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Summary 

CRISPR (clustered regularly interspaced short palindromic repeats) is a widespread defence 

system employed by bacteria and archaea to combat phage infections. Its core feature is a 

locus containing phage-derived sequences, which—upon transcription—gives rise to small 

CRISPR RNAs (crRNAs) that target phage nucleic acids for recognition by 

CRISPR-associated (Cas) protein machinery. The functions of some Cas proteins from 

various organisms have been deciphered. Nevertheless, how different CRISPR/Cas systems 

work to limit phage proliferation remains elusive. 

The genome of the model Gram-negative bacterium Escherichia coli encodes eight 

annotated Cas proteins. CasA-E form a heteromeric complex called Cascade (CRISPR-

associated complex for antiviral defence), which is responsible for generating the crRNAs 

from a full-length precursor transcript. The remaining three proteins, Cas1-3, have not been 

studied. Nevertheless, in vivo experiments revealed that Cas3, but not Cas1 and Cas2, is 

essential for the resistance. 

In this work, I present in vitro analyses of Cascade and Cas3 proteins. The results support 

previously proposed functions of Cascade, i.e. binding to the primary CRISPR transcript and 

processing it into crRNAs. crRNAs were shown to remain bound to Cascade and, presumably, 

this complex can recognize the phage nucleic acids in vivo, as it was able to bind to DNA and 

RNA oligonucleotides complementary to the crRNAs. 

Finally, I purified Cas3 and investigated its cooperation with Cascade in targeting and 

perhaps degrading the oligonucleotides complementary to crRNAs. The results suggest that 

Cascade and Cas3 are not sufficient for cleavage of target nucleic acids in vitro. Cas3 was 

only able to recognize the complex of Cascade and crRNA bound to complementary RNA, 

not DNA, which might indicate what the natural target of this system is. However, these 

preliminary experiments allow for no convincing conclusion to be drawn. 
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Introduction 

Bacteriophages are supposedly the most abundant biological entities in the biosphere. With 

estimated 10
24

 infections per second, they exert an enormous selection pressure upon their 

hosts and thereby shape their evolution (Abedon 2008). Consequently, unprecedented arms 

races between bacteria and phages can be observed in nature as well as in industrial and 

laboratory microbial communities. 

Several distinct mechanisms that bacteria use to escape phage infections have been 

described. Restriction-modification systems, for example, are able to recognize "self" from 

"non-self" and cleave any DNA without a proper methylation pattern (reviewed by Kobayashi 

2001). Abortive infection (also known as phage evasion) is a bacterial suicide, which leads to 

suppression of phage multiplication to the benefit of other (most likely kin) bacteria in the 

community (Copeland and Kleanthous 2005, Blanga-Kanfi et al. 2006, Chopin et al. 2005). 

Since the phage always needs a cell-surface receptor to adhere to, the bacterium can also 

mask this receptor with extracellular polymers, alter its structure or even lose it in the process 

of adsorption inhibition. In some cases, it is possible to block DNA injection even after the 

phage has adsorbed (reviewed by Hyman and Abedon 2010). Yet other bacterial immune 

systems are beginning to emerge (Makarova et al. 2009, van der Oost et al. 2009). Among the 

most surprising ones is the CRISPR system. 

The core of the CRISPR (clustered regularly interspaced short palindromic repeats) system 

is an unusual genome locus (Figure 1), which has been identified in as many as 40 % of 

bacterial and nearly all archaeal sequenced genomes (Grissa et al. 2007). It consists of an 

array of repetitive sequences of ~30 bp (repeats) interspaced with non-repetitive stretches of 

similar length (spacers). A CRISPR locus can contain from a few to several hundred spacer-

repeat units. Adjacent to the array is a leader sequence. It has been proposed to contain a 

promoter that drives transcription of the CRISPR (Pul et al. 2010) and is thought to play a 

role in incorporating new spacer-repeat units. Finally, a set of cas (CRISPR-associated) genes 

is located upstream of the leader. 

Although CRISPR was first noticed more than twenty years ago (Ishino et al. 1987), the 

first steps towards its understanding have been made just recently. Mojica et al. (2005) made 

the crucial observation that the spacers often match sequences from bacteriophages and other 

extrachromosomal replicative elements and shortly, Barrangou et al. (2007) provided direct 

evidence that new spacers are derived from the phage genome upon infection. Moreover, 

presence of a particular spacer in Streptococcus thermophilus correlated with resistance to a 

phage from which it was acquired (Barrangou et al. 2007). 

Protein clusters define different CRISPR/Cas systems 

In order to understand CRISPR immunity in detail, determination of biochemical properties 

and physiological functions of Cas proteins is imperative. Phylogenetic clustering revealed 

that Cas proteins group into eight functional units that coincide with repeats of specific 

features (Haft et al. 2005b). These CRISPR/Cas subtypes cluster independently of the 

established evolutionary tree suggesting extensive horizontal transfer. The same analysis 

identified one core Cas protein family, Cas1, present in all CRISPR/Cas systems. Cas1 is a 

predicted nuclease (Haft et al. 2005b, Makarova et al. 2006). Cas1 from Sulfolobus 

solfataricus has been shown to bind, but not cleave, dsDNA, dsRNA and DNA-RNA hybrids 

in vitro in a sequence-nonspecific manner (Han et al. 2009). Nevertheless, Cas1 from 

Pseudomonas aeruginosa has been revealed to be a divalent metal-dependent sequence-

nonspecific DNA endonuclease that generates fragments of ~80 bp (Wiedenheft et al. 2009). 

Besides the universal CRISPR marker Cas1, the genome of a model bacterium E. coli 

encodes seven additional Cas proteins: Cas2, Cas3 and CasA-E (Figure 1A). Cas2 homologs 
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from five different organisms (but not from E. coli) have been shown to be endoribonucleases 

that cleave ssRNAs within U-rich regions in vitro (Beloglazova et al. 2008). Hence, it has 

been proposed to execute the immune response by degrading phage mRNAs. However, later 

it became clear that both Cas1 and Cas2 are in fact dispensable from the effector stage of 

CRISPR/Cas action (see below) and rather may play a role in acquiring new spacers (Brouns 

et al. 2008, van der Oost et al. 2009). 

Cas3 consists of three conserved domains, two predicted helicases and one endonuclease 

(Haft et al. 2005b, Makarova et al. 2006, Marchler-Bauer and Bryant 2004). A related 

nuclease from S. solfataricus has been studied in vitro; it cleaves dsRNAs and dsDNAs at GC 

pairs with no further sequence requirements (Han and Krauss 2009). 

Among the remaining five proteins, CasA-E, only CasD is a member of a protein family 

represented also in other CRISPR/Cas subtypes. This Cas5 family belongs to a RAMP 

(repeat-associated mysterious protein) superfamily (Haft et al. 2005b, Makarova et al. 2006) 

and its function is mostly unknown. The rest, i.e. CasA, CasB, CasC and CasE, are proteins 

unique to E. coli-like CRISPR/Cas systems (Haft et al. 2005b). 

 
Figure 1. CRISPR1 locus in E. coli. A, overview of the locus with eight cas genes, the leader and the CRISPR 

array. In blue, members of gene families found in other CRISPR/Cas subtypes, as well. In green, genes specific 

for E. coli-like CRISPR/Cas systems. B, the spacer-repeat array. In E. coli K-12 W3110, it contains 12 spacers 

and 13 repeats (highlighted in violet). Transcription of the whole array is driven from a promoter located in the 

leader (red). Picture courtesy of Nadja Heidrich. 

Cascade and Cas3 limit phage proliferation in Escherichia coli 

Since the CRISPR/Cas system seems inactive in unchallenged laboratory E. coli strains (Pul 

et al. 2010), investigation of the Cas proteins requires their artificial overexpression. In a 

ground-breaking study, Brouns et al. (2008) gained important insights by overexpressing 

E. coli Cas proteins in various combinations. The five proteins denoted CasA-E were found to 

form a stable complex for which the authors coined the name Cascade (CRISPR-associated 

complex for antiviral defence). This complex binds to the primary transcript of the CRISPR 

array and cleaves it into small CRISPR RNAs (crRNAs) which comprise a full spacer flanked 

on both sides by a piece of neighbouring repeat. Since the repeats are partially palindromic, 

A 

B 
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their transcripts most likely form stem-loop structures, which are recognized and cleaved at 

the stem base by Cascade (Brouns et al. 2008) (Figure 2). 

crRNAs remain attached to Cascade and, supposedly, they guide an effector protein 

machinery to phage nucleic acids (Brouns et al. 2008). Plaque assays revealed that for 

successful immune reaction to be carried out, coexpression of Cascade and Cas3 is necessary 

(Brouns et al. 2008). Nevertheless, it remains to be determined exactly how these proteins 

interfere with phage proliferation and what the role of Cas3 is. 

One of the fundamental questions is whether CRISPR/Cas in E. coli targets phage DNA or 

RNA. In this respect, contradictory results come from studies of different organisms. In the 

Gram-positive bacterium Staphylococcus epidermidis, plasmid conjugation is prevented if the 

plasmid carries a protospacer, a sequence identical to one of the spacers in the CRISPR locus. 

However, if a self-splicing intron is inserted into this sequence, plasmid conjugation is 

unaffected (Marraffini and Sontheimer 2008). Autocatalytic excision of the intron from the 

transcribed plasmid gene leaves the protospacer sequence intact in the mRNA making it a 

potential target for CRISPR interference. The fact that these plasmids conjugate as frequently 

as control plasmids without the protospacer suggests that CRISPR/Cas in Staphylococcus 

epidermidis targets DNA rather than RNA (Marraffini and Sontheimer 2008). In addition, 

Streptococcus thermophilus phage-resistant mutants were isolated with spacers matching both 

coding and noncoding strands of the phage genome. This may suggest that CRISPR immunity 

in this species targets DNA, as well (Barrangou et al. 2007). Conversely, in vitro biochemical 

assays have shown that CRISPR/Cas machinery of the archaeon Pyrococcus furiosus cleaves 

RNAs complementary to the crRNAs at specific positions (Hale et al. 2009). As none of the 

three species possesses an E. coli-like CRISPR/Cas subtype (Haft et al. 2005a), the only hint 

comes from the finding that spacers of both orientations provide E. coli with resistance to 

phage lambda, which points towards DNA as a potential target (Brouns et al. 2008). 

Nevertheless, this suggestion has yet to be confirmed. 

 
Figure 2. Cascade generates crRNAs. Repeats (yellow) within the primary CRISPR RNA form stem-loop 

structures that are bound by Cascade and cleaved at the stem base. Individual crRNAs comprising a spacer 

(violet) flanked by a piece of the repeat on each side remain bound to Cascade. 

Aims 

The mechanisms employed by CRISPR defence systems to combat phage predation are 

largely unknown. Their understanding would, nevertheless, be of tremendous importance, not 

only in basic research but also, for instance, in dairy industry, as the product quality is 

absolutely dependent on the fitness of the producing cultures. In addition, CRISPR machinery 

might harbour novel enzymes or whole tool-kits for manipulating bacterial genomes. 

The goal of this work was to start an in vitro analysis of CRISPR-associated proteins from 

E. coli, namely, Cascade and Cas3, and to tackle crucial questions: What is the target of the 

CRISPR defence in E. coli and how is it dealt with? Does the machinery involve additional, 

yet unidentified, proteins? and others. 
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Results 

crRNAs remain bound to Cascade 

The CRISPR (clustered regularly interspaced short palindromic repeats) machinery in E. coli 

comprises eight Cas (CRISPR-associated) proteins (see Figure 1A). Although a handful of 

bioinformatical predictions are available, direct biochemical investigations of these proteins 

are scarce. The function of Cascade (CRISPR-associated complex for antiviral defence), 

which consists of five proteins (CasA-E), has been determined by Brouns et al. (2008). The 

complex has been proposed to bind to a full-length CRISPR transcript and process it into 

small CRISPR RNAs (crRNAs). In addition, Cascade has been shown to work in concert with 

Cas3 to limit phage proliferation in a process that is not understood. 

Cascade has been purified previously (Weiss A, 2009. CRISPR-associated protein complex 

from Escherichia coli: Purification for use in in vitro assays. Project work report. Uppsala 

University). All five components of the complex copurified with His-tagged CasC supporting 

the assumption that they form a functional unit in vivo (Brouns et al. 2008). However, 

copurification was impaired from a strain lacking the CRISPR array suggesting that assembly 

of Cascade requires the primary CRISPR transcript. 

To determine whether crRNAs generated by Cascade remain bound to the complex, 

Northern blot analysis of purified Cascade was performed using probes NH322, NH324 and 

NH266 specific for spacers one, three and five, respectively (Figure 3). Each of the blots 

revealed the presence of a fragment of ~60 nt, which roughly corresponds to the size of one 

spacer-repeat unit (in Figure 3 indicated by arrows). In addition, fragments of various sizes 

were detected by probe NH12 specific for the leader sequence. 

 
Figure 3. crRNAs copurify with Cascade. Upper panel, schematic depiction of the CRISPR array with leader in 

red, repeats in violet and spacers in black. Arrows indicate spacer transcripts detected by Northern blot analysis. 

Lower panel, samples of purified Cascade were separated by denaturing 8 % polyacrylamide gel electrophoresis 

and transferred onto a nylon membrane. Each blot has the Cascade sample to the left and a ladder to the right 

(fragment lengths in bp indicated rightmost). The membranes were incubated with probes specific for sense (+) 

and antisense (-) strand of the leader and spacers one, three and five as follows: leader—NH12 (+), NH1 (-); 

spacer 1—NH322 (+), NH321(-); spacer 3—NH324 (+), NH323 (-); spacer 5—NH266 (+), NH265 (-). Arrows 

indicate distinct bands corresponding in size to a single spacer-repeat unit. 
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A recent study of crRNAs in Sulfolobus spp. detected also RNAs derived from the antisense 

strand of the CRISPR array (Lillestøl et al. 2009). To investigate this intriguing possibility in 

E. coli, antisense-specific probes were included in the Northern blot analysis. However, no 

antisense crRNAs were detected in the samples of purified Cascade (Figure 3). Taken 

together, these observations suggest that sense-strand crRNAs generated in the cell remained 

attached to the Cascade throughout the purification process. 

Cascade cleaves substrate RNA in vitro 

Since Cascade has been shown to account for processing of the primary CRISPR transcript, I 

wanted to see whether the purified protein complex is capable of cleaving RNA in vitro. 

Internally [α-
32

P]UTP-labelled RNA that spanned approximately four spacer-repeat units of 

E. coli K-12 W3110 CRISPR1 locus was prepared and tested for cleavage in vitro. Both sense 

and antisense strands were generated and incubated with Cascade. The full-length sense RNA 

(~220 nt) was processed into smaller species of about 180, 120 and 60 nucleotides, which 

correspond to the lengths of triple, double and single spacer-repeat unit, respectively 

(Figure 4A). In addition, RNAs of about 105 and 45 nt were detected. The time period of 

incubation with Cascade appeared to correlate with resulting relative amounts of different 

RNAs: the longer the period, the more of the small RNAs emerged (Figure 4A). In contrast, 

no cleavage of the antisense strand was observed (Figure 4B). 

 
Figure 4. Cascade cleaves RNA in vitro. Internally [α-

32
P]UTP-labelled RNA corresponding to sense (A; PCR 

primers NH29 and NH72) and antisense (B; PCR primers NH16 and Rb3) strand of E. coli CRISPR array was 

incubated with Cascade for the time periods indicated above the lanes (in minutes) and separated on a denaturing 

5 % polyacrylamide gel. Note that panel A is a composite figure. C, control reaction was incubated for 

60 minutes with no protein. L, ladder with fragment lengths in bp on the right. 

Cas3 purification 

Thus far, the role of Cascade in generating small RNAs was affirmed in vitro. Next, I wanted 

to purify another key component of the defence system, Cas3, which has not been studied. Its 
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isolation would enable further in vitro analyses and help to get insights into the mechanism of 

CRISPR action. However, Cas3 turned out to be very unstable as it disappeared from the cells 

soon after induction of its expression (data not shown). 

Hence, some modifications of the commonly used metal-chelate affinity purification 

protocol had to be introduced, namely, (i) the protein-expressing cells were grown at 16 °C, 

(ii) the whole purification process was carried out at 4 °C and (iii) ATP was added to all 

buffers, as Cas3 has a predicted helicase fold with an ATP-binding pocket (Marchler-Bauer 

and Bryant 2004). Together with Cas3, an additional protein of ~60 kDa was purified 

(Figure 5, lane 3). Mass spectrometry analysis confirmed that the major purified protein was 

Cas3 and revealed that the minor product was the chaperone GroEL (Ulf Hellman, personal 

communication). 

 
Figure 5. Cas3 can be overexpressed and purified. SDS-PAGE analysis of whole-cell extracts before induction 

of Cas3 expression (lane 1) and 20 hours post-induction (lane 2). Lane 3 shows the purified product. L, ladder 

with molecular weights in kDa given on the right. 

Cas3 recognizes Cascade-RNA complex 

In order to investigate a putative nucleic acid-associated activity of Cascade and Cas3, a set of 

DNA and RNA oligonucleotides was generated and 5'-labelled. The sequences were designed 

to match a locus in the phage lambda genome that contains a protospacer, a sequence 

corresponding to one of the spacers bound to the purified Cascade (see Figure 11 and 

Table 1). These oligonucleotides were analyzed by mobility shift assays. 

Cas3 alone did not show any activity (i.e. binding or processing) towards single-stranded 

oligonucleotides (Figure 6, lanes 2, 6, 10, 14). In contrast, Cascade could bind target ssRNA 

and ssDNA with complementarity to the crRNA (lanes 3 and 11), but not the opposite control 

strand containing a region identical to the crRNA (lanes 7 and 15). The gel shift caused by 

Cascade binding showed a multiple-band pattern suggesting the presence of at least three 

different complexes. In addition, Cascade cleaved both target and control ssRNA (lanes 3 

and 7) but left ssDNA intact (lanes 11 and 15). 

Cas3 did not affect Cascade binding of ssDNA nor did it induce any cleavage (Figure 6, 

lanes 12 and 16). In case of target ssRNA, however, addition of Cas3 changed the gel-shift 

pattern and decreased the amount of processed RNA (compare lanes 3 and 4). 
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Figure 6. Binding of Cascade and Cas3 to single-stranded nucleic acids. 5'-labelled ssRNA (lanes 1-8) and 

ssDNA (lanes 9-16) oligonucleotides were incubated for 30 min at 37 °C with no proteins (lanes 1, 5, 9, 13), 

with Cas3 (lanes 2, 6, 10, 14), with Cascade (lanes 3, 7, 11, 15) or with both (lanes 4, 8, 12, 16) and separated on 

a native 12 % polyacrylamide gel. The oligonucleotides contained a region either complementary to (NH337—

lanes 1-4 and NH334—lanes 9-12) or identical with (NH335—lanes 5-8 and NH333—lanes 13-16) one of the 

crRNAs. L, ladder with fragment lengths in bp on the right. 

To further explore the interaction between Cascade, Cas3 and RNA, I conducted gel-shifts at 

different times (Figure 7). Again, control RNA was not bound by Cascade, even though traces 

of cleavage products were visible (lanes 10-16). The interaction between Cascade and target 

RNA was established almost immediately with saturation after 5 min, whilst the processed 

species increased gradually (lanes 6-8). Removal of ATP from the binding buffer did not 

affect the ability of Cascade to bind or cleave (compare lanes 8 and 9). Cas3 required 

considerably longer incubation time to interact with the Cascade-RNA complex, with no 

detectable interaction after 5 min (lanes 2-4). Nevertheless, after that Cas3 did bind and, to a 

certain extent, hampered RNA cleavage (compare lanes 4 and 8). Absence of ATP did not 

prevent Cas3 from changing the gel-shift pattern (compare lanes 4 and 5). 

Taken together, these data show that Cascade binds single-stranded oligonucleotides with 

complementarity to the attached crRNAs. In case of RNA targets, this binding is rapid and 

allows subsequent interaction with Cas3. 
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Figure 7. Time course of Cascade and Cas3 binding to ssRNA. 5'-labelled target RNA (NH337—lanes 1-9) and 

control RNA (NH335—lanes 10-16) was incubated at 37 °C with both Cascade and Cas3 (lanes 2-5 and 11-13) 

or Cascade only (lanes 6-9 and 14-16) for 1, 5 or 30 min, as indicated above the lanes, and separated by native 

12 % polyacrylamide gel electrophoresis. Control reaction without proteins was incubated for 30 min. For target 

RNA, additional reactions without ATP were set up and incubated for 30 min (lanes 5 and 9). L, ladder with 

fragment lengths in bp on the right. 

Cas3 does not bind crRNA-RNA and crRNA-DNA hybrids 

Thus far, I showed that the complex of Cascade and RNA complementary to the crRNA is 

recognized and changed by Cas3. To further determine what the recognition marker is, I 

subjected a set of crRNA-containing hybrids to Cas3 binding. In principle, Cas3 by itself 

might be able to detect the unusual topology of the crRNA and thereby uncover the foreign 

nucleic acids. The physiological role of Cascade would then be only to recognize the target 

and deliver the hybrids to Cas3 without being involved in the later stages of immunity. 

Nevertheless, Cas3 failed to bind both crRNA-DNA and crRNA-RNA hybrids (Figure 8) 

suggesting that it needs the Cascade proteins to enter the complex. 

Cas3 and Cascade do not bind dsDNA 

Next, I wanted to examine whether Cascade is able to displace the target strand from 

double-stranded DNA and whether Cas3, as a predicted helicase, could be involved. 

Therefore, the labelled target strand was hybridized to a complementary DNA strand and 

probed for Cas3 and Cascade binding. The single-stranded form was bound by Cascade as 

shown before (Figure 9, lanes 1-4) but the double-stranded oligonucleotide was left 

undetected (lanes 5-8) suggesting that Cascade is unable to separate strands of dsDNA and 

that Cas3 alone does not perform its proposed helicase activity. 
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Figure 8. Cas3 does not bind crRNA-containing hybrids. 5'-labelled DNA (NH334—lanes 1-2 and NH333—

lanes 3-4) and RNA (NH337—lanes 5-6 and NH335—lanes 7-8) was annealed to complementary 

in vitro-synthesized crRNA (NH341 for target and NH343 for control), incubated at 37 °C for 30 min without 

(odd lanes) or with Cas3 (even lanes) and separated on a native 12 % polyacrylamide gel. The oligonucleotides 

had a sequence either complementary to (lanes 1, 2, 5, 6) or identical with (lanes 3, 4, 7, 8) crRNA detected on 

Cascade (which was, however, not present in this assay). Due to secondary structure of the crRNA flanking 

regions (depicted on top), the hybrids migrate slowly. L, ladder with fragment lengths in bp on the right. 

 
Figure 9. Cas3 and Cascade are indifferent to dsDNA. 5'-labelled target ssDNA (NH334) either alone (lanes 

1-4) or annealed to the complementary strand (NH333; lanes 5-8) was incubated at 37 °C for 30 min with no 

proteins (lanes 1 and 5), with Cas3 (lanes 2 and 6), with Cascade (lanes 3 and 7) or both (lanes 4 and 8) and 

separated on a native 12 % polyacrylamide gel. L, ladder with fragment lengths in bp on the right. 
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Discussion 

Cascade generates small RNAs from CRISPR transcripts 

CRISPR (clustered regularly interspaced short palindromic repeats) immunity in E. coli 

involves at least eight Cas (CRISPR-associated) proteins (see Figure 1). Cas1 and Cas2 are 

thought to ensure the first "adaptation" stage, during which the bacterium acquires new 

spacers from the phage genome. This work investigated the remaining six Cas proteins, 

CasA-E and Cas3, which have been proposed to limit phage proliferation in the "effector" 

stage. Brouns et al. (2008) laid the foundations for studying CasA-E showing that these 

proteins form a complex called Cascade (CRISPR-associated complex for antiviral defence). 

Here I overexpressed and purified both Cascade and Cas3 and started their in vitro analysis. 

Cascade is responsible for the cleavage of the full-length transcript of the spacer-repeat 

array into small CRISPR RNAs (crRNAs) (Brouns et al. 2008, see Figure 2). Presumably, 

these crRNAs form a very stable complex with Cascade, as they remained attached 

throughout the purification process (Figure 3). This observation itself suggests that Cascade is 

not only responsible for processing of precursor RNA but acts also in recognizing, targeting 

and perhaps eliminating of foreign nucleic acids in vivo. 

In addition to the crRNAs, Northern blot analysis revealed the presence of a range of RNA 

species derived from the leader, which cannot be attributed to cleavage intermediates (i.e. yet 

unprocessed pre-crRNAs) because they would be detected also by the spacer 1-specific probe. 

Instead, it can be assumed that the 3'-end of the leader RNAs is always located within the first 

repeat and it is the 5'-end that varies. Transcription of the CRISPR array was driven from an 

inducible promoter ~120 nt upstream of the first repeat. Considering that the Cascade cleaves 

the repeat at the stem base on the 3'-end (Brouns et al. 2008), the expected size of the leader 

fragment would be ~140 nt, which roughly corresponds to the largest detected RNA 

(Figure 3, left panel). The remaining fragments could arise from unspecific degradation. 

There is, however, one prominent species of ~40 nt. This can be explained by the observation 

that the Cascade recognizes RNAs with two stem-loops rather than any particular sequences 

(see below). Secondary structure predictions revealed another stem-loop 37 nt upstream of the 

cleavage site within the first repeat (data not shown). Therefore, I suggest that the Cascade 

cleaves the leader sequence due to its near-crRNA folding, which results in the sharp band of 

~40 nt. Nevertheless, why the leader-derived RNAs stay attached to the complex remains 

elusive. Perhaps it is for the same reason, i.e. mimicking the crRNA secondary structure. 

The purified Cascade could process in vitro-synthesized CRISPR transcript (Figure 4A). 

The emergence of triple, double and single spacer-repeat units coincided with the clearance of 

the original quadruple-unit transcript. Besides these crRNAs of ~180, ~120 and ~60 nt, 

respectively, additional smaller species of ~105 and ~45 were produced. This finding could 

relate to the observation made by Brouns et al. (2008) that the crRNAs can be further 

trimmed from the 3'-end. It should also be noted that distinct bands below crRNAs were 

detected by Northern blot analysis as well (Figure 3). It remains to be established whether 

these shorter crRNA species have a different physiological function or whether they are a 

result of Cascade's relaxed specificity. 

In sulfolobi, crRNAs of both orientations have been detected (Lillestøl et al. 2009). This 

observation might provide a clue about what is the target of the CRISPR machinery in these 

species, since the generation of both strands would be redundant if dsDNA should be 

recognized. Nevertheless, Cascade from E. coli did not contain or cleave antisense RNA 

(Figures 3 and 4B). This also rules out the possibility of involvement of RNA-dependent 

RNA polymerase, an analogy to eukaryotic RNAi proposed by Makarova et al. (2006). This 

finding, however, might contradict my suggestion that Cascade recognizes the topology of 



 13 

RNAs (see below), since the antisense strand of the full-length CRISPR RNA should contain 

the same stem-loop structures. 

The ability of Cascade to cleave CRISPR RNA in vitro has to be reconciled with the notion 

that it forms a stable complex with crRNAs and that it actually requires crRNAs for its own 

stability (Weiss A, 2009. CRISPR-associated protein complex from Escherichia coli: 

Purification for use in in vitro assays. Project work report. Uppsala University). In the 

presence of substrate RNA, dynamic exchange of crRNA and full-length transcript may be 

established leading to eventual cleavage and production of more crRNA. Alternatively, the 

Cascade might possess two or more distinct sites: one active site where the cleavage takes 

place and one or more binding sites where the generated crRNAs are translocated. 

Cascade is directed by crRNAs to single-stranded nucleic acids, but it is recognized by 

Cas3 only in complex with ssRNA 

In vivo experiments have led to the proposal that crRNAs guide Cascade and Cas3 to phage 

DNA (Brouns et al. 2008). Cas3 is a large protein of ~100 kDa consisting of two helicase and 

one endonuclease folds (Haft et al. 2005b, Makarova et al. 2006, Marchler-Bauer and Bryant 

2004). Thus, it is reasonable to assume that it cleaves foreign nucleic acid upon recognition 

by Cascade-crRNA complex. To test this model, both Cascade and Cas3 were probed for 

enzymatic and binding activities. 

Cascade can bind to single-stranded DNA and RNA with complementarity to crRNAs, but 

not to control oligonucleotides or double-stranded DNA (Figures 6 and 9). This interaction is 

established very quickly, that is within a few minutes (Figure 7). The Cascade-induced 

gel-shift consists of up to five different bands (Figure 6, lane 11). This can be a result of 

instability of the protein complex with each band representing one or more subunits fallen off. 

It has been observed, for example, that CasA keeps dissociating from and associating with 

Cascade dynamically (Magnus Lundgren, personal communication). Alternatively, Cascade 

may tend to form higher-order structures or aggregates in solution. Since the strongest band is 

of intermediate size (Figure 6, lanes 3 and 11), it is likely a combination of both. 

In addition to binding, cleavage of RNA, but not DNA, by the Cascade was observed 

(Figure 6, lanes 3 and 7, and Figure 7). Since both target and control RNAs were cleaved, it is 

probably an unspecific RNase activity enhanced by the artificial in vitro conditions and RNA 

crowding. The strongest cleavage was detected for MicF, small RNA that I used as an 

additional control (data not shown). As MicF assumes a secondary structure with two 

stem-loops similar to the one of CRISPR RNA, I suggest that the Cascade can, under certain 

conditions, recognize and cleave in a sequence-nonspecific manner and adhere rather to 

secondary structure features of the RNA. Nevertheless, the processing of the target RNA was 

clearly more pronounced than in the case of control RNA (Figure 6, compare lanes 3 and 7). 

This can be explained by increased local concentration of the substrate in the Cascade's 

vicinity due to binding to the crRNA. 

Cas3 alone does not bind or cleave any nucleic acid tested. It does recognize, however, the 

complex of Cascade and target RNA (but not DNA) and it is probably the Cascade that Cas3 

binds to, since crRNA-RNA hybrids are ignored (Figure 8). Figure 10 shows a model based 

on the observations discussed above. 
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Figure 10. Schematic model of binding of Cascade and Cas3 to nucleic acids. A, Neither Cascade nor Cas3 bind 

to double-stranded DNA, even if one of the strands is complementary to the crRNA. B, Cas3 cannot bind to 

crRNA-RNA and crRNA-DNA hybrids. C, Cascade binds ssDNA with complementarity to the crRNA but this 

complex is not recognized by Cas3. D, Cascade is also able to bind to target ssRNA. In this case, Cas3 can alter 

the complex, as inferred from the Cas3-induced change in the gel-shift pattern (see Figure 6, compare lanes 3 

and 4), but it is probably not just attaching as discussed in the text. RNA in yellow, DNA in black. 

So what is it that Cas3 can do upon recognition of the Cascade-RNA complex? The only hint 

is the change in gel-shift patterning in mobility shift assays (Figure 6, compare lanes 3 and 4). 

If Cas3 should just bind to the Cascade, a much more slowly migrating complex would be 

observed. This is not the case. Instead, Cas3 seems to transform a fraction of the major 

complex into a slightly less retarded one, with a sharp band showing up right below. This 

band could represent for instance a complex of Cas3, crRNA and target RNA, which would 

mean that Cascade simply delivered the hybrid to Cas3. Alternatively, Cas3 could reorganize 

Cascade's quaternary structure pulling away one or several subunits. This new reorganized 

Cascade could then expose a binding site for some cellular factors responsible for cleavage of 

foreign RNA, such as RNase III. Comparison of DNA- and RNA-bound gel-shift patterns 

could support the latter possibility. A complex migrating at the same position is present even 

without Cas3 with DNA as a substrate (Figure 6, lane 11 and Figure 9, lane 3). The DNA-

bound Cascade might be less stable with a subunit eventually dropping in and out. RNA could 

tighten the complex and fix the subunit in place. Cas3 would counter this effect loosening 

Cascade again (Figure 6, lanes 3 and 4). 

An argument can be made for identifying the subunit, which is displaced by Cas3, as CasE. 

CasE is the enzymatically active component of Cascade, i.e. it cleaves the full-length CRISPR 

RNA (Brouns et al. 2008). A comparison of the amount of RNA processed by Cascade in 

absence and presence of Cas3 reveals that Cas3 inhibits the RNase activity (Figure 6, lanes 3 

and 4). Taken together, it is possible that Cas3 removes CasE from Cascade leaving space for 

other cellular proteins to bind creating the true CRISPR effector complex. The role of Cas3 in 

the immune process would be just to recognize that a target is bound to Cascade and to help 

the effector complex to form. 
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Perspectives 

Further experiments are necessary to test the above-mentioned hypotheses. Plaque assays with 

strains with knocked-out host factors might reveal whether additional RNases, DNases, 

modification enzymes or other proteins are required for effective CRISPR immunity. Activity 

of Cas3 should also be tested under a variety of other conditions, in the presence of GTP, 

various metal ions etc. In addition, Cas3 purification can be modified in a way that eliminates 

all nucleic acids. It has been suggested that during the purification, Cas3 is saturated with 

unspecifically bound nucleic acids that induce protein aggregation and interfere with its 

activity (Avinash Punekar, personal communication). 

Hopefully, investigation of Cas3, Cascade and their cooperation will shed light on the 

processes underlying CRISPR immunity and eventually, one of the most spectacular defence 

mechanisms will be unriddled. It would contribute not only to our understanding of microbial 

communities in nature, their variability and adaptability, but also to our ability to manipulate 

bacteria significant for dairy industry and medicine. 
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Materials and Methods 

Biological material 

For PCR amplification of the CRISPR array, E. coli K-12 W3110 (Hayashi et al. 2006) was 

grown on LA plates (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, 15 g/l agar) at 37 °C 

overnight and a single colony was picked. For Cas3 expression, E. coli BL21(DE3) 

(Novagen), F
–
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) DE3 (Merck 2009), containing plasmid 

pNH35 (pET19b derivative (Novagen) with N-terminal 10x His-tagged cas3 (BamHI/NdeI) 

under the control of lac operator) was cultivated in 2x YT medium (5 g/l tryptone, 10 g/l yeast 

extract, 10 g/l NaCl). 

Oligonucleotide preparation and labelling 

Internal [α-
32

P]UTP labelling. DNA fragment was PCR-amplified from E. coli K-12 W3110 

colony using primer pairs NH29-NH72 and Rb3-NH16 for sense and antisense RNA, 

respectively (Table 1). RNA was in vitro transcribed from 20 µl of the PCR product by 

incubation with 30 U of T7 RNA polymerase (Ambion), NTP mix (10 mM ATP, GTP and 

CTP, 0.1 M UTP), 60 µCi [α-
32

P]UTP and 40 U of RNA Ribolock (Fermentas) in 

transcription buffer (160 mM Tris-HCl pH 7.5, 120 mM MgCl2, 44 mM dithiothreitol, 8 mM 

spermidine, 0.04 % (v/v) Triton X-100) at 37 °C for 1 h, whereafter 15 U of T7 RNA 

polymerase (Ambion) was added and the mixture was incubated at 37 °C for additional 3 h. 

RNA was separated by denaturing 5 % polyacrylamide gel electrophoresis, appropriate band 

was cut out and RNA was eluted in RNA-elution buffer (10 mM EDTA, 0.5 % (w/v) sodium 

dodecyl sulfate, 0.1 M NaAc pH 5.6) and precipitated at -20 °C by adding 3 volumes of 96 % 

EtOH, 0.1 volumes of 3 M NaAc pH 6 and 0.02 volumes of glycogen (10 mg/ml). 

5'-labelling for Northern blot. 40 pmol of the oligonucleotides used as probes or 0.5 µg of 

pUC 8 Mix Marker (Fermentas) was incubated with 10 U of T4 polynucleotide kinase 

(Fermentas) and 30 µCi [γ-
32

P]ATP in PNK buffer (Fermentas; PNK buffer A for the probe 

and PNK buffer B for the ladder) at 37 °C for 1 h. Excess [γ-
32

P]ATP was taken away from 

the solution by Illustra MicroSpin G-50 Columns (GE Healthcare) according to 

manufacturer’s instructions. 

5'-labelling for Cascade and Cas3 activity assays. Oligonucleotides were designed according 

to the CRISPR array used in Cascade purification (Figure 11; Weiss A, 2009. CRISPR-

associated protein complex from Escherichia coli: Purification for use in in vitro assays. 

Project work report. Uppsala University). Templates for in vitro transcription were obtained 

either by annealing two DNA oligonucleotides (NH341-NH342 and NH343-NH344, see 

Table 1) in an equimolar fashion (heated to 65 °C for 5 min and let cool down slowly in 

20 mM Tris-HCl pH 7.5, 50 mM NaCl) or by PCR amplification of the Lambda genome 

(Fermentas; primer pairs NH335-NH336 and NH337-NH338, see Table 1). 

RNA was transcribed from 20 µl PCR product or two annealed DNA oligonucleotides 

(500 nM) in transcription mix (30 U of T7 RNA polymerase (Ambion), 0.5 mM ATP, GTP, 

UTP and CTP, 40 U of RNA Ribolock (Fermentas), 160 mM Tris-HCl pH 7.5, 120 mM 

MgCl2, 44 mM dithiothreitol, 8 mM spermidine, 0.04 % (v/v) Triton X-100) at 37 °C 

overnight (additional 15 U of T7 RNA polymerase (Ambion) was added after 1 h). The 

transcript was phenol-chloroform extracted (by adding 0.75 volumes of phenol and 

subsequent two-step washing with 1 volume of chloroform) and precipitated in 3 volumes of 

96 % EtOH, 0.1 volumes of 3 M NaAc pH 6 and 0.02 volumes of glycogen (10 mg/ml) at 

-20 °C. 40 pmol of RNA was treated with 10 U of Shrimp alkaline phosphatase (Fermentas) 

at 37 °C for 45 min and phenol-chloroform extracted. A fraction of 40 pmol of DNA or RNA 
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oligonucleotide was kinased by 10 U of T4 PNK (Fermentas) at 37 °C for 30 min in PNK 

buffer A (Fermentas) in the presence of 30 µCi [γ-
32

P]ATP. The product was separated by 

denaturing 8 % polyacrylamide gel electrophoresis, appropriate band was cut out and RNA 

was eluted in RNA-elution buffer (10 mM EDTA, 0.5 % (w/v) sodium dodecyl sulfate, 0.1 M 

NaAc pH 5.6) and precipitated at -20 °C by adding 3 volumes of 96 % EtOH, 0.1 volumes of 

3 M NaAc pH 6 and 0.02 volumes of glycogen (10 mg/ml). Each radiolabelled 

oligonucleotide was pooled with excess of its unlabelled counterpart. When necessary, the 

oligonucleotide was annealed to the unlabelled complementary strand in 1:2 molar ratio 

(heated to 65 °C for 5 min and let cool down slowly in 20 mM Tris-HCl pH 7.5, 50 mM 

NaCl). 

 
Figure 11. A, sequence of the CRISPR array present on the plasmid pWUR478 (Brouns et al. 2008) used for 

Cascade purification. At the 5'-end (with respect to transcription) is the leader, repeats (left column) and spacers 

(right column) follow. In bold, spacers detected by Northern blot analysis (see Figure 3). The spacer 

corresponding to the sequence in B is marked by asterisk. The sequence is continuous, blank spaces are added 

for the reason of lucidity. B, a short stretch of the genome of bacteriophage lambda with the protospacer in bold. 

This sequence served as a template for designing oligonucleotides used in the activity assays (see Table 1). 

Cascade cleavage assay 

[α-
32

P]UTP-labelled RNA was denatured at 95 °C for 5 min and cooled down on ice for 

2 min. A mixture containing 12,000 cpm of RNA, 0.35 µg of Cascade complex (Weiss A, 

2009. CRISPR-associated protein complex from Escherichia coli: Purification for use in in 

vitro assays. Project work report. Uppsala University), 10 µg of RNase-free yeast tRNA 

(Ambion) and 40 U of RNA Ribolock (Fermentas) in TMN buffer (20 mM Tris-HCl pH 7.5, 

10 mM MgCl2, 100 mM NaCl) was incubated at 37 °C for time periods indicated in the 

Results. The reaction was stopped by adding one volume of formamide loading buffer (92 % 

(v/v) formamide, 17 mM EDTA, 1 mg/ml bromphenol blue, 1 mg/ml xylene cyanol). RNA 

was then separated by denaturing 8 % polyacrylamide gel electrophoresis and radioactivity 

was visualized using a PhosphorImager (Molecular Dynamics). 

Northern blot 

Samples for Northern blot analysis were separated by denaturing 8 % polyacrylamide gel 

electrophoresis and electroblotted (Biorad blotting chamber) onto a nylon membrane 

(Hybond-N+, GE Healthcare) at 10 V, 4 °C overnight. Subsequently RNA was 

UV-crosslinked (UVC 500, Amersham) to the membrane at 700 J and unspecific binding sites 

for the probe were blocked with hybridization solution (5x saline-sodium citrate buffer 

(0.75 M sodium chloride, 75 mM sodium citrate), 1 g/l ficoll, 1 g/l polyvinylpyrolidone, 1 g/l 

A 

5'-ggcgcgccatggaaacaaagaattagctgatctttaataataaggaaatgttacattaaggttggtgggtt

gtttttatgggaaaaaatgctttaagaacaaatgtatacttttaga 

gagttccccgcgccagcggggataaaccg ctgagtgtgatcgatgccatcagcgaagggcc 

gagttccccgcgccagcggggataaaccg cagccgaagccaaagaattcgccgaacacgct 

gagttccccgcgccagcggggataaaccg caagcaacaggcaggcgtgacagccagcaaac 

gagttccccgcgccagcggggataaaccg tttggatcgggtctggatcctctgagcggtcg 

gagttccccgcgccagcggggataaaccg tgggatgcctaccgcaagcagcttggcctgaa* 

gagttccccgcgccagcggggataaaccg tcagctttataaatatgcatatacggaaacta 

gagttccccgcgccagcggggataaaccg tgacaagtccacgtatgacccgaccgacgata 

gagttccccgcgccagcggggataaaccg 

B 

5'-taccagcttctttcccgttggtgggatgcctaccgcaagcagcttggcctgaaagacttctctccgaaaa 
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bovine serum albumin, 50 mM Na3PO4 pH 6.7, 1 % (w/v) dextran sulfate, 0.1 % (w/v) 

sodium dodecyl sulfate), containing 750 µg of herring sperm, at 42 °C for 3 h. 40 pmol of the 

labelled probe in hybridization solution was then incubated with the membrane at 42 °C 

overnight. Unspecifically bound probe was washed away with solution I (2x saline-sodium 

citrate buffer (0.3 M sodium chloride, 30 mM sodium citrate), 0.5 % (w/v) sodium dodecyl 

sulfate) and II (0.5x saline-sodium citrate buffer (75 mM sodium chloride, 7.5 mM sodium 

citrate), 0.5 % (w/v) sodium dodecyl sulfate) at 42 °C for 30 min each. Radioactivity was 

detected using a PhosphorImager (Molecular Dynamics). 

Cas3 purification 

An overnight culture of E. coli strain BL21(DE3) (Novagen), containing plasmid pNH35, was 

diluted 1:100 in 1,000 ml 2x YT medium, supplemented with 100 µg/ml ampicillin, and 

grown at 37 °C until OD600≈0.5. Expression was induced by adding 0.1 mM IPTG and the 

culture was grown for 20 h at 16 °C. Cells were pelleted at 7,300 x g at 4 °C for 30 min, snap-

frozen in liquid nitrogen, resuspended in 25 ml lysis buffer pH 7.8 (20 mM Tris-HCl pH 7.5, 

500 mM NaCl, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 4 U/ml DNase I (Fermentas), 

0.5 mM dithiothreitol, 1 mM ATP, 1 mM phenylmethylsulfonyl fluoride) and cracked by 

3 minute discontinuous sonication. The lysate was centrifuged at 26,900 x g, 4 °C for 30 min 

and the supernatant containing proteins was mixed with nickel-nitrilotriacetic acid slurry (GE 

Healthcare; ~2 ml slurry per 1,000 ml of initial culture; the nickel-coated beads were washed 

prior to use with water and lysis buffer). The mixture was whirled at 4 °C for 1 h, whereafter 

it was applied onto a filter column. Unspecifically bound proteins were washed out with 5 ml 

washing buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl) and Cas3 was eluted with protein-

elution buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 % (v/v) glycerol, 1 mM ATP, 

500 mM imidazole), stepwise (0.5 ml steps), and collected into tubes containing 10 mM 

EDTA. Fractions were analysed by SDS-PAGE, stained with Coomassie blue (BioRad) and 

those with maximum yield were pooled and dialysed (pore size of 12-14 kDa) against 500 ml 

dialysis buffer (50 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM NaCl, 50 % glycerol, 1 mM 

dithiothreitol) at 4 °C overnight. The protein solution was stored at -20 °C. 

Cascade and Cas3 activity assay 

50 nM of 5'-labelled oligonucleotide (ssDNA, ssRNA, dsDNA or DNA-RNA hybrid) 

corresponding to 1,000 cpm was incubated with 1 µg Cascade and/or 400 ng Cas3 for 30 min 

in binding buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 100 mM NaCl, 10 % glycerol, 

1 mg/ml bromphenol blue, 1 mg/ml xylene cyanol, 1 mM ATP), if not indicated otherwise, in 

the final volume of 20 µl. 

Polymerase chain reaction (PCR) 

PCR mixture was prepared by adding a colony scratch or 0.1 µg of the phage lambda DNA 

(Fermentas) and 5 pmol of each primer to the Illustra PuRe Taq Ready-To-Go PCR beads 

(GE Healthcare) (total volume of 25 µl). The following reaction was performed by FlexCycler 

(Analytic Jena): 95 °C  for 5 min, (52 °C for 30 s, 72 °C for 30 s, 95 °C for 30 s)30x, 72 °C for 

5 min. 
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Table 1. Oligonucleotides used in this study
a
 

oligonucleotide sequence
b
 use

c
 

NH1 5'-atacttttagagagttc NB 

NH12 5'-ggaactctctaaaagtatac NB 

NH16 5'-acaaagaattagctgatc* CC 

NH29 5'-gaaattaatacgactcactataggaccgcagccgaagccaaa* CC 

NH72 5'-actcgcaggcggcgacgc* CC 

NH265 5'-tgggatgcctaccgcaagcagctt NB 

NH266 5'-ttcaggccaagctgcttgcggtag NB 

NH321 5'-ctgagtgtgatcgatgccatcagc NB 

NH322 5'-ggcccttcgctgatggcatcgatc NB 

NH323 5'-caagcaacaggcaggcgtgacagc NB 

NH324 5'-gtttgctggctgtcacgcctgcct NB 

NH333 5'-taccagcttctttcccgttggtgggatgcctaccgcaagcagcttggcctgaaagacttctctccgaaaa AA 

NH334 5'-ttttcggagagaagtctttcaggccaagctgcttgcggtaggcatcccaccaacgggaaagaagctggta AA 

NH335 5'-gaaattaatacgactcactataggtaccagcttctttcccgttggtgg* AA 

NH336 5'-ttttcggagagaagtctttcaggcc* AA 

NH337 5'-gaaattaatacgactcactataggttttcggagagaagtctttcaggcc* AA 

NH338 5'-taccagcttctttcccgttggtgg* AA 

NH339 5'-cgcgccagcggggataaaccgtgggatgcctaccgcaagcagcttggcctgaagagttccccgcgccagc AA 

NH340 5'-gctggcgcggggaactcttcaggccaagctgcttgcggtaggcatcccacggtttatccccgctggcgcg AA 

NH341 5'-gaaattaatacgactcactataggataaaccgtgggatgcctaccgcaagcagcttggcctgaagagttccccgcgccagcgggg AA 

NH342 5'-ccccgctggcgcggggaactcttcaggccaagctgcttgcggtaggcatcccacggtttatcctatagtgagtcgtattaatttc AA 

NH343 5'-gaaattaatacgactcactataggataaaccgttcaggccaagctgcttgcggtaggcatcccagagttccccgcgccagcgggg AA 

NH344 5'-ccccgctggcgcggggaactctgggatgcctaccgcaagcagcttggcctgaacggtttatcctatagtgagtcgtattaatttc AA 

Rb3 5'-ggtaatacgactcactatagggtcaacattatcaattacaac* CC 

a
 designed in BioEdit and synthesized by Metabion

 

b
 T7 promoter in bold; oligonucleotides used as PCR primers are marked by asterisk 

c
 oligonucleotide was used in: CC, Cascade cleavage assay; NB, Northern blot analysis; AA, Cascade and Cas3 activity assay 
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Gel electrophoreses 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Liquid samples 

were diluted 1:1 in SDS loading buffer (Fermentas; cell pellets were resuspended in 100 µl 

per one OD unit of the culture) and heated at 95 °C for 5 min prior to loading. They were run 

at 120 V in SDS-runnig buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) sodium dodecyl 

sulfate) first in stacking gel (4 % acrylamide:bisacrylamide (37.5:1), 125 mM Tris-HCl 

pH 6.8, 0.1 % (w/v) sodium dodecyl sulfate, 0.1 % (w/v) ammonium persulfate, 0.2 % (v/v) 

tetramethylethylenediamine) and then in separating gel (10 % acrylamide:bisacrylamide 

(37.5:1), 375 mM Tris-HCl pH 8.8, 0.1 % (w/v) sodium dodecyl sulfate, 0.05 % (w/v) 

ammonium persulfate, 0.2 % (v/v) tetramethylethylenediamine). 

Native polyacrylamide gel electrophoresis. Samples were applied directly onto a native gel 

(12 % acrylamide:bisacrylamide (37.5:1), 1x Tris-borate buffer (89 mM Tris, 89 mM boric 

acid, 2.5 mM EDTA), 0.05 % (w/v) ammonium persulfate, 0.2 % (v/v) 

tetramethylethylenediamine) and run at 22 W in 0.5x Tris-borate buffer. 

Denaturing polyacrylamide gel electrophoresis. Samples were heated at 95 °C for 5 min and 

cooled down on ice for 2 min prior to loading onto a denaturing gel 

(acrylamide:bisacrylamide (37.5:1; percentage indicated in the description of appropriate 

methods), 7 M urea, 1x Tris-borate buffer (89 mM Tris, 89 mM boric acid, 2.5 mM EDTA), 

0.05 % (w/v) ammonium persulfate, 0.2 % (v/v) tetramethylethylenediamine) and run at 22 W 

in 0.5x Tris-borate buffer. 
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