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Deaminase-mediated multiplex genome editing

in Escherichia coli

Satomi Banno®7, Keiji Nishida

In eukaryotes, the CRISPR-Cas9 system has now been widely
used as a revolutionary genome engineering tool"*. However,
in prokaryotes, the use of nuclease-mediated genome edit-
ing tools has been limited to negative selection for the
already modified cells because of its lethality>*. Here, we
report on deaminase-mediated targeted nucleotide editing
(Target-AID)° adopted in Escherichia coli. Cytidine deaminase
PmCDAT1 fused to the nuclease-deficient CRISPR-Cas9 sys-
tem achieved specific point mutagenesis at the target sites in
E. coli by introducing cytosine mutations without compromis-
ing cell growth. The cytosine-to-thymine substitutions were
induced mainly within an approximately five-base window of
target sequences on the protospacer adjacent motif-distal
side, which can be shifted depending on the length of the
single guide RNA sequence. Use of a uracil DNA glycosylase
inhibitor® in combination with a degradation tag (LVA tag)’
resulted in a robustly high mutation efficiency, which allowed
simultaneous multiplex editing of six different genes. The
major multi-copy transposase genes that consist of at least
41 loci were also simultaneously edited by using four target
sequences. As this system does not rely on any additional or
host-dependent factors, it may be readily applicable to a wide
range of bacteria.

For genome editing in prokaryotes, phage-derived RecET and
lambda red recombinases have been employed in recombineering,
which facilitates homology-dependent integration/replacement of a
donor DNA or oligonucleotide*. In combination with the strain,
which is defective in methyl-directed mismatch repair, highly
efficient recombineering can be achieved without integration of a
selectable marker®. This system is employed in multiplex automated
genome engineering to generate a genetic variety of the multiple
target loci in E. coli within a few days'®. However, these systems
require the genetic background of the target strains such as defi-
ciency of methyl-directed mismatch repair or RecA that involves in
the recombinational DNA repair system'".

Clustered regularly interspaced short palindromic repeats
(CRISPRs) and CRISPR-associated (Cas) proteins have been known
to serve as a bacterial adaptive immune system'” by cleaving tar-
get DNA in a single guide RNA (sgRNA)- and protospacer adjacent
motif (PAM)-dependent manner. A Cas9 nuclease derived from
Streptococcus pyogenes has been widely used as a powerful genome
engineering tool in eukaryotes that possess repair pathways for
DNA double-strand breaks'* During repair of double-strand breaks
by the non-homologous end joining pathway, small insertions and/
or deletions (indels) are introduced, leading to a site-specific muta-
tion or gene disruptions in the target DNA. For more precise edit-
ing, homology-directed repair can be facilitated by providing donor
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DNA containing homology arms for the target region, although the
efficiency varies depending on the host cells. In most bacteria, chro-
mosomal cleavages by targeted nucleases result in cell death due to
a lack of the non-homologous end joining pathway'>'*. Therefore,
CRISPR-Cas9 has been employed to eliminate non-modified cells
from a mixed population for enrichment of gene-modified cells by
other methods such as the lambda red recombination system'*'%.
Recently, deaminase-mediated targeted base editing has been dem-
onstrated'’~*' to directly edit nucleotides at the target locus without
DNA cleavage as well as the template donor DNA. As it employs
DNA deamination in place of nuclease-mediated DNA cleavage, it
may not induce cell death in bacteria and thus could be applicable
in bacterial genome engineering.

To assess whether the deaminase-mediated targeted mutagenesis
is applicable in bacteria, we constructed a bacterial Target-AID vec-
tor that expresses catalytically inactivated Cas9 (dCas: D10A and
H840A mutations) fused to Petromyzon marinus cytosine deaminase
PmCDA1"” (CDA) under a temperature-inducible lambda operator
system” and a 20-nucleotide (nt) target sequence-gRNA scaffold
hybrid (sgRNA) under a synthetic constitutive promoter J23119
(Fig. 1b). While nickase Cas9 (nCas: D10A mutation) in combina-
tion with deaminase can be used in eukaryotes to perform higher
mutational efficiency’*”, the plasmid expressing nCas(D10A)-
CDA showed poor transformation efficiency in E. coli, suggesting a
severe growth defect or cell death similarly to the full Cas9 nuclease
(Supplementary Fig. 1). To quantitatively assess the efficacy of tar-
geted mutagenesis, the galK gene was used as a target whose loss of
function can be positively selected by a galactose analogue 2-deoxy-
D-galactose (2-DOG), which is catalysed by the galK gene product
galactokinase to form a toxic compound®. Target-AID has been
reported to induce mutations at cytosine nucleotides (C) located
approximately 15-20 bases upstream of the PAM" (Fig. la). The
targeting sequence was selected in galK to introduce a stop codon
(Fig. 1c) and induced nearly 100% viability against 2-DOG, which
suggests highly efficient mutagenesis (Supplementary Fig. 2a).
Sequencing analysis revealed that six out of eight colonies from
non-2-DOG selective medium contained expected C-to-T substitu-
tions at the —17 and/or —20 positions (Fig. 1c).

Next, an essential gene, rpoB, was targeted that encodes the
B-subunit of RNA polymerase. While disturbing the function of rpoB
would cause a growth defect or cell death, specific point mutations
in the gene confer rifampicin resistance*. Transformed cells with a
sgRNA designed to induce one of these mutations gained rifampi-
cin resistance at a frequency of nearly 100% without obvious growth
defects (Supplementary Fig. 2b). Sequencing analysis of the clones
without rifampicin selection confirmed the C-to-T substitutions at —16
and/or —17 positions from the PAM (position 1545 and 1546 of rpoB)
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galk o % GCGTGGTGAAACATCTGCAACTGCGTAACAACAGCT TIRGECGECGTGGACAT 3’
3’ CGCACCACTTTGTAGACGTTGACGCATTGTTGTCGAAGCCGCCGCACCTGTA 5’
translation VV KHL Q L RNNSTF G G V D
(4/8) 5’ GCGTGGTGAAACATCTGTAATTGCGTAACAACAGCTTCGGCGGCGTGGACAT 3’
vV VvV X H L *
(2/8) 5" GCGTGGTGAAACATCTGTAACTGCGTAACAACAGCTTCGGCGGCGTGGACAT 3’
V V K H L *
(2/8) 5’ GCGTGGTGAAACATCTGCAACTGCGTAACAACAGCTTCGGCGGCGTGGACAT 3’
clone V V KHUL Q L R NNSF G G V D
count

Fig. 1| Single mutagenesis using Target-AID in bacteria. a, A schematic model for Target-AID (dCas-CDA/sgRNA) base editing. The dCas-CDA/sgRNA
complex binds to the double-stranded DNA to form an R-loop in a sgRNA- and PAM-dependent manner. CDA catalyses deamination of cytosines located
at the top (non-complementary) strand within 15-20 bases upstream from PAM, which results in C-to-T mutagenesis. b, A Target-AlD plasmid for a single
target in bacteria. The plasmid contains the chloramphenicol-resistant (CmR) gene, temperature-sensitive (ts) lambda cl repressor, the pSC101 origin

(ori) and RepA101 (ts). The lambda operator expresses the dCas-CDA fusion at a high temperature (>37°C) as the cl repressor (ts) gets inactivated.

The sgRNA is expressed under a constitutive promoter J23119. The dCas-CDA unit consists of nuclease-deficient Cas9 with D10OA and H840A mutations
and Petromyzon marinus cytosine deaminase. ¢, Sequence alignment of the galK mutants edited by dCas-CDA. The genomic loci and the site targeted by
galK_9 sgRNA (box) are shown with a PAM (inverted box). The number on the top indicates the open reading frame number. Mutated sites found from
eight randomly picked colonies are highlighted in yellow and mutated bases and amino acids are shown in red. The mutated codons are underlined.

as expected (Fig. 2a). Whole-genome sequencing was performed to
assess the possible non-specific mutator effect of Target-AID in E. coli.
Three independent clones expressing dCas—-CDA and the rpoB_1-tar-
geting sgRNA were analysed and found to contain zero to two single-
nucleotide variants (SN'Vs) at an apparently unrelated genomic loci
(Fig. 2b). Adjacent sequences of the SNVs did not show any similarity
to the rpoB target sequence (Fig. 2¢).

To comprehensively analyse mutational efficiency and posi-
tions, a deep-sequencing analysis was performed using 18 targets
in galK (Fig. 3a and Supplementary Table 1). Seven targets showed
highly efficient (61.7-95.1%) mutagenesis while five showed poor
(1.4-9.2%) mutagenesis. The most effective mutational positions
were 17-20 bases upstream of PAM, which was consistent with a
previous study in higher organisms. The mutation frequency also
varied depending on the length of the target sequence as the fre-
quency increased at galK_8 and galK_13 and decreased at galK_9
and galK_11 when sgRNAs with longer target sequences were used
(Fig. 3a, blue bars).

To improve the mutational efficiency, uracil DNA glycosylase
inhibitor (UGI) from bacteriophage PBS2° and protein degrada-
tion tag (LVA tag)’ were introduced by fusing them at the carboxy
terminus of dCas-CDA, which is named dCas-CDA-UL. UGI
increases mutagenesis by cytidine deamination because it inhibits
removal of uracil (an immediate product of cytosine deamination)
from DNA"?. As dCas—-CDA-UGI could be potentially harmful
when expressed in excess, the LVA tag was used to decrease the

concentration of the protein in cells. dCas-CDA-UL with sgRNAs
targeting galK showed robust mutagenesis at all of the targeted sites
tested (Fig. 3a, red bars). Using longer sgRNAs, dCas-CDA-UL
induced extended mutational spectra towards the 5" ends (Fig. 3a,
galK_9 and galK_11). To further characterize the effect of the length
of the sgRNA target sequence, C-rich genomic loci were tested with
sgRNAs bearing target sequences varying in length (18, 20, 22 and
24 nt; Supplementary Fig. 3). Mutational spectra for each of the five
target sites consistently showed the peak shift and expansion of the
active window towards the 5’ end as the target sequences length-
ened (Fig. 3b). The intrinsic mutagenic activity of dCas—CDA and
dCas-CDA-UL in the absence of sgRNA was assessed by whole-
genome sequencing of the cells expressing the proteins after 6-h
induction at 37°C. dCas-CDA and dCas-CDA-UL induced none
to two and 21-30 SNV mutations, respectively, with no positional
bias in the entire genome (Supplementary Tables 2 and 3), indicat-
ing that the dCas-CDA-UL induces genome-wide mutagenesis in
this condition.

For multiplex editing, tandem repeats of sgRNA-expression units
were assembled onto a separate plasmid from the one expressing
dCas-CDA variant proteins (Fig. 4a). The plasmid targeting three
sites in galK (galK_10, galK_11 and galK_13) was co-introduced
into cells with the plasmid expressing dCas, dCas-CDA, dCas-
CDA-L or dCas-CDA-UL. The non-specific mutator effect of the
variant proteins was assessed by analysis of the occurrence of rifam-
picin-resistant mutants (Supplementary Fig. 4a). dCas-CDA was

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturemicrobiology

LETTERS

a 1530 1549
5'-CTTCGGTTCCAGCCAGCTGTCTCAGTTTATGGACCAGAACAACCCGCTGT-3'
POB_1  3/.GaAGCCAAGGTCHENCGACAGAGTCARATACCTGETCTTGTTGGGCGACA-5'
Translation F G S S Q L S Q F MD QNN P L
(7/8)  5'-CTTCGGTTCCAGCCAGCTGTCTCAGTTTATGAACCAGAACAACCCGCTGT-3'
F G S S Q L S Q F MNO QNN P L
(1/8)  5'-CTTCGGTTCCAGCCAGCTGTCTCAGTTTATAAACCAGAACAACCCGCTGT-3'
Clone F G S S Q L s Q F I N Q NN P L
count
b
Parental/ Detected mutations
Strain  |Clone ?:23::}:0: variable "
g mutation Counts| Regions |Genes|References|Alleles
1,591,287 yneO C T
1 27.9 2 2 4,172,717 | rpoB GG AA
dCas—-CDA 2,170,816| gatC G A
/rpoB_1 1 22.1 3 3 |4,056,442| yihN c A
4,172,717| rpoB GG AA
3 511 1 1 4,172,717| rpoB GG AA

(4
yneO 5ACATTAAGTTCACCGTCGCCAGCATCACCGATATAGATATAGCGGAAAGCT-3’
gatC 5'GTGAAAGGCAAAAAAACGGCCTCCCGATAGGGAAGCCGTAGCAAAGTGCGC-3’

yihN  5'GGTGGACCGATTGGTGGCATGATTTCAGATAAGATCCTGAAATCGCCAAGT-3’

Fig. 2 | Gain-of-function mutagenesis of the rpoB gene. a, Sequence
alignment of rpoB mutants edited by dCas-CDA. The genomic loci and the
site targeted by rpoB_1 sgRNA (box) are shown with a PAM (inverted box).
The number on the top indicates the open reading frame number. Mutated
sites found from eight randomly picked colonies from non-rifampicin
selective medium are highlighted in yellow and mutated bases and amino
acids are shown in red. Mutated codons are underlined. b, Whole-genome
sequencing analyses of the rpoB-targeted cells. Three rifampicin-selected
clones were subjected to whole-genome sequencing. Sequence coverage
was calculated as the sum of the base pairs of the mapped sequence over
4,631kbp of the E. coli BW25113 genome sequence. The parental/variable
mutation column indicates the number of variants obtained by subtracting
common parental mutations from the variants detected with over a 50%
frequency including insertions, deletions, SNVs and multiple-nucleotide
variants. The detected mutations columns show the number of mutations
(counts), genomic loci (regions/genes), reference genome sequences
(references) and mutant alleles (alleles). Variant calling was performed as
described in the Methods. ¢, Sequences around the detected mutations
listed in b except for the rpoB locus. Mutated bases are shown in red.

shown to induce an approximately tenfold increase of nonspecific
mutation over the background, which is mitigated by the addition of
LVA. Addition of UGI-LVA rather induced tenfold mutations over
dCas9-CDA. dCas-CDA and dCas-CDA-L were unable to effi-
ciently obtain a triple mutant for the three galK target sites at once,
while dCas-CDA-UL succeeded in triple mutagenesis in five out of
the eight analysed clones (Supplementary Fig. 4b). The multiplex
mutational frequency by dCas-CDA-UL seemed to be less efficient
compared with those against a single target (the mutations were
observed in all clones tested; Supplementary Fig. 4c,d). Six differ-
ent genes (galK, xyIB (xylulokinase), manA (mannose-6-phosphate
isomerase), pta (phosphate acetyltransferase), adhE (aldehyde-alco-
hol dehydrogenase) and fpiA (triosephosphate isomerase)) were
targeted to introduce intended missense mutations or stop codons
using dCas-CDA-UL with sgRNAs targeting the six genes, which
successfully mutated all of the targeted sites in seven out of eight
clones (Fig. 4b).

Multi-copy elements occupy a substantial amount of genome
sequence. Unlike other methods that involve recombination or
genomic cleavage, Target-AID may edit multiple loci simultane-
ously using the same sgRNA sequence without inducing genomic
fragmentation. For a proof of concept, four major transposable

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

element (IS1, 2, 3 and 5 that contain 10, 12, 5 and 14 copies of
transposase genes, respectively) in the E. coli genome were simul-
taneously targeted using four sgRNAs. The sgRNAs were designed
to contain the common sequences of the transposase genes of each
transposable element to introduce stop codons (Supplementary Fig. 5).
E. coli cells were transformed with two plasmids respectively
expressing dCas—CDA-UL and the four sgRNAs. After repeating
isolation and verification procedures (Supplementary Fig.6), cells
edited at all of the 41 targeted loci were obtained. Two clones of the
edited cells were further subjected to whole-genome sequencing to
assess the genome-wide off-target effect. Among the 34 potential
off-target sites that contain the identical sequences to the targets at
1-8 nt proximal to the PAM, two sites were found to be mutated in
both clones (Supplementary Table 4).

Target-AID dominantly induced C-to-T substitutions and
enabled simple and multiplex genome editing in E. coli. The use of
nickase Cas9(D10A) with deaminase was not applicable because
of its toxicity in E. coli, whereas it has been applied in eukaryotes
with its higher mutation efficiency without any growth defect'**
probably due to the difference in the DNA repair mechanisms. The
nickase Cas9(D10A) introduces a nick on the opposite strand to
the deamination site. The strand containing deaminated nucleo-
tides is also nicked by AP endonuclease during the base excision
repair pathway. Consequently, these together may cause temporal
DNA double-strand breaks, which bacteria have a poorer capacity
to repair. Consistently, the other type of nickase(H840A)-CDA that
nicks the same strand as the deamination site showed little toxicity
and resulted in a modest mutation efficiency in E. coli as observed
in eukaryotes.

Longer sgRNA could form an extended RNA/DNA hybrid that
allows the deaminase access to the unwound single-stranded DNA.
Although it has been assumed that the 5’ extension of the sgRNAs
is processed into 20-nt lengths in the cell”, our data consistently
showed that the mutational positions and frequency were shifted
towards the 5" side of the target as the length of the sgRNA increases
from 18 to 24 nt. It is possible that the processing activity could
be host-dependent and/or the transient existence of unprocessed
sgRNA is sufficient to carry out the mutagenesis.

UGI certainly promotes mutagenesis by deamination in bacte-
ria, although it may compromise genome integrity when in excess.
We were unable to develop a plasmid expressing dCas-CDA-
UGI without the LVA tag, as we obtained only plasmids contain-
ing mutations, suggesting that the cells cannot retain the plasmid
expressing functional dCas-CDA-UGI. By decreasing the half-life
of the protein, the LVA tag reduced the toxicity to an allowable level
for a cell. However, genome-wide nonspecific mutagenic effects
and off-target events were still observed by the use of dCas9-CDA-
UL. Cells are capable of repairing deaminated nucleotides cor-
rectly, while the excess deamination or compromised repair causes
mutation. The observed nonspecific mutations (non-homologous
against target sequences) may reflect an excess of dCas-CDA-UL
in the cells. The two off-target candidate sites (that is, homologous
against target sequences) were found to be mutated by dCas-CDA-
UL, which contained at least 13 bases matched to the targets, of
which 9 consecutive bases are in the PAM proximal part (seed
sequence). Theoretically, the expected number of such off-target
sites can be calculated by the equations in Supplementary Fig. 7.
Here, off-target sequences that contain 8 matched bases of seed
sequences and an additional 5 matched bases in the 12 bases of the
distal site may occur approximately 8 times in 5.44 Mb of E. coli
genome. In the IS experiment using 4 sgRNAs, 2 off-target sites
out of the 34 off-target candidates were edited. This estimates that
randomly chosen targets may induce an off-target event approxi-
mately once every two times in E. coli. However, the extended incu-
bation to isolate and characterize the mutations at 41 loci may have
increased the chance of off-target events. Moreover, simultaneous
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Fig. 3 | Mutated positions and frequency using different lengths of sgRNAs. a, Genomic loci (galK_8, 9, 11 and 13) targeted by dCas-CDA (blue bars)

or dCas-CDA-UL (red bars) were analysed by deep sequencing. The average of three independent experiments is plotted. A blue box and an inverted

box indicate the target sequences of sgRNA and PAM, respectively. Mutated bases are shown in red. b, Average mutational spectra for different lengths

of sgRNA. Targeted sites that contain poly-C on the distal site were edited by dCas-CDA-UL and analysed by deep sequencing. Average mutational
frequencies at each position for sgRNAs consisting of 18-, 20- or 22-nt target sequence are shown with blue, red and green bars, respectively. The inverted
box indicates the PAM and the numbers on the top of each panel indicate the peak positions. The border between 20 and 21 nt upstream of the PAM is

shown with a dashed line.

targeting of such a number of genomic loci at once might have loos-
ened the entire genomic structure and allowed less stringent bind-
ing of dCas9-gRNA and/or compromised the repair pathways. It
is also to be noted that when an off-target event occurs using the
Cas9 nuclease in bacteria, it simply kills the cell and can thus be
undetermined. Designing target sequences based on the off-target
prediction or using a more stringent CRISPR system* would help
to reduce the number of off-target events. Further studies are also
needed to minimize the nonspecific mutator effect of dCas-CDA-
UL by fine-tuning the expression of the modifier protein or attenu-
ating the UGI function.

A recent study reported targeted deaminase in bacteria using
human cytidine deaminase AID fused to zinc finger protein (ZF-
AID) or transcription activator-like effector (TALE-AID)*, which
showed site-specific mutagenesis with up to 13% or 8% efficiency in
the mutS- and ung-disrupted E. coli, respectively. Compared to the
human AID-fused Cas9-mediated editing method, which showed a
diverse mutagenic effect (~500-base-pair (bp) window) in mamma-
lian cells***, Target-AID using PmCDA1 induces specific mutations
at a specific window in bacteria and eukaryotes. The combination of
the targeting ability of Cas9 and the substrate preference of PmCDA1
to single-stranded DNA secures its specific mutation window.
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dCas—CDA-UL CDA  LVA-ag
—-x  x =P
-
t;:rz;j; dCasgP10A-HBI0A UG (624 bp)
b galK_2

51 70
5’ CAACGCATTTGGCTACCCTGCCACTCACACCATTCIYEECGCCTGGCCGCG 3’
3’ GTTGCGTAAACCGATGGGACGGTGAGTGTGGTAAGTCCGCGGACCGGCGC 5’
NAFGYPATUHTTIAOQA ATPGHR

1 CAACGCATTTGGCTATTTTGTTACTCACACCATTCAGGCGCCTGGCCGCG
2 CAACGCATTTGGCTATTTTGTTACTCACACCATTCAGGCGCCTGGCCGCG
3 CAACGCATTTGGCTACTTTGTCACTCACACCATTCAGGCGCCTGGCCGCG
4 CAACGCATTTGGCTACCCTGCCACTCACACCATTCAGGCGCCTGGCCGCG
5 CAACGCATTTGGCTACTTTGCCACTCACACCATTCAGGCGCCTGGCCGCG
6 CAACGCATTTGGCTATTTTGTCACTCACACCATTCAGGCGCCTGGCCGCG
7 CAACGCATTTGGCTATTTTGTCACTCACACCATTCAGGCGCCTGGCCGCG
8 CAACGCATTTGGCTATTTTGTCACTCACACCATTCAGGCGCCTGGCCGCG

xylB_1

643 662
5’ GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTGGGGTATGGCGACGGTGCC 3’
3’ CCACGAAACAATI[E&XCTTCAACGCTTTCGCACCCOATACCGCTGCCACGG 5’
GALLUPEVAZ KA AWGMMATUV

1 GGTGCTTTGTTACCTGAAGTTGCGAAAGCATAAAGTATGGCGACGGTGCC
2 GGTGCTTTGTTACCTGAAGTTGCGAAAGCATAAGGTATGGCGACGGTGCC
3 GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTAAAATATGGCGACGGTGCC
4 GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTGGGGTATGGCGACGGTGCC
5 GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTAAAGTATGGCGACGGTGCC
6 GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTAAAATATGGCGACGGTGCC
7 GGTGCTTTGTTACCTGAAGTTGCGAAAGCATAAAATATGGCGACGGTGCC
8 GGTGCTTTGTTACCTGAAGTTGCGAAAGCGTAAAGTATGGCGACGGTGCC

manA_1

93 112
5’ ARATCCGTCCAGCCAGCCGATGGCCGAGCTGTGGATGGGCGCACATCCGA 3’
3’ TTTAGGCAGGTC[EeliCGGCTACCGGCTCGACACCTACCCGCGTGTAGGCT 5
NPSSQPMAETLTWMGA AT HP

1 AAATCCGTCCAGCCAGCCGATGGCCGAACTATAAATGGGCGCACATCCGA
2 AAATCCGTCCAGCCAGCCGATGGCCGAACTATAAATGGGCGCACATCCGA
3 AAATCCGTCCAGCCAGCCGATGGCCAAACTATAAATGGGCGCACATCCGA
4 AAATCCGTCCAGCCAGCCGATGGCCGAGCTGTGGATGGGCGCACATCCGA
5 AAATCCGTCCAGCCAGCCGATGGCCGAACTATAAATGGGCGCACATCCGA
6 AAATCCGTCCAGCCAGCCGATGGCCGAACTATAAATGGGCGCACATCCGA
7 BAAATCCGTCCAGCCAGCCGATGGCCGAGCTATAAATGGGCGCACATCCGA
8 AAATCCGTCCAGCCAGCCGATGGCCGAACTATAAATGGGCGCACATCCGA

pSC101 ori a1 adhE_3
tpiA_2
CmR pMB1 ori
’ + KmR
\ manA_1

1B_1

Lambda cl galk_2 VB

repressor (ts)

pta_1
727 746

5’ TGATCCGGCGAAGCTGCAAGAATCCAGCCCGCTGCMEETTCTCGGCGCTG 3’
3’ ACTAGGCCGCTTCGACGTTCTTAGGTCGGGCGACGGCCAAGAGCCGCGAC 5’
DPAKILOQESSZPLZPVILGA

1 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
2 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
3 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
4 TGATCCGGCGAAGCTGCAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
5 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
6 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
7 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG
8 TGATCCGGCGAAGCTGTAAGAATCCAGCCCGCTGCCGGTTCTCGGCGCTG

adhE_3

460 479
5’ GCGGCTGATATCGTTLTGCAGGCTGCTATCGCTGCMEETGCTCCGARAGA 3’
3’ CGCCGACTATAGCAAGACGTCCGACGATAGCGACGGCCACGAGGCTTICT 5’
A ADIVLQARATIA AAGA ATPK

1 GCGGCTGATATCGTTITGTAGGCTGCTATCGCTGCCGGTGCTCCGRAAGA
2 GCGGCTGATATCGTTTTGTAGGCTGCTATCGCTGCCGGTGCTCCGARAGA
3 GCGGCTGATATCGTTTTGTAGGCTGCTATCGCTGCCGGTGCTCCGARAGA
4 GCGGCTGATATCGTTCTGCAGGCTGCTATCGCTGCCGGTGCTCCGAAAGA
5 GCGGCTGATATCGTTTTGTAGGCTGCTATCGCTGCCGGTGCTCCGARAGA
6 GCGGCTGATATCGTTTTGTAGGCTGTTATCGCTGCCGGTGCTCCGARAGA
7 GCGGCTGATATTGTTTTGTAGGCTGCTATCGCTGCCGGTGCTCCGARAGA
8 GCGGCTGATATCGTTITGTAGGCTGCTATCGCTGCCGGTGCTCCGARAGA

tpiA_2

459 479
5’ CGCGGTACTGAAAACICAGGGTGCTGCGGCATTCGARYEETGCGGTTATCGC 3’
3’ GCGCCATGACTTTTGAGTCCCACGACGCCGTAAGCTTCCACGCCAATAGCG 5’
A VLEKTOQGAARAMAATFETGA AVTI

1 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
2 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
3 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
4 CGCGGTACTGAAAACTCAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
5 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
6 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
7 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC
8 CGCGGTACTGAAAACTTAGGGTGCTGCGGCATTCGAAGGTGCGGTTATCGC

Fig. 4 | Multiplex mutagenesis. a, A schematic drawing of two plasmids for multiplex mutagenesis. A modifier vector expresses dCas-CDA fused

with a LVA tag and UGI. The multiple sgRNA-expressing plasmid (pSBP80608) contains two sets of three tandem-repeated sgRNA-expressing units.
b, Sequence alignments of the targeted loci. The targeted sites from eight randomly picked clones were sequenced and aligned. The clone numbers are
shown on the left of the sequences. The translated amino acid sequences are shown underneath each nucleotide sequence. A box and an inverted box
indicate the target sequence and PAM, respectively. The mutated bases are shown in red and highlighted in yellow.

As a result of its simple composition and universality, Target-
AID may be suited for multiplex and high-throughput mutagenesis
and applicable to a wider range of bacterial species including those
that were previously not genetically tractable. As in the case of the
Base Editor system in mammalian cells**®, use of other CRISPR
systems and protein engineering will also improve editing capacity
with the various selection of PAMs and higher fidelity*.

Methods

Bacterial strains, plasmids, primers and targeting gRNA design. The following
E. coli strains were used: DH5a (F~ endA1 supE44 thi-1 recAl relAl gyrA96 deoR
phoA ®80dlacZ AM15 A(lacZYA-argF)U169, hsdR17 (rK-, mK¥), A-) (TaKaRa-
Bio); BW25113 (lacI* rrnBy,, AlacZy,,s hsdR514 AaraBAD,;; ArhaBAD,,, rph-1
A(araB-D)567 A(rhaD-B)568 AlacZ4787(::rrnB-3) hsdR514 rph-1); and Top10

(F- merA A(mrr-hsdRMS-mcrBC) 980lacZAM15 AlacX74 nupG recAl araD139
A(ara-leu)7697 galE15 galK16 rpsL(Str®) endA1 A—) (Invitrogen). The plasmids and
primers used in this study are listed in Supplementary Tables 5 and 6, respectively.
A pair of oligonucleotide DNAs for construction of the targeting gRNA vector was
designed as follows: 5'-tagc-(target sequence)-3’ and 5’-aaac- (reverse complement
of the target sequence)-3'.

Plasmid constructions. pCas9 and pCRISPR plasmids were generously provided

by the Marraffini laboratory'* and obtained via Addgene. Nickase Cas9 (nCas
(D10A or H840A)) and nuclease-deficient Cas9 (dCas (D10A H840A))*' were
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generated by the PCR method. PmCDA1 was fused to the Cterminus of nCas or
dCas with a 121-amino-acid peptide linker (Fig. 1b and Supplementary Table 7).

The plasmid pScI_dCas-CDA_J23119-sgRNA carries the sgRNA unit driven
by the synthetic constitutive promoter J23119 (BBa_J23119 in the registry for
standard biological parts) (http://parts.igem.org/Part:BBa_J23119) (Supplementary
Table 7) and is amplified by PCR using p346/p426. The sgRNA-expression unit
contains two Bsal restriction sites for insertion of the target sequence. A pair of
oligonucleotide DNAs that contains the sgRNA sequence was annealed and ligated
into Bsal-digested pScI_dCas-CDA_sgRNA.

pScl contains the lambda operator, and pScI_dCas and pScI_dCas-CDA carry
dCas and dCas-CDA genes downstream of the operator. The degradation tag (LVA
tag) and the UGI gene are added to the Cterminus of the dCas-CDA gene, which
results in plasmid pScI_dCas-CDA-L and pScI_dCas-CDA-UL, respectively.

The vector plasmid pTAKN-2 (BioDynamics Laboratory) that possesses the
pMBI origin compatible with pSC101 was used for expression of multiple sgRNAs.
A sgRNA-]23119 promoter unit made from synthetic oligonucleotides was
digested by EcoRI-HindIII and followed by ligation into pTAKN2. The plasmid
harbouring the tandem three target sequences (pSBP804, galK_10-galK_11-
gal_13; pSBP806, galK_2-xylB_1-manA_1; and pSBP808, pta_l-adhE_3-tpiA_2)
were constructed using Golden Gate assembly of the PCR product using Bsal
digestion-ligation™. The plasmid harbouring the six different target sequences
(pSBP80608) was constructed using Gibson Assembly of the PCR products
amplified from pSBP808 (pta_l-adhE_3-tpiA_2 tandem sequence) by primers
P597/598 and from pSBP806 (vector and galK_2-xylB_1-manA_1 tandem
sequence) by primers p599/p600 (Fig. 4a). For the IS-editing plasmid, four sgRNA-
expressing units were tandemly aligned in the order IS1, IS2, IS3 and IS5.
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Mutagenesis assay. The DH5a or BW25113 cells were chemically transformed
with the appropriate plasmid(s) and were pre-cultured with 1 ml of SOC medium
(2% Bacto tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, 1 mM MgSO,
and 20 mM glucose). After incubation for 2-3h at 28°C, the cell cultures were
diluted 1:10 in 1 ml of Luria-Bertani (LB) broth or terrific broth (TB) with the
following antibiotics as needed: chloramphenicol (25 pg ml™') and/or kanamycin
(30 pgml™), and grown overnight at 28 °C and 1,000 r.p.m. using maximizer
(TAITEC). The next day, the cell cultures were diluted 1:10 in 1 ml media again and
cultured for 6h at 37°C for induction, followed by overnight incubation at 28°C.
The cell cultures were then spotted in serial dilution onto LB or TB agar plates
supplemented with appropriate antibiotics and incubated overnight at 28 °C to
form single colonies.

For positive-selection of galK gene disruption, the cells were grown in M63
minimal medium (2gl* (NH,),SO,, 13.6gl! KH,PO,, 0.5mgl-' FeSO,-7H,0,
1 mM MgSO,, 0.1 mM CaCl, and 10 pgml™ thiamine) containing 0.2% glycerol
and 0.2% 2-deoxy-galactose (2-DOG). For the selection of rifampicin-resistant
mutation of the rpoB gene, cells were grown in LB broth containing 50 pg ml™
rifampicin. For sequencing analysis, the target segments were amplified using
appropriate primers by PCR directly from the randomly picked colonies and
then analysed by Sanger sequencing using a 3130XL Genetic Analyzer (Applied
Biosystems). The ¢-test statistical analysis was conducted using Excel software
(Microsoft).

Whole-genome sequencing. BW25113 cells harbouring each expression construct
(dCas, dCas-CDA, or dCas—-CDA-UL without sgRNA and dCas-CDA with
rpoB_1 targeting sgRNA) were pre-incubated overnight at 28°C, and diluted 1:10
in 1 ml LB media and grown for 6 h at 37 °C for induction, followed by overnight
incubation at 28 °C. The cells were spread onto a rifampicin-containing medium
plate to isolate single colonies. From three randomly picked colonies cultivated in
TB, the genomic DNA was extracted using a Wizard Genomic DNA Purification
Kit (Promega) and then fragmented by sonication using a Bioruptor UCD-200
TS Sonication System (Diagenote) to obtain fragments with a size distribution at
500-1,000 bp. The genomic DNA library was prepared using the NEBNext Ultra
DNA Library Prep Kit for [llumina (New England Biolabs) and labelled with Dual
Index Primers. The size selection of the library was conducted using the Agencourt
AMPure XP (Beckman Coulter) to obtain tagged fragments with a length
ranging from 600 to 800 bp. The size distribution was evaluated by the Agilent
2100 Bioanalyzer system (Agilent Technologies). The DNA was quantified using
a Qubit HS dsDNA HS Assay Kit and fluorometer (Thermo Fisher Scientific).
Sequencing was performed using the MiSeq sequencing system (Illumina) and
MiSeq Reagent Kit v3 to obtain 2 X 300 bp read length and approximately 20-fold
coverage for the genome size was expected. The data analysis was conducted
using the CLC Genomic Workbench 9.0. (CLC bio). The sequence reads were
paired and overlapping reads within a read pair were merged and then trimmed
on the basis of a quality limit of 0.01 with a maximum of 2 ambiguities. The reads
were mapped to the E. coli BW25113 reference genome by the following setting
(Masking mode =no masking, Mismatch cost=2, Insertion cost=3, Deletion
cost=3, Length fraction =0.5, Similarity fraction=0.8, Global alignment =No,
Auto-detect paired distances = Yes and Nonspecific match handling =ignore).
Local realignment was conducted with the default settings (Realign unaligned
ends = Yes and Multi-pass realignment=2). The variant calling was performed
with the following settings (Ignore positions with coverage = 1,000,000, Ignore
broken pairs = Yes, Ignore Nonspecific matches =Reads, Minimum coverage =5,
Minimum count =2, Minimum frequency =50%, Base quality filter = No, Read
detection filter = No, Relative read direction filter = Yes, Significance = 1%, Read
position filter =No, Remove pyro-error variants = No). The output file was
rearranged using Excel (Microsoft).

Deep sequencing of the target regions. DH5« cells expressing dCas—-CDA or
dCas-CDA-UL with the sgRNA targeting galK, gsiA, ycbF or yfiH genes were
incubated overnight at 28°C, diluted 1:10 in 1 ml LB media and grown for 6h at
37°C for induction. The cell cultures were collected and the genomic DNA was
extracted. The target-region-containing fragment (~0.3 kbp) was directly amplified
using primer pairs (p685-p696) from the extracted genomic DNA. The amplicon
was labelled by the Dual Index Primers. More than 30,000 reads per sample on
average were analysed by the MiSeq sequencing system. The sequence reads were
paired and trimmed on the basis of a quality limit of 0.01 with a maximum of

2 ambiguities and then overlapping reads within a read pair were merged. The
reads were mapped to each reference sequence by the following settings (Masking
mode =no masking, Mismatch cost=2, Insertion cost=3, Deletion cost=3,
Length fraction=0.5, Similarity fraction=0.8, Global alignment=No, Auto-detect
paired distances = Yes and Nonspecific match handling=Map randomly). An
output file was rearranged using Excel.

Isolation and verification procedure for the IS-edited cell. Two plasmids
respectively expressing dCas-CDA-UL and four sgRNAs targeting the 41 IS loci
were co-introduced into E. coli Top10 cells. IS5-1, IS5-2, IS5-11 and IS5-12 sites
were firstly analysed as it was found that editing of IS5 targets was less efficient
than that of other IS types. Targeted sites were amplified by PCR and sequenced
directly from the colonies by using unique primer pairs designed outside the
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homologous regions. As the cells contained mixed population of genotypes at
IS5-1, the cells were re-suspended and spread onto plates to isolate single clones.
Eight clones were analysed at IS5-1 to obtain three edited ones, two of which
were further analysed by extracting genomic DNA. The isolation and verification
procedure was repeated to confirm that all targeted sites were completely edited.

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available
from the corresponding authors upon request. Short-read data in this study

have been deposited at the NCBI Sequence Read Archive (SRA) with the accession
code PRINA407291.
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