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Abstract

The recent harnessing of microbial adaptive immune systems, known as CRISPR,
has enabled genome-wide engineering across all domains of life. A new generation of
gene-editing tools has been fashioned from the natural DNA/RNA-targeting ability of
certain CRISPR-associated (Cas) proteins and their guide RNA, which work together
to recognize and defend against infectious genetic threats. This straight-forward
RNA-programmed sequence recognition by CRISPR has facilitated its rapid global
impact on genetic research, diagnostics, therapeutics, and bioproduction.

An ideal DNA-editing platform would achieve perfect accuracy on any desired
cellular and genomic target. CRISPR systems, however, have limited target fidelity
and range, in part due to their evolutionary pressures to defend microbes from fast-
mutating viruses without self-targeting their own guide RNA. These natural limita-
tions of CRISPR can especially constrain gene-editing in animals and plants, which
are more vulnerable to off-target activity occurring in one of their trillions of cells
with genomes that are 1000x larger than those of unicellular microbes that natively
harbor CRISPR systems. This thesis overcomes three critical challenges for precise
and broad gene-editing of complex organisms: 1) engineering a means of specificity
for the type of cells to edit, 2) improving target-matching accuracy, and 3) broadening
the editable portion of the genome.

This thesis addresses these challenges by integrating custom developed computa-
tional design tools and biological validation of the resulting novel CRISPR systems;
1) To target within multicellular heterogeneity, new oligonucleotide-sensing structural
motifs are designed and embed into guides that can potentially control CRISPR nucle-
ase activity based on cell-type transcriptome patterns; 2) To discern among increased
similarity between a target and non-target sequences in larger genomes, base-pairing
thermostability principles are employed to tune the biochemical composition of guides
that can evade subtly mismatched off-target sites; 3) To expand the reach of editing
techniques with narrow windows of operation, such as base-editing, bioinformatics
workflows that discover previously uncharacterized Cas proteins with novel target
scope are created. This thesis demonstrates the effectiveness of these strategies in
the context of in vitro, bacterial, and human cell culture assays, and contributes
advancements in the precision and generality for CRISPR gene-editing.
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Chapter 1

CRISPR Systems for Gene Editing
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Growth in CRISPR and Gene Editing Publications Since 2010
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Figure 1.1 Crowth trends in "CRISPR" and related literature since 2010 using data from the

Dimensions research knowledge databasehttps:/app.diension.ail.

1.1 Introduction

CRISPR refers to Clustered Regularly Interspaced Short Palindromic Ropeats that.

encode genetic memory cassettes for adaptive inimae systems in bacteria and ar-

chaea. [98, 7, 94] CRISPR is best known, however, for accelerating the field of gene

editing (Figure 1.1). [140, 76] This chapter reviews the native microbial defense

system mechanics for CRISPR, the properties of CRISPR that facilitated its imme-

diate impact on gne editing, and crtain constraints on CRISPR that. this thesis

overcomes t.o achieve more accurate and general DNA-targeting.

1.2 Native CRISPR Mechanics

A variety of CRISPR-associated (Cas) proteins append and access the CRISPR ge-

netic cassette in order to surveil and protct against infectious mobile genetic ele-

ments (MGFs), such as viral bacteriophages (Figure 1.2). 1971 Casi and Cas2 work

together to recognize new threats by sampling sequences from invading MCEs and

storing them as spacers between CRISPR repeats. 11041 Other Cas onzymes then

16
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Phage Mobile Genetic Element Threat

Streptococcus pyogenes/

/ CRISPR Cassette

Spac

Threat Clearance

__________________________ ProtoSpscer

Figure 1.2 Ilhistration of the mechanics for spaceracquisition and RNA-directed ceavag' of an in-

vading genetic threat in the typical Class 2 Type TT CRTSPR system of human-infecting Strptoocus

pyoqns [Partial ilistration credit: Lisa Nip]

clear threats by using guide RNA (gRNA) transcribed from the CRISPR cassette to

direct the enzyme's nucleolytic cleavage of familiar MGE targets. Such enzymes are

multi-protein complexes in Class 1 (Type I and III) CRISPRsystenis or single-protein

in Class 2 CRISPR systems. which includes Cas9 (Type II), Cas12 (Type V), Cas13

(Type VI), and Cas14 (Type V). |64, 147, 1, 49

1.3 CRISPR for Gene-Editing

Clobal efforts have feverishly adapted CRISPR-Cas enzymes and their gRNA for

programniable, multi-purpose genome engineering. 1143, 121, 35. 140. 761 This surge

in attention to CRISPR follows from seminal work published in the surmner of 2012

that demonstrated Cas9-gRNA from Streptococcus pyogenes. a bacterium that infects

humans, functions as a directed endonuclease on double stranded DNA (dsDNA). [64,

401 From then on, it was evident that. Cas9-gRNA could fulfill the essential activity of

previous gone editing platforms, to break DNA in a sequence-specific manner (Figure

1.3B). |21,931 By the end of 2013, many studis had alreadyshown the effcOtiveness

of CRISPR-Cas forgenome engineering in a variety of model organisms. [37, 60 . 101,

17
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Figure 1.3 (A) Protein and RNA encodings of gene-editing platforms for comm)n DNA sequence

recognition (3) Classic gene-editing outcomes upn double-strand break induction of endogenons

repair pathways with and without a donor template

142, 65]

The immediat.e progress in applying CRISPR-Casto gene-editing benefited from

methods developed over several years for precedifig platforms. These older platforms

(e.g. meganucleases. zinc-finger nucleases. transcription activator-like effect.or nucle-

ases, and recombinases) by contrast rely on protein-encoded specificity to achieve

DNA sequence recognition (Figure 1.3A). [67, 6, 92, 9] Their design and/or as-

sembly are therefore more expensive, less compact, and more complex thl the sim-

ple base-pairing principles and minimal DNA synthesis required for building target-

addressable gRNA for Cas9. 1134, 108, 1Il1 Additionally, methods developed for ex-

isting oligonucleotide-based transcript.ome engineering plat.forms (e.g. short.-hairpin

RNA int.erference and anti-sense oligonieleot.ides) furt.her prepared RNA-programmed

CRISPR-Cas to quickly eclipse its genome engineering predecessors. [127, 105, 96,

115]

CRISPR syst.ems were discovered in a variety of microbes before they were foud

in Streptococcus pyogencs. 198, 97, 7| 'More recent discoveries reveal a vast diversit.y of

18
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CRISPR systems with distinct origins, as well as divergent RNA- and DNA-targeting

properties. Nevertheless, the exceptional effectiveness and versatility of Cas9 from

Streptococcus pyogenes (SpCas9), the first well-characterized single-protein CRISPR

enzyme, allow it remain the most frequently employed for genome engineering appli-

cations [78].

For all the impressive impact of SpCas9 on genome engineering, its evolution was

instead within the context of a microbial adaptive immune system. [94] Therefore

the the range, specificity, and activity of SpCas9 were not under selective pressure to

be ideal for its biotechnological usage. As this thesis heavily leverages the wealth of

investigations and engineering applications of SpCas9, the remainder of this chapter

highlights how the wild-type form of this specific enzyme can limit genome engineer-

ing. The subsequent chapters of this thesis present novel improvements for more

precise and expansive CRISPR-Cas9 gene editing.

1.3.1 Cas9 Range

SpCas9 recognizes target sites that match a 20 nucleotide (nt) "spacer" sequence

in the guide RNA and are positioned next to a short protospacer adjacent motif

(PAM) [102]. The PAM is primarily determined by affinity to the nuclease's PAM

interaction (PI) domain. The PAM requirement therefore helps distinguish a target

from the CRISPR spacer-repeat cassette that encodes a guide for that target - as the

PAM is absent from the start of each repeat sequence. This evolutionary lower-bound

effectively sets the floor on the selective pressure to minimize PAM sequence lengths

for maximizing the number of valid PAM targets in genetic threats. Natural PAM

sequences usually fall in the range of 2-6 bases long (Table 1.1).

The PAM for SpCas9 is a guanine dinucleotide offset by one nucleotide (NGG).

In a genome with unbiased nucleotide content, GG and its complement (CC) should

together have an average spacing of 1 = 8 nt. In the genome of a phage that

infects Streptococcus pyogenes, this average spacing is 14.8 nt. For the human genome,

the average spacing is 10.1 nt. Single-nucleotide precision editing techniques, such

as base-editing, are sensitive to the distance of a PAM relative to the position of the

19



CRISPR Endonuclease
Streptococcus pyogenes Cas9
Streptococcus canis Cas9
Streptococcus macacae Cas9
Streptococcus thermophilus Cas9
Neisseria meningitidis Cas9
Staphylococcus aureus Cas9
Campylobacter jejuni Cas9
Acidaminococcus Casl2a
Bacillus hisashii Casl2b

W = A or T; M = A or C; R = A

PAM Recognition Reference
5'-NGG-3' [64]
5'-NG-3' [This work]

5'-NAA-3' [This work]
5'-NNAGAAW-3' [26]

5'-NNNNGMTT-3' [32]
5'-NNGRRT-'3 [109]

5'-NNNVRYAC-3' [36]
5'-TTTN-3' [147]
5'-TTN-3' [130]

or G; V = G or C or A; Y = C or T

Tablel.1. PAM Recognition of Natural CRISPR Endonucleases

desired base for editing; The window of operation can be as narrow as 3 nt, which

raises the need for Cas nucleases with broader and/or alternative PAM recognition.

1.3.2 Cas9 Specificity

Phages mutate rapidly, so it is advantageous for guides to recognize similar targets

that are not perfectly matched. The SpCas9 nuclease has a natural tolerance for

roughly up to three mismatches in the target [137] Based on this property, the equa-

tions below approximate the expected number of off-target sites for SpCas9's native

operation in S. pyogenes and its biotechnological use on the human genome. Assuming

independence between target and genome sequences, as well as unbiased nucleotide

content, the probability that a random genomic position is targeted:

12 3 20 3' 120-i
p(offtargetItarget)= - x - x - =1.85 x 10-9

4 4 4

Since the size of the Streptococcus pyogenes genome is

Gs, = 1.95 x 106 nt

and the size of the human genome is

20



GHs = 3.23 x 109 nt,

it follows that the expected number of SpCas9 off-targets in Streptococcus pyogenes

is

Es, [offtargetItarget] = Gs,, x p(offtarget target) = 0.0036 offtargets

and the expected number of SpCas9 off-targets in humans is

EHs [offtargetItarget] = Gas x p(offtarget target) = 5.98 offtargets.

We conclude that off-target effects are to be expected when using SpCas9 on the

human genome, as others have observed.

1.3.3 Cas9 Activity

The dsDNA substrate of SpCas9 reflects the polynucleotide form of the type of vi-

ral bacteriophages that infect Streptococcus bacteria. Streptococcus lack the repair

pathways to efficiently end-join broken DNA, so the break on a phage's genome by a

RNA-guided SpCas9 ultimately prevents the phage from replicating and proliferating

within the microbial population. Certain genome engineering applications resem-

bling the native function of SpCas9 can take advantage of a destructive repair-less

cut; However, many more applications require specific DNA repair outcomes after

breakage. Several important applications even operate best when one or both Cas9

nuclease domains are made catalytically dead. Table 1 summarizes engineered vari-

ants of SpCas9 that have been used to achieve an assortment of DNA modifications.

[68, 140, 119, 110, 56]

21



Variant Break Type Application
No Repair + Cas9 DSB Replication Disruption
nCas9/dCas9 + Fusion to Deaminase SSB/NB Base-Editing

dCas9 +/- Fusion to Repressor NB CRISPR Interference
dCas9 + Fusion to Activator NB CRISPR Activation
End-Ligation + Cas9/paired nCas9 DSB/SSB Insertion/Deletion Mutagenesis
Donor DNA
+ End-Ligation + Cas9 DSB Donor Insertion
+ Templated-Repair + Cas9/nCas9 DSB/SSB Homologous Recombination

nCas9 = nickase Cas9, dCas9 = dead Cas9 DSB = Double-Strand Break,
SSB = Single-Strand Break, NB = No Break

Table T1.2 Examples of Cas9 Usage for Genome Engineering Applications

1.4 Thesis Contributions

The key contributions of this thesis are summarized by chapter as follows:

Chapter 2 - Independently discovered that substituting DNA bases for RNA in

guides can reduce off-target cleavage. Uniquely demonstrated a gene-editing efficiency

increase by combining these guides with exonuclease over-expression to affect DNA

repair outcome.

Chapter 3 - Discovered and validated the natural single-base 5'-NG-3' PAM recog-

nition of Streptococcus cantis Cas9. Built a new computational pipeline for discovering

CRISPR enzyme PAM target ranges.

Chapter 4 - Discovered and validated the 5'-NAA-3' PAM recognition of Strep-

tococcus macacae Cas9. Engineered an efficient gene-editing chimeric nuclease by

swapping the PAM-interacting domain of SpCas9 with that of Streptococcus macacae

Cas9.

Chapter 5 - Independently discovered how to engineer oligo-triggered strand-

displacement control switches into guides. The designs in this thesis are unique in

their inpedence between the sequence of the triggering oligo and the target of the

guide.

22



Chapter 2

DNA/RNA Chimeric CRISPR

Guides Enhance Target Specificity

for Streptococcus pyogenes Cas9

(SpCas9)

This chapter is adapted from

Jakimo, Chatterjee, and Jacobson. Chimeric CRISPR guides enhance Cas9 target

specificity.BioRxiv (2017)
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2.1 Introduction

The recent discoveries, characterizations, and modifications of natural oligonucleotide-

guided nucleases associated with CRISPR and RNAi have empowered a genome-

editing revolution [65, 93, 21, 76]. Low barriers for OGNs' cost and design drive

their widespread adoption over alternatives, including modular base-recognition do-

mains (i.e., transcription activator like effector, zinc finger, and pumilio assemblies),

which can be hard to synthesize, or meganucleases, which are difficult to engineer for

new targets [111, 108, 2, 134]. Unlike protein-directed systems, OGNs also permit

employing predictable nucleic acid chemistry and biophysics to alter native features

[51, 59, 82, 138].

Among the most important properties dictating the usage of a nucleic acid recog-

nition system is its specificity. Thus, the desire to identify new methods diminishing

potentially toxic or detrimental off-target activity has prompted many to measure

and improve mismatch discrimination for RNA-guided SpCas9 - the most prevalent

OGN and henceforth referred to as Cas9 [117, 137, 27]. Up to now, others have

increased its precision through broad approaches, such as controlling duration of ex-

posure, enforcing co-localization on adjacent targets, or destabilizing binding affinity

by minor variation [24, 110, 71, 38]. Here we present chimeric mismatch-evading

lowered-thermostability guides that replace most gRNA spacer positions with DNA

bases to suppress mismatched targets under Cas9's catalytic threshold.

In this work, we confirm by in vitro cleavage assays that melt-guides can direct

Cas9 with substantially enhanced mismatch discrimination. Moreover, we verify in

vivo that melt-guides can achieve efficient mutagenesis with greater precision by pro-

viding deep sequencing data from transfected HEK293T cells stably expressing Cas9.

24
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Figure 2.1 Aunoated 31) struture of a arge-guide-Cas9 -loop based on PDB 5F9R shown above
he 2D structure of a mel-guide. Red and yellow spheres higldight RNA hydroxs eliminaed and

retained. respectively, in initial melt-guide designs. Proposed model of relaive R-loop expansion
rate differences (represented by arrow sizes and directions) Lhat. increase mismach sensitiviy for
melt-guides compared to gNA. Red segments indicate mismatches between guide and target.

2.2 Results and Discussion

2.2.1 DNA Substitutions in Cas9 gRNA Improve Mismatch

Sensitivity

Efforts that. have measured and modeled Cas9 target. recognition imply a mechanism

that includes incromontal strand invasion between gRNA spacer and t.arget sequence

133, 661. After prorequisite binding to a short. prot-ospacer adjacent. motif (PAM),Cas9

helps stabilize DNA unwinding at a potential target as guide displaces its DNA:DNA

base-pairs with RNA:DNA base-pairs (Figure 2.1) [63]. After the resulting structure,

called an R-loop, expands beyond a ~15 base-pair exchange, Cas9 can then create a

double-strand DNA break [62, 68].

Although RNA nucleotides differsubtly from DNA nucleotides by the addition of

a 2'-hydroxyl in RNA, this difference favors A-form double helix structures for RNA

25



base-pairing. The tighter helicity of A-form structures are more thermostable than the

B-form double helix structures of DNA:DNA hybridization because of the better pro-

tection of hydrophobic nucleobase stacking. [100] Motivated by studies on RNA:DNA

chimera hybridization indicating more DNA content generally decreased duplex sta-

bility, we rationally designed chimeric melt-guides promoting the rehybridization of

mismatched R-loops (Figure 2.1) [131, 100]. As illustrated, we selected candidate

DNA-tolerant positions in gRNA by excluding most positions containing RNA-specific

2'-hydroxyl contacts with Cas9 that may help maintain assembly of active OGN.

For a standard target sequence from human VEGFA, we used commercially syn-

thesized chimeric melt-guides and corresponding on- and off-target DNA substrates

to compare a melt-guide's mismatch discrimination to canonical gRNA when direct-

ing DNA cleavage. (Figure 2.2) shows that a melt-guide containing 17 DNA bases

was functional in a 4-hour digestion assay with purified Cas9 and produced 74% the

amount of cleaved on-target substrate as did gRNA. The same melt-guide resulted

in no detectable cleavage for all surveyed two-mismatch off-targets, which, in many

cases gRNA-Cas9 cut faster than on-target substrate. Furthermore, on a challenging

single-mismatch substrate that has been reported to be just as frequently an off-

target for wild-type and high-fidelity Cas9 (hfCas9) variants, melt-guide reduced the

digested fraction by four-fold [124, 71].

Additional in vitro assays demonstrate the generality of designing melt-guides

for different genomic targets, but likewise reveal that targets comprising high GC

and/or pyrimidine target content can limit sufficient destabilization to avoid cutting

certain multi-mismatched sequences, even with melt-guides containing only DNA in

the spacer (Figure 2.3) [47]. This limitation can be used to inform target-selection

for a given application or it can be potentially overcome through combination of

orthogonal destabilization techniques, such as truncating guide or complexing it with

hfCas9. We have identified other nucleotide-type substitutions that also enhance

specificity, including phosphorothioate (PS) internucleotide linkages [125, 149].

26



20 RNA - 0 DNA RNA

17RNA-ODNAttu-gRNA

9 RNA -11 DNA melt-gude

6 RNA -14 DNA melt-guide

3 RNA - 17 DNA met-gude

0 RNA -20 DNA mekt-uide

jRNA smd1-g~Wf us-gRNA RNA ruf-gurus

Spa Nkvftc SNmam 20 a is 3 5 17 20 9 a 3 a0i
No"4 a is 14 It fI 15 0) 11 14 1/X

WUGO TCTGCWG'

MaM4IGTQTG7CA

Figure 2.2 ConrMt-adjus.ed gel image of 4-hour Cas9 in vil.ro digests of targe.s wilh mismatches

ranging from 0 to 3 using gRNA or melt-guide.

A B

'lt,

M, Nd Twge"

AMA tGACCAGFAA °AA4ACC

C / Gt/ CWC.AGA Gf M

11V1,WIZ

Af A A #* A ,5pr Aq AfA4
h* d tf Ahde (q0e0

O Tarot &ma~cwhg raw" I ww ICStarget

Ca9o easo Ceo " e cO ast VtAw9
-t(~y - gthFWRrzey' 04qhV'Mcy

lo

KatchdnTfeat GCg
FAOTarget GCAGMAGGGATTccAAGGG vuEFTarget auatcdtarget OMbathedvagetGc.AMaC~CMAcGSGG cccccaccccctccc ccccaocata~cacnccrrereaiceac

Figure 2.3 Contrst-adjusted gel image of 4-hour Cas9 in vitro digests of targets with mismatches

ranging from 0 to 3 sing gRNA or mell-guide.
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2.2.2 R-Loop Expansion Kinetics Determine Melt-Guide Speci-

ficity

Whereas Cas9 is known to rapidly cleave DNA, its rates with melt-guides slowed

appreciably (Figure 2.4) [128]. In order to confirmi R-oop expansion contributes

more than inisniatched hybridization to this change in kinetics, we ran time-coursed

digestions using substrates that were either double-strandied (ds) or single-stranded

(ss) along the target (Figure 2.5). Within minutes, Cas9 with canonical gINA

was able to cut both ds- and ss- target to near conmpletion. Formelt-gide-directed

cleavage, we instead observed steady digestion of no-mismatch ds-targets over several

hours, yet rates on ss-targets about as rapid as gRNA's and at similar timescales in

the presence and absence of mismatches. The fast error-prone cuts we detected upon

removing strand-displacement from cleavage dynamics support that R-loop destabi-

lization contributes mainly to melt-guides' improved specificity.

Future single-molecule fluorescent resonance energy transfer (FRET) measure-

mnents of nielt-gides can be used to oltain finer detail of recognition kinetics and Cas9

conformational changes, complementary to previous work using gRNA 123 133J.

While we noticed melt-guides that include all-DNA-spacer did not introduce drastic

structural changes that would have prevented cleavage, it is unclear whether such

guides more closely adopt A-form or B-form duplexes with their target. This uncer-
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Figure 2.5 Inverted contras-adjused gel images of shorL (lef-Side within each quadraut) and long

(righ-side within each quadrant) Cas9 digests of double-sranded (left-half) and single-stranded
(righ-half) targets with two misunuches (botoin) or none (top) using gRNA or mel-guides wih
spacers containing eiher all-DNA, 3 DNA distributed as previously described, or an additional 3

DNA fill-in.

tainty arises from antagonistic influences of Cas9 pre-loading guide in an unpaired

A-form versus the favored L-forming tendency of DNA:DNA dimers [102, 48]. The

exact extent to which the helicity is altered for melt-guides in oligonucleotide-protein

complexes could be solved from a crystal struct.nre of the bound melt-guide OCN.

2.2.3 Melt-Guides Reduce Off-Target Genome Editing

To test the use of melt-guides for genome editing we first transfected EMX1-targeting

melt-guide oligos (5 DNA substitutions into the 5'-most positions) pre-assembled with

Cas9 protein into 11EK293T and enzymatically measured insertion/deletion (indel)

mitations. The melt-guide edited on-t.arget with almost. the same efliciency as gRNA

and successfully evaded the off-targetsite edited by gRNA. (Figure 2.6) We trans-

fected VECFA-targeting melt-guide oligos with mostly DNA content. into HEK293T

cells stably expressing Cas9 and enzymatically measured insertion/deletion (indel)
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Figure 2.6 Dual y-axis char shows deep sequencing indel ineasuremients on-targeL and at a known

off-arget, comparing iuagenesis by gRNA to inelt-guides designed wiLh DNA substituions in Lheir

first 11 positions with and wihout Trex2 overexpressiou (blue and light blue, respectively). Nucleic

acid-type content in the guides spacer is noted in parenheses.

mutations (Figure 2.6). Initial attempts yielded unsatisfactorily low nutagenesis,

which we believe resulted from unfavorable relative rates of: (i) guide oligo degra-

dation, (ii) slower R-loop expansion, and (iii) errorless non-homologous end-joining

(NIIEJ) repair [132, 119]. We tried comteracting degradation with oligo lifetime-

lengthning modications(e.g, phosphorothioatc or inverted terminal bases and 2'-

O-metfhyl RNA substitutions on non-spacer guide positions) and partially restored

cleavage rates by using fewer DNA substitutions in melt-guides 1511. Since these tac-

ties did not lead to substantial improvement, we later pursued methods that could

bias genomic double-strand breaks towards more error-prone repair.

Overexpression of the mammalian 3' exonuclease Trex2, associated with DNA

damage processing, has been reported t.o raise indel rates forvarioussequenc-specific

gone editing systems without. causing toxicity 125, 13, 161. Thereforewcadded Trx2

expression plasmid to transfoctions and measured effcted mutations by deep sequenc-

ing (Figure 2.6) [106]. We found a melt-guide containing mostly DNA in spacer
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Figure 2.7 iuvered gel image of Cas9 diges of o-mismatch VEGFA target with almot.all-DNA
melt-guide of erRNA-length.

bases produced indel percentages above 25% on-t.arget., which acceptably .ranslates

to 70% gRNA's rate. Crucially, on an off-target where we detected gNA-induced

mutations, melt-guides' indel percentages fell below our no-guide negative control.

Between melt-guide types, single-molecule gRNA (sgRNA) length melt-guides con-

sistently generated more than double the indelrate of melt-guides derived from shorter

CRISPR RNA (crRNA) sequence. which need t.o duplex with trans-activating crRNA

(tracrRNA). Despite Trex2 addition increasing indel percentages roughly seven-fold

for both melt-guide types, the exonuclease had marginal impact on gRNA-directed

nutation rates.

Others have achieved enhanced Cas9 specificity and could maintain high indel

rates on-target without an accessory exonuclease [71, 124]. However, their experi-

nents relied on transcribing all OGN components to abundant cellular concentrations.

On one hand, a similar Trx2 supplementation strategy may bnefit applications

where some components are delivered as oligo or protein - which may include DNA-

guided editing with Argonaute 130, 831. On the other hand, a reverse-t.ranscribable

melt-guide with only DNA bases could lessen dependence on Trex2 for efficient mu-
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tagenesis. Towards that end, we show in vitro cleavage directed by tracrRNA in

duplex with a crRNA-length melt-guide containing a all DNA outside of the spacer

sequence (Figure 2.7). Chimeras with such sparse RNA content are furthermore

likely resistant to most RNA endonucleases.

2.2.4 Conclusions

In the case of Cas9, we improve the precision of target activity in vitro and in vivo with

mismatch-evading lowered-thermostability guides. We believe melt-guides should be

extensible to the expanding collection of CRISPR systems by extrapolating either

from chimeric oligo libraries to scan nucleotide-type substitution or from published

crystal structure data to avoid disrupting RNA-specific interactions (i.e., Cpfl guide's

pseudoknots) [144, 12]. Given the minimal RNA content that we found to be suf-

ficient for guiding Cas9, additional protein engineering - perhaps through homolog

alignments - may enable the realization of all-DNA melt-guides.

2.3 Materials and Methods

2.3.1 Cas9-Guide in vitro DNA Digestions

Mixed nucleotide-type and RNA oligos, designed as Cas9 guides for selected standard

genomic targets, were obtained from Integrated DNA Technologies (IDT). A 1 M

dilution was prepared for stocks of guide derived from sgRNA or crRNA and the

latter was combined with equimolar tracrRNA (GE Dharmacon). Reactions consisted

of 20 M pre-annealed guide stock, 20 nM purified Cas9 from New England BioLabs

(NEB), 10x NEB reaction buffer, and 500 g of IDT-synthesized dsDNA target in 30

1 mixes. Samples were incubated at 37 and digested products separated by TAE-

gel electrophoresis. Images of cleaved fractions from SYBR-Safe dsDNA gel stain

(Thermo Fisher) under a blue light lamp were quantified using ImageJ software.
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2.3.2 Preparation of Single-Stranded Target DNA Substrates

Target substrates were PCR-amplified using a primer oligo set (IDT) with 5' phos-

phorylation for only the primer generating PAM-sided strands. Amplicons purified on

anion-resin exchange columns (Qiagen) were digested by Lambda exonuclease (NEB),

a 5'-to-3' enzyme that prefers phosphorylated ends of dsDNA, to yield ssDNA of the

strand opposite of PAM. Following subsequent column purification, ssDNAs were an-

nealed to a primer beginning at the PAM site of the removed strand and templated

for extension by DNA polymerase (NEB).

2.3.3 Genomic Indel Production and Measurements

HEK293T cells stably expressing Cas9 purchased from GeneCopoeia were plated to

250,000 cells / 35 mm well in 2.5 ml Dulbeccos Modified Eagles Medium with 10%

Fetal Bovine Serum and incubated at 37 C and 5% Co 2 . The next day, transfec-

tions via TransIT-X2 reagent (Mirus Bio) delivered a 25 nM final concentration of

guide with or without 2.5 g pExodus CMV.Trex2, which was a gift from Dr. Andrew

Scharenberg (Addgene plasmid #40210). After an additional 48 hours, genomic DNA

was isolated using Epicentre QuickExtract solution and indel production was visual-

ized by a common T7 Endonuclease I assay (NEB) on amplicons from on-target and

known off-target regions [139]. Amplicons were then prepared for deep sequencing

with Nextera-XT tagmentation (Illumina) and run on a MiSeq 2x300 v3 kit (Illu-

mina). Reads were analyzed using the CRISPResso software pipeline for precise indel

percentages from biological and technical duplicates [106].
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2.3.4 Sequence Information

Target Name

VEGFA ON

VEGFA OFF1

VEGFA

VEGFA

VEGFA

VEGFA

VEGFA

OFF2

OFF3

OFF4

OFF5

OFF6

Sequence (Protospacer PAM)

GGTGAGTGAGTGTGTGCGTG TGG

GGTGAGTGAGTGTGTGTGTGGGG

GCTGAGTGAGTGTATGCGTG TGG

TGTGGGTGAGTGTGTGCGTG AGG

GGTGAACGAGTGTGTGCGTG TGG

GGTGAGTAGGTGTGTGCGTG TGG

AGAGAGTGAGTGTGTGCATG AGG
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Chapter 3

Single-Base PAM Specificity of a

Highly-Similar SpCas9 Ortholog

from Streptococcus cants

This chapter is adapted from

Chatterjee*, Jakimo*, and Jacobson. Minimal PAM specificity of a highly similar

SpCas9 ortholog. Science Advances (2018)

*Equal contribution
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3.1 Introduction

RNA-guided endonucleases of the CRISPR-Cas system, such as Cas9 [64] and Cpfl

(also known as Casl2a) [147], have proven to be versatile tools for genome editing and

regulation[107], which have numerous implications in medicine, agriculture, bioen-

ergy, food security, nanotechnology, and beyond [8]. The range of targetable sequences

is limited, however, by the need for a specific protospacer adjacent motif (PAM), which

is determined by DNA-protein interactions, to immediately follow the DNA sequence

specified by the single guide RNA (sgRNA) [64, 97, 120, 129, 63]. For example, the

most widely used variant, Streptococcus pyogenes Cas9 (SpCas9), requires an 5'-NGG-

3' motif downstream of its RNA-programmed DNA target [64, 8, 97, 120, 129, 63]. To

relax this constraint, additional Cas9 and Cpfl variants with distinct PAM require-

ments have been either discovered [109, 32, 70, 54, 50] or engineered [54, 50, 72, 39] to

diversify the range of targetable DNA sequences. In total, these studies have provided

only a handful of CRISPR effectors with minimal PAM requirements that enable wide

targeting capabilities.

To help augment this list, we characterize an orthologous Cas9 protein from Strep-

tococcus canis, ScCas9 (UniProt I7QXF2), possessing 89.2% sequence similarity to

SpCas9. We find that despite such homology, ScCas9 prefers a more minimal 5'-NNG-

3' PAM. To explain this divergence, we identify two significant insertions within its

open reading frame (ORF) that differentiate ScCas9 from SpCas9 and contribute to

its PAM-recognition flexibility. We show that ScCas9 can efficiently and accurately

edit genomic DNA in mammalian cells, and investigate possible explanations for PAM

divergence between Streptococcus orthologs. Finally, we construct a bioinformatics

pipeline to explore the PAM specificities of other Streptococcus orthologs.
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3.2 Results

3.2.1 Identification of SpCas9 Homologs

While numerous Cas9 homologs have been sequenced, only a handful of Streptococcus

orthologs have been characterized or functionally validated. To explore this space,

we curated all Streptococcus Cas9 protein sequences from UniProt [22], performed

global pairwise alignments using the BLOSUM62 scoring matrix [52], and calculated

percent sequence homology to SpCas9. From them, the Cas9 from Streptococcus canis

(ScCas9) stood out, not only due to its remarkable sequence homology (89.2%) to

SpCas9, but also because of a positive-charged insertion of 10 amino acids within

the highly-conserved REC3 domain, in positions 367-376 (Figure 3.1). Exploiting

both of these properties, we modeled the insertion within the corresponding domain

of PDB 4008 [102] and, when viewed in PyMol, noticed that it formed a "loop"-like

structure, of which several of its positive-charged residues come in close proximity

with the target DNA near the PAM. We further identified an additional insertion

of two amino acids (KQ) immediately upstream of the two critical arginine residues

necessary for PAM binding [4], in positions 1337-1338. We thus hypothesized that

these insertions may affect the PAM specificity of this enzyme. To support this

prediction, we computationally characterized the PAM for ScCas9, by first mapping

spacer sequences from the Cas9-associated type II CRISPR loci in the Streptococcus

canis genome [86] to viral and plasmid genomes using BLAST [3], extracting the

sequences 3' to the mapped protospacers, and subsequently generating a WebLogo [23]

representation of the aligned PAM sequences. Our analysis suggested an 5'-NNGTT-

3' PAM. Intrigued by these novel motifs and motivated by the potentially reduced

specificity at position 2 of the PAM sequence, we selected ScCas9 as a candidate for

further PAM characterization and engineering.
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Figure 3.1 In silico characterization of ScCas9. (A) Global pairwise sequence alignment of SpCas9

and ScCas9. (B) Insertion of novel REC motif into PDB 4008 (18). (C) WebLogo (22) for sequences

found at the 3 end of protospacer targets identified in plasmid and viral genomes using type II spacer

sequences within S. canis as BLAST (21) queries.

3.2.2 Determination of PAM Sequences Recognized by Sc-

Cas9

Due to the relatively low number of protospacer targets, we validated the PAM bind-

ing sequence of ScCas9 utilizing an existent positive selection bacterial screen based on

GFP expression conditioned on PAM binding, termed PAM-SCANR [85]. A plasmid

library containing the target sequence followed by a randomized 5'-NNNNNNNN-3'

(8N) PAM sequence was bound by a nuclease-deficient ScCas9 (and dSpCas9 as a con-

trol) and an sgRNA both specific to the target sequence and general for SpCas9 and

ScCas9, allowing for the repression of lacI and expression of GFP. Plasmid DNA from

FACS-sorted GFP-positive cells and pre-sorted cells were extracted and amplified, and

enriched PAM sequences were identified by Sanger sequencing, and visualized utiliz-

ing DNA chromatograms. Our results provided initial evidence that ScCas9 can bind

to the minimal 5'-NNG-3' PAM, distinct to that of SpCas9's 5'-NGG-3' (Figure 3.2).

We hypothesized that the previously described insertions may contribute to this flex-
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ibility, and thus engineered ScCas9 to remove either insertion or both, and subjected

these variants to the same screen. Only removing the loop (ScCas9 A367-376 or

ScCas9 ALoop) extended the PAM of ScCas9 to 5'-NAG-3', with reduced specificity

for C and G at position 2, while only removing the KQ insertion (ScCas9 A1337-

1338 or ScCas9 AKQ), reverted its specificity to a more 5'-NGG-3'-ike PAM, with

reduced specificity for A at position 2. Finally, the most SpCas9-like variant, where

both insertions are removed (ScCas9 A367-376 A1337-1338 or ScCas9 ALoop AKQ),

expectedly reverted its specificity back to 5'-NGG-3'. Thus, from a functional per-

spective, these insertions operate in tandem to reduce the specificity of ScCas9 from

the canonical 5'-NGG-3' PAM to a more minimal 5'-NNG-3'.

To confirm the results of the library assay and to rule out limiting downstream re-

quirements, we decided to elucidate the minimal PAM requirements of ScCas9 by

utilizing fixed PAM sequences. We replaced the PAM library with individual PAM

sequences, which were varied at positions 2, 4, and 5 to test each possible base. Our

results demonstrate that while ScCas9 exhibits no clear additional base dependence,

with activity for all base iterations at each position, ScCas9 ALoop AKQ demon-

strates significant binding at 5'-NGG-3' PAM sequences and at some, but not all,

5'-NNGNN-3' motifs, indicating an intermediate PAM specificity between that of

SpCas9 and ScCas9.

3.2.3 Assessment of ScCas9 PAM Specificity in Human Cells

We compared the PAM specificity of ScCas9 to SpCas9 in human cells by co-transfecting

HEK293T cells with plasmids expressing these variants along with sgRNAs directed to

a native genomic locus (VEGFA) with varying PAM sequences. We first tested editing

efficiency at a site containing an overlapping PAM (5'-GGGT-3'). After 48 hours post-

transfection, gene modification rates, as detected by the T7E1 assay, demonstrated

comparable editing activities of SpCas9, ScCas9, and ScCas9 ALoop AKQ (Figure

3.3). Additionally, we constructed sgRNAs to sites with various non-overlapping 5'-

NNGN-3' PAM sequences. While SpCas9's cleavage activity was impaired at other
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Figure 3.2 PAM determination of engineered ScCas9 variants. (A) PAM binding enrichment on

a 5-NNNNNNNN-3 (8N) PAM library. PAM profiles are represented by Sanger sequencing chro-

matograms via amplification of PAM region following plasmid extraction of GFP+ E. coli cells. (B)

Examination of PAM preference for ScCas9. For individual PAMs, all four bases were iterated at a

single position (2, 4, 5). Each PAM-containing plasmid was electroporated in duplicates, subjected

to FACS analysis, and gated for GFP expression. Subsequently, GFP expression levels were aver-

aged. SD was used to calculate error bars, and statistical significance analysis was conducted using

a two-tailed Students t test as compared to the negative control.
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non-5'-NGG-3' sequences [57], ScCas9 maintained comparable activity to that of Sp-

Cas9 on its 5'-NGG-3' target across all tested targets with 5'-NNGN-3' PAM se-

quences. Consistent with our bacterial data, ScCas9 ALoop AKQ was able to cleave

at the 5'-NGG-3' target, along with significant activity on the 5'-NNGA-3' target,

with reduced gene modification levels at all other 5'-NNGN-3' targets. Overall, these

results verify that ScCas9 can serve as an effective alternative to SpCas9 for genome

editing in mammalian cells, both at overlapping 5'-NGG-3' and more minimal 5'-

NNGN-3' PAM sequences.

We assessed the PAM specificity of ScCas9 base editors by using a synthetic Traf-

fic Light Reporter (TLR) [14] plasmid, containing an early stop codon upstream of a

GFP ORF and downstream of an mCherry ORF. Successful A--+G base editing using

the ABE(7.10) architecture, as described in Gaudelli, et al. [41], converts an early,

in-frame TAG stop codon to a TGG tryptophan codon, thus restoring GFP expres-

sion. After gating cells based on mCherry expression, we observed significant base

editing efficiency at all 5'-NNGN-3' target PAM sequences for ScCas9-ABE(7.10), as

compared to the SpCas9-ABE(7.10) architecture, which only demonstrates significant

A-+G conversion on the standard 5'-NGG-3' and tolerated 5'-NAG-3' motifs in this

assay (Figure 3.3).

3.2.4 Off-Target Analysis of ScCas9

We next sought to evaluate the accuracy of this enzyme in comparison to SpCas9.

We utilized previous genome-wide analysis of SpCas9 targeting accuracy to select

three genomic targets (VEGFA site 3, FANCF site 2, and DNMT1 site 4) that pos-

sess multiple off-target sites on which SpCas9 demonstrates activity [137]. Each of

these three sites additionally possesses a single off-target that has been particularly

difficult to mediate via engineering of high-fidelity Cas9 variants [124, 71, 19]. We

first analyzed ScCas9's activity on these off-targets. After co-transfection of sgRNAs

to the three aforementioned sites alongside both SpCas9 and ScCas9, we amplified
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Figure 3.3 ScCas9 PAM specificity in human cells. (A) T7E1 analysis of indels produced at VEGFA

loci with indicated PAM sequences. The Cas9 used is indicated above each lane. All samples were

performed in biological duplicates. As a background control, SpCas9, ScCas9, and ScCas9 Loop KQ

were transfected without targeting guide RNA vectors [() guide control]. (B) Quantitative analysis

of T7E1 products. Unprocessed gel images were quantified by line scan analysis using Fiji (41),

the total intensity of cleaved bands were calculated as a fraction of total product, and percent gene

modification was calculated. All samples were performed in duplicates, and quantified modification

values were averaged. SD was used to calculate error bars, and statistical significance analysis was

conducted using a two-tailed Students t test as compared to the negative control. (C) ScCas9-

mediated AG base editing. GFP+ cells were calculated as a percentage of mCherry+ (RFP+)

cells for indicated PAM sequences using the TLR (25) with an early stop codon. All samples were

performed in duplicates, and quantified percentages were averaged. SD was used to calculate error

bars, and statistical significance analysis was conducted using a two-tailed Students t test. RFP+,

red fluorescent proteinpositive.

42

A



genomic DNA flanking both the on-target and difficult off-target sequences to assess

their genome modification activities. Consistent with previously-reported data [19],

SpCas9 demonstrated high off-to-on targeting on all three examined targets (Figure

3.4). ScCas9 demonstrated comparable on-target activities for the three targets, but

exhibited negligible activity on the VEGFA site 3 and DNMT1 site 4 off-targets, and

a nearly 1.5-fold decrease in off-to-on target ratio for FANCF site 2, suggesting im-

proved accuracy over SpCas9 on overlapping 5'-NGG-3' targets.

To examine ScCas9's accuracy across its wider PAM targeting range, we utilized

a mismatch tolerance assay {19] on target sequences with 5'-NAG-3', 5'-NCG-3', 5'-

NGG-3', and 5'-NTG-3' PAMs. We generated sgRNAs containing both single and

adjacent double mismatches at every other base along each of the four on-target

crRNA sequences, and subsequently measured the genome modification efficiencies

for these mismatched sgRNAs. Our results demonstrate that ScCas9 generally tol-

erates single mismatches better than double mismatches for each analyzed spacer

position, and is similarly less likely to tolerate mismatches within the seed region

of the crRNA, though with greater sensitivity than SpCas9. Across all of the four

PAM targets, ScCas9 does, however, tolerate mismatches within the middle of the

crRNA sequence, with highest efficiencies reported for the 5'-NTG-3' target. SpCas9

expectedly demonstrates negligible genome modification activity on the 5'-NCG-3'

and 5'-NTG-3' targets, but weakly tolerates single and double mismatches across the

entire crRNA sequence, with reduced tolerance in the seed region, for the standard

5'-NGG-3' target, corroborating previous mismatch tolerance studies [19]. Finally,

ScCas9 exhibits a similar mismatch tolerance profile to SpCas9 on the 5'-NAG-3'

target, albeit with a higher reported on-target efficiency.

3.2.5 ScCas9 Genome Editing Capabilities

Finally, to establish ScCas9 as a useful genome editing tool, we evaluated its ability

to modify a variety of gene targets for a handful of different PAM sequences. We

constructed sgRNAs to 24 targets within 9 endogenous genes in HEK293T cells, and
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evaluated on-target gene modification utilizing the T7E1 assay. Our results demon-

strate that ScCas9 maintains comparable efficiencies to that of SpCas9 on 5'-NGG-3'

sequences, as well as on selected 5'-NNG-3' PAM targets (Figure 3.4), supporting our

previous findings. SpCas9 expectedly performs efficiently on 5'-NGG-3'and weakly on

5'-NAG-3' targets, but demonstrates negligible editing capabilities on 5'-NCG-3' and

5'-NTG-3' PAM sequences, as previously demonstrated. Notably, ScCas9 performed

less effectively on selected target sequences in the Hemoglobin subunit delta (HBD)

gene, while demonstrating higher efficiencies on 5'-NNG-3' sequences in VEGFA and

DNMT1, for example. Such variation in efficiency within each PAM group and across

different genes indicates that proper target selection within specified genomic regions

is critical for successful ScCas9-mediated gene modification.

We subsequently measured the efficacy of ScCas9 integrated within the BE3 [77]

and ABE(7.10) [41] base editing architectures on endogenous genomic loci. To evalu-

ate the efficiency of base editing activities, we developed a simple, easy-to-use Python

program, termed the Base Editing Evaluation Program (BEEP), that takes as input

both a negative control ab1 Sanger sequencing file and the edited sample abl file and

outputs the efficiency of an indicated base conversion at a specific position (read 5'

to 3') along the target sequence. BEEP analysis on abl files, following transfection

of ScCas9 base editors, genomic amplification, and subsequent Sanger sequencing,

demonstrates that ScCas9 is capable of mediating C-+T and A-G base conversion at

both overlapping 5'-NGG-3' and nonoverlapping 5'-NNG-3' PAM sequences (Figure

3.4). While ScCas9 base editors perform efficiently on the non-5'-NGG-3' targets, as

compared to SpCas9, ScCas9 is less effective at editing 5'-NGG-3' genomic targets

than SpCas9 for both architectures, indicating that further development is necessary

for broad usage of ScCas9 base editors.
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Figure 3.4 (A) QuaniLative analysis of T7E1 products for indicated genoinic on- and off-target
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single or double mismatch in thesgRNA sequence for eachindicated PAM. (C) Dot plot of on-target

modification percentages at various gene targets for indicated PAM, as assessed by the TElassay.

Duplicate modification percentages were averaged. (D) Genomic base-editing characterization. For

each indicated PAM, a representative Sanger sequencing chromatogram is shown, demonstrating the

most efficiently edited base in the Larget sequence. Percenu edited values. as quantified by BEEP in

comparison to an unediued negative control, were averaged. and SI) was subsequenly calculaed.
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3.2.6 Investigation of Sequence Conservation Between S. ca-

nis and Other Streptococcus Cas9 Orthologs

To further investigate the distinguishing motif insertions in ScCas9, we inserted the

loop (SpCas9 ::Loop), the KQ motif (SpCas9 ::KQ), or both (SpCas9 ::Loop ::KQ)

into the SpCas9 ORF and analyzed binding on the 8N library using PAM-SCANR.

Of these variants, only SpCas9 ::KQ showed target binding affinity in the PAM-

SCANR assay. Sequencing on enriched GFP-expressing cells demonstrated an unaf-

fected preference for 5'-NGG-3' (Figure 3.5). FACS analysis on a fixed 5'-TGG-3'

PAM confirmed these binding profiles, with SpCas9 ::KQ yielding half the fraction

of GFP-positive cells compared to SpCas9. This data, in conjunction with the bind-

ing profiles of ScCas9 variants, suggests that while these insertions within ScCas9 do

distinguish its PAM preference from SpCas9, other sequence features of ScCas9 also

contribute to its divergence.

S. canis has been reported to infect dogs, cats, cows, and humans, and has been

implicated as an adjacent evolutionary neighbor of S. pyogenes, as evidenced by

various phylogenetic analyses [86, 113, 112. In addition to sharing common hosts,

we identified S. canis CRISPR spacers that map to phage lysogens in S. pyogenes

genomes, which suggests they are overlapping viral hosts as well. This close evolu-

tionary relationship has manifested itself in the sequence homology of ScCas9 and

SpCas9, amongst other orthologous genes, predicted to be a result of lateral gene

transfer (LGT) [86, 113, 112]. Nonetheless, from the alignment of SpCas9 and Sc-

Cas9, the first 1240 positions score with 93.5% similarity and the last 144 positions

score with 52.8%. To account for the exceptional divergence in the PAM-interacting

domain (PID) at the C-terminus of ScCas9 as well as the positive-charged inserted

loop, we focused on alignment of the distinguishing sequences of ScCas9 to other

Streptococcus Cas9 orthologs. Notably, the loop motif is present in certain orthologs,

such as those from S. gordonii, S. anginosus, and S. intermedius, while the ScCas9
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PID is mostly composed of disjoint sequences from other orthologs, such as those from

S. phocae, S. varani, and S. equinis. Additional LGT events between these orthologs,

as opposed to isolated divergence, more likely explain the differences between ScCas9

and SpCas9. Our demonstration that two insertion motifs in ScCas9 alter PAM pref-

erences, yet do not abolish PAM binding when removed, suggests other functional

evolutionary intermediates in the formation of effective PAM preferences.

SpCas9-NG and xCas9-3.7 both harbor various substitutions in their open read-

ing frames (ORFs) that allow reduced specificity from the canonical 5'-NGG-3' to

the more minimal 5'-NGN-3' PAM. Specifically, positions 1218-1219 for both enzymes

have been shown to be the most consequential in terms of PAM recognition[86, 57]. To

engineer ScCas9 to possess improved PAM targeting capabilities, we performed global

pairwise alignments using the BLOSUM62 scoring matrix[14] of various Streptococcus

Cas9 orthologs to SpCas9, xCas9-3.7, and SpCas9-NG at these critical residues. Our

sequence alignment isolated a positive-charged lysine residue, derived from the S.

gordonii Cas9 ORE. Substituting positive-charged residues into the PAM-interacting

domain (PID) of Cas enzymes has been suggested to allow for the formation of novel

PAM-proximal DNA contacts [102]. Motivated by this finding, we thus substituted

the corresponding T1227K mutation into the ORF of ScCas9, generating ScCas9+

(Sc+) (Figure 3.6).

One of the defining characteristics of ScCas9's PAM flexibility is its employment

of a positive-charged loop, in positions 367 to 376 of its ORF, which does not exist

in SpCas9 or its engineered variants [3]. Our sequence alignments identified a diver-

gent insertion from S. anginosus, which not only maintains the positive charge of the

ScCas9 loop by compensating an extra lysine residue for a histidine, but also pos-

sesses an "SG" motif, a flexible sequence of residues used for linker design in protein

engineering [41]. We therefore hypothesized that this novel loop may improve the

targeting capabilities and efficiency of ScCas9 by allowing for more flexible protein-

phosphate backbone contacts with the PAM sequence. Thus, we substituted the loop

sequence from S. anginosus into the Sc+ ORF to generate ScCas9++ (Sc++).
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We compared the PAM specificities and nucleolytic capabilities of Sc+ and Sc++

to SpCas9, xCas9-3.7, SpCas9-NG, and ScCas9 by transfecting HEK293T cells with

plasmids expressing each variant individually alongside one of 16 sgRNAs, together

directed to four genomic loci with diverse PAM sequences, collectively representing

every base at each position in the PAM window. The sgRNA sequences were shifted

by one base for xCas9-3.7 and SpCas9-NG to account for their reported 5'-NGN-3'

PAM preferences, so to equivalently compare these enzymes to ScCas9 variants with

5'-NNG-3' specificities. After 5 days post-transfection, indel formation was quantified

from Sanger sequencing abl files using the TIDE algorithm [124] following PCR

amplification of the target genomic region. Our results demonstrate that Sc+ and

Sc++ can effectively edit across the various genomic loci, and demonstrate improved

indel formation percentages for a majority of the targets tested (Figure 3.6). SpCas9,

xCas9-3.7, and SpCas9-NG all edit on "GG" PAM targets, and maintain activity on

various 5'-AGN-3' PAM sequences. xCas9-3.7 and SpCas9-NG additionally edit few

sites that harbor 5'-CGN-3' and 5'-TGN-3' sequences, but perform poorly on all tested

5'-NGC-3' PAM targets, consistent with previously reported data [4, 86, 23, 85, 57].

Sc+ and Sc++, on the other hand, improve greatly upon the editing capabilities of the

wild-type ScCas9 enzyme, demonstrating improvement in indel formation efficiency

on certain 5'-NNGC-3' targets, and even editing sites at which ScCas9, xCas9-3.7,

and SpCas9-NG have negligible activity. We were also able to carry out base-editing

on human genomic regions lacking "GG" dinucleotides by integrating Sc++ into the

BE3 architecture.

3.2.7 Genus-wide Prediction of Divergent Streptococcus Cas9

PAMs

Demonstrations of efficient genome editing by Cas9 nucleases with distinct PAM speci-

ficity from several Streptococcus species, including S. canis, motivated us to develop

a bioinformatics pipeline for discovering additional Cas9 proteins with novel PAM re-

quirements in the Streptococcus genus. We call this method the Search for PAMs by
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Figure 3.5 A) PAM binding enrichment on a 5-NNNNNNNN-3 PAM library of ScCas9-like SpCas9

variants. The PAM-SCANR screen (23) was applied to variants of SpCas9 containing the loop, KQ

insertions, or both. SpCas9 ::Loop and SpCas9 ::Loop ::KQ failed to demonstrate PAM binding and

thus GFP expression. (B) FACS analysis of binding at 5-NGG-3 PAM. All samples were performed

in duplicates and averaged. SD was used to calculate error bars. (C) Sequence conservation of

Streptococcus orthologs with ScCas9 as a reference. Each ortholog is referred to by its UniProt ID

(16). The loop (367 to 376) and KQ (1337 and 1338) insertion alignments are indicated.
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Figure 3.6 A) Amino acid sequence of Sc++. SpCas9, SpCas9-NG, xCas9-3.7, and ScCas9 were

aligned with various Streptococcus Cas9 orthologs, employing the BLOSUM62 scoring matrix, to

identify the T1227K mutation derived from Streptococcus gordonii. Sequence alignment of ScCas9

with various Streptococcus Cas9 orthologs further isolated a novel loop structure from Streptococcus

anginosus harboring an additional lysine residue and a flexible SG motif. B) PAM binding analysis

of single G PAM Cas9 variants on a 5-NNNNNNNN-3 (8N) PAM library. Each dCas9 plasmid was

electroporated in duplicates, subjected to FACS analysis, and gated for GFP expression. Subse-

quently, percentages of GFP-positive cells were averaged. Standard deviation was used to calculate

error bars. C) PAM binding enrichment visualization. PAM profiles are represented by DNA chro-

matograms via amplification of PAM region following plasmid extraction of GFP-positive E. coli

cells and subsequent Sanger sequencing.

50

B

Se

CA

Jr,



ALignment Of Targets (SPAMALOT). Briefly, we mapped a 20 nt portion of spac-

ers flanked by known Streptococcus repeat sequences to candidate protospacers that

align with no more than two mismatches in phages associated with the genus [122].

We grouped 12 nt protospacer 3'-adjacent sequences from each alignment by genome

and CRISPR repeat, and then generated group WebLogos [23] to compute presumed

PAM features. The resulting WebLogos accurately reflect the known PAM specifici-

ties of Cas9 from S. canis (this work), S. pyogenes, S. thermophilus, and S. mutans

(Figure 3.7) [129, 99, 36]. We identified a notable diversity in the WebLogo plots

derived from various S. thermophilus cassettes with common repeat sequences, each

of which could originate from any other such S. thermophilus WebLogo upon subtle

specificity changes that traverse intermediate WebLogos among them. We observe a

similar relationship between two S. oralis WebLogos that also share this repeat, as

well as unique putative PAM specificities associated with CRISPR cassettes contain-

ing S. mutans-like repeats from the S. oralis, S. equinis, and S. pseudopneumoniae

genomes.

3.3 Discussion

As the growth and development of CRISPR technologies continue, the range of tar-

getable sequences remains limited by the requirement for a PAM sequence flanking

a given target site. While significant discovery and engineering efforts have been

undertaken to expand this range [109, 32, 70, 54, 50, 72, 39], there are still only a

handful of CRISPR endonucleases with minimal specificity requirements. Here, we

have developed an analogous platform for genome editing using the Cas9 from Strep-

tococcus canis, a highly-similar SpCas9 ortholog with affinity to minimal 5'-NNG-3'

PAM sequences.

Established PAM engineering methods, such as random mutagenesis and directed

evolution, can only generate substitution mutations in protein coding sequences. In

fact, during the preparation of this manuscript, another group utilized phage as-
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Figure 3.7 Spacer sequences found withinu he type 11 CRISPRcassees associaued with Cas9

ORFs from specified Sreptococcus genomes were aligned Lo S. phage genoines to generate spacer-

prolospacer mappings. WebLogos (22), labeled with Lhe relevant species, genoine, and CRISPR

repeat, were generated forisequences found at the 3 end of candidate protospacer targetswith no

more than two mismatches (2 mm). (A) PAM predictions for experimentally validated Cas9 PAM se-

quences in previousstudies. (B) Novel PAM predictions of alternate S. thermophihis Cas9 orthologs

with putative divergent specificities. (C) Novel PAM predictions of uncharacterized Streptococcus

orthologs with distinct specificities.



sisted continuous evolution (PACE) [31] to evolve an SpCas9 variant, xCas9(3.7),

with preference for various 5'-NG-3' PAM sequences [58]. An alternative approach

consists of inserting or removing motifs with specific properties, which may provide

a sequence search space that more common mutagenic techniques cannot directly

access. Here, we demonstrate an evolutionary example of this method with ScCas9,

whose sequence disparities with SpCas9 include two divergent motifs that contribute

to its minimal PAM sequence. Engineered variants lacking these motifs exhibit more

stringent PAM specificities in our PAM determination assays, and the removal of

both motifs reverts its PAM specificity back to a more 5'-NGG-3'-ike preference.

While minimal inconsistencies in PAM preference between the utilized assays may

arise from PAM-dependent allosteric changes that drive DNA cleavage [4], the PAM

flexibility of ScCas9, as compared to SpCas9, remains consistent in all tested contexts.

To date, there are limited open-source tools or platforms specifically for the prediction

of PAM sequences, though prior studies have conducted internal bioinformatics-based

characterizations prior to experimental validation [109, 32, 70, 50, 19, 53]. Here, we

have established SPAMALOT as an accessible resource that we share with the com-

munity for application to CRISPR cassettes from other genera. Future development

will include broadening the scope of candidate targets beyond genus-associated phage

to capture additional sequences that could be beneficial targets, such as lysogens in

species that host the same phage. We hope that this pipeline can be utilized to more

efficiently validate and engineer PAM specificities that expand the targeting range

of CRISPR, especially for strictly PAM-constrained technologies such as base editing

[41, 77] and homology repair induction [114].

Finally, because ScCas9 does not require any alterations to the sgRNA of SpCas9,

and due to its significant sequence homology with SpCas9, we presume that identical

modifications from previous studies [124, 71, 19] can be made to increase the accuracy

and efficiency of the endonuclease and its variants, although it already demonstrates

potential improved on-to-off activity as compared to the standard SpCas9 on 5'-NGG-
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3' targets. Additionally, while we have exhaustively evaluated the PAM specificity

of ScCas9 on multiple targets in a variety of genome editing contexts, we do not

rule out the possibility that there may exist untested 5'-NNG-3' genomic targets on

which ScCas9 does not possess significant activity. Used together with SpCas9 and

xCas9(3.7), however, ScCas9 expands the target range of currently-used Cas9 en-

zymes for genome editing purposes. With further development, we anticipate that

this broadened Streptococcus Cas9 toolkit, containing both ScCas9 and additional,

uncharacterized orthologs with expanded targeting range, will enhance the current

set of CRISPR technologies.

3.4 Materials and Methods

3.4.1 Identification of Cas9 Homologs and Generation of Plas-

mids

The UniProt database [22] was mined for all Streptococcus Cas9 protein sequences,

which were used as inputs to either the BioPython pairwise2 module or Geneious

to conduct global pairwise alignments with SpCas9, using the BLOSUM62 scoring

matrix [52], and subsequently calculate percent homology. The Cas9 from Strep-

tococcus canis was codon optimized for E. Coli, ordered as multiple gBlocks from

Integrated DNA Technologies (IDT), and assembled using Golden Gate Assembly.

The pSF-EF1-Alpha-Cas9WT-EMCV-Puro (OG3569) plasmid for human expression

of SpCas9 was purchased from Oxford Genetics, and the ORFs of Cas9 variants were

individually amplified by PCR to generate 35 bp extensions for subsequent Gibson

Assembly into the OG3569 backbone. Engineering of the coding sequence of ScCas9

and SpCas9 for removal or insertion of motifs was conducted using either the Q5

Site-Directed Mutagenesis Kit (NEB) or Gibson Assembly. To generate ScCas9 base

editing plasmids, pCMV-ABE(7.10) (Addgene plasmid #102919) and pCMV-BE3

(Addgene plasmid #73021) were received as gifts from David Liu. Similarly, the

ORF of the ScCas9 D10A nickase was amplified by PCR to generate 35 bp exten-
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sions for subsequent Gibson Assembly into each base editing architecture backbone.

sgRNA plasmids were constructed by annealing oligonucleotides coding for crRNA

sequences as well as 4 bp overhangs, and subsequently performing a T4 DNA Ligase-

mediated ligation reaction into a plasmid backbone immediately downstream of the

human U6 promoter sequence. Assembled constructs were transformed into 50 pL

NEB Turbo Competent E. coli cells, and plated onto LB agar supplemented with the

appropriate antibiotic for subsequent sequence verification of colonies and plasmid

purification.

3.4.2 PAM-SCANR Assay

Plasmids for the SpCas9 sgRNA and PAM-SCANR genetic circuit, as well as BW25113

AlacI cells, were generously provided by the Beisel Lab (North Carolina State Uni-

versity). Plasmid libraries containing the target sequence followed by either a fully-

randomized 8-bp 5'-NNNNNNNN-3' library or fixed PAM sequences were constructed

by conducting site-directed mutagenesis, utilizing the KLD enzyme mix (NEB) af-

ter plasmid amplification, on the PAM-SCANR plasmid flanking the protospacer se-

quence (5'-CGAAAGGTTTTGCACTCGAC-3'). Nuclease-deficient mutations (D10A

and H850A) were introduced to the ScCas9 variants using Gibson Assembly as pre-

viously described. The provided BW25113 cells were made electrocompetent using

standard glycerol wash and resuspension protocols. The PAM library and sgRNA

plasmids, with resistance to kanamycin (Kan) and carbenicillin (Crb) respectively,

were co-electroporated into the electrocompetent cells at 2.4 kV, outgrown, and re-

covered in Kan+Crb Luria Broth (LB) media overnight. The outgrowth was diluted

1:100, grown to ABS600 of 0.6 in Kan+Crb LB liquid media, and made electrocom-

petent. Indicated dCas9 plasmids, with resistance to chloramphenicol (Chl), were

electroporated in duplicates into the electrocompetent cells harboring both the PAM

library and sgRNA plasmids, outgrown, and collected in 5 mL Kan+Crb+Chl LB

media. Overnight cultures were diluted to an ABS600 of 0.01 and cultured to an

OD600 of 0.2. Cultures were analyzed and sorted on a FACSAria machine (Becton

Dickinson). Events were gated based on forward scatter and side scatter and flu-
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orescence was measured in the FITC channel (488 nm laser for excitation, 530/30

filter for detection), with at least 30,000 gated events for data analysis. Sorted GFP-

positive cells were grown to sufficient density, and plasmids from the pre-sorted and

sorted populations were then isolated, and the region flanking the nucleotide library

was PCR amplified and submitted for Sanger sequencing (Genewiz). Bacteria har-

boring non-library PAM plasmids, performed in duplicates, were analyzed by FACS

following electroporation and overnight incubation, and represented as the percent of

GFP-positive cells in the population, utilizing standard deviation to calculate error

bars. Additional details on the PAM-SCANR assay can be found in Leenay, et al.

[85].

3.4.3 Cell Culture and Gene Modification Analysis

HEK293T cells were maintained in DMEM supplemented with 100 units/ml peni-

cillin, 100 mg/ml streptomycin, and 10% fetal bovine serum (FBS). sgRNA plasmid

(500 ng) and effector (nuclease, BE3, or ABE(7.10)) plasmid (500 ng) were trans-

fected into cells as duplicates (2 x 10/well in a 24-well plate) with Lipofectamine

2000 (Invitrogen) in Opti-MEM (Gibco). After 48 hours post-transfection, genomic

DNA was extracted using QuickExtract Solution (Epicentre), and genomic loci were

amplified by PCR utilizing the KAPA HiFi HotStart ReadyMix (Kapa Biosystems).

For base editing analysis, amplicons were purified and submitted for Sanger sequenc-

ing (Genewiz). For indel analysis, the T7E1 reaction was conducted according to

the manufacturers instructions and equal volumes of products were analyzed on a

2% agarose gel stained with SYBR Safe (Thermo Fisher Scientific). Unprocessed gel

image files were analyzed in Fiji [118]. The cleaved bands of interest were isolated

using the rectangle tool, and the areas under the corresponding peaks were measured

and calculated as the fraction cleaved of the total product. Percent gene modification

was calculated as follows [46]:

% gene modification = 100 x (1 - (1 - fraction cleaved) )
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All samples were performed in duplicates and percent gene modifications were aver-

aged. Standard deviation was used to calculate error bars.

3.4.4 Base Editing Analysis with Traffic Light Reporter

HEK293T cells were maintained as previously described, and transfected with the

corresponding sgRNA plasmids (333 ng), ABE7.10 plasmids (333 ng), and synthet-

ically constructed TLR plasmids (333 ng) into cells as duplicates (2 x 105 /well in a

24-well plate) with Lipofectamine 2000 (Invitrogen) in Opti-MEM (Gibco). After 5

days post-transfection, cells were harvested and analyzed on a FACSCelesta machine

(Becton Dickinson) for mCherry (561 nm laser excitation, 610/20 filter for detec-

tion) and GFP (488 nm laser excitation, 530/30 filter for detection) fluorescence.

Cells expressing mCherry were gated and percent GFP calculation of the subset were

calculated. All samples were performed in duplicates and percentage values were

averaged. Standard deviation was used to calculate error bars. The TLR spacer

sequence is 5'-TTCTGTAGTCGACGGTACCG-3'.

3.4.5 Base Editing Evaluation Program

The Base Editing Evaluation Program (BEEP) was written in Python, employing the

pandas data manipulation library and BioPython package. As inputs, the program

requires a sample abl file, a negative control abl file, a target sequence, as well as

the position of the specified base conversion, either handled as a .csv file for multiple

sample analysis or for individual samples on the command line. Briefly, the provided

target sequences are aligned to the base-calls of each input ab1 file to determine

the absolute position of the target within the file. Subsequently, the peak values

for each base at the indicated position in the spacer are obtained, and the editing

percentage of the specified base conversion is calculated. Finally, a separate function

normalizes the editing percentage to that of the negative control ab1 file to account

for background signals of each base. The final base conversion percentage is outputted

to the same .csv file for downstream analysis. The BEEP software can be downloaded
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at https://github.com/mitmedialab/BEEP.

3.4.6 SPAMALOT Pipeline

All 11,440 Streptococcus bacterial and 53 Streptococcus associated phage genomes were

downloaded from NCBI. CRISPR repeats catalogued for the genus were downloaded

from CRISPRdb hosted by University of Paris-Sud [45]. For each genome, spacers

upstream of a specific repeat sequence were collected with a toolchain consisting of

the fast and memory-efficient Bowtie 2 alignment [80]. Each genome and repeat-

type specific collection of spacers were then matched to all phage genomes using the

original Bowtie short-sequence alignment tool [81] to identify candidate protospacers

with at most one, two, or no mismatches. Unique candidates were input into the

WebLogo 3 [23] command line tool for prediction of PAM features. The SPAMALOT

software can be downloaded at https://github.com/mitmedialab/SPAMALOT.

3.4.7 Statistical Analysis

Data are shown as mean s.d. unless stated otherwise. Statistical analysis was

performed using the two-tailed Students t-test, utilizing the SciPy software package.

Calculated p-values, as compared to the negative control, are represented as follows:

*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. Data was plotted using Mat-

plotlib.
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Chapter 4

A Cas9 with Complete PAM

Recognition for Adenine

Dinucleotides from Streptococcus

macacae

This chapter is adapted from

Jakimo*, Chatterjee*, Nip*, and Jacobson. A Cas9 with Complete PAM Recognition

for Adenine Dinucleotides. bioRxiv (2018)

*Equal contribution
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Figure 4.1 (A) Dinucleotide and (B) Trinucleotide occurrences in the human reference genome

GRCh38. Tallies were carried out using the compseq EMBOSS command line software tool. Dashed

gray lines mark what the expected percentages would be for a uniform representation of all sequences

of length 2 or 3.

4.1 Introduction

Biotechnologies based on CRISPR systems have enabled extensively precise and pro-

grammable genomic interfacing.[76] However, CRISPR-associated (Cas) enzymes are

also collectively restrained from localizing to any position along DNA.[97, 129, 84]

Current gaps in the sequences they are known to recognize prevent access to numer-

ous genomic positions for powerful methods like base editing, which can only operate

on a narrow window of nucleotides at fixed distances from a PAM.[77] Many AT-rich

regions, in particular, have been excluded from compelling CRISPR applications be-

cause previously reported Cas9 and Casl2a endonucleases require targets to neighbor

GC-content or more restrictive motifs, respectively.[150, 64, 147]

In this work, we introduce a Cas9 ortholog derived from Streptococcus macacae

NCTC 11558 that can instead recognize a short 5'-NAA-3' PAM.[112] These se-

quences constitute 18.6% of the human genome, making adjacent adenines the most

abundant dinucleotide (Figure 4.1). The importance of this alternative PAM recog-
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Figure 4.2 (A) Sequence alignment (Genewiz software)ofSpyCas9, itstQQRvariant,hand Smac
Cas9. The stepin theunderliningred linemarks the joining of Spy Cas9 and SmacCas9 to
construct aSpy-mac Cas9 hybrid. The sequence logo (Weblogo online tool) immediately below

thealignmentdepicts theconservation at 11positions around thePAM-contacting aginines of
SpyCas9. (B) Thedomain organization ofSpyCas9juxtaposedoveracolor-codedstructureof
RNA-guided, target-bound Spy Cas9(PDB ID 5F9R). The two DNA strands are black with the
exception of amagenta segment corresponding to the PAM. Ablue-green-red color map is used
for labeling the Cas9 PIdomain and guide spacer sequence to highlight structures that confer
sequence specificity and the prevalence of intra-domain contacts within the P1.42 (C)A sequence logo
generated online (WebLogo) that was input with putative PAM sequences found inStreptococcus
phage and associated with close Smac Cas9 homologs.

nition for a Cas9 is reinforced by recent work revealing that while many Casl2a

(formerly known as Cpfl) orthologs have AT-rich PAM sequences and are highly ac-

curate nucleases on double-stranded DNA (dsDNA), they will also indiscriminately

digest single-stranded DNA (ssDNA) when bound to their targets.[18, 71] Such collat-

eral activity may introduce unwanted risks around partially unpaired chromosomal

structures, such as transcription bubbles, R-loops, and replication forks. Here we

characterize the specificity and utility of engineered nucleases derived from Smac

Cas9, by means of transcriptional repression in bacterial culture, in vitro digestion

reactions, and both gene and base editing in a human cell line.

To modify the ancestral 5'-NGG-3' PAM specificity of Spy Cas9, early and new re-
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ports have employed directed evolution (e.g., "VQR", "EQR", and "VRER" variants)

and rational design informed by crystal structure (e.g., "QQR" and "NG" variants).[4,

73, 72, 103] These reports focused on the PAM-contacting arginine residues R1333

and R1335 that abolish function when exclusively mutated. While those studies could

identify compensatory mutations resulting in altered PAM specificity, the Cas9 vari-

ants that they produced maintained a guanine preference in at least one position of the

PAM sequence. We aimed to lift such GC-content pre-requisites via a bioinformatics-

driven strategy that mines natural PAM diversity in the Streptococcus genus. We

then homed in on Smac Cas9 as having the potential to bear novel PAM specificity

upon aligning 115 orthologs of Spy Cas9 from UniProt (limited to those with greater

than a 70% pairwise BLOSSOM62 score). From the alignment we found Smac Cas9

was one of two close homologs, along with a Streptococcus mutans B112SM-A Cas9

(Smut Cas9), with divergence at both of the positions aligned to the otherwise highly

conserved PAM-contacting arginines (Figure 4.2). We thus hypothesized that Smac

Cas9 had naturally co-evolved the necessary compensatory mutations to gain new

PAM recognition. A small sample size of 13 spacers from its corresponding genome's

CRISPR cassette prevented us from confidently inferring the Smac Cas9 PAM in

silico. However, the possibility for Smac Cas9 requiring less GC-content in its PAM

was supported by sequence similarities to the "QQR" variant that has 5'-NAAG-3'

specificity, in addition to phage-originating spacers in cassettes associated with Smut

Cas9, which were identified with the aid of our custom computational pipeline of

scripts called SPAMALOT (Figure 4.3).[17]

We proceeded to experimentally assay the PAM preferences of several Streptococ-

cus orthologs that change one or both of the critical PAM-contacts. Based on demon-

strated examples of the PAM-interaction (PI) domain and guide RNA (gRNA) having

cross-compatibility between Cas9 orthologs that are closely related and active, we con-

structed new variants by rationally exchanging the PI region of catalytically-"dead"

Spy Cas9 (Spy dCas9) with those of the selected orthologs (Figure 4.4).[102, 11]

Assembled variants, including Spy-mac dCas9, were separately co-transformed into

E coli cells, along with guide RNA derived from S. pyogenes and an 8-mer PAM li-
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Figure 4.3 (A) Annotated CRISPR cassettes obtained from the genomes corresponding to orthologs
that substitute both PAM-contacting arginine residues to glutamine. (B) Mappings of CRISPR cas-
sette spacers to their putative target source for listed crRNA, identified via an online BLAST and/or

SPAMALOT. SPAMALOT uncovered most cases of mismatch-tolerated mappings to Streptococcus

phage. Underlined bases indicate mismatches that are tolerated for the mapping. Additional line

spacing separates analysis for each CRISPR cassette.
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Figure 4.4 (A) Chromatograms representing the PAM-SCANR based enrichment of variant-

recognizing PAM sequences from a 5-NNNNNNNN-3 library. (B) SYBR-stained agarose gels showing

in vitro digestion of 10 nM 5-NAAN-3 substrates upon 16 minutes of incubation with 100 nM of

purified ribonucleoprotein enzyme assemblies. Arrows distinguish banding of the cleaved products

from uncleaved substrate (top band). Matrix plots summarize cleaved fraction calculations, which

were carried out in a custom script for processing gel images. (C) Timecourse measurements of

target DNA substrate cleavage for Smac Cas9 and Spy-mac Cas9. (D) DNA substrate cleavage

plotted as a function of 0.25:1, 1:1, and 4:1 molar ratios of ribonucleoprotein to target for wild-type

Spy Cas9 and hybrid Spy-mac Cas9.

brary of uniform base representation in the PAM-SCANR genetic circuit, established

by others.[85] The circuit usefully up-regulates a green fluorescent protein (GFP)

reporter in proportion to PAM-binding strength. Therefore, we collected the GFP-

positive cell populations by flow cytometry and Sanger sequenced them around the

site of the PAM to determine position-wise base preferences in a corresponding vari-

ant's PAM recognition. Spy-mac dCas9, more so than Spy-mut dCas9, generated a

trace profile that was most consistent with guanine-independent PAM recognition,

along with a dominant specificity for adenine dinucleotides.

Next, we purified nuclease-active enzymes to continue probing the DNA target

recognition potential and uniqueness of Spy-mac Cas9 (Figure 4.5).[5, 89] We in-

dividually incubated the ribonucleoprotein complex enzymes (composed of Cas9 +
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Figure 4.5 (A) SDS-PAGE gel image of Spy-mac Cas9 after purification by affinity chromatography.
SYBR-stained agarose gels running in vitro digestion reactions are shown that assay dependencies
on (B) crRNA spacer length and (C) tracrRNA sequence origin. (D) Sequence alignment (Genewiz
software) of tracrRNA from S. pyogenes and S. mutans highlighted in a color code that reflects the
base-pairing in their (E) duplex gRNA secondary structure. SYBR-stained agarose gels running in

vitro digestion reactions are shown that assay dependencies on (F) positions 58 in the PAM sequence

and (G) increments to the distribution of adenine content in positions 15 in the PAM sequence.

crRNA + tracrRNA) with double-stranded target substrates of all 5'/3'-neighboring

base combinations at an adenine dinucleotide PAM (5'-NAAN-3'). Our brief 16-

minute digestion indicated both wild-type Smac Cas9 and our designed Spy-mac Cas9

cleaved adjacently to 5'-NAAN-3' motifs more broadly and evenly than the previously

reported QQR variant. Spy-mac Cas9 distinguished itself further with rapid DNA-

cutting rates that resemble the fast digest kinetics of Spy Cas9 (Figure 4.4).[42] We

ran reactions that used varying crRNA spacer lengths and tracrRNA sequence, as

the latter differs slightly between the S. macacae and S. pyogenes genomes (Figure

4.5). Neither of these two parameters compensated for the slower cleavage rate of

Smac Cas9, but we did notice marginal improvement in the activity of the wild-type

form with its native tracrRNA, which comports with the interface of the guide-Cas9

interaction being mostly outside of the PI domain.
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To crucially verify that an adenine dsDNA dinucleotide is sufficient for Cas9 PAM

recognition, we confirmed Spy-mac Cas9 remains active on targets that set the next

four downstream bases to the same nucleotide (e.g. 5'-TAAGXXXX-3', for X all fixed

to A, C, G, or T; Figure 4.5). Additionally, we observed moderate yield of cleaved

products on examples of 5'-NBBAA-3', 5'-NABAB-3', 5'-NBABA-3' PAM sequences

(where B is the IUPAC symbol for C, G, or T), revealing an even broader tolerance

for increments to the dinucleotide position or adenine adjacency. We anticipate future

measurements of guide-loading, target-dissociation and R-loop expansion/contraction

will provide more insights on the serendipitous catalytic benefit over Smac Cas9 from

grafting its PI domain onto a truncated Spy Cas9.

Encouraged by the nucleolytic performance of Spy-mac Cas9, we investigated its

capacity for gene modification in human cells. First, we transfected a human embry-

onic kidney (HEK293T) cell line with plasmids that encode Smac Cas9 or Spy-mac

Cas9, and co-expressed single-guide RNA molecules that target the VEGFA gene

locus at sites representing a breadth of 5'-NAAN-3' PAM diversity (Figure 4.6).

Consistent with our in vitro observations, we found Spy-mac Cas9 was generally

more efficient than Smac Cas9 at mediating enzymatically-detected (T7 Endonucle-

aseI) genomic insertion/deletion (indel) mutations. Spy-mac Cas9 also proved ca-

pable of generating indels with variable efficiency on instances of any directly 5'-

or 3-neighboring base for 5'-NAAG-3' or 5'-CAAN-3' PAM sequences. To address

sites with low modification rates, we introduced two mutations (R221K and N394K)

into Spy-mac Cas9 that can raise gene knock-out percentages and had been previ-

ously identified by deep mutational scans of Spy Cas9. We refer to this variant as

an "increased" editing Spy-mac Cas9 (iSpy-mac Cas9) due to its similarly elevated

modification rates on our targets.[126]

We then benchmarked the gene editing performance of the nucleases derived from

Streptococcus macacae Cas9 against orthologs of Casl2a by making use of their com-

mon AT-rich PAM specificity (Figure 4.6).[145, 39] We included Casl2a orthologs

known for efficient gene editing from Acidaminococcus sp. BV3L6 (AsCas12) and

Lachnospiraceae bacterium ND2006 (LbCas12).[69] Our selection of target sites per-

66



A

A.Ca'l2a
VS TT

Spy-Mac CaM
I5Y-Kcowl

1RUMt.N09"

o 5 10 1

4P~ dlaa(W

PAM In VEGFA

CAM';

CAA~ . r

AAATA

0.0 0.5 LB 1. 2.0

G&W N e"a4 fst t

C,,-T,30.77*3.0%

C4 -T;,31.6*4S7I

C,,-T: 234*435%

C,-T: 2.7*2.5%

Figure 4.6 (A) Schematic diagram for matching Cas9 and Casl2a guides in a manner that enforces
their recognition of the same PAM sequence and therefore facilities their comparison (a Casl2a vs
Cas9 Comparator). (B) Dot plots of absolute and relative gene modification efficiency in HEK293T

cells by Cas9 and Casl2a variants targeting common PAM sequences located in the VEGFA gene.
Values were quantified in a T7EI-based assay and are consistent with biological duplicates that were

run in parallel. (C) Genomic base editing demonstration for the targeted conversion of cytosines to
thymines with Spy-mac nCas9-BE3. Analysis on the efficiency was carried out in our custom Sanger
sequencing trace file processing script called BEEP.

67

B

Sr-m CasS43
"IF~

$WM ae"
*gMACALcCA 

- Mcc
C.C0 Cac. P VAWn WA

1



mits overlapping PAM recognition between these Cas9 and Casl2a nucleases by guid-

ing the Casl2a variants with the reverse complemented spacer sequences of those

guiding our Cas9 variants. The Cas9 and Casl2a thereby targeted opposite strands,

yet were constrained to recognize the same PAM site while preserving important

features for guide RNA effectiveness (e.g. distribution of purines/pyrimidines and

GC-content.[136, 79] We believe this is the first report of Casl2a and Cas9 activity

being compared so explicitly on an endogenous genomic locus. For each site we ex-

amined, iSpy-mac Cas9 consistently generated a larger indel percentage than either

AsCasl2a or LbCasl2a - never exhibiting less activity than the lower-editing of the

two Cas12 proteins - if not generating the largest overall percentage (Figure 4.6).

Lastly, we selected a window of four nucleotides in the VEGFA locus in a se-

quence context such that any other reported CRISPR endonuclease capable of gene

modification would not allow their base-editing from cytosine to thymine.[95] We

co-transfected a gRNA plasmid targeting a 5'-CAAC-3' PAM and a nickase form of

Spy-mac Cas9 that was inserted into the previously reported base-editing BE3 ar-

chitecture (Spy-mac nCas9-BE3).[77] Harvested cells exhibited robust base-editing,

with conversions of cytosines to thymines ranging from 20% to 30% in our selected

window (Figure 4.6). The significant gain in efficiency compared to the indel for-

mation we measured for this target can likely be explained by the larger scale of

our gene modification experiments, plus differing codon usage. Recent work shows

that editing rates can be improved by such codon selection, as well as optimization

to nuclear-localization sequences/linkers, protein solubility, delivery methods, and

sortable labeling of transfected cells.[75, 141, 88, 28] Our method for checking Smac

Cas9 against Casl2a does not apply to base-editing since the enzymes must target op-

posite strands in order to recognize the same PAM sequence and current base-editing

methods only directly modify the non-target strand.[144, 87]; Hence, most Cas9 base-

editing architectures utilize their ability to nick on the target side for transferring a

base-edit in a manner that templates from the modified opposing strand.[41]

In summary, we have identified a homolog of Spy Cas9 in Streptococcus macacae

with native 5'-NAAN-3' PAM specificity. By leveraging the substantial background
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in the development and characterization of Spy Cas9, we engineered variants of Smac

Cas9 that maintain minimal PAM specificity and achieve suitable activity for mediat-

ing edits on chromosomes in human cells.[61] This finding sets the path for engineering

Smac Cas9 with other desirable properties and activities.[74, 56, 63, 58] As a result,

Cas9 can now substitute for Casl2a and open access to more AT-content PAM se-

quences in the ever-growing list of genome engineering applications with CRISPR-Cas

systems.

4.2 Materials and Methods

4.2.1 Selection of Streptococcus Cas9 Orthologs of Interest

All Streptococcus Cas9 orthologs were downloaded from the online UniProt database

https://www.uniprot.org/. These were downsampled upon global protein alignment

feature with a Blosum62 cost matrix in the Genewiz software package. Orthologs with

less than 70% agreement with the Spy Cas9 sequence were then discarded. The re-

maining 115 orthologs were used to generate a sequence logo (Weblogo http://weblogo.

threeplusone.com/create.cgi), and were manually selected for divergence at positions

aligned to residues critical for the PAM interaction of Spy Cas9.

4.2.2 PAM-SCANR Bacterial Fluorescence Assay

Sequences encoding the PAM-interaction domains of selected Cas9 orthologs were

synthesized as gBlock fragments by Integrated DNA Technologies (IDT) and inserted

via a New England Biolabs (NEB) Gibson Assembly reaction into the C-terminus of

a low-copy plasmid containing Spy dCas9 (Beisel Lab, NCSU). The hybrid protein

constructs were transformed into electrocompetent E. coli cells with additional PAM-

SCANR components as previously established. [85] Overnight cultures were analyzed

and sorted on a Becton Dickinson (BD) FACSAria machine. Sorted GFP-positive

cells were grown to sufficient density, and plasmids from the pre-sorted and sorted

populations were then isolated. The region flanking the nucleotide library was PCR
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amplified and submitted for Sanger sequencing (Genewiz). The choromatograms from

received trace files were inspected for post-sorted sequence enrichments relative to the

pre-sorted library.

4.2.3 Purification of and DNA cleavage with Selected Nucle-

ases

The gBlock (IDT) encoding the PAM-interaction domain of S. macacae was inserted

into a bacterial protein expression/purification vector containing wild-type S. pyo-

genes Cas9 fused to the His6-MBP-tobacco etch virus (TEV) protease cleavage site at

the N-terminus (pMJ915 was a gift from Jennifer Doudna, Addgene plasmid #69090).

The resulting hybrid Spy-mac Cas9 protein expression construct was sequence-verified

by a next-generation complete plasmid sequencing service (CCBI DNA Core Facility

at Massachusetts General Hospital). The hybrid-protein construct was then trans-

formed into BL21 Rosetta 2TM(DE3) (MilliporeSigma), and a single colony was picked

for protein expression by inoculating into 2xYT with a final concentration of 1% glu-

cose at 37 Celsius. This overnight starter culture was then used to inoculate 1 L

2xYT and grown at 37 Celsius to a cell density of OD600 0.6, at which point the

temperature was lowered to 18 Celsius and His-MBP-TEV-SpyMac Cas9 expression

was induced by supplementing with 0.2 mM IPTG and grown for 18 hours before

harvest.

Cells were then lysed with BugBusterTMProtein Extraction Reagent, supplemented

with 1 mg/ml lysozyme solution (MilliporeSigma), 125 Units/gram cell paste of

BenzonaseTMNuclease (MilliporeSigma), and complete, EDTA-free protease inhibitors

(Roche Diagnostics Corporation). The lysate was clarified by centrifugation, includ-

ing a final spin with a pre-chilled SteriflipTM 0.45 micron filter (MilliporeSigma). The

clarified lysate was incubated with Ni-NTA resin (Qiagen) at 4 Celsius for 1 hour and

subsequently applied to an Econo-PacTMchromatography column (Bio-Rad Labora-

tories). The protein-bound resin was washed extensively with wash buffer (20 mM

Tris pH 8.0, 800 mM KCl, 20 mM imidazole, 10% glycerol, 1 mM TCEP) and His-
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tagged Spy-mac protein was eluted in wash buffer (20 mM HEPES, pH 8.0, 500 mM

KCl, 250 mM imidazole, 10% glycerol). ProTEVTMPlus protease (Promega, Madi-

son) was added to the pooled fractions and dialyzed overnight into storage buffer

(20 mM HEPES, pH 7.5, 500 mM KCl, 20% glycerol) at 4 Celsius using Slide-A-

Lyzer T dialysis cassettes with a molecular weight cut-off of 20 KDa (ThermoFisher

Scientific). The sample was then incubated again with Ni-NTA resin for 1 hour at 4

Celsius with gentle rotation and applied to a chromatography column to remove the

cleaved His tag. The protein was eluted with wash buffer (20 mM Tris pH 8.0, 800

mM KCl, 20 mM imidazole, 10% glycerol, 1 mM TCEP) and fractions containing

cleaved protein were verified once more by SDS-PAGE and Coomassie staining, then

pooled, buffer exchanged into storage buffer, and concentrated. The concentrated

aliquots were measured based on their light-absorption (Implen Nanophotometer)

and flash-frozen at -80 Celsius for storage or used directly for in vitro cleavage assays.

The crRNA and tracrRNA guide components were procured in the form of HPLC-

purified RNA oligos (IDT) and resuspended in 1X IDTE pH 7.5 solution (IDT).

Duplex crRNA-tracrRNA guides were annealed at 1 uM concentration in duplex

buffer (IDT) by a protocol of rapid melting followed by gradual cooling. Target

substrates were PCR amplified from assemblies of the PAM-SCANR plasmid with

a fixed PAM sequence. In vitro digestion reactions with 10 nM target and typ-

ically a 10-fold excess of enzyme components were prepared on ice and then in-

cubated in a thermal cycler at 37 Celsius. Reactions were halted after at least 1

minute by heat denaturation at 65 Celsius for 5 minutes and run on a 2% TAE-

agarose gel stained with DNA-intercalating SYBR dye (Invitrogen). Gel images were

recorded from blue-light exposure and analyzed in a Python script adapted from

https://github.com/jharman25/gelquant/. Cleavage fraction measurements were quan-

tified by the relative intensity of substrate and product bands as follows:

integrated intensity of product bands

integrated intensity of all bands
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4.2.4 Gene Modification Analysis and Software

The gBiock (IDT) encoding the PAM-interaction domain of S. macacae was swapped

into the Spy Cas9 mammalian expression plasmid OG5209 (Oxford Genetics). Plas-

mids for Casl2a protein plus Cas9 and Cas2a guide construction were gifts from

Keith Joung (Addgene plasmid # 78741, 78742, 78743, 78744). HEK293T cells were

maintained in DMEM supplemented with 100 units/ml penicillin, 100 mg/ml strep-

tomycin, and 10% fetal bovine serum (FBS). sgRNA plasmid (62.5 ng) and nuclease

plasmid (187.5 ng) were transfected into cells as duplicates (5 x 104/well in a 24-well

plate) with Lipofectamine 3000 (Invitrogen) in Opti-MEM (Gibco). After 5 days post-

transfection, genomic DNA was extracted using QuickExtract Solution (Epicentre),

and genomic loci were amplified by PCR utilizing the KAPA HiFi HotStart ReadyMix

(Kapa Biosystems). For indel analysis, the T7EI reaction was conducted according to

the manufacturer's instructions and equal volumes of products were analyzed on a 2%

agarose gel stained with SYBR Safe (Thermo Fisher Scientific). Gel image files were

analyzed in a Python script adapted from https://github.com/jharman25/gelquant/.

Boundaries of cleaved and uncleaved bands of interest were hard-coded for each dupli-

cate set of Cas variants with a common target, and the areas under the corresponding

peaks were measured and calculated as the fraction cleaved of the total product. Per-

cent gene modification was calculated as follows:

% gene modification = 100 x (1 - (1 - fraction cleaved) )

4.2.5 Base Editing Analysis and Software

The gBlock (IDT) encoding the PAM-interaction domain of S. macacae was swapped

into a mammalian expression plasmid for cytosine to thymine base-editing, which

came as a gift of David Liu (Addgene plasmid # 73021). HEK293T (ATCCgCRL-

3 2 16TM) cells (MilliporeSigma, Burlington, MA) were maintained in DMEM supple-

mented with 100 units/ml penicillin, 100 mg/ml streptomycin, and 10% fetal bovine

serum (FBS). sgRNA (500 ng) and BE3 plasmids (500 ng) were transfected into cells
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as duplicates (2 x 105 /well in a 24-well plate) with Lipofectamine 3000 (Invitrogen) in

Opti-MEM (Gibco). After 5 days post-transfection, genomic DNA was extracted us-

ing QuickExtract Solution (Epicentre), and the VEGFA genomic locus was amplified

by PCR utilizing the KAPA HiFi HotStart ReadyMix (Kapa Biosystems). Amplicons

were purified and submitted for Sanger sequencing (Genewiz). For base conversion

analysis, an automated Python script termed BEEP, employing the pandas data ma-

nipulation library and BioPython package, was utilized to align base-calls of an input

abl file to first determine the absolute position of the target within the file, and

subsequently measure the peak values for each base at the indicated position in the

spacer. Finally, editing percentages of specified base conversions were calculated and

normalized to that of an unedited control. Conversion efficiencies are reported as the

average of two independent duplicate reactions ± standard deviation. The BEEP

software can be downloaded at https://github.com/mitmedialab/BEEP.[17]
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Table T1 Sequence information for in vitro digest reactions

Name Sequence
crRNA rCrGrArArArGrGrUrUrUrUrGrCrArCrUrCrGrArC...

rGrUrUrUrUrArGrArGrCrUrArUrGrCrU
tracrRNA (Spy) rArGrCrArUrArGrCrArArGrUrUrArArArArU...

rArArGrGrCrUrArGrUrCrCrGrUrUrArUrCrA...
rArCrUrUrGrArArArArArGrUrG...
rGrCrArCrCrGrArGrUrCrGrGrUrGrCrUrU

PAM Target 5'-NNNN-3' CGAAAGGTTTTGCACTCGACNNNNACCAACGAAAGGGCC
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Table T2 Sequence information for genome editing in human cells

Name
sgRNA for Cas9

for AsCasl2a
for LbCasl2a
for CAAATTCC
for CAAATTCC
for CAACCCCA
for CAACCCCA
for CAAGCCGT
for CAAGCCGT
for CAATGTGC
for CAATGTGC
for TAACCTCA
for TAACCTCAI
for TAAGGCCC
for TAAGGCCC
for GAAGTCGA
for GAAGTCGA
for GAAAGTGA
for GAAAGTGA
for GAAACCAG
for GAAACCAG
for AAACCAGC
for AAACCAGC
for AAAGTGAG
for AAAGTGAG
for AAATTCCA
for AAATTCCA

PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/
PAM w/

Cas9
Casl2a
Cas9
Casl2a
Cas9
Cas12a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Casl2a
Cas9
Cas12a
Cas9
Casl2a

Sequence
N20(Target) GTTTTAGAGCTATGCTG...
GAAACAGCATAGCAAGTTAAAAT...
AAGGCTAGTCCGTTATCAACTTGAAA...
AAGTGGCACCGAGTCGGTGCTTpolyT
TAATTTCTACTCTTGTAGAT N20(Target) polyT
AATTTCTACTAAGTGTAGAT N20(Target) polyT

GAACCCGGATCAATGAATAT
ATATTCATTGATCCGGGTTC
GCTCCCCGCTCCAACACCCT
AGGGTGTTGGAGCGGGGAGC
GGGAAGTAGAGCAATCTCCC
GGGAGATTGCTCTACTTCCC
GCCACAGTGTGTCCCTCTGA
TCAGAGGGACACACTGTGGC
GCTCAGGCCCTGTCCGCACG
CGTGCGGACAGGGCCTGAGC
GTTCCATCGGTATGGTGTCC
GGACACCATACCGATGGAAC
GGTAGCAAGAGCTCCAGAGA
TCTCTGGAGCTCTTGCTACC
GATTGGCGAGGAGGGAGCAG
CTGCTCCCTCCTCGCCAATC
GCCTGGAAATAGCCAGGTCA
TGACCTGGCTATTTCCAGGC
GCTGGAAATAGCCAGGTCAG
CTGACCTGGCTATTTCCAGC
GTTGGCGAGGAGGGAGCAGG
CCTGCTCCCTCCTCGCCAAC
GACCCGGATCAATGAATATC
GATATTCATTGATCCGGGTC
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gRNA
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
Target
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Chapter 5

RNA-Switched Cas9 Guides

Engineered by

Strand-Displacement

This chapter is adapted from

Jakimo, Chatterjee, and Jacobson. ssRNA/DNA-Sensors via Embedded Strand-

Displacement Programs in CRISPR/Cas9 Guides. BioRxiv (2018)
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5.1 Introduction

Native ribonucleoprotein nucleases of CRISPR systems protect bacterial populations

from viral proliferation by guide RNA (gRNA) that help to recognize and damage

invading genomic material [94], and in some cases, result in collateral digestion of

single-stranded RNA or DNA [29, 19, 43]. While these CRISPR components confer

certain sensing and actuation functionality, applications that demand more complex

responses to physical and biochemical stimuli have led to an abundance of CRISPR-

based engineering. To date, Cas9 from the Type II CRISPR system of S. pyogenes

has dominated the focus of these efforts [64, 116, 140]. Even when only considering

modifications to the SpCas9 guide, CRISPR activity has been coupled to a vari-

ety of stimuli, such as light absorption [59] and emission [82], aptamer-associated

small-molecules [135], RNA-binding proteins [90], ssDNA anti-sense oligos [34], and

bacterial transcriptional regulators [15]. In this work we demonstrate the first gRNA-

embedded molecular programs for conditional assembly of guide and Cas9 in response

to RNA triggers.

5.2 Computational Design of Switchable Guide RNA

We implemented the two low and high Cas9-affinity states of swigRNA with a toehold-

gated strand-displacement reaction. Several groups have previously employed this

method for controlling transcription termination [15], RNA processing [55], transla-

tion initiation [44], aptamer fluorescence[10], and nucleic acid-based logic [20, 148].

Figure 5.1 illustrates its relation to the stages of swigRNA-Cas9 activity, which are

listed as follows: 1) Insertions or extensions in the swigRNA molecule disrupt struc-

tural features essential for its complexing with Cas9. 2) The added sequence content

includes an unpaired "toe-hold" domain to promote hybridization with the triggering

oligonucleotide. 3) A sufficiently matched trigger that base-pairs with the swigRNA

toehold proceeds to incrementally displace base-pairing within the swigRNA. 4) In-

tramolecular and intermolecular strand exchanges promote alternative base-pairings
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Cas9 Affinity

Figure 5.1 Illustration of the toehold-gated strand-displacement steps for switching swigRNA-Cas9

activity using trigger trigRNA. Colored domains denote target-defining spacer sequence (green), re-

gions that map to positions in sgRNA that base-pair (dark blue), regions that map to positions in

sgRNA that do not base-pair (light blue), and inserted swigRNA-unique sequences (gray). High-

lighted domains denote domains in swigRNA and trigRNA that duplex based on toeholding (yellow)

or strand-displacement (red).
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Figure 5.2 (a) Modular strategies that impose RNA secondary structure constraints for swigRNA.

b) Design, build, and test workflow for swigRNA evaluation.

within the swigRNA. The resulting structure then rescues Cas9 affinity.

We lay out general design principles for swigRNA Figure 5.2 by incorporating

other studies on the effectiveness of gRNA variants that contain target-independent

sequence and structural changes [11, 102]. These principles exploit domains of a guide

that can tolerate insertions or structure-preserving sequence substitutions. They al-

low terminal extensions, as well as resizing loops and stems in either the 3'-proximal

hairpins or at the native duplex junction between CRISPR RNA (crRNA) and trans-

activating CRISPR RNA (tracrRNA). We generated sequences that satisfy our design

constraints using the nucleic acid computational design and analysis package, NU-

PACK [146]. We were able to specify stable switching behavior by including OFF- and

ON-state models in co-optimization tasks. In Figure 1C, we demonstrate functional

switching by a standout design, which was evaluated by an in vitro Cas9 cleavage

and gel shift assay [5].
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5.3 Validation of the Toehold-Gated Strand-Displacement

Mechanism

We further assessed the same design to validate the role of toehold-gated strand-

displacement Figure 5.3. In the absence of trigRNA, only a marginal fraction of

target DNA substrate was cleaved after 8 hours of digestion with Cas9 and swigRNA.

By contrast, a time course that included a two-fold excess of trigRNA yielded cleavage

on roughly half of the targets within the first hour. In support of our proposed

mechanism, we found neither toeholding nor strand-displacing domain was sufficient

for a trigger to induce cleavage.

Like trigRNA, full-length trigDNA was also effective at inducing switching, yet

with slightly lower efficiency. We expect this decrease in performance results from

generally higher thermal stability of RNA:RNA hybridization relative to RNA:DNA.

Nonetheless, we tested a variety of trigDNA with partial terminal truncations in

order to probe the length of toeholding and strand-displacement needed for triggering

swigRNA (Figure 5.3). We observed 5'-end truncations in the toeholding domain

of trigger gradually reduced digestion rates. While 2-4 nt 3'-end truncations in the

strand-displacing domain had minimal effects on cleavage yields, those that extended

beyond 5 nt showed drastic reduction.

We take these results to mean that toehold domain binding alone was insufficient

to promote strand exchanges for stronger swigRNA-Cas9 affinity. Toeholding, how-

ever, facilitated invasion and displacement of base-pairing that inhibited Cas9 bind-

ing. Since near-complete displacement enabled formation of active swigRNA-Cas9,

this switching after only partial invasion could suggest the remaining displacement

occurred by thermal dehybridization ("breathing"), was promoted by intermediate

strand-exchange structures, and was then stabilized by Cas9 binding.
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Figure 5.3 A) 2D and 1D representations of base-pairing in a swigRNA that is tested over an 8

hour time-course with and without trigRNA. B) Cas9 digest reactions run with 5-end truncations of

trigR.NA or trigDNA. C) Cas9 digest reactions run with 3-end truncations of trigRNA or trigDNA.

5.4 Demonstration of OFF-to-ON and ON-to-OFF

Switchable Guide RNA

We confirm the same design strategy generates additional swigRNA that have off-

to-on performance for other triggers and targets (Figure 3A). We were surprised to

discover alternative design strategies produced opposite on-to-off switching (Figure

5.4). These on-to-off swigRNA embed the entire toehold-gated strand-displacement

program - in different orientations - within the junction of crRNA and tracrRNA. We

expect this region is sterically sensitive to trigger hybridization for the stem lengths

used in these designs. Lastly, we validate more swigRNA hybridization strategies

that produce our intended off-to-on switching (Figure 3C).

Our work reveals several methods for coupling activity of the CRISPR/Cas9 sys-

tem to sensing ssRNA or ssDNA molecules. We have also established a workflow

that can now be applied to broader design libraries for new DNA targets and RNA

triggers. We plan to correspond predicted and actual swigRNA structures using tech-

82



A B

-WW -f~ " -o f

C Orr o a 2W"meel~.aIs-piu

Figure 5.4 A) Evaluation of additional off-to-on swigRNA based on interdomain hybridization

between the stem-bulge and hairpins. B) Demonstration of on-to-off swigRNA based on intradomain

hybridization within the stem-bulge. C) Evaluation of alternative off-to-on swigRNA based on

hybridization between a 3 terminal extension and the nexus and hairpins.

niques, such as SHAPE-seq [91], in order to adjust our design principles for further

generality.

5.5 Materials and Methods

5.5.1 In vitro Cas9 Cleavage Assays

IDT DNA Ultramers of reverse-complimented swigRNA designs were transcribed us-

ing the NEB HiScribe T7 Quick High Yield RNA Synthesis Kit and purified using

the Qiagen RNeasy Mini kit. Each cleavage reaction consisted of 30 nM NEB Cas9,

S. pyogenes nuclease, 30 nM swigRNA, 3 nM PCR amplified DNA target substrate,

and 60 nM HPLC-purified synthetic trigRNA or trigDNA from IDT. Unless otherwise

specified, digests incubated 4 hours before 2% TAE agarose gel electrophoresis.
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5.5.2 Nupack swigRNA Design

We used the online NUPACK nucleic acid sequence design server (http://nupack.org/design/new)

to co-optimize active and inactive states of swigRNA. We wrote Python code to both

parametrically generate an input NUPACK script and parse the output sequences

into genbank format.
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Figure 6.1 Diagram of Cas-gRNA RNP that has its components annotated by the associated

technological developments in this thesis.

This thesis achieves novel precision and range for CRISPR-Cas9 aene-edit.ing

by modifying separate components of the Cas9-gRNA ribonclooprotein complex

(Figure 6.1). Chapter 2 demonstrates DNA/RNA chimeric cr1NA that can evade

off-target genorne editing. Chapters 3 and 4 uncover the first Cas9 enzymes (Sc and

Smac) with natural single-base and AT-only. two-base PAM specificity. Chapter 5

shows how to engineer tracrRNA segments for switchable guides that can be acti-

vated by RNA signals. Integrating these distinct, modifications into the same RNP

will enable systems that combine their honefits for genome editing.

A critieal contribution of this ihesis is the broadened sequence space for flicient

genome engineering. To date. Sc Cas9 appeas to be the broadest. and most.

efficient single-base PAM Cas9. Combining its range with the minimal adenine dinu-
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Figure 6.2 The expanded sequence targeting range of Sc and Smac derived Cas9 enzymes.

cleotide PAM recognition of iSpy-mac Cas9, opens unprecedented access to genomic

targets. Whereas SpCas9 as an ABE base-editor could repair 41.1% of deleterious

nonsense single-nucleotide polymorhphisms, ABE base-editors from Sc++ and iSpy-

mac could together repair 95.5% of such deleterious mutations on the human genome.

These enzymes therefore present the opportunity to provide new cures for patient pop-

ulations with genetic disorders or to more densely screen the function of sequences in

the genome.

Inspired by the diversity of life, the constraints of evolution, and the ability to

engineer the bonds of biology, this thesis combines computation and experimentation

to create new tools for precise and expansive CRISPR edits.
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