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Abstract

Humans express fifteen formins, playing crucial roles in actin-based processes, such as 

cytokinesis, cell motility, and mechanotransduction 1,2. However, the lack of structures bound 

to the actin filament (F-actin) has been a major impediment to understanding formin function. 

While formins are known for their ability to nucleate and elongate F-actin 3–7, some formins can 

additionally depolymerize, sever, or bundle F-actin. Two mammalian formins, inverted formin-2 

(INF2) and diaphanous-1 (Dia1), exemplify this diversity. INF2 displays potent severing activity 

but elongates weakly 8–11, whereas Dia1 has potent elongation activity but does not sever 4,8. 

Using cryo-electron microscopy (cryo-EM), we reveal five structural states of INF2 and two of 

Dia1 bound to the middle and barbed end of F-actin. INF2 and Dia1 bind differently to these sites, 

consistent with their distinct activities. The FH2 and WH2 domains of INF2 are positioned to 

sever F-actin, whereas Dia1 appears unsuited for severing. Structures also show how profilin-actin 

is delivered to the fast-growing barbed end, and how this is followed by a transition of the 

incoming monomer into the F-actin conformation and the release of profilin. Combined, the seven 

structures presented here provide step-by-step visualization of the mechanisms of F-actin severing 

and elongation by formins.

The formin family of proteins is encoded by fifteen genes in humans, divided into eight 

subclasses based on phylogenetic analysis 12 and domain organization 1. Because of their 

ability to nucleate and elongate F-actin, formins can assemble structures consisting of 

linear filaments and bundles, such as stress fibers, filopodia, and the cytokinetic ring. 

Accordingly, formins play essential roles in processes such as cytokinesis, cell motility, 

tissue morphogenesis, mitochondrial fission, and mechanotransduction, and have been 

linked to pathologies ranging from cardiomyopathies and cancers to neurological disorders 
1,2,11,13,14.
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Despite their diverse domain architectures, all formins feature adjacent formin-homology 

domains 1 and 2 (FH1 and FH2). The FH1 comprises a varying number of Pro-rich 

segments that bind profilin–actin, the main source of actin monomers (G-actin) for F-actin 

assembly in cells 4,15. The FH2 forms a dimeric, ring-like structure through head-to-tail 

interaction of its two subunits 16. This domain promotes nucleation by recruiting two actin 

monomers in an orientation resembling the short-pitch helix of F-actin 5 (Extended Data 

Fig. 1 illustrates nomenclatures used). The FH2 also acts as a "leaky" cap, allowing for 

monomer addition and dissociation while remaining bound at the barbed end 4,17. Together, 

the FH1 and FH2 constitute the minimal region necessary and sufficient for processive 

barbed end elongation from profilin-actin 3,18. In some formins, sequences C-terminal to the 

FH2 enhance nucleation by recruiting G-actin directly 8,19 or indirectly through proteins that 

bind G-actin 20,21. Other formin domains are less conserved and are typically involved in 

regulation and subcellular localization.

Crystal structures of various formin domains, including the FH2 in complex with G-actin, 

have led to different models of elongation 5–7. However, the lack of structures bound to 

F-actin has been a major obstacle to understanding formin function. Moreover, formins 

differ widely in their ability to nucleate and elongate F-actin, and some formins can 

additionally depolymerize, sever, or bundle F-actin. Accounting for this functional diversity, 

we study here two mammalian formins, INF2 and Dia1, displaying potent F-actin severing 
8,9 and elongation 4 activities, respectively. INF2 plays an essential role in mitochondrial 

fission 11 and Dia1 is implicated in the formation of stress fibers, the contractile ring, 

and cell migration 22–24. Mutations in INF2 cause focal segmental glomerulosclerosis 25 

and Charcot-Marie-Tooth neuropathy 26 whereas mutations in Dia1 cause deafness 27. 

The cryo-EM structures of INF2 and Dia1 illuminate the mechanisms of severing and 

processive elongation from profilin-actin and show how different formins specialize in 

distinct activities.

Formin structures bound to F-actin

Structures of INF2 and Dia1 were determined using single-particle cryo-EM. To enhance 

the number of barbed ends per micrograph, different sample preparation strategies were 

optimized for each formin. Because INF2 favors mid-filament binding and severing, the 

emphasis was on redirecting part of its population to the barbed end, requiring the addition 

of profilin-actin and the presence of the FH1, FH2, and C-terminal tail 10. With Dia1, which 

favors barbed end elongation, the FH1 and profilin were not included and the number of 

barbed ends was increased through mechanical shearing. This strategy resulted in seven 

structural states being observed, including two states of INF2 and one of Dia1 bound to 

the middle of F-actin and three states of INF2 and one of Dia1 at the barbed end (Fig. 1, 

Extended Data Fig. 2, Extended Data Table 1–2, Supplementary Figs. S1–14). For INF2, 

including the FH1 and profilin-actin led to barbed end-bound structures of this formin alone 

and with incoming profilin-actin or actin.

While the global resolution of the maps ranged from 3.0 to 3.8 Å, these values were 

dominated by F-actin, which was well defined in all the maps. The F-actin portion of the 

structures comprised six subunits, denoted A1 to A6 from pointed to barbed end along the 
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short-pitch helix (Fig. 1). Actin subunits had ADP bound and displayed the typical flat 

conformation and positioning of subunits in free F-actin, except A6 at the formin-bound 

barbed end, which was slightly rotated (below).

The formins were resolved at lower resolution, and only the FH2s of both formins and 

the WH2s of INF2 were visualized (Fig. 1). Traditionally, the FH2 has been described as 

consisting of five subdomains: lasso, linker, knob, coiled-coil, and post 16. Because of its 

prominent role in severing and elongation, we introduced here a new element, the antenna, 

corresponding to the long C-terminal helix of the FH2 (Extended Data Fig. 1a–b). In the 

dimer, the lasso of one subunit binds the post of the other subunit in a head-to-tail fashion 

to close the ring. In the structures, the knob, lasso-post, and antenna accounted for most of 

the contacts with F-actin (Extended Data Fig. 3 illustrates contact surface areas). Overall, 

however, the FH2 appeared loosely associated with F-actin in all the states, likely explaining 

why it was less well-resolved in the maps. While the α-helices that characterize the FH2 

fold were well defined, side chains were frequently not observed and were assigned the 

rotamer orientation suggested by AlphaFold 28. The lower resolution of the FH2 in the 

maps is not due to limitations of the single-particle approach used, which has yielded 

high-resolution structures of other targets 29, but may instead hold functional significance, 

reflecting the ability of this domain to rapidly explore a range of states during severing and 

elongation.

Binding to the middle of F-actin

Both formins were more frequently found at the middle than at the barbed end of F-actin. 

Of the total number of particles in the final reconstructions, 76% of INF2 and 62% of 

Dia1 corresponded to mid-filament bound states (Extended Data Tables 1 and 2). INF2’s 

preference for mid-filament binding is striking, particularly considering that its presence at 

the barbed end may often follow a severing event, after binding first to the middle 9.

Each filament has a single barbed end- but multiple mid-filament-binding sites, which may 

in part explain the prevalence of mid-filament bound states. Yet, mid-filament binding may 

proceed through different mechanisms for different formins: a) sliding from the barbed 

end, b) end-to-end filament annealing, and c) opening of the FH2 ring after dissociation 

of the lasso-post interaction. Sliding along F-actin has been observed with DAAM1 30 and 

Dia1 31, but for the latter only in the presence of capping protein, which competes for 

binding to the barbed end. Sliding entails a high energy cost 31, suggesting it may not be 

the prevalent mechanism explaining our observations. Filament annealing likely depends 

on how tightly a formin binds to the barbed end; it is inhibited with Cdc12, which caps 

the barbed end in the absence of profilin 18, but may occur with Dia1, which binds the 

barbed end more dynamically 3 and whose elongation rate in the absence of profilin is 

similar to that of F-actin alone 4. INF2 falls in between these two formins, allowing for some 

monomer addition in the absence of profilin 10. Dia1 and INF2 also represent opposite ends 

of the lasso-post dissociation spectrum, with Dia1 undergoing little dissociation 32 and INF2 

dissociating readily 9. Based on these considerations, INF2 and Dia1 are likely to bind the 

middle mainly through lasso-post dissociation and filament annealing, respectively.
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INF2 exhibited two distinct binding states in the middle of F-actin (Fig. 1b,c). In both states, 

one FH2 of the dimer occupied a similar position (static), while the other FH2 (mobile) 

assumed down (toward the barbed end, Fig. 1b) or up (toward the pointed end, Fig. 1c) 

states. Between states, the mobile FH2 underwent a rotation centered on the lasso-post, 

causing the coiled-coil and knob to swing ~29° (Supplementary Video 1). In the up state, 

the FH2 dimer contacted three actin subunits (A3, A4, A5), whereas in the down state it 

contacted four (A3, A4, A5, A6). The flexible lasso-knob linkers, not observed in the maps, 

likely allowed the transition between states, with the rest of the FH2 moving mostly as a 

rigid body.

In the down state, the two FH2 subunits bound pseudo-symmetrically, making similar 

contacts on each side of F-actin. The knob of the static FH2 bound at the interface of A3 

and A5 (Fig. 1b, Extended Data Figs. 2 and 3, Supplementary Video 1). In crystal structures 

of FH2 complexes with G-actin 5,7, a helix in the knob (INF2 residues A635-F648) binds 

in the hydrophobic cleft (H-cleft) between actin subdomains 1 and 3. This helix plays a 

central role in the interaction with F-actin, and was named here the H-cleft-binding helix 

(HCBH, Extended Data Fig. 1). In F-actin, the H-cleft participates in inter-subunit contacts, 

with the cleft of A3 being occupied by the D-loop of A5 (Fig. 2). Consequently, the HCBH 

interacted with the D-loop of A5 and faced but did not engage the H-cleft of A3 (Fig. 2 

and Extended Data Figs. 2h and 3). A conserved residue within the HCBH, I643 (INF2 

numbering), is functionally essential in several formins 7,16,32–34, including INF2 where 

the I643A mutation inhibits severing 34. Other contacts of the static FH2 implicated the 

antenna and a loop within the post (L786-L800), which both contacted subdomain 1 of A4 

and subdomain 4 of A5 (Extended Data Fig. 3). Within this loop, mutations of the residue 

corresponding to INF2 K792 reduce actin polymerization in several formins 7,16,33,34. In the 

down state, the mobile FH2 made similar contacts on the opposite side of F-actin, with its 

knob facing the H-cleft of A4 and the D-loop of A6, and the post and antenna contacting 

subdomain 1 of A3 and subdomain 4 of A4 (Fig 1b and Fig. 2a, Extended Data Figs. 2–3).

In the up state, the FH2s of INF2 bound asymmetrically. The static FH2 made similar 

contacts as in the down state. Because the post of the mobile FH2 remained approximately 

in the same position during the up-down rotation, it also made similar contacts with 

subdomain 1 of A3 and subdomain 4 of A4 as in the down state (Fig 1c, Extended Data 

Figs. 2g–h and 3). However, the knob of the mobile FH2 no longer faced the H-cleft of A4 

but instead faced subdomain 1 of A4 (Extended Data Fig. 2h and 3). Between up and down 

states, HCBH residue I643 moved ~25 Å, i.e. approximately half a protomer length.

In the middle of F-actin, Dia1 appeared more loosely associated and less well-defined than 

INF2, adopting a single conformation distinct from both states of INF2 (Fig. 1d). Like 

the down state of INF2, Dia1 bound pseudo-symmetrically. One FH2 subunit occupied 

approximately the same position as the static FH2 of INF2, albeit rotated toward the pointed 

end by ~10° (rotation centered on the HCBH, Supplementary Video 1). The knob of this 

FH2 contacted the H-cleft of A3 and the D-loop of A5. The knob of the other FH2 made 

similar contacts with A2 and A4. This contrasted with the down state of INF2, where the 

knob of the mobile FH2 contacted the H-cleft of A4 and the D-loop of A6, i.e. one actin 

subunit down along the long-pitch helix (Fig. 1b,d and Supplementary Video 1). Contrary 

Palmer et al. Page 4

Nature. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to INF2, other subdomains of Dia1’s FH2 mostly did not contact F-actin, except a minor 

interaction involving the loop K989-L1002 (mouse Dia1 numbering) (Extended Data Fig. 3). 

A mid-filament bound state of Dia1 was previously observed using negative stain EM 35, but 

could not be compared to the current structure due to the limited resolution of that study.

Binding of INF2’s WH2 to F-actin

Individually, the FH2 and WH2 of INF2 have weak and no severing activity, respectively, 

but together they synergize to achieve severing activity surpassing that of cofilin 9. The 

structures suggest how this may be achieved by INF2 but not Dia1. In both states of INF2, 

the WH2s bound to a site adjacent to the H-cleft on subdomain 1 of A1 and A2, immediately 

above the actin subunits binding the FH2s (Fig. 1b,c, Fig. 2a, and Supplementary Video 1). 

In contrast, Dia1's WH2, also called the diaphanous autoregulatory domain (DAD) due to its 

dual role in autoinhibition and nucleation 19, was not observed. For Dia1, the binding site 

on A2 was occluded by the knob of the FH2 closer to the pointed end (Fig. 1d), but this did 

not explain why the other WH2 was not observed on A1. The reason may lie in the length 

and orientation of the antennas, which pointed away from F-actin. According to AlphaFold, 

Dia1's antenna is 11 amino acids longer (three helical turns) than INF2's, whereas the linker 

between the antenna and WH2 is shorter in Dia1 than in INF2 (12 vs. 22 amino acids) 

(Extended Data Fig. 4). As a result, the predicted distance between the end of the antenna 

and the start of the WH2 was ~45 Å for Dia1 and ~30 Å for INF2, allowing the WH2 of 

INF2 but not Dia1 to bind F-actin.

Hand-over-hand severing mechanism

In crystal structures, the WH2 binds in the H-cleft of G-actin 36, which is also the binding 

site predicted by AlphaFold 28 for the canonical WH2 of INF2 (Fig. 2b and Extended Data 

Fig. 4a). It thus appears that the WH2 of INF2 can bind to two adjacent sites, targeting 

the site in subdomain 1 when its more favorable binding site in the H-cleft is occupied 

by the D-loop in F-actin. This suggested a hand-over-hand severing mechanism. Thermal 

motions of the D-loop may allow the WH2 to competitively bind the H-clefts of A1 and/or 

A2, weakening inter-subunit contacts along the long-pitch helix (Fig. 2 and Supplementary 

Video 2). This initial step may then enable the FH2 to engage the H-clefts of the subunits 

immediately below (A3 and/or A4). Thermal motions then break the remaining weak lateral 

contacts of the two long-pitch helices, severing the filament. In the down state, this sequence 

of events may happen on either side of F-actin, since the knob of both FH2s face the H-cleft, 

whereas in the up state only the static FH2 is properly positioned to engage the H-cleft. 

When the FH2 engages the H-cleft, its conformation becomes that observed at the barbed 

end (below).

The WH2 of Dia1 lacks the canonical LKKT motif (986LRKT989 in INF2), essential for 

binding to G-actin 37 (Extended Data Fig. 4a) and may not be able to compete with the 

D-loop for binding to the H-cleft. Therefore, INF2 seems to have acquired robust severing 

activity through several adaptations that distinguish it from Dia1: a) weaker lasso-post 

interaction favoring mid-filament binding, b) shorter antenna and longer antenna-WH2 

linker enabling WH2 binding to F-actin, c) canonical WH2 capable of competing with the 
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D-loop for binding to the H-cleft, d) tighter association of the FH2 with the middle of 

F-actin, and e) HCBH capable of competing with the D-loop for binding to the H-cleft. At 

the barbed end, some of these adaptations may hinder elongation.

Binding to the barbed end

Dia1 is the fastest elongating formin studied 4 whereas INF2 is one of the slowest 10. 

Differences in their barbed end-bound structures may explain their different elongation 

activities. In both formins, the FH2s closed in toward the main axis of F-actin, narrowing the 

aperture of the ring compared to their open conformations in the middle of F-actin (Fig. 1, 

Extended Fig. 2a–g, Supplementary Video 3). One FH2 engaged the H-cleft of A5 while the 

other engaged that of A6, referred to as trailing and leading FH2s, respectively (Fig. 3). With 

both formins, A5 remained mostly unchanged, whereas A6 was rotated away from the main 

filament axis ~2.5° in INF2 and ~1.5° in Dia1 (rotation centered on the D-loop).

After superimposing the F-actin portion of the structures, the FH2s of the two formins, 

especially the leading FH2, occupied substantially different positions (Extended Data Fig. 

4c–d and Supplementary Video 3). Even greater differences were observed when comparing 

both formins to crystal structures of the FH2 bound to G-actin 5,7, likely attributable to 

differences in the interaction with G- vs. F-actin.

In both formins, the knobs accounted for most of the contact surface with A5 and A6 

(Extended Data Fig. 3). Minor contacts involved the coiled-coils, which interacted with 

subdomain 3 of A5 (trailing FH2) and A6 (leading FH2), and the lasso-post of the trailing 

FH2, which interacted with subdomain 1 of A6. However, the antennas of INF2 made 

contacts with subdomain 1 of A4 (trailing FH2) and A5 (leading FH2) that were not 

observed with Dia1. As a result, INF2 had a larger contact surface with the barbed end than 

Dia1 (2641 Å2 vs. 2176 Å2, Extended Data Fig. 3), suggesting tighter binding. The looser 

and more dynamic association of Dia1 with the barbed end may, at least in part, explain its 

fastest elongation rate 3,4.

As observed in the middle of F-actin, the WH2s of INF2 were bound on the side of 

subdomain 1 of A2 (trailing FH2) and A3 (leading FH2) (Fig. 1e), whereas those of Dia1 

were unresolved. The distance from the antenna to the WH2 of INF2 was ~40 Å for 

the leading FH2 and ~50 Å for the trailing FH2. This is substantially longer than in the 

middle of F-actin (16 to 33 Å), highlighting the importance of INF2’s long and flexible 

antenna-WH2 linker for WH2 binding to F-actin. The WH2 could play opposite roles 

in elongation by either helping the FH2s remain bound during processive elongation or 

imposing a drag on elongation. Generally, features that made INF2 an effective severing 

protein could negatively impact its elongation rate, including tighter binding to F-actin via 

the FH2 and WH2 domains, and a higher likelihood of dissociation through severing of 

terminal barbed end subunits.

Incoming profilin-actin

Profilin-actin was recruited through interactions with the lasso-post of the leading FH2, 

which contacted both profilin and subdomain 1 of the incoming monomer (Fig. 3b). For 
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this, the lasso-post moved from its position in the barbed end-bound structure by as much 

as 18 Å toward the main axis of F-actin, following a rotation centered on the HCBH 

(Supplementary Video 4). While profilin was likely also bound to the FH1, this interaction 

was not clearly visualized in the map. The incoming monomer displayed the characteristic 

“twisted” conformation of G-actin and was additionally rotated 14° compared to its final 

position in F-actin (Extended Data Fig. 5). The D-loop of the incoming monomer inserted 

into the H-cleft of A5, dislodging the HCBH of the trailing FH2, consistent with molecular 

dynamics simulations showing that the D-loop forms the strongest link for terminal subunits 

at the barbed end 38. As a result, the trailing FH2 became highly flexible and was only 

observed at low contour levels of the map (Fig. 1f), contrasting with the barbed end-bound 

structure where the trailing FH2 was better defined than the leading FH2 (Fig. 1e). After 

being displaced, the most prevalent position of the trailing FH2 more closely resembled that 

of the static FH2 in the mid-filament bound states.

G to F transition in incoming actin

In the incoming actin structure, the monomer moved further to occupy its final position 

in F-actin (Fig. 3e–f and Extended Data Fig. 5). The trailing FH2 remained flexible and 

occupied approximately the same position as in the profilin-actin structure (Fig. 1g). The 

leading FH2 was still rotated inward with its lasso-post contacting the incoming monomer 

(Fig. 3c). Subdomain 2 of the incoming monomer was also similarly positioned, with the 

D-loop inserted in the H-cleft of A5. However, subdomain 4 now interacted with subdomain 

3 of A5 and with subdomain 1 of A6, as in F-actin. These new interactions induced a 

rotation of subdomains 3 and 4 relative to subdomains 1 and 2 in the incoming monomer, 

resulting in the flat conformation characteristic of F-actin subunits (Fig. 3e–f). Although this 

transition readies the catalytic site for ATP hydrolysis 39, we could not verify the nucleotide 

state at this resolution. The G-to F-actin transition appears to have triggered the dissociation 

of profilin, which was no longer observed. Indeed, profilin binds in the H-cleft of G-actin, 

which is substantially remodeled during the G- to F-actin transition, sterically hindering 

profilin interactions. This offers a structural explanation for the rapid dissociation of profilin 

from the barbed end during elongation from profilin-actin 40.

This transient association of profilin with the incoming monomer contrasts with a recent 

study describing formin structures at the barbed end, where a profilin mutant that inhibits 

elongation (S71M) was stably bound to a barbed end subunit in the F-actin conformation 
41. Differences in sample preparation may explain additional differences between the two 

studies. Thus, five structures described here were not observed in that study, including 

mid-filament bound states supporting our severing mechanism, and structures of incoming 

profilin-actin and actin at the barbed end that led us to a different elongation mechanism.

LERA elongation mechanism

Two elongation models had been proposed: the “stair-stepping” model 5, where the trailing 

FH2 steps first, opening a binding site for profilin-actin recruitment, and the “stepping 

second” model 6,7, where profilin-actin joins the barbed end first and the trailing FH2 steps 

second to stabilize profilin-actin’s recruitment. A third, “undock-and-lock” mechanism was 
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proposed in the study mentioned above 41. While all the models share features in common, 

structural intermediates observed here support a different, multi-step elongation model (Fig. 

3g and Supplementary Video 4). We named this mechanism LERA (load, exchange, release, 

and advance): a) as a result of thermal motions, the leading FH2 swings towards the main 

filament axis to load profilin-actin bound to the FH1 42. During this step, the FH2 may 

swing before, during, or after profilin-actin arrives at the barbed end, and its lasso-post 

contacts both subdomain 1 of the incoming monomer and profilin, revealing an additional 

role of profilin in formin-mediated elongation, b) the D-loop of the incoming monomer 

inserts into the H-cleft of the penultimate subunit (A5), exchanging with the trailing FH2, 

which becomes highly flexible. By holding on to profilin-actin, the leading FH2 may both 

decrease the dissociation rate and enhance the likelihood that the D-loop of the incoming 

subunit displaces the trailing FH2, c) interactions via subdomain 4 induce a further rotation 

of the incoming monomer towards its final position in F-actin, triggering the G- to F-actin 

transition and the release of profilin, and d) the trailing FH2 advances to engage the 

H-cleft of the incoming monomer, taking the place of profilin and becoming the new leading 

FH2, whereas the new trailing FH2 swings back to its barbed end position. This cycle is 

processively repeated.

Methods

Proteins:

α-Actin and profilin were purified as described 42. An expression plasmid of GST-fused 

human INF2469–1249 (UniProt Q27J81) was provided by Henry Higgs 10 and transformed 

into Artic cells, grown in Terrific Broth medium at 37 °C until the OD600 reached 1.0–2.0. 

Expression was induced with 1 mM Isopropylthio-β-D-galactoside (IPTG) and carried out 

for 22 h at 9 °C. Cells were harvested by centrifugation at 4,000 rpm for 20 min at 4 °C. 

Pellets from 2 L of cells were pooled and stored at −20 °C. For purification, a 2 L cell pellet 

was resuspended in 200 mL of 50 mM Tris HCl pH 8.0, 500 mM NaCl, 5 mM EDTA, 1 mM 

dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor 

cocktail (Roche), and lysed using a microfluidizer apparatus (Microfluidics). The cell lysate 

was clarified by centrifugation at 20,000 rpm for 20 min at 4 °C, loaded onto a GST affinity 

column, and washed with 20 mM Tris HCl pH 8.0, 250 mM NaCl, 1 mM EDTA, 1 mM 

DTT, 0.05% Thesit, and a protease inhibitor cocktail. INF2 (residues 469–1249) was cleaved 

from GST with TEV protease overnight and eluted. INF2 was dialyzed overnight in 20 mM 

Tris HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.05% Thesit and further 

purified through a MonoQ ion exchange column (Pharmacia) using a 50–500 mM NaCl 

gradient in 20 mM Tris HCl pH 8.0, 1 mM EDTA, 1 mM DTT, and 0.05% Thesit. INF2 was 

dialyzed overnight into 20 mM HEPES pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 

0.05% Thesit, and spin concentrated to ~70 μM.

The cDNA of mouse Dia1 (UniProt O08808) was a gift from Henry Higgs. MBP-fused 

construct Dia1 residues 739–1255 was cloned into the pMal vector. Protein expression and 

purification was carried out as described above for INF2, except using an amylose column 

for affinity purification and 5% glycerol added to the buffers. Dia1 was concentrated using 

an ultrafiltration device (Amicon) with an Ultracel 10 kDa ultrafiltration disc (Millipore).
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Cryo-EM data collection:

For INF2, 131 μM profilin and 65 μM α-actin were incubated together for 1 h in F-buffer 

(20 mM HEPES pH 7.5, 50 mM KCl 1mM EGTA, 1mM MgCl2, 1 mM ATP, and 1 mM 

DTT). INF2 (70 μM) was then added to the profilin-actin solution to final concentrations 

of 60 μM profilin, 30 μM actin, and 15 μM INF2. The solution was incubated for 10–15 

min before vitrification. The sample (3 μL) was applied onto glow-discharged (120 sec, 

PELCO easiGlow) 300-mesh R1.2/1.3 Quantifoil holey carbon grids (Electron Microscopy 

Sciences). Grids were blotted for 2.5 sec with force 7 using Whatman 41 filter paper and 

vitrified by plunging into liquid ethane using a Vitrobot Mark IV.

For Dia1, 37 μM actin was polymerized in F-buffer for 1 h, then sonicated using a 

Fisher Scientific FS20 Ultrasonic Cleaner for 2 min before adding 80 μM Dia1 to final 

concentrations of 20 μM actin and 18.4 μM Dia1. Samples (3 μL) were immediately applied 

onto glow-discharged grids and vitrified as above.

Datasets were collected in multiple sessions using the EPU software (ThermoFisher 

Scientific) on a FEI Titan Krios transmission electron microscope operating at 300 kV, 

outfitted with a Gatan K3 direct electron detector with an energy quantum filter. Images 

were collected in super-resolution mode at a defocus range of −0.5 to −2.5 μm and 

magnification of 81,000x with a pixel size of 0.54 Å/pix. A third dataset was collected 

with identical settings except not in super resolution mode and with a pixel size of 1.047 

Å/pix.

Cryo-EM data processing:

Cryo-EM movies (52,360 for INF2-actin; 24,201 for Dia1-actin) were imported into 

CryoSPARC v4.4 43 and binned by two during patch motion correction, resulting in a 

pixel size of 1.08 Å. The third dataset was binned by 1.0315 using MotionCor2 44 so 

that this data could be combined with the previous datasets. After patch contrast transfer 

function (CTF) estimation, micrographs were curated based on CTF fit, ice thickness, and 

manual inspection, yielding a final number of 49,225 and 22,140 movies for INF2 and Dia1, 

respectively.

For formins in the middle of F-actin, ~1,000 particles showing extra density on F-actin were 

manually picked and used to train a Topaz particle picking model 45. Topaz-picked particles 

were extracted and subjected to reference-free 2D classification. Several iterations of Topaz 

particle picking and 2D classification yielded 3,824,735 and 570,665 initial particles of 

INF2 and Dia1, respectively. Particles were extracted with a pixel box size of 288, binned 

to 120 pixels, and subjected to further 2D classification to exclude featureless particles. 

Accepted particles were used to generate three ab-initio classes, including two resembling 

F-actin and one “junk” class. The volume from the best F-actin ab-initio class was used 

as the starting reference for heterogenous refinement with three classes, resulting in a bare 

F-actin class and two formin-bound classes. Particles from the formin-bound classes were 

subjected to non-uniform refinement, producing the initial maps of INF2 and Dia1 in the 

middle of F-actin.
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For INF2, the particles in the initial map were subjected to several rounds of 3D 

classification focused on the FH2 domains to increase occupancy. This led to multiple 

classes where one of the FH2s (mobile) adopted “up” or “down” states, whereas the 

other FH2 (static) remained in the same position. We also observed low-occupancy classes 

where the mobile FH2 occupied intermediate positions between the up and down states. 

Particles belonging to the up and down states were separated and subjected to non-uniform 

refinement to produce separate maps of each state. Additional rounds of 3D classifications 

were performed focusing on the static and the mobile FH2s separately to increase their 

occupancy within both states. Non-uniform refinement was used to obtain final consensus 

maps containing 493,960 particles for the up state and 357,612 particles for the down state. 

For Dia1 in the middle, a similar procedure resulted in a consensus map containing 67,017 

particles in a single state, distinct from both states of INF2.

For both INF2 and Dia1 at the barbed end, ~2,000 filament ends were manually picked 

and used to train Topaz as described above. The initial numbers of Topaz-picked particles 

were 2,035,152 and 88,114 for INF2 and Dia1, respectively. Particles were extracted with 

a pixel box size of 384, binned to 120 pixels, and subjected to further 2D classification to 

exclude particles that did not contain F-actin. Accepted particles were used to generate three 

ab-initio classes, including a barbed end, middle, and junk classes. Particles belonging to the 

barbed end and middle classes were used in multiple rounds of heterogeneous refinement 

to exclude non-barbed end particles. Barbed end particles were combined and subjected to 

non-uniform refinement. This map contained particles where the FH2s were misaligned, 

i.e. aligned with the wrong FH2 on the opposite long-pitch helix and shifted by one actin 

protomer. These particles were subjected to 3D classification focused on the misaligned 

FH2, which revealed that misalignment was due to some particles being shifted towards the 

pointed end by one actin protomer. These particles were re-centered and re-extracted such 

that all the ends were in register, which also realigned the FH2s.

For INF2, the resulting particle stack (~300,000 particles) was subjected to non-uniform 

refinement, yielding a map with poor density for the FH2 closest to the barbed end (leading 

FH2). These particles were subjected to further 3D classification focusing on the leading 

FH2, resulting in some classes containing both FH2s and some containing strong leading 

FH2 density but poor trailing FH2 density, and extra density that could not be assigned to 

the FH2s nor the barbed end. Particles belonging to the two-FH2 classes were combined 

and subjected to further 3D classification to increase occupancy of the FH2s, yielding a 

final map containing 169,402 particles. Particles belonging to classes with strong leading 

FH2 density were combined and subjected to 3D classification focusing on the unassigned 

density. This resulted in classes containing profilin-actin, and one class containing actin 

alone. Particles belonging to each class were separated and subjected to non-uniform 

refinements, resulting in the final consensus maps of INF2 with incoming profilin-actin 

(52,040 particles) and incoming actin (27,770 particles). Both structures were subjected to 

several rounds of 3D classification focusing on the trailing FH2 to improve its occupancy. A 

similar strategy resulted in a single consensus map of Dia1 at the barbed end.

For INF2 at the middle and barbed end of F-actin, 3D classification with masks focused on 

weak density corresponding to the WH2 domain bound to the actin subunits immediately 
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above the FH2s was performed. Particles belonging to subclasses with enriched WH2 

density were combined into a consensus refinement.

For INF2 at the middle of F-actin, local refinements focusing on the static FH2, mobile FH2, 

and F-actin were performed for both the up and down states. At the barbed end, only the 

F-actin portion of the INF2 maps were subjected to local refinement. No local refinement 

was performed on maps of Dia1. Locally refined maps were combined to obtain the final 

composite maps used in refinement.

The orientation distribution efficiency scores of the cryo-EM maps were determined with 

the program cryoEF (v1.1.0) 46. The FSC curves, directional orientation, power spectra, and 

sphericity scores were calculated using the 3DFSC server (https://3dfsc.salk.edu).

Model refinement:

Model building and refinement were performed with the programs Coot 47 and Phenix 48, 

respectively. For all the structures, initial formin models were obtained using AlphaFold 
28, fit to the maps as rigid bodies, while allowing for inter-domain motions. The starting 

models of F-actin and profilin-actin were form PDB codes 8F8P and 2PAV, respectively. The 

FH2 domains were rigid-body fitted into the cryo-EM map as three separate blocks (knob, 

coiled-coil, lasso-post (Extended Data Fig. 1). The stereochemistry and fit were optimized 

using real space refinement in Phenix. Figures were prepared with the programs PyMOL 

(Schrodinger, LLC) and ChimeraX 49. Final model quality and refinement statistics are 

given in Extended Data Tables 1–2.
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Extended Data

Extended Data Fig. 1 |. Definitions and nomenclatures used.
(a) Domain diagrams of INF2 and Dia1, with zooms defining sub-domains within the FH2 

domain. (b) The FH2 dimer forms a ring-like structure mediated by head-to-tail lasso-post 

interactions (left). FH2 subdomains colored as in part a (right). The newly-defined HCBH 

is highlighted in red. (c) Actin filament (PDB code: 8F8P) indicating short and long-pitch 

helices, pointed and barbed ends, plug, H-cleft, and D-loop. (d) Two perpendicular views 

of the actin monomer (PDB code: 1J6Z) with subdomains 1–4 labeled in blue circles. The 

H-cleft, nucleotide cleft, D-loop, and plug are indicated. (e) G- (blue, twisted) to F-actin 

(gray, flat) conformational transition, characterized by a 20° rotation of subdomains 1 and 2 

relative to 3 and 4.
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Extended Data Fig. 2 |. Cryo-EM maps around FH2 and HCBH.
(a-g) FH2 fit to the cryo-EM maps for the seven structures described here (as indicated). (h) 
HCBH of the mobile FH2 of INF2 fit to the cryo-EM map in the up and down mid-filament-

bound states.
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Extended Data Fig. 3 |. F-actin-FH2 contact surface areas.
(a-g) For each interaction, the contact area in F-actin is colored according to the interacting 

FH2. On the FH2 side, contact areas are colored cyan, marine blue, blue, and white 

depending on which actin subunit it contacts. Contact surface areas (given for each 

interaction in black boxes) were calculated using the server GetArea (https://curie.utmb.edu/

getarea.html).
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Extended data Fig. 4 |. Comparisons between INF2 and Dia1.
(a) Sequence alignment of WASP WH2 (UniProt code: P42768) with the WH2s of INF2 

and Dia1. Note the absence of the LKKT motif in Dia1. (b) Superimposition of AlphaFold 

models of the FH2-WH2 regions of INF2 (632–991) and Dia1 (833–1200), highlighting 

differences in the length of the antennas and WH2-FH2 linkers. (c-d) Comparisons of 

the positions of the FH2s of INF2 (magenta) and Dia1 (orange) bound to A5 and A6 at 

the barbed end. The comparison is based on a superimposition of the corresponding actin 

subunits in the two structures.
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Extended Data Fig 5 |. Long-pitch interactions.
(a-c) Long-pitch interactions and corresponding cryo-EM maps of subdomain 2 in F-actin 

(a), incoming profilin-actin (b) and incoming actin (c). In all the structures, the D-loop 

inserts into the H-cleft of the subunit above. However, for the incoming monomer (blue), 

subdomain 4 contacts subdomain 3 of A5 only after a 14° rotation and the G- to F-actin 

transition (see also Fig. 3e–f in the main text).
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Extended Data Table 1:

Cryo-EM data collection, refinement, and validation statistics for INF2

Middle up
(EMDB-44026)
(PDB 9B03)

Middle down
(EMDB-44045)
(PDB 9B0K)

Barbed end
(EMDB-44012)
(PDB 9AZ4)

Barbed end 
with incoming 
profilin-actin
(EMDB-44018)
(PDB 9AZP)

Barbed end 
with incoming 
actin
(EMDB-44019)
(PDB 9AZQ)

Data collection 
and processing

Magnification 81,000 81,000 81,000 81,000 81,000

Voltage (kV) 300 300 300 300 300

Electron 
exposure (e–/Å2)

UPenn: 44
NCCAT-1: 52
NCCAT-2: 55

UPenn: 44
NCCAT-1: 52
NCCAT-2: 55

UPenn: 44
NCCAT-1: 52
NCCAT-2: 55

UPenn: 44
NCCAT-1: 52
NCCAT-2: 55

UPenn: 44
NCCAT-1: 52
NCCAT-2: 55

Defocus range 
(μm)

−0.5 to −2.5 um −0.5 to −2.5 um −0.5 to −2.5 um −0.5 to −2.5 um −0.5 to −2.5 um

Pixel size (Å) 0.54 0.54 0.54 0.54 0.54

Symmetry 
imposed

C1 C1 C1 C1 C1

Initial particle 
images (no.)

3,043,282 3,043,282 2,035,152 2,035,152 2,035,152

Final particle 
images (no.)

493,960 289,668 169,402 52,040 27,770

Map resolution 
(Å)

2.95 3.03 3.37 3.55 3.82

 FSC threshold 0.143 0.143 0.143 0.143 0.143

Map resolution 
range (Å)

2.4 – 44.2 2.7 – 48.6 3.0 – 51.0 2.3 – 57.0 3.5 – 62.4

Refinement

Initial model 
used
(PDB code)

8F8P (F-actin)
AlphaFold 
(INF2)

8F8P (F-actin)
AlphaFold 
(INF2)

8F8P (F-actin)
AlphaFold 
(INF2)

8F8P (F-actin)
AlphaFold 
(INF2)
2PAV (profilin-
actin)

8F8P (F-actin)
AlphaFold 
(INF2)

Model resolution 
(Å)

3.4 3.3 3.8 3.9 4.2

 FSC threshold 0.5 0.5 0.5 0.5 0.5

Map sharpening 
B factor (Å2)

103.4 101.4 92.0 64.3 54.5

Model 
composition

 Non-hydrogen 
atoms

23,898 23,869 23,867 27,676 26,626

 Protein 
residues

3,020 3,016 3,015 3,502 3,363

 Ligands ADP: 6, MG: 6 ADP: 6, MG: 6 ADP: 6, MG: 6 ADP: 6, MG: 7, 
ATP: 1

ADP: 7, MG: 7

B factors (Å2)

 Protein (min / 
max / mean)

38.72 / 436.54 / 
167.39

68.14 / 342.01 / 
172.44

86.89 / 609.57 / 
214.93

71.69 / 449.24 / 
171.44

113.32 / 
1014.39 / 387.27

 Ligand (min / 
max / mean)

51.97 / 141.98 / 
104.12

Palmer et al. Page 17

Nature. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Middle up
(EMDB-44026)
(PDB 9B03)

Middle down
(EMDB-44045)
(PDB 9B0K)

Barbed end
(EMDB-44012)
(PDB 9AZ4)

Barbed end 
with incoming 
profilin-actin
(EMDB-44018)
(PDB 9AZP)

Barbed end 
with incoming 
actin
(EMDB-44019)
(PDB 9AZQ)

R.m.s. 
deviations

 Bond lengths 
(Å)

0.005 (0) 0.005 (0) 0.007 (0) 0.006 (1) 0.006 (0)

 Bond angles 
(°)

0.962 (24) 0.926 (23) 1.054 (26) 1.055 (34) 1.074 (32)

Validation

 MolProbity 
score

1.13 1.02 1.29 1.16 1.25

 Clashscore 1.91 1.37 2.65 1.87 2.19

 Poor rotamers 
(%)

0.00 0.07 0.03 0.03 0.00

Ramachandran 
plot

 Favored (%) 97.01 97.14 96.40 96.67 96.27

 Allowed (%) 2.99 2.79 3.57 3.30 3.73

 Disallowed 
(%)

0.00 0.07 0.03 0.03 0.00

Extended Data Table 2:

Cryo-EM data collection, refinement, and validation statistics for Dia1

Middle
(EMDB-44135)
(PDB 9B3D)

Barbed end
(EMDB-44099)
(PDB 9B27)

Data collection and processing

Magnification 81,000 81,000

Voltage (kV) 300 300

Electron exposure (e–/Å2) UPenn: 42 UPenn: 42

Defocus range (μm) −0.5 to −2.5 um −0.5 to −2.5 um

Pixel size (Å) 0.54 0.54

Symmetry imposed C1 C1

Initial particle images (no.) 570,665 88,114

Final particle images (no.) 59.861 36,931

Map resolution (Å) 3.41 3.51

 FSC threshold 0.143 0.143

Map resolution range (Å) 2.33 – 55.5 3.16 – 56.9

Refinement

Initial model used (PDB code) 8F8P (F-actin)
AlphaFold (Dia1)

8F8P (F-actin)
AlphaFold (Dia1)

Model resolution (Å) 3.81 3.94

 FSC threshold 0.5 0.5

Map sharpening B factor (Å2) −73.1 −46.4

Model composition
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Middle
(EMDB-44135)
(PDB 9B3D)

Barbed end
(EMDB-44099)
(PDB 9B27)

 Non-hydrogen atoms 23,621 23,828

 Protein residues 2,967 2,991

 Ligands ADP: 6, MG: 6 ADP: 6, MG: 6

B factors (Å2)

 Protein (min / max / mean) 46.29 / 413.56 / 139.35 111.52 / 977.84 / 217.29

 Ligand (min / max / mean) 50.26 / 11.95 / 84.22 12.40 / 152.65 / 137.77

R.m.s. deviations

 Bond lengths (Å) 0.005 (1) 0.004 (0)

 Bond angles (°) 0.874 (11) 0.810 (12)

Validation

 MolProbity score 1.24 1.23

 Clashscore 2.11 2.17

 Poor rotamers (%) 0.10 0.00

Ramachandran plot

 Favored (%) 96.17 96.44

 Allowed (%) 3.72 3.56

 Disallowed (%) 0.10 0.00

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INF2 middle down (PDB code: 9B0K; EMDB codes: EMD-44045, EMD-44027, 

EMD-44030, EMD-44031, EMD-44032, EMD-44033, EMD-44943)

Dia1 middle (PDB code: 9B3D; EMDB codes: EMD-44135)

INF2 at the barbed end (PDB code: 9AZ4; EMDB codes: EMD-44012, EMD-44009, 

EMD-44010, EMD-44011, EMD-44950, EMD-44951)
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Dia1 barbed end (PDB code: 9B27; EMDB code: EMD-44099)

INF2 with incoming profilin-actin (PDB code: 9AZP; EMDB codes: EMD-44018, 

EMD-44956, EMD-44958)

INF2 with incoming actin (PDB code: 9AZQ; EMDB codes: EMD-44019, EMD-44973, 

EMD-44972).

Previously published structures used in model building (PDB codes: 2PAV and 8F8P).
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Fig. 1 |. Cryo-EM structures of INF2 and Dia1 bound to F-actin.
(a) Domain diagrams of human INF2 and mouse Dia1. Constructs used here are indicated by 

a dotted black outline. DID, diaphanous inhibitory domain; DD, dimerization domain; FH1 

and FH2, formin-homology 1 and 2 domains, DAD, diaphanous autoregulatory domain; 

WH2, WASP-homology-2 domain. (b-h) Seven structural states of INF2 (two shades of 

magenta) and Dia1 (two shades of orange) bound to the middle and barbed end of F-actin, 

as indicated. Actin subunits are colored gray or different shades of blue according to their 

positions relative to the formins.

Palmer et al. Page 23

Nature. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2 |. Hand-over-hand severing mechanism.
(a) INF2 bound to the middle of F-actin (down state). (b) Interaction of the WH2 of INF2 

with G-actin (green, AlphaFold prediction) vs. F-actin (magenta, from part a). (c) Close-up 

from part a, showing the WH2 of INF2 bound to the side of the H-cleft of A2, which is 

occupied by the D-loop of A4. (d) Thermal motions of the D-loop are proposed to allow 

the WH2 to competitively bind to its preferred site in the H-cleft, displacing the D-loop 

and destabilizing contacts along the long-pitch helix. (e) Close-up from part a, showing 

INF2’s HCBH bound to the side of the H-cleft of A4, which is occupied by the D-loop of 

A6. (f) Following destabilization of the long-pitch helix by the WH2, HCBH is proposed 

to opportunistically bind to its preferred site in the H-cleft, displacing the D-loop. This 

sequence of events can occur on either side of F-actin, leading to severing. (g) Cartoon 

representation of key steps in the proposed severing mechanism. See also Supplementary 

Video 2.
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Fig. 3 |. LERA elongation mechanism.
(a) Two perpendicular views of INF2 at the barbed end. (b) INF2 at the barbed end with 

incoming profilin-actin (green and blue). The monomer has a G-actin conformation. Relative 

to its position at the barbed end, the lasso-post of the leading FH2 moves inward ~18 Å 

(red arrow) and interacts with both profilin and actin (pink surface). The trailing FH2 is 

displaced from the H-cleft of A5 by the D-loop of the incoming monomer. (c) INF2 at the 

barbed end with incoming actin. The monomer has adopted the F-actin conformation and 

profilin has been released. The FH2s occupy the same position as in part b. (d) Cartoon 

putty representation of A5 and A6 from part a, colored and rendered according to Ca-to-

Ca displacement (side bar) from F-actin. (e) The monomer in the incoming profilin-actin 

structure (part b) is in the G-actin conformation (left) and rotated 14° relative to its final 

position in F-actin (right). Interaction of the lasso-post of the leading FH2 with profilin-actin 

(bottom). (f) Long-pitch contacts of the monomer in the incoming profilin-actin (left) and 
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actin (right) structures. Actin subdomains are indicated by circled numbers (1 to 4). In 

both structures, the D-loop inserts into the H-cleft of A5, whereas subdomain 4 contacts 

subdomain 3 of A5 only after the 14° rotation and G- to F-actin transition (part e). 

(g) Cartoon representation of key steps in the proposed elongation mechanism. See also 

Supplementary Video 4.
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