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Abstract

Dynamic dimerization is a common regulatory interaction between biological molecules, underpinning many signal-
ing functions. Because of its ubiquity, many biological engineering efforts have focused on building dimerizing pro-
teins, such as the SYNZIPs and de novo Designed HeteroDimers (DHDs). Using the DHDs as a model system, we
show that low-affinity protein interactions can be competitively displaced by a high-affinity “dominant negative” het-
erodimer. We demonstrate the utility of this signaling motif by using competitive displacement to implement negative
feedback in a synthetic circuit. Competitive displacement could be extended to other heterodimer systems to expand
the functionality of protein circuits and enable new biotechnology applications.

Introduction

iotechnology often draws inspiration from the natural

world to inform the design of strategies for regulating

biology. Proteins play a central role in transmitting infor-
mation in biological systems, and thus their regulation is a
major thrust of synthetic biology. Protein—protein interactions
play a critical role in regulating signal transduction.! Many tran-
scription factors (TFs) utilize dimerization to control their activ-
ity, such as basic helix-loop-helix (bHLH) proteins, which play
important roles in differentiation and whose dysregulation can
cause cancer.” One such bHLH, MyoD, can either homodimerize
or heterodimerize with other bHLHs, including E47 and E12, to
activate transcription. Other bHLHs, including Group D bHLHs,
contain the HLH domain needed for dimerization but lack the
basic region needed for transcriptional activation. Conse-
quently, Group D proteins can bind other bHLHs to negatively
regulate their activity.

For example, the Group D Id protein is able to preferentially
bind MyoD, E47, or E12 to attenuate their ability to bind DNA,
thus repressing their transcriptional programs.>* The relative
abundances of these proteins determine the differentiation
state of muscle cells. This example showcases how both tran-
scriptional activation and repression can be highly regulated
through the joining and competition of TF dimerization.
Such protein-protein interactions are, therefore, promising
engineering targets for achieving complex and novel cellular
functions.

Although protein-based circuits are ubiquitously used for en-
dogenous biological regulation, methods for synthetic modula-
tion of protein—protein interactions remain limited. Previous
work in synthetic biology has focused on using high-affinity
binders to create activation signals. This highly modular strategy
can be used to reconstitute split proteins or colocalize signal-
ing molecules. This functionality has enabled the control of
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transcription, localization, and proteolysis®'% the tuning of

ultrasensitivity and cooperativity''™'>; the rewiring of endoge-

nous signaling pathways'®™'?; the optimization of metabolic

pathways?®?% and the modulation of CAR activity and down-
stream T cell responses.?>%*

Many of these applications utilize SYNZIPs, which are a library
of highly characterized synthetic bZIP proteins.> However, far
less work has been dedicated to building inhibitory binding re-
actions that can interrupt the function of the dimerized partners,
like those seen in endogenous pathways. Furthermore, inhibi-
tory binding could be used in synthetic circuits to tune dose
responses or implement composable negative regulation and
feedback, enabling the construction of complex circuits that
more closely approximate endogenous signaling.

Recently, a library of de novo Designed HeteroDimers (DHDs)
was computationally designed using Rosetta HBNet.?® Each het-
erodimer pair shares the same four-helix bundle backbone
structure, and specificity was achieved by incorporating asym-
metric hydrogen bond networks into the backbone. Monomers
were generated by using short loops to connect pairs of helices,
and six heterodimer pairs were observed to be fully orthogonal
through a yeast two-hybrid assay. Each designed pair is referred
to by a number, and each monomer within a pair is designated
as A or B, that is, 37A and 37B make up the designed 37 on-
target interaction. The functionality of the DHD library was dem-
onstrated through the construction of multicomponent protein
logic gates that regulate split-protein activity and transcription
in yeast and T cells.?*

In this study, we extend the functionality of the DHD library by
demonstrating that the binding of the dimerized partners can
be reversed. Specifically, we show that dominant negative
(DN) heterodimers can competitively displace weaker interac-
tions to implement negative regulation of split proteins. We
first present an extended characterization of a subset of the
DHD library using a titratable?”?® split TF system. Using a selec-
tion of four DHD pairs, we study all possible combinations of
interactions between individual DHD monomers and identify
several novel low-affinity off-target interactions.

We show that these low-affinity interactions can be compet-
itively displaced by introducing the on-target high-affinity heter-
odimer, referred to here as the “dominant negative” (DN). We
characterize the properties of the DN and dynamics of compet-
itive displacement, and use this information to design a nega-
tive feedback circuit that utilizes a DN to implement negative
regulation. The application of competitive displacement to con-
trol other split proteins offers a promising strategy that could
greatly expand the scope of protein circuits for a variety of bio-
technology and therapeutic applications.

Results

Quantification of DHD interaction affinities

Previous characterization of the DHDs was carried out using a
yeast two-hybrid system. Canonical yeast two-hybrid systems
detect protein—protein interactions through dimerization-
dependent activation of an auxotrophic marker. Although this
assay is useful for rapidly screening protein interaction pairs, col-
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ony formation or cell growth is typically binary and does not
necessarily inform relative binding affinity. The rational design
of protein-based circuits requires a quantitative understanding
of relative protein affinities in a cellular context.

To achieve this quantification, we developed a fluorescence-
based split TF assay in saccharomyces cerevisiae. We fused
DHDs to either a synthetic zinc-finger ZF43_8 DNA-binding do-
main (DHD-DBD or DHD-ZF43_8) or VP16 activation domain
(DHD-AD or DHD-VP16)."* Interaction between the DHDs recon-
stitutes the ZF43_8-VP16 TF and activates the cognate p43_8
promoter to drive expression of a yellow fluorescent protein
(YFP) reporter (Fig. 1A).

We utilized two orthogonal drug-inducible systems (GEM, a
fusion of Gal4 DBD, estradiol ligand binding domain, Msn2
AD, and Z3PM, a fusion of Z3 DBD, progesterone ligand binding
domain, Msn2 AD)?"%® to express different levels of the DHD-
DBD fusion and the DHD-AD fusion. The GEM synthetic TF is in-
duced by estradiol (E2) to activate the pGAL1 promoter and pro-
duce the DHD-DBD fusion. The Z3PM synthetic TF is activated
by the orthogonal drug progesterone (Pg) to induce the pZ3
promoter and produce the DHD-AD fusion.

We first investigated the optimal orientation for fusing a
DHD to either ZF43_8 or VP16. We fused the 37B monomer
to VP16 and the cognate 37A monomer to ZF43_8 and mea-
sured the YFP expression of all four combinations of N- and
C-terminal fusions. We saturated expression of the DBD spe-
cies and measured YFP expression in the presence and absence
of the AD species. We observed the largest dynamic range
when fusing both DHDs to the N-termini of VP16 and ZF43_8
(Fig. 1B). Given the common structure of the DHDs, we as-
sumed that the N-terminal fusions would be optimal for all
other DHDs and thus used this configuration for all other exper-
iments.

To test the full dynamic range of our assay, we performed a
two-dimensional induction wherein we independently titrated
the expression of the DHD-ZF43_8 and DHD-VP16 fusions for
both the 37 and 154 DHD on-target pairs (Fig. 1C). In the ab-
sence of both inducers, we observed minimal YFP expression.
As expected, YFP expression increased with increasing amounts
of Pg (DHD-VP16). Interestingly, for low to intermediate concen-
trations of Pg (DHD-VP16), YFP expression decreased with in-
creasing amounts of E2 (DHD-ZF43_8). YFP expression was
insensitive to increasing E2 at high concentrations of Pg. We hy-
pothesized that this paradoxical effect may be a result of excess
free DHD-ZF43_8 acting as a transcriptional repressor by com-
peting for promoter occupancy with the bound DHD-
ZF43_8:DHD-VP16 complex.

To explore this hypothesis, we proposed a simple promoter
occupancy competition model based on the system shown in
Figure 1A. This model considers that the regulated promoter
can exist in three states: unbound/free (with basal transcriptional
activity inherent to the promoter), bound to the DHD TF (with full
transcriptional activity), or bound to the free DBD species (without
transcriptional activity; see Supplementary Data for full descrip-
tion). In the competition model, the amount of free DBD species
effectively represses the transcriptional activity by competing
for the promoter binding site (Supplementary Fig. S1A).



Downloaded by Sistemas Biblioinforma S.a De C.v. from www.liebertpub.com at 02/16/22. For personal use only.

COMPETITIVE DISPLACEMENT OF PPIs

For comparison, we also built a no-competition model in which
the effect of the free DBD species on promoter transcriptional ac-
tivity is assumed to be negligible and is excluded from the model
(i.e., only two promoter states, unbound/free and bound to the
DHD TF, are considered; Supplementary Fig. S1B). For a wide
range of parameter values, the competition model displays the
paradoxical effect observed in Figure 1C: increasing the DBD
part expression by increasing E2 concentration reduces the
YFP reporter expression for low or medium Pg concentrations
(Supplementary Fig. S1A).

This behavior was never observed in the no-competition
model; increasing E2 resulted in higher YFP expression for all ex-
plored parameter values (Supplementary Fig. S1B). This result
suggests that the most parsimonious model of promoter com-
petition is sufficient to explain the data, and highlights the
need to characterize synthetic parts over large dynamic ranges
to be able to use them predictably for circuit construction.

With this information at hand, we next sought to determine
the relative strengths of interactions between different DHD
parts, testing a matrix of on-target and off-target pairs. We
chose a subset of four on-target DHD pairs (37A/B, 13A/B,
154A/B, and 155A/B) and constructed strains for all possible
64 combinations of on- and off-target pairings in our split TF

FIG. 1. A split TF system enables the quantification of
DHD interactions through fluorescence.

(A) Cartoon of the split TF system. Different DHDs are fused to the
ZF43_8 and VP16 species, and these are induced by the addition of
E2 and Pg, respectively. Interacting DHDs reconstitute the TF
complex and induce YFP (Venus) expression from the cognate
promoter (p43_8).

(B) YFP fluorescence generated by the reconstitution of the split TF
using different termini fusions of the 37B:37A pair. The label of “N:N”
denotes the orientation where both DHDs were fused to the
N-termini of VP16 (AD) and ZF43_8 (DHD), whereas “N:C" denotes
the orientation where DHD is fused to the N-terminus of VP16 (AD)
and the C-terminus of ZF43_8 (DBD). Constructs were induced with
a saturating dose of 36 nM E2 and 256 nM Pg. Steady-state YFP
measurements at 6 h post-induction are reported. Values represent
the mean and SD of three biological replicates.

(C) YFP fluorescence dose response as a function of Pg for the 37 (left)
and 154 (right) DHD pairs at select values of E2. Both cases show a
decrease in expression with increasing amounts of the DBD species (E2
amount). Values represent the mean and SD of three biological
replicates and data were collected 6 h after E2 and Pg induction.

(D) All-by-all interaction matrix for four DHD pairs. Designed
interactions are outlined in red. Values represent the mean YFP fold-
change between when both species are induced (72 nM E2 and

128 nM Pg) and neither species is induced (0nM E2 and Pg). Data were
collected 6 h after E2 and Pg induction. Values represent the mean of
three biological replicates. AD, activation domain; DHD, Designed
HeteroDimers; E2, estradiol; Pg, progesterone; SD, standard deviation;
TF, transcription factor; YFP, yellow fluorescent protein.
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assay. We then measured YFP expression in the presence of sat-
urating concentrations of both hormone inducers (Supplemen-
tary Fig. S2B) and absence of both inducers (Supplementary
Fig. S2A). We used these two values to calculate the fold-change
YFP expression upon induction of both DHD-VP16 and DHD-
ZF43_8 (Fig. 1D).

We noticed activation of the split TF was not symmetric for all
DHD pairs. For both the 37 and 155 DHD on-target interactions,
the split TF was only active when the DHD A monomer was
fused to ZF43_8 and the B monomer was fused to VP16. We
speculate that the asymmetry could be a function of structure—
function changes with fused proteins,?*3° and these observa-
tions helped inform our downstream circuit design.

In addition to the on-target interactions, we observed several
interactions of varying strengths among off-target DHD
(DHDoff) pairs, of which only the 13B/37B interaction was previ-
ously identified through growth-based two-hybrid characteriza-
tion.?® Our assay also revealed a range of binding activities for
some DHDs to multiple DHDoffs. For example, 154B-ZF43_8
interacted with 37A-VP16 weakly, with 13B-VP16 moderately,
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and with 37B-VP16 strongly. Nonetheless, the designed interac-
tion partner always displayed the strongest split TF activation for
a given DHD.

Characterization of DN interactions

Given the full interaction matrix, we hypothesized that a high-
affinity on-target interaction, which we refer to as the DN,
might be able to inhibit and potentially reverse interactions
between weaker DHD pairs, enabling new functionality in
heterodimer-based circuits. To test this hypothesis, we selected
154A as a model DN because it exhibited a range of interaction
strengths with other DHDs (Fig. 1D). We then built a new circuit
in which E2-induced pGAL1 drives expression of both 154B-
VP16 and a DHDoff: 155A-ZF43_8, 37B-ZF43_8, or 37A-ZF43_8,
ordered in decreasing binding affinity for 154B in this orienta-
tion (Fig. 2A).

The reconstituted split TF activates the p43_8 promoter to
drive expression of an YFP-cODC degron fusion; the degron en-
ables more rapid turnover of the circuit to more efficiently cap-
ture the displacement phenomenon3' Concurrently, Pg-
induced pZ3 drives expression of 154A, which acts as the
high-affinity DN for 154B to potentially inhibit the split TF inter-
action. In a different permutation of the circuit designed to
check for fusion effects, 154B was fused to ZF43_8 instead of
VP16, and pGAL1 drives expression of both 154B-ZF43_8 and
a DHDoff: 37B-VP16, 13B-VP16, and 37A-VP16, ordered in de-
creasing binding affinity for 154B in this orientation (Fig. 2B).

To test the ability of DN to compete with heterodimer formation,
we simultaneously induced cells with a saturating dose of E2 and a
range of Pg concentrations (Fig. 2C). We then measured YFP fluores-
cence 6 h later. We observed that expression of the DN indeed re-
duced YFP expression by inhibiting the weak-affinity active TF
through the formation of high-affinity inactive complexes (Fig. 2D, E).

Interestingly, we found that a higher concentration of the
154A DN was required to fully inhibit the split TF when 154B
was fused to VP16 (Fig. 2D) than when 154B was fused to
ZF43_8 (Fig. 2E). When the DN bound 154B-ZF43_8, YFP expres-
sion dropped off precipitously with small amounts of Pg
(Fig. 2E). This difference cannot be explained simply by the pro-
moter competition of inactive DBD parts (either free or bound to
the DN part) as in the competition model already proposed, be-
cause the total concentration of the promoter binding (hence
repressive) species in both circuit configurations is the same
and determined by the E2 concentration (Fig. 2A, B).

However, our model shows that varying either the binding
rates between on-target species (i.e., between DN and the se-
questered part, either AD or DBD) or the expression level of
the parts can shift the dose response just as observed with
the tested designs, suggesting that alternative fusion arrange-
ments for 154B may alter its binding affinity to the DN or the ex-
pression level of the parts (Supplementary Fig. S3; Fig. 2D-E; see
Supplementary Data for full description). Our experimental test-
ing of DHD interactions shown in Figure 1D supports this hy-
pothesis; we previously observed that the same pair of DHDs
could display different affinities depending on whether the
monomer was fused to AD or DBD.

NGUYEN ET AL.

Although this first assay tested the ability to form high-affinity
complexes in the presence of weak-affinity binders, the applica-
tion of the DN to dynamic signaling circuits requires the ability
to displace existing complexes. Using the same circuits, we next
investigated whether the 154A DN would be able to competi-
tively displace the weaker DHDoff bound to 154B after the
DHDoff and 154B pair reached binding equilibrium. To do so,
we induced one circuit from each layout (Fig. 2A, B) with a sat-
urating dose of E2 for 4 h to express both parts of the split TF,
leaving ample time for the split TF to reach equilibrium and
form active complexes.?’

After 4 h of such E2 induction, we induced cells with a saturat-
ing dose of Pg to activate production of 154A DN and measured
YFP fluorescence over another 4 h period (Fig. 2F). To enable com-
parison between the two circuit layouts, we normalized YFP fluo-
rescence by subtracting the background fluorescence and
dividing by the maximum fluorescence output of each circuit.
We observed a decrease in YFP fluorescence for both circuits
within 1 hour of DN induction (Fig. 2F). The rapid decay in tran-
scriptional output suggests that the DN can inhibit the split TF
even after the weak-affinity DHDs have reached binding equilib-
rium.

Moreover, the 154A DN deactivated the split TF faster for
154B-ZF43_8 than for 154B-VP16. This result is in agreement
with our previous observation that 154A is a more potent DN
when creating 154A:154B-ZF43_8 complexes. These experi-
ments demonstrate that DN DHD interactions can be a powerful
tool for reversible regulation of the activity of split proteins and
outline several parameters for tuning the strength and dynamics
of this inhibitory reaction.

Development of a negative feedback circuit using
competitive displacement

To capitalize on the ability of the DHDs to dynamically assemble
and interchange components, we sought to use it in a genetic
circuit. Specifically, we reasoned that the interruption of the
split TF through formation of a DN interaction could be used
to build a modular negative feedback structure in a circuit sim-
ply by producing the DN part from the output of this circuit
(Fig. 3A). To test this idea, we built a circuit in which the syn-
thetic TF GEM (induced by E2) activates the pGAL1 promoter
to produce both parts of a split TF (154B-VP16 and 155A-
ZF43_8 species).

When the split TF heterodimer forms, it activates the p43_8
promoter to produce an intermediate reporter red fluorescent
protein (RFP), as well as the synthetic TF Z3PM. Z3PM in turn ac-
tivates the pZ3 promoter to drive expression of the DN 154A,
implementing negative feedback by binding to 154B-VP16
and inhibiting the formation of the split TF. Z3PM also binds
to another copy of the pZ3 promoter to transcribe two copies
of an YFP-cODC output. Z3PM and RFP are fused to a photosen-
sitive degron (psd), which acts as a weak degron. With the cODC
degron, the DN will have a similar turnover rate as the YFP to
more closely approximate the output of the circuit.

At a given concentration of E2 and Pg, the system settles at a
given steady state. In the presence of feedback, increasing Pg
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FIG. 2. Characterization of competitive displacement through DHD DNs.
(A, B) Cartoons of the system used to test the DN. E2 induces the production of the off-target interacting DHDs that reconstitute the TF. Pg
induces the production of DN that can outcompete the bound DHDs. The DN interferes with complex formation or integrity by binding to
either the AD (A) or DBD (B) species, and, therefore, turns off YFP-cODC degron expression observed through a decrease in YFP fluorescence.
(C) Left, timeline of inductions. Both E2 and Pg are given at time 0 and YFP expression was measured 6 h after induction.
(D, E) Steady-state responses of each circuit layout in A and B, respectively. Each strain is given a saturating amount of E2 (36 nM) and a
range of Pg concentrations.
(F) Left, timeline of inductions. E2 is given at time 0 allowing the DHD complex to form, whereas Pg is given 4 h later to test whether the DN
can interfere with the complex. YFP expression was measured 8 h after induction with E2 (4 h after induction with Pg). Right, YFP fluorescence
as a function of time for each layout in panels A and B (37B:154B in grey, DN is 154A and 154B:155A in black, DN is 154A). The data show DN
can displace preformed complexes as evidenced by a decrease in YFP fluorescence. Measurements were taken every 30 min for 4 h beginning
immediately after Pg induction. YFP expression was normalized by the expression at time 0. For all panels, values represent the mean and SD
of three biological replicates. The lines connecting points were added to aid visualization. DN, dominant negative.
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FIG. 3. Design and implementation of a negative feedback circuit using DN competitive displacement.

(A) Schematic of the synthetic feedback circuit implemented with the competitive displacement strategy. E2 acts as the input and induces
expression of the DHD TF complex. The TF then induces the production of Z3PM and RFP (an internal readout of TF activity). Z3PM in turn
induces expression of the 2x YFP output (YFP-cODC increases the turnover rate of YFP to degrade old YFP molecules and approximate
current YFP output). The feedback circuit produces the DN (DN-cODC degron) from the pZ3 promoter. The feedback circuit is compared with
two no feedback circuits where the DN-cODC is produced from a pC. pC can either be pRPL18B (noted as pRPL18B-DN) or a pRNR2 (noted

as pRNR2-DN) in subsequent panels.

(B) RFP and YFP values after 8 h of circuit induction for an input E2 of 144 nM, plotted as a function of Pg. Shown are the feedback (red and
yellow) and no feedback data (light gray for pRPL18B-DN and dark gray for pRNR2-DN).

(C) The output of the feedback circuit can be tuned with different E2 inputs. Feedback (red and yellow) and both no feedback (grays) circuits
were induced with a full range of E2 and Pg for 8 h. Fluorescence values were normalized to the maximum fluorescence value of each
channel of each circuit, to allow for comparisons between circuits with different dynamic ranges. Lines were added to aid visualization. All
values represent the mean and SD of three biological replicates. PC, constitutive promoter; RFP; Z3 DBD, progesterone ligand binding

domain, Msn2 AD.

disturbs the system from its steady state. This increase should
also increase DN expression, which can compensate for the Pg
disturbance by inhibiting the split TF and decreasing the pro-
duction rate of Z3PM and RFP. For comparison, we also con-
structed two “no feedback” controls that express the DN using
two constitutive promoters (pCs) with different strengths.

We first investigated whether the feedback circuit and its no-
feedback control imposed a growth burden on yeast. To do so,
we induced cells with a saturating concentration of E2 and Pg,
and compared the growth of cells harboring the circuit with

the growth of the background strain for 24 h (Supplementary
Fig. S4). There was no observable difference in growth at any in-
ducer combination. Interestingly, cells harboring the circuits
grew faster than the background strain, likely due to the proto-
trophy conferred by integrating the circuit components.

To assess the properties of the feedback circuit, we compared
the responses of the circuits with and without feedback as a
function of Pg for a fixed concentration of E2 (144nM E2;
Fig. 3B and Supplementary Fig. S5). In both “no feedback” cir-
cuits, the YFP output increases unabatedly as Pg increases. In
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addition, the RFP remains constant, as the DN production is, by
design, fixed and insensitive to Pg. By contrast, the feedback cir-
cuit increased production of the DN with increasing Pg. As
expected, increasing DN inactivated more split TF, reducing ac-
tivity of the p43_8 promoter, which was apparent as a decreas-
ing RFP fluorescence (a proxy for decreasing Z3PM).

The decreasing Z3PM concentration compensates for the
higher Pg, thereby controlling the effect of this disturbance on
the YFP output (Fig. 3B). In contrast, different constitutive levels
of expression of the DN in the various “no feedback” circuits
were unable to recapitulate buffering against high Pg distur-
bances, highlighting the unique properties of the feedback cir-
cuit (Fig. 3B and Supplementary Fig. S5). To test our general
understanding of the strategy of the feedback circuit and its
qualitative properties, we built a computational model that reca-
pitulated the behavior of the experimental results using the
same parameters used in the previous models (Supplementary
Fig. S6; see Supplementary Data for full description).

A feedback system would be less useful if its output cannot be
tuned over some range by changing its input. To explore the abil-
ity to tune the output of the feedback circuit, we next induced
cells at several different E2 concentrations, scanning the full
range of Pg concentrations, and measured the output fluores-
cence at steady state. We normalized the RFP and YFP fluores-
cence to the maximum fluorescence value observed (Fig. 3C) to
enable comparison between the circuit variants (see Supplemen-
tary Fig. S5 for non-normalized RFP and YFP outputs).

In the presence of feedback, both RFP and YFP fluorescence
display a clear dependence on E2. Increasing Pg decreased
the response of the RFP/E2 relationship, whereas it increased
the response of the YFP/E2 relationship (Fig. 3C). This finding
suggests that the feedback circuit enables the use of E2 to spec-
ify the level of output in the circuit by mitigating changes in Pg
concentration. These results indicate that negative feedback
implemented through competitive displacement is a powerful
method for shaping the response of circuits in cells.

Discussion

In this study, we demonstrated that de novo designed dimeriz-
ing systems can be used to build circuits in living cells. Specifi-
cally, we used on-target and off-target interactions of these
systems to implement controllable reversibility, inducing and
interrupting the activity of a TF at will. Once this basic module
was established, and due to its modularity, networking it in a
feedback circuit was possible.

Aided by a titratable split TF system that allowed us to mea-
sure a range of DHD interaction strengths and identify several
low-affinity off-target interactions, as well as a simple model
to guide our understanding of the nonintuitive properties of
the DHD parts, we were able to make informed design choices
as we progressed to more complex circuits. This study show-
cases the importance of quantitatively characterizing titratable
responses of designed proteins to facilitate informed design of
complex circuits.

Previous work has leveraged autoinhibitory coiled coils as a
method for rapid sensing of proteolytic events.°® In this ar-
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rangement, weakly interacting coiled coils are covalently fused
with a linker containing a protease cleavage site. Proteolytic
cleavage of the linker releases the weakly interacting coiled
coil and enables a higher affinity coiled coil to interact with its
binding partner and either activate or deactivate a split protein.
Although this system is a powerful method for coupling post-
translational sensing to digital logic, the irreversible nature of
proteolytic cleavage presents a major obstacle to using this
motif in dynamic signaling circuits.

Others have demonstrated that competitive displacement can
be used to construct dynamic signaling circuits. Bashor et al. con-
structed accelerator and delay circuits by inducibly expressing sig-
naling modulators fused to high-affinity binders to outcompete a
low-affinity binder, thus modifying the dynamics of the yeast mat-
ing pathway.'® The endogenous regulators used in this study are
active even in the absence of the additional heterodimerization
components, making it difficult to separate the effect of inducible
expression of the regulators from the effect of the variable affinity
heterodimerization domains.

By contrast, the split TF system used in our study exhibits no
activity in the absence of additional heterodimerization do-
mains. Therefore, our DN negative feedback circuit is a more
minimal demonstration that competitive displacement can be
used to regulate dynamic behavior in a synthetic system.

One drawback of the DN motif described in our study is that
using off-target interactions to reconstitute the split TF results in
a weaker output than a high-affinity interaction. These interac-
tions limit limited the dynamic range in the feedback circuit,
as the dynamic range of pZ3 is small when the expression
level of Z3PM is low.?® We partially addressed this drawback
by including two copies of the pZ3-YFP-cODC output in each cir-
cuit. This downside could be further addressed by using a stron-
ger DHDoff interaction, different iSynTFs in the circuit, or by
using stronger ADs, DBDs, or promoters in the split TF system.

The DN motif we describe in this study could be applied to
control the activity of other split proteins beyond the split TF.
Of note, multiple split Cas9 variants have been constructed
that rely on chemically induced dimerization to rescue nuclease
activity.>>*3 DHDs could substitute for chemical dimerization
domains to activate split Cas9, and competitive displacement
could enable reversible control of gene editing. Furthermore,
multiple therapeutically relevant split kinases and phosphatases
have been developed.3*** With multiple sensors and orthogo-
nal DNs, post-translational circuits could be developed to dy-
namically control phosphorylation and dephosphorylation
events in a cell through competitive displacement.>®

Lastly, the modularity of the DN motif enables its use in other
circuit topologies beyond negative feedback, such as incoherent
feedforward loops, which require at least one inhibitory reac-
tion.?” Alternatively, the DN motif could be used to generate
positive feedback by fusing an AD or DBD to the DN species.
In this circuit, displacement of the off-target interaction would
result in more powerful activation of the split TF to reinforce ex-
pression of the DN. Competitive displacement is a powerful tool
for controlling split protein signaling and has many potential ap-
plications in building genetic and protein circuits that can ex-
pand the scope for biotechnology.
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The Bigger Picture

Inspired by naturally evolved regulation strategies utilizing dy-
namic dimerization, we developed a method for controlling
the activity of split proteins through competitive displacement
of DHDs. Split proteins are ubiquitous, and a variety of engi-
neered cytokines, synthetic receptors, and Cas9 variants have
been published. Furthermore, DHDs have been demonstrated
to function in a variety of contexts, including mammalian cells,
suggesting our regulation strategy could be easily translated to
biotechnology applications such as cancer immunotherapy,
cellular therapy, and gene editing.

This study serves as a roadmap for the potential of protein de-
sign to enhance the capabilities of synthetic biology. We imag-
ine a future in which the design of biomolecular circuits begins
with the de novo rational design of its protein (or other molec-
ular) components. Synergy between these two fields will pro-
pel future advancements in biotechnology, paving the way for
safer and more effective therapies.

Materials and Methods
Media

Overnight yeast cultures were grown in YPD (1% w/v bacto-yeast ex-
tract; 2% w/v bacto-peptone; and 2% w/v dextrose). Yeast transfor-
mation cultures were diluted in YPD. Cultures for flow cytometry
experiments were diluted in SDC (0.67% w/v Difco yeast nitrogen
base without amino acids; 0.2% complete supplement mixture [MP
Biomedicals]; and 2% w/v dextrose). SDC agar plates with the appro-
priate nutrient removed (Teknova) were used for selection after
transformation.

Plasmid and strain construction
All plasmids were constructed using the Yeast Toolkit standard for hierar-
chical Golden Gate assembly.38 The enzymes Bsal-HF v2 (NEB), T4 DNA
ligase (NEB), and Esp3I FastDigest (Thermo Fisher Scientific) were used
for these reactions. Sequences for the DHDs were provided by Zibo
Chen and the Baker laboratory and ordered as gBlocks (IDT).2® Sequen-
ces for the SynTF ZF43_8 were provided by the Khalil laboratory and PCR
amplified using Q5 High-Fidelity 2x Master Mix (NEB)."* All DNA manip-
ulations were performed with standard molecular biology techniques. A
list of all plasmids used can be found in Supplementary Table S1. A list of
oligos used to construct parts can be found in Supplementary Table S2.
Yeast transformations were performed as previously described.?® A
list of all strains used can be found in Supplementary Table S3.

Flow cytometry experiments
Yeast strains were streaked out onto YPD plates from glycerol stocks, ex-
cept for the all-by-all matrix experiment, where three transformation
colonies were tested. Individual colonies were picked into 1mL of
YPD in a 2-mL V-bottomed 96-well block (Corning/Costar) for overnight
growth at 30°C and 900 rpm in a Multitron shaker (Infors HT). After over-
night growth, strains were diluted 1:500 in SDC and 400 uL and then
were aliquoted into a new 96-well block for a 2-h outgrowth. For the
all-by-all matrix, cultures were diluted 1:200 in SDC.

For the termini fusion experiment (Fig. 1B), dilutions were done in
12mL SDC in an 8-row block and aliquoted into the rows of a 96-well
block. For the 2D inductions of individual interactions (Fig. 1C), dilutions
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were done in 15mL in a 50 mL trough (Corning) and aliquoted across
the rows of the 96-well block. For the all-by-all matrix experiment
(Fig. 1D and Supplementary Fig. S2), dilutions were done in 400 uL in
a new 96-well block.

For the competition and reversibility assays (Fig. 2), dilutions were
done in 12mL in an 8-row block and aliquoted across the rows of the
96-well block.

For the feedback experiments (Fig. 3 and Supplementary Fig. S5), di-
lutions were done in 45 mL in a 50 mL trough and aliquoted across the
rows of the 96-well block.

During the 2 h outgrowth, E2 (Sigma-Aldrich) and Pg (Fisher Scien-
tific) induction gradients were prepared. Ten times concentrated solu-
tions were made in fresh SDC from 36 uM (E2) and 32 uM (Pg) stock
solutions. Gradients were either one-to-one (Fig. 2) or one-to-three
(Figs. 1C and 3) serial diluted from a maximum induction solution.
After the 2-h outgrowth, 50 uL of the corresponding solution was
added to the appropriate wells at the appropriate times.

For all experiments except those shown in Figure 2F, both solutions were
added at the same time, and then blocks were returned to the shaker until
measurement. For Figure 2F, the E2 solutions were added after the out-
growth, and the blocks were returned to the shaker for a 4-h activation pe-
riod. Then, the Pg solutions were added to induce the DN.

For the orientation experiment (Fig. 1), inductions were incubated for
6 h before measurement. For the all-by-all matrix experiment, induc-
tions were incubated for 6 h. For experiments shown in Figure 2D-E, in-
ductions were incubated for 6 h. For experiments shown in Figure 2F, Pg
inductions were incubated for 4 h. For the dynamics shown in Figure 2F,
inductions were measured every 30 min for 4 h beginning immediately
after induction of the DN. For the feedback experiments, inductions
were incubated for 7.5-8.5 h.

After the requisite induction times, the cultures were prepared for flow
cytometry. One hundred microliters of culture was mixed with 100 ulL of
fresh SDC in a 96-well U-bottomed microplate (greiner bio-one). Samples
were measured on a BD LSRFortessa X20 (BD Biosciences) using a high-
throughput sampler. YFP/Venus fluorescence was measured using the
FITC-H channel (voltage =473). RFP/mScarlet fluorescence was measured
using the PE-CF594-H channel (voltage =709). Measurements were nor-
malized by dividing by SSC-H (voltage = 192). For the feedback circuit ex-
periments, compensation was performed with the FACSDiva software
using an YFP benchmark strain (yAHN184) and RFP benchmark strain
(yAHN642). Compensation values are listed in Supplementary Table S5.

Analysis was performed with Python 3.7 and custom scripts using the
FlowCytometryTools package. All experiments were performed with bi-
ological triplicates. Reported values represent the mean and standard
deviation of median normalized fluorescence values of the individual
replicate populations. For the experiments where fluorescence values
are normalized to an intraexperiment max (Figs. 2F and 3C), back-
ground fluorescence was subtracted out and the resultant values
were divided by the indicated max of the experiment.

Growth assay

Measurement of growth was performed in parallel with the steady state
measurements of the feedback circuit. Immediately after induction,
200 ulL aliquots of each circuit with the indicated inducers (144 nM E2
and/or 1024 nM Pg), along with the background (WT) strain, were trans-
ferred to a Costar polystyrene tissue culture-treated 96-well assay plate
with a clear flat bottom (Corning 3904) and sealed with a Breathe-Easy
sealing membrane. Cultures were placed in the middle of the plate to
avoid edge effects. The plate was then placed in a Spark 10M plate
reader and optical density 600nm (ODgoo) was measured every
30 min for 24 h (Spark Control v2.2). The cultures were maintained at
30°C with double orbital shaking.
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