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Abstract

AIDA-1, encoded by ANKS1B, is an abundant postsynaptic scaffold protein essential for brain develop-
ment. Mutations of ANKS1B are closely associated with various psychiatric disorders. However, very little
is known regarding the molecular mechanisms underlying AIDA-10s involvements under physiological and
pathophysiological conditions. Here, we discovered an interaction between AIDA-1 and the SynGAP fam-
ily Ras-GTPase activating protein (GAP) via affinity purification using AIDA-1d as the bait. Biochemical
studies showed that the PTB domain of AIDA-1 binds to an extended NPx[F/Y]-motif of the SynGAP fam-
ily proteins with high affinities. The high-resolution crystal structure of AIDA-1 PTB domain in complex with
the SynGAP NPxF-motif revealed the molecular mechanism governing the specific interaction between
AIDA-1 and SynGAP. Our study not only explains why patients with ANKS1B or SYNGAP1 mutations
share overlapping clinical phenotypes, but also allows identification of new AIDA-1 binding targets such
as Ras and Rab interactors.
� 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.
Introduction

The AIDA-1 (abbreviated from Amyloid-Beta
Protein Precursor Intracellular Domain Associated
Protein 1) multi-domain scaffold proteins, encoded
by ANKS1B, are expressed exclusively in brain
tissue, including the cerebral cortex, striatum,
hippocampus, and other regions.1,2 Human genetic
studies have linked AIDA-1 to various neuropsychi-
atric disorders such as autism spectrum disorder
(ASD),1,3,4 schizophrenia,5,6 mood disorder,7,8 and
obsessive compulsive disorder.9,10 AIDA-1 is highly
abundant and specifically enriched at postsynaptic
densities (PSD).1,11 Quantitative proteomic studies
td. All rights are reserved, including those for t
indicated that the amount of AIDA-1 in PSD is at
�50% of PSD-95, which is one of the most abun-
dant and important protein in the PSD.12 However,
very little is known regarding the molecular mecha-
nisms underlying AIDA-10s function in neuronal
synapses, at least partly due to our poor knowledge
on molecular interactions involving AIDA-1.
When a synapse is stimulated, AIDA-1 was

observed to move from the core to the peripheral
regions of the PSD, a phenomenon that is
analogous to the activity-induced dispersion of
SynGAP from PSD core.13–17 SynGAP is another
highly abundant PSD protein that is known to bind
PSD-95 like AIDA-1 via their C-terminal PDZ bind-
ext and data mining, AI training, and similar technologies.
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ing motif (PBM).18,19 Interestingly, patients with
mutations in ANKS1B or SynGAP1 share overlap-
ping clinical phenotypes.1,20,21 Mice with removal
of one allele of ANKS1B or SynGAP1 also show
similar ASD-like phenotypes.1,20 In SynGAP1+/-

mice, AIDA-1 was correspondingly reduced.21

These reported studies suggest that AIDA-1 and
SynGAP may function together in synapses in
orchestrating brain functions, though direct evi-
dence supporting this hypothesis is lacking. The
fact that loss of one allele of ANKS1B in humans
as well as in rodents can cause brain function
defects indicates the importance of the absolute
concentration of AIDA-1 in neuronal functions.
Alternative splicing of ANKS1B generates long

and short forms of AIDA-1 (Figure 1A). All
isoforms of AIDA-1 share a pair of sterile alpha
motif (SAM) domains connected in tandem, a
phosphotyrosine binding (PTB) domain, and a
very C-terminal tail PBM (Figure 1A). The long
isoforms of AIDA-1 (e.g., AIDA-1b) contain an
additional N-terminal fragment of �800 amino acid
residues with an ankyrin repeat sequence at the
very N-terminal end (Figure 1A). AIDA-1b, AIDA-
1c, and AIDA-1d are the main variants enriched in
synapses and in the PSD.1 During development,
the expression levels of the three AIDA-1 variants
vary in the mouse brain, with AIDA-1b being the
predominant variant in the embryonic stage and
AIDA-1c and AIDA-1d expressed after birth and in
the mature brains.2 The multi-domain feature of
AIDA-1 suggests that AIDA-1 may function as a
scaffold capable of binding to different target pro-
teins in neuronal synapses. The structures of the
SAM1-SAM2 tandem and the apo-form of the PTB
domain have been determined.22,23 Other than a
reported weak interaction (Kd � 10 lM) between
the PTB domain of AIDA-1 and the NPxY-motif of
amyloid precursor protein (APP),23,24 no binding tar-
gets are known for the ankyrin repeats, the SAM
domains, and the PTB domain of AIDA-1. Accord-
ingly, it is not known why mutations of ANKS1B
can cause brain disorders.
We discovered in this study that the SynGAP

family RasGAPs (SynGAP, Dab2IP, and RASAL2)
specifically and strongly bind to the PTB domain
of AIDA-1. The crystal structure of AIDA-1 PTB in
complex with its binding NPxF-motif from SynGAP
Figure 1. AIDA-1 PTB binds to the SynGAP with a hig
organization of AIDA-1. (B) The recovered peptides and co
AIDA-1 binding proteins by mass spectrometry. (C) Doma
RasGAPs. (D) Sequence alignment of the NPx[Y/F] motif
SynGAP-NPxF (amino acids 924–934) to AIDA-1d-DN (am
(500 lM) in the syringe was titrated into AIDA-1d-DN (50 lM)
1:1 stoichiometric complex formation between AIDA-1d-DN
expressed as the best fitted values ± SE. (G) Summary of IT
variant fragments of AIDA-1 and SynGAP. (H) The binding
measured by ITC. SynGAP-NPxF (500 lM) in the syringe w
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elucidates the molecular basis underlying the
specific interaction between these two abundant
and functionally connected PSD proteins. The
interaction mode revealed by the complex
structure also allows identification of other
previously unknown AIDA-1 binding target
proteins such as Ras and Rab interactors. Given
that SynGAP1 is one of the highest ranked genes
associated with neurodevelopmental
disorders20,25–28 and with autisms and that AIDA-1
is among very few specific SynGAP binding pro-
teins known to date, the results presented in this
study will be valuable for understanding roles of
AIDA1 and SynGAP in brain functions and for cor-
recting brain function defects caused by mutations
of ANKS1B and SynGAP1.
Results

The PTB domain of AIDA-1 binds to SynGAP
with a high affinity

To explore the role of AIDA-1 in the brain and its
association with neurodevelopmental disorders,
we attempted to identify AIDA-1 binding proteins
in the mouse brain by affinity purification coupled
with mass spectrometry (Figure S1A). Since the
short isoforms of AIDA-1 (AIDA-1c/1d) are the
predominantly expressed isoforms in the mature
mouse brain, we used AIDA-1d (residues 36–506)
as the affinity purification bait. We removed the C-
terminal PBM as we intentionally wanted to avoid
purifying PDZ domain proteins in our purification
due to the fact that AIDA-1 is known to bind to
PSD-95 PDZ domains via its PBM. The N-terminal
35 residues were removed to improve the bait
protein quality. SynGAP, Dab2IP, and RASAL2
were identified as top ranked AIDA-1d associating
proteins, with the peptide sequence coverage
ranging from 73% to 89% (Figure 1B). All three
proteins are RasGAP proteins and share a similar
domain organization (Figure 1C). Upon further
analysis of the sequences of SynGAP, Dab2IP,
and RASAL2, we found that they all share a NPx
[F/Y] sequence motif (N, Asn; P, Pro; x, any
amino acid; F, Phe; Y, Tyr) known to bind to PTB
domains (Figures 1C and S1B).29–32 This NPx[F/
Y]-motif and five residues preceding the motif are
h affinity. (A) Schematic diagram showing the domain
verages of the protein sequences of the affinity purified
in organizations of the AIDA-1 binding SynGAP family
of SynGAP from different species. (E) The binding of
ino acids 36–510) measured by ITC. SynGAP-NPxF
in the cell. (F) SEC-MALS assay showing the stable and
and SynGAP-NPxF. The fitted molecular weights are

C-based measurements of the binding affinities between
of SynGAP-NPxF to AIDA-1 PTB (AIDA-1c aa203–360)
as titrated into AIDA-1-PTB (50 lM) in the cell.
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highly conserved in SynGAP from vertebrates (Fig-
ure 1D). Thus, we hypothesized that AIDA-1 might
directly bind to the NPxF-motif of SynGAP via its
PTB domain.
To test this hypothesis, we assayed the binding

between the near full-length AIDA-1d (residues
36–510, termed “AIDA-1d-DN”) and a 11-residue
fragment of SynGAP containing the NPxF-motif
(PLSFQNPLFHM, residues 924–934, termed
“SynGAP-NPxF”) using isothermal titration
calorimetry (ITC) experiment. The ITC experiment
showed that AIDA-1d-DN binds to SynGAP-NPxF
with a Kd � 83 nM (Figure 1E), which is more
than 100-fold higher than the previously reported
binding between AIDA-1 PTB and APP NPxY-
motif.23 The size exclusion chromatography cou-
pled with multi-angle light scattering (SEC-MALS)
experiment further confirmed that AIDA-1d-DN
and SynGAP-NPxF formed a stable 1:1 stoichio-
metric complex (Figure 1F). Elongating the
SynGAP-NPxF motif by 5 residues at both ends
(QQLRIPLSFQNPLFHMAADGPG, residues 919–
940) only slightly enhanced the peptide’s binding
to AIDA-1d, indicating that the 11-residue
SynGAP-NPxF motif is chiefly responsible for Syn-
GAP to bind to AIDA-1d (Figures 1G and S1C). We
further showed that AIDA-1c also binds to SynGAP-
NPxF with an affinity comparable to that of AIDA-1d
(Figure 1G).
We then mapped the minimal SynGAP binding

sequence of AIDA-1 by ITC (Figures 1G, 1H, S1E
and S1F). The data showed that neither the SAM1
and SAM2 domain nor the PBM of AIDA-1 is
involved in binding. Further mapping revealed that
the canonical PTB domain with a short N-terminal
extension (i.e., residues 203–360 based on the
AIDA-1c sequence and termed “AIDA-1-PTB”) is
sufficient in binding to SynGAP-NPxF (Figures 1H
and S1C). Since the region corresponding to
residues 203–360 of AIDA-1c are shared among
all isoforms of the AIDA-1 family protein, we
expect that all isoforms of AIDA-1 can bind to
SynGAP. The boundary of the PTB domain of
AIDA-1c used to solve its structure by NMR
Spectroscopy (PDB: 2 M38, residues 219–353 in
AIDA-1c)23 is shorter than the one characterized
in the current study. We demonstrated that truncat-
ing the PTB domain from residue 203 progressively
weakened its binding to SynGAP-NPxF (Figures
1G and S1E).
We further verified the interaction between AIDA-

1 and the NPxY motifs of the other two SynGAP
family RasGAP proteins, Dab2IP and RASAL2, by
ITC assays (Figure S2). The results showed that
Dab2IP and RASAL2, via their respective NPxY
motifs, bind to AIDA-1c/1d PTB with a
Kd � 70 nM. Taken together, the above
biochemistry experiments demonstrate that AIDA-
1 can specifically bind to all three members of the
SynGAP family RasGAPs existing in the mice brain.
4

The structure of the AIDA-1-PTB/SynGAP-
NPxF complex

To understand the detailed molecular mechanism
governing the strong interaction between AIDA-1
and SynGAP, we solved the crystal structure of
AIDA-1-PTB in complex with SynGAP-NPxF to
the resolution of 2.00 �A (Figures 2; Table 1).
Electron densities for nearly all residues of the two
molecules in the complex are clearly defined
(Figure S3A). The NPxF-motif of SynGAP is
characterized by a Phe residue (Phe932 and
referred to as residue 0) and the residues
preceding Phe(0) are numbered from �8 to �1
(Figures 2B and 2C).
The AIDA-1-PTB domain in the complex contains

a canonical PTB fold plus an N-terminal extension
corresponding to residues 205–224 containing the
a0-helix (Figures 2A and S3B). SynGAP-NPxF
binds to an elongated, highly hydrophobic groove
between a2 and b5 of the AIDA-1 PTB domain via
forming antiparallel b-sheet with b5, a binding
mode typical for the interactions of PTB domains
with target peptides.29,30,32

The interaction interface between AIDA-1 PTB
domain and SynGAP-NPxF can be divided into
three regions: region 1 between the N-terminal
extension of AIDA-1 PTB domain and SynGAP-
NPxF, region 2 between the residues located
outside the canonical NPx[F/Y] motif (i.e.,
residues�8, �7, �6, �5, and �4) of the SynGAP
NPxF-motif and AIDA-1-PTB, and region 3
between AIDA-1-PTB and the core of NPxF-motif
(Figure 3A).
As shown in Figure 3B, the N-terminal extension

of AIDA-1 PTB actively engages in binding to
SynGAP. The backbone carbonyl of Ala207 from
PTB forms a hydrogen bond with the side chain of
Gln(�4) of SynGAP-NPxF. The hydrophobic side
chains P210 and Y212 interact with hydrophobic
residues from the a2 helix (L342 and Y352)
forming part of the target peptide binding
hydrophobic groove, explaining why residues
before the canonical b1 strand of the canonical
PTB are important for AIDA-1 to bind to SynGAP.
The interactions in region 2 are very specific in the

AIDA-1-PTB/SynGAP-NPxF complex. Every
residue preceding the NPxF sequence of SynGAP
(i.e., from residue �8 to �4) is intimately involved
in binding to PTB mainly via hydrophobic
interactions and supplemented by hydrogen bonds
(Figures 2B, C and 3C). Thus, residues from �8
to �4 are critical for the strong binding of
SynGAP-NPxF to AIDA-1. It is noted that the
residues from positions �8 to �4 are completely
conserved in vertebrate SynGAP (Figure 1D) and
among the three SynGAP family RasGAPs
(Figure S1B), further supporting the critical roles
of these residues for the SynGAP/AIDA-1
interaction.



Figure 2. Crystal Structure of AIDA-1-PTB in Complex with SynGAP-NPxF. (A) Ribbon diagram representation
of the overall structure of AIDA-1-PTB in complex with SynGAP-NPxF. The SynGAP-NPxF is colored yellow. The
AIDA-1-PTB is colored pale green. The scheme is used throughout the paper. (B) The combined surface (AIDA-1-
PTB) and stick (SynGAP-NPxF) models showing the interaction between AIDA-1-PTB and SynGAP-NPxF. In the
surface model, the positively charged amino acids of AIDA-1 are highlighted in blue, the negatively charged residues
in red, the hydrophobic residues in yellow, the polar uncharged residue and Gly in white. (C) The hydrophobic surface
(AIDA-1-PTB) and stick (SynGAP-NPxF) model showing the hydrophobic interaction between AIDA-1-PTB and
SynGAP-NPxF. In the hydrophobic surface of model, the intensity of redness is indicative of the hydrophobicity level.
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The interaction in region 3 involves the NPxF
sequence of SynGAP with the PTB, and this
interaction is the same as other well-characterized
NPx[F/Y]-motif/PTB interactions in the literature
and we will not go into details here (Figures 3D,
S4A and S4B).29,31–33

We next validated the roles of some of the
interactions observed in the structure of the
complex between SynGAP NPxF-motif and the
PTB domain of AIDA-1 using a mutagenesis
approach combined with quantitative ITC-based
binding assays (Figures 3E–3L, S4C and S4D).
Substitutions of the hydrophobic residues of the
SynGAP NPxF-motif (L925 at position �7, F927
at position �5, and F932 at position 0) with Ala
individually dramatically weakened or nearly
5

abolished the AIDA-1-PTB/SynGAP binding. The
results of ITC (Figure 3H) show that substitution of
F927(�5) by Arg completely abolished the binding
between AIDA-1 and SynGAP. The critical residue
Asn(�3) of the SynGAP NPxF motif was replaced
with Ala, and the substitution disrupted SynGAP’s
binding to AIDA-1 as shown in Figure S4C.
Expectedly, replacing Phe(�5) in the NPxY motifs
of Dab2IP and RASAL2 with a polar Arg also
abolished the binding of Dab2IP or RASAL2 to
AIDA-1 (Figures S4E and S4F). Correspondingly,
substituting L342 in AIDA-1 PTB (L342 is in a1 of
PTB and is involved in binding to the NPxF motif
as well as stabilizing the a0 helix; see Figure 3C)
with Glu reduced the PTB domain’s binding to the
SynGAP NPxF motif by �70-fold (Figure 3K);



Table 1 X-ray data collection and refinement statistics.

Data collection SynGAP/AIDA-1

Space group I23

Wavelength (�A) 0.97852

Unit cell parameters a, b, c (�A) 112.919

a, b, c (�) 90

Resolution range (�A) 50–2.00 (2.03–2.00)

No. of unique reflections 16,295 (808)

Redundancy 39.0 (40.6)

I/r 35.6 (1.5)

Completeness (%) 100.0 (100.0)

Rmerge
a (%) 17.6 (251.7)

CC1/2 0.995 (0.697)

Structure refinement

Resolution (�A) 2.00

Rwork
b (%) 21.31

Rfree
c (%) 26.38

RMSD bonds (�A) 0.007

RMSD angles (�) 1.365

Average B factor (�A2) 54.8

No. of atoms

Protein 1255

Ligand/ion 0

Water 30

B factors (�A2)

Proteins 57.9

Ligand/ion 0

Water 57.4

Ramachandran plot (%)

Preferred 92.52

Allowed 7.48

Outliers 0

Numbers in parentheses represent the values for the highest-

resolution shell.
a Rmerge = R|Ii � <I>|/RIi, where Ii is the intensity of measured

reflection and < I > is the mean intensity of all symmetry-related

reflections.
b Rwork = RW||Fcalc| � |Fobs||/R|Fobs|, where Fobs and Fcalc are

observed and calculated structure factors. W is working dataset

of about 95% of the total unique reflections randomly chosen

and used for refinement.
c Rfree = RT||Fcalc| � |Fobs||/R|Fobs|, where T is a test dataset of

about 5% of the total unique reflections randomly chosen and

set aside prior to refinement.

Figure 3. Detailed Interactions between AIDA-PTB a
AIDA-1-PTB and SynGAP-NPxF. The sidechains or maincha
in the stick model. Dashed lines highlight the distances bet
region 1 between AIDA-1-PTB and SynGAP-NPxF. The pu
bonding between AIDA-1-PTB and SynGAP NPxF motif. (C
SynGAP-NPxF. (D) The interactions in region 3 between
between AIDA-1c-DN and SynGAP-NPxF mutants measur
AIDA-1c-DN (500 lM) in the syringe was titrated into
Table summarizing the ITC-derived binding affinities of vario
DN and SynGAP NPxF motif binding to two mutants of AIDA-
peptides with WT and the AIDA-1c-PTB domain mutations m
1c-PTB; (L) F348E AIDA-1c-PTB. SynGAP-NPxF (500 lM) i
(50 lM) in the cell.

X. Wang, Y. Wang, Q. Cai, et al. Journal of Molecular Biology 436 (2024) 168608

6

substitution of F348 in PTB (F348 is also in a1 of
PTB and is critical for interacting with the Pro
residue in the NPxF motif; see Figure 3C and D)
with Glu disrupted PTB’s binding to the SynGAP
NPxF motif (Figure 3L).
Identification of new AIDA-1 binding partners

The structure of the AIDA-1-PTB/SynGAP-NPxF
complex indicated that the residues at the
positions �7, �5, �3, �2, �1, and 0 from
SynGAP-NPxF are particularly critical for binding
to AIDA-1-PTB. We thus used the amino acid
sequence pattern of “L-7x-6F-5x-4N-3P-2x-1[F/Y]0” to
search for potential AIDA-1-PTB binding proteins.
The search of the protein sequence database
(prosite.expasy.org) returned the Ras and Rab
interactor proteins RIN1, RIN2, and RIN3
containing the “L-7x-6F-5x-4N-3P-2x-1[F/Y]0” pattern
(Figure 4A). We went back to our affinity
purification data and found that RIN1 was also
recovered as an AIDA-1d associated protein
(Figure S5A). RIN1 is a Rab5 GEF which
promotes the internalization of the epidermal
growth factor receptor (EGFR) and remodeling of
actin cytoskeletons.34–36 All members of the RIN
family possess a GEF domain (also known as a
VPS9 domain), which is responsible for Rab5 acti-
vation, a RA domain, a proline-rich region, a SH2
domain, and a NPxF motif (Figure 4A).36–38 RIN1,
which is also highly expressed in mature neurons,
particularly in brain regions such as hippocampus,
cerebral cortex, and amygdala. RIN1 is localized
in neuronal cell bodies and dendrites and is espe-
cially enriched in the PSD,39,40 hinting a possible
direct interaction between AIDA-1 and RIN1 in
synapses.
We next used ITC-based assays to test the

interaction between the RIN1 NPxF-motif and
AIDA-1. We found that AIDA-1d-DN, AIDA-1c-DN,
and AIDA-1-PTB all bind to RIN1 NPxF with a
high affinity (Kd � 30 nM; Figures 4B and 4C).
We further showed that the 11-residue RIN1
NPxF motif with the sequence of
nd SynGAP-NPxF. (A) Detailed interactions between
ins of the residues involved in the interactions are drawn
ween interacted atoms. (B) The detailed interactions of
rple dashed lines highlight the intermolecular hydrogen
) The interactions in region 2 between AIDA-1-PTB and
AIDA-1-PTB and SynGAP-NPxF. (E-H) Interactions

ed by ITC. (E) WT; (F) L925A; (G) F927A; (H) F927R.
each SynGAP-NPxF mutant (50 lM) in the cell. (I)
us mutants of SynGAP NPxF motif binding to AIDA-1c-
1c-PTB. (J-L) Interactions between SynGAP NPxF motif
easured by ITC. (J) WT AIDA-1c-PTB; (K) L342E AIDA-
n the syringe was titrated into each AIDA-1c-PTB mutant
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Figure 4. The PTB domain of AIDA-1 also binds to the RIN1 NPxF motif. (A) Schematic diagram showing the
domain organization of RIN1 and the alignment of the NPxF motif sequences of SynGAP with those from RIN1/2/3.
(B) Interaction between RIN1-NPxF (amino acids 220–230) with AIDA-1-PTB (AIDA-1c aa203–360) measured by
ITC. RIN1-NPxF (500 lM) in the syringe was titrated into AIDA-PTB (50 lM) in the cell. (C) Summary of ITC-based
measurements of the binding affinities between variant fragments of AIDA-1 with RIN1, and the binding of AIDA-1c-
PTB with the 11-residue RIN2 peptide (amino acids 268–278).
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“ALCFFNPLFPG” is sufficient for RIN1 to bind to
AIDA-1 (Figure 4C). The substitution of the
hydrophobic residue Phe(�5) of RIN1 with Arg
abolished RIN1’s binding to AIDA-1 (Figure 4C).
Thus, we conclude that RIN1 can bind strongly to
AIDA-1 via the same mechanism as that
characterized for the SynGAP/AIDA-1 interaction
above.
Finally, we validated that the corresponding 11-

residue RIN2 NPxF motif with the sequence of
“ALCFINPLFLK” binds to AIDA-1 PTB with a
Kd � 166 nM (Figures 4C and S5B). The
corresponding 11-residue peptide from RIN3 was
insoluble presumably due to its hydrophobicity,
and we were not able to measure its binding to
AIDA-1.
8

Discussion

In this concise study, discovered via affinity
purification that AIDA-1 binds to three members of
the SynGAP family RasGAPs (SynGAP, Dab2IP
and RASAL2) with high affinity and specificity. The
PTB domain of AIDA-1 binds to an 11-residue
NPx[F/Y]-motif containing peptide fragment in
SynGAP family. The structure of the AIDA-1 PTB/
SynGAP-NPxF complex, together with detailed
biochemical analysis, uncovers a consensus
AIDA-1 PTB binding peptide sequence of “L-7x-6F-

5x-4N-3P-2x-1[F/Y]0”. Compared to the canonical
PTB binding targets that are typically either with a
core NPx[F/Y] sequence33,41–43 or a FxNPx[F/Y]
sequence,30,44,45 AIDA-1 PTB recognizes addi-



Table 2 The NCBI accession number of proteins in this
study.

Protein Reference

sequence

Species Full-length

protein

AIDA1b NP_001121558.2 Mouse 1255aa

AIDA1c NP_852063.1 Mouse 426aa

AIDA1d NP_001170867.1 Mouse 510aa

SynGAP NP_851606.3 Rat 1308aa

Dab2IP NP_001107596.1 Mouse 1189aa

RASAL2 NP_808312.3 Mouse 1286aa

RIN1 NP_001360980.1 Mouse 774aa

RIN2 NP_001393437 Mouse 903aa

RIN3 NP_808288 Mouse 980aa

ANKS1A NP_001272969 Mouse 1189aa

APP XP_006522936 Mouse 677aa
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tional 2–3 residues further upstream the NPx[F/Y]
motif. Replacing Leu(�7) with Ala reduced the
AIDA-1-PTB/SynGAP-NPxF complex interaction
by �20-fold (Figure 3J), pointing to the critical role
of these additional 2–3 residues for the AIDA-1
PTB binding. Using the “L-7x-6F-5x-4N-3P-2x-1[F/Y]0”
sequence as the searching pattern, we discovered
that the Ras and Rab interactors, RIN1/2/3, may
also be specific AIDA-1 binders. RIN1 is known to
be expressed in the brain and our affinity purifica-
tion also recovered RIN1 as a potential AIDA-1 bin-
der. We verified that RIN1 and RIN2 indeed directly
bind to AIDA-1 with very strong affinities. The dis-
covery of the strong binding of AIDA-1 to the three
SynGAP family RasGAPs and the RIN family Rab
GEFs hints that AIDA-1 may act as a hub scaffold
in assembling and targeting these small GTPase
regulatory enzymes for synaptic functions. Given
that small GTPases are critically important for both
the development and plasticity of synapses, further
research is needed to elucidate the exact roles of
AIDA-1 in regulating GTPases activities and conse-
quent synaptic functions. Additionally, the PTB
domain of AIDA-1 is extremely similar to that of
ANKS1A (Figure S6A). Thus, the structural and bio-
chemical results presented in this work can also
guide future studies of the PTB binding targets of
ANKS1A.
AIDA-1 was discovered as a protein associated

with the cytoplasmic tail of APP.23,24 However, the
interaction between AIDA-1 PTB the NPxY motif
of APP is very weak (Kd � 10 lM).23,46 We notice
that a short AIDA-1 PTB domain lacking the N-
terminal extension as described in this study was
used for the reported binding assays.23,46 We
repeated the binding assay using the extended
AIDA-1 PTB used in this study and a 12-residue
APP NPxY peptide (QNGYENPTYKFF, residues
661–672) by ITC and the derived Kd of the binding
is 3.2 ± 0.7 lM (Figure S6B). Given the extremely
high abundance of SynGAP (and other specific
AIDA-1 binding partners identified in this study), it
is unlikely that APP can compete with SynGAP in
binding to AIDA-1. Whether APP may interact with
AIDA-1 in soma or in axon of neurons remains to
be investigated.
The direct and strong interaction between AIDA-1

and SynGAP has multiple implications in synaptic
functions. Both proteins are highly abundant in
synapses.1,12,18,47 The structure and biochemical
analysis of the AIDA-1-PTB/SynGAP-NPxF indi-
cate that the AIDA-1/SynGAP complex is very
stable and not likely to be influenced by posttransla-
tional modifications including phosphorylation. This
explains the observations that both SynGAP and
AIDA-1 can undergo neuronal activity-dependent
co-movement from the PSD core to the PSD pal-
lium,13,15–17 likely via forming a complex of the two
proteins. The AIDA-1/SynGAP complex does not
totally disperse from activated synapses, but
instead remains at the pallium of PSD, where the
9

lower layer of PSD scaffold proteins such as Shank
and Homer are abundantly present. It is possible
that the AIDA-1/SynGAP complex (both proteins
contain a PBM) may bind to Shank PDZ,48 and thus
maintain the AIDA-1/SynGAP complex with the
PSD area for timely responding to next round of
synaptic stimulations. The tight association
between AIDA-1 and SynGAP also provides a
mechanistic explanation for the observed overlaps
in the clinical phenotypes of patients with mutations
in SYNGAP1 or in ANKS1B. Thus, the results pre-
sented in this study will have tremendous implica-
tions in understanding the molecular mechanisms
of and searching for therapeutic approaches for
the brain disorders caused by SYNGAP1 or in
ANKS1B mutations.
Materials and Methods

Constructs, peptides, protein expression and
purification

The corresponding NCBI accession numbers of
various proteins used in this study are
summarized in Table 2. The full-length and
fragments of the ANKS1B gene were PCR
amplified from a mouse brain cDNA library.
Different mutations or shorter fragments of
SynGAP, Dab2IP, RASAL2, and RIN1 were
generated using the standard PCR-based
methods and verified via DNA sequencing. For
protein expression, each corresponding coding
sequence was cloned into a modified pET32M.3C
vector.
Proteins were expressed at 16 �C using

Escherichia coli BL21 CodonPlus cells, and
purification was achieved through a combination
of a nickel-NTA agarose affinity chromatography,
an ion exchange chromatography, and a size-
exclusion chromatography. For all biochemical
studies, proteins were purified in a solution
composed of 50 mM Tris-HCl pH 8.0, 100 mM
NaCl, 1 mM DTT, and 1 mM EDTA. The Trx-His6
tag was cleaved by incubating the recombinant
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protein with HRV 3C protease for 12 h at 4 �C.
Subsequently, the tag of each protein was
removed through another step of size-exclusion
chromatography. The 11-residue SynGAP NPxF
peptide (PLSFQNPLFHM) was commercially
synthesized.
Affinity purification coupled with mass
spectrometry (AP-MS)

Figure S1A presents the overall process of the
AP-MS process. C57BL/6J mice were obtained
from Guangdong Medical Laboratory Animal
Center, China. Five dissected adult mouse brains
were lysed in 10 mL lysis buffer (50 mM Tris-HCl
pH 8.0, 300 mM NaCl, 1 mM DTT, and 1 mM
EDTA, 0.5% Triton X-100, supplemented with
1 mM PMSF and 1 � halt protease inhibitor
cocktail) and centrifuged for 30 min at 40,000g at
4. 2 mL cleared extract was first incubated with
20 lL Strep-Tactin Sepharose (IBA Life Sciences)
to remove nonspecific beads binding proteins.
Then, 1 mL extract was mixed with purified Trx-
3 � Strep tag-fused AIDA-1d-DN-DPBM (amino
acids 36–506) or Trx-3 � Strep to a final
concentration of 0.5 lM of each bait, respectively.
After incubation for 1 h at 4 �C, the mixture was
centrifuged for 20 min at 20,000g at 4 . Strep-
Tactin Sepharose (20 lL) was added to the
supernatant and the mixture was incubated for
another 30 min with shaking. The beads were
then washed three times with PBS and pelleted by
centrifugation. Bound proteins were released by
boiling the beads with 20 lL SDS-PAGE loading
dye for 15 min at 95 �C. SDS-PAGE with
Coomassie brilliant blue staining was used to
separate and visualize the recovered proteins.
Each protein band was sliced from the SDS-
PAGE gel and analyzed by liquid chromatography
coupled with mass spectrometry (Shanghai
Omicsolution Co., Ltd, China).
Isothermal titration calorimetry (ITC) assay

Isothermal titration calorimetry (ITC)
measurements were performed on a MicroCal
PEAQ-ITC automated calorimeter (Malvern, UK)
at 35 �C. For ITC measurements, proteins were
dissolved in an assay buffer composed of 50 mM
Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, and
1 mM DTT. AIDA-1 proteins were each loaded
into the syringe in concentrations of 100–500 lM,
and NPx[F/Y] motif proteins were loaded into the
sample cell of the calorimeter in concentrations of
30–50 lM. The sample from the syringe was
injected into the cell at an interval of 120 s, with
each injection volume of 2 lL (except that the
injection volume for the first titration point was
0.5 lL). The MicroCal PEAQ-ITC Analysis
10
Software was used to analyze the titration data
using the one-site binding model.
Size exclusion chromatography coupled with
multi-Angle light scattering (SEC-MALS)

The molar mass of each protein or protein
complex was measured using a chromatography
system coupled with a multi-angle static light
scattering detector (miniDawn, Wyatt) and a
differential refractive index detector (Optilab,
Wyatt). A Superdex 200 Increase 10/300 GL
column (Cytiva) was pre-equilibrated with a buffer
of 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM
DTT, and 1 mM EDTA, and then 100 lL of a
protein sample typically at 50 lM was loaded to
the column. The ASTRA 8 software (Wyatt) was
employed to analyze the elution profiles.
Protein crystallization, data collection and
structure determination

Crystals of the AIDA-1b PTB/SynGAP-NPxF
complex were grown by sitting drop vapor
diffusion at 16 �C in a buffer containing 1.8 M
(NH4)2SO4, 10% 1,4-Dioxane, and 0.1 M MES at
pH 7.1, with protein concentration of 500 lM to
2000 lM in the buffer containing 50 mM Tris-HCl
pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM
DTT. Crystals were cryoprotected in the
crystallization solution with an additional 20%
glycerol and flash cooled in liquid nitrogen.
Diffraction data were collected at the Shanghai
Synchrotron Radiation Facility BL19U1 at 100 K.
Data were processed and scaled using HKL3000.49

Molecular replacement was used to determine
the structure of the complex, with AIDA-1b PTB
(PDB: 2M38) as the searching model by PHASER
software.50 Iterative manual adjustments and
refinements of the model were carried out using
COOT51 and Refmac.52 The MolProbity was used
to validate the final model and the final statistics
were summarized in Table 1. All structure figures
were prepared by PyMOL (https://www.pymol.
org). The structure reported in this work has been
deposited to PDB, with its coordinates and structure
factors accessible under the access code of 8YM2.
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