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The thermal stability of CRISPR-Cas nucleases is a critical factor for their successful application in ‘one-
pot’ diagnostic assays that utilize high-temperature isothermal amplification. To understand the atomistic
mechanism of stabilization in a previously engineered variant of the thermostable BrCas12b protein, we
performed all-atom molecular dynamics (MD) simulations on the wild-type and mutant forms of apo
BrCasl12b. High-temperature simulations reveal a small structural change along with greater flexibility in the
PAM-interacting domain of the mutant BrCas12b, with marginal structural and flexibility changes in the
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other mutated domains. Comparative essential dynamics analysis between the wild-type and mutant
BrCasl2b at both ambient and elevated temperatures provides insights into the stabilizing effects of the

DOI: 10.1039/d5me00140d mutations. Our findings offer comprehensive insights into the important protein motions induced by these

mutations. These results provide insights into thermal stability mechanisms in BrCasl2b that may inform

rsc.li/molecular-engineering the future design of CRISPR-based tools.

Design, System, Application

In this work, we employ all-atom molecular dynamics (MD) simulations to unravel the mechanism behind the enhanced thermostability of an engineered
BrCas12b variant. This is crucial for developing improved one-pot CRISPR-based diagnostic assays for infectious diseases, which rely on thermophilic
BrCas12b for sensitivity. We assessed the system's structural dynamics by tracking global unfolding at high temperature via RMSD and RMSF at the domain
level. Subsequent analyses, including principal component analysis (PCA) and residue/domain-level cross-correlation maps, revealed subtle structural
changes and increased flexibility within the PAM-interacting (PI) domain. These analyses also illuminated how mutations alter the characteristic “open—
close” motions and introduce novel stabilizing interactions. These detailed insights into the dynamic effects of specific mutations are vital for the rational
design and optimization of Cas12 proteins, enabling the development of more sensitive and stable diagnostic platforms. This work not only enhances

(cc)

current diagnostic capabilities but also opens exciting avenues for future therapeutic applications involving engineered Cas12 proteins.

Introduction

CRISPR (clustered regularly interspaced short palindromic
repeats) — Cas (CRISPR-associated protein) systems have
emerged as revolutionary tools in the field of molecular
biology. This system, originally a part of bacterial immune
defenses, has been adapted to perform a myriad of tasks in
genetic engineering, due to its precision and versatility."”
One of the latest advances in CRISPR/Cas involves using Cas
proteins as components in molecular diagnostics, with
applications ranging from infectious disease detection to
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genetic disorder diagnosis and cancer detection.>* Cas9 and
dCas9 have been used to establish diagnostic systems for the
detection of single nucleotide polymorphisms (SNPs) and
featured nucleic acid sequences in pathogenic strains.>® The
discovery of indiscriminate cleavage of other non-specific
single-stranded RNAs upon target binding, also referred to as
trans-cleavage or collateral cleavage activity of CRISPR-Cas13a
(C2c2) in 2016 brought a new era of CRISPR/Cas-based
biosensing.”  Casl3a utilized to establish a
comprehensive diagnostic platform, SHERLOCK, which was
further developed for rapid diagnosis of infectious
diseases.®

In addition to Cas13, Casl2a (Cpf1l) was found to have
collateral cleavage activity on other single-stranded DNAs.
Specifically, upon binding to the intended nucleotide target,
a non-target or collateral cleavage is triggered in the Cas
protein which is distinct from specific cleavage activity.">"*
Collateral activity can be utilized to cleave DNA reporter,
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Mol. Syst. Des. Eng., 2026, 11,195-207 | 195


http://crossmark.crossref.org/dialog/?doi=10.1039/d5me00140d&domain=pdf&date_stamp=2026-02-07
http://orcid.org/0009-0008-2673-202X
http://orcid.org/0000-0001-7153-442X
http://orcid.org/0000-0001-6005-9096
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5me00140d
https://pubs.rsc.org/en/journals/journal/ME
https://pubs.rsc.org/en/journals/journal/ME?issueid=ME011002

Open Access Article. Published on 30 2568. Downloaded on 10/2/2569 2:42:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

thereby magnifying the fluorescence signal and the sensitivity
of the detection platform; this Casl2a-based nucleic acid
detection platform, DETECTR, was reported by Chen et al.™
At the same time, Li et al discovered a similar collateral
cleavage effect in Casl2a and developed the nucleic acid
sensing assay HOLMES."”? While the specificity and the
simplicity of these nucleic acid detection assays are
advantages, the requirement of separate steps to amplify the
sample before the detection to increase sensitivity poses
significant  challenges, including possible carryover
contamination, longer processing time, complexity in
handling, often an increase in the overall cost of the assay.
To address this, the integration of Cas proteins with a pre-
amplification step, such as reverse transcription loop-
mediated isothermal amplification (RT-LAMP), has shown
promise, as the integration allows for a sensitive nucleic acid
detection method."*"® However, the high-temperature nature
of RT-LAMP, typically conducted at 65 °C, denatures most
native Cas proteins, hindering proper integration to create a
simple one-step process.

With the utilization of the Cas12b (C2c1), a thermophilic
RNA-guided endonuclease from class II type V-B CRISPR/Cas,
Wang and others showed that with the same cleavage activity,
pairing with LAMP (loop-mediated isothermal amplification)
results in a one-step assay for convenient target
detection."™"” More recent efforts including the usage of
AapCas12b, which is derived from Alicyclobacillus acidiphilus,
and BrCas12b, which derived from Brevibacillys sp., as part of
the one-step diagnostic assay for the detection of nucleic
acids including SARS-CoV-2. Based on SHERLOCK, Joung
et al. integrated RT-LAMP with AapCas12b, thereby achieving
a one-step detection that exceeds the sensitivity of CDC RT-
gPCR."® Nguyen et al. simplified the detection process and
reduced the carryover contamination by a one-pot assay
developed using the newly identified thermostable Cas12b
ortholog BrCas12b (with a melting temperature of 62 °C)."°
Further optimization of the single-pot assay was achieved by
the combination of de novo design through point mutations
and experimental validation, resulting in a thermostable
BrCas12b with a melting temperature of 67 °C (referred to as
eBrCas12b) which does not degrade at the high operating
temperatures (65 °C) of RT-LAMP.>** While these
modifications have shown promising results, the underlying
mechanisms of how these mutations contribute to increased
thermal stability is not fully understood, nor do we know its
influence on the overall dynamics of the protein, which could
affect its cleavage process.

Molecular dynamics (MD) simulations is a powerful tool
to gain insights into the structure and dynamics of proteins,
including the effects of mutations at the atomic level.***
MD simulations have been implemented previously to
understand fundamental activation mechanism of CRISPR-
Cas9 systems, revealing high conformational flexibility of the
HNH domain and providing insight into the dynamic
behavior of Cas9. Palermo et al. performed a series of MD
simulations on CRISPR-Cas9 systems to explore the
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conformational plasticity of the Cas9 protein and its
interactions with nucleic acid during DNA binding.>* These
studies revealed that the Cas9 protein undergoes significant
conformational changes during the process of nucleic acid
binding and processing. Meanwhile, the ‘closure’ of the
protein relies on the highly coupled and specific motion
between different domains. Saha et al. investigated the
structural dynamics of different Cas12a orthologs and found
that DNA binding induces changes in Cas12a conformational
dynamics, which leads to the activation of REC2 and Nuc
domains that enable the cleavage of nucleic acids,
particularly the large amplitude motion of Nuc that allows
the protein to open and close. The dynamics of REC2 and
Nuc domain are highly coupled, and REC2 can act as a
regulator of Nuc, which is similar to HNH in Cas9 system.>
While CRISPR-Cas9 has been extensively analyzed using MD
simulations,”® there remains a significant gap in
understanding other Cas proteins, such as Cas12.
Considering the unique collateral cleavage mechanism of
Cas12 and the difference in cleavage mechanism between
Cas12b and Cas12a,>**” a thorough analysis of Cas12b is
needed for rationally designing variants of the protein.
Particularly, MD simulations can provide insights into
BrCas12b and eBrCas12b, shedding light on how mutation
improves the stability of BrCas12b at high temperatures and
how the new point mutations alter the essential dynamics of
BrCas12b. This information is important to design superior
CRISPR analogs for future diagnostic and therapeutic
applications.

We focus on the BrCas12b ortholog of Cas12b and employ
all-atom MD simulations to probe its structure and dynamics
before and after mutation. By conducting a series of high-
temperature unfolding simulations, we reveal the unfolding
process of wild type and mutant BrCas12b, highlighting the
and flexibility change of specific domains
containing mutations, which substantially improve the
stability and activity at high temperatures. Additionally, we
explore the essential dynamics of wild-type and mutated-type
BrCas12b at both ambient and elevated temperatures
together with cross-correlation analysis, examining the
internal movements within the protein and interactions
between its domains, revealing the change of essential
dynamics as well as decreased correlation between domains
upon mutation. These results contribute to a fundamental
understanding of structural dynamics of BrCas12b and the
influence of mutations on the protein function.

structure

Methods

System setup

MD simulations were performed on two systems, wild-type
(WT) and mutant (MT) BrCas12b, both in apo form (no
nucleotide bound to the protein). The structure of WT
BrCas12b was modeled using AlphaFold v2.3.1.>® MT
BrCas12b was also modeled using AlphaFold, with four point
mutations (R160E/F208W/N524V/D868V) reported in a
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previous study by Nguyen et al.,>* which outperformed other
tested mutation combinations and displayed high-
temperature stability and activity, Domain assignment
(Fig. 1a and S1) was made based on sequence alignment on
the existing crystal structure of BthC2c1/BthCas12b (PDB:
5WTI) available in the RCSB PDB databank and domain
organization proposed by Wu et al.>®

All simulations were conducted using GROMACS 2021.3
software®® with GPU acceleration. CHARMM36m®" forcefield
and TIP3P model was used to represent the protein and
waters, respectively. Protein was solvated in a cubic box with
the edge at least 2.0 nm from protein, resulting in box sizes
ranging 15.6 to 17 nm with a total of ~380000 to ~520000
atoms based on the conformation of protein adopted. Cl”
ions were introduced to neutralize each system. Hydrogen
bonds were constrained during the simulation using the
LINCS*? algorithm. The cutoff for short-range electrostatic
and van der Waals interactions was set to 1.2 nm. The
particle-mesh Ewald® method was used to compute long-
range electrostatic interactions; fast Fourier transform grid
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Fig. 1 Schematic of (a) domain assignment of BrCas12b with residues
colored according to domains; detailed legend can be found in the SI
(Fig. S1) and (b) location of mutated residues within the protein.
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spacing was 0.15 nm. van der Waals interactions were
smoothed between 1.0 to 1.2 nm using a force-base switching
function.*® Constant temperature was maintained using the
Nosé-hoover®®  algorithm. For the constant-pressure
simulations, the Parrinello-Rahman barostat (1 bar, 2.0 ps
coupling constant) was used. The time step for numerical
integration was 2 fs.

The systems, prepared as described above, were first
subjected to steepest descent energy minimization with a
maximum force of 1000 kJ mol™ nm™, followed by two
stages of 100 ps NVT equilibration. In the first stage, heavy
atoms of the protein were restrained, and the solvent
molecules were equilibrated. Initial velocities were randomly
assigned according to Maxwell-Boltzmann distribution at 300
K. In the second stage, all atoms were equilibrated with the
velocity adopted from the first stage and their position
restraints were removed. Subsequently, a 1000 ps constant
pressure and temperature (NPT) simulation was conducted at
300 K. The final outputs were used as the starting point for
the production simulation.

With the protein structure obtained from AlphaFold, a 200
ns long simulation was first set up at 300 K to equilibrate the
system further. The sampling of the simulation was
confirmed with all-to-all root mean square deviation (RMSD)
matrix (Fig. S2) and was observed to have two distinct stages.
To increase reproducibility and reliability, four replicates of
each system were performed. The starting configuration of
each replica was randomly selected from this trajectory
between 100-200 ns. Following equilibration, a high-
temperature unfolding simulation protocol was
implemented, details can be found in our previous study.>***
Simulations were conducted at both 300 K and 400 K, for 200
ns. To further sample the configuration space and capture
the essential dynamics of BrCas12b, one replicate of WT and
MT BrCas12b simulations at both 300 K and 400 K was
extended to 1 ps.

Analysis

Simulation trajectories were analyzed using GROMACS tools
and visualized using VMD. The secondary structure of the
protein and its evolution along the simulation were assigned
using the inbuilt timeline tool of VMD with the STRIDE
algorithm. The predicted circular dichroism (CD) spectra was
generated by the PDBMD2CD web server using the resulting
structure from each simulation trajectory.”” Root mean
square deviation (RMSD) of the whole protein was calculated
by fitting to the backbone of the initial structure, whereas the
per domain RMSD was calculated by fitting to the domains’
initial backbone structure during the production run.
Principal component analysis (PCA) was done on the 1 ps
simulation to capture the essential dynamics of the
simulated systems. The analysis was based on the atomic
coordinates of the Co atoms, which serve as the input
features for the analysis. The workflow involved two key
steps. First, to remove global rotational and translational
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motion, each trajectory was aligned to the backbone of the
initial structure using a least-squares fitting procedure.
Second, a covariance matrix was constructed from the 3
N-dimensional vector of the Co atomic coordinates from this
aligned trajectory. The resulting covariance matrix was
diagonalized to obtain the eigenvectors as well as the
corresponding eigenvalues. Each eigenvector represents a
principal component (PC) that depicts a mode of movement,
with the corresponding eigenvalue indicating the extent of
the motion along the eigenvector. The process of arranging
eigenvectors based on their eigenvalues reveals that the first
principal component (PC1) aligns with the greatest amplitude
motion of the system. The movement of the system along
PC1 is commonly known as “essential dynamics”.*® In this
work, we project the 1 ps long trajectories in 2D defined by
the first two principal components (PC1 and PC2) to
characterize the conformational space sampled by
simulation. The covariance matrix was constructed by using
gmx covar and the projection was done using gmx anaeig,
both commands inbuilt in GROMACS. Visualization of the
protein motion was done using VMD.

The dynamic cross-correlation matrix (DCCM) was
constructed to capture correlated and anti-correlated motions
within BrCas12b. The covariance matrix constructed during
PCA analysis was post-processed to generate the DCCM
according to eqn (1).*°

(AF: (2)-0% (¢))
CCy = ~ - 1/2 1
((aF:(6)") (a7 (6)%))

where Ar(t) represents the position of Co atom at time ¢. The
cross-correlation score (Cs;) is calculated for each residue
according to eqn (2). The intra-domain score Cs"™ is
calculated when residues 7 and j belong to the same domain,
and the inter-domain score Csi™™ is calculated when they
belong to different domains. Specifically, when residue i and
J belong to different domains a and b, respectively, the
calculated Cs; is the cross-correlation score coefficient of
residue ¢ with respect to domain b. In this way, the
cumulative Cs; of all residues i belonging to domain a will

give the cross-correlation between domains a and b.”**°

N
Csi =Y _CCy (2)

i#j

To determine the significance of changes in the root mean
square fluctuation (RMSF) for each residue, a two-way analysis
of variance (ANOVA) was performed. This test allowed for the
simultaneous assessment of the effects of Genotype (WT vs.
MT), Temperature (300 K vs. 400 K), and the interaction
between genotype and temperature. Given that this analysis
involved performing a statistical test for every residue in the
protein, a false discovery rate (FDR) correction (Benjamini-
Hochberg procedure) was applied to the resulting p-values to
control for the multiple comparisons problem. A residue was
considered to have a statistically significant change if its FDR-
adjusted p-value was less than 0.05.
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To compare the average root mean square deviation
(RMSD) of specific protein domains, an independent two-
sample ¢-test was used. The input for this test was the mean
RMSD value calculated from the stable, equilibrated portion
(the final 100 ns) of each of the four independent replicate
simulations for both the WT and MT systems. The resulting
p-value was used to determine if the difference in the mean
domain RMSD between the WT and MT groups was
statistically significant, with a significance threshold of p <
0.05.

Results and discussion
Global structure assessment

To wunderstand how point mutations enhance the
thermostability of BrCas12b, we carry out MD simulations at
300 K and 400 K to capture the unfolding process of the WT
and MT BrCas12b. Fig. 2 shows the backbone root mean
square deviation (RMSD). The RMSD was calculated by fitting
the backbone carbon atoms and using the first frame of the
simulation trajectory as the reference structure. At 300 K, we
observe a relatively small increase in RMSD (<0.5 nm) within
200 ns for both WT and MT, indicating a minor deviation
from their initial configuration, considering the relatively
large structure of the protein (Fig. 2a and b). We also
compute the change in hydrogen bonds and solvent
accessible surface area (SI). Both WT and MT have a relatively
stable hydrogen bond network, with an average total
hydrogen bond number (HBN) of 840 (+15) at 300 K (Fig. S3).
At this temperature, the total solvent accessible surface area
(SASA) of both WT and MT fluctuates at around 600 nm?*
(Fig. S3). Secondary structure analysis (Fig. S4) shows a small
fluctuation of the helix and sheet components of both
proteins, in agreement with the predicted circular dichroism
(CD) spectra (Fig. S5), and shows comparable secondary
structure content calculated from the available crystal
structure of Cas12b family (Table S1). The overall structural
features of the apo BrCas12b for both WT and MT at room
temperature are comparable, with a steady hydrogen bond
network and corresponding SASA, and the structure deviates
marginally from its starting conformation.

At 400 K, we see that the RMSD of both WT and MT
increases with time compared to 300 K, as expected. This
indicates a change in the protein structure at 400 K
compared to its initial structure, with both proteins showing
approximately the same RMSD of 1.0 nm over the last 100 ns
of simulation time. Experimentally, it was observed that the
MT protein's melting temperature is higher than that of the
WT protein, and thus more thermostable.”® However, the
overall RMSD does not indicate a major difference in the
thermostability of the two proteins. This could be because
the experiments were performed at around 60-65 °C (~335
K) while the simulations are conducted at 400 K for
efficiency. Hydrogen bonds were observed to decrease for WT
and MT but with a small change of 30 fewer hydrogen bonds
at 400 K for both (Fig. S3). Interestingly, SASA showed a

This journal is © The Royal Society of Chemistry and IChemE 2026
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Fig. 2 Backbone root mean square deviation (RMSD) of BrCas12b (a) wild type (WT) and (b) mutant (MT) as a function of simulation time, and
snapshots of BrCas12b wild type at 200 ns from (c) 300 K and (d) 400 K. The solid lines indicate the mean RMSD value averaged over four
independent trials, while the shaded region indicates the standard deviation.

decreasing trend at elevated temperatures for both WT and
MT, with MT showing a slower decrease at the beginning,
and a lower overall surface area at the end (Fig. S3). The
decrease in SASA indicates the collapse and shrinking of the
protein structure at high temperatures, which differs from
other proteins that we have investigated before, like insulin
and lysozyme, that show an increase in SASA at elevated
temperatures. Considering the thermophilic nature of the
BrCas12b, high temperatures trigger hydrophobic residues to
come closer to prevent their exposure at the protein-solvent
interface. The decreased SASA at high temperatures has been
observed in other thermophilic proteins.”"™* Secondary
structure analysis (Fig. S4) shows a decrease in helix and
sheet components in both WT and MT, while predicted
circular dichroism spectra (Fig. S5) also indicate the loss of
secondary structure, suggesting that parts of the protein are
unfolding.

To understand the effect that the four point mutations
(R160E, F208W, N524V, D868V) have on the flexibility of the
residues, we analyzed the root mean square fluctuation
(RMSF) on the backbone atoms of each residue; this is shown
in Fig. 3. To distinguish changes from expected simulation
variance, we performed a per-residue two-way ANOVA with a
false discovery rate (FDR) correction, assessing the impact of
genotype (WT vs. MT) and temperature (300 K vs. 400 K).

First, we examined the local effects at the mutation sites
themselves. At 300 K, the charge-reversal mutation of residue
R160E leads to a significant increase in the fluctuations of
the protein residues close to it, with an RMSF value of 1.2
nm for the mutated protein, compared to that of 0.6 nm for
the wild-type protein. We ascribe this to the change of the
residue charge from positive to negative after mutation.
When comparing snapshots from regions containing
mutated residues (Fig. S6), we noticed that the introduction
of mutation R160E resulted in the extension of the a-helix
(formed by residue 151 to 161) into a slightly longer a-helix
(formed by residue 151 to 165) and thus led to a
conformational change relative to the wild-type, with the
formation of more extended helix also confirmed by
secondary structure analysis. This newly formed longer

This journal is © The Royal Society of Chemistry and IChemE 2026

o-helix, together with a nearby o-helix (residue 140 to 147),
adopts an open conformation and extends towards the
outside of the protein regarding the initial inward position.
Such an open conformation in MT presents a more
significant structural fluctuation overall than in WT. The
other three mutations to hydrophobic residues show a slight
trend towards lower RMSF. However, our ANOVA reveals that
none of these local changes at the four mutation sites were
statistically significant after FDR correction. At 400 K, the
difference of RMSF between WT and MT was lower, with
residue R160E having a marginally larger value in MT
compared to WT.

Interestingly, the primary impact of the mutations was
observed at distal locations. The statistical analysis identified
significant dynamic changes in regions far from the mutation
sites, such as the 600-800 amino acid region, where 4
residues (628-621) exhibit a statistically significant difference

2’a) T WT
1.5} T ML
1.

]
:

RMSF (nm)
NO

)
1.5/

1 L
o MMNWW

03 201 401 601 801 1001

Residue Index

Fig. 3 Root mean square fluctuation (RMSF) of BrCasl2b wild type
(WT) and mutant (MT) from (a) 300 K and (b) 400 K, with four green
vertical lines highlighting the mutation points R160E, F208W, N524V,
and D868V. The solid lines indicate the mean value averaged over four
independent trials, while the shaded region indicates the standard
deviation.
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in flexibility between the WT and MT systems (adjusted
p-value < 0.05). This finding suggests an allosteric-type
mechanism, where the engineered mutations collaboratively
induce measurable changes in the protein's long-range
dynamics.

Given the relatively large protein size, it is hard to discern
structural changes brought about by just four mutations
(effectively 0.4% of the entire protein) using these metrics
alone. Detailed analyses at a local residue level can shed
more light on the underlying mechanism of stabilization
stemming from the mutations, which we discuss below.

Structural analysis of mutated domains

To understand the effect of high temperature on the stability
of MT and WT BrCas12b, we decompose the protein into
domains as discussed in the methods section. Particularly,
the BthC2c1 structure features a two-lobed composition, with
an o-helical recognition (REC) lobe and a nuclease (NUC)
lobe. The REC lobe is formed by a PAM-interacting (PI)
domain, REC1 and REC2 domains, and an extended a helix
known as the bridge helix (BH). In the NUC lobe, there is an
OBD domain, a RuvC domain, and a domain with
undetermined functions, referred to as the “UK” domain.
The RuvC domain in the NUC lobe, which is composed of
three separate RuvC motifs (RuvC I-III), interacts with the
REC2 domain in the REC lobe. The connection between the
RuvC domain and the REC1 domain is primarily facilitated
through the UK domain.*®> The domains with mutated
residues are PI, REC1-II, OBD-II, and RuvC-II.

RMSD analysis was carried out for each decomposed
domain. Domains with mutated residues are highlighted in
Fig. 4, and the RMSD for all domains are presented in Fig.
S7. RMSD is calculated by first performing root-mean-square
fit on backbone atoms of a specific domain to its initial
structure. At 300 K, the RMSD of most domains in both WT
and MT are low, indicating small deviations from their initial
structure. Exceptions to this are domains PI (Fig. 4), REC2,
and UK-II (Fig. S7), in which the RMSD increases over time
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compared to the other domains. The higher RMSD for these
three domains even at 300 K indicates that they are more
likely to undergo conformational changes compared to the
other domains, especially PI, which shows an RMSD near 0.5
nm in the last 50 ns of simulation time. The higher RMSD of
these domains also coincides with the higher RMSF,
indicating higher structural flexibility. Previous studies on
other CRIPSR-Cas proteins like Cas9 and Cas12a suggest the
high flexibility of PI domain and the C-term (part of UK-II
here), is substantially reduced after being bound to nucleic
acid.**?* At 400 K, the trend of RMSD is different across
multiple domains. At 400 K in WT, there are several domains,
including REC1-I, BH, and RuvC-III (Fig. S7), which do not
undergo dramatic conformational change and show a
comparable RMSD to 300 K. The RMSD of domains OBD-I
(WED-1), REC1-1I, OBD-II, RuvC-I, RuvC-II, and UK-I show a
slight increase but do not exceed 0.5 nm. Domains PI, REC2,
and UK-II, which show high conformational change at even
300 K have the highest change at 400 K as well. Of particular
importance is domain PI, which shows a dramatic structural
change at the beginning of the high-temperature simulation,
indicated by the steep slope of the RMSD, before 20 ns. After
the mutation, no apparent difference was observed in most
domains except for domain PI (Fig. 4). Though there is a
sharp rise in RMSD at the start of the simulation, the RMSD
plateaus at ~0.9 nm for MT, lower than the value for WT
which is ~1.3 nm, suggesting a smaller change in the MT
structure compared to the WT structure. With further
statistical analysis (Table S2) we confirm that the stabilizing
effect of the mutations becomes most apparent under
thermal stress. At 300 K, the mutant and wild-type behave
very similarly. At 400 K, however, the mutations significantly
stabilize the PI domain. For the other domains which contain
mutated residues (REC1-II, RuvC-II, and OBD-II) we observed
modest trends towards lower RMSD values or slower RMSD
increases in the mutant compared to the wild-type, However,
as detailed in Table S2, these differences were not statistically
significant. This suggests that the primary stabilizing effect
of the mutations is concentrated in the PI domain at elevated
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—— 400K
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Fig. 4 RMSD of four domains which contain point mutations in the wildtype (top) and mutant (bottom) protein, as labeled. The solid lines indicate
mean value averaged over four independent trials, while the shaded region indicates the standard deviation.
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Table 1 Hydrogen bond occupancy of hydrogen bonds formed between mutated residues to other residues. Mutated residues are highlighted in bold.
Hydrogen bond pairs with >10% occupancy are shown in the form of donor(atom)-acceptor(atom), with occupancy averaged over four 200 ns

trajectories

Donor(atom)-acceptor(atom) (WT) 300 K 400 K Donor(atom)-acceptor(atom) (MT) 300 K 400 K
R160(HN)-R156(0) 89.5 41.2 E160(HN)-R156(0) 83.5 49.6
R160(H11)-E157(0E2) 11.8 5.4 A164(HN)-E160(0) 70.1 10.6
R160(H11)-E157(OE1) 11.9 5.8

M212(HN)-F208(0) 99.2 93.0 M212(HN)-W208(0) 99.5 97.5
H394(HE2)-F208(N) 11.1 2.2 W208(HE1)-E422(OE1) 94.2 48.0
N524(HN)-K530(0) 98.7 95.8 V524(HN)-K530(0) 98.9 93.3
K530(HN)-N524(0) 78.9 77.0 K530(HN)-V524(0) 94.8 60.8
K526(HN)-N524(0D1) 66.5 31.2

K530(HZ1)-D868(OD1) 54.5 54.7 V868(HN)-V531(0) 84.8 83.1
D868(HN)-V531(0) 56.9 45.6

K530(HZ1)-D868(0D2) 67.0 51.2

temperatures, while the impacts on other domains are more
subtle.

To further understand intra-protein structural changes, we
investigated the formation of hydrogen bonds, to capture
how mutation alters the original hydrogen bond network of
the protein. Table 1 and Fig. S8 show the formation of
hydrogen bonds between the mutated residues and other
protein residues before and after mutation. As the mutations
contribute both to the formation or disappearance of
hydrogen bonds, a comparable number of total hydrogen
bonds before and after mutation at 300 K is observed. We
then investigate residues pairs that give high occupation
values (ie., hydrogen bonds observed in more than 10% of
simulation time). For R160, the hydrogen bonds are formed
mainly with R156 (backbone oxygen) and E157 (side chain
oxygen). Specifically, R160-R156 was found to be the
dominant hydrogen bond with a high occupation (89%) on
average across all four replicates. This is an example of a
hydrogen bond between pairs that are less than four residues
apart and is integral in maintaining the alpha-helical
structure of the PI domain. After mutation R160E, A164 takes
the place of E157 as an acceptor to form a hydrogen bond
with E160 and a larger helix bundle is observed. For F208,
residue pairs forming hydrogen bonds are M212-F208 and
H394-F208, where F208 is the acceptor. M212-F208 has a
relatively high occupation, 99% on average. After the
mutation F208W, the hydrogen bond previously formed
between H394 and F208 is no longer observed between H394
and W208. W208 becomes the donor to form a hydrogen
bond with E422, which possesses a steadier interaction with
an occupation of ~94%. A closer examination of the switch
of hydrogen bond involving F208W suggests the change of
interaction with H398, located in a loop, to E422, located in a
bundle of beta sheets. The formation of W208-E422 thus
strengthens the interaction between the helix bundle of
REC1-II and the beta-sheet of OBD-II. Unlike R160E and
F208W, N524V and D868V lead to a decrease in the number
of hydrogen bonds formed to other residues due to the
change of the long side chains to relatively short and
hydrophobic methyl side chains. Post mutation of N524YV, its
hydrogen bond with K526 disappears, which was located on

This journal is © The Royal Society of Chemistry and IChemE 2026

the loop connecting two anti-parallel beta-sheets. D868 also
forms hydrogen bonds with K530 and V531. Mutation D868V
results in the loss of hydrogen bonds with K530 but hydrogen
bonds between hydrophobic residues such as V531 is
maintained.

To understand the interplay between polar interactions
and hydrophobic effects, we complemented the analysis of
hydrogen bond network by examining the SASA of mutation
point to quantify how these hydrogen bond rearrangements
affect the overall exposure of the mutation site to the
solvent. The changes in SASA (Fig. S9) provide insight into
how these rearrangements affect local packing and solvent
exposure. For instance, the significant structural
rearrangement described for the R160E mutation, which
results in the formation of a larger helical bundle,
corresponds to a dramatic decrease in SASA. This indicates
that the new hydrogen bonding pattern causes the residue
at position 160 to become significantly more buried, likely
benefiting from improved hydrophobic packing within the
protein core. Conversely, for mutations like F208W, where
the hydrogen bond partner is switched rather than lost, the
effect on solvent accessibility is minimal, reflecting a
subtler structural adjustment rather than a large-scale
refolding. Notably, for the N524V and D868V mutations,
the loss of hydrogen bonds does not lead to increased
solvent exposure; instead, the mutated residues remain
buried, suggesting a compensatory mechanism where
stability is maintained or enhanced through more favorable
hydrophobic interactions within the core. Together, these
analyses illustrate complex interplay where both the
remodeling of hydrogen bond networks and the
optimization of hydrophobic burial contribute to local
protein packing and solvent interface.

We posit that this combination of effects presents a key
mechanism for enhancing protein function at higher
temperature. The general trend across mutations like F208W
is the replacement of transient interactions with more
persistent hydrogen bonds, coupled with the enhanced burial
of key residues. We infer that this enhanced structural
stability, driven by both polar and nonpolar forces,
contributes to the protein's increased catalytic activity at
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higher temperatures by maintaining a more functionally
optimal conformation.

Protein essential dynamics

The mutations bring structural change to BrCasi2b,
potentially responsible for the improved stability and activity.
To decouple the complex motion of the apo-BrCas12b protein
and to understand the essential degree of freedom for both
WT and MT, we performed PCA, as described in the Methods
section. The dynamics of the protein along the first principal
component is usually referred to as essential dynamics.*®
Upon projecting the simulation trajectory on the top two
principal components (PC1 and PC2), we examine the
projected motion of each principal component (Fig. 5, S10
and S11). For WT BrCas12b at 300 K (Fig. 5a), the essential
dynamics presented along PC1 represent a large-scale
“breathing” motion within and between the REC and
nuclease NUC lobes of the protein. Specifically, this involves
the movement of domains BH and REC2 (part of the REC
lobe) toward domain REC1-II (Fig. S1la), alongside relative
motions between domain PI and domain OBD-II with a
smaller amplitude. This motion is analogous to the “open”
and “closed” conformations described for other Cas enzymes,
which are characterized to be functionally important for
nucleic acid binding.>*** Our simulations capture the
intrinsic flexibility of the apo-protein, and the observed
motions represent the dominant conformational changes
accessible to the enzyme in its unbound state. Establishing a
direct link between these specific apo-state dynamics and the
mechanism of nucleic acid binding remains a hypothesis for
future bound-state studies. The projected motion on PC2

View Article Online
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(Fig. S10a) highlights the orthogonal motion of domain BH
together with REC2 compared to PC1, presenting a twisting
motion making the front part of domain RuvC-I act as a
fulecrum. A significant amplitude motion is also observed for
domain PI, with an alpha-helix bundle moving inward and
outward around the hollow part of the apo-BrCas12b. With
the four RFND mutations, a smaller ‘open’ and ‘close’
motion is observed for MT BrCas12b from the projection of
PC1 (Fig. 5¢). The previously observed significant amplitude
movement between domain BH, REC2, and domain REC1-II
was much smaller than WT BrCas12b (Fig. S11c). The initially
small-scale motion from domain PI and domain OBD-II is
enhanced in MT BrCas12b, with PI presenting a relative open
conformation, where the point mutation was introduced. For
PC2, MT presents a similar motion for domain BH and
REC2, as seen in WT. The motion of PI, however, toward the
outside of the protein is different due to the open
conformation adopted.

We also performed PCA on high-temperature simulations
of the WT and MT BrCasi2b, to understand how the
mutation alters the essential dynamics at high temperatures
and whether the mutation changes the mode of motion that
unfolds the protein. For both WT and MT, an inward motion
is observed for most of the domains from PC1
(Fig. 5b and d), primarily domains REC2 and BH, moving
together with domains OBD-I and II toward each other. This
motion results in a lower exposed surface area, which also
explains the downward trend of the SASA as the simulation
proceeds. The large central cleft between the protein's lobes
also collapses during this motion. As for PC2 (Fig. S10b and
S10d), the domain BH and domain REC2 complex move
towards domain REC1-II, however, domain REC1-II moves

Fig. 5 Essential dynamics derived from the first principal component (PC1) of wild-type BrCas12b at (a) 300 K, (b) 400 K, and mutant BrCas12b at
(c) 300 K, (d) 400 K shown using arrows of sizes equivalent to the amplitude of motions, with colors adapted from Fig. 1 to distinguish motions of

different domains.
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away from BH and REC2, since the extent of this motion is
small, thus preserves the open and close motion observed at
300 K. The same motion was observed with the MT between
domain REC2, BH, and domain OBD-I, II. Domain PI
preserves the outward trend at 300 K and undergoes a large-
scale motion toward the OBD-II than WT. The “open” motion
is also observed for MT at 400 K, together with the inward
motion of domain OBD, which differs from the WT protein.
The domain PI then undergoes a significant outward
expansion, which is not observed for in WT. Compared with
the counterpart at 300 K, the motion from OBD domain is
altered both from direction and amplitude, while REC2 also
shown different motion.

By looking at the conformational space presented by the
projection onto PC1 and PC2, we can clearly identify the open
and closed motion along the PC1 (Fig. S12). To ensure this
result was robust and representative, we projected our four
shorter (200 ns) replica trajectories onto this 2D subspace.
The resulting projections, also shown in Fig. S13, confirm
that the replicas sample the same conformational landscape
as the main 1 ps trajectory. This validates our sampling and
the relevance of the identified essential dynamics. Covariance
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analysis showed that trace values of WT and MT are 483 nm”
and 162 nm?, respectively, at 300 K. The lower trace value of
MT indicates a generally lower flexibility post mutation. At
400 K, the trace values of WT and MT are 376 nm? and 280
nm?, respectively.

Cross correlation changes upon mutation

Next, we performed a cross-correlation analysis to probe the
correlation of individual residues and corresponding protein
domains. The results are shown in Fig. 6, with the positive
value of C(i, j) implying positively correlated movement
whereby the two Ca atoms moved in the same direction,
indicating a coordinated or coupled motion. In contrast, the
negative value indicates anti-correlated movements whereby
the atoms move in the opposite direction.>* As shown in
Fig. 6a and c, at 300 K, the introduction of point mutations
changes the correlated motions nearby. For R160E and
F208W, the mutation slightly changed the correlated motion
from positive to negative, involving part of domain PI and
REC 1-II. The same correlation change is observed between
domain RuvC-II, where D868V is located, and domain UK-I,

-0.25
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Fig. 6 Dynamic cross-correlation matrix (DCCM) calculated from 1 us simulation trajectory of wild-type BrCas12b at (a) 300 K, (b) 400 K, and
mutant BrCasl12b at (c) 300 K, (d) 400 K, with correlation between pairs from negative to positive colored respectively red to blue. The protein
sequence is shown along the x- and y-axis with the corresponding domain assignment highlighted with colors. The mutated residues are

highlighted in the black boxes.
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UK-II. The shift from negative to positive was then observed
from the correlation between domain RuvC-II and domain
REC1-II as well as domain PI and domain UK-I, UK-IL. At 400
K, the initial high correlation was observed to decrease,
especially for the off-diagonal component (Fig. 6b and d).
The correlation between domain PI and domain UK shows a
change from negative to positive, similar to that of WT 300
K. The same result was also observed for the correlation
between REC1-II and RuvC-II, domain RuvC-II, and domain
UK. The correlation change between domain REC1-II and PI
was rather complicated, with the reverse of correlation mode
happening differently. However, the correlation changes in
MT at 400 K mainly decreased instead of completely
changing. Thus, the introduced point mutations change the
correlation mode at 300 K and reduces the amplitude of
correlation change at 400 K.

Finally, per residue correlation was calculated to highlight
the interdomain correlation. As shown in Fig. 7a, strong
positive and negative correlations were observed across
multiple domains for WT at 300 K. As mentioned earlier,
large-scale ‘open’ and ‘close’ motions between domain
REC1-II and domain BH, REC2, can also be identified here to
show a strong negative correlation, indicating the opposite
direction movement, together with the smaller amplitude
motion between domain PI and domain OBD-II. Those
motions become smaller after introducing the four
mutations, as shown in Fig. 7c. At high temperatures, initially

View Article Online
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strongly correlated motions between specific domains are
observed to change (Fig. 7b and d), especially for domain
REC1-I and REC1-II. The initially strong negative correlations
are observed to decrease or even reverse to positive
correlations. However, the correlation between REC1-I and
REC1-1I changed from positive to slightly negative, indicating
the change from moving toward the same direction to the
opposite direction. For MT, the high temperature does not
change the pattern of cross-correlation much. However, it is
worth noting that the dynamic cross correlation may only
account for the linear correlation.

Conclusions

We conducted MD simulations on the wild type (WT) and
mutated (MT) BrCasi2b at low and high temperatures,
proposing a mechanistic hypothesis for the unfolding
behavior of both WT and MT as well as the change of
essential dynamics upon mutation to understand the origins
of thermostability in mutant BrCas12b. Our study began with
a protein structure predicted by AlphaFold. While these
models are highly accurate, they represent a single, static,
low-energy conformation and do not capture the full
thermodynamic ensemble of a protein in solution.
Meanwhile, the structure predicted after the four-point
mutation did not change significantly. To mitigate the
potential bias of starting all simulations from a single,
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Fig. 7 Accumulated residue correlation between separate domains for wild-type BrCasl12b at (a) 300 K, (b) 400 K, and mutated-type BrCas12b at

(c) 300 K, (d) 400 K.
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idealized structure, we first performed a 200 ns equilibration
simulation at 300 K. The starting configurations for our four
production replicates were then randomly selected from the
stable latter half of this trajectory (100-200 ns). This protocol
ensures that our production simulations began from a set
of relaxed, structurally diverse conformations, thereby
enhancing the sampling of the near-native state. Nonetheless,
a limitation of this approach is that the entire simulation still
originates from a single predicted fold. While our high-
temperature simulations are designed to accelerate
unfolding, the observed pathways are inherently linked to
this initial structural basin. Therefore, the mechanistic
insights presented should be interpreted as well-supported
hypotheses that highlight accelerated destabilization trends,
rather than a true depiction of the unfolding pathway at
physiological temperatures.

Global property assessment on BrCas12b variants at ambient
and elevated temperatures helped identify overall structural
change, which indicates the unfolding of the protein at high
temperatures. Further analysis on the decomposed domains
based on sequence alignment of the protein highlighted the
stabilization of the PI domain post mutation, while the other
domains containing mutations show smaller structural change
at the end of the simulation compared to the wild type.
Hydrogen bond analysis shed light on the influence of
mutations in generating new hydrogen bond networks,
contributing to improved protein stability. The analysis of the
essential dynamics from principal component analysis
illustrates how wild type BrCas12b behaves at room temperature
with the “open” and “close” motions observed in previous
studies of other CRISPR-Cas proteins and how high temperature
alters these dynamics to unfold the protein by first inducing the
collapse of the initial structure followed by shrinking of the
protein. Similar analysis of mutant BrCasl2b suggests
alternations in the protein dynamics after mutation, especially
domain PI, as well as a change in the dominant motion during
the unfolding at high temperatures. The cross-correlation
between atom pairs and accumulated cross-correlation score
between domains further corroborates the “open” and “close”
motion and show how mutation decreases the correlation at
both 300 K and 400 K. Overall, MD simulations of WT and MT
BrCas12b at low and high temperature provide important details
on how mutations improve the protein stability while altering
the essential motions, which explains prior experimental
observations. We note that all simulations were performed on
the apo form of the protein, without RNA/DNA binding. We
chose to simulate this state to align with the experimental study
by Nguyen et al,">*° which was also done on the apo form of
the protein. Our apo-state simulations are therefore the most
direct and relevant method to propose a mechanistic hypothesis
for those specific experimental findings. The “open-close”
transitions and domain-level motions identified by our PCA
represent the intrinsic conformational dynamics of the unbound
enzyme. These pre-existing motions are what prepare the
protein to accommodate its guide RNA and target DNA. Our
results suggest that the mutations confer stability by modulating

This journal is © The Royal Society of Chemistry and IChemE 2026

View Article Online

Paper

these intrinsic dynamics, which in turn alter the conformational
landscape of the wunbound enzyme. Nevertheless, we
acknowledge that the functional motions and stability are
ultimately coupled to nucleic acid binding. Comparing the
dynamics of the WT and mutant complexes will be essential to
fully understand how these mutations impact the entire
functional and thermodynamic cycle of the enzyme in a
diagnostic context. Future experimental work would be
invaluable for testing the specific predictions about secondary
structure and domain stability generated by our simulations.
This paves a clear path for future investigations. The most direct
and compelling next step would be to perform a parallel set of
simulations on the holo form of the protein. Comparing the
dynamics of the WT and mutant proteins in their substrate-
bound state would provide critical insights into how these
mutations affect the functional catalytic cycle. Furthermore, to
gain a more quantitative understanding of the protein's stability,
future work could employ enhanced sampling methods.
Techniques such as metadynamics or replica exchange
molecular dynamics (REMD) would allow for a more exhaustive
exploration of the unfolding landscape and enable the
calculation of the free energy differences (AAG) between the
wild-type and mutant proteins. This would provide a definitive,
quantitative measure of the thermodynamic impact of these
stabilizing mutations.
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