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The functional importance of the methylation of histidine 73 (H73) in actin

remains unclear. Focusing on cytoplasmic S-actin, present in all mammalian
cells, we use molecular dynamics simulations with a polarizable force field and
adaptive sampling to examine the effects of H73 methylation. Our results show
that methylation enhances nucleotide binding cleft opening, alters allosteric
pathways connecting subdomains 2 and 4 (SD2 and SD4) in G-actin, and affects
backdoor openings and inorganic phosphate release in F-actin, as validated by
biochemical assays. These effects depend on the nucleotide and ions inter-
acting with the actin. Together, our findings reveal how H73 methylation
regulates fB-actin plasticity and integrates environmental cues.

The actin cytoskeleton is involved in numerous cellular functions, such
as cell shape maintenance, proliferation, and migration'. Over many
decades, studies using a-actin, the main actin isoform present in ske-
letal muscle tissue*’* as a model of choice, revealed that actin under-
goes large conformational changes as it executes its function®. Thus, it
is well established that actin monomers assemble to nucleate and
elongate filaments®, which form the basis of the cytoskeleton. Struc-
turally, the addition of actin monomers at filament ends induces a
transition from the globular actin monomer (G-actin) to a flattened
F-actin structure®. In the filament, the actin structural plasticity is also
important for its ATPase activity. Actin molecules achieve this plasti-
city through the movement of their four distinct subdomains (SD1-4)
that change relative orientations in response to nucleotide binding,
ATP hydrolysis, and inorganic phosphate (Pi) release’. These events, in
turn, modulate the mechanical properties of the filament and inter-
actions with many actin-binding proteins®.

In addition to being modulated by ATP and ADP binding**?, and
ATP hydrolysis, actin plasticity also depends on other environmental
factors, such as the surrounding ions'. Furthermore, recent work has
highlighted the importance of the methylation of histidine 73 (H73) in
affecting filament formation and the rate of ATP hydrolysis in the

monomeric form'. Although first reported almost six decades ago',
H73 methylation has remained a biochemical oddity and continues to
be somewhat of a functional mystery. The recent identification of
SETD3 as the methyltransferase responsible for catalyzing this rare and
rarely studied post-translational modification™" has reignited interest
in the role of H73 methylation in actin biology. Previous structural
studies showed that H73 is located within a region of actin known as a
sensor loop (Fig. 1A)*. Given this location, and the specific interactions
methylated H73 makes with the nucleotide-binding cleft located
between subdomains 2 and 4 (SD2 and SD4; Fig. 1A), this post-
translational modification (PTM) was proposed to be a key regulator
that couples ATP hydrolysis and Pi release with filament formation®.
However, many details of the mechanism(s) that are governed by the
methylation of H73 in actin remain unknown. Additionally, the precise
role of H73 methylation in actin dynamics and plasticity remains
incompletely understood.

Here, we address some of these mechanistic questions using f-
actin as a model system. We chose to focus on B-actin because it
remains far less studied actin isoform, despite its functional relevance.
Firstly, unlike a-actin, which is only expressed in skeletal muscles, g-
actin is ubiquitously expressed in all cells. Furthermore, S-actin plays a
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Fig. 1| ATP-bound S-actin plasticity. A Actin is divided into four subdomains: SD1
(blue), SD2 (red), SD3 (green), and SD4 (tan). The nucleotide-binding cleft (Cleft,
measured in A) represents the distance between SD2 and SD4 domains while the
dihedral angle (measured in degrees) is formed by the four subdomains in the
order SD2-SD1-SD3-SD4. The actin is represented with SD2 in upper left and SD4 in
upper right (which corresponds to the back of the classic view of actin) to
emphasize the positioning of Histidine 73. B Distribution of cleft(A)-dihedrals(°) for
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actin without methylation (HIS73), or with methylation (HIC73) in the presence of
KCl and MgCl, (HIC73 + Mg?"). C RMSF of each system. Zoom on the

SD4 subdomain, with a focus on helix H1 (residues 200-206) and helix H2 (residues
228-232). Background colors correspond to subdomains presented in (A).

D Representation of each system colored according to their RMSF. Statistical sig-
nificance of differences has been assessed using a two-sided Kolmogorov-Smirnov
test (Table S3).

key role in early embryonic development, cell migration, and growth'.
More recently, B-actin has been shown to participate in chromatin
remodeling”, and there is accumulating evidence that B-actin is
important for epithelial-to-mesenchymal transition'® and is of inter-
est in cancer research?’. However, B-actin remains less studied than the
a isoform, especially in terms of its biochemical mechanism and
dynamics. This is primarily due to the fact that obtaining high-quality
sample for in vitro studies has been a major hurdle for the field, until
very recently?*

Over the last two decades, MD simulations have become an
increasingly popular strategy for studying biological systems at dif-
ferent scales®?. Notably, this methodology has been extensively
employed to delineate various properties of actin, such as structural
differences between nucleotide states”°, the localization of water
molecules in the actin-binding site and their impact on protein plas-
ticity and enzymatic properties®?, interactions with small
molecules®** and the dynamic behavior of filaments in diverse
environments®”***, However, these computational studies almost
exclusively focused on a-actin, while the S-actin isoform has remained
understudied, limiting our understanding of its dynamics and func-
tional implications.

Even if MD simulations have been instrumental in the under-
standing of how ion and water molecules interact with proteins*** the
precise parametrization of these components is still challenging and
depends on the system studied*®. Recent methodological develop-
ments on polarizable force fields have drastically increased the accu-
racy of interactions between these molecules and proteins’~". In
addition, the use of enhanced sampling methods allows exploring
diverse unknown states that are hard to reach through the use of
classical molecular dynamics simulations®® %

Here, we employed MD simulation strategies that overcome the
limitations of classical approaches by combining adaptive sampling
with the AMOEBA polarizable force field to more accurately model
interatomic interactions. We applied them to provide insights into S-
actin biochemistry and how H73 methylation together with key

environmental factors (ions and nucleotides), affect its dynamics and
plasticity both in its core and extremities. This work sheds light on the
plasticity of the B-actin isoform, where subtle structural changes can
impact actin function, from the monomer to the filament.

Results

Histidine 73 methylation modulates the plasticity of ATP-bound
G-actin

We performed 1.52 ps long adaptive sampling polarizable molecular
dynamics simulations for both a- and f-actin isoforms containing ATP-
bound nucleotide and magnesium ion in the active site, in the presence
of 150 mM of KCI in solution. To assess the effect of H73 methylation
on the G-actin dynamics, we simulated both non-methylated histidine
(HIS73) and methylated histidine (HIC73) and measured the dihedral
angle formed by the four subdomains, as well as the distance between
SD2 and SD4 which defines the size of the nucleotide-binding cleft*
(hereafter referred as “cleft”) (Fig. 1A). For HIS73 B-actin, the protein
fluctuated around a dihedral angle of c.a. —20° and a cleft size of 25 A
(Fig. 1B). The region of high density extends up to 27 A indicating the
capacity of the protein to widen the cleft during the course of the
simulation (Fig. S1 and Movie S1). Remarkably, despite differing from
HIS73 slightly (presence of an additional -CH3 group), HIC73 induced
notable changes in the cleft dynamics, causing an expansion from 25 to
27 A (Fig. S1and Movie S2), alongside a slight reduction in the dihedral
angle to -18°. To assess, which parts of the actin were most affected,
we performed Root Mean Square Fluctuations analysis (RMSF) (see
“Methods”) (Fig. 1C). We observed that the D-loop and SD4 subdomain
showed distinctive differences in their RMSF profile. More precisely,
the dynamics of helices encompassing residues 200-206 (H1 helix)
and 228-232 (H2 helix), positioned at opposite sides of SD4, exhibited
pronounced sensitivity to histidine methylation (Fig. 1D). Thus, taken
together, this suggests that histidine 73 methylation impacts not only
the local dynamics around the histidine residue but also regions distal
from this site. Interestingly, although the sequence identity between a-
and B-actin is very high (ca 94%, Fig. S2), histidine methylation seemed
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E Histograms of the number of water molecules around the magnesium (<5 A)in
the active site. Statistical significance of differences has been assessed using a two-
sided Kolmogorov-Smirnov test (Table S3).

to affect differently the amplitude of the dihedral-cleft fluctuations for
a or B isoform (Fig. S3). The most affected areas in the a-actin were
comparable to the ones seen in -actin (Fig. S4). Furthermore, both the
dihedral angle and the size of the cleft exhibited a wider range of
values in comparison to the S-actin isoform. This implies that S-actin
undergoes more subtle changes compared to the a-actin isoform.
These results highlight that slight modifications in the amino acid
sequence between actin isoforms can be translated into detectable
structural variations which may have an impact on actin functions. For
subsequent sections, we focus on the f-actin isoform, as limited
information exists on the dynamics of this protein, despite of its
importance (as introduced above).

Histidine 73 methylation opens the SD2-SD4 cleft and affects
the enzymatic site

Next, we focused our analysis on dissecting specific structural per-
turbations in ATP-bound monomeric B-actin caused by histidine 73
methylation. We observed that in the case of unmethylated HIS73,
residues of SD4 H1 helix interacted with residues from the SD2 domain,
effectively bridging the two subdomains (Fig. 2A, left panel). Notably,
GLU207 of SD4 formed stable interactions with residue ARG62 of SD2.
Given the charged nature of these residues, these interactions are
likely mediated via electrostatics. Additionally, based on the bond
lengths and angles we measured, hydrogen bonding may also play a
role. Regardless of the exact nature of this interaction, when we
examined the same interactions in monomeric S-actin where HIS73
was methylated (HIC73), we noted that the likelihood of interaction
between these amino acids was reduced (Fig. 2A, central panel),

facilitating the opening of the cleft. This cleft opening was correlated
with an increase in the active site volume (Fig. 2B, C) from 685 to
760 A%, As this volume change may affect molecules inside the active
site, we scrutinized the dynamic properties of the magnesium ion and
water molecules around it. We observed two magnesium ion popula-
tions (Fig. 2D): a Mg*" bound to the y-phosphate, with a distance of
2.2 A between these two atoms, and an unbound Mg?* at a distance of
4 A from the y-phosphate. For HIC73, the population of the Mg?* in the
bound state decreased. Surprisingly, we did not observe significant
changes in the number of water molecules in the active site (Fig. 2E).
Consequently, our results showed how the HIS73 methylation can
affect subdomain interactions and active sites for ATP-bound S-actin.

Histidine 73 methylation exerts allosteric effects to bridge SD2
and SD4 subdomains

Histidine 73 is situated at the core of the actin at the interface of all four
subdomains (Fig. 1A). However, the mechanism through which the
methylation of the residue influences distant regions, such as helices
H1 and H2 on SD4, remains elusive. To elucidate this, we conducted
correlation-based dynamical network analysis®**, This analysis allows
calculations of dynamic networks where nodes represent the alpha
carbons of each residue and the edges represent correlations of
motions between nodes and has been used to identify possible,
functionally relevant allosteric pathways®’. Using this approach we
identified several possible allosteric pathways between GLU207 and
ARG62, the two residues engaged in the hydrogen bond that bridges
the SD2 and SD4 subdomains (Fig. 2A, left panels). In unmethylated
monomeric S-actin (HIS73), the two most represented allosteric paths
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involved direct interactions between GLU207 and ARG62 (Fig. 3A, left
and central panels; Table S2), while the third path involved additional
residues located on both SD2 and SD4 (Fig. 3A, right panel). Interest-
ingly, the sensor loop was directly involved in this path through PRO70
and GLU72. Upon histidine methylation (HIC73 case), the direct
interaction between GLU207 and ARG62 was lost, and replaced by
interactions among a larger number of residues on SD2 and
SD4 subdomains (Fig. 3B and Table S2). Notably, the sensor loop was
involved in the two most representative paths, while the third one
displayed an SD2-SD4 bridge mediated through interactions between
TYR69 and ARGI183 (Fig. 3B, right panel). Thus, the change from HIS to
HIC introduces measurable changes in allosteric network. We also
observed that the ARGI83 residue was involved in the most repre-
sented allosteric path in both HIS73 S-actin and HIC73 g-actin. To
examine further whether a change in a single residue can introduce
changes in allosteric networks, we performed simulations of the
ARGI83GLY mutant for HIC73 S-actin. We noted that in the ARGI83GLY
[S-actin mutant, the paths connecting SD2 and SD4 were redirected
around the active site (Fig. S8B-D), which is distinct from what we saw
in HIC73 B-actin, where they pass through the sensor loop. This
rerouting was accompanied by a change in the cleft-dihedral profile
(Fig. S8A). Taken together, these findings suggest that histidine 73
methylation promotes the opening of the cleft between SD2 and
SD4 subdomains, which is otherwise held in a more closed con-
formation by the GLU207-ARG62 interaction. Histidine methylation,
which changes the local polar environment, also alters allosteric paths
that mediated interactions between SD2 and SD4, by rerouting allos-
teric communications away from direct hydrogen bonding between
GLU207 and ARG62 and towards a more significant involvement of the
sensor loop.

The presence of magnesium ions modulates the impact of his-
tidine 73 methylation

Magnesium ion concentration plays an important role in actin
polymerization'. To examine whether histidine methylation is affec-
ted by magnesium ions we have performed simulations on the
monomeric HIC73 S-actin using 75 mM of MgCI2 (to directly compare
with 150 mM KCI). At this high Mg?* ion concentration, both cleft and
dihedral angles were affected, displaying an increase (up to 30 A in
cleft opening, and up to -30° dihedral angle, respectively) (Fig. 1B,
right panel) in comparison to HIC73 system without magnesium ions.
The RMSF (Fig. 1C) as well as the volume of the ATP binding site were
affected by the addition of magnesium ions. The latter displayed a
larger volume (Fig. 2C), although the distribution of water molecules in
the active site remained unaffected (Fig. 2E). Additionally, the popu-
lation of magnesium ions not bound to the y-phosphate slightly
increased (Fig. 2D). We also used a larger simulation box of c.a.
100,000 atoms (see Table S1) to simulate a system with a molar con-
centration of 7.5 mM MgCI2 (corresponding to 5 Mg?* ions), which is
similar to the concentration used for in vitro actin polymerization
assays'®. At this Mg?* ion concentration, we also observed increases in
both cleft and dihedral angles (Fig. S5), albeit less pronounced than the
one seen for 75 mM of MgCI2. Attempting a concentration of 75 mM of
MgCI2 for this larger system size, we observed even larger modulations
of the cleft-dihedral profile (Fig. S5). Thus, monomeric actin flexibility
is dependent on the magnesium ion concentration. Magnesium (as
well as potassium) ions were interacting on numerous sites spread on
different subdomains (ASP56, GLU93, GLU99, GLU100, GLU270, and
GLU364; Fig. S6). Lastly, we examined how magnesium ions affect the
allosteric paths between SD2 and SD4 in methylated G-actin (Fig. 3C).
Interestingly, the most represented path was no longer passing
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through the sensor loop, but on the opposite side of the active site.
Hence, the addition of magnesium ions modulates the effects of H73
methylation and rebalances allosteric pathways in a way that mirrors
what we observed in unmethylated G-actin.

ADP binding reduces the impact of histidine 73 methylation on
actin dynamics

To investigate whether the effects of HIS73 methylation are dependent
on the nature of the bound nucleotide, we performed additional
simulations with ADP in the binding cavity, providing a basis for
comparison with ATP-bound actin. In the presence of ADP, the internal
flexibility of the actin monomer, particularly in the SD4 subdomain,
was reduced for methylated H73, as revealed by the RMSF profile
(Fig. 4A), although the dynamics of the H2 helix (residues 228-232) still
remained enhanced. Additionally, when compared to ATP-bound
state, ADP binding led to a decrease in the cleft opening in HIC73, and
HIC73 with addition of Mg?* (Fig. 4B). This difference can be explained
by sustained interactions between residues at the SD2-SD4 interface
(Fig. 4C and Fig. S7). We observed that when ADP is bound, the volume
of the active site exhibited reduced fluctuations (Fig. 4D). In all our
conditions (HIS73, HIC73, HIC73+Mg*), the magnesium ion in the
binding site was directly bound to the nucleotide (Fig. 4E), despite
variations in the number of water molecules around the ion (Fig. 4F).
Finally, the binding of ADP also affected the allosteric paths between
SD2 and SD4 by involving a direct interaction between ARG62

and GLU207 (Figs. 4G, H and S7), or by passing through TYR69-
ARGI83. Thus, in the conditions observed in our simulations, the
binding of ADP reduced the impact of histidine 73 methylation on
actin plasticity.

Impact of the deafness-causing mutation on histidine 73
methylated actin dynamics

The mutation of lysine 118 into asparagine (LYSII8ASN) has been
shown to cause deafness®, most likely due to its impact on the rate of
actin polymerization and nucleation®®®’. To have a better compre-
hensive view on the influence of this mutation on actin filament
nucleation, we conducted simulations with LYSI1I8ASN actin in the
presence of both ATP or ADP and HIS73 methylation (HIC73). In the
presence of ATP, the cleft-dihedral profile (Fig. S3) revealed a more
open state, yet more focused, closely resembling conformations seen
in the case of HIC73 with addition of magnesium ions. Interestingly, for
bound ATP, the actin flexibility was also reduced (Fig. S4) compared to
the wild-type HIC73. This suggests that the LYSIISASN mutation not
only induces a more open conformation but also imparts a degree of
structural rigidity to the actin filament in the presence of ATP. Con-
versely, in the presence of ADP, the mutation had a very low impact on
the cleft-dihedral map (Fig. S3). Interestingly, these results highlight
that even residues that are remote from the nucleotide-binding pocket
do influence the nucleotide state-dependent flexibility of G-actin, with
consequences on nucleation and polymerization kinetics®**”.
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Histidine 73 methylation stabilizes F-actin at the barbed end
The transition from G-actin to F-actin that accompanies actin poly-
merization is essential for cellular function. To understand the impact
of H73 methylation on F-actin assembly and dynamics, as a function of
nucleotide binding, we analyzed conformational dynamics of actin
subunits at the barbed end of the filament. Simulations were per-
formed on the four F-actin subunits, with the two subunits towards the
pointed end constrained to mimic a longer filament, and two on the
barbed (growing) end free to sample broad conformational space (see
details in the “Methods” section). For all the subunits, H73 was either
methylated (HIC73) or non-methylated (HIS73), and the active site
contained either ATP or ADP. Utilizing 1.52 us of polarizable MD
simulations with adaptive sampling, we explored the dynamics of the
last (B) and penultimate (B-1) subunits at the barbed end (Figs. 5A
and S9-S11), which have been reported to experience major
deformations®. In the methylated system, the last F-actin (B) subunit
exhibited more pronounced deformation when ADP was bound, than
in the presence of ATP (Fig. S1I0A), which is in contrast to what we
observed in G-actin. Specifically, with ADP bound, the cleft-dihedral
profile of HIC73 (see Fig. S11) displayed conformations going towards
those observed for HIS73 G-actin monomers (Fig. 4B). On the contrary,
with ATP bound, the B subunit was stabilized in a more flatten filament-
like form (Fig. S11) as seen in recent cryo-EM structures of the barbed
end®®®, The penultimate (B-1) subunit appeared less affected by the
nucleotide state, probably due to a higher number of contacts with the
other subunits in the filament (Figs. S9 and S10B). For both B and B-1
subunits, the dynamics of the H1 helix was the most affected in com-
parison to the monomeric form (Fig. S10). For HIC73, in the B subunit,
this helix strongly interacted with the C-terminal residues of the B-1
subunit for bound ADP but not in the case of ATP (Fig. S12). Both ATP-
and ADP-bound HIS73 systems were less stabilized in the F-actin con-
formation than the ATP-bound HIC73 system (Fig. 5B). We also
observed more interactions between the C-terminal part of the B-1
subunit and the H1 helix of the B subunit in these systems (Fig. S12).
These results showed that H73 methylation also modulated multiple
different aspects of F-actin plasticity, further highlighting the biologi-
cal significance of this PTM.

Histidine 73 methylation reduces the opening of molecular
backdoors at the barbed end and in the core of the filament
Molecular dynamics simulations were recently used to propose two
plausible pathways for the release of inorganic phosphate (Pi) after
ATP hydrolysis in the F-actin state®. The first pathway involves the
breaking of the interaction between ARGI77 and ASNI111 and was
experimentally validated, while the second one requires the breaking
of the SER14-GLY74 interaction (see Fig. 5C)*°. This pathway remains to
be experimentally demonstrated. Based on our simulations, this sec-
ond backdoor was mainly closed in the presence of methylated histi-
dine, and open for non-methylated histidine in the ATP-bound state of
both B (Fig. 5D, E) and B-1 (Fig. S13) actin subunits. Interestingly, the
reanalysis of the data openly deposited by the Hummer lab® (see
“Methods” section) agreed well in terms of opening and closing dis-
tances for this second backdoor (Figs. 5D, E and S13). Additionally,
Oosterheert and coauthors proposed that the ARG177-ASN111 back-
door was open for the last actin subunit®. We also observed the
opening of this backdoor in the last subunit, independently of the
histidine methylation (Fig. S13).

We have also performed 400 ns simulations of the filament actin
core using eight F-actin subunits containing ATP. The two subunits at
the pointed and barbed extremities were constrained to mimic an
infinite filament (see “Methods” and Fig. 5F). We analyzed the dynamics
of the four central subunits. On average, the ARG177-ASN111 backdoor
was mainly open for the non-methylated HIS73, while it was mainly
closed for the methylated HIC73 (Fig. 5G). In our simulations, the
SER14-GLY74 backdoor displays both open and closed states for

unmethylated and methylated histdine 73 (Fig. 5G). Analyzing each
subunit separately (Fig. S14) highlighted some heterogeneity in terms
of Cleft-Dihedral and backdoor opening. This heterogeneity may be
due to the constraints applied at the extremities of our model to mimic
an infinite filament. Nevertheless, we can notice that the ARG177-
ASNI11 backdoor was more open for actin subunits in a configuration
closed to the F-actin for both methylated and unmethylated histidine
73 (Fig. S14). We also looked at the H161 w angle (Fig. S14), which may
adopt two different values, 43.2° in F-form and -85.6° in G-form®, and
has been recently identified as potentially important for Pi release’. In
our simulations, this angle may adopt both values depending on the
considered subunit. Longer simulations on larger systems may help
refining these trends. Taken together, our results suggest a faster Pi
release for actin filaments containing unmethylated HIS73 due to
backdoors opening in the core of the filament and at the barbed end.

To test the impact of the histidine methylation on the release of Pi
within F-actin subunits, we performed in vitro actin filament depoly-
merization assays using microfluidics” (Fig. 51, see “Methods”). We
observed that the Pi release rate was almost 3-fold lower for histidine-
methylated S-actin compared to the non-methylated one (Figs. 5]
and S15). Thus, our data, together with the recent observations®,
indicate that histidine methylation controls the release of Pi in F-actin,
mainly by limiting the opening of the ARG177-ASN11 backdoor in the
core of the filament, and potentially of the SER14-GLY74 backdoor at
the barbed end.

Discussion

In this study, we performed adaptive sampling simulations using a
polarizable force field on 19 different actin systems (Table S1), reaching
a total simulation time of more than 26 ps. Although actin has been
extensively studied using classical computational strategies® 30207323645
in this work we used a polarizable force field, which improves the
accuracy of modeling interatomic interactions. This accuracy, in turn,
enables more precise insights into molecular determinants of con-
formational changes and dynamics that accompany actin assembly and
function. Notably, the models of the barded end and core filament,
containing respectively from 250k to 525k atoms, represent, to the best
of our knowledge, one of the largest systems being modeled with this
type of force field and for such extended timescale. This highlights that
MD simulations in combination with polarizable force fields can now be
used on large molecular systems to study biologically relevant
mechanisms. Due to the size of the actin filament system, we only
performed 400 ns of simulations. In the future, longer simulations on
larger systems (e.g., filament containing 12-16 monomers) will help
obtaining more sampling to refine the results presented here. With the
continuous growth of computing ability with graphics processing units
(GPUs) or exascale supercomputers’™, this type of modeling will
become more common.

Although focusing our core interest on S-actin, as a more pre-
valent yet less understood actin isoform, we used a-actin to bench-
mark our approach. Overall, our results for this isoform are in broad
agreement with previous atomistic simulations**°, supporting the
validity of the polarizable force field approach. For example, in our
study the cleft distance varied from 23 to 25 A in the ATP state, which is
similar to what was seen by Saunders et al.”’. However, we note that the
dihedral angle values varied among the studies: —18 to -23° for Saun-
ders et al.”’, —11.7° in recent work by Jepsen et al.*°, and -12 to -18° in
our calculations. Some of this variability may be due to the intrinsic
difference between the results obtained using a polarizable force field
and those from non-polarizable atomistic force field simulations, as
recently demonstrated for other proteins®. Importantly, our simula-
tions revealed that a- and S-actin exhibited distinct patterns of flex-
ibility (see also Fig. S4 for a direct RMSF comparison), suggesting that,
despite the high sequence identity between isoforms, mammals do use
different isoforms to build specific networks tailored to specific
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Fig. 5 | Actin flexibility at the barbed end and inorganic phosphate release.

A Representation of ultimate (subunit B, colored) and penultimate (subunit B-1,
dark gray) at the filament barbed end. B Distribution of Cleft(A)-Dihedrals(°) angles
for ultimate (B) subunit in HIC73 and HIS73 systems containing either ADP or ATP
molecules. “Statistical significance of differences have been assessed using a two-
sided Kolmogorov-Smirnov test (Table S3)”. C Zoom on the G74-S14 backdoor in
the ultimate subunit. D Distribution of distances between N111 and R177 residues in
HIS73+ATP and HIC73 + ATP states of B subunit. The blue curve corresponds to
distances extracted from unbiased MD simulations®. E Distribution of distances
between S14 and G74 residues in HIS73 + ATP and HIC73 + ATP states of B subunit.
The metaD_i (purple) and metaD f (blue) distributions correspond respectively to
distances observed in the initial and final states of metadynamics simulation® (see
“Methods”). In this simulation, the G74-S14 backdoor is closed in the first half of the
simulation(metaD i, purple dashed curve), and open in the second half of the

beta cytoplasmic actin

simulation (metaD _f blue dashed curve). F Representation of the core subunits,
with a zoom on the ASN111-ARG177 backdoor. Light gray subunits were harmoni-
cally restrained during the simulations. G Averaged distribution of distances
between N111 and R177 residues in HIS73 + ATP and HIC73 + ATP states in the core
subunits. H Averaged distribution of distances between G74 and S14 residues in
HIS73 + ATP and HIC73 + ATP states in the core subunits. I (left) In vitro actin
filament depolymerization assay performed in microfluidics. Fluorescently labeled
P-actin filaments are exposed to buffer only to induce their depolymerization
(see “Methods”). (right) Kymograph of a depolymerizing actin filament. J Pi release
rates measured experimentally for HIC73 or HIS73 S-actin filaments. Individual
data points represent the fitted value of the Pi release rate, for at least 30
filaments per assay. Large data points are the mean values of those repeated
experiments. Statistical significance of differences has been assessed using T-test:
p value=11x10"
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functions. Amino acid differences from a-actin to S-actin are spread on
three subdomains (see Fig. S2). These structural differences may
modulate allosteric paths directly or indirectly. Thus, it would be
informative, in a future study, to perform in silico mutations for these
specific residues to see how each one individually affects a- or S-actin
dynamics. Our observations on the deafness-causing K118N actin
mutant already suggest how actin processes, such as filament nuclea-
tion and elongation, are sensitive to actin monomer flexibility. Differ-
ences observed in our simulations are consistent with a difference in
phosphate release rate between a-actin (in between 0.008/s and 0.01/s
—see Fig. S15) and S-actin (>0.01/s—see Fig. 5)), the latter releasing its
phosphate slightly faster” (Fig. S15). Therefore, our study may point at
protein dynamics as the key difference between otherwise almost
identical actin isoforms expressed by mammals.

In addition to expanding our understanding of S-actin, we also
addressed the role of a PTM which is highly conserved in mammals,
H73 methylation, whose function is yet incompletely understood™".
Recent studies have shown that unmethylated actin shows an
increased rate of nucleotide exchange in the monomeric form, and a
slower filament assembly rate™”*. Additionally, H73 methylation was
shown to increase actin filament stability>. Our results reveal an
enhanced internal dynamics of the methylated actin monomer in the
ATP state, which may account for these previous observations. Our
simulations of the S-actin isoform highlighted a wider opening of the
cleft between SD2 and SD4 subdomains in the G-actin form due to the
disruption of direct interactions between ARG62 and GLU207. This
opening may have implications during the early steps required for the
nucleation of actin filaments. As ARG62 and GLU207 residues are also
involved in inter-subunit interactions in the filament, they thus need to
be rearranged accordingly®. Based on our results, we speculate that
direct interactions between ARG62 and GLU207 may affect interac-
tions between actin subunits, thereby limiting the nucleation process.

We also examined mutual relationships between H73 methylation
and environmental factors, such as magnesium ions and nucleotides.
In general, we observed that actin plasticity is affected not only by H73
methylation but by other factors as well. Most notably, ADP binding
may lock the actin monomer in a closed state, impeding G-actin
structural adaptation at the filament barbed end. It is therefore rea-
sonable to think that interactions between intra-monomer residues
may compete with interactions between inter-monomer residues both
during the nucleation and elongation of filaments. Our results
demonstrate how histidine methylation affects these essential inter-
actions. Finally, histidine methylation may also play a role in stabilizing
subunits at the barbed end, as in the absence of methylation, the last
subunit tends to relax more quickly towards the G-actin form.

Using correlation-based dynamical network analysis we were able
to link actin flexibility with distinct allosteric paths between the SD2 and
SD4 subdomains of S-actin, which are critical for defining the size and
openness of the nucleotide-binding cleft, and thus ATP hydrolysis. This
led to the insight that in the case of ATP-bound methylated G-actin, the
main allosteric paths were re-routed through the sensor loop. Con-
versely, allosteric paths observed in the ADP-bound states almost never
involved this loop, minimizing the impact of histidine methylation on
SD2-SD4 mobility. Altogether, these results offer initial insights into how
allosteric paths drive local molecular rearrangements in the active site
towards large conformational changes at the actin filament barbed and
minus ends, and how they may fine-tune mechanical properties of actin
filaments®’*. This may further inform our understanding of why side-
binding proteins, such as ADF/cofilin, are highly sensitive to both the
nucleotide state of actin filaments and their mechanical state” 7%,

Our results also highlighted that H73 methylation increases the
volume of the active site, without changing the number of water
molecules inside the active site. This may indicate that methylation
influences the structuring of the water network that participates in ATP
hydrolysis*’?, rather than the number of water molecules available.

Our results also highlight that histidine methylation tunes Pi release.
The Pirelease rate within filaments is faster for non-methylated -actin,
which may be related to the opening of more than one backdoor, as
further revealed by our simulations of core subunits as well as ones
located at the filament barbed end. Wang and coauthors recently
proposed that the cleavage of interactions between Mg?* and yPi is the
limiting step of Pi release’. They also showed that the number of water
molecules coordinating the Pi had to increase prior to dissociation
with Mg?. Regarding this, the opening of the N111-R177 backdoor
might allow the entry of water molecules in the cavity, hence poten-
tially increasing the solvation of the Pi.

Overall, our results highlighted how the post-translational mod-
ification of histidine 73 can drastically change the dynamic properties
of actin in different forms, from the monomer to the filament. Our
work reveals how subtle structural changes, such as a single methyla-
tion buried within the core of the protein, could have numerous con-
sequences that affect protein plasticity at different scales. Importantly,
although understudied, histidine methylation has now been reported
in other proteins, such as SIO0A9, myosin, skeletal muscle myosin light
chain kinase (MLCK 2), and ribosomal protein Rpl3*°, with a recent
analysis identifying about 300 histidine methylation sites in the pro-
teome of HelLa cells®. Similar to what we observed in -actin, we expect
that this PTM plays a major regulatory role in many of these systems.
Thus, our study highlights the value of using MD simulations com-
bined with polarizable force fields as a method for understanding the
effects of this PTM in actin and beyond.

Methods

Systems preparation for molecular dynamics simulations

The initial structures of the mammalian a-skeletal actin monomer bound
to ATP or ADP were based on the INWK" and 1J6Z** pdb files respec-
tively. For the B-actin, we build a homology model by replacing the
residues of interest in the structure of the a-actin using the ACTB
sequence (see Fig. S2). As the N-terminal acetylation or arginylation of
the B-actin is known to have diverse biological effects*®, we decided to
remove the N-terminal amino acid, starting our S-actin sequence at ASP2.

The N-terminal and C-terminal extremities and the D-loop were
generated using modeler®. In the original pdb files, the nucleotide is
under the form of AMPPNP and in the presence of a calcium ion. We
replaced the AMPPNP by ATP and the calcium ion by a magnesium ion,
to be closer to physiological conditions.

It has been demonstrated that crystallographic water molecules
located inside the cavity may impact the behavior of the protein®.
Therefore, the water molecules placed at less than 10 A of the mag-
nesium ion were kept.

In addition to the monomer systems, two 4-mer systems and two
8-mer systems were prepared based on the 6BNO% pdb file, in the
presence of ADP and ATP for the 4-mers and only ATP for the 8-mers.
For the ATP state, the ADP has been replaced by ATP. The N-terminal
and C-terminal extremities only were generated using a modeler.

For all systems, the residues have been protonated following the
results of PROPKA3%¢ at pH 7.4. In our simulations, unmethylated HIS73
was found to be protonated once. The histidine was protonated in
Nepsilon, as represented in the study of Wilkinson and coauthors" and
as described by Li et al.¥’. Therefore, as the methylation has been
shown to occur only in epsilon, we replaced the epsilon hydrogen by
the methyl group in our simulations. We used these protonation states
for all the systems presented in this study. All systems were solvated in
water boxes using the xyzedit tool of the Tinker 8 distribution® so that
there was at least 20 A between two images of the protein. The systems
were then neutralized and KCL atoms were added to reach 150 mM
concentration. Regarding the simulations at high Mg®" ions con-
centrations, all K + atoms were replaced by half number of Mg?" ions.

The force field parameters used for the protein parameters was
the AMOEBA Polarizable force field for proteins®. Previously
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Table 1| Number of seeds of each round of adaptive sampling

Systems 1st 2nd-10th Total simulation time
Monomers and 4-mers 8x10ns 16x10 ns 1.52 us
8-mers 8x10ns 16 x10 ns (2 rounds) 400ns

published parameters were used for the ATP and ADP systems’’. The
parameters of the HIC73 residues were developed following the pro-
cedure used to develop the AMOEBA force field for proteins. All QM
calculations were performed using Gaussian09”'. The model residue
used to develop the parameters was a dipeptide Ac-HIC-NME where
the Ac, NME, and backbone parameters were extracted from the
AMOEBABIOI18 force field’”. Briefly, geometry optimization was carried
out at the MP2/6-31G* level. Initial atomic multipoles were derived at
the MP2/6-311G* level using the Distributed Dipole Analysis
procedure®. The resulting atomic multipoles were optimized against
MP2/aug-cc-pvtz electrostatic potential on a set of grid points dis-
tributed around the dipeptide. During this fitting, the monopoles were
held fixed. 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 ensure electrical neutrality. As realized
in the original AMOEBA for protein publication, 3 conformations were
used to realize the fitting of the dipole and multipole components. The
valence,vdW, and torsional parameters were extracted from the
AMOEBA parameters of the classical HIS residue.

Molecular dynamics simulation parameters

All molecular dynamics simulations were performed using the Tinker-HP
software ported on GPU***, Periodic boundary conditions were applied
using the Particle Mesh Ewald method®. The van der Waals and PME
cutoffs were, respectively, of 12 and 7 A, in combination with an analytical
long-range correction of the vdW interactions. The dipole convergence
criterion of the preconditioned conjugate gradient polarization solver
was set to 0.01 Debye/atom and 0.00001 Debye/atom for minimization
and molecular dynamics simulations respectively.

During minimization, the L-BFGS optimizer has been used without
polarization or electrostatics terms. The RESPA propagator (1fs time-
step) and the Berendsen barostat were used for equilibration steps,
and the BAOAB-RESPAL1 propagator®” was used in combination with the
Monte Carlo barostat for production steps. The solvent was progres-
sively heated up in the NVT ensemble, from 5K to 300K using 10K
steps and spending 5 ps at each temperature, before undergoing an
additional 100 ps at 300 K. The system was then allowed to slowly relax
for 3 times 400 ps in the NPT ensemble while applying harmonic
restraints of 10, 5 and finally 1 kcal/mol/A on the backbone atoms of the
protein. Three final equilibration steps were performed for 100, 200,
and 500ps by respectively increasing the outer-timestep of the
BAOAB-RESPAL propagator from 1fs to 2 fs up to 5fs.

During production, hydrogen mass repartitioning was applied on
the system. A first 10 ns simulations were performed to generate a first
set of structures. In order to maximize the phase space exploration, we
then resorted to an adaptive sampling procedure: a certain number of
structures were first extracted from this initial simulation to perform
the first adaptive sampling round. The seeds were then chosen fol-
lowing a procedure already described in*®, Briefly, a principal compo-
nent analysis is performed on the 10 ns simulation using the scikit-
learn®® and MDTraj’® packages from which the n=4 first principal
modes are considered (note:10 modes are calculated). The density px
of the conformational space is then projected on the 4 modes and
approximated using a Gaussian density kernel estimator:

@
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With the o bandwidth being chosen with the D.W Scott method of
Scipy'®’, My being the total number of configurations, x; the orthogonal
projection of the configuration on the n PCA modes. The selection of
new seeds x; was then biased as following :

Py 1(x)
> P )

The probability of selecting the x; structure being inversely pro-
portional to its density, projected on the first 4 PCA components, this
selection method favors the exploration of structural states.

Following this, 10 ns simulations were run to form the new phase
space of structures for the next adaptive sampling round. For each
following round, all simulations are added to the conformational space
on which the next adaptive sampling is performed. The number of
seeds used for each round is summed up in Table 1.

Regarding the 4-mer systems, we were interested in the behavior
of the barbed end only. For this extremity, it has recently been
demonstrated that the behavior of the B and B-1 residues is different
than other residues of the filament®. Therefore, to simulate the
behavior of this extremity only, the backbone atoms of two monomers
forming the pointed end have been constrained using a positional
restraint of 10 kcal per mol allowing these atoms to vibrate around a
fixed position. For more details see p. 88 of Tinker documentation:
[https://dasher.wustl.edu/tinker/downloads/tinker-guide.pdf].  This
way, it was possible to study the evolution of the barbed end in a
constrained filament, while keeping the sidechains free. The same
strategy has been employed for 8-mer systems, constraining 2 sub-
units on barbed and pointed ends of the filament, to study the
dynamics of the core monomers. 1.52 pus long simulations were gen-
erated on thirteen monomer systems and four 4-mer systems, and
400 ns were generated on 8-mer systems, resulting in a total of
26.64 s (see Table 1).

P()= )

Molecular dynamics analysis

For analysis, the data were collected for each 100 ps of simulation.
Measures have been performed using the VMD software'”’. The Root
Mean Square Fluctuations of an amino acid i has been defined as
previously described'**

RMSFi: \/ <(X,~ _Xmay)2> (3)

with x; the position of the center of mass of the backbone of the amino
acid i at a certain frame, and x,.rits ensemble averaged position.

Active site volumes have been computed using the E-pock
program'®. We first defined a Maximum Encompassing Region
(MER) by concatenating spheres to define the maximum volume of the
active site as follows: a 6 A sphere around the N1, N9, PA, PG (PB for
ADP) atoms of the nucleotide and one additional sphere around the
Mg?* ion coordinated to it. Then, for each frame of the trajectory,
E-pock calculated a 3D grid based on the MER and removed grid cells
which were overlapping with residues from the active site. The
remaining cells defined the free volume of the active site.

Shortest paths have been calculated using the Dynamical Network
Analysis (Dynetan) tool®*. This program allowed defining nodes based
on residues alpha carbons. The minimum distance between two nodes
was measured on each frame of the simulation. If this distance is lower
than 4.5 A for more than 75% of the simulation, the two nodes were
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Table 2 | Definition of each subdomain

SD1 SD2 SD3 SD4
Residues 5-33

80-147 34-39 148-179 180-219

334-349 52-69 273-333 252-262

considered in contact. Once all nodes in contact were determined, the
correlation of motion was calculated between them to create the
optimal correlation paths. For the calculation of allosteric paths, the
shortest path of each seed has been calculated on the 10 ns. Then all
found shortest paths were reweighted across all seeds, and the 3
highest shortest paths have been kept for figures. All shortest paths
accounting for more than 3% of all paths are available in supplemen-
tary information.

The dihedral and cleft angle has been defined following the work
of Saunders and coworkers®’: Dihedral =SD2-SD1-SD3-SD4, Cleft =
SD2-SD4 distance. To calculate these values, the center of mass of
each subdomain have been defined as displayed in Table 2.

Each of the observables 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
%= MPG)

“)

The final weight of each seed is then:

a;
w; = L

YL ®

To assess whether distributions between observables were sig-
nificant, the Kolmogorov-Smirnov (KS) test has been performed. To
apply this test, observables need to be decorrelated from each other.
We took the last frame of each simulation (or seed) into account for the
KS test which can be considered as independent from each other,
resulting in 152 points used for each condition.

We reanalyzed data from the Hummer lab available at: [https://
zenodo.org/records/7765025]'**. We have used the trajectory called
replica_031 from the dataset simulations_dataset 1/Metadynamics/
BarbedEnd_meH73p/repre-sentative_trajectories corresponding to the
Hummer lab enhanced sampling protocol based on simulating swarms
of short metadynamics trajectories to open the second physically
plausible pathways'®. By methodological means, the G74-S14 back-
door was closed in the initial half of the simulation (metaD_i) and then
opened in the final half of the simulation (metaD _f).

In vitro measurement of Pi-release rate

Human cytoplasmic B-actin was expressed and purified from yeast
Pichia Pastoris, following established protocol®. Transformed yeast
strains are a gift from the Balasubramanian lab. P. pastoris transfor-
mants were revived on YPD solid media supplemented with 100 mg/L
of Zeocin, and incubated overnight at 30 °C. Cells were inoculated into
750 mL minimal glycerol (MGY) liquid media, and incubated overnight
at 30 °C, rotating at 280 rpm. Culture media was diluted by adding 6 L
of fresh MGY media. Cells were cultured at 30 °C, 280 rpm until the
optical density at 600 nm reached 1.5. Cells were pelleted by cen-
trifugation at 7000 rpm at 25 °C for 10 min, washed with sterilized pure
water, resuspended into 6 L of minimal methanol buffer, and incu-
bated for 24 h at 30 °C, 280 rpm. After 24 h, 0.5% methanol was added
and the culture was pursued for another 24 h. Cells were pelleted by
centrifugation at 7000 rpm at 25°C for 10 min, washed once with
water, resuspended in 30 mL pure water, and stored at -70°C as
frozen beads using liquid nitrogen.

Thirty grams of frozen cells were ground and the obtained
lysate powder was resuspended into a 2X Binding buffer (20 mM
imidazole), 20 mM HEPES (both pH 7.4), 600 mM NaCl, 4 mM MgCl2,
2mM ATP, 2x protease inhibitor cocktail EDTA free, 1 mM PMSF,
7 mM Beta-mercaptoethanol. Lysate was sonicated, centrifuged at
4°C, 15,000 rpm for 1 h, and incubated with 6 mL NTA resin at 4 °C
for 1 h. The resin was pelleted down by centrifugation, washed once
with 1X binding buffer, and poured into a column. The resin was then
washed and equilibrated using 100 mL of G-buffer (5 mM HEPES pH
7.4, 0.2mM CaCl2, 0.2mM ATP, 0.5mM DTT, and 0.01% NaN3).
Chymotrypsin was added (10 pg/mL final) to the resin and incuba-
tion proceeded overnight at 4 °C. Chymotrypsin was inactivated by
adding 1M PMSF, and the lysate was incubated for 30 min on ice. By
adding 15 mL of G-buffer, elution was collected into a single Becher
to recover the detached G-actin from the resin. Actin was con-
centrated using an Amicon 30 kDa cut-off membrane to reach a5 mL
final volume. Actin was then polymerized by the addition of 500 pL
10x KME buffer (20 mM MgCI2, 50 mM EGTA, 1M KCI), for 2h at
room temperature. F-actin was pelleted by ultracentrifugation for
45min, 90,000rpm, at room temperature. F-actin pellet was
resuspended into a 6 mL G-buffer, and let to depolymerize by dia-
lysis against 1L G-buffer at 4 °C for 48 h, with one dialysis buffer
exchanged after 24 h. Dialized G-actin was ultracentrifugated as
above to remove any remaining F-actin. The supernatant was
finally gel filtered by size exclusion chromatography, and
eluted monomeric G-actin concentration was measured at 290 nm
(€200=0.63mg™. mL™%. cm™).

In vitro, fluorescence microscopy experiments were performed in
microfluidic chambers, as described in ref. 106. Briefly, tens of single
actin filaments were polymerized for 10-15 min from surface-anchored
spectrin-actin seeds with a solution containing 1uM monomeric S-
actin, 1uM human profilin and 0.5-1pM ATP-ATTO' in F-buffer
(10 mM Tris HCI pH 7.4, 50mM KCI, 1mM MgCL2, 0.2mM EGTA,
0.2mM ATP, 10 mM DTT, 1 mM DABCO) supplemented with 50 mM
KPO4 buffer pH 7.4 to maintain actin in an ADP-Pi state. Filaments were
then exposed from time ¢t=0 to F-buffer only (without KPO4), trig-
gering their barbed-end depolymerization and Pi release from actin
subunits. Images were acquired on a Nikon Ti microscope, 60x
objective, X-cite Exact lamp, and Orca Flash 4.0 camera, at 1 frame
every 2-5s.

Movies were analyzed with a custom-made Python algorithm
which tracks the depolymerizing barbed end of each filament (used
packages: numpy, scipy, matplotlib, trackpy). For each filament, the
spontaneous depolymerization rate was measured from the linear fit
of the barbed-end position over 5 frames. The data of at least 30 fila-
ments were pooled and the depolymerization rate over time was fitted
(scipy function “curve-fit”) as™

a1
Cox 1 1 1
Vdepot(H) = {e o ¢ (uADPP i yADP ) * vAbP epol} ©

depol depol

with free parameters k. the Pi release rate, v40" P and v the

barbed-end depolymerization rates of ADP-Pi- and ADP-actin,
respectively.

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

Data availability

Unless otherwise stated, all data supporting the results of this study
can be found in the article, supplementary, and source data files.Data
deposition: MD simulation material is available at [https://doi.org/10.
5281/zenodo.14062352]. Source data are provided with this paper.
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Code availability

MD simulations were performed using the Tinker-HP v1.2: [https://
github.com/TinkerTools/tinker-hp] .Scripts for visualization are avail-
able at [https://doi.org/10.5281/zenodo.14062352].
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