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The prokaryotic immune system, CRISPR, confers an adaptive and inheritable defense mechanism against
invasion by mobile genetic elements. Guided by small CRISPR RNAs (crRNAs), a diverse family of CRISPR-
associated (Cas) proteins mediates the targeting and inactivation of foreign DNA. Here, we demonstrate
that Csn2, a Cas protein likely involved in spacer integration, forms a tetramer in solution and structurally
possesses a ring-like structure. Furthermore, co-purified Ca?* was found important for the DNA binding
property of Csn2, which contains a helicase fold, with highly conserved DxD and RR motifs found
throughout Csn2 proteins. We could verify that Csn2 binds ds-DNA. In addition molecular dynamics sim-
ulations suggested a Csn2 conformation that can “sit” on the DNA helix and binds DNA in a groove on the

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Microorganisms have developed several mechanisms to defend
invasions by foreign nucleic acids. In contrast to the well-known
defense strategies such as the restriction-modification system or
inhibition of phage adsorption, the recently discovered CRISPR sys-
tem (clustered regularly interspaced short palindromic repeats)
functions as an inheritable and adaptive immune system of
prokaryotes (Al-Attar et al., 2011; Karginov and Hannon, 2010;
Marraffini and Sontheimer, 2010a). More than 90% of archaea
and nearly 40% of sequenced bacteria are equipped with CRISPR
(Grissa et al., 2007), consisting of one or more CRISPR cassettes
and a group of CRISPR-associated (Cas) proteins (Haft et al.,
2005; Jansen et al., 2002). The CRISPR cassette consists of short,
often palindromic, 28-40 bp DNA repeat sequences, separated by
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non-identical spacer sequences of similar length. In general, the
CRISPR cassettes represent the acquired memory of immunity,
enabling recognition of the invader nucleic acid. More than 40
Cas protein families are known (Haft et al., 2005). According to
the recent “polythetic classification” of the different CRISPR-Cas
modules, three different CRISPR types (Type I, II, and III) exist,
which differ in the Cas protein composition and defense mecha-
nisms (Makarova et al., 2011).

CRISPR defense can be dissected in three steps, (i) CRISPR adap-
tation, (ii) CRISPR expression/processing and (iii) CRISPR interfer-
ence. The first step (immunization or adaptation stage) describes
the capturing of new spacers that originate from the cleavage of
invading DNA to short pieces; these spacers are subsequently inte-
grated into the CRISPR array of the host genome (Barrangou et al.,
2007). The exact mechanism of this integration step is unknown.
Two universal Cas proteins Cas1 and Cas2, which are common to
the three CRISPR types, are likely involved in this process (Deveau
et al., 2010; van der Oost et al., 2009). Both proteins have been
identified as nucleases (DNase/RNase activity for Cas1 and RNase
activity for Cas2) (Babu et al., 2011b; Beloglazova et al., 2008;
Samai et al.,, 2010; Wiedenheft et al., 2009). Short motifs within
the invading DNA, typically a few nucleotides in length and
referred to as proto-spacer-adjacent motifs (PAMs), seem to be
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involved in recognition/selection of new spacers (Mojica et al.,
2009). In addition, the PAM sequences are required to prevent a
CRISPR autoimmunity reaction (Marraffini and Sontheimer,
2010b).

The second step comprises the transcription of the CRISPR ar-
ray into the precursor CRISPR-RNA (pre-crRNA) and expression of
Cas proteins; the latter mediate processing of pre-crRNA to ac-
tive crRNAs. In type I CRISPR systems, this processing is carried
out by a multiprotein complex termed Cascade (Brouns et al.,
2008). The CRISPR Nmeni-subtype, one of eight subtypes, belongs
to the type II CRISPR systems and processes the pre-crRNA with
the help of a trans-encoded tracrRNA and RNaselll and the
multidomain protein Cas9 (known as Csnl) (Deltcheva et al.,
2011).

The third step is the inactivation of invading foreign DNA, or in
some cases RNA, which is also performed by the Cascade complex
and Cas3 in type I (Brouns et al., 2008) or the Cmr/Csm complex
(Hale et al., 2009) in type IIl. The foreign DNA is targeted with
the help of the crRNA and inactivated by digestion.

In the Nmeni CRISPR subfamily, the Cas9 protein is involved in
neutralizing invading DNA (Garneau et al., 2010), whereas the
endonucleases (or nuclease) Cas1 and Cas2 as well as the subfamily
specific Csn2 protein are involved in spacer integration, although
their precise roles in this process are still obscure (Sapranauskas
et al., 2011). Most functional information of these proteins
comes from knockout studies. For example, deletion of Cas9 in
Streptococcus thermophilus abolishes the resistance against foreign
DNA. Knockdown of Csn2 still confers the ability to target and
inactivate invading, foreign DNA with the help of existing spacers
(Barrangou et al., 2007; Garneau et al., 2010; Sapranauskas et al.,
2011). This led to the assumption that Csn2 proteins are involved
in spacer integration. Recently, Csn2 from E. faecalis was solved at
2.7 A resolution, revealing a tetrameric ring-like structure. Further-
more it was shown that Csn2 is capable of binding ds-DNA, and it
was proposed that the DNA binds through the center of the ring
(Nam et al.,, 2011).

Here, we report the X-ray structure of Csn2 of S. agalactiae
ATCC13813 at 2.0 A resolution and reveal that Csn2 is a stable
tetramer that can undergo significant conformational changes. Fur-
thermore, we show that Csn2 binds ds-DNA. Csn2 could have two
binding modes: (I) “sitting” on the DNA and (II) the DNA passes
through the center of the ring.

2. Materials and methods
2.1. Recombinant protein expression vectors

Full length Csn2 was subcloned into pET28b (Novagen) on a
Ncol/Xhol fragment generated by PCR from genomic Streptococcus
agalactiae ATCC13813 DNA using the following primers: For
5'-TTCCTAGGAGATTCCCATGGTCAAGATTAATTTTCCAAT-3' and Rev
5-TATTACTGTGCTTTTACTACTCGAGTACCATATTTTCGCC-3'. The
coding sequence was introduced in frame with the start codon
and a C-terminal hexahistidine purification tag encoded by the
vector. The Csn2 mutants Ej4A, Ki3A, Ya0A, Y20W and RjggA,
Ri99A were prepared using the QuikChange XL mutagenesis kit
(Stratagene). All sequences were verified by in-house sequencing
at the Biological Medical Research Centre (BMFZ) Heinrich Heine
University, Diisseldorf.

2.2. Recombinant protein expression

pET28b-Csn2 transformed Escherichia coli BL21(DE3) pLysS cells
(Novagen) were grown in LB medium at a temperature of 37 °C to
an ODggy of ~0.6 and then protein expression was induced by

adding B-p-thiogalactopyranoside (IPTG) to a final concentration
of 1 mM. Following induction, cells were grown at 30 °C for 5h
and harvested by centrifugation at 7500g for 15 min and 4 °C, flash
frozen in liquid nitrogen and stored at —80 °C.

2.3. Purification of Csn2

Cells were resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0,
150 mM Nacl, 2 mM B-mercaptoethanol (B-ME) and lysed using a
cell disruptor (Constant Systems). The lysate was clarified by cen-
trifugation at 40,000g in a Ti45 rotor (Beckmann) for 1 h at 4 °C.
Imidazole was added to the Csn2 supernatant to a final concentra-
tion of 20 mM before application to a 5 ml HiTrap Chelating col-
umn (GE Healthcare) loaded with nickel, which had been pre-
equilibrated with 5 column volumes (CV) of running buffer
(50 mM Tris-HCI, pH 8.0, 150 mM Nacl, 2 mM B-ME, 20 mM imid-
azole). After application of the supernatant to the column, it was
washed with 5 CV of running buffer and elution was performed
by a linear-gradient with running buffer containing 300 mM imid-
azole. Pooled fractions were loaded onto a HiLoad Superdex 200
prep grade 16/60 column (GE Healthcare) equilibrated with 1.3
CV of running buffer (10 mM Tris-HCI, pH 8.0, 50 mM NacCl,
1 mM DTT). Fractions containing protein were pooled, concen-
trated using an Amicon Ultra-15 filter (Millipore) with a cut-off of
10 kDa and stored at 4 °C.

2.4. Expression and purification of selenomethionine-labelled Csn2

For selenomethionine substitution, E. coli B834(DE3) cells were
grown in M9 minimal medium supplemented with 50 pg/ml of -
selenomethionine (Molecular Dimensions). Expression and purifi-
cation were identical with those for native Csn2.

2.5. Native page of Csn2

The oligomeric state of Csn2 and its mutants was analyzed by
native gel electrophoresis using a 4-16% NativePAGE™ Novex
Bis-Tris gradient gel (Invitrogen), which was stained with Coomas-
sie brilliant blue.

2.6. Multiple angle light scattering

To determine the oligomeric size of Csn2, a multiple angle light
scattering (MALS) setup consisting of miniDAWN Treos/optiLAB
rex (Wyatt Technologies) connected to an Akta Purifier (GE Health-
care) using a Superdex 200 10/300 analytical size exclusion
column was used. The flow rate was set to 0.2 ml/min and ultravi-
olet (UV) detection was monitored at 280 nm. Light scattering was
detected at angles of 0°, 90°, and 107° and the obtained values
were averaged and evaluated using the program ASTRA (Wyatt
Technologies). For light scattering experiments different NaCl con-
centration were used in SEC running buffer (50 mM, 250 mM and
500 mM).

2.7. Crystallization of Csn2

Crystallization trials were carried out at 4 °C. Crystals of Csn2
(at 25 mg/ml) were grown by mixing protein solution with reser-
voir solution containing 0.1 M Hepes, pH 6.8-7.2, 9-12% (w/v)
PEG6000 and 0.05 M phenol in a 1:1 ratio. Crystals normally grew
in 7-10 days. Suitable crystals were cryo-protected using crystalli-
zation buffer with 30% (v/v) ethylene glycol and then cryo-cooled
in liquid nitrogen. Selenomethionine derivatised crystals were
obtained and treated using the same method.
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