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The dynamic turnover of actin filaments (F-actin) controls cellular motility in
eukaryotes and is coupled to changes in the F-actin nucleotide state . It remains
unclear how F-actin hydrolyses ATP and subsequently undergoes subtle conformational
rearrangements that ultimately lead to filament depolymerization by actin-binding
proteins. Here we present cryo-electron microscopy structures of F-actininall

nucleotide states, polymerizedin the presence of Mg?* or Ca** at approximately 2.2 A
resolution. The structures show that actin polymerization induces the relocation of
water molecules in the nucleotide-binding pocket, activating one of them for the
nucleophilic attack of ATP. Unexpectedly, the back door for the subsequent release of
inorganic phosphate (P;) is closed in all structures, indicating that P; release occurs
transiently. The small changesin the nucleotide-binding pocket after ATP hydrolysis
and P, release are sensed by a key amino acid, amplified and transmitted to the filament
periphery. Furthermore, differences in the positions of water molecules in the
nucleotide-binding pocket explain why Ca®*-actin shows slower polymerization rates
than Mg**-actin. Our work elucidates the solvent-driven rearrangements that govern
actin filament assembly and aging and lays the foundation for the rational design of
drugs and small molecules forimaging and therapeutic applications.

Many processes driven by actin, such as cell division, depend oniits
ATPase activity". In its monomeric form (G-actin), actin exhibits very
weak ATPase activity (7 x107¢s™) (ref. *) but polymerization into fila-
ments (F-actin) triggers a conformational rearrangement that allows
actin to hydrolyse ATP within seconds (0.3 s™) (ref. ). The cleaved
inorganic phosphate (P;) is not released immediately after hydroly-
sis (release rate 0.006 s™) (ref. ®), yielding the intermediate ADP-P,
state of F-actin’. After the exit of P,, ADP-bound F-actin represents the
‘aged’ state of the filament, which can then be depolymerized back
to G-actin. Invivo, this cyclic process is tightly regulated by various
actin-binding proteins (ABPs), of which a subset is capable of sensing
theactin nucleotide state®’. Asa prominent example, ABPs of the ADF/
cofilin family efficiently bind and sever ADP-F-actin to promote actin
turnover but only bind with weak affinity to ‘young’ actin filaments in
the ATP or ADP-P;state'* 2,

In addition to ABPs, the divalent cation that associates with the
actin-bound nucleotide, Mg or Ca*, also strongly affects polymeriza-
tionrates. Itis now accepted that Mg?*is the predominant cation bound
toactininvivo™". However, because Ca**-ATP-bound G-actin exhibits
slower polymerization kinetics and a higher critical concentration of
polymerization®7, it has been used as standard in actin purifications®,
many invitrostudies and most G-actin crystal structures'. What causes
the slow polymerization rates of Ca®*-actin remains unknown.

Since 2015, numerous cryo-EM studies have shown the F-actin
architecture in all nucleotide states?®?? and in complex with a vari-
ety of ABPs such as cofilin?*** and myosin®*%. However, previously
published F-actin structures were solved at moderate resolutions of

about 3-4.5 A and therefore did not show sufficient details to model
solvent molecules and exact positions of amino-acid side-chains.
Hence, key mechanistic events in F-actin aging, such as ATP hydroly-
sis, which strongly depends on water molecules, remain unknown.
Here we present 6 cryo-electron microscopy (cryo-EM) structures of
rabbit skeletal a-actin filaments at approximately 2.2 A resolution in
3 functional states, polymerized in the presence of Mg?* or Ca®*. The
structuresilluminate the F-actin architecturein unprecedented detail
and underpin the critical role of solvent molecules in actin filament
assembly and aging.

Structures of F-actinreveal solvents

First, by using an optimized cryo-EM workflow (Extended Data Fig.1and
Methods), we determined structures of Mg?*-F-actin in three relevant
nucleotide states (ATP, ADP-P,and ADP) at resolutions of 2.17-2.24 A
(Fig. 1a-d, Extended Data Figs. 2, 3a-f and 4a-c and Supplementary
Table1; Methods).

The unprecedentedly high resolutions of the F-actin reconstructions
allowed for the modelling of hundreds of solvent molecules and we
accordingly observed clear densities for the nucleotide and the asso-
ciated Mg? ion with its coordinating water molecules (Fig. 1b—d and
Supplementary Video 1). The overall conformations of all Mg**-F-actin
structures are highly similar, with a Ca atom root-mean square devia-
tion of <0.6 A and no changes in helical rise and twist (Supplementary
Table 1and Extended Data Fig. 4g), indicating that the differences are
inthe details (see below). Although earlier studies predicted extra Mg**
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Fig.1|Cryo-EMreconstructions of F-actinat2.2 Aresolution.a, Local-
resolution filtered, sharpened cryo-EM density map of F-actinin the Mg?*-ADP-
BeF, state. Thesubunits are labelled on the basis of their location along the
filament, ranging from the barbed (A_,) to the pointed (A,) end. The central
actinsubunit (A,) is blue and the other four subunits are grey. Actinsubdomains
(SD1-4, also known asa, Ib, llaand lIb) are annotated in the central subunit.
Densities corresponding to water molecules arered. b-g, Cryo-EM densities of
the nucleotide-binding pocketin F-actin in the Mg?*"-ADP-BeF, ™ (b), Mg*"-ADP-P,
(c), Mg?*-ADP (d), Ca**-ADP-BeF, (e), Ca**-ADP-P; (f) and Ca**-ADP (g) states.
Mg?"and Ca* are shown as green spheres. Water molecules that directly
coordinate the nucleotide-associated cation are magenta. For the Ca*"-ADP
structure (g), one coordinating water is hidden behind the Ca* ion.

andP;binding sites outside of the F-actin nucleotide-binding pocket'?,

we did not find evidence for these secondary ion-binding sites in any
of our reconstructions.

We solved F-actin structures using ADP complexed with beryllium
fluoride (BeF,", also referred to as BeF,)?” to mimic the short-lived ATP
state of the filament (Fig. 1a,b). In the Mg**-ADP-BeF; F-actin struc-
ture (2.17 A), we observed unambiguous density for the modelling of
ADP-BeF;  inthe nucleotide-binding site (Fig. 1b). Notably, the nucleo-
tide conformation of Mg*-ADP-BeF,” in F-actin resembled Mg?*-ATPin
G-actin (Fig.2b,c and Extended Data Fig. 5a), confirming the suitability
of ADP-BeF; as ATP mimic.

To elucidate the mechanistic basis for the slower polymerization
kinetics of Ca®"-actin, we solved Ca**-F-actin structures in complex
with ADP-BeF,~, ADP-P,and ADP at resolutions of 2.15-2.21 A (Fig. le-g,
Extended DataFigs. 2,3g-1and 4d-f, Supplementary Table 2 and Sup-
plementary Video 2). The reconstructions showed that, even though
Ca*"-actin displays slow polymerization and fast depolymerization
kinetics”, it adopts stable conformations in the filamentous state.
Globally, the Ca*"-F-actin structures are comparable to those of
Mg?*-F-actin, with no changes in helical rise and twist and a Ca atom
root-mean square deviation of <0.6 A (Extended Data Fig. 4h-k),
indicating that the change from Mg?' to Ca®* does not induce large
conformational rearrangements in the filament.

Water relocation triggers ATP hydrolysis

Upon polymerization, subdomains 1and 2 (SD1and SD2) of the actin
monomer rotate about 12.4°, leading to amore compact arrangement

inthe filament (Fig. 2a and Extended DataFig. 6a,b), commonly referred
to as flattening®. A comparison of crystal structures of G-actin in the
ATP state® with our F-actin structures allows for a description of the
G- to F-actin transition in the context of solvent molecules. We first
analysed the water molecules directly bound to the nucleotide cation.
InMg?**-ADP-BeF,” F-actin, Mg* is coordinated by P; of ADP, a fluoride
moiety of BeF;” and four water molecules, defining a hexa-coordinated,
octahedral coordination, similar to that of Mg? in ATP-G-actin (Figs. 1b
and 2b,c). Our F-actinstructure thus provides experimental evidence
that Mg? retains its water coordination during the G- to F-actin tran-
sition, which was previously only predicted on the basis of molecular
dynamics data”. We next inspected the potential relocation of water
molecules near the nucleotide-binding pocket. In Mg?*-ATP-G-actin
(PDB 2V52)%, there is a large cavity (about 7 A in diameter) that
accommodates several ordered water molecules in front of the ATP
y-phosphate between SD3 and SD1(SD3/1 cavity, Fig. 2f). Actin flatten-
ingresultsin the upward displacement of the H-loop (residues 72-77)
and the movement of the proline-rich loop (residues 108-112) and
the side-chains of Q137 and H161 towards the nucleotide (Fig. 2f). Asa
result, the SD3/1 cavity becomes narrower (about 5 A in diameter) and a
cavityinthe SD1(deemed SD1 cavity) opens up (Extended DataFig. 6a).
Because of the narrowing of the SD3/1 cavity, several water molecules
would clashwith amino acids and therefore need to relocate to the SD1
cavity through a path whichinvolves the movement of awater molecule
(W,) thatisbound in betweenboth cavities (Fig. 2fand Supplementary
Video 3). Notably, therelocation of water moleculesinto the SD1 cavity
does not impact those coordinating the nucleotide-bound Mg?* ion
(Fig. 2¢,f).

After the conformational change from G-to F-actin, only three water
molecules remaininthe SD3/1 cavity that are not coordinated by Mg?*.
One of them is hydrogen-bonded to the side-chain of Q137 (Fig. 3a
and Extended Data Fig. 6c). Owing to the rearrangement of the
nucleotide-binding site in F-actin, this water molecule is much closer
(3.6 A) to the Py-analogue BeF,” thanin Mg?*-ATP-G-actin (>4 A distance
from the Py and 4.6 A in PDB 2V52; ref. %) (Fig. 3a and Extended Data
Fig. 6¢). As no other ordered water molecules align in front of the
nucleotide, the water molecule that is hydrogen-bonded to Q137 is
likely torepresent the nucleophile (W,,.) that hydrolyses ATPin F-actin.
The O-Be-W,.angleinthestructure is144° (Fig. 3aand Extended Data
Fig. 6¢,i), whereas an angle of >150°is required for efficient nucleophilic
attack™. Although it cannot be excluded that nucleotide orientation
is slightly altered between ADP-BeF;-bound and ATP-bound F-actin,
inspection of the reconstruction showed that the density for W, is
extended (Extended DataFig. 6e), indicating that the position of W, is
not fixed, allowing it to move into a position that brings the O-Be-W,,,.
angle >150° while remaining hydrogen-bonded to Q137. In other
words, W, probably exchanges between hydrolysis-competent and
hydrolysis-less-competent configurations.

Although Q137 positions W, in close proximity to Py, the Q137
side-chain cannot accept a proton to act as a catalytic base for the
hydrolysis. We found no other amino acids that are close enough to
interact with W,.. Instead, W, resides at about 4.2 A from a neighbour-
ing water molecule (Wy,qq) (Fig. 3a), whichis not close enoughtoforma
hydrogenbond but the movement of W, into a hydrolysis-competent
positionwould also place W,,.inhydrogen-bonding distance to Wy,
By forming hydrogenbonds with D154 and H161, W,,,;4,. may represent
alewisbasewithahigh potential toactivate W,.and potentially act as
aninitial protonacceptor during hydrolysis, followed by transfer of the
proton to D154, as previously predicted by simulations®** or, alterna-
tively, toH161.In conclusion, we propose that Q137 coordinates W, but
that the hydrogen-bond network comprising Wy,i4.., D154 and H161 is
responsible for the activation of W, and proton transfer. Indeed, the
ATP hydrolysis rates of the Q137 to alanine (Q137A) actin mutant are
slower but not abolished**, whereas the triple mutant Q137A/D154A/
H161A-actin exhibits no measurable ATPase activity™.
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Fig.2|Waterrelocationduring the G- to F-actin transition. a, Schematic
cartoonrepresentation of actin flattening during the G- to F-actin transition.
b-e, Nucleotide conformationand inner-coordination sphere of the divalent
cationin Mg*-ATP-G-actin (Protein Data Bank (PDB) 2V52) (b), Mg*-ADP-BeF;”
F-actin (c), Ca*"-ATP-G-actin (PDB 1QZ5) (d) and Ca**-ADP-BeF, F-actin (e). Bond
lengths are annotated inangstroms. f,g, Water relocation in Mg?*-actin (f) and
Ca?"-actin(g).Infand g, the left panel shows water and amino-acid arrangement
in ATP-G-actin. Amino acids are pink for Mg**-actin and light-brown for

Slow polymerization of Ca**-actin

We nextinspected the G- to F-actin transition in Ca**-actin structures.
The Ca*"ionin G-actin is coordinated by the P; and Py of ATP and five
water molecules in a hepta-coordinated, pentagonal-bipyramidal
arrangement (Fig. 2d)***. By contrast, in Ca**-ADP-BeF;” F-actin, the
Ca® ionloses one coordinating water and displays an octahedral coor-
dination sphere (Fig. 2e). How does the G- to F-actin transition lead to
changes in Ca**-coordination? Globally, the flattening of Ca**-actin trig-
gersrearrangements that are analogous to those observed in Mg**-actin
(Extended Data Fig. 6a,b), with a similar relocation of ordered water
molecules fromthe narrowing SD3/1 cavity to the widening SD1 cavity
(Fig. 2g). However, in Ca*"-G-actin, one of the relocating water mol-
ecules (W,) resides within the coordination sphere of Ca?*, indicat-
ing that the hydration shell of the Ca** ion needs to be altered for the
G-toF-actintransition to occur. Thus, our analysis rationalizes why the
inner-sphere coordination of Ca** changes from hepta-coordinated,
pentagonal-bipyramidal in ATP-G-actin to hexa-coordinated, octa-
hedral in ADP-BeF; F-actin (Fig. 2d,e,g and Extended Data Fig. 5b).
The required rearrangement of the Ca**-coordination sphere could
pose akinetic barrier for the G- to F-actin transition, which provides
astructural basis for the slower polymerization kinetics of Ca**-actin
compared to Mg**-actin.

We also assessed the ATP hydrolysis mechanism of Ca®*-actin, which
exhibits afive times slower ATP hydrolysis rate (0.06 s ™) than Mg**-actin
(0.3 s (ref.%). A structural comparison between Ca?*-ATP-G-actin
(PDB 1QZ5) and Ca**-ADP-BeF,” F-actin demonstrates that the water
corresponding to W,,,., which is hydrogen-bonded to Q137, locates
closer to Be in F-actin (3.7 A) than to Py in G-actin (4.5 A) (Extended
DataFig. 6d,h,i). Thus, the induction of ATP hydrolysis is comparable
in Ca*"-actin and Mg?*-actin. However, in Ca*-ADP-BeF,” F-actin, the
distance between Q137 and W,,.is 3.4 A (3.2 A in Mg*"-actin) and the
0-Be-W,,.angleis137° (144° in Mg*"-actin) (Extended Data Fig. 6¢-i),
making the position of W, similar, but slightly less favourable for
nucleophilic attack, providing a likely explanation for the slower
hydrolysis rate of Ca*-F-actin.
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Ca?"-actin, whereas the cartoon representationis shown in grey. Arrows depict
the movement of amino-acid regions for the transition to F-actin. The middle
panelshows overlay of the amino-acid positionsin ADP-BeF;” F-actin (blue for
Mg?*"-actinand cyan for Ca*"-actin) with the solvent molecules in the G-actin
structure. The water moleculesin the SD3/1cavity of ATP-G-actinare shown as
semitransparentspheres. Arrowsindicate the direction of water relocation.
Finally, the right panel shows the water and amino-acid arrangementin
ADP-BeF; F-actin.Nuc, nucleophilic.

P,release occursin atransient state

We next analysed how ATP hydrolysis affects the F-actin nucleotide
arrangement. In the Mg?"-ADP-P, state, the cleaved P;moiety is separated
from ADP by at least 2.9 A (Figs. 1c and 3b and Extended Data Fig. 5a),
indicating that ADP and P,do not forma covalent bond. After P;release,
the P-binding site is occupied by a water molecule, which also holds
true for structures of monomeric Mg*-ADP-G-actin®® (Extended Data
Fig. 5a). Taken together, our structures show that the Mg**-coordination
shellis octahedral and that Mg* resides at a fixed position beneath the
Py moiety of the nucleotide in all stable states of G-actin and F-actin.

After ATP hydrolysis in Ca*"-F-actin, the coordination of Ca*" is also
octahedral in the ADP-P; state (Fig. 1f and Extended Data Figs. 5b and
6h). Interestingly, one coordinating water molecule is replaced by
the side-chain of Q137 (Extended Data Fig. 5c-e). Finally, following
P;release, the Ca®*-ADP-F-actin structure shows that the Ca®* ion changes
positionso thatitis directly coordinated by both the P, and P; of ADP
(Fig.1gand Extended Data Fig. 5b) and four water moleculesin an octa-
hedral arrangement. Thus, in contrast to Mg, the Ca®"ion positionis
not fixed in F-actin and its coordination changes considerably during
the ATPase cycle. The absence of discrete differences in amino-acid
conformationbetween the ADP states of Ca*"-and Mg?*-F-actin suggests
that the faster depolymerization rates of Ca?*-F-actin may be caused
by differences in long-range filament mechanostability or conforma-
tions at filament ends.

P;is thought to exit from the F-actin interior through the so called
‘back door’®, which is formed by the side-chains of R177 and N111 and
the backbones of methylated histidine 73 (H73) and G74 (Fig. 3c,d
and Extended Data Fig. 5f,g). In this model, S14 switches rotameric
position to change its hydrogen-bonding interaction from the back-
bone amide of G74 to the one G158, thereby allowing P, to approach
the back door, where R177 would mediate its exit?>*°. On the basis of a
lower-resolution reconstruction, theback doorwas proposedtobe open
in ADP-F-actin®. However, the S14-G74 hydrogenbondisintactand the
back dooris closedin our 2.2 A structures of both the ADP-P,and ADP
states of Mg?*-F-actin (Fig. 3c,d) and Ca*-F-actin (Extended DataFig. 5f,g).
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Fig.3|Structuralinsightsinto ATP hydrolysis and P;release. a,b, [solated
amino-acid and water arrangement near the nucleotide in Mg*-ADP-BeF;”
F-actin (a) and Mg?*-ADP-P; F-actin (b). Regions unimportant for interactions
aredepicted assmaller sticks. Amino acids and the proposed nucleophilic
water (W,,,) and assisting water (Wy,4,c) are annotated. c,d, Internal solvent
cavities near the P;binding site in ADP-P; (c) and ADP (d) structures of
Mg?*-F-actin. The upper panel shows the F-actinstructure as surface with the
bound P;and water molecules. In the lower panel, F-actinis shownin cartoon
representation and the amino acids forming the internal cavity are annotated
andshown as sticks. Hydrogen bonds are depicted as dashed lines. The position
ofthe proposed back door is highlighted in purplein the upper panel. All
distancesareshowninangstroms.

Thus, unexpectedly, our structures show that the back door closes
again after P; release, indicating that the F-actin conformation that
allows for the exit of P, is a transient state. In fact, the proposed rota-
meric switch of S14 towards G158 alone would not result in an opened
back door, whichsuggests thatlarger rearrangements are required for
P, release, indicating that the release mechanism remainsincompletely
understood. We envision that P, release could be further explored by
molecular dynamics simulations or time-resolved cryo-EM in future
research, guided by our structures as high-quality starting models.

Coupling of filament centre to periphery

We next examined the nucleotide state-dependent conformational
mobility of the D-loop (residues 39-51) and the carboxy terminus at
the intrastrand (or longitudinal) interface in the actin filament®°,
The intrastrand arrangements in the current high-resolution
Mg?*-F-actin structures are largely consistent with those in previous

reconstructions®, with a mixture of open/closed D-loop conforma-
tions in ‘young’ ATP-bound filaments and a predominantly closed
D-loop arrangement in ‘aged’ ADP-F-actin (Extended Data Fig. 7).
Inthe Mg*-ADP-BeF,” F-actin structure, we could separate two intras-
trand conformations through a focused classification approach
(Extended Data Fig. 8a,b). The first conformation (about 37% of the
particles, 2.32 A resolution) represents the open D-loop, where the
D-loop bends outwardly and interacts with the extended C terminus
of the adjacent actin subunit. In the second conformation (about 63%
of the particles, 2.32 A resolution), the C terminus remains extended
but turns away from the inwardly folded, closed D-loop (Extended Data
Fig.7).In Mg?"-ADP-P, F-actin, the C terminus forms a compact, folded
a-helixand the D-loop is predominantly closed, whereas the Mg*-ADP-
F-actinstructure resembles the extended C terminus and closed D-loop
conformation of the Mg*-ADP-BeF, state (Extended Data Fig. 7).

We next analysed how conformational changes in the nucleotide-
binding pocket are transmitted to the filament surface. Surprisingly, we
could notidentify adirect communication pathbetween the D-loop and
the nucleotide-binding site (Extended Data Fig. 8c-e). Hence, our struc-
tures donotexplainwhy theintrastrand interface canadopt two confor-
mations in the ATP state of Mg**-actin. However, we were able to identify
the structural basis for the nucleotide-dependent conformation of the
Cterminus. After ATP hydrolysis, Q137 in the nucleotide-binding pocket
moves upward by about 0.4 Ainthe ADP-P,;state so that it resides within
3.1A of P, (Figs. 3b and 4 and Supplementary Video 4). This upward
movement of Q137 triggers a sequence of small movements in the SD1;
the proline-rich loop (residues 108-112) moves slightly forward and
triggers the relocation of the E107-R116 salt bridge, which allows the
penultimate residue C374 to flipinto ahydrophobic pocket, permitting
R116 to interact with the carboxylate group of the C-terminal residue
F375 (Fig. 4 and Supplementary Video 4). Altogether, these changes
resultinacompact, folded C-terminal helix, which then unfolds again
when Q137 moves downward after P; release (Extended Data Fig. 9).
Inconclusion, our datasuggest that Q137 and its surrounding residues
representamajor region thatis capable of sensing the nucleotide state
and transmitting it to the periphery.

Nucleotide-state sensing by cofilin

Ithasbeen proposed that the intrastrand interface represents amajor
site for ABPs such as cofilin to sense the nucleotide state of F-actin.
Cofilinbinds and changes the helical twist of actin filaments by wedging
itselfbetween the C terminus and D-loop****#?, which may be inhibited
by the open D-loop conformation?. In the structures of Ca**-F-actin, we
observed similar arrangements of theintrastrand interface compared
to those of Mg?'-F-actin, except that the open D-loop conformation is
adoptedtoalesserextentinCa?-ADP-BeF, F-actin(Extended DataFig.7).
Wetherefore proposed thatif the D-loop arrangement represents the
dominant recognition signal, cofilin would efficiently bind and sever
Ca?"-F-actin regardless of the nucleotide state. To assess this, we incu-
bated cofilin-1and Mg?*- or Ca®*-bound F-actin in three nucleotide
states and measured cofilin-dependent filament severing. The assays
showed that, comparable to Mg?*-F-actin, cofilin-1 only substantially
seversthe ADP state but not to ADP-BeF,”and ADP-P;-bound Ca?*-F-actin
(Extended DataFig.10a). Therefore, the D-loop conformation does not
represent the only sensor for cofilin-1binding. What other mechanism
does cofilinuse to sense the nucleotide state? Our structures show that
BeF; and P,make hydrogen-bondinginteractions with S14 of SD1; and
the backbones of G158 and V159 of the SD3 (Extended Data Fig.10c-h).
Thus, the y-phosphate moiety forms abridge between the two subdo-
mains, whichis absentinthe ADP state. Previous studiesindicated that
the tight binding of cofilin to F-actin necessitates a change in helical
twist of the filament?*, which involves the rotation of SD1and 2 (ref. *;
Extended Data Fig. 10b). This rotation involves the movement of the
loop of S14, whichis not possible when S14 is hydrogen-bonded to the
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F-actin SD1 \

Fig. 4 |Structural coupling of the nucleotide-binding site to the filament
surface. Top: differences in the SD1of F-actin in the Mg*-ADP-BeF; and
Mg?*-ADP-P; structures. Residues thought to be important for the movement
areannotated. Bottom:zoom of the nucleotide-binding site (1) and C-terminal
region (2) of the SD1. Arrows depict the direction of the putative movement
from the Mg*"-ADP-BeF, ™ to the Mg-ADP-P;structure. All distances are shownin
angstroms. Distances showninthe Mg?-ADP-BeF; structure are blue, whereas
those in the Mg-ADP-P;structure are orange.

y-phosphate of the nucleotide in ATP or ADP-P-F-actin (Extended Data
Fig.10c-i). Our results therefore support the previously proposed
model that cofilin cannot form a strong complex with F-actin when
the y-phosphate moiety is present® and that it potentially senses the
mechanical properties of the filament. This is in agreement with numer-
ous biochemical observations that ADP/cofilin proteins can only sever
actin filaments when P, or BeF;” isremoved from the active site’®"*,

Conclusions

The structures of F-actin at about 2.2 A resolution show the filament
architecture and the arrangement of the nucleotide-binding pocketin
unmatched detail, allowing us to revise certain statements about the
flexibility and stability of F-actin. Traditionally, the structure of F-actin
has been described as polymorphic**, whereas ‘aged’ ADP-F-actin is
regarded as a structurally destabilized form of the filament*. By con-
trast, our structures are remarkably similar in all solved nucleotide
states, showing that ADP-F-actin should not be regarded as destabilized
but rather as a ‘primed state’, which exhibits faster depolymerization
rates at the filament ends and is sensitive to cofilin binding and sever-
ing due tothe absence of the y-phosphate moiety. This model is highly
consistent witharecentstudy, which showed that the nucleotide state
affects the bending and mechanical properties of the filament, rather
than large amino-acid rearrangements*¢, We furthermore show how the
mechanism of ATP hydrolysis in F-actin and the slow polymerization

378 | Nature | Vol 611 | 10 November 2022

rates of Ca**-actin depend on the positions of water molecules, empha-
sizing that high-resolution structures are crucial for explaining these
important aspects of filament assembly and aging. Our optimized
cryo-EM workflow now also paves the way for high-resolution structures
of F-actin bound to ABPs, which will enhance our understanding of
cytoskeletal remodelling. Finally, we envision that our solvent-molecule
visualizing structures of F-actin may serve as high-quality templates
for the development of actin-binding small molecules, which may be
tailored for imaging and, perhaps, even therapeutic applications**%,
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Methods

Protein purification

Skeletal a-actin was purified from rabbit muscle acetone powder through
an established protocol that was described previously®***°, A total of
0.5 g of frozen muscle acetone powder was thawed, resuspended in
10 ml of G-buffer (5mM Tris pH 7.5, 0.2 mM CaCl,, 0.2 mM ATP, 0.5 mM
tris(2-carboxyethyl)phosphine (TCEP), 0.1 mM NaN,) and stirred for
25 minat4 °C. The suspension was then filtered and the pellet was again
resuspended in10 ml of G-buffer and subjected to the samestirring pro-
cedure. After filtering, the 20 ml of filtered solution was ultracentrifuged
at100,000gfor 30 minto remove any remaining debris. The supernatant
was collected and actin was polymerized by the addition of 2 mM MgCl,
and 100 mM KCl (final concentrations) for 1 h at room temperature.
To remove ABPs bound to actin, solid KCl was added to the solution to
bring the KCl concentration to 800 mM and the mixture wasincubated for
1hatroomtemperature. Then, the actin filaments were pelleted by ultra-
centrifugation at 100,000g for 2 h and resuspended in 5 ml of G-buffer.
Actin was depolymerized by dialysis in 11 of G-buffer for 2 d, with one
buffer exchange per day. This ensured that Ca** was the divalent cation
boundintheactivesite of G-actin. Onthe third day, the solution was ultra-
centrifuged at100,000g for 30 minand G-actin was recovered from the
supernatant. The 2 d procedure of actin polymerization, high-salt wash
and depolymerization by dialysis in G-buffer was repeated once more
to ensure removal of allimpurities and ABPs. After depolymerization,
purified G-actin was flash frozen in liquid nitrogen in 50 pl aliquots ata
concentration of 28 uM and stored at —80 °C until further use.

Human cofilin-1was purified as described previously®.

Reconstitution of F-actin in different functional states
Structural studies were performed on rabbit skeletal a-actin, which
isidentical to human skeletal a-actin in amino-acid sequence. G-actin
aliquots were thawed and ultracentrifuged for 1 h at 100,000g
to remove aggregates. For structures determined with Mg?" as
nucleotide-associated cation, G-actin (28 pM) was mixed with 0.5 mM
EGTA and 0.2 mM MgCl, to exchange Ca*" for Mg?* 5-10 min before
polymerization. In all subsequent steps, buffers contained CacCl, for
the isolation of F-actin with Ca*" as divalent cation or MgCl, for the
isolation of F-actin with Mg** as divalent cation. Actin polymerization
wasinduced by the addition of 100 mM KCland 2 mM CacCl,/MgCl, (final
concentrations). Actin was polymerized at room temperature for2 h
and subsequently overnight at 4 °C. The next morning, filaments were
isolated through ultracentrifugation at100,000g for 2 h.

Forthe aged ADP-F-actin states, the filament pellet was resuspended
in F~ buffer: 5mM Tris pH 7.5,100 mM KCl, 2 mM CaCl,/MgCl,, 2 mM
NaN,, 1 mMdithiothreitol (DTT). F-actin was used for cryo-EM sample
preparation about 1 h after pellet resuspension.

Whenchoosing an ATP analogue for structural studies, we considered
that previous work from our group has shown that the widely used
non-hydrolysable ATP analogue AppNHp (also known as AMP-PNP)
is a suboptimal ligand for F-actin because its degradation product,
the ADP analogue AppNH,, exhibits higher affinity for F-actin® and
hence accumulates in the active site during filament preparation?.
We therefore opted to use ADP-BeF;” as mimic of ATP. To obtain these
ADP-BeF; states of F-actin, aged ADP-bound filaments were resus-
pended in F~ buffer supplemented with 0.75 mM BeF, and 5 mM NaF.
Because the on-rate of BeF, for ADP-F-actin is relatively slow®’, the
filaments wereincubated in this buffer for >6 hbefore cryo-EM sample
preparation to ensure saturation with BeF;.

ToisolateF-actininthe ADP-P; state, we resuspended the actin pellet
inF phosphate buffer: 5 mM Tris, 50 mMKCI, 2 mM CaCl,/MgCl,,2 mM
NaN,, 1mM DTT, 50 mM potassium phosphate pH 7.5. To remove any
potential precipitates of calcium phosphate and magnesium phosphate,
wefiltered the buffers directly before use. The filaments were incubated
in F~ phosphate buffer for >6 h before cryo-EM sample preparation.

Cryo-EM grid preparation

A total 2.8 pl of F-actin sample (3-16 pM) was pipetted onto a
glow-discharged R2/1 Cu 300 mesh holey-carbon grid (Quantifoil).
After incubating for 1-2 s, excess solution was blotted away and the
grids were plunge frozen in liquid ethane or a liquid ethane/propane
mixture using a Vitrobot Mark IV (Thermo Fisher Scientific). The Vit-
robot was operated at 13 °C and the samples were blotted for 9 s with
ablot force of -25.

Cryo-EM grid screening and data collection
Grids were prescreened ona200 kV Talos Arctica Microscope (Thermo
Fisher Scientific) equipped with a Falcon Ill detector (Thermo Fisher
Scientific). Typically, low-magnification grid overviews (atlases) were
collected using EPU (Thermo Fisher Scientific). Afterwards, around two
holes per grid square were imaged at high magnification for a total of
five grid squaresto visualize F-actin. The grids that displayed optimal
filament concentration and distribution were then retrieved from the
microscope and stored in auto grid boxes (Thermo Fisher Scientific)
inliquid nitrogen until further use for high-resolution data collection.
All datasets were collected on a 300 kV Titan Krios microscope
(Thermo Fisher Scientific) equipped with aK3 detector (Gatan) and a
postcolumn energy filter (slit width of 15 eV). Videos were obtained in
super-resolution mode at a pixel size of 0.3475 A, with no objective aper-
tureinserted. All datasets were collected on the same microscope at the
same magnification of x130,000, to ensure that the resulting cryo-EM
density maps could be compared directly without issues caused by
pixel size discrepancies. Using EPU, we collected about 10,000
videos per dataset in 60-80 frames at a total electron exposure of
about 72-90 e~ A2 The defocus values set in EPU ranged from —0.7 to
-2.0 um. The data quality was monitored live during acquisition using
TranSPHIRE®2 If necessary, the microscope was realigned to ensure
optimal imaging conditions. An overview of the collection settings
used for each dataset can be found in Supplementary Tables1and 2.

Cryo-EMimage processing

For each dataset, video preprocessing was performed on the fly in
TranSPHIRE*, the super-resolution videos were binned twice (result-
ing pixel size of 0.695 A), gain corrected and motion corrected using
UCSF MotionCor?2 (ref. %), contrast transfer function (CTF) estimations
were performed with CTFFIND4.13 (ref. **) and F-actin segments were
picked using the filament picking procedure in SPHIRE_crYOLO%*** using
abox distance of 40 pixels per 27.8 A and a minimum number of six
boxes per filament. The resulting particles were extractedina384 x 384
pixel box and further processed into the pipeline of helical SPHIRE v.1.4
(ref.%). The number of extracted particles differed per dataset and
ranged from1,296,776 (Mg*-ADP dataset) to 3,031,270 (Ca*-ADP-P,data-
set) particles. For each dataset, the particles were two-dimensionally
classified in batches of 20,000 particles using ISAC2 (ref. *®) (sp_isac2.
py). All classes were then pulled together and manually inspected and
those that represented non-filament picks and ice contaminations
were discarded. A virtual substack was created of the remaining par-
ticles (sp_pipe.py isac_substack) and the particles were subjected to
three-dimensional helical refinement* using meridien alpha. This refine-
ment approach within SPHIRE imposes helical restraints tailored to the
helical sample to facilitate the refinement process but does not apply
helical symmetry. Hence, symmetrization artifacts during refinement
areavoided. Werefined the F-actin structures with arestrained tiltangle
during exhaustive search (--theta_min 90 -theta_max 90 ~-howmany 10)
and used afilament width of 140 pixels (97.3 A) and a helical rise of 27.5 A
to limit shiftslarger than one subunit to prevent duplication of particles.
For thefirst processed dataset, EMD-11787 (ref.*) was lowpass filtered to
25 Aand supplied asinitial model for the refinement. The first meridien
alpharefinement of each dataset was performed without a mask; the
resulting three-dimensional density map of this refinement was then



used to create a soft mask using sp_mask.py that covered about 85% of
the filament (326 pixels in the Z-direction). The global refinement was
thenrepeated with the same settings but with the mask applied. These
masked refinements yielded F-actin reconstructions at resolutions of
2.6-3.0 A. The particles were then converted to be compatible with
Relion® using sp_sphire2relion.py. WithinRelion 3.1.0, the particles were
subjected to Bayesian polishing® for improved estimation of particle
movement trajectories caused by beam-induced motion; and to CTF
refinements® to estimate per-particle defocus values and to correct
for beam tilt, threefold (trefoil) astigmatism, Cs and fourfold (tetra-
foil) astigmatism and anisotropic magnification. We then performed
three-dimensional classification without image alignment (8 classes,
25iterations, tau2fudge 4) to remove particles that did not contribute
high-resolutioninformation to the reconstruction. Typically,one or two
high-resolution classes containing most particles were selected and the
other low-resolution classes were discarded. Finally, after removal of
duplicates, this set of particles was subjected to a masked refinement
with solvent flattening Fourier shell correlations (FSCs) and only local
searches (initial sampling 0.9°) in Relion using the map (lowpass filtered
to4.0 A), mask and particle orientations determined from SPHIRE. These
refinements yielded cryo-EM density maps at resolutions of 2.15-2.24 A
according to the gold-standard FSC = 0.143 criterion. The final maps
were sharpened with a negative B-factor and corrected with the modula-
tion transfer function of the K3 detector. Local-resolution estimations
were performed in Relion.

To separate the closed and open D-loop conformations in the
Mg?*-ADP-BeF; reconstruction, the good 2,228,553 particles of this
dataset were subjected to afocused classification without image align-
mentin Relion. We created a soft mask around an inter-F-actin contact
comprising the D-loop of the central actin subunit and the C terminus
of the subunit directly above. Initial attempts to separate the D-loop
conformations into two classes using asingle density map asinitialmodel
were unsuccessful because all particles would end up in a single class
withamixed closed/open D-loop population. We therefore classified the
particlesinto two classes using two references; the jasplakinolide-bound,
Mg*-ADP-P, (in-house structure) and Mg?*-ADP structures as templates
for, respectively, openand closed D-loop conformations. A particle sepa-
rationinto two classes with two initial references was chosen because the
two conformations of closed and open D-loops were visibleinthe refined,
non-sharpened reconstruction computed through all 2,228,553 good
particles. Potential alternative conformations of the D-loop adopted by
only amarginal number of F-actin particles are not distinguishable by our
classification strategy. After optimization of the tau2fudge parameter,
whichrequired a high value due to the small size of the mask compared
tothefullbox, this classification withoutimage alignment (two classes,
25 iterations, tau2fudge = 500) yielded two classes with clearly distin-
guishable D-loop conformations. The particles belonging to eachclass
(834,110 for the open D-loop and 1,394,443 for the closed D-loop) were
then selected and separately refined in Relion with solvent flattening
FSCs using the map with mixed D-loop conformation (filteredto 8.0 A, at
whichthe D-loop conformationisindistinguishable) as reference and the
SPHIRE-mask covering 85% of the filament for both refinements. These
refinements were performed with the default tau2fudge =1to prevent
any overfitting. The high tau2fudge value used during the classification
withoutimage alignment was only used to sort particles and not for fur-
ther map processing and analysis. The resulting maps of the open D-loop
(2.32 A) and closed D-loop (2.32 A) particles showed, respectively, the
expected open and closed D-loop conformations at the region that was
used for focused classification. The D-loop conformations remained a
mix between openand closedinactin subunits withinthe map that were
not used for focused classification.

Model building, refinement and analysis
TobuildtheF-actinmodelsinthe high-resolution density maps, thestruc-
ture of F-actinin complex with an optojasp in the cis state*” (PDB 7AHN)

was rigid-body fitted into the map of F-actin Ca**-ADP state. We mod-
elled five actin subunits in each map to capture the entire interaction
interface within the filament because the central subunit interacts
with four neighbouring protomers. The central actin subunit in the
map was rebuilt manually in Coot®? and the other actin subunits were
adjusted in Coot by applying non-crystallographic symmetry using
the central subunit as master chain. The structure was then iteratively
refined using Coot (manually) and phenix real-space refine®® with
non-crystallographic symmetry restraints but without imposing any
geometry restraints. The structures of all other states were built by
rigid-body fitting of the Ca?*-ADP structure in the map belonging to
eachF-actinstate, followed by manual adjustmentsin Coot. These struc-
tureswere then refined through asimilar protocol of iterative cyclesin
Cootand phenix real-space refine. Allsolvent molecules (ions and water
molecules) were placed manually in Coot in the central actin subunit
and were then placed in the other subunits using non-crystallographic
symmetry. Because the local resolution of each F-actin reconstruc-
tionis highest in the centre and lower at the periphery of the map, we
inspected all water molecules in each structure manually before the
final phenix refinement; water molecules with poor corresponding
cryo-EM density were removed. A summary of the refinement quality
foreach structureis providedin Supplementary Tables1and 2. For the
structural analysis, the central actin subunitin the structure was used,
unless stated otherwise. The solvent cavities in the structures were
calculated using the CASTp 3.0 web server®*. All figures that depict
cryo-EM density maps and protein structures were prepared in UCSF
ChimeraX®. The helical parameters reported in Supplementary Tables1
and 2 were estimated from the atomic model of five consecutive subu-
nits independently fitted to the map as described previously®.

Cofilin severing assays

F-actin in different nucleotide states was prepared as for cryo-EM
experiments (see above). Severing assays were performed in 20 pl
volumes by incubating 5 puM of F-actin with 5,10 or 20 uM of cofilin for
30 minat room temperature, followed by centrifuging the samples at
120,000gin a TLA120.1 rotor for 15 min at 4 °C. After centrifugation,
aliquots of the supernatant and pellet fractions were separated by
SDS-polyacrylamide gel electrophoresis and analysed by densitometry
using Image Lab software v.6.0.1(Bio-Rad) and plotted using GraphPad.
The data points are available as Source data.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The cryo-EM maps have been deposited to the Electron Microscopy
Data Bank under accession codes (dataset in brackets): EMD-15104
(Mg*"-ADP-BeF;"), EMD-15105 (Mg?*'-ADP-P;), EMD-15106 (Mg*"-ADP),
EMD-15107 (Ca**-ADP-BeF,"), EMD-15108 (Ca®*-ADP-P,) and EMD-15109
(Ca**-ADP). These depositions include sharpened maps, unfiltered
half-maps andtherefinement masks. For the Mg*-ADP-BeF, F-actin sub-
mission, all density maps and masks regarding the separation of open/
closed D-loop conformations are provided. The atomic coordinates of
the protein structures have been submitted to the Protein Data Bank
under accession codes (dataset in brackets): 8A2R (Mg*-ADP-BeF;"),
8A2S (Mg?*-ADP-P;), 8A2T (Mg**-ADP), 8A2U (Ca**-ADP-BeF;), 8A2Y
(Ca®*-ADP-P;) and 8A2Z (Ca®*-ADP). We used the following previously
published structures for modelling and comparisons: 7AHN, 2V52,
6RSW, 1QZ5 and 1)6Z. EMD-11787 was used as the initial model for the
first 3D refinement. Source data are provided with this paper.

49. Pospich, S., Merino, F. & Raunser, S. Structural effects and functional implications of
phalloidin and jasplakinolide binding to actin filaments. Structure 28, 437-449 (2020).


http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-15104
https://www.ebi.ac.uk/emdb/EMD-15105
https://www.ebi.ac.uk/emdb/EMD-15106
https://www.ebi.ac.uk/emdb/EMD-15107
https://www.ebi.ac.uk/emdb/EMD-15108
https://www.ebi.ac.uk/emdb/EMD-15109
https://doi.org/10.2210/pdb8A2R/pdb
https://doi.org/10.2210/pdb8A2S/pdb
https://doi.org/10.2210/pdb8A2T/pdb
https://doi.org/10.2210/pdb8A2U/pdb
https://doi.org/10.2210/pdb8A2Y/pdb
https://doi.org/10.2210/pdb8A2Z/pdb

Article

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Belyy, A., Merino, F., Sitsel, O. & Raunser, S. Structure of the Lifeact-F-actin complex. PLoS
Biol. 18, 3000925 (2020).

Cooke, R. & Murdoch, L. Interaction of actin with analogs of adenosine triphosphate.
Biochemistry 12, 3927-3932 (1973).

Stabrin, M. et al. TranSPHIRE: automated and feedback-optimized on-the-fly processing
for cryo-EM. Nat. Commun. 11, 5716 (2020).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat. Methods 14, 331-332 (2017).

Rohou, A. & Grigorieff, N. CTFFIND4: fast and accurate defocus estimation from electron
micrographs. J. Struct. Biol. 192, 216-221(2015).

Wagpner, T. et al. SPHIRE-crYOLO is a fast and accurate fully automated particle picker for
cryo-EM. Commun. Biol. 2, 218 (2019).

Wagner, T. et al. Two particle-picking procedures for filamentous proteins: SPHIRE-crYOLO
filament mode and SPHIRE-STRIPER. Acta Crystallogr. D 76, 613-620 (2020).

Moriya, T. et al. High-resolution single particle analysis from electron cryo-microscopy
images using SPHIRE. J. Vis. Exp. 2017, €55448 (2017).

Yang, Z., Fang, J., Chittuluru, J., Asturias, F. J. & Penczek, P. A. Iterative stable alignment and
clustering of 2D transmission electron microscope images. Structure 20, 237-247 (2012).
Scheres, S. H. W. RELION: implementation of a Bayesian approach to cryo-EM structure
determination. J. Struct. Biol. 180, 519-530 (2012).

Zivanov, J., Nakane, T. & Scheres, S. H. W. A Bayesian approach to beam-induced motion
correction in cryo-EM single-particle analysis. IUCrJ 6, 5-17 (2019).

Zivanov, J., Nakane, T. & Scheres, S. H. W. Estimation of high-order aberrations and
anisotropic magnification from cryo-EM data sets in RELION-3.1. IUCrJ 7, 253-267 (2020).
Casanal, A., Lohkamp, B. & Emsley, P. Current developments in Coot for macromolecular
model building of electron cryo-microscopy and crystallographic data. Protein Sci. 29,
1069-1078 (2020).

Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM and crystallography.
Acta Crystallogr. D74, 531-544 (2018).

Tian, W., Chen, C., Lei, X., Zhao, J. & Liang, J. CASTp 3.0: computed atlas of surface
topography of proteins. Nucleic Acids Res. 46, W363-W367 (2018).

Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges in visualization and
analysis. Protein Sci. 27, 14-25 (2018).

66. Pospich, S. et al. Near-atomic structure of jasplakinolide-stabilized malaria parasite
F-actin reveals the structural basis of filament instability. Proc. Natl Acad. Sci. USA 114,
10636-10641(2017).

67. Veevers, R. & Hayward, S. Movements in large biomolecular complexes. Biophys.
Physicobiol. 16, 328-336 (2019).

Acknowledgements We gratefully thank D. Prumbaum and O. Hofnagel for the assistance with
cryo-EM data collection. We also thank S. Bergbrede for technical support in the wet laboratory
and T.D. Pollard, F. Merino and R.S. Goody for critical proofreading of the manuscript. We
acknowledge W. Linke and A. Unger for supplying us with muscle acetone powder. This work
was supported by funds from the Max Planck Society (to S.R.) and the European Research
Council under the European Union’s Horizon 2020 Programme (ERC-2019-SyG, grant

no. 856118 to S.R). A.B. is supported by an EMBO long-term fellowship. W.O. is supported by a
postdoctoral fellowship from the Alexander von Humboldt foundation.

Author contributions S.R. conceived and supervised the study. B.U.K. and S.P. optimized data
collection strategies. W.O. collected and processed all cryo-EM data and built the atomic
models. W.O., S.P. and S.R. analysed the structures. A.B. performed the cofilin severing assays.
W.O. and S.R. wrote the manuscript, with critical input from all authors.

Funding Open access funding provided by Max Planck Society.
Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/101038/s41586-022-05241-8.

Correspondence and requests for materials should be addressed to Stefan Raunser.

Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-022-05241-8
http://www.nature.com/reprints

10,705 good micrographs collected

SPHIRE-crYOLO picking 2,246,622 actin segments extracted
in helical SPHIRE1.4
optimized model to avoid

filament crossings

2D classification
sp_isac2.py

sharpened map (B = -93 A?) mask unsharpened kept 1,917,970 particles discarded 328,652 particles
28A halfmap

\

unmasked 3D refinement
sp_meridien_alpha.py
P ——

filament masking
sp_mask.py
«—

masked 3D refinement
sp_meridien_alpha.py
—

import particles in Relion
sp_sphire2relion.py

iterative Bayesian polishing
and CTF refinement

3D classification w/o
image alignment

50.5% 39.9% 1.5% 1.1% 0.002% 3.9% 0.002%

Select particles from
high-resolution classes

duplicate removal ;' sharpened map (B = -55 A?)

221A

3D auto-Refine
from local searches

B-factor sharpening and
local-resolution filtering
1,719,432 particles _—

Extended DataFig.1|Cryo-EMimage processing workflow. Theimage orientation. The white scale bar shown on the micrographis400 A. The box
processing workflow that was used for all collected datasets is shown, with size of the 2D-class averages is 384x384 pixels (267x267 A).
the Ca**-ADP-BeF, F-actin dataset as example. Allmaps are shownin the same



Article

Mg*-ADP-BeF ; Mg2*-ADP-P, Mg?-ADP
Ca*-ADP-BeF, Ca?-ADP-P, Ca2*-ADP
Mg?*-ADP-BeF Mg?-ADP-P, Mg?-ADP
o — Corrected, masked o1 — Corrected, masked o — Corrected, masked
— Unmasked — Unmasked — Unmasked
s — Phase randomized 08 — Phase randomized 08 — Phase randomized
§ 06 T;E 0564 é 08:
S S 8
4 % os 2 os
217 H 0> 2z é 0 224
o o
, NN
00 02 04 06 0.0 02 06 00 0. 06
1iresolution (A) Airesolution (,X) 1iresolution (;\)
Ca?*-ADP-BeF Ca-ADP-P, Ca?*-ADP
o — Corrested, masked o — Corrected, masked o4 — Corrected, masked
— Unmasked — Unmasked — Unmasked
— Phase randomized o — Phase randomized 08 — Phase randomized
$ 8
@ o4 & o4
; ] H
/221A £, 214 LI _2A
o o
0 00 02 06 00 02 06 00 02 06
1iresolution (e\) 1iresolution (:\) /resolution (A)
¢ Mg?-ADP-BeF ; Mg?-ADP-P; Mg?-ADP Ca*-ADP-BeF, Ca*-ADP-P, Ca?*-ADP

i f

21 25 29 33 37A
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ADP-P; (orange) and ADP (green) states. h Superimposition of asingle subunit
of Ca?*-F-actinin ADP-BeF,™ (cyan), ADP-P; (salmon) and ADP (pale green) states.
i-k Superimpositions of Mg?*-F-actin and Ca**-F-actin in the ADP-BeF;™ (i),
ADP-P; (j) and ADP (k) states. The colouring is consistent with the descriptions
ofgandh.Foreachoverlay, the subdomains of actin (SD1 - SD4) are annotated.
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Extended DataFig.5|lon coordinationat the nucleotide-bindingsitesand P,
release from Ca**-F-actin. a, b Nucleotide conformationandinner-coordination
sphere of the cation for Mg?*- (a) and Ca**-actin (b). The shown G-actinmodels
were selected from high-resolution crystalstructures of rabbit G-actinin

the following states: Mg?-ATP (pdb 2v52,1.45 A), Mg?*-ADP (pdb 6rsw, 1.95 A),
Ca?-ATP (pdb1qz5,1.45A) and Ca**-ADP (pdb1j6z,1.54 A). All distances
areshownin A. The distances between the cation and the moleculesinits
coordinationsphere were notrestrained during model refinement and may
therefore deviate fromideal values. Inthe ADP-BeF,-boundstructures, the
distance between the oxygen of the B-phosphate (Py) of ADPand Be (1.4 A)isas
shortasthe equivalent distancein ATP (1.5 A), defining ADP-BeF,”asamimic of
the ATP ground state of F-actin, rather thanan ADP-P-like state. c-e Position of
the nucleotide, cation and associated waters withrespect toresidue Q137 inthe

PN

Ca*-ADP-BeF; (c), Mg?-ADP-P, (d) and Ca*-ADP-P; (e) states of F-actin.Inthe
Ca?*-ADP-P;state (panel e), the position of Q137 prevents the binding of one of
the Ca*"-coordinating waters (shown insemitransparent magenta), yieldingan
octahedralinner-coordination sphere of Ca* with one missing water, but instead
acoordinationby Q137.f, g Internal solvent cavities near the P;binding site in
ADP-P;(f)and ADP (g) structures of Ca**-F-actin. The upper panel shows the
F-actinstructure as surface withthebound P,and water molecules. In the lower
panel, F-actinisshownin cartoon representationand the amino acids forming
theinternal cavity areannotated and shownas sticks. Hydrogen bonds are
depicted asdashedline. All distances are shownin A. The position of the proposed
back dooris highlightedin purpleinthe upper panel.Innone of the structures,
theinternal solvent cavity is connected to the exterior milieu.



Article

a b

Mg?*-ATP G- to F-actin transition Ca?-ATP G- to F-actin transition

Ca?*-ATP G-actin (pdb 19z5)
Ca**-ADP-BeF F-actin

Mg?*-ATP G-actin (pdb 2
Mg?*-ADP-BeF; F-actin

SD1

cavity Y Y N\
_)A1081\ Q137 @ H1e1
AN sl |
) vV~ Vi
F-actin ATP G-actin ADP F-actin

Ca*-ADP-BeF;

Mg2*-ADP-BeF Ca*-ATP (pdb 19z5)

H161

<«

y

Q1§7 °
/7]\7%
|

—! ye N N
Tiiss | y ;
e ca> A\
F-actin_ |

h Ca?-ADP-BeF, F-actin Ca?-ADP-P F-actin

Extended DataFig. 6 |See next page for caption.

ADP-Befy N “. ca /PP i
m\ @ MgZ-ADP-BeFs | Ca?-ADP-BeFy
ATP hydrolysis 2 F-actin F-actin
Distance | Angle | Distance | Angle
B A () ®) ©)
Whue 3.6 144 37 137
Wbridge 4.0 134 4.0 125




Extended DataFig. 6 | Rearrangements uponactinflattening and ATP
hydrolysis. a, b Upper panels: Overlay of G-and F-actin structures show the
global conformational changes associated with actin flattening for Mg*'- (a)
and Ca*"-F-actin (b). Residues Q137 and K336 act as hinges (as calculated by
DynDom®) and are shown as orange spheres. Lower panels: Internal solvent
cavities near the nucleotide-binding sitein G-and F-actin. The cavities were
calculated by the Castp3 server®* and are shown as beige, semitransparent

surfaces. The nucleotide was not considered in the solvent cavity calculations.

¢, dWater arrangementin front of the nucleotide in structures of Mg*-ATP-G-
actin (pdb 2v52, left) and Mg?*-ADP-BeF,” F-actin (right) (c), and Ca*-ATP-G-
actin (pdb 1qz5, left) and Ca**-ADP-BeF; F-actin (right) (d). The waters that
coordinatethe nucleotide-associated cationare coloured magenta, whereas
the watersimportant for the hydrolysis mechanism are shown as larger red
spheres. e ffront view of the Py-mimic BeF;” with densities for the putative

Wy and W4 instructures of Mg~ (e) and Ca**-F-actin (f). g Overlay of the
amino-acid arrangementin front of ADP-BeF;” in Mg?*- (blue) and Ca**-F-actin
(cyan). The nucleotide arrangement of Ca®*-F-actin is shown to emphasize

that Q137 inits Mg?*-F-actin conformation would clash with awaterinthe
inner-coordination sphere of the Ca®*-ion. (h) Mechanism of ATP hydrolysis

in Ca*"-F-actin. Theisolated amino acid and water arrangement near the
nucleotide in Ca*"-ADP-BeF, F-actin (left) and Ca*-ADP-P;F-actin (right) are
depicted. Regions unimportant for interactions are depicted as smaller sticks.
Aminoacidsand W, and assisting water W4, are annotated. (i) Table depicting
the distance and angles of watersin the nucleotide-binding pocket to the
Be-atominstructures of Mg*-ADP-BeF;” and Ca-ADP-BeF; F-actin.
Thedistances/angles were measured in the central subunit (chain c) of the
reconstruction, which displays the highestlocal resolution. Allannotated
distancesareshowninA.
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interfaceis depicted. The open D-loop conformationis likely adopted to asmall
extentineveryF-actin nucleotide state. However, the D-loop is mostly closed
inall nucleotide states except the Mg*-ADP-BeF;” state, where amixed open/
closed conformationisobserved.
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Extended DataFig. 8| Conformational differences associated with open
and closed D-loop. aFocused classification strategy for the separation of the
D-loop states of the Mg?*-ADP-BeF, F-actin dataset. The closed D-loop is
colouredred, whereas the open D-loop is coloured yellow. b Angular distribution
of all particles used in the reconstruction of the Mg?-ADP-BeF;” structure (top);
and of the particles used for the reconstructions of theisolated closed
(bottom-left) and open (bottom-right) D-loop. ¢ Superposition of Mg**-ADP-
BeF, F-actinstructures with separated D-loop conformationsin the central
actinsubunit (A,). For both the open (yellow) and closed (red) D-loop states,
the Ayand A, actin subunits are shown.d, e Close-up of the A, (d) and A, (e)

subunits. In paneld, arrows depict the movements in the SD1and SD3 of the
A,,subunitassociated with the change of D-loop conformation from opento
closedinthe central A,subunit. The superposition of the Mg?-ADP-BeF;”
structures with the separated open and closed D-loop conformationsinthe
central actinsubunit, revealed that the only differences between the two
structures, besides the D-loop, are not found in the central subunit, butinstead
inSD1 (including C terminus) and SD3 of the adjacentactin subunit. Our data
therefore suggest that the D-loop conformationinanactin subunitis not
affected by changesin the same subunit, but rather by changesin SD1 of its
neighbour subunit.
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Extended DataFig. 9 |Structural coupling of the nucleotide-binding site to
the filamentexterior after P;release. a, b Overlay of one actin subunitin the
Mg?*-ADP-P;and Mg?*-ADP structures with annotated subdomains, shownin
twoorientations. Thelocation of the C terminus (C-term) isaccentuated with
alargearrow.In (b), the surface-contour of otheractin subunits within the
filamentis depicted. ¢ Differences in the SD1 of F-actinin the Mg?*-ADP-P;and

P-rich loop
<

Mg?*-ADP structures. Residues thought to beimportant for the movementare
annotated.d Zoom of the nucleotide-binding site (1.) and C-terminal region (2.)
ofthe SD1.1In (c) and (d), arrows depict the direction of the putative movement
from the Mg2"-ADP-P; to the Mg?-ADP structure. All distances are shownin A.
Distances shownin the Mg?-ADP-P; structure are coloured orange, whereas
thoseinthe Mg?-ADP structure are coloured green.
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Extended DataFig.10 | Cofilin-dependentF-actinsevering and
conformational changes. a, top: Representative stain-free SDS-PAGE gel
images of co-sedimentations of human cofilin-1at 5,10 or 20 uM concentrations
with 5 uM Ca**-F-actin or Mg*-F-actinin ADP-BeF,~, ADP-P,and ADPstates.
Thegraphdepicts the amount of F-actin severed by cofilin. Values were
calculated from 3independent assays. The proteins used in the assay originated
fromaliquots from the same batches of purified G-actin and cofilin-1. The data
arepresented as mean values. Error bars represent the standard deviationand
were calculated in parallel from band intensities from the same experiment.
Uncropped gelimages are available in Supplementary Fig.1. The data points

used toobtainthe graph areavailable as source data. Abbreviations:

sup =supernatant, pel = pellet. b Structure of a single subunit of ADP-F-actin
(left panel) and cofilin-decorated ADP-F-actin (middle panel). The right panel
depictsanoverlay between the two structures; cofilinis hidden for clarity. The
arrowindicates the SD1and SD2 rotationin F-actin upon cofilin binding.
c-iArrangementof the SD1and SD3 at the nucleotide-binding sitesin Mg?*-
ADP-BeF,™ (c), Mg2-ADP-P; (d), Mg2*-ADP (e), Ca2*-ADP-BeF, (), Ca*"-ADP-P, (g),
Ca*"-ADP (h), and cofilin-decorated Mg*"-ADP (i) structures of F-actin. In panel
i,thearrowdepicts the cofilin—induced SD1 movement.
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v0.8.9.2 and the models were refined using phenix real-space refine v1.20.1-4487. Solvent cavities in protein structures were calculated
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The cryo-EM maps have been deposited to the Electron Microscopy Data Bank (EMDB) under accession codes (dataset in brackets): EMD-15104 (Mg2+-ADP-BeF3-)
[https://www.ebi.ac.uk/emdb/EMD-15104], EMD-15105 (Mg2+-ADP-Pi) [https://www.ebi.ac.uk/emdb/EMD-15105], EMD-15106 (Mg2+-ADP) [https://
www.ebi.ac.uk/emdb/EMD-15106], EMD-15107 (Ca2+-ADP-BeF3-) [https://www.ebi.ac.uk/emdb/EMD-15107], EMD-15108 (Ca2+-ADP-Pi) [https://www.ebi.ac.uk/
emdb/EMD-15108] and EMD-15109 (Ca2+-ADP) [https://www.ebi.ac.uk/emdb/EMD-15109]. These depositions include sharpened maps, unfiltered half-maps and
the refinement masks. For the Mg2+-ADP-BeF3- F-actin submission, all density maps and masks regarding the separation of open/closed D-loop conformations are
provided. The atomic coordinates of the protein structures have been submitted to the Protein Data Bank (PDB) under accession codes (dataset in brackets): 8A2R
(Mg2+-ADP-BeF3-) [https://doi.org/10.2210/pdb8A2R/pdb], 8A2S (Mg2+-ADP-Pi) [https://doi.org/10.2210/pdb8A2S/pdb], 8A2T (Mg2+-ADP) [https://
doi.org/10.2210/pdb8A2T/pdb], 8A2U (Ca2+-ADP-BeF3-) [https://doi.org/10.2210/pdb8A2U/pdb], 8A2Y (Ca2+-ADP-Pi) [https://doi.org/10.2210/pdb8A2Y/pdb] and
8A27 (Ca2+-ADP) [https://doi.org/10.2210/pdb8A2Z/pdb]. We used the following previously published structures for modeling and comparisons: 7AHN [https://
doi.org/10.2210/pdb7AHN/pdb], 2V52 [https://doi.org/10.2210/pdb2V52/pdb], 6RSW [https://doi.org/10.2210/pdb6RSW/pdb], 1QZ5 [https://doi.org/10.2210/
pdb1QZ5/pdb], 1J6Z [https://doi.org/10.2210/pdb1J6Z/pdb]. EMD-11787 [https://www.ebi.ac.uk/emdb/EMD-11787] was used as initial model for the first 3D
refinement. Source data are provided with this paper.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
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Sample size Sample sizes for the six cryo-EM datasets presented in this study: For the Mg-ADP-BeF3- F-actin dataset, 10,822 micrographs were collected.
2,897,679 total particles were picked and 2,228,553 particles were used for the final reconstruction. For the Mg-ADP-Pi F-actin dataset, 9,658
micrographs were collected. 2,349,979 total particles were picked and 1,808,554 particles were used for the final reconstruction. For the Mg-
ADP F-actin dataset, 9,842 micrographs were collected. 1,296,776 total particles were picked and 1,114,051 particles were used for the final
reconstruction. For the Ca-ADP-BeF3- F-actin dataset, 10,705 micrographs were collected. 2,246,622 total particles were picked and
1,719,432 particles were used for the final reconstruction. For the Ca-ADP-Pi F-actin dataset, 10,156 micrographs were collected. 3,031,270
total particles were picked and 2,171,987 particles were used for the final reconstruction. For the Ca-ADP F-actin dataset, 10,733 micrographs
were collected. 1,873,773 total particles were picked and 1,073,455 particles were used for the final reconstruction. These sample sizes of
~10,000 micrographs are common in the cryo-EM field for obtaining high-resolution protein structures, see for example Belyy et al. Nat.
Commun. (2021): https://doi.org/10.1038/s41467-021-26889-2.

The cofilin-severing assays were performed as three independent experiments. The sample size of n=3 is common for in vitro assays with
purified proteins, see for example Belyy et al. Plos Biol. (2020): https://doi.org/10.1371/journal.pbio.3000925

Data exclusions  During the cryo-EM image processing, particles that represented false picks or particles that did not contribute high-resolution information to
the reconstructions were discarded through 2D and 3D classification procedures. This process, which is required to obtain high-resolution
reconstructions, is a standard procedure in cryo-EM image processing.

Replication All cryo-EM datasets were collected in one session per F-actin functional state and were not repeated. It is unattainable from a time and cost
perspective to repeat cryo-EM data collection and processing on the exact same sample.

The cofilin-severing assays were performed in triplicate. They were performed as independent experiments, with new protein aliquots from
the same purification batch.

All attempts at replication were successful.

Randomization  For the 3D refinement of cryo-EM structures, particles were randomly split into two half sets. For all other experiments, randomization was
not required because all data were used in the analysis. Covariates were not controlled.

Blinding This study does not involve any experiments where blinding would be applicable.
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Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case studly).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [ ] Yes X No

>
Q
L
=
™
5,
o)
=
o
=
-
@
S,
o)
=
>
@
wv
e
3
=
QO
=
A




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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