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Abstract

Synthetic receptors are powerful tools for engineering mammalian cell-based devices. These biosensors enable cell-based
therapies to perform complex tasks such as regulating therapeutic gene expression in response to sensing physiological
cues. Although multiple synthetic receptor systems now exist, many aspects of receptor performance are poorly under-
stood. In general, it would be useful to understand how receptor design choices influence performance characteristics. In
this study, we examined the modular extracellular sensor architecture (MESA) and systematically evaluated previously
unexamined design choices, yielding substantially improved receptors. A key finding that might extend to other receptor
systems is that the choice of transmembrane domain (TMD) is important for generating high-performing receptors. To pro-
vide mechanistic insights, we adopted and employed a Forster resonance energy transfer-based assay to elucidate how
TMDs affect receptor complex formation and connected these observations to functional performance. To build further in-
sight into these phenomena, we developed a library of new MESA receptors that sense an expanded set of ligands. Based
upon these explorations, we conclude that TMDs affect signaling primarily by modulating intracellular domain geometry.
Finally, to guide the design of future receptors, we propose general principles for linking design choices to biophysical
mechanisms and performance characteristics.
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1. Introduction

Engineered cell-based therapies are a promising strategy for the
targeted treatment of many diseases (1-4). Central to this ap-
proach is the use of genetically encoded sense-and-response
programs, which cause the cell to enact a therapeutic function
upon detection of specified cues. Designing and implementing a
customized functional program generally requires integrating
native and engineered cellular components, including recep-
tors, signal transduction pathways and genetic regulators.
Developing principles and tools for doing so is an active frontier
in the field of synthetic biology. This study focuses on elucidat-
ing principles that serve the broad goal of building, refining and
utilizing synthetic receptor systems.

Synthetic receptor systems can be designed either to interact
with or to be independent of endogenous signaling (5, 6). One
strategy is to couple synthetic receptor-mediated signaling to
endogenous pathways such as those involving JAK/STAT,
MAPK/ERK, PLCG, PI3K/AKT, NFAT and mediators downstream
of GPCRs (7-10). When native signal mediators are paired with
downstream engineered promoters, these signals can be redir-
ected to new transcriptional outputs (11, 12) or cell behaviors
(13, 14). A second strategy involves using engineered compo-
nents to redirect the signaling outputs from native receptors via
modified phosphorylation (15-18), dimerization (19) or protein
recruitment events (20). A third strategy is to employ orthogonal
systems with mechanisms that are essentially independent of
endogenous signaling and regulation. Examples of this ap-
proach include synthetic Notch (synNotch) receptors, which
sense surface-bound ligands (21-24), and the modular extracel-
lular sensor architecture (MESA), which detects soluble ligands
(25-28). Both of these receptor systems can regulate either en-
dogenous or exogenous genes directly through ligand binding-
induced release of a transcription factor (TF). Orthogonal recep-
tor systems have several potential advantages, including eva-
sion of inadvertent activation or repression by cellular factors,
the potential for use in diverse cell types and the potential to
multiplex receptors to implement sophisticated functions. As a
result, orthogonal systems are of great interest for building cell-
based devices, and their intrinsic modularity should facilitate
extensions to new ligand inputs and functional outputs (29).
Notably, these systems have not been tuned through evolution
nor studied deeply in the biological literature, yet their modular
structure renders them uniquely suited to iterative improve-
ment. Therefore, there exist unique opportunities for elucidat-
ing and improving the performance -characteristics of
orthogonal synthetic receptors.

This study focuses on exploring and improving MESA recep-
tors—a class of self-contained synthetic receptors that signal in
a manner that is independent of endogenous cellular pathways
(25-28). Each MESA receptor comprises two transmembrane
chains that dimerize upon ligand binding, triggering an intracel-
lular proteolytic trans-cleavage reaction that releases an initially
sequestered TF (Figure 1a). Here, we chose to use the well-
studied tetracycline-controlled transactivator (tTA) as the TF
(30). Across these studies, we demonstrated that obtaining de-
sirable performance characteristics—low ligand-independent
(background) signaling and high fold induction of signaling
upon ligand addition—required tuning both the absolute and
relative levels at which each receptor chain is expressed. While
this phenomenon is not entirely different from what one
observes with native receptors and other systems, it would be
desirable to minimize this sensitivity to receptor expression

level, for example to facilitate translational applications.
Moreover, our computational analysis (27) indicated that if de-
sign changes could improve the two performance characteris-
tics noted above, this could render biosensor function robust to
variation in receptor expression level. These observations moti-
vate this investigation into refining the MESA design.

In this investigation, we build mechanistic understanding
and improve the functional performance of MESA receptors by
systematically exploring variations upon MESA receptor design
that we hypothesized might overcome the aforementioned lim-
itations. We identify several features that may be rationally
modified to tune performance (i.e. design handles), and we em-
ploy this knowledge to generate new high-performing recep-
tors, expand the MESA repertoire to sense new ligands and
enhance a recently developed MESA variant that employs a dis-
tinct mechanism (26). Finally, we synthesize these observations
to propose a framework of biophysically motivated design con-
siderations for building novel synthetic receptors.

2. Materials and Methods
2.1 General DNA assembly

Plasmid cloning was performed primarily using standard PCR
and restriction enzyme cloning with Vent DNA polymerase
(New England Biolabs (NEB)), Taq DNA Polymerase (NEB),
Phusion DNA Polymerase (NEB), restriction enzymes (NEB;
Thermo Fisher), T4 DNA Ligase (NEB), Antarctic Phosphatase
(NEB) and T4 PNK (NEB). Golden gate assembly and Gibson as-
sembly were also utilized. The pBI-EYFP reporter was described
previously (Addgene #58855) (25). GBP2-containing and GBP7-
containing source plasmids were a generous gift from
Constance Cepko (31). Plasmids were transformed into chemi-
cally competent TOP10 Escherichia coli (Thermo Fisher), and cells
were grown at 37°C.

2.2 Cloning MESA receptors

MESA receptors were cloned into pcDNA backbones to confer
high expression in HEK293FT cells. These plasmid backbones
are versions of the pcDNA3.1/Hygro(+) Mammalian Expression
Vector (Thermo Fisher #V87020), modified by our laboratory in
previous work (Addgene #138749) (32). In general, restriction
sites were chosen to facilitate modular swapping of parts via re-
striction enzyme cloning. A complete list of plasmids used in
this study is provided in Supplementary Data S1. Plasmid maps
are included as GenBank files in Supplementary Data S2.

2.3 Plasmid preparation

TOP10 E. coli were grown overnight in 100ml LB medium with
an appropriate selective antibiotic. The following morning, cells
were pelleted at 3000xg for 10min and then resuspended in
4ml of a solution of 25mM Tris pH 8.0, 10mM EDTA, 15% su-
crose and 5mg/ml lysozyme (Fisher Scientific #AAJ6070114).
Cells were lysed for 15min by addition of 8 ml of a solution of
0.2M NaOH and 1% SDS, followed by neutralization with 5ml
3M sodium acetate (pH 5.2). The precipitate was pelleted by
centrifugation at 9000xg for 20 min. Supernatant was decanted
and treated with RNase A for 1h at 37°C. Next, 5ml phenol chlo-
roform was added, and the solution was mixed and then centri-
fuged at 7500xg for 20min. The aqueous layer was removed
and subjected to another round of phenol chloroform extraction
with 7ml phenol chloroform (Fisher Scientific #BP1752I).
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Fig. 1 Protease chain tuning to improve MESA receptor performance. (a) This schematic depicts the MESA signaling mechanism. Ligand-induced receptor dimerization
results in TEVp-mediated trans-cleavage to release a TF, which then enters the nucleus and induces target gene expression. Ligand-independent (background) receptor
interactions can also result in TF release. (b, ¢) This proposed TEVp auto-inhibition strategy (b) was explored by functional evaluation (c) of MESA receptor variants in
which a peptide—either a modified auto-inhibitory peptide (AIP: ELVYSQX) or protease recognition sequence (PRS: ENLYFQX), where X is a variable amino acid (e.g.
AIPM: ELVYSQM)—has been appended onto the C-terminus of the protease chain (PC) TEVp. The leftmost condition is the base case (no peptide appended). Each
condition uses a target chain (TC) with M at the P1’ site of the PRS. Numbers above bars indicate fold difference in reporter signal between samples treated with
rapalog (dissolved in EtOH) versus EtOH (vehicle-only control). Fold difference values are shown for samples in which ligand treatment induced significant signal
above background (two-way ANOVA, P < 0.05). (d, e) Juxtamembrane cleavage of the PC (d) is suggested by western blot analysis (e) of PCs tagged with 3x-FLAG on
either the N-terminus or C-terminus; the PC appears to be cleaved into two fragments having sizes consistent with cleavage near the transmembrane domain
(N = N-terminal product, C = C-terminal product). PCs with the TEVpD81N mutation, which renders TEVp catalytically inactive (44), were cleaved similarly to the
catalytically active PCs; thus we conclude that the observed cleavage can be attributed to endogenous cellular processes. (f) PCIL substitution generally led to
decreased receptor performance through increased background and/or decreased induced signal (two-way ANOVA, P < 0.05). Fold difference values are shown
above bars for samples in which ligand treatment induced significant signal above background (two-way ANOVA, P < 0.05). Bars depict the mean of three biological
replicates, and error bars represent the S.E.M. Outcomes from ANOVA and Tukey’s HSD tests for (c, f) are in Supplementary Notes S1 and S2. In this experiment and
subsequent experiments, we employ a rapamycin analog (rapalog) as a model ligand, which induces higher ligand-induced reporter expression than does rapamy-

cin (Supplementary Figure S4a).

The aqueous layer was then decanted and subjected to an iso-
propanol precipitation (41% final volume isopropanol, 10 min at
room temperature (~22°C), 9000xg for 20min), and the pellet
was briefly dried and resuspended in 420pl water. The DNA
mixture was incubated on ice for at least 12h in a solution of
6.5% PEG 20 000 and 0.4M NaCl (1ml final volume). DNA was
precipitated by centrifugation at 21 000x g for 20 min. The pellet
was washed once with ethanol, dried for several h at 37°C, and
resuspended for several h in TE buffer (10mM Tris, 1 mM EDTA,
pH 8.0). DNA purity and concentration were confirmed using a
Nanodrop 2000 (Thermo Fisher).

2.4 Cell culture

The HEK293FT cell line was purchased from Thermo Fisher/Life
Technologies (RRID: CVCL_6911 [https://web.expasy.org/cello
saurus/CVCL_6911]) and was not further authenticated. Cells
were cultured in DMEM (Gibco #31600-091) with 4.5 g/l glucose
(1g/1, Gibco #31600-091; 3.5 g/l additional, Sigma #G7021), 3.7 g/l
sodium bicarbonate (Fisher Scientific #S233), 10% FBS (Gibco
#16140-071), 6 mM L-glutamine (2mM, Gibco #31600-091; 4 mM
additional, Gibco #25030-081), penicillin (100U/pl) and strepto-
myecin (100 pg/ml) (Gibco #15140122), in a 37°C incubator with 5%
CO,. Cells were subcultured at a 1:5 to 1:10 ratio every 2-3 days
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using Trypsin-EDTA (Gibco #25300-054). The HEK293FT cell line
tested negative for mycoplasma with the MycoAlert
Mycoplasma Detection Kit (Lonza #LT07-318).

2.5 Transfection

Transient transfection of HEK293FT cells was conducted using
the calcium phosphate method. Cells were plated at a mini-
mum density of 1.5x 10° cells per well in a 24-well plate in
0.5ml DMEM, supplemented as described above. For surface
staining experiments, cells were plated at a minimum density
of 3 x 10° cells per well in a 12-well plate in 1 ml DMEM. For mi-
croscopy experiments, glass coverslips placed in six-well plates
were coated in a 0.1 mg/ml solution of poly-i-lysine hydrobro-
mide (Sigma #P6282) for 5min and left to dry overnight before
plating 6 x 10° cells per well in 2ml DMEM. After at least 6 h, by
which time the cells had adhered to the plate, the cells were
transfected. For transfection, plasmids were mixed in H,0, and
2M CaCl, was added to a final concentration of 0.3M CaCl,. The
exact DNA amounts added to the mix per well and plasmid
details for each experiment are listed in Supplementary Data
S3. This mixture was added dropwise to an equal-volume solu-
tion of 2x HEPES-buffered saline (280mM NacCl, 0.5M HEPES,
1.5mM Na,HPO,4) and gently pipetted up and down four times.
After 2.5-4min, the solution was mixed vigorously by pipetting
ten times. Next, 100 ul of this mixture was added dropwise to
the plated cells in 24-well plates, 200 ul was added to the plated
cells in 12-well plates, or 400 ul was added to the plated cells in
six-well plates, and the plates were gently swirled. The next
morning, the medium was aspirated and replaced with fresh
medium. In some assays, fresh medium contained ligand and/
or vehicle as described in Supplementary Table S1 and indicated
in figure legends.

Typically at 36-48 h post-transfection and at least 24 h post-
media change, cells were harvested. As noted in figure captions,
some experiments involved treatment with ligand or vehicle at
later time points. In these cases, medium was still replaced the
morning after transfection, and ligand diluted in serum-free
DMEM was added as indicated. Cells were harvested for flow cy-
tometry using FACS buffer (PBS pH 7.4, 2-5mM EDTA, 0.1% BSA)
or using 0.05% Trypsin-EDTA (Thermo Fisher Scientific
#25300120) for 5min followed by quenching with medium. The
resulting cell solution was added to at least two volumes of
FACS buffer. Cells were spun at 150xg for 5min, supernatant
was decanted, and fresh FACS buffer was added.

2.6 Luciferase assays

Some functional assays used a luciferase readout (Dual-Glo,
Promega #E2940) measured by a microplate reader (BioTek
Synergy H1). Cells were transfected in biological triplicate with
MESA receptor chains, an inducible Firefly luciferase, a constitu-
tive Renilla luciferase, an inducible EYFP, a constitutive EBFP2
and an empty vector (as needed to maintain equal total plasmid
mass across conditions). The day after transfection, vehicle and
ligand treatments were applied during the medium change.
Two days after transfection, EBFP2 and EYFP served as confir-
matory microscopy readouts, and the two luciferase signals
were quantified. Dual-Glo kit reagents were stored and prepared
per the manufacturer-supplied instructions and equilibrated to
room temperature; all steps were carried out at room tempera-
ture. At the time of assaying, medium was aspirated from cell
cultures, and cells were washed with PBS. Passive lysis buffer
stock (5%, Promega #E1941) was diluted in water, and the diluted

buffer (120 pl, 1x) was added to each well. Plates were placed on
a rocker for 15 min, after which the lysates were transferred into
a 1.5ml Eppendorf tube. Each tube was vortexed (15s), and
tubes were centrifuged (15 000xg, 30s). Next, 30 pul of superna-
tant was pipetted from each tube into a well of a 96-well plate
(Thermo Fisher Scientific #655906). Luciferase reagent (30pl, a
volume equal to that of cell lysate) was pipetted into each well
and mixed. Plates were incubated by rocking in the dark for
15min.

Data were collected using the microplate reader’s lumines-
cence fiber. For Firefly luciferase signal acquisition, autogain
was set to scale the brightest wells to a value of 5 000 000 RLU.
Integration time was set to 1s, and three technical replicate
measurements per well were obtained. Stop & Glo reagent
(301, equal to that of the previous reagent) was added to each
well, and plates were incubated by rocking in the dark for
15min. For Renilla luciferase signal, the gain was set to 200, the
integration time was set to 5s, and three technical replicate
measurements per well were obtained. For each well, the mean
of the three technical replicates was calculated for each of the
two luciferase readouts. Subsequently, the autoluminescence
signal (calculated from the mean of the three vector-only trans-
fected wells) was subtracted from each condition to
background-normalize for each of the two luciferase readouts,
respectively. Then for each biological replicate, Firefly luciferase
signal was divided by Renilla luciferase signal. Quotients were
linearly scaled such that the mean of the quotients for a condi-
tion transfected with only the reporter was equal to 1 a.u. Error
was propagated accordingly.

2.7 Western blotting

For western blotting, HEK293FT cells were plated at 7.5 x 10°
cells per well in 2ml DMEM in six-well plates and transfected as
above, using 400 ul transfection reagent per well (the reaction
scales with the volume of medium). At 36-48h after transfec-
tion, cells were lysed with 500l RIPA (150 mM NaCl, 50 mM
Tris-HCl pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate and
0.1% sodium dodecyl sulfate) with protease inhibitor cocktail
(Pierce/Thermo Fisher #A32953) and incubated on ice for 30 min.
Lysate was cleared by centrifugation at 14 000xg for 20 min at
4°C, and supernatant was harvested. A BCA assay was per-
formed to determine protein concentration, and after a 10 min
incubation in Lamelli buffer (final concentration 60 mM Tris-HCl
PH 6.8, 10% glycerol, 2% sodium dodecyl sulfate, 100 mM dithio-
threitol and 0.01% bromophenol blue) at 70°C (or 100°C for
experiments that involved multiple co-transfected MESA recep-
tors), protein (0.5pg for experiments that were imaged with
film, 10-25 pug for experiments that were imaged digitally) was
loaded onto a 4-15% Mini-PROTEAN TGX Precast Protein Gel
(Bio-Rad) and run either at 50V for 10 min followed by 100V for
at least 1h, or at 100V for at least 1h. Wet transfer was per-
formed onto an Immuno-Blot PVDF membrane (Bio-Rad) for
45min at 100 V. Ponceau-S staining was used to confirm protein
transfer. Membranes were blocked for 30 min with 3% milk in
Tris-buffered saline pH 8.0 (TBS pH 8.0: 50mM Tris, 138 mM
NaCl, 2.7 mM KCl, HCI to pH 8.0), washed once with TBS pH 8.0
for 5min and incubated for 1h at room temperature or over-
night at 4°C in primary antibody (Mouse-anti-FLAG M2 [Sigma
#F1804, RRID: AB_262044| [http://antibodyregistry.org/AB_
262044]), diluted 1:1000 in 3% milk in TBS pH 8.0. Primary anti-
body solution was decanted, and the membrane was washed
once with TBS pH 8.0 and then twice with TBS pH 8.0 with 0.05%
Tween, for 5min each. Secondary antibody (HRP-anti-Mouse
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[CST 7076, RRID: AB_330924| [http://antibodyregistry.org/AB_
330924]), diluted 1:3000 in 5% milk in TBST pH 7.6 (TBST pH 7.6:
50mM Tris, 150mM NaCl, HCl to pH 7.6, 0.1% Tween), was
applied for 1h at room temperature, and the membrane was
washed three times for 5min each time with TBST pH 7.6. The
membrane was incubated with Clarity Western ECL Substrate
(Bio-Rad) for 5min, and then either exposed to film, which was
developed and scanned, or digitally captured using an Azure
€280 (Azure Biosystems). Images were cropped with Photoshop
CC (Adobe). No other image processing was employed. Original
western blot images are provided in Source Data 2, which can
be found on Zenodo (33).

2.8 Expression normalization of MESA chains

Scanned western blot images were imported into ImageJ and
analyzed using the analyze gel feature. The intensity for each
MESA chain band was quantified and reported as the percent of
the total signal from all MESA bands on the blot; the same cal-
culation was performed for all of the NanoLuciferase bands.
This analysis was repeated for multiple images captured for
each blot (including a range of exposure times to minimize bias)
with non-detectable and saturated bands excluded from the
analysis. The calculated intensity was averaged across all expo-
sure times, and then MESA intensity (expression level) was
divided by the NanoLuciferase intensity (expression level).
This value was compared to the intensity calculated for the
CD28-TMD rapamycin-binding TC sample, which was included
on each blot as an internal cross-comparison control. This cal-
culated ratio was used to adjust the doses of plasmids used for
transfections in subsequent rounds of experiments, which were
again evaluated by western blots. The set of plasmid doses used
in each round is in Supplementary Table S2.

2.9 Immunohistochemistry

For surface staining, HEK293FT cells were plated at 3 x 10° cells
per well in 1ml DMEM in 12-well plates and transfected as
described above, using 200pul transfection reagent per well.
At 36-48h after transfection, cells were harvested with 500 ul
FACS buffer and spun at 150xg at 4°C for 5min. For the experi-
ment in which multiple harvest methods were compared
(Supplementary Figure S14), some samples were harvested us-
ing 0.05% Trypsin-EDTA (3min or 10min incubation, 37°C),
which were then quenched with medium and added to two vol-
umes of FACS buffer. Supernatant was decanted, and 50 pl fresh
FACS buffer and 10pl human IgG (Human IgG Isotype Control,
ThermoFisher Scientific #02-7102, RRID: AB_2532958, stock con-
centration 1mg/ml) was added. Cells were incubated in this
mixture at 4°C for 5min. Next, 5ul FLAG tag antibody (Anti-
DDDDK-PE, Abcam ab72469, RRID: AB_1268475 or Anti-DDDDK-
APC, Abcam ab72569, RRID: AB_1310127) was added at a concen-
tration of 0.5pg per sample and cells incubated at 4°C for
30min. Following incubation, 1 ml FACS buffer was added, cells
were spun at 150xg at 4°C for 5min, and supernatant was deca-
nted. This wash step was repeated two more times to total three
washes. After decanting supernatant in the final wash, 1-3
drops of FACS buffer were added.

2.10 Analytical flow cytometry

Flow cytometry was run on a BD LSR Fortessa Special Order
Research Product (Robert H. Lurie Cancer Center Flow
Cytometry Core). Lasers and filter sets used for data acquisition
are listed in Supplementary Table S3 (for experiments involving
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Table 1. Instrument specifications for using analytical flow cytome-
try to quantify FRET.

Fluorophore Channel name  Excitation laser  Filter set
mCerulean Pacific Blue 405 nm (violet) 450/50
mVenus FITC 488 nm (blue) 505LP, 530/30
mVenus FRET*  AmCyan 405nm (violet) 505LP, 530/30
miRFP670 APC 640 nm (red) 670/30

2Excited by FRET from mCerulean.

reporter expression), Supplementary Table S4 (for experiments
quantifying receptor expression on the cell surface), and Table 1
(for experiments involving Forster resonance energy transfer
(FRET)). Approximately 2000-3000 single transfected cells were
analyzed per sample, using a single transfection control or,
when available, multiple transfected fluorophores for gating
(e.g. mCerulean+/mVenus+ cells were classified as the subset
of transfected cells of interest for FRET experiments).

Samples were analyzed using FlowJo v10 software (FlowJo,
LLC). Fluorescence data were compensated for spectral bleed-
through. Additionally, spectral bleed-through compensation in
FRET experiments included compensation of the fluorescence
of either mCerulean or mVenus out of the AmCyan channel. As
shown in Supplementary Figure S1, the HEK293FT cell popula-
tion was identified by SSC-A versus FSC-A gating, and singlets
were identified by FSC-A versus FSC-H gating. To distinguish
transfected from non-transfected cells, a control sample of cells
was generated by transfecting cells with a mass of pcDNA
(empty vector) equivalent to the mass of DNA used in other
samples in the experiment. For the single-cell subpopulation of
the pcDNA-only sample, a gate was made to identify cells that
were positive for the constitutive fluorescent protein used as a
transfection control in other samples, such that the gate in-
cluded no more than 1% of the non-fluorescent cells.

2.11 Quantification of reporter output

MESA signaling was quantified by measuring the expression of
a downstream fluorescent reporter protein (Figure 1a). For most
experiments, the reporter protein was EYFP. For experiments in
which the ligand was sGFP, DsRed2 was used as the reporter (in-
stead of EYFP) to avoid spectral overlap with sGFP. The mean
fluorescence intensity (MFI) for each relevant channel (as de-
fined in Supplementary Table S3) of the single-cell transfected
population was calculated and exported for further analysis. To
calculate reporter expression, MFI in the FITC channel (for EYFP
reporter) or PE-Texas Red channel (for DsRed2 reporter) was av-
eraged across three biological replicates. From this number, cell
autofluorescence was subtracted. To calculate cell autofluores-
cence, in each experiment, a control group of cells transfected
with DNA encoding the fluorescent protein transfection control
and pcDNA was used. The background-subtracted MFI was con-
verted to Molecules of Equivalent Fluorescein (MEFLs) or
Molecules of Equivalent PE-Texas Red (MEPTRs); as shown in
Supplementary Figure S2, to determine conversion factors for
MFI to MEFLs and for MFI to MEPTRs, Rainbow Calibration
Particles (Spherotech #RCP-30-5) or UltraRainbow Calibration
Particles (Spherotech #URCP-100-2H) were run with each flow
cytometry experiment. These reagents contain six (RCP) or nine
(URCP) subpopulations of beads, each with a known number of
various fluorophores. The total bead population was identified
by FSC-A versus SSC-A gating, and bead subpopulations were
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identified through two fluorescent channels. MEFL and MEPTR
values corresponding to each subpopulation were supplied by
the manufacturer. A calibration curve was generated for the ex-
perimentally determined MFI versus the manufacturer-supplied
MEFLs or MEPTRs, and a linear regression was performed with
the constraint that 0 MFI equals 0 MEFLs or MEPTRs. The slope
from the regression was used as the conversion factor, and error
was propagated. Fold differences were calculated by dividing re-
porter expression with ligand treatment by the reporter expres-
sion without ligand treatment (vehicle). Standard error was
propagated through all calculations.

2.12 Quantification of FRET by flow cytometry

Detailed laser and filter setups for FRET data collection are
listed in Table 1. Briefly, the donor fluorescence intensity was
quantified using the Pacific Blue channel (lex = 405nm, Aey, =
450/50nm), the acceptor fluorescence intensity was quantified
using the FITC channel (fex = 488nm, /em, = 530/30nm) and the
FRET fluorescence intensity was quantified using the AmCyan
channel (lex = 405nm, Aem = 530/30nm). The mCerulean+/
mVenus+ population was distinguished from samples trans-
fected with the transfection control and pcDNA only,
mCerulean only and mVenus only. This gate was drawn such
that less than 1% of the listed single-color samples were in-
cluded. The normalized FRET (NFRET) parameter (34) was de-
fined in the FlowJo workspace by dividing the compensated
fluorescence intensity (FI) of a cell in the AmCyan channel by
the square root of the product of the compensated FI of that
cell in the Pacific Blue and FITC channels, as described by
equation (1):

Comp AmCyan FI

NFRET = —
/Comp Pacific Blue FI x Comp FITC FI

(1)

Average NFRET metrics were calculated for controls included
in each experiment, including a negative control (cytosolic
mCerulean and mVenus co-transfected) and positive control
(membrane-tethered mCerulean-mVenus fusion protein). A cal-
ibrated NFRET parameter was defined based on the negative
and positive FRET controls such that the NFRET of all samples
is scaled linearly between these controls, as described by
equation (2):

<NFRET - NFRETnegative ccntrol)
(NFRETpositive control — NFRETnegative control)

2

NFRET catibrated =

The calibrated NFRET metrics were exported, along with
each mean FI in the relevant channels of the single-cell, trans-
fected, mCerulean+/mVenus+ population for further analysis.
In this study, all plotted NFRET metrics are calibrated values,
and all FRET FI are compensated. Fold differences were calcu-
lated by dividing NFRET in the presence of ligand by NFRET in
the absence of ligand (presence of vehicle only). Standard error
was propagated through all calculations.

Confocal microscopy

Confocal microscopy was performed on a Leica SP5 II laser
scanning confocal microscope (Northwestern Chemistry of
Life Processes Institute, Biological Imaging Facility) with a 100x
(1.44NA) oil-immersion objective. Coverslips were removed
from media and mounted on a glass slide immediately before

imaging. Ten fields of view were captured for each sample.
Fields of view were selected using the brightfield channel to
identify areas with adherent cells, and the z-axis was adjusted
to focus on the central plane of most cells within the field of
view before exposing the cells to lasers. All images were cap-
tured at a 512 x 512 image resolution with a scanning speed of
400 Hz. Excitation and emission settings were selected depend-
ing on which fluorophore (donor (D) or acceptor (A)) was excited
and which emission was captured. The excitation and emission
setup is described in Supplementary Table S5. Hybrid detector
voltage settings were held constant for all samples within each
experiment.

2.13 Quantification of FRET by image processing

Images were exported as stacks and separated into single-
channel images using Fiji software. A custom image processing
script was produced in MATLAB to import single-channel
images into matrices. The script used in this study can be found
at https://github.com/leonardlab/MESAFRET and on Zenodo
(35). All code is provided under an MIT open source license. To
describe channels throughout this section, DD indicates that
the donor was excited and emission from the donor was cap-
tured, AA indicates that the acceptor was excited and emission
from the acceptor was captured, and DA indicates that the do-
nor was excited and emission from the acceptor was captured.
Empty vector-only (pcDNA) transfected samples were used to
identify the upper limit of autofluorescence in each channel
(DD, AA, DA), and thresholds were defined as the 99.9th percen-
tile of fluorescence of pixels in the vector-only samples in each
channel. Pixels below this threshold were set to an intensity of
zero. Saturated pixels were also removed from the matrices.
Next, respective donor-only and acceptor-only controls (single-
receptor transfections) were used to calculate spectral bleed-
through parameters. These parameters, as defined in equations
(3-6), were calculated by averaging across all pixels in ten fields
of view, excluding pixels with infinite or undefined values.
Intensities (I) are subscripted with DD, AA or DA to indicate the
excitation and emission conditions, and with (D) or (A) to indi-
cate that this parameter was calculated using donor-only or
acceptor-only samples, respectively.

I
. DA 3)
Laaca)

I
p _ o) @
Laaa)

Ina

; (D) (5)
DD(D)
Ipap)

d=
Ipp(D)

(©6)
The parameters calculated for each pair of receptors were
used to subtract the contribution of donor and acceptor fluores-
cence from the FRET channel fluorescence on a pixel-by-pixel ba-
sis as described in equation (7) and as reported previously (36).
This step produced a corrected FRET fluorescence intensity (F.):

Fc =Ipa — a(Iaa — cIpp) — d(Ipp — blaa) (7)

NFRET is calculated by normalizing F. to the square root of
the product of the donor and acceptor fluorescence intensities
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on a pixel-by-pixel basis as described in equation (8) and as
reported previously (34).

Fe

NFRET = ———
VIaa xIpp

®)

NFRET values were exported across pixels within each field
of view and across all fields of view, then averaged to generate a
mean NFRET metric for the entire sample. Corrected FRET in-
tensity and NFRET matrices were plotted and visualized as proc-
essed images.

2.14 Ectodomain distance estimations

Published crystal structures for ligand-bound ectodomains
(ECDs) were analyzed using Chimera (FKBP/FRB PDB: 3FAP (37),
GID1/DELLA PDB: 2ZSH (38), ABI1/PYL1 PDB: 3KDJ (39), G6-311
VEGF scFv PDB: 2FJG (40), B20-4.1 VEGF scFv PDB: 2FJH (40)).
Residues that correspond to the C-termini used in our experi-
mental receptor system were identified, and intertermini dis-
tances were measured.

2.15 Statistical analyses

Unless otherwise stated, three independent biological replicates
were evaluated for each condition. The data shown reflect the
mean across these biological replicates of the MFI of ~2000-
3000 single, transfected cells or the mean NFRET or NFRET fold
difference of ~2000-3000 single, transfected, mCerulean+/
mVenus+ cells. Error bars represent the standard error of the
mean (S.E.M.).

ANOVA tests and Tukey’s HSD tests were performed using
RStudio. Tukey’s HSD tests were performed with «=0.05.
Pairwise comparisons were made using a two-tailed Welch’s t-
test, which is a version of Student’s t-test in which the variance
between samples is treated as not necessarily equal. Two-tailed
Welch'’s t-tests were performed in GraphPad. To decrease the
false discovery rate, the Benjamini-Hochberg procedure was ap-
plied to each set of tests per figure panel; in all tests, after the
Benjamini-Hochberg procedure, the null hypothesis was
rejected for P-values < 0.05. The outcomes for each statistical
test are provided in the figure captions, and additional details
for some panels are in referenced supplementary notes.
Supplementary Note S1 includes the outcomes for one-way
ANOVA tests followed by Tukey’s HSD tests for Figure 1c,
Figure 2c, Supplementary Figure S3e and Supplementary Figure
S7b. Supplementary Note S2 includes the outcomes for two-way
ANOVA tests followed by Tukey’s HSD tests for Figures 1c and f,
2c and d, 4a and b, 5b, 6a—f and Supplementary Figure SS8c.
Supplementary Note S3 includes the outcomes for three-way
ANOVA tests followed by Tukey’s HSD tests for Figures 2d, 4c,
6a—f and Supplementary Figures S8a and b, S1la, S28b, S30b.
Supplementary Note S4 includes the outcomes for two-tailed
Welch’s t-tests followed by the Benjamini-Hochberg procedure
for Supplementary Figure S14b.

3. Results
3.1 Protease tuning reduces background
We initially focused on the goal of decreasing MESA receptor

background signaling by investigating two strategies that we
hypothesized could modulate the kinetics of proteolytic trans-
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cleavage. Our first strategy was motivated by extending a pub-
lished observation. In our initial development of MESA (25),
we used prior biochemical analyses of the tobacco etch virus
protease (TEVp) (41-44) to vary cleavage kinetics by mutating
the amino acid residue that immediately follows the cleavage
site (the P1’ position) within the protease recognition sequence
(PRS: ENLYFQX, where X is the P1’ position) on the target chain
(TC). This search enabled the identification of a kinetic regime
in which dimerization-inducible signaling was feasible.
However, in the initial study, we did not explore all kinetic
regimes that are accessible using known TEVp biochemistry.
Here, we investigated whether TEVp kinetics could be subtly
tuned to preferentially reduce background signaling more so
than ligand-induced signaling. We introduced mutations to the
TEVp on the protease chain (PC) that reduce cleavage kinetics to
varying degrees (41-44) (Supplementary Figure S3a), and we
subsequently combined these with mutations to the P1’ posi-
tion of the PRS on the TC (Supplementary Figure S3b). We found
many combinations of TC and PC variants that exhibited lower
background signaling compared to the base case, as desired.
However, the fold difference in reporter expression (the ratio of
reporter expressed with versus without ligand) did not improve;
these receptor variants exhibited a decrease in ligand-induced
signaling that was proportional to or greater than the decrease
in background signaling, and therefore we chose not to pursue
the strategy of tuning TEVp kinetics (alone) to improve receptor
performance.

We next explored a second strategy motivated by the obser-
vation that TEVp naturally includes a C-terminal auto-
inhibitory peptide (AIP) that is often omitted from biochemical
tools that use TEVp (including MESA). Crystallographic evidence
suggests that the AIP can reside in the TEVp active site (43), and
since the PRS and AIP are similar in sequence (Supplementary
Figure S3c), it is possible that these peptides compete for bind-
ing to the active site of TEVp. We hypothesized that by placing
variants of the PRS or AIP on the TEVp C-terminus, these pepti-
des might reduce background signaling by reversibly occupying
the TEVp active site such that TC-PC trans-cleavage is inhibited
during transient diffusive encounters (in the absence of ligand),
but cleavage would eventually occur during sustained ligand
binding-induced chain dimerization (Figure 1b). Appending the
full AIP to TEVp decreased both background and ligand-induced
signaling, and a similar outcome was observed when this effect
was combined with the previously evaluated mutations in TEVp
or the PRS (Supplementary Figure S3d). Appending most AIP
and PRS variants also produced this pattern (Figure Ic,
Supplementary Figure S3e), but four appended peptides
(ELVYSQ, ELVYSQM, ELVYSQA and ELVYSQK) slightly increased
fold difference compared to the base case. Altogether, we con-
clude that adding active site-occupying peptides can modestly
reduce background and improve fold inducibility, but other
strategies are needed to more substantially improve receptor
performance.

3.2 Protease chain expression can be stabilized by linker
selection

In prior work, we observed that PC surface expression was often
lower than TC surface expression (25, 28), and we hypothesized
that some aspects of PC design might render this chain less sta-
ble. Western blot analysis showed expression of the full-length
PC as well as a smaller fragment, the size of which was
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consistent with juxtamembrane cleavage (Figure 1d and e).
Since this pattern was observed even when TEVp was mutated
to be catalytically inactive via D81N substitution (44) (Figure 1d
and e), the observed cleavage can be attributed to endogenous
cellular processes, rather than the catalytic activity of TEVp.
Cleavage of the PC is potentially problematic because the residual
membrane-tethered ectodomain (ECD) could function as a com-
petitive inhibitor of intact receptors, and the TEVp released into
the cytosol could contribute to background signaling. To explore
alterations that might prevent cleavage of the PC, we first varied
the sequence of the PC inner linker (PCIL) that connects the TEVp
and transmembrane domain (TMD) by introducing positively
charged residues and sequences from native receptors. These
substitutions improved protein stability, reducing the appearance
of the originally observed juxtamembrane cleavage product
(Supplementary Figure S5a). However, none of these substitutions
improved receptor performance, and some substitutions dimin-
ished functional performance by increasing background signaling
and/or decreasing induced signaling and therefore decreasing the
ligand-induced fold difference (Figure 1f). This effect could not be
overcome by decreasing the PC plasmid dose (to compensate for
the increased levels of intact PC) without diminishing ligand-
induced signaling (Supplementary Figure S5b and c), and addi-
tionally these substitutions reduced surface expression of the PC
(Supplementary Figure S5d). Although it is not clear why each
substitution conferred these undesirable effects, it was clear that
PCIL substitution alone did not address PC stability or background
signaling via a useful mechanism, and so we turned to other
modifications as alternative approaches.

(@) (b)

Protease chains

Target chains

Molecular weight (kDa)

(d)

3.3 Transmembrane domain substitution can improve
receptor performance and stabilizes the protease chain

TMD choice is an as-of-yet unexplored and potentially impor-
tant aspect of MESA design. Previous MESA receptor designs
(25, 28) employ a form of the CD28-TMD commonly used in chi-
meric antigen receptors (CARs) that differs somewhat from the
native CD28-TMD sequence. When engineering CARs, TMD
choice has proven to be a useful handle for tuning interactions
between receptor chains and modulating the strength of target
antigen binding-induced receptor signaling (45, 46). Since the
native CD28 receptor clusters as a member of the immunologi-
cal synapse formed between a T cell and an antigen-presenting
cell (47, 48), we hypothesized that when the CD28-TMD is
employed in a synthetic receptor system such as MESA, some
residual clustering (mediated by the TMD alone) could lead to
ligand-independent signaling. We speculated that using an
alternative TMD might avoid this problem. In natural receptor
tyrosine kinases (RTKs), the TMDs regulate diverse aspects of
receptor signaling mechanisms, including dimerization propen-
sity and geometry, ligand binding-induced rotational conforma-
tion changes and clustering (49). Therefore, we decided to
investigate whether replacing the CD28-TMD in MESA with
other TMD variants might improve receptor performance.

We selected a panel of seven natural TMDs from RTKs, sam-
pling a range of reported dimerization propensities (48), and
two synthetic TMDs (50), and we substituted these for the CD28-
TMD (Figure 2a). TMD substitution had a substantial effect on
receptor expression, and in some cases this effect differed for
the TC and PC (Supplementary Figure S6a). Since MESA
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Fig. 2 TMD contributions to MESA receptor signaling. (a) This schematic identifies the design choice examined here—the TMD sequence. (b) Effect of TMD choice on the ex-
pression of expected bands (PC, TC, cotransfected NanoLuc loading control) versus cleavage products (CD28 and FGFR1 cases). For this experiment, chain expression levels
were first normalized to that of CD28-TMD TC expression (M, upper panel) by varying transfected plasmid dose through iterative western blot analyses (Supplementary
Figure S6). The X denotes a vector-only negative control (including NanoLuc); TC denotes a CD28-TMD TC. (c) Paired TMD substitution conferred varying effects on receptor
performance. Labels indicate the TMD that was used on both the TC and PC. Numbers above bars indicate fold difference when the ligand induced a significant signal above
background (two-way ANOVA, P < 0.05). (d) Combinatorial TMD substitution further improved receptor performance. Fold difference is reported in the heatmap at right. All
combinations exhibit a significant increase in reporter expression upon ligand treatment (three-way ANOVA, P < 0.001). Bars depict the mean of three biological replicates,
and error bars represent the S.E.M. Outcomes from ANOVAs and Tukey’s HSD tests for (c, d) are in Supplementary Notes S1, S2, and S3.
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performance depends upon both chain expression level and the
ratio of expression of the two chains (27), we sought to isolate
the mechanistic effects of TMD choice from the effects upon ex-
pression levels. Therefore, we normalized protein expression by
iteratively varying plasmid dose (Section 2, Supplementary
Figure S6). In this context, we observed that all of the TMD sub-
stitutions except for the FGFR1-TMD stabilized the PC (i.e. re-
solved the juxtamembrane cleavage observed with the CD28-
TMD) (Figure 2b, Supplementary Figure S5), and all substitutions
altered surface expression (Supplementary Figure S7a). In sub-
sequent functional evaluations, using TC:PC protein expression
ratios of approximately 1:1, TMD substitution conferred sub-
stantial, expression level-independent effects on performance
(Figure 2c, Supplementary Figure S7b). Notably, employing the
TMDs from GpA and FGFR4 increased the ligand-induced signal-
ing compared to the CD28-TMD without increasing background
signaling, leading to high-performing systems. Conversely, uti-
lizing the TMD from FGFR1 increased both ligand-induced and
background signaling, and the TMDs from FGFR2, FGFR3, EphA4
and VEGFR1 did not result in receptors that were capable of
signaling.

To determine whether using different TMDs on the TC and
PC could yield further improvements, we evaluated the
100 (10x10) pairwise TC-PC combinations (Figure 2d,
Supplementary Figure S8a and b). In our initial screen, most TCs
that conferred little or no detectable ligand-induced signaling
when paired with a PC bearing the same TMD (matched pairs)
also showed little or no ligand-induced signaling when paired
with a different TMD PC (mixed pairs) (Supplementary Figure
S8a and b). An exception to this trend is the VEGFR1-TMD,
which showed some ligand-induced signaling when paired with
a PC containing the CD28-, GpA-, FGFR1-, FGFR3-, FGFR4- or
Valine-TMD. Notably, many other mixed TMD pairs also
showed substantially improved performance compared to the
matched CD28-TMD base case, including reduced background
signal and/or increased ligand-induced signal, leading to fold
differences as high as 97 (Figure 2d, Supplementary Figure S8c).
Together, these results suggest that TMD choice is a key deter-
minant of receptor performance and a rich target for tuning.

3.4 Transmembrane domain choice does not
substantially impact receptor dimerization propensity

Given the promising results obtained with certain TMD choices,
we next sought mechanistic insight into the roles of these
domains in MESA signaling. For native receptors, TMDs can af-
fect both localization and function (49), but how this choice
affects synthetic receptor function is unexplored. Since some
TMD sequence motifs mediate receptor homodimerization, we
hypothesized that TMD choice might affect MESA receptor per-
formance by modulating the propensity for chains to associate.
We first evaluated TMD association computationally using
TMDOCK, a tool that uses amino acid sequence to predict TMD
association by simulating alpha helix packing arrangements
and conducting local energy minimization (51) (Supplementary
Figure S9a-c). This analysis predicted differences in matched
TMD interactions, although the predicted trends only partially
agreed with our experimental observations. For example,
TMDOCK predicted the FGFR1-TMD to exhibit a high propensity
to homodimerize, which is consistent with the observed high
background signal (Figure 2c). In contrast, TMDOCK also pre-
dicted the GpA-TMD to homodimerize (with more stability than
the CD28-TMD), which is consistent with prior biochemical
analyses (52, 53), yet we observed no evidence of enhanced
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homodimerization (i.e. in the form of high background) in func-
tional assays. One possible explanation for this discrepancy is
that TMDOCK evaluates TMD interactions in isolation, omitting
any effects that might be conferred by the intracellular or
extracellular receptor domains, and thus this tool alone is
insufficient to explain the mechanistic consequences of TMD
choice. Therefore, we next sought to directly investigate how
TMD choice affects MESA receptor association by experimental
characterization of full-length proteins.

To develop an assay for experimentally quantifying MESA
inter-chain association, we employed a FRET-based method (34,
54) (Figure 3a). We replaced the TC and PC intracellular domains
(ICDs) with mVenus or mCerulean—fluorescent proteins that
exhibit FRET in a manner dependent on spatial co-localization
(FRET occurs within a donor-acceptor distance of approximately
10nm (55, 56)). Using this assay, ligand-independent association
and ligand-dependent association are quantified by measuring
acceptor (mVenus) fluorescence upon donor (mCerulean) exci-
tation. To establish a high-throughput workflow that yields
single-cell resolution data, we first adapted a reported approach
to quantify FRET by flow cytometry (54). Importantly, this work-
flow includes normalization of FRET signal to fluorophore levels
on a single-cell basis, which is necessary to account for hetero-
geneity in protein expression. In this approach, single-cell
mCerulean donor fluorescence, mVenus acceptor fluorescence,
mVenus FRET fluorescence, and fluorescence from constitu-
tively expressed miRFP670 are quantified by flow cytometry
(Table 1). Single-color samples are analyzed to apply post
hoc linear compensation for spectral bleed-through across
fluorophore and FRET channels using an expression range that
encompasses the receptor samples (Figure 3b, Supplementary
Figure S10a); only transfected cells (miRFP670+) that are both
mCerulean+ and mVenus+ are analyzed (Supplementary
Figures Sla, S10b).

To validate our FRET assay, we first used a model system:
cells expressed either a positive control (an mVenus-mCerulean
fusion protein that is expected to exhibit strong FRET (57)) or a
negative control (mVenus and mCerulean expressed as separate
proteins that are expected to exhibit minimal FRET). We
evaluated two possible metrics to quantify FRET efficiency.
The first metric, FRET fluorescence intensity, was quantified
using unprocessed fluorescence intensity in the FRET channel.
As expected, this metric correlated linearly with donor fluores-
cence and acceptor fluorescence (proxies for the expression
level of each fluorescent protein), respectively, and as expected,
FRET fluorescence intensity was higher for the fusion protein
than for the non-fused control (Figure 3c). The second metric,
normalized FRET (NFRET) (34, 58), was calculated by normaliz-
ing the FRET fluorescence intensity of each cell to that cell’s
donor and acceptor fluorophore expression levels to provide a
whole-cell FRET metric that accounts for fluorescent protein ex-
pression level (Figure 3d). Like FRET fluorescence intensity,
NFRET was higher for the fusion protein than for the non-fused
control. However, NFRET demonstrated the anticipated low cor-
relation with fluorophore expression level and enabled compar-
isons across two orders of magnitude in donor and acceptor
fluorescence (Figure 3d, Supplementary Figure S10c). Although
each of these metrics can report whether FRET occurs in this
model system, NFRET provides better quantitative resolution
separating the two control populations (Figure 3c and d), and
since it inherently controls for variation in protein expression,
we utilized this metric exclusively going forward. As a final vali-
dation of our analytical pipeline, and to enable comparison of
our methods with classic microscopy-based FRET analyses, we

1202 Aepy Gz uo 1senb Aq 00v€ L 6G/L 1L 0BESA/L/G/81o1B/0IqUAS/WOD dNO"oiWsped.//:sdiy Wolj papeojumoq


https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data
https://academic.oup.com/synbio/article-lookup/doi/10.1093/synbio/ysaa017#supplementary-data

10 | Synthetic Biology, 2020, Vol. 5, No. 1

+ Rapalog
FKBP FRB
<—> HiE4E] (142441 L} 31 148431 3484344
skasdasfisaiiii siddfiidiifidiiiigg
Ligand- 4 o\ Ligand- o
independent Wy mediated .
association association
(b) (c)
pcDNA @ @ B mC and mV QO
M mC fused to mV @O
§ A 104_ ]
O~ 1 @
[T ) o
w3 S~ 10°4 .
oa | 104 E g3 10 ]
q ©
22 8>
T2 | od 1 S5 107 ;
2e 04 E ég 1 r=098 | 1 r=1.00
Qo E|
o= |07 3 IHE o4 ; E
o T e T T ™ T Y- r=0.82 i r=0.80
2 -10° 0 10 10° 10 & E ! ]
Donor fluoresence intensity (a.u.) > " T B j | A ™ BN
o 400 0 10? 100 10*10° o 10 10° 10
A Donor fluorescence Acceptor fluorescence
g 10 intensity (a.u.) intensity (a.u.)
53 1 '
s | 10 1 1 (d)
[ E E
2> FRET FI
g-‘ﬁ NFRET =
S | 10 1 v I IR J Donor FI x Acceptor FI
bt ol 3 fw | g e
v 40P 0102 10°  10° > s mC fused to mV @O
Acceptor fluoresence intensity (a.u.)
1.0 E
A _
8 10 E r=0.33
c— K E 4 4
83 & 05
a8 | 104 1 1 =z
2> ] ]
S% 07 r=032 ]
Eg | 102 ]
-8 o ] :
we ﬂg’zf‘%l 1% 05 L rrrepmre : e .
w - popanv — T 00 0 107 100 10* 102 0 10 10° 10
10010 10 > Donor fluorescence Acceptor fluorescence

Donor fluoresence intensity (a.u.) intensity (a.u.) intensity (a.u.)

Fig. 3 Development of a flow cytometric FRET approach to probe receptor chain association. (a) This schematic illustrates our strategy for quantifying ligand-indepen-
dent (left) and ligand-mediated (right) receptor associations using Forster resonance energy transfer (FRET). Rapamycin-sensing MESA receptor ICDs were replaced
with mCerulean (donor) and mVenus (acceptor) fluorophores. (b) Single-fluorophore samples were used to linearly compensate bleed-through from individual fluoro-
phores into both the other fluorophore channel and the FRET channel. These plots also illustrate the gating used to identify cells expressing both the donor and accep-
tor fluorophores (mCerulean+/mVenus+). mC, mCerulean; mV, mVenus. (c) Cytosolically expressed control constructs that are expected to display low FRET (separate
soluble donor and acceptor proteins) or high FRET (donor-acceptor fusion protein) differ by a vertical shift in fluorescence in the FRET channel. Fluorescence in the
FRET channel is linearly correlated with donor and acceptor fluorescence, respectively. The cells shown are singlets that are transfected (miRFP670-+) and that express
the donor and acceptor (mCerulean+/mVenus+). (d) When FRET fluorescence is normalized to donor and acceptor fluorescence intensities by the calculated NFRET
metric (equation shown), the cytosolic controls still display a vertical shift in NFRET, but NFRET only has a low correlation with donor and acceptor fluorescence, re-
spectively; NFRET is more independent of expression differences observed across the cell population (compared to FRET fluorescence intensity in c). The NFRET metric
better distinguishes low and high FRET controls than does unprocessed FRET fluorescence. The cells shown are singlets that are transfected (miRFP670+) and that ex-
press the donor and acceptor (mCerulean+/mVenus+). Experiments were conducted in biological triplicate, and individual representative samples are shown. Adjunct
histograms represent probability density and are scaled to unit area. Data were analyzed as described in Section 2.

adopted our method to a confocal microcytometry workflow surprising lack of elevated background signaling (Figure 2c); and
(Section 2), which confirmed the patterns observed by flow the FGFR4-TMD was selected for its documented (53) and pre-
cytometry (Supplementary Figure S11). dicted low propensity to dimerize (Supplementary Figure S9)

Having validated this FRET assay, we next employed it to in- and high performance in functional assays (Figure 2c). We hy-
terrogate the contribution of TMD choice to MESA inter-chain pothesized that if TMD choice impacts receptor function primar-
interactions. To investigate the mechanistic questions and ap- ily through modulating inter-chain affinity, then functional
parent contradictions discussed above, we selected three TMDs characteristics (e.g. low versus high background signaling)
for investigation: the CD28-TMD was selected for its predicted would correlate with FRET trends (e.g. low versus high basal
large number of energetically favorable modes of association FRET signal, respectively). We started by evaluating MESA with

(Supplementary Figure S9), propensity to cluster (53) and use in matched TMD pairs and found that background NFRET was
previous MESA receptors (25, 28); the GpA-TMD was selected for slightly (but significantly) lower for the GpA-TMD and FGFR4-
its documented high propensity to homodimerize (52, 53), and TMD based MESA than for the CD28-TMD based MESA, although
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Fig. 4 Effect of TMD choice on receptor chain association. (a) Receptor pairs with matched TMDs exhibit a ligand-induced increase in NFRET (27 h incubation, 100 nM
rapalog) (two-way ANOVA, ** P < 0.001) (left). The CD28-TMD matched receptor pair exhibits slightly higher NFRET in the absence of ligand compared to the GpA-TMD
pair and FGFR4-TMD pair (two-way ANOVA, ** P < 0.001). Fractional change in NFRET upon ligand treatment (ligand-induced NFRET fold difference) is comparable
across TMDs (two-tailed Welch'’s t-test, all P > 0.05) (right). In all cases, the donor fluorophore is on the FKBP chain and the acceptor fluorophore is on the FRB chain. (b)
NFRET induction varies with rapalog dose (measurement at 27 h incubation). (c) Pairs of receptors with mixed and matched TMDs exhibit a significant ligand-induced
increase in NFRET (27 h incubation, 100 nM rapalog) (three-way ANOVA, P < 0.001). The ligand-induced NFRET increase is comparable across mixed and matched TMD
pairs. (d) Dynamics of NFRET response to ligand. By 3 h post-ligand treatment, the NFRET increase is nearly maximal (87% relative to the NFRET at 27 h). Rapa, rapalog.
(e, f) In a cold (non-fluorescent) chain competition assay with matched TMD fluorescent receptors, CD28-TMD exhibited a slightly higher propensity to associate: the
NFRET decrease conferred by introduction of a CD28-TMD cold chain was greater in the CD28-TMD matched case than in other cases (two-tailed Welch'’s t-test, all P >
0.05 except for comparison between CD28-mediated and GpA-mediated disruption of CD28 FRET and CD28-mediated versus FGFR4-mediated disruption of CD28 FRET,
*P < 0.05, * P < 0.01). All chains contain the same ECD (FRB). Experiments were conducted in biological triplicate, and data were analyzed as described in Section 2.
Error bars represent the S.E.M. Outcomes from ANOVAs and Tukey’s HSD tests for (a—c) are in Supplementary Notes S2 and S3.

ligand-induced increases in NFRET (i.e. fold difference) were sig-
nificant and similar across all three TMD choices (Figure 4a).
These receptors also exhibited similar ligand dose responses
(Figure 4b, Supplementary Figure S12). We next examined MESA
receptors with mixed TMD pairs and again observed that con-
structs exhibited similar and significant ligand-induced NFRET
(Figure 4c). This pattern held upon swapping the fluorophore
domains (Supplementary Figure S13), testing different cell har-
vest methods (Supplementary Figure S14) and measuring

NFRET by confocal microscopy (Supplementary Figure S15). To
investigate whether TMD choice impacts association kinetics,
we performed a time course assay (Figure 4d, Supplementary
Figure S16), which revealed that MESA receptors containing the
CD28-TMD and/or the FGFR4-TMD exhibited similar NFRET in-
duction kinetics. Onset was generally observed within 15 min of
ligand addition (Figure 4d, Supplementary Figure S17), indicat-
ing that this signal is attributable to the ligand-induced associa-
tion of existing chains, rather than potential ligand-induced
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stabilization of newly synthesized chains. Altogether, these eval-
uations revealed no substantial TMD-dependent effects, which
argues against the hypothesis that TMD choice impacts MESA
function primarily through modulating inter-chain affinity.
Given the surprising finding that TMD choice did not appear
to impact inter-chain association, we next used a separate and
potentially more sensitive FRET assay to seek confirmation of
this finding. For this evaluation, we performed a cold chain
competition (Figure 4e), in which fluorescently tagged MESA
chains (called test chains) compete with MESA chains employ-
ing a non-fluorescent mVenus mutant (called cold chains) for
TMD-mediated interactions (Supplementary Figure S18a). We
expect that introduction of a cold chain will lead to a decrease
in FRET between test chains, and that the magnitude of this de-
crease will trend with the affinity with which test and cold
chains associate in a ligand-independent manner. As expected,
we observed that the introduction of cold chains reduced
NFRET between all test chains, and notably this reduction was
approximately 20% in all but one case (Figure 4f, Supplementary
Figure S18b): CD28-TMD-containing test chains showed a
slightly but significantly greater decrease in NFRET when co-
expressed with CD28-TMD cold chains rather than with any
other cold chains. This result indicates that MESA with the
CD28-TMD have a slightly higher association propensity than
do MESA with the GpA-TMD or FGFR4-TMD, which is consistent
with the previously observed slight elevation in background
NFRET for MESA with the CD28-TMD, compared to MESA with
other TMD choices (Figure 4a). Together, these results indicate a
slightly higher propensity for CD28-TMD MESA to self-associate
compared to MESA with the FGFR4-TMD and GpA-TMD.
Interestingly, the increased propensity for CD28-TMD MESA to
self-associate did not manifest in elevated background signal
compared to MESA with other TMDs, and these results are in-
sufficient to explain the observed TMD-dependent differences
observed with GpA-TMD and FGFR4-TMD MESA in functional
assays (Figure 2). Therefore, we conclude that TMD choice pri-
marily affects MESA receptor performance by modulating a
property other than TMD-dependent inter-chain association

propensity.
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3.5 Transmembrane domain choice governs receptor
dimerization geometry and trans-cleavage efficiency

Considering the preceding observations, we hypothesized that
TMD choice might impact the geometry of receptor dimeriza-
tion in a manner that affects trans-cleavage efficiency without
affecting the propensity for the chains to associate. To test this
hypothesis, we used a panel of synthetic TMDs that were
designed to dimerize with varying geometries and were previ-
ously used to study geometric constraints on juxtamembrane
regions of RTKs that stemmed from the TMD (59). In this panel,
changes in TMD sequence are used to systematically vary the
orientation of dimerization (Figure 5a). TMDOCK analysis pre-
dicted that this panel of TMDs can homodimerize in configura-
tions with distances between TMD C-termini (at the inner
leaflet of the membrane) ranging from 5.4 to 16.0 A and in a vari-
ety of rotational orientations (Supplementary Figure S19).
Notably, TMD-dependent differences in inter-chain orientation
on this scale would not necessarily generate TMD-specific FRET
signals. We hypothesized that if TMD interaction geometry
does indeed impact trans-cleavage efficiency, then MESA recep-
tors built using this panel of synthetic TMDs would exhibit dif-
ferential signaling in a functional assay. We found that ligand-
induced signaling indeed varied across the panel and decreased
substantially as the residues mediating dimerization were
moved away from the inner leaflet of the membrane (Figure 5b).
Notably, some synthetic TMD choices yielded very little ligand-
induced signal, similar to what was observed with several na-
tive TMDs (Figure 2c). The aforementioned effects of TMD
choice could not be explained by differences in expression level
of the receptors—the chains with the lowest magnitude of
ligand-induced signaling were the most highly expressed
(Supplementary Figure S20a)—nor by differences in ligand-
induced MESA protein accumulation, which was modest and
similar across the panel (Supplementary Figure S20b).
Altogether, these data support the conclusion that TMD choice
substantially influences the efficiency of MESA trans-cleavage
via a mechanism that involves the intracellular geometry in
which MESA chains dimerize upon ligand-binding.
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Fig. 5 Effects of TMD dimerization geometry on receptor signaling. (a) The schematic depicts the design of synthetic TMDs used to constrain receptor dimerization ge-
ometry. Dimerization of the valine-rich alpha helices occurs at the hydrophilic glutamic acid residues. Juxtamembrane N-terminal outer linker and C-terminal inner
linker (IL) residues are shown in blue. (b) Positioning the dimerizing residues at different locations in the alpha helix conferred highly varied effects on background and
ligand-induced signaling. Moving the position of the first dimerizing residue from the IL from position 4 to 5,5t0 6,6 to 7,7 to 8 and 9 to 10 resulted in a significant dif-
ference in ligand-induced reporter expression (two-way ANOVA, P < 0.01). Fold difference values are shown above points where ligand addition induced reporter ex-
pression that was significantly above background. Experiments were conducted in biological triplicate, and data were analyzed as described in Section 2. Error bars
represent the S.E.M. Outcomes from ANOVAs and Tukey’s HSD tests for (b) are in Supplementary Note S2.
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Fig. 6 Tuning an expanded panel of MESA receptor systems. (a-d) Functional assays for MESA receptors for sensing rapamycin, gibberellin, abscisic acid and GFP were
constructed using the full TEVp-based trans-cleavage mechanism. Axes shown on the perimeter of the heatmaps in (a-d) apply to all heatmaps in (a-d). (e, f)
Functional assays for MESA receptors for sensing rapamycin and GFP were constructed using a revised mechanism, including previously reported H75S/L190K muta-
tions for tuning split TEVp reconstitution propensity (26). ECDs and extracellular linker lengths are unique to each set of ligand-binding domains (Supplementary
Figures 521 and S23). Axes shown on the perimeter of the heatmaps in (e) and (f) apply to all heatmaps in (e) and (f). Heatmaps display the mean from three biological
replicates of reporter expression with vehicle only (gray), reporter expression with ligand (purple) and ligand-induced fold difference (gold). Within each system, a con-
sistent plasmid dose was used across conditions. Each panel (column) is an independent experiment, and each heatmap is internally scaled by the system.
Corresponding bar graphs are in Supplementary Figures S22, 524, S27-S30. Data were analyzed as described in Section 2. Outcomes from ANOVAs and Tukey’s HSD

tests are in Supplementary Notes S2 and S3.

3.6 Design rules extend to the development of new
synthetic receptors

Given our new understanding of the role of TMD choice, we
next investigated whether the observed trends would extend to
MESA systems with different ECDs and ligands. To test this hy-
pothesis, we first built two new MESA receptors to sense small
molecules—gibberellin (GA3-AM is a cell-permeable analog) and
abscisic acid (ABA) (Supplementary Figures S21-S26)—and a
third new MESA receptor to sense green fluorescent protein
(GFP; here we use co-expressed secreted GFP, sGFP, as an expe-
dient testing system), and explored design considerations that
are typically expected to be ECD-specific, such as how linker
length affects expression and cell-surface localization (60, 61).
Interestingly, functional assays revealed TMD-associated trends

that were largely consistent across ECDs (Figure 6a-d,
Supplementary Figures S22, S24, 527, S28). The TMD choice for
each chain significantly affected background signaling and in-
duced signaling, and the interaction between TMD choices was
also significant, indicating that the choice of TC TMD or PC TMD
alone does not fully explain the trends (Supplementary Note
S3). Additionally, the TMD choices together account for most of
the variance in background and induced signaling observed
(Supplementary Note S2). These observations indicate that sat-
isfying any one design objective (e.g. maximize fold difference,
minimize background, etc.) requires choosing a pair of TMDs
suited to that design goal. Additionally, some general trends
held across the rapamycin MESA receptors and these three new
receptors, suggesting that these might represent generalizable
principles guiding the design of future MESA receptors. For
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example, high background and modest induced signaling were
observed for pairs including FGFR1-TMD TG, resulting in gener-
ally low fold difference. Conversely, FGFR4-TMD-containing
pairs often exhibited low background signaling and high fold
difference (Figure 6a-d). Overall, we conclude that some effects
of TMD choice extend across multiple MESA receptors, and that
a limited experimental evaluation of these few TMD choices
enables one to generate multiple new high-performing
receptors.

We next investigated whether the observed effects of TMD
choice might extend to synthetic receptors that operate by a
distinct mechanism. To test this, we employed a recently
reported MESA system in which ligand binding induces recon-
stitution of a mutant split TEVp (26). The reconstituted protease
then releases a TF from the receptor, enabling the TF to enter
the nucleus and drive reporter expression (Figure 6e). We
replaced the CD28-TMD used in the reported rapamycin-
sensing base case (26) with other TMDs and also built GFP-
sensing variants of these receptors. In functional assays, we
again found that the TMD proved to be a useful handle for tun-
ing performance (Figure 6e and f, Supplementary Figures S29
and S30). Background and ligand-induced signaling were again
significantly affected by TMD choice for each chain and the in-
teraction between the TMD choices (Supplementary Note S3).
Strikingly, across all mixed and matched TMD pairs, the ligand-
induced signal was relatively consistent, which differs from the
trends observed for the trans-cleavage mechanism. Moreover,
for these receptors, using the CD28-TMD on only one chain
resulted in very low background signaling, but using the CD28-
TMD on both chains (as previously reported (26)) resulted in the
highest background of all combinations tested, with the interac-
tion between TMD choices accounting for most of the variance
in background signaling (Supplementary Note S2). When con-
sidered together with the FRET experiments (Figure 4a and f),
these results again suggest that CD28-TMD MESA exhibits in-
creased ligand-independent association propensity compared
to MESA employing other TMDs. This effect can be problematic
if both chains include this TMD, yet this same property can be
useful if only one chain bears this TMD. Comparing these two
distinct MESA receptor mechanisms suggests that whereas sub-
tle geometric effects conferred by specific TMD pairs have a sub-
stantial impact on MESA receptors employing the original trans-
cleavage mechanism (Figure 6a-d), these nuances can have less
impact on the performance of receptors employing the distinct
split-TEVp reconstitution mechanism (Figure 6e and f). The ob-
servation that the effects conferred by TMD choice are depen-
dent on signaling mechanism is also consistent with our
hypothesis that TMD choice is most important for determining
the geometry of dimerized receptors. If, conversely, the main ef-
fect of TMD choice were modulating inter-chain association
propensity, then we might expect TMD choice to yield similar
effects when used with either mechanism, yet we see this con-
sistency only in CD28-TMD-mediated elevation of background
signaling. A final important finding is that for both MESA recep-
tor mechanisms examined, our initial model systems generated
insights enabling the design of novel receptors.

Finally, given these new insights into the important connec-
tion between MESA receptor geometry and functional perfor-
mance, we sought to utilize these tools to guide the selection of
new ligands and ligand-binding domains. For MESA receptors
engineered to sense rapamycin, gibberellin, abscisic acid, or in
previous work, vascular endothelial growth factor (VEGF) (5),
there exist crystal structures enabling us to estimate the dis-
placement between the C-termini of the ECDs when they are

dimerized in the ligand-bound state (37-40). To determine
whether this spatial variation is sufficient to impact intracellu-
lar receptor geometry, we again employed FRET analysis
(employing the well-behaved FGFR4-TMD) to best decouple our
investigation of this question from the effects of receptor geom-
etry on trans-cleavage (Figure 7a, Supplementary Figure S31).
Interestingly, ligand-induced NFRET fold difference showed a
strong negative correlation with the ECD C-terminal distance,
suggesting that one can predict some aspects of receptor struc-
ture and function from prior knowledge of the ECDs alone—an
attractive feature for a modular design strategy. We confirmed
that these effects were indeed attributable to receptor complex
formation by performing a ligand-ECD orthogonality analysis
(Figure 7b). Notably, the VEGF-binding ECDs—which correspond
to the largest ECD C-terminal distances evaluated—showed a di-
minishment in NFRET upon ligand treatment in both experi-
ments, suggesting that ligand-induced dimerization might
diminish, on average, transient inter-chain ICD interactions
compared to the ligand-free state. For a given TMD choice, the
ligand-induced fold difference values exhibit a positive correla-
tion (in rank order of effects) between NFRET and reporter ex-
pression. Comparing all FGFR4-TMD receptors used in both
FRET and functional assays, the highest values for both metrics
were observed for the rapamycin-sensing system, with lower
but similar values observed for the gibberellin and abscisic acid-
sensing systems (Figure 6a-c, Figure 7a). These observations
could help to explain why MESA receptors with shorter ECD C-
terminal distances (e.g. for rapamycin-sensing) generally ex-
hibit strong signaling. They also suggest that functional sensing
of gibberellin, abscisic acid, and VEGF (including receptor chain
trans-cleavage) can be attributed to inter-chain interactions that
occur with lower frequency than those that are required to con-
fer FRET. Altogether, the analyses presented in this study pro-
vide powerful new insights into the connections among tunable
protein design choices, biophysical consequences, and impacts
on the performance of synthetic receptors (Figure 7c).

4, Discussion

A key finding of this study is that systematic re-evaluation of
the MESA synthetic receptor system enabled identification of
design modifications that substantially improve receptor per-
formance. While some modifications had modest effects, TMD
substitution proved to be a particularly useful handle for recep-
tor tuning and optimization (Figure 2). Some TMD combinations
greatly decreased background signaling while maintaining or
increasing ligand-induced signaling, yielding high-performing
receptors with fold differences on the order of 100. By this met-
ric, these rank among the best synthetic receptors reported to
date (12, 18, 23). Moreover, evaluating a relatively small library
of TMD variants enabled us to generate high-performing MESA
receptors for three new ligands (Figure 6). It is notable that even
for the fully synthetic mechanism employed by MESA receptors,
it was not clear ahead of time which design modification strate-
gies would be most fruitful. These improvements were achieved
largely by investigating MESA receptor biophysics using the
approaches and strategies typically employed to study natural
receptors. There likely exists substantial room for improving
synthetic receptor systems—a recent report evidences the util-
ity of applying this approach to improve synNotch (24)—and
powerful tools developed by the receptor biophysics community
comprise substantial yet underutilized potential.

An integral part of this investigation was the use of flow
cytometric FRET. This technique enabled us to link disparate
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Fig. 7 Generalizing principles for receptor engineering. (a) Ligand-induced inter-chain association (NFRET fold difference) varies with ECD C-terminal distance, with a
negative linear relationship (y = -0.027x + 2.9, where y is NFRET fold difference and x is C-terminal distance in A, R? = 0.92, two-tailed Student’s t-test, P = 0.01). The
ligands are rapalog, GA3-AM, ABA and secreted VEGF. The red arrow indicates the ECD C-terminal distance—the spatial displacement between C-termini of the ligand-
binding domains. (b) Validation of receptor-ligand orthogonality: substantial fold differences in NFRET were observed only when each ligand was paired with its cog-
nate ligand-binding domains. Experiments were conducted in biological triplicate, and data were analyzed as described in Section 2. Error bars represent the S.E.M. (c)
This schematic synthesizes the findings of this investigation with prior MESA receptor development (26, 28) by relating receptor design choices to the proposed bio-

physical consequences and performance characteristics affected.

observations and build understanding (Figure 4). FRET has gen-
erally proven useful for elucidating native receptor mecha-
nisms, and these experiments typically employ confocal
microscopy (62-64). We employed a substantially more high-
throughput assay that provides single-cell resolution (thou-
sands of individual cells per sample) by adapting a reported
flow cytometry workflow (54) to this investigation (Figure 3). A
key utility of the NFRET metric is that it enables comparisons
across a heterogeneous population of cells by expression-
normalizing FRET. This feature of the NFRET metric makes it
useful for evaluating receptor dimerization when receptors con-
tain new protein domain choices (such as ECD), as it decouples
the effects of these new domains on expression level from their
effects on dimerization (with or without ligand). To our knowl-
edge, this is the first application of flow-FRET to characterize
synthetic receptors, and this approach may be useful for study-
ing and optimizing systems beyond MESA. A consideration for
future use is that our assay used the mCerulean/mVenus fluo-
rescent protein pair and standard flow cytometry filters, which
sufficed for our analysis, but it is possible that FRET signal could

be increased by selecting alternative fluorophores and/or be-
spoke filters.

Altogether, this investigation provides new mechanistic
insights into how TMD choice impacts MESA receptor perfor-
mance. Only the CD28-TMD used in previous MESA receptors
(25, 26, 28) showed some modest propensity to cluster in the ab-
sence of ligand (Figure 4a and f), which is consistent with roles
played by CD28 in T cell signaling at the immunological synapse
(48). In general, TMD choice conferred little effect (CD28-TMD)
or no effect (all other tested TMDs) on the propensity of MESA
chains to associate in the presence or absence of ligand. Thus,
there must exist an alternative explanation as to why TMD
choice profoundly impacts background signaling, ligand-
induced signaling, and even PRS cleavability. We propose that
TMDs primarily contribute to receptor performance by influenc-
ing the geometry in which intracellular domains interact.
Several lines of evidence support this hypothesis.
Systematically varying the geometry with which TMDs associ-
ate either facilitates or constrains MESA receptor signaling
(Figure 5), and some TMDs can render a TC resistant to cleavage
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by a PC (Figures 2c and 5b, Supplementary Figure S8). TMD-
associated trends also held to some extent across various
choices of ligand and ligand-binding domains (Figure 6a-d).
Although it is not yet clear why each TMD pair impacts the ge-
ometry with which intracellular domains associate, experimen-
tally screening the TMD library reported here enabled the
improvement of existing MESA receptors based upon each of
the two distinct mechanisms (Figure 6) (25, 26, 28). It remains to
be seen whether further TMD screening or engineering may
represent an opportunity for further enhancement of MESA
receptors, and whether TMD substitution will improve other
synthetic receptors.

Ultimately, we hope that this investigation will serve as a
guide for building and tuning synthetic receptors by connecting
design choices to biophysical consequences and performance
characteristics of interest (Figure 7c). When designing new
MESA receptors, some choices must be made at the outset.
First, the geometry with which ligand-binding domains are sep-
arated in physical space when bound to ligand fundamentally
limits inter-chain interactions (Figure 7a and b), so minimizing
the apposition of these domains may benefit MESA receptor
performance (Figures 6 and 7). Since the magnitude of NFRET
induction upon ligand addition roughly correlates with the fold
difference in ligand-induced signaling (Figures 6a-c and 7a), our
FRET assay may be a useful tool for selecting candidate ligand-
binding domains when a crystal structure cannot be used as a
guide; since FRET phenomena depend weakly on TMD choice,
such an initial evaluation need not include a combinatorial
TMD screen. Second, since TMD choice substantially influences
MESA performance, we recommend that functional evaluations
of new receptors include a limited combinatorial sampling of
TMDs (e.g. using a panel based upon those included in Figure 6).
Finally, expression tuning also provides a fairly facile handle for
optimizing (empirically, if needed) specific receptor perfor-
mance characteristics, although this might be less important
when using MESA that employ the split TEVp mechanism,
which is less sensitive to receptor expression level (26). The
methods and insights developed here should facilitate the con-
struction of novel, high-performing receptors for diverse
ligands, including both MESA receptors and potentially syn-
thetic receptor systems in general.

SUPPLEMENTARY DATA
Supplementary Data are available at SYNBIO Online.

Data availability

Notable sequences for plasmids used in this study are provided
in Supplementary Data 1. Plasmid maps are provided as anno-
tated GenBank files in Supplementary Data 2. The majority of
the plasmids used in this study are deposited with and distrib-
uted by Addgene, including complete and annotated GenBank
files, at https://www.addgene.org/Joshua_Leonard/. This study
additionally uses Addgene plasmids #58855, #138749 (described
in Section 2). The exact doses of DNA used in each experiment
are listed in Supplementary Data 3. All reported experimental
data are provided in Source Data 1 and unprocessed western
blot images are available in Source Data 2, both of which can be
found on Zenodo (33).
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