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Visualization of RIM-BP2’s crane-like
function in neuronal vesicle transport

using FRET
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“The last mile” of neuronal vesicles, from being tethered by the active zone filaments to docking at the
presynaptic membrane, remains unclear, which limits the deep understanding of synaptic
transmission and related physiological changes. Here, we develop two molecular biosensors (BKTS
and RKTS) based on fluorescence resonance energy transfer technology according to the structure of
RIM-BP2. By detecting the spatial distance between the two ends of the RIM-BP2 and the presynaptic
membrane separately, the spatial posture changes in RIM-BP2 are reflected to explore how vesicles
are transported to the presynaptic membrane for fusion. In the process of vesicle release, RIM-BP2 in
primary cortical neurons and SH-SY5Y cells rotates like a “crane” with amino terminal deviating from
the presynaptic membrane while the carboxyl terminal becomes closer. Furthermore, disturbing the
microfilament or enhancing cell membrane fluidity inhibits the rotation of RIM-BP2. Through mutating
RIM-BP2, we find that actin filaments provide mechanical stress through RIM-BP2 amino terminal,
thereby regulating vesicle transport and release. Our work identifies a purely mechanical pathway of

vesicle transport, in which microfilaments power the RIM-BP2 to drag vesicles to the presynaptic

membrane as a “crane” for further release.

Mechanical factors are crucial to the entire process of neuronal vesicle
transport from maturation at the trans-Golgi' to eventual release by fusion
with the presynaptic membrane. Kinesin and dynein drive the bidirectional
polarized transport of mature vesicles across microtubules’ A stable
intracellular mechanical environment is critical for this process of transport,
including the orientation, length, and spacing of microtubules™ as well as
the dynamics of membrane stability. Upon reaching the nerve terminal,
vesicles are transported between multiple vesicle pools driven by physical
(F-actin and molecular motors) and chemical (myosin ATPase’ and Ral-
GTPases®) factors.

The vesicle transport described above only serves as a pre-reserve’.
Before fully docking with the presynaptic membrane as components of the
readily releasable pool (RRP), vesicles remain tethered by active zone fila-
ments and undergo activity-dependent replenishment to sustain sub-
sequent exocytosis'*"". Therefore, “the last mile” of vesicle transport,
wherein these abundant tethered vesicles replenish the RRP that is docked to
the presynaptic membrane upon stimulation, guarantees the precise spatial
and temporal coordination of vesicle release. This critical final phase is
coordinately regulated by multiple biochemical factors. For instance,

elevated [Ca’*]; during action potentials neutralizes the negative charges in
the aspartic acid residues within the C2A and C2B domains of the Synap-
totagmin I'* and affects phosphatidylinositol (4,5)-bisphosphate'*'. Addi-
tionally, the phosphorylation of Bassoon'"® and SEPTIN5'® regulates vesicle
docking and release in the next step by modulating the binding of Soluble
NSF Attachment protein Receptor (SNARE) proteins. However, the vesicle
transport in this region manifests more as a change of vesicles in physical
spatial location, and an exclusive biochemical perspective falls short in
providing a comprehensive understanding. The “SNARE” hypothesis,
widely recognized in secretory cells, only describes the fusion after
docking'”"*, and there is still an unclear gap in how vesicles are moved on the
nanoscale between the RRP and presynaptic membrane prior to docking.
Notably, synapsin, which mediates vesicle mobilization from distal
reserve pools, exhibits limited expression within active zone microdomains”.
Furthermore, electron-microscopic tomography revealed a notable short-
ening of tethering filaments adjacent to vesicles during action potentials™.
These filaments comprise protein aggregates localized in the active zone®,
such as the RIM/RIM-BP, which anchors Cav2 to the active zone by directly
binding to its C-terminal intracellular domain'®, and interacts with Unc13” to
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synchronize action potential signals’. Remarkably, the structural anchoring
of these complexes in the active zone and their close association with the
cytoskeleton make them susceptible to stress changes™ . And the stress on
them may be a pivotal determinant in precisely regulating vesicle dynamics.
RIM-BP2, as a key structural protein within the active zone ensures the
maintenance and dynamic replenishment of reserve pool””, in addition to
modulating the anchored state of the active zone substrate”. In particular, it
has been hypothesized that RIM-BP2 functions similarly to a scaffold during
vesicle transport™ based on its location and its connection to the cellular stress
structure’™”, particularly the significant impairment of RRP replenishment
upon its knockout™. Consequently, elucidating the unique contribution of
RIM-BP2 in “the last mile” of vesicle transport promises insights into the
spatial dynamics of vesicular transport.

Here, we developed a series of molecular biosensors targeting RIM-BP2
based on fluorescence resonance energy transfer (FRET) technology. By
monitoring the energy transfer efficiency between the FRET fluorescent
protein pairs, we could assess the spatial distance between the terminals of
RIM-BP2 and the presynaptic membrane, providing visual insights into
RIM-BP2 spatial behavior. We found that the RIM-BP2 orchestrates vesicle
transport during action potentials in a purely mechanical manner by acting
as a “crane” mechanism. This “crane” was driven by microfilament con-
traction and thereby further regulated vesicle release. Our proposed
mechanical modulation offers novel perspectives on presynaptic vesicle
transport, providing a comprehensive understanding of how mechanical
perturbations in the extracellular environment or disruptions in self-stress
structures impact neuronal transmission.

Results

Design and validation of BKTS and RKTS biosensors

Given that RIM-BP2 interacts with cellular stress structures and its deletion
significantly impairs the replenishment of the RRP and precision of vesicle
release, researchers have proposed that RIM-BP2 functions as a scaffold
regulating vesicular trafficking. To investigate this hypothesis, we developed
two genetically encoded biosensors, BKTS and RKTS. The BKTS biosensor
binds to the N-terminus of RIM-BP2 via the RTLPSPP sequence derived
from Bassoon, while the RKTS biosensor interacts with the C-terminus of
RIM-BP2 using the RQLPQLP motif originating from RIM. Both bio-
sensors are anchored to the phospholipid bilayer of the non-raft regions in
the presynaptic membrane through a KRas motif (Fig. 1 A). Additionally, we
used ECFP/YPet as fluorescence protein pairs and an improved nanospring
[(GPGGA)g] derived from the spider silk protein flagelliform as the
distance-sensitive unit (Fig. 1B). This design allows for the measurement of
the piconewton stress. Changes in the distance between the N-terminus/C-
terminus of RIM-BP2 and the presynaptic membrane can be detected by
changes in the FRET efficiency of BKTS (N-terminus) and RKTS (C-ter-
minus) biosensors. This detection utilizes the extremely high sensitivity of
FRET technology to fluorophore separation, enabling real-time monitoring
of changes in the spatial posture of RIM-BP2 in living cells.

After transfecting the constructed BKTS and RKTS biosensors into
SH-SY5Y cells for 24 h, dual-channel fluorescence images (ECFP and YPet)
were acquired via laser scanning confocal microscopy, confirming suc-
cessful intracellular expression of the biosensors as shown in Fig. 1C and F.
Electrical stimulation (10 Hz, 5 min) was applied to the cells, and captured
dual channel fluorescence images before and after stimulation. Following
processing to obtain YPet/ECFP FRET ratio images (Fig. 1D, E, G, H),
K-means clustering was employed to categorize FRET ratio images into
regions with significant ratio changes (Fig. 1D, G) and regions without
changes (Fig. 1E, H), enabling subcellular localization analysis of stimula-
tion responses. The results revealed that BKTS biosensors exhibited a sig-
nificant decrease in FRET ratio at axon terminal regions (red dashed boxes,
Fig. 1D) post-stimulation, while other cellular regions showed no remark-
able alterations (Fig. 1E). Conversely, RKTS biosensors demonstrated a
marked increase in FRET ratio at axon terminals (red dashed boxes, Fig. 1G)
after stimulation, with other cellular regions showed no remarkable
alterations (Fig. 1H). These findings collectively indicate that our engineered

BKTS and RKTS biosensors achieve proper intracellular expression and
respond to electrical stimulation through FRET ratio changes.

To confirm that the observed FRET ratio changes originate from
posture alterations of RIM-BP2, we generated three control biosensors
variants by removing anchoring sequences: BTS and RTS (lacking
membrane-targeting sequences, Fig. 11, J) and KTS (lacking the RIM-BP2-
binding domain, Fig. 1K). In SH-SY5Y cells, none of these control
biosensors exhibited detectable FRET ratio changes following electrical
stimulation. Furthermore, we designed three siRNA constructs targeting
endogenous RIM-BP2 (siRIMBP2-1, 2, 3). The knockdown mediated by
SiRIMBP2-1 reduced RIM-BP2 expression levels to 15% (Supplementary
Fig. 1A, B), with immunofluorescence confirming significantly attenuated
subcellular localization signals (Supplementary Fig. 1C). Co-transfection of
the biosensors with siRIMBP2-1 into SH-SY5Y cells revealed that knocking
down RIM-BP2 eliminated the stimulation-induced FRET ratio responses
in both BKTS and RKTS biosensors (Fig. 1L-N). Collectively, these func-
tional validations establish that the FRET ratio changes in our biosensors
specifically report conformational dynamics of RIM-BP2.

Next, we validated the spatial correspondence between FRET ratio
changes and RIM-BP2-enriched regions. Applying K-means clustering to
immunofluorescence images of endogenous RIM-BP2 in SH-SY5Y cells to
extract RIM-BP2-enriched regions. The results showed that its localization
in the synaptic terminal region was highly consistent in morphology and
distribution with the regions identified by our K-means method based on
changes in the FRET ratio of two biosensors during stimulation (Supple-
mentary Fig. 2). To directly demonstrate the spatial correspondence
between RIM-BP2 localization and FRET signal changes, we labeled pre-
synaptic vesicle clusters in SH-SY5Y cells transfected with the biosensors
using lipophilic FM4-64 dye. After electrical stimulation, regions exhibiting
FRET ratio changes in both BKTS and RKTS biosensors precisely over-
lapped with sites of vesicle cluster release (Supplementary Fig. 3). Further-
more, colocalization analysis of immunofluorescence labeled RIM-BP2 and
the presynaptic vesicle membrane marker Synaptophysin demonstrated
significant overlap in both whole-cell distribution and axon terminal clus-
tering patterns (Supplementary Fig. 4). This nanoscale spatial congruence
among the localization of FRET signal changes, RIM-BP2, and the vesicle
marker protein Synaptophysin provides compelling evidence that the
observed FRET ratio alterations occur specifically at RIM-BP2-enriched
sites. In summary, through functional validation and subcellular localization
studies, we have conclusively demonstrated that our biosensors exhibit
precise subcellular specificity and can reliably monitor changes in the spatial
posture of RIM-BP2.

The stability, sensitivity, reversibility and linearity of the BKTS and
RKTS biosensors were validated with the stimulation protocols shown in
Fig. 2A. Under basal conditions without any stimulation, the FRET ratio of
both BKTS and RKTS did not fluctuate significantly over 5 min recordings,
indicating their stability in living cells (Fig. 2B, C). Application of a single
suprathreshold electrical stimulation immediately induced changes in the
FRET ratio of two biosensors, with complete restoration to baseline levels
after stimulation (Fig. 2D, E). It indicated that the biosensors were able to
respond precisely to one single action potential with sufficient sensitivity
and reversibility. To further characterize stimulus-response relationships,
we maintained constant field strength and pulse duration while varying
stimulation frequency (2Hz, 10Hz, 20 Hz). Both biosensors showed
frequency-dependent FRET ratio changes, and not only were there sig-
nificant differences in FRET ratios among the various groups, but a strong
linear relationship was also observed between frequency and FRET ratio
(Fig. 2F, G).

RIM-BP2 acts as “crane” during neuronal vesicle transport

To investigate the spatial posture changes of the RIM-BP2 during vesicle
release and explore its functional role in the process, we isolated cortical
neurons from neonatal SD rats within 24 h after birth. After transfected with
biosensors for 3 days, we induced depolarization by dropwise adding high
K" solution (final K" concentration 120 mM) to trigger vesicle transport
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Fig. 1 | The structure, localization, and expression of RIM-BP2 molecular bio-
sensors. A Connection modes of BKTS and RKTS biosensors to RIM-BP2 and
presynaptic membrane. B The mechanosensing principle of the stress detection unit
of biosensors. The flexible linker is selected from spider silk spring protein, and the
stress detection unit is equipped with FRET fluorescent protein pair. Mechanical
stretching/compression alters the distance between fluorescent proteins, enabling
reflection of molecular tension through FRET efficiency changes. Fluorescence
images of (C) BKTS and (F) RKTS biosensor in the 488 nm emission (ECFP) and
530 nm emission (YPet) under 405 nm excitation in SH-SY5Y cells. D, E, G, H FRET
ratio images obtained by K-means clustering analysis after YPet/ECFP. D, G Depict
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regions with significant FRET ratio changes for the BKTS and RKTS biosensors,
respectively. E, H Illustrate non-responsive regions for the BKTS and RKT'S bio-
sensors, respectively. I-K Expression of (I) BTS, J RTS, and K KTS control bio-
sensors in SH-SY5Y cells, and YPet/ECFP FRET ratio images of the cells during

5 min of 10 Hz electrical stimulation, respectively. L YPet/ECFP FRET ratio images
of BKTS and RKTS in SH-SY5Y cells under electrical stimulation after knockdown
of RIM-BP2 using siRIMBP2-1. M Normalized FRET ratio curves and N statistical
analysis of BKTS and RKTS before and after knocking down RIM-BP2 over time.
BKTS, n=6; RKTS, n = 6. Student’s t test, ***P < 0.001. Data are mean + SEM.
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and release. This method, which inhibits the intracellular K* efflux to
simulate neuronal excitatory conduction, has been widely applied in studies
of neuronal transmission mechanisms. Under high K™ solution stimulation,
we observed a significant decrease in the FRET ratio of BKTS biosensor and
a marked increase in the FRET ratio of RKTS in cortical neurons. These
findings demonstrate that RIM-BP2 undergoes spatial posture changes

during vesicle release, exhibiting a mechanical characteristic akin to “crane”-
like deflection. In contrast, the FRET ratios of the control biosensors BTS
and RTS showed no significant changes (Fig. 3A-C).

Subsequently, we transfected SH-SY5Y cells with BKTS and RKTS and
induced vesicle release using two independent methods as well: high K*
solution stimulation and electrical stimulation. The results demonstrated
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Fig. 2 | The verification of stability, sensitivity, reversibility, and linearity of
biosensors in SH-SY5Y cells. A The stimulation protocol for biosensors validation.
Axonal regions were aligned between bipolar electrodes. The red arrow indicates the
onset of stimulation, and the red line represents the duration of the stimulation.
B, C Verification of biosensors stability. B FRET channel fluorescence images of SH-
SY5Y cells transfected with BKTS and RKTS, and YPet/ECFP FRET ratio images of
the red dashed area processed by K-means cluster analysis at 0 s and 300 s in the
resting conditions without stimulation. C Normalized YPet/ECFP FRET ratio of
BKTS and RKTS over time at 300 s in the no stimulation conditions. BKTS, n=8;
RKTS, n=7. D, E Verification of biosensors sensitivity and reversibility. D YPet/
ECFP FRET ratio images of BKTS and RKTS biosensors at 0 s, 60 s, and 300 s under

brief electrical stimulation. E Normalized YPet/ECFP FRET ratio curves of BKTS
and RKTS before and after a single suprathreshold stimulation, using the FRET ratio
at the last moment before stimulation as the baseline. BKTS, n = 6; RKTS, n = 7. The
red arrow indicated the time point when the stimulation was applied.

F, G Verification of biosensor linearity. F YPet/ECFP FRET ratio images of SH-SY5Y
cells transfected with BKTS and RKTS biosensors before and after 5 min of electrical
stimulation at 2 Hz, 10 Hz, and 20 Hz. G Linear regression analysis and statistical
comparison of normalized YPet/ECFP FRET ratios for BKTS and RKTS at 300 s
(Green line, fitting curve using the least squares fit). BKTS (2 Hz, n=7; 10 Hz, n = 9;
20 Hz, n="7); RKTS (2 Hz, n = 11; 10 Hz, n = 11; 20 Hz, n = 7). One-way ANOVA.
**#%P < 0.001. Data are mean + SEM.

that the FRET ratio responses of BKTS and RKTS in SH-SY5Y cells were
consistent with those observed in rat cortical neuron. Specifically, the FRET
ratio of BKTS biosensor decreased significantly, whereas that of RKTS
biosensor exhibited a significantly increase (Fig. 3D-G). In contrast, the
control biosensors BTS and RTS still did not response to either stimulation
(Fig. 3D-G). Notably, the magnitude of FRET ratio changes induced by high
K* solution stimulation and electrical stimulation showed no statistically
significant difference within the same timeframe (Fig. 3H). Using FM4-64 to
label vesicle trafficking in SH-SY5Y cells, we observed that RIM-BP2
knockdown mediated by siRIMBP2-1 significantly impaired vesicle traf-
ficking activity (Supplementary Fig. 5). These findings collectively
demonstrate that the mechanical characteristics of RIM-BP2’s “crane”
deflection play a critical role in regulating vesicle trafficking, and these
characteristics remain conserved across neuronal cell types and stimulation
modalities, with universality.

Microfilaments power the “crane” behavior to regulate vesicle
transport

To investigate whether cytoskeletal drives the “crane” behavior of RIM-BP2
during vesicle release, we disrupted the structure and function of actin
filament stress using cytochalasin D (CytoD) and myosin light chain kinase
inhibitor (ML-7), while monitoring changes in the FRET ratio of the bio-
sensors under electrical stimulation. Phalloidin staining showed that incu-
bation with 1 M CytoD for 30 min significantly disrupted the morphology
of microfilaments in SH-SY5Y cells, leading to the dissociation of intact
filamentous structures. In contrast, treatment with 5 pM ML-7 for 1 h did
not alter the ultrastructure of microfilament (Supplementary Fig. 6). The
FRET ratio of both BKTS and RKTS biosensors showed no significant
response to electrical stimulation following microfilament disruption using
CytoD, demonstrating significant differences compared to untreated con-
trols with intact actin structures. Further experiments using ML-7 to block
microfilament contraction without damaging the structure, revealed similar
response deficits in FRET ratios, indicating that functional actin
microfilament-contraction rather than mere structural integrity regulates
this process. In contrast, inhibition of microtubule polymerization with
150 nM Nocodazole (NOCO) for 15min did not impair the electrical
stimulation-induced FRET ratio changes of in either BKTS or RKTS bio-
sensors (Fig. 4A-C). Quantitative analysis confirmed no statistically sig-
nificant differences in response amplitudes between NOCO-treated and
control group (Fig. 4D). These findings suggest that the microfilament
contraction drives the RIM-BP2 “crane” behavior, while microtubule net-
works appear dispensable for this regulatory mechanism.

To investigate whether the changes in RIM-BP2 caused by altered
cytoskeleton dynamics affect vesicle release dynamics, we utilized the
amphiphilic styryl dye FM4-64 to monitor the vesicles in SH-SY5Y cells.
Prior to live-cell imaging, to eliminate any potential interference among the
three fluorescence of FM4-64 and the fluorescent protein pairs of bio-
sensors, we mixed the dye with purified stress detection unit proteins
(containing ECFP and YPet fluorescent pairs). Full-spectrum scanning
using an enzyme marker confirmed no spectral overlap between the exci-
tation/emission spectra of FM4-64’s red fluorescence and ECFP/YPet
(Fig. 4E). FM4-64 did not alter the energy transfer of biosensors, nor did

FRET phenomena affect FM4-64 fluorescence intensity (Fig. 4F), thereby
eliminating potential interference. In cellular experiments revealed that the
CytoD-mediated disruption of actin filaments or ML-7-induced inhibition
of actomyosin contraction significantly attenuated FM4-64-labeled vesicle
release (Fig. 4G-I). In contrast, microtubules depolymerization by NOCO
preserved total vesicle released capacity, but altered release kinetics
(Fig. 4G-I). It might be because microtubules may regulate mechanical
feedback during vesicle replenishment. This collectively demonstrates that
the contraction of actin microfilaments drives the “crane” behavior of RIM-
BP2, thereby regulating vesicle release.

Membrane tension affects stress transfer of “crane” behavior
The cell membrane, serving as the primary structure for sensing mechanical
stimulation and initiating cellular responses, plays a pivotal role in pressure
transmission and osmotic regulation. Given that vesicle release involves
membrane fusion with the presynaptic membrane™, the mechanical char-
acteristics of the cell membrane may significantly influence the dynamics of
the RIM-BP2 “crane” behavior. To investigate how membrane tension
regulates the dynamic function of RIM-BP2, we employed an indirect
approach by modulating static membrane tension through alterations in
membrane fluidity. Using the MSS FRET biosensor”, we confirmed the
efficacy of this strategy: treatment with 0.1 mM cholesterol (CHO) for 3 h
effectively reduced membrane fluidity in SH-SY5Y cells, thereby increasing
static membrane tension, whereas 20 mM benzyl alcohol (BA) treatment for
15min enhanced membrane fluidity while decreasing static tension
(Fig. 5A, B). These results indicate that altering membrane tension through
modulation of membrane fluidity is a feasible approach for investigating the
effect of membrane tension on RIM-BP2 “crane” behavior.

We observed that upregulation of membrane tension significantly
enhanced the magnitude of FRET ratio changes in both BKTS and RKTS
biosensors in SH-SY5Y cells during electrical stimulation. Conversely,
downregulation of membrane tension attenuated the FRET ratio response
magnitude (Fig. 5C-F). It suggests that membrane tension, modulated
through membrane fluidity, affects the “crane” behavior of RIM-BP2.

Amino terminal of RIM-BP2 realizes stress transfer of vesicle
transport

RIM-BP2 is directly connected to vesicles via RIM-binding domain at its
carboxyl terminal. Therefore, to distinguish whether the “crane” behavior
represents active movement or displacement secondary to vesicle release, and
to determine the specific site of action of actin filament stress, we constructed
two RIM-BP2 mutants: RIM-BP-SH3 (disrupting the connection of RIM-
BP2 carboxyl terminal) and RIM-BP-SH3-2 (disrupting the connection of
RIM-BP2 amino terminal) (Fig. 6A). The mutants are integrated with an
mCherry fluorescent tag and employ a dual-promoter expression system to
achieve independent expression of the mCherry tag and the mutant gene,
enabling real-time tracking of mutated cells through fluorescent signaling.
Co-transfection of mCherry-tagged mutant probes and biosensors into SH-
SY5Y cells demonstrated clear simultaneous excitation of three fluorescent
signals (mCherry, ECFP, and FRET) within one individual SH-SY5Y cell. The
presence of free mCherry did not affect the efficiency of energy transfer
between FRET fluorescent protein pairs (Fig. 6B).
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Fig. 3 | Spatial postural deflection of RIM-BP2 during action potentials in cor-
tical neurons and SH-SY5Y cells. A Fluorescence images of BKTS, BTS, RKTS, and
RTS biosensors expressed in rat cortical neurons. YPet/ECFP FRET ratio images
before and after electrical stimulation are shown. B Trends of normalized FRET ratio
for BKTS, BTS, RKTS and RTS biosensors in cortical neurons. Red arrows indicate
stimulus onset. BKTS, n =7; BTS, n =5; RKTS, n = 8; RTS, n = 10. C Comparative
analysis of FRET ratio values at 600 s post-stimulation, normalized to pre-
stimulation baseline. D, E YPet/ECFP FRET ratio images of BKTS, BTS (D) and
RKTS, RTS (E) in SH-SY5Y cells under high K+ solution stimulation and electrical

stimulation. F Trend of YPet/ECFP FRET ratio for BKTS, BTS, RKTS and RTS under
high K+ solution stimulation (BKTS, n = 8; BTS, n = 6; RKTS, n = 8 RTS, n = 6) and
electrical stimulation (BKTS, n = 8; BTS, n=5; RKTS, n=12; RTS, n=7). G FRET
ratio changes of biosensors in SH-SY5Y cells during electrical stimulation. Red
circles: baseline FRET ratio before stimulation; Blue circles: FRET ratio at 300 s.
Black lines connect measurements of the same cell. H Comparative analysis of BKTS
and RKTS biosensors in SH-SY5Y cells corresponding to two kinds of stimulations.
Student’s t test, ***P < 0.001, ns P> 0.05. Data are mean + SEM.

In the RIM-BP-SH3 mutant cells (retaining intact amino terminal),
electrical stimulation caused a significant decrease in BKTS biosensor FRET
ratio, with a magnitude of change comparable to wild-type cells (Fig. 6C-E).
In contrast, the RIM-BP-SH3-2 mutant cells (retaining intact carboxyl
terminal) exhibited markedly attenuated RKTS biosensor FRET ratio
responses (Fig. 6C-E). This indicates that the “crane” behavior of RIM-BP2
is driven by the contraction of actin filaments through the N-terminal
domain of RIM-BP2. Control experiments with mCherry alone showed no

significant alteration in FM4-64-labeled vesicle release, confirming that the
presence of mCherry also does not interfere with vesicle release monitoring
(Fig. 6F, G). The significant reduction in vesicle release observed in both
mutants (Fig. 6F, G) further confirms that RIM-BP2 “crane” behavior
actively facilitates vesicle release rather than passively responding to release
events. Collectively, these findings establish that actin filaments drive the
“crane” behavior of RIM-BP2 through its amino terminal, thereby reg-
ulating vesicle transport and release.
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Fig. 4 | Cytoskeletal microfilaments act as a power source for the “crane” activity
of RIM-BP2 in SH-SY5Y cells. A The fluorescence images and FRET ratio images of
BKTS and RKTS biosensors at 0 s and 300 s during electrical stimulation under
different cytoskeletal stress conditions. Pretreatment conditions: CytoD (1 uM,

30 min); ML-7 (5 M, 1 h); NOCO (150 nM, 15 min). B, C Trend of YPet/ECFP
FRET ratio for BKTS and RKTS biosensors under cytoskeletal perturbations. BKTS
(CytoD, n=7; ML-7, n = 9; NOCO, n = 6); RKTS (CytoD, n=6; ML-7, n=7;
NOCO, n=9). D Stress of RIM-BP2 “crane” activity under different cytoskeletal
stress. FRET ratios were measured at 300 s post-stimulation. E Spectral character-
izations of protein extracts of FRET fluorescent protein pair and FRET + FM4-64
mixtures. Absorbance spectra were recorded under 410 nm and 558 nm excitation.

F Correlation analysis of optical density values between individual protein extracts
and mixtures. Red dots: The correlation between individual protein extracts and
FRET + FM4-64 mixtures under 410 nm excitation. Black dots: The correlation
between FM4-64 and FRET + FM4-64 mixtures under 558 nm excitation. Pearson
test. G Microfilament stress modulation inhibits stimulus-evoked vesicle release.
The white dashed lines outlined cells morphology, and the white triangles pointed
out the FM4-64-labeled clusters. H The changes in fluorescence intensity of FM4-
64-labeled clusters under 5 min 10 Hz stimulation following cytoskeletal perturba-
tions. CytoD, n = 3; ML-7, n = 3; NOCO, n = 3. I Normalized fluorescence intensity
values of FM4-64 bright spots at 300 s. Mann-Whitney U test, **P < 0.01,

**¥*P <0.001, ns P> 0.05. Data are mean + SEM.

Discussion

Proteins carry intracellular mechanical stresses, regulating many physio-
logical processes such as cell migration™, polarity formation”, and vesicle
transfer’”. Therefore, tracking the variations in stress and spatial attitude of
related proteins may decipher the process behind “the last mile” of vesicle

transport. First established in the 1970s as a SK-N-SH neuroblastoma
subline, SH-SY5Y cells have emerged as a pivotal in vitro model for
neurosecretory research, particularly due to their adrenergic properties
and demonstrated capacity for norepinephrine release’. Their neuronal
relevance is anchored in Western blot confirmation of complete presynaptic
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Fig. 5 | Changes in cell membrane fluidity regulate the “crane” activity of RIM-
BP2 in SH-SY5Y cells. A FRET images of SH-SY5Y cells transfected with the MSS
probe. B MSS FRET ratio values under different membrane fluidity conditions
induced by CHO (0.1 mM, 3 h) and BA (20 mM, 15 min). Control, n = 43; CHO,
n=26; BA, n=22. C The fluorescence images and YPet/ECFP FRET ratio images of
BKTS and RKTS biosensors during electrical stimulation under different membrane

fluidity. D, E Trend of YPet/ECFP FRET ratio for BKTS (D) and RKTS (E) under
membrane fluidity modulation. Red arrows indicate the stimulus onset. BKTS
(CHO, n=10; BA, n =9); RKTS (CHO, n = 5; BA, n = 7). F Comparative analysis of
RIM-BP2 “crane” activity under different membrane fluidity. FRET ratio values
were measured at 300 s. Student’s  test. *P < 0.05, **P < 0.01, ***P < 0.001. Data are
mean + SEM.

protein expression—including synaptotagmin I, synaptobrevin, and SNAP-
25*'—which collectively enable vesicle trafficking and fusion mechanisms
mirroring native neuronal exocytosis. Crucially, these cells preserve neuron-
like transport regulation, exemplified by F-actin-dependent vesicle redis-
tribution dynamics at terminal regions®, providing experimentally acces-
sible models for membrane trafficking studies. This functional fidelity
extends to neurodegenerative disease modeling, with co-expression of a-
Synuclein®, amyloid precursor protein®, and Tau” underpinning their
widespread adoption in Parkinson’s’® and Alzheimer’s disease’ research.
Therefore, SH-SY5Y cells serve as a critical in vitro model for studying
neurosecretory mechanisms, providing a robust tool for investigating vesicle
trafficking dynamics. This work constructed a series of specific molecular
biosensors based on the FRET technique to easily measure the tiny
nanoscale distance between the two ends of RIM-BP2 and the presynaptic
membrane in SH-SY5Y and cortical neurons by transforming it into an
amplified fluorescence energy transfer efficiency. Our results successfully
observed the spatial posture alterations of RIM-BP2 during action potential,

with the amino terminus far away and the carboxyl terminal close to the
presynaptic membrane, rotating like a “crane”. Ultimately, our results
establish a purely mechanical source of vesicle transport dynamics from the
microfilament to the amino terminus of RIM-BP2.

RIM-BP2 is an important structural protein found in the active zone
of the presynaptic membrane in recent years™. The absence of RIM-BP2
leads to the transfer of the cell matrix in the active zone from an anchored
state to a free state, and leading to abnormal distribution of vesicles”. Its
absence during the high-speed release of vesicles also reduced the rate of
RRP replenishment by 400% and restricted the release rate”. A.G.
Petzoldt” hypothesized that the RIM-BP2 would serve as a scaffold
based on changes in the vesicle release process following its deletion.
However, the minor conformational changes of proteins and the rapid
process of vesicle release pose significant challenges to the spatial and
temporal resolution of detection methods. Consequently, there is still a
lack of direct observation and in-depth exploration of RIM-BP2
functionality.
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FRET technology demonstrates remarkable advantages by skillfully
converting those mechanical signals and subtle protein conformational
changes that are difficult to observe directly into visually detectable fluor-
escent signals*, With the assistance of fluorescent proteins, this technology
effectively extends the duration of signal display, enhancing the feasibility of
observation®. The spring component connecting the two fluorescent pro-
teins requires excellent mechanical properties and linear response char-
acteristics, which are crucial elements for ensuring the stable and reliable
operation of biosensors. In this study, we have designed two types of bio-
sensors to address the rapid changes in RIM-BP2 spatial posture during
millisecond-scale neurotransmission. The entropy spring employed at the

core exhibits outstanding mechanical performance, with a maximum stress
of 315.3 MPa and a maximum strain of 31.8%, making it fully suitable for
resolving the mechanical stresses generated during axonal terminal vesicle
trafficking (less than 300 pN)*'~**. Furthermore, the stress-strain behavior of
this entropy spring exhibits robust linear response characteristics across
various application probes, such as focal adhesions (TSMod)*, E-Cadherin
(CadTS)”, and integrins (MTS)*. Given the unique nature of FRET tech-
nology, the normalization method used in this study allowed us to focus on
the changes in the FRET ratio across various stimulation conditions,
effectively mitigating the errors introduced by differences in baseline among
individual cells. The K-means image processing method, helped us
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accurately extract the changes in FRET ratio from non-responsive regions
with constant FRET ratio. Compared with other methods, such as image
processing”** or nuclear magnetic resonance spectroscopy, these FRET
biosensors enable real-time monitoring in living cells without any effects on
the subsequent action potential-induced vesicle release process.

The RIM-BP2 “crane” activity is essentially a stress-induced alteration.
Cytoskeleton is one of the most important components in maintaining the
stress environment in cells. In neurons, the microfilaments in the pre-
synaptic form a meshwork structure’”” and serve as a scaffold for Synapto-
physin and Bassoon protein®®'. An earlier study discovered a brief rise in the
miniature excitatory postsynaptic current following the inhibition of actin
polymerization with latrunculin A, suggesting that actin prevents vesicle
fusion in the active zone by acting as a physical barrier or tether™*. How-
ever, further studies have reached the opposite results. Utilizing CytoD to
disrupt actin would damage the recovery of the vesicle pool”, prevent the
recycling of vesicles and alter synaptic activity™.

This study disrupted actin-mediated force transmission functionality
and employed the FM4-64 dye for precise monitoring of vesicle movement
under electrical stimulation conditions. FM4-64, being a lipophilic dye, has
gained widespread application due to its excellent photostability and
membrane-selective properties in detecting vesicle release in various
secretory cells”®. The results obtained refine the second theory. Micro-
filaments enriched in the presynaptic region transmit power to the vesicle
via RIM-BP2, which drives the vesicle toward the presynaptic membrane.
Theloss of this stress transduction is also accompanied by the disappearance
of vesicle release.

However, another cytoskeletal component, the microtubule, is not
involved in this process. After the disruption of the microtubule, no
change in the “crane” rotation was observed. In neurons, microtubulin
can directly bind to the presynaptic proteins synapsin I, synaptotagmin I,
and a-synuclein”® to help vesicle aggregation and transport. In addi-
tion, microtubules can also regulate the distribution of mitochondria to
ensure sufficient energy supply’””’. At the same time, although the
quantity of vesicle release was not impacted, the rate characteristics were
visibly different in the current study. This time lag should be attributed to
the active depolymerization’ and random reassembly of microfilaments
after microtubule disruption’. This leads to an increasing rate of vesicle
release over a certain period of time. Similarly, Babu” discovered that the
rapid vesicle release process remained unaltered after disrupting the
microtubule structure, but the release rate still decreased after prolonged
stimulation. It suggests that microtubules might only involve in vesicle
transport from the distal reserve pool to the presynaptic membrane’®,
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but are not associated with the newly identified mechanotransduction
pathway of “the last mile”.

In vivo, dynamic changes in membrane tension caused by endocytosis,
exocytosis, hydrostatic pressure difference, or cell adhesion”’, usually play a
rolein stress signal transduction’’. Membrane tension is usually regulated by
membrane fluidity and can lead to further deterioration of neurological
diseases such as Alzheimer’s disease”. Membrane tension and membrane
fluidity are usually associated with the expansion of fusion pores of fused
vesicles™*". This variation in static membrane tension observed in this study
due to the resistance to membrane flow, which comes from the interactions
between the plasma membrane and adjacent layers of the underlying
cytoskeleton™ ™. Additionally, as the cell membrane is directly connected to
the cytoskeleton, the stretching of the membrane will disrupt its interaction
with the cytoskeleton®, leading to the active rearrangement of the cytos-
keleton to reduce excessive membrane tension, thus protecting the cell from
membrane consequences* ™. Therefore, it can be speculated that the cell
membrane tension affects RIM-BP2 “crane” activity by altering microfila-
ment tension.

Based on the performance of the two mutant biosensors, the amino
terminus and carboxy terminus of RIM-BP2 serve to transmit microfila-
ment stress and traction vesicles, respectively. Although no evidence showsa
direct link between actin and RIM-BP2, there is an indirect connection via
Bassoon®. Therefore, it is reasonable to believe that the Bassoon may
transfers the stress from the microfilament to the RIM-BP2. While the FNIII
domain in the middle of the two serves as a link between them. It can be
connected to the BK potassium channel on the presynaptic membrane to
ensure the localization of RIM-BP2 in the active zone®. Therefore, this
domain may acts as a “fulcrum”. Moreover, the neuronal vesicle release
activity is a multi-structural complex movement on the nanoscale that also
requires some other proteins acting together, such as v-SNARE and
t-SNARE™. This may explain why destroying the connection of RIM-BP2 to
vesicles or directly knocking down RIM-BP2 cannot completely suppress
the vesicle release process.

Taken together, our work focused on the vesicle transport from
tethering by active zone filaments to docking at the presynaptic membrane,
designing molecular spatial distance detection biosensors and proposing a
purely mechanical stress regulation mechanism based on RIM-BP2’s
“crane” activity (Fig. 7). This mechanism, differing from the biochemical
factor regulation theory in previous studies, employs a more direct and
effective stress dragging approach, offering a new entry point for the vesicle
transport theory in this region, and the biosensors we proposed has the
potential to serve as an indicator for vesicle release in subsequent studies.

~ RIM-BP2
SH3-11 SH3-1lI
A aOh

BK Channel

Fig. 7 | The “crane” role of the RIM-BP2 regulates “the last mile” transport of vesicles. The image depicts the relative positions and states of RIM-BP2 and vesicles during
inactivated state and activated state. The red curved arrows in the images indicate the rotation direction of both ends of the RIM-BP2 during this process.
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Methods

Design of BKTS, RKTS and the control biosensors

Two FRET biosensors, named BKTS and RKTS, which can detect the spatial
posture of RIM-BP2, were developed in this study. The stress detecting unit
constructed in the center of the biosensor consisted of a YPet/ECFP fluor-
escent protein pairs for FRET and a molecule spring of which the amino acid
sequence was (GPGGA)g (Fig. 1A)”". The one end of BKTS and RKTS
biosensors bound to the N- and C-terminus of RIM-BP2, respectively,
through different proline-rich PxxP sequences. The BKTS biosensor was
linked to the N-terminal of the RIM-BP2 by RTLPSPP derived from the
Bassoon®’, while the RKTS was connected to the C-terminal of the RIM-BP2
by RQLPQLP from the RIM"". This enabled the specific binding of the
biosensors to RIM-BP2. A KRas sequence (KKKKKKKSKTKCVIM) was
added to the other end of both BKTS and RKTS biosensors to connect them
to phospholipids in the non-lipid raft area of the presynaptic membrane.
The control biosensors BTS and RTS both removed the KRas sequence
attached to the membrane, leaving the carboxyl terminal of the biosensors
free in the cytoplasm. The control biosensor KTS was modified to remove
the PxxP sequence that binds to RIM-BP2, allowing it to only be connected
to the cell membrane. In addition, two mutant, RIM-BP-SH3 and RIM-BP-
SH3-2 based on the entire sequence of RIM-BP2, were also constructed in
the study, which were removed the SH3-II/SH3-III domains or SH3-I
domain, and carrying the mCherry tag. Both mutants harbor an mCherry
fluorescent tag driven by independent promoters to enable real-time
visualization and tracking of the mutant cells (Fig. 6A). All biosensors were
constructed into pcDNA3.1(+) vector for expression in rat cortical neurons
and SH-SY5Y cells, respectively.

Cell culture, transfection and staining

All animal experimentation protocols were approved by the biomedical
ethics committee of the Dalian University of Technology and complied with
the Guidelines for Treating Experimental Animals issued by the Ministry of
Science and Technology of the People’s Republic of China. Extensive efforts
were made to minimize the number and suffering of the included animals. A
total of 30 newborn SD rats were procured from Dalian Medical University
Laboratory Animal Center. Dissociated rat cortical neurons from SD rats
within 24 h of newborn were cultured in Gibco Neurobasal Medium 1x
(Invitrogen, CA, USA) supplemented with Gibco B27 Medium (Invitrogen,
CA, USA) and L-glutamine and sustained at 37 °C with 5% CO,. SH-SY5Y
(ATCC, VA, USA) cells were cultured in DMEM supplemented with 10%
FBS. The biosensors were transfected with Lipofectamine 3000 reagent
(Invitrogen, CA, USA) when cells grew up to 60% of confluency. After that,
cells were plated into poly-l-lysine (Sigma, MO, USA) coated confocal
dishes, and fluorescent images were taken under stimulation.

In addition, to observe the vesicle release, SH-SY5Y was labeled with
FM4-64 (AAT Bioquest, CA, USA) in a static bath for 2 to 5 min, followed
by a 10 min wash. During the observation of vesicle release, changes in
fluorescence intensity of red spots at the presynaptic membrane after FM4-
64 dye staining were analyzed. Red spots from non-neural terminal regions
in the same cells were used as controls to avoid the effect of fluorescence
quenching or non-specific staining on the results.

High K* solution stimulation and electrical stimulation

High K" solution with the following composition (mM): NaCl, 7.5; KCl,
120; NaHCOs, 25; Myo-Inositol, 3; Na-Pyruvate, 2; NaH,PO,, 1.25; Glu-
cose, 25; Ascorbic acid, 0.4; CaCl,, 2 and MgCl,, 1”* was added dropwise
onto cells to induce the action potential. Electrical stimulation was per-
formed using bipolar platinum-iridium alloy electrodes™ (electrodes dia-
meter of 10 um and spacing of 50 um) with a functional signal generator
(33250 A, Keysight, CA, USA) and a manual 3D micro-manipulator
(FPMAR-HS6, Marzhauser, German). Using the 3D micro-manipulator
under a microscope, the bipolar electrode is adjusted to the same horizontal
plane as the cell. A square wave electrical signal with a frequency of 10 Hz
and a duty cycle of 20% is applied to the middle region of the bipolar
electrode. The field strength is set to 5mV/mm, which is similar to the

endogenous electric field of 2.5-5.0 mV/mm recorded in the mammalian
brain”™”.

Microscope image acquisition

The confocal imaging was performed with a laser scanning microscope
(IX81-FV1000, Olympus, Japan) with a 100x oil-immersion objective lens.
The excitation was from an FV-LD laser at 405 nm, and the emission from
ECFP were collected by a detector at 480 + 15 nm, and YPetat 535 + 12 nm.
The excitation wavelength of mCherry was set to 580 nm and the emission
wavelength was 610 + 10 nm. FM4-64 was excited with a KS3 laser at
558 nm, and its emission was collected using a META detector at
715 + 35 nm. The multi-channel single-group image was taken for 2.8 s with
a shooting interval of 10s. Five sequential images before the stimulation
were taken as the baseline.

Image analysis

The software package used to analyze the spatial posture changing of RIM-
BP2 based on Matlab (Version r2019b, MathWorks, MA, USA) contained
three sections: pretreatment, cluster, and ratio calculation. First, the back-
ground of each image was set as the mean value of the fluorescence intensity
from four corners and subtracted to avoid disturbance of the background.
The cell body was detected according to the ECFP image by a segmentation
algorithm combined with Otsu’s method with an adaptive detection
threshold. The global threshold was renewed automatically to adapt to the
intensity changes in ECFP images. The second section identified the regions
with FRET ratio changes by K-means™ clustering after enhancing the
images with a high-pass filter. This is due to the fact that the BKTS/RKTS
biosensors employ the KRas sequence as a membrane anchoring domain,
which results in full coverage of the membrane signal. To circumvent the
issue of signal overabundance, we employ K-means clustering analysis to
distinguish between stimulus-responsive and non-responsive regions,
thereby extracting the spatial dynamics of the target protein. Furthermore,
we also utilize K-means clustering analysis to extract enriched regions from
immunofluorescence images and compare them with stimulus-responsive
regions in FRET ratio images. Finally, The FRET ratio FRET ratio was
considered the FRET index and calculated as Eq. 1 to measure the energy
transfer efficiency’:

E
FRET ratio = — "9 (1)

total

Here Ejanster Was the energy transferred from ECFP to Ypet that was
the emission energy of Ypet detected upon the excitation of ECFP. E,,; was
the energy of ECFP, calculated as the sum of the emission energy of ECFP
and YPet.

Fluorescence full wavelength scanning

Emission spectra were taken with a Fluorescence Spectrophotometer
(Infinite E Plex, Tecan, Switzerland) at room temperature in a quartz cuv-
ette. For measurements, the emission slit resolution was 5 nm. The photo-
multiplier tube voltage was set at 950 V, and the scan speed was set at
240 nm/min. The emission scan for FRET fluorescent proteins was mea-
sured between 420 to 880 nm, and the excitation filter was set to 410 nm.
The emission scan for the mixture of FRET fluorescent proteins with FM4-
64 was measured between 600 to 880 nm, and the excitation filter was set to
558 nm. Four measurements were taken for each sample, which was repe-
ated at least three times, and the background (air or H,O) was subtracted
from the average.

Statistics and reproducibility

Data were expressed as the mean + SEM, where n represents the number of
cells studied. All FRET ratio (YPet/ECFP) data were normalized by their
basal level in the same cell. All statistical analyses of differences between
groups were tested by SPSS (Version 26.0, IBM, NY, USA) for unpaired,
two-tailed Student’s t Test function, Pearson’s chi-squared test, LSD
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Variance homogeneity test, and one-way ANOVA, respectively followed by
Turkey’s test. Significant differences were determined by P-value. Sig-
nificance levels are denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ns for
P >0.05. For all statistical analysis, data were collected from at least three
individual replicates with exact sample numbers indicated in figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Nucleotide sequence for BKTS and RKTS have been deposited in GenBank
under the accession numbers PX094062 and PX094063, respectively.
Numerical source data for all figures and graphs are provided as a Sup-
plementary Data 1. All other data are available from the corresponding
author on reasonable request.
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