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Abstract
It is established that for CRISPR-Cas9 applications guide RNAs with 17–20 bp long spacer
sequences are optimal for accurate target binding and cleavage. In this work we perform cell-free
CRISPRa (CRISPR activation) and CRISPRi (CRISPR inhibition) experiments to demonstrate the
existence of a complex dependence of CRISPR-Cas9 binding as a function of the spacer length and
complementarity. Our results show that significantly truncated or mismatched spacer sequences
can form stronger guide–target bonds than the conventional 17–20 bp long spacers. To explain this
phenomenon, we take into consideration previous structural and single-molecule CRISPR-Cas9
experiments and develop a novel thermodynamic model of CRISPR-Cas9 target recognition.

1. Introduction

CRISPR-Cas9 revolutionized molecular biology by
providing an easy-to-use and programmable tool for
accurate genome editing [1, 2]. What makes CRISPR-
dCas9/Cas9 both accurate and programmable is its
use of a guide RNA (gRNA) to bind to a complemen-
tary target DNA. While much has been achieved in
CRISPR-dCas9/Cas9 biotechnologies [3], the design
of guide RNAs still adheres mostly to empirical mod-
els and ad hoc rules [4]. One of these rules is that
the length of a guide RNA spacer sequence should be
between 17 bp and 20 bp to securely bind to the target
DNA [5].

From a naïve thermodynamic perspective, the
longer spacer sequences result in more RNA:DNA
bonds between the Cas9/gRNA complex and the
target DNA, and more RNA:DNA bonds result in a
more stable bond with the target. This intuition has
been confirmed by previous CRISPR-dCas9/Cas9
experiments [6–8] and used for previous CRISPR-
dCas9/Cas9 binding models. Using a cell-free
transcription–translation system (TXTL), we char-
acterize the binding efficiencies of guide RNAs

with significantly truncated or mismatched spac-
ers and demonstrate that under some conditions
those guide RNAs are comparable or are better
at binding to the target DNA than their conven-
tional 20 bp spacer counterparts. In a series of
CRISPRi (CRISPR interference) [9] and CRISPRa
(CRISPR activation) [10, 11] experiments, we
demonstrate that binding strength of a CRISPR-
dCas9/Cas9 system does not decrease monotonically
with the length/complementarity of the guide
RNA, but instead dips and peaks as a function of
length/complementarity.

Since our experimental results are not explained
by any of the previous models of CRISPR-Cas9 bind-
ing [12, 13], we developed a novel thermodynamic
model based on previous experiments about the con-
formational changes of CRISRP-Cas9 during tar-
get interrogation. We built the model using ener-
gies and rates obtained from structural experiments
[14, 15], single-molecule Forster resonance energy
transfer (smFRET) experiments [16–20], magnetic
torque measuring experiments [20, 21], atomic force
microscopy experiments [22], and molecular dynam-
ics simulations [23–26].
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All of the above-mentioned experiments share a
common basis: they argue that CRISPR-Cas9 tar-
get interrogation occurs in discrete steps controlled
by conformational changes that are in turn coordi-
nated with the number of formed RNA:DNA bonds.
Interestingly, it is hypothesized that for purposes of
increased specificity Cas9 has evolved to its cleavage
active conformation to be less stable than the inter-
mediate conformation [27]. That idea is strengthened
with rotor bead tracking (RBT) experiments, where
even though only a single PAM-distal mismatch is
introduced the binding free energy increases as the
system progresses into the final DNA unwinding con-
formation [20]. Therefore, one can imagine that a
short spacer sequence will form a strong bond if it can
also minimize the probability of being destabilized by
conformational changes. This is the core of our model
and we demonstrate how balancing the energies and
the rates of conformational changes cause the emer-
gence of strongly binding truncated and mismatched
spacer sequences.

2. Methods and materials

2.1. Materials
DNA was purchased from Integrated DNA Technolo-
gies (Coralville, IA) and Twist Biosciences (San Fran-
cisco, CA). Unless otherwise mentioned all the other
reagents were purchased from Sigma Aldrich (St.
Louis, MO).

2.2. DNA constructs
For silencing experiments in TXTL, the Cas9 or dCas9
enzymes were synthesized constitutively through
the endogenous Sp. pCas9 promoter [11]. CRISPRi
was achieved using sgRNAs (single guide RNA),
expressed from the Anderson E. coli promoter J23119
(http://parts.igem.org/Promoters/Catalog/Anderson).
The target template for CRISPRi was the plas-
mid P70a-degfp [28, 29]. The reporter protein
deGFP (enhanced green fluorescent protein) is
a slightly truncated version of eGFP with the
same fluorescent properties as eGFP. For CRISPR
activation experiments in TXTL, we used the
same plasmids as for CRISPRi to express Cas9
or dCas9. The scRNAs (scaffold RNA) gene was
expressed from the Anderson E. coli promoter J23119
(http://parts.igem.org/Promoters/Catalog/Anderson).
The activator gene was expressed constitutively from
the Anderson E. coli promoter J23107 [30]. The
reporter target template for CRISPRa were the
plasmids pJF143.J2, pJF143.J3, and pJF143.J4
that contain the Anderson promoter J23117 [30]
upstream of the mRFP gene. The sgRNA and scRNAs
were expressed using linear templates, whose degra-
dation in TXTL was prevented by adding the Chi6
dsDNA linear template [31, 32]. All the constructs
have been sequenced. These plasmids are available on
demand.

2.3. TXTL target template sequences
The target and PAM site sequences for the CRISPRi
experiments:

(a) sg2: GTTGACAATTTTACCTCTGGCGG

(b) sg3: AATTTTGTTTAACTTTAAGAAGG

(c) sg6: GGTAAAATTGTCAACACGCACGG

(d) sg9: GTCGCCCTCGAACTTCACCTCGG

(e) sg15: CCAGGGCACGGGCAGCTTGCCGG

The target and PAM site sequences for the
CRISPRa experiments:

(a) J206: TAGTAGCCGAACACGTCCTCAGG

(b) J306: TTGTGTCCAGAACGCTCCGTAGG

(c) J406: GAACATCCTTTCACTTCCGGAGG

2.4. TXTL reactions
The myTXTL kit (Arbor Biosciences) was used for
cell-free expression. TXTL reactions are composed of
an E. coli lysate, an amino acid mixture, an energy
buffer, and the desired DNA templates. This TXTL
system has been described previously [28, 29]. All
the batch mode TXTL reactions were incubated at
29 ◦C in either a bench-top incubator, for endpoint
measurements, or in plate readers, for kinetic mea-
surements. 29 ◦C is the optimum temperature of
incubation for the myTXTL kit.

2.5. Quantitative measurements of fluorescence
in TXTL reactions
Fluorescence from batch mode TXTL reactions
was measured using the reporter protein deGFP
(25.4 kDa, 1 mg ml−1 = 39.4 μM) and mRFP
(25.4 kDa, 1 mg ml−1 = 39.4 μM). Fluorescence
was measured at 5 min intervals using monochro-
mators (deGFP Ex/Em 488/525 nm, mRFP Ex/Em
555/583) on a Biotek Synergy H1 plate reader in
Costar polypropylene 96-well, V-bottom plates sealed
with a mat. Endpoint reactions were measured after
16 h of incubation. To measure protein concen-
tration (eGFP reporter), a linear calibration curve
of fluorescence intensity versus eGFP concentra-
tion was generated using purified recombinant eGFP
obtained from Cell Biolabs (STA-201), Inc or purified
in the lab.

2.6. Estimation of CRISPRa binding fraction
Binding of CRISPR-dCas9-SoxS complex near the
promoter site of the reporter gene activates the tran-
scription of the reporter gene mRNA, which in turn
induces the synthesis of the reporter protein observed
by an increase of the fluorescence intensity of the
TXTL reaction. Thus, we estimated that the fraction
of bound reporters is proportional to the intensity of
TXTL reaction:

pbound ∼ ITXTL (1)
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where ITXTL is the fluorescence intensity of the TXTL
reaction.

2.7. Estimation of CRISPRi binding fraction
The binding of CRISPR-dCas9 to the promoter or
gene interferes with the transcriptional activity of
the gene, which in turn decreases the amount of
reporter protein synthesized and thus the fluores-
cence intensity of the TXTL reaction. By compar-
ing the fluorescence intensities of the TXTL CRISPRi
experiments using a non-targeting sgRNA (sg-NT)
with the fluorescence intensity of TXTL experiments
using a targeting sgRNA (sg6 or sg9), we can estimate
the fraction of silenced P70a-degfp genes. The for-
mula to estimate the fraction of bound genes is the
following:

f = 1 − ION

IOFF
(2)

and f will be referred to as the fraction coefficient,
ION is the fluorescent intensity of the on-target TXTL
reaction, and IOFF is the fluorescent intensity of the
off-target TXTL reaction. The fraction coefficient of
the non-target control is always f = 0.

2.8. Liquid handler systematic bias correction
The liquid handler (Labcyte Echo 550) used for
to perform the CRISPRi experiments systemati-
cally introduced uneven expression levels on the
96-well plate. The calculation to account for the liquid
handler introduced systematic error is presented in
appendix A (supplementary file (https://stacks.iop.
org/PB/18/056003/mmedia)). The uncorrected data
is presented in the appendix in supp. figure 1.

2.9. Computer codes
Scripts are available on demand.

3. Experimental results

3.1. CRISPR-Cas9/dCas9 in TXTL
The TXTL system used in this work enables charac-
terizing CRISPR technologies with an excellent agree-
ment between the observations made in vitro and in
vivo [29, 33]. For this work we used both CRISPRi
(CRISPR interference) and CRISPRa (CRISPR acti-
vation) systems in TXTL experiments (figure 1).
While the results from CRISPRi experiments would
be sufficient to make the argument, we supple-
ment them with CRISPRa experiments to verify
that the results are general and not an artefact
of either method. In addition, replacing the dCas9
with a Cas9 in a CRISPRa length/complementarity
experiment is used to measure the guide RNA
length/complementarity needed for Cas9 cleavage.
The efficiency of CRISPR systems in TXTL is esti-
mated by measuring the expression of the CRISPR
targeted genes. The dCas9 necessary for CRISPR
experiments was either expressed in a regular TXTL
reaction or was available at a fixed concentration of

approximately 20–50 nM in the dCas9 pre-expressed
TXTL system [33]. Pre-synthesized dCas9 in the
TXTL system is convenient because, first, it simplifies
the experiment by maintaining the total concentra-
tion of dCas9 constant and, second, it helps to con-
serve the reaction resources (ATP, amino acids). Since
we are mostly interested in the binding efficiency of
CRISPR-Cas9/dCas9 systems most of the experiments
involve only the use of dCas9. However, as mentioned
above, when we were interested in determining the
necessary length/complementarity of the guide RNA
needed make Cas9 cleavage active we also performed
experiments with expressing Cas9 enzymes.

In the CRISPRi experiments with pre-synthesized
dCas9 we added a deGFP expressing reporter tar-
get plasmid (P70a-degfp) and sgRNA expressing
linear DNA (sg2, sg3, sg6, sg9, sg15, and sg-NT)
(figure 1(a)). When a regular extract (without dCas9
pre-synthesized) was used we also added a dCas9
expressing plasmid (pCD017). For the main text we
either truncated or introduced mismatches into the
spacers of the sg6 sgRNA to test the effects that such
mutations have on the efficiency of CRISPRi sys-
tems in TXTL. And for the supplementary section we
truncated the rest of the spacers (sg2, sg3, sg9, and
sg15).

As opposed to sgRNAs used in CRISPRi, CRISPRa
systems utilize scRNAs (scaffold RNA) for target
search, which in addition to the regular single guide
RNA structure also contains an MS2 RNA hair-
pin [30, 34] that can bind to an MS2 coat pro-
tein [35] (MCP). By expressing the activator pro-
tein SoxS fused to MCP we can use the binding of
the CRISPRa complex to the DNA to localize the
SoxS activator [36] near the promoter region. For the
CRISPRa experiments with pre-synthesized dCas9 we
added an mRFP expressing reporter target plasmid
(pJF143.J3.117), the activator MCP-SoxS (pBT005),
and the scRNA DNA (linear scRNA expressing seg-
ment of pJF144.206.x, pJF144.306x, pJF144.406x) in
TXTL reactions, while for the regular TXTL sys-
tem experiments we also expressed dCas9 or Cas9
(figure 1(b)). In the CRISPRa experiments the tar-
get sequence of the guide RNA matched with a
region −81 bp from the transcription start site (TSS)
[34]. The efficiency and the binding fraction of
CRISPRa experiments is estimated using equation (2)
from the methods section.

For the mismatch experiments, the spacer–target
mismatches are always introduced consecutively from
the PAM distal side. If a spacer has a maximum
length of 20 bp, but only has 11 PAM-proximal
matches, and 9 PAM distal nucleotides are not com-
plementary to the target, then we refer to it as an
11–20 mm spacer/guide RNA (figure 1(c)). More
generally a spacer with N PAM-proximal bonds
would be referred to as an N-20 mm spacer/guide
RNA. For truncation experiments, we exclusively
remove the PAM-distal nucleotides of the spacer.
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Figure 1. Schematic of the TXTL experiment. (a) The TXTL CRISPR interference (CRISPRi) experiment is composed of two
plasmids to express the genes degfp and dCas9, and a linear DNA to express the sgRNA. The spacer sequence of the sgRNA
matches with a sequence on the promoter (P70a) of the degfp gene (P70a-degfp plasmid). The TXTL reactions are incubated at
29 ◦C on a well plate. The measured fluorescence signals are analysed quantitatively using either kinetics or endpoints
measurements. The experiment can also be performed with a TXTL system in which dCas9 is pre-synthesized (dCas9 TXTL),
thus simplifying the reaction given that the concentration of dCas9 is constant and dCas9 does not need to be dynamically
synthesized. All other parts of the experiment remain the same. (b) The TXTL CRISPR activation (CRISPRa) is composed of
three plasmids and one linear DNA part: an mRFP target plasmid, a dCas9 (pCD017) or Cas9 (pCas9) plasmid, a SoxS-MCP
plasmid (pBT005), and a linear DNA to express the scRNA. The scRNA spacer matches with a sequence 70 bp upstream the
ribosome binding site (RBS) of the mRFP gene. The TXTL reactions are incubated at 29 ◦C on a well plate. The fluorescence
signals are analysed quantitatively using either kinetics or endpoints measurements. As in CRISPRi experiments, we can also
simplify the TXTL reaction by using TXTL system with pre-synthesized dCas9 (dCas9 TXTL), thus removing the need to express
dCas9 and maintaining its concentration constant. (c) A picture to demonstrate the naming convention of mismatched spacers.
In the picture the spacer has 11 PAM-proximal matches out of 20 total, and is thus named an 11–20 mm spacer. If a spacer had N
PAM-proximal matches, then it would an N-20 mm spacer. (d) A picture demonstrating the naming convention for truncater
spacers. If a spacer has only 11 of the PAM-proximal matches, then we refer to it as 11 bp spacer. If the spacer was only N bp long,
then it would be referred to as an N bp spacer.

If the spacer is only 11 bp long and thus can at
most form 11 RNA:DNA bonds, we refer to it as
11 bp spacer/guide RNA (figure 1(d)). As in the
case of mismatches, a truncated spacer with N PAM-
proximal nucleotides would be referred to as an N bp
spacer/guide RNA.

3.2. CRISPRa mismatch experiments
In the mismatch experiments we changed the PAM-
distal nucleotides of the fully complementary guide
RNA to test the effect PAM-distal mismatches
have on the binding efficiency of a CRISPRa sys-
tem. For the dCas9 CRISPRa mismatch exper-
iments we used the pre-expressed dCas9 TXTL
system. We added 2 nM of the mRFP reporter
plasmid (pJF143.J3.117) and added 2.5 nM of
the MCP-SoxS activator plasmid (pBT005) to the
TXTL reaction. We varied the concentration of the
scRNA expressing DNA (pJF144.306.xmm) between
1 nM, 2 nM, and 4 nM. We observe that the
activation decreases for the 15–20 mm scRNA
(figures 2(a)–(c)), thus resulting in two distinct local
optimal spacer complementarities (12–20 mm and

fully complementary). We do not observe any clear
dependence between the concentration of the scRNA
expressing DNA added and the activation levels of the
target plasmid. That is probably because 1 nM of the
scRNA DNA provided a saturating concentration of
the scRNA. However, independent of the concentra-
tion, we notice that the decrease in the activation level
is not monotonic with the decrease of the number of
PAM-proximal matches.

To test how many matched base pairs are required
for Cas9 to enter its catalytically active state we per-
formed the same experiment, but in a regular TXTL
system with 1 nM of the Cas9 plasmid (pCas9 [11]).
The concentrations of scRNAs are varied between
0.25 nM, 1 nM, and 2 nM (figures 2(d)–(f)). We
observed that starting from the 16–20 mm guides
the activation is small in comparison to the peaks
between 10–20 mm and 13–20 mm guides, which
suggests that 16 RNA:DNA bonds are sufficient for the
Cas9 enzymes to become catalytically active [15] and
instead of activating target plasmid, the Cas9-CRISPR
complexes cut the target. Along with dCas9-CRISPR
and Cas9-CRISPR experiment we performed experi-
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Figure 2. CRISPRa mismatch experiments in TXTL. (a)–(c) are results of pre-synthesized dCas9 CRISPRa mismatch
experiments with 1 nM, 2 nM, and 4 nM of scRNA DNA, respectively. (d)–(f) repeat the conditions of (a)–(c) but with regular
TXTL reaction that has 1 nM of a Cas9 plasmid. The observed decline in the expression for the 16–20 mm spacer is caused by
catalytic activation of the CRISPR-Cas9 complex, which in turn cuts the reporter target plasmid instead of activating it.

ments in which we express Cas9 in the pre-expressed
dCas9 TXTL and we observe similar results to the
Cas9-CRISPR experiments (supp. figure 2).

3.3. CRISPRa truncation experiments
First, we performed CRISPRa truncation experiments
with a pre-synthesized dCas9 TXTL. We maintained
the concentration of the activator plasmid at 3 nM
and the concentration of the mRFP expressing tar-
get plasmid at 2.5 nM. The concentration of the
scRNA expressing linear DNA was fixed at 0.25 nM,
0.5 nM, and 1 nM (figures 3(a)–(c)). For each of the
concentrations we observe drops in activation for the
11 bp and 15–16 bp spacer lengths. As we increased
the concentration of the scRNA in the TXTL reaction,
the relative heights of the peaks at non-standard tar-
get sequence lengths have also increased (figure 3(d)).
We performed similar experiments for two more
scRNA spacer sequences, J206 and J406, that targeted
plasmids J2 and J4 respectively (supp. figure 3(a)
and (b)). The targets were also located −81 bp
away from the TSS. As in the experiment with
the J306 spacer and the J3 reporter, we observed
that some shorter spacer lengths can activate the
reporter plasmid more efficiently than the longer
spacer lengths.

The second series of experiments performed with
CRISPRa truncations used the catalytically active
Cas9 enzyme instead of the catalytically inactive
mutant dCas9. As in the experiments described above,
the concentrations of activator plasmid and mRFP
reporter plasmid were maintained at 3 nM and 2.5 nM
respectively. The TXTL extract with pre-synthesized
dCas9 was replaced with regular TXTL extract and

we added 2 nM of a Cas9 encoding plasmid to the
reaction [11]. Instead of observing 3 peaks as with
the catalytically inactive CRISPRa, we only observe 2,
with expression drops for the same lengths of 11 bp
and 15–16 bp (figures 3(e) and (f)). As in the
CRISPRa mismatch experiments, when the spacer
length is longer than 16 bp it can form 16 RNA:DNA
bonds, which in turn allow the Cas9 to become cat-
alytically active. As in the CRISPRa mismatch exper-
iments, the spacer lengths at which we observed acti-
vation efficiency drops for the dCas9 experiments
(figure 3(d)) is the same length for which we observe
the transition to a cleavage active Cas9 enzyme in
the Cas9 experiments (figures 3(e) and (f)). We per-
formed a similar experiment (but with less different
spacer lengths) for the J206 spacer and the J2 target
and confirm that the effect can be observed for it as
well (supp. figure 3(c)).

3.4. CRISPRi mismatch experiments
The goal of the CRISPRi mismatch experiments was
to observe how decreasing the number of matching
PAM-proximal base pairs affects the silencing effi-
ciency of CRISPR-dCas9 in TXTL. For the CRISPRi
mismatch experiments we used a pre-synthesized
dCas9 TXTL and added mismatched sgRNA express-
ing DNA and a reporter target DNA plasmid (P70a-
degfp). The concentration of the target plasmid
(P70a-degfp) was varied between 0.33 nM, 1 nM, and
3 nM, while the concentrations of the sgRNA express-
ing linear DNA were varied in the range of 0.25–
4 nM. In the experiments in which the concentration
of the reporter target DNA (P70a-degfp) was main-
tained at 1 nM we observe two target sequence match
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Figure 3. CRISPRa truncation experiments in TXTL. (a)–(c) are the activation levels as a function of the scRNA spacer length
(scRNA length) for 0.25 nM, 0.5 nM, and 1 nM of the scRNA DNA added to the reactions respectively. We observe that besides an
optimal length of 18–20 bp, truncation lengths of 12–13 bp and 8–10 bp are also capable of activating expression. (d) The relative
activation levels demonstrate that as we increase the concentration of the added scRNA DNA the 12–13 bp and 8–10 bp peaks
also increase, indicating that with the increase of the concentration of dCas9-CRISPRa complexes we can saturate their expression
to the peak values of the 18–20 bp peak. (e) and (f) are the activation levels in regular TXTL reaction, where instead of the dCas9
enzyme we express a Cas9 enzyme. As in (c) and (b) we observe the 12–13 bp and 8–10 bp peaks.

lengths for which we observe fraction coefficient
drops (figures 4(a) and (b)). The first drop is observed
for the 12–20 mm guide, while the second drop occurs
for an 18–20 mm guide. We notice that as we change
the concentration of the sgRNA expressing DNA the
drops can become prominent. As we increase the con-
centration of the target plasmid to 3 nM, we also
increase the number of target sequences that need to
be silenced, therefore the fraction coefficient drop for
18–20 mm guide is more prominent (figure 4(c)).
When we lowered the concentration of the reporter
target plasmid to 0.33 nM, we can see a decrease in the
fraction coefficient at the 12–20 mm guide, which dis-
appears as we increase the concentration of the added
sgRNA expressing linear DNA (figure 4(d)). As in the
CRISPRa mismatch and CRISPRa truncation exper-
iments we notice multiple optimal binding lengths:
one that corresponds to the lengths at which DNA
unwinding occurs [20], and the other corresponds to
the length at which CRISPR-Cas9 becomes cleavage
active [15]. The data in figures 4(a)–(c) have been cor-
rected as described in appendix A, while figure 4(d)
was not corrected. The uncorrected data is presented
in supp. figure 1.

Since the first dip for the 12–20 mm guide
(figures 4(b) and (d)) is not as noticeable as the
dip for the 18–20 mm guide (figures 4(a) and (c)),
we additionally performed a significance measure-
ment comparing the 11–20 mm and the 12–20 mm
silencing strength. To have more data for the sig-
nificance experiments we performed more CRISPRi
mismatch experiments (figures 4(a), (b) and (d),

and supp. figures 4(a)–(c)). We then assembled the
measured fraction coefficients from figures 4(a), (b)
and (d), and supp. figures 4(a)–(c) (56 measure-
ments for 11–20 mm and 12–20 mm each) and
performed 10 000 000 simulations calculating the
difference for randomly split groups and plotting
the distribution (supp. figure 4(d)). We determined
that 0.6811% of the simulations had a larger dif-
ference between the means that the experimentally
measured difference, thus resulting in a significance
of p = 0.006 811.

3.5. CRISPRi truncation experiments
The goal of the CRISPRi truncation experiments
was to observe how shortening the target sequence
on the guide RNA affects the silencing efficiency
of CRISPR-dCas9. The truncated sgRNA were
designed by removing PAM-distal base pairs of
the spacer sequence. The CRISPRi truncation
experiments were performed with pre-synthesized
dCas9 TXTL and the concentration of the reporter
target plasmid was maintained (P70a-degfp) at
0.5 nM. The concentration of the sgRNA express-
ing DNA was varied between 5 pM and 8 nM
and the length of the spacer was varied between
5–32 bp. As we decrease the concentration
of the sgRNA expressing DNA from 150 pM
to 5 pM we observe the emergence of strong binding
truncations that are far from the classical 20 bp
length (figure 5(a)). Surprisingly, the strongest bind-
ing sgRNA truncation was the 10 bp truncation. As
in the CRISPRa truncation experiments the strength
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Figure 4. CRISPRi mismatch experiments in TXTL. (a) The concentration of the reporter plasmid P70a-degfp is maintained at
1 nM, while the concentration of the sgRNA DNA is varied between 0.25 nM and 0.5 nM. We observed a drop in binding for the
18–20 mm spacer. (b) is continuation of the (a), with sgRNA DNA concentrations of 1 nM, 2 nM, and 4 nM. As we increased the
concentrations the drop in the fraction coefficient at the 18–20 mm sgRNA is no longer visible, while the binding drop for the
12–20 mm sgRNA emerges. (c) The concentration of the target sequence plasmid is maintained at 3 nM, while the sgRNA DNA
concentrations are varied between 0.25 nM, 0.5 nM, and 1 nM. As we increased the concentration of target sequence DNA from 1
nM to 3 nM, the drop at the 18–20mm guide becomes more prominent. (d) For the experiments where the concentration of the
target sequence plasmid is maintained at 0.33 nM the 18–20 mm drop is unnoticeable. The 12–20 mm guide drop can be
controlled by varying the concentration of the sgRNA expressing DNA added to the reaction.

of binding of a CRISPR-complex does not decrease
monotonically as we truncate the target sequence. We
performed the same experiment with less truncations
for more sgRNA sequences (sg2, sg3, sg9, and sg15)
and we observe the anomalous binding patterns for
those targets as well (supp. figure 5).

While it takes approximately 1 h for the concen-
tration of an expressed RNA to reach a steady state in
a TXTL reaction [37], we approximate for simplicity
that the concentration of sgRNAs in the TXTL reac-
tion is constant and is proportional to the concentra-
tion of sgRNA DNA added to the reaction. The second
approximation we make, is disregarding the complex
formation kinetics of CRISPR-dCas9, [Cr], and sim-
ply calculating its equilibrium value using formula
(B3) described in appendix B (supplementary file).
However, after approximating the concentration of
CRISPR-dCas9 complexes, we noticed that the bind-
ing of CRISPR-dCas9 for some lengths was highly
sensitive. To measure the sensitivity of CRISPR-dCas9

binding we fit the concentration of CRISPR-dCas9
complexes to the fraction coefficient, f , with the Hill
equation:

f =
[Cr]nHill

[Cr]nHill + KD
nHill

. (3)

We used equations (3) and (4) to find the appar-
ent KM, KD, nHill , and α values (figure 5(b)), while
keeping [dC] fixed at 50 nM. The fit showed little
dependency on KM if the value of KM was less than
2 nM (supp. figure 6). This result agrees with in vitro
kinetic studies that demonstrate that KM values are
on the order of 0.1–1 nM even for truncated guides
[38, 39]. We infer that in TXTL experiments the dif-
ference in formation of CRISPR complexes between
sgRNA with different target sequence truncations is
negligible, since the concentration of dCas9 and sgR-
NAs is significantly larger than the KM value. The
steady state amount of sgRNAs per single sgRNA
DNA was found to be α = 88.4, which is a rea-
sonable value considering that degfp mRNA has an
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Figure 5. CRISPRi truncation experiments in TXTL. (a) This plot demonstrates the fraction coefficient as a function of the
sgRNA spacer length (sgRNA length). The zero in the x-axis is the fraction coefficient of the off-target sgRNA, which is always
f = 0 from equation [1]. (b) A selection of the binding curves of some sgRNA spacer lengths. All of the curves were obtained by
fitting equations [2, 3] to the data. (c) and (d) respectively show the binding coefficients, Kd, and Hill coefficients, nHill, as
functions of the sgRNA spacer length. The stars indicate that the binding affinities of those truncation lengths are significantly
larger than 5 nM.

αdegfp ∼ 30, while the degfp gene is 3 times longer
than an sgRNA gene [37]. The KD values did not
increase monotonically with the decrease of the length
of the target sequence, showing similar conclusions to
the mismatch experiments (figure 5(c)). Surprisingly,
different truncations of the sgRNA target sequence
also exhibited noticeably different levels of mod-
ularity in the fits (figure 5(d)). A previous work
studying the engineering of CRISPR based circuit in
E. coli has reported the development of a bistable
switch using CRISPRi [40]. They hypothesized that
the unspecific binding of dCas9 served as a suffi-
cient condition for bistability, as opposed to possi-
ble modularity of CRISPRi. It is possible that the
cooperativity observed in the TXTL CRISPRi trunca-
tion experiment is an artefact of unspecific binding
as well.

4. CRISPR-Cas9 binding model

4.1. Evidence from previous experiments
Our model of CRISPR-Cas9 binding focuses on esti-
mating the unbinding rate of CRISPR-Cas9 enzymes
from the target DNA as a function of spacer length
and matching. However, estimating the off-rate of a
CRISPR-Cas9 system is not trivial since CRISPR-Cas9

undergoes multiple conformational changes during
target interrogation [41]. Therefore, besides simply
calculating the binding energy of the formed R-
loop, it is also necessary to account for the effects
conformational changes have on the stability of
that R-loop.

Structural studies of CRISPR-Cas9 demonstrated
that both the unwinding of the target DNA and the
subsequent formation of an RNA–DNA helix induce
changes in the structure of the Cas9 enzyme [14, 15].
The conformational changes position the nucleat-
ing domains of Cas9 (HNH and RuvC) near the
cutting locations of the target DNA strands [42].
As in the TXTL experiments, these studies show
that the catalytic activity of Cas9 is present only for
spacers that can form PAM-distal RNA:DNA bonds.
These experimental results have been confirmed and
explained with MD simulations of CRISPR-Cas9 sys-
tems [23–26].

Multiple smFRET experiments demonstrated the
existence of intermediate conformations in which
CRISPR-Cas9 has formed a stable bond with the tar-
get sequence, but the Cas9 enzyme is not in its cat-
alytically active conformation [16–19]. This interme-
diate step has been hypothesized as a checkpoint con-
formation that improves the specificity during target
recognition. For a fully matched guide RNA the dwell
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times in the intermediate conformations range on the
scales of 0.01 s to 1 s until the target DNA is cut [19],
while for a mismatched or truncated guide RNA the
system can be stably bound in the intermediate con-
formation for minutes [16]. In the qualitative mod-
els of CRISPR-Cas9 target interrogation unwinding
of DNA is hypothesized to act as a proofreading
mechanism. Studies reporting on the probability of
off-target effects in stretched DNA strengthen that
hypothesis [43].

In agreement with the smFRET experiments, a
recent RBT study demonstrated that the target recog-
nition process for CRISPR-Cas9 occurs in discrete
steps [20]. The guide RNAs used in the work demon-
strated that Cas9 unwinds the first ten PAM proxi-
mal nucleotides, forms a 10 RNA:DNA bond R-loop,
and only then unwinds the rest of the target. The
rate of unwinding the 10–20 base pairs (the 10 PAM-
distal base pairs) varied when changing the applied
torque. For PAM-distal mismatched guide RNAs the
stability of the ‘open’ state decreased in comparison
to the ‘intermediate’ state even though it is likely that
more RNA:DNA bonds are formed in the more pro-
gressed states despite the mismatch. A similar clue
was observed in the CRISPRa TXTL experiments. The
binding efficiency decreased for the same truncations
and matching lengths at which CRISPR-Cas9 under-
went a conformational change to become catalytically
active (figures 2 and 3). Therefore, for our model we
assume that the net binding energy offered by a sin-
gle RNA:DNA bond changes depending on the con-
formation. This difference in the net binding energy
could be a difference in the mechanical strain of each
CRISPR-Cas9 conformation.

4.2. Model of CRISPR-Cas9 binding
By incorporating the information from the afore-
mentioned experiments, we construct a model of
CRISPR-Cas9 binding (figure 6(a)). The model pro-
poses that the system can inhabit 3 different 1D
energy landscapes: seed (S), intermediate (I), and
active (A). The landscapes (S, I, and A) represent the
different states/conformations of CRISPR-Cas9 dur-
ing target interrogation. As in single-molecule exper-
iments, the conformation which the system inhabits
is strongly dependent on the number of RNA:DNA
bonds formed. The x-axis in the figure represents
the number of RNA:DNA bonds formed between the
spacer and the target DNA and will be referred to as
sites. A similar model relying on 1D energy landscapes
with transitions between conformations has been
proposed by Eslami-Mossallam et al [44] in parallel to
our work. Their model was applied to the prediction
of off-target effects in CRISPR-Cas9 genome editing
and outperforms previous off-target prediction mod-
els [45, 46]. An important distinction between the
two approaches is that their model considers confor-
mational changes as transitions on the energy land-
scape, while we consider conformational changes as

transitions between energy landscapes. From a phys-
ical standpoint the conformational changes should
also correspond to some transition within the energy
landscape of the system, therefore our model can be
considered as a 2D energy landscape: one dimension
for number of RNA:DNA bonds formed and the other
dimension for the conformation of the CRISPR-Cas9
complex.

For each matching RNA:DNA bond formed the
binding free energy decreases by EC. Physically
ECcorresponds to the energy acquired by replac-
ing a matching DNA:DNA bond with a matching
RNA:DNA bond, and the value of EC can be approx-
imated from meltingexperiments [47–49]. We are
also interested in the energy the system acquires
when encountering an RNA:DNA mismatch/absence
and we refer to the parameter as EMM. For a mis-
match EMM corresponds to the energy acquired by
replacing a matching DNA:DNA bond with a mis-
matched RNA:DNA bond and can be approximated
with melting experiments [50]. For an absence EMM

can be modelled as a large increase in binding free
energy, since there is no RNA:DNA bond to be
formed and thus the system has reached its ulti-
mate state. As in the experiments, all the mismatches
are introduced serially from the PAM-distal segment
of the target.

Since the binding energy of the system can
decrease as more RNA:DNA bonds are formed, we
need to form an assumption based on previous
experiments that account for these binding energy
decreases. Our model does that by assuming that the
average binding free energy provided by the addition
of an RNA:DNA bond decreases in the more pro-
gressed conformations/landscapes of target recogni-
tion. This is shown in the schematic of the model
in which the slope of the more progressed states is
flatter than the slope of the preceding states (figure
6(a)). The decrease in the average contribution of
RNA:DNA bonds are scaled with factors S1 and S2,
thus making the average RNA:DNA bond S1EC in the
intermediate state and S1S2EC in the active state. The
energies of an average RNA:DNA mismatch/absence,
EMM, are also scaled for each state. The average mis-
match energy is also scaled in the other conformations
with S1EMM in the intermediate state and S1S2EMM

in the active state (figure 6(a)). The seed and the
intermediate states have maximal lengths LS and LI,
respectively. These lengths determine the maximum
number of RNA:DNA bonds that can form for each
CRISPR-Cas9 conformation. Both lengths are mea-
sured from the start of the sequence and experi-
mentally have been observed to be 9–11 bp for LS

[20] and 16–19 bp for LI [15]. The total length of
the guide RNA spacer would determine the ultimate
site of energy landscape. For the model we used a
total length of 22 bp. Additionally, the energy scal-
ing assumption requires that a CRISPR-dCas9/Cas9
system can unbind from the target DNA from both
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Figure 6. CRISPR-Cas9 model. (a) The model energy landscapes of CRISPR-Cas9 binding for a fully complementary target. The
system can inhabit 3 energy landscapes of different lengths: seed (S)—red, intermediate (I)—yellow, and active (A)—green. The
system acquires a binding energy EC, S1EC, and S1S2EC for each formed RNA:DNA bond in landscapes S, I, and A respectively,
which can be seed by the different slopes of the energy landscapes. The minimas in the landscapes correspond to sites—substates
of landscapes which stand for the number of PAM-proximal RNA:DNA bonds formed. The forward transitions (kSI, kIA) between
landscapes occur from the final site of each landscape, while the inverse transitions (kSI, kAI) are independent of the landscape.
CRISPR-Cas9 can cut the target DNA in the active sites (painted green) of landscape A with a rate kCUT. The unbinding from
target DNA can occurs at a rates kSF, kIF, and kAF for landscapes S, I, and A respectively. The unbinding rates for each landscape
are calculated by multiplying the base off-rate kOFF by the probability of inhabiting site 0 (0 RNA:DNA bonds formed) in that
specific landsacpe. When unbound, the CRISPR-Cas9 occupies the free state labelled as f . (b) The differential equation schematic
of the CRISPR-Cas9 binding with all the rates labelled. (c)–(e) are the landscapes with lengths/complementarities less than LS, LI,
and 22 bp respectively. It can be noticed that for truncated/mismatched spacers the landscape acquires a positive
absence/mismatch energy EMM for each absent/mismatched RNA:DNA bond in the landscape S, and S1EMM, S1S2EMM for
landscapes I, A respectively. This in turn reduced the probability of inhabiting the critical sites that control the rates of transitions
and cutting, thus changing the behavior of the system.

the intermediate and active conformations without
having to revert to the seed conformation. As of
now there is no experimental evidence that conclu-
sively supports or denies this possibility and thus this
assumption is yet to be tested.

For this model we assume that the timescale
of RNA:DNA bond formation [51] are significantly
smaller than the timescales of CRISPR-Cas9 target
search, the timescales of target DNA unwinding [52],
and the timescale of Cas9 conformational changes
[16–19]. This approximation is only performed to
simplify the model and avoid additional rate parame-
ters for both the formation and dissociation of both
matched and mismatched RNA:DNA bonds. With
this assumption we can approximate that the distribu-
tion of R-loop sizes is near equilibrium and thus the
probability of the system being in site n in landscape
X is:

pn,X =
exp

(
−βEn,X

)

zx
, (4)

where zx is the partition function of the energy land-
scape X and En,X is the binding energy at site n

[53]. The partition function does not account for
degeneracies of sites in the energy landscape. The
partition function is therefore calculated by adding
up the exponentials of the energies of each site in
the respective landscape, which 0 RNA:DNA (site 0)
bonds representing the 0kbT state.

In the experiments, when zero RNA:DNA bonds
are formed between the target and the guide RNA,
it is possible that the PAM is still bound. In
our model we account for PAM binding by esti-
mating a kOFF. Unbinding of CRISPR-Cas9 from
the target DNA in our model can occur in all
landscapes (S, I, A) and is proportional to the
probability of occupying site 0 for the respective
landscape. In microscopy experiments it has been
observed that the average dwell time for a CRISPR-
Cas9 with a mismatched spacer is on the order
of 10–100 ms [54, 55]. We use that value and
approximate the dwell time of a system at site 0
(0 RNA:DNA bonds) to be the same as the dwell
time of unbinding for a spacer with noncomplemen-
tary PAM-proximal nucleotides. Therefore, the off-
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rates kXF from any of landscapes obeys the following
equation:

kXF = kOFFp0,X. (5)

That is because if we consider the landscape of a fully
mismatched spacer, site 0 is the most probable site and
therefore the unbinding rate of a fully mismatched
guide gives a good approximation of a base kOFF.

An important assumption in our model is that
the system undergoes conformation changes which
effect a transition to a weaker binding energy land-
scape. The forward transitions between landscapes (S
to I, I to A) can only occur from the final site of a
given landscape (when n = LS for S, and n = LI for
I). This approximation is justified for seed to inter-
mediate since experimentally it has been observed
that the rate of unwinding of target DNA is slower
with PAM proximal matches, which inhibit the abil-
ity to enter the partial R-loop state [20]. And for the
transition I to A, as pointed out previously, PAM-
distal mismatches prevent the Cas9 enzyme to enter
its catalytically active states, which hints that the
binding of a PAM-distal mismatch is necessary for
the transition.

For a fully complementary spacer sequence the
dwell time for both transitions were measured to be
on the scale of 1 s [19, 27]. The rates of the transi-
tions kSI and kIA are then approximately 1 s−1. These
values of the rates were used as the base rates to calcu-
late the speed of transitions for non-complimentary
spacer sequences. Forward transitions in the model
can only happen from the most progressed site, so
to find rates for non-complementary targets we can
adjust the rates by comparing the distributions of
the landscapes. For example, the transition rate of
for a non-complementary spacer knc

SI from seed (S) to
intermediate (I) is then:

knc
SI = kSI

pnc
LS,S

pLS,S
, (6)

where kSI is the experimental smFRET rate for a fully
complementary spacer, pnc

LS,S is the probability of being
in the final site of the seed (S) landscape for a non-
complementary spacer, and LS is the length of the seed
(S) landscape. The same principle can be applied to
estimate the transition rate from the intermediate (I)
landscape to the active (A) landscape. The total time
between binding and cleavage has been measured to
be on the order of 10 s using atomic force microscopy
measurements [22].

The equilibrium constants of conformational
changes, KSI and K IA, are the exponents of their
respective Gibbs free energies changes. Therefore,
the difference in the Gibbs free energies ΔGSI and
ΔGIA is what determines the reverse rates kIS and
kAI. The default values for both parameters were
set to ΔGSI = −3kbT and ΔGIA = −3kbT, which
are estimations based on RBT experiments [20]
and molecular dynamics simulations [23]. For our

model we assume that the reverse transition rates
(kIS and kAI) are independent of the complemen-
tarity of the spacer to the target. We made this
approximation because experimentally we only have
values for the reverse transition rates for the comple-
mentary spacer CRISPR-Cas9 binding. It is likely that
the reverse transition rate will increase for a signifi-
cantly altered spacer sequence, but it also cannot be
arbitrarily large because there must be some attempt
rate that serves as an upper-bound. Since we do not
know this attempt rate and do not know how the
system approaches the attempt rate with increased
non-complementarity, we compromise by having a
simpler model with landscape independent reversal
rates.

The on-rate kFS is inversely proportional to the
average time it takes for a single CRISPR-Cas9 to
form a PAM-bond at the target site. Estimating the
on-rate can be a complex calculation with signifi-
cant dependence on target DNA accessibility, diffu-
sion, and enzyme structure. In our model we assume
that the on-rate is independent of the spacer sequence.
This assumption is justified because searching for
the correct PAM sequence and forming a PAM bond
is a random process that does not rely on infor-
mation regarding the target sequence. We avoided a
first-principles calculation of the on-rate and instead
approximated the on-rate kFS from the kinetics of
TXTL experiment with an sgRNA that has a fully
complementary spacer sequence (supp. figure 7(a)).
In a TXTL experiment with pre-synthesized dCas9,
nearly complete silencing of the target DNA occurs
under 1 h (supp. figure 7(b)). Considering that for
the sg6-10 bp guide the binding can be considered
nearly irreversible and the concentration of the pre-
pressed dCas9 in the TXTL reaction is approximately
20–50 nM [33], we estimate that the on-rate kFS

should be on the order of 0.001 s−1 nM−1.
With all the rates and processes defined we

can construct the system of differential equations
that model the dynamics of CRISPR-Cas9 binding
(figure 6(b)). The equations describing the system are
the following:

df

dt
= −kFS [Cr] [T] + kSFs + kIFi + kAFa (7)

ds

dt
= kFS [Cr] [T] + kISi − (kSF + kSI) s (8)

di

dt
= kSIs + kAIa − (kIS + kIA + kIF) i (9)

da

dt
= kIAi − (kAI + kAF) a, (10)

where [Cr] is the concentration of the CRISPR-Cas9
complexes from equation (appendix B.3) and [T] is
the concentration of the target DNA. To calculate
what ratio of targets are bound we set the system of
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Table 1. Default values of parameters for modeling length/complementarity dependences in CRISPR-Cas9 TXTL experiments. The n/a
for scales S1 and S2 means there are no measured values of the parameter in available literature or TXTL experiments.

Parameter Approximate value Description

kFS 0.001 nM−1 s−1 [TXTL kinetic
supp. figures 7(a) and (b)] [TXTL kinetic supp. figures 7(a) and (b)] CRISPR-dCas9 target DNA

search rate/on-rate
kOFF 10–100 s−1 [54, 55] Off-rate of a CRISPR-dCas9 with

PAM-proximal mismatches
kSI, kIA 1 s−1 [19, 27, 52] The rates of forward

conformational changes (S to I, I to A)
EC −1kbT [47–49] Average free energy difference between an

RNA:DNA match and an DNA:DNA match
EMM 4kbT [50] Average free energy difference between an

RNA:DNA mismatch and a DNA:DNA match
ΔGSI, ΔGIA −3kbT [20, 23] The free energy difference between

conformations (S and I, I and A)
S1, S2 0.75 (n/a) The scaling factors to model the binding free energy

increase in the more progressed conformations
LS 10 bp [20] The maximal number of RNA:DNA bonds that

can form in the seed conformation
LI 18 bp [15] The maximal number of RNA:DNA bonds that

can form in the intermediate conformation
KM 10 pM to 1 nM [38, 39] The equilibrium constant

of dCas9/Cas9-gRNA complex formation
[dC] 20–50 nM [33] Concentration of dCas9 in a TXTL

extract with pre-expressed dCas9
[sg] 1 nM (TXTL experimental value) Concentration of

sgRNA/scRNA expressing DNA
α 50 (CRISPRi fit, [37]) Steady state ratio of guide RNAs

to guide RNA expressing DNA
[T] 0.5 nM (TXTL experimental value) Concentration of target

DNA in the TXTL experiment
kCutNorm 1 s−1 [52] Rate of cleavage for a fully matched

target once in the active conformation

ODEs to a steady state and find the steady state con-
centration of all bound targets, which is the sum of
all occupants of states S, I, and A. In the steady state
the ratio of bound targets obeys the enzyme–ligand
binding equation with a dissociation constant KD:

KD =
kSF (1 − γδ − δ) + kIFδ + kAFγδ

kFS
(11)

γ =
kIA

kAF + kAI
(12)

δ =
kSI

kIF + kIS + kIA − kAIγ + kSI (1 + γ)
. (13)

Equation (11) is the final derivation of the model and
we used it to demonstrate the emergence of peaks
as a function of spacer length and complementarity.
A summary of all the default parameters and their
sources are presented in table 1.

A visual demonstration of the effect truncations
or mismatches can carry on the energy landscapes are
presented in the following figures: figure 6(c) for a
guide with a spacer shorter than LS, figure 6(d) for a
guide with a spacer longer than LS, but shorter than
LI, and figure 6(e) for a guide longer than LI.

4.3. Emergence of peaks in CRISPR-Cas9
truncation and mismatch experiments
We used equation (11) to test how varying the param-
eters of the energy landscapes and the transition rates

affected the binding efficiency of CRISPR-Cas9 with
truncated or mismatched spacers (figure 7). Unless
stated otherwise, each of the plots were performed
by only perturbing one parameter from table 1, while
keeping the rest of parameters the same.

We start with varying the parameters S1 and S2,
the main assumption of our model. The assumptions
states that the absolute values of RNA:DNA bonds
and of RNA:DNA mismatches/absences decrease as
CRISPR-Cas9 enters its more progressed conforma-
tions. In the seed conformation the parameters are
EC and EMM, in the intermediate conformation the
parameters are S1EC and S1EMM, and in the active con-
formation the parameters are S2S1EC and S2S1EMM.
For simplicity, we assigned S1 and S2 to be the same
and varied their values from 0.5 to 1 (figure 7(a)). As
the scaling factors decrease, we notice an emergence of
optimal lengths, which appear to be 8, 15, and 22 bp.
The optimal lengths are caused by the trapping of the
system in a weaker energy landscape. If the deepest
site in landscape S is deeper than the deepest site in
landscape I, and the transition rate kIS is not negligi-
ble, then the landscape I will act as an unbinding sink
in the system of differential equations (7)–(10). The
same principle can be applied to the transition from
the landscape I to landscape A.

In the TXTL experiments we observed that
the optimal lengths are different for different
guide RNAs (figures 2–5). We hypothesize that
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Figure 7. The emergence of multiple optimal lengths in CRISPR-Cas9 length/complementarity plots. In all plots the y-axis
corresponds to the ratio of bound targets and the x-axis corresponds to the length/complementarity of the spacer sequence. The
transitions to darker shaded areas keep track of the landscape lengths LS and LI. LS is at the transition from white to light grey, and
LI is at the transition from light grey to dark grey. (a) Both energy scale factors S1 and S2 were set to the same value ranging from
0.5 to 1. The scale factor s = 1 means the average RNA:DNA bond EC has the same energy in all landscapes, while s = 0.5 means
an RNA:DNA bond in landscape (I) provides 0.5EC and an RNA:DNA bond in landscape (A) provides 0.25EC. It can be seen that
for smaller values of s the multiple optimal lengths become more noticeable. (b) To test how in experiment different targets could
have different optimal lengths we tested the effect landscape lengths LS and LI have on the length/complementarity plot. The
different conditions of LS and LI change the optimal values of and the overall profile of the length/complementarity plots.
(c) Increasing the average RNA:DNA bond energy EC increases the ratio of bound targets independent of the length/
complementarity. (d) The length/complementarity plot for multiple values of the energetic parameter EMM. The values of EMM

were ranged between 0kbT to 8kbT. (e) and (f) are the length/complementarity plots for different values of ΔGSI and ΔGIA,
which are the changes in the Gibbs free energy when the CRISPR-Cas9 system undergoes conformational changes during target
interrogation. (g) The length/complementarity plot for different concentrations of the initial sgRNA/scRNA concentration added
to the TXTL reaction. (h) The length dependence plot as under conditions when the concentration of dCas9 [dC] are thus the
concentration of CRISPR-Cas9 complexes [Cr] are on the same order of as the CRISPR-Cas9 complex formation binding constant
KM. (i) Finally, we are interested in the global cleavage rate as a function of length/complementarity and the mismatch/absence
energy EMM. As expected, the target DNA is cleaved nearly immediately upon binding if its length/complementarity are larger or
equal to LI. The larger the EMM the less likely a spacer with a length below LI can cleave the target DNA.

it is caused by the sequence dependent nature
of the lengths of the seed (S) and intermediate
(I) landscapes. These lengths correspond to the
average number of RNA:DNA bonds the CRISPR-
Cas9–target system needs to form to undergo a
conformational change. In this work, we set the
landscape lengths to LS = 10 bp and LI = 18 bp.
Unwinding of DNA and the conformational changes
of Cas9 are complex processes that depend on many
variables including the sequence. Because of the
sequence dependence of DNA unwinding, there
could be different options for landscape lengths LS

and LI. We tested equation (11) with four different
combinations of LS and LI (LS = 8 bp and LI = 16 bp,

LS = 9 bp and LI = 17 bp, LS = 10 bp and LI = 18 bp,

LS = 11 bp and LI = 19 bp) (figure 7(b)). Depending

on the lengths of the landscapes LS and LI the optimal

lengths can also vary. It is important to note that

our model only accounts for an average amount of

RNA:DNA bonds needed to progress to the next step

of target recognition.

We plotted the length/complementarity depend

ence for different EC values (figure 7(c)). Guides with

larger average differences between RNA:DNA bond

energies and the DNA:DNA bond energies expect-

edly had more target DNA bound for all lengths.

In our model a mismatch/absence does not actively
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destabilize the system, but instead makes the sys-
tem less likely to occupy the final sites of landscapes.
That in turn decreases the transition rate to the next
landscape. However, since the transition to the next
landscape destabilizes the system, it might be benefi-
cial for shorter guides to have larger EMM. We con-
firm this idea by varying the energetic cost of an
RNA:DNA mismatch/absence (figure 7(d)). For EMM

= 8kbT the unconventional optimal lengths (8–9 bp
and 14–16 bp) have stronger bonds than for EMM =

1kbT or EMM = 2kbT. However, when the EMM =

0 the ratio of bound targets monotonically increases
with length. The larger EMM values can be considered
as modeling the absences, since the last RNA:DNA
bond of a truncated spacer should represent the ulti-
mate state of the landscape. The EMM values that range
between 2–6kbT are better suited to demonstrate the
effect of mismatches, since those are within the range
of realistic mismatch energies [50].

While multiple single-molecule experiments and
molecular simulations have been performed that
confirm the various conformational changes that
CRISPR-Cas9 undergoes during target recognition,
the equilibrium constants of the conformational
changes vary between experiments. We tested how
changing the value of equilibrium coefficients, KSI

and K IA, affect the binding efficiency vs complemen-
tarity/length dependence (figures 7(e) and (f)). We
varied the free energies changes associated with the
conformational changes from −6kbT to 6kbT. For
most of the conditions we could clearly observe mul-
tiple optimal lengths, but for some of the conditions
(ΔGSI = 3kbT, 6kbT) the unconventional optimal
values disappear.

It is also of interest to understand how the stoi-
chiometry of TXTL experiments assisted in the obser-
vation of the unconventional peak lengths. First,
we consider how changing the concentration of the
guide RNA expressing DNA affects the complemen-
tarity/length dependence (figure 7(g)). As the con-
centration of the sgRNA DNA was increased, the
multiple peaks of the complementarity/length plot
became more visible. Conversely, if the concentra-
tion of CRISPR-Cas9 is too high the poorly binding
lengths between optimums can saturate and reduce
the visibility of peaks. Therefore, revealing binding
peaks requires a balancing of concentrations.

Another important factor in the stoichiometry of
CRISPR-Cas9 is the dependence on KM, the equilib-
rium constant of Cas9-sgRNA/scRNA complex for-
mation. Previous reports have demonstrated that
depending on the length of a spacer KM can vary. For
truncated spacers, the KM can increase to the scale of
1 nM [38] and that results in a lower concentration of
CRISPR-dCas9/Cas9 complexes with truncated spac-
ers. In the conducted TXTL experiments the con-
centrations of the free dCas9 and free sgRNA/scRNA
were significantly larger than the possible equilib-
rium constants KM of guides with truncated spacers,

therefore effects caused by CRISPR-Cas9 complex
formations were unnoticed. However, for an exper-
iment in which the concentrations of the CRISPR
components are closer to the KM values, the sgR-
NAs/scRNAs with truncated spacers might appear as
poorly binding guides. Therefore, the dCas9-gRNA
binding kinetics can mask the peaks under conditions
that either dCas9 or the gRNA or both have compara-
ble concentrations to the KM values. We calculated
the expected target bound ratio, when the concen-
tration of the total dCas9 in the reaction is set to
[dCas9] = 0.5 nM and ranging the KM values from
0.1 nM to 2 nM, and we indeed observe that if the KM

value increases for more truncated guide RNA, then
the peaks can be masked.

The last parameter of the model, kCUT, determines
the rate at which the target DNA is cut when the sys-
tem is in the cleavage competent state and more than
LI bonds are formed. Therefore, to acquire the cleav-
age rate for a specific target, value for each target we
use the following equation:

kCUT = kCutNorm ∗ pn>LI , (14)

where pn>LI is the probability of having more
than LI RNA:DNA bonds in the active conforma-
tion, which can be calculated with equation (5),
and kCutNorm is the approximate rate of cleav-
age for a fully matched target. By modeling the
system as an absorbing Markov chain, we can
calculate the mean time to DNA cleavage and,
thus, the global cleavage rate of the system [56].
Based on AFM experiments [22], smFRET experi-
ments [16, 27], and kinetics experiments [52] we can
approximate the rate to be on the order of kCutNorm =

1 s−1 and still get a good understanding of the rela-
tion between length/complementarity and the mis-
match/absence energy EMM. We ranged EMM from
2kbT to 8kbT and plotted the global cleavage rate as a
function of the length/complementarity (figure 7(i)).
Expectedly, we observe that the global cleavage rate is
approximately the same as the on-rate kFS for targets
that can form at least LI RNA:DNA matches. If EMM

is lower, then the system can cleave the target even
with spacers that have lengths/complementarities
of less than LI.

5. Conclusions

Predicting the binding behaviour of CRISPR-Cas9
systems to target DNA sites and non-target DNA
sites is an important problem for CRISPR-Cas9
applications. As of now, much of the prediction of
on-target and off-target effects is done with empir-
ical models. It is critical to develop physics-based
models that account for experimental information,
especially when it comes to the development of
high-risk CRISPR-Cas9 tools. Since the CRISPR
genome editing is still in relatively early stages,
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physics-based models are being developed part-
by-part. There is still important to consider a wide
range of timescales, levels of detail, and focus on
critical elements of the target interrogation steps,
before a more sophisticated evidence model is devel-
oped. This work demonstrates the importance of
considering conformational changes and DNA
unwinding during to model CRISPR-Cas9 target
interrogation, which we hope can assist in the devel-
opment of more complete CRISPR-Cas9 models in
the future.

Our model also provides ideas for new poten-
tial experiments. First, an experiment that mea-
sures whether the binding affinity does decrease in
more progressed CRISPR-Cas9 conformations that is
paired with a measurement that tracks the mechani-
cal strain the Cas9 enzymes causes on the target DNA
can be performed to falsify the model. Also, simula-
tions and experiments need to be performed to anal-
yse the effect conformational changes themselves have
on the stability of the system. We can imagine a sit-
uation in which the factors S1 and S2 are caused by
CRISPR-Cas9 undergoing frequent forward and
reverse conformational changes during which the
CRISPR system is in a transient unstable state.
Finally, our model utilizes many parameters that were
obtained for a small number of Cas9-gRNA-DNA sys-
tems in a cell-free environment. Therefore, to develop
a more realistic model based on the dynamics of
CRISPR-Cas9 there is a need for high throughput
experiments that can track the rates of conforma-
tional changes during target interrogation both in
vitro and in vivo.
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[51] Ouldridge T E, Šulc P, Romano F, Doye J P K and Louis A A
2013 DNA hybridization kinetics: zippering, internal
displacement and sequence dependence Nucleic Acids Res.
41 8886–95

[52] Gong S, Yu H H, Johnson K A and Taylor D W 2018 DNA
unwinding is the primary determinant of CRISPR-Cas9
activity Cell Rep. 22 359–71

[53] Kittel C, Kroemer H and Scott H L 1998 Thermal physics,
2nd ed Am. J. Phys. 66 164–7

[54] Jones D L, Leroy P, Unoson C, Fange D, Ćuríc V, Lawson M
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