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Actin arginylation regulates lamella formation in motile fibroblasts, but the underlying molecular mechanisms are
unknown. To understand how arginylation affects the actin cytoskeleton, we investigated the biochemical properties and
the structural organization of actin filaments in wild-type and arginyltransferase (Ate1) knockout cells. We found that
Ate1 knockout results in a dramatic reduction of the actin polymer levels in vivo accompanied by a corresponding increase
in the monomer level. Purified nonarginylated actin has altered polymerization properties, and actin filaments from Ate1
knockout cells show altered interactions with several associated proteins. Ate1 knockout cells have severe impairment of
cytoskeletal organization throughout the cell. Thus, arginylation regulates the ability of actin to form filaments in the
whole cell rather than preventing the collapse of preformed actin networks at the cell leading edge as proposed in our
previous model. This regulation is achieved through interconnected mechanisms that involve actin polymerization per se
and through binding of actin-associated proteins.

INTRODUCTION

Posttranslational protein arginylation consists of the addi-
tion of arginine (Arg) onto proteins and is mediated by
arginyltransferase (Ate1; Kaji et al., 1963; Kaji, 1968; Balzi et
al., 1990), an evolutionarily conserved enzyme that is re-
quired for normal development in mammals (Kwon et al.,
2002). Ate1 knockout (KO) mice die of severe defects in
cardiovascular development and angiogenesis (Kwon et al.,
2002). Many proteins are arginylated in vivo during normal
metabolism and stress responses (Soffer, 1971, 1975; Kopitz
et al., 1990; Lee et al., 2005; Decca et al., 2006, 2007; Wong et
al., 2007). Remarkably, over a third of identified arginylated
proteins are cytoskeletal, suggesting a special role for argi-
nylation in the regulation of cytoskeleton-related events.
One of these proteins, actin, is among the most essential and
abundant intracellular proteins (Karakozova et al., 2006).

�- and �-Actins are the major structural components of the
actin cytoskeleton in nonmuscle cells (Rubenstein and Spu-
dich, 1977; Vandekerckhove and Weber, 1978; Otey et al.,
1987). Despite high levels of similarity, the �-, but not the �-
isoform of actin is N-terminally arginylated in vivo (Kara-
kozova et al., 2006). Both isoforms share two additional
arginylation sites located on the same surface of the folded
protein as the actin N-terminus (Wong et al., 2007); however,
it is not clear whether both actin isoforms in vivo are argi-

nylated on these sites. In the absence of arginylation, actin
forms aggregates during polymerization in extracts. Cul-
tured fibroblasts derived from Ate1 KO mice have collapsed
lamella, which can be rescued by reintroduction of N-termi-
nally arginylated �-actin into the Ate1 KO cells (Karakozova
et al., 2006). Thus, N-terminal arginylation regulates the
functions of actin in vivo and is important for normal cell
morphology and migration; however, the effects of arginy-
lation on the actin cytoskeleton in a living cell and the
underlying molecular mechanisms for actin regulation by
arginylation are unknown.

Here we addressed the role of arginylation in the regula-
tion of the actin cytoskeleton in vivo and found that the
absence of arginylation results in a dramatic decrease in
intracellular actin polymer levels, suggesting a severe im-
pairment of actin polymerization in arginylation-deficient
cells. We further found that this impairment is caused by
changes in actin polymerization properties and the structure
of the resulting filaments, as well as the ability of actin to
interact with several distinct actin-associated proteins that
modulate its in vivo functions. These changes suggest a
global role of arginylation in cell motility–dependent cy-
toskeleton polymerization and turnover.

MATERIALS AND METHODS

Purification and Baculovirus Expression of Actin
Wild-type (WT) and Ate1 KO mouse embryonic fibroblast (MEF) actin was
purified by a DNase-I affinity chromatography method as described before
(Schafer et al., 1998) with some modifications. For each preparation, 1 g of wet
cell pellet was lysed in 10 ml of extraction buffer (1 M Tris, pH 7.0, 0.6 M KCl,
0.5 mM ATP, 1 mM DTT, 0.5 mM MgCl2, and 0.1 mM PMSF) using a
Potter-Elvehjem homogenizer, followed by addition of 4% Triton X-100 and
0.1% Tween-20 and further homogenization. The resulting lysates were son-
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icated by five 15-s pulses to shear DNA, incubated at 4°C for 30 min with
occasional swirling, clarified by sequential centrifugation at 25,000 � g for 20
min and 100,000 � g for 1 h at 4°C, and dialyzed two times against 1l of buffer
A (2 mM Tris, pH 8.0, 0.2 mM CaCl2, 50 mM KCl, 0.2 mM ATP, and 0.5 mM
DTT). The dialyzed lysate was clarified by centrifugation at 17,500 � g for 20
min at 4°C, loaded onto a DNase-I agarose column (prepared by coupling
DNase-I [Roche, Indianapolis, IN]) to aminolink matrix [Pierce, Rockford, IL])
according to the manufacturer’s protocol), preequilibrated with buffer G (2
mM Tris, pH 8.0, 0.2 mM ATP, 0.5 mM DTT, and 0.2 mM CaCl2), washed with
10 column volumes of buffer G, and eluted with chilled 50% formamide in
buffer G into 4 volumes of chilled buffer G to adjust the formamide concen-
tration to 10%. The eluted fractions were immediately loaded onto a DE-52
column equilibrated with buffer D (2 mM Tris, pH 8.0, 0.2 mM CaCl2, 100 mM
KCl, 0.2 mM ATP, and 0.5 mM DTT), washed with 10 column volumes of
buffer D, and batch-eluted with buffer D containing 400 mM NaCl. Peak
fractions were then dialyzed against buffer G.

Baculovirus expression and purification of arginylated and nonarginylated
actin was performed as described in Yates et al. (2007) using mouse M-� and
R-� ubiquitin-actin fusion constructs made as described in Karakozova et al.
(2006).

Biochemical Fractionation of Actin and Estimation of
G- and F-Actin Ratios
MEFs were harvested and lysed in F-actin stabilization buffer (50 mM PIPES,
pH 6.9, 50 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 5% glycerol, 0.1% NP40,
0.1% Triton X-100, 0.1% Tween 20, 0.1% 2-mercaptoethanol, 1 mM ATP, and
protease inhibitor cocktail; Sigma, St. Louis, MO; P8340). The resulting lysates
were sedimented at 37°C at 200 � g for 5 min, 1,500 � g for 15 min, 16,000 �

g for 15 min, and 66,000 � g for 60 min. Protein concentrations in all the
fractions were normalized by the estimated protein concentration in the 200 �

g supernatant as determined by the Bio-Rad protein assay reagent (Richmond,
CA), and aliquots of supernatant and pellet fractions from each centrifugation
step were analyzed by SDS-PAGE and Western blot. Actin proteins present in
all the fractions were quantified by Western blots using antibodies to total
actin (Cytoskeleton, Denver, CO; AAN01), �-actin (Sigma; A1978), and �-actin
(a gift from Dr. J. C. Bulinski, Columbia University).

Actin Polymerization and Activity Assays
A pyrene actin assay (Cooper and Pollard, 1982) was performed as previously
described.

Actin assembly rates were determined from the slope of the pyrene fluo-
rescence curves within the period of fast fluorescence increase, and actin
critical concentration was estimated by plotting actin concentrations versus
actin assembly rates and determination of the x-axis intersection point by
extrapolation of the curves.

For lag phase measurements and estimation of actin nucleation rates, a total
of 1 �M WT and KO actin containing 20% pyrene actin was polymerized in
triplicates. To estimate the lag phase and actin nucleation rate, a theoretical
model (Nishida and Sakai, 1983), and a 4th order polynomial fit were used to
fit each curve and the point (time: T0) at the maximum slope (Sm) and
averaged over three trials. The results of these two tests agreed with each
other within error; numbers obtained based on the Nishida and Sakai, (1983)
model are stated in the legend to Figure S3. This result was also in agreement
with an estimation performed by plotting �n(1 � F(t)/F(�)) against time (t) to
obtain the intercept with the x-axis corresponding to the lag phase time as
described in Lal et al. (1984).

To measure actin elongation, actin seeds were prepared by polymerizing 20
�M purified muscle actin for 30 min at room temperature and shearing by
pipetting. 0.5 �M seeds and 0.4 �M pyrene actin were added to the reaction.

To measure actin polymerization by sedimentation, different concentrations
of purified G-actin were supplemented with 10 mM HEPES, pH 7.1, 135 mM
KCl, 10 mM NaCl, 2 mM MgCl2, 10 mM EGTA, and 0.2 mM ATP to induce
polymerization and incubated at room temperature for 4 h, followed by
centrifugation at 100,000 � g for 1 h at 17°C and quantification of actin in the
pellets by SDS-PAGE and Coomassie blue staining. Pure nonmuscle actin
(Cytoskeleton) was used as a concentration standard.

For sucrose gradient fractionation, 7 �M of WT and KO actin was poly-
merized overnight at room temperature, layered onto 5 ml of 10–60% step
gradient of sucrose (prepared as steps of 10, 20, 30, 40, 50, and 60%), and
centrifuged for 3 h at 34,000 rpm (Beckman Instruments, Fullerton, CA; SW
50.1 rotor) at 25°C. After the completion of the run, 200-�l fractions were
collected starting at the top of the gradient and analyzed by SDS-PAGE and
Coomassie blue staining. To determine the seeding capacity of the bottom
gradient fraction, 0.8 �M KO actin and 0.2 �M pyrene actin copolymerized in
the presence of 17 nM KO actin from fraction 25 of the sucrose gradient
containing actin aggregates.

For electron microscopy (EM), in vitro polymerized actin filaments were
loaded onto glow discharge-cleaned carbon-coated grids (Ted Pella, Irvine,
CA), negatively stained with 1% uranyl acetate and imaged with transmission
electron microscopy.

Gelsolin-binding and -severing Assays
To measure gelsolin-severing activity, 30 �g of WT or KO actin was poly-
merized for 5 h in the presence of 5 �M phalloidin. Stabilized actin polymers
were then incubated with or without 6 �g of gelsolin for 5 min in the presence
of 1.5 �M free Ca2� at room temperature. The reaction mix was layered onto
a 20% sucrose cushion containing 5 �M phalloidin and centrifuged at
100,000 � g for 45 min. The pellet was washed with polymerization buffer (10
mM HEPES, pH 7.1, 135 mM KCl, 10 mM NaCl, 2 mM MgCl2, and 2 mM
EGTA), resuspended in SDS gel loading buffer, and analyzed by SDS-PAGE.

To measure gelsolin binding, 2.0 �M WT or KO actin was polymerized for
24 h (to convert ATP-F-actin completely to ADP-F-actin) in the presence of 2
�M phalloidin. Stabilized ADP-F actin polymers were diluted to 1.6 �M with
actin polymerization buffer containing 16 �M phalloidin and 200 nM free
Ca2�. F-actin was incubated at room temperature with different concentra-
tions of gelsolin for 5 min and centrifuged at 100,000 � g for 30 min at 20°C.
The pellet was washed once with actin polymerization buffer supplemented
with 16 �M phalloidin. Actin and gelsolin present in the pellet was analyzed
by Western blotting.

Capping Protein Pulldown Assay
To examine capping protein binding activity, 2.0 �M WT or KO actin was
polymerized for 7 h at room temperature in actin polymerization buffer. The
F-actin was then diluted to 1.6 �M in actin polymerization buffer supple-
mented with 0.5 mM fresh ATP and incubated with 330 nM capping protein
(recombinant mouse �1 �2 isoform; Yang et al., 2005) at room temperature for
5 min. The F-actin was centrifuged at 100,000 � g for 30 min at 20°C. The
pellet was washed once with actin polymerization buffer supplemented with
0.5 mM ATP. Actin and capping protein in the pellet were analyzed by
Western blotting.

Electron Microscopy of Cytoskeleton Platinum Replicas
Platinum replicas of the cytoskeleton were prepared as described before
(Svitkina and Borisy, 1998; Svitkina, 2007) using 1% Triton X-100, 4% PEG
(MW 35,000 Da) and 2 �M phalloidin in PEM buffer (100 mM PIPES, pH 6.9,
1 mM MgCl2, and 1 mM EGTA), as the extraction solution.

For filament end counting, images of the same fields were taken at two
different angles by tilting the grid by 10° (�) and 10° (�) while keeping the
center of the field static, to create an angle differential of 20°. The images were
pseudocolored as red (�10°) and cyan (�10°), superimposed using the Color
Combine tool of the MetaMorph imaging software (Universal Imaging, West
Chester, PA) and viewed through red-cyan stereo glasses, enabling clear
visualization and manual counting of the filament ends. The numbers of
filament ends were normalized to the local cytoskeleton density in each
image, defined as the gray value of the cytoskeleton above the background
threshold.

Isolation and Analysis of Actin-binding Proteins
Cells were collected by scraping, lysed in HEK buffer (20 mM HEPES-NaOH,
pH 7.5, 1 mM EDTA, 50 mM KCl, and protease inhibitor cocktail; Sigma;
P8340) and centrifuged at 16,000 � g to remove cellular debris. Supernatant
fractions were supplemented with glycerol to a final concentration of 10% and
clarified by centrifugation at 100,000 � g for 45 min at 4°C. High-speed
supernatant fractions were supplemented with 5 mM MgCl2, 0.2 mM ATP,
and 2.5 �M phalloidin and incubated at 4°C overnight to allow actin poly-
merization. The mix was layered over a cushion containing 15% sucrose and
10% glycerol in HEK buffer and centrifuged at 66,000 � g for 90 min at 4°C.
The pellets were washed with HEK buffer containing 10% glycerol and 5 mM
MgCl2, resuspended in two-dimensional (2D) gel loading buffer, and ana-
lyzed by 2D electrophoresis.

2D Gel Electrophoresis and Comparison of the Levels of
Actin-binding Proteins in WT and KO Cells
2D electrophoresis was performed by Kendrick Laboratories (Madison, WI) as
described previously (O’Farrell, 1975). For computerized comparison, dupli-
cate silver-stained gels were analyzed as described in Wong et al. (2007). For
spot excision and identification, similarly run Coomassie blue–stained gels
were manually compared with the silver-stained gels and spots showing
prominent differences that were clearly visible by Coomassie staining were
excised and identified by mass spectrometry. Student’s t test values were
generated by the software for fold changes averaged from two gels.

The levels of actin-binding proteins (ABPs) in total lysates were estimated
by Western blot analysis using rabbit polyclonal antibodies specific to cap-
ping protein (described in Mejillano et al., 2004), gelsolin (a gift from Dr. H. L.
Yin, University of Texas), drebrin (StressGen, San Diego, CA; NBA-110E),
twinfilin (a gift from Dr. P. Lappalainen, University of Helsinki), or protein
disulphide isomerase (PDI; Stressgen).

Capping Protein Staining
WT and Ate1 KO MEF cytosol was extracted using extraction buffer (1%
Triton X-100, 4% PEG, and 2 �M phalloidin in PEM buffer) followed by
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fixation in 0.2% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.3). Cells
were blocked using NaBH4 and stained with polyclonal capping protein
antibody (a gift from Dr. D. Schafer, University of Virginia). Cells were
counterstained with rhodamine-phalloidin to visualize the actin cytoskeleton.

Statistical Analysis
In all the experiments where quantitative measurements were made, the
variability in data point values were measured and represented as SD or SEM,
as indicated in the text and figure legends. Student’s t test was used to
calculate p values.

RESULTS

Arginylation Regulates Actin Polymer In Vivo

Our previous studies suggested that nonarginylated actin
forms bundles that interfere with normal actin function
(Karakozova et al., 2006), but the effect of arginylation on
intracellular actin polymers was never characterized in vivo.
To address the question of whether arginylation regulates

Figure 1. Arginylation regulates actin polymer level in vivo. (A) Staining of wild-type (WT) and Ate1 knockout (KO) cells with rhodamine-
phalloidin. (B) Frequency histogram showing the distribution of the total fluorescence levels in individual (left) and averaged (right) WT and
Ate1 KO cells (n � 54; error bars, SD between the readings shown on the left; p � 0.0001). (C) Fractionation of actin from the lysates of WT
and KO cells by high-speed centrifugation (see Figure S1 for the other centrifugation steps and Supplemental Table 1 for the percentages
plotted in the diagrams). Bars show percentages of actin present in the supernatant (G-actin, light gray) and pellet (F-actin, dark gray) for
total actin and individual actin isoforms, estimated by Western blot quantification using antibodies specific to total, �- and �-actin, as labeled.
Error bars, SD for two independent experiments. (D) Western blot analysis of WT and Ate1 KO cell lysates using antibody to total actin and
�-tubulin as a loading control. Bars represent a quantification of total actin adjusted to the loading control, averaged from three independent
experiments. (E) Percentage of total, �- and �-actin in the lower speed centrifugation steps (representing bundles and aggregates) calculated
from the centrifugation steps shown in C and in Figure S1. Error bars, SD for two independent experiments. See also Supplemental Table 1
for the percentages used to obtain the bar diagrams shown in C and E.
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the levels or distribution of actin polymer in cells, we ex-
amined immortalized embryonic fibroblasts derived from
WT and Ate1 KO mouse embryos (Karakozova et al., 2006)
by rhodamine-phalloidin staining and fluorescence micro-
scopy.

We previously found (Karakozova et al., 2006) that Ate1
KO fibroblasts appear smaller than WT cells, but have sim-
ilar volume, suggesting that these cells are poorly spread
during normal culture conditions. Despite this spreading
defect, the overall distribution of F-actin seen at the light
microscope level appeared largely unperturbed in Ate1 KO
cells (Figure 1A). However, measurement of the total rho-
damine-phalloidin fluorescence per cell revealed a dramatic
reduction in the levels of F-actin staining in Ate1 KO cells,
resulting in a �2.5-fold decrease of average fluorescence
intensity compared with WT (Figure 1B). Such a decrease
could be due to a corresponding decrease in the actin poly-
mer level in Ate1 KO cells or to a decreased ability of
nonarginylated F-actin to interact with phalloidin. The latter
possibility is unlikely, because the sites of actin interaction
with phalloidin have been shown to be located around the
nucleotide binding cleft, away from the N-terminus and the

outer surface predicted to be affected by arginylation
(Vandekerckhove et al., 1985; Lorenz et al., 1993). Therefore it
appears likely that reduced rhodamine-phalloidin fluores-
cence in Ate1 KO cells is due to decreased actin polymer
level in these cells.

To confirm this hypothesis, we performed a biochemical
fractionation of extracts from WT and KO cells by differen-
tial centrifugation (Figure 1C). Cell lysates were centrifuged
sequentially at 200 � g (to remove nuclei, debris, and large
protein aggregates), 1500 � g, 16,000 � g, and 66,000 � g (to
pellet actin filaments). Supernatants and pellets from each
step were normalized by protein concentration, and relative
amounts of actin present in each fraction were quantified by
Western blot and calculated as percentages of the total actin
at each centrifugation step (see Figure S1 and Supplemen-
tary Table 1).

Western blots with antibodies against total actin showed
that the major difference between WT and KO cell extracts
during such fractionation was observed at the highest sed-
imentation speed, which separates F- and G-actin (Figure
1C). Although in WT cells the majority of actin (�80%) was
found in the 66,000 � g pellets, in Ate1 KO cells the fraction

Figure 2. Arginylation regulates polymerization properties of pure actin. (A) Coomassie blue–stained SDS-PAGE of actin purified from WT
and Ate1 KO fibroblasts. (B) Left, sedimentation-based actin polymerization assay using lower actin concentrations to determine the critical
concentration for polymerization. To perform the assay, actin at each concentration was polymerized at room temperature for 4 h, followed
by centrifugation at 100,000 � g for 1 h at 17°C and quantification of actin in the pellets by SDS-PAGE and Coomassie blue staining. Inset,
the Coomassie blue–stained SDS-PAGE of the sedimented actin, which was quantified and plotted against the corresponding actin
concentrations on the graph. Right, actin polymerization rates measured using a pyrene actin assay. The assembly rates derived as the slopes
of the individual pyrene actin curves in the rapid growth phase were plotted against the corresponding concentrations of actin. The critical
concentration values (denoted with an asterisk) were plotted on the graph as determined in sedimentation assays (left). Data were combined
from two independent experiments. (C) Pyrene actin polymerization assay in the presence of seeds to determine the elongation rate. G-Actin
concentration used to obtain the curve was 5 �m. See Figure S2 for the curves at other actin concentrations. (D) Left, rhodamine-phalloidin
staining of filaments polymerized from arginylated (R) and nonarginylated (M) actin. Scale bar, 20 �m. Right, average lengths of filaments
formed from M- and R-actin determined by measuring images shown on right. Error bars, SD for 100 measurements (p � 0.0001).
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of actin found in the high-speed pellets was significantly
lower (�30%). These results are consistent with the results of
phalloidin staining and suggest that Ate1 KO cells indeed
contain a significantly lower amount of actin polymer.

We have previously found that although cultured mouse
fibroblasts used in these assays contain an �1:1 ratio of �-
and �-actin, only �-, but not �-actin undergoes N-terminal
arginylation (Karakozova et al., 2006; Wong et al., 2007). To
test whether the reduction in the intracellular actin polymer
was biased toward any of these two actin isoforms, we
probed the fractions from differential centrifugation steps
with isoform-specific antibodies against �- or �-actin. Al-
though there was no significant difference between WT and
KO actin sedimented at lower speeds (Figure S1), in high-
speed fractions the differences in polymer levels were much
more prominent for �- compared with �-actin (Figure 1C),
suggesting that the arginylation-dependent effect on the
actin polymer level is biased toward �-actin containing
polymers. Because �-actin is the only isoform found to be
arginylated on the N-terminus, it is possible that this iso-
form-specific effect is regulated by N-terminal arginylation.
At the same time it is possible that some of these effects are
regulated by the other two arginylation sites on one or both
isoforms.

To determine whether the decrease in the amount of actin
polymer in Ate1 KO cells is caused by defects in actin poly-
merization or a reduction in the overall amount of actin
protein in Ate1 KO cells, we measured the levels of the total
actin protein in the lysates of WT and KO cells, normalized
to total protein concentration by Western blot (Figure 1D).
We found that in both cell types, actin protein levels were
approximately the same.

We have previously shown that KO actin filaments poly-
merized in cell extracts undergo bundling and aggregation
(Karakozova et al., 2006), suggesting that actin in Ate1 KO
cells may form similar bundles and aggregates in vivo that
sediment at lower centrifugation speeds. Given that WT and
Ate1 KO cells had similar amounts of actin sedimenting at
lower centrifugation speeds (Figure S1), although actin poly-
mer sedimenting at high centrifugation speed in WT cells
was significantly higher compared with KO (Figure 1D), the
fraction of the overall actin polymer found in higher order
structures, such as bundles and aggregates (precipitated at
200 �, 1500 �, and 16,000 � g), should be significantly
higher in Ate1 KO cells. To estimate this, we quantified the
percentage of actin polymer in the lower speed sedimenta-
tion fractions (200 �, 1500 �, and 16,000 � g) compared with
the total amount of actin polymer sedimented at all speeds.

Figure 3. Purified arginylation-free actin forms bundles and aggregates that are structurally distinct from normal filaments. (A) Negative
staining EM images of actin filaments polymerized from pure WT (left column) and KO (right column) actin. Scale bars, 100 nm. (B) Sucrose
density gradient fractionation of actin filaments polymerized from actins purified from WT and KO cells. Top, gel of the gradient fractions
and protein level profile across the gradient. Bottom, negative staining EM images of the gradient peak (fraction 10) and bottom (fraction 25).
Error bars, SD for two experiments.
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We found that this percentage is �2.5 times higher in KO
compared with WT (Figure 1E): a difference that could be

explained by the overall reduction in the actin polymer level
combined with the increased bundling or aggregation among

Figure 4. Arginylation regulates ABPs and their interaction with F-actin. (A) Silver-stained 2D gels of actin filaments in complex with ABP
obtained from WT and Ate1 KO fibroblasts by phalloidin-induced polymerization in clarified cell lysates followed by sedimentation. Gel pH range
is 4.5–10, increasing left to right. Spots corresponding to those circled in the figure were excised from similarly run Coomassie-stained 2D gels and
identified by mass spectrometry as (1) drebrin, (2) gelsolin, (3) PDI, (4) twinfilin, (5) capping protein �, and (6) capping protein �. (B) Table with
identified proteins that are altered between the two gels. Fold-change p-values determined by Student’s t test generated by gel comparison software
based on the analysis of duplicate silver-stained gels were as follows: gelsolin spot A, 0.001; gelsolin spot B, 0.015; gelsolin spot C, 0.002; drebrin, 0.015; PDI,
0.028; twinfilin, 0.240; capping protein �, 0.041; and capping protein �, 1: 0.061. (C) Western blot analysis of WT and Ate1 KO total cell lysates.
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the remaining polymer. Moreover, similar to the effect on the
total actin polymer level, this reduction was strongly biased
toward the �-actin isoform (Figure 1E).

Arginylation Regulates Polymerization of Pure Actin

To determine whether the decreased amount of F-actin in Ate1
KO cells is accompanied by changes in the polymerization
capacity of nonarginylated actin, we characterized the in vitro
properties of actin purified from WT and KO cell extracts
(referred to as WT and KO actin, Figure 2A) by three different
assays (Figure 2, B and C). The critical concentration of poly-
merization determined by high-speed sedimentation was sim-
ilar for WT and KO, �0.4 �M (Figure 2B, left). At the same
time, the rate of spontaneous actin polymerization measured
by pyrene fluorescence (Kouyama and Mihashi, 1981; Cooper
and Pollard, 1982) showed that KO actin had a steeper slope
compared with the WT actin, when actin concentration versus
polymerization rate was plotted (Figure 2B, right). To address
whether this increased rate of polymerization was due to in-
creased nucleation or elongation, we analyzed the length of the
lag phase in the spontaneous polymerization curves and found
that the lag phase for KO actin was �1.4 times shorter than
WT, suggesting an increased nucleation rate (Figure S3). We
also performed a pyrene fluorescence assay in the presence of
prepolymerized actin seeds to measure elongation indepen-
dent of nucleation. Remarkably, in this assay, KO actin poly-
merized slower than WT (Figure 2C and Figure S2), indicating
that KO actin has a lower elongation rate.

Taken together, these results suggest that KO actin has faster
nucleation but slower elongation compared with WT. This
effect should lead to significant changes in the overall length of
the actin filaments. Indeed, faster nucleation/slower elonga-
tion would result in a formation of a large number of seeds and
delayed filament growth on these seeds, resulting in a larger
amount of shorter filaments with KO actin compared with WT.
In addition, it is possible that KO actin forms unstable, “brittle”
filaments whose breakage could further alter the polymeriza-
tion kinetics and may contribute to the formation of shorter
filaments in KO compared with WT.

To test these results by an independent assay, we expressed
unmodified and N-terminally arginylated � actin (termed M-
and R-actin, respectively) in a baculovirus expression system
(Figure S4) and performed polymerization assays with these
actin proteins. Consistent with endogenous actin, M-actin
(equivalent to KO actin) showed a greater increase in pyrene
fluorescence per unit of polymerized actin compared with
R-actin (equivalent to WT actin; Figure S5A). Control experi-
ments showed that these two actins had similar ability to
inhibit DNase-I activity, confirming that these two actins had
proper activity and folding (Figure S5B). Examination of the
overall morphology of M- and R-actin filaments stained by
rhodamine-phalloidin showed that, consistent with the results
of polymerization assays, M-actin indeed formed larger num-
bers of shorter filaments (overall length about four times
shorter) compared with R-actin (Figure 2D).

To test whether polymerized KO actin has other ultra-
structural defects, we next analyzed the structure of spon-
taneously polymerized actin purified from WT and KO cells
by negative staining EM (Figure 3A). Actin in both prepa-
rations was capable of forming filaments with apparently
normal structure (Figure 3A two top rows). In denser areas
of the grids, both actins formed bundles and clusters (Figure
3A, third row from the top); however, at higher magnifica-
tion, KO actin in these areas appeared structurally different
from WT (Figure 3A, bottom three panels) and apparently
consisted of abnormally clustered protein rather than bun-
dled filaments. To quantify this effect and estimate which

fraction of the KO and WT actin is found in this bundled and
aggregated state, we fractionated prepolymerized actin fila-
ments by sucrose density gradient centrifugation under the
conditions, in which single actin filaments sediment in the
middle of the gradient and actin bundles pellet as a distinct
fraction at the bottom (see Figure 3B for gradient profiles
and EM images of the peak fractions containing single fila-
ments or aggregates). A significantly higher fraction of KO
actin sedimented at the bottom of the gradient compared
with WT. In addition, the KO actin filament peak appeared
wider than WT, suggesting a tendency of KO actin filaments
to aggregate, trailing toward the bottom of the gradient.

The formation of abnormal actin clusters may have addi-
tional effects on actin polymerization: if these clusters have the
capacity to nucleate actin filaments, such nucleation would
contribute to an additional means by which KO actin yields
filaments that, in addition to being shorter, are also less orga-
nized and less localized to the leading edge. To test this idea
and to find out whether aggregated actin can serve as a nucle-
ator, we compared KO actin polymerization dynamics in the
absence and presence of the aggregates found in the bottom
fraction of the sucrose gradient (fraction 25 in Figure 3B). We
found that addition of fraction 25 indeed increases the actin
polymerization rate and alters actin polymerization dy-
namics, suggesting that this fraction can serve as seeds for
nucleation of new actin filaments (Figure S6).

Arginylation Regulates Actin-associated Protein Levels
and Their Binding to F-Actin

The actin cytoskeleton is highly dynamic and requires the
action of more than a hundred ABPs that take part in its
formation and remodeling in vivo (Sheterline et al., 1995; Pol-
lard et al., 2000). To determine whether actin arginylation state
regulates its interaction with ABPs, we performed a 2Dgel
comparison of actin preparations from WT and KO cells, ob-
tained by phalloidin-induced polymerization in clarified cell
extracts, followed by sedimentation of F-actin–ABP complexes.
Several protein spots exhibited prominent changes between

Figure 5. Arginylation regulates gelsolin–actin binding and gelso-
lin-induced severing of the actin filaments. (A) Cosedimentation
assays in the presence of low Ca2� at increasing gelsolin–actin ratios
confirm that gelsolin binding to WT actin is stronger than to KO
actin. Error bars, SEM of three independent measurements. Two-
tailed unpaired t test; p � 0.0001 for 50 nM gelsolin, 0.0019 for 100
nM gelsolin, and 0.0412 for 200 nM gelsolin. (B) Cosedimentation
assays in the presence of high Ca2� (evidenced by the severing-
dependent reduction of pelleting of WT actin in the presence of
gelsolin) show higher severing activity of gelsolin toward WT actin.
Error bars, SEM of four independent measurements; p � 0.0458.
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the two preparations (Figure 4, A and B). Gelsolin, drebrin, and
PDI were significantly decreased in the KO sample, whereas
twinfilin and capping protein subunits � and � were increased
(Figure 4B).

To test the possibility that the differential abundance of these
proteins in the two preparations reflects their overall abun-
dance in the WT and KO cells, we analyzed the intracellular
levels of these proteins by Western blot (Figure 4C). The levels
of gelsolin, twinfilin, and capping protein were similar in both
cell types (with gelsoin levels lower by a very small margin in
the Ate1 KO cells; Figure S7C); however, drebrin and PDI were
down-regulated to a considerable extent in Ate1 KO cells. Con-
trol experiments showed that this down-regulation was not
seen in whole extracts of E12.5 Ate1 KO embryos and embry-
onic tissues (Figure S7, A and B), suggesting that drebrin and
PDI down-regulation was cell type–specific or related to the
differentiation events that follow fibroblast isolation from the
embryo. Thus, the decreased amounts of drebrin and PDI in
the KO F-actin preparation likely reflect their decreased intra-
cellular level in response to Ate1 KO. At the same time, the
altered levels of gelsolin, twinfilin, and capping protein in our
F-actin preparation were due to their differential binding ca-
pacity for the WT and KO actin filaments.

To confirm these results, we performed the following assays.
First, to measure gelsolin interaction with WT and KO actin,
we performed sedimentation of WT and KO actin filaments,
prepolymerized under conditions similar to those used in the
binding experiments, in the presence of gelsolin at low or high
Ca2� concentrations (Figure 5). At low Ca2�, gelsolin binds to

the actin filaments but its severing activity is inhibited, allow-
ing direct measurement of its interaction with the actin fila-
ments (Figure 5A). At high Ca2�, the addition of gelsolin
induces actin filament severing, and, after pelleting through a
sucrose cushion, severed fragments of the actin filaments re-
main in the supernatant along with gelsolin. As a result, the
amount of actin in the pellet fraction is reduced in proportion
to the strength of gelsolin-induced severing (Figure 5B). Con-
sistent with the results of pulldowns in the extracts, both assays
confirmed that gelsolin indeed interacts more strongly with
WT actin filaments.

Second, to test whether the binding of the capping protein to
the actin cytoskeleton is indeed higher in Ate1 KO cells com-
pared with WT, we double-stained detergent-extracted WT
and KO cells with capping protein and rhodamine-phalloidin
and used the resulting images to measure the ratio of capping
protein to the actin polymer level (see Figure 7C). We also
performed a cosedimentation assay to directly test the binding
of capping protein to the prepolymerized actin filaments in
vitro (Figure 7D). These measurements showed that, consistent
with the results of cosedimentation assay in cell extracts, the
amount of capping protein bound to the actin cytoskeleton in
vitro and in the lamellar region of the Ate1 KO cells was on
average �2.3 times higher than in WT. Although it is possible
that this difference is due at least in part to the increased
number of exposed actin filament ends in vitro and in vivo,
rather than to the increased affinity of the capping protein for
the KO actin, it is clear that the binding of the capping protein
to actin is higher in the absence of arginylation.

Figure 6. Arginylation regulates actin net-
work density and organization at the leading
edge of the motile cells. Electron micrographs
of the platinum replicas of the cytoskeleton in
WT and Ate1 KO fibroblasts. (A and B) WT
and Ate1 KO cell replicas at low magnifica-
tion. (A1, A2, B1, and B2) Higher magnifica-
tion images of the areas boxed in A and B,
respectively, and represent the cell interior
(A1 and B1) and leading edge (A2 and B2)
from the WT and KO cells shown on the left.
(C and D) Higher resolution images of lamel-
lipodia from WT and Ate1 KO cells depicting
the structural organization of actin network
in these cells at the leading edge. Inset in B1,
an enlarged image of a protein aggregate.
Scale bars, (A and B) 10 �m and (A1, A2, B1,
B2, C and D) 500 nm.
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Arginylation Regulates the Ultrastructure of the Actin
Network

Because we found that arginylation regulates several impor-
tant properties of actin, the absence of arginylation is ex-
pected to result in ultrastructural changes in the intracellular
actin networks. To test this hypothesis, we analyzed WT and
KO cells by EM of platinum replicas of the cytoskeleton.

In agreement with light microscopy observations, actin fila-
ments in Ate1 KO cells were scarce compared with WT, an
effect which became especially prominent in the region of the

leading lamella (Figure 6 and Figure S8). The zone of the dense
lamellipodial network at the leading edge was reduced in Ate1
KO cells to roughly half in width compared with WT. At
higher magnification, lamellipodial actin networks in Ate1 KO
cells appeared scarce, disorganized, and contained prominent
protein aggregates not usually found in WT cells (Figure
6B, 1 and 2, and inset in B1). At higher magnification,
these protein aggregates appeared similar in morphology
to those seen in vitro by negative staining EM (cf. bottom
right images in Figure 3A and inset in Figure 6B1).

Figure 7. Absence of arginylation increases cap-
ping protein binding and the number of filament
ends in the leading edge actin network. (A) Top,
electron micrographs of platinum replicas of the
lamellipodial actin network in a WT and a KO
cell with filament ends marked as white dots.
Middle, stereo electron micrographs of the mag-
nified regions boxed in the top panels, showing
individual actin filament ends. (Red-cyan glasses
should be used to view these images, with red on
the left eye). Bottom, electron micrographs of the
same regions as in the middle panels without the

stereo effect, with actin filament ends marked by red asterisks. Scale bars, 500 nm. (B) Bar diagram showing the average number of visible
filament ends normalized to total cytoskeleton density and averaged from three different images (error bars, SD; p � 0.0136). (C) Top, areas
of the leading edge in WT and KO cells stained with an antibody to the capping protein (left panels) and actin, presented as identically scaled
images to show the difference in the actin intensity between WT and KO (middle panels), and the images of the same area adjusted to the
optimal brightness for each condition (right panels). Bottom, quantification of the ratios of capping protein to actin in WT and KO cells (error
bars, SD of measurements from 32 WT and 31 KO cells; p � 0.0001). (D) Western blot and quantification of the levels of purified capping
protein bound to WT and KO F-actin in an in vitro sedimentation assay. Error bars, the average of three independent measurements;
two-tailed unpaired t test; p � 0.0534.
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Shorter filaments and increased binding to capping pro-
teins in KO actin seen in biochemical assays should result
in the formation of shorter actin filaments in vivo, resulting
in an increased number of visible filament ends, especially in
the areas of high actin density such as the leading lamella.
To test this possibility, we analyzed stereo images of plati-
num replicas of WT and KO cells in the area of the leading
lamella with similar density of the actin filaments (Figure 7
and Figure S9) and counted the number of visible filament
ends per local density of the cytoskeleton (Figure 7A). This
analysis showed that Ate1 KO cells had an �50% higher
number of filament ends in the lamellipodial actin network
compared with WT cells (Figure 7B). Moreover, unlike WT,
the filament ends in the KO cells were scattered throughout
the lamellipodia rather than concentrated near the cell edge,
suggesting that these ends may be capped and therefore
unable to contribute to the pushing force that drives lamel-
lipodia protrusion.

Additional defects observed in Ate1 KO cells included
disorganization of the filopodia (Figure S10). Fewer filopo-
dial actin bundles could be seen in the KO cells compared
with the control cells, and the existing bundles showed
defects that suggested abnormal formation and/or prema-
ture termination (Svitkina et al., 2003; Korobova and Svit-
kina, 2008).

DISCUSSION

The results of this study demonstrate that arginylation reg-
ulates actin polymer level in vivo, actin properties, and the
ultrastructure of the intracellular actin networks. We have
previously shown that �-actin arginylation regulates lamella
formation (Karakozova et al., 2006). Here we show that
arginylation also regulates overall actin polymerization, its
interaction with ABPs, and actin network ultrastructure,
expected to cause severe impairments in cell spreading and
motility. This is the first demonstration of an arginylation-
regulated mechanism that affects multiple functions of a
protein in vivo, resulting in global intracellular effects.

We had previously hypothesized that a lack of arginyla-
tion causes a collapse of preformed actin networks at the
leading edge (Karakozova et al., 2006). Here we tested this
hypothesis and found that a lack of arginylation results in
global, cell-wide defects in actin network formation and

maintenance and leads to a dramatic reduction in actin
polymer level, shortened filaments, and the formation of
intracellular aggregates, defects that are by no means con-
fined to the cell leading edge. These defects are rooted in
different polymerization properties of WT and KO actin and
their differential interaction with a prominent subset of
ABPs that act in concert to regulate actin network in vivo.
We have previously found that only �- but not �-actin
undergoes N-terminal arginylation and that two additional
arginylation sites on the actin molecule may be modified on
one or both nonmuscle actin isoforms. The present study
suggests that the combined effects of actin regulation by
arginylation are important not only for the leading lamella,
but for the proper cytoarchitecture of the entire cytoplasm.

Because arginylation is predicted to affect the surface
properties of actin monomers and filaments by placing one
or several positive charges on their normally negatively
charged surface, it is expected to affect the ability of actin to
interact with other proteins that modulate its properties in
vivo. Here we found that gelsolin, capping protein, and
twinfilin show significant changes in binding to actin fila-
ments with different arginylation states, expected to produce
marked changes in the actin cytoskeleton. Gelsolin, primar-
ily known as an F-actin–severing protein, is the major mod-
ulator of rapid actin remodeling; reduced gelsolin binding to
nonarginylated F-actin could result in a decrease of actin
subunit turnover and impaired lamellar activity of the cell.
Indeed, gelsolin KO fibroblasts have decreased migration
speeds (Witke et al., 1995), consistent with the fact that Ate1
KO fibroblasts have impaired motility in culture (Karako-
zova et al., 2006). It has been previously found that residues
1–10 at the actin N-terminus are essential for gelsolin bind-
ing (Feinberg et al., 1995; Burtnick et al., 1997), further sug-
gesting that arginylation may be important in the regulation
of this binding and the subsequent actin turnover, in vivo.
Capping protein and twinfilin both act as barbed end cap-
ping proteins that inhibit actin dynamics and the formation
of new actin polymer (Schleicher et al., 1984; Carlier and
Pantaloni, 1997; Goode et al., 1998; Cooper and Schafer, 2000;
Vartiainen et al., 2000; Palmgren et al., 2001; Ojala et al., 2002;
Helfer et al., 2006), which could contribute to the reduced
amount of actin polymer in Ate1 KO cells. Although capping
protein has not been shown to bind to the actin interface
predicted to be affected by N-terminal arginylation (Narita et

Figure 8. Arginylation is required for lamella for-
mation, cell spreading, and locomotion. In a normal
cell, arginylated actin facilitates the formation of a
proper leading edge network and normal actin struc-
tures throughout the cell. Absence of arginylation re-

sults in actin forming abnormal aggregates, which are sequestered and disassembled back into the monomer pool, causing the overall
reduction of the amount of the actin polymer. Increased binding of capping proteins further lowers the polymer levels, and decreased
gelsolin-dependent actin turnover contributes to the cytoskeletal abnormalities, resulting in a scarce and disorganized actin network in the
cell body and at the leading edge. These effects result in reduced cell spreading and lamella collapse, causing severe impairments in cell
migration.
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al., 2006), the tendency of KO actin to form shorter filaments,
by altered polymerization and/or breakage, likely increases
the binding of these capping proteins to the filament barbed
ends.

The increased binding of actin-capping proteins could
also inhibit filopodia formation in KO cells by competing
with the filopodia tip complexes and blocking the growth of
the filopodial bundles, causing their premature termination
(Svitkina et al., 2003). Filopodia formation could also be
inhibited by the reduced amount of drebrin, a protein that
has been shown to play a role in filopodia formation in
neurons and other cell types (Shirao et al., 1994; Hayashi and
Shirao, 1999; Peitsch et al., 2006). The role of PDI in the actin
cytoskeleton functioning is not clear, but it has been shown
that PDI associates with actin filaments upon thyroxine
treatment, which also induces actin polymerization, suggest-
ing that PDI is somehow involved in actin polymerization
and that its down-regulation in Ate1 KO cells would affect
actin polymer levels (Safran et al., 1992). Although it is not
presently known how Ate1 KO down-regulates the expres-
sion of drebrin and PDI, it could be envisioned that some
proteins involved in the regulation of their expression (at the
transcription or translation level) are substrates of Ate1. It is
possible that such regulation uses a feedback mechanism
involving drebrin and PDI themselves, or their association
with actin that could, for example, increase or decrease their
metabolic stability and turnover.

Based on our data, we propose a model of how arginyla-
tion regulates actin cytoskeleton in vivo (Figure 8). Nonar-
ginylated actin at physiological concentrations forms abnor-
mal aggregates, which are sequestered and disassembled
back into the monomer pool, resulting in the lower levels of
the intracellular actin polymer and the corresponding in-
crease in the amount of monomers in the cytoplasm. In-
creased binding of capping proteins further lowers the poly-
mer levels and decreased gelsolin-dependent actin turnover
contributes to cytoskeletal abnormalities, resulting in a
scarce and disorganized actin network in the cell body and
at the leading edge. These effects, compounded by the gen-
eral actin disorganization due to abnormal clustering of
actin subunits and nucleation of new filaments off these
clusters, result in leading edge collapse, causing severe im-
pairments in cell migration.

Previously we had reported that, in addition to actin,
several ABPs are arginylated in vivo, including Arp3, fil-
amin, spectrin, myosin 9, and talin (Wong et al., 2007). The
role of arginylation of these, and other actin-associated pro-
teins in actin cytoskeleton regulation remains to be charac-
terized. It appears likely that arginylation of Arp3, a major
actin nucleator at the cell leading edge, contributes to the
formation of the proper leading edge network and that
arginylation of other proteins, like filamin and spectrin, may
facilitate normal actin arrangement in the cytoplasm. The
current study takes the first steps toward uncovering the
molecular mechanisms behind arginylation-dependent reg-
ulation of cell locomotion and embryonic development.
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