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ABSTRACT

Background: Type IV CRISPR-Cas systems represent enigmatic, minimally characterized adaptive immune modules frequently
localized on mobile genetic elements. We report the high-resolution 2.4 A cryo-EM structure of the intact Type IV-A crRNA-guided
effector ribonucleoprotein complex from Metallosphaera sedula, uncovering a thermophilic multi-subunit helical architecture.
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1. INTRODUCTION & THEORETICAL CONTEXT

Prokaryotic organisms (bacteria and archaea) have evolved
sophisticated adaptive immune mechanisms to protect against
perpetual invasion by bacteriophages, archaeal viruses, and
CRISPR-Cas
Interspaced Short Palindromic Repeats and CRISPR-associated

conjugative  plasmids. (Clustered Regularly
proteins) systems execute RNA-guided targeting and enzymatic

cleavage of foreign nucleic acids through three distinct functional

stages: adaptation (spacer acquisition), biogenesis (crRNA
transcription and maturation), and interference (target
surveillance  and  degradation).  Current  phylogenetic

classifications partition CRISPR-Cas architectures into two broad
classes: Class 1 systems (Types I, III, and IV) utilize multi-
subunit ribonucleoprotein effector complexes, whereas Class 2
systems (Types II, V, and VI) utilize single, multi-domain
multidirectional proteins such as Cas9, Casl2, and Casl3.
Among these, Type IV CRISPR-Cas systems remain the least
understood and most enigmatic evolutionary lineages.
Predominantly encoded on conjugative plasmids, integrative
(ICEs),

extremophilic archaea and anaerobic bacteria, Type IV modules

conjugative elements and viral genomes within
typically lack the adaptation machinery (Casl/Cas2) and the
standard nuclease domains (such as Cas3 in Type I or the HD
domain) traditionally required for target DNA degradation. This
observation raises a fundamental biophysical question: how do
Type IV multi-subunit complexes achieve antiviral interference,
and what structural adaptations enable function under extreme
environmental conditions, such as temperatures exceeding 80°C

and pH below 2.0?

https://doi.org/10.5923/researchium.2024.jnsr.0304 « researchium.org

OPEN ACCESS + ISSN ISSN: 2834-9236 (Online)

2. MATERIALS & EXPERIMENTAL METHODOLOGY

We isolated and characterized the native Type IV-A CRISPR-Cas
effector complex from the hyperthermophilic, acidophilic
archaecon Metallosphaera sedula (strain DSM 5348, optimal
growth at 75°C, pH 2.5). The complete five-gene operon
(encoding Csfl1/Cas8-like large subunit, Csf2/Cas7-like helical
backbone subunits, Csf3/Cas5-like cap subunit, Csf4/DinG
helicase, and Csf5 endoribonuclease) was heterologously co-
expressed in Sulfolobus acidocaldarius using an archaeal shuttle
vector to ensure native post-translational modifications and
physiological assembly. The mature crRNA-guided effector
complex (termed Ms-TypelV-A) was purified to homogeneity via
tandem affinity chromatography followed by size-exclusion
chromatography on a Superose 6 Increase column. Cryogenic
electron microscopy (cryo-EM) was performed using a Titan
Krios G4 transmission electron microscope operating at 300 kV
equipped with a Gatan K3 direct electron detector. Single-particle
image processing in CryoSPARC generated a 2.42 A resolution
3D reconstruction of the full effector complex. Biochemical
target binding, strand separation, and helicase translocation
kinetics were investigated using surface plasmon resonance
(SPR), single-molecule FRET (smFRET), and in vitro DNA
cleavage/interference assays under elevated temperatures (65—

85°C).
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3. RESULTS & EMPIRICAL ANALYSIS

The cryo-EM structure at 2.42 A reveals an elongated, sea-horse-
like helical filament composed of a stoichiometry of Csf1:-Csf5:-
Csf31-(Csf2)s bound to a mature 42-nucleotide crRNA. Six Csf2
backbone subunits form a continuous right-handed helical spine
that cradles the crRNA spacer sequence in six-nucleotide periodic
segments, presenting the guide bases outward for Watson-Crick
base-pairing with foreign target DNA strands. Thermophilic
structural stabilization is mediated by an extensive network of
inter-subunit salt bridges (specifically Arg-Glu networks) and an
unusually high density of aromatic pi-stacking interactions along
the hydrophobic core, conferring thermal stability up to 92°C.
Functional biochemical assays revealed that the Ms-TypelV-A
complex recognizes foreign double-stranded DNA (dsDNA)
through sequence-specific recognition of a 5-TTC-3" Protospacer
Adjacent Motif (PAM) mediated by a specialized loop within the
Csfl large subunit. Unlike Type I systems that recruit Cas3
nuclease for progressive exonucleolytic destruction, Type IV-A
complexes lack nuclease activity. Instead, upon target R-loop
formation, the complex recruits Csf4—an ATP-dependent DinG
smFRET

experiments demonstrated that Csf4 binds the displaced non-

family 5'-to-3' superfamily-2 helicase. In vitro
target DNA strand and executes progressive, ATP-driven
directional unwinding at 120 base pairs per second at 75°C,
sterically displacing RNA polymerases and replication

replisomes without cutting the phosphodiester backbone,
establishing a unique mechanism of transcriptional and

replicative silencing.

4. DISCUSSION, MECHANISTIC
LIMITATIONS

INSIGHTS &

These structural and mechanistic findings demonstrate that Type
IV-A CRISPR systems operate via a non-destructive, helicase-
mediated interference mechanism. Rather than cleaving invading
(which might SOS DNA-damage
responses), Type IV-A effectors act as programmable road-

plasmids induce host
blocks, actively unwinding replication forks and transcription
bubbles to silence competitor mobile elements. This explains
their evolutionary localization on conjugative plasmids, where
they serve as plasmid-conflict weapons, preventing rival plasmid
colonization. Methodological limitations include the absence of
the fully resolved Csf4 helicase in the static cryo-EM map due to
transient ATP-dependent binding kinetics; resolving the ternary
complex (Effector + Target DNA + Active Translocating Csf4)
under turnover conditions will require time-resolved cryo-EM.
Furthermore, the exact in vivo regulatory cues that trigger spacer

acquisition from external plasmids remain to be elucidated.
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5. CONCLUSION & FUTURE TRAJECTORIES

High-resolution cryo-EM reconstruction and biochemical
dissection of the extremophilic Type IV-A CRISPR complex
illuminate a novel paradigm of non-nuclease, helicase-driven
adaptive interference in archaea. Because Type IV systems
repress target genetic expression without inducing permanent
double-strand breaks, they offer tremendous promise as
programmable, high-temperature transcriptional repression tools
(dCas analogs) for industrial thermophilic bioengineering. Future
work will optimize Type IV ribonucleoproteins for metabolic flux

control in synthetic archaeal cell factories.
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