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Abstract 

Protein-protein interactions (PPIs) are critical for organizing molecules in a cell and mediating 
signaling pathways. Dysregulation of PPIs are often key drivers of disease. To better understand 
the biophysical basis of such disease processes – and to potentially target them - it is critical to 
understand the molecular determinants of PPIs. Deep mutational scanning (DMS) facilitates the 
acquisition of large amounts of biochemical data by coupling selection with high throughput 
sequencing (HTS). The challenging and labor-intensive design and optimization of a relevant 
selection platform for DMS, however, limits the use of powerful directed evolution and selection 
approaches. To address this limitation, we designed a versatile new phage assisted continuous 
selection (PACS) system using our proximity-dependent split RNA polymerase (RNAP) 
biosensors with the aim of greatly simplifying and streamlining the design of a new selection 
platform for PPIs. After characterization and validation using the model KRAS/RAF PPI, we 
generated a library of RAF variants and subjected them to PACS and DMS. Our HTS data 
revealed that amino acid (aa) positions 66, 84, and 89 on RAF, key residues in the KRAS/RAF 
PPI, are intolerant to mutations. We also identified a subset of residues with broad aa substitution 
tolerance, aa positions 52, 55, 76, and 79. Due to the plug and play nature of RNAP biosensors, 
this method can easily be extended to other PPIs. More broadly, this, and other methods under 
development, supports the application of evolutionary and high-throughput approaches to bear 
on biochemical problems, moving towards a more comprehensive understanding of sequence-
function relationships in proteins. 
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Protein-protein interactions (PPIs) are critical to cellular signaling, metabolism, and cellular 
organization.1 Dysregulated PPIs are often key drivers of disease2–5 and are therefore compelling 
targets for therapeutic development.6–8 PPI dysregulation can emerge from either mis-regulated 
protein synthesis or post-translational modifications, or mutations in one of the binding partners, 
resulting in aberrant, disease-contributing interactions.9 In either case, understanding the 
molecular determinants of PPIs is crucial to establishing the biophysical basis of disease and 
assisting in the creation of therapeutic PPI modulators.   

Traditionally, a reductionist approach is deployed to understand PPIs, which generally involves 
alanine scanning to identify key sites for affinity and specificity of the interface between binding 
partners.10,11 While these methods have generated a wealth of information, such as the 
identification of PPI hot spots,12 they are labor intensive, requiring functional biochemical 
characterization of each variant, which often limits the number of variants characterized. The 
advent of display technologies, such as phage13 and yeast display,14 coupled with advances in 
two-hybrid approaches for the detection of PPIs,15 has allowed the gathering of large amounts of 
information about the genotype-phenotype relationships of biomolecules16 and PPIs.17 These and 
other evolutionary and selection-based approaches, and their resultant large data sets, paint a 
more nuanced picture of how individual mutations correlate with altered function. 

The application of high-throughput sequencing methods to understand sequence-function 
relationships in biomolecules is referred to as deep mutational scanning (DMS).18,19 DMS 
generates libraries of protein variants whose individual functional consequences are assayed 
through selection experiments. Based upon the relative enrichment of each variant in the 
selection, as monitored by high throughput sequencing (HTS), the functional consequence of 
each mutation can be deduced. A key component of every DMS experiment is the design and 
characterization of a selection platform for the desired protein and its relevant properties.20  
Display-based platforms,21–23 and other assays that directly link protein function to an observable 
phenotype, such as cell viability24 or growth,25 have been used to screen protein libraries.  

Continuous evolution methods,26 which link defined biochemical fitness to viral life cycles, allow 
rapid and large-scale evolution and selection. However, the in vivo nature of viral selection 
systems requires robust genetic selection systems for a biochemical activity of interest. Phage-
assisted continuous evolution (PACE)27 and phage-assisted non-continuous evolution 
(PANCE),28,29 are especially powerful technologies in which large populations of gene-encoding 
protein variants can be evolved or selected for over time, based on defined biochemical 
properties. For example, PACE has been used to evolve T7 RNAP promoter specificity,27,30 
protease specificity,31 drug resistance,32 Cas proteins,33 and several other biochemical 
machines.26,34 PACE has also been used to evolve PPIs using a bacterial 2-hybrid-based 
selection system.35 While this evolutionary system is powerful, it is limited in terms of requiring 
optimization for each new PPI target, necessitating re-design for each new target of interest. 

The design and optimization of a relevant selection platform is often the most challenging and 
labor-intensive step in DMS experiments and, we reasoned, is one of the key reasons why 
powerful selection approaches such as PACE and PANCE have not found more widespread use. 
To address this limitation, we designed a versatile new phage-assisted continuous selection 
(PACS) system to interrogate the binding interface between interacting proteins. We developed 
PACS in the context of probing the KRAS/RAF PPI, due to its high value as a target for cancer 
therapies; both KRAS and RAF are known oncogenes, with roughly 20% of all cancers harboring 
mutations in KRAS.36,37  Practically, we chose to use the KRAS4b isoform due to its high mutation 
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rate across different cancers,38 and the RAS binding domain (RBD) of RAF, which is the only part 
of the protein that binds RAS isoforms.39,40 

Our new system relies on proximity-dependent split RNA polymerase (RNAP) biosensors,41 
greatly simplifying and streamlining the genetic sensing of PPIs in vivo compared with more 
traditional 2-hybrid approaches. Using these split RNAP biosensors, we designed a PACS system 
that links replicating bacteriophages to RAF, contained within the page genome, binding KRAS. 
After validating the system, we generated libraries of phage-encoded RAF variants and subjected 
them to PACS. Analysis by HTS revealed whether each site in RAF is tolerant to mutation, and if 
so, which mutations are tolerated. Aside from providing new insights into the KRAS/RAF interface 
from the RAF perspective, our new method is broadly applicable, facilitating rapid understanding 
of the mutational landscape of PPIs using DMS.  

 

Results 

Engineering split RNAPs to detect the KRAS-RAF PPI 

In PACE, the viral life cycle of M13 bacteriophage is linked to a target activity through the 
production of gIII, a required phage gene that is moved from the phage genome into host 
Escherichia coli cells.27 The phage must therefore infect the host cell and produce a phage-
encoded protein variant capable of activating gIII production in the host cell in order to replicate. 
Therefore, the key to developing a system for a desired target activity is linking the target activity 
of interest, in our case RAF and KRAS binding, to the production of gIII. To do this, we deployed  
our previously-reported split RNAP based biosensor platform, based on an evolved variant of split 
T7 RNAP, that only forms a functional enzyme and produces a defined RNA output when proteins 
fused to each half of the split enzyme bind one another.41 Our split RNAP biosensor technology 
is quite versatile and able to monitor different PPIs without requiring re-optimization, as evidenced 
by its successful deployment to detect various PPIs, including PPIs from the BCL-2 family of 
proteins42 and small molecules.43  

First, we assayed whether our split RNAP biosensor can detect the PPI between KRAS and RAF 
in E. coli using a modified version of our previously reported in vivo luciferase assay, in which 
interactions between KRAS and RAF should drive luciferase production.41 We designed the in 
vivo luciferase assay with three plasmids:  1) an N-terminal expression plasmid containing the N-
terminal fragment of the split RNAP (RNAPN) with a C-terminal fusion of either RAF or no 
interaction partner, 2) a C-terminal expression plasmid that constitutively expresses the C-
terminal RNAP fragment (RNAPC) with a N-terminal fusion of either KRAS or an off-target protein 
interaction partner, and 3) a reporter vector with the bacterial luciferase gene (luxAB)44 under 
control of the T7 RNAP promoter (Figure 1a). Under these conditions, only interaction of the two 
fusion proteins should result in assembly of the split T7 RNAP biosensor, expression of luciferase, 
and generation of luminescence (Figure 1b).  

After cloning and optimizing the system components, we then measured luciferase output in 
reporter E. coli cells expressing either on-target (KRAS/RAF) or control (ZB/RAF; ZB is a leucine 
zipper peptide that does not bind RAF)41,45 PPI fusions. As expected, the KRAS/RAF combination 
yielded robust luciferase signal (Figure 1c). Absence of either KRAS or RAF on either half of the 
biosensor resulted in ~20-fold less signal, confirming KRAS/RAF PPI-dependent gene 
expression. To further validate the system, we introduced a known, interaction-disrupting mutation 
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in RAF (R89L).46 Again, as expected, RNAPN fused to RAF R89L produced levels of luciferase 
activity comparable with that of off-target controls (Figure 1c). After validating the use of our split 
biosensor and our in vivo luciferase assay for the KRAS/RAF PPI, we next sought to deploy the 
biosensors in a new PACS system.  

 

Designing a PACS system for PPIs 

To adopt the biosensors into a PACS selection system, we cloned E. coli selection plasmids and 
modified phage to encode the appropriate system components (Figure 2a). We modified a 
previously-optimized M13 bacteriophage genome41 by removing gIII and replacing it with our split 
RNAPN biosensor C-terminally fused to RAF or an off-target protein as a control. The selection 
plasmids contained in the E. coli  selection cells were used to modulate the expression of gIII 
through the assembly of our split RNAP biosensors, including: 1) a “positive selection plasmid” 
that contains the CGG RNAPC half of our RNAP biosensor, which is a known variant of the T7 
RNAP that recognizes an orthogonal CGG RNAP promoter,47 N-terminally fused to KRAS, and 
gIII under the control of the CGG RNAP promoter; and 2) a “negative selection plasmid” that 
contains the T7 RNAPC half of our RNAP biosensor N terminally-fused to an off target leucine 
zipper peptide, ZBneg,41,45 and contains a dominant negative form of gIII, gIIIneg,48 controlled by 
the cognate T7 RNAP promoter. With these selection plasmids, only a KRAS-binding RNAPN-
fusion should drive reassembly of the split CGG RNAP biosensor and gIII expression, generating 
infectious phage progeny. Non-PPI-driven assemblies would activate both the positive and 
negative selection plasmids, resulting in the production of gIIIneg and non-infectious phage. In 
other words, the negative selection plasmid keeps the phage from “cheating” the selection by 
maintaining proximity-dependency in RNAPN.  

After constructing the selection cells and phage, we validated the ability of the system to 
discriminate between phage encoding the known binding partner of KRAS, RAF, and an off-target 
protein, an isoleucine zipper peptide termed iZA,41,45 using activity-dependent plaque assays. 
Because this assay informs upon the ability of a given phage to replicate and infect neighboring 
cells by forming “plaques,” we were able to directly monitor if the proteins fused to the RNAPN 
biosensor contained in the phage activated the positive selection plasmid in the selection cells, 
producing gIII. Indeed, only the phage containing RNAPN fused to RAF were able to form distinct 
plaques on the selection cells, validating the system components (Figure 2b).  

Next, we sought to validate the selection system in a mock PACS experiment using spike-in 
samples to see if we can enrich an active phage variant from an excess of inactive variants 
(Figure 2c). To do this, we seeded a phage vessel with 1,000-fold excess iZA phage to RAF 
phage. Fresh E. coli selection cells containing the selection plasmids were continuously flowed in 
from a chemostat, allowing constant diluting inflow and waste outflow. We monitored the selection 
over the course of 24 h, sampling the phage at various time points. We assayed the relative 
distribution of the inactive iZA phage versus the active RAF phage by PCR amplification of the 
phage samples, using primers that selectively amplify the phage-encoded gene product. Indeed, 
although there was no detectable RAF in the initial phage population used to seed the experiment, 
the population of RAF-encoding phage increased over time, while the inactive iZA phage were 
diluted out, with complete washout and enrichment after 6 h (Figure 2d). 
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Validating PACS system for PPIs 

After validating the system components in a mock selection, we next sought to confirm the system 
was capable of evolving PPIs from non-interacting variants. In addition to the aforementioned 
R89L variant, we cloned a series of RAF mutants that we predicted would disrupt the KRAS/RAF 
PPI, informed by either literature or intuition from the crystal structure.49 These variants included: 
K84A, K84E, Q66A, and Q66K. We first assayed the mutants in the luciferase reporter assay, 
which revealed that alanine mutations at positions 66 and 84 had lower activity compared to wild-
type (wt) RAF, but higher activity than the R89L null mutation (Figure 3a). The K84E and Q66K 
mutations, with more dramatic charge changes to the protein surface, had activity similar to R89L, 
suggesting abrogation of the PPI. We cloned each mutant into RAF phage for activity-dependent 
plaque assays. As expected, based on the reporter assay, K84A and Q66A showed slightly 
smaller, “weaker” plaques than wt RAF, indicating weaker affinity for KRAS. In contrast, R89L 
phage produced no plaques, indicating no detectable PPI with KRAS, consistent with its known 
loss of interaction affinity (Figure 3b).49 The K84E and Q66K phage generated extremely small, 
“diminished” plaques compared to the alanine mutants at those positions, indicating further 
reduction in affinity to KRAS. Although only qualitative, these plaque assay experiments suggest 
both the RNAP biosensors and phage selection are capable of detecting RAF variants with weak 
but measurable binding affinity and are capable of discriminating between the relative binding 
affinities. 

We next aimed to evolve a non-interacting RAF variant to regain its KRAS-binding capabilities. 
To do this, we coupled the PACS selection cells (Figure 2a) with the previously reported in vivo 
mutagenesis plasmid MP6,50 to develop a new PPI PACE system. We chose to initiate the 
experiment with phage encoding the R89L, Q66K, or K84E RAF variants, which started with either 
undetectable or diminished activity, to test if we could rescue wt-like binding phenotypes. We 
seeded three separate phage vessels, each with one population of either R89L, Q66K, or K84E 
RAF phage, then ran PACE for 24 h under KRAS PPI selection. At the end of the experiment, all 
three lagoons still contained robust populations of phage, which we collected and Sanger-
sequenced to assess the mutations in the bulk library population (Figure 3c). The phage 
populations that began with R89L and K84E both reverted back to wt through evolution. 
Unsurprisingly for the R89L-starting population, only one codon was observed due to only one 
codon, “CTT,” requiring a single nucleotide base substitution to encode arginine, while the other 
five degenerate codons for arginine required two or three nucleotide base substitutions.  Similarly, 
for the K84E-starting population, it was not surprising that only one codon was observed because 
of the two degenerate codons encoding lysine, only one, “GAA,” required a single nucleotide base 
substitution to revert back to lysine. In contrast, more than one codon was observed in the bulk 
sequencing library for the Q66K-starting population. This was surprising, considering that only a 
single nucleotide base substitution would change the mutant codon “AAA” to one of the two 
degenerate codons encoding for glutamine. Based upon the bulk sequencing data, there are six 
possible codons, encoding for six different amino acids, that could be present in the final 
population:  K (the starting mutant amino acid), Q (the wt amino acid), N, H, D, and E. Of these 
possible amino acids, asparagine was the only polar amino acid, containing the same amide 
functional group and differing only in the length of the carbon chain in the R group, as compared 
with the wt glutamine. We therefore reasoned that this would be one of the species observed 
upon further assessment of individual variants from the bulk population. 
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We then subcloned individual variants from each of the populations to test KRAS binding in the 
luciferase reporter assay. As expected, the initial R89L and K84E populations contained mostly 
wt phage, with some additional silent mutations that performed similarly to wt in the reporter assay 
(Figure 3d). The Q66K phage population contained multiple variants, including the Q66N 
mutation predicted from the bulk sequencing results. The Q66N variants had luciferase activity 
levels greater than the starting Q66K mutant, but slightly less than wt, indicating partial recovery 
of wt-like KRAS binding affinity. Taken together, these experiments confirm that the selection 
vectors can be used to either select for or evolve RAF variants that bind KRAS for either PACS 
or PACE, respectively. Next, we aimed to test whether the system could be used in a high-
throughput DMS experiment using a phage-encoded RAF library. 

 

Deep mutational scanning of the KRAS/RAF binding interface 

To demonstrate how our PACS system could easily be integrated into the DMS workflow,20 we 
generated a library of RAF variants introducing mutations along the interface of the KRAS/RAF 
interaction based upon crystal structures of these proteins, focusing on amino acid residues 52-
90. We generated the library utilizing error prone PCR (epPCR) mutagenesis methods,51 with the 
level of mutagenesis tuned such that double nucleotide mutations were predominantly observed 
in the final library (Supplementary Methods 1). To ensure that the generated library still 
contained active variants, a small subset of the library was cloned into the N-terminal luciferase 
assay plasmid (Figure 1a) and tested (Supplemental Figure 1). The assayed variants showed 
varying degrees of activity compared to the wt RAF, ranging from variants with activity similar to 
the R89L null variant to activity comparable to wt RAF. 

Next, we subjected three replicate populations of the RAF library to our PACS platform (Figure 
4a) to enrich for RAF variants with the ability to bind KRAS. Phage library samples were collected 
at multiple time points throughout the course of the 72 h selection experiment. We cloned the 
collected phage samples from the end of the selection at 72 h into the N-terminal expression 
plasmid (Figure 1a) and tested them in the luciferase assay to confirm that the selection 
experiment had enriched for RAF variants with the ability to bind KRAS (Supplemental Figure 
2). The assayed RAF variants all had activity above that of the RAF R89L null variant, 
demonstrating that the selection had functioned as anticipated, i.e., active variants were enriched 
over the course of PACS.  

We subjected the collected phage samples from all three replicate experiments to HTS analysis 
to perform DMS, with time-dependent information, of the mutated binding interface. Practically, 
only the region that was subjected to mutagenesis was generated into sequencing amplicons to 
allow for paired end reads, improving the overall quality of the data by reducing error associated 
with sequencing. In our data set, we were able to observe 1279 unique protein variants over the 
course of the experiment. Functional scores were calculated for each observed variant in the HTS 
dataset based upon the observed counts and were plotted to show the distribution of functional 
scores overtime for the different variants observed in the data set (Figure 4b, Supplemental 
Figure 5).  

To test if the calculated functional scores from PACS correspond to the relative binding affinity, 
we compared literature-reported KD values49 for various RAF mutants observed in our HTS 
dataset against our calculated functional scores (Figure 4c, Supplemental Figure 6). There is a 
clear correlation between the functional scores and the relative binding affinities of the different 
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RAF mutants (R2 = 0.96; p = 0.0035). We also verified that our in vivo luciferase assay could 
approximate binding affinity by plotting each variant’s luminescence against the corresponding 
calculated functional score from the HTS datasets (Supplemental Figure 7). Taken together, 
these data confirm that PACS enriched active RAF variants capable of binding KRAS, resulting 
in datasets delineating relative fitness across a range of RAF mutants.  

 

Functional consequence of amino acid substitutions along the KRAS/RAF binding 
interface 

From our DMS dataset, we were able to examine the relative functional consequence of different 
amino acid substitutions along the region that we mutagenized (Supplemental Figure 8) by 
calculating the enrichment values for each amino acid observed along the binding interface 
relative to the wild type amino acid at the 72 h time point (Figure 5a, Supplemental Figure 9). 
For the 39 amino acid positions explored in our mutant library, many positions favored positively 
charged side chains, with either the wt amino acid (aa) being a positively charged residue or 
positions enriching for positive residues (16 total positive aa: 9 positions with a wt positive aa; 10 
positions enriching for a positive aa, 3 of these positions having a wt positive aa), and very few 
favored negatively charged side chains (3 total aa: 1 position with a wt negative aa, 2 positions 
enriching for a negative aa), which corresponds with the overall structure of RAF having a large 
number of basic residues (K and R) along the binding interface with KRAS.52,53 Also, many of the 
positions along the binding interface favored the wt amino acid across experimental replicates: 
59, 62, 63, 65, 66, 69, 77, 78, 80, 82, 84, 89, and 90. As expected, the amino acids at positions 
89, 84, and 66 that are reported in the literature as being key in the binding interface of KRAS 
and RAF, showed the least tolerance to substitutions with only the wt sequence being favored 
and all other observed amino acids de-enriching at these positions.46,49,52  

Other positions that tolerated substitutions with similar aa properties groups to wt were: 56, 58, 
60, 61, 67, 68, 70, 72, 85, and 86. Residues 56 and 68 favored polar residues, similar to the wt 
amino acid asparagine or threonine, respectively; residue 68 was unique in that it only favored 
the polar residues with alcohol moieties on the R groups (wt S, or T). In the case of residues 56 
and 68, they are directly involved in stabilizing the β-sheet structure. Residue 61 favored bulky 
aromatic side chains, favoring either phenylalanine or tyrosine. Positions 58, 60, 70, 72, and 86 
all favored non-polar residues; only favoring a subset of the residues of similar sizes. For example, 
position 70 only seemed to favor nonpolar aliphatic residues, but not small nonpolar side chains 
like glycine or alanine, possibly due to the need to reduce flexibility in the β-sheet structure and 
increase the overall surface area of binding between KRAS and RAF. Position 85 was unique in 
that it enriched for both glycine and proline, but not other non-polar residues. It is interesting that 
these two particular amino acids were enriched because they have very different effects on 
structure; glycine is highly flexible while proline is the most rigid in terms of conformation. Residue 
85 is located in a turn of an α-helix requiring the backbone to change direction by either introducing 
a proline to introduce such a change, or the flexible glycine to allow for such a change. 

There were a few amino acid positions that tolerated amino acid substitutions with properties that 
differed from the wt amino acid: 53, 54, 57, 64, 73, 74, and 88. For example, position 53 enriched 
for the nonpolar amino acids isoleucine and methionine, but in the wt protein it is lysine. Other 
amino acid positions tolerated a diverse set of amino acid substitutions, in particular positions 52, 
55, 71, 75, 76, 79, 81, 83, 87. Positions 52, 55, 76, and 79 all enriched for multiple types of amino 
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acids, including those from nonpolar, polar, and charged categories. Position 76 was unique in 
that it had the greatest number of amino acid substitutions among all the replicates 
(supplemental figure 9) that were tolerated without a clear categorical preference: alanine, 
valine, leucine, isoleucine, threonine, lysine, and arginine. It is interesting to note that this 
particular residue, as well as residue 79, is located on the loop region between an α-helix and a 
β-sheet, possibly accounting for the varied amino acids tolerated at these positions (Figure 5b). 

 

Discussion 

While not every amino acid at each position was sampled, potentially due to either bias present 
in error prone mutagenesis methods,51,54 or from the limited sequencing coverage of each time 
point examined over the course of the experiment, we did observe trends associated with certain 
positions. Known key residues in the KRAS/RAF interaction showed intolerance to amino acid 
substitutions, while residues not directly involved in the interface, located in loop regions between 
an α-helix and a β-sheet, had more variability in the amino acids tolerated at those positions. 
Deeper sequencing or improved mutagenesis methods55 would likely improve the depth of the 
datasets and number of unique variants assayed. Nevertheless, these experiments confirm the 
new PACS platform is able to rapidly select for RAF variants capable of biding KRAS, 
recapitulating known invariable positions identified in RAF. We were also able to show how the 
functional scores calculated correlated to binding affinity of different RAF variants based on 
reported KD values49 and observed luciferase activity in vivo, facilitating rapid characterization of 
variants obtained through the selection experiment.  

Due to the plug and play nature of the RNAP based biosensor, other PPIs can be similarly 
examined in a high-throughput manner. The only requirements for a given target are that the 
proteins are expressible in E. coli and can tolerate fusion to the split RNAP biosensor. Notably, 
this latter limitation has recently been mitigated through the evolution of the C-terminal half of the 
RNAP biosensor to tolerate C-terminal fusions.56 This method could also be utilized to facilitate 
the interrogation of very similar proteins, such as members of a protein family, to determine 
differences in highly similar protein variants and to identify key residues and properties that are 
unique to individual members. Another key benefit of this method is the ease with which it can be 
converted into a directed evolution campaign by the addition of in vivo mutagenesis to convert 
the PACS system into PACE. Because of this feature, not only can information about the binding 
interface be determined, but a de novo protein binder could also be evolved in response to given 
selection parameters. More broadly, this and other methods under development57,58 will continue 
to apply evolutionary and high-throughput approaches to interrogate biomolecular interactions, 
moving away from traditional reductionist approaches toward a more comprehensive 
understanding of the sequence-function relationships in protein machines. 
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Figure 1. Detecting the KRAS-RAF PPI with split RNAP biosensors. (A) Plasmids for 
the in vivo luciferase assay to monitor the KRAS/RAF PPI. (B) Schematic of on-target 
and off-target PPI partners and there expected output in the in vivo luciferase assay 
system; only pendent protein fusions that interact with each other can drive the 
reassembly of the split RNAP biosensor to produce the luciferase enzyme and 
luminescence. (C) Luminescence signal for the on-target and off-target PPIs as 
monitored by the in vivo luciferase assay (error:  std. dev., n= 4). 
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Figure 2. Design of a phage-assisted continuous selection (PACS) system for PPIs. (A) 
Plasmids for the in vivo PACS system to monitor the KRAS/RAF PPI. (B) Plaque assays 
of on-target and off-target PPI fusions on the PACS selection cells. (C) Schematic of the 
mock selection with and the on-target RAF phage and off-target iZA phage; only the 
RAF phage will be able to replicate on the selection cells and produce gIII to generate 
infectious phage progeny during the course of the selection. (D) DNA agarose gel 
depicting the relative fraction iZA and RAF phage over the course of the mock selection 
experiment. 
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Figure 3. Validation of PACS PPI selection system by evolving inactive RAF variants to 
bind KRAS. (A) Luminescence signal for wt RAF and RAF variants with known or 
suspected lower binding affinity to wt KRAS on the wt KRAS or off-target PPIs (error:  
std. dev., n= 4). The RAF mutants used for additional testing were color coded:  red:  
R89L; green:  K84E; yellow:  Q66K. (B) Plaque assays of the different RAF variants on 
the PACS selection cells. (C) Bulk Sanger sequencing of the phage populations before 
and after 24 h of PACE. (D) Luminescence signal for two evolved RAF variants from 
each experiment on the wt KRAS or off-target PPIs (error:  std. dev., n= 4).  
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Figure 4. Deploying PACS system for DMS of RAF. (A) Schematic of the work-flow for 
the PACS DMS experiment for an error prone RAF mutant library. (B) Plot of time-
dependent functional scores for all observed RAF variants in a single replicate lagoon 
from the PACS DMS experiment. (C) Plot of the correlation between literature reported 
KD values and their corresponding calculated functional scores observed from a single 
replicate lagoon from the PACS DMS experiment (R2 = 0.96, p value = 0.0035). 
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Figure 5. Analysis of DMS data for RAF. (A) Heat map of relative enrichment values at 
72 h for each amino acid compared to the wild type amino acid. The wt aa is indicated 
with a think boarder, and any amino acid not observed at either 0 h or 72 h in the HYS 
dataset was colored gray. (B) Crystal structure of the KRAS/RAF PPI (PDB: 4G0N). 
Positions 66, 84, and 89, which are key residues in the KRAS/RAF PPI, showed 
intolerance to amino acid substitutions in the HTS dataset, and are indicated in purple. 
Positions 55, 76, and 79 showed a high degree of amino acid substitution tolerance in 
the HTS data, and are indicated in yellow. 
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Methods 

Cloning 

All plasmids used in this study were generated using Gibson assembly of PCR products 
generated with NEB Q5 high fidelity polymerase. All constructs were validated via Sanger 
sequencing performed by the University of Chicago Comprehensive Cancer Center DNA 
Sequencing & Genotyping facility. All constructs are listed in supplemental table 1 - 5 with links 
to online vector maps. The wt KRAS4b gene was obtained from the Frederick National Laboratory 
for Cancer Research. 

RAF Phage Library Generation 

The insert was prepared by introducing mutations into the RAF gene using error prone PCR 
(epPCR).51 Briefly, 50 μL epPCR reactions were set up with the following final concentrations:  1 
ng/50 μL 14-70 template plasmid, 0.2 μM forward primer, 0.2 μM reverse primer, 1x standard 
NEB Taq buffer, 0.2 mM dNTPs, 750 μM MnCl2, 0.025 U/μL NEB Taq polymerase. The 
thermocycler conditions utilized an initial denaturation step (95°C, 30 sec) followed by 30 cycles 
of denaturation (95°C, 30 sec), annealing (58°C, 30 sec) and extension (72°C, 1 min), and a final 
extension (72°C, 2 min). The PCR product was digested with 1 μL NEB DpnI enzyme in the PCR 
reaction buffer for 1 h at 37°C, and then purified using a Zymo clean and concentrator kit.  

The RNAPN-fused wt RAF phage vector (14-70) backbone was amplified overnight in 1059 cells59, 
which replicate phage lacking gIII, and purified using a Qiagene plasmid purification kit.   

Inserts were subcloned into the 14-70 vector using the XhoI and PstI sites with NEB XhoI 
enzyme and NEB PstI-HF enzyme following the standard NEB double digest protocol. The T4-
mediated ligation reactions were performed overnight at 16°C using NEB T4 DNA ligase 
following the standard NEB ligation protocol, and purified with a Zymo DNA clean and 
concentrator kit. All resulting plasmids were suspended in 30ul water. 

The phage library was prepared by electroporating (1800 V, 5 ms, 0.2 cm cuvettes, 50 µL cells, 
143 ng DNA, 7 transformations total) 1 μg ligated vector product into 350 μL electrocompetent 
1059 cells,59 which were recovered in 25 mL of SOC media for 1 h. Afterwards, the recovered 
cells were used to inoculate 250 mL super broth to allow for phage library growth overnight. The 
phage containing supernatant was collected by centrifugation and sterile filtration to generate a 
RAF phage library. 

 

Plaque assays 

To quantify phage titers, 1059 activity-independent cells59 were used; while S1030 cells59 
transformed with the positive selection plasmid (31-69) and the negative selection plasmid (20-6) 
were used to quantify the activity of different phage containing RNAPN protein fusions on KRAS. 
For all experiments, E. coli were grown to an optical density (OD600) of approximately 0.6. 

Phage dilutions (1/50, 1/12500, 1/125000, 1/6250000) were made by serially diluting a phage 
sample in water. Plaque assays were performed by mixing 50 μL of each phage dilution with 50 
μL of cells, suspending these solutions in 55°C warmed soft agar (7 g agar/1 L LB), and plating 
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this mixture onto quartered solid agar plates without antibiotics (15 g agar/1 L LB). These were 
then grown in a 37°C incubator overnight, and phage plaques were counted and imaged to 
determine the relative plaque forming units (PFU). 

 

Luciferase assays  

Three separate vectors were constructed:  1) a N-terminal expression plasmid containing the 
RNAPN fragment C-terminally fused to either RAF or no protein partner upstream of the UV5 IPTG 
inducible promoter,60 2) a C-terminal expression plasmid containing the T7 RNAPC fragment N 
terminally fused to either KRAS or an off target protein partner upstream of the constitutive PKat 
promoter, and 3) a luciferase reporter plasmid containing the bacterial luxAB gene44 upstream of 
the T7 RNAP promoter. The N-terminal, C terminal, and the luciferase reporter plasmids were 
electroporated into S1030 cells,59 and plated onto agar (15 g/L in LB) plates containing 50 μg/mL 
carbenicillin, 50 μg/mL spectinomycin, 33 μg/mL chloramphenicol, and 7.5 μg/mL tetracycline. 
Individual colonies were then picked and grown overnight to saturation with shaking at 37°C in 
500 μL of 2xYT media containing 50 μg/mL carbenicillin, 50 μg/mL spectinomycin, 33 μg/mL 
chloramphenicol, 7.5 μg/mL tetracycline in a 96, deep-well plate. A new culture was then prepared 
using 60 μL of the overnight culture to inoculate 540 μL of fresh 2xYT media containing 50 μg/mL 
carbenicillin, 50 μg/mL spectinomycin, 33 μg/mL chloramphenicol, 7.5 μg/mL tetracycline and 5 
μM IPTG. After 3 h of growth at 37°C with shaking, a 150 μL aliquot was transferred to a black-
walled, clear-bottomed, 96-well plate and read on a Biotek Synergy Neo2 plate reader, monitoring 
both the optical density at 600 nm (OD600) and the luminescence signal.  

Luciferase activity was reported as normalized luminescence signal/OD600 for each well. Values 
are reported as the arithmetic average of replicate wells (n = 4) with error reported as the standard 
deviation of the replicates. In order to compare different days, the normalized luminescence 
signal/OD600 for a given sample was divided by the normalized luminescence signal for the wt 
KRAS/RAF interaction partners, which was given an arbitrary value of 100. 

 

PACS & PACE 

PACS was performed utilizing a modified version of the previously described PACE method.41 
S1030 cells were transformed by electroporation with the positive selection plasmid (31-69) and 
the negative selection plasmid (20-6). A 5 mL starter culture was grown overnight to saturation in 
LB media supplemented with 50 μg/mL carbenicillin, 40 μg/mL kanamycin, and 7.5 μg/mL 
tetracycline. Chemostats (250 mL sterile bottles) containing 150 mL of Davis rich medium41 were 
inoculated with 5 mL starter culture and grown at 37 °C with magnetic stir-bar agitation. When the 
OD600 reached ~0.6, fresh Davis rich medium was pumped in at 120-150 mL per h, with a waste 
needle set at 150 mL. Selection phage containing RNAPN protein fusions were used to seed fresh 
lagoons (25 mL flask with a rubber septum) in triplicate. For the mock PACS experiment, 40 μL 
of a 1000:1 mixture of RNAPN – iZA to RNAPN – RAF phage were used to inoculate the lagoons; 
for the DMS PACS experiment, 1 mL of the RNAPN – RAF error prone phage library was used to 
inoculate the lagoons. Waste needles were set to maintain the lagoon volume at 20-25 mL, and 
host cell cultures were flowed in at 20-25 mL per h. Lagoon samples were taken from the waste 
withdrawal line, centrifuged, sterile filtered, and the supernatant was stored at 4 °C.  For the mock 
PACS experiment, lagoon samples were collected at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h. For 
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the DMS PACS experiment, lagoon samples were collected at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, 
48 h, and 72 h.  

PACE was performed in a similar fashion to PACS experiments, with some differences. S1030 
cells were transformed by electroporation with the positive selection plasmid (31-69), the negative 
selection plasmid (20-6), and the additional in vivo mutagenesis plasmid MP6.50 A 5 mL starter 
culture was grown to saturation overnight In LB media supplemented with 50 μg/mL carbenicillin, 
33 μg/mL chloramphenicol, 40 μg/mL kanamycin, 7.5 μg/mL tetracycline, and 20 mM glucose. 
For the PACE reversion experiment, 40 μL of single clonal phage populations of each RNAPN – 
RAF R89L, K84E, or Q66K phage were used to inoculate sperate fresh lagoons. Mutagenesis 
was initiated by the direct addition of arabinose (20% w/v in water) into each lagoon at a rate of 
0.5 mL per h. Lagoon samples were taken at 24 h. 

 

Preparing PACS library Amplicons for HTS 

Amplicons for HTS on the Illumina MiSeq platform were prepared by amplifying the gene of 
interest from the phage supernatant of the initial RAF phage library and each time point collected 
during the DMS experiment using PCR. For the first PCR (PCR 1), additional diversity was added 
with a variable sequence of 6-9 nucleotides, and complementary regions to the i7 and i5 Illumina 
TruSeq adaptors were added using the indicated primers below. Briefly, 50 μL PCR reactions set 
up with the following final concentrations:  1 μL phage supernatant, 0.5 μM forward primer, 0.5 
μM reverse primer, 1x standard NEB Q5 HF buffer, 0.2 mM dNTPs, 0.02 U/μL NEB Q5 HF 
polymerase. The thermocycler conditions utilized an initial denaturation step (98°C, 1 min) 
followed by 5 cycles of denaturation (98°C, 10 sec), annealing (60°C, 15 sec) and extension 
(72°C, 10 sec), and a final extension (72°C, 2 min). The PCR product was purified using a Zymo 
clean and concentrator kit, and eluted in 20 μL of water.  

Primers for PCR 1:   

The italic sequence is the region complementary to the immediate upstream and 
downstream region of the mutagenized RAF gene. The bold region is the random 
sequence of either 6 (pictured) to 9 nucleotides. The underlined region in the forward and 
reverse primers are the complementary regions for the Illumina TruSeq i7 adaptor and the 
i5 adaptor, respectively. 

Forward primer:   

5’ – GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT – NNNNNN – 
TCTGGCTCTGGCTCGAGC – 3’  

Reverse primer:   

5’ – ACACTCTTTCCCTACACGACGCTCTTCCGATCT – NNNNNN – 
ACAACACTCCGGCTGCAG – 3’ 

The i7 and i5 Illumina TruSeq adaptors were added using PCR to give each time point from each 
replicate lagoon a unique i7/i5 barcode combination to allow for sample multiplexing. Briefly, 50 
μL PCR reactions set up with the following final concentrations:  1.25 μL purified PCR 1 product, 
0.5 μM forward primer, 0.5 μM reverse primer, 1x standard NEB Q5 HF buffer, 0.2 mM dNTPs, 
0.02 U/μL NEB Q5 HF polymerase. The thermocycler conditions utilized an initial denaturation 
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step (98°C, 1 min) followed by 10 cycles of denaturation (98°C, 10 sec), annealing (58°C, 15 sec) 
and extension (72°C, 10 sec), and a final extension (72°C, 2 min). The PCR product was 
visualized using DNA agarose gel to verify the generation of the correctly sized product, and was 
purified using a Zymo clean and concentrator kit, and eluted in 20 μL of water.  

The dsDNA concentration was determined using a QuBit dsDNA high sensitivity (HS) assay kit 
(Invitrogen, Ref Q32854). The purified PCR products were then pooled into a single DNA library 
by combining equal amounts of each PCR product into a single sample. The combined library 
was then purified using a Zymo clean and concentrator kit to remove additional salts as measured 
by a nanodrop (260/230 ratio:  2.0; 260/280 ratio:  1.8), then the dsDNA concentration was 
determined using the QuBit dsDNA HS assay kit (Invitrogen, Ref Q32854). The library was then 
diluted to a final concentration of 4 nM with water, which was stored in -20°C. 

The amplicon library was prepared the day-of for HTS on the Illumina MiSeq platform using the 
Illumina MiSeq v2 reagent kit (300 cycles, MS-102-2002) and the associated “MiSeq:  Denature 
and Dilute Libraries Guide” from Illumina. The procedures outlining how to prepare a final library 
concentration of 10 pM for the Illumina MiSeq V2 kit with a 25% PhiX spike in control were used. 
This mixture was kept on ice until run on the Illumina MiSeq instrument following the procedures 
outlined in the “Sequencing Analysis Viewer v2.4” guide for paired end reads. 

 

HTS Data Processing 

Initial data processing was performed on the Illumina MiSeq instrument using the Sequencing 
Analysis Viewer v2.4 software to demultiplex pooled samples based on their i7 and i5 indexes.  

The demultiplexed fastq.gz files were downloaded, unzipped, and subjected to a standard data 
processing pipeline using a Python script (available upon reasonable request). Briefly, paired end 
reads were merged using the FLASH program61 using the default parameters. Afterwards, all 
reads were trimmed to the open reading frame of the RAF protein sequenced (aa 52-90). Next 
the length of the trimmed reads and quality scores were determined. Those below a length of 100 
nucleotides (trimmed sequence length is 117) or with a greater than 5% chance of not containing 
a sequencing error were removed from the data set. The nucleotide sequences were then 
translated into amino acid sequences, and each amino acid sequence with their total observed 
count was stored as our final data set used for further analysis.  

Functional Score Calculation 

The final data set was used for functional score calculation, which were calculated by first 
determining the frequency of each sequence for a given time point. To avoid issues with future 
data processing of variants that were unobserved in the initial library, sequence counts for each 
variant x at time t had an arbitrary value of 1 added. 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑜𝑓	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡 =
(𝑠𝑒𝑞𝑢𝑛𝑐𝑒	𝑐𝑜𝑢𝑛𝑡𝑠	𝑓𝑜𝑟	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡) + 1

𝑡𝑜𝑡𝑎𝑙	𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒	𝑐𝑜𝑢𝑛𝑡𝑠	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡
 

Functional scores were then determined by dividing the frequency of variant x at time t, by the 
frequency of variant x at time 0 (the observed counts for the initial library).  
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𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙	𝑠𝑐𝑜𝑟𝑒	𝑜𝑓	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡 =
𝑓𝑟𝑒𝑞𝑢𝑛𝑐𝑦	𝑜𝑓	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡
𝑓𝑟𝑒𝑞𝑢𝑛𝑐𝑦	𝑜𝑓	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	0

 

Generation of Global Functional Score Plots 

Global plots of functional scores over time were generated using a Python script. All sequences 
that appeared at any time over the course of the selection were given an arbitrary functional score 
of 1 at time 0 h to account for variants that appeared at later time points that were unobserved at 
the initial time point. Frequencies of each variant were calculated using the modified equation 
below. Any sequence below a calculated frequency of 0.001 was given a value of 0.001; this value 
was used because it was determined to be the minimum threshold frequency above the stochastic 
noise observed in the dataset. Functional scores were calculated as above, and plotted as the 
log10 of the functional score.  

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑜𝑓	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡 =
𝑠𝑒𝑞𝑢𝑛𝑐𝑒	𝑐𝑜𝑢𝑛𝑡𝑠	𝑓𝑜𝑟	𝑣𝑎𝑟𝑖𝑎𝑛𝑡	𝑥	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡

𝑡𝑜𝑡𝑎𝑙	𝑐𝑜𝑢𝑛𝑡𝑠	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡
 

 

Generation of Amino Acid Distribution Heat Maps 

Amino acid distributions at each position for a given time point were determined using a Python 
script. An additional data processing step was performed on the final data set to remove any 
truncated proteins that had a premature stop codon; this was done by removing any sequences 
without an exact sequence length of 39 amino acids. The fraction of each amino acid present at 
each position was determined for each time point. These values were exported into excel where 
heat maps where generated.  

The relative enrichment values for a particular amino acid z at a given position were calculated 
using the 72 h time point from the selection. This was done by taking the ratio of the percentage 
of amino acid z at 72 h over the percentage of amino acid z at 0 h in reference to the ratio of the 
wt amino acid (see equation below). The relative enrichment values were utilized to construct 
color coded heat maps showing the functional consequence of these amino acid substitutions. 
Any amino acid that wasn’t observed in the data set for either the 0 h or 72 h time points, was 
colored gray. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡	𝑣𝑎𝑙𝑢𝑒

= logAB C
%	𝑎𝑎	𝑎𝑡	𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑥	𝑎𝑡	72	ℎ
%	𝑎𝑎	𝑎𝑡	𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑥	𝑎𝑡	0	ℎ

H − logAB C
%	𝑤𝑡	𝑎𝑎	𝑎𝑡	𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑥	𝑎𝑡	72	ℎ
%	𝑤𝑡	𝑎𝑎	𝑎𝑡	𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑥	𝑎𝑡	0	ℎ

H 
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