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Abstract

CRISPR-Cas systems have transformed genome engineering with their exceptional preci-
sion, programmability, and affordability. Although they originate from microbial defence
mechanisms, expanding their use, especially in therapeutics, requires a chemically ori-
ented framework that allows for tunable, reversible, and safe gene editing. This review
offers a multidisciplinary look at recent progress in the structural, synthetic, and compu-
tational aspects of CRISPR-Cas technologies. Structural analyses examine the domain ar-
chitectures of Cas enzymes, including the recognition (REC), nuclease (HNH and RuvC),
and PAM-interacting domains, emphasizing the catalytic importance of divalent metal
ions. Comparative insights into Cas9, Cas12, and Cas13 demonstrate functional diversity
across DNA- and RNA-targeting systems, supported by high-resolution structural data
on guide RNA pairing and conformational dynamics. The review highlights advance in
chemical modulation, such as anti-CRISPR proteins, small molecule inhibitors, and stim-
uli-responsive switches, focusing on structure—activity relationships. Additionally, bioor-
ganic delivery systems like lipid nanoparticles, polymers, and cell-penetrating peptides
are discussed for their role in improving in vivo delivery through formulation chemistry.
Computational chemistry methods—molecular docking, molecular dynamics simula-
tions, and virtual screening —are identified as critical tools for discovering and optimizing
modulators. The use of Al-driven tools is proposed as a promising direction for rational
CRISPR design. Overall, this chemistry-focused perspective emphasizes the importance
of molecular control in developing the next generation of programmable and safe
CRISPR-based therapies.

Keywords: CRISPR-Cas systems; Cas9; gene editing; chemical modulation; anti-CRISPR
proteins; lipid nanoparticles; structure—activity relationship; computational chemistry;
molecular docking

1. Introduction

CRISPR was first described in the 1980s and was recognized as the adaptive immune
system together with Cas proteins that defend bacteria and archaea against infectious
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viruses and foreign DNA [1]. It has Class 1 and Class 2, which are further divided into
various types and subtypes that are the two primary dissimilar classes to which effector
protein systems belong. Class I, III, and IV systems utilize multi-protein effector com-
plexes [2]. Class 2 systems utilize single-protein effectors, unlike Class 1. Class 2 systems
are subdivided into three categories and several subtypes depending on the effector pro-
teins. They comprise type II CRISPR systems, such as Cas9, type V systems, such as Cas12,
and type VI systems, such as Cas13. The most common Cas effector remains the Class 2
type II nuclease Cas9. Genome editing entails accurate alterations at targeted locations
within the genome to achieve intended changes to the DNA sequence [3]. CRISPR/Cas9
gene modification is among the most effective genome editing methods. Recent studies
have demonstrated that addressing specific factors related to drug resistance with this
technique can greatly improve the efficacy of anticancer medications [4]. In bacteria, the
CRISPR/Cas9 system functions as an RNA-oriented defence mechanism. This system is
capable of editing genes in eukaryotic cells, including those associated with MDR. To
achieve this, single-guide RNA (sgRNA) can be crafted to match the intended sequence
and be introduced into the target cell together with Cas9, an endonuclease.

The sgRNA directs Cas9 to the target sequence, where Cas9 induces a double-strand
break in that sequence. This method allows for the removal or addition of the desired
sequence into genes [5]. The CRISPR/Cas achieves recognition by base pairing between
guide RNA and target sequence, which is both straightforward and adaptable, with target
site selection requiring only adherence to the protospacer-adjacent motif (PAM) specifica-
tions of various systems. In contrast to the last two generations of genome editing meth-
ods, the CRISPR/Cas system is straightforward, adaptable, reliable, effective, and easily
transformed. These attributes allowed CRISPR/Cas to swiftly supersede ZFN and TALEN
as the primary genome editing methods. CRISPR/Cas serves as a protective mechanism,
safeguarding bacteria and archaea from invasion by mobile genetic elements and bacteri-
ophages [6].

A chemistry-centric perspective is vital for advancing CRISPR-Cas9 technology be-
cause the system’s core functions are inherently chemical in nature. DNA cleavage by
Cas9’s HNH and RuvC nuclease domains proceeds through Mg?*-dependent catalysis,
where active site residues such as His840 and Lys866 coordinate metal ions to stabilize the
transition state—a process elucidated through NMR, molecular dynamics, and QM/MM
studies [7]. Understanding these mechanisms enables rational design for improved effi-
ciency. Similarly, off-target effects stem from subtle variations in hydrogen bonding, base
stacking, and electrostatic interactions between guide RNA and DNA, which can be miti-
gated through chemically informed strategies such as truncated guide RNAs (17-18 nt),
introduction of mismatched guanines at the 5" end (“GGX20”), or backbone modifications
like 2’-O-methyl, 2'-O-methyl 3'-phosphonoacetate, and phosphorothioate linkages [8].
Functional enhancements also leverage chemical modifications —including 2'-fluoro and
locked nucleic acid (LNA) substitutions in guide RNAs or chemical alterations to Cas9
mRNA and donor templates—to improve stability, reduce immune responses, and in-
crease therapeutic viability. Finally, chemistry-driven delivery strategies, inspired by
RNAIi and oligonucleotide delivery systems, use backbone or sugar modifications and lig-
and conjugation to enhance cellular uptake, protect CRISPR components from degrada-
tion, and enable tissue-specific targeting [9].

In conclusion, enhancement of CRISPR-Cas systems from molecular tools to clinical
therapies requires a chemistry perspective. The interface of structural biology, synthetic
chemistry, and computation offers next-generation CRISPR applications that are precise,
safe, and adaptable.
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2. Molecular Mechanisms of Cas Enzymes

CRISPR-Cas mechanisms operate through the highly regulated and specific activities
of CRISPR- associated (Cas) enzymes. The most well-characterized effectors of genome
editing are Cas9, Cas12, and Cas13, and they possess distinct structural architectures and
catalytic mechanisms. Cas9, Cas12, and Cas13 are three well-characterized CRISPR-asso-
ciated nucleases with different structures and target specificities. Cas9 (Type II) has a
recognition (REC) lobe and a nuclease lobe with HNH and RuvC domains, and a PAM-
interacting (PI) domain. An sgRNA binding triggers conformational changes favorable to
PAM scanning (e.g., 5'-NGG-3'). After PAM recognition, DNA unwinding makes guide-
target base pairing to trigger HNH (target strand) and RuvC (non-target strand) cleavage,
with Mg?/Mn? ion dependence [10].

Casl2a (Type V) uses a single RuvC-like domain to cut both DNA strands asymmet-
rically and generate staggered ends. It targets T-rich PAMs (5'-TTTV-3") and acts with a
single crRNA. Casl12a, after target cleavage, has the non-specific ssDNA degradation ac-
tivity, which is utilized in DETECTR diagnostics. Cas13 (Type VI) is a two-HEPN domain
RNA-guided RNase. Binding of the target RNA by crRNA induces structural rearrange-
ments that facilitate cleavage of target and proximal non- target RNAs, facilitating SHER-
LOCK-based detection [11]. In these mechanisms Table 1, guide RNA binding acts as a
switch for activation, connecting target recognition and nuclease activation by allosteric
mechanisms. Cryo-electron microscopy and X-ray crystallography studies revealed mul-
tiple conformational states, thus making possible the design of high-fidelity Cas variants
with reduced off-target effects.

Table 1. Molecular Mechanisms of different Cas Enzymes.
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3. Synthetic Modulators of CRISPR Activity

Synthetic modulators (Figure 1) signify a growing approach to adjust CRISPR-Cas
systems, broadening their use beyond just gene editing. These modulators can be gener-
ally classified into protein-based, chemical, and engineered regulatory mechanisms. Anti-
CRISPR proteins (Acrs) have developed as natural blockers of CRISPR-Cas systems in
response to phage counter-defense strategies. Initially discovered in 2013, more than 120
Acrs spanning almost 100 protein families have since been documented, aiming at various
CRISPR subtypes [12]. These proteins are produced early in phage infection to inhibit host
CRISPR defence, and their amounts are precisely controlled by anti-CRISPR-associated
(Aca) genes. Examples include AcrllA2 and AcrllA4 that inhibit SpCas9, along with
AcrlIC1/3, which obstruct NmeCas9. Acrs exhibit significant structural and mechanistic
variety —spanning from obstructing crRNA-Cas assembly to inhibiting DNA binding or
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cleavage— and frequently mimic unrelated protein structures, indicating several evolu-
tionary origins. Improvements like AlphaFold2-driven structure prediction are revealing
their mechanisms of action. Motivated by these natural proteins, synthetic chemical mim-
ics are being investigated to attain reversible, adjustable regulation of CRISPR activity,
thus expanding their possibilities for therapeutic use [13]. Small molecules could serve as
a compelling substitute for protein-based anti- CRISPR agents in certain uses. Small mol-
ecules have greater permeability through the membrane, are proteolytically stable in vivo,
and typically exhibit lower immunogenicity than their protein counterparts; therefore,
they are more favorable as agents or pharmaceuticals for regulating Cas9 activity. A small-
molecule Cas9 inhibitor was recently discovered through fluorescence polarization-based
high-throughput screening (HTS) [14]. Nonetheless, finding novel types of Cas9 inhibitors
with varying mechanisms of action may enhance and broaden the possible applications
of Cas9 in the future.

Engineered light- or small-molecule-sensitive switches allow for spatiotemporal con-
trol of Cas9 activity. Ligand-gated systems utilize drug-binding sites to switch Cas9 activ-
ity on or off, and aptamer-conjugated gRNAs utilize small-molecule-responsive motifs
for conditional editing. For example, optogenetic Cas9 variants allow genome editing to
be controlled by blue light, with reversible and localized regulation. In addition, rapamy-
cin-inducible dimerization domains have been utilized to control Cas9 nuclease activity
in a drug-dependent manner [15]. These strategies add to the toolkit for accurate thera-
peutic genome editing. SAR-guided design with synthetic analog libraries is being inves-
tigated to optimize CRISPR modulators. Systematic alteration of chemical substituents in
SAR studies facilitates the identification of structural determinants essential for Cas9 ac-
tivation or inhibition. For instance, small-molecule screening with SAR optimization re-
sulted in inhibitors that ablate SpCas9 activity with enhanced potency and selectivity [16].
Such rational optimization offers a route to next-generation synthetic regulators of

CRISPR systems.
Natural anti-CRISPR Synthetic Small molecule
proteins(Acrs) chemical mimics inhibitors
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Figure 1. Synthetic Modulators.

4. Bioorganic Delivery Platforms

Delivery constitutes the primary barrier for CRISPR therapies, particularly in vivo,
where stability and targeting present significant challenges. Viral vectors are effective yet
pose safety issues, prompting attention in non-viral bioorganic carriers —lipid nanoparti-
cles, peptides, and polymers are safer and adjustable alternatives [17].

Lipid nanoparticles (LNPs) are now the most clinically advanced non-viral delivery
platform in the clinic, enabled by FDA-approved RNA-based therapeutics including
siRNA (Patisiran) and COVID-19 mRNA vaccines. Translational application of LNPs for
CRISPR technology has been demonstrated recently in the first-in-human trial in in vivo
gene editing (NCT04601051), where NTLA-2001 (Intellia/Regeneron) was dosed to treat
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transthyretin (TTR) amyloidosis with cardiomyopathy. In this open-label phase I trial, sin-
gle intravenous dosing of LNP-encapsulated CRISPR/Cas9 led to a greater than 90% re-
duction in serum TTR in all dosage groups, with no dose-limiting toxicities and mild in-
fusion-related reactions. This milestone trial is proof of the clinical potential of LNPs for
systemic delivery of CRISPR [18]. The salient clinical data are summarized in Table 2,
demonstrating the therapeutic efficacy and safety profile of NTLA-2001 as a major ad-
vance in systemic CRISPR delivery.

Table 2. Clinical summary of NTLA-2001, the first in vivo CRISPR/Cas9 trial using LNPs for
transthyretin amyloidosis.

TTR
Trial Platf Di D k
ria atform isease ose (mg/kg) Reduction
> O,
NTLA-2001 Transthyretin amy- 90% at
LNP- . . Day 28,
Phase I CRISPR/Cas9 loidosis (cardiomyo- 0.7 and 1.0 sustained 4
(NCT04601051) pathy)

6 mo

Cell-penetrating peptides (CPPs), particularly arginine-rich and amphipathic vari-
ants, are now widespread non-viral delivery carriers (Figure 2) for CRISPR/Cas. Tradi-
tional sequences like Tat and penetratin promote Cas9 ribonucleoprotein (RNP) uptake
by electrostatic interaction and membrane fusion, whereas fusogenic modifications and
chemical optimization (e.g., D-amino acid substitution, lipidation) enhance stability and
endosomal release. More recently, peptides—nucleic acid (PNA)-CPP conjugates were
demonstrated to have higher binding, nuclear targeting, and genome editing efficiency
compared to traditional CPPs [19]. While progress has been made, in vivo translation is
still hindered by endosomal entrapment and compromised systemic stability.

Biodegradable and cationic polymers have been extensively investigated as non-viral
nanocarriers for CRISPR/Cas delivery. Poly(lactic-co-glycolic) (PLGA) nanoparticles pro-
vide tunability of degradability and biocompatibility, and have been demonstrated to im-
prove the efficiency of homology-directed repair (HDR) in genome editing [20]. Polyeth-
ylenimine (PEI), a cationic polymer, provides strong nucleic acid condensation and effec-
tive endosomal release, but high- molecular-weight versions have high cytotoxicity; low-
molecular-weight or modified PEI derivatives enhance safety. Chitosan, a natural poly-
saccharide, provides pH-responsive nucleic acid release and excellent biocompatibility.
Conjugation chemistries such as disulfide linkages, PEGylation, and incorporation of tar-
geting ligands further enhance polymer-based systems by allowing stability, circulation,
and site-specific delivery [21]. Although promising preclinical results have been reported,
optimization is still required to optimize delivery efficiency over cytotoxicity.
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Figure 2. Overview of non-viral CRISPR delivery systems.

5. Computational Chemistry and Cheminformatics

Docking is a method for computational modelling. It forecasts the optimal energy-
minimized conformation of one molecule when interacting with another molecule to cre-
ate a stable complex virtually, enhancing the experimental approach. It is fast and eco-
nomical in comparison to the trial- and-error approaches that involve experimental re-
search. Molecular docking of BRD0539 with SpCas9 was carried out using AutoDock Vina
(v1.1.2) [22] through flexible ensemble docking. A 25 x 25 x 25 A3 grid box was positioned
on a recognized binding pocket, considering nearby residue side chains as flexible (<25
rotatable bonds). The exhaustiveness parameter was configured to 100 (default 8) to ena-
ble more extensive conformational sampling at an increased computational expense.
Every run kept the highest-ranked binding mode according to Vina’s scoring function. To
confirm the results (Table 3), docking was also carried out using GNINA, which incorpo-
rates CNN-based scoring. The leading poses from Vina and GNINA coincided within the
CTD pocket, demonstrating <2 A RMSD for ligand heavy atoms, signifying dependable
convergence of docking forecasts. Molecular docking and free energy assessments indi-
cate that BRD0539 has the strongest binding affinity for the CTD domain of SpCas9, ob-
structing the PAM recognition pocket. This stops Cas9 from effectively binding to DNA,
thus serving as an allosteric inhibitor of CRISPR- Cas9 function [23].

Table 3. Free Energies of BRD0539 Binding to SpCas9 Evaluated by Various Methods.

COMPOUND BINDING-SITE GBSA TI MBAR
BRDO0539 REC1-REC2 -50.1 —-9.8 -10.0
RuvC3 —41.0 —6.2 —6.7
RuvC-CTD —41.9 —6.0 —6.1
CTD -58.5 -21.2 -21.1

Molecular dynamics (MD) simulations of SpCas9-ligand complexes were performed
using AMBER22, initiating with energy minimization, heating, and equilibration, then
proceeding with extensive production runs lasting up to 3—4 ps to assess the stability of
ligand binding. Binding energies were calculated through the MM-GBSA method to pin-
point essential residues involved in ligand interactions. Additionally, alchemical free en-
ergy perturbation (FEP) simulations with suitable restraints were utilized to determine
absolute binding free energies, guaranteeing precise handling of ligand positioning
throughout decoupling. Free energy landscapes based on principal component analysis
(PCA) were subsequently created from backbone movements to reflect key
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conformational states and their associated stabilities, offering an in-depth perspective on
ligand- induced impacts on Cas9 dynamics [24].

Generative protein language models (LMs), trained on extensive protein datasets,
can create new CRISPR-Cas proteins by understanding natural evolutionary pressures.
By adapting these models to the CRISPR-Cas Atlas (which comprises over 1.2 million
operons from microbial genomes, including 389,000 individual effectors like Cas9, Cas12a,
and Cas13), researchers increased Cas protein variety beyond natural resources such as
UniProt. Utilizing ProGen2-based LM, approximately 4 million novel Cas protein se-
quences were created, signifying a 4.8-fold rise in sequence diversity. For the Cas9,
Casl2a, and Casl3 families, the diversity increased by 4.1x, 6.7x, and 7.1x, respectively.
The generated sequences often exhibited 40-60% identity to natural proteins, simulating
evolutionary novelty. To verify performance, AlphaFold2 forecasted structures for 2000
generated sequences, with over 81% exhibiting high-confidence folds (pLDDT > 80) akin
to natural proteins. This suggests that generative Al can both investigate new Cas variants
and direct design towards particular families (e.g., Cas9) with little input, like in Figure 3

[25].
1. TRAINING ON 2. GENERATION OF
DATASETS NOVEL SEQUENCES
pr S
( A
(%
& _- ProGen2
4. STRUCTURAL 3. EVOLUTIONARY
VALIDATION NOVELTY
@i ’ )
© f (& Cas9,Cas12a,Cas13 »
< Natwal [ ]
= Generated
AlphaFold2

Figure 3. Generative Protein Language Models to create novel CRISPR-Cas Proteins.

6. Future Scope

The integration of CRISPR with electrochemical biosensors (E-CRISPR) offers rapid,
affordable, and portable diagnostics, with potential to expand beyond nucleic acids to
proteins and metabolites. Polymer-lipid hybrid nanoparticles provide stable, biocompat-
ible, and targeted delivery platforms for CRISPR, even across barriers like the blood-brain
barrier. Exosome-based CRISPR delivery shows promise for precise epigenetic modula-
tion with low immunogenicity, and advancements in cargo loading and imaging could
enable combined therapeutic and diagnostic (theranostic) applications.

7. Conclusions

CRISPR—Cas systems have evolved from bacterial defense mechanisms into potent
and customizable molecular instruments for genome modification. Structural investiga-
tions of Cas9, Cas12, and Cas13 have shown how domain arrangements, metal ion—-de-
pendent catalysis, and conformational shifts regulate their function, offering a framework
for systematic engineering. Expanding on this basis, synthetic modulators such as anti-
CRISPR proteins, small molecules, and optogenetic or ligand-responsive switches provide
accurate and adjustable regulation of gene editing results. At the translational stage, bioor-
ganic delivery systems like lipid nanoparticles, polymers, and cell-penetrating peptides
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have tackled the primary issue of in vivo administration, with initial clinical trials show-
ing safety and effectiveness. Concurrent progress in computational chemistry, molecular
dynamics, and Al-based design is speeding up the identification of new Cas variants and
chemical regulators, enhancing the variety and adaptability of CRISPR technologies. Col-
lectively, these advancements position CRISPR as a chemically adjustable system instead
of a fixed editing instrument. Its future depends on combining structural, synthetic, de-
livery, and computational methods to create interventions that are effective, manageable,
and clinically safe. With the rise of next-gen smart modulators, hybrid carriers, and
theranostic applications, CRISPR technologies are set to revolutionize medicine, agricul-
ture, and biotechnology with unmatched accuracy and flexibility.
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