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ABSTRACT: CRISPR (clustered, regularly interspaced, short palindromic repeats) has become a cutting-edge research method and
holds great potential to revolutionize biotechnology and medicine. However, like other nucleic acid technologies, CRISPR will
greatly benefit from chemical innovation to improve activity and specificity for critical in vivo applications. Chemists have started
optimizing various components of the CRISPR system; the present Perspective focuses on chemical modifications of CRISPR RNAs
(crRNAs). As with other nucleic acid-based technologies, early efforts focused on well-established sugar and backbone modifications
(2’-deoxy, 2'-F, 2’-OMe, and phosphorothioates). Some more significant alterations of crRNAs have been done using bicyclic
(locked) riboses and phosphate backbone replacements (phosphonoacetates and amides); however, the range of chemical
innovation applied to crRNAs remains limited to modifications that have been successful in RNA interference and antisense
technologies. The encouraging results given by these tried-and-true modifications suggest that, going forward, chemists should take a
bolder approach—research must aim to investigate what chemistry will have the most impact on maturing CRISPR as therapeutic
and other in vivo technologies. With an eye to the future, this Perspective argues that the complexity of CRISPR presents rich
unprecedented opportunities for chemists to synergize advances in synthetic methodology and structural biochemistry to rationally

optimize crRNA—protein interactions.

1. INTRODUCTION

CRISPR (clustered, regularly interspaced, short palindromic
repeats) RNA and Cas (CRISPR-associated) proteins form a
unique RNA-guided bacterial immune defense system devel-
oped to cleave DNA of invading viruses and plasmids.' ™
Because CRISPR RNA (crRNA) can be easily programmed to
cleave almost any DNA (or RNA in the case of Cas13) target,
CRISPR—Cas has been adopted for gene editing and has
become an important and robust tool with broad applications in
molecular biology and genomics.”*~® CRISPR—Cas also has an
intriguing potential to become a novel therapeutic ap-
proach.”’ " Mechanistic and structural aspects of RNA—Cas
complexes have been extensively covered in recent litera-
ture””' %" and will not be discussed in detail here. The present
Perspective focuses on chemical approaches to improve
CRISPR—Cas activity and specificity through rational mod-
ification of crRNAs for practical applications as research tools
and therapeutic modalities.

CRISPR—Cas systems are broadly divided in two major
classes and six 'fypes.3’13_15 Class 1 uses multiprotein—crRNA
effector complexes and is further divided into types I, III, and IV
depending on the specific Cas proteins involved. Class 2 uses a
single Cas protein as an endonuclease effector and is further
divided into types II, V, and VI.'* Type II, characterized by the
signature endonuclease Cas9, is the most extensively studied
CRISPR system.'® Accordingly, the majority of the chemical
modifications, as will be discussed below, have been studied in
Cas9 crRNAs. Recently, crRNAs of Cas12a (type V system) and
Cas13d (type VI-D system) have also been modified and will be
briefly reviewed.
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Cleavage of double-stranded DNA (dsDNA) initiates cellular
repair mechanisms that can be repurposed for rational gene
editing."”'” The predominant pathway of dsDNA break repair
is nonhomologous end joining (NHEJ]). NHE] is an error-prone
repair mechanism that results in small insertions or deletions of
DNA at the repair site, the so-called indels.'” While NHEJ is
usually not the desired pathway for precise gene editing, the
creation of indels enables a convenient method to quantify
CRISPR activity using endonucleases (Surveyor or T7EI) that
selectively cleave the mismatched indels created by NHE] of
cleaved DNA targets. Precise gene editing is usually achieved
through homology-directed repair (HDR) by codelivering a
dsDNA donor fragment with a sequence homologous to target
DNA but containing the desired edit."”

This Perspective focuses on recent studies that used chemical
modifications to optimize crRNAs. As CRISPR is a relatively
young technology, the efforts to modify crRNAs started only in
2014 and are still in early stages. So far chemists have tested
mostly the sugar and backbone modifications that have been
well-established to work in antisense and RNA interference (for
related recent reviews, see refs 19—21). This Perspective
concludes that given the significant advances in synthetic
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Figure 1. Structure of the Streptococcus pyogenes Cas9/single guide RNA (sgRNA)/target DNA ternary complex published by Zhang, Nureki, and co-
workers.”” (A) Domain organization of SpCas9; BH denotes the bridge helix. (B) Schematic representation of the sgRNA/DNA complex. (C) Ribbon
representation of the Cas9/sgRNA/DNA complex. Disordered linkers are shown as red dotted lines. Reproduced with permission from ref 22.

Copyright (2014) Elsevier.

methodology and structural biochemistry, we are well
positioned to pursue more innovative and bolder approaches
that would rationally modify crRNAs to optimize CRISPR
activity, specificity, and other technological aspects for in vivo
applications in medicine and biotechnology.

2. MODIFICATIONS OF CAS9 CRISPR RNAS

Among various Cas9 proteins, Streptococcus pyogenes Cas9
(SpCas9) is the most studied endonuclease featuring a bilobed
architecture built of target recognition (REC lobe, Figure 1) and
nuclease (NUC lobe) parts.”> The guide RNA/DNA complex
(blue and yellow in Figure 1B and C) is accommodated at the
interface of REC and NUC lobes.

Native Cas9 uses two RNAs, a 42-nucleotide long crRNA and
an 80-nucleotide long trans-activating crRNA (tracrRNA), to
guide sequence specific recognition and cleavage of
dsDNA.'%**** crRNA and tracrRNA form a partially comple-
mentary complex (Figure 2), where crRNA carries the DNA
recognition sequence called the spacer, acquired from past
invading viruses and plasmids,' ~* and tracrRNA is responsible
for association with the Cas9 protein. In genome editing and
other technologies, it is common to link the two RNAs together
through a GAAA tetraloop in a 102-nucleotide long single-guide
RNA (sgRNA, see Figure 2).”

The DNA binding and cleaving by the Cas9—RNA complex
starts with recognition of a short DNA sequence, 5'-NGG-3/,
called a protospacer adjacent motif (PAM, where N can be any
nucleotide). Cas9 uses two arginine residues to sequence
specifically recognize guanidines of 5-NGG-3' that enables
CRISPR to distinguish foreign DNA targets having a PAM from
self-DNA (the acquired spacer stored at CRISPR locus) where
the PAM is absent. Binding of PAM by Cas9 triggers
conformational relaxing and unwinding of dsDNA, first exposing
the PAM-proximal nucleotides to recognition by the seed region
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Figure 2. Cartoon representation of SpCas9 protein, crRNA, and
tracrRNA complex bound to a dsDNA target. Spacer designates the
crRNA’s sequence that base pairs and recognizes the DNA target; PAM,
protospacer adjacent motif, is a short sequence recognized by Cas
proteins.

of the spacer (~10 nucleotides) followed by base pairing
between the entire 20-nucleotide long 5’-end of crRNA and the
target DNA, which leads to displacement of the nontarget strand
as an R-loop (Figure 2).”*** Formation of the R-loop is a two-
step process proceeding through an intermediate state having
only partial unwinding of the PAM-proximal 8—12 base pairs
(seed region).”> Mismatches in the seed region destabilize the
intermediate state and strongly inhibit R-loop formation.
Mismatches in the PAM-distal region are more tolerated and
may allow R-loop formation under certain conditions. For
example, the fully unwound R-loop can be formed in the
presence of PAM-distal and even some PAM-proximal
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mismatches in negatively supercoiled DNA that may be present
under physiological conditions during transcription and
replication.” The catalytically inactive intermediate state serves
as a checkpoint for mismatched base pairing in spacer-target
DNA. Following the R-loop formation, the HNH nuclease
domain of Cas9 undergoes conformational change to the final
catalytically competent docked state (D state).””*” Only after
docking in the D state does HNH cleave the target strand, while
the RuvC nuclease domain cleaves the displaced nontarget
strand three base pairs upstream of the PAM (Figure 2).”%*’
The conformational change of the HNH domain allosterically
controls the RuvC domain nuclease activity; both DNA strands
are cleaved at the same time.”* Molecular dynamics simulations
proposed that the allosteric control starts with PAM binding
activating the HNH and RuvC domains and is followed by
allosteric control of DNA cleavage at the target as well at off-
target sites.”” The mechanistic complexity of DNA recognition
and mismatch checking provides rich opportunities for chemists
to modulate Cas9 specificity using chemical modifications of
crRNAs.

One of the first proposed and most direct ways of improving
the specificity of crRNA was the reduction of the number of base
pairs in the spacer—target DNA complex. Joung and co-
workers'® reported that truncating the 3'-end of the sgRNA
spacer from 20 to 17 nucleotides retained on-target cleavage
activity for most DNA targets, while significantly reducing off-
target cleavage. This study used human U2O0S.EGFP cells
constitutively expressing an EGFP reporter gene and measured
indel frequencies using a T7 endonuclease I (T7EI) mismatch
cleavage assay.”” Using high-throughput next-generation
sequencing (NGS), the authors estimated as much as 5000
times reduction of the off-target activity in some cases.'® The
authors proposed that the observed improvement in specificity
might have been due to reduced binding energy between sgRNA
and its DNA target. However, later studies showed that the
truncation of crRNA increased Cas9 specificity by preventing
the conformational transition of HNH from the intermediate to
docked D state (conformational checkpoint) rather than simply
reducing the affinity of crRNA for mismatched targets.”” These
studies illustrate the potential of using a mechanistic under-
standing of how the Cas—crRNA complex recognizes and selects
cognate DNA targets to optimize cleavage specificity using
rationally designed chemical modifications.

2.1. Synthesis of Chemically Modified crRNAs. Mod-
ification of crRNA requires solid phase chemical synthesis,
which, given that the size of these molecules varies from 40 to
>100 nucleotides in length, is not a trivial task. The development
of phosphoroamidite chemistry, improved 2’-OH protecting
groups, and automated solid phase synthesis protocols has
enabled the commercial synthesis of long RNA molecules.””*’
Hence, a researcher may be able to procure crRNA molecules
having common chemical modifications from commercial
vendors, though at a relatively high cost. For example, at the
time of writing, Dharmacon (Horizon Discovery Biosciences
Ltd.) offered HPLC-purified unmodified crRNAs as well as
custom-made RNAs having 2'-deoxy (DNA), 2'-F, 2'-OMe,
phosphorothioate (Figure 3), and a variety of base-modified
nucleotides. The incorporation of other modifications discussed
below requires the research laboratories to have their own in-
house oligonucleotide synthesis capability. Some phosphor-
oamidite building blocks may be available from commercial
vendors (e.g., Glen Research offers LNA phosphoroamidites in
addition to 2’-F and 2’-OMe monomers) while more complex
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Figure 3. Top: chemical modifications of backbone (phosphoro-
thioate) and ribose tested in crRNAs. Bottom: optimized design of
ribose-modified truncated crRNA developed by Bennett, Cleveland,
and co-workers.*

and novel modifications will require researchers to make their
own modified phosphoroamidites. The latter opens up rich
opportunities for collaboration between laboratories exploring
CRISPR biology and those having expertise in chemical
modifications of nucleic acids.

2.2. Ribose Modifications of Cas9 crRNAs: DNA. In the
context of nucleic acid chemistry, the replacement of
ribonucleotides with DNA counterparts is one of the simplest
and most effective crRNA modifications. DNA is cheaper, easier
to synthesize, and more stable in biological media than RNA,
which are all obvious advantages of the crRNA/DNA chimeras.
A disadvantage of DNA is the lack of 2’-OH, which may be
problematic at positions where the 2’-OH of crRNA or
tracrRNA interacts with the Cas protein. Gagnon and co-
workers reported that crRNA having up to 18 5’-terminal
ribonucleotides replaced with deoxyribonucleotides retained
DNA cleavage activity in an in vitro assay using purified
SpCas9.3'2 However, a study by Xue, Langer, Anderson, and co-
workers found that DNA modification of guides was less
tolerated in assays using HEK293T cells infected with
lentiviruses to constitutively express GFP and SpCas9.” The
latter study found that replacement of eight 5’-terminal
ribonucleotides of crRNA or sgRNAs with deoxyribonucleotides
did not reduce on-target genome-editing activity while
significantly lowering off-target activity of Cas9.”> crRNA and
sgRNAs with 12 S’-terminal deoxyribonucleotides retained
useful activity, but 14 5'-terminal deoxyribonucleotides caused
complete loss of activity. In this study, off-target activity of
crRNA targeting the VEGF-A gene was reduced from 10 to 15%
off-target indels for all-ribo crRNA to 0—4% off-target indels for
crRNA having 10 5'-terminal deoxyribonucleotides.”> GUIDE-
seq analysis’® of three other 10-DNA modified crRNAs
targeting mouse Pcsk9, human EMXI, and human 293 site 4
showed no detectable off-target activity in mouse Hepal-6 liver
cells or human HEK293 cells.”® crRNAs also tolerated 16 3'-
terminal deoxyribonucleotides, which led to an optimized
crRNA design havin% eight 5'-terminal and 16 3’-terminal
deoxyribonucleotides.™

The discrepancy between results of in vitro and cellular assays
is currently not well understood and, most likely, is a notable
consequence of the complexity of CRISPR—Cas biology. Other
studies discussed below have generally found that modified
crRNAs were significantly more active in assays using purified
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Table 1. Summary of Chemical Modifications of Cas9 crRNAs

Modification Pros* Cons® Reference Key result Cells Assays
HO! o. Base Comav Modstb Gagnon® 18 5"-terminal DNA tolerated in crRNA In vitro In vitro
7/—'\ Inexpn
0:..0 Sirer}:Ple Xue, Langer, 10 §*terminal DNA in crRNAs abolish off-target activ- [ HEK293T cells GFP fluores-
é)‘g ONA ee E Anderson® ity in Hepal-6 and HEK293 cells. Optimized crRNA constitutively ex- cence, GUIDE-
© has 8 5- and 16 3-DNA pressing GFPand | seq
HO Cas9
HO o. Base Comav Modstb Bennett, Seven S-terminal 2"-F, part of optimized crRNA that HEK293T, tra- Surveyor
Affinity Cleveland® reduced off-target activity crRNA and Cas9
8fp’o 2,_: plasmid
o B
o \;O?l o Anderson®® Structure-guided 2"-F modification of spacer is toler- In vivo (mouse TIDE
W F ated in highly modified sgRNA liver)
Khvorova, Structure-guided modification of >80% as 2-OMe or HEK293T cells mCherry fluo-
Watts, Son- 2"F in crRNA/tracrRNA increases activity constitutively ex- rescence, TIDE
theimer®® pressing mCherry
HO o. Base Comav Steric Bruhn, Three 3- and $"-terminal 2'-OMe slightly increased the | K$62, CD34+and | T7EIL TIDE
Inexpn Porteus*! activity of sgRNA T cells, Cas9 plas-
gfg'o z‘-on?ec ': &fﬁ“it{; mid
ase
e \;O?/ etsta Anderson®® Structure-guided 2-OMe modification is tolerated in In vivo (mouse TIDE
Ho OCH invariable region (but not in spacer) of highly modified | liver)
sgRNA
Khvorova, Structure-guided modification of >80% as 2-OMe or HEK293T cells mCherry fluo-
Watts, Son- 2-F in crRNA/tracrRNA increases activity constitutively ex- rescence, TIDE
theimer®’ pressing mCherry
HO=\ o P2 | Affinity Synth Bennett, Five (S)-cEt in shortened (12-nt) repeat region part of | HEK293T, tra- Surveyor
Meb Metstab Costly Cleveland® optimized crRNA that reduced off-target activity crRNA and Cas9
gf?'o (S)-EOE! Steric plasmid
oj o Base
Mehd—o
HO= g, pase Amidite | Toxic Hubbard® Up to six LNA are tolerated but less effective than U20S and HeLa T7EIL, NGS
9\ Affinity Costly BNANC in reducing off-target activity cells constitutively
Osp-0 LN‘Z Metstab Steric expressing Cas9
@0 o o Base
HO O
HO=\ oy Poee Affinity Synth Hubbard* Up to six BNANC slightly reduce Cas9 on-target activ- U20S and HeLa T7EL,NGS
Costly ity while broadly reducing off-target activity cells constitutively
Steric expressing Cas9
HO -0
HO o. Base Comav Lowaff Bennett, Full PS (R = OH) modification of crRNA increased HEK293T, tra- Surveyor
ps | Metstab | Toxic Cleveland* activity ~four-fold crRNA and Cas9
CS)‘:p’O R s | Inexpn Diast plasmid
oo o Base Simple . . - -
Phrmki Bruhn, Three 3"~ and §5-terminal MS (R = OMe) increased the | K562, CD34+and | T7EI TIDE
W R rmin Porteus*! activity of sgRNA T cells, Cas9 plas-
mid
Anderson®® Structure-guided PS modification is tolerated at the 3 | In vivo (mouse TIDE
and 5™ends of highly modified sgRNA liver)
HO=) o pose Simple Costly Bruhn® MP of phosphates 4, S and 7; 9-12; and 14 and 16 im- K562, iPS, and NGS
00 d oor Metstab proved specificity >10-fold CD34+ cells
OJ\)'.2 wP
e} U= o. Base
HO  OCHs
"o\ _o f*° | Simple Costly Bruhn, Three 3"- and 5"-terminal MSP strongly increased the K562, CD34+and | T7EI TIDE
oo I oom Metstab Porteus*! activity of sgRNA T cells, Cas9 plas-
5T we mid
& 0 o Base
HO  OCH,
HO—\ o Pae | Metstab | Synth Rozners’! Individual AM1 were well tolerated in the PAM-distal [ HEK293 cells con- | T7EI
Costly region of crRNAs stitutively express-
0. AWOH ing Cas9
HN o Base
HO  OH

“Abbreviations for Pros: Affinity—enhanced affinity for complementary nucleic acids, Amidite—amidite is commercially available, Comav—
commercially available as an RNA modification, Inexpn—inexpensive to manufacture, Metstab—enhanced metabolic stability, Phrmkin—improved
pharmacokinetics, Simple—simple synthesis. “Abbreviations for Cons: Costly—high cost, Diast—diastereomeric mixtures lead to heterogeneous
compounds, Lowaff—reduced affinity for complementary nucleic acids, Modstb—modest metabolic stability, Steric—steric bulk may interfere with
RNA—protein interactions, Synth—multistep synthesis of monomers required, Toxic—potential toxicity concerns.
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recombinant Cas9 than when endogenous DNA cleavage was
assayed in cells.*>*° Furthermore, the results of cellular assays
depend on the assay format, which is an inherent challenge when
trying to compare the effects of chemical modifications observed
in various studies. In general, cellular assays fall in one of two
broad groups: assays using cells constitutively expressing a
fluorescent reporter gene (typically, EGFP) or assays using
endonuclease (Surveyor or T7EI) mismatch cleavage of
endogenously edited DNA targets. These assays may also differ
by cell line and transfection protocols used, wherein Cas9 may
be constitutively expressed in cells or codelivered with crRNAs.
Several studies have also used advanced sequencing techniques
to measure on- and off-target activity of modified crRNAs. To
help the reader through these complexities, this Perspective
briefly mentions the specific assays together with the principal
results of each study. The pros and cons of each modification
and the key results and assay formats of each study are also
summarized in Table 1. Future studies would greatly benefit
from chemists adopting more uniform and well-characterized
cellular assays that would improve the reproducibility of the
results. For example, HEK293 cells constitutively expressing
Cas9 are commercially available and would increase the
robustness of assays by eliminating variability in transfection
of Cas9 protein or mRNA.

2.3. Ribose Modifications of Cas9 crRNAs: 2'-F, 2’-
OMe, and Bicyclic Riboses. Ribose modifications have been
extensively used in antisense oligonucleotides and short
interfering RNAs (siRNAs).””*® The ribose modifications
discussed below, 2'-F, 2’-OMe, cEt, LNA, and BNANC, share a
common advantage of increased affinity for complementary
nucleic acids because they drive the ribose toward an RNA-like
C3'-endo conformation, which results in more stable A-type
duplexes.”” Among these modifications, 2'-F is the most
stabilizing because the strongly electronegative fluorine also
enhances Watson—Crick H-bonding and base stacking of the
modified duplexes.”” Extensive 2'-F modification is well
tolerated in siRNAs where it improves their druglike proper-
ties.*® 2'-F, 2/-OMe, and cEt are used to increase the metabolic
stability of antisense oligonucleotides, while the use of LNA is
limited by hepatotoxicity.”” 2’-OMe is also used in siRNAs to
improve metabolic stability and suppress off-target activity.

In one of the first studies on chemically altered sgRNAs,
modification of three 3'- and 5’-terminal nucleotides as 2’-OMe
(Figure 3) slightly increased the activity of sgRNA, most likely
owing to metabolic stabilization of the modified sgRNA, but the
benefit was relatively small compared to other modifications
(vide supra).*" Another pioneering study by Bennett, Cleveland,
and co-workers found that 2'-F modifications were well-
tolerated in the PAM-distal region of the crRNA’s spacer as
measured by Surveyor assay in HEK293T cells (transfected with
a plasmid-encoding tracrRNA and Cas9 protein).** These
authors developed a truncated 29-nucleotide long crRNA
(Figure 3) optimized with seven S'-terminal 2’-F modifications
(the spacer was shortened to 17 nucleotides) combined with five
S-constrained ethyl (cEt) substitutions in the shortened (12
nucleotides) repeat region that recognizes tracrRNA."* The
latter enhanced the stability of the crRNA—tracrRNA complex,
which was critical for the activity of the truncated crRNAs. When
VEGF-A was targeted, the authors observed a decrease of
cleavage at two known off-target sites, the MAX gene and the
chromosome location 5q14.3, from ~5% for full size unmodified
sgRINA to <1% for the optimized 29-nucleotide crRNA; the off-

target activity at a third site, chromosome location 22q13.1, was
less significant.*”

Damha, Gagnon, and co-workers reported that fully 2'-F-
modified crRNAs had similar activity to unmodified crRNAs in
an in vitro assay using purified SpCas9.”> However, the fully 2'-
F-modified crRNA showed little activity in HEK293 cells
engineered to stably express GFP and SpCas9.”> Hubbard and
co-workers showed that up to six bridged nucleic acid
modifications (Figure 3, BNANC) were well tolerated in
crRNAs.” When incorporated as clusters of two or three
consecutive modifications, BNANC slightly reduced Cas9 on-
target activity while broadly reducing off-target DNA cleavage
by several orders of magnitude in vitro and in cells. This study
used T7EI and NGS assays in U20S and HeLa cells
constitutively expressing Cas9. Interestingly, three consecutive
BNAN® modifications in the seed region provided the strongest
suppression of off-target activity while having relatively modest
negative impact on on-target activity. For example, modification
of GAA at positions 10—12 (counting from the 5'-end) of WAS
crRNA reduced off-target cleavage 10- to 50-fold, while
modification of GAA at positions 15—17 of EMX1 crRNA
completely eliminated off-target cleavage.” In both cases the
on-target activity was reduced only less that twofold. The related
locked nucleic acid (LNA) modifications also improved Cas9
specificity, although less than the BNAN® modifications. Single-
molecule FRET experiments suggested that BNAN® modifica-
tion improved Cas9 specificity by disfavoring the conforma-
tional transition of the intermediate to the docked state for off-
target sequences.43

2.4. Phosphate Backbone Modifications of Cas9
crRNAs. Replacement of nonbridging phosphate oxygen with
sulfur creates a phosphorothioate internucleotide linkage (PS,
Figure 3),"* one of the most widely used modifications in
antisense oligonucleotides and siRNAs.”” PS modifications are
easy to synthesize, improve enzymatic stability, but reduce the
affinity of modified oligonucleotides for their complementary
targets. A minor complication with PS linkages is their chirality
that leads to heterogeneous diastereomeric mixtures of PS-
modified oligonucleotides. A major advantage of PS is that they
increase oligonucleotide binding to plasma proteins, which
significantly improves their pharmacokinetics by slowing down
renal excretion. Limited PS modifications are well tolerated in
therapeutic DNA and RNA and improve their metabolic
stability, delivery, and bioavailability; however, extensive PS
modification may lead to toxicity.”>™*" PS alone or in
combination with other modifications has been used in
extensively modified crRNAs, as discussed below.

2/-O-Methyl 3’-phosphonoacetate (2'-OMe 3'-PACE or MP,
Figure 4) and 2’-O-methyl 3’-thiophosphonoacetate (2’-OMe
3’-thioPACE or MPS) are backbone modifications that improve
metabolic stability while maintaining the high stability of
modified RNA duplexes.***’ Because the negative charge of 2'-
OMe PACE and 2’-OMe thioPACE linkages resides on the
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Figure 4. Chemical modifications of phosphate backbone tested in
crRNAs.

https://doi.org/10.1021/jacs.2c02633
J. Am. Chem. Soc. 2022, 144, 12584—12594


https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

carboxylate residue, these modifications may engage in
interactions with Cas proteins that are not accessible for
unmodified phosphates. Modification of the three 3’- and 5'-
terminal nucleotides of sgRNAs in both ribose and phosphate
backbone to 2’-OMe 3’-PS (MS, Figure 4) or 2’-OMe 3'-
thioPACE (MSP) significantly increased indel formation and
editing by homologous recombination of three target genes
(IL2RG, HBB, and CCRS) as measured by T7EI assays, tracking
of indels by decomposition (TIDE) analysis, and deep
sequencing of PCR amplicons in human K562 cells."' The
increased editing efficiency was consistent with enhanced
intracellular stability of the end-modified sgRNAs in human
cells. Along similar lines, Bennett, Cleveland, and co-workers
reported that full PS-modified crRNA was about four times
more active than unmodified crRNA, and the activity was further
enhanced by the addition of five 2’-OMe modifications
(resulting in MS modifications) at each terminus of the full
phosphorothioate-modified crRNA.*

Bruhn and co-workers systematically replaced the phosphates
within the spacer region of sgRNAs one by one with 2’-OMe 3'-
PACE (MP) linkages.so The results identified three main
regions where the MP modification improved Cas9 specificity by
an order of magnitude or greater without significant loss of on-
target activity. Specifically, modification of phosphates 4, 5, 7,
9—12, 14, and 16 provided remarkable improvements in in vitro
assays.”” Interestingly, phosphate 15 stood out as nontolerant to
MP modification. Using deep sequencing of PCR amplicons, the
authors showed that MP modification of positions 5, 7, and 11
gave ~10-fold or greater reduction of off-target activity for
IL2RG, VEGFA, and HBB sgRNAs in cellular assays (K562, iPS,
and CD34+ cells).’® The authors proposed that the MP
modifications improved Cas9 specificity by destabilizing sgRNA
base pairing with a DNA target, which may lead to rejection of
off-target sequences having mismatched base pairs during the R-
loop formation. However, this proposal was based on a
discussion of related literature data and was not specifically
tested with experiments in this study.

Our research group replaced selected individual phosphates in
crRNAs targeting VEGF-A and HPRT1 genes with amide
linkages (AM1, Figure 4).>" AMI linkages, first reported as
DNA modifications in 1993, are surprisingly good mimics of
phosphates in RNA®* that are well tolerated in siRNAs” where
they suppress off-target activity when incorporated at the first
nucleotide of the passenger strand.”® AMI having H-bond
donor (N—H) and acceptor (C=0) functionality may engage
in interactions with Argonaute and Cas proteins that are not
accessible for phosphates, which act only as H-bond acceptors.”
T7EI assays in HEK293 cells constitutively expressing Cas9
showed that amide modifications were well tolerated in the
PAM-distal regions of these crRNAs but decreased the DNA
cleavage activity when placed in the seed region.”' These
preliminary results are encouraging and should stimulate future
studies on amides and other novel crRNA modifications as
potential tools to modulate CRISPR activity and specificity.

2.5. Combining Ribose and Phosphate Backbone
Modifications. Several studies have attempted extensive
modification of crRNAs by combining various sugar and
backbone chemistries.”’ >’ Smith and co-workers reported
that minimal 2’-O-methyl phosphorothioate modification of
terminal nucleotides (two §’-MS in crRNA with two 5’- or 3'-
MS in tracrRNA) gave a modest increase of DNA cleavage
activity (measured using the T7EI assay) when crRNA and
tracrRNA were lipid cotransfected with Cas9 mRNA or Cas9

protein in U20S and HeLa cells.”” These authors reported a
decrease in cell viability with more extensive modification
patterns.

Anderson and co-workers used a structure-guided approach
to explore the limits of sgRNA modification with the goal of
stabilizing the guide RNA for the in vivo application of CRISPR
technology.”® This study used HEK293 cells engineered to
stably express GFP and SpCas9 to evaluate the activity of
modified sgRNAs. Initially, the authors evaluated modification
of the invariable (repeat—antirepeat) and spacer regions
separately. Complete modification of the invariable region of
sgRINA as 2'-OMe or as phosphorothioate RNA, or modification
of all pyrimidines to 2'-F nucleotides, abolished sgRNA activity.
The authors concluded that the invariable part of the sgRNA
cannot be fully modified and that even partial modification can
significantly lower the activity of sgRNAs. In contrast, structure-
guided modification of nucleotides that do not have their 2’-OH
groups interacting with Cas9 in crystal structures”>%’ gave a
highly active sgRNA having 60 out of 81 invariable region
nucleotides modified with 2’-OMe. A similar approach to
introducing phosphorothioate linkages in place of phosphates
that do not interact with Cas9 gave further improvement of
activity of the sgRNA modified with 2’-OMe and PS in the
invariable region (Figure 5).*
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Figure S. Modification pattern of sgRNA optimized by Anderson and
co-workers.>®

Complete modification of the spacer region or modification of
the 10 seed nucleotides abolished (in the case of 2’-OMe) or
significantly decreased (in the case of 2'-F) crRNA activity,
while modification of the 10 PAM-distal region nucleotides was
better tolerated with only some decrease in activity. As with the
invariable region, structure-guided modification of 10 nucleo-
tides that do not interact with Cas9 slightly increased the activity
of ctfRNA compared to the unmodified counterpart. A
combination of structure-guided 2'-F modifications and
substitution of spacer phosphates that do not interact with
Cas9 with phosphorothioate linkages provided a further increase
in crRNA activity; however, a similar combination of 2’-OMe
and phosphorothioate modifications was not tolerated.”®

Combination of the best modification patterns of invariable
and spacer regions in the optimized sgRNA (Figure 5) showed
robust DNA cleavage of several targets in mouse liver (>40%
indels) which was significantly higher than the activity of sgRNA
having only three terminal modifications (~20% indels) or
unmodified sgRNA (<5% indels). The authors hypothesized
that the observed activity enhancement was due to the increased
metabolic stability of the modified RNA guides.>®

A team led by Khvorova, Watts, and Sontheimer explored the
possibility of modifying all 2’-OH groups in crRNA and
tracrRNA.>” This study used HEK293 cells engineered to stably
express GFP followed by an out-of-frame mCherry as

https://doi.org/10.1021/jacs.2c02633
J. Am. Chem. Soc. 2022, 144, 12584—12594


https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02633?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

fluorescent reporters. DNA cleavage followed by NHE] repair
places mCherry in-frame, resulting in a fluorescence signal. The
results were confirmed by TIDE analysis. The fully modified
crRNA/tracrRNA complex had all ribonucleotides replaced
with 2’-OMe or 2'-F nucleotides (C21-T8, Figure 6) and also

HO: o. Base

.0 OCH, 2-OMe

P
S0 . Base

WO F 2-F

Ja-Ps Repeat region Antirepeat region

C21-T8 Stem loop 3
[e]

Stem loop 2

HEEERERRRGE - E

Im Stem loop 1
.:Z [a] S
Pattaitlrgion SPA%T g rogion ia o 1A 1S
A A - Gr-Tc i i
- N R RS IR - faatel FeferororaroreTata - fofetel- etmarm»
[WINTNTNTN NINTNTNTNTNT NN N[N RTNTNTNT ]
S| EEERORE
5[N] rigon [ETETSTNIN &
10 5 X 9 ) 5 Y S S E S e DNA target
.
Repeat region Antirepeat region
C20-T2 Stem loop 3

Stem loop 2

spacer

PAM-distal region Seed region
A A

PEEEET TR ERRE)

SRR BRE

[NTNTNTNINTNTNTNTNTNTNTNT N NTNTNTNTNTNTN]

+ (I ISTeTeIN IR =
..-,v.r&T.iT.ﬁ[ Frioon [ETETeINAIN-

0 ) ) 85 ) 5 Y ) ) D X e DNA target

Figure 6. Modification patterns of crRNAs and tracrRNAs optimized
by Khvorova, Watts, Sontheimer, and co-workers.>’

had three phosphorothioate linkages at each end of the crRNA
and tracrRNA strands.” 2'-F was used at positions that were
sensitive to 2'-OMe modifications such as the seed region,
repeat—antirepeat helix, and stem loop 1. Remarkably, this fully
modified crRNA/tracrRNA complex retained significant, albeit
reduced activity in cell assays. The optimal modification pattern
(C20-T2, Figure 6) had >80% 2’-OMe or 2’-F nucleotides but
retained ribonucleotides with or without phosphorothioate
modification at most of the sensitive positions.”” The optimized
crRNA/tracrRNA complex (C20-T2) was as potent as or
slightly better than the unmodified counterpart in cellular assays.
The complexity of crRNAs, diverse chemistries of mod-
ifications and their placement patterns, and various assays used
in studies discussed above make direct comparison of results
difficult. In general, modifications in the PAM-distal region are
tolerated better than modifications in the seed region, similar to
how Cas9 tolerates mismatches in the crRNA/DNA complex.®!
This is likely due to the destabilization of the intermediate state
of DNA target recognition that inhibits R-loop formation similar
to the effect of mismatched base pairs discussed above.”
However, notable exceptions have been reported; for example,
two or three consecutive BNAN® modifications in the seed
region had relatively modest negative impact on on-target
activity.”> Most of the studies on Cas9 crRNAs used well-
established modifications that performed well in antisense and
short interfering RNAs and focused on the improvement of the
metabolic stability. In this context, the success of structure-
guided modification illustrates the opportunities for synergy
between synthetic and structural chemistry. Going forward,
chemists are well positioned to take a bolder approach when
considering future innovations for optimizing crRNAs.

3. MODIFICATIONS OF CAS12A AND CAS13 CRRNAS

Cas12a (previously known as Cpf1) is another class 2 CRISPR
endonuclease.'”' In contrast to Cas9, Casl2a recognizes a
short T-rich PAM (e.g, S-TTTA-3' in Acidaminococcus sp.
BV3L6, shown in Figure 7) and uses a single crRNA to introduce
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Figure 7. Cartoon representation of the Casl2a protein and crRNA
complex bound to a dsDNA target.

staggered DNA double-strand breaks having 4—5-nucleotide
long 5/—overhangs.62 Cas12a crRNA (Figure 7) features a short
5’-handle pseudoknot followed by a 23-nucleotide spacer and is
notably shorter and structurally simpler than Cas9 sgRNA or
crRNA/tracrRNA. Casl2a is more sensitive to mismatches in
the seed region of the crRNA—target DNA complex.”***

In contrast to Cas9, Cas12a was more sensitive to shortening
of the crRNA. Rahdar and co-workers showed that only one
nucleotide, the terminal U, could be removed from the 5'-handle
pseudoknot of the crRNA (Figure 7) without losing DNA
cleavage activity.”> Up to five nucleotides could be removed
from the 3’-end, shortening the DNA recognition spacer of
Casl2a crRNA to 18 nucleotides.””** This study used the
Surveyor nuclease assay in HEK293T cells transfected with
modified crRNAs and a DNA plasmid-encoding Casl2a.
Interestingly, extension of 3’-truncated crRNA with one 2'-
OMe cytosine at the 5’-end and addition of a 2'-OMe at the 3'-
uridine, together with two phosphorothioate linkages, increased
the DNA cleavage activity ~1.7-fold.”> Kim and co-workers
extended the 3’-end of crRNA with nine nucleotides and found
that 2'-OMe modification (but not 2'-F) of this overhang
increased the cleavage activity in an in vitro assay and in mouse
zygotes.”® As with Cas9, the increased activity of terminally
modified Casl2a crRNAs was most likely due to metabolic
stabilization of RNA.

3.1. Ribose Modifications of Cas12a crRNAs. As with
Cas9 crRNAs, the replacement of Cas12a ribonucleotides with
their deoxy counterparts is one of the simplest and most cost/
benefit effective modifications. In their study discussed above,
Rahdar and co-workers also found that the modification of the
spacer region with 2’-deoxyribonucleotides at the last five 3'-
positions and at internal positions 1, 8, and 9 doubled the activity
of Casl2a crRNA.** A study by Kim et al.*° reported that
crRNAs with eight 3’-terminal deoxyribonucleotides retained
full DNA cleavage activity and showed improved Casl2a
specificity in in vitro assays. Interestingly, while these results
were confirmed for the cleavage of plasmid DNA in a cellular
assay, Casl2a was less tolerant to modification with 2'-
deoxyribonucleotides when endogenous DNA was targeted.
Modification of even four 3’-terminal positions to 2'-
deoxyribonucleotides significantly decreased (to <50%) editing
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at the endogenous locus DNMT1 in HEK293FT cells, as
analyzed by targeted amplicon sequencing.’® A single 2'-
deoxyribonucleotide modification was tolerated in cellular
assays in the PAM-distal region of crRNA (but not in the seed
region) and at position 8 even increased the Casl2a activity to
~150%. Modification of the S5’-handle pseudoknot stronégly
decreased the activity in both in vitro and cellular assays.”® A
more recent study also showed that DNA modifications were
not tolerated in the 5’-handle pseudoknot of crRNA in an assay
that used HEK293T cells stably expressing EGFP.®’

Similar to the case for Cas9, Dong and co-workers found that
the seed region of Cas12a crRNA was sensitive to modifications
while the PAM-distal region tolerated 2'-F nucleotides better
than 2'-OMe.”® HEK293T cells were transfected with the
modified crRNAs and a DNA plasmid encoding Cas12a. T7EI
assays showed that modification of 10 3'-nucleotides to 2'-F did
not decrease cleavage activity, while only five 2’-OMe
modifications were tolerated (10 2’-OMe 3’-terminal mod-
ifications resulted in complete loss of activity). The introduction
of two or more 2’-F at the 5’-end of the seed notably reduced the
cleavage activity. Modifications of the $’-handle pseudoknot
with five or more 2'-F or 2’-OMe 5'-terminal nucleotides or full
modification of the crRNA with phosphorothioate linkages
resulted in complete loss of activity. However, a crRNA
optimized using a structure-guided approach® and containing
11 and 10 2’-F nucleotides in the 5’-handle pseudoknot and the
PAM-distal region, respectively (Figure 7, red nucleotides)
retained full activity of the unmodified crRNA.®® Interestingly,
using the same 2’-OMe modification pattern resulted in
complete loss of activity.

Rahdar and co-workers found that the 3’-truncated crRNA,
where five 3'-terminal nucleotides were 2’-F-modified, increased
the DNA cleavage activity ~1.5-fold.”® Further addition of 2'-F,
2’-OMe, or PS modifications to the PAM-distal region resulted
in a decrease of activity, with a notable exception of cEt that was
well-tolerated at position 9. Multiple 2’-F nucleotide mod-
ifications in the 5'-handle pseudoknot decreased the DNA
cleavage activity; however, a single cEt modification was well-
tolerated at several positions, most notably at A(-12), C(-11),
U(-7), or U(-5).%°

More recently, Gagnon, Damha, and co-workers reported
similar results that crRNAs optimized using a structure-guided
approach and containing up to 13 2'-F nucleotides in the 5'-
handle E?seudoknot had activity similar to the unmodified
crRNA.®” This study also showed that individual 2'-NH,
modifications of the positions that tolerated the 2'-F nucleotides
in the $'-handle pseudoknot decreased the Casl2a activity.
Collectively, these studies emphasize the importance of using
structural information as a guide for chemical modification of
complex and highly folded crRNAs.

3.2. Phosphate Backbone Modifications of Cas12a
crRNASs. In contrast to that of Cas9, full phosphorothioate (PS)
modification of Cas12a resulted in ~70% loss of functionality.®”
The seed region was most sensitive to backbone PS
modifications with the S’-handle and PAM-distal regions
being more tolerant. Structure-guided PS modification of
positions that do not interact with Casl2a gave a crRNA
containing two terminal PS at the 5’-handle and six alternating
PS in the PAM-distal region, which retained 80% of the activity
of the unmodified crRNA.%°

3.3. Modifications of Cas13 crRNAs. In contrast to the
Cas9 and Casl2a complexes discussed above, Cas13 proteins
cleave RNA.'"'> Most recently, Sanjana and co-workers

reported that 3’-terminal modifications of Casl3d crRNA
increased the mRINA cleavage activity in RfxCas13d-expressing
HEK293FT cells as monitored by flow cytometry quantification
of the corresponding protein expression.”” This study showed
that 3’-extension of crRNAs with an inverted thymidine, three
2’-OMe uridines, or introduction of two 3’-PS linkages
increased the mRNA knockdown, while more extensive §'-
and internal modification decreased or even completely
abrogated Casl13d activity. Interestingly, the combination of
2’-OMe and PS did not lead to further improvement compared
to individual modifications. The authors suggested that the
improvement in the activity was most likely due to metabolic
stabilization of crRNA by the 3’-modifications, while the loss of
activity was attributed to the disruption of the Cas13—crRNA
interactions by 5'- and internal modifications.”’

4. SUMMARY AND OUTLOOK

As expected for a relatively young technology, chemists have
only recently started contributing to the optimization of
CRISPR RNA components. The first study to truncate Cas9
crRNA was published in 2014"® and was followed by two studies
in 2015*"** reporting the effect of the first ribose and backbone
modifications on Cas9 activity and specificity. While the overall
number of detailed studies reviewed above is still below 20,
several common trends and notable discrepancies have emerged
among the various studies. The latter are most likely rooted in
the complexity of CRISPR—Cas9 compared to other more
mature nucleic acid technologies, such as antisense and RNA
interference.

In general, there are significant differences among various
studies, which is most likely caused by differences in assays used
(cell lines, delivery methods, etc.) and reflects the complexity of
CRISPR biology. For example, in human cells one needs to
deliver not only the guide RNAs but also the Cas proteins; thus,
the results may be strongly influenced by the delivery method
and may vary depending on whether a Cas9 plasmid, Cas9
mRNA, or a cell line constitutively expressing Cas9 protein was
used. It appears that results of in vitro assays do not correlate
with those of cellular assays; typically, chemical modifications
are much better tolerated in in vitro assays, which does not bear
out in cellular assays. While the specific factors that cause the
discrepancy of results between in vitro and in cell assays are
poorly understood, a recent study of Cas12a activity showed that
it may be related to the accessibility and/or conformation (e.g.,
supercoiling) of the target DNA.*® In this study, DNA of
transfected plasmid was cleaved similarly as in vitro, whereas
cleavage of the same endogenous target (DNMT1) was strongly
inhibited by the chemical modifications.® Nevertheless, most of
the studies agree that the PAM-distal region of Cas9 and Cas12a
tolerates chemical modifications much better than the seed
region. The latter can be modified using a structure-guided
approach that avoids the alteration of functional groups that
interact with Cas proteins (e.g,, 2’-OH or phosphate).

The repeat—antirepeat region of crRNA/tracrRNA shows
variable sensitivity to modifications—some parts are highly
sensitive while others can be modified relatively easily. Cas12a
crRNA has a smaller and tightly folded repeat, the 5’-handle
pseudoknot, which appears to be especially sensitive to chemical
modifications, but the 3’-terminal and some internal positions
can be modified without loss or even with some increase of DNA
cleavage activity.

When modifying crRNAs, nucleic acid chemists have mostly
used the well-established tried-and-true sugar and backbone
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modifications, such as 2'-F, 2’-OMe, and phosphorothioates,
alone or in combination with each other. Overall, 2'-F
modifications are better tolerated than 2’-OMe, though the
specific pattern varies among studies. As in antisense and RNA
interference approaches in the past, these modifications have
improved the metabolic stability of crRNA and, in some cases,
the specificity of DNA cleavage; however, they have not yielded
groundbreaking improvements over simpler approaches such as
shortening crRNAs or replacing ribonucleotides with deoxy
counterparts. It appears that the future innovation lies in bolder
approaches that will use more complex chemistries to rationally
optimize crRNA—protein interactions. Going forward, chemists
need to move beyond the tried-and-true 2'-F, 2’-OMe, and
phosphorothioate modifications and focus on innovations that
will capitalize on rich structural information to optimize
crRNA—protein interactions. There are several backbone
modifications that showed promising biophysical properties in
early studies,””*® for example, formacetal, thioformacetal, and
methylene(methylimino) internucleotide linkages, but have not
been evaluated in biological assays and may provide new ways of
improving siRNAs and crRNAs.

Several studies reviewed below have used structure-based
approaches to identify crRNA nucleotides that should not be
modified to maintain Cas—crRNA interactions critical for DNA
cleavage activity. However, few, if any, have attempted to
integrate structural and mechanistic information to rationally
design chemical modifications for engineering RNA—protein
interactions to improve activity or specificity. Considering the
advances in structural biology and synthetic organic chemistry,
we have the means to advance from simple sugar modifications
developed in the last century to the rational engineering of RNA
chemistry and further to develop CRISPR as impactful research
tools and novel therapeutic approaches. The complexity of
CRISPR presents rich opportunities for chemical innovation
that synergizes advances in synthetic methodology and
structural biochemistry to rationally optimize CRISPR technol-
ogy.

Finally, the impact of chemical modifications is likely to
expand beyond crRNAs of Cas nucleases to novel CRISPR tools
and technologies. In this respect, the first chemically modified
RNA guides of base editors’" and prime editors’” have recently
been reported.””’* Adenine or cytosine base editors are
catalytically inactive Cas proteins fused to adenine or cytosine
deaminases that convert A-T to G-C or C-G to T-A base pairs,
respectively. Optimized base editors can correct single-point
mutations.”' Prime editors are Cas9 nickases (mutated to cleave
only one DNA strand) fused to reverse transcriptases.”” Prime
editors use prime-editing guide RNA (pegRNA) that has both a
spacer for recognition of the DNA target and a 3’-extension that
encodes a template for reverse transcriptase to synthesize the
edited DNA product.”” Because base and prime editors do not
create dsDNA breaks, they cause less off-target editing than
Cas9-mediated HDR.

Xue and co-workers reported that modification of the first and
last three nucleotides of sgRNA with 2’-OMe and PS linkages
improved the activity of the adenine base editor in HEK293T
cells, presumably by metabolic stabilization of the sgRNA.”
pegRNAs having 2’-OMe and PS modifications between the first
and last three nucleotides have also been reported.”* However,
chemical synthesis of modified pegRNAs that may range from
~130 to >200 nucleotides in length will be a challenging task
even for experts in RNA synthesis.

Taken together, the studies above have demonstrated the
potential of chemical modifications to optimize CRISPR
efficiency and specificity. However, these studies have only
scratched the surface of what we can do in terms of both
modification chemistry and targets that we can modify. For
example, CRISPR specificity and versatility (PAM sequences
that can be targeted) have been optimized by engineering Cas9.
It is conceivable that protein and RNA chemical modifications
could synergize in controlling and enhancing CRISPR
applications in new and unprecedented ways.
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