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Prokaryotic clustered regularly interspaced short palindromic
repeat (CRISPR)/Cas (CRISPR-associated sequences) systems pro-
vide adaptive immunity against viruses when a spacer sequence
of small CRISPR RNA (crRNA) matches a protospacer sequence in
the viral genome. Viruses that escape CRISPR/Cas resistance carry
point mutations in protospacers, though not all protospacer muta-
tions lead to escape. Here, we show that in the case of Escherichia
coli subtype CRISPR/Cas system, the requirements for crRNA match-
ing are strict only for a seven-nucleotide seed region of a protospa-
cer immediately following the essential protospacer-adjacent
motif. Mutations in the seed region abolish CRISPR/Cas mediated
immunity by reducing the binding affinity of the crRNA-guided
Cascade complex to protospacer DNA. We propose that the crRNA
seed sequence plays a role in the initial scanning of invader DNA
for a match, before base pairing of the full-length spacer occurs,
which may enhance the protospacer locating efficiency of the E.
coli Cascade complex. In agreement with this proposal, single or
multiple mutations within the protospacer but outside the seed re-
gion do not lead to escape. The relaxed specificity of the CRISPR/
Cas system limits escape possibilities and allows a single crRNA to
effectively target numerous related viruses.
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RISPR (clustered regularly interspaced short palindromic

repeats) cassettes are present in virtually every archaeon
and in approximately 40% of bacteria (1-3). A CRISPR cassette
consists of almost identical direct repeats that are regularly inter-
spersed with spacers (4). In any given cassette, the length of
spacers is similar, whereas their sequences vary. CRISPR cas-
settes are often flanked by a diverse set of CRISPR-associated
(cas) genes (2, 5, 6).

CRISPR/Cas (CRISPR-associated sequences) functions as an
adaptive immunity system by excluding viruses and other mobile
genetic elements that contain sequences matching CRISPR cas-
sette spacers (6-9). Bacterial and archaeal CRISPR/Cas systems
generally target DNA (10-13), although one archaeal system has
been demonstrated in vitro to interfere at the level of RNA (14).
Transcription of a CRISPR cassette, followed by processing with
the help of dedicated endoribonucleases, creates small CRISPR
RNAs (crRNAs) that guide the Cas machinery to the target,
eventually resulting in target cleavage (11, 15-20).

Although a match between a single CRISPR spacer and a
foreign DNA sequence called the protospacer can provide immu-
nity to the entry of that DNA into the host, it is not sufficient.
Mutations in the conserved protospacer-adjacent motif (PAM,
ref. 21) abolish CRISPR-mediated immunity even in the presence
of a perfect spacer-protospacer match. Likewise, some point
mutations in protospacer that introduce single mismatches
with the spacer abolish CRISPR/Cas function even when the
PAM is intact (22). Thus, a PAM and a match between a spacer
and protospacer are both required for CRISPR/Cas function.
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Recently, however, instances of point mismatches between a
CRISPR spacer and a plasmid protospacer being insufficient
for prevention of CRISPR/Cas mediated plasmid exclusion were
reported (12, 13). Here, we show that only protospacer positions
proximal to the PAM need to perfectly match the CRISPR spacer
sequence in Escherichia coli. In contrast, multiple mismatches are
tolerated at PAM-distal protospacer positions without affecting
the protective function of CRISPR/Cas. The apparent require-
ment for nucleation of spacer-protospacer recognition at the
PAM side revealed by our work is reminiscent of RNAi seed
sequences (23, 24) and may point to a fundamental mechanistic
similarity of target recognition by RNAi and CRISPR/Cas
systems.

Results

Targeting Bacteriophage M13 with Engineered CRISPR Spacer.
Previously, Brouns et al. (17) showed that a plasmid containing
an engineered CRISPR cassette carrying at least one spacer
matching phage A DNA rendered the E. coli host resistant to
the phage. Here, we engineered a derivative CRISPR cassette
plasmid that contains a spacer, which we call g8, targeting the
transcribed strand of the double-stranded replicative form of
the phage M13 genome but not the DNA strand that is packaged
in the M13 virion (see Materials and Methods, Fig. 14). The
spacer was chosen based on the following considerations:
(i) the corresponding protospacer in the M13 genome contained
an upstream ATG sequence motif, matching in sequence and
position the putative E. coli PAM consensus sequence AWG
(21), and (ii) the region of the g8 protein encoded by the proto-
spacer is a nonstructured loop connecting two a-helices and was
expected to tolerate multiple amino-acid substitutions without
affecting the protein function.

Cells containing the engineered M13 targeting CRISPR plas-
mid, as well as cells carrying a control plasmid in which spacers
were inserted that did not target M13 (Fig. S1 and ref. 17), were
tested as hosts for M13 phage in a plaque assay (see Materials and
Methods). The cells also contained plasmids expressing cas genes
(17) and an F-factor encoding pili that are required for M13 ad-
sorption. The efficiency of plaquing (e.o.p.) of wild-type M13 on
lawns of cells carrying the g8 plasmid was approximately 10°-fold
lower than that of control cells lacking the g8 spacer (e.o.p. = 1).
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Fig. 1. CRISPR/Cas mediated restriction of bacter-
Rolling circle iophage M13 requires intact PAM and PAM-proximal
replication part of the protospacer. (A) An engineered plasmid-
borne CRISPR cassette carrying a g8 spacer is schema-
B tically shown (Top). Rectangles indicate spacers,
Mutation rhombi repeats. An arrow indicates the direction of
position PAM___ __ transcription. Bottom) The life cycle of the M13
e o o
A-3C the cell as a circular single-stranded DNA (“infecting”
T-2C or “(+)" strand DNA). This strand is used as a template
G-1T to create double-stranded “RF"” of the phage gen-

c1T . L
T2A ome (shown with gene 8, containing the g8 protospa-
G3T cer, highlighted with blue color). From the RF, the
T4G rolling circle replication of the phage genome is
ggg initiated, ultimately generating progeny (+) genome
T7C strands that are packaged in virions, The g8 protospa-
T8C cer and adjacent M13 sequence and crRNA contain-
coT ing the g8 spacer sequence are expanded above
gi?g the RF intermediate. The structure shown (Top) forms
T12A when crRNA-guided Cascade complex recognizes
G13T double-stranded DNA containing the protospacer.
g}ég (B) The sequence of the g8 protospacer, PAM, and
G16C the seed region is shown (Top). Below, point muta-
Al7C tions selected as spontaneous escape phages on
G18A lawns of cells expressing g8 crRNA and also engi-
%%?8 neered by site-specific mutagenesis are shown. Muta-
G22¢C tions indicated with red color, led to escape, whereas
A23G mutations shown in black were restricted by CRISPR/
C24T Cas (the phage mutants had nonescape phenotype).
g%gg Asterisks indicate positions of spontaneous escape
A33C mutations (see also Figs. S2A and S4). Additional

Considering the design of our experiment, we conclude that g8
crRNA can efficiently interfere with M13 infection by targeting
the (-) strand of M13 DNA. This strand is present only in the
dsDNA RF form of the viral genome and in rolling circle replica-
tion intermediates of the viral DNA (Fig. 14).

Selection of Natural M13 Mutants That Escape CRISPR/Cas Mediated
Interference. Despite efficient protection from M13 infection
afforded by the g8 CRISPR plasmid, phage plaques were still
observed when a sufficient number of phage particles (10 pfu
or more) were used in the infection experiment. These “escape”
phages appeared to be modified in some way because they had an
e.o.p. of 1 on both control and g8 CRISPR plasmid-containing
cells. The g8-targeted protospacers of 50 such independent
escape plaques, each displaying an e.o.p. of 1 on g8 CRISPR plas-
mid-containing cells, were sequenced. For clarity, we use the fol-
lowing numbering scheme for protospacer positions: The position
immediately downstream of PAM is called 1, with subsequent
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point mutations obtained can be found in Fig. S2B.

positions being 2, 3, etc., up to position 32, which is the last posi-
tion of the protospacer; the PAM positions are referred to as —1,
-2, and -3, with —1 the closest to the protospacer. All escape
phages carried single nucleotide substitutions, which clustered
in the predicted PAM sequence and in positions 1 and 3 of
the protospacer (Fig. 1B and Fig. S24).

Systematic Mutagenesis of M13 Protospacer. Because individual
mutations were obtained several times, the data indicated that
we were approaching saturation with respect to the variability
of natural escape phages. Given the highly unequal distribution
of natural mutations leading to phage escape phenotype, we gen-
erated a series of phages with site-specific point mutations in the
g8 protospacer to assess the effect of these mutations on M13
ability to escape CRISPR-mediated exclusion. Viable phages
were obtained with single nucleotide substitutions in protospacer
positions 1-19, 21-24, 27, and 30. Plaque assays showed that only
phages with substitutions at positions 1-5, 7, and 8 displayed
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an escape phenotype (Fig. 1B and Fig. S2B), indicating that per-
fect base pairing of only this part of crRNA (denoted “seed
sequence”) with the corresponding part of the protospacer
(denoted “seed region”) as well as an intact PAM sequence
are required for interference by the E. coli subtype CRISPR/
Cas system. All other mutants were restricted on g8 CRISPR
plasmid-containing cell lawns as effectively as the wild-type phage
(Fig. 1B).

To demonstrate that the observed lack of stringent require-
ment for a perfect spacer-protospacer match is a general feature
of E. coli subtype CRISPR/Cas system, we performed an indepen-
dent experiment in which a plasmid was introduced into E. coli
cells overexpressing Cascade, Cas3, and an engineered crRNA
targeting this plasmid. An approximately 10,000-fold drop in plas-
mid transformation efficiency (compared to efficiency of trans-
formation into cells lacking crRNA targeting the plasmid) was
observed. Plasmids that escaped the CRISPR/Cas-imposed trans-
formation block contained point mutations at positions —3 and
—2 in PAM and positions 1, 4, 5, and 7 in the protospacer
(see Materials and Methods and Fig. S3). Based on Fig. S3, sta-
tistically significant variation of transformation efficiency among
the plasmids that escaped the transformation block was observed,
possibly indicating that some mutations weakened, but did not
completely abolish the CRISPR/Cas function. In contrast, the
all-or-none type of effect was observed in phage infection experi-
ments, with only escape mutants forming visible plaques on lawns
of g8 crRNA containing cells. Although this matter was not
further investigated, we surmise that the quantitative difference

Mutation

in the two assays has to do with the fact that the results of the
plasmid transformation assay depend on a single restricting act
of the CRISPR/Cas system upon cell entry of a plasmid molecule
during transformation, followed by positive selection for plasmid
presence in antibiotic-containing medium. The phage assay
reports on the formation of a plaque that results from multiple
infection events, of which each can be affected by CRISPR/Cas.
Even a noncomplete block of individual cycles of phage develop-
ment by CRISPR/Cas can have a large effect on plaque forma-
tion, thus preventing us from detection of gradual effects.

To prove that restriction of M13 phage containing engi-
neered protospacer mutations was indeed due to the function
of CRISPR/Cas system, several escape phages were selected
on g8-spacer CRISPR plasmid-containing cells and sequenced.
The results, summarized in Fig. 1B and Fig. S4, demonstrate that
all escape phages contained, in addition to site-specifically intro-
duced protospacer mutations, point substitutions at PAM or pro-
tospacer positions 1 and 3. We therefore conclude that most point
substitutions introducing single mismatches between a protospa-
cer and crRNA spacer sequence do not prevent CRISPR/Cas
mediated interference.

Double mutant phages were generated by combining a substi-
tution at position +30 with several other silent (i.e., having no
effect on CRISPR interference) point mutations in the protospa-
cer (Fig. 24). All mutants were viable, and each of them was
restricted on lawns of cells containing the g8 plasmid as efficiently
as the wild-type phage. Escape phages selected from individual
double mutant phages contained an additional mutation at

A positions PAM
wt TCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAA
T6C,C30A 6,30
C9T,C30A 9,30
G10T,C30A 10,30
Cl1G,C30A 11,30
T12G,C30A 12,30
T12A,C30A 12,30
G13A,C30A 13,30
C14G,C30A 14,30
T15G,C30A 15,30
T15A,C30A 15,30
Mutation
B positions PAM
wt TCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAA
Mut9-11_ 1  6,9,30  eeeifoenee... (G i 20 o
Mutl18-20_1 6,18,30 ... 0eec.... ©cooo00v00000 BAooocooooo000 AV . . .
Mut27-30_5 27,28,30 ... . TR0 o
Mut27-30_2 27,28,30 @ ....HEl.cccccccccccccconccccccons (CIETAYES o « «
*kk %k
C Mutation
positions PAM
wt TCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAA
Mutl18-20_7 6,18,19,30 ....BEN..... ©coooo000000 NG 606000000 A......
Mut18-20_10 6,18,19,30 ....8ed..... ©cooo00000000 MNCooooooco00 AV . . . .
Mutl18-20_3 6,18,20,30 ....BEA..... ©ocooocoo00000 BoiNooooocoo00 Ao o .
Mutl18-20_4 6,18,20,30 ....¢BW..... ©cooo00000000 BAoC€oooooco00 JAVS . . . .
Mut27-30,6_4 6,27,28,30 ....0ecc00.n ©606000000000000000000 CG.A......
Mut27-30,6_1 6,27,29,30 ....ceccc... ©C6000000000060600000000 (CYAARES . . . .
Mut27-30,6_9 6,27,29,30 ....cccc... ©o00600000000060606000000 (CHTAYES . .« . .
Mut27-30_10 27,28,29,30 ....JEE.....ccccccctcconccccccons (CGADYRS . « « «
Mut27-30_3 27,28,29,30 ... . R e CGTA......
Mut29-32_2 29-32 .. N R e R TAAG
Mut29-32_4 ALKy AN | 00000600000 000000000000000 TGAG
Mut29-32_5 29-32 ... Bl o cocveieeeieen [ TTAG.... Fig. 2. Multiple mutations in the protospacer are
tolerated without affecting CRISPR/Cas mediated
exclusion. Double (A), triple (B), quadruple (C), and
Mutation quintuple (D) substitutions in the g8 protospacer that
D positions PAM did not affect CRISPR/Cas mediated exclusion are listed
wt TCCGATECTGTCTTTCGCTGCTGAGGGTGACGATCCCGCARAR  phalow the wild-type protospacer sequence. In each pa-
Mat27-3076_3 6,27-30 L lmemiiiiicillilillllACTIII kAR, IIlL el asterisks indicate positions of point mutations
Mut27-30,6 8 6,27-30  ....H..... [©h6665060D0500000006 CTTA...... identified in escape phages selected on the back-
- * % * kx ground of individual restricted phage mutants.
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PAM or at protospacer positions 1 and 3 (Fig. 24). Thus, a tested
double mismatch between a CRISPR spacer and the target pro-
tospacer is insufficient to escape CRISPR interference. Phages
combining three silent substitutions in the protospacer were
constructed and were found to be subject to CRISPR-mediated
exclusion (Fig. 2B). Triple mutants that escaped CRISPR/Cas
mediated exclusion again contained additional mutations that
occurred at PAM and protospacer positions 1 and 3 (Fig. 2B
and Fig. S54).

Quadruple and quintuple protospacer phage mutants were
created in a similar fashion (Fig. 2 C and D, correspondingly).
With the exception of one quadruple and three quintuple mutants
(Fig. S6), all were found to be restricted on g8 plasmid-containing
cell lawns. Analysis of escape phages selected from phages carry-
ing quadruple and quintuple mutations revealed that in addition
to mutations in PAM and PAM-proximal protospacer positions
uncovered earlier, substitutions in positions 19, 22, and 23 were
also present (Fig. 2 C and D and Fig. S5 B and C). Unlike muta-
tions in the PAM and seed region, these mutations by themselves
did not lead to escape. The results thus indicate that when the
number of individually silent mismatches between a spacer and
a protospacer equals or exceeds 4, substitutions at functionally
unimportant protospacer positions start to affect CRISPR/Cas
function. In other words, a limit is being approached beyond
which no efficient recognition of protospacer target can occur.

It could be argued that the relaxed specificity of CRISPR sys-
tem revealed in our experimental system is due to nonphysiolo-
gical levels of expression of CRISPR RNA and/or cas gene
products. To exclude this possibility, we engineered an E. coli
strain M13g8 containing a g8 spacer in the genomic CRISPR I
cassette. The strain also lacked the /ns gene, because recent work
demonstrated that the histone-like protein (H-NS) of E. coli in-
hibits transcription initiation from cas promoters (25, 26). Experi-
ments with wild-type and several mutant phages were repeated
with the M13g8 strain; the results were identical to those with
cells carrying a plasmid-borne CRISPR cassette with the g8
spacer and cas gene plasmids (Fig. S7). Thus, relaxed require-
ments for CRISPR spacer/target DNA protospacer identity are
not due to overexpression of plasmid-borne cas genes and/or
CRISPR RNA but rather faithfully reflect a basic mechanistic
feature of the CRISPR/Cas system.

Recognition of Mutated M13 Protospacers by the Cascade Complex in
Vitro. We next determined the consequences of CRISPR spacer—
phage protospacer mismatches on target recognition in vitro. A
Cascade complex carrying g8 crRNA was prepared, and the affi-
nity of the complex for double-stranded DNA oligonucleotides
containing wild-type or mutant PAM, and mutant protospacers
was determined using native gel electrophoresis (Fig. S8). The
results show that, although the dissociation constant (K4) for
the wild-type DNA probe is 24 nM, K, of all escape mutant
probes is at least 10- to 50-fold higher (Fig. 3). Probes with muta-
tions in PAM positions —2 and —1, and in protospacer positions 1,
4, and 7, could not be bound to saturation (K4 > 1.2 pM). We
conclude that compromised target DNA binding by the Cascade
complex is in good agreement with the viral escape phenotype
observed in vivo. However, lower binding affinities of the Cas-
cade complex do not in all cases result in viral escape, as is sug-
gested by the lowered K, values of the nonescape mutants with
substitutions at positions 10 or 15. This suggests that the presence
of an intact PAM accompanied by perfect base pairing of the se-
ven-nucleotide crRNA seed sequence (comprising positions 1-5,
7, and 8) with the seed region of target DNA is actively monitored
by the Cascade complex and is a prerequisite for the initiation of
CRISPR interference. Mutations at nonseed positions in the pro-
tospacer lead to mismatches with the crRNA spacer outside the
monitored region and form no obstacle to downstream CRISPR
interference processes.
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Fig. 3. Mutations in the PAM sequence and mismatches in the seed region
decrease target DNA binding affinity of the g8 crRNA-Cascade. (A) Dissocia-
tion constants (Ky) of escape mutant (gray bars) and nonescape mutant DNA
(black bars) were determined by electrophoretic mobility shift assay. Asterisks
indicate dissociation constants of these dsDNA targets that are greater than
1.2 pM. Error bars indicate standard deviations. (B) A model of R-loop forma-
tion between crRNA and double-stranded target DNA. Base pairing between
the crRNA spacer and target DNA is initiated at crRNA seed sequence area
and propagated in 5’ — 3’ direction over the complete protospacer region.

Discussion

A view of target recognition by E. coli subtype Cascade complex
that emerges from our work is schematically depicted in Fig. 3B.
In the presence of functional PAM, the seed sequence in the
crRNA likely functions as a nucleation point for progressive
hybridization of crRNA fragment matching the CRISPR spacer
with target DNA, leading to local unwinding of the double-
stranded protospacer DNA. The subsequent extension stage of
seed-nucleated melting appears to be relatively insensitive to mis-
matches, as productive target complexes occur even in the pre-
sence of mismatching (this study, 12, 13). In contrast to the
contiguous six to seven nucleotide seed sequence of eukaryotic
interfering RNAs (23), the seven-nucleotide crRNA seed
sequence is noncontiguous, with matching at position 6 not re-
quired (Figs. 1B and 3). This is consistent with an observation
that the nucleotide in this position is unpaired and therefore is
likely flipped out of the RNA:DNA hybrid in the Cascade-
induced R loop (27). We hypothesize that the crRNA seed
sequence plays a crucial role in scanning the invader DNA for
a matching protospacer sequence. By an initial rapid check for
the presence of a PAM and base pairing of the seven-nucleotide
crRNA seed sequence a basal level of specificity of binding may
be accomplished. Higher accuracy identification of a protospacer
sequence may be achieved at the second stage, when the nonseed
sequence of the crRNA spacer is allowed to base pair. This step-
wise recognition process may enable the Cascade complex to
locate targets with greater efficiency.

The relaxed specificity of the CRISPR/Cas system has impor-
tant consequences for the understanding of host-virus interac-
tions. The number of mismatches that do not affect CRISPR/
Cas function (4, 5 mismatches) provides a lower limit of accep-
table mismatches, because certain combinations of point substi-
tutions that exceed the limit may still allow CRISPR-mediated
exclusion. In conclusion, the relaxed specificity of the CRISPR/
Cas system at nonseed positions in the crRNA spacer limits the
possibilities for phages to escape immunity by point mutation and
may allow a single spacer to effectively target related phages with-
out increasing the length of the CRISPR cassette.
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It should be noted that all phage plaques that appeared on
lawns of cells carrying the M13 targeting CRISPR plasmid were
found to contain escape mutations. This was true both for the
wild-type phage infection and for infections with various mutants,
including the quintuple mutants, containing five mismatches out-
side of the seed region. Thus, the experimentally determined
e.0.p. values (approximately 107) obtained with these phages
report on the mutation rate, rather than the actual efficiency
of protection provided by the CRISPR/Cas system. In the case
of the wild-type phage, all 50 plaques that appeared on targeting
cell lawns and that were analyzed were found to be mutant. It
therefore follows that a chance of overriding protection afforded
by the CRISPR/Cas by the upcoming phage is no more than
2 x 1077, which is better than the corresponding values for restric-
tion-modification systems. In fact, the above estimate provides a
lower limit of CRISPR/Cas efficiency and it is possible that
CRISPR/Cas interference is an all-or-none phenomenon, which
can be avoided only by introducing mutations in important
regions of PAM, the protospacer, or in the CRISPR/Cas com-
ponents.

Materials and Methods

Molecular Cloning. A CRISPR cassette plasmid targeting the M13 phage
genome was generated by replacing the EcoRI-BamHI fragment in the non-
targeting CRISPR plasmid pWUR477 (17, Table S1) by synthetic DNA carrying a
32-bp fragment of the M13 gene 8 (Fig. S1).

Phage Mutagenesis. Mutations of the g8 protospacer were introduced
into the M13 phage genome by QuickChange Site-Directed Mutagenesis
Kit (Stratagene) according to the manufacturer’s protocol. Primers used in
mutagenesis are listed in Table S2. Reaction mixtures, in 20 plL, contained
20 ng of double-stranded M13 replicative form (RF) used as a template
and 50 ng each of two complementary oligonucleotides carrying the desired
mutations. After amplification and Dpnl digestion, 1 pL of modified phage
DNA was transformed into NovaBlue Singles competent cells (Novagen) by
1 min heat shock at 42°C followed by 2 min incubation on ice. Ten to
50 pL of transformation reactions was added to soft agar containing
200 pL of overnight culture of F™ E. coli cells [NovaBlue or NovaBlue(DE3)
from Novagen] and plated on LB agar plates. Phage plaques were monitored
after an overnight incubation at 37 °C and phage DNA analyzed by sequen-
cing through the g8 protospacer region.

Phage Sensitivity Test. Cell sensitivity to wild-type and mutant M13 phages
was determined by a spot test method. Novablue(DE3) cells carrying CRISPR
cassette plasmid (with g8 spacer or nontargeting pWUR477) and two com-
patible plasmids expressing the entire set of cas genes (pWUR397 and
pWUR399) (17, Table S1) were used as a host. The cells were grown in LB
medium supplemented with 25 pg/mL Str, 25 pg/mL Kan, and 34 pg/mL
Cam until ODggg iy reached 0.5. The cultures were concentrated by centrifu-
gation, cell pellets resuspended in 1/10 volume of 10 mM Tris-HCl, pH 8.0,
and 10 mM MgSO, and used in plaque tests. Rectangular 100 x 150 mm Petri
dishes with LB agar supplemented with 25 pg/mL Str, 25 pg/mL Kan, and
34 pg/mL Cam were overlaid with 5 mL of soft agar containing 0.75 mL
of plating cells suspension. After solidification for 5 min, 5 uL of 10-serial fold
dilutions of phage lysates were spotted on the soft agar surface. Plates were

1. Mojica FJ, Diez-Villasefior C, Soria E, Juez G (2000) Biological significance of a family
of regularly spaced repeats in the genomes of Archaea, bacteria and mitochondria.
Mol Microbiol 36:244-246.

2. Jansen R, Embden JD, Gaastra W, Schouls LM (2002) Identification of genes that
are associated with DNA repeats in prokaryotes. Mol Microbiol 43:1565-1575.

3. Horvath P, Barrangou R (2010) CRISPR/Cas, the immune system of bacteria and
archaea. Science 327:167-170.

4. Jansen R, van Embden JD, Gaastra W, Schouls LM (2002) Identification of a novel family

of sequence repeats among prokaryotes. OMICS 6:23-33.

. Haft DH, Selengut J, Mongodin EF, Nelson KE (2005) A guild of 45 CRISPR-associated
(Cas) protein families and multiple CRISPR/Cas subtypes exist in prokaryotic genomes.
PLoS Comput Biol 1:€60.

6. Makarova KS, Grishin NV, Shabalina SA, Wolf YI, Koonin EV (2006) A putative
RNA-interference-based immune system in prokaryotes: Computational analysis of
the predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol Direct 1:7.

7. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD (2005) Clustered regularly interspaced
short palindrome repeats (CRISPRs) have spacers of extrachromosomal origin. Micro-
biology 151:2551-2561.

5

10102 | www.pnas.org/cgi/doi/10.1073/pnas.1104144108

allowed to dry and incubated overnight at 30 °C. Efficiency of plaquing was
calculated as a ratio of phage titers observed on cells expressing the g8 spacer
CRISPR cassette and on nontargeting CRISPR cells. For each phage mutant,
plaque assays were performed at least twice. When phage infection was
restricted by cells with the g8 spacer, escape phages were selected and
analyzed by sequencing through the g8 protospacer region.

K4 Measurements. PAGE-purified oligonucleotides (Table S2) were annealed
and 5'-labeled with 32P y-ATP (PerkinElmer) using T4 polynucleotide kinase
(Fermentas). Oligonucleotides were purified with Qiaquick nucleotide re-
moval kit (Qiagen) and single-stranded DNA was removed with Exonuclease
| (Fermentas). Exonuclease | was removed by extraction with an equal volume
of phenol:chloroform:isoamylalcohol (25:24:1) equilibrated at pH 8.0
(Fluka). Cascade-containing crRNA containing the g8 spacer was expressed
from pWUR408, pWUR 514, and pWUR615 (Table S1) and purified as
described previously (27). EMSA reactions contained 6-, 12-, 30-, 60-, 120-,
300-, 600-, or 1,200-nM Cascade, 1-nM dsDNA target, 100 mM NaCl, 20 mM
Tris-Cl pH 8.0, and were incubated for 30 min at 37 °C prior to electrophoresis
on a 5% polyacrylamide gel. The gels were analyzed using phosphor storage
screens and a PMI phosphor imager (Bio-Rad).

The signals of unbound and bound probe were quantified using Quantity
One software (Bio-Rad). The fraction of bound probe was plotted against
the total Cascade concentration, and the data were fitted by nonlinear
regression analysis to the following equation: Fraction bound probe =
[Cascade]iorar/(Kg + [Cascade]ora ). Ky values reported are the average of
three independent determinations.

Random Mutagenesis, Plasmid Transformation and Escape Mutant Selection. A
random mutant library of a 350-bp A phage fragment was generated by PCR
using the GeneMorph Il Random Mutagenesis Kit (Stratagene). Mutated PCR
products were cloned into pUC19 using restriction sites BamHI and Hindlll
and transformed to E. coli NEB5a (New England Biolabs). Approximately
10* colonies were combined, grown to stationary phase in liquid media,
and their plasmids were isolated. This plasmid library was used to transform
E. coli KRX cells (Promega) carrying pWUR397, pWUR400, and pWUR630 to
produce Cascade, Cas3 and J3 pre-crRNA. These cells were pregrown in LB
supplemented with the appropriate antibiotics at 37 °C until an ODgyg nm
of approximately 0.3. The cells were induced with 1 mM isopropy! p-D-1-
thiogalactopyranoside and 0.2 % L-arabinose and grown for 45 min at 37
°C prior to harvesting. Cells were made electrocompetent by washing twice
with ice cold water and subsequently twice with ice cold 10% glycerol. The
mutant library was transformed and escape colonies were selected for
plasmid isolation. The pWUR610 plasmids from 59 of these escape mutants
were sequenced at Baseclear using BG2455 and BG2456 primers, resulting in
the identification of 48 point mutants of 7 different types. To confirm that
the escape phenotype is caused by the mutation in pWUR610, the isolated
plasmids were retransformed, and the transformation efficiencies were
calculated based on duplicate experiments.
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