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CRISPR-Cas systems provide bacteria with adaptive immu-
nity against viruses. During spacer adaptation, the Casl-Cas2
complex selects fragments of foreign DNA, called prespacers,
and integrates them into CRISPR arrays in an orientation that
provides functional immunity. Cas4 is involved in both the trim-
ming of prespacers and the cleavage of protospacer adjacent
motif (PAM) in several type I CRISPR-Cas systems, but how the
prespacers are processed in systems lacking Cas4, such as the
type I-E and I-F systems, is not understood. In Escherichia coli,
which has a type I-E system, Casl-Cas2 preferentially selects
prespacers with 3’ overhangs via specific recognition of a PAM,
but how these prespacers are integrated in a functional orienta-
tion in the absence of Cas4 is not known. Using a biochemical
approach with purified proteins, as well as integration, pre-
spacer protection, sequencing, and quantitative PCR assays, we
show here that the bacterial 3'-5’ exonucleases DnaQ and ExoT
can trim long 3’ overhangs of prespacers and promote integra-
tion in the correct orientation. We found that trimming by these
exonucleases results in an asymmetric intermediate, because
Cas1-Cas2 protects the PAM sequence, which helps to define
spacer orientation. Our findings implicate the E. coli host 3'-5’
exonucleases DnaQ and ExoT in spacer adaptation and reveal a
mechanism by which spacer orientation is defined in E. coli.

Bacteria and archaea defend against phage infection and
invasion by mobile genetic elements using an adaptive immune
system composed of CRISPR arrays and Cas (CRISPR-associ-
ated) proteins (1). In these systems, during spacer adaptation,
short fragments of foreign dsDNA, called prespacers, are incor-
porated into host CRISPR arrays (2—4). Prespacers are thought
to derive from events that result in DNA breaks and free DNA
termini (5-9). The CRISPR array is transcribed and processed
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into CRISPR RNAs (crRNAs),> which assemble with Cas pro-
teins to form RNA-guided surveillance complexes (10-12).
These complexes then recognize and degrade foreign nucleic
acids that are complementary to the crRNA, a process termed
interference. To defend against divergent viruses that have
been previously encountered, type I CRISPR systems use a pos-
itive feedback mechanism between interference and adapta-
tion, called priming. During primed adaptation, prespacers are
thought to derive from degradation products generated by
interference (13-16).

Adaptation relies on two Cas proteins, Casl and Cas2, which
are almost universally conserved in CRISPR-Cas systems (17).
These proteins form a heterohexameric complex (which we call
here Cas1-Cas2). Casl is an integrase, and Cas2 is a dimeric
structural protein that bridges two dimers of Cas1 (16, 18 —20).
The Cas1-Cas2 complex captures prespacers and catalyzes the
direct nucleophilic attack of the 3'-OH ends of each strand of
the prespacer into the CRISPR array. The first attack occurs
between the leader and the first repeat of the CRISPR array,
generating a half-site intermediate. The second attack occurs
between the other end of the first repeat and the first spacer,
generating a full-site integration product (21, 22). Specificity for
this region is enhanced by an integration host factor (IHF),
which binds to the leader sequence (23). In vitro, Cas1-Cas2 has
been shown to preferentially integrate prespacers with 3" over-
hangs. The most efficient prespacer for in vitro integration con-
sists of a 23-bp duplex flanked by 5-nucleotide (nt) 3’ over-
hangs, which we refer to as the preprocessed prespacer (24, 25).

Escherichia coli Cas1-Cas2 selects prespacers that contain a
protospacer adjacent motif, or PAM (25-27). PAM is also
essential for recognition of foreign DNA by the surveillance
complex during interference (28). The PAM is recognized
through specific contacts between the C-terminal tail of Casl
and the PAM sequence, which is 5'-CTT-3" in E. coli (25).
Cas1-Cas2 selects prespacers with a 3’ overhang that contains a
PAM, but because prespacers derive from heterogeneous frag-
ments produced by other cellular processes, the length of the 3’
overhangs will vary. Thus, for integration to occur efficiently, 3
overhangs that are longer than the optimal length for integra-

2 The abbreviations used are: crRNA, CRISPR RNA; PAM, protospacer adjacent
motif; pCRISPR, plasmid containing a CRISPR array; IHF, integration host
factor; nt, nucleotide(s); qPCR, quantitative PCR; TEV, tobacco etch virus;
MBP, maltose-binding protein; SUMO, small ubiquitin-like modifier; TCEP,
tris(2-carboxyethyl)phosphine; Ni-NTA, nickel-nitrilotriacetic acid.

J. Biol. Chem. (2020) 295(11) 3403-3414 3403

© 2020 Ramachandran et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0003-1953-7089
https://www.jbc.org/cgi/content/full/RA119.012196/DC1
mailto:scott.bailey@jhu.edu
mailto:scott.bailey@jhu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.012196&domain=pdf&date_stamp=2019-12-30

EDITORS’ PICK: Prespacer processing in E. coli

A Leader
CRISPR
array
pCR|SpR Half-site Full- Slt
UCas1-Ca52 Prespacer (PS) IHF
B Unprocessed (UP) Preprocessed (PP)
15nt 23pp 15nt 5nt 23bp 5nt
' 08 3 e O 3
3'HO TTC 3 7 HO C m——
» o K o &L
\(\5 0((0 Q;‘.o O({b' Q/-\.O 0\

Cast — — + + + + + + <

Cas2 — — + + + + + + Casi + +

IHF — - + + + + + + Cas2 + +

PS - — — UP UP UP PP HF  +  +

lane 1 2 3 4 5 6 7 8 PS up
kb . - BG

1 ‘ *Q)S( 10 S Nicking

10 = —
5 | = e : >§ — — — *Q_)
3 |- <_) 3 [

Figure 1.Integration of unprocessed prespacer recovered by DnaQ and ExoT. A, schematic of plasmid integration assay. SC, supercoiled plasmid; OC, open
circle plasmid. Repeats are gray, spacers are blue and yellow, and the leader sequence is pink. The entire array is not represented. B, agarose gels of integration
assays using a processed prespacer (PP) or unprocessed prespacer (UP) in the absence or presence of 3'-5" exonucleases, alongside linearized (Hindlll-treated)

plasmid, a control reaction lacking prespacer, and untreated plasmid.

tion must be trimmed to 5 nt and contain 3'-OH ends. Integra-
tion of the prespacer strand containing the PAM, which we
refer to as the PAM strand, requires removal of the entire PAM.
However, in E. coli, only the 5'-TT-3’ sequence of the PAM is
removed, because the last nucleotide of each repeat derives
from the last nucleotide of the PAM sequence (13, 25, 29, 30).
Recent findings have highlighted the role of Cas4 in both the
trimming of prespacers and the cleavage of PAM in several type
I CRISPR-Cas systems (31-35), but how prespacers are pro-
cessed in systems lacking Cas4, such as the type I-E and I-F
system, is not understood.

Toincorporate a functional spacer that will produce a crRNA
complementary to the target strand of an invader, integration
must occur in a defined orientation (Fig. S1). In addition to
PAM recognition and prespacer trimming, Cas4 has also been
shown to play a critical role in ensuring that spacers are inte-
grated in the correct orientation (32). In the type I-E system of
E. coli, in vitro integration of the preprocessed prespacer dis-
plays minimal bias for the correct orientation (24). In contrast,
in vivo, integration of a prespacer that contains a PAM se-
quence results in a strong bias for the correct orientation (36).
Although PAM dictates orientation, the mechanism by which
prespacers are integrated in the correct orientation in type I-E
systems is not known.

Here, using a biochemical approach, we show that two host
3'-5" exonucleases, DnaQ and ExoT, can trim unprocessed
prespacers for Casl-Cas2 to integrate into a CRISPR array. As
determined by quantitative PCR (qPCR), integration in the
presence of these exonucleases displays a strong bias for the
correct orientation. DNA protection experiments reveal that
these exonucleases differentially trim the non-PAM and PAM
strands of an unprocessed prespacer bound by Cas1-Cas2. The
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result of this differential protection is an asymmetric interme-
diate that is directed to integrate in the correct orientation.
Together, our findings demonstrate how host 3'-5' exonu-
cleases process prespacers and define spacer orientation in
E. coli.

Results
DnaQ and ExoT recover integration of unprocessed prespacers

Given that most biochemical studies of spacer adaptation in
the type I-E CRISPR system of E. coli have been conducted
using the preprocessed prespacer, we wanted to investigate
whether Cas1-Cas2 could integrate an unprocessed prespacer,
consisting of a 23-bp duplex flanked by two 15-nt 3’ overhangs.
We used a plasmid topology assay, whereby integration of
a prespacer into plasmid DNA containing a CRISPR array
(pCRISPR) results in the conversion of supercoiled plasmid to
open circle plasmid (24) (Fig. 1A). The sequence of the unpro-
cessed prespacer derives from the most abundant spacer
acquired following M13 bacteriophage infection (13) (Fig. S2).
Whereas Casl-Cas2 integrates the preprocessed prespacer
(5-nt 3’ overhangs) efficiently (Fig. 1B, lane 8), we were unable
to detect integration of the unprocessed prespacer (Fig. 1B,
lanes 3 and 4).

The type I-E CRISPR system of Streptococcus thermophilus
contains a Cas2 that is fused to a DnaQ-like domain. This
DnaQ-like domain functions as a 3'-5" exonuclease that trims
prespacer 3’ overhangs to promote integration (37). In this spe-
cies, in vitro integration of an unprocessed prespacer by DnaQ-
mutant complexes is undetectable (37), which is consistent
with our data (Fig. 1B) and suggests that Cas1-Cas2 cannot
efficiently integrate unprocessed prespacers. Given these ob-
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Figure 2. Orientation bias displayed by DnaQ- and ExoT-mediated integration. A, schematic depicting PCR amplification of half-site integration events.
Products of integration reactions (open circle plasmid) were gel-extracted and used as templates in four different PCRs, using different primer sets to identify
the site of integration and the orientation of integrated spacer. Numbers above schematics indicate the four possible integration events. A green checkmark
indicates a half-site product in the correct orientation; a red X indicates a product in the incorrect orientation. B, substrates used in the integration reactions. C,
agarose gels of all end-point PCRs. Prespacer (processed prespacer (PP), unprocessed prespacer (UP), or no PAM prespacer (NP)) and exonuclease used in the
integration reactions are shown above each gel. Numbers refer to the four reactions in A. D, graph depicting the ratio of correctly oriented to incorrectly oriented
half-site products determined by qPCR. Ratios represent the combined number of leader- and spacer-side integration events for each orientation, normalized
to picogram amounts of the B-lactamase gene. The average of three replicates is shown with error bars representing S.D.

servations and the fact that the majority of type I-E CRISPR-Cas
systems do not have a DnaQ-like domain fused to Cas2 (38), we
wondered whether host 3’5" exonucleases could trim unpro-
cessed prespacers in E. coli. E. coli contains several exonu-
cleases that belong to the DnaQ superfamily, including the
proofreading subunit of DNA polymerase III, DnaQ (39), and
the repair nucleases ExoT and Exol (40, 41). We therefore
tested whether the addition of one of these 3’5" exonucleases
could recover integration of the unprocessed prespacer. For
DnaQ, we used a construct corresponding to its catalytic
domain (residues 1-186), as the full-length protein is insoluble
(42) (from here onward, we refer to this construct as DnaQ).
We found that the addition of DnaQ or ExoT recovered inte-
gration (Fig. 1B, lanes 6 and 7), presumably by trimming the 3’
overhangs of the prespacers, but the addition of Exol failed to
recover integration (Fig. 1B).

Integration in the presence of DnaQ and ExoT displays a
strong bias for the correct orientation, which is dictated by the
PAM sequence

We next wished to determine the orientation of prespacers
integrated into pCRISPR in the presence of DnaQ or ExoT. We
therefore used PCR with primers specific to the integrated M13
spacer and either the leader (spacer-side integration) or a
downstream spacer (leader-side integration) (Fig. 24 and Fig.
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S3). Integration reactions were first run through agarose gels,
and open circle plasmid products were extracted and used as
templates for PCR (Fig. 24). Products from reactions without
prespacers and without exonuclease were tested to verify that
primers are specific to integration events (Fig. S4). Integration
of a prespacer in the correct orientation results in insertion of
the PAM strand at the spacer-side junction and the non-PAM
strand at the leader-side junction (Fig. 24). Consistent with
previous data (21), integration of a preprocessed prespacer,
with 5-nt 3" overhangs (Fig. 2B), occurs in both orientations at
similar frequencies (Fig. 2C). In the presence of DnaQ or ExoT,
integration of the unprocessed prespacer, with 15-nt 3" over-
hangs (Fig. 2B), occurs with a noticeable bias for the correct
orientation (Fig. 2C). However, removing the PAM sequence
from the unprocessed prespacer (Fig. 2B) results in integration
with no obvious bias in orientation (Fig. 2C).

The inclusion of a PAM in prespacers that are electroporated
into cells alters the orientation frequency of expanded arrays
significantly, resulting in a bias of ~25 to 1 correctly oriented
spacers to incorrectly oriented spacers (36). To quantify the
orientation bias displayed by in vitro integration in the presence
of DnaQ and ExoT, we used qPCR, again using primers specific
to the integrated spacer sequence and either the leader or a
downstream spacer sequence (Fig. 2A4). Primer efficiencies were
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Figure 3. Protection of prespacers from 3’-5’ exonuclease cleavage by Cas1-Cas2. Shown are time courses of DnaQ or ExoT cleavage of an unprocessed
prespacer. A, radiolabeling of the non-PAM strand in the absence of Cas1-Cas2. B, radiolabeling of the PAM strand in the absence of Cas1-Cas2. C, radiolabeling
of the non-PAM strand in the presence of Cas1-Cas2. D, radiolabeling of the PAM strand in the presence of Cas1-Cas2. In all panels, a schematic of the
experimental setup is shown above the gel images, with a star indicating which strand is radiolabeled. On the right side of each gel image is a schematic

highlighting cleavage of the unprocessed prespacer.

calculated using standard curves that were generated from two
control templates, which contained the expanded CRISPR
array with the new M13 spacer in either the correct or incorrect
orientation (Fig. S5). The gel-extracted products of integration
were used as templates for qPCR, and relative amounts of each
integration product were calculated using the Ct values for
each reaction and the standard curves for each primer set. The
amounts of integration products were then normalized to the
amount of B-lactamase (bla) template (pCRISPR contains
the bla gene). Whereas the preprocessed prespacer integrates
into the array in both orientations at similar frequencies, inte-
gration of the unprocessed prespacer in the presence of DnaQ
or ExoT displays a strong bias for the correct orientation, ~60
to 1 with DnaQ and ~18 to 1 with ExoT (Fig. 2D). Consistent
with the end-point PCR results (Fig. 2C), removing the PAM
sequence significantly diminishes the orientation bias (Fig. 2D).
Thus, DnaQ and ExoT confer an orientation bias that is consis-
tent with previous in vivo data (36), and as expected, this orien-
tation bias is dictated by the PAM (28, 43).
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Cas1-Cas2 differentially protects the PAM and non-PAM
strands from cleavage by DnaQ and ExoT

Given that the PAM dictates orientation bias, we wondered
whether there are differences in how DnaQ or ExoT trims the
PAM and non-PAM strands of the unprocessed prespacer. As
such,wemonitoredcleavageofradiolabeledstrandsoftheunpro-
cessed prespacer over time. In the absence of Cas1-Cas2, both
DnaQ and ExoT chew through the entire prespacer, with min-
imal sequence-dependent differences between strands (Fig. 3, A
and B). However, the PAM and non-PAM strands are trimmed
differently in the presence of Cas1-Cas2 (Fig. 3, C and D). DnaQ
trims the 3’ overhang of the non-PAM strand to 4 nt, generat-
ing the optimal 5-nt 3’ overhang at around 5 min (Fig. 3C).
However, ExoT trims the non-PAM strand predominantly to 6
nt, generating minimal 5-nt 3" overhangs (Fig. 3C). In contrast,
both exonucleases stall on the PAM strand and generate 3’
overhangs that are 9 or 10 nt long (Fig. 3D). Thus, trimming by
DnaQ or ExoT produces asymmetric prespacers with longer
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Figure 4. Integration tolerance of varied 3’overhangs by Cas1-Cas2. A, plasmid integration assay showing variation in 3" overhang tolerance between
non-PAM strand (left) and PAM (strand). 3'-Phosphate used to block integration of the complementary strand is indicated by a red stop sign symbol containing
the letter P. Reactions with varying overhang lengths (X) were run on an agarose gel alongside two control reactions: no prespacer (—PS) and prespacer with
5-ntoverhangs containing 3’-phosphate blocks on both strands (5*). B, schematic of an oligonucleotide target integration assay showing reaction components
and expected products of leader-side (61 nt) and spacer-side (113 nt) integration of the preprocessed prespacer containing 5-nt 3’ overhangs on both strands.
C, denaturing sequencing gel of the oligonucleotide integration assay using prespacers with varied symmetric 3" overhangs (X). Radiolabel is indicated with a
star. Schematics of expected half-site products are shown on the right side of each gel. M, marker; minus or plus symbols indicate the absence or presence of the
leader-repeat-spacer oligonucleotide shown in A. For clarity, zoomed-in cutouts of leader-side products, outlined on each gel, are shown below each gel.

3’ overhangs on the PAM strand, and neither exonuclease
removes the PAM sequence.

Cas1-Cas2 integration has a greater tolerance of 3’ overhang
length on the non-PAM strand than the PAM strand

Given the results of our protection experiments (Fig. 3),
we next asked how 3’ overhang length affects integration by
Cas1-Cas2. To do this, we used the pCRISPR topology assay
(Fig. 1A) and a series of prespacers with different length 3’
overhangs, derived from sequences flanking the M13 proto-
spacer (Fig. S2). To distinguish integration of the PAM
strand and the non-PAM strand, we selectively blocked the
opposite strand for integration with a 3'-phosphate group
(Fig. 4A) (21, 22). We found that Cas1-Cas?2 efficiently inte-
grates prespacers with 5-, 6-, or 7-nt 3’ overhangs on the
non-PAM strand but only integrates prespacers with 5-nt 3’
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overhangs on the PAM strand (Fig. 44). Because DnaQ and
ExoT generate 3’ overhangs that are 9 or 10 nt long on the
PAM strand (Fig. 3D), this suggests that 4 or 5 additional
nucleotides must be subsequently trimmed prior to integra-
tion. However, we are unable to resolve whether they are
removed by Casl or DnaQ/ExoT, which we will discuss in
greater detail below.

To gain more insight into the details of these integration
assays, we repeated these experiments with an oligonucleotide
target and selectively radiolabeled prespacers that were sym-
metric, containing the same length 3’ overhangs on the non-
PAM and PAM strands. Here, we can distinguish leader-side
integration and spacer-side integration because the resulting
products differ in length (Fig. 4B). At the leader side, non-PAM
strands with 5-, 6-, or 7-nt 3’ overhangs were efficiently inte-
grated into the oligonucleotide target, whereas integration of
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Figure 5. The presence of PAM blocks spacer-side integration of the non-PAM strand. A, schematic of oligonucleotide target integration assay with
asymmetric prespacer, showing expected half-site products of integration of the non-PAM strand in either the correct (green checkmark) or incorrect (red X)
orientation. B, denaturing gels of time courses of the oligonucleotide integration assay using three different prespacers (PS), shown by schematics above each
gel. The reaction is started with the addition of the CRISPR target. 0, mock reaction without any target. M, marker lane; radiolabels are indicated by a star.

Schematics of expected products are to the right of the gel images.

the PAM strand occurred most efficiently with a 5-nt 3 over-
hang (Fig. 4C). At the spacer side, only 5-nt 3" overhangs were
integrated, independent of strand (Fig. 4C). In control experi-
ments, which lacked the oligonucleotide target, we observed no
cleavage of the prespacers (Fig. 4C). Together, these data show
that leader-side integration of the non-PAM strand is more
tolerant of 3’ overhang length than the PAM strand, and effi-
cient integration of the PAM strand only occurs with a 5-nt 3’
overhang. They also suggest that, contrary to a previous report
(25), Cas1-Cas2 does not trim prespacers, under the conditions
tested.

The presence of PAM blocks spacer-side integration of the
non-PAM strand

The results of the above experiments suggest that spacer-side
integration of symmetric prespacers only occurs with 5-nt
overhangs on either the non-PAM or PAM strand. Given that
DnaQ and ExoT trim the prespacer non-PAM and PAM
strands differently, we wondered how Cas1-Cas2 would inte-
grate prespacers with asymmetric 3’ overhangs. Previous
findings have shown that the rate of leader-side integration
is faster than the rate of spacer-side integration with a sym-
metric preprocessed prespacer (5-nt 3’ overhangs), suggest-
ing that leader-side integration occurs first (19, 23, 44). We
therefore compared integration of the non-PAM strand (Fig.
5A) in prespacers containing PAM strands with 5-, 7-, and
9-nt 3’ overhangs (Fig. 5B). Consistent with previous results,
the symmetric prespacer was integrated more quickly at the
leader side. However, if the PAM strand overhang is in-
creased to 7 or 9 nt, both of which contain a PAM, spacer-
side integration of the non-PAM strand is not detected (Fig.
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5B). Thus, the presence of the PAM ensures that the non-
PAM strand is integrated at the leader-repeat junction only,
thereby preventing incorrectly oriented spacers that may
result from spacer-side integration of the non-PAM strand
first (Fig. 5A).

Sequencing of integration products shows PAM cleavage and
reveals differences between DnaQ and ExoT

Our results show that trimming by DnaQ or ExoT of the
non-PAM strand generates 4- and 6-nt 3’ overhangs, respec-
tively (Fig. 3C), whereas stalling of both exonucleases on the
PAM strand produces a 9- or 10-nt overhang (Fig. 3D). How-
ever, for integration to occur, both 3’ overhangs should be
trimmed to 5 nt, and the 5’-TT-3" sequence of the PAM
should be removed (Fig. 4C) (13, 25, 29, 30). To determine
whether integration of an unprocessed prespacer in the pres-
ence of DnaQ or ExoT (Fig. 1B) results in appropriate trim-
ming and correct PAM processing, and to map the sites of
integration, we [llumina-sequenced the integration products
(Fig. 6A). For reactions with DnaQ, the majority of the reads
were consistent with trimming of both strands of the unpro-
cessed prespacer to 5-nt 3’ overhangs, with a small propor-
tion resulting in 6-nt 3’ overhangs (Fig. 6B). Trimming of the
PAM strand thus removed the 5'-TT-3" sequence from the
PAM. In contrast, reactions with ExoT were more heteroge-
neous, with most reads consistent with trimming of both
strands to 3’ overhangs 6 nt in length (Fig. 6B). Mapping of
the integration sites revealed that the majority of integration
at the leader and spacer side occurred at the expected sites in
the presence of either DnaQ or ExoT (Fig. 6C).
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Figure 6. Sites of DnaQ- and ExoT-mediated prespacer trimming and integration shown by amplicon sequencing. A, schematic of protocol used to
analyze sequence of integration products via PCR followed by amplicon deep sequencing. B, graphs depict the sequence of the overhangs produced by DnaQ
or ExoT prespacer trimming. Bars on the graphs are aligned above the nucleotide that is left behind upon trimming by the exonuclease. A schematic of
unprocessed prespacer used in the integration assay is shown above the graphs. Sequences on the x axes are colored according to the schematic. C, graphs
depict sites of integration; bars are aligned at the junction between two nucleotides at which integration occurs in the presence of either DnaQ or ExoT.
Sequences are colored according to the schematic of the CRISPR array above. The color of each bar corresponds to the color of the strand (non-PAM or PAM) that

is integrated at that junction.

Discussion

To date, in CRISPR systems that lack Cas4, it is not known
how prespacers with long 3" overhangs are processed and inte-
grated in the functional orientation. Together, our data for the
type I-E system from E. coli support a model (Fig. 7) in which
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DnaQ, or other host 3’5" exonucleases, can trim long 3" over-
hangs of prespacers bound by Casl-Cas2. Protection of the
PAM by Casl leads to differential trimming of the non-PAM
and PAM strands (Fig. 3), forming an intermediate that con-
tains asymmetric 3’ overhangs. In the first step of integration,
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Figure 7. Model for processing and integration mediated by DnaQ in E. coli. Upon binding of a prespacer containing 3’ overhangs longer than the optimal
5 nt by Cas1-Cas2, host exonucleases, such as DnaQ, trim the overhangs to different lengths, depending on the presence of a PAM. Whereas the Non-PAM
strand is trimmed to the optimal 5-nt 3’ overhang, trimming of the PAM strand is stalled ata 9- or 10-nt 3’ overhang, due to the protection of PAM by Cas1-Cas2,
resulting in an asymmetric intermediate. Spacer-side integration of the non-PAM strand is then blocked, forcing its integration at the leader side and ensuring
the formation of a correctly oriented half-site intermediate. Following half-site formation and PAM cleavage, a full-site product is formed, and the repeats are
duplicated, resulting in a CRISPR array with a new spacer in the correct orientation.

the non-PAM strand of the asymmetric prespacer is directed to
the leader side, whereas spacer-side integration is blocked (Fig.
5). We speculate that PAM processing follows formation of a
half-side intermediate and that the PAM strand is then inte-
grated at the spacer side. The result is a fully integrated spacer
in an orientation that is functional for downstream target rec-
ognition and interference (Fig. 7).

Previous studies with E. coli Casl have suggested that it can
cleave 3’ overhangs, but they did not show whether the result-
ing prespacers could be integrated by Cas1-Cas2 (25). Here, we
showthatE. coliCas1-Cas2doesnotefficientlyintegrateunpro-
cessed prespacers with long 3’ overhangs (Fig. 1); nor do we
detect any cleavage of these prespacers (Fig. 4), which is
consistent with studies of the type I-E system from S. ther-
mophilus (37). The addition of DnaQ or ExoT, but not Exol,
recovers integration of unprocessed prespacers and pro-
motes integration in a functional orientation (Figs. 1 and 2).
These results suggest that some, but not all, DnaQ family
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exonucleases are functional for spacer adaptation in type I-E
CRISPR systems.

Host 3'-5" exonucleases process the two 3’ overhangs of a
prespacer differently. DnaQ and ExoT can trim the non-PAM
strand of an unprocessed prespacer to overhang lengths of 4
and 6 nt, respectively, but stall on the PAM strand, leaving a 9-
or 10-nt overhang (Fig. 3). Based on previous structural studies,
we speculate that stalling on the PAM strand is likely due to the
protection of the PAM sequence by the C-terminal tail of Cas1,
which specifically recognizes the PAM sequence but is disor-
dered when bound to a strand that lacks a PAM (25) (Fig. S6).
The result is an asymmetric intermediate, which is consistent
with recent evidence that in vivo, spacer precursors detected
during primed adaptation in both type I-E and type I-F systems
share an asymmetrical structure characterized by a blunt non-
PAM end and a 3’ overhang at the PAM end (45).

Although it is clear that PAM dictates spacer orientation (28,
36, 43) (Fig. 2), the mechanism by which it does so in type I-E
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systems is poorly understood. For prespacers to be incorpo-
rated in a functional orientation, their non-PAM strand must
be integrated at the leader side of the first repeat and their PAM
strand at the spacer side of the first repeat. To achieve this, the
processed non-PAM strand of the asymmetric intermediate,
generated by host 3'-5’ exonucleases, is directed to integrate at
the leader side first. The fidelity of this step is ensured not only
by IHF and the intrinsic specificity of the Cas1-Cas2 complex
for the leader sequence (22, 23, 44), but also because spacer-side
integration is blocked by the PAM sequence in the asymmetric
intermediate (Fig. 5). Following formation of the leader-side
half-site, the 5'-TT-3" sequence of the PAM must be removed
for subsequent integration of the PAM strand (Figs. 4 and 5).
Our sequencing experiments show that in the presence of
DnaQ), the majority of integration events do result from PAM
processing (Fig. 6). However, our data cannot resolve whether
the 5'-TT-3" sequence of the PAM is removed by Casl or
DnaQ. Resolving this ambiguity will be an important compo-
nent of future studies. Together, our data suggest that host
3’'—5" exonucleases dictate spacer orientation in type I-E and
possibly type I-F systems (i.e. type I systems that lack Cas4) by
differential trimming of unprocessed prespacers.

Recognition of PAM is a critical step during adaptation and is
mediated by different CRISPR components, depending on sub-
type. Casl recognizes PAM in the type I-E system of E. coli (25)
(Fig. S6). However, in most type I systems, it is thought that
Cas4 recognizes PAM (31-34). In the type I-A system, the dis-
tinct processing and binding activities of two Cas4 proteins on
opposite ends of a prespacer provide the asymmetry that results
in integration in a defined orientation (32). In the type I-C sys-
tem, asymmetrical complexes of Cas4-Casl-Cas2 have been
observed, in which Cas4 only processes the PAM end of the
prespacer (33). PAM recognition by Casl distinguishes the type
I-E systems from type I systems in which Cas4 is thought to
recognize PAM and define orientation. Yet, despite this differ-
ence in PAM recognition, the asymmetric trimming of pre-
spacer 3’ overhangs by 3'—5" exonucleases is perhaps a univer-
sal mechanism for CRISPR systems to ensure that spacers are
functionally oriented for downstream target interference.

Our findings suggest that DnaQ or ExoT promotes integra-
tion of unprocessed prespacers via trimming their 3" overhangs
to a length that is optimal for integration. In E. coli, 95% of
spacers are 32 bp long, despite spacer length varying between 31
and 34 bp (46). Our sequencing data reveal that the majority of
integration events in the presence of DnaQ are consistent with
generating 32-bp spacers (Fig. 6B), because the cytosine of the
PAM sequence is considered a part of the repeat. We also show
that the non-PAM strand can be integrated with 5-, 6-, and 7-nt
3" overhangs (Fig. 4), which could explain why longer spacers
are detected in vivo (46). In contrast to DnaQ, the majority of
integration events in the presence of ExoT are consistent with
generating 33- or 34-bp spacers (Fig. 6B). This suggests that
DnaQ, or possibly other unidentified host 3'-5" exonucleases,
may play a larger role than ExoT in prespacer processing. The
3'-5" exonucleases that facilitate processing of prespacers add
to the growing list of host factors required for spacer adaptation
in E. coli (6, 23).
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Experimental procedures
Protein purification

The casl, cas2, IHF, and DnaQ (residues 1-186) genes from
E. coli K12 (MG1655) were cloned into expression vectors and
purified separately. Cas1 and IHF were cloned into vectors con-
taining a TEV-cleavable N-terminal His, tag. Casl was cloned
into pHAT4 (47). IHFa and IHF 3 genes were cloned into a pET
His, TEV LIC cloning vector (1B), with the His tag on the N
terminus of IHF @; subunits were co-expressed and purified as a
heterodimer. Cas2 was cloned into a vector containing a TEV-
cleavable N-terminal His,-MBP tag (47), and DnaQ was cloned
into a vector with a SENP-cleavable N-terminal His-SUMO tag
(pSAT). Constructs were expressed in T7 Express cells (New
England Biolabs), grown to 0.4—-0.6 A4y, and induced over-
night at 20 °C with 0.25 mm isopropyl-B-p-thiogalactopyrano-
side. The cells were harvested and resuspended in buffer A (1 m
KCl, 20 mm HEPES-KOH, pH 7.4, 10 mM imidazole, 1 mm
TCEP, 10% glycerol) with added protease inhibitors E-64,
phenylmethylsulfonyl fluoride, bestatin, and pepstatin A. After
lysis by microfluidization, the lysates were cleared by centrifu-
gation and incubated with Ni-NTA affinity resin in batch (Bio-
Rad). The resin was washed in buffer A, followed by buffer B
(100 mMm KCI, 20 mm HEPES-KOH, pH 7.4, 10 mm imidazole,
5% glycerol, and 1 mm TCEP) and then buffer C (500 mm KCl,
20 mm HEPES-KOH, pH 7.4, 10 mm imidazole, 5% glycerol, and
1 mm TCEP). The protein was then eluted with buffer C sup-
plemented with 250 mm imidazole. Samples were loaded onto
an immobilized desalting column and exchanged into buffer C
to lower the imidazole concentration before further purifica-
tion via Ni-NTA affinity. To remove the affinity tags, proteins
were then treated with His-tagged TEV (for Casl, Cas2, and
IHF) or His-tagged SENP (for DnaQ), with protease concentra-
tions of about one-tenth of the total protein concentration.
Samples treated with TEV were incubated overnight at 4 °C,
and samples treated with SENP were incubated at 4 °C for 1 h.
Samples were then incubated with Ni-NTA affinity resin in
batch (Bio-Rad) to remove the proteases or any remaining
tagged protein; untagged protein was collected in the flow-
through. Cas2 was further purified on an MBPTrap HP (GE
Healthcare) column. Proteins were then concentrated and
injected onto a HiLoad 26/60 S200 size-exclusion column (GE
Healthcare) equilibrated with Buffer B in the absence of imid-
azole. Purified proteins were stored in 100 mm KCl, 20 mm
HEPES-NaOH, 5% glycerol, and 1 mm TCEP at —80 °C before
use. SDS-PAGE analysis of the final purified proteins can be
found in Fig. S7. ExoT was purchased from New England
Biolabs.

DNA preparation

All ssDNA oligonucleotides were purchased from Sigma-Al-
drich and purified using urea-PAGE. Sequences of these oligo-
nucleotides are shown in Tables S1-S5. Prespacers and CRISPR
target substrates were annealed by mixing the appropriate
ssDNA oligonucleotides in 25 mm KCl, 20 mm HEPES-KOH,
pH 7.4, and incubating at 95 °C for 5 min, followed by slow-
cooling to room temperature. The pCRISPR target plasmid was
constructed by cloning the E. coli BL21-AI genomic CRISPR
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locus via ligation-independent cloning into the pET LIC clon-
ing vector (2A-T). Radiolabeled substrates were prepared by
labeling 200 nm ssDNA with 1-2 pmol of [y-**P]ATP in 1X T4
PNK buffer with 10 units of T4 polynucleotide kinase (New
England Biolabs) at 37 °C for 30 min, followed by a 20-min heat
inactivation at 65 °C. For prespacer substrates, labeled oligonu-
cleotides were passed through a G25 Sephadex column to
remove excess ATP and then annealed with a 1.1-fold excess of
complementary unlabeled strands.

Integration assays

Integration assays were performed largely as described pre-
viously (21, 44). Reactions were performed in 25 mm KCl, 20
mM HEPES-KOH, pH 7.4, 10 mm MgCl, and 1 mm DTT. Sepa-
rately purified Casl (100 nm) and Cas2 (50 nm) were preincu-
bated for 20 min at 4 °C to allow complex formation. Cas1-Cas2
complex (100 nm) was incubated with 50 nm prespacer DNA,
whereas 50 nm IHF was incubated with 5 nm pCRISPR in a
separate tube. After a 10—15-min incubation at room temper-
ature, the IHF-pCRISPR mix was added to the Cas1-Cas2-pre-
spacer complex and incubated at 37 °C for 30 min. For reactions
containing DnaQ or ExoT, exonuclease (100 nm) was added to
the IHF-pCRISPR mix immediately before combining with the
Cas1-Cas2-prespacer complex. The reactions were quenched
with EDTA and SDS at final concentrations of 28 mm and 0.4%,
respectively, and proteins were removed from the reactions via
phenol-chloroform extraction. The DNA products were run on
a 1% agarose gel post-stained with ethidium bromide.

Integration assays with 5'-radiolabeled prespacer DNA were
performed as described above with the exception that the Cas1-
Cas2-prespacer complex and the separate IHF-target DNA mix
was incubated at 37 °C for 10—15 min instead of room temper-
ature. Reactions contained 200 nm Casl, 100 nm Cas2, 10 nm
radiolabeled prespacer, 200 nm IHF, and 100 nm target DNA.
To activate the reaction, the IHF-target DNA mix was added to
the Casl-Cas2-prespacer complex. Reactions were quenched
with 2 times the reaction volume of DNA loading buffer con-
taining 95% formamide, 0.01% SDS, 0.01% bromphenol blue,
0.01% xylene cyanol, 1 mm EDTA after 30 min (unless other-
wise indicated in time-course experiments) at 37 °C. Products
were run on a 6% denaturing polyacrylamide sequencing gel.
Gels were dried and visualized by phosphorimaging (FujiFilm
FLA-7000).

End-point PCR amplification of integration products

Relaxed, open circle, pCRISPR products were extracted from
agarose gels using a GeneJET gel extraction kit (Thermo Scien-
tific) and eluted in 30 ul of water. Samples were then diluted
50-fold, and 1 ul was used as a template in each PCR. 50-ul
PCRs were conducted with the appropriate primers and Q5
High-Fidelity Polymerase (New England Biolabs) using the stan-
dard protocol and thermocycler conditions provided by New
England Biolabs. 10 ul of the PCR products were run on a 2%
agarose gel prestained with ethidium bromide.

Quantitative PCR amplification of integration products

Quantitative PCR assays were conducted according to the
protocol provided by the Bio-Rad Sso Advanced Universal
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SYBR Green Supermix kit. Reactions were designed for a final
volume of 20 ul. For each integration reaction, 2 ul of the gel-
extracted product (eluted in 30 ul of water) was used as the
template. Separate reactions for each template were carried out
using four separate sets of qPCR primers (Fig. S5). Gel-ex-
tracted relaxed pCRISPR from negative control reactions con-
taining Cas1, Cas2, and IHF without any prespacer was used as
a control for background amplification.

Positive control pCRISPR plasmids containing the M13
spacer sequence in both orientations were generated by trans-
forming gel-extracted integration reactions, performed with
the preprocessed prespacers, into 108 competent E. coli cells
(New England Biolabs) and sequencing the colonies. To
develop standard curves, positive control pCRISPR plasmids
containing the M13 spacer sequence in both orientations were
diluted in 10-fold dilution series ranging from 1 pg to 10 ng of
total plasmid DNA. Resulting average C(f) values were then
plotted with their respective log(pg) amounts of DNA to form a
standard curve, which was then used to calculate primer effi-
ciency using the equation, EP = (10 (—1/slope) — 1) X 100 (Fig.
S5). For all primer sets, efficiencies varied between 95 and 100%.

Cas1-Cas2 prespacer protection assays

Reactions were performed in the same buffer as integration
assays (25 mm KCl, 20 mm HEPES-KOH, pH 7.4, 10 mm MgCl,
and 1 mm DTT). Separately purified Casl (200 nm) and Cas2
(100 nm) were preincubated for 20 min at 4 °C to allow complex
formation. The Cas1-Cas2 complex was incubated with 10 nm
5'-radiolabeled prespacer DNA at 37 °C for 20 min. DnaQ or
ExoT was added at 200 nM, and reactions were incubated at
37 °C for 1, 5, 10, 20, and 30 min. Reactions were prepared as
master mixes and, upon the addition of exonuclease, were ali-
quoted into separate tubes and incubated at different time
increments. Reactions were quenched with 2 times the reaction
volume of DNA loading buffer used in the integration assays
above. Products were run on an 8% denaturing polyacrylamide
sequencing gel. Gels were dried and visualized by phosphorim-
aging (FujiFilm FLA-7000).

Sequencing sample preparation

Gel-extracted integration reactions were PCR-amplified
using end-point PCR procedure described above. However,
instead of 2 ul of a 50-fold dilution, 1 ul of the eluted 30-ul
product was used as a template, to generate enough material for
amplicon sequencing. 50 ul of the PCR products were run on a
2% agarose gel and gel-extracted using the GeneJET gel extrac-
tion kit. Samples were diluted accordingly to 20 ng/ul, and 25 ul
was sent for Amplicon-EZ sequencing (GENEW1IZ).

Sequencing analysis

Raw paired-end reads obtained from GENEWIZ were
trimmed and merged, using the default settings, with the Trim-
momatic (48) and PANDAseq (49), respectively. The processed
reads were mapped to the sequence of the expanded CRISPR
array using BLAST (50), allowing for up to one mismatch. The
extent of trimming was determined as the length of sequence
between the end of the duplex sequence within the prespacer
and the beginning of the repeat sequence with pCRISPR (33).
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The site of integration was considered to be the position at
which the match between the read and pCRISPR began (33).
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