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Abstract

The CRISPR-associated protein Cas9 from Streptococcus pyogenes is an RNA-guided DNA
endonuclease with widespread utility for genome modification. However, the structural constraints
limiting the engineering of Cas9 have not been determined. Here we experimentally profile Cas9
using randomized insertional mutagenesis and delineate hotspots in the structure capable of
tolerating insertions of a PDZ domain without disrupting the enzyme’s binding and cleavage
functions. Orthogonal domains or combinations of domains can be inserted into the identified sites
with minimal functional consequence. To illustrate the utility of the identified sites, we construct
an allosterically regulated Cas9 by insertion of the Estrogen Receptor a Ligand Binding Domain.
This protein displayed robust, ligand-dependent activation in prokaryotic and eukaryotic cells,
establishing a versatile one-component system for inducible and reversible Cas9 activation. Thus,
domain insertion profiling facilitates the rapid generation of new Cas9 functionalities and provides
useful data for future engineering of Cas9.
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Domain insertions—the transfer of coding sequences for unique folds from one open
reading frame (ORF) to another—are common occurrences throughout protein evolution:2,
These events are known to facilitate the diversification and rapid functionalization of new
types of protein modules that fill needed roles in both eukaryotic and prokaryotic genomes?.
In this study we investigated how synthetic domain insertions can be used to functionalize
the programmable endonuclease Cas9 from S. pyogenes (hereafter Cas9).

Cas9 is an RNA-guided, DNA-binding and cleaving protein that has been adapted to enable
the facile modification or perturbation of genes and regulatory and non-coding genomic
elements in a wide variety of organisms*=®. Recently, there have been numerous attempts to
develop Cas9 variants with additional functions by fusing protein domains directly to its N-
or C-terminus’~2. However, the N- and C-termini of Cas9 are within ~40 A of each other,
leaving a large fraction of the protein structure unexplored by termini fusions'911, This
close spatial proximity can lead to steric incompatibility and may explain a relative lack of
activity for many fusions, such as with VP6412. Another solution would be to identify
insertion points within Cas9 that are capable of accepting functional domains, as occurs
naturally in evolution1~3. This strategy would allow the engineering of complex
functionalities. For example, an allosterically regulated Cas9 would permit conditional
control of activity and allow precise interrogation of development, disease progression and
differentiation®613.14,

Here, we profiled the inherent plasticity of the Cas9 structure by examining its ability to
tolerate a synthetic domain insertion while retaining RNA-guided DNA binding activity. An
unbiased Cas9 insertion library was created using randomized transposition (Fig. 1A).
Briefly, an engineered Mu transposon possessing an antibacterial selection marker flanked
by Bsal endonuclease sites was inserted randomly throughout a catalytically inactive Cas9
(dCas9)-containing plasmid by /n vitro transposition (Fig. 1A, Supplementary Fig. 1)1°.
After selection and sub-cloning to isolate plasmids with single transposition events within
the dCas9 ORF, the library was characterized by deep sequencing. This analysis revealed
that the transposition library possessed good insertion coverage, with insertions at >70% of
all possible amino acid (AA) sites observed at least once (Supplementary Fig. 2). Once
isolated, this library was used to construct specific domain insertion libraries by cleavage
with Bsal and re-ligation with DNA fragments containing an ORF of interest. (Fig. 1A,
Supplementary Fig. 1, Supplementary Fig. 2).

The mouse alpha-1-syntrophin, Sntal, PDZ domain (PDZ) was chosen as a proof of concept
insertion domain due to its small size (86 amino acids), well-folded nature and adjacent N-
and C- termini (Supplementary Fig 3A)16:17. We hypothesized that this domain would be
minimally perturbative and act as a molecular ‘potentiometer’— where the capacity to
accommodate a PDZ insertion is indicative of the general insertion potential of a given
amino acid site within Cas9. Moreover, as the PDZs are known protein-protein interaction
domains, PDZ-Cas9s identified here may be further used as protein scaffolds to recruit other
domains for editing, epigenetic modification and activation or repression purposest’
(Supplementary Fig 3B).
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A PDZ domain with flanking amino acid linkers was cloned into the naive library
(Supplementary Fig 1, Supplementary Fig. 2) and passaged through two rounds of a
CRISPRi screen1819, Briefly, cells expressing Red Fluorescent Protein (RFP) and Green
Fluorescent Protein (GFP) were assayed using fluorescence activated cell-sorting (FACS) to
identify Cas9 variants capable of repressing RFP in a single guide RNA (sgRNA)-dependent
fashion (Supplementary Fig 4)18:19, After sorting, the dCas9-PDZ libraries were subjected to
deep sequencing to identify insertion sites. Comparing the transposition and PDZ libraries
revealed that while the unscreened PDZ library was enriched in out-of-frame and reverse
insertions, screening for dCas9-mediated gene repression increased the fraction of in-frame
insertions by ~20 fold (Supplementary Fig 5). We refer to such insertions as ‘productive’
because they produce a full-length insertion protein. Thus, the screen enriched for
productive PDZ-dCas9 insertion constructs.

Calculation of the log,-fold enrichment of insertion sites between the unscreened and final
PDZ insertion library revealed statistically significant (p < 0.1) changes for roughly half of
the amino acid (AA) sites in Cas9 (Fig 1B, C Supplementary Table 1). Domain insertions at
the majority of residues within Cas9 are strongly selected against, with the bulk of clones
falling out of the pool by the second round of screening (Fig 1B, C Supplementary Table 1).
Sites with negative fold changes were highly overrepresented in critical motifs such as the
globular core of Cas9, sgRNA-binding grooves, the bridge helix, the PAM-binding pocket
and the DNA:RNA heteroduplex annealing channel (Fig 1C, Supplementary Fig. 6).
Nevertheless, we identified small local clusters of amino acids that are tolerant to insertions
and recovered a total of 175 statistically significant (p < 0.1) sites enriched = 2-fold (Fig. 1B,
C). When mapped onto the holo Cas9-DNA-RNA crystal structurell, the enriched insertion
sites tend to cluster in discrete regions, often around flexible loops, the ends of helices, and
at solvent-exposed residues. Specifically, hotspots are found in an abundance of Cas9’s
domains: at six clusters within the helical recognition (REC) lobe, the linker between the
REC and nuclease lobes, the HNH domain, three extended sites in the RuvClI|I region and
throughout the PAM interacting (C-terminal) domain (Fig 1B,C, Supplementary Fig. 7).
These insertion sites provide access to both 5’ and 3’ ends of the bound DNA (~10 A) as
well as the groove hypothesized to hold the non-targeted DNA strand10-11, Consequently,
these insertions might allow engineering of specific and functional interactions with bound
DNA. Although insertions are enriched in undefined regions from three different Cas9 x-ray
crystal structures, they also occur in nearly every secondary structure element of Cas9
(Supplementary Fig. 8). This poses the possibility that the oft-used rational design strategy
of inserting domains into flexible loops underestimates the protein space available for
manipulation. Moreover, as the insertions into an alpha-helix or beta sheet presumably
disrupt the secondary structure in these areas, such insertions may be informative in future
efforts to dissect Cas9 structure and function.

In order to confirm the binding activity of dCas9 proteins with PDZ domain insertions,
plasmid DNA for individual clones were isolated, at random, from all stages of the selection
and used to co-transform E£. coli with a GFP-targeting sgRNA-expression plasmid. We found
that effective GFP repression corresponds well with the calculated fold change of the
insertion site; highly enriched clones perform at near wild-type (WT) dCas9 levels (Fig. 1D)
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(Supplementary Fig. 9)!8. To determine whether the PDZ-Cas9 clones also possessed
nuclease activity, the catalytic residues (D10 & H840) were reintroduced and tested in an E.
colibased transformation assay*20. In this assay, nuclease activity leads to genomic
cleavage and cell death. Once again, cleavage activity correlated well with fold change, the
most highly enriched PDZ-Cas9 clones, except for the insertion at amino acid 208,
maintained levels of cleavage-induced cell death similar to WT Cas9 (Fig. 1E)
(Supplementary Fig. 9). Thus, it is possible to insert an entire exogenous domain at
numerous sites within Cas9’s primary sequence while maintaining near-native levels of
activity.

To determine the effect of inserting an orthogonal domain at the sites recovered with the
PDZ screen, we created eight synthetic domain insertions using the mouse SRC Homology 3
domain of adapter protein Crk (SH3)17. The SH3 domain was inserted into highly-enriched
sites (> 10 fold) chosen to represent a diverse sampling of the Cas9 primary sequence. We
found that all clones were functional for GFP repression and seven out of eight were able to
obtain near-native activity levels (Supplementary Fig. 10). Finally, in order to examine the
potential restrictions for domain insertion into Cas9 we surveyed the effect of multiple
domain insertions on Cas9 function. We selected a subset of the PDZ-dCas9 and SH3-dCas9
insertions previously validated, 3 PDZ insertions, a PDZ C-termini fusion and 2 of the SH3
insertions, and created stacked constructs with up to three separate domain insertions and a
terminal fusion. Although greater numbers of insertions and fusions have a perturbative
effect on binding and repression activity, many of the stacked constructs are capable of
repressing GFP to a degree comparable with dCas9 (Supplementary Fig. 10).

The design of synthetic protein switches and sensors is limited by the difficulty of predicting
insertion sites that have the potential to confer allostery?L. Therefore we next explored
whether domain insertion profiling could be used to reveal sites in Cas9 amenable to
allosteric coupling421, As a proof of concept, we chose to use the well-studied Human
Estrogen Receptor a Ligand Binding Domain (ER-LBD; residues 302-552 of ESR1)22-24,
Based on crystallographic data, this domain is known to adopt distinct conformations
dependent on ligand binding; the antagonist-bound conformation places the N- and C-
termini of ER-LBD substantially closer together (~20 A) than either the apo or agonist
bound forms (Supplementary Fig. 11). This conformational switch can serve as a
mechanism by which an allosteric signal is transduced?®.

In order to create an allosterically-regulated Cas9 (arC9), the ER-LBD was introduced into
the naive dCas9 transposition library in the manner previously described and passaged
through a modified version of the CRISPRi-based screen. Briefly, a positive screen in the
presence of ligand 4-hydroxytamoxifen (4-HT; antagonist) was carried out, followed by a
negative screen for loss of activity in the absence of ligand (Fig 2A). Clones were recovered
by plating, re-transformed with a sgRNA targeting GFP, and assayed for repression in £.
coli. We identified an insertion site at AA 231 that demonstrated a 4-HT-dependent decrease
in GFP fluorescence, indicating switch-like behavior (Supplementary Fig. 12). Notably, this
site was also enriched during the PDZ profile of Cas9 (Supplementary Table 1).
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Insertion of ER-LBD at AA 231 (arC9:231) was first characterized in £. coli. A catalytically
dead arC9:231 (darC9) exhibited 4-HT dose-dependent repression of GFP with a ~10 fold
change in activity in pooled and single cell experiments (Fig. 2B, C). Therefore darC9
represents a tunable CRISPRI effector. darC9 also exhibited clear ligand discrimination.
CRISPRi-based GFP repression increased with ligands that encourage the ER-LBD to enter
an antagonist conformation, 4-HT and nafoxidine, as opposed to ligands that promote the
agonist conformation, beta-estradiol and diethylstilbestrol (Fig. 2D). This further supports
the argument that the ER-LBD insertion at AA 231 is able to transduce ligand specific
binding of 4-HT, through induction of the antagonist ER-LBD conformation, into Cas9
activity. To determine if arC9:231 also exhibited allosteric control over cleavage activity, the
catalytic residues were reintroduced (D10 & H840) and tested in the £. colitransformation
assay described above (Fig. 2E). We found that arC9 increased chromosomal cleavage and
death at least 100-fold more in the presence of 4-HT than with a DMSO vehicle control (p
value < 0.01), indicating that allosteric modulation of arC9 also extends to cleavage activity.

W next tested arC9:231 function in eukaryotic cells. Cas9 and arC9:231 constructs flanked
by nuclear localization sequences (NLS) were transfected into a Human Embryonic Kidney
(HEK293T) cell line expressing a stably integrated EGFP-PEST, and assayed for GFP
disruption (Fig. 3A)26. After 72 hours, WT Cas9 was found to disrupt 91% of the EGFP
signal regardless of treatment condition (Fig. 3B, Supplementary fig 12). A 6-fold induction
of arC9-mediated GFP disruption upon the addition of 4-HT (10.9 + 0.5 % to 66 + 1%) (Fig.
3B) was observed over the same time period. We also found that higher expression
conditions led to an increase of GFP disruption even in the absence of 4-HT (Supplemental
Figure 13).

To improve arC9 control we sought to take advantage of the known ligand-dependent
nuclear localization activity of ER-LBD?27. We removed the dual NLS from the arC9
construct and found that this reduced activity without 4-HT to background levels while
maintaining roughly 30% of Cas9 disruption activity in the presence of 4-HT (Fig. 3C).
Using the GFP disruption assay, we observed arC9’s dose-dependent response with an ECgg
of 10 nM and full induction at 100-1000 nM 4-HT (Fig. 3D). The lack of background
disruption suggests that arC9 can be adapted for very tight, reversible control of Cas9
cleavage activity.

In previous work, ER-LBD fusions to the termini of various DNA-binding proteins have
been shown to regulate the ability of such proteins to enter the nucleus2”-28 To explicitly
demonstrate the necessity and utility of internal domain insertion, we directly compared the
activity of our arC9 construct with that of a C-terminal ER-LBD fusion. In contrast to the
switch-like response of arC9, a C-terminal fusion of ER-LBD minimally controls Cas9
EGFP disruption, providing a modest 0.21 fold increase in repression upon the addition of 4-
HT, with greater than 50% of cells disrupted without activating ligand (Supplementary
Figure 14). This result is consistent with our previous data demonstrating that WT Cas9 does
not require an NLS to function in dividing human cells (Fig. 3C). To further validate arC9
we tested its nuclease activity on two endogenous human loci, EMX1 and DRKY1. T7
endonuclease | (T7EI) analysis showed efficient indel formation and gene editing in
presence of 4-HT, while there was no detectable arC9 activity without ligand (Fig. 3E,

Nat Biotechnol. Author manuscript; available in PMC 2016 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oakes et al.

Page 6

Supplementary Figure 15, Supplementary Table 2). Thus, arC9 acts as a 4-HT-inducible
nuclease in human cells demonstrating that unbiased domain insertion can be used to
engineer robust Cas9 functionalities not achievable using terminal fusions.

The discovery and application of CRISPR-Cas9 has revolutionized functional genomics.
However, large-scale screens and more focused /in-vivo applications that require precise
timing, such as the study of development, differentiation and late onset disease, have been
limited by the constitutive activity of Cas9. Tet-systems can enable Cas9 expression
control2%-33, put are cumbersome due to the need for additional components. We therefore
tested whether arC9 could be stably integrated into the genome from a single-vector
lentiviral system and enable conditional gene editing. To assess long-term leakiness,
induction, and reversibility of the arC9 protein, we also generated a sensitive monoclonal
reporter cell line by transducing murine BNL CL.2 cells with a retroviral vector expressing
EGFP (Supplementary Figure 16a). Upon low-copy infection with the Cas9/arC9 lentiviral
constructs and hygromycin B selection, we measured the reduction in the number off GFP
expressing cells for arC9 over 24 days. Whereas WT Cas9 showed up to ~80% GFP
disruption with GFP-targeting sgRNAs, no leakiness was observed with arC9 in DMSO
(Supplementary Figure 16c¢). After 12 days, we treated a subpopulation of arC9-expressing
cells with 4-HT (1 uM), beta-estradiol (1 uM) or vehicle control (DMSO). In the presence of
4-HT, arC9 disrupted GFP in up to ~16% of cells, whereas no measurable editing was
observed in the absence of ligand (Supplementary Figure 16d). Some background GFP-
negative cells were present in all samples.

To test whether the activation of arCas9 is reversible we recovered the 4-HT treated cells at
the end of the treatment, cultured them for two days in regular culture medium, and then
infected them with a secondary lentiviral vector expressing a SgRNA targeting Pcsk9. T7EI
analysis of the endogenous Pcsk9 locus after six days of treatment with DMSO or 4-HT
showed that arC9 can be turned off in the absence of ligand the or used for controlled serial
genome editing by repeated addition of 4-HT (Supplementary Figure 16e). After removal of
4-HT from the media a small amount of residual arC9 activity remained. This may be due to
the high affinity of arC9 for 4-HT (ECsg 10 nM) and likely slow dissociation of the complex
(Figure 3D). Nevertheless, arC9 can serve as a single-component system for conditional
genome editing and/or be combined with other sgRNA expression platforms to render gene
editing inducible and reversible.

Although arC9 functions robustly as an inducible gene repressor and endonuclease in
prokaryotic and eukaryotic cells, it is unclear how arC9 is activated in the presence of 4-HT.
The arC9:231 insertion is especially counterintuitive as the Helical-11 (REC2) domain into
which the ER-LBD is inserted has previously been shown to be dispensable for cleavage
activityl0. A recent crystal structure of sgRNA bound Cas934 helps rationalize the ligand-
dependence of arC9, suggesting that ER-LBD may disrupt the required conformational
changes of the Helical-11 domain. This disruption would sterically occlude the RNA:DNA
binding channel of Cas9 and prevent functional DNA unwinding and RNA:DNA
hybridization (Supplementary Figure 17)34.
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In this work we identify a range of potential insertion sites for Cas9 engineering and outline
a methodology for the development of new Cas9 constructs with improved control over
genome editing and modification335, Previous efforts to engineer Cas9 as a molecular
scaffold have constructed systems in which the sgRNA can recruit effector proteins36:37,
Others have built inducible Cas9 nucleases using intein splicing or the splitting of the
protein itself13:38:39 All of these efforts have used iterative, rational design to isolate
functional molecules. By contrast, we demonstrate an unbiased profiling of domain
insertions across Cas9 structure. Coupled with high-throughput screening and sequencing,
this profiling rapidly queries structure and informs the protein engineering process.
Specifically, we have generated a host of Cas9 scaffolds, containing PDZ or SH3 interaction
domains that are functional and may prove useful for the recruitment of accessory proteins
in future work. Notably, we also find that all previously reported and validated split Cas9
constructs fall within or adjacent (<2 amino acids) to a small number of the insertional
hotspots identified here (Supplementary Figure 18)13:38-40 To assess the generality of
domain insertion profiling, the process was repeated with ER-LBD and identified a variant,
arC9, whose activity is allosterically coupled to ER ligand binding. It functions as a
conditional DNA binding protein and nuclease in both prokaryotes and eukaryotes and
displays substantial ligand-dependent activity with very low background.

Online Methods

Comprehensive methods used in this study may be found in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mapping the insertion potential of Cas9 with the Alpha-Syntrophin PDZ protein
interaction domain
(a) Generation of the transposon-based domain insertion library. (b) Fold change values for

insertions at specific amino acid sites derived from sequencing data over two rounds of
screening. A positive value indicates the preference of the domain insertion at a site to
remain in the library after screening for function. A negative value indicate a loss of the
clone with an insertion at the site. More significant P values (DESeq, multiple hypothesis
testing corrected) are represented as darker color bars. Positive values which attain 102
represent sites that were not sequenced before screening. Negative bars that extend into the
shaded region represent clones which have been cleared from the library (i.e. not observed
after screening). (c) Log, fold change values from (b) mapped onto the structure of Cas9
(PDB ID:4UN3)!L, (d) GFP repression activity of individual PDZ insertion sites. Values
represent biological replicates with standard deviation (n=3), constructs are in order of
decreasing fold change from sequencing. Positive and negative controls dCas9 and vector
only are colored orange and grey, respectively. N.D. stands for no difference detected from
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dCas9, t-test (p > 0.01), (* = p < 0.01) (e) Cleavage activity of clones via an £E. coh based
transformation assay. Cas9 activity results in genomic cleavage and lower CFU/mL, values
represent biological triplicates with standard deviation (n=3). Positive and negative controls
Cas9 and dCas9 are colored orange and grey, respectively. N.D. stands for no difference
detected from WT Cas9, t-test (p > 0.01), (* =p <0.01)
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Figure 2. Creation of a switch-like Cas9 though insertion of the Estrogen Receptor ligand
binding domain

(a) Schematic of the screen / counter-screen procedure to select for ligand responsive
Estrogen Receptor ligand binding domain (ER-Cas9) insertions. (b) Dose-response curve to
4-HT. darC9:231 has an 1C50 of 440 £ 70 nM (S.D) and a Hill coefficient of 1.04 as
expected for non-cooperative binding of 4-HT to ER-LBD. (c) Single cell analysis of
darC9:231 binding in response to increasing concentrations of 4-HT. Flow cytometry data
tracks ensemble data demonstrating a > 9 fold switch between darC9 based GFP repression
plus and minus 4-HT (darC9 GFP signal without 4-HT mean: 24,310 (au) and with 100 pM
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4-HT: 2,631 (au) (d) Dose response of darC9:231 binding to various ligands (B-E and DES
are beta-estradiol & diethylstilbestrol). Response is normalized to vector control
fluorescence under the same conditions. (e) Switching of arC9:231 cleavage activity.
Transformation assays demonstrate that ligand dependent arC9 switching also extends to
cleavage activity, t-test (** p-value <0.01). All experiments performed in £. coli.
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Figure 3. Validating arC9 in eukaryatic cells
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(a) Schematic of the arC9:231 expression constructs and GFP disruption assay. (b)
Quantification of EGFP disruption at 72 hours for Cas9 and arC9 with a N- and C-terminal
nuclear localization signal (NLS) (n=3). These data demonstrate a ~6 fold increase in EGFP
disruption. Background activity of arC9 is 10.9 + 0.5% (S.D.) while EGFP disruption in the
presence of 300 nM 4-HT increases to 66 + 1% (S.D.) Error bars represent one standard
deviation of biological replicates. (c) Quantification EGFP disruption at 72 hours for Cas9
and arC9 without an NLS (n=3). Background activity of arC9 is not significantly different
from a non-targeting negative control, t-test. EGFP disruption in the presence of 4-HT
increases to 30 + 2% (S.D.) this represents at least a 24-fold increase in arC9 activity in the
presence of 300 nM 4-HT, t-test (*** p values < 0.001). (d) Dose response of arC9 w/o NLS
normalized to maximum activity. IC50 is 1.0 £ 0.2 nM (S.D). (e) T7EI assay of Cas9 and
arC9 mediated indel formation at the EMXI locus at 72 hours. Cas9 with the targeting guide
causes indels regardless of treatment condition, arC9 only cleaves a genomic locus in the
presence of 4-HT. Quantification and error bars represent the standard deviation of
biological replicates (n=3). N.D. signifies not detected, below the detection limit of the

assay.
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