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ABSTRACT 56 

Targeting definite genomic locations using CRISPR-Cas systems requires a set of 57 

enzymes with unique protospacer adjacent motif (PAM) compatibilities. To expand 58 

this repertoire, we engineered nucleases, cytosine base editors, and adenine base 59 

editors from the archetypal Streptococcus thermophilus CRISPR1-Cas9 (St1Cas9) 60 

system. We found that St1Cas9 strain variants enable targeting to five distinct A-61 

rich PAMs and provide structural basis for their specificities. The small size of this 62 

ortholog enables expression of the holoenzyme from a single adeno-associated viral 63 

vector for in vivo editing applications. Delivery of St1Cas9 to the neonatal liver 64 

efficiently rewired metabolic pathways, leading to phenotypic rescue in a mouse 65 

model of hereditary tyrosinemia. These robust enzymes expand and complement 66 

current editing platforms available for tailoring mammalian genomes.  67 
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INTRODUCTION 68 

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-69 

associated (Cas) proteins form a prokaryotic adaptive immune system and some of its 70 

components have been harnessed for robust genome editing (Komor et al. 2017). Type II-71 

based editing tools rely on a large multidomain endonuclease, Cas9, guided to its DNA 72 

target by an engineered single-guide RNA (sgRNA) chimera (Jinek et al. 2012) (See 73 

(Koonin et al. 2017; Shmakov et al. 2017; Makarova et al. 2018) for a classification of 74 

CRISPR-Cas systems). The Cas9-sgRNA binary complex finds its target through 75 

recognition of a short sequence called the protospacer adjacent motif (PAM) and the 76 

subsequent base pairing between the guide RNA and DNA leads to a double-strand break 77 

(DSB) (Komor et al. 2017; Hille et al. 2018). While Streptococcus pyogenes (SpCas9) 78 

remains the most widely used Cas9 ortholog for genome engineering, the diversity of 79 

naturally occurring RNA-guided nucleases is astonishing (Shmakov et al. 2017). Hence, 80 

Cas9 enzymes from different microbial species can contribute to the expansion of the 81 

CRISPR toolset by increasing targeting density, improving activity and specificity as well 82 

as easing delivery (Esvelt et al. 2013; Komor et al. 2017). 83 

 84 

In principle, engineering complementary CRISPR-Cas systems from distinct bacterial 85 

species should be relatively straightforward, as they have been minimized to only two 86 

components. However, many such enzymes were found inactive in human cells despite 87 

being accurately reprogrammed for DNA binding and cleavage in vitro (Ran et al. 2015; 88 

Zetsche et al. 2015; Chen et al. 2017a). Nevertheless, a striking example of the value of 89 

alternative Cas9 enzymes is the implementation of the type II-A Cas9 from 90 
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Staphylococcus aureus (SaCas9) for in vivo editing using a single recombinant adeno-91 

associated virus (AAV) vector (Ran et al. 2015; Maeder et al. 2019). More recently, 92 

Campylobacter jejuni and Neisseria meningitidis Cas9s from the type II-C (Mir et al. 93 

2018) CRISPR-Cas systems have been added to this repertoire (Kim et al. 2017; Ibraheim 94 

et al. 2018; Edraki et al. 2019). In vivo editing offers the possibility to generate 95 

phenotypes in animal models in order to better recapitulate the interactions between cell 96 

types and organs.  In addition, it can be envisioned as a novel class of human therapeutics 97 

that enables precise molecular correction of genetic defects underlying diseases. 98 

Therefore, further development of robust and wide-ranging CRISPR-based technologies 99 

for in vivo editing may help to decipher disease mechanisms and offer novel therapeutic 100 

options (Lau and Suh 2017; Schneller et al. 2017).  101 

 102 

Here we revisited the properties of Streptococcus thermophilus type II-A CRISPR1-Cas9, 103 

a model system central to the discovery of CRISPR and its function (Barrangou and 104 

Horvath 2017; Hille et al. 2018). We aimed to engineer potent RNA-guided nucleases 105 

and base editors with distinctive PAM sequences for both in vitro and in vivo 106 

applications. 107 

 108 

RESULTS 109 

Robust and potent DNA cleavage by St1Cas9 in human cells 110 

While characterizing the interplay between St1Cas9 and anti-CRISPR proteins isolated 111 

from phages infecting S. thermophilus (Hynes et al. 2018) we noticed the substantial 112 

levels of editing achieved in human cells, an observation contrasting with previous 113 
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reports (Chari et al. 2015; Ran et al. 2015). We thus attempted to optimize its activity. 114 

First, we flanked the human codon-optimized ORF (Kleinstiver et al. 2015b) with nuclear 115 

localization signals (NLS) (Fig. 1A). Second, we customized the sgRNA sequence to 116 

maximize nuclease activity and tested our constructs at three endogenous loci (Fig. 1A,B; 117 

Supplemental Fig. S1A–F). The best performing sgRNA architecture (v1) was engineered 118 

by truncating the repeat:anti-repeat region (Briner et al. 2014) and substituting a wobble 119 

base pair present in the lower stem for a canonical Watson-Crick base pair (Fig. 1A). 120 

These modifications also markedly improved transcriptional activation using dSt1Cas9-121 

VPR (Chavez et al. 2015) (Supplemental Fig. S2). This analysis revealed that high gene 122 

disruption rates could be obtained under standard conditions using St1Cas9 in human 123 

cells. 124 

 125 

Functional PAM sequences for St1Cas9 LMD9 in mammalian cells  126 

Cas9 orthologs rely on different PAMs as the first step in target recognition and the 127 

consensus PAM for St1Cas9 (LMD9 and DGCC7710 S. thermophilus strains that differ 128 

by only 2 aa within their N-terminus) was originally defined as NNAGAAW (where W is 129 

A or T) (Deveau et al. 2008). However, sequences closely related to the consensus can be 130 

functional in test tubes or when transplanted in E. coli for St1Cas9 LMD9, the strain 131 

variant first engineered for genome editing (Cong et al. 2013; Esvelt et al. 2013; 132 

Kleinstiver et al. 2015b; Leenay et al. 2016). We thus explored its PAM preference by 133 

targeting endogenous loci in human and mouse cells. This analysis revealed that St1Cas9 134 

LMD9 functions efficiently at both NNAGAA and NNGGAA PAMs (Fig. 1C). While a 135 

C is tolerated at position 7, there is a trend for these guides to be less efficacious. This 136 
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bias was also observed in bacterial cells (Leenay et al. 2016). Thus, the functional core 137 

PAM sequence is constituted of four specific base pairs and defined as NNRGAA (where 138 

R is A or G). The optimal PAM sequence to regularly achieve high levels of editing is 139 

NNRGAAD (where D is A or G or T). The length of the nonconserved PAM linker (NN) 140 

has also been shown to be flexible and an extension from 2 to 3 bases can be tolerated in 141 

bacterial cells (Briner et al. 2014; Chen et al. 2014), but we failed to reproduce this 142 

observation in human cells suggesting a higher stringency of the system (Supplemental 143 

Fig. S1G). We also explored the impact of varying guide length on activity and observed 144 

no obvious correlation, confirming previous observations (Kleinstiver et al. 2015b) 145 

(Supplemental Fig. S1H). As 20bp guides are markedly less tolerant of mismatches than 146 

longer ones for SaCas9 (type II-A SaCas9 and St1Cas9 share 37% identity), we favor the 147 

use of 20bp guides (Tycko et al. 2018). Hence, the flexibility of PAM recognition by 148 

St1Cas9 LMD9 enhances its targeting capabilities. While recognition of an A-rich PAM 149 

may facilitate targeting A/T-rich regions of genomes, the targeting range of St1Cas9 in 150 

mammalian cells is less constrained than originally thought. 151 

 152 

Engineering St1Cas9 variants to expand its targeting range 153 

Although not formally defined as the PAM at the time, the presence of a degenerate 154 

consensus sequence situated downstream of protospacers has been observed in strains of 155 

S. thermophilus almost 15 years ago (Bolotin et al. 2005). For example, inferred 156 

consensus PAM sequences for St1Cas9 from strains CNRZ1066 and LMG13811 are 157 

NNACAA(W) and NNGYAA(A) (where Y is C or T), respectively (Bolotin et al. 2005). 158 

Accordingly, the CRISPR1-Cas system of S. thermophilus strain LMG13811 transplanted 159 
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in E. coli or reconstituted from purified components has been shown to target DNA using 160 

a NNGCAAA PAM (Chen et al. 2014). 161 

At the protein level, the sequence of those St1Cas9 strain variants diverges mostly within 162 

the C-terminal wedge (WED) and PAM-interacting (PI) domains, implying that they have 163 

evolved to recognize distinct PAM sequences (Supplemental Fig. S3A,D). Since the 164 

PAM duplex is sandwiched between them (Fuchsbauer et al. 2019), we tested whether 165 

swapping the WED and PI domains of St1Cas9 LMD9 with the ones from LMG18311 166 

and CNRZ1066 could reprogram PAM specificity (Fig. 2A). The same sgRNA 167 

architecture was used with all St1Cas9 variants for these experiments. While St1Cas9 168 

LMD9 targeted NNAGAA and NNGGAA PAMs, the hybrid constructs targeted with 169 

high efficacy NNGCAA and NNACAA PAMs, respectively (Fig. 2A). We observed 170 

minimal levels of cross reactivity when swapping sgRNAs between nucleases, indicating 171 

that these variants have distinct PAM requirements for high cleavage efficacy (Fig. 2A). 172 

LMD9 and CNRZ1066-based variants recognized the non-cognate NNGCAA PAM with 173 

some sgRNAs, albeit cleavage efficacy was diminished (Fig. 2A).  174 

 175 

Sequence database mining using the “Search for PAMs by ALignment Of Targets” 176 

(SPAMALOT) tool (Chatterjee et al. 2018) predicts that even more diversity exists within 177 

CRISPR1-StCas9 systems and two additional groups represented by strains TH1477 and 178 

MTH17CL396 potentially target NNGAAA and NNAAAA PAMs, respectively 179 

(Supplemental Fig. S3B). Using the strategy described above, we were able to construct 180 

highly active nucleases targeting NNGAAA and NNAAAA PAMs (Supplemental Fig. 181 
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S3C). These variants also displayed a high level of specificity for their cognate PAM 182 

despite differing by only 2 residues (see below; Supplemental Fig. S3C,D).  183 

These data highlight the modularity inherent to Cas9 enzymes and a simple strategy to 184 

further expand the targeting range of St1Cas9s. Currently, this set of nucleases based on 185 

the St1Cas9 backbone can target five unique A-rich PAMs (LMD9; NNRGAA, 186 

LMG18311; NNGCAA, CNRZ1066; NNACAA, TH1477; NNGAAA, and 187 

MTH17CL396; NNAAAA). Tapping into the natural diversity found within S. 188 

thermophilus strains results in true reprograming towards a distinct PAM as opposed to 189 

relaxing specificity. In addition, despite their sequence and structural conservation 190 

(Nishimasu et al. 2015; Fuchsbauer et al. 2019) St1Cas9 variants could not cleave at 191 

SaCas9 PAMs (NNGRRT; where R is A or G) in human cells, further highlighting their 192 

specificity (Supplemental Fig. S4A–D). These orthologs also differ in their sensitivity to 193 

anti-CRISPR proteins as St1Cas9 is inhibited by both AcrIIA5 and AcrIIA6 while 194 

SaCas9 can only be blocked by AcrIIA5 (Supplemental Fig. S4E,F) (Hynes et al. 2018; 195 

Fuchsbauer et al. 2019; Garcia et al. 2019). This comparison between St1Cas9 and 196 

SaCas9 suggests that they function orthogonally and could be used in a combinatorial 197 

manner.  198 

 199 

Structural basis for St1Cas9s PAM specificity 200 

We recently determined the structure of St1Cas9 (DGCC7710) bound to its sgRNA and 201 

to a target DNA containing a PAM to an overall resolution of 3.3 A� using single 202 

particle cryo-electron microscopy (Fuchsbauer et al. 2019). In this structure, the 5’-203 

GCAGAAA-3’-containing PAM duplex is formed by seven Watson-Crick base pairs, and 204 
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its major and minor grooves are sandwiched between the WED and PI domains. While 205 

the resolution of this structure prevents us from mapping all amino acid contacts with the 206 

PAM, the side chain of K1086 in the PI domain hydrogen bonds with the guanine at 207 

position 4 (NNAG4AA) (Fig. 2B). Accordingly, St1Cas9 variants predicted by 208 

SPAMALOT (Chatterjee et al. 2018) to specify a guanine at this position contain K1086 209 

(Supplemental Fig. S3B,D). There is only one type of substitution at that position, where 210 

K1086 is replaced by I1086 (Supplemental Fig. S3D). This set of variants, which 211 

includes LMG18311 (NNGC4AA), CNRZ1066 (NNAC4AA), TH1477 (NNGA4AA), and 212 

MTH17CL396 (NNAA4AA) have lost the specificity for a guanine at position 4. At 213 

position 1084, the same type of analysis reveals that substitution of Q1084 for R1084 214 

leads to the recognition of a guanine at position 3, as directly observed for LMG18311 215 

(NNG3CAA) and TH1477 (NNG3AAA) (Fig. 2A; Supplemental Fig. S3C). Note that 216 

K1086 and R1084 are mutually exclusive and their co-occurrence would result in a steric 217 

clash (Supplemental Fig. S3D). In the structure of SaCas9 bound to 5’-TTG3AAT-3’ 218 

PAM, the guanine at position 3 is recognized by R1015 (Nishimasu et al. 2015). 219 

Structural comparison reveals that SaCas9 R1015 and St1Cas9 Q1084 occupy the same 220 

position relative to their PAMs (Fig. 2C). In addition, SaCas9 R1015 is anchored via salt 221 

bridges to E993, a position equivalent to E1057 in St1Cas9 (Fig. 2C). Thus, St1Cas9 222 

variants with R1084 likely recognize guanine at position 3 in an analogous manner as 223 

SaCas9 does. Finally, a distinct set of amino acids surrounding positions 1048-1052 224 

likely specify an adenine at position 4 in some variants as it is the case for TH1477 225 

(NNGA4AA), and MTH17CL396 (NNAA4AA) (Supplemental Fig. S3D). T1048 and 226 

M1049 are replaced by N1048 and D1049 in those St1Cas9 variants and are predicted to 227 
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occupy the same positions as N985 and N986 in SaCas9, the residues that specify purines 228 

at positions 4 and 5 in the NNGR4R5T PAM (where R is A or G) (Nishimasu et al. 2015) 229 

(Fig. 2D; Supplemental Fig. S3D).  Structural comparison predicts that N1048 could 230 

directly contact the adenine in position 4, and that N1048 and D1049 would contact the 231 

adenine in positions 4 and 5, potentially via water-mediated hydrogen bonds as observed 232 

in SaCas9 (Fig. 2D) (Nishimasu et al. 2015). Taken together, these observations provide a 233 

first glimpse at PAM recognition by St1Cas9 variants. 234 

 235 

Broadening the targeting scope of base editors using St1Cas9 variants 236 

DNA base editors comprise fusions between a catalytically impaired Cas nuclease and a 237 

base modification enzyme that operates on single-stranded DNA (ssDNA) (Rees and Liu 238 

2018). Cytosine base editors (CBEs) convert a C•G base pair into a T•A using the 239 

APOBEC1 cytidine deaminase. Fusion of APOBEC1 to Streptococcus pyogenes Cas9 240 

(SpCas9) D10A mutant (nickase) and two copies of the uracil DNA glycosylase inhibitor 241 

(UGI), resulted in the creation of the SpBE4max enzyme (Koblan et al. 2018). A 242 

limitation of the current base editing technology is that the protospacer adjacent motif 243 

(PAM) must be appropriately positioned relative to the target base to ensure efficient 244 

editing (Rees and Liu 2018). Thus, there is a need to develop base editors with additional 245 

PAM compatibilities to increase the number of targetable bases in a genome. As such, 246 

SaCas9 has also been converted into a base editor to create SaBE4 (Rees and Liu 2018). 247 

In an analogous manner, we have created St1BE4max by exchanging SpCas9 D10A for 248 

St1Cas9 LMD9 D9A into the SpBE4max construct (Koblan et al. 2018). This created a 249 

potent CBE with novel targeting specificity due to the unique PAM of St1Cas9 (Fig. 3A). 250 
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Our data indicate that St1BE4max has an activity window similar to SaBE4, which is 251 

wider than SpBE4max, and sometimes extend upstream of the guide (Rees and Liu 2018) 252 

(Fig. 3A; Supplemental Data). 253 

We then proceeded to test if St1Cas9 strain variants that display unique PAM preferences 254 

are also functional as CBEs. Indeed, LMG18311-, CNRZ1066-, and TH1477-based 255 

St1BE4max are efficient base editors at NNGCAA, NNACAA, and NNGAAA PAMs, 256 

respectively (Fig. 3B–D). St1BE4max variants were inactive at non-cognate PAMs 257 

indicating that they function in an orthogonal manner (Supplemental Fig. S5). We also 258 

generated an adenine base editor (St1ABEmax LMD9) to mediate the conversion of A•T 259 

to G•C in genomic DNA. We observed moderate editing efficiencies of St1ABEmax, a 260 

phenomenon also observed for SaABEmax, indicating that the ABEmax architecture is 261 

not fully compatible with these shorter Cas9s (Huang et al. 2019) (Fig. 3E). Nevertheless, 262 

these architectures can serve as a starting point for further improvements. Taken together, 263 

these data further demonstrate that St1Cas9 variants can be used as a scaffold to expand 264 

the targeting range of base editors. 265 

 266 

In vivo genome editing using St1Cas9 267 

The small size of St1Cas9 makes it potentially permissive for packaging holo-St1Cas9 268 

(St1Cas9 + sgRNA) into adeno-associated virus (AAV) vectors for in vivo delivery. To 269 

test the cleavage activity of St1Cas9 in vivo, we used the hereditary tyrosinemia type I 270 

(HT-I) mouse model, a disease caused by a deficiency of fumarylacetoacetate hydrolase 271 

(FAH), the last enzyme of the tyrosine catabolic pathway (OMIM 276700) (Orphanet 272 

ORPHA:882) (Fig. 4A). Fah-/- mutant mice die as neonates with severe hepatic 273 
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dysfunction and kidney damage due to the accumulation of toxic metabolites unless 274 

treated with nitisone (NTBC), a drug that inhibits 4-hydroxyphenylpyruvate dioxygenase 275 

(HPD) upstream in the pathway (Fig. 4A) (Grompe 2017). Since genetic ablation of Hpd 276 

in mice can also prevent liver damage and lethality by creating a much milder HT-III 277 

phenotype (Endo et al. 1997; Pankowicz et al. 2016), we attempted to inactivate Hpd in 278 

our studies using St1Cas9.  279 

 280 

To deliver holo-St1Cas9 to the liver, we generated a first set of AAV plasmids (AAV-281 

St1Cas9 v1 and v2) containing a liver-specific promoter, sgRNA expression cassettes in 282 

opposite orientations and produced hepatotropic AAV serotype 8 (AAV8) vectors  283 

(Colella et al. 2018) (Supplemental Fig. S6A,B). We injected NTBC-treated Fah-/- mice 284 

at day 2 of life into the retro-orbital sinus with these vectors and isolated total liver DNA 285 

at day 28 post injection in treated mice (Fig. 4B; Supplemental Fig. S6A,B). The titration 286 

showed that the degree of target editing at two different exons of Hpd was substantial and 287 

dependent on the dose of AAV8-St1Cas9 (Supplemental Fig. S6A,B). We then evaluated 288 

if alternative AAV-St1Cas9 expression cassettes could further improve cleavage efficacy 289 

in vivo while minimizing vector size. In our best performing design (AAV-St1Cas9 v3), 290 

we engineered a liver-specific promoter (LP1b) by combining elements from the human 291 

apolipoprotein E/C-I gene locus control region (ApoE-HCR), a modified human α1 292 

antitrypsin promoter (hAAT), an SV40 intron, and used a synthetic polyadenylation signal 293 

element (Fig. 4C) (Nathwani et al. 2006; McIntosh et al. 2013). These modifications 294 

increased cleavage efficacy markedly, especially at low AAV8 dose, and led to the 295 

creation of a vector of ~4.7 kb in size which is optimal for viral particle packaging (Fig. 296 
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4C,D) (Colella et al. 2018). It is worth noting that as the genomic DNA was extracted 297 

from pieces of total livers, the effective activity is likely to be underestimated since 298 

hepatocytes make up 70% of the liver's mass (Palaschak et al. 2019). Under the same 299 

experimental conditions, the levels of in vivo editing achieved with AAV-St1Cas9 v3 300 

were comparable to the ones obtained using the gold standard AAV-SaCas9 system 301 

(Supplemental Fig. S6C) (Ran et al. 2015). Of note, since modifications made to AAV 302 

plasmids can occasionally result in loss of potency of the recombinant AAV, we did not 303 

alter the structure of the published SaCas9 vector (Ran et al. 2015) for this comparison. 304 

Nevertheless, AAV8-mediated delivery into neonatal mice results in transient expression 305 

(see discussion) which constitutes a stringent test of potency for the two nuclease 306 

systems. 307 

 308 

To test if AAV8-St1Cas9 v3 can achieve phenotypic correction in vivo, NTBC was 309 

withdrawn shortly after weaning in the remaining subset of treated mice. Systemic 310 

delivery via a single neonatal injection normalized the levels of excretion of 311 

succinylacetone (SUAC), a toxic metabolite and a diagnostic marker for HT-I (Grompe 312 

2017) (Fig. 4E). Even at the lower vector dose (5 x 1010), we observed delayed but near 313 

complete elimination of SUAC secretion 4 months following NTBC removal, which is 314 

likely due to the potent selective growth advantage of targeted hepatocytes that can 315 

extensively repopulate the diseased organ (Grompe 2017) (Fig. 4E). This is also reflected 316 

by the increased levels of indels detected in liver samples over the same period (Fig. 4D). 317 

Consequently, treatment rescued lethality in all mice while saline-treated animals had to 318 

be killed after ~3 weeks as they met the weight loss criterion (Fig. 4F).  Likewise, 319 
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glycemia and weight loss were normalized in the treatment groups (Fig. 4G,H). 320 

Therefore, AAV8-mediated delivery of St1Cas9 in neonatal mice can result in efficient 321 

DNA cleavage, stable genetic modification, and phenotypic correction by rewiring a 322 

metabolic pathway through gene inactivation. 323 

 324 

To corroborate these findings we targeted Pck1, the gene encoding phosphoenolpyruvate 325 

carboxykinase 1, which plays a broad role in integrating hepatic energy metabolism and 326 

gluconeogenesis (Yang et al. 2009). Mice with a liver-specific deletion of the gene are 327 

viable but display an impaired response to fasting (She et al. 2000). Neonatal 2 days old 328 

C57BL/6N (wild-type) pups were injected with AAV8-St1Cas9 v3 targeting Pck1 and at 329 

6 weeks of age, they were fasted for 24 hours and killed for metabolic profiling and 330 

evaluating gene disruption efficacy (Supplemental Fig. S6D,E). Systemic delivery via a 331 

single neonatal injection resulted in substantial hepatic Pck1 gene disruption 332 

(Supplemental Fig. S6D). Plasma and hepatic triglyceride content were also markedly 333 

increased (Supplemental Fig. S6E). However, we found no change in circulating free 334 

fatty acid levels and hepatic glycogen stores were not depleted, suggesting that the 335 

observed phenotype may be intermediary to the one described in a prenatal hepatic 336 

knock-out model (Supplemental Fig. S6E) (She et al. 2000). We speculate that normal 337 

PCK1 in any non-targeted hepatocytes can partially compensate for the loss-of-function 338 

resulting from in vivo editing. Nevertheless, AAV8-mediated delivery of St1Cas9 in 339 

neonatal mice can efficiently disrupt the function of a key metabolic enzyme leading to 340 

clear and substantial phenotype in vivo. Collectively, these data support the notion that 341 

St1Cas9 can be engineered as a powerful tool for in vivo genome editing.  342 
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 343 

DISCUSSION 344 

Here we report that St1Cas9 can be harnessed for robust and efficient genome editing in 345 

vitro and in vivo, thereby expanding the CRISPR-Cas toolbox. We optimized this system 346 

to create potent nucleases, transcription activators, and base editors. We further validated 347 

its use in mice by demonstrating efficient rewiring, rescue, and creation of metabolic 348 

defects using all-in-one AAV vectors. Our work offers a comprehensive analysis and 349 

highlights novel fields of application for this CRISPR-Cas9 platform in mammalian cells 350 

(Kleinstiver et al. 2015b; Muller et al. 2016). St1Cas9 also functions efficiently for 351 

labeling of chromosomal loci in human cells and in mouse zygotes to create animal 352 

models (Ma et al. 2015; Fujii et al. 2016). In other systems, such as mycobacteria and the 353 

plant Arabidopsis thaliana, St1Cas9 is at least comparable to, and can even outperform, 354 

SpCas9 (Steinert et al. 2015; Rock et al. 2017).  355 

 356 

Structure-guided and random mutagenesis have been combined to successfully reprogram 357 

the PI domain of Cas9s to alter its specificity towards a distinct sequence, but also to 358 

relax its specificity (for example NNGRRT would become NNNRRT or NGG would 359 

become NGN) (Kleinstiver et al. 2015a; Kleinstiver et al. 2015b; Hu et al. 2018; 360 

Nishimasu et al. 2018). As expected, relaxed PAM recognition typically decreases 361 

genome-wide specificity by increasing the number of off-targets (Kleinstiver et al. 2015a; 362 

Nishimasu et al. 2018; Kleinstiver et al. 2019). As a corollary, off-target sites are 363 

generally low in number for Cas9s with longer PAMs versus with shorter ones 364 

(Kleinstiver et al. 2015b; Tsai et al. 2015; Kleinstiver et al. 2019). This highlights an 365 
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emerging connection between the length and complexity of the PAM versus the absolute 366 

specificity of a Cas protein that warrants further exploration (Muller et al. 2016). In this 367 

work, we engineered St1Cas9 variants with distinct PAM requirements and observed 368 

limited cross-reactivity towards non-cognate PAMs. While the complete characterization 369 

of PAM preference for each of these variants remains to be done, these data suggests a 370 

stringent PAM requirement for St1Cas9s. Some level of flexibility in PAM recognition 371 

has been observed and is to be expected for CRISPR-Cas systems in human cells. For 372 

example, wild-type SpCas9 (consensus NGG) can also recognize NAG, NGA, NGT, 373 

NGC with some, but not all, sgRNAs (Tsai et al. 2015; Nishimasu et al. 2018). Wild-type 374 

SaCas9 (consensus NNGRRT) can cleave at non-canonical NNARRT PAMs (Kleinstiver 375 

et al. 2015a). Finally, wild-type AsCas12a (consensus TTTV) can recognize non-376 

canonical GTTV and GCTV PAMs (Jacobsen et al. 2019). While this flexibility in PAM 377 

recognition is a concern regarding potential off-target activity (Tsai et al. 2015), DNA 378 

cleavage activity is typically much lower at these sites. Nevertheless, a comprehensive 379 

genome-wide profiling of off-target cleavage remains to be performed for St1Cas9 380 

variants. The recently described structure of St1Cas9 should facilitate the creation of 381 

high-fidelity St1Cas9s (Slaymaker et al. 2016; Chen et al. 2017b; Vakulskas et al. 2018; 382 

Fuchsbauer et al. 2019).  383 

 384 

The engineering of CRISPR-Cas systems with unique PAM sequences is of utmost 385 

importance and should not be guided uniquely by the absolute targeting range (the total 386 

number of PAMs present in a genome) as the exact location of binding is most often key 387 

for genome editing. Applications such as, disruption of small genetic elements, allele-388 
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specific targeting, seamless gene correction via recombination, base editing, or gene 389 

correction via microhomology-mediated end joining require highly precise targeting 390 

(Canver et al. 2015; Rees and Liu 2018; Gyorgy et al. 2019; Iyer et al. 2019). To achieve 391 

single nucleotide precision in targeting, a plethora of Cas9 orthologs harboring both wild-392 

type and altered PAM specificities will be needed. To illustrate the utility of St1Cas9 393 

variants in such contexts, we identified several disease-causing mutations that could 394 

potentially be targeted in an allele-specific manner (Supplemental Fig. S7A). We also 395 

identified highly active St1Cas9 nucleases targeting narrow regions within the 5’UTR 396 

and first intron of the mouse albumin gene (Supplemental Fig. S7B,C). These sites are of 397 

particular interest since the albumin gene has been described as a safe-harbor locus for 398 

targeted integration of therapeutic transgenes and liver-directed protein replacement 399 

therapies (Sharma et al. 2015). Base editors using St1Cas9 variants could also be relevant 400 

to correct metabolic diseases (Supplemental Fig. S8).  401 

 402 

Recombinant AAV vectors are prime in vivo gene delivery vectors for non-proliferative 403 

tissues. However, a limitation in the therapeutic use of AAV is the loss of episomal 404 

vector genomes from actively dividing cells resulting in transient expression of 405 

therapeutic transgenes. Hence, the combination of genome editing technology with AAV-406 

mediated delivery could lead to permanent genome modification and positive therapeutic 407 

outcome in young patients when tissues, such as the liver and retina, are still growing (Li 408 

et al. 2011; Yang et al. 2016). As a side benefit, the elimination of vector genomes would 409 

lead to transient nuclease expression in proliferating tissues that likely prevents 410 

accumulation of mutations at off-target sites (Li et al. 2011; Yang et al. 2016). In this 411 
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perspective, the development of alternative in vivo genome editing platforms based on 412 

orthologous CRISPR-Cas systems would further increase the options available for 413 

therapeutic interventions. 414 

 415 

 416 

 417 

METHODS 418 

Cell culture and transfection 419 

K562 were obtained from the ATCC (CCL-243) and maintained at 37 °C under 5% CO2 420 

in RPMI medium supplemented with 10% FBS, penicillin-streptomycin and GlutaMAX. 421 

Neuro-2a were obtained from the ATCC and maintained at 37 °C under 5% CO2 in 422 

DMEM medium supplemented with 10% FBS, penicillin-streptomycin and GlutaMAX. 423 

All cell lines are tested for absence of mycoplasma contamination. Cells (2 x 105 per 424 

transfection) were transfected using the Amaxa 4D-Nucleofector (Lonza) per 425 

manufacturer's recommendations. Unless otherwise specified, 0.5μg and 1μg of single 426 

vector constructs driving the expression of both the sgRNA and St1Cas9 variants 427 

(nucleases or base editors) were used for transient transfections in Neuro-2a and K562 428 

cells, respectively. K562 cell lines expressing St1Cas9 from the AAVS1 safe harbor locus 429 

were generated as described (Dalvai et al. 2015; Agudelo et al. 2017). Briefly, 430 

simultaneous selection and cloning was performed for 10 days in methylcellulose-based 431 

semi-solid RPMI medium supplemented with 0.5 μg/ml puromycin starting 3 days post-432 

transfection. Clones were picked and expanded in 96 wells for 3 days and transferred to 433 

12-well plates for another 3 days before cells were harvested for western blot analysis. 434 
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 435 

St1Cas9 strain variants 436 

Sequences of St1Cas9 variants were retrieved from NCBI’s Identical Protein Groups 437 

(IPG) resource which contained 29 unique protein sequences at the time of analysis. 438 

Predicted PAM sequences for St1Cas9 LMD9, LMG18311, CNRZ1066 were previously 439 

published (Bolotin et al. 2005; Deveau et al. 2008; Chen et al. 2014). Predictions for 440 

St1Cas9s related to TH1477 and MTH17CL396 originated from 441 

https://github.com/mitmedialab/SPAMALOT (Chatterjee et al. 2018). Alignments were 442 

performed using Clustal Omega (Sievers et al. 2011) in combination with the sequence 443 

alignment renderer ESPript 3 (Robert and Gouet 2014). 444 

 445 

Structural analysis of PAM specificity 446 

Coot and PISA were used to analyze the 3D structures (Krissinel and Henrick 2007). 447 

UCSF ChimeraX was used to prepare the figures (Goddard et al. 2018). 448 

  449 

Genome editing vectors  450 

Vectors for in vitro and in vivo genome editing with the CRISPR1-Cas9 (St1Cas9) 451 

system of S. thermophilus generated in this study are available from Addgene 452 

(Supplemental Fig. S9). Protein and DNA sequences for all St1Cas9 ORFs are available 453 

in Supplemental Tables S1-5. The mammalian expression vector for St1Cas9 (LMD9) 454 

fused to SV40 NLS sequences at the N- and C-terminus (MSP1594_2x_NLS; Addgene 455 

plasmid #110625) was constructed from MSP1594 (Kleinstiver et al. 2015b) (Addgene 456 

plasmid #65775, a gift from Keith Joung). The U6-driven sgRNA expression cassettes for 457 
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St1Cas9 (LMD9) (v1, v2, v3) (St1Cas9_LMD-9_sgRNA_pUC19; Addgene plasmid 458 

#110627) were synthesized as gBlock gene fragments (Integrated DNA Technologies) 459 

and cloned into pUC19 (Supplemental Table S11). BPK2301 (Kleinstiver et al. 2015b) 460 

(v0) (Addgene plasmid #65778, a gift from Keith Joung) was used to compare St1Cas9 461 

sgRNA architectures. The single vector mammalian expression system containing a CAG 462 

promoter-driven St1Cas9 LMD9 and its U6-driven sgRNA 463 

(U6_sgRNA_CAG_hSt1Cas9_LMD9; Addgene plasmid #110626) was built from the 464 

above-described plasmids. LMG18311, CNRZ1066, TH1477, MTH17CL396 C-terminal 465 

sequences were synthesized as gBlock gene fragments (Integrated DNA Technologies) 466 

and subcloned into U6_sgRNA_CAG_hSt1Cas9_LMD9 to produce the chimeric vectors 467 

(Addgene plasmids #136653, #136651, #136655, #136656).  468 

 469 

Base editors were constructed into U6_sgRNA_CAG_hSt1Cas9_LMD9 (or the chimeric 470 

variants) using fragments derived from pCMV_BE4max_3xHA and 471 

pCMV_ABEmax_3xHA (Koblan et al. 2018) (Addgene plasmids #112096 and #112098, 472 

a gift from David Liu). Protein and DNA sequences for all St1Cas9 base editors are 473 

available in Supplemental Tables S6-10. St1Cas9BE4max (Addgene plasmids #136652, 474 

#136654, #136657, #136659) and ABEmax (Addgene plasmid #136660) variants are 475 

available for distribution.  476 

 477 

The single vector rAAV-St1Cas9 LMD9 systems containing liver-specific promoters 478 

were assembled from the above-described components into a derivative of pX602 (Ran et 479 

al. 2015) (Addgene plasmid #61593, a gift from Feng Zhang) containing a deletion within 480 
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the backbone to eliminate BsmBI restriction sites. The LP1b promoter was engineered by 481 

combining elements from previously described AAV expression cassettes (Nathwani et 482 

al. 2006; McIntosh et al. 2013) (Supplemental Table S12). We deposited the most active 483 

version of this vector (v3) (pAAV_LP1B_St1Cas9_LMD-9_SpA_U6_sgRNA; Addgene 484 

plasmid #110624).  485 

 486 

To establish clonal K562 cell lines constitutively expressing C-terminally tagged St1Cas9 487 

under the control of an hPGK1 promoter, the Cas9 ORF from MSP1594_2x_NLS was 488 

subcloned into AAVS1_Puro_PGK1_3xFLAG_Twin_Strep (Dalvai et al. 2015) 489 

(Addgene plasmid #68375).  490 

 491 

The CRISPOR (Haeussler et al. 2016) web tool was used to design guide sequences 492 

against mouse and human targets St1Cas9 LMD9. For St1Cas9 variants the guides were 493 

identified by manual inspection of target sequences. Guide sequences are available in 494 

Supplemental Tables S13-18. 495 

 496 

Surveyor nuclease, TIDE, and base editing assays 497 

Genomic DNA from 2.5 x 105 cells was extracted with 250 μl of QuickExtract DNA 498 

extraction solution (Lucigen) per manufacturer's recommendations. The various loci were 499 

amplified by 30 cycles of PCR using the primers described in Supplemental Table S19. 500 

Assays were performed with the Surveyor mutation detection kit (Transgenomics) as 501 

described (Guschin et al. 2010; Agudelo et al. 2017). Samples were separated on 10% 502 

PAGE gels in TBE buffer. Gels were imaged using a ChemiDoc MP (Bio-Rad) system 503 
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and quantifications were performed using the Image lab software (Bio-Rad). TIDE 504 

analysis was performed using a significance cut-off value for decomposition of p<0.001 505 

(Brinkman et al. 2014). EditR (Kluesner et al. 2018) was used to quantify base editing 506 

from Sanger sequencing reads with the p value cutoff set to 0.01. Under these settings, 507 

any editing levels equal or lower than 5% is considered background. All chromatograms 508 

are available as Supplemental Data.  509 

 510 

Recombinant adeno-associated virus production 511 

Production of recombinant adeno-associated viral vectors was performed by the triple 512 

plasmid transfection method essentially as described (Gray et al. 2011). Briefly, 513 

HEK293T17 cells were transfected using polyethylenimine (PEI, Polysciences) with 514 

helper plasmid pxx-680 (A gift from R.J. Samulski), the rep/cap hybrid plasmid 515 

pAAV2/8 (A gift from James Wilson) and the rAAV vector plasmid. Twenty-four hours 516 

post-transfection, media was replaced with growth media without FBS, and cells were 517 

harvested 24 hours later. rAAV particles were extracted from cell extracts by freeze/thaw 518 

cycles and purified on a discontinuous iodixanol gradient. Virus were resuspended in 519 

PBS 320 mM NaCl + 5% D-sorbitol + 0.001% pluronic acid (F-68), aliquoted and stored 520 

at – 80oC. rAAV were titrated by qPCR (Roche) using SYBR Green and ITR primers as 521 

described (Aurnhammer et al. 2012). The yields for all vectors varied between 1 x 1013 522 

and 2 x 1013 vg/ml. The purity of the viral preparations was determined by SDS-PAGE 523 

analysis on a 10% stain free gel (Bio-Rad) in Tris-Glycine-SDS buffer (Supplemental 524 

Fig. S10). ITR integrity was assessed following a BssHII digestion of the AAV plasmid. 525 
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The vector core facility at the Canadian neurophotonics platform (molecular tools) 526 

produced the rAAV8s. 527 

 528 

Animal experiments (Fah-/- mouse model)  529 

Fah-/- mice (Grompe et al. 1993) on a C57BL/6 genetic background were group-housed 530 

and fed a standard chow diet (Harlan #2018SX) with free access to food and water. Fah-/- 
531 

mice drinking water was supplemented with 7.5 mg (2-(2-nitro-4-532 

trifluoromethylbenzoyl)-1,3-cyclohexanedione) (NTBC)/L and pH was adjusted to 7.0. 533 

Mice were exposed to a 12:12-h dark-light cycle and kept under an ambient temperature 534 

of 23 ± 1 °C. Animals were cared for and handled according to the Canadian Guide for 535 

the Care and Use of Laboratory Animals. The Université Laval Animal Care and Use 536 

Committee approved the procedures. 537 

  538 

Two days old neonatal mice were injected intravenously in the retro-orbital sinus 539 

(Yardeni et al. 2011) with different doses of rAAV8 or saline in a total volume of 20 µL. 540 

Mice were weaned at 21 days of age and NTBC was removed 7 days later. Body weight 541 

and glycemia were monitored daily following NTBC removal. Mice were not fasted for 542 

measurement of glycemia, data collection occurred between 9-10 am. Animals were 543 

killed by cardiac puncture under anesthesia at predetermined time points or when weight 544 

loss reached 20% of body weight. Livers were snap frozen for downstream applications. 545 

  546 

Urine collection and succinylacetone quantification 547 
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Urine from groups of 3-4 mice was collected overnight in metabolic cages (Tecniplast) 548 

15 days and 4 months after NTBC removal. Urine was centrifuged at 2000 rpm for 5 549 

minutes, aliquoted and frozen at -80oC. Succinylacetone was quantified in urine samples 550 

by a sensitive method using gas chromatography–mass spectrometry (GC-MS) as 551 

previously described (Cyr et al. 2006). The biochemical genetics laboratory at the centre 552 

hospitalier universitaire de Sherbrooke performed the analyses. 553 

 554 

Methods related to transcription activation (Supplemental Fig. S2) and experiments 555 

performed in C57BL/6N mice (Supplemental Fig. S6) are described in the Supplemental 556 

Methods section. 557 

 558 
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Figure 1. Functional PAM sequences for robust and potent DNA cleavage by St1Cas9 834 

LMD9 in mammalian cells. (A) Schematic representations of St1Cas9 LMD9 flanked by 835 

nuclear localization signals (NLS) and its engineered sgRNA (v1). Nucleotide sequence 836 

and functional modules are depicted; crRNA (green), loop (grey), tracrRNA (blue), 837 

mutated nucleotides (orange). (B) K562 cells stably expressing St1Cas9 were transfected 838 

with indicated sgRNA expression vectors at increasing doses and TIDE assays were 839 

performed 3 days later to determine the frequency of indels. An expression vector 840 

encoding EGFP (-) was used as a negative control. The experiment was performed twice 841 

and yielded equivalent results, only one is shown. (C) Screening for guides targeting 842 

St1Cas9 LMD9 to various PAMs was done by transient transfections in K562 (solid 843 

shapes) and Neuro-2a (open shapes) cells using single vector constructs driving the 844 

expression of St1Cas9 and its sgRNA. Surveyor assays were performed 3 days later to 845 

determine the frequency of indels. An expression vector encoding EGFP (-) was used as a 846 

negative control. (See also Supplemental Fig. S1). 847 
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Figure 2. Structural basis for PAM specificity of engineered St1Cas9 variants with 849 

expanded targeting range. (A) Schematic representation of St1Cas9 hybrid proteins 850 

containing the N-terminal of LMD9 and the C-terminal domains (WED + PI) of 851 

LMG18311 or CNRZ1066. To determine the activity of St1Cas9 variants programmed 852 

with sgRNAs compatible with different PAMs, K562 cells were transiently transfected 853 

with single vector constructs driving expression of St1Cas9 and its sgRNA. For each 854 

PAM and nuclease combination, four different sgRNAs (targets) were tested. Surveyor 855 

assays were performed 3 days later to determine the frequency of indels. An expression 856 

vector encoding EGFP (-) was used as a negative control. The experiment was performed 857 

twice and yielded equivalent results, only one is shown. (B) Close-up view of the 5’-858 

GCAGAAA-3’ PAM bound to the St1Cas9 (DGCC7010) PI domain (PDB: 6RJD). The 859 

target (turquoise) and non-target (blue) strands are shown as sticks (the phosphate-sugar 860 

backbones are also shown as ribbons). The ribbon representation of the PI domain is 861 

orange. The hydrogen bonds between the side chain of St1Cas9 K1086 and the 862 

nucleobase of dG4 is shown as a dashed line. (C-D) The PI domains of St1Cas9 and 863 

SaCas9 (PDB: 5CZZ, grey ribbon) are superimposed. In (C), the St1Cas9 Q1084 and 864 

SaCas9 R1015 occupy the same position relative to the PAM (dA3). The St1Cas9 E1057 865 

and SaCas9 E993 occupy the same position relative to St1Cas9 Q1084 and SaCas9 866 

R1015, respectively. In (D), St1Cas9 T1048 and M1049 (substituted for N1048 and 867 

D1049 in some variants), superimpose onto SaCas9 N985 and N986 that specifies purines 868 

in positions 4 and 5 of the PAM. (See also Supplemental Fig. S3). 869 
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Figure 3. Broadening the targeting scope of base editors using St1Cas9 variants. (A) 871 

K562 cells were transiently transfected with single vector constructs driving expression 872 

of St1BE4max LMD9 its sgRNA. Genomic DNA was harvested 3 days later, and 873 

quantification of base editing was performed on PCR amplified target sites using EditR. 874 

The target sequence was defined as the 20 bases upstream of the PAM and numbered in 875 

decreasing order from the PAM. Sequence of the guides and related PAMs are shown 876 

with target cytosine highlighted in blue. An expression vector encoding EGFP (-) was 877 

used as a negative control. (B-D) Same as (A) but using St1BE4max LMG18311, 878 

CNRZ1066 and TH1477 chimeric proteins. (E) Same as (A) but using St1ABEmax 879 

LMD9. Target adenines highlighted in red. Most sgRNAs were tested at least twice, only 880 

one experiment is shown. (See also Supplemental Fig. S5).  881 
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Figure 4. In vivo genome editing using St1Cas9. (A) The tyrosine degradation pathway 882 

and associated inborn errors of metabolism (IEM). (B) Experimental design. Neonatal (2 883 

days old) Fah-/- mice were injected with AAV8-St1Cas9 or saline into the retro-orbital 884 

sinus, weaned at 21 days, and NTBC was removed at 30 days of age. Mice off NTBC 885 

were killed when they lost 20% of their body weight. (C) Schematic representation of the 886 

AAV-St1Cas9 v3 vector. Annotated are the liver-specific promoter (LP1b) promoter, 887 

synthetic polyadenylation sequence (SpA) and hU6 promoter. Arrows indicate the 888 

direction of transcriptional unit. (D) Neonatal Fah-/- mice were injected with either 5 x 889 

1010 or 1 x 1011 vector genomes (vg) of AAV8-St1Cas9 v3 targeting Hpd exon 13 and 890 

killed 28 days following injection or kept alive for phenotypic and metabolic studies for 4 891 

months post NTBC removal. Genomic DNA was extracted from whole liver samples and 892 

the Surveyor assay was used to determine the frequency of indels. Each dot represents a 893 

different mouse. A mouse injected with saline (-) was used as a negative control. (E) 894 

SUAC levels in urine from treated mice were determined 15 days (short term) or 4 895 

months (long term) following NTBC removal. Samples were collected from the indicated 896 

treatment groups over a 24 hours period using metabolic cages. Number of mice per 897 

group/metabolic cage (n) and AAV doses (vg) is indicated. SUAC levels are undetectable 898 

in C57BL/6N (wild-type) mice. (F-H) Survival analysis, body weight, and glycemia 899 

following NTBC removal in treated mice. Body weight was measured daily and glycemia 900 

was monitored in non-fasted mice. Solid lines designate the mean and error bars are 901 

represented by shaded areas and denote s.e.m. (See also Supplemental Fig. S6). 902 

 903 










