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ASAP1 and its paralog ASAP2 belong to a PI, sP,-dependent
Arf GTPase-activating protein (Arf-GAP) family capable of
modulating membrane and cytoskeletal dynamics. ASAPs
regulate cell adhesive structures such as invadosomes and focal
adhesions during cell attachment and migration. Malfunc-
tioning of ASAP1 has been implicated in the malignant phe-
notypes of various cancers. Here, we discovered that the SH3
domain of ASAP1 or ASAP2 specifically binds to a 12-residue,
positively charged peptide fragment from the 440 kDa giant
ankyrin-B, a neuronal axon specific scaffold protein. The high-
resolution structure of the ASAP1-SH3 domain in complex
with the gAnkB peptide revealed a noncanonical SH3-ligand
binding mode with high affinity and specificity. Structural
analysis of the complex readily uncovered a consensus ASAP1-
SH3 binding motif, which allowed the discovery of a number of
previously unknown binding partners of ASAP1-SH3 including
Claspl/Clasp2, ALS2, B-Pix, DAPK3, PHIP, and Limkl.
Fittingly, these newly identified ASAP1 binding partners are
primarily key modulators of the cytoskeletons. Finally, we
designed a cell-penetrating, highly potent ASAP1 SH3 domain
binding peptide with a K4 ~7 nM as a tool for studying the
roles of ASAPs in different cellular processes.

Arf GAP with SH3 domain, ankyrin repeat and pleckstrin
homology (PH) domain 1 (ASAP1, also known as AMAPI,
DDEF1, DEF1, or Centaurin B4) is a Pl,sP,-dependent Arf
GTPase-activating protein for Arfl and Arf5, and is a down-
stream effector of Arf6é (1-5). Responsible for modulating
membrane and cytoskeletal dynamics, ASAP1 plays a crucial
role in regulating cell adhesive structures like invadopodia
(1, 3-6), podosomes (7—10), and focal adhesions (3, 11, 12),
thereby influencing cell attachment and migration (6, 12—-15).
ASAP1 is highly correlated with malignant phenotypes in
various cancers, largely due to its role in modulating cell
migration and metastasis (5, 16—23). Studies have shown that
overexpression of ASAP1 enhances focal adhesion formation
and migration, whereas its loss inhibits podosome and
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invadopodia formation, and diminishes cell spreading (3, 4, 6).
Notably, loss of ASAP1 in transgenic mice led to dysregulated
FAK/Src and PI3K/AKT signaling in MEF cells, impairing
adipogenic and osteogenic differentiation (24). ASAP1 con-
tains multiple domains, which interact with several key factors
at focal adhesions, podosomes, and invadopodia. The N ter-
minal BAR domain of ASAP1 functions in actin bundling,
binding to nonmuscle myosin-II and autoinhibition (8, 25); the
Arf GTPase domain binds to and activates Arf small GTPases
(1-5); the PH domain modulates the ARF-GAP activity (26,
27); the proline rich region interacts with cortactin (17)
(though another study showed that cortactin binds to the
sequence between the E/DLPPKP repeats and the SH3 domain
of ASAP1) (7), CrkL, Src, CD2AP, and Cin85 (4, 7, 17, 28); the
SH3 domain of ASAP1 binds to FAK1, PYK2, and paxillin (3,
7, 29-31).

SH3 domains are prevalent protein-protein interaction
modules involved in various cellular processes such as intra-
cellular signaling, cytoskeletal rearrangements, and immune
responses (32, 33). Human proteome contains around 300 SH3
domains (34-37), they typically recognize proline-rich se-
quences containing a core “P-X-X-P” sequence element, where
“X” represents any amino acid, through defined surface
pockets (38—41). However, given that about 25% of human
proteins contain proline-rich sequences (32), and most of the
known SH3-ligand interactions show relative weak affinities
(above micromolar level Ky), predicting highly specific binders
of SH3 domains remains challenging.

In this study, we identified strong and specific interactions
between the SH3 domains of ASAP1 or ASAP2 and giant
ankyrin-B (gAnkB), a large neuronal axon specific scaffold
protein. Through structural and biochemical analyses, we
unraveled the mechanisms underlying the high affinity and
specificity of this binding, leading to the discovery of a
consensus sequence motif capable of binding to ASAP1-SH3
with high affinity. A family of previously unknown ASAP1
binding partners was discovered and validated based on this
consensus sequence motif. Interestingly, like ASAP1, most of
these newly discovered ASAP1 binders are cytoskeleton reg-
ulators. The ASAP1 SH3/gAnkB peptide structure allowed us
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A strong and specific motif for binding ASAP1 SH3 domain

to design cell-penetrating peptides with exceptionally high
affinities in binding to the ASAP1-SH3 domain. We provided
proof-of-concept results showing that such cell-penetrating
peptides may be used to investigate the cellular functions of
ASAPs in the future.

Results
Identification of ASAP1 as a binding partner of gAnkB

The function of ASAP1 has been well established in cancer
cells, while its roles in neurons especially in neuronal axons
have not been well studied. As a part of our long-term interest
in understanding giant ankyrins’ function in neuronal axons,
we performed screening experiments trying to identify gAnkB-
associated axonal proteins. The 440-kD gAnkB is an essential
scaffold protein exclusively localized in neuronal axons,
regulating axonal plasma membrane and cytoskeletons
(42-44). Compared with the ubiquitously localized canonical
ankyrin-B splicing isoforms, gAnkB contains a giant axon-
specific disordered insertion, contributing to its axon-specific
clustering. We used purified recombinant proteins corre-
sponding to different fragments in the neuronal-specific giant
insertion as baits for searching binding proteins from mouse
brain lysates. In this study, a 250-residue fragment of gAnkB
protein (aa. 1476-1727), tagged with three streptavidin-
binding peptides (Strepll tags), was used as the bait protein.
Several distinct bands of affinity-purified proteins were
detected from the SDS-PAGE. Mass spectrometry analysis
identified several top-ranked candidates including ASAPI,
ASAP2, ANK2, ATP1A2, and ATP1A3 (Fig. 1A). Among
these, ANK2 (AnkB) should be the bait protein used for the
affinity purification. ATP1A2/A3 are also likely nonspecific
binders due to their high abundance in brain cells and their
frequent recoveries when using other unrelated proteins as
baits. ASAP1 and ASAP2 belong to the same family of Arf
GTPase-activating proteins and were recovered with very high
peptide sequence coverages (Fig. 14). Therefore, we tested the
interaction between ASAP1 and gAnkB by performing pull-
down experiments using purified 3 x Strepll tagged AnkB
protein as the bait and flag-tagged ASAPI1 full-length protein
expressed in HEK293 cells. As shown in Fig. 1B, the interac-
tion between AnkB and the full-length ASAP1 was robustly
detected.

SH3 domain of ASAP1 binds to a short fragment of gAnkB

ASAP1 comprises an N terminal BAR domain, a PH
domain, an Arf-GAP domain, and three ankyrin-repeats,
followed by a C terminal long-disordered region and an
SH3 domain (Fig. 1C). To confirm the direct binding be-
tween ASAP1 and gAnkB and to determine the exact sites
on both proteins responsible for the binding, we measured
the binding affinity using isothermal titration calorimetry
(ITC) with purified proteins. As depicted in Fig. 1, E and F
and summarized in Fig. 1D, the SH3 domain (aa.
1083-1147) of ASAP1 binds to gAnkB with a K4 ~0.19 uM.
Neither the proline-rich region (aa. 732-915) nor the “E/
DLPPKP”-repeat sequence (aa. 903-1082) displayed any
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interaction with gAnkB. Therefore, the ASAP1 SH3 domain
is responsible for binding to gAnkB. Similarly, to locate the
ASAP1 SH3 binding sites on the gAnkB, we truncated the
gAnkB bait fragment (aa. 1477-1792) into shorter segments
and determined their affinities with ASAP1 SH3 by ITC. As
summarized in Fig. 1D, the shortest sequence capable of
binding ASAP1 was mapped to a 12-residue fragment of
gAnkB (aa. 1699-1710). This short peptide is highly
conserved in vertebrate gAnkB (Fig. S1A), but does not exist
in gAnkB’s paralog ankyrin-G or ankyrin-R, suggesting that
ASAP1 is a specific gAnkB binder in animal brains. We
further note that the binding between ASAP1 and gAnkB is
the strongest interaction among all reported ASAP1-SH3
binding proteins (45). In addition, strong binding between
the SH3 domain of ASAP2, a homolog of ASAP1 that is also
identified in our AP-Mass, and gAnkB is also detected by
ITC (Kq ~68 nM; Fig. S1B). In the subsequent study, we
focused on ASAPI to study its interaction with gAnkB and
the derived conclusions should be applicable to ASAP2 as
well.

Crystal structure of the ASAP1-SH3/AnkB complex reveals a
new SH3 target binding mode

The binding of SH3 domains to their ligand peptides typi-
cally involves a minimal “P-X-X-P” motif. Curiously, the
ASAP1 SH3 binding peptide from gAnkB contains only one
proline residue, and yet the peptide binds to the SH3 domain
with an affinity (K4 ~0.19 UM) stronger than most of the re-
ported SH3/target interactions. To elucidate the mechanism
underlying the observed strong interaction between ASAP1
and gAnkB, we determined the crystal structure of ASAP1-
SH3 in complex with the gAnkB peptide at the atomic reso-
lution of 2.07 A (Fig. 2, A and B, Table 1).

In the complex structure, ASAP1-SH3 adopts the typical
five-stranded SH3 fold. The ASAP1-SH3 also contains two
SH3 domain-defining pockets (pockets I & II) responsible for
binding two proline residues in the canonical “P-X-X-P” motif
(Fig. 2, A and C) (40). In our structure, pocket I interacts with
the hydrophobic Ile instead of Pro at the 0 position and pocket
II accommodates Pro at the +3 position (Figs. 24, 44) from the
gAnkB peptide. Prominently, ASAP1-SH3 contains two highly
negatively charged pockets (pockets III and IV), with pocket III
interacting with Lys at the +2 position and pocket IV ac-
commodating Arg at the +5 position of the gAnkB peptide
(Figs. 2A and D, 4A). Most uniquely, ASAP1-SH3 contains a
large and flat negatively charged surface that interacts elec-
trostatically with Arg at the +6 position and likely also with Lys
at the +7 position (Figs. 24, S1, D and E). These charge-charge
interactions in three regions outside the pockets I and II un-
derlie the strong and specific interaction between gAnkB and
ASAP1-SH3.

To validate our structural model, key residues in the gAnkB
peptide were mutated to assess their effects on the binding to
ASAP1-SH3. As summarized in Fig. 2E, mutation of K1702 at
the +3 position to Glu weakened the interaction by ~264-fold;
reversing the charge of R1705 at the +6 position by Glu also
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Figure 1. Identification and binding-site mapping of ASAP1-gAnkB interaction. A, list of the top-ranked proteins identified by the affinity purification
and mass spectrum. “Coverage%" means the percentage of protein sequences that can be covered by all the identified peptides; “Area” means the highest
peak intensity of the mass spectrum peak corresponding to the peptide segment; “#Peptides” means the total number of peptides contained in the
identified protein; “Avg. Mass” means the average molecular weight of the protein. B, pull-down assay of the binding between purified gAnkB (aa.
1476-1727) to Flag-tagged full-length ASAP1 expressed in HEK293T cells. IB, immunoblot. C, domain organizations of human 440-kD gAnkB and ASAP1. The
minimal binding regions from the two proteins revealed from experiments in panel D are indicated by an arrow. D, affinity directed binding site mapping of
the interaction between gAnkB and ASAP1. Protein boundaries for each ITC-based binding reaction and derived dissociate coefficients are listed. Numbers
labeled in red mean these are the shortest fragments in each protein that possess the full binding capability. E, raw ITC curve showing ASAP1-SH3 binds to
gANnkB (aa. 1682-1731) with ~0.14 uM binding affinity. F, raw ITC curve showing ASAP1-SH3 binds to a 12-residue peptide derived from gAnkB (aa.
1699-1710) with ~0.19 uM binding affinity. gAnkB, giant ankyrin-B; ITC, isothermal titration calorimetry.

weakened the interaction by ~105-fold; a double mutation by
replacing K1702 and R1705 with Glu completely abolished the
interactions. These results support that the charge-charge in-
teractions are critical for the binding of ASAP1 SH3 to the
gAnkB peptide. Surprisingly, mutation of P1703 at the +3
position by a flexible Gly decreased the binding affinity by only
~3-fold, indicating the sole Pro residue in the gAnkB peptide
plays a minor role in the ASAP1 SH3 binding. Taken together,
the above structural and biochemical studies reveal that the
ASAP1 SH3 domain recognizes gAnkB chiefly via extensive
charge-charge interactions instead of the canonical “P-X-X-P”
motif-based bindings. The defining Pro residues are not
essentially for ASAP1 SH3 ligand peptides.

SASBMB

Mechanisms underlie the high affinity and specificity of the
ASAP1-SH3/gAnkB interaction

To elucidate the mechanism underlying the high affinity and
the unique interaction between ASAP1-SH3 and gAnkB, we
compared our structure with previously reported ASAP1-SH3/
APC (Protein Data Bank (PDB): 2rqu) (46) and ASAP1-SH3/
MICALI1 (PDB: 8hlo) (45) structures. Similar to the ASAPI1-
SH3/MICAL1 and ASAP1-SH3/APC structures, ASAP1-SH3
contains two additional highly negatively charged pockets
(pockets III and IV) for incorporating the conserved lysine
residue at the +2 position and arginine residue at the +5 po-
sition, in addition to the two SH3 domain signature pockets
(pockets I and II) (Fig. 3, A and B). Substantial differences in
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E Affinities of AnkB mutants with ASAP1-SH3
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Figure 2. Four binding pockets and a negative-charged surface patch are identified from the gAnkB/ASAP1-SH3 crystal structure. A, structure of
ASAP1-SH3 in complex with the gAnkB peptide. ASAP1-SH3 is shown in the surface charge potential model and the gAnkB peptide is shown in the stick
model. Four identified binding pockets on SH3 for AnkB binding are circled by green dashed lines, labeled as Pocket | ~ IV, respectively. A highly negatively
charged surface patch on SH3 is also circled by a green dashed line. Numbers within the brackets indicate the designated position of amino acid residue on
gAnkB (Fig. 4A for detailed positions). B, ribbon diagram of the ASAP1-SH3 domain in complex with gAnkB are depicted in an identical orientation as the
surface model in panel A for locating key gAnkB binding elements from the SH3 domain (Fig. 3C for detailed positions of amino acid residues in this
domain). G, ribbon diagram combined with the stick model showing the interact residues in pockets | and Il in the complex. D, stick model showing the
charge-charge interactions between ASAP1-SH3 and the gAnkB peptide in pockets Ill and IV (Figs. 3C and 4A for detailed positions of amino acid residues).
E, affinities of the gAnkB peptide mutants binding to ASAP1-SH3 determined by ITC. gAnkB, giant ankyrin-B; ITC, isothermal titration calorimetry.

their binding mode also exist. Instead of a proline residue of
the canonical “P-X-X-P” motif in MICAL1 or APC (SAMP
repeat 1 sequence), a highly conserved Ile at the 0 position in
gAnkB is responsible for interacting with pocket 1 in ASAP1-
SH3 (Figs. 24, 3B and 4A). MICAL1 completely lacks the
positively charged residues at the +6 and + 7 positions to
interact with a negatively charged flat surface unique to
ASAP1-SH3 (Figs. 3B and 4A), explaining the weaker binding
affinity of MICAL1 to ASAP1. APC has only one positively
charged Lys at the +6 position, and this Lys partially occupies
the negatively charged flat surface of ASAP1-SH3 and the rest
of the APC peptide turns away from the charged surface
(Figs. 3B and 4A), again providing an explanation to the
weaker binding of APC to ASAP1 (45). Interestingly, the res-
idue at the +3 position of APC is a Ser instead of Pro and this
Ser residue can also occupy pocket II of ASAP1-SH3 (Fig. 3, A

4 Biol. Chem. (2024) 300(10) 107762

and B), consistent with our result showing that the Pro at
the +3 position in gAnkB peptide is not essential for the
ASAP1 binding (Fig. 2E). In summary, the gAnkB peptide
make full use of all binding sites (pockets I ~ IV and the flat
negatively charged surface) on ASAP1-SH3 domain and thus
binds to ASAP1 with a high affinity.

Similar to what was revealed by Jia et al. (45), a unique “C-X-
X-(D/E)” sequence in the R/T-loop of ASAP1-SH3 creates a
negatively charged binding pocket (pocket III) for the lysine
residue at position +2 of the gAnkB peptide. This “C-X-X-(D/
E)” sequence is present in ASAP1, ASAP2, GRAF1, GRAF2,
GRAF3, and SKAPI, but not in the SH3 domains of other
proteins. Comparing the sequences of the SH3 domains in these
proteins revealed a series of residues in ASAP1-SH3 essential
for gAnkB binding but partially or totally missing in GRAF1,
GRAF2, GRAF3, or SKAP1 (Fig. 3C). The aspartic acid D1102

SASBMB
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Table 1
Crystallographic data collection and refinement statistics

Data collection ASAP1/AnkB
Space group P1
Wavelength (A) 0.979183

Unit cell parameters

a, b, c (A)

o By () .
Resolution range (A)
No. of unique reflections

39.9225, 52.0739, 56.9089
111.416, 90.1631, 112.462
32.49-2.07 (2.12-2.07)
23,173 (1695)

Redundancy 3.2 (2.8)
I/o 8.1 (5.7)
Completeness (%) 97.6 (95.4)
Rinerge" (%) 12.1 (21.3)
CCypp 0.941 (0.674)
Structure refinement

Resolution (A) 2.07

Riory (%) 18.49 (19.80)

Reree (%) 22.47 (26.28)

Root-mean-square deviation

Bonds (A) 0.009

Angles (°) 1.559

Average B factor (A% 17.37

No. of atoms

Protein 4425

Water 313

Other molecules 1

No. of reflections

Working set 23,129

Test set 1131

Ramachandran plot (%)

Favored 99.22

Allowed 0.78

Outliers 0.00

Numbers in parentheses represent the values for the highest resolution shell.

“ Ryperge = Z|I; - <I>|/ X1, where I; is the intensity of measured reflection and < I > is
the mean intensity of all symmetry-related reflections.

bcg, 2 was defined in Karplus and Diederichs (2012).

“ Ryork = Zw||Featc| = |Fobs|l/Z|Fobs|, where Fops and Feyc are observed and calculated
structure factors. W is working dataset of about 95% of the total unique reflections
randomly chosen and used for refinement.

% Revee = Z7||Feate| = |Fobsl|/Z|Fobs|, where T is a test dataset of about 5% of the total
unique reflections randomly chosen and set aside prior to refinement.

in the R/T-loop is in pocket IV and critical for binding to Arg
(+5 position, Fig. 4A). This residue is missing in the GRAF
family proteins (Fig. 3C). E1118 of ASAP1 at the end of the 2
strand also forms part of the pocket IV (Fig. 4A4). This residue is
missing in SKAP1 and the GRAF family SH3 domains (Fig. 3C).
Finally, D1119 and E1121 of ASAPI, located in the loop be-
tween 2 and B3, together form the negatively charged flat
surface patch interacting with the positively charged residue at
the +6 and + 7 positions of gAnkB. These two negatively
charged residues are partially or totally missing in SKAP1 and
the GRAF family SH3 domains (Fig. 3C). Taken together, the
above structure-based amino acid sequence analysis uncovers
the molecular basis underlying the highly specific target
recognition mechanism by the ASAP1/2 SH3 domains.

Consensus sequence motif of ASAP1-SH3 binders and
identification of new high-affinity ASAP1 binding partners

Based on the analysis presented above, a consensus binding
motif can be deduced as peptide ligands that may bind to the
ASAP1-SH3 domain with high affinity and specificity. The
motif can be summarized as ®-[K/R]-K-P-{P/G/S}-R-[K/R]-
{D/E}, as illustrated in Fig. 4B. Here, ® at position 0 denotes
hydrophobic residues, together with proline at position +3,
contributing hydrophobic packing forces to pocket I and II

SASBMB

respectively; [KR] at +6 position represents positively charged
lysine or arginine residues for binding negatively charged
patch; [KR] at +1 position is highly conserved in gAnkB and
other ASAP1-SH3 binders;{P/G/S} in curly brackets indicates
that this position should not be Pro, Gly, or Ser, to avoid their
potential influence on the backbone freedom; R at position +5
is responsible for interacting with pocket IV; {D/E} in curly
brackets means that negatively charged residues are not well-
tolerated at this position due to the negatively charged sur-
face patch of the SH3 domain. We searched the SWISSPROT
protein sequence database to identify potential ASAP1-SH3
binding proteins. A total of 20 proteins containing such
sequence motifs were found in the human and mouse pro-
teomes (Table S1). Among these 20 proteins, we further nar-
rowed down the ones that contain evolutionarily conserved
predicted ASAP1 SH3 binding motifs for further validation.
We discovered that proteins including Claspl, Limkl, and
ALS2 exhibited specific binding to the ASAP1-SH3 domain
(Fig. 4, C and D). In addition, an additional search for proteins
containing the imperfect [K/R]-K-P-{P/G/S}-R-[K/R]-{D/E}
motifs recovered 53 human or mouse proteins as potential
ASAP1 SH3 binders (Table S2). We picked DAPK3, ARH-
GEF7 (B-Pix), and PHIP among this list of proteins, again
because the identified sequence motif in each of these proteins
is evolutionally conserved. Satisfyingly, peptide fragments
containing the identified sequence motif derived from DAPK3,
ARHGEF?7 (B-Pix), and PHIP withal bind to ASAP1-SH3 with
submicromolar Ky values (Fig. 4, C and E). Pull-down assays
using the full-length proteins further confirmed their in-
teractions with ASAP1-SH3 (Fig. S2). It is noted that the
residue at the O position of the ASAP1-SH3 binding motif
from DAPK3, ARHGEF7 (B-Pix), and PHIP is neither a Pro
nor a hydrophobic residue, further indicating that the canon-
ical pocket I and pocket II binding Pro residues (i.e., the Pro
residues in the canonical “PXXP” motif) are not essential for
the ASAP1-SH3 binding ligands. In contrast, the negatively
charged pocket III, pocket IV, and the negatively charged flat
surface illustrated in Fig. 2A are more critical in defining the
cognitive ligands for the ASAP1 SH3 domain.

Notably, many of the newly identified binding partners, for
example, Limk1, are associated with the cytoskeleton remod-
eling function of ASAPI1. Limk1 serves as an upstream regu-
lator that phosphorylates cofilin to regulate actin
polymerization in many biological processes. Similar to the
known ASAP1-SH3 domain binding kinases FAK1 and PYK2,
Limk1 plays significant roles in the functions of invadosomes
(3, 30, 47, 48), fitting with reported ASAP1’s roles in invado-
somes. In our preliminary in vitro test using recombinant
Limk1 kinase protein, we unexpectedly found that the ATP
consumption was greatly promoted upon the addition of
ASAP1-SH3 to the Limk1 solution, and such ATP hydrolysis is
ASAP1-SH3 dose-dependent (Fig. 4F). Further in vitro Limk1
phosphorylation assay using a pan phospho-tyrosine antibody
(CST, Cat. 89545, lot: 8) to detect the phosphorylated proteins
was conducted, and myelin basic protein (MBP) was used as a
model substrate of Limk1 in the assay (49). As demonstrated in
Fig. S3, A, B and D, SH3 can be phosphorylated by Limk1 in a
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Figure 3. Mechanisms underlying the high affinity binding between ASAP1-SH3 and gAnkB. A, the ASAP1-SH3/gAnkB structure is aligned with the

ASAP1-SH3/APC (PDB: 2rqu) and ASAP1-SH3/MICAL1 (PDB: 8hlo) structures.
the SH3 from the ASAP1-SH3/gAnkB structure is shown. B, surface charge

As SH3 domains from these structures are almost identical, for simplicity, only
potential model combined with the stick model showing the bindings of the

gAnkB, APC, and MICAL1 peptides to ASAP1-SH3. The side chains of the residues from the peptide ligands binding to pockets | ~ IV are drawn in the stick

model. C, sequence alignment of six SH3 domains that contain the “C-X-X-

essential for binding to gAnkB are boxed in red. Key residues forming the
structure). gAnkB, giant ankyrin-B; PDB, Protein Data Bank.

time-dependent and dose-dependent manner. Notably, our
results indicate that the Limk1 kinase domain can phosphor-
ylate itself in vitro (Fig. S3, E and F). Additionally, SH3 was
found to inhibit this autophosphorylation process (Fig. S3, A, C
and D). Surprisingly, the inclusion of SH3 in the reaction
system appeared to enhance Limkl kinase activity, as evi-
denced by the increased phosphorylation of MBP or SH3
(Fig. S3, A and C). This effect may be attributed to the inhi-
bition of Limkl autophosphorylation by SH3, which in turn
activates the kinase activity. More in-depth studies should be
conducted in the future to confirm the existence of this phe-
nomenon in living cells and to delineate the precise underlying
mechanism.

Designed cell penetrating super strong ASAP1-SH3 binding
peptides

Given the ability of ASAP1-SH3 to bind to many proteins
involved in various biological processes, understanding the
mechanisms of ASAP1 in living cells are challenging. Here,
we aimed to develop a potent inhibitory peptide capable of
effectively blocking the bindings of ASAP1/ASAP2’s SH3
domains to all of its binding target proteins. Five peptides
were designed and assessed with the results depicted in
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D/E" motif in the RT-loop. Negatively charged residues in ASAP1-SH3 that are
pocket | and Il are pointed by blue triangles (Fig. 2C for their positions on the

Fig. 5A. Peptide 1 (P1), a chimera of APC and gAnkB,
displayed a higher affinity (K4 = 64.0 £ 7.1 nM) for ASAP1-
SH3 compared to the individual APC or gAnkB peptides.
Peptide 2 (P2), which substituted proline at position 0 of
the motif with isoleucine, did not enhance affinity. Peptide 3
(P3), where glutamic acid at position +10 was changed to
arginine, showed no improvement in affinity. Peptide 4 (P4),
a chimera of MICAL1 and gAnkB, exhibited a similar af-
finity (K4 = 66.2 = 11.1 nM) to P1. Remarkably, peptide 5
(P5) demonstrated an exceptionally strong binding affinity
for ASAP1-SH3 (K4 ~7.0 nM, Fig. S4A) and ASAP2-SH3
(Kq ~27.1 nM, Fig. S4B), as well as potent ability to inhibit
ASAP1-SH3 from binding to its partners (Fig. S4C). P5 was
specifically designed based on the solved gAnkB/ASAPI1-
SH3 structure, with the addition of proline and isoleucine
at the -1 and -2 positions, respectively, to enhance hydro-
phobic interactions with the hydrophobic surface peripheral
to pocket I on SH3, and the inclusion of a positively
charged "KRR" sequence at positions -3 to -5 to facilitate
charge-charge interactions with the negatively charged
surfaces on SH3 (see predicted structure of the P5/SH3
complex by AlphaFold3; https://alphafoldserver.com,
Fig. S4D). To test the specificity of P5 toward different SH3
domains, five representative SH3 domains from various
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Figure 4. Consensus sequence motif and newly identified ASAP1-SH3 binding partners. A, sequence alignment of the known (MICAL1 and APC) and
newly identified ASAP1-SH3 binding ligand peptides. For APC, its first SAMP repeating sequence region was shown. Arbitrarily assigned positions of the
motif are displayed on the top. B, consensus sequence motif of ASAP1-SH3 binders. ® represents hydrophobic residues; [K/R] means either lysine or
arginine; {P/G/S} means any amino acid except for proline, glycine, and serine; {D/E} means any amino acid except for negatively charged residues.
Arbitrarily assigned positions of the motif are displayed on the top. C, summary of the newly discovered ASAP1-SH3 binding partners with corresponding
binding dissociation coefficient determined by ITC. D, Raw ITC curves showing the bindings of newly discovered peptides derived from ALS2, CLASP1,
DAPK3, and LIMK1 to ASAP1-SH3. E, Raw ITC curves showing the bindings of newly discovered peptides derived from ARHGEF7 and PHIP to ASAP1-SH3. F,
quantification of the LIMK1 kinase phosphorylation assays with indicated concentrations of ASAP1-SH3 and Trx-strep (control). The Y-axis shows the ATP
conversion rate (Fold change compared to the control group that without adding ASAP1-SH3 or Trx-strep). **p = 0.0079 was calculated using the Mann-
Whitney test for concentration higher or equal to 1250 nM and data were shown as mean + SD (n = 5, from three different experiments). ns, not significant.
ITC, isothermal titration calorimetry.
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Figure 5. Designed peptides blocking ASAP1-SH3 and modifications to promote cell-penetrating activity of the peptide. A, summary of the
sequence and binding affinity of the designed peptides for blocking ASAP1-SH3. Black residues derived from gAnkB. Blue residues derived from APC or
MICAL1. Red residues represent designed mutations. B, representative fluorescence images of Hela cells treated with indicated concentrations of FITC
labeled scrambled control (Ctrl) peptide or P5 peptide with P5 exhibiting strong cell-penetrating ability. The scale bar represents 20 um. C, quantification of
normalized mean fluorescence intensity of cells treated with indicated concentrations of scrambled control or P5 peptides for 24 h. Data are mean + SD of
three independent experiments with n = 56 cells for 5 UM and n = 118 cells for 25 pM. **p = 0.0025, ****p < 0.0001; the two-tailed unpaired Student’s t test
was used to compare P5_5 UM versus P5_25 M. The Mann-Whitney test was used to compare Ctrl_5 [\M versus P5_5 pM and Ctrl_25 M versus P5_25 puM.
D, sequence alignment of the modified P5 peptides for promoting the endosome escaping. Residues shown in purple are designed elements to promote
endosome escaping. The red-colored “R" represents additional arginine residues added to the P5 peptide for promoting cell penetrating ability. The green-
colored residues are positions where FITC fluorophore is labeled. “-NH2" means the carboxyl end of the peptide is amidated to neutralize the negative
charge. (PEG)s in FWF peptide represents a spacing linker that is composed of six consecutive ethylene glycol molecules. E, quantification of normalized
mean fluorescence intensity in the cytosol of cells treated with 10 UM of S19, LLL, FWF, or His8 peptides for 24 h. Data are mean + SD of three independent
experiments with n = 60 cells. ***p = 0.0006, ****p < 0.0001; as determined by the Mann-Whitney test. F, quantified wound closure percentage of Hela cells
pretreated with 40 UM His8 or Ctrl peptides at different time points. Data are mean + SD of five independent experiments. ***p = 0.0009; as determined by
the two-tailed unpaired Student's t test. Representative images are shown in Fig. S5H. G, quantified percentage of migrated cells pretreated with 40 pM Ctrl
or His8 peptides in the nonmatrigel-coated (uncoated) chamber in the transwell assay. Data are mean + SD of three independent experiments with n = 12
random fields. **p = 0.0051; as determined by the two-tailed unpaired Student’s t test. Representative images are shown in Fig. S5/. H, quantified per-
centage of invaded cells pretreated with 40 UM Ctrl or His8 peptides in matrigel-coated chamber in the transwell assay. Data are mean + SD of three
independent experiments with n = 12 random fields. ***p = 0.0004; as determined by the two-tailed unpaired Student’s t test. Representative images are
shown in Fig. S5J. gAnkB, giant ankyrin-B.

proteins, each involved in unique biological processes
related to cellular functions of podosomes/invadosomes,
were selected to examine their interaction with P5 (50-54).
Each of these five SH3 domains represents a member of
divergent SH3 subtypes, as defined by their structural and
functional characteristics (for details, see References (55,
56)). Remarkably, our ITC experiments revealed that none
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of these SH3 domains showed detectable bindings to P5
(Fig. S4, E-I). Notedly, one of these five SH3 is from
SKAP1, which exhibits a high degree of sequence similarity
with ASAP1-SH3 (Fig. 3C), and belongs to the same sub-
group as ASAPI1-SH3. These experiments support our
conclusion that the P5 peptide has high specificity in
binding to ASAP1/2 SH3 domain.
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The P5 peptide is short, highly positive charged, and with
several hydrophobic residues, which are hallmarks of certain
cell-penetrating peptides reported in the literatures (57).
Indeed, P5 displayed efficient cell penetration, and a control
peptide with a scrambled sequence of P5 showed low cell
penetration activity (Fig. 5, B and C). However, a substantial
portion of the internalized peptides became trapped in endo-
somes (Fig. 5B), a common limitation known for many cell-
penetrating peptides and hindering their applications (57,
58). To promote endosome escaping of P5, various strategies
were explored by incorporating additional endosome-escaping
moieties (58—-61) into the peptide as depicted in Fig. 5D.
Among the modified P5 peptides, Aure-KL and Aure-RR were
deemed too toxic for cells (Fig. S4J). Both FWF and His8
peptides demonstrated efficient cell penetration and better
endosome escaping abilities, whereas S19 and LLL exhibited
weaker effects on endosome escape, despite retaining good
cell-penetrating abilities (Figs. 5E, S4K). Subsequently, before
His8 was selected to evaluate its impact on HeLa cell migration
and metastasis through wound healing and transwell assays,
we confirmed His8’s high affinity (Fig. S5, A and B) and high
selectivity toward ASAP1/2-SH3 (Fig. S5, C-G), indicating
that modifications on P5 did not perturb its interactions with
ASAP1/2. As illustrated in Fig. 5, F-H (Fig. S5, H-J for
representative images), the His8 cell-penetrating peptide
reduced migration, speed, and metastatic activity in HeLa cells.
Our control experiments confirmed that these phenotypes are
not due to altered cell proliferation (Fig. S5K) or certain
nonspecific effects of the peptide loaded to the cells (Fig. S6).
In short, this result provides proof-of-concept evidence
showing the use of the His8 peptide in manipulating ASAP1/2
function in cells.

Discussion

New binding partners of ASAP1 and cell penetrating SH3-
blocking peptides

SH3 domains usually exhibit binding affinities above the
micromolar range, lacking high specificity. However, our
current study unveiled a robust and specific interaction be-
tween the SH3 domain of ASAPI1 and a unique short peptide
fragment from gAnkB, characterized by a Kyq value of
0.19 + 0.02 uM. Structural and biochemical analyses of this
interaction identified a consensus sequence motif for pre-
dicting high-affinity binders of ASAP1-SH3, leading to the
discovery of many previously unrecognized ASAP1 binders.
All predicted binders, Clasp1, B-Pix, DAPK3, PHIP, and Limk1
to ASAP1-SH3, were tested positive in binding to ASAP1-SH3,
and most of them with submicromolar binding affinities.
These newly discovered ASAP1 binders as well as previously
identified ASAP1-SH3 binding proteins such as APC,
MICALLI, FAKI, and PYK2 are all known cytoskeleton mod-
ulators, suggesting a general role of ASAPs in cytoskeleton
regulation.

ASAP1 and ASAP2 share high structural and sequence
similarities, thus functional redundancy of these two paralogs
may exist and thereby complicate their functional studies in
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living cells. Both of their SH3 domains could potentially
interact with many proteins, underscoring the necessity of a
genetically encodable blocking peptide to simultaneously block
the SH3 domain of ASAPs and effectively modulate ASAP1/2’s
function in living cells. Our design of a super high-affinity
binding peptide for ASAP1-SH3 with a K4 ~7 nM, which is
tenfold stronger than the known strongest natural binding
proteins of ASAP1-SH3, represents a significant advancement.
To the best of our knowledge, this binding interaction repre-
sents one of the strongest SH3-ligand interactions identified in
the proteome to date (Table S3) (62-68). Additionally, the
robust cell-penetrating abilities of this peptide should facilitate
the use of the peptide (derivatives to be developed in the
future) for cellular manipulations of ASAPs.

ASAP1 may function in neuron axons to regulate
cytoskeletons

Cytoskeletons are tightly regulated due to the demanding
functions and the extreme morphologies of neuronal axons
(69-71). gAnkB, a high-risk factor for autism spectrum dis-
orders (43, 72, 73), exclusively localizes to axons and is
essential for axon development. We and others showed that
gAnkB is a potent inhibitor of stochastic collateral axon
branching by its ability to regulate microtubule dynamics and
coupling microtubules with axonal plasma membranes, defects
in which contributes to the formation of aberrant neuronal
connections manifested in the autism models of rodents (43,
44). Similarly, ASAP1 can directly bind to actins and lipid
membranes (8, 27, 74), though the roles of such interactions in
axons have not been investigated. Additionally, ASAP1 may
function through regulating the activity of ARF GTPases,
which have been implicated in the regulation of membrane
trafficking (75-77) and cytoskeletal remodeling (78, 79). The
reported ASAP1-SH3 domain binding partners such as APC,
FAK1, PYK2, and paxillin as well as Claspl/2, B-Pix, and
Limk1 identified in this study all exist in axons (80-87), and
they are all known to regulate actin and/or microtubule
structures, suggesting a role of ASAPI in organizing these
cytoskeletal regulatory proteins in axons, contributing to axon
development and functions, which is an attractive direction for
future studies.

Roles of ASAP1 in invadosomes and cancer metastasis

Cell invasion occurs in both physiological and pathological
processes, such as immune surveillance or cancer metastasis
(88). Invadosomes, encompassing podosomes, and invadopo-
dia, serve as critical structures that mediate cell proteolytic
invasion. ASAP1 bridges cortactin and paxillin with its
proline-rich region and SH3 domain respectively, forming a
tripartite complex that is indispensable for invadosome for-
mation (5, 89). Moreover, many other ASAP1 binding pro-
teins, including Arf6, Cin85, Src, FAK1, PYK2, and Limk1 are
also known as necessary components of invadosomes, posi-
tioning ASAP1 as a key player in cell invasion processes (23,
47, 48, 90-94). On the other hand, ASAP1/ASAP2, together
with some of their SH3 domain binder, like cortactin, paxillin,
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and FAKI, have been strongly implicated in tumor invasion as
well as malignancy, correlated with their highly upregulated
expression in tumors and their direct involvements in invasive
activities (2, 5, 16-23, 29, 95). Disruption of the cortactin-
ASAP1-paxillin complex, either by overexpressing the ASAP1-
SH3 domain or microinjection of peptides suppress ASAP1/
cortactin interaction, has shown inhibitory effects on breast
cancer cell invasion through matrigel (5, 17) or metastases
formation in living animals (5). These observations supported
the potential clinical values of the cell-penetrating peptide
inhibiting ASAP1/2-SH3/target interaction in cancer metas-
tasis developed in this study.

Experimental procedures
Constructs, protein expression, and purification

The coding sequences of the ASAP1 constructs were PCR
amplified from a mouse brain coding DNA library. The coding
sequences of AnkB constructs were PCR amplified from the
full-length human 440-kD AnkB (a gift from Dr Vann Bennett,
Duke University). Claspl, Clasp2, and APC coding sequences
were PCR amplified from mouse brain or human HEK293T
complementary DNA libraries. All of the constructs used for
protein expression were cloned onto a home-modified pET32a
vector with or without a 3 x Strepll tag. All truncation mu-
tations or point mutations were produced with the same
strategy as described in our previous study (96). Protein
expression and purification protocols are the same as previ-
ously described (96, 97). Recombinant proteins were expressed
in BL21 (DE3) codon-plus Escherichia coli cells with induction
by 0.1 mM IPTG at 16 °C. The N-terminal thioredoxin-Hise-
tagged (Trx- Hise) proteins were purified using Ni**-NTA
agarose affinity column followed by size-exclusion chroma-
tography (Superdex 200 column from Cytiva) in the final
buffer containing 50 mM Tris—HCI, pH 7.8, 1 mM DTT, and
1 mM EDTA, 100 mM NaCl. FITC-labeled peptides were
chemically synthesized and checked with mass spectrum by

ChinaPeptides (QYAOBIO) Co, Ltd.

Affinity purification and mass spectrum identification

The mouse brain specimens were obtained in accordance
with the ethical review of laboratory animal welfare at
Shenzhen Bay Laboratory. The brain tissue was immediately
homogenized in a buffer solution consisting of 50 mM Hepes
(pH 7.2), 600 mM NaCl, 15% glycerol, 0.1% Triton-X100,
20 mM CHAPS, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
and a protease inhibitor cocktail (Cat. No. P8340, Sigma-
Aldrich). The homogenates were then subjected to centrifu-
gation at 90,000¢ for 40 min using an Ultracentrifuge (Optima
XPN 100, Beckman Coulter). The resulting supernatant was
dialyzed in a buffer solution containing 20 mM Hepes (pH
7.2), 200 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM EGTA,
and 1 mM DTT, followed by another round of ultracentrifu-
gation at 100,000g for 40 min. The protein concentration in
the supernatant was determined using the Bradford assay, and
the sample was prepared for the affinity purification.

10 J Biol. Chem. (2024) 300(10) 107762

For the affinity purification, the bait protein (gAnkB
1476-1727) was purified as a Trx-Hisg-3 x Strepll tag fusion
protein, and conjugated to the Strep-Tactin Sepharose beads
(Cytiva). Brain lysate (1 ml for each sample) was firstly pre-
cleared by Strep-Tactin beads and then mixed with the bait
protein conjugated beads (20 pul dry volume for 1 ml lysate),
and incubated for 15 min, then centrifuged at 1000g for 1 min.
The pellets containing the beads were washed three times with
the dialysis buffer and then applied to SDS-PAGE. The SDS-
PAGE gel was stained by Coomassie brilliant blue G-250,
and protein bands were dissected for protein identification by
mass spectrometry by Omicsolution Ltd.

Pull-down and western blot experiments

HEK293T cells transfected with Flag-tagged full-length
ASAP] plasmids were harvested 24 h posttransfection. Cells
were lysed in a lysis buffer containing 50 mM Tris pH 7.5,
100 mM NaCl, 1 mM DTT, 1% Triton X-100, and protease
inhibitors (Sigma-Aldrich Cat. NO. P8340). The supernatant
was obtained by centrifugation at 15,000¢ for 10 min at 4 °C,
and then diluted four-fold with PBS. Purified gAnkB 1476 to
1727 proteins (fused with Trx-His6-3 x Strepll tag) was added
to the diluted supernatant and incubated for 30 min. After-
ward, it was mixed with 20 pl of Strep-Tactin beads and
incubated for 10 min at 4 °C, followed by three washes with
PBS bulffer. Finally, the beads with bound proteins were mixed
with loading buffer and boiled at 100 °C for 5 min, and
detected by Western blotting using a mouse monoclonal anti-
Flag antibody (Sigma-Aldrich, Cat. NO. F3165). For pull-down
experiments in Fig. S2, a similar method was used.

Isothermal titration calorimetry assay

ITC assays were carried out with the same protocol as
described earlier using an ITC200 or a PEAQ-ITC MicroCal
calorimeter (Malvern Panalytical) (96). Briefly, in each titration
a purified protein was loaded into the syringe (at 300 UM, if
not specified) and injected into the sample cell containing a
binding partner (30 pM, if not specified). The reaction tem-
perature was set to 25 °C, each experiment contained 19
titration points and the first titration point was discarded for
data analysis. Data were analyzed and fitted using the pro-
grams provided by the manufacturer.

Crystallography

All crystals were obtained by sitting drop vapor diffusion
methods at 16 °C. Crystals of gAnkB 1699 to 1710 in complex
with ASAP1-SH3 were grown in solution containing 0.1 M
Mes monohydrate, pH 6.0, 20% w/v polyethylene glycol 6000.
Crystals were cryoprotected with 25% (v/v) glycerol and flash-
cooled to 100 K. X-ray diffraction data were collected at the
BL02U1 beamline of the Shanghai Synchrotron Radiation Fa-
cility. Data were processed and scaled using DIALS (98).
Structures were solved by molecular replacement using
PHASER (99), using the structure of the SH3E-DH unit of
murine intersectin-1L (PDB: 3JV3) as the searching model.
The model of AnkB peptide was manually built according to
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Fo-Fc difference maps in COOT (100). Further model building
and refinement were completed iteratively using COOT (100)
and Refmac5 (101). The final models were validated by Mol-
Probity (102) and statistics are summarized in Table 1. All
structure figures were prepared by PyMOL (http://www.

pymol.org).

Limk1 kinase phosphorylation assay

To evaluate the influence of SH3 protein on Limkl kinase
activity, a quantitative phosphorylation assay was conducted us-
ing the LIMKI1 Kinase Enzyme System kit (Promega,
Cat#VA7482) in accordance with the manufacturer’s guidelines.
Briefly, SH3 or Trx-strep proteins were prepared at specified
concentrations in reaction buffer [40 mM Tris—HCl (pH 7.5),
20 mM MgCl, and 0.1 mg/ml bovine serum albumin (BSA),
50 uM DTT]. Subsequently, 1 pl of each protein solution was
combined with 2 pl of Limk1 kinase solution and incubated for
10 min at room temperature to facilitate reaction. Three micro-
liters of kinase samples were transferred to a 384-well plate and
mixed with 2 pl of a 2.5 x ATP/Substrate (Native Swine Myelin
Basic Protein) solution (250 pM ATP and 0.5 mg/ml Limkl
substrate). Following a brief centrifugation step at 4000g for
2 min, the kinase reactions were allowed to proceed for 60 min at
room temperature. To terminate the reactions and initiate
detection, 5 Ul of ADP-Glo reagent was added to each well, fol-
lowed by gentle mixing and a 60-min incubation at room tem-
perature. This reagent depletes residual ATP, leaving only ADP
for subsequent quantification. Next, 10 [l of kinase detection
reagent was added to each well, followed by mixing and a final 60-
min incubation at room temperature. This reagent generates a
luminescent signal proportional to the amount of ADP present.
Luminescence was measured using a BioTek plate-reading
luminometer. The resulting data were then used to calculate
the ATP conversion ratio for each reaction based on a previously
generated ATP-to-ADP standard curve.

In vitro Limk1 phosphorylation assays were performed in re-
action buffer containing 40 mM Tris (pH 7.5), 20 mM MgCl,,
0.1 mg/ml BSA, 50 pM DTT, and 100 uM ATP at room tem-
perature for 15 min or indicated times in the figures. Proteins
were used as follows: Limk1 kinase domain 0.6 uM, ASAP1-SH3
(30 M), MBP (0.5 mg/ml), and ASAP1-SH3 (30 M) + MBP
(0.5 mg/ml) if not specified. For time-dependent Limk1 auto-
phosphorylation assay, 3 tM Limk1 kinase protein was used. For
the Western blot of the phosphorylated proteins, the samples
were applied to gradient SDS-PAGE gels and transferred to
polyvinylidene fluoride membranes. After blocking for 1 h in 5%
BSA, the membranes were incubated overnight at 4 °C with
Phospho-Tyrosine antibody (Cell Signaling Technology, Cat.
8954S, Lot: 8), followed by secondary antibody staining for 1 h.
Signals were detected with a Clarity Western ECL Substrate (Bio-
Rad) by Amersham ImageQuant 800 machine and quantified
using Image] software (https://fiji.sc/).

Transwell assay

Cell migration and invasion assays were performed in HeLa
cells (From American Type Culture Collection, validated and
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tested free from mycoplasma contamination by sequencing) us-
ing Transwell chambers (Corning, #353097). For invasion assays,
the upper chamber membranes were coated with Matrigel
(Corning, #CLS354234), while membranes for migration assays
were left uncoated. HeLa cells (3 x 10* cells/well) pretreated with
the indicated cell-penetrating peptides for 24 h were seeded in
serum-free medium within the upper chamber. A chemo-
attractant gradient was established by adding medium containing
20% fetal bovine serum to the lower chamber. Following a 24-h
incubation period, the cells on the membrane were fixed with
4% paraformaldehyde and stained with crystal violet. Both non-
migrated/invaded cells and migrated/invaded cells were imaged
and quantified using Image]J software.

Wound healing assay

To assess cell migration in a collective manner, a wound
healing assay was used. HeLa cells (From American Type Culture
Collection, validated and tested free from mycoplasma contam-
ination by sequencing) pretreated with the indicated cell-
penetrating peptides for 24 h, were seeded at a density of
around 2.0 x 10* cells/well in the 2-well silicone insert (ibidi,
#80209). After the formation of a confluent cell monolayer, the
inserts were gently removed, creating a defined cell-free gap of
approximately 500 + 100 im. The progression of wound closure
was monitored and imaged at predetermined time intervals using
an Olympus CKX53SF inverted microscope. Image] software was
used to quantify the wound area at each time point, enabling the
determination of the wound closure rate.

EdU assay

To evaluate cell proliferation, a 5-ethynyl-2'-deoxyuridine
(EdU) incorporation assay was conducted. HeLa cells pre-
treated with indicated cell-penetrating peptides were seeded in
glass-bottom cell culture dishes (Biosharp, #BS-15-GJM) and
allowed to reach 70 to 80% confluence. Subsequently, the cells
were incubated with 10 puM EdU working solution (Beyotime,
#C0081S) for 2 h at 37 °C to enable EAU incorporation into
newly synthesized DNA. Following the incubation period, cells
were fixed with 4% paraformaldehyde, permeabilized with 0.3%
Triton X-100 in PBS, and stained using the Click-iT EdU
imaging kit according to the manufacturer’s instructions.
Hoechst 33342 was used to counterstain all nuclei. Images
were acquired using a Zeiss LSM980 confocal microscope, and
the percentage of EdU-positive cells, indicative of proliferating
cells, was determined using Image] software.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
9.0 (https://www.graphpad.com/). Data are presented as the
mean = SD. When data assume Gaussian distribution
confirmed by Shapiro—Wilk test, a two-tailed unpaired Stu-
dent’s ¢ test was used to compare means between groups as
specified. Otherwise, a Mann-Whitney test was conducted.
p < 0.05 was considered significant. Each p value and the
sample size are indicated in figure legends. Quantification of
microscopy was performed using image J (Fiji; https://fiji.sc/).
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