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Introduction

CRISPR (clustered regularly interspersed short palindromic 
repeat) DNA loci and Cas (CRISPR-associated) proteins can 
provide a system of adaptive immunity against phage and plas-
mids in bacteria1-5 and archaea.6,7 CRISPR/Cas systems are 
diverse,8 but in each case, transcription and nucleolytic process-
ing of a CRISPR locus generates short (50–70 nucleotides) RNA 
(crRNA) that is the bedrock of CRISPR immunity. One major 
CRISPR/Cas sub-group (type I) targets crRNA to complemen-
tary sequences in invader DNA, reviewed most recently in ref-
erences 9 and 10. Complementarity of host crRNA-to invader 
DNA is made possible from prior exposure to invader leading to 
incorporation of 25–45 base pairs of invader DNA as a “spacer” 
into a CRISPR locus.

Synonymous with type I CRISPR systems are ribonucleo-
protein complexes that catalyze interference reactions in which 
crRNA is targeted to invader DNA. In E. coli, “Cascade” ribonu-
cleoprotein complex is essential for interference, as is the nucle-
ase-helicase Cas3.2 E. coli Cascade comprises five proteins: Cse1, 
Cse2, Cas7, Cas5 and Cas6e (also known as CasA-E, respec-
tively)2,11 that form R-loops independently of ATP, harnessing 

Cas3 nuclease-helicase is part of CRISPR immunity systems in many bacteria and archaea. In type I CRISPR, Cas3 nuclease 
degrades invader DNA that has been base-paired to crRNA as an R-loop within a “Cascade” complex. An R-loop is a 
DNA-RNA hybrid that includes a displaced single-strand DNA loop. Purified Cas3 from E. coli and the archaeon 
M. thermautrophicus can process R-loops without DNA/RNA sequence specificity and without Cascade. This has potential 
to affect other aspects of microbial biology that involve R-loops. Regulatory RNAs and host cell proteins modulate 
replication of ColE1 plasmids (e.g., pUC) from R-loop primers. We observed that Cas3 could override endogenous control 
of a ColE1 replicon, stimulating uncontrolled (“runaway”) replication and resulting in much higher plasmid yields. This 
effect was absent when using helicase-defective Cas3 (Cas3K320L) or a non-ColE1 plasmid, and was dependent on RNaseHI. 
Cas3 also promoted formation of plasmid multimers or concatemers, a phenotype consistent with deregulated ColE1 
replication and typical of cells lacking RNaseHI. These effects of Cas3 on ColE1 plasmids are inconsistent with it unwinding 
R-loops in vivo, at least in this assay. We discuss a model of how Cas3 might be able to regulate RNA molecules in vivo, 
unless it is targeted to CRISPR defense by Cascade, or kept in check by RecG and RNaseHI.
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energy within supercoiled DNA.12 DNA targeting by E. coli 
Cascade is most efficient if DNA has a protospacer adjacent motif 
(PAM) immediately next to the fully complementary spacer-
protospacer sequence.12,13 Cascade catalyzed crRNA interference 
reactions generate R-loop intermediates, RNA-DNA hybrids that 
contain a displaced ssDNA loop.14,15 Nucleolytic degradation of 
ssDNA by Cas3 completes the reaction, destroying invader DNA 
and recycling Cascade. In addition to nuclease activity, purified 
Cas3 from E. coli and the archaeon M. thermautotrophicus can 
form and process R-loop substrates in vitro, acting as an ATP-
dependent helicase and ATP-independent annealase.16 There is 
also evidence from archaea that Cas3 helicase activity is required 
for most efficient Cas3 nuclease activity.17 Like most superfam-
ily 2 helicases and annealases, Cas3 lacks DNA/RNA sequence 
specificity, and does not require Cascade for helicase or nuclease 
activities.16,18-20 In E. coli, it is thought that Cas3 is targeted to 
crRNA R-loops through physical interaction with Cascade.12

Several biological processes require formation and processing 
of R-loops.21 In bacteria, replication of ColE1 plasmids is initi-
ated from plasmid-encoded RNA transcript (RNAII) that forms 
a leading strand RNA primer (RNAII) as an R-loop with ori, 
the DNA origin of replication.22 RNaseHI activates this precise 
initiation of replication by nucleolytic processing of RNAII.22,23 
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Yields of pUC19 encoding Cas3 or Cascade (pCas3/pCascade) 
were compared with controls: empty plasmid (pUC19), plasmid-
encoding stable catalytically inactive Cas3 (pCas3K320L/pCas3K78L) 
and pUC19 encoding incomplete Cascade (pCasC). Results are 
presented in Figure 1 and Table 2. Cas3 (pCas3) stimulated 
plasmid copy number that was 4-fold higher than empty pUC19 
(respectively, 261.3 ng/μl ± 16.7 ng; 68.4 ± 22.5 ng/μl). Cas3 
ATPase/helicase activity was required for this increase in yield; 
when identical tests were made on cells expressing Cas3 K320L 
(pCas3K320L), which lacks ATPase and helicase activity,16 plasmid 
copy number was similar to pUC19 (72.9 ± 3.4 ng/μl). Previous 
biochemical analysis16 showed that E. coli Cas3K320L protein overex-
pressed and purified in the same way as wild-type Cas3. We there-
fore think it unlikely that lack of Cas3K320L protein or its instability 
is an explanation for differences in plasmid yield between pCas3 
and pCasK320L in the assay reported here. Cells expressing nucle-
ase defective Cas3 (pCas3K78L) showed plasmid copy number that 
was similar to pCas3 (221 ± 18.8 ng/μl), indicating that Cas3 
nuclease activity is not required for the observed effect on plas-
mid yield. pCas3 or pCas3K320L had little effect on plasmid stabil-
ity, as cells generally retained the plasmid when measured from 
colony viabilities after plating on ampicillin or non-selective agar 
(Table 2). Expression of pCas3K78L corresponded to much-reduced 
plasmid stability for reasons unknown. Ethidium bromide stain-
ing of uncut pCas3 after agarose gel electrophoresis showed addi-
tional slowly migrating DNA compared with pUC19 or pCas3K320L 
(Fig. 1A). This is consistent with formation of multimeric plas-
mids. There was also an intriguing and reproducible lack of super-
coiled plasmid observable from only pCas3K320L (Fig. 1A). Both of 

Control is exerted by several host factors, including plasmid-
encoded RNAI, which is antisense to the 5' end of RNAII, block-
ing R-loop formation and reducing plasmid copy number.24-26 
This RNAI-RNAII duplex is stabilized by Rop protein, although 
in commercial ColE1 plasmids (e.g., pUC) the gene encoding 
Rop (rom) has been removed to enhance copy number.

In E. coli, RecG helicase reduces ColE1 plasmid replication by 
dissociating R-loops.27,28 Recently described R-loop unwinding 
activity of E. coli Cas3 helicase-nuclease, and R-loop formation 
by Cascade complex, led us to consider if these proteins influence 
replication of ColE1 plasmids. We observed that Cas3 promoted 
runaway ColE1 plasmid replication, requiring Cas3 helicase 
activity. Cas3 expression antagonized RNaseHI, observed as a 
concatamer phenotype, but also required RNaseHI for its abil-
ity to stimulate plasmid copy number. This activity of Cas3 was 
contrary to that expected for a helicase that, like E. coli RecG, 
unwinds R-loops but is discussed in the light of alternative RNA 
processing activities.

Results

Cas3 stimulated ColE1 plasmid copy number. We measured 
pUC19 ColE1 plasmid yields as readout of replication proficiency 
after extraction from E. coli MG1655 grown as overnight cultures 
in the presence of ampicillin. Transcription of E. coli cse1-cas6e, 
encoding Cascade, is repressed by HNS5 and regulation of ygcB, 
encoding Cas3, has not been characterized. Therefore, Cas3 and 
Cascade were expressed ectopically under control of the lac pro-
moter from within pUC19 as constructs listed in Table 1.

Table 1. E. coli strains and plasmids used in this study

E. coli strain Relevant details References

EB304 MG1655 Δcas3::apra This work: detailed in Materials and Methods

IIB796 MG1655 ΔrnhA733::kan This work: P1 into MG1655 from original E. coli stock center ΔrnhA strain

RCe442 MG1655 ΔproB:: ParaBAD rnhA+-frt > kan > frt 39

BW25113 Δ(araBAD)567 Δ(rhaBAD)568 rph-1 λ- ΔlacZ4748 
(::rrnB-3) hsdR514

For recombineering.38

IIB947 BW25113 lacUV5-cas3 cat:: araBp8-casA This work: P1 into BW25113 from BW4011440 for recombineering

N4256 MG1655 ΔrecG::kan 41

IIB955 MG1655 pcnBΔ1::kan This work: derived from strain JVS-2058,42 by P1 into MG1655

IIB967 MG1655 araB::T7 RNAP-tetA This work: P1 into MG1655 from BL21-AI

IIB968 MG1655 ΔrecG::kan araB::T7 RNAP-tetA This work: P1 into IIB967 from N4256

Plasmids

pUC19 Empty plasmid vector 43

pEB526/pCas3 cas3 in pUC19 This work

pJLH11/pCas3K320L cas3 K320L in pUC19 This work

pJLH12/pCas3K78L-

K320L

cas3K78L-K320L in pUC19 This work

pJLH18/pCas3K78L cas3 K78L in pUC19 This work

pIIB14/pCascade cse1-cas6e in pUC19 This work

pIIB24/pCasC casC in pUC19 This work

pEB547 cas3 in pRSF-1b 16

pEB574 cas3 in pACYCDuet-1 This work
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ATPase/helicase activity to do so. Cas3 exerted this effect inde-
pendently of Cascade. RNaseHI is important for precise initia-
tion of ColE1 replication from R-loops, and purified E. coli Cas3 
can dissociate R-loops in vitro.16 Therefore, we tested for inter-
play in the effects of these two proteins in E. coli.

Cas3 and RNaseHI are antagonistic in E. coli cells. RNaseHI 
is required for precise initiation of ColE1 plasmid replication, by 
processing RNA in an R-loop formed between the RNAII pre-
primer and plasmid ori.22 RNaseHI-deficient cells can support 
ColE1 replication, by mechanisms thought to involve multiple 
priming sites arising from hybridization of RNAII with other 
parts of plasmids.29 When we repeated plasmid copy number 
measurements from E. coli cells lacking RNaseHI (ΔrnhA, IIB796 

these observations on plasmid topology are addressed later in 
the results.

In contrast to pCas3, pCascade had little effect on plas-
mid copy number compared with pUC19 (respectively, 25.6 
+- 4.4 ng/μl; 68.4 +- 22.5 ng/μl). However, pCascade+ was 
unstable, being retained in only 0.1% of cells even though 
antibiotic selection was maintained. This retention rate was 
improved to 5% in cells expressing only the CasC subunit 
of Cascade (pCasC) under otherwise identical conditions 
(Table 2). The observed effect of plasmid yield and stability 
of pCascade was independent of Cas3, because results were 
the same in Δcas3 cells, lacking chromosomally encoded 
Cas3 (Table 2).

Cas3 does not stimulate copy number of plasmids with 
an RSF or p15A origin. Yields of non-ColE1 plasmids were 
also measured for any effect of Cas3 (Fig. 1B and Table 2). 
First, plasmids based on pRSF-1b were extracted from E. coli 
strain BL21 AI (Novagen), which has an arabinose induc-
ible T7 RNA polymerase (ParaT7) needed for transcription 
of cas3 in pRSF-1b. Cas3-RSF constructs generate func-
tional Cas3 in BL21 AI that is effective in defense against 
phage λvir.2,16 Cells grown in arabinose, to induce Cas3 
expression, showed similar plasmid yield to cells grown in 
glucose to repress Cas3, or to cells harboring empty pRSF-1b. 
Next, further assays measured yields of pACYC-based plasmids 
from an E. coli MG1655 strain, IIB967 (Table 1), into which had 
been transduced ParaT7, inducible by arabinose as in BL21 AI, 
but preserving the same strain background as used with pUC 
plasmids in Figure 1. pACYC plasmids are low copy number in 
comparison to pRSF and pUC reflected in much lower yields of 
every pACYC construct (Fig. 1B). The presence of Cas3 had no 
effect on plasmid yield compared with empty pACYC control or 
if cells were grown in glucose or arabinose (Fig. 1B and Table 2), 
consistent with results from pRSF.

Observations thus far showed that Cas3 stimulates copy num-
ber of a ColE1 replicon, but not RSF or p15, and requiring Cas3 

Figure 1. See also Table 2. Cas3 promotes ColE1 plasmid copy 
number. (A) Yields of the ColE1-based plasmid pUC19 were mea-
sured after extraction from E. coli MG1655 cells. Cells contained 
either pUC19 as empty plasmid vector, or pUC19 expressing 
Cas3, Cas3K320L (helicase defective), Cas3K78L (nuclease defec-
tive), Cascade or Cas7 as indicated. Results are means of three 
independent tests with standard deviation error bars. The panel 
shows a typical outcome of gel electrophoresis loading 4 μl of 
uncut plasmid extracts (pUC, pCas3 or pCas3K320L) in an ethidium 
bromide-stained agarose gel (0.8%). Arrows within the pCas3 
lane point to slow-migrating plasmid multimers (see later Results 
section). Supercoiled plasmid is arrowed (SC); note that cas3 adds 
2.9 kb to the size of pUC19, accounting for slower migration of 
pCas3 SC species compared with SC pUC19. No DNA size ladder is 
present because plasmids are uncut. (B) Yields of plasmids based 
on pRSF-1b or pACYC-Duet were measured after extraction from, 
respectively, BL21 AI or strain IIB967. pRSF-1b or PACYC-Duet were 
either empty plasmid, or expressed Cas3, as indicated. Arabinose 
(+ ara) was used to induce T7 polymerase that is needed to tran-
scribe cas3 in each plasmid. Glucose (+ glu) gives tight repression 
of T7 polymerase. Results are means of two independent tests 
with error bars for standard deviation from the mean.
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Cas3 influences plasmid topology: stimulation of con-
catemers and removal of supercoiled plasmid. Cells lacking 
RNaseHI (ΔrnhA) can replicate ColE1 plasmids, characterized 
by formation of plasmid concatemers arising from homolo-
gous recombination and problems in plasmid segregation.29,30 
Overexpression of RNaseHI (ParaBAD rnhA) antagonized the 
ability of Cas3 to promote pUC plasmid replication (Fig. 2B). 
Therefore, if in MG1655 cells, Cas3 from pCas3 was dominant 
to RNaseHI expressed from its own promoter, leading to a high 
yield of pCas3, then a phenotype similar to ΔrnhA cells might be 
observed, e.g., concatemer formation. pCas3+, but not pCas3K320L, 
reproducibly gave DNA product that was slowly migrating when 
analyzed uncut on agarose gels (Fig. 3A, lanes 1 and 2), and in 
some extractions, pCas3 DNA remained in gel wells (Fig. 3A, 
lanes 3 and 4). As in Figure 1, we noted that pCas3K320L failed 
to yield any detectable band corresponding to supercoiled plas-
mid (e.g., Fig. 3A, lanes 2 and 4). Digestion of pCas3 extracts 
with EcoRI restriction endonuclease, to introduce one cut, con-
verted slowly migrating DNA bands into a single fragment (5.7 
kbp), consistent with resolution of concatemers into linear DNA 
molecules (Fig. 3A, lanes 5 and 6). Evidence for Cas3-induced 
concatemers was also obtained by comparing pUC19 empty 
plasmid vector extracted from “wild-type” MG1655, ΔrnhA or 
cells expressing a chromosomal-engineered cas3 under control 
of IPTG inducible PlacUV5 instead of from pCas3 (Fig. 3B). 
As expected, pUC extracted from ΔrnhA cells gave concatemers 
compared with MG1655 (Fig. 3B, compare lanes 1 and 2), and 
these were even more prevalent in IPTG induced PlacUV5 Cas3 
cells (Fig. 3B, lane 3). Again, the concatemers could be resolved 

Table 1) we observed that pCas3 yield was similar to pUC19 or 
pCas3K320L (Fig. 2A). This suggested that Cas3-stimulated plas-
mid copy number is dependent on RNaseHI and cannot rely on 
alternative methods of priming.

We then measured yields of pCas3 from E. coli cells express-
ing RNaseHI at high levels from the chromosome. These cells 
had an additional rnhA+ locus in the chromosome, under con-
trol of the arabinose inducible promoter ParaBAD, creating E. 
coli ParaBAD-rnhA+ (strain RCe442, Table 1). Cells grown in 
arabinose showed much-reduced yield of pCas3 comparable with 
empty pUC19 (Fig. 2B). In glucose, to repress ParaBAD RNaseHI 
expression, cells maintained a high yield of pCas3. Therefore, in 
these experiments, a surplus of RNaseHI induced from ParaBAD 
prevented a high yield of pCas3, despite RNaseHI being required 
to observe high yields of pCas3. We were unable to measure the 
abundance of RNaseHI molecules in cells using coomassie or 
silver-stained SDS-PAGE gels of total soluble cell proteins and, 
therefore, cannot accurately correlate RNaseHI protein expres-
sion with plasmid yields in these experiments. However, presum-
ably in glucose media, RNaseHI expression from rnhA under its 
own promoter, rather than ParaBAD-rnhA+, is sufficient to sup-
port high yields of pCas3 that were lost in ΔrnhA cells.

As presented in Figure 1B and developed in the next section, 
the appearance of pCas3 concatemers is associated with cells 
lacking adequate RNaseHI activity.30 This is consistent with 
antagonistic effects of Cas3 against RNaseHI. As discussed later, 
this and the resulting stimulatory effect of Cas3 on pUC plasmid 
replication are more consistent with Cas3 acting at a site other 
than R-loops in this assay.

Table 2. Plasmid yields and stability (see also Figs. 1 and 2)

E. coli strain Plasmid Plasmid concentration 
(ng/µl)a)

OD600 Viability cells per ml (×107)c) AmpR, KanR or ChlmR cells 

(% total)b)

MG1655 pUC19 68.4 (± 22.5) 1.3 (± 0.02) 154 (± 22) 100.0

pCas3+ 261.3 (± 17.0) 2.0 (± 0.07) 123 (± 32) 94.0

pCas3K320L 72.9 (± 3.4) 2.3 (± 0.01) 109 (± 3) 95.5

pCas3K78L 221.8 (± 43.0) 1.4 (± 0.17) 78.5 (± 23) 5.3

pCascade 25.6 (± 4.4) 1.9 (± 0.13) 173 (± 7) 0.1

pCasC 30.8 (± 1.3) 1.5 (± 0.12) 72.5 (± 33) 5.0

BL21 AI pRSF1b 112.7 (± 4.6) 1.4 (± 0.05) 70 (± 10) 89.7

pCas3-RSF (arabinose) 139.0 (± 21.8) 1.1 (± 0.12) 32.5 (± 5) 85.7

pCas3-RSF (glucose) 144.5 (± 26.0) 1.5 (± 0.15) 77.5 (± 20) 100

MG1655 araB::

T7 RNAP

pACYCDuet-1

pCas3-pACYC

(arabinose)

pCas3-pACYC

(glucose)

29.5 (± 2.8)

29.5 (± 2.8)

39.75 (± 11.7)

1.7 (± 0.01)

1.46 (± 0.04)

1.75 (± 0.05)

115 (± 35)

65 (± 7)

115 (± 21)

100

100

100

EB304 (Δcas3) pCascade 25.4 (± 4.0) 0.94 (± 0.2) 190 (± 16) 1.0

pUC19 47.66 (± 7.0) 2.0 (± 0.02) 147 (± 10) 100.0

Cells were grown as overnight cultures for extraction of pUC19-based ColE1 plasmids, or pRSF or p15A non-ColE1 plasmids, expressing Cas3 or Cascade 
as indicated. aPlasmid concentrations were measured in a Nanovue spectrophotometer (GE Healthcare). Values are means of three independent experi-
ments with standard deviations given in parentheses. bThe percentage cells retaining plasmid was measured by comparing viable colony counts after 
plating on agar with, or without ampicillin or appropriate antibiotic. cViable cell number was from counting colonies after plating 100 µl of serially 
diluted bacteria on LB agar plates from at least two independent experiments.
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is suggested by results showing interplay between Cas3 and 
RNaseHI: to achieve a high yield of pCas3 requires RNaseHI, 
but this is repressed if RNaseHI is overexpressed. Antagonism 
between activities of Cas3 and RNaseHI is a further indication 
that Cas3 does not target R-loops for unwinding, at least in this 
assay: if Cas3 were, then an overall effect o fdissociating R-loops 
would be the same as RNaseHI destroying R-loops, as reported 
for RecG. Our data are consistent with Cas3 stabilizing, pro-
moting or generating R-loops for activation of ori ColE1. It is 
not likely that Cas3 is either forming or stabilizing R-loops in 
this context because its helicase activity is needed for increased 
plasmid copy number, an activity that dissociates R-loops.16 
We propose instead that Cas3 helicase might promote pairing 
of RNAII with ori DNA, at the expense of RNAI-RNAII pair-
ing, thus stimulating ColE1 replication. To do this, Cas3 heli-
case could dissociate RNAI from RNAII in a 3' to 5' direction 
to free up RNAII, indirectly promoting ColE1 replication. In 
support of this, ΔpcnB E. coli had no effect on pCas3 plasmid 

into a single pUC-sized DNA band by treatment with EcoRI 
(Fig. 3B, lane 4). Therefore, increased ColE1 plasmid copy by 
Cas3 also provoked formation of plasmid species that migrated 
like concatemers, and which also seemed to require Cas3 heli-
case activity. This is discussed more below, with reference to what 
is known about Cas3 helicase activity and on measurements of 
plasmid copy number in cells lacking PcnB.

Extractions of pCas3K320L consistently lacked detectable super-
coiled DNA, summarized in Figure 4 (compare lanes 2 and 3). 
However, mutation of Cas3 nuclease HD domain in pCas3K78L 
restored the supercoiled species, even if the K320L mutation 
was also present (compare lanes 3–5). This is consistent with 
plasmid DNA nicking activity of E. coli Cas3 that requires the 
HD nuclease domain, as shown previously in work on E. coli 
CRISPR/Cas interference reactions.12 A possible nicking activity 
is intriguing in the assay we report, leading to the question; why 
does Cas3K320L have this effect on the supercoiled species but wild 
type Cas3 does not, even though both proteins have intact HD 
nuclease domains? This is discussed below.

Discussion

We have shown that E. coli Cas3 promotes runaway replication 
of the ColE1 plasmid pUC19. This required Cas3 ATPase/heli-
case activity; mutation to the Walker A motif (Cas3K320L) reduced 
plasmid yield to levels of empty pUC19. A number of specific fac-
tors can increase ColE1 plasmid copy number, reviewed recently 
in reference 31. Many of these involve alterations to stability or 
relative levels of plasmid-encoded transcripts, RNAI and RNAII, 
which modulate ColE1 replication through RNA-DNA and 
RNA-RNA interactions. RNAII stimulates ColE1 replication by 
forming an R-loop with ori DNA, but this is blocked by RNAI 
binding to the 5' end of RNA II, effectively decreasing plasmid 
copy number. It was unexpected that Cas3 would increase pUC 
copy number. Purified Cas3 can dissociate an R-loop in vitro,16 
the same activity as previously reported for E. coli RecG heli-
case.27,28 However, RecG exerts the opposite effect to Cas3 in 
vivo, decreasing pUC plasmid copy number when measured in 
the same assay as we have used in this work.28 We noted that 
pCas3 was toxic in cells lacking RecG (ΔrecG), resulting in at 
least 30-fold less cell viability compared with pUC (Table 3). 
This was accompanied by little, if any, increase in plasmid yield 
in this strain, suggesting that the lethality of pCas3 in ΔrecG 
is unlikely to be caused by uncontrolled plasmid replication. 
Viability of ΔrecG cells was unaffected if Cas3 was expressed 
from pACYC, a low copy number non-ColE1 plasmid (Table 3). 
This is consistent with activities of Cas3 on ColE1 plasmids being 
responsible for reduced cell viability in the absence of RecG, pos-
sibly because RecG can counterbalance the effects of Cas3. In 
summary, in these assays it seems unlikely that Cas3 is unwind-
ing R-loops. R-loop unwinding is consistent with reduced, not 
increased, ColE1 plasmid copy number, because it would dis-
mantle RNAII-ori priming that initiates replication. What activ-
ity of Cas3 could increase ColE1 plasmid replication?

One possible explanation is that Cas3 may have regulatory 
roles on RNA that are distinct from CRISPR immunity. This 

Figure 2. Interplay between Cas3 and RNaseHI affects plasmid copy 
number. (A) RNaseHI is needed for Cas3 to promote plasmid copy 
number. Experiments described in Figure 1A were repeated in MG1655 
lacking RNaseHI (ΔrnhA) measuring yields of pUC19 as empty plasmid 
or expressing Cas3/Cas3K320L, as indicated. Results are means of three 
independent tests in each case, with standard deviation error bars. (B) 
In this experiment, in addition to chromosomal rnhA, RNaseHI can also 
be overexpressed from the chromosome by arabinose induction from 
ParaBAD. Cells were transformed with pUC empty vector or pCas3 and 
then grown in either glucose (+ glu, to repress RNaseHI) or arabinose (+ 
ara, to induce RNaseHI) as indicated. The panel shows representative 
plasmid yield from 4 μl of pCas3 (uncut) extracted from cells grown in 
arabinose or glucose, electrophoresed in an ethidium bromide-stained 
agarose gel (0.8%).
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no major decreased plasmid copy number, as we have observed. 
However, future work would require testing this hypothesis in 
vitro using purified Cas3 and defined RNAI-RNAII substrate. 
It is interesting to note that RNAI-RNAII pairing creates several 
stem-loop or hairpin secondary structures in specific sequences, 
which could be targets for Cas3 for remodeling. There is cur-
rently some interest in manipulating host factors as a tool for 
upregulation of ColE1 plasmid replication.31 The mechanism by 
which Cas3 achieves it might uncover new possibilities for plas-
mid modifications.

Cas3 is a core CRISPR/Cas protein that was first studied as a 
requirement for effective defense of E. coli cells in assays against 
plaque formation by phage λvir, when expressed ectopically (from 
a plasmid) with Cascade.2 It is clear from that and later work, that 
E. coli Cas3-Cascade can be manipulated as an effective defense 
against phage.5,32 A crucial part of CRISPR defense is nicking 
and degradation of target DNA, catalyzed by Cas3 HD-nuclease 
when in complex with Cascade.12 In our assays, using a plasmid 
(pUC19) that lacked any PAM sequence and in the absence of 
Cascade, we observed a disappearance of supercoiled DNA 
that is consistent with nicking, but this was only clearly appar-
ent from Cas3K320L, an ATPase defective mutant. After plasmid 
nicking, Cas3 did not processively degrade the plasmid, perhaps 
because Cascade is absent, and also because this pUC plasmid 
has not been engineered with PAM containing target DNA.12 As 
expected, nicking needed the active HD domain nuclease (e.g., 
Fig. 4). This intriguing observation suggests that correct bind-
ing and/or hydrolysis of ATP by Cas3 might be an important 

yield, but did reduce yields of pUC19 empty plasmid (Table S2). 
pcnB encodes poly(A)polymerase that ensures short half-life (< 
2 min) of RNAI, thereby promoting ColE1 replication. RNAI 
persists when PcnB is absent, with the effect of reducing pUC 
copy number. Removal of RNAI from RNAII by another factor 
(e.g., Cas3) in the absence of PcnB would manifest as there being 

Figure 3. Cas3 provokes formation of plasmid concatemers. (A) Lanes 1–4 show ethidium bromide-stained agarose electrophoresis of uncut pCas3 or 
pCas3K320L from two independent plasmid extractions, to illustrate typical pCas3 concatemer formation including high molecular mass species that re-
main in gel wells (lane 3). Restriction digestion of uncut pCas3 converted multimeric plasmid (lane 5) into a single product consistent with linear pCas3 
(5.4 kbp, lane 6). The DNA size marker is Fermentas GeneRuler. (B) Agarose gel showing concatemer (C) formation of pUC19 extracted from ΔrnhA cells 
(lane 2) compared with rnhA+ cells (lane 1). This effect is typical of cells lacking RNaseHI, as reported previously.30 IPTG induced expression of chromo-
somal Cas3 from PlacUV5 further increases concatemer formation of pUC19 (lane 3). All DNA species from PlacUV5-Cas3 were converted to single band 
of linear pUC19 after restriction digestion (lane 4).

Figure 4. Potential for Cas3 nicking activity on supercoiled plasmid 
DNA. Ethidium bromide-stained agarose gel (0.8% w/v) showing 
4 μl loadings of plasmid extractions, uncut, from E. coli MG1655. The 
position of supercoiled plasmid is labeled (SC), and is absent in lane 3 
(pCas3K320L), but restored in lanes 4 and 5, representing nuclease defec-
tive Cas3 (Cas3K78L).
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designed to delete all of the ygcB except for flanking sequence 
of 10 codons, at both the beginning and at the end of the Cas3 
coding sequence. aprR integrated into cas3 was verified by PCR 
using primers specific to ygcB flanking sequences (Table S2): 
Δcas3 giving a 0.9 kbp DNA fragment instead of 2.7 kbp from 
intact cas3. The 0.9 kbp aprR fragment was further verified by 
digestion with XhoI, to generate two DNA fragments from a 
single cleavage of aprR. aprR was then P1 transduced from the 
recombineering strain into MG1655, creating strain EB304 and 
again verified by PCR and XhoI. Table 1 lists the manipulations 
to create ΔrnhA and ΔpcnB in MG1655 background for consis-
tency with other strain backgrounds, and strains obtained from 
other sources.

Cloning of E. coli ygcB (encoding Cas3), and K320L, K78L 
and K78L-K320L Cas3 variants, into pUC19 or pRSF-1b 
(pEB542) was by PCR amplification from existing cas3 plasmids 
that are described in reference 16 using primers in Table S1. Sub-
cloning of ygcB into pACYC-Duet was from pEB542 via NcoI 
and KpnI, giving pEB574 (Table 1). Cascade was cloned into 
pUC19 (pCascade) as an operon (casA-casE /cse1-cas6e), or con-
taining only CasC (pCasC) by PCR amplification from MG1655 
genomic DNA, using primers listed in Table S2.

Media and general microbiology methods. LB broth and agar 
(10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl to 1 L of water 
and sterilised) was used for all E. coli cell growths except during 
recombineering, as described in Datsenko and Wanner. Selection 
of ColE1 pUC plasmids was by ampicillin (100 μg/ml), kana-
mycin (50 μg/ml) for pRSF-1b plasmids and chloramphenicol 
(15 μg/ml) for pACYC-based plasmids. When required, arabi-
nose or glucose was added to a final concentration of 13 mM, and 
IPTG to 0.2 mM. To extract plasmids, cell cultures were grown 
overnight with shaking at 37°C and cell density was measured 
at 600 nm (OD

600
, Table 2). Cell viabilities were calculated by 

plating onto agar plates 100 μl of bacteria cultures that had been 
serially diluted in 67 mM phosphate buffer (pH = 7.0). The frac-
tion of plasmid-free cells was calculated by counting colonies on 
plates with and without ampicillin selection.

Agarose gel analysis of plasmid DNA yields and confor-
mation. All plasmid DNA was extracted from 2 ml of culture 
grown as described above, using new, unused columns from a 
Wizard plus SV mini-prep kit (Promega). Plasmid DNA con-
centrations were measured from 2 μl aliquots in a Nanovue 

regulator of Cas3 nuclease activity. Given that very little is known 
about the structure or mechanism of ATPase catalysis by Cas3, 
this might be an interesting line of inquiry. It is possible that 
Cas3 nicking of plasmid DNA, only at a position corresponding 
to an R-loop, might offer a mechanism for ensuring Cas3 nucle-
ase in CRISPR defense is targeted to the Cascade-crRNA R-loop 
formed after successful recognition of invasive DNA. We are also 
aware that, although speculative, such a nicking activity could 
direct rolling circle plasmid replication to occur. We suggest that 
slow migrating DNA species observed by expressing Cas3, espe-
cially in the absence of RNaseHI, result from R-loop provoked 
recombination. There is a possible alternative explanation that 
they are unresolved plasmid multimers from rolling circle repli-
cation, rather than products of R-loop provoked recombination. 
To distinguish between these possibilities will be addressed in 
future studies.

Detailed analyses of CRISPR loci across E. coli strains,33-35 
and their relationship to coliphage, do not support a role for 
CRISPR/Cas solely in defense against plasmid or phage. It seems 
that E. coli CRISPR/Cas may be quite specialized and at least 
some components might be co-opted into other nucleic acid pro-
cessing systems.36 It is thought that Cas3 and Cascade physically 
interact,12 which would provide a neat mechanism to target Cas3 
to ssDNA for successful CRISPR interference. It will be inter-
esting to see how this could interplay with recent evidence that 
Cas3 requires stabilization or chaperoning by HtpG.37 Very little 
is known about the Cas3 helicase/translocase mechanism. It is an 
intriguing possibility that Cas3 could recognize and translocate a 
common structural feature of both DNA and RNA, a 3' single-
stranded region, but this will require more detailed analysis in 
vitro using purified substrates.

Materials and Methods

Strains and plasmids. E. coli K-12 strains and plasmids used in 
this study are listed in the Table 1. Primers used are listed in 
Table S2. Deletion of the allele ygcB (cas3) in E. coli MG1655 
was by the one-step gene disruption method.38 The substrate for 
this method was generated by PCR amplification of a cassette 
encoding resistance to apramycin (aprR). aprR PCR product 
had primer-generated extensions homologous to ygcB, encod-
ing Cas3 in MG1655. Successful incorporation of aprR was 

Table 3. Cas3 overexpression from ColE1 plasmid is toxic to cells lacking RecG

E. coli strain (MG1655) Plasmid Plasmid concentration (ng/µl) OD600 Viable cells per ml (×107) AmpR or ChlmR cells (% total)

N4256 ΔrecG

pUC19 108.31 (± 15.4) 1.9 (± 0.05) 95 (± 30) 100.0

pCas3K320L 91.38 (± 11.2) 2.3 (± 0.01) 248 (± 21) 97.6

pCas3 148.75 (± 24.9) 2.0 (± 0.04) 3 (± 3) 100.0

IIB968 ΔrecG

araB::T7 RNAP

pACYCDuet-1 33.2 (± 3.9) 1.7 (± 0.02) 120 (± 14) 100.0

pCas3-pACYC

(arabinose)
29.5 (± 0.7) 1.4 (± 0.03) 70 (± 14) 100.0

pCas3-pACYC

(glucose)
46.7 (± 3.9) 1.8 (± 0.13) 100 (± 0) 100.0

Details for measurement of cell viabilities and plasmid concentrations are the same as in footnotes to Table 1.
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