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Structural basis for tunable control of actin dynamics by 
myosin-15 in mechanosensory stereocilia
Rui Gong1, Fangfang Jiang2, Zane G. Moreland2, Matthew J. Reynolds1,  
Santiago Espinosa de los Reyes1, Pinar Gurel1, Arik Shams3, James B. Heidings2,  
Michael R. Bowl4,5, Jonathan E. Bird2*, Gregory M. Alushin1*

The motor protein myosin-15 is necessary for the development and maintenance of mechanosensory stereocilia, 
and mutations in myosin-15 cause hereditary deafness. In addition to transporting actin regulatory machinery to 
stereocilia tips, myosin-15 directly nucleates actin filament (“F-actin”) assembly, which is disrupted by a progres-
sive hearing loss mutation (p.D1647G, “jordan”). Here, we present cryo–electron microscopy structures of myosin- 15 
bound to F-actin, providing a framework for interpreting the impacts of deafness mutations on motor activity and 
actin nucleation. Rigor myosin-15 evokes conformational changes in F-actin yet maintains flexibility in actin’s D-loop, 
which mediates inter-subunit contacts, while the jordan mutant locks the D-loop in a single conformation. Ade-
nosine diphosphate–bound myosin-15 also locks the D-loop, which correspondingly blunts actin-polymerization 
stimulation. We propose myosin-15 enhances polymerization by bridging actin protomers, regulating nucleation 
efficiency by modulating actin’s structural plasticity in a myosin nucleotide state–dependent manner. This tun-
able regulation of actin polymerization could be harnessed to precisely control stereocilium height.

INTRODUCTION
The stereocilia of inner ear hair cells are rod-like membrane protru-
sions responsible for sound detection. Each hair cell assembles a 
staircase-shaped mechanosensory hair bundle during development, 
which contains three rows of stereocilia of increasing height. Stereocilia 
are primarily composed of parallel bundles of filamentous actin 
(F-actin) cross-linked to form a paracrystalline array (1). Stereocilia 
develop from microvilli that undergo an exquisite morphogenetic 
program characterized by F-actin elongation and bundling, presumed 
to be orchestrated by coordinated actin polymerization and bundling 
protein engagement (1). Once a stereocilium is established, slow actin 
dynamics maintain its architecture throughout adult life (2). Finely 
tuned regulation of actin dynamics is critical for stereocilium height 
determination, and mutations in actin and its regulatory factors are 
frequently associated with hearing loss (3). Nevertheless, the molecular 
mechanisms that precisely define the height of individual stereocilia 
during development and maintain them for a lifetime remain elusive.

Unconventional myosin-15 (encoded by the Myo15a gene in mouse 
and MYO15A in humans) is a plus-end directed molecular motor 
essential for stereocilia development and maintenance (4–7). More 
than 300 mutations have been mapped to the human MYO15A gene 
that cause autosomal recessive nonsyndromic deafness, DFNB3 (7, 8). 
Within hair cells, myosin-15 localizes to the distal tips of stereocilia, 
the major sites of actin turnover that are enriched with F-actin plus 
(“barbed”) ends (2, 6, 9). In mice homozygous for the Myo15a “shaker 2” 
allele (p.C1779Y), myosin-15 trafficking is disrupted in nascent ste-
reocilia (9), resulting in the failure of stereocilia to elongate and ultimately 
causing profound hearing loss (10). Myosin-15 transports whirlin 

(WHRN), epidermal growth factor receptor pathway substrate 8 
(EPS8), G protein signaling modulator 2 (GPSM2), and G protein 
subunit alpha I3 (GNAI3) to stereocilia tips, an “elongation network” 
of interacting proteins required for stereocilium biogenesis, each 
member of which phenocopies shaker 2 when individually deleted 
in mice (6, 11–13). While WHRN, GPSM2, and GNAI3 currently have 
no known elongation network functions beyond mediating protein- 
protein interactions, EPS8 is an established actin-binding protein 
(ABP) that exhibits filament bundling and plus-end capping activity 
(14). It has therefore been proposed that myosin-15 mediates ste-
reocilia growth by transporting elongation network components to 
the tip compartment, where they serve as the regulatory machinery 
governing F-actin assembly (6, 12, 13). Nevertheless, the functional 
consequences of specific myosin-15 mutations remain poorly under-
stood because of the absence of structural data and limited functional 
characterization of the myosin-15 protein.

In addition to its canonical adenosine triphosphatase (ATPase) 
motor domain, myosin-15 contains myosin tail homology 4 (MyTH4), 
band 4.1, ezrin, radixin, moesin (FERM), and Src homology 3 (SH3) 
domains (Fig. 1A), structural elements that mediate protein-protein 
interactions with cytoskeletal partners and cargos. These domains 
are also found in the related stereocilia, microvilli, and filopodia- 
associated motors myosin-7 and myosin-10, which, along with 
myosin-15, constitute the MyTH4-FERM family of myosins (15). 
The myosin-15 protein is expressed as two alternatively spliced iso-
forms that solely differ by a unique 133-kDa proline-rich N-terminal 
extension containing no predicted domains (Fig. 1A). The shorter 
MYO15A-2 isoform is critical for stereocilia biogenesis and is suffi-
cient for elongation network transport, while the longer MYO15A-1 
isoform is specifically required to maintain the F-actin cores of the 
shorter mechanotransducing stereocilia rows, suggesting that the 
N-terminal extension promotes cytoskeletal integrity through unknown 
mechanisms (5). The MYO15A motor domain has a high duty ratio, 
spending at least 50% of its mechanochemical cycle bound to the 
actin filament (4, 16). This is facilitated by the motor’s substantial 
F-actin binding affinity when occupied by adenosine diphosphate 
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(ADP) [KDA (actin-binding dissociation constant in the presence of 
saturating ADP) = 310 nM versus KA (actin-binding dissociation 
constant in the absence of nucleotide) = 200 nM] and ADP release 
being the slowest step in its nucleotide hydrolysis cycle (12 s−1), attri-
butes that restrict the motor’s adenosine triphosphate (ATP) binding–
coupled dissociation from F-actin (16). Similar properties are hallmarks 
of other well-characterized unconventional myosins whose F-actin 
engagement is modulated by force to regulate processive cargo traf-
ficking (myosin-5a and myosin-6) and cytoskeleton-membrane 
tethering (myosin-1b) functions (17, 18). Biophysical (19, 20) and 
structural (21–23) studies of these myosins have revealed coupling 
between nucleotide binding pocket rearrangements enabling ADP 
release and minor lever-arm swings of differing magnitude and 
directionality, facilitating tuned mechanical gating of ADP release/
ATP rebinding through their lever arms to mediate force-sensitive 
F-actin dissociation (24). By analogy to these motors, myosin-15 has 
also been speculated to be force sensitive (16), but this has not been 
experimentally examined and it remains unclear whether mechanical 
gating of ADP release through this mechanism is a universal feature 

of myosins. Furthermore, the structural mechanisms mediating the 
weak thermodynamic coupling between myosin-15’s ADP binding 
and F-actin engagement remain unknown.

In a companion study, we identified the myosin-15 missense muta-
tion p.D1647G, hereafter referred to as the jordan mutant (Fig. 1A), 
in a forward genetic screen for lesions leading to progressive hearing 
loss in mice (25). The mutant allele was named after the first deaf 
president of Gallaudet University. Hair cell stereocilia in the jordan 
mouse are developmentally stunted, and the short stereocilia actin cores 
additionally retract during aging (25). Although its actin- activated 
ATPase activity (wild type, kcat = 5.8 s−1; jordan, kcat = 0.87 s−1) and 
F-actin binding affinity (wild type, kATPase = 29.1 M; jordan, kATPase = 
114.3 M) are somewhat compromised, purified jordan myosin-15 
is nevertheless an active motor, and WHRN, EPS8, GPSM2 and 
GNAI3 localize to the tips of developing stereocilia in the jordan 
mouse, leading us to hypothesize that myosin-15 could control ste-
reocilium height through additional mechanisms. Consistently, we 
found that a minimal motor domain truncation of myosin-15 (S1-like 
fragment) markedly stimulates actin polymerization in vitro, with 
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Fig. 1. Cryo–electron microscopy structures of actomyosin-15 complexes. (A) Diagram of Mus musculus myosin-15 primary domain structure. (B) Cryo–electron 
microscopy (cryo-EM) maps of F-actin alone and indicated actomyosin-15 complexes. (C) Cryo-EM map and ribbon diagram of two actin and one myosin-15 subunits from 
the rigor wild-type actomyosin-15 reconstruction. Numbered boxes correspond to detail views in subsequent panels. (D) Cryo-EM map and stick models around actin’s 
ADP binding pocket. (E) Cryo-EM map and stick models at the actin-myosin loop 3 interface. The position of the jordan mutation (D1647) is highlighted in teal.
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the nucleotide-free “rigor” state specifically acting as a nucleation 
factor, while the jordan mutant instead suppresses actin assembly 
[figure 6 in (25)]. Early studies of the S1 fragment of skeletal muscle 
myosin demonstrated its capacity to nucleate actin polymerization 
in vitro (26–28), but a physiological role for this activity has not, to 
our knowledge, been reported in vivo. Our studies suggest that in 
addition to trafficking proteins, myosin-15 directly regulates actin 
dynamics required for stereocilia growth. However, the underlying 
molecular mechanism, and how it is disrupted by a single amino 
acid substitution in the jordan mutant, remains unknown.

Actin polymerization occurs through two fundamental processes: 
“nucleation,” where free subunits self-assemble into a minimal 
polymerization-competent unit (an energetically unfavorable process 
requiring a substantial energy barrier be overcome), and “elongation,” 
where additional free subunits are added to the end of a preexisting 
filament (an energetically favorable process), thereby extending it 
(29). In addition, actin polymerization is coupled to subunit ATP 
hydrolysis, which provides the driving force for dynamic actin as-
sembly and disassembly in the cell. Each actin monomer binds ATP, 
which is rapidly hydrolyzed by subunits upon their incorporation 
into a filament, followed by slower phosphate release. This results in 
metastable aged ADP F-actin whose depolymerization is thermo-
dynamically favored (29). As the intrinsic polymerization and de-
polymerization kinetics of actin are slow, both assembly processes, 
as well as F-actin disassembly, are tightly regulated by dozens of 
ABPs, including severing proteins, capping proteins, processive poly-
merases, and nucleators, whose activities must be precisely coordinated 
to construct elaborated cellular protrusions such as stereocilia (1, 29). 
These ABPs frequently use their actin-binding interfaces to modu-
late G-actin monomer/F-actin protomer conformation and thereby 
fine-tune actin polymerization dynamics (29). Within actin sub-
domain 2, the structurally polymorphic “D-loop” plays a prominent 
role in this conformational regulation (30–32). The D-loop undergoes 
a substantial rearrangement during actin polymerization, enabling 
it to form the major longitudinal contact between actin protomers 
in the filament (33). In F-actin, distinct D-loop conformations have 
been visualized in the presence of bound ABPs (21, 22, 34, 35), toxins 
(36, 37), and biochemical mimics of actin nucleotide states present 
as intermediates during polymerization (36, 38), highlighting this 
flexible element as a major site of F-actin structural regulation. 
Correspondingly, several myosin motors have been reported to modu-
late actin’s conformation through direct contacts with the D-loop 
upon F-actin binding (21–23, 34), and distinct actin conformations 
were visualized for the Mg-ADP and rigor stages of myosin-6’s 
mechanochemical cycle, mediated by the motor’s contact with the 
D-loop (22). This led us to hypothesize that reciprocal conformational 
changes at the actin-myosin interface could be harnessed by myosin-15 
during its mechanochemical cycle to precisely regulate F-actin poly-
merization dynamics to control stereocilium height.

Here, we report the cryo–electron microscopy (cryo-EM) struc-
ture of the rigor wild-type myosin-15 motor domain bound to ADP 
F-actin at 2.84-Å resolution, providing a framework for broadly in-
terpreting deafness mutations in the motor domain and at the 
actin-myosin interface. To probe myosin-15’s mechanochemical cycle 
and the mechanisms by which it regulates F-actin assembly, we also 
obtained cryo-EM structures of ADP F-actin alone (2.82 Å), as well 
as rigor jordan myosin-15 (3.76 Å) and Mg-ADP wild-type myosin-15 
(3.63 Å) bound to F-actin. Our F-actin alone structure reveals a 
region of the D-loop (residues G48-Q49) that is structurally flexible 

but nevertheless primarily adopts a mixture of two conformations. 
Rigor wild-type myosin-15 engagement elicits rearrangements at the 
actin-myosin interface that are propagated through the actin struc-
ture; however, the D-loop continues to adopt two conformations. 
Binding of the jordan deafness mutant evokes similar overall re-
arrangements but notably locks the D-loop in a single conforma-
tion, as does Mg-ADP wild-type myosin-15, which shows reduced 
F-actin stimulation relative to the rigor state in polymerization assays. 
Furthermore, our Mg-ADP–bound actomyosin-15 structure reveals 
minimal rearrangements in the motor domain and lever arm when 
compared to the rigor state, providing a structural rationale for 
myosin-15’s high actin-binding affinity in the presence of ADP and 
suggesting that, unlike other high-duty ratio motors, ADP release is 
unlikely to be mechanically gated in myosin-15. Our studies suggest 
that strongly bound myosin-15 promotes F-actin assembly by re-
inforcing longitudinal contacts between actin protomers with a 
nucleation efficiency controlled by the motor domain’s nucleotide 
state, which modulates both the motor’s actin-binding affinity and 
actin’s internal conformational flexibility, notably in a region that 
undergoes rearrangements during polymerization. We propose that 
this tunable direct regulation of actin assembly dynamics facilitates 
precise control of stereocilia height by myosin-15 in vivo, which is 
completely compromised by the jordan deafness mutation.

RESULTS
Cryo-EM reconstructions of actomyosin-15 complexes 
and bare F-actin
Using cryo-EM and the iterative-real space helical symmetry recon-
struction (IHRSR) procedure as implemented in RELION-3 (39, 40), 
we determined structures of a wild-type mouse myosin-15 construct 
containing the motor domain and 2 IQ motifs (4) (“MD-2IQ”; Fig. 1A) 
bound to ADP chicken skeletal muscle F-actin at a 1:1 stoichiometry 
in the rigor and Mg-ADP states at an average resolution of 2.84 and 
3.63 Å, respectively (see Materials and Methods and table S1). We 
additionally determined the structure of the jordan deafness mutant 
bound to F-actin at 3.76-Å resolution (Fig. 1B and fig. S1, A and B). 
The sub–3-Å resolution of our rigor wild-type structure facilitated 
building an accurate atomic model of the myosin-15 motor domain 
(Fig. 1C), which has not, to our knowledge, previously been struc-
turally visualized in the absence or presence of F-actin.

As has been reported in other cryo-EM studies of actomyosin 
(21, 22, 34, 41), the local resolution of these reconstructions is highest 
in the center of the filament and decreases radially outward toward 
the distal tip of the myosin lever arm (fig. S1B). For all three com-
plexes, the resolution of F-actin and the actin-myosin interface ex-
tends beyond 3.5 Å, yielding models with unambiguous side-chain 
density within these areas (Fig. 1, D and E, and fig. S1B). Most side 
chains in the motor domain are clearly resolved, and secondary 
structures can be identified in and around the distal converter do-
main (Fig. 1E and fig. S1B). To visualize structural changes evoked 
in F-actin by myosin-15, we also reconstructed bare ADP F-actin at 
a global resolution of 2.82 Å (Fig. 1B and fig. S1, A and B), to our 
knowledge the highest resolution mammalian F-actin structure 
reported to date. This density map facilitated direct model building 
and refinement of actin’s bound Mg-ADP and all actin residues 
except the first five at the protein’s flexible N terminus. Although 
stereocilia contain the cytoplasmic - and -isoforms of actin rather 
than the skeletal muscle -isoform used here, all actin isoforms are 
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at least 93% identical to one another (42), with most differences in 
the flexible, negatively charged N terminus of the protein. Previous 
actomyosin reconstructions featuring cardiac -actin (41) and cyto-
plasmic -actin (34) revealed no notable actin isoform–specific 
structural idiosyncrasies, and the residues found at the actin-myosin 
interface are identical between isoforms (42), including all specific 
interactions discussed in this paper.

Structural interpretation of deafness-causing 
myosin-15 mutations
Within the motor domain of myosin-15, a total of 59 missense mu-
tations targeting 58 residues have been identified in patients with 
DFNB3 (8). Of these 58 residues, 2 are located in disordered regions 
that were not resolved in our reconstruction: The remaining 56 can 
be mapped onto the structure (Fig. 2A). Sequence alignment of the 
mouse and human myosin-15 motor domains shows 54 of the 56 
residues are identical and 2 of them are highly similar (fig. S2). Ex-
amining the distribution of these deafness-causing mutations leads 
us to classify them into four groups (Fig. 2A; unless otherwise noted, 
residues cited correspond to the human protein). Mutations in 
the first group are found in the core of the motor domain and are 
likely to disrupt proper folding and thereby completely compromise 
function. For example, the p.S1465P mutation introduces a proline 
in the middle of a long helix, and the p.A1532T/p.A1535D muta-
tions substitute alanine with a polar or charged amino acid in the 
hydrophobic core (Fig. 2B), all of which we anticipate will severely 
impede folding.

This group additionally includes mouse C1779, the site of the 
pathogenic p.C1779Y deafness mutation in the shaker 2 allele, con-
trary to its originally predicted location at an actin-binding interface 
(10). This residue sits in a hydrophobic core surrounded by mouse 
I1297, L1275, A1308, and V1777 (fig. S3A), where substitution with 
a bulky hydrophilic tyrosine would be anticipated to disrupt the proper 
folding of the transducer. Consistent with this interpretation, recom-
binantly expressed shaker 2 (p.C1779Y) motor domain is a soluble 

aggregate when purified and subjected to size exclusion chromatog-
raphy (25). Furthermore, the human counterpart (A1324) of mouse 
A1308, which is adjacent to C1779 (fig. S3A), was also found to be 
substituted with the highly polar residue aspartic acid in a pedigree 
with profound deafness (43), consistent with disruption of the hy-
drophobic core resulting in misfolding and aggregation.

Mutations in the second group are located in regions mediating 
interactions between the motor’s subdomains, which are likely to inter-
fere with coordinated rearrangements required to execute the ATPase 
mechanochemical cycle (44). The side chain of the highly conserved 
K1541 from the upper 50-kDa subdomain forms a hydrogen bond 
with the backbone of H1704 in the loop, connecting the upper 50-kDa 
and lower 50-kDa subdomains (Fig. 2C and fig. S2). This interaction 
likely plays a stabilizing role in the cleft, and the charge inversion 
p.K1541E mutation is anticipated to disrupt it and hinder cleft closure.

The third group are located in consensus ATPase motifs, includ-
ing switch I, switch II, and the P-loop. These mutations are expected 
to have a deleterious impact on the mechanochemical cycle by im-
peding ATP binding and/or hydrolysis (Fig. 2D and fig. S2). Last, a 
fourth group of mutations are distributed in solvent exposed loop 
regions with no obvious pattern (Fig. 2A). We speculate that these 
residues mediate binding contacts with yet to be identified partner 
proteins or intramolecular contacts involved in regulating myosin-15’s 
motor function, which could include an interface between the motor 
domain and the large 133-kDa N-terminal domain of MYO15A-1; 
(Fig. 1A) that is required for postnatal stereocilia maintenance (5). 
Our structural mapping analysis suggests that mutations in myosin-15 
cause pathology by either interfering with canonical myosin-15 ATPase 
motor activity or with noncanonical functions such as mediating 
protein-protein interactions at the stereocilia tips.

A structurally diversified myosin-15–F-actin interface
We next undertook a detailed analysis of the myosin-15–F-actin inter-
face to identify specific contacts that could be affected by deafness 
mutations in both myosin-15 and -actin (encoded by the ACTG1 
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gene in human), one of the primary actin isoforms expressed in 
hair cells (fig. S3B), as well as contribute to myosin-15’s F-actin 
nucleation activity. Similar to other myosins, myosin-15 uses con-
served structural elements to interact with F-actin: the Helix-Loop- 
Helix (HLH) motif, the cardiomyopathy (CM) loop, loop 2, loop 3, 
and the activation loop (Fig. 3A and fig. S4A). However, residue- 
level interactions have diversified among myosins to fine-tune the 
functions of superfamily members (21–23, 34, 41). Myosin-15’s HLH 
motif (I1641-P1671) mediates the major contact with F-actin through 
its engagement with two longitudinally adjacent actin subunits 
(which we here refer to as subunits “i” and “i + 2”) along a proto-
filament (Fig. 3A). The first helix of the HLH includes myosin-15 
residue D1647, the site of the p.D1647G mutation in the jordan 
allele, which forms hydrogen bonds with S350 and T351 on sub-
domain 1 of subunit i (Fig. 3B). Notably, D1647 is highly conserved 
among different myosin members, indicating that this interaction is 
likely broadly important for myosin function (fig. S2). Mutation of 
this site in myosin-2 resulted in a 10-fold reduction of F-actin bind-
ing affinity (45), and the F-actin binding affinity of jordan mutant 
myosin-15 is also substantially decreased (25).

In the loop portion of the HLH, a pair of hydrophobic residues 
(F1651 and P1652) inserts into a hydrophobic pocket formed by 
subdomains 1 and 3 of actin subunit i and the D-loop of subunit i + 2 
(Fig. 3C), where L349 of subunit i closely engages with myosin-15 
F1651. The -actin mutation L349M causes profound deafness in 
human patients (46), and we anticipate replacement of leucine by the 
bulkier methionine impairs myosin-15 engagement by preventing 
access to this pocket (Fig. 3C and fig. S3B). In addition, Q1653 forms 
a hydrogen bond with the backbone of subunit i residue G146 (fig. S4B). 
The second helix engages with the N-terminal portion of subunit i + 2’s 
D-loop through a network of electrostatic interactions. Residue 
K1662 of myosin-15 forms a hydrogen bond with the side chain of 

D-loop residue Q49, and myosin-15 Y1665 also forms a possible 
N─H··· bond with this actin residue (fig. S4B).

The activation loop (I1634-G1640) preceding the HLH motif has 
been suggested to activate myosins through contacts with actin’s 
negatively charged N terminus (47, 48). K1637 forms a possible salt 
bridge with subunit i + 2 residue 4E, partially stabilizing actin’s flexible 
N terminus (fig. S4C), an ionic interaction that is present in both the 
Mg-ADP and rigor states (fig. S4C). Loop 2 has also been implicated 
in mediating initial contacts during the weakly bound phase of the 
myosin mechanochemical cycle before phosphate release (49). This 
region is largely disordered in our structures, suggesting that loop 2 
engagement is dispensable for strong binding of myosin-15 to F-actin. 
Discontinuous density is present for several residues extending from 
the C-terminal base of loop 2, which orients toward the N terminus 
of actin and may form weak interactions (fig. S4D). This is in notable 
contrast to nonmuscle myosin-1b (hereafter “myosin-1”) or non-
muscle myosin-2c (hereafter “myosin-2”), where loop 2 is either 
partially or fully ordered at the strongly bound interface (21, 34). 
However, limited loop 2–mediated contacts were also reported in 
rigor -cardiac actomyosin (41), highlighting a variable role for loop 2 
in stabilizing strongly bound actomyosin interfaces across the myo-
sin superfamily.

The CM loop adopts a -hairpin fold and packs tightly against 
subdomain 1 of subunit i (Fig. 3, A and D). In contrast to the CM 
loops of myosin-1, myosin-2, and -cardiac myosin, which primarily 
engage in hydrophobic interactions with F-actin (21,  34,  41), 
myosin-15’s CM loop-F-actin hydrophobic interface is minimal and 
is instead dominated by a network of electrostatic interactions. Specifically, 
the nonconserved residue R1520 at the tip of the CM loop likely 
mediates a myosin-15–specific salt bridge with actin D56. Similar to 
myosin-1, the highly conserved residue E1521 mediates electrostatic 
contacts with actin residues K336 and Y337. The side chain of T1525 
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also forms a hydrogen bond with actin E334, which is not observed 
for myosin-1 or myosin-2 (Fig. 3D). Myosin-15 has a relatively short 
loop 3 that nevertheless mediates substantial contacts with sub-
domain 1 of subunit i + 2. Compared with myosin-1 and myosin-2, 
myosin-15’s loop 3 assumes a distinct conformation to form diver-
gent interactions (fig. S4E). Notably, myosin-15 P1679 makes Van 
der Waals contacts with actin N92 and R95, and M1678 sits in a 
shallow hydrophobic groove cradled by actin Y91, V96, A97, and 
P98. This interface is further strengthened by a probable salt bridge 
between myosin K1677 and actin E99 (Fig. 3E).

Collectively, we observe numerous myosin-15–specific inter-
actions with F-actin, consistent with specialization of this interface 
for myosin-15 function in stereocilia. At the actomyosin-15 inter-
face, limited loop 2 interactions, unique loop 3 interactions, and 
primarily polar/electrostatic interactions through the CM loop likely 
predominate in determining myosin-15’s specific functional proper-
ties, as HLH-F-actin interactions are largely conserved in the acto-
myosin structures reported to date (21–23, 34, 41, 50). However, as 
divergent myosins can have similar thermodynamic and kinetic 
tuning of their mechanochemical cycles, it remains challenging to 
delineate the roles of individual contacts at the actin-myosin inter-
face, which are likely to modulate the intrinsic structural dynamics 
of the motor domain to control its function through complex mech-
anisms (51). Future comparative high-resolution structural studies 
of additional MyTH4-FERM myosins in complex with F-actin, which 
share substantial motor domain homology with myosin-15 but fea-
ture distinct mechanochemical tuning (4), may reveal more explicit 
links between actin-myosin contacts and functional biophysical 
parameters.

Rigor myosin-15 evokes structural changes in F-actin while 
maintaining D-loop flexibility
As rigor myosin-15 potently stimulates F-actin polymerization (25), 
we next compared two longitudinally adjacent actin subunits from 
our F-actin alone and rigor wild-type actomyosin-15 structures, hy-
pothesizing that myosin-15 could regulate actin polymerization by 
modulating F-actin conformation. Consistent with previously reported 
actomyosin structures (21, 22, 34, 41), the overall conformation of 
actin in the presence and absence of myosin-15 is highly similar, with 
a global root mean square deviation (RMSD) of 0.51 Å (Fig. 4A). 
Nevertheless, we observe a global compression of the filament along 
the longitudinal axis (Fig. 4F and movie S1), which is centered around 
actin rearrangements at the myosin-15–HLH interface (Fig.  4B). 
Consistently, the helical rise decreases 0.12 Å upon myosin-15 binding, 
with no substantial alteration of the helical twist (fig. S1C). The short 
 helix in actin subunit i that forms contacts with D1647 shifts slightly 
toward the minus end to mediate this compression (Fig. 4B). This is 
accommodated by rearrangements in the D-loop of subunit i + 2, 
which is also engaged by the myosin-15 HLH.

Several recent high-resolution cryo-EM studies of F-actin have 
indicated that the D-loop is structurally dynamic within the context 
of the filament (32, 36–38). At a high threshold (0.036 RMS), our 
map of bare F-actin features ambiguity surrounding residues G48 
and Q49, despite clear density for all other residues in the D-loop 
(Fig. 4C). However, at a lower threshold (0.025 RMS), our map re-
veals two continuous paths for the backbone, allowing two distinct 
conformations of the D-loop to be modeled: An “In” conformation 
where the main chain of G48 flips in toward the center of the fila-
ment and Q49 faces the solvent, and an “Out” conformation where 

the main chain of G48 is exposed and Q49 is buried in the center of 
the D-loop (Fig. 4C and fig. S5A). On the basis of the respective 
strengths of the two density paths, the Out conformation is pre-
dominant in the bare F-actin structure, likely stabilized by an inter-
action between the side chain of Q49 of subunit i + 2 and the side 
chain of Y169 from the adjacent subunit i (Fig. 4C). Upon rigor 
myosin-15 binding, the D-loop transitions to primarily being in the 
In state (Fig. 4, B and D, and fig. S5B) but displaced 2.7 Å outward 
from the filament axis relative to the bare F-actin conformation 
(Fig. 4E), enabling an interaction between myosin HLH residue Y1665 
and the flipped-out side chain of actin D-loop residue Q49 (Fig. 4D 
and fig. S5B). Nevertheless, at a lower threshold (0.028 RMS), den-
sity resembling the Out conformation in bare actin is clearly visible 
(Fig. 4D, fig. S5C, and movie S2), suggesting that rigor myosin-15 
engages its binding site while maintaining F-actin’s intrinsic struc-
tural plasticity in the D-loop. We do not observe specific contacts 
between the Out conformation and myosin-15, likely explaining why 
the In state is favored upon myosin-15 binding.

To directly probe the distribution of these D-loop conformational 
states, we implemented a symmetry expansion (52) and focused classi-
fication approach (see Materials and Methods and table S2), facili-
tating separation of D-loop states by avoiding the averaging effects 
imposed by applying helical symmetry to neighboring protomers, 
which may adopt different conformations in this region. We first 
verified that the multiple D-loop conformations observed in the rigor 
actomyosin-15 reconstruction were not an artifact of averaging a 
mixture of bare F-actin protomers featuring the Out conformation 
and myosin-15–bound F-actin protomers in the In conformation. 
Three-dimensional (3D) classification after symmetry expansion vali-
dated that the occupancy of myosin is in 1:1 in stoichiometry with 
actin when each protomer binding site is treated as an independent 
particle (see Materials and Methods). The overall resolution of this 
reconstruction worsened slightly to 3.10 Å; however, two paths are 
clearly resolved in the D-loop that are identical to what was observed 
before symmetry expansion (fig. S5D), confirming that rigor myosin- 15–
bound F-actin indeed features structural dynamics in the D-loop.

Next, we attempted to separate the conformational states of the 
D-loop in bare F-actin and rigor myosin-15–bound F-actin. Repro-
cessing the bare F-actin dataset with symmetry expansion yielded a 
density map at an improved resolution of 2.62 Å (fig. S8). As antici-
pated, the D-loop continued to display two major conformational 
states. Further focused 3D classification (K = 4) with a tight spheri-
cal mask around the D-loop produced well-resolved density in all 
four classes (Fig. 4G and fig. S5E). Three of the classes (1, 2, and 4), 
corresponding to 80.5% of the particles, display clear and continu-
ous main chain density for G48 and Q49 in the Out conformation. 
Moreover, the side chain of Q49 is clearly resolved in classes 2 and 4. 
However, none of these three classes displays discernable density 
for the In conformation, even at low (0.015 RMS) thresholds, indi-
cating that the D-loop in these classes predominantly adopts the Out 
conformation. Class 3, corresponding to 19.5% of the particles, in-
stead showed discontinuous density for the main chain spanning 
G48 and Q49 at a high threshold (0.018 RMS). At a lower threshold 
(0.015 RMS), density paths for both the Out and In conformations 
emerge. In contrast to the predominant Out conformation in classes 
1, 2, and 4, the density for the In conformation is moderately stronger 
than the Out conformation in class 3, implying that the D-loop still 
represents a mixture of states but preferably assumes the In confor-
mation (Fig. 4G). This analysis further supports a model in which 
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the D-loop of bare F-actin dynamically samples two conformations, 
with the Out conformation being predominant.

Applying the same focused 3D classification procedure (K = 4) 
to the rigor myosin-15–bound F-actin dataset produced three classes 
with well-resolved D-loops and one empty junk class. Classes 1 and 
2, corresponding to 50.5% of the particles, exhibited clear and con-
tinuous density for main chain G48 and Q49 solely in the In confor-
mation, with the flipped side chain of Q49 clearly resolved in class 2 
(Fig. 4G and fig. S5F). In contrast, well-resolved density for the Out 
conformation is present in class 4, corresponding to 49.5% of the 
particles, with weak density corresponding to the In conformation 
(Fig. 4G). Therefore, we conclude that rigor-state myosin-15 bind-
ing maintains flexibility in actin’s D-loop but shifts the distribution 
toward the In conformation.

The myosin-15 jordan deafness mutant locks the D-loop 
in the In conformation
To gain insight into structural mechanisms underlying the jordan 
mutant’s suppression of actin assembly and disruption of stereocilia 
growth (25), we next compared the rigor structures of wild-type and 
jordan mutant actomyosin-15. Despite similar numbers of segments 
being incorporated into the final wild-type (142,635) and jordan 
mutant (91,340) reconstructions, the overall resolution of the jordan 
mutant reconstruction was notably worse, and its radial decay in 
resolution more severe (fig. S1), suggesting that the mutant actin- 
myosin interface may feature increased flexibility. Nevertheless, the 
overall conformations of the motor domains are essentially indis-
tinguishable, arguing that the jordan mutation does not grossly 
compromise myosin-15’s structure (fig. S6A). The D1647G substi-
tution abolishes the contacts formed between D1647 and actin residues 
S350 and T351 (Fig. 5, A and B) without disrupting the conforma-
tion and positioning of the HLH or discernibly perturbing any other 
contacts at the myosin-15–F-actin interface (fig. S6, B to E). We next 
examined the structures for global differences in actin conformation, 
hypothesizing that these could underlie the differential effects upon 
actin polymerization. Morphing the density maps reveals minimal 
changes, and the refined helical parameters of the reconstructions 
are nearly identical (fig. S1C and movie S3), indicating that the jordan 
mutation does not substantially affect the global structural rearrange-
ments in F-actin evoked by myosin-15. Consistently, the short -helix 
comprising S350 and T351 of subunit i still undergoes a shift indis-
tinguishable from that observed in the wild-type reconstruction 
(Fig. 5C), indicating that this conformational transition is not solely 
evoked by contacts formed with D1647 and is instead likely an 
allosteric effect driven by overall engagement of the myosin- 15–F-
actin interface. Collectively, these data suggest that the jordan 
mutation also does not grossly disrupt the actin–myosin-15 inter-
face or myosin-15’s overall conformational remodeling of F-actin.

We thus turned to an alternative hypothesis, wherein the jordan 
mutant disrupts actin structural plasticity rather than global 
actin conformation. The D-loop is clearly resolved in the jordan 
mutant reconstruction, and the backbone and side chain of each resi-
due can be fully fit into the density, adopting an In conformation 
indistinguishable from the wild-type reconstruction (Fig. 5, C and D). 
Density for the Out conformation, on the other hand, is completely 
absent, demonstrating that the jordan mutant locks the D-loop in 
the In conformation and eliminates its flexibility (movie S4). Con-
sistent with the helically averaged map, symmetry expansion and 
focused classification (K = 4) failed to recover any classes with Out 

D-loop density. Instead, 30.6% of the particles partitioned into a 
single interpretable class with In D-loop density, with the remain-
ing sorted into three junk classes with poor quality density (fig. S9B). 
Thus, rather than eliciting specific structural rearrangements adja-
cent to the site of the p.D1647 lesion, breaking the myosin-15–F-actin 
contacts mediated by D1647 instead unexpectedly restricts the struc-
tural plasticity of the D-loop, potentially through long-range allosteric 
effects. While we cannot rule out the possibility that the jordan 
mutation elicits additional perturbations of myosin-15 or F-actin 
structure during other steps of the myosin mechanochemical cycle, 
wild-type myosin-15 most potently stimulates F-actin assembly in 
the absence of nucleotide, arguing that the jordan mutant’s defect 
likely occurs in a strongly bound state (25). As restricted D-loop 
flexibility is the only distinguishable difference between the two rig-
or structures, we propose that this dysregulation of actin structural 
plasticity contributes to inhibition of actin assembly by the jordan 
mutant (25). Our structures furthermore support a key role for actin 
residue G48 in conferring D-loop flexibility mediating F-actin as-
sembly. In -actin, the p.G48R substitution (fig. S3B) has been docu-
mented to cause progressive hearing loss in patients (53). While 
D-loop flexibility at this position is likely a general feature of mam-
malian actin isoforms (54, 55), our data suggest that it is specifically 
required for efficient actin polymerization in stereocilia.

The Mg-ADP state of myosin-15 stabilizes the D-loop 
to restrict actin nucleation
The ability of myosin-15 to nucleate F-actin is reduced in the pres-
ence of ATP (25), leading us to hypothesize that other states in the 
motor’s mechanochemical cycle could have distinct effects on actin 
polymerization by differentially regulating F-actin conformation, 
analogous to myosin-6’s nucleotide state–dependent modulation of 
F-actin conformation through its contact with the D-loop (22). We 
next undertook a detailed comparison of the rigor and Mg-ADP–
bound actomyosin-15 wild-type structures. The overall conformation 
of the myosin-15 motor domain is highly similar in both recon-
structions, with a global RMSD of 0.462 Å for 493 aligned C atoms 
(Fig. 6B), indicating an absence of major subdomain rearrangements 
during ADP release (fig. S7A). Clear density corresponding to ADP 
is present in the Mg-ADP–state cryo-EM map (Fig. 6B), arguing that 
the observed lack of rearrangements is not due to insufficient nucleo-
tide binding by the motor. Moreover, unlike myosin-1 (21), where 
two ADP-bound states have been reported, 3D classification produced 
no evidence of multiple ADP states in myosin-15 (see Materials 
and Methods).

Myosin-1, myosin-5, and myosin-6 all feature a minor lever-arm 
swing accompanying ADP release (fig. S11), which has been postulated 
to mediate the known force-sensitivity of this step in their mecha-
nochemical cycles (21–24). In our helically averaged structures, the 
short region of the myosin-15 lever arm that was resolved does not 
undergo a substantial transition (fig. S7A). To more rigorously probe 
whether even a minor transition accompanying ADP release occurs, 
which might only be discernable in more distal regions of the lever 
arm, we once again implemented a symmetry expansion approach 
for the wild-type rigor and ADP-state actomyosin-15 complexes, this 
time recentering the particles on the myosin motor domain to facilitate 
alignments capturing the distal converter and lever arm regions (see 
Materials and Methods and table S2). This produced reconstructions 
with substantially improved density in the nucleotide binding pocket 
and lever arm region. Both structures showed clear secondary structural 
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density of the lever arm till the end of the first IQ motif and the 
C-terminal lobe of the associated light chain (Fig. 6A and fig. S8). 
Biochemical analysis demonstrated that the first myosin-15 IQ motif 
binds the regulatory light chain (RLC) rather than the essential light 
chain (ELC), as is canonically found in myosin-2 (4, 56), the func-
tional implications of which remain unclear. Our density map displays 
all four  helices corresponding to the C-terminal lobe and only two 
discernable  helices at the N-terminal lobe (Fig. 6A and figs. S8 and 
S10). Superposition of the RLC model from chicken skeletal muscle 
myosin and that of myosin-15 reveals a similar conformation and 
pose of the C-terminal lobe, while the relative orientation of the 
N-terminal lobes diverges (fig. S10). The conformation of the 
myosin-15 RLC is also distinct from the skeletal muscle myosin 
ELC (fig. S10), as well as the myosin-5 RLC (23), and appears unique 
among myosins that have thus far been structurally characterized. 
Whether this divergence plays a role in tuning myosin-15’s mecha-
nochemical cycle will be an important topic for future studies (fig. S10). 
Superimposing the rigor and ADP models built from these maps 
(see Materials and Methods) clearly reveals the absence of a lever 
arm swing upon ADP release, unlike myosin-1, myosin-5, or myo-
sin 6 (Fig. 6B and fig. S11). An essentially complete lack of coupling 
between ADP release and lever arm repositioning strongly suggests 
that this step of the mechanochemical cycle is unlikely to be mean-
ingfully mechanically gated in myosin-15.

We next examined the nucleotide binding pockets of these two 
states, which were well resolved at the secondary structure level by 
the symmetry expansion and myosin-recentering procedure. Un-
expectedly, other than the clear presence of nucleotide density in the 
ADP state and its absence in the rigor state, we observe no discernable 
rearrangements in the backbone positioning of the nucleotide binding 

loops upon ADP release (Fig. 6B), unlike myosin-1, myosin-5, or 
myosin-6 (21–23). While the limited resolution in this region of the 
maps does not rule out more subtle side-chain level repositioning, 
our data imply that any major rearrangements in myosin-15’s nu-
cleotide binding pocket accompanying ATP hydrolysis must occur 
concomitant with phosphate release, before strong binding on F-actin. 
This rationalizes the reported modest coupling between myosin-15’s 
ADP binding and actin binding (16), and it furthermore suggests 
that myosin-15 uses a distinct ADP release mechanism from other 
structurally characterized actomyosin complexes (21–23).

We next compared the conformation of F-actin between the rigor 
and Mg-ADP structures. Consistent with the lack of conformational 
rearrangements in the motor domain, ADP release by myosin-15 
evokes minimal global conformational changes in F-actin (movie S5); 
correspondingly, the helical rise of the two reconstructions is nearly 
identical (fig. S1C). However, density for the D-loop is clearly resolved 
solely in the In conformation, positioned as we observed in both the 
wild-type and jordan mutant rigor reconstructions. Similar to the 
jordan mutant actomyosin-15 reconstruction, and unlike the rigor 
wild type, density for the Out conformation is completely absent 
(Fig. 6, C and D, and movie S6). Consistently, as was the case with 
the jordan mutant, symmetry expansion and focused classification 
(K = 4) only recovered a single interpretable class, clearly featuring the 
In conformation (fig. S9A). Because rigor jordan myosin-15 sup-
presses both D-loop dynamics and actin polymerization, we hypo-
thesized ADP binding would also correspondingly reduce the 
actin-polymerization stimulating activity of wild-type myosin-15 by 
also stabilizing the D-loop in the In conformation.

Consistent with this prediction, we observe a slower rate of actin 
assembly when saturating Mg-ADP is included along with myosin-15 in 
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pyrene actin polymerization assays versus nucleotide-free conditions 
(Fig. 7A), with an approximate doubling of the half-time to reach 
steady state (Fig. 7B). Inclusion of Mg-ADP did not substantially 
affect the assembly rate of actin alone (Fig. 7A), suggesting that ADP 
down-regulates the polymerization-stimulating activity of myosin-15 
rather than perturbing F-actin formation. We next sought to deter-
mine whether ADP binding by myosin-15 affected the nucleation 
or elongation phases of actin polymerization by directly visualizing 
filament dynamics with total internal reflection fluorescence (TIRF) 
microscopy (Fig. 7C). Relative to actin alone, we observed a notable 
increase in the density of filaments per unit area in the presence of 
myosin-15, which was blunted by the inclusion of saturating Mg-ADP 
(Fig. 7, C and D), suggesting a specific effect on actin nucleation. 
When the growth of individual filament plus ends was monitored 
(Fig. 7E), both nucleotide-free and Mg-ADP myosin-15 significantly 
slowed elongation to ~7.5 nm/s, relative to ~16 nm/s for actin alone 

(Fig. 6I). This rate was indistinguishable from that observed in the 
presence of the rigor jordan mutant, presented in our companion 
study (25). As a further control, the addition of ADP only modestly 
affected the elongation rate of actin alone (Fig. 7F). Myosin-15’s op-
posing effects of stimulating nucleation while reducing elongation 
strongly suggest that the overall increased F-actin assembly rate is 
dominated by myosin-15’s effect on stimulating nucleation, as pre-
viously reported for muscle myosin S1 (27, 28), in a manner that is 
specifically regulated by myosin-15 nucleotide state.

DISCUSSION
Here, we establish structural mechanisms underpinning myosin-15’s 
function in constructing the actin core of stereocilia, a process that 
is critical for hearing. Our actomyosin-15 cryo-EM structures, the 
first myosin-15 motor domain structures, to our knowledge, of any 
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kind, assign the likely mechanistic deficiencies associated with mu-
tations causing autosomal recessive deafness DFNB3 and provide a 
framework for interpreting yet to be identified clinical variants (Fig. 2). 
Many DFNB3 mutations are intuitively anticipated to affect the motor’s 
mechanochemical cycle. However, our structure also highlights 
surface substitutions that are not readily interpreted through this 
lens, suggesting that additional functions of the myosin-15 motor 
domain important for hearing remain to be identified, such as serving 
as a protein-protein interaction hub. Our studies additionally reveal 
how myosin-15 modulates actin’s structural landscape to enhance 
F-actin nucleation in a manner controlled by the motor’s nucleotide 
state. We speculate this activity could be harnessed to provide fine-tuned 

control of F-actin assembly at stereocilia tips, facilitating the precise 
control of stereocilia height required for sound detection.

Our cryo-EM reconstructions and associated functional data re-
veal subtle structural plasticity in the actin D-loop that likely mediates 
regulated F-actin assembly by myosin-15. While substantial D-loop 
rearrangements accompanying the soluble G-actin to polymerized 
F-actin conformational transition are well established (33), the ex-
tent and functional role of D-loop rearrangements within F-actin 
remain controversial. Substantially different “open” and “closed” 
conformations have been reported in cryo-EM reconstructions of 
F-actin in the presence of stabilizing drugs and actin nucleotide-state 
analogs (36, 37) leading to speculation that an open-to-closed transition 
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is associated with nucleotide hydrolysis and phosphate release con-
comitant with F-actin polymerization. However, others have reported 
minimal rearrangements when comparing highly similar conditions, 
with the D-loop constitutively adopting a closed conformation in 
F-actin (32, 38). The data we present here reveal the closed D-loop 
conformation in ADP F-actin to be a mixture of In and Out states 
whose occupancy can be manipulated by myosin-15 engagement. 
Wild-type rigor myosin-15 binding retains both the In and Out 
D-loop conformations and strongly nucleates actin polymerization, 
while ADP-bound wild-type myosin-15 and rigor jordan mutant-15 
both lock the D-loop in the In state, with corresponding moderate 
and notable reductions, respectively, in nucleation activity (Fig. 8). 
Collectively, these data suggest that the coexistence of the In and 
Out D-loop conformations promotes polymerization relative to lock-
ing the D-loop in the In conformation, a model that is consistent 
with a recent report demonstrating that constraining D-loop flexi-
bility with short-distance cross-linkers was refractory to actin poly-
merization and stimulated F-actin disassembly (32). Previous studies 
have further shown that muscle myosin S1 can rescue polymeriza-
tion of actin featuring a proteolytically nicked D-loop (57), consistent 
with a role for myosin in modulating D-loop dynamics necessary 
for actin polymerization.

Nevertheless, additional mechanisms beyond D-loop plasticity 
are likely required to explain wild-type myosin-15’s stimulation of 
actin polymerization and its notable disruption by the jordan deafness 
mutation. While actin polymerization by muscle myosin S1 has been 
subjected to extensive biochemical scrutiny, the exact mechanism 
remains controversial. Chaussepied and colleagues (27) have suggested 
that each S1 engages a single G-actin, which then stimulates poly-
merization through a standard nucleation-elongation mechanism. 
Carlier and coworkers (28), on the other hand, have suggested that 
each S1 engages two G-actins, forming trimers with an F-actin- like 
actin-actin longitudinal bond that coalesce into filaments through a 
mechanism distinct from standard polymerization. While our 
data do not directly discriminate between these mechanisms, our 
observation that the jordan mutation is localized to the HLH inter-
face, which bridges the contact between two longitudinally adjacent 
protomers, supports a model in which high-affinity myosin-15 binding 
promotes longitudinal interactions to stimulate polymerization (Fig. 8). 
A similar mechanism has been proposed for the Spire family of actin 
nucleators, and the Spire homolog JMY has been detected in stereo-
cilia by mass spectrometry (58). However, to our knowledge, no hearing 
phenotypes have been associated with JMY mutations (58), suggest-
ing that JMY is unlikely to make a major contribution to actin assem-
bly in stereocilia.

The modestly lower affinity of ADP–myosin-15 and notably lower 
affinity of the jordan mutant for F-actin, relative to the rigor wild 
type (25), thus also likely makes a major contribution in determin-
ing their potency for stimulating F-actin formation, which may, in 
fact, be dominant over D-loop dynamics. This defect occurring at 
the level of nuclei formation, rather than elongation, is consistent with 
our observation that F-actin elongation rates are indistinguishable in 
the presence of ADP-bound or rigor wild-type myosin-15 (Fig. 7, E and F), 
as well as the rigor jordan mutant (25), all of which slow actin poly-
merization relative to G-actin alone. Regardless, diminished affinity 
of the jordan mutant cannot be the sole explanation for its nucleation 
defect, as the presence of this myosin, which nevertheless binds F-actin 
with measurable affinity in an almost identical pose to the wild type, 
actually initially suppresses the rate of F-actin formation relative to 

G-actin alone (25). The most parsimonious explanation for this 
effect of the jordan mutation is through the suppression of D-loop 
flexibility as highlighted above, emphasizing the contributions of both 
myosin-15 bridging actin monomers and the wild type’s maintenance 
of actin conformational plasticity to stimulating nucleation and the 
overall accelerated actin polymerization we observe in its presence 
(Fig. 8).

A limitation of our study is that we only examined myosin-15 in 
complex with ADP-bound F-actin, and myosin-15 may exert addi-
tional structural effects on other actin nucleotide states relevant during 
polymerization beyond those we describe here. In a cryo-EM struc-
tural study contemporaneous with this report, myosin-5 binding was 
found to overrule actin-nucleotide state–dependent rearrangements 
in the D-loop, constitutively locking it in a closed conformation, which 
was not further analyzed for the presence of the more subtle In and 
Out states reported here (23). Previous work has furthermore sug-
gested that skeletal myosin S1 also binds and stimulates slow poly-
merization of ADP actin, supporting a model in which myosin nucleates 
actin polymerization through the nonstandard mechanism described 
above proposed by Carlier and coworkers (59). In future studies, it 
will be important to visualize myosin-15 bound to multiple nucleo-
tide states of F-actin, as well as assess the actin nucleating activity of 
other unconventional myosins (including myosin-5) to determine 
whether modulating D-loop flexibility is a general feature of myo-
sin-stimulated F-actin nucleation.

Our studies define a biophysical and structural framework for 
tunable stimulation of actin polymerization by myosin-15 that could 
be modulated by the local biochemical environment at the tips of 
stereocilia, the major site of actin polymerization. The cell biological 
logic of requiring a myosin motor to nucleate actin in this compart-
ment is not immediately intuitive, as stereocilia tips are rich with 
F-actin barbed (plus) ends, which, in principle, should be available 
for elongation. Nevertheless, the phenotype of the jordan mouse 
strongly suggests that myosin-15–induced nucleation is required for 
stereocilia elongation (25). Recent evidence reveals the requirement 
for de-capping and/or severing of preexisting stereocilia actin fila-
ments for their subsequent elongation (60). Short myosin-15–
nucleated filaments could then anneal with the ends of preexisting 
filaments (61), analogous to the coalescence mechanism proposed 
by Carlier and coworkers (28) for myosin-stimulated actin poly-
merization by muscle S1 in vitro. Future high-resolution cryo–electron 
tomography studies, which are increasingly becoming feasible (62), 
will be important for establishing the precise cytoskeletal network 
architecture associated with assembling filaments at stereocilia tips.

We speculate that hair cells harness the differential efficiency of 
actin nucleation by myosin-15 in distinct nucleotide states as a reg-
ulatable mechanistic component of stereocilia height control. In our 
companion manuscript, we report that ATP markedly reduces the 
actin nucleation activity of myosin-15, to a much greater degree than 
we report here for ADP (25). It is thus feasible that the ADP-bound 
state, which substantially accelerates actin polymerization, albeit less 
than the rigor state, is sufficient for supporting myosin-15’s direct 
contribution to actin nucleation in the tip compartment. Within this 
framework, control over myosin-15’s actin nucleation could be ex-
erted by the availability of ATP versus ADP (25), which has pre-
viously been reported to be dynamically maintained by creatine 
kinase in stereocilia during mechanotransduction and adaptation (63) 
in a manner that may vary in different species and hair cell subtypes 
(58). Our structural data furthermore suggest that ADP release is 
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unlikely to be mechanically gated in myosin-15, which could facili-
tate the motor populating a nucleotide-free state in the cell to boost 
its nucleation activity in certain ATP/ADP concentration regimes. 
In future studies, it will be important to determine the dynamic avail-
ability of ATP and ADP in the tip compartment of developing ste-
reocilia and how myosin-15’s direct effects on actin polymerization 
are coordinated with the WHRN-EPS8-GPSM2-GNAI3 elongation 
network that it transports. Other environmental conditions known 
to affect stereocilium integrity, such as oxidative stress (64), could 
also potentially affect actin nucleation by myosin-15, both by dys-
regulation of nucleotide availability and by direct modification of the 
myosin-15 protein, disrupting the actin-myosin interface in a manner 
conceptually analogous to the jordan mutation. Last, our observa-
tion that the jordan mutation occurs at a conserved position suggests 
that other unconventional myosins could also feasibly stimulate actin 
polymerization in stereocilia and in diverse physiological contexts 

beyond hair cells. The mechanistic framework that we establish here 
will broadly facilitate investigating the functional role of unconven-
tional myosins in actin assembly dynamics.

MATERIALS AND METHODS
Expression and purification of myosin-15
Baculoviruses encoding either the wild-type or jordan variant of the 
mouse myosin-15 motor domain (NP_874357.2, amino acids 1 to 743) 
truncated after the second IQ domain, and including a C-terminal 
enhanced green fluorescent protein and FLAG moiety, were produced 
as described (25). Sf9 cells were seeded at 2 × 106 cells/ml in ESF-921 
(Expression Systems) and infected simultaneously with myosin-15 
baculovirus at a multiplicity of infection (MOI) of 5. Additional dual- 
promoter baculovirus expressing bovine smooth muscle ELC (MYL6) 
and chicken RLC (MYL12B; MOI = 5), in addition to mouse UNC45B 
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Fig. 8. Schematic model for regulation of actin polymerization by myosin-15. We propose myosin-15 enhances F-actin formation by stimulating nucleation, both by 
stabilizing actin-actin contacts and modulating D-loop structural plasticity. Myosin-15 nucleotide state facilitates tuning of nucleation activity, which could be harnessed 
for stereocilium height control. The jordan mutation disrupts F-actin regulation, thereby inhibiting polymerization.
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and HSP90AA1 (MOI = 5) were included (4). Cells were harvested 
48 to 72 hours after infection and flash-frozen in liquid nitrogen.

Myosin-15 motor domains were purified as described (25). Briefly, 
cells were homogenized in extraction buffer: 10 mM Mops, 500 mM 
NaCl, 1 mM EGTA, 10 mM MgCl2, 2 mM ATP, 0.2 mM phenyl-
methylsulfonyl fluoride (PMSF), 0.1 mM dithiothreitol (DTT), 1 mM 
NaN3, leupeptin (2 g/ml), and 1× protease inhibitor cocktail (Halt 
EDTA-free; Thermo Fisher Scientific) (pH 7.2). Lysates were clari-
fied at 48,000g for 30  min and incubated with FLAG M2 affinity 
resin (Sigma-Aldrich) for 3 hours at 4°C. The FLAG resin was then 
washed in high-salt buffer [10 mM Mops, 500 mM NaCl, 1 mM 
EGTA, 5 mM MgCl2, 1 mM ATP, 0.1 mM PMSF, 0.1 mM DTT, 
1 mM NaN3, and leupeptin (2 g/ml) (pH 7.2)], followed by low-salt 
buffer [10 mM Mops, 60 mM NaCl, 1 mM EGTA, 0.1 mM PMSF, 
0.1 mM DTT, 1 mM NaN3, and leupeptin (2 g/ml) (pH 7.0)]. 
Myosin-15 protein was subsequently eluted with 3x FLAG peptide 
(0.2 mg/ml; American Peptide, CA) in low-salt buffer. Eluted 
myosin-15 motor domain was then purified by anion exchange 
chromatography (5/50 MonoQ GL, Cytiva). After injecting the sample, 
the column was washed with 10 mM Mops, 100 mM NaCl, 1 mM 
EGTA, 0.1 mM PMSF, and 1 mM DTT (pH 7.0) and then eluted 
with a linear gradient to 1 M NaCl. Fractions eluting at ∼31 mS/cm 
were concentrated [10,000 molecular weight cutoff (MWCO)] and 
further purified by size exclusion chromatography (Superdex 200, 
Cytiva) with isocratic elution in 10 mM Mops, 100 mM KCl, 0.1 mM 
EGTA, 1 mm NaN3, 0.1 mM PMSF, 1 mM DTT, and leupeptin 
(1 g/ml) (pH 7.0). The myosin-15:ELC:RLC complex (1:1:1) eluted 
as a single peak and was concentrated (10,000 MWCO) before de-
termining concentration (A280;  = 88,020 M−1 cm−2). Purity was 
confirmed by SDS–polyacrylamide gel electrophoresis (4 to 20% 
TGX; Bio-Rad).

Actin purification
Chicken skeletal muscle actin was purified as previously described 
(65) and stored in G-Mg buffer: 2 mM tris-HCl (pH 8.0), 0.5 mM 
DTT, 0.2 mM MgCl2, and 0.01% NaN3 at 4°C. F-actin was prepared 
by mixing 5 M monomeric actin with KMEI buffer [50 mM KCl, 1 
mM MgCl2, 1 mM EGTA, and 10 mM imidazole (pH 7.0)] supple-
mented with 0.01% NP-40 substitute (Roche). The mixture was 
incubated at room temperature for 1 hour to stimulate polymeriza-
tion, followed by 4°C overnight. NP-40 is included for cryo-EM 
specimen preparation purposes, as we have found it promotes the 
consistent formation of evenly distributed thin ice films across the 
grid for many cytoskeletal filament samples.

Grid preparation
For the F-actin alone sample, 3 l of F-actin diluted to 0.6 M in 
KMEI + NP-40 was applied to a glow-discharged C-flat 1.2/1.3 holey 
carbon Au 300-mesh grid (Electron Microscopy Sciences) in a Leica 
EM GP plunge freezer operating at 25°C. After 60 s of incubation, the 
grid was blotted from the back with Whatman no. 5 filter paper for 
4 s and flash-frozen in liquid ethane. To prepare the rigor wild-type 
and jordan mutant myosin-15–bound F-actin samples, apyrase 
(10 U/ml) was added to 6 M myosin-15 and incubated on ice for 
20 min to remove nucleotide. Sixty seconds after applying 3 l of 
0.6 M F-actin to a glow discharged grid, 3 l of myosin-15 was added 
and incubated for 60 s. After that, 3 l of the mixture solution was 
removed, and another 3 l of myosin-15 was applied. After an addi-
tional 60 s of incubation, 3 l of the mixture solution was removed, 

and the grid was blotted for 4 s and flash-frozen in liquid ethane. 
The ADP-Mg–state wild-type myosin-15–bound F-actin specimen 
was prepared identically, except that wild-type myosin-15 was incu-
bated with 5 mM ADP-Mg for 20 min before grid preparation.

Cryo-EM data collection
Data were collected on a FEI Titan Krios operating at 300 kV equipped 
with a Gatan K2-summit detector using super-resolution mode. 
Exposures were targeted using stage translations with a single expo-
sure per hole using the SerialEM software suite (66), and movies were 
recorded at a nominal magnification of ×29,000, corresponding to a 
calibrated pixel size of 1.03 Å at the specimen level (super-resolution 
pixel size of 0.515 Å per pixel). Each exposure was fractionated 
across 40 frames with a total electron dose of 60 e−/Å2 (1.5 e−/Å2 per 
frame) and a total exposure time of 10 s, with defocus values ranging 
from −1.5- to −3.5-m underfocus.

Cryo-EM image processing
Image processing was carried out using the IHRSR protocol as 
implemented in the RELION 3.0 pipeline (39, 40). Unless otherwise 
noted, all steps were carried out in RELION. Movie stacks were 
motion-corrected, dose-weighted, and summed with 2 × 2 binning 
(to a 1.03-Å pixel size) using the MotionCor2 algorithm (67) with 
5 × 5 patches as implemented in RELION. Contrast transfer func-
tion (CTF) estimation was performed with CTFFIND4 (68). Filaments 
were autopicked and split into overlapping segments with a step size 
of 81 Å, corresponding to three actin protomers, then extracted in a 
box size of 512 pixels, and subjected to 2D classification. Segments 
contributing to featureful class averages were selected and subjected 
to 3D classification with four classes, initialized with helical parameters 
of 27-Å rise and −166.7° twist. The cryo-EM maps of F-actin alone 
(EMD-7115) and myosin VI–bound F-actin (EMD-7116) were low 
pass filtered to 35 Å to serve as the initial models for F-actin alone 
and myosin-15–decorated F-actin datasets, respectively. The best 3D 
class from each dataset was selected and low-pass–filtered to 35 Å to 
serve as the initial reference for subsequent 3D autorefinement with 
helical symmetry (averaging across three asymmetric actin protomers). 
Segments contributing to all the 3D classes, which did not substan-
tially vary in features, were included for 3D autorefinement. After 
3D autorefinement, postprocessing was performed for each dataset 
using a 3D mask with a Z length of 50% of the box size, resulting in 
maps with 4.23 Å (actin alone), 4.23 Å (rigor wild-type myosin-15), 
6.16 Å (rigor jordan myosin-15), and 5.56 Å (ADP wild-type myosin-15) 
resolution based on the Fourier shell correlation (FSC) 0.143 criterion.

To further improve the resolution, iterative CTF refinement, 
Bayesian polishing, and 3D autorefinement was carried out by adapt-
ing a recently described procedure (35). Briefly, CTF refinement was 
initially performed without beam-tilt estimation, followed by another 
round of 3D autorefinement using the converged map from the last 
refinement as the initial reference, low-pass–filtered to 35 Å. Subsequent 
postprocessing was performed using a 3D mask with a Z length of 
30% of the box size and then a second round of CTF refinement with 
beam-tilt estimation, Bayesian polishing, and 3D autorefinement 
using the converged map from the previous refinement low-pass–
filtered to 35 Å as the initial reference. A final masked refinement 
was performed for the rigor wild-type reconstruction using the 30% 
Z length mask, which modestly improved the resolution: Masked 
refinement did not improve either of the other actomyosin recon-
structions. Final postprocessing for each dataset was performed with 
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a 30% Z length mask, leading to final resolution assessments of 2.82 Å 
(F-actin alone), 2.83 Å (rigor wild-type myosin-15), 3.76 Å (rigor 
jordan mutant myosin-15), and 3.63 Å (ADP wild-type myosin-15) 
by the FSC 0.143 criterion (fig. S1). Local resolution estimation and 
filtering was performed using RELION 3.0. Data acquisition and 
processing details are listed in table S1, and final refined helical 
parameters are listed in fig. S1D.

To improve the occupancy of myosin-15 bound to F-actin, an 
approach combining symmetry expansion and focused 3D classifi-
cation was applied. The particles from the final helical refinement 
with three asymmetric actin protomers were symmetry expanded by 
generating three copies of each particle, modulating the alignment 
parameters by the helical rise and twist of a single actin protomer 
(52). This leads to tripling of the particle number, with each particle 
containing only one asymmetric actin protomer. Masks covering 
the central three actin and one myosin subunits for the actomyosin 
complex or three actins for the F-actin alone were generated. The 
symmetry expanded particles were subjected to masked 3D classifi-
cation without image alignment (four classes, T = 40). For the acto-
myosin complex, classes with clear density of myosin were selected 
and subjected to a second round of masked 3D classification. Classes 
with clear myosin density comparable to that of actin, which indi-
cates near 100% occupancy of myosin binding to F-actin, were selected. 
For F-actin alone, classes with clear actin density were retained after 
each round of 3D classification. Selected classes were used as input 
for a masked local refinement. Final postprocessing for each dataset 
produced density maps with resolution of 2.62 Å (F-actin alone), 
3.10 Å (rigor wild-type myosin-15), 4.18 Å (rigor jordan mutant 
myosin-15), and 3.90 Å (ADP wild-type myosin-15) by the FSC 
0.143 criterion (fig. S8). To separate the different conformations of 
the D-loop for F-actin alone and rigor wild-type myosin-15, spherical 
masks centering on the D-loop with gradually increased diameters 
were generated. The symmetry expanded particles from the last 
masked local refinement were subjected to masked 3D classification 
without image alignment (four classes, T = 100), using the converged 
map from the last refinement as the initial reference, low-pass–filtered 
to 3 Å. The mask with a diameter of 60 Å yields classes with clear 
and well-separated D-loop density.

To improve the resolution in the lever arm region of myosin-15 
in the wild-type rigor and ADP states, particles from the final masked 
local refinement were reextracted after recentering on the second  
strand of the transducer (S1245). Local refinement was performed 
with a mask of three actins and one myosin that extended to the first 
IQ motif and the associated light chain. The particles were then 
Bayesian polished and subjected to another round of masked local 
refinement. Final postprocessing yielded density maps of 3.17 Å 
(rigor wild-type myosin-15) and 4.15 Å (ADP wild-type myosin-15) 
by the FSC 0.143 criterion.

Model building and structure refinement
For F-actin alone, a published actin model [Protein Data Bank (PDB): 
6BNO] (22) was docked into the EM density by rigid body fitting in 
UCSF Chimera (69) and manually adjusted in Coot (70). In this starting 
model, the D-loop was modeled in the Out conformation. For the 
actomyosin structures, an initial homology model of the myosin-15 
motor domain was generated with I-TASSER (71) using the crystal 
structure of myosin V (PDB: 1OE9) as the template. The myosin-15 
model and the F-actin alone model were then docked into each cryo-EM 
density map to generate actomyosin starting models.

Models were then subjected to Rosetta density-guided model re-
building (72). For each initial model, 200 models were generated, and 
the top 10 lowest energy models were manually inspected in Coot. 
Nonoverlapping stretches of amino acids that fit the cryo-EM density 
best were selected from these individual models then stitched together 
to build the full model. For F-actin alone and rigor wild-type acto-
myosin-15, the D-loop of a subset of the 10 lowest-energy models 
adopted the In conformation, which were subsequently used to model 
this conformer for these states. D-loops for all lowest-energy models 
in the jordan mutant reconstruction and wild-type ADP recon-
struction adopted the In conformation. The stitched full models were 
refined using phenix.real_space.refine in the Phenix software package 
(73), iterated with manual adjustment in Coot. Symmetry expansion–
based data processing generated additional clear density for the distal 
lever arm and the RLC. The lever arm model was manually extended. 
A homology model of chicken RLC (MYL12B) was created using 
the SWISS-MODEL (74) server with the AlphaFold (75) predicted 
human RLC (MYL12B) as the template (Identifier: AF-O14950-F1). 
The model was first rigid body–docked to the density map in UCSF 
ChimeraX and then flexibly fitted to the density with ISOLDE (76) 
using distance and torsion restrains for the secondary structure. 
The full model was refined using phenix.real_space.refine and 
manually adjusted in Coot. Model validation was conducted with 
MolProbity (77) as implemented in Phenix.

Multisubunit F-actin model generation and superposition
The 31 subunit actin filament models for bare F-actin and wild-type 
rigor myosin-15–bound F-actin are generated by iteratively aligning 
multiple copies of the central three actin subunits (chains A, B, and D) 
from the models built above. Chains A and B are two adjacent sub-
units on the same protofilament and chain D binds to chains A and 
B from the other protofilament. For each alignment, chain A of the 
next model is aligned to chain B of the previous model, and then the 
overlapping chain A of the next model is removed. The resulting 31 
subunit actin filaments are aligned on the first subunit at the barbed end.

Molecular graphics and multiple sequence analysis
Figures and movies were generated with PyMOL (The PyMOL 
Molecular Graphics System, Version 2.3.4; Schrödinger LLC), UCSF 
Chimera (69), and ChimeraX (78). Multiple sequence alignment was 
performed with Clustal Omega (79) and formatted with Jalview (80).

Pyrene actin polymerization
Skeletal rabbit actin was purified and labeled on C374 with N-(1-
pyrene)- iodoacetamide. A correction factor was applied for determining 
pyrene actin concentration, Acorr = A290 – (0.127 × A344). Actin poly-
merization was measured in a cuvette-based fluorometer (PTI 
Quantamaster 400, HORIBA Scientific) with excitation at 365 nm 
and emission at 407 nm. Gel-filtered G-actin monomers (10% pyrene 
labeled) were desalted (PD SpinTrap G-25, Cytiva) into a modified 
G-buffer without ATP [2 mM tris-HCl, 0.1 mM CaCl2, 1 mM NaN3, 
and 1 mM DTT (pH 8.0)], stored on ice, and used within 3 hours. 
G-actin was converted to the Mg2+-bound form by addition of 
50 M MgCl2 and 0.2 mM EGTA for 2 min at room temperature, 
before starting the polymerization reaction by mixing G-actin (3× 
stock) with KMEI buffer (1.5× stock) in a 1:2 ratio, respectively. 
Wild-type myosin and ADP were included in the 1.5× KMEI buffer, 
as needed. Final reaction conditions were 2 M G-actin, 1 M 
myosin-15, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 10 mM 
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imidazole (pH 7.0) at 25° ± 0.1°C. Data were corrected for the reac-
tion dead time.

Single-filament actin polymerization
Skeletal rabbit actin was purified, labeled on C374 using tetramethyl-
rhodamine (TMR)-5-maleimide (Adipogen Life Sciences) and its 
concentration measured using Acorr = A290 – (0.208 × A550). Biotinylated 
skeletal muscle actin (#8109-01, Hypermol, Germany) was dialyzed 
against G-buffer and cleared by ultracentrifugation at 100,000g for 
1 hour. G-actin stocks were prepared with TMR-actin (20%) and 
biotin-actin (10%) doping and desalted into a modified ATP-free 
G-buffer as described above. Cover glass (24 mm by 50 mm; #1.5, 
Marienfeld Superior, Germany) was sequentially sonicated in 2% 
Hellmanex III (Hellma, Germany), 1 M KOH, 100% ethanol, and, 
lastly, Milli-Q water, before drying under a nitrogen stream and 
processing under argon plasma (ZEPTO, Diener Electronic, Germany). 
Cleaned cover glass was coated with mPEG-silane (2 mg/ml; Laysan 
Bio, AL) and biotin–PEG–silane (2 g/ml; Laysan Bio) diluted in 96% 
ethanol and 0.1% (v/v) HCl and baked at 70°C for 1 hour. Coverslips 
were rinsed in 96% ethanol and sonicated, followed by rinsing and 
sonication in Milli-Q water, and lastly dried under a filtered nitro-
gen stream. Flow chambers were assembled using double-sided sticky 
tape to create a channel on a glass slide. Flow cells were washed with 
T50 butter [10 mM tris-HCl, 50 mM KCl, and 1 mM DTT (pH 8.0)], 
incubated with neutravidin (0.1 mg/ml; Thermo Fisher Scientific) in 
T50 for 1 min, and then washed in bovine serum albumin (1 mg/ml; 
A0281, Sigma-Aldrich) in T50 for 30 s, followed by a final wash of T50.

Experiments were performed in the following buffer: 50 mM KCl, 
1 mM MgCl2, 1 mM EGTA, 10 mM imidazole, 10 mM DTT, 15 mM 
glucose, 0.5% methylcellulose, catalase (20 g/ml), and glucose oxi-
dase (100 g/ml) (pH 7.0) at 21° ± 1°C. Purified myosin-15 motor 
domain (1 M) and ADP were included as needed. The reaction flow 
cell was imaged using an inverted microscope (Nikon Ti-E2) equipped 
with an oil immersion objective (CFI Apochromat TIRF 100×, 
1.49 numerical aperture; Nikon) for objective-style TIRF microscopy 
(H-TIRF, Nikon). TMR fluorescence was excited using 561 nm and 
emission-filtered (ET630/75m, Chroma). Images were captured on 
an EM–charge-coupled device camera (iXon Ultra 888, Andor) con-
trolled by NIS-Elements (AR version 5.2, Nikon). Data were corrected 
for the assay dead time. Images were background-subtracted and 
registered (descriptor-based series registration, 2d/3d + t) in FIJI 
(https://fiji.sc). Actin filament densities were quantified using the 
Analyze Particle command (size > 3 pixel2, circularity: 0.0 to 1.0) to 
count particles within a 50 m by 50 m region of interest that was 
randomly selected from the image. A minimum of three experiments, 
from two independent protein preparations, were analyzed for each 
condition. Filament elongation rates were calculated using kymographs 
generated in Elements software (Nikon).

Statistical analysis
GraphPad Prism 9 (La Jolla, CA, USA) was used for statistical anal-
ysis of the data presented in Fig. 7 (details of statistical tests are pre-
sented in the figure legend). P values less than 0.05 were considered 
significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl4733

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
 1. L. G. Tilney, M. S. Tilney, D. J. DeRosier, Actin filaments, stereocilia, and hair cells: How 

cells count and measure. Annu. Rev. Cell Biol. 8, 257–274 (1992).
 2. M. C. Drummond, M. Barzik, J. E. Bird, D. S. Zhang, C. P. Lechene, D. P. Corey, 

L. L. Cunningham, T. B. Friedman, Live-cell imaging of actin dynamics reveals 
mechanisms of stereocilia length regulation in the inner ear. Nat. Commun. 6, 6873 
(2015).

 3. M. C. Drummond, I. A. Belyantseva, K. H. Friderici, T. B. Friedman, Actin in hair cells 
and hearing loss. Hear. Res. 288, 89–99 (2012).

 4. J. E. Bird, Y. Takagi, N. Billington, M. P. Strub, J. R. Sellers, T. B. Friedman, Chaperone-
enhanced purification of unconventional myosin 15, a molecular motor specialized 
for stereocilia protein trafficking. Proc. Natl. Acad. Sci. U.S.A. 111, 12390–12395 (2014).

 5. Q. Fang, A. A. Indzhykulian, M. Mustapha, G. P. Riordan, D. F. Dolan, T. B. Friedman, 
I. A. Belyantseva, G. I. Frolenkov, S. A. Camper, J. E. Bird, The 133-kDa N-terminal domain 
enables myosin 15 to maintain mechanotransducing stereocilia and is essential 
for hearing. eLife 4, e08627 (2015).

 6. I. A. Belyantseva, E. T. Boger, S. Naz, G. I. Frolenkov, J. R. Sellers, Z. M. Ahmed, A. J. Griffith, 
T. B. Friedman, Myosin-XVa is required for tip localization of whirlin and differential 
elongation of hair-cell stereocilia. Nat. Cell Biol. 7, 148–156 (2005).

 7. A. Wang, Y. Liang, R. A. Fridell, F. J. Probst, E. R. Wilcox, J. W. Touchman, C. C. Morton, 
R. J. Morell, K. Noben-Trauth, S. A. Camper, T. B. Friedman, Association of unconventional 
myosin MYO15 mutations with human nonsyndromic deafness DFNB3. Science 280, 
1447–1451 (1998).

 8. J. Zhang, J. Guan, H. Wang, L. Yin, D. Wang, L. Zhao, H. Zhou, Q. Wang, Genotype-
phenotype correlation analysis of MYO15A variants in autosomal recessive non-
syndromic hearing loss. BMC Med. Genet. 20, 60 (2019).

 9. I. A. Belyantseva, E. T. Boger, T. B. Friedman, Myosin XVa localizes to the tips of inner ear 
sensory cell stereocilia and is essential for staircase formation of the hair bundle.  
Proc. Natl. Acad. Sci. U.S.A. 100, 13958–13963 (2003).

 10. F. J. Probst, R. A. Fridell, Y. Raphael, T. L. Saunders, A. Wang, Y. Liang, R. J. Morell, 
J. W. Touchman, R. H. Lyons, K. Noben-Trauth, T. B. Friedman, S. A. Camper, Correction 
of deafness in shaker-2 mice by an unconventional myosin in a BAC transgene. Science 
280, 1444–1447 (1998).

 11. P. Mburu, M. Mustapha, A. Varela, D. Weil, A. El-Amraoui, R. H. Holme, A. Rump, 
R. E. Hardisty, S. Blanchard, R. S. Coimbra, I. Perfettini, N. Parkinson, A. M. Mallon, 
P. Glenister, M. J. Rogers, A. J. Paige, L. Moir, J. Clay, A. Rosenthal, X. Z. Liu, G. Blanco, 
K. P. Steel, C. Petit, S. D. Brown, Defects in whirlin, a PDZ domain molecule involved 
in stereocilia elongation, cause deafness in the whirler mouse and families with DFNB31. 
Nat. Genet. 34, 421–428 (2003).

 12. U. Manor, A. Disanza, M. Grati, L. Andrade, H. Lin, P. P. Di Fiore, G. Scita, B. Kachar, 
Regulation of stereocilia length by myosin XVa and whirlin depends on the actin-
regulatory protein Eps8. Curr. Biol. 21, 167–172 (2011).

 13. A. L. D. Tadenev, A. Akturk, N. Devanney, P. D. Mathur, A. M. Clark, J. Yang, B. Tarchini, 
GPSM2-GNAI specifies the tallest stereocilia and defines hair bundle row identity.  
Curr. Biol. 29, 921–934.e4 (2019).

 14. M. Hertzog, F. Milanesi, L. Hazelwood, A. Disanza, H. Liu, E. Perlade, M. G. Malabarba, 
S. Pasqualato, A. Maiolica, S. Confalonieri, C. Le Clainche, N. Offenhauser, J. Block, 
K. Rottner, P. P. Di Fiore, M. F. Carlier, N. Volkmann, D. Hanein, G. Scita, Molecular basis 
for the dual function of Eps8 on actin dynamics: Bundling and capping. PLoS Biol. 8, 
e1000387 (2010).

 15. M. L. Weck, N. E. Grega-Larson, M. J. Tyska, MyTH4-FERM myosins in the assembly 
and maintenance of actin-based protrusions. Curr. Opin. Cell Biol. 44, 68–78 (2017).

 16. F. Jiang, Y. Takagi, A. Shams, S. M. Heissler, T. B. Friedman, J. R. Sellers, J. E. Bird, The 
ATPase mechanism of myosin 15, the molecular motor mutated in DFNB3 human 
deafness. J. Biol. Chem. 296, 100243 (2021).

 17. Y. Oguchi, S. V. Mikhailenko, T. Ohki, A. O. Olivares, E. M. De La Cruz, S. Ishiwata, 
Load-dependent ADP binding to myosins V and VI: Implications for subunit coordination 
and function. Proc. Natl. Acad. Sci. U.S.A. 105, 7714–7719 (2008).

 18. J. M. Laakso, J. H. Lewis, H. Shuman, E. M. Ostap, Myosin I can act as a molecular force 
sensor. Science 321, 133–136 (2008).

 19. J. R. Sellers, C. Veigel, Direct observation of the myosin-Va power stroke and its reversal. 
Nat. Struct. Mol. Biol. 17, 590–595 (2010).

 20. C. Veigel, L. M. Coluccio, J. D. Jontes, J. C. Sparrow, R. A. Milligan, J. E. Molloy, The motor 
protein myosin-I produces its working stroke in two steps. Nature 398, 530–533 (1999).

 21. A. Mentes, A. Huehn, X. Liu, A. Zwolak, R. Dominguez, H. Shuman, E. M. Ostap, 
C. V. Sindelar, High-resolution cryo-EM structures of actin-bound myosin states reveal 
the mechanism of myosin force sensing. Proc. Natl. Acad. Sci. U.S.A. 115, 1292–1297 
(2018).

 22. P. S. Gurel, L. Y. Kim, P. V. Ruijgrok, T. Omabegho, Z. Bryant, G. M. Alushin, Cryo-EM 
structures reveal specialization at the myosin VI-actin interface and a mechanism of force 
sensitivity. eLife 6, e31125 (2017).

https://fiji.sc
https://science.org/doi/10.1126/sciadv.abl4733
https://science.org/doi/10.1126/sciadv.abl4733
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abl4733


Gong et al., Sci. Adv. 8, eabl4733 (2022)     20 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

17 of 18

 23. S. Pospich, H. L. Sweeney, A. Houdusse, S. Raunser, High-resolution structures 
of the actomyosin-V complex in three nucleotide states provide insights into the force 
generation mechanism. eLife 10, e73724 (2021).

 24. M. Nyitrai, M. A. Geeves, Adenosine diphosphate and strain sensitivity in myosin motors. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 359, 1867–1877 (2004).

 25. Z. G. Moreland, F. Jiang, C. Aguilar, M. Barzik, R. Gong, A. Shams, C. Faaborg-Andersen, 
J. C. Werth, R. Harley, D. C. Sutton, S. M. Cole, A. Parker, S. Morse, E. Wilson, Y. Takagi,  
J. R. Sellers, S. D. M. Brown, T. B. Friedman, G. M. Alushin, M. R. Bowl, J. E. Bird, Myosin-driven 
nucleation of actin filaments drives stereocilia development critical for hearing. bioRxiv 
2021.07.09.451618 [Preprint] (13 July 2021); https://doi.org/10.1101/2021.07.09.451618.

 26. L. Miller, M. Phillips, E. Reisler, Polymerization of G-actin by myosin subfragment 1. 
J. Biol. Chem. 263, 1996–2002 (1988).

 27. K. Lheureux, T. Forne, P. Chaussepied, Interaction and polymerization of the G-actin-
myosin head complex: Effect of DNase I. Biochemistry 32, 10005–10014 (1993).

 28. S. Fievez, M. F. Carlier, D. Pantaloni, Mechanism of myosin subfragment-1-induced 
assembly of CaG-actin and MgG-actin into F-actin-S1-decorated filaments. Biochemistry 
36, 11843–11850 (1997).

 29. T. D. Pollard, Actin and actin-binding proteins. Cold Spring Harb. Perspect. Biol. 8, a018226 
(2016).

 30. V. E. Galkin, A. Orlova, G. F. Schroder, E. H. Egelman, Structural polymorphism in F-actin. 
Nat. Struct. Mol. Biol. 17, 1318–1323 (2010).

 31. Z. A. Durer, D. S. Kudryashov, M. R. Sawaya, C. Altenbach, W. Hubbell, E. Reisler, Structural 
states and dynamics of the D-loop in actin. Biophys. J. 103, 930–939 (2012).

 32. S. Das, P. Ge, Z. A. Oztug Durer, E. E. Grintsevich, Z. H. Zhou, E. Reisler, D-loop dynamics 
and near-atomic-resolution cryo-EM structure of phalloidin-bound F-actin. Structure 28, 
586–593.e3 (2020).

 33. R. Dominguez, K. C. Holmes, Actin structure and function. Annu. Rev. Biophys. 40, 169–186 
(2011).

 34. J. von der Ecken, S. M. Heissler, S. Pathan-Chhatbar, D. J. Manstein, S. Raunser, Cryo-EM 
structure of a human cytoplasmic actomyosin complex at near-atomic resolution. Nature 
534, 724–728 (2016).

 35. L. Mei, S. Espinosa de Los Reyes, M. J. Reynolds, R. Leicher, S. Liu, G. M. Alushin, Molecular 
mechanism for direct actin force-sensing by alpha-catenin. Elife 9, e62514 (2020).

 36. F. Merino, S. Pospich, J. Funk, T. Wagner, F. Kullmer, H. D. Arndt, P. Bieling, S. Raunser, 
Structural transitions of F-actin upon ATP hydrolysis at near-atomic resolution revealed 
by cryo-EM. Nat. Struct. Mol. Biol. 25, 528–537 (2018).

 37. S. Pospich, F. Merino, S. Raunser, Structural effects and functional implications 
of phalloidin and jasplakinolide binding to actin filaments. Structure 28, 437–449.e5 
(2020).

 38. S. Z. Chou, T. D. Pollard, Mechanism of actin polymerization revealed by cryo-EM 
structures of actin filaments with three different bound nucleotides. Proc. Natl. Acad. Sci. 
U.S.A. 116, 4265–4274 (2019).

 39. J. Zivanov, T. Nakane, B. O. Forsberg, D. Kimanius, W. J. Hagen, E. Lindahl, S. H. Scheres, 
New tools for automated high-resolution cryo-EM structure determination in RELION-3. 
eLife 7, e42166 (2018).

 40. E. H. Egelman, The iterative helical real space reconstruction method: Surmounting 
the problems posed by real polymers. J. Struct. Biol. 157, 83–94 (2007).

 41. C. Risi, L. U. Schafer, B. Belknap, I. Pepper, H. D. White, G. F. Schroder, V. E. Galkin, 
High-resolution cryo-EM structure of the cardiac actomyosin complex. Structure 29, 
50–60.e4 (2021).

 42. B. J. Perrin, J. M. Ervasti, The actin gene family: Function follows isoform. Cytoskeleton 67, 
630–634 (2010).

 43. F. Zhang, L. Xu, Y. Xiao, J. Li, X. Bai, H. Wang, Three MYO15A mutations identified in one 
chinese family with autosomal recessive nonsyndromic hearing loss. Neural Plast. 2018, 
5898025 (2018).

 44. A. Houdusse, H. L. Sweeney, How myosin generates force on actin filaments.  
Trends Biochem. Sci. 41, 989–997 (2016).

 45. M. Furch, B. Remmel, M. A. Geeves, D. J. Manstein, Stabilization of the actomyosin 
complex by negative charges on myosin. Biochemistry 39, 11602–11608 (2000).

 46. C. M. Sloan-Heggen, A. O. Bierer, A. E. Shearer, D. L. Kolbe, C. J. Nishimura, K. L. Frees, 
S. S. Ephraim, S. B. Shibata, K. T. Booth, C. A. Campbell, P. T. Ranum, A. E. Weaver, 
E. A. Black-Ziegelbein, D. Wang, H. Azaiez, R. J. H. Smith, Comprehensive genetic testing 
in the clinical evaluation of 1119 patients with hearing loss. Hum. Genet. 135, 441–450 (2016).

 47. B. H. Varkuti, Z. Yang, B. Kintses, P. Erdelyi, I. Bardos-Nagy, A. L. Kovacs, P. Hari, 
M. Kellermayer, T. Vellai, A. Malnasi-Csizmadia, A novel actin binding site of myosin 
required for effective muscle contraction. Nat. Struct. Mol. Biol. 19, 299–306 (2012).

 48. B. H. Varkuti, Z. Yang, A. Malnasi-Csizmadia, Structural model of weak binding 
actomyosin in the prepowerstroke state. J. Biol. Chem. 290, 1679–1688 (2015).

 49. H. Onishi, S. V. Mikhailenko, M. F. Morales, Toward understanding actin activation 
of myosin ATPase: The role of myosin surface loops. Proc. Natl. Acad. Sci. U.S.A. 103, 
6136–6141 (2006).

 50. J. Vahokoski, L. J. Calder, A. J. Lopez, J. E. Molloy, I. Kursula, P. B. Rosenthal, High-
resolution structures of malaria parasite actomyosin and actin filaments. PLOS Pathog. 
18, e1010408 (2022).

 51. J. R. Porter, A. Meller, M. I. Zimmerman, M. J. Greenberg, G. R. Bowman, Conformational 
distributions of isolated myosin motor domains encode their mechanochemical 
properties. eLife 9, e55132 (2020).

 52. S. H. Scheres, Processing of structurally heterogeneous cryo-EM data in RELION. Methods 
Enzymol. 579, 125–157 (2016).

 53. M. Miyagawa, S. Y. Nishio, A. Ichinose, S. Iwasaki, T. Murata, S. Kitajiri, S. Usami, Mutational 
spectrum and clinical features of patients with ACTG1 mutations identified by massively 
parallel DNA sequencing. Ann. Otol. Rhinol. Laryngol. 124 (Suppl. 1), 84S–93S (2015).

 54. L. R. Otterbein, P. Graceffa, R. Dominguez, The crystal structure of uncomplexed actin 
in the ADP state. Science 293, 708–711 (2001).

 55. P. Graceffa, R. Dominguez, Crystal structure of monomeric actin in the ATP state. 
Structural basis of nucleotide-dependent actin dynamics. J. Biol. Chem. 278,  
34172–34180 (2003).

 56. I. Rayment, W. R. Rypniewski, K. Schmidt-Base, R. Smith, D. R. Tomchick, M. M. Benning, 
D. A. Winkelmann, G. Wesenberg, H. M. Holden, Three-dimensional structure of myosin 
subfragment-1: A molecular motor. Science 261, 50–58 (1993).

 57. B. Wawro, S. Y. Khaitlina, A. Galinska-Rakoczy, H. Strzelecka-Golaszewska, Role of actin 
DNase-I-binding loop in myosin subfragment 1-induced polymerization of G-actin: 
Implications for the mechanism of polymerization. Biophys. J. 88, 2883–2896 (2005).

 58. J. F. Krey, P. G. Barr-Gillespie, Molecular composition of vestibular hair bundles. Cold 
Spring Harb. Perspect. Med. 9, a033209 (2019).

 59. C. Valentin-Ranc, C. Combeau, M. F. Carlier, D. Pantaloni, Myosin subfragment-1 interacts 
with two G-actin molecules in the absence of ATP. J. Biol. Chem. 266, 17872–17879 
(1991).

 60. J. McGrath, C. Y. Tung, X. Liao, I. A. Belyantseva, P. Roy, O. Chakraborty, J. Li, N. F. Berbari, 
C. C. Faaborg-Andersen, M. Barzik, J. E. Bird, B. Zhao, L. Balakrishnan, T. B. Friedman, 
B. J. Perrin, Actin at stereocilia tips is regulated by mechanotransduction and ADF/cofilin. 
Curr. Biol. 31, 1141–1153.e7 (2021).

 61. D. B. Murphy, R. O. Gray, W. A. Grasser, T. D. Pollard, Direct demonstration of actin 
filament annealing in vitro. J. Cell Biol. 106, 1947–1954 (1988).

 62. Z. Metlagel, J. F. Krey, J. Song, M. F. Swift, W. J. Tivol, R. A. Dumont, J. Thai, A. Chang, 
H. Seifikar, N. Volkmann, D. Hanein, P. G. Barr-Gillespie, M. Auer, Electron cryo-
tomography of vestibular hair-cell stereocilia. J. Struct. Biol. 206, 149–155 (2019).

 63. J. B. Shin, F. Streijger, A. Beynon, T. Peters, L. Gadzala, D. McMillen, C. Bystrom, 
C. E. Van der Zee, T. Wallimann, P. G. Gillespie, Hair bundles are specialized for ATP 
delivery via creatine kinase. Neuron 53, 371–386 (2007).

 64. E. L. Wagner, J. B. Shin, Mechanisms of hair cell damage and repair. Trends Neurosci. 42, 
414–424 (2019).

 65. S. MacLean-Fletcher, T. D. Pollard, Identification of a factor in conventional muscle actin 
preparations which inhibits actin filament self-association. Biochem. Biophys. Res. 
Commun. 96, 18–27 (1980).

 66. D. N. Mastronarde, Automated electron microscope tomography using robust prediction 
of specimen movements. J. Struct. Biol. 152, 36–51 (2005).

 67. S. Q. Zheng, E. Palovcak, J. P. Armache, K. A. Verba, Y. Cheng, D. A. Agard, MotionCor2: 
Anisotropic correction of beam-induced motion for improved cryo-electron microscopy. 
Nat. Methods 14, 331–332 (2017).

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

 69. E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, 
T. E. Ferrin, UCSF Chimera—A visualization system for exploratory research and analysis. 
J. Comput. Chem. 25, 1605–1612 (2004).

 70. P. Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta Crystallogr. 
D Biol. Crystallogr. 60, 2126–2132 (2004).

 71. Y. Zhang, I-TASSER server for protein 3D structure prediction. BMC Bioinformatics 9, 40 
(2008).

 72. F. DiMaio, Y. Song, X. Li, M. J. Brunner, C. Xu, V. Conticello, E. Egelman, T. Marlovits, 
Y. Cheng, D. Baker, Atomic-accuracy models from 4.5-A cryo-electron microscopy data 
with density-guided iterative local refinement. Nat. Methods 12, 361–365 (2015).

 73. P. V. Afonine, B. K. Poon, R. J. Read, O. V. Sobolev, T. C. Terwilliger, A. Urzhumtsev, 
P. D. Adams, Real-space refinement in PHENIX for cryo-EM and crystallography. Acta 
Crystallogr. D Struct. Biol. 74, 531–544 (2018).

 74. A. Waterhouse, M. Bertoni, S. Bienert, G. Studer, G. Tauriello, R. Gumienny, F. T. Heer, 
T. A. P. de Beer, C. Rempfer, L. Bordoli, R. Lepore, T. Schwede, SWISS-MODEL: Homology 
modelling of protein structures and complexes. Nucleic Acids Res. 46, W296–W303 (2018).

 75. J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvunakool, 
R. Bates, A. Zidek, A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl, A. J. Ballard, 
A. Cowie, B. Romera-Paredes, S. Nikolov, R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, 
E. Clancy, M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer, S. Bodenstein, 

https://doi.org/10.1101/2021.07.09.451618


Gong et al., Sci. Adv. 8, eabl4733 (2022)     20 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

18 of 18

D. Silver, O. Vinyals, A. W. Senior, K. Kavukcuoglu, P. Kohli, D. Hassabis, Highly accurate 
protein structure prediction with AlphaFold. Nature 596, 583–589 (2021).

 76. T. I. Croll, ISOLDE: A physically realistic environment for model building into low-
resolution electron-density maps. Acta Crystallogr. D Struct. Biol. 74, 519–530 (2018).

 77. C. J. Williams, J. J. Headd, N. W. Moriarty, M. G. Prisant, L. L. Videau, L. N. Deis, V. Verma, 
D. A. Keedy, B. J. Hintze, V. B. Chen, S. Jain, S. M. Lewis, W. B. Arendall III, J. Snoeyink, 
P. D. Adams, S. C. Lovell, J. S. Richardson, D. C. Richardson, MolProbity: More and better 
reference data for improved all-atom structure validation. Protein Sci. 27, 293–315 (2018).

 78. T. D. Goddard, C. C. Huang, E. C. Meng, E. F. Pettersen, G. S. Couch, J. H. Morris, T. E. Ferrin, 
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. 27, 
14–25 (2018).

 79. F. Madeira, Y. M. Park, J. Lee, N. Buso, T. Gur, N. Madhusoodanan, P. Basutkar, 
A. R. N. Tivey, S. C. Potter, R. D. Finn, R. Lopez, The EMBL-EBI search and sequence analysis 
tools APIs in 2019. Nucleic Acids Res. 47, W636–W641 (2019).

 80. A. M. Waterhouse, J. B. Procter, D. M. Martin, M. Clamp, G. J. Barton, Jalview Version 2—A 
multiple sequence alignment editor and analysis workbench. Bioinformatics 25, 
1189–1191 (2009).

Acknowledgments: We acknowledge Y. Takagi and J. Sellers (NHLBI DIR) for assistance with 
myosin biochemistry, R. Faridi (NIDCD DIR) for a curated list of DFNB3 mutations, and 
P. Barr-Gillespie for critical feedback. We also thank J. Sotiris and M. Ebrahim from the 
Rockefeller University Cryo-EM Resource Center (CEMRC) for assistance with data collection. 
Funding: H. Li Memorial Fellowship (to R.G.), Rockefeller Women in Science Fellowship (to 
P.G.), NIH Intramural Research Program NIDCD DC000039 (T. B. Friedman) Medical Research 
Council MC_UP_1503/2 (to M.R.B.), Pew Charitable Trusts Biomedical Scholar Award (to 
G.M.A.), Irma T. Hirschl/Monique Weill-Caulier Trust Research Award (to G.M.A.), National 
Institutes of Health grant R01DC018827 (to J.E.B.), National Institutes of Health grant 
DP5OD017885 (to G.M.A.), and National Institutes of Health grant R01GM141044 (to G.M.A.). 
The content of this manuscript is solely the responsibility of the authors and does not 

necessarily represent the official views of the National Institutes of Health. Author 
contributions: Conceptualization: R.G., J.E.B., and G.M.A. Methodology: R.G., M.J.R., P.G., and 
A.S. Resources: M.R.B. Investigation: R.G., Z.G.M., F.J., S.E.d.l.R., P.G., and J.B.H. Formal analysis: R.G., 
F.J., Z.G.M., M.J.R., and S.E.d.l.R. Visualization: R.G., J.E.B., and G.M.A. Project administration: 
J.E.B. and G.M.A. Funding acquisition: J.E.B. and G.M.A. Supervision: J.E.B. and G.M.A. Writing—
original draft: R.G., J.E.B., and G.M.A. Writing—review and editing: R.G., F.J., Z.G.M., M.J.R., 
S.E.d.l.R., P.G., A.S., J.B.H., M.R.B., J.E.B., and G.M.A. Competing interests: The authors declare 
that they have no competing interests. Data and materials availability: Cryo-EM maps as 
well as corresponding atomic models have been deposited in the EMDB and PDB databases. 
Accession codes are as follows: rigor wild-type myosin-15–bound F-actin: EMDB: EMD-24322 
and PDB: 7R91; rigor jordan myosin-15–bound F-actin: EMDB: EMD-24400 and PDB: 7RB9; ADP 
wild-type myosin-15–bound F-actin: EMDB: EMD-24399 and PDB: 7RB8; F-actin alone: EMDB: 
EMD-24321 and PDB: 7R8V; rigor wild-type myosin-15–bound F-actin (reprocessed by 
implementing symmetry expansion): EMDB: 26462; rigor wild-type myosin-15–bound F-actin 
(recentering on myosin): EMDB: 26459 and PDB: 7UDT; rigor jordan myosin-15–bound F-actin 
(reprocessed by implementing symmetry expansion): EMDB: 26464; ADP wild-type 
myosin-15–bound F-actin (reprocessed by implementing symmetry expansion): EMDB: 
26461; ADP wild-type myosin-15–bound F-actin (recentering on myosin-15) EMDB: 26460 
and PDB: 7UDU; F-actin alone (reprocessed by implementing symmetry expansion): EMDB: 
26463. All other data needed to evaluate the conclusions in the paper are present in the 
paper and/or the Supplementary Materials. Myosin-15 expression constructs can be provided 
by J.E.B. pending a completed material transfer agreement. Requests should be submitted to 
j.bird@ufl.edu.

Submitted 16 July 2021
Accepted 3 June 2022
Published 20 July 2022
10.1126/sciadv.abl4733

mailto:j.bird@ufl.edu

