/s) is still
1.5 times faster than that for �-actin (1.9 � 10�3 � 0.1 � 10�3

�M Pi/s).

DISCUSSION

The focus of this work was to determine if, despite their high
degree of sequence identity, the two nonmuscle actins exhibit
distinct biochemical properties that might explain their differ-
ent cellular roles (2). However, such an assessment requires
ready access to quantities of the individual pure isoforms large
enough for biochemical and biophysical experiments, a goal
previously difficult to achieve. The closest model of pure non-
muscle �-actin previously established was the scallop adductor
muscle �-like actin (35). Although scallop adductor actin is sim-
ilar in sequence to �-actin, there are seven amino acid substitu-
tions between the two actins, making scallop adductor actinmore

divergent from �-actin than even
�-actin (35). Basedonour resultswith
only a four residue divergence, these
differences between the actins could
cause differences in their biochemical
properties thereby detracting from
the usefulness of the scallop actin as a
�-actin model system (2, 35).

We have addressed this problem
by successfully establishing a bacu-
lovirus-driven expression system
for each of the individual mamma-
lian nonmuscle isoforms, similar to
what had previously been accom-
plished for the �-cardiac actin by

Bookwalter and Trybus (24). Others have also used this system
to assess the effect of different myopathic muscle actin muta-
tions in vitro (23, 36). Similarly, our system will allow for the
generation in the nonmuscle actins of pathology-producing
mutations such as those associated with autosomal dominant
non-syndromic hearing loss (37, 38) to try to gain insight into
the biochemical alterations that underlie these pathological
states. A problemwith this system, however, is the significantly
higher amounts of contaminating insect actin compared with
what was encountered in the production of a non-polymerizing
mutant �-cardiac actin (30). Estimates of contaminating insect
actin were not provided for the WT �-cardiac actin prepara-
tions.We do not understand the reason for this difference. The
presence of the insect actinwill complicate the ability to use this
preparation to study differences in actin-actin binding protein
interactions between �- and �-actins because of the similarities
in �- and insect actin behavior. Furthermore, this complication
mandates that one include controls with pure insect actin alone
in such work. However, the distinct polymerization differences
between �- and insect actins should allow for meaningful com-
parisons betweenWT �-actin and pathology producingmutant
�-actins.

The four residues differentiating �- from �-actin lie at or
near the amino terminus in a position that would not be
expected to cause differences in the nucleotide binding behav-
ior or thermostability of the actin monomer or their ability to
polymerize. In terms of thermostability, this is what we
observed. For nucleotide exchange, monomers of the two actin
isoforms exchanged bound nucleotide more slowly than the
rapidly exchanging yeast actin but about 4–6-foldmore rapidly
than muscle actin, previously shown to have one of the slower
nucleotide exchange rates (31). We repeatedly observed,
though, that the calcium�-isoform exchanged about 50%more
rapidly than the �-isoform suggesting that one or more of the
four residue differences between the two actin isoforms could
actually influence the dynamics of the protein around the
nucleotide cleft, contrary to our original prediction.
Isoform-specific Ion-dependent Polymerization Behavior—

Much more surprising, however, was the large difference in
polymerization rates for the two actins in the calcium form.The
�-actin polymerized much more rapidly than the �-actin,
almost as fast as the rapidly polymerizing yeast actin. The �-ac-
tin polymerized at a rate much slower than even that of muscle

FIGURE 7. Pi release associated with polymerization of Ca2� nonmuscle actin isoforms. 4.8 �M Ca2� �-ac-
tin (A) and �-actin (B) were polymerized at 25 °C by the addition of salt. Filament formation was monitored by
the change in light scattering and Pi release using the Enz Check Assay. The data were normalized and super-
imposed as described under “Experimental Procedures.” Shown are representative plots of experiments per-
formed at least three times with three independent actin preparations.

FIGURE 8. Polymerization kinetics of Ca2� versus Mg2� nonmuscle actin
isoforms. Polymerization of 3.5 �M actin was initiated by the addition of
magnesium and potassium chloride as described under “Experimental Pro-
cedures,” and the increase in L.S. was monitored as a function of time at 25 °C.
Shown are representative plots of experiments performed at least three times
with three independent actin preparations.
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actin, one of the slowest polymerizing actins documented to
date. This slower polymerization rate of �-actin versus �-actin
seems to result from both slower nucleation and elongation
rates, based on our seeded actin studies. In contrast, in the
magnesium form generally considered to be the more physio-
logically relevant due to the Ca/Mg ratios in the cytosol, the
difference between the two actin isoforms drastically
decreased, although the �-isoactin still polymerized more
quickly than the �-isoform. A similar ion-dependent difference
in the polymerization of two actins had previously been
observed in comparing Dictyostelium discoideum actin with
that from skeletal muscle, but these actins were considerably
more divergent from one another than the two under consid-
eration here and from different organisms where they play very
different roles (39).
This difference between the two nonmuscle actin isoforms

correlates with the different ways they are apparently used in
motile cells in which �-isoactin seems to be preferred at the
dynamic leading edge while the �-isoactin tends to be incorpo-
rated more in stable stress fibers toward the middle of the cell.
Our results show that this spatial separation is not due to an
inherent inability of �- and �-actin to co-polymerize. This dif-
ference might be achieved by somehow taking advantage of the
apparent inherent difference in filament stability indicated by
our DNase I experiment.
Our polymerization-dependent phosphate release assays

present a similar picture. Muscle actin retains its phosphate for
a substantial time after incorporation of the actin monomer
into the filament, whereas with yeast actin, release is essentially
simultaneous with polymerization reflecting their relative fila-
ment stabilities. In the calcium form, the rapid initial Pi release
phase for �-actin appears to occur significantly faster than net
polymerization. This observation is consistent with data from
Karlsson’s group (40), which demonstrated that Pi release pre-
cedes polymerization in both calf thymus actin and �-actin
expressed and purified from yeast. This relationship may indi-
cate the presence of non-productive or abortive polymerization
early in the process. Alternatively in the Ca-induced conforma-
tion, addition of F-salts may induce a conformational change,
which selectively activates �-actin ATPase without inducing
polymerization. In essence, this would cause an uncoupling of
these processes. In contrast, �-actin appears to substantially
retain its phosphate in the initial stage and exhibits a much

slower treadmilling phase. This
observation is consistent with the
idea that the �-filament is an inher-
ently less dynamic and amore stable
structure. As with the polymeriza-
tion studies, conversion of the actin
monomers to the magnesium form
prior to polymerization reduced the
difference between the two proteins
although Pi release for �-actin was
still faster for both phases than for
�-actin.
Possible Allosteric Interactions

Involving the N-terminal Divergent
Residues—The picture painted by

this overall set of results is one in which the binding of Ca2� at
the high affinity binding site in the nucleotide cleft sets up an
energy barrier, intensified by the �-specific residues, that inhib-
its the conversion of themonomer conformation from the non-
polymerizable to the polymerizable state. In essence theremust
be allosteric communication between these residues through
subdomain 1 to the rest of the protein. It is tempting to specu-
late that the difference in behavior can be attributed to residue
10 within subdomain 1 where there is a Val/Ile substitution
since this is in a core of secondary structural elements that form
part of the nucleotide binding cleft. The alternative candidate
would be that the other three N-terminal acidic residues that
extend from the surface of subdomain 1 on its exterior might
interact with other surface residues leading to a propagated
change. However, in the monomer, at least, these residues are
so unstructured they cannot be observed (22).
Results from previous work with yeast actin not only hint at

such allostery but also make the role of the N-terminal acidic
residues in this processmore likely. In themonomer, the C-ter-
minal peptide is on the opposite face of the planar actin struc-
ture in subdomain 1 than is the N-terminal peptide. There can
be no direct spatial contact between them. However, we previ-
ously demonstrated that the effects of amutation at residue 372
at the C terminus of yeast actin could be reversed by increasing
the number of acidic residues at the N terminus from two to
four (41). Second, we demonstrated that substitution of the
normal two acidic N-terminal residues of yeast actin with the
four found inmuscle actin by themselves hadno effect in vivo or
in vitro (42). Introduction of all but the four N-terminal resi-
dues of subdomain 1 and 2 muscle specific residues cumula-
tively into yeast actin was tolerated well by the cell (31). How-
ever, replacement of the two yeast N-terminal acidic residues
with the four muscle acidic residues in this subdomain 1/2
hybrid protein resulted in cell death. Replacement with only
three acidic residues, on the other hand, was compatible with
cell viability (31). Clearly, in this case the effect of the unstruc-
tured N-terminal acidic residues is determined by the context
of the rest of subdomain 1 in the protein, and this linkage has to
work in both directions. Further insight into the nature of this
differential allostery between the �- and �-nonmuscle actins
must await the construction of a set of hybrid actins using the
baculovirus system in which different combinations of the
divergent residues between the two isoforms are switched and

FIGURE 9. Pi release associated with polymerization of Mg-nonmuscle actin isoforms. 4.8 �M Mg2� �-actin
(A) and �-actin (B) were polymerized at 25 °C by the addition of salt. Filament formation was monitored by the
change in light scattering and Pi release using the Enz Check Assay. The data were normalized and were
superimposed as described under “Experimental Procedures.” Shown are representative plots of experiments
performed at least three times with three independent actin preparations.
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the resulting effects on polymerization assessed.However, such
experiments are beyond the scope of the present work.
Possible Physiological Relevance of the Ion-dependent Poly-

merizationDifferences—Onemight question the significance of
the differential polymerization behaviors of the two nonmuscle
actins in the calcium form since the predominant form in the
cell should be Mg2� actin. However, Ca2� bound in the nucle-
otide cleft may simply be one of a number of ligands that stabi-
lize an energetically accessible conformation that can signifi-
cantly differentiate the behavior of the two isoactins. In the cell,
actin interacts with a large array of proteins both in the mono-
meric and polymeric state, and it is entirely possible that the
conformational bias observed as a result of calcium binding
could also be achieved through the interaction of actinwith one
or more of its binding partners. The result would be the cre-
ation of twopopulations of dynamically different filaments sim-
ilar to what is seen in a number of cells.
There is at least one situation where the amount of calcium

actin might actually be high enough to directly influence the
behavior of these two actin isoforms. The perception of sound
depends on a set of cells in the cochlea of the inner ear called
hair cells. From these cells extend a highly organized set of
deformable membrane-covered actin filament bundles called
stereocilia. The bundles are stabilized by a set of actin filament
crosslinking proteins. Sound-dependent bending of these bun-
dles opens up potassium and calcium ion channels resulting in
the propagation of nerve impulses to the brain (43). It has
recently been demonstrated that high concentrations of calci-
um-binding proteins parvalbumin (44) and calbindin (45),
approaching 300 �M and 970 �M respectively, are found in the
stereocilia along with significant concentrations of two other
calcium-binding proteins (calretinin (46, 47), and oncomodulin
(48–50)). Additionally, stereocilia have theCa2�ATPase pump
PMAC2 at a concentration of �2000 molecules/�m2 on the
plasma membrane (51). The result could well be locally high
persistent calcium concentrations sufficient to create a signifi-
cant amount of calcium actin because actin actually binds cal-
cium with a Kd in the nanomolar range, tighter than it binds
magnesium (52). This is conjecture because to our knowledge it
has not yet been possible to actually measure the calcium con-
centrations in the stereocilia. Another mode of regulation that
cannot be dismissed is that the calcium is working directly on
actin-binding proteins, which regulate actin dynamics.
A newly published study based on immunolocalization sug-

gests an unequal distribution of �- and �-actin in the stereoci-
lium such that �-actin is concentrated in the core of the stereo-
ciliary bundle while �-actin forms a shell around the core that
will not stain with phalloidin (53). A somewhat analogous situ-
ation occurs in Caenorhabditis elegans where intestinal
microvilli seem to require the C. elegans Act5 gene product
(54). Attempts to substitute the Act1 gene product were not
tolerated although the two actins are 99% homologous (54).
A possible trivial explanation for the differential isoform dis-

tribution result in the hair cells, which must be considered, is
differential accessibility of the two isoform-specific antibodies
arising from the method by which the experiment was exe-
cuted. The lack of phalloidin staining could be due to themask-
ing of phalloidin binding sites in F-actin by an actin-binding

protein. Alternatively, it might reflect the sequestering of �-ac-
tin in some type of unorthodox non F-actin state. In response to
imposed noise, gaps occur in the bundled filaments which seem
to be filled in by the �-actin in some type of repair process (53).
Our results may have direct bearing in this system. If the differ-
ential distribution results are valid, the relative inability of the
Ca-�-actin to spontaneously polymerize would help to keep it
in this reservoir until directed polymerizationwithin these gaps
result in the reconstruction of continuous filaments. Once
incorporated into the filament, however, the inherently slower
rate of �-actin depolymerization would work to add strength
and stability to the repaired filament.
In summary our baculovirus system-based �- and �-actin

expression system has allowed a rigorous biochemical compar-
ison of these two actins in their isoform-pure states. Our initial
demonstration of an unsuspected ability of four small residue
differences to allosterically affect filament conformation pro-
vides important new insight into the biochemical basis under-
lying how these proteins might function differently within the
cell.
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3. Höfer, D., Ness, W., and Drenckhahn, D. (1997) J. Cell Sci. 110, 765–770
4. Craig, S. W., and Pardo, J. V. (1983) Cell Motil. 3, 449–462
5. Rybakova, I. N., Patel, J. R., and Ervasti, J. M. (2000) J. Cell Biol. 150,

1209–1214
6. Hoock, T. C., Newcomb, P. M., and Herman, I. M. (1991) J. Cell Biol. 112,

653–664
7. Dugina, V., Zwaenepoel, I., Gabbiani, G., Clément, S., and Chaponnier, C.

(2009) J. Cell Sci. 122, 2980–2988
8. Yao, X., Chaponnier, C., Gabbiani, G., and Forte, J. G. (1995) Mol. Biol.

Cell 6, 541–557
9. Watanabe, H., Kislauskis, E. H., Mackay, C. A., Mason-Savas, A., and

Marks, S. C., Jr. (1998) J. Cell Sci. 111, 1287–1292
10. Hannan, A. J., Gunning, P., Jeffrey, P. L., andWeinberger, R. P. (1998)Mol.

Cell Neurosci. 11, 289–304
11. Micheva, K. D., Vallée, A., Beaulieu, C., Herman, I. M., and Leclerc, N.

(1998) Eur. J. Neurosci. 10, 3785–3798
12. Gu,W., Pan, F., Zhang,H., Bassell, G. J., and Singer, R.H. (2002) J. Cell Biol.

156, 41–51
13. Kislauskis, E. H., Zhu, X., and Singer, R. H. (1994) J. Cell Biol. 127,

441–451
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