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F-actin disassembly factor MICAL1 binding to Myosin
Va mediates cargo unloading during cytokinesis

Fengfeng Niu'?*, Kang Sun'3*, Wenjie Wei'*, Cong Yu'?', Zhiyi Wei'?t

Motor-mediated intracellular trafficking requires motors to position cargoes at proper locations. Myosin Va (MyoVa),
an actin-based motor, is a classic model for studying cargo transport. However, the molecular basis underlying
cargo unloading in MyoVa-mediated transport has remained enigmatic. We have identified MICAL1, an F-actin
disassembly regulator, as a binding partner of MyoVa and shown that MICAL1-MyoVa interaction is critical for
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localization of MyoVa at the midbody. By binding to MICAL1, MyoVa-mediated transport is terminated, resulting
in vesicle unloading at the midbody for efficient cytokinesis. The MyoVa/MICAL1 complex structure reveals that
MICAL1 and F-actin assembly factors, Spires, share an overlapped binding surface on MyoVa, suggesting a regulatory
role of F-actin dynamics in cargo unloading. Down-regulating F-actin disassembly by a MICAL1 mutant significantly
reduces MyoVa and vesicles accumulating at the midbody. Collectively, our findings demonstrate that MyoVa binds
to MICAL1 at the midbody destination and triggers F-actin disassembly to unload the vesicle cargo.

INTRODUCTION

Intracellular cargo transport is fundamental for a broad range of
cellular activities (1-3), especially for the processes involving exten-
sive and rapid rearrangements of cellular components, such as cell
division and neuromodulation (3-5). In these processes, molecular
motors (e.g., myosins, kinesins, and dyneins) transport various in-
tracellular materials along cytoskeletal filaments (e.g., actin filaments
and microtubules). Cargo loading and unloading at the right positions
and moments require molecular motors to be spatially and tempo-
rally regulated during the entire transport process (6-10). The in-
correct positioning of cargoes caused by motor malfunction during
cargo transport can induce severe diseases, such as various neuro-
logical diseases (11-13).

As actin-based motors, unconventional class V myosins are critical
in transporting a diverse array of intracellular cargoes, including dif-
ferent types of organelles, vesicles, protein complexes, and mRNAs,
thus participating in a number of cellular processes and essential for
cell functions (14-16). In vertebrates, class V myosins include three
members: MyoVa, MyoVb, and MyoVc (14). Among them, MyoVa
is a classic model for studying intracellular cargo transport, e.g.,
pigment granule transport in melanocytes (17) and neuronal vesicle
transport in neurons (18). Defective mutations in MyoVa lead to
“dilute-lethal” in mice (19) and Griscelli syndrome in human (20).
MyoVa contains an adenosine triphosphatase (ATPase) motor do-
main at the N terminus to associate with F-actin and generate force
and a globular tail domain (GTD) at the C terminus to associate with
cargoes (Fig. 1A) (21). Despite the fact that MyoVa has been exten-
sively characterized regarding its motor properties and cargo recog-
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nition mechanisms (15, 22, 23), the molecular basis underlying the
cargo unloading in the MyoVa-mediated transport remains elusive.

Because of its dynamic nature, F-actin as tracks for myosin mo-
tors is considered to play regulatory roles in the MyoVa-mediated
cargo transport (13, 24, 25). An in vitro study showed that the
MyoVa-mediated liposome transport was influenced by different
arrangements of three-dimensional actin networks, including dif-
ferent F-actin density, position, and polarity (26). Drug-induced
suppression of F-actin dynamics in cells inhibited the MyoVa-
mediated transports of pigment granules and lysosomes (25). Recently,
Spire proteins, important for actin nucleation and polymerization,
were reported to regulate actin-based vesicle transport by directly
interacting with MyoVa (27, 28).

Here, we identified molecule interacting with CasL 1 (MICALL),
an actin oxidase in promoting F-actin disassembly (29, 30), as a
previously unknown binding partner of MyoVa. By binding to a
23-residue fragment in MICALI, MyoVa is docked at either one
side or both sides of the midbody, which is a subcellular structure
required for cytokinesis (31). As MyoVa’s cargoes, Rab11a-positive
vesicles have been suggested to supply essential membrane and
protein components to midbody for successful abscission during
cytokinesis (32-34). Our cellular data indicate that Rab11a-positive
vesicles accumulate at the midbody in a MICAL1-dependent manner.
Disrupting the MyoVa/MICALI interaction leads to a largely de-
creased accumulation of both MyoVa and Rabl1a-positive vesicles
at the midbody and consequently prolongs the cytokinesis time. By
solving the MyoVa/MICAL1 complex structure, we found that
MICAL1 competes with Spires for the binding to MyoVa, which is
further confirmed by our biochemical and cellular analysis. These
results suggest that the regulatory balance between F-actin assembly
and disassembly is important for the unloading of MyoVa-transported
cargoes. The activity of MICALI for F-actin disassembly is required
for the accumulations of MyoVa and Rab11a-positive vesicles at the
midbody, further confirming the importance of actin dynamics in
cargo unloading. Collectively, our results revealed that MyoVa, by a
competitive recruitment of F-actin disassembly regulator MICALL,
controls its F-actin track disassembly to induce the unloading of
Rab11la-positive vesicles.
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Fig. 1. MyoVa and MICAL1 colocalized at the midbody via the direct interaction. (A) Domain architecture of MyoVa. (B) Quantitative scatterplot of the total spectra
from the binding candidates of GST—MyoVaGTD versus those of GST (control), based on the mass spectrum results of two GTS pull-down samples. P < 0.05, Fisher’s exact
test. (C to E) The interaction between endogenous (C) or overexpressed (D) MyoVa and MICAL1 was detected by co-IP and ITC (E) assays. (F) Schematic diagram represents
midbody and intercellular bridge between two separating daughter cells during cytokinesis. Cell nucleus in two daughter cells and microtubules in intercellular bridge
are indicated with blue circle and green line, respectively. (G to J) Accumulations of endogenous MICAL1 at the midbody in HeLa cells (G) and endogenous MyoVa at the
midbodies in HeLa (H), HT1080 (1), and Chinese hamster ovary (CHO) cells (J) during cytokinesis by immunofluorescence. (K to M) HeLa cells were transfected with mCherry-
MICAL1 (K) or green fluorescent protein (GFP)-MyoVa (L) individually and cotransfected with GFP-MyoVa and mCherry-MICAL1 (M). B-Tubulin was stained to indicate the
intercellular bridge. In each panel, the regions containing midbodies were enlarged as Zoom views and the centers of the midbodies were indicated by arrows. Scale bars,
10 um (upper views) and 3 um (lower Zoom views). The image presentation model of the midbodies shown here was applied throughout the entire manuscript except
as otherwise indicated.

RESULTS

MICAL1 is a previously unidentified binding partner

of MyoVa at the midbody during cytokinesis

To uncover the regulation mechanism of MyoVa-mediated cargo
transport, we aimed to identify new binding partners of the GTD
(MyoVaGTD ), which is the major cargo binding region in MyoVa
(Fig. 1A). By using glutathione S-transferase (GST) pull-down assay
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coupled with mass spectrum, we fished out some binding candi-
dates of GST-MyoVa“® from mouse brain l%sate (fig. S1A). As ex-
pected, several previously reported MyoVa®'P-interacting proteins,
such as Spirl (28), Pura (35), and Rab3 (36), were detected (fig.
S1B). A previously unknown candidate called MICAL1 (Fig. 1B and
fig. S1B) that precisely controls F-actin dynamics (37, 38) aroused
our attention, considering MyoVa as the actin-based motor.
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First, we confirmed the physical interaction between MyoVa
and MICALI by performing coimmunoprecipitation (co-IP) assay
with both endogenous and transiently overexpressed proteins of
MICALI1 and MyoVa in HeLa cells (Fig. 1, C and D) and GST pull-
down assay usinég the purified proteins of the full-length MICAL1
and the MyoVa“'® fragment (fig. S1C). The binding affinity be-
tween MICALI1 and MyoVaGTD was measured with a Ky (dissocia-
tion constant) of ~6 M by using isothermal titration calorimetry
(ITC) (Fig. 1E). We then analyzed the subcellular localizations of
endogenous MyoVa and MICALLI in HeLa cells. Despite the robust
in vitro interaction, the two individual proteins showed distinct dis-
tributions in the cytoplasm. MyoVa was distributed as puncta (fig.
S1D), while MICAL1 was largely diffused (fig. S1IE). However, by
using B-tubulin as a marker of intercellular bridges for dividing cells
during cytokinesis, we found that, in different types of cells, both
MyoVa and MICALLI highly accumulated on either one side or both
sides of the midbody, a transient subcellular structure physically
separating two daughter cells as a platform for the successful com-
pletion of abscission during cytokinesis (Fig. 1, F to J) (39, 40).
In line with our biochemical findings, in cotransfected HeLa cells,
MyoVa and MICALLI colocalized well at both sides of the midbody
during cytokinesis (Fig. 1, K to M).

Recruiting MyoVa to the midbody by MICALT1 is essential

for cytokinesis

Given that MyoVa is one of the major motors for intracellular cargo
transport, does MyoVa transport MICALLI to the midbody? To ad-
dress this question, we narrowed down a 23-residue fragment (res-
idues 800 to 822) in MICALLI (Fig. 2A), locating at the longest loop
connecting the LIM and RBD (Rab-binding domain) domains, as
the minimal MyoVa®'®-binding motif (GTBM) by using analytical
size exclusion chromatography (aSEC) and ITC-based measurement
(fig. S2, A and B). The binding affinity (K4 of ~3 uM) of the GTBM
fragment of MICAL1 (MICAL1%™) to MyoVa®*® is comparable
to that of the full-length MICALL, indicating that MICAL1™®M
was sufficient for the binding of MICALI to MyoVa. Notably,
sequence analysis identified the conserved GTBM sequence in
the mammalian MICAL1 proteins but not in two other members
MICAL2 or MICAL3 in MICAL family (fig. S2C), suggesting that
MyoVa specifically interacts with MICALL. Next, we removed the
GTBM fragment from MICALL to create a MyoVa-binding defi-
cient construct (MICAL1“T®M) which was validated using co-IP
assay (fig. $2D). MICAL1*™M retains its localization at the mid-
body (fig. S2E), implicating that the midbody localization of MICAL1
is independent of MyoVa. Instead, by using the small interfering
RNA (siRNA)-mediated knockdown of MICAL1 (MICAL1"") in
HelLa cells (fig. S3A), we found that endogenous MyoVa lost its lo-
calization at the midbody (Fig. 2, B, C, and F). The deficiency of the
midbody localization was completely rescued by the overexpression
of the wild-type MICALI protein (Fig. 2, D and F). In contrast, ex-
pressing the MICAL1°™ mutant failed to restore the midbody
localization of the endogenous MyoVa (Fig. 2, E and F), although
the wild-type MICAL1 and MICAL1*%™™ proteins showed similar
protein levels at the midbody (Fig. 2G). Thus, the binding of MyoVa
to MICALL is critical for the midbody localization of MyoVa.

As a protein-dense structure physically separating two daughter
cells, the midbody is essential for completing the final stages of cyto-
kinesis, especially the abscission process (39, 40). Because MICAL1
was reported to be an essential regulator in cytokinesis (41), the in-

Niu et al., Sci. Adv. 2020; 6 : eabb1307 6 November 2020

teraction between MyoVa and MICALL1 at the midbody may con-
tribute to the cytokinesis process. To test this possibility, we gen-
erated the MyoVa knockout (MyoVa*®) and MICAL1 knockout
(MICAL1%?) HelLa cells by using CRISPR-Cas9 gene-editing tech-
nique (fig. S3, B to G). Consistent with the observation in the
MICAL1*P HeLa cells, the depletion of MICALI prevented endog-
enous MyoVa from locating at the midbody (fig. S3, H and I) and
the overexpression of wild-type MICALI, but not MICAL146T®M,
restored the midbody localization of MyoVa (fig. S3I). With the
MICAL1¥? and MyoVa*© cells, we performed live cell imaging and
analyzed the impact of either MICALI or MyoVa on the process of
cytokinesis (fig. S4, A and B). Consistent with the reported function
of MICAL1 during cytokinesis (41), the abscission finished with a
significant delay of ~73 min for the MICAL1? cells, comparing to
that for normal HeLa cells (Fig. 2H). Similarly, the cytokinesis time
was prolonged by ~50 min for MyoVa*? cells (Fig. 2H), indicating
that MyoVa also plays an important role in cytokinesis. To confirm
that the function of MyoVa in cytokinesis is mediated by MICALLI,
we transfected either mCherry-tagged wild-type MICAL1 or MyoVa-
binding deficient mutant MICAL14“™®M into the MICALIX? cells
(fig. S4C). As a result, the mCherry-MICAL1 overexpression fully
restored the delayed cytokinesis in MICAL1%? cells. In contrast,
the MICAL1%? cells expressing the similar level of mCherry-
MICAL1“™M showed a delayed cytokinesis time comparable with
the MICAL1%? cells expressing mCherry only (Fig. 21 and fig. $4D).
Together, our biochemical and cellular analysis demonstrated that
MyoVa plays an essential role in the process of cytokinesis by inter-
acting with MICAL1 at the midbody.

MyoVa-mediated transport of Rab11a-positive vesicles

to the midbody is regulated by MICAL1

How does MyoVa participate in cytokinesis by interacting with
MICALI1? Because MICALLI regulates the cytokinesis through the
oxidation-mediated depolymerization of F-actin at the midbody
(41), we speculated that the catalytic activity of MICAL1 on F-actin
may be regulated by forming the complex with MyoVa. However,
the NADPH [reduced form of nicotinamide adenine dinucleotide
phosphate (NADP")] consumption analysis indicated that the pres-
ence of MyoVa®™™ has little impact on the activity of MICALI (fig.
S5A). Considering that the membrane supplied by endosomal traf-
ficking is required for the completion of cytokinesis (31, 42, 43) and
MyoVa is a classical actin-based transporter for diverse intracellular
vesicles (15, 36), we hypothesized that MICAL1 regulates the MyoVa-
mediated vesicle transport to the midbody and thereby promotes
the abscission event during cytokinesis. Because Rab11 is a well-
known cargo adaptor of MyoVa for recycling endosome transport
(Fig. 3, A and B) (28, 36) and Rab11-positive vesicles accumulate at
the midbody to provide membrane and signaling components re-
quired for cytokinesis (32-34), it is likely that Rab11-positive vesi-
cles are transported to the midbody by MyoVa. As expected, the
overexpressed Rablla formed puncta in the cytoplasm and were
significantly concentrated at the midbody during cytokinesis (Fig. 3C).
On the basis of the MyoVa/Rabl1a complex structure determined
previously (Fig. 3A) (28), we designed a mutant, Rabl1a-F48Q,
which impaired the MyoVa-binding capacity of Rabl1la (Fig. 3B).
Similar to the wild-type Rab11a protein, Rab11a-F48Q still formed
puncta in the cytoplasmic region, suggesting that this mutant remains
the association with vesicles (Fig. 3D). However, unlike the wild-
type Rablla, Rabl1a-F48Q lost the enrichment at the midbody
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Fig. 2. The interaction between MICAL1 and MyoVa at the midbody is essential for efficient cytokinesis. (A) The GTD-binding motif (GTBM) in MICAL1 was mapped
into a loop region connecting LIM and CC domains. Detailed data were shown in fig. S2. (B and C) HeLa cells were treated with the control siRNA (siControl) (B) or the
siRNA targeting the MICALT mRNA (siMICAL1) (C) for 72 hours and then stained by the antibody against MyoVa. (D and E) In the MICAL1® cells, Flag-tagged MICAL1
(D) or MICAL146TBM (E) was transfected for additional 24 hours to rescue the midbody accumulation of MyoVa. Endogenous MyoVa and overexpressed Flag-MICAL1/
MICAT2ST™M were stained with the antibodies against MyoVa and Flag, respectively. (F and G) Statistical analysis of the intensity fold change of accumulated MyoVa at the
midbody (F) and the intensity of overexpressed Flag-MICALT/MICAL12°™ at the midbody (G) in siRNA-treated HelLa cells. The fold change represents the MyoVa inten-
sity change ratio between the midbody and its adjacent region. The fold change value around 1 indicates diffused distribution at the midbody, while the value larger than
1 indicates accumulation happening at the midbody. Intensity was detected by ImageJ, and cell number for analysis per condition was indicated. (H) Statistical analysis
of cytokinesis time, from furrow ingression to abscission completion as indicated on the left, in normal and knockout HeLa cells. (I) Rescue effects on the cytokinesis time
of the MICAL1C cells transfected with empty mCherry vector, mCherry-MICAL1, and mCherry-MICAL12®™M, The corresponding cumulative percentage plot was present
to show the distribution of cytokinesis time. The cytokinesis time of the indicated number of cells was measured per condition, and measurement details are shown in
fig. S4.

(Fig. 3, D and F), supporting the idea that the recruitment of Rab11a
to the midbody is mediated by MyoVa. Hence, MyoVa facilitates
the cytokinesis process by transporting the Rab11a-positive vesicles
to the midbody.

To further investigate whether MICALL is involved in the MyoVa-
mediated vesicle transport to the midbody via the direct interaction

Niu et al., Sci. Adv. 2020; 6 : eabb1307 6 November 2020

between MyoVa and MICALL, we detected the distribution of
Rab11-positive vesicles in the MICALIKO cells by the transient
transfection of Rabl1a. In contrast to the enrichment of Rablla
at the midbody in the normal HeLa cells (Fig. 3C), Rabl1a showed
a largely diffused distribution in the intercellular bridge in the
MICAL1X cells during cytokinesis (Fig. 3G). Consistently, the
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Fig. 3. MICAL1 coordinates Rab11a-positive vesicle trafficking to the midbody by interacting with MyoVa. (A) Complex structure of MyoVa
Rab11a (cyan) [Protein Data Bank (PDB) ID: 5JCZ] (28). Inset: Key residue F48 in Rab11a is inserted into the hydrophobic patch in subdomain Il of MyoVa®™. (B) GST

pull-down assay confirmed that Rab11a'"'"” directly bound to MyoVa®™®, while the Rab11a'"'"’-F48Q mutant abolished the binding. The gel was stained by

GTD

Coomassie blue. (C to E) Midbody localization of Rab11a in the Hela cells transfected with mCherry-tagged Rab11a (C) or Rab11a-F48Q (D) or Rab11a-Q70L (E).
(F) Statistical analysis of the intensity fold change and the intensity of overexpressed Rab11a or Rab11a-F48Q or Rab11a-Q70L at the midbody. The fold change
represents the Rab11a intensity ratio between the midbody and its adjacent region. Cell number per condition for analysis was indicated. (G and H) Midbody local-
ization of Rab11a in the MICAL1%C cells transfected with the mCherry-tagged Rab11a (G) or Rab11a-Q70L (H), the constitutively active mutant of Rab11a. (I and
J) Rescue assay was performed by overexpression of Flag-tagged MICALT (1) or MICALT2°™™ (J) in MICAL1%© cells cotransfected with mCherry-tagged Rab11a-Q70L.
(K) Statistical analysis of the intensity fold change of mCherry-tagged Rab11a-Q70L and the intensity of overexpressed Flag-MICAL1/MICAL12%™M at the midbody in
MICAL1%C cells. The fold change represents the intensity change ratio of Rab11a-Q70L between the midbody and its adjacent region. Cell number per condition for

analysis was indicated.

constitutively active mutant Rab11a-Q70L, which is a predominant
guanosine triphosphate (GTP)-bound state to effectively and stably
link MyoVa with transporting vesicles (36, 44), enriched at the two
sides of the midbodlgr in the normal HeLa cells (Fig. 3, E and F), but
not in the MICAL1XC cells (Fig. 3, H and K). Because MICALLI does
not directly interact with Rab11a (45), it is likely that MICALI drives
the accumulation of Rab11a-positive vesicles at the midbody by bind-
ing to MyoVa. Compared with the partially recovered enrichment

Niu et al., Sci. Adv. 2020; 6 : eabb1307 6 November 2020

of Rab11a-Q70L at the midbody in the MICAL1X? cells expressing
Flag-tagged MICALL1 (Fig. 3, I and K), the accumulation of Rab11a-
Q70L at the midbody completely failed to be recovered in the
MICAL1X® cells expressing Flag-MICAL1““™ (Fig, 3,] and K), con-
firming the critical role of the MyoVa/MICALLI interaction for the
distribution of the Rab11a-positive vesicles at the midbody. Together,
our data demonstrate that MICALLI regulates the MyoVa-mediated
vesicle transport to accumulate at the midbody for efficient cytokinesis.
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Because the depletion of MICALLI results in the F-actin enrich-
ment at the intercellular bridge (fig. S5, B and C) (41), it is also pos-
sible that the high F-actin level prevents Rabl1la-positive vesicles
from accumulating at the midbody. To rule out this possibility, we
overexpressed wild-type MICAL1, MICAL1*™ and the catalyti-
cally inactive mutant MICAL1-3G3W (41) in the MICAL1X cells
and analyzed the F-actin level at the intercellular bridge. As expected,
the overexpression of MICALIL, but not the catalytically inactive
mutant, significantly decreased the F-actin level at the midbody (fig.
$5D). Overexpressing MICAL1““T® also reduced the midbody
F-actins to the level similar to those in the cells overexpressing
MICALL (fig. S5D). As the midbody localization of Rab11 was dis-
rupted by the AGTBM mutant, the F-actin analysis here provided
additional evidence to support that the accumulation of Rabl1la-
positive vesicles at the midbody depends on the MyoVa/MICAL1
interaction rather than the F-actin level.

MICAL1 determines the unloading of the MyoVa-transported
Rab11a-positive vesicles at the midbody

The impaired accumulation of the Rab11a-positive vesicles at the
midbody in the MICAL1X cells suggests that the loss of MICALI
results in the dysfunction of the MyoVa-mediated vesicle transport.
To uncover the roles of MICALLI acting in the MyoVa-mediated
vesicle transport at the midbody, we monitored the movements of
the Rabl1la-positive vesicles in real time by transiently transfect-
ing cells with mCherry-Rab11a-Q70L as the marker of MyoVa-
transporting vesicles (fig. S5, E and F). In normal HeLa cells, the
Rabl1la-positive vesicles move from the cell bodies to the midbody.
A portion of the vesicles was observed to quickly contact each other
and fuse into the highly concentrated Rabl1a density at either one
side or both sides of the midbody (Fig. 4A and movie S1), where
MICALT is highly accumulated (Fig. 1G). In the MICAL1X? cells,
although the Rab11la-positive vesicles successfully reached the side
of the midbody, the arrived vesicle was unable to be successfully
docked for accumulation (Fig. 4B and movie S2). Thus, rather than
attracting the MyoVa-transported vesicles to the midbody, MICAL1
docks the MyoVa and therefore promotes the accumulation of the
vesicles transported by MyoVa at the midbody.

To further clarify the role of MICALI on the MyoVa-mediated
vesicle transport at the midbody, we also analyzed the dynamics of
the newly arrived MyoVa-transporting Rab11a-positive vesicles at
the midbody by using the fluorescence recovery after photobleach-
ing (FRAP) method. In the normal HeLa cells, after bleaching, the
fluorescence signals of green fluorescent protein (GFP)-MyoVa
and mCherry-Rab11a-Q70L at the midbody were quickly recovered
to approximately 70 and 60% of the original level in 150 s, respec-
tively (Fig. 4, C and E, and movie S3). In contrast, in the MICAL1%?
cells, less than 10% of the recovery for both GFP-MyoVa and
mCherry-Rab11a-Q70L happened in the corresponding time
(Fig. 4, D and E, and movie S4), indicating that the depletion of
MICALI relieves the restriction on the MyoVa-mediated transport
of Rabl1la-positive vesicles at the midbody.

To determine whether MyoVa moves away from the midbody,
we used the photoactivation assay by transfecting photoactivatable
GFP (PAGFP)-tagged Rab11a-Q70L or MyoVa plasmids to the
normal and MICAL1%? cells. After photoactivation at the midbody,
we measured the real-time intensity change of PAGFP signals at the
midbody or the cytosol region (Fig. 4F). As a result, the intensity of
Rab11a-Q70L at the midbody was decreased less than that at the
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cytosol region in the normal cells (Fig. 4G), confirming that Rab11-
positive vesicles have a lower mobility at the midbody. Despite the
fact that the intensity changes of Rab11a-Q70L and MyoVa at the
cytosol in the normal and MICAL1%? cells are essentially identical
(Fig. 4H), the Rab11a-Q70L and MyoVa intensities at the midbody
in the MICAL1X cells were decreased much faster than did those
observed in the normal cells (Fig. 4I), supporting the idea that
MICALL prevents Rab11-positive vesicles from leaving the mid-
body by associating with MyoVa. Consistent with the FRAP results
indicating that MyoVa is more dynamic than Rab11a-Q70L at the
midbody (Fig. 4E), the MyoVa intensity in the photoactivation
assay showed a faster decreasing curve compared with that of
Rab11a-Q70L at the midbody in the normal cells (Fig. 41). This ob-
servation further suggests that MyoVa tends to leave the midbody
after the cargo unloading. In addition, we measured the flux of
PAGFP-Rab11a-Q70L signals at the intercellular bridge after pho-
toactivating a neighboring cytosol region (fig. S5G). The PAGFP
intensity increases observed in the normal and MICAL1%? cells
were similar, further indicating that the depletion of MICAL1 does
not prevent Rab11-positive vesicles from entering the intercellular
bridge but inhibits the release of Rab11-positive vesicles at the mid-
body, the transporting destination. Together, we confirmed that,
based on the direct interaction with MyoVa, MICALI docks MyoVa
to induce the unloading of the MyoVa-transported Rab11a-positive
vesicles at the midbody (Fig. 4]).

Overall structure of the MyoVa®"®/MICAL1°™" complex

The above cellular analysis of the Rab11a-positive vesicles raises the
question of how MICALLI, by interacting with MyoVa, regulates the
unloading of the transported vesicle at the midbody. To gain in-
sights into the molecular basis underlying the MyoVa/MICALL in-
teraction, we determined the crystal structure of the MyoVa®'?/
MICAL1°™M complex with a resolution of 1.6 A (Fig. 5A and table
S1). In one asymmetric unit, two essentially identical MyoVa©®™®/
MICAL1™M complexes were observed with a GTD-GTBM bind-
ing ratio of 1:1. MyoVaGTD shows a highly similar conformation
with the previously solved GTD structures (fig. S6A) (46), contain-
ing two helical subdomains, subdomains I and II (Fig. 5A). The
MICAL1ST®M peptide, clearly assigned with an N-terminal loop
and a C-terminal o helix (Fig. 5A and fig. S6B), interacts with helices
04, 05, and a8 in subdomain I of MyoVa®™® (Fig. 5A). The binding
of MICAL1°™ to MyoVa®™® is largely mediated by hydrophobic
interactions. The four strictly conserved hydrophobic residues
1806, L808, L816, and L819 in MICAL1°™ pack with a hydro-
phobic groove formed by hydrophobic residues of a4 and 08 in
MyoVa“'® (fig. $6, C to E). Consistently, mutating these hydro-
phobic residues in MICAL1™ or in MyoVa®® (e.g., 11559) to
hydrophilic residues abolished the MyoVa/MICALLI interaction
in solution (fig. S6, G and H). In addition to the hydrophobic inter-
actions, several positively charged residues contribute to the
MyoVa®TP/MICAL1ST®M jnteraction. R803 and R804 in
MICAL1°™ insert their side chains into a negatively charged sur-
face patch formed by two loops connecting helices a5 and a6
and helices a7 and 08 of MyoVa“™®, respectively, while R804 in
MICAL1S™M forms salt bridges with D1548 in MyoVa“'™ (fig.
S6, D and F). The ITC-based analysis also confirmed that disrup-
tion of these charge-charge interactions diminishes the interac-
tion (fig. S6, G and H). In addition, the N terminus and C terminus
of MICAL1°™M face to the negatively and positively charged
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Fig. 4. MICAL1 controls the unloading of Rab11a-positive vesicles at the midbody. (A and B) Normal (A) and MICAL1/© cells (B) expressing mCherry-Rab11a-Q70L
were observed under a time-scaled SIM. The boundaries of two daughter cells during cytokinesis were indicated with dashed lines, and the middle regions of midbody
were circled. Scale bars, 1 um. The midbody regions were enlarged in the time-series snapshots to show the movements of Rab11a-positive vesicles indicated by red ar-
rowheads. The corresponding overlapped figures in the right panel were calculated under time-lapse color mode by Imagel. (C and D) FRAP analysis of Rab11a-positive
vesicles at the midbody in normal (C) and MICAL1"© cells (D) expressing GFP-MyoVa and mCherry-Rab11a-Q70L. The bleaching region was indicated by a dashed circle,
and B-tubulin was stained with SiR-tubulin to indicate the intercellular bridges. Scale bars, 1 um. (E) Recovery efficiency of GFP-MyoVa and mCherry-Rab11a-Q70L at the
midbody. Cell number per condition for analysis was indicated. (F) HeLa cells expressing PAGFP-tagged Rab11a-Q70L were photoactivated at the midbody region or the
cytosol region. The two regions were indicated by dashed circles. Scale bars, 1 um. (G) The intensity changes of the two regions shown in (F) were recorded and shown in
a time-series snapshots. Scale bars, 1 um. (H and 1) Normalized intensity analysis of photoactivated PAGFP-tagged Rab11a-Q70L and MyoVa at the cytosol (H) and mid-
body () in the normal or MICAL1© cells. Cell number per condition was indicated for the analysis in the cytosol and midbody regions. (J) Schematic cartoon to illustrate
the observed motion of the Rab11a-positive vesicles (gray balls) at the midbody controlled by MICAL1.

surface on MyoVa®TP, respectively (fig. S6F). Such an asym-  served (46), the MICALI1-binding mode is very likely to be shared
metric surface charge distribution of MyoVa®'® facilitates the by all class V myosins in mammals. Consistently, MyoVb“™ bound
MICAL1S™M peptide to adopt the correct orientation upon bind-  to MICAL1%"™ with a comparable binding affinity (K4 of ~6 uM)
ing. Because the interface residues of MyoVa®'? are highly con-  (fig. S6I).
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MICAL1 competes with Spires on the binding to MyoVa

in a concentration-dependent manner

The MICALI-binding surface on MyoVa®"™ is overlapped with the
binding surfaces for melanophilin (MLPH) (46) and Spires (28)
(Fig. 5, B and C), which are cargo adaptors of MyoVa. Despite the
fact that the amino acid sequences of the GTBM motifs from
MICALL, Spire 1 (Spirl), Spire 2 (Spir2), and MLPH share little
similarity, they interact with MyoVa®"® with a similar binding
mode, as indicated by their superimposed interface residues (Fig. 5,
B and C, and fig. S7A). Supporting this finding, the MICAL1-binding
deficient mutation, I1559E, in MyoVa®"™ also disrupts the bindings
of MyoVa to both Spir2 and MLPH (Fig. 5D) (46). The major differ-
ence among the three binding modes is the different orientations of
the C-terminal helical regions in the three GTBM motifs, contribut-
ing to the different binding affinities on MgoVaGTD (Fig. 5D and fig.
S7B). For example, Q1630 in MyoVa“™ forms hydrogen bonds
with the backbone of MICAL1%T™ hile it Tgarticipates in the in-
teraction with neither SpirZGTB M nor MLPHETBM (fig. S7B). Consist-
ently, the Q1630V mutation weakened the binding of MyoVa“'® to
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MICAL1°™ but slightly affected the MyoVa“"/Spir2°™™™ inter-
action (fig. S7, C and D).

Our structural findings of the overlapped MICAL1/Spir2-
binding surface on MyoVa immediately raise the possibility of the
potential competition between MICALI and Spir2 for their bind-
ings to MyoVa. Spir2 and its homolog Spirl are actin nucleation
factors and promote F-actin assembly (17, 47), functionally antag-
onizing MICALL1 on actin dynamics. Because the Spire proteins are
also essential for the MyoVa-mediated transport of Rabl1-positive
vesicles (27, 28), such a competition between the bindings of
MICALLI and Spires to MyoVa is likely to play a role in the MyoVa-
mediated cargo transport. To confirm our structural observations,
we performed an in vitro comgetition assay by using GST-
MyoVa®™P to pull down Spir2™®™ in the presence of a GTBM-
contained MICALLI fragment (residues 760 to 917) with increasing
concentrations. This MICAL1 fragment with a concentration of
1 mM, ~60-fold of the Spir2S™M concentration (16 uM), markedly
decreased the MyoVa®'P-bound fraction of Spir2“™®™ (Fig. 5E
and fig. S8A). Meanwhile, the lower concentration of the MICAL1
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fragment did not show an obvious competition on Spir2®*M
(Fig. 5E and fig. S8A). Such a concentration-dependent competition
is in line with the observation that Spir2°™®™ has a 25-fold higher
MyoVa-binding affinity than MICAL1%™ (Fig. 5D).

In cotransfected HeLa cells, overexpressed MyoVa and MICAL1
were colocalized as granule-like structures in the cytoplasm (Fig. 5F).
Spires with much stronger MyoVa-binding affinity replaced MICAL1
at the MyoVa-positive granules when coexpressing MyoVa and
MICALL1 with either Spirl or Spir2 (Fig. 5G and fig. S8B). Consist-
ent with the above structural and biochemical findings, in the triple-
transfected HeLa cells with a high expression level of MICALL,
MICAL1 was found to accumulate at the MyoVa-positive granules
containing Spirl (Fig. 5H). Quantitative analysis of 17 triple-
transfected cells with different expression levels of MICALI and Spirl
showed that the protein level of MICALL1 at the MyoVa-positive
granules was increased with the increased overall MICAL1/Spirl
protein ratios (fig. S8C, left). In contrast, the protein level of Spir1 at
the MyoVa-positive granules was negatively correlated with the
overall MICAL1/Spirl protein ratios (fig. S8C, right), confirming
the concentration-dependent competition between MICAL1 and
Spires on binding to MyoVa in cells. Considering that MICAL1
highly enriches at the midbody, while the Spirl level decreases at
the midbody compared to that at the intercellular bridge (fig. S8D),
MICALL is able to outcompete Spires to bind with MyoVa at the
midbody during cytokinesis.

MyoVa-transported cargo unloading depends

on the catalytic activity of MICAL1 on F-actin disassembly
Because Spires and MICALL1 play opposite functions in tuning the
assembly and disassembly of F-actin, the tracks for the MyoVa-
mediated cargo transport, the concentration-dependent competitive
binding of MICALLI and Spires to MyoVa may provide a mechanistic
explanation of how MICALL1 controls the unloading of the Rab11-
positive vesicles at the midbody. As shown in fig. S8E, MyoVa re-
cruits Spires to promote actin polymerization for the generation of
F-actin for initializing transportation (28). Alternatively, MyoVa
binds to MICALI, the oxidase of actins for F-actin depolymeriza-
tion (37, 38, 48), to collapse the F-actin and thereby cause transport
termination to unload the cargoes at the midbody. To test whether
the F-actin depolymerization activity of MICALL is required for the
accumulation of MyoVa- and Rabl1la-positive vesicles at the mid-
body, we generated the catalytically inactive mutant of MICALL1
(MICAL1-3G3W) by mutating three glycines to tryptophans in the
consensus GXGXXG motif of the monooxygenase domain (49),
which are critical for its cofactor FAD (flavin adenine dinucleotide)
binding and for promoting F-actin disassembly (41, 48, 49). While
still having the GTBM sequence for binding to MyoVa, MICAL1-
3G3W lost its capability of recruiting both MyoVa- and Rabl1a-
positive vesicles to the midbody in the MICAL1%? cells (Fig. 6,
A to D). Furthermore, our FRAP analysis showed that overexpress-
ing the wild-type MICALI protein in the MICAL1¥® cells resulted
in ~35% recovery of Rabl1a-positive vesicles at the midbody (Fig. 6,
E and F, and movie S5), while overexpressing MICAL1-3G3W or
MICAL1%“™M diminished the recovery at the midbody (Fig. 6,
E and F, and movies S6 and S7).

To determine whether the F-actin level at the midbody is im-
portant for the vesicle delivery, we treated the MICAL1%? cells
overexpressing both mCherry-Rab11a-Q70L and GFP-MICAL1-
3G3W with the nontoxic, low-dose (20 nM) F-actin depolymerizing
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drug latrunculin A (LatA) for 2 hours. The accumulation of Rab11-
positive vesicles at the midbody was partially recovered (fig. S9, A
to C), further confirming that MICAL1 regulates the unloading of
Rab11-positive vesicles at the midbody via F-actin depolymer-
ization. In addition, the LatA-treated MICAL1%? cells without the
MICALI-3G3W expression failed to rescue the Rab11a-Q70L accu-
mulation at the midbody (fig. S9A), supporting the idea that the
accumulation of Rabl11-positive vesicles at the midbody requires
not only the normal F-actin level but also the interaction between
MyoVa and MICALL. Therefore, the catalytic activity of MICALL1
that disassembles F-actin is required for the accumulations of MyoVa
and its cargoes at the midbody, further indicating that MICALI me-
diates the unloading of MyoVa-transporting cargoes by associating
with MyoVa as well as promoting F-actin disassembly.

DISCUSSION

Intracellular cargo transport is vital for various cellular processes.
Cytokinesis, the final step of cell division, requires that numerous
cellular membrane components are efficiently transported and pre-
cisely positioned to the midbody (31, 42, 43). Although the mecha-
nisms of intracellular cargo transport mediated by cytoskeletal motors
have been studied for decades, it is still largely a mystery how car-
goes are unloaded when the transporters arrive at the destinations.
In this study, we revealed that a classic actin-based motor, MyoVa,
recruits MICALLI to disassemble F-actin and therefore unloads
Rabl11-positive vesicles at the midbody to facilitate cytokinesis.

On the basis of our previous findings, we proposed a model for
the regulation mechanism of the MyoVa-mediated cargo transport
by recruiting different actin regulators, like MICAL1 and Spires
(Fig. 6G). In this model, the resting MyoVa at the autoinhibited
state (50, 51) is activated by binding to its cargoes or cargo adaptors
(52-54), including Spires (28). By facilitating actin polymerization
(28, 55) to supply walking tracks for MyoVa, Spires promote cargo
transport at the initial stage. Given a much higher MyoVa-binding
affinity of Spires over MICAL1 (Fig. 5D) and the similar overall
protein levels of Spires and MICALLI in cells (56, 57), it is unlikely
that MICAL1 affects Spire-promoted cargo transport at most cyto-
plasmic regions. Once the transporting machine arrives at the des-
tinations, such as the midbody, the highly enriched MICALL is able
to compete out Spires from MyoVa (Fig. 5, E and H, and fig. S8D).
Replacing Spires from MyoVa by activated MICALI not only inhib-
its the F-actin formation (49) but also promotes the F-actin disas-
sembly (38, 58), thereby stopping MyoVa’s walking and inducing
cargo unloading. Last, as the relatively weak association between
MyoVa and MICALL facilitates the dissociation of MICAL1 from
MyoVa, MyoVa folds back more easily to the autoinhibited state,
recycled for the next transport (Fig. 6G). Like MyoVa, MyoVb shows
the similar binding capability with MICALI (fig. S6I) and Spires
(28), suggesting that MyoVb shares the similar cargo unloading
mechanism with MyoVa. Considering the complexity of the mid-
body (40), other unknown factors may be involved in the unloading
process at the midbody (Fig. 6G). Nevertheless, the competition be-
tween Spires and MICALLI provides a feasible mechanism for the
unloading of MyoV transported cargoes, which still need further
investigations. In addition, because MICALI regulates the cortical
actin filament in the midbody region (41), the normal organization
of the actin cortex may also participate in the MyoVa-mediated vesicle
transport for efficient cytokinesis.
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Fig. 6. Enzymatic activity of MICAL1 is required for Rab11a-positive vesicle unloading at the midbody. (A to D) Overexpression of the catalytically inactive
MICAL1-3G3W mutant in MICAL1¥C cells failed to rescue the midbody accumulation of either endogenous MyoVa (A) or overexpressed Rab11a-Q70L (C). Statistical anal-
ysis of the intensity fold change of endogenous MyoVa (B) and Rab11a-Q70L (D) and the corresponding intensity of overexpressed MICAL1 at the midbody in MICAL1%?
cells, respectively. The fold change represents the MyoVa or Rab11a intensity ratio between the midbody and its adjacent region. Cell number per condition for analysis
was indicated. (E) FRAP analysis of Rab11a-positive vesicles at the midbody in the MICAL1C cells coexpressing mCherry-Rab11a-Q70L with GFP-tagged MICALT,
MICAL1-3G3W, or MICAL1%¢™" The bleaching region was indicated by a dashed circle, and B-tubulin was stained with SiR-tubulin to indicate the intercellular bridge.
Scale bars, 1 um. (F) Recovery efficiency of Rab11a-postive vesicles at the midbody in the MICAL1%C cells cotransfected with mCherry-Rab11a-Q70L and GFP-tagged
MICAL1, MICAL1-3G3W, or GFP-MICAL12™M_Cell number per condition for analysis was indicated. (G) Proposed model for regulation mechanism of MyoV-mediated
cargo transport by two mutually antagonistic F-actin regulators.

Resting

Because MyoVa transports diverse cargoes to different cellular
locations, the cargo unloading mechanism that we found at the
midbody likely exists at other places. For example, MICAL1 was
found to regulate the distribution of Rab6-positive secretory vesi-
cles, also the cargoes of MyoVa (36), at the growth cone in neurons
(59). This is consistent with the idea that MICALI1 can be recruited
and activated by a range of MICALL effectors, including small gua-
nosine triphosphatases (GTPases) (45), which enrich at the differ-
ent subcellular locations spatially and temporally. We noted with
interests that other MICAL family members also play essential roles
in intracellular trafficking, such as MICAL3 for Rab8a-positive ves-
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icles transport (60). Whether these MICAL family proteins mediate
cargo unloading for myosins needs further investigations.

The balance of F-actin assembly and disassembly regulated by
Spires and MICALL is critical for the cargo transport mediated by
an actin-based MyoVa motor. A similar regulation balance mediated
by TTLL-11 glutamylase and CCPP-1 deglutamylase, two function-
ally opposite microtubule regulators in Caenorhabditis elegans, was
reported to regulate the moving velocity of microtubule-based
kinesin-2 and kinesin-3 motors (61). Likewise, several myosins have
been found to interact with different F-actin regulators during car-
go transport (62-65). Hence, we speculated that many cytoskeletal
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motors adopt a similar mechanism to control the cargo transport by
balancing the assembly and disassembly of cytoskeletal tracks.

Previously, very limited mechanisms for cargo unloading in
motor-mediated transports have been suggested, including the ex-
change of small GTPase activity, phosphorylation, and adaptor deg-
radation (11, 54, 66-70). However, these mechanisms largely rely
on the changes of the protein properties. In contrast, by modifying
F-actin to control the termination of molecular motors and induce
positioning of the transported cargoes at their destinations, the
cargo-unloading mechanism found in our study depends merely on
differing protein concentrations of cytoskeletal regulators at differ-
ent cellular locations and different cell states, providing a simple yet
elegant method for efficient cargo delivery in cells.

MATERIALS AND METHODS

Affinity purification from mouse brain lysate coupled

with mass spectrum analysis

To prepare mouse brain lysate, brains were extracted from about
2-month-old mouse and lysed in the buffer containing 20 mM
CHAPS, 600 mM NacCl, 0.1% Triton X-100, protease inhibitors
(cocktail), 1 mM EDTA, 1 mM EGTA, and 1 mM dithiothreitol
(DTT) by using a tissue-type Dounce homogenizer. After ultracen-
trifuge, supernatants were dialyzed into the dialysis buffer of 20 mM
Hepes, 100 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM EGTA, and
1 mM DTT. The brain lysate was obtained by using additional
ultracentrifuge to remove the precipitants, and the total protein
concentration was measured by Bradford assay. All the above pro-
cedures were performed at 4°C.

Purified GST or GST-MyoVaGTD was first incubated with 40 ul
of glutathione Sepharose 4 beads at 4°C for 30 min, followed by
washes three times in the dialysis buffer with a supplement of 0.1%
Triton X-100 to remove the nonbinding proteins. Then, the pre-
pared brain lysate was added and incubated for 2 hours at 4°C. After
washing four times with the dialysis buffer, the beads resuspended
in the loading buffer were boiled at 100°C for 10 min and loaded
into an SDS-polyacrylamide gel electrophoresis (PAGE) gel for
separation. The lanes in the gel were carefully cut off and digested
by trypsin into peptides. After desalting, the samples containing the
peptides were analyzed under liquid chromatography-mass spec-
trometry (Orbitrap Fusion). Last, the data were searched against
SwissProt_Mus database by using Mascot to recognize the proteins,
which were further analyzed by using the Scaffold software.

Antibodies

The primary antibodies used in this study include rabbit anti-MyoVa
(dilute 1:500 for immunofluorescence and 1:1000 for Western blot-
ting; Sigma-Aldrich, HPA001356), mouse anti-MICALI (dilute
1:1000 for Western blotting; Sigma-Aldrich, HPA040902), rabbit
anti-MICALI (dilute 1:200 for immunofluorescence; ProteinTech,
14818-1-AP), mouse anti-B-tubulin (dilute 1:1000 for immuno-
fluorescence; Sangon, D1930693), mouse anti-Aurora B (dilute
1:500 for immunofluorescence; BD, 611082), mouse anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (dilute 1:1000 for
Western blotting; Transgene, HT801-01), and mouse anti-Flag
(dilute 1:1000 for Western blotting; Sigma-Aldrich, F1804) anti-
bodies. The secondary antibodies used in this study include gat
anti-mouse immunoglobulin G (IgG), horseradish peroxidase
(HRP)-linked antibody [dilute 1:3000; Cell Signaling Technology
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(CST)], goat anti-rabbit IgG, HRP-linked antibody (dilute 1:3000;
CST) for Western blotting, and Alexa Fluor 488/594/633-conjugated
anti-mouse/rabbit IgG antibody (dilute 1:3000; Invitrogen) for im-
munofluorescence experiments.

Plasmids

For cell transfection, the full-length mouse MyoVa gene (contain-
ing exons D and F) was synthetized after codon optimization by
GENEWIZ and introduced into a modified pEGFP-CI1 vector. Full-
length human MICALL, Spirl, Spir2, and Rab11a genes were ampli-
fied by polymerase chain reaction (PCR) from cDNA as gifts from
J. Han’s laboratory (Xiamen University) and then inserted to mod-
ified pcDNA3.1 fused with an N-terminal 3xFlag tag, modified
pEGFP-C1, or pmCherry-Cl1 vectors. For photoactivation assay,
the PAGFP gene was used to replace the eGFP gene in modified
pEGFP-C1-MyoVa/Rab11a-Q70L. For protein overexpression in
bacteria, MyoVa“'®, MICAL1 with different boundaries, Spir2¢™M,
and Rab11a' ™" were recombined into modified pET32a or pGEX4T-1
vectors. All the mutants were generated by a QuickChange Site-
Directed Mutagenesis kit, and all the plasmids were verified by
sequencing.

Cell cultures and transfection

HeLa, Chinese hamster ovary (CHO), and HT1080 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Corning) supple-
mented with 10% fetal bovine serum and penicillin and streptomycin
(50 U/ml) in 5% CO, condition at 37°C. Transfection was per-
formed using Lipofectamine 3000 (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions.

Coimmunoprecipitation experiments

HeLa cells cotransfected with GFP-MyoVa and Flag-MICALI1 or
Flag-MICALI1*“™M yere harvested after 48 hours and lysed in a
buffer containing 20 mM tris (pH?7.5), 100 mM KCl, 5 mM MgCl,,
0.5% NP-40, and protease inhibitors. After centrifuge, the superna-
tants were incubated with anti-Flag antibody for 1 hour, followed
by adding Protein A beads for a further 1-hour incubation at
4°C. After washing four times in the lysis buffer, the samples were
mixed with the loading buffer, then boiled at 100°C for 10 min, and
examined by Western blotting. As a negative control, GFP and
Flag-MICALI were cotransfected and treated with the same proce-
dures. For the co-IP experiment of the endogenous proteins, HeLa
cells without transfection were treated with the similar procedures,
except that the supernatants were incubated with anti-MICALL1
antibody or IgG. IgG was used as a negative control.

Immunofluorescence and imaging

HeLa cells were transfected with the plasmids as indicated in fig-
ures. After 24 hours, the transfected cells were detached by trypsin
treatment and subcultured onto fibronectin-coated coverslips for
additional 24 hours. Then, the cells were fixed with 4% paraformal-
dehyde for 15 min and treated with 0.1% Triton X-100 for another
15 min at room temperature (RT). The fixed cells were stained with
the indicated primary antibodies for 1 hour at RT, followed by
Alexa Fluor 488/594/633-conjugated anti-mouse/rabbit IgG anti-
bodies for another 1 hour at RT. Cells transfected only with GFP/
mCherry-tagged proteins were directly observed without staining
after the fixation. For actin analysis experiments, F-actin was
stained with SiR-actin dye (Spirochrome). For LatA-induced rescue
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experiments, the transfected MICAL1X? cells were treated with
20 nM LatA or dimethyl sulfoxide (DMSO) for 2 hours before the
fixation. Confocal images of the cells were acquired with a TCS SP8
microscope (Leica, Germany).

siRNA-mediated knockdown

The siRNAs against human MICAL1 (siMICAL1) with a sequence
of 5'-GAGUCCACGUCUCCGAUUU-3" (41) and the negative
control siRNAs (siControl) with a sequence of 5'-UUCUCCGAAC-
GUGUCACGU-3' were synthesized by GenePharma (Shanghai).
The siRNAs were dissolved in diethyl pyrocarbonate (DEPC)-H,O
and transfected into HeLa cells at a final concentration of 20 nM.
After 72-hour transfection, the cells were harvested and lysed in the
buffer containing 20 mM tris (pH 7.5), 100 mM KCI, 5 mM MgCl,,
0.5% NP-40, and protease inhibitors. Last, the knockdown efficiency
was verified by Western blotting.

CRISPR-Cas9 knockout cell lines

The generations of MICAL1*? and MyoVa*® HeLa cell lines are
based on the CRISPR-Cas9-mediated gene disruption system (71).
In brief, two guide RNAs (gRNAs) targeting the sequences of
5'-GCGCATGCCCACTTTGAGAG-3" in MICALLI and 5'-CACT-
TACGAAATCCTGACAT-3' in MyoVa were designed and inserted
into the plasmid pSpCas9(BB)-2A-GFP (PX458, Addgene, #48138).
The plasmids with different gRNAs were transfected into HeLa
cells, and single GFP-positive cells were sorted into 96-well plates,
with each well containing a single colony using a fluorescence-
activated cell sorting (FACS) sorter (BD FACSAria III). After cell
propagation, MICAL1X? and MyoVa*® HeLa cells were detected
and confirmed by sequencing and Western blotting.

Rescue assay

For the rescue in MICAL1*® cells, the HeLa cells were first treated
by siMICALL for 48 hours and then cotransfected by 20 nM siMICAL1
and siRNA-resistant Flag-tagged MICAL1 or MICAL1““™, which
were generated by nonsensically mutating 7 base pairs (bp) of siRNA-
targeting{sequence for an additional 48 hours. For the rescue in
MICALI1*® cells, the mCherry/Flag-tagged MICAL1, MICAL1*%T#M,
or MICAL1-3G3W was directly transfected with or without the
mCherry-tagged Rab11-Q70L.

Cytokinesis time measurement

Normal and knockout HeLa cells were cultured in glass dishes and
placed in an open chamber, which was kept in 5% CO; condition at
37°C. Time-lapse sequences were recorded every 5 min for 24 hours
using a Nikon living cell system. For rescue experiments, the emqpty
pmCherry-C1, mCherry-MICALI, or mCherry-MICAL14¢T5M
was transfected into MICAL1%? cells and the mCherry-positive
cells were sorted into glass dishes after 24-hour transfection with a
FACS sorter (BD FACSAria III). After an additional 24-hour cul-
ture, the cells with mCherry signals were recorded in real time fol-
lowing the same procedures as described above.

Structured illumination microscopy imaging

Live cell superresolution imaging of normal and MICAL1% cells
expressing mCherry-tagged Rab11-Q70L was performed with an
Elyra 7 superresolution microscope (ZEISS, Germany) in lattice
structured illumination microscopy (SIM) mode. Cells were main-
tained in 37°C, 5% CO, environment during the whole acquisition
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process. Raw data were processed with ZEISS ZEN blue software,
and then images were analyzed using Imaris software.

Fluorescence recovery after photobleaching

FRAP experiments were performed on an AIR confocal micro-
scope (Nikon, Japan) with a 100x oil immersion objective with a
numerical aperture (NA) equal to 1.49. Cells were kept in a humid-
ified condition of 5% CO, in a 37°C incubation chamber. All cells
with the similar protein expression levels were used for analysis.
Microtubules were stained with 100 nM SiR-tubulin (Spirochrome)
and 10 nM verapamil (Sigma- Aldrich; to inhibit efflux of SiR-tubulin
from cells) at least 1 hour before imaging. Following one frame of
starting frame recording, photobleaching was performed in the cir-
cled region of interest with three iterations of maximum 564-nm
excitation laser output with an exposure time of 5 s, and imaging
was resumed immediately after and continued for 150 s. Fluorescence
measurement was done with background subtraction method. The
FRAP curve for each cell under the same condition was normalized
for statistical analysis.

Photoactivation

The plasmids containing PAGFP-tagged MyoVa or Rab11a-Q70L
were transfected into normal HeLa cells or MICAL1X© cells, respec-
tively. After 24-hour transfection, the cells were incubated with
100 nM SiR-tubulin (Spirochrome) for 1 hour and then kept in a
humidified condition of 5% CO, in a 37°C incubation chamber for
imaging using an A1R confocal microscope (Nikon, Japan) with a
100x oil immersion objective, with NA equal to 1.49. Following one
frame of starting frame recording, photoactivation was performed
in a circled region of interest with a 405-nm excitation laser output
and an exposure time of 3 s, and imaging was resumed immediately
after and continued for 150 s. The curve for each cell under the
same condition was normalized for statistical analysis.

Protein expression and purification

MyoVa“™®, MyoVb'®, MICAL1 with different boundaries, Spir2“®™,
Rab11a'™”7, and all the mutants were overexpressed by an induction of
0.2 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at 16°C overnight
in BL21(DE3) Escherichia coli cells. The thioredoxin (Trx)-His—fused
proteins were purified by using Ni**-nitrilotriacetic acid (NTA) resin
(GE Healthcare), and the GST-fused proteins were purified by gluta-
thione Sepharose 4 column (GE Healthcare), followed by size exclusion
chromatography (Superdex 200 pg, GE Healthcare) with a buffer of
50 mM tris (pH7.5), 100 mM NaCl, 1 mM DTT, and 1 mM EDTA.
For crystallization, Trx-His-fused MyoVa®™ and MICAL1°"™® were
treated with 3C protease overnight at 16°C to remove the fused tags
and then further purified by a second Ni**-NTA affinity chroma-
tography, followed by SEC.

GST pull-down and in vitro competition assay

For testing the direct interaction, purified GST or GST-MICAL1
with a concentration of 3.5 uM was first incubated with 40 pl of
glutathione Sepharose 4 beads at 4°C for 30 min. After removing
the nonbinding proteins, MyoVa®™® was added at a final concen-
tration of 35 uM and the mixture was incubated for another 1 hour
at 4°C. After washing four times, the samples were resuspended in
protein loading buffer and further analyzed by SDS-PAGE. Con-
versely, in in vitro competition assay, purified GST—MyoVaGTD
was first incubated with glutathione Sepharose 4 beads and then
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Spir2S™M and MICAL17%"" with various concentrations as indi-
cated were added. After washing carefully, the samples were finally
analyzed by SDS-PAGE.

Analytical size exclusion chromatography

aSEC was carried out on an AKTA pure system (GE Healthcare).
Protein samples were prepared with a final concentration of 40 uM
and loaded onto a Superdex 200 Increase 10/300 GL column (GE
Healthcare), equilibrated with a buffer containing 50 mM tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM EDTA, and 1 mM DTT.

Isothermal titration calorimetry

ITC measurements were performed on a VP-ITC Microcal calo-
rimeter (Malvern). The protein samples were prepared with a con-
centration of 200 to 300 uM in the syringe and 20 uM in the cell.
The titration was processed by injecting 10 ul of the sample in the
syringe to the cell each time. An interval of 150 s between two injec-
tions was set to ensure the curve back to the baseline. The titration
data were analyzed using Origin7.0 and fitted by a one-site binding
model.

NADPH consumption

The enzymatic activity of MICAL1 was monitored based on the dif-
ference of Az (the absorption at the light of 340 nm) between the
reduced NADPH and the oxidized NADP* (72) because MICALL is
a redox enzyme with a cofactor of NADPH. NADPH was first pre-
pared with a final concentration of 180 pM in the buffer containing
50 mM tris (pH7.5), 100 mM NaCl, 1 mM DTT, and 1 mM EDTA.
After pre-equilibration for 10 min, 600 nM protein samples were
added to start the reaction and the decreases of A3y in the next hour
were recorded with an interval of 30 s under an EnSpire plate reader
at 25°C to indicate the rate of NADPH consumption.

Crystallization and x-ray data collection

To prepare the complex for crystallization, purified MyoVa“'? and
MICAL1°™ without Trx-His tag were mixed at a ratio of 1:1.2
and incubated on ice for 30 min. The crystals of MyoVa“™™ and
MICAL1¢™M complex were manually screened by the sitting drop
vapor diffusion method at 16°C, based on commercially available
sparse matrix screens. Last, the crystals for diffraction were ob-
tained at the condition of 1% (w/v) tryptone, 0.05 M Hepes sodium
(pH 7.0), and 20% (w/v) polyethylene glycol 3350. After flash-cooling
in liquid nitrogen with crystallization solution containing 30% glyc-
erol as cryo-protection, the crystals were delivered to collect data.
Diffraction data were collected at Shanghai Synchrotron Radiation
Facility beamline BL19U1 and processed and scaled by the HKL3000
software package (73).

Structure determination and analysis

The initial phase was determined by using molecular replacement
method with the apo MyoVaGTD structure [Protein Data Bank (PDB)
ID: 3WBS8] as a search model, and MICALI1®™M was further built to
obtain the complex structure. The complex structure was manually
improved in COOT (74) and then refined against the 1.60-A resolution
dataset by using PHENIX (75), alternatively. In the final stage, an addi-
tional TLS (translation, libration and screw-rotation) refinement was
performed in PHENIX. The model quality was check by MolProbity
(76). The refinement statistics are listed in table S1. All structure
figures were prepared using PYMOL (http://www.pymol.org/).
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Statistical analysis

All values are displayed with an error bar of SD for at least three
independent experiments. Significance was analyzed using an un-
paired, two-tailed Student’s ¢ test model. In addition, the recognized
proteins from mass spectrum were analyzed using the Fisher’s exact
test model. In all statistical tests, P > 0.05 was considered as not
significant (NS), while P < 0.05 was indicated as “*,” P < 0.01 as “**,”
P <0.001 as “***,” and P < 0.0001 as “****” All the statistical analy-
sis was performed and exported to figures by using the GraphPad
Prism 6.0 software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabb1307/DC1

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