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BIOPHYSICS

Phosphorylation of Doc2 by EphB2 modulates
Munc13-mediated SNARE complex assembly and

neurotransmitter release

Hong Zhang11', Mengshi Lei11', Yu Zhang‘, Hao Li2'3, Zhen He4, Sheng Xie1, Le Zhu1, Shen Wang‘,

Jianfeng Liu1,Yan Li4, Youming Lu2'3*, Cong Ma'%#

At the synapse, presynaptic neurotransmitter release is tightly controlled by release machinery, involving the
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins and Munc13. The Ca*t
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sensor Doc2 cooperates with Munc13 to regulate neurotransmitter release, but the underlying mechanisms re-
main unclear. In our study, we have characterized the binding mode between Doc2 and Munc13 and found that
Doc2 originally occludes Munc13 to inhibit SNARE complex assembly. Moreover, our investigation unveiled that
EphB2, a presynaptic adhesion molecule (SAM) with inherent tyrosine kinase functionality, exhibits the capacity
to phosphorylate Doc2. This phosphorylation attenuates Doc2 block on Munc13 to promote SNARE complex as-
sembly, which functionally induces spontaneous release and synaptic augmentation. Consistently, application of
a Doc2 peptide that interrupts Doc2-Munc13 interplay impairs excitatory synaptic transmission and leads to dys-
function in spatial learning and memory. These data provide evidence that SAMs modulate neurotransmitter re-

lease by controlling SNARE complex assembly.

INTRODUCTION

Ca**-regulated synaptic vesicle exocytosis is a fundamental process
for neurotransmitter release and synaptic plasticity. This process re-
quires the fusion of synaptic vesicles with the plasma membrane me-
diated by the release machinery surrounding the fusion sites (1-3). As
the engine of the release machinery, synaptobrevin-2 (Syb2) on the
vesicles and syntaxin-1 (Syx1) and SNAP-25 (SN25) on the plasma
membrane assemble into the soluble N-ethylmaleimide-sensitive fac-
tor attachment protein (SNARE) complex to supply energy for mem-
brane fusion (4-6). To attain release on demand for diverse neuronal
activities, a series of exquisitely spatial and temporal regulations by
additional release components need to be imposed on SNARE assem-
bly, enabling SNARE-mediated fusion to happen at the right place, at
the correct time, and with the appropriate probability.

In neurons, Munc18-1 and Munc13 are the central SNARE regula-
tory factors. Munc18-1 clamps Syx1 into a closed conformation that
helps their delivery to the plasma membrane but is opposed to Syx1
assembly into the SNARE complex, offering a mechanism for vesicle
docking (7, 8). Muncl3 enables docked vesicles to mature into the
priming process that involves the transition of the Munc18-1/Syx1
complex to the SNARE complex (9-11). An essential prerequisite for
the transition is the opening of Syx1, which is specifically catalyzed by
the NF (Asn1128/Phel131) pocket within the core priming region of
Muncl3 (the MUN domain) (12, 13). Afterward, the MUN domain in
cooperation with Munc18-1 orchestrates SNARE register, pairing, and
assembly to accomplish the transition (14-17). As a master priming
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factor of release, Munc13 has additional domains capable of modulat-
ing its priming activity, thus facilitating diverse forms of release and
synaptic plasticity. The C;-C,B domain, which binds to diacylglycerol
(DAG)/phosphatidylinositol 4,5-bisphosphate (PIP,)-Ca?* on the
plasma membrane (18, 19), and the C,C domain, which associates
with vesicles (20, 21), collaborate to promote vesicle accumulation to
the plasma membrane, thereby enhancing MUN priming activity at
the fusion sites. In addition, Munc13 contains a RIM-binding C,A do-
main that associates with the active zone scaffolding proteins (22-24),
as well as a calmodulin (CaM)-binding sequence that serves as an im-
portant CaM-Ca*" effector (25).

Neurons also require multiple specialized Ca** sensors that con-
fer Ca®* sensitivity to SNARE-mediated fusion to achieve both ac-
tion potential (AP)-dependent and AP-independent types of release.
AP-dependent synchronous release (<1 ms) is mainly governed by
the fast Ca’* sensor synaptotagmin-1 (Sytl) (26). The double C2
(Doc2) family proteins (27, 28), another class of Ca*" sensors with
high Ca** affinity but slow kinetics (29), control AP-dependent asyn-
chronous release (10 to 100 ms) (30) and AP-independent spontane-
ous release (31-33). Doc2A and Doc2B, the main Doc2 isoforms in
the adult brain (34, 35), use their double C, domains (C,A and C,B)
to bind Ca** and phospholipids as well as the SNARE complex to
directly induce the final fusion step (30, 31), in an analogous manner
to that of Sytl. However, unlike Syt1, Doc2 is largely cytosolic and
contains an N-terminal Muncl3-interacting domain (Mid; residues
13 to 37) preceding its C;AB domain (36, 37). Growing evidence sug-
gests that Doc2 collaborates with Munc13 to regulate diverse activity-
dependent release and plasticity in neurons (38-40), as well as
different phases of secretion in neuroendocrine cells (41-43), but the
underlying mechanisms remain unclear. Most previous studies as-
cribed the significance of the Doc2-Muncl3 interaction to their
strong co-accumulation to the plasma membrane in response to ei-
ther phorbol 12-myristate 13-acetate (PMA) or elevated Ca** level
(37, 44, 45). However, the role of this interaction on the assembly of
the SNARE complex is unclear.
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In addition to the tight control by the presynaptic release ma-
chinery, neurotransmitter release can be constitutively and activity-
dependently modulated by retrograde signaling from the postsynaptic
target cells (46-48). It has become increasingly clear that synaptic
adhesion molecules (SAMs) residing between the presynaptic active
zones and postsynaptic density mediate multiple transsynaptic retro-
grade signals to alter the structure and function of presynaptic
boutons (49-55). For instance, postsynaptic Neuroligin works with
PSD-95 and/or N-cadherin to modulate presynaptic release by re-
cruiting presynaptic scaffold proteins to fusion sites (49, 54); post-
synaptic Neuroligin or Neurexin regulates presynaptic release by
influencing presynaptic metabotropic glutamate receptors or N-type
calcium channel (52, 55). These mechanisms involve the alteration of
many aspects of presynaptic elements’ properties, e.g., vesicle cluster-
ing, active zone assembly, and activity of receptors and channels.
However, it remains unknown whether SAM-mediated retrograde
signaling modulates neurotransmitter release by directly manipulat-
ing the release machinery. In this study, we find a potential EphB2
retrograde signaling that acutely manipulates Doc2-Muncl3 inter-
play to control SNARE complex assembly and neurotransmitter re-
lease. We suggest that this EphB2-mediated mechanism beneficially
couples the postsynaptic elements with the presynaptic release ma-
chinery to alter the structure and function of a synapse amenable for
diverse neuronal activities.

RESULTS

Doc2 interacts with Munc13

Previous studies have implicated that Doc2B interacts with the
Muncl3-1 MUN domain via the N-terminal Mid (residues 13 to 37)
(36, 37). Here, we generated full-length Doc2B (FL; 1 to 412) and a
series of its fragments, i.e., Doc2B (1 to 37), Doc2B (13 to 37), Doc2B
(13 to 60), Doc2B (13 to 80), Doc2B (13 to 120), Doc2B (38 to 80),
and Doc2B (38 to 412) (Fig. 1A), and compared their binding capac-
ity with the Munc13-1 MUN domain (residues 933 to 1531) using
glutathione S-transferase (GST) pull-down experiments. All the
fragments, except for Doc2B (38 to 80) and Doc2B (38 to 412),
showed significant binding to MUN (Fig. 1B), confirming an indis-
pensable role of the Mid sequence (13 to 37) for Munc13-1 interac-
tion. Intriguingly, Doc2B FL, Doc2B (13 to 60), Doc2B (13 to 80),
and Doc2B (13 to 120) displayed much stronger binding capacity
than Doc2B (13 to 37) (Fig. 1B), implying that additional residues
downstream of the Mid sequence contribute to MUN interaction. In
addition, isothermal titration calorimetry (ITC) assay showed that
Doc2B FL and/or Doc2B (13 to 80) bound to MUN at a 1:1 stoichi-
ometry, yielding a dissociation constant 10-fold higher than that of
the Mid sequence (13 to 37) (Fig. 1, C and D, and table S1). Note that
no detectable binding was observed for Doc2B (38 to 412) (Fig. 1D).
Consistently, Doc2B (13 to 80) or Doc2B FL, rather than Doc2B (13 to
37), was capable of forming a stable heterodimeric complex with
MUN, as detected by size exclusion chromatography (fig. S1A).
Hence, we define residues 13 to 80 (termed Mid-L hereafter) as the
intact Mid of Doc2B.

To investigate the key residues responsible for MUN interaction,
weacquired '"H-1>N heteronuclear single quantum coherence (HSQC)
two-dimensional (2D) nuclear magnetic resonance (NMR) spectra of
Doc2B (1 to 80) in the absence and presence of MUN, respectively.
The spectrum of apo-'°N-labeled Doc2B (1 to 80) displayed poor dis-
persion of the cross peaks with 'H chemical shifts ranging in 7.60 to
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8.60 parts per million, indicating an unfolded conformation (Fig. 1E,
black contours). Addition of unlabeled MUN caused a major reduc-
tion in the cross-peak intensities of >N-labeled Doc2B (1 to 80)
(Fig. 1E, red contours), in particular for residues 13 to 50 (Fig. 1F).
Among them, multiple hydrophobic residues exhibited a considerable
decrease in the cross-peak intensities, suggesting their extensive par-
ticipation in MUN interaction (Fig. 1E). Individual mutation I14A,
120A, 127A, 130A, I33A, and Y36A (fig. S1B) remarkably impaired
binding of Doc2B FL to GST-MUN (Fig. 1G), among which 120A ex-
hibited the strongest defect.

Next, we identified the sites in MUN responsible for Doc2B bind-
ing. MUN contains four subdomains, i.e., A, B, C, and D; we thus
generated MUN-AB (859 to 1175), MUN-BC (1011 to 1407), MUN-
CD (1148 to 1531), MUN-ABC (859 to 1407), and MUN-BCD (1011 to
1531) (Fig. 1A), as previously described (12). Detected by GST pull-
down experiments, we found that Doc2B FL bound to MUN-ABC,
MUN-BCD, and MUN-BC but failed to bind MUN-AB and MUN-
CD (Fig. 1H), identifying subdomains B and C as the core region for
Doc2B interaction. To screen the binding sites, we designed a series
of mutations on the surface of MUN-BC and measured their binding
with Doc2B FL (fig. S1C). Among them, N1128A/F1131A (NFAA)
and W1165A significantly impaired Doc2B interaction (Fig. 1I).
Last, we verified the importance of 120 in Doc2B and N1128/F1131
(NF) in Muncl3-1 for Doc2B-Muncl3-1 interaction in human em-
bryonic kidney (HEK) 293 cells. In line with previous results (37, 40),
we observed cotranslocation of mCherry-tagged Doc2B wild-
type (WT) with enhanced green fluorescent protein (EGFP)-tagged
Muncl13-1 (C;C,BMUN) to the plasma membrane upon PMA stimu-
lation (fig. S1D). However, either I20A or NFAA mutation strongly
impaired their cotranslocation (fig. S1D). Together, these data reveal
that the Mid-L in Doc2B and the NF sequence in Munc13-1 mediate
Doc2B-Muncl3-1 interaction.

Doc2-Munc13 interaction inhibits SNARE complex assembly
Previous results have shown that the NF (N1128/F1131) pocket of
Muncl3-1 mediates opening of Syx1, thus promoting the transition
from the Muncl8-1/Syx1 complex to the SNARE complex (12, 13).
Our finding that Doc2B binds the Muncl13-1 NF pocket via Mid-L
leads to a hypothesis that Doc2B would hinder Munc13-1 from cata-
lyzing SNARE complex assembly. To test this hypothesis, we moni-
tored MUN-catalyzed SNARE complex assembly starting from the
Munc18-1/Syx1 complex in the presence of Syb2 and SN25 by fluores-
cence resonance energy transfer (FRET) assay as previously described
(Fig. 2A) (12). Intriguingly, MUN-catalyzed SNARE complex assem-
bly was partially inhibited by Doc2B Mid and totally abrogated by
Doc2B Mid-L or Doc2B FL (Fig. 2B). Notably, this inhibition by
Doc2B Mid displayed a dose-dependent effect (Fig. 2C), reflecting the
predominant role of the Mid sequence in the inhibition. Then, we in-
vestigated whether disruption of Doc2B-MUN interaction can initiate
MUN:-catalyzed SNARE complex assembly. The MUN NFAA muta-
tion that disrupts Doc2B interaction failed to initiate the assembly
(Fig. 2D); this is expected because this mutation intrinsically blocks
MUN catalytic activity (12). Intriguingly, the Doc2B 120A mutation
that impairs MUN interaction almost fully recovered MUN-catalyzed
SNARE complex assembly (Fig. 2D). These observations were further
validated by previously established native-polyacrylamide gel electro-
phoresis (PAGE) experiments (fig. S2) (56). Thus, these results demon-
strate that Doc2B-Munc13-1 interaction inhibits Muncl3-catalyzed
SNARE complex assembly.
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Fig. 1. Doc2B interacts with Munc13-1. (A) Schematic diagram showing domain organization and variant fragments of Doc2B and Munc13-1. (B) Binding of MUN to GST-
Doc2B FL or its variant fragments measured by GST pull-down experiments and quantification of the binding. (C) ITC-based measurements of MUN binding to GST-Doc2B 13 to
37 (Mid, left) and to GST-Doc2B 13 to 80 (Mid-L, right). (D) ITC-based measurements of the binding affinities between GST-Doc2B FL or its variant fragments and MUN. (E) 2D
TH->N HSQC spectra of '*C/"°N-labeled Doc2B 1 to 80 before (black) and after (red) addition of MUN. Cross-peaks of residues that are chosen for mutation to detect MUN bind-
ing are labeled along with their corresponding residue number (cyan). (F) Peak intensity alteration of '>C/"*N-labeled Doc2B 1 to 80 protein expressed as ratio between inte-
grated peak volumes after (V) and before (Vo) addition of unlabeled MUN. (G) Binding of Doc2B FL or its variant mutations to GST-MUN measured by GST pull-down experiments
and quantification of the binding. (H) Binding of MUN or its variant fragments to GST-Doc2B FL measured by GST pull-down experiments and quantification of the binding. Red
asterisk shows the band of bound MUN-BC. (I) Binding of MUN or its variant mutations to GST-Doc2B FL measured by GST pull-down experiments and quantification of the
binding. Data of GST pull-down experiments are processed by ImageJ (National Institutes of Health) and presented as means + SEM (n = 3). Statistical significance and P values
were determined by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test. *P < 0.05; ***P < 0.001; **##P < 0.0001; ns, not significant.
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Fig. 2. Doc2B inhibits MUN-catalyzed SNARE complex assembly and membrane fusion. (A) lllustration of the FRET assay for detecting MUN-catalyzed SNARE complex
assembly starting from the Munc18-1/Syx1 (1 to 261) complex in the presence of Syb2 (29 to 96), SN25, and MUN. FRET signal between BDPY-labeled Syb2 S61C (donor) and
TMR-labeled SN25 S187C (acceptor) was monitored. (B to D) MUN-catalyzed SNARE complex assembly by addition of Doc2B Mid, Doc2B Mid-L, or Doc2B FL, respectively (B),
addition of different concentrations of Doc2B Mid (C), and addition of MUN NFAA or Doc2B 120A, which disrupts Doc2B-MUN interaction (D). Decrease of donor fluorescence
at 1500 s is shown in the column at the right of the chart. (E) Illustration of Munc13-catalyzed lipid mixing between liposomes bearing Syb2 (1 to 116) and liposomes bearing
the Munc18-1/Syx1 (1 to 288) complex in the presence of SN25, Syt1 C2AB, Ca®*, and Munc13-1 (C;C,BMUN). Donor (NBD) fluorescence was monitored at 538 nm. (F to
H) Munc13-catalyzed lipid mixing by addition of Doc2B Mid, Doc2B Mid-L, or Doc2B FL, respectively (F); addition of C;C;BMUN NFAA or Doc2B I120A (G). Munc13-catalyzed
lipid mixing at 1000 s is shown in (H). Fy, fluorescence intensity observed as a function time; Fy, initial fluorescence intensity. Data are presented as means + SEM (n = 3). Sta-
tistical significance and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05; *##P < 0.001; ****P < 0.0001.

To explore the effect of Doc2B-MUN interaction on SNARE-
dependent membrane fusion, we performed lipid-mixing experiments
using liposomes containing the Munc18-1/Syx1 (full-length) complex
and liposomes bearing Syb2 (full-length) in the presence of Munc13-1
(CiC,BMUN), SN25, Syt1-C,AB, and Ca** (Fig. 2E). Consistent with
the assembly results, Doc2B Mid partially impaired, but Doc2B Mid-L
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and Doc2B FL strongly impaired, Muncl3-1 activity in catalyzing
SNARE-mediated membrane fusion (Fig. 2, F and H). Disruption of
Doc2B-MUN interaction by introducing the I20A mutation complete-
ly rescued Muncl3-1 activity (Fig. 2, G and H). Hence, these results
demonstrate that Doc2B-Munc13-1 interaction inhibits Munc13 ac-
tivity in catalyzing SNARE-mediated membrane fusion.
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EphB2 associates with the release machinery and directly
binds Doc2

How could Munc13-1 escape Doc2B inhibition to execute its essential
function in SNARE complex assembly? Phosphorylation is an effec-
tive way to modulate protein structure and protein-protein interac-
tion. We hence detected whether Doc2B undergoes phosphorylation.
We targeted Src, Fyn, epidermal growth factor receptor (EGFR),
EphB2, TrkA, TrkB, Fak2, and Tec2 as potential tyrosine kinase (57,
58) and performed in vitro phosphorylation assays using GST-tagged
Doc2B Mid. Among the candidates, we found that EphB2 specifically
phosphorylated Doc2B (fig. S3A).

EphB2, a SAM that has tyrosine kinase activity, is widely distrib-
uted at pre- and postsynaptic membranes (59-61) and is critical for
synaptic development, formation, and plasticity (62-64). Analysis of
the expression pattern of Doc2B and EphB2 in adult mouse brain in-
dicated their codistribution in the hippocampus, particularly in the
CA1 region and the dentate gyrus (Fig. 3A). Immunofluorescence
analysis of primary cultured mouse hippocampal neurons showed the
presence of EphB2 in puncta within the dendrites (fig. S3B). These
puncta were found to colocalize with Doc2B and the endogenous pre-
synaptic vesicle marker VAMP2 (fig. S3B). Then, we purified synapto-
somes and separated pre- and postsynaptic elements, respectively,
and found that EphB2 was localized in both pre- and postsynaptic
compartments (Fig. 3B). Doc2B was predominantly associated with
presynaptic element Muncl3-1 and Muncl8-1 but excluded from
postsynaptic marker PSD-95 (Fig. 3B). Therefore, Doc2B probably
serves as a downstream effector of presynaptic EphB2.

We next explore the interaction between Doc2B and EphB2.
Through GST pull-down experiments combined with immunoblot-
ting, we observed binding of EphB2, along with crucial presynaptic
components such as Munc13-1, RIM-1, Munc18-1, Syx1, and SN25,
to GST-Doc2B FL in mouse brain homogenate lysates (fig. S3C). No-
tably, the strength of binding varied among these components, indi-
cating different levels of association between EphB2 and the release
machinery in presynaptic active zones. Then, we verified the interac-
tion between Doc2B and EphB2 in HEK293 cells. mCherry-tagged
Doc2B coimmunoprecipitated with Flag-tagged EphB2 and vice versa
(Fig. 3, Cand D). Next, we aim to identify the specific region of EphB2
responsible for Doc2B interaction in HEK293 cells (Fig. 3E). Intrigu-
ingly, Doc2B bound notably to EphB2-ASP, which lacks the C-
terminal sterile « motif and the PDZ-binding module (Fig. 3F).
However, Doc2B failed to bind EphB2-AKSP, which additionally
lacks the kinase domain (Fig. 3F), suggesting the requirement of the
kinase domain for Doc2B interaction. Moreover, the EphB2 K653R
(KR) mutation that terminates EphB2 kinase activity failed to bind
Doc2B (Fig. 3G). These data indicate that an active form of the EphB2
kinase domain is indispensable for Doc2B interaction.

EphB2 phosphorylates Doc2

Doc2B Mid-L contains only one tyrosine residue (Y36), which is
highly conserved across Doc2 family proteins (fig. S3D) and plays a
critical role in MUN interaction (Fig. 1G). We hence generated a
phosphorylation state-specific antibody (termed pY36) and investi-
gated whether EphB2 phosphorylates Doc2B at Y36 using in vitro
phosphorylation assay. The pY36 antibody was generated by the mod-
ified peptide (QISDY-pFPRE residues 32 to 40 of Doc2B) and dem-
onstrated by dot blot analysis (fig. S3E). GST-Doc2B Mid, Mid-L, and
FL were substantially phosphorylated by the kinase domain (residues
595 to 906) of EphB2, detected by immunoblotting with pY36 or pTyr
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antibody (Fig. 3H). However, introduction of the unphosphorylatable
mutation Y36F in Doc2B or the treatment of phosphatase (APase)
diminished EphB2-dependent Doc2B phosphorylation (Fig. 3I). In
contrast, GST alone, the Munc13-1 MUN domain, Munc18-1, Syx1,
and SN25 cannot be phosphorylated by the kinase domain of EphB2
(fig. S3F).

Then, we explored the phosphorylation of Doc2B by EphB2 in
HEK293 cells. In contrast to Doc2B WT, mCherry-tagged Doc2B
Y36F showed greatly reduced EphB2-dependent phosphorylation
(Fig. 3]). Similarly, Flag-tagged EphB2 KR, which loses kinase activ-
ity, failed to phosphorylate Doc2B (Fig. 3K). In addition, the EphB2
Y596E/Y602E mutant (YYEE), which retains kinase activity but can-
not activate downstream Src family proteins, still phosphorylated
Doc2B (Fig. 3K). This suggests that EphB2 directly phosphorylates
Doc2B independent of the downstream Src pathway. In contrast,
EphA4, another Eph family protein present in presynaptic mem-
branes (61), was unable to phosphorylate Doc2B (fig. S3G). Together,
these data suggest that EphB2 directly and specifically phosphory-
lates Doc2B at residue Y36.

Under physiological conditions, the kinase activity of EphB2 can
be potentiated by postsynaptic EphrinB-1, EphrinB-2, or EphrinB-3
(65). In our study, we observed that EGFP-tagged EphB2 located on
the plasma membrane and exhibited a higher binding affinity for ex-
ogenously applied EphrinB2 or EphrinB3 compared to EphrinBI in
HEK293 cells (fig. S3H). Next, we focused on EphrinB3 and tested
whether it could activate EphB2 and trigger Doc2B phosphorylation
in cultured mouse cortex neurons. Immunoblotting results showed
that the addition of EphrinB3 in cultured neurons led to substantial
phosphorylation of EphB2 (Fig. 3L), indicating the activation of
EphB2 by EphrinB3. Furthermore, stimulation of cultured neurons
with EphrinB3 resulted in an increase in the level of Doc2B phos-
phorylation (Fig. 3L). In line with this observation, immunofluores-
cence analysis showed that addition of EphrinB3 to cultured neurons
significantly increased the puncta number of phosphorylated Doc2B
(fig. S3I). These results suggest that the elevated EphrinB3-EphB2
signaling enhances Doc2B phosphorylation. To further investigate
the phosphorylation of Doc2B by EphB2, we analyzed EphB2 WT
(EphB2*"*) and deficient (EphB2~'~) mouse brains. Immunoblotting
analysis using the pY36 antibody demonstrated that the deletion of
EphB2 resulted in a notable decrease in the level of Doc2B phosphor-
ylation (Fig. 3M). Last, we suppressed endogenous Doc2B expres-
sion in Doc2A-deficient mice and found that the acute knockdown
of Doc2B led to significant decrease in the level of Doc2B expression
and Doc2B phosphorylation in the lysates of mouse brain homoge-
nates (Fig. 3N). These findings suggest a potential retrograde signal-
ing pathway from postsynaptic EphrinB3 to presynaptic EphB2,
which regulates the phosphorylation of Doc2B at Y36.

EphB2-dependent Doc2 phosphorylation attenuates
Doc2-Munc13 interaction to recover SNARE

complex assembly

We explored whether EphB2-dependent Doc2B Y36 phosphorylation
affects its interaction with MUN. We observed that the unphosphory-
latable mutant, Doc2B Y36F, bound to GST-MUN as effectively as
Doc2B WT. Conversely, the phosphomimetic mutant, Doc2B Y36D,
displayed significantly reduced binding to GST-MUN (Fig. 4A).
These findings were further supported by Doc2B’s binding to full-
length Munc13-1 from mouse brain tissues (fig. S4A). In addition, we
measured the binding affinity of Doc2B mutants with MUN using
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A

Fig. 3. Presynaptic EphB2 interacts with Doc2B and phosphorylates Doc2B at Y36. (A) Immunostaining against Doc2B (green) and EphB2 (red) in the mouse hippo-
campus region. Nuclear DNA was labeled with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 500 pm. (B) Separation of pre- and postsynaptic densities from
purified synaptosomes. Syn, synaptosome; Pre, presynaptic elements; Post, postsynaptic elements; Extra, extrajunctional synaptic elements. (C and D) Western blot
analysis of Doc2B-EphB2 interaction following cotransfection of mCherry-tagged Doc2B and Flag-tagged EphB2 in HEK293 cells. Cell lysates were immunoprecipitated by
anti-mCherry antibody (C) or anti-Flag antibody (D), followed by immunoblotting with indicated antibody. (E) Schematic representation of EphB2 constructs. (F and
G) Western blot analysis of Doc2B-EphB2 interaction following cotransfection of various combinations of plasmids containing EphB2 FL, EphB2-ASP, EphB2-AKSP, and/or
mCherry-tagged Doc2B (F), EphB2 WT, KR, and/or mCherry-tagged Doc2B (G) in HEK293 cells. (H and 1) In vitro phosphorylation assay using sumo-tagged EphB2 and
GST-tagged Doc2B fragments (H) and GST-tagged Doc2B Mid or Y36F (1) in the presence or absence of ATP and APase. Asterisks show bands of GST-Doc2B Mid, Mid-L, and
FL, respectively. CBB, Coomassie Brilliant Blue staining. (J and K) Western blot analysis of Doc2B phosphorylation following cotransfection of mCherry-tagged Doc2B WT
orY36F and/or EphB2 (J) and EphB2 WT, KR, or YYEE and/or mCherry-tagged Doc2B (K) in HEK293 cells. (L) Detection of Doc2B phosphorylation in cultured mouse cortex
neurons by application of Fc (control) or preclustered Ephrin-B3-Fc. (M and N) Western blot analysis of Doc2B phosphorylation in EphB2*/* or EphB2~'~ mouse brains (M)
in Doc2A-deficient neurons infected with Doc2B KD or control virus (N). Tubulin used as the reference protein. Data are presented as means + SEM (n = 3). Statistical sig-
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Fig. 4. Doc2B phosphorylation by EphB2 relieves inhibition of Doc2B on Munc13-catalyzed SNARE complex assembly and membrane fusion. (A) Binding of Doc2B
WT or its phosphomimetic/unphosphorylatable mutations to GST-MUN measured by GST pull-down experiments and quantification of the binding. (B) Binding of the MUN
domain to GST-Doc2B fragments and EphB2 mixture measured by GST pull-down experiments in the presence or absence of ATP and quantification of the binding. (C and
D) MUN-catalyzed SNARE complex assembly by addition of Doc2B WT, Y36D, or Y36F, respectively (C), and addition of Doc2B WT and EphB2 mixture in the presence or ab-
sence of ATP (D). Decrease of donor fluorescence at 1500 s is shown in the column at the right of the chart. (E and F) Munc13-catalyzed lipid mixing by addition of Doc2B
WT, Y36D, or Y36F, respectively (E), and addition of Doc2B WT and EphB2 mixture in the presence or absence of ATP (F). Munc13-catalyzed lipid mixing at 1000 s is shown in
the column at the right of the chart. F;, fluorescence intensity observed as a function time; Fo, initial fluorescence intensity. Data are presented as means + SEM (n = 3).

Statistical significance and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001.

ITC assay (table S1). Doc2B Y36F exhibited nearly identical ther-
modynamic properties when binding to MUN compared to Doc2B
FL. However, Doc2B Y36D bound to MUN with a notably reduced
affinity. Furthermore, similar to Doc2B Y36D, the addition of EphB2
significantly impaired Doc2B binding to MUN in the presence of
adenosine triphosphate (ATP) (Fig. 4B). Hence, the above data sug-
gest that EphB2-dependent Doc2B Y36 phosphorylation attenuates
Doc2B-MUN interaction.

We then explored whether EphB2-dependent Doc2B Y36 phos-
phorylation would alleviate Doc2B inhibitory effect on Munc13-1

Zhang et al., Sci. Adv. 10, eadi7024 (2024) 17 May 2024

activity in SNARE complex assembly and membrane fusion. To this
aim, we carried out FRET assay and found that Doc2B Y36D, which
impairs MUN interaction, significantly recovered Munc13-catalyzed
SNARE complex assembly and membrane fusion (Fig. 4, C and E).
However, Doc2B WT and Doc2B Y36F, which retain MUN inter-
action, inhibited Muncl3-catalyzed SNARE complex assembly
and membrane fusion (Fig. 4, C and E). EphB2 treatment on Doc2B
WT clearly restored Muncl3-catalyzed SNARE complex assembly
and membrane fusion in the presence of ATP (Fig. 4, D and F).
Hence, EphB2-dependent Doc2B Y36 phosphorylation attenuates
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Doc2B-MUN interaction, therefore activating Muncl3-catalyzed
SNARE complex assembly and membrane fusion. These results sug-
gest that EphB2 functions as a molecular switch, facilitating the tran-
sition of the Doc2B-Munc13-1 complex from an associated state to a
dissociated state.

Modulation of Doc2-Munc13 interaction by EphB2 controls
spontaneous release and synaptic augmentation

We next investigate whether other members of Doc2 family proteins
operate similarly to Doc2B. Doc2 family proteins contain Doc2A,
Doc2B, and Doc2C (34, 66). Similar to Doc2B, Doc2A and Doc2C
bound to MUN via Mid-L (fig. S5A). EphB2 likewise enabled Doc2A
phosphorylation at Y35, which attenuates Doc2A-MUN interaction,
thereby promoting SNARE complex assembly (fig. S5, B to E).
These results indicate a common function shared by Doc2A and
Doc2B. Considering the predominant expression of Doc2A in neu-
rons compared to the ubiquitous expression of Doc2B (34, 67), we
consequently generated a mutant mouse line with a complete deletion
of Doc2A (Doc2A_/ ~ mice; fig. S6A), as previously reported (68). In
Doc2A™™ mice, several proteins crucial for synaptic transmission,
such as Munc13-1, Muncl8-1, EphB2, Sytl, and SNAREs, were ex-
pressed at normal levels compared to that in Doc2A*'* mice (fig. 6, B
and C). In addition, Doc2A™"™ mice were viable and exhibited no dis-
cernible differences in size or gross behavior compared to their WT
littermates. To investigate the impact of Doc2A deletion in neu-
rotransmitter release, we performed whole-cell patch clamp record-
ings in cultured mouse cortex neurons from Doc2A™~ mice. We
found that the mean amplitude of evoked excitatory postsynaptic cur-
rents (EPSCs) was unchanged in Doc2A™'~ neurons compared to
Doc2A™"™ neurons (fig. S6, D and E). However, the deletion of Doc2A
significantly reduced the frequency of miniature EPSCs (mEPSCs;
fig. S6, F to H), which is consistent with the essential role of Doc2 in
spontaneous release (31).

Since our in vitro experiments were primarily focused on Doc2B
and that the pan-neuronal expression of the Doc2B protein was re-
ported to successfully rescue spontaneous release or synaptic aug-
mentation in neurons lacking Doc2A and/or Doc2B (31, 33, 40), we
chose to express Doc2B in Doc2A-deficient neurons and explore the
effect of the association and dissociation of Doc2B-Muncl3-1 on
neurotransmitter release. Expression of either Doc2A or Doc2B was
able to rescue spontaneous release in Doc2A™'~ neurons (Fig. 5, A
and B). Consistent with previous studies (33), a mutant version of
Doc2B, D303N, which disrupts its C,B Ca®*-binding site, was unable
to rescue spontaneous release (Fig. 5, C and D), indicating that
Doc2B sensing Ca®* is important for spontaneous release. Intrigu-
ingly, Doc2B (81 to 412, lacking Mid-L) or Doc2B I20A, which im-
pairs Munc13-1 interaction, also failed to rescue spontaneous release
(Fig. 5, C and D), suggesting that the association of Doc2B and
Muncl3-1 is important for spontaneous release.

We next tested whether the dissociation of Doc2B with Munc13-
1, which is mediated by Doc2B phosphorylation, is required for
spontaneous release. Consistent with our in vitro results (Fig. 4), ex-
pression of Doc2B Y36F, which constantly binds Munc13-1, was un-
able to rescue spontaneous release in Doc2A™~ neurons (Fig. 5, C
and D). Similarly, expression of Doc2B Y36D, which mimics a con-
stantly phosphorylated state, still failed to rescue spontaneous release
(Fig. 5, C and D). This result is expected, as the Y36D mutation dis-
rupts the interaction between Doc2B and Muncl13-1, which renders
Doc2B unable to target to Munc13-1-enriched fusion sites (fig. S1D).

Zhang et al., Sci. Adv. 10, eadi7024 (2024) 17 May 2024

To test whether the above Doc2B mutants could properly localize to
synapse, we generated N-terminal Flag-tagged fusion proteins of the
above Doc2B mutants. Inmunofluorescence analysis showed a sub-
stantial enrichment of Flag-tagged Doc2B mutants within most
VAMP2 puncta in Doc2A™"~ neurons (fig. S7A), indicating the prop-
er localization of the Doc2B mutants. Furthermore, there was no no-
table change in the number of synapses rescued by the Doc2B
mutants in Doc2A™~ neurons (fig. $7B). Together, these results sug-
gest that the association and dissociation of Doc2B-Munc13-1 is im-
portant for spontaneous release.

Since EphB2 is able to facilitate the transition of Doc2B-Munc13-
1 complex from an associated state to a dissociated state in vitro, we
aimed to verify this function in spontaneous release. We used exoge-
nously supplied EphrinB3 to activate EphB2 and found that it led to a
gradual increase in the frequency of mEPSC in Doc2A*'* neurons but
not in Doc2A™~ neurons in a time course of 70 min (Fig. 5, Eand F).
The increment of spontaneous release was only restored upon the ex-
pression of Doc2B WT but not Doc2B Y36F in Doc2A™~ neurons
(Fig. 5G). These data suggest that EphrinB3-EphB2 signaling increas-
es spontaneous release by facilitating the association-dissociation
transition of Doc2B-Munc13-1.

Besides, Doc2 was recently implicated to regulate synaptic aug-
mentation together with Muncl3 (40). We next explored whether the
association and dissociation of Doc2B-Munc13-1 is required for aug-
mentation. To induce augmentation, we stimulated cultured mouse
cortex neurons at 10 Hz for 5 s and observed a robust increase in the
amplitude of EPSC in response to single APs (Fig. 5, H and I); this en-
hancement lasts for tens of seconds in Doc2A™"* neurons. This aug-
mentation was eliminated in Doc2A™~ neurons but could be rescued
by expressing exogenous Doc2B WT (Fig. 5]). Notably, the rescue ef-
fect was not observed with Doc2B Y36D or 120A (Fig. 5]), indicating
the requirement of the association of Doc2B-Munc13-1 for augmen-
tation. In addition, Doc2B Y36F, which retains Munc13-1 interaction
but assumes in an unphosphorylatable state, only slightly rescued
augmentation (Fig. 5]), suggesting that the dissociation of Doc2B-
Munc13-1, mediated by Doc2B phosphorylation, is also important for
augmentation. These data suggest that the association and dissociation
of Doc2B-Muncl13-1 contributes to activity-dependent plasticity.

Disruption of Doc2 interplay with Munc13 impairs spatial
learning and memory

Next, we asked whether the direct and functional interplay between
Doc2 and Muncl3 is associated with brain function, such as spatial
learning and memory. We first expressed Doc2B Mid-L or its mutants
in cultured mouse cortex neurons to interfere Munc13 function and
examined its effect on synaptic transmission. Introduction of Mid-L
or Mid-L Y36F that impairs the Doc2-Munc13 interplay significantly
inhibited the mEPSC frequency and AP-evoked EPSC amplitude
(Fig. 6, A to D). In contrast, Mid-L I20A or Mid-L Y36D with weak
influence on the Doc2-Muncl3 interplay had no effect on both mEPSC
and evoked EPSC (Fig. 6, A to D). Upon characterizing the size of the
readily releasable pool (RRP), we observed that Mid-L and Mid-L
Y36F, but not Mid-L I120A and Mid-L Y36D, led to a great reduction
in RRP size (Fig. 6, E and F). This indicates that the disruption of the
interaction between Doc2 and Munc13 results in defective priming of
exocytosis. To confirm the subcellular localization of the Flag-tagged
Doc2B Mid-L mutants, we performed immunofluorescence staining
and found that all of the mutants were dispersed in the soma and den-
drites, partially colocalizing with the endogenous presynaptic marker
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Fig. 5. EphrinB3-EphB2 signaling regulates spontaneous release and synaptic augmentation. (A and B) Representative traces (A) and quantification of mEPSC fre-
quency (B) in Doc2A™"~ neurons (EGFP, n = 15; Doc2A WT, n = 15; Doc2B WT, n = 15). (C and D) Representative traces (C) and quantification of mEPSC frequency (D) in
Doc2A™'~ neurons expressing EGFP (n = 16), Doc2B WT (n = 16), Doc2B D303N (n = 16), Doc2B (81 to 412) (n = 16), or Doc2B 120A (n = 16). (E) Representative traces of
mEPSC frequency in Doc2A** (top) and Doc2A™"~ (bottom) neurons after stimulation with EphrinB3. (F and G) Summary of the changes in mEPSC frequency after stimu-
lation with EphrinB3 in Doc2A*"* (n = 16) and Doc2A™"~ (n = 18) neurons (F) and in Doc2A™~ neurons expressing EGFP (n = 16), Doc2BWT (n = 16), or Doc2B Y36F (n = 16)
(G). Data were normalized to the average value during the control period before stimulation. (H) Representative traces of evoked EPSCs in synaptic augmentation at 20,
40, and 60 s in Doc2A*"* and Doc2A™"~ neurons. (I and J) Normalized peak amplitudes of evoked EPSCs in Doc2A™* (n = 20) and Doc2A™"~ (n = 23) neurons (I) or in
Doc2A™~ neurons expressing EGFP (n = 16), Doc2B WT (n = 16), Doc2B 120A (n = 17), Doc2B Y36D (n = 15), or Doc2B Y36F (n = 15) (J). Data are presented as
means + SEM. Recorded cells are from three independent experiments. Statistical significance and P values for (B), (D), (G), and (J) were determined by one-way ANOVA
with Dunnett’s multiple comparison test, and those for (F) and (I) were determined by Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 6. Doc2-Munc13 interaction is critical for synaptic transmission and learning and memory. (A and B) Representative traces (A) and quantification of mEPSC
frequency (B) in WT neurons expressing EGFP (n = 22), Mid-L (n = 20), Mid-L 120A (n = 21), Mid-L Y36D (n = 22), or Mid-L Y36F (n = 20). (C and D) Representative traces (C)
and quantification of AP-evoked EPSC amplitude (D) in WT neurons expressing EGFP (n = 16), Mid-L (n = 16), Mid-L I20A (n = 16), Mid-L Y36D (n = 16), or Mid-L Y36F
(n = 16). (E and F) Representative traces (E) and quantification of EPSCs evoked by 0.5 M sucrose (F) in WT neurons expressing EGFP (n = 16), Mid-L (n = 15), Mid-L 120A
(n=18), Mid-LY36D (n = 15), or Mid-L Y36F (n = 17). (G and H) Schematic representation of the novel object recognition task (G) and quantification of the discrimination
ratio of time (H). F, familiar object; N, novel object. (I) Representative hotspots of path tracings taken from training session at day 6 in Morris water maze test. (J and
K) Average latency (J) and swim length (K) to reach a hidden platform plotted against the blocks of trials (days). (L) Representative hotspots of path tracings taken from
the probe trial at day 8. (M and N) Quantification of the latency to reach the previously hidden platform area (M) and percentage of time spent in the target quadrant (N)
on day 8. Data are presented as means + SEM. For electrophysiological recordings, cells are from three independent experiments. For behavioral tests, 12 mice per group.
Statistical significance and P values were determined by one-way ANOVA with Dunnett’s multiple comparison test (*P < 0.05; **P < 0.01).

Zhang et al., Sci. Adv. 10, eadi7024 (2024) 17 May 2024 10 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

VAMP2 (fig. S7C). Furthermore, none of the mutants had any effect
on the number of synapses (fig. S7D).

Next, we expressed Mid-L in the hippocampus of adult mice by
using recombinant adeno-associated virus particles (rAAV2/9)-
mediated gene expression system. We bilaterally applied the rAAV2/9-
hSyn-Mid-L-EGFP into lateral ventricles to induce Mid-L expression
throughout the hippocampus of adult mice (fig. S8, A and B). We
next screened the function of Mid-L by using a large battery of the
behavioral tests. In open-field test, compared to control mice (ex-
pression of EGFP), the total time spent in the center arena, total
travel time, and distance spent in the open field were comparable in
mice with expression of Mid-L or its mutants (fig. S8, C to F). We also
carried out elevated plus maze test and found no significant differ-
ences in all groups (fig. S8, G to I). Together, the expression of Mid-L
and its mutants in hippocampus produces no effect on the locomo-
tion activity and emotional state.

We then conducted the novel object recognition test (Fig. 6G) and
found that control mice spent more time exploring the novel object
(Fig. 6H). In contrast, mice with expression of Mid-L or Mid-L Y36F
had a significant reduction in the exploration discrimination ratio
compared with those expressing Mid-L120A or Mid-L Y36D (Fig. 6H).
To examine learning and memory, we performed hidden-platform wa-
ter maze test. During the learning acquisition phase, mice with expres-
sion of Mid-L or Mid-L Y36F significantly experienced longer latency
and swim path length to reach the platform compared to control mice.
In contrast, mice with expression of Mid-L I120A or Mid-L Y36D
showed a similar ability to learn the task as control mice (Fig. 6, I to K).
At the end of training, we removed the hidden platform in the maze
and allowed mice to search the pool for 90 s. Again, mice expressing
Mid-L or Mid-L Y36F, but not other groups, experienced longer la-
tency for the first crossing to the platform region and spent shorter
swimming time in the target quadrant (Fig. 6, L to N). Together, these
results indicate that the interplay between Doc2 and Muncl3 is critical
for spatial learning and memory.

DISCUSSION

Our results lead to the following conclusions. First, the interaction
between Doc2B and Muncl3-1 involves a longer N-terminal se-
quence of Doc2B (residues 13 to 80, Mid-L) and the MUN domain of
Muncl3-1, which is predominantly mediated by a string of hydro-
phobic residues in the Mid-L and the NF hydrophobic pocket in the
MUN domain, respectively. Second, this interaction promotes the co-
recruitment of Doc2B and Muncl3-1 to the plasma membrane but
instead inhibits Munc13-1 activity to initiate SNARE complex assem-
bly and membrane fusion at the fusion sites. Third, EphB2 residing at
the presynaptic membrane binds Doc2B and phosphorylates Doc2B
at Y36, which dissociates Doc2B from Muncl13-1 at the fusion sites,
leading to Munc13-1-catalyzed SNARE complex assembly and mem-
brane fusion. Fourth, EphB2-dependent phosphorylation of Doc2B,
which modulates the association and dissociation between Doc2B
and Muncl3-1, is required for spontaneous release and synaptic aug-
mentation. Fifth, elevation of Doc2B phosphorylation by increased
EphrinB3-EphB2 signaling causes enhanced spontaneous release.
Sixth, application of a Mid-L peptide that interferes with the spatio-
temporal interplay between Doc2 and Muncl3 impairs synaptic
transmission and leads to dysfunction in spatial learning and memory
in mice. Collectively, these results suggest a potential SAM-mediated
retrograde signaling pathway where EphrinB3-EphB2 controls
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SNARE-dependent neurotransmitter release by modulating the inter-
action between Doc2 and Munc13 (Fig. 7).

Doc2 associates with Munc13 in vesicle tethering

and replenishment

Doc2 and Muncl3 are key components of the release machinery.
Doc2 is particularly involved in spontaneous and asynchronous re-
lease, whereas Muncl3 is fundamental for all types of release (69,
70). At presynaptic terminals, Doc2 largely exists in the cytosol either
in the free or vesicle-bound form (34) and is capable of moving to the
plasma membrane dependent on its C, domain bound to Ca** (29,
45). In contrast, Munc13-1, a member of the complex associated with
tethering containing helical rods (CATCHER) family proteins (71,
72), predominantly locates on the presynaptic membrane and serves
as a central active zone element (73, 74). Despite their distinct
membrane-targeting behaviors, the interaction between Doc2 and
Muncl13 enables them to act interdependently. For instance, Munc13
recruits Doc2 to the plasma membrane upon PMA stimulation and
(37, 40), alternatively, Doc2 promotes Munc13 delivery to the plasma
membrane in response to a rise in intracellular Ca®" (44, 45). This
interaction, mediated by Mid-L and MUN, works in conjunction
with multiple membrane-associating mechanisms mediated by the
other domains of Doc2 and Munc13 [e.g., C;A and C;B of Doc2 (30,
31) and C,A (22-24), C;-C,B (18, 19), and C,C (20, 21) of Munc13].
This coordination is assumed to promote tethering of Doc2-bound
vesicles to Muncl3-riched fusion sites and/or accelerate the replen-
ishment of both components at the fusion sites (Fig. 7). By these
mechanisms, the fusion competence of Muncl3 and Doc2 can be
potentiated to meet the requirements of various activity-dependent
release and plasticity.

The Mid sequence (residues 13 to 37) of Doc2 was previously
identified as the region mediating Munc13 interaction. However, the
exact binding sites between Doc2 and Muncl13 have yet to be fully
elucidated. Our biophysical results reveal that the interaction be-
tween Doc2 and Muncl3 involves an extension of the Mid sequence
(residues 13 to 80, Mid-L) of Doc2 and the NF pocket of Muncl3
(Fig. 1). It is known that Syx1, which assumes a closed conformation
bound to Munc18-1, represents a starting point for productive fusion
pathway. In addition, both spontaneous and AP-evoked release re-
quires Muncl3 to catalyze the opening of Syx1, thereby initiating
SNARE complex assembly (75). The NF pocket is exactly the cata-
Iytic site of Munc13 that opens Syx1. Here, our finding that the Doc2
Mid-L blocks the NF pocket to inhibit Munc13 activity in opening of
Syx1 and SNARE complex assembly strongly suggests an inhibitory
effect of Doc2 on Muncl3-mediated vesicle priming (Fig. 2 and
fig. S2). Consistently, introduction of the Doc2 Mid-L peptide sig-
nificantly impairs synaptic transmission in cultured neurons and
leads to abnormalities in learning and memory in adult mice (Fig. 6).
Similarly, the inhibitory role of Doc2 Mid sequence overexpression
was previously found in AP-evoked synaptic transmission in cholin-
ergic synapses (38), PMA-induced synaptic potentiation in the calyx
of Held (37), and dense-core vesicle exocytosis in PC12 cells (76).
Moreover, the inhibitory role of Doc2 in vivo has also been supported
in chromaffin cells (41, 77). Together, Doc2 seems to exert a dual
effect on Munc13 in a manner resembling that of Munc18-1 on Syx1.
In our opinion, Doc2 and Munc18-1 not only serve as a chaperone to
stabilize the conformation of Muncl3 and Syx1 but function as a
clamp to suppress the engagement of Muncl3 and Syx1 in SNARE
complex assembly, respectively. In this case, it is conceivable that the
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Fig. 7. Model of EphB2 retrograde signaling that modulates neurotransmitter release. Doc2 initially associates with vesicles via its C;AB domain. In vesicle docking, Doc2
binds Munc13 via its Mid-L region, which mediates the association of Doc2-bound vesicles to Munc13-enriched fusion sites but renders vesicle priming by inhibiting SNARE
complex assembly. In spontaneous release and/or synaptic augmentation, postsynaptic EphrinB3 clusters activate presynaptic EphB2, which causes Doc2 Mid-L (Y36) phos-
phorylation and the dissociation of Doc2 from Munc13 at the fusion sites. This dissociation promotes SNARE complex assembly and vesicle priming. Afterward, Doc2 C,AB is
capable of binding the plasma membrane (PS and PIP,) and the assembled SNARE complex, and exerts its action to drive membrane fusion in response to Ca".

tight association of Doc2 with Munc13 enables vesicle tethering close
to the fusion sites and renders vesicles inaccessible to the priming
stage, which collectively protects vesicles from occasionally fusing at
the wrong place and at the wrong time (Fig. 7). Moreover, these re-
sults align well with previous observations in chromaffin cells that
Doc2B synchronizes release via both positive and negative functions
dependent on its Mid sequence (41).

Doc2 dissociates from Munc13 in vesicle priming and fusion

To achieve vesicle priming and fusion, neurons must evolve mecha-
nisms to dissociate Doc2 from Muncl3 at the fusion sites. In this
study, we have identified EphB2, a SAM with tyrosine kinase activity,
as a key factor that mediates dissociation of Doc2 from Muncl3. Our
identification that EphB2 positions close to the presynaptic elements,
along with strong propensity to associate with the fusion machinery
components including Muncl3-1, Munc18-1, Syxl, and SN25,
suggests a presynaptic mechanism of EphB2 (Fig. 3B and fig. S3C).
Intriguingly, we observed that EphB2 displays strong ability to phos-
phorylate Doc2 at Y36 in the Mid-L region in vitro and in vivo via its
tyrosine kinase domain (Fig. 3, H to N). This EphB2-dependent
phosphorylation attenuates Doc2 binding with Munc13, thereby re-
lieving the inhibitory effect of Doc2 on Muncl3 activity in opening
of Syx1 and SNARE complex assembly (Fig. 4). In our in vitro ex-
perimental conditions, the restoration of Muncl3 activity is only
partial, as evidenced by SNARE complex assembly and membrane
fusion assays. A plausible explanation is that substituting Asp for the
Tyr phosphorylation site (i.e., Y36D) may not accurately mimic the
phosphorylated state of Doc2B, as Asp is singly charged, whereas
pTyr is, nominally, doubly charged at physiological condition (78,
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79). Another possible explanation is that Y36 phosphorylation of
Doc2B is not sufficient to fully dissociate Doc2B from Munc13, since
the residues (i.e., amino acids 38 to 80) downstream of Y36 of Doc2B
retain MUN interaction, which likely creates a steric hindrance effect
that hinders Munc13-1 activity in opening Syx1. To examine the lat-
ter possibility, we tested Mid (residues 13 to 37) instead of Mid-L or
Doc2B FL in our SNARE assembly assay and found that either Doc2B
Mid Y36D or EphB2 treatment on Doc2B Mid led to a near-complete
restoration of Muncl3-catalyzed SNARE complex assembly (fig. $4,
B and C). We suspect that under physiological conditions, some oth-
er Doc2 or Muncl3 binding partners, such as Muncl18, the SNARE
proteins, and the membrane lipids, may help to relieve this steric hin-
drance effect to facilitate the dissociation of Doc2 from Muncl3 (3,
34, 80-82). We also note that Doc2B phosphorylation at Y36 seems
specific for EphB2 because EphA4 and other receptor or nonreceptor
protein tyrosine kinases cannot directly phosphorylate Doc2 (fig. S3).
In addition, Doc2B Y36 is conserved across species and its phos-
phorylation by EphB2 can also be observed in Doc2A as detected
in vitro (fig. S5). Specifically, because of membrane localization and
active zone association of EphB2, it is expected that efficient Doc2
phosphorylation should be restricted at the active zones after which
the dissociation of Doc2 from Muncl3 enables vesicle priming and
fusion (Fig. 7).

Doc2 is implicated in spontaneous release, and this role was as-
cribed to an ability of its C,AB domain that binds phospholipids and
assembled SNARE complexes to promote membrane fusion in a
Ca**-dependent manner (30, 31). Here, our data suggest that in addi-
tion to C,AB activity, Doc2 functions in spontaneous release in a
manner requiring its sequential association and dissociation with
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Munc13. Hence, Doc2 is assumed to support spontaneous release via
the following sequential and coupled mechanisms: (i) association of
Doc2 with Munc13 in the fusion sites to promote vesicle tethering, (ii)
EphB2-dependent phosphorylation of Doc2 to relieve inhibition on
Munc13-1 priming activity, and (iii) Ca**-regulated Doc2 actions
(via C,AB) on phospholipids and the SNARE complex for final mem-
brane fusion.

An EphrinB3-EphB2-mediated retrograde signaling controls
the release machinery

SAMs establish direct transsynaptic contact and mediate anterograde
and retrograde signaling essential for information exchange at the
synapse. Accumulating lines of evidence have indicated that multiple
transsynaptic signaling mediated by Neurexin-Neuroligin, Ephrin-
Eph, and N-cadherin can influence presynaptic structure and func-
tion in a retrograde manner. These mechanisms involve the alteration
of many aspects of presynaptic elements’ properties, but it remains
largely unclear whether SAM-mediated retrograde signaling is able to
control the presynaptic release machinery. Here, our results suggest
an EphrinB3-EphB2-mediated retrograde signaling cascade that con-
trols presynaptic SNARE complex assembly.

EphB2 was found to localize to both pre- and postsynaptic com-
partments and be involved in neuronal development, synaptic forma-
tion, and plasticity, mostly via a postsynaptic mechanism (62-64). In
mature neurons, activation of postsynaptic EphB2 by EphrinBs pro-
motes the recruitment and retention of N-methyl-d-aspartate recep-
tors (NMDARs) and AMPA-type ionotropic glutamate receptors
(AMPARSs) at synapses and modulates the function of these glutamate
receptors (83-87). Our results identified that stimulation of EphB2 by
EphrinB3 enhances Doc2B phosphorylation in presynaptic compart-
ment, resulting in increased spontaneous release (Figs. 3L and 5, E to
G). This suggests that EphrinB3-EphB2 mediates a retrograde signal-
ing to control release probability by modulating association and dis-
sociation of the Doc2-Munc13 interaction. Furthermore, our results
indicate that EphB2-dependent retrograde signaling pathway con-
tributes to synaptic augmentation (Fig. 5, H to ]), a type of short-term
plasticity involved in learning and memory.

Neuronal activation enhances synaptic transmission by increasing
both pre- and postsynaptic activity. In contrast to spontaneous activ-
ity with low Ca®" levels, activation of presynaptic neurons (e.g., syn-
aptic augmentation) leads to an elevation in intracellular Ca** levels.
This increase in Ca®" levels facilitates the recruitment of additional
Doc2 and Munc13 molecules to the fusion sites, thereby enabling the
fine-tuning of Doc2-Muncl3 complex activities at these fusion sites.
This fine-tuning can occur through the sensing of changes in DAG/
PIP; levels on the plasma membrane and an increase in the phosphor-
ylation level of EphB2. Thus, enhanced EphrinB3-EphB2 retrograde
signaling modulates the interaction between Doc2 and Muncl13 at the
fusion sites, which increases the newly primed vesicles and potenti-
ates their fusion competent required for activity-dependent presynap-
tic plasticity. Apart from EphB2-Doc2-Muncl3 signaling cascade, it
was previously found that EphB2 can phosphorylate Src family ki-
nases (88). Src kinases are implicated in phosphorylating multiple
presynaptic proteins, such as synaptophysin, synaptogyrin, synapsin,
and Munc18-1 (89-91). Therefore, it is conceivable that EphB2 ac-
tivates multiple downstream signaling pathways in presynaptic ter-
minals that affect the release machinery. In postsynaptic neurons,
as the ligand of EphB2, postsynaptic EphrinBs can modulate synap-
tic strength via mechanisms involving interaction with PSD-95 and
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AMPARs (92, 93). In this regard, EphrinB connection to EphB2 ben-
eficially couples the postsynaptic neurotransmitter receptors with the
presynaptic release machinery, potentially forming a transsynaptic
nanocolumn (94). Our findings will help to broaden our understand-
ing of how SAM-mediated retrograde signaling regulates presynaptic
structure and function.

MATERIALS AND METHODS

Antibodies

Rabbit polyclonal pY36 antibody, which recognizes residues 32 to 40 of
Doc2B, was generated by ABclonal. The following antibodies were also
used: rabbit polyclonal anti-Doc2B (1:3000; Proteintech, catalog no.
20574-1-AP, RRID: AB_10696316), mouse monoclonal anti-EphB2
(1:1000; Santa Cruz Biotechnology, catalog no. sc-130068, RRID:
AB_2099958), rabbit polyclonal anti-Munc13-1 (1:2000; Proteintech,
catalog no. 55053-1-AP, RRID: AB_10804173), rabbit polyclonal
anti-PSD95 (1:3000; Abcam, catalog no. ab18258, RRID: AB_444362),
rabbit polyclonal anti-Munc18-1 (1:2000; Proteintech, catalog no.
11459-1-AP, RRID: AB_2196690), rabbit polyclonal anti-SN25
(1:4000; Proteintech, catalog no. 14903-1-AP, RRID: AB_2192051),
mouse monoclonal anti-Flag (1:200, catalog no. sc-166355, RRID:
AB_2017593), rabbit polyclonal anti-Flag (1:2000; Proteintech, catalog
no. 20543-1-AP, RRID: AB_11232216), rabbit polyclonal anti-VAMP2
(1:500; catalog no. 10135-1-AP, RRID: AB_256918), rabbit polyclonal
anti-mCherry (1:3000; Proteintech, catalog no. 26765-1-AP, RRID:
AB_2876881), mouse monoclonal anti-tubulin (1:4000; Proteintech,
catalog no. 66031-1-Ig, RRID: AB_11042766), rabbit monoclonal anti-
pTyr (1:2000; ABclonal, catalog no. AP116, RRID: AB_2864021), rab-
bit polyclonal anti-EGFP (1:3000; Proteintech, catalog no. 50430-2-AP,
RRID: AB_11042881), rabbit polyclonal anti-RIM-1 (1:2000; Pro-
teintech, catalog no. 24576-1-AP, RRID: AB_2879618), rabbit poly-
clonal anti-Syx1 (1:3000; Proteintech, catalog no. 15556-1-AP, RRID:
AB_2198667), rabbit polyclonal anti-Syt1 (1:3000; Proteintech, cata-
log no. 14511-1-AP, RRID: AB_2199166), rabbit polyclonal anti-Syb2
(1:3000; Proteintech, catalog no. 10135-1-AP, RRID: AB_2256918),
goat anti-mouse immunoglobulin G (IgG) (H+L), Alexa Fluor 488
(1:1000; Thermo Fisher Scientific, catalog no. A-11001, RRID:
AB_2534069), goat anti-rabbit IgG (H+L), Alexa Fluor 546 (1:1000;
Thermo Fisher Scientific, catalog no. A-11010, RRID: AB_2534077),
rabbit monoclonal anti-EphB2 (1:500; Cell Signaling Technology,
catalog no. 80329; RRID: AB_2800007), and rabbit monoclonal anti-
IgG1-Fc (1:1000; Sino Biological, catalog no. 10702-R003).

Escherichia coli strain

Escherichia coli BL21 (DE3) cells were cultured in lysogeny broth
medium at 37°C (for bacterial growth) or 16° to 25°C (for protein
expression) as indicated at a shaking speed of 200 rpm.

HEK293 cell culture

HEK?293 cells (American Type Culture Collection) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) supple-
mented with 10% fetal bovine serum (GIBCO) and 1% penicillin-
streptomycin (GIBCO) at 37°C in a cell incubator (Thermo Fisher
Scientific) with 5% CO,.

Primary cortical neuronal culture
Primary cortical neurons were derived from newborn Doc2A*"* or
Doc2A™'~ C57BL/6] PO mouse pups. Glass coverslips coated with
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poly-D-lysine (Sigma-Aldrich) were used to facilitate the attachment
of the neurons. Cerebral cortex was dissociated with 0.25% trypsin-
EDTA (GIBCO) and maintained in neurobasal complete medium
(GIBCO) supplemented with 2% B27 (GIBCO), 200 pM L-glutamine
(GIBCO), and 1% penicillin-streptomycin (GIBCO). The neurons
were maintained in a cell incubator (Thermo Fisher Scientific) at 37°C
with 5% CO; and replaced with fresh medium every 4 days. All ani-
mal procedures were approved by the institutional guidelines and the
Animal Care and Use Committee of the animal core facility at
Huazhong University of Science and Technology, Wuhan, China.

Mouse

Mice were bred and reared in accordance with institutional guide-
lines and the Animal Care and Use Committee of the animal core
facility at Huazhong University of Science and Technology, Wuhan,
China. Mice were housed in groups of five mice per cage under a
12-hour light-dark cycle, with lights on at 8:00 a.m., at a consistent
ambient temperature (21° + 1°C) and humidity (50 + 5%).

For behavioral tests, WT mice (C57BL/6], 8 weeks, male) were pur-
chased from Charles River Laboratories, Beijing, China. All behavioral
tests were conducted during the light phase of the cycle. For electro-
physiological experiments, the Doc2A™'~ mouse model (C57BL/6))
was made by Cyagen Biosciences Inc. by CRISPR-Cas—-mediated ge-
nome engineering as demonstrated in fig. S6A. The Doc2A gene
(National Center for Biotechnology Information reference sequence:
NM_010069; Ensembl: ENSMUSG00000052301) is located on mouse
chromosome 7. Specifically, the guide RNA (gRNA) sequences to
deplete Doc2A are as follows: gRNA-A1l, GTAGTCGGAGATC-
TGGCGGATGG; gRNA-A2, GCTGACGTACAGCGGGATCACGG;
gRNA-B1, GGGTCCAGGGCACACGTTGATGG; gRNA-B2, AAT-
GAGGAGCTGACGTACAGCGG. The 1064-base pair DNA frag-
ment was depleted by these two gRNAs, which was confirmed by
genotyping. Consequently, a frameshift occurred in the remaining
portion of the Doc2A cDNA. mRNA level of Doc2A was totally
depleted in exon 3, performed with primers 3F (GATGATACCA-
CCGCCCTGGG) and 3R (TGGCCCTGAGGATTCTACAGTG).
To avoid possible off-target editing of the genome, the mice were bred
six generations with mice of C57BL/6] background before conducting
any experiments.

Plasmids and protein purification

The coexpressed rats Munc18-1/Syx1 (residues 1 to 288) and Munc18-
1/Syx1 (residues 1 to 261) were constructed into the pETDuet-1 vec-
tor (Novagen). The full-length rat Muncl8-1 (residues 1 to 594),
full-length rat Syb2 (residues 1 to 116), the cytoplasmic domain of
Syb2 (residues 29 to 96) and Syb2 (residues 29 to 96, S61C), full-
length SN25 (residues 1 to 203) and SN25 (residues 1 to 203, S187C),
and the rat Syt1 cytoplasmic domain C,AB (residues 140 to 421) were
constructed into the pGEX-6p-1 vector (GE Healthcare). The cyto-
plasmic domain of rat Syx1 (residues 2 to 253) was cloned into the
pGEX-KG vector. The rat Munc13-1 C;C;BMUN fragment (residues
529 to 1407, EF, 1453 to 1531) and C;C,BMUN (residues 529 to 1407,
EFE 1453 to 1531, N1128A/F1131A) were cloned into the pFastBacHT
B vector (Invitrogen). These proteins were expressed and purified as
previously described (12).

The rat Munc13-1 MUN domain (residues 933 to 1407, EE, 1453 to
1531), fragments of the MUN, including MUN-ABC (residues 859 to
1407), MUN-BCD (residues 1011 to 1407, EF, 1453 to 1531), MUN-
AB (residues 933 to 1167), MUN-BC (residues 1011 to 1407), and
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MUN-CD (residues 1148 to 1407, EF, 1453 to 1531), various point
mutations within the MUN domain, and the human EphB2 kinase
domain (residues 595 to 906) were all constructed into the pET-
SUMO vector (Invitrogen), incorporating an N-terminal Hise tag and
SUMO tag. Cells were grown in LB media and induced with 0.4 mM
isopropyl p-p-thiogalactoside (IPTG) at ODgg (optical density at
600 nm) of 0.6 to 0.8 for 20 hours at 18°C. Subsequently, the cells
were harvested and lysed with AH-Nano Homogenize Machine
(ATS Engineering Inc.) in buffer A [25 mM Hepes (pH 7.4), 150 mM
KCl, 0.5% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride
(PMSEF)]. The cell lysates were centrifuged at 16,000 rpm for 30 min
using a JA-25.50 rotor (Beckman Coulter) at 4°C. The resulting super-
natant was incubated with Ni**—nitrilotriacetic acid agarose (QIAGEN)
at 4°C for 2 hours. The bound proteins were subsequently washed
with buffer B [25 mM Hepes (pH 7.4) and 150 mM KCl] supplied
with an additional 30 mM imidazole and finally eluted with 300 mM
imidazole in buffer B. Last, the eluted proteins were cleaved by SUMO
protease (10 U/mg protein) to remove SUMO tag at 4°C overnight
and were further purified by size exclusion chromatography (GE
Healthcare) in buffer B.

The full-length Doc2B (residues 1 to 412), full-length Doc2A (res-
idues 1 to 405), and full-length Doc2C (residues 1 to 387) sequences
were amplified from mouse brain cDNA library and cloned into the
pGEX-6p-1 vector. In addition, the Doc2B fragments 1 to 37, 13 to 37,
13 to 60, 13 to 80, 13 to 120, 38 to 80, 38 to 412, and 1 to 80, and vari-
ous Doc2B point mutations, the Doc2A fragments 12 to 36, 12 to 59,
and 12 to 79, and various Doc2A point mutations, the Doc2C frag-
ments 14 to 38, 14 to 61, and 14 to 81, and Munc13-1 MUN domain,
were also constructed into the pGEX-6p-1 vector. The different frag-
ments of Doc2A, Doc2B, and Doc2C, excluding Doc2B (38 to 412),
were expressed in the E. coli BL21 (DE3) strain. The cells were cul-
tured in LB media at 37°C until reaching an ODgq of 0.8 to 1.0. Sub-
sequently, they were induced with 0.4 mM IPTG at 25°C for 12 hours.
On the other hand, other recombinant proteins were induced with
0.4 mM IPTG at 18°C for 20 hours. Cells were lysed and broken in buffer
C [25 mM Hepes (pH 7.4) and 1 M KCl] supplied with 0.5% Triton
X-100, 5 mM EDTA, and 1 mM PMSE, and then centrifuged at
16,000 rpm for 30 min. The resulting supernatant was incubated with
glutathione-Sepharose beads (2 ml, Amersham-Pharmacia Biotech)
at 4°C for 3 hours. The bound proteins on the beads were washed with
buffer C and then cleaved by GST-tagged PreScission protease (10 U/
mg protein) at 4°C overnight in buffer B. The concentrations of Doc2B
(1 to 80), Doc2B (13 to 37), Doc2B (13 to 80), and their respective
mutations were determined by BCA Protein Assay Kit (Beyotime).
For NMR spectroscopy, we used M9 minimal expression medium to
produce uniformly BC/PN-labeled Doc2B (1 to 80). The medium was
formulated with ammonium chloride ('°N, 99%, Cambridge Isotope
Laboratories) as the sole nitrogen source (1 g/liter) and p-glucose
(U-2Cq, 99%, Cambridge Isotope Laboratories) as the sole carbon
source (2 g/liter). For the purification of GST fusion protein, the
bound proteins were washed with buffer C and then eluted by buf-
fer B supplied with 20 mM L-glutathione (GSH; Amresco). Subse-
quently, all the eluted proteins were further purified by size exclusion
chromatography.

For HEK293 translocation assays, Doc2B and Munc13-1 cDNA
sequences were constructed into mCherry2-C1 (Addgene) and pEG-
FP-N3 (Clontech), respectively, in fig. S1D. For in vitro kinase assay in
fig. S3A, Src (residues 258 to 535), Fyn (residues 260 to 537), Tec2
(residues 260 to 537), Fak2 (residues 412 to 692), TrkA (residues 500 to
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799), and TrkB (residues 526 to 821) sequences were amplified from
mouse brain cDNA library and cloned into the pEGFP-N3 vector.
EGEFR (residues 696 to 1022) and EphB2 (residues 595 to 906) were
amplified from human brain cDNA library and cloned into the pEG-
FP-N3 vector. For immunoprecipitation experiments, human EphB2-
Flag plasmid (residues 1 to 987) was a gift from C. Wang in Huazhong
University of Science and Technology. In addition, mutant versions of
EphB2, including EphB2-ASP (residues 1 to 885), EphB2-AKSP (res-
idues 1 to 620), EphB2-KR, and EphB2-Y596E/Y602E were generated
by site-directed mutagenesis. For neuron culture and virus infection
assays, the sequences of Doc2A WT, Doc2B WT, as well as their re-
spective mutant variants were inserted into pFHUUIG_shortU6
(L309) plasmid after the Ub promoter. The oligonucleotide se-
quences used for the acute knockdown were as follows: (CCT-
CAAGTACAGCTCACAGAA).

GST pull-down experiment

To monitor the interaction between Doc2 and Munc13-1, 3 pM GST
or GST-tagged proteins were mixed with 4 pM indicated proteins. Af-
terward, the mixtures were loaded onto 10 pl of glutathione Sepharose
4B affinity beads (GE Healthcare) to a final volume of 300 pl with buf-
fer B containing 0.01% Triton X-100 and 5 mM EDTA, and incubated
at4°C for 3 hours. To explore whether EphB2-dependent Doc2B phos-
phorylation attenuates Doc2B-MUN interaction (Fig. 4B), purified
recombinant GST-Doc2 fragments were incubated with sumo-EphB2
kinase domain in 50 pl of reaction mixture containing 1 pM sumo-
EphB2 kinase domain, 20 pM GST-Doc2 fragments, 100 pM ATP,
15 mM MgCl,, and 5 mM dithiothreitol (DTT). Following incubation
at 37°C for 30 min, the mixture was then combined with 4 pM MUN
and loaded onto 10 pl of glutathione Sepharose 4B affinity beads (GE
Healthcare) to a final volume of 300 il with buffer B, and incubated at
4°C for 3 hours. After being extensively washed with the same buffer,
the samples were boiled with SDS loading buffer at 100°C for 10 min,
separated by SDS-PAGE, and detected by Coomassie Brilliant Blue
(CBB) staining. Each experiment was repeated at least three times.
Data were analyzed by Image] and Prism 8.0.0. For detecting Doc2B
binding to EphB2 or Munc13-1 from brain samples, adult mouse brain
was initially ground in buffer B supplied with 1% Triton X-100 and
proteinase inhibitor cocktail (TargetMol) and then incubated with
GST-Doc2B FL at 4°C overnight. The mixture was loaded onto gluta-
thione Sepharose 4B affinity beads (GE Healthcare) at 4°C for 3 hours
and subsequently washed with same buffer for four times. The samples
were resolved by SDS-PAGE and analyzed by immunoblotting.

ITC assay

ITC assay was carried out on a MicroCal PEAQ-ITC (Malvern) at
25°C. All proteins used for ITC experiments were purified in an assay
buffer D [25 mM Hepes (pH 7.4), 150 mM KCl, 5mM EDTA, and 2 mM
DTT]. Each titration point was performed by injecting a 2.2-pl
aliquot of GST-tagged Doc2B from a syringe into the cell containing
the MUN protein at a time interval of 2 min to ensure that the titra-
tion peak returned to the baseline. Titration data were analyzed using
the MicroCal PEAQ-ITC analysis software and fitted with the one-
site binding model.

NMR spectroscopy

NMR samples containing 0.18 mM of the uniformly *C/"°N-labeled
Doc2B (1 to 80), with and without the presence of 0.36 mM unlabeled
MUN protein [called apo- and holo-Doc2B (1 to 80), respectively],
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were prepared in 25 mM Hepes (pH 7.4), 100 mM KCl, and 5% D,0O
(v/v). All NMR spectra were acquired at 25°C on Bruker Avance III
850-MHz spectrometer equipped with a TCI cryogenic probe. 2D 'H-
BN HSQC spectra were recorded for apo- and holo-Doc2B (1 to 80)
samples. For backbone assignment, 3D HNCACB, CBCA(CO)NH,
HNCA, HN(CO)CA, HNCO, and HN(CA)CO spectra were record-
ed for the apo-Doc2B (1 to 80) sample. Peak intensities were defined
as calculated peak volumes by integration, and peak intensity ratio
was defined as ratio between integrated peak volumes after (V) and
before (V}) addition of unlabeled MUN domain. NMR data were pro-
cessed via NMRPipe program (https://doi.org/10.1007/BF00197809)
and analyzed via POKY program (https://doi.org/10.1093/bioinfor-
matics/btab180).

Analytical size exclusion chromatography

To detect the binding affinity between Doc2B and the MUN domain,
10 pM GST-Doc2B fragments and 10 pM MUN proteins were mixed
in a total volume of 200 pl in buffer D. The mixtures were incubated for
2 hours at 4°C and then loaded onto a Superdex 200 Increase 10/300 GL
size exclusion column preequilibrated with buffer D. Fractions were
analyzed using SDS-PAGE followed by CBB staining.

Translocation assay

Translocation assay was performed as previously described upon
PMA stimulation (37, 40). Briefly, HEK293 cells were cultured in
glass-bottom dishes (NEST) to reach 70 to 80% confluency. At this
point, a mixture containing 1 pg of EGFP-tagged Munc13-1 and 1 pg
of mCherry-tagged Doc2B was cotransfected into HEK293 cells using
Lipofectamine 3000 (Invitrogen). Twenty-four hours after transfec-
tion, the HEK293 cells were treated with PMA at a final concentration
of 0.1 pM and incubated at 37°C for 20 min. Images were acquired to
analyze the plasma membrane localization of Doc2B and Munc13-1
by using a Nikon C2 confocal microscope equipped with a 60X oil-
immersion objective.

Time-based FRET assay

Purified Syb2 (residues 29 to 96, S61C) and SN25 (residues 1 to
203, S187C) were separately mixed with 5X molar excess donor-dye
BODIPY FL-maleimide (BDPY, Molecular Probes) and acceptor-dye
tetramethylrhodamine-5-maleimide, single isomer (TMR, Molecular
Probes) in buffer B and then gently rotated overnight at 4°C. After
addition of 10 mM DTT to stop the labeling process, labeled proteins
were further purified using PD-10 desalting columns (GE Healthcare)
with buffer B to remove excess dyes. To monitor the effect of Doc2 on
MUN:-catalyzed SNARE complex assembly, 30 pM Doc2 proteins
were incorporated into a mixture of 10 pM coexpressed Munc18-1/
Syx1 (residues 1 to 261), 2 uM Syb2 S61C-BDPY, 10 pM SN25 S187C-
TMR, and 30 pM MUN protein. To detect the effect of EphB2-
dependent Doc2B Y36 phosphorylation on SNARE complex assembly,
a preincubation step was conducted with 30 pM Doc2B and 5 pM
EphB2 in a solution containing 100 pM ATP, 15 mM MgCl,, and
5 mM DTT at 37°C for 30 min. Following this preincubation, the
Doc2B-EphB2 mixture was added to the above reaction mixture.
Time-based FRET assays were carried out with a high-temperature
fluorescence microplate reader (Photon Technology Incorporated,
Lawrenceville, NJ, USA; FluoDia T70). Donor fluorescence was
monitored with an excitation wavelength of 485 nm and an emission
wavelength of 513 nm at 30°C in 96-well plates. Decrease in donor
fluorescence was calculated according to the following formula:
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E = (Fy — Fops)/Fo (E, FRET efficiency; Fy, initial fluorescence intensity;
Fobs, fluorescence intensity observed as a function time). Each experi-
ment was repeated at least three times, and the data were analyzed by
Prism 8.0.0 software.

Lipid-mixing experiment

The proteoliposomes reconstitution procedures were performed as
previously described (12). Donor liposomes, which were reconstituted
with Syb2 (residues 1 to 116), contained 60% palmitoyloleoylphosphati-
dylcholine (POPC), 17% palmitoyloleoylphosphatidylethanolamine
(POPE), 20% dioleoyl-phosphatidylserine (DOPS), 1.5% N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl) phosphatidylethanolamine (NBD-PE), and
1.5% rhodamine-PE. Acceptor liposomes, which were reconsti-
tuted with Munc18-1/Syx1 (residues 1 to 288), comprised 58% POPC,
15% POPE, 20% DOPS, 2% PIP,, and 5% DAG. All lipid powders were
purchased from Avanti Polar Lipids. The 5 mM lipid mixture was dried
with nitrogen gas and applied with vacuum for at least 3 hours. Subse-
quently, the mixture was slowly resuspended with buffer B supplied
with 2 mM DTT and 1% CHAPS (w/v, Amersco) and then vortexed
for 15 min. Munc18-1/Syx1 (residues 1 to 288) and Syb2 (residues 1 to
116) were added to the mixture with a protein-to-lipid ratio of 1:500
and 1:1000, respectively. The protein-liposome mixtures were incu-
bated at room temperature for 30 min and then dialyzed with Bio-
Beads SM2 (1 g/liter, Bio-Rad) three times in buffer B to remove the
detergent extensively. For lipid-mixing experiment, donor liposomes
(0.25 mM total lipids) were mixed with acceptor liposomes (0.5 mM
total lipids) in the presence of 5 pM SN25, 2 pM Sytl C,AB, 0.5 mM
Ca’*, 1.0 uM Muncl13-1 (C,C,BMUN), and 1.0 pM Doc2B fragments
in a total volume of 60 pl. All lipid-mixing assays were performed at
30°C and monitored donor (NBD: emission at 538 nm; excitation at
460 nm) fluorescence using a QM-40 spectrophotometer. Muncl3-
catalyzed lipid mixing was calculated by F,/Fy (F;: the fluorescence
intensity observed as a function time; Fy: the initial fluorescence inten-
sity). Each experiment was repeated at least three times, and the data
were analyzed by Prism 8.0.0 software.

Native-PAGE experiment

The Munc18-1/Syx1 complex was prepared by incubating Munc18-1
and Syx1 (residues 2 to 253) at a protein-to-protein ratio of 1.2:1 over-
night at 4°C. To detect the effect of Doc2B on SNARE complex as-
sembly, 30 pM Doc2B proteins were mixed with 3 pM/2.5 pM
Munc18-1/Syx1, 10 pM Syb2, 10 pM SN25, and 30 pM MUN at 30°C
for 3 hours in a total volume of 10 pl. Samples were mixed with native
loading buffer and then added to the well of a 15% nondenaturing
polyacrylamide gel (native gel). Next, electrophoresis was carried out
with constant current 20 mA in a buffer containing 25 mM tris (pH 8.3)
and 250 mM glycine at 4°C for 2 hours. After electrophoresis, the
native gels were stained with CBB. Notably, the Munc18-1/Syx1 com-
plex exhibited a sharp and clear band in the native gel.

Immunofluorescence

For monitoring the expression of Doc2B and EphB2 in hippocampus,
paraffin-embedded brain slices were deparaffined, rehydrated, and
placed in a repair box filled with EDTA antigen repair buffer (pH 8.0)
in a microwave oven for antigen repair. After adding 5% bovine se-
rum albumin (BSA) to block nonspecific binding for 30 min, slices
were incubated with primary antibody (1:100) overnight at 4°C. Then,
the sections were washed three times with phosphate-buffered sa-
line (PBS; pH 7.4) in a Rocker device. Following incubation with
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secondary antibody (1:1000) at room temperature for 50 min in dark
condition, the slices were slightly dried and the plate was sealed with
antifluorescence quenching agent. Microscopy images were collected
by digital scanner.

To detect the localization of EphB2 in presynaptic region and all
variant of Doc2B rescue in electrophysiological experiments, primary
hippocampus or cortical neurons were prepared from C57BL PO
mouse pups. Cultured cells were fixed in 4% paraformaldehyde and
permeabilized with PBS containing 0.3% Triton X-100 for 10 min.
Before incubation with primary antibody, samples were incubated
with 5% BSA at room temperature for 1 hour to block nonspecific
staining. After 3 hours of incubation with primary antibody at room
temperature, the samples were washed three times with PBS and fur-
ther stained with Alexa Fluor 488 goat anti-mouse and Alexa Fluor
546 goat anti-rabbit secondary antibodies (Molecular Probes).

To detect the binding of EphrinBs and EphB2, EGFP-EphB2-
transfected HEK293 cells were incubated with preclustered EphrinB-Fc
(human) (1 pg/ml) for 15 min. To facilitate preclustering, EphrinB1-Fc,
EphrinB2-Fc, or EphrinB3-Fc fragments (Sino Biological) were mixed
with recombinant anti-IgG1-Fc rabbit Antibody (Sino Biological) in
a 1:2 ratio and incubated on ice for 1 hour. Cells were fixed and followed
by staining with Alexa Fluor 546 goat anti-rabbit secondary antibody.
Images were then acquired by a Nikon C2 confocal microscope
equipped with a 60X oil-immersion objective. Identical settings were
applied to all samples in each experiment.

Immunoblot and immunoprecipitation

HEK293 cells were cultured in DMEM media (GIBCO) supported by
10% fetal bovine serum (GIBCO) and 1% penicillin-streptomycin
(GIBCO) at 37°C in cell incubator (Thermo Fisher Scientific) with 5%
CO,. When 70 to 80% confluency in 10-cm dishes was reached,
HEK293 cells were transfected with various combinations of plasmids
(10 pg/per plasmid) using Lipofectamine 3000 (Invitrogen). After
36 hours, the cells were harvested and lysed on ice in lysis buffer con-
taining 50 mM tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 5 mM
DTT, and protease inhibitor cocktail (TargetMol) for 30 min. Subse-
quently, the lysates were centrifuged at 14,000 rpm for 30 min to ob-
tain clear lysates. For immunoprecipitation, cell lysates were incubated
with 1 pg of antibody at 4°C overnight and then combined with rPro-
tein G beads (Smart-Lifesciences) for 4 hours at 4°C. The beads were
subsequently washed four times with lysis buffer, and the precipitates
were eluted with 5x sample buffer. The eluted samples and whole-cell
extracts were resolved on SDS-PAGE followed by immunoblotting
with indicated antibodies.

Separation of pre- and postsynaptic elements

We separated pre- and postsynaptic elements as previously described
(61). First, we isolated synaptosomes with Ficoll discontinuous gradi-
ent centrifugation. The brain tissues were placed into ice-cold sucrose
buffer [320 mM sucrose and 5 mM Hepes (pH 7.4)] and gently ground
for 1 min. After centrifuging the brain homogenate at 1000g for 10 min,
the supernatant was carefully removed, and the resulting pellet was
dissolved in sucrose buffer to obtain the S1 fraction. The S1 fraction
was then centrifuged at 15,000¢ for 15 min. Upon removing the
supernatant, it was observed that the cortical (soft) portion of the
pellet in the resulting P2 fraction tended to detach. P2 fraction (0.5 ml)
was pipetted onto the top of discontinuous gradient [13% 2 ml, 9%
0.5 ml, 5% 2 ml Ficoll (w/v) in sucrose buffer] and centrifuged at
26,700 rpm for 35 min at 4°C (Beckman SW55T1i). Synaptosomes
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were obtained by slowly and carefully pipetting the 9% Ficoll fraction
and diluting it with sodium buffer [containing 10 mM glucose, 5 mM
KCl, 140 mM NaCl, 5 mM NaHCO3, 1 mM MgCl,, 1.2 mM Na,H-
POy, and 20 mM Hepes (pH 7.4)].

Next, we separated presynaptic, postsynaptic, and extrajunctional
synaptic proteins. One milliliter of synaptosome components was di-
luted and resuspended in 5 ml of 0.1 mM CaCl,. An equal volume of
2X solubilization buffer [20 mM tris (pH 6.0) and 1% Triton X-100]
was added to the mixture and then incubated on ice for 50 min. After
centrifugation at 40,000¢ for 30 min at 4°C, the resulting supernatant
contained the extrasynaptic component, while the pellet contained
the synaptic junction complex. The pellet obtained earlier was resus-
pended in 10 ml of 1X solubilization buffer with a pH of 8.0 and incu-
bated on ice for 50 min. Following this, the samples were centrifuged
at 40,000¢ for 30 min at 4°C. The resulting supernatant was identified
as the presynaptic component, while the pellet contained the postsyn-
aptic component. To increase their concentration, the extrasynaptic
component and presynaptic component were then precipitated by
trichloroacetic acid.

In vitro kinase assay

For in vitro phosphorylation, purified recombinant GST-Doc2 frag-
ments were incubated with sumo-EphB2 kinase domain in a 50-pl re-
action mixture containing 0.5 pM sumo-EphB2 kinase domain, 5 pM
GST-Doc2 fragments, 100 pM ATP, 15 mM MgCl,, and 5 mM
DTT. After incubating at 37°C for 30 min, the reaction was terminated
by the addition of 13 pl of 5x SDS loading bufter. For phosphorylation
in HEK293 cells, cells were transfected as indicated, followed by lysing
with lysis buffer containing 50 mM tris (pH 7.5), 150 mM NaCl, 1%
Triton X-100, 5 mM DTT, protease inhibitor cocktail (TargetMol), and
phosphatase inhibitor cocktail (TargetMol) for 30 min. Cell lysates
were incubated with 1 pg of antibody at 4°C overnight and then com-
bined with rProtein G beads (Smart-Lifesciences) for 2 hours at
4°C. Next, the beads were washed four times with lysis buffer and the
pellet was eluted with 5x sample buffer. For fig. S3A, following the
washing step, 20 pM GST-Doc2 Mid was incubated with purified
beads in a 50 pl of reaction mixture at 37°C for 30 min. For phosphor-
ylation in cultured neurons, before harvest and lysis, the cells were in-
cubated with preclustered EphirnB3-Fc (2 pg/ml) for 20 min at
37°C. The pellet was resolved by SDS-PAGE and subjected to Western
blot analysis by indicated antibody.

Lentivirus preparation

Lentivirus preparation was performed as described before (95). To
prepare lentivirus viral particles, six-well dishes of HEK293 cells
with 70 to 80% confluence were transfected with 1.5 pg of L309
containing Doc2B mutants along with helper plasmids at a ratio of
L309:VSVG:RRE:REV = 3:1:2:2. After 4 to 6 hours of transfection,
HEK293 cells were replaced with fresh medium and incubated for
an additional 48 hours. To concentrate the virus, the medium was
harvested and concentrated by sucrose-gradient centrifugation.
Following the centrifugation step, the virus particles were resus-
pended with PBS at 4°C overnight. Neurons at days in vitro (DIV)
7 to 8 were then infected with virus, and electrophysiological re-
cordings were performed at DIV12 to DIV13.

Electrophysiological recordings
Electrophysiological recordings were performed as described before
(14, 40). In brief, whole-cell patch-clamp was performed by using an
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amplifier (HEKA EPC10). Borosilicate glass capillary tubes (Sutter)
were pulled into patch pipettes, with resistances ranging from 3 to
5 megohms, using a P-97 pipette puller (Sutter). The whole-cell pipette
solution was composed of 120 mM CsCl, 10 mM Hepes, 10 mM EGTA,
0.3 mM Na-guanosine triphosphate, and 3 mM Mg-ATP (pH 7.2,
adjusted with CsOH). The neuron bath solution contained 140 mM
NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10 mM Hepes, and
10 mM glucose (pH 7.4). mEPSCs were recorded by amplifier at a
holding potential of =70 mV in the presence of tetrodotoxin (1 uM)
to block APs and picrotoxin (PTX; 50 pM) to pharmacologically iso-
late inhibitory postsynaptic currents (IPSCs). To record the evoked
EPSCs, QX-314 was added into pipette solution and PTX was applied
in bath solution to pharmacologically isolate IPSCs. Neurons were
stimulated with 100 pA for 1 ms. The RRP size was measured by ap-
plication of hypertonic sucrose (0.5 M). The data were digitized at
10 kHz with a 2-kHz low-pass filter. The EPSC currents were analyzed
by Clampfit 10 (Molecular Devices).

Augmentation was induced by a stimulus train at 10 Hz for 5 s.
Evoked EPSCs was recorded at 0.2 Hz for 30 s before stimulation and
45 s after stimulation. EphrinB3-induced mEPSC increase was per-
formed by replacing basal bath solution with EphrinB3-containing bath
solution. A baseline was recorded for at least 10 min before EphrinB3
treatment, and EphrinB3-induced mEPSC were recorded for 50 min.

Stereotaxic injection

Mice (C57BL/6], 8 weeks, male) were anesthetized with isoflurane
(2%, RWD) and placed in a stereotaxic apparatus. After the head was
fixed, the skull was exposed, and burr holes were made; a micro-
syringe (World Precision Instruments) was slowly lowered into the
lateral ventricles at 0.34 mm anteroposterior, 1.0 mm mediolateral,
and 2.25 mm dorsoventral relative to bregma. AAV containing Mid-L
or its mutations (Brain Case, 1 pl) was pressure-injected into each
hemisphere. The syringe was kept still for 5 min until slowly retracted.
After suture, the mice were placed on a heating pad to recover from
anesthesia. The behavior experiments were conducted 4 weeks after
the virus injection.

Behavioral tests

The mice were tested in the open field, followed by the novel object
recognition task, then the elevated plus maze, and finally the Morris
water maze.

Open field

Spontaneous locomotor activity in an open field was measured in a
rectangular Plexiglas box (50 cm by 50 cm by 50 cm) comprising four
walls and an open roof. Experiments were performed in quiet condi-
tions. Animals were placed in the center of the bottom area and were
individually tested in one 5-min session. Each subject was introduced
to the apparatus by placing them near the center of arena, allowing the
mice to explore the apparatus for 5 min. Before each subject was tested,
the inner wall and bottom surface of the square box were cleaned with
75% ethanol to avoid any residual information. The movement of the
mouse was video-tracked and analyzed.

Novel object recognition

Mice were transferred to the test room and acclimated for at least
1 hour before test. The test was performed in a rectangular Plexiglas
box (50 cm by 50 cm by 50 cm) under a white light. On day 1, mice
were placed in the test arena and allowed to explore freely for 10 min.
On day 2, each mouse was presented with two identical objects in the
same chamber and allowed to explore freely for 5 min. One hour after
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this training session, the mice were placed back into the same arena
for the test session. During the test session, the mice were exposed to
a novel object of different shape and texture, as well as the familiar
object used during training. The arenas and objects were cleaned with
75% ethanol between each test. Behavior was recorded with a video
tracking system. Time spent exploring each object was recorded for
subsequent data analysis. Discrimination ratio was calculated accord-
ing to the following formula: D = (A — B)/(A + B) (D, discrimination
ration; A, time mice spent exploring a novel object during a 5-min test
session; B, time mice spent exploring a familiar object during a 5-min
test session).

Elevated pulse maze

The elevated plus maze was made of two open arms and two enclosed
arms with 15-cm-high walls on each side, elevated 60 cm above the
ground. During the test session, mice were placed at the junction
between the open and closed arms and allowed to explore freely for
5 min. The maze was cleaned thoroughly with 75% ethanol between
each test. Total distance traveled and time spent in both the open and
closed arms were calculated for data analysis.

Morris water maze

The maze consists of a circular pool with a diameter of 120 cm, filled
with water at a temperature of 21° + 2°C. The water is made opaque by
addition of white milk powder; within the pool is a hidden platform
with a diameter of 6 cm, positioned 1 cm below the surface of the wa-
ter. Before the test, the mice were allowed to acclimate to test room for
atleast 1 hour. During the training trials, the mice were trained to find
the invisible platform within 90 s on six consecutive days with three
trials per day. Each training interval was 1 hour. If the mice failed to
find the platform within 90 s, we guided them to the platform and al-
lowed to stay for 15 s to acclimate the distinct extra-maze cues on the
walls. Escape latency to find the hidden platform and path length were
recorded. After 24 hours of rest, the platform was removed and mice
were individually set float to search the pool for 90 s (probe tests).
Then, the time spent in each quadrant was analyzed.
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