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Abstract: Protein-protein interactions (PPIs) contribute to regulate many aspects of cell physiology
and metabolism. Protein domains involved in PPIs are important building blocks for engineering
genetic circuits through synthetic biology. These domains can be obtained from known proteins and
rationally engineered to produce orthogonal scaffolds, or computationally designed de novo thanks
to recent advances in structural biology and molecular dynamics prediction. Such circuits based
on PPIs (or protein circuits) appear of particular interest, as they can directly affect transcriptional
outputs, as well as induce behavioral /adaptational changes in cell metabolism, without the need for
further protein synthesis. This last example was highlighted in recent works to enable the production
of fast-responding circuits which can be exploited for biosensing and diagnostics. Notably, PPIs can
also be engineered to develop new drugs able to bind specific intra- and extra-cellular targets. In this
review, we summarize recent findings in the field of protein circuit design, with particular focus on
the use of peptides as scaffolds to engineer these circuits.

Keywords: synthetic biology; protein circuits; protein-protein interactions; combinatorial libraries;
peptides

1. Introduction

Living organisms, both unicellular and multicellular, respond to exogenous and en-
dogenous signals that trigger appropriate responses, within individual cells, by using a
complex system of receptors and signal-transducing proteins [1,2]. Signal transduction
cascades modulate downstream cellular processes, giving rise to dynamic gene expression
patterns. Transcriptional modulation can occur within minutes or hours, and involves de
novo protein synthesis; for instance, hypoxia response in human cells, innate immunity
in plants, and galactose sensing in yeast, are processes modulated via transcriptional re-
programming [3-5]. Non-transcriptional responses, on the other hand, can occur within
seconds and rely on post-translational modifications and without the need for transcrip-
tional induction and de novo protein synthesis [6,7].

In the last decade, synthetic biology has emerged as a promising field with possible
applications in many aspects of human life [8]. Its applications range from bio-sensing [9],
diagnostic [10], drug discovery [11] and production of living biomaterials [12]. In this
context, synthetic genetic circuits offer infinite possibilities to build orthogonal and complex
artificial systems designed to respond to endogenous and exogenous stimuli, similar to
canonical biological signal transduction pathways. Moreover, standardization of biological
parts (Bio-Bricks), together with DNA synthesis technologies, allows fast characterization
of synthetic biological devices in a continuous design-build—test-learn cycle.

So far, many synthetic genetic circuits have relied on activation of target gene expres-
sion under desired circumstances [13]. Feedback loops [14], oscillators [15] and ON/OFF
switches [16] have been designed to convert a desired signal in a corresponding action or
behavior through the transcription/translation machinery. These strategies can be applied
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in several contexts however, the time required to induce transcription and translation of
signal-transducing proteins, followed by further signal transduction is considerable [17].

A speedier method, which allows cells to relay an external stimulus, and directly elicits
a cellular response, is the employment of reversible protein-protein interactions (PPIs), thus
bypassing the need for transcriptional induction and translation of the signal transducer,
which can be already expressed in the cell a priori and activated only under desired
circumstances. PPIs can directly trigger a cellular response by sequestration of enzymes,
degradation of target proteins or other mechanisms [18]. PPIs rely on mutual recognition
of interacting domains in the crowded environment of the cell. These interactions are
usually masked and can be promoted only under certain circumstances, e.g., binding of
allosteric regulators, conformational changes of upstream regulators, post-translational
modifications. Recently, it has been shown by Mishra et al., 2021 [6], that a synthetic
protein circuit, based solely on reversible PPIs, can respond within seconds and with
ultra-sensitivity and can give a direct cell response, with no need of further downstream
transcriptional activation; the authors developed a phosphorylation-dependent toggle
switch, activated by two different signals, in which the two branches of the circuit repress
each other in a feedback loop regulation. By means of reversible PPIs and multi-level
regulation, this synthetic network was able to directly regulate yeast budding by different
extents (Figure 1I).

Genetic circuits with transcriptional control as final outputs are constructed and tested
using DNA pieces stacked together. Synthetic genetic circuits based on PPIs used to
modulate cellular responses (e.g., apoptosis, metabolic adjustment) are less developed
because the information and rules for PPIs are still poorly understood, especially when
compared to technologies that allow the manipulation of the genetic code. For these
reasons, the first PPI circuits used to build new biological tools and devices were devised
to work with known proteins, as shown by the well-known example of the development of
the yeast-two hybrid assay [19].

Today, computational methods, and the increasing importance of structural data,
allow the design of fully synthetic and orthogonal PPI-scaffolds and linkers which can be
employed for protein circuits design [20,21]. A wide range of nature-inspired (natural PPIs)
or fully synthetic scaffolds have been developed so far. Moreover, these interactions can be
engineered and finely tuned by small molecules or physical stimuli. Notably, synthetic PPIs
can be exploited also in drug discovery, by targeting endogenous proteins and inducing
new behaviors under desired circumstances [22].

In this review we explore new and old aspects of protein circuits design, encom-
passing novel and/or established strategies to develop fast-responding, orthogonal and
non-orthogonal synthetic circuits and devices based solely on PPIs. These systems can
be developed both to drive a new transcriptional program in the cell or to directly give
an adaptive response to the environment. Moreover, recent advances in the field of struc-
tural biology and molecular modeling are also discussed, as these can greatly improve
the development of this field of synthetic biology. Emphasis will be laid also on the use
of combinatorial libraries to isolate new scaffolds or drugs, and on the use of small pep-
tides as convenient mediator of PPIs. The synthetic circuits discussed in this review are
summarized in Figure 1.

2. Protein Modules for Protein-Protein Interaction (PPI)-Based Synthetic
Circuit Design

PPIs are a cornerstone of every single biological process, such as signal transduction,
differentiation, and many others. Protein interaction motifs and binding regions are
extremely versatile as building blocks to construct synthetic cellular networks [23], and the
use of canonical (natural) or artificial PPI domains in synthetic pathways might allow for
switching the cell behavior at will.

The building blocks for engineering PPIs can be determined by studying protein
complexes. Dove and Hochschild (1988) were pioneers in this field; they took advantage of
the interaction between the dimerization domain of the yeast Gal4 transcriptional activator
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and the Galll protein, a subunit of the RNA Polymerase II holoenzyme (indispensable
to activate the transcription), to guide association between the a-subunit of E. coli RNA
polymerase and DNA-binding proteins, and trigger transcription [24]. Another example is
the modification of an existing phage A circuit, where the phage A Cl oligomerization region
has been fused to different DNA-binding domains, forming new transcription regulators
with increased digital-like (ON/OFF transition) behavior compared to the pre-existing
phage system [25,26].

The engineered PPI networks can be time-modulated; thus, the desired response can
be induced only when required. Metabolite-responsive transcriptional regulators have
been created by fusing zinc finger DNA-binding domains to a maltose binding protein
to produce a maltose-regulated gene expression circuit [27]. Also, the protein pair FK506
binding protein-FKB-rapamycin binding domain has been used to produce synthetic
rapamycin-inducible systems [28]. In this latter case, a key role in the binding specificity of
these motifs is played by a specific serine residue; moreover, the phosphorylation of this
serine inhibits binding affinity [29] thus offering further regulation.

The use of natural-sourced protein domains in circuits based on PPIs can constitute a
problem in developing PPI scaffolds that are orthogonal to the host, due to the widespread
conservation of some of those interacting modules. For example, it has been observed
in a synthetic circuit exploiting the anti-o factors, which disrupt RNA polymerase-DNA
interaction by binding to RNA polymerase o subunit. In that case, the anti-o factors used
in the protein circuit tends to bind to the native o factors and induced toxicity in E. coli.
To reach orthogonality, Rhodius and colleagues (2013) isolated anti-o factors which are
orthogonal and exploitable in their synthetic platform, by testing a library of these modules
toward a complementary library of RNA polymerase o subunit [30].

To avoid non-orthogonality, PPI-based circuit design can take advantage of motifs
already known for driving PPIs, which are then engineered to avoid any off-target ef-
fects. These motifs are coiled coils, leucine zippers and zinc-fingers, present in many
transcription factors.

a-Helical coiled coils (CCs) consist of repetitions of seven-residue motifs (heptads)
that, depending on their composition, can bind to specific structures. Since the sequence-
to-structure relationship for x-helical coiled coils has been elucidated, it is relatively con-
venient to produce motifs able to bear PPIs with target proteins. CCs have been already
employed in some synthetic circuits for transcriptional regulation in E. coli [31].

Cys2His2 zinc-fingers (C2H2 ZFs) mediate both protein-DNA and PPIs. C2H2 ZFs
are an interesting tool for the design of synthetic proteins with novel binding specificities.
The specificity of these domains depends on the types of amino acid in the first positions
of the initial a-helix. Any change in such amino acids affects target specificity [32]. Such
domains have been used for the construction of artificial transcription factors, and for the
development of synthetic networks regulating gene expression [32]. The shuffling of the
dimerization zinc finger (DNZ) domain and C2H2 ZFs can produce chimeric domains with
novel protein-protein interaction specificities [33].

Also, leucine-zipper motifs can be used to trigger novel PPIs and control the assembly
of protein complexes to produce a synthetic network. They have been exploited, for
example, in the creation of biosensors [34], and in substitution of natural PPIs in engineered
pathways in E. coli [31].

Despite the wide abundance of PPI modules which can be isolated and engineered,
most of the previous scaffolds still rely on natural or natural-derived protein domains,
which cannot always guarantee full orthogonality. Moreover, all the previous examples are
based on the characterization of one or a few variants of the chosen interacting modules,
which shorten the possibilities for pathway engineering. In the next section we will
highlight different works about the use of peptides as fully synthetic PPI modules and their
isolation through combinatorial screenings.
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3. Peptides as Powerful Synthetic Modules for Protein Circuit Design

PPIs (or protein)-based synthetic circuits display several advantages compared to
classical genetic circuits, even though their applicability is hampered by their difficult
modulation [18]. To build up such protein circuits, engineered proteins needs to (i) engage
interactions with other synthetic and/or endogenous proteins to transmit signals, (ii) to
form assemblies, (iii) recognize specific signals and /or motifs orthogonally, (iv) specifically
modify or degrade interaction partners. Moreover, these events shall be directly translated
to a cellular response avoiding the need for the transcription and translation machinery.

Peptides are powerful tools to design synthetic PPI networks due to their size and
properties, ease of design, flexibility and the possibility of isolating thousands of them
from combinatorial libraries [35]. Peptides can be used as linkers (tags) directly fused to
a protein of interest (POI) to mediate the interaction between protein pairs and/or target
endogenous proteins, or they can be used as free scaffolds mediating co-recruitment of
proteins under desired conditions.

Peptides were employed as modular tags to transduce signals in synthetic phosphory-
lation circuits in yeast cells activated by the administration of the a-factor peptide (yeast
mating pheromone) (Figure 1A) [36]. A 49-residue tag, derived from proteins involved
in the MAPK pathway, enabled the interaction with an endogenous scaffold upon tag
phosphorylation. The interaction between two proteins—mediated by their fusion to this
semi-synthetic peptide—was used to produce different outputs, like recruitment to specific
cellular location, protein degradation, transcriptional responses, and feedback loops. A
similar approach was also used in other works [37,38].

Alternatively, peptides have been used to produce an ultrasensitive protein switch
based on the autoinhibition mediated by the cooperative binding to the neural Wiskott-
Aldrich syndrome protein (N-WASP). N-WASP output domain was linked to Src Homology
3 (SH3) domains and to their peptide ligand. The sensitivity of such a system can be
modulated varying the number of SH3 interaction modules (Figure 1F) [39].

Peptides can be rationally engineered to drive complex reactions inside cells and
exploited to process complex signals. For instance, they could be used as biosensors for
the detection of specific proteins, like in the case of the neurodegenerative-related protein
Tau [40]. By mimicking a nucleic acid displacement reaction, the complementary coiled
coils of the Tau inhibitor motif have been used to construct a biomolecular motor able to
sense the Tau presence.

Additionally, rational design and assembling of peptides enabled their usage as
modules to control the activity of viral proteases and modulate downstream signals, as
demonstrated by Stein and Alexandrov (2014). Here, a modular design strategy was
employed to develop a transducer protease connected to an auto-inhibitory (Al) peptide
and containing different functional units able to modulate the activity of the auto-inhibited
enzyme [41]. An Al domain was also used to create an allosterically regulated receptor
protease based on an artificial peptide receptor (affinity clamp). Other studies demonstrated
the suitability of viral protease-modules to create sensing and amplification circuits [42]
and perform logic operations, like binary Boolean logic [43].

Besides rational design, de novo proteins and peptides proved the possibility to
generate an unlimited number of orthogonal and composable modules. o-helical coiled
coils (CCs) are probably the most used scaffolds for engineering synthetic PPIs, as the H-
bonding patterning can be designed in a predictable fashion. Noteworthy, freely-available
toolboxes, like Pcomp and SYNZIP, provide several validated CC pairs which can be used
to compose PPI networks [44,45]. Previously, viral protease circuits were presented as
a system limited to in vitro applications. The de novo design of peptides and proteins
allowed the validation in vivo of these systems. A notable example is the split-protease-
cleavable-orthogonal-CC-based (SPOC) system (Figure 1E), where the employment of
de novo designed coiled coil (CC) peptides enabled the generation of modular signaling
cascades based on proteolysis. Here, split proteases reconstitution is achieved thanks to
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the cleavage of linkers, placed among the target CC, enabling the realization of Boolean
logic functions and construction of signaling pathways in mammalian cells [46].

Another system named CIPHR (cooperatively inducible protein heterodimer) used de
novo design of heterodimers to regulate the association among proteins of choice, as split
enzymes and transcription machines, allowing the execution of logic functions in vitro
and in vivo (Figure 1C) [47]. Peptides were also designed de novo to develop molecular
switches like LOCKR (latching orthogonal cage/key proteins) [48], a CC-based ‘cage’ that
can interact either intra-molecularly with a ‘latch” or inter-molecularly with a peptide ‘key’
(Figure 1B). After the ‘key’ displaces the ‘latch’ from the “cage’, functional motifs on the
‘latch’ could engage the interaction with the target. The same technology was used by
Kirkpatrick and co-workers (2020) to co-localize LOCKR (co-LOCKR) in target regions in
the genome exploiting two Cas9 complexes which are fused to the ‘key” and to the ‘cage’-
‘latch’, respectively, and used it to specifically promote the transcription of target genes
when the two moduli are bound to the DNA target site [49]. Other examples demonstrated
the exploitability of coiled coils design to accomplish transcriptional control [31,50]. De
novo designed coiled coil peptides were also used to produce a supramolecular scaffold
enabling the generation of intracellular filaments able to encompass the E. coli cytoplasm.
Pyruvate decarboxylase and alcohol dehydrogenase were targeted to this cyto-scaffold
leading to enhanced ethanol production thanks to enzyme co-location (Figure 1H) [51].

4. Peptides as Building Blocks for Targeted Proteolysis

Peptides were already shown to be highly selective in the engagement of interactions
with endogenous components. This ability was exploited to trigger protein degradation
through the proteolysis-targeting chimera (PROTAC) technology, where a small molecule
can be isolated and used to target endogenous proteins for degradation, through the linkage
with different E3 ubiquitin ligase (Figure 1D) [52].

Protac-1 was composed by a 3-TRCP E3-recruiting peptide linked to ovalicin, which
targets the MetAP-2 enzyme, causing its ubiquitination and degradation in vitro [53].
Successively, peptidic PROTACs [54] and a poly-D-arginine sequence were used to induce
protein degradation in vivo [55]. These first examples of PROTAC molecules played
a pioneering role in establishing the technology and demonstrating that E3 ubiquitin
ligase can be specifically targeted. Recently, a peptide-enabled PROTAC was shown to
direct Kelch-like ECH-associated protein-1 (Keap1l)-dependent degradation of Tau by the
proteasome [56].

Due to the inaccessibility of some extracellular targets, lysosomal-targeting chimeras
(LYTACs) were also developed (Figure 1G). Signal peptides can force the endosomal-
lysosomal internalization of peptide-extracellular POI chimeras, triggering the degradation
of the extracellular target protein [57]. Through the conjugation of a synthetic oligopeptide
ligand, mannose-6-phosphonate (M6Pn), to serine or lysine residues on antibodies, authors
successfully induced internalization and degradation of therapeutically relevant proteins.
This technology is amenable to contrast extracellular protein deposition (aggregates)-
related diseases; for instance, it has been successfully employed to degrade apolipoprotein
E4 (ApoE4), the main cholesterol carrier recognized as the major genetic risk factor in
Alzheimer’s disease [57].

Additionally, peptide-mediated protein degradation was used in hydrophobic protein
tagging (HyT). Hydrophobic groups are guided and attached to a POI by POl-interacting
peptides (to mimic a partially denatured protein), to induce permanent chaperone binding,
and to exploit natural surveillance mechanisms which degrades misfolded proteins. In
fact, some chaperones (Hsp70 and Hsp90) could recruit the co-chaperones E3 ligase CHIP
which mediates protein ubiquitination and degradation [58,59]. This technique was also
successfully used to induce degradation of the Tau protein in Alzheimer disease mouse
models [60].
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5. Combinatorial Libraries as Platforms for Peptides Isolation

Combinatorial libraries have been developed to identify sequences in short times,
which can be further screened using different assays [61]. Peptides can be isolated from
combinatorial libraries for their ability to behave as PPI mediators, POI interactors and/or
enzyme inhibitors, using either in vitro or in vivo techniques.

Combinatorial libraries can be also used to identify synthetic biology scaffolds and to
produce cell-cell adhesion toolkits and linkers [62,63]. Cell-cell adhesion can be engineered
to produce multicellular systems and to design multi-component metabolic pathways and
materials but requires a fine control over morphologies and patterns of adhering cells.
Glass and co-workers (2018) generated a genetically encoded synthetic platform enabling
multicellular self-assembly control in E. coli through cell-cell adhesion. The library relies
on peptide nanobodies and antigens displayed on the outer bacterial membrane (Figure 1J).
The system was orthogonal, composable and controllable enabling the construction of, as
proved by the authors, “well-defined morphologies and patterns through homophilic and
heterophilic interactions, lattice-like self-assembly, phase separation, differential adhesion,

and sequential layering” [62].

PPIl-based protein circuits and devices
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Figure 1. Schematic overview of the main protein-protein interaction (PPI)-based synthetic biology tools and circuits

described in this review. The circuits shown here are divided in two classes based on their outputs: transcriptional / post-

translational, those which have been exploited to produce both a transcriptional and post-translational output; post-

translational only, those relying only on PPIs to give rise to the desired response which is directly translated to a cell

behavioral change. (A) A semi-synthetic phospho-regulon generated with a docking peptide and a substrate peptide

which are designed to dock and to be phosphorylated by Fus3, respectively, upon Fus3 activation mediated by «-factor

administration. Once phosphorylated, the substrate peptide can interact with the Fus3 fused module (WD40). Fus3-WD40

chimera and phospho-regulon are linked to proteins of interest (POlIs) (X and Y) which are exploited to produce different

outputs [36]. (B) LOCKR (latching orthogonal cage/key proteins) are constituted by a cage trapping a latch, which could

be displaced by a key (purple circle), leaving the latch free to engage in interactions with the desired target protein. The
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interaction with the target enables different kinds of output to be produced, depending on the target and the motif encoded
on the latch [48]. (C) CIPHR (cooperatively inducible protein heterodimer) relies on de novo designed CC heterodimers
which could be used as logic gates enabling different cellular functions to be performed in a programmable manner [47].
(D) Proteolysis-targeting chimera (PROTAC) enables the proteasomal degradation of target proteins using a small molecule
(like a peptide) which function as a link between E3 ubiquitin ligase and the POI. The proximity between these two proteins
enables POI ubiquitination and redirection to the proteasome [52]. (E) Split-protease-cleavable-orthogonal-CC-based (SPOC)
implements de novo CC design to reconstitute the activity of split proteases after the cleavage (*) and displacement of
an autoinhibitory domain [46]. (F) Ultrasensitive protein switch based on the N-WASP output domain (blue), retaining
a well-defined catalytic activity, and combined with a different number of SH3 (yellow) interaction modules. Once SH3-
binding peptide (orange) is administered exogenously, N-WASP is activated. It was shown that increasing the number of
SH3 interaction modules increases ultra-sensitivity [39]. (G) Lysosomal-targeting chimeras (LYTACs) enables lysosome-
mediated degradation of extracellular and membrane POIs. Using a lycopolypeptide ligand (sinusoid line with green circles)
conjugated to an antibody (purple), a POI could be internalized by engaging lysosome-targeting receptor (dark red) [57].
(H) De novo designed CC cyto-scaffold encompassing entirely the E. coli cytoplasm (red stripes) were used to couple
enzymatic activities of E1 (Enzyme 1, pyruvate decarboxylase) and E2 (Enzyme 2, alcohol dehydrogenase) to physically
link their metabolic activity (ethanol production) thanks to their co-localization [51]. (I) A bistable toggle switch based
on reversible (phosphorylation-dependent) PPIs. The network comprises positive feedback regulation which can repress
each other through two branches, and the possibility to switch between two states of the system using two different inputs
[isopentenyl adenine (IP) and sorbitol]. This phosphorylation toggle responds in seconds, displays long-term bistability, and
retains ultra-sensitivity. It was used to control the inhibition of yeast cell budding by redirecting a cytoskeletal protein to the
nucleus [6]. (J) Synthetic platform enabling multi-cellular self-assembly of E. coli cells. Combinatorial libraries encoding
for nanobodies (Nb) and antigens (Ag) exposed on the bacterial outer membrane enabled the selection of specific Nb-Ag
interactions to control the construction of well-defined multicellular patterns and morphologies [62].

7 of 10

As described earlier for split proteases, peptide linkers affect the structure and the
functional properties (folding, proteolytic stability, flexibility and relative 3D orientation of
individual domains) of chimera proteins. Grawe and collaborators (2020) developed a new
DNA assembly strategy enabling the efficient fusion of protein domains with combinatorial
linker sequences. This DNA assembly system, named iterative functional linker cloning
(iFlinkC), relies just on the combined action of restriction enzymes and T4 DNA ligase and
enable the sequential assembly of fusion proteins. iFLinkC functionality was demonstrated
through the construction of synthetic protease switches. Linker space was highly dynamic
as the induction of protease activity can vary by several folds depending on the linker
sequence and lenght [63]. iFLinkC is envisioned to be applicable for the generation of any
type of chimeric protein, enabling the identification of the optimal linker for maximizing
switching behaviors, as required for the construction of efficient synthetic protease switches.

6. Perspectives on the Application of PPI-Based Synthetic Protein Circuits

The field of protein circuits is quite vast and comprises several approaches for the
isolation and characterization of protein scaffolds suitable for synthetic circuit design,
reflecting great interest in the development of this area of synthetic biology.

Synthetic proteins/peptides scaffolds are convenient for protein circuit design for
several reasons: (i) the combination of 20 different amino acids in protein or peptide folds
allows a high number of possible combinations in terms of interactions, which are also
expanded by the use of non-canonical amino acid or post-translational modifications [35];
(i) the versatility and dynamicity of the responses are higher compared to systems based
on transcriptional outputs; (iii) the increasing knowledge on structural data, molecular
dynamics simulation and protein structure prediction facilitate the construction of such
circuits [64-66].

Importantly, protein circuits can be based solely on components which are constitu-
tively expressed, and interact with each other only under desired circumstances to produce
a fast cell response, without the need for downstream transcriptional activation, even if
this area of research is still at the beginning.

Synthetic proteins and peptides are also remarkable candidates for developing new
drugs, as they can be used to deliver functional domains to a POI as seen for PROTACs. As
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mRNA-based drugs seem to be riding the wave as human therapeutics, many companies
and research laboratories are clearly investing in protein-based therapies, as highlighted in
the THPdDb (http://crdd.osdd.net/raghava/thpdb/; access date 25 October 2021) database
curated by the Food and Drug Administration (FDA) [67]. This should be also accompanied
by new technologies enabling a reduction of the costs for protein and peptide production
on large scales, and the development of automated platforms for high-throughput testing
with the support of bio-foundries.

Funding: The authors acknowledge support from the University of Milan through the APC initia-
tive. P.P. was supported by the EU Horizon 2020-EU.1.2 Future and Emerging Technologies (FET)
open research and innovation action under grant agreement 828940, S.M. from MIUR (Ministero
dell’Universita e della Ricerca)-PRIN (Progetti di Ricerca di Rilevante Interesse Nazionale) 2017
(protocol 20173LBZM2_005).

Acknowledgments: A.T. thanks Luca Tadini (University of Milan) and Francesca Lopez (National
University of Ireland, Galway) for helpful comments which improved the final draft of the manuscript.

Conflicts of Interest: No conflict of interest to declare.

References

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

Kholodenko, B.N. Cell-signalling dynamics in time and space. Nat. Rev. Mol. Cell Biol. 2006, 7, 165-176. [CrossRef]

Nair, A.; Chauhan, P; Saha, B.; Kubatzky, K.F. Molecular Sciences Conceptual Evolution of Cell Signaling. Int. J. Mol. Sci. 2019,
20, 3292. [CrossRef]

Kaelin, W.G.; Ratcliffe, PJ. Oxygen Sensing by Metazoans: The Central Role of the HIF Hydroxylase Pathway. Mol. Cell 2008, 30,
393-402. [CrossRef]

Boller, T.; He, S.Y. Innate immunity in plants: An arms race between pattern recognition receptors in plants and effectors in
microbial pathogens. Science 2009, 342, 742-744. [CrossRef]

Ricci-Tam, C.; Ben-Zion, I.; Wang, J.; Palme, J.; Li, A.; Savir, Y.; Springer, M. Decoupling transcription factor expression and
activity enables dimmer switch gene regulation. Science 2021, 372, 292-295. [CrossRef]

Mishra, D.; Bepler, T.; Teague, B.; Berger, B.; Broach, ]J.; Weiss, R. An engineered protein-phosphorylation toggle network with
implications for endogenous network discovery. Science 2021, 373, eaav0780. [CrossRef]

Zhang, Q.; Bhattacharya, S.; Pi, J.; Clewell, R.A.; Carmichael, PL.; Andersen, M.E. Adaptive posttranslational control in cellular
stress response pathways and its relationship to toxicity testing and safety assessment. Toxicol. Sci. 2015, 147, 302-316. [CrossRef]
Khalil, A.S.; Collins, ].J. Synthetic biology: Applications come of age. Nat. Rev. Genet. 2010, 11, 367-379. [CrossRef]

Hicks, M.; Bachmann, T.T.; Wang, B. Synthetic Biology Enables Programmable Cell-Based Biosensors. ChemPhysChem 2020, 21,
132-144. [CrossRef]

Slomovic, S.; Pardee, K.; Collins, J.J. Synthetic biology devices for in vitro and in vivo diagnostics. Proc. Natl. Acad. Sci. USA 2015,
112, 14429-14435. [CrossRef]

David, F; Davis, A.M.; Gossing, M.; Hayes, M.A.; Romero, E.; Scott, L.H.; Wigglesworth, M.]. A Perspective on Synthetic Biology
in Drug Discovery and Development—Current Impact and Future Opportunities. SLAS Discov. 2021, 26, 581-603. [CrossRef]
Tang, T.C.; An, B.; Huang, Y.; Vasikaran, S.; Wang, Y.; Jiang, X.; Lu, TK.; Zhong, C. Materials design by synthetic biology. Nat. Rev.
Mater. 2021, 6, 332-350. [CrossRef]

Hanczyc, M.M. Engineering life: A review of synthetic biology. Artif. Life 2020, 26, 260-273. [CrossRef]

Del Vecchio, D.; Dy, A.].; Qian, Y. Control theory meets synthetic biology. J. R. Soc. Interface 2016, 13, 20160380. [CrossRef]

Li, Z.; Yang, Q. Systems and synthetic biology approaches in understanding biological oscillators. Quant. Biol. 2018, 6, 1-14.
[CrossRef]

Gardner, T.S.; Cantor, C.R.; Collins, J.J. Construction of a genetic toggle switch in Escherichia coli. Nature 2000, 403, 339-342.
[CrossRef]

Verbi¢, A.; Praznik, A.; Jerala, R. A guide to the design of synthetic gene networks in mammalian cells. FEBS ]. 2021, 288,
5265-5288. [CrossRef]

Chen, Z.; Elowitz, M.B. Programmable protein circuit design. Cell 2021, 184, 2284-2301. [CrossRef]

Fields, S.; Song, O.K. A novel genetic system to detect protein-protein interactions. Nature 1989, 340, 245-246. [CrossRef]
Kortemme, T.; Baker, D. Computational design of protein-protein interactions. Curr. Opin. Chem. Biol. 2004, 8, 91-97. [CrossRef]
Mandell, D.J.; Kortemme, T. Computer-aided design of functional protein interactions. Nat. Chem. Biol. 2009, 5, 797-807.
[CrossRef]

Sun, X.; Gao, H.; Yang, Y;; He, M.; Wu, Y; Song, Y.; Tong, Y.; Rao, Y. Protacs: Great opportunities for academia and industry. Signal
Transduct. Target. Ther. 2019, 4, 1-33. [CrossRef]

Griinberg, R.; Serrano, L. Strategies for protein synthetic biology. Nucleic Acids Res. 2010, 38, 2663-2675. [CrossRef]


http://crdd.osdd.net/raghava/thpdb/
http://doi.org/10.1038/nrm1838
http://doi.org/10.3390/ijms20133292
http://doi.org/10.1016/j.molcel.2008.04.009
http://doi.org/10.1126/science.1171647
http://doi.org/10.1126/science.aba7582
http://doi.org/10.1126/science.aav0780
http://doi.org/10.1093/toxsci/kfv130
http://doi.org/10.1038/nrg2775
http://doi.org/10.1002/cphc.201900739
http://doi.org/10.1073/pnas.1508521112
http://doi.org/10.1177/24725552211000669
http://doi.org/10.1038/s41578-020-00265-w
http://doi.org/10.1162/artl_a_00318
http://doi.org/10.1098/rsif.2016.0380
http://doi.org/10.1007/s40484-017-0120-7
http://doi.org/10.1038/35002131
http://doi.org/10.1111/febs.15652
http://doi.org/10.1016/j.cell.2021.03.007
http://doi.org/10.1038/340245a0
http://doi.org/10.1016/j.cbpa.2003.12.008
http://doi.org/10.1038/nchembio.251
http://doi.org/10.1038/s41392-019-0101-6
http://doi.org/10.1093/nar/gkq139

Life 2021, 11, 1171 9 of 10

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Dove, S.L.; Hochschild, A. Conversion of the w subunit of Escherichia coli RNA polymerase into a transcriptional activator or an
activation target. Genes Dev. 1998, 12, 745-754. [CrossRef]

Atsumi, S.; Little, ].W. Regulatory circuit design and evolution using phage A. Genes Dev. 2004, 18, 2086-2094. [CrossRef]

Hou, J.; Zeng, W.; Zong, Y.; Chen, Z.; Miao, C.; Wang, B.; Lou, C. Engineering the Ultrasensitive Transcription Factors by Fusing a
Modular Oligomerization Domain. ACS Synth. Biol. 2018, 7, 1188-1194. [CrossRef]

Younger, AK.D.; Dalvie, N.C,; Rottinghaus, A.G.; Leonard, ].N. Engineering Modular Biosensors to Confer Metabolite-Responsive
Regulation of Transcription. ACS Synth. Biol. 2017, 6, 311-325. [CrossRef]

Inobe, T.; Nukina, N. Rapamycin-induced oligomer formation system of FRB-FKBP fusion proteins. J. Biosci. Bioeng. 2016, 122,
40-46. [CrossRef]

Chen, J.; Zheng, X.E,; Brown, E.J.; Schreiber, S.L. Identification of an 11-kDa FKBP12-rapamycin-binding domain within the
289-kDa FKBP12-rapamycin-associated protein and characterization of a critical serine residue. Proc. Natl. Acad. Sci. USA 1995,
92, 4947-4951. [CrossRef]

Rhodius, V.A.; Segall-Shapiro, T.H.; Sharon, B.D.; Ghodasara, A.; Orlova, E.; Tabakh, H.; Burkhardt, D.H.; Clancy, K.; Peterson,
T.C.; Gross, C.A.; et al. Design of orthogonal genetic switches based on a crosstalk map of os, anti-os, and promoters. Mol. Syst.
Biol. 2013, 9, 1-13. [CrossRef]

Smith, A.]J.; Thomas, F.; Shoemark, D.; Woolfson, D.N.; Savery, N.J. Guiding Biomolecular Interactions in Cells Using de Novo
Protein-Protein Interfaces. ACS Synth. Biol. 2019, 8, 1284-1293. [CrossRef]

Grover, A.; Pande, A.; Choudhary, K.; Gupta, K.; Sundar, D. Re-programming DN A-binding specificity in zinc finger proteins for
targeting unique address in a genome. Syst. Synth. Biol. 2010, 4, 323-329. [CrossRef]

Giesecke, A.V,; Fang, R.; Joung, J.K. Synthetic protein-protein interaction domains created by shuffling Cys 2His2 zinc-fingers.
Mol. Syst. Biol. 2006, 2, 2006.0011. [CrossRef]

Pu, J.; Zinkus-Boltz, J.; Dickinson, B.C. Evolution of a split RNA polymerase as a versatile biosensor platform. Nat. Chem. Biol.
2017, 13, 432-438. [CrossRef]

Grof3, A.; Hashimoto, C.; Sticht, H.; Eichler, J. Synthetic peptides as protein mimics. Front. Bioeng. Biotechnol. 2016, 3, 211.
[CrossRef]

Gordley, RM.; Williams, R.E.; Bashor, C.J.; Toettcher, J.E.; Yan, S.; Lim, W.A. Engineering dynamical control of cell fate switching
using synthetic phospho-regulons. Proc. Natl. Acad. Sci. USA 2016, 113, 13528-13533. [CrossRef]

Wei, P.; Wong, W.W.; Park, ].S.; Corcoran, E.E.; Peisajovich, S.G.; Onuffer, ].J.; Weiss, A.; Lim, W.A. Bacterial virulence proteins as
tools to rewire kinase pathways in yeast and immune cells. Nature 2012, 488, 384-388. [CrossRef]

Groves, B.; Khakhar, A.; Nadel, C.M.; Gardner, R.G.; Seelig, G. Rewiring MAP kinases in Saccharomyces cerevisiae to regulate
novel targets through ubiquitination. ELife 2016, 5, 1-22. [CrossRef]

Dueber, J.E.; Mirsky, E.A.; Lim, W.A. Engineering synthetic signaling proteins with ultrasensitive input/output control. Nat.
Biotechnol. 2007, 25, 660-662. [CrossRef]

Dai, Y.; Abbasi, K.; Bandyopadhyay, S.; Liu, C.C. Dynamic Control of Peptide Strand Displacement Reaction Using Functional
Biomolecular Domain for Biosensing. ACS Sens. 2019, 4, 1980-1985. [CrossRef]

Stein, V.; Alexandrov, K. Protease-based synthetic sensing and signal amplification. Proc. Natl. Acad. Sci. USA 2014, 111,
15934-15939. [CrossRef]

Stein, V.; Nabi, M.; Alexandrov, K. Ultrasensitive Scaffold-Dependent Protease Sensors with Large Dynamic Range. ACS Synth.
Biol. 2017, 6, 1337-1342. [CrossRef]

Holt, B.A.; Kwong, G.A. Protease circuits for processing biological information. Nat. Commun. 2020, 11, 5201. [CrossRef]
Fletcher, ]. M.; Boyle, A.L.; Bruning, M.; Bartlett, S.J.; Vincent, T.L.; Zaccai, N.R.; Armstrong, C.T.; Bromley, E.H.C.; Booth, PJ.;
Brady, R.L.; et al. A basis set of de novo coiled-Coil peptide oligomers for rational protein design and synthetic biology. ACS
Synth. Biol. 2012, 1, 240-250. [CrossRef]

Thompson, K.E.; Bashor, C.J.; Lim, W.A.; Keating, A.E. SYNZIP Protein Interaction Toolbox: In Vitro and in Vivo Specifications of
Heterospecific Coiled-Coil Interaction Domains. ACS Synth. Biol. 2012, 1, 118-129. [CrossRef]

Fink, T.; Lonzari¢, J.; Praznik, A.; Plaper, T.; Merljak, E.; Leben, K.; Jerala, N.; Lebar, T.; Strmsek, Z.; Lapenta, F.; et al. Design of
fast proteolysis-based signaling and logic circuits in mammalian cells. Nat. Chem. Biol. 2019, 15, 115-122. [CrossRef]

Chen, Z.; Kibler, R.D.; Hunt, A.; Busch, F; Pearl, J.; Jia, M.; VanAernum, Z.L.; Wicky, B.I.M.; Dods, G.; Liao, H.; et al. De novo
design of protein logic gates. Science 2020, 368, 78-84. [CrossRef]

Langan, R.A.; Boyken, S.E.; Ng, A.H.; Samson, J.A.; Dods, G.; Westbrook, A.M.; Nguyen, T.H.; Lajoie, M.].; Chen, Z.;
Berger, S.; et al. De novo design of bioactive protein switches. Nature 2019, 572, 205-210. [CrossRef]

Kirkpatrick, R.L.; Lewis, K.; Langan, R.A.; Lajoie, M.].; Boyken, S.E.; Eakman, M.; Baker, D.; Zalatan, ].G. Conditional Recruitment
to a DNA-Bound CRISPR-Cas Complex Using a Colocalization-Dependent Protein Switch. ACS Synth. Biol. 2020, 9, 2316-2323.
[CrossRef]

Edgell, C.L.; Smith, A.].; Beesley, J.L.; Savery, N.J.; Woolfson, D.N. De novo designed protein-interaction modules for in-cell
applications. ACS Synth. Biol. 2020, 9, 427-436. [CrossRef]

Lee, M.J.; Mantell, J.; Hodgson, L.; Alibhai, D.; Fletcher, ].M.; Brown, L.R.; Frank, S.; Xue, W.E; Verkade, P.; Woolfson, D.N.; et al.
Engineered synthetic scaffolds for organizing proteins within the bacterial cytoplasm. Nat. Chem. Biol. 2018, 14, 142-147.
[CrossRef]


http://doi.org/10.1101/gad.12.5.745
http://doi.org/10.1101/gad.1226004
http://doi.org/10.1021/acssynbio.7b00414
http://doi.org/10.1021/acssynbio.6b00184
http://doi.org/10.1016/j.jbiosc.2015.12.004
http://doi.org/10.1073/pnas.92.11.4947
http://doi.org/10.1038/msb.2013.58
http://doi.org/10.1021/acssynbio.8b00501
http://doi.org/10.1007/s11693-011-9077-4
http://doi.org/10.1038/msb4100053
http://doi.org/10.1038/nchembio.2299
http://doi.org/10.3389/fbioe.2015.00211
http://doi.org/10.1073/pnas.1610973113
http://doi.org/10.1038/nature11259
http://doi.org/10.7554/eLife.15200
http://doi.org/10.1038/nbt1308
http://doi.org/10.1021/acssensors.9b00831
http://doi.org/10.1073/pnas.1405220111
http://doi.org/10.1021/acssynbio.6b00370
http://doi.org/10.1038/s41467-020-18840-8
http://doi.org/10.1021/sb300028q
http://doi.org/10.1021/sb200015u
http://doi.org/10.1038/s41589-018-0181-6
http://doi.org/10.1126/science.aay2790
http://doi.org/10.1038/s41586-019-1432-8
http://doi.org/10.1021/acssynbio.0c00012
http://doi.org/10.1021/acssynbio.9b00453
http://doi.org/10.1038/nchembio.2535

Life 2021, 11, 1171 10 of 10

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Alabi, S.B.; Crews, C.M. Major advances in targeted protein degradation: PROTACs, LYTACs, and MADTACS. ]. Biol. Chem. 2021,
296, 100647. [CrossRef]

Sakamoto, K.M.; Kim, K.B.; Kumagai, A.; Mercurio, F; Crews, C.M.; Deshaies, R.J. Protacs: Chimeric molecules that target
proteins to the Skp1-Cullin-F box complex for ubiquitination and degradation. Proc. Natl. Acad. Sci. USA 2001, 98, 8554-8559.
[CrossRef]

Sakamoto, K.M.; Kim, K.B.; Verma, R.; Ransick, A.; Stein, B.; Crews, C.M.; Deshaies, R.]. Development of Protacs to target
cancer-promoting proteins for ubiquitination and degradation. Mol. Cell. Proteom. MCP 2003, 2, 1350-1358. [CrossRef]
Schneekloth, J.S.; Fonseca, EN.; Koldobskiy, M.; Mandal, A.; Deshaies, R.; Sakamoto, K.; Crews, C.M. Chemical Genetic Control
of Protein Levels: Selective in Vivo Targeted Degradation. . Am. Chem. Soc. 2004, 126, 3748-3754. [CrossRef]

Lu, M,; Liu, T, Jiao, Q.; Ji, J.; Tao, M.; Liu, Y.; You, Q.; Jiang, Z. Discovery of a Keap1-dependent peptide PROTAC to knockdown
Tau by ubiquitination-proteasome degradation pathway. Eur. . Med. Chem. 2018, 146, 251-259. [CrossRef]

Banik, S.M.; Pedram, K.; Wisnovsky, S.; Ahn, G.; Riley, N.M.; Bertozzi, C.R. Lysosome-targeting chimaeras for degradation of
extracellular proteins. Nature 2020, 584, 291-297. [CrossRef]

Neklesa, TK.; Tae, H.S.; Schneekloth, A.R.; Stulberg, M.].; Corson, T.W.; Sundberg, T.B.; Raina, K.; Holley, S.A.; Crews, C.M.
Small-molecule hydrophobic tagging-induced degradation of HaloTag fusion proteins. Nat. Chem. Biol. 2011, 7, 538-543.
[CrossRef]

Roth, S.; Fulcher, L.J.; Sapkota, G.P. Advances in targeted degradation of endogenous proteins. Cell. Mol. Life Sci. 2019, 76,
2761-2777. [CrossRef]

Gao, N.; Chu, T.T,; Li, Q.Q.; Lim, YJ.; Qiu, T.; Ma, M.R,; Hu, ZW.; Yang, X.E; Chen, Y.X.; Zhao, Y.E; et al. Hydrophobic
tagging-mediated degradation of Alzheimer’s disease related Tau. RSC Adv. 2017, 7, 40362-40366. [CrossRef]

Naseri, G.; Koffas, M.A.G. Application of combinatorial optimization strategies in synthetic biology. Nat. Commun. 2020, 11, 2446.
[CrossRef] [PubMed]

Glass, D.S.; Riedel-Kruse, .H. A Synthetic Bacterial Cell-Cell Adhesion Toolbox for Programming Multicellular Morphologies
and Patterns. Cell 2018, 174, 649-658.e16. [CrossRef] [PubMed]

Grawe, A.; Ranglack, J.; Weyrich, A.; Stein, V. IFLinkC: An iterative functional linker cloning strategy for the combinatorial
assembly and recombination of linker peptides with functional domains. Nucleic Acids Res. 2020, 48, E24. [CrossRef]

Huang, P.S.; Boyken, S.E.; Baker, D. The coming of age of de novo protein design. Nature 2016, 537, 320-327. [CrossRef]
Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.;
Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]
[PubMed]

Baek, M.; DiMaio, E; Anishchenko, I.; Dauparas, J.; Ovchinnikov, S.; Lee, G.R.; Wang, J.; Cong, Q.; Kinch, L.N.; Schaeffer, R.D.; et al.
Accurate prediction of protein structures and interactions using a three-track neural network. Science 2021, 373, 871-876.
[CrossRef] [PubMed]

Usmani, S.S.; Bedi, G.; Samuel, ].S; Singh, S.; Kalra, S.; Kumar, P.; Ahuja, A.A.; Sharma, M.; Gautam, A.; Raghava, G.P.S. THPdb:
Database of FDA-approved peptide and protein therapeutics. PLoS ONE 2017, 12, e0181748. [CrossRef]


http://doi.org/10.1016/j.jbc.2021.100647
http://doi.org/10.1073/pnas.141230798
http://doi.org/10.1074/mcp.T300009-MCP200
http://doi.org/10.1021/ja039025z
http://doi.org/10.1016/j.ejmech.2018.01.063
http://doi.org/10.1038/s41586-020-2545-9
http://doi.org/10.1038/nchembio.597
http://doi.org/10.1007/s00018-019-03112-6
http://doi.org/10.1039/C7RA05347A
http://doi.org/10.1038/s41467-020-16175-y
http://www.ncbi.nlm.nih.gov/pubmed/32415065
http://doi.org/10.1016/j.cell.2018.06.041
http://www.ncbi.nlm.nih.gov/pubmed/30033369
http://doi.org/10.1093/nar/gkz1210
http://doi.org/10.1038/nature19946
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1126/science.abj8754
http://www.ncbi.nlm.nih.gov/pubmed/34282049
http://doi.org/10.1371/journal.pone.0181748

	Introduction 
	Protein Modules for Protein-Protein Interaction (PPI)-Based Synthetic Circuit Design 
	Peptides as Powerful Synthetic Modules for Protein Circuit Design 
	Peptides as Building Blocks for Targeted Proteolysis 
	Combinatorial Libraries as Platforms for Peptides Isolation 
	Perspectives on the Application of PPI-Based Synthetic Protein Circuits 
	References

