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Materials and Methods
DNA constructs
All constructs were generated using standard Gibson assembly procedures. Inserts
were generated using PCR or gene synthesis (IDT), and backbones were linearized
using restriction digest or PCR. A list of all receptor constructs and plasmid designs
used in this manuscript is reported in Table S1.
Mammalian cell culture
All mammalian cell lines were cultured in a humidified incubator maintained at 37 °C
with 5% CO2. HEK293FT cells (Thermo Fisher) were cultured in DMEM with 10% FBS
and supplemented with nonessential amino acids (Life Technologies) and Glutamax
(Life Technologies). HeLa cells and C3H/10T1/2 cells (ATCC) were cultured in DMEM
with 10% FBS, nonessential amino acids, Glutamax, and penicillin-streptomycin.
DNA transfections
DNA transfections were carried out using Lipofectamine 3000 Reagent (ThermoFisher)
according to the manufacturer’s instructions. The amount DNA plasmid delivered was
typically 25 ng of receptor and 25 ng of fluorescent cotransfection marker per 150,000
HEK293FT cells. For luciferase experiments: 1 ng of a NanoLuciferase transfection
marker in place of the fluorescent cotransfection marker, and 50 ng of a UAS-regulated
firefly luciferase reporter (Addgene No. 46756). For “low-pass” genetic circuits: 25 ng of
constitutive miRNA-tagged mCerluean (Addgene No. 26280) (49), 100 ng of Tetregulated mKate with intronic microRNA, and 25 ng receptor. For “band-pass” genetic
circuits, plasmids were designed with mismatched receptor-reporter pairs on individual
plasmids, such that only cells transfected with both plasmids should be capable of
producing fluorescent signal through either receptor: 25 ng of Gal4-based receptor with
Tet-regulated dsRed or Gal4-KRAB-T2A-dsRed, and 25 ng of tTA-based receptor with
UAS-regulated mCerulean.
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Lentiviral production and transductions
Viral particles were produced using 2nd-generation lentiviral system. HEK293FT cells
were grown to approximately 90% confluency in a 6-well dish and transfected with 750
ng of transfer plasmid and 1.25 μg each of packaging and envelope plasmids using
Lipofectamine 3000 Reagent. Transfection media was replaced the following morning,
and the viral supernatant was then harvested 24 and 48 h after this media change and
passed through a 0.45 μm filter. For transductions, cells were infected in growth media
supplemented with viral supernatant, and media was replaced 48 h later.
Stable cell line generation
A reporter cell line containing a stably integrated Gal4-dependent reporter construct
(UAS:H2B-mCherry) was generated by transfecting HEK293FT cells with linearized
DNA encoding the protein of interest and an antibiotic resistance gene for mammalian
selection. 48 hours post-transfection, the cells were exposed to antibiotic selection with
zeocin (100 μg/ml). After the elimination of nontransfected control cells (typically after
10 days of culture in the presence of antibiotic), surviving cells were transferred into 96well plates via a limited dilution procedure to isolate single clones.
Tet-dependent reporter cell lines were generated using lentiviral transduction.
For the myogenic differentiation assay, C3H/10T1/2 cells were stably integrated with
Tet-dependent p65-MyoD (Addgene No. 60627) (39). Cells were transduced with
lentiviral particles conferring the protein of interest and an antibiotic resistance gene. 48
hours after infection, cells were subjected to antibiotic selection with puromycin (2
μg/ml), and similarly transferred into 9-well plates via limited dilution to isolate single
clones after the elimination of nontransduced control cells. These cells were maintained
in growth media containing tet-free FBS (SH30070.03T, GE Healthcare).
Tension gauge tether (TGT) synthesis and assay
To test the molecular tension requirements for NRR- and sNRR-based SynNotch
activation, we immobilized SynNotch ligands to a tissue culture surface using tension
gauge tethers (TGTs), similarly to the TGT fabrication detailed previously (19, 50).
Single stranded DNA was purchased from Integrated DNA Technologies. A SynNotch
ligand is conjugated to a first ssDNA to create ligand-ssDNA. In most experiments,
SynNotch receptors are used that have a fluorescein-binding scFv as their ligand
binding domain, and the following sequence and modification is used:
5’-GGC CCG CAG CGA CCA CCC/36-FAM/-3’.
The complementary ssDNA strands were ordered with amine modifications at varying
locations to produce different tension tolerances after hybridization with the ligandconjugated ssDNA:
12 pN: /5AmMC6/GGG TGG TCG CTG CGG GCC
43 pN: GGG TGG TCG C/iAmMC6T/G CGG GCC
54 pN: GGG TGG TCG CTG CGG GCC/3AmMO/
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A 6 nm PEG12-biotin tag was conjugated to these ssDNA strands via NHS ester-amine
reaction chemistry using NHS-PEG12-biotin (21312, Thermo Fisher), as described by
Wang et al (50), creating biotin-ssDNA. Ligand- and biotin-ssDNA were incubated at
equimolar ratios overnight at 4 °C to create 50 μM stocks of TGTs with 12-54 pN
tension tolerances.
As an “upper limit” tension control, we used biotin covalently conjugated to FITC
via a PEG linker (22030, Thermo Fisher). In this case, because biotin is attached to
FITC via a covalent linker, rather than rupturable dsDNA, the tension required to disrupt
ligand attachment to the plate should be dictated by the force needed to break biotinstreptavidin interaction, very conservatively taken to be in excess of 100 pN (35).
Non-tissue culture treated dishes were incubated with a mixture of 10 μg/ml
biotinylated BSA (A8549, Sigma-Aldrich) and 10 μg/ml fibronectin (AAJ62380LB0,
Fisher Scientific) in PBS for 1 h at room temperature then washed with PBS. The
surface was then incubated with 100 μg/ml neutravidin (31000, Thermo Fisher) in PBS
for 30 min then washed with PBS. The surfaces were lastly incubated with 100 nM TGT
in PBS for 1 h then washed with PBS. Reporter cells were transfected with plasmids of
interest, adhered to the TGT-coated surfaces, and analyzed for SynNotch-mediated
reporter activity 48 h later (or 72 h later in the case of myogenic differentiation).
Protein expression and purification
The antibody developed by Wu et al (30) targeting Notch1 NRR was subcloned as an
scFv into the NcoI/NotI cut sites of the pBIOCAM5 vector (Addgene No. 39344) (51) to
create a scFv-Fc fusion with C-terminal human Fc, 6xHis, and 3xFLAG tags for
expression and purification in mammalian cells. These constructs was transiently
expressed in adherent HEK293FT cells and secreted into the growth media.
Conditioned media was harvested daily over the course of one week, then adjusted by
passing through a 0.2 μm filter, adding Tris buffer (pH 8) to a final concentration of 20
mM, and adding NaCl2 to a final concentration of 300 mM. Adjusted media was then
purified using Qiagen Ni-NTA fast start kit (30600, Qiagen) according to manufacturer’s
instructions. Purity and concentration of purified protein was assessed using a
Coomassie stain against a BSA standard.
Antibodies
The following primary antibodies were used: mouse anti-myc Alexa Fluor 647 conjugate
(1:200, sc-40 AF647, Santa Cruz Biotechnology), mouse anti-myc Alexa Fluor 488
conjugate (1:200, MA1-980-AF488, Thermo Fisher), mouse anti-myc (1:200, AHO0062,
Thermo Fisher), mouse anti-myosin heavy chain (1:100, MAB4470, R&D Systems)),
exogenous anti-NRR (1 μg/mL), mouse anti-NRR E6 (1:1,000, Ab00175-1.1, Absolute
Antibody) (51), mouse anti-NICD (1:500, sc-373944, Santa Cruz Biotechnology), mouse
anti-GAPDH (1:3,000, MA5-15738, Thermo Fisher).
The following soluble proteins were used to label the ligand binding domains of
Notch-based receptors: GFP (20 μg/mL), Dll4/Fc (5 μg/mL, A42511, Thermo Fisher).
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The following secondary antibodies were used: anti-mouse HRP conjugate
(1:3,000, 7076, Cell Signaling), anti-mouse Alexa Fluor 488 conjugate (1:2,000, A11001, Thermo Fisher), anti-mouse Alexa Fluor 647 conjugate (1:1,000, A-21239,
Thermo Fisher), anti-human AlexaFluor 647 conjugate (1:1,000, A-21445, Thermo
Fisher).
Immunofluorescence staining of fixed cells
Cells were rinsed with PBS then fixed with 4% (v/v) formaldehyde (28906, Thermo
Fisher) diluted in PBS for 10 min at room temperature. Cells were then rinsed 3 times
with PBS. Cells were blocked with 5% (w/v) BSA solution in PBS for 1 h at room
temperature, stained for 1 h at room temperature with antibody or ligand, and stained
for 1 hr at room temperature with secondary antibody. Antibodies or ligands listed above
were diluted at the indicated concentrations in 1% (w/v) BSA solution in PBS. Cells
were washed 3 times for 5 minutes with PBS after each stain.
For visualizing receptor recycling from the cell surface, live cells were stained
with soluble GFP before fixation. Live cells were incubated with GFP for 45 min at 4C to
prevent receptor internalization (Fig. S1B), or for 30 min at 37C to allow continued
internalization of labeled receptors (Fig. S1C). Cells were then washed 3 times for 5
minutes with PBS at 4C or room temp, before fixing in 4% formaldehyde and
proceeding with staining, as described above. Labeling of receptors with exogenous
anti-NRR took place after fixation.
Preparation of cell lysates and immunoblotting
Cell lysates used in immunoblotting analyses were prepared by direct lysis of cells in 1 x
LDS-PAGE loading buffer (NP0007, Invitrogen) after removal of cell culture media.
Viscous lysates were clarified through sonication or shearing through a syringe needle.
Lysates were subsequently analyzed by standard immunoblotting procedures and
probed using the antibodies listed above at the indicated dilutions. Detection of labeled
antigens was carried out by chemiluminescence using the SuperSignal West Pico PLUS
Chemiluminescent Substrate (34580, Thermo Scientific).
Luciferase assay for surface-adhered ligand and EDTA treatment
HEK293FT cells were transfected with a UAS-regulated firefly luciferase, a receptor of
interest, and a constitutively expressed NanoLuciferase construct as a cotransfection
control.
To investigate ligand-mediated activation of NRR- and sNRR-based anti-FITC
SynNotch receptors, transfected cells were grown on tissue culture surfaces that had
been coated for 1 h at room temperature with fibronectin (10 μg/ml) with or without
biotin-FITC, as described in the TGT methods. To evaluate dependence on ADAM10
and gamma-secretase cleavage, were treated with 20 μM BB94 (SML-0041, SigmaAldrich) or 400 nM Compound E (15579, Cayman Chemical), respectively. To evaluate
dependence on tension-mediated ligand activation, cells were treated with various
concentrations of soluble FITC. 24h after transfection, the amount of luciferase and
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NanoLuciferase present in cells was quantified with the Nano-Glo Dual Luciferase
Reporter Assay System (N1620 , Promega) according to the manufacturer’s protocol.
To investigate receptor activation dependent on calcium chelation, transfected
cells were grown for 24 h before treatment with either PBS or 0.5 mM EDTA in PBS for
15 min at 37 °C (29). EDTA treatment was then quenched with growth media, and cells
continued to incubate for 6 h before analysis using the Nano-Glo Dual Luciferase
Reporter Assay System as above.
Myogenic differentiation assay
Clonal C3H/10T1/2 reporter cells with stably integrated TRE:p65-MyoD-T2A-dsRed
were transduced with lentivirus for NRR- or sNRR-based SynNotch receptors. 48 h after
infection, cells were treated with EDTA-free trypsin and plated on TGT-coated glass 8well Ibidi coverslides (80826, Ibidi) at XXXk cells per well. 72 h later, cells were fixed in
4% paraformaldehyde, and myogenic differentiation was assessed by immunostaining
for Myosin Heavy Chain expression and DAPI staining to identify multinucleated fibers.
Flow cytometry
Cells were analyzed via flow cytometry 48 h after transfection. Live cells were identified
by gating on FSC-A vs SSC-A. Singlet cells were then identified by gating on FSC-A vs
FSC-H. Positively transfected cells were identified using a fluorescent co-transfection
marker, gated by the 99 percentile of fluorescence on a non-transfected control group.
To improve the likelihood that cells expressing marker were also expressing receptor,
positively transfected cells were then gated for those with marker fluorescence greater
than the median of all transfected cells. In the case of virally transduced HEK293FT
cells (Fig. 3C), no fluorescent marker was used due to high efficiency lentiviral
transduction. Experimental groups were than analyzed for the fraction of cells that
positively activated reporter gene expression, where positive reporter gene activity was
defined by the 99 percentile of reporter fluorescence in cells expressing reporter with no
SynNotch receptor. All flow cytometry was analyzed in R with the open-source ggCyto
software (52).
Supplementary Text
Mutation nomenclature
Mutated sNRR residues are either located within the anti-NRR scFv or within the NRR.
scFv residues are denoted by their position within the scFv, to accommodate usage of
alternative stabilizing domains of different length. The scFv is constructed with the
heavy chain fragment N-terminal to the light chain fragment, connected by a short
linker. The first heavy chain residue is denoted as 1. Table S2 reports the
corresponding residue locations from the parent antibody (30). NRR residues are
denoted by their position within the full-length human Notch receptor, such that T-ALL
mutations used in this study are consistent with preexisting nomenclature.
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Supplementary Figures

Fig. S1. Trafficking and processing of receptors. (A) Immunobloting shows that NRR- and sNRR-based SynNotch
receptors are processed into a noncovalent heterodimer by furin convertse. Furin inhibition induces the loss of
cleaved N-terminal fragment (N-term, white arrowheads) and accumulation of full-length receptors (FL, black
arrowhead). sNRR-based SynNotch receptors possess two myc tags N-terminal to the furin cleavage site, while
NRR-based SynNotch receptors have one myc tag. (B) Immunostaining of SynNotch receptors shows surface
expression and NRR accessibility in HeLa cells. Receptors express a GFP-binding nanobody as the LBD, which is
stained using soluble GFP (green). Wheat germ agglutinin (WGA) stains cell membranes. Control cells are
nontransfected. (C) Similar to (B), except GFP is used to stain the LBD at 37 °C, rather than 4 °C, to allow receptor
internalization. Subsequent fixation and anti-NRR staining reveals that surface stained receptors are constitutively
internalized and recycled from the cell surface, as evidenced by internalized LBD staining that does not colocalize
with surface NRR staining. (D) Immunoblotting showed that NRR- and sNRR-based full-length recombinant human
Notch1 receptors (rather than SynNotch receptors) are processed into noncovalent heterodimers, as evidenced by
detection of the C-terminal fragment. Here, only sNRR receptors express a Myc epitope. (E) Similar to (B), in cells
expressing full-length recombinant Notch1 receptors, rather than synthetic Notch receptors. Labeling the LBD with
soluble Dll4/Fc shows receptors at the cell surface. Incorporation of a sNRR domain blocks reactivity to staining with
exogenous anti-NRR. All scale bars 25 μm.
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Fig S2. Ligand-mediated activation of receptors. (A-B) Cells expressing NRR- and sNRR-based receptors with
Gal4-VP64 ICD’s are cultured on surfaces coated with fibronectin only or with fibronectin and FITC ligand. Receptor
activation induces expression of a UAS-luciferase reporter gene. (A) Plated ligand induces luciferase activity. This
response is reduced by inhibiting cleavage at S2 (by ADAM10; 20 μM BB94) or at S3 (by gamma-secretase; 400 nM
Compound E). (B) The presence of excess soluble ligand competitively inhibits binding of receptors to surface-coated
ligand. Soluble ligand cannot offer tensile resistance to unravel the NRR or sNRR domain, and therefore do not
induce reporter activity. Control cells express NRR-based SynNotch receptors with a tTA ICD, mismatched to the
UAS-luciferase reporter.
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Fig. S3. Additional NRR-scFv pairs tested on TGT’s. In addition to the original scFv tested in the sNRR domain
(right set of bars), three additional Notch1 NRR-binding antibodies were expressed as scFv’s, fused to the Notch1
NRR, and tested on TGT’s.
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Fig S4. Tension-induced myogenic differentiation. C3H10T1/2 fibroblasts express NRR- or sNRR-based
SynNotch receptors that drive expression of p65-MyoD upon activation, which in turn leads to myogenic
differentiation. Extent of differentiation is quantified as the % of DAPI-labeled nuclei localized to cellular structures
positively staining for Myosin Heavy Chain (MHC) in 3 immunostained images per group.
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Fig. S5. Tuning mechanical strength through double mutation or strengthening mutations. (A) An extension of
the data set presented in Figure 2D, detailing the effect of mutations on receptor strength. Each individual plot depicts
the effect of an added mutation (gray circles on plots, vertical axis of grid) on an initial mechanosensing domain (open
circles on plots, horizontal axis of grid). Arrows denote the change in mean activation upon mutation, for changes of
magnitude > 5%. Mutations that weaken the receptor are expected to increase activation (red), while mutations that
strengthen the receptor are expected to reduce activation (blue). (B) Effect of the F102Y mutation, represented as in
(A). Addition of F102Y generally increases receptor strength, except when added to the Y186A mutation, which is
immediately next to F98 in three-dimensional space.. (C) Modeled mutagenesis of F102Y. F102Y adds a hydroxyl
group at the para-position. Rotamer modeling predicts this group would sterically fit at the binding interface and would
be solvent-exposed (PDB 3L95).
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Fig. S6. Efficiency of surface expression. Four different sNRR domains with differing mechanical phenotypes, or a
no-receptor control, are expressed with a T2A-blue fluorescent protein (BFP). Receptors at the cell surface are
stained with an anti-Myc antibody conjugated to an Alexa Fluor 488 dye. Red trendlines denote the comparable
efficiencies of surface expression and trafficking
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Fig. S7. Ligand independent activation in receptors. Receptors with various transcriptional activator ICD’s are
stably integrated into HEK293FT cells. Stronger ICD’s such as VP64-p65 and VP64-p65-rtTA lead to increased signal
from LIA in the absence of stimulus. sNRR-based receptors exhibit reduced LIA.
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Fig. S8. Effect of NRR mutations on sNRR tensile strength. (A) Surface view (top) of the Notch1 NRR, with antiNotch1 Fab binding interface colored in yellow/orange/red, as in Fig 2B. Mutated residues are denoted. Ribbon view
(bottom) reveals all mutated residues in sphere representation, including those internal to the NRR distal to the
binding interface (L1575 and L1594). L1575P and L1594P are cancerous mutations, known to destabilize the NRR
and distal to the scFv-binding site. L1710P is a cancerous NRR mutation within the scFv-binding interface (PDB
3L95). (B) The effect of mutations on receptor strength. Each individual plot depicts the effect of an added mutation
(gray circles on plots, vertical axis of grid) on an NRR or sNRR mechanosensing domain (open circles on plots,
horizontal axis of grid). Arrows denote the change in mean activation upon mutation, for changes of magnitude > 5%.
Mutations that weaken the receptor are expected to increase activation (red), while mutations that strengthen the
receptor are expected to reduce activation (blue). L1575P and L1594P destabilize the NRR’s autoinhibitory
conformation, causing leaky activation in the absence of tension, while not greatly affecting sNRR domains. L1466A,
L1466F, and N1714D, which reside at the scFv:NRR binding interface but away from the LNR stabilizing interface in
WT NRR, destabilize sNRR domains without affecting NRR activation. L1710P exists at the overlap of NRR’s natural
stabilizing interface and sNRR’s engineered scFv interface, and in turn it impacts signaling of both receptors.
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Fig S9. Low-pass filtering in mechanogenetic circuits. (A)Cells constitutively express an mCerulean fluorophore,
whose transcript is tagged for miRNA-mediated degredation. Receptors with a tTA ICD induce TRE-driven mKate as
well as miRNA targeting the mCerulean transcript upon activation. (B) Fluorescence images of HEK293FT cells
expressing the low-pass circuit. mCerulean protein is only visualized at low values of tension, while mKate is instead
observed at high levels of tension. Scale bar 100 μm.
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