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A_ ctin forms a double-stranded fila-

ent, and the majority of actin fila-
ments in the cell undergo the dynamic
process of polymerization and depoly-
merization at both ends. Actin dynam-
ics plays numerous important roles in
eukaryotic cells. In order to understand
actin dynamics, structural elucidation
of the actin filament ends is particu-
larly important because polymerization
and depolymerization occurs only at
the ends. We have developed original
image analysis procedures to determine
the structures of the actin filament ends
from cryo-electron  micrographs, and
two structures have been determined.
The structures revealed that the actin
filament takes advantage of its double-
stranded form to regulate its dynamics
at both ends by a surprisingly simple
mechanism.

Actin is one of the most abundant proteins
in eukaryotic cells and forms a double-
stranded filament which is involved in var-
ious kinds of cellular functions including
cell adhesion, cell motility, cell division,
cytoskeletal arrangement and muscle con-
traction. In most cases, the actin filament
is dynamic through depolymerization
and polymerization at the both ends. The
actin subunits in a stress fiber are replaced
by polymerization and depolymerization
in several minutes.! The actin dynamics
in lamellipodia and philopodia is more
typical. The polymerization at one specific
end (the barbed end) and the depolymer-
ization at the other end (the pointed end)
push the cell membrane outward.?

To  understand  the
mechanisms of actin dynamics, the

regulatory
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determination of the actin filament end
structures is crucial because depolymer-
ization and polymerization occur only at
the ends. We have developed a method
to determine the end structure by cryo-
electron microscopy and image analysis
procedures.® The two structures that were
determined, the actin-Capping Protein
(CP) complex® and the bare pointed end
of the actin filament,’ revealed unknown
regulatory mechanisms of the actin
dynamics. In these mechanisms, the actin
filament takes advantage of its own dou-
ble-stranded form in three different ways.

(1) = The

required for end-binding proteins to rec-

double-stranded form s

ognize and bind, and these proteins do
not recognize actin monomers (Fig. 1).
Many end binding proteins such as CP,

formin, tropomodulin and spire,®®

regu-
late actin dynamics because these proteins
are most effective at binding to the fila-
ment ends where the polymerization and
depolymerization occur. Therefore, recog-
nition of the end by an end binding pro-
tein is important. The actin-CP complex
structure represents a simple and sophis-
ticated manner of the recognition process
(Fig. 1A—C). We believe many end bind-
ing proteins recognize the target end by a
similar manner, simultaneously binding to
two regions which are exposed only at the
target end on two subunits located on dif-
ferent strands. When the filament is single-
stranded, the specific recognition of the
target end is more difficult (Fig. 1D-F).
(2) End binding proteins can regulate
the stability of the whole filament (Fig. 2)
when the filament has a double-stranded
form. The actin filament in muscle is very
stable, whereas it is truly dynamic in the
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Figure 1. The double-stranded form is useful for end binding proteins to recognize the target end. A-C: The binding mechanism of the Capping Pro-
tein.* (A) A three dimensional map of the actin-CP complex with fitted atomic models of CP (in red and orange) and actin molecules (in purple, blue,
cyan and green). CP binds to only the barbed end, neither to the side of the filament, nor the pointed end, nor the actin monomer. (B) A schematic
illustration of CP (in cyan) binding to the barbed end. The major binding site on CP, illustrated as a blue ellipse, binds to the two end subunits on the
two strands simultaneously. The binding sites on the actin filament, illustrated as red ellipses, are exposed only at the barbed end, neither at the
pointed end nor the side of the filament, thereby illustrating how CP recognizes the barbed end. (C) CP does not bind to actin monomers. CP requires
two binding sites on two different strands with proper relative positioning for tight binding. CP can bind to only one binding site on the actin mono-
mer even though one actin monomer has the two binding sites present (red ellipses). Consequently, the binding is significantly weaker than at the
barbed end. (D-F) Schematic illustrations of a putative model on how an end binding protein (in cyan) recognizes the end when the filament is single-
stranded. (D and E) Even when the end binding protein (the binding site is presented in blue) recognizes only the one end subunit (the binding site is
presented in red), it can recognize the target end of the filament when the binding site on the filament is exposed only at the target end (D). However,
it also binds to the monomer (E). To prevent binding to the monomer, the end binding protein (in cyan) must recognize two sites on the two subunits
at the end including a site which is only exposed at the target end (F). The interaction between the end filament requires a much larger protein than
with the double-stranded filament interaction model presented in (C).
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filament by end binding proteins.

Figure 2. End binding proteins can regulate the stability of the whole filament when the filament is double-stranded. (A) The depolymerization
(dissociation) rate is much faster than the severing rate when the filament is double-stranded. This is because it is necessary to cut three bonds (the
blue boxes indicated by a blue arrowhead) between the subunits at the same time to sever the filament, whereas cutting two bonds (the red boxes
indicated by a red arrowhead) is sufficient for the end subunit to dissociate from the end. (B) The depolymerization rate is similar to the severing rate
when the filament is single-stranded, because the bond to cut for severing (the blue box) and depolymerizing (the red box) is identical. (C) When CP
(cyan) binds to the filament, the dissociation of the end subunit is prevented because an extra bond between CP and the end subunit must be cut in
addition to the original two bonds (A, red boxes) for dissociation to occur from the end. Since the depolymerization rate is much faster than the sever-
ing rate, it is possible to increase the stability of the whole filament just by preventing the end subunit from dissociating with the double-stranded
form. (D) When the filament is single-stranded, the severing and depolymerizing rates are similar. Even the end binding protein bound to the two end
subunits simultaneously (cyan, Fig. 1F) cannot prevent the filament from severing where the binding protein does not bind (a blue arrowhead, for
example) and the end binding protein will dissociate from the filament because of this severing event. Therefore, it is impossible to stabilize the whole

lamellipodia where the turnover of the
actin filament is less than one minute.’
The actin filament must cover a wide sta-
bility range and regulation of the stability
by end binding proteins is essential.

(3) The double-stranded form plays
an important role in defining the polar-
ity of the dynamics (Fig. 3). One end, the
pointed end, is much slower in polymer-
ization and depolymerization than the
barbed end, and these differences deter-
mine the direction of the “treadmilling”
movement.” We believe that this feature
also defines the origin of the direction
of the dynamics of the actin filament in
a cell; where polymerization occurs at
the barbed end and the depolymerization
occurs at the pointed end.’

694

In conclusion, our structures of the
actin filament ends have revealed that the
double-stranded form of the actin filament
is essential in regulating actin dynamics in
the cell, which is fundamental to all func-
tions of the actin filament.
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A B 1 U C Figure 3. The double-stranded form is im-
portant in defining the polarity of dynamics.
A simplified model to explain the difference
in the dynamics between the two ends is
presented. A more realistic and complicated
model was proposed previously in reference
5, although the concept is the same. (A) A
simplified illustration of the actin monomer.
The switching loop is the DNase-I binding
loop in the simplified model. The actin mono-
mer has two binding sites for the switching
loop (cyan circles). One is a strong bind-
ing site (the large circle) and the otheris a
relatively weak binding site (the small circle).
(B) A model of the barbed end. The switching
loop of the end subunit (in red) binds to the
strong binding site on the actin subunitin
’6 the same strand. As a result, a strong binding
site for an incoming actin monomer is avail-
able and the incoming monomer can easily
bind to the end. (C) A model of the pointed
end. The switching loop of the adjacent
subunit at the end (in red) binds to the weak
D E F binding site on the end subunit in the other
strand. Consequently, the dissociation of
the end subunit becomes more difficult at
the pointed end because the extra binding
by the switching loop (in red) prevents the
end subunit from dissociating. When a new
actin monomer comes in close proximity to
bind to the strand, the switching loop (in red)
that is already bound to a different site must
first dissociate from the weaker site prior to
interacting with strong binding site of the
new monomer. As a result, the depolymeriza-
tion and polymerization rates at the pointed
end are slower than at the barbed end and
represents the origin of the polarity of the
dynamics of the actin filament. (D-F) When
the filament is single-stranded, it is difficult
to define the polarity of the dynamics. If we
assume a similar switching loop in the single-
stranded filament, the weak binding site for
the switching loop to bind at the pointed end
must be located in the same strand because
there is only one strand present. However,
the switching loop in the monomer can also
bind to the weak binding site in the same
monomer (D). In this case, the polymerization
at the pointed end (E) and at the barbed end
(F) is inhibited to the same extent because of
the switching loop binding to the weak bind-
ing site. For the dissociation from the ends,
the situation cannot be different because the
connection to be severed for dissociation
to occur is identical between the two ends.
Therefore, the rates of polymerization and
depolymerization at the both ends must be
similar when the filament is single-stranded.
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