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Cargo adaptors use a handhold mechanism to engage
with myosin V for organelle transport

Hye Jee Hahn?@®, Natalya Pashkova*®, Michael A. Cianfrocco**®, and Lois S. Weisman?@®

Myo2, a class V myosin motor, is essential for organelle transport in budding yeast. Its association with cargo is regulated by
adaptor proteins that mediate both attachment and release. Vacl7, a vacuole-specific adaptor, links Myo2 to the vacuole
membrane protein Vac8 and plays a key role in assembling and disassembling the Myo2-Vac17-Vac8 complex during vacuole
inheritance. Using genetics, cryo-EM, and structure prediction, we find that Vacl7 interacts with Myo2 at two distinct sites
rather than a single interface. Similarly, the peroxisome adaptor Inp2 engages two separate regions of Myo2, one of which
overlaps with a Vacl7-binding site. These findings support a “handhold” model, in which cargo adaptors occupy multiple
surfaces on the Myo2 tail, which likely enhances motor-cargo associations as well as provide additional regulatory control

over motor recruitment.

Introduction

Class V myosin motors mediate the directed transport of intra-
cellular cargo along filamentous actin (Trybus, 2008). These
ubiquitously expressed molecular motors function as homo-
dimers and are essential for the movement of diverse cargo types.
In mammals, myosin Va transports and positions melanosomes in
melanocytes (Rogers et al., 1999; Wu et al., 1997), delivers insulin-
containing secretory granules in pancreatic B cells (Varadi et al.,
2005), and mobilizes smooth endoplasmic reticulum in Purkinje
cells (Wagner et al,, 2011). It also regulates the localization of
RNA-protein particles in hippocampal neurons (Nalavadi et al.,
2012). Myosin Vb is involved in apical membrane trafficking in
epithelial cells (Engevik et al., 2019; Lapierre et al., 2001; Roland
et al., 2011), while myosin Vc associates with Weibel-Palade
bodies to regulate their exocytosis in vascular endothelial cells
(Holthenrich et al., 2022). Thus, myosin V motors play a funda-
mental role in a wide range of biological processes, contributing
to cell type-specific functions and cellular organization. How-
ever, the molecular mechanisms governing precise motor-cargo
interactions are only partially understood.

Myosin V activity is tightly controlled to ensure efficient cargo
transport. A major regulatory mechanism involves the release
of autoinhibition. In its inactive state, myosin V adopts a folded
conformation in which intramolecular interactions between the
N-terminal motor domain (head) and C-terminal cargo-binding
domain (tail) prevent motor activity. These inhibitory contacts
are further stabilized by interfaces involving the lever arms and
coiled-coil domains in the central domain. Cargo adaptors relieve

autoinhibition by disrupting these extensive intramolecular inter-
actions, thereby triggering myosin V motility (Liu et al., 2006; Niu
et al,, 2022; Thirumurugan et al, 2006). This highlights the es-
sential role of cargo adaptors in regulating motor function. Muta-
tional analyses in yeast suggest that this autoinhibitory mechanism
is evolutionarily conserved (Donovan and Bretscher, 2015).

In addition to activating the motor, cargo adaptors regulate
myosin V by ensuring the precise spatial and temporal locali-
zation of cargo. They achieve this by directly linking myosin V to
its specific cargo while serving as regulatory hubs that coordi-
nate cargo attachment and release (Hammer and Sellers, 201;
Weisman, 2006). An example of how cargo adaptor regulation
controls transport dynamics can be seen in vacuole inheritance
in budding yeast (Hill et al., 1996; Weisman, 2006). The move-
ment of the vacuole relies on interactions between yeast myosin
V, Myo2, the vacuole-specific adaptor, Vacl7, and the vacuole
scaffold protein, Vac8. Early in the cell cycle, a portion of the
mother cell vacuole is transferred to the emerging bud. This
process is initiated by the availability of Vacl7, which is tran-
scribed during the G1 and G1/S phases (Spellman et al., 1998), and
by phosphorylation of Vacl7 (Peng and Weisman, 2008). Vacl7
tethers Myo2 to Vac8 (Ishikawa et al., 2003; Kim et al., 2023;
Tang et al., 2003; Wang et al., 1998). Once sufficient levels of the
Myo2-Vacl7-Vac8 complex are formed, the vacuole moves along
actin cables toward the bud tip. During this directed movement,
additional regulators are recruited to Vacl7. Upon the vacuole’s
arrival at the bud tip, these regulators terminate transport by
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ubiquitinating and further phosphorylating Vacl7 (Wong et al.,
2020; Yau et al., 2014, 2017). These modifications lead to the
extraction of Vacl7, which is proteolyzed by the proteasome. The
regulated degradation of Vacl7 causes Myo2 to release the vac-
uole at the bud cortex, freeing Myo2 to transport other cargoes to
the mother-bud neck. Thus, cargo adaptors integrate signals
from cellular pathways to regulate Myo2-cargo interactions.

Budding yeast have at least 11 additional cargo adaptors
for Myo2 (Beach et al., 2000; Beningo et al., 2000; Dunkler et al.,
2021; Eves et al., 2012; Fagarasanu et al., 2006; Fortsch et al., 201;
Itoh et al., 2002, 2004; Jin et al., 2011; Lipatova et al., 2008; Otzen
et al., 2012; Santiago-Tirado and Bretscher, 2011; Tang et al., 2003;
Yin et al., 2000; Zhao et al., 2025, Preprint). During cell division,
Myo2 interacts with these adaptors to transport distinct cargoes to
sites of polarized growth. Genetic and structural analyses of the
Myo?2 tail (Catlett and Weisman, 1998; Ishikawa et al., 2003; Liu
et al., 2022; Pashkova et al., 2005, 2006; Schott et al., 1999; Tang
et al,, 2019) have identified critical surface residues that mediate
these interactions. Notably, these adaptor-binding sites often
converge on two major regions of the Myo2 tail (Eves et al,, 2012),
suggesting that selective and efficient cargo movement is a highly
coordinated process. Understanding how cargo adaptors interact
with Myo2 may reveal broader principles governing actin-based
transport systems in higher eukaryotes.

Cargo adaptors for actin-based motors are often structurally
flexible and form transient associations between motors and
their cargoes. Since full-length adaptors fail to crystallize with
myosin V/Myo2, the available complex structures include only
short peptide sequences (Pylypenko et al., 2013, 2016; Tang et al.,
2019; Wei et al., 2013). This limitation hinders a comprehensive
understanding of the molecular basis of myosin V/Myo2-cargo
interactions. To overcome this challenge, we combined struc-
tural biology with cell-based and computational approaches to
map the interaction sites between Vacl7 and Myo2.

Here, our study reveals that Vacl7 interacts with Myo2
through two distinct sites rather than a single site. We identify a
Vacl7 region that forms a second interface. This N-terminal
region of Vacl7, now termed Vacl7(H), is predicted to adopt a
three-helix bundle (h1-3). The presence of both Vacl7(H) and
its canonical Myo2-binding domain, Vacl7(MBD), is necessary
for proper Myo2-mediated vacuole movement. Moreover, the
structure shows that Vacl7(H) and Vacl7(MBD) bind to opposite
and distal sites on the Myo2 tail. This suggests that Vacl7 wraps
around the Myo2 tail and binds in a “handhold” mechanism.
Additionally, we show that the peroxisome adaptor Inp2 also
uses two sites on Myo2. These findings predict that multiple
cargo adaptors employ handhold mechanisms to engage Myo2.
The binding of adaptors at two sites likely stabilizes the
motor-cargo complex and provides additional sites of regulation
for the attachment and detachment of cargoes.

Results

Vac17(H) contributes to vacuole inheritance

To probe how Vacl7 functions with Myo2, we utilized the myo2-
NI304S mutant, which is defective in its interaction with Vacl7
(Catlett et al., 2000; Ishikawa et al., 2003; Pashkova et al., 2006),
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and screened for compensatory mutations in Vacl7 that could
restore vacuole inheritance. We performed random PCR muta-
genesis across the entire Vacl7 open reading frame to ensure
that all regions were included. 11 suppressor mutations were
identified; however, only three mutations (T110P, R126S, and
1140V) reside within the canonical Myo2-binding domain,
Vacl7(MBD) (Fig. 1 A and Table S1). Notably, many of the sup-
pressor mutations were located upstream of the Vacl7(MBD),
suggesting that this region, referred to as Vacl7(H), also plays a
role in its interactions with Myo2.

To investigate the role of Vacl7(H), we first examined
whether this N-terminal sequence forms a coiled-coil, as previ-
ously suggested (Tang et al., 2003). Notably, 2D and 3D structural
analyses revealed that Vacl7(1-109) adopts a three-helix bundle.
Thus we have renamed this region Vacl7(H) (Fig. 1 A). Next, we
deleted residues 18-108 and assessed the impact of the vacl7AH
mutant on vacuole inheritance. When vacuole inheritance is
impaired, new buds form vacuoles through de novo synthesis
(Jin and Weisman, 2015). To differentiate between inherited and
newly synthesized vacuoles, we used pulse-chase labeling of the
vacuoles with FM 4-64 (Vida and Emr, 1995, Fig. 1 B). In wild-
type cells, vacuole inheritance typically occurs during bud
emergence or in small buds. However, in the vacl7AH mutant,
~67% of cells with small buds lacked vacuoles, whereas, in cells
with large buds, similar to wild type, ~97% of buds contained
vacuoles (Fig. 1 C). These results indicate that the vacl7AH
mutant exhibits a delay in vacuole inheritance.

The localization of Vacl7 relative to the vacuole and sites of
polarized growth—at the bud tip or the mother-bud neck where
Myo2 is located—is another way to measure Vacl7 function. In
wild-type cells, at the onset of vacuole inheritance, Vacl7 accu-
mulates as puncta on a portion of the vacuole near sites of po-
larized growth. Once the vacuole reaches the bud tip, Vacl7 is
targeted for degradation, leading to the loss of its signal in cells
with large buds (Peng and Weisman, 2008; Wong et al., 2020;
Yau et al., 2014, 2017). In contrast, in the vacl7AH mutant, Vacl7
failed to form puncta and instead was observed throughout the
vacuole membrane in both mother and bud cells (Fig. 1 D). This
altered localization resembles that seen in Myo2 point mutants
that are specifically defective in Vacl7 interaction (Eves et al.,
2012; Peng and Weisman, 2008). That vacuoles are eventually
inherited in large buds suggests that the vacl7AH mutant retains
partial association with Myo2. Importantly, the vacl7AH mutant
did not alter Myo2 localization (Fig. S1 A). Additionally, the Vac8
signal around the vacuole remained unaffected in the vacl7ZAH
mutant (Fig. S1 B). The colocalization of the vacl7AH mutant with
Vac$ indicates that Vacl7(H) is not required for the interaction
between Vacl7 and Vac8 (Fig. S1 C). However, in the absence of
Vac8, the vacl7AH mutant becomes cytosolic. While Vacl7(MBD)
remains essential for vacuole inheritance (Fig. S1 D, Ishikawa
et al., 2003), Vacl7(H), through its interactions with Myo2, fa-
cilitates the movement of vacuoles into small buds.

Vacl7(H) and Vac17(MBD) each directly bind to the Myo2 tail
in vitro

Based on the Vacl7 mutant data, we hypothesized that Vacl7(H)
directly binds Myo2. To test this, we co-expressed and purified
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Figure 1. The N-terminal region of Vacl7 is important for vacuole inheritance and binds to Myo2. (A) Schematic of Vacl7. Indicated residues are
suppressors identified in a mutagenesis screen that restore vacuole inheritance in the myo2(N1304S) mutant. h1-3 = helix 1-3 predicted by all AlphaFold
models to adopt an antiparallel three-helix bundle (H); MBD = Myo2-binding domain; VBD = Vac8-binding domain. (B) Vacuole inheritance in Avacl7 cells
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transformed with a low-copy plasmid that expresses the indicated Vacl7-3xEnvy constructs (green) or empty vector. Vacuole membranes (magenta) were
pulse-chase labeled with FM 4-64 and incubated for one doubling time prior to imaging. Dashed lines indicate the cell perimeters. Scale bar = 5 pm.
(C) Quantification of vacuole inheritance. Scoring was based on the presence or absence of labeled vacuoles at the indicated bud sizes. Data from four in-
dependent yeast cultures (n = 4) were analyzed, with a minimum of 30 cells per culture measured for each bud size. Bud size was determined based on the ratio
of the diameters of the bud cell to the mother cell. Values <0.3 was classified as small. Significance was calculated using ordinary one-way ANOVA with Tukey’s
multiple comparisons; ****P < 0.0001; ns = not significant. Error bars indicate SEM. (D) Vacl7 localization relative to the vacuole in cells where vacuole
inheritance occurred (n = 4 independent experiments; >30 cells per n for each bud size). Statistical significance was determined by two-way ANOVA with
Tukey’s multiple comparisons test. ****P < 0.0001; ns = not significant. Error bars are SD. (E) Size-exclusion chromatography traces of the Myo?2 tail (gray),
either alone or co-expressed with N-terminally MBP-fused Vacl7 peptides: Vac17(H) (light blue; top panel) and Vac17(MBD) (green; bottom panel). The orange
arrowhead indicates free maltose-binding protein (MBP; 44 kDa), which was cleaved from the Vacl7 peptides using TEV protease following MBP affinity
purification. In a separate experiment, the Myo2 tail co-expressed with MBP-Vac17(H) was first purified via amylose resin, treated with TEV protease, and
subsequently subjected to Strep-Tactin pulldown to isolate Myo2. Gel filtration confirmed that Vacl7 remains associated with Myo2 (dark blue; top panel).

Note that Vacl7 peptides alone were unstable in the absence of Myo2.

recombinant peptides of Vacl7(H) or Vacl7(MBD) with the Myo2
tail. Consistent with previous biochemical studies, Vacl7(MBD)
bound to the Myo2 tail (Fig. 1 E and Fig. S1E, Eves et al., 2012; Liu
et al., 2022; Tang et al., 2019). Notably, we observed that the
Vacl7(H) peptide exhibited affinity for the Myo2 tail. To confirm
complex formation, we performed a reciprocal pull-down of
Vacl7 followed by Myo2. Subsequent gel filtration analysis
(darker blue) revealed a peak corresponding to the expected
Vacl7(H)-Myo2 complex (lighter blue), verifying their interac-
tion. These findings suggest that the partial inheritance defect
observed in the vacl7AH mutant results from a reduced ability of
Vacl7 to bind Myo2.

Vacl7(H) affects the timing of the initial movement of the
vacuole into small buds

The above biochemical studies suggested that Vacl7(H) directly
binds to Myo2 and likely enhances the ability of Myo2 to
transport the vacuole into the bud. To assess how Vacl7(H)
impacts vacuole movement, we performed live-cell imaging in a
strain with the vacuole marker, mCherry-Vphl, expressed from
its endogenous locus and transformed with plasmids that ex-
press either wild-type or the vacl7AH mutant (Fig. 2, A-D). Cells
were arrested in G1 phase using alpha factor and released into
fresh media. During this period, cells were transferred into a
microfluidics plate, where they were continuously perfused
with fresh media. We noted that the Vacl7 levels were elevated
near the leading edge of the vacuole in synchronized cells. Thus,
to avoid the potential effects from excess Vacl7 accumulation on
the rate of vacuole movement, cells were allowed to complete
one doubling cycle prior to time-lapse imaging during the
second cycle.

To quantify vacuole movement across the mother-bud neck,
we performed kymograph analysis of the mCherry-Vphl vacuole
signal from cells with a bud that was initially devoid of the
vacuole (Fig. 2, A and C). The red lines on the kymographs
represent the growing bud tip, and the yellow dashed lines in-
dicate the mother-bud neck. We also created a montage of time-
lapse images from representative cells, including the moment
when the vacuole first crosses the mother-bud neck. These
image sequences are marked by the blue dashed box in the ky-
mographs (Fig. 2, B and D). Consistent with earlier observations,
in wild-type cells, when the vacuole crosses the mother-bud
neck, the ratio of the bud diameter relative to the mother cell
is 0.18. However, in vacl7AH cells, vacuole inheritance is delayed
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(Fig. S2, A-C), resulting in a bud diameter:mother diameter ratio
of 0.3 (Fig. 2 E).

To determine whether the Myo2 motility is impaired, we
calculated the instantaneous velocity of the vacuole in each cell,
irrespective of the starting and ending position (Fig. 2 F), and
found that there was no significant difference (67 nm/s versus 77
nm/s for wild type and vacl7AH, respectively). In a second
analysis, we analyzed the rates of all anterograde movements
per cell until the first time the signal reached the bud cortex
(Fig. 2 G). Again, these anterograde velocities in wild-type (19.8
nm/s) versus the vacl7AH mutant (22.4 nm/s) cells were not
significantly different. Given the 10-s interval between image
acquisitions, some velocities may be faster than reported. We
note that these measured rates are rough approximations. Thus,
Myo2 velocity appears unaffected, however, the timing of vac-
uole transport is delayed in the vacl7AH mutant.

Although vacuole inheritance eventually occurs in vacl7ZAH
cells, we observed that, unlike wild-type cells, the Vacl7 signal
persistently localizes around the entire vacuole. Moreover,
western blot analysis showed that Vacl7 expression was ele-
vated fourfold compared with wild type (Fig. S2 D). Since an
intact Myo2-Vacl7-Vac8 complex is required for Vacl7 degra-
dation (Tang et al., 2003; Yau et al., 2014, 2017), the increased
steady-state levels of Vacl7 in vacl7AH cells further suggest that
this mutant is defective in its interaction with Myo2. We pos-
tulate that the excess levels of Vacl7 in the vacl7AH mutant cells
eventually recruits enough Myo2 motors to initiate vacuole
transport.

Vacl7(MBD) binds to the Myo2 tail as an extended, mostly
unstructured peptide

Earlier studies were unable to crystallize Myo2 bound to high-
affinity peptides derived from the Vacl7(MBD) sequence (Liu
et al., 2022), leading us to consider cryo-EM. Given the impor-
tance of Vacl7(H) alongside Vacl7(MBD), we set out to charac-
terize how the Vacl7(H+MBD) region associates with Myo2 at
the molecular level. We purified a recombinant complex com-
prising co-expressed Myo?2 tail and the Vacl7(H+MBD) pep-
tide. Gel filtration analysis of the complex showed that
Vacl7(H+MBD) and Myo2 tail co-eluted as a single peak (Fig. S3
A). Vitrification of the sample and subsequent analysis using 2D
class averages revealed high-quality, monodisperse particles,
indicating that the complex was amenable for structure deter-
mination by cryo-EM (Fig. S3, B-E).
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Figure 2. vacl7AH cells show a delay in the initiation of vacuole inheritance. (A and C) Kymographs of vacuole dynamics in wild-type and vac17AH cells.
Images were taken on a single z-plane to reduce photobleaching. The Y axis represents time (10 s per frame), and the X axis is the directionality of vacuole
movement along the segmented path of 8.5 um (0.06788 pm/pixel). Vacuoles are labeled with endogenously expressed Vphl-mCherry, which localizes to the
vacuole. Dashed lines (yellow) indicate the mother-bud neck; solid lines (red) represent the growing bud tip. Yellow arrows indicate vacuole anterograde events
prior to crossing the mother-bud neck. Yellow arrowheads indicate anterograde movements following vacuole inheritance. Only cells in which the bud had not
yet received a vacuole at the start of imaging were included in the following quantifications. Scale bar = 2 um. (B and D) Montage of a time series of cells
undergoing vacuole inheritance. The montage corresponds to the blue box regions of the kymographs. Scale bar = 5 pm. (E) The ratio of bud to mother cell
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diameter when the vacuole first crossed the mother-bud neck (n = 13 and n = 22, representing the total number of cells pooled from three independent
experiments for wild type and vacl7AH, respectively). A two-tailed, an unpaired Student’s t test was used to analyze differences between the two groups.
***P < 0.001; ns = not significant. Data are presented as box plots, with colored areas indicating the population from the first to the third quartile, and the
median indicated. The whiskers represent the spread of the data. ***P < 0.001; ns = not significant. (F) Instantaneous velocities of vacuole movement (n = 24
and n = 33 for wild type and vacl74H, respectively). (G) Rate of all anterograde vacuole movements until the vacuole reached the bud cortex (n = 20 and n = 51
for wild type and vacl7AH, respectively). Challenges that impacted quantification included: (1) multiple nondirectional vacuole movements, (2) short distances
from the edge of the mother vacuole to the small bud tip (average of 3.4 um for wild-type cells versus 5.9 um for the mutant), and (3) growing small buds and

the mother cells did not always remain in the same plane of focus.

After collecting and analyzing a dataset for the
Vacl7(H+MBD)-Myo2 tail, we determined a cryo-EM structure
at an overall resolution of ~6 A (Fig. 3 A). Docking and com-
parison of this reconstruction with the previously solved
crystal structure of the apo Myo2 tail (PDB accession no. 2F6H,
Pashkova et al., 2006) revealed a similar overall architecture
(Fig. S3 F). Notably, the reconstruction revealed an additional,
unoccupied density. Given its proximity to Myo2 residues
D1297 and N1304, which are critical for vacuole inheritance, we
assigned this density to Vacl7 (Fig. S4 A, Eves et al., 2012).

To characterize the Vacl7-Myo2 interaction at the amino acid
level, we used the COSMIC? server (Cianfrocco et al., 2017)
to perform AlphaFold2-Multimer structure predictions (Evans
et al., 2022, Preprint; Jumper et al., 2021; Mirdita et al., 2022) of
the Vacl7(H+MBD) and Myo2 tail complex (Fig. 3 B). The pre-
dicted models closely recapitulate the atomic structure of
the apo Myo?2 tail (Fig. S3 F). Importantly, the structure of the
Vacl7(MBD) sequence (residues 127-147) align well with the
putative cryo-EM density for Vacl7 (Fig. 3 C, Eves et al., 2012).
Within this region, Vacl7 residues 127-137 form a disordered
loop extending along the Myo2 helix, while residues 138-147
adopt a short helix directed away from Myo2 with minimal
apparent contact. Even in the absence of high-resolution cryo-
EM data, integrating predictive modeling with experimental
density can enable the identification of distinct structural fea-
tures, offering valuable insights into the flexibility and orga-
nization within the complex.

To determine the orientation of Vacl7 on the Myo2 tail, we
focused on Vacl7(R142), a polar residue near the interface that is
predicted to interact with Myo2(E1222) (Fig. 3, D-F). We hy-
pothesized that these residues form electrostatic interactions
and thus performed charge reversal mutagenesis to assess
whether restoring charge complementarity could rescue func-
tion. The vacl7(RI42E) mutant impaired vacuole inheritance in
small buds (Fig. 3 D), consistent with predictions based on an
isothermal titration calorimetry study, which showed a com-
plete loss of affinity between vacl7(R142E) and the Myo?2 tail (Liu
et al., 2022). Similarly, the myo2(EI222K) mutant displayed
a defect in inheritance (Fig. 3, E and F). Importantly, co-
expression of Vacl7(R142E) and myo2(E1222K) partially rescued
vacuole inheritance, supporting the proposed orientation of
Vacl7 binding to Myo2. However, since the vacl7(R142E) mutant
retains partial function in vivo and large buds still inherit a
vacuole, suggests that additional interactions are involved.

To further assess how Vacl7(MBD) binds to Myo2, we in-
troduced additional mutations within the region of Vacl7 iden-
tified from the cryo-EM map and found that hydrophobic
interactions play a critical role (Fig. 3 D). Most notably, a

Hahn et al.

Myosin V cargo adaptors use a handhold mechanism

conservative substitution, vacl7(L137A), abolished vacuole in-
heritance, consistent with the isothermal titration calorimetry
study showing that vacl7(L137Q) disrupts Myo2 binding (Liu
et al, 2022). Vacl7(L137) interacts with Myo2(L1229 and
L1301), which form a hydrophobic groove (Fig. S4, B and C). This
groove is also critical for recognition by Mmr1(L410) for mito-
chondrial transport (Tang et al., 2019). In contrast, Vacl?7 resi-
dues (R142, K138, and R135), which could mediate multiple polar
interactions with Myo2 surrounding the hydrophobic patch,
resulted in only partial inheritance defects (Fig. 3, C and D).
Interestingly, Vacl7(1140), a suppressor residue, lies within a
helix that does not directly contact Myo2 but may induce local
structural adjustments that restore contact with the my-
02(N1304S) mutant. Collectively, in vivo analyses of these mu-
tants combined with the cryo-EM structure reveal that the
Vacl7(MBD) and Myo2 tail interaction is primarily driven by
hydrophobic contacts, with additional stability provided by
polar interactions.

Conserved features provide insights into yeast and
mammalian myosin V interactions with cargo adaptors

To investigate the general principles governing interactions of
myosin V and cargo adaptors that bind in the Vacl7(MBD) re-
gion, we compared our Vacl7-Myo2 structure with the Mmrl-
Myo2 complex (Tang et al, 2019, Fig. 4, A and B). Previous
genetic studies demonstrated that Vacl7 and Mmrl bind to
overlapping and distinct sites on Myo2 (Eves et al, 2012).
Docking the Mmrl-Myo2 structure revealed that Mmrl partially
occupies the Vacl7 density, confirming their shared binding
region (Fig. S4. D). Although Vacl7 and Mmrl adopt similar
structural motifs, they bind in opposite orientations. A key hy-
drophobic residue, Vacl7(L137), aligns with Mmrl(L410) to rec-
ognize an overlapping site on Myo2 (Fig. 4 F). In addition, the
positively charged Vacl7(R142) interacts with Myo2(E1222), a
residue specific to the Vacl7-binding region, whereas Mmr1(R409)
forms salt bridges with Myo2(E1293) (Tang et al., 2019). Notably,
Myo2(E1293), which is situated directly across from Myo2(E1222)
in the neighboring helix, was previously thought to be exclusive to
Vacl7 binding.

Our analysis further reveals that the Vacl7- and Mmrl-
binding sites on Myo2 overlap more extensively than previ-
ously recognized. In vitro, an Mmrl(398-430) peptide with an
R409E mutation abolishes binding to Myo2(E1293) (Tang et al.,
2019). However, in vivo, the MmrI(R409E) mutation only par-
tially disrupts mitochondrial inheritance (Nayef et al., 2024),
and the myo2(E1293K) mutation has no effect on mitochondrial
inheritance (Eves et al., 2012). These results suggest that while
Mmrl(R409) directly contacts Myo2(E1293), additional charged
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Figure 3. Vac17(MBD) contains an unstructured peptide that extends along the Myo2 tail. (A) Cryo-EM reconstruction of the Vacl7 peptide (green)
bound to the Myo?2 tail (gray). (B) AlphaFold model of the Vac17(1-157) and Myo2 tail complex was trimmed to fit into the density and refined in real space
using Phenix. Vac17(MBD) density (green) is located near the Myo2 helix (H6), which was previously characterized to contain residues critical for vacuole
inheritance (dark blue) and for the inheritance of both vacuole and mitochondria (pink) (Eves et al.,, 2012; Pashkova et al., 2006). (C) Vac17 residues predicted to
form contacts with known Myo2 residues. Close contacts are shown in green dashed lines, and interactions over longer distances of 3.8-5 A are in yellow lines.
An asterisk represents one of the Vacl7 suppressors, 1140V, identified in the screen. This further supports the hypothesis that this region of Vac17 directly
interacts with Myo2. (D) Vacuole inheritance in small buds of the indicated Vac17 mutants (n = 3 experiments from independent yeast colonies, with >35 cells
per n). Note that in the vac17(L137A) mutant, only 6% of large buds contained a vacuole, whereas vacuoles were present in large buds in the other mutants
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reported here (not shown). Significance was determined by an unpaired two-tailed Student’s t test. Error bars are SD. ****P < 0.0001; ***P < 0.001; **P <
0.005; ns = not significant. (E) Close-up view showing predicted interaction of Vac17(R142) with Myo2(E1293) and Myo2(E1222). (F) Charge reversal mutations
of vac17(R142E) and myo2(F1222K) partially restore vacuole inheritance (n = 3; »35 cells per n for each bud size). Significance was determined using ordinary
one-way ANOVA with a multiple comparisons test. ****P < 0.0001; ***P < 0.001; **P < 0.01; ns = not significant. Error bars are SD. MBD, Myo2-binding

domain.

residues nearby can also interact with Mmrl. Importantly, these
adaptors engage Myo2 through multiple interaction sites. No-
tably, the regions specific to Mmrl and Vacl7 recognition harbor
opposite charge potentials around their overlapping hydropho-
bic patch (Fig. 4 A), which likely contributes to the precise po-
sitioning of each adaptor.

Building on these new insights, we examined published
structures of the mammalian myosin Va tail bound to its cargo
adaptors, melanophilin (Mlph) and Spire2 (Spir2) (Pylypenko
et al., 2013, 2016; Wei et al., 2013) (Fig. 4, C and D). Strikingly,
despite significant sequence divergence, the Mlph, Spir2, Vacl7,
and Mmrl adaptors converge on a key myosin V/Myo2 cargo
recognition site and form interactions that are conserved (Fig. 4,
E). A key residue, Mlph(F196) (Pylypenko et al., 2013, 2016),
forms hydrophobic contacts with myosin Va(I1535), which is
analogous to the interactions of Vacl7(L137) and Mmr1(L409)
with Myo2(L1229) (Fig. 4, F and G). Interestingly, Spir2(L414)
occupies a similar position to Vacl7(L137) and Mmr1(L410) and
may interact with myosin V(11535), although this interaction has
not yet been tested. Additionally, residues in myosin Va(R1528
and E1595)—analogous to Myo2(E1222 and E1293)—form hy-
drogen bonds with Mlph(S190 and F191) and Spir2(A411), con-
sistent with the electrostatic interactions observed between
Myo2(E1222 and E1293) and Vacl7(R142) and Mmrl(R409).

Note that Vacl7 uniquely binds in an inverted orientation
relative to the longest helix of the motor tail. Thus, 3D structural
information was required to discover these conserved binding
motifs. Together, these findings reveal that a central hydro-
phobic core is supported by adjacent polar interactions, under-
scoring conserved principles in myosin V adaptor recognition.

Vacl7 binds two distinct sites on the Myo2 tail
Due to the absence of an obvious density for Vacl7(H), the above
reconstruction focused on Vacl7(MBD) and Myo2. Notably, 2D
class averages showed a “fuzzy” density located on the opposite
end from Vacl7(MBD) (Fig. 5 A). To resolve this density, we used
a combination of signal subtraction and focused classification on
the region showing the fuzzy density from the class averages
(Fig. S5). Alignment-free 3D classification of these subtracted
particles revealed several classes with additional density. By
selecting the class with the most continuous density and re-
verting to un-subtracted particles, we obtained a 3D recon-
struction revealing the presence of additional density on the
Myo2 tail (Fig. S5). To rule out masking artifacts, we performed
another round of 2D classification, ab initio reconstruction, and
3D refinement, which confirmed the second density on the
Myo2 tail.

Our cryo-EM analysis yielded a ~7-A reconstruction of the
Vacl7(H+MBD)-Myo2 complex and revealed two distinct Vacl7
densities surrounding Myo2 (Fig. 5 B). Given the low number of
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particles showing simultaneous occupancy at both sites, we in-
fer that Vacl7(H) is either more flexible or binds more weakly
than Vac17(MBD). To further characterize this new interface, we
docked predicted models of the Vacl7(H+MBD)-Myo2 complex
and found that Vacl7(H) interacts with a region on Myo2 that
was previously implicated in the transport of other cargoes,
including secretory vesicles and peroxisomes.

We first tested Myo2 residues that likely contribute to this
interface. Myo2(W1407) and Myo2(K1408) were previously
shown to mediate the movement of astral microtubules and
peroxisomes via Kar9 and Inp2, respectively (Eves et al., 2012;
Fagarasanu et al., 2009). Notably, vacuole inheritance occurred
in 63% and 57% of small buds in the myo2(W1407Y) and my-
02(K1408A) mutant cells, respectively (Fig. 5, B and C). These
findings suggest that these Myo2 residues contribute to vacuole
transport, in addition to their established roles in moving at least
two other cargoes.

We also tested Myo2 residues that were not previously linked
to cargo binding. myo2(V1448A), myo2(R1449E), and myo2(I1458A)
mutants each resulted in a >50% defect in vacuole inheritance.
Additionally, the myo2(EI338R) mutation, which is located in an
unresolved loop containing a regulatory phosphosite in myosin
Va (Fig. S3 F and Fig. 5 B, Karcher et al., 2001; Yoshizaki et al.,
2007), impaired vacuole inheritance, with only 56% of vacuoles
observed in the small buds.

To determine whether the newly identified interface on
Myo2 directly interacts with Vacl7(H), we performed in vitro-
binding assays (Fig. 5 D). MBP-Vacl7(H) was co-expressed with
recombinant Strep II-tagged Myo2 tail carrying the indicated
point mutations. Myo2 was pulled down and the resulting
complexes were assessed by immunoblot analysis (Fig. 5 E).
Compared with binding to wild-type Myo2, there was a 41%
reduction in Vacl7(H) bound to the myo2(K1408A and R1449E)
double mutant, and 60% less of Vacl7(H) bound to the my-
02(E1338R, K14084, and V1448A) triple mutant. This progressive
loss of binding indicates that these Myo2 surface residues play
an important role in binding to Vacl7(H).

To gain insights into how Vacl7(H) engages this region,
we analyzed multiple AlphaFold models, which revealed that
Vacl7(H) forms antiparallel three-helix bundles in two distinct
orientations relative to Myo2. We then mutated candidate Vacl7
residues from all three helices—vaci7(EI9K), vacl7(R30E and
R33E), vacl7(N60Y), vacl7(S61E and V64E), and vacl7(E97R). Among
these, only vacl7(N60Y) rescued the vacuole inheritance defect of
the myo2(E1338R and V1448A) mutant (Fig. 5 F). This suggests that
h2, Vacl7(42-79), directly interfaces with Myo2. Notably, all four
original suppressor mutations in h2 substituted polar for hy-
drophobic residues. This suggests that these changes strengthen
binding to the hydrophobic patch on Myo2—comprising
Myo2(W1407), Myo2(V1448), and Myo2(I1458)—that is
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Figure 4. Structural analysis of mammalian myosin Va and yeast Myo2 with their cargo adaptors reveals a common mechanism of interaction. (A
and C) Electrostatic surface potentials for the yeast and mammalian myosin Va tails, respectively. (B and D) Adaptor peptides each interact with the longest
helix of the myosin V tail. (E) Ribbon representation illustrates that adaptor peptides adopt similar folds and structurally overlap when aligned to the longest
myosin V helix (not shown). Sequence alignment reveals common features within the adaptors that are important for myosin V recognition. Orange indicates
hydrophobic residues, and blue represents positively charged residues. Underlined residues are critical for interaction (Pylypenko et al., 2013, 2016; Wei et al,,
2013; Tang et al, 2019; this study). Note that Vacl7 is the only adaptor that interacts with myosin V in an antiparallel orientation. (F) Vac17(L137) and
Mmr1(410) each form hydrophobic interactions with Myo2(L1229). Hydrophobic contacts are further stabilized by ionic interactions between Vac17(142)-
Myo2(E1222) and Mmr1(R409)-Myo2(E1293). Asterisk indicates the suppressor residue Vac17(1140), which is spatially proximal to Myo2(L1229). Cyan dashes
indicate bond distances between 2.5 and 5 A. (G) MIph(F196) interacts with myosin Va(l1535), a key residue mediating hydrophobic contacts (Wei et al, 2013;
Pylypenko et al,, 2013). Similarly, Spir2(L414) is predicted to form hydrophobic interactions with myosin Va(l1535). In addition, hydrogen bonds are formed
between myosin Va(R1528) and Mlph(5190), between myosin Va(E1595) and MIph(F191), and between myosin Va(E1595)-Spir2(A411). These polar interactions
are analogous to the charged contacts between Myo2(E1222) and Vac17(R142) and between Myo2(E1293) and Mmr1(R409).
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Figure 5. Identification of a second Vac17-Myo2 interface. (A) 2D class averages of Vac17-Myo2 without or with the fuzzy density (blue arrowhead). These
were observed in the same dataset. Location of the Vac17(MBD) (green arrowhead). (B) A second reconstruction of the Vac17-Myo2 interaction includes the
additional density (blue) obtained through particle subtraction. Focused alignment-free 3D classification was performed on the subtracted particles. The
additional Vacl7 density is located near the Myo2 region, crucial for transporting various cargoes, including peroxisomes, secretory vesicles, astral micro-
tubules, and others (Eves et al.,, 2012). Underlined residues are important for vacuole inheritance, some of which were previously implicated in the transport of
other cargoes, while others had not been tested (cyan). Among them, E1338 is predicted by AlphaFold to adopt a short helix (black), but it remains unresolved
in the cryo-EM map and other myosin V tail structures. (C) Vacuole inheritance was tested for sites on Myo2 near the Vacl7 density, Vacl7(H) (n = 3
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independent experiments; =35 cells per group per n). Significance was determined using ordinary one-way ANOVA with Dunnett’s multiple comparisons test.
Error bars represent SD. ns = not significant. (D) Representative blot of an in vitro pull-down assay of the Strep Il-Myo2 tail with Vac17(H) to assess the impact
of Myo2 mutations on the interaction. Wild-type and Myo2 mutants were co-expressed with either MBP or MBP-Vac17(H) and immobilized on Strep-TactinXT
beads. (E) Binding efficiency from D was analyzed by normalizing to Vac17 and Myo2 soluble input levels, respectively, to account for their variable expression
levels. The intensity ratio of Vacl7 pulled down with Myo2 mutants was then compared as a fold change from wild-type complex. Data were analyzed using
ordinary one-way ANOVA with a multiple comparisons test (n = 3 independent purifications). **P < 0.01; *P < 0.05. (F) A suppressor mutation within Vac17(H),
N60Y, restores vacuole inheritance in the myo2(E1333R and V1448A) double mutant by engaging a newly identified Myo2 site. In a separate experiment, in-
troducing a partial vac17(F132Y) mutation—located in the canonical Myo2-binding domain—into the myo2(E1333R and V1448A) background abolished vacuole
inheritance. These results suggest that interactions at both sites are important for vacuole transport. n = 3 independent experiments from separate yeast
colonies, with 235 cells per group per experiment. Data were analyzed using ordinary one-way ANOVA with a multiple comparisons test. ****P < 0.0001;
*¥¥P < 0.001; **P < 0.01; ns = not significant. (G) An AlphaFold model of the Vac17(H)-Myo2 interaction. This region of Vacl7 forms an antiparallel three-helix
bundle. The predicted direct contact between Vacl7 h2, residues 42-79, and Myo2 is supported by the observation that the vac17(N60Y) mutant in h2 rescues
the vacuole inheritance defect of the myo2(F1338R and VI1448A) mutant at this newly identified site. Note that Myo2(E1338) is absent from all resolved
structures, and its precise location remains unknown. Green = Vac17(MBD) peptide; red = suppressor residues that may interact with Myo2; cyan = newly
identified Myo2 residues; orange = Myo2 residue, previously characterized in other cargo transport, also binds Vac17(H) and functions in vacuole inheritance.

MBD, Myo2-binding domain. Source data are available for this figure: SourceData F5.

important for vacuole inheritance (Fig. 5, B and G). Similarly,
the suppressor L94M in h3 is predicted to engage this same
Myo2 surface.

The observation that suppressor mutations in Vacl7(H) res-
cued a point mutation on the opposite side of Myo2, my-
02(N1304S), suggests that impaired interaction at one binding
site could be worsened by weakening the interaction at the other
site. To test this, we examined whether a partial mutation in
Vacl7(MBD), vacl7(F132Y), would be further impaired by muta-
tions in the newly identified Myo2 sites that interact with
Vacl7(H): myo2(E133R and V1448A). Notably, co-expression of
these mutants resulted in a complete loss of vacuole inheritance
(Fig. 5, F and G). These findings further support a model in
which Vacl7 engages Myo2 at two distinct sites during vacuole
inheritance.

Inp2 uses two independent sites on Myo2 for
peroxisome transport
That Vacl7 binds two different sites on the Myo2 tail raises the
question of whether this feature is shared with other cargo
adaptors. Indeed, the peroxisome adaptor Inp2 engages two
separate sites on Myo2. In vitro studies revealed that the in-
teraction of the Inp2(241-705) peptide with the myo2(WI407F)
mutant tail was impaired, and in yeast the myo2(W1407F) mutant
also resulted in a peroxisome inheritance defect (Eves et al.,
2012; Fagarasanu et al., 2006, 2009). In contrast, a recent
structural study revealed that the Inp2(531-543) peptide inter-
acts at a distant site on Myo2, Myo2(F1264), and Myo2 (F1275)
(Tang et al., 2019, Fig. 6 A). These findings suggest that
Myo2(F1264) and Myo2(F1275) may define a third cargo rec-
ognition site on Myo2, although this has not been tested in vivo.

To determine whether Inp2 spans Myo2 to engage two sites,
we first tested myo2(WI1407Y) and showed that there is a defect in
peroxisome inheritance, with only 12% of small buds containing
peroxisomes (Fig. 6 B). Moreover, in the myo2(FI1264E) and my-
02(F1275E) mutants, 28% and 53% of small buds contained per-
oxisomes. Note that in wild-type cells 82% of small buds contain
peroxisomes (Fig. 6 B). These findings suggest that, similar to
Vacl7, Inp2 interacts with Myo2 at two distinct sites.

Cargo adaptors were previously thought to form a single
interface with Myo2. However, our findings reveal that Vacl7, as

Hahn et al.

Myosin V cargo adaptors use a handhold mechanism

a single adaptor, forms extensive contacts and engages with at
least two separate sites on Myo2. Importantly, Inp2 also binds to
at least two sites on Myo2. This suggests a strategy where a
single adaptor can form multiple distinct interfaces with Myo2.
We propose that this handhold mechanism may govern the in-
teractions of multiple cargo adaptors with myosin V.

Discussion

Through a combination of genetics, live-cell imaging, bio-
chemistry, and structural biology, we discovered that Vacl7
wraps around Myo2, engaging with two distinct interfaces on
its tail. This handhold mechanism strengthens the motor-
cargo association and ensures efficient vacuole transport
(Fig. 7, A and B). While Vacl7(MBD) provides a high-affinity,
essential interaction, it is insufficient for proper vacuole
transport. This highlights the importance of multivalent in-
teractions in at least some motor-cargo adaptor complexes.
Importantly, Vacl7(H) is required for optimal engagement with
Myo2. Deletion of Vacl7(H) results in a delay in vacuole
movement (Fig. 7, C and D). We propose that the increased
steady-state levels of the vacl7ZAH mutant may eventually re-
cruit sufficient Myo2 motors to move vacuoles into large buds
(Fig. 7, E and F).

Similarly, the peroxisome adaptor Inp2 also requires two
Myo2-binding sites for efficient peroxisome transport. This
provides another example of a single adaptor binding to multiple
sites on Myo2. Previous structural studies suggested that each
cargo adaptor engaged only one myosin V/Myo?2 site (Pylypenko
et al,, 2013; Wei et al., 2013; Tang et al., 2019). However, these
studies used adaptor peptides that were too short to encompass
other potential binding sites. Our cryo-EM analysis enabled us to
utilize a longer adaptor peptide, which revealed that Vacl7 spans
two Myo2 sites.

Despite successful crystallization of other adaptor peptides,
Vacl7 had remained structurally elusive. Cryo-EM provided
molecular insights into Vacl7-Myo2 interactions. While cryo-
EM remains challenging for resolving high-resolution struc-
tures of small, asymmetric proteins, our reconstruction offers
new insights by capturing the broader structural context of the
interaction between Vacl7 and Myo2.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202408006

620z Ae ¥z uo 3senb Aq 4pd-90080+20Z Ao/ 8.6 1/9008072028/L/v2z/spd-8lonie/qol/Bio-ssaidni//:dny woy pepeojumoq

110f18


https://doi.org/10.1083/jcb.202408006

Myo2 constructs

O Inp2 binding (in vivo)

RS

: Inp2 in complex with Myoz2 tail (6IXR)

KT

Wild-type F1264E F1275E

YFP-PTS1

Myo2-mCherry

DIC

w1407y

Small Bud
Large Bud

100 -

80 —

jo

60 =

40 -

20 -

% YFP-PTS1 puncta in the bud

0 T : T T T
Myo2 F1264E F1275E W1407Y

Figure 6. Peroxisome inheritance requires that the Inp2 adaptor binds to two distinct sites on Myo2. (A) Residues on the Myo2 tail identified as
important for peroxisome inheritance in vivo (solid outline) are distinct from those observed in structural studies (dashed outline) of the Inp2 peptide(532-540)
in complex with the Myo2 tail (Tang et al, 2019; Fagarasanu et al., 2006, 2009). (B) Myo2 residues implicated in Inp2 interaction—through genetic studies,
Myo2(W1407), or structural analysis, Myo2(F1264) and Myo2(F1275)—were tested for their role in peroxisome inheritance. Data were analyzed using ordinary
one-way ANOVA with a multiple comparisons test (n = 3 independent experiments, with each n including 40 cells per bud size per group). ****P < 0.0001;
**P < 0.01; ns = not significant. YFP-PTS1 encodes YFP fused with a peroxisome-targeting sequence. Scale bar = 5 um.

Structural comparisons reveal that Vacl7(MBD) uniquely
binds Myo2 in an orientation opposite to other adaptors. Myo2-
bound Vacl7 and Mmrl, as well as myosin Va-bound Spir2 and
Mlph utilize an equivalent hydrophobic groove, each stabilized
by polar interactions on one side. This conserved binding pat-
tern was not evident from sequence analysis alone.

Our analysis also reexamines phosphosites implicated in
adaptor release (Fig. S4 E). Vacl7(S131) and Mmrl(S414) align
with each other and reside on the longest Myo2 tail helix. We
hypothesize that these sites play a role in the dissociation of
Vacl7 or Mmrl from Myo2, though likely in an indirect manner.
Mmrl(pS414), which triggers ubiquitination and detachment
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from Myo2 during mitochondrial transport (Obara et al., 2022),
faces away from Myo2 (Tang et al., 2019; Nayef et al., 2024), and
thus, would not directly impact Mmrl binding.

A second reconstruction, derived from 18% of particles,
suggests that Vacl7(H) is structurally flexible and may be sta-
bilized by additional factors. This Vacl7 density is further sup-
ported by AlphaFold models, which align with the hypothesis
that Vacl7(H) is positioned opposite and distal to the
Vacl7(MBD) site on Myo2. Vacl7(H) likely interacts with Myo2
via hydrophobic contacts, specifically with Myo2(W1407),
Myo02(V1448), and Myo2(11458). Notably, many suppressor
mutations identified in Vacl7(H) involved changes to
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Figure 7. Model for how Vacl7 uses a handhold to stabilize its interaction with Myo2 and initiate vacuole movement into small buds. (A) Vacuole
inheritance occurs concurrently with bud emergence or in small buds. The Myo2-Vac17-Vac8 complex localizes to a region of the vacuole near the bud site,
and a portion of the vacuole is subsequently moved into the bud. (B) The proper timing of vacuole transport depends on stable interactions between Myo2 and
Vacl7. This is achieved by Vacl7 engaging Myo2 at two distinct interfaces via its Vacl(H) and Vac17(MBD) regions. (C and D) In the vacI7AH mutant, the
initiation of vacuole movement is significantly delayed. This is likely due to a loss of stable interactions with Myo2 and highlights the critical role of the
handhold mechanism in ensuring timely vacuole transport. (E) Vacuole inheritance eventually occurs in large buds of the vac17AH mutant. This is likely due to a
defect in the turnover of Vacl7, resulting in an abnormal accumulation of Vacl7 on the vacuole membrane. (F) We speculate that this excess availability of
Vacl7 compensates for the partial defect in vac17AH by promoting increased recruitment of Myo2 to the vacuole or by increasing the occupancy of Vac17(MBD)
for Myo2. MBD, Myo2-binding domain.
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hydrophobic residues, suggesting that these mutations act by
enhancing interaction with a hydrophobic surface on Myo2,
including W1407, V1448, and 11458. In addition, Myo2(V1448)
corresponds to the disease-associated myosin Vb(L1746R) resi-
due (Aldrian et al., 2021), which may alter hydrophobic con-
tacts with Rabll (Pylypenko et al., 2013).

Another mutant, myo2(EI338R), which impairs vacuole
transport, is analogous to myosin Vb(R1641C), a variant associated
with cancer (Letellier et al., 2017). Both mutations are located in
an unstructured region of the Myo2/myosin V tail, where a
regulatory phosphosite in myosin Va(S1650) has been identified
(Karcher et al., 2001; Yoshizaki et al., 2007). While Myo2(E1338)
is distant from the hydrophobic patch, it likely contributes to
Vacl7(H) binding and plays a role in the transport of multiple
cargoes. Together, these findings underscore the functional rel-
evance of the newly characterized Myo2 residues.

Adaptor-binding sites often overlap with key recognition
interfaces on Myo2, suggesting that cargo recognition may be
competitive. The observation that many adaptors either bind
two sites—as shown here for the vacuole and peroxisome—or
require two adaptors for a single organelle increases the
potential for competition between adaptors. Specifically,
Vacl7(MBD) overlaps with the Mmrl-binding site, while
Vacl7(H) interacts near Yptll. Since Mmrl and Yptll cooperate
to move mitochondria (Chernyakov et al., 2013; Lewandowska
et al., 2013), and live-cell imaging shows that vacuole inheri-
tance generally precedes mitochondrial inheritance (Eves et al.,
2012; Li et al., 2021), these overlapping adaptor interfaces likely
facilitate temporal coordination of the transport of distinct
organelles.

Our structural data suggest that a single Vacl7 adaptor is
unlikely to bridge the homodimeric tails of Myo2. If Myo2
adopts an autoinhibited conformation, similar to myosin Va (Niu
et al., 2022), the distance between Vacl7-binding sites would be
too great for one Vacl7 molecule to span both tails. Additionally,
structural studies indicate that the C terminus of Vacl7 wraps
around a single Vac8 (Kim et al., 2023). This supports a model in
which a single Vacl7 molecule tethers one Myo2 tail to Vac8.

In summary, our findings provide insights into the structural
basis of motor-cargo interactions. Separate from the classical
model in which multiple adaptors form independent contacts,
our data support a handhold strategy in which a single adaptor
engages multiple interactions. This novel feature of Vacl7 in-
teraction with Myo2 offers a new perspective on how myosin
V-cargo interactions are achieved and thus regulated.

Materials and methods

Cloning

Vacl7 peptides, 1-109, 110-157, and 1-157, were PCR amplified
from the Vacl7 open reading frame, which was previously op-
timized for E. coli codon usage. Primer pairs included Sall and
Pstl restriction sites, and the corresponding PCR product was
digested and ligated into an empty MBP-10xhis-TEV backbone.
Strep II-Myo2(1150-1567) was generated using the Q5 SDM kit
(NEB) to insert the epitope tag at the N terminus of the Myo2
open reading frame. Primers are listed in Table S2.
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Site-directed mutagenesis

Point mutations were introduced using the single-mutagenic
primer method. Internal deletions or insertions were gener-
ated using the Q5 site-directed mutagenesis kit (NEB). Primer
pairs were designed using NEBaseChanger.

Strains and plasmids

Strains used in this study are listed in Table S3. Plasmids used in
this study are in Table S4. Yeast cultures were grown at 24°C at
0.57 x g (200 RPM). Yeast extract-peptone-dextrose was pre-
pared with the following reagents: 1% yeast extract, 2% peptone,
and 2% dextrose. Synthetic complete media lacking specific
amino acid, and F-50A plates for counter selection were made as
described (Adams et al., 1998).

Protein expression and purification

MBP-10xhis-TEV-Vacl7 constructs and Strep II-Myo2 tail were
co-expressed in BL21(DE3) cells. Primary cultures were grown
overnight at 37°C in Luria broth media at 0.45 x g (180 RPM).
The cultures were then backdiluted (100x) into Hyper Broth
(Molecular Dimensions). Once the ODgoo reached ~1.0, the
shaker was chilled to 16°C, and cells were equilibrated for an
additional ~0.5 h before induction with 0.1 mM IPTG. After
18 h of expression, cells were harvested by centrifugation at
3,318 x g for 20 min, flash frozen, and stored at -80°C until
protein purification. Pellets were weighed and resuspended in
freshly prepared buffer containing 50 mM phosphate, pH 7.6,
150 mM NaCl, 2 mM B-mercaptoethanol (BME), 1 mM
EDTA, pH 8.0, 1 mM PMSF, EDTA-free protease inhibitor
cocktail, and benzonase (25 U/ml). The pellets were processed
through a high-pressure homogenizer (15 k psi; 2 passes). Cell
lysates were cleared by ultracentrifugation at ~168k x g for
30 min at 4°C. The clarified lysates were incubated with pre-
equilibrated amylose resin (NEB) for 3 h at 4°C on a nutator.
The resin was transferred to a 10-ml column and washed
extensively, before adding TEV protease to cleave the MBP
fusion tags, followed by 1.5 h of incubation at 16°C. Eluents
were concentrated using a 10-kDa MWCO Amicon spin filter
(Millipore Sigma). Analytes reaching ~500 pl or 3 mg/ml
were injected into a size-exclusion column (Superdex 200
Increase 10/300 GL) at 0.35 ml/min. Only fresh proteins from
individual fractions were used for same-day cryo-EM grid
preparation.

In vitro-binding assay

Flash-frozen pellets of BL21(DE3) cells co-expressing Strep II-
Myo2 tail and MBP-Vacl7(H) were resuspended in 750 pl of
resuspension buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
5 mM BME, 1 mM EDTA, 1 mM PMSF, benzonase, and protease
inhibitor cocktail [product #11836170001; Roche]). The lysate
was transferred to a 2-ml tube, and 250 pl of 0.1-mm zirconia
beads were added for cell lysis using a Mini-BeadBeater-8 (agi-
tated for 30 s, followed by cooling on ice, repeated six times).
After lysis, the samples were centrifuged at 10k x g for 5 min at
4°C, and the supernatant was transferred to a fresh 1.7-ml Ep-
pendorf tube for a second round of centrifugation at 16k x g for
10 min. The resulting soluble fraction was incubated with 100 ul
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of pre-equilibriated Strep-TactinXT beads (IBA Lifesciences) for
1 h with gentle rotation at 4°C. The beads were then washed
three times with 750 pl of wash buffer (50 mM Tris-HCI, pH 8.0,
400 mM NaCl, 0.1% Tween, and 5 mM BME), with each wash
step involving rotation for 3-5 min.

Cryo-EM grid preparation and data acquisition

Freshly eluted protein fractions were individually sampled for
cryo-EM grid preparation (~0.15-0.3 mg/ml per fraction for the
68-kDa sample). UltrAufoil R 1.2/1.3 on 300 mesh gold grids
were glow discharged at 5 mA for 90- and 10-s hold in a 0.26-
mBar vacuum chamber. Initial structure determination attempts
revealed a preferred orientation of the complex. To overcome
this problem, fluorinated octyl maltoside (150 puM final) was
added to the peak fraction, incubated on ice, and spun down to
remove any precipitates before sample vitrification. Grids were
blotted with filter paper and plunge frozen into ethane cooled
with liquid nitrogen using a Vitrobot Mark IV (Thermo Fisher
Scientific) set to 4°C, 100% humidity, with 0-s wait, blot 4 s, and
20 force. Screening was performed overnight using a 200 keV
Glacios or Arctica, using Leginon (Suloway et al., 2005). Data
collection was done on a 300 keV Krios A equipped with a K3
Summit direct electron detector and a Gatan Imaging Filter with
a 20 eV slit width in counting mode (1.085 A/pixel) at a nominal
magnification of 81,000x. Beam-image shift was used for data
collection.

Image processing

For more details, see Table S5 and Fig. S5. CryoSPARC
(Punjani et al., 2017) v4 was used for preprocessing the da-
taset. After Patch Motion Correction and Patch CTF, ex-
posures were manually curated. A random subset (10%) of
micrographs was selected for blob picking to generate tem-
plate particles for the curated dataset of 3,303 micrographs.
After removing junk particles through three rounds of 2D
classification, the remaining 618,699 particles were used
for ab initio reconstruction and heterogeneous refinement,
including junk volume. The highest resolution map, com-
prising 200,770 particles, underwent 2D classification and
several rounds of heterogeneous refinements. The resulting
144,724 particles were selected for nonuniform refinement
to obtain a final resolution of 5.75 A. To obtain the fuzzy
density structure, the original density for Myo2 and
Vacl7(MBD) from 200,770 particles was subtracted from
particle images. Using ChimeraX’s molmap function, a com-
posite of AlphaFold models for Vacl7(1-09) was used as a
template to generate a 15-A Vacl7 map, which was positioned
near the fuzzy density in the un-subtracted reconstruction. The
map was converted into a mask in CryoSPARC and further
expanded by dilating and applying soft padding, for
alignment-free focused 3D classification. For the highest
resolution model, representing 35,957 particles, un-
subtracted particle images were reintroduced for homogenous
reconstruction. Following nonuniform refinement, the final
map resolved to 7.56 A. A test ab initio reconstruction with
35,957 particles from the refinement job recapitulated the
final map.
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Vacuole inheritance assay

Primary overnight cultures grown to 0.2-0.35 ODggo/ml were
used for vacuole labeling. Cells were resuspended in 250 pl of
fresh selective media into 1.7-ml Eppendorf tubes, and 3 pl of FM
4-64 dye (in DMSO; SynaptoRed C2; Biotium, Inc.) was added to
a final concentration of 24 nM. The tubes were wrapped in
aluminum foil and incubated for 40 min at 24°C on a shaker at
0.57 x g. After incubation, cells were washed twice with fresh
media, resuspended in 1 ml, and backdiluted into 4 ml of fresh
media (1:5). Cells were incubated for at least one doubling time
(3 h) before imaging.

Alpha-factor synchronization for time-lapse imaging

Primary overnight cultures grown to 0.2-0.3 ODgoo/ml (50 ml)
were synchronized in G1 phase by incubating with fresh aliquots
of 4 uM of alpha factor (Zymo Research) for 3 h. Cells were
washed three times with fresh media, resuspended several times
to breakup clumps, and transferred into a microfluidics plate
(200 pl total volume), which was continuously perfused with
new media. Cells were monitored for one doubling cycle before
imaging to avoid an alpha factor-induced accumulation of Vacl7
on vacuole transport. 10-15 OD’s of cells were loaded into the
CellASIC ONIX2 microfluidic plate (Catalog #Y04C-02-5PK;
Millipore Sigma) for time-lapse imaging. Cells were viewed with
a DeltaVision microscope using a 60x objective and 1.6x auxil-
iary magnification (0.06788 um/pixel).

Epifluorescence microscopy/image processing

Yeast cells were imaged using a DeltaVision Restoration system
(Applied Precision) on an inverted epifluorescence microscope
(IX-71; Olympus) equipped with a 100x/1.40 NA oil immersion
objective and a CCD camera (CoolSNAP HQ; Photometrics). For
visualization of PTS1 and Myo2 puncta (Fig. 6), imaging was
performed on a Leica DMi8 microscope using a 100x/1.44 NA oil
immersion objective and processed with the Leica THUNDER
Imager. Single-z sections were acquired for all imaging modal-
ities. Images were processed and analyzed using FIJI (Schindelin
et al., 2012).

Yeast whole cell lysate extraction

Cells at 0.4-0.6 ODgoo/ml (50 ml total) were harvested by cen-
trifugation at 3,000 x g for 3 min and flash frozen. The pellet was
resuspended in 1 ml prechilled lysis buffer (0.2 M NaCl and 7.5%
BME) and incubated on ice for 10 min. Then, 100 pl of prechilled
TCA was added and left for an additional 10 min. The lysate was
centrifuged at 17,000 x g for 5 min at room temperature. The
supernatant was discarded, and the pellet was air-dried for ~15
min. The pellets were resuspended in 100 pl of 2X sample buffer
(4% SDS, 0.1 M Tris-HCl, pH 6.8, 20% glycerol, 0.01% bromo-
phenol blue, and 5% BME), and 1 M Tris base (pH 11) was added
incrementally (20 pl) to neutralize the pH of the precipitates.
Samples were boiled at 75°C for 10 min, spun down, and loaded
onto SDS-PAGE gels, which were run at 150 V for 1.5 h.

Protein electrophoresis and western blot
For direct protein detection, SDS-PAGE gels were stained with
Imperial Protein Stain (Thermo Fisher Scientific) and destained
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with ddH,0. For immunoblotting, gels were transferred onto
0.45-pm nitrocellulose membranes (Cytiva or Bio-Rad) via wet
transfer at 100 V for 3 h. Membranes were blocked with 5% milk
in 1x TBST at room temperature for 45 min. Primary antibodies
used included rabbit a-Vacl7 (1:3,000; this study), goat a-Myo2
(1:3,000; Ishikawa et al., 2003), mouse a-GFP (1:1,000; product
#1181446001; Roche), and mouse a-Pgkl (1:10,000; catalog
#459250; Invitrogen), and they were incubated for 3 h at room
temperature or 16 h in the cold room. Membranes were washed
three times with 1x TBST at 10-min intervals, followed by in-
cubation with donkey a-goat IgG (H+L) ML-HRP conjugated
(catalog #705-035-147; Jackson Immuno Research), goat
a-mouse HRP (catalog #115-035-146; Jackson Immuno Re-
search), and goat a-rabbit IgG HRP (catalog #111-035-144; Jack-
son Immuno Research) secondary antibodies (1:5,000-1:10,000)
for 1 h at room temperature in fresh milk. Blots were washed
three times in TBST. Protein signals were detected using stan-
dard ECL (Cytiva), except for GFP and Vacl7 signals from yeast
lysates, which were detected using ECL prime. Blots were de-
veloped with the ChemiDoc instrument and quantified with the
BioRad Image Lab Software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 10.1.0. Comparisons between two groups were evaluated
using an unpaired, two-tailed Student’s t test. For multiple group
comparisons, an ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test was used. Two-way ANOVA was ap-
plied to assess differences across mutants and bud sizes. Data
were assumed to follow a normal distribution, although this was
not formally tested.

Online supplemental material

Fig. S1 shows that the vacl7AH mutant is defective in its locali-
zation to sites of polarized growth but colocalizes with Vac8.
Vacl7(H) binds directly to the Myo2 tail in vitro. Fig. S2 shows
that the expression of Vacl7 in the vacl7AH mutant is elevated
and that the vacuole inheritance in small buds is delayed. Fig. S3
shows an overview of the cryo-EM specimen’s purification, data
collection, refinement, and validation statistics. Fig. S4 shows
that the Vacl7 and Mmrl bind overlapping sites on Myo2. Fig. S5
shows the cryo-EM processing workflow and validation statis-
tics for the composite map of Vacl7 bound to Myo2 at two sites.
Table S1 shows the Vacl7 suppressor mutant candidates identi-
fied from the PCR screen. The percentage of cells containing an
inherited vacuole in the bud was measured. For each group,
between 30 and 200 cells were analyzed, with data collected
from at least two biological replicates. For more specific details
about the screen, see Ishikawa et al. (2003). Table S2 lists the
primers used for this study. Table S3 lists the strains and Table
S4 lists the plasmids used in this study. Table S5 contains the
information regarding cryo-EM data collection, refinement, and
statistics.

Data availability
All data are available from the corresponding authors upon
request.
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Figure S1. The vac17AH mutation specifically impairs its interaction with Myo2. (A) In wild-type cells, Vacl7 accumulates on the vacuole surface closest
to the bud cortex, while Myo2 localizes to either the bud tip or the mother-bud neck. Upon vacuole arrival at the bud tip, Vacl7 undergoes degradation. In the
myo2(D1297N) mutant, which is defective in vacuole inheritance, Vacl7 is distributed around the vacuole, whereas myo2(D1297N) maintains its normal lo-
calization at sites of polarized growth. The vacl7AH and myo2(D1297N) double mutant does not further alter the localization pattern of Vacl7 or Myo2
compared with the myo2(D1297N) mutant. Scale bars = 5 um. (B) vacI7AH colocalizes with Vac8-RFP (pseudo-colored yellow), indicating that its binding to
Vac8 is not impaired. (C) In the absence of Vac8, Vacl7 localizes presumably with Myo2 at the bud tip or the mother-bud neck, but vacl7AH is cytosolic.
(D) Deletion of the canonical Vac17(MBD) abolishes vacuole inheritance. (E) Top: SDS-PAGE analysis of apo Myo?2 tail purification. The peak elutes at 15.5-16
ml. Middle: Analysis of the Myo2 tail+Vac17(MBD) complex, showing an expected peak between 15.5 and 16 ml. There is also a higher molecular weight
complex with both Vac17 and Myo2 at 13.5-14 ml. This latter peak was not analyzed further. Bottom: Immunoblot analysis of the gel filtration experiment from
(Fig. 1 E; top panel, lighter blue trace) shows the Myo2 tail+Vac17(H) complex at 14.5-15 ml. The membrane used to detect Myo2 was stripped and re-probed
for MBP. The arrowheads correspond with the same arrowheads shown in (Fig. 1 E): Gray = apo Myo2 tail; orange = free MBP; blue = Myo2 tail+Vac17(H); green
= Myo2 tail+Vac17(MBD). MBD, Myo2-binding domain. Source data are available for this figure: SourceData FS1.
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Figure S2. Elevated levels of Vac17 in the vac17AH mutant may eventually suppress the vacuole inheritance defect. (A-C) Buds that ultimately received
vacuoles were chosen from Fig. 2, A and C and analyzed retrospectively. (A and B) Vacuole inheritance over time following bud emergence (n = 24 cells for wild
type; n = 7 for vac17AH mutants). Time O represents cells where vacuole inheritance occurred concomitantly with bud emergence. After time 0, all cells that
achieved vacuole inheritance at any time were included. (C) Analysis of the timing of vacuole inheritance in large buds of vac17AH mutant cells that lacked a
vacuole at the start of imaging (n = 13). Large buds inherited vacuoles at times ranging from 20 s to 40 min. (D) Western blot analysis of lysates from cells
expressing Vacl7 from a CEN (low copy) plasmid compared with vector alone (n = 3). Cells were harvested during mid-log phase (ODggo 0.4-0.6). The vector
control did not contain detectable bands. This confirms that the doublet bands in Vacl7-3xEnvy and vac17AH-3xEnvy are Vacl7 protein. Both bands were
included in the quantification. Deletion of the PEST motif, which is essential for Vacl7 degradation, results in elevated Vacl7 levels. Source data are available
for this figure: SourceData FS2.
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Figure S3. Purification and cryo-EM analysis of the Vac17-Myo2 complex. (A) Example of preparative gel filtration showing co-expression of recombinant
Vacl7(H+MBD) and Myo2 tail. The black arrowhead indicates the complex formation for Vac17(H+MBD) and Myo2, which was sampled for data collection
(top). The orange arrowhead marks free MBP, and the gray arrowhead indicates apo Myo?2 tail. SDS-PAGE analysis of fractions from volumes 10-18 ml is
shown. (B) Example micrograph with selected particles. Scale bar = 100 nm. (C) 2D class averages of particles processed using CryoSPARC. Scale bar = 130 A.
(D) Local resolution range of the reconstruction. (E) Model statistics (top) and Euler distribution of particles. (F) Comparison of the Myo?2 tail (PDB accession
no. 2F6H; yellow) with the AlphaFold model, trimmed to fit the cryo-EM reconstruction (gray). Black circles indicate regions resolved in the cryo-EM map. The
red circle highlights a predicted region lacking empirical data. MBD, Myo2-binding domain. Source data are available for this figure: SourceData FS3.
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Figure S4.  Mmrland Vac17(MBD) bind a shared site on Myo2 and are antiparallel to each other. (A) AlphaFold model docked within the cryo-EM map of
Vacl7(MBD; 127-147) bound to Myo2 tail. Vac17-binding region (blue), Mmrl1-binding region (red), and overlapping region of Vacl7 and Mmrl on Myo2 (pink)
(Eves et al,, 2012; this study). (B) Vac17(MBD) extends along a hydrophobic groove (gold) on the Myo2 tail, which contains multiple surface residues critical for
vacuole inheritance. (C) Vac17(L137) makes hydrophobic interactions with Myo2(L1301 and L1229). Dashed lines represent the distances between hydrophobic
side chains, ranging from 2.1to 4.9 A. (D) An Mmr1 peptide (408-425) bound to the Myo2 tail (PDB accession no. 6IXP) was docked into the EM reconstruction.
The Mmr1 peptide partially fits into the density of Vac17(MBD), consistent with a previous study showing that Vac17 and Mmr1 peptides compete for access to
Myo2 in vitro (Eves et al, 2012). (E) Both the Vacl7 and Mmrl adaptor proteins contain serine phosphosites (depicted as space-filing models) that are im-
portant for dissociation from Myo2 (Wong et al., 2020; Obara et al,, 2022). MBD, Myo2-binding domain.
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Figure S5. Vacl7-Myo2 cryo-EM data processing workflow. Data processing strategy for the two Vacl7-Myo2 complex reconstructions derived
from the same dataset. Fourier shell correlation (FSC) curves (bottom left) and Euler angle distribution (bottom right) of the composite map of Vac17
bound to Myo2 at two distinct sites.
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Provided online are five tables. Table S1 shows the Vac17 suppressor screen. Table S2 lists the elect primers used in this study. Table
S3 lists the strains used in this study. Table S4 lists the plasmids used in this study. Table S5 lists the cryo-EM data collection,
refinement, and validation statistics.
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