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Abstract

xCas9 is an evolved variant of the CRISPR-Cas9 genome editing system, engineered to
improve specificity and reduce undesired off-target effects. How xCas9 expands the DNA
targeting capability of Cas9 by recognizing a series of alternative Protospacer Adjacent Motif
(PAM) sequences while ignoring others is unknown. Here, we elucidate the molecular
mechanism underlying xCas9’s expanded PAM recognition and provide critical insights for
expanding DNA targeting. We demonstrate that while wild-type Cas9 enforces stringent
guanine selection through the rigidity of its interacting arginine dyad, xCas9 introduces
flexibility in R1335, enabling selective recognition of specific PAM sequences. This increased
flexibility confers a pronounced entropic preference, which also improves recognition of the
canonical TGG PAM. Furthermore, xCas9 enhances DNA binding to alternative PAM
sequences during the early evolution cycles, while favouring binding to the canonical PAM in
the final evolution cycle. This dual functionality highlights how xCas9 broadens PAM
recognition and underscores the importance of fine-tuning the flexibility of the PAM-
interacting cleft as a key strategy for expanding the DNA targeting potential of CRISPR-Cas
systems. These findings deepen our understanding of DNA recognition in xCas9 and may
apply to other CRISPR-Cas systems with similar PAM recognition requirements.
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Introduction

Expanding the targeting scope of genome editing systems toward a broader spectrum of genetic
sequences is a major priority to advance the CRISPR-Cas technology(Pacesa et al., 2024 ; Wang

engineered to improve specificity and reduce undesired off-target effects compared to the S.
pyogenes Cas9 (SpCas9)(Anzalone et al., 20207 ; Pacesa et al., 2024 2). In this system, the
endonuclease Cas9 associates with a guide RNA to recognize and cleave any desired DNA sequence
enabling facile genome editing(Jinek et al., 2012 ). Site-specific recognition of the target DNA
occurs through a short Protospacer Adjacent Motif (PAM) sequence next to the target DNA,
enabling precise selection of the desired DNA sequence across the genome.

However, PAM recognition is also a significant bottleneck in fully exploiting the genome editing
potential of CRISPR-Cas9(Anzalone et al., 2020 3 ; Pacesa et al., 2024 2). In SpCas9, recognition is
strictly limited to 5-NGG-3’ PAM sequences, mediated by the binding to two arginine residues
(R1333, R1335) within the PAM-interacting domain. This constraint significantly limits the DNA
targeting capability of SpCas9, as the occurrence of NGG sites within a given genome is restricted.
To address this inherent limitation, extensive protein engineering and directed evolution led to
novel variants of the enzyme. The xCas9 3.7 variant (hereafter referred to as xCas9, Figure 12)

toward a variety of sequences, including guanine-and adenine-containing PAMs. xCas9 not only
demonstrates a significantly expanded PAM compatibility but also improves recognition of the
canonical TGG PAM and reduces off-target effects compared to SpCas9(Hu et al., 2018 (2). Despite

these advancements, the mechanism by which xCas9 expands DNA targeting capability by
recognizing a series of PAM sequences while ignoring others remains unknown.

xCas9 was developed through directed evolution introducing seven amino acid substitutions
within SpCas9 (Figure 1@). Notably, the only substitution within the PAM-interacting domain is
E1219V and does not directly interact with the PAM sequence. Additionally, structures of xCas9
bound to AAG (PDB 6AEB) and GAT (PDB 6AEG) PAM sequences show no substantial differences in
the PAM-interacting domain compared to SpCas9(Chen et al., 2019 @ ; Guo et al., 2019 ). Hence,

this substitution does not explain xCas9’s ability to recognize non-canonical PAM sequences,
including those with adenine that typically do not favourably interact with arginine(Hossain et al.,

substitution, facilitates binding to alternative PAMs. Additionally, the impact of other xCas9
mutations scattered across the protein on nucleic acid binding has not been addressed.

Here, we establish the molecular determinants of the expanded DNA targeting capability of xCas9
through extensive molecular simulations, well-tempered metadynamics, and alchemical free
energy calculations. We demonstrate that while SpCas9 enforces a strict guanine selection through
the rigidity of its arginine dyad, xCas9 modulates the flexibility of R1335 to selectively recognize
specific PAM sequences, conferring also a pronounced entropic preference for TGG over SpCas9.
We also show that directed evolution improves DNA binding, expanding the DNA targeting
capability in the early evolution cycles, while achieving tight DNA binding with the canonical TGG
PAM through the last evolution cycle. These findings will facilitate the development of improved
Cas9 variants with expanded DNA recognition capabilities.
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Figure 1.

xCas9 variant of the S. Pyogenes Cas9 (SpCas9) protein bound to a guide RNA (gray) and a target DNA (charcoal) including the
5'-AGG-3' PAM recognition sequence (red) (PDB 6AEB)(Guo et al., 2019 ). xCas9 includes seven amino acid substitutions

(R1333 and R1335, blue) are shown as sticks. The E1219V mutation is also shown.
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Results

PAM recognition requires specific interactions

To elucidate the selection mechanism, we performed multi-us molecular dynamics (MD)
simulations of xCas9 bound to PAM sequences that are recognized well (TGG, GAT and AAG) and
that are ignored (ATC, TTA and CCT), and compared to SpCas9 bound to its canonical PAM (TGG).
We broadly explored the systems’ dynamics and defined the statistical relevance of critical
interactions through ~6 ps of sampling for each system (in four replicates, totalling ~42 ys runs).

Since in SpCas9, R1333 and R1335 provide anchoring for the PAM nucleotides (Figure 2a(®%)
(Anders et al., 2014 @), we performed an in-depth statistical analysis of their interactions with the
DNA, using both distance and energetic criteria (details in Materials and Methods). We analysed
the probability for R1333 and R1335 to interact with the PAM nucleobases (PAM NB), the PAM
backbone (PAM BB), and non-PAM nucleotides (non-PAM) (Figure 2b ). In SpCas9, both arginine
residues steadily interact with the PAM NB(Anders et al., 2014 (2 ; Bhattacharya and Satpati,

2024 3; Palermo et al., 2017 @), with R1335 exhibiting a higher probability compared to R1333.
Analysis of the arginine’ flexibility (Figure 2c @) denotes that R1335 is remarkably constrained in
SpCas9, likely a result of its interaction with the PAM NB and its vicinity to E1219, while R1333 is
more flexible. Interestingly, in xCas9 bound to TGG, both R1333 and R1335 switch their
interactions between the PAM NB and BB (Figure 2b @). Similarly, for xCas9 bound to other
recognized PAMs (AAG and GAT), the arginine dyad interacts with both PAM NB and BB, with
R1335 being more specific than R1333, which also contacts non-PAM nucleotides. Contrarily, for
xCas9 bound to ignored PAM sequences (CCT, TTA, and ATC), no significant interactions with the
PAM NB or BB were observed, while both arginine primarily interacted with non-PAM nucleotide.
This is in line with SpCas9’s specificity for NGG PAMs(Hu et al., 2018 (%), and with the arginine’s
preference for guanine(Hossain et al., 2023 @ ; Luscombe, 2001a). To further detail the interactions
established by the arginine dyad and the nucleotides, we analysed the frequency of hydrogen
bonds among them (Figures 2d ). In SpCas9, R1335 secures its interaction with the G3
nucleobase (G3 NB), while R1333 interacts with G2 NB and contacts non-PAM nucleotides. In xCas9
bound to TGG, the arginine dyad maintains its interactions with PAM. Here, R1335 is more flexible
(Figure 2c@) and weakens its binding to the G3 in favour of the adjacent backbone (Figure 2d ().
When xCas9 binds AAG, R1333 forms hydrogen bonds with the A1 backbone, and R1335
predominantly interacts with the G3 nucleobase. Consistent with the analysis in Figure 2b (%, for
ignored PAM sequences, both arginines fail to interact with the PAM nucleotides, while displaying
a substantial increase in interactions with non-PAM residues.

We then computed a specificity index by measuring the frequency of hydrogen bond formation
between a given arginine and the PAM nucleotides relative to the frequency of forming hydrogen
bonds with non-PAM residues (Figure 2e @ ). Remarkably, R1335 exhibits a distinct specificity
pattern for PAM sequences recognized by xCas9 compared to those that are ignored. This suggests
that R1335 may serve as a discriminator for recognizing specific PAM sequences in xCas9. In
contrast, R1333, which possesses greater flexibility (Figure 2c @), engages significantly with non-
PAM residues (Figure 2b,d @) rendering it non-specific (Figure 2e(®).

This demonstrates that in SpCas9, the arginine dyad is more rigid than in xCas9 (with R1335 more
constrained than R1333). This rigidity enforces a strict selection of their preferred binding partner,
which is guanine(Hossain et al., 2023 @; Luscombe, 2001a). Contrarily, the E1219V substitution in
xCas9 leads to increased flexibility of R1333/R1335, adjusting their interactions and expanding the
number of PAM sequences that are recognized. However, to enable PAM recognition, effective
interactions with the PAM nucleotides are required. Accordingly, the vast majority of recognized
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Binding of SpCas9 and xCas9 to PAM sequences that are recognized and ignored.

A. Binding of SpCas9 and xCas9 to PAM sequences that are recognized (TGG, top; AAG, centre; GAT, bottom). B. Interaction
pattern established by R1333 (left) and R1335 (right) with PAM nucleobases (NB), PAM backbone (BB) and non-PAM
nucleotides in SpCas9 bound to TGG (i.e., the wilt-type system) and xCas9 bound to PAM sequences that are recognized (TGG,
AAG, GAT) and ignored (CCT, TTA, ATC). Interaction frequencies are averaged over ~6 ps of collective ensemble for each
system. Errors are computed as standard deviation of the mean over four simulations replicates. C. Root mean square
fluctuations (RMSF) of the R1333 and R1335 side chains in SpCas9 bound to its TGG PAM, compared to xCas9 bound to
recognized and ignored PAMs. D. Frequencies of hydrogen bond formation between the arginine side chains and the PAM
NB, BB and non-PAM nucleotides (details in the SI). E. Specificity index, representing the frequency of hydrogen bond

formation between a given arginine and the PAM nucleotides relative to the frequency of forming hydrogen bonds with non-
PAM residues. Data are reported with the standard deviation of the mean over four simulations replicates. F. PAM recognition
region in xCas9 bound to PAM sequences that are ignored (CCT, top; TTA, centre; ATC, bottom). Figure 2-figure supplement 1.
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nucleotides and the arginine dyad, which shifts away from PAM (Figure 2f(2).

TGG binding is entropically favoured in xCas9

To delve deeper into the role of the R1335, we performed free energy simulations. Well-tempered
metadynamics simulations(Barducci et al., 2008 2 ) were carried out to elucidate the preference of
R1335 to bind either the G3 nucleobase or the neighbouring E1219 in SpCas9 (Figure 3a (@, details
in Materials and Methods). Toward this aim, the free energy landscape was described along two
collective variables (CVs) that define the distance of the R1335 guanidine from the E1219
carboxylic group (CV1) or the G3 nucleobase (CV2, details in Materials and Methods), and sampled
through ps-long converged well-tempered metadynamics simulations (Figure 3-figure supplement
1). A well-defined free energy minimum at ~0.4 nm indicates that R1335 stably binds and is
effectively “sandwiched” between E1219 and G3 (Figure 3a(®), which explains its rigidity and
limited ability to recognize only NGG PAMs in SpCas9. We then sought to understand why xCas9
exhibits improved recognition of the TGG PAM sequence compared to SpCas9(Hu et al., 2018 (3). To
investigate this, we conducted well-tempered metadynamics simulations focusing on the binding
of R1335 to the G3 nucleobase and the DNA backbone in both SpCas9 and xCas9 (Figure 3b-c@).
The free energy was described along the distances between the R1335 guanidine and either the
backbone phosphate group (CV1) or the G3 functional group atoms (CV2, details in Materials and
Methods). The obtained free energy landscapes reveal that in SpCas9, R1335 predominantly
interacts with the G3 nucleobase (Figures 3b (7, Figure 3—figure supplement 2). This finding aligns
with hydrogen bond analysis (Figure 2d @) and is consistent with R1335 rigidity (Figure 2c®).
Such rigidity incurs an entropic cost due to the restricted conformational space of R1335 in the
DNA-bound state. Conversely, in xCas9, R1335 exhibits dynamic interactions with the G3
nucleobase and backbone (Figures 3c, Figure 3-figure supplement 3). This increased flexibility
reduces the entropic penalty for DNA binding, as revealed by entropy calculations using the Quasi-
Harmonic approximation (details in Materials and Methods). Specifically, R1335 in xCas9 exhibits
an entropy increase of 216.83 J/mol‘K compared to SpCas9 (320.01 J/molK for xCas9 versus 103.18
J/molK for SpCas9). This reduction in entropic penalty allows for a more adaptable interaction
between R1335 and the DNA, accommodating the DNA’s inherent conformational flexibility. These
findings provide a mechanistic explanation for xCas9’s enhanced recognition of the TGG PAM
compared to SpCas9(Hu et al., 2018 ). In SpCas9 the interactions between the G3 nucleobase and
R1335 result in an enthalpic gain. However, the rigidity of R1335 imposes a significant entropic
cost. In contrast, the increased flexibility of R1335 in xCas9 minimizes this entropic penalty,
improving the recognition and binding of the TGG PAM.

Directed evolution improves DNA binding

xCas9 was developed through three cycles of directed evolution. The E480K, E543D, and E1219V
amino acid substitutions were introduced in the first evolution cycle (leading to xCas9,); A262T,
$4091, and M6941I were introduced in the second evolution cycle (yielding xCas9,); and R324L was

To assess how these substitutions contribute to expanding PAM recognition, we systematically
introduced them into SpCas9 in a stepwise manner, following the evolution cycles, and evaluated
their impact on DNA binding. We considered the TGG PAM sequence, effectively recognized by
both SpCas9 and xCas9, as well as the AAG and GAT sequences, specifically recognized by xCas9.
The contribution of each mutation cycle was computed as the difference in the DNA binding free
energy (AAG) between SpCas9 and its mutant counterparts: xCas94, followed by xCas9,, and finally
xCas93 (Figure 4(2). We performed alchemical free energy calculations using a thermodynamic
cycle (details in Materials and Methods), obtaining AAG values by transforming the respective
amino acid residues in the presence or absence of bound DNA (Figure 4-figure supplements 1-2).
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DNA binding preference of R1335 in SpCas9 vs. xCas9.

A. Free energy surface (FES) describing the preference of R1335 for binding either the G3 nucleobase or E1219 in SpCas9. The
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G3 and E1219 (right). B. FES describing the binding of R1335 to G3 and the DNA backbone in SpCas9 (left) and xCas9 (centre).

The FES is plotted along the distances between the R1335 guanidine and either the backbone phosphate (CV1) or G3
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nucleobase and backbone (right). The free energy, AG, is expressed in kcal/mol. Figure 3-figure supplements 1-3.
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DNA binding free energy difference (AAG) between SpCas9 and its xCas94_3 mutants.

Relative changes in the DNA binding free energy (AAG) upon transitioning from SpCas9 to xCas94, from xCas9, to xCas9,, and
from xCas9, to xCas9; in the presence of TGG (red), AAG (salmon), and GAT (pink) PAM sequences. Binding free energies
from alchemical free energy calculations denoted with the associated error computed through the Multistate Bennett
Acceptance Ratio (MBAR) method(Shirts and Chodera, 2008 @) (details in Materials and Methods). Figure 4-figure

supplements 1-2.
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The transition from SpCas9 to xCas9; for TGG PAM does not significantly improve binding (AAG =
-1.5 £ 0.63 kcal/mol), while the same transition for AAG and GAT PAMs is notably favoured (AAG =
-4.25 + 0.47 and -4.43 + 0.98 kcal/mol, respectively), consistent with xCas9’s ability to recognize AAG
and GAT. Upon introducing the second cycle of mutations (i.e., transforming xCas9, into xCas9,),
we observe a significant improvement in DNA binding in the presence of AAG and GAT (AAG =
-5.76 + 0.16 and - 4.53 + 0.22 kcal/mol, respectively) while no substantial change is noted for TGG
PAM (Figure 3(®@). Hence, the recognition of non-canonical PAMs (i.e., AAG and GAT) improves in
the second evolution cycle, as we further transition toward xCas9. It also shows that E1219V in the
PAM-interacting domain is not the sole contributor to expanded PAM compatibility; and
subsequent mutations play a crucial role. Finally, upon transitioning from xCas9, to xCas93, by
introducing R324L, we observe a significant improvement in the DNA binding free energy in the
presence of TGG (by -9.29 + 0.82 kcal/mol), while the affinity for AAG and GAT only increased by
-4.03 + 0.18 and 5.24 + 0.42 kcal/mol, respectively. This suggests that the third cycle of mutation is
the key player behind the enhanced recognizability of the canonical TGG PAM by xCas9. This
observation suggests that, while xCas9 expands DNA recognition toward non-canonical PAMs by
improving DNA binding in the early evolution cycles, the enhanced recognizability of the
canonical TGG PAM by xCas9 compared to SpCas9 observed experimentally primarily arises from
the third cycle of mutations.

Non-canonical PAMs induce a conformational change

To better understand the PAM binding mechanism, we analysed the individual per-residue
contributions to the DNA binding free energy. These changes denote the difference in enthalpic
contribution (AE) to the DNA binding free energy (AAG) upon transitioning from SpCas9 to xCas9,
from xCas9, to xCas9,, and from xCas9, to xCas93 (details in Materials and Methods).

For the SpCas9 - xCas9, transition, we computed these contributions for the critical residue
R1335 (adjacent to the E1219V) and the E480K and E543D substitutions (Figure 5a 2). We observe
that R1335 interacts more favourably with the AAG-and GAT-bound xCas9; compared to TGG-
bound xCas9, while the contribution of E480K is similar in all the studied systems. Interestingly,
the contribution of E543D is unfavourable only in the presence of TGG, owing to a conformational
change in the REC3 domain upon non-canonical PAMs binding. This finding aligns with the

differences, with a backbone RMSD of ~0.80 A (Figure 5-figure supplement 1). In contrast,
comparing TGG-bound SpCas9 with xCas9 bound to AAG and GAT (PDB 6AEB and 6AEG,
respectively)(Guo et al., 2019(2) reveals a notable shift in the REC3 domain’ (backbone RMSD of
~3.21 and ~3.55 A, respectively), consistent with our computational results. We also note that by
computing the enthalpic contribution for the remaining protein residues, i.e., the AE as the overall
interaction energy between the rest of the protein (without the selected residues) and the DNA, we
observed no substantial difference for the TGG-and AAG-bound systems, while GAT is slightly
more favourable (Figure 5a®). This indicates that the contribution from the E543D substitution,
being the only substitution of the first cycle located in REC3, is mainly influenced by the
conformational change of REC3.

To further investigate whether the observed conformational change in the REC3 domain is due to
the mutations incorporated in xCas9 or a result of binding alternative PAMs, we introduced the
xCas9 mutations in the X-ray structure of SpCas9 (PDB 4UN3) and performed MD simulations in
the presence of different PAM sequences, i.e., TGG, AAG, and GAT. These simulations were
conducted in replicates, each reaching ~6 s of sampling for each system, similar to our
equilibrium MD simulations of xCas9 (details in Materials and Methods).

To monitor the conformational change of REC3, we computed the centres of mass (COM) distance
between REC3 and HNH domains from the obtained MD trajectories (Figure 5b (). The
simulations reveal that in the presence of TGG, the REC3 domain maintains the configuration
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Figure 5.

Enthalpic contribution to the DNA binding free energy (AAG).

A. Enthalpic contribution to the AAG of DNA binding while transitioning from SpCas9 to xCas9 in the presence of the TGG
(red) and AAG (salmon), and GAT (pink) PAM sequences, computed as the average changes in the interaction energy (AE)
between selected amino acid residues and the DNA. The AE is also computed as the overall interaction energy between the
rest of the protein (Prot-rest, without the selected residues) and the DNA. Error bars were computed by averaging the results
from different segments of the given trajectory (details in Materials and Methods). B. Probability density of the distance (r)
between the centers of mass (COM) of the REC3 and HNH domains from molecular dynamics simulations of SpCas9 (PDB
4UN3") incorporating the xCas9 mutations in the presence of TGG (red) and AAG (pink) PAM sequences. Data from ~6 ps of
aggregate sampling for each system. The values of the distance r in the X-ray structures of SpCas9 (PDB 4UN3, 31.6 A) and
xCas9 bound to AAG (PDB 6AEB, 43.8 A) and GAT (PDB 6AEG, 43.4 A) are indicated using a vertical dashed bar. The statistical
significance between the two distributions was evaluated using Z-score statistics with a two-tailed hypothesis (P-value was
less than 0.0001). The distance (r) between the REC3 and HNH COMs is indicated on the three-dimensional structure of Cas9
(right), highlighting the AAG-induced conformational change using an arrow. Figure 5-figure supplements 1-3.
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observed in the 4UN3 X-ray structure. On the other hand, in the presence of AAG and GAT, REC3
exhibits a notable opening of ~10-13 A with respect to the 4UN3 X-ray structure, reaching a
conformation that is similar to their respective X-ray structures (PDB 6AEB and 6AEG). Together,
our computations show that the REC3 conformational change is attributed to alternative PAM
binding rather than the xCas9 amino acid substitutions, and occurs in the early cycle of directed
evolution, suggesting that PAM binding acts as a positive allosteric effector of the REC3
function(Nierzwicki et al., 2020 & ; Palermo et al., 2017 (3; Sternberg et al., 2015(%; Zuo and Liu,
20203).

Analysis of the enthalpic contribution (AE) to the AAG upon the second evolution cycle (i.e., from
xCas9, to xCas9,) reveals that despite being distal from the DNA and PAM, the xCas9, mutations
promote favourable interactions between R1335 and non-canonical PAM sequences (i.e., AAG and
GAT with AE -26.92 + 6.33 and -38.60 + 7.18, respectively) (Figure 5-figure supplement 2). Upon the
third evolution cycle (i.e., from xCas9, to xCas95), the enthalpic contribution to DNA binding does
not report substantial differences for R1335 and R324L between TGG-and non-canonical PAMs-
bound xCas9 (Figure 5-figure supplement 3). On the other hand, however, the overall interaction
energy between the protein and the DNA is highly favourable for the TGG-bound xCas93,
compared to the non-canonical PAMs-bound systems. This is notable considering that the overall
AE for protein DNA binding between the TGG-and non-canonical PAMs-bound systems was
negligible (slightly favourable for GAT) in the first cycle (Figure 5a(% ), while more favourable for
both AAG and GAT in the second cycle (Figure 5-figure supplement 2). This indicates that the third
evolution cycle highly adapts to binding TGG, resulting in energetically favourable DNA binding
compared to non-canonical PAMs. This observation contributes to clarifying how xCas9 expands
PAM recognition while also improving recognition of the canonical TGG PAM compared to SpCas9.

Discussion

Structural studies have shown that xCas9 can bind alternative PAM sequences, such as AAG and
GAT (Guo et al., 2019), but they do not clarify how the enzyme simultaneously expands its DNA-
targeting capabilities while enhancing recognition of the canonical PAM. Here, we demonstrate
that in SpCas9, the arginine dyad R1333 and R1335 within the PAM-interacting domain —
particularly the rigidity of R1335 — enforces strict guanine selection, thereby restricting PAM
compatibility to sequences closely aligned with the canonical NGG motif. This selectivity arises
from a significant entropic penalty imposed by the restricted conformational space of R1335 in the
DNA-bound state, which is compensated by enthalpic gains through specific interactions with
guanine. As a result, SpCas9’s rigid binding mechanism constrains its ability to recognize PAM
sequences beyond the canonical TGG.

In contrast, xCas9 achieves remarkable flexibility in R1335 through the E1219V mutation. This
mutation allows R1335 to sample a broader conformational space, enabling effective interactions
with the PAM nucleobases and the DNA backbone (Figure 2a 2). Consequently, xCas9 can
recognize alternative PAMs, such as AAG and GAT. Importantly, this flexibility reduces the entropic
penalty associated with DNA binding. The increased adaptability of R1335 not only facilitates
binding to non-canonical PAMs but also enhances recognition of the canonical TGG PAM, as
demonstrated through free energy simulations (Figure 3). This explains xCas9’s enhanced
successful recognition of alternative PAMs effective interactions with the PAM nucleotides are
required, underscoring a fundamental principle of molecular recognition: the balance between
enthalpy and entropy. Accordingly, most recognized PAM sequences contain at least one guanine,
which readily forms specific interactions with arginine(Hossain et al., 2023 (% ; Luscombe, 2001a).
On the other hand, for ignored PAM sequences (those lacking guanine), the arginine dyad shifts
away from the PAM nucleotides, demonstrating selective targeting (Figure 2f(%).
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xCas9 was developed through three cycles of directed evolution, progressively introducing a total
of seven amino acid substitutions with respect to SpCas9. We evaluated the contribution of these
substitutions to expanded PAM recognition by incorporating them into SpCas9 in a stepwise
fashion and assessed their effects on DNA binding. We found that the directed evolution process
tunes the specificity of xCas9 for non-canonical PAM sequences by progressively enhancing the
DNA binding affinity. Specifically, the substitutions incorporated during the first evolution cycle
primarily improved DNA binding with non-canonical PAMs, as evidenced by the substantial
increase in binding free energy for AAG (Figure 4(2). Subsequent mutations in the second
evolution cycle further stabilized these interactions, particularly with R1335, while the final
mutation cycle significantly enhanced the binding affinity for the canonical TGG PAM, achieving
an energetically favourable DNA binding configuration. These findings indicate that the expanded
DNA targeting capability is established early in the directed evolution process, while the enhanced
recognition of the canonical TGG PAM by xCas9, as compared to SpCas9, predominantly arises
from mutations introduced during the third cycle. These findings are particularly significant in the
context of the extensive research on directed evolution. In our recent study on innovative CRISPR-
Cas9-conjugated adenine base editors (ABEs), we have demonstrated that the exceptional
efficiency of ABE8e, optimized through directed evolution, is driven by a dynamic interplay of
destabilizing and stabilizing mutations(Arantes et al., 2024 (%). Initial destabilizing mutations
enhanced base editing activity, while subsequent stabilizing mutations strengthened Cas9 binding,
collectively enabling the remarkable efficiency observed in ABE8e. Studies on directed evolution
by Romero & Arnold(Romero and Arnold, 2009 @), Tawfik(Tokuriki et al., 2008 %), and
Shoichet(Wang et al., 2002 %) have also shown that early substitutions in the evolution process
commonly reshape functionality, while subsequent mutations confer a stabilizing role. This
pattern is evident in the enhanced DNA binding affinity of xCas9 for the AAG and GAT PAMs,
which was achieved in the initial evolution cycle. Conversely, structural mutations that stabilize
the complex tend to occur in later stages, as exemplified by the substantial improvement in DNA
binding affinity for the canonical TGG PAM-bound xCas9 observed during the third cycle of
evolution. This stepwise improvement underscores the cumulative effect of directed evolution in
expanding PAM recognition while also fine-tuning the recognition of the canonical PAM sequence.

The recognition of alternative PAMs also triggers a conformational change in the REC3 domain
(Figure 5@), driven by alternative PAMs binding rather than the amino acid substitutions in
xCas9. This conformational shift is observed upon AAG and GAT binding in the initial cycle of
directed evolution and is maintained throughout the evolution of xCas9. The REC3 domain
eventually adopts an open conformation similar to that seen in their respective X-ray structures
(PDB 6AEB and 6AEG)(Guo et al., 2019 @). This observation suggests that the binding of alternative
PAM sequences modifies the conformational dynamics of the distally located REC3 domain,
implying an allosteric regulatory mechanism. This aligns with the concept of Cas9 functioning as
an allosteric engine, where the binding of the canonical PAM sequence primes the protein for
double-stranded DNA cleavage (Nierzwicki et al., 2020 3 ; Palermo et al., 2017 &2 ; Sternberg et al.,
2015 ; Zuo and Liu, 2020 @). On the other hand, when bound to TGG, xCas9 retains a closed
conformation of the REC3 domain, akin to that observed in the X-ray structure of the TGG-bound
SpCas9 (PDB 4UN3)(Anders et al., 2014 3). As the third round of evolution enhances DNA binding
in the presence of TGG (Figure 42), a compact and energetically favourable conformation is
essential for the efficient recognition of the canonical TGG PAM.

The impact of alternative PAM sequences on the conformational changes in the REC3 dynamics
(Figure 5b @), highlights the need for novel studies to accurately elucidate the allosteric
relationship between these distally located elements(East et al., 2020 ™2; Nierzwicki et al., 2021 &;
Skeens et al., 2024 ). Indeed. the conformational change described here raises a series of
intriguing questions, including the molecular triggers involved and the specific role of each
mutation introduced at various stages. Most notably, the causal relationship between alternative
PAM binding and the REC3 conformational change is an overarching question(Patel et al., 2024). To
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elucidate the molecular determinants driving these cause-effect relationships and the domino of
events potentially associated with them, novel theoretical methods for inferring causality will
need to be developed.

Conclusions

This study identified the molecular determinants underlying xCas9 expanded DNA recognition
through comprehensive molecular and free energy simulations. We demonstrate that the
flexibility of the PAM-interacting residues, particularly R1335, is a key factor driving xCas9’s ability
to recognize a broader range of PAM sequences, compared to the S. pyogenes Cas9 (SpCas9). This
flexibility reduces the entropic penalty during DNA binding, broadening xCas9’s functional range
toward non-canonical PAMs, while maintaining a strong preference for guanine-containing motifs.
This favourable binding in xCas9 reflects a broader evolutionary strategy in protein-DNA
recognition, where structural flexibility enables sequence diversity without sacrificing
specificity(Chiu et al., 2022 2; Heller et al., 2020 @ ; Luscombe, 2001b (7% ; Luscombe and Thornton,

functionality, offering a promising framework for engineering next-generation genome-editing
tools. In this context, introducing further substitutions within the PAM-interacting cleft may fine-
tune the flexibility of the PAM-interacting residues, enhancing the recognition of adenine-and
thymine-containing PAMs. This mechanism might be exploited by the PAM-less SpRY Cas9 variant,
which is capable of recognizing a wider array of PAMs(Walton et al., 2020 3). The mutations
within its PAM-binding cleft likely increase the flexibility of the interacting residues(Hibshman et
al., 2024), enabling broader PAM recognition and reduced sequence specificity. Hence, strategically
targeting the flexibility of the PAM-interacting cleft improves enhanced adaptability and tailored
specificities. Furthermore, as balancing flexibility is a conserved evolutionary strategy in protein-
DNA recognition, our findings extend beyond the SpCas9 protein and may apply to other CRISPR-
Cas effectors from diverse species, each with distinct PAM recognition requirements.

It is also notable that xCas9 expands the DNA targeting capability in the early cycles of directed
evolution, while the enhanced recognition of the canonical TGG PAM by xCas9, as compared to
SpCas9, predominantly arises from mutations introduced during the third cycle. These findings,
combined with the entropically favourable interactions within the PAM-interacting cleft, elucidate
how xCas9 broadens its PAM recognition repertoire while simultaneously improving its binding
affinity for TGG(Hu et al., 2018 (2). Finally, our simulations reveal an intriguing allosteric
phenomenon in which the binding of alternative PAMs — such as AAG and GAT, but not TGG -
induces a conformational change in the distally located REC3 domain. Experimental studies and
further computational analysis will be essential to elucidate the causative mechanisms underlying
this phenomenon and to clarify the specific roles of point mutations in driving these
conformational changes.

Building on the insights from this study, future engineering should fine-tune the flexibility of the
PAM-interacting cleft to design CRISPR-Cas systems with expanded genome targeting capabilities
and tailored specificities. Such advancements could significantly enhance the versatility and
precision of genome editing applications, from basic research to therapeutic interventions.

Materials and methods

Structural Models

Molecular simulations have been based on the S. pyogenes Cas9 (SpCas9) and its variant xCas9 3.7
(hereafter referred to as xCas9) bound to several PAM sequences. The wild-type SpCas9 bound to
the 5-TGG-3’ canonical PAM has been based on the X-ray crystallographic structure (PDB 4UN3)
(Anders et al., 2014 @), solved at 2.59 A resolution. Three systems of xCas9 bound to PAM
sequences that are recognized were based on the X-ray structures of xCas9 including 5’-TGG-3’
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(PDB 6K4P(Chen et al., 2019 @), solved at 2.90 A resolution), 5’-GAT-3’ (PDB 6AEG(Guo et al.,

5-TTA-3’, and 5°-CCT-3’). These systems were based on the PDB 6AEB(Guo et al., 2019). Three
additional simulation systems were considered to examine the effect of alternative PAM binding
on the conformational dynamics of Cas9. In detail, starting from the X-ray structure of SpCas9
(PDB 4UN3(Anders et al., 2014 (@)), xCas9 mutations were introduced in the presence of both TGG,
AAG and GAT PAM sequences. All simulation systems have been embedded in explicit waters,
adding Na* and ClI" counterions to provide physiological ionic strength (0.15 M), and reaching
~340,000 atoms each (periodic box ~148.5 x 185.0 x 125.1 A3).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed through a simulation protocol tailored for
protein/nucleic acid complexes(Sinha et al., 2023 @), which we also employed in studies of genome
editing systems(Pacesa et al., 2022 @ ; Saha et al., 2024 Z; Sinha et al., 2024 ). We used the Amber
ff19SB force field(Tian et al., 2020®), incorporating the OL15(Galindo-Murillo et al., 2016 (%)
corrections for DNA and the OL3(Banas et al., 2010 & ; Zgarbova et al., 2011 &) corrections for
RNA. The TIP3P model was employed for explicit water molecules(Jorgensen et al., 19832). The Li
& Merz 12-6-4 model was used for Mg?* ions(Li and Merz, 2014 ). All simulations were performed
using the Gromacs 2018.5 code(Abraham et al., 2015). The simulations were conducted in the

NPT ensemble using the leap-frog algorithm for integrating the equations of motion, with a time
step of 2 fs. The temperature was maintained at 310 K using the v-rescale thermostat(Bussi et al.,

Parrinello-Rahman barostat(Parrinello and Rahman, 1981 @). Periodic boundary conditions were
applied in three dimensions. Long-range electrostatic interactions were computed using the
particle mesh Ewald (PME) approach(York et al., 1993 ) with a real-space cut-off of 1.2 nm and a
Fourier grid spacing of 0.12 nm. Van der Waals interactions were modelled using the Lennard-
Jones potential with a cut-off of 1.2 nm and a switching distance of 1 nm. The P-LINCS(Hess,

SETTLE(Miyamoto and Kollman, 1992 @) algorithm was used to preserve the water molecules’
geometry. Production runs were carried out collecting ~1.5 us for each system and in four
replicates. This resulted in a collective ensemble of ~6 ys for each system, totalling ~60 ps of
simulated runs (i.e., ~6 ys for ten simulation systems).

Well-tempered metadynamics

To explore the molecular energetics underlying the interactions of R1335 and exhaustively sample
the conformational space, we conducted two-dimensional well-tempered metadynamics
simulations. Metadynamics is a non-equilibrium simulation method enabling the exploration of
higher-dimensional free energy surfaces by reconstructing the probability distribution as a
function of a few predefined collective variables (CVs)(Bussi and Laio, 2020 % ; Laio and Parrinello,
2002 (2). In metadynamics, the system’s evolution is biased by a history-dependent potential,
constructed through the cumulative addition of Gaussian functions deposited along the trajectory
in the CVs space. As this bias potential compensates for the underlying free energy surface, the
latter can be computed as a function of the CVs. Here, we performed well-tempered
metadynamics(Barducci et al., 2008 @), an improvement that enhances the CV-space exploration
by introducing a tuneable parameter AT that regulates the bias potential. We further improved the
sampling through multiple walkers(Minoukadeh et al., 2010(%), to ensure efficient scan across the
specified reaction CVs. In well-tempered metadynamics, the bias deposition rate decreases over
the course of the simulation, which is achieved by using a modified expression for the bias
potential, V(s,t)

E:‘2=1[(Si(t?)—sz(Q(f'}))Z/ZGE

V(s,t) = Eg:ig,ta,Zt{;,... wtge~ V@) N/ar,

(1)
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where w is the deposition rate and t; is the and deposition stride of the Gaussian hills. Here, each
simulation applied a biasing potential with the deposition rate (w) and deposition stride (¢;) of the
Gaussian hills of 0.239 kcal/mol/ps (1.0 kJ/mol/ps) and 10 ps, respectively. The bias factor (T + AT)/T
was set to 4 at 300 K and the free energy, F(s, t), was then computed as:

T+AT
AT

F(s,t) =—

V(s t) = C(T) (2)

where AT is the difference between the temperature of the CV and the simulation temperature T.
The bias potential is grown as the sum of the Gaussian hills deposited along the CV space, with the
sampling of the CV space being controlled by the tunable parameter AT. All well-tempered
metadynamics simulations were started with a well-equilibrated structure generated from
unbiased MD simulation.

Well-tempered metadynamics was carried out using two CVs for each simulation. To examine the
interactions between R1335 and either E1219 or the G3 nucleobase in SpCas9 (Figure 3a(®), the
free energy landscape was studied along the distances between the canters of mass (COM) of the
R1335 guanidinium group and either the carboxylic group of E1219 (CV1) or the G3 functional
group atoms exposed in the major groove (06 and N7; CV2). To compare the interactions of R1335
in SpCas9 and xCas9 (Fig. 3b-c 2, main text) and evaluate its preference for binding either the G3
nucleobase or the DNA backbone, the CVs were defined as the COM distances between the R1335
guanidinium group and either the backbone phosphate group atoms (OP1, OP2, P; CV1) or the COM
of the G3 functional group atoms (06 and N7; CV2). To restrict the sampled range of coordinates,
one-sided harmonic potentials with a force constant of 3500 kJ/mol'nm2 were employed, limiting
the range of the collective variables to 0.3-1.2 nm. Each well-tempered metadynamics simulation
was carried out for ~1 ps, reaching converged free energy surfaces (Figure 3 @-figure
supplement 1-3). Well-tempered metadynamics simulations were performed using the Gromacs
2018.5 code(Abraham et al., 2015 (%) and the open-source, community-developed PLUMED
library(Tribello et al., 2014 ).

Alchemical free energy calculations

Alchemical free energy calculations were performed to assess the impact of mutations introduced
into SpCas9 during directed evolution and resulting in xCas9, on the DNA binding affinity. We
determined the binding free energy difference (AAG) between SpCas9 and its xCas9 mutants in the
presence of the TGG, AAG, and GAT PAM sequences. We considered three xCas9 mutants: xCas9,

E1219 mutations were introduced during the first evolution cycle (yielding xCas9); A262T, S409I,
and M694I arose in the second cycle (xCas9,); and R324L was introduced in the third cycle
(xCas93). The relative AAG of binding was thereby computed while moving from SpCas9 to xCas9,,
from xCas9, to xCas9,, and from xCas9, to xCas93. This approach involved defining two end states,
commonly referred to as “state A” (A = 0; e.g., SpCas9) and “state B” (A = 1; e.g., xCas9,), using
different molecular topologies to represent the initial and final states of a chemical process. We
utilized a thermodynamic cycle (Figure 4-figure supplement 1) enabling us to compute the free
energies associated with the “alchemical” transformation of specific amino acid residues in the
absence (AGy, ;) or presence (AGy,,) of the DNA substrate bound to the respective Cas9. This
transformation was achieved by simulating the system independently for various values of the
scaling parameter A (referred to as A-windows) ranging from 0 to 1, to linearly interpolate between
the potential energy functions of the physical end states. Due to the need for multiple amino acid
mutations in each transition (e.g., from SpCas9 to xCas9), a large number of A-windows were
required, significantly increasing the computational cost. In detail, the distribution of the A
windows were optimized using a gradient descent algorithm to maximize the probabilities of
exchange between adjacent states (https://gitlab.com/KomBioMol/converge_lambdas 2 )(Wieczor and
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0.5 ps according to the Metropolis criterion, and the values of A were optimized to achieve the
acceptance rate of at least 10%. Since each intermediate A state is technically a hybrid between the
A and B end point states, we generated their dual coordinates and topologies using the PMX server
(http://pmx.mpibpc.mpg.de/2)(Gapsys and de Groot, 2017(%). The relative free energy changes
(i.e., AAG) for the transformation were computed using the Multistate Bennett Acceptance Ratio
(MBAR) method(Matsunaga et al., 2022 (2; Shirts and Chodera, 2008 (@) to integrate the free
energies over the different A values(Klimovich et al., 2015). Each system underwent simulation for
a minimum of ~80 ns in each A-window, collecting ~18 s of simulated runs, until reasonable
convergence of AAG was attained (Figure 4-figure supplement 2). Hamiltonian-replica
exchange(Hritz and Oostenbrink, 2008 ) was used in each simulation, with exchanges attempted
every 1000 steps (or 2 ps), to enhance the sampling efficiency and ensure adequate overlap
between neighbouring windows. The enthalpic contributions to the DNA binding free energy
(AAG) were computed as the average changes in the interaction energy (AE) between selected
amino acid residues and the DNA. In detail, the AE values were calculated from the FEP
trajectories, considering only the physical states (i.e.,, A = 0 and A = 1) and discarding the first ~10%
frames as the equilibration phase. The values presented in Figure 5a @ and Figure 5-figure
supplements 2-3 represent the average over the trajectory. The error estimation of the average was
determined based on block averages over five blocks using the Gromacs 2018.5 energy
module(Abraham et al., 2015).

Analysis of structural data

The probability for R1333 and R1335 to interact with the PAM nucleobases (PAM NB), the PAM
backbone (PAM BB), and non-PAM nucleotides (non-PAM) (Figure 2b (%) was computed as follows.
The contacts between two arginine residues (R1333 and R1335) and the DNA duplex were defined
based the two criteria: (1) the distance between the centre of mass (COM) of the arginine
guanidinium group and either of the COM of the DNA bases’ heavy atoms or the COM of the
backbone phosphate groups and (2) the interaction energies between the arginine residues and
the DNA bases or the backbone phosphate groups. As possible contacts, each base-guanidine and
phosphate- guanidine pairs were selected for which the COM distance was below 0.6 nm and 0.5
nm, respectively, in at least 5% of the cumulative trajectories. For these pairs, interaction energies
between arginine residues and either the DNA bases or the backbone phosphates were computed.
As a criterion to define effective contacts, the interaction strength of at least 100 kJ/mol and 350
kJ/mol was used for the arginine-base and arginine-phosphate pairs, respectively. These criteria
allowed distinguishing the pairs that form efficient interactions from the pairs that are close to
each other, but do not properly interact (such as contacts between the arginine guanidinium
groups and bases adjacent to the properly interacting nucleotide). The interaction frequencies
(Figure 2b @) were computed through the following process. Initially, we classified whether a
given interaction occurred using predefined energy and distance criteria (as described above).
This classification yielded binary data, which we treated as a Bernoulli distribution to compute the
variance of the interaction frequencies. Next, to estimate the number of independent data points,
we calculated the autocorrelation of the interaction energy data. For each interaction, we utilized
the largest autocorrelation time derived from four independent simulation replicates (of ~1.5 ps
each, totalling ~6 ys per system) to determine the number of effective independent samples.
Finally, we used the computed variance and number of independent samples to compute the error
of each interaction mean. This methodology ensured a robust estimation of the mean interaction
frequency and its associated error.

Hydrogen bonds (Hb) between the arginine side chains and the PAM NB, BB, and non-PAM
nucleotides were analysed using the Gromacs 2018.5 hbond analysis tool (Abraham et al., 2015@).
The standard geometrical criteria applied were a cut-off value of 3.5 A for the acceptor-donor
distance and 30° for the hydrogen-donor-acceptor angle. Hb frequencies (Figure 2d @) were
calculated through a binary classification of the presence or absence of hydrogen bonds. The
mean frequency was determined as the ratio of the number of Hbs in a given trajectory to the total
number of frames. Data normalization was achieved using a standard method, which involved
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dividing by the sum of all elements in the given dataset (e.g., Hbs for R1333 with PAM-NB, PAM-BB,
and non-PAM nucleotides). This normalization ensured comparability across different interaction
types or studied systems. These calculations were performed considering the overall ensemble of
~6 us for each system (Figure 2d @), as well as for the independent simulation replicates of ~1.5
us each (Figure 2—figure supplement 1).

The conformational entropy of the R1335 residue in SpCas9 and xCas9 bound to TGG PAMs was
calculated using the Quasi-Harmonic approximation (Karplus and Kushick, 1981 ). This analysis
was performed on well-equilibrated MD trajectories for each system. The covariance matrix of
atomic fluctuations was constructed with the gmx covar tool in Gromacs (Abraham et al., 2015 @),
focusing on the R1335 residue after removing its rotational and translational motions to ensure an
appropriate representation of internal conformational fluctuations. Eigenvectors and eigenvalues
were subsequently extracted using the gmx anaeig tool, and entropy was computed from the
eigenvalues, which are representative of the vibrational modes of the system.

Data availability

The files from the molecular dynamics simulations, including trajectory and visualization data,
can be accessed on Figshare using the identifier 70.6084/m?9.figshare.26767465%.

Acknowledgements

We thank Dr. Pablo R. Arantes for useful discussions. This material is based upon work supported
by the National Institutes of Health (Grant No. R0O1GM141329 to GP) and the National Science
Foundation (Grant No. CHE-2144823 to GP). GP acknowledges support by the Alfred P. Sloan
Foundation (Grant No. FG-2023-20431) and the Camille and Henry Dreyfus Foundation (Grant No.
TC-24-063). KAH and MO acknowledge support by EU-HPC, BioExcel 101093290, Horizon-EU MDDB
101094561 and Spanish MCIIN PDI2021-122478NB-100. This work used Expanse at the San Diego
Supercomputing Center through allocation MCB160059 and Bridges2 at the Pittsburgh
Supercomputer Center through allocation BI0230007 from the Advanced Cyberinfrastructure
Coordination Ecosystem: Services & Support (ACCESS) program, which is supported by National
Science Foundation supports grants #2138259, #2138286, #2138307, #2137603, and #2138296.

Kazi A Hossain et al., 2025 eLife. https://doi.org/10.7554/eLife.102538.2 17 of 24


https://doi.org/10.7554/eLife.102538.2
https://doi.org/10.6084/m9.figshare.26767465

7 eLife

References

Abraham M), Murtola T, Schulz R, Pall S, Smith JC, Hess B, Lindahl E 2015) GROMACS: High
performance molecular simulations through multi-level parallelism from laptops to
supercomputers SoftwareX 1:19-25

Anders C, Niewoehner O, Duerst A, Jinek M 2014) Structural basis of PAM-dependent target
DNA recognition by the Cas9 endonuclease Nature 513:569-573

Anzalone AV, Koblan LW, Liu DR. 2020) Genome editing with CRISPR-Cas nucleases, base
editors, transposases and prime editors Nat Biotechnol. 38:824-844

Arantes PR, Chen X, Sinha S, Saha A, Patel AC, Sample M, Nierzwicki t, Lapinaite A, Palermo G
2024) Dimerization of the Deaminase Domain and Locking Interactions with Cas9 Boost
Base Editing Efficiency in ABE8e Nucleic Acids Res 52:13931-13944

Banas P, Hollas D, Zgarbova M, Jurecka P, Orozco M, Cheatham TE, Sponer J, Otyepka M. 2010)
Performance of Molecular Mechanics Force Fields for RNA Simulations: Stability of UUCG
and GNRA Hairpins / Chem Theor Comput 6:3836-3849

Barducci A, Bussi G, Parrinello M 2008) Well-Tempered Metadynamics: A Smoothly
Converging and Tunable Free-Energy Method Phys Rev Lett 100

Bhattacharya S, Satpati P 2024) Why Does the E1219V Mutation Expand T-Rich PAM
Recognition in Cas9 from Streptococcus pyogenes? / Chem Inf Model 64:3237-3247

Bussi G, Donadio D, Parrinello M 2007) Canonical sampling through velocity rescaling
Journal of Chemical Physics 126

Bussi G, Laio A 2020) Using metadynamics to explore complex free-energy landscapes
Nature Reviews Physics 2:200-212

Chen W, Zhang H, Zhang Y, Wang Y, Gan J, Ji Q 2019) Molecular basis for the PAM expansion
and fidelity enhancement of an evolved Cas9 nuclease PLoS Biol 17

Chiu T-P, LiJ, Jiang Y, Rohs R 2022) It is in the flanks: Conformational flexibility of
transcription factor binding sites Biophys J 121:3765-3767

East KW, Newton ]JC, Morzan UN, Narkhede YB, Acharya A, Skeens E, Jogl G, Batista VS, Palermo
G, Lisi GP 2020) Allosteric Motions of the CRISPR-Cas9 HNH Nuclease Probed by NMR and
Molecular Dynamics / Am Chem Soc 142:1348-1358

Galindo-Murillo R, Robertson JC, Zgarbova M, Sponer J, Otyepka M, Jure¢ka P, Cheatham TE
2016) Assessing the Current State of Amber Force Field Modifications for DNA J Chem
Theory Comput 12:4114-4127

Gapsys V, de Groot BL. 2017) . pmx Webserver: A User Friendly Interface for Alchemistry J
Chem Inf Model 57:109-114

Kazi A Hossain et al., 2025 eLife. https://doi.org/10.7554/eLife.102538.2 18 of 24


https://doi.org/10.7554/eLife.102538.2

7 eLife

Guo M, Ren K, Zhu Y, Tang Z, Wang Y, Zhang B, Huang Z 2019) Structural insights into a high
fidelity variant of SpCas9 Cell Res 29:183-192

Heller GT, Aprile FA, Michaels TCT, Limbocker R, Perni M, Ruggeri FS, Mannini B, L6hr T, Bonomi
M, Camilloni C, De Simone A, Felli IC, Pierattelli R, Knowles TPJ, Dobson CM, Vendruscolo M.
2020) Small-molecule sequestration of amyloid-B as a drug discovery strategy for
Alzheimer’s disease Sci Adv 6

Hess B 2008) P-LINCS: A Parallel Linear Constraint Solver for Molecular Simulation / Chem
Theory Comput 4:116-122

Hossain KA, Kogut M, Stabonska J, Sappati S, Wieczér M, Czub ] 2023) How acidic amino acid
residues facilitate DNA target site selection Proc Nat/ Acad Sci U S A 120

Hritz J, Oostenbrink C 2008) Hamiltonian replica exchange molecular dynamics using soft-
core interactions / Chem Phys 128

Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, Zeina CM, Gao X, Rees HA, Lin Z, Liu DR
2018) Evolved Cas9 variants with broad PAM compatibility and high DNA specificity Nature
5:57-63

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E 2012) A Programmable
Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity Science 337:816-821

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML 1983) Comparison of simple
potential functions for simulating liquid water J Chem Phys 79:926-935

Karplus M, Kushick JN 1981) Method for estimating the configurational entropy of
macromolecules Macromolecules 14:325-332

Klimovich P V., Shirts MR, Mobley DL 2015) Guidelines for the analysis of free energy
calculations J Comput Aided Mol Des 29:397-411

Laio A, Parrinello M 2002) Escaping free-energy minima Proc Nat/ Acad Sci U S A 99:12562-
12566

Li P, Merz KM 2014) Taking into Account the Ion-Induced Dipole Interaction in the
Nonbonded Model of Ions / Chem Theory Comput 10:289-297

Luscombe NM 2001) Amino acid-base interactions: a three-dimensional analysis of
protein-DNA interactions at an atomic level Nucleic Acids Res 29:2860-2874

Luscombe NM 2001b) Amino acid-base interactions: a three-dimensional analysis of
protein-DNA interactions at an atomic level Nucleic Acids Res 29:2860-2874

Luscombe NM, Thornton JM 2002) Protein-DNA Interactions: Amino Acid Conservation and
the Effects of Mutations on Binding Specificity / Mo/ Biol 320:991-1009

Matsunaga Y, Kamiya M, Oshima H, Jung J, Ito S, Sugita Y 2022) Use of multistate Bennett
acceptance ratio method for free-energy calculations from enhanced sampling and free-
energy perturbation Biophys Rev 14:1503-1512

Minoukadeh K, Chipot C, Leliévre T 2010) Potential of Mean Force Calculations: A Multiple-
Walker Adaptive Biasing Force Approach j Chem Theory Comput 6:1008-1017

Kazi A Hossain et al., 2025 eLife. https://doi.org/10.7554/eLife.102538.2 19 of 24


https://doi.org/10.7554/eLife.102538.2

7 eLife

Miyamoto S, Kollman PA 1992) Settle: An analytical version of the SHAKE and RATTLE
algorithm for rigid water models J Comput Chem 13:952-962

Nierzwicki t, Arantes PR, Saha A, Palermo G 2020) Establishing the Allosteric Mecanism in
CRISPR-Cas9 WIREs Comput Mol Sci 11

Nierzwicki L, East KW, Morzan UN, Arantes PR, Batista VS, Lisi GP, Palermo G 2021) Enhanced
specificity mutations perturb allosteric signaling in CRISPR-Cas9 Elife 10

Pacesa M, Lin C-H, Cléry A, Saha A, Arantes P, Bargsten K, Irby M, Allain F, Palermo G, Cameron
P, Donohoue P, Jinek M 2022) Structural basis for Cas9 off-target activity Cel// 185:4067-4081

Pacesa M, Pelea O, Jinek M 2024) Past, present, and future of CRISPR genome editing
technologies Cel// 187:1076-1100

Palermo G, Ricci CG, Fernando A, Basak R, Jinek M, Rivalta I, Batista VS, McCammon JA 2017)
Protospacer Adjacent Motif-Induced Allostery Activates CRISPR-Cas9 / Am Chem Soc
139:16028-16031

Parrinello M, Rahman A 1981) Polymorphic transitions in single crystals: A new molecular
dynamics method J App/ Phys 52:7182-7190

Romero PA, Arnold FH 2009) Exploring protein fitness landscapes by directed evolution Nat
Rev Mol Cell Biol 10:866-876

Saha A, Ahsan M, Arantes PR, Schmitz M, Chanez C, Jinek M, Palermo G 2024) An alpha-helical
lid guides the target DNA toward catalysis in CRISPR-Cas12a Nat Commun 15

Shirts MR, Chodera JD 2008) Statistically optimal analysis of samples from multiple
equilibrium states j Chem Phys 129

Sinha S, Molina Vargas AM, Arantes PR, Patel A, O’Connell MR, Palermo G 2024) Unveiling the
RNA-mediated allosteric activation discloses functional hotspots in CRISPR-Cas13a Nucleic
Acids Res 52:906-920

Sinha S, Pindi C, Ahsan M, Arantes PR, Palermo G 2023) Machines on Genes through the
Computational Microscope J Chem Theory Comput 19:1945-1964

Skeens E, Sinha S, Mohd A, D'Ordine AM, Jogl G, Palermo G, Lisi GP 2024) High-Fidelity, Hyper-
Accurate, and Evolved Mutants Rewire Atomic Level Communication in CRISPR-Cas9 Sc/
Adv 10

Sternberg SH, LaFrance B, Kaplan M, Doudna JA 2015) Conformational control of DNA target
cleavage by CRISPR-Cas9 Nature 527:110-113

Tian C, Kasavajhala K, Belfon KAA, Raguette L, Huang H, Migues AN, Bickel J, Wang Y, Pincay J,
Wu Q, Simmerling C 2020) ff19SB: Amino-Acid-Specific Protein Backbone Parameters
Trained against Quantum Mechanics Energy Surfaces in Solution j Chem Theory Comput
16:528-552

Tokuriki N, Stricher F, Serrano L, Tawfik DS 2008) How Protein Stability and New Functions
Trade Off PLoS Comput Biol 4

Kazi A Hossain et al., 2025 eLife. https://doi.org/10.7554/eLife.102538.2 20 of 24


https://doi.org/10.7554/eLife.102538.2

7 eLife

Tribello GA, Bonomi M, Branduardi D, Camilloni C, Bussi G 2014) PLUMED 2: New feathers for
an old bird Comput Phys Commun 185:604-613

Walton RT, Christie KA, Whittaker MN, Kleinstiver BP 2020) Unconstrained genome targeting
with near-PAMless engineered CRISPR-Cas9 variants Science 368:290-296

Wang JY, Doudna JA 2023) CRISPR technology: A decade of genome editing is only the
beginning Science (1979) 379

Wang X, Minasov G, Shoichet BK 2002) Evolution of an Antibiotic Resistance Enzyme
Constrained by Stability and Activity Trade-offs / Mol Biol 320:85-95

Wieczor M, Czub ] 2022) Gromologist: a Gromacs-Oriented Utility Library for Structure and
Topology Manipulation. 2022 ChemRxiv https://doi.org/10.26434/chemrxiv-2022-dhswc

Wille D, Jaeger H, Schlaich A, Wu Z, Beckstein O. 2022) Flamel GitHub https://github.com
/alchemistry/flamel

York DM, Darden TA, Pedersen LG 1993) The effect of long-range electrostatic interactions
in simulations of macromolecular crystals: A comparison of the Ewald and truncated list
methods / Chem Phys 99:8345-8348

Zgarbova M, Otyepka M, Sponer J, Mladek A, Banas P, Cheatham TE, Jurecka P 2011)
Refinement of the Cornell et al. Nucleic Acids Force Field Based on Reference Quantum
Chemical Calculations of Glycosidic Torsion Profiles / Chem Theory Comput 7:2886-2902

Zuo Z, Liu ) 2020) Allosteric regulation of CRISPR-Cas9 for DNA-targeting and cleavage Curr
Opin Struct Biol 62:166-174

Author information

Kazi A Hossain

Department of Bioengineering and University of California Riverside, Riverside, United
States, Department of Physical Chemistry, Gdanisk University of Technology, Gdansk, Poland
ORCID iD: 0000-0002-1149-964X

Lukasz Nierzwicki
Department of Bioengineering and University of California Riverside, Riverside, United States

Modesto Orozco

Institute for Research in Biomedicine (IRB Barcelona), The Barcelona Institute of Science and
Technology, Barcelona, Spain, Departament de Bioquimica i Biomedicina, Facultat de
Biologia, Universitat de Barcelona, Barcelona, Spain

ORCID iD: 0000-0002-8608-3278

Jacek Czub

Department of Physical Chemistry, Gdansk University of Technology, Gdarnsk, Poland,
BioTechMed Center, Gdansk University of Technology, Gdansk, Poland

Kazi A Hossain et al., 2025 eLife. https://doi.org/10.7554/eLife.102538.2 21 0f 24


https://doi.org/10.7554/eLife.102538.2
https://doi.org/10.26434/chemrxiv-2022-dhswc
https://doi.org/10.26434/chemrxiv-2022-dhswc
https://github.com/alchemistry/flamel
https://github.com/alchemistry/flamel
http://orcid.org/0000-0002-1149-964X
http://orcid.org/0000-0002-8608-3278

7 eLife

Giulia Palermo

Department of Bioengineering and University of California Riverside, Riverside, United
States, Department of Chemistry, University of California Riverside, Riverside, United States
ORCID iD: 0000-0003-1404-8737

For correspondence: giulia.palermo@ucr.edu

Editors

Reviewing Editor

Volker D6tsch

Goethe University Frankfurt, Frankfurt am Main, Germany

Senior Editor
Volker Détsch
Goethe University Frankfurt, Frankfurt am Main, Germany

Joint Public Review:
Summary:

Hossain and coworkers investigate the mechanisms of recognition of xCas9, a variant of Cas9
with expanded targeting capability for DNA. They do so by using molecular simulations and
combining different flavors of simulation techniques, ranging from long classical MD
simulations, to enhanced sampling, to free energy calculations of affinity differences.
Through this, the authors are able to develop a consistent model of expanded recognition
based on the enhanced flexibility of the protein receptor.

Strengths:

The paper is solidly based on the ability of the authors to master molecular simulations of
highly complex systems. In my opinion, this paper shows no major weaknesses. The
simulations are carried out in a technically sound way. Comparative analyses of different
systems provide valuable insights, even within the well-known limitations of MD. Plus, the
authors further investigate why xCas9 exhibits improved recognition of the TGG PAM
sequence compared to SpCas9 via well-tempered metadynamics simulations focusing on the
binding of R1335 to the G3 nucleobase and the DNA backbone in both SpCas9 and xCas9. In
this context, the authors provide a free-energy profiling that helps support their final model.

The implementation of FEP calculations to mimic directed evolution improvement of DNA
binding is also interesting, original and well-conducted.

Overall, my assessment of this paper is that it represents a strong manuscript, competently
designed and conducted, and highly valuable from a technical point of view.

Weaknesses:

To make their impact even more general, the authors may consider expanding their
discussion on entropic binding to other recent cases that have been presented in the
literature recently (such as e.g. the identification of small molecules for Abeta peptides, or the
identification of "fuzzy" mechanisms of binding to protein HMGB1). The point on flexibility
helping adaptability and expansion of functional properties is important, and should
probably be given more evidence and more direct links with a wider picture.

Comments on revisions:
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We have read the revised version and the response letter and I find that this manuscript is
ready. There is no need for further additions/revisions.

https://doi.org/10.7554/eLife.102538.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Joint Public Review:
Strengths:

The paper is solidly based on the ability of the authors to master molecular simulations
of highly complex systems. In my opinion, this paper shows no major weaknesses. The
simulations are carried out in a technically sound way. Comparative analyses of different
systems provide valuable insights, even within the well-known limitations of MD. Plus, the
authors further investigate why xCas9 exhibits improved recognition of the TGG PAM
sequence compared to SpCas9 via well-tempered metadynamics simulations focusing on
the binding of R1335 to the G3 nucleobase and the DNA backbone in both SpCas9 and
xCas9. In this context, the authors provide a free-energy profiling that helps support
their final model.

The implementation of FEP calculations to mimic directed evolution improvement of DNA
binding is also interesting, original and well-conducted.

We thank the reviewer for their positive evaluation of our computational strategy. To further
substantiate our findings, we have incorporated additional molecular dynamics and Free
Energy Perturbation (FEP) calculations for the system bound to GAT. These results
corroborate our previous observations obtained with AAG, reinforcing our conclusions.

Overall, my assessment of this paper is that it represents a strong manuscript,
competently designed and conducted, and highly valuable from a technical point of view.

Weaknesses:

To make their impact even more general, the authors may consider expanding their
discussion on entropic binding to other recent cases that have been presented in the
literature recently (such as e.g. the identification of small molecules for Abeta peptides,
or the identification of "fuzzy" mechanisms of binding to protein HMGB1). The point on
flexibility helping adaptability and expansion of functional properties is important, and
should probably be given more evidence and more direct links with a wider picture.

We have expanded our discussion on the role of entropy in favoring TGG binding to xCas9. To
this end, we performed entropy calculations using the Quasi-Harmonic approximation
(details provided in the Materials and Methods section). This analysis reveals that R1335 in
xCas9 experiences an entropy increase compared to SpCas9, enhancing its adaptability and
interaction with the DNA. This analysis and its explanation are detailed on pages 8-9.

Additionally, we have enriched the Discussion section by clarifying how DNA binding is
entropically favored in xCas9, thereby facilitating the recognition of alternative PAM
sequences. A refined explanation is also included in the Conclusions section, where we
contextualize xCas9 within a broader evolutionary framework of protein-DNA recognition.
This highlights how structural flexibility can enable sequence diversity while maintaining
high specificity.
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Recommendations for the authors:

Overall, this is a very interesting and elegant manuscript with compelling results that
shed light on the atomistic determinants of genetic-editing technologies.

Since the paper proposes new findings that may be helpful for experimentalists, it would
be interesting if the authors point out (in their discussion/conclusions) specific amino
acids to mutate/target for future tests by the experimental community. This should just
appear as an open hypothesis/proposal for new experiments.

In the Conclusions, we have incorporated a discussion on how modifications in the PAM-
binding cleft can enhance the recognition of alternative PAM sequences. As an illustrative
example, we reference the recently developed SpRY Cas9 variant, which is capable of
recognizing a broader range of PAMs. This variant includes mutations within the PAM-
binding cleft that likely increase the flexibility of the interacting residues, as suggested by
recent cryo-EM structures (Hibshman et al. Nat. Commun. 2024). The importance of fine-
tuning the flexibility of the PAM-interacting cleft for engineering strategies has also been
highlighted in the abstract.

Overall, in light of the reviewer’s comments and in consideration of our findings, we revised
the manuscript title in: “Flexibility in PAM Recognition Expands DNA Targeting in xCas9.”
This new title better highlights the key findings from our research and contextualizes them
within the broader goal of expanding DNA targeting capabilities, a critical priority for
developing enhanced CRISPR-Cas systems.
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