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Abstract

We report the development of a new technology for monitoring multidimensional protein-protein
interactions (PPIs) inside live mammalian cells using split RNA polymerase (RNAP) tags. In this
new system, a protein-of-interest is tagged with an N-terminal split RNAP (RNAPy) and multiple
potential binding partners are each fused to orthogonal C-terminal RNAPs (RNAP¢). Assembly of
RNAPy with each RNAP¢ is highly dependent on interactions between the tagged proteins. Each
PPI-mediated RNAPN-RNAP: assembly transcribes from a separate promoter on a supplied DNA
substrate, thereby generating a unique RNA output signal for each PPI. We develop and validate
this new approach in the context of the Bcl-2 family of proteins. These key regulators of apoptosis
are important cancer mediators, but are challenging to therapeutically target due to imperfect
selectivity that leads to either off-target toxicity or tumor resistance. We demonstrated binary
(1x1) and ternary (1x2) Bcl-2 PPI analyses by imaging fluorescent protein translation from
MRNA outputs. Next, we performed a 1x4 PPI network analysis by direct measurement of four
unigue RNA signals via RT-gPCR. Finally, we used these new tools to monitor pharmacological
engagement of Bcl-2 protein inhibitors, and uncover inhibitor-dependent competitive PPIs. The
split RNAP tags improve upon other protein fragment complementation (PFC) approaches by
offering both multidimensionality and sensitive detection using nucleic acid amplification and
analysis techniques. Furthermore, this technology opens up new opportunities for synthetic
biology applications due to the versatility of RNA outputs for cellular engineering applications.
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INTRODUCTION

Protein-protein interactions (PPIs) are fundamental to cellular organization, regulation, and
cell signaling-3. Although often considered “undruggable”, the centrality of dysregulated
PPIs in many complex disease states makes these biomolecular interactions enticing targets
for therapeutic development*7. A key challenge to understanding the physiological and
pathological roles of target PPIs are a lack of tools for measuring competitive interactions
within complex PPI networks in native biological contexts. An exemplar of both the
challenges and opportunities in PPI-targeted therapeutics is the B cell lymphoma 2 (Bcl-2)
family of apoptotic regulatory proteins, which function through highly interconnected and
competitive interaction networks to control cell death®.

A key hallmark of cancer is evasion of apoptosis, which is mediated by anti-apoptotic Bcl-2
family proteins such as Bcl-2, Bcl-X and myeloid cell leukemia 1 (Mcl-1). These proteins
maintain cell survival by binding and sequestering their pro-apoptotic multidomain
counterparts, such as Bcl-2-associate X protein (BAX) and Bcl-2 antagonist killer 1 (BAK),
and Bcl-2 homology 3 (BH3)-only proteins such as Bcl-2 antagonist of cell death (BAD),
truncated BH3-interacting domain death agonist (tBID), and Bcl-2-interacting mediator of
cell death (BIM)®19, through competitive PPIs. Venetoclax, a recently approved Bcl-2
inhibitor and first FDA approved intracellular PPI inhibitor, is effective in patients with
hematologic malignancies!. Mcl-1 dysregulation is a key mode of resistance to both Bcl-2
inhibitors such as Venetoclax!2, and chemotherapy more broadly, driving myriad cancers.
Mecl-1 inhibitors, therefore, are a current focal point of cancer drug discovery efforts3-16,
The complexity and interconnectivity of Bcl-2-family apoptotic regulation illustrates the
need for tools to monitor the interactions in a native biological context, but is also
representative of the broader challenges and opportunities in both understanding and
exploiting disease-relevant PPIs.

A multitude of live cell-deployable technologies for measuring PPIs have been
developed!”-26. The yeast 2-hybrid system (Y2H) is being utilized to catalog the potential
binary PPIs across the entire human proteome?’. However, a key limitation of such yeast-
based studies is that biological relevance is not guaranteed for each identified interaction,
and the interactions may be differentially regulated in mammalian systems. Forster/
bioluminescent resonance energy transfer (FRET/BRET)-based sensors permit detection of
subtle changes in distance with high spatiotemporal resolution?8, and have even been
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adapted to rapidly and temporally measure changes in 40 cell signals under identical
conditions2®. Another widespread method for measuring PPIs in live mammalian cells is
protein fragment complementation (PFC), which involves tagging two potential binding
partners of interest with separate halves of a split protein reporter. PFC systems have been
developed for a variety of imaging modalities, such as green fluorescent protein
(GFP)21.30-32 '1yciferase33:34, and horseradish peroxidase (HRP)3°, as well as other reporter
systems such as tobacco etch virus (TEV) protease36:37 and ubiquitin38. The key advantage
of most PFC technologies is that PPIs can be measured in real-time using simple imaging
techniques. However, multiplexed and/or competitive detection of PPIs has only been
reported in proof-of-concept demonstrations39-42, and at most for a trimolecular PPI system.
Although the need for multidimensional PPI analysis techniques is widely acknowledged®,
challenges with spectral overlap of reporters, incompatible PFC technologies, and
differential sensitivities have largely precluded their development. Therefore, there is a need
for generalizable PFC technologies to detect multidimensional PPls in a competitive manner
within mammalian systems.

Recently, we developed a proximity-dependent split RNA polymerase (RNAP) reporter
system as a new method to measure target interactions in biological systems#3. This involved
evolving an N-terminal split RNAP tag, RNAPy, to assemble with a C-terminal split RNAP
tag, RNAP, in a PP1-dependent manner. The advantage of an RNAP-based reporter is that
the RNA signal can be measured in a variety of sensitive ways, including fluorescence,
sequencing, nanoparticle detection, etc.#4-48, and can be amplified by polymerase chain
reaction (PCR)*° or recombinase polymerase amplification (RPA)°0 for even more sensitive
detection. Moreover, unlike optical reporters, RNAP-based reporters are not limited by
spectral overlap considerations, as unique “barcode” sequences can, in principle, be encoded
in orthogonal RNA outputs#>®1, Indeed, we recently demonstrated the possibility of
performing multidimensional biochemical assays in mammalian cells using orthogonal
protease-responsive RNAPs®2. Finally, an RNA output offers control over genomic and
transcriptomic processing through the production of mRNA, RNAI, or even gRNA, all of
which have important applications in genetic screens and synthetic biology®3-57.

In principle, the evolved proximity-dependent split RNAP system lays the foundation for the
generation of a new set of RNAP tags that encode multidimensional PPIs in RNA signals.
The key to realizing such a technology is developing the approaches to deploy the tools in
mammalian cells and the creation of a set of orthogonal proximity-dependent split RNAPs
that drive transcription from unique DNA promoters based on a target PPI, thereby
producing a unique RNA output. In this report, we develop a series of orthogonal split
RNAP tags for interrogating PPIs in mammalian systems, and apply the new tools to probe
Bcl-2-family interactions and their pharmacological engagement. Application of the tools in
“one-by-four” interactome analyses of the Bcl-2 pathway reveals endogenous ligand
competition and selectivity profiling of both clinical and preclinical drug candidates.
Together, this work establishes split RNAPs as a versatile new addition to the PPI analysis
toolbox, with particular advantages for multidimensional and competitive PPI interrogation,
and future synthetic biology applications.
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RESULTS AND DISCUSSION
Engineering split RNAP tags to detect Bcl-2 family PPIs

We first tested whether the proximity-dependent split RNAP tags can detect Bcl-2 family
PPIs (Figure. 1A). To validate and optimize the protein sensors, we deployed an £. colr-
based transcriptional reporter system3:8, We cloned expression vectors that constitutively
express the BH3 binding domains of tBID and NOXA each fused to the evolved RNAP tag
through a flexible linker. We also cloned a negative control, deadBID, that consists of tBID
devoid of its necessary BH3 domain®%:60, In conjunction, we cloned a series of anti-
apoptotic proteins including Bcl-2, Bcl-W, Bcel-X| and Mcl-1, each fused to the T7 RNAPc
tag, into an arabinose-inducible vector. To monitor /n vivo transcriptional output of the
assembled T7 RNAP, we used a reporter vector that produces luciferase in response to
transcription from the T7 promoter. Reporter E. coli cells were then cotransformed with the
three vectors, induced with arabinose, and analyzed for luminescence output (Figure 1B and
S1, Table S1). As expected, because all four Bcl-2-family proteins are known to interact
with tBID®, interactions of Bcl-2, Bcl-W, Bel-X|, and Mcl-1 with tBID each produced a
robust enhancement of RNAP activity compared to the deadBID control, with between a 24-
fold and 207-fold dynamic range (Figure 1C). More striking was that the NOXA-fused
RNAPy only showed significant transcriptional output (34-fold) when combined with
Mcl-1-fused RNAP¢, confirming NOXA selectively binds to Mcl-1 over the other anti-
apoptotic proteins assayed®1.62, These experiments indicate that the split RNAP tags can
reproduce known /n vitro affinity measurements in live £. coli with a robust RNA output
signal.

Monitoring binary Bcl-2 family PPIs in mammalian cells with split RNAP tags

Upon validating that the split RNAP tags can detect Bcl-2-family PPIs in £. coli, we sought
to measure the performance of the system in a more physiologically relevant setting,
mammalian HEK293T cells. We adapted the expression vectors for mammalian cell
deployment by cloning a CMV-driven vector for each of the RNAPy-tagged BH3-only
protein fusions (Figure 2A). Next, we cloned a series of vectors that each featured a CMV-
driven RNAP¢ tagged anti-apoptotic protein fusion, as well as a T7 promoter-driven GFP
mRNA circuit®2:63, PPI-dependent RNAP assembly could therefore easily be measured by
imaging GFP fluorescence, which is resultant from RNAPy and RNAP¢ reassembly, mRNA
transcription, and GFP translation. Due to the signal amplification of this output, the data is
qualitative, but the ease of analysis permits facile system optimization and validation.
Cotransfection of any anti-apoptotic-RNAP¢ construct with the RNAPN-deadBID vector
resulted in cells with very low GFP fluorescence (Figure 2B, C, S2-S5). However,
cotransfection of RNAPN-tBID with each Bcl-2 family RNAP( fusion resulted in a dramatic
enhancement of GFP fluorescence. Similar to the results in £. coli, and as expected based on
in vitro measurements, RNAPN-NOXA only induced robust GFP fluorescence when
cotransfected with Mcl-1-RNAP¢ (Figure 2B, C, S2-S5). These imaging experiments
indicate that the split RNAP tags are capable of measuring binary PPIs between Bcl-2-
family proteins in mammalian cells.

JAm Chem Soc. Author manuscript; available in PMC 2018 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puetal. Page 5

One-by-two PPl analysis with orthogonal RNAP tags

Once we validated that split RNAP tags could measure single binary PPIs in mammalian
cells, we sought to test whether we could detect two competing PPIs simultaneously. The
goal would be to allow one BH3-only protein to interact with two different anti-apoptotic
proteins in the same cell, such that each interacting pair drives a different RNA output.
Previously, we utilized an orthogonal RNAP:43, RNAP:(CGG), that selectively transcribes
from the “CGG” promoter upon assembly with the RNAPy. In order to deploy this
orthogonal system in conjunction with the T7-based system, we cloned a mammalian
expression vector that produces Mcl-1-RNAPc(CGG) and RFP expression via the CGG
promoter. We first deployed this other reporter vector system with the Bcl-2-RNAPc(T7)
reporter and each of the RNAPN-BH3-only proteins by cotransfecting cells with all three
vectors and measuring GFP and RFP fluorescence (Figure 3A). This way, the interaction
between the BH3-only protein and Bcl-2 would produce GFP fluorescence, while the
interaction between the BH3-only protein and Mcl-1 would produce RFP fluorescence. Cells
with RNAPy-deadBID displayed low fluorescence in both channels, as expected (Figure 3B,
C, S6). However, RNAP-tBID produced robust fluorescent signal in both the RFP and GFP
channels. Moreover, RNAPy-NOXA produced more RFP than GFP fluorescence,
recapitulating the /n vitroand E. coli measurements in live mammalian cells. Intriguingly, in
this competitive experiment tBID gave less signal than NOXA with Mcl-1, which is not
what was observed in the individual PPI assays (Figure 2). This type of competitive binding
effect can only be observed by monitoring multiple PPIs simultaneously.

We also tested the binary PP1 monitoring system with a second competitive PPI pair, Bcl-X|_
and Mcl-1. Similarly, tBID interactions could be detected with both anti-apoptotic proteins,
while NOXA interactions were more selective for Mcl-1 (Figure S7, S8). These results
confirm that two PPIs can be monitored simultaneously in mammalian cells using this set of
orthogonal split RNAP tags.

Monitoring target engagement and selectivity of PPl inhibitors in live cells

With the system to simultaneously measure two competitive PPIs in hand, we next sought to
detect pharmacological engagement of PPI inhibitors in live cells. We tested the recently
FDA approved Bcl-2 inhibitor ABT-19954.65 (\Venetoclax) and the preclinical Mcl-1
inhibitor A-1210447%6 (A121). Treatment with ABT-199 blocked the interaction between
Bcl-2 and tBID (Figure 4A, B, S9), while treatment with A-1210477 blocked the interaction
between Mcl-1 and tBID. Coadministration of both inhibitors in a combination therapy
experiment blocked both PPIs, though the level of Mcl-1 inhibition was less than in the
single treatment conditions.

Intriguingly, the measured signal between Mcl-1 and tBID in the presence of competition
with either Bcl-2 or Bcl-X was lower than when measured as a single binary interaction
without competition (Figure 3 vs Figure 2). This is in-principle expected, because Mcl-1 is a
roughly equal (Bcl-2) or lower (Bcl-X, ) affinity binder to tBID8, and suggests that our
dual-monitoring approach can recapitulate endogenous competitive interactions. Moreover,
coadministration of both an Mcl-1 and Bcl-2 inhibitor in the competitive environment
caused the Mcl-1 inhibitor to be less effective (Figure 4B, S9), presumably because more
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tBID was accessible in the system when not bound to Bcl-2 and may reflect differences in
affinity between NOXA and tBIDS7, or differences in pharmacological effectiveness.

Collectively, these data illustrate why multidimensional PPI analysis in live cells is critical
for understanding pharmacological engagement of competitively-interacting PPI networks.

Generation of a series of orthogonal RNAP¢ tags

One-by-four

Unlike fluorescent reporters, RNAP-based reporter systems are not limited by spectral
overlap, and should therefore be capable of measuring higher-order PPI networks. In our spit
RNAP system, orthogonality comes from the RNAP tags that each drive transcription from
unique DNA promoters upon RNAP assembly, thereby permitting the transcription of unique
output RNA signals. Thus far, only T7 and CGG RNAP tags have been developed as
proximity-dependent split RNAP reporters. Therefore, we next sought to expand the
approach by generating a panel of orthogonal tags for deployment in PPI network analysis
experiments.

We mined the literature for mutations within our RNAP tags that alter its DNA promoter
specificity®8:69, and cloned these variants into our £, coli luciferase reporter system to assay
their ability to function as proximity-dependent split RNAP reporters. First, we tested
orthogonality by measuring a series of eight putative RNAP¢ variants on a panel of five
different DNA promoters, T7, CGG, K1F, CTGA, and T3. All of the variants displayed
robust activity on their target promoter, but the variants differed in terms of overall activity
and off-target activity on the other promoters (Figure 5A, B). Based on overall activity and
selectivity, we selected T7, K1F-b, CTGA, and T3 RNAP( variants, along with their
respective promoter sequences, as a series of four orthogonal RNAP tags to pursue further.
We omitted the CGG variant used in the one-by-two interaction analysis because it showed
crosstalk with both the CTGA and T3 promoters. Critically, all of the variants, especially
those selected for further study, maintained very good dynamic range for PPI detection when
paired with the evolved RNAPy and split isoleucine zipper peptides used previously3:70,
displaying a 134-fold to 300-fold dynamic range (Figure 5C).

interactome analysis by RT-qPCR

With the four orthogonal RNAP( variants and four orthogonal promoters validated, we next
sought to test whether we could monitor four Bcl-2 family PPIs simultaneously in
mammalian cells. We envisioned a system in which one vector would express a target
binding partner fused to RNAPy;, and a series of four other vectors would each express
different protein targets fused to the four orthogonal RNAP¢ variants (T7, K1F-b, CTGA,
and T3) (Figure 6A). The RNAP¢ expression vectors would also each contain gene circuits
that drive transcription of unique RNA outputs from the four orthogonal promoters, thereby
“encoding” each PPI in a separate RNA signal (Figure 6B).

To test the feasibility of a 1x4 interactome analysis with the split RNAP system, we cloned
the orthogonal RNAP variants into each of the Bcl-2 fusion vectors and swapped out the T7
promoter for the corresponding orthogonal promoter sequence matching each RNAP¢
variant. Rather than attempting to use four orthogonal fluorescent proteins, we aimed instead
to measure each split RNAP assembly by direct quantitative RNA analysis. Aside from
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opening up future possibilities of doing even higher-order interaction analysis where spectral
overlap of fluorescent proteins becomes prohibitive, we postulated that analyzing the RNA
directly would also offer kinetic advantages and a more quantitative assay. Degradation of
most fluorescent proteins is quite slow5%, meaning that even once we inhibit a PPI, the time
it takes for that inhibition to change the intracellular fluorescent protein concentration is
long. However, RNA turnover is much faster, meaning we should be able to detect inhibition
of a target PPI in a more dynamic manner. To enable this approach, we then changed the
RNA output on each orthogonal RNAP fusion vector to a unique, arbitrary sequence, and
designed corresponding unique gPCR primers to analyze each output RNA. It should be
noted that due to differences in primer efficiencies and promoter strengths, differences in
outputs can only be measured in a relative manner between different conditions.

We transfected the set of 1x4 interactome vectors into HEK293T cells, allowed the cells to
grow for 40 h, isolated total RNA from the cells, and then analyzed each unique PPI-
dependent RNA output signal by quantitative reverse transcription PCR (RT-gPCR). We
used analysis of GAPDH and the RNAP gene using primers that do not bind to any
mutation sites that change promoter specificity, and therefore report on total RNAP( levels,
as a control for transfection and RNA isolation (Figure S10). First, we assayed whether we
could recapitulate the deadBID, tBID, and NOXA binding interactions. As observed in the
binary PPI analysis, we detected increased RNA production between all four Bcl-2 family
proteins when the RNAPy was fused to tBID compared to dBID, but the NOXA fusion only
showed enhanced RNA synthesis from the Mcl-1 fusion (Figure 7A). Furthermore, we again
observed increased signal from the NOXA-Mcl-1 interactions compared to the tBID-Mcl-1
interactions in this competitive environment. Next, we assayed whether we could monitor
competitive inhibition upon ABT-199 treatment in the context of tBID binding. We delivered
the 1x4 interactome vectors using the RNAP-tBID binding partner and tested whether
loading the cells with ABT-199 for 3 h, 24 h, or 40 h resulted in measurable PPI inhibition,
and which PPIs were affected. We observed selective Bcl-2/tBID PPI inhibition at 3 h with
enhanced inhibition at 24 h. At 3 h, we detected no other off-target inhibition. However, we
observed Bcl-X_/tBID PPI inhibition at the longer, 24 h, time point. This off-target activity
has not previously been observed at the concentration used®4, but has been noted at higher
concentrations. Because the kinetics of the inhibition differ between targets, this off-target
effect could be due to pharmacological cross-talk, or biological effects such as changes in
endogenous Bcl-2-family binding partner levels. Collectively, these experiments indicate
that the split RNAP PPI detection system can simultaneously monitor four PPIs in
mammalian cells and detect competitive PPI inhibition on relatively short time scales using
RNA analysis techniques.

CONCLUSION

In conclusion, we developed and validated a series of split RNAP biosensors to monitor
multidimensional PP1 networks in live mammalian cells. Measuring endogenous
biomolecular interactions in mammalian systems remains a substantial challenge, but an
increasingly important problem as PP1 modulators continue to gain momentum in the
laboratory and clinic. The split RNAP biosensor approach described here can synergize with
advances in nucleic acid sequencing technologies, by encoding new types of biological
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information in the high-throughput sequencing (HTS) data flow. Coupling the tools
disclosed here with cell identifying bar-coding sequences in the RNA outputs or with direct
in situ RNA sequencing technologies®® would permit single-cell analysis of
multidimensional PPI networks. By leveraging advances in nucleic acid computation’1.72,
the RNA outputs of the split RNAP sensors could be adapted for complex genetic screens, in
which a series of interactions in a network are screened in parallel for specific effects. The
RNA outputs could easily be engineered to mediate cell viability, leading to a very simple
and inexpensive mammalian genetic screening platform. Moreover, proteins of interest could
be genomically-tagged, improving physiological relevance and single-cell consistency. This
would also allow even higher-order networks to be probed and screened for. Although we
found that transient transfection worked well for the experiments presented here, removing
the complications due to heterogeneity in transfection efficiency will likely decrease
variability and sensitivity to subtle effects. Finally, for synthetic biology applications,
multiple split RNAP biosensors could analyze individual cells’ interactomes to determine
cell type or disease state and drive a therapeutic outcome, as has been done for microRNA
detection systems’3.

We selected Bcl-2 family PPIs as a test bed to develop our split RNAP biosensor technology
due to the availability of known small molecule inhibitors, which provided us with robust
positive controls. Our observations of competitive effects of PPIs for the same target ligand
upon pharmacological engagement of the Bcl-2 proteins is an excellent illustration as to why
targeting PPIs therapeutically is so challenging. In future work, we will explore whether
other therapeutically-relevant PPIs with known off-targets can also be assayed in our system.
Integrating our rapid endogenous multidimensional PPI analysis approaches in the drug
discovery process could substantially benefit the selection of pre-clinical molecules for both
in cellulo efficacy and off-target interactions, thereby improving the drug discovery pipeline.
Moreover, rather than measuring secondary treatment effects, direct PPI disruption
measurements can be used to validate mechanisms of new therapeutic agents to gain
enhanced understanding of targeted therapies prior to further preclinical development.

EXPERIMENTAL DETAILS

Cloning

All plasmids were constructed by Gibson Assembly’# from PCR products generated using
Q5 DNA Polymerase (NEB) or Phusion Polymerase. All plasmids were sequenced at the
University of Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping
Facility. All used vectors are described in Table S1 and maps for each plasmid are shown in
Figure S1. Full vector sequences and annotated vector maps are available upon request.

Luciferase-based transcription assays of Bcl-2 proteins in E. Coli

Experiments were conducted as previously described*3. Briefly, S1030 cells’> were
transformed by electroporation with three plasmids: (/) a T7 RNAPy-linker-BH3 only
expression plasmid, (/) an Bcl-2 family protein-linker-T7 RNAP¢ expression plasmid, and
(#77) a reporter plasmid that encodes luciferase under control of a T7 RNA polymerase
promoter. Single colonies were then grown to saturation overnight at 37 °C, and then each
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well of a 96-well deep well plate containing 0.54 mL of LB with antibiotics and 10 mM
arabinose was inoculated with 60 uL of the overnight culture. After growth with shaking at
37 °C for 3 h, 150 pL of each culture was transferred to a 96-well black wall, clear bottom
plate (Nunc), and luminescence and ODggg Was measured on a Synergy Neo2 Hybrid Multi-
Mode Reader (BioTek). The data were analyzed by dividing the luminscence values by the
background-corrected ODgqq value, then subtracting out the background from the reporter
vector alone. All values were then normalized to the transcription from Bcl-2/deadBID,
which was assigned an arbitrary value of 1, allowing the values from each luminescence plot
to be compared to one another.

Luciferase-based transcription assays of orthogonal C-terminal RNAP variants in E. Coli

Cell culture

Experiments were conducted as previously described*3 and similar to as noted above.
Briefly, S1030 cells’® were transformed by electroporation with three plasmids: (/) a T7
RNAPp-linker-ZA expression plasmid, (/i) a ZB-linker-RNAP expression plasmid with the
listed mutations, and (///) a reporter plasmid that encodes luciferase under control of a given
target promoter sequence. Single colonies were then analyzed as described above. The data
were analyzed by dividing the luminescence values by the background-corrected ODggg
value, then subtracting out the background from the reporter vector alone. The experiment
was then repeated, but this time only assaying each variant on its target promoter and
assessing proximity-dependence by comparing assembly with RNAPy-linker-ZA with a
plasmid that has no ZA fusion. For both experiments, values were then normalized to the
transcription from the T7 RNAP¢ on the T7 promoter, which was assigned an arbitrary value
of 100. Each variant was screened across all five promoters in this way. The sequence of
split RNAP fusions were shown in Table S2.

HEK?293T cells (ATCC) were maintained in DMEM (high glucose, L-glutamine, phenol red,
sodium pyruvate; obtained from Gibco or Hyclone) supplemented with 10% fetal bovine
serum (FBS, Gibco/Life Technologies, Qualified US origin) and 1% penecillin/streptomycin
(P/S, Gibco/Life Technologies). Multiple biological replicates were performed with cells
from different passages and freshly thawed aliquots.

Mammalian fluorescence imaging and inhibitor assay

HEK?293T cells were cultured in DMEM (high glucose, glutamine, phenol red, pyruvate;
Gibco/Life Technologies) supplemented with 10% fetal bovine serum (FBS, Gibco/Life
Technologies, Qualified US origin). The cells were plated on an 8-well coverglass slide
(Labtek) and transfected in the next day with 300 ng of Bcl2-family vector and 300 ng of a
BH3-only vector (Table S1 and Figure S1) using 1.8 uL of Lipofectamine 3000
(ThermoFisher Scientific) following the standard protocol. For the inhibitor experiments,
500 nM ABT-199, 10 uM A-1210477, or DMSO control was added during cell culture and
post transfection. The cells were imaged on an Olympus BX53 microscope using a GFP and
RFP filter set and a 10x objective.
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Image processing and quantification

For image analysis of fluorescent protein outputs, we counted the number of positive cells in
each channel. Each image for a given condition was processed using identical conditions to
adjust brightness and contrast to a level where background fluorescence was observed for
control samples in ImageJ (Wayne Rasband, NIH). The fluorescent spots in each GFP image
were counted as fluorescent cell number in ImagelJ for quantification analysis. A macro
batch script for each analysis was used to ensure the settings for each group were identical.
The following script was used in the “Batch Process” of ImageJ: “setThreshold(239, 5000);
setOption(“BlackBackground”, false); run(“Convert to Mask™); run(“Watershed”);
run(“Analyze Particles...”, “size=100-Infinity pixel include summarize in_situ” *. The
“Count” results were then used for quantification analysis. We found that counting the
number of GFP-positive cells yielded the most reproducible results.

RT-qPCR analysis

HEK?293T cells were transfected with split RNAP vectors. 400 ng for each of the five
plasmids showed in Fig. 6A. 6 pL of Lipofectamine 3000 (ThermoFisher Scientific) was
used for the transfection in 12-well plates (Corning) and biological replicates were
performed in quadruplicate for each condition. The inhibitor ABT-199 was omitted, added
during transfection, or added 16 h or 37 h after transfection, and the cells were harvested at
40h after transfection. RNA was purified using an RNeasy Kit (Qiagen) and was reverse-
transcribed using PrimeScript TM RT reagent Kit (TaKaRa). The transcribed cDNA was
used as the gPCR template and the PCR reactions were performed on a LightCycler 96
Instrument (Roche) using FastStart Essential DNA Green Master (Roche). The DNA
templates for RNA 1~4 and corresponding Q-PCR primers are listed in Table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Split RNAP biosensors can detect Bcl-2 family PPIs in £. coli. (A) Schematic of split T7

RNAP tags to monitor Bcl-2-family PPIs. A target Bcl-2 protein is fused to a C-terminal T7
RNAP variant (RNAP¢) and a target BH3-only protein ligand is fused to an evolved
proximity-dependent N-terminal T7 RNAP variant (RNAPy). Interaction between the fusion
proteins results in assembly of the RNAP and a transcriptional output signal. (B) Vector
system to test Bcl-2 split RNAP detection system in £. coli. (C) Transcriptional output of
split RNAPs with a series of Bcl-2 proteins interaction with a set of BH3-only peptides
assayed in £. coli using the vectors shown in (B). Cells were induced for 3 h with arabinose
and then analyzed for luminescence. Error bars are = s.e.m., n = 4. “deadBID” is a modified
tBID BH3-only peptide with the key binding portions removed as a negative control.
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Figure 2.
Split RNAP biosensors can detect Bcl-2 family PPIs in mammalian cells. (A) Vector system

to test binary Bcl-2 split RNAP PPI detection system in mammalian cells using PPI driven
GFP mRNA as the RNA output. (B) HEK293T cells cotransfected with the plasmids shown
in (A). 30 h after transfection, the cells were analyzed for GFP expression by fluorescence
microscopy. Interactions between tBID and Bcl-2, Mcl-1, Bcl-X| , and Bcl-W, are readily
detected compared to control, while NOXA is much more selective for interaction with
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Mcl-1. (C) Quantification of (B) (error bars are £ s.e.m, n = 5). Student’s #test; **P< 0.001.
100 pm scale bar shown.
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Figure 3.
Split RNAP biosensors can monitor two Bcl-2 family PPIs simultaneously in mammalian

cells. (A) Vector system to simultaneously monitor competitive interactions between Bcl-2
and Mcl-1 with BH3-only proteins in mammalian cells using mRNA for GFP and RFP as
the two orthogonal RNA outputs from each PPI. (B) HEK293T cells cotransfected with the
plasmids shown in (A). 30 h after transfection, the cells were analyzed for GFP and RFP
expression by fluorescence microscopy. Bcl-2 and Mcl-1 were both found to interact with
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tBID, while NOXA was found to interact more with Mcl-1. (C) Quantification of (B) (error
bars are £ s.e.m, n = 5). Student’s #test; **£ < 0.001. 100 um scale bar shown.
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Figure 4.
Spit RNAP biosensors can simultaneously monitor pharmacological engagement of two

PPIs in live cells. (A) HEK293T cells cotransfected with the plasmids shown in Figure 3A.
Upon transfection, DMSQO carrier control, 0.5 uM ABT-199, 10 uyM A1210477, or a
combination of both 0.5 uM ABT-199 and 10 uM A1210447 were added to the cells. After
30 h, the cells were analyzed for GFP and RFP expression by fluorescence microscopy. (B)
Quantification of (A) (error bars are £ s.e.m, n = 5). Student’s #test; *~< 0.01, **P< 0.001
(relative to control when not otherwise indicated). n.s. = not significant. 100 um scale bar
shown.
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Figure5.
Uncovering a series of orthogonal proximity-dependent C-terminal split RNAPs. (A) E. coli

transcriptional reporter assay for DNA promoter orthogonality of a series of split C-terminal
T7 RNAP variants fused to ZB (ZB-RNAP¢) on putative DNA promoter sequences.
Sequences for the five target DNA promoters are shown (T7-blue, CGG-orange, K1F-green,
CTGA-magenta, T3-red). £. colitransformed with the vector system shown in Figure 1B: 1)
an expression vector for an evolved N-terminal RNAP fused to ZA (RNAPy-ZA), 2) an
expression vector for a target RNAP( variant to be tested, and 3) a reporter vector that drives
luciferase based on a target DNA promoter sequence. Cells were induced for 3 h with
arabinose and then analyzed for luminescence. Error bars are + s.e.m., n = 4. (B) Mutations
shown for each RNAP( variant tested. (C) Proximity-dependent assembly of the series of
ZB-RNAP variants. £. colitransformed with the vector system shown in Figure 1B: 1) an
expression vector for RNAPy fused to either nothing as a negative control or to ZA, 2) an
expression vector for a target RNAP¢ variant to be tested, fused to ZB, and 3) a reporter
vector that drives luciferase based on the target DNA promoter sequence of the variant being
tested. Cells were induced for 3 h with arabinose and then analyzed for luminescence. Error
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bars are £ s.e.m., n = 4. The variants that were selected for further study are color-coded in
blue.
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Figure 6.
Schematic of a system to detect 4 multidimensional PPIs simultaneously. (A) Design of

mammalian vector system to measure a one-by-four PP network. Expression vectors for a
series of anti-apoptotic-RNAP¢ using the orthogonal RNAP¢ variants developed in Figure 5
were engineered with a gene circuit that produces an orthogonal RNA output signal from
transcription on the orthogonal DNA promoter. Four orthogonal vectors were created, which
can then be deployed along with a BH3-only-RNAPy expression vector. (B) Schematic of
one-by-four RNAP tagging system for multidimensional PPI analysis. The BH3-only
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peptide fusion on the RNAPy tag can competitively bind to a series of Bcl-2-family proteins,
each themselves fused to orthogonal RNAP¢ tags. Interactions between each Bcl-2-family
protein with the target results in the assembly of an orthogonal RNAP, which in turn
transcribes an output RNA signal from an orthogonal DNA promoter. The relative amount of
each PPI can be measured by RT-qPCR analysis of the output RNA signals.
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Figure7.
Detection of 1x4 Bcl-2 family PPIs simultaneously in mammalian cells by RT-gPCR

analysis of the unique RNA outputs. (A) HEK293T cells were cotransfected with the
plasmids shown in Figure 6A with the fusions indicated, grown for 40 h, lysed, and then
total RNA was isolated and quantified by RT-gPCR. Separate PCR primers were used for
each of the four unique RNA outputs to measure split RNAP assembly with each target. The
data displayed is the delta-Ct value in comparison to cells transfected with the RNAPy-
deadBID “negative control”. Therefore, a more negative value indicates more of a particular
RNA is generated, and therefore more of a given interaction was present. (B) HEK293T
cells were cotransfected with the plasmids shown in (Figure 6A) with the tBID-RNAPy
fusion, grown for 40 h with 0.5 uM ABT-199 added at different time points, lysed, and then
total RNA was isolated and quantified by RT-qPCR as described in (A). The data displayed
is the delta-Ct value in comparison to cells transfected with the RNAPN-deadBID “negative
control”. Error bars are + s.e.m., n = 4. Student’s £test; *~< 0.05, **£< 0.0005.
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