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ABSTRACT: 
 
Cells can sense and interpret mechanical stimuli from their environments and neighbors, 
but the ability to engineer customized mechanosensing capabilities has remained a 
synthetic and mechanobiology challenge. Here, we introduce tension-tuned synthetic 
Notch (SynNotch) receptors that can be used to convert extracellular and intercellular 
forces into specifiable gene expression changes. By elevating the tension requirements 
of SynNotch activation, in combination with structure-guided mutagenesis, we designed 
a set of receptors with mechanical sensitivities spanning the physiologically relevant 
picoNewton (pN) range. Cells expressing these receptors can distinguish between 
varying tensile forces and respond by enacting customizable transcriptional programs. 
The synthetic utility of these tools is demonstrated by designing a decision-making circuit, 
through which fibroblasts can be made to differentiate into myoblasts upon stimulation 
with distinct tension magnitudes. Mechanobiological utility is also demonstrated by 
characterizing cell-generated forces transmitted between cells during Notch signaling. 
Overall, this work provides insight regarding how mechanically induced changes in 
protein structure can be used to transduce physical forces into biochemical signals. The 
system should facilitate the further programming and dissection of force-related 
phenomena in biological systems. 
 
 
INTRODUCTION: 
 
Mechanical forces are fundamental regulators of biology, guiding vital processes and 
shaping disease progressions that span from the molecular to the tissue scale (1–3). 
Mechanical forces can do so by transmitting actionable information from biological 
environments, which can vary throughout developmental, tissue, and cell-cycle contexts 
(4, 58). Accordingly, cells have evolved complex mechanisms to actively utilize 
mechanical information, and to translate force-based stimuli into biochemical responses 
that can affect changes in metabolism, migration, differentiation, immunity, and gene 
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transcription (5–9). Harnessing cells’ capability to interpret differential forces in their 
environment would enable advances in tissue engineering, where forces could be used 
to drive structural organization, as well as targeted therapeutics, where mechanical 
environments could be used as tractable disease biomarkers. However, it has been 
difficult to synthetically program mechanosensation in cells, given that many of its 
underlying mechanisms remain to be elucidated.  
 
At a fundamental level, mechanotransduction can be generalized as an input-output 
relationship, in which mechanical energy is converted into a biochemical response via 
force-induced structural changes in cell signaling molecules. The sensitivity of proteins to 
mechanical unfolding has been tuned through several strategies, but in the context of 
biophysical spectroscopy, or FRET imaging sensors, rather than customized cellular 
signaling networks (10–16). Conversely, outputs from endogenous mechanotransduction 
pathways have been modulated by overexpressing protein components, engineering 
sensitivity to non-mechanical inputs, and, more synthetically, adding novel outputs to the 
force-sensitive Piezo1 and YAP/TAZ signaling cascades (17–19). However, these 
approaches have not yet tuned the mechanical force required for activation, and do not 
present an obvious protein engineering solution for doing so. These strategies 
furthermore rely upon endogenous pathways that are difficult to decouple from the user’s 
engineered pathways. Ideally, a fully customizable mechanosensitive pathway would 
synthesize three design criteria: 1) programmable sensitivity to input forces, 2) versatility 
of output cellular actions, and 3) orthogonality with respect to endogenous pathways. 
 
Here, we use the Notch1 receptor to build a platform for controlling mechanosensation 
that meets the above design criteria. Notch1 is a classically studied protein, and our work 
capitalizes on a body of structural and biophysical research that guides our molecular 
design. Notch1 activation requires mechanical force, which is sensed by the receptor’s 
negative regulatory region (NRR) (Fig. 1A) (20). Upon application of tensile force via the 
ligand binding domain (LBD), the NRR undergoes a conformational change that enables 
proteolytic release of the intracellular domain (ICD), a transcriptional effector (20–23). 
Recent work has shown that the NRR can act as a modular scaffold to build synthetic 
Notch (SynNotch) receptors, which preserve the Notch activation mechanism while 
tolerating heterologous substitutions at the LBD and ICD (24). These receptors offer a 
starting point that satisfies two of our three design criteria; SynNotch receptors provide 
versatility of cellular outputs via an ICD of interest and minimal crosstalk with endogenous 
pathways via Notch’s mechanistically direct signaling pathway. We therefore asked if we 
could satisfy the remaining criterion—programmable sensitivity to input forces—by 
creating novel NRR domains with distinct mechanical properties, which could be used to 
specify new tension requirements for signaling. 
 
We began by designing a synthetic NRR domain that required increased tension levels 
to activate. Single molecule force spectroscopy has shown that proteins can be 
mechanically stabilized via the binding of other protein domains (14, 25), and studies of 
the NRR are consistent with these observations. Antibody binding can impart stability 
upon the NRR, elevating its resistance against chemical- and force-induced unfolding in 
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vitro (20, 26) and limiting the spontaneous activation of mutant receptors in vivo (27, 28). 
Given these observations, we hypothesized that the NRR’s mechanical stability could be 
increased via direct fusion with an NRR-binding protein. Specifically, we fused the NRR 
with a single chain variable fragment (scFv) derived from an NRR-stabilizing antibody 
(27), such that the scFv could bind intramolecularly to the NRR to reinforce its 
autoinhibited conformation (Fig. 1B). In this way the integrated scFv can impart a 
mechanically stabilizing effect, and we anticipated that SynNotch receptors containing 
these “strengthened NRR” (sNRR) domains would require elevated tensions for 
activation. Here, we describe the development of tension-tuned sNRR-SynNotch 
receptors. We used these receptors to design force-sensitive genetic circuitries, including 
a mechanically activated cellular differentiation program. Further utility of the system is 
shown by their use in gauging the ligand pulling forces that are transmitted between cells 
during inter-cellular Notch signal transduction.  
 
 
RESULTS: 
 
Synthetic mechanoreceptors are processed and activated similar to Notch 
 
We first sought to verify that sNRR-based receptors preserved the fundamental trafficking 
and signaling functionalities of their NRR-based predecessors. To do so we compared 
receptors that differed only in the presence of a NRR or sNRR mechanosensing unit, 
having otherwise identical LBD and ICD components. As expected, both NRR- and 
sNRR-containing receptors were processed by the Golgi-localized furin convertase, and 
the resulting heterodimers were successfully trafficked to the cell surface (Fig. 1C, S1A-
B). Labeling of live cells with soluble ligand indicated that the synthetic receptors were 
constitutively internalized from the plasma membrane (Fig S1C), similar to the known 
recycling of natural Notch receptors (29). Next, we demonstrated that integration of the 
anti-NRR scFv blocked sNRR reactivity against soluble anti-NRR, providing evidence that 
the fused antibody fragment interacts with the NRR epitope in the intended intramolecular 
manner (Fig. 1C, S1B-C). In addition to synthetic receptors, full-length Notch1 receptors 
maintained the desired expression properties upon substitution of the NRR for sNRR (Fig. 
S1D-E).    
 
We used cell-based analyses with a luciferase reporter to confirm that sNRR-SynNotch 
could activate in response to ligand-mediated tension, as delivered through surface-
immobilized fluorescein (FITC) dyes. FITC was chosen as a ligand due in part to its 
biocompatibility and versatility: it is a widely used research and clinical labeling reagent 
and thus diverse FITC-linked bioconjugates can be readily obtained. In addition, rupture 
forces between FITC and anti-FITC antibodies have previously been reported, with single 
molecule measurements indicating a ~ 50 pN unbinding force between FITC and the E2 
anti-FITC scFv (57). Given these factors, we paired the E2 anti-FITC scFv as a LBD for 
detecting FITC-based ligands.  
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Using cells expressing anti-FITC receptors, we observed that treatment with either 
batimastat (BB-94, a broad-spectrum metalloprotease inhibitor) or Compound E (a ɣ-
secretase inhibitor) inhibited signaling responses against immobilized FITC ligands (Fig. 
S2A). This result indicates that sNRR activation involves proteolysis by a 
metalloproteinase and the ɣ-secretase complex, respectively, similar to natural Notch 
processing. The data also confirmed that sNRR-SynNotch could be activated upon 
exposure to an immobilized form of its ligand, suggesting a potential requirement for 
tensile resistance during activation, similar to natural Notch (24, 30). To verify this 
requirement, we treated cells with soluble fluorescein; such treatment failed to upregulate 
luciferase expression in both NRR- and sNRR-SynNotch cells (Fig. S2B). Thus, we 
conclude that sNRR-SynNotch processing is like that of natural Notch, and that sNRR-
SynNotch also requires ligand-mediated tension for its signaling activity. 
 
Synthetic mechanoreceptors require elevated tension levels for signaling activity 
 
Having confirmed its functional similarity to natural Notch, we next determined the force 
sensitivity of sNRR-SynNotch using the tension gauge tether (TGT) assay. In this 
approach, short double stranded DNA (dsDNA) sequences of known tension tolerance 
(Ttol) are used to attach ligands (here, FITC) to a culture surface via biotin-streptavidin 
interaction prior to adding cells (Fig. 1D) (21). These dsDNA tethers (“TGTs”) impose a 
ceiling on the magnitude of tension that can be applied to individual ligand-bound 
receptors. If the tension needed to activate sNRR-SynNotch surpasses the Ttol of a given 
TGT, then the tether will dissociate prior to inducing receptor signaling. If instead the Ttol 
of a TGT surpasses what is needed to unravel the sNRR, then the tether is expected to 
endure and thus signaling should ensue. We used biotin connected to FITC via a non-
rupturable linker, rather than dsDNA, as an upper limit for ligand Ttol, as biotin-streptavidin 
will tolerate loads in excess of 100 pN prior to dissociation (31). 
 
Previous studies have narrowed the activation force of the NRR to 4 – 12 pN (20–23), 
which is an order of magnitude below the critical force for rupturing antibody-antigen pairs 
(32). We therefore anticipated that sNRR would exhibit a significantly elevated force-
activation threshold. By challenging receptor-expressing reporter cells against TGTs of 
distinct Ttol values, we defined an activation threshold of approximately > 54 pN for 
engineered sNRR-SynNotch receptors, well above the < 12 pN (~ 5 pN) threshold 
previously defined for the Notch1 NRR (Fig. 1E). Other existing NRR-binding antibodies 
were fused as scFv’s to the NRR to evaluate the generalizability of our design, and 
multiple increased receptor tension tolerance (28, 33) (Fig. S3). These data demonstrate 
that sNRR fusions have increased force requirements for activation since they respond 
differentially to molecular tensions even while binding the same ligand. 
 
Synthetic mechanotransduction can induce muscle-cell like phenotypes 
 
Equipped with two mechanically distinct receptors, we next aimed to specify how a cell 
responds to a specific force value. In natural systems, cells enact intricate biological 
outputs based upon mechanical information in their microenvironment. For example, 
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mechanical forces can guide formation of sarcomeres (34), coordinate wound healing 
(35), or induce differentiation (7). Using a synthetic biology approach, we generated 
mouse embryonic fibroblasts that can differentiate in response to specific molecular 
tensions. To do so, we rendered MyoD, a master regulator of myogenic differentiation, 
SynNotch-dependent. A p65-MyoD fusion under control of the tetO-containing TRE 
promoter (TRE: p65-MyoD) was virally integrated into C3H/10T1/2 fibroblasts (36). 
Receptors containing tetO-binding ICDs (TetR-VP64) were then expressed in these cells, 
such that signaling would lead to p65-MyoD expression and subsequently myogenic 
conversion (Fig. 1F). Using these engineered fibroblasts, we then compared the ability of 
NRR-SynNotch and sNRR-SynNotch to guide cell fate decisions in response to 
mechanically distinct TGTs. We observed that cells expressing the receptors 
differentiated and fused into multinucleated skeletal myocytes only in response to 
tensions greater than the threshold defined by their respective mechanosensing 
domains—at least 12 pN for the NRR, and at least 54 pN for sNRR (Fig. 1G, S4).  
 
Receptor tensile strengths can be systematically tuned by mutation 
 
Further intricacy in cellular mechanosensation can arise from protein isoforms that have 
distinct mechanical properties despite overlapping biochemical functions, as studied with 
integrins or talins (37, 38). We therefore anticipated that an expanded family of sNRR 
domains with diversified force activation thresholds would similarly enable more 
sophisticated signaling networks. Mutating residues involved in non-covalent interactions 
at a protein’s “mechano-active” site can lead to distinct mechanical phenotypes (39). We 
hypothesized that point mutations within the scFv:NRR interface would alter the 
mechanical stability of sNRR, providing a basis to systematically tune force activation 
thresholds (Fig. 2A). Using a structure-guided strategy, we generated single- and double-
mutants by introducing conservative and non-conservative amino acid substitutions within 
the scFv:NRR interface (Fig. 2B-C).  
 
Consistent with our expectation, introducing mutations resulted in sNRR units of distinct 
mechanical strengths, as quantified using a fluorescent reporter gene and the TGT assay 
(Fig. 2D-E). Mutation generally led to sNRR isoforms with lower activation thresholds, 
resulting in domains with varying tension tolerances against biologically relevant pN levels 
(40) and allowing us to populate the sensitivity gap separating NRR and sNRR domains. 
For example, conservatively mutating Tyr186 to Phe decreased the activation threshold 
below 54 pN, and more severely mutating to Ala furthered this effect. Weakening single 
mutations were generally additive when combined into doubly mutated domains (Fig. 
S5A). One mutation (F102Y) may have led to an increase in mechanical stability, though 
marginal and difficult to resolve using TGTs (Fig. S5B-C).  
 
Of particular use was the Y186F mutation (sNRRY186F), which is weakened such that it 
activates to a greater extent than the original sNRR on strong TGTs while still resisting 
activation by 12 pN TGTs. Immunostaining confirmed that mutated receptors were 
trafficked to the cell surface with comparable efficiencies (Fig. S6). We also note that 
sNRR-containing receptors exhibit reduced ligand-independent activation (LIA) in the 
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absence of stimulus, as compared to their NRR-based counterpart (Fig. 2E). Reduced 
LIA has been targeted as a means to improve SynNotch functionality (41). The difference 
in LIA for sNRR is increasingly apparent when the ICD is replaced with more potent 
transcriptional activators VP64-p65 or VP64-p65-RTA (VPR) (Fig. S7).  
 
Further analysis of sNRR mechanical strength showed that scFv insertion provides the 
primary mechanism of stabilizing these engineered domains. In T-cell acute 
lymphoblastic leukemia (T-ALL), mutations within the NRR can result in destabilized 
domains that readily undergo LIA (42). However, these same T-ALL mutations, when 
distal to the scFv binding site, did not affect the mechanical strength of sNRR. Instead, 
presence of the scFv rescues the hyperactive phenotype, providing evidence that scFv 
insertion provides stabilization that is a new rate-limiting step in receptor activation (Fig. 
S8). Only NRR mutations at the scFv binding interface destabilized sNRR-SynNotch 
receptors, consistent with results from our collection of scFv mutations. NRR mechanical 
stability depends on the presence of calcium ions, and LIA can be ectopically induced 
through calcium chelation using EDTA (43). Interestingly, sNRR domains resist activation 
by EDTA treatment (Fig. 2F). This result holds true for mechanically weakened sNRR 
variants, including the highly destabilized sNRRR103A mutant, which was similar to NRR-
SynNotch in TGT analyses. Together, these results indicate that scFv fusion provides a 
dominant autoinhibitory effect. As EDTA is a routine reagent used in cell culture, sNRR 
domains serendipitously provide a SynNotch variant that can be stably integrated and 
expanded in cells while resisting inadvertent LIA. 
 
Genetic circuits can specify distinct gene expression responses in cells 
experiencing differing tension levels 
 
Using our set of sNRR domains, we demonstrated further versatility in cellular outputs by 
designing gene circuits that selectively filter various magnitudes of tension. Synthetic and 
natural signaling networks can use filtering logic to detect an input, such as small 
molecule concentration, only if it falls within a desired range. Described in this framework, 
the mechanogenetic circuits shown thus far generate “high-pass filters,” in which a target 
gene is expressed only in response to tension beyond a threshold Ttol. Recognizing the 
engineering utility of “low-pass” and “band-pass” filters that detect low and intermediate 
forces, respectively, we sought to extend our sNRR-based genetic circuits to achieve 
these complex outputs. 
 
To build a low-pass filter, we devised a circuit in which a target gene is expressed only if 
tensions fall below an activation threshold (Fig. S9A). In this approach, activation of a 
sNRRY186F-SynNotch receptor directs the transcription of a microRNA (miRNA), which in 
turn inhibits the translation of a constitutively transcribed fluorescent protein gene based 
on mCerulean (CMV-mCer-target-miR-FF4, see Methods) (Fig. S9B). We observe that 
this circuit downregulates mCerulean fluorescence in response to increasing molecular 
tension, as designed. This behavior is reminiscent of natural mechanisms in which 
mesenchymal stem cells use miRNA to downregulate gene expression in response to stiff 
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ECM (44). In addition to the transcriptional systems demonstrated thus far, the use of 
miRNA also highlights the ability to install force-activated post-transcriptional control. 
 
In addition to a low-pass filter, we also engineered a band-pass capable of detecting 
intermediate force magnitudes. Here, we reasoned that band-pass behavior could more 
closely mimic that of induced pluripotent stem cells (iPSCs), which pursue distinct cell 
fates in response to soft, medium, or rigid ECM stiffnesses (7). To implement such logic, 
we combined multiple receptors in a single cell to implement an incoherent feedforward 
loop (IFFL) (Fig. 3A). The IFFL is a signaling motif commonly employed to create a band-
pass response with respect to time or concentration (45, 46), and we hypothesized that 
we could extend the IFFL to similarly create a band-pass behavior with respect to 
molecular tension. In the activating arm of the loop, an NRR-SynNotch possessing a 
Gal4-VP64 ICD is used to drive expression of a cyan fluorescent mCerulean reporter 
(UAS-mCer). In the repressing arm of the loop, a sNRRY186F-SynNotch with a TetR-based 
ICD is used to drive a red fluorescent Gal4-KRAB fusion, which is able to repress UAS-
regulated mCerulean expression. Co-transfected cells encoding the IFFL circuit exhibited 
the expected response profiles, with mCerulean expression occurring only in response to 
intermediate tension values (Fig. 3B-D). 
 
We also tested a circuit in which sNRRY186F-SynNotch was made to activate a TRE-
DsRed-Express2 (TRE-DsRed-E2) reporter, without repressing UAS-mCerulean. As 
expected, cells grown on high tension ligands expressed both mCerulean and DsRed-E2 
reporters, whereas intermediate tension ligands activated only mCerulean (Fig. 3D). This 
result confirms the IFFL circuit function and shows that cells can be made to express 
distinct gene combinations in response to different ligand tension levels. In this case, dual 
expression of cyan and red fluorescent proteins provides a “2-color” readout that is 
indicative of cell engagement with high tension ligands. 
 
Force transmission depends on ligand-receptor bond properties 
 
Having demonstrated their synthetic utility, we next aimed to apply our receptors to 
measure inter-cellular force transmissions. To do so, we replaced TGTs with encodable 
ligands based on GFP, which was selected given its ability to interact with the LaG17 
nanobody present within our receptor ECDs. Prior to testing cell-based ligands, we 
determined whether LaG17-GFP complexes could endure the tension levels required for 
sNRR activation using streptavidin-immobilized GFP. sNRR-SynNotch cells were 
refractory under these conditions, suggesting a restriction in the tension levels that can 
be propagated via LaG17-GFP bonds. To overcome this limitation, LaG17 was replaced 
with the LaG16 nanobody, which we expected to bear increased tension loads against 
GFP, given its reduced off-rate constant (koff) compared to that of LaG17 (koff = 1.1 x 10-3 
s-1 for LaG16-GFP; koff = 1.4 x 10-1 s-1 for LaG17-GFP) (47). Consistent with this 
prediction, LaG16-mediated binding resulted in strong sNRR-SynNotch signaling against 
immobilized GFP (Fig. S10). We thus proceeded with LaG16-containing receptors in 
trans-activation analyses. 
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Intercellular pulling forces can be gauged via cell-based trans-activation  
 
In natural systems, the mechanical pulling activity of Notch ligands requires their 
intracellular ubiquitination and entry into the epsin-dependent clathrin mediated 
endocytosis (CME) pathway (48). Mammalian Notch ligands are ubiquitinated by the E3 
ligase Mindbomb-1 (MIB-1) then bound by epsins, which facilitate clathrin-mediated 
endocytosis (CME) (49). During CME, epsins couple with polymerizing actin filaments 
(50) and physically link invaginating pits to cellular force-generating machinery (51-52). 
Although many of the factors required for epsin-dependent uptake are known (53), the 
pulling capacity that they confer to ligands during CME is unknown. To probe this 
capacity, we next generated a synthetic GFP-based ligand by fusing GFP to the 
transmembrane domain (TMD) and intracellular tail of the native Notch ligand DLL1 (Fig. 
4A, GFP-TMD-DLL1).  
 
GFP-TMD-DLL1 was stably expressed in HEK293-FT cells to generate ligand-expressing 
“sender” cells. Senders expressing a MIB1-resistant (and thus epsin-binding deficient) 
ligand were also generated, by expressing a mutant ligand containing an ablated “N-box” 
motif (GFP-TMD-DLL1-Nbox), required for MIB1 binding (49, 54). Live cell 
immunostaining confirmed the presentation of these ligands on cell surfaces at 
comparable levels (Fig. S11). To evaluate their activities, we co-cultured sender cells with 
receptor-expressing “receiver” cells, allowing trans-cellular stimulation to proceed for 24 
hours prior to analyzing receiver cell reporter levels. These analyses confirmed the 
mechanical activity of GFP-TMD-DLL1 senders, which trans-activated receivers 
expressing multiple distinct mechanoreceptor domains (Fig. 4B-D). Quantification of 
signaling intensities showed agreement with TGT-based measurements: domains that 
resisted 12 pN tethers (including sNRR and sNRRY186F) were refractory against GFP-
TMD-DLL1, whereas those that with sensitivity to 12 pN tethers were similarly susceptible 
against GFP-TMD-DLL1 in trans. 
 
Comparison of signaling levels induced by GFP-TMD-DLL1 versus GFP-TMD-DLL1-
Nbox senders revealed CME-dependent and -independent activities. Receptors 
containing mechanically weak domains (NRR and sNRR103A) were activated at partial 
levels due to cell-cell contact with GFP-TMD-DLL1-Nbox sender cells (Fig. 4 C-D). This 
result suggests that lateral forces due to trans-cellular LaG16-GFP binding, may supply 
sufficient forces to trigger signaling independent of CME. In contrast, receptors with 
intermediate strength domains (including sNRRY186A and sNRRY192A) showed explicit 
requirements for CME, whereas high stability receptors (including sNRR and sNRRY186F) 
largely resisted CME-generated tensions. Of note, the CME-resistant sNRRY186F domain 
could be rendered CME-susceptible following addition of a second destabilizing mutation 
(sNRRY186F/Y229A). These data indicate that ligand uptake, regulated through MIB1-
mediated ubiquitination, can confer tension at levels beyond the NRR’s activation 
threshold (~ 5 pN), yet below what is needed for sNRRY186F (> 12 pN). Overall, our results 
confirm that sNRR-based receptors can detect and distinguish between pN levels of 
intercellular forces. 
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Bifunctional bridges can induce mechanical coupling between cells 
 
Recognizing that mechanical signaling events are highly coordinated in vivo, we next 
sought to gain spatiotemporal control over intercellular force transmissions. To do so, we 
implemented an inducible mechanical coupling strategy using a bispecific small molecule 
bridge. In this approach, we used a ligand that contains a biotinamide-binding antibody 
fragment (55-56) followed by a transmembrane domain and the DLL1 intracellular tail 
(anti-biotin-TMD-DLL1). Tests using immobilized biotin ligands showed that biotin:anti-
biotin bonds could withstand the tension levels needed for sNRR activation (Fig. S12). 
Furthermore, trans-activation between anti-biotin-TMD-DLL1 senders and anti-FITC 
receivers could be induced via treatment with soluble biotin-FITC at sub-nanomolar 
concentrations (Fig. S13, Fig. S14D, Supplementary Movie 1). To quantify drug-
induced signaling levels we used U2OS receiver cells containing a UAS-DsRed-Express2 
reporter gene. Receivers were mixed with anti-biotin-TMD-DLL1 senders and reporter 
levels were quantified after overnight treatment with 2 nM biotin-FITC. Under these 
conditions, receiver cells activity levels were consistent with our TGT- and GFP-TMD-
DLL1-based measurements, and the endocytic requirement of these signals was 
confirmed via co-treatment with the dynamin inhibitor dynasore (Fig. S14B). Together, 
these results further confirm the distinct mechano-sensitivities of our tension-tuned 
receptors.   
 
Finally, to achieve spatiotemporal control, we applied removable microwell inserts to 
generate defined sender-receiver boundaries (Fig. S14C). Following microwell removal 
and cell growth, biotin-FITC was added to cultures to activate coupling between sender 
and receiver cells. After overnight incubation with the drug, fluorescence imaging 
revealed spatially confined signaling activities that were limited to receiver cells residing 
at sender-receiver boundaries (Fig. S14D). These results confirmed the requirement of 
sender-receiver contact in generating biotin-FITC induced signaling responses. 
 
 
DISCUSSION 
 
In summary, we developed tension-tuned SynNotch receptors that can serve as 
genetically encoded tensiometers. These receptors can be used not only to engineer 
mechanical signaling responses, but also to decipher and record tensile forces as 
quantifiable readouts of a cell’s current or past mechanical interactions. The versatility of 
the system enabled force detection via diverse ligand forms, including FITC-labeled 
TGTs, GFP-tagged proteins, and a bifunctional small molecule based on biotin-FITC.  
 
To permit the tuning of receptor sensitivities, we first stabilized the NRR by fusing it with 
an inhibitory anti-NRR antibody fragment, producing a strengthened NRR (sNRR) that 
required ten-times more tension for signaling activity. This requirement was then lowered 
by altering binding interactions within the domain’s “mechanoactive” site using a 
structure-guided mutagenesis approach. This strategy allowed us to populate the 
sensitivity gap between NRR and sNRR domains, resulting in 14 mechanoreceptor 
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sequences with tensile sensitivities that span the biologically relevant pN range. When 
expressed by cells, these proteins could be used to activate gene expression responses 
following stimulation with extracellular and intercellular tensional cues.  
 
We demonstrated the utility of our system in two important ways: first, in a synthetic 
biology approach, we applied our receptors to design cells that could distinguish between 
mechanical signals and enact customized transcriptional responses in turn. This strategy 
was used to implement mechanical “filtering logic,” which enabled cells to express a 
reporter gene only in response to intermediate tension values. A tension-dependent 
differentiation circuit was also developed, and we used this program to define the force 
levels needed to induce muscle cell-like phenotypes in fibroblast-based progenitor cells. 
 
In a biological application, we used our receptors to measure cell-generated, 
biomechanical forces exchanged between cells during Notch signaling. We showed that 
chimeric ligands containing DLL1 intracellular tails could deliver tensions at levels beyond 
the ~5 pN rupture requirement of the NRR, yet at levels below that which is supplied by 
12 pN TGTs. These values agree with previous laser-trapping measurements, where 
DLL1 cells were found to pull Notch-coated beads with ~ 10 pN energies (60). Like native 
DLL1, the pulling capability of chimeric ligands also required MIB1-binding and dynamin 
activity.  
 
There should be several advantageous applications of our tools moving forward. For 
example, intermediate-strength receptors (which explicitly required ligand CME for 
signaling) could be used in mapping synaptic connections between neurons by exploiting 
pre-synaptic forces due to recycling neurotransmitter vesicles. Such an approach may 
provide a specific and encodable anterograde tracing method in which signaling due to 
non-synaptic cell-cell proximity could be overcome. Furthermore, combined use with 
drug-based bridging agents could be used to achieve temporal resolution in connectivity 
mapping, which would allow researchers to monitor changes in the formation and 
elimination of synapses over time. 
 
During our experimentation, we identified a design feature that should be considered in 
future adaptations of the method—that ligand-receptor bonds must be of sufficient tensile 
strength in order to propagate forces to NRR/sNRR domains. Thus, new ligand-receptor 
pairings should be tested using immobilized ligands prior to trans-cellular analyses. 
Antibody-antigen interactions are recommended as a starting point for new designs, given 
that these complexes generally form strong bonds (32). Antibody-antigen bonds could be 
directly encoded as ligand-receptor pairings or exploited by combining anti-FITC 
receptors with FITC-conjugated antibodies or polypeptides as soluble bridging agents. 
Such an approach could be used to investigate mechanosensitive pathways beyond 
Notch signaling, including those involving integrins, cadherins, and immune cell antigen 
receptors.  
 
Finally, our work demonstrates how biological insights regarding natural mechanisms can 
guide the design of sophisticated and useful cell signaling components. The data also 
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reinforce a long-established paradigm in protein engineering: that by adding extra 
stability, one can render proteins more tolerant to mutation, and thus more susceptible to 
engineering (59). Although our work focused on transcription-based outputs, future 
adaptations of the method could enable direct mechanical control over processes such 
as genome editing, metabolism, or cell-killing activity. Use of iterative or continuous library 
screening methods may accelerate the development of such systems. As 
mechanosensitive proteins continue to be structurally and mechanistically elucidated, we 
anticipate that the mechanogenetic “toolkit” will continue to grow; such expansion should 
in turn facilitate development of novel targeted therapies and tissue-engineered systems.  
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Fig. 1. Design of customized mechanosensation. (A) Schematic of tension-mediated 
activation in Notch or SynNotch receptors. Application of sufficient tensile force via the LBD 
activates the receptor by displacing three LIN12-Notch repeat (LNR) modules and converting the 
NRR into a substrate for proteolysis at S2. Cleavage at S2, and concomitantly at S3, liberates the 
ICD. (LNR modules green; S2 and S3 red) (B) Activating the Notch1 NRR (left) requires tensile 
force to disrupt the intramolecular interactions that promote an autoinhibited conformation. 
Engineered sNRR domains (right) include an intramolecularly bound scFv for additional stability. 
The heterodimerization domain and LNR’s of the NRR are blue and green, respectively, and the 
scFv added in sNRR is magenta. Molecular interactions between the LNR’s and HD (left) or scFv 
and NRR (right) are yellow. (PDB 3ETO and 3L95, respectively) (C) Immunostaining of NRR- and 
sNRR-based receptors for surface-receptor with anti-myc (green) and available NRR with 
exogenous soluble anti-NRR scFv (magenta) in HeLa cells. Scale bar is 25 μm.  (D) Schematic 
of TGT assay used to evaluate molecular tension needed to activate engineered receptors. 
Fluorescein (FITC) is used as a ligand for SynNotch receptors expressing an anti-FITC scFv LBD. 
(E) NRR- or sNRR-based receptors with a Gal4-VP64 ICD induce expression of a UAS-controlled 
H2B-mCherry reporter upon activation. HEK293FT cells transiently expressing these receptors 
were cultured on TGT-coated surfaces, and reporter activity was monitored by flow cytometry. (F) 
Tension-induced myogenic differentiation. C3H/10T1/2 fibroblasts express NRR- or sNRR-based 
SynNotch receptors with a tTA ICD. Upon activation, these receptors drive expression of p65-
MyoD, which in turn leads to differentiation. (G) Immunostaining identifies differentiation into 
skeletal myocytes by multinucleation and positive myosin heavy chain (MHC) expression (green). 
Scale bar in C is 25 μm and 100 μm in G. 
     
    
   
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 16, 2022. ; https://doi.org/10.1101/2022.05.01.490205doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.01.490205


 

 
19 

 
 

 
 
Fig. 2. Tuning the tensile strength of sNRR domains. (A) Schematic of strategy to tune 
mechanical strength. (B) Open-book view of the interface between the Notch1 NRR and the NRR-
binding Fab. The HD and LNR’s of the NRR are blue and green, respectively, and the heavy and 
light chains of the scFv are magenta and pink. Additional residue coloring corresponds to the 
distance between the two surfaces (< 5.5 A, yellow; 5.5 – 4 A, orange; 4 – 3 A, red) (PDB 3L95). 
(C) Y186 on the Fab light chain is highlighted as an example of a mutated residue. (D) Mutating 
Y186 decreases sNRR mechanical strength. Receptors stably integrated in HEK293FT cells 
upregulate UAS-driven H2B-mCherry reporter upon activation with TGTs. (E) Mutating sNRR 
residues creates receptors with a range of force activation thresholds. Receptors are transiently 
expressed in HEK293FT cells with stably integrated UAS-H2B-mCherry reporter. (F) Cells 
expressing SynNotch receptors with an NRR domain or sNRR domain of various strengths are 
treated with either 0.5 mM EDTA or PBS for 15 minutes at 37 °C, then treatment was quenched 
with culture media. Reporter expression was evaluated 6 hours later. Activated receptors 
upregulate expression of a UAS-regulated luciferase. Biological triplicate, 2-way ANOVA where 
null hypotheses cannot be rejected, labeled n.s. (f > 0.05), * (f < 0.05), or unlabeled and (f < 0.001) 
for each receptor unlabeled comparisons. 
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Fig. 3. Bandpass filtering in mechanogenetic circuits. (A) An IFFL is designed to respond to 
intermediate forces. A NRR-based SynNotch with Gal4-VP64 ICD drives mCerulean (mCer) 
reporter activity upon activation. A sNRRY186F-based SynNotch with tTA ICD drives DsRed-
Express2 (dsRed) expression in combination with Gal4-KRAB to inhibit mCer production. (B) 
mCer (top) and dsRed (bottom) activation of mechanogenetic circuits. “Bandpass” (left) denotes 
cells expressing the full bandpass circuit in (A). The “2-Color” designation (right) denotes cells 
expressing this circuit without the Gal4-KRAB inhibitory component. (C-D) Fluorescence images 
of reporter activity in HEK293-FT cells expressing Bandpass or 2-Color readout circuits. Scale 
bars are 25 μm.  
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Fig. 4. Intercellular mechanotransduction via cell-generated, ubiquitination-dependent 
endocytic forces. (A) Schematic of ligand-CME transactivating Notch receptors. DLL1 ligand 
uptake is regulated by Mib-1 ubiquitination, which is recognized by cargo-specific adaptor proteins 
(epsins) that link ligands to CME machinery. Endocytosis generates a pulling force which exposes 
the NRR’s cryptic S2 proteolytic site, activating the receptor. (B) LaG16-sNRR variants are trans-
activated by GFP-TMD-DLL1 senders to varying degrees. Receptors stably integrated in 
HEK293-FT cells upregulate UAS-driven H2B-mCherry reporter upon activation by HEK293-FT 
GFP-TMD-DLL1 in 24-hour coculture. Inset is H2B-mCherry channel under increased contrast. 
(C) Flow cytometry traces of receiver cell reporter expression levels following coculture with either 
GFP-TMD-DLL1 or GFP-TMD-DLL1-Nbox sender cells. Traces represent normalized densities of 
receiver (BFP+) cells within the analyzed coculture populations. Dashed vertical lines indicate 
H2B-mCherry+ threshold fluorescence values. (D) Percent of H2B-mCherry+ reporter cells in 
receiver cell population (BFP+) from (B), along with signals from control cocultures using HEK293-
FT mock ligand cells. Biological triplicate, 2-way ANOVA where null hypotheses cannot be 
rejected, labeled n.s. (f > 0.05), * (f < 0.05), or unlabeled (f < 0.001) for each receptor; > 50,000 
cells analyzed per data replicate.   

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 16, 2022. ; https://doi.org/10.1101/2022.05.01.490205doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.01.490205

