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SUMMARY

Assembled actin filaments support cellular signaling,
intracellular trafficking, and cytokinesis. ATP hydro-
lysis triggered by actin assembly provides the struc-
tural cues for filament turnover in vivo. Here, we
present the cryo-electron microscopic (cryo-EM)
structure of filamentous actin (F-actin) in the pres-
ence of phosphate, with the visualization of some
a-helical backbones and large side chains.
A complete atomic model based on the EM map
identified intermolecular interactions mediated by
bound magnesium and phosphate ions. Comparison
of the F-actin model with G-actin monomer crystal
structures reveals a critical role for bending of the
conserved proline-rich loop in triggering phosphate
release following ATP hydrolysis. Crystal structures
of G-actin show that mutations in this loop trap the
catalytic site in two intermediate states of the
ATPase cycle. The combined structural information
allows us to propose a detailed molecular mecha-
nism for the biochemical events, including actin
polymerization and ATPase activation, critical for
actin filament dynamics.

INTRODUCTION

The actin-filament system is required in almost all cytoplasmic

processes, including cell adhesion, motility, cellular signaling,

intracellular trafficking, and cytokinesis. Although stable actin

filaments (F-actin) are necessary during muscle contraction,

the active turnover of filaments is required in many cell functions.

Actin has two major domains separated by a nucleotide-binding

cleft (Kabsch et al., 1990). The outer domain is divided into sub-

domains 1 and 2 and the inner domain into subdomains 3 and 4.

All of the subdomains interact with the bound nucleotide. ATP is

hydrolyzed at the rate of 1/3.3 s�1 following the elongation of fila-

ments at the growing end of filaments (Blanchoin and Pollard,

2002), whereas the phosphate release is 100 times slower

(Carlier and Pantaloni, 1986). As a result, newly polymerized fila-

ments consist of stable ADP-Pi actin (abbreviated as F-ADP-Pi),

whereas the older filaments contain mainly ADP actin (F-ADP),

which disassembles more rapidly (Carlier and Pantaloni, 1986).

Under physiological conditions, inorganic phosphate (Pi) binds

to F-actin and reduces the critical concentration for polymeriza-

tion (Rickard and Sheterline, 1986; Fujiwara et al., 2007). Actin

dynamics also depends on the identity of the bound divalent

cation, physiologically Mg2+, associated with the bound nucleo-

tide (Carlier et al., 1986).

Although a vast amount of biochemical data has been accu-

mulated, the quest for a definitive and detailed molecular mech-

anism of the polymerization of monomeric actin (G-actin) to fila-

mentous actin (F-actin) has been hampered by the inherent

flexibility of actin filament. The flexibility has not allowed an

atomic structure of F-actin to be determined. More than

50 atomic structures of G-actin bound with ATP or ADP have

been determined since 1990 (Kabsch et al., 1990), but F-actin

has been visualized to relatively moderate resolution either by

three-dimensional (3D) image reconstruction from electron

micrographs (Belmont et al., 1999) or modeling based on X-ray

fiber diagrams (Holmes et al., 1990; Lorenz et al., 1993). The

inherent flexibility of actin filaments hampers determination of

atomic structure.

Recently, a new model of F-actin based on improved X-ray

fiber diffraction analysis was reported (Oda et al., 2009). Oda

et al. proposed that outer-domain movement upon assembly

flattens the actin molecule in the polymer, similar to the case of

the bacterial actin homolog MreB (van den Ent et al., 2001),
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