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SUMMARY

CRISPR loci and their associated (Cas) proteins
encode a prokaryotic immune system that protects
against viruses and plasmids. Upon infection, a low
fraction of cells acquire short DNA sequences from
the invader. These sequences (spacers) are inte-
grated in between the repeats of the CRISPR locus
and immunize the host against the matching invader.
Spacers specify the targets of the CRISPR immune
response through transcription into short RNA
guides that direct Cas nucleases to the invading
DNA molecules. Here we performed random muta-
genesis of the RNA-guided Cas9 nuclease to look
for variants that provide enhanced immunity against
viral infection. We identified a mutation, 1473F, that
increases the rate of spacer acquisition by more
than two orders of magnitude. Our results highlight
the role of Cas9 during CRISPR immunization and
provide a useful tool to study this rare process and
develop it as a biotechnological application.

INTRODUCTION

CRISPR loci and their associated (Cas) proteins protect bacteria
and archaea against their viruses (Barrangou et al., 2007) and
plasmids (Marraffini and Sontheimer, 2008). In the first step of
the CRISPR immune response, a very low proportion of the in-
fected cells acquire a short sequence, known as a spacer
sequence, of the invading genome in between the repeats of
the CRISPR array (Barrangou et al., 2007). Spacer acquisition
is catalyzed by the Cas1/Cas2 integration complex (Nufez
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et al., 2014, 2015; Yosef et al., 2012) and results in the immuni-
zation of the host (Barrangou et al., 2007). In the second step
of the CRISPR immune response, spacer sequences are tran-
scribed and processed into a small RNA known as the CRISPR
RNA (crBNA) (Brouns et al., 2008; Carte et al., 2008; Deltcheva
et al., 2011). The crRNA is used as a guide by Cas nucleases
to find its complementary sequence, known as the protospacer,
in the invading viral or plasmid genome (Gasiunas et al., 2012;
Jinek et al., 2012; Jore et al., 2011; Samai et al., 2015). Target
recognition through base pairing between the crRNA and the
target DNA results in the destruction of the invader and host
immunity (Garneau et al., 2010).

Based on their cas genetic repertoire, CRISPR-Cas systems
have been classified into six types, | through VI (Makarova
et al., 2015; Shmakov et al., 2015). Cas9 is the crRNA-guided
nuclease of the type II-A CRISPR-Cas system of Streptococcus
pyogenes (Jinek et al., 2012). In addition to protospacer recogni-
tion by the crBRNA, Cas9 target cleavage requires a 5'-NGG-3’
protospacer adjacent motif (PAM) immediately downstream of
the target (Anders et al., 2014; Deveau et al., 2008; Jiang et al.,
2013; Jinek et al., 2012). Cas9 is also required for the immuniza-
tion step of the CRISPR response (Heler et al., 2015; Wei et al.,
2015), using its PAM binding domain to specify functional spacer
sequences that are flanked by the required NGG motif (Heler
et al., 2015). In support of its role in spacer acquisition, Cas9
can associate in vivo with the other proteins encoded by the
type II-A CRISPR-Cas system: Cas1, Cas2, and Csn2 (Heler
et al., 2015).

To further study the role of Cas9 in spacer acquisition, we
decided to change its PAM specificity. Earlier work from our
lab revealed a weak, but detectable, activity of Cas9 for targets
flanked by NAG PAMs (Jiang et al., 2013). We decided to in-
crease this activity to understand how Cas9 affects the acquisi-
tion of spacers flanked by non-NGG motifs. After structural
analysis that identified the PAM interacting domain of Cas9
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tations on cas9: one of the “evolved” alleles or each
of the six mutations present in this allele. Mutations
with PFU values significantly different than wild-
type are highlighted (p < 0.05 compared to
WTCas9). Data are represented as mean + SD of
three representative biological replicates.

(Anders et al., 2014; Jinek et al., 2014), other researchers specif-
ically mutated this domain to obtain an NAG-recognizing Cas9
(Kleinstiver et al., 2015). We took a different approach and
searched for mutations in any region of the nuclease that would
increase its specificity for NAG-flanked targets. We found one
such mutation, 1473F, which provided partial immunity against
NAG-flanked viral targets. Importantly, we found that this muta-
tion also enhanced the CRISPR-Cas adaptive immune response
by more than two orders of magnitude through a mechanism that
increases the rate of spacer acquisition, but not of Cas9 target
cleavage. Our results highlight the role of Cas9 during CRISPR
immunization and provide a useful tool to study this otherwise
rare process.

RESULTS

Directed Evolution of Cas9 Yields a Mutant with Altered
PAM Specificity and Enhanced CRISPR-Cas Immunity

S. pyogenes Cas9 has an innate ability to cleave NAG-adjacent
targets but with much lower efficiency than it cleaves canonical
(NGQ) targets (Jiang et al., 2013). To improve its specificity for
NAG PAMs, we constructed a library of plasmids carrying cas9
variants generated by error-prone PCR (Figure 1A). The library
plasmids also harbor the trans-activating crBNA (tracrRNA)
gene (Delicheva et al., 2011) and a single-spacer CRISPR array

(C) Colony-forming units (CFUs) obtained after
phage infection of naive cells (not programmed to
target any viral sequence) harboring plasmids with
different mutations in cas9. Mutations with CFU
values significantly different than wild-type are
highlighted. Data are represented as mean + SD of
three representative biological replicates.

(D) Location of residues 1473 and K500 on the
Cas9:single-guide RNA ribonucleoprotein (PDB:
4UNB3). Red, 1473; purple, K500; orange, sgRNA;
green, target DNA (the GG PAM highlighted in
red); gray, o-helical (REC) lobe; yellow, HNH
domain; light blue, RuvC domain; blue, PAM-inter-
acting CTD.

See also Figure S1.

targeting a TAG-adjacent protospacer on the genome of the lytic
staphylococcal bacteriophage ¢NM4y4 (Goldberg et al., 2014).
The library was transformed into Staphylococcus aureus
RN4220 cells that were subjected to two rounds of phage infec-
tion on soft-agar plates to select for phage-resistant bacterial
colonies. Several colonies were obtained, and we proceeded
with a more extensive analysis of one of the “evolved” mutants
that gained phage resistance. Sequencing of the plasmid re-
vealed the presence of six single-nucleotide substitutions in
the cas9 gene (see Supplemental Experimental Procedures),
producing the following missense mutations: R425G, 1473F,
K500I, S701G, P756L, and A1032G. To evaluate the importance
of each of these mutations in the gain-of-function phenotype, we
introduced them individually into the cas9 gene and tested the
ability of the resulting plasmid to prevent $NM4vy4 propagation
by measuring the number of plaque-forming units (PFUs) that
result after infection of the host cells (Figure 1B). Cas9 harboring
the R425G, S701G, P756L, and A1032G mutations allow wild-
type (WT) levels of phage propagation and therefore do not
contribute to the gain-of-function phenotype of the evolved
cas9 allele that we isolated. In contrast, cells containing
Cas9 with the 1473F or K5001 mutations decrease phage propa-
gation by about four orders of magnitude. This is close to
the levels of immunity provided by wild-type Cas9 (WTCas9)
when programmed against NGG-flanked targets (a reduction

Molecular Cell 65, 168-175, January 5, 2017 169



AwtCasQ B wtCas9 c 10%9

B
1.0-%
0.5-=

10°

=}

5 1074
hCas9
=

1.0-

0.5-=

107+

O adapted cfu
O total cfu

Figure 2. Cas9""F or hyper-Cas9 Mounts

an Enhanced CRISPR Adaptive Immune
Response

(A) Representative plates obtained after lytic
infection of cells harboring the full CRISPR
system of S. pyogenes with WTCas9 or hypher-
Cas9 (hCas9) showing the number of surviving
colonies.

(B) Agarose gel electrophoresis of PCR products of
the amplification of the CRISPR of arrays of sur-
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(C) Quantification of total surviving colonies (gray
bars) and surviving colonies with newly incorpo-
rated spacers, as detected by PCR (blue and red
bars). Data are represented as mean + SD of three
representative biological replicates.

(D) Growth curves of cultures of cells harboring
the full CRISPR system of S. pyogenes with
WTCas9 or hCas9 with (+) or without (—) phage
infection.

(E) PCR-based analysis of the liquid cultures
shown in (C) (at 24 hr post-infection) to check
for the acquisition of new spacer sequences

in the presence (+) or the absence (—) of phage ¢NM4v4 infection by cells expressing WTCas9 or hCas9. Molecular markers (in kilobases) are indicated
in black and the number of new spacers added in green. Image is representative of three technical replicates.

See also Figure S2.

of approximately five orders of magnitude; see Figure 3B).
Similar results were obtained when other NAG PAMs were tested
(AAG, CAG, and GAG; Figures S1A and S1B). Therefore, the
1473F and K500l mutations enhance the ability of Cas9 to recog-
nize targets with NAG PAMs. The PFU count was similar in all
mutant and control strains when infected with ¢85, a lytic phage
that lacks the target sequence (Figure S1C), corroborating that
the decrease in phage propagation observed for the 1473F and
K500l mutations is a direct consequence of Cas9 targeting and
not due to cell toxicity induced by the various mutants.

Given the requirement of Cas9 for the immunization phase of
the CRISPR-Cas immune response, i.e., the acquisition of
virus-derived spacer sequences (Heler et al., 2015; Wei et al.,
2015), we wondered whether the evolved Cas9, as well as the in-
dividual mutants, affected this process. To test this, we intro-
duced the different alleles of cas9 into a plasmid harboring the
tracrBNA gene, the S. pyogenes SF370 CRISPR array (contain-
ing six spacers, none of them matching the genome of
$NM4+y4), and the type II-A genes exclusively involved in the
acquisition of new spacers, cas1, cas2, and csn2 (Heler et al.,
2015; Wei et al., 2015). S. aureus cells containing the different
plasmids were infected with $NM4+v4, and the number of survi-
vors were enumerated as colony-forming units (CFUs) (Fig-
ure 1C). Only a small fraction of cells containing wild-type
Cas9 are able to acquire new spacers, about 2-fold over a
CRISPR-less control. In contrast, the evolved cas9 allele con-
taining all six mutations increased the number of CRISPR-surviv-
ing cells by about 60-fold. Analysis of single mutants revealed
that this highly significant increase was provided almost exclu-
sively by the 1473F mutation (Figure 1C). Due to the sharp
enhancement of the CRISPR-Cas immune response conferred
by the 1473F mutation, we decided to name the Cas9"*3"F mutant
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“hyper-Cas9,” or hCas9. 1473 is located close to the surface of
Cas9, outside of the PAM-interacting domain, and it is part of a
projection from the Helical lll domain that interacts with the
nexus of the guide RNA (Jiang et al., 2016) (Figure 1D). This
position does not suggest an evident effect of the 1473F mutation
on Cas9 activity, and therefore, we decided to investigate the
basis for its phenotype by performing a detailed comparison
with the CRISPR-Cas immune response mediated by wild-type
Cas9.

hCas9 Enhances the CRISPR-Cas Adaptive Immune
Response by Two Orders of Magnitude

To perform a more accurate comparison between WTCas9 and
hCas9, we counted the number of CRISPR-mediated, phage-
resistant cells that arise after phage infection. Figure 2A shows
representative plates of infected cells containing plasmids with
the WTCas9 or hCas9 S. pyogenes CRISPR-Cas locus, showing
a striking difference in the number of surviving colonies. Most of
these colonies arise from single cells that were able to acquire a
new spacer matching the $NM4y4 genome. However, a fraction
of the surviving cells repel phage attack by non-CRISPR-related
mechanisms, such as envelope resistance (Heler et al., 2015).
To make a more accurate quantification of the CRISPR-Cas
response, we analyzed individual colonies by PCR of the
CRISPR array (Heler et al., 2015; Yosef et al., 2012) to detect
those in which new spacers were acquired, i.e., “adapted” cells
(Figure 2B). Not only did many more resistant colonies originate
from cells harboring hCas9 (an average of 31 CFUs for WTCas9
versus 4,312 CFUs for hCas9; Figure 2C), but also most of them
showed CRISPR-mediated phage resistance (23% for WTCas9
versus 90% for hCas9; Figure 2C). We wondered whether this
was a consequence of the specific substitution of 1473 by



A 10" — wtCas9 NGG — hCas9 NGG B
--wtCas9 NAG -- hCas9 NAG 10 ]
no CRISPR
g m 108 4
\ s =
o 10°4 \ \\ E
e 2
___________________ 105 -
10" . - T T 104
0 5 10 15 20 -
Time (h)
0.8
c NGG PAM NAG PAM R

0——60 0——160 0——160

time (min): 0——760

UNCUL S At stanss Sesnsnsrs Sassasans Snstasnns

Shsssan Ahmagm .

RuvC [
HNH

Fraction Cleaved
o
Y

Srsssann cammgmr . - sees

Figure 3. hCas9 Has Increased Interference

wtCas9 hCas9 wtCas9 hCas9

phenylalanine. To test this, we introduced an 1473A mutation into
Cas9 (Figure S2). We found that cells harboring the 1473A mutant
produced a number of CRISPR-mediated immune CFUs compa-
rable to cells carrying WTCas9, but ten times lower than the
CFUs obtained from infection of cells expressing hCas9. There-
fore, we conclude that the 1473F mutation increases the
CRISPR-adaptive immune response through a specific effect
of the phenylalanine residue in position 473 and by more than
two orders of magnitude: on average, approximately 7 CFUs
(81 x 0.23) per experiment for infected WTCas9-containing cells
and approximately 3,863 CFUs (4,312 x 0.90) for infected
hCas9-expressing bacteria. We sequenced PCR products to
determine the PAM of the spacers acquired by 40 colonies ex-
pressing WTCas9 (Table S1) or hCas9 (Table S2). Interestingly,
all 40 spacers acquired by cells expressing hCas9 matched tar-
gets with an NGG PAM, suggesting that this nuclease can still
target sequences followed by the canonical PAM in addition to
targets with NAG PAMs.

Similar results were observed when cells in culture carrying
naive WTCas9 or hCas9 CRISPR-Cas systems were infected
with phage. Upon addition of $NM4vy4, the cultures lyse, as
the vast majority of cells do not undergo spacer acquisition (Fig-
ure 2D). Nonetheless, hCas9 cultures were able to regrow much
earlier (~14 hr post-infection) than WTCas9 cultures (~17 hr
post-infection). PCR analysis using DNA extracted from the
whole culture at 24 hr post-infection corroborated the earlier
observation that hCas9 cells mount a more robust CRISPR im-
mune response (Figure 2E). Whereas the PCR products derived
from WTCas9 staphylococci showed the presence of both
adapted and non-adapted CRISPR arrays in the surviving popu-
lation, the PCR results from cultures carrying hCas9 showed very
little non-adapted CRISPR arrays, with the great majority of the
cells acquiring one or two new spacers. Altogether, these data
show that the 1473F mutation in Cas9 allows for a more robust
CRISPR-Cas immune response due to a specific effect of the
phenylalanine residue.

\a/g;aszg Efficiency Against NAG-Adjacent, but Not
NGG-Adjacent, Targets
(A) Growth curves of cultures infected with gNM4y4
harboring the WTCas9 or hCas9 (but not Casi,
Cas2, and Csn2) programmed to target either NAG-
or NGG-flanked viral sequences.
(B) Phage propagation, measured in PFU/mL, of
the bacteria presented in (A). Data are represented
as mean + SD of three representative biological
NGG NAG replicates.
(C) Cleavage of radiolabeled dsDNA targets,
flanked by either NGG or NAG PAMs, by WTCas9
—° or hCas9.
_4 (D) Quantification of the cleavage results shown
P35 :/ & in (C). Data are represented as mean + SD of three
Pt S representative biological replicates.
- See also Figure S3.
— wtCas9 NGG
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hCas9 Displays a Modest Increase in the Cleavage
Efficiency of Targets with NAG PAMs

Next, we investigated whether the enhanced immunity pheno-
type of hCas9 documented in Figure 2 was due to an increase
in the frequency of spacer acquisition, a more robust cleavage
by hCas9 of its targets, or both. First, we considered the possi-
bility that hCas9 could provide better cleavage of the infecting
viral DNA. In this scenario, both WTCas9 and hCas9 populations
can acquire a similar number of new spacers, but a more robust
cleavage of the target DNA by hCas9 would lead to a faster re-
covery of the bacteria that acquired the spacers. To test this hy-
pothesis, we infected cells carrying plasmids with either WTCas9
or hCas9 programmed to target the $NM4y4 virus and the
tracrRNA gene but without the spacer acquisition machinery
(cas1, cas2, and csn2). This genetic background supports
CRISPR-Cas anti-viral defense but does not allow the acquisi-
tion of new spacer sequences (Heler et al., 2015). Because our
data suggested that hCas9 can still target protospacers followed
by NGG PAMs, we tested the immunity of cells programmed to
attack targets with either an NAG or an NGG PAM located in
the same region of the $NM4y4 genome (Figure S3A). Bacteria
containing different plasmids were infected with phage during
exponential growth and the optical density of the culture was fol-
lowed over time to measure the immunity provided by Cas9
cleavage of the viral genome (Figure 3A). As expected, cells
harboring a vector control were rapidly lysed by the addition of
phage. On the other hand, cells expressing WTCas9 or hCas9
programmed against an NGG target cleared the infection effi-
ciently and continued the exponential growth, indicating that
the 1473F mutation does not affect the recognition and targeting
of NGG-flanked sequences. In contrast, both cultures display
poor survival when NAG-flanked protospacers were targeted
by either Cas9 version, with cells expressing WTCas9 suffering
a more substantial lysis than cells expressing hCas9. Similar re-
sults were obtained when we tested the same cultures for their
ability to limit phage propagation (PFU/mL) (Figure 3B).
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Both in vivo experiments measuring bacterial survival (Fig-
ure 3A) and phage propagation (Figure 3B) suggest that hCas9
has not improved efficiency of cleavage of NGG-flanked targets
and displays only a small increase in the cleavage of NAG-
flanked sequences. To unequivocally demonstrate this, we per-
formed in vitro cleavage assays with purified WTCas9 and hCas9
(Figure 3C). In this case, we were able to compare cleavage of
radiolabeled oligonucleotides containing the same protospacer
sequence followed by either a TGG or a TAG PAM (Figure S3B).
Consistent with in vivo data, experiments showed similar cutting
rates of the NGG target for WTCas9 and hCas9. Quantification of
the cleavage products showed that hCas9 cleaved more of the
NAG target than WTCas9 over longer timescales (Figure 3D).
Altogether, the data presented in Figure 3 indicate that while
there is a modest increase in the NAG-targeting properties of
hCas9, this cannot explain the rise in the number of CRISPR-
resistant colonies mediated by the 1473F mutation (Figure 2C).

hCas9 Promotes Higher Rates of Spacer Acquisition

A second hypothesis that could explain the increase in CRISPR-
Cas immunity conferred by hCas9 is an increase in the frequency
of spacer acquisition by the cells expressing this mutant. To test
this, we performed a comparison of the spacer repertoires
acquired by cells harboring WTCas9 or hCas9. We made
two plasmid libraries, carrying the spacer acquisition genes
cas1, cas2, and csn2 and WTcas9 or hcas9, the tracrRNA
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The zone where the ratio is greater than one is
shown in gray. The red line shows the average ratio.
(D) Same as (B) but without phage infection; i.e., a
measure of acquisition of spacers derived from the
host chromosome and resident plasmids.

(E) Pairwise competition between staphylococci
expressing WTCas9 or hCas9. The change in the
relative frequency of cells carrying the hcas9 allele
(y axis) is plotted against the number of culture
transfers (1 transfer/day, x axis).

See also Figure S4.

gene, and the S. pyogenes CRISPR array preceded by a “bar-
code” sequence of 10 nucleotides 50 bp immediately upstream
of the CRISPR array (Figure 4A). Cells harboring each library
were infected with phage $NM4y4 and DNA from the surviving
cells was used to amplify the CRISPR array via PCR and collect
sequence information of all the newly acquired spacers using
next generation sequencing. The primers used also amplify the
barcode sequence (Figure 4A), and therefore, each new spacer
sequence can be associated with a unique barcode, allowing
us to count how many times a given spacer was independently
acquired in each bacterial population. Over three million reads
belonging to either library were analyzed. The frequency of reads
corresponding to each acquired spacer sequence was plotted
according to its position in the $NM4y4 genome (Figure S4A).
Analysis of the PAMs of the acquired spacers showed that
over 99.5% of the spacers matched NGG targets in both libraries
(Figure S4B), corroborating our in vivo data showing that hCas9
retained NGG PAM specificity. In addition, we looked at the
repertoire of unique different spacers independently of the num-
ber of reads per sequence (Figure S4C). Consistent with our pre-
vious finding that the PAM specificity of Cas9 is responsible for
the PAM sequence of the new protospacers, the hCas9 library
showed a 5-fold increase in the acquisition of spacers matching
NAG-flanked targets. Even with this increase, these spacers
represent less than 0.05% of the total acquisition events, most
likely due to the fitness cost associated with the low efficiency



of NAG-target cleavage observed for hCas9 when compared
with its cleavage of NGG targets. We also observed an increase
in the total number of different spacer sequences, from 1,980 for
WTCas9 cells to 2,500 for the hCas9 sample. Altogether, these
findings show that hCas9 provides the host bacterium with
highly efficient spacer acquisition, thus enhancing CRISPR-
Cas immunity.

To calculate the frequency of acquisition of every spacer, we
divided the number of different barcodes for a given spacer
sequence by the total number of reads. This value was plotted
according to its position in the $NM4y4 genome (Figure 4B).
The data show a drastic increase in the frequency of acquisition
in hCas9 cells. For all 1,938 newly acquired spacer sequences
shared between the two libraries, we calculated the ratio of
unique adaptation events (i.e., number of different barcodes)
for hCas9 reads compared to WTCas9 (Figure 4C). We found
that more than 97% of the spacers were acquired more
frequently in the hCas9 library (ratio > 1), with an average ratio
of ~18. This experiment indicates that hCas9 enhances the
rate of spacer acquisition during the CRISPR adaptation phase.
To rule out any effect that the phage selection imposed on
adapted cells could have on our experiments, we looked at the
rates of spacer acquisition in the absence of phage infection.
Using our barcoded system, we passaged cells expressing
WTCas9 or hCas9 for 10 days and subjected a PCR product
containing the CRISPR locus of each culture to next generation
sequencing. The frequency of acquisition was one order of
magnitude higher for hCas9-expressing cells (Figure 4D). Alto-
gether, these findings show that hCas9 provides the host bacte-
rium with more efficient spacer acquisition and suggest that this
is a major contributor to the enhanced CRISPR-Cas immunity
granted by hCas9.

Higher levels of immunization during the CRISPR-Cas
response to phage infection provides better host defense. How-
ever, this could also lead to detrimental effects in the absence of
infection, leading to high levels of CRISPR “autoimmunity.”
Consistent with this scenario, the 1473F mutation was not found
in type II-A cas9 gene variants (Figure S4D). To explore the
possible detrimental effects of hCas9, we looked at the rates
of plasmid loss in the absence of phage infection since in our
barcoded experiment without viral infection, as well in other
similar experiments (Heler et al., 2015; Levy et al., 2015; Yosef
et al., 2012), most of the acquired self-spacers match plasmid
sequences. To test this, we plated cells after 10 days of growth
with and without chloramphenicol to calculate the frequency of
plasmid loss as the number of chloramphenicol-resistant CFUs
relative to the total CFU count (Figure S4E). Whereas most
staphylococci expressing WTCas9 maintained the plasmid,
about 30% of the cells producing hCas9 lost it. This decrease
was dependent on the presence of an active Cas1-Cas2 spacer
integrase, demonstrating that plasmid loss was caused by
CRISPR autoimmunity. Higher autoimmunity in hCas9-express-
ing cells resulted in a fitness cost, as shown by pairwise compe-
tition assays in which WTCas9- and hCas9-expressing cells
were grown together and the relative proportion of each strain
was measured over time (staphylococci harboring the hcas9,
but not the WTcas9, plasmid also carried an erythromycin resis-
tance gene in their chromosome). We detected a decrease in the

proportion of erythromycin-resistant CFUs over time (Figure 4E),
demonstrating that a “hyper-acquiring” type Il CRISPR-Cas sys-
tem confers a fitness cost to the cells that carry it.

DISCUSSION

Here we performed random mutagenesis on the entire cas9 gene
and found a mutant with an expanded CRISPR-Cas response.
This “hyper” Cas9 version (hCas9) harbors the mutation 1473F.
Compared to wild-type staphylococci, cells harboring hcas9
display a modest increase in NAG-target recognition but a sub-
stantial increase (more than two orders of magnitude) in the fre-
quency of spacer acquisition. The molecular mechanism by
which the 1473F mutation enables this increase in spacer acqui-
sition is not clear. We previously reported the existence of a
complex between the four Cas proteins encoded by the type
II-A CRISPR locus, namely Cas9, Cas1, Cas2, and Csn2 (Heler
et al., 2015). We hypothesized that this complex functions in
spacer acquisition, with Cas9 selecting sequences flanked by
NGG PAMs (Heler et al., 2015) and Cas1 and Cas2 (Nufhez
et al., 2014, 2015) being involved in the integration of these se-
quences into the CRISPR array. Given its location on the surface
of hCas9, F473 could interact with other Cas proteins and in-
crease the abundance or the stability of the complex, thus
enhancing the rate of spacer acquisition. To test this, we incu-
bated the four proteins along with a single-guide RNA (Jinek
et al., 2012) and subjected them to gel filtration to detect the for-
mation of the complex. However, we did not observe significant
amounts of stable complexes in the presence of neither WTCas9
nor hCas9. In WTCas9, the isoleucine residue is in direct contact
with bases of the tracrRNA (Figure 1D) that are equivalent to the
nexus in the single-guide RNA (Briner et al., 2014). Specifically,
nucleotide U59 of the tracrRNA inserts into a hydrophobic
pocket lined by 1473 and its adjacent residues (Jiang et al.,
2016). It is possible that the bulkier phenylalanine residue could
interfere with the tracrRNA:Cas9 association, affecting the
involvement of Cas9 in the immunization step of the CRISPR-
Cas response. This hypothesis is supported by the wild-type
phenotype of the 1473A mutation (Figure S2), since the smaller
alanine residue most likely will not interfere with the tracrRNA
interaction. Another mutation in a residue close to 1473, K500,
also seems to affect Cas9 target specificity, but not the rate of
spacer acquisition. K500 is located in the minor groove of the
PAM-distal crRNA-target DNA duplex (Figure S1D), near the
backbone of nucleotide 12 of the DNA protospacer and nucleo-
tide 3 of the crBRNA (Anders et al., 2014). The loss of a basic res-
idue in this region might alter target binding and recognition,
analogous to the increase in specificity resulting from mutations
of other residues making nonspecific DNA contacts (Kleinstiver
et al., 2015). Future work will explore the importance of this re-
gion in Cas9 activity during the different phases of CRISPR-
Cas immunity.

In spite of the enhanced immune response provided by the
1473F substitution, we could not find cas9 genes harboring this
mutation in the genome of bacteria sequenced so far. Two
studies have shown that Cas9 is required for the acquisition of
self-targeting spacers (Heler et al., 2015; Wei et al., 2015), a sit-
uation that leads to autoimmunity and to the death of the host
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(Bikard et al., 2014; Jiang et al., 2013). Here we show that the
enhanced rate of spacer acquisition of hCas9 results in an in-
crease in the autoimmunity events and therefore leads to a
fitness cost for the host cell. We believe that this prevents the
evolution of the 1473F mutation into Cas9.

The phenotype of the 1473F mutation in Cas9 further demon-
strates the involvement of this nuclease in the acquisition of
new spacers in type Il CRISPR-Cas systems and provides a
new tool that could facilitate the study of CRISPR immunization,
making this process more frequent and easier to detect. In
addition, hCas9 provides a useful tool for the development of
technologies that use the incorporation of spacers to develop
synthetic biology devices that can record different cellular events
(Shipman et al., 2016). Currently, the low adaptation frequency
limits the number of stimuli that can be captured as new spacers
in the CRISPR array. Using an enhanced CRISPR adaptation
machinery, such as hCas9, could boost the spacer acquisition
frequency and thus facilitate the development of this and other
related synthetic biology technologies.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions
Cultivation of S. aureus RN4220 (Kreiswirth et al., 1983) was carried out in heart
infusion broth (BHI) at 37°C. Whenever applicable, media were supplemented
with chloramphenicol at 10 pg/mL~" to ensure pC194-derived plasmid main-
tenance or 5 mM CaCl, for phage adsorption.

Directed Evolution of cas9

The cas9 gene was mutagenized at a low rate of 0-4.5 mutations/kb by error-
prone PCR using GeneMorph Il Random Mutagenesis Kit. The mutant cas9
amplicons were cloned into a backbone plasmid containing a spacer matching
a TAG-adjacent target on $NM4vy4. The library was subjected to soft-agar lytic
phage infection, and surviving colonies were re-streaked on fresh plates. The
TAG-cleaving efficiency of surviving colonies was individually assessed by
phage propagation assays.

High-Throughput Sequencing

Plasmid DNA was extracted from adapted cultures using the in-liquid spacer
acquisition assay described in Supplemental Experimental Procedures.
200 ng of plasmid DNA was used as template for Phusion PCR to amplify
the CRISPR locus with primer pairs H372-H373 and H376-H377 (Table S3)
for the WTcas9 and hcas9 libraries, respectively. Following gel extraction
and purification of the adapted bands, samples were subject to lllumina MiSeq
sequencing. Data analysis was performed in Python: first, all newly acquired
spacer sequences were extracted from raw MiSeq FASTA data files. Next,
the frequency (number of different barcode sequences), the phage target loca-
tion, and the flanking PAM were determined for each unique spacer sequence
(see Data S1).
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four figures, three tables, and one dataset and can be found with this article
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