
 

 

 

Supplementary Figure 1. Structure of the Cas9:sgRNA:targetDNA complex. Cas9 protein surface is 

depicted in grey, the equivalent crRNA region of the sgRNA in green, and the equivalent tracrRNA 

region in the sgRNA in purple. Target DNA is red. Structure derived from PDB 4OO8 2. 

 



 

Supplementary Figure 2. Identified hydrogen bonds involving the 2’hydroxyl groups across the 

sgRNA molecule. All resides where the hydrogen bonds involving the 2’ hydroxyl group which were 

considered for designs are highlighted in. Figure modified from work by Nishimasu and colleagues 2, 

with permission from Elsevier. 
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Supplementary Figure 3. Identified hydrogen bonds at the crRNA 2’hydroxyl group. RNA and protein 

are depicted as sticks with the residues involved marked and the identified hydrogen bond highlighted 

in purple with associated distance. Images derived from PDB structure 4OO8 2. 
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Supplementary Figure 4. Methyl group within thymine residues do not affect cleavage activity. 

Cleavage efficiency of Cas9:tracrRNA complexed with crHyb (black), crHyb.deoxy (green) or no crXNA 

(blue) were assessed by in vitro biochemical cleavage and qPCR detection of template abundance at 

5 nM (left), 2.5 nM (middle) or 1.25 nM (right) Cas9 protein concentration at multiple time points. 

Plots show mean ± standard deviation, n=4. crXNA sequence are shown in the lower panel, with DNA 

nucleotides in uppercase black and RNA nucleotides in lowercase red and deoxy Uracil residues in 

underlined green. 

  

N
o

rm
a

lis
e

d
 t
e

m
p

la
te

 

a
b

u
n

d
a
n
c
e

 (
%

)

50

100

0

Time (minutes)

50 50100 1000 0 50 1000

5 nM Cas9                                 2.5 nM Cas9                          1.25 nM Cas9

|------ guide ------|---- cr repeat -----|

crHyb:        gCCAGTAGCCAGCCccGTcCGuuuTAGAGCTATGCTGTTTTG

crHyb.deoxy:  gCCAGUAGCCAGCCccGUcCGuuuUAGAGCUAUGCUGUUUUG

|   |    |    |    |    |    |    |    |

1   5    10   15   20   25   30   35   40

rna DNA deoxy Uracil

crHyb 

crHyb.deoxy

No crXNA



 

Supplementary Figure 5. Biophysical characterisation of Cas9:tracrRNA:cr interactions. (A) dCas9 

was immobilised using standard amine coupling on a Biacore chip. Injection protocol: (arrow 1) 

Saturation of dCas9 with 100nM tracrRNA, (arrow 2) injection of crXNA molecules to measure binding 

affinity and (arrow 3) wash-out step to measure dissociation. (B) Sensograms showing binding of 

crXNA molecules to dCas9 saturated with tracrRNA; cXNA concentration range up to 200nM. (C) 

Binding constants and dissociation half-lives of Cas9:tracrRNA:cr complexes. (D) Binding of 100nM 

crHyb (red) or 100nM crHyb.duplex.mut (blue) to saturated Cas9:tracrRNA complexes, with 

corresponding sequence shown to the right, with DNA nucleotides in uppercase black and RNA 

nucleotides in lowercase red. 

 

 

 

 

Supplementary Figure 6. Electropherogram of QIAxcel pseudogel image showing fragment sizes 

obtained from target DNA digestion with Cas9:tracrRNA and crHyb or crRNA complexes with three 

guide sequence to different regions in the target DNA sequence. crXNA sequences are shown on the 

right panel with DNA nucleotides in uppercase black and RNA nucleotides in lowercase red. 
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Supplementary Figure 7. Exemplar raw data used for Figure 1c. Electropherogram of QIAxcel 

pseudogel image showing fragment sizes obtained from target DNA digestion with Cas9:tracrRNA and 

crRNA, crHyb or crDNA complexes with three guide sequence to different regions in the target DNA 

sequence.  

 

 

 

 

 

 

 

Supplementary Figure 8. Template depletion qPCR probe validation. Assessment of amplification 

linearity of qPCR probe assay for determining relative concentration of AAVS1 and GFP templates. 

Probes were tested on limiting dilutions of purified templates with amplification efficiencies shown. 
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Supplementary Figure 9. Exemplar raw data used for Figure 2b. Electropherogram of QIAxcel 

pseudogel image showing fragment sizes obtained from target DNA digestion with Cas9:tracrRNA 

complexed with mismatched crRNA and crHyb. crXNA sequences are shown on the right panel with 

DNA nucleosides in uppercase black and RNA nucleosides in lowercase red. 

 

 

 

 

 

Supplementary Figure 10. Dissociation curves of target bound Cas9:tracrRNA:crRNA or 

Cas9:tracrRNA: crHyb complexes. 
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Supplementary Figure 11. Biophysical characterisation of Cas9:tracrRNA:crXNA interactions. (A) BLI 

binding kinetics (upper) of Cas9:tracrRNA:crRNA binding to immobilised AAVS1 target at multiple 

concentrations in buffer without (left) or with (right) 50mg ml-1 Heparin. Lower panel shows the 

calculated velocity constant and table shows the results of linear regression. (B) BLI sensogram 

showing association kinetics in heparin free buffer to immobilised AAVS1 target DNA of Cas9:tracrRNA 

complexed with crRNA (red), crHyb (black), crDNA (blue), crR.Hyb (green) or crD.Hyb (purple), 

Cas9:tracrRNA alone (orange), or Apo Cas9 (dark blue) and Cas9:tracrRNA:crRNA binding to a non-

specific target (brown). 
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Supplementary Figure 12. Single-molecule fluorescence intensity and calculated FRET trajectories. 

Representative single-molecule trajectories displaying fluorophore intensities (top) of Cy3 donor 

(blue) and Cy5 acceptor (red) with calculated FRET trajectories (bottom). (A) During dCas9-crRNA 

complex binding and stable heteroduplex formation an anti-correlated increase in acceptor and 

decrease in donor intensities is observed resulting in a high FRET state (left). Transient mid-FRET (0.5) 

intermediate is indicated by an arrow. (B) dCas9-crRNA complex undergoing irreversible transition 

from stable heteroduplex state to dynamic state (middle). (C) A minor population of traces show 

transient low FRET state.  Traces are 5 point averaged.  

 

 

 

 

 

 

 

Supplementary Figure 13. Biochemical and cellular characterisation of tracrHyb. (A) Design of single 

tracrHyb, bases coloured as in Figure 1a. (B) Cleavage activity of Cas9 in complex with crXNA and 

tracrXNA molecules composed of RNA, DNA or Hybrid bases. 
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Supplementary Figure 14. Effect of DNA in the tracr3’ region. (A) Protein is depicted as sticks with 

yellow carbon atoms. The base change U90T (coloured cyan) has been modelled using PDB 

coordinates 4OO8. Hydrogen bonds have been depicted as cyan dotted lines. Clashes between the 

methyl of the thymine and C89 are shown as yellow dotted lines. T90 makes hydrogen bonds with 

Y981 side chain and L1226 backbone. (B) Cleavage activity of a Hybrid or fully DNA tracr3’ molecule 

was assessed when complexed with Cas9:crHyb:tracr5’ RNA or Cas9: crHyb:tracr5’ Hyb v4. (C) 

Electropherogram of QIAxcel pseudogel image of data used to generate in (B). 

 

 

Supplementary Figure 15. Significance test of cleavage efficiencies from Figure 6b. Multiple 

comparison statistics using two-way ANOVA analysis was conducted and resultant p-values are shown 

and statically significant results (p<0.05) highlighted gold. 
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Supplementary Figure 16. Biophysical characterisation of dCas9:tracrRNA and dCas9:tracrHyb.2 

interactions. (A) Increasing concentrations (from 1.2nM to 100nM) of tracrRNA or tracrHyb.2 were 

injected and followed by dissociation delay in a single experimental cycle (Single Cycle Kinetics mode). 

Sensograms were fitted using 2-step binding model. (B) Dissociation curves from SwitchSENSE 

measurements of target engaged Cas9:tracrHyb.v2 complexed with crRNA (red), crHyb (black) or 

crDNA (blue). (C) Left panel shows tracrRNA binding to immobilised dCas9; 1.2 nM, 3.7 nM, 11.1 nM, 

33 nM, 100 nM tracrRNA injected over dCas9 containing surface. Middle panel shows tracrHyb.2 

binding to immobilised dCas9; 1.2 nM, 3.7 nM, 11.1 nM, 33 nM, 100 nM tracrHyb.v2 injected over 

dCas9 containing surface. Right panel shows binding of dCa9 to immobilised biotinylated tracrHyb.2 ; 

1.2 nM, 3.7 nM, 11.1 nM, 33 nM, 100 nM dCas9 injected over tracrHyb.2 derivatised surface. (D) 

Kinetic parameters of tracrRNA binding determined by fitting of 1:1 single step model of binding (n=3, 

standard deviations reported). 
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tracrXNA crXNA Biochem 

activity (%) 

SwitchSENSE 

relative 

activity (%) 

BLI (%) Cell (%) 

tracrRNA crRNA 90.4 ±  4.4 100 ± 8.1 100 58.7 ± 12.6 

crDNA  0 ± 0 5.83 ± 7.3 -2.2 ± 0.3  3.4 ± 1.7 

crHyb 87.7 ± 1.5 26.4 ± 1.2 3.6 ± 0.2 4.7 ± 2.5 

crR.Hyb n.d. n.d 48.8 ± 4.1 13.3 ± 7.7 

crD.Hyb n.d. 75.2 ± 6.8 9.3 ± 2.7 4.2 ± 2.5 

tracrHyb.2 crRNA 85.9 ± 4.1 13.2 ± 0.4 4.4 ±  0.7 17 ± 7.9 

crDNA n.d. 0 ± 0 3.7 ± 0.2 3.6 ± 1.4 

crHyb 32.0 ± 6.9 0.76 ± 0.07 3.1 ± 0.5 3.6 ± 3.0 

crR.Hyb n.d. n.d. 2.8 ± 0.7 7.1 ± 3.8 

crD.Hyb n.d. n.d. n.d. 3.1 ± 1.7 

Supplementary Table 1. Summary of results. SwitchSENSE and BLI activities are expressed as 
association rates normalised to (crRNA + tracrRNA). Measurements were performed in triplicates or 
greater and standard deviations are reported. 

 
 

crRNA crHyb crD.Hyb crR.Hyb 

tracrRNA 18.3E+06 4.83E+06 8.44E+06 2.15E+06 

tracrHyb.2 2.42 E+06 0.14E+06 n.d. n.d. 

Supplementary Table 2. Activity by SwitchSENSE. Association (on-) rate constants determined by 
SwitchSENSE [M-1s-1]. Dissociation in SwitchSENSE experiments was not observed, so it was assumed 
koff=0; kon = kobs/[Cas9].  
 
 

Oligo Name Sequence 

5’ Cy5-crRNA 5’Cy5-GCCAGUAGCCAGCCCCGUCC GUUUUAGAGCUAUGCUGUUUUG 

5’ Cy5-cr.Hyb 5’Cy5-GCCAGTAGCCAGCCCCGTCC gUUUtagagctatgctgttttg 

5’ Cy5-crD.Hyb 5’Cy5-GCCAGTAGCCAGCCCCGTCC GUUUUAGAGCUAUGCUGUUUUG 

5’ Cy5-crR.Hyb 5’Cy5-GCCAGUAGCCAGCCCCGUCC GUUUUAGAGCTATGCTGTTTTG 

5’ Cy5-crDNA 5’Cy5-GCCAGTAGCCAGCCCCGTCC gttttagagctatgctgttttg 

5’ Bio-AAVS1-Cy3 
5’Bio-ttttttGGTAG CGGTCTGAGC CAGTAGCCAG CCCCG TCCAG 

GGTGGTCACG AGGG-3’ 

Supplementary Table 3. Oligonucleotides used in the single molecule FRET assays. DNA 

nucleosides in black uppercase, RNA nucleosides in red lowercase. Cy3 donor is chemically linked to 

underlined T. Green: Target sequence. Orange: PAM site. 


