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Abstract

Splitting proteins with light- or chemically-inducible dimers provides a mechanism for post-
translational control of protein function. However, current methods for engineering stimulus-
responsive split proteins often require significant protein engineering expertise and laborious
screening of individual constructs. To address this challenge, we use a pooled library approach
that enables rapid generation and screening of nearly all possible split protein constructs in parallel,
where results can be read out using sequencing. We perform our method on Cre recombinase with
optogenetic dimers as a proof of concept, resulting in comprehensive data on split sites throughout
the protein. To improve accuracy in predicting split protein behavior, we develop a Bayesian
computational approach to contextualize errors inherent to experimental procedures. Overall, our
method provides a streamlined approach for achieving inducible post-translational control of a
protein of interest.
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Introduction

The ability to control protein function is important for gaining insight into native biological
systems and also engineering novel synthetic functions. Chemical inducers enable dose-responsive
regulation of protein activity in response to small molecules, thus offering a versatile means of
control. Optogenetic control offers an additional level of functionality since light can provide a
reversible and precise input to enable temporal control over protein function. Both chemosensory
and optogenetic approaches have been widely used in diverse fields ranging from biological
discovery to engineering.!1°

Signal response times are particularly important for optogenetic protein tools because primary use
cases center around controlling temporal changes.!'"!> Because of this, post-translational
mechanisms offer an attractive option for synthetic tools, because they avoid time delays
associated with transcription and translation. Several studies have achieved post-translational
control by splitting proteins with stimulus-responsive dimers.?”!¢ In the case of post-translational



optogenetic control, light-responsive dimers are commonly used.!”2° In this approach, proteins
are translated in two separate halves that are inactive. Each half is fused with a light-responsive
dimer, which dimerize in response to light exposure. For example, Nihongaki ef al. introduced a
Cas9 split with optogenetic dimers that can perform RNA-guided gene edits or gene repression in
response to light.!? The split site where the optogenetic domains are incorporated within the protein
of interest determines if the design is light-responsive, leaky, or non-functional. Deciding where
to split the protein is often challenging, necessitating laborious screening of many split sites chosen
based on structural information to find a functional construct.”!%2! Computation approaches exist
to predict functional split sites, which can assist in choosing candidates for testing.?> However,
these models are not always accurate and do not take into account the dimer domains used, which
can influence split site functionality.?!

In principle, the challenge of identifying where to insert optogenetic domains is more tractable and
limited in scope in comparison to other protein engineering endeavors, such as mutagenesis
screens or directed evolution studies. The number of constructs to test is on the order of the number
of amino acids in the protein of interest (hundreds to thousands). Consequently, we reasoned that
the challenge of identifying functional split sites could be addressed efficiently with a parallelized
approach by screening all possible split sites in a pooled library (Fig. 1).

To simplify the library construction process, we used a pooled approach to generate variants with
proteins split at all possible sites. Mahdavi ef al. demonstrated that split libraries can be generated
and screened with transposon mutagenesis.?> However, their work identifies split proteins that
spontaneously combine, which is valuable in certain contexts, but not ideal for post-translation
control of protein function. In order to generate libraries capable of input-responsiveness, domains
also need to be inserted into the protein of interest with minimal scarring to facilitate functional
translation and folding. Nadler et al. created a library generation method called domain insertion
profiling combined with sequencing, or DIP-seq, that utilizes a MuA transposase to insert a
modified transposon randomly within a sequence of interest (Fig. 2a).2* The transposon contains a
chloramphenicol resistance (CmR®) gene flanked by Bsal sites, a type IIS restriction enzyme site
that allows the Cm® sequence to be swapped out for a desired insertion sequence at a later stage.
This cloning scheme generates a library of constructs where a domain is inserted comprehensively
into a plasmid to create a transposon insertion library. To isolate insertions that are within the gene
encoding the protein of interest, BsmBI restriction enzyme sites flanking the region are used to
excise the sequence and clone it into an expression vector using a golden gate reaction® to create
an expression library. The transposon fragment within these plasmids is then replaced with the
domain that will be incorporated into the protein of interest. In their study, Nadler et al. inserted a
fluorescent protein domain into a protein that binds trehalose to create a fluorescent biosensor.?*
We reasoned that the DIP-seq technique could be modified to create split protein libraries by
instead inserting two dimerization domains with an internal ribosome binding sequence (RBS),
such that the resulting constructs are expressed as two proteins (Fig. 2b).

Here, we demonstrate this method of creating and screening split proteins in pooled libraries. As
a proof of concept, we profiled split sites for Cre recombinase, a widely-used protein in genetics
and synthetic biology that enables site-specific gene recombination, inversion, or excision.?%?’” We
split Cre and inserted light-responsive dimer domains, called ‘magnets’,>° and comprehensively

profiled for activity in response to blue light. We then used pooled sequencing to link split site



library distributions to functional behavior of individual split proteins. To analyze the datasets
output from our workflow, we designed a Bayesian inference approach to output predictions on
the functionality of individual split sites. This approach is capable of managing several sources of
error that arise experimentally, such as heterogeneous library distribution and spurious cell sorting
events, and provides a probabilistic prediction about whether a given split site is likely to be a
functional hit. We validated the approach by individually characterizing several split proteins that
the model predicted to be hits, leaky variants that are not light-responsive, or non-functional
results. In sum, we describe a method to create post-translational optogenetic control. This
approach should be generalizable to other proteins or inducible dimer domains of interest.

Results
Design of parallel split Cre screening

To create a split Cre recombinase library, we applied the modified domain insertion approach to
construct a staging plasmid containing the Cre coding sequence with a 17 amino acid N-terminal
truncation as described in Jullien ez al.? (Tables S1-S3). We created a transposon insertion library
by integrating the modified transposon randomly into a Cre staging plasmid using MuA
transposase, as described above (Fig. 2a-b). Once the Cre-transposon fragment was cloned into an
expression vector, the transposon sequence was replaced by an insertion fragment containing the
optogenetic ‘magnet’ heterodimers (pMag and nMagHigh1) with an RBS between the dimers (Fig.
2¢).2% The insertion fragment was designed such that, when inserted in-frame, glycine-serine
linkers are incorporated between the Cre coding sequence and each magnet (Table S2-S3). A five-
nucleotide sequence from Cre is duplicated during the transposon reaction and the insert fragment
was designed to maintain an open reading frame for the N-terminal and C-terminal split Cre
fragments (Fig. S1). Sequencing of the initial split Cre expression library confirmed that the Cre
sequence was comprehensively split, with >85% (282 out of 326 codons) of total split possibilities
present (Table S4).

As a readout to measure recombination activity, we designed the expression vector to contain a
fluorescent reporter (Fig. 2¢). The reporter contains a transcriptional terminator flanked by /oxP
sites placed in between a constitutive promoter and the gene encoding superfolder GFP (sfgfp).
Without active Cre, the terminator blocks transcription of sfgfp. Cre-mediated recombination
excises the terminator resulting in a 129-fold increase in green fluorescence (Fig. 2d).

Using our expression library containing Cre recombinase split at the majority of amino acids, we
next subjected the library to an experimental workflow devised to test the behavior of each variant
of split Cre in parallel (Fig. 2e). Since the expression plasmid contains a fluorescent reporter for
Cre activity, the activity of a given split Cre variant can be linked to the sequence that generated
the cutting. Using fluorescence-activated cell sorting (FACS), we sorted cells based on Cre activity
and sequenced the plasmid populations to determine which split Cre variants were present.
Specifically, we divided the pooled library into two equal parts and subjected one to blue light
exposure while the other was kept in the dark. Using FACS, we separated cells that expressed GFP
(denoted +GFP) and from those that did not (-GFP) for each light treatment condition. By treating
the library with blue light or keeping it in the dark prior to sorting, we reasoned that we could
compare populations to determine which split sites were light-responsive (Fig. 2e). We performed



next generation sequencing on each of the four libraries (Light/+GFP, Light/-GFP, Dark/+GFP,
Dark/-GFP) and filtered for reads that contained the interface between the Cre coding sequence
and either pMag or nMagHigh1 to identify the split protein variants present in each library. Counts
for these filtered reads were greater than 10* for each of the four libraries (Table S4).

Experimental error and Bayesian modeling

We considered three possible phenotypes for each split Cre variant: a hit (active in the light but
not in the dark), leaky (active even in the dark), or non-functional (inactive in the light and the
dark) (Fig. S2). Our initial hypothesis was that by comparing the Light/+GFP population to the
Dark/+GFP population, it would be straightforward to identify hits. However, initial attempts at
analyzing these populations through simple measures, such as dividing the proportion of each split
site in the Light population by the proportion in the Dark population to identify hits proved
inaccurate. Simple analysis measures like this were prone to false positive hit predictions
stemming from low coverage of certain sites due to low sequencing read counts associated with
some split variants, with low or null read counts on either Light or Dark populations strongly
affecting these ratiometric calculations. Therefore, we examined our experimental workflow for
sources of error that could be causing inaccurate predictions and identified three major factors that
can contribute to error. First, variants are represented in the naive libraries prior to cell sorting with
widely heterogeneous abundances, spanning several orders of magnitude in relative proportion
(Fig. S3). Consequently, a substantial proportion of variants are present in low quantities because
of uneven sampling of each variant. In an ideal scenario, this distribution would be uniform across
the split sites. Second, the sorting process can be error prone, sorting variants into the wrong
populations (e.g. a variant that is -GFP will be sorted into +GFP). Third, the sequencing process
draws sequencing reads randomly from each population distribution, which introduces intrinsic
sampling noise.

To manage these experimental realities, we expanded our workflow and analysis in two directions.
First, we used sequencing data not just from Light/+GFP and Dark/+GFP populations, but also
Light/-GFP and Dark/-GFP populations. By incorporating these additional populations, we were
able to utilize several additional comparisons to double check if a conclusion from a single
comparison was the result of an error (Fig. S4). For example, comparing the Light/-GFP to Dark/-
GFP may also reveal hits through the absence of variants in the Light/-GFP population. Comparing
Light/+GFP to Dark/-GFP can be used to reveal leaky variants. Second, we incorporated Bayesian
modeling into our analysis, which assigns phenotypic probabilities to each split site based on
sequencing read counts to predict performance of each split (Supplementary Text). Bayesian
modeling provides a framework for incorporating all the data from the naive and sorted
populations to produce predictions that combine all the available information, instead of relying
on empirical pairwise comparisons between populations. A custom Bayesian model additionally
allowed us to explicitly describe the sources of error present in the system, including those that are
intrinsic or result from inaccurate observations. Finally, the fact that the results are probabilistic
reflects the degree of confidence that one is allowed to expect from a particular dataset: a split site
represented in low abundance in the population will result in predictions that do not differ much
from the uninformed hypothesis, while an abundant split site might be associated with a more
confident prediction.



Split Cre mapping and validation

Using our data analysis improvements, we were able to predict the performance of nearly all split
sites in the library, resulting in a Cre ‘split map’ (Fig. 3a). In our Bayesian approach, each split
site is designated with a probability for which it will behave as a hit, leaky, or non-functional
variant. We noted that our predictions aligned well with known split Cre data from literature. For
example, the split at amino acid 59 has been validated as a light-responsive Cre construct with
magnets.?!?8 Additionally, a study from Weinberg et al. identified multiple functional split sites
in the region between 227-277, which align with the general trends we observe in the split map.’
However, it is important to note that there are differences between the split constructs tested here
and reports from the literature. First, a 5-nucleotide duplication caused during the transposon
reaction adds two extra amino acids to the C-terminal compared to traditional split proteins (Fig.
S1). Also, the expression level and organism likely influence split performance and are specific to
each experimental set up.

To assess the quality of the split map predictions, we constructed several individual split Cre
variants to test light responsiveness. We built 15 different variants, focusing on predicted hits, but
also including some predicted leaky variants, variants where the model prediction was uncertain,
and some predicted non-functional variants. Of these 15 variants, we first identified five split sites
that were light-responsive (Fig. 3b). Each variant is compared to positive and negative controls of
the reporter construct with and without the addition of intact Cre, representing the full range of
recombination. Four out of five of these hits—splits at amino acids 153, 154, 229, and 233—were
predicted as such. One hit—amino acid 233—was predicted to behave as a non-functional split,
however, the model estimated a 22% probability that this split would behave as a hit. When
compared to our previously developed split Cre, Opto-Cre-Vvd,?! split sites 153, 154, 229, and
233 are able to reach higher expression in response to light but display increased dark-state
leakiness (Table S5). Second, an additional five constructs were leaky during individual validation
experiments (Fig. 3c). In this case, two of five leaky splits were predicted accurately as leaky,
while three were predicted to be hits. Therefore, the model is prone to false positives when
predicting light responsiveness but performs well when predicting overall catalytic activity. Third,
we found constructs that behaved as non-functional variants (Fig. 3d). In this case, five out of five
non-functional splits were predicted correctly in the Bayesian analysis.

During the validation process, we uncovered a degree of heterogeneity between colonies. Clonal
replicates behaved similarly, as evidenced by good reproducibility between replicates (Fig. 3b-d).
However, separate colonies of the variant with the split at amino acid 236, which is a hit, responded
differently to light (Fig. S5). Clonal replicates are taken from the same colony after cloning and
separated into different cultures during functional testing. Alternatively, separate colonies can be
taken during the cloning process and used as separate replicates. In all cases, plasmids were
sequenced to verify accurate construction. In the case of 236, one of four colonies displayed a
leaky phenotype, while all others were light-responsive. The leaky phenotype may stem from the
non-reversible nature of the reporter. If the reporter is activated early during the cloning process,
either through an active Cre in the dark state or accidental ambient light exposure, then the +GFP
signal will be maintained indefinitely. The heterogeneity in behavior for an individual split may
contribute to the prediction errors we encountered when analyzing the sequencing dataset because



a given split may behave as several phenotypes. This reality further motivates a Bayesian analysis
approach that assigns probabilities instead of making a discrete phenotypic assignment.

Interestingly, areas of catalytic activity, whether leaky or a hit, appear in clusters within the Cre
sequence (Fig. 3a). To gain structural understanding, we mapped catalytic activity to the structure
of Cre recombinase (Fig. 4a). The functional clusters are primarily in loops between secondary
structures, which may be less likely to disrupt protein function. Also, areas of the binding interface
between monomers all appear as non-functional variants. In this case, steric hindrance from the
dimerization domains may interfere with tetramer formation, rendering the construct non-
functional. Notably, four of five clusters appear on one plane of the Cre structure relative to the
bound DNA (Fig. 4b). In addition, we plotted catalytic activity of each split site against B-factor,
which captures disorder in the crystal structure,> however we did not observe a clear correlation
with activity indicating it cannot be used to aid functional split site predictions (Fig. S6). Overall,
these results demonstrate that our method not only reveals split Cre hits, but supplies holistic
protein information for hit, leaky, and non-functional phenotypes that may be useful for informing
further engineering of Cre or proteins with similar structure.

Discussion

Here, we demonstrate a method of creating and screening split protein libraries. With this
approach, we provide a technique for incorporating post-translational optogenetic control into
proteins without the need for detailed protein engineering expertise or uninformed screening of
variants. Our approach can, in principle, be extended to other proteins of interest given cases where
it is possible to screen or select for functional variants. Although we focus on light responsiveness,
we envision that the experimental workflow and dimer system can be modified to create
chemically responsive split proteins, as well.

In this work, we comprehensively screened Cre recombinase split with ‘magnet’ dimers as a proof
of concept. In addition to matching trends from previous split Cre studies, we were able to identify
several novel light-responsive split sites. We identified intrinsic sources of error in the
experimental workflow that contribute to inaccurate predictions when using basic analysis
methods. By enhancing our sampling and incorporating a Bayesian model of the experimental
error, we make fairly accurate predictions despite these uncertainties in the dataset. We believe
this approach to modelling experimental error could extend to other experimental workflows
where non-uniform library coverage or incomplete readouts are inherent.

Comprehensively splitting a protein leads to greater structural insight compared to testing only a
subset of variants predicted to function. As demonstrated with Cre, data for each amino acid split
variant present in the library can be mapped to structure to identify trends. We found that loops
distant from a dimer interface are optimal to avoid disruption of recombination activity. Extending
our approach to several proteins using various dimerization systems may reveal generalizable rules
that could inform split protein engineering strategies. Datasets generated by parallel approaches
such as ours could also be used to inform computational methods to improve model accuracy.??3%3!



An interesting finding we encountered through validation of individual split constructs was the
potential for a split to have heterogenous behaviors between colonies (Fig. S5). Importantly, our
prediction model is capable of capturing this variation. It is possible that early expression variation
during the cloning process may lead to varying degrees of reporter cutting that are propagated
through the validation experiment. Performing the screen with a low-copy plasmid with a more
tightly controlled promoter may overcome this issue in the future. Also, we chose the magnet
variant nMagHighl which contains a kinetic mutation to increase dimer half-life.?° This may
sensitize the library to accidental ambient light exposure, causing validation heterogeneity.

Our method has several limitations. A downside to creating domain insertion libraries with the
MuA reaction is that the library distribution is highly heterogeneous, meaning each variant is
represented unevenly within the library. Additionally, from a probabilistic standpoint, the majority
of the variants produced are not in frame, which decreases sequencing depth. Consequently, our
prediction accuracy suffered from false positive predictions of several hits that were found instead
to be leaky during validation. Experimental modifications could improve phenotype prediction
accuracy. For example, an alternative method for creating domain insertion libraries, called
SPINE, uses an oligo library approach instead of transposons.’* Using SPINE for split protein
libraries could produce a higher quality starting library, albeit at a higher cost of library creation.
Another limitation of our design is that the split variant is on the same plasmid as the reporter,
which is irreversibly recombined. In practice, this means that our system cannot be subjected to
multiple successive rounds of sorting and sequencing, a strategy that has been beneficial in other
library-based selection approaches.?* Re-designing the reporter construct so that it is present on a
separate plasmid could facilitate multiple rounds of sorting to find enhanced variants. Finally,
although we have focused here on inserting the dimers in a configuration where the N-terminus of
the protein is followed by dimer domain 1, while dimer domain 2 precedes the C-terminus of the
protein, we note that other configurations are possible with straightforward modifications to the
construction process (Fig. S7). In the future, it will be interesting to optimize experimental
protocols associated with the new split Cre variants we identified, for example by testing different
light intensity and duration conditions. There are also potential extensions to our Bayesian
modeling approach. The custom Bayesian model is flexible, making it possible to incorporate
precise assumptions or expert knowledge about the problem or experimental setup. For example,
we modeled the naive distributions from the light and dark exposed cultures (before sorting) as
distinct, but modelling them as a single distribution is also possible. In addition, we heuristically
determined values for the false positive and negative rates of the sorting process, but in principle
the model could infer values for these rates themselves, albeit at the cost of more difficult
numerical evaluation of the posterior.

In summary, this work demonstrates a method to identify functional split sites. Through parallel
screening of many split proteins, it allows researchers to confer post-translational control that is
agnostic to the protein of interest while requiring little protein engineering expertise and reducing
the validation necessary to identify functional variants.

Methods

Strains and plasmids



We created transposon insertion libraries where the chloramphenicol resistance (CmR) gene cat
was inserted randomly in the staging plasmid as described in Nadler et al.* using the following
plasmids with some modifications: pUCKanR-MuA-Bsal (Addgene #79769), pATT-Dest
(Addgene #79770), and pTKEI-Dest (Addgene #79784). The following modifications were made
to the plasmids from Nadler ef al. when creating insertion libraries: An mRFP1 sequence from
pBbE5c-mRFP1 from the BglBrick library®* was added to pATT-Dest using golden gate
assembly?® to create pATT-Dest-RFP (Table S1). This provided an easily distinguishable
difference in insert size during gel extraction when excising Cre-transposon fragments from the
pATT-Dest backbone. The Cre coding sequence was added to pATT-Dest-RFP to create the
staging vector pATT-Dest-RFP-Cre (Table S1). The expression plasmid pTKEI-Dest was
modified using golden gate assembly? to place a Cre GFP reporter into the backbone to create
pTKEI-Dest-loxP-sfGFP (Table S1).

The pMag-RBS-nMagHigh! sequence was introduced on a separate pATT-Dest plasmid to create
pATT-Bsal-pMag-nMagHigh1 that contains flanking Bsal sites, GS linkers, and the pMag-RBS-
nMagHighl sequence (Table S1-S3). The magnet insert was amplified by PCR, followed by a
PCR cleanup before being included in a golden gate reaction with the expression library to create
the final split protein library. At all steps in the library generation process, colony forming unit
(CFU) counts were performed on plates containing appropriate antibiotics to confirm that the
number of transformants was >10° to maintain coverage at least an order of magnitude above the
number of possible insertions. A positive control plasmid containing non-split Cre was created by
replacing the mRFP1 gene from the BglBrick arabinose inducible vector, pBbS8c-mRFP1, with
the Cre coding sequence.* Antibiotic concentrations used for plasmid maintenance were 30 pg/mL
for kanamycin, 100 pg/mL for carbenicillin, and 25 pg/mL for chloramphenicol.

Plasmids are available via Addgene: https://www.addgene.org/Mary Dunlop/
Blue light stimulation

All light exposure experiments were carried out with a light plate apparatus (LPA)3® using 465 nm
blue light. The split Cre library was cultured in Luria broth (LB) with appropriate antibiotics for
plasmid maintenance at 37 °C with 200 rpm shaking and kept in the dark unless being exposed to
blue light in the LPA. Overnight cultures of the split Cre library were diluted 1:500 and precultured
in the dark for 2 hours. The library was then either kept in the dark or exposed to 100 uW/cm? blue
light for 2 hours followed by 3 additional hours in the dark before being diluted again 1:1000 for
overnight growth prior to cell sorting. During validation experiments, single split variants were
treated with the same culture and light exposure procedure. pBbS8c-Cre was co-transformed with
pTKEI-Dest-loxP-sfGFP to serve as a positive control for Cre activity. Green fluorescence
(excitation 480 nm, emission 510 nm) and optical density (OD at 600 nm) readings were taken
using a BioTek Synergy Hlm plate reader after light induction or dark culturing and overnight
growth, as described above.

Cell sorting

Fluorescence-activated cell sorting was carried out on a Sony SH800S cell sorter using a 70 pm
microfluidic chip. Singlet cells were gated based on GFP fluorescence of pTKEI-Dest-loxP-sfGFP



without Cre introduced (reporter only) and pTKEI-Dest-loxP-sfGFP co-transformed with pBbS8c-
Cre (reporter + Cre). Gates are shown in Fig. S8. Each culture, either kept in the dark or light
exposed, was sorted for 200,000 +GFP cells on ultra-purity mode. A total of six libraries: Light or
Dark conditions for +GFP, -GFP, or unsorted (naive) cultures were miniprepped for sequencing.

Sequencing and alignment

Prior to next generation sequencing, each library miniprep was digested with Acll and size-
selected through gel extraction to only contain the portion of the plasmid with Cre and inserted
magnets. Sequencing libraries were prepared using the Illumina DNA Prep kit, according to
manufacturer’s specifications. Libraries were then sequenced on an Illumina MiSeq using 2x150
v2 chemistry. Sequencing reads were trimmed of adapters using Trimmomatic®® v0.39, and a
custom Python script was used to identify Cre insertion loci. Out of frame insertions were filtered
out and not included in downstream analysis. Splits were indexed (18-343) according to the amino
acid sequence in Table S3.

Bayesian modeling

The Bayesian approach uses a generative model to map various sources of uncertainty in the
experimental process. Each split site can be either a hit (H), leaky (L), or non-functional (N), which
are categorical designations. As a prior, for every site i from 1 to 326 (corresponding to amino
acids 18-343) we used:
site; ~ Categorical(H: 2%, L: 8%, N: 90%)

This reflects our expectation that most split sites will be non-functional and hits will be
comparatively rare. We modeled the distribution of split sites in each naive library (Dark and Light
exposed, pre-sorting) as vectors of non-negative values summing to 1, distributed according to a
Dirichlet distribution, which is in good agreement with the sequenced frequencies (Fig. S9):

pp ~ Dirichlet([0.3, ..., 0.3])

p. ~ Dirichlet([0.3, ..., 0.3])
pp 1s the Dark naive distribution and p;, is the Light naive distribution. The model accepts the six
read count distributions (Light naive, Dark naive, Light/+GFP, Light/-GFP, Dark/+GFP, Dark/-
GFP) and returns samples from the posterior distribution of the variables to estimate: the 326 site;,
pp, and p;. We tally the samples for each site; to compute hit, leaky, and non-functional
probabilities. The Bayesian analysis was modeled and sampled by PyMC, a Python Bayesian
inference library.’” An expanded explanation of our modeling approach is provided in the
Supplementary Text.
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Figure Captions

Figure 1. Schematic representation of the split protein library. A protein of interest is split at all
potential amino acid sites and screened in parallel to identify functional split sites that are
responsive to a specific stimulus. Here, the example of light-inducible dimers is used to illustrate
how a split protein can be rendered light-responsive. RBS, ribosome binding site.

Figure 2. Generating and screening split protein libraries. (a) Method for generating expression
libraries with a modified transposon with flanking Bsal restriction enzyme sites. MuA transposase
reactions insert the modified transposon containing the chloramphenicol resistance gene (Cm®)
randomly into the staging vector containing the gene encoding a protein of interest to create a
transposon insertion library. The BsmBI sites are then used for a digestion and gel extraction to
isolate the sequence encoding the protein of interest containing a transposon insertion. This
fragment is used in a golden gate assembly into the expression vector to generate the expression
library. The Acll sites shown are used in a later step to digest the library prior to sequencing. (b)
The modified transposon in the expression library is replaced by dimerization domains with an
internal RBS through a Bsal golden gate reaction to generate a split protein library. (¢) Each library
variant has Cre split by the light-inducible dimers pMag and nMagHighl. The expression vector
for the split Cre library contains a recombinase activity reporter. Cre recombinase excises a
transcriptional terminator placed between a constitutive promoter, Peconst, and the gene encoding
superfolder GFP, resulting in an increase in fluorescence when Cre is functional. (d) Fluorescent
histograms of the Cre expression reporter with and without Cre. (e) Overview of the experimental
workflow used to identify functional split sites within the split Cre library. Libraries are kept in
the dark or exposed to 465 nm blue light and sorted based on fluorescence. Sorted libraries are
sequenced and compared to distinguish activity of each split site. Library distributions from light
exposed and dark populations are compared to uncover individual split site behavior.

Figure 3. Cre recombinase split map predictions and validation. (a) Phenotypic predictions of split
Cre at various amino acid split positions. Each split Cre in the library is assigned a probability of
behaving as a hit (dark green), leaky (light green), or non-functional (gray) variant. Split sites that
were missing from either naive library are left white. (b-d) Validation of individual split Cre
constructs. GFP expression levels with and without exposure to 465 nm blue light are compared
to predictions from the library screen to identify true (b) hits, (¢) leaky, or (d) non-functional split
variants. Controls display GFP expression from the reporter with and without a functional, non-
split Cre, representing the full range of recombination. Error bars show standard deviation around
the mean (n = 3 or 2 biological replicates; individual data points are overlaid on the bar plot).

Figure 4. Split map predictions and protein structure. (a) Regions with several residues predicted
to be catalytically active when split (hit or leaky, highlighted in green) are mapped to the structure
of tetrameric Cre bound to DNA (PDB: INZB). Regions highlighted: aa56-62; aal49-154; aa229-
237; aa242-255; aa273-286. aa, amino acid. (b) Zoomed in structure of a Cre monomer with
catalytically active split sites highlighted in green.
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Supplementary Tables

Table S1. Plasmids used in this study.

Plasmid Origin  Operon Resistance Reference

pUCKanR- | pMB1  RIR2(Bsal)-Pca-catR- CmR !

Mu-Bsal R2R1(Bsal)

pATT- pMBI1  Piac-lacZ, Piacuvs-mRFP1 AmpR This study, derived

Dest-RFP from !

pATT-Dest- | pMB1  cre  (BsmBI  flanked), Amp® This study

RFP-Cre Piacuvs-mRFP1

pTKEI- ColEl  Pic-lacZ, Pwr-loxP-term.- Kan® This study, derived

Dest-loxP- loxP-sfGFP from !

sfGFP

pATT-Bsal- | pMB1  linker-pMag-nMagHighl- ~ Amp® This study

pMag- linker (Bsal flanked)

nMagHighl

pBbSSc- SC101  Ppag-cre CmR This study, derived

Cre from pBbS8c-
mRFP1 2
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Table S2. DNA sequences used in this study.

Gene

Sequence

Cre

Magnet
insert(linker-
pMag-RB5-
nMagHighl-
linker)

Cre reporter

(Pw7- -

terminator-
-sf{GFP)

gccacctetgatgaagtcaggaagaacctgatggacatgttcagggacaggceaggcecttetctgaacacacctgg
aagatgctcctgtctgtgtgcagatcctgggctgcctggtgcaagetgaacaacaggaaatggttcectgetgaac
ctgaggatgtgagggactacctcctgtacctgcaagecagaggectggctgtgaagaccatccaacageaccetggg
ccagctcaacatgctgcacaggagatctggectgectegeccttctgactccaatgetgtgtecctggtgatgagga
gaatcagaaaggagaatgtggatgctggegagagagecaageaggecctggectttgaacgceactgactttgace
aagtcagatccctgatggagaactctgacagatgccaggacatcaggaacctggcecttcctgggeattgectacaa
caccctgcetgegeattgecgaaattgeccagaatcagagtgaaggacatctcccgeaccgatggtgggagaatgctg
atccacattggcaggaccaagaccctggtgtccacagetggtgtggagaaggccctgtecctgggggttaccaaget
ggtggagagatggatctetgtgtctggtgteggctgatgaccccaacaactacetgtictgecgggtcagaaagaatg
gtgtggctgccccttetgecacctecccaactgteccaccegggecctggaagggatctttgaggccacccacegectga
tctatggtgccaaggatgactctgggcagagatacctggectggtctggecactetgeccagagtgggtectgccagg
gacatggccagggctggtgtetccatccetgaaatcatgecaggetggtggctggaccaatgtgaacattgtgatgaac
tacatcagaaacctggactctgagactggggccatggtgaggctgctcgaggatggegac
gcatcgggttctggaggctcaageggatcacacactctttacgeccctggaggatacgacattatgggatatt
tgcggcagattaggaaccgeccaaaccctcaggtcgaactggggcectgtggacacgteatgtgecctgatectgtgeg
atctgaagcaaaaggacactccgatcgtctacgectcggaagcecttcttgtatatgaccggatacagcaatgcagagg
tgctcggeaggaactgeagattcctgeagtecccecgacgggatggtgaaaccaaagtcgactcgeaaatatgtggact
cgaacacgatcaacaccatgcggaaggccatcgaccggaacgcecgaggtccaggtggaggteotcaactttaagaag
aacggccagceggttcgtgaactttctgaccatgatticcggtccgggatgaaaccggagagtacagatactccatgggat
tccagtgcgaaacagaa atgcatacactttacgctcctgggggctacga
catcatgggctatttggatcagattggcaatcgcccgaatccacaggttgaattagggccagtegatacgtegtgegeact
gattttgtgtgatttaaagcaaaaggataccccaattgtttacgcgagtgaggcgtttctgtatatgacgggctactcaaat
geggaggtacttggecgeaactgtegettettacaatcgecggacggceatggtaaagectaagtcaactcgtaaatacgt
tgactccaacactatcaatacaattcgcaaagcgatcgatcgcaacgecagaggtccaggtggaggttgttaactttaaga
agaatgggcaacgcttcgtgaattttcttacgattattccggttcgtgacgaaaccggegaatategttactctatggggtt
ccagtgtgaaaccgaaggtggcggaggtagegcegt
ttatcaaaaagagtattgaaataaagtctaacctataggaagattacagccatcgagagggacacggegaa

ccaggcatcaaataaggatccaaactcgagtaaggatctccag
gcatcaaataaaacgaaaggctcagtcgaaagactgggcctticgttttatctgttgtttgtcggtgaacgctcetctac
tagagtcacactggctcaccttcgggtgggcctttctgegtttatace
attttaagaaggagatatacatatgcgtaaaggcgaagagcetgttcactggtgtcgtecctattctggtggaact
ggatggtgatgtcaacggtcataagttitccgtgcgtggecgagggtgaaggtgacgcaactaatggtaaactgacget
gaagttcatctgtactactggtaaactgccggtaccttggccgactetggtaacgacgetgacttatggtgttcagtgct
ttgctcgttatccggaccatatgaagcagceatgacttcttcaagtccgecatgecggaaggctatgtgcaggaacgeac
gatttcctttaaggatgacggcacgtacaaaacgegtgecggaagtgaaatttgaaggegataccctggtaaaccgeat
tgagctgaaaggcattgactttaaagaagacggcaatatcctgggccataagetggaatacaattttaacageccacaa
tgtttacatcaccgccgataaacaaaaaaatggcattaaagcgaattttaaaattcgccacaacgtggaggatggcag
cgtgcagetggcetgatcactaccagcaaaacactccaatcggtgatggtectgttctgectgecagacaatcactatetg
agcacgcaaagcgttctgtctaaagatccgaacgagaaacgcegatcatatggtictgetggagttcgtaaccgecage
gggcatcacgcatggtatggatgaactgtacaaataa
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Modified tgcatcggagaccgaaaaacgcgaaagegtttcacgataaatgecgaaaacggatcgatecttttcgaccgaataaata
transposon cctgtgacggaagatcacttcgcagaataaataaatcctggtgteectgttgataccgggaagecctgggcecaacttttg
gcgaaaatgagatgttgatcggcacgtaagaggttccaactttcaccataatgaaataagatcactaccgggegtatttt
ttgagttgtcgagattttcaggagctaaggaagctaaaatggagaaaaaaatcactggatataccaccgttgatatatce
caatggcatcgtaaagaacattttgaggcatttcagtcagttgctcaatgtacctataaccagaccgttcagetggatatt
acggcctttttaaagaccgtaaagaaaaataagcacaagttttatccggectttattcacattcttgeccegectgatgaat
gctcatccggaattacgtatggcaatgaaagacggtgagetggtgatatgggatagtgttcacccttgttacacegttttee
atgagcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttccggcagtttctacacatatattcgcaaga
tgtggcgtgttacggtgaaaacctggectatttccctaaagggtttattgagaatatgtttttcgtgtcagecaatceetgggt
gagtttcaccagttttgatttaaacgtggccaatatggacaacttcttcgeccccgttttcaccatgggcaaatattatacgea
aggcgacaaggtgctgatgecgetggegattcaggttcatcatgecgtttgtgatggcttccatgtcggcagaatgettaatg
aattacaacagtactgcgatgagtggcagggcgggecgtaatttttttaaggcagttattggtgcecttaaacgectggttge
tacgcctgaataagtgataataagcggatgaatggcagaaattcgaaagcaaattcgacccggtegtecggttcagggceag
ggtcgttaaatagecgcettatgtetattgetggtttaccggtttattgactaccggaageagtgtgaccgtgtgcttctcaaatg
cctgaggccagtttgctcaggcetctcececgtggaggtaataattgacgataggatcgateegttttcgeatttatcgtgaaacg
ctttcgegtttttcggtctecgegtea
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Table S3. Amino acid sequences. * Indicates stop codon. (RBS) indicates a ribosome binding

site

Protein

Sequence

Cre
(indexed
18-343)

Magnet
insert
(linker-
pMag-
nMagHigh1-
linker)

ATSDEVRKNLMDMFRDRQAFSEHTWKMLLSVCRSWAAWCKLNNRKWFPAEPEDVRD
YLLYLQARGLAVKTIQQHLGQLNMLHRRSGLPRPSDSNAVSLVMRRIRKENVDAGERAK
QALAFERTDFDQVRSLMENSDRCQDIRNLAFLGIAYNTLLRIAEIARIRVKDISRTDGGRML
IHIGRTKTLVSTAGVEKALSLGVTKLVERWISVSGVADDPNNYLFCRVRKNGVAAPSATSQ
LSTRALEGIFEATHRLIYGAKDDSGQRYLAWSGHSARVGAARDMARAGVSIPEIMQAGG
WTNVNIVMNYIRNLDSETGAMVRLLEDGD

ASGSGGSSGSHTLYAPGGYDIMGYLRQIRNRPNPQVELGPVDTSCALILCDLKQKDTPIVY
ASEAFLYMTGYSNAEVLGRNCRFLQSPDGMVKPKSTRKYVDSNTINTMRKAIDRNAEVQ
VEVVNFKKNGQRFVNFLTMIPVRDETGEYRYSMGFQCETE * MHTLYAPGGY
DIMGYLDQIGNRPNPQVELGPVDTSCALILCDLKQKDTPIVYASEAFLYMTGYSNAEVLGR
NCRFLQSPDGMVKPKSTRKYVDSNTINTIRKAIDRNAEVQVEVVNFKKNGQRFVNFLTIIP
VRDETGEYRYSMGFQCETEGGGGSAS
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Table S4. Read counts associated with each split site for each of the six sequenced libraries. In
all cases, data are listed sequentially for splits indexed 18-343 according to the amino acid
sequence in Table S3.

Data are provided in Table S4.xlsx
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Table S5. Comparison of hits from this study to Opto-Cre-Vvd from Sheets, et al.’, normalized

to respective reporter controls, with the negative and positive control values representing 0 and 1,

respectively.

Split Cre variant

Dark
(fluo. normalized)

Light
(fluo. normalized)

Source

Opto-Cre-Vvd

0.03

0.86

Sheets, et al.?

153 0.16 1.13 This study
154 0.23 1.08 This study
229 0.25 1.13 This study
233 0.20 1.17 This study
236 0.00 0.58 This study
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Supplementary Figures
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Figure S1. Schematic of transposon insertion. MuA-mediated transposition results in a 5
nucleotide duplication of the Cre sequence and addition of a 2 nucleotide scar on the 5’ and 3’

ends of the transposon. Replacement of the transposon with the magnet dimer domains through a

Bsal golden gate maintains the open reading frame with flexible linkers connecting N- and C-
terminal fragments of Cre with pMag and nMagHighl, respectively. R2R1 sites are sequences

recognized by MuA transposase and necessary for transposition.
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Split phenotype
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Figure S2. A split Cre construct can function as one of three phenotypes using the GFP Cre
reporter: 1) Hit: Cre recombinase activity is light responsive. 2) Leaky: Cre is active even in the
dark, 3) Non-functional: Cre is inactive in dark and light conditions.
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Figure S3. Distribution of split sites in the Light-exposed naive library prior to fluorescent
activated cell sorting.
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Figure S4. Schematic detailing the makeup of split phenotypes expected to be present in each

population after sorting. Sorting error, e, leads to spurious events, e.g. non-functional splits

present in the +GFP populations. Three ratio comparisons of the resulting distributions can be

used to extract information from the libraries to overcome variation stemming from sorting

errors and under sampled variants. Light/+GFP compared to Dark/+~GFP will reveal hits,
Light/+GFP compared to Dark/-GFP provides information about possible leaky variants, and

Light/-GFP compared to Dark/-GFP will reveal hits.
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Figure S5. GFP expression levels with and without exposure to 465 nm blue light in four
colonies of split Cre 236 tested in parallel. Controls display sfGFP expression from the reporter
with and without the addition of functional, non-split Cre. Error bars show standard deviation

around the mean (n = 3 replicates).
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Figure S6. Probability of catalytic activity (hit or leaky) plotted against B-factor for residues in

the Cre structure (PDB: INZB).
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Alternative design:

This study RBS insertion only

«l/l
<« l/-

N-terminus-Dimer1, Dimer2-C-terminus Dimer1-N-terminus, C-terminus-Dimer2

Dimer Dimer
domain1 RBS domain 2 Protein of interest

Dimer Dimer
domain 1 RBS Protein of interest domain 2

Figure S7. Alternative library construction design. In this study, the inserted fragment consists
of Dimer1-RBS-Dimer2, which results in the following configuration: N-terminus-Dimerl,
Dimer2-C-terminus. By instead flanking the protein of interest with the dimer domains and only
inserting an RBS fragment, an alternative configuration can be created as follows: Dimer1-N-
terminus, C-terminus-Dimer2.
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Figure S8. Sorting gates used for -GFP and +GFP cell sorting. Cells containing the reporter only
or the reporter plus a non-split Cre were used as negative and positive controls, respectively, to
set gating thresholds. Light exposed and Dark library GFP distributions are shown and were
sorted using these thresholds.
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Light naive library

B p ~ Dirichlet([1, ..., 1])
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Figure S9. Choosing a Dirichlet prior of parameter [0.3, ...,

0.3] for the Light-exposed naive

library distribution reproduces the experimentally observed dispersion well. The bars represent

the 94% highest-density interval of the simulated results.
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negative sorting error rates. Error rates (top to bottom): 5%, 10%, 25%, and 40%. Note that 25%
is the value used in Fig. 3a. Low error rates are more selective; with high error rates the model to

labels more sites as active. Note that 50% error rate case corresponds to a degenerate case where

Figure S10. Sensitivity of the analysis results to the values of the false positive and false
cells are sorted randomly, independently of the GFP expression.



Supplementary Text — Bayesian Modeling
Bayesian modeling

We developed the statistical model as a generative model, i.e. a mapping in probabilistic terms
of our knowledge of the experimental process. The experiment is highly random, and every step
creates a probability distribution related to some of the previous distributions. The model creates
the distributions and describes how they relate to each other.

Nature of the split sites

Every site i € [1, 326] (corresponding to amino acids 18-343) can be a hit (H), leaky (L), or non-
functional (N) variant. This is described by a categorical distribution. We give prior probabilities
to H, L, and N according to the proportions: 2% hits, 8% leaky, and 90% non-functional, which
is based on empirical observations.

site; ~ Categorical(H : 2%, L : 8%, N : 90%)
Distribution of the naive populations

The split sites are generated by a random process with a non-uniform distribution. We adapted
the Dirichlet probability distribution to describe a prior over this initial split site distribution. The
parameter of a Dirichlet distribution is a vector of N numbers, where N is the number of
categories (here 326 possible split sites). Because we do not want to favor any split site a priori,
we leave all 326 numbers equal to the same value, the only adjustment being the shared value a.
We create two naive distributions: p;, for the Light-exposed naive library, and p, for the Dark-
exposed naive library.

pLp ~ Dirichlet ([a, ..., a])

Modeling the plasmid sequencing process as a multinomial sampling over the naive library, we
can describe the naive light and dark read counts as follows, where N is the total number of read
counts (sequencing depth):

(L, D) ~ Multinomial (N, p; p)
Where L and D are vectors of 326 length with read counts corresponding to the abundance of a
given variant. This allows us to simulate read counts that we would observe from Dirichlet-
distributed naive distributions (Fig. S9). Comparing these simulations to experimental data
allowed us to determine an appropriate value for &, where a = 0.3 reproduces the dispersion
observed experimentally in the sequencing of the naive libraries well.

Sorting process

The sorting process happens independently for every cell that passes through the cell sorter.
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Light-treated cells that behave as hits (H) or leaky (L) are sorted as +GFP with a probability 1 —
fn, and -GFP with a probability fn, where fn is the false negative rate. Inversely, light-treated
cells that behave as non-functional (N) are sorted as +GFP with a probability fp, and -GFP with
a probability 1 — fp, where fp is the false positive rate. We fixed both fn and fp at 25%,
following empirical sorting observations. This is however a very conservative estimate, and the
results were not significantly affected by setting these rates to other values between 3% and 40%
(Fig. S10). Note that the closer these error rates are to 50%, the less information is learned from
the experiment and at 50%, the posterior will be identical to the prior.

Introducing (s;”7); the probability that a split site at position i and Light-exposed gets sorted as
+,-GFP, we can write

+ _{1 — fn ifsites; = LorH
(s2)i = fp if sites; = N

and
(s0)i =1— (sf )
Similarly, for the Dark-exposed population,

+ _{1 — fn ifsites; = L
(sp )i = fp if sites; = NorH

and
(sp)i =1— (sp )
From there, we derive the proportions of each cell type in the four sorted populations. For
split site i:

(pL,D)i(st_ )i
Zj(pL,D)j(SZb_)j

)i =

This allows us to finally express the sequencing results of the four sorted populations:
(L,D)*~ ~ Multinomial (N,p; ;)

Model implementation

We implemented the model in Python, with the PyMC library.* The crux of the implementation
is as follows:

with pm.Model():
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#0=H,1=L,2=N
sites = pm.Categorical("sites", [p_hit, p_leaky, 1-p_hit-p leaky], size=326)
p_l=pm.Dirichlet("p 1", [alpha] * 326)
p_d =pm.Dirichlet("p_d", [alpha] * 326)
pm.Multinomial("L", n=sum(df.light), observed=df.light)
pm.Multinomial("D", n=sum(df.dark), observed=df.dark)
s_1=pm.math.stack([1 - fn_rate, | - fn_rate, fp_rate])[sites]
pm.Multinomial("L+", n=sum(df.light_pos),

p=p 1 *s 1/(p_1*s_l).sum(), observed=df.light pos)
pm.Multinomial("L-", n=sum(df.light neg),

p=p 1 *(1-s 1)/ (p_1*(1-s_1)).sum(), observed=df.light neg)

s _d =pm.math.stack([fp_rate, 1 - fn_rate, fp_rate])[sites]
pm.Multinomial("D+", n=sum(df.dark pos),

p=p d*s d/(p_d*s_d).sum(), observed=df.dark pos)
pm.Multinomial("D-", n=sum(df.dark neg),

p=p. d*(1-s d)/(p_d*(1-s_d)).sum(), observed=df.dark neg)

Inference

We ran 4 Markov chain Monte Carlo simulations of 10,000 samples each, preceded by a phase of
burn-in/tuning of the same length.
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