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ABSTRACT

Protein phosphorylation signaling networks play a central role in how cells sense and
respond to their environment. Here, we describe the engineering of artificial
phosphorylation networks in which “push-pull” motifs—reversible enzymatic
phosphorylation cycles consisting of opposing kinase and phosphatase activities—are
assembled from modular protein domain parts and then wired together to create synthetic
phosphorylation circuits in human cells. We demonstrate that the composability of our
designh scheme enables model-guided tuning of circuit function and the ability to make
diverse network connections; synthetic phosphorylation circuits can be coupled to
upstream cell surface receptors to enable fast-timescale sensing of extracellular ligands,
while downstream connections can regulate gene expression. We leverage these
capabilities to engineer cell-based cytokine controllers that dynamically sense and
suppress activated T cells. Our work introduces a generalizable approach for designing
and building phosphorylation signaling circuits that enable user-defined sense-and-

respond function for diverse biosensing and therapeutic applications.
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MAIN TEXT

Cells universally use protein phosphorylation signaling networks to adapt to chemical and
physical cues from their external environment. In metazoan cells, these networks consist of multi-
layered pathways that rapidly and reversibly convert signals detected by cell surface receptors
into diverse responses such as cell movement, secretion, metabolism, and gene expression (1-
4). The ability to design artificial phospho-signaling circuits that exhibit native-like signaling
behavior, yet can be programmed with custom-defined input/output connectivity, could be used
to create powerful biotechnology (5), including human cell-based therapeutics that autonomously
sense and respond to specific physiological signals or disease markers on a fast timescale (6-8).

Despite this potential, phospho-signaling circuit engineering has lagged behind that of
genetic circuits (9-11), where advances in both microorganismal (10) and mammalian (12)
settings have been enabled by design frameworks that leverage the intrinsic modularity of
promoters and coding regions (13, 14), as well as carefully benchmarked sets of genetic parts
(15-17)—features that have facilitated scaling of circuit complexity and fine tuning of circuit
behavior using predictive quantitative models (18-20). Progress to date in engineering phospho-
signaling circuits has included development of two-component phosphorylation pathways as
programmable sense-and-respond modules in bacteria (21-23) and mammalian cells (24-26), and
complex fast-timescale phosphorylation circuitry in yeast (27-29). In human cells, rewiring of
native phospho-signaling networks has been used to create compact therapeutic programs (30)
and sense-and-respond circuits that connect surface receptors to transcriptional outputs (31, 32).
However, frameworks have yet to be described in human cells that facilitate the de novo design
of multi-layered synthetic phosphorylation circuitry with programmable input-output connectivity
and signal processing.

We sought to establish such a framework by emulating fundamental design features of
native phospho-signaling networks, which are organized as sets of interlinked “push-pull” cycles

comprising kinase and phosphatase activities that mutually act on a protein substrate (33, 34)
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(Fig. 1A). Changes in push-pull phosphorylation equilibrium occur rapidly in response to input
signals and are quickly reversed upon input removal, enabling cells to adapt to environmental
changes on timescales of seconds to minutes. These features motivated us to design tunable,
interconnectable push-pull motifs as elementary units for constructing synthetic phospho-
signaling circuits. To accomplish this, we took advantage of the intrinsic structural modularity of
signaling proteins, which are typically composed of discrete domains that either carry out catalytic
function (e.g., kinase, phosphatase) or specify interactions with other signaling components (35-
37) (e.g., PDZ, SH3). The recombination of catalytic and interaction domains is thought to be
responsible for rewiring signaling network connectivity during evolution (37), and has proved to
be a versatile tool for engineering synthetic signaling network linkages (38) to create pathways
with novel input-output relationships (39, 40) or to introduce new information processing function
(30, 41). Here, we reasoned that orthogonal interaction domains could be used to mutually direct
kinase and phosphatase domains to act on protein substrate targets, thereby establishing
synthetic push-pull cycles that operate separately from native signaling networks.

To validate this design strategy, we developed a protein domain part set that included
engineered catalytic domains derived from components of immune phosphotyrosine (pY)
signaling pathways (42, 43) (figs. S1-2). These proteins naturally utilize recruitment-dependent
mechanisms of signaling activation (44) and are weakly expressed in most non-immune cell types
(43). As an initial test, we fused various pY kinase domains (fig. S3) to leucine zippers (LZs)—
small, highly specific heterodimerizing protein interaction domains with tunable interaction
affinities (41, 45)—to create synthetically targeted kinases (synKins) (fig. S4). Synthetic substrate
proteins (synSubs) for the synKins were constructed by fusing cognate LZs with ITAMs
(immunoreceptor tyrosine-based activation motifs), conserved pY motifs involved in immune
signaling pathway activation (46) (Fig. 1B and fig. S4). Plasmid constructs encoding pairs of
epitope-tagged synKins and synSubs (fig. S4) were transfected into HEK293T cells, and multi-

color flow cytometry was used to simultaneously measure component expression (staining
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against epitopes) and synSub phosphorylation (staining against phosphorylated ITAMS) in single
cells (fig. S5). To optimize synKin function, we tested numerous kinase domain boundaries (fig.
S6) and point mutations (fig. S7). We identified variants that showed strong expression and
demonstrated phosphorylation activity toward synSub that was highly dependent on LZ-mediated
kinase domain recruitment, as evidenced by non-binding, catalytically-dead, and unrecruited
(non-cognate LZ) controls all showing little or no phosphorylation (Fig. 1B, right and fig. S8).
Additionally, we demonstrated that expression of the synKin/synSub pair does not impair cell
viability or limit cell growth (fig. S9).

We next tested whether we could tune the activity of synKin toward synSub by altering the
molecular properties of our domain parts. We constructed several sets of synKin variants: LZ
sequence variants were introduced to tune binding affinity to synSub (45), catalytic turnover rate
was adjusted via previously reported pY kinase domain active site mutations (fig. S4) (47), and
expression level was tuned by introducing Kozak sequence variants to synKin expression
constructs (fig. S1), resulting in differential rates of protein translation (48). When we tested each
synKin part set, we observed modulation of synSub phosphorylation across a 10-20 fold range
(Fig. 1C). To create complete push-pull cycles with reversible synSub phosphorylation, we
developed synthetically targeted pY phosphatases (synPhos). We took a similar approach as was
used for the synKins, identifying domain variants derived from pY phosphatases involved in
immune signaling (49) (figs. S10-11) and fusing them to the same LZ species as the synKin. As
our data show, when co-expressed with a synKin/synSub pair, synPhos dephosphorylates
synSub in a recruitment- and phosphatase activity-dependent manner (Fig. 1D). Taken together,
these results validate our design strategy for constructing synthetic push-pull cycles and
demonstrate that a simple part set consisting of catalytic and interactions domain variants can be
used to rationally control intracellular phosphorylation equilibrium.

We next developed a model to quantitatively describe the relationship between push-pull

equilibrium and part biophysical properties. To achieve this, we first converted single-cell
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fluorescence values into molecular equivalents for all push-pull compositions depicted in Figure
1B-D by normalizing different color fluorophores to an EGFP reference (figs. S12-13). These
transformed data were then fit to a non-equilibrium thermodynamic model (Fig. 1E and fig. S14)
to obtain part-specific parameters for LZ variant interaction affinities (Kws, Kes) and catalytic
turnover rates of synKin and synPhos variants (kws, kes) (fig. S15). The parameterized model
was then used to predict push-pull phosphorylation levels for all part combinations within our
design space (n=216 total compositions) (Fig. 1F and fig. S16). To validate these predictions, we
constructed and measured compositions from across the predicted behavior distribution; all
showed excellent overall agreement with the model (Fig. 1F), demonstrating that the functional
modularity inherent in our design scheme lends itself to prediction of push-pull behavior based on
individual parts properties.

Native signaling networks convert protein phosphorylation into molecular outputs through
a variety of mechanisms (50, 51), including allosteric regulation of protein activity (52), changes
in protein localization and stability (53, 54), and formation of new protein-protein interactions (55).
In the latter case, phospho-specific binding domains recognize phosphorylated substrate motifs,
forming interactions that facilitate downstream signaling (56). We hypothesized that circuit
connections between our synthetic push-pulls could be engineered using SH2 domains, which
bind to pY-containing motifs and are conserved among metazoans (55) (Fig. 2A). Prior to testing
this, we used a transcriptional reporter (fig. S17) to not only validate synKin activity-dependent
SH2/pY motif interactions, but also to identify part sets with orthogonal interaction specificities:
tandem SH2 (tSH2) domains and an engineered multivalent SH2 respectively bound synKin-
phosphorylated ITAMs (57) (fig. S18) a dual pY motif derived from Slp76 (fig. S19), with no
observable crosstalk.

To test whether these phospho-dependent interactions could be used to link two push-
pulls together, we engineered a “phospho-couple” (PC) protein that integrates the functions of an

upstream synSub and downstream synKin by fusing a kinase domain to three substrate motifs
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and placing a rigid linker domain between them (fig. S20) to limit cis-phosphorylation (Fig. 2A,
right and fig. S21). As our data show, this design facilitates sequential push-pull activation: when
we expressed a 4-protein system (upstream synKin, PC, synPhos, and downstream SH2-synSub)
in HEK293T cells, we found that phosphorylation of PC by the upstream synKin led to recruitment
and phosphorylation of a downstream, tSH2-fused synSub (Fig. 2B). Sequential phosphorylation
was dependent upon upstream synKin recruitment, PC activity, and SH2-mediated recruitment,
as well as 3x substrate motif valency (Fig. 2B, right).

One important systems-level property of native phosphorylation cascades is their ability
to stoichiometrically amplify weak input signals into macroscopic cellular outputs (57). To
determine whether our two-step circuit architecture could be tuned to maximize amplification of
an upstream input, we expanded our quantitative model to fit data from Figure 2B, obtaining part-
specific parameters (fig. S22A) that allowed behavior predictions across two-step circuit
combinatorial design space (n=3,456 compositions) (Fig. 2C, left). We identified a region of
behavior space with compositions predicted to show a >10x fold-change in downstream synSub
phosphorylation upon addition of an upstream synKin (n=261 compositions). Circuits from this
“high-gain” region were enriched for features that are consistent with stoichiometric amplification,
including a low PC:SH2-synSub ratio and strong synPhos activity (fig. S23). To validate model
predictions, we selected several “amplifier circuit” compositions from this region to experimentally
measure, demonstrating the general agreement of their behavior with model predictions (Fig. 2C,
right). These results indicate that our part set and predictive modeling framework can be extended
to guide the design of multi-push-pull networks with programmed signal-processing properties.

Having developed approaches for building, interconnecting, and predictively tuning
synthetic push-pull motifs, we sought to engineer surface receptors that could couple extracellular
ligand binding to changes in push-pull equilibrium (Fig. 3A, left). We constructed a pair of
synthetic receptor scaffolds (figs. S24 and S25A) consisting of flexible intracellular and

extracellular linker sequences (fig. S25B) and transmembrane helices (fig. S25C). Kinase and
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LZ domains were appended to the cytoplasmic termini of the scaffolds, and FRB* and FKBP—
domains that heterodimerize upon binding to the rapamycin analog AP21967 (58)—to their
extracellular termini (fig. S24). We hypothesized that this architecture would enable ligand-
induced synSub phosphorylation as a result of receptor dimerization-enforced proximity between
the synKin and LZ (Fig. 3A, right). After transfecting a 4-protein system consisting of the receptor
pair, synSub, and synPhos proteins, we observed a ~20-fold change in phosphorylation upon
ligand addition. Circuit induction was dependent on both LZ-mediated synSub recruitment and
synKin activity. Additionally, we observed that elimination of synPhos activity resulted in a lower
fold-change response (6.9x), demonstrating the importance of phosphorylation cycle reversibility
for optimizing circuit performance (Fig. 3B).

To assess the timescale of activation for our receptor-mediated phospho-sensor circuit,
we engineered a reporter system that allowed us to track the accumulation of phosphorylated
synSub in real time using fluorescence microscopy (Fig. 3C). The reporter was created by fusing
an SH2 domain and mCherry fluorescent protein to a PopZ tag (59), an intrinsically disordered
protein that can sequester fused client proteins into cytoplasmically-localized liquid-liquid phase
condensates (60) (fig. S26). This enabled us to monitor circuit activation by quantifying the co-
localization of EGFP-fused synSub to the condensates as a proxy for phosphorylation (fig. S27
and movie S1). We detected EGFP/mCherry co-localization within 10 mins following ligand
addition and steady state was reached after ~1h, while addition of a synKin inhibitor to the fully
active pathway led to rapid synPhos-dependent de-localization (Fig. 3C and movie S2). For a
circuit in which synPhos is absent, we found that de-localization occurs >10x slower,
demonstrating that synPhos is critical for circuit reversibility (fig. S28). Fitting these data to a
dynamic model (fig. S29A) yielded circuit activation and deactivation half-times of 28.8 and 22.8
min, respectively—rapid dynamics similar to those measured for cytokine signaling pathways

such as RTK/JAK-STAT (61) and TGFR/SMAD (62) (fig. S29B).
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We next asked whether we could combine our phospho-sensor and two-step amplifier
modules to create a sense-and-respond circuit capable of converting an extracellular input signal
into expression of a transgene (Fig. 4A, left and fig. S30A). To promote membrane-to-nucleus
signal propagation, we selected an amplifier composition (#2 from Fig. 2C) that showed both high
gain and high downstream phosphorylation, and appended NLS and NES motifs to the PC to
promote shuttling between the cytoplasm and nucleus. Regulation of transcriptional activation
was implemented by fusing the second substrate to a synthetic zinc finger transcriptional factor
(20) (synTF) to facilitate phospho-dependent recruitment of an SH2-fused transcriptional
activation domain (TAD), resulting in initiation of EGFP reporter expression. We tested this 6-
protein, 7-gene circuit in HEK293T cells and observed PC phosphorylation (13x fold-change) and
EGFP expression (16x fold-change) in response to ligand addition (Fig. 4A, right). Non-NLS/NES-
tagged (fig. S30B) and lower-gain circuit designs (fig. S31) showed <10x fold-change,
underscoring the importance of shuttling and amplification as circuit design features.

As a demonstration of the translational potential of our framework, we engineered a circuit
that senses TNF-a—a cytokine secreted by T cells that drives adverse inflammatory response
(63)—and responds by secreting IL-10, a cytokine that inhibits T cell activation/expansion and
TNF-a production (64) but has toxic side effects that limit its clinical utility (65) (Fig. 4B, left). We
hypothesized that cells harboring this circuit could establish an anti-inflammatory control loop that
suppresses T cell activation while maintaining both cytokines at low setpoints. We tested this by
reconfiguring the sense-and-respond circuit in Figure 4A; we appended single-chain antibody
fragments (scFvs) that recognize TNF-a (66) to the receptors (fig. S32) and replaced the EGFP
reporter with IL-10. HEK293T cells equipped with this circuit were introduced into a transwell co-
culture with CD3/CD28-activated human PBMCs, and cytokine production and T cell proliferation
were assessed across a 60 h time course (Fig. 4B, left). For co-cultures containing cells with no
circuit, we observed rapid accumulation of TNF-a and robust T cell proliferation (fig. S33), while

cells constitutively expressing IL-10 (open-loop configuration) inhibited TNF-a secretion and T cell
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proliferation (Fig. 4B, right). Cells equipped with the sense-and-respond circuit (closed-loop
configuration) also suppressed T cell proliferation but reached low steady-state levels of both
TNF-a and IL-10 after ~12 h. As indicated by modeling the dynamics of this system (fig. S34),
this rapid setpoint convergence is likely dependent on the fast activation and deactivation rates
of our phospho-signaling circuit, and may not be achievable with circuits that use molecular
mechanisms that operate on slower timescales (fig. S35).

Here, we have engineered synthetic phospho-signaling circuits using a simple design logic
in which push-pull cycles are utilized as building blocks, and circuit connectivity and information
flow are defined through programmed protein-protein interactions. As we demonstrate, the
composability of our design framework enables predictive tuning of circuit behavior and the use
of nonequilibrium thermodynamic modeling to guide circuit design. While the part set we used in
this study to demonstrate the practicability of our design scheme consisted largely of domains
and motifs repurposed from native human immune signaling, our framework should facilitate
incorporation of domains drawn from other sources or generated by computational design (67).
Catalytic domains could be engineered to enhance circuit performance through activity tuning, or
by introducing allosteric regulation (68). Since the functional specificities of our components are
determined by recruitment, scaling to greater circuit complexity could be enabled by simply
expanding the number of orthogonal interaction domains (69) in our part set. This could facilitate
construction of circuit topologies that carry out advanced signal processing functions, such as
Boolean logic enabled through multi-site phosphorylation (70), feedback connections that tune
circuit dynamics or introduce ultrasensitivity (71), or multi-input-output circuits that can perceive
and compute internal or external states (72).

Finally, because our circuits are post-translational and signal rapidly and reversibly, they
can potentially support a broad array of cell-based diagnostic and therapeutic applications that
require sensing of minute-scale physiological or pathological events (8). The plug-and-play

configurability of our circuits should enable their coupling to diverse receptor inputs capable of
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sensing small molecules, bioactive factors, or disease markers (73). Because of their temporal
responsiveness, the circuits may complement or offer advantages over other highly
programmable circuit design schemes that signal by slower-turnover molecular mechanisms (e.g.,
transcription or proteolysis) (74). Additionally, since our circuits operate in parallel to native
signaling pathways, they offer opportunities for programming signal-processing functions that are
not possible for signaling circuits that harness native components to propagate signal.
Furthermore, since they can be configured with human-derived protein domains and are relatively
compact, circuits constructed using our design framework are likely to have low immunogenicity
and could potentially be delivered to a diverse array of primary cell types to enable therapeutic

sense-and-respond function.


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

REFERENCES AND NOTES

1.

10.

11.

12.

13.

P. Cohen, The origins of protein phosphorylation. Nat Cell Biol 4, E127-130
(2002).

P. S. Ward, C. B. Thompson, Signaling in control of cell growth and metabolism.
Cold Spring Harb Perspect Biol 4, a006783 (2012).

E. K. Day, N. G. Sosale, M. J. Lazzara, Cell signaling regulation by protein
phosphorylation: a multivariate, heterogeneous, and context-dependent process.
Curr Opin Biotechnol 40, 185-192 (2016).

T. Pawson, J. D. Scott, Protein phosphorylation in signaling--50 years and
counting. Trends Biochem Sci 30, 286-290 (2005).

W. A. Lim, Designing customized cell signalling circuits. Nat Rev Mol Cell Biol 11,
393-403 (2010).

R. Kojima, D. Aubel, M. Fussenegger, Building sophisticated sensors of
extracellular cues that enable mammalian cells to work as "doctors" in the body.
Cell Mol Life Sci 77, 3567-3581 (2020).

T. Kitada, B. DiAndreth, B. Teague, R. Weiss, Programming gene and
engineered-cell therapies with synthetic biology. Science 359, (2018).

C. J. Bashor, I. B. Hilton, H. Bandukwala, D. M. Smith, O. Veiseh, Engineering
the next generation of cell-based therapeutics. Nat Rev Drug Discov 21, 655-675
(2022).

D. E. Cameron, C. J. Bashor, J. J. Collins, A brief history of synthetic biology. Nat
Rev Microbiol 12, 381-390 (2014).

M. A. English, R. V. Gayet, J. J. Collins, Designing Biological Circuits: Synthetic
Biology Within the Operon Model and Beyond. Annu Rev Biochem 90, 221-244
(2021).

A. L. Slusarczyk, A. Lin, R. Weiss, Foundations for the design and
implementation of synthetic genetic circuits. Nat Rev Genet 13, 406-420 (2012).

N. Shakiba, R. D. Jones, R. Weiss, D. Del Vecchio, Context-aware synthetic
biology by controller design: Engineering the mammalian cell. Cell Syst 12, 561-
592 (2021).

T. K. Lu, A. S. Khalil, J. J. Collins, Next-generation synthetic gene networks. Nat
Biotechnol 27, 1139-1150 (2009).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

14. C. J. Bashor, J. J. Collins, Understanding Biological Regulation Through
Synthetic Biology. Annu Rev Biophys 47, 399-423 (2018).

15. A. S.Khalil et al., A synthetic biology framework for programming eukaryotic
transcription functions. Cell 150, 647-658 (2012).

16. H. M. Salis, E. A. Mirsky, C. A. Voigt, Automated design of synthetic ribosome
binding sites to control protein expression. Nat Biotechnol 27, 946-950 (2009).

17. C. A.Voigt, Genetic parts to program bacteria. Curr Opin Biotechnol 17, 548-557
(2006).

18. A. A. Nielsen et al., Genetic circuit design automation. Science 352, aac7341
(20186).

19. T.L.LaFleur, A. Hossain, H. M. Salis, Automated model-predictive design of
synthetic promoters to control transcriptional profiles in bacteria. Nat Commun
13, 5159 (2022).

20. C.J. Bashor et al., Complex signal processing in synthetic gene circuits using
cooperative regulatory assemblies. Science 364, 593-597 (2019).

21. J. M. Skerker et al., Rewiring the specificity of two-component signal transduction
systems. Cell 133, 1043-1054 (2008).

22.  W.R. Whitaker, S. A. Davis, A. P. Arkin, J. E. Dueber, Engineering robust control
of two-component system phosphotransfer using modular scaffolds. Proc Natl
Acad Sci U S A 109, 18090-18095 (2012).

23. S.R. Schmidl et al., Rewiring bacterial two-component systems by modular
DNA-binding domain swapping. Nat Chem Biol 15, 690-698 (2019).

24. A. Maze, Y. Benenson, Artificial signaling in mammalian cells enabled by
prokaryotic two-component system. Nat Chem Biol 16, 179-187 (2020).

25. L. Scheller et al., Phosphoregulated orthogonal signal transduction in mammalian
cells. Nat Commun 11, 3085 (2020).

26. R.D. Jones et al., Robust and tunable signal processing in mammalian cells via
engineered covalent modification cycles. Nat Commun 13, 1720 (2022).

27. D. Mishra, P. M. Rivera, A. Lin, D. Del Vecchio, R. Weiss, A load driver device for
engineering modularity in biological networks. Nat Biotechnol 32, 1268-1275
(2014).

28. D. Mishra et al., An engineered protein-phosphorylation toggle network with
implications for endogenous network discovery. Science 373, (2021).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

available under aCC-BY-NC-ND 4.0 International license.

R. M. Gordley et al., Engineering dynamical control of cell fate switching using
synthetic phospho-regulons. Proc Natl Acad SciU S A 113, 13528-13533 (2016).

H. K. Chung et al., A compact synthetic pathway rewires cancer signaling to
therapeutic effector release. Science 364, (2019).

L. Schukur, B. Geering, G. Charpin-El Hamri, M. Fussenegger, Implantable
synthetic cytokine converter cells with AND-gate logic treat experimental
psoriasis. Sci Transl Med 7, 318ra201 (2015).

K. Krawczyk, L. Scheller, H. Kim, M. Fussenegger, Rewiring of endogenous
signaling pathways to genomic targets for therapeutic cell reprogramming. Nat
Commun 11, 608 (2020).

A. Goldbeter, D. E. Koshland, Jr., An amplified sensitivity arising from covalent
modification in biological systems. Proc Natl Acad Sci U S A 78, 6840-6844
(1981).

D. Bray, Protein molecules as computational elements in living cells. Nature 376,
307-312 (1995).

T. Pawson, P. Nash, Protein-protein interactions define specificity in signal
transduction. Genes Dev 14, 1027-1047 (2000).

T. Pawson, Protein modules and signalling networks. Nature 373, 573-580
(1995).

R. P. Bhattacharyya, A. Remenyi, B. J. Yeh, W. A. Lim, Domains, motifs, and
scaffolds: the role of modular interactions in the evolution and wiring of cell
signaling circuits. Annu Rev Biochem 75, 655-680 (2006).

Z. Chen, M. B. Elowitz, Programmable protein circuit design. Cell 184, 2284-
2301 (2021).

P. L. Howard, M. C. Chia, S. Del Rizzo, F. F. Liu, T. Pawson, Redirecting
tyrosine kinase signaling to an apoptotic caspase pathway through chimeric
adaptor proteins. Proc Natl Acad Sci U S A 100, 11267-11272 (2003).

S. H. Park, A. Zarrinpar, W. A. Lim, Rewiring MAP kinase pathways using
alternative scaffold assembly mechanisms. Science 299, 1061-1064 (2003).

C. J. Bashor, N. C. Helman, S. Yan, W. A. Lim, Using engineered scaffold
interactions to reshape MAP kinase pathway signaling dynamics. Science 319,
1539-1543 (2008).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

42. R.J. Brownlie, R. Zamoyska, T cell receptor signalling networks: branched,
diversified and bounded. Nat Rev Immunol 13, 257-269 (2013).

43. A.H. Courtney, W. L. Lo, A. Weiss, TCR Signaling: Mechanisms of Initiation and
Propagation. Trends Biochem Sci 43, 108-123 (2018).

44. M. lwashima, B. A. Irving, N. S. van Oers, A. C. Chan, A. Weiss, Sequential
interactions of the TCR with two distinct cytoplasmic tyrosine kinases. Science
263, 1136-1139 (1994).

45.  A.Acharya, S. B. Ruvinov, J. Gal, J. R. Moll, C. Vinson, A heterodimerizing
leucine zipper coiled coil system for examining the specificity of a position
interactions: amino acids 1, V, L, N, A, and K. Biochemistry 41, 14122-14131
(2002).

46. D. M. Underhill, H. S. Goodridge, The many faces of ITAMs. Trends Immunol 28,
66-73 (2007).

47. Y. Cui, G. Sun, Structural versatility that serves the function of the HRD motif in
the catalytic loop of protein tyrosine kinase, Src. Protein Sci 28, 533-542 (2019).

48. J. P. Ferreira, K. W. Overton, C. L. Wang, Tuning gene expression with synthetic
upstream open reading frames. Proc Natl Acad Sci U S A 110, 11284-11289
(2013).

49. L. Tautz, D. A. Critton, S. Grotegut, Protein tyrosine phosphatases: structure,
function, and implication in human disease. Methods Mol Biol 1053, 179-221
(2013).

50. L. N. Johnson, D. Barford, The effects of phosphorylation on the structure and
function of proteins. Annu Rev Biophys Biomol Struct 22, 199-232 (1993).

51. J. A. Ubersax, J. E. Ferrell, Jr., Mechanisms of specificity in protein
phosphorylation. Nat Rev Mol Cell Biol 8, 530-541 (2007).

52.  B. P. Bullock, J. F. Habener, Phosphorylation of the cAMP response element
binding protein CREB by cAMP-dependent protein kinase A and glycogen
synthase kinase-3 alters DNA-binding affinity, conformation, and increases net
charge. Biochemistry 37, 3795-3809 (1998).

53. H. Okamura et al., Concerted dephosphorylation of the transcription factor
NFAT1 induces a conformational switch that regulates transcriptional activity. Mol
Cell 6, 539-550 (2000).

54. C.Wu et al., Global and Site-Specific Effect of Phosphorylation on Protein
Turnover. Dev Cell 56, 111-124 116 (2021).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

available under aCC-BY-NC-ND 4.0 International license.

T. Pawson, Specificity in signal transduction: from phosphotyrosine-SH2 domain
interactions to complex cellular systems. Cell 116, 191-203 (2004).

W. L. Lo et al., Lck promotes Zap70-dependent LAT phosphorylation by bridging
Zap70 to LAT. Nat Immunol 19, 733-741 (2018).

P. B. Detwiler, S. Ramanathan, A. Sengupta, B. I. Shraiman, Engineering
aspects of enzymatic signal transduction: photoreceptors in the retina. Biophys J
79, 2801-2817 (2000).

B. Z. Stanton, E. J. Chory, G. R. Crabtree, Chemically induced proximity in
biology and medicine. Science 359, (2018).

G. Ebersbach, A. Briegel, G. J. Jensen, C. Jacobs-Wagner, A self-associating
protein critical for chromosome attachment, division, and polar organization in
caulobacter. Cell 134, 956-968 (2008).

S. Boeynaems et al., Protein Phase Separation: A New Phase in Cell Biology.
Trends Cell Biol 28, 420-435 (2018).

H. Kiu, S. E. Nicholson, Biology and significance of the JAK/STAT signalling
pathways. Growth Factors 30, 88-106 (2012).

B. Labibi, M. Bashkurov, J. L. Wrana, L. Attisano, Modeling the Control of TGF-
beta/Smad Nuclear Accumulation by the Hippo Pathway Effectors, Taz/Yap.
IScience 23, 101416 (2020).

J. R. Bradley, TNF-mediated inflammatory disease. J Pathol 214, 149-160
(2008).

A. Taylor, J. Verhagen, K. Blaser, M. Akdis, C. A. Akdis, Mechanisms of immune
suppression by interleukin-10 and transforming growth factor-beta: the role of T
regulatory cells. Immunology 117, 433-442 (2006).

A. Saxena et al., Interleukin-10 paradox: A potent immunoregulatory cytokine
that has been difficult to harness for immunotherapy. Cytokine 74, 27-34 (2015).

J. Abdolalizadeh et al., Targeting cytokines: production and characterization of
anti-TNF-alpha scFvs by phage display technology. Curr Pharm Des 19, 2839-
2847 (2013).

N. B. Woodall et al., De novo design of tyrosine and serine kinase-driven protein
switches. Nat Struct Mol Biol 28, 762-770 (2021).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

68.

69.

70.

71.

72.

73.

74.

available under aCC-BY-NC-ND 4.0 International license.

D. Pincus et al., Engineering allosteric regulation in protein kinases. Sci Signal
11, (2018).

Z. Chen et al., Programmable design of orthogonal protein heterodimers. Nature
565, 106-111 (2019).

E. Valk et al., Multistep phosphorylation systems: tunable components of
biological signaling circuits. Mol Biol Cell 25, 3456-3460 (2014).

J. E. Ferrell, Jr., S. H. Ha, Ultrasensitivity part Ill: cascades, bistable switches,
and oscillators. Trends Biochem Sci 39, 612-618 (2014).

Z. Chen, J. M. Linton, R. Zhu, M. B. Elowitz, A synthetic protein-level neural
network in mammalian cells. bioRxiv, 2022.2007.2010.499405 (2022).

J. Manhas, H. I. Edelstein, J. N. Leonard, L. Morsut, The evolution of synthetic
receptor systems. Nat Chem Biol 18, 244-255 (2022).

X.J. Gao, L. S. Chong, M. S. Kim, M. B. Elowitz, Programmable protein circuits
in living cells. Science 361, 1252-1258 (2018).


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ACKNOWLEDGEMENTS

We thank members of the Bashor lab for helpful discussions. We acknowledge Ching-Hao Wang
for his contributions to development of the modeling framework. We also thank Jared Toettcher
and Steven Boeynaems for advice on engineering and monitoring protein condensates. We also
thank Ryan Butcher for helping set up Nikon NASPARC imaging system for taking time-lapse
movies. We also thank Siliang Li and John Her for helping build DNA constructs. Funding: This
work was supported by grants from NIH RO1 EB029483 (C.J.B.), NIH RO1 EB032272 (C.J.B.),
NIH R21 NS116302 (S.D.O. and C.J.B) ONR NO00014-21-1-4006 (C.J.B.), NIH NIGMS
5R35GM119461 (J.W.R. and P.M.), the Robert J. Kleberg Jr. and Helen C. Kleberg Foundation
(C.J.B.), the Claire Glassell Pediatric Fund (S.D.O.), the Grace Reynolds Wall Research Fund
(S.D.0.) and NSF GRFP award #1842494 (A.J.W.). Author contributions: C.J.B., N.D., and
X.Y. conceived of the study. C.J.B. and N.D. carried out initial experiments. X.Y. built all DNA
constructs and carried out experiments to generate the data published herein, with assistance
from KJ., AW, J. L., and J.N.. JW.R., X.Y., and K.J. developed the quantitative modeling
framework with input and supervision from P.M. and C.J.B.. X.Y. and A.J.W. developed the
transwell assay supervision from S.D.O. and C.J.B.. K.R. developed image analysis and dynamic
circuit modelling. X.Y., JW.R., P.M., and C.J.B. analyzed the data. C.J.B., N.D., and J.J.C
supervised the study. X.Y. and C.J.B. wrote the manuscript, with generous input from all authors.

Competing interests: The authors declare no competing interests.


https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig. 1

A B
105 ;
CELL SIGNALING KINASE-SUBSTRATE PAIR  S/Sub ™1y rectuited Tigsosgsy
NETWORK only g T synKin
HEK va" £9.33 “®
2937 +
KINASE . SynKln - > cells 10° ¥ga
non_ 105 un_
. b oplatable 16.1+7.65 recruited | 20£8%2
synSu
subs- C] O ‘ A‘ 1004 L] ‘ i
trate kinase domain / + +
signaling u ;9“, ___________ Vaiol— T Ya PR e
node W o E synKin kinase- ' 17.4+10.2
: 4+10.2 .
PHOS- / N~ dead @ & g
PHATASE v 7 N . | A ‘ 10°4 ;D; % !
Va V@i : H &
PUSH-PULL leucine ' + 2 synkin k5
pper s ) | waw o I
MOTIF zipper  Sub .1 100 10°  10° ” =
C D
TUNING PHOSPHORYLATION COMPLETE PUSH-PULL recruited 107
105 synPhos
1006 +68.7 > A > A
i o Sge Cme @ ™
: 25 2 ; H synKin
10 H AZ < 10° synKin H J Yy + D
H S 5 H A
v TN ” synKin & " M [ — Vo 10"t
w1 @ ¢g @ &l Cmm va & T
100 10° 108 synsub "V i phos- 105
LZ o synKin u ‘ synKin C‘ N . phatase
affinity @ activty C expression j.\ _55_. synPhos dead .
105 & 105 10° D. .
med. med. med synPhos > A
: + ) 930.5+425
10%4 10°4 104 ve qorl 0=
2 (i} \% 104 105
qorL 45292217 1011 28955189 10 L 35 S un-
10 108 = = PH10  recruited
low B S N
h k] 10°4.
10° 10° SynpAﬁs)D g Lo ‘ 0 :
3 phosphatase domain v C]'*' " PRAESEaG
oL 17652153 101 8762636 10 + leucine zipper 10—
100 10° 10° 100 10° 10°
E A . F
FIT DATA TO h’s%%q LZtuning PREDICT PUSH-PULL PHOSPHORYLATION
med. low unrecruited .
MODEL 2 D,=013 °/ 008 0.09 0.03 behavior space (n=216) model  data
DA 1 o training set
: ‘ o ‘ e prediction |-
Kws \l/ kWS no synKin . - :
N 2 002 synKin activity tuning c >
Vg ¢ g y ' med. low dead i
AR 0.10 0.05 0.06 ;
: k 0 2 i — -
K ™k 10" 10° 10° l l ‘ 102 'S 10' 10° 10°10' 10° 10°
i mean pplation (AU) :
> A D E o ati : PP (AV) : SN & g
3 SynThos reguiaron D,,=0.07 D,=011 53 S
— i 108 [ <= BHoe
K=1LZ . vy synPhos  pptase dead unrecruited < > 5
affinity 0.10 0.13 0.12 o yking 5 |1
k =norm |I| ® W@ &L
101 T ' —
rate model - exp. _L w . _,‘;_ 10" 10° 10510' 10° 10° 10" 10° 10°10' 10° 10°



https://doi.org/10.1101/2023.09.11.557100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.11.557100; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1. Building and tuning synthetic push-pull cycles in human cells. (A) Push-pull
motifs, where kinase and phosphatase activities mutually regulate (red arrows) phosphorylation
equilibrium (black arrows) of a substrate, are fundamental units that make up phospho-signaling
networks. (B) Engineering synthetic kinase (synKin) and substrate (synSub) pairs. Plasmids (grey
rectangles) encoding synKin and synSub proteins are transfected into HEK293T cells and
measured for expression and phosphorylation via immunofluorescence flow cytometry (green
dotted lines) after 36 h. Leucine zippers (LZs) mediate interactions (cyan dashed line) between
synKin and synSub proteins (left). Expression and phosphorylation data for synKin/synSub allele
combinations are shown on the right as hexagonal-hit-and-heat (HHH), through the whole study
the expression space was uniformly binned into grids, the hexagon size indicates the cell counts
in each bin, the largest hexagon size represents highest cell density, while the smallest hexagon
size represents lowest density, with hexagon sizes in between representing log10-normalized cell
counts proportionally (fig. S5). Values associated with HHH plots are mean phosphorylation (AU)
+ standard error of the mean (SEM) (n=3). (C) Tuning synSub phosphorylation. Phosphorylation
was measured for synKin/synSub compositions featuring parts that tune LZ binding affinity,
synKin expression level, and synKin activity. The top panel shows behavior of the default
synKin/synSub from Figure 1B for comparison. Numbers associated with HHH plots, mean
phosphorylation (AU) + SEM (n=3). (D) Complete synthetic push-pull. LZ-recruited synPhos
dephosphorylates synSub (left). Values adjacent to HHH plots of synPhos variants indicate mean
phosphorylation (AU) £+ SEM (n=3) (right). (E) Modeling synthetic push-pull phosphorylation
equilibrium. LZ interactions (Kws, synKin-synSub affinity [W, “writer’; S, “substrate”]; Kes,
synPhos-synSub affinity [E, “eraser”; S, “substrate”) and component activity (kws, normalized
phosphorylation rate; kes, normalized dephosphorylation rate) of the push-pull (left), (see Model
Description in the Supplementary Text). Push-pull data from Figure 1B-D were used for fitting.
Model-predicted phosphorylation distributions (red) are plotted against experimentally measured

distributions (grey). Kolmogorov-Smirnov divergence (Dks) values comparing model to
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experiment are shown for each plot. (norm., normalized) (F) Model-predicted push-pull behavior
space. The beeswarm plot shows phosphorylation values for predicted (grey dots) and training
(red dots) part compositions (216 total). HHH plots for compositions from across design space
(indicated with black dotted lines) comparing predicted (red borders) and measured
phosphorylation (black borders). Dks values comparing predicted and measured phosphorylation

distributions are shown next to each pair of plots.
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Figure 2. Building and tuning push-pull networks. (A) Two-step phosphorylation cascade
circuit. To create a synthetic phosphorylation network connection, an upstream (red) push-pull
cycle can be coupled to a downstream cycle (blue) using a phosphorylation-dependent interaction
(left). The upstream synKin phosphorylates a “phospho-couple” (PC) protein, which functions as
synSub for the upstream cycle and synKin for the downstream one (right). The PC contains a rigid
linker domain (cyan outline) that prevents cis substrate motif phosphorylation while supporting
SH2-mediated recruitment of a downstream substrate (cyan dashed line; upper right). (B) Two-
step circuit validation. HHH plots for PC (left column) and synSub (right column) phosphorylation
are shown for various circuit compositions. All circuit compositions contain synPhos. Brackets
indicate the number of ITAM motif repeats. Values in each plot are mean phosphorylation (AU) +
SEM (n=3). (C) Model-predicted circuit behavior space for two-step circuit. The modeling
framework was used to fit steady-state phosphorylation of two-step push-pulls from Figure 2B
(fig. S22). Scatter plot shows predicted mean phosphorylation for compositions with (y-axis) and
without (x-axis) upstream synKin (red dots, training set compositions; grey dots, model-predicted
compositions [3,456 total]). Region of >10x fold-change (+/- synKin) is shown in cyan. Four high-
gain circuits (indicated with black dotted lines) were constructed and tested for synSub
phosphorylation. HHH plots for model-predicted (red border) and experimental measurements
(black border) are shown. Values at the top of each plot indicate mean phosphorylation (AU) +
SEM (n=3) (right). Dks values are shown at the bottom of each experimental plot. Predicted (red)

and experimentally measured (black) fold change values are shown to the right of the plots.
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Figure 3. Constructing receptor-coupled push-pull sensor circuits. (A) Push-pull sensor
circuit design. Reversible ligand binding to extracellular receptors triggers push-pull activation
(left). The circuit is encoded as 4 genes on 3 plasmids; it includes two receptor chains (FRB*-TM-
kinase domain and FKBP-TM-LZ), a synSub with 3 motif repeats, and a synPhos. Dimerization
of extracellular FRB* and FKBP domains induced by ligand (AP21967) triggers colocalization of
receptor-appended kinase with synSub (cyan box), leading to phosphorylation (right). (B) Testing
receptor-induced phosphorylation. HHH plots depict flow-cytometry data from sensor circuit
compositions analyzed 12 h after treatment with 200 nM ligand (+ lig) or a carrier-only control (-
lig). Values in each plot indicate mean phosphorylation (AU) £+ SEM (n=3). Phosphorylation fold-
change values are next to each set of plots. (C) Measuring pathway activation using an LLP
condensate co-localization reporter. The reporter consists of EGFP-tagged synSub and an
mCherry-tagged SH2 domain tagged with an intrinsically disordered protein (IDP);
phosphorylation leads synSub-EGFP recruitment to condensates and EGFP/mCherry
colocalization (left). For activation experiments, cells were cultured for 24 h and then time-lapse
images were taken every 10 mins following ligand addition over an 80 min time course to track
pathway activation (left time course plot). For deactivation experiments 200 nM ligand was added
for 90 mins followed by addition of the inhibitor imatinib mesylate (10 uM), and then time-lapse
images were taken every 5 mins following inhibitor addition over a 60 min time course (right time
course plot). Data are plotted as single cell trajectories (thin pink lines) for activation (n=15 cells)
and deactivation (n=10 cells), with mean values (thick pink line) + SEM (shaded pink bands). For
selected time points (0, 30, and 70 min for activation and 0 and 30 min for deactivation), images
of EGFP and mCherry (false-colored green and red, right middle) are shown for representative
single cells, with the cell boundaries (dotted white outlines) as determined by custom
segmentation software. Histograms (right top) show max-normalized EGFP and mCherry

intensities along the straight white dashed lines drawn in images, and intensity is plotted for each
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channel in the same plot, with the black dashed line representing max-normalized cytoplasmic

EGFP intensity; shaded regions, outside the cytoplasm. Scale bars, 5 ym.
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Figure 4. Phosphorylation circuit-mediated closed-loop sense-and-response function. (A)
Using phospho-signaling to connect extracellular sensing to transcriptional output. The phospho-
sensor circuit (Fig. 3) was coupled to a two-step amplifier circuit (Fig. 2), which was in turn
coupled to a phosphorylation-dependent transcriptional reporter module (fig. S19), yielding a
membrane-to-nucleus signaling pathway. The PC is tagged with nuclear localization (NLS) and
nuclear export signals (NES) to enable shuttling between the nucleus and cytoplasm. HHH plots
for PC phosphorylation (left column) and EGFP expression (right column) are shown for cells +/-
ligand for compositions with and without NLS/NES tags. Values in the plots indicate mean
fluorescence (AU) £ SEM (n=3). Fold-change values are shown to the right of each set of plots.
(B) Engineering a phospho-signaling pathway for closed-loop therapeutic control. HEK293T cells
expressing a circuit that can sense TNF-a (green arrow) and respond by secreting IL-10 (blue
arrow) (top left) are placed in transwell coculture with activated T cells (bottom left) for 60 h, with
media collected every 12 h to measure cytokine levels. T cell proliferation was assessed by EdU
assay at 60 h. TNF-a and IL-10 time courses are shown for empty HEK293T cells (no circuit),
constitutively IL-10 expression (open loop), and the sense-and-respond circuit (closed loop). Each
circle represents a different PBMC donor (black line, mean values; shaded regions, + SEM)
(middle). Measurements of CD4+ and CD8+ proliferation, with circles representing data from 3
PBMC donors (error bars, indicating mean values + SEM, n=3 measurements; upper dashed line,
proliferation [maximum EdU signal] of activated T cells alone with no HEK293T cell; lower dashed

line, proliferation of activated T cells inhibited with 500 ng/ml IL-10 [minimum EdU signal]).
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