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Clustered regularly interspaced short palindromic repeats
(CRISPR) and their associated protein genes (cas genes) are
widespread in bacteria and archaea. They form a line of RNA-
based immunity to eradicate invading bacteriophages and mali-
cious plasmids. A key molecular event during this process is the
acquisition of new spacers into the CRISPR loci to guide the
selective degradation of the matching foreign genetic elements.
Csn2 is a Nmeni subtype-specific cas gene required for new
spacer acquisition. Here we characterize the Enterococcus faeca-
lis Csn2 protein as a double-stranded (ds-) DNA-binding pro-
tein and report its 2.7 A tetrameric ring structure. The inner
circle of the Csn2 tetrameric ring is ~26 A wide and populated
with conserved lysine residues poised for nonspecific interac-
tions with ds-DNA. Each Csn2 protomer contains an «/f3
domain and an a-helical domain; significant hinge motion was
observed between these two domains. Ca>* was located at stra-
tegic positions in the oligomerization interface. We further
showed that removal of Ca>* ions altered the oligomerization
state of Csn2, which in turn severely decreased its affinity for
ds-DNA. In summary, our results provided the first insight into
the function of the Csn2 protein in CRISPR adaptation by
revealing that it is a ds-DNA-binding protein functioning at the
quaternary structure level and regulated by Ca®* ions.

Clustered regularly interspaced short palindromic repeats
(CRISPR)? drives the adaptation to harmful invading nucleic
acids, such as conjugative plasmids, transposable elements, and
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phages, using an RNA-mediated defense mechanism with fun-
damental similarities to our innate and adaptive immune
responses (1-7). Although the details of this defense mecha-
nism remain to be determined, two distinct stages have been
recognized: (i) adaptation upon first exposure to the foreign
nucleic acid, whereby some combination of CRISPR-associated
(Cas) proteins extracts recognizable features from the genomes
of viruses (bacteriophages) and plasmids as proto-spacers that
are subsequently incorporated as spacers at the 5’ end of the
CRISPR loci; and (ii) interference upon re-exposure to the same
nucleic acid whereby a ribonucleoprotein complex comprised
of small guide RNAs derived from the genomic CRISPRs
(crRNAs) and different Cas proteins targets foreign nucleic
acids for destruction (8 —16). CRISPR-Cas defense systems have
been identified in 83% of archaeal genomes and 45% of bacterial
genomes thus far sequenced, including important human
pathogens such as Campylobacter jejuni, Clostridium botuli-
num, Escherichia coli, Listeria monocytogenes, Mycobacterium
tuberculosis, and Yersinia pestis (8, 17, 18). The significance of
this pathway for human health is best illustrated in the human
pathogen Staphylococcus epidermidis, where horizontal gene
transfer through conjugation and plasmid transformation is
prevented by CRISPR-Cas (19).

Despite strong interest in understanding the CRISPR adap-
tation process, its detailed molecular mechanisms remain to be
elucidated. It was shown that new spacers are integrated at the
5’-end (leader end) of the CRISPR cluster (10, 20, 21). Coupled
with a new integration event, loss of repeats elsewhere has been
frequently observed, suggesting the occurrence of spontaneous
recombination (2, 3, 22). Two of the most conserved core cas
genes, casl and cas2, have been implicated in the new spacer
acquisition process (2, 5). Cas! has been predicted to act as an
integrase in new spacer acquisition (9, 11). Recently, Pseudomo-
nas aeruginosa Casl protein has been characterized as a
metal-dependent double-stranded (ds-) DNA endonuclease
(24), whereas E. coli Casl possesses nuclease activity against
single-stranded (ss-) and branched DNAs (25). Cas2 genes
could be further divided into subgroups in different CRISPR
subtypes. Sulfolobus solfataricus Cas2 protein was character-
ized as a metal-dependent endoribonuclease with sequence
preference for U-rich ss-RNA (26). Bacillus halodurans Cas2,
however, contains metal-dependent ds-DNA endonuclease
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activity in our hands.® Although the nuclease activities of Cas1
and Cas2 could be involved in the new spacer integration in the
CRISPR adaptation stage, a convincing biochemical reconstitu-
tion of this process has not been demonstrated (3). A less con-
served core cas gene, cas4, bears resemblance to the RecB fam-
ily of exonucleases and was suggested to play a role in new
spacer acquisition (8, 9).

Genetic screens further identified subtype-specific cas genes
involved in new spacer acquisition. For example, in Streptococ-
cus thermophilus, a Nmeni Cas subtype organism, the cas
operon contains only two additional cas genes (csnl and csn2)
besides casl and cas2. Although csnl is required for crRNA-
mediated silencing, csn2 was shown by a genetic screen to be
required for CRISPR adaptation (10). Although structural mod-
els and biochemical characterizations are available for the Cas1
and Cas?2 proteins, little is known about the structure and func-
tion of the Csn2 protein. Here we show that the Enterococcus
faecalis Csn2 binds to double-stranded (ds)-DNA and describe
its 2.7 A crystal structure. We conclude that the Csn2 protein
functions at the quaternary structure level, by adopting its final
shape through tetrameric ring formation. Tetramerization
leads to a conserved set of lysine residues being presented
toward the inner circle of the ring for interactions with the
ds-DNA. The observation of tightly bound Ca®>" ions in the
Csn2 structure led to further investigations that demonstrated
that Ca>" regulates the Csn2 function by affecting its oligomer-
ization state and enabling DNA binding. These results provide
the first insight into the role of csn2 in the CRISPR adaptation in
the Nmeni subtype organisms.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—Full-length csn2 gene
(accession number: C7UDU4) from E. faecalis was cloned into
amodified pSUMO vector fused with a His¢-tagged N-terminal
SUMO protein. Recombinant protein was expressed from
E. coli BL21 star (Novagen) cell after the cell density reached
Agoo of 0.8 by the addition of 0.5 mm isopropyl-1-thio-S-p-
galactopyranoside at 18 °C for 12 h. The harvested cells were
resuspended in lysis buffer containing 50 mm Tris-HCI, pH 8.0,
and 0.3 M NaCl. After sonication and centrifugation, the super-
natant was loaded onto a 5-mI Ni-NTA column (Qiagen) equil-
ibrated with lysis buffer plus 2 mm 2-mercaptoethanol and
eluted with the same buffer plus 300 mm imidazole. After a
dialysis to remove imidazole, the N-terminal SUMO tag was
cleaved by incubating with the SUMO protease and removed by
passing through a second Ni-NTA column. Resulting Csn2 pro-
teins were concentrated and further purified on a Superdex 200
column (GE Healthcare) equilibrated with sizing column buffer
containing 50 mm Tris-HCI, pH 8.0,0.2 M NaCl,and 2 mm DTT.
To remove bound nucleic acids, the Csn2 fractions were pooled
and further purified on a Mono Q column in a NaCl gradient
(GE Healthcare). The Csn2-bound nucleic acids were then
desalted and concentrated using a Centriprep filter (molecular
weight cutoff of 10,000) and cloned into the pJET blunt-end
cloning vector (Fermentas).

3 K. H. Nam, I. Kurinov, and A. Ke, unpublished data.
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Oligomeric State Analysis—The oligomeric state of the Csn2
protein was analyzed at 4 °C using the analytical Superdex 200
column equilibrated in the sizing column buffer. In the Ca®>"
dependence analysis, the protein and the elution buffer (10 mm
Tris-HCI, pH 8.0, 200 mm NaCl, and 2 mm DTT) were supple-
mented with 20 mm CaCl,, EDTA, or EGTA, respectively.

Analysis of the Interaction between Csn2 and ds-DNA—Co-
purifying nucleic acids were separated from the Csn2 protein
on the Mono Q column, concentrated, and analyzed on a 1%
(w/v) agarose gel stained with ethidium bromide. To reveal
their identity, DNase I (0.1 pg/ml) and RNase A(0.1 pg/ml)
digestions were carried out in a buffer containing 20 mm HEPES
(pH 7.5) for 30 min at 25 °C. Alkaline hydrolysis was carried out
in 100 mM sodium carbonate, pH 8.8, and 2 mMm EDTA at 75 °C
for 5 min. The reaction products were visualized using a Gel
Doc XR System (Bio-Rad).

Electrophoretic Mobile Shift Assay (EMSA)—The ds-DNA-
Csn?2 interaction was assayed using 100 ng of ds-DNA contain-
ing the cloned Csn2-bound nucleic acid number 3 PCR-ampli-
fied from the pJET cloning vector. Metal-dependent ds-DNA
binding of Csn2 (0-160 um) was measured in 20 mm HEPES,
pH 7.5, and 50 mm NaCl and supplemented with 20 mm CaCl,,
EDTA, or EGTA. After incubation, the reaction mixture in the
Ca®" condition was separated on a 6% native Tris-glycine gel,
and the EDTA- and EGTA-containing samples were separated
on a 6% native Tris-borate-EDTA gel to avoid incompatibility
with the Tris-glycine buffer. Gels were visualized using
ethidium bromide staining and analyzed using a Gel Doc XR
system (Bio-Rad).

Crystallization, Data Collection, and Structure Determi-
nation—The Csn2 crystals were grown at 18 °C using the hang-
ing drop vapor diffusion method by mixing 5 mg/ml protein at
a 1:1 ratio with the well solution containing 0.1 m MES, pH 6.0,
0.1 M calcium acetate, and 6-14% (w/v) PEG 6000. Suitable
crystals for x-ray diffraction grew within 5-7 days. Both the
native and the selenium-methionine derivatized crystals were
cryo-protected by soaking the crystals in the well solution sup-
plemented with 30% (v/v) ethylene glycol. The native data set
was collected at 100 K at the Macromolecular Diffraction at
Cornell High Energy Synchrotron Source (MACCHESS) beam
line Al. The selenium-methionine single wavelength anoma-
lous dispersion (SAD) dataset was collected through the mail-in
crystallography service at the NE-CAT beam line 24ID-C at the
Advanced Photon Source (APS). Diffraction data sets were
indexed, integrated, and scaled using HKL2000 (27). Initial sets
of phases were obtained from a selenium-methionine SAD data
set using the direct method in SHELXC/D/E (28). Refinement
of the heavy metal sites and automated model building were
carried out using the PHENIX software suite (29). Structure
building and refinement were carried out using the programs
COOT (30) and REFMAC (31), respectively. The final structure
model was refined using the PHENIX software suite (29). Sim-
ulated annealing omit maps were systematically generated to
check the quality of the model. We further checked the quality
of the model using MOLPROBITY (32). The coordinates and
structure factor have been deposited in the Protein Data Bank
with the accession code 3S5U.
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FIGURE 1. Nucleic acid binding and oligomerization in Csn2. A, elution profile of the Csn2 protein with (peak 1) or without (peak 2) the co-purifying nucleic
acids on an analytical Superdex 200 10/300 size exclusion column. Csn2 in peak 2 showed an average size of a pentamer to hexamer formation. Further changes
in oligomerization state upon Ca?* binding are shown in Fig. 5D. B, separation of the co-purifying nucleic acids from the Csn2 protein on the Mono Q column.
C, analysis of the fractions in panel B using the Coomassie Blue-stained SDS-PAGE gel (upper panel) or ethidium bromide-stained agarose gel (lower panel).
Fraction numbers are consistent with those shown in panel B. D, identity of the Csn2-bound nucleic acids examined by incubating with DNase |, RNase A, or the

alkaline hydroxyl buffer.

Structural Analysis—The structure-based sequence align-
ment was carried out using ClustalW and ESPRIPT (33, 34).
The three-dimensional structural similarity between Csn2 and
other proteins was identified using the DALI server (35).
Molecular contacts, buried surface areas, and temperature
B-factor distribution were analyzed using CCP4 and CNS(36).
Surface conservation within the Csn2 family of proteins was
calculated and illustrated using the Consurf server (37) and
Chimera (23). Figure illustrations were generated using
PyMOL (38).
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RESULTS

E. faecalis Csn2 Binds ds-DNA—E. faecalis Csn2 protein
recombinantly expressed from E. coli was found to assemble
into a large oligomeric state and interact with nucleic acid
strongly, displaying higher absorbance at UV, rather than
UV, after Ni-NTA and size exclusion chromatography (Fig.
1A). In the presence of the co-purifying nucleic acids, Csn2
migrated as a large oligomeric species on size exclusion chro-
matography with an estimated molecular mass of over 660 KDa.
Removing the co-purifying nucleic acids reduced the average
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molecular mass of the Csn2 to in a broad range of a pentamer or
hexamer (Fig. 14). As shown later, the oligomerization and ds-
DNA binding properties of Csn2 were further regulated by the
presence of Ca’>*. The co-purifying nucleic acids could be
extracted from the Csn2 protein using anion exchange chroma-
tography (Fig. 1, B and C) and were shown to be ~100-500 bp
in size. They were sensitive to DNase I digestion, but not RNase
A digestion nor alkaline hydrolysis treatment that selectively
degrades RNA (Fig. 1D), suggesting that the Csn2-bound
nucleic acids are likely the E. coli endogenous ds-DNA, but not
RNA. Consistent with this observation, we showed that the
Csn2-bound nucleic acids could be cloned into a blunt-end
cloning vector, and the sequencing reads from four such clones
were shown to match to either the E. coli genomic DNA or the
Csn2 expression plasmid (supplemental Table S1). The size dis-
tribution of these DNA species was likely the result of physical
shearing from sonication during cell lysis. No sequence homol-
ogy was found between these DNA species, indicating that
Csn2 is largely a nonspecific ds-DNA-binding protein, which is
consistent with its structure features described below. How-
ever, a more detailed biochemical study will be required to
investigate whether certain short DNA sequences are preferen-
tially bound by Csn2. A further study using EMSA revealed
strong interactions between Csn2 and a ds-DNA substrate
PCR-amplified to contain one of the sequences of the co-puri-
fying DNA (supplemental Table S1, row 3), confirming that
Csn?2 interacts strongly with ds-DNA (see below). By contrast,
EMSA done at similar conditions using ss-DNA, ss-RNA, and
ds-RNA substrates did not show appreciable interactions with
the Csn2 protein (data not shown). Analysis of these nucleic
acids after Csn2 incubation on a sequencing gel did not reveal
nuclease or ribonuclease activity in Csn2 either (data not
shown).

Overall Structure of Csn2—The crystal structure of Csn2
from E. faecalis was solved by single SAD using the selenium-
methionine derivatized protein (Table 1). The asymmetric unit
of the orthorhombic P2,2,2; space group contains two non-
crystallographic symmetry-related tetrameric rings (supple-
mental Fig. S1). The two Csn2 tetramers adopt slightly different
conformations with an r.m.s. deviation of 1.3 A for all Ca atoms
(supplemental Fig. S2). Each diamond-shaped tetrameric ring
measures 70 X 70 A in width and 50 A in height (Fig. 24). Each
Csn2 protomer contains a globular /B domain and an
extended a-helical domain extruded from the middle of the o/ 3
domain. Extensive interactions between the two «/f domains
lead to Csn2 dimer formation. Further hydrophobic interac-
tions between two such Csn2 dimers at the extended a-helical
domain lead to the tetrameric ring formation (Fig. 24). Four
tightly bound Ca" ions were found at this interface. The inner
diameter of the ring measuring 26 A at the narrowest region
agrees well with accommodating the binding of a ds-DNA sub-
strate through the center. Electrostatic analysis revealed the
presence of a set of positively charged lysine residues populat-
ing the inner surface of the ring (Fig. 2B). Both features are
consistent with this region being involved in the binding of
ds-DNA in a sequence-nonspecific fashion. As the Cns2 family
of proteins are highly conserved (Fig. 34, supplemental Fig. 3),
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TABLE 1

Data collection and refinement statistics
Highest resolution shell is shown in parentheses.

Native SAD
Data collection statistics
Beamline MACCHESS APS
Al 24IDC,

Wavelength 0.9770 0.97917
Space group P2,2,2, P2,2,2,
Unit cell parameters A)

a 104.11 104.05

b 140.09 138.73

c . 148.43 148.29
Resolution (A) 20.0-2.70 (2.75-2.70)  30.0-3.10 (3.21-3.10)
Completeness (%) 98.8 (95.5) 99.8 (99.6)
Redundancy 5.5 (3.6) 2.6 (2.5)
1/a(I) 25.26 (2.76) 14.63 (1.57)
R erge (%)° 8.6 (29.5) 3.9 (34.8)

Refinement statistics

Resolution (A) 20.0-2.70
Ryonid Rivee(%)? 21.90/27.5
B-factor (Averaged)

Protein 51.75

Ca?" 49.43

Water 44.35
r.m.s. deviations _

Bond lengths (A) 0.016

Bond angles(°) 1.697
Ramachandran plot (%)°

favored 96.3

allowed 3.7

“ Rierge = 2h 2il I(h,ii) — (1 (W) | />h Xl (hii),where I (i) is the intensity of the
ith measurement of reflection h and ( I ()) is the mean value of I(4,i) for all i
measurements.

PR e = Featdl/2|Fopsl, where Fopg and F,y are the observed and calculated
structure-factor amplitudes, respectively. Ry... was calculated as R, using a
randomly selected subset (10%) of unique reflections not used for structure
refinement.

¢ Categories were defined by MOLPROBITY.

the observed structural features described here are likely shared
by all Csn2 proteins.

ATPase-like Scaffold in the Csn2 /3 Domain and a Confor-
mational Hinge—As mentioned above, each Csn2 protomer
consists of two domains: an &/ 3 domain connected to an a-heli-
cal domain insertion through a flexible hinge region (Fig. 3B).
The a/B domain is composed of a central 3-sheet structure
sandwiched by the a1-helix on one side and a5 and @6 on the
other. Extensive van der Waals interactions between the
B-sheet and the three helices give rise to the hydrophobic core
of this domain. The central (3-sheet consists of five parallel
B-strands (31-B5) and the C-terminal B3’ packed in an anti-
parallel fashion. Above the al-helix side of the central 3-sheet,
residual electron densities for a parallelly packed, small B-sheet
comprised of B1’, B2, and B3’ were observed in some, but not
all, of the eight molecules in the asymmetric unit, suggesting the
presence of local flexibility in this region. The a-helical domain
comprising three a-helices (a2, a3, and a4) extrudes from the
middle of the a/ B globular domain. Lacking a strong hydropho-
bic core, its conformation is critically influenced by the oligo-
merization interactions and the binding of Ca®>* ions (see
below).

A conformational hinge was found between the «/ and the
a-helical domains. Each /8 domain (Pro-11-Va-162 and Leu-
144-Ala-219, excluding a flexible loop between Tyr-38 and Glu-
58) and an a-helical domain (Ala-73—-Ala-132), is almost super-
imposable with their counterparts in the two tetrameric rings in
the asymmetric unit, with an r.m.s. deviation less than 1.1 A
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FIGURE 2. Overall structure of the Csn2 tetrameric ring structure. A, the top-down and the side views (upper and lower panels, respectively) of the Csn2
tetrameric ring structure. The four protomers A-D are colored yellow, cyan, teal, and magenta, respectively. The two 2-fold non-crystallographic symmetry axes
and the measurement of the ring dimensions are marked. B, the same views to reveal the electrostatic potential on the Csn2 surface. A clear partition of positive

and negative charges to the inner and outer portions of the tetrameric ring, respectively, is observed.

(supplemental Fig. S2). The angle between the two domains,
however, varied by as much as 5° among eight Csn2 protomers
in the asymmetric unit, suggesting the presence of a hinge
region between these two domains (Fig. 3C). Nevertheless, the
two connecting loops in this hinge region between 82 and a2
(Thr-63—Ser-72) and also between a4 and o5 (Leu-133—Thr-
143) display similar temperature B-factors as the rest of the
structure due to the binding of Ca®>* ions to stabilize the hinge
region (see below).

The a/B globular domain in Csn2 bears structural similarity
to a family of ATP-binding proteins, although the sequence
homology is hardly detectable (<11% sequence identity).
Structural homologs include the Clostridium perfringens cobalt
import ATP-binding protein, the enterobacterial phage T7
DNA primase/helicase, the Pyrococcus furiosus DNA double-
strand break repair RAD20 ATPase, and the M. tuberculosis
RecA (PDB accession codes: 3GFO, 1CR1, 3QKU, and 1MO4,
respectively; supplemental Fig. S4). Closer structural analysis,
however, suggested that ATP binding would unlikely be the
native function of the Csn2 protein as neither the backbone
geometry nor the key contacting residues at the ATP-binding
site are conserved in Csn2. Indeed, we were not able to detect
interactions between ATP and Csn2 using isothermal titration
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calorimetry analysis (data not shown). The distinct topology in
the a/3 domain and the presence of the a-helical domain inser-
tion set the Csn2 protein apart from other ATP-binding «/f3
domain proteins (supplemental Fig. S4).

Two Dimerization Interfaces Lead to Csn2 Tetrameric Ring
Formation—The tetrameric ring formation is best described as
two sequential dimerization events, first leading to the dimer
formation between molecules A-C and B-D (interface A-C; Fig.
4A) and then the dimerization in molecules A-B and C-D
(interface A-B; Fig. 4B). Superimposition of each dimer (mole-
cules A-B or A-C) yielded similar r.m.s. deviation of 0.5-1.1 A
in Ca alignment (supplemental Fig. S2). Both interfaces involve
highly conserved residues among the Csn2 family of proteins
(Fig. 3D; supplemental Fig. S3). The A-C interface involves
symmetric interactions to the side of the a1-helix and B-sheet
and the top of the a5 and a6 helices between two /8 domains,
burying a surface area of ~2100 A% (~16% of the total surface in
each protomer; Fig. 44 and supplemental Fig. S5). Among the
interface residues of molecule A-C, 33% are hydrophobic, 66%
are hydrophilic (i.e. H-bonds between Tyr-36 —Asp-64, Asp-
64 —Thr-171, and Asn-168 —Tyr-172), and 16% are charged.

Interface A-B involves reciprocal interactions at the a2—a4
helices and hinge loop region of molecules A and B, burying a
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FIGURE 3. Structural analysis of the Csn2 protomer. A, sequence alignment among the Csn2 family of proteins from E. faecalis (accession code: C7UDU4),
Enterococcus faecium (D4W167), L. monocytogenes (E3YJP9), Streptococcus anginosus (E6J3Q7), S. bovis (EOPELO), Streptococcus pyogenes serotype M1(Q992V9),
and S. thermophilus (Q03J19). The absolutely conserved residues are boxed in red, and the highly conserved ones are in unfilled boxes and red letters. Residues
involved in the binding of Ca®" and ds-DNA (putative) are marked with red and blue asterisks, respectively. B, two views of the monomeric structure of the
E. faecalis Csn2 protein. Csn2 consists of an a/B domain and an a-helical domain. Hinge loops between the two domains are colored magenta. A disordered
distalloopin the o/ domain is represented by the magenta dotted line. The two Csn2-bound Ca®* ions are represented in yellow spheres. The two B-sheets and
a 3,0-helix inside the «/B domain are colored in yellow and green, respectively. C, superimposition of the eight Csn2 monomers in the asymmetric unit along
the al-helix (in blue). Hinge motion at the hinge region in magenta leads to ~5° variation in the orientation of the a-helical domain. Large deviations in
equivalent atom positions are marked. D, surface conservation in the Csn2 protomer. Residues are colored from magenta to cyan with descending order of

conservation.
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FIGURE 4. Interfaces A-C and A-B that mediate the tetrameric ring formation in the Csn2 protein. A, interface A-C that leads to the dimerization of two /8
domains (colored in yellow and magenta). Side chains of the contacting residues are displayed. B, interface A-B that leads to the dimerization of two B-helical
domains. An extensive leucine/isoleucine zipper and four Ca?*-binding sites (two visible) are displayed. C, electrostatic potential of a Csn2 protomer. The
interface A-B may be significantly weakened without the Ca?* ions to shield the strong negative charges at this interface. D, the conserved positive charges
from the lysine residues (also in panel C) span a distance of 35 A along the Csn2 protomer surface. Upon tetramerization, these residues give rise to a positively

charged inner surface potentially important for ds-DNA binding.

surface area of 4200 A% (~32% of each subunit; Fig. 4B and
supplemental Fig. S5). The interface residues are 51% hydro-
phobic, 49% hydrophilic, and 31% charged. The hydrophobic
interactions include the two anti-parallel leucine/isoleucine
zipper a3 helices and the contacts from a3 to o2 and o4. Addi-
tional contacts include salt bridges between Lys-90 and Glu-
114 and between Glu-116 and Arg-156.

Potential ds-DNA-binding Site Inside the Tetrameric Ring—
Electrostatic surface potential analysis revealed a clear segrega-
tion of positive and negative charges on the inner and outer
surfaces of the Csn2 tetrameric ring, respectively (Fig. 2B). The
charge distribution is conserved among the Csn2 family of pro-
teins (Fig. 3A) and is in line with its putative ds-DNA binding
function. The lysine-rich basic patch is particularly interesting
because it may mediate nonspecific interactions with the sugar-
phosphate backbone of the ds-DNA (Figs. 2B and 4C). This
patch is composed of at least seven highly conserved lysine res-
idues (Lys-52, Lys-55, Lys-77, Lys-131, Lys-160, Lys-161, and
Lys-162; Fig. 4D). The presence of a positive change is consist-
ent in the place of Lys-55, Lys-77, Lys-160, Lys-161, and Lys-
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162, whereas glutamine is occasionally found in the place of
Lys-52 and Lys-131. In the crystal structure, Lys-77 and Lys-131
are located in the a-helical domain, and the rest of the Lys
residues are located in the o/ domain. Due to the presence of
a hinge region between these two domains, the exact positions
of the lysine residues differ among the Csn2 protomers. The
versatility in lysine positions and the flexibility in their side
chain conformations are consistent with this lysine-rich patch
inside the tetrameric ring contacting the ds-DNA.

Ca®" Ions Stabilize the Oligomerization Interface—Introduc-
tion of Ca®", but not other divalent cations, was a prerequisite
condition in the crystallization of the E. faecalis Csn2 protein.
Upon structure determination, we located four potential Ca*"
ions in two Cal sites and two Ca?2 sites in each Csn2 tetrameric
ring (Fig. 54 and supplemental Fig. S6). These sites appeared as
strong peaks in the F, — F, simulated annealing omit difference
map counted at the 5 o level and formed octahedral or square
pyramidal coordination with surrounding ligands (Fig. 5, B and
C). The temperature B-factor and occupancy refinements sug-
gested that these sites were stoichiometrically occupied by
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FIGURE 5. Ca binding critically influences the oligomerization and DNA binding properties of the Csn2 protein. A, two views of the Ca1-and Ca2-binding
sites around the interface A-B. In both cases, Ca®>" binding requires the participation of residues from both Csn2 protomers (in yellow and cyan). B, Ca1 site
superimposed with the composite omit electron density contoured at the 5 ¢ level. Contacting residues from both Csn2 protomers, as well as two ordered
water molecules, are highlighted. C, Ca2 site displayed in a similar fashion. Although most Ca?* chelating residues are from molecule A, Asp-118 from molecule
B makes a critical contact to seal this Ca®*-binding site. This contact also rigidifies the conformation of the otherwise flexible loop connecting the a3 and a4
helices in molecule B. D, size exclusion chromatography showing that the presence of Ca?* ions leads to a more defined Csn2 tetramer formation, whereas the
complete removal of Ca?* ions using EDTA or EGTA leads to a bigger Csn2 oligomer formation. E, EMSA experiments where a titration of Csn2 protein (5-160
M) was incubated with 100 ng of ds-DNA in the presence of 20 mm Ca?*, Mg?", EDTA, or EGTA. Results showed that the Csn2 protein interacted strongly with
the ds-DNA in the presence of Ca®* ions. This ds-DNA binding activity was decreased to the background level in the presence of Mg®" or Ca*-chelating EDTA

or EGTA buffers.

Ca®" ions. EGTA chelation of Ca®>" from Csn2 crystals prior to
data collection resulted in severe degradation of x-ray diffrac-
tion resolution (data not shown). Incubation of equimolar
amounts of Mn?>" and Ca®" with Csn2 crystals, followed by
data collection at the anomalous edge of Mn>*, did not show
strong anomalous difference peaks indicative of competitive
binding of Mn>" to the Ca>" sites (data not shown). These two
circumstantial evidences further support the presence of Ca*"
in the Csn2 structure.

Both Ca”>"-binding sites are located at the interface A-B and
mediate interactions between Csn2 protomers by shielding the
charge repulsion among coordinating functional groups. The
two Cal sites are located in the middle of the interface A-B near
the a4-helix. Ca®" is octahedrally coordinated by O8 of Asp-
122 (average distance of 2.42 A), the main chain carbonyl of
Gly-123 (2.26 A), Oe of Glu-128 (2.56 A) in molecule A, the
main chain carbonyl of Ala-132 (2.42 A) in molecule B (Fig.5B),

30766 JOURNAL OF BIOLOGICAL CHEMISTRY

as well as two water (2.42 A) molecules. The two Ca2 sites
located at the hinge region near the N-terminal end of the
a5-helix are square pyramidally coordinated by the O6 of Asp-
118 (average distance of 2.42 A) in molecule A and by the Oe
and the main chain carbonyl of Glu-138 (2.40 and 2.52 A,
respectively), O8 of Asp-142 (2.39 A) and the Oe of Glu-150
(2.37 A) in molecule B (Fig. 5C). The key Ca*>" coordinating
residues including Asp-118, Asp-122, Glu-128, Glu-138, and
Glu-150 are highly conserved (Fig. 34 and supplemental Fig.
S3), suggesting that Ca®>" binding is a conserved feature among
Csn2 proteins. The other two coordinating residues Gly-123
and Ala-132 can be substituted by other residues among the
Csn2 family because only the main chain carbonyl groups are
involved in coordination.

Ca®" Influences the Oligomerization and ds-DNA Binding
Properties of Csn2—Because our crystal structure revealed that
the Cal and Ca2 sites were strategically positioned at the oligo-
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merization interface A-B, we speculated that Ca** may criti-
cally influence the oligomerization state and ds-DNA binding
property of the E. faecalis Csn2 protein. Size exclusion chroma-
tography was carried out to study the effect of Ca®>* binding on
the oligomerization state of Csn2. As shown previously, puri-
fied E. faecalis Csn2 protein migrated as a mixture of oligomers
with an average size of a pentamer or hexamer (Figs. 14 and
5D). The addition of EDTA or EGTA to further remove the
co-purifying Ca®" from the Csn2 protein encouraged the for-
mation of higher molecular weight oligomers, whereas incubat-
ing with 20 mm Ca>" promoted the formation of a Csn2
tetramer. Therefore, structural and biochemical evidence con-
verged in, suggesting that Ca>" plays an important role in pro-
moting the formation of a Csn2 tetrameric ring.

Next, we studied whether Ca®>" binding may influence the
ds-DNA binding property of the Csn2 protein. EMSAs were
carried out in the presence of Ca®?*, EDTA, EGTA, or Mg>"
using a ds-DNA substrate PCR-amplified from the cloned
Csn2-co-purifying DNA (Fig. 1). The Csn2 protein was found
to interact strongly with this DNA only in the presence of Ca**
ion, but not in the presence of EGTA or EDTA (Fig. 5E). Inter-
estingly, Mg>"* was not able to restore the ds-DNA binding by
Csn?2 either, suggesting again that the Csn2 interacts specifi-
cally with the Ca*>* ion. Together with the Ca®>"-dependent
oligomerization study above, these results suggest that Ca>"
binding promotes tetramerization and that the tetrameric ring
gives rise to the ds-DNA binding property in the Csn2 protein.

DISCUSSION

Nmeni CRISPR-Cas subtype provides us a unique opportu-
nity to study CRISPR adaptation because a genetic screen in
S. thermophilus has identified the key players required for new
spacer acquisition (10). The identified proteins included the
core cas genes casl and cas2 and a Nmeni subtype-specific
gene csn2. Although structural models and biochemical data
are available for Cas1 and Cas2 proteins, this study provides the
first set of such data for the Csn2 protein. Our crystal structure
clearly reveals that the conserved family of Csn2 proteins func-
tions at the quaternary structure level; that is, Csn2 assumes its
ultimate shape and charge distribution only after tetrameric
ring formation. The inner diameter of the ring and the align-
ment of the positively charged lysine residues inside the ring
coincide with the characterized nonspecific ds-DNA binding
function of Csn2 quite well. The crystal structure revealed an
interesting twist of Ca>" regulation that otherwise would likely
be missed in solution studies. We observed the presence of two
Ca®" ions; one of them is bound to a critical hinge region in
each Csn2 protomer, and the other shields many positive
charges in the oligomerization interface. Follow-up solution
studies revealed that Ca®>" binding leads to more defined Csn2
tetramerization, likely through rigidifying the internal hinge
region. More importantly, alteration to the tetrameric ring
structure through Ca®" chelation also abolishes the ds-DNA
binding function of Csn2. Collectively, the evidence is quite
strong to support that the Csn2 tetramer, influenced by Ca*"
binding, is the functional unit in binding ds-DNA.

The Csn2 in the Nmeni subtype is regarded as an essential
protein in the CRISPR-mediated silencing pathway (10). Nev-
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ertheless, it is not universally present in all Nmeni subtype
organisms (8). The rather diverse Nmeni subtype can be further
divided into two gene clusters; one contains the csn1-casl-cas2-
csn2 cassette (in E. faecalis), and the other contains the csnl-
like casI-cas2-cas4 cassette (in Wolinella succinogenes) (2, 9).
This observation seems to suggest that the csn2 and cas4 genes
are functional homologs of each other. However, at the
sequence level, the Cas4 protein, which was predicted to be a
RecB-like nuclease and contains a Zn>*-binding cluster, is
quite distinct from the Csn2 protein (9). This might be another
example of the presence of mechanistic diversity in the
CRISPR-Cas systems.

The exact function of Csn2 requires further study. It remains
unclear whether the Csn2 protein is involved in the production
of proto-spacers or the downstream step of new spacer integra-
tion. Although our preliminary cloning experiment suggested
that Csn2 binds to diverse DNA sequences, it cannot be ruled
out that certain short sequences are preferentially selected by
the Csn2 protein. This can be further studied by deletion map-
ping of the cloned DNA substrates. The results could be quite
interesting because it has been suggested that the short proto-
spacer adjacent motif or the leader sequences at the target site
play an important role in new spacer acquisition (2, 5).
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