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Abstract: Formation of stable actin filaments, critically important for actin functions, is determined
by the ionic strength of the solution. However, not much is known about the elements of the actin fold
involved in ionic-strength-dependent filament stabilization. In this work, F-actin was destabilized by
Cu2+ binding to Cys374, and the effects of solvent conditions on the dynamic properties of F-actin
were correlated with the involvement of Segment 227-235 in filament stabilization. The results of our
work show that the presence of Mg2+ at the high-affinity cation binding site of Cu-modified actin
polymerized with MgCl2 strongly enhances the rate of filament subunit exchange and promotes the
filament instability. In the presence of 0.1 M KCl, the filament subunit exchange was 2–3-fold lower
than that in the MgCl2-polymerized F-actin. This effect correlates with the reduced accessibility of
the D-loop and Segment 227-235 on opposite filament strands, consistent with an ionic-strength-
dependent conformational change that modulates involvement of Segment 227-235 in stabilization
of the intermonomer interface. KCl may restrict the mobility of the α-helix encompassing part of
Segment 227-235 and/or be bound to Asp236 at the boundary of Segment 227-235. These results
provide experimental evidence for the involvement of Segment 227-235 in salt-induced stabilization of
contacts within the actin filament and suggest that they can be weakened by mutations characteristic
of actin-associated myopathies.

Keywords: actin filaments; actin proteolysis; subtilisin; salt-induced stabilization; C-terminus; Seg-
ment 227-235; actin-associated myopathy

1. Introduction

Actin filament is stabilized by intersubunit interactions along the two long-pitch
helical strands and by lateral contacts between the strands. The atomic models of the actin
filament derived by fitting the atomic structures of G-actin to X-ray diffraction patterns
of oriented gels of F-actin [1–4] and from cryo-electron microscopy data [5–7] predict
that D-loop (Residues 39–52) on the top of actin Subdomain 2 is extended towards a
hydrophobic groove between Subdomains 1 and 3 of the longitudinally adjacent protomer,,

including a stretch of Residues 139–143 [1,3,5,6] and a cluster of the C-terminal residues [1,3].
Although involvement of the C-terminus in the inter-protomer contacts was not visualized
by cryo-electron microscopy [5–7], several lines of experimental evidence suggest that
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the C-terminus of actin participates in the longitudinal contact with Residues 41–45 of
D-loop as predicted by the earlier models. In addition to the quenching of the fluorescence
of dansyl ethylenediamine (DED) attached to Gln41 by copper ion (Cu2+) binding to
Cys374 in F-actin but not in G-actin [8], this evidence includes intrastrand cross-linking
of Cys374 to Gln41 [9], cross-linking and formation of an interprotomer disulfide bond
between Cys374 and Cys41 substituted for Gln41 in yeast mutant F-actin [10–12], and
intermolecular stacking of pyrene probes attached to Cys374 and Cys41 in copolymers of
pyrene labeled wild type and Q41C/C374S mutant actin [13]. These data imply that the
inter-protomer interaction between the D-loop and the C-terminus is either transient or
structurally flexible [7]. In line with this suggestion, the cryo-electron microscopy structure
of phalloidin-bound F-actin revealed conformational changes in the D-loop causing it
to extend and establish contacts not only with residues Tyr148, Thr143 and Tyr169, but
also with the C-terminal Phe375 of the neighboring actin [14]. The allosteric relationships
between the D-loop and the C-terminus of actin molecule [15] can also be involved in these
interactions.

The interstrand contacts in F-actin models are also a point of discussion. In the “hy-
drophobic plug” hypothesis, Holmes et al. [1] proposed that the D-loop and C-terminus
make contacts with Residues 262-274 (plug residues) in Subdomain 4 of an adjacent pro-
tomer from the opposing strand. This hypothesis gained support from intermolecular
cross-linking and disulfide bond formation between these structural elements, and from
fluorescence studies on copolymers of pyrene-labeled wild type yeast actin and its mutants
with cysteine residues introduced either at position 41 or 265 and Cys374 replaced with
alanine [10,13,16]. However, in the recent F-actin models, the hydrophobic plug contacts
Residues 39–42 of D-loop along the filament strand [5] and Residues 173 [5–7] or 170–174 [3]
across the strand but does make any prominent interaction with C-terminal residues within
the protomers of the opposite strand. This interstrand interaction is formed by salt bridges
rather than by hydrophobic interactions [5,7].

Cooperative interaction between the neighboring F-actin protomers has been also
suggested to involve Residues 223-230, based on F-actin reconstructions from its electron
microscopic images [17] and emerged from using slow normal modes of G-actin to refine
the F-actin model against X-ray fiber diffraction data [18]. This possibility is supported
by the intermolecular effects of proteolytic cleavage of D-loop at Gly42 on proteolytic
susceptibility of Segment 227-235 [19] partially overlapping the 223-230 helix in Subdomain
4, by radiolytic footprinting data showing diminished solvent accessibility of Met227 in
50 mM KCl-polymerized magnesium (Mg)-F-actin as compared with Mg-actin oligomers
produced by 0.2 mM MgCl2 [20] and by excimer formation between pyrene maleimids
attached to Cys224 and Cys374 in fluorescence spectrum of yeast actin E224C mutants [21].

The apparent controversy of the structural and biochemical data available to date
may be due to dynamical nature of actin filaments determined by conformational state
of the flexible loops that form the intermonomer interface. In turn, conformation of the
loops is affected by the kind of tightly bound nucleotide [22,23] and cation [24] as well as
by polymerizing conditions [25,26]. Therefore, the aim of this work was to examine the
effects of solvent conditions and Ca2+/Mg2+ replacement at the tightly bound cation site
on the dynamic properties of F-actin, and to correlate these effects with involvement of
Segment 227-235 in the contact formation. Destabilization of F-actin by Cu2+ binding to
Cys374 [8] that is not directly involved in the intermonomer contacts [5–7] but makes them
transient or structurally flexible [7,14] proved to be a convenient tool to reveal allosteric
effects stabilizing the filament. Our results provide experimental evidence for involvement
of Segment 227-235 in salt-induced stabilization of contacts within the actin filament and
suggest that they can be weakened by the modifications produced in Segment 227-235 by
mutations characteristic of myopathy [27,28].
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2. Results
2.1. Effects of the Type of Cation Tightly Bound to Actin and of Solvent Conditions on ATP
Hydrolysis in Steady-State F-Actin Solutions

Hydrolysis of Adenosine triphosphate (ATP) in F-actin solutions at steady-state reflects
the exchange of F-actin subunits with the monomer pool. It results from preferential
dissociation of subunits carrying bound ADP from the slowly growing pointed end of
the filament, exchange of the bound ADP for ATP on the monomers, and reincorporation
of ATP-monomers into the filament followed by hydrolysis of their bound ATP (for a
review see [29–32]). In agreement with earlier reports [33–35], the ATPase activity of fully
polymerized actin, measured at 25 ◦C, was very low (below 0.2 mol of Pi liberated/mol
of actin/h, Figure 1A, dotted lines) which precludes reliable evaluation of its dependence
on the type of the bound cation or polymerizing salt. Striking effects of these factors
were, however, observed with Cu2+-treated actins: this treatment increased the ATPase
activity of Mg-G-actin polymerized with MgCl2 to 5–6 moles of ATP hydrolyzed/mol of
actin/h (Figure 1A, solid lines), whereas the rates of ATP hydrolysis by both Ca-actin and
Mg-actin polymerized with 0.1 M KCl, as well as by Ca-actin polymerized with CaCl2,
were enhanced to only 0.60–0.65 moles/mol of actin/h. The stabilizing effect of increasing
the ionic strength of the solution is also apparent from data in Figure 1B showing that the
presence of 0.1 M KCl in addition to 2 mM MgCl2 reduced the steady-state ATPase activity
of Mg-F-actin to the level observed with this actin polymerized with KCl alone. Similar
lowering of the rate of steady-state ATP hydrolysis (measured at 37 ◦C) by addition of KCl,
NaCl or LiCl to MgCl2-polymerized Ca-actin destabilized by glutathione modification of
Cys374 has been reported previously [36].

In numerous studies on F-actin, Ca-G-actin polymerized with MgCl2 has been used.
As shown in Figure 1C, the steady-state ATPase activity of Cu2+-treated Ca-G-actin poly-
merized with 2 mM MgCl2 (2.8 moles Pi/mol of actin/h) was intermediate between those
of Cu2+-treated Ca-G-actin polymerized with 2 mM CaCl2 (Ca-F-actin) and Mg-G-actin
polymerized with 2 mM MgCl2 (Mg-F-actin). This is entirely consistent with only partial
replacement of G-actin-bound Ca2+ by Mg2+ under these conditions [37,38], resulting in a
copolymer of Ca- and Mg-actin.

2.2. Effects of the Type of Cation Tightly Bound to Actin and of Solvent Conditions on the Relative
Filament Number

The rate of the polymer subunit exchange underlying the steady-state ATPase activity
of F-actin depends on the rate constants of the monomer dissociation from and association
to the filament ends and on the number concentration of the filament ends. To get an insight
into the nature of Cu2+-induced changes leading to the acceleration of the subunit exchange,
we have determined relative number concentrations of filaments in the assayed F-actin
solutions. This was done by comparing their abilities to nucleate actin polymerization
when diluted into solutions of pyrene-labeled G-actin supplemented with 0.1 M KCl shortly
before addition of the F-actin seeds. The initial rate of increase in the pyrene fluorescence,
indicating elongation of the seeding filaments by addition of pyrene-labeled monomers to
their ends, is proportional to the number concentration of the filaments [35]. As depicted in
Figure 2, these measurements revealed higher filament number concentration in Mg-F-actin
than in Ca-F-actin solutions: twofold in the presence of KCl and threefold in MgCl2 or
CaCl2, respectively.
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Figure 1. Effects of Cu2+ binding on steady-state ATP hydrolysis in F-actin solutions at various 
solvent conditions. (A) Ca-G-actin (,) and Mg-G-actin (, ) (10 µM) were polymerized either 
with 2 mM CaCl2 () or MgCl2 (), or with 0.1 M KCl (, ). The F-actin solutions were incu-
bated at 25 °C in the absence (dotted lines) or in the presence of 10 µM CuCl2 (solid lines). At time 
intervals, aliquots of the solutions were withdrawn for determination of Pi concentration as de-
scribed in Materials and Methods. The concentration of Pi in samples taken 15 min after addition 
of CuCl2 (time zero in the figure) was subtracted from the values obtained for the longer incuba-
tion times. Mean values (±SD) from 3–5 independent experiments are presented. (B) ATP hydroly-
sis in steady-state solutions of Mg-F-actin (10 µM) polymerized with 2 mM MgCl2 (), 0.1 M KCl 
(), or 2 mM MgCl2/0.1 M KCl () incubated at 25 °C in the absence (dotted line) or in the pres-
ence of 10 µM CuCl2 (solid lines). The liberation of Pi was measured as in (A). (C) Ca-G-actin (10 
µM) was polymerized with 2 mM CaCl2 () or with 2 mM MgCl2 (). The F-actin solutions were 
incubated at 25 °C in the presence of 10 µM CuCl2 and steady-state ATP hydrolysis was measured 
as in (A). The dashed line shows ATP hydrolysis by Mg-F-actin polymerized with MgCl2. 

2.2. Effects of the Type of Cation Tightly Bound to Actin and of Solvent Conditions on the 
Relative Filament Number 

Figure 1. Effects of Cu2+ binding on steady-state ATP hydrolysis in F-actin solutions at various
solvent conditions. (A) Ca-G-actin (#,4) and Mg-G-actin (�, 3) (10 µM) were polymerized either
with 2 mM CaCl2 (#) or MgCl2 (�), or with 0.1 M KCl (4, 3). The F-actin solutions were incubated
at 25 ◦C in the absence (dotted lines) or in the presence of 10 µM CuCl2 (solid lines). At time intervals,
aliquots of the solutions were withdrawn for determination of Pi concentration as described in
Materials and Methods. The concentration of Pi in samples taken 15 min after addition of CuCl2
(time zero in the figure) was subtracted from the values obtained for the longer incubation times.
Mean values (±SD) from 3–5 independent experiments are presented. (B) ATP hydrolysis in steady-
state solutions of Mg-F-actin (10 µM) polymerized with 2 mM MgCl2 (�), 0.1 M KCl (3), or 2 mM
MgCl2/0.1 M KCl (�) incubated at 25 ◦C in the absence (dotted line) or in the presence of 10 µM CuCl2
(solid lines). The liberation of Pi was measured as in (A). (C) Ca-G-actin (10 µM) was polymerized
with 2 mM CaCl2 (#) or with 2 mM MgCl2 (�). The F-actin solutions were incubated at 25 ◦C in the
presence of 10 µM CuCl2 and steady-state ATP hydrolysis was measured as in (A). The dashed line
shows ATP hydrolysis by Mg-F-actin polymerized with MgCl2.
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and after a 15-min incubation with equimolar CuCl2 (a’–d’). Mean values (±SD) from 8–10 meas-
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This difference is in line with the higher rate of nuclei formation by Mg-G-actin (for 
review see [39,40], which naturally leads to larger number of the filaments at the expense 
of their lengths. Copper binding resulted in enhancement of the filament number concen-
tration under all assayed conditions, indicating diminished mechanical stability of the 
modified filaments leading to their fragmentation. The enhancement was larger (about 
3.5-fold) when the actins were polymerized with 2 mM CaCl2 or MgCl2 rather than in the 
presence of 0.1 M KCl (1.5-fold) independent of the type of tightly bound cation (Figure 
2). These data show again a stabilizing effect of elevated ionic strength. Filament fragmen-
tation upon Cu2+ binding and the protective effect of ionic-strength enhancement was con-
firmed by electron microscopic investigation of negatively stained preparations of Mg-
actin polymerized with either 0.1 M KCl or 2 mM MgCl2 (Figure 3).  

Figure 2. Cu2+-induced fragmentation of F-actin filaments. Ca-actin (a, b, and a’, b’) and Mg-actin (c,
d, and c’, d’) were polymerized, at 25 ◦C, either with 2 mM CaCl2 (a, a’) or MgCl2 (d, d’), respectively,
or with 0.1 M KCl (b, b’, c, c’). Relative number concentration of the filaments in 10 µM steady-state
F-actin solutions was determined as described in Materials and Methods, before (a–d) and after a
15-min incubation with equimolar CuCl2 (a’–d’). Mean values (±SD) from 8–10 measurements on 2
independent actin preparations are presented.

This difference is in line with the higher rate of nuclei formation by Mg-G-actin
(for review see [39,40], which naturally leads to larger number of the filaments at the
expense of their lengths. Copper binding resulted in enhancement of the filament number
concentration under all assayed conditions, indicating diminished mechanical stability
of the modified filaments leading to their fragmentation. The enhancement was larger
(about 3.5-fold) when the actins were polymerized with 2 mM CaCl2 or MgCl2 rather than
in the presence of 0.1 M KCl (1.5-fold) independent of the type of tightly bound cation
(Figure 2). These data show again a stabilizing effect of elevated ionic strength. Filament
fragmentation upon Cu2+ binding and the protective effect of ionic-strength enhancement
was confirmed by electron microscopic investigation of negatively stained preparations of
Mg-actin polymerized with either 0.1 M KCl or 2 mM MgCl2 (Figure 3).

In preparations of Cu2+-treated actin polymerized with MgCl2, numerous short fila-
ments are seen (Figure 3C), whereas in similarly treated preparations of actin polymerized
with KCl long filaments prevail (Figure 3D). In line with this, Cu2+ binding decreased the
slopes of the curves showing dependence of light scattering of the corresponding F-actin
solutions on actin concentration (Figure 4) which may indicate Cu2+-induced changes in
the filament length and/or flexibility. It did not result, however, in any substantial change
in critical G-actin concentration for polymerization (Cc) except for CaCl2-polymerized
Ca-actin for which Cc increased from 0.7 µM to 2.8 µM (Figure 4), without any significant
effect on the degree of this actin polymerization comparing with other Cu-modified actin
species ((Figure 4). On the other hand, the high amount of G-actin in the Cu2+-treated
CaCl2- polymerized Ca-F-actin may promote the filament instability which makes subunit
exchange in this actin similar to that in the KCl-polymerized Mg-actin (Table 1).
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Figure 3. Electron micrographs of F-actin filaments before and after modification with CuCl2. Mg-
G-actin (10 µM) was polymerized with 2 mM MgCl2 (A,C) or 0.1 M KCl (B,D) at 25 °C, and 
polymerization progress was monitored by measuring the increase in light scattering intensity. 
When the steady state of polymerization was reached, the solutions were negatively stained as 
described in Materials and Methods, before (A,B) and after a 15-min incubation with CuCl2 
equimolar to actin (C,D). Pictures were taken at a magnification of 6000×.    
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Figure 3. Electron micrographs of F-actin filaments before and after modification with CuCl2.
Mg-G-actin (10 µM) was polymerized with 2 mM MgCl2 (A,C) or 0.1 M KCl (B,D) at 25 ◦C, and
polymerization progress was monitored by measuring the increase in light scattering intensity. When
the steady state of polymerization was reached, the solutions were negatively stained as described in
Materials and Methods, before (A,B) and after a 15-min incubation with CuCl2 equimolar to actin
(C,D). Pictures were taken at a magnification of 6000×.
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Figure 4. Effects of Cu2+ binding on the critical concentration for actin polymerization under various solvent conditions.
Ca-G-actin (A,B) and Mg-G-actin (C,D) were polymerized either with 2 mM CaCl2 (A) or MgCl2 (D), or with 0.1 M
KCl (B,C). Part of each F-actin solution was then incubated with CuCl2 equimolar to actin for 15 min. The solutions of
non-modified (empty symbols) and Cu2+-modified F-actins (filled symbols) were diluted to the concentrations indicated
and, after incubation at 25 ◦C for 2 h, the extent of polymerization was determined by measuring light scattering intensity
at 450 nm and 90◦. Mean values (±SD) from 3–5 independent experiments are presented.

When the rates of steady-state ATP hydrolysis in solutions of Cu2+-treated F-actins
are normalized to the same number of the filament ends (Table 1) the difference between
MgCl2-polymerized Mg-F-actin and other F-actin species diminishes to only three-fold or
even less. This indicates that the particularly high ATPase activity of this F-actin results
from both the tightly-bound cation- and polymerizing salt-dependent changes in the
polymer structure that can promote filament breaking. Thereby, unexpectedly high level of
subunit exchange in the Cu-modified KCl-polymerized Ca-F-actin suggests a Cu-induced
destabilization of these actin filaments.
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Table 1. Rates of the steady-state ATP hydrolysis in solutions of Cu2+-treated F-actins.

ATP Hydrolysis (mol/mol actin/h)

Actin Species Polymerizing
Salt N Measured Normalized to

the Same N

Ca-F-actin 0.1 M KCl 1 0.66 0.66

Ca-F-actin 2 mM CaCl2 2.4 0.60 0.25

Mg-F-actin 0.1 M KCl 2.2 0.61 0.28

Mg-F-actin 2 mM MgCl2 7.4 5.73 0.77
Experimental values for the steady-state ATP hydrolysis are from the data in Figure 1A. N denotes relative
number concentration of filaments in the F-actin solutions calculated from the data in Figure 2 with the value for
Ca-F-actin polymerized with 0.1 M KCl taken as 1.

2.3. Probing Interprotomer Contacts by DED-F-Actin Fluorescence Measurements

Dansyl-based probes such as DED are sensitive to follow changes in the environment
of Gln41 within D-loop of actin during its polymerization. We have previously shown that
when either CaATP- or MgATP-G-actin was polymerized with 0.1 M KCl, the quantum
yield of the dye increased over twofold with a concomitant 10-nm blue shift in the fluores-
cence maximum [41] Similar effect of polymerization of Ca-ATP-G-actin with 2 mM CaCl2
is shown in Figure 5A.
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Figure 5. Effects of polymerization and Cu2+ binding on the fluorescence properties of DED-labeled actin. (A) Emission
spectra of dansyl ethylenediamine (DED)-labeled actin. CaATP-G-actin (10 µM, 50% DED-labeled) was polymerized
with 2 mM CaCl2. The fluorescence emission spectra of G-actin (dashed line) and F-actin (solid line) were recorded with
excitation at 334 nm. Dotted line shows the spectrum of DED-F-actin after 15-min incubation with CuCl2 equimolar to actin.
CuCl2 treatment of DED-G-actin did not produce any change in the spectrum. The vertical lines indicate the maxima of the
fluorescence spectra. (B) Perrin plot for the fluorescence anisotropy of DED-labeled Ca- and Mg-G-actin. The anisotropy of
10 µM, 55% DED-labeled Ca-G-actin (�) or Mg-G-actin (#) was measured at 25 ◦C as a function of sucrose concentration
(0–46%) in the presence of 10 mM Hepes, 0.5 mM ATP and 0.1 mM CaCl2 or 0.1 mM MgCl2, respectively. The excitation
and emission wavelengths were 334 and 535 nm, respectively. The extrapolated fundamental anisotropies (A0

app) of
DED-labeled actins were obtained by extrapolating 1/A values to the infinite viscosity of the solution. The values were
0.20 ± 0.005, n = 4 for Ca-G-actin and 0.21 ± 0.01, n = 3 for Mg-G-actin, respectively; n corresponds to the number of
independent measurements for each sucrose concentration. On the average, the SD values for A (anisotropy) for Ca-G-actin
were 0.001 and 0.002 for Mg-G-actin. Using error propagation rules, the corresponding deviations for 1/A were computed to
be in the range 0.1 to 0.2, too small to depict them on the graph. The anisotropies for F-actin polymerized by three salts were
measured directly. For KCl-polymerized F-actin, A = 0.240 ± 0.004, n = 16; for Ca2+-polymerized F-actin A = 0.242 ± 0.004,
n = 8; for Mg2+-polymerized F-actin A = 0.254 ± 0.002, n = 3. Since differences between the anisotropy values were small
they collectively were marked as F-actin on the graph. The limiting anisotropy value (A0 = 0.335) for dansyl chromophore
was taken from [42].
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Steady-state anisotropy measurements on DED-labeled actin indicated no difference
either between MgATP- and CaATP-G-actin (not shown) or between F-actins polymerized
by KCl, CaCl2 or MgCl2 (A ≈ 0.245; Figure 5B). The anisotropies of DED-conjugated
actin at infinite viscosity obtained from the Perrin plots (0.20 ± 0.005 and 0.21 ± 0.01 for
Ca-G-actin and Mg-G-actin, respectively; Figure 5B) were found to be significantly lower
than those for F-actin (see above and Figure 5B) or a totally immobilized chromophore
(A0 = 0.335 [42]), which is in line with the structural data on high rotational mobility of
D-loop [1,3–6]. However, even in F-actin, the label or the polypeptide chain was only
partially immobilized. The value of the semi-angle of rotation θ calculated from Equation
(2)was 31◦ for Ca-G-actin, 30◦ for Mg-G-actin and 25◦ for F-actin. A similar value (θ = 21◦)
was obtained for dansyl cadaverine conjugated with Gln-41 of F-actin, a label with a
much longer spacer that allows for more orientational freedom [43]. This suggests that the
mobility of both labels in F-actin originated from the protein segment to which the dyes
were attached rather than from the rotation of the dyes alone. It has earlier been shown that
Cu2+ binding to Cys374 of actin quenches the fluorescence of DED-labeled F-actin by more
than 50% due to an intermolecular effect reflecting an exposure of D-loop to the solvent [8].

As one can see in Figure 6A, the final extent of the fluorescence quenching is inde-
pendent of the kind of divalent cation, Ca2+ or Mg2+, tightly bound to actin, or the type
of polymerizing salt. However, the rate of the Cu2+-induced decrease in the fluorescence
intensity of DED-labeled Mg-F-actin was about twofold higher than with Ca-F-actin when
these actins were polymerized with 2 mM MgCl2 or CaCl2, respectively. This divalent
cation-dependent kinetic difference was largely attenuated, and the fluorescence change
was considerably slowed down when the actins were polymerized with 0.1 M KCl. The
apparent rate constants are given in the legend to Figure 6A.

As illustrated in Figure 6B, the kinetic differences were also observed when time
courses of Cu2+ binding to actin were monitored by measuring absorption at 348 nm [31],
which confirms that accessibility of the C-terminus is rate-limiting for the fluorescence
quenching of DED-F-actin [8]. Similar final amplitudes but slower rates of the fluorescence
quenching in Ca-F-actin rather than in Mg-F-actin and, in particular, in the presence of 0.1
M KCl as compared with 2 mM CaCl2 or MgCl2 imply tightly-bound Ca2+-dependent and
ionic strength-dependent restriction of the accessibility of Cys374 in F-actin. The data in
Figure 6 also show that these fluctuations are more sensitive to solvent conditions (ionic
strength) than to the type of divalent cation tightly bound to actin.

2.4. Probing Interprotomer Contacts in F-Actin by Limited Proteolysis with Subtilisin

The major subtilisin cleavage site in G-actin, at Met47 [44], becomes little accessible
upon polymerization of actin [25,45]. It has previously been shown that Cu2+ binding
to Ca-F-actin polymerized with 2 mM MgCl2 results in an exposure of this site [8]. We
have compared the effects of Cu2+ on subtilisin digestion of Ca-F-actin and Mg-F-actin
polymerized with either 0.1 M KCl, or with 2 mM CaCl2 or MgCl2, respectively (Figure 7).
Time courses of decay of intact actin (Figure 7A, B) clearly show that the acceleration of
F-actin digestion by Cu2+ binding depended on the type of both the polymerizing salt
and tightly bound cation: the presence of KCl increased the resistance of F-actin subunits
against proteolysis, and the presence of Mg2+ at the high-affinity site had an additional
protective effect.
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Figure 6. Time courses of Cu2+ binding to F-actin at various solvent conditions. (A) DED-labeled
Ca-G-actin (#,4) and Mg-G-actin (�,3) (10 µM, 50% DED-labeled) were polymerized either with
2 mM CaCl2 (#) or MgCl2 (�), or with 0.1 M KCl (4, 3). At time zero, the F-actin solutions
were supplemented with 10 µM CuCl2 and the fluorescence of DED was measured at 525 nm after
excitation at 334 nm. Mean values (± SD) from 3–5 independent experiments are presented. A fit
of the data to the first-order kinetic equation (inset) yielded the observed rate constants of 0.05 s−1

(#), 0.09 s−1 (�), 0.017 s−1 (3), and 0.023 s−1(4). (B) Mg-G-actin (15 µM) was polymerized with
either 2 mM MgCl2 or 0.1 M KCl in one of the compartments of a tandem quartz cuvette. The other
compartment contained an equal volume of 15 µM CuCl2 in buffer Mg-G supplemented with 2 mM
MgCl2 or 0.1 M KCl, respectively. Absorption at 348 nm was recorded before and after the solutions
of the two compartments were mixed at the time indicated by arrow. Trace 1, actin polymerized with
MgCl2; trace 2, actin polymerized with KCl.

In addition to the cleavage at Met 47 within D-loop, that produces the 35-kDa C-
terminal fragment (Figure 8, Pathway 1), subtilisin cleaves actin at two more sites, at Leu 67
in the nucleotide cleft (Figure 8, Pathway 2) [25], and within Segment 227-235 in SubDomain
4 (Figure 8, Pathway 3) [25,45] producing the C-terminal fragments of 33 and 16 kDa,
respectively, and the corresponding N-terminal fragment of 30 kDa. Further fragmentation
results in formation of the 25 and 19 products as well as additional accumulation of the 16
kDa fragment (Figure 8). Analysis of the rates at which these fragments are accumulated
(Figure 9) allowed us to compare the effects of the tightly bound cation and polymerization
conditions on accessibility of the cleavage sites.
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Figure 9 (open bars) shows that in F-actin, in agreement with the F-actin models [3–5]
and the earlier data [25,44], the bonds 47–48 and 67–68 are protected against proteolysis due
to intersubunit interactions. In contrast, Segment 227-235 that is partially exposed [4,21]
was cleaved intensively under all the conditions studied. Thereby only the bond 67–68
is somewhat more accessible in Mg-actin vs. Ca-actin, both in intact actin and in the 30
kDa-fragment. In F-actin polymerized with MgCl2 or CaCl2, binding of Cu2+ at Cys374
(Figure 9, light grey bars) resulted in enhancement of the cleavages at Met47 and Leu67,
producing the 35 kDa and 33 kDa fragments, respectively (Figure 8, Pathways 1 and 2).
However, the Cu2+ binding did not produce practically any effect on Segment 227-235. This
is evidenced by the absence of a clear effect of Cu2+ on the accumulation of the C-terminal
16 kDa fragment, which is a direct product of proteolysis at this site, and the accumulation
of the N-terminal 30 kDa fragment (Figure 8, Pathway 3). In Ca- but not in Mg-actin
the strong cleavage of bond 47–48 was followed by further degradation of the 35 kDa
fragment indicating destabilization of intersubunit contacts involving D-loop by Cu2+ and
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stabilization of this region by tightly bound Mg2+. In Mg-actin the area of Leu 67 was also
protected.
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Figure 9. Analysis of the effects of solvent conditions on subtilisin digestion of unmodified and
Cu2+-modified F-actin. Open, light grey bars and dark grey bars show control F-actin, Cu-modified
F-actin, and phalloidin-modified F-actin, respectively. For more information see the text.

In the presence of phalloidin (Figure 9, dark grey bars) the cleavage at 47–48 and
67–68 was strongly inhibited, consistently with the protection by phalloidin of the cleavage
sites in the D-loop and in the interdomain cleft. At Segment 227-235, the cleavage was
only partially inhibited in Ca-actin polymerized with CaCl2 and practically not affected in
Mg-actin polymerized with MgCl2.

When actin was polymerized with KCl, the cleavage at all the subtilisin-sensitive sites
was inhibited both in the presence and absence of Cu2+, confirming stabilization by ionic
strength of the intersubunit contacts [25]. It is also noteworthy, that in F-actin polymerized
with KCl Cu2+-induced acceleration of the cleavage at Segment 227-235 was observed.

Thus, modification of actin C-terminus by Cu2+ binding increases the solvent accessi-
bility of D-loop both in 2 mM CaCl2 or MgCl2 and in 0.1 M KCl, and phalloidin abolishes
this effect. In contrast, the solvent accessibility of Segment 227-235 is affected by both Cu2+

binding and phalloidin only if 0.1 M KCl is present in the polymerizing solution.
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2.5. Probing the Effect of KCl on Susceptibility of G-Actin to Limited Proteolysis with Subtilisin

At the early stage of actin polymerization, KCl could protect G-actin against prote-
olysis due to a putative activation of actin monomer at the pre-nucleation step of actin
polymerization [46]. Therefore the KCl-dependent protection of F-actin prompted us to
examine the effect of KCl on sensitivity of G-actin to proteolysis with subtilisin. To avoid
the KCl-induced assembly of actin monomers we used the non-polymerizable Ca-G-actin
cleaved between Gly42-Val43 with bacterial protease ECP32/grimelysin (ECP-actin) [47].
Treatment of both intact and the ECP-actin with subtilisin (Figure 10) produced the same
cleavage pattern as was shown previously for G- and F-actin [45,46], with the fragments of
35, 33, 30, 25, 19 and 16 kDa formed (Figure 10A,B).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 10. Effect of KCl on the susceptibility of Segment 227-235 of G- actin to proteolysis by subtilisin. Electrophoretic 
images with 24 µM native (A) and ECP-modified G-actin (B), before (time 0) and after 5 and 10 min of subtilisin digestion 
at 25 °C. Native (C) and ECP-modified (D) actin was polymerized with 0.1 M KCl. After polymerization, actin (at a con-
centration of 24 µM) was digested with subtilisin for 5, 10, 20 and 30 min at 25 °C. 10 µM ECP-cleaved Ca-G-actin (E). 

3. Discussion 
Analysis of the G- and F-actin structures available to date shows that in addition to 

D-loop conformationally flexible clusters include another part of Subdomain 2 such as 
Residues 61–65, Residues 195–205 and 232–246 in Subdomain 4, and both of the actin ter-
mini located in Subdomain 1, Residues 1–4 and 350–375 with the most terminal residues 
frequently disordered and absent in the crystal structures [48,49]. Several of these most 
variable and flexible regions represent specific insertions in actin sequence that play key 
role in maintaining the helical filament structure [50], and, according to the existing F-
actin models [3–6] are involved in the actin-actin contacts in the polymer. Therefore, it is 
reasonable to assume that actin filament dynamics is coupled to the high conformational 
flexibility exhibited by the protein.  

It is well documented that conformation of G-actin flexible loops can be modulated 
by the kind of cation bound at high-affinity site. Investigations of Ca2+/Mg2+-dependent 
conformational transitions in ATP-G-actin using various techniques consistently show a 
change within the C-terminal segment or in its vicinity [51–55], in Segments 18–29 in Sub-
domain 1 [56], 202-204 in Subdomain 4 [55,57] and in Segments 61–69 in Subdomain 2 
[55,56]. Proteolytic cleavage of ATP-G-actin at Gly42 and Met47 [54] and fluorescence of 
dansyl probes covalently attached to Gln41 [41] failed to detect significant cation-depend-
ent changes. However, moderate differences in solvent accessibility of His40, Met44, and 
Met47 in MgATP- and CaATP-G-actin were observed using radiolytic footprinting [55]. 
The results of our work show that the presence of Mg2+ at the high-affinity cation binding 
site of Cu-modified actin polymerized with MgCl2 strongly enhances the filament subunit 
exchange and promotes the filament instability. These changes correlate with the in-
creased accessibility of C-terminal segment, as can be judged from differences in the rates 
of Cu2+ binding, and with a putative rearrangement of Subdomain 2 resulting in protection 
in this actin of the subtilisin-sensitive cleavage sites at Met47 and Leu67. Such rearrange-
ment is suggested by the model of Mg-actin based on crystallographic and radiolysis data 
[58]. The difference in the rates of the Cu2+-induced decrease in the solvent accessibility of 
DED-Mg-F-actin vs. DED-Ca-F-actin (this work) is also consistent with this model. 

Another factor affecting flexibility of the loops is ionic strength of polymerizing so-
lution [20,25,59,60]. Consistently with the earlier data [35], in the presence of 0.1 M KCl, 

Figure 10. Effect of KCl on the susceptibility of Segment 227-235 of G- actin to proteolysis by subtilisin. Electrophoretic
images with 24 µM native (A) and ECP-modified G-actin (B), before (time 0) and after 5 and 10 min of subtilisin digestion
at 25 ◦C. Native (C) and ECP-modified (D) actin was polymerized with 0.1 M KCl. After polymerization, actin (at a
concentration of 24 µM) was digested with subtilisin for 5, 10, 20 and 30 min at 25 ◦C. 10 µM ECP-cleaved Ca-G-actin (E).

The presence of 0.1 M KCl strongly inhibited the cleavage of intact actin with subtilisin
(Figure 10C) while the ECP-actin was digested intensively (Figure 10D). In ECP-actin, 0.1
M KCl decreased the yield of all the subtilisin-produced fragments, including formation
of the 25 and 16 kDa fragments, corresponding to the cleavage within Segment 227-235
(Figure 10E). Thus, the KCl-induced protection of this segment is due to conformational
changes within actin subunit rather than to the effect of the intersubunit contacts. These
structural changes may, however, be propagated along the subunit to tighten the intersub-
unit contact site. was digested with subtilisin at an enzyme/protein mass ratio of 1:50 for
1,2,3,5 and 10 min at 25 ◦C, before (-KCl) and after incubation for 10 min with 0.1M KCl
(+KCl). The digestions were stopped with 3 mM PMSF. SDS-PAGE patterns of the digests
are shown. The first lane, marked 0, shows ECP G-actin. Apparent molecular masses of the
digestion products calculated on the basis of their electrophoretic mobility are indicated.

3. Discussion

Analysis of the G- and F-actin structures available to date shows that in addition
to D-loop conformationally flexible clusters include another part of Subdomain 2 such
as Residues 61–65, Residues 195–205 and 232–246 in Subdomain 4, and both of the actin
termini located in Subdomain 1, Residues 1–4 and 350–375 with the most terminal residues
frequently disordered and absent in the crystal structures [48,49]. Several of these most
variable and flexible regions represent specific insertions in actin sequence that play key
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role in maintaining the helical filament structure [50], and, according to the existing F-
actin models [3–6] are involved in the actin-actin contacts in the polymer. Therefore, it is
reasonable to assume that actin filament dynamics is coupled to the high conformational
flexibility exhibited by the protein.

It is well documented that conformation of G-actin flexible loops can be modulated
by the kind of cation bound at high-affinity site. Investigations of Ca2+/Mg2+-dependent
conformational transitions in ATP-G-actin using various techniques consistently show
a change within the C-terminal segment or in its vicinity [51–55], in Segments 18–29 in
Subdomain 1 [56], 202-204 in Subdomain 4 [55,57] and in Segments 61–69 in Subdomain
2 [55,56]. Proteolytic cleavage of ATP-G-actin at Gly42 and Met47 [54] and fluorescence of
dansyl probes covalently attached to Gln41 [41] failed to detect significant cation-dependent
changes. However, moderate differences in solvent accessibility of His40, Met44, and
Met47 in MgATP- and CaATP-G-actin were observed using radiolytic footprinting [55].
The results of our work show that the presence of Mg2+ at the high-affinity cation binding
site of Cu-modified actin polymerized with MgCl2 strongly enhances the filament subunit
exchange and promotes the filament instability. These changes correlate with the increased
accessibility of C-terminal segment, as can be judged from differences in the rates of Cu2+

binding, and with a putative rearrangement of Subdomain 2 resulting in protection in this
actin of the subtilisin-sensitive cleavage sites at Met47 and Leu67. Such rearrangement is
suggested by the model of Mg-actin based on crystallographic and radiolysis data [58].
The difference in the rates of the Cu2+-induced decrease in the solvent accessibility of
DED-Mg-F-actin vs. DED-Ca-F-actin (this work) is also consistent with this model.

Another factor affecting flexibility of the loops is ionic strength of polymerizing
solution [20,25,59,60]. Consistently with the earlier data [35], in the presence of 0.1 M
KCl, the filament subunit exchange was 2–3-fold lower than that in the MgCl2 or CaCl2-
polymerized actin species. This effect correlates with the diminished accessibility of both
D-loop and Segments 227-235 on the opposite filament strand (Figure 11).
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Figure 11. A model of the actin filament illustrating spatial relationships between the C-terminus,
D-loop, and Segment 227-235 in Subdomain 4 of actin. The scheme on the right shows the distances
between the α-carbons of Cys-374, Gln-41 and Met-227 located on 3 different monomers. The
coordinates of the structure [2] were downloaded from K. Holmes Web site (ftp:\\149.217.48.3) and
rendered with ViewerLite software (Accelrys Corp.). HAS denotes the high-affinity site for divalent
cation binding.

Even more striking effect of ionic strength on dynamic nature of intermonomer in-
terface was revealed at the thorough analysis of the subtilisin cleavage dynamics. This
analysis showed that an increased susceptibility of Segment 227-235 to subtilisin cleavage
and abolishment of this effect by phalloidin took place only in KCl-polymerized actin. In
actin polymerized with 2 mM CaCl2 or MgCl2 accessibility of Segment 227-235 did not
depend on the presence of Cu2+ at the monomer C-terminus. This difference is consistent
with an ionic-strength-dependent conformational change that modulates involvement of
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Segment 227-235 in stabilization of the intermonomer interface. KCl may restrict mobility
of α-helix encompassing part of Segment 227-235 and/or be bound to Asp236 adjacent to
Segment 227-235. This, in turn, can be transmitted to Loop 241-247 at the top of Subdomain
4 involved in the interface with Subdomain 3 of the subunit above [3,5,6]. This contact
can also be stabilized by KCl binding at a discrete cation binding site comprising Residues
202-206 and 285-288, 290 of adjacent filament subunits [58]. It is known that mutations in
Segment 227-235 and amino acid residues in its intermolecular contact interface are often
associated with myopathies characterized by damage of the contractile apparatus and desta-
bilization of the filaments [27,61,62]. These myopathy-associated mutations in Segment
227-235 and in the intermolecular interface of this segment are shown in Figure 12 [61].
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Figure 12. Nemaline myopathy actin mutations spread all over the 3D structure of actin molecule
are shown; mutated residues are marked as brown spheres [61]. The numbers are added to show
mutations of the amino acid residues discussed above. Reproduced from [61] with permissions from
Elsevier Licence 4982111299506.

In the cryoelectron microscopy images of F-actin [5,6], D-loop contacts with Residues
168–169, 144 and 352 along the filament, as well as with the hydrophobic plug across
the filament, whereas C-terminus of actin monomer is not involved in the intermonomer
contacts.

However, allosteric effects of the modified Cys374 on Subdomain 2 [63–65], as well
as the effects of the D-loop modification on the C-terminus [66,67] are documented. It is
plausible, therefore, that the Cu2+-induced modifications of the C-terminus allosterically
transmitted to D-loop modify D-loop contacts with Subdomain 3, thus destabilizing the
filament. This is consistent with the Cu2+-associated increase in susceptibility of the sites at
Met47 and Leu67 to subtilisin cleavage in F-actin (this work).

Taken together, the results of this work provide experimental evidence for involvement
of Segment 227-235 of Subdomain 4 in the salt-induced stabilization of contacts within
the actin filament. This stabilization is observed at ionic conditions close to physiological
and weakens by the modification of the C-terminus as well as by myopathy-associated
mutations within Segment 227-235. Such effects may be of physiological importance in
view of the fact that a hydrophobic pocket in Subdomain 1 of actin, located at the entrance
of the hydrophobic cleft between Subdomains 1 and 3 where the C-terminus is situated,
is a target for numerous G-actin- and F-actin-binding proteins controlling actin dynamics
in the cell [68,69]. Mutations of actin amino acid residues within a hydrophobic pocket in
Subdomain 1 of actin can also be involved in these interactions [27,28,70,71].
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4. Material and Methods
4.1. Reagents

EGTA (ethylene glycol-bis(β-amino ethylether)-N,N,N′,N′-tetraacetic acid) Tris (hy-
droxymethyl)aminomethane), Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
phalloidin, subtilisin Carlsberg, sucrose (Sigma Ultra), dithiothreitol, and ATP were from
Sigma Chemical Co. (St Louis, MO, USA). Dansyl ethylenediamine (DED) was purchased
from Molecular Probes (Eugene, OR, USA). All other chemicals were of analytical grade.
Microbial transglutaminase was a generous gift from Drs. M. Motoki and K. Seguro.

4.2. Protein Preparations

Rabbit skeletal muscle actin was prepared according to [72] with an additional pu-
rification by gel filtration on a Sephadex G-100 column. G-actin in buffer G (2 mM Hepes
or Tris-HCl, pH 7.6, 0.2 mM ATP, 0.1 mM CaCl2, 0.2 mM dithiothreitol, 0.02% NaN3) was
stored on ice and used within a week. Labeling of actin at Gln41 with DED via the transg-
lutaminase reaction [73] was performed as described by [41]. Unbound dye and protein
aggregates were removed by gel filtration on a Sephadex G-100 column using buffer G as
an eluent. In all experiments on Cu-modified actin, buffer G containing Tris-HCl devoid of
DTT was used. Actin labeled with N-(1-pyrenyl)iodoacetamide at Cys374 was prepared
as described by Cooper et al. [74]. Mg-G-actin was prepared by a 5-min incubation of
Ca-G-actin with 0.2 mM EGTA/0.1 mM MgCl2 at room temperature. In experiments
on Cu-modified actin, EGTA was then removed from the solution by fast gel filtration
on a Sephadex G-25 column (PD-10, Amersham Biosci., Uppsala, Sweden) equilibrated
with 2 mM Tris-HCl, pH 7.6, 0.5 mM ATP, 0.05 mM MgCl2, 0.02% NaN3. The gel-filtered
G-actin was immediately polymerized with 2 mM MgCl2 or 0.1 M KCl. Cu2+-modified
F-actins were obtained by incubation of 10 µM F-actin solutions with 10 µM CuCl2 at room
temperature for 15 min.

Protein concentration was determined spectrophotometrically using an absorption
coefficient of 0.63 mL·mg−1·cm−1 at 290 nm for G-actin [75].

4.3. Measurements of Cu2+ Binding

The binding of Cu2+ to F-actin was monitored by recording changes in the absorption
at 348 nm [76] or the changes in the fluorescence of DED-actin [8].

4.4. Steady-State ATPase Activity Measurements

The rates of ATP hydrolysis in steady-state F-actin solutions were measured in the
presence of 0.5 mM ATP, at 25 ◦C. In aliquots of the solution withdrawn after various
time intervals the reaction was quenched by addition of an equal volume of 0.6 M ice-cold
perchloric acid, precipitated protein was removed by centrifugation, and released Pi was
determined by the Malachite Green method [77].

4.5. Determination of the Relative Number Concentration of Actin Filaments

The relative number concentration of the filaments in F-actin solutions was determined
using a slightly modified procedure described by [78]. Aliquots of 10 µM F-actin solutions
were diluted 10-fold into 3 µM 10% pyrenyl-labeled Ca-G-actin supplemented with 0.1
M KCl several seconds before addition of F-actin. The solutions were gently mixed in
fluorescence cuvettes by inversion 5 times (this resulted in a dead time of about 10 s), and
the increase in pyrenyl fluorescence intensity associated with polymerization of the labeled
G-actin on non-labeled F-actin was recorded at 25 ◦C. The relative number concentration of
filaments in F-actin solutions used as polymerization seeds is given by the ratio of filament
elongation rates derived from the slopes of the initial linear parts of the fluorescence curves.

4.6. Critical Concentration for Actin Polymerization

Critical concentrations for polymerization of unmodified and Cu2+-modified actins
were measured by determination of the steady-state polymer concentration as a function
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of actin concentration. Samples of F-actin solutions were diluted into the polymerization
buffer (supplemented with CuCl2 in case of the modified actin) to various final concentra-
tions of actin. After equilibration at 25 ◦C for 2 h, light scattering intensity of the solutions
was measured at 450 nm. Critical concentrations were obtained by linear extrapolation to
zero of the plots of light scattering intensity as a function of actin concentration.

4.7. Proteolytic Digestions

G-actin and F-actin (10 µM) were digested with subtilisin at 25 ◦C at an enzyme/protein
mass ratio of 1:50 and 1:200, respectively. The digestion was terminated by addition of
3 mM phenylmethylsulphonyl fluoride (PMSF), and the digests were analyzed by SDS-
PAGE as described earlier [19]. Coomassie Blue-stained gels were scanned in an AGFA
Arcus 1200 scanner. The protein bands were quantified using the Molecular Dynamics
Image Quant version 3.3 software.

4.8. Fluorescence Anisotropy Measurements

Steady-state fluorescence anisotropy measurements were collected in a Fluorolog-3
spectrofluorometer (Spex Industries, Edison, NJ, USA) using motor-driven Glan-Thompson
polarizers. The excitation and emission wavelengths were 334 and 535 nm, respectively.
The anisotropy data were corrected for background and unequal sensitivity of the detection
system for horizontally and vertically polarized light. All corrections and the computation
of anisotropy values were done with the manufacturer-provided software. The anisotropy
data obtained at different concentrations of sucrose (0–46% w/v) were analyzed using the
Perrin equation [79]:

1
A

=
1

A0
+

τRT
A0Vaη

(1)

where A is the measured anisotropy, A0 is the fundamental anisotropy of the chromophore,
τ is fluorescence lifetime, R is the gas constant, Va is the molecular volume of the rotating
unit, T denotes absolute temperature, and η, viscosity of the solution. If τ and Va are
constant the plot 1/A vs. T/η is linear and the y-intercept corresponds to the anisotropy at
infinite viscosity of the solution and should equal to 1/A0. If segmental motion takes place,
A0

app is less than A0 and the angle of rotation θ can be calculated from the equation:

Aapp
0

A0
=

3cos2θ − 1
2

(2)

4.9. Fluorescence and Light Scattering Measurements

The measurements were carried out in a Spex Fluorolog-2 spectrofluorometer (Spex
Industries, Edison, NJ, USA). The fluorescence intensity of pyrenyl-labeled actin was
recorded at 407 nm after excitation at 365 nm [80]. Excitation and emission wavelength
for the fluorescence of DED-labeled F-actin were set, respectively, at 334 nm and 525 nm.
Intensity of light scattered at 90◦ was measured at 450 nm.

4.10. Electron Microscopy

F-actin solutions were applied to carbon-coated copper grids without dilution. The
filaments were negatively stained with 1% (w/v) uranyl acetate after washing the grid with
a few drops of the same uranyl acetate solution to remove an excess material. Specimens
were examined in a Joel JEM 1200 EX electron microscope at an accelerating voltage of
80 kV.

Author Contributions: Conceptualization, J.G.-B., A.A.K., S.K. and H.S.-G.; data curation, J.G.-B.,
A.S. and P.D.; investigation, J.G.-B., A.S., A.A.K., P.D. and S.K.; methodology, H.S-.G.; resources, P.D.;
supervision, H.S.-G.; validation, J.G.-B., A.S., A.A.K., P.D., S.K. and H.S.-G.; visualization, A.S. and
A.A.K.; writing—original draft, S.K, A.A.K. and H.S.-G.; writing—review and editing, J.G.-B., A.A.K.,
S.K. and H.S.-G. All authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2021, 22, 2327 17 of 19

Funding: The publication was supported by a statutory grant to the Nencki Institute from the State
Committee for Scientific Research (Poland) and, in part, by the Program of the Russian Academy of
Sciences on Molecular and Cell Biology.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the First Warsaw Local Ethics Committee for Animal
Experimentation and. according to the Animal Welfare Assurance (Identification number F18-00380)
of the Institute of Cytology of the Russian Academy of Science (period of validity 12.10.2-17—
31.10.2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions eg privacy or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Holmes, K.C.; Popp, D.; Gebhard, W.; Kabsch, W. Atomic model of the actin filament. Nature 1990, 347, 44–49. [CrossRef]
2. Holmes, K.C.; Angert, I.; Kull, F.J.; Jahn, W.; Schröder, R.R. Electron cryo-microscopy shows how strong binding of myosin to

actin releases nucleotide. Nature 2003, 425, 423–427. [CrossRef]
3. Oda, T.; Iwasa, M.; Aihara, T.; Maéda, Y.; Narita, A. The nature of the globular- to fibrous-actin transition. Nature 2009, 457,

441–445. [CrossRef] [PubMed]
4. Splettstoesser, T.; Holmes, K.C.; Noé, F.; Smith, J.C. Structural modeling and molecular dynamics simulation of the actin filament.

Proteins Struct. Funct. Bioinform. 2011, 79, 2033–2043. [CrossRef]
5. Fujii, T.; Iwane, A.H.; Yanagida, T.; Namba, K. Direct visualization of secondary structures of F-actin by electron cryomicroscopy.

Nature 2010, 467, 724–728. [CrossRef]
6. Galkin, V.E.; Orlova, A.; Vos, M.R.; Schröder, G.F.; Egelman, E.H. Near-Atomic Resolution for One State of F-Actin. Structure 2015,

23, 173–182. [CrossRef]
7. Von der Ecken, J.; Müller, M.; Lehman, W.; Manstein, D.J.; Penczek, P.A.; Raunser, S. Structure of the F-actin-tropomyosin complex.

Nature 2015, 19, 114–117. [CrossRef] [PubMed]
8. Kim, E.; Reisler, E. Intermolecular coupling between loop 38–52 and the C-terminus in actin filaments. Biophys. J. 1996, 71,

1914–1919. [CrossRef]
9. Hegyi, G.; Mák, M.; Kim, E.; Elzinga, M.; Muhlrad, A.; Reisler, E. Intrastrand cross-linked actin between Gln-41 and Cys-374. I.

Mapping of sites cross-linked in F-actin by N-(4-azido-2-nitrophenyl) putrescine. Biochemistry 1998, 37, 17784–17792. [CrossRef]
10. Kim, E.; Wriggers, W.; Phillips, M.; Kokabi, K.; Rubenstein, P.A.; Reisler, E. Cross-linking constraints on F-actin structure. J. Mol.

Biol. 2000, 299, 421–429. [CrossRef] [PubMed]
11. Orlova, A.; Galkin, V.E.; VanLoock, M.S.; Kim, E.; Shvetsov, A.; Reisler, E.; Egelman, E.H. Probing the structure of F-actin:

Cross-links constrain atomic models and modify actin dynamics 1 1Edited by M. F. Moody. J. Mol. Biol. 2001, 312, 95–106.
[CrossRef] [PubMed]

12. Durer, Z.A.O.; Diraviyam, K.; Sept, D.; Kudryashov, D.S.; Reisler, E. F-actin structure destabilization and DNase-I binding loop
fluctuations. Mutational cross-linking and electron microscopy analysis of the loop states and effects on F-actin. J. Mol. Biol. 2010,
395, 544–557. [CrossRef]

13. Kim, E.; Reisler, E. Intermolecular dynamics and function in actin filaments. Biophys. Chem. 2000, 86, 191–201. [CrossRef]
14. Das, S.; Ge, P.; Durer, Z.A.O.; Grintsevich, E.E.; Zhou, Z.H.; Reisler, E. D-loop Dynamics and Near-Atomic-Resolution Cryo-EM

Structure of Phalloidin-Bound F-Actin. Structure 2020, 28, 586–593.e3. [CrossRef] [PubMed]
15. Kudryashov, D.S.; Reisler, E. ATP and ADP actin states. Biopolymers 2013, 99, 245–256. [CrossRef] [PubMed]
16. Feng, L.; Kim, E.; Lee, W.-L.; Miller, C.J.; Kuang, B.; Reisler, E.; Rubenstein, P.A. Fluorescence probing of yeast actin subdomain

3/4 hydrophobic loop 262–274. Actin-actin and actin-myosin interactions in actin filaments. J. Biol. Chem. 1997, 272, 16829–16837.
[CrossRef] [PubMed]

17. Owen, C.; DeRosier, D. A 13 Å map of the actin-scruin filament from the limulus acrosomal process. J. Cell Biol. 1993, 123, 337–344.
[CrossRef]

18. Tirion, M.M.; Ben-Avraham, D.; Lorenz, M.; Holmes, K.C. Normal modes as refinement parameters for the F-actin model. Biophys.
J. 1995, 68, 5–12. [CrossRef]

19. Moraczewska, J.; Gruszczynska-Biegala, J.; Redowicz, M.J.; Khaitlina, S.Y.; Strzelecka-Golaszewska, H. The DNase-I binding
Loop of actin may play a role in the regulation of actin-myosin interaction by tropomyosin/troponin. J. Biol. Chem. 2004, 279,
31197–31204. [CrossRef] [PubMed]

20. Guan, J.-Q.; Takamoto, K.; Almo, S.C.; Reisler, E.; Chance, M.R. Structure and Dynamics of the Actin Filament. Biochemistry 2005,
44, 3166–3175. [CrossRef]

21. Chen, W.; Wen, K.-K.; Sens, A.E.; Rubenstein, P.A. Differential Interaction of Cardiac, Skeletal Muscle, and Yeast Tropomyosins
with Fluorescent (Pyrene235) Yeast Actin. Biophys. J. 2006, 90, 1308–1318. [CrossRef]

http://doi.org/10.1038/347044a0
http://doi.org/10.1038/nature02005
http://doi.org/10.1038/nature07685
http://www.ncbi.nlm.nih.gov/pubmed/19158791
http://doi.org/10.1002/prot.23017
http://doi.org/10.1038/nature09372
http://doi.org/10.1016/j.str.2014.11.006
http://doi.org/10.1038/nature14033
http://www.ncbi.nlm.nih.gov/pubmed/25470062
http://doi.org/10.1016/S0006-3495(96)79390-6
http://doi.org/10.1021/bi981285j
http://doi.org/10.1006/jmbi.2000.3727
http://www.ncbi.nlm.nih.gov/pubmed/10860749
http://doi.org/10.1006/jmbi.2001.4945
http://www.ncbi.nlm.nih.gov/pubmed/11545588
http://doi.org/10.1016/j.jmb.2009.11.001
http://doi.org/10.1016/S0301-4622(00)00143-5
http://doi.org/10.1016/j.str.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32348747
http://doi.org/10.1002/bip.22155
http://www.ncbi.nlm.nih.gov/pubmed/23348672
http://doi.org/10.1074/jbc.272.27.16829
http://www.ncbi.nlm.nih.gov/pubmed/9201989
http://doi.org/10.1083/jcb.123.2.337
http://doi.org/10.1016/S0006-3495(95)80156-6
http://doi.org/10.1074/jbc.M400794200
http://www.ncbi.nlm.nih.gov/pubmed/15159400
http://doi.org/10.1021/bi048021j
http://doi.org/10.1529/biophysj.105.064634


Int. J. Mol. Sci. 2021, 22, 2327 18 of 19

22. Otterbein, L.R.; Graceffa, P.; Dominguez, R. The Crystal Structure of Uncomplexed Actin in the ADP State. Science 2001, 293,
708–711. [CrossRef] [PubMed]

23. Oda, T.; Maéda, Y. Multiple Conformations of F-actin. Structure 2010, 18, 761–767. [CrossRef]
24. Strzelecka-Gołaszewska, H. Divalent Cations, Nucleotides, and Actin Structure. In Results and Problems in Cell Differentiation,

Volume 32: Molecular Interactions of Actin; dos Remedios, C.G., Thomas, D.D., Eds.; Springer: Berlin/Heidelberg, Germany, 2001;
Volume 32, pp. 23–41.

25. Strzelecka-Golaszewska, H.; Wozniak, A.; Hult, T.; Lindberg, U. Effects of the type of divalent cation, Ca2+ or Mg2+, bound at the
high-affinity site and of the ionic composition of the solution on the structure of F-actin. Biochem. J. 1996, 316, 713–721. [CrossRef]

26. Shvetsov, A.; Stamm, J.D.; Phillips, M.; Warshaviak, D.C.; Altenbach, P.A.; Rubenstein, K.H.; Hubbell, W.L.; Reisler, E. Conforma-
tional dynamics of loop 262–274 in G- and F-actin. Biochemistry 2006, 45, 6541–6549. [CrossRef] [PubMed]

27. Sparrow, J.C.; Nowak, K.J.; Durling, H.J.; Beggs, A.H.; Wallgren-Pettersson, C.; Romero, N.; Nonaka, I.; Laing, N.G. Muscle
disease caused by mutations in the skeletal muscle alpha-actin gene (ACTA1). Neuromuscul. Disord. 2003, 13, 519–531. [CrossRef]

28. Wallgren-Pettersson, C.; Pelin, K.; Nowak, K.J.; Muntoni, F.; Romero, N.B.; Goebel, H.H.; North, K.N.; Beggs, A.H.; Laing, N.G.
The ENMC International Consortium on Nemaline Myopathy. Genotype-phenotype correlations in nemaline myopathy caused
by mutations in the genes for nebulin and skeletal muscle α-actin. Neuromuscul. Disord. 2004, 14, 461–470. [CrossRef] [PubMed]

29. Korn, E.D.; Carlier, M.F.; Pantaloni, D. Actin polymerization and ATP hydrolysis. Science 1987, 238, 638–644. [CrossRef]
30. Fujiwara, I.; Takeda, S.; Oda, T.; Honda, H.; Narita, A.; Maéda, Y. Polymerization and depolymerization of actin with nucleotide

states at filament ends. Biophys. Rev. 2018, 10, 1513–1519. [CrossRef]
31. Chou, S.Z.; Pollard, T.D. Mechanism of actin polymerization revealed by cryo-EM structures of actin filaments with three different

bound nucleotides. Proc. Natl. Acad. Sci. USA 2019, 116, 4265–4274. [CrossRef]
32. Jepsen, L.; Sept, D. Effects of Nucleotide and End-Dependent Actin Conformations on Polymerization. Biophys. J. 2020, 119,

1800–1810. [CrossRef] [PubMed]
33. Asakura, S.; Oosawa, F. Dephosphorylation of adenosine triphosphate in actin solutions at low concentrations of magnesium.

Arch. Biochem. Biophys. 1960, 87, 273–280. [CrossRef]
34. Brenner, S.L.; Korn, E.D. On the mechanism of actin monomer-polymer subunit exchange at steady state. J. Biol. Chem. 1983, 258,

5013–5020. [CrossRef]
35. Khaitlina, S.Y.; Strzelecka-Gołaszewska, H. Role of the DNase-I-Binding Loop in Dynamic Properties of Actin Filament. Biophys.

J. 2002, 82, 321–334. [CrossRef]
36. Drewes, G.; Faulstich, H. The enhanced ATPase activity of glutathione-substituted actin provides a quantitative approach to

filament stabilization. J. Biol. Chem. 1990, 256, 3017–3021. [CrossRef]
37. Kasai, M.; Oosawa, F. The Exchangeability of actin-bound calcium with various divalent cations. Biochim. Biophys. Acta (BBA)

Protein Struct. 1968, 154, 520–528. [CrossRef]
38. Strzelecka-Gołaszewska, H.; Drabikowski, W. Studies on the exchange of G-actin-bound calcium with bivalent cations. Biochim.

Biophys. Acta (BBA) Bioenerg. 1968, 162, 581–595. [CrossRef]
39. Carlier, M.F. Actin: Protein structure and filament dynamics. J. Biol. Chem. 1991, 266, 1–4. [CrossRef]
40. Estes, J.E.; Selden, L.A.; Kinosian, H.J.; Gershman, L.C. Tightly-bound divalent cation of actin. J. Muscle Res. Cell Motil. 1992, 13,

272–284. [CrossRef]
41. Moraczewska, J.; Wawro, B.; Seguro, K.; Strzelecka-Gołaszewska, H. Divalent Cation-, Nucleotide-, and Polymerization-

Dependent Changes in the Conformation of Subdomain 2 of Actin. Biophys. J. 1999, 77, 373–385. [CrossRef]
42. Borovikov, Y.S.; Dedova, I.V.; dos Remedios, C.G.; Vikhoreva, N.N.; Vikhorev, P.G.; Avrova, S.V.; Hazlett, T.L.; Van Der Meer, B.W.

Fluorescence depolarization of actin filaments in reconstructed myofibers: The effect of S1 or pPDM-S1 on movements of distinct
areas of actin. Biophys. J. 2004, 86, 3020–3029. [CrossRef]

43. Takashi, R.; Kasprzak, A.A. Measurement of interprotein distances in the acto-subfragment 1 rigor complex. Biochemistry 1987, 26,
7471–7477. [CrossRef]

44. Schwyter, D.; Phillips, M.; Reisler, E. Subtilisin-cleaved actin: Polymerization and interaction with myosin subfragment 1.
Biochemistry 1989, 28, 5889–5895. [CrossRef] [PubMed]

45. Vahdat, A.; Miller, C.; Phillips, M.; Muhlrad, A.; Reisler, E. A novel 27/16 kDa form of subtilisin cleaved actin: Structural and
functional consequences of cleavage between Ser234 and Ser235. FEBS Lett. 1995, 365, 149–151. [CrossRef]

46. Cooper, J.A.; Buhle, E.L.; Walker, S.B.; Tsong, T.Y.; Pollard, T.D. Kinetic evidence for a monomer activation step in actin
polymerization. Biochemistry 1983, 22, 2193–2202. [CrossRef] [PubMed]

47. Khaitlina, S.Y.; Collins, J.H.; Kuznetsova, I.M.; Pershina, V.P.; Synakevich, I.G.; Turoverov, K.K.; Usmanova, A.M. Physico-chemical
properties of actin cleaved with bacterial protease from E. coli A2 strain. FEBS Lett. 1991, 279, 49–51. [CrossRef]

48. Page, R.; Lindberg, U.; Schutt, C.E. Domain motions in actin. J. Mol. Biol. 1998, 280, 463–474. [CrossRef]
49. Klenchin, V.A.; Khaitlina, S.Y.; Rayment, I. Crystal Structure of Polymerization-Competent Actin. J. Mol. Biol. 2006, 362, 140–150.

[CrossRef] [PubMed]
50. Egelman, E.H. A tale of two polymers: New insights into helical filaments. Nat. Rev. Mol. Cell Biol. 2003, 4, 621–631. [CrossRef]

[PubMed]
51. Frieden, C.; Lieberman, D.; Gilbert, H.R. A fluorescent probe for coformational changes in skeletal muscle actin. J. Biol. Chem.

1980, 255, 8991–8993. [CrossRef]

http://doi.org/10.1126/science.1059700
http://www.ncbi.nlm.nih.gov/pubmed/11474115
http://doi.org/10.1016/j.str.2010.05.009
http://doi.org/10.1042/bj3160713
http://doi.org/10.1021/bi052558v
http://www.ncbi.nlm.nih.gov/pubmed/16700564
http://doi.org/10.1016/S0960-8966(03)00101-9
http://doi.org/10.1016/j.nmd.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15336686
http://doi.org/10.1126/science.3672117
http://doi.org/10.1007/s12551-018-0483-7
http://doi.org/10.1073/pnas.1807028115
http://doi.org/10.1016/j.bpj.2020.09.024
http://www.ncbi.nlm.nih.gov/pubmed/33080221
http://doi.org/10.1016/0003-9861(60)90172-7
http://doi.org/10.1016/S0021-9258(18)32530-4
http://doi.org/10.1016/S0006-3495(02)75397-6
http://doi.org/10.1016/S0021-9258(19)39726-1
http://doi.org/10.1016/0005-2795(68)90012-3
http://doi.org/10.1016/0005-2728(68)90064-9
http://doi.org/10.1016/S0021-9258(18)52391-7
http://doi.org/10.1007/BF01766455
http://doi.org/10.1016/S0006-3495(99)76896-7
http://doi.org/10.1016/S0006-3495(04)74351-9
http://doi.org/10.1021/bi00397a041
http://doi.org/10.1021/bi00440a027
http://www.ncbi.nlm.nih.gov/pubmed/2673352
http://doi.org/10.1016/0014-5793(95)00446-G
http://doi.org/10.1021/bi00278a021
http://www.ncbi.nlm.nih.gov/pubmed/6860660
http://doi.org/10.1016/0014-5793(91)80247-Z
http://doi.org/10.1006/jmbi.1998.1879
http://doi.org/10.1016/j.jmb.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16893553
http://doi.org/10.1038/nrm1176
http://www.ncbi.nlm.nih.gov/pubmed/12923524
http://doi.org/10.1016/S0021-9258(19)70510-9


Int. J. Mol. Sci. 2021, 22, 2327 19 of 19

52. Frieden, C. The Mg2+-induced conformational change in rabbit skeletal muscle G-actin. J. Biol. Chem. 1982, 257, 2882–2886.
[CrossRef]

53. Carlier, M.F.; Pantaloni, D.; Korn, E.D. Fluorescence measurements of the binding of cations to high-affinity and low-affinity sites
on ATP-G-actin. J. Biol. Chem. 1986, 261, 10778–10784. [CrossRef]

54. Strzelecka-Golaszewska, H.; Moraczewska, J.; Khaitlina, S.Y.; Mossakowska, M. Localization of the tightly bound divalent-cation—
Dependent and nucleotide—Dependent conformation changes in G-actin using limited proteolytic digestion. JBIC J. Biol. Inorg.
Chem. 1993, 211, 731–742. [CrossRef]

55. Guan, J.-Q.; Almo, S.C.; Reisler, E.; Chance, M.R. Structural Reorganization of Proteins Revealed by Radiolysis and Mass
Spectrometry: G-Actin Solution Structure Is Divalent Cation Dependent. Biochemistry 2003, 42, 11992–12000. [CrossRef] [PubMed]

56. Adams, S.B.; Reisler, E. Sequence 18–29 on Actin: Antibody and Spectroscopic Probing of Conformational Changes. Biochemistry
1994, 33, 14426–14433. [CrossRef]

57. Mejean, C.; Hué, H.K.; Pons, F.; Roustan, C.; Benyamin, Y. Cation binding sites on actin: A structural relationship between
antigenic epitopes and cation exchange. Biochem. Biophys. Res. Commun. 1988, 152, 368–375. [CrossRef]

58. Takamoto, K.; Kamal, J.K.A.; Chance, M.R. Biochemical Implications of a Three-Dimensional Model of Monomeric Actin Bound
to Magnesium-Chelated ATP. Structure 2007, 15, 39–51. [CrossRef] [PubMed]

59. Oda, T.; Makino, K.; Yamashita, I.; Namba, K.; Maéda, Y. Distinct Structural Changes Detected by X-Ray Fiber Diffraction in
Stabilization of F-Actin by Lowering pH and Increasing Ionic Strength. Biophys. J. 2001, 80, 841–851. [CrossRef]

60. Kang, H.; Bradley, M.J.; McCullough, B.R.; Pierre, A.; Grintsevich, E.E.; Reisler, E.; De La Cruz, E.M. Identification of cation-
binding sites on actin that drive polymerization and modulate bending stiffness. Proc. Natl. Acad. Sci. USA 2012, 109, 16923–16927.
[CrossRef] [PubMed]

61. Feng, J.-J.; Marston, S. Genotype–phenotype correlations in ACTA1 mutations that cause congenital myopathies. Neuromuscul.
Disord. 2009, 19, 6–16. [CrossRef]

62. Parker, F.; Baboolal, T.G.; Peckham, M. Actin Mutations and Their Role in Disease. Int. J. Mol. Sci. 2020, 21, 3371. [CrossRef]
63. Crosbie, R.H.; Miller, C.; Cheung, P.; Goodnight, T.; Muhlrad, A.; Reisler, E. Structural connectivity in actin: Effect of C-terminal

modifications on the properties of actin. Biophys. J. 1994, 67, 1957–1964. [CrossRef]
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