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Abstract: The ankyrin repeat-rich membrane spanning (ARMS), a transmembrane neuronal scaffold
protein, plays a fundamental role in neuronal physiology, including neuronal development, polarity,
differentiation, survival and angiogenesis, through interactions with diverse partners. Previous
studies have shown that the ARMS negatively regulates brain-derived neurotrophic factor (BDNF)
secretion by interacting with Synaptotagmin-4 (Syt4), thereby affecting neurogenesis and the devel-
opment and function of the nervous system. However, the molecular mechanisms of the ARMS/Syt4
complex assembly remain unclear. Here, we confirmed that the ARMS directly interacts with Syt4
through its N-terminal ankyrin repeats 1–8. Unexpectedly, both the C2A and C2B domains of Syt4 are
necessary for binding with the ARMS. We then combined the predicted complex structural models
from AlphaFold2 with systematic biochemical analyses using point mutagenesis to underline the
molecular basis of ARMS/Syt4 complex formation and to identify two conserved residues, E15 and
W72, of the ARMS, as essential residues mediating the assembly of the complex. Furthermore, we
showed that ARMS proteins are unable to interact with Syt1 or Syt3, indicating that the interaction
between ARMS and Syt4 is specific. Taken together, the findings from this study provide biochemical
details on the interaction between the ARMS and Syt4, thereby offering a biochemical basis for the
further understanding of the potential mechanisms and functional implications of the ARMS/Syt4
complex formation, especially with regard to the modulation of BDNF secretion and associated
neuropathies.

Keywords: ARMS; Syt4; BDNF secretion; C2 domain; ankyrin repeats

1. Introduction

The ankyrin repeat-rich membrane spanning (ARMS), also known as kinase D-interacting
substrate of 220 kDa (Kidins220), is a multifunctional scaffolding membrane protein in-
volved in the regulation of a variety of cellular activities, particularly neural differentiation
and cytoskeletal remodeling [1–4]. ARMS is preferentially expressed in the nervous system
and binds to Trio, SCG10 and SCLIP to regulate actin and the microtubule cytoskeleton,
thus playing a vital role in the coordination of cellular processes such as cell migration, cell
polarity and cell cycle regulation [2,5,6]. Evidence has been shown that elevated ARMS pro-
tein levels were found in the brains of Alzheimer’s disease (AD) and Huntington’s disease
(HD) patients, as well as in related disease models [7,8]. One of the explanations of ARMS-
related pathologies is that ARMS is a negative regulator of brain-derived neurotrophic
factor (BDNF) secretion in both CNS and PNS neurons [8,9].

Int. J. Mol. Sci. 2023, 24, 16993. https://doi.org/10.3390/ijms242316993 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms242316993
https://doi.org/10.3390/ijms242316993
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0000-0421-3888
https://orcid.org/0000-0003-3192-2780
https://doi.org/10.3390/ijms242316993
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms242316993?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 16993 2 of 13

ARMS acts as an interaction hub to recruit diverse binders, including neurotrophins and
Trk receptors [10], and the depletion of ARMS causes embryonic lethality in mice [11–14].
BDNF is one of the most widely distributed and extensively studied neurotrophic factors
in the mammalian brain. It is critical for neurogenesis and the development and functional
maintenance of the nervous system [15–21], and BDNF levels are found to be reduced in
patients or animal models with neurodegenerative diseases such as AD and HD [22–25].

In neurons, endogenous BDNF is mainly stored in dense core vesicles (DCVs), and
it is secreted in response to cytoplasmic Ca2+ elevation [26–31]. Sources that are able to
improve this Ca2+ concentration to promote BDNF secretion include extracellular Ca2+

and the intracellular Ca2+ stored in distinct organelles [28–30,32]. In addition, BDNF
secretion can be triggered by action potentials, nerve growth factor (NGF), neurotrophin-3
(NT-3), neurotrophin-4 (NT-4) and glutamate [8,32–37]. It has been reported that the sites
of BDNF release are located in the presynaptic membrane, postsynaptic membrane and
dendrites [31,36,38–49]. However, the molecular mechanism underlying the regulation of
BDNF secretion is not yet fully understood.

Studies have found that the levels of ARMS and Synaptotagmin-4 (Syt4) are positively
correlated in neurons, and they may directly interact with each other [8]. Syt4 belongs to the
synaptotagmin (Syt) family of proteins, which contain seventeen members in humans with
distinct intracellular localizations and diverse regulatory functions [50]. Synaptotagmins
trigger and regulate the fusion process of vesicles with target membranes, and are thus
centrally involved in the precise regulation of neurotransmitter and hormone release
processes [50]. In mammals, Syt4 does not bind Ca2+, but instead interacts with syntaxin
(a component of the SNARE complex) to inhibit SNARE complex-mediated membrane
fusion processes [51–54]. Syt4 is mainly distributed on the membrane of BDNF-carrying
DCVs and binds to motor protein Kif1A, which mediates the trafficking of DCVs along
microtubules from the soma to the distal dendrites and axons [55,56].

It has been found that Syt4 negatively regulates the secretion of BDNF in neurons,
thereby limiting the amplitude of long-term potentiation and synaptic strength, possibly
due to the inhibition of the SNARE complex-mediated exocytosis of DCVs [44]. There-
fore, it is highly possible that the ARMS regulates BDNF secretion by modulating Syt4
levels, and may thus play a key role in the regulation of nociception and neurodegenera-
tive diseases [8,9]. However, the molecular mechanisms governing ARMS/Syt4 complex
formation remain elusive.

Here, we used a combination of molecular biology, biochemistry and structural biology
approaches to investigate the assembly mechanisms of the ARMS/Syt4 complex. We first
confirmed the direct interaction between ARMS and Syt4 using purified individual proteins.
We then mapped the minimal binding regions between ARMS and Syt4 on each protein.
Ankyrin repeats 1–8 from the ARMS protein (ARMS R1-8) are responsible for binding with
Syt4, and the first ankyrin repeat from ARMS is essential. Meanwhile, neither the C2A nor
C2B domains from Syt4 are sufficient for binding with ARMS, giving an unexpected mode
that only the C2AB domain could form a complex with ARMS. A series of biochemical
analyses using protein variants, together with structure models generated by AlphaFold2,
identified key residues essential for the interaction between ARMS and Syt4. Furthermore,
we showed that other members of the Syt family (Syt1 and Syt3) could not bind to ARMS.
Together, our study provides the biochemical basis of ARMS–Syt4 interaction, and may
contribute toward deepening our understanding of the role of the ARMS/Syt4 complex on
BDNF secretion and ARMS protein-related neuronal pathologies.

2. Results
2.1. ARMS Interacts with the Cytoplasmic Region of Syt4 via the Ankyrin Repeat Domain

Previous studies have found that ARMS interacts with Syt4 through a Co-IP assay,
but the interacting regions of the two proteins are unknown. ARMS mainly consists
of the N-terminal ankyrin repeat domain (ARD), Walker A and Walker B motifs (WA
and WB, respectively) in the juxtamembrane regions flanking the four transmembrane
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fragments (TM), a proline-rich stretch (Pro), a sterile α motif (SAM) domain, the kinesin
light chain (KLC)-interacting motif (KIM) and a PDZ-binding motif located at the C-
terminus (Figure 1A). The ARD of ARMS (residues 1–436) is supposed to contain 13
ankyrin repeats and serves as a platform for interaction with a variety of proteins [2,5].
Seeking to characterize the interaction between ARMS and Syt4 in biochemical detail,
we conducted an analytical gel filtration chromatography (AGFC) assay to evaluate the
binding using a purified ARMS protein N-terminal region (NT, residues 1–455) containing
the entire ARD and the full length of the cytoplasmic region of Syt4 (CD, residues 41–425),
and showed that the ARMS NT can directly interact with the Syt4 CD, as the 1:1 mixture
formed a complex peak (Figure 1B). In addition, we used an isothermal titration calorimetry
(ITC) assay to quantify the binding affinity between the ARMS NT and the Syt4 CD. The
dissociation constant (Kd) for the binding was ~17 µM (Figure 1C).
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We further truncated the ARMS NT and constructed a fragment of ARMS ankyrin 
repeats 1–11 (R1-11, residues 1–365) (Figure 1A). Biochemical results showed that ARMS 
R1-11 could also bind to the Syt4 CD (Figure 1D), and the binding affinity was ~11 µM 
(Figure 1E), which was similar to the affinity of the ARMS NT to the Syt4 CD, indicating 
that ARMS R1-11 is sufficient for binding with Syt4. Together these results showed that 
ARMS interacted with the cytoplasmic region of Syt4 via the ankyrin repeat domain. 

Figure 1. ARMS interacts with the cytoplasmic region of Syt4 via the ankyrin repeat domain.
(A) A schematic diagram showed the domain organizations of ARMS and Syt4. The full-length
ARMS contains ankyrin repeat domain (ARD), a Walker A (WA) motif, a Walker B (WB) motif,
four transmembrane fragments (TM), a proline-rich stretch (Pro), a sterile α motif domain (SAM), a
kinesin light chain (KLC)-interacting motif (KIM) and a PDZ-binding motif (PBM). The full-length
Syt4 contains a transmembrane fragment (TM), a C2A domain and a C2B domain. (B,C) Analytical gel
filtration analysis and isothermal titration calorimetry (ITC) assay showing that ARMS NT (residues
1–455) interacts with Syt4 CD (residues 41–425). (D,E) Analytical gel filtration analysis and ITC assay
showing that ARMS R1-11 (residues 1–365) interacts with Syt4 CD. The Kd error is the fitting error
obtained using one-site binding kinetics model in Origin 7.0 to fit the ITC data.

We further truncated the ARMS NT and constructed a fragment of ARMS ankyrin
repeats 1–11 (R1-11, residues 1–365) (Figure 1A). Biochemical results showed that ARMS
R1-11 could also bind to the Syt4 CD (Figure 1D), and the binding affinity was ~11 µM
(Figure 1E), which was similar to the affinity of the ARMS NT to the Syt4 CD, indicating
that ARMS R1-11 is sufficient for binding with Syt4. Together these results showed that
ARMS interacted with the cytoplasmic region of Syt4 via the ankyrin repeat domain.

2.2. C2AB Domain of Syt4 Is the ARMS Binding Region

Next, we sought out to map the domains of Syt4 that mediate the interaction with
ARMS. We designed various fragments of the Syt4 CD based on the sequence analysis
of Syt4 structures (Figure 2A), and thereafter assessed the abilities of different regions of
Syt4 binding to ARMS using both AGFC and ITC (Figure 2). The results of the AGFC
showed that the Syt4 linker (residues 41–150) connecting the transmembrane segment
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to the C2A domain could not bind to the ARMS NT alone (Figure 2B), while Syt4 C2AB
(residues 151–425), containing two C2 domains, bound ARMS R1-11 with a Kd of ~7 µM
(Figure 2C,D), comparable with the dissociation constant between ARMS R1-11 and the
Syt4 CD (~11 µM), indicating that the Syt4 C2AB is responsible for the binding with ARMS.
Consequently, we continued to map the minimal binding regions on Syt4. Unexpectedly,
we found that any truncations, including the C2A domain (residues 151–283), the loop
connecting C2A and C2B (residues 279–290), the C2B domain (residues 284–425), the C2A
domain with a loop (C2A-L, residues 151–290), the and C2B domain with a loop (L-C2B,
residues 279–425), could not bind with the ARMS NT or R1-11 (Figure 2E–I), suggesting that
the ARMS/Syt4 complex assembly required the joint participation of the C2A domain and
C2B domain of Syt4. Although the C2 domain can independently serve as a protein–protein
interaction module, the coordination or the conformation of the C2A and C2B domains is
essential for Syt4 to bind with ARMS. In summary, we found that the binding of Syt4 to
ARMS is dependent on its C2AB domain.
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Figure 2. C2AB of Syt4 is the ARMS binding region. (A) A schematic diagram of the design of various
fragments of the cytoplasmic region of Syt4 (Syt4 CD) based on sequence analysis. (B) Analytical gel
filtration analysis showing that Syt4 linker (residues 41–150) does not bind to ARMS NT. (C,D) Ana-
lytical gel filtration analysis showing that Syt4 C2AB (residues 151–425) interacts with ARMS R1-11,
and the binding affinity of ARMS R1-11 to Syt4 C2AB as measured via ITC. (E–G) Analytical gel
filtration analyses showing that Syt4 C2A (residues 151–283) (E), Syt4 loop (residues 279–290) (F) and
Syt4 C2B (residues 284–425) (G) are unable to bind to ARMS protein. (H,I) Analytical gel filtration
analyses showing that Syt4 C2A-L (residues 151–290) (H) or Syt4 L-C2B (residues 279–425) (I) cannot
bind to ARMS R1-11.

2.3. ARMS R1-8 Is Required for Binding with Syt4

Next, we applied a similar strategy to figure out the precise binding region of ARMS for
binding with Syt4 by truncating the ARD of ARMS to various fragments containing different
numbers of ankyrin repeats (Figure 3A). The interaction between different fragments of
the ARMS ARD and Syt4 C2AB was assayed via both AGFC and ITC. We first truncated
ARMS R1-11 from the C-terminal and obtained ARMS R1-8 (residues 1–270), ARMS R1-6
(residues 1–191) and ARMS R1-5 (residues 1–160) fragments (Figure 3A). The results of
the AGFC and ITC showed that ARMS R1-8 could bind Syt4 C2AB with a binding affinity
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of ~11 µM, which was similar to ARMS R1-11 and Syt4 C2AB (~7 µM) (Figure 3B,C). The
further truncation of the ARD resulted in both ARMS R1-6 and ARMS R1-5 failing to bind
to Syt4 C2AB (Figure 3D,E), indicating that ankyrin repeats 7–8 are critical for binding to
Syt4, although the underlying basis is unknown. We then truncated ARMS R1-11 from the
N-terminal and obtained ARMS R2-11 protein (residues 35–365) by deleting the first ARMS
ankyrin repeat (residues 1–34) (Figure 3A). The result of the AGFC clearly showed that
ARMS R2-11 does not bind to Syt4 C2AB (Figure 3F), together with the aforementioned
data demonstrating the first ankyrin repeat of the ARMS protein is necessary but not
sufficient for binding with Syt4. Thus, we concluded that ARMS R1-8 is an effective
region required for binding with Syt4 C2AB (Figure 3G). Taken together, we found that
the minimal interaction regions for both ARMS and Syt4 are defined as ARMS R1-8 and
Syt4 C2AB.
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Figure 3. ARMS R1-8 is required for binding with Syt4. (A) A schematic diagram of the truncation
strategy of ARMS ARD into various fragments with different numbers of ankyrin repeats. (B,C) Ana-
lytical gel filtration analysis showing that ARMS R1-8 (residues 1–270) binds to Syt4 C2AB and the
ITC assay for the binding affinity of ARMS R1-8 to Syt4 C2AB. (D–F) Analytical gel filtration analyses
showing that ARMS R1-6 (residues 1-191) (D), ARMS R1-5 (residues 1–160) (E) or ARMS R2-11
(residues 35–365) (F) cannot bind to Syt4 C2AB. (G) ITC-based mapping of the minimal Syt4-binding
region in ARMS. The minimal Syt4-binding region in ARMS identified is highlighted in red. N.D.
denotes that no binding was detected.

2.4. E15 and W72 of ARMS Are Key Residues Mediating the Assembly of the ARMS/Syt4 Complex

In order to elucidate the molecular mechanisms governing ARMS and Syt4 com-
plex formation, we first tried to crystallize the complex comprising ARMS protein and
Syt4 C2AB. Despite extensive efforts using various ARMS fragments in a complex with
Syt4 C2AB or fusion proteins of the ARMS/Syt4 complex, we failed to obtain diffractive
crystals. We then turned to using AlphaFold2 to delineate the structural model of the
ARMS/Syt4 complex. We derived five structural models of the ARMS/Syt4 complex by in-
putting the amino acid sequences of ARMS R1-8 and Syt4 132–425 to AlphaFold2_mmseqs2
(version 2.1), which uses models trained on the Protein Structure Database and multiple
sequence alignment to infer the structures of proteins and multiprotein complexes. To
facilitate our determination of the key residues involved in the formation of the ARMS/Syt4
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complex, we selected the highest confidence prediction among five models generated from
the AlphaFold2_mmseqs2 analyses (Figure 4A).
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(A) AlphaFold2_mmseqs2 (version 2.1) prediction of a 1:1 heterodimer composed of rat ARMS
(NP_446247.1) residues M1 to D270 and human Syt4 (NP_065834.1) residues E132 to G425 (pLDDT
82, pTM score 0.508 and iptm 0.227). In this drawing, ARMS is shown in light blue and Syt4 is
shown in orange. ARMS R1-8 interacts with Syt4 C2AB in an antiparallel manner. (B) Ribbon-stick
diagram showing that the assemblies of the 3 sites may mediate the binding of ARMS and Syt4
(B1–B3). (C) The measured binding affinities between various mutations of ARMS R1-11 and Syt4
132–425 based on ITC assays and comparison against ARMS R1-11 WT in binding with Syt4 132–425.
The mutants that break interactions are highlighted in red. N.D. and ∞ indicate that no binding was
detected. (D) The measured binding affinities between various mutations of Syt4 132–425 and ARMS
R1-11 based on ITC assays and comparison against Syt4 132–425 WT in binding with ARMS R1-11.

The overall predicted structure of the ARMS/Syt4 complex showed that ARMS R1-8
adopted a canonical ankyrin repeat architecture, where each repeat is rotated anticlockwise
at an angle to form an interaction inner groove for classical binders (Figure 4A). C2A, C2B
and the loop connecting the two C2 domains of Syt4 grabbed the ankyrin repeats like
hands to form a complex (Figure 4A). In the interface of the predicted structural model,
E14 and E15 from ARMS R1 form electrostatic interactions with K284 on the Syt4 loop
(Figure 4(B1)). The sidechain of W72 from ARMS forms a cation–π interaction with R250
from Syt4 (Figure 4(B2)). G146 from ARMS R5 and K180 from ARMS R6 form hydrogen
bonds with Q186 from Syt4 C2A (Figure 4(B1)). Furthermore, we verified whether these
amino acids could affect the binding of ARMS to Syt4 by point-mutating the possible
binding sites and testing the effect of these mutations on the interaction using ITC. Notably,
we use ARMS R1-11 and Syt4 132–425 (more stable than Syt4 C2AB) as references in the
following ITC experiments (Figures 4C,D and S1A).

The ITC data showed that the ARMS bearing the E14K and E15K variants resulted
in binding to Syt4 being abolished, and a single variant of E15K of the ARMS protein dis-
rupted the binding, suggesting the vital role of E15 from ARMS protein (Figures 4C and S1).
However, the Syt4 K284A variant did not break or weaken the binding (Figures 4D and S2),
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and mutating the nearby R279, R280, R283, and R288 to Ala did not weaken the binding of
the ARMS protein and Syt4 (Figures 4D and S2). The reason may be that these positively
charged residues including R279, R280, R283, and R288 could compensate for the effects
produced by the single or combinations of the mutations. The ARMS W72Q variant does not
bind Syt4, indicating that W72 is also a key residue for binding to Syt4 (Figures 4C and S1).
In addition, neither the ARMS K180A nor Syt4 Q186A variants could break or weaken the
binding between ARMS and Syt4, indicating that K180 from ARMS and Q186 from Syt4 are
not involved in the interaction (Figures 4C,D, S1 and S2). Our biochemical data, together
with the predicted structural model, showed that E15 and W72 of ARMS are key residues
in the assembly of the ARMS/Syt4 complex.

2.5. Multiple Sequence Alignment Reveals Highly Conserved Residues

Amino acid sequence alignment analyses showed that ARMS R1-8 and Syt4 CAB are
highly conserved across a wide range of different species, indicating that ARMS R1-8/Syt4
CAB interactions have retained a selective advantage during evolution (Figure 5A,B).
Notably, E15 and W72, which are essential binding sites for Syt4, are conserved across
ARMS from different species (Figure 5A). Collectively, these results provide a mechanistic
explanation for the binding of ARMS ARD to Syt4 CAB.
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2.6. ARMS Does Not Bind to Syt1 or Syt3

While Syt4 does not directly bind Ca2+, both Syt1 and Syt3 are intra-neuronal calcium
sensors involved in membrane fusion processes [50,57]. Syt1 can bind Ca2+ through two
C2 domains and positively regulates the exocytosis of synaptic vesicles (SVs) and DCVs
catalyzed via the SNARE complex [50,58,59]. On the other hand, Syt3 is distributed in
both presynaptic and postsynaptic membranes, and its function varies depending on its
location. Presynaptic Syt3 drives vesicle replenishment and short-term synaptic plasticity
and helps to replenish the supply of neurotransmitters, playing a key role in maintaining
high-frequency synaptic transmission [57]. Postsynaptic Syt3 triggers the calcium-mediated
internalization of AMPA receptors, leading to impaired synaptic transmission and spatial
memory forgetting in mice [60]. To explore whether ARMS can bind other members of the
Syt family, such as Syt1 and Syt3, we purified the Syt1 and Syt3 C2AB domain proteins,
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respectively (Figure 6A). The results of the AGFC showed that both Syt1 C2AB (residues
140–422) and Syt3 C2AB (residues 292–587) failed to bind to the ARMS NT (Figure 6B,C),
demonstrating that the interaction between ARMS and Syt4 is not universal for all members
of the Syt family.
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3. Discussion

In this study, we used biochemical methods, including AGFC and ITC, to identify the
optimal regions where ARMS interacts with Syt4, and mapped out ankyrin repeats 1–8 of
ARMS and the C2AB domain of Syt4 as the binding sites. In addition, the results of multiple
sequence comparisons showed that ankyrin repeats 1–8 of the ARMS protein and the C2AB
domain of Syt4 are highly conserved during evolution. We then performed a structural
prediction of the ARMS/Syt4 complex and made point mutations that may be involved
in the interaction based on the predicted structural model of the complex. A biochemical
analysis confirmed that E15 and W72 of ARMS are essential residues mediating binding to
Syt4, and they are highly conserved in different species. However, residues of Syt4 C2AB
that pair with the binding sites of ARMS and the binding sites in ARMS R7-8 were not
confirmed from the structural model. Therefore, the structure of the ARMS/Syt4 complex
predicted using AlphaFold2 cannot be fully accurate at characterizing the interfaces and
the detailed binding mode of the ARMS/Syt4 complex. There may be residues on ARMS
R1-8 and Syt4 C2AB that may be involved in the binding that have not yet been discovered.
It may be necessary to obtain the real structure of the ARMS/Syt4 complex in order to
address the mechanistic gaps, especially with regard to pathologies.

In neurons, ARMS locates on the plasma membranes of the whole soma, dendrites and
axons, and the positions of DCV exocytosis and BDNF secretion are located on the plasma
membranes of dendritic spines and synaptosomes [4,31–33]. Therefore, we hypothesize
that, in dendritic spines and synaptosomes, ARMS recruits Syt4 to the vicinity of the
plasma membranes and blocks the assembly of the SNARE complex, thereby inhibiting
the SNARE complex-mediated exocytosis of DCVs and reducing the secretion of BDNF.
However, proof of the specific co-localization of ARMS with Syt4 in neurons beneath the
plasma membranes of dendritic spines and synaptosomes, as well as the disruption of their
interaction to facilitate BDNF secretion, is needed to confirm this hypothesis. Both the E15K
and W72Q variants of ARMS break the binding of ARMS to Syt4, so these mutants can be
applied in subsequent functional studies to explore the localization of ARMS and Syt4 in
neurons and verify the role of the ARMS/Syt4 complex in the regulation of BDNF secretion.

Although the tertiary structure of the C2A domain and the C2B domain of Syt family
members is similar, Syt1 and Syt3, both belonging to the Syt family, cannot bind to ARMS
like Syt4 can. Moreover, the differences in the relative orientation of the C2A domain and
the C2B domain may also be responsible for the distinction in biochemical characteristics
and functions among Syt1, Syt3 and Syt4. The binding of ARMS to Syt4 may be specific,
but further confirmation of this idea requires biochemical testing of the interactions be-
tween other members of the Syt family and ARMS. In conclusion, our study establishes a
biochemical basis for understanding the formation of the ARMS/Syt4 complex, which is
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important for gaining insight into the mechanisms of the regulation of BDNF secretion and
neurodegenerative diseases.

4. Materials and Methods
4.1. Constructs, Protein Expression, and Purification

The gene encoding of a full-length ARMS protein (UniProt: Q9EQG6) was PCR-
amplified using rat cDNA as the template. A full-length Syt1 gene (UniProt: P21579),
full-length Syt3 gene (UniProt: Q9BQG1) and full-length Syt4 gene (UniProt: Q9H2B2)
were PCR-amplified with a human cDNA library as the template. Various mutations or
shorter fragments of the ARMS protein, Syt1, Syt3 and Syt4 were generated using standard
PCR-based methods and confirmed via DNA sequencing. All of the protein constructs
were cloned into pET32a, pET.M.3C or pETDuet-1 for protein expression and confirmed
via DNA sequencing. The pET32a vector is a home-modified version with a thioredoxin
(Trx)-His6 tag or a maltose binding protein (MBP)-His6 tag. All the proteins were expressed
in Escherichia coli BL21 (DE3) cells. The proteins with an N-terminal Trx-His6-tag, MBP-
His6-tag or His6-tag were purified using an Ni-NTA agarose affinity column followed by
size-exclusion chromatography (Superdex 200 column, GE Healthcare, Chicago, IL, USA)
in a buffer containing 50 mM of Tris, 100 mM of NaCl, 1 mM of EDTA and 1 mM of DTT at
pH 7.8.

4.2. Analytical Gel Filtration Chromatography Assay

Analytical gel filtration chromatography (AGFC) was carried out on an AKTA Pure
system (GE Healthcare). The proteins were loaded onto a Superose 12 column (GE Health-
care) or a Superdex 200 increase column equilibrated with a buffer containing 50 mM of
Tris, 100 mM of NaCl, 1 mM of EDTA and 1 mM of DTT at pH 7.8. All graphs were drawn
using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA).

4.3. Isothermal Titration Calorimetry Assay

Isothermal titration calorimetry (ITC) measurements were carried out on a VP-ITC
MicroCal calorimeter (Malvern Panalytical Ltd, Malvern, UK) at 25 ◦C. All proteins were
dissolved in the buffer containing 50 mM of Tris, 100 mM of NaCl, 1 mM of EDTA and
1 mM of DTT at pH 7.8. The ARMS proteins (200 µM) were loaded into a syringe, and
the Syt4 proteins (20 µM) were loaded in the cell. Each titration point was obtained by
injecting a 10 µL aliquot of the syringe protein into the cell at a time interval of 180 s to
ensure that the titration peak returned to the baseline. The titration data were analyzed
using the Origin 7.0 (Microcal, Malvern Panalytical Ltd., Malvern, UK) program and fitted
using a one-site binding model to determine the binding affinities.

4.4. Structure Prediction

Predictions of complex structures were made using the Google Colab Alphafold-
Notebook (AlphaFold2_mmseqs2) with a Colab Pro+ subscription “https://colab.research.
google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb” (accessed on
20 February 2023). The algorithm was tasked to model a 1:1 heterodimer, comprising
residues M1 to D270 of rat ARMS proteins (UniProt: Q9EQG6) and residues E132 to G425
of human Syt4 (UniProt: Q9H2B2). Default parameters were employed, with the amber
relaxation step activated, subsequently generating the outcomes of five predictive models.
For our study, we selected the suitable model that represented the highest confidence
prediction among the five models. The optimal model was downloaded in a PDB format
and prepared for display using either PyMOL (https://pymol.org/2/) (accessed on 20
February 2023) or UCSF Chimera (https://www.cgl.ucsf.edu/chimera/) (accessed on 20
February 2023).

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://pymol.org/2/
https://www.cgl.ucsf.edu/chimera/


Int. J. Mol. Sci. 2023, 24, 16993 10 of 13

4.5. Sequence Alignment

The sequence of the human ARMS proteins and human Syt4 were obtained from
the UniProt database, and these two sequence were submitted to the NCBI-BLAST to
search for homologs. A total of 5 homologous sequences were selected and aligned using
multiple sequence alignment (http://multalin.toulouse.inra.fr/multalin/) (accessed on 20
February 2023) with default parameters. The ESpript 3.0 software was used to generate the
color-coded version of the multiple sequence alignment (http://espript.ibcp.fr/ESPript/
cgi-bin/ESPript.cgit) (accessed on 20 February 2023).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms242316993/s1.
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