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ABSTRACT
Site-directed mutagenesis is a basic molecular tool required for protein, RNA and 

plasmid engineering. For mutagenesis methods, an ideal goal is to reach the efficiency 
of 100%. Towards this goal, we have recently taken the first step by adopting an 
innovative strategy using primer pairs with 3′-overhangs, thereby developing P3 
site-directed mutagenesis, with an average efficiency of ~50%. As the second step 
towards the ideal goal, we report here P3a site-directed mutagenesis with an efficiency 
reaching ~100%. We systematically evaluated this new method by engineering >100 
point mutations and small deletions (or insertions) on >20 mammalian expression 
vectors encoding various epigenetic regulators and the spike protein of SARS-CoV-2. 
As all known mutagenesis methods are limited to point mutations and small deletions/
insertions (up to a dozen nucleotides), a technical problem is how to carry out 
cassette mutagenesis for replacement, deletion or insertion of large DNA fragments. 
The high efficiency of P3a mutagenesis and the ‘handshaking’ feature of primer 
pairs with 3′-overhangs inspired us to adapt this new method for seamless cassette 
mutagenesis, including highly efficient epitope tagging and untagging, deletion of 
small or large DNA fragments (up to 5 kb) and insertion of gene fragments (up to 
~0.4 kb), LoxP sites and sequences encoding degrons, sgRNA and tigRNA. Thus, 
this new site-specific and cassette mutagenesis method is highly efficient, fast and 
versatile, likely resulting in its wide use for typical biomedical research, as well as 
for engineering and refining synthetic or mutant proteins from AI-assisted design.

INTRODUCTION

Site-directed mutagenesis is a basic method 
required for research in different branches of biomedical 
sciences [1]. Whole-genome and exome sequencing have 
identified numerous germline or somatic mutations in 
various diseases, as illustrated by genetic disease-linked 
mutations listed in the recently established ClinVar 
database [2] and cancer-associated mutations documented 
in the cBioPortal and COSMIC databases [3, 4]. Because 
many of these mutations are missense and their functional 
impact is difficult to predict, an important question is 

to test whether these mutations are causal. For this, it is 
necessary to utilize site-directed mutagenesis and engineer 
the mutations for functional analysis in vitro, followed 
by generation and analysis of model organisms with 
equivalent mutations in vivo. Site-directed mutagenesis 
is also required for modeling evolution of viruses, such 
as SARS-CoV-2, to assess the impact of their newly 
acquired mutations [5, 6]. This technique is also essential 
for protein engineering, such as testing mutant protein 
candidates from machine learning-based design [7] and 
generating artificial SH2 domains like phospho-tyrosine 
super-binders for deep proteomics and clinical profiling 
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[8, 9]. Other applications of protein engineering include 
generation of Cas9 variants, construction of super-
antibodies and artificial intelligence (AI)-assisted de novo 
design of novel proteins for biomedical research, clinical 
diagnosis and therapy [10–13].

Furthermore, instead of targeting one or a few 
residues, ‘cassette’ mutagenesis replaces, deletes or inserts 
DNA fragments, so it is valuable for introducing small 
or large deletions, engineering epitope tags, optimizing 
plasmids, inserting different types of DNA sequences 
(such as LoxP sites, related DNA-recombination elements, 
promoters and the coding sequences for nuclear import 
and export signals) and constructing sgRNA and shRNA 
expression vectors. So far, the only means to carry out 
cassette mutagenesis is through subcloning, which is 
restricted to the availability of suitable restriction sites. 
Seamless cassette mutagenesis is an ideal choice and 
should have much wider applications.

Site-directed mutagenesis was initially developed 
for engineering mutations at specific sites of single-
stranded phage or phagmid DNA [1, 14]. By contrast, 
the QuickChange™ mutagenesis method utilizes double-
stranded plasmids as the templates [15–17]. It is based 
on Pfu DNA polymerase-mediated PCR with a pair of 
completely complementary primers containing a given 
mutation (Figure 1A), followed by DpnI digestion to 
destroy parental plasmids methylated at GATC sites. 
While it has been widely used in different laboratories, 
this method suffers from at least five limitations: (1) 
the complementary primers self-anneal and generate 
primer-primer dimers during PCR, thereby decreasing the 
amplification efficiency; (2) newly synthesized plasmid 
DNA is ‘nicked’ and thus unsuitable as a template for 
further amplification; (3) unwanted mutations at the 
primer sites resulting from impurity of synthesized 
primers (this limitation applies to all site-directed 
mutagenesis methods); (4) unwanted mutations at the 
mutation and primer sites due to the processivity or strand-
displacing activity of Pfu [18, 19]; and (5) this polymerase 
synthesizes at a rather slow rate of ~1 kb/min at 72°C, so 
it takes over 6 hours to complete a 25-cycle PCR reaction 
for a 13-kb plasmid. This can reach 10–12 hours if the 
extension is carried out at 68°C for such a plasmid, with 
parameters recommended by the manufacturer of Pfu_
Ultra. Thus, it is ideal to reduce length of PCR time.

Mitigating limitations (1) and (2), an alternative 
approach utilizes a pair of partially complementary 
primers with two 3′-protruding ends (Figure 1B), which 
allows the use of newly synthesized strands as templates 
for subsequent PCR amplification (Supplementary Figure 
1A) [20, 21]. This strategy was initially introduced by 
Zheng, Baumann and Reymond [20]. One drawback of 
this previous study was that the 5′ arms from the desired 
mutation sites are only 3–5 nucleotides long for some 
primers, which may lead to insufficient annealing to 
and priming from newly synthesized strands. Moreover, 

restriction digestion at coupled secondary sites, rather 
than DNA sequencing, was used to assess the mutagenesis 
efficiency, so the real success rate remains uncertain 
[20]. Unwanted mutations at and around the desired 
mutation sites were not assessed at all. This method was 
later refined by Liu and Naismith, leading to its broader 
application [21]. However, the method was developed 
and tested only for two 5–6 kb plasmids [21], so it is 
unclear how the method performs with larger plasmids 
and those with more complex sequences, as site-directed 
mutagenesis becomes more challenging with larger 
plasmids [22–24]. Moreover, only 8 point mutations were 
tested in the previous study and two of them failed [21], so 
further improvements are required to establish the general 
applicability of the method.

To address limitation (3) mentioned above, we have 
shortened the length of primers to ~30 nucleotides (Figure 
1B) as shorter oligonucleotides tend to be synthesized 
more easily at high quality. Related to limitation 4), we 
utilized PfuUltra (an improved version of Pfu) [25]. 
As primer pairs with 3′-protruding ends are used, this 
improved method has been referred to as P3 site-directed 
mutagenesis [18, 19]. Moreover, we have systematically 
evaluated this method (Figure 1B, 1C) with a dozen 
mammalian expression vectors ranging from 7.0–13.4 
kb [18, 19]. Compared to the QuickChange™ method, 
the success rate has increased significantly but still 
varies, with an average efficiency of about 50% [18, 19], 
instead of being almost 100% as reported in the previous 
study [20]. The difference could be size and sequence 
differences of the plasmids used in these two studies. In 
the previous study [20] and also our recent study [18], 
problems still occurred with certain mutations and/or 
plasmids. Thus, from the technological point of view, it 
would be ideal to raise this efficiency near or to 100% 
for various mutations and plasmids. Another issue is that 
only point mutations were tested in our recent study [18], 
so it is unclear whether the method works with deletion 
and insertion, especially large ones. In the previous study 
from another group, only mall deletion or insertion (up to 
about a dozen base pairs) have been tested [21], so it is 
remains to be investigated whether the method works with 
large deletion and insertion. In fact, no effective methods 
have been reported in this regard. This is important as 
it is known that it much more difficult to engineer large 
deletion or insertion than small ones.

Related to limitation (5) mentioned above, we 
utilized Pfu_fly, an improved version of Pfu with a 
much faster DNA synthesis rate [18, 19]. But it tends 
to introduce undesired mutations [18, 19]. Thus, 
alternatives are urgently needed. To improve the P3 
mutagenesis method further [18, 19], we sought to 
overcome limitations (4) and (5) by replacing Pfu DNA 
polymerase with thermostable DNA polymerases with 
higher fidelity and faster synthesis rates. As a result, we 
tested 4 candidates, two of which are: (1) Q5 high-fidelity 
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Figure 1: Primer design for P3a mutagenesis and efficient generation of histone H3 mutants. (A) Completely complementary 
primer pair for the QuickChange™ mutagenesis method [15, 16]. Two red asterisks mark the mutation sites within the primer pair. The 
primers are 20–25 nucleotides (nt) in length and completely complementary to each other. (B) Partially complementary primer pair with 
3′-overhangs. Two red asterisks mark the mutation sites within the primer pair. Liu and Naismith utilized primers with the average length 
of ~45 nucleotides (ranging from 35 to 55 nucleotides) in length, with special instructions on primer design [21]. We have simplified the 
primer design and reduced the length of the two primers to ~30 nucleotides, with 9-bp complementary regions flanking a single-nucleotide 
mutation site [18]. Shorter primers reduce cost and also minimize unwanted mutations introduced by the impurity of primers resulting from 
their chemical synthesis [18, 19]. (C) The two primers for engineering the mutation can carry a mismatch at the same position or two slightly 
different positions as indicated with red and green asterisks. In these cases, the primers are slightly longer than 30 nucleotides, with 9–10 bp 
complementary regions flanking a single-nucleotide mutation site. With such design, two different mutants can be generated with one pair of 



37 Genes & Cancerwww.genesandcancer.com

DNA polymerase, composed of a thermostable DNA 
polymerase fused to the processivity-enhancing Sso7d 
DNA-binding domain, thereby improving speed, fidelity 
and reliability of PCR amplification [26]; and (2) Platinum 
SuperFi II polymerase, whose fidelity was claimed to be 
even better than Q5 DNA polymerase. Results from >100 
mutations that we have engineered with various plasmids 
(up to 13.4 kb in size) indicate that these two polymerases 
are superior to Pfu and its derivatives by elevating the 
mutagenesis efficiency very close to 100%, reducing PCR 
length by 2–3 folds and minimizing unwanted mutations 
at or near the primer sites. Due to the much higher success 
rate, only 1–2 bacterial colonies need to be sequenced 
per mutation reaction. Moreover, fewer complete cells 
and bacterial plates are needed for transformation of the 
mutagenesis reaction mixtures. All of these reduce labor 
and reagent costs. To our knowledge, this is the first site-
specific mutagenesis method to achieve the efficiency 
so consistently at or close to the ideal level of 100%, for 
various plasmids up to 13.4 kb in size.

Subsequently, in light of the unique ‘handshaking’ 
feature of the primers with 3′-protruding ends (Figure 
1B), we have utilized the method for highly efficient 
cassette mutagenesis (Figure 1D, 1E), including seamless 
epitope tagging or untagging, deletion of small or large 
fragments (up to 3.2 kb), and insertion of oligonucleotide 
duplexes with 3′-overhangs (potentially up to 0.4 kb). 
Notably, the handshaking portions of the primer pairs does 
not need to be the wild-type but can be completely new 
sequences even for deletion (Figure 1D). Conceptually, 
we consider deletion and insertion as two special cases 
of DNA conversion (or replacement) where the respective 
sequences to be inserted and deleted are zero bp (Figure 
1D, 1E). This is significant because to our knowledge, no 
such methods have been reported yet. The reagent cost per 
mutagenesis reaction is only about $0.25 and $0.5 with 
Q5 and SuperFi II master mixes, respectively. Compared 
to those based on Pfu and its derivatives [18, 20, 21], this 
newly developed mutagenesis method is not only much 
faster but also more efficient, versatile and economical, 
likely making it a standard tool in various biomedical 

laboratories. Thus, the current study nicely complements 
and extends the previous three studies based on primer 
pairs with 3′-overhangs [18, 20, 21].

RESULTS

Improving P3 site-directed mutagenesis

We have recently evaluated the P3 site-directed 
mutagenesis method that relies on PfuUltra (Figure 1B–
1D) [18, 19]. The method reached an average efficiency of 
nearly 50% but encountered problems with some vectors 
[18]. To improve the method further, we considered to 
replace PfuUltra with other high-fidelity thermostable 
DNA polymerases comparable with or superior to PfuUltra 
in terms of PCR performance. We tested 4 candidates: (1) 
Q5 high-fidelity DNA polymerase, (2) Platinum SuperFi II 
high-fidelity DNA polymerase, (3) i7® high-fidelity DNA 
polymerase and (4) KOD high-fidelity DNA polymerase. 
In terms of mis-incorporation rates, the former three were 
estimated to be ~15 times lower than PfuUltra, whereas 
KOD high-fidelity DNA polymerase is comparable to 
Pfu. Moreover, commercially available master mixes 
containing Q5 high-fidelity DNA polymerase, Platinum 
SuperFi II high-fidelity Polymerase or i7® high-fidelity 
DNA polymerase contain hot-start and other ingredients 
to enhance PCR performance, especially for templates 
with high GC-content and complex DNA sequences. As 
described below, Q5 and Platinum SuperFi II high-fidelity 
DNA polymerases outperformed PfuUltra, increasing the 
mutagenesis efficiency to ~100%, shortening the PCR 
amplification time by 2–3 folds and reducing unwanted 
mutations at or near the primer sites. Compared to Q5, 
Platinum SuperFi II DNA polymerase yielded more 
colonies. KOD DNA polymerase was comparable to 
PfuUltra, whereas i7® high-fidelity DNA polymerase 
yielded very few or no colonies at all. Compared to 
PfuUltra [18], Q5 and Platinum SuperFi II high-fidelity 
DNA polymerases yielded 5–10 more colonies per 
mutagenesis reaction, which enhances the success rate 
substantially. While it remains unclear why i7® high-fidelity 

primers [18]. (D) A pair of ‘handshaking’ primers to introduce deletion (denoted with two red triangles) via a pair of primers possessing two 
arms complementary to the flanking regions. The deletion can be from a few base pairs to several kb. For deletion of large DNA fragments, 
it is impossible or highly inefficient for all classical site-directed mutagenesis methods. Conceptually, the primer pairs in strategies depicted 
in panels D-E form cassettes for replacing the corresponding regions in the wild-type backbone. (E) A pair of ‘handshaking’ primers to 
introduce insertion (denoted with red solid lines) through a pair of primers containing two arms complementary to the regions (indicated by 
solid dark lines) flanking an insertion site. For insertion of large DNA fragments, it is impossible or typically inefficient for all classical site-
directed mutagenesis methods. Importantly, this strategy can be used for replacing DNA fragments. Conceptually, deletion and insertion 
can be considered as two special cases where the respective sequences to be inserted and deleted are zero bp. This is because replacement 
mutagenesis means conversion of fragment A to fragment B. For deletion, fragment B is zero bp in size, whereas for insertion, fragment A 
is zero bp in size. (F) Efficiency for generating different histone H3 mutants. The notation “K27R;K27M” refers to generating two mutants 
K27R and K27M, whereas the term “1;4/6” denotes, respectively, one and four K27R and K27M mutants out of 6 colonies sequenced. 
See Supplementary Figure 1 for details on P3a mutagenesis and about how the primers are designed. (G) Sequence chromatograms or 
sequences of 10 representative plasmids analyzed for engineering histone H3 mutants. The parental plasmid encodes Xenopus histone 
H3. During sequencing, we noticed that the plasmid used for mutagenesis contains silent mutations compared to the sequence that we 
used to design the primers, which is expected to result in more mismatches between the primers and template. Amazingly, despite these 
mismatches, the primers successfully introduced the designed mutations and corrected some of the silent mutations.
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DNA polymerase did not produce sufficient colonies as 
expected, the superior performance of Q5 and Platinum 
SuperFi II high-fidelity DNA polymerases is in agreement 
with their high processivity, fast synthesis rate and low mis-
incorporation rate. In light of these observations, we chose 
Q5 and Platinum SuperFi II high-fidelity DNA polymerases 
for the rest of this study. To distinguish it from Pfu-based 
P3 mutagenesis [18, 19], this newly developed method 
is referred to as P3a site-directed mutagenesis, where the 
letter “a” denotes an updated version of the P3 method.

P3a site-specific mutagenesis for efficiently 
engineering missense mutants of histone H3

Histone H3 is almost invariant from yeasts to 
humans and plays an important role in organizing the 
genomes and their access for various DNA-based nuclear 
processes, such as DNA replication, repair and RNA 
transcription [27]. At its N-terminal tail, there are multiple 
lysine residues (i.e., K4, K9, K14, K18, K27 and K36) 
for acetylation, methylation and other modifications, 
thereby bringing about various regulatory mechanisms 
[27]. Moreover, substitutions of K27, G34 and K36 have 
been linked to oncogenesis, which has led to the onco-
histone hypothesis [28]. To test P3a mutagenesis, we first 
sought to engineer different histone H3 mutants as they are 
important for molecularly investigating the role of these 
residues by analyzing the impact of their substitutions. As 
shown in Figure 1F, 1G, for the K9R, K14R, K18R and 
K23R mutants, we utilized 4 different primer pairs, such 
as K9R-F and K9R-R for engineering the mutation K9R 
(Supplementary Figure 1B). We sequenced plasmids from 
three of the resulting colonies per mutation and found that 
11 of them were mutants, reaching an overall efficiency of 
11/12 (91.6%, Figure 1F). This is impressive as we have 
not seen any known site-directed mutagenesis methods 
with such an almost ideal success rate.

One drawback of P3 or P3a site-directed 
mutagenesis is the need to use a pair of primers for 
engineering one mutation, which is different from classical 
methods that utilize only one primer per mutation. Thus, 
we next utilized the primer design strategies described in 
Figure 1C to generate two mutants per primer pair. For 
example, we employed one primer pair (K27R-F and 
K27M-R) with a mismatch for generating two mutations 
(K27R and K27M; Supplementary Figure 1B). Similarly, 
we designed the primers G34R-F and G34A-R with two 
mismatched bps for generating the mutations G34R and 
G34A, respectively (Supplementary Figure 1C). For this, 
we analyzed 6 colonies per primer pair and found 2 to 5 
colonies containing plasmids with the expected mutations 
(Figure 1F), thereby reaching an overall efficiency of 
12/18 (66.7%). Typically, for P3a mutagenesis, it is often 
adequate to sequence 2 colonies per mutation, thereby 
reducing labor and reagent costs. Thus, this newly 
developed method is efficient and economical.

P3a mutagenesis for engineering missense mutants 
of two epigenetic regulators

To assess the versatility of the method, it is 
necessary to test it with a range of vectors, including those 
much larger than the one described above for histone H3 
(only ~5.7 kb). In addition to histones, there are hundreds 
of epigenetic regulators that modify or bind to histones 
for regulating genome organization during different 
nuclear processes. To study molecular functions of these 
epigenetic regulators, it is necessary to engineer various 
mutants. We thus sought to apply P3a mutagenesis for 
rapidly generating such mutants. Another practical reason 
is that the expression vector for histone H3 is ~5.7 kb, 
which is small compared to many expression vectors for 
epigenetic regulators. Typically, it becomes more difficult 
for PCR-based mutagenesis as the vector becomes larger. 
One epigenetic regulator is BRPF1 (bromodomain- and 
PHD finger-containing protein 1) [29]. It was originally 
identified as a 140 kDa protein with a bromodomain 
[29], so its expression vector reaches ~9.2 kb and is 
significantly larger than that for histone H3.

In addition to the bromodomain, BRPF1 possesses 
multiple other domains for epigenetic regulation, 
including the N-terminal part for interacting with 
lysine acetyltransferase 6A (KAT6A) and its paralog 
KAT6B [30]. The interaction is required for activation 
of these acetyltransferases to acetylate and propionylate 
nucleosomal histone H3 [31, 32]. In addition, BRPF1 
possesses two EPC (Enhancer of Polycomb)-like motifs, 
the second of which interacts with ING4 (or its paralog 
ING5) and MEAF6 [33]. Moreover, BRPF1 has two 
PHD fingers flanking a zinc knuckle, with the first PHD 
finger for recognition of the unmodified N-terminus of 
nucleosomal histone H3 [34]. Recent studies have linked 
BRPF1 mutations to a neurodevelopmental disorder [31, 
35–38]. According to the ClinVar database [2], additional 
BRPF1 mutations have been identified in patients. While 
some of the identified mutations have been molecularly 
characterized [31, 35, 36], many more remain to be 
analyzed for firmly establishing their pathogenicity. For 
molecular characterization of different BRPF1 domains, 
we also needed to engineer more mutants (Figure 2A). 
We sought to employ P3a mutagenesis to engineer new 
BRPF1 mutants. As shown in Figure 2A, among 31 
bacterial colonies analyzed, 28 contained the mutant 
plasmids, so the efficiency was 28/31 (90.3%).

At the sequence and domain-organization levels, 
BRPF1 is highly homologous to BRPF2, but KAT7 is a 
preferred partner of BRPF2 for acetylating nucleosomal 
histone H3 [33, 39–41]. Functionally different from 
BRPF2, BRPF1 activates KAT6A and KAT6B [31, 35]. 
Crystal structural analysis has identified a hydrophobic 
interface for interaction between BRPF2 and KAT7 [42]. 
This involves residues I53, L57, I59, I60 and L61 of 
BRPF2 [42]. No functional validation has been reported 
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Figure 2: Engineering missense or nonsense epigenetic regulator mutants by P3a site-specific mutagenesis. (A) Efficiency 
in engineering eleven BRPF1 mutants. The notation ‘Y543A;W544A’ refers to generating the two mutants Y543A and W544A with just one 
pair of primers (see Figure 1C), whereas the term ‘K390A/R392A’ denotes the double mutant containing both substitutions. (B) Efficiency 
in engineering eight BRPF2 mutants. Among them, G38R is to investigate a polymorphic substitution, whereas H275P is to repair an 
unexpected substitution in an expression plasmid that we have in the lab. The remaining mutants are located at a KAT7-binding site mapped 
by structural analysis [42]. (C) A representative sequence chromatogram and the sequences of 15 plasmids analyzed for engineering 
BRPF2 mutations. The plasmids were subject to Sanger sequencing and the resulting data were analyzed via SnapGene. (D) Efficiency 
in generating eight KAT7 mutants. The first two alter a zinc finger, whereas the remaining 6 mutants are located at a BRPF2-binding site 
mapped by crystal structural analysis [42]. (E) Efficiency in engineering fourteen p300 mutants. The notation ‘C1204S;C1204R’ refers to 
generating two mutants Y543A and W544A with just one pair of primers (see Figure 1C). The asterisks in S1726*, R1830* and Q1845* 
denote stop codons. See Supplementary Figure 2 for mutagenesis efficiency for four other epigenetic regulators.
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on the functional importance of this physical interaction. 
One approach is to engineer BRPF2 mutations at this 
interface. We thus utilized P3a mutagenesis to generate 
such mutants, including I53A, L57A, I59A, I60A and 
L61A (Figure 2B). Moreover, we engineered G38R, 
H275P and P275A, to investigate the importance of 
a polymorphic substitution, correct an unexpected 
substitution identified in an expression plasmid that we 
have, and investigate the functional importance of P275, 
respectively. Amazingly, 23 out of 25 colonies that we 
analyzed were the correct mutants, reaching the efficiency 
of 92% (Figure 2B). Representative sequence analysis 
results are shown in Figure 2C. In another experiment, 
we engineered 11 point mutants of BRPF2 using 10 pairs 
of primers. We sequenced plasmids from 2–3 colonies 
per mutagenesis reaction. 22 out of 23 of the resulting 
colonies were correct, so the mutagenesis efficiency was 
95.7%. The BRPF2 expression vector is ~9.2 kb and 
similar to that for BRPF1 in size, so these results indicate 
that P3a mutagenesis is highly efficient for vectors up 
to 9.2 kb. If an empty vector itself is 5–6 kb, an insert 
can be 4–5 kb and encode a protein up to 150 kDa. This 
is important because a majority of proteins encoded by 
various genomes range from 30–150 kDa, so the method 
is expected to be applicable to many proteins.

P3a mutagenesis for engineering mutants of small 
and large histone acetyltransferases

To evaluate the versatility of this new method, we 
tested it with various other expression vectors of different 
sizes. For this, we targeted histone acetyltransferases 
as they are our main research subjects [43]. The human 
genome encodes over a dozen of such enzymes [44]. As 
mentioned above, one such enzyme, KAT7, interacts with 
(and is activated by) BRPF2. Crystal structural analysis 
has identified a surface for interaction with a hydrophobic 
core of BRPF2 [42]. This involves five residues (K537, 
I539, I541, V574 and K576) for interacting with I53, 
L57, I59, I60 and L61 within the hydrophobic core of 
BRPF2, [42]. With P3a mutagenesis, we carried out 
alanine substitutions of these five residues of KAT7 [42]. 
Moreover, we sought to substitute two zinc-chelating 
residues within an uncharacterized zinc finger of KAT7 
and replace its K432, a potential autoacetylation site that 
has never been characterized [45]. As shown in Figure 
2D, 23 of 24 colonies that we analyzed were mutants, thus 
reaching a high efficiency of 95.8%, further attesting to 
effectiveness of the method.

To assess the general applicability of the method 
further, we next tested it with six different mammalian 
expression vectors encoding five different lysine 
acetyltransferases, including KAT6A, KAT6B, KAT8, 
p300 and CBP. The expression vectors range from 6.6–
13.4 kb in size: human KAT6A (full-length), 11.9 kb; its 
HAT domain, 6.6 kb; the HAT domain of KAT6B, 6.8 

kb; KAT8, 7.0 kb; p300, 12.8 kb and mouse CBP, 13.4 
kb. Among them, the expression vectors for full-length 
KAT6A, p300 and CBP are quite large, ranging from 
11.9–13.4 kb, so they are good candidates for testing the 
versatility of P3a mutagenesis with large vectors. This 
is important as PCR-based mutagenesis methods are 
more efficient with small plasmids and tend to encounter 
problems with large plasmids, especially those close to or 
over 12 kb. 

KAT6A and KAT6B interact with BRPF1 for 
acylating histone H3 [31, 32]. For full-length KAT6A, 
we engineered two missense mutants and three nonsense 
mutants (Supplementary Figure 2A). In addition, we 
generated five missense mutants of its HAT domain 
(Supplementary Figure 2A). While K604R possesses an 
arginine substitution of K604, the sole autoacetylation 
site required for the acyltransferase activity of KAT6A 
[31], the other mutants of KAT6A and its HAT domain 
are clinical variants identified in patients with a 
neurodevelopmental disorder [2]. For example, L1061* 
is derived from a patient with intellectual disability [31]. 
These clinical variants have not been adequately analyzed 
for their pathogenicity, so it is necessary to engineer 
them for functional analysis in vitro. We thus applied 
P3a mutagenesis to engineering these mutants. For the 
five mutations on the backbone for full-length KAT6A, 
we analyzed plasmids from 23 bacterial colonies by 
Sanger sequencing and identified 19 as correct mutants, 
reaching efficiency of 82.6% (Supplementary Figure 
2A). This result is significant as the vector is quite large, 
11.9 kb. For the five mutations engineered on the vector 
for the HAT domain of KAT6A, 9 out of 12 colonies 
analyzed possessed the mutant plasmids (Supplementary 
Figure 2A), yielding an efficiency of 75%. The overall 
mutagenesis efficiency for these two KAT6A expression 
vectors was 80.0% (Supplementary Figure 2A).

KAT6B is paralogous to KAT6A. For KAT6B, 
we engineered 7 missense mutants on an expression 
vector for the HAT domain (Supplementary Figure 2B). 
These missense mutants are based on clinical variants 
identified in patients with a neurodevelopmental disorder 
[2]. These clinical variants have not been analyzed for 
their pathogenicity, so it is important to engineer them 
for functional analysis in vitro. Moreover, to define the 
boundary of the HAT domain, it is necessary to generate 
two deletion mutants (Supplementary Figure 2B). We 
utilized P3a mutagenesis to engineer these 9 missense or 
deletion mutants. As shown in Supplementary Figure 2B, 
plasmids from 26 out of 27 colonies analyzed by Sanger 
sequencing were the mutants. Thus, the efficiency was 
26/27 (96.3%), very close to the ideal level of 100%.

We next tested KAT8, which shares its catalytic 
domain with KAT6A, KAT6B and KAT7 [43]. Importantly, 
KAT8 mutations have recently been linked to a new 
neurodevelopmental disorder [46]. Moreover, additional 
missense mutants of KAT8 have been identified as clinical 
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variants in patients with this disorder [2]. These clinical 
variants have not been analyzed for their pathogenicity, 
so it is important to engineer them for functional analysis 
in vitro. We thus applied P3a mutagenesis to engineer 
13 missense mutants on a mammalian expression vector 
encoding FLAG-tagged KAT8. The size of this vector is 
7.0 kb. As shown in Supplementary Figure 2C, plasmids 
from 24 out of 31 colonies analyzed by Sanger sequencing 
were the mutants. Thus, the mutagenesis efficiency was 
24/31 (77.4%).

In the superfamily of lysine acetyltransferases 
encoded by the human genome, p300 and CBP are 
the largest, each possessing ~2,400 residues. Their 
mammalian expression vectors reach 12.8 and 13.4 kb in 
size. They are among the largest plasmids that have been 
constructed. Thus, they are good candidates for testing the 
versatility of the P3a mutagenesis method. For p300, we 
sought to engineer 11 missense mutants and 3 C-terminal 
truncation mutants (Figure 2E). Some of these mutants are 
derived from somatic mutations identified in cancer and 
deposited in the COSMIC and cBioPortal databases [3, 
4]. For example, D1399N, D1399Y, Y1414C, W1466C 
and Y1467N are five hotspot mutations [3, 4]. The others 
(such as C1204S/R, D1384N/Y and the three truncation 
mutants) are to understand functions of different domains 
of p300. As shown in Figure 2E, plasmids from 31.5 out 
of 38 colonies analyzed by Sanger sequencing carried 
the expected mutations, resulting in the mutagenesis 
efficiency of 82.3%.

For CBP, we sought to engineer 7 missense mutants 
and 2 C-terminal truncation mutants. The first four 
mutants (i.e., R1446C, R1466H, Y1503D and Y1503H; 
Supplementary Figure 2D) are derived from somatic 
mutations identified in cancer and deposited in the 
COSMIC and cBioPortal databases [3, 4]. They are four 
hotspot mutations [3, 4]. The remaining three missense 
mutants (K1832E, R1869Q and R1968W) and the two 
truncation mutants are to understand functions of different 
domains of CBP. As shown in Supplementary Figure 
2D, 2E plasmids from 17 out of 20 colonies analyzed 
by Sanger sequencing carried the expected mutations. 
Thus, the efficiency was 85.0%. Together with the high 
efficiency to engineer full-length KAT6A and p300 
mutants, these results support that P3a mutagenesis is also 
highly efficient for engineering mutants encoded by large 
plasmids.

P3a mutagenesis for engineering missense spike 
variants of SARS-CoV-2

The coronavirus disease 2019 (COVID-19) 
pandemic resulted in tragic loss of life, affected health care 
and crippled economies around the world. Severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) is the 
underlying viral agent whose sequence was determined 
in January 2020 [5]. This virus has evolved rapidly, 

gained various mutations and yielded many variants and 
subvariants [6]. Notably, only some of these mutations 
act as drivers and shape up the evolutionary trajectories. 
Derived from Omicron variant, JN.1 and its descendants 
are currently contributing to active infections around the 
world. One major gene of variations encodes the spike 
protein, also the target of vaccines that have been or are 
being developed. Compared to Omicron variant, JN.1 and 
its descendants have gained additional substitutions in the 
spike protein, including R346T, L455S, F456L, Q493E 
and V1104L [47]. To elucidate the underlying pathological 
mechanisms, it is necessary to engineer such substitutions 
in the wild-type spike protein for analysis of their 
functional impact using molecular and cell-based assays 
in vitro. We thus investigated whether P3a mutagenesis 
can be employed for engineering these mutations in 
the backbone of spike proteins of the D614G and 
Omicron variants. The D614G variant is a SARS-CoV-2 
derivative that appeared in the early part of 2020 and led 
to development of many major variants that drove the 
pandemic. We also engineered L981F in the backbone of 
the spike protein of the D614G variant as this substitution 
is present in Omicron variant [6]. For L455S and F456L, 
we only utilized two primers, with one encoding F456L 
and another for both L455S and F456L, using the strategy 
illustrated in Figure 1C. As shown in Figure 3, among 32 
colonies that we analyzed, 29 were the correct mutants and 
one was a mixed clone of the wild-type and a mutant, so 
the overall mutagenesis efficiency was 92.2%. Once the 
primers were available, the initial mutagenesis experiment 
was carried out on day 1 and the colonies were inoculated 
on day 2. On day 3, the plasmids were prepared and sent 
for Sanger sequencing. Typically, 1–3 days later, the 
sequencing results were available for analysis. Thus, the 
mutant plasmids could be obtained easily within a week. 
Thus, this method is applicable for rapidly generating and 
molecularly modeling new mutations that JN.1 and its 
descendants will gain during evolution.

P3a cassette mutagenesis to introduce scarless 
large deletion

Completely complementary primers (Figure 
1A) can be used to introduce small deletions (such as 
removal of a few base pairs), but it is quite challenging 
to introduce large deletions (such as those from a few 
hundred base pairs to several kb). This is a common 
problem for all known mutagenesis methods. One 
approach is to amplify by PCR and subclone a DNA 
fragment with deletion, but this is time-consuming. The 
fragment functions as a cassette, so such an approach is 
also known as ‘cassette’ mutagenesis. The ‘handshaking’ 
feature of the primer pair with 3′-overhangs inspired 
us to postulate that such a primer pair can be leveraged 
for introducing large deletions (Figure 1D). Related to 
this, the ideal efficiency of 100% in generating the two 
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mutants del364-394 and del364-427 of the HAT domain 
of KAT6B (deletion of 93 and 182 bp in the respective 
coding sequences; Supplementary Figure 2B) made 
us reason that P3a mutagenesis can indeed be used to 
delete large DNA fragments. To explore this concept 
further, we tested it with additional vectors, some of 

which are much larger than that for the HAT domain of 
KAT6B (Supplementary Figure 2B). We first assessed the 
concept for generating two N-terminal truncation mutants 
of BRPF1 (Figure 4A). Shown in Figure 4B, 4C is the 
primer design strategy to delete the 393-bp fragment 
encoding the N-terminal 131 residues. A similar strategy 

Figure 3: Rapid construction of SARS-CoV-2 spike mutants by P3a site-directed mutagenesis. (A) Efficiency for generating 
seven different spike mutants. The first three were generated with the coding sequence for the D614G spike protein, whereas the last four 
were generated with the coding sequence for the Omicron spike protein. The asterisk indicates that among the 7 colonies analyzed, the 
L455S/F456L mutant plasmid is predominant. We sequenced plasmids from 8 more colonies; among them, five are for the L455S/F456L 
mutant plasmid, one carries the double mutation but with deletion of an A just upstream from the mutation, another is wild-type and the 
8th could not be sequenced. We reasoned that primer imbalance might have caused the problem (due to different quality), so we adjusted 
their ratio so that the concentration of the primer for the F456L mutation is four times of that for the L455S/F456L double mutation. 
The mutagenesis experiment was repeated under the adjusted primer condition and 4 of the resulting colonies were sequenced. One of 
them carries the F456L mutant plasmid, another is for L455S/F456L and the remaining two are wild-type. Notably, perhaps due to 3′->5′ 
exonuclease activity of the polymerase used, mutagenesis was also successful even though one primer for the R436R substitution has a 2-bp 
mismatch at the 3′-end with the expression plasmid for the Omicron spike protein. (B) Sequence chromatograms of representative plasmids 
sequenced for engineering SARS-CoV-2 spike mutants. The top chromatogram is the wild-type as the control and the remaining four are 
candidates from P3a site-directed mutagenesis. The sequencing results show that three are the L455S/F456L mutant and one contains a 
mixture of the wild-type and this mutant.
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was used to design the primer pair for engineering 
dN204, the truncation mutant lack of the N-terminal 204 
residues (Figure 4A). All six colonies analyzed by Sanger 
sequencing carry the expected deletions (Figure 4A), 

thereby reaching the ideal efficiency of 100%. We also 
generated a mutant with an internal deletion of 11 amino 
acids (d594-604) and obtained two corrected colonies out 
of three, yielding an efficiency of 66.7% (Figure 4A).

Figure 4: Seamless deletion of small and large DNA fragments by P3a cassette mutagenesis. (A) Efficiency of generating 
three BRPF1 deletion mutants and five other truncation or internal deletion mutants. The primer design for the other mutants is similar to 
what is illustrated for the dN131 mutant of BRPF1 in panels B, C. (B) Sequence of the region encoding the N-terminal 131 residues of 
human BRPF1. The 393-bp DNA fragment to be deleted is highlighted in blue. (C) Sequence of the deletion mutant and the two partially 
complementary primers (dN131-F and dN131-R) that were used for P3a cassette mutagenesis. The notation ‘dN131’ refers to the deletion 
of the N-terminal 131 residues.
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Success with these three BRPF1 deletion mutants 
led us to apply a similar strategy to generate larger 
deletion mutants of a paralog, BRPF2, and a related 
protein, JADE2, as we needed such mutants to investigate 
their interaction with KAT7. As shown in Figure 4A, for 
two BRPF2 deletion mutants and one JADE2 deletion 
mutant, we analyzed 11 colonies and found that 8 were 
mutants, so the efficiency was 8/11 (72.3%). We next 
tested the strategy with the expression vectors for p300 
and CBP, which are 12.8 and 13.4 kb in size, respectively. 
We aimed to engineer two mutants to delete the coding 
sequences for the N-terminal 1031 residues of p300 and 
the N-terminal 1068 residues of CBP (deletion of 3.1 and 
3.2 kb in the respective coding sequences; Figure 4A). As 
shown in Figure 4A, all six colonies analyzed by Sanger 
sequencing have the expected mutations, thereby reaching 
the ideal efficiency of 100%. These results attest to the 
notion that P3a cassette mutagenesis is highly efficient for 
introducing small or large deletion mutants.

Seamless epitope tagging and untagging by P3a 
cassette mutagenesis

The high efficiency in engineering deletions via P3a 
mutagenesis led us to investigate the possibility to use this 
strategy to introduce insertions (Figure 1E). We first tested 
a mammalian expression vector for human p300, which 
does not possess a FLAG epitope for affinity purification 
on M2 agarose, so we sought to insert such a tag at the 
N-terminus of p300 (Figure 5A). In the design, we also 
sought to remove 92 bp between the CMV promoter and 
the p300 coding sequence (Figure 5B–5D). As shown 
in Figure 5D, all three colonies analyzed by Sanger 
sequencing are the expected mutants with the deletion of 
the 92-bp fragment and the insertion of the FLAG-coding 
sequence, thereby reaching the ideal efficiency of 100%. 
This supports that P3a cassette mutagenesis is highly 
efficient for epitope tagging.

We also tested the strategy to modify additional 
vectors. One such expression vector for CBP encodes two 
epitope tags, FLAG and HA, initially designed in another 
lab for tandem affinity purification. The HA tag interferes 
with detection of CBP partners in co-immunoprecipitation 
experiments, as they are also expressed as HA-tagged 
fusion proteins. We thus sought to remove the HA tag 
from the CBP expression vector using the strategy 
illustrated in Supplementary Figure 3A, 3B. As shown 
in Figure 5A, one of three colonies analyzed by Sanger 
sequencing carries the expected deletion. Similarly, 
the p300 expression vector has a 6xHis tag, which may 
cause non-specific interaction. We employed a strategy 
analogous to that depicted in Supplementary Figure 3A, 
3B to remove this tag. One of three colonies analyzed by 
sequencing carries the expected deletion. These results 
support that P3a cassette mutagenesis is efficient for 
epitope untagging.

We next investigated epitope tag conversion, 
i.e., involving replacement of DNA fragments (just as 
‘cassettes’). Related to this, we had purchased expression 
vectors for multiple epigenetic regulators, including 
SIN3A, YEATS2, ZZZ3, MIER1, PHF6 and PH12 (Figure 
5A). These vectors were initially designed for expression 
of FLAG-tagged proteins, but for co-immunoprecipitation 
with partners that are also expressed as FLAG-tagged 
proteins, it is necessary to replace the FLAG tag with 
another tag, such as the HA tag. For the SIN3A vector, 
we utilized a strategy depicted in Supplementary Figure 
4A, 4B to achieve tag conversion. As shown in Figure 5A 
and Supplementary Figure 4C, all three colonies analyzed 
by Sanger sequencing were the expected mutants, thereby 
reaching the ideal efficiency of 100%. Similar strategies 
were employed to replace the FLAG tag on the expression 
vectors for YEATS2, ZZZ3, MIER1, PHF6 and PH12. As 
shown in Figure 5A and Supplementary Figure 4D, 12 
of 15 colonies analyzed by Sanger sequencing were the 
expected deletion mutants, thereby reaching the efficiency 
of 75%. Using this strategy (Supplementary Figure 3C), we 
converted a FLAG expression vector to a 3xFLAG vector. 
Notably, the ‘handshaking’ region is only 18 bp, allowing 
60-bp insertion with a pair of primers only 58 nucleotides 
long (Figure 5A and Supplementary Figure 3C). This is 
based on the general strategy illustrated in Figure 1E. 
As shown in Figure 5A, 5 of 6 colonies analyzed by 
Sanger sequencing harbor the expected plasmids, thereby 
reaching an efficiency of 83.3%. The overall efficiency 
for manipulating epitope tags on the 10 vectors is 75.6% 
(Figure 5A), attesting to the high efficiency of P3a cassette 
mutagenesis for epitope tagging and untagging.

Scarless engineering of restriction and LoxP sites 
by P3a site-specific mutagenesis

High efficiency in deletion of large DNA 
fragments encoding different epigenetic regulators by 
P3a mutagenesis (Figure 4) led us to consider the use of 
this method for plasmid engineering. For example, the 
mammalian expression vector for p300 is almost 12.8 kb 
(Supplementary Figure 5A) and its preparation yield from 
bacterial cultures is much lower than other plasmids of 
similar size. To enhance the yield, we considered to delete 
some unnecessary sequences. Related to this, the Fi origin 
that was designed decades ago for preparation of phagmid 
forms is obsolete and no longer needed (Supplementary 
Figure 5A). Moreover, the Neo gene marker and its 
promoters are not necessary either. Thus, P3a mutagenesis 
was carried out to delete 1,928-bp fragment encompassing 
the F1 origin and the Neo elements. The resulting plasmid 
was expected to be 10.7 kb (Supplementary Figure 
5B). The two primers were designed as illustrated in 
Supplementary Figure 5C. As shown in Supplementary 
Figure 5D, 2 of 4 colonies analyzed by Sanger sequencing 
were the expected deletion mutants. The preparation yield 
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Figure 5: Seamless epitope tagging and untagging via P3a cassette mutagenesis. (A) Efficiency of epitope tagging into 
mammalian expression vectors for 8 epigenetic regulators and epitope removal for two expression vectors (deletion of an HA tag from the 
CBP expression plasmid encoding both FLAG and HA tags, and removal of a 6xHis tag from the p300 expression vector). A single asterisk 
denotes deletion of the coding sequence of a FLAG tag, where the double asterisks refer to insertion of the coding sequence for tandem 
FLAG tags into a vector that already carries one such tag. (B) DNA sequence encoding the N-terminal region of human p300. A 92-bp 
fragment to be deleted during P3a mutagenesis for introducing the coding sequence for a FLAG tag is highlighted in blue. (C) Sequence of 
the resulting mutant and the two partially complementary primers (p300-F and p300-R) that were used for P3a site-directed mutagenesis. 
The two primers were designed to delete the 92-bp fragment (highlighted in panel B) and insert the coding sequence for the FLAG tag. 
(D) Sanger sequence chromatogram of one mutant plasmid analyzed for the FLAG-coding region (top). Sequences of two other mutant 
candidates are at the bottom two lines. The results indicate that all three plasmids carry the FLAG coding sequence properly inserted.
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of the mutant plasmids was still similar to the parental 
plasmid, indicating that sequences other than the deleted 
region are responsible for the low yield. Among the 
remaining two colonies, one was the original plasmid 
and the other contained a much larger deletion. Thus, the 
mutagenesis efficiency was 50%. Due to its reduced size, 
the resulting plasmid with the 1,928-bp deletion should 
allow easy insertion of other sequences, such as those 
of KAT6A and KAT6B for engineering related leukemic 
fusion proteins [43].

We next sought to engineer simultaneous 
double deletions for plasmid optimization. Like the 
p300 expression plasmid, many plasmids in use now 
contain unnecessary sequences that can be deleted for 
optimization, such as the F1 origin mentioned above. 
Thus, we sought to optimize a commonly used 5.4-kb 
vector in our laboratory. This vector, known as pAW51 
(Supplementary Figure 6A), was initially derived from a 
pcDNA3.1 vector and encodes an HA tag. pAW51 contains 
two regions that are no longer needed. One of them is a 
430-bp fragment containing the F1 origin, and the other is 
a 390-bp fragment that encompasses a CAP-binding site 
and a Lac operator. To optimize this plasmid, we sought 
to delete these two fragments. The resulting plasmid is 
smaller (4.6 kb, Supplementary Figure 6B). Two pairs of 
primers were designed (Supplementary Figure 6C, 6D). 
These four primers were used in the same mutagenesis 
reaction to introduce both deletions simultaneously. In 
the first trial, we used 15 ng of the parental plasmid as 
the PCR template (condition A, Supplementary Figure 
6E). We analyzed plasmids from 9 colonies by restriction 
digestion (Supplementary Figure 6E). Two plasmids 
possess the 390-bp deletion and 4 contain the 430-bp 
deletion. Among these 6, one carries both deletions. As the 
efficiency to obtain the mutant plasmid with both deletions 
is low, 1/9 (11.1%), we tested two additional conditions 
by using 5 ng of the parental plasmid as the PCR template 
(conditions B-C, Supplementary Figure 6E). For each 
of these two conditions, we analyzed plasmids from 8 
colonies by restriction digestion (Supplementary Figure 
6E). For both conditions, 7 colonies contain one of the 
two deletions. For condition B, three colonies harbor the 
mutant plasmid with both deletions (Supplementary Figure 
6E). For condition C, none of the 8 colonies possess the 
mutant plasmid with both deletions (Supplementary 
Figure 6E). For these three trials, the overall efficiency to 
obtain the mutant plasmid with both deletions is only 4/25 
(16%). These results suggest that while P3a mutagenesis 
is efficient in engineering single-site deletions, it is 
feasible for P3a mutagenesis to introduce two mutations 
simultaneously. Thus, alternative approaches are needed to 
enhance the efficiency. One possibility is to engineer two 
deletions with sequential mutagenesis reactions.

For plasmid engineering, it is often necessary to 
introduce or remove restriction sites for subcloning. 
Related to this, we needed to remove one of the two NheI 

site that pAW51 harbors to make the remaining site unique. 
The site to be deleted is located upstream from the coding 
sequence for the HA tag (Supplementary Figure 6A). This 
was achieved easily with the primers NheI-F and NheI-R, 
at the mutagenesis efficiency of 100% (Supplementary 
Figure 7A). Into the resulting vector (pAW51a), we then 
introduced an XhoI site and an NheI site with another 
pair of primers, XhoI-F and XhoI-R (Supplementary 
Figure 7B). Again, this was easily carried out, at the 
mutagenesis efficiency of 100% (Supplementary Figure 
7A). Similarly, we introduced an HindIII site into pCL36, 
a vector almost the same as pAW51, but with a different 
poly-linker downstream from the coding sequence for the 
HA tag (Supplementary Figure 7A). As shown at the top of 
Supplementary Figure 8, we designed one pair of primers 
to introduce the HindIII site following two different 
reading frames downstream from the HA coding sequence. 
We analyzed 4 colonies by Sanger sequencing. All of them 
were the expected mutants, with 3 for one reading frame 
and the 4th for the other reading frame (Supplementary 
Figure 8), also reaching the ideal efficiency of 100%. 
For these cases, restriction digestion could be used as 
the initial screening for the resulting colonies, so the 
results could be obtained within 3 days after primers were 
synthesized. The candidates from the initial screens could 
then be validated by Sanger sequencing.

To produce mammalian expression vectors for 
human SIN3B, USP10 and histone H4, we obtained 
their coding sequences from the ORFeome Collaboration 
Collection [48]. We initially tried PCR to amplify the 
coding sequences for subcloning, but due to some 
unknown technical reasons, the amplification failed. To 
overcome this technical problem, we sought to utilize 
P3a mutagenesis to introduce necessary restriction sites 
for subcloning. Into the vectors for SIN3B and USP10, 
we introduced an HindIII site upstream from their 
coding sequences. The resulting plasmids were analyzed 
by restriction digestion, and Sanger sequencing was 
performed for verification. The analyses revealed that 
the efficiency was 44.4% and 75% for introducing the 
two HindIII sites into the SIN3B and USP10 expression 
vectors, respectively. The large size of the SIN3B 
insert (~3.6 kb) might have contributed to the lower 
efficiency. For the histone H4 expression vector, we 
needed to introduce XhoI and BamHI sites upstream 
and downstream from the coding sequence, respectively. 
We designed two pairs of primers and used both pairs 
in one mutagenesis reaction. We analyzed 4 colonies by 
digestion. Two had the correct digestion pattern and were 
verified by Sanger sequencing, so the efficiency to obtain 
both restriction sites on the same vector is 2/4 (50%), 
supporting the feasibility of P3a mutagenesis to introduce 
two distant mutations simultaneously.

We also utilized P3a mutagenesis to insert a LoxP 
site, which is widely used for inducing Cre-dependent 
gene deletion in cells and animals. Typically, such sites 
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are introduced by standard subcloning techniques relying 
on restriction sites, but a seamless mutagenesis method to 
insert such sites at ease is advantageous. As a proof-of-
concept experiment, we engineered a 34-bp LoxP site on 
a BRPF1 expression vector (Supplementary Figure 9A). 
Out of 6 colonies analyzed, all contained the insertion 
and all of them possessed the correct insertion, leading 
to the ideal efficiency of 6/6 (100%), supporting that P3a 
mutagenesis is efficient to introduce LoxP sites. Therefore, 
together with the results on deletion of large fragments 
from the p300 expression vector (Supplementary Figure 5) 
and pAW51 (Supplementary Figure 6), the above 
experiments on introduction and deletion of restriction 
sites (Supplementary Figures 7, 8) and LoxP sites 
(Supplementary Figure 9) indicate that P3a mutagenesis 
is efficient and valuable for seamless plasmid engineering.

Deletion and insertion by P3 cassette mutagenesis

Previously, we systematically analyzed P3 site-
directed mutagenesis [18, 19], but it remains unclear 
whether the method is applicable to introduction of 
deletion and insertion mutations using the new strategies 
(Figure 1D, 1E) as described above for P3a mutagenesis. 
Thus, it is important to compare the two methods in this 
regard. For these, we utilized P3 site-directed mutagenesis 
and Pfu_Ultra for generating 6 deletion mutants 
(Supplementary Figure 9B) and one insertion mutant 
(insertion of a LoxP site, Supplementary Figure 9A, 9B). 
For generation the 6 deletion mutants, the efficiency 
ranged from 33.3% to 85.7%, with the average level at 
56–57% (Supplementary Figure 9B). This is much lower 
than what we obtained with the P3a method (Figure 4). 
As for introduction the LoxP site, we analyzed plasmids 
from 6 colonies and four contained the correct inserts, 
with the remaining two possessing unwanted insertions 
(Supplementary Figure 9A, 9B). Thus, the efficiency was 
4/6 (66.7%), lower than the 100% efficiency what we 
obtained with the P3a method (Supplementary Figure 9A). 
Thus, P3 mutagenesis was reliable for introducing deletion 
and insertion but was less efficient than the P3a method. In 
addition to higher efficiency than the original P3 method, 
P3a mutagenesis offers four other advantages: (1) PCR 
length of about 2 hours, whereas P3 mutagenesis takes 
4–10 hours dependent on the vector size and the choice of 
the extension temperature at 68°C or 72°C; (2) many more 
colonies (Supplementary Figure 9C); (3) fewer competent 
cells needed to be transformed; and (4) lower frequency of 
unwanted mutations. Therefore, P3a mutagenesis is much 
more advantageous than the P3 method itself.

Engineering different genome-editing vectors by 
P3a site-specific mutagenesis

CRISPR has become a standard tool for genome 
editing [49]. An important aspect is to generate 

guide RNA-expressing vectors and modify Cas9 and 
other editing enzymes for biomedical research and 
eventual clinical evaluation. An efficient and seamless 
mutagenesis method should facilitate this process. As 
such, we applied P3a mutagenesis for modifying Cas9 
expression vectors. As a proof-of-concept experiment, 
we first deleted a 5-kb fragment encompassing the 
Cas9 sequence and its promoter from pX459 and an 
pX330-derivative (Figure 6A). pX330 and pX459 are 
two widely used Cas9 expression vectors due to their 
description in one of the first CRISPR-Cas9 papers [50]. 
For each mutagenesis reaction, 4 colonies were analyzed 
and all of them possessed the expected deletion, leading 
to the ideal efficiency of 100% (Figure 6A). During 
the process, we noticed two 44-bp repeats shared by 
the sgRNA scaffold and its downstream region (Figure 
6B and Supplementary Figure 10A). This downstream 
repeat hinders P3a mutagenesis of the scaffold and 
insertion of gRNA-coding sequence upstream from the 
scaffold, so the second repeat was deleted along with its 
downstream TTT, leading to removal of a 47-bp fragment 
(Supplementary Figure 10B). For the mutagenesis 
reaction, plasmids from 4 colonies were analyzed and 
all of them possessed the expected deletion, leading 
to the ideal efficiency of 100% (Figure 6A). Based on 
this vector, we engineered an sgRNA to edit the codon 
for R318 of human BRPF1. From the mutagenesis 
reaction, plasmids from 4 colonies were analyzed and 
three of them possessed the expected deletion, leading 
to an efficiency of 75% (Figure 6A, 6C). Optimization 
of sgRNA is important for enhancing the editing 
efficiency. One possibility is to replace the premature 
termination signal TTTT within the scaffold with TTTC 
(Supplementary Figure 10C) [51]. Accordingly, the 
downstream AAAA needs to be replaced with GAAA 
[51]. Another possibility is to introduce a stable hairpin, 
referred to as Gold t-lock, involving a 11-bp insertion 
[52]. We carried out both mutagenesis reactions and 
analyzed three colonies from each (Figure 6A). All of 
them possessed plasmids with the designed insertion, so 
the mutagenesis efficiency was 100%.

A recent study discovered and developed a new 
genome-editing TIGR-Tas system that is independent 
of any PAM sequences, so it is advantageous over 
CRISPR-Cas9 and any other known genome-editing 
systems [53]. The new system involves a new type of 
guide RNA, referred to as tigRNA. To introduce this 
system for editing the codon for R318 of human BRPF1, 
we engineered a tigRNA vector based the sequence 
encompassing the codon for R318 of human BRPF1. 
From the mutagenesis reaction, plasmids from 4 colonies 
were analyzed and two of them possessed the expected 
deletion, leading to an efficiency of 50% (Figure 6A). 
Perhaps due to the primer quality or because of unique 
sequence at and round the deletion region, this efficiency 
was lower than the other mutations. Overall, the average 
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Figure 6: P3a site-directed mutagenesis of Cas9 and guide RNA vectors for genome editing. (A) Summary of the efficiency 
from P3a site-directed mutagenesis to engineer deletion, insertion and point mutations in two different Cas9 vectors (pX459 and a related 
plasmid) and two guide RNA vectors (pX459_d5K and pX459_d47). tgR318 refers to a vector expressing a tigRNA [53] targeting the 
coding sequence around R318 of human BRPF1. (B) The Cas9 expression vectors pX330, pX459 and some of their derivatives possess 
two 44-bp repeats in the sgRNA scaffold and its downstream region. The repeats are problematic to correct annealing of PCR primers 
designed to mutate the scaffold or insert sgRNA-coding sequences just upstream from the scaffold. (C) Sequence chromatograms of four 
representative plasmids sequenced for engineering an sgRNA for editing the codon of R318 of human BRPF1. The two primers (sgR318-F 
and sgR318-R) were designed to express the sgRNA site from U6 promoter. The first three clones contained the insertion, whereas the 4th 
was the vector itself, resulting in an efficiency of 3/4 (75%).
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mutagenesis efficiency reaches ~90% for engineering the 
7 genome-editing vectors (Figure 6A).

Restriction site-independent insertion or 
replacement of gene fragments via P3a 
mutagenesis

In the above experiments, we utilized regular 
oligonucleotides as primers. As such primers are limited 
to 60 nucleotides in size, the insert size is restricted to 60 
bp. This is because the two primers need 20 nucleotides 
for each of the two arms to anneal to the template and 
also 20 nucleotides for the overlapping region of the two 
primers. To circumvent this limitation, we sought to utilize 
Ultramer primers, which can be up to 200 nucleotides, so 
the insert size can be increased to 340 bp (Figure 7A). To 
implement this strategy, we tested three cases. In the first 
one, we sought to repair an incomplete ORF clone that we 
had for human HAT1. The clone encodes residues 85–419, 
with the N-terminal 84 residues missing (Supplementary 
Figure 11A). To complete the ORF, we designed two 
Ultramers, HAT1-uF and -uR (Supplementary Figure 
11B), for P3a cassette mutagenesis. Plasmids from a dozen 
bacterial colonies were analyzed by restriction digestion 
and 6 of them were found to carry the expected insertion 
of 0.25 kb. Three of them were sequenced and all were 
correct (Supplementary Figure 11C). Thus, the overall 
efficiency was 6/12 (50%).

In the second case, we sought to clone the ORF of an 
artificial protein known as SHRT, which was AI-designed 
to bind and neutralize a snake venom toxin [54]. SHRT 
is composed of 100 residues and its ORF is 0.3 kb. We 
utilized two Ultramers, SHRT-F and SHRT-R (Figure 7B). 
From the mutagenesis reaction, plasmids from 11 bacterial 
colonies were analyzed by restriction digestion and 4 of 
them were found to carry the expected insertion of 0.3 kb. 
All of them were sequenced and two were correct (Figure 
7C). For the remaining two, one possessed a T insertion 
and the other carried a G deletion. The synthesis yield 
for these two Ultramers was lower than those for HAT1, 
and one-nucleotide insertion or deletion is expected to be 
frequent for long primers like Ultramers. It is very likely 
that these two mutations were due to the quality of the 
Ultramers. Thus, the overall efficiency was 4/11 (36.4%). 
As mutations from incorrect synthesis are expected to 
be frequent for long primers like Ultramers, we sought 
to correct the T deletion and G deletion by regular P3a 
site-specific mutagenesis. We analyzed 4 colonies each, 
and three or four of them were correct, supporting the 
usefulness of the method to correct unwanted mutations 
resulting from DNA synthesis.

In the last case, we replaced the coding sequence 
for the receptor-binding domain of the spike protein 
encoded by the D614G SARS-CoV19 variant with 
the counterpart of a new Omicron subvariant, which 
possesses 13 extra mutations compared to the original 

D614G variant (Supplementary Figure 12A) [6, 47]. For 
this, a crossover strategy was used (Supplementary Figure 
11A), with the two Ultramers Omi430-F and Omi430-R 
(Supplementary Figure 12A, 12B). From the mutagenesis 
reaction, plasmids from 8 bacterial colonies were analyzed 
by sequencing and all of them were found to carry the 
expected mutations (Supplementary Figure 12C), resulting 
in the ideal mutagenesis efficiency of 100%. Thus, as 
summarized in Figure 7D, the above three cases based 
on Ultramers illustrate that P3a cassette mutagenesis is 
efficient for inserting and replacing gene fragments in a 
seamless manner.

DISCUSSION

Site-directed mutagenesis is a fundamental 
technique for biomedical research, used to analyze 
disease-associated germline or somatic mutations [2–4], 
assess the impact of viral genetic alterations during 
evolution [5, 6], generate specific mutants of natural 
proteins [7] and engineer artificial proteins from natural 
backbones [8, 9] or AI-assisted de novo design [11–13]. 
An innovative strategy involves the use of partially 
complementary primers with 3′-protruding ends (Figure 
1B) [18, 20, 21]. These primers anneal to nicked regions 
of newly synthesized DNA strands, enabling their use as 
new templates for PCR amplification (Supplementary 
Figure 1A). In the previous study [18], we evaluated this 
method with a dozen mammalian expression plasmids. 
While it is generally reliable for many cases, the efficiency 
was close to 50% and can be improved further. Moreover, 
other issues, such as 1) unwanted mutations at the primer 
sites, 2) relatively low fidelity of Pfu polymerase and 3) 
slow synthesis rate of this enzyme (Figure 7E), require 
further improvement of the method [18]. In the current 
study, we have developed a new approach by replacing 
Pfu and its derivatives with Q5 and Platinum SuperFi II 
high-fidelity DNA polymerases, both of which elevate 
the efficiency close to the ideal level of 100%, speed up 
PCR amplification and eliminate unwanted mutations at or 
close to the primer sites (Figures 1–3 and 7E). Typically, 
the new method requires fewer PCR cycles than what 
was described previously [18]. We have evaluated the 
new method with over ten mammalian expression vectors 
encoding various epigenetic regulators (Figures 1, 2, 4 and 
Supplementary Figures 1, 2) and two vectors for the spike 
protein of SARS-CoV-2 (Figure 3).

In light of the unique handshaking feature of the 
primers with 3′-overhangs, we have extended the method 
for seamless cassette mutagenesis to engineer deletion 
(Figure 1D) and insertion (Figure 1E), as exemplified 
by introduction of large deletion, up to 5 kb (Figures 
4A and 6), epitope tagging/untagging (Figure 5 and 
Supplementary Figures 3, 4), plasmid optimization 
(Supplementary Figures 5–8) and modification of genome-
editing vectors (Figure 6 and Supplementary Figure 12). 
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The largest plasmid that we tested is the 13.4-kb CBP 
expression vector (Figure 4A and Supplementary Figure 
2D). For seamless plasmid minimization, we tested the 
method with four plasmids (Supplementary Figures 5–7 

and Figure 6A). But it should be applicable to many other 
plasmids, especially for those (such as viral vectors for 
preclinical research and gene therapy), where the size limit 
is a critical bottleneck. Notably, for deletion and insertion, 

Figure 7: P3a cassette mutagenesis directed by Ultramer primer pairs. (A) Cartoon showing a pair of Ultramer oligo primers 
for introducing insertion up to 0.36 kb. The current up limit of an Ultramer is 0.2 kb. (B) Insertion of the 300-bp coding sequence for SHRT 
(an artificial protein that neutralize a snake toxin) into a mammalian expression vector. (C) Sequence chromatograms of four representative 
plasmids sequenced for engineering the coding sequence for SHRT. Eleven colonies were analyzed by restriction digestion and 4 were 
found to contain an insertion, resulting in an efficiency of 4/11 (36.4%). (D) Efficiency of P3a cassette mutagenesis to insert gene fragments 
via Ultramer primers. (E) Summary of different parameters for direct comparison of P3 and P3a mutagenesis methods, with the latter being 
much faster, more convenient and efficient.
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the P3a method was more efficient than P3 mutagenesis 
(Supplementary Figure 9B).

For scarless epitope tagging and untagging, we 
tested the method with four tags, including FLAG, 
3xFLAG, HA and 6xHis tags (Figure 5A), but the 
method should be applicable to many other tags, such 
as a modified tandem affinity purification tag [55] 
and a novel degron [56]. Notably, the size of insertion 
is limited to the two primers that can be synthesized 
chemically. The largest insertion that we have made was 
the conversion of a FLAG tag to a 3× FLAG tag, where 
the inserted sequence is 60 bp (Figure 5A). Moreover, as 
an Ultramer DNA primer can be up to 200 nucleotides 
long, the insertion could be up to 0.4 kb in size (2 × 
200 bp, according to the strategy shown in Figure 
7A). We have successfully implemented this strategy 
(Figure 7 and Supplementary Figures 10, 11). This is not 
something that the strategy depicted in the previous study 
could achieve [21]. Moreover, sequential mutagenesis 
should help circumvent the size limit (Supplementary 
Figure 13E). As shown for introducing epitope tags 
(Supplementary Figures 3, 4), this method should also 
allow efficient and seamless insertion of oligonucleotide 
duplexes for engineering gRNA and shRNA vectors. 
Similarly, this method shall also be useful for seamless 
insertion of LoxP and other recombination sites for 
construction of targeting vectors for homologous 
recombination and conditional knockouts. Theoretically, 
the method can also be used for seamless insertion of 
the coding sequences for nuclear localization and export 
signals.

The strategy utilizing primer pairs with two 
3′-overhangs was initially implemented by Zheng, 
Baumann & Reymond [20] and subsequently refined by 
Liu & Naismith [21]. As the first step towards the ideal 
goal to reach the mutagenesis efficiency of 100%, we have 
recently optimized the method and systematically tested it 
with over a dozen plasmids, ranging in 7.0–13.4 kb in size 
[18]. The success rate varies, with an average efficiency of 
about 50% for many plasmids [18], thereby leaving space 
for further improvement. As the second step towards the 
aforementioned ideal goal, the current study fills this void 
and raises the mutagenesis efficiency to or near 100%, 
making the new method a routine choice for site-directed 
mutagenesis in molecular biology experiments. Even 
more importantly, this current study provides an effective 
remedy to address the challenges to insert or delete 
large fragments, up to 5 kb (Figure 7). Related to this, 
only small deletion and insertion (up to 18 nucleotides) 
were tested in the previous study (Supplementary Figure 
13A) [21]. Even for such small deletion, the primer size 
ranges from 38–46 nucleotides [21]. In comparison, we 
used primers ~30 nucleotides long (Figure 1D), thereby 
reducing costs and minimizing the chance of unwanted 
mutations from primers. Different from that used in 
the previous study (Supplementary Figure 13A) [21], 

the overlapping region of the primer pair can be a new 
sequence, e.g. a codon optimized one (Supplementary 
Figure 13B). Moreover, our insertion strategy (Figure 
1E) is completely different from (and also superior to) the 
one used in this previous study, thereby allowing much 
larger insertion (Supplementary Figure 13C, 13D) [21]. 
In comparison, from the previous studies [18, 20, 21], it 
was unclear if the methods work with large deletion and 
insertion. To our knowledge, no effective methods have 
been reported in the literature. The current study offers a 
simple method for this purpose. 

In light of the unique ‘handshaking’ feature of 
primer pairs with 3′ overhangs, the novel strategy 
depicted in (Figure 1E) was successfully to replace 
DNA fragments (Figure 5A). Conceptually, deletion and 
insertion can be considered as two special cases where 
the respective sequences to be inserted and deleted 
are zero bp (Supplementary Figure 13F; also see the 
legend to Figure 1E). Thus, the insertion strategy is 
also applicable to deletion and replacement of DNA 
fragments, as exemplified in Figure 5. Notably, the unique 
‘handshaking’ feature of primer pairs with 3′ overhangs 
is lacking in QuickChange primer pairs (Figure 1A), 
thereby limiting this previous method to small deletion, 
insertion or replacement. Thus, the P3 and P3a methods 
are also advantageous over the QuickChange strategy in 
this regard.

One common challenge with site-directed 
mutagenesis is occurrence of unwanted mutations due 
to three sources: (1) impurity in primers, (2) unwanted 
recombination at the mutation or primer sites, and 3) 
misincorporation during synthesis mediated by DNA 
polymerase. Related to source (3), Q5 and SuperFi 
II DNA polymerases are high-fidelity enzymes with 
misincorporation rates 10–15-fold lower than PfuUltra 
that we used in the previous study [18] and 30–35-fold 
lower than regular Pfu. Related to this, results from over 
100 Sanger sequencing reactions performed for the current 
study have not yielded any such mutations away from the 
primer sites. Related to source (2), the previous study 
frequently uncovered unwanted mutations at the region 
at or close to the primer sites when PfuUltra was used, 
perhaps due to its strand-replacement activity or unwanted 
synthesis when reaching the 5′ end of an annealed primer 
[18]. By contrast, we have found only two such cases in 
the current study (Supplementary Figures 4D, 5D). One of 
them (Supplementary Figure 4D) is right at a primer site, 
so it could also be due to source (1). Instead of unwanted 
recombination at the primer sites or misincorporation 
during PCR, impurity in primers is a major source of 
unwanted mutations, so it is important to verify the 
sequence at the primer sites. The results from the current 
study and those from the previous study [18] also indicate 
that Q5 and SuperFi II polymerases replicate much more 
faithfully than Pfu and its derivatives when DNA synthesis 
reaches the primer sites.
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The current study focuses on engineering single-site 
mutations. For pAW51 (Supplementary Figure 6) and the 
histone H4 vector (Supplementary Figure 7), we tested the 
feasibility to engineer double mutations simultaneously. 
The results show that the dual-site mutagenesis efficiency 
was 50% for the histone H4 vector (Supplementary Figure 
7A) and only 16% for pAW51 (Supplementary Figure 6). 
Theoretically, PCR amplification between the forward 
primer for site 1 and reverse primer for site 2, as well as 
PCR amplification between the reverse primer for site 
1 and forward primer for site 2, becomes dominant and 
may overshadow the expected two PCR amplifications 
from two pairs of primers at sites 1 and 2 for P3a 
mutagenesis. This problem is expected to get worse for 
multi-site mutagenesis. This is an intrinsic flaw of all 
mutagenesis methods based on primer pairs, including the 
QuickChange™ and P3 site-directed mutagenesis methods 
(Figure 1A, 1B). One potential solution is to carry out 
sequential mutagenesis, but this is time-consuming, 
especially for multi-site mutagenesis where the site 
number is 5 or more. Therefore, alternative approaches are 
needed to generate multi-site mutations fast and efficiently.

In summary, we have developed a fast, economical 
and highly efficient site-specific mutagenesis method based 
on Q5 and SuperFi II high-fidelity DNA polymerases, 
along with primer pairs with 3′-overhangs (Figure 1C–
1E). We have evaluated this method systematically by 
engineering >100 mutations on >20 mammalian expression 
vectors, up to 13.4 kb in size. The results indicate that the 
method is superior to those based on Pfu and its derivatives 
[18, 20, 21], by elevating the efficiency to or close to 100%, 
speeding up PCR amplification and reducing unwanted 
mutations at the primer sites. Even more importantly, the 
high efficiency and the ‘handshaking’ feature of the primer 
pairs with 3′-protruding ends have led us to extend the 
method for seamless cassette mutagenesis, which allows 
highly efficient epitope tagging or untagging, deletion of 
small or large DNA fragments, optimization of plasmid 
constructs and insertion of oligonucleotide duplexes with 
3′-overhangs. Given its versatility, P3a site-specific and 
cassette mutagenesis is expected to be of wide use for 
biomedical research.

MATERIALS AND METHODS

Plasmid vectors

The mammalian expression vector for wild-
type Xenopus histone H3 with its C-terminus fused to a 
FLAG tag was modified from a pcDNA3.1 derivative 
containing the coding sequence for this epitope tag. A 
bacterial expression vector encoding Xenopus histone 
H3 was generously provided by Dr. Karolin Luger [57]. 
Mammalian expression vectors for HA-tagged BRPF1, 
BRPF2 (also known as BRD1) and BRPF3 were described 
earlier [31, 41, 58]. The mammalian expression vector 

for FLAG-KAT6A was kindly provided by Dr. Issay 
Kitabayashi [59]. The mammalian expression vector for the 
catalytic domain of KAT6A was described previously [31, 
58]. The mammalian expression vectors for FLAG-KAT6B 
and its catalytic domain have been reported [31, 58, 60]. 
The expression plasmids for untagged p300 and FLAG/
HA-tagged mouse CBP were obtained from Addgene (Cat. 
23252 and 32908, respectively). Mammalian expression 
vectors for untagged D614G and Omicron spike proteins 
of SARS-CoV-2 were purchased from SinoBiological 
(Cat. VG40589-UT and VG40835-UT, respectively). 
Vectors containing the coding sequences for human 
SIN3B (BC172412), histone H4 (EU446978) and USP10 
(DQ892553), initially produced as a part of the ORFeome 
Collaboration Collection [48], were obtained from the 
Platform for Cellular Perturbation at McGill University, 
Montreal, Canada. The mammalian expression vectors for 
human SIN3A, YEATS2, ZZZ3, MIER1, PHF6 and PHF12 
were purchased from GeneScript. They were expressed as 
fusion proteins with a FLAG tag fused to the C-termini, 
upon transfection into mammalian cells. pX459_HypaCas9 
and G3_Cas9 (eSpCas9(1.1)_No_FLAG_ATP1A1_G3 
[61], a pX330-derived vector) were purchased from 
Addgene (#108294 and #86611, respectively).

Primers for site-directed mutagenesis

Primers were designed with the aid of SnapGene 
software package (version 7.2.1). They were synthesized 
at Integrated DNA Technologies (IDT) as small scale, 
standard and desalted DNA oligos, without further 
purification. Primers used to generate Xenopus histone 
H3 mutants for expression in mammalian cells as fusion 
proteins with a FLAG tag at the C-terminus were as 
listed below, where the mutated nucleotides are shown 
in lowercase: K9R-F, CCGCCCGGAgATCCACCGGA 
GGGAAGGCTCCCCGC; K9R, CCGGTGGATcTCC 
GGGCGGTCTGCTTAGTACGAGC; K14R-F, CCGGAG 
GGAgGGCTCCCCGCAAGCAGCTGGCCACC; K14 
R-R, CGGGGAGCCcTCCCTCCGGTGGATTTCCGGG 
CGGT; K18R-F, CTCCCCGCAgGCAGCTGGCCACC 
AAGGCAGCCAGG, K18R-R, GCCAGCTGCcTGCGG 
GGAGCCTTCCCTCCGGTGGA; K23R-F, TGGCCA 
CCAgGGCAGCCAGGAAGAGCGCTCCGGCC; K23 
R-R, CTGGCTGCCcTGGTGGCCAGCTGCTTGCG 
GGGAGC; K27M-F, CAGCCAGGAtGAGCGCTCC 
GGCCACAGGCGGAGTC; 27R-R, GGAGCGCTCc 
TCCTGGCTGCCTTGGTGGCCAGCTG; G34R-F, GCC 
ACAGGCaGAGTCAAGAAACCTCACCGTTACCG; 
G34A-R, TTCTTGACTgCGCCTGTGGCCGGAGCGC 
TCTTCCT, K36M-F, GCGGAGTCAtGAAACC 
TCACCGTTACCGGCCCGGC; and K36R-R, TGAGG 
TTTCcTGACTCCGCCTGTGGCCGGAGCGCT.

The primers for engineering plasmids expressing 
deletion mutants of human BRPF1 were dN131-F, 
CGCCGAATTCaATGGCAGCAACAAGGAGAA; dN13 
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1-R, TGCTGCCATtGAATTCGGCGTAGTCAGGCA; 
dN204-F, CGCCGAATTCtCTGCAGAGGAGCTGGA 
CGA; dN204-R, CCTCTGCAGaGAATTCGGCG 
TAGTCAGGCA; d594-604-F, CCTGGCAGCGGGTGGA 
ATTGATCCGCAAGCG; d594-604-R, GATCAATTCCA 
CCCGCTGCCAGGACTTGAGCT; Y215A-F, GAAGT 
AGAGgcTGACATGGACGAGGAGGACT; Y215A-R,  
TCCATGTCAgcCTCTACTTCCTCGTCCAGCT; W224 
A-F, GACTACATCgcGCTGGATATCATGAATGAGC; 
W224A-R, ATATCCAGCgcGATGTAGTCCTCCTCGT 
CCA; F245A-F, CAGGAGATCgcTGAGTACCTAAT 
GGACCGAC; F245A-R, AGGTACTCAgcGATCTCC 
TGCGGGATGGGAC; R381A-F, CCACCAGCTgc 
CTGGAAGCTCACCTGCTACA; R381A-R, AGCTTCC 
AGgcAGCTGGTGGGATGTGCTCAA; K390A-F, TAC 
ATTTGCgcACAACGGGGCTCAGGGGCCT; K390A-R, 
CCCCGTTGTgcGCAAATGTAGCAGGTGAGCT; R392 
A-F, TGCAAACAAgcGGGCTCAGGGGCCTGCATCC; 
and R392A-R, CCTGAGCCCgcTTGTTTGCAAATGT 
AGCAGG, where the mutation is denoted with lowercase 
letters.

The primers to engineerthe expression plasmids 
for human BRD1 mutants were as follows: G38R-F, 
CAAGCTCAAaGGATGGTAGAGATAGAAATT; G38 
R-R, CTACCATCCtTTGAGCTTGAGCGTAGGTCA; 
I53A-F, ACAGGATCAGTgcTTTTGATCCCCTGG 
AGATCA; I53A-R, GGGATCAAAAgcACTGAT 
CCTGTGCAAGCGCC; L57A-F, TTTTTGATCCCgct 
GAGATCATATTGGAAGATGA; L57A-R, AATATGAT 
CTCagcGGGATCAAAAATACTGATCC; I59A-F, TCCC 
CTGGAGgcCATATTGGAAGATGACCTCA; I59A-R,  
CTTCCAATATGgcCTCCAGGGGATCAAAAATA; I60 
A-F, CCTGGAGATCgcATTGGAAGATGACCTCACTG; 
I60A-R, ATCTTCCAATgcGATCTCCAGGGGATCAA 
AAA; L61A-F, GGAGATCATAgcGGAAGATGACC 
TCACTGC; L61A-R, GTCATCTTCCgcTATGATCTCCA 
GGGGATCAA; P275A-F, GTGCTGTGCgCCAACAA 
GGGTGGTGCCTTC; P275A-R, CCTTGTTGGcGCAC 
AGCACACAGTCGGCGG; H275P-F, TGCTGTGCCCC 
AACAAGGGTGGTGCCTTCA; H275P-R, CCCTTGTT 
GGGGCACAGCACACAGTCGGCG; d31-80-F, GCG 
AGAAACggAGCGGCCTCCTGTCTGCTT; d31-80-R1,  
GAGGCCGCTccGTTTCTCGCGTAGGTGAGTGTTTA; 
dN147-F, CGCCGAATTCGAGGAACTGGACAA 
CGAGGT; and dN147-R, CCAGTTCCTCGAATTCGGC 
GTAGTCAGGCA.

The primers for engineering mutant plasmids for 
FLAG-tagged human KAT6A were as follows: K604R-F, 
TTGACCACAgAACCCTCTATTACGATGTGG; K604 
R-R, TAGAGGGTTcTGTGGTCAAGAAACAACTTT; 
K350Kfs-F, ACGGTATCAAAGGTCCCTTCAGCAAA 
GTTCGAACTGGCCCTGGAA; K350Kfs-R TGAAGGG 
ACCTTTGATACCGTGTTTTGTTTCTTTAACCTGTTT 
TT; R469*-F, AATGAGGAGtGACTTTTTGGG 
AGCCAGGAA; L668F-F, CAGTTATTTcTTATCAAA 
GCGTGAAGGCCAAGCAG; L668F-R, CTTTGATAAg 

AAATAACTGAAATCGATGAGAAACC; P682Q-F, CA 
GAGAAACaGTTATCTGATCTGGGTCGTCTTTCC; 
P682L-R, TCAGATAACaGTTTCTCTGGAGACCC 
TGCTTGGCC; Q743R-F, GTAGTGACCgATTTGTG 
ATTATCCGCCGGGAAAAA; Q743R-R, ATCACAAA 
TcGGTCACTACGGAAGTCCAGCATTCG; R740H-F,  
TGGACTTCCaTAGTGACCAATTTGTGATTATCCGC; 
R740L-R, TGGTCACTAaGGAAGTCCAGCATTCG 
TAGGTGGTG; R469*-R, CAAAAAGTCaCTCCT 
CATTTTCTTGTTTGC; G814*-F, ATCAGTGTGtGA 
AAGTCTGTGTCTCATGAG; G814*-R, CAGACTTT 
CaCACACTGATCTCTAATTCTC; L1061*-F, ATGCC 
AAGATaAGAACCCACGTTTGAGATCGATGAAGAA 
GAGGAG; L1061*-R, CGTGGGTTCTtATCTTGGC 
ATTGGCCTCTCGGAGTCAGAATCTTC; E1393*-F,  
GCTGGGTCTtAGGACGACCACGAAGAAGAC; and  
E1393*-R, GGTCGTCCTaAGACCCAGCCATCTG 
CTCTG.

The primers for engineering mammalian 
vectors to express human KAT6B mutants 
as FLAG-tagged fusion proteins were as 
follows: F551L-F, GTTGGATACCTCTCTAA 
GGAAAAGCTTTGC; F551L-R, CCTTAGAGAGG 
TATCCAACCAGATGACAGC; Q863H-F, CATGCCCC 
AcCACCAAAGGCAAGGATTTGGACGGT; Q863H-R,  
CCTTTGGTGgTGGGGCATGATCATTATGCAGGAGA; 
E884G-F, CTAGAAGAGgAGGCCAAGCAGGGTCTCC 
TGAAAAG; E884G-R, GCTTGGCCTcCTCTTCTAGA 
AAGCAAATAGCTGAA; S889C-F, AAGCAGGGTgTCC 
TGAAAAGCCTCTCTCCGATCTG; S889C-R, TTTT 
CAGGAcACCCTGCTTGGCCTTCTCTTCTAGA; D896 
N-F, CCTCTCTCCaATCTGGGCCGTCTCTCCTACC 
TGGC; D896N-R, GGCCCAGATtGGAGAGAGGCTTTT 
CAGGAGACCCT; R899H-F, ATCTGGGCCaTCTCTCC 
TACCTGGCATATTGGAAG; R899H-R, TAGGAGAG 
AtGGCCCAGATCGGAGAGAGGCTTTTC; E912K-F,  
GTCATCTTGaAGTATCTCTACCACCACCATGAGAG; 
E912K-R, AGAGATACTtCAAGATGACGCTCTTCC 
AATATGCC; d364-394-F, ATTCGGATCCGTCGTTAC 
TGAAGAGGATTT; d364-394-R, CAGTAACGACGG 
ATCCGAATTCGGTACCTT; d364-427-F, ATTCGGAT 
CCCCTTCTGTGATTGAATTTGG; and d364-427-R,  
TCACAGAAGGGGATCCGAATTCGGTACCTT.

The primers for engineering mutant 
plasmids for human KAT7 were as follows: 
C185S-F, ATATGAAGTcTCCTACACCAGGCT 
GTAACTCT; C185S-R, GGTGTAGGAgACTTCAT 
ATTGAAGTTGTAGCT; C209S-F, TCTCAGGATcCCC 
ACTGTATCATAACCTCTCA; C209S-R, 
TACAGTGGGgATCCTGAGATGGAGAAATGTCT; 
K432R-F, CTGGACCACcgtACATTATATTATGATGTGG 
AGCCCT; K432R-R, AATATAATGTacgGTGGTCCA 
GAAAcAGTTTGGCCAA; I537A-F, TTTTCAAGGCgcA 
GAGATTTCTATCAAAGAAA; I537A-R, AGAAATC 
TCTgcGCCTTGAAAATTATGCAGGT; I539A-F, AGGC 
AAAGAGgcTTCTATCAAAGAAATCAGTC; I539A-R,  
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TTTGATAGAAgcCTCTTTGCCTTGAAAATTAT; I541 
A-F, AAGAGATTTCTgcCAAAGAAATCAGTCAGG 
AGAC; I541A-R, GATTTCTTTGgcAGAAATCTCTTTG 
CCTTGAAA; V574A-F, AACACCTAGcTTTAAAGA 
GACAGGACCTGA; V574A-R, CTCTTTAAAgCT 
AGGTGTTTTCCCTTCCAG; K576A-F, ACCTAGTTTT 
AgccAGACAGGACCTGATTGATGA; and K576A-R,  
AGGTCCTGTCTggcTAAAACTAGGTGTTTTCCCT.

The primers for engineering mutant plasmids 
for human KAT8 were as follows: E87D-F, 
GAGGGCCGAGAtGAATTCTATGTACACTACGT; E87 
Q-R, ATAGAATTCCTgTCGGCCCTCCTGGTCGTT 
CA; V91I-F, GAATTCTATaTACACTACGTGGGC 
TTTAAC; V91I-R, GGAAGTCCCaCAGGATCTCTA 
GCAGCACCC; R136C-F, GCAGCCTGAGtGCAAGAT 
CACTCGCAACCAA, R136H-R, AGTGATCTTGtGCT 
CAGGCTGCTCTGCGAGC; R140H-F, AAGATCACTCa 
CAACCAAAAGCGCAAGCATG; R140G-R, TTTTGG 
TTGCcAGTGATCTTGCGCTCAGGCT; D190G-F, ACG 
AAATTGgTGCCTGGTATTTCTCACCAT; D190G-R, CA 
TCGGGAACTACGAAATTGgTGCCTGGTA; R224H-F,  
AAGAGCTACCaCTTCCACTTGGGTCAGTGCC; R224 
G-R, AAGTGGAAGCcGTAGCTCTTCTCATATTTCA; 
Y241C-F, AAGAGATCTgCCGCAAGAGCAACATCT 
CCG; Y241C-R, TCTTGCGGcAGATCTC 
TTTCCCGGGtGGCT; P321H-F, TGACCTTGCaCCCCT 
ACCAACGCCGCGGCTA; P322L-R, GCGTTGGTAG 
aGGGGCAAGGTCAGGATGCAG; R374W-F, GAGAT 
CCTGtGGGACTTCCGGGGCACACTG; and R374W-R,  
AGGGCCGAGAGGAATTCTATaTACACTACG.

The primers for engineering plasmids 
for human p300 mutants were as follows: 
p300-F, ACTACAAGGACGACGATG 
ACAAAGCCGAGAATGTGGTGGAACC; p300-R, TCA 
TCGTCGTCCTTGTAGTCCATGCTCGAGTCTAGAG 
GGCCCG; dN1031-F, ACTACAAGGACGACGATGAC 
AAAAGTACTTCAGCTACCCAGTC; d6His-F, CTA 
GACATATAGTGATACTAAGCTTAAGT; d6His-R,  
GTATCACTATATGTCTAGTGTACTCTGTG; d2K-F, GG 
TATCCCCTCATGTCTGTATACCGTCGA; d2K-R, CAG 
ACATGAGGGGATACCCCCTAGAGCCC; C1204S-F,  
TGTGAGAAGTcTTTCAATGAGATCCAAGGG; C1204 
R-R, TCATTGAAACgCTTCTCACAGAAATGATACC; 
E1242K-F, ACTGGATCCTaAACTGTTTGTTGAA 
TGTACA; E1242A-R; ACAAACAGTgCAGGATCCA 
GTGTGTCATTT; D1384N-F, TATGGCTCTaACTGC 
CCTCCACCCAACCAG; D1384H-R, GAGGGCAGT 
gAGAGCCATACTCTTGAACAT; D1399Y-F, ATCTTAC 
CTCtATAGTGTTCATTTCTTCCGT; D1399N-F, GCC 
TGGGCTaCTGGGTGGCTGCAGCCTGCTY1414C-F, 
CTGCAGTCTgTCATGAAATCCTAATTGGAT; Y1414 
C-R, ATGAACACTATtGAGGTAAGATATGTATACT;  
W1466C-F, GCAGGAATGcTACAAgAAAATGCTTGA 
CAAGGCTGT; Y1467N-R, ATACACAAGgCATAATC 
CTCACAGACAGTA; S1726*-F, GCCACCCAGtAGCC 
CAGGCGATTCTCGCCG; S1726*-R, ATTTCATGAcA 

GACTGCAGTCCTCAAGCAT; R1830*-F, ATGCTTC 
GCtAGGAGGATGGCCAGCATGCA; R1830*-R, 
CATCCTCCTaGCGAAGCATTTGGGCCTGCT; Q184 
5*-F, GGGCAGCAAtAGGGCCTCCCTTCCCCCACT; 
and Q1845*-R, GGAGGCCCTaTTGCTGCCCAACCA 
CACCAG.

The primers for engineering expresssion plasmids 
for mouse CBP mutants were as follows: dN1068-F, 
CGACGACAAAGACACAGCCTCACAATCAAC; dN 
1068-R, AGGCTGTGTCTTTGTCGTCGTCGTCC 
TTGT; R1446C-F, CCGCTGCCTCtgtACAGCTG 
TTTACCATGAGAT; R1446H-R, AACAGCTGTatgGA 
GGCAGCGGGGCCGGAAGA; Y1503D-F, ACAGGA 
GTGGgACAAGAAGATGCTGGACAAG; Y1503H-R,  
GGATTCCTGtGGGCTCTaGGACTGTGGCTCACCCT; 
R1868*-F, GCTCATGCGCtaaCGAATGGCAACC 
ATGAACAC; R1868*-R, TTGCCATTCGttaGCGC 
ATGAGCTGAGCCTGCT; Q1881*-F, GTGCCTCAGt 
AGAGTTTGCCTTCTCCTACC; and Q1881*-R, GCAA 
ACTCTaCTGAGGCACATTGCGGGTGT.

The primers for generating mutants of the 
D614G and Omicron spike proteins were previously 
described [25]. The backward primers for engineering 
an HA tag fused to the C-terminus of MIER1, 
SIN3A, PHF6, PHF12, ZZZ3 and YEATS2 were HA-
MIER1 (TAGTCAGGCACGTCGTATGGGtagTCAT 
CTGTGTTTTCAAGTT), HA-SIN3A, (TAGTCAGGCA 
CGTCGTATGGGtaaGGGGCTTTGAATACTGTGC), 
HA-PHF6 (TAGTCAGGCACGTCGTATGGGtaGTTT 
CCATTAAGTTGCTGCT), HA-PHF12 (TAGTC 
AGGCACGTCGTATGGGtaaGGAACAGAGTTGGAGC 
GCA), HA-ZZZ3 (TAGTCAGGCACGTCGTATGGGtaT 
CTGTTTGCTGGAAAGTAGT), HA-YEATS2 (TAGTC 
AGGCACGTCGTATGGGtaCTGGTCCTCATTCAATAT 
TC), respectively. The forward primer was the same: 
HA-F4, CCATACGACGTGCCTGACTACGCC 
TGATAAACCCGCTGATCAGC. The original plasmids, 
purchased from Genescript, were based on a pCDNA3.1 
derivative encoding a FLAG tag fused to the C-terminus 
of a target protein. To convert the coding sequence for 
a FLAG tag on pAW48 (a pCDNA3.1 derivative) to 
that for a 3xFLAG tag, the two primers used were as 
follows: 3Flag-F, TGATAAGGGCAGCGATTATAAGGA 
TGACGACGATAAGGAATTCCACCACACTGGACTA; 
and 3Flag-R, TAATCGCTGCCCTTATCATCATCGTC 
TTTATAATCTGCACCTTTGTCATCGTCGTCCT.

Primers for modifying pAW51, a pcDNA3.1 
derivative encoding an HA tag, were as follows: NheI-F, 
AGCTGGCTAcgGTTTAAACGGGCCCTCTAGA; 
NheI-R, CGTTTAAACcgTAGCCAGCTTGGGTCT 
CCCT; XhoI-F, CTCGAGGATATCGCTAgcCAC 
CACACTGGACTAGTGGA; and XhoI-R, GGCTA 
GCGATATCCTCGAGGAATTCGGCGTAGTCAGGCA. 
Primers for introducing an HindIII site into pCL36, 
another pcDNA3.1 derivative encoding an HA tag, 
were 36H-F, GGAATTCTGaagcttTCCAGCACAG 
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TGGCGGCCGC and 36H1-R, TGTGCTGGAaagctttCAG 
AATTCCGGCGTAGTCAG. These two primers led to two 
constructs with different reading frames downstream from 
the coding sequence for the HA tag.

Primers to introduce an HindIII site into the 5′ 
region of the encoding sequence for human Sin3B 
were SIN3B-HF, CCCACCATGaagcttGCGCACG 
CTGGCGGTGGCAGC and SIN3B-HR, AGCGTGC 
GCaagcttCATGGTGGGCCTTGACGGCC. Primers to 
introduce an XhoI site and a BamHI site flanking the 
encoding sequence of human histone H4 were HisH4-XF1, 
AGCAGGCTCgagCACCATGTCTGGTCGCGGCA; His 
H4-XR1, GACATGGTGctcGAGCCTGCTTgTTTGT 
ACAAAG; HisH4-BF1, CTTCGGCGGggatccTTGGA 
CCCAGCTTTCTTGTA; and HisH4-BR1, TGGGTCCA 
AggatccCCGCCGAAGCCGTAAAGAGT.

The primers to introduce a LoxP site were 
LoxP-F, CGTATAATGTATGCTATACGAA 
GTTATCTAGCaccatgtacccatac; and LoxP-R, CGTATAG 
CATACATTATACGAAGTTATCCAGCTTGGGTCTCCC 
TATA. The primers used for engineering genome-editing 
vectors were: d47bp-F, GTGCTTTTTTAGCGCGT 
GCGCCAATTCTGC; d47bp-R, CGCACGCGCTAAAA 
AAGCACCGACTCGGTG; d5K-F, 
TGGCTCTAGAGAATTCCTAGAGCTCGCTGA; 
d5K-R, CTAGGAATTCTCTAGAGCCATTTGTCTGCA;  
TTTC-F, ACCTGTTTcAGAGCTAGAAATAGCAAGTT 
gAAATAAGGCTAGTCCGTTAT; TTTC-R, GCCTTA 
TTTcAACTTGCTATTTCTAGCTCTgAAACAGGTCTT 
CTCGAAGA; Gold-F, TATCAACTTGgacttcggtccAAG 
TGGCACCGAGTCGGTGC; Gold-R, ggaccgaagtcCAA 
GTTGATAACGGACTAGCCTTATTTTAA; tgR318-F,  
CTGTGtgaaacccaCAACGGCGGtgcgTTTTTTGTTTTAG 
AGCTAGA; tgR318-R, CGTTGtgggtttcaCACAGCCA 
CtggctCGGTGTTTCGTCCTTTCCAC; sgR318-F, GG 
CAACGGCGGCACAGCCACgtttcagagctagaaatagc; sg 
R318-R, GTGGCTGTGCCGCCGTTGCCggtgtttcgtccttt 
ccaca.

Ultramer primers were ordered from IDT 
at the PAGE-purified grade: HAT1-uF, gGAAGA 
TCTTGAAAATGACATTAGAACTTTCTTTCCTGAGT 
ATACCCATCAACTCTTTGGtGATGATGAAACTGCTT 
TTGGTTACAAGGGTCTAAAGATCCTGTTATACTATA 
TTGCTGGTAGCCTGTCAACAATGTTCCGTGTTGAA 
TATGCATCT; HAT1-uR, TCATTTTCAAGATCTTC 
cGGgAAACGAACTAATTTTAGTTCAATTGCTGTGTT 
GGTGTTACATTTGTACTCTGCCAGTTTCTTCTCCA 
CTGCACTCTTATATTCTACCAAgAATTTCTCCATAG 
CACCAAATCCCGCGAATTCGGTACCTTTGTCAT; 
Omi430-F1, ACAGAGATTTACCAGGCTGGCAACAA 
GCCATGTAATGGAGTGGCCGGCTTCAACTGTTACT 
TTCCACTCgaATCCTATAGCTTCAGACCAACCTACG 
GAGTGGGCCACCAACCATACAGGGTGGTG; 
Omi430-R1, AGCCTGGTAAATCTCTGTGCTGATGT 
CCCTCTCAAATGGTTTCAGGTTGCTCTTCCTGA 
ggctTCTGTAGAGGTAGTTGTAGTTGCCGCTCACCT 

TGCTGTCCAGCTTGTTGCTGTTCCAGGCAAT; 
SHRT-F, CTTATGCGGCGATGAAAGCCGCAATGG 
AGGCCGGTCTCCCCGAAGTAACGATGTACGCGCT 
CGATTTTAGCGACGCCGAATCAGCCTTGAAGGCT 
GCGGAAGTGGCGGAAGATGAGGGAGATGAGGAA 
GTAGCGGAGGTCGCGCGGGAAATTGCTGAAGAAA 
TTAAAGCTAAGCTTAAGTTTAAACCGCT; and 
SHRT-R, GGCTTTCATCGCCGCATAAGATTGATCCG 
CTGGTCCAACGAATACAAGTCGATCACCCGCCGC 
CAAGGCCGCTTTACCTGCTTCGCGCCCGATTTCCG 
CCGCCTGTTCTTCGTTCATAGATGGGGACAACCT 
CACGACTACAGTTTTGGGGAATTCGGTACCTTTG 
TCAT. The primers to correct a G deletion and 
a T insertion in the SHRT coding sequence 
were: SHRT-iG-F, AAGGCTGCGGAAGTG 
GCGGAAGATGAGG; SHRT-iG-R, CCGCCACTTCC 
GCAGCCTTCAAGGCTGATT; SHRT-dT-F, AGGCCGG 
TCTCCCtGAAGTAACGATGTACGCGC; and SHRT-d 
T-R, CGTTACTTCaGGGAGACCGGCCTCCATT 
GCGGC.

P3 mutagenesis via Q5 and SuperFi II high-
fidelity DNA polymerases

For a mutagenesis reaction, the template plasmid 
needed to be isolated from DH5α or any other Dam+ E. 
coli hosts, as required for subsequent DpnI digestion. 
Primers were designed with the aid of the SnapGene 
software package and purchased from IDT as small-
scale desalted oligos, without further purification. 
Their sequences were listed above. If primer sequences 
contain long stretches of A and/or G (typically more 
than 5), a silent mutation was introduced to break such 
stretches. This was also done with long stretches of T 
or C (typically more than 5). All oligonucleotides were 
used without polyacrylamide gel or HPLC purification, 
except for Ultramers. Upon receipt from IDT, autoclaved 
Nanopure water was used to dissolve lyophilized 
oligonucleotides to prepare 100 mM (i.e., 100 pmol/µl) 
stocks for further dilution to 10 mM (i.e., 10 pmol/µl) 
working solutions.

10 µl PCR reactions were set up in 0.2 ml 8-strip 
thin-wall PCR tubes (Diamed Cat. DIATEC420-1378), 
with each reaction containing 0.1-0.15 µl of plasmid 
DNA (0.1 µg/µl), 0.5 µl forward/reverse primer mixture 
(2.5 pmol/µl for each primer), 4.35–4.40 µl autoclaved 
Nanopure water and 5 µl 2× Q5 hot-start master mix 
(New England Biolabs, Cat. M0494S), 2× Platinum 
SuperFi II PCR master mix (Thermo Fisher Scientific, 
Cat. 12368010), 2× i7® high-fidelity DNA polymerase 
master mix (Intact Genomics, Cat. 3257 or 3257S) or 2× 
KOD hot-start master mix (Sigma-Aldrich, Cat. 71842). 
The amplification was carried out in a Bio-Rad PCR T100 
Thermal Cycler using the following parameters: 96°C 
for three minutes as the initial step to denature plasmid 
DNA, followed by 19–25 cycles to amplify the DNA. 
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Each amplification cycle was composed of 93°C for 15 
seconds as the denaturation step, 50–52°C for 20 seconds 
as the annealing step and 72°C for 3–5 minutes as the 
extension step, where the extension time was calculated 
according to the plasmid size (20–30 seconds per kb). 
The amplification cycle number varied slightly from one 
plasmid to another, with the initial number set at 20. After 
amplification, an additional extension step of 72°C for 
7.5–10 minutes was added to the PCR program. As the 
last step, the reaction was pre-programmed for short-term 
storage at 4°C. For DpnI digestion, 0.25 µl (20 units/µl; 
New England Biolabs, Cat. R0176) was added to each 
reaction mixture, which was then pipetted into a clean 
PCR tube for incubation at 37°C for 90 min in a Bio-Rad 
T100 Thermal Cycler. The clean PCR tube at this step 
helped eliminate contamination of undigested plasmid 
from the inner wall of the old PCR tube used for PCR 
amplification. The reagent per mutagenesis reaction 
was $0.5–1. To reduce the cost further, the reaction 
volume could be reduced to 5 µl, with 1–2.5 µl used for 
transformation (see below).

Preparation and transformation of competent E. 
coli cells

DH5α competent cells were prepared and stored 
at −80°C or in a liquid nitrogen tank as described 
previously [18, 19]. Briefly, 1.0–2.5 µl of the digested 
PCR mixture, preferred to be on ice, was gently mixed 
with 10–25 µl of DH5α competent cells on ice (just 
thaw from –80°C or a liquid nitrogen) in a 0.5 ml sterile 
Eppendorf tube (pre-chilled on ice) and incubated on ice 
for 30 min. Notably, even transformation of 1.0 µl of the 
digested PCR mixture into 10 µl of DH5α competent 
cells yielded sufficient colonies for analysis, which could 
save materials further. The remaining DpnI-digested PCR 
mixture was frozen at -20°C as the backup. After the 30 
min-incubation on ice, the tube containing the DH5α 
competent cells and DpnI-digested PCR mixture was 
heat-shocked at 42°C for 45 seconds and immediately 
transferred back onto ice. 30–75 µl of cold SOC, NYZ+ 
or SON+ medium [18, 19] was then added to the tube 
and after gentle finger-tapping, the tube was incubated 
at a 37°C water bath for ~30 min (without shaking, as 
the cells are fragile at this stage). Occasionally, the SOC, 
NYZ+ or SON+ medium was forgotten to add to some 
tubes, but the transformations still worked (albeit with 
fewer colonies), indicating that the medium helped but 
was not essential. Afterwards, the entire cell mixture was 
pipetted onto a LB-agar plate (containing the appropriate 
antibiotic as required for the plasmid to be mutated) 
as 4–5 drops, which were further spread out relatively 
evenly with the outside surface at the bottom half of an 
autoclaved 1.5 ml Eppendorf tube. After that, the plate 
was placed in a 37°C incubator for 22–24 h to allow large 
bacterial colonies to appear and grow. 

To reduce the usage of bacterial plates by 50%, two 
reaction mixtures could be plated out on the two sides of 
a single LB-agar plate (Supplementary Figure 9D). For 
this, the back of the plate was marked with a straight dark 
line using a marker pen. The two mixtures were spotted 
onto the two sides of the plate while avoiding the area just 
flanking the dark central line. The two cell mixtures were 
spread out relatively evenly with the outside surfaces at the 
bottom half of two separate autoclaved 1.5 ml Eppendorf 
tubes. It was important to avoid spreading to the central 
part flanking the dark central line. For this, it was also 
necessary that the surface of the plate did not contain any 
visible liquid and that the cell mixture would not be more 
than 75 µl. It might also help avoid cross-contamination 
when the plate was allowed to stay and dry at room 
temperature for 15 min, but this was optional. The plate 
was then carefully transferred to a 37°C incubator and then 
flipped over gently, in the same direction of the central 
dark line, before putting it in the incubator for 22–24 h 
to allow large bacterial colonies to appear and grow. For 
a few mutagenesis reactions, this might not make a huge 
difference, but when dozens or hundreds of mutations are 
to be engineered, this practice does help cut the labor and 
reagent costs. This practice was mainly carried pout for 
the P3a but not P3 method, as transformation of 5 µl from 
a typical mutagenesis reaction mixture into 50 µl of DH5α 
competent cells was required for the latter [18].

Analysis of plasmids from bacterial colonies

Plasmids were isolated from 2–3 bacterial colonies 
per mutation reaction for Sanger sequencing as described 
previously [18, 19]. The resulting DNA sequences were 
compared with that of the wild-type template for the 
presence of the desired mutations with the aid of the 
sequence alignment tools in the SnapGene software 
package. The corresponding chromatograms were manually 
inspected for sequencing quality. The resulting DNA 
sequences and their corresponding chromatograms were 
also examined manually for potential unwanted mutations.

Plasmid sequencing and analysis

Plasmid isolation, sequencing and sequence 
analysis were performed as described above [18]. 
Briefly, after isolation with a Qiagen QIAprep® Spin 
Miniprep Kit, plasmids were sequenced at Genome 
Quebec Technological Service Center. For sequencing 
reactions, plasmids were denatured at 96°C, after which 
primer annealing was carried out at lower temperatures 
not exceeding 50°C to allow hybridization of sequencing 
primers. Samples from the sequencing reactions were 
analyzed on 96-capillary array DNA Sequencer 3730XL 
(Applied Biosystems). The resulting sequences and 
chromatograms were transferred to Snapgene 8.0.1 for 
alignment analysis and manual inspection.
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Estimation of misincorporation rate

DNA sequence alignment tools in the SnapGene 
software package were used to analyze Sanger 
DNA sequencing data. Sequence data quality was 
manually assessed from the corresponding sequencing 
chromatograms, and the aligned sequences were visually 
inspected to identify unwanted mutations. To calculate 
the misincorporation rate, the number of unwanted 
mutations was divided by the total number of the 
sequenced nucleotides whose corresponding sequencing 
chromatograms were inspected and determined to be of 
high quality.
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