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Abstract 

Cas12a is the immune effector of type V-A CRISPR-Cas systems and has been co-opted for genome editing and other biotechnology tools. 
The specificity of Cas12a has been the subject of e xtensiv e in v estigation both in vitro and in genome editing e xperiments. Ho w e v er, in vitro 
studies ha v e often been performed at high magnesium ion concentrations that are inconsistent with the free Mg 2+ concentrations that would be 
present in cells. By profiling the specificity of Cas12a orthologs at a range of Mg 2+ concentrations, we find that Cas12a switches its specificity 
depending on metal ion concentration. L o w ering Mg 2+ concentration decreases clea v age defects caused by seed mismatches, while increasing 
the defects caused by PAM-distal mismatches. We show that Cas12a can bind seed mutant targets more rapidly at low Mg 2+ concentrations, 
resulting in faster cleavage. In contrast, PAM-distal mismatches cause substantial defects in clea v age f ollo wing f ormation of the Cas12a-target 
comple x at lo w Mg 2+ concentrations. We observ e differences in Cas12a specificit y switching bet ween three orthologs that results in variations 
in the routes of phage escape from Cas12a-mediated immunity. Overall, our results reveal the importance of ph y siological metal ion conditions 
on the specificity of Cas effectors that are used in different cellular environments. 
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as12a (formerly Cpf1) is the effector protein of type V-
 CRISPR-Cas (clustered regularly interspaced short palin-
romic repeats-CRISPR associated) immune systems and has
een adopted for biotechnology ( 1–3 ). Cas12a is programmed
y a guiding CRISPR RNA (crRNA) to bind and cleave a com-
lementary DNA sequence. In CRISPR-Cas immunity, host
ells adapt to infection events by acquiring short segments
f the foreign genome within a CRISPR array, which sub-
equently serves as the template for crRNA production ( 4 ).
n biotechnological experiments, Cas12a can be programmed
ith a guide RNA of interest designed by the researcher ( 3 ).
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In either case, Cas12a binds target DNA based on comple-
mentarity between the crRNA and the target strand of the
DNA ( 1 ). Following DNA binding, Cas12a uses a metal-ion-
dependent RuvC nuclease domain to cleave the non-target
strand, followed by a conformational change that exposes the
target strand to RuvC cleavage ( 5–10 ). These two successive
cleavage events result in double-strand break formation in the
target DNA. 

The specificity of Cas12a and other Cas effectors used for
biotechnology has been extensively studied due to their po-
tential for off-target effects ( 11–16 ). Cas12a specificity is dic-
tated by two main factors: the complementarity between the
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crRNA guide sequence and the DNA target, and the presence
of a PAM (protospacer adjacent motif) next to that DNA tar-
get ( 1 ). DNA-targeting Cas effectors like Cas12a require PAM
sequences to facilitate target searching and dsDNA destabi-
lization en route to target binding via crRNA-DNA hybridiza-
tion ( 17–20 ). Following PAM recognition, the crRNA base
pairs with the target strand of the DNA, with base pairs in
the PAM-proximal ‘seed’ region forming first and base pairs
in the PAM-distal region forming last. Mutations in the PAM
and seed cause an outsized effect on the ability of Cas12a to
bind to a DNA target, resulting in substantial cleavage defects
( 1 , 12 , 13 ). However, Cas12a cleavage can tolerate mismatches
between the crRNA and target DNA, especially when these
mismatches occur outside of the seed ( 11 ,14–16 ). Mismatches
in the PAM-distal region often result in incomplete cleavage
of the DNA, where only one strand is cleaved, generating a
nicked product ( 14 ,16 ). 

The differential effects of mismatch location have conse-
quences on the evolution of bacteriophages that are subject to
CRISPR-Cas immunity. When targeted in essential genomic
regions, phages primarily evade Cas12a and other DNA-
targeting Cas effectors by developing mutations in the PAM
or seed ( 19 , 21 , 22 ). However, we recently observed that PAM-
distal mutants preferentially emerge when a pre-existing mis-
match between the crRNA and target is present in the PAM-
distal region ( 22 ). This result was surprising, given that pre-
vious in vitro studies have shown that Cas12a is tolerant of
multiple PAM-distal mutations ( 14–16 ). The discrepancy be-
tween these previous in vitro studies and our phage escape
data suggested that Cas12a specificity may be altered under
physiological conditions. In particular, the concentration of
free magnesium ions is expected to be lower in bacterial cells
( ≤1 mM) than is typically used in in vitro studies (5–10 mM)
( 23 ,24 ). 

To address this discrepancy, we profiled the specificity of
three well-characterized Cas12a orthologs from Francisella
novicida (FnCas12a), Acidaminococcus sp. (AsCas12a), and
Lachnospiraceae bacterium (LbCas12a) at a range of Mg 2+

concentrations. Our results reveal a striking specificity switch
at low, physiologically-relevant Mg 2+ concentration. PAM and
seed mutants become more tolerated at lower Mg 2+ con-
centration, while PAM-distal mutants become less tolerated.
Improved cleavage of seed mutant targets at low metal ion
concentrations is due to increased rates of DNA binding by
Cas12a. In contrast, low metal ion concentration impairs the
ability of Cas12a to cleave DNA containing PAM-distal mis-
matches following target binding. Although we observe the
specificity switch for all three orthologs, our results reveal sub-
stantial differences in the effects of seed and PAM-distal mis-
matches on the cleavage activity of AsCas12a in comparison
to Lb and FnCas12a. These differences result in marked vari-
ability of escaped phage populations that emerge when chal-
lenged by each of the three Cas12a orthologs, including the
emergence of single PAM-distal escape mutants. Together, our
data reveal how alterations to Cas12a specificity under phys-
iological metal ion conditions can determine phage escape
outcomes. 

Materials and methods 

Cas12a and crRNA purification 

All plasmids, primers, and oligonucleotides are listed in
Supplementary Data 2 . Cas12a expression plasmids contained
an N-terminal maltose binding protein tag containing a hexa- 
histidine affinity tag and tobacco etch virus (TEV) protease 
site followed by a codon optimized sequence for expression 

of Cas12a. All constructs were under control of a T7 RNA 

polymerase promoter and lac operator. The construct for Lb- 
Cas12a expression (pMAL-His-LbCpf1-EC)—a gift from Jin- 
Soo Kim ( RRID: Addgene 79008) ( 13 ) - was modified to 

delete sequence encoding an N-terminal nuclear localization 

sequence and to add a stop codon at the end of the Lb- 
Cas12a sequence. All Cas12a proteins were expressed and pu- 
rified using our previously described protocol for FnCas12a 
purification ( 22 ). 

In vitro transcription reactions to produce crRNAs target- 
ing gene L and gene W targets were performed and RNA 

was purified as previously described ( 22 ). Templates for this 
transcription reactions are listed in Supplementary Data 2 .
The crRNAs used for the ssDNA trans cleavage assay in 

Supplementary Figure S2 C were chemically synthesized by In- 
tegrated DNA Technologies and are listed in Supplementary 
Data 2 . 

Plasmid library preparation 

DNA oligonucleotide pools were synthesized by Twist Bio- 
science containing target sequences with single nucleotide 
deletions, one mutation, or two mutations along with flanking 
regions on either end. The base sequences for the gene L and 

gene W oligonucleotide pools are provided in Supplementary 
Data 2 . The oligonucleotide pools were amplified using Q5 

DNA polymerase (New England Biolabs) in a 12 cycle PCR re- 
action. pUC19 plasmid was PCR amplified using primers con- 
taining homology to the oligo pools ( Supplementary Data 2 ).
Both PCR products were purified using Promega Wizard PCR 

purification kit. The PCR products were assembled using 75 

ng of the backbone PCR DNA and 12.5 ng of the PCR ampli- 
fied library in a 15 μl Gibson assembly reaction using NEB- 
uilder HiFi DNA Assembly Master Mix (New England Bio- 
labs) at 50 

◦C for 1 h. The assembly reaction was transformed 

into NEB 5-alpha competent cells (New England Biolabs). Af- 
ter the recovery step, the entire recovery culture was used to 

inoculate 500 ml LB broth supplemented with 100 mg / ml 
ampicillin and incubated at 37 

◦C overnight with shaking. The 
overnight culture was cooled on ice for 30 min before harvest- 
ing. The plasmid library was isolated using QIAGEN Plasmid 

Midi Kit, aliquoted and stored at –20 

◦C. 

Addition of spike-in plasmids to plasmid library 

Our results suggest that mutant sequences in the plasmid 

library that cause significant cleavage defects may be non- 
specifically nicked by Fn or LbCas12a that has been activated 

by other sequences in the library ( Supplementary Figure S2 B).
Thus, non-specific nicking may artifactually remove sequences 
from the uncleaved pool at higher magnesium ion conditions.
To address this, we spiked in five additional plasmids to the 
plasmid library. These plasmids contain the same backbone as 
the library, but contain ‘target’ sequences that bear no comple- 
mentarity to the crRNAs and therefore do not undergo cleav- 
age by Cas12a programmed with either gene L or gene W cr- 
RNA ( Supplementary Data 2 ). Because the sequences are not 
specifically cleaved by Cas12a, they can be used as a refer- 
ence to normalize sequences in the uncleaved fraction (see be- 
low). Non-specific cleavage by Fn and LbCas12a affects all se- 
quences in the plasmid library, including the spike-in plasmids.
Thus, normalization to the spike-in plasmids ensure that only 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://scicrunch.org/resolver/RRID:
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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pecific cleavage by Cas12a is measured in our assay. Mutant
equences that are uncleaved by Cas12a should have similar
bundance to the spike-in sequences. 

For the spike-in sequences, five oligonucleotides contain-
ng the same flanking sequence as the libraries but with
 random 24-nt sequence replacing the gene L or W tar-
et sequence were designed (Integrated DNA Technologies,
upplementary Data 2 ). These oligonucleotides were pooled,
nd a plasmid library was created as described above for the
ene L and gene W oligonucleotide pools. The resulting library
f random sequences was spiked into each plasmid library in
 1:100 ratio to create pLibrary for gene L or gene W. 

n vitro plasmid library cleavage assays and MiSeq 

ample preparation 

riplicate cleavage assays were prepared in reaction buffer (20
M HEPES, pH 7.5, 100 mM KCl, 1 mM DTT, 5% glycerol

nd varying concentration of MgCl 2 ). Cas12a RNP complex
as formed by incubating Cas12a and crRNA at a 1:1.5 ra-

io at 37 

◦C for 10 min. To initiate cleavage, pLibrary (final
oncentration 15 ng / μl, preheated at 37 

◦C for 10 min) was
dded to Cas12a RNP (final concentration 50 nM). The reac-
ion was incubated at 37 

◦C. 10 μl aliquots were quenched at
 and 30 min by adding 10 μl 25:24:1 phenol–chloroform–
soamyl alcohol (Invitrogen). Two controls were included in
hich no protein or crRNA was added to the reaction or
nly Cas12a and no crRNA was added to the reaction. These
ontrols contained reaction buffer with 10 mM MgCl 2 and
ere incubated at 37 

◦C for the 30 min before adding phenol-
hloroform-isoamyl alcohol. After extraction of the aqueous
ayer, DNA products were separated by electrophoresis on a
% agarose gel. The gel was then stained with SYBR Safe
Invitrogen) and visualized using a UV transilluminator. The
ands from the nicked and supercoiled fractions were excised
nd gel purified using QIAquick Gel Extraction Kit (Qiagen).
extera adapters were added by performing a 25-cycle PCR

eaction using primers bearing the Nextera adapters on the
 

′ ends ( Supplementary Data 2 ). These PCR products were
leaned up using QIAquick PCR Purification Kit (Qiagen) and
sed as a template for an 8-cycle PCR reaction to add bar-
odes for sample identification. Q5 DNA polymerase (New
ngland Biolabs) was used for all PCR reactions. Samples
ere pooled and gel purified using the Promega Wizard PCR
urification kit. Gel purified samples were analyzed on an
gilent 2100 Bioanalyzer and then submitted for Illumina
iSeq high-throughput sequencing at the Iowa State DNA

acility. 
To quantify the fraction uncleaved and fraction nicked from

garose gel images, the intensity of the negatively supercoiled,
icked and linear bands was quantified using densitometry in
mageJ ( 25 ). The fraction uncleaved and nicked were deter-
ined using the following equations: 

f ractio n o f p Lib rary that was uncleaved 

= 

int ensit y o f superco iled band ∑ 

int ensit y of all t hree bands 

f ractio n o f p Lib rary that was nic k ed 

= 

int ensit y of nic k ed band ∑ 

int ensit y of all t hree bands 
The fraction nicked values from the three replicates were
averaged and used as a normalization factor (NF) for se-
quences in the nicked fraction (see below). 

Analysis of plasmid library cleavage 

Python scripts used for analysis of plas-
mid library sequencing data are available at
github.com / sashital / Cas12a_metal_dependence. The scripts
were written in collaboration with ChatGPT (OpenAI, April-
December, 2023 models) and were extensively validated. 

For all data sets, R1 and R2 reads were joined using ea-
utils ( http:// code.google.com/ p/ ea-utils ) ( 26 ). Only reads with
identical sequences in the overlapping region of R1 and R2
were considered in our analysis. 

Sequencing fastq files were first analyzed to determine the
number of reads for each sequence present in the given pLi-
brary. The number of reads for each sequence in a given sam-
ple was normalized to the total number of reads in that sample
to yield fraction of total reads (FTR): 

F T R = 

number of reads for a sequence in sample 
number of reads for all sequences in sample 

For each experimental file, the FTR for a given sequence
was normalized to the FTR of the same sequence in the control
files to yield normalized to control (NTC) values. 

NT C = 

F T R for a sequence in exp erimental samp le 
Average F T R fo r same sequence in co ntro l samples

This normalization ensures that the original abundance of
sequences in the library is accounted for when considering
their abundance in the experimental samples. 

For the uncleaved fraction (negatively supercoiled), the
NTC values were further normalized to the spike-in sequences
to determine the fraction uncleaved ( f uncleaved ) for each
sequence: 

f uncleaved = 

NT C for a mutant sequence 
Average NT C value for f ive spike −in sequences 

As described above, this normalization ensures that any
non-specific cleavage that may have occurred for random se-
quences is accounted for when determining sequence abun-
dance in the uncleaved fraction. The fraction uncleaved values
were used to generate the fraction uncleaved heatmaps. 

For the nicked fraction, the NTC values were further nor-
malized using the normalization factor (NF) calculated from
the average fraction of pLibrary that was nicked (described
above). The following equation was used to determine the
fraction nicked ( f nicked ) for each sequence: 

f nic k ed = NT C for a mutant sequence × NF 

This normalization allows more direct comparison between
conditions and orthologs by ensuring that samples that con-
tained more nicked DNA have higher abundance of nicked
sequences. This information is otherwise lost due to the PCR
amplification of the nicked fractions. The fraction nicked val-
ues were used to generate the fraction nicked heatmaps. 

For volcano plots, log2 fold-change for the fraction un-
cleaved or nicked was calculated as follows: 

lo g2 fo ld change 

= lo g 2 

(
average f uncleaved or nicked at 1 mM M g 2+ 

average f uncleaved or nicked at 10 mM M g 2+ 

)

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
http://code.google.com/p/ea-utils
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P values for fraction uncleaved or nicked values at 1 and
10 mM Mg 2+ were determined using an unpaired, two-tailed
t-test, and the log of these values were plotted on the volcano
plots. 

The fraction of DNA that was linearized was inferred as the
fraction of DNA that was neither uncleaved nor nicked. Thus,
the fraction of each sequence that was linearized ( f linear ) was
calculated using: 

f linear = 1 − (
f uncleaved + f nic k ed 

)
For each mutant sequence, the f linear values versus Mg 2+

concentration were fit to a linear regression to determine a
slope. These values were used to generate the slope heatmaps.

Cas12a collateral cleavage assays 

Cleavage assays were prepared in reaction buffer (20 mM
HEPES, pH 7.5, 100 mM KCl, 1 mM DTT, 5% glycerol and
varying concentration of MgCl 2 ). The Cas12a-crRNA RNP
was first formed by incubating at 37 

◦C for 10 min at a fi-
nal concentration of 20 nM Cas12a and 30 nM crRNA. For
cleavage assays in which two plasmids were mixed, the empty
pUC19 was added to a final concentration of 15 ng / μl and the
activator target or plasmid library was added to a final con-
centration of 1.5 ng / μl. The DNA was preheated at 37 

◦C for
10 min and then mixed with RNP to initiate cleavage. Aliquots
were quenched at the indicated time points by adding an equal
volume of phenol–CHCl 3 –isoamyl alcohol and analyzed by
agarose gel electrophoresis as described above. 

The ssDNA collateral cleavage assays were performed sim-
ilarly, but with the following modifications. The Cas12a–
crRNA RNP was incubated with a short dsDNA activator
(PS4 sequence from ( 14 ), final concentration 30 nM) at 37 

◦C
for 10 min before being added to M13mp18 single-stranded
DNA (New England Biolabs, final concentration 25 ng / μl).
Aliquots were quenched at the indicated time points by adding
an equal volume of phenol–CHCl 3 –isoamyl alcohol and ana-
lyzed by agarose gel electrophoresis as described above. 

T ime-cour se cleavage assays of individual target 
sequences 

All cleavage assays summarized in Figure 4 and
Supplementary Figure S4 were performed in reaction buffer
(20 mM HEPES, pH 7.5, 100 mM KCl, 1 mM DTT, 5%
glycerol) to which the indicated concentration of MgCl 2 was
added at varying times as described below. Cas12a RNP
complex was formed by incubating Cas12a and crRNA at
a 1:1.5 ratio (final concentration of 50 nM:75 nM or 100
nM:150 nM) at 37 

◦C for 10 min. 
For reactions that were initiated by adding DNA, both the

RNP and DNA target plasmid were diluted in reaction buffer
containing the indicated concentration of MgCl 2 . The DNA
plasmid was preheated for 10 min at the appropriate temper-
ature and then added at a final concentration of 15 ng / μl to
Cas12a RNP. Aliquots were quenched at the indicated time
points using phenol-CHCl 3 -isoamylalcohol and analyzed by
agarose gel electrophoresis as described above. 

For reactions that were initiated by adding MgCl 2 , both
RNP and DNA target plasmid were diluted in reaction buffer
without MgCl 2 . After pre-incubating both RNP and DNA in-
dividually at 37 

◦C for 10 min, the RNP and DNA were mixed
to the final concentrations of 50 nM RNP and 15 ng / μl DNA
and incubated at 37 

◦C for 30 min to allow binding (final vol-
ume 80 μl). 20 μl of a 1 × reaction buffer containing 50 or 
5 mM MgCl 2 was then added to initiate cleavage, resulting 
in a final MgCl 2 of 10 mM or 1 mM MgCl 2 . Aliquots were 
quenched at the indicated time points using phenol–CHCl 3 –
isoamylalcohol and analyzed by agarose gel electrophoresis as 
described above. 

For binding time course reactions in which Cas12a RNP 

was allowed to bind to DNA in the absence of MgCl 2 be- 
fore initiating cleavage by mixing with MgCl 2 , both RNP and 

DNA target plasmid were diluted in reaction buffer without 
MgCl 2 and incubated individually at 37 

◦C for 10 min. The 
RNP and DNA were mixed to the final concentrations of 50 

nM RNP and 15 ng / μl DNA at 37 

◦C. Following mixing, 10 

μl aliquots were taken at 7 s, 15 s, 30 s, 1 min, 2 min, 5 min,
15 min and 30 min. The aliquots were initially mixed with 10 

μl of 1 × reaction buffer supplemented with 20 mM MgCl 2 at 
37 

◦C for 5 s to allow any DNA bound by RNP to be cleaved.
Cleavage was quenched immediately after by mixing 10 μl of 
the reaction with 10 μl phenol–CHCl 3 isoamylalcohol. The 
samples were analyzed by agarose gel electrophoresis as de- 
scribed above. 

The gel images were quantified by densitometry using Im- 
ageJ to determine the intensity of the negatively supercoiled,
nicked and linear bands. To differentiate first- versus second- 
strand cleavage, we reasoned that all nicked DNA (i.e. DNA 

that has undergone the first cleavage event) eventually be- 
comes linearized. Thus, first-strand cleavage was determined 

by adding together the nicked and linear bands: 

f f irst strand 

= 

int ensit y of nic k ed band + int ensit y of linear band ∑ 

(
int ensit y of all bands 

)

where f first strand is the fraction of DNA that has undergone 
first-strand cleavage. DNA that has undergone second-strand 

should be linearized, and was determined using: 

f second strand = 

int ensit y of linear band ∑ 

(
int ensit y of all bands 

)

where f second strand is the fraction of DNA that has undergone 
second-strand cleavage. These values were plotted versus time 
and fit to a single- or double-exponential rate equation in 

GraphPad Prism. All experiments were performed at least 
three times, and rate curves show the average of three repli- 
cates with error bars representing standard deviation. 

Rate constants reported in Figure 1 C and normalized rate 
constants reported in Figure 3 D were derived from fits of in- 
dividual replicates to a single-exponential rate equation in 

GraphPad Prism. For some targets, cleavage rates were bet- 
ter fit using a double-exponential rate equation, as previously 
observed ( 27 ,28 ). A single-exponential rate equation was used 

to determine a single rate constant for ease of comparison be- 
tween concentrations and targets. The k obs values may there- 
fore only estimate the rate constants for the overall rate of tar- 
get binding and cleavage. For normalized rate constants, the 
k obs values for three replicates at each Cas12a concentration 

were averaged, and then each average value was divided by 
the average k obs value at 50 nM Cas12a. Standard deviation 

values for k obs was propagated to determine error for these 
normalized k obs values. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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hage competition and escape assays 

sc heric hia coli strain BW25113 ( 29 ) and a virulent strain of
ambda phage ( λvir ) ( 30 ) or mutants of these strains ( 22 ) were
sed for all experiments involving phage infection. Plasmids
or expression of Cas12a orthologs and crRNAs are listed in
upplementary Data 2 . For competition assays, FnCas12a was
xpressed from a arabinose-inducible pBAD promoter using a
reviously described modified pACYC vector ( 22 ). For phage
scape assays, the Cas12a orthologs were expressed from a
eak constitutive promoter using a modified pACYC vector

hat we have previously shown provides decreased Cas12a
efense ( 22 ), allowing for more rapid phage escape. All cr-
NAs were expressed from CRISPR constructs under con-

rol of an arabinose-inducible pBAD promoter in a modified
UC19 vector. 
For all phage assays, overnight cultures were started using

 single colony of E. coli BW25113 transformed with Cas12a
nd crRNA expression plasmids in LB media with ampicillin
nd chloramphenicol added for plasmid selection. The next
ay, these overnight cultures were used to inoculate cultures at
 1:100 dilution in LB media containing 100 μg / ml ampicillin,
5 μg / ml chloramphenicol, 20 mM arabinose, and 10 mM
gSO 4 or 150 mM MgSO 4 for data shown in Figure 5 G.

ultures were grown in a TECAN infinite M Nano + 96 well
late reader at 280 rpm and 37 

◦C and OD measurements at
00 nm wavelength were measured every 10 min. Phage was
dded to each well at OD 600 0.4 at the specified MOI. 

For competition assays the A2T and G17T gene L mutant
ambda phages ( 22 ) were mixed at the indicated ratio and di-
uted by 10 

6 or 10 

7 via serial dilution in LB media. These
ilute mixtures (3 μl) were used to infect 150 μl cultures at
D 600 of 0.4. 
For phage escape experiments in which time points were

aken, 20 μl samples were taken from each well (initially con-
aining 200 μl) at various time points and stored at 4 

◦C. Re-
orted OD measurements were corrected to compensate for
he reduction in volume. 

Corrected OD = Raw OD reading 

×Vo lume o f culture be fo re sample was taken 

Vo lume o f cult ure a ft er sample was t aken 

Once all samples were collected, the samples were cen-
rifuged at 15000 RPM for 5 min and 5 μl of supernatant was
sed as a template for adapter and barcode PCRs as previ-
usly described ( 22 ). The samples were pooled and sequenced
sing MiSeq. 

nalysis of mutant phage populations 

or competition assays, R1 and R2 reads were joined using ea-
tils ( http:// code.google.com/ p/ ea-utils ) ( 26 ). Only reads with

dentical sequences in the overlapping region of R1 and R2
ere considered in our analysis. The number of reads contain-

ng the A2T or G17T mutation was determined by searching
or the mutant sequence using grep -c. These values were di-
ided by the total number of reads in the sample to determine
he fraction of reads containing each mutation. Statistical sig-
ificance for the 24 replicates performed at 10 and 150 mM
gSO 4 was tested in GraphPad Prism using an unpaired, non-

arametric Komogorov–Smirnov test to compare the cumula-
ive distributions of the G17T mutant in each sample. 

Python scripts used to analyze mutant phage populations
n phage escape assays are available at github.com/sashital/
as12a _ metal _ dependence . Percent mutated, nucleotide di-
versity, and Z -scores for three experimental replicates were
calculated as previously described ( 22 ), with the following ad-
justment. To calculate nucleotide diversity, we considered all
mutated sequences present across three replicates for a given
Cas12a ortholog / crRNA pair, rather than calculating a diver-
sity score for each individual replicate. This strategy better
represents the potential diversity that can arise through ran-
dom mutant emergence that may occur in different cultures.
Deletions were accounted for and treated as mismatches rela-
tive to the perfect target, and deletions of multiple nucleotides
were treated as multiple mismatches. Average nucleotide di-
versity scores were determined for each ortholog by averaging
the nucleotide diversity score for every culture in which mu-
tants arose (all eight genes for AsCas12a and FnCas12a, five
of eight genes for LbCas12a). The error is reported as stan-
dard error of the mean, and significance was tested using an
unpaired two-tailed t test. 

Western blot detection of Cas12a expression levels 

A single colony of E. coli BW25113 with Cas12a and gene W
crRNA expression plasmids was grown overnight in LB me-
dia supplemented with 100 μg / ml ampicillin, and 25 μg / ml
chloramphenicol. LB supplemented with same amount of an-
tibiotics, 20 mM arabinose, and 10 mM MgSO 4 was inocu-
lated with the overnight culture in a 1:100 ratio. The cultures
were incubated at 37 

◦C with shaking. 1 ml samples of the
cultures were harvested by centrifugation after 2 and 4 h of
expression. The cell pellets were resuspended with water and
then lysed with 2X SDS dye following by heating for 5 min at
95 

◦C. 10 μl of lysed cell samples and 10 μl of 100 nM puri-
fied Cas12a proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred onto a nitrocellulose mem-
brane (Cytiva). The membranes were blocked 1 h with 0.1%
BSA in TBST buffer (20 mM Tris–HCl, 150 mM NaCl pH 7.6
and 0.05% Tween 20). After washing three times with TBST,
the membranes were incubated with the relevant primary an-
tibody anti-FnCpf1 (GenScript), anti-LbCpf1 (Millipore), or
anti-AsCpf1 (Millipore) in 10 ml of BSA in TBST for 1 h at
room temperature. A second blot containing the same sam-
ple was incubated with anti-GAPDH (Invitrogen) to serve as
a loading control for the lysates. The membranes were washed
three time with TBST buffer before incubating with goat anti-
mouse secondary antibody (Fisher) in 10 ml of BSA in TBST
for 1 h at room temperature. Final washing was conducted
three time before imaging the blot with a chemiluminescent
substrate (Pierce). 

Results 

Mg 

2+ concentration affects off-target and collateral 
Cas12a cleavage 

Although phages are mainly thought to evade CRISPR-
mediated immunity by developing PAM and seed mutations
( 19 ,21 ), we previously observed that multiple mismatches in
the PAM-distal region can allow for preferential phage escape
from Cas12a over seed mutants ( 22 ) (Figure 1 A). In head-
to-head competition assays, phage strains containing seed or
PAM-distal mutations in the Cas12a target region emerge in
different distributions depending on the crRNA (Figure 1 A,
B). While the seed mutant fully dominates the population
when challenged with a perfectly matching crRNA, the distal
mutant begins to dominate the population when challenged
with a distally mismatched crRNA (Figure 1 B). These results

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
http://code.google.com/p/ea-utils
https://github.com/sashital/Cas12a_metal_dependence
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Figure 1. Mg 2+ -dependent Cas12a specificity profiling using plasmid library clea v age (related to Supplementary Figure S1 and S2 ). ( A ) Schematic of 
phage challenge assay. An initial mix of 80% seed mutant and 20% distal mutant phage were challenged with Cas12a bearing a non-targeting crRNA (no 
selection), a crRNA matching the original target sequence, or a crRNA containing a mutation at position 15. The two targeting crRNAs result in selection 
of phage mutants that are more deleterious to Cas12a clea v age. ( B ) Fraction of A2T seed mutant (blue squares) or G17T PAM-distal mutant (purple 
triangles) in the initial mix, upon challenge by Cas12a bearing a non-targeting crRNA (NT), a crRNA containing no mutations (none), or a crRNA 

containing mismatch at position 15 (distal). Individual data points from three replicates are shown, and lines represent median values. ( C ) Observed rate 
constants for cleavage of the A2T or G17T mutant targets with FnCas12a bearing a crRNA containing a mismatch at position 15 in the presence of 10 
mM or 1 mM MgCl 2 . Individual data points from three replicates are shown, and lines represent median values. ( D ) Schematic of the plasmid library 
clea v age assa y. Libraries cont ained all t arget sequences with single nucleotide deletions or one or t wo mut ations across the PAM and t arget sequence. 
Five unrelated sequences were spiked into the sample for normalization. This library was subject to cleavage by Cas12a at four Mg 2+ concentrations. 
T he clea v age reactions w ere separated b y agarose gel electrophoresis. Negativ ely supercoiled and nick ed bands w ere e x cised from the gel, PCR 

amplified, sequenced, and analyzed as described in Materials and methods. ( E ) Gene L plasmid library cleavage at four Mg 2+ concentrations for 
FnCas1 2a (Fn), AsCas1 2a (As), and LbCas1 2a (Lb). ni = nic k ed, li = linear, nSC = negativ ely supercoiled. (–) lane cont ains no protein, -cr cont ains protein 
but no crRNA. Both controls contained 10 mM MgCl 2 and were incubated at 37 ◦C for 30 min. Gel is representative of three replicates. (F, G) 
Quantification of fraction unclea v ed ( F ) or nick ed ( G ) f or the gene L library. T he a v erage of three replicates is plotted, with individual data points shown as 
dots and error bars representing standard deviation. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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uggest that two PAM-distal mismatches are more deleterious
o Cas12a cleavage than the combination of a seed and PAM-
istal mismatch, contrary to prior specificity studies of Cas12a
 12–15 ). Cleavage analysis of each mutant target using the dis-
ally mismatched crRNA revealed the potential source of this
iscrepancy. While the seed mutant was cleaved much more
lowly than the distal mutant at MgCl 2 concentrations that
re typically used for in vitro Cas effector cleavage (10 mM),
he distal mutant was cleaved much more slowly than the seed
utant at lower MgCl 2 concentrations that are more consis-

ent with the concentration present in bacterial cells (1 mM)
Figure 1 C, Supplementary Figure S1 A, B). Surprisingly, the
eed mutant target was cleaved ∼5 times faster at low MgCl 2 ,
hile the distal mutant target was cleaved ∼38 times slower. 
These results prompted us to re-examine the specificity of

as12a at a range of Mg 2+ concentrations. To do this, we
sed our previously developed in vitro plasmid library cleav-
ge assay (Figure 1 D) ( 14 ,31 ). In this assay, a Cas12a–crRNA
NA–protein (RNP) complex is used to cleave a negatively

upercoiled plasmid library containing target sequences with
utations that introduce mismatches with the crRNA or sub-
ptimal PAM sequences. Following quenching of cleavage,
he plasmid library is analyzed by agarose gel electrophore-
is allowing separation of uncleaved (negatively supercoiled),
icked (relaxed circular) and fully cleaved (linear) sequences.
he uncleaved and nicked fractions of the library are extracted

rom the gel and subjected to PCR to amplify the target region.
hese amplicons are then sequenced using MiSeq Illumina se-
uencing to determine which sequences remained uncleaved
nd which were cleaved only on one strand. 

We selected two targets derived from gene L and gene W of
. coli λ phage. We did not observe any major differences in
leavage at 1 and 10 mM MgCl 2 by three Cas12a orthologs
or these targets, although we observed slower cleavage at 0.5
M and especially 0.1 mM MgCl 2 ( Supplementary Figure 

1 C, D). For each target, we created a plasmid library con-
aining all sequences that introduce single-nucleotide deletions
r one or two mutations in the PAM or target region and
ve ‘spike-in’ sequences with unrelated targets as normaliza-
ion controls for the uncleaved fraction (Figure 1 D, see Ma-
erials and methods). We subjected these plasmid libraries to
leavage by Fn, As and LbCas12a at four Mg 2+ concentra-
ions (1, 2, 5 and 10 mM), collecting two time points at 1 and
0 min (Figure 1 E–G, Supplementary Figure S1 E–G). We ob-
erved that ∼15–30% of the library remained uncleaved at
 min and that most of the library was cleaved by 30 min
Figure 1 F, Supplementary Figure S1 F). Variations in the frac-
ion uncleaved at different Mg 2+ concentrations were rela-
ively minor. In contrast, we observed a substantial decrease in
he amount of nicked DNA as Mg 2+ concentration increased,
specially for AsCas12a (Figure 1 G, Supplementary Figure 
1 G). Interestingly, the amount of nicked DNA remained sim-
lar between the 1 min and 30 min time points for FnCas12a
nd LbCas12a, suggesting that some sequences are rapidly
icked by these orthologs, but are never fully cleaved. Nicking
f the plasmid libraries suggests that AsCas12a has a metal-
on-dependent second-strand cleavage defect that is more pro-
ounced than for Fn and LbCas12a. 
Notably, Cas12a also displays ‘collateral’ non-specific DNA

egradation activity upon activation by a target sequence
 32 ,33 ). We previously observed non-specific nicking of plas-
ids by both Fn and LbCas12a when activated with a per-
fectly matching or mismatched target ( 14 ). However, it is un-
clear whether non-specific cleavage occurs at lower Mg 2+ con-
centration. We tested whether plasmids containing the perfect
gene L and W target could activate LbCas12a for cleavage of
an empty plasmid at the four metal ion concentrations used
for plasmid library cleavage ( Supplementary Figure S2 A). We
observed substantially more nicked DNA at higher Mg 2+ con-
centrations, but very little at 1 mM Mg 2+ , suggesting that ac-
tivated nicking is metal ion dependent. Similarly, both L and
W target plasmid libraries could activate LbCas12a, and to
a lesser degree FnCas12a, for cleavage of an empty plasmid,
with the most nicking observed at the highest Mg 2+ concen-
tration ( Supplementary Figure S2 B). Spike-in plasmids in the
plasmid library allowed us to account for non-specific nick-
ing of sequences that cannot otherwise be cleaved by Cas12a
(Figure 1 D, see Materials and methods). 

We also assessed the ability of all three orthologs to degrade
single-stranded DNA upon activation ( Supplementary Figure 
S2 C). Interestingly, Fn and AsCas12a did not degrade ssDNA
at 1 and 2 mM Mg 2+ , while LbCas12a degraded ssDNA more
slowly at lower Mg 2+ concentrations. These results may ex-
plain why Cas12a non-specific ssDNA degradation activity
was recently shown to have no effect on phage defense ( 34 ),
given that this activity is decreased at physiological metal ion
concentrations. 

PAM-proximal and distal mutants are differentially 

affected by Mg 

2+ concentration 

Following cleavage of the plasmid library, we next isolated
and PCR amplified the uncleaved and nicked fractions and
subjected the amplicons to high-throughput sequencing (Fig-
ure 1 D). We determined fraction uncleaved and nicked val-
ues for sequences present in each sample (see Materials and
methods). To rapidly visualize the effects of MgCl 2 concen-
tration on mutant sequence cleavage, we created volcano plots
comparing the fraction uncleaved or nicked at 1 and 10 mM
MgCl 2 (Figure 2 A, B, Supplementary Figure S3 ). Sequences
with large and statistically significant changes were colored
based on the location of the first mutation in the sequence for
the uncleaved fraction (Figure 2 A, Supplementary Figure S3 A)
or the location of the second mutation for the nicked frac-
tion (Figure 2 B, Supplementary Figure S3 B). These plots reveal
that sequences with the first mutation in the PAM or seed are
more likely to be uncleaved at higher MgCl 2 concentration,
especially for Fn and LbCas12a following 30 min of cleavage
(Figure 2 A, Supplementary Figure S3 A). In contrast, sequences
with the first or second mutation in the mid or PAM-distal re-
gion are more likely to be uncleaved or nicked at lower MgCl 2
concentration (Figure 2 A, B, Supplementary Figure S3 A, B).
Notably, although we observed many sequences where the
first mutation was in the PAM or seed region that were rela-
tively enriched in the uncleaved fraction at lower MgCl 2 con-
centration, most of these sequences had a second mutation in
the mid or PAM-distal region (see below). 

To more thoroughly investigate which sequences were un-
cleaved or nicked at each MgCl 2 concentration, we plot-
ted heatmaps that enable visualization of the abundance of
each mutant sequence in each fraction ( 15 ,35 ) (Figure 2 C–
F, Supplementary Data 1 ). These heatmaps reveal the exact
types of mutations that cause cleavage defects at each Mg 2+

concentration. For example, for FnCas12a cleaving the gene

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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Figure 2. Specificity is altered in both the seed and the PAM-distal region at lo w er Mg 2+ concentration (related to Supplementary Figure S3 and 
Supplement ary Dat a 1 ). (A, B) Volcano plots comparing sequences present in unclea v ed ( A ) or nick ed ( B ) fractions f ollo wing clea v age of the gene L 
library at 1 or 10 mM MgCl 2 by FnCas12a for 1 or 30 min. Data points in (A) are colored by the location of the first mutation in the sequence. Data points 
in (B) are colored by the location of the second mutation in the sequence. P values compare up to three replicates using an unpaired t wo-t ailed t test. (C, 
D) Heatmaps showing the abundance of mutant sequences from the gene L plasmid library in the unclea v ed (negativ ely supercoiled) fraction f ollo wing 1 
min clea v age b y FnCas12a in the presence of 10 mM ( C ) or 1 mM ( D ) MgCl 2 . (E, F) Heatmaps sho wing the abundance of mutant sequences from the 
gene L plasmid library in the nicked fraction following 1 min cleavage by FnCas12a in the presence of 10 mM ( E ) or 1 mM ( F ) MgCl 2 . Sequences with a 
single nucleotide deletion are shown at the bottom of each heatmap. Sequences with one mutation are shown along the diagonal of the 2D heatmaps. 
Sequences with mutations at two positions are depicted as 3 × 3 arra y s where each bo x represents one combination of mutations at the two positions. 
For each heatmap, one 3 × 3 array is shown in close-up. Missing sequences are depicted in the heatmap with a gray box. 
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 library, we observed that single transversion mutations in
he first three positions of the seed caused an enrichment of
hese sequences at 10 mM MgCl 2 (Figure 2 C, diagonal of the
eatmap). These seed mutations in combination with muta-
ions in the mid or PAM-distal region of the target were also
nriched at high Mg 2+ . In contrast, sequences with individ-
al point mutations at the first three positions of the seed,
r combinations of these seed mutations with mid or PAM-
istal mutations were depleted from the uncleaved fraction at
 mM MgCl 2 (Figure 2 D). Instead, we observed a substantial
ncrease in uncleaved sequences containing two mismatches in
he mid and / or PAM-distal region at low Mg 2+ . 

The nicked fraction likely includes mutated sequences that
an undergo cleavage on the non-target strand, but do not un-
ergo the second cleavage step on the target strand ( 6 , 14 , 16 ).
lotting the fraction nicked on heatmaps revealed that nicking
f the gene L library by FnCas12a is largely caused by com-
inations of mutations at positions 9–17 of the target at 10
M MgCl 2 (Figure 2 E), similar to previous reports that PAM-
istal mutations cause incomplete cleavage by Cas12a (Fu et
l., 2019; Murugan et al., 2020). At 1 mM MgCl 2 , double mu-
ations in which one mutation was in the mid or distal region
ere relatively enriched in the nicked fraction (Figure 2 F), al-

hough sequences that were highly enriched in the uncleaved
raction were mostly depleted from the nicked fraction (Figure
 D, F). These results suggest that mutations that cause incom-
lete cleavage at higher divalent metal ion concentrations may
ause a complete loss of cleavage at lower ionic conditions. 

Overall, our data yielded 16 heatmaps each for the un-
leaved and nicked fractions per ortholog (4 Mg 2+ concentra-
ions for two timepoints and two libraries). To simplify view-
ng of these heatmaps, we created animations for each time-
oint and library, in which each frame shows the uncleaved
r nicked fraction heatmap for a given Cas12a ortholog at
ach Mg 2+ concentration ( Supplementary Data 1 ). The an-
mations for the uncleaved fraction reveal similar trends in
he PAM-distal region for all orthologs and both libraries,
here several sequences with deletions or mutations in the
AM-distal region are highly abundant in the uncleaved frac-
ion at lower Mg 2+ concentrations, even after 30 min of
leavage. The improved tolerance of seed mutations at lower

g 2+ was also most pronounced for FnCas12a after 30 min
leavage. Double seed mutants or sequences containing com-
inations of PAM and mid / distal mutations were depleted
rom the uncleaved fraction at lower Mg 2+ concentrations
or both libraries, suggesting a higher tolerance for mutations
n both the PAM and seed by FnCas12a at low Mg 2+ . Sim-
lar tolerance of double mutants containing seed and PAM
utants was less pronounced at lower Mg 2+ for As and Lb-
as12a following 30 min of cleavage, suggesting that Mg 2+ -
ependent PAM / seed mutation tolerance varies between dif-
erent Cas12a orthologs. 

For the nicked fraction, we observed similar accumulation
f nicked sequences with at least one mismatch in the mid
r distal region at low Mg 2+ , with AsCas12a showing the
trongest second strand cleavage defect. At high Mg 2+ con-
entration, nicked sequences mostly localize to a region of the
eatmap representing dual mutations in the mid and PAM-
istal region, while at low Mg2+, combinations of mutations
n the PAM / seed and mid / distal regions result in substantial
icking. Notably, several of the nicked heatmaps are similar
etween the two time points, suggesting that sequences that
ere nicked at the early timepoint remained nicked through-
ut the course of the experiment. 
Visualizing the metal-dependent specificity switch 

In our plasmid library cleavage assay, the linear DNA fraction
that has been fully cleaved by Cas12a cannot be PCR ampli-
fied due to cleavage of both strands of the potential PCR tem-
plate. However, our normalization strategy to determine what
fraction of individual sequences remained uncleaved or were
nicked allowed us to estimate what fraction of the DNA was
fully cleaved (see Materials and methods). Sequences that were
highly abundant in either the uncleaved fraction, the nicked
fraction, or both, were not fully cleaved, while sequences that
were depleted from both the uncleaved and nicked fraction
were fully cleaved (Figure 3 A, B). Determining the fraction of
DNA that was fully cleaved allowed us to calculate slope val-
ues that report the change in cleavage of individual sequences
in the plasmid library across the four Mg 2+ concentrations.
Negative slope values indicate sequences that decreased in
cleavage as Mg 2+ increased (Figure 3 A), while positive slope
values indicate sequences that increased in cleavage as Mg 2+

increased (Figure 3 B). 
We plotted slope values for the change in fully cleaved

DNA across Mg 2+ concentrations in heatmaps similar to those
shown in Figure 2 (Figure 3 C–E, Supplementary Figure S4 ).
These heatmaps allow for rapid visualization of the different
effects that changes in Mg 2+ concentrations have across the
target sequence. For the gene L target, after 1 min of cleav-
age by FnCas12a, we observed negative slopes for individual
transversion mutations in the PAM (positions –3 and –2) and
the seed (positions 1–3) as well as for double mutants con-
taining one of these initial mutations (Figure 3 C). In addition,
most double mutations in the PAM and seed had negative
slopes. Conversely, sequences with deletions or double mu-
tations at positions 4–20 mostly have positive slopes (Figure
3 C). While we observed similar trends in the PAM-distal re-
gion for LbCas12a, the heatmap for AsCas12a is strikingly
different, with almost all sequences containing at least one
mutation in the mid or PAM-distal region having large pos-
itive slopes (Figure 3 D). This difference reflects the signifi-
cant defect in second strand cleavage observed at low Mg 2+

concentrations for As, but not for Fn or LbCas12a (Figure
1 G). Positive slopes were less pronounced at 1 min for As
and LbCas12a than for FnCas12a, and limited to a few dou-
ble mutants in the PAM and seed (Figure 3 D). However, at
30 min, we observed substantially more negative slopes for
mutants in the PAM and seed when cleaved by LbCas12a
(Figure 3 E). 

For the gene W target, we observed the most pronounced
negative slopes for sequences containing two mutations in the
PAM and seed for both FnCas12a at both time points, and to a
lesser degree for As and LbCas12a ( Supplementary Figure S4 ).
For FnCas12a, we also observed slightly negative slopes for
some sequences in which single nucleotides in the first few
positions of the seed were deleted. We again observed posi-
tive slopes for sequences containing at least one mutation in
the mid or PAM-distal region for all three orthologs. Overall,
these data suggest that Mg 2+ concentration has consistent ef-
fects on Cas12a ortholog specificity for different targets, with
some variations depending on target sequence. 

Varied mechanisms of Mg 

2+ -dependent specificity 

switching 

Our plasmid library cleavage results reveal that variations in
Mg 2+ concentration do not uniformly affect mismatch tol-
erance across the target region. PAM mutations and seed

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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a v erage of three replicates is plotted, with error bars representing standard deviation. ( C ) Heatmap as in Figure 2 plotting slopes for fully cleaved DNA 

versus Mg 2+ as determined in panels (A, B). The heatmap is for the gene L target plasmid library following 1 min cleavage by FnCas12a. Blue boxes 
represent sequences with a negative slope, meaning that the target was cleaved more at lower Mg 2+ concentration. Red boxes represent sequences 
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plotted separately (see Materials and methods). The average of three replicates is shown and error bars represent standard deviation. ( C ) Cleavage of 
gene L targets by FnCas12a in which RNP and DNA were incubated in the absence of Mg 2+ prior to initiation of cleavage through the addition of Mg 2+ , 
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Figure 5. Cas12a orthologs ha v e v aried escape outcomes (related to Supplement ary Figure S6 ). ( A ) Optical densit y at 60 0 nm of phage-infected cultures 
of E. coli expressing the indicated Cas12a ortholog and a crRNA targeting the indicated gene following 12 h. Low values indicate full lysis, while 
values > 1 indicate culture survival. The full growth curves are shown in Supplementary Figure S5 A. ( B ) Fraction of phage population for each culture in 
(A) in which at least one mutation was present in the PAM or targeted region of the phage genome. ( C ) Average nucleotide diversity over time of all 
phage populations from cultures in which mutant phages emerged (see Materials and methods). The error bars represent standard error of the mean of 
the a v erage nucleotide div ersity f or betw een 5 and 8 target sequences. * P ≤ 0.05, ** P ≤ 0.01 as determined b y an unpaired tw o-tailed t test 
comparing scores for AsCas12a and FnCas12a (gray, upper asterisks) or AsCas12a and LbCas12a (red, lo w er asterisks). ( D ) Locations of mutations 
present in phage populations isolated from three infected E. coli cultures expressing the indicated Cas12a ortholog and a crRNA targeting the indicated 
λvir gene f ollo wing 12 h of infection at an MOI of 0.8. Heatmaps plot Z -score v alues (scale of 0 to 7.5) f or the presence of mutations in phage populations 
from infected cultures versus an uninfected control. Shades of red indicate the degree of enrichment of mutations at each position of the target. Most 
mutations were single nucleotide variants (thinner line around box), although multiple mutations arose in some cultures (thicker line around box). ( E ) 
Locations of mutations present in phage populations isolated from infected E. coli cultures expressing the indicated Cas12a ortholog targeting gene J 
f ollo wing 8 h of infection. The cultures were infected with phage at an MOI of 1, 0.5, 0.15, 0.08, 0.04 or 0.02 from top to bottom. Z -score are plotted as 
in (D). ( F ) Locations of mutations present in phage populations isolated from infected E. coli cultures expressing the indicated Cas12a ortholog targeting 
gene W f ollo wing 8 h of infection an MOI of 0.08. Only replicates in which the cultures underwent lysis are shown (out of 12 total). Z -score are plotted 
as in (D). ( G ) Outcomes of competition assa y s betw een a seed and PAM-dist al mut ant phage in cultures grown in media supplemented with 10 or 150 
mM MgSO 4 . The initial mix contained an 80:20 distribution of the G17T and A2T mutants. The fraction of the phage population containing the single 
G17T point mutation f ollo wing ly sis of the culture is plotted f or 24 replicates. T he appro ximate P v alue is 0.002 based on a nonparametric unpaired 
K olmogoro v–Smirno v test. 

 

 

 

 

 

 

 

 

 

mismatches are more tolerated at low Mg 2+ concentration, es-
pecially for FnCas12a. In contrast, mismatches in the mid or
distal region are less tolerated at low Mg 2+ concentration. We
next sought to determine what step of the Cas12a target bind-
ing and cleavage cycle is most affected by lower Mg 2+ con-
centrations for sequences containing seed or PAM-distal mis-
matches. We chose to further study FnCas12a, which had the
most pronounced specificity switch for both seed and PAM-
distal mismatched sequences. We measured the rate of cleav-
age for individual target sequences by initiating the cleavage 
reaction in two different ways (Figure 4 A). Following Cas12a 
RNP formation, the RNP was either mixed with DNA in the 
presence of Mg 2+ (initiation with DNA) or the RNP and DNA 

were mixed and incubated for 30 min prior to the addition of 
Mg 2+ (initiation with Mg 2+ ). When the reaction is initiated 

by addition of DNA, the rate of nicked or linear product for- 
mation is dependent on the rate of both binding and the first 
or second cleavage event, respectively. In contrast, initiation 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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Figure 6. Model for Cas12a Mg 2+ -dependent steps with differential effects depending on mutant location. Mg 2+ is inhibitory of target unwinding and 
binding when a seed mutation is present in the target. Mg 2+ -dependent conformational changes that occur prior to each clea v age step are likely 
impaired in the presence of PAM-distal mutations. CRISPR-Cas systems are commonly used for biotechnology. Their specificity has been studied 
e xtensiv ely and has previously been thought to be well understood. In this work, we asked a simple question about the effect of metal ion concentration 
on CRISPR specificity; the results are surprising and striking. At the actual metal ion concentrations found in cells, Cas12a specificity is in v erted in 
comparison to the higher metal ion conditions that are typically used in test-tube assa y s T he specificity observ ed at lo w er metal ion concentration is 
more rele v ant under cellular conditions. 

w  

a
 

m  

p  

s  

c  

D  

c  

a  

s  

s  

d  

M
 

c  

t  

p  

a  

4  

t  

p  

a  

f  

c  

t  

d  

 

b  

t  

S  

t  

a  

p  

t  

f  

b  

P  

s  

a  

f  

i  

w  

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ith Mg 2+ enables measurement of the rate of the two cleav-
ge steps following RNP–DNA binding. 

We selected a seed mutant (A2T) and a dual PAM-distal
utant (G17T A19G) for further cleavage analysis. As ex-
ected, we observed faster cleavage of the seed mutant and
lower cleavage of the PAM-distal mutant at 1 mM Mg 2+ in
omparison to 10 mM Mg 2+ when cleavage was initiated with
NA (Figure 4 B, Supplementary Figure S5 A). While the first

leavage event occurred at a similar rate for the two mutants
t 1 mM Mg 2+ , the PAM-distal mutant target was linearized
lowly after initial nicking ( Supplementary Figure S5 A), re-
ulting in a much slower second strand cleavage rate for the
istal mutant in comparison to the seed mutant at the lower
g 2+ concentration (Figure 4 B, bottom). 
When the DNA targets were pre-bound to Cas12a and

leavage was initiated by adding Mg 2+ , first-strand cleavage of
he perfectly matching and the seed mutant targets was com-
lete by the first time point (7 s) at both Mg 2+ concentrations,
s well as for the PAM-distal mutant at 10 mM Mg 2+ (Figure
 C, Supplementary Figure S5 B). These results indicate that all
hree DNA constructs were fully bound to the Cas12a RNP
rior to initiation of cleavage through the addition of Mg 2+ ,
nd that any differences in the rate of first-strand cleavage
ollowing DNA binding are unmeasurable. Thus, first-strand
leavage defects for the seed mutant target observed upon ini-
iation with DNA can be mainly attributed to DNA binding
efects, which are exacerbated at higher Mg 2+ concentration.
In contrast, we observed marked decreases in the rates of

oth first- and second-strand cleavage of the G17T A19G mu-
ant when cleavage was initiated with 1 mM Mg 2+ (Figure 4 C,
upplementary Figure S5 B). Indeed, the rate of cleavage of this
arget was similar regardless of the method of cleavage initi-
tion ( Supplementary Figure S4 A, B, bottom right gel of each
anel). Although we cannot rule out that the PAM-distal mu-
ations may cause binding defects, the similar cleavage defect
or the pre-bound Cas12a–target complex suggests that DNA
inding is not rate determining for Cas12a cleavage of the
AM-distal mutant target at low Mg 2+ concentration. Instead,
teps that occur following DNA binding but prior to cleav-
ge of each strand are slowed at low Mg 2+ , most likely con-
ormational changes that are required to position each strand
nto the RuvC active site ( 9 ). Consistently, while cleavage rate
as dependent on Cas12a concentration for the seed mutant

arget, we did not observe a concentration-dependent change
in cleavage rate of the PAM-distal mutant target (Figure 4 D,
Supplementary Figures S5 A, S5 C, see Materials and methods).

The observation that a higher Mg 2+ concentration in-
hibits Cas12a binding to the seed mutant target is surprising,
given that divalent metal ions could electrostatically stabilize
protein-nucleic acid interactions. Because DNA binding is rate
limiting for the seed mutant target, the rate of cleavage likely
closely reflects the rate of target DNA binding, suggesting that
the target is bound more slowly at higher Mg 2+ concentra-
tions. We reasoned that Mg 2+ -dependent stabilization of the
DNA duplex may inhibit DNA unwinding by Cas12a when
a seed mismatch is present ( 36 ,37 ). Indeed, when RNP-DNA
binding was initiated in the absence of Mg 2+ prior to addi-
tion of Mg 2+ at various time points (see Methods), cleavage
of the A2T target was even faster than at 1 mM Mg 2+ (Figure
4 E, Supplementary Figure S5 D). Together, these results suggest
that Cas12a seed-mutant target binding is inhibited at higher
Mg 2+ concentrations due to stronger DNA unwinding defects.

Phage escape outcomes reveal consequences of 
Cas12a ortholog specificities 

Our specificity profiling revealed differences in the degree of
mismatch tolerance for the three Cas12a orthologs at low
Mg 2+ concentration (Figure 3 C–E, Supplementary Figure S4 ).
In particular, for AsCas12a, low Mg 2+ concentration had less
of an effect on cleavage of seed mutant sequences, but caused
more deleterious second-strand cleavage defects than for Fn
and LbCas12a. We next investigated whether these differences
in specificity impact what types of mutant phages emerge
when challenged by each Cas12a variant. We created a panel
of 8 crRNAs targeting different regions of the λvir genome
and co-expressed each combination of Cas12a ortholog and
crRNA in E. coli K12. Two of these targets were located
just upstream or downstream of coding regions (gene J and
gene D, respectively), while the remainder of the targets were
located within the coding region of essential genes. Cas12a
was expressed using a weak promoter ( 22 ,38 ) to maximize
the likelihood that mutant phages might escape targeting and
become abundant in the population. After infecting tripli-
cate cultures with λvir , we sampled the phage population at
various time points and PCR amplified the target region of
the phage genome. These amplicons were then subjected to
high-throughput sequencing to determine whether and which

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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mutants were present in the population following Cas12a-
mediated defense. 

For most AsCas12a and FnCas12a cultures, we observed
a period of growth followed by delayed lysis resulting in a
low culture density at 12 h, which is characteristic of emer-
gence of escape mutants in the phage population (Figure 5 A,
Supplementary Figure S6 A) ( 22 ). However, we did not ob-
serve lysis for at least one replicate of most LbCas12a cultures.
These differences may be due to relatively high expression of
LbCas12a, as determined by Western blots of cultures express-
ing the three Cas12a orthologs ( Supplementary Figure S6 B).
Lysis was generally accompanied by nearly complete mutage-
nesis of the phage population (Figure 5 B). All phage lysates
from AsCas12a cultures were > 98% mutated, as were most
of the FnCas12a cultures. For cultures where we did not ob-
serve lysis, for example FnCas12a gene C, we generally ob-
served incomplete or no mutagenesis, as was the case for three
LbCas12a cultures that did not lyse (genes C, E and W). 

We next examined what types of mutations arose within
the targeted regions. An overall analysis of the nucleotide di-
versity present in each phage lysate revealed that challenge
by AsCas12a produced the most diverse populations for cul-
tures in which mutant phages emerged (Figure 5 C). Heatmaps
plotting the locations of mutations across the PAM and seed
underscore the diversity of the mutant populations that es-
caped from AsCas12a, in comparison to both Fn and Lb-
Cas12a (Figure 5 D). Single point mutations emerged through-
out the PAM and seed when phages were challenged with
AsCas12a, but were mainly localized to the most deleteri-
ous positions (–3 and –2 positions of the PAM or positions
1–3 of the seed) for Fn and LbCas12a. Although most mu-
tants contained a single nucleotide substitution, we observed
some sequences with multiple mutations, including deletion
of consecutive nucleotides (gene D for AsCas12a and gene
A for LbCas12a) or multiple point mutations that developed
over time (gene E for AsCas12a and gene L for LbCas12a,
Supplementary Figure S6 C, D). 

Our initial analysis suggested that a broader range of seed
mutations could allow for escape from AsCas12a in compari-
son to Fn or LbCas12a. It is possible that these differences are
due to expression level differences between the three Cas12a
variants ( Supplementary Figure S6 B), as less deleterious muta-
tions may be more likely to emerge when less Cas12a is avail-
able. To determine whether mutant diversity decreased as a
function of Cas12a:target ratio, we performed phage escape
assays at a range of multiplicities of infection (MOIs). We
selected the gene J target, for which we observed mutations
across the PAM and seed region for AsCas12a, but only at
positions 2 or 3 of the seed for Fn and LbCas12a (Figure 5 D).
We continued to observe diverse mutations across the PAM
and seed for AsCas12a across MOIs, while mutations were
mainly limited to the most deleterious positions or to PAM-
distal deletions for Fn and LbCas12a at most MOIs (Figure
5 E, Supplementary Figure S6 E). These results, along with dif-
ferences observed in our specificity profiling data, suggest that
AsCas12a differentially tolerates seed mutations under phys-
iological conditions in comparison to Fn and LbCas12a. 

Our specificity profiling also suggested that PAM-distal
mismatches could be highly deleterious to second-strand
cleavage by Cas12a at low metal ion concentrations (Figure
2 B, Supplementary Figure S3 , Supplementary Data 1 ), sug-
gesting that PAM-distal mutants may emerge in phage pop-
ulations challenged by Cas12a. Indeed, for the gene W target,
we observed PAM-distal point mutations for the FnCas12a 
culture (Figure 5 D). To further test this, we performed an ad- 
ditional 12 phage infection replicates for As and FnCas12a 
bearing a crRNA against the gene W target. Out of the 12 

cultures, 8 lysed for AsCas12a and 5 lysed for FnCas12a. In- 
terestingly, we observed a single point mutation at position 14 

for three of these lysed cultures (Figure 5 F). These results sug- 
gest that individual PAM-distal mutations can be sufficiently 
deleterious to Cas12a cleavage to allow for phage escape. 

Metal-dependent specificity can alter phage-escape 

outcomes 

Finally, we wondered whether fluctuations in Mg 2+ concen- 
trations in bacterial cells may alter the distribution of mutant 
phages in populations challenged by Cas12a. We repeated a 
competition assay similar to the experiment shown in Figure 
1 A-B, but now growing the E. coli cultures in media supple- 
mented with either 10 or 150 mM Mg 2+ (Figure 5 G). Start- 
ing with an initial mix favoring the PAM-distal mutant over 
the seed (80:20 distribution), we observed that the PAM-distal 
mutant rose to > 95% of the population in almost all cultures 
(21 / 24, median value 98.6%) at 10 mM Mg 2+ when chal- 
lenged with Cas12a bearing a distally-mismatched crRNA. In 

contrast, we observed a significantly different distribution of 
the PAM-distal mutant in cultures grown at 150 mM Mg 2+ 

with the PAM-distal mutant rising to > 95% of the popula- 
tion in only 9 out of 24 cultures (median value 91.8%). These 
results are consistent with the reduced impact of PAM-distal 
mismatches on Cas12a cleavage at higher Mg 2+ concentra- 
tion, and suggest that changes in cellular Mg 2+ concentrations 
can affect phage escape outcomes. 

Discussion 

Cas effector specificity is tuned to meet the many demands 
of CRISPR-Cas immunity. Cas effectors must rapidly and se- 
lectively locate targets in foreign DNA while also allowing 
some tolerance of mismatches between the crRNA and tar- 
get to mitigate immune evasion. Here, we show that an ad- 
ditional factor of divalent metal ion availability also tunes 
the specificity of Cas12a. We find that Cas12a is more tol- 
erant of seed mutations at lower Mg 2+ concentration. This 
increased seed mismatch tolerance is offset by a decreased tol- 
erance for mutations in the PAM-distal region. These results 
explain our observations that PAM-distal mutant phages pref- 
erentially emerge upon challenge by Cas12a bearing a distally- 
mismatched crRNA ( 22 ). Together, these results strongly sug- 
gest that the specificity profile we measured at lower Mg 2+ 

concentration is physiologically relevant and reflects the de- 
gree of Cas12a cleavage that would occur against mismatched 

targets in cells. 
Seed mismatches cause binding defects due to directional 

target unwinding, in which mutations that are close to the 
PAM are encountered early in R-loop formation and can more 
readily lead to R-loop collapse ( 20 ,39 ,40 ). Consistently, our 
analysis of Mg 2+ -dependent Cas12a cleavage revealed that 
binding is rate limiting for a seed mutant target, and that bind- 
ing defects are more pronounced at higher Mg 2+ concentra- 
tion. In the absence of Mg 2+ , Cas12a bound a seed mutant 
target relatively rapidly . Notably , in our cleavage assays, we 
used a negatively supercoiled DNA target plasmid. Negative 
supercoiling has been shown to improve the ability of DNA- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae613#supplementary-data
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None declared. 
inding Cas effectors to their targets, as well as to off-target
ites ( 41 ,42 ). Our results now reveal the additional role of di-
alent metal ions, which may decrease the ability of Cas effec-
ors to unwind negatively supercoiled DNA. It is possible that
he inhibitory effect of Mg 2+ is due to stabilization of the DNA
ouble helix in the presence of divalent metal ions ( 36 ,37 ),
aking it more difficult to unwind DNA in the presence of
 seed mutation. However, Cas effectors have been shown
o unwind perfectly matched target DNA duplexes faster at
igher Mg 2+ concentrations ( 11 ,43 ). This suggests that metal

ons may differentially affect the ability of Cas effectors to
ind DNA targets depending on the topology or length of the
NA. While cellular DNA is typically negatively supercoiled,
hage genomic DNA is present in both relaxed and negatively
upercoiled states at different stages of infection ( 44 ). Thus,
leavage of both negatively supercoiled and linear DNA tar-
ets may be relevant to the activity of CRISPR-Cas immune
ffectors. Future studies will be required to determine how
NA topology and metal ion concentration affect the ability
f diverse Cas effectors to unwind both mutated and perfectly
atched target sequences. 
Our results reveal that at low Mg 2+ concentrations, cleav-

ge of targets containing multiple PAM-distal mismatches is
trongly rate-limited by steps that occur after target binding,
specially for the second, target-strand cleavage event. Cas12a
equires multiple conformational changes for non-target and
arget strand cleavage ( 7 , 9 , 45 , 46 ), which may be inhibited
y PAM-distal mismatches. In particular, the Mg 2+ -dependent
onformational change required for target strand cleavage
ay be substantially inhibited in the presence of PAM-distal
ismatches ( 9 ). Alternatively, these defects may be due to R-

oop instability in the PAM-distal region. Divalent metal ions
ay help to stabilize the full R-loop when mismatches are
resent in the PAM-distal region, preventing unwinding of
AM-distal base pairs following non-target strand cleavage
 8 , 46 , 47 ). Overall, our mechanistic studies suggest a model in
hich Cas12a binding to seed mismatched targets is inhibited
y Mg 2+ but can be more readily overcome at low Mg 2+ con-
entration; by contrast, mismatches in the PAM-distal region
mpair cleavage following target binding at low Mg 2+ concen-
ration (Figure 6 ). 

The metal-dependence of Cas effector specificity likely im-
acts the activity of these enzymes in native immune system
ettings. Metal ion availability may fluctuate during phage
eplication and transcription as nucleotides that coordinate

g 2+ are depleted. In our phage escape experiments, we ob-
erved that phages challenged with AsCas12a developed mu-
ations throughout the PAM and seed. AsCas12a also had the
owest degree of specificity switching for seed mutants due to

g 2+ concentration. These results suggest that differences in
g 2+ -dependent specificity may impact the types of mutants

hat emerge upon challenge by different Cas effectors. We also
reviously found that phage target sequences are prone to mu-
agenesis in the PAM-distal region when targeted by Cas12a
 22 ), potentially due to recombination-mediated repair fol-
owing Cas12a target cleavage ( 48 ,49 ). We now observe that
ingle point mutations in the PAM-distal region are sufficient
o allow escape from Fn and AsCas12a, potentially due to the
trongly deleterious effect that these mutations are likely to
ave on second-strand cleavage under physiological metal ion
onditions. 

Cas effectors are commonly used for genome editing in
ammalian cells, where the free Mg 2+ concentration is on
the order of 1 mM or less and is known to fluctuate at
various stages of the cell cycle ( 50 ,51 ). Our results suggest
that specificity profiling performed at higher Mg 2+ concen-
tration may not reveal the true off-target sites for Cas effec-
tors used in genome editing studies. Importantly, most in vitro
genome-wide off-target site detection protocols suggest us-
ing a cleavage buffer containing 10 mM Mg 2+ concentration
( 12 , 13 , 52 , 53 ). Off-target sites that may be cleaved at lower
Mg 2+ concentration could be missed if specificity is only deter-
mined at a higher, non-physiological divalent metal ion con-
dition. Conversely, use of higher Mg 2+ concentration could
lead to many false positive off-target results due to more rapid
cleavage of some mismatched targets under these conditions.
Thus, determination of off-target cleavage by Cas effectors
at a range of metal ion conditions will be a critical addition
to these well-established workflows. In general, the consid-
eration of physiological conditions is important when inter-
preting in vitro mechanisms of Cas effectors that are used
for genome editing. A recent study on Cas9 from Geobacil-
lus stearothermophilus revealed that genome editing by this
Cas9 ortholog is likely inhibited due to the relatively low
Mg 2+ concentration present in mammalian cells ( 43 ). An en-
gineered variant that could bind to DNA at lower Mg 2+ pro-
vided highly efficient genome editing. In the future, it will
be important to consider other physiological conditions that
likely influence Cas effector activity, including the presence of
other monovalent and divalent ions, molecular crowding, and
pH fluctuations. 
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at https:// github.com/ sashital-lab/ Cas12a _ metal _ dependence
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