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Abstract

CRISPR-Cas systems function as adaptive immune mechanisms in bacteria and archaea and offer protection against phages and other mobile
genetic elements. Among many types of CRISPR-Cas systems, Type | CRISPR-Cas systems are most abundant, with target interference depend-
ing on a multi-subunit, RNA-guided complex known as Cascade that recruits a transacting helicase nuclease, Cas3, to degrade the target. While
structural studies on several other types of Cas3 have been conducted long ago, it was only recently that the structural study of Type I-C Cas3 in
complex with Cascade was revealed, shedding light on how Cas3 achieve its activity in the Cascade complex. In the present study, we elucidated
the first structure of standalone Type I-C Cas3 from Neisseria lactamica (NlaCas3). Structural analysis revealed that the histidine—aspartate (HD)
nuclease active site of NlaCas3 was bound to two Fe?* ions that inhibited its activity. Moreover, NlaCas3 could cleave both single-stranded and
double-stranded DNA in the presence of NiZ* or Co?*, showing the highest activity in the presence of both NiZ* and Mg?* ions. By comparing
the structural studies of various Cas3 proteins, we determined that our NlaCas3 stays in an inactive conformation, allowing us to understand the
structural changes associated with its activation and their implication.
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Introduction The functionality of CRISPR-Cas systems unfold through

a triadic sequence of events including adaptation, expression,
and interference (7,8). During the adaptation phase, infiltrat-
ing DNA is processed and assimilated as spacers into the

Bacteria have undergone myriad evolutionary adaptations to
overcome the threats originating from the perpetual war-
fare between bacteria and their assailants, such as bacterio-

phages and various mobile genetic elements (1). The emer-
gence of clustered regularly interspaced short palindromic re-
peats (CRISPRs) and their associated proteins (Cas) signifies
a pivotal milestone in bacterial defense strategies, endowing
bacteria with immunity against intrusive genetic materials (2—
5). CRISPR-Cas systems possess an adaptive trait, whereby
they meticulously archive memories of past infections within
their CRISPR arrays, thereby orchestrating a swift immune
response upon subsequent encounters (6).

CRISPR array nested within the bacterial genome (9). Dur-
ing the expression phase, the host CRISPR array undergoes
transcription and processing, resulting in diminutive CRISPR
RNAs (crRNAs). Finally, in the interference phase, complexes
guided by crRNAs recognize sequences complementary to the
crRNA in invaders, executing cleavage either autonomously
or by enlisting additional proteins to dismantle DNA or RNA
of the invaders (8,10,11). CRISPR-Cas systems have been har-
nessed for gene editing owing to their remarkable precision in
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target DNA cleavage, with ongoing trials exploring their po-
tential in treating various diseases (12-16).

The long evolutionary interaction between bacteria and
phages has led to the diversification of CRISPR-Cas systems
that are currently grouped into two broad classes (classes 1
and 2) encompassing six types (types I-VI) based on the orga-
nization of CRISPR locus, composition of cas and their mech-
anisms (17). The class 1 systems, including types I, III and
IV, employ multi-subunit Cas proteins for performing multi-
ple functions, whereas the class 2 systems, including types II,
V and V], utilize a single multi-domain Cas that performs all
necessary activities (17).

The Type I CRISPR-Cas systems are the predominant and
extensively dispersed class, delineated into seven distinct sub-
types, denoted as I-A through I-G, and contingent upon their
distinctive cas genes and composition of the Cas constituents
(17). Within the Type I systems, numerous Cas proteins or-
chestrate collaborative work with crRNA for amalgamating
and forming a formidable CRISPR-associated complex for an-
tiviral defense (Cascade), which recognizes invader DNA and
finally recruits Cas3, the nuclease responsible for destroying
target DNA (11).

Cas3 is a multi-domain protein consisting of approximately
800-900 amino acids in the Type I CRISPR-Cas system and is
responsible for the actual cleavage of target DNA (18). Upon
recognition of foreign DNA via the Cascade, Cas3 is recruited
to the site and initiates DNA degradation. The enzymatic ac-
tivity of Cas3 results in irreversible destruction of the target
DNA, thereby effectively neutralizing the threat posed by in-
vading genetic materials (19). Precise coordination between
Cas3 and other components of the CRISPR-Cas system en-
sures the specificity and efficiency of immune response, allow-
ing bacteria to fend off viral attacks and maintain genomic
integrity. The structures of Cas3 proteins acting in some Type
I CRISPR-Cas systems were elucidated a long time ago (20—
23). However, the structural study of Type I-C Cas3 in the
Cascade complex was only revealed recently, providing in-
sights into how Cas3 functions within the Cascade complex
(24). Nonetheless, for Type I-C Cas3, there is still a lack of
structural studies on its inactive form when it exists alone be-
fore becoming active within the Cascade complex. This gap
in knowledge prevents a complete understanding of the full
mechanism of Cas3 activation and inactivation.

In the present study, we biochemically characterized and
determined the first structure of standalone Type I-C Cas3
from Neisseria lactamica (hereafter referred to as NlaCas3)
for understanding the molecular basis underlying the activa-
tion and inactivation of Cas3 in the Type I-C CRISPR-Cas
system. Because our standalone structure of NlaCas3 was able
to represent the inactive state of Type I-C Cas3, and based
on structural and biochemical studies along with the recently
published cryogenic electron microscopic (Cryo-EM) struc-
ture of the Type I-C Cascade/Cas3 complex, we demonstrate
the structural basis of activation and inactivation mechanism
of Cas3 in the Type I-C CRISPR-Cas system.

Materials and methods
Cloning, overexpression, and purification of Cas3
for structural and biochemical studies

Full-length cas3 (encoding residues 1-834) of N. lactam-
ica (GenBank: WP_036469581.1) was purchased from Ad-
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dgene (plasmid #180214). The resulting recombinant con-
struct was transformed into Escherichia coli BL21(DE3) com-
petent cells, which were subsequently grown at 37°C in 1 1
lysogeny broth containing 50 ug/ml kanamycin. When the op-
tical density at 600 nm reached approximately 0.7-0.8, tem-
perature was adjusted to 20°C, and 0.5 mM isopropyl 3-D-1-
thiogalactopyranoside was added to induce Cas3 expression.
Induced cells were further cultured for 16 h in a shaking in-
cubator at 20°C. Cultured cells were harvested by centrifuga-
tion at 2000 x g for 15 min at 4°C, resuspended in 20 ml lysis
buffer (20 mM Tris=HCI pH 8.0 and 500 mM NacCl), and
lysed by ultrasonication. The cell lysate and supernatant were
separated by centrifugation at 10 000 x g for 30 min at 4°C.
The supernatant was combined with Ni-nitrilotriacetic acid
(NTA) affinity resin for 2 h and loaded onto a gravity-flow
column (Bio-Rad, Hercules, CA, USA). The resin in the col-
umn was washed with 25 ml wash buffer (20 mM Tris-HCI
pH 8.0 and 25 mM imidazole) to remove unbound proteins.
Following the washing step, 3.25 ml elution buffer (20 mM
Tris—=HCI, pH 8.0, 500 mM NaCl, and 250 mM imidazole)
was added to the column to elute the target protein bound to
Ni-NTA resin.

Eluted Cas3 was concentrated to 30 mg/ml and applied
onto a Superdex 200 10/300 GL column (GE Healthcare,
Waukesha, WI, USA) connected to an AKTA Explorer sys-
tem (GE Healthcare). The column was preequilibrated with
size-exclusion chromatography (SEC) buffer (20 mM Tris—
HCI pH 8.0 and 150 mM NacCl) for polishing protein sam-
ple by SEC. The eluted peak fractions containing Cas3 were
collected, pooled, and concentrated to 3.3-3.5 mg/ml for crys-
tallization. Protein purity was visually assessed by sodium do-
decyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).

Crystallization and X-ray diffraction

The sitting drop vapor diffusion method was employed for
crystallizing Cas3. Crystal plates were incubated at 20°C. Ini-
tial crystals formed by equilibrating a mixture of 0.3 pl pro-
tein solution (3.3 mg/ml in SEC buffer) and 0.3 ul reservoir
solution containing 10% (w/v) polyethylene glycol 8000, 0.1
M sodium/potassium phosphate at pH 6.2, and 0.2 M NaCl,
equilibrated against 80 ul of the reservoir solution. The crys-
tallization conditions were further optimized, and the best
crystals were obtained by increasing pH of sodium/potassium
phosphate buffer to 6.6-6.8. For X-ray diffraction experi-
ments, a single crystal was selected and soaked in reservoir
solution supplemented with 40% (v/v) glycerol for cryopro-
tection. X-ray diffraction data were collected at —178°C on
the beamline BL-5C at the Pohang Accelerator Laboratory
(Republic of Korea). The data were processed using HKL2000
software (25).

Structure determination and refinement

Cas3 structure was determined by the molecular replacement
phasing method using PHASER program in the PHENIX
package (26). The predicted structural model generated by
AlphaFold2 was used as a search model (27). The initial
model was automatically constructed using AutoBuild in the
PHENIX package, with subsequent model building and refine-
ment using Coot (28) and phenix.refine (29). The structural
quality and stereochemistry were validated using MolProbity
(30). All structures were generated using PyMOL (31).
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Multi-angle light scattering analysis (MALS)

The absolute molecular weight of Cas3 in solution was deter-
mined utilizing size exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS). Protein solution was
loaded onto a Superdex 200 Increase 10/300 GL 24-ml col-
umn (GE Healthcare) preequilibrated with SEC buffer. The
flow rate was maintained at 0.4 ml/min, and SEC-MALS anal-
ysis was conducted at 20°C. A DAWN-TREOS MALS detec-
tor was linked to an AKTA Explorer system. The molecular
weight of bovine serum albumin was used as the reference
value. Data processing and evaluation were carried out using
ASTRA.

Assay of cleavage activity of Cas3 in vitro

Target DNA oligonucleotides containing the identified spacer
sequences were synthesized by Bionics (Daejeon, Republic of
Korea) (Supplementary Table S1). Two complementary single-
stranded DNAs (ssDNA) were incubated at 100°C for 3 min
and then slowly cooled down to room temperature for gener-
ating double-stranded DNA (dsDNA).

A series of in vitro target DNA cleavage assays were con-
ducted for testing the nuclease activity of wild-type Cas3 and
its mutants (H25A, H52A, D53A, H118E, H119A, S192A,
D392A, W354A, K779A, and Q781A). Reactions were per-
formed in 10 ul nuclease buffer (40 mM Tris-HCI pH 8.0,
6 mM MgCl,, 0.4 mM Ni(II)SO4, 8 mM ATP, 0.4 mg/ml
and bovine serum albumin) by adding 5 ul of either wild-type
(5-400 nM) or mutant (20-50 nM) Cas3 and 5 ul of 42-bp
Cas3 target dsDNA or ssDNA (30 nM). The reaction mixture
was incubated at 37°C for 2 h. The reaction was terminated
by adding 10 pl stop solution [67.5 mM ethylenediaminete-
traacetic acid (EDTA), 27% (v/v) glycerol, 0.3% (w/v) SDS]
and incubating for 10 min at room temperature. Reactions
were conducted with or without 8 mM ATP to assess it role
on DNA cleavage.

For ion-dependent cleavage assay, the same procedure was
followed, except for the nuclease buffer. A buffer was prepared
with all ions removed, and then the following ions at specific
concentrations were added: 6 mM MgCl,, 0.4 mM NiSOy, 0.4
mM CoCl,, 0.4 mM FeCl, and 0.4 mM MnCl,. All samples
were then separated by electrophoresis at 100 V on a 14% na-
tive 0.5 x Tris—borate~EDTA polyacrylamide gel for 90 min.
After electrophoresis, gels were stained with SYBR Gold (In-
vitrogen, Waltham, MA, USA) and visualized according to the
manufacturer’s instructions. Relative amounts of DNA in the
gel were quantified using Image], a public domain Java-based
image processing program.

Inductively coupled plasma-mass spectrometry
(ICP-MS) analysis

The concentration of trace metal ions in NlaCas3 was de-
termined through a comparative analysis involving a serial
dilution of the Recipe control samples (Munich, Germany)
prepared in water. To ensure accuracy, a combination of Be
and Co internal standards was introduced into both calibra-
tion points and samples at specific concentrations. Measure-
ments were conducted using a NexION350D ICP-MS (SCIEX
model; Perkin-Elmer) equipped with an argon plasma source.
The analysis was conducted at the National Center for Inter-
University Facilities at Seoul National University, Seoul, Re-
public of Korea. Sample was introduced at a rate of 1.00
ml/min during measurement. The data represent the average
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values derived from triplicate samples, ensuring a robust as-
sessment of the concentrations of trace metal ions in Cas3.

Sequence alignment

The amino acid sequences of Cas3 across different species
were analyzed using Geneious Prime v.2024.0.3 (https://www.
geneious.com).

Mutagenesis

Site-directed  mutagenesis was performed using a
QuickChange kit (Stratagene, San Diego, CA, USA) ac-
cording to the manufacturer’s protocol. Mutations were
confirmed by sequencing. Mutant proteins were prepared
using the same method described above for purification of
wild-type protein.

Electrophoretic mobility shift assay (EMSA)

Varying concentrations of purified CTD domain of Nla-
Cas3 were pre-incubated with 30 nM of double strand
DNA or single strand DNA in binding buffer (10 mM
HEPES pH 7.5, 1 mM MgCl, 20 mM KCl, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), and 5% (v/v) glycerol in a
final volume of 20 pl) for 30 min on ice. Prepared samples
were then separated by gel electrophoresis at 100 V on a 10%
native 0.5x TBE (Tris borate EDTA) polyacrylamide gel. Af-
ter electrophoresis, gels were stained with SYBR Gold (Invit-
rogen, Waltham, MA, USA) and visualized according to the
manufacturer’s instructions.

Results

Biochemical characterization and determination of
the structure of type I-C Cas3 from a N. lactamica

The Type I CRISPR-Cas system is a subtype within the broader
CRISPR-Cas system family, characterized by its unique fea-
tures and functionalities. This type utilizes a multi-protein
complex, known as Cascade, guided by RNA, to locate specific
DNA targets for cleavage. Once the Cascade complex iden-
tifies the target DNA, Cas3, which possesses both nuclease
and helicase activities, is recruited to degrade the target DNA
(Figure 1A). Among the seven subtypes, Type I-C stands out
for its compactness and remarkable efficacy in inducing sub-
stantial genome editing (19,32). In the Type I-C CRISPR-Cas
system, several subunits of Cas proteins, such as Cas5, Cas7,
Cas8 and Cas11, come together to construct an RNA-guided
multi-subunit Cascade complex (32,33).

Although the structures of standalone Cas3 proteins in-
volved in certain Type I CRISPR-Cas systems have been un-
veiled, the structural intricacies of standalone Type I-C Cas3
have remained elusive. To unravel the molecular fundamen-
tals governing the activation and inactivation of Cas3 in the
Type I-C CRISPR-Cas system, we conducted a structural study
of standalone NlaCas3. For structural analysis, NlaCas3 was
overexpressed in E. coli and purified using affinity chromatog-
raphy followed by SEC. SEC analysis revealed that NlaCas3
exists as a monomer in solution, as evidenced by an elution
peak at approximately 14 ml, falling between the elution vol-
umes of y-globulin (158 kDa) and ovalbumin (44 kDa) (Fig-
ure 1B and C). Following purification, the target protein was
successfully crystallized, and its crystal structure was deter-
mined at a resolution of 2.17 A using the molecular replace-
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Figure 1. The crystal structure of Type I-C Cas3 from N. lactamica. (A) An overview of the assembly and target degradation process of the Type I-C
CRISPR-Cas system. (B) SEC profile of NlaCas3. The picture of a gel after SDS-PAGE, loaded with the peak fractions is provided under the profile.
Loaded fractions are indicated by the horizontal black bar. The corresponding fractions from SEC loaded on the gel are indicated by black arrows. M
indicates protein marker. (C) The elution volume is fitted in the SEC vs. the size marker and log of molecular weight of NlaCas3. A red point on the fitting
line marks the elution volume. Molecular weights of the size markers are compiled in the table. (D) The overall structure of NlaCas3. Cartoon
representation of NlaCas3. Color of the chain from the N- to the C-terminus gradually moves through the spectrum from blue to red. (E) Domain
composition and boundary of NlaCas3. (F) B-factor distribution in NlaCas3 structure. The structure is shown by a putty representation. Rainbow colors
from red to violet with increasing values were used for B-factor visualization. The region with the highest B-factor, corresponding to most of the CTD, is
indicated by a red-dot circle. (G) Position of the metal ion-binding site and a close-up view of the active site of the HD nuclease domain of NlaCas3, to
which the metal ions are bound. The metal-coordinating residues are labelled. (H) MALS profile of NlaCas3. The experimental MALS data (red line) are
plotted as SEC elution volume (x-axis) versus absolute molecular mass (y-axis) distributions on the SEC chromatogram (black) at 280 nm.

ment (MR) phasing method. The predicted structure gener-
ated by AlphaFold2 was utilized as the search model dur-
ing this process (27). The final structural model of NlaCas3
was refined, yielding Ry = 19.22%, and R = 24.96%.
The detailed diffraction data and refinement statistics are pre-
sented in Table 1.

The crystal was categorized under the space group C2, with
a single molecule present in the asymmetric unit. The final
structural model encompassed most of the NlaCas3 sequence,
spanning residues D4-D821. The three N-terminal and 13
C-terminal residues were not included in the final structural
model because of their invisible electron densities.

The overall tertiary structure of NlaCas3 exhibited a typ-
ical structural fold of Cas3, compactly arranged with the
N-terminal histidine-aspartate (HD) nuclease domain and
RecA-like helicase domains positioned adjacent to each other,
thereby forming a functional unit that is capable of DNA
cleavage and unwinding (Figure 1D and E). The C-terminal

DNA-binding domain (CTD) extended outward, enabling in-
teractions with the target DNA. B-factor analysis showed that
most of the CTD had relatively higher B-factors (average
48.25 A2) than those of the most other parts (average 61.9
A2), indicating that the CTD of NlaCas3 might be flexible in
solution (Figure 1F). Metal densities corresponding to the two
metal ions in the active site of HD nuclease of NlaCas3 were
identified. Additionally, PO4 density around the metal ion was
noticed. These two metals and one PO4 were coordinated by
five surrounding histidine residues (H8, H25, H52, H118 and
H119) and one aspartic acid residue (D53) (Figure 1G).
While most Cas proteins within the CRISPR-Cas system
typically function as monomers, certain Cas proteins, such as
Cas7, form oligomers that perform their roles within the sys-
tem. Therefore, we employed MALS to validate the stoichiom-
etry of NlaCas3 by determining its absolute molecular mass in
solution. MALS analysis revealed an experimental molecular
mass of 96.5 kDa with a fitting error of 7.1% and polydisper-
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Table 1. Data collection and refinement statistics

Data collection

Space group C121

Unit cell parameter a, b, ¢ (A)

a, b, c(A) a=124.97,b=73.33,
c=104.42

o, B,y (°) a=90,8=99.749,y = 90

Resolution range (A)? 29.42-2.17

Total reflections 340229

Unique reflections 49 373

Multiplicity 6.9 (7.1)

Completeness (%)?* 99.89 (99.88)

Mean I/o(I)? 12.49 (1.94)

Rinerge (%)»b 10.49 (0.9672)

Wilson B-factor (A2) 36.54

Refinement

Resolution range (A) 29.42-2.17

Reflections 49 373

Ruyort (%) 19.22 (26.28)

Riree (%) 24.96 (32.78)

No. of molecules in the 1

asymmetric unit

No. of nonhydrogen atoms 6570

Macromolecules 6229

Solvent 339

Average B-factor values (A2) 44.76

Macromolecules 44.69

Solvent 46.03

Ramachandran plot:

favored/allowed/outliers (%) 97.78 / 2.22 / 0.00
Rotamer outliers (%) 1.69

Clashscore 6.14

RMSD bonds (A) / angles (°) 0.008 / 0.94

*Values for the outermost resolution shell in parentheses.

"Rinerge =21, B ()i — <I(h)>1/ B, =; I(h);, where I(h) is the observed
intensity of reflection h, and < I(h)> is the average intensity obtained from
multiple measurements.

sity of 1.002 (Figure 1H). Considering that the theoretically
calculated molecular weight of monomeric NlaCas3 with a
C-terminal histidine tag is 100.5 kDa, the molecular mass de-
termined by MALS likely corresponded to that of monomeric
NlaCas3. Based on these SEC and MALS findings, we con-
cluded that NlaCas3 exists as a monomer in solution.

NlaCas3 can cleave both dsDNA and ssDNA in a
metal ion-dependent manner

Most of the characterized Cas3 enzymes cleave ssDNA
(34,35). We initially investigated the cleavage efficiency of
Type I-C NlaCas3 on both ssDNA and dsDNA in the presence
of Mg?*, a crucial cofactor for nucleolytic activity. NlaCas3,
in the presence of Mg?*, could not cleave dsDNA, whereas
ssDNA was cleaved in a concentration-dependent manner of
the enzyme (Figure 2A).

Several Cas proteins exhibit activity with metal ions serving
as crucial cofactors, and ions of various types influence their
activities (20-22). Therefore, we investigated the ion prefer-
ence of NlaCas3. For this analysis, we tested the cleavage ca-
pability and efficiency of 20-80 nM NlaCas3 for both dsDNA
and ssDNA in the presence of Mg?*, Ni**, Co**, Fe?* and
Mn?*. In the absence of ions, dsDNA could not be cleaved
by NlaCas3, and Ni** or Co?* facilitated better cleavage than
did the other ions. Similarly, no ssDNA cleavage was observed
in the absence of ions, whereas ssDNA was cleaved in the pres-
ence of Mg?*, Ni?* or Co?* (Figure 2B).
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Two prominent round-shaped electron densities, character-
istic of metal-ion density, were observed around the active site
of HD nuclease of NlaCas3 (Figure 1G). This metal ion den-
sity was coordinated by O and N atoms from the side chains
of residues H8, H25, H52, D53, H118 and H119 (Figure 1G).
The distance between the metal ion and coordinated oxygen
and nitrogen atoms from the side chain was <3.5 A. Using
ICP-MS, we identified the metal ion as Fe?* or Mn?* with
a concentration of 1401.3 or 595.4 ppb, respectively (Figure
2C). Therefore, Fe** and Mn?* were bound to NlaCas3. Addi-
tionally, ICP=MS results indicating a 2:1 ratio of Fe?* to Mn?*
binding indicated that the metal ions in the active site of HD
nuclease domain corresponded to two Fe?* ions (Figure 2D).
We did not find any additional metal density fit for Mn?*.
Based on the ion-binding studies and experimental results of
NlaCas3 activity, we systematically investigated how Cas3 ac-
tivity varies in a concentration-dependent manner in environ-
ments containing Mg?* or Ni**, the most effective ions for
Cas3 activity. In the presence of 6 mM Mg?* and 0.4 mM Ni?*,
approximately 80 nM Cas3 was sufficient in completely cleav-
ing 200 nM dsDNA, while approximately 10-20 nM Cas3
fully cleaved 200 nM ssDNA (Figure 2E).

Cas3 contains a RecA-like helicase domain, allowing it to
unwind target DNA molecules, which relies on ATP for its
functionality (34). Therefore, we assessed the cleavage effi-
ciency of NlaCas3 on dsDNA and ssDNA in the presence or
absence of ATP and in the presences of Mg?* or Ni** (Figure
2B and E). ssDNA was efficiently cleaved even at low concen-
tration of NlaCas3 (10 nM), regardless of the presence of ATP,
whereas for dsDNA, minimal cleavage was observed only at
high enzyme concentration (80 nM) (Figure 2F and G). In-
terestingly, at high NlaCas3 concentration, dsDNA cleavage
occurred in the absence of ATP (Figure 2F and G). However,
the extent of cleavage was weaker than that in the presence of
ATP. Therefore, in the presence of Mg?*, Ni** or Co?*, Nla-
Cas3 can efficiently cleave ssDNA even at low concentrations,
independent of ATP, and exhibit minimal cleavage of dsDNA
at high concentrations in the presence of Ni** and Mg?* ions,
irrespective of the presence of ATP. However, ATP somewhat
influenced Cas3 activity on dsDNA.

Type I-C NlaCas3 significantly differs in structure
and amino acid sequence from those of other types
Cas3 from different species

Structural studies of standalone Cas3 have primarily focused
on Cas3 belonging to Type I-E, particularly those from Ther-
mobifida fusca and Thermobaculum terrenum (20,22,23). Re-
cently, structural investigations of standalone Type I-F Cas3
from Pseudomonas aeruginosa have been performed (21). Al-
though the structures of several types of standalone Cas3, in-
cluding Type I-E and Type I-F, have been revealed, the struc-
ture of standalone Type I-C Cas3 remains unexplored (Fig-
ure 3A). Therefore, the structure of Type I-C NlaCas3 was
compared with those of other types of NlaCas3 utilizing the
DALI server for searching structural homologs (36). The DALI
server provided three structurally similar proteins: Cas3 from
T. fusca (PDB ID: 4QQW, hereafter referred to as TfuCas3),
Cas3 from T. terrenum (PDB ID: 4Q2D, hereafter referred to
as TteCas3), and Cas3 from P. aeruginosa (PDB ID: 5B7I,
hereafter referred to as PaeCas3) (Figure 3B). Among them,
TfuCas3 exhibited the highest similarity, having a Z-score
of 16.7, root mean square deviation (RMSD) of 5.0 A, and
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Figure 2. NlaCas3 can cleave both ssDNA and dsDNA in a metal ion-dependent manner. (A) Degradation of ssDNA and dsDNA by NlaCas3. NlaCas3
was incubated with 30 nM ssDNA or dsDNA at 37°C for 2 h in the presence of 6 mM MgCl,. In the enzyme reaction, + and — indicate added and not
added, respectively. (B) Metal ion-dependent cleavage of ssDNA and dsDNA by NlaCas3. NlaCas3 (80 nM) was incubated with 30 nM dsDNA at 37°C
for 2 h in the presence of different metal ions. For analyzing ssDNA cleavage, 20 nM NlaCas3 was incubated with 30 nM ssDNA at 37°C for 2 h in the
presence of different metal ions. In both cases, 8 mM of ATP was added to the reaction mixture. (C) Table showing the metal ion concentration in
NlaCas3 analyzed by ICP-MS. N.D., not determined. (D) Magnified cartoon of the Fe?*-binding site of NlaCas3. Residues that coordinate with the metal
ion are labelled. (E) Optimized cleavage condition for NlaCas3. NlaCas3 was incubated with 30 nM ssDNA or dsDNA at 37°C for 2 h in the presence of 6
mM MgCl,, 0.4 mM NiCl,, and 8 MM ATP In the enzyme reaction, + and — indicate added and not added, respectively. (F) Analysis of the effect of ATP
on NlaCas3 activity. NlaCas3 [10 nM (low) and 80 nM (high)] was incubated with 30 nM ssDNA or dsDNA at 37°C for 2 h in the presence of 6 mM MgCl,
and 0.4 mM NiCl, in the presence or absence of 8 mM ATP (G) Quantitative histogram of Cas3 activity according to (F). Substrate DNA concentration
provided for Cas3 activity analysis was considered to be 100% of DNA concentration. Data are presented as the mean =+ standard deviation from three

independent experiments.

sequence identity of 17%, followed by TteCas3, while Pae-
Cas3 showed the lowest similarity. These results suggest that
NlaCas3 structure is more closely related to Type I-E struc-
tures than to that of Type I-F Cas3. Overall, DALI analysis
indicated significant differences in both structure and amino
acid sequence between Type I-C NlaCas3 and other types of
Cas3 proteins. Pairwise structural superposition analysis fur-
ther confirmed that NlaCas3 structure did not align well with
those of other Cas3 proteins (Figure 3C).

Despite the low sequence identity of amino acids, residues
H37, H83, D84, H149, H150 and S219 of TfuCas3, which
were previously identified as crucial for HD nuclease func-
tion (20), were well-conserved as HS8, H52, HS53, H118,
H119 and S192, respectively, in NlaCas3 (Figure 3D). Addi-
tionally, D451 of TfuCas3, which is important for ATPase ac-
tivity (20), was also well conserved as D392 in NlaCas3 (Fig-
ure 3D). Lastly, we observed that the residue W432, known

to be important for helicase activity in TteCas3 (22), was
also well-conserved in NlaCas3 as W354 (Figure 3D). These
findings suggest that despite differences in structures and se-
quences among different Cas3 protein from various species,
the mechanisms of their operation are likely to be similar.

Identification of residues critical for the nuclease
activity of NlaCas3

Among Type I-C Cas3 proteins, extensive biochemical activ-
ity studies have been conducted without structural informa-
tion on Cas3 from Bacillus halodurans (hereafter referred to as
BhaCas3) (35). In this study, D48 plays a crucial role in the HD
nuclease activity of BhaCas3. Additionally, K743 and Q781
in the CTD were found to be important for CTD function,
and mutations at these sites resulted in the loss of nuclease
activity in BhaCas3. When aligning the amino acid sequences

GZ0z 1snbny Gz uo sasn Aysianiun Buy-bunyd Aq 0650%22/£9501/. L/2S/8101 e/ 1eu/woo dnoolwspede//:sdiy woly papeojumo(q



Nucleic Acids Research, 2024, Vol. 52, No. 17

10569

[NlaCas3] [PaeCas3:5B7I1]

Protein  Z-score RMSD (A) Identity (%)

(PDB ID)

TfuCas3 16.7 5.0 17

(4Qaw)

TteCas3 16.4 4.6 16

(4Q2D)

PaeCas3 13.8 4.4 14 -

(5B71) -

NlaCas3 vs TfuCas3 NlaCas3 vs TteCas3 NlaCas3 vs PaeCas3

NlaCas3IC 1 FD-YTAHARQDSSKNWHSHP LQKHLQKVAQLAKRFAGRY - - - = == === <o oo o GSLFAEYAGLLHDLGKFQESFQKYIRNASGFEKENAHLEDV-E 82
TfuCas3IE 1 MPEHDSTDDKHGIP PLD- LRFWAK-ERGLRGKTYPLVCHSLDAAAAALVLWNEYLSPGLRDTIASSMETDEEHAGHCIAFWAGL - HDIGKLTREFQQQI- - - -AIDLSAY- -~ -PGE 186
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TfuCas3IE 107 ELSGEQRSHAAATGKWLPFALPSLGYPNGGLVTGLVAQMLGGHHGTFHP -HPSFQSRNPLAEFGFS -SPHWEKQRHALLHAVFDATGRP - - TPPDMLDGPTASVVCGLVILADWLVSQEDFLLERLTSLP 232
TieCas3IE 130 PLFNARAPHGTISANVLETVLADV-FGLSGRSARNVAFAVGGHHG-FVPSYD- - EVRRDLDOQAVG-WGMWDAAREVLLCRLADALGLPGSSRPTVESTPDAFMLAGLVSVADWIGSNEEYFPYAAQSAL 254
NlaCas3IC 206 MNGYADADTAQ-AAGLR---PKFPGLDELHRRYEQYMAQLSEKADKNSSLNQERHAILQQCFSAAETDRTLFSLTVPTGGGK TLASLGFALKHALKFGKKRITYATPFTSITEQN- - - -ANVFRNALGDD 327
TfuCas3IE 233 ADGSASALRAHFETSLR---RIPSLLDAAGLRPITVPPATFTESFPHLSKPNGLQASLAKHLPCLCTGPGLYLITAPMGEGK TEAAYHVADLLGKATGRPGRFLALPTMATADQMHTRLKEYARYRV-EN 358
TteCas3IE 255 QUPQLDA-EAYLERAMRQAERAMASLGWVGWRPASGSMRL - TELFPYIRQPTTVQAA-AEELAGEVKSPSITITEAPMGEGK TEAAMLLADTFSTAHGMSGCYFAL PTMATSNQMFGRVTDYLRHRYPED 381
NlaCas3IC 328 VWLEH----HSNL-------- Y KETAKTRLATENWD- -~ -~ - -~ APLIVTTNVQLFESLFAAKTSRCRKIHNIADSVVILDEAQQLPRDFQKPITOMMRVLARDYGVTFVLC 423
TfuCas3IE 359 TDLP-----| RSSTLALLHSMAWLNPDYAPADL PGVSKVLSNLGHRDPFAATDWLMGRKRGL L APWAVGT IDQALMAVLRAKHNALR - L FGLAGKVVVVDEAHAVDPYMQVLLEQLLRWLGT -LOVPVVLL 481
TteCas3IE 382 VVWNLVHGHSDLSALLQELRQKGEE]F—-QLQGWDEALGDEQLEAWAEQ#FTRGKRALLPWGVGTVDQALLAVLQ\.‘KHVFVR-LFALSTKTV]%EVHAVDWMTTLLHRLLEWLGA-LS\!PVWL 507
NiaCas3IC 424 TATQPELGKN--IDAF----- GR==TILEGLP--========cencanxad| DVREIVADKIALSEKLRR- - -VRIKMPPP- -~~~ NGETQSWQK IADETAARPCVLAVVNTRKHAQKL FAALPSNGIKLHL 518
TfuCas3IE 482 SATLHHSIANSLVKAYLEGARGRRWNRSEPQPVSEVSYPGWLHVDARIGKVTRSSDVDPLPIATTPRKPLEVRLVDVPVKEGALNRSTVLAKELTPLVKQGGCAATICTTVAEAQGVYDLLSQWFATLGE 611
TteCas3IE 508 SATLPSARRRELVKAY- --ARGAGWQAERDLPPA---- - GYPRITYAAAEDVRGIHFAP- - - SEASRRKVALRWVSAP- - - - - - - EHEALGQLLAEALSQGGCAATICNTVPRAQALYSALREVFPGLAE 619
NlaCas3IC 519 SA--NMCATHC-- - -SEVIALVRRYLALY- - - -R--AGSLHKPLWLVSTQLIEAGVDLDFPCVYRAMAGLDS TAQAAGRCNREGK L PQLGEVVVFRAEEGAPSGSLKQGQ-DITEEMLKAGLLDDPLSPL 635
TfuCas3IE 612 DA-PDLYLLHSRFPNRQRTEITATIVDLFGKEGAQSGRRPTRGAVLVATQVVEQSLDLOVDLMISDLAPVSLLLQRAGRCWRHEHLGI INRPQWAKQPE LVVLTPEQNGDADRAPWFPRSWTSVYPLALL 740
TteCas3IE 620 DGMPELDLLHARYPYEEREVREARTLGRFSR- - - -NGRRPHR - ATLVATQVIEQSLDLDFDLMVTDLAPVDLVLQRMGRLHRHPVHDPL - RPERLRSPELWVVSPQUMGDV- - -PIFDRGSASVYDEHTL 740
NlaCas3IC 636 AFAEYFRRFNGKGDVDKHGITTLLTAEASNENPL-- - - ATKFRTAAERFHLI-DN- -QGVAL IVPFIPLAHWEKDGSPQIVEANELDDFFRRHLDGVEVSEWQDILDKQRFPQPPDNSFGQTDQPLLPEP 758
TfuCas3IE 741 QRTYTLLRRRNGAPVQIPEDVQQLVDDVYDDDSL -~ - - AEDLEADMERMGEELAQ- - RGLARNAVIPDPDDAE - DNLNGLTEFSFDVD- - - - - - EHVLATRFGAGSVRVLCYYVDTAGNRWLDPECTVEF 857
TteCas3IE 741 LRSWLALRDRD--TLQLPEDIEELVEQVYSDGRVPQGASEELRSLWERTFKAQQKVLREDSLQAKYRYIKGPGYNS INGIVTASVEEDAPELHPALQAL TRLAEPSVSAVCLVAGSGG- - - -- - PCLPDG 862
NlaCas3IC 759 FESWFGLLESDPLKH--KWVYRKLQRYTITVYEHELKKLPEHAVFSRAGLL -VL--- - -| DKGYYKAVLGADFDDAAWL-PENSVL----- 834
TruCas3IE 858 PEQGTGREGRFTMADCRDLVARTIPVRMGPWASQLTEDNHPPEAWRESFYLRDLVLIPQRVTDEGAVLPTETGGREWLLDPCKGLIF--- 944
TteCas3IE 863 TPVDLDTPPDAAMAE--RLLRRSVAITDARVLDPLL -DVPVPKGWERSSLLRGY--- -~ RPLVFDASGRAMVGRWIVRIDPELGIVVESP 944

Figure 3. The structure and amino acid sequence of NlaCas3 significantly differ from those of other types of Cas3. (A) Structures of various types of
Cas3. (B) Table summarizing the result of structural similarity search using DALI server. (C) Pairwise structural comparison of NlaCas3 with different
types of Cas3 by structural superposition. (D) Sequence alignment of Type I-C NlaCas3 with Type |-E Cas3 using Geneious Prime v.2024 0.3
(https://www.geneious.com). Identical amino acid residues are highlighted in red, and similar amino acids are shown in blue. Amino acid residues
marked with * were identified as crucial for the HD nuclease activity of TFuCas3, and those marked with @ were found to be important for the ATPase

activity. # indicated the residue critical for the helicase activity of TteCas3.

of NlaCas3 with BhaCas3, we found that the sequence iden-
tity was only approximately 38% despite being the same type.
However, the residues, including D48, K743 and Q745, which
are critical for BhaCas3 activity were well conserved as D353,
K779 and Q781, respectively, in NlaCas3 (Figure 4A). Inter-
estingly, the two residues, K779 and Q781, deemed important
for CTD function in Type I-C Cas3 were not conserved in Type
I-E Cas3, such as TfuCas3 (Figure 3D).

Based on previous studies on Cas3 activity and ConSurf
analysis identifying highly conserved amino acids that are
likely crucial for the function of Cas3 (37), we selected amino
acids that were predicted to play key roles in NlaCas3 activ-
ity (Figure 4B) and conducted mutation studies to validate our
hypotheses. We selected seven residues in the active site pre-
dicted to be crucial for HD nuclease activity and mutated six
of them (H25, H52, D53, H118, H119 and S192) to alanine.
Additionally, W354 and D392, predicted to be important for
the helicase and ATPase activities, respectively, were mutated
to alanine. Based on the findings of the BhaCas3 study, we
further mutated K779 and Q781, which are predicted to be
crucial for CTD function, to alanine. All mutant proteins were
purified and subjected to biochemical activity assays for vali-

dating our hypothesis. As expected, mutations in all active-site
residues, including H25A, H52A, D53A, H118A, H119A and
S192A, resulted in a loss of activity of HD nuclease against
dsDNA and ssDNA (Figure 4C and D). Nevertheless, we ob-
served that dsDNA cleavage seems only partially impaired for
D53A and H118A. As anticipated, mutations at W354 and
D392 resulted in a loss of activity against dsDNA. Unexpect-
edly, those mutants, W354 and D392, activities were also af-
fected on ssDNA (Figure 4C and D). Interestingly, mutations
at K779 and Q781 did not affect NlaCas3 activity on dsDNA
(Figure 4C). However, while K779A mutation still exhibited
activity on ssDNA, Q781A mutation resulted in loss of activ-
ity on ssDNA (Figure 4C). Therefore, Q781 plays a crucial
role in the CTD function of NlaCas3 on ssDNA. Although
the precise function of the Cas3 CTD has not yet been eluci-
dated, earlier studies on Type I-E Cas3 suggest that the CTD
functions as a ‘substrate filter’ and transiently dissociates to
allow non-target strand ssDNA recruitment into the helicase
domain of Cas3, thereby positively affecting Cascade binding
affinity without binding to DNA (20). To determine whether
the CTD of NlaCas3 binds to DNA to facilitate the nucle-
ase function of Cas3, we conducted EMSA experiments. The
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Figure 4. Identification of residues critical for the nuclease activity of NlaCas3. (A) Sequence alignment of Type I-C NlaCas3 with BhaCas3. Identical
amino acid residues are highlighted in red, and similar amino acids are shown in blue. Amino acid residues marked with * were identified as crucial for
the HD nuclease activity of BhaCas3, and those marked with # were found to be important for the role of CTD. (B) Cartoon representation illustrating the
conservation of amino acids across different Cas3 family members, as analyzed using ConSurf. Residues speculated as important for each function of
NlaCas3 are labeled. (C) Degradation of dsDNA and ssDNA by various NlaCas3 mutants. NlaCas3 or various NlaCas3 mutants (80 nM) were incubated
with 30 nM dsDNA at 37°C for 2 h in the presence of 6 mM MgCl,, 0.4 mM NiCly, and 8 mM ATP. For ssDNA cleavage, 20 nM of NlaCas3 or various
NlaCas3 mutants were incubated with 30 nM ssDNA at 37°C for 2 h in the presence of 6 mM MgCl,, 0.4 mM NiCl,, and 8 mM ATP (D) Quantitative
histogram of Cas3 mutants activity according to (C). Substrate DNA concentration provided for Cas3 mutants activity analysis was considered to be
100% of DNA concentration. Data are presented as the mean + standard deviation from three independent experiments. (E) EMSA with CTD of
NlaCas3 using dsDNA or ssDNA in a various different concentration of protein. Non-denaturing acrylamide gels stained with SYBR Gold are shown.

results showed that the CTD domain alone did not exhibit
any binding (Figure 4E). These results suggest that the CTD
of NlaCas3 likely acts as a filter to facilitate the access of the
DNA substrate to the active site, rather than directly binding
to the substrate for nuclease function of Cas3. The precise role
of the CTD will need to be investigated in future studies.

NlaCas3 undergoes structural changes in the
anchor loop for binding to the Cascade complex
and gate loops for accommodating DNA substrates

The structure of Type I-C Cascade complex, including Cas3,
has recently been published (PDB ID: 8G9U) (24). As this
complex represents Cas3 in its active state, we assumed that
comparing its structure with the current structure of NlaCas3,
representing a tentative inactive state, would enable a compar-
ative analysis between the active and inactive forms of Nla-
Cas3. To compare the two structures, we superimposed the
structure of Cas3 in complex with Cascade (hereafter referred

to as Cas3¢®de) on the structure of our isolated NlaCas3.
Although the overall appearance of the two structures was
very similar, with an RMSD of approximately 1.5 A, some
regions exhibited completely different structures (Figure SA).
The most structurally distinct region was the anchor loop,
which was one of the two regions (anchor and recruit loops)
described in the structure of Cas3—Cascade complex as being
used by Cas3 for strongly binding to Cascade (Figure 5B). An-
other region showing significant structural differences was the
loop emerging from the RecAl-like helicase domain, which
was directed towards the active site of HD nuclease (Figure
5B). This region is referred to as the RecA1l gate loop. After
observing these structural differences, we superimposed the
Cas3-alone structure on Cas3©<d o determine the precise
location of the two distinct loops within the complex struc-
ture. The anchor loop of Cas3 played a crucial role in bind-
ing to Cas8 within the Cascade complex (Figure 5C). How-
ever, when Cas3 was used alone, the anchor loop significantly
moved in the direction opposite to that of Cas8, indicating no
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Figure 5. Comparative structural analysis of inactive and active states of NlaCas3. (A) Structural comparison between NlaCas3 in the Cascade complex
(PDB ID: 8G9U and gray color) and our isolated NlaCas3 (colorful model) through superposition. (B) The anchor and RecA1 gate loops, marked with black
arrows, exhibit the most pronounced structural changes between these two structures. The color scheme corresponds to that of panel A. (C) Figure
illustrating the positions of two loops exhibiting the most pronounced structural changes in the Cascade-Cas3 complex. The two loops are labelled, and
Cas8 of Cascade, which directly interacts with Cas3, is highlighted in red. To generate this figure, we aligned our isolated NlaCas3 structure with the
Cascade-Cas3 complex structure (PDB ID: 8G9U). (D) An enlarged view of the anchor loop region from panel C, with structural shifts indicated by
rotating arrows. The recruit loop of Cas8, which is involved in binding to Cas3, is also highlighted in the diagram. (E) An enlarged view of the RecA1 gate
loop region from panel C, with structural shifts indicated by rotating arrows. (F) A close-up view of the active site of HD nuclease from panel C. The two
loops exhibiting the most significant structural changes before and after complex formation between Cascade and Cas3 at the active site are labelled as
the HD and RecA1 gate loops, respectively. (G) The structure of CTD derived from Cas3, forming part of the Cascade complex (PDB ID: 8G9U). (H)
Comparison between the CTD structure of our NlaCas3 and NlaCas3 from the Cascade complex structure by superposition. (I) The overall structure of
NlaCas3 CTD derived from our current structure. The color of the chain from the N- to C-terminus gradually moves through the spectrum from blue to

red. (J) Topology representation of the CTD of NlaCas3. (K) Structural diversity of CTDs from various Cas3 proteins of different species.

impact on binding with Cas8 (Figure 5C and D). Therefore,
when Cas3 is present alone, the anchor loop may exist else-
where; however, upon binding with Cascade for activation, it
undergoes structural changes to facilitate binding with Cas8
in the Cascade complex. These structural changes play a cru-
cial role in determining how Cas3 anchors to Cas8, thereby
highlighting the importance of the anchor loop in this pro-
cess. Additionally, the RecA1 gate loop moved away from the
active site of HD nuclease upon binding, whereas in our struc-
ture without Cascade binding, the loop was oriented towards
the active site of HD nuclease (Figure 5C and E). The RecA1l
gate loop, which blocks the active site of HD nuclease, un-
derwent structural changes for moving away from the active
site, thereby allowing access for DNA binding (Figure 5F). No-
tably, we identified an additional loop in our Cas3 structure,
which could potentially lead to steric hindrance upon binding

of DNA, as it obstructs the active site (Figure 5F). We termed
this loop the HD gate loop, recognizing that it originated from
HD nuclease. The HD gate loop in Cascade-Cas3 complex
was structurally undefined in active Cas3 (Figure SF). This is
probably because it is a highly flexible loop that may undergo
significant structural changes to accommodate substrate bind-
ing. Therefore, determining its structure in active Cas3 was
challenging owing to the difficulty in defining its conforma-
tion amid these structural dynamics.

When comparing the two structures, besides the two loops,
the most prominent difference was noticed in the overall struc-
ture of the CTD. In the actual structure of Cascade—Cas3 com-
plex, the CTD structure of active Cas3 was mostly incomplete
and consisted mainly of loops (Figure 5G and H). This sug-
gests that the structure of this region remained unresolved
because of its low resolution. However, in our structure of
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NlaCas3 alone, the CTD structure was well defined. The CTD
structure of NlaCas3 exhibited a globular fold comprising five
a-helices and four B-strands (Figure 5T and J). The CTD struc-
ture represented the first elucidated CTD structure of Type I-C
Cas3, prompting us to compare it with previously determined
CTD structures of Cas3 from other types. We observed signif-
icant variations in CTD structures across different types (Fig-
ure 5K). Interestingly, even within the same type, considerable
diversity was observed in CTD structures.

Discussion

Cas3 is the main nuclease in the Class I CRISPR-Cas system,
and plays a crucial role in forming a full Cascade complex
for recognizing and cleaving target DNA. The mechanism of
action of Cas3 has been extensively studied, particularly fo-
cusing on the structure of Type I-E Cas3 (20,23). However,
the molecular mechanism of Type I-C Cas3 remains unclear
owing to the lack of structural studies. N. lactamica contains a
Type I-C CRISPR-Cas3 system. In this study, we elucidated the
structure of NlaCas3. Our structural study revealed that, like
other types of Cas3, NlaCas3 is distinctly composed of three
major domains including the HD nuclease domain, RecA-like
helicase domain, and CTD. Additionally, it contains a linker
region that connects the RecA-like helicase domain to the
CTD.

The active site of the HD nuclease domain in NlaCas3 con-
tains two Fe?* ions that play crucial roles in functioning and
efficiency of Cas3. Type I-E Cas3, TfuCas3, also contains two
Fe?* ions bound to its active site (20,23). In contrast, the Type
I-E Cas3, TteCas3, has three Ni?* ions (22), and the Type I-
F Cas3, PaeCas3, has Ca?* ions (21). These specific metal ion
bindings seem to be critical for regulating Cas3 activity. For in-
stance, TfuCas3 shows optimal activity on ssDNA in the pres-
ence of Mg?*, Mn?*, and Co?*; however, its activity is inhib-
ited by Ni?*, Cu?* and Fe?* (20). TteCas3 exhibits the highest
activity with Mn?* and Ni** (22). PaeCas3 shows the highest
activity with Mn?* and Fe?*, moderate activity with Ni** and
Mg?*, and little activity with Zn>* (21). For the newly studied
Type I-C Cas3, NlaCas3, specific metal ions, such as Ni** and
Co?*, facilitated activity on both ssDNA and dsDNA, while
Mg?* also induced considerable activity on ssDNA. However,
Fe?* and Mn?* did not induce such activity. These findings
suggest that various metal ions can bind to the active site of
HD nuclease domain in Cas3, and that the bound ion deter-
mines the nuclease activity of Cas3. Different types of Cas3
exhibit distinct preferences for metal-ion binding and activ-
ity. For NlaCas3, the inactive state appears to be associated
with Fe*, and activation may occur in the presence of Mg>*,
Ni%* and Co?*.

ATP is a crucial factor for helicase activity of Cas3. Cas3
uses the energy derived from ATP hydrolysis within its RecA-
like helicase domain to unwind dsDNA into ssDNA strands
that are then cleaved by the HD nuclease domain of Cas3.
ATP is essential for Cas3 function. NlaCas3 exhibited activ-
ity on both ssDNA and dsDNA in the presence of Mg?* or
Ni?*, regardless of the presence of ATP. However, Cas3 activ-
ity on dsDNA was higher in the presence of ATP. In summary,
NlaCas3 exhibited minimal activity on dsDNA, even without
ATP, under specific ion conditions; however, its activity was
enhanced in the presence of ATP, indicating that ATP strength-
ens its activity under conditions where specific ions (Mg?* or
Ni?*) are present. For Cas3, it is well-known as an ssDNA cut-
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ter that cleaves the ssDNA created by the bubble loop formed
by the Cascade (19,23). However, in our current study and
other research, particularly with other type I-C Cas3, it has
been observed that it can also cleave dsDNA under certain
conditions (35). The fact that Cas3 can cut dsDNA is a very
dangerous phenomenon, as it can target the host genome and
cause self-damage. In our current study, it was observed that
NlaCas3 cuts dsDNA only at very high concentrations and
in the presence of specific ions, such as Ni* and Co?*. This
action of NlaCas3 might be an artificial result that occurs at
concentrations not typically found in actual cells, or it could
represent a real cellular mechanism where ion regulation con-
trols Cas3 activity when high concentrations are present. Fur-
ther research is needed to fully understand the dsDNA cutting
phenomenon of Cas3.

Cas3 proteins exhibited low sequence identity of amino
acids, ranging from 14-17% across different types, resulting
in structurally diverse forms. Even within the same Type I-
C, for instance, BhaCas3 shared only approximately 38% se-
quence identity of amino acids. This highlights considerable
diversity in the evolution of Cas3 structures and forms. De-
spite this diversity, the essential amino acids crucial for Cas3
function are well conserved. The key residues crucial for the
HD nuclease activity of NlaCas3 were found to be H8, H235,
H52,D53,H118,H119 and S192. Experimental evidence val-
idated the importance of these residues for NlaCas3 activity
on dsDNA and ssDNA. Therefore, although Cas3 proteins ex-
hibit structural diversity, their mechanisms of action may be
similar. Furthermore, we identified W354 and D392 in Nla-
Cas3 as important residues for helicase and ATPase activi-
ties, respectively. Mutations at these sites affected Cas3 ac-
tivity, indicating the significance of helicase and ATPase func-
tions in nuclease activity of NlaCas3. However, D392A mu-
tation retained some level of NlaCas3 activity, suggesting that
ATPase function minimally influences the nuclease activity of
NlaCas3. Interestingly, two residues known to play impor-
tant roles in the function of the Type I-C Cas3 CTD, K779
and Q781, had distinct roles in NlaCas3. Although these two
residues were not crucial for cleavage of dsDNA, Q781 was
important for action on ssDNA, as demonstrated by our mu-
tation experiments. These findings suggest that the CTD influ-
ences the nuclease activity of NlaCas3 on ssDNA, and that its
action varies depending on whether it interacts with ssDNA
or dsDNA. Exploration of the precise mechanisms of action of
the CTD on ssDNA and dsDNA could be an intriguing avenue
for future research.

The Cryo-EM structure of Type I-C Cascade system consist-
ing of NlaCascade and NlaCas3 has recently been elucidated
(24). The authors have structurally elucidated how Cas3 binds
to Cascade and the mechanism by which Cas3 recognizes sub-
strates after binding to Cascade. They demonstrated that Cas3
and Cascade utilize the anchor loop from Cas3 and recruit
loop from Cas8 in the Cascade complex for binding to each
other. When we compared our standalone NlaCas3 structure
with that of NlaCas3 in complex with Cascade, the anchor
loop of NlaCas3, which is utilized for binding with Cas8 in
the complex, underwent significant structural changes when
NlaCas3 was present alone and positioned in a completely
opposite direction. In contrast, no change in the structure of
NlaCas3 that interacts with the recruit loop of Cas8 was no-
ticed. Therefore, NlaCas3 undergoes structural changes in its
anchor loop upon binding to Cascade, allowing it to be in-
serted into the binding site of Cas8. This mechanism suggests
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that Cascade recognizes and binds Cas3 using its recruit loop,
and Cas3, akin to filling a clip with its anchor loop, estab-
lishes a relatively strong interaction to secure Cas3 in the opti-
mal position for cleaving target DNA. This prediction implies
that the anchor loop plays a crucial role in anchoring Cas3 to
the target DNA for efficient cleavage, once recruited by Cas-
cade. When comparing our standalone NlaCas3 structure in
its presumed inactive form to the structure of Cas3 bound to
the actual substrate DNA within the Cascade complex, we ob-
served that the HD gate loop from the HD nuclease domain
and RecA1 gate loop from the RecA1 domain in our NlaCas3
structure blocked the active site of HD nuclease. However, in
NlaCas3, within the active Cascade complex, these loops are
found to be open. This structural difference indicated that sub-
strate access to the active site is regulated by these two loops.
We hypothesized that this structural alteration, which regu-
lates substrate access, is a highly sophisticated process that is
crucial for precise DNA recognition and cleavage.

Mg?* was identified within active NlaCas3 in the Cascade
complex. This suggests that NlaCas3 adopts an active form
when bound to Mg?*, as Mg?* ions enhance its activity on
ssDNA. Conversely, in our isolated NlaCas3 structure, Fe?*
ions, which inhibit NlaCas3 activity, were detected, indicating
an inactive form. This supports our hypothesis that the pres-
ence of Fe?* corresponds to the inactive state of NlaCas3. We
observed structural changes between the inactive form we de-
scribed and the active form within the Cascade complex in sev-
eral regions, including anchor loop, HD gate loop, and RecA1
gate loop. However, it remains to be determined whether these
structural changes are due to the different ions or the interac-
tion between Cas3 and Cas8 in the Cascade complex. Our cur-
rent study does not provide this distinction, which will need
to be addressed in future research.

The structure of CTD of active NlaCas3 in the Cascade
complex has been poorly modeled, probably because of un-
clear electron density in this region, indicating its undeter-
mined structure. Conversely, in its isolated inactive state,
our structural analysis provided relatively clear insights into
the CTD structure of NlaCas3. This suggests that the CTD
operates dynamically during Cas3 activation, as it is con-
nected to the preceding RecA-like helicase domain via a
long linker domain, indicating potential dynamic movements
of the CTD. Interestingly, the structures of CTDs signifi-
cantly varied among different types of Cas3 proteins, and
even within the same type, different structures were ob-
served. This wide diversity in amino acid sequences and struc-
tures among CTDs raises questions regarding how diverse
CTDs perform the same function in Cas3. These phenom-
ena, along with the changes in mechanism of activation owing
to different metals, and real-time dynamics of various loops
during the actual Cas3 activation process, warrant further
exploration.

Data availability

The coordinate and structure factor have been deposited to the
Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB) under the PDB code 8ZNS.

Supplementary data
Supplementary Data are available at NAR Online.

10573

Acknowledgements

We thank the staff at the 5C beamline of the Pohang Acceler-
ator Laboratory (Pohang, Republic of Korea) for their assis-
tance with data collection.

Author contributions: H.H.P.: Design and supervision of
project. D.Y.K.: Performing biochemical studies. D.Y.K. and
H.J.H.: Structural data collection. D.Y.K. and S.Y.L: Solv-
ing the structure of NlaCas3. D.Y.K. and H.H.P.: Manuscript
preparation. All authors discussed the results and commented
on the manuscript.

Funding

Basic Science Research Program of the National Research
Foundation of Korea (NRF) of the Ministry of Education, Sci-
ence, and Technology [NRF-2021R1A2C3003331 to H.H.P.].
Funding for open access charge: Basic Science Research Pro-
gram of the National Research Foundation of Korea (NRF)
of the Ministry of Education, Science, and Technology [NRF-
2021R1A2C3003331 to H.H.P.].

Conflict of interest statement

None declared.

References

1. Hampton,H.G., Watson,B.N.]. and Fineran,P.C. (2020) The arms
race between bacteria and their phage foes. Nature, 577, 327-336.

2. Sorek,R., Kunin,V. and Hugenholtz,P. (2008) CRISPR - a
widespread system that provides acquired resistance against
phages in bacteria and archaea. Nat. Rev. Micro., 6, 181-186.

3. Barrangou,R., Fremaux,C., Deveau,H., Richards,M., Boyaval,P.,
Moineau,S., Romero,D.A. and Horvath,P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315,
1709-1712.

4. Mojica,E]. and Rodriguez-Valera,F. (2016) The discovery of
CRISPR in archaea and bacteria. FEBS ., 283, 3162-3169.

5. Marraffini,L.A. and Sontheimer,E.]. (2008) CRISPR interference
limits horizontal gene transfer in staphylococci by targeting DNA.
Science, 322, 1843-184S5.

6. Jackson,S.A., McKenzie,R.E., Fagerlund,R.D., Kieper,S.N.,
Fineran,P.C. and Brouns,S.]. (2017) CRISPR-Cas: adapting to
change. Science, 356, eaal5056.

7. Marraffini,L.A. and Sontheimer,E.]. (2010) CRISPR interference:
rNA-directed adaptive immunity in bacteria and archaea. Natz.
Rev. Genet., 11, 181-190.

8. Nussenzweig,P.M. and Marraffini,L.A. (2020) Molecular
mechanisms of CRISPR-Cas immunity in bacteria. Annu. Rev.
Genet., 54, 93-120.

9. Jackson,S.A., Birkholz,N., Malone,L.M. and Fineran,P.C. (2019)
Imprecise spacer acquisition generates CRISPR-Cas Immune
diversity through primed adaptation. Cell Host Microbe, 25,
250-260.

10. Marraffini,L.A. (2015) CRISPR-Cas immunity in prokaryotes.
Nature, 526, 55-61.

11. Brouns,S.]J., Jore, M.M., Lundgren,M., Westra,E.R., Slijkhuis,R.J.,
Snijders,A.P., Dickman,M.]., Makarova,K.S., Koonin,E.V. and van
der Oost,]. (2008) Small CRISPR RNAs guide antiviral defense in
prokaryotes. Science, 321, 960-964.

12. Hsu,P.D., Lander,E.S. and Zhang,F. (2014) Development and
applications of CRISPR-Cas9 for genome engineering. Cell, 157,
1262-1278.

13. Wang,H., Yang,H., Shivalila,C.S., Dawlaty,M.M., Cheng,A.W.,
Zhang,F. and Jaenisch,R. (2013) One-step generation of mice

GZ0z 1snbny Gz uo sasn Aysianiun Buy-bunyd Aq 0650%22/£9501/. L/2S/8101 e/ 1eu/woo dnoolwspede//:sdiy woly papeojumo(q


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae723#supplementary-data

10574

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

carrying mutations in multiple genes by CRISPR/Cas-mediated
genome engineering. Cell, 153, 910-918.

Knott,G.J. and Doudna,].A. (2018) CRISPR-Cas guides the future
of genetic engineering. Science, 361, 866-869.

Osakabe K., Wada,N., Murakami,E., Miyashita,N. and Osakabe,Y.
(2021) Genome editing in mammalian cells using the CRISPR type
I-D nuclease. Nucleic Acids Res., 49, 6347-6363.

Li,J., Zhao,D., Zhang,T., Xiong,H., Hu,M., Liu,H., Zhao,FE, Sun,X.,
Fan,P., Qian,Y., et al. (2024) Precise large-fragment deletions in
mammalian cells and mice generated by dCas9-controlled
CRISPR/Cas3. Sci. Adv., 10, eadk8052.

Makarova,K.S., Wolf,Y.1., Iranzo,]., Shmakov,S.A.,
Alkhnbashi,O.S., Brouns,S.].]., Charpentier,E., Cheng,D.,
Haft,D.H., Horvath,P., ez al. (2020) Evolutionary classification of
CRISPR-Cas systems: a burst of class 2 and derived variants. Natz.
Rev. Micro., 18, 67-83.

Borges,A.L., Zhang,].Y., Rollins, M.E, Osuna,B.A., Wiedenheft,B.
and Bondy-Denomy,]. (2018) Bacteriophage cooperation
suppresses CRISPR-Cas3 and Cas9 immunity. Cell, 174, 917-925.
Csorgo,B., Leon,L.M., Chau-Ly,L.]., Vasquez-Rifo,A., Berry,].D.,
Mahendra,C., Crawford,E.D., Lewis,].D. and Bondy-Denomy,].
(2020) A compact Cascade-Cas3 system for targeted genome
engineering. Nat. Methods, 17, 1183-1190.

Huo,Y., Nam,K.H., Ding,E, Lee,H., Wu,L., Xiao,Y.,
Farchione,M.D. Jr, Zhou,S., Rajashankar,K., Kurinov,l., et al.
(2014) Structures of CRISPR Cas3 offer mechanistic insights into
Cascade-activated DNA unwinding and degradation. Nat. Struct.
Mol. Biol., 21, 771-777.

Wang,X., Yao,D., Xu,].G., Li,A.R., Xu,J., Fu,P., Zhou,Y. and Zhu,Y.
(2016) Structural basis of Cas3 inhibition by the bacteriophage
protein AcrF3. Nat. Struct. Mol. Biol., 23, 868-870.

Gong,B., Shin,M., Sun,]J., Jung,C.H., Bolt,E.L., van der Oost,]. and
Kim,J.S. (2014) Molecular insights into DNA interference by
CRISPR-associated nuclease-helicase Cas3. Proc. Natl. Acad. Sci.
U.S.A., 111, 16359-16364.

Xiao,Y., Luo,M., Dolan,A.E., Liao,M. and Ke,A. (2018) Structure
basis for RNA-guided DNA degradation by Cascade and Cas3.
Science, 361, eaat0839.

Hu,C., Myers, M.T., Zhou,X., Hou,Z., Lozen,M.L., Nam,K.H.,
Zhang,Y. and Ke,A. (2024) Exploiting activation and inactivation
mechanisms in type I-C CRISPR-Cas3 for genome-editing
applications. Mol. Cell, 84, 463-475.

Otwinowski,Z. (1990) In: DENZO Data Processing Package. Yale
University, C.T.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nucleic Acids Research, 2024, Vol. 52, No. 17

McCoy,A.]. (2007) Solving structures of protein complexes by
molecular replacement with Phaser. Acta. Crystallogr. D Biol.
Crystallogr., 63, 32-41.

Jumper,]., Evans,R., Pritzel,A., Green,T., Figurnov,M.,
Ronneberger,O., Tunyasuvunakool K., Bates,R., Zidek,A.,
Potapenko,A., et al. (2021) Highly accurate protein structure
prediction with AlphaFold. Nature, 596, 583-589.

Emsley,P. and Cowtan,K. (2004) Coot: model-building tools for
molecular graphics. Acta. Crystallogr. D Biol. Crystallogr., 60,
2126-2132.

Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,[.W.,
Echols,N., Headd,].J., Hung,L.W., Kapral,G.].,
Grosse-Kunstleve,R.W., et al. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta.
Crystallogr. D Biol. Crystallogr., 66,213-221.

Chen,V.B., Arendall,W.B. 3rd, Headd,].]., Keedy,D.A.,
Immormino,R.M., Kapral,G.]., Murray,L.W., Richardson,].S. and
Richardson,D.C. (2010) MolProbity: all-atom structure validation
for macromolecular crystallography. Acta. Crystallogr. D Biol.
Crystallogr., 66, 12-21.

DeLano,W.L. and Lam,].W. (2005) PyMOL: a communications
tool for computational models. Abstr. Pap., Jt. Conf. - Chem. Inst.
Can. Am. Chem. Soc.,230,U1371-U1372.

Tan,R., Krueger,R.K., Gramelspacher,M.]., Zhou,X., Xiao,Y.,
Ke,A., Hou,Z. and Zhang,Y. (2022) Cas11 enables genome
engineering in human cells with compact CRISPR-Cas3 systems.
Mol. Cell, 82, 852-867.

Zheng,Y., Li,]., Wang,B., Han,]., Hao,Y., Wang,S., Ma,X., Yang,S.,
Ma,L., Yi,L., et al. (2020) Endogenous type I CRISPR-Cas: from
foreign DNA defense to prokaryotic engineering. Front. Bioeng.
Biotechnol., 8, 62.

Sinkunas,T., Gasiunas,G., Fremaux,C., Barrangou,R., Horvath,P.
and Siksnys,V. (2011) Cas3 is a single-stranded DNA nuclease and
ATP-dependent helicase in the CRISPR/Cas immune system.
EMBO J., 30, 1335-1342.

Nimbkar,S. and Anand,B. (2020) Cas3/I-C mediated target DNA
recognition and cleavage during CRISPR interference are
independent of the composition and architecture of Cascade
surveillance complex. Nucleic Acids Res., 48, 2486-2501.
Holm,L. and Sander,C. (1995) Dali: a network tool for protein
structure comparison. Trends Biochem. Sci, 20, 478-480.
Ashkenazy,H., Abadi,S., Martz,E., Chay,O., Mayrose,l., Pupko,T.
and Ben-Tal,N. (2016) ConSurf 2016: an improved methodology
to estimate and visualize evolutionary conservation in
macromolecules. Nucleic Acids Res., 44, W344-W350.

Received: June 5, 2024. Revised: July 29, 2024. Editorial Decision: July 30, 2024. Accepted: August 7, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

GZ0z 1snbny Gz uo sasn Aysianiun Buy-bunyd Aq 0650%22/£9501/. L/2S/8101 e/ 1eu/woo dnoolwspede//:sdiy woly papeojumo(q



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

