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Abstract

New therapeutic strategies for rapid and effective treatment of tuberculosis are highly
desirable, and their development can be drastically accelerated by facile genetic
manipulation methods in Mycobacterium tuberculosis. CRISPR base editors allow for
rapid, robust, and programmed single base substitutions and gene inactivation, yet no
such systems are currently available in M. tuberculosis. By screening distinct CRISPR
base editors, we identified that only the unusual Streptococcus thermophilus Cas9
(St1Cas9) cytidine base editor (CBE), but not the widely used Streptococcus pyogenes
Cas9 or Lachnospiraceae bacterium Cpfl CBEs, are active in mycobacteria. Despite
the notable C-to-T conversions, a high portion of undesired byproducts existed with
St1Cas9 CBE. We thus engineered St1Cas9 CBE by uracil DNA glycosylase inhibitor
(UGI) or uracil DNA glycosylase (UNG) fusion, yielding two new base editors (CTBE
and CGBE), capable of C-to-T or C-to-G conversions with dramatically enhanced
editing product purity and multiplexed editing capacity. Because wild-type St1Cas9
recognizes a relatively strict PAM sequence for DNA targeting, we evolved a PAM-
expanded St1Cas9 variant by structure-guided protein engineering for the base editors,
substantially broadening the targeting scope. Our approaches significantly reduce the
efforts and time for precise genetic manipulation and will facilitate functional genomics

and drug-target exploration in M. tuberculosis and related organisms.
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Introduction

As the leading cause of death from a single infectious agent, Mycobacterium
tuberculosis caused 10 million infections and 1.45 million deaths in 2018 worldwide'.
The current recommended treatment against drug-susceptible tuberculosis (TB)
requires a prolonged 6-month combination therapy containing four first-line drugs.
Furthermore, the rapid rise of multi-drug-resistant and totally drug-resistant TB renders
this disease even more difficult to cure®>. Thereby, new therapeutic strategies for rapid
and effective treatment of TB are highly desirable.

The development of new therapeutic methods against M. tuberculosis infections
can be drastically accelerated by facile, precise, and markless genetic manipulation
methods that allow for rapid identification and characterization of new drug targets in
M. tuberculosis. Current methods for genetic manipulation in M. tuberculosis include
allelic exchange using long linear DNA fragments®, specialized transduction based on
mycobacteriophage®, recombineering mediated by phage-encoded recombination
system®, oligonucleotide-mediated recombineering followed by Bxbl integrase
targeting’ and non-homologous end joining (NHEJ) induced by highly specific double
strand break®. These methods either use multiple transformation steps and thus require
months to years for editing, or can only generate non-precise mutations and thus are not
amenable for gene function exploration at a single-base resolution.

Recently, RNA-guided Cas nucleases have been engineered for rapid and precise

genetic manipulation in a variety of organisms, including many eukaryotic cells and
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diverse bacterial species’!”. Through base pairing with a genomic sequence adjacent to
a protospacer adjacent motif (PAM), the Cas/gRNA complexes can specifically bind to
the target genomic site and generate a double-stranded DNA break (DSB). With the
assistance of the cellular homology-directed repair (HDR) pathway or the non-
homologous end joining (NHEJ) pathway, precise and non-precise genetic
manipulations can be readily achieved, respectively. Moreover, the CRISPR-Cas
systems can be further engineered to be transcription inhibition (CRISPRi) systems for
direct gene knockdown without relying on cellular DNA repair mechanisms'®!'?. In M.
tuberculosis, CRISPR-assisted NHEJ® and CRISPRi2-?* strategies that allow for non-
precise editing and partially gene knockdown, respectively, have been developed for
genetic manipulation. However, the highly desirable precise and fully gene inactivation
methods are currently unavailable, likely due to the lack of a compatible HDR system.

More recently, the development of cytosine base editors (CBEs) and adenine base
editors (ABEs) have provided new strategies for precise genetic manipulation®*2°, The
base editors composed of the fusion of a nucleotide deaminase and a dead Cas9 or a
Cas9 nickase, can directly achieve precise C-to-T or A-to-G conversions by a catalytic
deamination reaction without requiring HDR, and thus are widely applicable for precise
genetic manipulation in a variety of microbes with different genetic background?’->.
However, no such systems are currently available in M. tuberculosis.

In this study, we report the establishment of two cytosine base editors in

mycobacterium. By screening distinct CRISPR base editors, we identify that only the
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unusual Streptococcus thermophilus Cas9 (St1Cas9) cytosine base editor (CBE), but
not the widely used Streptococcus pyogenes Cas9 or Lachnospiraceae bacterium Cpfl
CBEs, are active in mycobacteria. Through systematic engineering of St1Cas9 CBE by
DNA glycosylase inhibitor (UGI) or uracil DNA glycosylase (UNG) fusion and PAM
expansion of St1Cas9, we created a C-to-T base editor and a C-to-G base editor with
enhanced editing product purity, broadened targeting scope, and multiplexed editing
capacity. Moreover, we evaluated the off-target effect of the C-to-T base editor by
whole-genome sequencing and did not observe detectable off-target editing events. Our
approaches require only a single plasmid and one transformation step for efficient and
scarless editing, significantly reducing the efforts and time for precise genetic

manipulation in mycobacterium.

Results

Identification of active cytosine base editors in M. smegmatis.

Streptococcus pyogenes Cas9 (SpCas9) has been widely adapted for genetic
manipulation in numerous microbes!®*-36-3 However, it is restricted for application in
mycobacteria because of the notable cellular toxicity and low DNA targeting
efficiency®??. To develop an active CBE in mycobacterium, we screened different CBEs
composed of the fusion of rat APOBECI cytosine deaminase and different Cas
nucleases, including dSpCas9 (catalytically inactive Streptococcus pyogenes Cas9),

dLbCpfl (catalytically inactive Lachnospiraceae bacterium Cpfl) and dSt1Cas9
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(catalytically inactive Streptococcus thermophilus Cas9). The expression of the Cas
nucleases was under the control of an anhydrotetracycline (ATc)-inducible promoter
while the expression of the corresponding gRNAs was under the control of a synthetic
constitutive promoter J23119.

To quantitatively assess the efficiency of targeted base editing, same amount of
different CBE plasmids was electroporated into M. smegmatis. CBEdsticas9 (dSt1Cas9
CBE) induced notable C-to-T conversions (from 4% to 15%) with undesired C-to-G
conversions (from 18% to 70%) as the major editing products at all the test sites,
whereas CBEdspcaso (dSpCas9 CBE) and CBEdbcpri (dLbCas9 CBE) did not show
detectable base editing activity at all the target regions (Fig. 1A). Moreover, consistent

with previous studies***!

, ho notable cellular toxicity was observed for CBEadsticaso or
CBEudvLbepf1, whereas high cellular toxicity existed with CBEdspcaso (Fig. 1B). Thereby,
we chose CBEdsticaso as the starting system for further engineering. To cure the plasmid
after base editing, we replaced the non-replicating L5 integrating backbone used in the
CBEudsticasy system with the replicable pMF1 backbone, and found that the resulting
editing plasmid did not show notable cellular toxicity and can be easily cured by

culturing the bacterium in the absence of antibiotic (Fig. S1A and B, and Fig. S2A and

B).

Development of CTBE and CGBE in M. smegmatis.
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The G:U mismatch pair in cells is generally repaired by uracil DNA glycosylase
(UNG)-mediated base excision repair (BER) process. Inhibition of UNG would protect
the edited G:U intermediate from cleavage and thus improve C-to-T conversion
efficiency and editing product purity>***(Fig. 1C). We fused two uracil glycosylase
inhibitor (UGI) to the C terminus of dSt1Cas9 to create the C-to-T base editor
(CTBEwt). To examine the C-to-T editing efficiency of CTBEwr, five CTBEwr
plasmids targeting five different loci were separately electroporated into M. smegmatis.
CTBEwr achieved high levels of C-to-T base editing frequency ranging from 69% to
86% with significantly reduced formation of undesired byproducts (Fig. 1D).

Recent studies revealed that promoting the BER pathway by UNG or other DNA
repair proteins fusion to SpCas9 CBEs can convert target C:G base pair into G:C or A:T
base pair rather than the expected T:A product**®. Given that a high portion of
unexpected C-to-G byproduct existed with CBEdsticaso, we anticipated that fusion of
UNG to CBEadsticasy would generate new base editors. We thus fused E. coli UNG
(eUNG) to the C terminus of dSt1Cas9 in CBEdsticaso to create a new base editor
CGBEwrt and compared the base editing efficiencies of CGBEwr and CBEadsticaso. As
shown in Fig. 1E, CGBEwr can efficiently achieve C-to-G conversions with enhanced

editing product purity at all the five tested sites.

Engineering of a PAM-expanded St1Cas9 variant for the base editors.
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St1Cas9 requires a relatively strict PAM sequence (5’-NNRGAA-3’, where R is A or
G) for DNA targeting*!, significantly restricting the editing scope of CTBEwr and
CGBEwr. We previously engineered a St1Cas9 variant KLKL by introducing
D939K/E1057L/N1081K/K1086L mutations to relieve the PAM specificity*!. In wild-
type St1Cas9, Q1084 and K1086 form bidentate hydrogen bond with the third A and
fourth G when 5’-NNAGGA-3’ PAM is used, and Q1084 is further stabilized by E1057
via a hydrogen bond (Fig. 2A). Mutations of E1057L and K1086L would disrupt base-
specific interactions, while mutations of D939K and N1081K would introduce non-
base specific interactions*'. We recently identified that mutation of L1057Q in the
KLKL variant would increase the in vitro DNA cleavage activity towards 5’-NNTTAA-
3> PAM- and 5’-NNCTAA-3’ PAM-containing DNAs (Fig. 2B). We therefore
engineered a St1Cas9 KQKL variant containing D939K/E1057Q/N1081K/K1086L
mutations to further relieve the PAM specificity. Comprehensive in vitro DNA cleavage
assay revealed that mutation of D939K/E1057Q/N1081K/K1086L substantially
expanded PAM recognition scope of the KQKL variant with the 5’-NNNNAA-3’ PAM
specificity compared with the 5’-NNRGAA-3’ specificity of the wild-type St1Cas9 (Fig.
2C).

Next, we replaced wild-type St1Cas9 of CTBEwr with the KQKL variant to
expand the editing scope of the C-to-T base editor (Fig. 3A). The resulting CTBE-evolve
system was first subjected to ATc concentration optimization because ATc is the inducer

for the expression of the engineered St1Cas9 variant. We screened six different
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concentrations of ATc ranging from 5 ng/mL to 100 ng/mL and no significant
differences in the editing efficiencies were noticed (Fig. S3). We selected 20 ng/mL as
the inducer concentration for base editing in the subsequent experiments.

To systemically characterize the PAM preference of CTBEevove in vivo, we
assembled 48 spacers targeting 48 different endogenous genomic sites with 3 spacers
for each 5’-NNNNAA-3" PAM. We collected all the colonies after each transformation
and subjected the PCR products of the target sites for sequencing to evaluate the editing
efficiencies. Consistent with the in vitro DNA cleavage assay, CTBEevoive has an
expanded PAM preference with the 5’-NNNNAA-3" PAM specificity (Fig. 3B). We
also noticed that when targeting the sites with less-active PAMs, such as 5’-NNTAAA-
3°,5’-NNTCAA-3’, 5’-NNTGAA-3’, and 5’-NNTTAA-3", the spacer sequence content
can significantly affect the editing efficiency of CTBEcvolve (Fig. 3B). Moreover, we
analyzed the editing window of CTBE-evolve, revealing that CTBEevolve preferred to edit
Cs within the window from positions 4 to 12 (Fig. 3C). When the Cs were located
outside the window from positions 4 to 12, but inside the window from 2 to 15, the Cs
could sometimes still be edited with high efficiencies (Fig. 3C).

Similarly, we engineered CGBEwr with St1Cas9evolve to construct the CGBEevolve
system (Fig. 3A). We comprehensively characterized CGBEevoive by testing the editing
efficiencies of 29 endogenous genomic sites. Interestingly, only the Cs within the
window from positions 5 to 8 could be edited with the CGBEevoive system (Fig. 3D)

although the same Cas9 protein and deaminase were used for CGBEevolve and
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CTBE-evolve. Moreover, only Cs with the TC motif could be edited even if they were
located within the editing window from positions 5 to 8 (Fig. 3D).

Additionally, we replaced the eUNG in CGBE-evolve with an orthologous UNG from
M. smegmatis (mUNG) to facilitate C-to-G conversions in M. smegmatis (Fig. S4). Four
versions of C-to-G base editors with the fusion of eUNG or mUNG to the C or N
terminus of the St1Cas9 protein were constructed for base editing in M. smegmatis. We
found that fusion of mMUNG or eUNG to the C terminus of St1Cas9 gave similar editing
efficiencies at all the tested sites, whereas fusion of mUNG or eUNG at the N terminus
did not yield efficient C-to-G editing (Fig. S4). Given the similar editing efficiency

using mUNG or eUNG, we kept eUNG in CGBE-evolve for further characterization.

Gene inactivation by CTBE-cvowe in M. smegmatis.

CRISPR C-to-T base editors can convert CAA, CGA, CAG, and TGG codons to
premature stop codons, and thereby are promising tools for gene inactivation*’*3, We
examined the gene inactivation capacity of CTBEevove by designing three different
spacers targeting the essential L-leucine biosynthesis genes leuB and leuC. Efficient
editing was observed for all the designed spacers (Fig. 3E and F and Fig. S5) and the
isolated pure mutants were subjected to the phenotypical assay. Generating a premature
stop codon in leuB or leuC renders the bacterium incapable of growth in the absence of
L-leucine, confirming the inactivation of L-leucine biosynthesis (Fig. 3F). Moreover,

similar strategy was successfully applied for inactivating ctpE by generating a
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premature stop codon with CTBEevolve. Consistent with previous studies*, inactivation
of ctpE by introducing the premature stop codon increased bacterium aggregation in
the presence of EGTA (Fig. S6). Together, these results confirmed that CTBEevolve 1s a

powerful and reliable tool for gene inactivation in M. smegmatis.

Multiplexed editing in M. smegmatis.

Serial genome editing for multiple genes in slow-growing pathogens is extremely time
consuming, and multiplexed genome editing can drastically expedite the genome
editing progress. We assembled two sgRNA-expression cassettes into a single
CTBE-evoive plasmid to test the multiplexed editing capacity of CTBEevolve in the M.
smegmatis mc?155 strain (Fig. S7A). As shown in Fig. S7B, two genes (sigF and
Ms6753) were simultaneously mutated in seven out of eight randomly picked colonies.
Moreover, three different genomic sites (cysS, sigF and Ms6753) were targeted
simultaneously by assembling three sgRNAs into the CTBEevolve plasmid, and all of the
three targeted sites were successfully mutated in seven out of eight randomly picked
colonies (Fig. 4A, B). Similarly, we assembled two or three sgRNA-expression
cassettes into a single CGBEevoive plasmid and tested the multiplexed editing capacity
of C-to-G conversion in the M. smegmatis mc*155 strain (Fig. S8A and Fig. 4C). As
shown in Fig. S8B and Fig. 4D, highly efficient multiplexed editing of C-to-G

conversion was observed in both cases. Together, these results demonstrated that both
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CTBE-evolve and CGBEevoive are amenable for multiplexed editing with high efficiencies

in M. smegmatis.

Genome-wide off-target evaluation for CTBEevolve.

To evaluate the genome-wide off-target editing of the CTBEevolve system, two edited M.
smegmatis colonies were randomly selected and subjected to whole-genome
sequencing. No potential off-target editing sites that contain the identical sequences to
the PAM proximal 1-8 nt of the protospacer were detected (Table S1). These results
demonstrated the high editing fidelity of the CTBEevolve system and are consistent with
previous discoveries that St1Cas9 is a high-fidelity enzyme and its editing is highly

sensitive to the mutations in the spacer sequences®!.

Genome editing in M. tuberculosis.

Given the success of base editing with CTBEevove in M. smegmatis, we sought to
examine the base editing capacity of this system in M. tuberculosis. Four different
spacers targeting four different endogenous sites were separately cloned into the
CTBEevolve system, and the resulting editing plasmids were separately electroporated
into the M. tuberculosis H37Rv competent cells. C-to-T conversion efficiencies were
measured by collecting all the transformants and sequencing the target sites. Notable
C-to-T conversions were observed for all the four tested sites with the editing

frequencies ranging from 12% to 95% (Fig. 5A). Moreover, we applied this system for
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gene inactivation by introducing a premature stop codon into katG (Fig. 5B).
Inactivation of katG was further confirmed by a phenotypic assay as the katG mutant
was more resistant to Isoniazid (INH) treatment (16 pg/mL) than that of the wild-type
strain®® (Fig. 5B). Because the relative position of the introduced premature stop codon
in an open reading frame (ORF) can significantly affect the gene inactivation efficiency,
we systematically calculated the possible targetable codons of CTBEevolve in
mycobacteria with CRISPR-CBEI*®. As shown in Fig. 5C, more than 75%, 60%, and
40% ORFs of the analyzed mycobacterium species (M. tuberculosis, M. smegmatis, and
M. marinum) can be possibly targeted by CTBEevoive to introduce at least one premature
stop codon within top 75%, 50%, and 25% of the ORF body, respectively,
demonstrating that numerous genes can possibly be inactivated by CTBEcvolve in

mycobacteria.

Discussion

Genetic manipulation is of vital importance in facilitating the study of M. tuberculosis
biology and drug-target exploration. However, the highly desirable scarless, precise,
and markless editing in M. tuberculosis relies on HDR and requires months to years for
editing. CRISPR-assisted HDR methods have been developed for rapid and precise
genome editing in a number of bacterial species'*>!>!73, However, it is not applicable
in M. tuberculosis likely due to the lack of a CRISPR-compatible HDR system.

CRISPRIi systems using catalytic inactive St1Cas9 or SpCas9 or Francisella novicida



271

272

273

274

275

276

277

2178

279

280

281

282

283

284

285

286

287
288
289
290
291
292
293
294
295

Casl2a (FnCas12a) has been developed for gene silencing in mycobacteria. However,
these systems can only achieve partial gene knockdown and will cause polar effect that
the operonic genes downstream of the Cas protein binding sites will also be silenced?"-?2.

To address these challenges in mycobacteria gene editing, we developed highly
efficient PAM-expanded St1Cas9 C-to-T and C-to-G base editors for programmed base
editing in mycobacteria. These systems can achieve precise single base substitutions by
a single transformation step, thereby substantially reducing the time and efforts for
genetic manipulation. Moreover, the expression of the operonic genes downstream of

2122 will not

the Cas protein binding sites that can be silenced by the CRISPRi system
be affected by the base editing systems. In addition, the base editing systems are
amenable for highly efficient multiplexed editing, which are extremely difficult to
achieve using serial editing that is prohibitively time consuming in slow-growing
pathogens. Because only a 20 nt spacer sequence is required for targeting, in addition
to single gene editing, the systems can be further engineered to be a high-throughput

gene knockout screening method, which would allow for the systematical discovery of

new drug targets and facilitate new therapeutic method development in mycobacteria.
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Experimental

Bacterial strains and plasmids

M. tuberculosis strain H37Rv, M. smegmatis strain mc*155, and their derivatives were
used in this study. All the bacterial strains used in this study are listed in Table S2. The
plasmids used in this study are listed in Table S3. The targeting sequences are listed in
Table S4. The E. coli strains were cultured in Luria-Bertani broth (LB). M. tuberculosis
and M. smegmatis were grown at 37 °C in Middlebrook 7H9 broth or 7H10 plates
supplemented with 0.2% glycerol, 0.05% Tween80, 1x albumin dextrose catalase
(ADC) (M. smegmatis) or oleic acid ADC (M. tuberculosis) and the appropriate
antibiotics. When noted, antibiotics or chemicals were used at the following
concentrations: kanamycin (20 pg/mL), leucine (50 pg/mL), Isoniazid (INH) (16

pg/mL) and anhydrotetracycline (ATc) (20 ng/mL).

Plasmid construction and cloning

Cas9 and Cpfl sequences were obtained from the published studies'®?**’. dCas9 and
dCpfl protein sequences used in this study are listed in Table S5. The CTBEevolve
plasmid was constructed using the following steps: The dSt1Cas9 gene, kanamycin-
resistance marker, ColE1 origin, and TetR-regulated promoter were amplified from
pLJR962 plasmid?’; The pMF1 replicon and Tet repressor were amplified from the
pYC1640 plasmid®; The sgRNA scaffold and rAPOBECI were amplified from

pBECKP-St1*'; The fragments were assembled by Gibson assembly. Mutations in
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St1Cas9 were introduced by site specific mutagenesis. The successful construction of
the CTBEevolve plasmid was verified by PCR, sequencing, and enzyme digestion. For
base editing, targeting sequences were cloned into the CTBEevolve plasmid by Golden
Gate Assembly and verified by sequencing. For multiplexed editing, the second and
third sgRNA expression cassettes were PCR-amplified and inserted into the backbone
of the first sgRNA-containing CTBE-evolve plasmid by Gibson assembly. The successful

construction of the plasmid was verified by PCR, sequencing, and enzyme digestion.

Competent cell preparation and electroporation.

M. tuberculosis strain H37Rv (ATCC27294) was inoculated in Lowenstein-Jensen
slant from frozen stock and incubated at 37 <C for 2 weeks, and then transferred and
grown in 100 mL Middlebrook 7H9 broth supplemented with 0.05% Tween 80, 0.2%
glycerol, and OADC (Oleic Albumin Dextrose Catalase) for another 2 weeks. The
culture was cooled on ice for 5 min and collected by centrifugation. The pellets were
washed twice with 30 mL 10% precooled glycerol and resuspended in 5 mL 10% cold
glycerol. For electroporation, 1 pg recombinant plasmid was mixed with 100 pL
competent cells in 0.2 cm cuvette, and the transformation was conducted with the Gene
Pulser Xcell Electroporation Systems (Bio-Rad) with the following conditions: 2.5 kV,
1,000 Q, and 25 pF. After shock, 1 mL of 7H9 broth supplemented with OADC was
immediately added into the cuvette. The culture was incubated for 2 days at 37°C and

plated on Middlebrook 7H10 agar supplemented with OADC, 20 pg/mL kanamycin
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and 100 ng/mL anhydrous tetracycline. The plates were sealed by parafilm and
incubated for 20 to 30 days at 37°C.

M. smegmatis strain mc?155 (ATCC700084) was inoculated in7H10 with 10%
ADC enrichment from frozen stock and incubated at 37 <C for 4 days. A single colony
of a M. smegmatis strain was inoculated into 2 mL Middlebrook 7H9 broth
supplemented with 0.05% Tween 80, 0.2% glycerol and ADC (Albumin Dextrose
Catalase) at 37 <C for 24 h. The cells were 1:100 diluted into 100 mL Middlebrook 7H9
broth supplemented with 0.05% Tween 80, 0.2% glycerol and ADC for another 12 to
15 hours. When the optical density at 600 nm of the culture reached 0.8 to 1, the culture
was cooled on ice for 20 min and collected by centrifugation in 50-mL conical tubes at
4,000 rpm for 10 min. The pellets were washed twice with 30 mL 10% precooled
glycerol and resuspended in 10 mL 10% cold glycerol. For electroporation, 100 ng
plasmid was mixed with 100 puL competent cells in 0.2 cm cuvette, and the
transformation was conducted with the Gene Pulser Xcell Electroporation Systems
(Bio-Rad) with the following conditions: 2.5 kV, 1,000 Q, and 25 uF. After shock, 1
mL of 7H9 broth supplemented with ADC was immediately added into the cuvette. The
culture was incubated for 3 hours at 37°C and 10% portions of the culture were plated
on Middlebrook 7H10 agar supplemented with ADC, 20 pg/mL kanamycin and 20
ng/mL anhydrous tetracycline. The plates were sealed by parafilm and incubated for 7

to 10 days at 37°C.
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Editing efficiency evaluation

After transformation, all the colonies of M. smegmatis or M. tuberculosis were collected
from the plates and the genomic DNAs were extracted using the Rapid Bacterial
Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China). The target region was
amplified with the Easy Taq DNA Polymerase (TransGen, Beijing, China) using
specific primers for the target region. The PCR products were sent out for Sanger

sequencing and the editing efficiency was calculated by using EditR>".

leuB or leuC knockout using CTBE.voive

Spacers were designed and inserted into the CTBE-evoive plasmid. The successfully
constructed plasmids were electroporated into M. smegmatis mc*155 competent cells.
After shock, 1 mL of Middlebrook 7H9 broth with ADC and leucine was immediately
added into the cuvette. The culture was incubated for 3 hours at 37°C and 10% portions
of the culture were plated onto a Middlebrook 7H10 agar plate supplemented with ADC,
20 pg/mL kanamycin, 20 ng/mL anhydrous tetracycline and 50 pg/mL leucine. The
plates were sealed by parafilm and incubated at 37°C. Seven days after electroporation,
the overall editing efficiencies were evaluated using the method described in the
Editing efficiency evaluation Section of the experimental procedures and a single
colony was cultured in 5 mL of 7H9 broth supplemented with ADC and leucine at 37°C

for two days in the absence of kanamycin. Then the cells were plated onto Middlebrook
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7H10 agar plates supplemented with ADC and leucine in the absence of kanamycin.

The leuB or leuC mutant strains were separated and confirmed by sequencing.

Plasmid curing

To cure the editing plasmid in M. smegmatis after base editing, one colony was cultured
in Middlebrook 7H9 broth with ADC in the absence of kanamycin. After growing to
the stationary phase (4 days), the cells were plated onto a Middlebrook 7H10 agar plated
supplemented with ADC. A single colony was picked and diluted into 5 mL
Middlebrook 7H9. A fraction of the diluted cells were plated onto a Middlebrook 7H10
agar supplemented with ADC without kanamycin and another fraction was plated onto
a Middlebrook 7H10 agar supplemented with ADC containing kanamycin. The cells

whose plasmid was successfully cured could only grow on the plate without kanamycin.

Leucine auxotrophy assay

The leuB or leuC gene was knocked out by introducing a premature stop codon using
the CTBEevoive plasmid. The strains were grown in Middlebrook 7H9 broth
supplemented with ADC and leucine to the stationary phase. A fraction of the cells was
plated onto a Middlebrook 7H10 agar plate supplemented with ADC without leucine
and another fraction was plated onto a Middlebrook 7H10 agar supplemented with ADC

and leucine. The plates were sealed by parafilm and incubated for 4 days at 37°C.
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INH resistance assay

The katG gene was knocked out by introducing a premature stop codon at GIn3 (CAA
to TAA) using the CTBEevolve plasmid. The strains were grown in Middlebrook 7H9
broth with OADC to the stationary phase. A fraction of the cells was plated onto the
Middlebrook 7H10 agar plate supplemented with OADC without INH and another
fraction was plated onto a Middlebrook 7H10 agar supplemented with OADC and INH

(16 pg/mL). The plates were sealed by parafilm and incubated for 20 days at 37°C.

Aggregation assay

The ctpE gene was knocked out by introducing a premature stop codon at GIn16 (CAG
to TAG) using the CTBEevolve plasmid. The strains were grown in Middlebrook 7H9
broth to the mid-log phase. The cells were 1:100 diluted and cultured in Middlebrook
7HO broth containing 1.0 mM EGTA or 0 mM EGTA. The cells were grown at 37°C
for 48 h with shaking at 200 rpm and then the cells were left undisturbed for 1.0 h at

room temperature for cell aggregation.

Whole-genome sequencing

Genomes of the wild-type and two edited strains were sent out for whole-genome
sequencing by the [1lumina HiSeq/Nova 2x150bp platform at Genewiz. The paired-end
fragment libraries were sequenced according to the Illumina HiSeq/Nova 2x150bp

platform's protocol. The assembly scaffolds were aligned with reference genome
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(Accession number: NC 008596) for detection of single nucleotide polymorphism

(SNP).

Preparation of sgRNA and DNA.

The transcription templates of sgRNA were chemically synthesized by GENEWIZ
(Suzhou, China). The templates were further amplified by PCR. sgRNA was prepared
by in vitro transcription using the HiScribe T7 High Yield RNA Synthesis Kit (New
England Biolabs) following manufacturers’ instructions and further purified using

phenol/chloroform extraction followed by ethanol precipitation.

In vitro DNA cleavage assay for St1Cas9 proteins

The preparation of the proteins and the cleavage assay were performed by following a
previous study*!. In brief, the sequence containing the AAAGAA PAM was first cloned
into vector pUC19 (referred as pUC-AGAA). The plasmids with distinct PAM sites
were constructed by site specific mutagenesis, using pUC-AGAA as the template (Table
S6). The plasmids were linearized by Kpnl digestion and the products were used as the
cleavage substrates. In vitro cleavage reactions were performed in a 10 pL reaction
buffer (10 mM Tris-HCI (pH 7.5), 500 mM NaCl, 1.5 mM MgCl2, 1 mM DTT)
containing 5 nM linearized plasmids, 250 nM purified St1Cas9 or its variants and 500

nM sgRNA. The reactions were incubated at 37 °C for 40 min and quenched by 25 mM
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EDTA and 10 pg Proteinase K for incubation at 58 °C for 10 min. Reaction products
were analyzed by a 1% agarose gel.
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Figure 1. St1Cas9-mediated base editing in M. smegmatis. (A) Identification of
active CRISPR base editors in M. smegmatis. Three distinct base editors, S.
thermophilus Cas9 cytidine base editor (CBE_dSt1Cas9), S. pyogenes Cas9 cytidine
base editor (CBE dSpCas9) and L. bacterium Cpfl cytidine base editor
(CBE_dLbCpfl) were screened. The APOBECI cytidine deaminase was fused to the
N-terminus of the Cas nucleases. (B) Transformation efficiencies of the distinct base
editors in M. smegmatis. One hundred nanogram of each plasmid was used for
electroporation. (C) Possible cellular DNA repair mechanisms of cytidine deamination.
The initial editing product, U:G mismatch pair, can be directly converted to the T:A pair
by DNA repair and replication, or it can be excised by endogenous uracil glycosylase
(UNGQG), leading to the formation of diverse editing products. Uracil glycosylase
inhibitor (UGI) can block endogenous UNG activity. (D, E) St1Cas9 CBE was
engineered with UGI or UNG fusion, yielding two new base editor CTBE (D) and
CGBE (E), capable of C-to-T or C-to-G conversions in M. smegmatis with drastically
enhanced editing purity.
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Figure 2. PAM expansion of St1Cas9 via structure-guided engineering. (A) PAM
recognition mechanism of wild-type St1Cas9 (PDB: 6M0X). (B) In vitro DNA
cleavage assay of two engineered mutants of St1Cas9. (C) In vitro DNA cleavage
assay of the wild-type St1Cas9 and the KQKL variant.
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Figure 3. Comprehensive characterizations of CTBE and CGBE in M. smegmatis.
(A) Compositions of different St1Cas9 CBEs. (B) Editing activity comparison of
CTBEwt and CTBEevovie in M. smegmatis. Bar plots reflect the maximum editing
frequency within the editing widow. (C, D) Editing windows of CTBE-evove (C) and
CGBE&evolve (D). (E) The L-leucine biosynthesis pathway in M. smegmatis. The targeted
genes (leuC and /euB) were highlighted in red. o-KIV, a-ketoisovalerate; a-IPM, a-
isopropylmalate; IPM, 3-isopropylmalate. (F) Inactivation of /euB and leuC by
CTBE-evoive via generating premature stop codons. Inactivation of leuB or leuC causes
auxotroph in the absence of L-Leucine. A box and an inverted box indicate the target
sequence and PAM, respectively.
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Figure 4. Multiplexed editing in M. smegmatis. (A) Map of the single plasmid system
for CTBEevolve mediated multiplexed mutagenesis. (B) Editing results of the CTBEevolve
mediated multiplexed editing assay. A box and an inverted box indicate the target
sequence and PAM, respectively. The edited bases are shown in red and highlighted in
yellow. (C) Map of the single plasmid system for CGBEevolve mediated multiplexed
mutagenesis. (D) Editing results of the CGBE mediated multiplexed editing assay. A
box and an inverted box indicate the target sequence and PAM, respectively. The edited
bases are shown in red and highlighted in yellow.
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Figure 5. Base editing in M. tuberculosis with CTBEcyoive. (A) Bar plots showing the
editing efficiencies of CTBEevoive in M. tuberculosis on different sites. Numbering on
the bottom indicates the position of the bases in a protospacer with 1 being the most
PAM-distal base. Arrowheads indicate cytosines with C-to-T conversions. (B)
Inactivation of katG by CTBEevoive Via generating a premature stop codon. Inactivation
of katG makes M. tuberculosis resistant to INH. A box and an inverted box indicate the
target sequence and PAM, respectively. (C) Relative position of the earliest induction
of stop codons targetable in mycobacteria ORFs (cumulative percentage) by CTBEevolve.
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