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Abstract: Molecules that induce interactions between proteins, often referred to as 
“molecular glues”, are increasingly recognized as important therapeutic modalities and 
as entry points for rewiring cellular signaling networks. Here, we report a new PACE-
based method to rapidly select and evolve molecules that mediate interactions between 
otherwise non-interacting proteins: rapid evolution of Protein-Protein Interaction Glues 
(rePPI-G). By leveraging proximity-dependent split RNA polymerase-based biosensors, 
we developed E. coli-based detection and selection systems that drive gene expression 
outputs only when interactions between target proteins are induced. We then validated 
the system using engineered bivalent molecular glues, showing that rePPI-G robustly 
selects for molecules that induce the target interaction. Proof-of-concept evolutions 
demonstrated that rePPI-G reduces the “hook” effect of the engineered molecular glues, 
due at least in part to tuning the interaction affinities of each individual component of the 
bifunctional molecule. Altogether, this work validates rePPI-G as a continuous, phage-
based evolutionary technology for optimizing molecular glues, providing a strategy for 
developing molecules that reprogram protein-protein interactions. 
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GRAPHICAL ABSTRACT

rePPI-G: rapid evolution of Protein-Protein Interacting Glues

• Uses/End products? 
• Advantages? Like v fast optimization… 
• Unique addition to directed evolution toolbox? Or, Incorporation with PACS/PANCE/other evolution platforms 
• Possible insights to molecular glue design? like how to balance hook effect w/desired functionality? Or others, based on what can be discovered from sequencing mutants?



Protein-protein interactions (PPIs) regulate nearly all cellular processes, functioning as signaling 
hubs, structural components, modifiers of biocatalytic complexes, and recognition motifs for 
intercellular communication1-6. Dysregulated PPIs have been attributed to diverse pathologies, 
including cancer, neurodegeneration, and autoimmunity7-15 and are therefore important 
therapeutic targets. PPIs are also increasingly recognized as engineerable nodes for the control 
of cellular information flow. Indeed, synthetic biologists have harnessed PPIs to engineer 
increasingly complex artificial biological systems, sensors, and materials16-22. Therefore, 
technologies for the generation of molecules that create or alter PPI networks have value both 
as therapeutic strategies and for synthetic biology applications.  
 
While PPI inhibitors have been the focus of extensive research23-27, culminating after 30 years in 
the first and only FDA-approved intracellular PPI inhibitor28, molecules that instead induce 
interactions between proteins, i.e., “molecular glues”, are garnering increased attention29-32. 
Approximately one hundred confirmed small molecule PPI inducers or glues, largely discovered 
by serendipity, currently exist, seven of which are FDA-approved for clinical use, including 
important medicines like rapamycin, taxol, tafamidis, and lenalidomide. However, as there are in 
principle at least 200,000,000 possible PPIs among members of the human proteome, these 
molecules barely scratch the surface of what is possible. This potential is further illustrated by 
the advent of proteolysis targeting chimeras (PROTACs), bifunctional molecules that degrade 
proteins of interest (POIs) by inducing an interaction between the POI and an E3 ubiquitin 
ligase33-39. While over a dozen PROTACs are entering phase I and II clinical trials, they are 
limited to the current pool of potent E3 ligase- and POI-binding small molecules40. Moreover, 
PROTACs and all bifunctional molecular glues are susceptible to the “hook effect”: decreased 
effectiveness of the molecule at higher concentrations due to target protein saturation41. The 
“hook effect” is also dependent on protein target concentration, requiring screening of each new 
target with a panel of target- and E3 ligase-binding ligands at a wide range of concentrations.  
 
Besides rationally designing bivalent molecules such as PROTACs, there are two other distinct 
molecular glue discovery methods: random screens and evolutions. Random screens, whether 
carried out in silico and/or in vitro, have been somewhat successful in identifying PPI inducers, 
particularly for the 14-3-3 protein family42-52. However, evolution has been by far the most 
successful method for discovering PPI inducers. There are already six evolutionarily derived 
FDA-approved drugs (four small molecule natural products and two bispecific antibodies) and 
dozens more bispecific antibodies in clinical trials53-56. However, while powerful therapeutic 
approaches, antibody therapies are limited to extracellular POIs, and the success of bispecific 
antibodies in particular can be attributed to the immune system, which itself essentially functions 
as a robust, modular, and rapid directed evolution method for creating POI binders.  
  



Directed evolution – the cyclic process of diversifying, selecting, and amplifying molecules 
based on activity – has generated molecules with a wide range of new activities, including 
metabolically altered organisms, stably expressed proteins, and selective small molecule 
processing enzymes57-64. In the realm of PPIs, pioneering and robust directed evolution methods 
such as phage, mRNA, and ribosomal display technologies have generated PPIs with sub-
nanomolar binding affinities65-67. A range of powerful continuous evolution technologies that 
reduce the need for human intervention, accelerate evolution, and evolve molecules in unique 
biological contexts have emerged, including Phage-Assisted Continuous Evolution (PACE), 
Orthorep, mammalian phage assisted continuous evolution (mPACE), and viral evolution of 
genetically actuating sequences (VEGAS)68-73. While powerful, all of these directed evolution 
approaches are limited by the selection systems that can be deployed, and a robust method to 
evolve molecules to drive a desired intracellular PPI is lacking. 
  
Here, we present rapid evolution of Protein-Protein Interaction Molecular Glues (rePPI-G), a 
new selection and continuous evolution platform for creating PPI inducers based on PACE. A 
powerful continuous evolution system, PACE requires linking a desired function of interest to the 
expression of gIII, a required phage gene. We reasoned that a PACE system for evolving PPI 
inducers would require a biosensor system that can convert induced protein interactions into a 
robust and quantifiable gene expression output. To this end, we leveraged our proximity 
dependent split T7 RNA polymerase (RNAP) technology – which uses RNA transcription to 
trigger either reporter or gIII gene expression – as a versatile detector of PPI inducer-based 
interactions in live cells74-76. The coupling of these two technologies forms rePPI-G. We 
validated rePPI-G using a panel of engineered bifunctional molecular glues that drive 
interactions between otherwise non-interacting POIs. To optimize the engineered molecular 
glues, we developed workflows that combined PACE-based continuous evolution with phage-
based selection systems. These evolutionary approaches yielded bifunctional molecular glues 
with decreased “hook effect” properties, which we attribute in part to tuned interaction affinities 
between each half of the bifunctional molecule. Overall, this work validates rePPI-G in key 
proof-of-concept experiments and lays the foundation for approaches to rapidly generate 
molecular PPI inducers through the process of evolution. 



Results 
 
Split RNAPs can detect PPI inducers 
In previous work, we developed proximity dependent split T7 RNA polymerase (RNAP) variants 
that assemble into functional RNA polymerases and drive programmed gene expression outputs 
only when a PPI brings the two RNAP fragments together74. We demonstrated the split T7 
RNAP can detect selective PPIs, light-induced dimerization events, and the presence of small 
molecules. Critically, we demonstrated that the split T7 RNAP system can detect validated 
molecular glues, including both the rapamycin-induced pairing of FRB/FKBP74, 77 and the 
abscisic acid-induced interaction of PYL/ABI78-79. Moreover, we recently developed “Phage-
Assisted Continuous Selection – Deep Mutational Scanning” (PACS-DMS), a method that links 
PPIs between a target protein and a library of binding variants to phage fitness, thereby allowing 
the interrogation of mutations that impact PPI formation80. Therefore, we hypothesized that the 
proximity dependent split RNAP system could be used to convert induced PPIs into gIII 
production, thus developing a new PACE system for evolving PPI inducers. 
 
We first tested whether we could drive the assembly of two non-interacting proteins using a 
rationally designed bifunctional inducer molecule composed of binding partners for each target 
protein (Figure 1A). As a model, we selected KRas and NOXA, which have no known 
interaction with one another81-82. We tagged KRas with the C-terminal portion of the proximity-
dependent spit RNAP system (RNAPC) and NOXA with the N-terminal portion of the split RNAP 
system (RNAPN) and tested the background assembly of the split protein using a previously 
established E. coli luciferase gene expression assay83. As expected, we observed luminescence 
signal comparable to the background levels of the split RNAP system itself, confirming that 
KRas and NOXA do not interact (Figure S1). Next, we tested whether we could promote an 
interaction between KRas and NOXA with a bivalent PPI inducer expressed from an IPTG-
inducible vector. We generated a rationally designed PPI inducer of KRas and NOXA by fusing 
Raf, a KRas binder, to Mcl1, a NOXA binder82. In the absence of IPTG, we observed only 
background levels of luminescence. However, addition of IPTG resulted in a dose-dependent 
enhancement of luminescence signal, with a maximum 58-fold increase in gene expression 
based on the engineered inducer (Figure 1B). As a control, we substituted BclXL, a protein 
related to Mcl1 that does not bind NOXA82, for Mcl1 in our bivalent inducer. As expected, this 
control molecule did not trigger enhanced gene expression (Figure 1B). Taken together, these 
data confirm that the split RNAP system can detect functional bivalent PPI inducers and trigger 
a robust increase in gene expression. 
 
We next sought to test the generality of the system and the ability to detect PPI inducers of 
varied affinities. We substituted ZA – a leucine zipper peptide which also has no known 



interaction with KRas – for NOXA in our PPI detection system. We then designed a bivalent 
inducer by fusing Raf to ZB, a peptide that forms a tight PPI with ZA84. As expected, this second 
inducer system also triggered a robust increase in gene expression (Figure 1C). In this case, 
we observed gene expression activation even without IPTG induction, as well the “hook effect,” 
with the highest concentrations of IPTG inducer causing a significant decrease in gene 
expression. To investigate this, we increased the expression of the RNAPN-tagged ZA by 
swapping the promoter from J23117 to the stronger J23114. With the stronger promoter, we 
observed higher levels of inducible gene expression, albeit with a more pronounced hook effect 
(Figure 1C). Such an effect is expected as the bivalent inducer eventually decreases ternary 
complex formation due to separate bivalent molecules independently binding each of the protein 
partners rather than bridging a ternary complex41.  
 
Finally, we tested a third inducible system, this time exchanging ZA for tBID, a protein that does 
not bind KRas, but does interact with both Mcl1 and BclXL. As expected, both the Raf-BclXL and 
Raf-Mcl1 resulted in enhanced luciferase reporter gene expression (Figure 1D). We again 
observed a hook effect dependent on the expression of the bivalent inducer. With low 
expression of RNAPN-tagged tBID (via the J231117 promoter), we observed a decrease in 
signal with increasing Raf-BclXL inducer expression, although there was a significant signal over 
background even without IPTG induction. With the same low expression of the RNAPN-tagged 
tBID, we observed an expected IPTG-dependent increase in RNAP activity with increasing Raf-
Mcl1 inducer expression. With high RNAPN-tagged tBID expression (driven by the J231114 
promoter), we observed the same trends, though greatly magnified (Figure 1E). Previous work 
in our group and reported in the literature found that the binary PPI between Mcl1 and tBID is 
weaker than the PPI between BclxL and tBID82, 85-86, which could explain these differences in 
signal response and varied hook effect magnitude.  
 
Overall, these data indicated that the split RNAP system is capable of robustly detecting 
bivalent molecule-induced interactions between non-interacting protein pairs. Tuning bivalent 
inducers to properly drive a set of non-interacting partners without succumbing to the hook 
effect or losing potency is a major challenge in the rational design of inducible systems. 
Therefore, we next sought to develop a PACE system for optimizing PPI inducers, with the 
proof-of-concept goal being to overcome the hook effect. 
 
Design and validation of rePPI-G 
To convert our PPI inducer detection assay into a PACE system, we made two key changes. 
First, we cloned the ZB-Raf inducer from the IPTG inducible plasmid to the M13 bacteriophage’s 
gIII region under a high expression ProB promoter87 (Figure 2A). The high expression promoter 
should produce enough ZB-Raf inducer to decrease its overall activity via the “hook” effect. 



Second, we changed the downstream RNAP output protein from bacterial luciferase (LuxAB) to 
gIII, the protein necessary for bacteriophage replication. We next assessed whether ZB-Raf 
phage can replicate in a manner dependent on the selectively induced interaction between ZA 
and KRas.  
 
To measure phage replication, we used overnight growth assays. In this assay, a small number 
of phage (103/mL) are used to infect engineered E. Coli host cells for 24 hours, at which point 
the final phage titer is quantified using plaque assays88. We found that ZB-Raf phage that 
infected cells expressing RNAPN-tagged tBID and RNAPC-tagged KRas did not replicate at all 
(Figure S2). However, when these phage infected cells expressing RNAPN-tagged ZA and 
RNAPC-tagged KRas, they replicated >30,000-fold to a population of ~107/mL (Figure S2). 
These results confirm that the materials for the rePPI-G system can drive the replication of 
engineered phage based on their production of a PPI inducer. Next, we sought to transition from 
these overnight phage growth assays to a more stringent, continuously evolving PACE format.  
 
We initially performed the PACE of ZB-Raf phage with two different host cells, each featuring a 
different selection system design. One set was transformed with the combination of a RNAPN-
tagged ZA plasmid and a RNAPC-tagged KRas plasmid, along with a mutagenesis plasmid to 
increase genetic variation (Figure 2A). The second set of cells were designed to provide phage 
with their missing gIII protein regardless of inducer activity. To accomplish this, we first cloned a 
tetracycline-repressed phage shock promoter upstream of gIII so that both tetracycline addition 
and phage infection are required for gIII expression83. This selection pressure-free genetic “drift” 
plasmid was transformed into the second set of host cells, along with a mutagenesis plasmid 
and a plasmid encoding the third antibiotic resistance gene. We began the PACE experiment 
with an equal mixture of these two cell populations in two lagoons, with tetracycline added to 
one lagoon to activate the “drift” expression cassette. After 39h, the tetracycline-treated lagoon 
(i.e., active “drift”) had 400-fold higher phage titers than the lagoon without tetracycline, 
confirming “drift” cell efficacy (Figure 2B). After 47h we removed the “drift” cell population, thus 
increasing the overall evolutionary selection pressure and allowing noninfectious phage variants 
to wash out of the “drift” lagoon. Between the 47h and 63h timepoints, the phage titer in the 
lagoon without active “drift” cells increased by 10,000x, while the active “drift” lagoon retained its 
high titers, indicating the presence of active phage in both lagoons. Next, another PACE 
experiment was conducted with ZB-Raf-expressing phage without “drift” cells and with the 
addition of a negative selection plasmid (Figure S3). This new plasmid expresses gIIIneg, a 
dominant negative mutant of gIII, under the control of an orthogonal RNAP promoter controlled 
by an orthogonal RNAPC mutant fused to ZBneg, a protein that does not interact with any other 
protein in the PACE system. The phage again evolved within 48-72 hours, but produced a 
somewhat diminished final phage titer due low expression of gIIIneg from small off-target 



interactions. We then subjected the ZB-Raf phage from the 63h timepoint of the original PACE 
to another round of PACE and observed a similar timing for phage titer increase, but 
significantly higher final phage titers (Figure S3). Based on phage titers, these experiments 
indicated multiple successful PACE runs. 
 
We next used overnight growth assays to assess whether the phage from these PACE 
experiments possessed different replication properties when compared to wild type phage. We 
first compared wildtype vs. evolved phage replication with different RNAPN-tagged ZA 
expression levels. We found that the original ZB-Raf inducer phage replicated 21-fold less when 
a lower level (J23117 promoter) of RNAPN-tagged ZA is expressed (Figure 2C). By contrast, 
the evolved phage replicated with identical efficiency regardless of the RNAPN-tagged ZA 
expression level. In addition, these evolved phage remained incapable of replicating with cells 
expressing RNAPN-tagged tBID and RNAPC-tagged KRas, confirming that these phage are 
dependent on inducing a specific PPI. Modulation of the RNAPC-tagged KRas expression led to 
increased replication with increasing RNAPC expression for both the wildtype and evolved 
phage (Figure 2C). Notably, however, the evolved phage replicated over 300-fold more overall 
than wildtype phage at both RNAPC expression levels. Taken together, these data confirm the 
PACE experiments generated evolved phage that replicate more effectively than wildtype phage 
while remaining dependent on selective PPI induction. 
 
The observed PACE-evolved phage could have mutated in at least three ways to increase 
RNAP assembly at high ZB-Raf expression levels and thus mitigate the “hook” effect: 1) the 
inducer promoter strength could have been weakened to reduce ZB-Raf concentration; 2) the 
ZB affinity for ZA could have weakened to match the KRas-Raf interaction; or 3) the affinity of 
Raf for KRas could have increased to match the ZB-ZA interaction. To assess these 
possibilities, we Sanger-sequenced individual phage variants from each lagoon to determine 
which components evolved most frequently in the PACE experiments. We found that all variants 
had single or double mutations in the ZB region (Figure 3A) and only observed one mutation in 
the Raf protein (N71K) that was rare after the first PACE, but common after the second negative 
selection PACE. No mutations were observed in the ProB promoter region. We cloned the most 
common variant, termed ZBF(3-2), into an IPTG-inducible expression vector and tested to what 
degree ZBF(3-2) induced the interaction of RNAPN-tagged ZA and RNAPC-tagged KRas, as 
compared to ZB-Raf. ZBF(3-2) produced up to a 6-fold increase in RNAP activity compared to 
ZB-Raf at all inducer expression levels and did not decrease in activity with moderate inducer 
expression (10 µM IPTG), demonstrating increased resistance to the “hook” effect (Figure 3B). 
We next cloned each ZB or Raf variant as a fusion to the RNAPC or RNAPN, respectively, to 
perform a binary PPI luciferase assay that measures variant binding to ZA or KRas respectively. 
RNAPC-tagged ZB variants produced a 3- to 17-fold reduction RNAP activity when co-



expressed with RNAPN-tagged ZA, indicating that the evolution selected solely for mutations 
that negatively impact ZB-ZA assembly and avoid the “hook” effect (Figure 3C). The Raf(N71K) 
mutation increased KRas-Raf assembly by ~3-fold, again supporting the hypothesis that the ZB-
Raf inducer evolved to balance each PPI’s relative affinity (Figure 3D). After this successful 
proof-of-concept evolution, we sought to expand our scope to a new PPI and evolve an inducer 
composed of short peptides. 
 
Expanding target scope of rePPI-G  
One challenge when identifying new protein targets for split reporter-based systems is avoiding 
false negatives stemming from either inherent instability in the new protein fusion or interference 
with split reporter assembly or activity. To avoid this pitfall, we first developed an assay to 
determine whether a new protein of interest (POI) can be fused to split RNAP reporters while 
retaining high signal-to-noise. We replaced the evolved RNAPN with the wildtype RNAPN, which 
is capable of reassembling with the RNAPC with or without a PPI (Figure S4)74, 89. We fused 
several POIs to either the RNAPN or RNAPC and co-expressed these fusions with a cognate 
RNAPC or RNAPN fusion protein capable of folding and reassembling to form an active RNAP. 
Using this assay, we rapidly identified GABARAP and LC3B as protein targets with high RNAP 
activity, albeit with >5-fold less activity than previously validated targets, KRas and tBID (Figure 
S5). Neither GABARAP nor LC3B greatly increased RNAP folding or expression, as evinced by 
their low background activity when fused to the evolved RNAPN (Figure S5 and S6).  
 
We next searched the literature for peptides that bind GABARAP and/or LC3B. A recent 
publication screened and identified peptides from human proteins that selectively bind various 
autophagic adaptor proteins, including GABARAP and LC3B90. Two short peptides from the 
ULK1 and Fyco1 proteins possessed particularly high affinities for GABARAP and LC3B, 
respectively. We cloned PPI inducers composed of ZB or ZB(E6K, N23T), now termed eZB, 
fused to either ULK1 or Fyco1 and measured their ability to activate the split RNAP with 
GABARAP or LC3B fused to the RNAPC. Both eZB-ULK1 and ZB-ULK1 induced RNAP activity 
when ZA and GABARAP were fused to the RNAPN and RNAPC, respectively (Figure 4A). ZB-
Fyco1 induced a strong interaction between ZA-LC3B, and a weaker, yet significant, interaction 
between ZA-GABARAP (Figure 4B). Notably, increasing concentrations of the ZB-ULK1 and 
eZB-ULK1 inducers resulted in enhanced RNAP activity. Furthermore, the eZB-ULK1 inducer 
produced higher overall signal compared to ZB-ULK1, suggesting that the weaker eZB-ZA 
interaction is closer in affinity to the ULK1-GABARAP interaction than ZB-ZA. These data led to 
the hypothesis that the ULK1-GABARAP interaction is low affinity and thus a prime candidate 
for optimization via rePPI-G.  
 



To test this possibility, we cloned the ZB-ULK1 and eZB-ULK1 inducers into the bacteriophage 
genome and altered the RNAP output gene to gIII. Host E. Coli cells were transformed with 
plasmids expressing RNAPN-tagged ZA and RNAPC-tagged GABARAP, along with a 
mutagenesis plasmid, and we performed a PACE experiment using these host cells and two 
lagoons, one containing ZB-ULK1 inducer phage and one containing eZB-ULK1 inducer phage. 
After 48h, eZB-ULK1 phage titers increased ~50-fold while ZB-ULK1 titers remained the same 
(Figure 4C). However, after 84h, both PPI inducer phage populations remained below 107 
phage/mL, indicating a stagnation in the evolution. Both repeating the evolution under the same 
conditions and increasing the evolutionary selection pressure by decreasing the expression of 
RNAPN-tagged ZA resulted in similarly low phage titers (Figure S7). We speculate that these 
evolutions were repeatedly stuck in activity minima that may require numerous mutations to 
overcome. While very rare phage with mutational combinations might escape the relative 
activity minima, it could take days or even weeks for these to overtake the population, especially 
given the rigorous selection pressure that continuous flow represents. Fine-tuning the PACE 
experiment components has proven successful in similar situations but can require weeks or 
months of optimization and evolution74. To sidestep this challenge, we developed an alternative 
evolution strategy. 
 
Rapidly overcoming local activity minima in rePPI-G 
Similar to an activity minimum, immeasurable starting activity is a common roadblock when 
carrying out PACE experiments. This challenge has typically been overcome by performing 
numerous rounds of phage assisted noncontinuous evolution/selection (PANCE/S) or traditional 
antibiotic selection screening91-93. Although these methods can take months to develop and 
achieve suitable activity to begin a PACE experiment, they are excellent at amplifying rare 
variants from a large pool. We hypothesized that a short round of “Phage-Assisted Non-
Continuous Selection” (PANCS), a combination of PANCE91 and PACS80, could quickly amplify 
rare PACE variants capable of escaping the PPI inducer activity minima.  
 
Before performing the PANCS experiment, we first amplified the final phage titers from previous 
PACE experiments in a selection-free manner using 1059 cells, which supply gIII in an activity-
independent manner68. Next, we diluted these phage 10,000-fold into host E. Coli cells identical 
to those used in the PACE experiment, which express RNAPN-tagged ZA, RNAPC-tagged 
GABARAP, and gIII when the RNAP is assembled. Importantly, we decided not to include a 
mutagenesis plasmid, thereby both decreasing the chance of genetic recombination and testing 
our hypothesis that highly mutated variants existed in the PACE. After the first round of PANCS 
the phage populations increased 630- and 158-fold (Figure 5A). We then performed another 
round of PANCS by diluting each sample to a concentration of ~105 phage/mL and incubating 
them overnight with host cells. Both phage populations increased 10,000-fold after the second 



round of PANCS, indicating the phage population had developed increased PPI induction 
efficacy. We then combined the PANCS amplified phage populations and subjected them to a 
final PACE experiment. After three days of PACE, phage achieved 20,000-fold greater titers 
than eZB-ULK1 inducer phage under continuous flow (Figure 5A). Moreover, the final phage 
population was more readily detectable using one of the most stringent assessments of phage 
activity, the activity dependent plaque assay. This experiment is similar to an overnight growth 
assay, except the phage and host cell mixture are incubated together in an agar gel matrix88. 
Only phage that acquire enough gIII to replicate robustly can inhibit host cell growth to a degree 
that is detectable by eye. After the first PACE experiment plaques were noticeable, but not 
robust. After the PANCS and second PACE experiment plaques were very clearly visible (Fig 
5A). 
 
Characterization of evolved eZB-ULK1 variants 
Having successfully evolved the phage to replicate significantly more than wildtype, we Sanger 
sequenced the phage from each PACE experiment to assess the mutations in each binding 
partner. The first three PACE experiments resulted in three unique dominant phage. The mutant 
from the first PACE, ZU(1), had a deletion at base pair 1081 that changed the ending ULK1 
coding sequence from -PAQFPGDLVA* to the remarkably similar, yet more positively charged -
PRNFRGT* (Fig 5B). The mutant from the second PACE experiment, which included an 
increase in selection pressure after 48h, produced a phage, ZU(1*) with a deletion at base pair 
1084 that resulted in the identical amino acid sequence. The replicate of the original PACE 
experiment did not produce any deletion mutants, instead resulting in a double mutant in the 
ULK1 sequence, ZU(2). Phage resulting from the PANCS and final PACE experiment, ZU(3), 
contained the ULK1 base pair 1081 deletion along with a threonine-to-alanine mutation within 
the amino acid sequence after the base pair deletion (T*21A). Furthermore, this variant had 
three mutations in the eZB domain (A1T, Q18R, W21R). These evolved inducers were cloned 
into the IPTG-inducible plasmids used previously and assessed for improved induction of the ZA 
and GABARAP PPI. Both ZU(1) and ZU(2) had 6- to 10-fold increases in RNAP activity at all 
concentrations of inducer, as compared with wildtype phage (Figure 5C). Strikingly, these 
mutants also had nearly identical activity profiles at all IPTG concentrations. These mutants also 
exhibited no increase in RNAP activity between moderate and high inducer expression at lower 
RNAPN-tagged ZA expression levels (Figure S8), indicating a measurable “hook” effect. On the 
other hand, ZU(3) possessed 40- to 95-fold increased activity compared to the wildtype PPI 
inducer, a >2000-fold overall signal to noise ratio at maximum expression, and no “hook” effect, 
even with low RNAPN-tagged ZA expression (Figs. 5C and S8). Importantly, none of the 
variants dramatically increased off-target ZA-LC3B PPI induction, meaning the mutations did not 
impact overall split RNAP assembly and activity. After confirming the evolution was successful, 



we sought to characterize how these mutations impact the individual PPIs in our engineered 
and evolved bifunctional molecular glues.  
 
We cloned each unique ULK1 variant to the RNAPN to assess changes in the ULK1/GABARAP 
interaction. Both the ULK1(bp1081del) and ULK1(T354A, A370E) mutants had a 20-fold 
increase in RNAP activity compared to ULK1(wt) when paired with GABARAP (Figure 5D). 
Interestingly, the ULK1(T354A, A370E) mutant also had a small, yet significant, 2-fold increase 
in LC3B binding. Somewhat surprisingly, the ZU(3) ULK1 mutant had a ~2-fold decrease in 
GABARAP binding compared to the ZU(1) and ZU(2) ULK1 variants. To determine how the 
ZU(3) inducer evolved to radically improve overall inducer activity, we cloned its eZB mutant as 
a fusion to the RNAPC. We observed no difference in RNAP activity between eZB(A1T, Q18R, 
W21R) and eZB when interacting with ZA, but we did observe a small, significant increase in 
RNAP activity when ZB(A1T, Q18R, W21R) interacted with the off-target tBID (Figure S9). 
Binary binding assays with ULK1 variants and LC3B confirmed that these mutations also 
conferred a small increase in binding affinity to these off-target proteins (Figure S10). We next 
cloned eZB and eZB(A1T, Q18R, W21R) into IPTG inducible plasmids to assess whether this 
new promiscuous peptide was capable of inducing a PPI between either ZA and LC3B or ZA 
and GABARAP. We observed a small, yet significant, increase in RNAP signal when the 
eZB(A1T, Q18R, W21R) peptide was expressed at its highest concentration and inducing the 
interaction between ZA and LC3B (Figure S11). It is possible that these nearly undetectable 
interactions reflect the molecular glue’s ability to bring multiple proteins within close proximity to 
one another. 
 
Finally, we validated that changes in PPI affinities observed and optimized in E. Coli translate to 
mammalian cell experiments. To measure induced PPIs in mammalian cells, we inserted the 
highest affinity ULK1 mutant – ULK1(bp1081del) – within a Myc-tagged protein, and then 
performed a co-immunoprecipitation to probe for its interaction partners, GABARAPL1-1/2. 
Expression of the ULK1(bp1081del) mutant construct pulled down significantly more 
endogenous GABARAP protein compared to the ULK1(wt) sequence (Figure 5E). Expression 
of the Myc-tagged protein alone resulted in no GABARAP signal, confirming this interaction is 
dependent on the ULK1 peptide. Experiment replication and image quantification confirmed this 
observation is consistent and significant (Figure S12).



Discussion 
During our validation of rePPI-G, we discovered affinity-altering mutations that parallel those 
found in previous studies. For example, our group used PACS to perform deep mutational 
scanning on the KRas/Raf1 interaction interface80. While most mutations in Raf1 resulted in 
either no change or a decrease in enrichment, N71K resulted in the most positive enrichment 
score, indicating this mutation increases the interaction affinity. Not only did we also observe the 
N71K mutation in this work when evolving the ZB-Raf1 inducer, but we also confirmed it 
increases the interaction affinity between KRas and Raf1 ~3-fold (Figure 3). Crystal structures 
of the PPI complex reveal that the Raf1 N71 residue is ~2.5 Å away from the negatively charged 
D33 residue on KRas, an optimal distance for a potential salt bridge interaction81. The mutations 
discovered in our eZB-ULK1 evolution also matched those found in previous studies by other 
groups. In-depth point mutation screens of the ULK1 LC3 interaction region (LIR), the same 
peptide used in our evolution, revealed T47 as a key residue for LC3B binding90. This 
observation mirrored the T47A, A63E double mutant discovered in our evolution that 
demonstrated a small yet significant increase in LC3B binding when compared to the wildtype 
ULK1 peptide (Figure 5D). These data, along with the mammalian cell co-immunoprecipitation 
experiment and previous work74, 80, 94, support the theory that observed changes in activity 
translate beyond the split RNAP system to biologically relevant interactions. 
 
While designing and validating rePPI-G we also learned several key lessons in bivalent inducer 
engineering. The “hook” effect makes fine-tuning any PPI inducer a challenge, particularly in a 
therapeutic context, where target protein concentrations are dynamic and uncontrollable. We 
consistently found that alterations in protein binder affinity were sufficient to overcome the 
“hook” effect. When inducing a tBID/KRas interaction, for instance, the higher affinity BclxL/tBID 
interaction results in a dramatic “hook” effect relative to the Mcl1/tBID interaction (Figure 1D). In 
the case of the ZB-Raf inducer evolution, all ZB mutations resulted in weaker ZA binding. This 
not only diminished the “hook” effect, but also produced more ZA/KRas interaction at all 
expression levels, implying changes that reduce the “hook” effect may actually produce an 
overall more efficient PPI inducer (Figure 3B and 4C). Finally, in the case of the eZB-ULK1 
inducer, we found that increasing the potency of one ligand (ULK1) provided increased potency 
until a “hook” effect developed, at which point the paired protein binder (eZB) became the 
limiting factor in increasing inducer potency (Figure 5). These results make it clear that 
increased interaction affinity of one protein binder does not always result in overall increased 
molecular glue potency. Together, these findings suggest a new strategy for discovering 
bivalent PPI inducers, including PROTACs, wherein binders with different affinities for protein 
“A” and protein “B” are screened as a matrix of unique bivalent molecules to discover the 
optimal molecular glue for each target interaction. 
  



In this proof-of-concept work, engineered bifunctional molecular glues – which already have 
affinity for both targets – were our starting point, but rePPI-G could in principle use naïve 
libraries to evolve molecules de novo. While theoretically feasible, implementing phage libraries 
in PACE often presents technical challenges, including gIII recombination or limited library size, 
that preclude identification of functional starting points. Nonetheless, based on our results here 
and in previous PACE-based evolutionary campaigns91-93, a combination of PANCE/PACS with 
PACE may be the solution to implementing libraries with rePPI-G. An advantage of the rePPI-G 
pipeline is that the same split RNAP-based biosensors used for the evolution can also be used 
to measure target activity in live mammalian cells85-86. Most recently, we showcased a PPI 
evolution system for PACE that features both positive and negative selection, which permitted 
the rapid reprogramming of PPI specificity via PACE94, further demonstrating the potential of 
PACE-based evolutions and suggesting the rePPI-G platform can be expanded to evolutions of 
selective molecular glues. 
  
This work showcases evolution as a strategy to find unique and even unimaginable solutions to 
biological challenges. In the case of eZB-ULK1, rePPI-G discovered single base pair deletions 
that dramatically increased individual PPI affinity and a triad of mutations that conferred a subtle 
promiscuity resulting in optimized molecular glue activity. More broadly, now that we have 
validated the proximity dependent split RNAP as a system to select for and evolve molecular 
glues, this opens up the possibility of implementing this selection scheme with other evolution 
technologies. For example, implementing the molecular glue selection with the yeast-based 
Orthorep, mammalian-based mPACE, or VEGAS systems would allow for evolution of 
molecules that drive the interactions between proteins that cannot be expressed in E. coli, a key 
limitation of PACE-based methods70-73. As the repertoire of rapid evolutionary technologies 
expands, so too will our ability to harness evolution to solve problems in synthetic biology and 
therapeutic design. 
 



Methods 
DNA Plasmid Cloning 
All plasmids were cloned using Phusion or Q5 DNA polymerases (NEB) for PCR amplification of 
specific DNA fragments, Gibson Assembly to generate new plasmids from PCR fragments, 
DH10β E. Coli cells for transformation, and Sanger Sequencing via the University of Chicago 
Comprehensive Cancer Center DNA Sequencing and Genotyping Facility to verify plasmid 
sequence fidelity and integrity95. DNA primers were ordered from Integrated DNA Technologies 
(IDT) or Sigma-Aldrich. All plasmid maps, descriptions, annotations, and gene DNA/amino acid 
sequences are available in supplementary materials online along with links to full DNA 
sequences for each plasmid used in this study. Additionally, key vectors will be deposited to 
Addgene for distribution and all vectors are available upon request. 
 
Split RNAP luciferase assay in E. Coli 
Chemically competent S1030 or S2060 E. Coli cells (available from Addgene) were transformed 
with RNAPN and RNAPC fusion protein plasmids that also contain T7 driven LuxAB. If a third 
plasmid is needed, as is the case when testing a PPI inducer, chemically competent cells of the 
doubly transformed E. Coli were prepared and transformed with the third plasmid. E. Coli 
colonies were then picked in quadruplicate into 500 µL of LB (miller) broth (US Biological Life 
Sciences) with antibiotics (GoldBio) in a 96-well deep well plate and incubated in a shaker at 
220 RPM for 12-16h overnight. 10 µL of each overnight growth was then transferred to 500 µL 
of LB media containing antibiotics and any inducing small molecule such as IPTG (GoldBio). 
After 4-5h when the cells are between 0.3 and 0.5 OD600, 150 µL of cells were transferred to a 
96-well imaging plate (costar) and assayed for luminescence and OD600 on a Synergy Neo2 
hybrid multimode plate reader (BioTek Instruments, Inc.).  
 
Quantifying Phage Titer with Plaque Assays 
Chemically competent S1030 or S2060 E. Coli cells (available from Addgene) were transformed 
with plasmid 6-64 that contains phage shock promoter driven gIII. These cells are also termed 
1059 cells here and in the literature. A colony of 6-64 containing cells was picked into antibiotics 
media and grown to 0.5-0.9 OD600, or grown overnight and diluted to 0.5-0.9 OD600. 50 µL of 
diluted 6-64 cells were then aliquoted into 4 1.5 µL Eppendorf tubes for each phage sample to 
be measured. 1 µL of phage sample was pipetted to the first tube, mixed vigorously by flicking, 
and then 1 µL of that solution was transferred to the next tube using a new tip to prevent inflated 
titers. This serial dilution was repeated for the remaining tubes so that the final tube represents 
a 125,000,000x dilution from the original phage sample. 750 µL of 50 °C top agar (7 g/L agar, 
25 g/L LB broth) was added to each tube and then quickly transferred in order of increasing 
phage concentration to a 10 cm quad plate coated in bottom agar (15 g/L agar, 25 g/L LB 
broth). Plaques should be visible after 12-24h and can be counted to quantify phage titer. Note: 



place warm top agar in a tight-fitting Styrofoam container whenever pipetting at room 
temperature to delay agar solidification. 
 
Quantifying Phage Activity with Overnight Growth Assays 
To quantitatively compare phage activity between samples, we first measured each sample’s 
phage titers as described above. Next we diluted each phage sample in LB broth containing 
appropriate antibiotics to the same titer (final concentration between 1000 and 10,000 phage/mL 
for best signal to noise). 500 µL of the diluted phage were added to a 96 deep well plate in 
triplicate. A colony of S1030 or S2060 E. Coli cells containing the desired activity selection 
plasmids (for example tagged split RNAP biosensors) was picked into each well and the plate 
was incubated for 24h. The contents were spun down and immediately used in a plaque assay 
to quantify final phage titers as described above.  
 
Phage Assisted Continuous Evolutions 
For the most in depth and up to date protocol for performing a phage assisted continuous 
evolution (PACE) see the following reference69. One significant difference in all of our PACE 
protocols is that we use a more affordable Forma 3960 environmental chamber (ThermoFisher 
Scientific) rather than a warm room to house and conduct PACE experiments74. To perform 
rePPI-G specifically, we first transformed S1030 E. Coli cells with an MP4 mutagenesis plasmid 
(available from Addgene), an RNAPN-tagged protein expression vector, and an RNAPC-tagged 
protein expression vector that also contains CGG driven gIII expression. These cells were 
plated on LB agar containing appropriate antibiotics along with 20 mM glucose to suppress the 
MP4 mutagenesis plasmid activity. The next day, a single colony was picked for each 
chemostat into two 15 mL culture tubes with 6 mL of LB media, and one tube containing 20 mM 
glucose and the other containing 20 mM arabinose. Davis Rich Media (also called Harvard 
Custom Media C, US Biological Life Sciences) was prepared or purchased and autoclaved in 
7.5L batches. Davis Rich Media supplement (also called Harvard Custom Media A, US 
Biological Life Sciences) was prepared or purchased and sterile filtered as previously described 
in the references above. The media base was added to the environmental chamber to 
equilibrate to 37 degrees Celsius overnight. The next day the sterile filtered supplement was 
added to the media base by a flame to prevent contamination. After 14-16h of growth, the 
arabinose induced cells were checked for greatly diminished growth compared to the glucose 
repressed cells, which suggests an active MP4 plasmid. The glucose-containing tube was 
added to a 500 mL chemostat and 100-200 mL of Davis Rich Media at 37 degrees Celsius was 
pumped into the chemostat over the course of two hours. Once cells reached approximately 
0.4-0.8 OD the lagoon pump was activated to allow chemostat cells to fill the 50 mL lagoons to 
a volume of 20 mL at a flow rate of 1 v/h. Syringes containing 20% w/v arabinose and 18 mM 
MgSO4, which we find improves phage titers by ~5 fold, in water began pumping into each 



lagoon at a rate of 0.5 mL/h. To activate “drift” cells, 2 µg/mL of tetracycline (GoldBio) was 
added to the syringe solution along with the previously mentioned arabinose and MgSO4. The 
PACE system was allowed to equilibrate concentration for 1-2h before adding 1 mL of the 
desired phage at a concentration of of >109 phage/mL to each lagoon, at which point the lagoon 
and syringe pumps were paused for 30-60 minutes to provide phage ample time for initial host 
cell infection. After 30-60 minutes, the syringe and lagoon pumps were reactivated. Samples 
were extracted from lagoons in the morning and evening, and plaque assays performed each 
day to monitor phage titer. 1 µL of phage sample was then directly added to a PCR to amplify 
phage variants for Sanger sequencing. New chemostats were added after 48h to ensure cells 
remained at maximal infectivity. Also, all chemostats and lagoons were kept below 50% 
maximum volume and constantly stirred via magnetic stir bars to ensure cells were properly 
aerated.  
 
Phage Assisted Noncontinuous Selection 
For the most detailed and up to date protocol on PANCE experiments see the following 
reference69. PANCS experiments were carried out as follows. 50 μL of phage samples from 
PACE experiments were added to 5 mL of LB broth along with a colony of 1059 cells. After 24h 
of growth the sample was spun down, and the supernatant was passed through a 0.2 μM filter 
to remove all E. Coli cells while collecting phage. Phage titer was measured as described 
above. Phage samples were diluted 10,000x into 500 μL LB broth along with 1% by volume of 
overnight selection cell culture. Samples were grown at 37 degrees Celsius for 20-24h, spun 
down, and then phage titer was quantified. The resulting phage were passed through a 0.2 µm 
filter to remove all E. Coli cells and then diluted to a final phage titer of 105 phage/mL in 500 μL 
LB broth along with 1% by volume of overnight selection cell culture. As with PACE samples, 1 
μL of phage sample was then directly added to a PCR to amplify phage variant DNA for Sanger 
sequencing. This cycle can be repeated with variable phage dilution or selection cells to alter 
selection pressure until desired activity emerges indicating a successful selection or phage titer 
drops below 103 phage/mL indicating no active phage were present in the original sample.  
 
Mammalian Cell Culture 
HEK293T 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% penicillin/streptomycin (P/S, 
Gibco/Life Technologies). Multiple biological replicates were performed with cells from different 
passages below 20 and freshly thawed aliquots. Transfections were carried out using 
Lipofectamine 3000 (Thermo Fisher).  
 
 



Co-Immunoprecipitation of Myc-tagged Proteins 
For co-immunoprecipitation, cells were lysed in SDS-free RIPA (0 mM Tris, 150 mM NaCl, 0.5% 
deoxycholate, 0.1% SDS, 1.0% Triton X-100, pH 7.4) supplemented with PMSF and a protease 
inhibitor cocktail on ice for 10 minutes, followed by centrifugation at 13,000xg for 20 min. Protein 
(20 µg, “input”) was removed and lysate was added to Protein G Dynabeads (Invitrogen: 
10003D) pre-incubated with c-Myc antibody (Santa Cruz sc-40). After 12 hours of enrichment, 
beads were washed (3x, SDS-free RIPA) and total protein eluted with 50 mM glycine, “output.” 
Both input and output protein were subjected to separation by SDS-PAGE. After SDS–PAGE, 
proteins were transferred onto methanol-preactivated Immobilon-P PVDF membranes (pore 
size 0.45 µm; Millipore) using a semi-dry transfer cell. After transfer, membranes were treated in 
accordance with standard Western blotting procedures, using a solution of 3% BSA 
(ThermoFisher) in either TBST (20 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween-20). 
Membranes were probed with GABARAP (Abcam), c-Myc (Santa Cruz), and calnexin (Abcam) 
antibodies overnight. Following secondary antibody incubation, membranes were visualized 
using SuperSignal West Pico PLUS chemiluminescent substrate (ThermoFisher) and recorded 
on a chemiluminescent Western blot imaging system (Azure Biosystems C300). 



Associated Content 
The Supporting Information is available free of charge at XXX.  
Additional detailed experimental information, extended data (Figures S1− S12), and plasmid 
lists. 
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Figure 1. Split RNAP biosensors detect molecular glue-induced PPIs. (A) Schematic of plasmid 
maps used in the inducer detection assay and cartoon representation of inducer detection assay 
mechanism. (B) Luminescence data from molecular glues with a mismatched PPI (BclxL and 
Noxa) and an interacting PPI (Mcl1 and Noxa) at various molecular glue expression levels as 
controlled by IPTG concentration. (C) Luminescence data obtained with the ZB-Raf molecular 
glue with low (J23117 promoter) or high (J23114 promoter) RNAPN expression. (D) 
Luminescence data from BclxL-Raf and Mcl1-Raf molecular glues with low RNAPN expression. 
(E) Luminescence data from BclxL-Raf and Mcl1-Raf molecular glues with high RNAPN 
expression. Dashed lines indicate baseline luminescence signal from PPI-independent RNAP 
reassembly as reported in Figure S1. * = p < 0.05, ns = p > 0.05
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Figure 2. Rapid evolution of protein-protein interaction molecular glues (rePPI-G) to overcome 
the "hook" effect. (A) Schematic of plasmid maps used in the molecular glue PACE and cartoon 
representation of molecular glue PACE components and mechanism. (B) ZB-Raf molecular glue 
phage titers over time during PACE experiment. Green background indicates active genetic 
"drift" cells. (C) Quantification of phage replication in overnight growth assays. Wildtype ZB-Raf 
molecular glue phage activity with a mismatched target (tBID and ZB) and a weak (J23117 
promoter) or strong (J23114 promoter) RNAPN-tagged ZA (left panel) compared to the PACE-
evolved ZB-Raf molecular glue phage with the same targets (center panel). Wildtype (dark) 
compared to evolved (light) ZB-Raf molecular glues with weak (sd6 RBS) or strong (SD8 RBS) 
RNAPC-tagged KRas expression. * = p < 0.05, ns = p > 0.05
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Figure 3. rePPI-G improved molecular glue activity by altering binary interaction affinities. (A) 
Common mutations discovered in the PACE experiment. (B) Luminescence data of ZB-Raf or 
ZBF(3-2) molecular glues inducing an interaction between ZA and KRas at different 
concentrations. (C) Luminescence data of individual binary interactions between RNAPC-tagged 
ZB or ZB variants with RNAPN-tagged ZA. All mutants had p = <0.0001 compared to ZB(wt) 
activity. (D) Luminescence results of binary interactions between RNAPC-tagged KRas with 
RNAPN-tagged Raf or Raf(N71K). p = <0.0001. * = p < 0.05, ns = p > 0.05.
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Figure 4. Expanding target scope of rePPI-G. (A) Luminescence data from ZB-ULK1 and eZB-
ULK1 molecular glues inducing the interaction between GABARAP and ZA at low (J23117 
promoter) and high (J23114 promoter) RNAPN expression levels. (B) Luminescence data 
obtained with the ZB-Fyco1 molecular glue with an off-target PPI (KRas and ZA) and two on-
target PPIs (LC3B or GABARAP and ZA). (C) PACE of eZB-ULK1 (blue) and ZB-ULK1 (gray). 
Dashed lines represent background RNAP assembly as reported in Figure S6. * = p < 0.05, ** = 
p < 0.005, ns = p > 0.05
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Figure 5. Combination of continuous and noncontinuous phage assays escape local activity 
minima in rePPI-G. (A) Phage titers across full eZB-ULK1 molecular glue evolution including 
original PACE, PACE replicate, PANCS (light background), and final PACE along with pictures 
of activity dependent plaque assay results at different time points (scale bar = 1cm). (B) 
Common mutations discovered from rePPI-G eZB-ULK1 evolutions. (C) Luminescence data 
measuring each IPTG inducible eZB-ULK1 variant's ability to induce the interaction between 
RNAPN-tagged ZA and RNAPC-tagged GABARAP. (D) Luminescence results from RNAPN-
tagged ULK1 rePPI-G variants paired with either RNAPC-tagged LC3B (dark) or GABARAP 
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(light). (E) Co-immunoprecipitation of Myc-tagged ULK1 or ULK1(bp1081del) to measure 
GABARAP pulldown efficiency with calnexin loading control and Myc output control. 
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