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ABSTRACT

Prime editing systems have enabled the incorpora-
tion of precise edits within a genome without intro-
ducing double strand breaks. Previous studies de-
fined an optimal primer binding site (PBS) length
for the pegRNA of ~13 nucleotides depending on
the sequence composition. However, optimal PBS
length characterization has been based on prime
editing outcomes using plasmid or lentiviral expres-
sion systems. In this study, we demonstrate that
for prime editor (PE) ribonucleoprotein complexes,
the auto-inhibitory interaction between the PBS and
the spacer sequence affects pegRNA binding ef-
ficiency and target recognition. Destabilizing this
auto-inhibitory interaction by reducing the comple-
mentarity between the PBS-spacer region enhances
prime editing efficiency in multiple prime editing
formats. In the case of end-protected pegRNAs, a
shorter PBS length with a PBS-target strand melting
temperature near 37°C is optimal in mammalian cells.
Additionally, a transient cold shock treatment of
the cells post PE-pegRNA delivery further increases
prime editing outcomes for pegRNAs with optimized
PBS lengths. Finally, we show that prime editor ri-
bonucleoprotein complexes programmed with pegR-
NAs designed using these refined parameters effi-
ciently correct disease-related genetic mutations in
patient-derived fibroblasts and efficiently install pre-
cise edits in primary human T cells and zebrafish.
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INTRODUCTION

The correction of genetic mutations ex vivo or in vivo
has broad potential therapeutic application for a range
of human genetic diseases. A prime editor (PE) com-
posed of a Cas9 nickase (for SpyCas9-based systems
the H840A nickase) and an engineered reverse transcrip-
tase (typically MMLV-RT) can produce precise nucleotide
changes, sequence insertions and deletions (1). This inno-
vative technology neither induces double-stranded DNA
breaks nor requires a donor DNA template in conjunc-
tion with homology-directed repair to introduce precise se-
quence changes into the genome. Unlike base editing sys-
tems, which suffer from the challenge of bystander base con-
version in some sequence contexts (2), prime editing sys-
tems rewrite local sequences based on a co-delivered RNA
template sequence. Consequently, prime editors provide
a potentially revolutionary tool for somatic cell genome
editing.

Several versions of prime editors were originally de-
scribed for genome modification (1). The PE2 version
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utilizes an engineered MMLV-RT along with the Cas9 nick-
ase to rewrite genomic sequences in a targeted manner
through a multi-step process: (i) Cas9 target sequence recog-
nition through the spacer sequence encoded at the 5” end
of the pegRNA; (ii) nicking of the non-target DNA strand
upon R-loop formation; (iii) annealing of the free 3’ end of
the nicked DNA to the primer binding site (PBS) at the 3’ of
the pegRNA; (iv) MMLV-RT appending the sequence de-
fined by the reverse transcriptase template (RTT) region of
the pegRNA to the free 3> DNA end and (v) endogenous
DNA repair pathways incorporating the extended DNA
sequence into the genome, which can be facilitated by se-
quence homology (homology arm, HA) encoded within the
RTT. Multiple approaches can increase precise repair (suc-
cessful template-dependent prime editing) rates, including:
prime editors with improved efficiency (3-6), pegRNA de-
signs with improved stability (7-9), the introduction of a
nick (PE3 version) (1) or a second prime editor complex
editing the opposite DNA strand (9-13) and inhibition of
DNA repair factors (PE4 & PES versions) that disfavor
the incorporation of prime editor DNA products into the
genome (6,14).

Utilization of prime editing systems to enable genome al-
teration has been primarily focused on DNA (1,4,15), RNA
(6,8,16,17) or viral delivery (4,18-20). Prime editor protein
- pegRNA complexes (PE RNPs) have been successfully
employed in transformed cell lines, zebrafish embryos, pri-
mary human T cells and induced pluripotent cells (21,22).
However, in general precise editing rates in these studies
(21,22) were modest (~10%) compared to the editing rates
that have been achieved by other delivery methodologies
(1,8,14). Here, we report that the inherent complementarity
between the PBS and spacer sequence within the pegRNA
restricts the efficiency of prime editing. This complemen-
tarity can extend into the first three nucleotides (nt) of the
RTT region if it is identical to the DNA target site. Be-
cause RNA-RNA duplexes are typically more stable than
RNA-DNA duplexes (23) and due to the intramolecular
nature of the association between the spacer and PBS re-
gions of the pegRNA, the formation of a PBS—spacer RNA
duplex can prevent the prime editor from forming an R-
loop at its target site. Finding the correct balance between
PBS length and pegRNA sequence composition is critical
to maximize prime editing activity by reducing the inher-
ent ‘auto-inhibition” within the pegRNA sequence compo-
sition. We demonstrate that reducing the complementarity
between the PBS and spacer sequences by reducing PBS
length can broadly improve prime editing activity in the
context of prime editor protein complexed with synthetic,
end-protected pegRNAs across multiple target sites and
multiple cell types.

MATERIALS AND METHODS
General methods and molecular cloning

To generate pegRNA expression plasmids, gblocks or PCR
products including spacer sequences, scaffold sequences
and 3’ extension sequences (RTT, PBS & pseudoknot)
were amplified with indicated primers (Supplementary ta-
ble) using Phusion master mix (ThermoFisher Scientific,
#F-548L). These amplicons were subsequently cloned into
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the sgRNA, pegRNA or epegRNA U6 expression vec-
tors (Addgene, #122089) by the Gibson assembly method
(NEB, #E2611L). To generate sgRNA expression plasmids,
annealed oligos were cloned into BfuAlI-digested vectors.
To generate pegRNA and epegRNA expression plasmids,
BfuAl and EcoRI digested vectors were used. Sequences
of all pegRNA, epegRNAs and sgRNAs are listed in the
Supplementary table. All plasmids used for transfection
experiments were purified using PureLink™ HiPure Plas-
mid Midiprep Kit including endotoxin removal step (Ther-
moFisher scientific,#K210005). pCMV-PEmax was a gift
from David Liu (Addgene plasmid #174820). To generate
PEmax protein expression vector (pET-21a-PEmax-6His),
Primers were used to amplify the SpCas9-H840A and M-
MLV ORFs from PEmax backbone, and then cloned into
the bacterial expression plasmid pET-21a vector by Gibson
assembly.

Small RNA sequencing

The immunoprecipitation protocol (IP) was adapted from
the ChIP protocol described by the Castillo laboratory
(24). HEK293T cells (107 cells) were plated in 10cm cul-
ture dishes and transfected with the prime editor compo-
nents (10 pg of PEmax or Cas9 vector harboring an HA-
tagand 5 pg of pegRNA or epegRNA) using Lipofectamine
3000 (Invitrogen, #1.3000001), as per manufacturer’s in-
structions. After 48 h the cells were harvested and for the
IP of effector-bound RNAs, cross-linked in 1% formalde-
hyde for 20 min at room temperature. The cells were then
lysed using Pierce™ IP Lysis Buffer (Thermofisher scien-
tific, #87788). Immunoprecipitation of the Cas9 or PE RNP
was carried out using anti-HA tag antibody—ChIP Grade
(Abcam, #ab9110) overnight at 4°C. Antibody bound RNP
complexes were isolated using Dyna magnetic beads (Life
Technologies, #10004D). The immunoprecipitated RNP
complex was then reverse cross-linked overnight at 65°C.
DNasel (NEB, #M0303S) and proteinase K (Thermofisher
Scientific, #25530049) treatment was carried out at 37°C
to remove the protein and DNA. The RNA (pegRNA or
epegRNA) was then purified using the Monarch@ RNA
Cleanup Kit (NEB, #T2050L). The small RNA library was
built by a protocol adapted from the Illumina TruSeq small
RNA library protocol described by the Zamore laboratory
(25). Detailed protocol for immunoprecipitation and small
RNA library preparation can be found in the Supplemen-
tary protocol. The small RNA library was then analyzed by
deep sequencing.

In vitro transcription of PEmax mRNA used in HEK293T,
fibroblast cells and T cell experiments

PEmax coding region was cloned into an mRNA vector en-
coding an T7 promoter followed by a 5° untranslated re-
gion (UTR), Kozak sequence, multiple cloning sites (MCS),
and a 3> UTR with a 125-nt poly(A) tail (26). To pro-
duce mRNA, the vector was linearized by Pmel (NEB,
R0560S)digestion that cleaves after the polyA tail. PEmax
mRNA was transcribed from 500 ng purified linearized
template using the HiScribe T7 High-Yield RNA Synthe-
sis Kit (NEB, E2040S) with co-transcriptional capping by
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CleanCap AG (TriLink Biotechnologies, N-7413-5) and
full replacement of UTP with N1-Methylpseudouridine-5’-
triphosphate (TriLink Biotechnologies, N-1081-5). After 1
h of in vitro transcription, the DNA template was digested
by 1 wl DNase I (ThermoFisher Scientific, EN0521) for 15
min. Transcribed mRNAs were purified by RNA Clean &
Concentrator-25 kit (Zymo Research, R1018) and then the
purified mRNA was dissolved in nuclease-free water. The
resulting PEmax mRNA was quantified with a NanoDrop
One UV-Vis spectrophotometer (ThermoFisher Scientific)
and was stored at —80°C.

PEmax protein purification

PEmax protein purification protocol was adapted from
a previously described protocol for 3x-NLS-SpCas9 (27).
pET-21a-PEmax-Hiss (Supplementary Figure S12) was in-
troduced into Escherichia coli Rosetta2(DE3)pLysS cells
(EMD Millipore, #71403) for protein overexpression. Cells
were grown at 37°C to an ODyg of ~0.6, then pre-chilled in
an ice bath for 10 min and shifted to 18°C. At an ODg of
~0.8 the cells were induced for 16 h with IPTG (0.7 mM fi-
nal concentration). Following induction, cells were pelleted
by centrifugation and then resuspended with Nickel-NTA
buffer (20 mM TRIS + 1 M NaCl + 20 mM imidazole + 1
mM TCEP, pH 7.5) supplemented with HALT Protease In-
hibitor Cocktail, EDTA-Free (100x) (ThermoFisher scien-
tific, #78439) and lysed with LM-20 Microfluidizer (Mi-
crofluidics) following the manufacturer’s instructions. The
protein pellet was then purified with Ni-NTA resin in batch
mode and eluted with elution buffer (20 mM TRIS, 500
mM NacCl, 250 mM Imidazole, 10% w/v glycerol, pH 7.5).
The PEmax protein was dialyzed overnight at 4°C in 20
mM HEPES, 500 mM NaCl, 1 mM EDTA, 10% w/v (8%
v/v) glycerol, pH 7.5. Subsequently, The PEmax protein
was step dialyzed from 500 mM NaCl (overnight, 12-18
h) to 200 mM NaCl (2 h; Final dialysis buffer: 20 mM
HEPES, 200 mM NaCl, | mM EDTA, 10% w/v glycerol,
pH 7.5). Next, the PEmax protein was purified by anion
and cation exchange chromatography (Cytiva, #17515601
& #17115201) with the columns stacked in series. The an-
ion exchange column was stacked first to remove nucleic
acid contaminants. After loading, this column is removed
and the PEmax protein is eluted from the cation exchange
column by a salt gradient (Buffer A = 20 mM HEPES pH
7.5+ 1 mM TCEP, Buffer B=20mM HEPESpH 7.5+ 1M
NaCl + 1 mM TCEP, Flow rate = 5 ml/min, CV = column
volume = 5 ml). The primary prime editor protein peak was
dialyzed into 20 mM HEPES pH 7.5, 300 mM NaCl and
then was concentrated to ~30uM-70uM using Amicon(®)
Ultra-15 Centrifugal Filter Unit 100k MWCO (Millipore,
UFC910024). We observed some protein aggregation dur-
ing the concentration procedure indicating challenges with
protein solubility and therefore for most of our preps we
stop the concentration around 30 uM to preserve protein
yield.

In vitro cleavage assay conditions

For the Cas9 nuclease cleavage assay with pegRNA, 10
pmol of pegRNA or sgRNA was added to 5 pl of nucle-
ase free water and then 5 pmol of Cas9 in its storage buffer

(20mM HEPES and 150mM NaCl, pH 7.4) was added
to this solution and incubated at room temperature for 20
min for the RNP complex formation. For reactions with
competing oligonucleotide, the pegRNA and the competing
oligo (50 pmol) were heated together to 95°C and allowed to
cool at room temperature for 5 min before complexing with
Cas9 nuclease as described above. Following RNP complex
formation, 2 ul of CutSmart®) buffer (NEB #B6004) and
500 ng of PCR product containing the target sequence was
added to the Cas9 RNP. (The PCR products were labelled
with Cy5 by performing PCR with a 3’ primer that is Cy5
labelled for experiments in Supplementary Figure S2). Fi-
nally, nuclease free water was added to the reaction to bring
the total reaction volume to 20 wl. The cleavage reaction
was then incubated at 37°C for 20 min followed by pro-
teinase K treatment for 10 min to stop the cleavage reaction
and to digest away the Cas9 that is bound to the DNA ends.
The reaction was then run on a 2% agarose gel to observe
the cleaved products. To examine the relative binding affin-
ity of Cas9 for a pegRNA or sgRNA, we set up an in vitro
competition-based cleavage assay. Here we first load 5 pmol
of Cas9 nuclease with either 10 pmol of mCherry pegRNA
or 10 pmol mCherry sgRNA. After allowing the RNP com-
plex to equilibrate at room temperature for 20 min, we add
10 pmol of the competing AAVS1 sgRNA and carry out the
in vitro digestion of the appropriate PCR product under the
same buffer conditions and temperature as described above.

Culture conditions for immortalized cell lines and patient de-
rived fibroblasts

HEK293T cells and U20S cells were purchased from
ATCC. RPE-1 cells were a gift from the Sharon Cantor lab.
A HEK293T based cell line that contains the MECP?2 edit-
ing locus with some common Rett syndrome mutations was
constructed as described in our recent work (46). Patient
derived fibroblasts containing the T158M mutation were a
gift from the Rett Syndrome Research Trust. All cells were
maintained in Dulbecco’s Modified Eagle’s Medium supple-
mented with 10% FBS at 37°C and 5% CO, unless otherwise
noted.

Transfection of HEK293T and U20S cells

To define unsaturated prime editing conditions for compar-
ison of the activity of various pegRNAs, a series of prime
editing reactions were tested where the amount of PEmax
plasmid (100, 200, 400, 600, 800, 1000 ng) and pegRNA
plasmid (50, 100, 200, 300, 400, 500 ng) were delivered by
transfection to HEK293T cells keeping the ratio of PE-
max:pegRNA at 2:1 (Supplementary Figure S3a). A ratio
of 200 ng PEmax plasmid to 100 ng pegRNA was cho-
sen for editing activity comparisons. For transfection-based
editing experiments, HEK293T and U20S cells were plated
40000 cells per well in a 48-well plate. 24 h later, the cells
were co-transfected with 200 ng of prime editor plasmid,
100 ng of pegRNA plasmid. Lipofectamine 3000 (Invitro-
gen, #L.3000001) was used for the transfection according to
the manufacturer’s instructions. To determine editing rates
at endogenous genomic loci, cells were cultured 3 days fol-
lowing transfection, after which the media was removed, the



cells were harvested, and genomic DNA was isolated using
QIAamp DNA mini kit (QIAGEN, #56604) according to
the manufacturer’s instructions. The editing rates were then
determined by targeted amplicon deep sequencing or by a
flow cytometry in the case of the mCherry or TLR-MCV1
reporter lines (Supplementary Figure S13).

Electroporation of HEK293T, U20S, RPE-1 and fibroblast
cells

PEmax mRNA - sgRNA mixtures or RNPs were delivered
by electroporation using the NEON Nucleofection System
10 wl kit (Invitrogen, MPK 1096). For PEmax mRNA edit-
ing experiments, 100k cells were pelleted at 300 g for 5 min
and resuspended in NEON Buffer R. The cell solution was
combined with a mixture of 1 g PEmax mRNA, 100 pmol
synthetic pegRNA (IDT) (Supplementary table) in R buffer
from the NEON nucleofection kit (Invitrogen, MPK1096).
In case of a PE3 editing approach, 50 pmol of synthetic
nicking sgRNA (IDT) was added to the mixture of 1 g
PEmax mRNA and 100 pmol of synthetic pegRNA (IDT).
The NEON Nucleofection System (Invitrogen) was used for
electroporation with 10 wl tips (HEK293T: 1150 V, 20 ms,
2 pulses; U20S: 1200 V, 20 ms, 2 pulses; RPE-1: 1350 V, 20
ms, 2 pulses and fibroblasts: 1200 V, 30 ms, 2 pluses). For
RNP based editing experiments, 50 pmol of PEmax protein
was incubated with 200 pmol of pegRNA and 15 pmol of
nicking sgRNA (150 pmol of PE protein with 600 pmol of
pegRNA and 45 pmol of nicking sgRNA were used in case
of fibroblasts) in R buffer to a total volume of 10 wl for 15
min at room temperature. Then 100k cells were electropo-
rated with 10 pl of PEmax RNP complex using the same
electroporation conditions described above for mRNA nu-
cleofection. gDNA was isolated 3 days after electroporation
from each group and stored at —80°C for Illumina library
preparation.

Prime editing experiments in human primary CD4* T cells

To generate primary CD4" T cells, peripheral blood
mononuclear cells (PBMCs) were isolated from human
donor leukopaks (source) by gradient centrifugation on
lymphoprep (Stemcell Technologies, cat#07861). There-
after, PBMCs were depleted of CD14 mononuclear cells
using anti-CD14 microbead antibodies (Miltenyi Biotec,
cat#130-050-201) and the flowthrough was enriched for
CD4* T cells by positive selection using anti-CD4 mi-
crobead antibodies (Miltenyi Biotec, cat#130-045-101).
CD4" T cell enrichment was confirmed by determining
the percentage of CD3*/CD4* cells via flow cytometry.
Isolated CD4* T cells were cultured in complete RPMI-
IL2 media (RPMI-1640 media (Thermofisher Scientific,
cat #11875093) supplemented with 10% heat-inactivated
Cosmic Calf Serum (GE lifesciences, cat #SH30087.03), 25
mM HEPES pH 7.2 (Corning, cat #25-060-CI), 20 mM
GlutaMAX (Gibco, cat#3505-061), 1 mM Sodium pyru-
vate (Corning, cat#25-000-CI), 1X MEM non-essential
amino acids (Corning, cat#25-025-CI), 1% penicillin-
streptomycin(Gibco, cat#15140-122), and 1:2000 human
interleukin-2 (made in-house from IL-2 expressing cell line).
Three days prior to electroporation, primary CD4* T cells
were activated with anti-CD3/CD28 antibodies (Stemcell
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Technologies, cat#10971). 150 pmol of PE protein with 600
pmol of pegRNA (IDT) and 45 pmol of nicking sgRNA
(IDT) were used for RNP complex formation. 1e6 activated
primary CD4* T cells were electroporated with prime edit-
ing RNPs using the P3 primary cell nucleofector kit (Lonza
Biosciences, cat #V4XP-3032) and program EH-115 on an
Amaxa 4D-Nucleofector. The CD4" T cells were allowed to
recover for 72 h at 37°C with or without cold shock before
genomic DNA is extracted using the Qiagen QiAamp DNA
Blood Mini Kit (Qiagen, cat #51104).

Cold shock treatment for cells post-electroporation

Post nucleofection of the PE mRNA or PE RNP, the cells
were moved to an incubator set at 30°C and 5% CO, for
12-16 h. After which, the cells were moved back to 37°C
and 5% CO;. 72 h post nucleofection, genomic DNA was
harvested from the cells using the QIAamp DNA mini kit
(QIAGEN, #56604).

Zebrafish prime editing experiments

Zebrafish were maintained and bred according to standard
protocols set by University of Massachusetts Chan Med-
ical School Institutional Animal Care and Use Commit-
tee. Zebrafish embryos obtained from EK (WT) wild-type
in-crosses were used for one cell-stage microinjections of
PE RNPs. Prior to injections the tek target sequence was
verified by Sanger sequencing. For PE2, 12 wM pegRNA
(synthesized by IDT) and 6 wM PE protein were combined
in nuclease-free water. For PE3 a nicking sgRNA (syn-
thesized by IDT) was added to the PE2 complex at a 1
to 10 nicking sgRNA to pegRNA molar ratio. Complexes
were incubated at room temperature for 5 min and then 2
nl was injected into single-cell embryos. Injected embryos
were incubated at 28.5°C overnight. Twenty-four h post
injection embryos were assessed for toxicity and genomic
DNA was extracted from 20 normally developing embryos
using the Qiagen DNeasy Blood and Tissue kit (Qiagen,
#69506). Injections were performed in three independent
replicates.

Targeted amplicon deep sequencing to assess editing rates

Genomic DNA was isolated for prime editing analysis
from treated cells or zebrafish embryos. Genomic loci
spanning each target site were PCR amplified with locus-
specific primers carrying tails complementary to the Truseq
adapters. 200 ng of genomic DNA was used for the
first PCR using Phusion master mix (ThermoFisher Scien-
tific, # F-548L) with locus specific primers that contain i5
ori7 complementary tails. PCR products from the first PCR
were used for the second PCR with 15 primers and i7 primers
to complete the adaptors and include the i5 and i7 indices.
All primers used for the amplicon sequence are listed in
Supplementary table. PCR products were purified with Am-
pure beads (0.9x reaction volume) and eluted with 25 ul
of TE buffer and were quantified by Qubit. Equal molar
ratios of each amplicon were pooled and sequenced us-
ing an Illumina Miniseq. Amplicon sequencing data was
analyzed with CRISPResso (https:/crispresso.pinellolab.
partners.org/) (28). Briefly, demultiplexing and base calling
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were both performed using bel2fastq Conversion Software
v2.18 (Illumina, Inc.), allowing 0 barcode mismatches with
a minimum trimmed read length of 75. Alignment of se-
quencing reads to each amplicon sequence was performed
using CRISPResso2 in standard mode using the parameters
“-q 30”. For each amplicon, the CRISPResso2 quantifica-
tion window was positioned to include the entire sequence
between pegRNA- and nicking sgRNA-directed Cas9 cut
sites, as well as an additional 10 bp beyond both cut sites.
For quantification of PE activity at the target site, editing
efficiency was calculated as the percentage of reads with the
desired edit without indels (“-discard_indel_reads TRUE.”
mode) out of the total number of reads ((number of de-
sired edit-containing reads)/(number of reference-aligned
reads)). For all experiments, other editing outcomes (includ-
ing indels and imprecise prime editing) was calculated as
the number of discarded reads divided by the total num-
ber of reads ((number of indel-containing reads)/(number
of reference-aligned reads)). The intended editing rate is the
number of reads containing precise prime editing out of the
total number of reads.

Statistical analyses

Statistical analyses for plotted data were performed using
GraphPad Prism 8.4. In all studies, data represent biolog-
ical replicates (n) and are depicted as mean =+ s.d. as indi-
cated in the figure legends. Comparison of mean values was
conducted with unpaired (except for Supplementary Figure
S11), two-tailed Student’s z-test; one-way ANOVA; or two-
way ANOVA with Tukey’s multiple comparisons test, as in-
dicated in the figure legends. In all analyses, P values <0.05
were considered statistically significant.

Data availability /sequence data resources

Illumina Sequencing data have been submitted to the Se-
quence Read Archive. These datasets are available under
BioProject Accession number PRINA907921 (https://www.
ncbi.nlm.nih.gov/bioproject/?term=PRIJNA907921) (SRA
number: SRR23012416-SRR23012421). The authors de-
clare that all other data supporting the findings of this study
are available within the paper and its Supplementary Infor-
mation files or upon reasonable request. Backbone plasmids
used for pegRNA and sgRNA cloning are available from
Addgene (#122089). The PEmax protein expression vector
will be deposited with Addgene.

Web sites/data base referencing/programs

CRISPResso (https://github.com/pinellolab/
CRISPRess02)
BWA (v0.7.17) (https://github.com/lh3/bwa)

Samtools (vl.16.1) (https://github.com/samtools/
samtools)

umi_tools (v1.1.2) (https://umi-tools.readthedocs.io/en/
latest/)

Aravind J, Krishna GK (2022). rmelting: R Interface to
MELTING 5. R package version 1.14.0 (https://aravind-j.
github.io/rmelting/)

GraphPad Prism 8.4

RESULTS

The PBS and spacer region interaction within the pegRNA
limits prime editing activity

The bacterial expression and purification of prime editor
(PE) protein has been described by the Joung and Yeh lab-
oratories (21). We made modifications to the nuclear lo-
calization signal (NLS) sequences within the standard PE
protein to improve its nuclear localization potential and in-
cluded two additional point mutations from the PEmax ar-
chitecture to improve the nickase activity (4,6,27). We then
expressed and purified the PE protein from bacteria (Fig-
ure 1A, Supplementary Figure Sla). We complexed the pu-
rified PE protein with synthetic, end-protected pegRNAs
(PE RNPs) that were designed based on sequence com-
position parameters recommended by prior studies (1,29).
However, initial tests of PE RNPs delivered by electropora-
tion to HEK293T cells yielded modest precise editing rates
when employing pegRNAs with PBS lengths ~13 nt (Sup-
plementary Figure S1b-e). Previous studies using plasmid
or lentiviral expression systems defined an optimal PBS
length for the pegRNA of ~13 nt in mammalian cells when
the AeT and GeC distribution is relatively uniform (1,29).
pegRNAs under those assay conditions were expressed en-
dogenously via a U6 promoter and are subject to 3’ degra-
dation (8). The PBS sequence is present at the 3’ end of the
pegRNA, and so could be susceptible to truncation. We hy-
pothesized that, in the case of chemically synthesized, end-
protected pegRNAs, the PBS length requirements for opti-
mal prime editing activity would be different from plasmid
expressed pegRNAs. In particular, the optimal PBS length
would reduce the complementarity between the spacer-PBS
region to increase the rate of target recognition, nicking and
RT priming.

To test the level of auto-inhibition that is inherent in
pegRNA structure (7) (Figure 1b, Supplementary Figure
S2a), we performed an in vitro DNA cleavage assay with
SpCas9 nuclease complexed with synthetic pegRNAs. Sp-
Cas9 programmed with a pegRNA containing a standard
13 or 14 nt PBS was inactive for DNA cleavage (Supple-
mentary Figure S2b, ¢). Inhibition was due to the PBS se-
quence, as introduction of an oligonucleotide complemen-
tary to the PBS-RTT region of the pegRNA restored DNA
cleavage activity (Supplementary Figure S2a-c). Interest-
ingly, including a competing oligonucleotide that is comple-
mentary only to the PBS region was not sufficient to over-
come the auto-inhibition interaction at the concentration
tested, which may be due in part to additional homology
between the last three nucleotides of the RTT and spacer
sequence and the intramolecular interaction of the spacer-
PBS region within the pegRNA. Thus, in vitro, the cleavage
activity of Cas9 can be restricted by the pegRNA sequence
composition within the PBS region.

Synthetic pegRNAs with shorter PBS lengths increase prime
editing efficiency of PE RINPs at endogenous loci

To examine the impact of the auto-inhibition interaction be-
tween the spacer and PBS sequence on PE activity, we tested
the editing efficiency of a series of pegRNAs with different
PBS lengths. We performed initial tests of these pegRNA
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Figure 1. PE2 editing efficiency as a function of pegRNA PBS length at three genomic sites in HEK293T cells using three different delivery platforms.
(A) Architecture of the PEmax protein expression construct. (B) The PBS and spacer sequence within the pegRNA are complementary to each other and
can potentially form intramolecular and intermolecular interactions through Watson—Crick base pairing. The complementarity can extend into the first 3
nt of the RTT region if it is identical to the DNA target site (this region is highlighted in the spacer sequence in red). (C-E) Conversion of a stop codon
(TAG) to glutamine (CAG) by prime editing to restore function to a mCherry reporter in HEK293T cells (4). Frequencies of mCherry positive cells were
quantified by flow cytometry 72 h following treatment. (C) 200 ng PEmax plasmid and 100 ng pegRNA plasmid were used for transient transfection; (D)
1 pg PEmax mRNA and 100 pmol pegRNA were used for mRNA nucleofection; and (E) 50 pmol PEmax protein and 200 pmol pegRNA were used for
RNP nucleofection. One-way ANOVA was used to compare all the groups for each graph, PBS14 was used as a control column for multiple comparisons.
ns indicates P > 0.05, ** indicates P < 0.01, *** indicates P < 0.001 and **** indicates P < 0.0001 (also see Supplementary table). (F-G) PE-specified
intended substitution (GeC to TeA transversion) at the +5 position of FA Complementation Group F (FANCEF) site or other editing outcomes (indels
and imprecise prime editing is combined). (F) 200 ng PEmax plasmid and 100 ng pegRNA plasmid were used for transient transfection; (G) 1 pg PEmax
mRNA and 100 pmol pegRNA were used for mRNA nucleofection; and (H) 50 pmol PEmax protein and 200 pmol pegRNA (from IDT) were used for
RNP electroporation. Cells were harvested 72 h following treatment. One-way ANOVA was used to compare the intended edit across all the groups for
each graph, PBS13 was used as a control column for multiple comparisons. ns indicates P > 0.05, ** indicates P < 0.01, and **** indicates P < 0.0001
(also see Supplementary table).



6972 Nucleic Acids Research, 2023, Vol. 51, No. 13

designs in HEK293T cells on an mCherry reporter that con-
tains a premature TAG stop codon that prevents translation
of a functional protein (4) (Supplementary Figure S1b). We
evaluated the prime editing efficiencies in the PE2 format
for pegRNAs with different PBS lengths using three differ-
ent delivery platforms (transfection of expression plasmids
encoding the prime editor and pegRNA, or electroporation
of PE mRNA or RNP with synthetic pegRNA). Consis-
tent with prior studies (1) for plasmid-encoded prime edi-
tor components, the 14 nt PBS had the highest editing ef-
ficiency (Figure 1C). However, for PE mRNA or RNP de-
livered with synthetic pegRNAs, shorter PBS lengths pro-
vided higher activity, where the 7 nt PBS afforded the high-
est prime editing efficiency for both mRNA- and RNP-
based systems (Figure 1D and E). Consistent with the in-
creased prime editing rates observed when employing pegR -
NAs with a shorter PBS length, Cas9 nuclease activity in the
in vitro DNA cleavage assay was also increased with these
pegRNAs suggesting that auto-inhibition is reduced by
the shorter PBS-spacer complementarity (Supplementary
Figure S2d).

Motivated by our observations in the mCherry reporter
cell line, we designed a series of pegRNAs with different
PBS lengths for the previously described nucleotide sub-
stitution (+5 G to T) at the FANCEF locus (1,21) (Supple-
mentary Figure S1c). We observed the highest prime editing
efficiency in the PE2 format when using a plasmid expres-
sion system under unsaturated conditions for the pegRNA
with a 10 nt PBS (Figure 1F, Supplementary Figure S3a),
whereas the highest prime editing efficiency when deliver-
ing PE mRNA or RNP with a synthetic pegRNA occurred
with a 7 nt PBS (Figure 1G, H, Supplementary Figure S3d).
Consistent with the prime editing activity outcome, the in
vitro DNA cleavage assay using Cas9 nuclease programmed
with the 7nt PBS pegRNA targeting the FANCEF site dis-
played higher activity (Supplementary Figure S2c¢).

To determine if the observed trend for PBS length applies
to other target site sequence compositions for PE RNPs, we
evaluated the optimal PBS length for prime editing activ-
ity at two A/T-rich endogenous target sites, MECP2 and
BCLI11A. At MECP2 we used PE2 to correct a common
point mutation (T158M) associated with Rett syndrome,
an X-linked neurological disorder (30). The pegRNA PBS
length series included a longer PBS (17 nt) based on the de-
sign parameters described by Anzalone and colleagues for
A/T-rich target sites (1). Consistent with our prior evalu-
ation of PE RNPs programmed with synthetic pegRNAs,
shorter PBS lengths displayed higher rates of precise repair
with a 10 nt PBS achieving maximum efficiency (Supple-
mentary Figure S4a, b). At BCL11A we used PE2 to disrupt
the GATA binding motif within the BCL11A erythroid en-
hancer that results in the induction of fetal y-globin in ery-
throid progenitors and can ameliorate B-globinopathies like
sickle cell disease and B-thalassemia (27,31). We designed
pegRNAs with different PBS lengths designed to delete 3 bp
from the GATA1 binding motif. Again, our results showed
that for PE2-type RNPs, a pegRNA with a shorter PBS
length (10 nt) creates the 3bp deletion more efficiently than
the pegRINA with a longer PBS length (Supplementary Fig-
ure S4a, c). Together, these results suggest that pegRNAs
with shorter PBS lengths can broadly improve PE efficacy

when employing an RNP format programmed with syn-
thetic pegRNAs.

Shorter PBS lengths are preferred for plasmid expression sys-
tems that generate 3’ end protected epegRNAs

Based on our observation that the prime editor mRNA and
RNP systems achieve higher rates of editing with shorter
PBS lengths than plasmid expression systems (Figure 1c-h),
we speculated that this dichotomy arises from the suscep-
tibility of plasmid-expressed pegRNAs to 3’-exonuclease
degradation (8). To address the 3’ degradation issue, the
Liu laboratory developed an engineered pegRNA (epe-
gRNA) wherein they appended a 3’ pseudoknot structure
to stabilize the pegRNA sequence, which increased the ef-
ficiency of prime editing (8). They demonstrated by north-
ern blot that although both pegRNAs and epegRNAs pro-
duced from plasmid expression systems are truncated in
cells to varying degrees to a species of similar length to an
sgRNA, epegRNAs are more stable than pegRNAs when
exposed to cell lysates containing exonucleases. We hypoth-
esized that the optimal PBS length would be shorter for
epegRNAs produced from a plasmid expression system
since they are 3’ end-protected similar to chemically syn-
thesized pegRNAs. To explore the impact of PBS length
on prime editing efficiency with epegRNAs, we built two
epegRNA plasmid expression vectors for the FANCF tar-
get site (FANCF + 5G—T), one with a 13 nt PBS and an-
other with a 7 nt PBS. We observed higher precise editing
rates for the epegRINA with the 7 nt PBS, which is consis-
tent with the observations of prime editing with the chemi-
cally synthesized pegRNA at this site (Supplementary Fig-
ure S3e). Similarly, prime editing with an epegRNA con-
taining a 7 nt PBS was superior to its longer PBS counter-
part when targeting the stop codon in the mCherry reporter
cell line (Supplementary Figure S3f). Thus, two different
forms of pegRNA 3’ end-protection (chemical modification
and RNA pseudoknot) yield similar changes in the optimal
PBS length for prime editing.

3’ truncated species compete with full length pegRNA for
loading onto the prime editor protein

The 3’ truncation of pegRNAs or epegRNAs expressed
from plasmid could produce a distribution of species with
different lengths. To examine the distribution of 3’ sequence
lengths for U6 promoter-expressed pegRNA and epegRNA
species and their relative loading distribution on prime ed-
itors, we performed small RNA-seq analysis on the total
pegRNA and epegRNA population within the cell (Bulk),
and of the pegRNA and epegRNA bound to the immuno-
precipitated prime editor protein (Figure 2A). To elimi-
nate the possibility that the RNaseH activity of MMLV-
RT participates in the truncation of the pegRNA and epe-
gRNA, we also performed pegRNA immunoprecipitation
with Cas9 nuclease. Small RNA-seq on the bulk pegRNA
and epegRNA species revealed that the majority of prod-
ucts were full-length or nearly full-length (Figure 2B, Sup-
plementary Figure S6, Supplementary Figure S7). However,
we observed that the distribution of prime editor (or Sp-
Cas9) bound pegRNA and epegRNA species were enriched
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Figure 2. Small RNA-seq analysis of different pegRNA species bound to the Prime editor in HEK293T cells. (A) Schematic for the small RNA-seq library
preparation. Briefly, HEK293T cells were transfected with plasmids encoding one of two effectors (SpCas9 or PEmax), and one guide RNA (sgRNA,
pegRNA or epegRNA). Cells were harvested after 2 days, crosslinked and then lysed for total RNA isolation. To sequence the bound pegRNA or epegRNA
population, the SpCas9 or PEmax protein (containing 3xHA-tag) was immunoprecipitated then crosslinking was reversed to purify the bound RNA. This
was followed by 3° DNA adapter ligation (3” adapter contains 15 bp UMI sequence) to the purified RNA, cDNA synthesis and two rounds of PCR to
add sequencing adapters. The final library was deep sequenced and analyzed. A detailed protocol is present in the methods section. (B) Bulk or effector-
bound RNA species present from each treatment group. ‘Bulk’ indicates sequencing of the sgRINA /pegRNA present in the cell without IP pulldown to
examine the sgRNA/pegRNA 3’ sequence lengths irrespective of whether it is bound to SpCas9 or PEmax. The length of the PBS in the pegRNA (7 or
13 nt) is indicated in the name. Small RNAs were categorized into six species based on the length of 3’ truncation: full-length pegRNA, pegRNA with
truncated but potentially functional PBS (>7 nt remaining), pegRNA with truncated likely insufficient PBS (<7 nt), pegRNA with truncated RTT, and
pegRNA with truncated sgRNA scaffold. Abundance of each RNA species was calculated based on UMIs incorporated into the 3’ adaptor from the small
RNA-seq library (see Supplementary Figure S7 for IGV plots). (C) RNP-mediated PE3 editing efficiencies in mCherry reporter cell line with different
ratio of pegRNA:nicking sgRNA. The amount of PEmax protein (50 pmol) and pegRNA (200 pmol; IDT) was held constant while increasing the amount
of nicking sgRNA (IDT) delivered by electroporation. Frequency of mCherry positive cells was quantified by flow cytometry 72 h following treatment.
One-way ANOVA was used to compare all the groups for each graph, PE2 was used as a control column for multiple comparisons. ns stands for P > 0.05,
* indicates P < 0.05,** indicates P < 0.01, and **** indicates P < 0.0001 (also see Supplementary table). (D, E) RNP-mediated PE3 editing efficiencies
at the specified positions for (D) FANCF (+5 G to T) and (E) HEK4 (+5 G to T) loci in HEK293T cells. The amount of PEmax protein (50 pmol) and
pegRNA (200 pmol; IDT) was held constant while increasing the amount of nicking sgRNA (from IDT) delivered by electroporation. Editing efficiency
reflects the frequency of sequencing reads from amplicon deep sequencing that contain the intended edit or others (indels and imprecise prime editing)
among all sequencing reads. Values and error bars reflect mean + s.d. of n = 3 independent biological replicates. One-way ANOVA was used to compare
the intended edit across all the groups for each graph, PE2 was used as a control column for multiple comparisons. ns indicates P > 0.05, * indicates
P < 0.05,** indicates P < 0.01, and **** indicates P < 0.0001 (also see Supplementary table).
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for truncated products. For both 13 nt PBS and 7 nt PBS
pegRNAs, there is an increase in the fraction of truncated
products that are bound relative to the bulk populations
(Figure 2B). For the 13 nt PBS epegRNA, only ~30% of the
population loaded on the prime editor protein contain the
intact PBS, whereas for the 7 nt PBS epegRNA, ~60-80%
of the population loaded on the prime editor protein con-
tain the intact PBS (Supplementary Figure S6, Supplemen-
tary Figure S7). In fact, a greater fraction of bound trun-
cated species was observed for the epegRNAs than the pe-
gRNAs (Figure 2B, Supplementary Figure S6, Supplemen-
tary Figure S7). This could be in part because an epegRNA
has lower binding affinity than a pegRNA to Cas9 (8). Re-
gardless, it is evident that truncated species compete with
full-length pegRNA for binding to the prime editor protein
or Cas9 nuclease, which would reduce the number of active
prime editing complexes and could produce non-productive
editors that can bind and nick the target site but cannot ini-
tiate prime editing.

The ratio of nicking sgRINA and pegRINA affects the efficacy
of PE3

Since we observed that the truncated species outcompete
full length pegRNAs, we questioned whether this would
also affect the PE3 approach when an sgRNA is co-
delivered with the pegRNA. This could especially affect
PE3 RNP complex formation where the amount of PE pro-
tein provided is limited and guide RNAs are typically pro-
vided in excess. To test if the sgRNA will load on to the
protein preferentially over the pegRNA, we designed an
in vitro competition-based cleavage assay (Supplementary
Figure S5a). We loaded Cas9 nuclease with an excess of ei-
ther mCherry pegRNA or mCherry sgRNA to form their
respective RNP complexes. Next, a competing sgRNA tar-
geting the AAVS1 locus was added to the binding reaction
before carrying out the in vitro digestion reaction with either
the mCherry or AAVSI target site. Since Cas9 cleavage of
DNA in vitro is end-product inhibited (32), the amount of
Cas9 complex loaded with each guide RNA can be assessed
in the presence of excess DNA target. If the Cas9 nuclease
has a lower binding affinity for the pegRNA compared to
the sgRNA, the AAVSI sgRNA will probably be preferen-
tially bound to Cas9 even when preloaded with the mCherry
pegRNA. When the mCherry sgRNA is pre-equilibrated
with Cas9 and then competed with the AAVS] sgRNA,
the resulting complex has only modest cleavage activity on
an AAVS1 PCR product. However, when the mCherry pe-
gRNA is pre-equilibrated with Cas9 and then competed
with the AAVSI1 sgRNA, it cleaves the AAVS1 PCR prod-
uct to a significantly greater extent (Supplementary Figure
S5a,b). These data indicate that the binding affinity of Cas9
protein for the pegRNA is reduced relative to that of an
sgRNA targeting the same locus.

Our in vitro data demonstrate that an sgRNA is prefer-
entially bound by Cas9 over a pegRNA. Given that both
an sgRNA and pegRNA are present in the context of PE3-
type prime editing, the ratio of sgRNA to pegRNA may be
particularly important to avoid saturation of the available
prime editor protein by the sgRNA to the exclusion of the

pegRNA. Consequently, we performed experiments to em-
pirically determine the optimal ratio of the pegRNA and
nicking sgRNA for maximal activity. Based on our prior
analysis for the optimal ratio of pegRNA to PE protein in
the absence of nicking sgRNA at two different target sites
(FANCF and HEK?293T site 4 (HEK4)) (Supplementary
Figure S3b, ¢), we kept the pegRNA to PE protein ratio
constant at 4:1 and titrated the amount of nicking sgRNA
to determine its optimal stoichiometry for PE3 editing. We
tested PE3 editing in the mCherry reporter cell line (Figure
2C) and at two endogenous target sites, FANCF and HEK4
in HEK293T cells (Figure 2D, E). The PE protein was kept
constant at 50 pmol and the pegRNA at 200 pmol. The
nicking sgRNA concentration was varied from 5 pmol to
100 pmol. We observed that the PE3 system produced pre-
cise edits with the highest efficiency when a substoichiomet-
ric amount of nicking sgRNA is employed (15-30 pmol).
At higher concentrations of the nicking sgRNA, the overall
prime editing rate falls, which could be due to the sgRNA
displacing the pegRINA across the majority of the delivered
PE protein and thereby reducing the number of functional
complexes for prime editing.

Recent studies have shown that mismatch repair (MMR)
negatively influences prime editing outcomes (6,14). Given
that HEK293T cells are partially MMR impaired (33),
shifting prime editing to therapeutically relevant cell types
that are proficient in MMR may reduce the rate of the
desired editing outcome. To confirm that our PBS length
analysis and optimal PE3 conditions for PE RNPs trans-
late from HEK293T cells to other cell types where MMR
is intact, we tested PE2 editing using the FANCF panel of
pegRNAs with different PBS lengths (Supplementary Fig-
ure S5¢) and PE3 editing at the FANCF and HEK4 loci
in U208 cells (34) (Supplementary Figure S5d, e). We ob-
served that prime editing outcomes in U20S cells for pe-
gRNAs with different PBS lengths and different nicking
sgRNA stoichiometries followed a similar trend as observed
in HEK293T cells, albeit with lower precise editing rates.

Tm of the PBS:spacer DNA determines the optimal PBS
length

Consistent with prior models for PBS design (1,29), the op-
timal PBS length for precise editing was longer for the two
A/T-rich target sites tested (MECP2 and BCL11A) than
the two G/C-rich target sites (FANCF and mCherry). Us-
ing the MELTING 5 program (35), we estimated the melt-
ing temperature (Tm) of the optimal PBS sequence with the
nicked target DNA for each pegRNA-target site combina-
tion. Surprisingly, we found that the estimated Tm of each
PBS-target site combination for the optimal PBS length ap-
proaches 37°C, which is the growth temperature for mam-
malian cells (Supplementary Figure S8a-d). To confirm the
utility of Tm as a PBS design parameter, we compared
prime editing activity using a pegRNA targeting a traffic
light reporter system (TLR-MCV1) (36) based on standard
design parameters (13 nt PBS) with a pegRNA designed
with a PBS of 37°C (8 nt). Our Tm-based pegRNA design
produced a significant increase in GFP restoration (Supple-
mentary Figure S8g.,h). In addition, we designed a pegRNA



with a predicted Tm of ~37°C (9 nt PBS) for correction
of SBDS 1VS2 + 2T > C, a splice site mutation associated
with almost all Shwachman-diamond syndrome cases (37)
(Supplementary Figure S8e, 1). This common mutation is
believed to be derived via gene conversion from a neighbor-
ing pseudogene, SBDSPI (38,39). Therefore, we tested the
SBDS IVS2 + 2T > C correction pegRNA at the SBDSPI
site in HEK293T cells, which has an identical sequence with
the SBDSTVS2 + 2T > Ctarget site. We were able to achieve
high editing rates up to 49.3% with PE2 and 73% with PE3
(Supplementary Figure S8j). Similarly, we designed a pe-
gRNA with a predicted Tm of ~37°C (8 nt PBS) for the
HEK4 target site (HEK4 + 5G—T) (Supplementary Fig-
ure S8f). We were able to achieve 29.7% editing rates with
PE2 (Supplementary Figure S8k).

We also evaluated the utility of this PBS design parameter
for prime editing in zebrafish embryos. PE RNPs have been
used successfully to install germline mutations in zebrafish
embryos with modest editing rates (< 10%) for the introduc-
tion of point mutations (21). We focused on a mutation that
leads to vascular malformations (VMs). VMs are associated
with somatic and germline activating mutations in the gene
encoding the endothelial-specific Angiopoietin-1 receptor
tyrosine kinase, TEK (40,41). The most common germline
mutation is an autosomal-dominant p.R849W change that
leads to weak activation of the receptor (41). In zebrafish
Tek, the homologous residue is R841. Here, we designed a
prime editing strategy to introduce the p.R841W mutation
and a neighboring synonymous mutation into the zebrafish
tek locus (Supplementary Figure S9a). We designed two pe-
gRNAs that differ in the PBS length, one (7 nt) with a pre-
dicted Tm of 37°C and another one (6 nt) with a predicted
T near 28.5°C, which is the incubation temperature for ze-
brafish embryos. We observed that both these tek pegRNAs
when delivered as PE2 RNPs to zebrafish embryos were able
to efficiently introduce the desired codon conversions at the
target site with an overall precise editing rate of ~20-26%
(Supplementary Figure S9b). Additionally, we tested if uti-
lizing a PE3 approach would increase the rate of precise
edits at the tek locus. We translated the pegRNA:sgRNA
ratios that were optimized for the PE3 system in mam-
malian cells to zebrafish embryos. We saw a modest in-
crease (~1.2-fold) in precise editing rates when employing
the PE3 approach compared to PE2, where we achieved
an overall precise editing rate of 26-33% (Supplementary
Figure S9b). Thus, optimizing the PBS length based on
the reaction temperature for genome editing provides effi-
cient editing outcomes in mammalian cells and zebrafish
embryos.

Transient cold shock enhances prime editor activity

To further investigate if the PBS-target strand interaction is
temperature dependent, we shifted the culture temperature
of PE2 RNP treated cells post electroporation. We evalu-
ated the prime editing efficiency of the FANCF pegRNA
PBS panel in HEK293T, U20S and RPE-1 cells at 30°C
and 37°C. For the transient cold shock treatment, the cells
were cultured at 30°C overnight for 12-16 hrs post nucle-
ofection and then transferred to 37°C until the 72 h edit-
ing analysis point. We quantified the editing efficiency us-
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ing targeted amplicon deep sequencing. Consistent with the
importance of the reaction temperature on the PBS length
for efficient prime editing, we observed an increase in prime
editing activity for pegRNAs with shorter PBS lengths at
30°C relative to 37°C (Figure 3A). We also observed an un-
expected increase in prime editing activity at 30°C for the
optimal PBS length (7 nt) compared to the standard 37°C
editing conditions. The observed increase in precise editing
rates as a function of cold shock was independent of the
cell type, where cold shock treatment increased the precise
editing rates by 1.3 to 1.6 fold (Figure 3B). We observed
a similar increase in prime editing rates at 30°C for pegR-
NAs targeting the HEK4 and MECP2 loci when using PE2
RNPs (Figure 3C,D). Thus, subjecting cells to a cold shock
post electroporation can alter the prime editing activity as a
function of PBS length and modestly enhance prime editing
efficiency in a variety of cell types.

Prime editing in patient-derived fibroblasts and human pri-
mary T cells

The goal for improving prime editing systems is the mod-
ification of primary cells. Consequently, we repeated the
experiments analyzing the impact of PBS length and cold
shock on prime editing outcomes in patient derived fibrob-
lasts. We tested a panel of pegRNAs with different PBS
lengths at the FANCF and MECP2 loci in fibroblast cells
and observed that shorter PBS lengths were preferred and
that an increase in prime editing rates was obtained when
the cells were subjected to cold shock treatment post PEmax
mRNA electroporation (Supplementary Figure S10). Mo-
tivated by these results, we tested prime editing in different
formats in a Rett syndrome patient-derived fibroblast line
that carries the T158M mutation, and in primary human
T cells. In the Rett fibroblast line, we tested PE3 RNP or
PE3 mRNA delivery targeting the FANCF (+5 G—T) and
MECP2 T158M sites employing a pegRNA with a 7 nt PBS
for FANCEF or a 10 nt PBS for T158M. We observed 10.8%
and 15.7% +5 G—T edits at the FANCF target site with
RNP and mRNA respectively and 12.2% and 15.9% cor-
rection of the mutant allele at the MECP2 target site with
RNP and mRNA, respectively (Figure 4A, B). A transient
cold shock treatment of these cells following electropora-
tion further increased the prime editing efficiency by ~1.5-
fold at FANCF and MECP2 T158M for both PE3 RNP
and PE3 mRNA delivery. In primary human T cells, we
tested PE3 RNP or mRNA delivery targeting the FANCF
(+5 G—T) site evaluating editing at both 37°C and with
cold shock at 30°C. We observed 11.3% and 14.2% precise
editing at 37°C with PE3 RNP and PE3 mR NA respectively,
which increased ~1.2-fold with a cold shock treatment (Fig-
ure 4C). We additionally designed a pegRNA to introduce
the CCR5delta32 mutation into T cells, which is associated
with HIV resistance (42). Using the MELTING 5 program
(35), the optimal PBS length calculated for this pegRNA
was 10 nt. Using a pegRNA with a 10 nt PBS with PE3 RNP
or mRNA delivery by electroporation, we observed 3.4%
and 5.1% rate of delta32 deletion with PE3 RNP and PE3
mRNA respectively when the T cells were grown at 37°C,
and ~1.4 fold increase in editing rates with a cold shock
treatment (Figure 4D).
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Figure 3. Cold shock enhances Prime editing rates in human cells. (A, C) RNP-mediated PE2 editing efficiency at the specified positions with varying
pegRNA PBS length for (A) FANCF (+5 G to T) and (C) MECP2 (+4+5 TG to CC) loci in HEK293T cells. (B, D) RNP-mediated PE2 editing efficiency
at the specified positions for (B) FANCF (+5 G to T) and (D) HEK4 (+5 G to T) loci in different cell lines (HEK293T, U20S, RPE-1). 50 pmol PEmax
protein and 100 pmol pegRNA were used for electroporation. Immediately after nucleofection, cells were incubated 3 days at 37°C or for cold shock, 12-16
h at 30°C followed by 2 days at 37°C. Editing efficiency reflects the frequency of sequencing reads that contain the intended precise edit among all amplicon
deep sequencing reads. ‘Untreat’ indicates untreated cells. Values and error bars reflect mean + s.d. of n = 3 independent biological replicates. Two-way
ANOVA statistical analysis was used to determine the significance of prime editing at different temperature in different cell lines, ns indicates P > 0.05, **
indicates P < 0.01, and **** indicates P < 0.0001 (also see Supplementary table).

DISCUSSION

In this study, we have evaluated factors that influence the ef-
ficiency of prime editing systems in vitro and in cell culture
when employing prime editor protein — pegRNA (RNP)
complexes. While investigating features of the pegRNA that
influence Cas9 DNA cleavage rates in vitro, we found that
the activity of the Cas9 nuclease protein loaded with a pe-
gRNA was negligible when employing a PBS length (>10
nt) that is optimal for editing with plasmid-expressed prime
editor components. /n vitro this ‘auto-inhibition’ associated
with the pegRNA prevents SpCas9 nuclease from cleaving
a DNA target site. The interaction between the PBS and
spacer within the pegRNA has been previously described
to reduce SpCas9 editing activity in cells (7). We found
that this auto-inhibition is dependent on the length of the
PBS region, such that utilizing shorter PBS lengths (7-8 nt)
partially restores Cas9 DNA cleavage activity. This auto-

inhibition for SpCas9 DNA cleavage can be relieved by in-
troducing a DNA or RNA oligonucleotide that is comple-
mentary to the PBS-RTT region of the pegRNA, which im-
plicates Watson-Crick pairing between the PBS and spacer
region as being responsible for the inhibition of SpCas9 nu-
clease activity.

Interestingly, prior studies have examined the optimal
PBS lengths in mammalian cells using plasmid-based (1)
or lentivial-based (29) expression systems of the prime ed-
itor and pegRNA, where the pegRNA is expressed using a
strong RNA polymerase III (U6) promoter. These studies
have come to a common conclusion that a PBS length of
~13 nt is optimal when the PBS base composition is be-
tween 50 and 60% G-C nucleotides. We have reproduced
these results using plasmid expression systems interrogat-
ing the impact of PBS length on precise prime editing out-
comes in transformed cell lines. However, our experiments
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Figure 4. Prime editing efficiency in primary Fibroblasts and Primary T cells. (A, B) RNP and mRNA-mediated PE3 editing efficiencies at the specified
positions for (A) FANCF (+5 G to T) and (B) MECP2 (+4+5 TG to CC) in fibroblast cells at 30°C and 37°C. Editing efficiencies reflect the frequency
of sequencing reads that contain the intended precise edit or others (indels and imprecise prime editing) among all sequencing reads. Bars and error bars
represent mean =+ s.d. (n = 3 biologically independent replicates). (C, D) RNP and mRNA-mediated PE3 editing efficiencies at the specified positions for
FANCF (+5G to T) and CCRS (+4+5 TG to CC) in Primary T cells at 30°C and 37°C. Editing efficiency reflects the frequencies of sequencing reads that
contain the intended precise edit and others (indels and imprecise prime editing) among all sequencing reads. Bars and error bars represent mean =+ s.d.
(n = 3 biologically independent replicates). One-way ANOVA statistical analysis was used to determine the significance of precise prime editing at different
temperatures, ns indicates P > 0.05, * indicates P < 0.05, and ** indicates P < 0.01 (also see Supplementary table).

using prime editor RNPs complexed with chemically syn-
thesized, end-protected pegRNAs (three terminal phospho-
rothioates and 2’O-methyl groups at each end) delivered to
cells by electroporation revealed that shorter PBS lengths
have improved rates of precise genome editing presumably
due to less auto-inhibitory interaction between the PBS and
spacer. These PBS length results are consistent across mul-
tiple different target sites and when delivered to different
cell types. Similar PBS length dependence is observed for
prime editor mRNA delivery with chemically protected pe-
gRNAs suggesting that reducing the complementarity be-
tween the PBS and spacer regions in end-protected pegR-

NAs increases prime editing efficiency. Prior studies looking
at pegRNA designs have not directly addressed the com-
plementarity between the PBS and spacer region. However,
one study described introducing same-sense mutations in
the RTT region that included the first three bases next to
the PBS to increase prime editing efficiency (9). These three
bases of the RTT share complementarity with the spacer se-
quence (Supplementary Figure S1b). Consequently, intro-
ducing synonymous mutations at these positions would re-
duce auto-inhibition and would be expected to increase the
prime editing activity. This also explains why higher edit-
ing rates are observed for small deletions or insertions (that
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change or delete the bases between the nicking site and the
PAM) when compared to point mutations, a trend that is
apparent in studies performed by other groups (1,21).

The difference in PBS length requirement between plas-
mid expression systems and PE RNPs loaded with syn-
thetic, end-protected pegRNAs appears to originate from
the susceptibility of transcriptionally produced pegRNAs
to 3’ end degradation (8). By small RNA sequencing, we
observe that while the majority of the transcriptionally pro-
duced pegRNAs are full length, the pegRNA species that
are bound by the prime editor protein are enriched for
3’ truncated species. The preferential binding of 3’ trun-
cated pegRNA species to the prime editor protein is consis-
tent with our in vitro competition assay between pegRNA
and sgRNA loading onto Cas9. Since both the shorter and
longer PBS pegRNAs are undergoing 3’ end processing (8),
we speculate that the longer PBS length dependence for
transcriptionally produced pegRNAs potentially provides
these pegRNAs with a greater distribution of PBS lengths
in the sweet spot of prime editing activity for complexing
with the prime editor protein. In support of this theory, we
show that plasmid delivery of epegRNAs that have pseudo-
knot structures at their 3’ end to reduce the rate of exonu-
clease degradation (8), produce higher precise prime edit-
ing rates with shorter PBS lengths. We also observed by
small RNA sequencing that the epegRNA with a shorter
PBS length had lower amounts of truncated species bound
to the protein compared to the epegRNA with the longer
PBS (Supplementary Figure S6). The driving force behind
this difference in the distribution of loaded, truncated epe-
gRNAs is unclear. We speculate that it may be a function of
the level of PBS-spacer auto-inhibition, which is a function
of PBS length. So, an epegRNA with a longer PBS might
have stronger auto-inhibition interaction and therefore less
binding affinity to the PE protein, which leads to loading
of more truncated species. It could also be due to the larger
fraction of truncated species that are observed in the bulk
population, which will thereby partition based on their ther-
modynamic binding preference.

Computational analysis of the melting temperature (7},)
of the PBS (RNA)-nicked spacer (DNA) interaction for the
various target sites we tested indicates that the optimal 77, is
~37°C for maximum editing rates in cell culture. Remark-
ably, this is the temperature that mammalian cells are in-
cubated at for growth during genome editing. The Li and
Gao laboratories have also used Tm as a metric for design-
ing optimal PBS lengths for plant pegRNAs. They describe
an optimal Tm of the PBS to be ~30°C (10), which they
calculated based on a simple formula of base composition
[4°C*(each G or C nt) + 2°C*(each A or T nt)], as opposed
to a thermodynamic analysis based on nearest-neighbor se-
quence composition (35). Consequently, their optimal PBS
length is ~10 nt for plant pegRNAs, which are expressed
via plasmids and have no 3’ end protection. Based on our
observation in mammalian systems, we anticipate that the
optimal PBS length in plants when employing epegRNAs
or synthetic end-protected pegRNAs would be shorter than
10 nt with the optimal Tm closer to their incubation tem-
perature for plant protoplasts when employing a nearest-
neighbor calculation of Ty,.

‘We also show that a cold shock treatment to the cells post
PE RNP nucleofection significantly increases prime editing
rates across multiple loci, different cell types, and different
delivery methods (mRNA and RNP) (Supplementary Fig-
ure S11) A similar phenomenon was observed for zinc finger
nuclease editing in cell culture, where the increase in editing
activity due to cold shock was ascribed in part to increased
nuclease stability at lower temperatures (43). Our analysis
of editing dependence on PBS length as a function of tem-
perature indicates that as the cell culture temperature is re-
duced, shorter PBS lengths are tolerated, or even preferred.
Thus, some aspects of the PBS-spacer interaction may serve
as a rate-limiting step in the editing reaction leading to de-
sired prime editing outcomes, but the mechanism underly-
ing the increased prime editing rates at lower temperature
remains unclear. It is possible that growing the cells tem-
porarily at 30°C might facilitate improved annealing of the
PBS with the target DNA strand. Cold shock also slows cel-
lular metabolism leading to slower progression through the
cell cycle, which may stabilize important repair intermedi-
ates or provide more time for precise repair before DNA
replication impacts DNA repair outcomes (44,45).

Finally, we show that the delivery of PE RNP complexes
or PE mRNAs with pegRNAs that have a shorter PBS
can achieve efficient editing in zebrafish embryos, patient-
derived fibroblasts and primary T cells. Notably, prior
prime editing rates in zebrafish embryos with PE RNPs for
encoding base substitutions were below 10% and prime edit-
ing in primary T cells with PE RNP were typically 1.5-7.5%
(21). With optimization of the prime editor protein and pe-
gRNA components, we have substantially improved precise
editing rates, achieving 30% precise editing for a base sub-
stitution in zebrafish and ~15% in T cells. We believe that
both PE mRNA and PE RNP modes of delivery will ben-
efit from the PBS design parameters described within this
study with the calculation of the Tm serving to define the
optimal PBS length for pegRNAs. These principles should
prove valuable for increasing the efficiency of engineering
cell lines, plants and animals through prime editing. More-
over, given that many potential iz vivo and ex vivo therapeu-
tic applications of prime editing will employ end-protected
pegRNA species (either synthetic or epegRNA), we believe
that employing an optimal PBS length within the pegRNA
design will maximize desired genome editing outcomes. Ad-
ditional pegRNA design strategies that would decrease the
auto-inhibition between the spacer and PBS region of the
pegRNA without compromising its ability to recognize the
target strand or prime with the nicked non-target strand,
should also increase desired prime editing outcomes.
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