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ABSTRACT

Streptococcus pyogenes Cas9 (SpCas9) nuclease
exhibits considerable position-dependent sequence
preferences. The reason behind these preferences
is not well understood and is difficult to ratio-
nalise, since the protein establishes interactions with
the target-spacer duplex in a sequence-independent
manner. We revealed here that intramolecular inter-
actions within the single guide RNA (sgRNA), be-
tween the spacer and the scaffold, cause most of
these preferences. By using in cellulo and in vitro
SpCas9 activity assays with systematically designed
spacer and scaffold sequences and by analysing ac-
tivity data from a large SpCas9 sequence library, we
show that some long (>8 nucleotides) spacer mo-
tifs, that are complementary to the RAR unit of the
scaffold, interfere with sgRNA loading, and that some
motifs of more than 4 nucleotides, that are comple-
mentary to the SL1 unit, inhibit DNA binding and
cleavage. Furthermore, we show that intramolecular
interactions are present in the majority of the inac-
tive sgRNA sequences of the library, suggesting that
they are the most important intrinsic determinants
of the activity of the SpCas9 ribonucleoprotein com-
plex. We also found that in pegRNAs, sequences at
the 3’ extension of the sgRNA that are complemen-
tary to the SL2 unit are also inhibitory to prime edit-
ing, but not to the nuclease activity of SpCas9.

GRAPHICAL ABSTRACT

Scaffold-complementary motifs

Bacterial survival assay In vitro assay

spacer RAR

- - i T functional
intact > —

’%A } scaffold —" complex
SL1-complementary p 3 inhibited

-« motif — p > target
,ﬁ) = binding

P § impaired

RAR-complementary A SR

<« motif —_— c FaE

Library data analysis

The position-dependent motif-preference comes
mainly from inhibitory scaffold-complementary motifs

Inhibitory self-complementary interactions in the
sgRNA are involved in most inactive spacers

) [Z2 spacer self-complementarity

= Inhibitory SL1-complementary motifs

SL1-related motifs
. = non-SL1-related motifs

Given motif type among
influential-motifs (%)

Snt6nt7nt  Snt6nt 7nt
Motif length Inactive spacers

INTRODUCTION

Streptococcus pyogenes Cas9 (SpCas9) is the most fre-
quently explored nuclease of the type II CRISPR adaptive
immune system of bacteria and archaea for gene editing,
genome remodelling and transcriptome modulating appli-
cations (1-4). It cleaves both strands of the target DNA by
its two nuclease domains in a sequence specific manner (5—
8). SpCas9 is active in a ribonucleoprotein (RNP) form in
complex with two small RNA molecules, the crRNA and
tracrRNA that are associated through complementary seg-
ments forming the repeat : anti-repeat (RAR) duplex. For
applications, a single guide RNA (sgRNA) is used, which
is formed by covalently connecting the crRNA and the
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tractrRNA via a tetraloop (5). The first twenty nucleotides
at the 5" end of the sgRNA make up the variable spacer
sequence, which provides sequence specificity to the nucle-
ase by the virtue of its complementarity to the target se-
quence, while the invariable, about 80-nt long 3" section of
the sgRNA (9), called the scaffold sequence, mediate the in-
teractions with the SpCas9 protein. The scaffold sequence
consists of four structural units; the repeat: anti-repeat du-
plex (RAR) and stem loop 1-3 (SL1, SL2 and SL3, Figure
1A), according to the nomenclature of Nishimasu ez al. (6).
In theory, SpCas9 could be programmed to bind and
cleave any possible 20-nt long sequence as long as they are
complementary to its 20-nt long spacer sequence, however,
in reality, its activity varies widely from target sequence to
target sequence; some of them being completely defiant to
cleavage. The sequence restrictions, that are accounted for
by interactions with various factors of the complex cellu-
lar environment, resulting in the inhibition of target bind-
ing or decreased sgRNA expression levels, are typically not
position-dependent (10-13). These types of interactions do
not explain many of the observed sequence preferences, in-
cluding spacer position-dependent effects and the known
phenomenon of targets resisting cleavage even in vitro and
in bacterial cells, in which settings far fewer factors are ex-
pected to interfere with nuclease activity. We refer the cor-
responding spacers as ‘inactive’. Interestingly, there is a dis-
crepancy in the identified position-dependent shorter and
longer motifs across different data sets. Position-dependent
mono- and dinucleotide preferences found by several stud-
ies employing different data sets vary greatly (14-29). How-
ever, preferences for some trinucleotide and longer motifs
seem to be more consistent amongst different data sets,
many of them are even shared between data sets from mam-
malian and bacterial libraries (16,22). Longer (>5-nt long)
motifs can only be identified by exploring the largest tar-
get libraries (16). The most commonly discussed prefer-
ence may be the GCC motif at the PAM-proximal posi-
tions (18-20, 17-19 and 16-18) of the spacer (16,18,30,31),
which is associated with reduced cleavage activity of SpCas9
as well as some of the increased-fidelity variants, like eSp-
Cas9 and SpCas9-HF1 (16,22). It has been proposed that
this inhibitory effect of the GCC sequence could be the di-
rect result of inaccessibility of the seed region of the spacers,
inefficient loading, non-specific binding to off-targets or co-
factor-dependent mechanistic problems (30). However, the
underlying mechanisms behind the position-dependent mo-
tif preferences are not yet understood. The origins of these
types of sequence preferences are even more unclear in light
of the fact that the X-ray structure of the RNP complex re-
veals predominantly sequence-independent interactions be-
tween the protein and the RNA:DNA hybrid helix (6).
Although the motif preferences are not well-understood,
several factors have been identified within the sgRNA itself
that influence the activity of SpCas9. Interestingly, by ex-
ploring data from just 1841 spacers [generated by Doench
et al. (14)], Wong et al. discovered several of these factors
(21),—that were later confirmed using much larger libraries
(16),—such as the free energy of the whole sgRNA, the sta-
bility of the spacer/target DNA duplex and the accessibility
of nucleotides in positions 18-20 of the spacer and in 51-53

of the scaffold. The low free energy of the spacer indicating
the presence of self-complementarity within the spacer, is
also identified as one of the most impactful features (16). It
has been also revealed that interactions between the spacer
and the scaffold sequences could decrease the activity of Sp-
Cas9. Wong et al. suggested that the decreased accessibility
of positions 18-20 of the spacer and in positions 51-53 of
the scaffold actually derives from their base pairing that ex-
tends the RAR duplex and decreases the activity of SpCas9
(21). Konstantakos and colleagues pointed out that these
nucleotides of the spacer need to be a CUU sequence to be
complementary to the scaffold sequence in question (18),
thus, this effect may also contribute to the inhibitory effects
of the PAM-proximal UU nucleotides observed in a former
study (30). Thyme et al. have experimentally proved that
internal sgRNA interactions could reduce the activity of
SpCas9 (10).

We proposed that the sequence preferences of SpCas9
may arise from the effect of interactions between the se-
quences of the spacer and the scaffold. Here, we system-
atically examined the impact of such self-complementarity
by monitoring the effects of specifically designed self-
complementary sgRNAs and by analysing cleavage data de-
rived from a one million sequence library we published re-
cently (16). We found that the activity of SpCas9 is largely
unaffected by the presence of scaffold-complementary mo-
tifs in the spacer sequences that are shorter than 9-nt un-
less they are complementary to the SL1 unit. This latter ef-
fect is what explains the spacer position-dependent motif
preferences. Furthermore, the tolerance level of SpCas9 to
the inhibitory effects of self-complementary motifs within
the spacer or between the spacer and the SL1 stem of the
scaffold seems to be the main determinant of the inac-
tive spacer sequences. We have also shown that scaffold-
complementary motifs may also inhibit prime editing ac-
tivity when they are located in the 3’ region of the prime
editing guide RNA (pegRNA), even if they were only 5-nt
in length.

MATERIALS AND METHODS
Materials

Restriction enzymes, T4 ligase, TranscriptAid T7 High
Yield Transcription Kit, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, Turbofect and
Penicillin/Streptomycin were purchased from Thermo Fis-
cher Scientific. DNA oligonucleotides and the GenElute
HP Plasmid Miniprep kit used in plasmid purifications were
acquired from Sigma-Aldrich. T4 Polynucleotide Kinase,
QS5 High-Fidelity DNA Polymerase, NEB Stable Compe-
tent E. coli, HiFi Assembly Master Mix were from New
England Biolabs Inc. NucleoSpin Gel and PCR Clean-up
kit used to clean up DNA from agarose gels were purchased
from Macherey-Nagel. ZymoPURE Plasmid Midiprep Kit
and RNA Clean & Concentrator Kit were from Zymo Re-
search. Ampicillin, kanamycin and chloramphenicol antibi-
otics were from Sigma-Aldrich, NaCl, yeast extract and
tetracycline were from Molar chemicals, agarose and tryp-
tone were from VWR.
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Figure 1. The effect of scaffold-complementary spacer motifs on the structure and function of sgRNAs. (A) The sequence of the scaffold of sgRNAs (9)
that is used and referred to as wild type (WT) scaffold in this study. (B) The workflow of the bacterial survival assay, which allows the identification of the
inhibitory effect of scaffold-complementary motifs designed into the spacers of the SpCas9 complex. Bacteria with plasmids encoding motifs that cause
misfolding in the sgRNAs and thereby inhibit the SpCas9 complex survive the selection scheme. Cleavage efficiency is calculated based on the number
of the surviving colonies. The presence of intact structural units in sgRNAs are predicted in silico to determine the extent of disruption to the secondary
structure by the presence of scaffold-complementary motifs. Details are described in Materials and Methods. (C) Scatter plot shows the cleavage efficiency
of SpCas9 with a given spacer and the corresponding predicted percentage of the sgRNA with an intact structural unit in the conformational ensemble of
the lowest energy structures (r = 8), as determined by using an in-house software, RNAfold-wg. Data points are represented by dots and correspond to one
of three replicates in the bacterial survival assay for spacers with RAR- (n = 30), SL1- (n = 32), SL2- (n = 15) and SL3- (n = 10) complementary motifs.
Each spacer is assigned to the structural unit showing the lowest percentage value for the intact predicted secondary structure and this percentage value is
shown. R square is the coefficient of determination for a linear fit. Further detailed data of the linear regressions are provided in Source Data Figure 1.

Plasmid construction

Vectors were constructed using standard molecular biol-
ogy techniques. For detailed cloning, plasmid and oligo
sequence information see Supplementary Information and
Supplementary Table S1. A list of spacers containing self-
complementary motifs, rescue- and extended-scaffold se-
quences used in the bacterial survival assay are available in
Supplementary Table S2. The sequences of all plasmid con-
structs were confirmed by Sanger sequencing (Microsynth
AQG).

Plasmids acquired from the non-profit plasmid distri-
bution service Addgene (http:/www.addgene.org/) are
the following: pdCas9-bacteria and pwtCas9-bacteria

was a gift from Stanley Qi [Addgene plasmid # 44249;
http://n2t.net/addgene:44249; RRID:Addgene 44249 and
Addgene plasmid # 44250; http://n2t.net/addgene:44250;
RRID:Addgene 44250 (32)], pET-dCas9-VP64-6xHis
and pCMV-PE2 was a gift from David Liu [Ad-
dgene plasmid # 62935; http://n2t.net/addgene:62935;
RRID:Addgene 62935 (33) and Addgene plas-
mid # 132775; http://n2t.net/addgene:132775;
RRID:Addgene_132775 (34)]

Plasmids previously developed by our research group and
deposited at Addgene are the following:

pX330-Flag-wtSpCas9 [#92353 (35)], pX330-Flag-
dSpCas9 [#92113 (35)], pAT9624-BEAR-cloning [#162986
(36)], pDAS12069-U6-pegRNA-mCherry [#177180 (37)].
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Bacterial survivor assay for testing the activity of sgRNAs

The bacterial selection system used here employs two-
plasmids in E. coli. Plasmids expressing either active
or inactive (dead or dSpCas9 containing the mutation
D10A/H840A) SpCas9 containing pl5A ori and co-
expressing a chloramphenicol resistance gene were trans-
formed into NEB Stable Competent cells. (The SpCas9
expressing competent cells were prepared using CaCl,
method.) The target plasmids bearing an ampicillin resis-
tance gene, the pUC ori and encoding the sgRNAs un-
der a fdVIII promoter, also contain the corresponding tar-
get sequence with a CGG PAM. To perform the assay, the
plasmids with ampicillin resistance were transformed into
both the active and the inactive SpCas9-expressing compe-
tent bacteria, at a concentration of 1 ng plasmid per 20 pl
competent cells. After transformation, bacteria were plated
onto Luria-Bertani (LB)-agar plates containing ampicillin
and chloramphenicol antibiotics at a final concentration
of 50 wg/ml and 25 wg/ml, respectively. To observe the
differences in the competence of the inactive and the ac-
tive SpCas9-expressing cells, a control ampicillin resistance
gene-bearing plasmid, which does not encode a target or
sgRNA expression cassette, was also transformed into both
cells. The plates were incubated at 37°C overnight and the
colonies were counted after. Cleavage efficiency value was
calculated by the following equation:

ca
Cleavage efficiency = (1 db)

where a and b: average CFU of triplicates (al, a2, a3, and

bl, b2, b3, respectively) obtained by transforming the con-

trol ampicillin resistance plasmid into the bacteria express-

ing inactive and active SpCas9, respectively.

¢ and d: CFUs were obtained by transforming the plas-
mid under investigation into bacteria expressing inactive
and active SpCas9, respectively. The experiment was per-
formed three times and the average cleavage efficiencies were
calculated.

If the calculated value of the cleavage efficiency was neg-
ative, it is shown as zero in the figure. For raw CFU data of
each sgRNA sequence see Supplementary Table S3.

Figure 1C and Supplementary Figures S1-S3 show all
three data points of the triplicates. To give equal weight
to all spacer sequences, where more than three measure-
ments were made, the three closest ones to the average are
depicted (construct numbers: 1484; 10021; 10363; 10365;
10374; 10376; 10535; 10536; 10867; 10883).

Protein expression and purification

Active SpCas9 or inactive (D10A /H840A mutated) SpCas9
expression constructs were transformed into E. coli BL21
Rosetta 2 (DE3) cells, and a colony was grown in 50 ml
Luria-Bertani (LB) medium at 37°C for 16 h. 1 1 of growth
media (12 g/1 Tripton, 24 g/1 Yeast, 10 g/1 NaCl, 883 mg/I
NaH,PO4 H,0, 4.77 g/l Na,HPO,4, pH 7.5) was inocu-
lated with 10 ml from this culture (1:1000) and cells were
grown at 37°C up to ODgyy = 0.6, then they were chilled
to 18°C, and after induction with 0.2 mM IPTG, proteins
were expressed at 18°C for 16 h. The bacterial cells were

centrifuged at 6000 rcf for 15 min at 4°C. The cells were re-
suspended in 30 ml of Lysis Buffer (40 mM Tris pH 8.0,
500 mM NaCl, 20 mM imidazole, | mM TCEP) supple-
mented with Protease Inhibitor Cocktail (1 tablet/30 ml;
complete, EDTA-free, Roche) and were then sonicated on
ice. Lysate was cleared by centrifugation at 48000 rcf for
40 min at 4°C. The chromatographic steps were conducted
using NGC Scout Medium-Pressure Chromatography Sys-
tems (Bio-Rad). Clarified lysate was bound to a 5 ml Mini
Nuvia IMAC Ni-Charged column (Bio-Rad). The resin was
washed extensively with a solution of 40 mM Tris pH 8.0,
500 mM NaCl and 20 mM imidazole, and the bound pro-
tein was eluted by a solution of 40 mM Tris pH 8.0, 250 mM
imidazole, 150 mM NaCl and 1 mM TCEP. 10% glycerol
was added to the eluted sample and the His6x-MBP fusion
protein was cleaved by TEV protease (3 h at 25°C) except
for the inactive SpCas9, as it did not have an MBP-tag or
a TEV site. The volume of the protein solution was supple-
mented with buffer (20 mM HEPES pH 7.5, 100 mM KCI,
1 mM DTT) to make up 100 ml. The cleaved protein was
purified on a 5 ml HiTrap SP HP cation exchange column
(GE Healthcare) and eluted with 1 M KCI, 20 mM HEPES
pH 7.5 and 1 mM DTT. The protein was further purified by
size exclusion chromatography on a Superdex 200 10/300
GL column (GE Healthcare) in 20 mM HEPES pH 7.5, 200
mM KCI, 1 mM DTT and 10% glycerol. The eluted protein
was confirmed by SDS-PAGE and Coomassie brilliant blue
R-250 staining. The protein was stored at —20°C.

SgRNA production and purification

SgRNAs were in vitro transcribed using TranscriptAid T7
High Yield Transcription Kit and PCR-generated double-
stranded DNA templates carrying a T7 promoter sequence.
Primers used for the preparation of the DNA templates are
listed in Supplementary Table S1. SgRNAs were purified
with the RNA Clean & Concentrator kit and then rean-
nealed (95°C for 5 min, ramp to 4°C at 0.3°C/s). SgRNAs
were quality checked using 10% denaturing polyacrylamide
gels and ethidium bromide staining.

In vitro assays

The assays employ a 2658 bp long linearised plasmid DNA
containing the appropriate target sequences (For detailed
information about DNA target sequences and preparation
see Supplementary Information-DNA targets for in vitro ex-
periments), of which cleavage results in two fragments, 1424
and 1234 bp long. In the target DNA cleavage assay, active
SpCas9 nuclease (155 nM final concentration) was first in-
cubated with the sgRNA of interest (500 nM final concen-
tration) in reaction buffer without MgCl, (20 mM HEPES,
200 mM KCI, I1mM TCEP, 2% glycerine, pH 7.5) at 25°C
for 5 min. Then the target DNA (15.5 nM final concentra-
tion) was added to the mixture at 37°C. To trigger cleavage
reaction, MgCl, solution (2.5 mM final concentration) was
added to the mixture. Reactions were stopped by heating
samples to 80°C for 5 min with EDTA solution (30 mM fi-
nal concentration) at different time points (1 min, 30 min,
3 h). The resulting cleavage products were analysed with
Bioanalyzer 2100 machine (using Agilent DNA 7500 kit).
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In the target binding assay, inactive (D10A/H840A mu-
tated) SpCas9 nuclease (465 nM final concentration) was
first incubated with the sgRNA of interest (900 nM final
concentration) in reaction buffer at 25°C for 10 min. Then
target DNA (15.5 nM final concentration) was added into
the mixture at 37°C for 15 min for allowing DNA binding,
and then the preincubated active SpCas9-sgRNA (with res-
cue scaffold) complex was added, and the mixture was in-
cubated for 30 min. Reactions were stopped and analysed.
In the loading assay, active SpCas9 nuclease (350 nM final
concentration) was first incubated with the sgRNA of in-
terest (non-targeting the target site; 525 nM final concen-
tration) in reaction buffer at 25°C for 10 min. Then the tar-
get DNA (18.75 nM final concentration) with the target-
ing sgRINA were added into the mixture at 37°C. Reactions
were stopped at different time points (15, 60, 180 sec) and
analysed.

EMSA (electrophoretic mobility shift assay)

Target binding assays were performed in reaction buffer
(100 ng/pl heparin, 20 mM HEPES, 200 mM KCI, ImM
TCEP, 2% glycerine, 2.5 mM MgCl,, pH 7.5) in a to-
tal volume of 20 pl. Inactive (D10A/H840A mutated) Sp-
Cas9 nuclease (1052 nM final concentration) was first in-
cubated with the sgRNA of interest (three times the molar
amount of protein) in reaction buffer at 25°C for 5 min.
Then target DNA (33 nM final concentration) was incu-
bated with the resulting dSpCas9—sgRNA complex (1052
nM final; or in the case of the serial dilution allow DNA
binding. Samples were experiments with 1052; 526; 263 and
131,5 nM protein—sgRNA complex concentrations, respec-
tively) at 37°C for 30 min to run on an 8% native polyacry-
lamide gel containing 0.5x TBE at 4°C. The gel was stained
with ethidium bromide. (For detailed information about
DNA target sequences and preparation see Supplementary
Information-DNA targets for in vitro experiments).

Establishing a set of SL1-related and non-SL1-related motifs

The SL1-related motif set, containing motifs that are not
perfectly matching but still complementary to the SL1 re-
gion was established by applying the following procedure.
First, we generated all possible sequence variations of 4 to 7-
nt long sequences, and then, used the RNAcofold program
(ViennaRNA Package 2.0) to predict for each sequence the
most stable dimer structure that could form with the SL1
unit. From these, we selected the SL1-related sequences by
counting the number of nucleotides bound in each of the
best dimer structures. To be designated as SL1-related mo-
tifs, sequences of 4, 5 or 6-7 nt in length required at least
either 3, 4 or 5 bound nucleotides in the dimer structure
respectively. We assigned a MotCutEff value [the average
of the cutting efficiencies of targets containing the con-
cerned motifs in the Talas et al. 2021 data set (16)] for
each of the SL1-related motifs and further restricted the
group by excluding motifs with MotCutEff >= 0.95 or
occurring in 10 or less spacers. For SL1-related motifs see
Supplementary Table S4. For control, random sequences
(rs1- ACACGACCACAC; rs2- GUACUCACCCUC,; rs3-
CGAACCCUCAAG:; rs4- CCCAGCGAAAAC and rs5-
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GCACCAUGAAGQC) with the same length and same GC-
content but without sequence similarity to the SL1 segment
were selected and used to generate five, non-SL1-related
motif sets applying the same procedure described for the
SL1-related motifs.

For assessing the contribution of scaffold-
complementary motifs to the motif preferences of SpCas9,
NucCom sequences were selected with a MotCutEff value
lower than 0.66 [as calculated in (16)], and therefore
comprising those motifs that SpCas9 preferentially refuse
to cleave (influential-motifs), and for the second group, we
put all NucCom sequences that had a cutting efficiency
higher than 0.98, thus forming the control group with
sequences that do not substantially contribute to the motif
preferences of SpCas9 (neutral-motifs). The 4-nt long
SL1-related motifs were not graphically represented due to
their negligible effect on SpCas9 activity.

In silico analysis of the predictability of SpCas9 efficiency
with spacers containing scaffold-complementary motifs using
deep-learning-based algorithms

Data from the Wang library (22) was used to analyse
the predictive power of two deep-learning based efficiency
prediction tools, DeepSpCas9 (38) and DeepWT (22),
on spacers containing long SL1-complementary motifs.
At first, scaffold-complementary sgRNAs were selected
into a group (n = 21) and for control 1000 reference
groups were created by randomly selecting 21 non-scaffold-
complementary sgRNAs with matching activity in each
control group. Matching the activities was necessary, as we
found that the accuracy of the prediction is highly depen-
dent on the activity of the sgRNA; sgRNAs with high activ-
ity can be predicted more precisely than sgRNAs with low
activity. In addition, spacers with long SL1 motifs tend to
have lower than average cleavability. To deal with this prob-
lem, sgRNAs were organized into 10 groups based on their
activity. When creating the control groups, it was ensured
that each group maintained the same activity distribution
as the scaffold-complementary sample group by selecting
the same number of sgRNAs from each activity group as
there was in the sample group. The 8-nt long scaffold mo-
tifs are AACGGACT, GGACTAGC, ACGGACTA, CG-
GACTAG, TAACGGAC, GACTAGCC that were used to
generate the scaffold-complementary spacer group. Pearson
correlation between measured and predicted cleavage activ-
ity of spacers was calculated for each group in case of both
DeepSpCas9 and DeepWT predictions.

Calculation of conformational propensity of sgRNAs and pe-
gRNAs

The percentages of sgRNA species with an intact secondary
structural unit among the generated conformational en-
semble were calculated by an in-house software, RNAfold-
wg, which by exploring RNAsubopt and RNAfold (Vien-
naRNA Package 2.0 version 2.4.18) generates the confor-
mational ensemble of the sgRINA species with free energy in
the lowest energy range ( = 8) and count the correct confor-
mations (https://github.com/welkergroup/rnafold-wg) (39—
50). For values and constraints see Supplementary Table S5.
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The percentages of pegRNA species with an intact sec-
ondary structural unit/module among the generated con-
formational ensemble (r = 8) were calculated by RNA-
subfold.pl script. (https://github.com/welkergroup/rnafold-
wg). For values and constraints see Source Data Figure 6.

For calculation of the minimal free energy of dimers be-
tween the sequences and either SL1 or 5 random 12-mer
sequences RNAcofold (ViennaRNA Package 2.0 version
2.4.18) was used (39-41,46,50,51).

Tm calculation of scaffold-complementary motifs

Motif Tm was calculated by Bio.SeqUtils.MeltingTemp
modul of Biopython v: 1.79. RNA_NN3: values were used
(52,53).

Calculating the effects of the strongest short inhibitory motifs
(CUU and GCC)

To examine the inhibitory effects of PAM proximal GCC (at
spacer positions 16-18, 17-19 and 18-20) and CUU mo-
tifs (at spacer positions 18-20), we calculated their motif
CutEffs using spacers from the one million spacer library
that contained the given motif and calculated their aver-
age CutEff values. To ensure that the resulting values repre-
sent the specific effect of these motifs, we excluded spacers
with a strong secondary structure (Folderg < —7) within
the spacer and ones with longer continuous or interrupted
SL1 motifs, that could also cause the inhibitory effect. For
detailed information about the algorithms and values see
Source Data Supplementary Figure S6.

Cell culturing

Cells employed in this study were HEK293T (ATCC, CRL-
3216) and HEK-293.EGFP cells. The HEK-293.EGFP cell
line contains a single integrated copy of an EGFP cassette
driven by the Prnp promoter (35).

Cells were grown at 37°C in a humidified atmosphere of
5% COy in high glucose Dulbecco’s Modified Eagle medium
(DMEM) supplemented with 10% heat inactivated fetal
bovine serum, 4 mM L-glutamine (Gibco), 100 units/ml
penicillin and 100 wg/ml streptomycin. Cells were passaged
up to 20 times (washed with PBS, detached from the plate
with 0.05% Trypsin-EDTA and replated). After 20 pas-
sages, cells were discarded. Cell lines were not authenticated
as they were obtained directly from a certified repository
or cloned from those cell lines. Cells were tested for my-
coplasma contamination.

PEAR assay

The PEAR reporter was used as described previously (37).
Briefly, HEK293T cells were plated on 48-well plates one
day before transfection, at a density of 5 x 10* cells/well.
Cells were co-transfected with 308 ng of PE2 coding plas-
mid, 49 ng of sgRNA-mCherry plasmid, 55 ng of PEAR-
GFP target plasmid, 153 ng of pegRNA-mCherry plas-
mid (WT pegRNA-mCherry or rescue mutant pegRNA-
mCherry) using 1 pl Turbofect reagent diluted in 50 pl
serum-free DMEM. The mixture was incubated at RT for

30 min before adding it to the cells. All transfections were
performed in triplicates. Cells were analysed by flow cytom-
etry on the third day after transfection.

The number of GFP positive cells within the mCherry
positive population was measured.

GFP disruption assay

HEK-293.EGFP cells were plated on 48-well plates one day
before transfection, at a density of 3 x 10* cells/well. Cells
were co-transfected with 175 ng of SpCas9 plasmid and 75
ng of pegRNA-mCherry plasmid (WT pegRNA or rescue
mutant pegRNA coding plasmid) using with 1 wl Turbofect
reagent diluted in 50 wl serum-free DMEM. The mixture
was incubated at RT for 30 min before adding it to the cells.
All transfections were performed in triplicates. Transfected
cells were analysed by flow cytometry on the third and on
the seventh day after transfection.

Transfection efficacy was calculated via the amount of
mCherry-expressing cells measured on the third day post-
transfection.

GFP disruption was calculated based on the EGFP
loss on day 7 normalized to the average transfection ef-
ficacy. Background EGFP loss was determined using co-
transfection of dead SpCas9 expression plasmid with one
of the pegRNA coding plasmids (10569; 10570). EGFP dis-
ruption values were calculated as follows: the average EGFP
background loss from dead SpCas9 control transfections
was subtracted from the value of each individual sample in
that experiment. The mean values and the standard devia-
tion (SD) were calculated from three parallel transfections.

Flow cytometry

Attune NxT Acoustic Focusing Cytometer (Applied
Biosystems by Life Technologies) was used for flow cytom-
etry analysis. In all experiments, a minimum of 2000-10 000
viable single cells were acquired by gating based on the
side and forward light-scatter parameters. The GFP and
mCherry signal was detected using 488 and 561 nm diode
laser for excitation, and 530/30 nm and 620/15 nm filter for
emission, respectively. For data analysis Attune Cytometric
Software v.4.2 was used.

Statistical analysis

Pearson correlation between measured and predicted cleav-
age activity of spacers was calculated using scipy.stats
SciPy v1.8.1. Differences between WT and rescue pegRNA
samples were tested by unpaired -test with Holm-Sidac
method. Data normality was tested by Shapiro-Wilk nor-
mality test. P values < 0.05 were considered statistically sig-
nificant. Linear regression, data visualization and Pearson
correlation between cleavage activity of spacers and motif
length/Tm were performed using GraphPad Prism 9.1.2.

RESULTS

RAR- and SL1-complementary spacer motifs inhibit SpCas9
activity

We examined the effect of complementarity between
the spacer and the scaffold sequence (Figure 1A) by
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designing 88 spacer sequences that are complementary to
different parts of the scaffold, using complementary motifs
of six to twenty nucleotides in length (Supplementary Table
S2). These spacer sequences were investigated in a bacterial
survival assay, where the target plasmid contained not just
the target sequence, but also the expression cassette of the
corresponding sgRNA along with an antibiotic resistance
gene. The target plasmid was transformed into competent
bacteria harbouring a SpCas9 expressing plasmid. There-
fore, if the sgRNA is functional, SpCas9 cleaves the target
plasmid causing the bacteria to be unable to survive on solid
media plates with appropriate antibiotics. As expected, bac-
teria survived when the SpCas9 was inactive or in the ab-
sence of a sgRNA and a target. The number of surviving
bacterial clones were counted in relation to colonies on con-
trol plates where the SpCas9 was inactive and/or the target
plasmid did not contain a targeting sgRNA (Figure 1B). To
clarify whether survival was indeed due to the inhibition
of SpCas9 cleavage by the intended spacer-scaffold com-
plementarity, we designed mutations that could rescue the
activity of the nuclease by disrupting the predicted spacer-
scaffold structure. To avoid the uncertainty that is associ-
ated with altering the sequence of the spacer, we disrupted
these dsRNA segments by introducing mutations to the cor-
responding parts of the scaffold (Supplementary Figure Sla
and Supplementary Table S2). In control experiments, the
rescue mutations of the scaffold were also examined by us-
ing an active spacer sequence, to ensure that the mutations
did not interfere with the activity of SpCas9. Only scaf-
fold variants that demonstrated uncompromised activity in
this bacterial system were used for rescuing nuclease activity
(Supplementary Figure Sla). Furthermore, to understand
the extent of the disruption caused by the complementary
motifs to the secondary structure of each of the four struc-
tural units of the sgRNA, in silico we determined the per-
centages of the species with an intact structural unit in the
conformational ensemble of the sgRNAs (Figure 1B right
panels and Supplementary Table S5).

Figure 1C (and Supplementary Figure S1) shows the re-
sults of the bacterial survival assays. 33 out of the exam-
ined 88 self-complementary spacer sequences showed lit-
tle or no activity (average cleavage efficiency [ACE] <40%),
4 spacer sequences showed activity reduced to intermedi-
ate (40% < ACE < 80%) and the rest seemed unaffected
(ACE > 80%). Out of the 37 spacers with altered activ-
ity, 36 could be rescued by using scaffold-variant sgRNAs
(Supplementary Figure S1). We did not observe a relation
between the activity of the sgRINAs and the length (Supple-
mentary Figure S2a) or the Tm (Supplementary Figure S2b)
of the dsRNA segment that could form between the spacer
motif and the scaffold. However, we realised that most mo-
tifs that decreased the activity of SpCas9 were designed to
be complementary to either the RAR or the SL.1 scaffold
units. To determine whether the motifs indeed disrupt the
secondary structure they were designed to do so, we pre-
dicted the secondary structures of the sgRNAs. The sgR-
NAs were clustered and plotted according to which struc-
tural unit was most disrupted by spacer-scaffold interac-
tions in the predictions. Figure 1C reveals that primarily the
disruption of the RAR and the SL1 structural units lead to
diminished SpCas9 activity. Interestingly, a much stronger
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predicted disruption was necessary for SL1-complementary
motifs to inhibit activity than for RAR-complementary
motifs. Several motifs spanned through two structural units
of the scaffold, and in order to clarify the sensitivity of the
individual units to scaffold-complementary motifs we ex-
cluded these motifs in Supplementary Figure S2c and d.
These figures show that the activity of SpCas9 is fully pro-
tected against the effects of motifs that are complementary
to SL2 or SL3. The minimum length of inhibitory motifs
was much smaller for SL1 (>7-nt) than for RAR (>11-nt),
while the minimal Tm that is necessary for cleavage inhi-
bition was slightly higher for SL1 (>40°C) than for RAR
(>37°C). SL1 is the shortest stem, and its secondary struc-
ture can be disrupted by shorter motifs in silico, however,
the Tm for motifs to become disruptive in silico were found
to be similar for RAR and SL1 (Supplementary Figure S2e,
f). Altogether, these experiments revealed that only motifs
that are complementary to the RAR and SL1 structural
units of the scaffold inhibit SpCas9 activity.

Extension of the RAR, but not the SL1 stem, in-
creases protection against the inhibitory effects of scaffold-
complementary spacer motifs

Recently, an extended RAR stem has been reported to in-
crease the stability of the sgRNA and to ensure higher
SpCas9 activity (Supplementary Figure S3a) (54). We ex-
amined whether the longer RAR stem may be more sta-
ble against scaffold-complementary motifs by testing 10
spacer sequences containing motifs that are complementary
to the extended RAR sequence. While only motifs with a
Ty of at least 37°C complementary to the WT RAR se-
quence inhibited SpCas9 activity, in case of the extended
RAR-complementary motifs, Tm of at least 60°C was nec-
essary for inhibition (Supplementary Figure S3b, c). We
applied a similar strategy to construct sgRNAs with an
SL1 stem-modified scaffold to increase its stability. When
designing the mutations, nucleotides with a known abil-
ity to diminish SpCas9 activity when modified were not
altered (unpublished results K.H and Briner et al. 2014)
(55). Eight SL1-modified variants were generated and each
of them preserved its activity (Supplementary Figure S3d).
We designed 14 spacers harbouring a motif complemen-
tary to the mutant scaffold containing the longest SL1 stem.
Interestingly almost all of them diminished SpCas9 activity
even with very low Ty, (~17°C) (Supplementary Figure S3e,
f), whilst motifs complementary to the WT SL1 stem inhib-
ited SpCas9 activity just above a Tm of 40°C. This suggests
a different inhibitory mechanism for motifs complementary
to RAR or SL1.

RAR- and SL1-complementary spacer motifs interfere with
sgRNA loading and target binding, respectively

In vitro DNA-cleavage assays were used to determine which
step of the SpCas9 cleavage process, the loading, the tar-
get binding or the cleavage is inhibited by the complemen-
tary motifs of SL1 and RAR. For both stems, we chose a
stronger and a weaker inhibitory motif, so that they have
a similar disruptive effect on each stem in silico. The SL1-
complementary motifs did not interfere with the loading
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of the sgRNA into the SpCas9 protein, but they dimin-
ished DNA binding, and thus cleavage, in line with previ-
ous reports (10,30). In contrast, the RAR-complementary
motifs already interfered with the sgRNA loading step, in-
dicating distinct mechanisms of inhibition for RAR- and
SL1-complementary motifs (Figure 2). EMSA experiments
confirmed that scaffold-complementary spacer motifs in the
sgRNA interfere with the target DNA binding of SpCas9
(Supplementary Figure S4).

A deeper understanding of the impact of scaffold-
complementary motifs on SpCas9 activity in general re-
quires analysis of many more spacer sequences. Several se-
quences vs. activity data collection are available that con-
tain by chance scaffold-complementary spacer sequences as
well. We wanted to include the longest possible motifs, the
random occurrence of which is relatively rare. Therefore, for
the analysis we used the largest sequence library currently
available, which we have recently published, containing one
million target sequences and which is by far the largest se-
quence vs. activity data collection available (16). The cleav-
age efficiency (CutEff value) of the SpCas9—sgRNA com-
plex on a target falls in the range of zero to one, with the av-
erage CutEff value of the whole library is 0.98. This means
that on average, approximately two out of a hundred spacer
sequences are inactive. To analyse these data, first, we gen-
erated all possible motif sequences that are complementary
to the scaffold sequence of the sgRNA which are between 3
and 13 nucleotides in length. Next, for each motif sequence
we computed the average of the CutEff values of the spac-
ers within the one million sequence library that contained
the given motif (Supplementary Table S6). When the pres-
ence of a motif within the spacer substantially inhibited Sp-
Cas9 activity, the average CutEff value of the spacers con-
taining this motif was proportionally smaller. Here, we used
this average CutEff value of the motifs (hereafter referred
to as MotCutEff) to characterise their impact on the activ-
ity of SpCas9. The number of spacer sequences containing
each motif in any spacer position is given in Supplemen-
tary Tables S6 and S7. The occurrence of 3-nt long motifs
ranged from 96464 to 388136, however, for 9-nt motifs it
ranged between only 6 and 143. We only investigated motifs,
that appeared in at least 30 spacer sequences. In Figure 3
(and Supplementary Figure S5), the MotCutEff of all mo-
tifs of up to 8 nt in length are shown demonstrating that, in
practice, only SL1-complementary motifs inhibited SpCas9
activity substantially. Most inhibitory motifs fit the region
between positions 51 and 65 of the scaffold, where the re-
pressive effects of 5 to 8-nt long motifs could be observed.
A slight decrease of the MotCutEffs were also apparent at
positions 28-33 for motifs of at least 5 nt that were comple-
mentary to the RAR unit, and at positions §1-88 for mo-
tifs complementary to the SL2/3 units. Interestingly, the in-
hibitory motifs at the latter two positions showed high de-
gree of similarity to SL1 motif sequences (Supplementary
Figure S5a, b). These results confirm our findings from the
bacterial survival experiments, that motifs complementary
to the non-SL1 sections of the scaffold only have a signif-
icant inhibitory effect when they are longer, at least 12 nt
in length, hence the reason why they are not apparent here.
The random occurrence of such long motifs is so rare, that

these motif preferences have no general relevance or practi-
cal consequences for the use of SpCas9 in genome editing.

SL1-complementary motifs cause the sequence preference of
SpCas9

Furthermore, we examined whether SL1-complementary
motifs could explain the spacer position-dependent mo-
tif preferences of SpCas9 reported previously with 1- to
7-nt motifs (16). In such case, the inhibitory scaffold-
complementary motifs should show substantial spacer
position-dependence. Supplementary Figure S5 shows
the effect of all spacer position-dependent scaffold-
complementary motifs of 3-7 nt in length. Many of the
inhibitory motifs identified in Figure 3 showed consider-
ably different effects according to their position within the
spacer. Several motifs, especially ones complementary to
the 5" end of the SL1 stem had a substantially stronger ef-
fect, when the motif was located at the 3’ region of the spacer
(Figure 4A). This effect could be accounted for by multiple
factors. (i) These 3’ sequences of the spacer are involved in
the initial interactions responsible for starting the R-loop
formation, thus their accessibility may be more critical for
DNA binding, than that of the 5 spacer region (21). (ii)
Within the SpCas9-sgRNA complex, the 3’ spacer section
is located near the SL1 scaffold unit, while interactions with
the 5’ spacer part may be spatially more hindered. (iii) Mo-
tifs located in the 3’ spacer positions that are complemen-
tary to the 5" part of the SL1 unit create an extension to the
RAR stem, which has been suggested to strengthen these
spacer-scaffold interactions (10,21).

Considering the 3-nt long motif preferences of SpCas9,
the motif with the strongest inhibitory effect that has been
apparent in both mammalian and bacterial experiments is
the GCC motif at positions 17-19 and 18-20 of the spacer
(16,30) and with a weaker effect at positions 16-18 (16,22).
Motifs ending with the GCCUU sequence are the ones that
extend the RAR stem when hybridising to the SL1, and
these motifs showed the strongest position-dependent ef-
fect amongst the SL1-complementary motifs (Supplemen-
tary Figure S5). Since spacers with GCC and GCCU motifs
at their 3’ end can also extend the RAR stem by forming a
1 or 2-nt long bulge at the junctions, it seems to be plausi-
ble that the observed inhibitory effect of the GCC sequence
near the 3’ end of the spacer originates from spacer-scaffold
interactions. To confirm this interpretation, using the bacte-
rial survival assay, we examined 8 spacer sequences contain-
ing a 3’ GCC in positions 17-19 or 18-20 using either wild
type (WT) or scaffold-mutant sgRNAs with altered SL1 se-
quence which disrupts the complementarity with the GCC
sequences. Data in Figure 4B revealed that 7 out of the 8
spacer sequences showed compromised activity, which were
all rescued by scaffold mutations disrupting complementar-
ity. These results verify that the presence of the 3’ GCC mo-
tifs at the PAM-proximal positions 18-20 and 17-19 con-
tributes to the diminished activity of these spacers and re-
vealed that the observed motif preference of SpCas9 against
the 3" GCC sequences is due to the interactions within the
sgRNAs between the SL1-complementary spacer motif and
the scaffold.
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Figure 2. Motifs complementary to RAR or SL1 inhibit different steps of the cleavage process. (A—C) Plasmid-cleaving in vitro assays of SpCas9 with
four spacers containing either RAR- or SL1-complementary motifs, for which RNAfold-wg predictions suggested similar levels of disruption effect to
the concerned stem. Schematic diagrams depict the principle of the cleavage, binding and loading assays. Next to them, a corresponding representative
electrophoretogram of three parallel experiments are shown. On the schematic figure SpCas9 is faint green, dead SpCas9 is faint red, inactive scaffold-
complementary spacers and corresponding targets are red, active control spacer and target are black, wild type (WT) scaffold is blue and scaffolds with
rescue mutations are green. (A) In vitro cleavage assay. Linearised plasmids are cleaved by SpCas9 harbouring a sgRNA with either WT or rescue scaffold,
as indicated. Cleavage products are shown at different time points (0, 1 and 30 min). An active sgRNA and an NmCas9 sgRNA are shown as positive
and negative controls, respectively. (B) Target binding assay. Dead SpCas9 sgRNA complexes (with spacers as indicated and WT scaffold) incubated with
target DNA. Successful target binding protects the target from cleavage by the SpCas9 complex harbouring the same spacer and the corresponding rescue
scaffold. An active sgRNA and an NmCas9 sgRNA are shown as positive and negative controls, respectively. (C) Loading assay. SpCas9 is incubated
with sgRNAs as indicated. Successful loading blocks the loading of an active control sgRNA, and thus, the cleavage of its target. An active, non-targeting
sgRNA and an NmCas9 sgRNA are shown as positive and negative controls, respectively.
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Figure 3. SL1-complementary motifs efficiently inhibit the activity of SpCas9. Heatmap shows the motif cutting efficiency (MotCutEff) values, i.e. the
average of the cutting efficiency of spacers containing the given motif in the one million spacer library of Talas et al. (16) for all 3 to 8-nt long scaffold-
complementary motifs (MotCutEff values are calculated from at least 30 spacers). The MotCutEff value of a motif without inhibitory effect approach
0.98, which is the overall average of the cutting efficiency of all spacers in the library. The scaffold sequence used in the study of Talas et al. (16) is shown
above the heatmap, while the 8-nt long scaffold-complementary motifs are shown below. The first 3-nt long motif is coloured red and the 3- and 8-nt long
motifs are framed in red and blue, respectively, alongside the corresponding scaffold sequence. Rectangles on the heatmap correspond to individual motifs

and are placed at the 5" position of their complementary scaffold sequences.

If it is solely the perfectly matching SL1-complementary
motifs that inhibit SpCas9 activity, the overall significance
of the effect is limited due to the small number of motifs
concerned and thus few spacer sequences affected. Nucleic
acid stems can form with G:U pairing, mismatches and
bulges, although these are known to decrease the stabil-
ity of secondary structures. To test whether non-perfectly
matching SL1-complementary motifs in spacers can also
interfere with the nuclease activity, we choose three 6-nt
SL1-complementary motifs and systematically generated
sequences with all possible substitutions and 1 nt insertions
and deletions for each of the three motifs. Figure 4C shows
that not only the motifs that are perfectly complementary to
the SL1 unit are detrimental to the activity of SpCas9, but
many motifs with substitutions, insertions and deletions as
well. These greatly increase the number of potential motifs
that decrease SpCas9 activity through SL1-complementary
interactions.

Next, we examined the hypothesis that the position-
dependent motif preferences of SpCas9 are related to
scaffold-complementary motifs. We established 5, 6 and 7-
nt long motif sets that included the sequences that are ei-
ther perfectly or not perfectly complementary to the SL1
unit (SL1-related motifs). For control, we generated 5 sim-
ilar random pools of motifs for each of the SL1-related
motif sets containing non-SL1-related sequences as de-
scribed in the Materials and Methods section. To see the
extent to which the presence of scaffold-complementary
motifs in the spacer are responsible for the observed mo-
tif preferences of SpCas9, we examined whether the mo-
tifs with the greatest impact on SpCas9 activity were in-
deed SL1-complementary. We selected those 5 to 7-nt long
position-dependent sequence motifs of SpCas9 (hereafter:
influential-motifs) that have the largest impact on SpCas9
activity, identified in the study of Talas et al (16), and de-
termined their overlapping fraction with the SLI-related

motifs. Influential-motifs are the motifs that SpCas9 pref-
erentially refuses to cleave. For control, we selected motifs
that do not substantially contribute to the motif preferences
of SpCas9 (hereafter: neutral-motifs). Figure 5 shows the
percentage of both SL1-related and non-SL1-related motifs
within the group of influential-motifs (Figure 5A) or within
the group of neutral-motifs (Figure 5B). About 80-89% of
the influential-motifs proved to be SL1-related (Figure 5A).
By contrast, within the neutral-motif group, the fraction of
the SL1-related motifs was only 3-16%, depending on the
length of the motif (Figure 5B), which is comparable to the
fractions of the five non-SL1-related motif sets within both
groups (Figure 5A, B). These data indicate that the spacer
position-dependent motif preference of SpCas9 predomi-
nantly originates from spacer-scaffold complementary se-
quence interactions within the sgRNA.

Considering all the above results, it seems unlikely that
short motifs alone, rather than as part of longer motifs, are
sufficient to inhibit SpCas9 activity. To confirm this, we cal-
culated the average cutting efficiency of spacers containing
a PAM-proximal GCC or CUU motif, which are or are not
part of a longer SL1-associated motif. Supplementary Fig-
ure S6 shows that in the absence of a longer SLI1-related
sequence even the strongest short inhibitory motifs, CUU
and GCC, have little to no discernible impact on the activ-
ity of SpCas9. It is worth noting that the spacers in Figure
4B also contained longer than 3-nt SL1 motifs.

The primarily intrinsic factor inhibiting SpCas9 activity is in-
tramolecular interactions within the sgRNAs

We also sought to determine the fraction of the inac-
tive spacer sequences (CutEff < 0.3) that were affected
by SL1-complementary motifs. To do this, we identified
the SL1-related motifs for each spacer sequence that con-
tained one. When the spacer contained more than one
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panel), their hybridisation to SL1 extends the RAR stem without forming a bulge. (B) Cleavage efficiency of spacers with 3’ GCC motifs in spacer positions
18-20 and 17-19 in sgRNAs with either the WT or a rescue scaffold in bacterial survival assay. Columns correspond to means + SD of triplicates. (C)
Heatmap illustrates the MotCutEff values of SpCas9 with sgRNAs that contain 6-nt long motifs in spacer position 20 perfectly or imperfectly matching
with the SL1 sequence. MotCutEff values are calculated from at least 10 spacers. Mismatches are all possible 1 nt substitutions, insertions or deletions
for each of the three motifs. Altered nucleotides are indicated by red letters, except for mismatches that result in G:U base pairing (blue letters). When
systematic substitutions result in the same motif, each identical motif is indicated for completeness, but the second occurrence is marked in grey.
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(false positive) by both approaches, to make the two predictions more easily comparable. (F) Pearson correlation was calculated between experimentally-
determined (22) vs predicted [by DeepWT (22) and DeepSpCas9 (38)] sgRNA efficiencies for a group of sgRNAs containing 8-nt long SL1-complementary
motifs alongside 1000 randomly generated control groups (see Materials and Methods). The sample groups (red dots) are significantly different from the
control groups (Wilcoxon test, P < 0.0001 for both predictions).
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SL1-related motifs, the most disruptive one (with the lowest
MotCutEff value) was selected. Since the effect of the SL1-
complementary motifs are not binary (inhibits or not) to get
a more comprehensive picture we determined the overlap-
ping fractions between the active/inactive spacers and spac-
ers containing SL1-related motifs with different maximal
MotCutEff (between 0.6 and 0.9). Figure 5C shows that up
to 14.4% of all the active spacer sequences contained SL1-
related motifs. By contrast, this percentage was 81.7% in the
case of inactive spacers (at a maximal MotCutEff < 0.9).
These data show that scaffolds inhibitory motifs exert their
effect in concert with other factors and have a contribution
in the vast majority of inactive spacers.

Figure 5D shows that most of the inactive spacer se-
quences that do not contain SLI1-related motifs are self-
complementary. Indeed, only 606 inactive sgRNAs (at Mot-
CutEff < 0.9) out of the 14 574 were not affected by self-
complementary sequences either between the spacer and
the SL1 stem of the scaffold or within the spacer. These re-
sults indicate that self-complementary interactions within
the sgRNAs are the major internal factors affecting the ac-
tivity of SpCas9-sgRNA complex.

Next, we looked at whether the effect of SL1-related mo-
tifs is also readily recognisable in mammalian data. We ex-
amined the largest mammalian SpCas9 activity data set (22)
with >50 000 targets, and we divided them into efficiently-
edited and poorly-edited classes. The percentage of spac-
ers with SL1-related motifs amongst the target sequences
that are efficiently edited by SpCas9 was found to be ap-
proximately the same in the mammalian dataset as in the
one million sequence library. However, they account for a
smaller but still significant fraction of poorly edited spac-
ers. The ratio ranges from about half to one-sixth when us-
ing the same set SL1-related motifs depending on the arbi-
trary threshold between poorly and efficiently edited target
sequences (Figure 5E, left panel). These results are consis-
tent with the concept that the inactive spacers constitute a
smaller fraction in mammalian cells where many more cel-
lular factors interfere with the activity of SpCas9. These
data also suggest that the effect of scaffold-complementary
spacer motifs should be considered in the efficiency pre-
diction of SpCas9 activity. Thyme et al. (10) have demon-
strated the existence of inhibitory scaffold-complementary
interactions, and this finding has since been incorporated
into the chop-chop website (56), where the instructions state
that if a complementary stem longer than four nucleotides
is formed between the spacer and the scaffold sequences,
it will be scored regardless of which scaffold region is in-
volved. Given our results, this may not provide optimal fil-
tering of inhibitory sequences. We speculate that, due to
the relatively small size of the sequence libraries used for
training machine learning/neural network algorithms, the
activity of SpCas9 is likely to be predicted less accurately
on targets that contain longer SL1-complementary motifs.
To test this, we chose the two algorithms; DeepSpCas9 (38)
and DeepWT (22), that were trained on the largest data sets.
Figure SF shows that they indeed predict such targets sig-
nificantly less accurately, highlighting the necessity of an
algorithm that identifies the hindering effect of target se-
quences containing SL1-complementary motifs. We built a
web tool (Scaffold-Complementary Motifs Finder, SCMF
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(scmf.welkergroup.hu)) that identifies, when an SL1-related
motif is present in spacer sequences and indicates the extent
of its effect.

A recent study by Moreb and Lynch (57), published
during the preparation of this paper, also analysed the
data of Talas et al. They suggested that some scaffold-
complementary motifs decrease the activity of SpCas9,
when the duplex stability of the dimer between the spacer
and the nucleotides in positions 51-67 of the scaffold, con-
taining the SL1 with the neighbouring unstructured linker
region, is less than —15 kcal/mol. They formulated their
approach without considering the effect of the position of
the motifs within the spacer. Furthermore, they also con-
sidered motifs that are complementary to the linker region
to be effective, a region for which we found no inhibitory
effect (Figure 3, Supplementary Figure S5). Thus, we pro-
posed that they could not capture the magnitude of this ef-
fect correctly. Figure SE shows that it is the case. Our ap-
proach identified the effect of scaffold-complementary mo-
tifs in spacers, substantially decreasing the activity of Sp-
Cas9, about 6-fold more specifically than the Moreb and
Lynch approach.

Scaffold-complementary motifs interfere with prime editing
activity of SpCas9

One of the most interesting results of our study is that
amongst scaffold-complementary motifs, the ones extend-
ing the RAR duplex of the sgRNA are the most detri-
mental. We hypothesized, that such interactions may also
occur during prime editing, a recently developed versatile
genome modification approach exploiting also SpCas9 (34),
and it may be responsible for the low activities of some
of the pegRNAs. PegRNAs contain a canonical sgRNA
with a 3’ extension, the sequence of which varies from tar-
get to target as it is partially determined by the DNA se-
quence downstream of the target. When the 5’ end of the
extension sequence immediately downstream of the canon-
ical sgRNA is complementary to the SL2 stem, their hy-
bridization extends the SL3 stem of the sgRNA (Figure 6A).
To test whether this effect diminishes prime editing we ex-
ploited PEAR, a fluorescence assay, we recently developed
for the monitoring of prime editing activity (37). This as-
say allows the testing of any user-defined target sequence
and pegRNA (Figure 6B). We designed sequences that con-
tained SL2-complementary motifs with increasing length
and tested their activity in mammalian cells using pegR-
NAs with either WT or SL2-altered, rescue scaffold vari-
ant. As planned, increasing the motif length increasingly
disrupts the SL2 stem of pegRNAs in silico with the WT
scaffold, but not with the sequence-altered rescue scaffold.
(Figure 6C). Accordingly, prime editing activity decreased
with the increasing length of the SL2-complementary mo-
tifs in the case of the WT, but not the rescue scaffold (Figure
6C). By contrast, the nuclease activity of the prime editor
complex was not inhibited by the presence of these SL2-
complementary motifs in the reverse transcription template
(RTT) section of the pegRNA as shown in a disruption as-
say (Figure 6C). These results demonstrate that the presence
of short scaffold-complementary motifs in the RTT section
of the pegRNA can decrease prime editing activity and call
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Figure 6. SL2-complementary motifs in the RTT region of pegRNAs diminish prime editing. (A) Schematic figure of secondary structure of a pegRNA
showing that SL2-complementary motifs could potentially extend the SL3 stem structure. (B) Schematic illustration of Prime Editor Activity Reporter
(PEAR) assay (37). The mutated and therefore inactive splice site (red dot) of an intron-separated GFP (grey box) can be corrected by a functional prime
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statistically significant differences are shown. **P < 0.01, ***P < 0.001.

for more detailed analyses, similar to the one we did above
with the scaffold-complementary motifs within the spacers.

DISCUSSION

In summary, our experiments revealed the origin of the
spacer position-dependent motif preferences of SpCas9,
shed light on the differences in the roles of the individual
stems of the sgRNA, unveiled that spacer-scaffold interac-
tions are the predominant factor affecting the intrinsic ac-
tivity of the SpCas9 RNP complex and highlighted the ef-
fect of scaffold-complementary motifs in the RTT section
of the pegRNA on the efficiency of prime editing.

It has been difficult to understand the spacer position-
dependent motif preferences of SpCas9 for two reasons.
First of all, in practice, the protein establishes interac-
tions with the sugar-phosphate backbone of the hybrid
RNA-DNA helix in a sequence independent manner and

secondly, the motif preferences of SpCas9 of one or two
nucleotides vary tremendously amongst studies and data
sets (14-17,21-29). Here, we demonstrated how spacer-
scaffold interactions give rise to the observed motif pref-
erences of SpCas9. The analysis of the one million se-
quence library (16) was instrumental in the realization
that the motif preferences come mainly from the SLI1-
complementary sequences. From solely the sequence analy-
sis, however, it would not be possible to distinguish whether
SL1-complementary sequences were detrimental to nucle-
ase activity by virtue of their complementarity, or whether
the sequence of SL1 just happens to be complementary to
sequences with which the SpCas9 RNP has reduced activ-
ity. This question could only be answered experimentally,
which we did with the bacterial survival assay, using res-
cue sgRNAs whose scaffold mutations abolish complemen-
tarity but retain activity. Spacer-scaffold interactions are
inherently unsuitable for direct establishment of one- and
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two-nucleotide long sequence preferences; there is a mini-
mum motif length/Tm that is required for this to occur. We
have shown how shorter sequence preferences can actually
be derived just from longer preferences using the example
of the PAM-proximal CUU and GCC motifs (16,18,21,30)
(Supplementary Figure S6). In fact, the shortest, one-, two-
and three-nucleotide long, preferences (14-17,21-29,31) are
likely just the resultant of the longer motif preferences. This
also explains the apparent differences in the one- and two-
nucleotide long motif preferences of SpCas9 across differ-
ent data sets (14-17,21-29). The size of the libraries under
study (14,16,22,38,58) is nowhere near the possible 42 se-
quence variations of the spacers. Thus, the presence and
distribution of different motifs in the spacers varies depend-
ing on the actual sequences of the various spacers present
in the data sets. This randomly different distribution of
longer motifs can lead to the emergence of the apparent
one- and two-nucleotide long preferences that vary between
data sets.

The results indicate that the presence of an intact RAR
stem is required in the initial step of sgRNA loading, while
the integrity of the other stems is not (Figure 2). This is
interesting, since both RAR and SL1 stem are essential
for sgRNA functioning (2,4-6,55,59-62). With motifs com-
plementary to SL2 and SL3, SpCas9 appears to be func-
tional, despite the apparent capability of the motifs to dis-
rupt these stems. This is consistent with previous obser-
vations that the nuclease remains active in the absence of
SL2/SL3 stems (5,6,9). Nevertheless, it is not likely that
the nuclease is active while the SL2/SL3-spacer interaction
is maintained, since if the spacer-scaffold interactions dis-
rupt these stems, that implies that the function of the spacer
is also inhibited. Therefore, we speculate that interactions
with the protein may promote the formation of these stems
in the sgRNA when it is already associated with the Sp-
Cas9 via the intact RAR stem. These interactions may sta-
bilize and protect the nascent SL2 and SL3 stems from re-
binding the spacer motif, thus releasing the spacer sequence
for DNA binding and cleavage. Although the x-ray struc-
tures of SpCas9 reveal few protein interactions with the SL2
and SL3 stems, the fact that these stems are necessary for
robust activation in vivo and that they promote SpCas9-
sgRNA active complex formation supports this interpre-
tation (2,6,9,59,62-66). This picture is further nuanced by
the inhibition of prime editing by SL2-complementary mo-
tifs (Figure 6), suggesting that the SL2 stem is accessible
for complementary motifs when they are in the RTT, but
not in the spacer. In the case of SL1 the situation seems to
be different from RAR and SL2, as the motif sequence in
the spacer is able to form a bond with the SL1 sequence
in the structure, which is in turn inhibitory to DNA bind-
ing. Thus, although the SL1 stem gets disrupted by shorter
complementary motifs than the other scaffold stems, po-
tentially due to its smaller size/less stability, this is not the
only reason for its higher sensitivity. Motifs complementary
to the linker region, which does not have any secondary
structure, do not reduce SpCas9 activity. Thus, the higher
sensitivity of the SL1 stem, compared to the SL2 and SL3
stems, is presumably due to the easier accessibility of the
stem to the spacer in the formed protein-sgRNA complex.
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The above view is further supported by the observation
that RAR-complementary motifs can inhibit SpCas9 activ-
ity with a lower predicted disruption potential than SL1-
complementary motifs (Figure 1C), suggesting that protein
interactions grant extra stability to the SL1 stem. The ex-
tension of the stem reduces the resistance of the SL1 struc-
tural unit to the inhibitory effects of SL1-complementary
motifs, rather than increasing it. This is probably due to the
extended SL1 section not being stabilised by the protein,
and/or because it disrupts the existing interactions between
the protein and the SL1 unit without reducing the activ-
ity of SpCas9. In contrast, extending the stem increases the
Tm, which is needed for inhibition by RAR-complementary
motifs. This is consistent with the idea that inhibitory mo-
tifs may prevent the formation of the RAR stem before its
recognition by the protein.

We made a web tool (SCMF) for the identification of
spacer sequences that likely have diminished activity due
to spacer-scaffold interactions. The identified spacer se-
quences, however, could still be used in a sgRNA containing
a rescue scaffold.

Another important result of this work is the discov-
ery that sequences that are self-complementary within the
spacer and/or with the SL1 scaffold unit are present in the
vast majority of spacers of inactive SpCas9 RNP complexes
(Figure 5C). Interestingly, the proportion of inactive spac-
ers due to spacer-scaffold complementary interactions is
significantly lower amongst the poorly-edited mammalian
targets, indicating that factors other than spacers inactivity
are often the primary reasons for the inability of SpCas9 to
cleave efficiently in the more complex mammalian cellular
environment (13,62). Nonetheless, filtering out these inac-
tive spacer sequences is an important task, which is only met
to a limited extent by programs developed using machine
learning as it has small representation in the datasets used
to train the deep learning algorithms (Figure 5F) (22,38).

We also find it very interesting that the complementary
interactions between SL2 and RTT present in pegRNAs, in
contrast to the spacer-SL2 complementary interactions, are
inhibitory, even with short matches. This interaction does
not appear to affect nuclease activity, but it appears to in-
hibit RTT sequence function. This result suggests that the
SL2 stem is less protected from the effects of complemen-
tary motifs in the SpCas9 protein structure when they are
located in the RTT, 3’ from the scaffold, rather than in the
spacer in the 5 direction. More comprehensive approaches
(67-69) may provide a more complete understanding of
how complementary motifs in the RTT influence prime edit-
ing activity.

DATA AVAILABILITY

The codes of in-house software, RNAfold-wg and RNA-
subfold.pl script are deposited at Github: https://github.
com/welkergroup/rnafold-wg and Zenodo, https://doi.org/
10.5281/zenodo.7826599.

The Scaffold-Complementary Motifs Finder (SCMF)
web tool are available from scmf.welkergroup.hu.

The source data is available for each Figure in the Source
Data files.
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