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S1. Additional information on crRNAs 

The full sequences of the crRNAs are listed in Table S1, and the corresponding DNA 
templates for T7 in vitro transcription are listed in Table S2. Each crRNA contained an 
ortholog-specific repeat sequence followed by a 3’ 24-nucleotide single-stranded segment. 
The 5’ first 20-nucleotide of the single-stranded segment was the RNA-guide (underlined 
in Table S1).1, 2 The remaining 4 nucleotides would not hybridize with the DNA and were 
disordered in reported crystal structures.1 These 4 extra nucleotides did not interfere with 
investigations of DNA duplex cleavage,2 but mitigated potential problems arising from 
inhomogeneity in the 3’-terminus of T7-transcripted RNAs.  

 

Table S1. Sequences of crRNAs 

Name Sequence (5’-3’)(a) 

LbRNA-a GGAAUUUCUACUAAGUGUAGAUGACAGCCCACAUGGCAUUCCACUU 

LbRNA-b GGAAUUUCUACUAAGUGUAGAUAGUGACAUGUGCAGUGCCGUGUCC 

AsRNA-a GGAAUUUCUACU-CUUGUAGAUGACAGCCCACAUGGCAUUCCACUU 

AsRNA-b GGAAUUUCUACU-CUUGUAGAUAGUGACAUGUGCAGUGCCGUGUCC 

FnRNA-a GGAAUUUCUACU-GUUGUAGAUGACAGCCCACAUGGCAUUCCACUU 

(a) RNA guides are underlined. The RNA-a sequence is shown in blue, and the RNA-b guide 
sequence is shown in green. 

 

 

 

Table S2. DNA templates used for T7 in vitro transcription 

Name Sequence (5’-3’)(a) 

LbRNA-a template 
AAGTGGAATGCCATGTGGGCTGTCATCTACACTTAGTAGAAATTCcta

tagtgagtcgtattag 

LbRNA-b template 
GGACACGGCACTGCACATGTCACTATCTACACTTAGTAGAAATTCcta

tagtgagtcgtattag 

AsRNA-a template 
AAGTGGAATGCCATGTGGGCTGTCATCTACAAGAGTAGAAATTCctat

agtgagtcgtattag 

AsRNA-b template 
GGACACGGCACTGCACATGTCACTATCTACAAGAGTAGAAATTCctat

agtgagtcgtattag 

FnRNA-a template 
AAGTGGAATGCCATGTGGGCTGTCATCTACAACAGTAGAAATTCctat

agtgagtcgtattag 

T7 top-strand CTAATACGACTCACTATAG 

(a) Lower case letters indicate the segment that hybridizes with the “T7 top-strand” to form the T7 

promoter. 
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S2. Additional information on substrate DNA constructs 

A target DNA duplex consisted of a central variable region flanked by a PAM at one 
end and two additional constant segments (Figure S1). The strand containing the 
sequence complementing the RNA guide was designated as the target-strand (t-strand), 
while the other strand was designated as the non-target strand (nt-strand). Referencing to 
the nt-strand, the sequences of the constant segments were: PAM, 5’-TTTC-3’; PAM-
proximal, 5’-TTCCACTCGCTCAA-3’; and PAM-distal: 5’-ATCACTGGCATCC-3’. 

 

 

Figure S1. Schematic of the DNA duplexes used in this work. The PAM is highlighted with orange. 
The two wedges indicate observed DNA cleavage sites. The underlined segment at the t-strand 
complemented the RNA guide. 

 

The sequences of the central variable region were listed in Table S3. Note that the 
length of the segment was designed as 24-necleotide (-nt) based on the initial report on 
Cas12a.2 Later studies revealed that only the 20-nt PAM-proximal sequence (Figure S1, 
underlined) acts as the protospacer and forms base-pairing with the RNA guide.1 
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Table S3. List of variable sequences in the DNA duplexes 

Name Sequence(a,b,c) 
Extinction Coefficient (M-1cm-1) 

t-strand(d) nt-strand(d) 

i 
3’-CTGTCGGGTGTACCGTAAGGTGAA-5’ 

5’-GACAGCCCACATGGCATTCCACTT-3’ 
554,200 495,500 

ii 
3’-ctgtcGggtgtacCgtaaggtgaa-5’ 

5’-agtgaCatgtgcaGtgccgtgtcc-3’ 
554,200 500,000 

iii 
3’-tcactGtacacgtCacggcacagg-5’ 

5’-gacagCccacatgGcattccactt-3’ 
545,900 495,500 

iv 
3’-TCACTGTACACGTCACGGCACAGG-5’ 

5’-AGTGACATGTGCAGTGCCGTGTCC-3’ 
545,900 500,000 

v 
3’-tCACTGTACACGTCACGGCACAGG-5’ 

5’-gGTGACATGTGCAGTGCCGTGTCC-3’ 
545,900 497,300 

vi 
3’-tcACTGTACACGTCACGGCACAGG-5’ 

5’-gaTGACATGTGCAGTGCCGTGTCC-3’ 
545,900 499,800 

vii 
3’-tcaCTGTACACGTCACGGCACAGG-5’ 

5’-gacGACATGTGCAGTGCCGTGTCC-3’ 
545,900 498,500 

viii 
3’-tcacTGTACACGTCACGGCACAGG-5’ 

5’-gacaACATGTGCAGTGCCGTGTCC-3’ 
545,900 500,000 

(a) The t-strand is shown on the top in the 3’ to 5’ direction, and the nt-strand is shown at the 
bottom in the 5’ to 3’ direction. 

(b) The 20-nt protospacer is underlined. 

(c) Paired nucleotides are shown in upper case letters, and unpaired nucleotides are shown in 
lower case letters. 

(d) Extinction coefficients are listed for the entire 55-nt DNA strand. 
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S3: Cleavage of cognate DNA substrates 

Figure S2 shows results of DNA duplex i (Table S3) cleavage by Cas12a effectors 
containing the RNA-a guide (Table S1). Analyses showed that the t-strand cleavage 
yielded predominately a 13-14 nucleotide 5’ fragment, corresponding to a cleavage site 
located 23-24 nucleotides from the PAM as previously reported.2 Cleavage of the nt-strand 
produced a 32-nucleotide 5’ fragment, corresponding to a cleavage site located 14-
nucleotide from the PAM. Both t- and nt-strand cleavage sites fall in the same range as 
reported from a number of Cas12a studies,2-4 resulting in sticky-end products as 
expected.2 

 

 
Figure S2: Reconstituting the Cas12a enzyme. Representative denaturing gels showing cleavage 
of the cognate duplex i (1 nM) by effectors (10 nM) of (A) LbCas12a/LbRNA-a; (B) 
AsCas12a/AsRNA-a; and (C) FnCas12a/FnRNA-a. Reactions were monitored with 5’-32P labeled 
t- or nt-strand as indicated. Precursors are marked by “■”, products of t- and nt-strand are marked 
by “►” and “♦”, respectively. Size of DNA products were obtained by comparing with the DNA size 
marker (M). Note that control experiments (data not shown) indicated that the presence of two 
precursor bands was the result of incomplete DNA duplex denaturation, with the upper precursor 
band being the duplex and the lower one being the single strands. 
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S4. Cleavage of DNA substrate requires crRNA 

DNA duplex i was incubated with Cas12a proteins in the absence of crRNA (Figure 
S3). No cleavage product was observed, indicating that DNA cleavage requires crRNA. 

 

 

Figure S3: Examples of autoradiographs of DNA duplex i incubated with proteins of (A) LbCas12a 
and (B) AsCas12a. DNA precursors (marked by “■”) were 32P-labeled on either the t-strand or the 
nt-strand. Data shown were obtained with 10 nM DNA duplex and 100 nM Cas12a protein in the 
absence of crRNA. No cleavage product was observed, indicating that DNA cleavage requires 
crRNA. 

 

  



S8 

 

S5. Assessing the impact of MBP-tag on LbCas12a activities 

Control experiments were carried out using LbCas12a protein with an N-terminal MBP 
tag. As shown in Figure S4, the data indicated that the MBP tag has no effect on results 
obtained with the cleavage and competition assays reported in this work. 

 

 
Figure S4. (A) Cleavage assay with DNA duplex i. Data shown were obtained with 1 nM duplex i 
labeled with 32P at both strands and various concentrations of tagged LbCas12a complexed with 
LbRNA-a. Both DNA strands were cleaved in the same fashion as observed for LbCas12a without 
the tag (Figure S2A). (B) Competition assay with signal derived from 32P-labeled DNA duplex i*. 
Data shown were obtained with 1 nM t-strand labeled duplex i*, 10 nM enzyme (i.e., tagged 
LbCas12a complexed with LbRNA-a), and 1 µM unlabeled competitor DNAs. The results show the 
same pattern as that observed for LbCas12a without tag (Main Text, Figure 2C). 
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S6. Non-target strand cleavage with LbRNA-a guided effector 

DNA cleavage was measured using an effector complex of LbCas12a/LbRNA-a. As 
shown in Figure S5, cleavage of the non-target strand (nt-strand) was observed for 
duplexes i and ii, in which the protospacer complements the guide of LbRNA-a. No 
cleavage was observed for either iii or iv, in which the protospacer largely lacks 
complementarity to the LbRNA-a guide. The data showed that complementarity between 
the DNA protospacer and RNA guide is required for nt-strand cleavage. 

 

 

Figure S5: (A) Schematic of DNA duplexes. “*” marks the 32P-label on the nt-strand. The guide 
strand of RNA-a is represented by the blue line, the DNA protospacer is shown in red, and the PAM 
is highlighted in orange. Pairings between the DNA strands are indicated by solid vertical lines. 
Complementarity between the RNA guide and the DNA target strand is indicated by dashed vertical 
lines, and the lack of complementarity between RNA and DNA is indicated by crossed lines. The 
relationships between the RNA-guide and protospacer t-strand (R/D) and protospacer t- and nt-
strand (D/D) are indicated on the right. (B) Autoradiograph with signal derived from 32P-labeled nt-
strand. Data were obtained with 10 nM LbCas12a/LbRNA-a complex (i.e., the “enzyme”) and 1 nM 
DNA duplexes. 
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S7. Comparison of DNA cleavage with LbRNA-a and LbRNA-b 

Control experiments were carried out with crRNAs that differ in their guides. As 
expected, duplexes were only cleaved if its protospacer t-strand matched the 
corresponding RNA guide. The data confirmed that complementarity between the RNA 
guide and the t-strand of the DNA protospacer is required for cleavage. 

 
Figure S6. DNA cleavage with different RNA guides. (A) and (D) show schematics of nucleic acid 
constructs, with pairings between the DNA strands indicated by solid vertical lines, and 
complementarity between the RNA guide (blue for LbRNA-a and green for LbRNA-b) and the 
protospacer t-strand indicated by dashed vertical lines. The relationships between the RNA-guide 
and protospacer t-strand (R/D) and protospacer t- and nt-strand (D/D) are indicated on the right. 
(B) and (E) show examples of cleavage of 10 nM DNA by 100 nM LbCas12a/RNA complex, with 
the signals derived from 32P-labeled t-strand. Panel (B) is the same as that shown in main text 
Figure 1C. (C) and (F) show plots quantitating the percentages of the t-product for duplexes i to iv. 
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S8. Assessing non-specific trans-cleavage activity  

Figure S7 shows results of an experiment assessing trans-cleavage of duplex iii, 
which has the majority of the protospacer unpaired (Table S3). When the LbCas12a 
effector was activated by the cognate substrate duplex i, as expected the single-stranded 
DNA controls were cleaved non-specifically (Figure S7, ss-1 and ss-2). Very little cleavage 
was observed for duplex iii. The data demonstrated that under experimental conditions 
used in the present work, a bubble DNA with “single-stranded” region in the protospacer 
is not a trans-cleavage target. 

 

 

Figure S7. A representative gel showing trans-cleavage results. Data shown were obtained with 
10 nM 32P-labeled substrate and 100 nM LbCas12a/LbRNA-a complex activated by 100 nM 
unlabeled cognate duplex DNA i. The activator DNA duplex was assembled with Cas12a/RNA 
effector in the cleavage reaction buffer following procedures described in Methods (i.e., “DNA 
cleavage assay”). The 32P-labeled substrate was then incubated with the Cas12a effector/activator 
complex at 37°C for 30 minutes. The reaction was quenched and resolved by denaturing PAGE. 
The trans-cleavage results were visualized and quantified by autoradiography. The %trans-product 
shown was corrected for DNA degradations in the absence of enzyme. The sequences of the 
control single-stranded DNAs are: ss-1, 5’-
TTCCACTCGCTCAATTTCGACAGCCCACATGGCATTCCACTTATCACTGGCATCC-3’; ss-2, 5’-
AAAAAAAAAGTCGTCGTCTTTTTTTTTTTTTTTTTTGTTGCTGTTAAAAAAAAA-3’. The substrate 
duplex iii was 32P-labeled on both strands. 
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S9. Additional data obtained with the competition assay 

S9a: Quantification of Competition Results 

Tables S4 and S5 show the amount of product obtained in the presence of various 
competitors. The data shown were obtained with 1 nM i* (32P-labeled t-strand), 10 nM 
effector, and 1 µM competitor (these conditions were used to obtain the representative 
gels shown in Figures 2 and 3 of the main text). The data were reported as “Average ± 
Standard Deviation” from at least three repetitions. A competitor allowing a lower 
percentage of product inhibits the enzyme more effectively, thus binds to the enzyme with 
a higher affinity. 

 

TABLE S4. DNA i* cleavage by effectors guided with RNA-a in the presence of 
competitor duplex i – iv 

 

Competitor 
% product 

LbCas12a AsCas12a 

none 72 ± 29 64 ± 27 

i 2 ± 2 0 ± 0 

ii 1 ± 2 0 ± 0 

iii 11 ± 5 1 ± 2 

iv 88 ± 4 65 ± 11 

 

 

TABLE S5. DNA i* cleavage by effectors guided with RNA-a in the presence of 
competitor duplex iv – viii 

 

Competitor 
Bubble size 

(bp) 

% product 

LbCas12a AsCas12a 

none 77 ± 19 72 ± 3 

iv 0 55 ± 16 45 ± 15 

v 1 53 ± 17 13 ± 5 

vi 2 38 ± 14 4 ± 0 

vii 3 30 ± 19 2 ± 2 

viii 4 8 ± 4 2 ± 2 
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S9b. Competition carried out with FnCas12a 

Figure S8 shows competition results obtained with a catalytically-active 
FnCas12a/FnRNA-a effector, which has the same pattern as those observed from Lb- and 
AsCas12a effectors (Main text, Figure 2). Duplexes i and ii maintained complementarity 
between the protospacer t-strand and the RNA-a guide, and as expected competed for 
probe binding and completely inhibited cleavage. Duplexes iii and iv inhibited probe 
cleavage to a less extend as compared to that of i and ii because they largely lacked RNA-
guide/t-strand complementarity. Importantly, duplex iii, which has unpaired DNA t-/nt-
strand, gave less cleavage product than that of duplex iv, which has fully-paired t-/nt-
strand, indicating duplex iii bound to the FnCas12a effector with a higher affinity. Also 
note that the difference between duplexes iii and iv was smaller than that observed for 
Lb- and AsCas12a (Table S4). This may suggest differences between Cas12a orthologs 
in binding flexible DNAs. This will be an interesting subject for future investigations. 

 

 
Figure S8. A denaturing gel showing competition results with FnCas12a. Data were obtained with 
1 nM substrate i* with 32P-labeled t-strand, 10 nM FnCas12a/FnRNA-a complex, and 1 µM 
competitor DNA (substrate i-iv, unlabeled). Precursors are marked by “■” and t-strand products by 
“►”. 
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S9c. Competition carried out with 100 nM enzyme complex 

Competition experiments were carried out with 100 nM Cas12a enzyme (Figure S9). 
For both Lb- (Figure S9B) and AsCas12a (Figure S9C) complexed with RNA-a, competitor 
iii reduces the amount of products as compared to iv, indicating that iii has a stronger 
ability to bind to the Cas12a. As expected, with a larger amount of enzyme available to 
interact with various DNAs, the differences between iii and iv are reduced as compared 
to those observed with 10 nM Cas12a enzyme (main text Figure 2). 

 

 
Figure S9: Competition with 100 nM Cas12a enzyme. (A) Schematics of the competitor duplexes. 
(B) Results obtained with LbCas12a/LbRNA-a. (C) Results obtained with AsCas12a/AsRNA-a.  
Data shown were obtained with 1 nM duplex precursor i* (32P labeled t-strand), 1 µM unlabeled 
competitor DNA, and 100 nM enzyme complex. 
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S9d. Effects of PAM 

To assess the role of the PAM in this work, the PAM of duplex iii was altered to 
generate a PAM-less duplex ix (Figure S10A). Competitions were carried out using 
LbCas12a/LbRNA-a as the enzyme and its cognate substrate duplex i as the probe. The 
results (Figure S10B) showed that duplex iii clearly competes better than duplex ix, thus 
binding to Cas12a with a higher affinity. Both duplexes iii and ix have unpaired DNA 
protospacer and largely lack complementarity to the RNA-a guide. The data demonstrated 
that as expected a proper PAM contributes to Cas12a binding to DNA duplexes. Also note 
that duplex ix, which has a flexible protospacer but without a proper PAM, still binds better 
than duplex iv, which has a rigid protospacer and a proper PAM. While this work focused 
on PAM-containing DNA duplexes, detailed investigation on impacts of altering PAM may 
be an interesting subject for future studies. 

 

 
Figure S10. Assessing effects of PAM. (A) DNA duplexes. Sequences of the PAM and Central-
Variable-Region are shown, while the invariant PAM-proximal and PAM-distal segments (Sect. S2) 
are omitted. Upper case letters indicate paired nucleotides, and lower case letters indicate the 
unpaired nucleotides. The duplex segment regarded as “PAM” is shown in bold, and the 20-
nucleotide protospacer is underlined. (B) An example of a gel showing competition results. Data 
were obtained with 1 nM substrate i* with 32P-labeled t-strand as probe, 10 nM LbCas12a/LbRNA-
a complex, and 1 µM competitor DNA. 
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S9e: Competition carried out with LbCas12a/LbRNA-b complex 

Figure S11 shows competition results obtained with an LbCas12a/LbRNA-b effector, 
with the RNA guide complementing the protospacer t-strand in duplexes iii and iv. 
Cleavage of substrate iv* was observed in the presence of competitor i but was greatly 
reduced with ii, indicating ii has a much higher degree of binding to Cas12a. Neither i nor 
ii complements the LbRNA-b guide, but the two duplexes differ in the protospacer: ii 
contains large bubbles and i is fully-paired. With the bubbles, duplex ii has a high flexibility, 
which allows binding to Cas12a. 

 

 
Figure S11. (A) Schematic of the assay. The guide of RNA-b is shown in green, the DNA 
protospacer segment is indicated by colored lines. Pairing between the DNA strands is indicated 
by solid vertical lines, and complementarity between the RNA guide and the protospacer t-strand 
is indicated by dashed vertical lines. The relationships between the RNA-guide and protospacer t-
strand (R/D) and protospacer t- and nt-strand (D/D) are indicated on the right. (B) An example of a 
gel showing competition results. Data were obtained with 1 nM substrate iv* with 32P-labeled t-
strand, 10 nM LbCas12a/LbRNA-b complex, and 1 µM competitor DNA (substrate i-iv, unlabeled). 
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S9f: Competition with duplexes containing completely unpaired protospacer 

In duplexes ii and iii (Table S3), the protospacer t- and nt-strand have individual 
complementary nucleotides at the 6th and 14th positions from the PAM. These PAM-distal 
complementary nucleotides are separated by 7 unpaired nucleotides, therefore do not 
provide sufficient interaction to support t-/nt-strand pairing within the 20-nt protospacer. 
To further confirm that the individual complementary nucleotides do not impact 
conclusions drawn from data obtained using duplexes ii and iii, competition experiments 
were carried out using DNA duplexes ii’ and iii’, which completely eliminated 
complementarity among the protospacer t- and nt-strand (Figure S12A). The results were 
indeed the same as those obtained from duplexes ii and iii (Figure S12B). This indicates 
that further “enhancing” the flexibility of the protospacer by completely removing t- and nt-
strand pairing has little impact on off-target binding to the Cas12a active site. 

 

 
Figure S12. Competition with duplexes containing completely unpaired protospacer. (A) DNA 
duplexes. Sequences of the PAM and Central-Variable-Region are shown, while the invariant PAM-
proximal and PAM-distal segments (Sect. S2) are omitted. Upper case letters indicate paired 
nucleotides, and lower case letters indicate the unpaired nucleotides. The duplex segment 
regarded as “PAM” is shown in orange bold, and the 20-nucleotide protospacer is underlined. 
Highlighted in yellow are differences between these constructs to duplex ii, iii, and iv shown in 
Table S3. (B) An example of a gel showing competition results. Data shown were obtained with 1 
nM substrate i* with 32P-labeled t-strand, 10 nM LbCas12a/LbRNA-a complex, and 1 µM competitor 
DNA (unlabeled). Duplexes i and ii’ maintained full complementarity between the protospacer t-
strand and the RNA-a, and bound to Cas12a and prevented probe cleavage. Duplexes iii’ and vi’ 
lacked any complementarity between the protospacer t-strand and the RNA-a guide. Duplex vi’ 
allowed similar amount of product as observed in the absence of competitor, indicating it did not 
bind to the Cas12a. Duplex iii’ allowed very little product formation, similar to that observed for 
duplex iii (Table S4). This indicates that iii’ and iii are equivalent in inhibiting cleavage, and bind 
to Cas12a in a similar fashion. 
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S10. DNA binding assessed by a native gel shift assay 

Figure S13 shows the results of a native gel shift measurement using a catalytically 
in-active binary dFnCas12a/FnRNA-a effector complex. The on-target duplex i was 
completely bound at 100 nM effector. Duplex iii, which has an unpaired DNA protospacer 
and largely lacks complementarity between the protospacer t-strand and RNA-a guide, 
showed weak binding at 100 nM effector, but was bound nearly completely at 1000 nM. 
Duplex iv, which has a fully-paired DNA protospacer but largely lacks complementarity 
between the protospacer t-strand and RNA-a guide, showed no binding at 100 nM effector 
and little binding at 1000 nM. The data indicated that the off-target flexible duplex (i.e., iii) 
binds with a higher affinity to the binary Cas12a effector complex as compared to the fully-
paired rigid off-target duplex (i.e., iv). 

Also note that in a Cas12a study by Singh and co-workers,5 at effector concentrations 
of 100 -- 300 nM, no apparent binding was detected with DNAs containing PAM-adjacent 
mismatch bubble of 2 and 4 base-pairs. The Singh study included little characterization 
on binding of these bubble DNAs. In our work the bubble-containing duplex iii showed low 
but detectable binding with 100 nM effector. The discrepancy likely arises due to minor 
differences in experimental conditions, such as methods for visualizing the DNAs and salt 
concentrations. 

 

 
Figure S13: Native gel shift to assess direct binding of DNA with catalytically in-active FnCas12a 
(dFnCas12a). Data shown were obtained with 32P-labeled DNA duplex (1 nM) and two 
concentrations of the dFnCas12a/FnRNA-a effector. DNA duplexes were assembled with the 
dCas12a/RNA effector in the cleavage reaction buffer following procedures described in Methods 
(i.e., “DNA cleavage assay”). Upon incubation at 37°C for 30 minutes, equal volume of native 
loading dye solution (50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol, 20 mM Tris pH 
7.5, 100 mM KCl, 5 mM MgCl2) was added, and the sample was then loaded onto an 8% native 
PAGE. The gel was run at 4°C with the running buffer being 89 mM Tris-HCl, pH 7.5, 89 mM Boric 
Acid, and 5 mM MgCl2. The results were visualized by autoradiography. Note that with the presence 
of the effector, various amount of sample remained in the well. This likely represent DNA bound to 
the effector, and is considered as “Bound duplex”. 
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S11. Flexibility of DNA duplexes assessed by site-directed spin labeling 

It has been reported that locally “melted” DNA duplexes that contain unpaired 
nucleotide(s) (i.e., bubbles) are significantly more flexible than fully paired duplexes.6 This 
was verified for DNA duplexes studied in this work using site-directed spin labeling (SDSL). 
SDSL monitors site-specifically attached stable radicals (e.g., nitroxide spin labels) using 
Electron Paramagnetic Resonance (EPR) spectroscopy, and provides unique local 
structural and dynamic information on the parent bio-molecules.7 To examine variations 
in flexibility of DNA duplexes studied in this work, an nt-strand of a DNA substrate was 
labeled with an R5a nitroxide (Figure S14A)8 at selected sites within the protospacer 
segment, then paired with various t-strand to assemble duplexes with different pairing 
states at the protospacer segment (Table S3). X-band continuous-wave (cw-) EPR spectra, 
which report on rotational motion of the nitroxide label, were measured for these duplexes, 
and the observed spectral lineshapes were analyzed to assess the flexibility of the 
corresponding DNA duplexes. 

Figure S14B shows a representative set of data obtained for duplexes i and iii (Table 
S3). Duplex i, which has perfect complementarity between the two strands, gave a 
spectrum with the same characteristics previously reported for R5a-labeled fully-paired 
DNA duplexes,8, 9 with closely spaced splitting at the low-field peak (Figure S14B, 
indicated by arrows). Prior analyses have revealed that such a low-field splitting pattern 
arises from an incomplete average of the nitroxide hyperfine interaction, which is the result 
of anisotropic rotational motions of the R5a nitroxide due to steric confinement at the major 
groove of a DNA duplex.10 For duplex iii, in which the protospacer segment is unpaired, 
the observed spectrum shows a relatively sharp low-field peak with no splitting (Figure 
S14C). This indicates higher nitroxide mobility, which results in a higher degree of 
averaging of hyperfine interactions. The increase in nitroxide mobility indicates increasing 
DNA local dynamics at the labeling site, and in turn demonstrates that the unpaired DNA 
segment does result in higher flexibility in duplex iii as compared to duplex i. The same 
results were obtained with the R5a attached at different positions of the protospacer (data 
not shown). Overall, the data clearly revealed that DNA duplexes with unpaired segment 
are more flexible than a fully-paired duplex. 
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Figure S14. (A) Schematic of the R5a nitroxide label attached to a phosphorothioate within a DNA 

strand (adapted with permission from Ref. #11; copyright 2017 American Chemical Society). In this 

work, R5a labeling was carried out following a previously reported protocol.11 A spin labeling 

reaction (10 µL) contained 0.1–1 mM crude phosphorothioate-modified oligonucleotide (obtained 

commercially from Integrated DNA Technologies), 150 mM 3-iodomethyl-1-oxyl-2,2,5,5-

tetramethylpyrroline (gift from Kálmán Hideg, University of Pécs, Hungary), 40% (v/v) acetonitrile, 

and 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.8. The reaction mixture was 

incubated at room temperature in the dark with constant mixing for 16–24 hours. Upon conclusion 

of the reaction, the mixture was subjected to an ethanol precipitation procedure to remove the 

majority of excess nitroxide precursor. The R5a-labeled DNA strand was assembled into duplexes 

following procedures described in Methods. Prior to spectral acquisitions, labeled DNA duplexes 

were subjected to filter concentration to remove the remaining un-attached nitroxide precursor. (B) 

X-band cw-EPR spectrum of the fully-paired duplex i, with an R5a nitroxide (indicated by the blue 

arrow in the cartoon inset) attached at the PAM+6 phosphate of the nt-strand. The spectrum was 

acquired at room temperature on a Bruker EMX spectrometer using an ER4119HS cavity. The 

incident microwave power was 2 mW, and the field modulation was 2 G at a frequency of 100 kHz. 

The spectrum was acquired with 512 points, corresponding to a spectral range of 100 G, then 

corrected for background and baseline, and normalized following reported procedures.12 (C) X-

band cw-EPR spectrum of a duplex iii, where the protospacer segment is unpaired. The R5a-

labeled DNA strand is the same as that in panel (B). 
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