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Actin is the most abundant protein in the cytoplasm of eukaryotic cells and interacts
with hundreds of proteins to perform essential functions, including cell motility and
cytokinesis. Numerous diseases are caused by mutations in actin, but studying the bio-
chemistry of actin mutants is difficult without a reliable method to obtain recombinant
actin. Moreover, biochemical studies have typically used tissue-purified α-actin,
whereas humans express six isoforms that are nearly identical but perform specialized
functions and are difficult to obtain in isolation from natural sources. Here, we describe
a solution to the problem of actin expression and purification. We obtain high yields of
actin isoforms in human Expi293F cells. Experiments along the multistep purification
protocol demonstrate the removal of endogenous actin and the functional integrity of
recombinant actin isoforms. Proteomics analysis of endogenous vs. recombinant actin
isoforms confirms the presence of native posttranslational modifications, including
N-terminal acetylation achieved after affinity-tag removal using the actin-specific
enzyme Naa80. The method described facilitates studies of actin under fully native con-
ditions to determine differences among isoforms and the effects of disease-causing
mutations that occur in all six isoforms.
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As a major component of the cytoskeleton, actin plays crucial roles in countless cellular
functions, including organelle and cell motility, muscle contraction, and cytokinesis (1).
Actin also participates in more protein–protein interactions than most known proteins,
including the interaction with itself to form the actin filament (2). The evolutionary pres-
sure to account for so many interactions has made actin one of the most highly conserved
proteins in nature, on par only with histones. Actin is also exceptionally abundant, with a
cellular concentration of 150 to 200 μM (3), approximately evenly distributed between its
monomeric (G-actin) and filamentous (F-actin) forms. Owing to these unique features,
eukaryotic cells have evolved specialized pathways for actin folding and posttranslational
processing. Actin is an obligate substrate of the hetero-oligomeric eukaryotic chaperonin
TRiC, which promotes a stepwise conformational progression of nascent actin to the native
state (4). Actin’s N terminus also undergoes co- and posttranslational processing unique
among eukaryotic proteins, including the removal of the acetylated initiator methionine
and reacetylation by a dedicated N-terminal acetyl transferase, Naa80 (5, 6). Another
enzyme, SETD3, is specifically responsible for actin methylation at residue H73, a
posttranslational modification (PTM) conserved in animals and plants that is essential for
function (7). The unique folding and posttranslational processing requirements of actin
may explain why we still do not have a reliable method to obtain recombinant actin in its
native form.
Most biochemical studies have used skeletal α-actin purified from muscle tissues (8).

While valuable, this method cannot be used to study the many actin mutations now impli-
cated in human diseases (9). Furthermore, while the six actin isoforms expressed in humans
share high sequence identity (93 to 99%) (10), they have distinct functions and tissue
specificity (11). Early observations showed that cytoplasmic and muscle actin isoforms
were not functionally interchangeable (12–14), and more recent data show differences in
the localization and activity of cytoplasmic β- and γ-actin (15–21). Biochemical data are
also beginning to reveal differences in the polymerization activities of different actin
isoforms, both alone and driven by actin assembly factors (20, 22, 23). Reliable isoform
comparisons, however, are not available due to the inability to obtain fully native and pure
preparations of individual actin isoforms.
Several actin expression methods have been reported, including expression in bacteria

(24, 25), yeast (26), insect cells (27–29), and mammalian cells (30) (SI Appendix, Table
S1). These methods suffer from at least one of three major limitations. First, they fail to
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demonstrate complete removal of endogenous actin isoforms from
the expressing cells. This is particularly concerning when studying
the effects of disease-causing mutations, since small amounts of
contaminating endogenous actin can alter the biochemical analy-
ses of mutants. Second, they fail to demonstrate the presence of
native PTMs that play essential roles in actin function (31, 32).
Insect cells in particular cannot fully account for PTMs occurring
in human cells (33, 34). Third, they fail to demonstrate the
native-like functionality of the expressed actin. For instance, we
show here that a commonly used method of chymotryptic diges-
tion to remove a C-terminal affinity tag produces a variable
amount of internally cleaved actin that reduces the polymerization
activity. Here, we describe an actin expression method that
resolves these issues and is applicable to any actin isoform or
mutant. We obtain high yields of actin isoforms in Expi293F
cells, a human cell line that grows in suspension to high density
and contains the native PTM machinery. The purification proto-
col uses an N-terminal affinity tag that is specifically removed by
cleavage with tobacco etch virus (TEV) protease, followed by
N-terminal acetylation (Nt-acetylation) with Naa80. Proteomics
and biochemical analyses demonstrate the presence of native
PTMs and the functional equivalence of recombinant and tissue-
purified actin isoforms. This method facilitates reliable studies of
functional differences among actin isoforms and disease-causing
actin mutations.

Results

Actin Expression in Expi293F Cells and Separation from
Endogenous Actin. The actin expression and purification method
described here uses human Expi293F cells and an N-terminal His-
FLAG dual-affinity tag (Materials and Methods). Expi293F cells are
derived from human embryonic kidney (HEK) cells and adapted to
grow in suspension to high density. These cells can be transiently
transfected, express high levels of recombinant protein, and have
the endogenous protein folding and PTM machineries necessary for
native actin expression. For removal of the affinity tag, a TEV pro-
tease cleavage site was added immediately N-terminal to the first
amino acid of mature, postprocessed actin, which depending on the
actin isoform can be either D or E (10). Cleavage with TEV prote-
ase removes the N-terminal tags, leaving no extra amino acids on
actin. In nonmuscle cells, such as Expi293F, the most abundant
actin isoforms are cytoplasmic β- and γ-actin (35), which must be
removed during purification. Endogenous β/γ-actin is separated
from recombinant actin by incubating cell lysates overnight with a
large amount (1 mg per g of wet cell pellet) of Escherichia coli–
expressed His-MBP-G4G6 (Ca2+) (Fig. 1 A, step 1). G4G6 con-
sists of human gelsolin subdomains 4 to 6 (amino acids 434 to
782) and binds monomeric actin in a Ca2+-dependent manner.
The use of G4G6 for actin purification was reported previously
(36) and adapted here by adding N-terminal dual affinity His and
maltose-binding protein (MBP) tags, which were used both for
purification and to permit clear separation from actin by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(His-G4G6 and actin run similarly by SDS-PAGE). His-MBP-
G4G6 (Ca2+) binds both endogenous and recombinant actin in
the monomeric state, which allows for complete separation of the
two pools of actin on an anti-FLAG affinity column; the complex
of His-FLAG-actin with His-MBP-G4G6 (Ca2+) remains on the
column while the complex of endogenous actin with His-MBP-
G4G6 (Ca2+) flows through (Fig. 1 A, step 2). After extensive
washing (150× column volumes), EGTA is added to dissociate
His-MBP-G4G6 from His-FLAG-actin, which is then eluted with
glycine-HCl, pH 3.5 (Fig. 1 A, steps 3 and 4). To neutralize the

low pH buffer to which the actin is exposed only briefly
(<20 min), His-FLAG-actin is eluted directly into Tris pH 8.0
buffer. The protocol was first optimized for expression of skeletal
α-actin for which highly specific monoclonal antibodies are avail-
able. The evolution of the purification protocol on the anti-FLAG
affinity column and separation from endogenous β/γ-actin were
verified by Western blot and SDS-PAGE analyses (Fig. 1 B and C).

Affinity Tag Removal and Nt-Acetylation. After elution from
the anti-FLAG affinity column, the N-terminal affinity tag
must be precisely removed, and the N-terminal amino acid of
actin (D or E, depending on isoform) must be acetylated. To
accomplish this, His-FLAG-actin is incubated at 37 °C for 2 h
with two highly efficient enzymes, His-TEV protease (1:10
mass ratio with actin) and His-Naa80 (1:50 molar ratio with
actin) (Fig. 2 A, steps 5 and 6). Tris(2-carboxyethyl)phosphine
(TCEP, 0.5 mM) and acetyl-CoA (∼10 times the actin concen-
tration) are added as cofactors of TEV protease and Naa80,
respectively. The Naa80 construct used here corresponds to the
N-terminally His-tagged fragment 78 to 308, called Naa80ΔN
in a recent study where we showed that the N-terminal region
is not necessary for actin Nt-acetylation in vitro (6). His-MBP-
G4G6 (Ca2+) is then added at a 1.2:1 molar ratio with actin to
sequester the Nt-acetylated actin [His-MBP-G4G6 does not
bind to Naa80-bound actin (6)] and the mixture is loaded onto
a Ni-NTA affinity column (Fig. 2 A, step 7). Pure recombinant
actin is eluted from the column with the addition of EGTA
(Fig. 2 A, step 8), whereas all the His-tagged components,
including His-TEV, His-Naa80, His-MBP-G4G6, and any
uncleaved His-FLAG-actin remain on the column. Western
blot analysis using an Nt-acetylation-specific anti–α-actin anti-
body verifies tag removal and Nt-acetylation (Fig. 2B), and
SDS-PAGE analysis verifies the efficient removal of purification
reagents and any remaining tagged actin (Fig. 2C). Western
blot–based quantification reveals similar levels of Nt-acetylation
in tissue-purified and recombinant α-actin (Fig. 2D and
SI Appendix, Fig. S2). Final yields of pure, Nt-acetylated
α-actin are ∼3 mg/L of Expi293F cell culture.

Suitability of the Method for Other Actin Isoforms. To test
whether this method works for isoforms other than α-actin, we
expressed and purified cytoplasmic β-actin and smooth muscle
γ-actin. Western blot analysis using Nt-acetylation–specific
anti–β-actin and pan-actin antibodies showed that endogenous
Ac-β-actin flowed through in the anti-FLAG column, whereas
His-FLAG-β-actin was retained during washing and then eluted
with glycine-HCl pH 3.5 (Figs. 1A and 3A). The elution fraction
only contained His-FLAG-β-actin (higher band), recognized by
the pan-actin antibody, whereas endogenous Ac-β-actin, recog-
nized by both antibodies, was absent. Eluted His-FLAG-β-actin
was then incubated with His-TEV and His-Naa80, complexed
with His-MBP-G4G6 (Ca2+), loaded onto the Ni-NTA column,
and eluted with EGTA (Fig. 3A). The fractions loaded and eluted
from the Ni-NTA column were recognized by both antibodies,
confirming Nt-acetylation of recombinant β-actin.

TEV protease removed the affinity tag from three isoforms
(α-, β-, and γ-actin) that represent the spectrum of amino acids
found at the mature N termini of the six human actin isoforms
(Fig. 3B). This result and our previous finding that Naa80 ace-
tylates the N termini of all six actin isoforms (5) suggest that
the method described here is applicable to all isoforms.

The most popular actin expression/purification methods to
date use chymotrypsin to remove a C-terminal affinity tag
(37–39), since chymotrypsin cleaves precisely after the last natural
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amino acid of actin (F375). However, actin’s susceptibility to
internal chymotrypsin cleavage has been known since the 1970s
(40, 41). We considered other proteases for tag removal but,
except TEV and enterokinase, they all leave extra (nonnative)
amino acids at the N or C terminus. TEV was chosen because it
is easy to produce and use. To further verify TEV’s suitability for
tag removal, tissue-purified α-actin was treated with TEV protease
under the conditions used here (1:10 mass ratio with actin, 2 h,
37 °C) or chymotrypsin under published conditions (1:80 mass
ratio with actin, 15 min, room temperature) (38). SDS-PAGE
analysis revealed the appearance of several chymotryptic fragments
and lack of internal cleavage by TEV (Fig. 3C). When protein
gels are shown, lower-molecular-weight degradation bands are
observed in published work that used chymotrypsin for tag
removal (37–39). While this can be alleviated through additional
purification steps (30), yields are compromised as a result and deg-
radation subproducts typically persist and are difficult to control
for. In our laboratory, we have also found it difficult to obtain
actin uncontaminated by additional chymotrypsin cleavage, which
the method described here overcomes. In actin polymerization
assays, the chymotryptic digestion of actin led to a decrease in

activity compared to control, whereas TEV-treated actin polymer-
ized normally (Fig. 3D).

Posttranslational Modification of Recombinant Actin. An advan-
tage of human cells for actin expression is that they intrinsically
contain the necessary components for actin folding and
posttranslational processing. We performed mass spectrometry
(MS)-based proteomics analysis to check whether the PTMs pre-
sent in recombinant α- and β-actin matched those present in
endogenous α- and β-actin. For comparisons, skeletal α-actin was
purified from muscle tissue (8) and a mixture of β/γ-actin was
purified from untransfected Expi293F cells using G4G6, as we
previously described (5). To ensure full peptide coverage, each
actin sample was digested with two enzymes, trypsin and
chymotrypsin. The identity of peptides in the MS spectra was
determined by comparing their masses to those of peptides in the
α-, β-, and γ-actin sequences, considering potential PTMs and
using a false discovery rate (FDR) threshold of <1%. Full peptide
coverage was obtained for all the actin samples (Fig. 4A). We
observed several PTMs, including tyrosine phosphorylation,
histidine/lysine/arginine methylation, and lysine acetylation

A B

C

Fig. 1. Actin expression in Expi293F cells and separation from endogenous actin. (A) Diagram depicting steps 1 to 4 of the purification method. His-MBP-
G4G6 (Ca2+) is added to the lysate of Expi293F cells expressing His-FLAG-actin. His-FLAG-actin with bound His-MBP-G4G6 remains on the anti-FLAG column,
whereas endogenous β/γ-actin flows through. His-MBP-G4G6 is eluted with EGTA, which disrupts its Ca2+-dependent interaction with actin. His-FLAG-actin is
eluted with low-pH glycine buffer and collected directly into Tris pH 8 neutralization buffer. (B) Western blot analysis using pan-actin and α-actin and β-actin
specific antibodies showing the separation of recombinant α-actin from the endogenous actin of Expi293F cells. Blots show the flowthrough (FT) and elution
(E) from the anti-FLAG column, demonstrating that only recombinant α-actin is present in E, whereas endogenous β-actin is in FT. Cytoplasmic β/γ-actin puri-
fied from untransfected Expi293F cells and tissue-purified α-actin serve as controls and are recognized by their respective isoform-specific antibodies and
the pan-actin antibody. (C) SDS-PAGE analysis of the purification steps on the anti-FLAG column showing the load, flowthrough (FT), preelution resin (pre-E),
elution (E), and postelution resin (post-E).
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(Datasets S1 and S2). Table 1 and Fig. 4A show a subset of PTMs
observed with the highest confidence, based on the presence of b
(forward) and y (backward) fragment ions encompassing the PTM
in the MS2 spectra (Fig. 4 B and C and SI Appendix, Figs. S3 and
S4) and occupancy >5% in at least one of the four actin samples.
For each PTM-containing peptide, we define the PTM occupancy
as the ratio of the number of peptides containing the PTM to the
total number of observed peptides. Notably, Nt-acetylation and
H73 methylation, two modifications essential for actin function
that implicate specialized enzymes (5, 7), were observed in 92 to
100% of the observed peptides in both endogenous and recombi-
nant β-actin (Fig. 4 B and C) and α-actin (SI Appendix, Fig. S4).
This result confirmed the successful and precise removal of the
N-terminal affinity tag by TEV protease and Nt-acetylation by
Naa80. In contrast, only one phosphorylation site (Y218) was
observed above the 5% occupancy cutoff in both endogenous and

recombinant β-actin. This is likely due to the lack of phosphatase
inhibitors during purification (42); the large-scale use of phospha-
tase inhibitors is cost-prohibitive, and we chose to use the same
protein preparations in PTM and biochemical analyses (see below).
γ-Actin differs from β-actin only at four positions, all located near
the N terminus. Consistently, N-terminal peptides corresponding
to the γ-actin sequence were observed in the endogenous but not
the recombinant β-actin sample, further confirming the complete
removal of endogenous actin by the purification method (SI
Appendix, Fig. S5). Overall, the location and occupancy of PTMs
are similar between recombinant and endogenous samples of the
same actin isoform and, to a notable extent, between the two actin
isoforms analyzed here (Fig. 4A and Table 1).

Native-Like Polymerization Activity of Recombinant Actin.
Muscle tissue–purified actin consists mostly of a single isoform,

A

D

B

C

Fig. 2. Affinity tag removal and Nt-acetylation. (A) Diagram depicting steps 5 to 9 of the purification method. His-FLAG-actin in G-buffer is incubated with
His-TEV (TCEP) and His-Naa80 (acetyl-CoA). TEV protease cleaves the affinity tag precisely before the first amino acid of mature postprocessed α-actin (10)
(aspartic acid number 1, according to the actin numbering convention). Actin is then Nt-acetylated by Naa80. His-MBP-G4G6 (Ca2+) is added to bind
Ac-α-actin. The complex is loaded onto a Ni-NTA affinity column. His-TEV, His-Naa80, uncleaved His-FLAG-actin, and the complex of His-MBP-G4G6 (Ca2+)
with recombinant Ac-α-actin bind to the resin. Ac-α-actin is eluted with EGTA. (B) Western blot analysis of tag removal and Nt-acetylation using α-actin– and
Nt-acetylation–specific (Top) and pan-actin (Bottom) antibodies before (0 h) and after (2 h) incubation with TEV protease and Naa80. The shift of the actin
band reflects the removal of the purification/cleavage tag (3.2 kDa). (C) SDS-PAGE analysis of the purification step on the Ni-NTA column showing the load,
preelution resin (Pre-E), elution (E), and postelution resin (post-E). (D) Western blot analysis of different amounts (100 to 400 ng) of tissue-purified and
recombinant α-actin using α-actin– and Nt-acetylation–specific (Left) and pan-actin (Middle) antibodies. (Right) Quantification of the band intensity of recombi-
nant α-actin normalized to the corresponding band intensity of tissue-purified α-actin within each blot. The recombinant α-actin intensity corresponds to the
mean ± SD from six similar Westerns (see also SI Appendix, Fig. S2).
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α-actin (8), allowing for direct activity comparison with recom-
binant α-actin. Both α-actin preparations were supplemented
with 6% pyrene-labeled α-actin (tissue-purified), and their
polymerization kinetics were assessed using the pyrene-actin
polymerization assay (43). Time courses of polymerization were
recorded for α-actin alone and catalyzed by two common actin-
assembly factors, Arp2/3 complex and the formin mDia1.
Under all conditions, the two α-actin preparations displayed
similar polymerization rates (Fig. 5A).
For many applications the presence of Nt-acetylation may not

be crucial, particularly when comparing wild-type/mutant combi-
nations of the same actin isoform. Indeed, most biochemical stud-
ies use E. coli–expressed proteins lacking most PTMs. As part of
our previous characterization of Naa80 (5), we had established
that Nt-acetylation affected mostly filament elongation by
formins, which mediate the processive incorporation of actin sub-
units at the barbed end of the filament. In contrast, the polymeri-
zation of actin alone or by the Arp2/3 complex was unaffected.

However, that study used a mixture of β/γ-actin purified from
cells. Here, we directly compared the polymerization activity of
recombinant β-actin ± Nt-acetylation. The consistency among
protein preparations was high, and notable differences in polymer-
ization were not observed as a function of the presence/absence
of Nt-acetylation for β-actin alone or with Arp2/3 complex.
However, consistent with our previous findings (5), the rate of
polymerization with mDia1, which drives both nucleation and
elongation, was reduced nearly twofold for nonacetylated β-actin
(Fig. 5B). Therefore, for most applications, it may be acceptable
to bypass the Naa80-mediated Nt-acetylation step.

Discussion

More than 20 studies have been devoted to developing novel
actin expression methods or improvements upon existing ones.
Yet, the methods published thus far suffer from at least one of
several shortcomings including deficient folding, low yields,

A B

D

C

Fig. 3. Suitability of the method for other actin isoforms. (A) Western blot analysis of endogenous actin removal, tag cleavage, and Nt-acetylation during recombi-
nant β-actin purification using β-actin– and Nt-acetylation–specific and pan-actin antibodies. The blot shows the load, flowthrough (FT), and elution (E) from the
anti-FLAG column and the load and elution (E) from the Ni-NTA column. The same blot was first stained with Ac-β-actin antibody (Top) and then restained with
pan-actin (Bottom). Endogenous Ac-β-actin is detected in load and FT, but not in E from the anti-FLAG column, whereas His-FLAG-β-actin is detected both in load
and E, demonstrating the removal of endogenous actin. Prior to loading onto the Ni-NTA column, the N-terminal His-FLAG tag is removed and the recombinant
β-actin is Nt-acetylated by Naa80 and bound to His-MBP-G4G6. The recombinant actin is detected by the Ac-β-actin antibody in both load and E from the Ni-NTA
column. (B) SDS-PAGE analysis shows that TEV protease efficiently removes the His-FLAG tag from actin isoforms β, α, and γ with different N termini, as reflected
by a 3.2-kDa shift in the actin band. (C) SDS-PAGE analysis shows that chymotrypsin (1:80 wt/wt with actin, 15 min, room temperature) cleaves tissue-purified
α-actin at several locations, whereas TEV (1:10 wt/wt with actin, 2 h, 37 °C) does not. Protease cleavage reactions were stopped with 1 mM PMSF. (D) Polymeriza-
tion time course of tissue-purified α-actin (2 μM, 6% pyrene-labeled) before and after treatment with proteases (as in C) shows a decrease in polymerization for
chymotrypsin-treated but not TEV-treated α-actin. Data are shown as the average curve from three independent experiments with SD bars in lighter shade. Poly-
merization rates are reported at the bottom of the figure as the mean ± SD. P values for polymerization rate comparisons of enzyme-treated vs. untreated actin
were calculated using one-way ANOVA with Dunnett’s test for multiple comparisons.
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A

B C

Fig. 4. PTM analysis of recombinant and endogenous β- and α-actin. (A) MS peptide coverage maps of endogenous and recombinant β-actin (Top) and
α-actin (Bottom) relative to the protein sequence. Green and magenta lines indicate trypsin and chymotrypsin digestion peptides, respectively, whose masses
were identified by MS with FDR <1% (see also Datasets S1 and S2). Red, orange, purple, blue, and cyan circles indicate Nt-acetylation, H73 methylation,
H/K/R methylation, K acetylation, and Y phosphorylation, respectively. Only PTMs observed with the highest confidence are shown, i.e., those with b
(forward) and y (backward) fragment ions encompassing the PTM in MS2 spectra and occupancy >5% (see also Table 1). MS2 spectra of Nt-acetylated and
H73 methylated peptides are shown for endogenous (B) and recombinant (C) β-actin. The spectra show the b (backward, blue) and y (forward, red) fragment
ions observed by MS for each peptide. SI Appendix, Figs. S3 and S4 show all the MS2 spectra of PTM-containing β- and α-actin peptides observed with highest
confidence.
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absence of PTMs critical for actin activity, contamination with
endogenous actin from the expressing cells, lack of evidence of
native-like activity, and deficient affinity-tag removal (SI Appendix,
Table S1 summarizes published methods and their shortcomings).
The specific requirements of actin folding (4) and posttranslational
processing (5, 7, 10, 31, 32) are more evidently unmet in methods
that have used E. coli for expression (24, 25). Saccharomyces
cerevisiae has a single actin gene that if substituted by that of mam-
malian muscle actin affects viability (44). Thus, a compromising
solution has been to introduce a limited number of mammalian
actin amino acids into the yeast actin gene to study their function
(45). More generally, however, lower eukaryotes, including yeast,
Dictyostelium, and even insect Sf9 cells that adequately fulfill actin’s
folding requirements, perform posttranslational modifications that
differ in important ways from those of mammalian cells. Yeast, for
instance, lacks SETD3 and Naa80, responsible for H73 methyla-
tion (7) and Nt-acetylation (5), respectively. A recent study
attempts to address this issue by coexpressing SETD3 and Naa80
along with actin in Pichia pastoris (39). While H73 methylation
and Nt-acetylation were achieved by this method (albeit possibly
partial), the yields were low (0.5 mg/L) and chymotrypsin was
used for affinity tag removal which, as shown above, leads to actin
degradation that is difficult to control (Fig. 3C). While Sf9 cells
more closely resemble human cells, studies have shown PTM dif-
ferences in proteins expressed in insect cells compared to their
human counterparts (33, 34).
Both the N- and C-terminal ends of actin are essential for

interactions with actin-binding proteins and with actin itself
within the filament (2). Even the absence of the small acetyl group

at the N terminus of actin in Naa80 knockout cells leads
to increased F- to G-actin ratios, augmented filopodia and lamelli-
podia formation, and accelerated cell motility (5). N- and
C-terminal affinity tags must therefore be precisely removed, such
that no extra amino acids or deletions are present at either end.
Despite early evidence of actin’s susceptibility to chymotrypsin
digestion (40, 41), this enzyme is still used for affinity tag removal
by most expression methods. The chymotrypsin approach was first
used to cleave a thymosin-β4-His affinity tag added at the C ter-
minus of actin expressed in Dictyostelium (37). The novelty of this
approach was the incorporation of thymosin-β4 as part of the
affinity tag. Thymosin-β4 is a 44-amino-acid actin monomer
sequestering protein, which helps to keep the recombinant actin
mostly monomeric and segregated from the endogenous Dictyoste-
lium actin, albeit the latter has not been formally demonstrated.
The thymosin-β4-His tag is then cleaved with chymotrypsin,
which has a high-affinity site after the last native amino acid of
actin (F375). Subsequently, this method was adopted for actin
expression using baculovirus-Sf9 (38), P. pastoris (39), and mam-
malian cells (30), carrying over concerns with the chymotryptic
digestion of actin at other sites (Fig. 3C).

Another issue afflicting most existing actin expression meth-
ods is contamination of recombinant actin with endogenous
actin of the expressing cells, including yeast, Dictyostelium, or
Sf9 cells. Some studies have simply overlooked this problem,
whereas others have incompletely addressed it, and not a single
study has conclusively demonstrated full removal of endoge-
nous actin. In fact, when specifically investigated, contamina-
tion with endogenous actin has been invariably found (22, 46).

Table 1. List of PTMs observed with highest confidence in endogenous and recombinant β- and α-actin, based on
the presence of b (forward) and y (backward) fragment ions encompassing the PTM in MS2 spectra and occupancy
>5% in at least one of the actin samples

β-Actin α-Actin

PTM Endogenous Recombinant Endogenous Recombinant

Nt-acetylation 100 (61/61) 98 (96/98) 99 (200/203) 100 (258/259)
K18 acetylation 11 (7/61) 11 (11/98) 5 (10/203) 4 ð10=259Þ
K50 acetylation 7 (16/217) 7 (16/231) 12 (42/337) 15 (53/353)
K61 methylation 6 (8/134) 8 (12/146) 2 ð4=217Þ 5 (11/214)
K68 acetylation 19 (10/52) 16 (8/49) 17 (9/54) 9 (4/46)
H73 methylation 94 (246/263) 93 (286/308) 96 (412/430) 92 (314/341)
K84 acetylation 1 ð3=279Þ 1 ð2=321Þ 3 ð12=437Þ 11 (40/361)
H101 methylation 10 (25/240) 10 (26/264) 6 (19/300) 5 (16/336)
K113 acetylation 4 ð9=240Þ 3 ð8=264Þ 5 (16/300) 5 (16/336)
H161 methylation 15 (57/372) 17 (68/410) 4 ð15=405Þ 7 (33/501)
K191 acetylation 9 (21/224) 11 (31/284) 15 (74/493) 18 (125/706)
K213 acetylation 4 ð1=26Þ 17 (5/30) 8 (5/65) 12 (18/146)
K215 acetylation 13 (6/47) 13 (7/52) 20 (24/119) 8 (14/176)
K215 methylation 13 (6/47) 12 (6/52) 5 (6/119) 5 (8/176)
Y218 phosphorylation 18 (32/179) 11 (22/201) 4 ð16=378Þ 1 ð4=368Þ
R256 methylation 7 (1/15) 8 (2/24) 7 (16/242) 6 (29/451)
H275 methylation 28 (13/47) 32 (26/82) 8 (52/664) 5 (45/965)
K284 acetylation 14 (8/59) 13 (11/82) 11 (46/419) 15 (63/420)
K284 methylation 14 (8/59) 9 (7/82) 2 ð10=419Þ 3 ð13=420Þ
K291 acetylation 17 (46/268) 20 (60/298) 21 (75/358) 21 (85/400)
K315 acetylation 0 ð0=4Þ 7 (1/14) 30 (3/10) 0 ð0=12Þ
K315 methylation 25 (1/4) 21 (3/14) 0 ð0=10Þ 0 ð0=12Þ
K328 acetylation 20 (2/10) 35 (6/17) 64 (14/22) 40 (6/15)
K328 methylation 20 (2/10) 12 (2/17) 0 ð0=22Þ 0 ð0=15Þ
H371 methylation 4 ð4=92Þ 5 (5/110) 2 ð3=133Þ 4 ð5=135Þ
For each PTM, the percentile occupancy is defined as 100 × the ratio of the number of peptides containing the PTM to the total number of observed peptides (shown in parentheses).
See also Fig. 4 and SI Appendix, Figs. S3 and S4.
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Contamination with endogenous actin precludes an accurate
analysis of polymerization differences among actin isoforms or
mutants. The presence of even small amounts of endogenous
actin also prevents the analysis of PTMs using highly sensitive
MS-based proteomics. For instance, we observed here acety-
lated N-terminal peptides of both β- and γ-actin in the endoge-
nous actin sample but only β-actin peptides were observed in the
recombinant sample (Fig. 4, SI Appendix, Fig. S5, and Dataset
S1). This analysis would not have been possible if the recombi-
nant β-actin had been contaminated with endogenous actin.
Using the same experimental conditions, we determined that

β-actin polymerized faster than α-actin: ∼1.5-fold alone, ∼3-
fold with Arp2/3 complex, and ∼2-fold with mDia1 (Fig. 5).
These differences are surprisingly large, considering that the
two actin isoforms share ∼94% sequence identity and most
amino acids variations tend to be conservative. In the absence

of actin degradation or contamination with endogenous actin,
these differences between isoforms are likely reliable and war-
rant further investigation.

In summary, we described here a dependable method to
obtain high yields of recombinant actin in its native form. Bio-
chemical experiments demonstrated that this method over-
comes deficiencies of prior actin expression methods, such as
incomplete removal of endogenous actin, absence of key
PTMs, and unproven native-like polymerization activity. Such
deficiencies imply that the conclusions of some studies may not
be fully reliable, especially when studying disease-causing muta-
tions in actin. The method described here produces recombi-
nant actin that closely matches actin in human cells, offering
the opportunity to revisit prior conclusions. The ability to
obtain pure recombinant actin free of endogenous actin con-
tamination also enables studies to understand how minor

A

B

Fig. 5. Native-like polymerization activity of recombinant actin. (A, Left) SDS-PAGE analysis of tissue-purified and recombinant α-actin. (A, Right) Time courses
of α-actin polymerization alone and with Arp2/3 complex or mDia1 (experimental conditions shown in the figure). (B, Left) Western blot analysis of recombi-
nant β-actin before and after Nt-acetylation using pan-actin (Top) and isoform- and Nt-acetylation–specific (Bottom) antibodies. (B, Right) Time courses of
β-actin polymerization alone and with Arp2/3 complex or mDia1 (experimental conditions shown in the figure). Data are shown as the average curve from
three independent experiments with SD bars in lighter shade. Polymerization rates are reported below the graphs as the mean ± SD. P values for polymeri-
zation rate comparisons were calculated using one-way ANOVA with Sidak’s test for multiple comparisons. P values for comparisons between acetylated
recombinant α- and β-actin are 0.0043, < 0.0001, and 0.0001, respectively for actin alone, with Arp2/3 complex, or with mDia1.
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differences in actin isoforms result in substantially different
activities in cells and different biochemical properties in vitro.

Materials and Methods

Proteins. The following complementary DNAs (cDNAs) were used in cloning:
human skeletal α-actin (UniProt P68133), human cytoplasmic β-actin (UniProt
P60709), human smooth muscle γ-actin (UniProt P63267), human gelsolin
(UniProt P06396-1), human Naa80 (UniProt Q93015-2), mouse mDia1 (UniProt
O08808), and mouse N-WASP (UniProt Q91YD9). The cDNAs were either avail-
able in the laboratory from previous work (N-WASP, mDia1, Naa80) (5) or pur-
chased from DNASU (actin isoforms) or Open Biosystems (gelsolin). Recombinant
proteins were obtained as follows.
Actin. Construct His-FLAG-actin was obtained using overlap extension PCR
to add the sequence encoding for a His-FLAG-TEV affinity/cleavage tag
(MAHHHHHH-SG-DYKDDDDK-TS-ENLYFQ) N-terminally to the α-actin cDNA [lack-
ing the first two N-terminal residues that are removed posttranslationally (10)].
The construct was inserted between the SalI and BamHI sites of vector pJCX4
(Addgene ID: 170756) (47, 48). A SpeI site was silently inserted into the TEV-
encoding sequence, and other actin isoforms (β cytoplasmic and γ smooth)
were inserted between the SpeI and BamHI sites. SI Appendix, Table S2 lists the
primers used in this study. Proteins were expressed in Expi293F cells grown in
suspension in Expi293 Expression Medium and 8% CO2 (Thermo Fisher Scien-
tific). Cells, at a density of 2.5 million per mL, were transfected with 1 mg DNA
per liter of culture. The transfection mixture was prepared in Opti-MEM Reduced
Serum Media using polyethylenimine-MAX (PEI-MAX) for transfection at a 3:1
vol/wt ratio to DNA (3 mL PEI-MAX per 1 mg plasmid). Transfected cells were
grown for 72 h at 37 °C, pelleted at 3,000 × g for 10 min, and stored at
�80 °C. Cell pellets were thawed in a cool water bath and diluted in actin lysis
buffer (10 mM Tris�HCl pH 8, 10 mM CaCl2, 2 mM MgCl2, 0.5 mM ATP) supple-
mented with 25 mM sucrose, 0.1% octyl-β-glucoside, 10 μg/mL aprotonin,
10 μg/mL leupeptin, 1:1,000 dilution of protease inhibitor mixture P8340
(Sigma-Aldrich) and 2 mM phenylmethanesulfonyl fluoride (PMSF). Unless oth-
erwise specified, purification was performed at 4 °C. Cells were lysed using a
Dounce homogenizer, followed by centrifugation at 50,000 × g for 20 min. To
sequester monomeric actin, clarified lysates were incubated with 1 mg His-MBP-
G4G6 per gram of wet cell pellet. The following day, lysates were centrifuged
(50,000 × g for 20 min) to pellet any precipitate, mixed with anti-FLAG resin
(equilibrated with actin lysis buffer, ∼2 mL of anti-FLAG resin per 10 g of cell
pellet) and incubated for 2 h with gentle rocking. The resin was then transferred
into a column and washed with 50 column volumes (CV) of FLAG-wash-buffer
(20 mM Tris�HCl pH 8, 10 mM CaCl2, 1 mM MgCl2, 0.5 mM ATP) followed by
150 CV of FLAG-wash-buffer supplemented with 100 mM KCl. To dissociate His-
MBP-G4G6 from His-FLAG-actin, the resin was first washed with 5 CV of 20 mM
Tris�HCl pH 8, 1 mM MgCl2, 0.5 mM ATP and incubated for 10 min with 5 CV of
the same buffer supplemented with 3 mM EGTA. The column was then washed
with 10 CV of FLAG-wash-buffer to restore Ca2+. His-FLAG-actin was eluted from
the anti-FLAG column in 1-mL fractions after incubation for ∼20 min with
100 mM glycine pH 3.5, 10 mM CaCl2, 1 mM MgCl2, 0.5 mM ATP. To restore
the pH, actin fractions were collected directly into 340-μL aliquots of 100 mM
Tris�HCl pH 8, 10 mM CaCl2, 1 mM MgCl2, 0.5 mM ATP and analyzed by SDS-
PAGE. Actin-containing fractions were pooled and dialyzed overnight into
G-buffer (5 mM Tris�HCl pH 8, 0.2 mM CaCl2, 0.2 mM ATP).

The actin concentration was estimated from the ultraviolet (UV) absorbance at
290 nm (ε = 26,600 M�1�cm�1). N-terminal tag removal and Nt-acetylation
were performed in parallel by incubating His-FLAG-actin with His-TEV (1:10 mass
ratio to actin, 0.5 mM TCEP) and His-Naa80 (1:50 molar ratio to actin, acetyl-CoA
at ∼10 times the actin concentration) for 2 h at 37 °C. Actin was then incubated
for 30 min with a 1.2 molar excess of His-MBP-G4G6, supplemented with 2 mM
MgCl2 and 5 mM CaCl2 to promote G4G6 binding. The complex, supplemented
with 10 mM imidazole pH 8, 100 mM KCl and 5 mM ATP, was loaded onto a
Ni-NTA column equilibrated with 20 mM Tris�HCl pH 8, 10 mM imidazole,
100 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 0.5 mM ATP (∼2 mL Ni-NTA resin per
10 g wet cell pellet processed). The column was washed with 50 CV of equilibra-
tion buffer, followed by 10 CV of 10 mM Tris�HCl pH 8, 1 mM CaCl2, 1 mM
MgCl2, 0.5 mM ATP. Actin was eluted by inducing its dissociation from G4G6
with 10 mM Tris�HCl pH 8, 3 mM EGTA, 1 mM MgCl2, 0.5 mM ATP for 30 min.

Elution fractions (2 mL) were supplemented with 2 mM MgCl2 and analyzed by
SDS-PAGE. Actin-containing fractions were pooled and dialyzed overnight into
G-buffer. Purified actin was polymerized by addition of 100 mM KCl, 2 mM
MgCl2, and 1 mM EGTA for 1 h at room temperature, and F-actin was pelleted
by centrifugation at 100,000 × g for 30 min. Actin was depolymerized in 1 mL
G-buffer and dialyzed against G-buffer for 3 d. The sample was centrifuged at
100,000 × g for 30 min and the actin concentration in the supernatant was
measured by UV.
His-MBP-G4G6. PCR products of His-MBP and G4G6 (human gelsolin residues
434 to 782) were ligated and inserted between the PstI and HindIII sites of vec-
tor pRSF1 (Novagen). The protein was expressed in ArcticExpress (DE3) RIL cells
(Agilent Technologies) grown in Terrific Broth (TB) medium for 6 h at 37 °C to an
optical density at 600 nm (OD600) of ∼1.5, followed by 24 h growth at 10 °C in
the presence of 0.5 mM isopropyl-β-D-thiogalactoside (IPTG). Cells were har-
vested by centrifugation (50,000 × g for 20 min), resuspended in 20 mM
Tris�HCl pH 8, 500 mM NaCl, 5 mM imidazole, and 1 mM PMSF, and lysed by
Microfluidizer (Microfluidics). The protein was purified on a Ni-NTA affinity col-
umn, followed by ion exchange chromatography on a MonoQ column (GE
Healthcare) in 50 mM Tris�HCl pH 8 and 50 to 500 mM NaCl gradient. The pro-
tein was dialyzed against 20 mM Hepes pH 8, 100 mM NaCl, concentrated to
15 mg/mL, and stored at�80 °C.
His-TEV. The His-TEV expression plasmid was obtained from Addgene (ID:
92414). The protein was expressed in BL21(DE3) cells (Agilent Technologies)
grown in TB media for 6 h at 37 °C to an OD600 of ∼0.8, followed by 12-h growth
at 19 °C in the presence of 0.4 mM IPTG. Cells were harvested by centrifugation,
resuspended in 20 mM Hepes pH 7.5, 300 mM NaCl, 10 mM imidazole, and
1 mM PMSF, and lysed by Microfluidizer. The protein was purified on a Ni-NTA
affinity column, followed by gel filtration chromatography on a SD200HL 26/600
column (GE Healthcare) in 20 mM Hepes pH 7.5, 200 mM NaCl, 2 mM ethylene-
diaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT). Fractions containing
His-TEV were dialyzed overnight into 20 mM Hepes pH 7.5, 20 mM NaCl, 2 mM
EDTA, 1 mM DTT, concentrated to 2.5 mg/mL, and stored at�80 °C.
mDia1, His-Naa80, Arp2/3 complex, N-WASP, endogenous β/γ-actin, and
skeletal α-actin. The cloning (pTYB12 vector), expression [ArcticExpress (DE3)
RIL cells], and purification (chitin affinity, followed by intein self-cleavage) of
mDia1 and Naa80 (amino acids 78 to 308) were described by us previously (5).
One change here was to add an N-terminal His-tag to Naa80 by PCR extension.
Naa80 was purified on a chitin affinity column, followed by intein self-cleavage.
N-WASP (amino acids 426 to 501) was cloned into vector pTYB12, expressed in
BL21(DE3) cells and purified on a chitin affinity column. Arp2/3 complex was
purified from bovine brain (49). Endogenous β/γ-actin was purified from
untransfected Expi293F cells using G4G6 (5), and α-actin was purified from rab-
bit skeletal muscle acetone powder (8).

Plasmid Deposition. The plasmids developed here for the expression and
purification of actin were deposited with Addgene. ID numbers are as follows:
His-FLAG-TEV-α-actin, 188452; His-FLAG-TEV-β-actin, 188453; His-MBP-G4G6,
188454; His-Naa80ΔN, 188455.

Antibodies. SI Appendix, Table S3 lists commercial antibodies used in this study.

Proteomics. Liquid chromatography tandem MS analysis was performed by the
Proteomics and Metabolomics Facility of The Wistar Institute using a Q Exactive
Plus mass spectrometer (Thermo Fisher Scientific) coupled to a Nano-ACQUITY
ultraperformance liquid chromatography (UPLC) system (Waters). Gel bands of
purified proteins were excised and digested in-gel with trypsin or chymotrypsin
and injected into the UPLC system. Peptides were separated by reversed-phase
high-performance liquid chromatography on a BEH C18 nanocapillary analytical
column (Waters) using a 90-min gradient of solvent-A (0.1% formic acid in water)
and solvent-B (0.1% formic acid in acetonitrile). A 30-min blank gradient was
run between sample injections. Eluted peptides were analyzed by the mass spec-
trometer, set to repetitively scan m/z 300 to 1,800 in positive ion mode. The full
MS scan was collected at 70,000 resolution, followed by data-dependent MS/MS
scans at 17,500 resolution on the 20 most abundant ions exceeding a minimum
threshold of 10,000. Other settings included: preferred peptide match, exclude
isotopes, and charge-state screening (to reject unassigned and more than five
charged ions). The MS raw spectra were processed using MetaMorepheus ver-
sion 0.0.316 (50). The calibrate and search tasks of the program were used with
default parameters, including precursor mass tolerance of 5 ppm, enzyme
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specific cleavage, and up to two missed cleavages. The G-PTM-D task was used
with common PTMs, including N-terminal acetylation, H/K/R methylation, S/T/Y
phosphorylation, and K acetylation. We did not specifically search for uncommon
PTMs such as D/E/K carboxylation, K/R dimethylation, K/R trimethylation, K/N/P
hydroxylation, and C/Y nitrosylation. An FDR cutoff of <1% was employed at the
peptide and protein levels. Raw proteomics data files were deposited with Mas-
sIVE (accession nos. MSV000089132 and MSV000089919).

Actin Polymerization Assay. Actin polymerization was measured as the time
course of the fluorescence increase resulting from the incorporation of pyrene-
actin (excitation 365 nm, emission 407 nm) into filaments using a Cary Eclipse
fluorescence spectrophotometer (Varian Medical Systems). Tissue-purified actin
was additionally purified by gel filtration to remove impurities and polymerization
seeds and ensure reproducibility in polymerization assays. The recombinant actin
did not require this step, presumably because the purification protocol removes
impurities and seeds. The polymerization of actin alone was carried out by mixing
4 μL of buffer alone with 196 μL of Mg-ATP-actin at 2 μM concentration (6%
pyrene-labeled tissue-purified α-actin) in F-buffer (10 mM Tris�HCl pH 8, 1 mM
MgCl2, 50 mM KCl, 1 mM EGTA, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM NaN3).
Polymerization by actin assembly factors was carried out similarly, by mixing
Mg-ATP-actin with 20 nM mDia1 or Arp2/3 complex (with 200 nM N-WASP
WCA). Experiments were conducted at 25 °C and were repeated at least three

times. Data acquisition started 10 s after mixing. Polymerization rates are
reported as the maximal slope of a polymerization curve (between 0.1 and 0.4 of
the maximum fluorescence) normalized by the change in fluorescence.

Data, Materials, and Software Availability. Proteomics data have been
deposited in the MassIVE Repository [accession nos. MSV000089132 (51) and
MSV000089919 (52)].
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