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Chemically induced proximity (CIP) systems harness small molecules to control protein—protein
interactions, thereby enabling remote control over physiological processes and advancing the
development of smart and personalized therapies. While substantial efforts have focused on developing
new chemical inducers for tailored CIP applications, repurposing established systems to confer novel
functions remains a highly cost-effective and efficient strategy. In this study, we employed genetically
encoded nanobodies to overcome key bottlenecks of two widely used CIP systems in specific biological
contexts. By incorporating the bivalent COSMO module and UniRapR into an anti-mCherry nanobody,
we reprogrammed the homodimeric COSMO system into a caffeine-inducible heterodimerization
system and transformed the classic rapamycin-dependent ON switch into an OFF switch, thereby
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Introduction

Chemically induced proximity (CIP) systems have transformed
biomedical research by enabling precise, tunable, and revers-
ible control of protein activity and cellular functions." Most
current CIP tools exploit the hetero- or homodimerization of
genetically encoded modules to regulate gene expression,
protein dynamics, genome organization, and therapeutic cell
engineering.>™®

The most widely used CIP system is based on rapamycin-
induced heterodimerization between FKBP12 and the FRB
domain of mammalian target of rapamycin (mTOR).>™** Another
representative system, COSMO (a caffeine-operated synthetic
module), uses the widely consumed caffeine molecule to trigger
homodimerization between two caffeine-operated synthetic
modules.”” These two systems exemplify two typical classes of
CIP tools and have been applied in diverse biomedical contexts.
However, both approaches have inherent limitations. The
COSMO system is less effective for applications that require
heterodimerization. For the FRB-FKBP system, most efforts
have focused on enhancing switchable association or allosteric
control through engineering of FRB-FKBP variants (e.g., Uni-
RapR"™" and cpRAPID") or designing alternative rapalogs (e.g.,
iRap,'® AP21967," and cRap'®) as the chemical switches. Yet, no
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rapamycin-based dissociation systems have been reported,
restricting the full potential of this otherwise versatile CIP
platform."

To address these unmet challenges, we established a versa-
tile platform based on genetically encoded nanobodies to
reprogram  COSMO into a caffeine-inducible hetero-
dimerization system and UniRapR into a rapamycin-switchable
dissociation system. Although nanobodies have been engi-
neered to create various chemical-responsive genetically enco-
ded proteins® or directly conjugated with small molecules to
modulate endogenous targets,* they have not previously been
explored as a platform to overcome key limitations existing in
some current CIP tools and thereby expand their utility in bio-
logical applications. By inserting a bivalent COSMO module
with a flexible linker (biCOSMO-L)** into the mCherry-specific
nanobody LaM8, caffeine could induce heterodimerization
between the engineered nanobodies and mCherry, thereby
converting the homodimeric COSMO system into a hetero-
dimeric CIP tool. We further applied this heterodimeric system
to modulate tyrosine receptor kinase signalling and down-
stream customized gene expression, effectively eliminating the
basal toxicity observed when COSMO was used as a homodi-
meric tool in caffeine-controlled receptor signalling. In parallel,
by inserting the UniRapR module at distinct positions within
the nanobody, we designed a variant that converts rapamycin
responsiveness from mediating association to driving dissoci-
ation of targeted modules, thereby filling a critical gap in
expanding the classical FRB-FKBP-based CIP system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results

Inspired by our group and others on engineering nanobodies as
an optogenetic ON-switch**** and exploiting biCOSMO-L as an
allosteric switch,'” we hypothesized that LaM8 could be allo-
sterically switched by caffeine through insertion of biCOSMO-L.
To identify caffeine-responsive variants, we first established
a cytoplasm-to-mitochondria translocation assay (Fig. 1a). In
this setup, mCherry was anchored to mitochondrial outer
membrane (Mito-mCh), while engineered LaM8 variants were
expressed in the cytosol. Caffeine-induced translocation was
quantified by monitoring GFP intensity changes on mitochon-
dria, allowing direct comparison of the response of LaM8

variants.
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Fig. 1 Design of a caffeine-switchable heterodimerization system
leveraging genetically encoded nanobodies. Data are presented as
mean =+ sem. (a) Schematic illustration of the design and a mitochon-
dria (Mito) translocation assay used to screen the caffeine-switchable
heterodimerization system. (b) The 3D structure (left) illustrates the
interaction between LaM8 and mCherry (PDB entry: 8IM0). Two tan-
demly linked COSMO modules (biCOSMO-L) were inserted at distinct
positions (highlighted in yellow) located within flexible loops of LaM8,
an anti-mCherry nanobody, to yield Caffebody variants. Different
insertion sites corresponding to the Caffebody variants V1-V11 are
shown on the right. (c) Quantification of caffeine-inducible changes in
the binding between Mito-mCh and 11 versions of anti-mCh Caffe-
bodies. (d) Confocal images of Hela cells showing the colocalization
between the antigen (Mito-mCh; red) and Caffebody-V11 (termed as
CHASER) before and after 10 uM caffeine treatment. Quantification
data are shown in Fig. 1c. The domain architecture of CHASER was
shown above the images. Scale bar, 5 um. (e) Quantification of
chemical inducible changes in the binding between Mito-mCh and
anti-mCh CHASER upon caffeine addition within 2.5 min. n = 8 cells
from three independent biological replicates. (f) Dose—response curve
of CHASER expressed in Hela cells. The Mito-to-cytosol ratios of GFP
intensity was plotted against escalating doses of caffeine. n = 8 cells
from three independent biological replicates.
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To minimize perturbation of the mCherry-LaM8 interaction
interface, we selected 11 insertion sites located on flexible loops
of LaM8 opposite to the complementarity-determining regions
(CDRs), generating a library of variants termed “Caffebodies V1-
V11” (Fig. 1b). Remarkably, six of the 11 variants (V2, V4, V7, V8,
V10, and V11) exhibited appreciable caffeine-induced responses
in the translocation assay, with translocation ratio changes
ranging from 17% to 104%, while maintaining minimal basal
interaction in the absence of caffeine. Among these, Caffebody-
V11 showed the highest translocation ratio change (104%) and
was designated as CHASER (caffeine-induced hetero-
dimerization via anti-mCherry nanobody scaffold engineering
and reprogramming) (Fig. 1c and d). Notably, Caffebody-V8 may
serve as an alternative for applications requiring minimal basal
activity but moderate inducibility, as it displayed the lowest
background and moderate caffeine-induced translocation
(68%) (Fig. 1c, and S1, SI).

Since CHASER proved to be a robust caffeine-dependent
heterodimerization tool, we further characterized its kinetics,
reversibility, and ECs, (Fig. 1e, f, and S2, SI). Compared to
COSMO, CHASER exhibited a similar activation half-life upon
caffeine addition (29.4 &+ 1.6 s for COSMO" vs. 35.6 £ 2.3 s for
CHASER,; Fig. 1e) but showed slower reversibility upon caffeine
washout (83.1 £ 1.1 s for COSMO* vs. 14.8 £ 5.1 min for
CHASER,; Fig. S2, SI). This delayed reversibility likely reflects the
two-step requirement for CHASER: first disrupting its intra-
molecular interaction of biCOSMO-L, followed by dissociation
of CHASER from mCherry. In addition, the slow off-rate may
result from a slower conformational change of the nanobody
from its active to inactive state after caffeine dissociation.
Despite the slower reversibility, CHASER demonstrated a lower
ECs (65.8 + 8.0 nM) compared to COSMO (95.1 + 1.2 nM;
Fig. 1f),"” consistent with the high efficiency of forming intra-
molecular interactions in CHASER relative to the intermolec-
ular dimerization required for COSMO.

We next explored whether caffeine-containing beverages
could modulate the CHASER-antigen interaction in live cells
using the same mitochondria-translocation assay as a readout.
Indeed, the addition of diluted coffee, tea, soda, or energy
drinks (such as red bull) to the culture medium induced varying
degrees of cytosol-to-mitochondria translocation (Fig. S3a, SI).
Moreover, methylxanthines, such as theophylline-a caffeine
analogue widely used clinically for asthma and chronic
obstructive pulmonary disease®**’-similarly activated CHASER
(Fig. S3b, SI). Importantly, we observed a strong positive
correlation between the relative translocation response and the
caffeine content of the tested beverages (Fig. S3c, SI). Taken
together, CHASER represents an efficient and highly sensitive
heterodimerization CIP tool that can be readily activated by
caffeine or caffeine-containing beverages, offering enhanced
sensitivity and tuneable kinetics.

Having established a robust heterodimerization CIP tool, we
next sought to address a key challenge in biological
applications-the unwanted basal activation caused by COSMO-
mediated homodimerization. Previously, we attempted to use
COSMO to induce dimerization of a plasma membrane (PM)-
tethered intracellular kinase domain derived from receptor
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tyrosine kinases (RTKs, RTK-ICD) upon caffeine addition to
control downstream signaling.” However, we observed consti-
tutive RTK activation even in the absence of caffeine, consistent
with previous reports on optogenetically controlled RTKs.****
The constitutive basal activity may arise from the tendency of
myristoylated or palmitoylated RTK-ICDs, when fused to
chemo- or opto-controlled components and anchored to the
plasma membrane, to cluster within lipid-rich microdomains,
where the resulting high local density of engineered receptors
and signalling partners drives activation in the absence of
external stimulation.

To circumvent this issue, we adopted a heterodimerization
strategy. Tetramerized mCherry (TD-mCh) was anchored on the
plasma membrane (PM), while the intracellular TrkA kinase
domain (TrkA-ICD) was fused to CHASER (termed Caf-TrkA)
and expressed in the cytosol, thereby preventing basal activa-
tion in the absence of ligand. Upon caffeine addition, Caf-TrkA
was expected to heterodimerize with PM-anchored TD-mCh,
leading to its membrane recruitment, oligomerization, and
subsequent activation of downstream effectors via the phos-
pholipase Cy (PLCy) and MAPK/ERK pathways* (Fig. 2a and b).
Indeed, caffeine treatment induced a robust increase of cyto-
solic Ca**, evidenced by a 4.8-fold increase in the GCaMP6s
fluorescence (Fig. 2¢ and d), confirming inducible activation of
the PLCy pathway. We further monitored ERK signalling using
a synthetic kinase activity relocation sensor (ERK-SKARS),*
which translocates from the nucleus to the cytosol upon ERK-
mediated phosphorylation of nuclear localization sequences
(NLS). In HeLa cells expressing Caf-TrkA and TD-mCh, caffeine
addition markedly increased ERK phosphorylation (Fig. S4, SI)
and induced pronounced nuclear export of the ERK sensor
(Fig. 2e and f), indicating activation of the MAPK/ERK pathway.

We then harnessed the CHASER-TrkA-ICD platform to drive
tunable gene expression under the control of Ca**/MAPK/ERK-
responsive elements, including serum response element
(SRE), NFAT response element (NFAT-RE), and cAMP response
element (CRE).** Upon caffeine stimulation and activation of
both PLCy and ERK pathways, we observed a 7.7-fold increase
in GFP fluorescence (Fig. 2g and h), while maintaining minimal
basal fluorescence prior to caffeine treatment.

Collectively, this heterodimerized CIP design enabled
caffeine-inducible activation of RTK signalling cascades while
effectively eliminating the basal activity observed with COSMO-
based RTK designs.

To further establish CHASER as a broadly applicable CIP
system, we next tested whether it could achieve comparable
functional outcomes to the homodimeric COSMO system in
previously demonstrated biological applications. Specifically,
we explored whether CHASER could gate Ca®>" channels and
control Ca’’-dependent gene transcription via the nuclear
factor of activated T cells (NFAT) pathway, similar to COSMO.*
We selected the Ca®" release-activated Ca** (CRAC) channel as
our engineering target. CRAC channels consist of two essential
components: stromal interaction molecule 1 (STIM1),**** which
senses ER Ca®" depletion and gates the ORAI1 channel, the
pore-forming subunit mediating Ca** influx across the plasma
membrane.***” Forced apposition of the N-terminal coiled-coil
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Fig. 2 CHASER applied for caffeine-induced activation of TrkA sig-
nalling and targeted gene expression. Data are presented as mean +
sem. (a) Schematic illustrating the use of CHASER for caffeine-induced
TrkA activation via conditional heterodimerization between the intra-
cellular kinase domain (TrkA-ICD) and a tetramerized mCherry (TD-
mCh) anchored to the plasma membrane (PM). (b) Constructs used in
the assays depicted in panel a. (c) Confocal imaging of GCaMP6s
fluorescence (green) in Hela cells coexpressing TD-mCh and Caf-
TrkA to monitor Ca®* influx through the caffeine-induced activation of
the downstream phospholipase C gamma (PLCy) pathway. Scale bar, 5
pm. (d) Quantification of cytosolic Ca®* changes following caffeine
addition. n = 40 cells from three independent biological replicates. (e)
Confocal imaging to monitor ERK activation via the MAPK/ERK
pathway in Hela cells co-expressing the indicated constructs upon
caffeine stimulation. ERK phosphorylation masks the NLS motifs in
ERK-SKARS (green), promoting its nuclear export to the cytosol. (f)
Quantification of the nuclear exit of ERK-SKARS in Hela cells co-
expressing the indicated constructs, as shown in Fig. 2e n = 40 cells
from three independent biological replicates. (g) Confocal images
showing EGFP reporter expression before and after caffeine treatment.
HEK293T cells were co-transfected with the indicated constructs
along with a GFP reporter driven by three synthetic transcriptional
response elements (REs). Areas within the white boxes were enlarged
and shown beside the whole cell image. Scale bar, 100 pm. (h)
Quantification of GFP fluorescence intensity in HEK293T cells co-
expressing the indicated constructs and treated with increasing
concentrations of caffeine. n = 30 cells from three independent bio-
logical replicates.
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region 1 (CC1) of the cytoplasmic domain of STIM1 (STIM1ct)
can relieve its autoinhibitory conformation and directly activate
ORAI channels. Therefore, we reasoned that caffeine-induced
heterodimerization between CHASER-STIM1ct and mCh-
STIM1ct would activate endogenous ORAI channels (Fig. S5a,
SI). Indeed, upon caffeine treatment, HeLa cells co-expressing
both CHASER-STIM1ct and mCh-STIM1ct exhibited a marked
increase in Ca®>" influx (Fig. S5b, SI), accompanied by robust
nuclear translocation of NFAT-GFP (Fig. S5b, SI). Consequently,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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we observed strong caffeine-induced expression of a luciferase
reporter gene driven by NFAT response elements (Fig. S5c, SI).
As a control, the low caffeine dose used in our assay neither
triggered appreciable Ca®" influx (Fig. S5b, SI) nor induced Ca**-
dependent reporter gene expression in HEK293 cells co-
expressing CHASER and mCh-STIM1ct alone (Fig. S5¢, SI).

Collectively, these results further support that CHASER
functions as an effective CIP tool for biological applications
beyond those achievable with COSMO, enabling precise control
of Ca®" signalling and downstream gene expression.

Since the classical FRB-FKBP system functions as a rapamy-
cin (or rapalog)-inducible association system, expanding its
utility to include ligand-induced dissociation would greatly
broaden its potential biological applications (Fig. 3a). Upon
analysing the predicted 3D structure of UniRapR inserting into
LaMs8,*® we found that its N- and C-termini form two tightly
packed B-sheets (Fig. 3b), in contrast to LaM8 variant inserted
with biCOSMO-L, whose N- and C-termini consist of flexible
linkers and two B-sheets belonging to separate COSMO modules
that remain non-interacting in the absence of caffeine (Fig. S6,
SI).*” This structural difference explains their distinct allosteric
behaviours: in biCOSMO-L, caffeine triggers intramolecular
COSMO interactions, stabilizing a tighter conformation that
activates engineered LaMS8; in contrast, inserting UniRapR into
LaM8 is predicted to minimally perturb its basal interaction,
while rapamycin binding could bring the domains closer to the
interaction interface between engineered LaM8 and mcCherry,
thereby disrupting the interaction and initiating dissociation.

To test this idea, we employed the same cytoplasm-to-
mitochondria translocation assay previously used for CHASER
to engineer 11 LaM8 variants, simply by replacing biCOSMO-L
with UniRapR to generate a library termed “Rapabodies V1-
V11”. Mitochondrial GFP fluorescence was measured before
and after rapamycin treatment. Among these variants, Rapa-
bodies V1-V9 showed no appreciable response, while
Rapabody-V10 exhibited only a modest increase in binding to
mitochondria-anchored mCherry (Fig. 3c). Notably, Rapabody-
V11 displayed tight binding to mitochondria-tethered
mCherry, which was efficiently dissociated by rapamycin,
resulting in a 59% reduction in mitochondrial GFP fluorescence
(Fig. 3c and d). Owing to this unique rapamycin-triggered
dissociation property, we designated this optimized variant
RASER (rapamycin-induced dissociation via anti-mCherry
nanobody scaffold engineering and reprogramming).

We next characterized RASER's biophysical properties.
RASER displayed rapid dissociation kinetics, with a half-life of
26.9 + 2.1 s (Fig. 3e), and an effective concentration (ECs,) of
172.1 + 14.2 nM in mammalian cells (Fig. 3f). Taken together,
we successfully developed the first rapamycin-induced dissoci-
ation system, RASER, which combines fast activation kinetics
with efficient induction at low ligand concentrations, thereby
expanding the functional repertoire of rapamycin-based CIP
tools.

With this unique rapamycin-induced dissociation system in
hand, we next evaluated its potential for broader biological
applications. CRISPR activation (CRISPRa) systems have been
widely utilized for transcriptional activation,***® and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Design of a rapamycin-switchable dissociation system
leveraging genetically encoded nanobodies. Data are shown as mean
+ sem. (a) Schematic illustration of the design and the mitochondria
translocation assay used to screen the rapamycin-switchable OFF
system. (b) The 3D structure predicted by AlphaFold illustrates the
structure of UniRapR inserted into the LaM8 scaffold (designated
Rapabody) in the absence of rapamycin. (c) Quantification of rapa-
mycin-inducible changes in the binding between Mito-mCh and 11
versions of anti-mCh Rapabodies. (d) Confocal images of Hela cells
showing the colocalization between the antigen (Mito-mCh; red) and
Rapabody-V11 (termed as RASER; green) before and after treatment
with 10 uM rapamycin. Quantification data are shown in Fig. 3c. The
domain architecture of RASER (Rapabody-V11) was shown above the
corresponding images. Scale bar, 5 um. (e) Quantification of rapa-
mycin-inducible changes in the binding between Mito-mCh and anti-
mCh RASER. The corresponding half-lives were indicated. n = 8 cells
from three independent biological replicates. (f) Dose-response curve
of RASER expressed in Hela cells. The Mito-to-cytosol ratios of GFP
intensity were plotted against escalating doses of rapamycin. n = 8
cells from three independent biological replicates.

classical FRB-FKBP dimerization module has been incorporated
into split dCas9 architectures to achieve rapamycin-inducible
gene activation, providing temporal control while mitigating
potential toxicity and off-target effects.** However, a comple-
mentary rapamycin-inducible transcriptional deactivation
system remains lacking, which would further expand the utility
of CIP tools in the CRISPR field-particularly given the limited
reversibility of the FRB-FKBP system.>** Rapamycin-inducible
activation systems are most effective when strict control over
the initiation of dCas9 activity is required; however, once acti-
vated, CRISPRa remains constitutively active and is difficult to
shut down due to the poor reversibility of rapamycin. In this
respect, rapamycin-inducible transcriptional deactivation
systems provide the ability to terminate activity on demand,

Chem. Sci., 2025, 16, 21774-21780 | 21777
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thereby further reducing undesired toxicity and potential off-
target effects.

To address this need, we tested whether RASER could
provide rapamycin-controlled assembly of a functional CRISPRa
complex. Specifically, we fused mCherry to dCas9 and RASER to
the transcriptional activator VP64 (Fig. 4a). As anticipated,
rapamycin treatment triggered efficient dissociation of RASER-
VP64 from mCh-dCas9, resulting in a pronounced suppression
of reporter gene expression (TagBFP), with an 85% reduction in
BFP fluorescence intensity. In contrast, cells expressing a non-
rapamycin-responsive LaM8-VP64 control showed no signifi-
cant change in reporter expression before or after rapamycin
treatment (Fig. 4b and c). To further validate this RASER-
CRISPRa system, we continued to explore its utility in modu-
lating the expression of endogenous genes. We chose Long
interspersed element-1 (LINE-1) retrotransposons as the target
gene, as it accounts for nearly 20% of the human genome and is
implicated in diverse pathophysiological processes, including
aging, cancer, and neurological disorders.** Applying the
rapamycin-controlled CRISPRa method to study the activation
and subsequent deactivation of LINE-1 elements can further
facilitate our understanding of LINE-1 function.** As expected,
rapamycin treatment was observed to shut down LINE-1 gene
expression activated by RASER-VP64 and mCh-dCas9, while no
significant change was noted for the control group coexpressing
LaM8-VP64 and mCh-dCas9 (Fig. 4d).
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Fig. 4 RASER applied to achieve rapamycin-induced shutdown of
customized gene expression. Data are presented as mean =+ sem. (a)
Cartoon illustrating the design of a rapamycin-switchable split
CRISPRa system made of mCherry-dCas9 and RASER-VP64. In the
absence of rapamycin, RASER-VP64 interacts with mCh-dCas9 to
induce gene expression. Upon rapamycin treatment, RASER-VP64
dissociates from mCh-dCas9 to terminate transcriptional activation.
BFP is used as a reporter for dCas9-VP64-mediated transcriptional
regulation. (b) Confocal images showing BFP expression in HelLa cells
transfected with the rapamycin-activatable CRISPRa system (RASER-
VP64 + mCh-dCas9) or the positive control vectors (LaM8-VP64 +
mCh-dCas9) before and after overnight rapamycin treatment. Scale
bar, 500 pm. (c) Quantification of BFP signals before and after rapa-
mycin treatment (as shown in panel b). n = 8 fields of view from three
independent assays. (d) Bar graph showing the relative human LINE-1
expression in HEK293T cells, measured by real-time RT-PCR, for cells
coexpressing the indicated constructs with specific guide RNAs,
compared to the control group with non-targeting guide RNAs. ns, not
statistically significant.
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Taken together, this rapamycin-triggered dissociation
system provides a complementary platform that extends the
functional scope of FRB-FKBP-based systems for precise
CRISPR regulation in biological applications.

Conclusions

In this study, we leveraged genetically encoded nanobodies that
allosterically respond to caffeine (Caffebodies) and rapamycin
(Rapabodies) to develop CHASER and RASER, thereby adding
new functional capabilities to two popular CIP systems. While
the relatively low heterodimerization efficiency of COSMO
restricts its use in many biomedical contexts, CHASER provides
an alternative with markedly improved performance, as exem-
plified by CHASER-TrkA, which enabled robust caffeine-
induced RTK activation. Our previous work with biCOSMO-L
demonstrated that caffeine-induced intramolecular interac-
tions effectively prevent competing intermolecular interac-
tions,** thereby explaining CHASER's high heterodimerization
efficiency. Although CHASER exhibits slower dissociation
kinetics compared to COSMO, this can be advantageous for
applications requiring sustained activation, such as prolonged
signalling or long-term effector recruitment, where more
persistent binding is a strength rather than a limitation.”> On
the other hand, the rapamycin-induced FRB-FKBP system
suffers from poor reversibility, making it equally important and
complementary to develop a rapamycin-triggered dissociation
system. This need is fulfilled by RASER, whose utility was
further validated in rapamycin-inducible control of a CRISPRa
system.

In conclusion, CHASER and RASER represent a rational
strategy to expand the CIP toolbox by reprogramming existing
modules through re-engineering of nanobodies, thereby filling
critical gaps in current biological and therapeutic applications
of these chemogenetic tools. This simple and modular engi-
neering approach circumvents the need to design entirely new
CIP chemistries from scratch, which is often costly and time-
consuming.
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