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Supplementary Text 

To understand how different C-terminal tags affect the editing efficiency of Cas9, we 

investigated the conformations of two linkers (SRAD and GGSGP), which have 

drastically different effects on Cas9 (Figure 1B), using database analysis and 

molecular dynamics (MD) simulation [1, 2]. Through statistical analysis of all 

available structures containing the sequences of GGSGP and SRAD (see below, 

Materials and Methods), we found that GGSGP is structurally more flexible than 

SRAD, as indicated by the end-to-end distance (EED) for the first four residues 

(Supplementary information, Figure S2G). The same trend is reinforced in MD 

simulations, where the conformational spaces for both linkers together with the last 

three residues of Cas9 (GGD) were sufficiently sampled (Supplementary information, 

Figure S2H). Both analyses suggest that the GGSGP linker is capable of adopting 

various conformations, while the SRAD linker tends to take a locally bent structure, 

due to a stable electrostatic interaction between its Arg residue and the Asp residue 

(Supplementary information, Figure S2H).  

Since the available Cas9 crystal structures are without any C-terminal tag 

[3-6], we modeled the structures of Cas9 I and Cas9 II by taking the representative 

conformations of SRAD and GGSGP from simulation trajectories and the structures 

of NLS and HA from structural databases (Supplementary information, Figure S2I, 

S2J and see below, Materials and Methods). According to the modeled structures 



(Supplementary information, Figure S2I), the structurally flexible GGSGP linker 

allows the highly positively charged NLS sequence in Cas9 II to interact favorably 

with negatively charged nucleic acids, which likely reinforces the interaction between 

Cas9 and DNA or/and sgRNA and thus enhances the cleavage activity and specificity 

of Cas9 [3-6](Figure 1B). By contrast, the shorter and locally bent SRAD linker in 

Cas9 I does not provide sufficient flexibility to facilitate the interaction between the 

NLS tag and nucleic acids as in Cas9 II (Supplementary information, Figure S2J). 

Moreover, the presence of the HA sequence at the C-terminus of Cas9 II may further 

stabilize the formation of the Cas9/sgRNA/DNA ternary complex, resulting in further 

increase of the Cas9 activity (Figure 1B and Supplementary information, Figure S2I). 

This model is consistent with the predictions from the RBRIdent program [7], which 

suggests that the NLS sequence has a strong possibility to bind nucleic acids, while 

the HA sequence does not appear to interact with nucleic acids.  

 

Materials and Methods 

Worm Strains  

We used the Bristol N2 strain as the wild type strain. Animals were maintained in 

standard nematode growth medium (NGM) agar plates at 20℃[8], except for the 

ben-1-editing experiments. For experiments targeting only the ben-1 gene, all injected 

P0 animals and their F1 and F2 progeny were maintained on NGM plates containing 

14 μM benomyl[9]. For gene editing experiments using the ben-1
153 

single guide RNA 



(sgRNA) as the co-CRISPR or co-conversion marker[10, 11], only injected P0 

animals were maintained on 14 μM benomyl plates.  

 

Plasmid construction.  

Cas9 I expression construct (Addgene plasmid #46168), Cas9 II expression construct 

(pDD162, Addgene plasmid #47549), and pCFJ104 (Pmyo-3mCherry, Addgene plasmid 

#19328), which was used as a transgenic marker, were obtained from Addgene. To 

build the modified sgRNA
(F+E) 

expression vector, PU6::unc-119 sgRNA
(F+E)

, a DNA 

fragment containing the U6 promoter, 20 bp unc-119 sgRNA guide sequence, the 

modified sgRNA
(F+E)

 scaffold[12], and the down stream regulatory sequence of the 

U6 gene was generated through multiple steps of PCR amplification and used to 

replace the corresponding DNA fragment in the PU6::unc-119 sgRNA vector 

(Addgene plasmid #46169) through its EcoR I and Hind III sites[13]. To construct 

different sgRNA expression vectors, the 20 bp unc-119 sgRNA guide sequence in the 

PU6::unc-119 sgRNA vector or the PU6::unc-119 sgRNA
(F+E)

 vector was replaced 

with different sgRNA guide sequences as described previously[13]. sgRNAs targeting 

the ben-1
22

 and ben-1
153

 positions correspond to the sense strand of the ben-1 gene, 

whereas sgRNAs targeting the ben-1
1340

 and ben-1
1499

 positions correspond to the 

anti-sense strand. 

To generate expression vectors for Cas9 III, Cas9 IV and Cas9 VII, a DNA 

fragment encoding the C-terminal part of Cas9 I along with different C-terminal tags 

and the ttb-2 3’UTR sequence was PCR amplified and used to replace the 



corresponding DNA fragment in the Cas9 I expression construct through its Kfl I and 

Hind III sites. To generate expression vectors for Cas9 V and Cas9 VI, a DNA 

fragment encoding the C-terminal part of Cas9 II along with different C-terminal tags 

was PCR amplified and used to replace the corresponding DNA fragment in the Cas9 

II expression construct through its Kfl I and Spe I sites. To generate expression 

vectors for Cas9 VIII, Cas9 X and Cas9 XI, a DNA fragment encoding different 

N-terminal tags along with the N-terminal part of Cas9 II was PCR amplified and 

used to replace the corresponding DNA fragment in the Cas9 II expression construct 

through its Xba I and Msc I sites. To generate the expression vector for Cas9 IX, a 

DNA fragment encoding the C-terminal part of Cas9 II (without its C-terminal tag) 

was PCR amplified and used to replace the corresponding DNA fragment in the Cas9 

VIII expression construct through its Kfl I and Spe I sites. To generate the expression 

vector for Cas9 XII, Cas9 XIII and Cas9 XIV, a DNA fragment encoding the 

C-terminal part of Cas9 II along with various C-terminal tags with different mutations 

in the HA motif was PCR amplified and used to replace the corresponding DNA 

fragment in the Cas9 II expression construct through its Kfl I and Spe I sites. 

 

Selection of oligonucleotide repair templates 

We normally synthesized oligonucleotide repair templates with 20-50 nt homology 

arm on both sides of the intended knock-in, which are sufficient to generate high 

percentages (>79%) of precise knock-ins at the ben-1
153

 position (Supplementary 

information, Figure S1K and S1L). Likewise, we were able to precisely insert a 



FLAG tag at different target loci using oligonucleotide repair templates with 25-50 nt 

homology arm on both sides of the insertion site (Supplementary information, Figure 

S2C; Data not shown). Moreover, we found that the precise editing efficiency is 

inversely correlated with the distance between the PAM motif and the knock-in site 

(Supplementary information, Figure S1M and S1N), suggesting that it is beneficial to 

design a sgRNA that targets a sequence close to the knock-in site. 

 

Microinjection  

All plasmids were purified by QIAprep Spin Miniprep Kit (Qiagen). All repair 

oligonucleotides were purified by polyacrylamide gel (Invitrogen). Microinjection 

was performed as described using the standard protocol [14]. The injection mixture 

used in the ben-1 gene editing experiments contains 50 ng/μl Cas9 expression vector, 

45 ng/μl sgRNA expression vector, 5 ng/μl transgenic reporter pCFJ104, and 20 ng/μl 

repair oligonucleotide (Supplementary information, Table. S1A). For gene editing 

experiments using the co-CRISPR method, the ben-1
153

 sgRNA was also included in 

the injection mixture with a final concentration of 45 ng/μl.  

 

Identification of precisely edited animals  

ben-1 gene editing experiments [at the 22, 115, 127, 136, 153, 1340 and 1499 

positions after the first nucleotide (designated as 1) of the translation initiation codon 

of the ben-1 gene) were conducted as described previously with minor modifications 

[9, 15]. We took advantage of the feature that loss-of-function mutations generated at 



the ben-1 locus are dominant suppressors of the paralyzed or Uncoordinated (Unc) 

phenotype induced by the benomyl drug treatment to identify edited animals [9]. 

Briefly, all injected P0 animals and their F1 and F2 progeny were maintained on 

NGM plates with 14 μM benomyl (Sigma) at 20℃. Homozygous benomyl-resistant 

non-Unc F2 progeny of non-Unc F1 animals were selected and verified by DNA 

sequencing. 

For gene editing experiments at the drp-1, ced-9, fis-2 and ubr-1 loci, the 

co-CRISPR or co-conversion method was used[10, 11]. The ben-1
153

 sgRNA 

expression vector was used as a co-CRISPR driver and was included in each injection 

mixture. Injected P0 animals were placed on the benomyl-containing NGM plates and 

kept at 20℃. 96 or 192 non-Unc F1 animals were cloned out to normal NGM plates 

and allowed to lay eggs for 1-2 days. The single F1 animals (or their F2 progeny) 

were lysed and used as PCR templates to screen for knock-in events occurring at the 

targeted gene loci. In drp-1, fis-2 and ubr-1 editing experiments, precise gene editing 

would create a BssH II site, a Hind III site, and a Hind III site, respectively. We thus 

identified knock-in animals through a combination of PCR and restriction fragment 

length polymorphism (RFLP) screens. Genomic DNA spanning each of the above 

three sgRNA target sites was PCR amplified (Supplementary information, Table S1B) 

and subjected to restriction enzyme digestion (NEB). 

In the flag::ced-9 editing experiment, a PCR primer specific to the 

FLAG-encoding-DNA sequence and a primer specific to the ced-9 promoter were 

used to identify flag::ced-9 knock-in animals (Supplementary information, Table 



S1B). In all cases, knock-ins were confirmed to be precise by DNA sequencing 

(Supplementary information, Figures S1C-S1G, S1J, S2A-S2F and S2M). 

 

Extracting structures from the PDB database  

We extracted the structures of the protein fragments containing the sequences of 

GGSGP, SRAD, PKKKRKV (NLS) and YPYDVPDYA (the HA tag) from the protein 

data bank (PDB) for structural analyses. To achieve this goal, the sequences of all 

PDB proteins were aligned using BLAST[16, 17], and the pisces server was used to 

remove redundant proteins that exhibit sequence identity of > 95%[18, 19]. Proteins 

that have 40 residues or less were also removed, unless otherwise mentioned. The 

conformations of the identified fragments were then extracted from the retained pdb 

structures. Specifically, 16, 52 and 5 chains were collected for the fragments of 

GGSGP, SRAD and the HA tag, respectively. Because all four pdb structures 

containing the NLS sequence have less than 40 residues, these four fragment 

structures were retained for further analysis, without any redundancy processing. In 

order to analyze the conformational difference between GGSGP and SRAD, we 

calculated the end-to-end distance (EED) for the first four residues, which are defined 

as the distance between the Cα atoms of the first and the fourth Gly residues in 

GGSGP or that between the Cα atoms of the Ser and Asp residues in SRAD. 

 

MD Simulations 



Since the limited structures available in the database analysis as described above may 

bias the conformational comparison, we subsequently conducted molecular dynamics 

(MD) simulations to further invesitigate the distinct conformational preferences for 

the GGSGP and SRAD fragments. In this analysis, the last three residues of Cas9 

(GGD) were also included. Therefore, the final fragments adopted for simulation were 

GGDGGSGP and GGDSRAD, respectively, and their intial conformations were 

modeled based on two available crystal structures (PDB IDs of 1Y37 and 3KYI, 

respectively). Both fragments were blocked by chemical groups at the N- and 

C-termini to mimic continuous polypeptide chains, were solvated by the explicit 

TIP3P waters, and were then neutralized by 0.15 mol/L NaCl. All simulations were 

performed using the NAMD 2.9 package[20] with the CHARMM36 force field[2124]. 

The electrostatic potential was evaluated by the particle mesh Ewald (PME) method 

with the grid spacing of less than 1 Å. The cutoff of van der Waals energies was set at 

12 Å with a smooth switch at 10 Å. The simulations were conducted under an NPT 

ensemble with the temperature and pressure held at 310 K and 1 atm, respectively, 

using the Langevin thermostat and Langevin barostat, respectively. Following 1000 

steps of energy minimization, both systems were initially pre-equilibrated with 

gradually relaxed positional constraints (from 10 to 0.01 kcal/mol) applied on the Cα 

atoms in 4 ns. The productive simulations were then performed for 100 ns, with a 

time step of 2 fs. After the simulations, all structural snapshots during last 30 ns 

simulation were collected for structural analysis. We calculated the end-to-end 

distance (EED) for the last five residues, which is defined as the distance between the 



Cα atoms of the first Gly residue and the fifth Pro residue in GGSGP or the distance 

between the Cα atom of the Ser residue in SRAD and the C atom of the C-terminal 

blocker of SRAD, which is equivalent to the Cα atom of the next residue in the 

continuous polypeptide. 

 

Structural Modeling  

Since the C-terminal residues (after Gly1366) were absent in the Cas9 crystal 

structure (PDB ID: 4OO8)[5], we tried to model the structure of the whole Cas9 

protein, including its C-terminal tag, based on the fragment structures obtained from 

the simulations and the structural database analysis. Specifically, all structural 

snapshots from the MD simulations were analyzed by the R package and VMD 

1.9.1[25, 26] and the representative structures for the highest probability point in 

histrogram were taken as the templates for the subsequent structural modeling of the 

fragments of GGDGGSGP and GGDSRAD. The structural templates for the NLS and 

the HA sequences were taken from the pdb structures (PDB IDs of 4WA1 and 1Q1S, 

respectively). The final structures were generated using the program 

MODELLER9v12 program[27] without any loop refining. 

There are thus far four Cas9 crystal structures with sgRNA and target DNA[3-6]. 

To analyze how the C-terminal tags of Cas9 affect the protein function, we generated 

structural models for the whole Cas9 protein by aligning the backbone of the first 

residue of the modeled terminus (linker + NLS + HA) to the last residue (residue 1366) 

in the Cas9 crystal structure (PDB ID: 4OO8). In order to visually illustrate the same 



effect on another Cas9 crystal structure (PDB ID: 4UN3), both protein and RNA in 

this complex structure were superposed to the above crystal structure (PDB ID: 4OO8) 

by aligning all Cα atoms in the protein. The two Cas9/sgRNA/DNA complexes were 

shown in Supplementary information, Figure S2I and S2J. 
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