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In sarcomeres, a-actinin cross-links actin filaments and anchors them to the Z-disk. FATZ (filamin-, a-actinin-, and
telethonin-binding protein of the Z-disk) proteins interact with a-actinin and other core Z-disk proteins, contrib-
uting to myofibril assembly and maintenance. Here, we report the first structure and its cellular validation of
a-actinin-2 in complex with a Z-disk partner, FATZ-1, which is best described as a conformational ensemble. We
show that FATZ-1 forms a tight fuzzy complex with a-actinin-2 and propose an interaction mechanism via main
molecular recognition elements and secondary binding sites. The obtained integrative model reveals a polar
architecture of the complex which, in combination with FATZ-1 multivalent scaffold function, might orga-
nize interaction partners and stabilize a-actinin-2 preferential orientation in Z-disk. Last, we uncover FATZ-1
ability to phase-separate and form biomolecular condensates with a-actinin-2, raising the question whether FATZ
proteins can create an interaction hub for Z-disk proteins through membraneless compartmentalization during

myofibrillogenesis.

INTRODUCTION

Voluntary animal movement and involuntary heart beating are
produced by the contraction of striated muscles. Sarcomeres, the
basic contractile units of striated muscle cells, are composed of ar-
rays of thin (actin) and thick (myosin) filaments that slide past each
other during contraction (Fig. 1A). The Z-disk forms the boundary
between adjacent sarcomeres, where antiparallel actin filaments
(F-actin) are anchored. The mechanical force generated by the
interaction between myosin and actin requires a suitably stable
anchoring structure. The Z-disk fulfills this role, acting both as a
mechanical hub and a signaling platform, allowing transmission of
tension during contraction, as well as sensation and transmission
of information about biomechanical stress. Accordingly, mutations
that disrupt Z-disk architecture and function cause skeletal and car-
diac myopathies (I, 2).
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The Z-disk is arranged in a remarkable paracrystalline tetragonal
lattice of actin filaments through the interplay between a-actinin-2
and titin (3, 4). According to the premyofibril model of myofibril-
logenesis, Z-disks originate from Z-bodies, which are protein com-
plexes that grow in size, fuse together, and build mature Z-disks in
nascent myofibrils by associating with a plethora of other proteins
(5-9). Myofibrils form the sarcomere after assembling with thin and
thick filaments in a parallel and repetitive array (Fig. 1A). Among the
core proteins identified as being important for Z-body formation are
o-actinin-2, FATZ-1 (filamin-, a-actinin-, and telethonin-binding
protein of the Z-disk, also known as myozenin-1 or calsarcin-2), ZASP
(Z-disk-associated, alternatively spliced, PDZ motif-containing
protein), myotilin, filamin-C, and actin (7). However, the molecu-
lar details of their interactions and the importance of these interac-
tions for Z-body and thus Z-disk formation are not known.

o-Actinin was originally reported as an F-actin cross-linking
protein in muscle Z-disks (10), and four closely related isogenes
fulfill similar functions in all cell types (11). o-Actinin-2 is the
major Z-disk component, cross-linking antiparallel actin filaments
from adjacent sarcomeres and serving as a binding platform for a
number of Z-disk proteins such as titin, FATZ-1, ZASP, myotilin,
myopalladin, and myopodin (Fig. 1A) (11). Both functions are
possible thanks to o-actinin-2’s unique antiparallel dimeric archi-
tecture, with each subunit consisting of an N-terminal F-actin binding
domain (ABD), connected by a flexible neck region to a central rod
domain, comprising four spectrin-like repeats (SRs) and a C-terminal
calmodulin-like domain (CAMD) with two pairs of EF-hand motifs
(EF1-2 and EF3-4), which do not bind calcium (12). While the ABD
interacts with F-actin, the rod and EF3-4 are hotspots for binding to
other partners (12). In addition, the rod exhibits a torsional twist of
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Fig. 1. Proteins of the FATZ family display intrinsic disorder. (A) Schematics of the striated muscle sarcomere and close-up view of F-actin/a-actinin/FATZ interactions
in Z-disk. (B) Schematics of the FATZ-1 interactome and binding sites reported to date. (C) Schematics of the main FATZ-1 constructs, along with their amino acid boundar-
ies and domain composition. Predicted disordered regions (above 0.5) and compactness (above 0.8) are shown below. (D) Circular dichroism (CD) spectra of N-FATZ-1 and
A91-FATZ-1, along with calculated secondary structure content. (E) Size exclusion chromatography (SEC)-multiangle light scattering (MALS) analysis of N-FATZ-1 and A91-
FATZ-1, yielding molecular weights (MWs) of 21 and 24 kDa, respectively. Elution volumes were lower than anticipated relative to globular standards [thyroglobulin (670 kDa),
and myoglobin (17 kDa)], corresponding to MWs of 50 and 46 kDa for N-FATZ-1 and A91-FATZ-1, respectively. UV, ultraviolet.
(F) Dimensionless Kratky plots of N-FATZ-1 and A91-FATZ-1, as well as of globular bovine serum albumin (BSA) (SASBDB code SASDFQ8). Experimental SEC-small-angle
) and A91-FATZ-1 (I) and corresponding fit to the data of selected ensembles obtained from Ensemble Optimization Method
(EOM) (43,44). Ry distributions of selected ensembles relative to the distribution of a random pool are shown in the insets. Model representatives of the selected EOM en-
sembles for N-FATZ-1 (H) and A91-FATZ-1 (J), along with their Ry (in nanometers) and volume fractions (in percentage). See also figs. 51 to S5 and tables S1and S2.

v-globulin (158 kDa), ovalbumin (44 kDa),

x-ray scattering (SAXS) data of N-FATZ-1 (G
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~90° from one end to the other, which, together with the flexible
neck region, is critical for the F-actin cross-linking function of
a-actinin-2 (12, 13).

FATZ-1 is a member of the FATZ family, which also includes
FATZ-2 (myozenin-2 or calsarcin-1) and FATZ-3 (myozenin-3 or
calsarcin-3) (14, 15). The FATZ-1 and FATZ-3 proteins are expressed
in skeletal muscle and enriched in fast-twitch fibers, whereas FATZ-2
is highly expressed in cardiac muscle and in slow-twitch skeletal fibers.
All three family members interact with filamin-C, a-actinin-2/-3,
telethonin, myotilin, and members of the Enigma family of PDZ-LIM
proteins, including ZASP (14-19). FATZ proteins also bind to cal-
cineurin (16, 17) and modulate fiber-type composition of skeletal
muscle and hypertrophy of cardiac muscle through inhibition of
calcineurin (20, 21). FATZ proteins are thus believed to have an
important role in myofibrillogenesis not only by serving as an inter-
action hub for Z-disk proteins but also by localizing calcineurin sig-
naling to the sarcomere (16, 17). Two mutations in the MYOZ2 gene
that encodes FATZ-2 have been linked to hypertrophic cardiomy-
opathy (22, 23), although pathogenic mutations have been rarely found
in patients (24-26). MYOZI knockout (KO) mice exhibit reduced
body weight and fast-twitch muscle mass, resulting from increased
calcineurin signaling (20, 21), while MYOZ2 KO mice show acceler-
ated cardiomyopathy in response to pathological biomechanical stress
(27, 28). Recently, FATZ-1 and FATZ-3 were shown to be good markers
for myofiber maturation during muscle regeneration (29).

FATZ proteins bind to a-actinin-2/-3 SR3-4, filamin-C, and my-
otilin through their C-terminal region (CTR) (14-18) and to the
PDZ domain of Enigma family members via a specific C-terminal
recognition motif (Fig. 1B) (19). a-Actinin-2 and filamin-C com-
pete with each other for binding to the CTR of FATZ-1 (15). In
addition, a second binding site for filamin-C was reported in the
N-terminal region (NTR) of FATZ-1 (18), and the interaction site
with another of its binding partners, telethonin, has not been
mapped yet. FATZ proteins do not display canonical protein-protein
interaction domains, and the molecular mechanism of binding with
their many interaction partners remains unknown.

Here, we demonstrate that FATZ proteins contain intrinsically
disordered regions (IDRs) and are best described as a “conforma-
tional ensemble,” i.e., they are flexible and lack a stable tertiary struc-
ture. The results from in vitro binding assays and other biophysical
characterization methods, combined with an integrative structural
biology approach incorporating x-ray crystallography and small-angle
x-ray scattering (SAXS), yield what is best described as a “fuzzy”
o-actinin-2/FATZ-1 complex. FATZ-1 might play an organizational
role in the Z-disk due to its multivalent scaffolding properties and
formation of a tight complex of polar architecture with o-actinin-2.
Last, as FATZ-1 is present from the initial stages of myofibrillogenesis
(8, 9), both its homotypic interactions revealed by nuclear magnetic
resonance (NMR) and the protein’s capacity to phase-separate and
form a biomolecular condensate with a-actinin-2 raise the tantalizing
question whether FATZ proteins can function as an interaction nucleus
for Z-disk partners by promoting membraneless compartmentalization.

RESULTS

Proteins of the FATZ family display intrinsic disorder

Proteins of the FATZ family are found across all vertebrates. Human
FATZ-1, FATZ-2, and FATZ-3 share 34 to 40% sequence identity,
with FATZ-2 and FATZ-3 being most closely related (fig. S1).
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FATZ-1 can be divided into three regions based on conservation
and residue content [NTR, glycine-rich region (GRR), and CTR; see
Fig. 1B, Supplementary Results, figs. S1A and S2, and (14)]. FATZ
proteins show predicted intrinsic disorder at N and C termini as
well as a central intrinsically disordered low-complexity region
(GRR in FATZ-1) (Fig. 1C and figs. S2 and S3).

Because of challenging solubility properties of FATZ-1, we
used an Erase-a-Base approach (30) and selected from 14 soluble
expressing constructs, N-FATZ-1 and A91-FATZ-1, which comprise
the NTR and CTR, respectively, and overlap within the GRR (Fig. 1C
and Supplementary Results). Circular dichroism (CD) analysis in-
dicated a predominant (ca. 60%) random coil content for both con-
structs, in line with a high degree of disorder predicted for the GRR,
with N-FATZ-1 having a lower a-helical content than A91-FATZ-1
(Fig. 1D). The calculation of the compaction index using hydrody-
namic radius (Ry) values derived from size exclusion chromatography
(SEC) combined with dynamic light scattering (DLS) and viscometry
measurements (table S1) (31), together with the analysis of the 222/200
ellipticity ratio, indicated a premolten globule for N-FATZ-1 and an
increased content of regular secondary structure for A91-FATZ-1.
This is in line with limited proteolysis (LP) experiments, revealing a
number of defined proteolysis-resistant fragments (see Supplemen-
tary Results and fig. S4).

SEC combined with multiangle light scattering (MALS) showed
that N-FATZ-1 and A91-FATZ-1 are predominantly monomers
under the experimental conditions (see Methods). However, these
monomers elute with lower retention volumes than would other-
wise be expected relative to globular protein standards (see Fig. 1E
and table S1), suggesting that the predicted disorder of the proteins
affects SEC retention volume. We further characterized N-FATZ-1
and A91-FATZ-1 using SEC combined with SAXS. The resulting
scattering profiles and dimensionless Kratky plots are characteristic
of intrinsically disordered proteins (IDPs), and subsequent model-
ing indicates that both constructs are best described as a conforma-
tional ensemble (Fig. 1, F to J, and Supplementary Results) (32). In
addition, we derived the radius of gyration (Rg) of N-FATZ-1 and
A91-FATZ-1 from analysis of SAXS data (table S2) and obtained Ry/Ry,
ratios of 1.1 to 1.2 that are, once again, consistent with the presence of
IDRs (33). These results, demonstrating the intrinsically disordered/
ensemble-state nature of N-FATZ-1 and A91-FATZ-1, are further
supported by the "H-""N heteronuclear single-quantum coherence
(HSQC) spectra recorded for both constructs, which display a nar-
row chemical shift range in the proton dimension, as is typical for
IDR-containing proteins (fig. S5A).

Proteins of the FATZ family form a tight 2:1 complex

with a-actinin-2 dimer

To characterize the binding stoichiometry of FATZ-1, FATZ-2, and
FATZ-3 to o-actinin-2, we used SEC-MALS and several o-actinin-2
constructs that included the full-length functional dimer, an engi-
neered a-actinin-2 half-dimer (hd-a-actinin-2), and the isolated
dimeric rod domain (rod-a-actinin-2), which lacks the ABD and EF
hands (Fig. 2A). SEC-MALS results showed that each of the three
FATZ proteins forms a tight complex with a-actinin-2 even in the
presence of 250 mM arginine (Fig. 2B and fig. S6A), with a binding
stoichiometry of two FATZ molecules per a-actinin-2 dimer, that
is, one FATZ molecule per o-actinin-2 subunit or hd-o-actinin-2
(table S1). In relation to the binding of the shorter FATZ-1 constructs,
we could not detect complex formation between N-FATZ-1 and
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Fig. 2. FATZ-1 forms a tight 2:1 complex with a-actinin-2 dimer via multiple binding sites. (A) Schematics of the o-actinin-2 constructs, along with their amino acid
boundaries and domain composition. SEC-MALS analysis for the interaction of FATZ-1, FATZ-2, and FATZ-3 with a-actinin-2 (B), N-FATZ-1 with rod-a-actinin-2 (C), A91-FATZ-1 with
hd-o-actinin-2 (D), and fiveE A91-FATZ-1 mutant with a-actinin-2 (E). ITC analysis for the interaction of A91-FATZ-1 with o-actinin-2 (F), N-FATZ-1 with rod-c-actinin-2 (G), A91-FATZ-1

with hd-o-actinin-2 (H), and fiveE A91-FATZ-1 mutant with a-actinin-2 (1). n.d., not determ
primary binding site for a-actinin-2. Unassigned part in FATZ-1 is boxed, and residues
sites for a-actinin-2 as determined from the peptide array (squared residues), XL-MS

ined. (J) "H-">N HSQC signal intensity ratio of '°N A91-FATZ-1 bound/free, mapping FATZ-1
are plotted at a random position. (K) Sequence of FATZ-1 showing multiple interaction
(star), LP-MS (residues delimited by arrows), and NMR (arrows). Residues matching the

strongest signal peptide in the peptide array are shown in bold. Boundaries for A91-FATZ-1 and mini-FATZ-1 are delimited by arrows. Mutations within fiveE A91-FATZ-1 and RRE
A91-FATZ-1 are indicated in orange and dark cyan, respectively. See also figs. S5 to S9 and tables S1, S3, and S7 for statistical analysis and table S8. DP, differential power.

rod-a-actinin-2 (Fig. 2C), while A91-FATZ-1 formed 2:1, 2:1, and
1:1 complexes with a-actinin-2, rod-o-actinin-2, and hd-o-actinin-2,
respectively (Fig. 2D, fig. S6, B and C, and table S1). In SEC-MALS,
we also observed a 2:1 complex between A91-FATZ-1 and human
(nonmuscle) a-actinin-1 (fig. S6D and table S1).

We used isothermal titration calorimetry (ITC) to quantify the
interaction affinity. N-FATZ-1 did not interact with rod-a-actinin-2,
whereas A91-FATZ-1 showed a strong 2:1, 2:1, and 1:1 interaction
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with a-actinin-2 dimer, dimeric rod-a-actinin-2, and hd-a-actinin-2,
respectively, in agreement with SEC-MALS data (Fig. 2, F to H, fig.
S6E, and table S3). To fit the isotherm between A91-FATZ-1 and
o-actinin-2 or rod-a-actinin-2, we used a two-site binding model,
which assumes two independent binding events and obtained two Ky
(equilibrium dissociation constant) values: K4; = 2.6 to 3.5 nM and
K4 =294t0 314 nM (Fig. 2F, fig. S6E, and table S3). Using a one-
site binding model for the interaction between A91-FATZ-1 and
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hd-o-actinin-2, we obtained a K4 = 260 nM, similar to Ky, for A91-
FATZ-1 and o-actinin-2/rod-o-actinin-2 (Fig. 2H and table S3).

Binding of A91-FATZ-1 to each of the three a-actinin-2 con-
structs (a-actinin-2, rod-o-actinin-2, and hd-a-actinin-2) was
enthalpy-driven, suggesting predominant polar interactions. To-
gether, SEC-MALS and ITC data revealed that (i) FATZ-1 interacts
with SR1-SR2 from one and SR3-SR4 from the adjacent a-actinin-2
subunit via its CTR; (ii) the nanomolar Ky; for the binding of the
first A91-FATZ-1 molecule (i.e., for the first binding event) can be
explained by the contribution of additional, probably transient in-
teractions between A91-FATZ-1 and the adjacent yet nonoccupied
binding sites on a-actinin-2, with a corresponding AH = -110.8 kJ/
mol (fig. S6 and table S3); and (iii) the association of the second
A91-FATZ-1 molecule by contrast yields a low-micromolar Ky, be-
cause it cannot exploit the same interaction surface as the first one,
which is reflected in a halved binding enthalpy and a notably re-
duced entropic penalty (-TAS = 62.3 k]J/mol versus 6.2 kJ/mol;
fig. S6 and table S3). Accordingly, the binding of A91-FATZ-1 to
hd-a-actinin-2 is comparable to that of the second A91-FATZ-1
molecule to a-actinin-2 (see Discussion for the complete model of
the o-actinin-2/FATZ-1 binding mechanism).

FATZ-1 interacts with a-actinin-2 via multiple binding sites

To better map FATZ-1-binding site(s) for a-actinin-2, we used an
array of overlapping peptides covering FATZ-1 and detected one
region within the CTR, exhibiting the strongest signal, and five ad-
ditional regions spread over NTR, GRR, and CTR, displaying weak-
er signals (see fig. S7). We next designed the “fiveE” A91-FATZ-1
mutant, based on sequence alignment and metastructure analysis of
FATZ proteins, in which five conserved positively charged residues
within the CTR were reverted to negatively charged glutamates
(K182E+R190E+K217E+K219E+R223E; see Methods). This con-
struct did not form a stable complex with a-actinin-2 as assessed
by SEC-MALS (Fig. 2E), in agreement with a very low ITC signal
and for which a K4 could not be determined (see Fig. 2I and table S3).

To further narrow down FATZ-1-binding site(s), we used LP and
chemical cross-linking coupled with mass spectrometry (LP-MS
and XL-MS, respectively) on the a-actinin-2/FATZ-1 complex. LP-
MS revealed a protected (i.e., interacting) A91-FATZ-1 region
spanning residues 119 to 237 (fig. S8). XL-MS, which was performed
using a zero-length cross-linker, revealed three specific cross-links,
K383/D205, E567/K233, and D893/K176 (see fig. S9; o-actinin-2 residues
in italics), supporting the interaction between the CTR of FATZ-1 and
the rod of a-actinin-2 (fig. S6E).

We next used two-dimensional (2D) 'H-"N HSQC NMR on
5N-labeled A91-FATZ-1 to delineate its binding site(s) for a-actinin-2
at the amino acid level. We could not fully assign A91-FATZ-1
due to fast relaxation of cross-peaks in the region comprising residues
177 to 291. We could, however, locate the o-actinin-2-interacting
region within the CTR at residues 176 to 292, as the corresponding
cross-peaks disappeared or showed a drop in signal intensity (Fig. 2] and
fig. S5B). We found a similar signal reduction pattern and thus binding
behavior for both a-actinin-2 and hd-a-actinin-2. Further, a decrease in
signal intensity upon binding to a-actinin-2 around residues 106 and
128, mapping to the GRR, indicated additional binding site(s) apart from
the interacting region found within the CTR, which is in line with ITC
and peptide array data (Fig. 2K and figs. S6 and S7).

Last, we designed the trx-A91-FATZ-1 and A91-FATZ-1-trx
constructs by adding thioredoxin (trx) to the N or C terminus of
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A91-FATZ-1 to sterically perturb the secondary binding sites pres-
ent around residues 110 and 280, detected by NMR, peptide array,
and LP-MS (figs. S5B and S7). ITC isotherms for trx-A91-FATZ-1
and a-actinin-2 could only be fitted using a one-site binding model,
giving a K4 = 1.5 pM and a binding stoichiometry of 1.3 (see fig. S6F
and table S3), indicating a major effect of the trx likely on the bind-
ing site around residue 110. Although ITC experiments between
A91-FATZ-1-trx and a-actinin-2 could be fitted using a two-site
binding model, K4 values were higher than those of A91-FATZ-1
and o-actinin-2/rod-a-actinin-2 (Kyg; = 7.8 nM and Ky, = 408 nM;
fig. S6G and table S3), with two much less pronounced transitions,
indicating that the trx also interferes with the C-terminal secondary
binding region. Together, our results indicate that the main o-actinin-2
interaction site resides in the CTR of FATZ-1, which, unlike the GRR,
has a certain degree of secondary structure (Fig. 1C), and is flanked
by additional binding sites (Fig. 2K).

Crystal structures of a-actinin-2/FATZ-1 reveal two linear
binding motifs in FATZ-1

We combined the information from the peptide array, fiveE A91-
FATZ-1 mutant, LP-MS, XL-MS, and NMR and generated a shorter
construct, mini-FATZ-1 (residues 176 to 263; Fig. 2K), to aid the
crystallization of the o-actinin-2/FATZ-1 complex. Although mini-
FATZ-1 was only soluble in the presence of >2 M urea, we man-
aged to form a complex with rod-a-actinin-2, obtain crystals that
diffracted to 2.7-A resolution, and solve the structure by molecular
replacement (see Methods and table S4). Two distinct fragments of
FATZ-1 were visible in the difference electron density. To unambigu-
ously assign their side chains, we used selenomethionine (Se-Met)-
labeled mini-FATZ-1 and could identify the position of M192 and
M226 by anomalous difference Fourier analysis (Fig. 3A and fig.
S10A), which allowed building the two stretches of residues and re-
fining the structure to final Ryon/Reee Values of 20.4%/23.5%. To
provide a more complete model, we crystallized the hd-a-actinin-
2/A91-FATZ-1 complex and collected diffraction data to 3.2-A resolu-
tion. The refinement to the final Ryo/Riee Values of 25.6%/28.4% was
bootstrapped using the structure of rod-a-actinin-2/mini-FATZ-1
(Fig. 3B and table S4).

Comparison of rod-a-actinin-2 in the bound and unbound state
revealed that FATZ-1 did not significantly affect the structure of the
SRs, as only slight deviations were observed at the edges of each rod
subunit [root mean square deviation (RMSD) of 1.17 A for 844
common Ca atoms of 948 total Co atoms; see fig. SI0B). By con-
trast, comparison of hd-a-actinin-2 in the bound and unbound
state showed larger differences (RMSD of 1.99 A for 587 common
Co atoms of 856 total Ca atoms), with rotations of 70° and 37° for
ABD and EF1-2, respectively (Fig. 3C), as determined with the
DynDom server (34).

While movement of the ABD is the result of a built-in flexibility
in the neck region required for the protein’s F-actin cross-linking
function (12, 35), that of EF1-2 is likely induced by binding to
FATZ-1 LM1, which partially occupies the position of EF1-2 in un-
bound hd-a-actinin-2, decreasing the interface area with the rod
from 739 to 464 A* (Fig. 3C). The position of ABD and EF1-2 is
further stabilized by crystal packing contacts, sharing an interaction
interface of 375 A% The EF1-2/LM]-interacting region comprises a
loop between h3 and h4 that could not be modeled with confidence
due to poor electron density in this area of the map, precluding a
more detailed analysis (see Methods).
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Fig. 3. Crystal structures of a-actinin-2/FATZ-1 reveal two linear binding motifs in FATZ-1. (A) Crystal structure of rod-a-actinin-2/mini-FATZ-1 (in green/magenta),
along with the determined FATZ-1 consensus sequence (35 to 80% and 60 to 84% pairwise sequence identity for LM1 and LM2, respectively). Cross-linked residues are
indicated by blue, red, and gray stars/balls/sticks on the sequence/structure. Identified Se-Mets are shown in yellow. The rod-a-actinin-2 dimer is assembled through a
crystallographic twofold axis between symmetry mates (black circle). Interacting residues (rod-a-actinin-2 in italics), along with helices from SR1/SR2 (h1, h2, and h3) and
SR3/SR4 (h1', h2', and h3'), are shown in close-up views. (B) Crystal structure of hd-a-actinin-2/A91-FATZ-1 (LM1 and LM2 as magenta cartoon and transparent gray sur-
face; hd-a-actinin-2 color-coded as in Fig. 2A). (C) Comparison of unbound [Protein Data Bank (PDB) code 4D1E] and bound (this work) hd-a-actinin-2. ABD and EF1-2 of
unbound hd-o-actinin-2 are shown with transparency. ITC analysis for the interaction of LM1 peptide with a-actinin-2 (D), LM2 peptide with a-actinin-2 (E), and RRE A91-
FATZ-1 mutant with a-actinin-2 (F). SEC-MALS analysis for the interaction of RRE A91-FATZ-1 mutant with rod-o-actinin-2 (G) and A91-FATZ-1 with E. histolytica rod-o-
actinin-2 (H). See also figs. S6 to S11 and S18, tables S1 and S3 to S7, and movie S1.
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In both a-actinin-2/FATZ-1 structures, one can see two identical
stretches of amino acids bound to a-actinin-2, which are conserved
among FATZ proteins (62 and 71% average identity for LM1 and
LM2, respectively) and conform to the definition of eukaryotic lin-
ear motifs (ELMs) (Fig. 3, A and B) (36, 37). Accordingly, they are
hereafter called LM1 (residues 180 to 199) and LM2 (residues 216 to
240). LM1 and LM2 are connected by a short 16- and 13-residue
linker in rod-a-actinin-2/mini-FATZ-1 and hd-a-actinin-2/A91-
FATZ-1, respectively, which is not visible in electron density maps
and matches the positions of previously identified cross-links (Fig.
3A and fig. S9B). LM1 runs perpendicular to SR4 from one subunit
and across the groove formed by SR4 from one and SR1 from the
adjacent subunit, being anchored to SR4 h3'. It thereafter forms a
five-residue o helix stabilized on SR1 h2 and h3 and returns toward
SR4 in a trace that is almost parallel to its N-terminal segment (see
Fig. 3, A and B, Supplementary Results, and fig. S10, C and D). LM2
runs in an extended conformation over the groove formed by SR2
h1 and h2. It then crosses over into the groove formed by SR3 h1’
and h2’ and thereafter forms a 12-residue o helix that lies perpen-
dicular to SR3 h2’ and is halved in hd-o-actinin-2/A91-FATZ-1
compared to rod-o-actinin-2/mini-FATZ-1.

Interface analysis of rod-o-actinin-2/hd-a-actinin-2 FATZ-1
complexes using the PISA server (38) showed a large interface area
of 1578/1887 A* contributed by 555/729 A? (20/16 residues) and
1023/1158 A* (25/22 residues) from LM1 and LM2, respectively
(see Supplementary Results and table S5), correlating with the tight
nature of the complex. The increased interface area in the hd-o-
actinin-2/A91-FATZ-1 complex is due to the EF1-2/LMI1 interaction
and an N-terminally extended LM2-binding site (see Fig. 3, Aand B,
and Supplementary Results). The P values describing interface
compatibility of LM1 and LM2 in rod-a-actinin-2/hd-a-actinin-2
complexes are 0.41/0.29 and 0.65/0.45, respectively. These rather
high values indicate low complementarity of hydrophobic residues
and are in agreement with a large number of stabilizing polar inter-
actions (table S6) (38), corroborating the enthalpy-driven reaction
observed by ITC (fig. S6H). Both LM1 and LM2 show an overall
positive electrostatic potential at the binding interface, with a pro-
nounced complementarity at LM2 with respect to the predomi-
nantly negatively charged surface of a-actinin-2 rod (fig. S10E).

To dissect the contribution of LM1 and LM2 to the binding af-
finity, we used ITC with one peptide corresponding to each motif.
While we could not detect binding between LM1 peptide and o-
actinin-2 (Fig. 3D), LM2 peptide bound to o-actinin-2 with a binding
stoichiometry of 1.9 and a K4 of 315 nM (Fig. 3E), which fits that of
A91-FATZ-1-binding to hd-a-actinin-2 (Kq = 260 nM; see table S3).
The K4 of LM1 was predicted to be 882 pM using worm-like chain
modeling, which calculates the global Ky value from the individual
Ky values of intramolecular binding motifs connected by flexible
linkers (39, 40). For this calculation, we used the experimentally de-
termined Ky values of A91-FATZ-1 and LM2 for hd-a-actinin-2
and a-actinin-2, respectively (table S3), as well as the length of the
LM1-LM2 linker (13 residues) and distance between the two motifs
in the hd-a-actinin-2/A91-FATZ-1 structure (29.6 A). The weak and
strong affinities of LM1 and LM2 for a-actinin-2 agree with the peptide
array data: weak and strong signal for peptides corresponding to
LM1 and LM2, respectively (fig. S7), with the strongest signal for
the peptide comprising residues 217 to 231. These diverse bind-
ing affinities match the structure of rod-o-actinin-2/A91-FATZ-1,
which was additionally crystallized and displays only a shorter LM2
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bound to o-actinin-2 rod [see fig. S10, A (right) and D, and table
S4), revealing LM2 as the major binding site. While LM1 and LM2
show a fixed conformation when bound to o-actinin-2, CD spectra
of both peptides showed a random coil conformation (fig. S11),
suggesting that they are molecular recognition elements (MoREs)
[see below and (41, 42)].

To validate our structures, we designed the RRE A91-FATZ-1
mutant, which contains three mutations within LM2 residues 217
to 231 (F221R+A225R+Y228E; Fig. 2K). This mutant did not form a
complex with o-actinin-2 according to SEC-MALS and the interaction
displayed a very low signal in ITC, for which a K4 could not be deter-
mined (see Fig. 3, F and G, and tables S1 and S3). Last, A91-
FATZ-1 did not form a stable complex with the two-SR rod of the
distantly related Entamoeba histolytica o-actinin-2 by SEC-MALS
(Fig. 3H), showing recognition specificity of FATZ-1.

FATZ-1 forms a fuzzy complex with a-actinin-2 resulting

in a polar architecture of the complex

To investigate the conformation and structure of the flexible parts
of FATZ-1 in complex with a-actinin-2, we used CD and SAXS. As
expected, CD analysis of rod-a-actinin-2 showed that it is mainly
o-helical (83%; fig. S11). In addition, analysis of the rod-a-actinin-2/
A91-FATZ-1 complex revealed a secondary structure content
corresponding to that of the stoichiometrically weighted sum of the
two individual proteins (fig. S11), indicating no gain in secondary
structure for FATZ-1 upon binding to a-actinin-2.

For the SAXS analysis of the a-actinin-2/FATZ-1 complex, we
first analyzed rod-a-actinin-2 and hd-a-actinin-2. While rod-a-
actinin-2 retains a rigid architecture in solution, the ABD and EF-hand
motifs in hd-a-actinin-2 are not spatially fixed relative to the rod but
can sample different spatial positions, which was not captured in
the crystal structure (see Supplementary Results and figs. S12, A to
CandE, and S13, A and B). To confirm that LM1 is a weaker binder
for o-actinin-2 than LM2 (Fig. 3), we generated two sets of rod-a-
actinin-2/A91-FATZ-1 models comprising LM1 fixed or free and
subsequently fitted the SAXS data. For both rod-o-actinin-2/A91-
FATZ-1 and hd-a-actinin-2/A91-FATZ-1 complexes, a better fit
was obtained with LM1 free (figs. S12, D and F, and S13, C to F), in
agreement with ITC and peptide array data. For both complexes,
models with LM1 free were selected over those with LM1 fixed, when
simultaneously using LM1-fixed and LM1-free pools (Fig. 4, A to D).

The notable increase in both Ry and Ry of the cross section of
rod-o-actinin-2/A91-FATZ-1 compared to that of rod-a-actinin-2,
together with an almost unaffected Dy, suggested that the flexible
parts of FATZ-1 do not extend in a parallel but rather perpendicular
fashion to the rod of a-actinin-2 (fig. S12B and table S2). In addi-
tion, the broad R, distribution of ensembles selected from the pool
generated by Ensemble Optimization Method (EOM) (43, 44), to-
gether with the analysis of the generated models and derived struc-
tural parameters, revealed that FATZ-1 forms a fuzzy complex with
rod-o-actinin-2 and hd-o-actinin-2 (45, 46), as it remains mostly
disordered apart from the LM1 and LM2 motifs (Fig. 4, C to E). In
our fuzzy complexes, the two FATZ-1 molecules stem radially from
both LM2 anchoring points, which are rotated by 155° with respect
to each other (Fig. 4E and movie S1), due to the combined effect of
the antiparallel dimeric a-actinin-2 architecture and the ~90° tor-
sional twist of its rod (12, 13). Notably, both FATZ-1 molecules
bind to the concave side of the a-actinin-2 rod surface, which is
significantly more conserved than the convex one (Fig. 4F), resulting
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Fig. 4. FATZ-1 forms a fuzzy complex with a-actinin-2 resulting in a polar architecture of the complex. Experimental SAXS data of rod-o-actinin-2/A91-FATZ-1
(A) and hd-a-actinin-2/A91-FATZ-1 (B), with the corresponding model fits to the data of the selected ensembles. GAJOE, Genetic Algorithm Judging Optimisation of Ensembles.
Flexible regions of A91-FATZ-1, nonvisible in our determined crystal structures, were generated with EOM (43) keeping LM1 either fixed or free (10,000 models for each).
Selected ensemble model representatives for rod-o-actinin-2/A91-FATZ-1 (C) and hd-o-actinin-2/A91-FATZ-1 (D) (color code as in Fig. 2A), along with their Ry and volume
fractions within the ensemble. (E) Integrative model of fuzzy o-actinin-2/A91-FATZ-1 built using x-ray crystallography and SAXS models of hd-a-actinin-2/A91-FATZ-1.
Rotation for LM2 helices of bound FATZ-1 molecules with respect to each other, as well as torsional twist in the rod along the longitudinal a-actinin-2 axis, is shown
in the right inset (FATZ-1 flexible parts are omitted for clarity). (F) Surface of the rod-a-actinin-2/FATZ-1 structure showing the sequence conservation of o-actinin in-
teracting residues for FATZ-1 (alignment done using 1505 a-actinins from vertebrates). (G) Model of F-actin/a-actinin-2/FATZ-1 (F-actin in light and dark gray) based on a
cryo-electron tomography structure of the Z-disk (47) and our integrative model. See also figs. S11 to S13, tables S1 and S2, and movies S1 to S3.
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in a polar architecture of the complex (Fig. 4E and fig. S13, D and
F), as also observed in the a-actinin-2/FATZ-1 complex placed into
a recently reported cryo-electron tomography model of the Z-disk
(Fig. 4G) (47).

We validated our fuzzy models by comparing calculated and ex-
perimentally derived intrinsic viscosity (1)), which is a hydrodynam-
ic parameter related to protein conformation (see Supplementary
Results and table S1) (48), and additionally refined FATZ-1 confor-
mations in all-atom molecular dynamics (MD) simulations in ex-
plicit water. We used the most representative rod-a-actinin-2/
A91-FATZ-1 model of the EOM ensemble with an LM1-fixed
or -free configuration as the starting point, which displayed signif-
icant structural fluctuations throughout our relaxation simulations,
including compaction and unwinding (movies S2 and S3). In both
MD simulations, A91-FATZ-1 LM2 remained stably bound to the
rod and maintained a conformation close to that in the crystal
structure. LM1 behaved similarly in the case of the fixed configura-
tion. In the case of the free configuration, LM1 tended to bind to the
rod and form nascent (first A91-FATZ-1 molecule) and more promi-
nent (second molecule) intermolecular contacts with o-actinin-2,
which, however, were observed at a neighboring position as com-
pared to the crystal structure (see Supplementary Results and movie
S3). Apart from a few cursory contacts between periodic images in
the case of the LM1-fixed configuration, A91-FATZ-1 molecules
did not display any specific interaction with each other in either
simulation.

FATZ-1 interacts with itself and phase-separates in vitro

As some IDPs participate in multivalent interactions that lead to
phase separation and formation of biomolecular condensates
(49, 50), we analyzed the FATZ-1 sequence and found blocks of al-
ternating charges, clusters of aromatic residues, and two RGG mo-
tifs (see Supplementary Results), which are the typical signatures of
proteins undergoing liquid-liquid phase separation (LLPS). Accord-
ingly, bioinformatics analysis using phase separation predictors re-
vealed that FATZ-1 has a high propensity to phase-separate (Fig. 5A
and fig. S14, A and B). The highest score was found mostly within
the GRR (residues around 100 to 180) using PScore, which is based
on the expected number of long-range planar sp” n-r contacts, and
catGRANULES, which was trained on sequence composition weighted
by length, disorder, and R/G/F content, among other features (51).
This property is conserved not only in FATZ-1 from mammals but
also in FATZ-1 from other vertebrates (fig. S14C). FATZ-3 is pre-
dicted to display a strong tendency to phase-separate around resi-
dues 90 to 115 (central part) and 180 to 225 (C-terminal part),
albeit showing a lower global score (fig. S14, A and B). The mostly
cardiac paralog FATZ-2 was predicted to exhibit a moderate pro-
pensity to phase-separate around residues 80 to 125 and 180 to 230
(fig. S14, A and B).

We therefore investigated the potential of FATZ-1 to form bio-
molecular condensates. First, to experimentally detect whether
FATZ-1 interacts with itself, we carried out paramagnetic relaxation
enhancement (PRE) NMR experiments (52, 53). We recorded 'H-
>N HSQC spectra using a 1:1 molar mixture of "N A91-FATZ-1
plus S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate (MTSL)-labeled (1*N) S110C A91-FATZ-1
mutant. A comparison of the relaxation rates between the diamagnetic
and paramagnetic forms of the MTSL-label measured at 5°C showed
an enhancement of already high relaxation rates in the unassigned
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FATZ-1 region (Fig. 5B and fig. S15). Accordingly, the relaxation
rates in the presence of the paramagnetic label were increased ap-
proximately twofold compared to those in its absence, indicating a
transient proximity between the MTSL-label in the GRR and the
unassigned CTR (Fig. 5B). In addition, residues located in the more
compact CTR showed distinct PRE effects, which persisted when
normalized by the initial relaxation rates, thus suggesting authentic
transient encounters between the GRR and the CTR. Although our
data do not provide unambiguous proof that these interactions
drive phase separation, bioinformatics predictions show the CTR as
being important for FATZ-3 phase separation (fig. S14, A and B),
altogether supporting a homotypic interaction for FATZ proteins.
Next, to experimentally assess whether FATZ-1 intermolecular
interactions lead to phase separation, we used solutions containing
either N-FATZ-1 or A91-FATZ-1, hypothesizing that N-FATZ-1
will not phase-separate because it lacks the CTR (Fig. 1C). Only
A91-FATZ-1 showed spontaneous condensation (i.e., increased
turbidity) when the temperature was increased from 4° to 22° or
37°C, whereas N-FATZ-1 remained transparent (Fig. 5C and fig.
S16A). A91-FATZ-1 formed round-shaped droplets that were con-
stantly fusing over time and reached up to 20 um in diameter, as
indicated by differential interference contrast (DIC) microscopy
(see Fig. 5C, fig. S16B, and movie S4). A91-FATZ-1 phase separa-
tion was reversible when changing the temperature from 4° to 37°C
and vice versa (fig. S16A). When the temperature was increased
from 4° to 22°C, FATZ-1 precipitated under all experimental condi-
tions due to solubility issues, whereas trx-FATZ-1 phase-separated
into condensates that were generally spherical and associated with
each other without undergoing fusion (movie S5). Trx-FATZ-1 and
maltose-binding protein (MBP)-FATZ-1 formed round-shaped
droplets that underwent fusion after addition of 0.5 to 6 mM cationic
detergent cetyl-trimethyl-ammonium bromide or 5% of the molecu-
lar-crowding agent dextran, which is commonly used in cell-free
LLPS studies (Fig. 5C and movies S5 and S6) (54). We further con-
firmed that the composition of FATZ-1 condensates using NT-647-
labeled A91-FATZ-1 and A91-FATZ-1-green fluorescent protein (GFP).
We observed phase separation with both fluorescently labeled vari-
ants, indicating that the C-terminally attached GFP does not inter-
fere with phase separation (Fig. 5, D and E). We analyzed the liquid
nature of the condensates using fluorescence recovery after photo-
bleaching (FRAP) on A91-FATZ-1-GFP. The half-time to recover
the fluorescence signal of a photobleached region with a diameter of
2.7 um was t1; = 12.7 s, corresponding to a diffusion coefficient
D =0.096 um®/s (Fig. 5E, fig. S16C, and movie S7). While this D is
two orders of magnitude lower than that of bovine serum albumin
(BSA) and catalase (55), t1/; is in line with typical values observed
for liquid condensates (56, 57). Furthermore, 'H-N HSQC signal
intensity measured at 5°C increased linearly with protein concen-
tration for the GRR, whereas a nonlinear increase was observed for
the unassigned CTR (Fig. 5F). This effect was more pronounced at
higher temperatures, correlating with FATZ-1 homotypic interac-
tions and its in vitro capacity to phase-separate at increased tempera-
ture. The CTR showed a faster relaxation behavior due to structural
compaction of this segment when free in solution. Therefore, the
observation of sizeable intermolecular PRE effects also in the con-
densate indicates that the reduced conformational flexibility of the
CTR prevails after phase separation and facilitates transient en-
counters between the spin label within the GRR and residues locat-
ed in the CTR. To conclude, our data indicate that A91-FATZ-1
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Fig. 5. FATZ-1 interacts with itself and phase-separates in vitro. (A) Phase-separation prediction for FATZ-1 using PScore and catGRANULE servers (NTR and CTR in magenta
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(E) FRAP of A91-FATZ-1-GFP. Photobleached area is circled in the close-up view. (F) "H-">N HSQC signal intensity ratio of >N A91-FATZ-1 at concentration of 220 uM/110 uM
measured at increasing temperatures. (G) DIC/fluorescence images of A91-FATZ-1-GFP mixed with Cy5 rod-a-actinin-2. (H) Phase diagram of A91-FATZ-1in function of protein and
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of A91-FATZ-1 with increasing concentrations of a-actinin-2. Prevention and dissolution done by triggering phase separation after mixing proteins and by adding o-actinin-2
after forming condensates, respectively. Rescue of phase separation by addition of LM2 peptide is shown in the right inset. Data taken after 14 to 20 min of reaction, repre-
sented as means + SD (n = 3). See also figs. S14 to S16 and table S7 for statistical analysis, table S8, and movies S4 to S8. ODggo nm, Optical dentisy at 600 nm; a.u., arbitrary units.
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retains structural compaction in the CTR when undergoing LLPS. Last,
we generated a liquid-liquid phase diagram, which showed that in-
creasing concentrations of arginine prevent A91-FATZ-1 phase
separation (Fig. 5H and fig. S16B), suggesting that cation-z interac-
tions are one of the principal mechanisms behind the formation of
FATZ-1 condensates (58).

To investigate whether o-actinin-2 colocalizes with FATZ-1
condensates, we used Cy5-labeled rod-o-actinin-2 and A91-FATZ-
1-GFP. While we observed a homogeneous distribution of Cy5 rod-
o-actinin-2 in the condensates, Cy5 E. histolytica rod, which does
not interact with A91-FATZ-1 (Fig. 3H), was not enriched (Fig. 5G
and fig. S16D). Colocalization between Cy5 rod-o-actinin-2 and A91-
FATZ-1-GFP was further confirmed by FRAP on Cy5 rod-o-actinin-2.
The 1/, to recover the fluorescence signal of photobleached rod-o-
actinin-2 in condensates with a diameter of 4.5 to 9.7 um was 6.6 to
35.3 s, corresponding to a diffusion coefficient of ~0.5 um?*/s (Fig. 51,
fig. S16E, and movie S8), suggesting that the protein mesh in FATZ-
1 condensates is permeable for particles as large as o-actinin-2 and
corroborating its selective recruitment.

As the main a-actinin-2-binding sites in FATZ-1 map to the
CTR, which is also involved in FATZ-1 homotypic interaction like-
ly driving phase separation, we asked whether increasing amounts
of a-actinin-2 could have an impact on the FATZ-1 condensates.
We first mixed A91-FATZ-1 with increasing concentrations of
o-actinin-2 and triggered droplet formation by increasing the tem-
perature to 37°C. As assessed by turbidity assays, which use optical
density of a protein solution as a measure of phase separation,
o-actinin-2 prevented condensate formation in a concentration-
dependent manner (Fig. 5], fig. S16F, and table S7). We next used
preformed A91-FATZ-1 droplets and added increasing amounts of
o-actinin-2, which led to dissolution of FATZ-1 condensates again
in a concentration-dependent manner (Fig. 5], fig. S16G, and table
S7). Last, we added LM2 peptide to the FATZ-1/0-actinin-2 mix-
ture, which “rescued” A91-FATZ-1 droplet formation (Fig. 5], fig.
S$16, H and 1, and table S7), supporting specificity of the interaction
inside the droplet. Together, these results demonstrate that increas-
ing the concentration of a-actinin-2 prevents and dissolves FATZ-1
condensates.

a-Actinin-2 stabilizes FATZ proteins at the Z-disk

To determine the contribution of a-actinin-2 to localization of
FATZ proteins to the Z-disk, we transfected GFP-tagged FATZ-1 or
FATZ-2 into immortalized mouse myoblasts (IMMs) or neonatal
rat cardiomyocytes (NRCs) to comply with their skeletal-specific or
mostly cardiac-specific expression profile, respectively. Both FATZ-
1 and FATZ-2 [wild type (WT) and fiveE mutant] correctly targeted
the Z-disk and colocalized with a-actinin-2 and the peripheral
Z-disk portion of titin (fig. S17) (59). At the diffraction-limited res-
olution, no evident alterations in Z-disk morphology were detected.
Diffusive GFP signal was specifically detected for fiveE FATZ-1 and
FATZ-2 mutants outside of sarcomeric compartments (fig. S17),
suggesting their incomplete targeting to the Z-disk most likely due
to loss of interaction with a-actinin-2.

To specifically assess the impact of the fiveE mutant on o-actinin-2
binding capabilities of FATZ-1 and FATZ-2, we performed in
cellula fluorescence resonance energy transfer (FRET) by acceptor
photobleaching. Here, the higher FRET ratio indicates closer phys-
ical proximity between the pair of donor-acceptor fluorophores,
although it does not provide stoichiometric information about the
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protein complex (60). Both WT cyan fluorescent protein (CFP)-
FATZ proteins and o-actinin-2-yellow fluorescent protein (YFP)
colocalized in a nonmuscle COS-1 cell line, which was used to avoid
the contribution of endogenous partners, yielding comparable FRET
ratios of 0.085 and 0.087 for FATZ-1/a-actinin-2 and FATZ-2/a-
actinin-2, respectively (Fig. 6, A and B). By contrast, fiveE FATZ-1
and FATZ-2 mutants exhibited significantly lower FRET ratios
than the WT counterparts (0.047 and 0.024; Fig. 6, A and B). To-
gether, the overall reduced proximity of fiveE FATZ-1 and FATZ-2
to a-actinin-2 is reflected by lower Z-disk targeting efficiency com-
pared to the WT, both in IMMs and NRCs, in agreement with their
lower affinity for a-actinin-2 (see Fig. 2, E and I). Nevertheless,
these mutants still targeted the Z-disk, which can be explained by
the contribution of multiple binding partners important for the lo-
calization of FATZ-1 in IMMs and FATZ-2 in NRCs.

DISCUSSION

Proteins of the FATZ family are found in Z-bodies and mature
Z-disks and are suggested to have a structural role as an interaction
hub by establishing an intricate set of protein-protein interactions
linking a diverse set of critical Z-disk components, as well as a role
in protein signaling pathways via binding to calcineurin (14, 15, 17).
Here, we focused on FATZ-1, which is the most studied family
member when it comes to binding to different partners, and its in-
teraction with the major Z-disk protein a-actinin-2 (3, 12).

Previous secondary structure and globularity predictions on
FATZ-1 suggested the presence of two a-helical domains displaying
a compact globular conformation without significant coiled-coil re-
gions and separated by a GRR (15). Our bioinformatics analyses on
FATZ-1, FATZ-2, and FATZ-3 revealed a certain degree of com-
pactness and a-helical content for NTR and CTR, in agreement
with the presence of hydrophobic clusters, and an extensive central
IDR matching FATZ-1 GRR.

We experimentally confirmed bioinformatics predictions using
a battery of biophysical and structural approaches, which revealed a
random coil-like conformation for N-FATZ-1 and a premolten globule
one for A91-FATZ-1, uncovering that both constructs sample an
ensemble of states in solution, with no definable tertiary conforma-
tion. This ensemble state is likely driven by the IDR encompassing
the GRR (as per the NMR result), but the protein retains secondary
structure elements (as per the CD result), which is in line with avail-
able evidence, suggesting that IDPs populate partially ordered or
compact states in the absence of binding partners (31). Together,
our data indicate that FATZ-1 is a “modular” IDP with regions of
definable secondary structure elements interspersed by structurally
heterogeneous regions.

Sequence alignment of vertebrate FATZ-1 showed several stretches
of conserved residues at NTR and CTR, two of them mapping to
o-actinin-2-binding sites (i.e., LM1 and LM2) (fig. S18). Combin-
ing this alignment with reported binding data on FATZ-1, FATZ-2,
and FATZ-3, we hypothesize that filamin-C-, telethonin-, and
calcineurin-binding sites reside within residues 34 to 83, while the
second calcineurin-binding site and the ZASP-binding site reside
within residues 265 to 275 and 295 to 299, respectively.

Most of these interactions were identified on a binary level, but
it is not clear which higher-order complexes can actually coexist in
Z-disks. While titin Z-repeats, myotilin, myopodin, and myopalla-
din are known to bind to a-actinin-2 EF3-4 via their 1-4-5-8 motif,
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Fig. 6. a-Actinin-2 stabilizes FATZ proteins at the Z-disk. (A) COS-1 cells coexpressing enhanced CFP (ECFP)-tagged FATZ-1 (WT FATZ-1) or corresponding fiveE mu-
tant, in combination with actinin-2-EYFP, as determined in fixed cells by acceptor photobleaching. Representative images are shown before and after bleaching for both
proteins. Bleached regions of interest are shown (insets), along with FRET efficiencies used to calculate FRET ratios presented in the adjacent graph [n=28 (WT) and 30
(fiveE), ****P < 0.0005, Student's t test). (B) Same cells as in (A) but coexpressing ECFP-tagged FATZ-2 variants in combination with EYFP-a-actinin-2 [n=26 (WT) and 25
(fiveE), ****P < 0.0005, Student’s t test). Scale bars, 10 um in all images. See also fig. S17.

the ZASP PDZ domain binds to the C terminus of EF3-4 (61-64).
The titin Zq motif was shown to bind to the o-actinin-2 rod (SR2-SR3)
and modeled as a dimer of a helices running perpendicular to the
centre of the rod (59, 65). Our structural analysis of the o-actinin-2/
FATZ-1 complex indicates that FATZ-1 and Zq titin should not com-
pete for binding to a-actinin-2. The structure of the hd-o-actinin-2/
FATZ-1 complex shows, however, a significant shift in EF1-2
position compared to the equivalent domain in unbound a-actinin-2.
Given the reported intramolecular communication between EF-hand
lobes in CAMD (35), further experiments are required to test whether
FATZ-1 regulates the interaction of different partners to a-actinin-2
EF3-4, ultimately affecting its F-actin bundling function. Our struc-
ture also correlates with the reported competition between a-actinin-2
and filamin-C for the CTR of FATZ-1 (15), indicating that the second
filamin-C-binding site maps to LM1/LM2 or neighboring regions.
Nevertheless, a ternary o-actinin-2/FATZ-1/filamin-C complex is
still possible relying on the first filamin-C-binding site in the NTR
of FATZ-1 (18). Last, because the predicted second binding site for
calcineurin is separated from LM2 by 25 residues, we infer that
FATZ-1 could inhibit calcineurin when bound to o-actinin-2, al-
though we cannot exclude competing sterical hindrance effects.
Our crystal structures revealed that the main binding sites in
FATZ-1 map to the CTR, in agreement with previous reports
(14, 15, 17). Specific interaction with a-actinin-2 is achieved via
LM1 and LM2, which classify as ELMs (36, 37), representing two of
four islands of highly conserved residues in the CTR (fig. S18) and
suggesting evolutionary pressure on the interaction interface. In ad-
dition, LM1 and LM2 can be recognized as MoREs, because they
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undergo disorder-to-order transitions upon binding (41, 42). Together,
our data point to LM2, and in particular to residues TyrZIS-Tyrzzg,
as the major binding site for a-actinin-2. LM1 binds weakly when
alone but, in the context of the full-length protein, is tethered in the
polypeptide to the proximity of its binding site by LM2, increasing
its local concentration and thus contributing to the interaction.

In addition, both LM1 and LM2 display P-W/F motifs (P187-
W188 and P227-Y/F228, respectively). As prolines neighbored by
aromatics favor the cis conformation, and the slow switching be-
tween cis and trans conformers can influence regulatory networks
(66), it is enticing to speculate on the possible function of these ele-
ments in the tightly controlled regulation of Z-disk interactions.

Using FRET and colocalization analysis, we tested the in cellula
effect of fiveE FATZ-1 and FATZ-2 mutants, which display reduced
affinity to a-actinin-2, likely due to loss of hydrogen bonding and
electrostatic repulsion arising from K217E + R223E mutations. The
obtained FRET ratios for WT FATZes/a-actinin-2 were I significantly
lower than the previously reported FRET ratios for other Z-disk com-
plexes (60, 67), which might be explained by the use of full-length
protein rather than FRET-optimized truncation variants and also
by the intrinsic flexibility of the interacting proteins. FiveE FATZ-1
and FATZ-2 mutants showed lower Z-disk targeting efficiency;
however, we detected no evident alterations in Z-disk morphology.

SAXS analysis of the dimeric a-actinin-2 rod uncovered a rigid
structure in solution, in contrast to the proposed bending reported
from MD simulations (68). CD and SAXS analysis of the complex
showed that FATZ-1 retains most of its conformational heteroge-
neity (apart from LM1 and LM2) when bound to o-actinin-2,
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featuring as a “random fuzzy” complex, where short binding motifs
are interconnected and flanked by disordered regions (45, 46). Peptide
array, LP-MS, and NMR revealed additional binding sites spread
along the FATZ-1 polypeptide, which contribute to binding affini-
ty, as shown by ITC experiments using A91-FATZ-1 constructs, in
which secondary binding sites were perturbed by the presence of an
N- or C-terminally fused trx.

In summary, the a-actinin-2/FATZ-1 complex is characterized
by a central extended and rigid SR core that acts as a stable platform
on which the FATZ-1 anchors and goes on to sample multiple spa-
tial positions biased toward orientations perpendicular to the rod
domain, while the ABD and EF-hand motifs remain as defined
modules peripheral to the rod.

FATZ-1 forms a 2:1 complex with the functional a-actinin-2 di-
mer, both in solution (as per the SEC-MALS and SAXS data) and in
the crystal. This interaction results in two independent binding
events as shown by ITC when analyzed using a two-site binding
model (Kg; in the nanomolar range and Ky, in the low micromolar
range), indicating a noncooperative binding. While positive coop-
erativity can be ruled out as binding isotherms display two transi-
tions, negative cooperativity can be excluded by comparison of
binding constants for a-actinin-2 and hd-a-actinin-2, which show
that the affinity of the second FATZ-1 molecule for a-actinin-2 is
similar to that of the single FATZ-1 molecule binding to hd-o-
actinin-2 (K41 = 3.5 nM and Kg, = 314 nM versus K4 = 260 nM). In
agreement with this, A91-FATZ-1 molecules did not exhibit any
specific direct interactions with each other in our relaxation MD
simulations.

Our proposed mechanism of binding between o-actinin-2 and
FATZ-1 can only be explained in the context of a fuzzy complex,
using both main molecular recognition elements and secondary
binding sites. In this complex, FATZ-1 displays additional free va-
lences for interactions with multiple partners, and its fuzzy nature is

A B

K,,=3.5nM

Transient binding sites
}/FATZ-1
K, =314 nM

probably less pronounced when fully loaded. The first FATZ-1 mol-
ecule binds to a-actinin-2 through both main (LM1 and LM2) and
secondary binding sites with nanomolar affinity (Fig. 7A); the bind-
ing of the second FATZ-1 to a-actinin-2 is not hindered by the first
bound molecule, as it displays a low micromolar affinity similar to
that of FATZ-1 for hd-o-actinin-2 but rather does not enjoy the
same “bonus” of additional transient interactions as the first one
(Fig. 7A). The structure and binding mechanism of the fuzzy
o-actinin-2/FATZ-1 complex supports FATZ-1 function as a clas-
sical scaffolding protein in Z-disk assembly. The presence of IDRs
in fuzzy complexes was shown not only to modulate affinity but also
to increase selectivity and improve kinetics by providing nonspecific
anchors to binding partners (45).

FATZ-2 and FATZ-3 show the same 2:1 binding stoichiometry
for a-actinin-2 as found for FATZ-1. This is in line with conserved
key interacting residues within LM1 and LM2 binding motifs in the
FATZ family. In addition, FATZ-1 displays the same binding stoi-
chiometry with both muscle a-actinin-2 and nonmuscle o-actinin-1,
which, together with high sequence conservation of vertebrate o-actinin
isogenes, indicates a common binding mechanism between mem-
bers of FATZ and a-actinin protein families. Nevertheless, differences
in binding affinities are expected to occur for different combinations
of family members as reported for FATZ-1 and o-actinin-3 (21).

Electron tomography reconstructions of paracrystalline verte-
brate Z-disks show a defined orientation for a-actinin-2 rod in
cross-linked actin filaments (47, 69). This cannot be explained in
the context of the built-in flexibility in the neck region of a-actinin,
which allows rotation of the rod along its longitudinal axis (12). Ac-
cordingly, orientational constraints are expected to be provided by
additional proteins that bind to a-actinin-2 rod and tether it either
directly or indirectly to F-actin. Our integrative model of the a-actinin-
2/FATZ-1 complex placed into a cryo-electron tomography struc-
ture of the Z-disk (47) reveals that both FATZ-1 molecules stem

Cc

Fig. 7. Model for the binding mechanism of the fuzzy a-actinin-2/FATZ-1 complex and potential implications in Z-disk ultrastructure and biogenesis. (A) Mech-
anism of binding between a-actinin-2 (in green) and FATZ-1, showing how the first FATZ-1 molecule (magenta) binds tightly to a-actinin-2 through both main molecular
recognition elements (LM1 and LM2) and secondary binding sites, while the second FATZ-1 molecule (dark purple), which does not enjoy the same bonus of additional
interactions as the first one, binds with lower affinity. (B) Model of the a-actinin-2/FATZ-1 complex [color code as in (A)] in the Z-disk, showing the polar architecture of the
complex due to the binding of both FATZ-1 molecules to the conserved concave side of a-actinin-2. This might provide orientational constraints on a-actinin-2 rod and thus
contribute to the paracrystalline tetragonal lattice of actin filaments (light and dark gray; actin dimers shown as a single ball for simplicity). (C) FATZ-1 phase-separates
and forms biomolecular condensates with a-actinin-2 [color code as in (A)]. FATZ-1 condensates are prevented and dissolved by increasing concentrations of a-actinin-2,
opening a potential novel avenue for sarcomere biogenesis starting from FATZ-1 condensates.
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radially from their respective LM2 motifs bound to the concave side
of the a-actinin-2 rod surface (Fig. 7B). This polar architecture of the
complex is likely to arise from higher conservation of the a-actinin-2
concave side compared to the convex one, which suggests it as a
hotspot for protein-protein interactions. In combination with FATZ-1
multivalent scaffolding function (14, 15, 17), the polar architecture
of the a-actinin-2/FATZ-1 complex might organize interaction
partners within the Z-disk, thus advancing our understanding of
the paradigmatic role of scaffold proteins in muscle ultrastructure.
Solubility of FATZ-1 constructs was significantly improved
upon addition of arginine. Arginine was shown to reduce FATZ-1
multivalency for biomolecular condensate formation by competing
with stabilizing cation-n and m-n interactions, in agreement with
the FATZ-1 liquid-liquid phase diagram as a function of protein
and arginine concentration. FATZ-1 displays the hallmarks of proteins
that undergo LLPS, including IDRs, blocks of alternating charges,
clusters of aromatic residues, and two RGG motifs (50). Most of
these hallmarks are also found in FATZ-2 and FATZ-3, although
both proteins are predicted to have a weaker propensity for phase
separation. LLPS depends on external factors such as temperature,
pH, and ionic strength. Formation of FATZ-1 biomolecular condensates
was triggered by increasing the temperature from 4°C, suggesting
that hydrophobic interactions dominate the temperature-dependent
behavior, and not charge-charge, cation-n, and n-n interactions,
which are rather temperature independent (70, 71). Accordingly,
FATZ-1 comprises three P-X,-G motifs (where n would be typi-
cally 4; two in the GRR and another in the CTR), which were re-
ported to drive phase separation in a lower critical solution transition,
where condensates form above the threshold temperature (72).

Outlook

Sarcomere assembly starts from Z-bodies, initially termed “punc-
tate concentrates” of 0-actinin-2, FATZ, ZASP, myotilin, filamin-C,
and actin. During sarcomere biogenesis, Z-bodies grow in size, fuse
together, and lastly associate with other proteins to form mature
Z-disks in nascent myofibrils (5-9). This process is reminiscent of
membraneless organelles with a composition distinct from the sur-
rounding, which originate through a mechanism of phase separa-
tion (e.g., Cajal bodies or P bodies) and form discrete puncta, i.e.,
biomolecular condensates (50, 73). Phase separation is driven by
multivalent scaffold molecules that, in turn, create binding valences
for the recruitment of client molecules (50, 73-75). Here, we reveal
that FATZ-1 displays molecular signatures for LLPS, acting as a
scaffold for the formation of biomolecular condensates capable of
incorporating the client protein a-actinin-2. Scaffold proteins are
essential for condensate formation, while client proteins constitute
the majority of components that localize to condensates in a regu-
lated fashion by directly binding to scaffolds, with their concentration
being the physical mechanism modulating phase separation (50). Last, we
uncover that FATZ-1 condensates are prevented and dissolved by
increasing concentrations of a-actinin-2 (Fig. 7C).

This leaves us with the intriguing hypothesis that sarcomere bio-
genesis starts from biomolecular condensates, whereby FATZ pro-
teins could act as scaffolds that locally concentrate partners essential
for initiation of myofibrillogenesis, leading to nucleation of cytoskele-
tal structures in muscle. In mature sarcomeres, FATZ-1 represents
only 1% of the total muscle protein, while the level of a-actinin, which
increases during myofibrillogenesis, dominates at 17% (5, 14, 76).
Variable cellular protein concentrations could therefore control the
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phase separation threshold and composition of Z-body conden-
sates. Along these lines, short actin filaments form liquid droplets in
the presence of the F-actin cross-linker filamin-A, whose density
controls the shape and viscoelastic properties of the condensates (77).
These results agree with our bioinformatics predictions on Z-body
proteins, which detected an important phase separation propensity
also for filamin-C, albeit lower than that of FATZ-1, while the rest
of components were not predicted to phase-separate (fig. S14D). A
similar principle has recently been described for phase-separated
algal organelle the pyrenoid, where the CO,-fixing enzyme Rubisco
phase separates with the intrinsically disordered linker protein es-
sential pyrenoid component 1 (78), suggesting a potentially univer-
sal molecular organization shared by LLPS condensates. Further
experiments are clearly required to characterize the phase diagram
of FATZ condensates as a function of concentrations of client
Z-body proteins and to assess whether the same principles apply
under physiological conditions in living cells.

METHODS

Bioinformatics analysis

Protein sequences and structures were analyzed using a number
of servers and bioinformatics tools, namely, ExPASy ProtParam,
CIDER, PrDOS, DISOPRED2, IUPred2A, MFDp2, MobiDB, FELLS,
JPred, DynaMine, HCA, SMART, PScore, catGRANULE, PLAAC,
LARK, DSSP, jsPISA, PIC, DynDom, and Hydropro (for details, see
Supplementary Methods). Sequence alignments and phylogenetic
trees were prepared using MULTIALIN, ESPript, Clustal Omega,
and FigTree.

Protein expression and purification

DNAs encoding human FATZ-1, FATZ-2, and FATZ-3 were cloned
into p3NH vector, while those encoding trx-FATZ-1 and MBP-
FATZ-1 were cloned into pETM-22 and pET44M vectors, respec-
tively. Soluble FATZ-1 constructs, N-FATZ-1 and A91-FATZ-1, were
generated using an Erase-a-Base approach as described in Supple-
mentary Methods and further cloned into a modified pET-46 vector.
A91-FATZ-1-pET-46 was used as a template to generate fiveE,
RRE, and S110C A91-FATZ-1 mutants, as well as A91-FATZ-1-
GFP. FATZ-1-p3NH was used as a template to generate mini-
FATZ-1. A91-FATZ-1 was also cloned into pET-20 vector to generate
trx-A91-FATZ-1and A91-FATZ-1-trx. Human a-actinin-2 and rod-
o-actinin-2 were cloned into pET3d vector, while hd-o-actinin-2
was cloned into a modified pET-8 vector.

Proteins were produced by recombinant expression in Escherichia
coli strains BL21 (DE3), Rosetta-2 pLysS (DE3) or Rosetta-2 (DE3)
(see Supplementary Methods) using LB medium and induction with
1 mM isopropyl-B-p-thiogalactopyranosid for 5 hours at 37°C. Se-
Met-labeled mini-FATZ-1 and '*N-labeled A91-FATZ-1 were sim-
ilarly overexpressed using M9 minimal medium containing Se-Met
and ""NH,C], respectively. o-Actinin-2 constructs and soluble FATZ
constructs were purified by nickel-affinity chromatography on a
5-ml HisTrap FF crude column, anion-exchange chromatography
on a 6-ml Resource Q column, and SEC on a HiLoad 26/600 Superdex
200 column. Insoluble FATZ constructs were solubilized in 4 to
6 M urea and further purified as for the soluble constructs (see Sup-
plementary Methods). All proteins were flash-frozen and stored
at —80°C. Protein identity and purity were analyzed by SDS-
polyacrylamide gel electrophoresis. Proteins were dialysed overnight
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at 4°C against specific buffers before each experiment and concen-
trated by ultrafiltration.

Molecular biophysics characterization

Protein conformation was analyzed by CD on a Chirascan spec-
trometer at 20°C using a 0.5-mm path-length cuvette. Samples were
prepared at 1 to 100 uM in 20 mM sodium phosphate (pH 7.5).
Protein conformation and binding stoichiometry were assessed by
SEC combined with MALS (Wyatt), DLS (Wyatt), and viscometer
(Wyatt or Omnisec), using Superdex 200 increase 10/300 or Super-
ose 6 increase (3.2/300 or 10/300) columns, and equilibrated as de-
tailed in Supplementary Methods. Binding affinity was measured by
ITC on MicroCal iTC200 or PEAQ-ITC calorimeters, with o-actinin-2
constructs used as titrand at ~20 uM and FATZ-1 constructs or
peptides used as ligand at ~200 pM; all prepared in 20 mM sodium
phosphate (pH 7.5), 100 mM NaCl, 50 mM arginine, 50 mM glutamic
acid, 1 mM B-mercaptoethanol, 1 mM EDTA, and 0.5 mM phenyl-
methylsulfonyl fluoride. Binding data were processed and fitted using
PEAQ-ITC analysis software.

Mapping of interaction sites

Protein interaction sites were mapped using peptide-cellulose con-
jugates covering the sequence of FATZ-1 and Hiss-tagged o-actinin-2
(see Supplementary Methods). LP-MS was performed by incubating
rod-a-actinin-2/A91-FATZ-1 with trypsin or thermolysin at differ-
ent protease:protein ratios and XL-MS by incubating hd-o-actinin-
2/A91-FATZ-1 with 2 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide. NMR assignment of N-FATZ-1 and A91-FATZ-1
was carried out as described in Supplementary Methods using the
experimental parameters provided in table S8. For binding studies,
2D HSQC spectra were recorded at 278 K using a 600-MHz Avance
spectrometer. "N A91-FATZ-1 was prepared alone (20 uM) or mixed
with either a-actinin-2 (10 uM) or hd-a-actinin-2 (20 uM).

Crystal structure determination

Rod-o-actinin-2/mini-FATZ-1, rod-a-actinin-2/A91-FATZ-1, and
hd-o-actinin-2/A91-FATZ-1 complexes were crystallized by the
sitting- and hanging-drop vapor diffusion method as described in
Supplementary Methods. X-ray diffraction datasets were collected at
the European Synchrotron Radiation Facility (ESRF) and PETRA-III
synchrotrons at 100 K (table S4) and processed using programs
XDS and XSCALE and reformatted with XDSCONV. The struc-
tures were determined by molecular replacement using PHASER
and the structure of rod-a-actinin-2 [Protein Data Bank (PDB)
code 1HCI] as a search model for the two rod-a-actinin-2 complexes
and the structures of ABD, SR1-2, SR3-4, and EF3-4 from a-actinin-2
(PDB code 4D1E) as search models for the hd-o-actinin-2 complex.
In all cases, FATZ-1 side chains were built manually with Coot using as
a reference the positions of two Se-Met identified by anomalous dif-
ference Fourier analysis with PHENIX. Models were finished using
iterative rounds of manual building with Coot and refinement with
BUSTER and PHENIX.

SAXS analysis and MD simulations

Samples were prepared in 50 mM tris-HCI (pH 7.5) and 150 mM
NaCl, and SAXS data were collected at ESRF and PETRA-III syn-
chrotrons at 20°C using both batch and online SEC-SAXS setups
(see table S2). For SEC-SAXS, samples were injected onto Superose
6 increase 5/150 or 10/300 columns and data processed with
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CHROMIXS. SAXS data analysis was performed using programs
PRIMUS and GNOM within the ATSAS package. Models of the rod-
o-actinin-2/A91-FATZ-1 and hd-o-actinin-2/A91-FATZ-1 fuzzy com-
plexes were generated using the EOM method and conformational
restraints from the crystal structures as described in Supplementary
Methods. The obtained models were validated by all-atom MD
simulations in explicit water using GROMACS package and
Amber99SB-ILDN force field as detailed in Supplementary Methods.
Figuresand movies were generated with PyMOL and UCSF Chimera.

Characterization of phase-separated condensates

FATZ homotypic interactions were analyzed by PRE NMR using
5N A91-FATZ-1 (95 uM) and MTSL-labeled (**N) S110C A91-FATZ-1
(95 uM) prepared as detailed in Supplementary Methods. The effect
of temperature was assessed by recording 2D HSQC spectra of "N
A91-FATZ-1 (110 and 220 uM) at 278, 283, and 288 K. Condensates
were formed by concentrating FATZ-1 constructs up to 50 to 200 pM
at 4°C and next incubating the protein solution for 5 min at 22° or
37°C. Samples were imaged both in bright field and fluorescence
using different microscopes and a homebuilt chamber (see Supple-
mentary Methods). Colocalization experiments were performed by
mixing Cy5 human or E. histolytica rod-a-actinin-2 (both at 4.6 uM)
with preformed A91-FATZ-1-GFP condensates at 37°C or by mix-
ing Cy5 human or E. histolytica rod-o-actinin-2 (both at 4.6 pM)
with A91-FATZ-1-GFP (at 100 uM) at 4°C and next incubating the
protein solution for 5 min at 37°C. FRAP experiments were con-
ducted as detailed in Supplementary Methods. For turbidity exper-
iments, assays were performed by either mixing Hise-A91-FATZ-1
(at 50 to 65 uM) and o-actinin-2 (at 0.25 to 8 uM) for 5 min at 4°C
or by preforming condensates of Hiss-A91-FATZ-1 (at 65 uM) for
5 min at 37°C and then adding a-actinin-2 (at 0.25 to 8 uM). Absor-
bance was measured at 600 nm and 37°C using a VICTOR Nivo
plate reader. Additional experiments were performed by mix-
ing 50 uM Hisg-A91-FATZ-1, 5 uM o-actinin-2, and 20 to 500 pM
LM2 peptide.

Cell biophysics characterization

WT and fiveE FATZ-1 and FATZ-2 were cloned into pECFP-C1
and pEGFP-C1 vectors, and a-actinin-2 was cloned into a pEYFP-C1
vector. FATZ-1 and FATZ-2 colocalization with a-actinin-2 in
Z-disk was assessed using IMMs and NRCs, respectively. Impact of
FATZ-1 and FATZ-2 mutations on o-actinin-2 binding was measured
by FRET using COS-1 cells as described in Supplementary Methods.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabg7653/DC1

View/request a protocol for this paper from Bio-protocol.
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FATZ-1 (891-FATZ-1) in complex with rod-a-actinin-2: code 7A8U, https://doi.org/10.2210/
pdb7A8U/pdb; and crystal structure of sarcomeric protein FATZ-1 (§91-FATZ-1) in complex
with hd-a-actinin-2: code 7ANK, https://doi.org/10.2210/pdb7ANK/pdb. The 3D models
presented in Figs. 3 and 4 are available with these links: Fig. 3A: https://skfb.ly/6YvzT, https://
skfb.ly/6YVAN, and https://skfb.ly/6YVBS; Fig. 3B: https://skfb.ly/6YVRV; Fig. 3C: https://skfb.
ly/6YvQO; Fig. 4C: https://skfb.ly/6YVTS; Fig. 4D: https://skfb.ly/6YVUE; Fig. 4E: https://skfb.
ly/6YVVt; Fig. 4F: https://skfb.ly/6YwQL; and Fig. 4G: https://skfb.ly/6YwZy. All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors.
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