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CRISPR with a Happy Ending: Non-Templated DNA Repair

for Prokaryotic Genome Engineering

Max Finger-Bou, Enrico Orsi, John van der Oost, and Raymond H. J. Staals*

The exploration of microbial metabolism is expected to support the
development of a sustainable economy and tackle several problems related to
the burdens of human consumption. Microorganisms have the potential to
catalyze processes that are currently unavailable, unsustainable and/or
inefficient. Their metabolism can be optimized and further expanded using
tools like the clustered regularly interspaced short palindromic repeats and
their associated proteins (CRISPR-Cas) systems. These tools have
revolutionized the field of biotechnology, as they greatly streamline the
genetic engineering of organisms from all domains of life. CRISPR-Cas and
other nucleases mediate double-strand DNA breaks, which must be repaired
to prevent cell death. In prokaryotes, these breaks can be repaired through
either homologous recombination, when a DNA repair template is available,
or through template-independent end joining, of which two major pathways
are known. These end joining pathways depend on different sets of proteins
and mediate DNA repair with different outcomes. Understanding these DNA
repair pathways can be advantageous to steer the results of genome
engineering experiments. In this review, we discuss different strategies for the
genetic engineering of prokaryotes through either non-homologous end
joining (NHE)) or alternative end joining (AE)), both of which are independent

from the research community. Conse-
quently, developing strategies for decou-
pling economic growth from the emission
of greenhouse gases has become a pressing
issue.!l Biotechnology, at the core of the
emerging concept of bio-economy, aims
to facilitate the replacement of petroleum-
based chemical synthesis by biocatalysis
in which microbial cell factories convert
renewable feedstocks into a wide range
of products.>*] These sustainable prod-
ucts can be high value molecules such as
pharmacologically active compounds,!
but also cheaper commodity chemicals!®!
and biofuels.””] While harnessing microbial
production for the pharmaceutical and nu-
traceutical sectors is already a reality,®1]
the replacement of many petroleum-based
commodity chemicals with their greener
counterparts is still to be realized. The
available microbial engineering tools, as
well as our understanding about their
precise molecular workings, are still often

of exogenous DNA repair templates.

1. Introduction

Climate change, growing world population, and scarcity of re-
sources are issues gaining increasing attention from society and
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the bottleneck for the optimization of

microbial cell factories. In cases where

homologous recombination is ineffi-

cient, template-independent DNA repair
represents an attractive alternative for prokaryotic genome edit-
ing. In this mini-review, we provide a concise summary of the two
known prokaryotic template-independent end joining pathways,
and we elaborate on different strategies to employ clustered regu-
larly interspaced short palindromic repeats (CRISPR)-CRISPR-
associated protein (CRISPR-Cas) systems and other nucleases in
combination with these native or heterologously expressed DNA
repair pathways. We hope our work will encourage researchers
to explore the emerging field of non-templated prokaryotic engi-
neering.

2. CRISPR-Cas Systems, User-Friendly Tools for
Microbial Engineering

Although several strategies have been applied for microbial
genome engineering with moderate success before the rise of
the CRISPR-Cas tools, there are certain drawbacks associated
with their use. Allelic exchange, based on the introduction
of positive and/or negative markers through homologous re-
combination, is often reported to carry high levels of false
positive mutants, particularly in the case of negative selection
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markers.['12] An elegant alternative to introduce point muta-
tions as well as big deletions and insertions is recombineering,
which typically exploits bacteriophage proteins to mediate
genome manipulations.['*] While these enzymes increase the
efficiency of in vivo recombination, the heterologous expres-
sion of bacteriophage proteins required for recombineering
can be cumbersome. Moreover, this approach necessitates the
generation of a recombination template for every gene to be
mutated,!'*] which is a bottleneck in large mutagenesis experi-
ments. Whereas selection can be carried through positive and/or
negative markers, scar-less mutations require multiple rounds of
crossover recombination, which often complicates experiments
as it involves the screening of many colonies and it often entails
high rates of false positive mutants.[>)

Additionally, numerous efforts have been focused at engineer-
ing sequence-specific endonucleases. In particular, zinc finger
nucleases (ZFNs)!'®) and transcription activator-like effector nu-
cleases (TALENSs)['7] have been extensively exploited for genome
editing. These synthetic protein-complexes recognize specific nu-
cleic acid sequences by protein-DNA interactions. Reprogram-
ming their target specificity involves time-consuming protein en-
gineering, which is inconvenient when multiple sequences need
to be targeted. Alternatively, homing mega-nucleases, like I-Scel,
can be repurposed to drive targeting of their recognition sites,
but this requires the presence or introduction of a restriction site
sequence in the DNA to be targeted,[*®! thereby limiting its con-
venience.

The discovery of an adaptive immunity system in
prokaryotes,?2) namely CRISPRs and Cas, has shaken the
grounds of genome editing. Unlike the previously engineered
endonucleases, the different Cas effector proteins are guided to
the target nucleic acids by small RNA molecules.[??) As such,
CRISPR-Cas systems are much easier to reprogram towards tar-
geting other DNA sequences than previous genome engineering
technologies.[5]

Given its advantages over other traditional mutagenesis meth-
ods, the RNA-guided DNA endonuclease activity of CRISPR-Cas
systems has rapidly become the standard tool for modern
genome editing, initially by allowing for easy counter-selection
after homologous recombination experiments.[¥] New variants
are still being discovered and added to the prokaryotic CRISPR
toolbox,[?*] such as RNA-guided RNA endonucleases,[®] ther-
mophilic Cas proteins variants 12627 or RNA-guided DNA
integrases.’?] Many exciting synthetic variants have been
engineered to allow for novel functions such as transcriptional
regulation,*®311 DNA nicking,[*?! in vivo base editing,**! novel
fusions of different nucleases,**] and protein chimeras that edit
by reverse transcription of a prime editing guide RNA.[*!

Despite the emergence of novel functionalities in the CRISPR-
Cas toolkit, the main feature of these and other nucleases is
the generation of target-specific double-strand DNA breaks to
initiate a certain edit at the target site. This type of DNA break is
lethal if left unrepaired; DNA repair mechanisms are therefore
key for cell survival, but also for the introduction of the desired
mutations.
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3. Non-Templated DNA Repair in Prokaryotes

When a copy of the broken DNA is available, prokaryotes can
repair double-strand DNA breaks with accuracy.*®! For most
prokaryotes, a repair template is only available during the log-
arithmic phase of growth, when more than one copy of the chro-
mosome is present in the cell during replication.l’”! In bacte-
ria, chromosomal breaks can be recognized by multi-subunit
helicase-nuclease complexes which process DNA ends and drive
homologous recombination.®] For instance, the well-studied
RecBCD complex recognizes and processes DNA ends, and loads
multiple RecA proteins onto resected, single stranded DNA,
which facilitates homologous recombination,*®! leading to the
accurate repair of the chromosomal DNA break.

Naturally, when no repair template is available, cells rely on
their intrinsic ability to join DNA ends. Understanding the mech-
anisms that drive these alternative repair pathways is key to
embracing the full potential of template-independent genome
editing.[**] Microbes rely on different sets of enzymes which pro-
tect, process, and ligate DNA ends.[***!] To date, two natural path-
ways have been described in bacteria: non-homologous end join-
ing (NHE])[“>*] (Figure 1A) and alternative end joining (AEJ;
also referred to as microhomology-mediated repair, MME])[#4:45]
(Figure 1B).

NHE] is thought to be active in all eukaryotes“! a sub-set of
bacterial*’! and archaea.[*®! Very well studied in humans, NHE]
involves more than ten proteins, but the core consists of the het-
erodimer Ku70/Ku80 and the ligase IV, as extensively reviewed
elsewhere.[*6#] In contrast, the mechanisms governing DNA re-
pair in absence of a repair template have remained more elusive
in prokaryotes. Being firstly predicted through in silico analyses,
the prokaryotic NHE] machinery was suggested to be consider-
ably simpler than its eukaryotic counterpart, with only two pro-
teins predicted to intervene, Ku and LigD.’%!] While NHE] is
more common in bacteria, it is considered rare in archaea, as not
many species have the Ku protein;!*! so far, the full, canonical
NHE] system has only been described in the archaeal species Ar-
chaeoglobus fulgidus®" and Methanocella paludicula.5?!

Just like their eukaryotic homologs, prokaryotic Ku proteins
form a ring-like structure that encloses broken DNA ends, pro-
tects them from the activity of cellular exonucleases and recruits
LigD.[*] LigD, in turn, is a multidomain protein with nuclease,
polymerase and (ATP-dependent) ligase activities, organization
of which varies between species, and it can also be present as
a holoenzyme made of subunits.[**3] Upon its recruitment by
Ku, LigD processes the DNA ends with its nuclease and poly-
merase activities and ligates them in an ATP-dependent manner
154531 (Figure 1A). While the proteins are known to be essential
during stationary phase in irradiated cultures and in spores
during desiccation, they can be knocked out without apparent
detrimental effects to cellular fitness under normal growth
conditions.[373¢]

Despite Ku and LigD being thought to be the only proteins able
to fix double-strand DNA breaks and prevent cellular death,[*!]
a Ku- and LigD-independent end joining pathway has been de-
scribed in Escherichia coli®”) Named alternative end-joining (AE]),
it was proven to mediate plasmid and genomic DNA recircular-
ization in vivo without neither Ku nor LigD. A characteristic fea-
ture of AE] is the large reliance on microhomologies (1-9 nu-
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cleotides), which are exposed due to the action of the RecBCD
complex and enable DNA end annealing and ligation by the
NAD-dependent DNA ligase A (LigA)P” (Figure 1B).

4. Strategies for Non-Templated Prokaryotic
Genome Engineering

In Table 1, a summary is given of the different strategies suc-
cessfully applied for non-templated prokaryotic engineering, in-
cluding the edited species, the used endonucleases, the origin of
the DNA repair mechanisms employed and an outline on the ob-
served mutations and the presence of microhomologies.

Both native and heterologous DNA repair systems have been
successfully employed for template-independent genome engi-
neering of archaea and several bacteria. Although conventional
engineering methods are still being used (e.g., I-Scell>’~%%)), the
class 2 type II CRISPR-Cas9 system from Streptococcus pyogenes
is nowadays the most frequently used tool for the prokaryotic
genome engineering.3¢61-¢1 Additionally, other CRISPR nucle-
ases are gaining popularity, such as Casl2a from Francisella
novicida,[®-%°) which has different properties than Cas9,’% and
other newly engineered CRISPR-Cas variants.l’" Class 1 CRISPR
systems have also been used!’>73! but are far less usual.

Ku and LigD have been, for long, the go-to proteins to trans-
plant template-independent DNA repair pathways. However, the
use of different ligases or Ku-like proteins is surging. Gam pro-
teins from bacteriophage u**! and A[%] have been successfully
demonstrated to protect linear DNA ends from degradation by
cellular nucleases. Interestingly, yGam has been proven to pro-
mote binding of LigA to DNA ends,*®! and the ligase from bac-
teriophage T4 has been used as a single component NHE] pro-
tein, increasing the surviving rates of Cas9-targeted bacteria.[®]
Non-canonical end joining proteins prove therefore a useful
addition to the molecular toolbox of non-templated genome
engineering.

Altogether, the outcomes of template-independent genome
editing with CRISPR-Cas systems or other endonucleases can be
roughly grouped in three categories: gene inactivation, gene in-
sertion and genome minimization.

4.1. Gene Inactivation

The most straightforward approach to take advantage of the error-
prone nature of NHE]J is to generate small indels in protein-
encoding genes, causing frameshifts or nonsense mutations,
which disrupt the function of genes. An efficient NHE] pathway
in combination with CRISPR-Cas targeting can provide an excel-
lent platform to perform high-throughput functional genomics
in different organisms without the need of templates for homol-
ogous recombination.[”4]

4.2. DNA Insertion

It was demonstrated in E. coli that antibiotic resistance cassettes
can be acquired through AEJ, independently of Ku and LigD,">”]

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Schematic representation of a genome engineering experiment where the genome is targeted by a nuclease and different DNA repair pathways
can mend the double-strand DNA break. A) A CRISPR nuclease recognizes and cleaves a target sequence, generating a double-strand DNA break (not
to scale). B) In non-homologous end joining, Ku dimers bind to DNA ends and protect them against the effect of cellular nucleases, and they recruit
LigD (or multiple subunits) which then processes, anneals and ligates DNA ends, often generating short insertions or deletions which induce frameshift
mutations, leading to gene disruption. C) In alternative end joining (also named microhomology mediated repair), RecBCD (or other complexes) rec-
ognize and resect DNA ends, when short stretches of microhomology (1-9 nt) are exposed, which then allow the annealing of the processed ssDNA.
The protruding ssDNA ends are digested by cellular nucleases and the junctions are sealed by cellular DNA ligase A. D) Novel approaches are emerging
where both end joining mechanisms are used to insert exogenous DNA in the genome, Ku-like proteins like Gam from phages y and 4, and other ligases
like phage T4 DNA ligase are also being used to mediate synthetic end joining.

allegedly relying on the action of the essential LigA and other
cellular components. Additionally, it was recently proven that
Ku and LigD can also mediate acquisition of DNA through
classical NHEJ.[%] Further characterization of the different
DNA repair mechanisms will likely be needed to make DNA
insertion a reliable feature of engineering through end-joining
pathways.
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4.3. Genome Minimization

Whereas the use of CRISPR technologies has been mostly tar-
geted at small scale genome engineering, DNA repair pathways
independent of exogenous template offer the possibility of min-
imizing bacterial genomes with ease, opening up opportunities
for both fundamental and applied biotechnological research.”]
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Table 1. Summary of the published studies to date where CRISPR and other endonucleases are employed for prokaryotic genome editing in combination

with either native or heterologously expressed DNA repair systems.

Edited species Endonuclease DNA repair Observed mutations (Micro)homologies  Reference
Mycobacterium smegmatis I-Scel Native Up to 221 bp Yes 158]
Escherichia coli I-Scel, 2 sites Native Up to 12.3 kb deletions Yes [37]
Native Insertion of about 1kb Yes
Pectobacterium atrosepticum  Native (Type I-F CRISPR) Native 40.2 kb deletion Yes 172]
Sterptomyces coelicolor SpyCas9, 1 gRNA Native Small insertions (1/4 colonies) Up to Not reported [61]
37 kb deletions (3/4 colonies)
ScaligD Small indels (16/16 colonies) Not reported
E. coli SpyCas9 (nickase), T gRNA Native 1 kb deletion Yes [66]
SpyCas9 (nickase), 2 gRNA Native 36-97 kb deletions Yes
E. coli SpyCas9, 1 gRNA Native Up to 27.8 kb deletions Yes 136]
MtuKuLigD 9-298 bp deletions Yes
uGam Not reported Not reported
E. coli SpyCas9, 1 gRNA MtuKulLigD 10-267 bp deletions Yes 162]
SpyCas9, 2 gRNA MtuKulLigD Up to 17 kb deletions Not reported
E. coli SpyCas9, 1 gRNA BsuKuLigD 13-172 bp deletions Yes 163]
SpyCas9, 1 gRNA MtuKuLigD 10-26 bp deletions Yes
SpyCas9, 1 gRNA MsmKuLigD 13-37 bp deletions Yes
SpyCas9, 2 gRNA MsmKuLigD Up to 123 kb deletions Yes
Methanosarcina acetivorans ~ SpyCas9, 1 gRNA MpaKuLigD (*: subunits 75 bp-2.7 kb deletions Yes [64]
expressed instead of
holoenzyme)
SpyCas9, 2 gRNA MpaKuLigD* (*: subunits 1.3 kb deletions Yes
expressed instead of
holoenzyme)
Mycobacterium smegmatis FnCpf1, 1 gRNA Native (MsmKuLigD) Up to 1.5 kb deletions Not reported [67]
S. coelicolor FnCpf1, 1 gRNA MsmKuLigD 409-1624 bp deletions Not reported 169]
FnCpf1, 2 gRNA MsmKulLigD Up to 28 kb deletions Not reported
E. coli I-Scel nGam, EcoLigA Yes 1391
Sinorhizobium meliloti I-Scel Native (SmeKulLigD) Plasmid deletions of up to 994bp Not reported 160]
Native (SmeKulLigD) Insertion of 1.3 kb resistance cassette Not reported
Native (SmeKu3-4) Up to 343 bp deletion in chromosome Not reported
E. coli SpyCas9, T gRNA MtuKuLigD Not reported Not reported 165]
SpyCas9, 1 gRNA T4 ligase Up to 35 kb deletions Yes
SpyCas9, 1 gRNA T4 ligase, AGam Up to 35 kb deletions Not reported
E. coli xCas9-3.7, 1 gRNA Native Up to 1.7 kb deletions Yes 71
xCas9-3.7, 2 gRNA Native Up to 83 kb deletions Yes
Pseudomonas aeruginosa Native, CRISPR type I-C, 1 gRNA  Native 7-424 kb deletions Yes 173]
Pseudomonas syringae Pae CRISPR type I-C, T gRNA Native 55-101 kb deletions Yes
E. coli Pae CRISPR type I-C Native 17-106 kb deletions Yes

Spy, Streptococcus pyogenes; Fn, Francisella novicida; Sca, Streptomyces carneus; Mtu, Mycobacterium tuberculosis; Msm, Mycobacterium smegmatis; Bsu, Bacillus subtilis; Mpa,
Methanocella paludicola; Sda, Streptomyces daghestanicus; Pat, Pectobacterium atrosepticum; Ppu, Pseudomonas putida; Eco, Escherichia coli; gRNA, guide RNA.

Both NHE] and AE] have been successfully used to generate
large deletions in prokaryotes (Table 1). In these cases, the ex-
tent of the introduced genomic deletion seems determined by the
presence of essential genes in proximity of the targeted locus,>’!
highlighting the role of DNA repair in mediating large-scale
genome rearrangements. Notably, the relatively simple CRISPR
type I-C system was recently shown to mediate deletions of up to
424 kb in Pseudomonas aeruginosa using only one guide, allegedly
facilitated by AE].[73]
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5. Native Versus Heterologous DNA End Joining
for Prokaryotic Engineering

Whether it is HDR, AEJ, NHE], or a combination thereof, all
microorganisms have at least one of these DNA repair pathways.
It is therefore possible, theoretically, to apply CRISPR-Cas tools
without the heterologous expression of any exogenous DNA
repair pathway. In practice, however, whether native DNA repair
systems are adequate to genetically engineer a microorganism

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA
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depends on two aspects: the type of native DNA repair system
and the specific genetic engineering goal.

The spectra of mutations mediated by the different types of
DNA repair differ substantially from NHE]J to AE]. While re-
pair mediated by NHE] is typically associated with short, unpre-
dictable nucleotide insertions, or deletions,[*’] repair by AE] can
generate deletions from dozens of nucleotides!®”! to hundreds of
kbl”3] and is driven by microhomology. Microhomologies can be
computationally predicted,”®! which can be instrumental in es-
tablishing AE] as a valuable tool for prokaryotic genome engi-
neering.

Depending on the specific genetic engineering goal, a DNA
repair pathway might be more favorable than the other. Small
mutations introduced by NHE] can be very useful to disrupt the
function of several genes in iterative cycles or multiplex genome
editing,I””! as well as to carry functional genomics studies.”*! On
the other hand, large genomic deletions driven by AE] can facil-
itate the genome minimization of prokaryotes and help unravel
the poorly understood secrets of the noncoding genome.[8]

6. Future Directions

A few challenges are to be faced when it comes to the de-
velopment of the field. It has been shown that interactions
occur between prokaryotic DNA repair pathways and certain
CRISPR-Cas systems,!”’! further computational analysis suggest-
ing that there might exist incompatibility between some DNA re-
pair mechanisms and certain biochemical properties of CRISPR
immunity.®l Additionally, it is not easy to currently distinguish
between the outcomes of repair by NHE] and AE] without inten-
sive sequence analysis, which prevents some studies from hav-
ing clear conclusions about the DNA repair pathways involved
in specific experiments. Further study and elucidation of these
phenomena in combination with computational tools to pre-
dict outcomes of DNA repair will likely facilitate the establish-
ment of better rules and principles for non-templated prokaryotic
genome engineering. Despite these caveats, novel combinations
of CRISPR-Cas nucleases and DNA processing/repair enzymes
are expected to flourish in the near future, providing the field of
genome engineering with unprecedented power.
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