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Abstract

Cellular signal transduction is predominantly based on protein interactions and their
posttranslational modifications, which enable a fast response to input signals. Due to difficulties in
designing new unique protein—protein interactions, designed cellular logic has focused on
transcriptional regulation; however, this has a substantially slower response requiring transcription
and translation. Here, we present a de novo design of modular, scalable signaling pathways based
on proteolysis and designed coiled-coils (CC) implemented in mammalian cells. A set of split
proteases with highly specific orthogonal cleavage motifs was constructed and combined with
strategically positioned cleavage sites and designed orthogonal CC dimerizing domains of tunable
affinity for competitive displacement after proteolytic cleavage. This enabled implementation of
Boolean logic functions and signaling cascades in mammalian cells. Designed split protease-
cleavable orthogonal CC-based logic (SPOC logic) circuits enable response to chemical or
biological signals within minutes rather than hours, useful for diverse medical and nonmedical
applications.

Introduction

Responsiveness to external and internal signals is a key feature of living cells, allowing
appropriate response to environmental conditions, intracellular communication and many
other functions. Physicochemical signals are typically sensed by diverse protein receptors
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that relay and transduce the signal to trigger an appropriate cellular response. Signaling in
both prokaryotes and eukaryotes is predominantly achieved through protein—protein
interactions and their posttranslational modifications, such as phosphorylation or proteolytic
cleavage and degradation. Although many proteins in signaling pathways are composed of
related modular domains , protein-protein interactions have been optimized during
evolution for the high specificity and orthogonality of pathways operating in parallel.
Several physiological responses such as secretion of insulin upon increased glucose
concentration, blood vessel dilation or response to noxious agents, need to occur rapidly,
within minutes. Since de novo biosynthesis of signal mediators through transcription and
translation is time consuming, fast signaling responses are often accomplished by rapid
processing of premade mediators. The design and introduction of new signaling pathways
based on protein modification rather than transcription regulation may therefore enable
therapeutic or biotechnological benefits and contribute to elucidation of the principles of
signaling through naturally evolved pathways.

Signaling pathways have already been rewired and transferred between organisms, for
example, in yeast and mammalian cells 2. However, in order to introduce specific,
adjustable, and scalable regulation, the information-processing pathways should preferably
be designed de novo, as this minimizes the unwanted interactions with the cellular chassis
and makes the pathways highly programmable for implementing designed cellular logic. Up
to now, most designed cell circuits have been based on transcriptional regulation, drawing on
the modular DNA recognition and transcriptional effector domains 7. Transcriptional
regulation—based cell logic is however inherently slower than protein interaction and
modification-based systems.

In contrast to the transcriptional regulation—based response, the protein interaction/
modification-based response occurs in cells within minutes and typically combines specific
protein—protein interactions and catalytic steps arranged in several interconnected layers,
which can combine multiple input signals, mediators, modifiers and information processing
steps (Fig. 1a). Several natural pathways utilize proteolysis, either for proteasome-mediated
degradation of selected proteins that generate or expose a degradation-targeting motif (e.g.,
IxB in the inflammatory signaling cascade) or through cleavage at defined sites (e.g., Notch
signaling, apoptosis, or coagulation cascade) 19-12, Proteolytic regulation had already been
engineered into mammalian cells, for example, through degrons 413 and cleavage of
transcription factors 14 and their translocation triggered by proteolytic cleavage 1516, In
addition, /n vitro systems for detection of proteolytic cleavage have been designed for a
limited number of logic functions 1718, However, the design of a fast, modular, scalable
protein modification—based signaling platform for the construction of logic functions in
mammalian cells remained a challenge, especially in terms of achieving the cellular
response at the sub-hour time scale. Use of proteolysis for logic circuit design imposes
several prerequisites, specifically 1) availability of a sufficient number of orthogonal
proteases, each specific to its own substrate without interfering with other components or
processes within the circuit or the cellular chassis, 2) a mechanism to activate proteases by
selected internal or external signals, 3) a mechanism to convert the proteolytic processing
into an output activity in a functionally complete way, allowing the design of diverse logic
functions, and 4) a mechanism to render further information processing (protease cleavage)
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dependent on the output of the upstream logic function, allowing coupling of functional
layers in a modular way (scalability).

Here, we present a platform for the design of a proteolysis-based signaling pathway, called
split protease and orthogonal coiled-coil logic (SPOC logic). We show the design of a set of
orthogonal split proteases as signal transducers, and a set of orthogonal proteolysis-
responsive coiled-coil (CC)-based modules as designable and scalable information-
processing modules. Proteolytic cleavage induces the conformational rearrangement within
and between the CC modules leading to the reconstitution of downstream functional protein
domains. We present construction of a full set of Boolean logic gates. Mammalian cells with
designed logic functions are responsive to small molecule inducers and respond within
minutes after the chemical signal, and the scalability of the modular system is validated by
construction of multi-level cascades. Finally, the applicability of the SPOC logic system is
demonstrated as a viral protease detection system with a built in chemically regulated safety
switch.

Design of a highly specific orthogonal split protease set

Protease-based signaling pathways require proteases with high target specificity that
minimally interfere with the existing cellular chassis. Protease orthogonality is required to
establish logic functions based on the proteolytic cleavage of signaling mediators. Initially
we sought to construct a toolbox of orthogonal split proteases based on mutants and
orthologues of the tobacco etch virus protease (TEVp), one of the most widely used
proteases in biotechnology, which recognizes a seven—amino acid residue sequence and is
nontoxic to mammalian cells 19. Two previously designed TEVp mutants with modified
substrate specificity 20 displayed a high preference for cleavage of their respective substrate
variant and were mutually orthogonal; however they also maintained a propensity for
cleavage of the wild type TEVp substrate, making the TEVp mutants less appropriate for our
purpose of robust construction of an orthogonal protease set (Supplementary Fig. 1a,b). In
contrast, three other proteases of the potyviral family—plum pox virus protease (PPVp) 1°,
soybean mosaic virus protease (SbMVp) 21, and sunflower mild mosaic virus protease
(SuMMVp) 14, displayed excellent substrate cleavage orthogonality in human embryonic
kidney (HEK) 293T cells when tested on cyclic luciferase reporters with designed cleavage
sites 22 (Fig. 1b; Supplementary Fig. 1c,d). Furthermore, to make the selected proteolytic
activity inducible by chemical input signals or protein—protein interactions required along
the signaling pathway, the proteases should be designed as split enzymes. The homology of
the potyviral orthologues with TEVp allowed us to design split proteases using three-
dimensional modeling of the orthologues based on the tertiary structure of TEVp 23
alongside its split design®* (Supplementary Fig. 1e). Complementary split fragments of each
protease, fused to either FKBP and FRB (whose heterodimerization is inducible with
rapamycin) or ABI and PYL1 (whose heterodimerization is inducible with abscisic acid,
ABA) 25 domain pairs, gained proteolytic activity upon addition of the appropriate chemical
inducer, with undetectable leakage in its absence while maintaining the orthogonality (Fig.
1c-d, Supplementary Fig. 2a-c, Supplementary Fig. 3).
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Proteolysis-dependent coiled-coil mediated rearrangement

The second component of the designed proteolysis-based signaling pathway demanded
scalable implementation of orthogonal protein—protein interaction modules responsive to
proteolysis. Coiled-coil (CC) domains are well understood mediators of protein-protein
interaction that can be designed de novo 26-2° and have been used for various designed
protein assemblies, from CC protein origami 3031 to jn vitro protease sensors 17. In
canonical coiled-coils, two or more helices fold in a left-handed supercoiled assembly with
each coil characterized by a repeat of seven residues per two turns of the helix 32. This seven
amino acid pattern is denoted with the string abcdefy, also referred to as a heptad repeat 33.
To guide information flow and implementation of logic functions /n vivo, several orthogonal
CC sets, fused to split-output proteins and functional in the complex environment of the
mammalian cell cytosol, are needed. Moreover, variants of orthogonal CC pairs with
different affinities and orientations (parallel vs. antiparallel) are required for designing
autoinhibitor and displacer peptides, such that a displacer peptide fused to a functional split
protein can effectively displace an autoinhibitory peptide fused to a target segment partner
upon proteolytic cleavage of the linker between the autoinhibitor and target CC partner (Fig.
2a, b).

To allow for an easy implementation with various split output proteins fused to the coiled-
coils, we designed our system such that an antiparallel coiled-coil pair is used for the
autoinhibition, but once the linker between the autoinhibitory and target coils is cleaved by a
protease, either a parallel or an antiparallel displacer peptide can interact with the target,
depending on what is needed for the reconstitution of the fused split protein. Since the
available characterized CC heterodimers are predominantly parallel 2634, we designed and
tested new heterodimeric antiparallel CC pairs (Supplementary Fig. 3a-c). To ensure pairing
in either a parallel or an antiparallel orientation and to retain the orthogonality between
different coiled-coil couples, we based our designed CC peptides on a previously published
parallel CC set 3536, In order to change the parallel orientation of helices in heterodimers
P3/P4 and P9/P10 into antiparallel, the sequences of P4 and P10 were reversed, and the
resulting peptides were named AP4 and AP10 (Supplementary Fig. 3a, b). Reversing the
sequence of these coiled-coil segments generated the contacts necessary for association in an
antiparallel orientation 37-38(detailed description in the online methods- Design of coiled-
coil target-autoinhibitor-displacer sequence sets). The new designed antiparallel pairs
P3/AP4 and P9/AP10 fused to split luciferase fragments were experimentally tested and
demonstrated to reconstitute luciferase activity in HEK 293T. Those peptide sets were found
to be orthogonal to each other and the concentration range in which the pair functions has
been determined (Supplementary Fig. 3c, d).

The antiparallel pairs where further modified for use as autoinhibitory segments
(Supplementary Fig. 4a-c). Displacement of such an autoinhibitory segment, occurring after
the proteolytic cleavage of the linker in the hairpin, should be promoted by the formation of
a more stable pair between the target and displacer peptide in a concentration dependent
fashion. We sought to favor the formation of a coiled-coil dimer between the displacer coil
and the target coil by decreasing the stability of the interaction between the autoinhibitory
and target peptides. The defined register of coiled-coil dimers allows for predictable site
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specific modifications that can be used to tune the coiled-coil dimer stability. In particular
positions &, cand 7, which are not involved in protein-protein interactions, can be substituted
in order to alter the stability of dimers without affecting their specificity of binding 3°. Since
the autoinhibitory displacement system is based on the concentration dependent
displacement, there is a stability window in which the interaction of the target coil with the
autoinhibitory segment is stable enough to prevent binding in the absence of the signal, yet
sufficiently weak to allow effective displacement after proteolysis of the linker between the
two coils. Previously, we destabilized coiled-coil dimers by mutations at noncontact
positions, specifically by replacing high helical propensity alanine residues at positions &
and cin the heptad repeats of P3 and P4 by less helical polar residues serine and glutamine
in P3mS and P4mS 0. Therefore the autoinhibitory antiparallel coils were designed using
the same principle (Supplementary Fig. 4a-c). These mutations were found to be effective at
facilitating the displacement of autoinhibitory peptides by displacer peptides and structural
re-arrangement upon chemical signal-triggered proteolysis while providing sufficient
inhibition of split protein reconstitution without proteolytic cleavage. Indeed, very little
leakage in target protein reconstitution was observed even in excess of a displacer peptide,
which resulted in a wide range of autoinhibited target to displacer ratios effectively
responding to a proteolytic signal (Supplementary Fig. 5a-c). On the other hand, additional
Leu or lle to Ala replacements at core positions aand d excessively destabilized the CC pair,
thus promoting displacement even in the absence of proteolytic activity and high leakage
(peptides P3MSIA2A, P3mS2A, and P3mStA,2A,, Supplementary Fig. 6a-c).

Construction of SPOC logic functions

A cleavage site in the antiparallel hairpin linker, as used before 17, enables implementation
of only a limited set of logic functions (e.g., OR, AND) but not the functions comprising a
logical negation (NOT, NOR, NAND, etc.). To overcome this limitation, an additional
cleavage site type between the CC forming segments and an effector domain (i.e., at the site
of fusion between the split luciferase or split protease) was introduced, which enabled
functional split enzyme inactivation by proteolysis (Fig. 2a-d, Supplementary Fig.7).

These designed interaction modules, encompassing cleavage sites for selected proteases at
different positions within the CC modules, represent a sufficient set to construct all binary
Boolean logic functions. Altogether, 13 variants of protease-responsive interaction modules
were constructed, combining CC modules with effector protein (sub)domains and cleavage
sites at up to two different positions (Supplementary Fig. 8a-c). Additional protease cleavage
sites could be introduced into each of these positions in order to extend the logic functions
towards multiple inputs. Single input functions were constructed when only one of the
building blocks was cleavable (NOT A, NOT B, A, B, depending on the position of the
cleavage site; (Fig. 3a, Supplementary Fig. 9a-c). An AND function was formed when both
reporter segments are activated by a cleavage between the target and an autoinhibitory
segment (Fig. 3c). Analysis of the concentration range of both applied inputs demonstrated
the expected symmetric response (Supplementary Fig. 10). A NOR function is constructed
when both reporter modules are deactivated by cleavage between the CC-forming domain
and split reporter fragment (Fig. 3b). Introducing a linker comprising cleavage sites for both
input proteases within the single building block, an OR function was obtained (Fig. 3d).
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When one of the building blocks is cleavage-activated by one input protease and the other
building block is cleavage-deactivated by the other input protease, the system results in
NIMPLY functions (Fig. 3e, Supplementary Fig. 9d).

The functions obtained by combining the output of two split reporter fragments on two
orthogonal CC sets complete the full set of nontrivial Boolean functions with XOR (A
nimply B in conjunction with orthogonal B nimply A, Fig. 3g), A imply B (AND in
conjunction with orthogonal NOT A, Supplementary Fig. 9¢), XNOR (AND in conjunction
with orthogonal NOR, Supplementary Fig. 9f), B imply A (A in conjunction with orthogonal
NOR, Fig. 3f) and NAND (B nimply A in conjunction with orthogonal NOT B, Fig. 3h). A
robust and significant difference between the active and inactive states was observed for all
the designed Boolean functions (p < 0.001).

Multilayered signaling

The modular design of SPOC logic supports scalability by extension to multiple layers. A
reconstituted split protease acting as an output, can serve as the input of the next protease-
regulated logic layer. This design allows the construction of multilayer circuits, such as
inverter cascades.

When a split protein is reconstituted through a CC linker cleavage, the total interaction
energy difference between the ON and OFF state consists of the contribution of both the
coiled-coil peptides as well as the interaction of the split protein fragments. Split proteins
domain pairs with a large interaction surface and a strong binding affinity might therefore
result in a leaky activation, where the blocking the CC interaction with an autoinhibitory coil
may not be sufficient to prevent reconstitution driven by the split protein domain interaction.
We indeed observed this effect in case of reconstitution of TEVp with high undesired
activity in the OFF state (Supplementary Fig. 11). To solve this issue, a catalytically inactive
split domain, fused to the autoinhibitory segment was introduced. This equalized the
interaction energy contribution from the split protein reconstitution in the autoinhibited and
active (displaced) states, resulting in compensation and suppression of leakage in the
uninduced state. The above was achieved by fusing a fragment of TEVp with a mutation in
the active site, previously shown to be catalytically inactive 41, to the autoinhibitory coil.
Upon cleavage of the linker, the inactive TEVp fragment is displaced along with the
autoinhibitory coil by an active TEVp fragment fused to the displacer coil. This modification
resulted in an excellent performance of the proteolytic cascade, with a decreased background
activity and substantially improved fold activation (Fig. 4a).

To demonstrate building a cascade based on SPOC logic, a chemically inducible double
inverter was constructed utilizing chemical reconstitution of PPVp that can inactivate CC-
linked split TEVp, which in turn inactivates a reporter. Addition of rapamycin resulted in
response that was at least comparable to the activation of the cascade by constitutive PPVp
(Supplementary Fig. 12a). An alternative double negation cascade was constructed with
three proteases, combining a cycLuc reporter with a PPVp-inactivated TEVp and a layer
consisting of SbMVp-inactivated split PPVp (Supplementary Fig. 12b). In the default state,
the final protease in this system, TEVp, is inactive, since the reconstituted split PPVp
cleaves off the split TEVp fragments from the coupled CC in the absence of an input signal.
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On the other hand, in the presence of an active SbMVp, the split PPVp fragments are
cleaved off, enabling pairing of the split TEVp in the second layer, resulting in an active
output. This type of a double inverter was also shown to be inducible with rapamycin (Fig.
4b).

To demonstrate that the SPOC logic platform performs independently of other cellular
components and that it could be adaptable to diverse chassis, the AND function was
constructed in NIH3T3, CHO and Neuro 2a cell lines and was shown to be highly efficient
(Supplementary Fig. 13a-d). Furthermore, in addition to potyviral proteases, SPOC logic can
also be adapted to respond to any biological signals that could be coupled to a specific
proteolytic activity. As an example, for use as a diagnostic or theranostic tool, the cleavage
sequences in the SPOC logic constructs can be replaced by sequences cleaved by pathogen-
specific proteases. Such a system could be controlled by multiple inputs, combined either
into an AND function recognizing multiple physiological signals or into a NIMPLY
function, providing a safety switch operated by an external signal (molecule) that can
regulate arming of the pathogen sensor. The feature of combining the detection of viral
protease with an additional signal was demonstrated by the NIMPLY function triggered in
the presence of human immunodeficiency virus-1 (HIV-1) protease activity, but only in the
case when the small molecule-regulated PPVp has not been activated (Fig. 4c).

Kinetics of the SPOC logic signaling pathway

One of the most important advantages of protein signaling in comparison to transcriptional
regulation is the possibility of a substantially faster response. We demonstrated this feature
of the designed signaling pathway by comparing the kinetics of the response of inducible
split proteases fused to either the rapamycin- or ABA-responsive protein domains (Fig. 5a)
with the transcription regulation-based modules fused to the same type of input-responsive
domains. A significant response could be detected already in less than 5 minutes after the
addition of chemical inducers to the cells carrying constructs coding for split proteases with
cyclic luciferase reporters (Fig. 5b, 5¢). Presumably due to different kinetics of rapamycin
and ABA diffusion through cell membranes and the differences in the kinetics of the binding
induced by these small molecules 42, a higher amount of rapamycin-inducible proteases was
used to achieve a comparable short-term response from both induction systems by
compensating for the slower induction of binding with rapamycin as compared to ABA
(Supplementary Fig. 2). Nevertheless, a significant and specific response of both one- and
two-input functions was observed in less than 15 minutes after the addition of the inducers
(Fig. 5d-h, Supplementary Fig. 14a-d). No changes in protease or luciferase fragment levels
were observed in this timeframe, confirming that the change in output is in fact due to the
cleavage and re-arrangement of coiled-coil coupled luciferase fragments (Supplementary
Fig. 15) rather than differences in transcription/translation. In comparison, the same ligands
used to trigger transcriptional activation required 2 hours for a detectable increase of the
reporter activity in cells, demonstrating a speeding-up of the information processing in the
cells by close to an order of magnitude.
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Discussion

All components of SPOC logic presented here rely solely on protein—protein interactions
and modifications: the sensory input modules (split proteases) depend on small molecule
binding and could also be regulated by light or other signals; the information mediating
modules (coiled-coils) rely on specific protein-protein interactions unleashed by proteolytic
cleavage; and the output modules (split enzymes) result in the reconstitution of enzymatic
activity or other functions. The concepts of modularity and scalability built into the
platform, provide a significant freedom in designing the functions best suited to any specific
application. SPOC proteolytic processing could be wired to enable a wide range of
downstream functions, such as secretion of hormones, antimicrobial compounds, enzymes or
other signaling molecules. It could be made to interact with native intracellular protein-
interaction-based signaling pathways, to destabilize or activate transcription factors 14, with
potential applications from therapy to diagnostics and biotechnology. While proteolysis
coupled to transcriptional regulation has been described before 13.14 it could not exploit the
full potential of the protein processing-based signaling logic due to its reliance on a
transcriptional and translational step. Kinetics of the SPOC system is governed by the
interaction affinity and concentration of the components, and is independent from the slower
processes of transcription and translation or cellular recycling machinery. With a response
time of a few minutes, SPOC logic mimics natural signaling pathways in their speed.

Furthermore, this platform can support multiple inputs and advanced combinations of input
signals from external or internal processes. Induction of proteolytic cleavage by rapamycin
and ABA has been demonstrated here; however, it would be easy to adapt SPOC logic to
respond to other chemical inducers of dimerization or even to intracellular processes, by
fusing to dimerization domains dependent on the presence of selected biological molecules.
While orthogonality of four proteases was demonstrated here, tens of additional potyviral
protease homologues are known that could be used to expand the toolbox 43. In addition,
other natural process- or pathogen-specific proteases, such as caspases and viral proteases
(e.g., from HIV-1 or HCV) can be implemented as an input. The demonstrated cascade using
HIV-1 protease provides an example of an application in which the system is employed to
detect a disease-specific signal, but also contains a built-in safety switch that can regulate
arming of the sensor. SPOC logic is thus particularly useful for enhancing the cell’s response
to infection or physiological states that require a rapid response, such as secretion of insulin
as a response to a change in glucose concentration, where transcriptional regulation is
clearly too slow, or as a rapid sensing and response to pathogens, that may multiply before
the transcriptional response provides the defense molecules. The coagulation cascade and
the complement system, that provide a response to injury and infection, are natural
extracellular examples of proteolytic cascades matched in speed by the SPOC logic and,
when dysregulated by disease or mutations, might be rescued by implementation of fast
artificial signaling pathways.

While this paper was under review, a report was published based on utilizing viral protease-
based protein logic called CHOMP, which also described construction of Boolean logic
functions in mammalian cells #4. That approach is based on the protease-induced regulation
of the activity of degrons fused to the output reporters, which either leads to targeting of
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proteins for degradation when the degron is exposed by cleavage or to stabilization of
proteins that would otherwise be directed to proteasomal degradation, if the degron is
removed by cleavage. In comparison to CHOMP, SPOC logic seems to be substantially
faster as the proteolytic cleavage directly (in)activates the effector protein and does not rely
on the cellular degradation machinery. Additionally, since it is based on direct tunable
protein-protein interactions and protease inactivation, SPOC is largely independent of the
chassis (in contrast to cell-specific degron and proteasome efficiency) and is expected to
work in most cell types in addition to the five cell lines demonstrated here. The availability
of a set of designable orthogonal coiled-coils enables scalability of information processing
logic. Since the degron- as well as coiled-coil based modules described in both contributions
are based on orthogonal split proteases, they could potentially be combined into even more
powerful platforms for posttranscriptional modification based logic circuits.

Online Methods

Recombinant DNA construct

Cell culture

Plasmids were constructed using the standard procedures of molecular cloning or Gibson
assembly*°. The amino acid sequences of all constructs are provided in Supplementary
Table 8. All protease coding sequences were codon optimized for expression in human cells,
and the DNA was synthesized by IDT (PPVp, SbMVp, and SUMMVp) or Life Technologies
(TEVp). Split N- and C-fragments of proteases in fusion with CCs or dimerization partners
FKBP/FRB and ABI/PYL1 were PCR amplified and inserted into the pcDNAS3 vector. The
FKBP and FRB domains were obtained from the pC4-RHE and pC4EN-F1 plasmids. ABI
and PYL1 were obtained from pSLQ2816 pPB: CAG-PYL1-VPR-p2A-GID1-ABI-WPRE
PGK-GAI-tagBFP-SpdCas9 (Addgene: 84261)%. The HIV-1 protease gene was obtained
from plasmid pNL4-3.HSA.R-.E- (from Dr. N. Landau, Division of AIDS, NIAID). The
firefly luciferase gene was obtained from pGL4.16 (Promega). The cleavable firefly
luciferase (fLuc) inverse reporter was constructed by the addition of a protease cleavage site
between the N- and C-parts of the Firefly luciferase at position 490 and 491, which
inactivates the luciferase by cleavage. The cyclic luciferase reporter was constructed by
circularly permuting firefly luciferase, i.e. placing the amino acid residues 234-544 N
terminally, followed by a short protease-specific cleavable linker and then residues 234-544
as described in Kanno et al?2. The IntN and IntC domains of the NpuDnaE intein obtained
from the pSKDuet01 (Addgene: 12172) and pSKBAD2 (Addgene: 15335)47 were fused to
the C- and N-ends of the circularly permutated firefly luciferase, respectively. phRL-TK
(Promega) was used as transfection control in the dual luciferase assay. A set of plasmids for
SPOC logic, comprising the split orthogonal proteases, cyclic luciferase reporters and CC-
building modules, was deposited to Addgene (Addgene ID: 119866-118970; 119182;
119207-119214; 119299-119303).

The human embryonic kidney (HEK) 293T cell line was cultured in DMEM medium

(Invitrogen) supplemented with 10% fetal bovine serum (FBS; BioWhittaker, Walkersville,
MD, USA) at 37°C in a 5% CO, environment. NIH3T3 and CHO cell line was cultured in
DMEM-F12 medium (Invitrogen) supplemented with 10% FBS and Neuro 2a cell line was
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cultured in OptiMEM medium (Invitrogen) supplemented with 10% FBS at 37°C in a 5%
CO», environment.

Chemical inducers

Rapamycin (Sigma-Aldrich) and abscisic acid (ABA, Sigma-Aldrich) were each dissolved in
dimethyl sulfoxide (DMSQ) at concentrations 1 mM and 50 mM, respectively. Before
stimulation, stock concentrations of rapamycin and ABA were diluted in DMEM at 30 uM
(Rapamycin) and 1mM (ABA) and 10 pL of the diluted inducer molecules were added to
each well in 96-well plates for final concentration of 3 UM and 100 UM, respectively.

Transfection and dual luciferase assay

HEK293T cells were seeded in white 96-well plates (CoStar, Corning) at 2 x 10* cells per
well. At a confluence of 50-70%, cells were transfected with a mixture of DNA and PEI.
For every 1 ug of DNA transfected, 8 ul PEI at stock concentration of 0.324 mg/ml, pH 7.5,
was diluted in 150 mM NaCl and mixed at a 1:1 ratio with the appropriate DNA also diluted
in 150 mM NaCl. This was incubated at room temperature for 15 minutes and added to the
cell media in 96-well plates. Detailed information about the amounts of plasmids in each
experiment is provided in Supplementary Tables 2-8. Forty-eight hours after transfection, the
cells were harvested and lysed with 30 pl of 1x passive lysis buffer (Promega). For
experiments with split proteases 48 hours after the transfection, cells were stimulated with
rapamycin and/or ABA as described above. At indicated time points after induction, cells
were harvested and lysed with 30 pl of 1x passive lysis buffer (Promega).

NIH3T3, CHO and Neuro 2a cells were seeded in 96-well plates (CoStar, Corning) at 2,5 x
10* cells per well. At a confluence of 30-40%, cells were transfected with Lipofectamine
2000 (Invitrogen). For every 1 ug of DNA transfected, 4 pl Lipofectamine 2000, was diluted
in Opti-MEM medium and mixed at a 1:1 ratio with the appropriate DNA also diluted in
Opti-MEM medium. This was incubated at room temperature for 5 minutes and added to the
cell media in 96-well plates. 24h after transfection, medium was replaced with fresh
medium. Detailed information about the amounts of plasmids in each experiment is provided
in Supplementary Table 3. Forty-eight hours after transfection, the cells were harvested and
lysed with 30 pl of 1x passive lysis buffer (Promega).

Firefly luciferase and Renilla luciferase expressions were measured using a dual luciferase
assay (Promega) and an Orion Il microplate reader (Berthold Technologies). Luciferase
activity presented as relative light units (RLU) was calculated by dividing each sample’s
firefly luciferase activity by the constitutive Renilla luciferase activity determined in the
same sample and then normalizing to the highest value obtained in each experiment (nRLU).

Design of coiled-coil target-autoinhibitor-displacer peptide sequence sets

Sequences of antiparallel CC pairs (target-autoinhibitor) were designed to maintain the
charge and hydrophobic/hydrophilic residue complementarity in agreement with the
canonical contact interactions in the antiparallel orientation (Supplementary Fig. 3a,
Supplementary Fig. 4a). Target dimeric coiled coil pairs P3/P4 and P9/P10, used previously
for the design of the orthogonal parallel CC set?6 were chosen and used as template for
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antiparallel (autoinhibitory and displacer) designs. The design of antiparallel pairs was based
on reversing the sequence of P4 and P10, to obtain AP4 and AP10 respectively, able to bind
P3 and P9 in the antiparallel orientation. In contrast to parallel pairing, where amino acids in
eand g’ positions form salt bridges, antiparallel dimers are stabilized by salt bridges
between eand e’and gand g’ positions (with eand g representing residues in one helix and
e’and g’representing the corresponding residues in the other helix). In P4 and P10, eand g
positions in each heptad are occupied by the same residues, which allowed the reversed
sequence to retain a correct pattern of interaction in the opposite orientation. On the other
hand, positions aand o of the heptad form a tightly packed interface, also called knobs-into-
holes 4849, characterized by beta-branched hydrophobic amino acids intercalating in layers.
Between the two different orientations the layers change from a-a’and @-d”in parallel coils
to a-d”and d-a’in antiparallel coils °0. Reversing the sequence of P4 to AP4 relocates the
leucine residues from positions @ of P4 to positions a in AP4. The resulting heterodimeric
peptides are therefore likely to bind in the antiparallel orientation in order to retain the
favorable knobs-in-holes interactions (Supplementary Fig. 3a, b). Destabilized variants of
CC peptides with maintained binding specificity and orthogonality, but expected decreased
helical propensity, were designed as described before3! by replacing hydrophobic residues
with high helical propensity at positions and ¢ with more hydrophilic residues
(Supplementary Fig. 4, Supplementary Fig. 6). The helical wheels projections were drawn in
DrawCoil 1.052, Per residue helical propensity was calculated with AGADIR52,

In situ measurements of split protease reconstitution

HEK?293T cells seeded in a 96-well white plate at 3 x 10* cells per well (100 pl) were
transfected with PEI reagent (6 pl PEI/500 ng DNA) at 40-50% confluency. At 40-48 h post
transfection, at near 100% confluency, the growth medium was removed and replaced with
100 plI of assay medium (DMEM supplemented with 10% FBS; 2 mM ATP; 0.54 mM D-
Luciferin). Detailed information about the amounts of plasmids in each experiment is
provided in Supplementary Table 6. Cells were incubated in assay medium for 1 h at a
controlled room temperature of 21°C. Measurements were obtained with the Orion |1
Microplate Luminometer (Berthold Detection Systems) with 2 s acquisition times of emitted
light. Selected wells were continuously measured in cycles of 23 s for 5 min to obtain a base
light emission in the absence of inducers. After baseline acquisition, the measurement was
briefly paused (<1 min) for manual addition of the inducer rapamycin (3 pM, final
concentration) or ABA (100 uM, final concentration in assay medium). Measurements
resumed for at least 30 min to 1 h post induction. The firefly luciferase units were
normalized in terms of activity of constitutively expressed Renilla luciferase (presented as
RLU), which was further normalized on the background RLU values in the experiments
(nRLUV).

In situ measurements of transcriptional activation

HEK?293T cells seeded in a 96-well white plate at 2 x 10* cells per well (100 pl) were
transfected with PEI reagent (6 pl PEI/500 ng DNA) at 20-30% confluency. Detailed
information about the amounts of plasmids in each experiment is provided in Supplementary
Table 6. Measurements were performed 24 h post transfection on the Orion Il Microplate
Luminometer (Berthold Detection Systems) with 1-s acquisition times of emitted light.
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Before the addition of the inducer, 90 pl of growth medium was replaced with 50 pl of fresh
DMEM with 10% FBS and 20 ul of assay medium (DMEM supplemented with 10% FBS,
27 mM coenzyme A, 2 M DTT, 0.53 mM ATP, 14 mM D-Luciferin) and background values
of firefly luciferase were recorder in cycles of 23 s for 5 min. Transcription was induced by
the addition of ABA (100 puM, final concentration in assay medium) and measured
continuously for 23 min. The plate was then returned to the incubator with a controlled
atmosphere of 37°C and 5% CO,, and it was measured again every 20 min for three
sequential measurements.

Immunoblotting

The HEK293T cells (5-7 x 10°) were seeded in 6-well plates (Techno Plastic Products). The
next day, at a confluence of 50-70% cells were transiently transfected with a mixture of
DNA and PEI (8 ul PEI/1,000 ng DNA). Detailed information about the amounts of
plasmids in each experiment is provided in Supplementary Table 7. 48h post transfection the
cells were washed with 1 mL PBS and lysed in 100 pL of lysis buffer (40 mM Tris-HCI (pH
8.0); 4 mM EDTA; 2% Triton X-100; 274 mM NaCl) containing a cocktail of protease
inhibitors (Roche). Cells were lysed for 20 min on ice and centrifuged for 15 min at 17 400
rpm to remove cell debris. The total protein concentration in supernatant was determined
using BCA assay. Proteins from the supernatant were separated on 12% SDS-PAGE gels
(120 V, 60 min) and transferred to a nitrocellulose membrane (350 mA, 90 min). Membrane
blocking, antibody binding and membrane washing were performed using iBind Flex
Western device (ThermoFisher) according to the manufacturer’s protocol. The primary
antibodies were rabbit-anti Myc (Sigma C3956; diluted 1:2000), rabbit-anti HA (Sigma
H6908; diluted 1:2000) and mouse p-aktin (Cell Signaling techn., 3700; diluted 1:2000).
The secondary antibodies were HRP-conjugated goat anti rabbit 1gG, diluted 1:3000
(Abcam ab6721) and HRP-conjugated goat anti mose 1gG (Santa Cruz, sc2005; diluted
1:3000). The secondary antibodies were detected with ECL Western blotting detection
reagent (Super Signal West Femto; ThermoFisher) according to the manufacturer’s protocol.

Software and statistics

Graphs were prepared with Origin 8.1 (http://www.originlab.com/), and GraphPad Prism 5
(http://www.graphpad.com/) was used for statistical purposes. Values are the means of at
least three experimental replicates (transfections off cell culture in individual wells) £
standard deviation (s.d.) and are representative of at least two independent experiments. An
unpaired two-tailed #test (equal variance was assessed with the ~test assuming normal data
distribution) or one way ANOVA with post-hoc Tukey test was used for the statistical
comparison of the data Confidence interval (Cl), degree of freedom (df), and F value (F) are
indicated as (ClI, df, F).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of the proteolysis-based signaling pathways and orthogonal proteases.
(a) Scheme of components of the proteolysis-based signaling pathways. (b) Heat map

showing orthogonality of the four potyviral protease homologues tested in HEK293T cells,
detected by the cycLuc reporter with a matching protease cleavage site. (c,d) Chemically
inducible reconstitution of the split proteases 24h after induction with rapamycin (three-
dimensional homology models of orthogonal split proteases are shown in Supplementary
Fig. 1e). Values in (d) are the mean of four cell cultures £ (s.d.) and are representative of two
independent experiments. Transfection plasmid mixtures are listed in Supplementary Table
1.
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Figure 2. Design of proteolytic cleavage-responsive coiled-coil (CC) interaction modules.
(a) Design of the proteolytic cleavage-responsive CC rearrangement reconstituting the

functional split protein. Upon linker cleavage, an autoinhibitory coil is replaced by a
displacer segment with higher binding affinity to reconstitute the split effector/reporter. (b)
Abscisic acid (ABA) and rapamycin inducible activation was demonstrated in HEK293T
cells measured 30 min after induction with indicated concentration of ABA or rapamycin.
(c) Design of a proteolytic cleavage-inactivated module (logical negation). A protease
cleavage site is introduced between the CC-forming segments and split effector/reporter
domain. After cleavage of the linker, split luciferase dissociates. (d) Decrease in luciferase
activity upon co-transfection of logical negation functions with plasmids coding for specific
proteases. Values in (b), and (d) are the mean of four cell cultures * (s.d.) and representative
of two independent experiments. Transfection plasmid mixtures are listed in Supplementary
Table 1.
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Figure 3. Design of Boolean logic functionsimplemented by split protease-cleavable orthogonal
coiled-coil (CC)-based logic (SPOC logic).

Experimental analysis of SPOC logic function designs in HEK293T cells with introduced
genetic circuits. The design and expected response to all input combinations is schematically
shown below the graphs with experimental luciferase based results. Input signals are
combinations of two orthogonal proteases TEVp and PPVp, and the output signal is split
luciferase activity. The remaining Boolean SPOC logic circuits (B, NOT B, NOT A, A
nimply B, A imply B, XNOR, NAND) are shown in Supplementary Fig. 9. Transfection
plasmid mixtures are listed in Supplementary Table 2. Values are the mean of three (d-h)
and four (a-c,e) cell cultures + (s.d.) and are representative of two independent experiments.
Significance was tested by 1-way ANOVA with Tukey’s comparison (values CI, df, F and p
are indicated on graphs).
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Figure 4. Multilayer design of proteolysis-based signaling pathways.

(a) Two-layer protease-cascade function with a catalytically inactive split tobacco etch virus
protease (TEVp*) domain fused to the autoinhibitory CC shows decreased leakage and
higher fold activation (see also Supplementary Fig. 11). (b) Double inverter consisting of a
split TEVp regulated by split plum pox virus protease (PPVp), where PPVp is regulated by
the rapamycin-induced split soybean mosaic virus protease (SbMVp). (c) B nimply A logic
function combining human immunodeficiency virus-1 (HIV-1p) and PPVp as input signals.
“SQVSQNYPIVONLQ” recognition sequence for HIV-1 protease was used. Transfection
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plasmid mixtures are listed in Supplementary Table 1, 4. Values are the mean of three (c)
and four (a,b) cell cultures £ (s.d.) and are representative of at least two independent
experiments, significance tested by 1-way ANOVA with Tukey’s comparison between the
indicated ON and OFF states (C1=95%, df=11, F=72 (c)).
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Figure5. Fast kinetics of the proteolysis-mediated signaling pathway.

(a) Scheme of the reconstitution of the split tobacco etch virus protease (TEVp) by abscisic
acid (ABA) and split plum pox virus protease (PPVp) by rapamycin measured using cyclic
luciferase reporter in HEK293 cells. A CRISPR/dCas9-based activator was used as
comparison for the kinetics of the transcriptional control of luciferase activation. (b)
Continuous online monitoring of chemically induced luciferase activity in HEK293T cells

Luc activity (RLU)

~ocococCc

and comparison with the kinetics of transcriptional activation (c). (d) Schematic presentation
of building blocks for inducible split protease-cleavable orthogonal CC-based logic (SPOC
logic) functions. (€) Kinetics of chemically regulated AND function where both segments of
the split luciferase are activated by proteolytic cleavage. Significant response was detected in
less than 15 minutes after the addition of chemical inducers. (f-h) SPOC logic functions
AND, OR, and B regulated by rapamycin and ABA 15 minutes after induction. Transfection
mixtures are listed in Supplementary Table 5, 6. Values are the mean of three (f) and four (b,
¢, e-g) cell cultures * (s.d.) and are representative of two independent experiments,
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significance tested by 1-way ANOVA with Tukey’s comparison between the indicated ON
and OFF states (values ClI, df, F and p are indicated on graphs (f-h)).
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