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Abstract

With the advancement of genetic code expansion, the field is progressing towards incorpo-

rating multiple non-canonical amino acids (ncAAs). The specificity of aminoacyl-tRNA syn-

thetases (aaRSs) towards ncAAs is a critical factor, as engineered aaRSs frequently show

polyspecificity, complicating the precise incorporation of multiple ncAAs. To address this

challenge, predicting binding affinity can be beneficial. In this study, we expressed sfGFP

using an orthogonal aaRS/tRNA pair with 4-Azido-L-phenylalanine (AzF) and another four

different ncAAs. The experimental results showed specificity with O-Methyl-L-tyrosine as

well as AzF, and these results were compared with computational predictions. We con-

structed a mutant aaRS structure specific for AzF through homology modelling and con-

ducted docking studies with tyrosine and five ncAAs, followed by molecular dynamics

simulations. The binding affinity was calculated using the molecular mechanics/Poisson–

Boltzmann surface area, focusing on nonpolar solvation terms. While the analysis is based

on the incorporation of limited number of ncAAs, the cavity and dispersion term method

showed consistency with experimental data, highlighting its potential utility compared to the

surface area term method. These findings enhance understanding of the ncAA specificity of

aaRS in relation to computer simulations and energy calculations, which can be utilized to

rationally design or predict the specificity of aaRS.

Introduction

Genetic code expansion (GCE) enables the site-specific incorporation of non-canonical amino

acids (ncAAs) into proteins, enhancing chemical functions, ligand binding, fluorescence,

photocaging, and cross-linking [1]. Recently, there have been attempts to incorporate multiple

ncAAs into proteins to introduce various functional groups [2, 3]. As the number of ncAAs

increases, additional orthogonal aminoacyl-tRNA synthetase (aaRS) and tRNA pairs are

needed. Pairs of aaRS/tRNA have been imported from phylogenetically distant organisms to

achieve orthogonality, such as Methanococcus jannaschii TyrRS/tRNATyr, Methanosarcina bar-
keri PyrRS/tRNAPyr, and Methanosarcina mazei PylRS/tRNAPyl. Many aaRS/tRNA pairs have
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been developed to expand the tools for GCE [4–8], and efforts are ongoing to develop mutually

orthogonal aaRS/tRNA pairs, such as quintuply orthogonal PyrRS/tRNAPyl pairs [9].

Furthermore, achieving the production of proteins with multiple ncAAs in the realm of

GCE requires the orthogonality of genetic codes, ncAAs, aaRS/tRNA pairs, and ribosomes,

ensuring compatibility with native cellular components as well as exogenous factors. It is

essential to facilitate gene expression and translation processes without cross-reactivity or

pleiotropic effects [10]. Establishing these conditions is a key factor in producing intended

proteins incorporating multiple ncAAs simultaneously and accurately. However, many engi-

neered orthogonal aaRSs have the property of being polyspecific, meaning they recognize mul-

tiple ncAAs [11–13], and the orthogonality between ncAAs and aaRS is sometimes overlooked

because a small number of ncAAs have been incorporated into a single protein. The orthogo-

nality of aaRS in recognizing ncAAs will be increasingly important as the number of ncAAs to

be incorporated simultaneously into a single protein increases. However, the polyspecificity is

a significant drawback in producing proteins with multiple ncAAs as it disrupts specific incor-

poration. Therefore, predicting the recognition of ncAAs by aaRS could be helpful in produc-

ing recombinant proteins utilizing multiple ncAAs.

On the other hand, the rational design of the active site, or interpreting the relationship

between aaRSs and ncAAs is often performed using computational approaches. For instance, a

structure-based design approach was used to engineer M. jannaschii TyrRS to specifically

incorporate O-Methyl-L-tyrosine through computational predictions and molecular dynamics

(MD) simulations [14]. Similarly, rational design and computational modelling were

employed to create a specific aaRS for 4-Acetyl-L-phenylalanine, enhancing its selectivity by

predicting and validating mutations that improve binding affinity [15]. Additionally, favour-

able and unfavourable aaRS–amino acid complexes were clustered using the Molecular

Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) method, which can be performed

either following MD simulations or directly [16]. In contrast to these studies that focused on

specific ncAAs or distinguishing favourable ones from unfavourable ncAAs, we aimed to

arrange and validate the recognition of ncAAs in relation to binding affinity derived from the

polyspecificity of aaRSs using both experimental and computational methods.

In this study, we incorporated five ncAAs into green fluorescent protein (GFP) containing

an amber codon and calculated normalized fluorescence levels to estimate the activity of aaRS

according to ncAAs. For the in silico research, we used homology modelling to predict the

aaRS structure and performed docking studies of amino acids. Amino acid–aaRS complexes

obtained from the docking studies were subjected to MD simulations to optimize the binding

pose in the active site and interactions between the ligand and receptor. The binding free

energy was calculated using two different methods for nonpolar solvation energy within the

MM/PBSA, based on simulation trajectories, and compared with in vivo results. Subsequently,

analysis of the amino acid–aaRS complexes allowed for the identification of the key factors

contributing to amino acid recognition.

Materials and methods

Strain, media, and plasmids

Escherichia coli DH10B [F–mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 endA1
araD139 Δ(ara-leu)7697 galU galK λ–rpsL(StrR) nupG] (Invitrogen, Waltham, MA) was used

for recombinant protein expression. Cell cultures were grown in LB media. A total of five

ncAAs were used for ncAA incorporation: 4-Azido-L-phenylalanine (AzF), O-Methyl-L-tyro-

sine (OMY), 4-Acetyl-L-phenylalanine (AcF), 4-Fluoro-L-phenylalanine (pFF), and 4-Benzoyl-

l-phenylalanine (BpF) (Fig 1). The pEVOL-pAzF-C1 plasmid was used for the expression of

PLOS ONE Polyspecificity of aminoacyl-tRNA synthetase using molecular dynamic simulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0316907 January 10, 2025 2 / 16

https://doi.org/10.1371/journal.pone.0316907


orthogonal aaRS and tRNA pair under the control of the araBAD and proK promoters, respec-

tively [17]. The pSEVA631pt-sfGFP204amb plasmid was used for the expression of superfolder

green fluorescent protein (sfGFP) containing an amber codon at position 204 under the control

of tac promoter [17].The working antibiotics concentrations were 50 μg/mL chloramphenicol

for pEVOL-pAzF-C1 and 50 μg/mL gentamicin for pSEVA631pt-sfGFP204amb.

Reporter protein expression and fluorescence measurements

For the seed culture, a fresh single colony of E. coli DH10B (pEVOL-pAzF-C1, pSEVA631pt-

sfGFP204amb) was inoculated in 4 mL of LB broth supplemented with antibiotics and grown

Fig 1. Non-canonical amino acid structures used in this study. Each amino acid was subjected to incorporation by a mutant aaRS derived from M.

jannaschii TyrRS, which was initially developed for AzF. (A) 4-Azido-L-phenylalanine (AzF). (B) O-Methyl-L-tyrosine (OMY). (C) 4-Acetyl-L-

phenylalanine (AcF). (D) 4-Fluoro-L-phenylalanine (pFF). (E) 4-Benzoyl-l-phenylalanine (BpF). (F) L-tyrosine (Tyr).

https://doi.org/10.1371/journal.pone.0316907.g001
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overnight at 37˚C and 250 rpm. sfGFP was expressed by inoculating the seed culture at a 1:50

ratio in 4 mL of LB broth supplemented with antibiotics, 0.2% L-(+)-arabinose, 0.5 mM iso-

propyl β-D-1-thiogalactopyranoside (IPTG), and 0.5 mM ncAA, and culturing for 9 hours at

37˚C and 250 rpm. Optical density (600 nm) and fluorescence (excitation 485 nm, emission

528 nm) were measured using a SpectraMax iD3 (Molecular Devices, San Jose, CA). The nor-

malized fluorescence intensity was calculated by dividing the fluorescence value by the optical

density. The relative normalized fluorescence was calculated by dividing the fluorescence val-

ues (excitation at 485 nm, emission at 528 nm) by the optical density at 600 nm, with AzF set

as 100%.

Homology modelling and molecular docking

The amino acid sequence of aaRS from pEVOL-pAzF-C1 was submitted to SWISS-MODEL

[18]. Using the crystal structure of M. jannaschii TyrRS (PDB 1J1U) [19], the tertiary structure

prediction of aaRS, which was optimized for the incorporation of AzF [20], was conducted.

AutoDock Vina 1.2.0 [21] was used for docking ligands into the aaRS structure. The ligand

structures of five ncAAs and tyrosine were obtained from PubChem [22]. Using the crystal

structure of M. jannaschii TyrRS as a reference, a 5 Å radius and a 11.25 × 11.25 × 11.25 Å3

cubic grid box around the substrate tyrosine position were selected as the flexible amino acid

residues and ligand binding site, respectively. From the docking study, the best-scored binding

pose was selected for MD simulations except in special case where the carboxyl and amino

groups were oriented toward the deep pocket and the functional group faced outward. This

case makes it difficult to interact with ATP for aminoacylation.

Complex preparation and molecular dynamics simulation

The protein–ligand complex was prepared based on the results of the flexible docking study

described above. The structures of the aaRSs were analysed using the H++ server [23] to esti-

mate their protonated states in a physiological environment, and parameters were generated

using ff14SB [24]. The ligand parameters were generated using the general AMBER force field

2 (gaff2) [25, 26]. The protein–ligand complexes were solvated in a truncated octahedron box,

which required fewer water molecules and fit globular proteins better than cubic boxes [27].

The water box was created with a 10 Å buffer of TIP3P water [28], 1 Cl- ion for system neutral-

ization, and 0.15 mM NaCl ions.

All relaxation and MD simulations were performed using AMBER22 [29]. The simulations

were performed under periodic boundary conditions (PBC). Long-range electrostatic interac-

tions were computed using the Particle Mesh Ewald (PME) method with an 8 Å non-bonded

cutoff.

The relaxation process consisted of 9 steps, each lasting 5000 ps with a time step of 1 fs,

except for energy minimization. The SHAKE algorithm was utilized to constrain the covalently

bonded hydrogen atoms in all steps except for energy minimization. Unlike the aaRS, which

was restrained, the ligand was not restrained during the relaxation. Initial energy minimization

was performed for 5000 cycles, with the first 1000 cycles using the steepest descent method

and the remaining 4000 cycles using the conjugate gradient algorithm. A force constant of 100

kcal�mol-1�Å-2 was applied to restrain the protein atoms. The system was heated from 100 K to

310 K, and subsequently relaxed at 1 atm to equilibrate the box pressure and density. The

restraint was gradually reduced to a lower force constant of 10 kcal�mol-1�Å-2. The system

underwent another round of minimization using the same method as the initial energy mini-

mization, but this time only the protein backbone was restrained with a force constant of 10

kcal�mol-1�Å-2. Then, the system was relaxed by gradually reducing the force constants on the
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protein backbone of 10 kcal�mol-1�Å-2, 1 kcal�mol-1�Å-2, and 0.1 kcal�mol-1�Å-2 over each 5000

ps. Finally, all restraints were removed in the last relaxation step. The Langevin thermostat and

Berendsen barostat were used to maintain a constant system temperature and pressure,

respectively.

MD simulations were performed in triplicate for 200 ns with a time step of 4 fs. After relax-

ation, random velocities were assigned, and unrestrained MD simulations were carried out. To

reduce computational cost, hydrogen mass repartitioning and the NVT ensemble were

adjusted for the increased time step [30]. Coordinates were saved every 5 ps throughout the

production runs.

MM/PBSA

MMPBSA.py in AmberTools was used to calculate the binding free energies [31, 32]. A total of

201 snapshots were analysed at 500 ps intervals throughout the 100–200 ns trajectory. The

ionic strength was set to 0.15 mM, with internal and external dielectric constants set to 2 and

80, respectively [33]. The nonpolar solvation was calculated using either the SASA model

(inp = 1) or the CD (cavity and dispersion) model (inp = 2). The SASA model estimates the

nonpolar solvation energy as proportional to the solute SASA and is represented by:

DGnp ¼ g � SASAþ b ð1Þ

where γ is the surface tension coefficient, and b is the offset for the nonpolar free energy con-

tribution. The CD model divides the nonpolar solvation energy into two terms, cavity and dis-

persion, described as:

DGnp ¼ DGcav þ DGdisp ð2Þ

where ΔGcav is the cavity formation free energy corresponding to the solvation free energy

from solute–solvent repulsive interactions and the formation of solute cavity. ΔGdisp is the dis-

persion free energy corresponding to establishing solute–solvent attractive interactions,

including the solvent–solvent reorganization component [34, 35]. The radii and constants

were determined based on the nonpolar solvation method following the radii study and

AMBER manual [29, 36, 37]. PARSE radii [36] were used for the SASA term method, while

the optimized radii by Tan & Luo [37] were used for the CD term method. Surface tension and

offset were set to 0.00542 and 0.92 for the SASA term method, and to 0.0378 and −0.5692 for

the CD term method [36, 37]. Other settings were kept at default values.

Clustering and analysis

The representative structure was obtained using the density-based spatial clustering of applica-

tions with noise (DBSCAN) algorithm in the cpptraj module of AmberTools [32, 38]. A total

of 80 amino acids around the substrate within 10 Å and the ligand were subjected to clustering.

The representative structure of protein–ligand complex was analysed using the protein–ligand

interaction profiler (PLIP) [39]. The occupancy of hydrogen bonds within a 100–200 ns trajec-

tory was analysed with the cpptraj module in AmberTools. Structure visualization was con-

ducted using PyMol [40].

Results and discussion

Experimental results

Aminoacylation is the process where an amino acid is attached to the active site, activated with

ATP to form the aminoacyl-MP intermediate, and then transferred to the tRNA, releasing
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AMP. This process is mediated by aaRSs, which select their amino acid and tRNA substrates

from disparate pools of chemically and structurally similar molecules and link them together

to form charged aminoacyl-tRNA for protein synthesis [41]. To explore the polyspecificity of

aaRSs, a mutant M. jannaschii TyrRS developed to incorporate AzF [20] was examined to

determine whether it could incorporate other ncAAs. As AzF has an aryl azide in its functional

group, four ncAAs (OMY, AcF, pFF, BpF) containing an aromatic ring in their functional

groups were selected and these ncAAs had following advantages. AzF is utilized in click chem-

istry through azide–alkyne cycloaddition and this property can be used for conjugation, such

as between albumin and drug [42]. Similarly, AcF is used in click chemistry for oxime or

hydrazone reactions in bioconjugation [43, 44]. Photoactivatable property of BpF makes it

ideal for studies of protein–protein interactions using photocrosslinking [45, 46]. OMY was

employed for tumor imaging [47], and incorporating pFF enhanced the shelf life of enzyme

activity [48].

The aaRS/tRNA pair and sfGFP were expressed with each ncAA to verify the incorporation

of ncAA. As the corresponding tRNA suppresses the amber codon, sfGFP containing the

amber codon in the middle of its sequence was utilized to measure activity. Without the amber

suppression, the translation of sfGFP was incomplete due to truncation, resulting in a lack of

fluorescence signal. Accordingly, enzyme activity was measured by calculating relative normal-

ized fluorescence intensity using sfGFP (Fig 2). When the relative normalized fluorescence

intensity of AzF was set to 100%, OMY showed 75% of relative normalized fluorescence indi-

cating the mutated aaRS could efficiently incorporate OMY as well as AzF. In contrast, AcF,

Fig 2. Relative normalized fluorescence levels obtained with different ncAAs. Compared to AzF, OMY showed 75% relative normalized

fluorescence, while the remaining ncAAs exhibited 12%, a level similar to the fluorescence observed in the absence of any ncAA. Error bars represent

the standard deviation, and all experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0316907.g002
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pFF, and BpF showed 12% of relative normalized fluorescence, which was identical to the

value obtained in the absence of ncAAs. It was consistent with the observation that the M. jan-
naschii TyrRS derived aaRS/tRNA pair exhibited background expression levels in the absence

of its cognate ncAA [49]. These results demonstrated that the identically mutated aaRS showed

different relative normalized fluorescence levels depending on the amino acid, suggesting that

the binding affinity of ncAAs affects GFP expression. Supporting this, a study reported that

site mutations of a single residue interacting with ncAA results in different normalized fluores-

cence values, indicating that the recognition of ncAA affects GFP expression [50].

Homology modelling and molecular docking

Compared to the wild type of M. jannaschii TyrRS, the mutant aaRS used in this study was

developed with a total of six mutations [51]. Five of these mutations—Tyr32Thr, Glu107Asn,

Asp158Pro, Ile159Leu, and Leu162Gln—were introduced at the active site using site-satura-

tion mutagenesis to recognize AzF [20]. Specifically, the Tyr32Thr and Asp158Pro mutations

removed hydrogen bonds from the phenolic group of tyrosine, expanding the active site to

accommodate the larger azido group. The other mutation, D286R, enhanced the recognition

of tRNA anticodon [19]. The structure of the mutant aaRS was predicted using homology

modelling based on the X-ray crystal structure of M. jannaschii TyrRS (PDB 1J1U) [19]. The

predicted structure was directly used for the docking study as the sequence identity was 98%.

Since the side chains of the active site were expected to mainly affect the binding of the sub-

strate, the interacting poses of side chains around the substrate needed to be considered. Based

on the crystal structure, amino acids within 5 Å of the substrate tyrosine position (THR32,

ILE33, GLY34, PHE35, GLU36, LEU65, ALA67, HIS70, ILE137, TYR151, GLN155, PRO158,

GLN173, ILE176) were treated as flexible. Flexible docking was conducted using AutoDock

Vina [21]. The top-scored affinities are presented in Table 1, with additional details provided

in S1 Table. The top-scored docking poses are shown in Fig 3. All amino acids, except for AcF,

docked similarly to Tyr, aligning their functional groups toward the deep pocket. In contrast,

the top-scoring docking pose of AcF (Fig 3D) was inverted, with the amino and carboxyl

groups facing the deep pocket and the functional group positioned outward, which likely

resulted in an inactive form. Therefore, the second-ranked structure (Fig 3E), which exhibited

the correct orientation, was selected for further analysis. According to the docking affinity

results, AzF showed the lowest energy, which corresponded to experimental data. However,

other amino acids showed lower energy than OMY, which could not explain the incorporation

of OMY.

MD simulation and MM/PBSA

The wild type M. jannaschii TyrRS activates with a dimeric structure to bind the tRNA, span-

ning the two subunits of the homodimer [19]. However, since the recognition of the amino

acid involves only one subunit, MD simulations were performed using the monomer structure

to elucidate the association between the active site of aaRS and the amino acid while reducing

computational cost. MD simulations were carried out from the best docking poses to optimize

Table 1. Results of binding affinity from docking study.

AzF OMY AcF pFF BpF Tyr

Affinity (kcal/mol) −4.376 −1.791 −1.36 (−2.598)a −2.23 −2.611 −2.569

a Inverted docking pose

https://doi.org/10.1371/journal.pone.0316907.t001
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Fig 3. Top-scored docking poses of ncAAs. (A) Crystal structure of M. jannaschii TyrRS WT and tyrosine (PDB 1J1U), (B-H) Docking poses of mutant

aaRS derived from M. jannaschii TyrRS and ncAAs. The top-scored docking pose of AcF (mutant–AcF1) is inverted, while the second-scored pose

(mutant–AcF2) shows the correct orientation. M. jannaschii TyrRS WT (dark grey), mutant aaRS (light grey), tyrosine (magenta), AzF (violet), OMY

(salmon), AcF (cyan or green), pFF (yellow), and BpF (orange).

https://doi.org/10.1371/journal.pone.0316907.g003
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the complex structures and demonstrate the binding properties. Simulations using five ncAAs

and tyrosine were continued for 200 ns from the relaxed structure, with three simulation runs

(Fig 4). Root-mean-square deviation (RMSD) compared to the starting frame was used to

judge the conformational stability, which plateaued between 100 and 200 ns.

The binding free energy was calculated using the molecular mechanics/Poisson–Boltzmann

surface area (MM/PBSA) method. The internal dielectric constant was set to 2 for moderately

charged ligands [33]. Although entropy is crucial for determining absolute binding free

energy, it was not calculated as it is not necessary for ranking the ligands [52]. Nonpolar solva-

tion energy was calculated using two different methods. The first one was solvent accessible

surface area (SASA) term method, where nonpolar solvation energy was estimated according

to the SASA of solute. The other was the cavity and dispersion (CD) term method, where non-

polar solvation energy was divided into cavity and dispersion terms.

The binding free energies from three independent simulations were calculated using both

the SASA term and CD term methods. The mean values are presented as mean ± pooled stan-

dard error of the mean in Tables 2 and 3, with detailed results provided in S2 Table. In Table 2,

the total binding free energies for AzF and OMY were −20.6 and −20.2 kcal/mol, respectively,

suggesting stronger binding affinities compared to AcF, pFF, and Tyr. However, BpF, despite

not being a substrate of aaRS, exhibited a lower value of −22.2 kcal/mol. On the other hand, in

Table 3, the total binding free energy calculated using the CD method showed −7.4 kcal/mol

for the most favourable substrate AzF, and −5.4 kcal/mol for OMY. Tyr, the natural substrate

used as a negative control for ncAA incorporation, showed a value of 0.4 kcal/mol. Other

amino acids, which exhibited lower fluorescence similar to the negative control, ranged from

−0.6 to 3.0 kcal/mol. A comparison between Tables 2 and 3 reveals differences only in polar

and nonpolar solvation energy. The polar solvation energy difference between Tables 2 and 3

ranged from 1.4 to 6.3 kcal/mol due to variations in radii used for optimized calculations

based on the nonpolar solvation method. This difference was minor compared to the energy

difference of 15.7–24.6 kcal/mol in nonpolar solvation energy, highlighting the crucial role of

the nonpolar solvation method in distinguishing between the results in Tables 2 and 3. Conse-

quently, the total binding free energy calculated using the CD term showed good agreement

with experimental results, demonstrating the substantial impact of the nonpolar solvation

energy method on the total binding free energy, altering the ranking.

In this study, the CD term method is more appropriate than the SADA term method

because of the consistency with experimental results. However, the preference will be depen-

dent on the study. The CD term method was devised for small molecules to address the limita-

tions of the SASA model, which showed poor correlation with nonpolar organic molecules

due to its orientation towards large solutes such as linear alkanes [35, 36]. A previous study

reported that in systems where the ligand binds in a deep pocket, the CD model had a stronger

correlation with the ligands binding at the centre of membrane proteins surrounded by amino

acid residues [53]. Conversely, in the same study, the SASA model yielded better results with

systems where ligands bind at the interface of proteins and lipids. Additionally, another study

found that the CD model exhibited a smaller RMSD but a lower correlation of binding free

energy compared to the SASA model [54]. Considering these studies and our results, the

choice of method for calculating nonpolar solvation energy is not negligible for accurate calcu-

lations and proper ranking of ligands.

Structure analysis

Recognition of amino acids by aaRS is achieved through non-covalent interactions such as

hydrogen bonds, electrostatic (or salt bridge), hydrophobic, water-mediated, and π-
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Fig 4. RMSD analysis of mutant aaRS and amino acid complexes in MD simulations.

https://doi.org/10.1371/journal.pone.0316907.g004
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interactions, which play an important role in the specific binding of ligands [55]. Representa-

tive structures of AzF–aaRS and OMY–aaRS complexes were obtained by clustering a 100–200

ns trajectories (Fig 5), and subsequently analysed using the PLIP tool except for hydrogen

bonds. Hydrogen bonds were analysed using the cpptraj module with a 100–200 ns trajecto-

ries. The occupancy between the rotational hydrogen donor atom and the receptor atom was

calculated by summing the specific occupancies, which were divided according to the specific

hydrogens (Table 4). Full lists of hydrogen bond occupancy are provided in S3 Table.

The AzF–aaRS and OMY–aaRS complex showed stable ligand binding, each showing the

same interactions: one hydrophobic interaction and two hydrogen bonds (Table 4, Fig 5A and

5B). Ala67 hydrophobically interacted with the aromatic ring of ncAA, contributing to the rec-

ognition of the functional group. Gln155 formed a hydrogen bond with the amino group of

ncAAs. These interactions were conserved from the wild type of M. jannaschii TyrRS and its

complex with tyrosine [19]. Interestingly, Glu36 was involved in hydrogen bond formation,

replacing Tyr151, which participated in recognizing the amino group of tyrosine in the M.

Table 2. Result of binding free energy calculated using the solvent accessible surface area (SASA) term method.

ΔEvdw ΔEelec ΔGpolar ΔGnonpolar ΔGtotal

AzF −26.0 ± 0.5 −24.1 ± 0.7 33.4 ± 0.6 −3.9 ± 0.0 −20.6 ± 0.4

OMY −25.4 ± 0.4 −21.4 ± 0.8 30.5 ± 0.7 −3.8 ± 0.0 −20.2 ± 0.4

AcF −25.3 ± 0.5 −16.9 ± 1.0 29.5 ± 0.8 −4.0 ± 0.0 −16.8 ± 0.4

pFF −18.0 ± 0.5 −18.9 ± 1.1 26.1 ± 1.0 −3.5 ± 0.0 −14.2 ± 0.4

BpF −30.7 ± 0.6 −19.9 ± 1.5 33.0 ± 1.4 −4.6 ± 0.0 −22.2 ± 0.5

Tyr −20.1 ± 0.6 −19.3 ± 0.9 28.6 ± 0.9 −3.5 ± 0.0 −14.4 ± 0.5

All values are reported in kcal/mol, and the energies are presented as pooled mean ± pooled standard error, calculated from triplicate simulations.

https://doi.org/10.1371/journal.pone.0316907.t002

Table 3. Result of binding free energy calculated using the cavity and dispersion (CD) term method.

ΔEvdw ΔEelec ΔGpolar ΔGnonpolar ΔGtotal

ΔGcav ΔGdisp

AzF −26.0 ± 0.5 −24.1 ± 0.7 27.1 ± 0.5 −20.3 ± 0.2 35.9 ± 0.2 −7.4 ± 0.6

OMY −25.4 ± 0.4 −21.4 ± 0.8 26.5 ± 0.7 −19.3 ± 0.1 34.3 ± 0.2 −5.4 ± 0.5

AcF −25.3 ± 0.5 −16.9 ± 1.0 28.1 ± 0.8 −19.3 ± 0.2 36.5 ± 0.2 3.0 ± 0.7

pFF −18.0 ± 0.5 −18.9 ± 1.1 24.1 ± 0.9 −15.6 ± 0.2 27.8 ± 0.3 −0.6 ± 0.7

BpF −30.7 ± 0.6 −19.9 ± 1.5 30.9 ± 1.3 −23.7 ± 0.3 43.7 ± 0.5 0.2 ± 0.7

Tyr −20.1 ± 0.6 −19.3 ± 0.9 26.8 ± 0.9 −16.4 ± 0.3 29.5 ± 0.3 0.4 ± 0.8

All values are reported in kcal/mol, and the energies are presented as pooled mean ± pooled standard error, calculated from triplicate simulations.

https://doi.org/10.1371/journal.pone.0316907.t003

Table 4. Hydrogen bond occupancies within the trajectory of 100–200 ns.

Acceptor Donor Fractions (AzF) Fractions (OMY)

Glu36@O (F) ncAA@N (A) 0.89 ± 0.10 0.83 ± 0.15

Gln155@O (F) ncAA@N (A) 0.84 ± 0.03 0.72 ± 0.10

ncAA@O (C) Gln173@N (F) 0.14 ± 0.07 0.08 ± 0.07

ncAA@O (C) Glu36@N (F) 0.14 ± 0.13 0.01 ± 0.01

(A): amino group, (C): carboxyl group, (F): functional group

All values are presented as pooled mean ± standard deviation, calculated from triplicate simulations.

https://doi.org/10.1371/journal.pone.0316907.t004
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Fig 5. Representative structures of ligand–protein complexes in MD simulations. (A) AzF–aaRS complex. (B) OMY–aaRS complex. (C) Superimposed

structure of AzF, OMY, and tyrosine on the crystal structure of M. jannaschii TyrRS (PDB 1J1U). The ligands AzF, OMY, and tyrosine are depicted in violet,

salmon, and magenta, respectively. aaRS is shown in light grey. Hydrogen bonds and hydrophobic interactions are indicated by yellow and green dotted lines,

respectively.

https://doi.org/10.1371/journal.pone.0316907.g005
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jannaschii TyrRS–Tyr complex. The large functional groups of ncAAs caused the amino and

carboxyl groups to be displaced outward from the pocket. This also made it more difficult for

Gln173 to interact with the ncAAs, compared to its ability to form two hydrogen bonds with

the amino and carboxyl groups of tyrosine in the wild-type TyrRS–Tyr complex, as indicated

by the hydrogen bond occupancies (Table 4). The higher hydrogen bond occupancy of AzF

compared to OMY contributed to the stable binding in the pocket, which was reflected in the

lower electrostatic interaction energy shown in Table 3. Consequently, AzF was able to bind

more stably at the active site than OMY.

Conclusion

We conducted experimental studies on the expression of ncAA-incorporated sfGFP using five

ncAAs and a mutant aaRS. The resulting differences in relative normalized fluorescence values

were interpreted through computational studies, which included aaRS modelling, docking,

MD simulation, and MM/PBSA. MM/PBSA was performed to calculate the binding free ener-

gies using two different nonpolar solvation methods (SASA term and CD term), leading to

contrasting results depending on the method employed. The binding free energies calculated

using the CD term method exhibited a stronger correlation with experimental results. Addi-

tionally, hydrogen bond and representative structure analyses confirmed that the recognition

of amino groups significantly influenced ncAA binding. This study is expected to offer valu-

able insights into predicting the binding affinity of ncAAs, facilitating the rational design of

aaRSs and the assessment of non-specific ncAA recognition due to aaRS polyspecificity.
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4. Melnikov SV, Söll D. Aminoacyl-tRNA Synthetases and tRNAs for an Expanded Genetic Code: What

Makes them Orthogonal? Int J Mol Sci. 2019; 20(8). Epub 20190419. https://doi.org/10.3390/

ijms20081929 PMID: 31010123; PubMed Central PMCID: PMC6515474.

5. Wang L, Brock A, Herberich B, Schultz PG. Expanding the genetic code of Escherichia coli. Science.

2001; 292(5516):498–500. https://doi.org/10.1126/science.1060077 PMID: 11313494.

6. Blight SK, Larue RC, Mahapatra A, Longstaff DG, Chang E, Zhao G, et al. Direct charging of tRNACUA

with pyrrolysine in vitro and in vivo. Nature. 2004; 431(7006):333–5. https://doi.org/10.1038/

nature02895 PMID: 15329732

7. Neumann H, Peak-Chew SY, Chin JW. Genetically encoding Nε-acetyllysine in recombinant proteins.

Nature Chemical Biology. 2008; 4(4):232–4. https://doi.org/10.1038/nchembio.73 PMID: 18278036

8. Lee D, Kim JG, Kim TW, Choi J-i. Development of orthogonal aminoacyl-tRNA synthetase mutant for

incorporating a non-canonical amino acid. AMB Express. 2024; 14(1):60. https://doi.org/10.1186/

s13568-024-01706-3 PMID: 38782816

9. Beattie AT, Dunkelmann DL, Chin JW. Quintuply orthogonal pyrrolysyl-tRNA synthetase/tRNAPyl

pairs. Nature Chemistry. 2023; 15(7):948–59. https://doi.org/10.1038/s41557-023-01232-y PMID:

37322102

10. Arranz-Gibert P, Patel JR, Isaacs FJ. The Role of Orthogonality in Genetic Code Expansion. Life

(Basel). 2019; 9(3). Epub 20190705. https://doi.org/10.3390/life9030058 PMID: 31284384; PubMed

Central PMCID: PMC6789853.

11. Guo LT, Wang YS, Nakamura A, Eiler D, Kavran JM, Wong M, et al. Polyspecific pyrrolysyl-tRNA syn-

thetases from directed evolution. Proc Natl Acad Sci U S A. 2014; 111(47):16724–9. Epub 20141110.

https://doi.org/10.1073/pnas.1419737111 PMID: 25385624; PubMed Central PMCID: PMC4250173.

12. Young DD, Young TS, Jahnz M, Ahmad I, Spraggon G, Schultz PG. An evolved aminoacyl-tRNA syn-

thetase with atypical polysubstrate specificity. Biochemistry. 2011; 50(11):1894–900. Epub 20110201.

https://doi.org/10.1021/bi101929e PMID: 21280675; PubMed Central PMCID: PMC3694404.
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