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Modeling the Assembly of the Multiple Domains of a-actinin-4 and Its Role
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ABSTRACT The assembly of proteins into multidomain complexes is critical for their function. In eukaryotic nonmuscle
cells, regulation of the homodimeric actin cross-linking protein a-actinin-4 (ACTN4) during cell migration involves signaling
receptors with intrinsic tyrosine kinase activity, yet the underlying molecular mechanisms are poorly understood. As a first
step to address the latter, we validate here an atomic model for the ACTN4 end region, which corresponds to a ternary
complex between the N-terminal actin-binding domain (ABD) and an adjacent helical neck region of one monomer, and
the C-terminal calmodulin-like domain of the opposite antiparallel monomer. Mutagenesis experiments designed to disrupt
this ternary complex confirm that its formation reduces binding to F-actin. Molecular dynamics simulations show that the
phosphomimic mutation Y265E increases actin binding by breaking several interactions that tether the two calponin
homology domains into a closed ABD conformation. Simulations also show a disorder-to-order transition in the double phos-
phomimic mutant Y4E/Y31E of the 45-residue ACTN4 N-terminal region, which can inhibit actin binding by latching both cal-
ponin homology domains more tightly. Collectively, these studies provide a starting point for understanding the role of
external cues in regulating ACTN4, with different phenotypes resulting from changes in the multidomain assembly of the
protein.
INTRODUCTION
The a-actinin (ACTN) family of actin-binding proteins
plays a critical role in the tightly regulated remodeling of
the actin cytoskeleton (1,2). Generally considered respon-
sible for actin filament (F-actin) cross-linking, the ACTNs
are a highly conserved family of proteins with four mamma-
lian isoforms: ACTN2 and ACTN3 are specific to muscle
cells, whereas ACTN1 and ACTN4 are expressed in non-
muscle cells. In addition to F-actin crosslinking, ACTNs
may bridge the cytoskeletal network to the cell membrane
with ACTN4, in particular, essential for maintaining normal
cell motility (3–5).

The sheer size of the ACTNs (Fig. 1) has so far only al-
lowed us to resolve parts of their structures that involve
pairwise interactions between domains. For instance,
formation of antiparallel homodimers is essential for
ACTN function and is facilitated through the sturdy spec-
trin repeats, with a Kd of dimer formation at the picomolar
level (6,7). Experimental evidence has also shown a possible
interaction between the second globular head of the CaM-
like domain (CaM2) and a region referred to as the neck
(residues 271–300, numbering based on human ACTN4
sequence) (8). Finally, crystal structures of the actin-
binding domain (ABD) for three of the ACTN isoforms
show both of its component calponin homology (CH)
domains linked together in what is referred to as a closed
ABD conformation (9–11). Interestingly, a recent low-reso-
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lution cryo-electron microscopy (cryo-EM) structure of the
complex between the ABD and F-actin strongly suggests
that prior opening of the ABD via separation of its two
CH domains is required for actin binding to take place
(12). The putative actin-binding site (ABS) is helix G of
CH1, which binds at the hydrophobic cleft between actin
subdomains 1 and 3, a purported hot spot for actin-binding
proteins (13).

Multiple mechanisms exist to regulate the binding of
ACTNs to F-actin. These include tyrosine phosphorylation
(14,15); binding of calcium ions in the Ca2þ-sensitive non-
muscle isoforms (16,17); limited proteolysis by ubiquitous
intracellular enzymes calpain-1 and calpain-2 (18,19); and
binding of phosphatidylinositol intermediaries (e.g., PiP2
and PiP3) to a putative binding site on the ABD (20,21).
Even though much biological insight has been gained
from structural studies, the majority of human proteins are
composed of multiple interacting domains (22) whose
assemblies and interactions, especially in response to
various external cues, still remain to be deciphered. For
instance, no molecular mechanism has been put forward
yet to rationalize how the interactions between actin-
binding proteins and F-actin are differentially regulated. In
the case of nonmuscle ACTNs, their dynamic control by
extracellular signals during cell migration provides a special
impetus to understand the structural changes they undergo
as a result of various covalent and noncovalent
modifications.

As a first step to understanding how external cues lead to
regulation of actin binding in human ACTN4, we validate
here a structural model for the end regions of this homo-
dimer, which we found involves a multidomain complex
http://dx.doi.org/10.1016/j.bpj.2012.12.003
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FIGURE 1 Domain architecture of ACTN4. Human ACTN4 (911 resi-

dues) forms antiparallel homodimers through binding of the spectrin rod

domains. Monomer 1 shows an unstructured region; an ABD comprised

of two CH domains (CH1 contains the ABS and CH2 has a putative

PiP-binding site); and a neck region that connects CH2 to the first spectrin

repeat of the rod domain. Monomer 2 shows the rod domain and

C-terminal CaM-like domain (only CaM1 contains putative binding sites

for calcium ions). Also shown are a target for m-calpain proteolysis

between Y265 and H266, and residue K255 that has been implicated as

a disease mutation site. The tyrosine residues Y4, Y31, and Y265 are

phosphorylatable.
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between the ABD, the neck region, and CaM2. Three
independent sets of mutants that were designed to disrupt
this complex confirm the structure of this module. Molec-
ular dynamics (MD) simulations of our model provide
a possible mechanism that can explain why phosphorylation
at residue Y265 in the CH2 domain leads to enhanced actin
binding (15). Simulations and virtual docking also show
a disorder-to-order transition in a double phosphomimic
mutant Y4E/Y31E of the 45-residue N-terminal region,
which can account for the observed decrease in actin
binding upon double phosphorylation at Y4/Y31 (15). Our
structural model of the ACTN4 end region thus offers,
to our knowledge, a first glimpse of how multi-domain
interactions can be used by highly regulated systems to
trigger the coherent signaling expected in the inner working
of cells.
MATERIALS AND METHODS

Structural modeling of the neck-CaM2 complex

Using the best representative conformer (model 1) from the solution struc-

ture of the complex between titin and ACTN2 CaM2 (PDB ID 1H8B) (23),

two homology models for the ACTN4 neck-CaM2 complex were built by

doing in silico mutations (with fixed backbones) in PyMOL Molecular

Graphics System, version 1.5.0.4 (Schrödinger, LLC) to match the

ACTN4 neck and CaM2 sequences. The first model was based on a previous

multiple sequence alignment (8) between titin and ACTN2 neck (which

shares 83% and 97% sequence identity and similarity, respectively, with

ACTN4 neck). The second model has the neck shifted by one helical turn

relative to the first model such that only hydrophobic residues comprise

the neck surface at the binding interface. To assess the stability of these

homology models, a 50-ns MD simulation was performed for each as

described below.
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Structural modeling of the ACTN4 homodimer
end region

In a recent low-resolution cryo-EM structure of chicken ACTN1 (PDB ID

1SJJ) (25), one end of the homodimer has a closed ABD conformation with

the CH2 domain in close proximity to CaM2. By structurally aligning this

closed ABD end with the second neck-CaM2 homology model mentioned

previously, using CaM2 as the reference for alignment, we came up with

a structural model for a possible ternary complex involving ABD-neck-

CaM2. To test if this model is feasible, we attempted to add the other

ACTN domains. First, we added the spectrin rod domains by connecting

the helical neck from this model to the first spectrin repeat (SR1) from

one of the monomers in the human ACTN2 rod dimer crystal structure

(PDB ID 1HCI) (26). Next, by structurally aligning CaM2 from this model

and the calcium-free solution structure of calmodulin (PDB ID 1CFC) (27),

we found that the first globular head (CaM1) from the solution structure can

be easily connected to the fourth spectrin repeat (SR4) from the other

monomer in the rod dimer, thereby allowing us to add CaM1 to this model.

In silico mutations were then done in PyMOL to match the ACTN4

sequence for both the rod dimer and CaM1. Based on sequence alignments,

an additional insertion of five residues had to be made in the loop connect-

ing the two EF-hand motifs of CaM1. We also replaced the ABD from the

cryo-EM structure with the crystal structure for a human ACTN4 ABD

mutant (PDB ID 2R0O) (11), with K255E back-mutated in silico to Lys.

The different domains were joined together in Chimera (28), followed by

energy minimization via steepest descent for 1000 steps to fix the peptide

bonds between the connected domains. From this full wild-type (WT)

atomic model (containing ABD, neck, spectrin rods, CaM1, and CaM2),

an in silico mutation was done to make a separate full model for the

Y265E mutant. For both full models, a 100-ns MD simulation was per-

formed as described below.
MD simulations

Each initial protein conformation was solvated with TIP3P water molecules

(29) in an octahedral water box with 15.0 Å between the edge of the protein

and the edge of the water box. Counterions were added to neutralize the

total system charge. A cutoff of 8.0 Å was used for calculating short-range

Lennard-Jones and electrostatic interactions, and long-range electrostatic

contributions were computed using the particle-mesh Ewald approach

(30). A time step of 2 fs was used and the length of all bonds involving

hydrogen were kept constant using the SHAKE algorithm (or SETTLE

for water) (31,32). Initial energy minimization was done using the steepest

descent algorithm for 1000 steps. This was followed by equilibration under

NVTat 300 K for 50 ps using Langevin dynamics with a collision frequency

of 1.0 ps�1, and then equilibration under NPT at 1 atm for another 50 ps

using a pressure time constant of 2 ps. All heavy atoms had position

restraints up to this point. Production runs were finally done under NVT

conditions with no position restraints. The Amber ff12SB force field was

used in all runs. Simulations were GPU-accelerated using version 12 of

the Amber MD software suite (33,34). The resulting trajectories were visu-

alized in VMD (35). Changes in solvent accessible surface area (DSASA)

were computed in VMD and changes in relative binding free energy

upon complex formation were estimated using FastContact (36).
Langevin dynamics simulations

Simulations of WT and mutant Y4E/Y31E sequences of the 45-residue

N-terminal were performed using Langevin dynamics under implicit

solvent conditions. Both constructs were initially set in fully extended

conformations. The Amber96 force field was used (37), with GBSA

implicit solvation implemented using the OBC algorithm (38). Initial

energy minimization was done using the steepest descent algorithm for

1000 steps. Production runs were then done for a total simulation time of
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100 ns with a time step of 2 fs. All runs were GPU-accelerated using the

Zephyr GUI of OpenMM (39). The resulting trajectories were visualized

in VMD, where for each trajectory a residue helicity plot over sequential

100-ps windows was computed.
Virtual docking

A helical model of the N-terminal region comprising residues 31–41 and

with the Y31E mutation was constructed in PyMOL. This model was

used as ligand for docking to the crystal structure of a human ACTN4

ABD mutant (PDB ID 2R0O), with K255E back-mutated to Lys. Virtual

docking was done using ClusPro (40,41), with top-ranked docked models

filtered based on balanced contributions between electrostatic and hydro-

phobic contacts.
Mutagenesis of ACTN4 and construction
of expression plasmid

Mutagenesis of ACTN4 was performed by site-directed polymerase chain

reaction (PCR). After purification by agarose gel electrophoresis and diges-

tion with appropriate restricted enzymes, WT and mutant ACTN4 PCR

fragments were cloned into bacterial expression vector pET-28a to

construct His-tagged proteins. Positive plasmid was further transformed

into a BL21 strain and then induced with 1 mM isopropyl 1-thio-D-galac-

topyranoside for 4 h at 37�C to express target proteins. Cell pellet was lysed

in nickel column-binding buffer in the presence of a protease inhibitors

mixture set V (catalog No. 539137; EMD Calbiochem, Billerica MA).

The soluble ACTN4 was purified with HisTrapTM HP (catalog No. 17-

5247-01; GE Healthcare). Fractions containing proteins of interest were

pooled and completely dialyzed against actin-binding buffer in the absence

of ATP for 24 h at 4�C with three changes of buffer.
F-actin sedimentation assays

F-actin sedimentation assays were performed as described previously (15).
FIGURE 2 Neck-CaM2 complex homology model. (A) The helical neck

is shown in surface representation with coloring based on side-chain hydro-

phobicity using the Eisenberg scale (52). Colors go from white to yellow, in

the direction of increased side-chain hydrophobicity. CaM2 is shown in

blue. (B) Comparison of our pairwise sequence alignment between titin

repeat ZR7 and the neck region of ACTN4 (residues 272–294) with that

suggested by Young and Gautel (residues 276–298) (8). Red boxes denote

matching of neck residues with those in titin ZR7 that are in contact with

CaM2 based on the solution structure in PDB 1H8B (23). Numbers in

parentheses give the percent sequence similarity for the global alignment

as computed by the EMBOSS (53) stretcher algorithm (using default

parameters) at the EMBL-EBI website (http://www.ebi.ac.uk/Tools/psa/

emboss_stretcher/). (C) Surface representation is of CaM2, colored accord-

ing to electrostatic potential using APBS (54). The neck is shown in

magenta, except for the three helical turns in yellow that contribute hydro-

phobic residues to the binding interface. Also shown are polar contacts that

stabilize neck-CaM2, including K273-E870, R280-Q847, R280-S851,

N288-Y878, and E292-R882. (D) Backbone root mean-square deviation

(RMSD) plots of the neck region from 50-ns explicit solvent MD simula-

tions of the neck-CaM2 complex. Blue curve shows that the simulation

of the homology model based on our alignment was stable throughout

the trajectory; the model based on the Y&G alignment (magenta curve)

shows a large increase in backbone RMSD at around 34 ns into the simu-

lation when the neck region twisted to a position similar to our homology

model (green curve; RMSD relative to our model).
RESULTS

Structural model of the neck-CaM2 complex

An outstanding question about the antiparallel homodimer
is whether there are intermolecular interactions of note
between the two monomers, besides those involving the
spectrin repeats. That this is possible was shown by Young
and Gautel (8), and it is further supported by homology to
known complexes. CaM2 of muscle-specific ACTN iso-
forms can bind to titin, where the interaction site on the
latter has been localized to the N-terminal Z-repeat motifs
(42–45). These Z-repeats were shown to gain helical
secondary structure upon complex formation with CaM2
(46,47), which was confirmed in a solution structure of
this complex (PDB ID 1H8B) (23). Multiple sequence align-
ment of ACTN2 with several Z-repeat variants led to a puta-
tive binding site within the neck region, which was
confirmed to bind CaM2 with nanomolar affinity (8).

Using the 1H8B solution structure, we built a homology
model for the ACTN4 neck-CaM2 complex such that the
binding interface of the neck is predominantly nonpolar
(Fig. 2 A). This model has hydrophobic residues covering
Biophysical Journal 104(3) 705–715
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the three helical turns of the neck surface that face the
hydrophobic pocket of CaM2, similar to what is seen in
the solution structure (Fig. 2 B, top alignment). Note that
our homology model is shifted by about one helical turn
compared to a model based on the alignment proposed in
(8) (Fig. 2 B, bottom alignment), which has a polar NQ
sequence buried on the third helical turn. The 30 NMR
models in PDB 1H8B have an average change in solvent
accessible surface area (DSASA) of 1326 5 88 Å2 upon
forming the titin-CaM2 complex, very similar to our neck-
CaM2 homology model DSASA of 1318 Å2 (see Table 1).
We estimate the relative binding free energy for the contacts
in our complex model at �19.7 kcal/mol using FastContact
(36). We similarly estimate the binding free energy of the
titin-CaM2 complex at �23.3 5 5.0 kcal/mol (error based
on estimates from each NMR model); this indicates that
our neck-CaM2 model is predicted to form a tight complex
similar to titin-CaM2, consistent with experimental results
obtained from isothermal calorimetry (8). Fig. 2 C shows
that, in addition to the hydrophobic interactions within the
binding interface, polar contacts also contribute in stabi-
lizing our neck-CaM2 model. MD simulations also confirm
the stability of our homology model relative to a model
based on the alignment in (8) (Fig. 2 D).
The ABD, neck region, and CaM2 form a novel
ternary complex

Given the presence of multiple domains within the ACTN
molecule, revealing the molecular basis of its interactions
with F-actin requires understanding if and how its individual
domains couple to each other. In a published cryo-EM struc-
ture (PDB ID 1SJJ) (25), one end of the antiparallel dimer
has a closed ABD interacting with CaM2, whereas the other
end has an open ABD. Although a stable complex between
the neck and CaM2 was shown to form in vitro (8), this was
not resolved in the cryo-EM structure. However, due to the
lack of symmetry at both ends of the ACTN dimer and short-
comings during freezing that could weaken hydrophobic
contacts (48) responsible for the neck-CaM2 complex, alter-
native interactions not seen in the cryo-EM (such as between
neck-CaM2) can still be possible. To rationalize this data,
we show that the closed ABD conformation from the
cryo-EM structure is fully consistent with our homology
model of the neck-CaM2 complex in Fig. 2.

Using CaM2 as the reference for structural alignment
between the closed ABD end of the cryo-EM and our
TABLE 1 Comparison ofDSASA and relative bindingDG for comple

Receptor Receptor SASA (A2) Ligand Ligand SASA (A2

CaM2b 5010 Titin 2597

CaM2 4598 Neck 2498

neck-CaM2 5760 ABD 11578

aBinding free energies were estimated using FastContact (36).
bFor the titin-CaM2 complex, all values are averages over the 30 NMR structur
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neck-CaM2 model, Fig. 3 A shows that, without any further
rearrangement, the helical neck fits in between CaM2 and
the closed ABD (CH2 in particular), with a relative binding
free energy of �15.1 kcal/mol between the neck and CH2
as estimated with FastContact. Compared to the mainly
hydrophobic interface that stabilizes the neck-CaM2
complex (Fig. 2, A and C), the neck-CH2 interface is
more polar in nature (Fig. 3 B). In addition, CaM2 and
CH2 have an estimated relative binding energy of
�9.6 kcal/mol, giving a total relative binding energy of
�24.7 kcal/mol between neck-CaM2 and CH2 (see Table 1
for computed DSASA). Our structural model altogether
reveals interactions that are fully consistent with a ternary
complex between the ABD, neck, and CaM2. This complex
is shown in the full model in the center of Fig. 4, with the
neck attached to the first spectrin repeat (SR1) and with the
CaM-like domain modeled after calcium-free calmodulin in
PDB ID 1CFC (27). It is noteworthy that the connectivity
between CaM1 and the fourth spectrin repeat (SR4), both
from the opposite monomer than the ABD and neck in
the dimer, is fully preserved. Thus, in the absence of
calcium the neck-CaM2 interaction is easily accessible in
full-length ACTN4.

It is important to note that our full model of the ACTN4
end region (center of Fig. 4) involves the superposition of
individually resolved pairwise interactions (periphery of
Fig. 4, shown with corresponding PDB IDs). With the
ABD in its closed conformation, the ABS on CH1 (black
arrow in Fig. 4) is blocked by the nearby spectrin domains,
thereby requiring the ABD to be in an open conformation to
bind F-actin. This is fully consistent with the cryo-EM struc-
ture of F-actin decorated with human ACTN2 ABD (PDB
ID 3LUE) (12), where only CH1 was found at the binding
interface. Further supporting the viability of our model,
CH1 is not involved in interactions with either the neck or
CaM2, which allows the ABD to open without affecting
the structure of the core complex. Interestingly, by superim-
posing CH2 from the open ABD of the cryo-EM structure
onto our model in Fig. 4, CH1 is positioned at the tip of
the dimer (Fig. 5). This predicted configuration appears
optimal for binding, because the ABS is fully exposed to
bind F-actin.
Experimental validation of the ternary complex

The ternary complex predicts that CH2 makes stable inter-
actions with both the neck and CaM2. The model in the
xes between titin & CaM2, neck & CaM2, and ABD & neck-CaM2

) Complex SASA (A2) DSASA (A2) DG (kcal mol�1)a

6281 1326 �23.3

5760 1318 �19.7

15,298 2040 �24.7

es in PDB 1H8B (23).



FIGURE 3 The ACTN4 neck fits in between the ABD and CaM2. (A)

Surface representation shows the ABD-CaM2 complex from the closed

ABD end of cryo-EM structure PDB 1SJJ (25). View of the neck (shown

in cartoon only) is through its helical axis. (B) Interactions between the

neck and CH2 of the ABD are predominantly polar in nature. Residues

that form polar interactions are shown in sticks. Several nonpolar residues

are also shown extending from three helical turns and away from CH2.

These residues are part of the binding interface with CaM2.
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center of Fig. 4 reveals three critical interfaces, and key
interactions are highlighted in Figs. 6–8: a), a cluster of
polar residues (Q174, N184, and Q186) of CH2 with
R868/R869 of CaM2; b), E162 and S164 in the loop
between CH1 and CH2 with R280 and K283 of the neck
and Q847 of CaM2; and c), H189 of CH2 and D874 of
CaM2. All these residues are highly conserved among the
nonmuscle ACTN isoforms (Fig. S1 in the Supporting Mate-
rial) and have a direct role on the stability of CH2 binding to
neck-CaM2. Disrupting these contacts should tend to free
the ABD from the ternary complex, unblocking the ABS
and allowing easier access to the F-actin. Gel-based assays
using mutant constructs for each of these sets of residues
validate this prediction.

Fig. 6 A shows that R869 makes hydrogen bonds (HBs)
with CH2. However, we found that single alanine mutations
of either R869 or R868 have little effect on the binding
profile (Fig. 6 B), and only the double mutant R868A/
R869A increases actin binding to ~187% relative to WT.
The origin of this redundancy is apparent from the structure
because either arginine can reach to form HBs with CH2.
This type of robustness is not uncommon in regulatory
proteins. For instance, single mutations of R469 or R470
in the NPR-C receptor show no effect but the double mutant
has a huge impact on PLC-b activity (49).

We have also validated interactions with CH2 that include
both the neck region and CaM2. The double mutant E162A/
S164A increases actin binding to around 166% of WT by
freeing the loop between CH1 and CH2 from the neck-
CaM2 complex (Fig. 7, A and B). Finally, actin-binding
assays for the H189L mutation in CH2 also show increased
actin binding to around 187% of WT (Fig. 8 A and B). Inter-
estingly, H189 is part of a trio of residues (20) purported to
act as the binding site for phosphoinositides, which when
mutated to hydrophobic residues (DPBD mutant) binds the
same amount of F-actin as our single mutant H189L.
Thus, our data suggest a mechanism by which phosphoino-
sitides disrupts H189 contacts with CaM2. We should
emphasize that our structural models and data show that
neck-CaM2 forms a stable complex even if mutations in
R868/R869, E162/S164, and H189 disengage ABD from
the ternary core structure.
Phosphorylation at Y265 eases ABD opening

Increased actin binding was previously observed upon phos-
phorylation of CH2 residue Y265 (15). Crystal structures of
the ABD reveal that the hydroxyl group of Y265 makes HBs
with the backbone N-H and C-O groups of S159 and the
adjacent H266 interacts with the backbone oxygen atom
of A154 (Fig. 9 A). These bonds stabilize the closed ABD
form, and constrain the loop between CH1 and CH2 that
contacts the neck. A 100-ns MD simulation of our full
WT model shows that these noncovalent bonds are highly
stable, whereas the negatively charged moiety of the phos-
phomimic mutation Y265E immediately disrupts them
(Fig. 9 B). We note that the open ABD structure shown in
Fig. 5 does not necessarily require breaking the loop-neck
interactions involving residues E162 and S164, but only
the E161-R280 contact in Fig. 7 A. These results indicate
that phosphorylation at Y265 can regulate actin binding
by breaking contacts with the loop connecting CH1 and
CH2, thereby disengaging the CH domains and allowing
the ABD to adopt an open conformation as in Fig. 5. To
confirm this prediction, we performed actin-binding assays
on the ACTN4 1-300 fragment, which removes any influ-
ence of other ACTN4 domains, for both WT and Y265E.
Biophysical Journal 104(3) 705–715



FIGURE 4 Atomic model of six domains of ACTN4 linked by a novel ternary complex between ABD, neck, and CaM2 resolved from known pairwise

interactions. The full model (shown in the center) was built from homology models to published structures (PDB IDs of known pairwise interactions shown

surrounding the central model). Monomer 1 containing ABD is colored green, except for CH1 (orange) and the neck region (magenta). Monomer 2 con-

taining the CaM-like domain is colored light blue, with CaM1 (pink) positioned on top of the ABD-neck-CaM2 ternary complex. The black arrow points

to the ABS on CH1, whose access to F-actin is partially blocked by the rod domains in the closed ABD structure. For clarity, the disordered N-terminal

is not shown.
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The mutant was almost all bound to F-actin (Fig. 9 C),
demonstrating that the phosphomimic allows the ABD to
be in a predominantly open state.
Dual phosphorylation of Y4/Y31 may induce
a disorder-to-order transition in the N-terminal

The only region not included in our structural model is the
45-residue unstructured N-terminal before the ABD. Dual
phosphorylation of residues Y4/Y31 in this region was
previously found to inhibit actin binding (15). We have
gained some insight into the molecular basis of ACTN4
regulation through Y4/Y31 phosphorylation by running
Langevin dynamics simulations in implicit solvent for
both WT and Y4E/Y31E N-terminal sequences. Starting
from extended structures, the WT sequence folded into
a globule with no regular secondary structure (Fig. 10 A),
whereas the double phosphomimic mutant Y4E/Y31E
Biophysical Journal 104(3) 705–715
formed helical structures (Fig. 10 B). Secondary struc-
ture predictions further confirm the observed higher
helicity for Y4E/Y31E (Fig. S2). These results suggest
that dual phosphorylation may trigger a disorder-to-order
transition in the N-terminal region, most noticeable around
residue 31. Docking experiments of the helical region
between residues 31 to 41 from Y4E/Y31E N-terminal
to the ABD strongly suggest that the helix can bind to
a hydrophobic crevice (comprising residues L169, L170,
L171, V185, F188, W192, M258, and V261) on the
surface of CH2. This interaction will disrupt the binding
of ABD and CaM2 in the ternary complex (Fig. 10 C),
which taken alone would lead to a predicted increase in
actin binding similar to that seen for the three sets of arti-
ficial mutations (R868A/R869A, E162A/S164A, and
H189L). However, this interaction would also lead to
tighter latching between CH1 (to which the N-terminal
is covalently attached) and CH2, thereby further



FIGURE 5 Atomic model of open ABD in ACTN4. Same reference and

color scheme as in Fig. 4. Except for the unbinding of CH1 and CH2, none

of the other domains need to move to access the open ABD state. Note that

this state is in an optimal position to bind F-actin because the other domains

do not hinder the ABS (pointed to by black arrow) on CH1.

FIGURE 6 Experimental validation of residues R868/R869 that stabilize

the ternary complex. (A) ABD-CaM2 interface: R869 of CaM2 makes HBs

(dashed lines) with polar side chains from CH2. R868 can make these same

H-bonds in the R869A mutant by turning toward the polar cluster. (B)

Representative image (left) and quantitative results (right) of Coomassie

Blue G-250 stained polyacrylamide gels for WT, R868A/R869A, R868A,

and R869A constructs of full-length human ACTN4. Image analysis and

quantitation of three experiments are shown in the plot, with the percent
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stabilizing the closed ABD state and leading to the
observed decrease in actin binding.

Interestingly, we have found that deletion of the
N-terminal increases actin binding by 140% relative to full-
length WT (Fig. 10 D). These preliminary results suggest
that the presence of the WT N-terminal already inhibits
actin binding even before it is phosphorylated at Y4/Y31,
possibly by latching CH1 and CH2 together (with even
stronger latching upon dual phosphorylation). More detailed
structural experiments are required to fully validate the
interactions involving the unstructured N-terminal.
of ACTN4 that cosedimented with actin for each construct normalized rela-

tive to WT. Student’s t-test was performed to compare each mutant with

WT. Asterisks denote p < 0.05 between the labeled mutant and WT. Error

bars indicate 5 SD.
DISCUSSION

We have validated a structural model of the end region of
the ACTN4 homodimer, with the core structure involving
a ternary complex that assembles the ABD and neck region
from one monomer and CaM2 from the opposite monomer.
All pairwise complexes used in building this model are
based on experimentally resolved structures (periphery of
Fig. 4), such as ABD (PDB ID 2R0O) (11), rod domains
(PDB ID 1HCI) (26), CaM2 (PDB ID 1H8B) (23), and
a cryo-EM structure (PDB ID 1SJJ) (25) of open/closed
ABD and the ABD-CaM2 interaction. Mutagenesis experi-
ments on three different contact areas of the ABD and the
neck-CaM2 complex show the same phenotype of increased
ACTN4 binding to F-actin, strongly suggesting that the
formation of the ternary complex negatively regulates actin
cross-linking by ACTN4.

Our model of the ternary complex shows that CaM2 and
CH2 form a stable complex, consistent with the one end of
the cryo-EM structure (PDB ID 1SJJ) that has a closed ABD
conformation. Although the cryo-EM did not show a helical
neck as part of the CH2-CaM2 complex, experimental
evidence from others (8) suggests that the neck and CaM2
interact in a similar fashion as the titin Z-repeat and
CaM2 in muscle cells. Our homology model for the neck-
CaM2 complex is fully consistent with these experiments,
as well as the CH2-CaM2 contacts seen in the cryo-EM.

It is interesting that in the predicted ternary complex, we
find that: i), closed ABD keeps the ABS on CH1 blocked by
the spectrin rods and inaccessible to actin; ii), CH1 does not
contribute to interactions that stabilize the ternary complex;
iii), disruption of the ternary complex does not need to
happen for the ABD to open (i.e., CH1 can pivot around
the CH2-neck-CaM2 complex), so ABD opening only
requires breaking of the CH1-CH2 interface, as suggested
by a recent cryo-EM structure involving human ACTN3
ABD and F-actin (PDB ID 3LUE) (12); and iv), opening
of the ABD in this model, based on the open ABD confor-
mation in the PDB 1SJJ cryo-EM, positions CH1 at the tip
of the homodimer, an ideal position for binding F-actin.

Further analysis of the atomic model presented here
should provide insight into understanding the molecular
mechanisms by which external cues (e.g., tyrosine phos-
phorylation, binding of calcium ions, binding of
Biophysical Journal 104(3) 705–715



FIGURE 8 Experimental validation of residue H189 that stabilizes the

ternary complex. (A) ABD-CaM2 interface: H189 of ABD interacts with

D874 of CaM2. The other two residues (K181 and K193) of the putative

PiP-binding site on CH2 are also shown, with neither of them able to

make contacts with CaM2. (B) Representative image (left) and quantitative

results of three experiments (right) of Coomassie Blue G-250 stained poly-

acrylamide gels (as in Fig. 6 B) for WT, H189L, and DPBD (see text)

constructs of full-length human ACTN4.

FIGURE 7 Experimental validation of residues E162/S164 that stabilize

the ternary complex. (A) ABD-neck-CaM2 interface: E161, E162, and S164

of the ABD interact with R280 and K283 of the neck and Q847 of CaM2 to

keep the core ternary complex stable. (B) Representative image (left) and

quantitative results of three experiments (right) of Coomassie Blue G-250

stained polyacrylamide gels (as in Fig. 6 B) for WT and E162A/S164A

constructs of full-length human ACTN4.
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phosphoinositides, and calpain proteolysis) lead to the regu-
lation of actin binding by ACTN4. In fact, MD simulations
on our model provide credible evidence as to the roles of
phosphorylation in the regulation of ACTN4. We found
through MD simulations that the Y265E mutation (a mimic
for phosphorylation at Y265) breaks several noncovalent
interactions involving the mutated Y265 and the adjacent
H266 that contribute to tethering the CH1 and CH2 domains
(Fig. 9 B). Loss of these interactions, which are stable in the
WT simulation, should then allow for ease of ABD opening,
although the timescale of our simulations are not enough to
capture this large-scale structural transition. For the
N-terminal, we found that the double phosphomimic muta-
tion Y4E/Y31E stabilizes helical regions around the
mutated residues (Fig. 10 B). This result, when taken in
conjunction with our virtual docking results (Fig. 10 C),
suggests that the mechanism by which double phosphoryla-
tion at Y4/Y31 inhibits actin binding is by latching more
tightly the two CH domains to hinder ABD opening.
CONCLUSIONS

F-actin cross-linking is an important structural determinant
of cell shape and morphogenesis. Many actin-binding
Biophysical Journal 104(3) 705–715
proteins are known to participate in this process, but very
little is known about how their activities are regulated. In
this work, we propose a detailed structural model for the
ACTN4 homodimer end region, based on a core structure
involving a ternary complex between the ABD, neck region,
and CaM2. This model allows us to suggest mechanistic
insights that could be explored with more detailed experi-
ments. Our findings provide perhaps the first, to our knowl-
edge, glimpse on how effectors can modulate the
interactions within the multidomain structure of ACTN4,
thereby allowing the protein to efficiently switch between
bound and unbound signals. More generally, the high simi-
larity between ACTNs and other actin-binding proteins
(50,51) suggests that the assembly of multidomains is
a general mechanism for regulating protein signaling.
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FIGURE 9 ACTN4 regulation by phosphoryla-

tion at Y265. (A) Crystal structure of CH1 (orange)

and CH2 (green) from ACTN4 ABD (PDB 2R0O)

(11). Zoomed area highlights HBs of Y265 and

H266 with the backbone of the loop connecting

the two CH domains. (B) HB distance plots between

the S159 backbone and the side chain at residue 265

(top) and between the A154 backbone and H266

side chain (bottom) from 100-ns explicit solvent

MD simulations. For the WT simulation (blue

curves), these HBs are kept mostly stable throughout

the trajectory. For the Y265E simulation (magenta

and green curves), the HB to the S159 backbone is

not formed with either carboxylate oxygen of Glu,

whereas the HB involving H266 is broken for most

of the trajectory. (C) Phosphorylation mimic at

Y265 increases actin binding for the 1-300

construct. Representative image (left) and quantita-

tive results of three experiments (right) of Coomas-

sie Blue G-250-stained polyacrylamide gels (as in

Fig. 6 B) for WT and Y265E constructs of human

ACTN4 1-300.
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All atomic structures of ACTN4 will be made available for download at
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