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ABSTRACT

Mechanical forces are fundamental regulators of biology. Individual cells can
detect environmental forces and transform them into intracellular biochemical actions,
which impact gene expression, metabolism, and differentiation. In turn, this phenomenon
of “mechanotransduction” at the cellular level affects tissue- and organ-level function and
can shape disease progressions. Tools that enable researchers to genetically harness
mechanotransduction would therefore be powerful for developing of novel tissue
engineering and cell therapy technologies. However, synthetically engineering
mechanotransduction in cells has remained difficult. In this thesis, we control how cells
respond to molecular forces by engineering modular mechanosensitive receptors. Using a
structured-guided approach, we engineered force-sensitive protein domains that, when
inserted into synthetic Notch receptors, vary the input-output relationship between
mechanical force and cellular action. We demonstrate that the mechanical strength of these
domains can be systematically tuned through mutagenesis. We show that our synthetic
mechanoreceptors enable the design of signaling networks where tensile forces in the
environment are recorded as measurable and specifiable biochemical responses, such as

myogenic differentiation in mouse embryonic fibroblasts. We then present additional



technologies for modulating the Notch mechanoreceptor’s endogenous mechanical
strength, ligand-mediated activation, and protease-regulated activation. Taken together,
this dissertation introduces a mechanogenetic framework for synthetically controlling
mechanotransduction in mammalian cells, informs the design of future synthetic force-
sensitive pathways, and provides valuable tools for the study of Notch signaling in

development and disease.
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Chapter 1: Mechanical forces as an opportunity for engineering cellular function
1.1!The role of mechanotransduction in biology

Mechanical forces are fundamental regulators of biology that guide developmental,
homeostatic, and pathogenic processes (1, 2). In a phenomenon known as
mechanotransduction, individual cells detect forces in their environment and translate them
into intracellular biochemical actions (3). Mechanotransduction is a recurring theme in the
strategies cells have evolved to interact with their surroundings, such as matrix rigidity
sensing by focal adhesions or antigen recognition by T-cell receptors (4-6), and the
resultant biochemical actions from these pathways coordinate fundamental processes of
migration, metabolism, differentiation, and gene expression (7-10). In turn, the
relationship between cells and mechanical forces has implications across length scales,
directly impacting the structure and function of tissues and organs. Furthermore,
dysregulated mechanotransduction contributes to the pathogenesis of numerous diseases
(3, 11, 12). It is therefore important that we understand the molecular basis of
mechanotransduction in cells.

Many approaches to studying mechanotransduction focus on precisely controlling
the type and magnitude of force that cells experience. For example, researchers have
developed polymer gels to control matrix stiffness, flow chambers to modulate shear
stresses, and single molecule tweezers to examine proteins under precise tension (13-17).
Together, these well-developed methods have enabled foundational work for our
understanding of mechanobiology..

The above methods can be broadly viewed as “external” to the cell, focusing on



manipulating the cell’s environment. Conversely, advances in molecular biology have
begun to enable complementary gene manipulation techniques that are “internal” to the cell
(18). For example, mutational studies have helped elucidate molecular mechanisms
underlying mechanochemical conversion in various pathways (19-21), and fluorescent
proteins can enable scientists to quantify the activity of mechanotransduction pathways in
real time (22, 23).

Excitingly, these internal techniques are only the beginning of potential
applications for genetically controlling how cells perceive and respond to forces. In
addition to providing powerful tools for basic research purposes, synthetically harnessed
mechanotransduction could enable scientists to use forces as disease biomarkers in cell
therapies, to drive structural organization in tissue engineering, or to modulate endogenous
mechanosensitive processes such as wound healing. However, it has been difficult to
synthetically engineer mechanosensation in cells, as its underlying mechanisms remain

incompletely elucidated.

1.2 Strategies for synthetically controlling mechanotransduction

From an engineering perspective, we can describe mechanotransduction as an
input-output relationship between mechanical force and biochemical action. Some
transducer lies between the input and output, which converts energy from a mechanical to
a biochemical form (Figure 1A). Oftentimes this transducer is a mechanosensitive protein,
which can undergo force-induced distortions to trigger changes in its biochemical activity

(24, 25) (Figure 1B). For example, force-induced conformational changes in proteins can



reveal cryptic binding sites, alter enzymatic activity, enhance binding affinities, or permit
ion flux (26-29). Approaches to create synthetic input-output mechanotransduction
pathways often focus on either the mechanosensitive protein by modulating the critical
force at which its function changes, or the biochemical output by introducing novel
signaling outcomes to the force-induced cascade.

Modulating the mechanical sensitivity of a protein can change how the cell
perceives forces; a given force that activates the WT protein may be unable to activate an
engineered protein that requires greater force to undergo a conformational change, for
example. The precise mechanical strength of proteins has been difficult to precisely
engineer, however, because mechanical stability is a distinct property from thermodynamic
stability, and its underlying principles remain to be fully understood (30). In vitro force
spectroscopy studies have indicated several strategies that can modulate the mechanical
stability of individual proteins, such as amino acid substitution, domain recombination
between proteins, and engineered metal chelation (31-33). In turn, these in vitro strategies
have been applied to alter the in vivo mechanical strength of proteins involved in
mechanotransduction pathways, including extracellular matrix, transmembrane, and focal
adhesion proteins (34-37). Considering natural systems, pathogenic mutations can also
induce changes in mechanical stability, further supporting mutagenesis as a viable strategy
for engineering mechanical strength (3, 38-40). Together, these works indicate that it is
possible to tune the in vivo strength of proteins involved in mechanotransduction. However,
these strategies induce marginal changes that are difficult to systematically tune, and more

robust strategies remain to be developed as we gain a greater understanding of molecular



mechanisms in mechanotransduction.

Instead of engineering how a cell perceives force, mechanotransduction can also be
engineered by controlling how the cell responds to force. When studying endogenous
mechanotransduction pathways, researchers have often engineered the magnitude of a
cell’s response to force by controlling the expression levels of proteins involved in the
pathway (18). More recently, synthetic biology approaches have engineered force-induced
biochemical actions by introducing novel signaling outputs downstream of endogenous
YAP/TAZ, TRPV4, and Piezo pathways (41-43). These synthetic approaches provide
scientists with a powerful bioengineering tool for responding to forces in the cell’s
environment, and can be applied to regulate novel force-induced pathways for cell
therapies. However, these strategies have not yet tuned the amount of 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 particularly difficult
to decouple from the user’s engineered pathways.

Moving forward, a diverse “mechanogenetic toolkit” for controlling
mechanotransduction will be necessary to fully study and harness the relationship between
cells and forces. Each of the aforementioned approaches have useful applications to this
end, but together they highlight several voids that remain in the mechanogenetic toolkit as
a whole. In this thesis, we address the need for fully synthetic mechanosensation that
customizes how a cell both perceives and responds to force, as well as the need for a
strategy to directly modulate the mechanical strength of proteins in vivo, without their

genetic manipulation.



In Chapter 2, we describe our approach for engineering synthetic
mechanoreceptors that activate in response to tunable levels of tensile force and trigger
customized biochemical responses. Although existing approaches have engineered how a
cell perceives or responds to force, these two are yet to be synthesized in a single system.
By fusing the Notch protein’s mechanosensitive protein domain, the negative regulatory
region (NRR), with a stabilizing scFv, we were able to create synthetic “sNRR” domains
that require significantly greater force that activate. We then demonstrated the ability to
systematically tune the mechanosensitivity of SNRR domains via mutagenesis, resulting in
a collection of SNRR isoforms with varied mechanical properties. We used force-sensitive
DNA tethers to characterize the mechanical strength of these domains in a relevant cellular
context, and we developed a thermodynamic model to describe the force-based
“computation” performed by cells during mechanotransduction. Using these sNRR
domains within synthetic Notch receptors, we designed a variety of genetic circuits that
control how cells respond to force. For example, we used SNRR domains to drive myogenic
differentiation in response to molecular tension. We also designed circuits with signal
processing functions, allowing cells to exclusively respond to low or intermediate forces
using low-pass and bandpass filters, respectively.

In Chapter 3, we describe an approach for modulating the mechanical strength of
endogenous proteins, without the need to genetically manipulate them directly. We extend
our strategy of tuning the Notch NRR’s mechanosensitivity by expressing the stabilizing
scFv as a separate binding partner, rather than a fusion protein, such that it can bind and

stabilize Notch receptors in their native context. Because these scFv’s are genetically



encoded, we are able to alter Notch mechanical strength in an inducible and dynamic

fashion.
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Figure 1. The input-output relationship of mechanotransduction.

(A) Mechanotransduction can be described as an input-output relationship between
mechanical forces and biochemical actions. Between these two, a mechanochemical
converter transforms energy from a mechanical to a biochemical form. (B) Schematic of a
general globular protein that acts as a mechanochemical converter. At some critical applied
force, the protein undergoes a conformation change, accompanied by a change in
biochemical function.

1.3 The Notch Mechanoreceptor

A recurring theme in this thesis is the use of Notchl as a model mechanoreceptor
for protein engineering. Notch proteins are single-pass transmembrane receptors that are
classically studied due to their diverse roles in development and disease (44, 45). In
mammalian cells, the Notch family consists of four paralogue receptors (Notch1-4). The
Notch extracellular domain of contains a ligand binding domain (LBD), which recognizes
ligands from the Delta-like (DIl1, 3 and 4) and Jagged (Jagl and 2) families of proteins

(28, 46, 47). In the absence of stimulus, Notch adopts an autoinhibited conformation
!



whereby its intracellular domain (ICD), a transcriptional effector, is tethered to the plasma
membrane and thus unable to alter gene expression. Ligand-mediated stimulation of Notch
signaling, however, induces proteolytic events that liberate the ICD and allow it to
translocate to the nucleus to alter gene expression.

Structural and biophysical studies have revealed that the Notchl activation
mechanism is force-sensitive (Figure 2). Ligand expressed on a neighboring cell that binds
Notch must undergo endocytosis, which is thought to deliver tensile force along the
receptor (48). This force is detected and processed by the juxtamembrane Notch negative
regulatory region (NRR). In the absence of force, the NRR adopts an autoinhibitory
conformation in which a cryptic proteolytic site (S2) is sterically occluded beneath
Lin12/Notch repeat (LNR) domains (39). Sufficient tensile force displaces the LNR
domains and reveals S2, converting the NRR from a protease-resistant form into a substrate
for cleavage by ADAM (49). Following ADAM cleavage, concomitant cleavage by !-
secretase at S3 releases the ICD from the membrane to regulate gene expression in the
nucleus. Recently, a series of studies using molecular force measurements have confirmed
that 4-9 pN of tensile force can convert the human Notchl NRR into a substrate for ADAM
(17, 49-51). The autoinhibitory role of the NRR is further confirmed in Notch receptors
with deleted NRR domains or destabilizing oncogenic mutations, which are readily
activated in a ligand- and force-independent manner (52-54). The NRR thus acts as the
critical mechanochemical converter in Notch mechanotransduction, propagating a signal
by translating mechanical energy from endocytosis into a biochemical event at the plasma

membrane.



Recently, synthetic Notch (SynNotch) receptors have emerged as a powerful tool
for engineering custom cell behaviors (49, 55, 56). Works developing SynNotch
demonstrated that the Notch protein architecture is highly modular; by substituting the WT
receptor’s LBD and ICD for heterologous domains, scientists can build chimeric receptors
that detect ligands of interest and activate designer genetic circuits. The cross-talk between
natural Notch and SynNotch pathways is therefore minimized, because the two share
neither the ligand input nor the transcriptional output. SynNotch receptors use the Notchl
NRR as a minimal “core” that preserves Notch’s fundamental ligand-mediated activation
mechanism.

In Chapter 2 and Chapter 3, we discuss approaches for engineering
mechanotransduction by tuning the mechanosensitivity of the NRR. SynNotch receptors
use a universal Notchl NRR and therefore all respond to the same magnitude of tension.
In Chapter 2, we engineer a novel collection of synthetic NRR domains that can be used in
SynNotch receptors to specify new force thresholds for activation. In Chapter 3, we use
membrane-anchored antibody fragments to bind and increase the mechanical stability of
NRR domains in the context of WT receptors.

In Chapter 4, we engineer two additional aspects of Notch signaling other than
mechanotransduction. We first describe a system for controlling the activity of the Notch
ligand DII1 in a drug-dependent manner. By inserting the viral protease NS3 between the
DII1 TMD and ectodomain, we create a system where ligand surface expression and
intercellular signaling can be controlled using antiviral drugs. Secondly, we explore the

regulatory function of the LWF motif, a short stretch of residues C-terminal to the TMD



that interact with the plasma membrane. We demonstrate that addition of the LWF motif
into SynNotch receptors improves their dynamic range by reducing ligand-independent
activation. We apply the LWF motif to build SynNotch receptors able to regulate sensitive
ICD’s such as Cre recombinase. Our results point to a novel regulatory mechanism in

natural Notch signaling and motivate further studies into the function of the LWF motif.
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Figure 2. Ligand-mediated activation in the Notch mechanoreceptor.

In the absence of force, the Notch receptor adopts an autoinhibited conformation, where
the NRR occludes access to the S2 proteolytic site (left). Endocytosis of a ligand on a
neighboring cell applies a tensile force, which unravels the LNR domains of the NRR
(middle). Proteolysis at S2 by ADAM and subsequently at S3 by !-secretase liberate the
ICD to translocate to the nucleus and regulate gene expression (right).

1.4 Impact of this work

Our work provides a new benchmark in scientists’ ability to control
mechanotransduction in living cells. The ability to synthetically harness how cells perceive
and respond to forces will be useful for numerous bioengineering applications. When

engineering novel cellular therapies, synthetic mechanosensitive proteins could enable
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therapeutic targeting of diseased tissues with altered mechanical properties, such as fibrotic
or tumorous tissues with stiff extracellular matrices (57). Novel therapies that “trick” cells
into sensing the proper levels of mechanical force would be powerful in diseases where
either environmental forces are dysregulated, or the ability of cells to sense forces is
mutated. The strategies outlined here will also be of value to protein engineers designing
future mechanosensitive proteins for use in the growing mechanogenetic toolkit. Drawing
from the results of several in vitro studies, we combine domain swapping, mutagenesis,
and force redistribution to successfully create a platform for systematically tuning the
mechanical strength of a synthetic protein in vivo. We demonstrate that the mechanical
stability of proteins can directly affect changes in custom biochemical outputs, with cells
able to detect mechanical stability due to single amino acid mutations.

The results and tools reported in this thesis will also be of interest to researchers
studying the biology of Notch in development and disease. We describe force-induced
Notch activation using a thermodynamic model, which offers a new lens through which to
view Notch activation. Our results indicate that NRR autoinhibition and force-sensitivity
may be considered as two complementary but separate regulatory mechanisms in Notch
activation. In turn, our model informs the future design of ideal therapies for treating
mutated receptors in T-ALL. Our results describing the impact of the LWF motif also
indicate a hitherto uncharacterized regulatory mechanism in Notch activation that takes
place at the plasma membrane that warrants further investigation and could be of relevance
to other gamma-secretase substrates, such as the amyloid-"" precursor protein. We also

present several tools that will be useful to developmental biologists studying Notch. For
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the first time, scientists will be able to modulate the mechanical sensitivity of endogenous
Notchl receptors with respect to time and monitor the roles of mechanical forces
throughout the course of development. Further work can expand this system to the
remaining three Notch paralogues, allowing scientists to decipher Notch signaling in

complex in vivo settings.



Chapter 2: Synthetic mechanobiology; engineering mechanotransduction in
mammalian cells using the Notch receptor

This chapter is adapted from the following manuscript currently in preparation:

DC Sloas, J Rocks, P Mehta, JT Ngo. Synthetic Mechanobiology: Tuning
Mechanotransduction with Engineered Notch Receptors (2020).

2.1 Background and motivation

Mechanical forces are fundamental regulators of biology, guiding vital processes
and shaping disease progressions that span from the molecular to the tissue scale (1, 11,
12). Mechanical forces can do so by transmitting actionable information from biological
environments, which can vary throughout developmental and tissue contexts (2). Cells
have evolved complex mechanisms to actively utilize this information and translate
mechanical forces into biochemical actions that affect metabolism, migration,
differentiation, immune responses, and gene expression (5, 7-10). 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, and novel
targeted therapeutics, where mechanical environments could be used as tractable disease
biomarkers. However, it has been difficult to synthetically reproduce mechanosensation in

cells, as its underlying mechanisms remain incompletely elucidated.

Despite their diversity, protein-based mechanosensitive pathways can be
generalized as simple input-output relationships between mechanical force and
biochemical action. The sensitivity of proteins to input forces has been tuned through
several strategies, but in the context of in vitro spectroscopy techniques or FRET sensors

rather than customized cellular signaling networks (22, 33, 34, 58-61). Conversely, outputs
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from endogenous pathways have been modulated by overexpressing protein components,
engineering sensitivity to non-mechanical inputs, and, more synthetically, adding novel
outputs to the force-sensitive Piezol and YAP/TAZ signaling cascades (18, 41, 42).
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 particularly difficult to decouple from
the user’s engineered pathways. Ideally, a fully customizable mechanosensitive pathway
would synthesize several design criteria: programmable sensitivity to input forces,

versatility of output cellular actions, and orthogonality to endogenous signaling pathways.

2.2 Design strategy

Here, we use the Notchl receptor to build a platform for controlling
mechanosensation that meets the above design criteria. Notchl 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) (Figure 3A) (49). 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 (17, 49-51). Recently, 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 (55). These
receptors offer a starting point satisfying two of our design criteria; SynNotch receptors
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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 criteria—programming 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 proteins domains (61, 62), and studies of
the NRR are consistent with these observations. The binding of antibodies can impart
stability upon the NRR, elevating its resistance against chemical- and force-induced
unfolding in vitro (49, 63) and limiting the spontaneous activation of mutant receptors in
vivo (64, 65). Given these observations, we hypothesized that the NRR’s mechanical
stability could be increased by direct fusion with a NRR-binding protein. Specifically, we
fused the NRR with a single chain variable fragment (scFv) derived from a NRR-stabilizing
antibody (64), such that the scFv could bind intramolecularly to the NRR in its closed state
(Figure 3B). In this way the integrated scFv can impart a stabilizing effect on the NRR,
and we anticipated that SynNotch receptors containing these “strengthened NRR” (SNRR)

domains would require greater tension to activate.

We first sought to verify that SNRR-based receptors preserved the fundamental
trafficking and signaling functionalities of their NRR-based predecessors. The receptors
tested differed only in the presence of a NRR or SNRR mechanosensing domain, having
identical LBD and ICD components. As expected, both NRR- and sNRR-containing
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SynNotch receptors were processed by the Golgi-localized furin convertase, and the
resulting heterodimers were successfully trafficked to the cell surface (Figure 3C, Figure
4A-B). Labeling of live cells with soluble ligand indicated that the synthetic receptors were
constitutively internalized from the cell surface (Figure 4C), similar to the known
recycling of natural Notch from the plasma membrane (66). Next, we demonstrated that
integration of the anti-NRR scFv blocked sSNRR-SynNotch reactivity against soluble anti-
NRR, providing evidence that the fused antibody fragment interacts with the NRR epitope
in the intended intramolecular manner (Figure 3C, Figure 4B-C). In addition to synthetic
receptors, full-length Notch1 receptors maintained the desired expression properties upon
substitution of the NRR for sSNRR (Figure 4D-E).

We next wished to confirm that SNRR-SynNotch could be activated by ligand-
mediated tension in a cell-based assay. We began by optimizing our receptor design and
transfection protocol using only the original NRR-based receptor design. Notch signaling
can be stimulated by ligand that is either attached to a rigid culture surface or presented on
neighboring cells. We wished to design a versatile singular LBD that could easily be
applied in either assay, and we identified fluorescein dye (FITC) and GFP as promising
model ligands; FITC is widely available conjugated to other molecules that could be used
in attachment assays, GFP is ubiquitous in bioengineering and has been established as a
SynNotch ligand (49, 55), and both molecules have well-characterized biocompatibility
and binding partners (67, 68). We therefore engineered a FITC-binding antibody (68) as
an scFv and fused it in tandem with a GFP-binding nanobody to create a singular chimeric

LBD that could be stimulated by either ligand in a !-secretase dependent manner (Figure
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5A). This assay uses plate-bound ligand, and ligands expressed in co-culture will be visited
more extensively in Chapter 2.6. We next optimized our transfection protocol because
overexpression of SynNotch receptors can lead to increased ligand-independent activation
(LIA) and, by extension, poor receptor dynamic range (69). Indeed, we found that LIA
increased with higher amounts of transfected DNA, while too little DNA led to submaximal
activation (Figure 5B). An optimum plasmid DNA concentration of 25 ng per 150,000
HEK293FT cells was identified as offering the greatest dynamic range in transient assays,
both in terms of fold-change in reporter fluorescence magnitude and increase in the
percentage of positively fluorescing cells.

Having established our tandem LBD and optimized transfection protocol, we used
cell-based analyses with a luciferase reporter to confirm that SNRR-SynNotch could be
activated by ligand-mediated tension, as delivered by surface adsorbed ligand. Treatment
with either BB-94 or DAPT inhibited signaling, indicating that the activation of SNRR-
SynNotch involves proteolysis by a metalloproteinase and !-secretase, respectively
(Figure 5C). Treatment with soluble ligand did not induce luciferase upregulation in NRR-
or SNRR-SynNotch expressing cells, consistent with prior reports (55, 70); soluble ligand
is unable to offer tensile resistance and instead competitively inhibited activation, further
reinforcing the mechanical requirement for receptor activation mechanism (Figure 5D).
Together, these results confirmed that the processing and activation of SNRR-SynNotch

proceed in a manner resembling that of both its native and synthetic predecessors.
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Figure 3. 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 Notchl 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.) (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 HelLa cells. Scale bar 25 um.
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Figure 4. Trafficking and processing of receptors.

(A) Immunobloting shows that NRR- and SNRR-based SynNotch receptors are processed
into a noncovalent heterodimer by furin convertase. Furin inhibition induces the loss of
!
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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 Notchl receptors, rather than synthetic Notch
receptors. Labeling the LBD with soluble DII4/Fc shows receptors at the cell surface.
Incorporation of a SNRR domain blocks reactivity to staining with exogenous anti-NRR.
All scale bars 25 pm.
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Figure 5. Ligand-mediated activation of receptors.

(A) Validation of tandem #FITC-#GFP LBD. Reporter cells expressing NRR-based
SynNotch receptor with a tandem LBD are cultured on surfaces coated with fibronectin
alone, fibronectin and FITC ligand, or fibronectin and GFP ligand. (B) Optimization of
transient expression of SynNotch in reporter cells. Indicated masses of plasmid DNA
encoding an NRR-based SynNotch with Gal4-VP64 ICD are delivered to reporter cells
using Lipofectamine 3000. Transfected cells are cultured on surfaces coated with
fibronectin with fibronectin and FITC. Receptor activation induces expression of a stably
integrated UAS-H2B-mCherry gene, and reporter gene expression is reporter as median
fluorescence (left) and fraction of the population fluorescing above a threshold (right). (C-
D) 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. (C) Plated ligand induces
luciferase activity. This response is reduced by inhibiting cleavage at S2 (by ADAM10; 20
UM BB94) or at S3 (by gamma-secretase; 400 nM Compound E). (D) 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
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therefore do not induce reporter activity. Control cells express NRR-based SynNotch
receptors with a tTA ICD, mismatched to the UAS-luciferase reporter.

2.3 Quantifying mechanical strength using tension gauge tethers

Having confirmed the functional similarities between NRR- and sNRR- based
SynNotch receptors, we next determined the tensile force required to activate each domain
using the tension gauge tether (TGT) assay. In this approach, short double stranded DNA
(dsDNA) sequences of known tension tolerance (Twl) are used to attach ligands (here,
FITC) to a culture surface via biotin-streptavidin interaction prior to adding cells (Figure
6A-B) (50). 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 T of a given TGT, then the tether will dissociate prior to
inducing receptor signaling. If instead the Tt 0f a TGT surpasses what is needed to unravel
the SNRR, then the tether is expected to endure and stimulate receptor signaling. We used
biotin connected to FITC via a non-rupturable linker, rather than via dsDNA, as an upper
limit for ligand T, as biotin-streptavidin will tolerate in excess of 100 pN before
dissociating (71). Of note, the use of FITC ligand improves the TGT assay’s accessibility
because ssDNA can be purchased with ligand pre-conjugated, rather than requiring

expertise in conjugation and purification.

We first optimized the TGT assay using NRR-based SynNotch receptors and a
H2B-mCherry reporter system. We identified an optimum concentration of TGT ligand by
culturing SynNotch-expressing cells on TGT-coated surfaces for 48 hours then identifying

concentrations that saturated the expression of H2B-mCherry reporter fluorescence



! 22

(Figure 6C). We find that approximately 100 nM TGT ligand is sufficient to saturate
activation by the 12 pN TGT, 54 pN TGT, or biotin-FITC. However, intermediate strength
TGT’s with biotin attached between the 5 and 3’ ends of the oligo do not activate
SynNotch as efficiently. This result is unexpected because any TGT with tension tolerance
sufficiently greater than that of the NRR (4 — 9 pN) should induce reporter activity to a
similar extent (17, 49-51). We hypothesized that positioning of the biotin molecule along
the DNA strand may have some steric effect on the efficiency of TGT attachment to the
plate, because TGT’s of varied T differ only in the position of biotin, and because
activation by intermediate strength TGT’s continued to increase beyond 100 nM. We note
that when TGT’s were originally designed and applied to characterize Notch mechanical
strength, Notch activation on intermediate strength TGT’s is not shown (50). In later
publications, the TGT design is updated with a PEG12 linker added between the DNA and
biotin (72), perhaps to relieve any steric hindrance caused by biotin-DNA proximity.
Indeed, we find addition of a PEG12 linker between the DNA and biotin rescues the ability
of 100 nM TGT to activate NRR-based SynNotch to the same extent in shearing,
unzipping, and intermediate geometries, as expected (Figure 6D).

Previous studies have narrowed the activation force of the NRR to 4 — 9 pN (17,
49-51), which is an order of magnitude below the critical force for rupturing antibody-
antigen pairs (73). 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 threshold
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known for the Notchl NRR (Figure 7A-B). Other existing NRR-binding antibodies were
fused as scFv’s to the NRR to evaluate the generality of our design, and multiple increased
receptor tension tolerance (65, 74) (Figure 8). These data demonstrate that SNRR-
SynNotch receptors have increased force requirements for activation since they respond

differentially to molecular tensions even while binding the same ligand.

At this point, it is worthwhile to interpret results from the TGT assay in greater
detail and note that the tension tolerances used to describe TGT’s are nominal values (72).
The reported Ttol of each TGT is predicted using a deGennes model with parameters
derived from calibrated in vitro experiments that sheared dsDNA at controlled loading rates
(75, 76). In the cellular context, however, the rate and duration of force application across
molecular interactions remains difficult to experimentally measure and control. The
dynamics of force application are known to directly affect the critical unbinding force of a
molecular interaction (77), and therefore the reported Ttol values of each TGT may differ
from their true value in the cellular context. This discrepancy is not unique to TGT’s; until
the precise loading rates of cellular signaling are known, all in vitro force spectroscopy
measurements of molecular forces could be considered nominal relative to their true values
in the cellular setting. Rather than being a limitation, this highlights a powerful feature of
the TGT assay. By directly interacting with cells, TGT’s measure relevant mechanical
properties of proteins in their native context, circumventing the need to have precise a
priori  knowledge about the dynamics of force application. These mechanical
measurements are reported relative to a fixed TGT reference point, which, for the time
being, has been defined in a different experimental context but stands to be updated as
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more knowledge is gained about cellular forces. Indeed, a model by Mosayebi et. al
provided updated estimates for the T of various TGT geometries (78). The two models
have good agreement regarding the Ttol of 12 pN and 54 pN TGT’s and concur that Ttol
increases monotonically from the 12 pN unzipping to the 54 pN shearing geometries, but
differ in their estimates for intermediate geometries. Moving forward, we decided to focus
on 12, 43, and 54 pN TGT’s, (estimated to be 14, 30, and 54 pN by Mosayebi et al), which
regardless of their true Ttol in the cellular context, are estimated by both models to provide

weak, intermediate, and strong mechanical reference points.
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Figure 6. Tension gauge tether assay.

(A) 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. The relative tension tolerances of the NRR/sNRR and
the TGT determine the likelihood of receptor activation and reporter gene expression. (B)
TGT’s are dsDNA tethers, with one strand conjugated to SynNotch ligand and the other
conjugated to biotin for surface attachment. The relative position of ligand and biotin
determine the TGT’s unfolding geometry and tensile strength. Biotin-FITC provides a
positive control by conjugating ligand directly to biotin without a rupturable linker. (C)
Titration of TGT’s. Reporter cells expressing NRR-based SynNotch receptors are cultured
on TGT-coated surfaces. Unfolding geometries with biotin at the 5” or 3’ end of the TGT
(12 pN unzipping and 54 pN shearing geometries) activate receptors more efficiently than
TGT’s with biotin at intermediate locations. (D) Comparison of TGT’s without (left) or
with (right) a PEG linker between the dsDNA and biotin. Inclusion of a PEG linker
improves ability of all TGT geometries to activate NRR-based receptors to a comparable
extent.
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Figure 7. Increased tensile strength of SNRR domains.

(A-B) NRR- or sSNRR-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. Reporter activity was monitored by
(A) flow cytometry and (B) fluorescence imaging. Scale bar 25 um.
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Figure 8. 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 Notchl NRR-binding antibodies were expressed as scFv’s, fused to the Notchl
NRR, and tested on TGT’s.



2.4 Tuning the mechanical threshold for receptor activation

2.4.1 Systematically tuning mechanical strength with structure-guided 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 (4, 79). We anticipated that an expanded collection of sSNRR
isoforms 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 (31). 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 (Figure 9A). 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 (Figure 9B-C).

Consistent with our expectation, introducing mutations resulted in domains of
distinct strength, as quantified using a fluorescent reporter gene and the TGT assay (Figure
9D-E). Mutation generally lead to sNRR isoforms with lower activation thresholds,
creating domains with a spectrum of tension tolerances that span a range of biologically
relevant forces (14) and populate the activation space between NRR and sNRR. 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 (Figure
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10A). One mutation (F102Y) may have led to an increase in mechanical stability, though
marginal and difficult to resolve using TGT’s (Figure 10B-C). Of particular use was the
Y186F mutation (SNRRy1ssr), Which is weakened such that it activates to a greater extent

than the original SNRR on strong TGT’s while still resisting activation by 12 pN TGT’s.

To ensure that the differences in mechanical stability we measured on TGT’s did
not somehow result from altered expression profiles of each mutated SNRR, we analyzed
receptor trafficking and activity in single cells. We used a T2A skipping peptide to link
transcription of SynNotch and BFP, and then analyzed SynNotch activation and trafficking
with respect to BFP expression (Figure 11A). We found that analyzing single cells is
robust to the amount of transfected SynNotch DNA, unlike our earlier results that measured
population-level activity (Figure 11B, Figure 5B). We compared receptors with a WT
SNRR or the SNRRy1gsa mutant, and we showed that for any given expression level of BFP,
these receptors trafficked to the cell surface with comparable efficiency while maintaining
characteristic abilities to discriminate TGT ligands (Figure 11C-D). These results further
confirm that mutation can be used to tune the mechanical strength individual sSNRR

domains, independent from any incidental effect on receptor expression.

We also note that sSNRR-based receptors exhibit reduced ligand-independent
activation (LIA) in the absence of stimulus, as compared to their NRR-based counterpart
(Figure 9E). Reduced LIA has been targeted as a means to improve SynNotch
functionality (69). The difference in LIA for SNRR is increasingly apparent when the ICD
is replaced with more potent transcriptional activators VP64-p65 or VP64-p65-rtTA

(Figure 12).
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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 (39). 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
(Figure 13). Only NRR mutations at the scFv binding interface destabilized sSNRR-
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 by EDTA (80). Interestingly, SNRR domains resist
activation by EDTA treatment (Figure 9F). This result holds true for mechanically
weakened sNRR variants, further indicating that the 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.
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Figure 9. Tuning the tensile strength of SNRR domains.

(A) Schematic of strategy to tune mechanical strength. (B) Open-book view of the interface
between the Notchl 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 mutated residue. (D) Mutating Y186 decreases SNRR
mechanical strength. Receptors stably integrated in HEK293FT cells upregulate UAS-
driven H2B-mCherry reporter upon activation with TGT’s. (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. Darker
shading of bars denotes the extent to which a given TGT activated receptor signaling
beyond that of the preceding weaker stimulus. (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 30 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.
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Figure 10. Tuning mechanical strength through double mutation or strengthening

mutations.

(A) An extension of the data set presented in Figure 9D, detailing the effect of mutations
on receptor strength. Each individual plot depicts the effect of an added mutation (gray
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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 Y 186A 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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Figure 11. T2A assay for single-cell analysis of receptor activity.

(A) Plasmid design of SynNotch receptor expressed in frame with a T2A skipping peptide
and BFP. (B) 25 (dashed line) or 100 ng (solid line) of plasmid DNA encoding NRR-based
SynNotch receptor is transiently expressed in 293FT cells with stably integrated UAS-
H2B-mCherry reporter. Transfected cells are cultured on fibronectin with (magenta) or
without (gray) 5FAM ligand. Points represent single-cell median mCherry fluorescence
values after binning along the x-axis for single-cell BFP expression, and a LOESS curve is
fitted to each group. Results demonstrate that single cell analysis using T2A-BFP
expression is robust to transfection amount. (C-D) NRR- and representative SNRR-based
receptors are transiently expressed in reporter cells and analyzed as in (B). (C) Cells
cultured on TGT’s of various strength show that at for a fixed level of receptor expression,
cells successfully discriminate tensile stimuli. (D) Receptors are immunostained using an
AF488-conugated #Myc antibody. Analysis reveals a linear relationship between BFP and
surface-expressed receptor in this regime, as well as comparable expression levels of SNRR
isoforms.
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Figure 12. 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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Figure 13. Effect of NRR mutations on sNRR tensile strength.

(A) Surface view (top) of the Notchl NRR, with anti-Notch1 Fab binding interface colored
in yellow/orange/red, as in Figure 9B. 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
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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.

2.4.2 A kinetic model of mechanoreceptor activation

Thus far, we have measured static, steady-state readouts from SynNotch receptors
to characterize our mechanosensitive proteins. However, mechanotransduction in natural
systems can be highly dynamic (81, 82), so we wished to characterize how sSNRR domains
respond to mechanical forces with respect to time. We performed time-lapse imaging on
cells stably expressing NRR- or SNRR-SynNotch variants and a fluorescent dsRed reporter
gene. Cells were cultured on TGT-coated surfaces in the presence of DAPT to inhibit
SynNotch signaling until a washout at t = 0 hr. Over the course of 24 hours, we observed
that receptors dynamically discriminate mechanical forces by upregulating reporter
expression at rates that depend on the TGT stimuli (Figure 14A-B). The activation rates
of each SNRR-TGT correlated with the final steady state fluorescence measured in our
previous experiments (Figure 9E).

We next developed a simple kinetic model to describe the dynamics of
mechanotransduction in our system and in natural Notch signaling. We envisioned that
mechanosensation is a “computation” performed by the cell, in which the cell uses NRR
or SNRR as a mechanical reference point for determining whether or not tension provided

by a TGT is sufficient for activation. We can describe force-induced rupturing of TGT’s
!
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and sNRR by using rate constants that represent the rate of unbinding under a given cellular
force, i.e. stronger interactions that are more difficult to rupture are more likely to survive
over time and will have slower rates of unbinding (83). We define the system of equations
that describes the binding of a receptor (R) to a TGT ligand (L), and subsequent conversion
of the receptor-ligand complex (RL) into an activated receptor (A) upon protease-mediated

receptor activation:

!!';Z$& )", S-S, -8 (1)
! '!'z:ﬁ& T AR | @
S5y s s 5

We define ! as the synthesis rate of surface-expressed R, " 1 and " > as degradation rates of
R and A, ki and k2 as the binding and unbinding of #FITC to FITC, ks as the rate of RL
unraveling and activation, and ks as the rate of TGT rupturing. We assume a constant
concentration of L. The following initial parameters were used: ! = 0.4 uM/hr, "1 =", =
0.01 uM/hr, L = 1000 uM, k1= 1.8 x 106 M1s?, ko= 4.4 x 10357, ks=3.4 x 10*s?, and ks
=6 x 10%s? (64, 83, 84). ks and ks were modulated to reflect the effect of mutating SNRR
or using different TGT’s, respectively. We note that the objective of this model is not to
report precise unbinding Kinetics, but rather, to show that modulating the relative strengths
of ks and ks alone is sufficient to capture the dynamic mechanosensation we observed.

By varying the rate of unbinding TGT ks and SNRR ks, stochastic simulation of this

model can show excellent qualitative agreement with the results from our time lapse

imaging (Figure 14C-D). The ability of this simple model to capture the complex
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phenomenon of mechanosensation using only two parameters suggests that cells are indeed
performing a thresholding computation, where NRR or sNRR is used as a mechanical
reference point that is directly compared to input forces in order to regulate receptor

activation.

Figure 14. Kinetics of mechanical ligand discrimination.

(A-B) NRR- or sNRR-based receptors are transduced into clonal HeLa cells with a stably
integrated TRE-dsRed fluorescent reporter gene. Cells are cultured on TGT-coated
surfaces in the presence of DAPT, and expression of dsRed is monitored using timelapse
fluorescence microscopy every 20 minutes beginning 4 hours after DAPT washout. (A)
Representative images of dsRed expression in cells cultured on 12 pN TGT’s. (B)
Fluorescence in individual cells is traced in FIJI. Average fluorescence of all cells is
represented as points with a LOESS curve fit. Values are normalized to each receptor’s
mean observed fluorescene at the final timepoint. In the case where no appreciable
fluorescence is generated by 24 hours (12 pN for SNRR and Y 186F or No Lig. for all cases),
5 cells are analyzed per curve. In all other cases, each curve represents the trace from > 20
cells in > 3 fields of view. (C) Schematic representation of a simple kinetic model in which
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after ligand binding, SynNotch activation is related to the relative rates of scFv-NRR
unbinding and the TGT rupturing. (D) Results of stochastic Gillespie simulation of model
outlined in (C) shows good qualitative agreement with results from (B). Each panel
represents a unique value of scFv-NRR unbinding, and each curve depicts this unbinding
rate challenged by 1 of 4 distinct TGT rupture rates. In this model, increasing the value of
SNRR or TGT unbinding represents a mechanically weaker construct, more likely to
rupture as a function of time. Light curves represent 20 replicates of stochastic simulation,
and darker curves represent LOESS fits to this data.

2.4.3 A thermodynamic model of mechanoreceptor activation

Although nature’s molecular design principles underlying force-sensitive proteins
are complex, we wished to show that our strategy of tuning cellular-level
mechanosensation through protein engineering could be described using a simple
thermodynamic model. In turn, we hoped to gain insight into Notch mechanotransduction
in healthy and diseased contexts. The model consists of four states characterizing the
interaction of a receptor (R) with a ligand (L): closed and unbound to ligand Rc; open and
unbound to ligand Ro; closed and bound to ligand RL¢; open and bound to ligand RLo,.
(Figure 15A-B). The NRR or sNRR equilibrates between these states, and the likelihood
of being in an open conformation with an accessible S2 cleavage site is taken to be

proportional to the measured reporter fluorescence.

We assign an energy Es to each state s, where s denotes one of R¢, Ro, RL¢, RLo. We

define the energies of the closed and open unbound states as 7g and 7y, respectively. Upon

ligand binding, the energy shifts by ( , . ; <:">1j where , . is the Boltzmann constant, T is

temperature, [L] is the concentration of ligand, and Ko represents the dissociation constant

of the ligand from the LBD. When a ligand binds to the open state, a force F is applied,
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shifting the energy by a force-dependent amount, ( @1B4. We assume F = Frer, the

tension tolerance reported for each TGT. In summary, the energies of the four states are:

Cio & Ts (4)

C#E & 79 (5)

Ciop& Ta (1.5 <= (6)
Cio & 7o (13 <= ( @IBrord @)

We expect an applied force to linearly decrease the energy of the open state and
favor this conformation under high forces, following a Bell model (83, 85). Therefore, we

assume the form of @1Brg410 be:

@1Brgr4 & 18 Bral (8)

We define the constant x with units of length as a characteristic distance along the direction
of applied force that describes the transition from the closed state to the open state, as
autoinhibitory LNR-HD interactions are displaced to reveal the underlying S2 cleavage
site. We assume that for all SNRR variants, steric occlusion of S2 must be relieved to the
same extent to enable substrate recognition and cleavage by ADAM, meaning that x is
approximately the same value in all cases. The quantity A, which we call the force
sensitivity factor, is defined to be a dimensionless constant that describes a SNRR domain’s
ability to redistribute forces, rescaling the force component ultimately perceived at LNR-

HD interface. For the WT NRR, A is taken to be 1.
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The probability of the open state is found thermodynamically using standard
Botzman factors:

J & LNOPQERLNOPQSE (9)
9KLM LNOPQDRLNOPQERLNOPQSDRLNOPQSE

where # = 1 / kgT. Plugging in the formulas for the energies of the different states and
simplifying, we arrive at the final form of the probability of the open state as a function of

the applied force:

* RTiﬁ_OUVWXV\Y

JowinlBrord & o R;igglLoz[ A (10)
?

where we have defined the energy difference between the unbound open and closed states
as \7 & 79 ( 7g, the autoinhibition energy barrier. The function has four unknown

quantities: the force sensitivity factor 6, a length constant x, the ratio of the ligand

concentration divided by the ligand dissociation constant >£$ and the autoinhibition energy
barrier between the open and closed states \7 .

We calculate these unknown quantities by fitting to experimentally measured
reporter fluorescence values, assuming reporter expression is a readout of the receptor
state. We consider cellular fluorescence as a binary output, with cells being either
transcriptionally active (on) or inactive (off), i.e. the fraction of “on” cells is equivalent to
fon = popen. The value for fon is measured by first gating for positive reporter gene activity

above a threshold, as described in the flow cytometry methods above, and then normalizing
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by the fraction of cells activated in the case of NRR-SynNotch stimulated with biotin-

FITC. This ensures that the probability saturates at a value of one for large force values.

For each mechano-sensing domain, we measure the energy barrier Z7 by evaluating

the opening probability of the control state (Begg & ]), resulting in the equation:

* _ * Keabc 1d4
Z7& 7<=~ " -e (11)

"0$ : i
Next, we assume >—and x are approximately the same for each receptor in a
?

particular experimental setup. We find that our results are insensitive to the exactly value

of ;ﬁwithin numerical precision as long as it is the correct order of magnitude,
approximately ;ﬁ f g] 2. The force sensitivity factor 6 is allowed to vary separately for

each receptor, with 6 defined as 6 & g for NRR. To find >%$ |, and the remaining values

of 6, we fit Jgx; M1Begr4 to our experimental data simultaneously for all mechano-sensing
domains from a particular experiment. We minimize the least squared error between our
model of Jok m1Brge4 and the experimentally measured values using a standard numerical
optimization routine. To estimate confidence intervals for each quantity resulting from
fitting our model, we perform a total of 1000 bootstrapping on the histograms of the

experimentally measured reporter fluorescence values.

In our model, SNRR domains could potentially resist force-induced activation by
increasing the autoinhibitory barrier to activation (greater $%and/or decreasing the energy

landscape’s sensitivity to a given force (smaller A). We hypothesized that each sSNRR
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variant would have characteristic values for $%@nd A that reflected its mechanosensitivity.

Indeed, we found this model is able to accurately capture our experimental results
relating SNRR mutation to cellular mechanosensation (Figure 15D). We found that in
general, the autoinhibition energy barrier $%of most SNRR variants was slightly greater
than that of the WT NRR, consistent with the reduction in LIA observed in SNRR-based
receptors. However, the precise mechanical strength of each domain was primarily
described by the force sensitivity term A, which was modulated upon mutating the SNRR
scFv (Figure 15E). Each sNRR variant thus acts as a force “buffer” that diminishes the
ability of a given force to bias the energy landscape towards the open conformation. We
postulate this could be achieved by rerouting an applied force away from the NRR’s
mechano-active site (Figure 15C). Considering structural evidence, in the WT NRR, a
tensile force applied at the LBD would propagate directly to the first LNR module,
efficiently unraveling the autoinhibited conformation. In sSNRR, this same tensile force
would instead be distributed to some extent across the scFv-NRR interface, diminishing
the effective tension delivered along the activating coordinate.

The dominant dependence on A was distinct from the results of the same model fit
to data from destabilized T-ALL NRR isoforms (Figure 15F). Oncogenic L1575P and
L1594P mutations in the NRR decreased both $%and A, reflecting their propensity to
undergo LIA in lieu of force-dependent activation. Addition of the SNRR scFv rescued $%
to its unmutated baseline, consistent with therapeutic treatment of these mutations (64).
These data suggest that in the treatment of T-ALL, antibodies may inhibit pathologically
destabilized NRR domains through two complementary mechanisms; binding of the
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antibody may inhibit LIA by rescuing the autoinhibitory energy barrier to the WT level,
then further inhibit ligand-dependent activation by redistributing any applied forces.

Results from this model present a novel lens through which to view Notch
mechanotransduction and treatment of T-ALL. We draw a distinction between the basal
autoinhibitory state of the NRR, which resists activation due to thermal fluctuations in the
absence of force, and the NRR’s ability to resist force-induced unraveling. Together, these
mechanisms ensure that Notch is only activated in the proper ligand-induced context. This
is supported by in vitro work showing that thermodynamic stability is distinct from
mechanical stability, and that a protein undergoes distinct unfolding pathways in response
to mechanical vs. chemical denaturants (31, 86). Furthermore, the insight of two distinct
inhibitory mechanisms aligns with works using NRR-binding antibodies to treat T-ALL.
In these reports, antibodies have different efficacies depending on the activation mode, able
to efficiently inhibit L1A but incompletely inhibiting ligand-dependent activation (49, 65).
This insight informs the design of an idealized T-ALL Notch therapeutic, which would
rescue the autoinhibitory energy barrier of cancerous isoforms without altering the force-
sensitivity of endogenous receptors.

More broadly, findings from this model suggest that rerouting the propagation of
forces through a protein could be a strategy for engineering the perception of forces by
cells. This agrees with in vitro studies showing that the direction of force application affects
the unfolding force of a protein, and that mechanical stability could be tuned by redesigning

the mechanical unfolding pathway (58, 87).
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Figure 15. Modeling mechanoreceptor strength.

(A) State model of SynNotch activation. (B) Idealized free energy diagram showing how
mechanical force can overcome autoinhibition in NRR or SNRR domains. (C) Conceptual
schematic of how scFv in SNRR could redistribute an applied force, reducing the effective
force applied at the LNR-HD interface. (D) Representative fits of the mathematical model
(lines) to the experimentally measured pon (points) as a function of the applied for hj;
(E) Fit parameters on SNRR domains with various scFv isoforms for the force sensitivity
factor A (left) and the autoinhibition energy barrier $% (right). SynNotch receptors contain
the WT NRR (blue), a sSNRR isoform (magenta), or a SNRR variant derived from an
alternate NRR-binding scFv (green). Error bars range from 10" to 90" quantile. (F) Fit
parameters on NRR (blue) and SNRR (magenta) domains with various NRR isoforms for
A (left) and $% (right). Shading denotes amino acid substitutions in the NRR that are known
T-ALL mutations (yellow), exist at the scFv-binding interface (red), or both (orange). The
WT NRR and K1462R isoform, a mutation meeting none of the aforementioned criteria,
are unshaded. Error bars range from 10" to 90™ quantile.



2.4.4 In vitro characterizations of mechanoreceptors

Many widely used synthetic platforms are “component-based,” using well-
characterized, modular building blocks to assemble constructs that can be reliably imported
to a system of interest. For example, researchers have built robust inducible transcription
factors from DNA binding domains, transcriptional activating domains, and conditional
linkers such as the viral cis-protease or GFP-binding nanobodies, owing to each
component’s well-understood properties (68, 88, 89). Researches could similarly apply
SNRR domains in numerous contexts—as tensiometers in SynNotch, rupturable linkers in
other proteins, or general guideposts for future protein engineering—nbut their adoption and
utility will be improved if we can precisely report biophysical parameters that govern
sNRR functionality. Before doing so, however, we must design SNRR components that can
be expressed and modified for their in vitro study. Here, we demonstrate that modified
SNRR proteins can be expressed in mammalian cells for future in vitro studies using
techniques such as surface plasmon resonance (SPR) or acoustic force spectroscopy (AFS).

We first sought to design NRR and #NRR-scFv proteins that could be expressed
separately for future study of their binding kinetics in solution. Given that unbinding
Kinetics correlate with the critical rupture force of molecular interactions (77) and that our
model predicts an elevated autoinhibitory energy barrier in SNRR domains (Figure 15),
we anticipated that the binding constants of #NRR-scFv variants to the NRR in solution
may correlate well with their mechanical strength in cell-based assays. In order to measure
these binding constants, we expressed and purified NRR and scFv variants that were

secreted by HEK293FT cells (Figure 16A). Each protein was successfully expressed and
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purified from conditioned media using adherent HEK293FT cells (Figure 16B). The NRR
is naturally processed into a noncovalently linked heterodimer at the S1 site by furin
convertase as it traffics through the Golgi. To avoid dissociation of the heterodimer during
purification, we deleted the S1 site (NRR$S1), as has been done in structural studies of the
NRR (39, 64). Immunoblotting confirmed that NRR$S1 could be expressed and purified,
and S1 deletion led to an increase in full-length product under denaturing conditions
(Figure 16C). We verified that purified #NRR-scFv and NRR$S1 could bind one another
in vitro, as would be required for SPR (Figure 16D). We also observed that scFv-NRR$S1
increases in the presence of Ca?* (Figure 16E). Calcium ions are important for NRR
folding and therefore may be important for proper recognition of the NRR epitope by the
scFv (90). This result, paired with our data showing that scFv-bound NRR domains resist
activation by calcium chelation using EDTA (Figure 9F, Figure 28C), suggest that
calcium may be important for initial recognition of the NRR epitope, but that once bound
the scFv prevents EDTA-induced unfolding. Together, these results demonstrate that the
NRR and the #NRR-scFv can be expressed as separate components that bind in solution,
enabling them to be studied using techniques such as SPR.

Despite the many strengths of TGT’s, their ability to precisely quantify SNRR
tension tolerance under defined conditions remains limited. Only a finite number and range
of TGT strengths are possible, and the force loading rate cannot be controlled in cell-based
assays (77, 78, 91). Single molecule force spectroscopy techniques such as AFS can
complement the TGT assay and address these shortcomings by applying controlled forces

to a sample of interest. AFS is a high throughput technique that uses an acoustic standing
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wave to apply forces to single molecules and monitor unfolding events in real time (92).
In an experimental design for AFS, the C-terminus of a SNRR domain is attached to the
surface of a flow cell, and its N-terminus is attached to a DNA tether. This tether links the
protein to a polystyrene bead, to which tensile force is applied (Figure 17A). In preparation
for this, we designed and purified NRR and SNRR domains with conjugation tags that allow
attachment to the flow cell and to the DNA tether (Figure 17B). We again mutated the S1
loop to avoid NRR heterodimer dissociation, and immunoblotting confirmed that both
NRR and sNRR could be expressed and purified in their full-length form with a deleted or
mutated S1 (Figure 17C). We tested four N-terminal conjugation tags that could covalently
link the NRR/SNRR to a DNA tether. SNAP and Halo tags covalently react with small
molecules that can be conjugated to DNA oligos, and RepBm and mMobA are HUH
endonucleases that covalently react with DNA in a sequence-specific manner (93-95).
Each construct can be expressed in conditioned cell culture media when alone or fused
directly to a NRR (Figure 17D-E). The Halo tag also greatly increased protein expression.
Out of the Halo and SNAP tags, we therefore selected the Halo tag for further testing. We
next compared the reaction efficiency of each HUH tag to their target DNA sequences.
Immunoblotting showed that RepBm reacted covalently with its target oligo sequence more
efficiently than mMobA and was therefore selected for further testing and comparison with
the Halo tag (Figure 17F). In a final comparison of Halo-NRR$S1 with RepBm-NRR$S1,
we find that the Halo-tagged construct is expressed more efficiently, but ultimately a
smaller fraction of expressed protein reacts covalently with oligo (Figure 17G). It is

possible that the reduced reaction efficiency of Halo may be due to may be due to poor
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conjugation of Halo ligand to its target oligo in lab. However, this highlights that HUH
tags enable the facile use unmodified oligos. Future AFS experiments will require
optimization of protocols to prepare flow cells. We anticipate the higher efficiency of
RepBm-mediated conjugation will ease the optimization of NRR/SNRR coating on the
AFS flow cell because reacted and unreacted species will not have to compete for binding
sites. Due to the specific nature of attachment chemistries in an AFS setup, our protein
sample need not be as pure as is required for SPR.

Together, these results present preliminary evidence that SNRR domains can be
expressed and purified for in vitro biophysical assays that precisely measure binding

constants between scFv-NRR pairs and the tension tolerance of individual SNRR domains.

Figure 16. Protein expression for in vitro binding assays.

(A) NRR and NRR-binding scFv’s are expressed as separate soluble proteins to analyze
binding properties in vitro. NRR is expressed with a N-terminal FLAG tag, mutated S1
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site, and C-terminal biotin acceptor peptide (BAP) and His tag. scFv’s are fused to an Fc
region with C-terminal FLAG and His tags. (B) NRR (blue arrow) and scFv isoforms
(magenta arrow) are analyzed for purity on a concentration vs. a BSA standard using a
Coomassie stain. (C) Immunoblotting of the N-terminal FLAG tag (above) or C-terminal
BAP (below) for the WT NRR or NRR$S1. The noncovalently bound N- and C-terminal
heterodimer domains dissociate in the WT NRR, while deletion of S1 enables detection of
full-length (FL) product regardless of epitope location. (D) Validation of binding between
purified scFv and NRR$SL1. Input purified scFv is incubated with protein G-conjugated
magnetic beads. After washing away flowthrough, purified NRR$S1 is likewise incubated
with the beads and then washed away. Three rounds of washes remove nonspecifically
bound proteins, and elution in low pH buffer shows that scFv and NRR$S1 had both been
bound to beads. Future work will use controls including a no-scFv case and an scFv
targeting a non-NRR protein to ensure specificity of binding. (E) Impact of calcium on
scFV-NRR binding. Calcium is required for proper NRR folding and may in turn impact
the ability of the scFv to recognize the NRR epitope. Experiment from (D) is repeated, this
time with purified proteins diluted in PBS (left, as in (D)) or in PBS with calcium (right).
Presence of calcium leads to an apparent increase in scFv binding to NRR, as evidenced
by the increase in band intensity of eluted protein.
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Figure 17. Protein expression for force spectroscopy.

(A) Schematic of experimental setup for acoustic force spectroscopy (AFS), with a purified
SNRR protein tethered between a flow cell surface and a polystyrene bead. Points of contact
between components are highlighted and designed such that SNRR unraveling should be
the mechanically weakest link in series from flow cell to polystyrene bead upon application
of force. (B) NRR and sNRR proteins are expressed with an N-terminal conjugation tag
for covalent reaction to a DNA tether, mutated S1 site for improved expression properties,
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C-terminal His tag for purification, and C-terminal BAP for attachment to plate cell. (C)
Immunoblotting reveals impact of S1 mutation on NRR (left) and sSNRR (right) expression.
Both NRR and sNRR are expressed as a full-length domain, rather than a noncovalent
heterodimer, more efficiently upon S1 mutation. (D) Expression of conjugation tags are
tested alone with empty (no NRR or sSNRR) constructs by probing for BAP biotinylated by
BirA. All tags are successfully expressed, with the Halo tag inducing an increase in
solubility and/or expression. (E) Expression of NRR$S1 fused to candidate conjugation
tags agrees with results from (D), with all constructs detected and Halo fusion yielding the
greatest product. (F) Efficiency of HUHt tags RepBm (left) and mMobA (right) covalent
conjugation to target DNA sequences. Constructs are expressed and secreted into cell
culture media. Conditioned media is incubated with respective target oligo sequences and
divalent cations for 30 min at 37°C. Conjugation to oligo results in an increase in mass.
(G) Comparison of expression and conjugation efficiencies of final candidate conjugation
tags RepBm (left) and Halo (right). Although Halo-fused constructs express more
abundantly, these constructs react with their target oligos less efficiently. This may be at
least in part due to the untested reaction efficiency of conjugating Halo ligand to an oligo.

|
2.5 Mechanogenetic circuits
2.5.1 Tension-induced myogenic differentiation

Equipped with mechanically distinct SynNotch receptors, we next aimed to specify
how a cell responds to a given mechanical force. In natural systems, cells enact intricate
biological outputs based upon mechanical information in their microenvironment. For
example, mechanical forces can guide formation of sarcomeres (96), coordinate wound
healing (97), or induce differentiation (9). Using a synthetic biology approach, we
generated mouse embryonic fibroblasts that undergo myogenic differentiation in response
to molecular tension. To do so, we rendered MyoD, a master regulator of myogenic
differentiation, SynNotch-dependent. A p65-MyoD fusion under control of the TRE
promoter was stably integrated into C3H/10T1/2 fibroblasts (98). SynNotch receptors
bearing TetR-VP64 ICD’s were expressed in these cells such that signal transduction
would lead to p65-MyoD expression and subsequently to myogenic conversion (Figure
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19A). Our SynNotch-based circuit mirrors the ability of natural Notch signaling to link
molecular tension at the cell surface to cellular differentiation. However, while natural
Notch activation inhibits MyoD activity through several mechanisms, our synthetic circuit
oppositely increases MyoD activity in response to ligand-mediated tension (99-101).

Using these engineered fibroblasts, we first verified that NRR-SynNotch signaling
could be used to induce myogenic differentiation. NRR-SynNotch that was transiently
delivered using Lipofectamine 3000 induced differentiation into skeletal myocyte
structures, contingent upon the presence of ligand, MyoD reporter, and !-secretase activity
(Figure 18A). In addition to TRE-p65-MyoD, our engineered fibroblasts stably expressed
a constitutive rtTA transcription factor, which enabled dox-induced differentiation (Figure
18B). Although not identical systems, we note that the stably integrated rtTA induced
greater cell fusion and multinucleation than the transiently expressed SynNotch. Because
myogenic differentiation requires fusion with neighboring cells also undergoing
differentiation (102), we anticipated this discrepancy could be due to poor transfection
efficiency in C3H/10T1/2 fibroblasts, and we opted to stably integrate SynNotch receptors
using lentivirus in subsequent experiments.

We then compared the ability of stably integrated NRR-SynNotch and sNRR-
SynNotch to guide cell fate decisions in response to mechanically distinct TGTs (Figure
19A). 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 sSNRR (Figure 19B-C).
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Figure 18. SynNotch-dependent myogenic differentiation.

(A) Initial proof of concept using SynNotch to drive MyoD-induced differentiation.
C3H/10T1/2 fibroblasts that express a stably integrated TRE-p65-MyoD-T2A-dsRed (top
3) or TRE-dsRed and rtTA are transiently transfected using Lipofectamine 3000 with an
NRR-based SynNotch with tTA ICD. Activation of SynNotch drives expression of p65-
MyoD, which in turn leads to differentiation into skeletal myocytes identified by
multinucleation and positive myosin heavy chain (MHC) expression (green).
Differentiation is contingent upon presence of MyoD reporter, TGT stimulus, and gamma-
secretase activity. Scale bar 25 um. Although formation of skeletal myocyte-like structures
is observed, fusion into multinucleated structures from a transient SynNotch receptor is
less efficient than (B) that induced by dox-treatment of a stably integrated rtTA
transcriptional activator. Results suggest that while SynNotch can be used to drive
differentiation, efficient stable integration is important to improve differentiation
efficiency.



Figure 19. Tension-induced myogenic differentiation.

(A) Schematic of tension-induced myogenic differentiation. C3H/10T1/2 fibroblasts stably
express NRR- or sNRR-based SynNotch receptors with a tTA ICD, integrated using
lentivirus. Upon activation, these receptors drive expression of p65-MyoD, which in turn
leads to differentiation. (B) Immunostaining identifies differentiation into skeletal
myocytes by multinucleation and positive myosin heavy chain (MHC) expression (green).
Scale bar 25 um. (C) 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.

2.5.2 MicroRNA-based low-pass filtering

Using our collection of mechanosensitive receptors, 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 wished to extend our SNRR-based

genetic circuits to achieve these complex outputs.
!
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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 (Figure 20A). In this approach,
activation of a sSNRRyiger-SynNotch receptor directs the transcription of a microRNA
(miRNA), which in turn inhibits the translation of a constitutively-transcribed fluorescent
protein (mCerulean) (Figure 20B). 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 ECM (103). In addition to the
transcriptional systems demonstrated thus far, the use of miRNA also highlights the ability

to use force-activated post-transcriptional control.

Figure 20. Low-pass filtering in mechanogenetic circuits.

(A) Cells constitutively express an mCerulean fluorophore, whose transcript is tagged for
miRNA-mediated degradation. 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 pum.



2.5.3 Band-pass force detection

Finally, we engineered a band-pass filter that detects intermediate force
magnitudes. A 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 (9). To achieve this, we combined multiple SynNotch proteins in a single
cell to implement an incoherent feedforward loop (IFFL) (Figure 21A). The IFFL is a
signaling motif commonly employed to create a band-pass response with respect to time
or concentration (104, 105), 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, a NRR-containing SynNotch possessing a Gal4-VP64 ICD is used to
induce expression of UAS-regulated fluorescent protein (FP) bandpass reporter. In the
repressing arm, a SNRR-based receptor containing a tTA ICD is used to drive expression
of an inhibitory component that represses expression of the UAS-FP.

To theorize if we could create a bandpass output with respect to molecular tension,
we extended our kinetic model from Figure 14 to model the IFFL. Described in more detail
in 2.4.2, a receptor (R) binds a ligand (L) to form a receptor-ligand complex (RL). This
complex can unbind ligand, break the TGT tether, or unravel (ks) to undergo protease-
mediated conversion into an activated transcription factor (A). We introduce equations for
the fluorescent reporter (F) downstream of NRR activation and the inhibitor (1)

downstream of sSNRR activation:
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where #uas and #rre are the net rate of reporter production from an activated Gal4 and tTA
ICD’s, respectively, encompassing translocation of the ICD, transcription, translation, and
maturation. The degradation rates of F and | are "3 and "3, respectively. We assume
some model inhibitor I that binds and degrades the fluorescent protein F with some
efficiency p. We note that due to the generic nature of #, this inhibitory action could be
interpreted to take place at various steps, for example as microRNA-mediated degradation

of FP mRNA. We solve for the equations for steady state:

"BRy & BL 2gus 47%“ i (14)
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where C is a simplified scaling factor for each receptor as described for Eq. (6) and p(ks)
is the likelihood of receptor activating vs. all other possibilities, as described by Eq. (7).

Plotting the steady state solutions to these equations indicates that it should be
possible to build a bandpass IFFL, depending on the inhibitor efficiency u (Figure 21B).
However, although this model is conceptually promising, there remains the task of
identifying a concrete mechanism of inhibition to use in the IFFL. The inhibitory constant
W is arbitrarily defined and does not point us directly to any one type of inhibitor to test.
Furthermore, the model uses enzymatic degradation of reporter as a representative
inhibition mechanism, but other inhibition modes such as epigenetic silencing may perform
better in practice.

We therefore screened three inhibition mechanisms to use in the IFFL: proteolytic

inactivation of NRR-SynNotch using TEV protease, degradation UAS-FP transcript using
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miRNA, and epigenetic silencing of the UAS promoter by Gal4-KRAB. We used 2D flow
cytometry to identify an inhibitor that would permit expression of UAS-FP on intermediate
stimuli but downregulate its expression on strong stimuli, instead expressing a second
TRE-FP linked to inhibitor expression (Figure 21C). In our first inhibitory scheme, we
fused a TEV cleavage substrate (TEVS) between the Gal4 DNA binding domain and VP64
activating domain (Gal4-TEVs-VP64) of the NRR-SynNotch ICD, such that TRE3G-
regulated TEV protease could cleave the ICD and render it transcriptionally incompetent.
A significant fraction of the population remained positive for both UAS-H2B-mCherry and
TRE3G-BFP, however, indicating incomplete inhibition by TEV (Figure 21D).
Immunoblotting showed that TEV was indeed capable of cleaving the Gal4-TEVs-VP64
transcription factor (Figure 21E). We next tested miRNA-mediated inhibition, and found
that it was likewise inefficient at fully inhibiting UAS-mCerulean-PEST (mCer) expression
in response to strong stimuli (Figure 21F). Our third system that used Gal4-KRAB to
silence transcription at the UAS promoter, however, successfully created a promising
bandpass response in which the majority of cells positive for TRE3G-mKate were negative
for mCer (Figure 21F). We further confirmed these results using hybridization chain
reaction to directly visualize mCer transcripts. mKate and mCer transcript colocalized in
cells expressing the inefficient miRNA-based circuit, but were spatially excluded from one
another in cells using KRAB-mediated inhibition (Figure 21G-H).

Despite preliminary success in the KRAB-based IFFL, the persistence of mCer
expression in a subset of cells indicated an opportunity for further improvement. One

explanation for this subset of cells is that they are “false positives” which do not express
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all components of the IFFL; cells void of SNRR-SynNotch and/or the TRE3G-Gal4-KRAB
would be unable to inhibit mCer expression and would remain positive on strong stimuli
(Figure 22A). To address this possibility, we tried several experimental strategies to ensure
that only cells expressing all components would be analyzed. When screening inhibitors in
Figure 21, we transiently delivered NRR- and sNRR-receptors on separate plasmids
receptor cells with stably integrated UAS-FP and TRE-inhibitor reporters under Zeomycin
and Puromycin selection, respectively. We cloned NRR- and sNRR-SynNotch onto a
single plasmid to ensure uptake of both receptors simultaneously, and also selected fresh
reporter cells using increasing doses of Puromycin to encourage integration inhibitory
reporter (Figure 22B). This strategy did not lead to significant reduction in false positives,
even when we isolated promising reporter clones from the pool (Figure 22C). We therefore
deduced that our TRE3G reporter may also not be integrating efficiently in our cells. To
circumvent this, developed a *“cross-pollination” scheme in which all reporters and
receptors were transiently transfected. By using two plasmids encoded with mismatched
receptor-reporter pairs, (i.e. NRR-Gal4 and TRE3G, sNRR-tTA and UAS), we necessitated
that both plasmids be present in order for a cell to be signaling competent. This strategy
efficiently limited false-positives in the bandpass (Figure 22D). Future work could further
improve the dynamic range of the IFFL circuit by eliminating “false-negative” cells that
are signaling incompetent, for example by including the fluorescent transfection marker on
one of the two cross-pollination plasmids, rather than on a third plasmid.

Using this final optimized circuit, we successfully implemented a band-pass

response to mechanical tension (Figure 23A). Co-transfected cells encoding the IFFL
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circuit exhibited the expected response profiles, with mCerulean expression occurring only
in response to intermediate tension values (Figure 23B-D). Cells transfected with a control
circuit that does not express a Gal4-KRAB inhibitor instead produce a two-color readout

of molecular tension.
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Figure 21. Screening of inhibitory arms in an incoherent feedforward loop for
bandpass mechanosensation.

(A) Design of an incoherent feedforward loop (IFFL) circuit for bandpass force detection.
In the activating arm, a weaker, NRR-based receptor with a Gal4-VP64 ICD drives
expression of a UAS-regulated fluorescent protein upon activation. Sufficient mechanical
tension also signals through an inhibitory arm of the circuit, whereby a stronger, SNRR-
based receptor with tTA ICD induces expression of some TRE-regulated inhibitor that
downregulates expression of the UAS-FP. The inhibitor acts with some antagonistic
efficiency W against the expression of UAS-FP. (B) Steady state solutions to a model
extended from that of Figure 14C, showing that this IFFL design can theoretically create
a bandpass response to molecular tension, depending on the arbitrarily defined efficiency
of inhibition p. (C) Desired 2D flow cytometry results of testing various inhibitors in the
IFFL. Ideally, an intermediate stimulus will activate the NRR-based receptor only, creating
cells that are +/- for UAS/TRE driven FP’s. A sufficiently strong stimulus should inversely
yield cells that are -/+ for UAS/TRE-driven FP’s, or, in the case of control circuits with no
inhibitor, +/+ for both FP’s. (D) Reporter cells stably expressing UAS-H2B-mCherry,
rTA, and TRE-BFP (above) or TRE-TEV-T2A-BFP (below) are transiently transfected
with NRR-based receptor with Gal4-TEVs-VP64 ICD. Dox-induced expression of TEV is
designed to cleave the Gal4 DNA binding domain away from the VP64 activating domain,
thereby inhibiting SynNotch-induced expression of H2B-mCherry. (E) Immunoblotting
confirms that dox-induced TEV is able to cleave Gal4-TEVs-VP64 transcription factor.
(F) Reporter cells stably expressing UAS-mCerulean-PEST and TRE3G-mKate (top),
TRE3G-mKate-intronic miRNA (middle), or TRE3G-Gal4-KRAB-T2A-mKate (bottom)
are transiently transfected with NRR-based receptor with Gal4-VP64 ICD and SNRR-based
receptor with tTA ICD. miRNA circuit is expected to inhibit mCerulean expression post-
transcriptionally, and Gal4-KRAB is expected to inhibit transcription of mCerulean. HCR
of mCerulean transcript in the (G) miRNA- and (H) KRAB-based circuits on Biotin-FITC
further confirm that the miRNA circuit inhibits incompletely, with cells expressing mKate
as well as mCerulean transcript (arrows).
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Figure 22. Strategies for removing experimental false positives in bandpass circuit.

(A) Conceptual representation of hypothetical limitations in the measured dynamic range
measured of our KRAB-based IFFL due to cells not expressing all receptors, reporters, and
transfection marker constructs. “False negatives” (blue shading) are cells that are unable to
express mCerulean due to lack of NRR-Gal4-VP64 receptors and/or UAS-mCerulean-
PEST and therefore not activating on 12 pN stimuli. “False positives” (magenta shading)
are cells that are unable to inhibit mCerulean expression due to lack of SNRR-tTA receptor
and/or TRE3G-Gal4-KRAB and therefore remain mCerulean-positive on strong stimuli.
(B-D) Several strategies were tested to eliminate false-positives from our experimental
design and ensure that cells expressed inhibitory and activating components
simultaneously. (B) TRE3G-Gal4-KRAB was stably integrated under puromycin selection
into reporter cells already stably expressing UAS-mCerulean-PEST. Increasing doses of
puromycin were tested to encourage expression of the inhibitory reporter. Selected pools
of dual reporter cells were then transfected with a single plasmid encoding both NRR-Gal4
and sNRR-tTA and cultured on TGT-coated surfaces. (C) Reporter cells from (B) were
isolated into single clones using limited dilutions in a 96-well plate. A representative clone
here is shown, transfected with NRR-Gal4 and SNRR-tTA receptors encoded on a single
plasmid then cultured on TGT-coated surfaces. (D) Instead of stably integrating reporter
constructs, an alternative “cross-pollination” scheme was tested in which receptors and
reporters are all transiently delivered to naive HEK293FT cells. A first plasmid encodes
the Gal4-based receptor and TRE3G reporter, and a second plasmid encodes the tT A-based
receptor and UAS reporter, such that cells should only be signaling competent if they have
received both plasmids of interest.



Figure 23. 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 reporter activity upon activation. A sSNRRy1gsr-based
SynNotch with tTA ICD drives dsRed, as well as Gal4-KRAB to inhibit mCerulean
production. (B) mCerulean (top) and dsRed (bottom) activation of mechanogenetic
circuits. “Bandpass” (left) denotes cells expressing the full bandpass circuit in (A). “2-
Color” (right) denotes cells expressing this circuit without the Gal4-KRAB inhibitory
component. (C-D) Fluorescence images of reporter activity in HEK293FT cells expressing
Bandpass or 2-Color readout circuits. Scale bar 25 um.

!
2.6 Molecular tension in cell-cell signaling

We next aimed to apply SNRR domains to explore the role of forces in natural
systems. As an initial system, we studied mechanotransduction in the natural Notch
signaling pathway, whence our receptors were derived. Canonical Notch activation is

widely accepted to be force-dependent (45). Notch ligands must undergo epsin-dependent
!
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endocytosis to stimulate Notch signaling, so ligand endocytosis is thought to be the primary
driver of force-mediated activation. (36, 48, 106). Ligands enter this pathway after
ubiquitylation of their ICD, and blocking ligand ubiquitylation attenuates Notch activation
(49, 107, 108). Additionally, molecular force measurements have shown that 4-9 pN of
tension can induce Notch activation (17, 49-51) and that endocytosis of DII1 by ligand-
expressing cells can produce up to 10 pN of tension (109). Together, these studies
convincingly point to force generation by endocytosis as an activator of Notch signaling.
Nonetheless, this conclusion remains an extrapolation; studies of receptor-ligand
endocytosis in live cells have lacked the ability to systematically probe and isolate the role
of molecular forces, and the molecular measurement techniques above necessitate
removing one or both components from their native context, either focusing on receptor-
expressing “receiver” cells or ligand-expressing “sender” cells in isolation, or using
purified in vitro proteins. Notch signaling thus provides an excellent case study for
applying sNRR tensiometers because while the role of forces is largely accepted and well-
characterized, it stands to be supplemented by quantitative in vivo evidence.

Here, we use SNRR domains to isolate the role of ligand-mediated force in Notch
signaling. Existing studies that mutate the ligand ICD attribute changes in Notch activation
to differences in the ligand’s ability to generate force, but attenuated signaling could be
tied to other confounding factors. For example, if changing the ICD affects the ligand’s
ability to be endocytosed, it may also affect trafficking to the cell surface, thereby changing
the amount of ligand to which Notch is exposed over time. Instead of testing a panel of

ligand constructs, which possibly have diverse trafficking properties, against a fixed NRR-
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receptor, we now have the ability to do the reverse; we can isolate the force variable by
comparing a given ligand’s ability to activate a panel of SNRR-receptor mutants, which we
have shiffer differ only in their force thresholds for activation.

Successful use of sNRR domains as tensiometers could provide hitherto
inaccessible in vivo information that help address longstanding questions in Notch biology.
(i.) Firstly, although Notch can be activated by tensile force, is tensile force actually
required for activation in vivo? If ligand-mediated force is indeed a driver of activation,
then we expect the SynNotch response to a given ligand will vary with respect to the force
required by its SNRR domain. If activation is tension-independent, instead being dictated
by proposed mechanisms such as receptor clustering or ligand recycling (48, 110), we
would not expect the mechanical identity of the SNRR domain to significantly alter
signaling induced by a given ligand. (ii.) Secondly, what are the mechanisms that enable
Notch receptors and their ligands—two small and seemingly simple families of proteins—
to precisely orchestrate diverse biological events with implications across development,
homeostasis, and disease? Part of the answer may lie in the ability of each ligand to apply
differential forces. In our assay, if two ligands produce different forces, we may for
example expect one to activate only the weakest SNRR domains while the other activates
strong SNRR domains as well.

We began by testing whether mechanically strong sNRR-receptors could be
activated by ligands on neighboring cells. We used an established GFP-based signaling
pair, where receiver cells express #GFP SynNotch and a fluorescent reporter gene, and

sender cells present a GFP-based ligand (36, 49, 55). Our GFP ligands had either no ICD
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(GFP-$ICD) or were fused with an ICD derived from the Notch ligands DII1 (GFP-DII1)
or DIl4 (GFP-DII4). The DII1 and DII4 ICD’s are known to undergo ubiquitylation by the
E3 ubiquitin ligase Mind bomb (Mib) to induce epsin-dependent endocytosis, while GFP-
$ICD is unable to do so (107, 111). We found that each GFP ligand is able to activate
SNRR, sNRRy1ssr, and NRR-SynNotch receptors (Figure 24A-C). When quantifying the
percentage of cells positively expressing SynNotch reporter, it is apparent that each ligand
can activate even strong sNRR-SynNotch receptors (Figure 24A). However, when
quantified as a median fluorescence intensity, we see that the magnitude of activation in
strong receptors is attenuated vs. that in the NRR (Figure 24B). Importantly, both metrics
of activation follow a trend that correlates with SynNotch tension tolerance. These results
therefore indicate that tension is indeed applied to activate Notch receptors in vivo.

When analyzing the results in Figure 24, it is tempting to conclude that GFP-DII4
exerts more force than GFP-$ICD, based off the levels of reporter gene expression.
However, this observation could at least in part be explained by different expression
profiles of each ligand. In order to gain more insight about the expression profiles of
various ligands, we generated cell lines stably expressing dox-inducible ligands under a
TRE promoter and analyzed their trafficking efficiencies. Two additional ligands were also
introduced at this time: GFP-GPI, which is attached to the cell membrane by a lipid GPI
anchor instead of a protein-based TMD; and GFP-DII1-Nbox*, where the residues in the
“N-box” of the ICD were mutated from KTN to AAA to prevent binding and subsequent
ubiquitination by Mib. This latter design was guided by structural studies of Mib and

similar mutations made on other the Notch ligands (36, 107, 111). We analyzed the
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trafficking properties of each ligand by comparing the total GFP fluorescence signal to the
signal from immunolabeled GFP ligand at the cell surface (Figure 25A-D). Using GFP-
DII1 as a reference point, we found that GFP-$ICD trafficked poorly to the cell surface,
that GFP-DII4 was expressed at a greater magnitude but trafficked with comparable
efficiency, and that GFP-DII1-Nbox* was heavily expressed at the cell surface, possibly
due to an impaired ability to be recycled. Using a cell-based luciferase assay, we lastly
compared the ability of each receptor to stimulate a NRR-SynNotch (Figure 25E).

These results propose a series of enticing conclusions, as well as new questions to
address. In general, surface expression of ligand should be controlled for when researchers
use gene expression downstream of Notch activation to comment on forces applied by
ligands. For example, though GFP-$ICD may indeed apply less force than an ICD-bearing
GFP ligand, its reduction in Notch activation is confounded by a concomitant reduction in
expression at the cell surface. On the other hand, the ability of GFP-DII1-Nbox* to apply
force is convincingly impaired, activating SynNotch to the lowest extent of tested ligands
despite being expressed most efficiently at the cell surface. Diminished force application
by GFP-DII1-Nbox* is consistent with other reports that block Mib binding to ligand ICD
(36, 107). Reduced activation by GFP-DII1-Nbox* further confirms that the WT NRR is
sensitive to differences in mechanical force applied by ligands in vivo. By extension, the
result is a proof of concept that SNRR could likewise be sensitive to tension differences,
but in a higher force regime that the NRR cannot distinguish. Further questions arise
regarding the precise role of ubiquitylation in ligand activity; if both GFP-DII1-Nbox* and

GFP-$ICD are model receptors that do not get ubiquitylated to undergo epsin-dependent
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endocytosis, why is their cellular distribution so strikingly different? Even GFP-GPI, void
of a cytosolic protein domain to be ubiquitylated, activates SynNotch more efficiently than
GFP-DII1-Nbox*, perhaps pointing towards a role for membrane composition or rigidity
in Notch activation (45, 112). Regardless of these future questions, results thus far agree
with reports that ligand ICD determines force generation and suggest that SNRR domains
could be used to detect these differences in vivo.

Lastly, we analyzed the role of mechanical forces in the phenomenon of
“transendocytosis” that occurs in Notch signaling. Existing work has established a model
in which the magnitude of tension delivered to Notch is determined by the ligand, and two
opposite signaling events occur depending on the magnitude of this force. Sufficiently high
force leads to canonical activation and transendocytosis of the receptor ectodomain into
the sender cell (receptor transendocytosis, RTE), while insufficient force instead leads to
signal abortion and ligand transendocytosis (LTE) into the receiver cell (Figure 26A) (36).
Building upon this model, we wished to use our SNRR tensiometers to expound upon the
idea of “sufficient” forces in Notch activation. We postulated that from the perspective of
the cell, “sufficient” and “insufficient” forces are defined relative to the tension tolerance
of the NRR. Forces above this threshold unravel the receptor and induce RTE, while those
below it lead to LTE. If this is the case, we hypothesized that we could use our SNRR
domains to increase the mechanical threshold used to define a sufficient force and choose
between RTE and LTE.

We used fluorescence imaging to observe the direction of transendocytosis at the

cell-cell interface between sender and receiver cells in co-culture. Similar to existing work,
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transendocytosis was identified by the punctate co-localization of GFP ligand and
immunostained SynNotch ectodomain (36, 113). Consistent with reports using NRR-
SynNotch, the GFP-$ICD ligand is inefficient at force application and leads to LTE, while
GFP-DII1 leads to canonical RTE (Figure 26B, top two rows). When we instead use
SNRR-SynNotch, we observe that both GFP-$ICD and GFP-DII1 lead to LTE, meaning
that neither provides sufficient force relative to the tension tolerance of SNRR (Figure 26B,
bottom two rows). Thus, SNRR domains are able to shift the reference point that determines
LTE vs. RTE, and our results further demonstrate that sufficient tensile forces applied by
the ligand-expressing cell are necessary to induce canonical Notch activation.

Analyzing the ratio of RTE to LTE provides a more direct picture of cellular forces
than measuring a downstream reporter gene because it is an immediate result of receptor-
ligand engagement at the cell surface, provides a readout for both successful and aborted
signaling events, and should be concentration-independent if considering the ratio of RTE
to LTE. It is possible that the phenomenon of LTE is a byproduct of using a high affinity
LBD, because the WT LBD could disengage before undergoing LTE. However, this offers
another benefit to the assay because cells are forced to commit to RTE or LTE, allowing
us to comment on the relative mechanical forces at play. Together, results from this chapter
confirm that forces are indeed used in vivo to induce Notch activation, that forces can be
modulated by the identity of the ligand ICD, and that using NRR/sNRR domains of varied
mechanical properties can detect these mechanical differences. Future work remains to
further characterize the forces of Notch signaling and to understand how differing force

profiles at the cell surface can impact downstream gene regulation in the nucleus.



Figure 24. Activation of NRR- and sNRR-based SynNotch receptors in cell-cell
signaling.

(A-C) Sender cells expressing GFP-based synthetic ligands are co-cultured with receiver
cells expressing NRR- or SNRR-based SynNotch receptors for 48 hours. Sender HelLa cells
stably express GFP-TMD, GFP-TMD-DII1, or GFP-TMD-DII4. Receiver HeLa cells are a
clonal TRE-dsRed fluorescent reporter line transduced with NRR, sNRR, or SNRRy1gsr
SynNotch receptors with tTA ICD. SynNotch activation induces dsRed expression, which
is monitored by (A-B) flow cytometry and (C) fluorescence microscopy. Quantifying
activation by (A) % cells activated and (B) median reporter fluorescence reveals that sender
cells are able to activate strengthened receptors above a baseline threshold, but not as
intensely as NRR-based receptors. (C) Representative images show receptor activation, as
well as a punctate ligand signature at the interface between receiver and sender cells.



Figure 25. Effect of ligand identity on trafficking and force generation.

Dox-inducible ligands with various membrane attachment strategies are evaluated for their

trafficking efficiency and ability to activate SynNotch in cell-cell signaling. (A-C)
Trafficking is evaluated by plotting total GFP fluorescence against fluorescence from
surface #GFP immunostaining. Representative trafficking efficiencies of HEK293FT
treated for 48 hours with 1000 ng/pL dox are shown. Cells expressing no ligand (black)
and GFP-DII1 ligand (magenta) are compared to (A) GFP-$ICD, (B) GFP-DII4, and (C)
GFP-DII1 with mutated Nbox. (D) Trafficking efficiencies of various ligands (colored
lines) in response to treatment with increasing doxycycline (colored points). (E) Receiver
HEK293FT cells transiently express a NRR-based SynNotch receptor and UAS- luciferase
reporter gene and are co-cultured with sender cells expressing various dox-inducible
ligands.
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Figure 26. Tension-dependent ligand transendocytosis in SynNotch signaling.

(A) Schematic of a role for mechanical force in Notch signaling, inspired by and built
upon that from Langridge and Struhl (36). In SynNotch-based cell-cell signaling, force-
generation by the receiving cell is tied to the membrane insertion domain (MID) and ICD.



| 76

Sufficient tensile force leads to canonical receptor activation and receptor transendocytosis
(RTE), while insufficient tensile force leads to signal abortion and ligand transendocytosis
(LTE). The model depicted here expands upon the idea of “sufficient” and “insufficient”
tensile forces, which are we now define relative to a mechanical threshold determined by
the tension tolerance of the SynNotch receptor. (B) Representative proof of concept images
showing the role of mechanical thresholding in LTE vs. RTE. Direction of transendocytosis
is determined by punctate colocalization of GFP ligand (green) with receptor ECD
(magenta, #Myc immunostain) into sending cells (RTE) or receiving cells (LTE).
Phalloidin stain is colored cyan. With NRR-based receptors (top two rows), GFP ligands
with no ICD or DII1 ICD generate insufficient or sufficient tensile forces, respectively, the
former leading to LTE and the latter to canonical RTE. SNRR-based receptors (bottom two
rows) have an increased tension threshold, and thus neither ligand is generates the
“sufficient” force needed to prefer RTE.

2.7 Discussion

In summary, by building upon synthetic Notch proteins, we have designed receptors
that are modular in terms of mechanical activation threshold and output transcriptional
activity, with minimal crosstalk to other signaling pathways. SNRR and its mutants provide
a “kit” of genetically encoded tensiometers that decipher mechanical forces and record
them as biochemical responses, providing a quantifiable readout of a cell’s current or past
mechanical environment. The generalized nature of this platform enables force-induced
control over many processes including genetic recombination and cellular metabolism.
This platform also has potential applications in tissue or animal models, where readouts
from technologies such as FRET tension sensors may not be viable. Engineered
mechanosensitive pathways enable an additional layer of sophistication in synthetic
signaling networks, as mechanical forces can propagate information on greater length-
scales and faster time-scales than diffusing small molecules. Our work demonstrates the

power of structural data in guiding cellular engineering. As more mechanosensitive
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pathways are elucidated, we anticipate additional proteins will be harnessed to detect the
diverse mechanical stimuli that cells experience—tension, compression, shear, and
elasticity, both in intra- and extracellular contexts. Continuing to integrate proteins into the
mechanogenetic “toolkit” will be critical in empowering us to manipulate mechanobiology

in contexts of basic research, targeted therapeutics, and tissue engineering.
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Chapter 3: Modulating the mechanical properties of endogenous proteins using a

membrane-anchored scFv

3.1 Background and motivation

Mechanical forces are pervasive in biological systems, intertwined with
fundamental processes that range from development to disease (1, 2). The advent of
“mechanogenetic” techniques that control how cells interact with these forces will advance
our understanding of mechanobiology, ultimately empowering researchers to harness
forces for therapeutic and bioengineering applications (18). In the previous chapter, we
discussed a strategy for controlling mechanosensation by designing SNRR-receptors. This
and other approaches focus on synthetic force-induced signaling networks, which enable
novel input-output functions that are outside the cell’s endogenous repertoire (41-43).
Rather than building synthetic networks, an alternative approach to engineering
mechanotransduction focuses on endogenous networks. The ability to control the
mechanosensitivity of endogenous proteins would enable scientists to study cellular forces
directly in their native context, and would guide the development of therapies targeting
diseases that stem from mechanically altered signaling cascades (11, 12). However, current
strategies for modulating the mechanical strength of proteins remain limited, let alone for
doing so in vivo.

Various strategies have been used to tune the mechanical stability of proteins
involved in mammalian signaling networks. Amino acid substitutions can alter mechanical

stability, for example in focal adhesion, ion channel, and Notch proteins (19, 37, 39). Other
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approaches insert exogenous domains to bestow novel mechanosensitive properties upon
the overall protein, as demonstrated with SNRR and other autoregulatory domains in Notch,
FRET sensors in talin, domain swapping in titin or fibronectin, and metal chelation sites in
Tenascin C (22, 32, 34, 35, 114).

However, a unifying limitation of the above techniques is that in order to study the
role of mechanosensitivity, the native protein must be replaced or modified through genetic
manipulation. Editing these proteins could have confounding effects on protein activity,
for example altering their expression level in addition to their mechanical strength.
Furthermore, genetic editing creates a permanent change in the cell, making it difficult to
study the effects of dynamically modulating mechanical strength. Ideally, a system for
studying the role of mechanical forces in endogenous protein networks could modulate
mechanosensitivity of the target protein (i.) to a tunable extent, (ii.) while leaving its amino

acid composition unaltered, (iii.) and in an inducible and dynamic fashion.

3.2 Design strategy

One strategy to modify mechanosensitivity that satisfies the above criteria would
be through a genetically encoded protein-protein interaction. Protein-protein binding has
been demonstrated to increase mechanical stability (61), and we envisioned a system in
which some engineered protein could bind an endogenous protein in its native context and
modulate its mechanosensitivity. The potency of this engineered protein could be tuned
through mutagenesis, and its expression level could be dynamically regulated using drug-

inducible systems or genetic circuits.
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Here, we again use the Notch1l receptor as a basis for controlling mechanosensation
using protein-protein binding. As described further in 1.4, Notch is a mechanosensitive
transmembrane receptor that is activated following force-mediated unraveling of its
negative regulatory region (NRR) (Figure 2, Figure 27, left) (17, 49-51). Antibodies that
bind the NRR have been shown to increase the it’s mechanical stability, whether the
antibodies are applied exogenously in solution or fused in tandem as a SNRR scFv (49).
We therefore hypothesized that an NRR-binding scFv could likewise stabilize the NRR
when expressed as a separate, genetically encoded protein. Expressing the scFv alone,
rather than fusing it directly to the NRR, could in turn enable it to modulate the strength of
endogenous Notch receptors. Based off our studies of the scFv in sSNRR, we also
anticipated that the extent of the scFv on NRR strength could be tuned using mutagenesis.

To design this mechanical inhibitor, we took inspiration from natural Notch
signaling. During cis-inhibition, a transmembrane ligand expressed in cis on the receiver
cell binds Notch and inhibits activation by ligand in trans on an opposing sender cell
(Figure 27, middle) (46, 115). We likewise designed the NRR-binding scFv as
transmembrane protein, such that it can diffuse in 2D to bind and stabilize Notch receptors
on the same cell surface, and we termed this design a “cis-Clamp” or simply “Clamp”

(Figure 27, right).



Figure 27. Design of a Clamp to inhibit Notch signaling.

In canonical Notch signaling, ligand-induced activation (left) requires binding of a ligand
in trans on a neighboring cell, endocytosis of which delivers a mechanical force to unravel
the NRR. Ligands expressed in cis on the same cell as the receptor (middle) can inhibit
receptor activation, at least in part due to competition for the LBD. Inspired by the natural
inhibition of a transmembrane protein in cis, the clamp uses an #NRR scFv to bind the
NRR and prevent its mechanically-induced unraveling.

|
é.3 Modulating Notch sensitivity using a genetically encoded Clamp
3.3.1 Notch signaling in the presence of a constitutively expressed Clamp

We first sought to evaluate the effect of the Clamp on Notch sensitivity to
mechanical stimuli. We developed a Clamp derived from the #NRR scFv, as well as two
mutated isoforms. The R103K and R103A Clamp mutations were shown to mildly and
greatly reduce mechanical strength, respectively, when used in the context of a SNRR scFv
(Figure 9E). We expressed these Clamps in cells stably expressing a Notch-based receptor

consisting of the WT human Notchl1 ectodomain fused to a Gal4 ICD (hN1-Gal4), and we
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evaluated their impact on a UAS-regulated reporter gene in cell-based assays (46). The WT
Clamp inhibited hN1-Gal4 activation by ligand-coated surfaces as well as ligand-
expressing sender cells, consistent with its known functionality as a soluble therapeutic
inhibitor (Figure 28A-B). The extent of inhibition by WT, R103K, and R103A Clamps
correlated with the anticipated mechanical strength of each. We also tested the ability of
the Clamp to inhibit ligand-independent activation through calcium chelation by EDTA.
We co-expressed the WT Clamp with recombinant full-length human Notchl (hN1), and
activation was detected by immunoblotting for the N-terminal Valine residue exposed upon
proteolytic Notch activation. We found that Clamp inhibited activation by EDTA, again
consistent with scFv’s behavior when fused as a SNRR domain (Figure 28C, Figure 9C).
Interestingly, we note that Figure 28C also indicates that co-expression of Clamp increases
the amount of S1-processed hN1, and we visit this observation further in Section 3.4. These
data indicate that Clamps can act as genetically encoded inhibitors, and their potency

correlates with their mechanical strength characterized in SNRR domains.



Figure 28. Effect of Clamp on receptor activation.

(A-B) Clonal cells stably expressing UAS-H2B-Citrine reporter and a hN1-Gal4 receptor
are transfected with Clamp isoforms. Cells are stimulated by DII1 ligand that is (A)
adsorbed on a cell culture surface or (B) presented by sender cells in a co-culture assay.
Receptor activation is monitored by flow cystometry. (C) Cells expressing recombinant
human Notch 1 with or without Clamp are treated with either 0.5 mM EDTA or PBS for
30 minutes at 37°C. Cells were subsequently lysed, and activation was evaluated by
immunoblotting for the N-terminal Vall744 residue that is exposed after receptor
activation and cleavage at S3. We note that while cells express similar amounts of full-
length (FL) receptor, cells expressing clamp have an increase in S1-processed receptor (C-
term), which we will further discuss in section 3.4.



3.3.2 Application of Clamps in inducible and dynamic genetic circuits

We envisioned that we could expand the Clamp’s utility by using it to modulate
mechanosensitivity in an inducible manner, rather than altering it constitutively. To draw
a comparison, the tamoxifen-inducible Cre system has provided an invaluable tool in
developmental studies because it limits genetic recombination to timepoints of interest and
avoids potential embryonic lethality (116). Similarly, it would be useful to examine Clamp-
induced changes in mechanosensitivity at specified timepoints. To achieve drug-induced
changes in mechanosensation, we placed the Clamp under control of a dox-inducible
promoter (Figure 29A). We cultured receiver cells that co-expressed hN1-Gal4 and a
constitutive or inducible Clamp with sender cells expressing the DII1 ligand (Figure 29B).
The constitutive clamp inhibits activation by sender cells regardless of the presence of dox,
as expected, while inducible clamp conditionally inhibits hN1-Gal4 activation only in the
presence of dox.

The genetically encoded nature of the Clamp additionally allows us to use it in
synthetic signaling networks that tune mechanosensation over time. For example, we can
use the Clamp in a negative feedback loop, such that Notch activation inhibits its own
activity by increasing its mechanical strength (Figure 29C). Feedback loops such as this
are autoregulatory features commonly used in biological systems to titrate sensitivity to
stimuli (117, 118). Negative feedback loops are observed, for example, in natural Notch
signaling via the Notch regulated ankyrin repeat protein (NRARP) and in the
mechanosensitive TGF-"" pathway (119, 120). We find that when cells expressing our

negative feedback circuit are cultured on ligand-coated surfaces, they titrate to a steady
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level of reporter activity in approximately 20 hours, while receptors without feedback
continued to accumulate reporter signaling for at least 48 hours (Figure 29D). Dose control
can be a concern in cell therapies using synthetic signaling networks, but negative feedback
loops such as this could be used to create cell therapies to consistently self-regulate to not

exceed a given steady state.

Figure 29. Use of Clamps to inducible or dynamic inhibition of Notch signaling.

(A) Schematic of inducible inhibition using the Clamp. #NRR Clamp is placed under
control of a dox-inducible promoter such that it will only be expressed and inhibit Notch
signaling in the presence of dox. (B) Clonal cells that stably express UAS-H2B-Citrine
reporter and a hN1-Gal4 receptor (gray) are selected that stably express Clamp under a
constitutive CMV promoter (magenta) or inducible TRE promoter (blue). Cells are co-
cultured with DIl1-expressing sender cells. Notch signaling cells expressing the inducible
clamp is conditionally inhibited only in the presence of dox. (C) Use of negative feedback
in Notch signaling to titrate receptor steady-state. Receptor activation induces expression
of a UAS-regulated Clamp, which in turn inhibits receptor activation. (D) Clonal cells
expressing hN1-Gal4 alone (gray) or with stably integrated clamp (magenta or orange) are
plated on DIl1-coated surfaces in the presence of DAPT. DAPT is washed out at the
indicated time point before analysis by flow cytometry. Negative feedback limits the extent
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of receptor activation. A PEST domain from c-fos was fused to Clamp (orange) with the
intention of decreasing its half-life. Impact of this PEST domain was ultimately not
evaluated, but nonetheless, activity of this UAS-regulated clamp further supports the use
of negative feedback to titrate the steady state of receptor activation.

I
3.4 The effect of Clamp on receptor trafficking

Having characterized the impact of Clamp on Notch activation, we next wished to
test its effect on receptor trafficking. Results thus far indicate that the Clamp reduces Notch
activation by mechanically stabilizing the NRR, but an alternative explanation could be
that the Clamp impairs Notch trafficking to the cell surface, reducing the amount of
receptor available to be activated. To address this possibility, we immunostained the Notch
ECD in hN1-expressing cells with and without the Clamp. Surprisingly, we found that co-
expression of a Clamp significantly increased surface localization of the hN1 receptor
(Figure 30A). We verified that this signal is true signal from surface-expressed hN1 and
not due to cross-reactivity of our fluorescent secondary antibody with the Clamp (Figure
30B). The effect on localization was also apparent when we visualized the Notch ICD in
permeabilized cells (Figure 30C). Presence of the Clamp drastically redistributes hN1
within the cell, changing it from primarily ER-localized to primarily surface-localized. We
also used a dox-inducible form of the Clamp to test whether its effect on Notch localization
is concentration-dependent, and we indeed found that dox-induced upregulation of Clamp
expression led to a concomitant increase in surface-localized Notch receptor (Figure 30D).
Furthermore, when analyzing expression of Clamp vs. surface hN1 in single cells, we find
that even the weakest Clamp R103A maintains the ability to alter hN1 localization (Figure

30E). A control Clamp built from the FITC-binding scFv could not recapitulate this result,
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indicating the effect is a specific consequence of the NRR-binding properties of the Clamp.
Lastly, we tested whether the Clamp could redistribute endogenously expressed hN1, or if
its effect was limited to recombinantly expressed receptor in our model cell lines. Using
the Notchl-expressing MCF7 breast cancer cell line, we found that presence of a Clamp
again drastically increases expression of hN1 at the cell surface (Figure 30F).

We next attempted to dissect the mechanism by which the Clamp modulates hN1
trafficking. Because the effect is specific to the NRR-binding scFv, we compared the
scFv’s ability to modulate trafficking when expressed as a Clamp vs. when fused in tandem
with the NRR as a SNRR domain. Although both the Clamp and sNRR similarly affect
Notch activation, only the Clamp configuration increased surface expression of the
receptor (Figure 31A). S1-processing by furin convertase is a prerequisite for efficient
Notch trafficking, and in Figure 29C we noted that the Clamp lead to an accumulation of
Sl-cleaved receptor (121). Again comparing the scFv in a Clamp vs. a SNRR configuration,
we found that only the Clamp scFv induced an accumulation of Sl-cleaved receptor
(Figure 31B). We next tested the ability of the Clamp to alter localization of the WT hN1
receptor vs. the hN1-Gal4 receptor. Immunostaining revealed that hN1-Gal4 alone was
expressed at the cell surface more efficiently than hN1, but not as efficiently of hN1 co-
expressed with Clamp (Figure 31C). However, addition of a Clamp did not increase the
surface expression of hN1-Gal4 further (Figure 31D). Because the transmembrane design
of the Clamp was inspired by Notch’s natural mechanism of cis-inhibition, we also
evaluated the impact of cis-DII1 on hN1 localization, and we found that cis-ligand did not

increase receptor expression at the cell surface (Figure 31E).
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Although these results do not identify the mechanism by which Clamp alters
receptor localization, they do inform new hypotheses and future experiments. The
accumulation of surface-expressed receptor could be explained by increased trafficking
efficiency to the cell surface, a decreased rate of recycling from the cell surface, or a
combination of the two. The Clamp could provide a chaperoning function that aids proper
receptor folding and increases the net amount of receptor brought to the cell surface (122);
unlike the SNRR scFv that folds as it is translated with the NRR, the Clamp system provides
a molar excess of pre-folded scFv in the ER, ready to bind the NRR as it folds. Given that
the Clamp does not affect hN1-Gal4 trafficking, the Clamp may also impair hN1 recycling
from the cell surface by interacting with the Notch ICD, which has diverse regulatory roles
governing receptor expression levels (123, 124). Lastly, the choice of Clamp TMD may
play arole, because the Notchl TMD is known to be a mediator protein-protein interactions
(16). Regardless, the Clamp’s effect on receptor localization presents a serendipitous
opportunity, hinting at some unknown mechanism driving natural Notch trafficking, or
even presenting a generalizable framework that could be extended to control localization

of other cell surface proteins.



Figure 30. Effect of Clamp on full-length human Notch1 trafficking.

(A) Immunostaining of recombinant hN1 receptor surface expression in CHO cells with
and without Clamp. Surface receptor ECD (NECD) is labeled using soluble DII4/Fc ligand
with #Human AF647 secondary antibody. (B) Validation that apparent increase in surface
hN1 in the presence of clamp is not due to cross-reactivity of the secondary antibody with
the Clamp. (C) Immunostaining of NICD localization in permeabilized CHO cells
expressing hN1 receptor with and without Clamp. (D) Evaluation of the effect of Clamp
expression on surface hN1 receptor trafficking immunolabeled with DIlI4/Fc. Clamp is
stably integrated under a dox-inducible promoter (circles), and Clamp expression is titrated
using increasing doses of doxycycline (circle coloring). Surface receptor positively
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correlates with Clamp expression, highlighted by a LOESS curve fit to the dox-inducible
data points. (E) Single cell flow cytometry analysis further demonstrated positive
correlation between Clamp-mCherry expression and surface hN1 trafficking. Horizontal
dashed line denotes median surface expression of hN1 receptor without Clamp (gray dots).
The original Clamp (magenta) and a mechanically weak mutant (blue) increase surface
concentration to a similar extent beyond that of a control clamp (green) with an #FITC
scFv. (F) Immunostaining of NECD in an MCF7 cell line transfected with Clamp-mCherry
shows that the Clamp’s ability to increase surface trafficking can be preserved for
endogenously encoded hN1.
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Figure 31. Pursuing the mechanism of Clamp’s effect on receptor trafficking.

(A-B) Data extended from Figure 4, comparing the Clamp’s effect on receptor processing
and trafficking with that of SNRR in HEK293A cells. (A) Immunostaining with soluble
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DIl4/Fc shows that the #NRR scFv does not increase surface expression when directly
fused to the NRR in a SNRR domain. *NECD staining in the final overlay column uses the
highest contrast without saturation from columns 1-2 for each group. (B) Immunoblotting
shows that the #NRR scFv increases S1 processing in hN1 when expressed as a cis-Clamp,
but not when integrates as a SNRR domain. S1 processing identified by the C-terminal
receptor fragment. (C-D) Comparison of hN1 and hN1-Gal4 surface trafficking in CHO
cells. (C) Immunostaining shows that hN1-Gal4 has elevated NECD surface expression
compared to WT hN1, but not as great as hN1 co-expressed with Clamp. (D) Flow
cytometry shows that presence of a Clamp (magenta, blue) does not increase surface
concentration of hN1-Gal4 (gray) further above its baseline median value. (E) Effect of
cis-ligand on receptor trafficking. cis-ligand with mCherry 1CD does not appear to increase
surface trafficking as was observed for cis-Clamp. Receptor NECD is stained using #NRR
antibody because cis-ligand blocks the binding site for staining with soluble DII4/Fc.
Conversely, Clamp blocks the binding site for the #NRR antibody, and therefore the effects
of ligand and Clamp on NECD localization are not directly compared here with
immunostaining.

I
3.5 Orthogonal Notch-Clamp pairs using Notch2 and Notch3

Mammalian cells express four Notch paralogues (110), and complexity in Notch
signaling partially derives from the combinatorial ways these can be expressed in cells. We
envisioned that an expanded collection of four Clamps, each targeting one of the four
receptors, would enable researchers to systematically study the role of each
mechanoreceptor in complex in vivo settings. Furthermore, for bioengineering
applications, the design of orthogonal SynNotch-Clamp pairs could enable greater
complexity in synthetic signaling networks (Figure 32A).

To engineer a system of orthogonal receptors and Clamps, we first designed novel
SynNotch receptors built upon the NRR domains from Notch2 and Notch3, rather than
Notchl. We compared the expression and activity of three synthetic receptors, which were
identical in LBD and ICD and differed only in their NRR domain. We found that each of

these three receptors could be stably expressed and trafficked to the cell surface in reporter
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cells (Figure 32B). These receptors could also be activated by surface-immobilized GFP
ligand (Figure 32C). However, the Notch2- and Notch3-based receptors exhibited much
greater ligand-independent activation than the original Notchl-based SynNotch. We also
designed multiple Notch2- and Notch3-specific Clamps (#NRR2., #NRR2,, #NRR3,,
#NRR3p) by expressing known inhibitory Notch2 and Notch3 NRR-binding antibodies as
Clamp scFv’s (74, 125). Each of these were expressed at the cell surface similar to the
original #NRR1 Clamp, except for reduced efficiency in the #NRR3, version (Figure
32D).

We next tested the orthogonality of each receptor-Clamp pair. Ideally, each
synthetic receptor would be stimulated by ligand and be inhibited only by its reciprocal
Clamp. The Notchl-based system behaved as intended, with the receptor only being
notably inhibited by the #NRR1 Clamp (Figure 32E-F). However for Notch2- and Notch3-
based receptors, the high LIA and small dynamic range obscured the ability of Clamps to
notably inhibit receptor activation. These Clamps are derived from known inhibitory
antibodies, however, so we anticipate that they may indeed work when used to inhibit

endogenous receptors rather than our synthetic ones.



Figure 32. Design of orthogonal Notch-Clamp pairs.

(A) In addition to the Notchl receptor used thus far, both in its full-length form and as a
source for the SynNotch NRR, the Notch family of receptors includes isoforms Notch2 and
Notch3. Each has been reported to have isoform-specific inhibitory NRR-binding
antibodies. Theoretically, receptors and NRR-binding clamps could be multiplexed in an
orthogonal system, where Clamp expression only impacts activity of its cognate receptor.
(B-C) Validation of SynNotch receptors built upon the NRR domains from Notch1-3.
SynNotch receptors with #GFP LBD, Gal4-VP64 ICD and NRR1, NRR2 or NRR3 are
stably integrated into clonal HEK293A cells with a UAS-H2B-Citrine reporter gene. (B)
Immunostaining with #Myc antibody shows receptors are successfully trafficked to the cell
surface. High basal reporter gene expression in NRR2- and NRR3-based synthetic
receptors is observed relative to that of NRR1-based receptors. (C) Cells are cultured on
surfaces with or without adsorbed GFP ligand, and activation is monitored by H2B-Citrine
expression. (D) Validation of surface expression of various Clamps. NRR-binding
antibodies are expressed as scFv’s and fused to a TMD, as the original Notchl-binding
Clamp. The original NRR1 Clamp, two NRR2 Clamps, and two NRR3 Clamps are all
observed to traffic to the cell’s surface, as visualized by #Myc immunostaining. (E-F)
Orthogonality of SynNotch-Clamp pairs. Reporter cells with stably integrated NRR1,
NRR2, or NRR3-based receptors are transfected with each of the 5 NRR-binding Clamps
and cultured on surfaces with or without adsorbed GFP ligand. (E) Heatmap depicts the
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dynamic range of signaling as the % of cells activated on ligand-coated surfaces above the
% cells activated in the absence of ligand. Only the Notchl system qualitatively exhibits
the desired signaling properties depicted in (A). Orthogonality of Notch2 and Notch3
systems are difficult to evaluate due to the high activation in the absence of ligand, shown
to greater detail in (F).

!
3.6 Discussion

In this chapter, we engineered a Notch-binding scFv construct that modulates the
mechanosensitivity of Notch receptors in their native context. The potency of these Clamps
can be systematically tuned using mutagenesis, similar to the SNRR domains from Chapter
2. Furthermore, the genetically encoded nature of our tool enabled us to control a protein’s
mechanosensitivity dynamically, achieving a temporal control over mechanical properties
that is inaccessible if permanently editing the protein of interest.

Unexpectedly, our synthetic Clamp also had the ability to strikingly redistribute
Notch1 within the cell. Although work remains to elucidate the mechanism through which
this occurs, it presents an opportunity to study in greater detail how Notch natively traffics.
Furthermore, these results point towards the enticing possibility of generalizing the effect
to other cell surface receptors. Doing so would provide a novel tool to control the
localization of receptors, even increasing their presentation beyond basal levels to
potentiate their downstream signals.

Lastly, the approach outlined here depicts a novel strategy for scientists to control
how cells perceive endogenous forces. Studying forces in their native context will allow us
to deeply understand the fundamental role they play in biology, and will inform the design

of novel therapeutics targeting mechanically dysregulated signaling networks.



Chapter 4: Control of Notch signaling with antiviral drugs and the LWF motif
Chapter 4.1 is adapted from the following manuscript:

EP Tague, HL Dotson, SN Tunney, DC Sloas, JT Ngo. Chemogenetic control of gene
expression and cell signaling with antiviral drugs. Nature Methods (2018).

4.1 Chemogenetic control of ligand expression and intercellular signaling using

antiviral drugs

4.1.1 Background and motivation

A major goal of synthetic biology is to engineer existing biological systems for
applications in basic research and therapeutic contexts. In order to do so, researchers often
combine and modify protein “components” from natural systems to construct synthetic
proteins with novel functions. A primary example is the design of synthetic drug-inducible
proteins, such as the widespread rapamycin-inducible dimerization and dox-inducible
transcription systems, which have granted researchers precise temporal and titratable
control over diverse cellular functions (126, 127). As synthetic signaling networks become
increasingly complex and prevalent in cellular therapies, it will be increasingly valuable
for researchers to have access to additional drug-inducible platforms. Furthermore, existing
systems derived from human or bacterial protein components can have off-target effects in
certain applications (128, 129), so we wished to engineer an inducible system with
improved orthogonality to endogenous mammalian pathways.

In order to do so, our group examined inducer compounds that are typically absent
from the environment and that do not interact with mammalian or bacterial proteins.
Specifically, we turned to viral proteins and their inhibitors. The hepatitis C NS3 protease

domain is a cis-protease that cleaves itself from the growing polypeptide chain during viral
!
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replication (130). Due to its vital role in viral replication, numerous inhibitors have been
developed against its proteolytic activity. Engineering applications have applied NS3 as a
linker between a protein of interest and degradation or imaging tags, linking the two only
in the presence of a viral protease inhibitor (131, 132). Our group hypothesized that NS3
could be applied more broadly to create a generalized inducible platform that conditionally
links any two protein domains to control diverse cellular functions, from intracellular gene

expression to intercellular signaling.

4.2.2 Use of NS3 protease to control Notch ligand presentation

We engineered the viral NS3 protease as a self-cleaving linker between two protein
domains of interest. In the absence of an NS3 inhibitor, we expected that NS3 would excise
itself from the construct and separate the two protein domains. In the presence of inhibitor,
we anticipated NS3 cleavage would be blocked and that the full-length construct would be
preserved. We termed this design strategy a ligand-inducible connection (LInC). Our group
and others went on to demonstrate that the LInC strategy is highly modular, able to achieve
drug-inducible control over transcription factors, dCas9, and caspase-9 (88, 133).

Here, we apply LInC to achieve drug-inducible control over intercellular Notch
signaling. We designed an NS3-containing version of the Notch ligand Delta-like 1 (DII1-
NS3), positioning the cis-protease between the ligand’s ectodomain and TMD (Figure
33A). We anticipated that in this configuration, the self-excision of NS3 would yield a
soluble ligand that, as a result of its lack of membrane tether, would not be displayed on

the plasma membrane (Figure 33B). Indeed, immunostaining of cells stably expressing
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DII1-NS3 showed that the surface presentation of DII1-NS3 was contingent upon the
presence of an NS3-inhibiting drug (Figure 33C).

We next wished to use our drug-inducible DII1-NS3 to control intercellular
signaling. As discussed in earlier sections, Notch receptors are activated when a ligand
expressed on a neighboring cell binds the receptor and delivers a tensile pulling force via
endocytosis. Because soluble ligands are unable to offer mechanical resistance needed to
activate Notch receptors, we anticipated that only membrane-tethered DII1-NS3 formed in
the presence of NS3-inhibitor would be able to induce intercellular Notch signaling
(Figure 33D) (70). To determine whether DII1-NS3 could activate Notch signaling in a
drug-dependent manner, we co-cultured sender cells expressing DII1-NS3 with receiver
cells expressing human Notchl (hN1) and monitored receptor activation via a NICD-
dependent fluorescent reporter gene (12xCSL H2B-Citrine) (46). We observed that Notch
activation in receiver cells was both contact- and drug-dependent, only occurring in the
presence of drug in receiver cells that interfaced with neighboring sender cells (Figure
33E-G). Thus, the LInC strategy can be applied to control cell-surface proteins and regulate

intercellular communication.



Figure 33. Inducible ligand expression and ligand-induced Notch signaling using NS3
protease.

(A) Design of DII1-NS3-mCherry. (B) Schematic of drug-inducible preservation and
trafficking of DII1-NS3-mCherry in response to NS3 inhibition. (C) Immunofluorescent
detection of cell=-surface localized DII1-NS3-mCherry in untreated and drug-treated cells
(1.5 uM BILN-2061). (D) Schematic depicting the drug-induced activation of Notch
receiver cells by DII1-NS3-mCherry-expressing sender cells in trans. (E) Fluorescence
images of cocultured sender and receiver cells in the absence or presence of drug (1.5 uM
BILN-2061). Sender cells express DII1-NS3-mCherry ligand (magenta). Receiver cells
constitutively express H2B-mCerulean (cyan) and hN1-Gal4, and conditionally express
12xCSL-H2B-Citrine (yellow) upon hN1-Gal4 activation. The interface between sender
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and receiver cell colonies is denoted by the white line. (F) Magnified region from the region
outlined by the green rectangle in (E), shown as an overlay with transmitted light image.
Scale bars, 25 um. (G) Fluorescence intensities from nuclear H2B-Citrine in individual
receiver cells was quantified via analysis of images from untreated and drug-treated co-
cultures. Expression of the NICD-dependent reporter was compared between receiver cells
that were in direct contact with sender cells, as well as those that were distant from sender
cells. Values are displayed as a box-and-whisker plot with n = 110, 103, 159, and 206
individual cells analyzed per group (from left to right). Whiskers extend to the most
extreme data point no more than 1.5x the interquartile range from the box edge, and data
points beyond this range are plotted individually.

!
4.2 The cytosolic juxtamembrane domain of Notch reduces ligand-independent

activation in SynNotch

4.2.1 Background and motivation

SynNotch receptors provide a versatile tool for designing custom cell signaling
networks. However, their utility is hampered by the propensity to undergo ligand-
independent activation (LIA), which reduces the system’s dynamic range and can require
users to select against cells with high L1A (55, 69, 134). Strategies for reducing LIA in the
SynNotch design could therefore improve its utility in many applications.

Elevated LIA in SynNotch is indicative of dysregulated ICD release from the
plasma membrane by !-secretase. Recently, a structural study of the Notch TMD loaded
into !-secretase showed that the C-terminus of the TMD must be precisely positioned
within the protease (135). Furthermore, NMR structures of the Notch TMD revealed that a
stretch of hydrophobic resides C-terminal to the transmembrane helix, termed the “LWF
motif”, reenters the plasma membrane (Figure 34A) (136). Together, these results suggest
that the C-terminal juxtamembrane portion of Notch may be important for properly
regulating its interaction with !-secretase. However, the original SynNotch designs use a
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truncated Notch core that does not include this LWF motif (Figure 34A) (49, 55). We
therefore hypothesized that addition of the LWF motif from the natural Notch receptor

could improve SynNotch by reducing LIA.

4.2.2 Effect of the hydrophobic LWF motif on SynNotch signaling

To test the effect of the juxtamembrane region on Notch signaling, we compared
receptors built upon the original SynNotch core with those built upon a core expanded to
have an additional 10 amino acids at the C-terminus, which encompass the LWF motif
(QHGQLWEPEG). Furthermore, we compared the use of the Gal4-VP64 ICD, which is
commonly used in SynNotch receptors, with the use of a Gal4-VPR ICD, a transcription
factor of greater potency that amplifies the reporter signal from LIA (Figure 12). We found
receptors bearing the LWF motif and Gal4-VPR ICD had greatly reduced LIA, while still
inducing similar levels of reporter expression upon stimulation with ligand (Figure 34B-
C).

Having confirmed that introducing the LWF motif in SynNotch can reduce LIA,
we next wished to understand whether or not this effect was specific to the identity of the
residues added. To do so, We generated mutated LWFP domains and compared their
abilities to reduce LIA, again using the Gal4-VPR ICD (Figure 34D). To first test if the
effect could be recapitulated by a generic amino acid spacer between the TMD and
transcription factor, we used a flexible linker (GGGS) in place of LWFP. This linker was
unable to reduce LIA, indicating a dependency on the precise amino acid composition. We

also performed an alanine screen on LWFP, and found that these residues maintained the
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ability to reduce LIA. Alanine residues are hydrophobic and likely able to maintain the
LWF motif’s interaction with the plasma membrane, therefore implicating the hydrophobic
nature of these residues as a driver of the reduced LIA. Furthermore, results from the
alanine screen indicate that the reduced LIA is not due to crosstalk with the native Notch
signaling pathway. The LWF motif is encompassed by the conserved &W&P motif in Notch
receptors (where & is a hydrophobic residue), which mediates binding to the transcriptional
co-activator CSL. Alanine mutations of &W&P are known to reduce or abolish binding to
CSL (137). Because our alanine mutants continue to reduce LIA, we can be confident that
the effect is not due to sequestration of leaky ICD by CSL. Together, these results indicate
a specific effect of hydrophobic residues that reduce LIA by interacting with the plasma
membrane.

In pursuit of an enhanced SynNotch receptor, it would be useful to further reduce
LIA to the point that transcriptionally potent ICD’s, such as Gal4-VPR, could be used to
sensitively detect low ligand concentrations. We therefore sought to combine the LWF
motif with additional regulatory strategies. The final proteolytic event in canonical Notch
activation is cleavage by !-secretase at S3. Mutating the Val1744 residue within S3 can
decrease the catalytic rate of !-secretase, as well as produce shorter-lived ICD species (138,
139). Therefore, we hypothesized that VVal1744 mutations could be used to reduce LIA in
SynNotch. Indeed, we find that mutating Val1744 to Ala, Gly, Leu, or Lys in SynNotch
receptors reduces activation, consistent with existing literature, as well as LIA, as intended
(Figure 34E) (138, 139). We observed similar results upon substituting Val for beta-

branched amino acids lle and Thr. Furthermore, the effects of V1744 mutation were
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additive with the LWF motif’s reduction in LIA. Due to the reduction in both LIA and
maximum activation, this strategy would likely best be applied when low LIA, rather than
maximum signal, is imperative.

We note that after the experiments reported in this section were performed, a recent
publication corroborated our work showing that addition of the juxtamembrane

hydrophobic region leads to an enhanced SynNotch with reduced LIA (69).

4.2.3 Application of an enhanced SynNotch to regulate Cre recombinase

Cre recombinase is extremely sensitive, able to create permanent genetic change with only
a small number of active recombinases in the nucleus. In the context of SynNotch, Cre
recombinase presents an alluring ICD that could enable a small number of extracellular
signals to be recorded as a genetic change. If LIA is not sufficiently regulated, however,
SynNotch receptors with a Cre ICD would be largely unusable. In a brief proof of concept
experiment, we combined several regulatory strategies to create a SynNotch receptor with
Cre ICD that could be transiently expressed in cells, with minimal LIA. We used a weak
thymidine kinase promoter (TK) to drive expression of a receptor containing a SNRR
domain, the LWF motif, a Cre recombinase ICD with the R32M mutation, and a C-terminal
PEST domain (140, 141). Activation of these receptors induced expression of an H2B-
mCherry reporter gene via Cre/loxP recombination (Figure 34F). We found that these
receptors were able to utilize Cre recombinase as an ICD, with detectable ligand-mediated

activation and minimal LIA 48 hours after transfection (Figure 34G). Results from this
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section demonstrate a promising strategy for designing sensitive receptors that tightly

regulate ICD’s such as Cre recombinase and Gal4-VPR.
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Figure 34. Reduction in SynNotch ligand-independent activation by the LWF motif.

(A) NMR structure of the Notchl TMD (PDB 5KZ0). Notchl residues included in the
original SynNotch core design are colored in blue, while those omitted are colored in red.
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Membrane reentrant LWF residues and Val1744 of the S3 cleavage site are represented as
sticks. (B) Clonal HEK293FT cells with a UAS-H2B-mCherry gene are transfected with a
SynNotch receptor with a Gal4-VP64 (left) or Gal4-VPR (right) ICD and cultured on a
surface without (top) or with (bottom) adsorbed FITC ligand. Receptors are either built
upon the original SynNotch core (blue) or with an additional 10 amino acids encompassing
the LWF motif (red) N-terminal to the Gal4-based ICD. Presence of the potent VPR
transactivating domain accentuates the fluorescent readout from any LIA, and a reduction
in LIA is apparent for receptors with LWF and Gal4-VPR. (C) Fluorescent images of H2B-
mCherry reporter gene activity from assay in (B). (D) Comparison of LIA and ligand-
induced activation in SynNotch receptors with the original core (blue), with the additional
LWF motif (red), or with mutants of the LWF motif. Orange lines denote any one of four
alanine mutations through the LWFP sequence of hydrophobic residues. Green line denotes
a substitution of LWFP for a flexible GGGS linker. (E) Additive reduction in LIA by the
LWF motif and mutation of the S3 cleavage site. (F) Design of a SynNotch receptor with
a Cre recombinase ICD and several regulatory measures to limit its LIA. Receptor
activation induces expression of an H2B-mCherry gene via genetic recombination. (G)
Preliminary fluorescent images showing ability of our design to limit LIA in SynNotch
signaling with Cre as an ICD. HEK293FT cells are co-transfected with receptor and H2B-
mCherry reporter constructs then plated directly on culture surfaces with or without FITC
ligand. Two destabilized SNRR variants are tested in the receptor design (Y186A and
Y186F). Cells are imaged 48 hours after transfection. Inset images shows mTurquoise co-
transfection marker.

!
4.3 Discussion

In this chapter, we first demonstrated the LINC tool for controlling intercellular
Notch signaling using antiviral drugs. Results from this section highlight the modularity of
LInC, showing it is able to conditionally link proteins in a luminal and extracellular
context, in addition to the established cytosolic setting. DII1-NS3 offers researchers a tool
to conditionally express ligand in studies of Notch signaling. This or other inducible
systems could be extended to Notch’s other ligands in the Delta-like or Jag families to
achieve combinatorial control over Notch-ligand interactions.

We next demonstrated that the LWF motif, a feature of the natural Notch receptor

omitted in the original SynNotch designs, can reduce LIA in synthetic Notch receptors.
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The addition of an LWF motif improves the SynNotch tool, allowing researchers to
transiently express the technology without concern about rampant LIA. The LWF motif is
a simple improvement to include in future SynNotch iterations, and perhaps could likewise
improve the functionality of receptors based upon Notch2 and Notch3, which exhibited
extensive LIA in 3.5. Lastly, the effect of the LWF motif on LIA prompts exciting
questions about the underlying mechanism and its role in natural Notch signaling. Ongoing
efforts are untangling the dual functionality of the LWF motif, a small stretch of amino
acids that regulates both !-secretase cleavage at the plasma membrane and helps form

transcriptional complexes in the nucleus.
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APPENDIX

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 constructs designed or used over the course of this
thesis work is reported in Table 1. The constructs used in each thesis figure are reported
in Table 2. Residues in the anti-NRR scFv are numbered by their position in the single
chain construct. The numbering of these residues relative to their numbering in the

original full-length antibody (64) is reported in Table 3.

Mammalian Cell Culture

All mammalian cell lines were cultured in a humidified incubator maintained at
37 °C with 5% CO.. HEK293FT, HEK293A, and CHO cells were cultured in DMEM
with 10% FBS and supplemented with nonessential amino acids (Life Technologies) and
Glutamax (Life Technologies). HelLa cells and C3H/10T1/2 cells (ATCC) were cultured
in DMEM with 10% FBS, nonessential amino acids, Glutamax, and penicillin-
streptomycin. Cells stably or transiently expressing tet-dependent constructs were

maintained in growth media containing tet-free FBS (SH30070.03T, GE Healthcare).

DNA Transfections
DNA transfections were carried out using Lipofectamine 3000 Reagent

(ThermoFisher) according to the manufacturer’s instructions. The amount DNA plasmid
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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 Tet-regulated 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.

Lentiviral Production and Transductions

Viral particles were produced using 2"-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 pg 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 um filter. For transductions, cells were infected in growth media
supplemented with viral supernatant, and media was replaced 48 h later.

Stable Cell Line Generation
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Stable cell lines used in this thesis are reported in Table 4, and the cell lines used
in each figure are reported in Table 2. Generally, cells were transfected with linearized
DNA or infected with lentiviral particles conferring the gene of interest and an antibiotic
resistance gene for mammalian selection. 48 hours after transfection or transduction, the
cells were exposed to antibiotic selection. A stable cell line pool was thus generated after
the elimination of nontransfected/nontransduced cells (typically after 10 days of culture
in the presence of antibiotic). In order to isolate single clones from this pool, surviving
cells were then transferred into 96-well plates via a limited dilution procedure.

Antibiotic concentrations used for each cell type were as follows: CHO cells
Zeocin (400 pg/mL), Blasticidin (10 pg/mL), Neomycin (600 pg/mL), and Hygromycin
(500 pg/mL); HEK293FT and HEK 293A cells Zeocin (100 pg/mL), Blasticidin (5
pg/mL), Hygromycin (75-100 pg/mL), Puromycin (0.5 — 2 ug/mL, unless otherwise

stated in Figure 22B); HeLa and C3H 10T1/2 Puromycin (2 pg/mL).

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 (TGTSs), similarly to the TGT fabrication detailed previously (50, 72).
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:
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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 ligand-

conjugated ssDNA:

12 pN: /ISAMMC6/GGG TGG TCG CTG CGG GCC
43 pN: GGG TGG TCG C/IAmMMC6T/G CGG GCC

54 pN: GGG TGG TCG CTG CGG GCC/3AmMMO/

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 (72), creating biotin-ssDNA. Ligand- and biotin-ssDNA were incubated at
equimolar ratios overnight at 4 °C to create 50 uM 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 biotin-streptavidin
interaction, very conservatively taken to be in excess of 100 pN (71).

Non-tissue culture treated dishes were incubated with a mixture of 10 pg/ml

biotinylated BSA (A8549, Sigma-Aldrich) and 10 pug/ml fibronectin (AAJ62380LB0,
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Fisher Scientific) in PBS for 1 h at room temperature then washed with PBS. The surface
was then incubated with 100 pg/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 (64)targeting Notchl NRR was subcloned as
an scFv into the Ncol/Notl cut sites of the pPBIOCAMDS vector (Addgene No. 39344) (74)
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 um filter, adding Tris buffer (pH 8) to a final concentration of 20 mM, and adding
NaCl; 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,
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AHO0062, Thermo Fisher), mouse anti-myosin heavy chain (1:100, MAB4470, R&D
Systems)), exogenous anti-NRR (1 pg/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 pg/mL), DIl4/Fc (5 pg/mL, A42511, Thermo Fisher).

The following secondary antibodies were used: anti-mouse HRP conjugate
(2:3,000, 7076, Cell Signaling), anti-mouse Alexa Fluor 488 conjugate (1:2,000, A-
11001, 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, or for 30 min at 37C to allow continued internalization



! 114

of labeled receptors. 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.

To visualize ligand transendocytosis using 2-photon microscopy, signal from
immunolabeled SynNotch receptors by using the anti-Myc Alexa Fluor 647 conjugated

primary antibody, as well as an Alexa Fluor 647 conjugated secondary antibody.

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 (NP0O007, 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 Assays 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 sSNRR-based anti-FITC

SynNotch receptors, transfected cells were grown on tissue culture surfaces that had been
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coated for 1 h at room temperature with fibronectin (10 pg/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 uM BB94 (SML-0041, Sigma-Aldrich)
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
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 (80). 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 8-well 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.
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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, 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 (142).

Thermodynamic Modeling of SNRR Activation
As described in Chapter 2.4.3, we devised a model for SNRR activation in which

the probability of activating SNRR is described by the equation:

* R%ﬁ_OUVWXV\Y
JokimlBrard & - RLOZ R;_S$1|_OZ[ RLOUVWxXW 4 (10)
?

The function has four unknown quantities: the force sensitivity factor 6, a length constant

X, the ratio of the ligand concentration divided by the ligand dissociation constant >£$ and
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the autoinhibition energy barrier between the open and closed states \7 .

We calculate these unknown quantities by fitting to experimentally measured
reporter fluorescence values, assuming reporter expression is a readout of the receptor
state. We consider cellular fluorescence as a binary output, with cells being either
transcriptionally active (on) or inactive (off), i.e. the fraction of “on” cells is equivalent to
fon = pPopen. The value for fon is measured by first gating for positive reporter gene activity
above a threshold, as described in the flow cytometry methods above, and then
normalizing by the fraction of cells activated in the case of NRR-SynNotch stimulated
with biotin-FITC. This ensures that the probability saturates at a value of one for large
force values. We normalize our results as such because in our experiments, we observe
that fewer than 100% of cells expressing the co-transfection marker are transcriptionally
activated, even in the case of a mechanically weak NRR-based receptor treated with a
strong stimulus. We attribute this to a population of “false-negative” cells that express the
co-transfection plasmid but not the SynNotch plasmid, and we assume this limitation
equally impacts all experimental groups. We consider the fraction of activated cells
measured for NRR-SynNotch on biotin-FITC to be an estimate of the max fraction of
cells that express both SynNotch and the co-transfection marker and therefore use this
value to normalize all groups.

For each mechano-sensing domain, we assign the control a force value of Begg &
] and the biotin-FITC stimulus a value of Be.gg & g]] pN. The exact value of this
maximal force does not matter, as long as it is much larger than the other values of the

force investigated, in this case 54 pN, such that the probability is saturated at its maximal
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value of one.
For each mechano-sensing domain, we measure the energy barrier Z7 by
evaluating the opening probability of the control state (Bege & ]),, resulting in the

equation:

* _ * Keabe 1d4
Z7& 7<=~ 2 -e (11)

‘08 ) . .
Next, we assume >—and x are approximately the same for each receptor in a particular
?

experimental setup. We find that our results are insensitive to the exactly value of ;ﬁ

within numerical precision as long as it is the correct order of magnitude, approximately

;ﬁ f g] 2. The force sensitivity factor 6 is allowed to vary separately for each receptor,

with 6 defined as 6 & g for NRR. To find >%$ |, and the remaining values of 6, we fit

JokLm1Brgg4 to our experimental data simultaneously for all mechano-sensing domains

from a particular experiment. We minimize the least squared error between our model of
JokLmlBrgre4 and the experimentally measured values using a standard numerical
optimization routine.

To estimate confidence intervals for each quantity resulting from fitting our
model, we perform bootstrapping on the histograms of the experimentally measured
reporter fluorescence values. For a particular mechanosensing domain with a particular
external force, we resample a histogram consisting of ~ values by randomly selecting ~
new values from the original sample, with each original value being equally likely and

allowing repeats. For one bootstrapping step, we create a new histogram for each
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mechano-sensing domain and external force value and repeat our fitting procedure on the

entire dataset, producing a new set of fit parameters. We repeat this process for a total of

1000 bootstrapping steps, allowing us to create a distribution for each quantity and

measure the 10th and 90th quantiles as an approximate confidence interval.

Table 1. List of constructs generated or used during thesis work

NO.

© 00 N o ok DN

NN NN R RRRRRR R B P
B W NREP O O N DM wWwdN RO

PLASMID NAME

NICD1
NICD3
POGG44

Gal4-IRES-mCherry

Gal4-VvP64
Gal4-TEVcs-VP64
TEV protease
rTA3

rtTA3-IRES-mCherry

tetR-KRAB
pAC7 GF BDAD
pQUAS GG
pAC14 LexA-QE
mEmerald-Facsin
EGFP
pmiRFP-670
pcDNA3 mTurq
IRES puro GFP
mCardinal paxillin
TK NanolLuc
H2B-mCherry
NIN-CAAX
KIN-CAAX
Sang

MUTATIONAL
VARIANT

TF
TF

TF
TF
TF

TF
TF
TF

TYPE



25
26
27
28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50
51

52
53

54
55

BirA
VSVG
PSPAX?2

UBC nls HAMCP Venus N nils HA
PCP Venus C
pcrd 12xMBS PBS

pcDNAS FRT/TO

pDuet myrpalm BFP

pLV empty-T2A-LifeAct iRFP
pLV Hygro

pLV Blast

pDuet 011

pLV empty-T2A-BFP Puro
pLV empty-T2A-citrine

pLV empty-T2A-BFP Hygro
pLV empty-T2A-BFP Blast
pLV-empty-T2A-LifeAct BFP
pLV-empty-T2A-myrpalm BFP
pLV Neo

pLV Efla empty-T2A-myrpalm
iRFP
LV-TRE-empty-T2A-dsRed
LV-TRE-MyoD-T2A-dsRed
LV-TRE-VP64-MyoD-T2A-dsRed
LV-TRE-p65-MyoD-T2A-dsRed
LV-TRE-mKate (no miRNA)
LV-TRE-empty-T2A-BFP
LV-TRE-TEV-T2A-BFP

LV-TRE-TEV-T2A-mKate
(MiRNA FF4)
LV-TRE3G-dsRed TO3 Blast

LV-TRE3G-citrine hPGK-T2A
Puro

LV-TRE3G-dsRed hPGK TO3G
LV-TRE3G-Gal4-KRAB-T2A-
dsRed TO3

120

LV
LV

Cloning backbone

Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone
Cloning backbone

Reporter
Reporter
Reporter
Reporter
Reporter
Reporter
Reporter
Reporter

Reporter
Reporter

Reporter
Reporter



56

57

58

59
60

61

62
63
63.1

64
65

66
67
68

68.1

69

70

71

72
73

74

75
76

77

LV-TRE3G-Gal4-KRAB-T2A-
citrine TO3
LV-TRE3G-Gal4-KRAB-T2A-
mKate (MiRNA FF4)
LV-TRE3G-Gal4-KRAB-T2A-
mKate (miRNA FF4) Zeo
LV-TRE3G-mKate (miRNA FF4)

LV-TRE3G-mKate (miRNA FF4)
hPGK-TO3 Puro
LV-TRE3G-CFP (8x miRNA
target) PGK-T2A-Puro
LV-TRE3G-GFP ligand Blast

LV-TRE3G-GFP-DII1 ligand Blast

LV-TRE3G-GFP*-DII1 ligand edited GFP
Blast
LV-TRE3G-GFP-DII1 ligand Puro

Construct 22 CMV-ECFP (8x
miRNA target)
LV-UAS Blast

UAS-mKate (8x miRNA target)
LV-UAS mCerulean (8x miRNA

target)
LV-UAS mCerulean (8x miRNA  Updated cloning
target) v2 scheme

LV-UAS mCerulean-PEST (8x
miRNA target) Puro

LV-UAS mCerulean-PEST (8x
miRNA target) Blast
LV-UAS-TEVs-mCerulean (8x
miRNA target)
LV-UAS-TEVs-mCerulean-PEST

LV-UAS-TEVs-mCerulean-PEST
(8x miRNA target)
LV-UAS-mCer-PEST (8x miRNA
target) / TRE3G-mKate (mMiRNA
FF4)

LV-UAS-Fluc (8x miRNA target)
LV-UAS-Fluc-PEST (8x miRNA
target)

LV-UAS-TEVs-Fluc (8x miRNA
target)

Reporter
Reporter
Reporter

Reporter
Reporter

Reporter

Reporter
Reporter
Reporter

Reporter
Reporter

Reporter
Reporter
Reporter

Reporter

Reporter
Reporter
Reporter

Reporter
Reporter

Reporter

Reporter
Reporter

Reporter

121



78

79

80

81

82

83

84

85
86
87

88
89

90

91

92

93

94
94.1
94.2
94.3
94.4
94.5
94.6
94.7
94.8

95

LV-UAS-TEVs-Fluc-PEST (8x
miRNA target)

LV-UAS-MyoD (8x miRNA
target)

LV-UAS-p65-MyoD (8x miRNA
target)

LV-UAS-MyoD-PEST (8x miRNA
target)
LV-UAS-TEVs-MyoD-PEST (8x
miRNA target)
LV-UAS-TEVs-p65-MyoD (8x
miRNA target)
LV-UAS-TEVs-p65-MyoD-PEST
(8x miRNA target)
LV-UAS-tetR-KRAB

Neo -> H2BmCherry Cre reporter

LV-TRE3G-Gal4-KRAB-mKate
(miRNA FF4) / UAS-mCerulean-
PEST (8x miRNA target)
LV-UAS-QF (8x miRNA target)
LV-UAS-QF-PEST (8x miRNA
target)

LV-UAS-TEVs-QF (8x miRNA
target)
LV-UAS-TEVs-QF-PEST (8x
miRNA target)
LV-QUAS-mCerulean-PEST (8x
miRNA target)
LV-QUAS-mCerulean-PEST /
UAS-QF

Ab2-mCherry
Ab2(R99A)-mCherry
ADb2(R99K)-mCherry
Ab2(Y92A)-mCherry
ADb2(N55A)-mCherry
Ab2(C22S/C92A)-mCherry
ADb2(S30A)-mCherry
Ab2(Y49A)-mCherry
Ab2(Y55A)-mCherry

WC75-mCherry

R99A
RI9K
Y92A
N55A
C22S/C92A
S30A
Y49A
Y55A

Reporter
Reporter
Reporter
Reporter
Reporter
Reporter
Reporter

Reporter
Reporter
Reporter

Reporter
Reporter

Reporter
Reporter
Reporter
Reporter

Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
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96
97
97.1
97.2
98
99
99.1
99.2
100
101
102
103
104
105
106
107

108

109

110

111
112
113
114
115
116
117
118
119
120
121
122
123

Ab2-mCherry-PEST
UAS-Ab2-mCherry
UAS-ADb2(R99A)-mCherry
UAS-Ab2(R99K)-mCherry
UAS-Ab2-mCherry-PEST
TO-Ab2-mCherry
TO-Ab2(R99A)-mCherry
TO-Ab2(R99K)-mCherry
TO-Ab2-mCherry-PEST
PCDNAS5 Ab2-mCherry Neo
D3 anti-NRR2-mCherry Hygro
B6 anti-NRR2 Addgene

B9 anti-NRR2 Addgene

B6 anti-NRR2-mCherry Hygro
B9 anti-NRR2-mCherry Hygro

pcDNADS B6 anti-NRR2-mCherry
Hygro

pcDNADS B9 anti-NRR2-mCherry
Hygro

pcDNAS TO-B6 anti-NRR2-
mCherry Neo

pcDNAS TO-B9 anti-NRR2-
mCherry Neo

scFv 20350 anti-NRR3-mCherry

scFv 20358 anti-NRR3-mCherry
scFv anti-FITC-mCherry
Ab2-NS3-Gal4-PEST

pCDNA3 DII1

pCDNAS3 DII1 (no FP) Hygro
pCDNAS3 DII1-NS3-mCherry
PCDNAS5 TO-DII1-NS3-mCherry
human DIl4

mouse DIl4

DII4-NS3-mCherry (mouse)
pHR GFP ligand

pHR GFP-DII1 ligand

R99A
RI9K

R99A
R99K

Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp
Clamp

Clamp
Clamp
Clamp

Clamp
Clamp
Clamp
TF

Ligand
Ligand
Ligand
Ligand
Ligand
Ligand
Ligand
Ligand
Ligand
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124
125
126
127

128
129
130
131
132
133
134

135

136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
150.1
150.2
150.3
150.4
150.5

pHR GFP-DII4 ligand
LV-TRE GFP ligand
LV-TRE GFP-DII1 ligand

LV-TRE GFP-DII1(NboxAla)
ligand
LV-TRE GFP-DII4 ligand

LV-TRE GFP-CDHL1 ICDa ligand
LV-TRE GFP-CDHL1 ICDc ligand
LV-TRE GFP-GPI ligand

LV-TRE EGFP-Ecadherin(W2A)
pLV GFP ligand-T2A-LifeAct BFP

pLV GFP-DII1 ligand-T2A-LifeAct
BFP

pLV GFP ligand-T2A-myrpalm
BFP

pLV GFP-DII1 ligand-T2A-
myrpalm BFP

FRB-DII1 ICD

FRB-DII1-mCherry ICD
FRB-DII4 ICD
FRB-DII4-mCherry ICD
FRB-CDH1 ICD
FRB-CDH1-mApple ICD
FRB-CDH1min ICD
FRB-CDH1min-mApple ICD
E-cadherin mApple
VE-cadherin mApple
pRRL-CDH1-mApple
pPRRL-CDH5-mApple
pBIOCAMS E6

pBIO Ab2

pBIO Ab2(R99A)

pBIO Ab2(R99K)

pBIO Ab2(Y55A)

pBIO Ab2(Y92A)

pBIO Ab2(S30A)

R99A
RI9K
Y55A
Y92A
S30A
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Ligand
Ligand
Ligand
Ligand

Ligand
Ligand
Ligand
Ligand
Ligand
Ligand
Ligand

Ligand

Ligand

Adhesion
Adhesion
Adhesion
Adhesion
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression



150.6
150.7
150.8
150.9
150.10
150.11
150.12
150.13
150.14
150.15
150.16
151
152
153
154
155
156
156.1
157
158
159
160
161
162
163
163.1

164
164.1

165
165.1
165.2

166

pBIO Ab2(YY49A)

pBIO Ab2(Y49F)

pBIO Ab2 (Y49H)
pBIO Ab2(YY49Q)

pBIO Ab2 (Y49G)
pBIO Ab2(YY49L)

pBIO Ab2(F98Y)

pBIO Ab2(Y49A/Y55A)
pBIO Ab2(Y49A/Y92A)
pBIO Ab2(Y49F/Y92A)
pBIO Ab2(Y55A/Y92A)
pBIO Ab2-Sec

pBIO Kozak Ab2

pBIO WC629

pBIO WC75

pFHB empty

pFHB NRR

pFHB NRR-delS1
pFHB Kozak NRR
pFHB sNRR

p12HB SNAP empty
p12HB Halo empty
p12HB mMobA empty
p12HB RepBm empty

p12HB SNAP-NRR-delS1

p12HB SNAP-NRR-EKSs

p12HB sNRR-delS1
p12HB sNRR-EKs

pl2HB Halo-NRR
p12HB Halo-NRR-delS1
p12HB Halo-NRR-EKSs

p12HB Halo-sSNRR

Y49A
Y49F
Y49H
Y49Q
Y49G
Y49L
FO8Y
Y49A/Y55A
Y49A/Y92A
Y49F/Y92A
Y55A/Y92A

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site
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Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression
Protein Expression

Protein Expression
Protein Expression

Protein Expression
Protein Expression

Protein Expression

Protein Expression



166.1
166.2

167
167.1
167.2

168
168.1
168.2

169
170
170.1
170.2

171
171.1
171.2

172
173
174
175
175.1
176
177
178
179
180
180.1
180.2
180.3
180.4
180.5

p12HB Halo-sNRR-delS1
p12HB Halo-sSNRR-EKs

pl2HB mMobA-NRR
p12HB mMobA-NRR-delS1
p12HB mMobA-NRR-EKs

p12HB mMobA-sNRR
p12HB mMobA-sNRR-delS1
p12HB mMobA-sNRR-EKs

pl12HB RepBm-3xFLAG
pl12HB RepBm-NRR
p12HB RepBm-NRR-delS1
pl12HB RepBm-NRR-EKSs

p12HB RepBm-sNRR
p12HB RepBm-sNRR-delS1
pl12HB RepBm-sNRR-EKs

pcDNA3 hN1

pPRRL hN1-mApple

hN1 LNR4 Design A

hN1 LNR4 Design B

hN1 LNR4(R99K)
hN1-Gal4-VP64
hN1-LNR4-Gal4-VP64
pBSK Drosophila Notch
mMFG-NRR-G4VP64
mFG-sNRR-G4VP64
MFG-sNRR(Y49A)-G4VP64
mFG-sNRR(Y49F)-G4VP64
mMFG-sNRR(R99A)-G4VP64
mMFG-sNRR(R99K)-G4VP64
mMFG-sNRR(Y55A)-G4VP64

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site

S1 deletion

S1 changed to
enterokinase site

RI9K

Y49A
Y49F
R99A
RI9K
Y55A
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Protein Expression
Protein Expression

Protein Expression
Protein Expression
Protein Expression

Protein Expression
Protein Expression
Protein Expression

Protein Expression
Protein Expression
Protein Expression
Protein Expression

Protein Expression
Protein Expression
Protein Expression

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor



180.6
180.7
180.8
180.9
180.10
180.11
180.12
180.13
180.14

180.15

180.16

180.17
180.18
180.19
180.20
180.21
180.22
180.23
180.24

181
182
183
184
184.1
184.2
185
185.1
185.2
186
187
187.1
187.2

MFG-sNRR(N55A)-G4VP64
mMFG-sNRR(S30A)-G4VP64
MFG-sNRR(Y92A)-G4VP64
mFG-sNRR(R50K)-G4VP64
mMFG-sNRR(N52L)-G4VP64
mMFG-sNRR(N52D)-G4VP64
mFG-sNRR(N55L)-G4VP64
mMFG-sNRR(N55D)-G4VP64

MFG-sNRR(Y49A/Y55A)-
GA4VP64
MFG-sNRR(Y49A/Y92A)-
GA4VP64
MFG-sNRR(Y55A/Y92A)-
GA4VP64
MFG-sNRR(Y49F/Y92A)-G4VP64

mMFG-sNRR(C22S/C92A)-G4VP64
mFG-sNRR(F98L)-G4VP64
mMFG-sNRR(F98Y)-G4VP64
MFG-sSNRR(N55A/F98Y)-G4VP64
MFG-sNRR(Y92A/F98Y)-G4VP64
MFG-sNRR(Y49A/F98Y)-G4VP64

MFG-sNRR(Y49A/Y55A/F98Y)-
G4VP64
MFG-sNRR(WC629)-G4VP64

MFG-sNRR(WC75)-G4VP64
MFG-sNRR(E6)-G4VP64
PGK-mFG-NRR-G4VP64
PGK-mFG-sNRR(Y49A)-G4VP64
PGK-mFG-sNRR(Y49F)-G4VP64
TK-mFG-NRR-G4VP64
TK-mFG-sNRR(Y49A)-G4VP64
TK-mFG-sNRR(Y49F)-G4VP64
MFG-NRR-tTA

MFG-sNRR-tTA
MFG-sNRR(Y49A)-tTA
MFG-sNRR(Y49F)-TA

N55A
S30A
Y92A
R50K
N52L
N52D
N55L
N55D
Y49A/Y55A

Y49A/Y92A

Y55A/Y92A

Y49F/Y92A
C22S/C92A

FI8L

FI8Y

N55A/FI8Y
Y92A/FI8Y
Y49A/F98Y
Y49A/Y55A/F98Y

Y49A
Y49F

Y49A

Y49F

Y49A
Y49F

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

127



188
189
189.1
190
191
192
193
194
195
196
197
198
199
200
200.1
200.2
200.3
200.4
200.5
200.6
201
201.1
201.2
201.3
201.4
201.5
201.6
202
203
204
205
205.1
205.2
205.3

PGK-mFG-sNRR-tTA

anti-FITC-sSNRR-tTA
anti-FITC-SNRR(Y49F)-tTA Y49F
MFG-sNRR-tetR-KRAB

LaG17-NRR-NICD

MFG-NRR2-G4VP64

MFG-sNRR2-G4VP64
LaG17-EGF34-35-NRR2-G4VP64
LaG17-EGF33-34-NRR3-G4VP64
SNAP-NRR-G4VP64

SNAP-sNRR-G4VP64
anti-FITC-NRR-G4VP64
LaG17-NRR-G4VP64
MFG-NRR(K1462R)-G4VP64 K1462R
MFG-NRR(L1466A)-G4VP64 L1466A

MFG-NRR(L1466F)-G4VP64 L1466F
mMFG-NRR(L1710P)-G4VP64 L1710P
mFG-NRR(N1714D)-G4VP64 N1714D
mMFG-NRR(L1575P)-G4VP64 L1575P
MFG-NRR(L1594P)-G4VP64 L1594P

MFG-sNRR(K1462R)-G4VP64 K1462R
MFG-sNRR(L1466A)-G4VP64 L1466A
mMFG-sNRR(L1466F)-G4VP64 L1466F
mMFG-sNRR(L1710P)-G4VP64 L1710P
mMFG-sNRR(N1714D)-G4VP64 N1714D
mFG-sNRR(L1575P)-G4VP64 L1575P
MFG-sNRR(L1594P)-G4VP64 L1594P
mFG-NRR-Gal4-VP

mFG-NRR-Gal4-VPR

mFG-sNRR-Gal4-VP

mFG-sNRR-Gal4-VPR Y49A
mFG-sNRR(Y49A)-Gal4-VPR Y49F
mFG-sNRR(Y49F)-Gal4-VPR Y49A/Y92A

mMFG-sNRR(Y49A/Y92A)-Gal4-
VPR

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
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206

207

208
208.1

209
209.1
209.2
209.3
209.4
209.5

210

210.1

210.2

210.3

210.4

210.5

210.6

210.7

210.8

210.9

210.10

210.11

211
212

213

MFG-NRR-LWF-G4VP64
mFG-NRR-LWF-Gal4-VPR
mFG-sNRR-LWF-Gal4-VPR

MFG-SNRR(Y49A/Y92A)-LWF-
Gal4-VPR
mMFG-NRR-Gal4-VPR (V1744A)

mFG-NRR-Gal4-VPR (V1744l)

mFG-NRR-Gal4-VPR (V1744L)
mFG-NRR-Gal4-VPR (V1744K)
mMFG-NRR-Gal4-VPR (V1744T)
mFG-NRR-Gal4-VPR (V1744G)

MFG-NRR-LWF-Gal4-VPR
(V1744A)
MFG-NRR-LWF-Gal4-VPR
(V17441
MFG-NRR-LWF-Gal4-VPR
(V1744L)
MFG-NRR-LWF-Gal4-VPR
(V1744K)
MFG-NRR-LWF-Gal4-VPR
(V1744T)
MFG-NRR-LWF-Gal4-VPR
(V1744G)
MFG-NRR-LWF-Gal4-VPR
(L1767A)
MFG-NRR-LWF-Gal4-VPR
(L17671)
MFG-NRR-LWF-Gal4-VPR
(W1768A)
MFG-NRR-LWF-Gal4-VPR
(F1769A)
MFG-NRR-LWF-Gal4-VPR
(P1770A)
MFG-NRR-LWF-Gal4-VPR
(LWFP -> GGGS)
MFG-NRR-Gal4-VPR (S5 -> IF)
MFG-NRR-LWF-Gal4-VPR (S5 ->
IF)
MFG-NRR-LWF-Gal4-VPR-PEST

Y49A/Y92A

V1744A
V1744]

V1744L
V1744K
V1744T
V1744G
V1744A

V1744]

V1744L

V1744K

V1744T

V1744G

L1767A

L17671

W1768A

F1769A

P1770A

LWFP -> GGGS

S5 site to IF
S5 site to IF

Receptor
Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
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213.1

214

214.1

215
215.1

216
217
218

219
220

221
222
222.1

222.2

222.3

222.4

223

223.1

224
225
226

227

228

229

MFG-NRR-LWF-Gal4-VPR-PEST V1744G

(V1744G)

mFG-NRR-LWF-Gal4-VPR-NICD

PEST

MFG-NRR-LWF-Gal4-VPR-NICD V1744G

PEST (V1744G)
MFG-NRR-Gal4-VPR-PEST

MFG-NRR-Gal4-VPR-PEST
(V1744G)
deltaE-G4VP64-T2A-BFP

deltaE-LWF-G4VP64-T2A-BFP

deltaE-G4VP64-T2A-BFP
(V1744G)
deltaE-Gal4-VPR-T2A-BFP

deltaE-Gal4VPR-T2A-BFP
(V1744G)
MFG-NRR-Gal4-VP64-FKBP

mFG-sNRR-Gal4-VP64-FKBP

MFG-sNRR(Y49A)-Gal4-VP64-
FKBP
MFG-sNRR(Y49F)-Gal4-VP64-
FKBP
MFG-sNRR(R99A)-Gal4-VP64-
FKBP
MFG-sNRR(Y55A/Y92A)-Gald-
VP64-FKBP
TK-mFG-sNRR(Y49A)-LWF-
Cre(R32M)-PEST
TK-mFG-sNRR(Y49F)-LWF-
Cre(R32M)-PEST
anti-FITC-NRR-Gal4-TEVs-VP64

anti-FITC-sSNRR-Gal4-TEVs-VP64

anti-FITC-sSNRR(Y49A)-Gal4-
TEVs-VP64
anti-FITC-sSNRR(Y49F)-Gal4-
TEVs-VP64
anti-FITC-sSNRR(Y49F/Y92A)-
Gal4-TEVs-VP64
CMV-mFG-NRR-Gal4-VP64 (4x
mMiRNA target)

V1744G

V1744G

V1744G

Y49A

Y49F

R99A

Y55A/Y92A

Y49A

Y49F

Y49A

Y49F

Y49F/Y92A

Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
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230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

CMV-mFG-NRR-Gal4-VP64 (8x
miRNA target)
CMV-mFG-sNRR(Y49A)-Gal4-
VP64 (4x miRNA target)

CMV-mFG-sNRR(Y49F)-Gal4-
VP64 (8x miRNA target)

CMV-mFG-sNRR(Y49A)-Gal4-
VPR (4x miRNA target)
CMV-mFG-NRR-Gal4-Tevs-VP64
(4x miRNA target)
CMV-mFG-NRR-Gal4-Tevs-VP64
(8x miRNA target)
CMV-mFG-sNRR(Y49F)-Gal4-
Tevs-VP64 (4x miRNA target)

CMV-mFG-sNRR(Y49F)-Gal4-
Tevs-VP64 (8x miRNA target)

PGK-mFG-NRR-Gal4-VP64 (4x
miRNA target)
PGK-mFG-NRR-Gal4-VP64 (8x
miRNA target)
PGK-mFG-sNRR(Y49F)-Gal4-
VP64 (4x miRNA target)
PGK-mFG-NRR-Gal4-TEVs-VP64
(4x miRNA target)
PGK-mFG-sNRR(Y49A)-Gal4-
TEVs-VP64 (4x miRNA target)

PGK-mFG-sNRR(Y49A)-Gal4-
TEVs-VP64 (8x miRNA target)

PGK-mFG-sNRR(Y49F)-Gal4-
TEVs-VP64 (4x miRNA target)

PGK-mFG-sNRR(Y49F)-Gal4-
TEVs-VP64 (8x miRNA target)

PGK-mFG-sNRR(Y49A)-Gal4-
VPR (4x miRNA target)

Construct 22 NRR-Gal4 (8x
mMiRNA tag) vs. YA9F-tTA
pCDNA3 NRR-Gal4 vs. Y49F-tTA

Y49A

Y49F

Y49A

Y49F

Y49F

Y49A

Y49A

Y49F

Y49F

Y49A

Y49F

Receptor

Receptor

Receptor

Receptor
Receptor
Receptor

Receptor

Receptor

Receptor
Receptor
Receptor
Receptor

Receptor

Receptor

Receptor

Receptor

Receptor
Receptor

Receptor
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249

250

251

252

253

254

255

256

257

258
259
260
261
262
263
264

265

266

267

268

269

CMV-mFG-sNRR(Y49F)-Gal4- Y49F
VP64 + UAS-mCerulean-PEST (8x
mMiRNA target)
CMV-mFG-sNRR(Y49F)-Gal4- Y49F
VP64 + UAS-MyoD
CMV-mFG-sNRR(Y49F)-Gal4- Y49F
VP64 + UAS-p65-MyoD
CMV-mFG-NRR-Gal4-VP64 +
TRE3G-dsRed
CMV-mFG-NRR-Gal4-VP64 +
TRE3G-Gal4-KRAB-T2A-dsRed

CMV-mFG-NRR-Gal4-VP64 +
TRE3G-Gal4-KRAB-T2A-mKate
(intronic FF4 miRNA)
PGK-mFG-NRR-Gal4-VP64 +
TRE3G-mKate (intronic FF4

miRNA)

CMV-mFG-sNRR(Y49F)-tTA + Y49F
UAS-mCerulean-PEST (8x miRNA

target)

CMV-mFG-sNRR(Y49F)-tTA + Y49F
UAS-MyoD

pHR anti-FITC-NRR-Gal4-VP64

pHR anti-FITC-NRR-Gal4-VP

pHR anti-FITC-NRR-Gal4-VPR

pHR anti-FITC-sNRR-Gal4-VP64

pHR anti-FITC-sNRR-Gal4-VP

pHR anti-FITC-sSNRR-Gal4-VPR

pHR anti-FITC-sNRR(Y49A)- Y49A
Gal4-VP64

pHR anti-FITC-sNRR(Y49A)- Y49A
Gal4-VP

PHR anti-FITC-sNRR(Y49A)- Y49A
Gal4-VPR

pHR anti-FITC-sNRR(Y49F)- Y49F
Gal4-VP64

pHR anti-FITC-sNRR(Y49F)- Y49F
Gal4-VP

pHR anti-FITC-sNRR(Y49F)- Y49F

Gal4-VPR

Receptor

Receptor
Receptor
Receptor

Receptor

Receptor

Receptor

Receptor

Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor

Receptor
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270

271

272
273
274
275

276

277
2178
278.1
278.2
278.3
278.4
278.5
278.6
278.7

278.8

278.9

278.10
278.11
278.12

279
280
281
282
283
284.
284.1
285

pHR MFG-NRR-Gal4-VP64-T2A-
BFP

PHR MFG-sNRR-Gal4-VP64-T2A-
BFP

PHR LaG17-sNRR-tTA

PHR LaG17-sNRR(Y49A)-tTA
PHR LaG17-sNRR(Y49F)-{TA

PHR LaG17-sNRR(Y49A/Y92A)-
{TA

PHR LaG17-sNRR(Y49A/Y55A)-
{TA

pHR anti-FITC-NRR-tTA

pHR anti-FITC-sNRR-tTA

PHR anti-FITC-sSNRR(Y49A)-tTA
PHR anti-FITC-sNRR(Y49F)-tTA
pHR anti-FITC-sSNRR(R99A)-{TA
pHR anti-FITC-sSNRR(R99K)-{TA
PHR anti-FITC-sSNRR(S30A)-tTA
PHR anti-FITC-sSNRR(FI8Y)-tTA

pHR anti-FITC-
SNRR(Y49F/Y92A)-tTA

pHR anti-FITC-
SNRR(Y49A/Y55A)-tTA

pHR anti-FITC-
SNRR(Y55A/Y92A)-tTA

pHR anti-FITC-sSNRR(Y92A)-tTA

pHR anti-FITC-sSNRR(Y55A)-tTA

pHR anti-FITC-
SNRR(Y49A/Y92A)-tTA
pLV TRE-mFG-NRR-Gal4-VVP64

pLV TRE-mFG-sNRR-Gal4-VP64
PB mMFG-NRR-tTA

PB mMFG-sNRR-{TA

PB MFG-sNRR(Y49F)-tTA

pLV mMFG-sNRR-{TA

pLV mFG-sNRR(Y49F)-tTA

pLV MFG-NRR-Gal4-VP64-T2A-
BFP

Y49A
Y49F
Y49A/Y92A

Y49A/Y55A

Y49A
Y49F
R99A
R99K
S30A
FI8Y
Y49F/Y92A

Y49A/Y55A

Y55A/Y92A

Y92A
Y55A
Y49A/Y92A

Y49F

Y49F

Receptor
Receptor

Receptor
Receptor
Receptor
Receptor

Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
Receptor

Receptor
Receptor
Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
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286

287

288

289

290

290.1

290.2

290.3

290.4

290.5

290.6

290.7

290.8

290.9

290.10

290.11

290.12

290.13

291

292

293

pLV mFG-NRR-Gal4-VPR-T2A-
BFP

pLV mFG-NRR-LWF-Gal4-VPR-

T2A-BFP
pLV mFG-NRR-Gal4-VPR-T2A-
BFP (V1744G)

pLV mFG-NRR-LWF-Gal4-VPR-

T2A-BFP (V1744G)

pLV mFG-sNRR-Gal4-VP64-T2A-

BFP
pLV mFG-sNRR(Y92A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(N55A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(F98Y)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(R99A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(Y49A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(S30A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(R99K)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(Y49F)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(Y55A)-Gal4-
VP64-T2A-BFP

pLV mFG-sNRR(Y49A/Y55A)-
Gal4-VP64-T2A-BFP

pLV mFG-sNRR(Y49F/Y92A)-
Gal4-VP64-T2A-BFP

pLV mFG-sNRR(Y55A/Y92A)-
Gal4-VP64-T2A-BFP

pLV mMFG-sNRR(Y49A/Y92A)-
Gal4-VP64-T2A-BFP

pLV mFG-WC629-Gal4-VP64-
T2A-BFP

pLV mFG-WC75-Gal4-VP64-
T2A-BFP

pLV MFG-E6-Gal4-VP64-T2A-
BFP

V1744G

V1744G

Y92A

N55A

FI8Y

R99A

Y49A

S30A

RI9K

Y49F

Y55A

Y49A/Y55A

Y49F/Y92A

Y55A/Y92A

Y49A/Y92A

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
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294

295

296

297

298

299

300

301

302

303

304

305

306

pLV mFG-NRR-Gal4-VP64-T2A-
myrpalm-iRFP

pLV mFG-sNRR-Gal4-VP64-T2A-
myrpalm-iRFP

pLV mFG-sNRR(Y49A)-Gal4-
VP64-T2A-myrpalm-iRFP

pLV mFG-sNRR(Y49F)-Gal4-
VP64-T2A-myrpalm-iRFP

pLV mFG-sNRR-Gal4-VP64-T2A-
LifeAct-iRFP

pLV mFG-sNRR(Y49A)-Gal4-
VP64-T2A-LifeAct-iRFP

pLV mFG-sNRR(Y49F)-Gal4-
VP64-T2A-LifeAct-iRFP

pLV anti-FITC-sSNRR(Y49A)-tTA-
T2A-LifeAct-iRFP

pLV anti-FITC-sSNRR(Y49F)-
tTAT2A-LifeAct-iRFP

pLV mFG-sNRR-Gal4-VP64-T2A-
citrine

pLV mFG-sNRR(Y49A)-Gal4-
VP64-T2A-citrine

pLV mFG-sNRR(Y49F)-Gal4-
VP64-T2A-citrine

pLV Efla mFG-NRR-Gal4-VP64
(4x miRNA target)

Y49A

Y49F

Y49A

Y49F

Y49A

Y49F

Y49A

Y49F

Receptor
Receptor

Receptor

Receptor

Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor
Receptor

Receptor
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Table 2. Constructs and cell lines used in each figure

FIGURE
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11
11
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CONSTRUCTS
272, Addgene 79128
179, 180
272, Addgene 79128
272, Addgene 79128
172, 175
172, 175
179
17,179

20, 179, 180, Addgene
64125

20, 179, 180, Addgene
64125

17,179

17, 179, 180
17, 179, 180
17, 179, 180

16, 179, 180, 181, 182,
183
258, 261, 264, 267

16, 179, 180, 180.1,
180.2, 180.3, 180.5,
180.6, 180.7, 180.8,
180.20

20, 179, 180, 180.1,
180.2, 180.3, Addgene
64125

16, 179, 180, 180.1,
180.2, 180.5, 180.8,
180.14, 180.15, 180.186,
180.17

16, 180, 180.1, 180.6,
180.8, 180.14, 180.21,
180.22, 180.23, 180.24
285

38, 285, 290, 290.5
38, 285, 290, 290.5

METHOD
Lentiviral
Transient
Lentiviral
Lentiviral
Transient
Transient
Transient
Transient
Transient

Transient

Transient
Transient
Transient
Transient
Transient

Lentiviral
Transient

Transient

Transient

Transient

Transient
Transient
Transient

CELL LINE

HeLa
HEK293FT
HeLa

HeLa

HEK293A
HEK293FT
HEK293FT (E5)
HEK293FT (E5)
HEK293FT

HEK293FT

HEK293FT (E5)
HeLa

HEK293FT (E5)
HEK293FT (E5)
HEK293FT (E5)

HEK293FT (E5)
HEK293FT (E5)

HEK293FT

HEK293FT (E5)

HEK293FT (E5)

HEK293FT (E5)
HEK293FT (E5)
HEK293FT (E5)
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12

13

14
14
16

16

16

16

17

17

17

17

17

18
18
19
19
20
21

O W O W @™ >

258, 259, 260, 261, 262,
263, 264, 265, 266, 267,
268, 269

16, 179, 180, 200.1,
200.2, 200.3, 200.4,
200.5, 200.6, 201.1,
201.2, 201.2, 201.3,
201.4, 201.5, 201.6
277, 278.1, 278.2

277,278, 278.1, 278.2
25, 150, 156

25, 156, 156.1

25, 150, 156.1

25, 150, 156.1

25,170, 170.1, 170.2,

171,171.1,171.2

25, 159, 160, 161, 162

25, 156.1, 163, 165.1,

167.1,170.1

25, 161, 162

25, 160, 162, 165.1,

170.1

186

NA
277,278
277,278

59, 65, 187.2
16, 224

Lentiviral

Transient

Lentiviral
Lentiviral

Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient
(protein
expression)
Transient

NA

Lentiviral
Lentiviral
Transient
Transient

HEK293FT (E5)

HEK293FT (E5)

HelLa (F4)
HelLa (F4)
HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

C3H 10T1/2 (H3)
C3H 10T1/2 (H3)
C3H 10T1/2 (H3)
C3H 10T1/2 (H3)
HEK293FT

HEK293FT (E5 with
stable TEV reporter)
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Purified proteins

Purified proteins

Purified proteins

Purified proteins

Conditioned

media

Conditioned
media

Conditioned
media

Conditioned
media

Conditioned
media



21
21

21

21

22

22

22
23
23
23
24

24

24

25

> O 0O W O

36, 50, 224
16, 179, 187.2

248

248

16, 248

16, 248

16, 253, 256
16, 252, 253, 256
16, 253, 256
16, 252, 256

122, 123, 124, 186, 187,
187.2

122, 123, 124, 186, 187,
187.2

122, 124, 186, 187, 187.2

NA

Transient
Transient

Transient

Transient

Transient

Transient

Transient
Transient
Transient
Transient
Lentiviral

Lentiviral

Lentiviral

NA
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HEK293FT

HEK293FT (UAS-
mCer-PEST(8x miRNA
tag), with TRE-
regulated mKate, mKate
(miRNA), or Gal4-
KRAB-T2A-mKate
(miRNA))

HEK293FT (UAS-
mCer-PEST(8x miRNA
tag) with TRE3G-mKate
(miRNA))

HEK293FT (UAS-
mCer-PEST(8x miRNA
tag) with TRE3G-Gal4-
KRAB-T2A-mKate
(miRNA); clone #8)
HEK293FT (UAS-
mCer-PEST(8x miRNA
tag) with TRE3G-Gal4-
KRAB-T2A-mKate
(miRNA); high puro)
HEK293FT (UAS-
mCer-PEST(8x miRNA
tag) with TRE3G-Gal4-
KRAB-T2A-mKate
(miRNA); clone #8)

HEK293FT

HEK293FT

HEK293FT

HEK293FT

Hela, HelLa (F4) Ligands in
HeLa, Receptors
in F4

HelLa, HelLa (F4) Ligands in
HeLa, Receptors
in F4

Hela, HelLa (F4) Ligands in
HeLa, Receptors
in F4

HEK293A (LV-TRE
GFP, GFP-DII1 pools)



25

25

25

25

26

28

28

28

29

29

30

30

30

30

30
30
31
31

W > T m

NA

NA

NA

20, 285, Addgene 64125

122, 123, 272, Addgene
79128
NA

NA

NA

NA

NA

NA
NA
NA

NA

94,941, 113
94

94,172,175
94,172,175

NA

NA

NA

Transient

Lentiviral

NA

NA

NA

NA

NA

NA

NA

NA

NA

Transient
Transient
Transient
Transient
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HEK293A (LV-TRE
GFP-DII1, GFP-DII4
pools)

HEK293A (LV-TRE
GFP-DII1, GFP-DII1-
NboxAla pools)

HEK293A (LV-TRE

GFP, GFP-DII1, GFP-

Dll4, GFP-DII1-

NboxAla, GFP-GPI

pools)

HEK293FT, HEK293A  Luciferase

(GFP ligand pools) transfected
transiently into
HEK293FT

HelLa

CHO (hN1-Gal4 or
hN1-Gal4 + Clamp)
CHO (hN1-Gal4 or
hN1-Gal4 + Clamp),
CHO (DII1, F7)

CHO, CHO (hN1), CHO
(hN1 + Clamp, B-A7)
CHO (hN1-Gal4), CHO
(hN1-Gal4 + Clamp),
CHO (hN1-Gal4 + TO-
Ab2), CHO (DII1, F7)
CHO (hN1-Gal4), CHO
(hN1-Gal4 + UAS-
Clamp or UAS-Clamp-
PEST)

CHO, CHO (hN1), CHO
(hN1 + Clamp, B-A7)
CHO (hN1 + Clamp, B-
A7)

CHO, CHO (hN1), CHO
(hN1 + Clamp, B-A7)
CHO (hN1), CHO (hN1
+ Clamp, B-A7), CHO
(hN1 + TO-Ab2)

CHO (hN1)

MCF7
HEK293FT
HEK293FT



31

31
31

32

32

32
32

32

33

33

33

33

34
34
34

34

34

NA

94,941
NA

NA

NA

94, 105, 106, 111, 112
94, 105, 106, 111, 112

94, 105, 106, 111, 112

NA
NA
NA
NA

179, 203, 206, 207
179, 203, 206, 207

17, 203, 207, 210.6,
210.8, 210.9, 210.10,
210.11

17, 203, 207, 209, 209.1,
209.2, 209.3, 209.4,
209.5, 210, 210.1, 210.2,
210.2, 210.3, 210.4,
210.5

86, 223, 223.1

NA

Transient
NA

NA

NA

Transient
Transient

Transient

NA

NA

NA

NA

Transient
Transient
Transient

Transient

Transient

140

CHO (hN1), CHO (hN1
+ Clamp, B-A7), CHO
(hN1-Gal4)

CHO (hN1-Gal4)

CHO (hN1), CHO (hN1
+ TO-DMC)
HEK293FT (UAS H2B-
Citrine with NRR1,
NRR2, or NRR3-based
SynNotch)

HEK293FT (UAS H2B-
Citrine with NRR1,
NRR2, or NRR3-based
SynNotch)

HEK293FT

HEK293FT (UAS H2B-
Citrine with NRR1,
NRR2, or NRR3-based
SynNotch)

HEK293FT (UAS H2B-
Citrine with NRR1,
NRR2, or NRR3-based
SynNotch)

CHO (NS3-Dll1-
mCherry)

CHO (hN1), CHO
(NS3-DII1-mCherry)
CHO (hN1), CHO
(NS3-DII1-mCherry)
CHO (hN1), CHO
(NS3-DII1-mCherry)
HEK293FT (E5)

HEK293FT (E5)
HEK293FT (E5)

HEK293FT (E5)

HEK293FT



Table 3. Numbering of amino acid residues in SNRR

RESIDUE

N55

F102
R103
S167
Y186
Y192

Y229
!
!

Table 4. Mammalian cell lines used in this thesis

CELL
TYPE
HEK293FT

Hela
C3H 10T1/2

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

HEK293FT

RESIDUE NO. IN

CHAIN PDB 3L95
Heavy N55
Heavy Fo8
Heavy R99
Light S30
Light Y49
Light Y55
Light Y92

NAME

E5 (UAS-H2B-mCherry)
F4 (TRE-dsRed)

H3 (TRE-p65-MyoD-
T2A-dsRed)

E5 with stable TEV
reporter
UAS-mCer-PEST (8x
miRNA tag) + TRE-
mKate

UAS-mCer-PEST (8x
miRNA tag) + TRE3G-
mKate (MiRNA FF4)
UAS-mCer-PEST (8x
miRNA tag) + TRE3G-
Gal4-KRAB-T2A-mKate
(miRNA FF4)
UAS-mCer-PEST (8x
miRNA tag) + TRE3G-
Gal4-KRAB-T2A-mKate
(miRNA FF4); high puro
UAS-mCer-PEST (8x
miRNA tag) + TRE3G-
Gal4-KRAB-T2A-mKate
(miRNA FF4); clone #8

CONSTRUCT POOL
NO.

59, 73

57,73

57,73

57,73
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Notes
/CLONE
Clone

Clone
Clone

Pool

Clone

Pool

Pool

Pool Puro increased
to 5 or 10 ug/mL

Clone



HEK293A
HEK293A
HEK293A

HEK293A
HEK293A
CHO

CHO

CHO

CHO

CHO

CHO

CHO
CHO

CHO

CHO

CHO

HEK293FT

HEK293FT

HEK293FT

CHO

LV-TRE-GFP ligand
LV-TRE-GFP-DII1 ligand

LV-TRE-GFP-DII1-
NboxAla ligand
LV-TRE-GFP-DII4 ligand

LV-TRE-GFP-GPI ligand
hN1

hN1-Gal4

hN1-Gal4 with Ab2
Clamp

hN1-Gal4 with Ab2
Clamp (R99A)
hN1-Gal4 with Ab2
Clamp (R99K)

hN1 with Ab2 Clamp
(Clone B-A7)

DII1 ligand (Clone F7)

hN1-Gal4 with TO-Ab2
Clamp

hN1-Gal4 with UAS-Ab2
Clamp

hN1-Gal4 with UAS-
ADb2-PEST Clamp

hN1 with TO-DII1-
mCherry
UAS-H2B-Citrine with
NRR1-based SynNotch
UAS-H2B-Citrine with
NRR2-based SynNotch
UAS-H2B-Citrine with
NRR3-based SynNotch
NS3-DII1-mCherry

125
126
127

128
131
172

176

94

94.1

94.2

116
99

97

98

199

194

195

117

Pool
Pool
Pool

Pool
Pool
Pool

Pool

Pool

Pool

Pool

Clone

Clone

Pool

Pool

Pool

Pool

Pool

Pool

Pool

Clone

142

From Elowitz
Lab. CMV-hN1,
12xCSL-H2B-
Citrine, CMV-
H2B-mCerulean
From Elowitz
Lab. CMV-hN1-
Gal4, UAS-
H2B-Citrine,
CMV-H2B-
mCerulean

From Elowitz
Lab
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