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BSTRACT 

s CRISPR technology is promoted to more fine- 
ivided molecular biology applications, its inher- 
nt performance finds it increasingly difficult to 

ope with diverse needs in these different fields, 
nd how to more accurately control the perfor- 
ance has become a key issue to develop CRISPR 

echnology to a new stage. Herein, we propose a 

RISPR / Cas12a regulation strategy based on the 

owerful programmability of nucleic acid nanotech- 
ology. Unlike previous difficult and rigid regulation 

f core components Cas nuclease and crRNA, only a 

imple switch of different external RNA accessories 

s required to change the reaction kinetics or ther- 
od ynamics, thereby finel y and almost steplessl y 

egulating m ulti-perf ormance of CRISPR / Cas12a in- 
luding activity , speed, specificity , compatibility , pro- 
rammability and sensitivity. In particular, the signif- 

cantly impr o ved specificity is expected to mark ad- 
ance the accuracy of molecular detection and the 

afety of gene editing. In addition, this strategy was 

pplied to regulate the delayed activation of Cas12a, 
 ver coming the compatibility problem of the one-pot 
ssa y without an y ph ysical separation or external 
timulation, and demonstrating great potential for 
ne-grained control of CRISPR. This simple but pow- 
rful CRISPR regulation strategy without any compo- 
ent modification has pioneering flexibility and ver- 
atility, and will unlock the potential for deeper appli- 
ations of CRISPR technology in many finely divided 
elds. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

he revolutionary technology of clustered regularly in- 
erspaced short palindromic repeats (CRISPR) has trans- 
ormed the fields of molecular biology including gene 
diting, intracellular imaging, transcriptional regulation, 
ene therapy, molecular diagnostics, molecular biochemi- 
al circuits and more. Howe v er, as the range of applica- 
ions continues to expand, the inherent performance of 
RISPR / Cas alone is no longer sufficient to meet di v erse 
eeds of an increasing number of finely divided applica- 
ions. In a new development stage, how to regulate the per- 
ormance of CRISPR / Cas to better meet different needs is 
radually becoming the focus of r esear ch. CRISPR RNA 

crRN A), w hich is r esponsible for r ecognition, and Cas nu- 
lease, which is responsible for cleavage, are the core com- 
onents of CRISPR / Cas. Much work has been done to 

odify these two components to enhance or a ttenua te the 
erformance of CRISPR / Cas. To reduce the off-target rate 
.cn 
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Scheme 1. (A) Modification of the recognition component crRNA or 
the execution component Cas nuclease is difficult and rigid, and al- 
lows achie v ement of only rough regulation of some CRISPR / Cas perfor- 
mances. (B) Adding the RNA complementary strands as accessories to the 
original components is simple and fle xib le, and allows precise control of 
man y CRISPR / Cas perf ormances by selecting different ERAs to alter the 
d ynamics and thermod ynamics of activa tor binding. ‘ON / OFF’ indica tes 
that Cas12a is in ‘acti vatab le / inacti vatab le’ state. 
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of gene editing or to improve the accuracy of nucleic acid
r ecognition, mor e specific Cas subspecies have been identi-
fied from different strains ( 1 , 2 ) or de v eloped thr ough pr o-
tein engineering ( 3–5 ), while other work has targeted cr-
RNA for truncation ( 6 ), embedding in DNA ( 7 , 8 ), insertion
of secondary structures ( 9 , 10 ) and modification of chemical
bonds ( 11 ) to improve specificity. To improve the efficiency
of gene editing and the sensitivity of nucleic acid recogni-
tion, Cas � (Cas12l) ( 12 ) and Cas13 variants ( 13 ) with high
trans-cleavage activity were modified, and other efforts were
made to increase the sensitivity by crRNA extension ( 14 ),
tandem ( 15 , 16 ) and cascade (enzymatic release of crRNA)
( 17 ) or R-loop restoration ( 18 ). To improve the controlla-
bility and safety of molecular reaction networks, gene edit-
ing or cell imaging, light-guided protein-tagged Cas12a ( 19 )
has been de v eloped, and other wor k has been done to set
up blockers ( 20–22 ), chemical modifications ( 23 , 24 ), sec-
ondary structures (G-quadruplex, etc.) ( 25 , 26 ) and gating
devices for crRNA. To improve the compatibility between
the nucleic acid amplification system and the CRISPR sys-
tem, suboptimal PAM sequences of Cas12a were screened
( 27 ), a PC-linker modified protecti v e oligo was used to pro-
gramma tically activa te Cas12a ( 28 ) and gly cerol additi v es
( 29 ) were used to separate the recombinase polymerase am-
plification (RPA) from the CRISPR / Cas12a system. 

These ef forts ef fecti v ely broadened the scope of
CRISPR / Cas applications, but as r esear ch deepened
and demand grew, emerging shortcomings hampered its
next stage of development. First, the development of new
Cas nucleases or modifications to them struggled to keep
pace with the rapid growth of finely divided application
areas. Although it is relati v ely easy to modify crRNAs
b y v arious methods, when faced with different sequence
environments, constant trial and error is r equir ed to find
the best crRNA design. In addition, chemical modifica-
tion methods are increasingly di v erse ( 30–32 ), and some
of these may pose biohazards. More importantly, the
‘one-touch’ activation and ultra-high cutting efficiency of
CRISPR / Cas also makes the tunable range very narrow,
and most means are only capable of coarse performance
ON / OFF control or limited stepped regulation (Scheme
1 A). It follows that the de v elopment of a simple and fle xib le
gener alized str ategy to finely control the multiple properties
of CRISPR may be able to better meet the increasingly
di v erse needs for CRISPR / Cas performance in different
fields. 

Toehold-mediated strand displacement reaction (TMSD)
serves as an important basis for dynamic nucleic acid nan-
otechnology. In this reaction, the invading strand binds to a
short complementary single-stranded domain (toehold) on
a double-stranded substrate, triggering subsequent branch
migration and e v entual replacement of the substrate’s pro-
tector to be the thermodynamically most stable state ( 33 ).
TMSD follows precise Watson–Crick base pairing and has
not only strict specificity but also a very wide range of tun-
ability ( 34 ). A variety of tuning methods have been de v el-
oped to alter the rate, yield and specificity of TMSD ( 35–
40 ), and these methods are uni v ersal and v ery tolerant of
systems with different sequence compositions. In previous
studies, we found that treatment of activators into toehold-
containing duplexes was more specific ( 41 ), suggesting that
further binding of TMSD to CRISPR / Cas may be possi-
ble. Here, we designed an external RNA accessory (ERA)
toolkit for Cas12a, which does not activate Cas12a but
binds to part of the spacer region of crRNA to form a
different toehold-containing double-stranded structure, al-
lowing the simple pairwise binding of the activator to cr-
RNA to be converted into a conditional response deter-
mined by TMSD (ERA acts as ‘protector’). The attachment
of ERAs with different structures, lengths and mismatches
can alter the kinetics and thermodynamics of the ERA–
crRNA complex reaction with the activator, allowing pre-
cise control of the degree of activation of the Cas nuclease,
which further allows control of a number of properties, in-
cluding activity, speed, specificity, programmability, scala-
bility, sensitivity etc. (Scheme 1 B). In this work, we meticu-
lously investigated the fine-tuning methods for each perfor-
mance of CRISPR / Cas, and explored the compatibility and
heterogeneity of DNA dynamic nanotechnology with the
CRISPR / Cas system. Interestingly, we also achie v ed spa-
tially continuous but temporally isolated CRISPR activa-
tion control by ERA, thus overcoming the mutual exclusion
problem of CRISPR / Cas signal output module and ampli-
fication module in an isothermal one-pot assay, improving
the sensitivity and signal-to-noise ratio of the isothermal
one-pot assay and demonstrating the great potential of fine
control of CRISPR performance. 

Compared to the modifications of Cas nuclease or cr-
RNA components, ERA has unprecedented flexibility as an
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dd-on that can be added at will to reasonably meet dif- 
erent needs, allowing crRNA and Cas-identical CRISPR 

ystems to exhibit completely different properties. In addi- 
ion, ERA regulation is solely based on kinetics and ther- 
odynamics and is e xtremely inclusi v e, with the potential 

o be interoperable with other developed component mod- 
fica tion stra tegies, making it a powerful complement to 

xisting regulatory approaches. And this work is not lim- 
ted to Cas12a, e v en in other RNA-targeting Cas nucleases, 
uch as Cas13, can also achie v e similar results by adding 

he corresponding external DNA accessory toolkits (EDA). 
ore importantly, ERA can serve as a bridge to com- 

ine CRISPR technology with dynamic DNA nanotech- 
ology, linking CRISPR systems that can only achie v e sim- 
le ON / OFF control with a broader and deeper network of 
olecular responses to achie v e more and more comprehen- 

i v e functions. 

ETHODS AND MATERIALS 

aterials 

ligonucleotides were purchased from Beijing Genomics 
nstitution (Beijing, China), Tsingke Biotechnology Co. 
td (Beijing,China), and Sangon Biotech. Co. Ltd (Shang- 
ai, China). Lba Cas12a (Cpf1, 20 �M) and rCutSmart 
uffer (50 mM potassium acetate, 20 mM Tris-acetate, 
0 mM magnesium acetate, 100 �g / ml bovine serum 

lbumin (BSA), pH 7.9)) were ordered from MAGIGEN 

Guangzhou, China) and New England Biolabs (Beijing, 
hina). Large Fragment Bst DN A pol ymerase, 10 × Bst 
eaction Buf f fer (200 mM Tris-HCl, 100 mM KCl, 
00 mM (NH 4 ) 2 SO 4 , 20 mM MgSO 4 , 1% Triton X-100) 
nd 100 mM MgSO 4 were bought from New England Bi- 
labs (Beijing, China). dATP (100 mM), dTTP (100 mM) 
nd dCTP (100 mM) were bought from Sangon Biotech. 
o. Ltd (Shanghai, China). Dithiothreitol (DTT) was or- 
ered from Sangon Biotech. Co. Ltd (Shanghai, China). 
 , N , N 

′ , N 

′ -Tetrameth yleth ylenediamine (TEMED) and 

0% acrylamide / bis solution were provided by Sigma- 
ldrich (St. Louis, MO, USA). DNA loading buffer (6 ×) 

nd Gel Red nucleic acid dye were ordered from TaKaRa 

iotech (Dalian, China). All chemical r eagents wer e of an- 
lytical grade, and RNase-free water was used throughout 
his study. 

nstruments 

ime-based fluorescence data were acquired using a Rotor- 
ene 6000 instrument (Corbett Research, Mortlake, Aus- 

r alia). The temper a ture was set to 25 

◦C , and gain was set
o default. All fluorescent signals were monitored under the 
ellow channel (530 nm / 555 nm). For one-pot method as- 
ays with PER, the temperature was set to 37 

◦C. Assembly 

f oligonucleotides was achie v ed by annealing in a PCR in- 
trument (CFX96, Bio-Rad, USA), the procedure was 95 

◦C 

or 5 min and then decreased from 95 to 12 

◦C at 0.1 

◦C / s.
el images were obtained on an electrophoresis apparatus 

DYY-6C, LIUYI, China) and imaging system (Bio-Rad 

aboratories, USA). 
ETHODS 

esign and calculation 

he sequence designs (Supplementary Table S1, Schemes 
3–S21) were supported by NUPACK and SnapGene. 
he thermodynamic parameters were calculated by NU- 
ACK. Discrimination factor formula: DF = ([ F PM 

] – 

ackground) / ([ F MM 

] – background). 

r epar ation of crRNA-Cas12a complexes 

as12a and crRNA were mixed at a 1:1 ratio (2 �M:2 �M) 
nd preincubated at 25 

◦C for 1 h to promote the ribonucle- 
protein complex (RNP) formation. 

r epar ation of ERA–crRNA–Cas12a complexes. 

rRNA (2 �M) was annealed with various ERA 

ERA:crRNA = 2:1) to from ERA–crRNA complexes. 
ubsequently, Cas12a (2 �M) was added and incubated at 
5 

◦C for 1 h. 

RISPR / Cas reaction system 

he crRNA–Cas12a or ERA–crRNA–Cas12a com- 
lex es wer e diluted to 20 nM in a solution containing 

 × Cutsmart Buffer, 250 nM Cas-reporter and 1 mM 

TT, and the final volume was 20 �l. The added activators 
single-str anded, double-str anded, perfectly matched or 
isma tched) concentra tion were 40 nM. 

ER procedure 

he reaction was carried out in a solution (20 �l) 
ontaining varied concentration of target (MiRNA-21), 
 × ThermoPol buffer, 10 mM MgSO 4 buffer, 10 nM 

r otector / hairpin-template double-stranded pr obes, 200 

M primers, 100 �M dNTPs and 0.2 U Bst Large Frag- 
ent DN A pol ymerase at 37 

◦C for different times, followed 

y heating at 80 

◦C for 20 min to terminate the reaction. 

 wo-step assa y 

fter the PER procedure, 80 nM crRNA–Cas12a or 
RA–crRNA–Cas12a complexes, 500 nM Cas-reporter, 
 × rCutSmart buffer, 1 mM DTT was added into the reac- 
ion system, the final volume was 20 �l and the fluorescence 
 esults wer e measur ed a t 37 

◦C . 

ne-pot assay 

he PER system and the previous CRISPR / Cas system 

er e mix ed together and measur ed a t 37 

◦C . 

luorescence versus cleaved reporter concentration calibra- 
ion 

ackground-subtracted fluorescence signals were obtained 

y subtracting the signal of a buffer-only sample from the 
ignal obtained from titrated quantities of fully cleaved Cas- 
 eporters. Reporters wer e pr e-cleaved by subjecting them to 
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the trans-cleavage reaction of the activated crRNA–Cas12a
complex. For this, 20 nM activated Cas enzyme (activated
using ssDNA target) was mixed with varying reporter con-
centrations of 31.25 nM, 62.5 nM, 125 nM, 250 nM, 500
nM, 1 �M and 2 �M with a final volume of 20 �l. The
trans-cleavage reaction was performed at 37 

◦C for ∼10 h
( 42 ). At the end of this pre-cleavage step, we verified that the
fluorescence signal of each reaction was constant in time.
We performed a linear fit of the background-subtracted,
stead y-sta te (fully cleaved) fluorescence signal ( F cl ) to the
cleaved reporter concentration ( c cl ) using ORIGIN soft-
war e. The r elationship between the background-subtracted
fluorescence ( F ucl ) and uncleaved reporter concentration
( c ucl ) were also analyzed. As mentioned previously, back-
ground subtraction her e r efers to subtracting the signal ob-
tained from a buffer-only sample from the signal obtained
from titrated quantities of uncleaved reporters. We also per-
formed a linear fit of the background-subtracted, uncleaved
fluorescence signal F ucl to the uncleaved reporter concentra-
tion c ucl using ORIGIN software. 

Michaelis-Menten kinetics calculation 

We hypothesize that the background-subtracted fluores-
cence as a function of time F(t) measured during trans-
cleavage experiment is the sum of fluorescence from cleaved
reporters F cl (t) and uncleaved reporters F ucl (t) , as the
quenching of a fluorophore in an intact reporter is imper-
fect. Thus, we write 

F ( t ) = F cl ( t ) + F ucl ( t ) (1)

Displacing the calibration curve equations from Supple-
mentary Figure S11 in Equation ( 1 ), we obtain 

F ( t ) = 0 . 14466 c cl ( t ) + 0 . 00007 c ucl ( t ) (2)

From mass conservation, c cl ( t ) + c ucl ( t ) = c 0 where c 0
is the initial concentration of uncleaved reporters. Thus,
Equation ( 2 ) can be rewritten as 

F ( t ) = 0 . 14466 c cl ( t ) + 0 . 00007 c ucl ( t ) 

= 0 . 14459 c cl ( t ) + 0 . 00007 c 0 (3)

The reaction velocities d c cl /d t in nM / s is obtained by dif-
ferentia ting Equa tion ( 3 ) with respect to time as 

d c cl 

dt 
= 

1 

0 . 14459 

× d F 

dt 
(4)

Last, the cleaved reporter concentration c cl (in nM) ver-
sus time is estimated using Equation ( 3 ) as 

c cl ( t ) ( in nM ) = 

F ( t ) − 0 . 00007 c 0 
0 . 14446 

= 

F ( t ) − 0 . 00875 

0 . 14446 

(5)

Michaelis–Menten Kinetics Measurements and Data Analy-
sis 

The regular Michaelis–Menten equation can e v entually be
written in the following form 

ν = 

d 

[ P 

] 
dt 

= k cat E 0 
[ S 

] 
K M 

+ 

[ S 

] 
(6)
Furthermore, in most applications of CRISPR-
diagnostics, the concentration of the substrate is sig-
nificantly smaller than (or, at most on the same order of)
the Michaelis–Menten constant of the enzyme, [S] � K M 

.
Typically, S 0 ∼ O( 100 nM ) , while K M 

∼ O(100 to 1 �M).
Thus, we can use the [S] � K M 

approximation to further
deri v e an expression for the evolution of the product
(reporter cleavage) versus time, over (long) time scales on
the order of the time to complete the reaction. Specifically,
we can rewrite Equation ( 6 ) as 

d 

[ P 

] 
dt 

≈ k cat E 0 

K M 

( S 0 − [ P 

] ) (7)

Trans-cleavage reactions were initiated by the addition of
Cas-reporter a t concentra tion of 125 nM. We maintained
the concentration of target-activated crRNA constant at 1
nM throughout the 20- �l reaction volume, except when the
toehold was too short resulting in the too-slow recovery
of Cas12a trans -cleavage activity, so that changes in 1 nM
Cas12a activity were difficult to characterize by changes in
fluorescence signal and we increased the concentration of
activated Cas12a to 5 nM. 

Reactions were carried out at 25 

◦C and fluorescence read-
outs were obtained e v ery 20 s. The first 600 s of data at
each reporter concentration was fitted using linear r egr es-
sion to obtain initial reaction velocities in units of AU / s.
A calibration curve was used to convert reaction velocities
from AU / s to nM / s. The measured reaction velocities ver-
sus reporter (substrate) concentration data were fitted to the
Michaelis–Menten equation (Equation ( 6 )) using ORIGIN
software to obtain k cat and K M 

. 

Statistics and reproducibility 

All experiments were repeated at least three times and, un-
less specified otherwise, statistical analysis was performed
using ORIGIN software and quantitati v e data are typically
deri v ed from averaging three individual experiments. The
unpaired two-tailed t -test was performed to compare fluo-
rescence signal of two cohorts. A P value < 0.05 was consid-
ered to be statistically significant. When quantitati v e data
are shown, they are typically deri v ed from av eraging three
indi vidual e xperiments. 

RESULTS AND DISCUSSION 

Multidimensional control of activation velocity and cleavage
activity 

Binding of the invasion strand to the substrate toehold is the
initiation step of TMSD and the key rate-limiting factor for
the reaction kinetics ( 43 ). In DNA displacement reactions
(25 

◦C), where for the average toehold sequence, the rates
sa tura ted for a 6 nt toehold is 10 

5 times greater than that for
a 1 nt toehold ( 44 ). A similar range of relati v e rates was ob-
served in RNA displacement reactions ( 45 ). There are rel-
ati v ely fe w studies on the replacement of double-stranded
RNA substrates by DNA invasion strands ( 46 ). To explore
whether the TMSD of crRNA, ERA and DNA activator in
CRISPR system have similar toehold rate-limiting patterns,
we designed different lengths of ERA to bind to the spacer
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egion of crRNA to form double-str anded RNA substr ates 
ith different toehold lengths. Considering the DNA-based 

MSD reactions almost do not have directionality, ( 47 ) the 
NA-based reactions do have ( 45 ), coupled with the direc- 

ional crRNA and Cas12a assembly ( 48 , 49 ), here we fur- 
her designed two sets of ERAs with toeholds near the PI 
omains (5 

′ toehold) or Nuc domains (3 

′ toehold) of the 
as12a protein for comparison to explore the relevant di- 

ectionality patterns. 
As shown in Figure 1 A, the input activators first bind 

o the 5 

′ or 3 

′ toehold, triggering a base-by-base branch 

igra tion tha t displaces the ERA and e v entually acti vate
as12a by binding completely to the crRNA (the Gibbs 

ree energy changes ( � G) of different ERA–crRNA com- 
lex es ar e summarized in Supplementary Table S2). The r e- 
ult shows that the length of 5 

′ toehold has a very regular 
ffect on the trans -cleavage rate, which could approach sat- 
ration ( > 80%) at toehold > 6 nt, and the cleavage rate cor-
esponding to individual base changes forms a uniform gra- 
ient change (Figure 1 B). Supplementary Figure S1 shows 
he fluorescence cleavage rate at 20 min, and Supplementary 

igure S2 shows the results of activator at low concentra- 
ions (1 nM and 100 pM). Howe v er, Cas12a is barely acti-
ated when 3 

′ toehold < 7 nt, and only when toehold > 7 nt
oes it reflect a gradient change in cleavage rate (Figure 1 C, 
upplementary Figure S3). In Figure 1 D, we further cal- 
ulate and compare the relationship between the catalytic 
fficiency of Cas12a (enzyme turnover / Michaelis–Menten 

onstant, k cat / K M 

) and the length and orientation of toe- 
old from the perspecti v e of enzyme activity. The pattern of 
egulation of Cas12a activity by ERA at 5 

′ toehold is con- 
istent with that of TMSD, but probably due to the higher 
tability of the RN A–RN A base pair, DN A displacement of 
NA substrate r equir es toehold up to 9 nt to have a near-

a tura ted reaction rate. In the case of 3 

′ toehold, the rate 
gain reaches sa tura tion a t length grea ter than 9 nt, but up
o that point is considerably slower than the 5 

′ toehold, as 
etailed in Supplementary Table S3 for the enzyme kinetic 
arameters. This 5 

′ directional advantage is very similar to 

hat of RNA-based TMSD, and they may share the same 
rinciple: The invading strand at the 5 

′ end gains additional 
tabilization from cross-stacking interaction with the sub- 
tr ate str and, hence the probability f or the in vading strand 

o fall off from the 5 

′ toehold is lower and the displace- 
ent rate is increased. In Supplementary Figures S4 and 

5, we find that the addition ratio of ERA can also be used 

o fine-tune the activity of Cas12a. Similar conclusions can 

e obtained in a series of experiments using a different set 
f sequences (Supplementary Figures S6–S10, Supplemen- 
ary Tables S4–S5). It follows that it is entirely possible for 
he behavior of ERA-controlled Cas12a to be predicted by 

ighly general, regulated and mature TMSD. 
Doub le-stranded acti vation of CRISPR / Cas has a more 

rominent position in biolo gical a pplications such as gene 
diting, unlike the simple single-stranded activation mode, 
hich r equir es additional steps of PAM r ecognition, seed 

omain binding and R-loop formation ( 50 , 51 ). Ne v erthe-
ess, it is interesting to note that ERA still has a strong 

egulation of CRISPR / Cas12a in the double-stranded ac- 
ivation mode. As shown in Supplementary Figures S12– 
15, in different sets of crRNA sequences, the efficiency of 
oub le-strand acti va tion can be gradient-regula ted by the 

ength and direction of toehold, which is due to the TMSD 

f the deconvoluted target strand (TS) and ERA–crRNA. 
lthough the 3 

′ toehold is far from the PAM sequence, op- 
osite to the starting point of unstranding of the double- 
tranded activator and theoretically TS is difficult to re- 
ct with crRNA, surprisingly, the double-stranded activa- 
ion of the 3 

′ toehold is v ery regular, e v en faster than the
 

′ toehold (Supplementary Figures S12, S14). This may be 
ttributed to the conformational change of Cas12a, which 

eakens the stability of the doub le-stranded acti vator and 

ediates the proximal binding of PAM, while TMSD me- 
iates the distal binding of PAM. 
When a base mismatch is introduced in the double- 

tr anded substr ate of TMSD, the structure is in a substable 
tate with a higher thermodynamic potential, providing an 

dditional thermodynamic dri v e to promote mismatched 

rotector replacement by the invading strand ( 52 ). Ther- 
od ynamically, the elimina tion of misma tches by TMSD 

eads to a decrease in enthalpy and a negati v e � G , which
ncreases the reaction yield (Supplementary Tables S6–S8). 
n addition, the kinetics and thermodynamics are coupled 

ear toehold, and thermodynamic driving also accelerates 
he kinetics of branch migration (elimination of mismatches 
ear toehold increases the reaction rate by about two orders 
f magnitude) ( 52 ). Accordingly, as shown in Figure 1 E, we 
esigned different positionally mismatched ERAs for intro- 
ucing mismatches to ERA–crRNA complexes to acceler- 
te branch migration after toehold binding. 

Experiments show that the activator can barely activate 
as12a when the length of the 3 

′ toehold is 6 nt (less than 

 nt), but when there is a mismatch on the ERA, the acti- 
ation is significantly accelerated (Figure 1 F); e v en the al- 
eady fast 3 

′ toehold-7 nt can be further accelerated (Fig- 
re 1 G). This is also true in the opposite direction, where 
oth the otherwise slower 5 

′ toehold-4 nt and the faster 5 

′ 
oehold-7 nt are accelerated by thermodynamic dri v e (Fig- 
re 1 H and I). More importantly, by setting mismatch sites 
 t dif ferent distances from toehold on ERA, we found that 
arly misma tch elimina tion (ERA closer to toehold) had 

 more pronounced accelera ting ef fect on the TMSD rate, 
ith the highest reaction rate when the mismatch was elim- 

nated ear ly r ather than immediately. This pattern is also 

ndependent of toehold orientation and is highly consistent 
ith conventional TMSD. The corresponding fluorescence 
inetic curves are shown in Supplementary Figures S16– 

19. Fle xib le control of Cas12a activity was also achie v ed 

 hen dsDN A was used as the activator (Supplementary 

igures S20–S23). 
Toehold length and orienta tion, ERA misma tch posi- 

ion and addition ratio can act as controllers of different di- 
ensions, complementing each other to achie v e e xtremely 

ne, nearly stepless regulation of Cas12a acti vity. Moreov er, 
his strategy is grounded in the kinetic and thermodynamic 
echanisms of TMSD without any crRNA modification at 

ll, which is highly predictable and versa tile, grea tly simpli- 
ying many unnecessary steps of crRNA sequence design 

nd optimization, and is expected to meet diverse needs of 
idely used scenarios. 
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Figure 1. (A) ERAs toolkit bind to crRNAs to form double-stranded RNA substrates with toeholds of different directions and lengths, and activators 
activate Cas12a via TMSD. Activation efficiency of ERA–crRNA–Cas12a with different lengths of 5 ′ toehold (B) or 3 ′ toehold (C) . (D) Relationship 
between toehold length and direction on the ERA–crRN A–Cas12a catal ytic efficiency ( k cat / K M 

). (E) Mismatched ERAs toolkit bind to crRNA to form 

substable substrates, and eliminating the unstable state can accelerate ERA-controlled Cas12a acti vation. Acti va tion ef ficiency of ERA–crRNA–Cas12a 
(dif ferent ERA misma tch sites) with 3 ′ toehold-6 nt (F) or −7 nt (G) , 5 ′ toehold-4 nt (H) or −7 nt (I) . ERA ( −) means no ERA is added. Orange r epr esents 
the toehold in the crRNA. Error bars r epr esented the standard deviation calculated from three independent experiments. 
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Kinetics-driv en contr ol of activation specificity 

CRISPR / Cas is typically very tolerant of activator recog-
nition, and similar sequences of activators can easily misac-
tivate Cas nucleases ( 53 , 54 ). This is the main reason why
CRISPR / Cas is off-target in gene editing and generates
false positi v e signals in molecular assays. Tedious crRNA
modifica tion and optimiza tion is r equir ed to improv e e v en
a little specificity (many crRNA design and simulation data
packages have been developed to reduce the cost of trial
and error) ( 55–57 ). Fortunately, single-base discrimination
is another feature of TMSD ( 58 , 59 ), that promises to greatly
improve the single-base specificity of CRISPR / Cas with the
introduced ERA toolbox without modifying crRNA at all.
As shown in Figure 2 A, the direct binding of crRNA to the
activator is so rapid that mismatches can cause only a very
small loss of kinetics and is virtually indistinguishable from
correct activation. By contrast, for ERA-controlled Cas12a,
where TMSD is a prerequisite for activa tion, misma tches
can inhibit incorrect activ ation b y significantly suppressing
the kinetics of TMSD, reflecting a distinct specificity. 
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To explore the ability of ERA to modulate specificity, we 
esigned four different positionally mismatched activators 
MM-1, MM-2, MM-3, MM-4). As shown in Figure 2 B, 
mong 5 

′ toeholds, MM-1 is the farthest from the toehold 

nd had the lowest discrimination factor (DF) (median DF 

 1.9 at 20 min); MM-4 is the closest to the toehold and 

ad the highest DF (median DF = 31.6 at 20 min); and 

pecificity was negati v ely correlated with toehold length. 
onsidering that the activation efficiency is positi v ely cor- 

elated with toehold length, MM-4 with mismatch sites the 
losest to the 5 

′ toehold may have the best discrimination 

ffect. The real-time fluorescence kinetic curves are shown 

n Supplementary Figures S24–S26 and the polyacrylamide 
el electrophoresis (PAGE) is gi v en in Supplementary Fig- 
re S27. In Figure 2 C, we set the toehold length to be either
 or 9 nt with high activation efficiency to further compare 
he effect of toehold orientation on specificity. Among 3 

′ 
oeholds, MM-1 is the closest to the toehold, while MM-4 

s the farthest from the toehold, because as the direction of 
he toehold changes, the distance of the mismatch site rel- 
ti v e to the toehold changes accordingly. The results show 

hat for the same mismatch, the closer to toehold, the more 
ronounced the inhibition of ERA-controlled Cas12a ac- 
ivation. As shown in Figure 2 D and E, the DF of MM-1 
s 1.2 (7 nt) and 1.0 (9 nt) at 5 

′ toehold, whereas it is 54.6
7 nt) and 17.5 (9 nt) at 3 

′ toehold. Howe v er, the DF of
M-4 is 33.0 (7 nt) and 8.0 (9 nt) at 5 

′ toehold, whereas 
t is 2.1 (7 nt) and 2.0 (9 nt) at 3 

′ toehold. The same is
rue for the double-stranded activation mode, where ERA- 
ontrolled Cas12a increases the discrimination capacity by 

 maximum of 14.1-fold (DF 14.1:1.0) (Supplementary Fig- 
res S28–S31). The same results were obtained for the other 
et of sequences, with a more significant increase in speci- 
city (up to 108.1-fold for single-strand activation and up 

o 169.1-fold for double-strand activation) (Supplementary 

igures S32–S41). All these results show that the specificity 

iscrimination law of TMSD is also applicable to ERA- 
ontrolled Cas12a, and we can fle xib ly adjust the detection 

pecificity by changing the length and position of ERA, and 

here is almost no sequence dependence, which can be ex- 
ended to any target. 

Tolerance to mismatches can also be decreased by reduc- 
ng the binding affinity of crRNAs and activators, and thus 
ome crRNAs with secondary structures have been de v el- 
ped to improve the specificity of gene editing and sens- 

ng assays ( 9 , 10 ). As shown in Supplementary Scheme S1 

nd Supplementary Figure S42, the introduction of hairpin 

tructure has led to a stepped regulation of Cas nuclease 
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acti vity. Howe v er, unlike the nearly stepless regulation of
the ERA toolbox, this strategy r equir es the design of corre-
sponding crRN As specificall y for differ ent r egulatory gears,
and ERA-controlled Cas12a also has significantly higher
single-base discrimination specificity (DF enhancement up
to 9.4-fold) (Supplementary Figure S43). 

In summary, this external accessory is designed to be
more ma thema ticall y and chemicall y predictab le, with fle xi-
ble and simple regulation methods and a wide range of con-
trol, making CRISPR / Cas safer for gene editing and ther-
apeutics, and more accurate for molecular recognition and
biosensing. 

Scalability based on DNA nanotechnology 

The single-base specificity of TMSD arises primarily from
the apparent inhibition of mismatch reaction kinetics. Once
the mismatch site is far away from the toehold that acts
as a controller of TMSD kinetics, the reaction rate is vir-
tuall y unaffected. Thus, w hile using TMSD as a switch to
activa te Cas12a grea tly improves the single-base specificity
of the CRISPR system, it has a narrow range of mismatch
sensitivity. As shown in Figure 3 A, toehold-proximal mis-
match has a strong inhibitory effect on the TMSD reaction
rate between activator with crRN A, w hich is almost absent
when distal mismatches exist. (The toehold-proximal mis-
ma tched activa tor is discrimina ti v e e v en with � G < 0 just
shows that the discrimination at this point is based on kinet-
ics and has nothing to do with thermodynamics). Toehold
exchange (TE) displacement allows essentially constant hy-
drogen bond formation and breakage before and after the
reaction by introducing re v erse toehold, so the net enthalpy
change ( � H ) is small and can be fine-tuned to positi v e, neg-
ati v e or e v en zer o by independently contr olling forward (f)
and re v erse (r) toehold ( 34 , 60–62 ). Once � H is tuned close
to zero, small thermodynamic differences caused by single
base mismatch at any site will significantly alter the reac-
tion yield. TE is an extension of TMSD to nucleic acid nan-
otechnology by introducing a re v erse toehold controller to
achie v e more efficient fine-grained regulation of thermody-
namics ( 34 , 61 ). Whether the same extension can be used for
ERA-controlled CRISPR / Cas? We next designed the cor-
responding activator and ERA. In Figure 3 B, the thermo-
dynamics of the reaction is controlled by re v erse toehold
(green sequence labeled ‘r’), which causes � G > 0 with mis-
ma tched substra tes, r esulting in no r eaction, r egardless of
whether it is proximal or distal. 

Different from TMSD, the TE invasion strand is not fully
complementary to the substrate strand due to a deletion
at one end to produce the re v erse toehold. But this dele-
tion may inhibit CRISPR / Cas activation w hen a pplied to
the activator. In Supplementary Figures S44–S45, we found
that a certain activation efficiency was maintained with a
deletion of up to 5 nt at either the 3 

′ end or the 5 

′ end
of the activator when the crRNA length was constant (22
nt spacer), suggesting that ERA-controlled Cas12a is TE
displacement feasible when the reverse toehold < 5 nt. In
Figure 3 C and G, the discriminati v e power of all three
mismatch sites increased significantl y w hen we tried to ex-
change 5 nt 5 

′ toehold (f) for 5nt 3 

′ toehold (r) (compared
with the DF of TMSD, the DF of MM-2 increased from
50.0 to 105.2, the DF of MM-3 increased from 29.8 to 99.9,
and the DF of MM-4 increased from 31.6 to 208.1). Next,
after re v ersing the direction and setting the 5 

′ toehold (r)
to 4 nt (less intrusi v e on acti va tion ef ficiency), we explored
whether lengthening 3 

′ toehold (f) could improve activation
efficiency (Supplementary Figure S46). In Figure 3 D, H, we
exchanged 9 nt 3 

′ toehold (f) for 4 nt 5 

′ toehold (r) to retain
the activa tion ef ficiency. The DF of MM-1, which is the far-
thest from the forward 3 

′ toehold, still obtained 15.8 times
the TMSD result (DF 15.8:1.0). In Supplementary Figure
S47, we extend the end of the cRNA (35 nt spacer) and find
that the deletion length allowed at the 5 

′ end of the activa-
tor increased to 19 nt, providing more room for re v erse toe-
hold regulation. As shown in Figure 3 E, I, the 5 

′ toehold
(f) of 7 nt was exchanged for the 3 

′ toehold (r) of 7 nt, and
the DF of the farthest MM-1 was 8.4 times that of TMSD
(DF 10.1:1.2). In Figure 3 F, J, the 3 

′ toehold (r) is further
extended to 13 nt, and the DF of MM-1 is also 8.1 times
that of TMSD (DF 9.8:1.2). The corresponding heat map
of DF versus time is shown in Supplementary Figures S48–
S51. In Supplementary Figures S52–S53, the ERA toolkit
is equally effecti v e for the G-U mismatches (wobble), which
is most difficult to identify. 

The TE displacement takes Cas12a to a ne w le v el of mis-
ma tch discrimina tion from a thermod ynamic control per-
specti v e, remov es the high dependence on mismatch loca-
tion and proves that ERA-controlled CRISPR / Cas is ex-
tremely compatible with highly programmable nucleic acid
nanotechnology. The ERA strategy is highly scalable and
evolutionary. It is foreseeable that using the same regular-
ities, this work can be extended along the lines of DNA
dynamic nanotechnology to achie v e compatibility with a
variety of traditional TMSD modulation tools, more and
richer nucleic acid reaction networks can be tightly coupled
to CRISPR / Cas via ERA for more sophisticated, complex
and di v erse functionality. 

Spatio-temporal continuity control in isothermal one-pot
assay 

Global epidemics have profoundly changed the landscape
of nucleic acid detection, during which isothermal nucleic
acid amplification (INA) followed by CRISPR / Cas de-
tection strategies have shown great potential in molecu-
lar diagnostic applications. Systems based on this strategy,
such as SHERLOCK ( 63 ), HOLMESv2 ( 64 ), DETECTR
( 65 ) and CRISDA ( 66 ) have been applied for highly sen-
siti v e viral and bacterial identification, as well as for rapid
DNA methylation detection and SNP typing. Howe v er, sep-
arate nucleic acid pre-amplification procedure and multiple
manual steps complicate the detection process, and trans-
fer of amplification products may cause problems such as
cross-contamination. Some subsequent studies have com-
bined INA and CRISPR for a more portable and biosafe
one-pot assay ( 67–69 ). But, unfortunately, the two pro-
grams, CRISPR / Cas and INA, are naturally incompatible
in a one-pot cooker. Cas12a, which possesses strong trans-
clea vage capability, clea ves not only Cas-reporters but also
primers and templates. This incompatibility leads to inef-
ficient detection and remains a challenge in clinical appli-
cations. As in Figure 4 A, amplification and activation are
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ontinuous in space and time. In the early stage of ampli- 
cation, the yield of activator is low but still sufficient to 

ctivate some of the Cas12a to disrupt primers and tem- 
la tes, providing nega ti v e feedback to the amplification pro- 
ram and ultimately achieving only a low signal output. 
e v eral studies hav e integrated INA and CRISPR into a 

ompact, closed system in an attempt to spatially isolate 
hese two incompatible pr ograms. Although pr ogress has 
een made, these approaches still r equir e additional ma- 
ipulation steps or complex microfluidic designs ( 70–73 ). 
hou et al. temporarily inactivated Cas12a by introduc- 

ng PC-linker-modified protecti v e oligos and then used light 
o activate the CRISPR program after the IN A pro gram 

as completed in the same tube ( 28 ). This spatially con- 
inuous but temporally isola ted stra tegy is more conve- 
ient and controllable and may be a better solution, but 
t still r equir es tedious chemical modifications and external 
timulation. 

Her e, we further explor ed w hether the pro grammatic ac- 
ivation of CRISPR / Cas could be controlled by ERA with- 
ut any modification or external stimulation based on the 
rogrammability of nucleic acid nanotechnology, thus auto- 
a tically isola ting the IN A and CRISPR pro grams in the 

emporal dimension. As shown in Figure 4 B, toehold can 

ct as a controller for delayed activation of ERA-controlled 

as12a, allowing the indiscriminate trans-cleavage step to 

e misaligned with the IN A pro gram, buying time for 
he INA to amplify the activation strand and improv- 
ng the efficiency of e v entual acti vation of Cas12a. Taking 

rimer exchange reaction (PER) as an example (schematic 
n Supplementary Scheme S2, conditions optimized in 

upplementary Figure S54, sensitivity characterization in 



10804 Nucleic Acids Research, 2023, Vol. 51, No. 19 

Amplification

CRISPR/Cas12a 
activation

Low signal

Spatially and temporally continuous 

High signal

Timing
CRISPR/Cas12a 

activation 

Amplification

Strand displacement
(Amplification continues)

Spatially continuous but temporally isolated 

Only PER

Two-step assay
One-pot assay

ERA (-)

Only PER

Two-step assay
One-pot assay

ERA (+)

ERA (-) ERA (+)

NC

0.5 nM

0.02 nM
0.05 nM
0.1 nM
0.2 nM

ERA (+)

NC

0.5 nM

0.02 nM
0.05 nM
0.1 nM
0.2 nM

A

B

C D

E F

G H

Negative
feedback

No
negative
feedback

ERA (-)
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Supplementary Figure S55) ( 74 , 75 ). Without ERA, the
PER system is disrupted by the trans -cleavage activity of
Cas12a, so the signal of the one-pot assay is significantly
lower than that of the conventional two-step assay (Fig-
ure 4 C), and a tar get belo w 0.5 nM is alread y dif ficult to
identify (Figure 4 E, Supplementary Figure S56); with ERA,
the trans -cleavage of Cas12a was delayed and misaligned
with PER amplification program, and thus the signal of the
one-step assay was significantly improved (Figure 4 D) and
the resolution for low concentration targets was also im-
proved by nearly 10-fold (Figure 4 F, Supplementary Figure
S57), comparable to the conventional two-step assay (Sup-
plementary Figure S58). In addition, the leakage of two-
step assay always increased with time compared with the
one-pot assay (Supplementary Figures S59, S60), probably
because a certain degree of trans -cleavage suppressed the
signal leakage of PER at the steps of template blocking,
polymerase displacement or transient contact. As shown in
Figure 4 G, H, we find that the ERA-assisted one-pot as-
say could delay Cas12a activation and strive for amplifica-
tion duration, while maintaining a certain degree of trans -
cleavage activity to suppress PER leakage, and finally gain
a better signal-to-noise ra tio. Importantly, the ultima te goal
of the ERA is not to improve the one-pot method, but rather
to use it as an example to prove the great potential for such
automated, finel y pro grammable control of CRISPR / Cas.
The amplification efficiency of PER is the main limiting fac-
tor of LOD, if further parameter optimization is r equir ed,
we agree with the replacement by other INA methods to
increase sensitivity ( 68 , 76 , 77 ) and these optimization meth-
ods are fully compatible with our ERA toolkit. 

CONCLUSION 

For gene editing, the high efficiency of CRISPR is useful,
but the uncontrollably high cutting efficiency also raises
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oncerns about the safety of this technology. For the con- 
truction of nucleic acid-based molecular reaction net- 
orks, CRISPR destroys the entire system immediately on 

ctivation, so the systems constructed have been designed 

ith CRISPR as the last step, with some limitations. For 
ene therapy or deli v ery as drugs, slow and sustained re- 
easing Cas nuclease is necessary. If the performance of Cas 
uclease can be more freely regulated, these challenges will 
e solved more direct and easy. 
Her e, we pr esent a simple yet powerful strategy for con- 

rolling multi-performance of CRISPR / Cas12a to meet the 
ore di v erse and nuanced needs of ra pidl y evolving and 

nely divided field of molecular biology. Eliminating the 
eed for modifications to Cas proteins or crRNA compo- 
ents, the strategy le v erages the powerful programmability 

f nucleic acid nanotechnology to enable fine-grained and 

redictable control of multiple CRISPR / Cas12a properties 
ased on a customizable ERA toolbox. Through system- 
 tic stud y of its thermod ynamic and kinetic principles, we 
ound that unlike the previous crude ON / OFF control, the 
oehold length, direction, position, ra tio and misma tched 

osition of ERA can act as multidimensional controllers of 
as12a performance, complementing each other to achie v e 
lmost stepless regulation of single- and double-stranded 

ctivation. And we confirmed that this is an integrated con- 
rol that can act on multiple properties such as activity, 
pecificity, speed, compatibility, programmability, sensitiv- 
ty etc. Especially, the great increase in specificity is likely 

o significantly improve the safety issues of gene editing. 
his strategy is not only more v ersatile, cost-effecti v e and 

iosafe, but also has the potential to be compatible with ex- 
sting Cas engineering or crRNA modifica tion stra tegies for 

ore di v erse combinatorial control. Ev en for CRISPR fam- 
lies targeting RNA such as Cas13, the appropriate external 

NA accessory (EDA) toolkit can be added to achie v e sim- 
lar results. CRISPR technology has led one pace of revolu- 
ion in molecular biomedicine, and we hope that ERA can 

eepen its integration with nucleic acid nanotechnology to 

ri v e this revolution into a ‘new era’. 
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