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Abstract

Actin functions as a helical polymer, F-actin, but attempts to build an atomic model for this 

filament have been hampered by the fact that the filament cannot be crystallized and by structural 

heterogeneity. We have used a direct electron detector, electron cryo-microscopy and the forces 

imposed on actin filaments in thin films to reconstruct one state of the filament at 4.7 Å resolution, 

which allows for building the first reliable pseudo-atomic model of F-actin. We also report a 

different state of the filament where actin protomers adopt a conformation observed in the crystal 

structure of the G-actin-profilin complex with an open ATP-binding cleft. Comparison of the two 

structural states provides new insights into ATP-hydrolysis and filament dynamics. The atomic 

model provides a framework for understanding why every buried residue in actin has been under 

intense selective pressure.

Actin is one of the most highly conserved as well as abundant eukaryotic proteins. From 

chickens to humans, an evolutionary separation of ~ 350 million years, there are no amino 

acid changes in the skeletal muscle isoform of actin (Hennessey et al., 1993). There are at 

least six different mammalian isoforms that are quite similar to each other, and all appear to 

have diverged from a common ancestral actin gene (Miwa et al., 1991). In contrast, we now 

know that bacteria have actin-like proteins which share a common fold (van den Ent et al., 

2001; van den Ent et al., 2002), but have vanishingly little sequence similarity both among 

themselves and to eukaryotic actin (Derman et al., 2009).

While various ideas have been proposed for why every residue in eukaryotic actin has been 

under intense selection, ideas about allostery have been the most attractive as allosteric 

networks must place constraints on buried residues (Suel et al., 2003). For example, it has 
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been postulated that there is an allosteric linkage between the N- and C-termini in actin 

(McKane et al., 2005), which would require a pathway of internal residues to communicate 

this allosteric information. Similarly, direct allosteric transfer of information has been shown 

between the DNase I-binding loop in actin and the C-terminus (Crosbie et al., 1994; 

Khaitlina et al., 1993), which must depend upon a different pathway of buried residues, just 

as the observed allosteric linkages between other elements in actin must place constraints on 

yet more buried residues (Egelman, 2001, 2003; Rubenstein and Wen, 2014).

Since the functional form of actin in most instances is a polymer (F-actin), understanding the 

constraints on actin sequence evolution must involve an understanding of the structure and 

dynamics of the actin filament. Unfortunately, unless a helical polymer contains exactly two, 

three, four or six subunits per turn, it cannot be crystallized so that every subunit is in an 

equivalent crystallographic environment. This has prevented the structural determination of 

many helical polymers at atomic resolution, and techniques such as electron cryo-

microscopy (cryo-EM) (Fujii et al., 2010; Galkin et al., 2010) and x-ray fiber diffraction 

(Holmes et al., 1990; Oda et al., 2009) have been the main tools available for studying the 

structure of protein polymers such as F-actin. Recently, the development of direct electron 

detectors has allowed an unprecedented advance in the ability of cryo-EM to reach near-

atomic resolution for many protein polymers and protein complexes (Amunts et al., 2014; 

Bai et al., 2013; Bammes et al., 2012; Fernandez et al., 2014; Li et al., 2013; Liao et al., 

2013; Lu et al., 2014a; Lu et al., 2014b; Voorhees et al., 2014; Wong et al., 2014).

We have used a direct electron detector and have now been able to reconstruct one state of 

F-actin at 4.7 Å resolution. This has allowed us to build a pseudo-atomic model of this state, 

which differs in many details from earlier models for F-actin derived from either a 

substantially lower resolution reconstruction (Fujii et al., 2010) or modeled against x-ray 

fiber diffraction patterns (Oda et al., 2009). We compare this atomic model with two other 

distinctly different states that we have determined at ~ 12 Å resolution, and suggest that only 

by understanding the multiplicity of states possible for F-actin can one understand the 

selective pressure on many residues and why mutations of some of these residues leads to 

myopathies and other human disorders (Rubenstein and Wen, 2014).

Results

F-actin structure depends upon applied forces

We recently suggested that the structural state of actin filaments can be modulated by 

applied forces (Galkin et al., 2012). Samples are prepared for cryo-EM by blotting a drop 

applied to a grid so that only a thin film remains, which is then rapidly frozen. During the 

blotting procedure both the thinning of the solvent film and the flux of fluid within this film 

can introduce significant mechanical forces. This can be seen by the fact that fields of actin 

filaments are frequently aligned by the fluid flow (Supp. Fig. 1A) showing the highly 

anisotropic environment, and by the fact that filaments can be observed to break due to these 

forces (Supp. Fig. 1B). A previous observation using the compression of actin filaments 

between two thin mica plates observed a stiffening of these filaments under force (Greene et 

al., 2009), which appears to be the same phenomenon as the rigidification of F-actin 

observed in thin ice (Galkin et al., 2012). In order to reduce structural heterogeneity within 
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the actin filament to achieve the highest possible resolution we used blotting conditions (see 

Materials and Methods) which yielded very thin ice (Fig. 1A, Supp. Fig. 2,3).

The relative absence of structural heterogeneity within the thin ice sample allowed us to 

achieve a high resolution three-dimensional (3D) reconstruction of this one state of F-actin 

(Fig. 1B) that has been stabilized by mechanical forces without any sorting of the segments 

by twist or structural state. While the Fourier Shell Correlation (FSC) has been a widely 

used metric for resolution in cryo-EM, it suffers from the problem that at best it only 

estimates the internal consistency in the data and not the actual resolution. For example, it is 

possible to impose the wrong helical symmetry and still measure an FSC that is meaningless 

(Wu, 2014; Xu et al., 2014). A further problem is that the FSC is based upon comparisons 

between two half data sets as a way to estimate the resolution of the full data set. Resolution 

is typically related to the log of the number of images (Stagg et al., 2014) and will therefore 

tend to become asymptotic as the number of images increases. Thus, with a large data set 

(where the resolution is near the asymptotic limit) the two half data sets will have a very 

similar resolution to that of the full data set, while when one has a relatively small number 

of images the resolution of each half data set will be substantially lower than that of the full 

data set. We have plotted the FSC as a function of the number of segments in the half data 

sets (Supp. Fig. 4) and this yields an estimate of 4.5 Å when extrapolating to the full data 

set. Given the aforementioned problems with the FSC, we estimated the resolution by 

calculating the FSC between the atomic model and the 3D reconstruction (Supp. Fig. 5) 

which yielded 4.7 Å using the FSC=0.5 criterion. The best way to judge the resolution, we 

think, is by actually looking at the map (Fig. 2) and the features seen, such as resolving the 

individual strands in a β-sheet (Fig. 2A) and visualizing the density from ADP (Fig. 2B), 

suggest that the 4.7 Å estimate is a reasonable one.

The structure of the actin filament in canonical state

Two surprising observations are that the N-terminus of actin is disordered, and not 

visualized in the 3D reconstruction (Fig. 1C, black arrow) in contrast to a previous 

reconstruction where it was quite rigid (Fujii et al., 2010), and that the hydrophobic plug 

(Fig. 1C, green arrow) originally suggested to maintain the lateral contacts between the two 

strands of the actin filaments (Holmes et al., 1990) in fact does not appear to make any 

prominent contacts with the opposite strand. At 4.7 Å resolution the density due to many 

large side chains can be visualized, and thus a reliable pseudo-atomic model of the filament 

can be built. Fig. 3 shows details of the longitudinal and lateral interactions that are 

observed. Actin contains two major domains, with the nucleotide bound in the cleft between 

them. The outer domain in the actin filament contains two subdomains, subdomain-1 (SD1) 

and subdomain-2 (SD2), while the inner domain contains subdomain-3 (SD3) and 

subdomain-4 (SD4). Longitudinal contacts between subunits include the SD3/SD4 and 

SD2/SD1 interfaces. In agreement with the previous report (Fujii et al., 2010) we found that 

Asp241 and Glu245 (Fig. 3A, shown in red) interact with Thr324 and Pro322, respectively 

(Fig. 3A, shown in blue). At the same time Asp244 makes a contact with Met325 instead of 

Arg290 (Fig. 3A, black arrow). Residues Glu205 (Fig. 3B, shown in red), Asp286 and 

Asp292 (Fig. 3B, shown in blue) suggested to be a part of this interface (Fujii et al., 2010) 

are well-resolved in the map and apparently do not make any interactions with residues in 
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the adjacent protomer. Interestingly, we found that Ala204 does not participate in 

intrafilament interactions, as well, suggesting that the non-polymerizability of the double 

A204E/P243K mutation (Joel et al., 2004; Rould et al., 2006) may be mainly due to the 

P243K single mutation. In our map Pro243 can be positioned (Fig. 3A, orange) and forms a 

kink in the 240–245 loop. We believe that this kink is crucial for a proper positioning of 

Asp241 and Asp244 in the vicinity of the Thr324 and Met325 in a neighboring subunit, and 

thus any substitution that changes the local geometry of the loop will result in non-

polymerizable actin. We confirm the previous suggestion (Fujii et al., 2010) that Ile64, 

Lys61, and Arg62 (Fig. 2, marked in red) make interactions with Tyr166, Glu167, and 

Asp288 (Fig. 3C, marked in blue), respectively. Analysis of our atomic model with PISA 

(Krissinel and Henrick, 2007) predicts formation of salt bridges between the Lys61-Glu167 

and Arg62-Asp288 pairs. At the same time we found that Met44, but not Val45 interacts 

with Tyr143 (Fig. 3C, red arrow), while Tyr169 is in proximity to Pro38 (Fig. 3D, blue 

arrow) rather than Pro40, which does not make any intrafilament interactions. The backbone 

nitrogen of Met44 also makes a hydrogen bond with Gly168 (Fig. 3C, red and blue, 

respectively). Our filament model thus explains the destabilization of F-actin upon Met44 

oxidation (Hung et al., 2011). In addition, Met47 makes a contact with Phe352 (Fig. 3C, red 

arrowhead) which stabilizes the top of the D-loop. Also, our model explains the increased 

critical concentration and reduced rates of nucleation after phosphorylation of Tyr53 (Baek 

et al., 2008; Liu et al., 2006), sinceTyr53 makes a contact with Lys84 (Fig 3D, magenta 

arrow) and thus staples the D-loop to the body of SD1. A detailed comparison between the 

interactions present in our model and those predicted in both Fujii et al. (2010) and Oda et 

al. (2009) is provided in Supp. Table I.

Buried surface area calculations using PISA (Krissinel and Henrick, 2007) showed that the 

longitudinal interface buries 1,150 Å2 of surface area while the lateral interface only buries 

405 Å2. Surprisingly, the hydrophobic plug, which is nicely resolved in our map and 

accounts for approximately half of the buried surface area in the lateral interface, does not 

make any prominent interactions with residues within protomers on the opposite strand. The 

lateral contacts at this interface are hydrogen bonds between Val201/Thr202 (Fig. 3E, in 

red) and Ser271 (Fig. 3E, in magenta), along with a hydrophobic interaction between His173 

(Fig. 3E, in cyan) and Ile267 (Fig. 3E, in blue). The absence of any prominent interactions 

between the hydrophobic plug and the adjacent protomers is consistent with cross-linking 

experiments which suggested that the hydrophobic plug is mobile within the mature filament 

(Scoville et al., 2006; Shvetsov et al., 2008; Shvetsov et al., 2006). Nevertheless, the 

hydrophobic plug is crucial for actin polymerization (Shvetsov et al., 2002), it certainly 

contributes to the lateral interface, and we suggest that it may be more important to the 

lateral interactions in the other structural states associated with actin polymerization (see 

below).

The second lateral interface, composed of interactions between SD1 and SD4 of actin 

protomers on two different strands, is also quite modest in our map and includes two 

observed pairs of interacting residues: Asn111 is in proximity to Thr194, while Lys113 is 

next to Glu195 (Fig. 3F).
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How does the observed interface explain mutations in actin linked to human diseases? 

Substitution of Lys241, which makes a contact with Thr324, causes hearing impairment 

(Hennessey et al., 1993), while mutation of Ile64 causes typical nemaline myopathy (NM) 

(Feng and Marston, 2009). Similarly, mutation of His40, which hydrogen bonds with 

Ala170, leads to severe NM (Feng and Marston, 2009). But the majority of the residues that 

we found to be involved in the intrafilament interactions have not been linked to any 

diseases. We believe that substitutions of these residues are probably lethal. Our model of 

the actin filament raises questions about the role of several residues linked to diseases in 

humans, but not involved in the inter-subunit interactions. For example, substitution of 

Glu205 causes congenital fiber type disproportion (CFTD) and in vitro results in a 42% 

decrease in the length of filaments (Guo et al., 2007). Mutations of Asp286 and Asp292 

have no effects on actin polymerization in vitro, but cause severe NM and CFTD, 

respectively (Feng and Marston, 2009). Yet these three amino acids do not participate in F-

actin contacts (Fig. 3B). Mutations of residues Asn115, Val370 (Feng and Marston, 2009) 

and Glu270 (Costa et al., 2004), which are also absent in the interface between protomers, 

cause typical or severe NM in humans. We suggest that the role of these residues may only 

be understood by looking at other structural states of F-actin (Galkin et al., 2010). In the 

next section we will show that T-actin contacts may explain the effect of all of these 

mutations.

Atomic model of T-actin

In previous work (Galkin et al., 2010) we reported a 3D reconstruction of the tilted structural 

state of actin (T-actin) which had a resolution of ~16 Å. Even at that low resolution we were 

not able to dock in a crystal structure of actin reasonably, since several loops and helices 

were protruding out of the density envelope even after allowing domain-domain rotations 

within the actin subunit. This suggested that the imperfections of that reconstruction were 

caused by the heterogeneity of the T-actin set. To improve the T-actin 3D reconstruction we 

used images of frozen-hydrated actin filaments over holes (rather than on carbon as was 

done previously) to enhance the signal-to noise ratio. Next, extensive sorting was used (see 

Materials and Methods) to divide the T-actin set into two more structurally homogeneous 

classes. Since models were used for the sorting, concerns about model bias might exist. 

However, we have previously shown (Galkin et al., 2010) that with the IHRSR approach, 

where solid cylinders are used as the initial references in all reconstructions, the details of 

the models used for the sorting never enter into the reconstruction process and thus cannot 

bias the final results. 3D reconstructions of the two classes, which we call T1 and T2 (Fig. 

4), are at a resolution of ~12 Å (Supp. Fig. 6), which allows for flexible fitting of actin 

crystal structures. Both T1 and T2 maps possess a significant opening of the ATP-binding 

cleft which results from the rotation by ~15° of subdomains 3 and 4 (the inner domain) of 

actin around the hinge region (Fig. 4D, black arrow). The main difference between the two 

tilted actins is not the extent of the opening of the cleft, but rather a movement of the 197–

215 region of SD4 towards SD2 (Fig. 4E, red arrow). Importantly, protomers in T2 are 

similar in conformation with respect to the domain positions with the crystal structure of G-

actin in the open state (Chik et al., 1996) (Fig 4F). The flattening of the actin subunits (Oda 

et al., 2009) is reduced in the tilted state, making the protomers more G-like. Since the tilted 

state of the actin filament has been linked to early stages of actin polymerization (Galkin et 
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al., 2001; Orlova et al., 2004), it is not surprising that the flattening of actin protomers in the 

T2 state is reduced.

At ~12 Å resolution it is impossible to determine the interface between the protomers in the 

T1 and T2 states accurately, but we can predict regions involved in these interfaces (Fig. 5). 

The main difference in the inter-protomer contacts between the canonical and tilted actins is 

the absence of a contact between SD4 of the lower protomer and SD3 of the upper protomer 

within the same strand (Fig. 5A,C red arrows). At the same time the difference between the 

two tilted states is a lack of interaction of the top of SD4 (Fig 5B,D, residues 195–205 in 

magenta) of one protomer with SD1 (Fig. 5B, residues 112–118 in orange) of the adjacent 

protomer on the opposite strand (Fig. 5A,C red arrow) due to the movement of the 197–215 

region of SD4 towards SD2 in the T2-actin (Fig. 4E, red arrow). Pseudo-atomic models of 

the tilted structural states of actin place all of the residues involved in human diseases 

discussed earlier (40, 115, 205, 270, 286, and 370) at the interface between the protomers 

(Fig. 5E).

A model for T-actin allows an interesting observation about the relationship between an 

actin dimer (Bubb et al., 2002; Millonig et al., 1988; Silvan et al., 2012) and the branched 

and ragged actin filaments that have been observed at short times after the initiation of 

polymerization (Steinmetz et al., 1997). In solution, monomeric actin can be readily 

crosslinked into an antiparallel dimer that has been called the lower-dimer (Bubb et al., 

2002; Millonig et al., 1988). Surprisingly, since every subunit in an actin filament has the 

same polarity, this dimer nucleates actin filament formation (Bubb et al., 2002). If one 

subunit of the crystallographic dimer (Bubb et al., 2002) is fit into a model for canonical F-

actin, the antiparallel subunit of the dimer makes large clashes with another F-actin 

protomer (Fig. 6A). In contrast, there are no significant clashes when the same antiparallel 

dimer is docked into our model for T-actin (Fig. 6B), allowing the second subunit of the 

dimer to serve as a nucleus for a branched actin filament.

Position of the nucleotide in the canonical and tilted actin

Polymerization of G-actin into its filamentous form triggers the hydrolysis of ATP located in 

the binding cleft located between the two major domains. At 4.7 Å resolution we can 

visualize the ADP molecule in the cleft (Fig. 2B). The base of the ADP makes contacts with 

Lys213 and Glu302 (Fig. 7B, in blue). In our model, Asp157 (Fig. 7B, in magenta) forms a 

hydrogen bond with the β-phosphate which also makes hydrogen bonds with the backbone 

nitrogens of Ser14, Gly15 and Leu16 (Fig. 7B, in cyan). While the Mg2+ ion is not seen at 

the resolution of our map, it is presumably coordinated by the ADP oxygens on the top and 

residues Gln137 and Asp154 (Fig. 7D, in purple) on the bottom. We do not observe 

interaction of Lys18 and Lys336 with the nucleotide as was observed in a crystal structure of 

non-polymerizable ADP-actin (Rould et al., 2006). To predict the position of the nucleotide 

and the Mg2+ ion in the cleft of the T1 state we aligned the T1 protomer with the crystal 

structures of actin in the closed (Rould et al., 2006) and open states (Chik et al., 1996). We 

found a significantly better match of the cleft region of the T1 protomer with actin in the 

closed state (Rould et al., 2006), which was surprising since the cleft in the T1 state is wide 

open. Because of the opening of the cleft the distance between Lys213 and the ADP base 
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(from the Cα to C4 of the adenine base) increases from ~ 5 Å in the canonical state to ~ 10 

Å in T1 (Fig. 5B and C, orange arrow). At the same time the distance between Asp157 and 

Glu15, which reflects the tightness of the packing of the phosphate groups, is similar to the 

canonical state. Importantly, the distance between Ser14 (Fig. 7, in cyan) and Val159 (Fig. 

7, in green) that coordinate γ-phosphate in the crystal structure of the ATP-bound G-actin 

(Rould et al., 2006) is ~ 7 Å (all distances between Cα atoms) in both canonical and T1 (Fig. 

7B,C, black arrows). The distance between Glu137 and the divalent cation is also similar to 

the canonical state (Fig. 7B,C, magenta arrow). Thus, the only difference between the 

canonical and the T1 states in the cleft region seems to be a movement of Lys213 away from 

the base of the nucleotide. As mentioned earlier (Fig. 4F), the T2-protomer yields a better 

match with the crystal structure of actin in the open state (Chik et al., 1996). Due to the 

backshift of the 197–215 region of SD4 in the T2 actin (Fig. 4E, red arrow) the distance 

between the nucleotide base and Lys213 is reduced to ~ 7 Å, but is still larger than that in 

canonical actin (Fig. 7B,D, orange arrows). The divalent cation is coordinated only by the 

terminal phosphates in this model since the distance between Glu137 and Asp154 is twice 

that in the canonical or T1 protomers (Fig. 7B,D, magenta arrows). The distance between 

Ser14 and Val159 is increased from ~ 7 Å in T1 to ~ 10 Å in T2-actin, which suggests that 

the terminal phosphate is less coordinated in the cleft of T2. Overall, our data suggest that in 

both T1 and T2 protomers interaction of the ADP base with the actin molecule is 

compromised, while in T2 the terminal phosphate group interaction with actin via Ser14 and 

Val159 is weakened. Thus, in the T2 state dissociation of the γ-phosphate should be favored 

because of the weaker nucleotide-actin interaction. This is consistent with our previous 

results which showed an elevated level of T-actin in early stages of actin polymerization 

(Galkin et al., 2001; Orlova et al., 2004) when ATP is actively hydrolyzed and the γ-

phosphate group is released.

Discussion

Given the multiplicity of structural states possible for F-actin (Galkin et al., 2010) we do not 

claim to have generated an improved model for the only state that can exist. Rather, we have 

taken advantage of new developments in cryo-EM, such as a direct electron detector (Li et 

al., 2013), to generate a model for only one state, and this model differs in many important 

details (Supp. Table I) from models generated with lower resolution data (Fujii et al., 2010; 

Oda et al., 2009). Given the polymorphisms observed in vitro, what is the biological 

significance of these different states? A naturally occurring actin bundle, the acrosomal 

process of the Limulus sperm, provides some interesting insights into how cells may actually 

use the structural polymorphisms that are inherent in F-actin. Within the acrosomal process 

a multiplicity of actin states were observed, which differed not only in helical twist but in 

tertiary structure (Cong et al., 2008; Schmid et al., 2004). When actin filaments are 

decorated with cofilin (Galkin et al., 2011), which changes the twist of the filament by ~ 5° 

per subunit (McGough et al., 1997), the conformational changes in the actin subunit in the 

filament are greater than the conformational changes associated with the monomer to 

polymer transition (Oda et al., 2009). Given that intracellular bundles of actin decorated 

with cofilin have been observed in neurodegenerative diseases (Bamburg et al., 2010), and 

given that cofilin decoration of actin requires very large conformational changes in actin 
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(Galkin et al., 2011), actin’s structural plasticity cannot be considered as being an in vitro 

artifact.

T-actin and phosphate hydrolysis

Polymerization of G-actin into filaments involves hydrolysis of the nucleotide tightly bound 

in the cleft of the actin molecule. Although ATP hydrolysis is not required for actin 

polymerization per se (De La Cruz et al., 2000; Kasai et al., 1965) it has been shown that the 

stability of the actin filament and the rate of polymerization both depend upon the bound 

nucleotide. Thus, a great deal of attention has been devoted to the structural consequences of 

ATP hydrolysis and dissociation of the inorganic phosphate. Early EM studies noted that the 

gross morphology of filaments changes over time after initial polymerization (Steinmetz et 

al., 1997). Dominguez and colleagues suggested from a crystal structure that the D-loop 

goes from a loop to helix upon nucleotide hydrolysis (Otterbein et al., 2001), but this 

conclusion was undercut by subsequent crystallographic studies where the main difference 

seen between ADP- and ATP-bound G-actin was a small movement of the sensor loop in the 

back of the ATP-binding cleft (Rould et al., 2006). Thus, crystallographic studies failed to 

find the difference between the ATP- and ADP-bound actin that could explain large changes 

in actin morphology after ATP hydrolysis during the early stages of polymerization. Image 

analysis of negatively stained actin filaments suggested that ATP-bound F-actin has its cleft 

tightly closed and ATP hydrolysis results in the opening of the cleft (Belmont et al., 1999), 

but subsequent data obtained from frozen-hydrated actin filaments showed that in mature F-

actin, where all ATP has been hydrolyzed to ADP, the ATP-binding cleft is tightly closed 

(Fujii et al., 2010; Galkin et al., 2010). However, after short times of polymerization F-actin 

is enriched with an unconventional structural state of the filament which we called T-actin 

(Orlova et al., 2004). In this structural state the longitudinal contacts, which play the largest 

role in the stability of the filament (as opposed to the weaker lateral contacts), are weakened 

since the interaction between SD4 and SD3 of two adjacent actin protomers along the same 

strand is broken (Fig. 4B,C, red arrow). Such a weakening of the contacts within T-actin is 

consistent with the elevated instability of the filament at the region of attachment of a cap 

containing actin-ATP to the body of the filament (which is actin-ADP) and has been 

associated with “minor catastrophe” events upon actin polymerization (Fujiwara et al., 

2002). Importantly, in the presence of proteins that disrupt actin filaments and enhance ATP 

hydrolysis (ADF and cofilins) the frequency of T-actin was also elevated (Galkin et al., 

2002), suggesting a mechanism of depolymerization by means of a time reversal of 

polymerization (Orlova et al., 2004).

Our model for T-actin can now serve to reconcile a number of seemingly paradoxical 

observations, such as how an antiparallel actin dimer that readily forms in solution (Millonig 

et al., 1988) can serve as a nucleator for actin filaments (Bubb et al., 2002) where every 

subunit has a parallel orientation. The fact that the dimer is compatible with T-actin and 

incompatible with canonical actin (Fig. 6), and the fact that T-actin is greatly enriched at 

early times after the initiation of polymerization (Orlova et al., 2004), are consistent with the 

appearance of branched filaments observed at early stages of polymerization (Steinmetz et 

al., 1997), exactly what would be expected if the second subunit within the dimer were 

nucleating a second actin filament.
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Materials and Methods

Reconstruction volumes have been deposited for the canonical F-actin, T1 and T2 states 

with accession numbers EMDB-6179, EMDB-6180 and EMDB-6181, with the 

corresponding atomic models 3J8I.pdb, 3J8J.pdb and 3J8K.pdb, respectively.

Actin

Rabbit skeletal actin was prepared as previously described (Galkin et al., 2010).

Ice thickness and structural heterogeneity

In our hands the thinnest ice was achieved using lacey carbon grids, while quite thick ice 

was observed when C-flat grids were used. Since it is not possible to determine the thickness 

of the ice in individual images, searches are done for regions of a grid where the ice appears 

thin based upon the reduced attenuation of the electron beam. We have been able to 

correlate the perceived thickness of the ice with the amount of out-of-plane tilt (Supp. Fig. 

2), since the thinner the ice the more filaments will be constrained to be in a plane 

perpendicular to the beam. To evaluate the degree of heterogeneity in each sample we 

looked at both the variability in the twist and the frequency of multiple structural states that 

we previously reported as being present in thicker ice (Galkin et al., 2010). In thin ice actin 

filaments have reduced variability of twist (Supp. Fig. 3), but nevertheless variable twist is 

still observable in these filaments. Power spectra of the 166° and 167° classes (Supp. Fig 

3A, insert) unambiguously show shifts of the n=4 layer line, demonstrating that the sorting 

is working as expected, and filaments are not being misclassified due to a poor signal to 

noise ratio or other effects. Variability of the twist in the thicker ice sample was twice that of 

the thinner ice, since Gaussian fits of the two twist histograms yielded σ=0.73° for the 

thinner ice and σ=1.5° for the thicker ice. Using the formalism of cumulative random 

angular disorder (Egelman and DeRosier, 1982; Egelman et al., 1982; Galkin et al., 2012) 

these values correspond to random deviations per actin subunit of 2.9° and 6.0° for the 

thinner and thicker ice, respectively. As with the thinner ice, power spectra from two classes 

of the thicker ice sample validated the sorting (Supp. Fig. 3B, insert). The degree of 

structural heterogeneity paralleled the variability in the twist in the two sets. While 95% of 

the segments from the thin ice set were classified as being canonical F-actin, we found only 

70% of such segments in the thick ice set. The remaining 30% were comprised of segments 

with subdomain 2 (SD2) of actin disordered (~12%) and in a tilted (T-actin) state (Galkin et 

al., 2010; Galkin et al., 2002) (~18%). We found that the T-actin set was itself 

heterogeneous and two modes of that state can be sorted out.

3D-reconstruction of canonical F-actin

Samples (2.5 μL) were applied to lacey carbon grids and vitrified in a Vitrobot Mark IV 

(FEI, Inc.). They were imaged with a Titan Krios at 300 keV using the Falcon 2 direct 

electron detector. Images were acquired using the EPU software for automated control of the 

microscope. The SPIDER software package (Frank et al., 1996) was used for most image 

processing, but the CTFFIND3 software (Mindell and Grigorieff, 2003) was used to 

determine the defocus values in the micrographs while helixboxer in the EMAN package 

(Ludtke et al., 1999) was used to extract filament images from micrographs. We used 850 
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micrographs possessing a defocus range from 0.5 to 3.0 μm at a raster of 1.05 Å per pixel. 

Initial correction for the contrast transfer function (CTF) was made by multiplying each 

image by its theoretical CTF. From these CTF-corrected images, 55,052 overlapping 

segments (460 pixels long) were extracted and reconstructed with the IHRSR method 

(Egelman, 2000). After 10 iterations the set yielded a stable solution of 166.7°/27.6 Å. 

While out-of-plane tilt can be ignored in negatively-stained images (due to adsorption to a 

carbon substrate as well as limited resolution), it cannot be ignored at higher resolution in 

cryo-EM. The sensitivity to out-of-plane tilt is the same as the sensitivity to azimuthal 

rotations, and is given by d/D where d is the resolution and D is the diameter. So for an actin 

filament with an approximate diameter of 90 Å and with an anticipated resolution of 4.5 Å, 

the sampling angle needed for both azimuthal rotations and out-of-plane tilt is ~ 3°. We 

treated out-of-plane tilt by including reference projections with an out-of-plane tilt range 

from −9° to +9° for all IHRSR cycles done at high resolution.

3D-reconstruction of T1- and T2- actins

Samples were applied to C-flat grids, vitrified in a lab-built plunger, and imaged on a Tecnai 

F20 at 200 keV using film. A Nikon COOLPIX 8000 scanner was used to digitize 437 

micrographs having a defocus range from 0.9 to 3.0 μm at a raster of 1.25 Å per pixel. Initial 

correction for the contrast transfer function (CTF) was made by multiplying each image by 

its theoretical CTF. From these images we extracted 89,160 overlapping segments (400 px 

long). Three model volumes were created using a model of F-actin in the canonical state 

(Fujii et al., 2010), the same model with missing SD2, and one in the “tilted” state (Galkin et 

al., 2010). These volumes were scaled to 5.0 Å per pixel and projected onto 100 × 100 px 

images with an azimuthal rotational increment of 4°, generating 270 reference projections (3 

× 90). The F-actin segments were down-sampled to 5 Å per pixel and cross-correlated with 

the 270 reference projections. A set of 62,550 segments (70%) was selected as similar to the 

“canonical” state of F-actin, 10,304 segments were assigned to the SD2-disordered class 

(12%), and 16,306 segments (18%) yielded the best match with the tilted reference. The T-

actin set was sorted out into two classes based upon the opening of the ATP-binding cleft 

using two model volumes generated using either a crystal structure of the G-actin-profilin 

complex in the open state (Chik et al., 1996), or actin molecules having a partially open cleft 

where the two major domains of actin were moved apart half way between the canonical 

actin and the open structural state found in the G-actin-profilin complex. Both sets were 

reconstructed using the IHRSR approach. T1-set (n=8,747) converged to a symmetry of 

−166.8°/28.3 Å, while T2-set (n=7,559) yielded a symmetry of −168°/29.8Å. A test of 

whether models might always return segments that resemble the model was done using a 

bogus model, one lacking SD3, in addition to the models above. Very few segments showed 

the highest correlation with this bogus model, and a reconstruction from these segments 

(starting with a solid cylinder) did not look like anything recognizable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
3D-reconstruction of frozen hydrated actin filaments. (A) Typical micrograph of actin 

filaments embedded in thin ice. (B) Stereo view of the 3D-reconstruction at ~ 4.7 Å 

resolution. (C) The absence of the N-terminal density in the map is indicated with a black 

arrow, while the hydrophobic plug density is marked with a green arrow.
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Fig. 2. 
Visual inspection of the map supports the resolution estimated. (A) A close-up view of the 

β-sheet in SD3 shows that the strands are resolved. ILE330 (red), Pro172 (green), Tyr166 

(yellow) and Lys328 (magenta) are highlighted. (B) The region surrounding the ADP (red) 

is shown.
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Fig. 3. 
Interface between actin protomers in the canonical structural state of F-actin. (A) Interface 

between SD3 and SD4 is composed of three pairs of interacting residues: 245–322, 324–

241, and 244–325. Residues in SD4 of the lower protomer are in red, while residues in SD3 

of the upper protomer are in blue. Black arrow indicates a bridge of density between 

residues 241 and 324. Pro243 that forms a kink in the top of the loop and is believed to 

position Asp241 and Asp244 is shown in orange. (B) Side-chains of residues 205 (in red) 

and 286 (in blue) are seen in the map and are not involved in the SD3/SD4 interactions. (C) 

Interface between SD2 of the lower protomer (red residues) and SD1/3 of the upper 

protomer (blue residues) includes contacts between residues 44 and 143, 47 and 352, 61 and 

167, 62 and 288, and finally 64 and166. Red arrow indicates a contact between residues 44 

and 143, while the red arrowhead marks a contact between residues 47 and 352. (D) Pro38 

(red) makes a bridge of density with Tyr169 in blue (blue arrow), while Tyr53 (cyan) makes 

an interaction with Lys84 which is in magenta (magenta arrow). (E) Hydrophobic plug does 

not make any strong specific interactions with protomers in the opposite strand. There are 

hydrogen bonds between Val201/Thr202 (in red) and Ser271 (in magenta), along with a 

hydrophobic interaction between His173 (in cyan) and Ile267 (in blue) (F) Lateral contacts 

between the two strands contain two pairs of interacting residues: 113–195, and 111–194. 

Residues in SD1 are in blue, while residues in SD4 are in red.

Galkin et al. Page 17

Structure. Author manuscript; available in PMC 2016 January 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4. 
Comparison of canonical F-actin (A) with T1-actin (B) and T2-actin (C). The four 

subdomains of actin (SD1-SD4) are labeled 1–4. The bottom panels in A–C are the same 

3D-reconstructions rotated by 90 degrees. Actin protomers are shown in different colors. All 

3D-reconstructions are filtered to 12 Å resolution. (D) Transition from canonical actin (red) 

to T1-actin (cyan) involves a rotation of SD4/SD3 by ~15° around the hinge region (black 

arrow). (E) Transition from T1-actin (cyan) to T2-actin (blue) mainly involves transition of 

the 197–215 region of SD4 (magenta) towards SD2 (red arrow). (F) Alignment of T2-

protomer (blue) with the crystal structure of actin in the open state (Chik et al., 1996).
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Fig. 5. 
Interface between actin protomers in T1- and T2- actins. 3D-reconstructions are front (A and 

C) and side (B, D and E) views. (A) Longitudinal contacts in T1-actin reside in the 39–47 

region located in SD2 of the lower protomer (red) and region 285–291 (blue) in SD3 of the 

upper protomer. (B) Lateral interactions are likely to involve residues 112–118 (orange) and 

368–371 (green) in SD1 of the upper protomer, and 195–205 (magenta) in SD4 along with 

the hydrophobic plug (264–272 in cyan) in the lower protomer. (C) Longitudinal contacts in 

T2-actin are similar to the T1-actin, but also may include residue 60–64 (marked in red). (D) 

lateral interactions in T2-actin map to the same regions as in T1-actin except for the112–118 

region. (E) Residues linked to human diseases are shown as spheres in different colors. Note 

that these residues are at the interfaces between protomers in the tilted actin.
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Fig. 6. 
A comparison between the antiparallel actin dimer 1LCU (Bubb et al., 2002) and two states 

of the actin filament. A) When chain A of the dimer (in yellow) is superimposed upon one 

subunit (red) in our model for canonical F-actin (1.1 A rmsd, over 236 Cα pairs), the second 

chain of the dimer (in green) makes extensive clashes with another protomer in the filament 

(arrow). B) When the same chain A of 1LCU (in yellow) is superimposed upon a protomer 

in the T1 actin (in red) (1.3 A rmsd, over 242 Cα pairs), the second chain of the dimer (in 

green) makes no significant clashes with the filament.
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Fig. 7. 
Comparison of the nucleotide position in the ATP-binding cleft of the canonical, T1 and T2 

actins. (A) Back view of the actin molecule with domains numbered in black. Black square 

marks the ATP-binding cleft magnified in B–D. (B) Atomic model of the actin-ADP 

interaction derived from the 4.7 Å 3D-reconstruction of the canonical F-actin. (C) Modeling 

of the nucleotide interaction with the T1 protomer. (D) Modeling of the nucleotide 

interaction with the T2 protomer. (B–C) The base of the nucleotide interacts with Lys213 

and Gln302 marked in blue. Phosphate groups are coordinated through the interaction with 

Ser14, Glu15, and Leu16 of the SD1 (in cyan), and Asp157 (magenta) and Val159 (green) 

located in SD3. Divalent metal ion interacts with phosphate groups on the top, and Gln137 

and Asp154 on the bottom (in purple). The distances between the nucleotide base and 

Lys213 are shown as orange arrows, distances between the Mg2+ ion and Gln137 are shown 
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as magenta arrows, while the distances between Ser14 and Val159 that coordinate terminal 

phosphate are marked with black arrows.
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