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Abstract Actin undergoes important structural changes to transition from the G-actin to the
F-actin form. Furthermore, mammals express different isoforms, with only slight variations at the
amino acid level. While the a-skeletal actin isoform was thoroughly studied using molecular
dynamics simulations, the dynamics of the g-actin isoform remains unexplored. Here, we have
used the AMOEBA polarizable force field coupled with adaptive sampling to investigate the
plasticity of the p-actin. This highlighted the role of a post translational modification, i.e. the
histidine 73 methylation, to enhance the opening of the actin cleft and change allosteric paths
linking the two distant subdomains SD2 and SD4. The action of the methylation can be also
modulated by the type of nucleotide bound in the actin cavity and the type of ions surrounding
the protein. Taken together, these results shed new lights onto the plasticity of the g-actin
isoform and the coordinated role of several environmental factors. These results may help
designing new types of molecules, such as allosteric modulators, specifically targeting the g-actin
isoform.

Introduction

Actin is involved in numerous cellular functions, such as cell shape, proliferation, and migration
(Svitkina, 2018). Different isoforms are expressed in function of the cell type (Perrin and Ervasti,
2010). Among them «-actin, one of the most studied isoforms, is only present in muscles while
p-actin is ubiquitously expressed in the cytoplasm of cells and exhibits specific functions.

These isoforms share a common structure constituted by four subdomains undergoing confor-
mational changes with large consequences at the molecular up to the supramolecular level (Merino
et al., 2020). Above a critical concentration, several monomers assemble to form a filament (Weg-
ner, 1982). In this configuration, the globular actin monomer (G-actin) adopts a flattened structure
(F-actin), characterized by a lower dihedral angle constituted by the four subdomains (Oda et al.,
2009). The actin structural plasticity is also important at the molecular level as, in the F-actin form,
its ATPase activity is increased by four orders of magnitude in comparison of its G-actin form (Blan-
choin and Pollard, 2002).
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Table 1. Parameters of studied systems : isoform, post-translational modification of histidine 73 (HIS:
unmodified and HIC: methylated), nucleotide type, ion types, Number of proteins, and initial structure.

Sequence P.T.M. Nucleotide lon(mM) Number Structure

a HIS ATP 150 KCI  Monomer G
a HIC ATP 150 KCI  Monomer G
p HIS ATP 150 KCI  Monomer G
p HIC ATP 150 KCI  Monomer G
p HIC ATP 75 MgCl, Monomer G
p HIS ADP 150 KCI  Monomer G
p HIC ADP 150 KC!I  Monomer G
B HIC ADP 75 MgCl, Monomer G
Priisn HIC ATP 150 KCI Monomer G
Pxiisn HIC ADP 150 KCI' Monomer G
p HIC ATP 150 KCI 4-mer F
p HIC ADP 150 KClI 4-mer F

Actin structural and dynamical properties can be modulated by an ensemble of environmen-
tal parameters (Merino et al., 2020; Varland et al., 2019). Especially, the nucleotide state (ATP or
ADP) changes the internal motions of the G-actin (Ali et al., 2022), and the stability (Reynolds et al.,
2022) and formation rate (Cooke, 1975) of the filament. Furthermore, this rate is also greatly influ-
enced by the type and concentration of ions (Nyman et al., 2002; Kang et al., 2012). Beyond these
two main parameters, recent work has also highlighted the importance of the methylation of histi-
dine 73, a post-translational modification affecting filament formation (Wilkinson et al., 2019). This
residue is located on the sensor loop. This loop undergoes structural rearrangements depending
on the nucleotide state (Graceffa and Dominguez, 2003). Thus, histidine 73 methylation, ions con-
centration, and nucleotide states modulate the actin molecular and supramolecular properties but
how they coordinate remains elusive.

Molecular Dynamics (MD) simulations have become increasingly popular over the last 20 years
for studying biological systems at different scales (Vanommeslaeghe et al., 2010; Maier et al., 2015;
Souza et al., 2021; Kim and Hummer, 2008; Chu and Voth, 2005). This method was extensively
used to characterize properties of actin protein such as differences between nucleotide states
(Splettstoesser et al., 2009; Saunders et al., 2014; Jepsen and Sept, 2020), waters located in the cav-
ity and their impact on protein plasticity and enzymatic properties (Saunders and Voth, 2011; Mc-
Cullagh et al., 2014), interactions with small molecules (Rennebaum and Caflisch, 2012; Helal et al.,
2013) and the dynamics of filaments in various environments (Chu and Voth, 2005; Splettstoesser
etal., 2011; Zsolnay et al., 2020; Schroer et al., 2020; Shamloo and Mehrafrooz, 2018; Jaswandkar
etal., 2021; Horan et al., 2020; Castaneda et al., 20719) but, to our knowledge, these computational
works focus exclusively on a-actin while the g-actin isoform remains understudied.

Even if MD simulations have been instrumental in the understanding of how ion and water
molecules interact with proteins (Song et al., 2013; Kopec et al., 2018; Bellissent-Funel et al., 2016),
there is still room for improvement. While actin is known to be very plastic and the impact of ions
and water molecules have been highlighted (Hocky et al., 2016; Kang et al., 2012, 2013), the pre-
cise parametrization of these components is still challenging and depends on the system studied
(Kadaoluwa Pathirannahalage et al., 2021). Recent methodological developments on polarizable
force-fields have drastically increased the accuracy of interactions between these molecules and
proteins (Shi et al., 2015, Melcr and Piquemal, 2019; Jing et al., 2019, 2021; Lynch et al., 2021;
El Ahdab et al., 2021; Célerse et al., 2019; Kratochvil et al., 2016; Li et al., 2015; El Khoury et al.,
2022). In addition, the use of enhanced sampling methods allows exploring diverse unknown states
hard to reach through the use of classical molecular dynamics simulations (Jaffrelot Inizan et al.,
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2021; Bowman et al., 2010; Miao et al., 2015; Célerse et al., 2022).

Here, we have deciphered the plasticity of g-actin by performing series of adaptive sampling
simulations combined with the AMOEBA polarizable force field (Table 1). This allows us to assess
the joint effects of histidine 73 methylation with ion concentration and nucleotide state on the
plasticity of the isolated G-actin protein. We have also assessed how nucleotide state affects F-
actin monomer at the barbed end of the filament. This work sheds new light onto the specific
plasticity of the g-actin isoform and how it is finely modulated by several environmental factors.
This may help the development of new strategies which precisely act on this isoform.

Results

Role of histidine 73 methylation on the global plasticity of ATP bound G-actin.

We performed 1.52 ps long adaptive sampling polarizable molecular dynamics simulations on both
a- and p-actin isoforms containing ATP bound nucleotide and magnesium ion in the catalytic cavity
(+150 mM of KCl). To assess the effect of the methylation of histidine 73 on the G-actin dynamics,
we simulated both non-methylated histidine (HIS73) and methylated histidine (HIC73) and mea-
sured the dihedral angle formed by the four subdomains as well as the distance between SD2 and
SD4, called cleft (Fig 1-A). For the g-actin without methylation, the protein fluctuated around a cleft
of 25 A and a dihedral angle of c.a. -20° (Fig 1-B). The histidine methylation clearly broadened the
main basin affecting particularly the cleft distance, allowing a range of cleft distances from 25A to
27A, while the dihedral angle was slightly expanded. Thus, the methylation of histidine 73 led to a
global change in the protein dynamics. This is also visible in the RMSF (Fig 1-C) where two areas,
away from histidine 73, are affected by the methylation: the D-loop (Fig 1-A), and the SD4 subdo-
main. More precisely, the dynamics of helices around residues [200-206] and [228-232], situated
at the opposite sides of SD4, were particularly affected by the methylation (Fig 1, D). Interestingly,
even if the sequence identity between a and g-actin is very high (ca 94%), the histidine methylation
seemed to affect the a isoform more (Fig S1) than the g isoform. The most affected areas for a-actin
were comparable (Fig S2) with the ones seen on g-actin. Furthermore, both minima for dihedral
angle and cleft were shifted in comparison to the g-actin isoform with respectively -17° and 27A.
Thus, the p-actin seems to display more subtle changes than the a-actin isoform. This may be re-
lated to their respective function in different tissues. For the following sections, we will focus on
the g-actin isoform as little is known on the dynamics of this protein.

Histidine 73 methylation, SD2-SD4 bridge, and enzymatic cavity.

The [200-206] helix, situated in the SD4 subdomain, is close to the SD2 subdomain (Fig 1-C,D). For
the non-methylated actin form, residues in this helix interacted with residues on the SD2 domain
to bridge the two subdomains (Fig 2-A, left panel). Especially, GLU 207 formed stable hydrogen
bonds with residue ARG 62 on SD2. With the methylation of histidine 73, these hydrogen bonds
were clearly less stable (Fig 2-A, central panel), allowing the opening of the cleft (Fig 1-B, central
panel). This opening was correlated with an increase of the volume cavity (Fig 2-B,C) passing from
680 A3 to 925 A3. Interestingly, for the methylated histidine, a second volume population started
to appear around 870 A3. As this volume change may affect molecules inside the binding site, we
checked the dynamical properties of the magnesium ion and water molecules around it. Even if
the magnesium ion is still largely bound to the y-phosphate of the ATP, in the methylated system,
a higher unbound population can be observed (with a Mg?*-y-phosphate distance of around 4 A),
suggesting a more dynamical positioning of the magnesium ion (Fig 2-D). This is also correlated
with a wider distribution of water molecules around the magnesium (Fig 2-E). So, histidine 73 may
affect actin organization from the ATP binding site up to subdomain interactions.
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Evolution of residues pathways bridging SD2 and SD4 subdomains.

Histidine 73 is near the geometrical center of the actin (Fig 1-A). Therefore its impact on SD2 and
SD4 dynamics, especially on residues located at their extremities, doesn’t appear obvious at first
sight. This may imply an allosteric pathway to link these residues with the histidine. We there-
fore performed correlation-based dynamical network analysis (Westerlund et al., 2020; Melo et al.,
2020) to analyze the shortest paths between GLU207 and ARG62, residues involved in the most sta-
ble hydrogen bonds between SD2 and SD4. For actin containing the non methylated histidine, the
2 most representative shortest paths directly linked GLU207 and ARG62 (Fig 3-A, left and central
panels). These two paths were overrepresented in comparison to the other paths (Table S1). The
third most represented shortest path passed by residues PRO70 and GLU72, located on the sensor
loop (Fig 3-A, right panel), displaying different conformations depending on the bound nucleotide
(Graceffa and Dominguez, 2003). In this path, the formation of the [GLU72-ARG183] salt bridge
linked the SD2 and SD4 subdomains. Interestingly, for the methylated histidine, residues involved
in this latter path are all present in the most representative shortest path (Fig 3-B, left panel). In this
path, there is no direct interaction between the extremities of SD2 and SD4 subdomains, meaning
that the allosteric connection is achieved through the sensor loop. For the two most representative
shortest paths the methylated histidine 73 was involved, while the third one displayed a SD2-SD4
bridge through interactions between TYR69 and ARG183. Interestingly, in the case of the methy-
lated histidine 73, the paths propensities are clearly rebalanced with close probabilities for all the
paths (Table S1). Taken together, these results suggest that histidine 73 methylation helps opening
the cleft between SD2 and SD4 subdomain, otherwise mainly closed via the GLU207-ARG61 inter-
actions. This methylation also affects allosteric paths joining SD2 and SD4 extremities rebalancing
different paths and rerouting allosteric communications between the two subdomains via the sen-
sor loop.

Modulation of histidine 73 methylation activity by ions.

Magnesium ion concentration plays an important role in actin polymerization (Kang et al., 2012).
To analyse the effect of magnesium ions, we have replaced the 150 mM of KC! with 75 mM of
MgCl,. With the addition of magnesium ions, both cleft and dihedral angles were affected with
respectively an increase in cleft opening (up to 30 A) and dihedral angle (up to -30°) (Fig 1-B, right
panel). The distribution of Mg?* ions around the protein showed numerous areas of ions interac-
tions spread on all the four subdomains (Fig S3). The residues were almost all negatively charged.
Interestingly, GLU 72 on the sensor loop, was among the interacting residues. The RMSF (Fig 1-C)
as well as the volume of the ATP binding cavity were affected by the addition of magnesium ions.
The latter displayed a larger volume than without ions (Fig 1-C). The distribution of water molecules
in the cavity is however quite narrow (Fig 1-E) with a Mg?* ion in the cavity as stable as seen for the
histidine 73 not methylated (Fig 1-D). The addition of magnesium ions also changed the allosteric
paths between GLU207 and ARG62. As seen previously, the probability of apparition of the three
most representative paths are relatively similar (Table S1). Interestingly, the most frequent path is
no longer passing through the sensor loop but on the opposite side of the binding cavity (Fig 3-C,
left panel). Hence, the addition of magnesium ions has a contrasted effect on the actin plasticity.
Onone hand, it favors the opening of the cleft and increases the dihedral angle. On the other hand,
it limits the destabilizing effect of the histidine methylation at the binding site.

Limitation of actin plasticity by ADP nucleotide.

The type of nucleotide inside the enzymatic cavity seems to affect actin internal dynamics (Ali et al.,
2022). Therefore, we have performed additional simulations with ADP in the binding cavity to
compare with ATP bound actin. In presence of ADP, the enhanced internal flexibility of the actin
monomer observed in the SD4 subdomain, for methylated histidine 73, was partially cancelled as
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160 shown by a reduced RMSF (Fig 4-A). Both methylation of histidine 73 and addition of magnesium
170 ions have little to no effect on the distribution of the dihedral angle and the cleft distance (Fig 4-B).
12 This can be explained by sustained interactions between residues at the SD2-SD4 interface even
172 with histidine methylation and magnesium ions (Fig 4-C). In this c/losed conformation, the volume of
173 the binding cavity fluctuated less than in the ATP systems (Fig 4-D). Some differences can be noted
17a  regarding the positioning of the nucleotide and its bound magnesium (Fig4-E). In the case of methy-
175 lated histidine, the magnesium ion inside the cavity was not directly bound to the g-phosphate of
176 the ADP. It could be related to the higher number of water molecules structured around the ion
17z (Fig 4-F). Similarly to ATP-bound systems, the addition of magnesium ions increased the cavity
izs volume (Fig 4-D) but the impact is less pronounced. The distribution of water molecules around
17e  the magnesium ion was then slightly larger (Fig 4-F) and reequilibrated the population of bound
180 Magnesium ion in the cavity (Fig 4-E). Finally, the allosteric paths between SD2 and SD4 were also
1,1 affected by the binding of ADP comprising fewer residues (Table S1). This resulted in shorter paths
182 (Fig 4-G,H) mainly involving a direct interaction between ARG 62 and GLY 207 or passing through
1e3  the TYR69-ARG183 interaction. Thus, for ADP binding, the actin was in a closed state and allosteric
12 paths involved less the sensor loop for the correlation between SD2 and SD4 subdomains limiting
15 the impact of histidine 73 methylation.

1z Impact of the K118N mutation on actin dynamics.

1ss The K118N mutation is known to enhance actin polymerization and nucleation (Ali et al., 2022;
180 Kruth and Rubenstein, 2012). To understand the potential impact of this mutation on the actin
100 dynamics, we performed simulations of this mutant in the presence of ATP or ADP. In the pres-
101 ence of ATP, the Cleft-dihedral map (Fig S1) revealed an actin conformation in a more open state
12 ([-24°,26.5A]) similar to conformations seen in the case of histidine methylation with addition of
103 magnesium ions but locked around a specific minimum. In the presence of ADP, the mutation had
104 a very low impact on the cleft-dihedral map. Thus, the K118N mutation favors a specific, open,
165 conformation.

107 F-Actin plasticity at the barbed end.

10s  We then studied the conformational dynamics of actin monomers at the extremity of a filament.
100 We were especially interested by the barbed end, the most dynamic end, where ATP-G-actin monomers
200 are primarily added (Merino et al., 2020). To do so, we performed simulations of a short filament
201 CONtaining four F-actin monomers whose the two last monomers at pointed end were constrained
202 to mimic a longer filament (see details in the Method section). Each actin monomer contained the
203 methylation of histidine 73 and were simulated with ATP or ADP. As done for the G-actin monomer
20a  Systems, we carried out 1.52 ps long adaptive sampling polarizable molecular dynamics simula-
205 tions. We assessed the dynamics of the last (B) and penultimate (B-1) monomers at the barbed
206 end (Fig 5-A), which seem to experience major deformations (Zsolnay et al., 2020). Contrary to
207 G-actin structure, the largest changes of the last F-actin monomer were observed for the binding
200 Of ADP while these changes were limited for ATP binding (Fig 5-A and Fig S6-A). Specifically, with
200 ADP, the cleft-dihedral map displayed values tending to reach the ones observed for the G-actin
210 monomers (Fig 4-B) while the B monomer stayed in a more flatten configuration when ATP nu-
211 cleotide is bound. The B-1 subunit appeared to be less affected by the nucleotide state, probably
212 dueto a higher number of contacts with the other monomers in the filament (Fig S5, S6). Neverthe-
213 less, the B-1 subunit explored larger cleft distances in the ADP bound form than in the ATP bound
212 form (Fig S5). For both B and B-1 subunits, the dynamics of the 220-230 helix (Fig 4-C) is the most af-
215 fected (Fig S6). This helix from the B subunit strongly interacted with the C-terminal residues of the
216 B-1 subunit for bound ADP but not in the case of bound ATP (Fig 4-D). This C-terminal part interacts
217 With the D-loop of incoming actin monomer (Durer et al., 2012). Thus, the ADP bound actin may
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compete with the D-loop from an approaching actin monomer delaying the filament elongation.

Discussion

Actin has been one of the most studied proteins by theoretical means over the last 20 years, in
monomer (Splettstoesser et al., 2009; Saunders and Voth, 2011; Saunders et al., 2014; McCullagh
et al., 2014; Jepsen and Sept, 2020) or in filament (Chu and Voth, 2005; Hocky et al., 2016; Jepsen
and Sept, 2020; Zsolnay et al., 2020). All of these theoretical works have been achieved using clas-
sical atomistic force fields with a fixed partial charge on each atom. The recent developments of
Tinker-HP (Lagardére et al., 2015; Lipparini et al., 2014; Lagardére et al., 2018; Lagardére et al.,
2019; Adjoua et al., 20217) has opened the door to study biological systems with polarizable force-
field reaching simulations time up to several microseconds (Jaffrelot Inizan et al., 2021; El Ahdab
et al., 2021). In this study we have performed a series of adaptive sampling simulations using the
AMOEBA polarizable force field on 12 different actin systems (Table 1), reaching a total of more
than 18 ps of simulation. This demonstrated how it is now possible to study structural changes
in large biomolecular systems using a polarizable force field. We focused our work on g-actin, an
important isoform not yet studied by molecular dynamics simulations. Our results highlights the
differences between a-actin and g-actin isoforms in term of dynamical behaviour (Fig S1) prompt-
ing us to further investigate this isoform.

The methylation of histidine 73, a post translational modification conserved in several animals
(Johnson et al., 1967), has recently regained interest following the structure determination of the
SETD3 methyltransferase (Kwiatkowski et al., 2018; Wilkinson et al., 2019). Actin purified from
Setd3 knockout shows an increased rate of nucleotide exchange and decreased polymerization
kinetics (Wilkinson et al., 2019). Additionally, Setd3 knockout cells show a decrease in F-actin
content, which is consistent with the prediction that methylation increases actin filament stability
(Kwiatkowski et al., 2018). Our results showed an enhanced dynamics of the actin monomer once
methylated, in the ATP state, in both « and g isoforms (Fig 1 and Fig S1). This resulted in the opening
of the cleft due to the disruption of direct interactions between ARG 62 and GLU 207 respectively
on SD2 and SD4 subdomains (Fig 2) which may help the structural adaptation of the actin monomer
at the extremity of the filament. Furthermore, ARG 62 and GLU 207 residues are also involved in
inter-monomer interactions in the filament (Oda et al., 2009). Thus, intra-monomer interactions
may compete with inter-monomer interactions during the process of filament elongation and nu-
cleation which may delay the formation of actin filament. Our results showed how breaking these
interactions via the introduction of histidine methylation may thus explain an increase in actin fil-
ament nucleation. Our results also highlighted that without the histidine methylation the cavity
volume is quite narrow and the number of water molecules in the cavity smaller (Fig 2-C,E). This
can be related to the water network which may play an important role in the hydrolysis of the
ATP (McCullagh et al., 2014). The histidine methylation may then modify the organisation of water
molecules with an increase of cavity volume and number of water molecules (Fig 2-C,E) thus mod-
ulating the ATP hydrolysis, otherwise prematurely started in non-methylated actin (Nyman et al.,
2002).

Previous works have shown how the magnesium ions concentration enhances actin polymer-
ization (Kang et al., 2012). Here, the addition of magnesium ions enhanced the actin flexibility and
increased the cleft distance for the ATP bound state with histidine methylation (Fig 1-B). This can
further link the opening of the actin with its ability to adapt and interact with other actin subunits
at the filament extremities. Interestingly, the K118N mutation, known to enhance actin polymer-
ization (Ali et al., 2022), locked the actin structure in an open state (Fig S1, S2).

Actin protein seems less likely to polymerize in the presence of ADP (Cooke, 1975). Here, we
have shown that the plasticity of the actin is drastically affected in the presence of ATP limiting
the opening of the cleft for all the studied conditions (Fig 4-B). Thus ADP binding may lock the
actin monomer in an closed state (Fig 4-G) which may prevent it from easily adapting its structure
to elongate the filament. Furthermore, at the the barbed end, F-actin with ADP bound displayed
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26s larger structural deformations towards a G-actin form while F-actin with ATP bound seemed more
260 Stable (Fig 5-B). Interestingly, the F-actin with ADP bound started interacting with the C-terminal
270 part of the penultimate subunit (Fig 5-C,D) which may prevent the interaction of an incoming actin
272 mMonomer via its D-loop (Zsolnay et al., 2020; Durer et al., 2012). Thus, by stabilizing G-actin closed
272z form and destabilizing F-actin form, the ADP may limit the polymerization of the actin filament.
273 Using correlation-based dynamical network analysis (Fig 3, Fig 4-G, and Fig S4) we were able to
272 link actin flexibility with different paths between the SD2 and SD4 subdomains. Regarding the ATP-
275 bound systems, these paths mainly involved the sensor loop in the open state. Conversely, paths
276 Observed in ADP bound states almost never involved this loop, minimizing the histidine methyla-
277 tion effects on SD2-SD4 mobility. Altogether, these may give a first clue on allosteric pathways
27s  linking molecular rearrangements in the binding site to large conformational changes at the actin
270 extremities.

280 Taken together, our results highlight how the post translational modification of histidine 73 can
21 Change the dynamical properties of actin structure and can act in concert with other parameters
282 such as the type of nucleotide and ions. By bridging changes at the molecular level to structural
2e3  flexibility, these results highlight allosteric paths which may be targeted by ligands in order to cre-
2sa  ate specfic allosteric modulators of the g-actin isoform.

s Methods and Materials

s Systems preparation

287 Theinitial structures of the Actin monomer in the ATP and ADP were obtained from the 1NWK(Graceffa
2s  and Dominguez, 2003) and 1)6Z(Otterbein et al., 2007) pdb files respectively. In the ATP state, the
280« and p-actin sequences were used. As the N-terminal acetylation or arginylation of the g-actin is
200 known to have diverse biological effects (Varland et al., 2019; Chen and Kashina, 2021), we decided
201 to remove the N-terminal amino acid, starting our g-actin sequence at ASP2. The N-terminal and
202 C-terminal extremities and the D-loop were generated using modeller(Sali and Blundell, 1993). In
203 the original pdb files, the nucleotide is under the form of AMP and in presence of a calcium ion. We
202 morphed the AMP into ATP and replaced the calcium ion for a magnesium ion, to stick closer to
205 physiological conditions. It has been demonstrated that crystallographic water molecules located
206 inside the cavity may impact the behaviour of the protein(Saunders and Voth, 2011). Therefore,
207 the water molecules placed at less than 10Aof the magnesium ion were kept at the start of the
20 Simulation. In addition to the monomer systems, two 4-mer systems were prepared based on the
200 6BNO(Gurel et al., 2017) pdb file, in presence of ADP and ATP. For the ATP state, the ADP has been
300 morphed into ATP. The N-terminal and C-terminal extremities only were generated using modeller.
301 For all systems, the residues have been protonated following the results of PROPKA3(O/sson et al.,
s02  20717). All systems were solvated in water boxes using the xyzedit tool of the Tinker-hp distribu-
503 tion(Rackers et al., 2018), so that there was at least 20Abetween two images of the protein. The
304 Systems were then neutralized and KCL atoms were added to reach 150mM concentration. Regard-
305 ing the simulations at high MG2+ ions concentrations, all K+ atoms were replaced by half number
306 Of MG2+ ions. The force field parameters used for the protein parameters was the AMOEBA Po-
sz larizable force field for proteins(Shi et al., 2013). Previously published parameters were used for
308 the ATP and ADP systems(Walker et al., 2020). The parameters of the HIC73 residues were de-
300 veloped following the procedure used to develop the AMOEBA force field for proteins. All QM
310 calculations were performed using Gaussian09(Frisch et al., 2009). The model residue used to de-
su velop the parameters was a dipeptide Ac-HIC-NME were the Ac, NME and backbone parameters
12 were extracted from the AMOEBABIO18 force field(citep amoeba nucleic acids). Briefly, geometry
;13 optimisation were carried out at the MP2/6-31G* level. Initial atomic multipoles were derived at
e the MP2/6-311G** level using the Distributed Dipole Analysis (DMA) procedure(Stone, 1987). The
315 resulting atomic multipOles were optimized against MP2/aug-cc-pvtz electrostatic potential on a set
a6 Of grid points distributed around the dipeptide. During this fitting, the monopoles were held fixed.
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The point charges were adjusted at the junction atom between the backbone and the sidechain
(adjustment of 0.03 on the -CH2- carbon atom charge), to insure electrical neutrality. As realised
in the original AMOEBA for protein publication, 3 conformations were used to realize the fitting of
the dipble and multipdle components. The valence,vdW and torsional parameters were extracted
from the AMOEBA parameters of the classical HIS residue.

Simulation setup

All molecular dynamics simulations were performed using the GPU version of the Tinker-HP soft-
ware(Adjoua et al., 2027). During the calculations, periodic boundary conditions were employed
using the Particle Mesh Ewald method. The van der Walls and PME cutoffs were respectively of
12Aand 7A. An analytical long range correction of the vdW parameters has been used. The dipole
convergence criterion of the preconditioned conjugate gradient polarization solver was set up to
0.01 Debye/atom for the minimization steps, and to 0.00001 Debye/atom otherwise. For the mini-
mization steps, no polarization or multipole terms were used. The systems underwent a minimiza-
tion of 30 000 step using the steepest descent algorithm. The next equilibration steps were realised
by using a timestep of 1fs, the RESPA propagator and the berendsen barostat (when relevant) un-
less stated otherwise. The solvent was then progressively heat up in the NVT ensemble, coming
from 5K to 300K using 10K steps and spending 5ps at each temperature, before undergoing addi-
tional 100ps at 300K. The system was then allow to slowly relax 3x 400ps in the NPT ensemble while
applying harmonic constraints 10, 5 and finally 1 kcal/mol on the backbone atoms of the protein.
At this point, all restraints were removed from the systems, and we used the montecarlo barostat
in combination with the BAOAB-RESPA1(Lagardére et al., 2019) propagator. Three final equilibra-
tion steps were performed during 100ps, 200ps and 500 ps by respectively increasing the outer
timestep from 1fs to 2s, then 5fs. Regarding the production run, all calculations were performed
in the NPT ensemble, using the montecarlo barostat and the BAOAB-RESPA1 propagator with an
outer timestep of 5fs, and hydrogen mass repartioning. A first 10ns simulations was performed to
generate a first set of structures. In order to maximize the space exploration on our system, we
then realized a procedural adaptive sampling procedure: a certain number of structures were first
extracted from this initial simulation to perform the first adaptive sampling round. The seeds are
chosen following a procedure already described(Jaffrelot Inizan et al., 2021). Briefly, a principal
component analysis is performed on the 10ns simulation using the scikit-learn(Pedregosa et al.,
2011) and MDTraj(McGibbon et al., 2015) packages from which the n=4 first principal modes are
considered (note:10 modes are calculated). The density p, of the collective variables is then pro-
jected on the 4 modes and approximated using a Gaussian density kernel estimator:

My

1 |X _xi|2
pi(x) = Crody M, ZGXP_T (M

i=1

With the ¢ bandwith being chosen with the D.W Scott method of Scipy(Virtanen et al., 2020),
M, being the total number of configurations, x; the orthogonal projection of the configuration on
the n PCA modes. Then a bias is introduced to the selection of a new seed x; under the following
form:

—1
P@) = Mpki 2)

20 &)
j=1

The probability of selecting the x, structure is inversely proportional to its density, projected
on the first 4 PCA components. This allows to equalize the chances of selecting rare structures as
well as highly present ones, allowing to search for new, undiscovered structural states. Following
this, 10 ns simulations are set up and will form the new space of structures for the next adaptive
sampling round. For each following round, all simulations will be added to the space of structured
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Table 2. Number of seeds of each round of Adaptive sampling.

1st 2nd to 10th  total simulation time

8*10ns 16*10ns 1.52ps

Table 3. Definition of each subdomain

SD1 SD2 SD3 SD4

5-33
80-147 34-39 148-179 180-219
Residues 334-349 52-69 273-333 252-262

on which the next adaptive sampling will be performed. The number of seeds used on each round
is summed in Table 2. Regarding the 4-mer systems, we were interested in the behaviour of the
barbed end only. For this extremity, it has recently been demonstrated that the behaviour of the B
and B-1 residues is different of other residues of the filament. Therefore, to simulate the behaviour
of this extremity only, the backbone atoms of two monomers forming the pointed end have been
constrained using a 10kcal/mol restraint. This way, it was possible to study the evolution of the
barbed end in a constrained filament, while keeping the sidechains free. Finally, 1.52 ps long simu-
lations were generated on eight monomer systems and two 4-mer systems, resulting in a total of
18.24 ps.

Analysis

Most quantities has been calculated using the VMD software(Humphrey et al., 1996). Regarding
the cavity, volumes have been computed with E-pock(Laurent et al., 2015). Finally, shortest paths
have been calculated using the Dynetan tool(Melo et al., 2020). Each of the observable had to be
reweighted to take into account the bias introduced by the adaptive sampling. For this purpose,
the unbiasing factor a; of each seed is defined as :

1

%= M PG) (3)

The final weight of each seed is then:

4

a;
w; =

Ze

J

The dihedral and cleft angle has been defined following the work of Saunders and cowork-
ers(Saunders et al., 2014). Dihedral = SD2-SD1-SD3-SD4, Cleft = SD2-SD4 distance. To compute
these quantities, the center of mass of each subdomains have been defined as following:

The volume of the cavity has been calculated by defining a 6Asphere around the N1, N9, PA, PG
(PB for ADP) atoms of the nucleotide and one additional sphere around the MG2+ ion coordinated
to it. For the calculation of shortest paths, the shortest path of each seed has been calculated
on the 10ns. Then all found shortest paths were reweighted accross all seeds, and the 3 highest
shortest paths have been kept for figures. All shortest paths accounting for more than 3 percent
of all paths are available in supplementary informations.
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Figure 1. ATP-bound p-actin fluctuations. A- Subdomains localisation. Definition of the cleft as the distance
between SD2 and SD4 and the dihedral angle formed by SD2-SD1-SD3-SD4 subdomains. B- Distribution of
cleft-dihedrals for actin without methylation (HIS73), or with methylation (HIC73) in presence of KCl and MgCl,
(HIC73+Mg). C- RMSF of each system. Zoom on the SD4 subdomain, with a focus on a) [200-206] and b)
[228-232] helices D- Representation of each system colored according to their RMSF.

A HIS73 HIC73 HIC73+Mg**

GLN59  ARG62 GLN59  ARG62

ARG62 TNRZOB/\
'\‘ y

&

GLN59 ARG62 1.0

THR203

a
a
c
8
S
N
-
F4
3
8
S
&

£0ZUHL £L0ZN1D
E0ZUHL £0ZN1D

spuog-H jo Ajisuaq

=3 HIS73 y =1 HIS73
=3 HIC73 025 3 HIC73
=0 HIC73+Mg** 175 0 HIC73+Mg?|
>
2z
% g 150 ‘g 020
H 925 A3 g H
g S K]
> = > 0.15
£ = 100 £
3 ] 3
s Sors Sow
° & g
a 050 &
0.05
025
0.004 0.00 4
700 800 900 1000 1100 1200 1 6 8
Cavity size (A3) Distance Mg?*-Py Water molecules

Figure 2. Local variations of ATP-bound p-actin systems A- Representation of main links involving SD2 and
SD4 residues. Links are colored with respect to the normalized density of Hbonds between these residues
along simulations. B- Representation of nucleotide cavity located in main basin of fig 1. C- Cavity size of each
system D- Distance between magnesium lon and y-phosphate. E- Number of water molecules located at 5A
or less of the magnesium lon.
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Figure 4. Replacement of ATP for ADP cancels the g-actin dynamics. A- RMSF of ADP-Actin systems. B-
Cleft-Dihedral maps of ADP-Actin systems. C- Main H-bonds between SD2-SD4 subdomains in ATP-HIC
system. D- Cavity volume of ADP-Actin systems. E- Distance between g phosphate of ADP and magnesium ion
inside the cavity. F- Number of water molecules located at less than 5A from the magnesium ion of the cavity.
G- Representation of three most represented shortest paths between ARG62 and GLU207 in ADP-HIC system
and H- Licorice representation of involved amino acids. Pathways of HIS and HIC+Mg systems are available in
Fig S4
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Figure 5. Nucleotide dependant fluctuations of the barbed end. Upper panel: Representation of subunit
B (colored) and B-1 (Dark Grey). Distribution of Cleft-Dihedrals angles for B subunits in ADP and ATP states.
Lower Panel: Highlight of C-terminal extremity of B-1 subunit and 220-230 helix of subunit B. Representation
of the highest hydrogen bonds between C-terminal extremity of B-1 subunit and 220-230 helix of subunit B.
Density of hydrogen bonds between C-terminal extremity of B-1 subunit and 220-230 helix of subunit B in

ADP and ATP state
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