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Abstract

Polymerization induces hydrolysis of ATP bound to actin, followed by y-phosphate release, which helps advance the
disassembly of actin filaments into ADP-G-actin. Mechanical understanding of this correlation between actin assembly
and ATP hydrolysis has been an object of intensive studies in biochemistry and structural biology for many decades.
Although actin polymerization and depolymerization occur only at either the barbed or pointed ends and the kinetic
and equilibrium properties are substantially different from each other, characterizing their properties is difficult to do
by bulk assays, as these assays report the average of all actin filaments in solution and are therefore not able to discern
the properties of individual actin filaments. Biochemical studies of actin polymerization and hydrolysis were hampered
by these inherent properties of actin filaments. Total internal reflection fluorescence (TIRF) microscopy overcame this
problem by observing single actin filaments. With TIRF, we now know not only that each end has distinct properties,
but also that the rate of y-phosphate release is much faster from the terminals than from the interior of actin filaments.
The rate of y-phosphate release from actin filament ends is even more accelerated when latrunculin A is bound. These
findings highlight the importance of resolving structural differences between actin molecules in the interior of the
filament and those at ecither filament end. This review provides a history of observing actin filaments under light
microscopy, an overview of dynamic properties of ATP hydrolysis at the end of actin filament, and structural views of
v-phosphate release.
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Introduction

All eukaryotic cells need cytoskeletons to support three-
dimensional shapes and maintain various dynamic cell motil-
ities. Actin is a cytoskeletal filament protein well known for its
role in generating forces that propel cell membrane protru-
sions at the leading edge of cells, such as filopodia and
lamellipodia, by its polymerization (Blanchoin et al. 2014).
Polymerization dynamics of actin in vitro has been researched
for 70 years and interactions with many actin-binding proteins
have been discovered. From the beginning of the study of
treadmilling (Wegner 1976), there was an inconsistent wide
gap between the slow intrinsic rates of actin polymerization
and depolymerization, and the much faster velocity of actin-
driven cell protrusion. In an effort to bridge the gap, some
accessory proteins like formins have been discovered that
can accelerate polymerization (Kovar and Pollard 2004),
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whereas proteins such as ADF/cofilin and the gelsolin family
promote disassembly (De La Cruz et al. 2015; Kinosian et al.
1998). Investigations into the fine-tuning of actin polymeriza-
tion dynamics, which is able to produce forces and change
velocities under various cellular functions, were greatly aided
with the improvement in technology allowing the observation
of single actin filament elongation and depolymerization in
real time. In this review, we describe actin polymerization
and depolymerization dynamics with ATP hydrolysis and
structural fluctuations that were elucidated through direct ob-
servations of single actin filaments and structural analyses.

Paradigm shift of actin polymerization research was
triggered by TIRF microscopy development

An early stage of actin filament observation under light mi-
croscopy was performed by using dark-field microscopy in
1980 (Nagashima and Asakura 1980). Instead of labeling ac-
tin with a fluorescent dye, actin filaments were mixed with
skeletal muscle myosin II and diluted to 24 nM by a
phosphate-buffered solution. Decoration of actin filaments
with heavy meromyosin (HMM) enhanced the mass of the
actin filaments, so that acto-myosin filaments were able to
be visualized (Fig. 1a). By measuring the thermal bending
motions of actin filaments over time, it was confirmed that
actin filaments are semi-flexible polymers. In 1984, as
epifluorescence light microscopy was commercially available,
single actin filaments labeled with fluorescent phalloidin were
able to be visualized without myosin (Fig, 1b) (Honda et al.
1986). Brownian motion observation of actin filaments over
time revealed that actin filaments became more flexible when
interacting with myosin, while tropomyosin-bound actin fila-
ments became rigid (Yanagida et al. 1984). However, the di-
rect measurement of polymerization and depolymerization of
individual actin filaments was missed under these conditions
because of the following two reasons; first, to measure the
intrinsic elongation rate, actin must be polymerized in condi-
tions with concentrations of actin monomers above a certain
concentration, called the critical concentration. However, too

many actin filaments were nucleated above this concentration;
thus, individual actin filaments were indistinguishable be-
cause actin filaments overlapped with each other. Second,
phalloidin prevents actin depolymerization. Indeed, this is
why phalloidin is widely used to fix the actin cytoskeleton.
In 2001, the elongation rate was determined by observing
single actin filaments under an epifluorescence microscope
(Ishiwata et al. 2001). It was performed by mixing rhodamine
phalloidin and non-labeled actin while below the critical con-
centration. It was a unique approach, although depolymeriza-
tion was suppressed. In vitro, phalloidin minimizes the density
of actin filaments and phalloidin-bound actin filaments have a
twofold longer persistence length than bare actin filaments
(Isambert et al. 1995). These issues were solved as a result
of progress in single-molecule imaging techniques. The com-
bination of TIRF (total internal reflection fluorescence) mi-
croscopy and a highly sensitive camera together with an image
intensifier such as II-SIT (image intensifier and silicon inten-
sified target) allowed us to visualize individual actin filaments
located near the glass surface (Fujiwara et al. 2002). Barbed
ends grow much faster than pointed ends (Fig. lc,
arrowheads). Single actin filament observation with actin
alone revealed that the elongation rates of individual actin
filaments are uniform. Although actin filament elongation rate
at the barbed end is reduced when increasing the ratio of
fluorescence-labeled actin to unlabeled actin monomers
(Amann and Pollard 2001), the intrinsic elongation rate, as
estimated from the intercept of the elongation rate vs. label
ratio, is 7.4~12/uM/s, regardless of which conjugated fluores-
cent dye is used (Fujiwara et al. 2002; Kuhn and Pollard
2005). The measured elongation rates were comparable
to previous research performed by using EM of 11.6/
uM/s (Pollard 1986). Although elongation from the
barbed end is easily detected because of its fast rate,
the elongation from the pointed end tends to be buried
in noise, because it has a slow elongation rate and high
critical concentration.

Observation of individual actin filaments without phalloidin
suggested that the length of actin filaments were fluctuated at

Fig. 1 History of visualizing actin filaments under light microscopy. a
Non-fluorescent dye conjugated actin filaments were visualized by dark-
field light microscopy. Actin filaments were decorated by HMM. Image
was taken by a high-sensitivity television camera with x 1500 magnifica-
tion. Image a is from Nagashima and Asakura (1980). b FITC-labeled
actin filaments (50 nM, 85% label) in the presence of 0.1 mM phalloidin
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monitored by using epi fluorescence microscope. The bar represents
10 pm. ¢ Time course image of elongation of 15% Alexa488-lysine-
labeled Mg-ATP-actin of 1 M monitored by TIRF microscope with
EMCCD. Scale bar is 10 pm. Arrowheads indicate the fast-growing
end of each filament and time was indicated in each panel (#=0, actin
was mixed with the polymerization buffer)
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steady state (Fujiwara et al. 2002). One-dimensional Brownian
motion of the filament length at around the critical concentra-
tion of actin proposed a unique mechanism, that this fluctuation
may be caused by the association and dissociation of small actin
clusters consisting of six subunits at filament ends. Similar be-
havior was also observed in Kuhn and Pollard in 2005 (Kuhn
and Pollard 2005) by using TIRF microscopy with an EMCCD
(electron-multiplying charge-coupled device). With these ex-
periments, actin biochemistry was able to be more carefully
quantified. A three-color detection system showed the reg-
ulatory mechanism of the barbed end of single actin fila-
ments with mDial and capping protein (CP) (Bombardier
et al. 2015). Solution exchanges in microfluidic chambers
combined with TIRF microscopy showed that actin depo-
lymerization is accelerated by profilin (Jégou et al. 2011).
These approaches applied to future studies will answer
even more regulatory mechanisms of the cytoskeleton at
the level of the single filament.

Single actin filament observation revealed that

the on and off rates of Pi are different

between the interior and terminal subunits of actin
filaments

ATP-, ADP-Pi-, and ADP-actin can all associate and dissoci-
ate at both barbed and pointed ends of filaments, although the
majority of actin monomers bind ATP in living cells
(Rosenblatt et al. 1995). Once an ATP-actin monomer is po-
lymerized, its conformation changes (Oda et al. 2009) and
ATP is hydrolyzed irreversibly at the rate of 0.3/s
(Blanchoin and Pollard 2002). Including the above, solution
experiments also estimated that y-phosphate dissociates slow-
ly from actin at ~ 0.001-0.006/s (Blanchoin and Pollard 1999;
Carlier and Pantaloni 1986, 1988; Melki et al. 1996), and the
dissociation of y-phosphate occurs at random locations along
an actin filament (Blanchoin and Pollard 1999). In 2011,
Jégou et al. visually confirmed that actin filaments that were
polymerized from ATP-actin are depolymerized at a gradually
increasing rate until it reaches the rate of ADP-actin (Jégou
et al. 2011). This observation confirmed that y-phosphate re-
lease occurs at random locations. These kinetic rates show that
ATP hydrolysis is crucial as a timekeeper for the aging of an
actin filament, in particular that the slow y-phosphate release
from the filament is important to extend the lifetime of each
actin filament. However, this slow and random dissociation of
v-phosphate from actin filaments raised a question for
treadmilling; a few y-phosphates remaining in old regions of
actin filaments may be enough to pause the treadmilling by
inhibiting depolymerization. In fact, the concentration of in-
organic phosphate (Pi) in a cell (Burt et al. 1977) is high
enough to bind Pi to actin filaments, as shown in vitro where
Pi binding to filamentous actin easily occurs at similar con-
centrations (Kq=1.5 mM) (Fujiwara et al. 2007), suggesting

that treadmilling may be suppressed in a cell. Single actin
filament observation by TIRF microscopy solved this ques-
tion by showing that both association and dissociation rates of
Pi to the end of actin filaments are much faster than the rates in
internal locations (Fig. 2a (Fujiwara et al. 2007)). The estimat-
ed rates of 'y-phosphate release from ends are very rapid at
2/sec, which is over 650 times faster than the y-phosphate
release from the internal sections of an actin filament. The
progressively accelerated depolymerization of actin filaments
that was polymerized from Mg-ATP-actin (Jégou et al. 2011)
suggests that rapid 'y-phosphate release from the terminal ends
of actin filaments is influenced by both the surrounding envi-
ronment and the nucleotide state of neighboring subunits
(Korn et al. 1987). While it is still unclear how many actin
subunits from the terminal ends cooperatively dissociate Pi
rapidly, this rapid Pi release allows actin filaments to depoly-
merize, which promotes treadmilling. The rapid 'y-phosphate
dissociation, which is followed by actin depolymerization,
was not detected until single actin filament observation was
performed. Rapid y-phosphate dissociation from the terminal
ends explains how treadmilling can occur in physiological
conditions containing several millimolars of Pi without any
actin-associated proteins.

Recently, TIRF observation was used to investigate how
latrunculin A inhibits actin polymerization. In addition to actin
monomer sequestering function, latrunculin A increased the
dissociation rate from both ends at the rate of ADP-actin sub-
units, which is the maximum intrinsic depolymerization rate
(Fig. 2b (Fujiwara et al. 2018)). This fast depolymerization
mechanism is highly possibly because latrunculin A acceler-
ates y-phosphate release from terminal subunits of actin fila-
ments. This finding confirms that y-phosphate loosely binds
to actin subunits at terminal subunits. Thus, the y-phosphate
dissociates easily and is also affected by additional factors like
latrunculin A. When actin depolymerization rate is estimated
under various rates of phosphate release at barbed end in a
cell, the depolymerization rate is increased up to 60% if
latrunculin A accelerates 'y-phosphate release to 5/s, or more
than doubles when y-phosphate is released at 20/s.

Exactly how many actin subunits near terminal ends bind
y-phosphate is unclear, as it is also unclear that ADP-Pi-actin
subunits at the ends may take the same conformation from the
bulk of the ADP-Pi-actin subunits in the middle of filaments.
Ratios and rates of ADP-Pi-actin binding may be changed
with surrounding conditions, and these kinetic rates can be
determined by solution assays. However, the functional mech-
anism of actin as a biopolymer requires structural information
to fully understand actin polymerization dynamics. For exam-
ple, latrunculin A favors monomeric actin rather than filamen-
tous actin-binding ADP-Pi (Fujiwara et al. 2018). This sug-
gests that the latrunculin A binding manner varies based upon
the structures of monomeric and filamentous actin. EM data of
actin structure at pointed ends supports this hypothesis (Narita
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Fig. 2 Rates of polymerization and depolymerization of actin in each
nucleotide state. a Kinetic and thermodynamic parameters of actin
polymerization at the barbed- and pointed-end polymerization with
bound ATP (left top, middle and bottom), ADP-Pi (center top, middle
and bottom), or ADP (right top, middle and bottom). Numbers are kinetic
rates of each reaction (arranged from Fujiwara et al. 2007). K s and C,
indicate equilibrium dissociation constants of reactions and the critical
concentration, respectively. Two association and dissociation rates of Pi
binding are shown at both ends, because of the loose binding of Pi at the
terminal actin subunits. b Thermodynamic reactions of actin in the

et al. 2011), by showing different conformations of actin at
filament terminals and interiors (Oda et al. 2009). While there
is agreement that the y-phosphate release at terminal ends of
actin filaments is fast, the known ATP hydrolysis initiated
from actin polymerization and the known conformational ac-
tin dynamics do not fully explain this mechanism. In the next
paragraph, we are going to describe y-phosphate binding from
a structural viewpoint.

Structural view of filament ends and Pi regulation

Structurally, an actin molecule consists of two domains, an
inner and an outer domain (Kabsch et al. 1990), that undergo
a rotational movement relative to each other upon polymeri-
zation (Fig. 3b) (Oda et al. 2009). Because ATP is located
between the two major domains, its hydrolysis is likely to be
triggered by a structural rearrangement around the nucleotide
induced by the G- to F-conformational change (Merino et al.
2018; Oda et al. 2009). Owing to the recent technology prog-
ress of cryo-EM, the structure of the actin filament has been
described at near-atomic resolutions (Fig. 3a) (Mentes et al.
2018; Pospich et al. 2017; von der Ecken et al. 2015; Tanaka
etal. 2018). In 2018, a study suggested that, based on filament
structures with different nucleotide states, ATP hydrolysis and
the following y-phosphate release mainly affect the confor-
mation of the DNase I binding loop (D-loop), a critical region
mediating the longitudinal subunit interaction, thereby modu-
lating the filament stability (Merino et al. 2018).
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presence of latrunculin A. Abbreviations: A, actin; L, Latrunculin A; T,
ATP; D, ADP: Pi, inorganic phosphate; B, barbed end. Numbers next to
arrows are dissociation rate or equilibrium dissociation constants (Ky).
(Left) Monomeric actin reactions. (Middle) Reactions on actin filament
barbed ends. (Right) Reactions of interior subunits in actin filaments.
Parameters shown in italics were calculated using detailed balance.
Superscripts indicate references: a, Fujiwara et al. (2002)); b, Jégou
et al. (2011)); c, Pollard (1986)); d, Kuhn and Pollard (2005)); e,
Blanchoin and Pollard (1999)); f, Coué et al. (1987)); g Fujiwara et al.
(2018))

It is reasonable to assume that, compared to filament inte-
rior subunits, end-exposed subunits adopt different conforma-
tions because they have fewer neighbors. Currently, a few
studies have addressed the filament end structures, even in-
cluding terminal structures capped by other proteins (Narita
et al. 2011, 2006; Rao et al. 2014; Urnavicius et al. 2015).
Among these, a cryo-EM structure of non-capped pointed-end
(23-A resolution) revealed that there is an extra link between
the two pointed-end subunits that may have a functional rele-
vance in regard to its significantly slow dynamics (Fig. 3c)
(Narita et al. 2011). Elucidation of the filament end structures
by single-particle cryo-EM analysis has been hampered by
difficulty to collect large numbers of the end images required
for a robust averaging process. Because the assembly and
disassembly occur exclusively at the ends, direct structural
information of the filament terminals, but not averaged struc-
tures of subunits along the filament, would be valuable to
understand the kinetic differences between the two ends that
have been established by biochemical studies.

ADP-G-actin seldomly incorporates Pi from the solution
(Kq=60 mM) (Fujiwara et al. 2007). This can be explained
by structural differences in the active site between ATP- and
ADP-G-actins (Fig. 3d). Although the overall structures are
nearly identical in both nucleotide states, there is a slight dif-
ference in the P1 loop, one of the two loops that clamp the
phosphate tail of the nucleotides (Graceffa and Dominguez
2003; Otterbein et al. 2001; Rould et al. 2006). In ADP-G-
actin, a side chain of Ser14 on the P1 loop flips to a space that
is occupied by y-phosphate in ATP-G-actin. This local change
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Fig. 3 Actin structures. a Structure of F-actin (PDB: 2zwh (Oda et al.
2009)). Top, pointed end (marked by a box; enlarged in ¢); bottom,
barbed end. b Conformational change of actin from monomeric form
(G-form) (gray, PDB: 1j6z (Otterbein et al. 2001)) to filamentous form
(F-form) (green). Front (left) and side (right) views. In the side view, inner
domains are omitted for clarity. ¢ The pointed-end structure (PDB: 2y83).
An extra link is formed between the plug of the pointed-end subunit and

in the active site is accompanied by a structural alteration of
the sensor loop carrying methylated His73. These conforma-
tional rearrangements may act as a structural barrier in ADP-
G-actin for Piuptake. On the contrary, ADP-bound subunits in
the filaments, especially those located near barbed ends, ac-
cept Pi more readily than ADP-G-actin (K4=1.5-3 mM)
(Carlier and Pantaloni 1988; Fujiwara et al. 2007). This sug-
gests that, in the filaments, Pi release does not induce a sig-
nificant conformational change in the active site (particularly
at the y-phosphate site). A more likely explanation is that the
conformation of subunits in the filament is designed to be
stable when it binds y-phosphate so that ADP-F-actin easily
incorporates Pi. This is in line with biochemical data showing
that ADP-Pi-F-actin is most stable during the actin polymeri-
zation cycle (Fujiwara et al. 2007). Near-atomic resolution
cryo-EM F-actin structures appear to support this notion
(Merino et al. 2018), although higher resolution information
is required for a detailed comparison of the active site struc-
tures. Interestingly, the pointed ends exhibit a weak affinity for
Pi (Fujiwara et al. 2007), implying that, upon Pi release, sub-
units located at this less-dynamic end may undergo a substan-
tial conformational change in the nucleotide-binding pocket,
just as occurs in G-actin.

Once actin is polymerized, the y-phosphate bond is broken
from the other two sequential phosphates in an ATP’s tail as a
result of hydrolysis. In actin filaments, this phosphate tail of

- _outer
inner outer (side view)
domain domain
c d
R
LU plug
) )

\’ Pi release
V from “back door”

sensor

loop His73 %
Argl77 ADP-bound

D-loop of the penultimate subunit (shown in spheres). d A close-up view
of the nucleotide-binding site, shown as the back side of actin is oriented
to the bottom. AMPPNP-bound (orange, PDB: Inwk (Graceffa and
Dominguez 2003)) and ADP-bound (cyan, 1j6z) G-form actin structures
are superimposed. P1, P2, and sensor loops are highlighted. Residues
proposed for involvement in controlling the Pi release are shown in stick
models

ATP locates as its y-phosphate faces the filament axis side. It
is therefore likely that Pi produced by the hydrolysis escapes
from the subunit at the backside of the molecule (Fig. 3d).
This back door Pi release pathway was proposed based on a
molecular dynamics simulation (Wriggers and Schulten
1999). This study assumed that His73, Argl77, and some
residues on the P1 and P2 loops play a key role in controlling
the timing of Pi release. Interestingly, these residues are ex-
posed to the solution particularly at the barbed-end subunits,
potentially explaining the high sensitivity for Pi of this dy-
namic end.

Concluding remarks

To understand actin-based cell motility, the intrinsic kinetic
rates for the polymerization and depolymerization reactions
including the coordinated conformations of monomeric and
filamentous actin at each nucleotide state are necessary. As
the light microscope observation technique is developed,
ATP hydrolysis and molecular dynamics of each actin subunit
in different locations on one filament may be deciphered. By
adding more functions such as microfluidic system, and other
spatial and temporal manipulation systems including structur-
al information, the dynamic mechanisms of actin with its bind-
ing proteins will be determined as a biomolecular machine.

@ Springer



1518

Biophys Rev (2018) 10:1513-1519

Structural dynamics is crucial information to understand the
mechanical properties of actin polymerization with ATP hy-
drolysis. Unveiling structural differences between actin mole-
cules along an actin filament should answer how individual
biopolymers change their disposition of response and main-
tain the cell cytoskeleton.
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