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Abstract

CRISPR-based DNA adenine base editors (ABEs) hold remarkable promises to address human genetic diseases caused by point mutations.
ABEs were developed by combining CRISPR-Cas9 with a transfer RNA (tRNA) adenosine deaminase enzyme and through directed evolution,
conferring the ability to deaminate DNA. However, the molecular mechanisms driving the efficient DNA deamination in the evolved ABEs remain
unresolved. Here, extensive molecular simulations and biochemical experiments reveal the biophysical basis behind the astonishing base editing
efficiency of ABE8e, the most efficient ABE to date. VWWe demonstrate that the ABE8e’s DNA deaminase domain, TadA8e, forms remarkably stable
dimers compared to its tRNA-deaminating progenitor and that the strength of TadA dimerization is crucial for DNA deamination. The TadA8e
dimer forms robust interactions involving its R98 and R129 residues, the RuvC domain of Cas9 and the DNA. These locking interactions are
exclusive to ABE8e, distinguishing it from its predecessor, ABE7.10, and are indispensable to boost DNA deamination. Additionally, we identify
three critical residues that drive the evolution of ABE8e toward improved base editing by balancing the enzyme's activity and stability, reinforcing
the TadA8e dimer and improving the ABE8e's functionality. These insights offer new directions to engineer superior ABEs, advancing the design
of safer precision genome editing tools.
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The bacterial immune systems, CRISPR (clustered regu-  ing, offering powerful and easily customizable tools for pre-

larly interspaced short palindromic repeats)-Cas (CRISPR-  cise genetic manipulation (1). These tools rely on the special
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feature of noncoding RNA-guided CRISPR-Cas effector com-
plexes: their ability to introduce double-stranded DNA breaks
(DSBs) at specific genomic DNA loci in a programmable man-
ner (2—4). The outcome of the CRISPR-Cas-mediated genome
editing depends on which DNA repair pathway addresses the
introduced DSB. Homology-directed repair (HDR) produces
accurate DNA modifications, but it is inefficient since it is
limited to actively dividing cells and requires a donor DNA
template (3).

DNA base editing is one of the newest CRISPR-Cas tech-
nologies that allows direct and irreversible conversion of one
base pair to another at a specific genomic site without rely-
ing on DSBs or HDR (6). This technology holds tremendous
promise in treating a wide range of genetic diseases associ-
ated with single-nucleotide polymorphisms (SNPs) (7), due to
its ability to precisely convert AeT base pairs to GeC (by ade-
nine base editors, ABEs) and CeG to TeA (by cytosine base
editors, CBEs) (8-13). ABEs are chimeric enzymes composed
of a catalytically impaired Cas9 [Cas9 nickase (nCas9)] from
Streptococcuspyogenes and a deoxyadenosine deaminase (Fig-
ure 1) (14). These machineries use the nCas9-guide RNA
(gRNA) complex to locate DNA sequences of interest within
the genome, and a deaminase enzyme to perform A-to-G mod-
ifications via deamination of deoxyadenosine to deoxyinosine
at specific single-stranded DNA (ssDNA) sites.

The deaminase domain of ABEs’ was evolved from an Es-
cherichia coli transfer RNA (tRNA) adenosine deaminase (wt-
TadA), which naturally deaminates adenosine in the anti-
codon loop of tRNA (9,15,16). During multiple rounds of di-
rected evolution, mutations were introduced to the wt-TadA,
leading to evolved TadA enzymes (TadA*). When conjugated
with nCas9, these enzymes demonstrate increasing efficiency
in deaminating deoxyadenosine in ssDNA across generations
(measured as the number of AeT converted to GeC at differ-
ent genomic sites) (9,17). Among the ABEs used for precision
genome editing in various cells and organisms, ABE8e is one
of the most efficient and widely used (with DNA base edit-
ing efficiency of ~80-90%) (17,18). In ABE8e, the deaminase
domain (TadAS8e) contains a total of 20 mutations with re-
spect to the wt-TadA and is fused to nCas9 likely forming
homodimers in ¢rans (Figure 1) (14,17). Compared to its clos-
est predecessor, ABE7.10, ABE8e exhibits significant advance-
ments. The additional eight mutations that were introduced
to ABE7.10 to yield ABE8e not only enhance the efficiency
of DNA editing in cells, soaring from ~58% to ~80-90%
but also drastically improve the deamination rates (~580-fold
or more) measured iz vitro under single turnover conditions
(14,17).

The cryo-EM structure of ABE8e in a substrate-bound
state captured dCas9 (catalytically dead Cas9 with D10A
and H840A substitutions) fused with the TadA8e deaminase
(Figure 1 and Supplementary Figure S1) (14). dCas9-gRNA
complex binds the DNA by matching one strand with the
gRNA (the target strand, TS) while the other non-target strand
(NTS) is in a single-stranded state. TadA8e is captured as a
dimer with one domain deaminating deoxyadenosine within
the DNA NTS (TadA®, red) and another domain docking to
the dCas9 protein (TadAd°k, pink). While this structure pro-
vides critical insights into the mechanism of DNA deamina-
tion, the biophysical rationale behind the ABE8e base edit-
ing efficiency remains unresolved. Additionally, it is perplex-
ing how the eight amino acid substitutions lead to a sharp in-
crease in the deamination efficiency of ABE8e compared to its
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predecessor ABE7.10. Nevertheless, this efficiency comes with
elevated off-target editing rates (17). Thus, understanding the
molecular basis of ABE8e’s enhanced DNA base deamination
is crucial for designing more precise genome editors and ac-
celerating their translation for biomedical applications.

Here, we establish the biophysical basis behind the im-
proved DNA base editing efficiency of the ABE8e enzyme
through an integrative approach that combines extensive
molecular dynamics (MD) simulations and enhanced sam-
pling approaches with biochemical and biophysical exper-
iments. An overall ensemble comprising multi-microsecond
(us) MD simulations was combined with ensemble Forster
Resonance Energy Transfer (FRET) experiments, thermal sta-
bility assays, and single turnover kinetics.

We reveal that TadA8e dimerization and its unique juxta-
position to dCas9 are pivotal for the efficient DNA deami-
nation in ABES8e. Indeed, the TadA8e dimer is more stable
than that formed by its wt-TadA progenitor, which allows
TadAS8e to establish crucial interactions with DNA and dCas9,
contributing to improved DNA deamination efficiency. Two
residues within the TadA8e docking domain, R98 and R129,
significantly increase their interactions with the dCas9-DNA
complex in comparison to ABE7.10 and are required for ef-
ficient DNA deamination. Moving from ABE7.10 to ABESe,
the interplay between two critical substitutions, T111R and
D119N, is shown to increase DNA deamination rates and bal-
ance the stability of the complex, while H122N contributes
to stabilizing the TadA dimer, ultimately evolving the com-
plex toward improved functionality. These findings hold sig-
nificant implications for the design of ABE enzymes and open
new directions for developing improved base editors.

Materials and methods

Structural models

Molecular simulations were based on the cryo-EM structure
of the ABE8e complex (PDB 6VPC) (14) at 3.20 A resolu-
tion, comprising a catalytically dCas9 from S. pyogenes and
the TadA8e enzyme. Using this structure, which preserves the
bona fide configuration of the TadA enzymes bound dCas9,
four model systems were built: ABEO.1 (where TadA is WT),
ABE7.10, ABE8e and an ABES8e including the TadA8e het-
erodimer, in which the catalytic domain is the evolved TadA8e
and the docking domain is the wt-TadA (referred to as ABE8e
hetero). The X-ray structure of wt-TadA (PDB 1Z3A (16),
2.03 A resolution) was used to model the wt-TadA and het-
erodimer docking domain. The TadA7.10 catalytic domain
was modelled by mutating the ABES8e structure (PDB 6VPC).
Missing residues were added via AlphaFold2 (19). All sys-
tems were embedded in explicit waters, and Na* and Cl~ ions
were used to reach physiological concentration of 150 mM.
This resulted in periodic cells (~133.68 x 148.43 x 224.94
A3) with ~500 000 atoms each. Details are present in the
Supplementary Text.

Molecular dynamics simulations

MD simulations were performed using a simulation proto-
col tailored for RNA/DNA nucleases (20), which we also
used in studies of CRISPR-Cas systems (21-23), embrac-
ing the use of the Amber ff19SB (24) force field, and the
OL15 (25) and OL3 (26) corrections for DNA and RNA.
The TIP3P (27) model was used for water molecules. We
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Figure 1. Overview of the adenine base editor ABE8e from Streptococcus pyogenes. (A) Cryo-EM structure of the catalytically dead Cas9 (dCas9) from
S. pyogenes fused to the adenosine deaminase TadA8e (PDB 6VPC) (14). The fusion of dCas9 and TadA8e (i.e. ABE8e) is shown as a molecular surface.
The dCas9 protein binds a gRNA (magenta), unwinds double-stranded DNA, base-pairs the gRNA with the DNA TS (cyan) and displaces the other NTS
(violet). TadA8e forms a dimer with one domain deaminating deoxyadenosine within the DNA NTS [a catalytic domain, TadA%! (red)] and another domain
docking between the TadA8e®! and dCas9 [a docking domain, TadA%% (pink)]. (B) Close-up view of TadA8e shows an array of amino acid substitutions

(spheres, magenta) introduced to the wt-TadA through directed evolution.

re-parametrized the Zn?* ion and the active site residues us-
ing Quantum Mechanical (B3LYP (28)/6-31G* (29)) calcula-
tions (Supplementary Table S1), following the protocol by Li
and Merz (30). Upon energy minimization, the systems were
heated from 0 to 100 K in two consecutive simulations in the
canonical NVT ensemble of 5 ps each, imposing positional
restraints of 100 kcal mol~' A2 on the protein, the nucleic
acids and the TadA active site. Further heating to 200 K oc-
curred in a 100 ps run in the isothermal-isobaric ensemble
(NPT), reducing restraints to 25 kcal/mol A2, Restraints were
removed, heating to 300 K in a 500 ps NPT simulation. These
simulations were performed using a 1 fs time step. The time
step was subsequently increased to 2 fs for further equilibra-
tion and production runs. Hydrogen bonds were constrained
with the SHAKE algorithm (31). After ~600 ps of equilibra-
tion, ~10 ns NPT simulations stabilized the systems’ density
around 1.01 g/cm3. The temperature was kept constant at
300 K via Langevin dynamics, with a collision frequency -y
= 1 ps'. The pressure was controlled in the NPT simula-
tions by coupling the system to a Berendsen barostat (31) at
a reference pressure of 1 atm and with a relaxation time of
2 ps. Subsequently, production runs were carried out in the
NVT ensemble, reaching ~3 s for each system and in trip-
licate (i.e. ~9 us of aggregate sampling per system, totalling
~36 us across four systems). MD simulations replicates were
performed starting from different configurations and veloc-
ities initialized according to the Maxwell-Boltzmann distri-
bution at physiological temperature. These simulations were
performed using the GPU-empowered version of AMBER 22
(32). Details are present in the Supplementary Text.

Umbrella sampling simulations

The Umbrella Sampling (US) (33) method was used to com-
pute the free energy profiles associated with the dimerization
of TadA enzymes. In this method, several simulations (US win-
dows) are run in parallel with additional harmonic bias poten-

tial applied to selected Reaction Coordinates (RC):
V(RC) = g(RC(t) — RC*)? 1)

where V(RC) is the value of the bias potential, & is a bias force
constant, RC(¢) is the value of RC at given time ¢ and RC*
is the reference value of RC. By using different RC* values in
each US window, one can sample the biased probability distri-
bution p,(RC) along the whole RC range of interest. Thanks
to a reweighting scheme providing unbiased probabilities, the
free energy of a process along the RCs can be computed (vide
infra).

We performed US simulations at 300 K using two RCs. RC1
was the inter-monomeric distance considering the center of
mass of each TadA unit. RC2 was the difference in root-mean-
square deviation (RMSD) of all the Ca atoms with respect to
the experimental structures (i.e. PDB 1Z3A (16) for wt-TadA
and PDB 6VPC (14) for TadAS8e). The combination of these
RCs enabled us to describe the dimerization process while
keeping the experimental structures as a reference. Restraint
forces were applied on the two RCs as follows. RC1 was dis-
cretized into bin sizes of 0.5 A with a collective force constant
k of 17.5 keal/mol A=2. RC2 was divided into bin sizes of 0.5
A RMSD difference with a collective force constant k of 25
kcal/mol A=2. Each window was run for ~15 ns. Overall, we
simulated 51 (RC1) * 31 (RC2) = 1 581 windows, resulting
in a collective ensemble of ~25 us of sampling for each sys-
tem. Two independent sets of two-dimensional (2D) US simu-
lations were performed considering the wt-TadA and TadASe.
The free energy profiles were computed using the Variational
Free Energy Profile (VFEP) method (34), which uses the max-
imum likelihood principle to construct free energy profiles.
This method was applied upon removing the initial one-third
of the US trajectories from each window, corresponding to
the system’s relaxation. Analysis of the minimum free energy
pathway (MFEP) between the dimeric and monomeric states
was performed using the MEPSA code (35), which employs
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an approach similar to the Dijkstra algorithm to trace the
MFEP between nodes of interest. The convergence of the free
energy profiles was evaluated by plotting the MFEPs, consid-
ering the remaining ~10 ns runs from each US window, for ~§
ns through ~10 ns (Supplementary Figure S2). The error esti-
mation on the MFEPs was performed using the Monte Carlo
bootstrap error analysis.

Alchemical free energy perturbation

We performed alchemical free energy perturbation (FEP) sim-
ulations using lambda (1) dynamics (36), to compute the rel-
ative free energy change (i.e. AAG) in the ABE7.10 com-
plex while introducing the ABE8e mutations (i.e. A109S,
T111R, D119N, H122N, Y147D, F149Y, T166I, D167N).
With our alchemical FEP simulations, we aimed to describe
the effect of amino acid mutations on the thermal stability
of the complex. Therefore, we utilized an alchemical FEP
method to calculate the effect of mutations on the folding
free energy (37,38), since changes in thermal stability re-
sult from modifications in the free energy of folding. Con-
sistently with a thermodynamic cycle (details are present in
the Supplementary Text), state A was evolved into state B,
representing the initial and the final residues respectively, via
a series of transition states following the alchemical free en-
ergy formalism. A lambda (1) dynamic variable was used
to define the transitioning thermodynamic states of the sys-
tem, where A =0 and % = 1 represent the initial and final
states respectively. The distribution of the A parameter was
optimized using a gradient descent algorithm to maximize
the probabilities of exchange between adjacent states (https:
/lgitlab.com/KomBioMol/converge_lambdas) (39). In detail,
the neighbouring A-windows were allowed to exchange their
configurations every 0.5 ps according to the Metropolis cri-
terion, and the values of A were optimized to achieve the
acceptance rate of at least 15%. Since each intermediate A
state is technically a hybrid between the A and B end point
states, we generated their dual coordinates and topologies us-
ing the PMX server (http:/pmx.mpibpc.mpg.de/) (40). The
relative free energy changes (i.e. AAG) for the transforma-
tion were computed using the Multistate Bennett Acceptance
Ratio (MBAR) (41,42) method to integrate the free ener-
gies over the different A values using flamel (https:/github.
com/alchemistry/flamel) (43,44). Using this method, we com-
puted relative AAG for each single-point mutation introduced
through directed evolution in ABE7.10 leading to ABES8e
(ie. A109S, T111R, D119N, H122N, Y147D, F149Y, T166],
D167N). Alchemical FEP simulations were performed across
the lambda values for each mutation, running ~50 ns for each
window and totalling ~8 ps sampling. Details are present in
the Supplementary Text.

Preparation of ABE-sgRNA samples

ABE proteins were expressed and purified as described pre-
viously by Lapinaite et al. (14). Single guide RNA (sgRNA)
was transcribed overnight at 37°C using in-house prepared T7
polymerase and purified by using 7 M urea, 10% 19:1 poly-
acrylamide gel electrophoresis, followed by crush-and-soak
extraction overnight at 4°C and ethanol precipitation as de-
scribed previously. The ABE-sgRNA (RNP) complexes were
formed by incubating the protein (Supplementary Table S2)
with the refolded sgRNA at a molar ratio of 1:1.5 (protein
to sgRNA) in RNP assembly buffer (20 mM Tris-HCI, 200
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mM KCI, 5§ mM MgCl,, 5% [v/v] glycerol, 2 mM DTT, pH
7.5) at room temperature for 20 min. Details are present in
the Supplementary Text.

Single-turnover in vitro DNA and RNA deamination
assays

The single turnover DNA deamination reactions were con-
ducted with 2 uM ABE RNPs in a deamination buffer consist-
ing of 20 mM Tris—HCI (pH 7.5), 100 mM KCl, 5% (v/v) glyc-
erol, 2.5 mM MgSOy4 and 2 mM dithiothreitol (DTT). These
reactions were initiated by introducing fluorescently labelled
double-stranded DNA (dsDNA) or hairpin RNA resembling
anticodon hairpin of tRNAA™? to achieve a final concentra-
tion of 7.5 nM. The reactions were incubated at 37°C. 20 p,
aliquots were transferred into 30 ul preheated water at 95°C
at different time intervals (0, 1, 2, 5, 10, 20 and 60 min for
ABES8e and ABEO.1 variants and 0, 1, 2, 5, 10, 20, 60, 180,
360 and 480 min for ABE 7.10 variants) and quenched by
heating at 95°C for 5 min. For detection of DNA deamination
the quenched and purified reactions were incubated with 20
units of EndoV (NEB) at 37°C for 1.5 h. For detection of RNA
deamination, human EndoV (hEndoV; purified in-house) was
added into the reaction at a final concentration of 0.1 uM.
The reactions were incubated at 37°C for 1 h. Samples were
resolved on 15% (v/v) denaturing (29:1) polyacrylamide gel.
The gel was visualized by using the fluorescence imaging in-
strument Amersham Typhoon (GE Healthcare). The experi-
ments were conducted in three separate replicates, and the
levels of uncleaved and cleaved DNA or RNA were evaluated
using ImageQuant TL Software from GE Healthcare. Details
are present in the Supplementary Text.

Thermal stability assay using CD spectroscopy

The sample was prepared and loaded into the 1 mm path
length microcuvette (Hellma 110-1-40, style 110-QS). The
measurements were performed using the Jasco J-815 spec-
tropolarimeter. The ellipticity at the wavelength of 208 nm
was recorded from 20°C to 95°C at the ramp rate of 1°C/min.
The measurement was performed with an integration time
of 2 s, using a bandwidth of 1 nm. The ellipticity was plot-
ted as a function of temperature and fitted with a Boltzmann
sigmoidal equation. The melting temperature, T,,, was deter-
mined by the inflection point.

Fluorescence resonance energy transfer (FRET)
measurements

Briefly, the labelling reactions of ABEs were carried out in
SEC buffer and contained 10 puM protein along with 200
uM Cy3- and 1.2 mM CyS5-maleimide (APExBIO) (1:6 ra-
tio of donor to acceptor). The labelling reaction was initi-
ated by gentle rocking in the dark for 2 h at room temper-
ature, followed by overnight incubation at 4°C. Reactions
were quenched by adding 10 mM DTT and unreacted dyes
were removed via SEC. The purified labelled ABE samples
were concentrated, flash-frozen in liquid nitrogen and stored
at —80°C. All fluorescence measurements were conducted at
room temperature in SEC buffer. Fluorescence measurements
were performed on ABE-sgRNA samples containing vari-
ous concentrations (400, 40 and 4 nM) of Cy3/Cy5-labelled
ABEO.1 [wt-TadA(T133C/C141S)-dCas9(C80S/C574S)] or
ABES8e [TadA8e(T133C/C141S)-dCas9(C80S/C574S)]. Flu-

orescence measurements were performed using a 10 mm path-
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length quartz cuvette (Hellma Analytics), a QM-4/2005SE
spectrofluorometer and a PTI 814 Photomultiplier, using 5 nm
slit widths and 0.5 s integration time. For each sample, the flu-
orescence emission spectra were collected, in which the sample
was excited at 500 nm and emission was recorded from 510
to 750 nm in 1 nm increments. Data were collected and pro-
cessed using PTD’s FeliX32 software. Experiments were per-
formed at least three times. The FRET spectra obtained on
samples at decreasing concentrations were normalized to the
maximum Cy3 donor peak at 570 nm to eliminate the effect of
sample dilution. Spectra were smoothed using the Savistsky—
Golay method and plotted using Prism (GraphPad Software).
Details are present in Supplementary Text.

Results

Multiple rounds of directed evolution have
stabilized the dimeric state of TadA

ABEs have been developed to deaminate DNA by mutating
the wt-TadA, a homo-dimeric enzyme with each monomer
able to catalyse adenosine deamination in tRNA. The tRNA-
binding pocket is formed by both monomers (16,45), suggest-
ing that dimerization might be important for efficient tRNA
deamination. To establish whether multiple rounds of directed
evolution have impacted the dimerization of TadA and to
characterize its role in DNA adenine base editing, we per-
formed free energy simulations of TadA8e and compared it
to wt-TadA. We used a two-dimensional Umbrella Sampling
(2D US) (33) method to describe the dimerization process of
the TadA enzymes along two reaction coordinates: the inter-
monomeric distance considering the center of mass of each
TadA unit and the difference in root-mean-square deviation
(RMSD) of the Ca atoms with respect to the experimental
structures (i.e. PDB 1Z3A (16) for wt-TadA and PDB 6VPC
(14) for TadA8e). Combining these reaction coordinates en-
abled us to describe the dimerization process while keeping
the experimental structures as a reference (details in the Ma-
terials and methods section). These runs were performed on
the TadA dimers in solution, without the dCas9, describing the
potential of TadA to dimerize per se. For both TadA variants,
we rigorously collected the population states from dimer to
monomer (and vice versa) through ~25 ps of converged sam-
pling (Supplementary Figure S2). The 2D free energy surfaces
reveal that both wt-TadA and TadA8e reach a stable mini-
mum that corresponds to the experimental dimeric state (Fig-
ure 2A), with TadA8e exhibiting a deeper minimum than the
wt-TadA. Analysis of the minimum free energy paths (details
in the Materials and methods section) also reveals that to es-
cape the minimum of the dimeric state toward the monomer,
the wt-TadA is favoured by > 10 kcal mol!, compared to
TadAS8e (Figure 2B). This indicates that TadA8e is more stable
in the dimeric form than its wt-TadA predecessor.

To experimentally assess the dimerization of TadA in the
presence of dCas9, we performed FRET experiments. We gen-
erated FRET constructs of the ABE0.1 (containing a single wt-
TadA domain) and ABES8e (containing a single TadA8e do-
main), where all cysteines (except C87 and C90 which are
present in the active site of TadA) were substituted to ser-
ine and T133 of TadA* was mutated to cysteine for site-
specific labelling with maleimide derivatives of Cy3 and Cy35
fluorophores (Supplementary Figure S3A and Supplementary
Table S1). The control labelling reaction of cysteine-free

ABES8e confirmed site-specific labelling of the ABE8e FRET
construct (Supplementary Figure S3B). The Cy3/Cy5-labelled
ABEO.1 and ABES8e are properly folded (Supplementary
Figure S3C), and the dye-labelling does not affect the deam-
ination rates of ABEO.1 and ABES8e (Supplementary Figure
S3D-G). Our ensemble FRET experiment shows that both wt-
TadA and TadA8e enzymes exist in dimeric form when fused
to dCas9 (similar to what was observed for the enzymes in
solution through free energy simulations), as evidenced by the
presence of a peak at ~675 nm in the fluorescence emission
spectra of Cy3/CyS5-labelled proteins when excited at 530 nm.
To compare the dimerization affinity of wt-TadA and TadAS8e,
we conducted FRET measurements on dye-labelled samples at
varying protein concentrations (Figure 2C). These measure-
ments show that TadA8e forms highly stable dimers, with Ky
values below 4 nM (likely in the picomolar range). In contrast,
the wt-TadA has a propensity to dissociate, suggesting a higher
K4 compared to TadA8e (likely in the nanomolar range), as
evidenced by the decrease of CyS5 fluorescence emission inten-
sity as the enzyme concentration decreases. This finding is in
qualitative agreement with our computations, showing that
the dimerization in TadA8e is stronger compared to the wt-
TadA (Figure 2A and B). The discrepancy in the quantitative
measure may stem from several factors, including the choice
of reaction coordinates, water model and the time scales acces-
sible in the simulations. Taken together, these findings suggest
that multiple rounds of directed evolution have stabilized the
dimeric state of TadA8e, which could critically contribute to
their increasing base editing efficiency.

DNA-TadA-Cas9 interactions boost DNA
deoxyadenosine deamination by ABE8e

To better understand the importance of TadA dimerization
when fused to dCas9 and to characterize the interactions that
the TadA enzymes establish with Cas9 and DNA, we per-
formed extensive multi-us MD simulations of the ABE com-
plexes. We considered ABEO.1 (where TadA is WT), ABES8e
and ABE7.10, the closest predecessor of ABE8e with ~580-
fold lower DNA deamination rate (14,17). The cryo-EM
structure of the ABE8e complex (PDB 6VPC) (14), contain-
ing dCas9 and the TadA8e homodimer, was used as a tem-
plate, as it preserves the bona fide configuration of the TadA
enzymes fused to dCas9. The ABEO.1, ABE8e and ABE7.10
model systems, comprising ~500k atoms, were simulated for
~9 us each (in three replicates of ~3 us). An in-depth anal-
ysis of our all-atom MD simulations was carried out to de-
scribe the interactions established between the TadA domains
themselves, as well as those that the TadA enzymes form with
dCas9 and the DNA. We computed the pairwise interactions
among residues in the ABE complexes using the MM /GBSA
method (46-48), assessing the relative interaction energies be-
tween different systems and comparing the gain/loss in inter-
action strength (details are present in Supplementary Text).
We first compared the ABEO.1 and ABES8e systems, using
Sankey plots to report the difference in pairwise interaction
energy (AE) between them, computed at the triad of inter-
faces between the TadA units, dCas9 and the DNA NTS (Fig-
ure 3A). In these plots, residues are connected through edges,
whose width is proportional to AE. Interactions that gain
strength in ABE8e (AE < 0, blue) are compared to those that
gain strength in ABE0.1 (AE > 0, red). This analysis reveals
an increased number of interactions that gain strength at the
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Figure 2. Dimerization of TadA enzymes. (A) Potential of TadA enzymes to dimerize in solution. The potential of mean force (PMF, in kcal mol~") for the
dimerization of the wt-TadA (top) and TadA8e (bottom) enzymes is computed through 2-D Umbrella Sampling simulations along the inter-monomeric
distance considering the center of mass of each TadA unit, and the root-mean-square deviation of the Ca atoms between the monomeric and dimeric
states. The dimer and monomer states of TadA enzymes are indicated and shown on top of the plots. (B) Minimum free energy paths for the transition
of the wt-TadA and TadA8e enzymes from monomer to dimer, computed from 2-D Umbrella Sampling simulations (see the Materials and methods
section). The 2-D free energy surface of TadA8e dimerization is superposed in transparency to highlight the minimum corresponding to the dimeric
state. The 2-D free energy surface of the TadA8e dimerization is shown in transparency to indicate the minimum corresponding to the dimeric state. (C)
Fluorescence emission spectra of Cy3/Cy5-labelled ABEOQ.1 (with single wt-TadA, top) and ABE8e (with single TadA8e, bottom) across varying
concentrations, normalized to the maximum Cy3 donor peak at 570 nm to eliminate the effect of sample dilution. The distinct reduction of FRET signal
observed exclusively in the spectra of ABEO.1, as protein concentration decreases, provides a clear indication that TadA8e has a higher affinity for

dimerization compared to wt-TadA.

TadA dimeric interface in TadA8e, compared to the wt-TadA
(Figure 3A and Supplementary Figure S4). This is in line with
our ensemble FRET measurements indicating that TadAS8e
forms more stable dimers than wt-TadA (Figure 2C). Inter-
estingly, ABE8e also shows an increase in interactions that
gain strength at the interface of the TadA8e docking domain
and the DNA NTS, as well as the TadA8e docking domain
and the RuvC domain of Cas9, with respect to ABEO.1. This
underscores that ABE8e could strengthen the interactions at
these interfaces as a possible strategy for improved catalytic
efficiency.

We then compared ABE8e with ABE7.10, the closest pre-
decessor of ABE8e with ~580-fold lower DNA deamination
rate (14,17) (Figure 3B and Supplementary Figure S5). We
observed that, while the number of interactions that gain
strength at the TadA dimeric interface is comparable, ABE8e
increases the number of interactions that gain strength be-
tween the TadA docking domain, the DNA NTS and the
RuvC domain of dCas9, compared to ABE7.10. In Figure

3C, the relative pairwise AE between ABE8e and ABE7.10
are plotted on the 3D structure at the TadA-dCas9-DNA
triad of interfaces showing a noteworthy gain in interaction
strength between the TadA docking domain, the two antipar-
allel B-sheets of the nCas9 RuvC domain (residues 1045 to
1062), and the DNA NTS. This may not only be attributed
to the additional eight mutations in TadA8e but also to the
fact that TadA8e forms a homodimer, while TadA7.10 is a
heterodimer of an evolved TadA7.10 and the wt-TadA. We
thereby conducted a comparison of the interaction gain/loss
between the homodimeric and heterodimeric TadA8e bound
to CRISPR-Cas9 (i.e. ABE8e versus ABESe hetero) based on
additional ~9 us of MD simulations of ABE8e including
the TadA8e heterodimer. We observed that the homodimeric
TadA8e maintains an elevated number of interactions with
dCas9 and the DNA that gain strength, compared with its
heterodimeric form (Supplementary Figure S6). This indicates
that the homodimeric TadA8e establishes a strong network of
interactions between its docking domain, the two antiparallel
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Figure 3. Gain/loss of interaction strength in ABE8e compared with ABEO.1 and ABE7.10. (A and B) Sankey diagrams of the relative change in pairwise
interaction energy (AE) between ABE8e and ABEOQ.1 (A), and between ABE8e and ABE7.10 (B), computed at the interfaces between the TadA catalytic
and docking domains (left), the TadA docking domain, the dCas9 RuvC domain and the DNA NTS (right). Sankey diagrams connect residues through lines
the thickness of which is proportional to AE. Interactions that gain strength in ABE8e (AE < 0, blue) are compared to those that gain strength in ABEO.1
and ABE7.10 (AE > 0, red). A cut-off of 0.7 kcal/mol was used to filter interactions with substantial perturbation. Details are reported in the
Supplementary Methods. (C) The relative pairwise AE between ABE8e and ABE7.10 are plotted on the three-dimensional structure of the complex and
shown at the TadA-Cas9-DNA interface. Interactions that gain strength in ABE8e (blue) are compared to those that gain strength in ABE7.10 (red).
Bonds are proportional to AE. (D) Time-evolution of the interactions established by R129 and R98 with the RuvC domain of dCas9 and the DNA NTS
along MD simulations of the ABE8e (blue) and ABE7.10 (red) complexes. Data are reported for three simulation replicates of ~3 us each.

B-sheets of RuvC and the DNA NTS that solidify the juxta-
position of TadA8e with the Cas9-DNA complex as a unique
feature of ABES8e.

The Sankey diagrams comparing ABE8e and ABE7.10 (Fig-
ure 3B) pinpoint that R129 strengthens the interactions with
several residues of the RuvC domain in ABE8e compared to
ABE7.10. Concomitantly, R98 binds multiple bases of the
NTS while also interacting with dCas9 E1053.

A time-evolution analysis of the interactions shows that
in ABE8e, R129 unequivocally interacts with the E1049 side
chain and the R1060 backbone carbonyl of dCas9, while these
interactions are comparatively less stable in ABE7.10 (Fig-
ure 3D). R98 binds the NTS phosphate backbone by persis-
tently interacting with thymine 8 (T8) in ABES8e, while this
interaction is mostly absent in ABE7.10. Interestingly, R98

loosely binds E1056 of dCas9 in both ABE8e and ABE7.10
(Supplementary Figure S7), suggesting that R98 mainly binds
to DNA in ABES8e. Taken together, the TadA8e docking do-
main notably strengthens its interactions with both Cas9 and
the DNA NTS, suggesting that it could critically contribute to
the 580-fold increased DNA deamination efficiency in ABE8e
compared to ABE7.10.

We thereby performed a mutational analysis and evalu-
ated the significance of the TadA8e docking domain (R98
and R129) interactions with the DNA and Cas9 for in vitro
DNA deoxyadenosine deamination. This is accomplished by
first designing a construct that contains two TadAS8e units
(the unit adjacent to the Cas9 construct is regarded as the
C-terminal domain of TadA8e, and the other unit constitutes
the N-terminal domain) fused to dCas9. Each TadAS8e is en-
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coded by different DNA sequences while retaining the same
amino acid sequences, which allows us to introduce mutations
specifically to only one TadA8e unit at a time. To distinguish
which TadA8e acts as a catalytic unit, we inactivated each
TadA8e one at a time by substituting the catalytic E59 with
A (Supplementary Figure S8A). DNA deoxyadenosine deam-
ination kinetics of these ABE8e variants in single-turnover
conditions yielded identical observed deamination rates (Roys),
which are half of the rate observed for ABE8e* when both
TadAS8e units were active (Supplementary Figure S8B and C).
This indicates that either of the TadA8e domains can deami-
nate deoxyadenosine within the NTS.

Following the original assumption in the ABE design that
the C-terminal TadA domain is catalytic (9), and to match
the constructs commonly used in the genome engineering
and our computational model (Figure 1) (14), we opted for
the ABE8e*A construct, where the N-terminal domain is
the docking unit and the C-terminal is the catalytic unit
(Figure 4A and Supplementary Figure S8A). We then gener-
ated two mutants with the R98A substitution in either the
TadAS8e catalytic domain [ABE8e*A (R98A")] or the dock-
ing domain [ABE8e*A (R98A%)] and measured their DNA
deoxyadenosine deamination kinetics under single-turnover
conditions (Figure 4B and Supplementary Figure S9A). In
agreement with our computational analysis, R98A substitu-
tion in the TadA8e docking domain significantly reduced the
observed DNA deamination rate, whereas the same substitu-
tion in the catalytic unit did not affect the DNA deamina-
tion rate (Figure 4B). The circular dichroism (CD) spectrum
of ABE8e*A (R98AIK) aligns well with that of ABESe*A
(Supplementary Figure S9B), indicating that the decrease in
DNA deamination activity is attributable to the disruption
of R98 interactions with the DNA NTS and/or the RuvC
domain of dCas9, rather than protein misfolding. This sup-
ports our hypothesis that the docking unit of TadA8e con-
tributes to the DNA deamination rate of the catalytic TadAS8e.
To assess whether R98 in the docking TadA8e interacts with
the DNA or Cas9, we created two versions of ABE8e*A,
introducing the R98E mutation in the docking TadAS8e
[ABESe*A (R9SE!)] (to disrupt TadA8e-Cas9 RuvC inter-
action) and the same substitution in the docking TadA8e with
the complementary E1056R mutation in dCas9 [ABE8e*A
(R98Edock /JE1056RC*?)] (to reinstitute TadA8e—Cas9 RuvC
interaction). Single-turnover kinetics showed that the DNA
deamination rates and efficiencies were similar for both mu-
tants (Supplementary Figure S9B-D), supporting our compu-
tational observation that R98 in the docking TadA8e primar-
ily binds to the NTS of DNA instead of forming strong inter-
actions with Cas9 (Figure 3 and Supplementary Figure S7C).

Based on our computational analysis, R129 in the TadA8e
docking unit anchors the E1049 residue in the Cas9 RuvC
domain through charge-charge interactions (Figure 3D). To
probe the role of R129 we adopted a similar approach,
where we introduced R129E in the TadAS8e catalytic unit
[ABE8e*A (R129E)] and then in the docking domain
[ABESe*A (R129Ed°k)] (Figure 4A). In agreement with
our computational analysis, R129E in the TadA8e dock-
ing domain hampers DNA deamination, while the activity
stays unaltered when introduced in the catalytic unit (Fig-
ure 4C; Supplementary Figure S9E and F). To further elab-
orate the role of the interaction between R129 and the
Cas9 residue E1049, we prepared a rescue variant with
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R129E in the TadA8e docking domain and E1049R in
Cas9 [ABE8e* A (R129E4°k /E1049R“*?)]. The measured de-
oxyadenosine deamination kinetics showed comparable activ-
ity as that of ABE8e* A (Figure 4C and Supplementary Figure
S9E). Thus, our rescue substitution could successfully rein-
state the ABE8e* A activity confirming that R129 and E1049
engage in charge—charge interactions and that the TadAS8e-
RuvC binding is important for efficient DNA deoxyadenosine
deamination. Collectively, these findings provide compelling
evidence that R98 and R129 residues of the TadA8e dock-
ing domain structurally bridge the juxtaposition of TadA8e
with Cas9 and the DNA NTS and are necessary for efficient
DNA deamination by ABES8e. As these interactions weaken in
ABE7.10, they uniquely contribute to the enhanced activity of
ABES8e.

Key substitutions introduced during ABE8e’s
evolution tune TadA stability for enhancing DNA
deamination capability

TadA8e holds eight amino acid substitutions with respect to
TadA7.10 (14,17). This contributes to a 580-fold increase
in the rate of deoxyadenosine deamination in ABE8e with
respect to ABE7.10, the highest gain across two consecu-
tive generations during the directed evolution. To understand
these mutations’ role in the complex’s stability and shed light
on their role in the increased function in ABES8e, we per-
formed free energy simulations. We employed an alchemical
FEP method (36) designed to compute the impact of mutations
on the folding free energy (37,38) (details in ‘Materials and
Methods’ section and in the Supplementary Text), as changes
in thermal stability are driven by variations in folding (38).
We computed the relative free energy change in the stability
of the ABE7.10 complex while introducing the ABE8e substi-
tutions (i.e. A109S, T111R, D119N, H122N, Y147D, F149Y,
T1661, D167N).

Our free energy simulations show that T111R and D119N
alter the stability of the ABE7.10 complex, while A107S
and F149Y produce moderate effects, and H122N, T1661
and D167N result in negligible changes (Figure SA and
Supplementary Figure S10). The change in free energy of
the complex (AAG) increases with the T111R mutation,
destabilizing ABE7.10, while D119N provides stability to
the complex as evidenced from negative AAG. To experi-
mentally assess the effect of T111R and D119N on the sta-
bility of ABE7.10, we performed a thermal stability analy-
sis using CD spectroscopy and extracted melting tempera-
tures (Ty,) for three TadA7.10 heterodimers (composed of
wt-TadA and TadA7.10): TadA7.10, TadA7.10 (T111R) and
TadA7.10 (T111R/D119N). Notably, the TadA7.10 (T111R)
variant exhibited the lowest thermal stability, with a T,, of
55.4 + 0.1°C, which is 15°C lower than the T, of TadA7.10
(70.7 & 0.3°C) (Figure 5B). However, the introduction of
D119N to the TadA7.10 (T111R) variant restored its stability
to the TadA7.10 level, elevating the T, to 69.3 + 0.9°C. This
observation corroborates our alchemical FEP simulations, in-
dicating that T111R destabilizes the complex, and contrar-
ily D119N provides stability (Figure 5A). This agreement be-
tween our alchemical FEP and thermal stability assays stems
from the fact that thermal stability is a key component of
the folding free energy computed through our alchemical FEP
approach.
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Figure 4. Key interactions between the docking domain of TadA8e with the DNA and Cas9 for efficient DNA deoxyadenosine deamination by ABE8e. (A)
Model depicting the chosen construct, ABE8e*A, alongside the three different types of mutants designed to evaluate the role of the docking unit of
TadA8e in efficient DNA deamination. The catalytic domain of TadA8e (TadA8e%®!) is coloured in dark red; the docking domain (TadA8ed°%) is pink. A blue
star indicates the position of amino acid substitutions introduced to either the catalytic or docking TadA8e domains and the Cas9 RuvC domain. (B)
Single-turnover kinetics of ABE8e*A and its variants with the R98A substitution introduced to either the catalytic (red) or the docking (pink) domains
measured using fluorescently labelled dsDNA containing a single adenine within the editing window. The DNA deamination efficiency and rate of the
ABE8e*A (RI8AYX) (k,ps = 0.03 + 0.01 min~') are significantly lower than those of the ABE8e*A (kyps = 0.12 + 0.01 min~') and the ABE8e*A
(R98A%) (kops = 0.17 + 0.02 min~") (data analysed with one-tailed t-tests, and P = 0.0001). (C) Single-turnover kinetics of ABESe*A and its variants with
R129E substitution introduced to either the catalytic (red) or the docking (pink) domains measured using fluorescently labelled dsDNA containing a
single adenine within the editing window. The observed rates of DNA deamination by constructs ABESe*A (kops = 0.12 4 0.01 min~") and ABESe*A
(R129E°) (kyps = 0.12 & 0.01 min~") are identical. The DNA deamination rate (kops = 0.06 & 0.01 min~") and efficiency of the ABE8e*A (R129E%°%) are
significantly reduced (data analysed with one-tailed t-tests, and P = 0.0017). The grey curve represents the single-turnover kinetics of the ABESE*A
mutant containing two amino acid substitutions: one in the docking TadA8e (R129E) and one in Cas9 (E1049R). The introduction of the Cas9 E1049R
mutation increases the rate (kops = 0.14 & 0.01 min~") and the efficiency of DNA deamination to the levels of ABESe*A. For all single-turnover kinetics
assays the fraction (in %) of deaminated DNA was plotted as a function of time and fitted to a single exponential equation. Data are represented as the

mean + SD from three independent experiments.

Interestingly, these observations align with several stud-
ies performed to understand the role of single amino acid
substitutions that appear during directed evolution. Inde-
pendent studies by Romero and Arnold (49), Tawfik et al.
(50) and Shoichet et al. (51) demonstrated that destabiliz-
ing substitutions are accommodated during directed evo-
lution to reshape functionality (i.e. providing improved or
new function) while structural, stabilizing mutations to com-
pensate for the loss of stability. We thereby monitored the
single-turnover deamination rate of ABE7.10 and its mu-
tants, ABE7.10 (T111R), ABE7.10 (D119N), and ABE7.10
(T111R/D119N) (Figure 5C and Supplementary Figure S11).
Introducing T111R increases the deamination rate by ~10-
fold with respect to ABE7.10, indicating the functional role
of this destabilizing mutation. D119N by itself has a slight
negative effect on deamination, while the deamination rate of
the ABE7.10 (T111R/D119N) is comparable to the rate of
ABE7.10 (T111R), indicating that D119N does not contribute
to the enhancement of DNA deamination rate, but rather sta-
bilizes the ABE7.10. Hence, the destabilizing T111R substi-
tution has a functional role, while D119N compensates for
the loss of stability during evolution. The above-mentioned
studies on directed evolution also indicated that mutations
providing improved (or new) catalytic function often appear
first and destabilize the complex. In the evolution of ABE8e
from ABE7.10, the T111R mutation frequently appeared in

several early variants (17), enhancing the ABE7.10 deami-
nation rate according to our single-turnover kinetics. Since
T111R reduces complex stability, the subsequent introduc-
tion of D119N compensates for this, facilitating the enzyme’s
evolution. Together, T111R and D119N introduce features
that balance activity and stability, driving the evolution from
ABE7.10 to the improved ABESe.

To further understand the biophysical role of T111R and
D119N in the activity of ABE8e, we analysed our multi-
us long simulations of ABE7.10 and ABES8e. Notably, the
T111R and D119N substitutions reside in a solvent-exposed
loop of the TadAS8e catalytic domain (residues 108-125).
This loop exhibits significantly reduced flexibility in ABE8e
when compared to ABE7.10 (Supplementary Figure S12).
This loss in flexibility is attributed to altered interactions in-
volving D119N and a few other mutations. The backbone
interaction between D119 and H122 in ABE7.10 is weak-
ened in ABE8e and a new persistent interaction is estab-
lished between N122 and R129 in ABES8e (Figure 5D and
Supplementary Figure S13). We then evaluated whether the
flexibility of this loop could alter the interactions between the
TadA monomers (Supplementary Figure $14). We observe that
H123Y in the TadA8e docking domain improves interaction
with the L117 backbone (Figure SE), with respect to H123
in TadA7.10. Additionally, the reduced flexibility of the loop
reinforces the interactions between T111R of the catalytic
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Figure 5. Functional role of amino acid substitutions introduced during directed evolution of ABESe. (A) Relative free energy changes (AAG, in kJ mol~")
in the stability of ABE7.10 while introducing the ABE8e mutations, computed through alchemical FEP simulations. The amino acid substitutions
considered for alchemical FEP are shown on the three-dimensional structure of ABE8e on the right. (B) Thermal denaturation profiles of TadA7.10
variants [TadA7.10 (black), TadA7.10 (T111R) (blue) and TadA7.10 (T111R/D119N) (dark blue)] were measured by CD spectroscopy with a temperature
change of 1°C/min. The thermal denaturation data were fitted to the Boltzmann sigmoidal equation and the Ty, values for each TadA7.10 variant were
determined by the inflection point and are 70.7 + 0.3°C, 55.4 £+ 0.1°C and 69.3 4 0.9°C, respectively. (C) Single-turnover kinetics of ABE7.10 (black),
ABE7.10 (T111R) (blue), ABE7.10 (D119N) (light blue) and ABE7.10 (T111R/D119N) (dark blue) measured using fluorescently labelled dsDNA containing a
single adenine within the editing window. The observed rates of DNA deamination by these constructs are 0.0021 4 0.0005 min~", 0.020 =+ 0.003
min~", 0.0038 £ 0.0007 min~", 0.020 #+ 0.003 min~" and 0.042 4 0.007 min~"', respectively. The fraction (in %) of deaminated DNA was plotted as a
function of time and fitted to a single exponential equation. Data are represented as the mean + SD from three independent experiments. (D-F)
Interactions established by the solvent-exposed loop of the TadA catalytic domain (residues 108-125) in ABE8e. N122 forms a stable interaction with
R129 within the same loop (D). Y123 of the TadA8e docking domain interacts with L117 and M118 of the TadA catalytic domain (E). R111 of the TadA8e
catalytic domain interacts with the H96 and N127 residues of the docking domain (F). Detailed analysis from MD simulations and comparison with
ABE7.10 are reported in Supplementary Figures S13 and 14. (G) Fluorescence emission spectra of Cy3/Cy5-labeled ABE8e (N119D/N122H) across
varying concentrations, with normalized Cy3 emission intensity, highlighting the changes in FRET signal. The observed distinct reduction in Cy5
fluorescence emission intensity (at ~675 nm), as protein concentration decreases, clearly indicates that N119D and N122H substitutions destabilize
TadA8e dimer. (H) Single-turnover kinetics of ABE8e (black) and ABE8e (N119D/N122H) (red) measured using fluorescently labelled dsDNA containing a
single adenine within the editing window. The observed rates of DNA deamination by these constructs are 0.56 & 0.06 min~' and 0.08 + 0.01 min~"',
respectively. The fraction (in %) of deaminated DNA was plotted as a function of time and fitted to a single exponential equation. Data are represented
as the mean £ SD from three independent experiments.
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domain and the H96 and N127 residues of the docking do-
main (Figure SF), which is also evidenced by a gain in the
strength of these interactions in ABE8e versus ABE7.10 (Fig-
ure 3B). This promotes the engagement between the catalytic
and the docking TadA8e units.

To experimentally assess the role of D119N and N122H in
the dimerization of TadA, we performed ensemble FRET ex-
periments. We generated FRET constructs of the ABE8e con-
taining N119D and N122H substitutions as seen in its prede-
cessors TadA7.10 as well as wt-TadA. The Cy3/Cy5-labelled
ABE8e (N119D/N122H) is properly folded (Supplementary
Figure S15A), and the dye-labelling does not affect the
DNA deamination rate (Supplementary Figure S15B and
C). Our ensemble FRET experiment shows that TadAS8e
(N119D/N122H) enzymes exist in dimeric form when fused
to dCas9, as evidenced by the presence of a peak at ~675
nm in the fluorescence emission spectra of Cy3/Cy3-labelled
proteins when excited at 530 nm. However, the dimerization
affinity of this TadA8e variant is lower compared to that of
TadAS8e. It appears to be similar to the affinity of the wt-TadA,
as indicated by the reduction in FRET signal with decreasing
protein concentrations (Figures 2C and 5G). Since N119D and
N122H destabilize the TadA8e dimer, based on our observa-
tion that TadA dimerization is important for the enhanced ac-
tivity of the ABES8e (Figure 2), we anticipate that the ABE8e
variant with these substitutions—although they are distant
from the catalytic site—will exhibit lower activity compared
to ABES8e. Indeed, our single turnover kinetic assays show
that the DNA deamination rate of ABE8e (N119D/N122H)
(kops = 0.08 £ 0.01 min~!) is seven times lower than the rate
of ABESe (kops = 0.56 & 0.06 min~!) (Figure SH). Collec-
tively, experimental and computational observations demon-
strate that the D119N and H122N, introduced to the ABESe
during directed evolution reduce the flexibility of the loop
and stabilize inter-molecular interactions. These findings agree
with the previous observations demonstrating the importance
of this loop in DNA deamination activity of first generations
of TadA (52). Moreover, it aligns with the growing recogni-
tion of the importance of loop dynamics in protein evolution,
with several studies indicating that loop motion can influence
catalysis (53,54).

Discussion

ABEs offer significant promise for treating genetic diseases re-
sulting from point mutations. By leveraging the precise target-
ing ability of CRISPR-Cas systems combined with the catalytic
power of laboratory-evolved TadA enzymes, ABEs enable the
conversion of AeT base pairs to GeC base pairs. This process
is achieved through the targeted deamination of deoxyadeno-
sine to deoxyinosine at specific ssDNA sites (7). Among the
ABEs used for precision genome editing in various cells and
organisms, ABES8e is one of the most efficient DNA base ed-
itors to date (17,18). It demonstrates a notable leap forward
compared to ABE7.10, its closest precursor, dramatically en-
hancing both DNA base editing efficiency and the rate of DNA
deamination. However, ABE8e is more prone to DNA off-
target editing (17). A thorough understanding of this improve-
ment is instrumental in advancing the development of efficient
ABEs. Here, we employed an integrative approach where we
combined extensive MD simulations with free energy meth-
ods and biochemical and biophysical experiments to establish
the biophysical rationale behind the astonishing base editing

"

efficiency of ABES8e, providing new directions for the devel-
opment of more advanced ABEs.

ABEs have been developed to deaminate DNA by evolv-
ing the wt-TadA (14,17), a natural homo-dimeric enzyme that
catalyses the deamination of tRNA with its active site formed
by both monomers. The cryo-EM structure of ABE8e in a
DNA-bound state reveals that TadA8e forms a similar dimer
(Figure 1). This raises the question of how amino acid substi-
tutions introduced during directed evolution impact TadAs’
dimerization and how the latter affects DNA base editing. Us-
ing enhanced sampling simulations, viz., an Umbrella Sam-
pling method, in combination with FRET measurements, we
show that TadA8e forms more stable dimers than its progeni-
tor wt-TadA (Figure 2). Interestingly, during the directed evo-
lution of the wt-TadA deaminase toward TadA8e, the selective
pressure was applied to select for efficient DNA base editing
rather than for more stable dimers. This suggests that TadA
dimerization strength co-evolved with the DNA base-editing
property, highlighting the critical role of TadA dimerization in
the DNA deamination activity.

In light of these findings, we sought to establish what makes
the dimeric TadA8e an efficient DNA base editor when bound
to the dCas9-DNA complex. Extensive MD simulations of
ABES8e, in comparison with ABE7.10, its closest predecessor
with ~580-fold lower DNA deamination rate, and ABEO.1
(where TadA is wt) provide evidence that the TadA8e dimer
establishes key interactions with both the DNA and dCas9,
a phenomenon uniquely observed in ABES8e (Figure 3). In-
deed, TadA8e forms a robust network of interactions involv-
ing its docking domain, the two antiparallel B-sheets of RuvC
(residues 1049 to 1056), and the DNA NTS, consolidating the
positioning of TadA8e within the dCas9-DNA complex. Spe-
cific residues within the TadA8e docking domain, R98 and
R129, are found to form essential interactions with the DNA
NTS and the two antiparallel 3-sheets of RuvC (Figure 3).
Single-turnover kinetics demonstrated that these interactions
are necessary for efficient DNA deamination by ABESe (Fig-
ure 4) and, considering that they are remarkably weaker in
ABE7.10 (Figure 3), they critically contribute to the activity
of ABESe. This discovery holds significant implications for the
developing new ABEs, particularly when employing orthogo-
nal Cas9 or other Cas effectors, in which the antiparallel -
sheet of RuvC that binds TadA8e is absent or is chemically and
structurally different. It highlights the necessity of engineering
the Cas9-docking TadA interface for each distinct Cas effec-
tor to achieve optimal interactions and, in turn, efficient DNA
base editing. This aligns with prior observations that fusing
TadA8e to different Cas effectors results in less efficient DNA
base editing when compared to the ABE8e (TadAS8e fusion to
the Cas9 from S. pyogenes) (17).

Reinforcing the interactions between TadA8e and the Cas
effector could enable them to synergize more effectively, po-
tentially also leading to a reduction in DNA off-target editing.
Indeed, the fundamental process driving ABE8e’s bystander
editing is proposed to stem from TadA8e being a multiple-
turnover enzyme and its flexible connection to Cas9 enabling
it to modify nearby ssDNA regardless of whether Cas9 is
bound to it or not (14,17,55). Hence, enhancing the inter-
actions between TadA8e and the Cas effector could serve as
a strategy to reduce ABE8e’s bystander editing and Cas9-
independent DNA off-target effects.

ABES8e holds eight amino acid substations in its TadA8e
unit with respect to its closest predecessor ABE7.10,
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contributing somehow to enhancing ABES8e’s superior effi-
ciency and rate of DNA deamination compared to ABE7.10.
Our alchemical FEP simulations and thermal stability assays
reveal that two substitutions, T111R and D119N, are key
for the TadA8e stability and function. We show that T111R
is a destabilizing mutation that provides TadA with an im-
proved catalytic function (Figure 5). In contrast, D119N is a
compensatory, stabilizing mutation and does not directly en-
hance TadA’s activity. This dynamic interplay between desta-
bilizing and stabilizing mutations aligns with the complex na-
ture of enzyme evolution and adaptation. Biophysical stud-
ies of evolved enzymes have shown that mutations conferring
improved or new catalytic function commonly appear early
and destabilize the complex (49-51). As the adaptive process
continues, proteins regain stability through other mutations
with little to no impact on activity. Accordingly, moving from
ABE7.10 to ABE8e, T111R appeared in most of the evolu-
tion batches, followed by D119N (17). This suggests that the
interplay between T111R and D119N provides the balance
between activity and stability necessary to evolve the complex
toward improved function. This underscores the importance
of employing diverse approaches when engineering enzymes,
as mutations impacting the complex stability and activity are
not readily identifiable through rational design alone.

In addition to TadA stabilization, the D119N in combina-
tion with H122N substitution plays a crucial role in stabiliz-
ing the TadA8e dimer by altering the dynamics of the 105-125
loop region, as evidenced by our MD simulations and ensem-
ble FRET experiments. Since a stable TadA8e dimer is essen-
tial for forming interactions with Cas9 and DNA (56,57), re-
versing these substitutions destabilizes the TadA8e dimer, sub-
sequently reducing the activity of ABE8e (Figure 5). This is in
line with the significance of loop dynamics in protein evolu-
tion, as numerous studies suggest that loop motion directly or
indirectly affect catalysis (53,54). Therefore, we propose that
the 105-125 loop is an important region that could be further
engineered to develop more efficient ABEs.

In summary, extensive molecular simulations, single
turnover kinetics and biophysical experiments reveal that
TadA dimerization and its juxtaposition to the dCas9-DNA
complex are pivotal for the efficient DNA deamination in
ABE8e. The TadAS8e dimer exhibits greater stability than
its wt-TadA predecessor, facilitating critical interactions with
both DNA and Cas9, which enhances DNA deamination ef-
ficiency. By identifying the key residues within the TadA-
Cas9-DNA interaction triad that enhance DNA base editing
in ABES8e, our study provides valuable insights for engineer-
ing superior ABEs. These insights are crucial for developing
ABEs with orthogonal Cas9 or other Cas effectors to reduce
the editor size improving its delivery to cells, and to poten-
tially reduce DNA off-target editing, thereby contributing to
the advancement of safer and more efficient genome editing
tools.

Data availability

Data are available from the corresponding authors upon rea-
sonable request.

Supplementary data
Supplementary Data are available at NAR Online.
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