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Abstract 

Cyclodipeptide synthases (CDPSs) perform nonribosomal protein synthesis using two aminoacyl-tRNA 

substrates to produce cyclodipeptides. There is no available structural detail on the CDPS:tRNA 

interaction to date. Using AlbC, a CDPS that produces cyclo(L-Phe-L-Phe), the interaction between 

AlbC with its Phe-tRNA substrate was investigated. Simulations of models of the AlbC:tRNA complex, 

proposed by rigid body docking or homology modeling, demonstrated that interactions with residues of 

an AlbC alpha helix, α4, significantly contribute to the binding free energy of AlbC to tRNA.  Individual 

residue contributions to the tRNA binding free energy of the discovered binding mode explain well 

available biochemical data, and the results of in vivo assay experiments performed in this work and 

guided by simulations. In molecular dynamics simulations the phenylalanyl group predominantly 

occupied the two positions observed in the experimental structure of AlbC in the dipeptide intermediate 

state, suggesting that tRNAs of the first and second substrates interact with AlbC in a similar manner. 

Overall, given the high sequence and structural similarity among the members of the CDPS NYH 

protein subfamily, the mechanism of the protein:tRNA interaction is expected to be pertinent to a wide 

range of tRNA interacting proteins.
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Introduction 

Cyclodipeptide synthases (CDPSs) are a family of enzymes that use two aminoacyl-tRNAs (aa-

tRNAs) to synthetize cyclodipeptides (1, 2). Cyclodipeptides belong to the diketopiperazine family of 

secondary metabolites produced in many bacteria. This class of compounds is of broad interest due to 

its wide range of biological activities, including antibacterial, antifungal, antiviral, antiprion, antitumor, 

and immunosuppressive functions (3–10). AlbC was the first member of the CDPS family identified 

during the characterization of the biosynthetic pathway of the antibacterial cyclodipeptide albonoursin 

in Streptomyces noursei (11). It mainly catalyzes the formation of cyclo(L-Phe-L-Phe) (cFF) by 

incorporating two phenylalanines, and cyclo(L-Phe-L-Leu) (cFL) from phenylalanine and leucine, 

depending on the substrate availability (11, 12). 

To date, seven CDPSs, given in Table S1 have been structurally characterized in tRNA free 

forms (13–16). These CDPSs contain a Rossmann-fold domain and exist as monomers, except Nbra-

CDPS, which is supposedly a homodimer in solution (14). Interestingly, two residue sequences are 

mainly found in CDPSs at positions 40, 202 and 203 (AlbC numbering), NYH and XYP, which allowed 

to class CDPSs into two subfamilies based on residue types at these positions. AlbC belongs to the 

NYH subfamily. In the XYP subfamily, a proline substitutes the histidine beside the conserved tyrosine 

and a non-conserved residue is found at the asparagine position (17). NYH members incorporate 17 

different amino acids into cyclodipeptides, except for His, Asp and Lys; XYP members also incorporate 

17 amino acids, differing from NYH members by the exclusion of Arg (18, 19). Structural analysis of 

the two subfamilies demonstrated that the main difference is in the first half of their Rossmann fold, but 

the catalytic residues are identical in the two families and adopt similar positions. Moreover, mutations 

of these residues have similar effect on the function in both CDPS subfamilies strongly suggesting that 

CDPSs of the two subfamilies share the same catalytic mechanism. Thus, it was proposed that the XYP 

and NYH motifs appeared as alternative solutions to the same enzymatic problem but adopted for 

differences in the Rossmann fold in the two subfamilies (14). 

The catalytic mechanism has been extensively studied experimentally for the structurally 

characterized CDPSs (13, 15, 16, 20, 21). In particular, AlbC was structurally characterized with a 

covalently attached dipeptide analogue corresponding to the reaction intermediate state before the final 

cyclisation step (20, 21). The catalytic cycle begins with the binding of the first aa-tRNA with the 

aminoacyl group accommodated in the deep and hydrophobic P1 pocket that contains the conserved 

catalytic residues (15). The subsequent transfer of the aminoacyl moiety to the conserved serine residue, 

Ser37, leads to the formation of an aminoacyl enzyme intermediate. For the second step, the tRNAPhe 

part of the first substrate dissociates from AlbC and a second aa-tRNA binds to the enzyme with its 

aminoacyl group accommodated in the wider P2 cavity close to the P1 pocket. The phenylalanyl-AlbC 

reacts with the second aa-tRNA to form a dipeptidyl-AlbC intermediate (15, 20). In the last step, the 

cyclodipeptide product is obtained through intramolecular cyclization. Residues important for the 
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reaction in AlbC were identified through site-directed mutagenesis and biochemical studies (15, 20). 

These residues including Ser37, Tyr202, Tyr178, Glu182, Asn40, and His203. Tyr178 and Glu182 are 

involved in the stabilization of the aminoacyl moiety (named Phe1) of the first phenylalanyl-tRNA 

throughout the catalytic cycle as suggested by the crystal structure of the diphenylalanyl-enzyme 

intermediate mimic. The hydroxyl group of Tyr202 serves as a proton relay in the last step of cyclization 

reaction, as demonstrated recently by computer modelling (21). Three residues in AlbC, Asn40, Tyr178, 

and His203 help maintain the correct reactive conformation of the dipeptidyl group (20) during the last 

cyclization step. 

The binding of AlbC to the first tRNA appears to be contributed from interactions of the 

substrate aminoacyl moiety in the pocket P1 and interactions of the tRNA moiety with the patch of 

basic residues on the helix α4 (15). Residues Arg80, Arg91, Lys94, Arg98, Arg99 and Arg102, all 

except Arg80 belonging to α4, were identified as important for the cyclodipeptide-synthesizing activity. 

Their mutation to alanine decreases considerably the production in vivo and in vitro (15, 20). The AlbC 

specificity for the first substrate is also contributed by interactions with the aminoacyl moiety, and not 

at the sequence of the tRNA. However, AlbC seems to handle differently its second substrate. In 

particular, Asn159, Arg160 and Asp163 of the α6-α7 loop and Asp205 of the β6-α8 loop of AlbC 

together with the aminoacyl moiety and the G1-C72 base pair of the acceptor arm appear to be important 

for interactions with the second aa-tRNA substrate (12). CDPSs show structural similarity to the 

catalytic domains of class Ic aminoacyl tRNA synthetases (aaRSs), suggesting that CDPSs probably 

evolved from these aaRSs (15, 22) or from a common ancestor. In class Ic aaRSs, the loops equivalent 

to the AlbC loop α6-α7 are known to be implicated in tRNA binding (13), which made Moutiez et al 

suggest that the interaction of the second substrate with AlbC could be similar to that observed for 

tRNA binding to class-Ic aaRSs. 

Nevertheless, CDPSs and TyrRSs differ significantly. CDPSs do not have the C-terminal 

domain present in aaRSs and needed to recognize the anticodon, and also lack the ATP-binding motifs, 

since there is no need to activate amino acids. Two other protein families, FemX aminoacyl-transferases 

and aa-tRNA protein transferases bind aa-tRNAs to create peptide bonds, however they are structurally 

different from CDPSs since they possess a GCN5-related N-acetyltransferase (GNAT) fold (2, 23, 24). 

FemX from Weissella viridescens widely used as a model transferase for experimental purposes 

catalyzes the addition of alanine from Ala-tRNAAla to the UDP-MurNAc-pentapeptide (25, 26). It 

interacts with the acceptor arm of the tRNA moiety, as it is still able to interact with an artificial helix 

mimicking the acceptor arm of tRNA. Similar to CDPSs, the base pair G2-C71 was shown to be important 

for the tRNA recognition in addition to the aminoacyl moiety (23). In the second protein family, 

leucyl/phenylalanyl-tRNA protein transferase (L/F transferase) catalyzes peptide-bond formation by 

using Leu-tRNALeu (or Phe-tRNAPhe) as a donor substrate and its terminal Arg (or Lys) as an acceptor 

substrate. Biochemical and structural studies indicate that L/F transferase interacts with two sequence 
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regions in the acceptor stem of tRNA, G3-C70 base pair and a set of four nucleotides (C72, A4-U69, C68). 

Similar to FemX, L/F transferase can efficiently interact with a helical mimic of the tRNA acceptor 

stem. Moreover, similar to AlbC, L/F transferase has a strong preference for the CAG isoacceptor of 

Leu-tRNALeu (12, 24, 27). Finally, a recent crystallographic and biochemical study showed that the 

CDPS from Candidatus Glomeribacter gigasporarum belonging to the XYP subfamily interacts with 

the major groove of the acceptor stem of tRNA through the basic residues of β2 and β7 strands (14). 

However, these residues as demonstrated by biochemical experiments, are not implicated in interactions 

with tRNA in CPDPs of the NYH subfamily, demonstrating that CDPSs of the two subfamilies do not 

share the same mode of interaction with tRNA (12, 15). 

Here we show for the first-time structural details of how NYH CDPSs interact with the tRNA 

moiety of their substrates. We studied the interaction between AlbC and its Phe-tRNA substrate using 

computational techniques, including molecular dynamics simulations (MD) and binding free energy 

calculations. We propose a model that explains previous biochemical and structural experiments. Based 

on this model, mutagenesis experiments were performed in this work that further corroborate the model. 

In particular, two residues untested previously were tested in in vivo assays demonstrating effects in 

agreement with the binding contributions of these residues in the model. In this model, the acceptor 

stem of the tRNA substrate interacts with the basic residues of an alpha helix, α4, present in all CDPSs, 

while the phenylalanyl moiety predominantly occupies the two positions previously identified for the 

first and second substrate. The total charge of the alpha helix is well conserved in enzymes of the NYH 

subfamily, suggesting that the binding mode of tRNA is shared by the all NYH CDPSs. Moreover, 

residues that were proposed to be important for binding of the first and second tRNA substrates, were 

found to interact with tRNA in this model, strongly suggesting that the first and second tRNA substrates 

both interact with the α4 helix in a similar binding mode.  

Methods 

Residue and charge conservation analysis 

The sequences of CDPSs with the sequence identity lower than 90% were selected for analysis 

from reference (18). These sequences were further divided into two groups according to the signature 

sequences NYH and XYP identified previously (17). Structural alignments were used to guide the 

sequence alignment with Clustal Omega software (28) for each subfamily. For the NYH subfamily, 

AlbC (Protein Data Bank (PDB) code: 4Q24 (20)), Rv2275 (PDB: 2X9Q (16)) and YvmC (PDB: 3OQH 

(13)) were used. For the XYP subfamily, Nbra-CDPS (PDB: 5MLQ (14)), Rgry-CDPS (PDB: 5MLP 

(14)) and Fdum-CDPS (PDB: 5OCD (14)) were used. The structural alignment was performed with the 

PyMOL software (29). To understand better the residue conservation in the context of interactions with 

tRNA, the average total charge of different protein regions was calculated as following. From the NYH 

alignment, the region corresponding to the α4 helix in AlbC (residues 81 to 106) was considered for 
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each sequence and the total charge of the region was calculated by subtracting the number of negatively 

charged residues, aspartates and glutamates from the number of positive residues, lysines and arginines. 

Histidines were assumed neutral. In the XYP alignment, the region corresponding to the α4 helix in 

Nbra-CDPS (residues 78 to 102) was used. A similar approach was used for helices α5 and α6. 

AlbC:tRNA model building 

The structure of tRNAPhe was retrieved from the PDB, with reference code 4YCO (chain D) 

corresponding to dihydrouridine synthase in complex with tRNAPhe from E. coli with resolution of 2.1 

Å (30). The chosen tRNAPhe structure is one of the most complete tRNAPhe structures available in the 

PDB and contains 74 residues out of 76 with defined coordinates. This tRNAPhe structure has no post-

transcriptional modifications, however it is similar to the mature tRNA and can be efficiently used by 

AlbC as demonstrated previously (12). This tRNA contains two transversion, C3–G70 and G3–C70 in 

the acceptor stem, which were modeled as in the crystal structure (31). The structure 4YCO was 

obtained at very high concentrations of Mg ions (200 mM MgCl2) (30), explaining the large content of 

magnesium ions found in the crystal structure (25 Mg ions total). Thus, out of eight magnesium ions 

present in the crystallographic structure chain D, four magnesium ions interacting with phosphate 

groups of tRNA were maintained in the model. The other four magnesium ions were not considered, 

since they interact with less than two phosphates of the tRNA backbone, and were not observed in the 

other crystal structure of tRNAPhe, PDB: 1I9V (32). The aminoacyl group and missing residues 75 and 

76 were initially built in the extended conformation and were energetically minimized with the rest of 

the tRNA structure fixed. The CHARMM36 force field was used for the protein (33, 34) and the TIP3P 

model for water(35–37). The phenylalanyl group was modelled using the force field model specifically 

developed as a part of this work. The details of the force field development as well as the force field 

model are given in the Supporting Information.  

The crystal structure of AlbC, PDB entry 4Q24 (20) was used for the AlbC model. As 

previously described (21), the structure of the wild-type AlbC was built from the existing crystal 

structure by converting the Sγ of Cys37 into an oxygen and deleting the ZPK ligand (N-carbobenzyloxy-

L-Phe-methyl ketone). The same protein protonation state was assigned as in the previous study (21), 

except Glu182, which was in the deprotonated form. This glutamate acts as a catalytic base and becomes 

protonated only after the reaction with the first aa-tRNA (21). 

In order to acquire models of the AlbC:tRNA interaction, rigid-body docking was applied with 

the ZDOCK server (38) proven to be a valuable tool for protein-RNA complexes docking (39). tRNA 

docking onto AlbC was done with ZDOCK 3.0.3 default parameters using the coordinates of AlbC and 

Phe-tRNAPhe. Results from the top 2,000 ZDOCK predictions were filtered using the condition that 

aminoacylated adenosine of tRNA interacts with residues 35, 37, 178, 182, 202 of AlbC in order to 

position the aminoacyl moiety in the catalytic pocket. Predictions were only kept if all selected residues 



7 

 

were within 6 Å of the docked tRNA and resulted in 32 models. The first 10 top-score models were 

selected for further analysis. An additional model of the AlbC:tRNA interaction was created based on 

structural homology between CDPSs and synthetases as described in the Supporting Information.  

Preliminary calculations on AlbC:tRNA interactions were performed using smaller models. In 

the small models, tRNA residues that are distant from the protein and, thus not expected to contribute 

to the protein binding were excluded from simulations. In particular, tRNA nucleotides with a distance 

to the protein longer than 26 Å were deleted, hence residues 23 to 45 of phe-tRNAPhe were not 

considered. 

Molecular Dynamics simulations 

MD simulations were performed with the NAMD simulation package (40). Each protein-tRNA 

complex was immersed in a box of water, the sides of which were distant by at least 12 Å from any 

atom of the tRNA protein. Water molecules overlapping the protein and tRNA were removed. Periodic 

boundary conditions were applied, and the entire box was replicated periodically in all directions. All 

long-range electrostatic interactions were computed efficiently by the particle mesh Ewald method (41), 

while the short-range non-bonded interactions were calculated with a cut-off of 11 Å. An appropriate 

number of potassium counter-ions was included to render the system electrically neutral. MD 

simulations were performed at constant room temperature and pressure, after 31 ps of thermalization. 

The CHARMM36 force field (34, 42, 43) was used for the protein, tRNA and the modified version of 

the TIP3P water model (35).  

For the small models, harmonic restraints with a force constant of 1 kcal·mol-1·Å-2 were applied 

on heavy atoms around 6 Å of the truncation region using the tRNA crystal structure as a reference. 

Initially molecular dynamics simulations were performed for 30 ns on each model and continued for at 

least 200 ns for three models (9, 2 and 7) characterized by the strongest interactions between the protein 

and tRNA.  

The model with the complete tRNA and protein molecules was built based on the tRNA position 

observed in model 7 characterized by the lowest binding free energy among the models. The crystal 

structure with reference code 4Q24 (20) was superposed on the snapshot of model 7 with the lowest 

protein:tRNA binding free energy using the protein backbone atoms and coordinates of tRNA residues 

were retained. The coordinates of the nucleotides missing in the truncated model were taken from the 

complete tRNAPhe crystal structure with reference code 4YCO (44). However, the tRNA aminoacyl 

group in model 7 was misoriented relative to the experimental structure (PDB: 4Q24), as shown in 

Figure S1, suggesting that MD simulations of model 7 have not converged. In order to correct the 

position of the aminoacyl group in model 7, we used its position in model 9, which is close to the 

experimental position in the crystal structure (as demonstrated in Figure S1) as follows. The tRNA was 

superimposed on the lowest energy structure of model 9, and tRNA terminal residues 75 and 76 with 
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the aminoacyl group were retained for the final model. The model was then energetically minimized 

using 200 minimization steps in the CHARMM software with restraints applied on residues 75 and 76 

of the nucleic acid (45). The model with the complete tRNA contained around 162,000 atoms and the 

small models contained around 127,000 atoms each. For the model with the complete tRNA molecule 

one µsecond MD simulation was performed with the center of mass of the protein and tRNA heavy 

atoms weakly restrained to the origin of the system by a harmonic potential with a force constant of 0.1 

kcal·mol-1·Å-2 to prevent the drift of the AlbC:tRNA complex in MD simulations. 

Binding free energy calculations 

Binding free energy of Phe-tRNAPhe to the AlbC protein was estimated as the difference of the 

total free energy of the complex and the free energies of the separated partners: 

Δ𝐺𝑝𝑟𝑜𝑡:𝑡𝑅𝑁𝐴 = 𝐺𝑝𝑟𝑜𝑡:𝑡𝑅𝑁𝐴 − 𝐺𝑝𝑟𝑜𝑡 − 𝐺𝑡𝑅𝑁𝐴 [Eq 1] 

The free energy (𝐺 ) has three contributions from polar interactions computed using the Poisson-

Boltzmann model (𝐺𝑃𝐵), non-polar (𝐺𝑆𝐴) term, and vibrational entropy: 

𝐺 = 𝐺𝑃𝐵 + 𝐺𝑆𝐴 − 𝑇𝑆, [Eq 2] 

where 𝑇 is room temperature. The Poisson-Boltzmann equation was solved numerically with the PBEQ 

module (46, 47) implemented in the CHARMM software version c41b1 (45). The dielectric constants 

for the solute and solvent volumes were set to 4 and 80, respectively. The solute-solvent dielectric 

boundary was defined as a molecular surface using a water probe with a radius of 1.4 Å. The Poisson-

Boltzmann equation was solved using a cubic grid and a finite difference algorithm. A two-step protocol 

was used with an initial calculation performed using a large box with a coarse grid providing the 

boundary conditions for a second calculation with a smaller box using a finer grid (48). The coarse and 

fine grid spacing were set to 0.8 and 0.4 Å respectively, and the grid size was chosen to include the 

entire protein/tRNA complex in both calculations. A physiological ionic strength of 0.15 M monovalent 

ion concentration was used in addition to the 4 structural magnesium ions. The non-polar contribution 

was estimated by the term proportional to the solvent accessible surface area (SASA):  

𝐺𝑆𝐴 = 𝛼 × 𝑆𝐴𝑆𝐴, [Eq 3] 

where the surface tension 𝛼 = 6 cal·mol-1·Å-2 (49). 

Separate tRNA and protein structures were obtained by simply discarding the unwanted partner. 

Thus, structural relaxation upon the dissociation was not explicitly modelled, but included implicitly in 

the higher protein internal dielectric constant (50, 51). Calculations were performed for 300 snapshots 

taken each 100 ps from the 30 ns MD simulations for each small model. For models 9, 2 and 7, binding 

free energy calculations were performed for at least 2,000 snapshots taken each 100 ps from the MD 
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simulations. For the model with the complete tRNA molecule, free energy calculations were performed 

on 1,000 structures taken each 1 ns from the 1 μs MD simulation. 

The conformational entropy was estimated by normal-mode analysis (NMA) (52, 53) on ten 

snapshots taken each one-ns during the last 10 ns of MD simulations. To calculate normal modes, all 

water molecules were removed and the system containing the protein and tRNA was energetically 

minimized using the Adopted Basis Newton-Raphson minimizer implemented in CHARMM (45). The 

distant-dependent dielectric constant of four was used in this calculations. The tolerance applied to the 

average gradient of 0.0001 was used as convergence criterion. The error of the vibrational entropy 

calculations was estimated by dividing energies corresponding to the 10 snapshots into two batches and 

computing the difference.   

To estimate long-range electrostatic effects of residue Asp95 in the catalytic center the Poisson-

Boltzmann (PB) model was used (54). The electrostatic potential on atoms of the catalytic residues was 

computed using the PB model, and averaged over structures taken from 100 ns molecular dynamics 

simulations with the protein in the dipeptide-intermediate state. The same setup described above was 

used for Poisson-Boltzmann calculations. Calculations were repeated with zero charges on the Asp95 

sidechain and the difference in the electrostatic potential was calculated to obtain the electrostatic 

potential due to the charge on Asp95 and the associated solvent response.  

Individual residue contribution to the binding free energy 

 The individual contribution of protein residues to protein:tRNA binding was estimated by the 

component analysis, as described previously (55, 56). Only the electrostatic contribution was calculated, 

as it is expected to be dominant in interactions between the protein and tRNA. Charges on a sidechain 

up to Cβ of the residue were zeroed during binding free energy calculations. The energy contribution 

of the residue is calculated as the difference between the binding free energy of the wild-type complex 

and the energy of the complex with zero charges on the residue sidechain. 

In vivo assays for wild-type AlbC and Lys46Ala, Asp95Ala variants 

 The expression plasmid encoding AlbC was previously constructed (15). The plasmids 

encoding AlbC variants were generated by PCR mutagenesis according to the QuikChange method 

(Stratagene). The plasmids were used to transform E. coli BL21AI [pREP4] cells. The strains were 

grown at 37°C in the M9 minimum medium supplemented with trace elements and vitamins, 0.5% 

glycerol (0.5% glucose for starter cultures), 200 µg/ml ampicillin and 25 µg/ml kanamycin. CDPS 

expressions were induced by isopropyl-ß-D thiogalactopyranoside (IPTG, 2 mM final concentration) 

and cultivations were continued for 18 h at 20°C. The cultures were centrifugated at 4,000 g for 45 min: 

supernatants and cell pellets were analyzed for cyclodipeptide-synthesizing activities and protein 

expression, respectively. Supernatants were acidified with trifluoroacetic acid at 2% v:v final and 
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submitted to LC-MS analyses as previously described (57). Cell pellets were frozen at - 80°C and 

broken as described in (1). The soluble protein fractions were separated from the insoluble fractions by 

centrifugation at 20,000 g for 45 min. Both fractions were analyzed by 12% SDS-PAGE with 

Coomassie blue staining. 

Results 

Conservation of the positive charge of CDPS α4 helix belonging to the NYH family  

The residue conservation was first analyzed in the context of interactions with tRNA. In 

particular, positive charges of protein residues may contribute strongly to tRNA binding. The 

electrostatic potential on the AlbC surface calculated using the experimental structure 4Q24 (20) is 

shown in Figure 1. The total charge of AlbC at pH of 8 is -4 e, however, the protein is strongly polarized 

at this pH, which is manifested in relatively large patches of positive and negative electrostatic potential 

on the protein surface in Figure 1. It was shown that proteins with such large polarization are implicated 

in binding to the ribosome or interact with nucleic acids (58). In particular, a significant region of 

positive potential is found on the α4 helix. The α4 helix is comprised of 26 residues, with 13 residues 

being ionized at pH of 8 including seven arginines, two lysines, three glutamates and one aspartate. The 

total charge of the α4 helix at pH 8 is, thus +5 e. Potential on the protein surface, particularly in the 

catalytic pocket and around the α4 helix, correlates well with the elevated level of charge conservation 

in the NYH subfamily of CDPSs (Figure 1 B).  
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Figure 1. A) Electrostatic potential on the AlbC surface, and B) conservation of the residue charge in the NYH 

subfamily of CDPSs. Green dots show the center of mass of indicated important residues. A) Positive and negative 

potentials are shown in blue and red respectively. B) Average residue charge obtained from the sequence alignment 

and considering lysines and arginines positively charged and aspartates and glutamates negatively charged. 

The residue charge conservation shown in Figure 1 is clearly visible for the residues in the 

catalytic pocket, and in particular for Glu182 implicated in the enzymatic activity (15). Positively 

charged residues of the α4 helix possess a relatively significant level of conservation of the ionization 

state but demonstrate no strict conservation. More precisely, the α4 helix is enriched in arginines and 

lysines in CDPSs in the entire NYH subfamily, however these residues have scattered positions in the 

alignments published previously (1, 14, 15). Thus, in the NYH subfamily (272 sequences), the total 

positive charge of the α4 helix is conserved with the average charge of +5.5 e and standard deviation 

(SD) of 1.5 e as shown in Figure 2. This suggests that the positive residues of the α4 helix could be 

implicated in tRNA binding. In contrast to other solvent exposed helices, the α4 helix is the longest 

helix and the only helix having significant positive charge. Other helices on the protein surface, α5 and 

α6 have the average total charge of 0.3 e (SD 1.7 e) and -0.2 e (SD 2.2 e) respectively (Figure 2). 

Interestingly, in the XYP subfamily (231 sequences) the α4 helix charge is small and slightly negative 

with an average of -1.2 ± 2.6 e, while helices α5 and α6 are almost neutral, suggesting that the α4 helix 

may accomplish different functions in tRNA binding in these two subfamilies. 
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Figure 2. Distribution of the total charge of alpha helices α4, α5, and α6 in the NYH and XYP 

subfamilies of CDPSs obtained after the sequence alignment. The dashed line represents the mean 

charge. 

Rigid-body docking study of AlbC:tRNA interactions 

In order to design initial models of the AlbC:tRNA complex, rigid-body docking of the first 

tRNA substrate onto AlbC was performed with the ZDOCK server (38). The models of the docked 

complex were filtered based on the proximity of the important residues in the catalytic site to tRNA as 

described in the Method section. However, the proximity requirement with the minimal distance set to 

6 Å was not strict and no filtering restraints were applied to interactions with other protein residues 

including residues of the α4 helix. Thus, rigid-body docking provided 10 initial models for the 

AlbC:tRNA complex. One additional model for the first substrate binding was designed based on the 

structural similarity between AlbC and Tyrosyl-tRNA synthetase (15). Eleven models were then 

classified based on the Root Mean Square (RMS) deviation (Table S2) giving four groups of models 

shown in Figure 3. Among the considered eleven models, only one subgroup of models 5, 9 and the 

model based on TyrRS presented no interactions with the α4 (15). This group of models cannot explain 

the experimental evidence of the contribution of residues of the α4 helix to binding of first tRNA 

substrate. Nevertheless, these models were also investigated to elucidate the source of the difference 

between interactions of CDPS and TyrRS with tRNA substrates, and to probe a hypothesis that the α4 

helix is involved in binding of the second tRNA substrate despite what was previously suggested (12). 

Additionally, the Poisson-Boltzmann binding free energy was computed for 2,000 structures generated 

with ZDOCK after structural relaxation as described in the Supporting Information. The results show 

that the binding free energy for strongly interacting AlbC and tRNA correlates well with the 

contribution of the α4 helix, as shown in Figure S2, and the five models with the lowest binding free 

energy are all similar and also similar to model 7, shown in Figure S2 and Figure 3.  
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Figure 3. Initial models of the AlbC:Phe-tRNAPhe complex derived by docking and homology modeling. 

Ten models were obtained by rigid-body docking, and one additional model was based on the 

experimental structure of the TyrRS:tRNA complex. The models were superimposed using the protein 

atoms and classified according to the structural similarity. The model number corresponds to their 

docking scoring rank. 

MD simulations were performed for each of eleven models in the explicit solvent. In 

preliminary calculations on the docked structures, Phe-tRNAPhe residues distant from AlbC by at least 

26 Å were not present, as these distant residues do not contribute to AlbC binding. Indeed, in these 

calculations the contribution of distant groups is approximated as the contribution of the solvent 

occupying their space. We estimated this contribution of the truncated region using the Poisson-

Boltzmann model as described in the Method section and found that it contributes less than 0.1 kcal·mol-

1 in all cases in agreement with the previous studies (59). To maintain the tRNA structure near the 

truncated region, harmonic restraints were applied on heavy atoms around the truncated region, and 

initially 30 ns of MD simulations were performed to evaluate binding free energy between AlbC and 

tRNA. In the MD simulations tRNA remained positioned close to the protein and the aminoacyl group 

remained in the AlbC catalytic pocket in all models. Similar to their starting poses, TyrRS based model 

and models 5 and 9 did not interact with the α4 helix during the simulation, while in the remaining 
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models tRNA preferred to interact with the α4 helix. To evaluate the binding free energy, Poisson-

Boltzmann/Surface Area (PB/SA) free energy calculations were performed using the structures drawn 

from the MD simulations. The vibrational entropy was estimated using Normal Mode Analysis. The 

results are summarized in Table S3. Model 7 presented the lowest binding free energy, i.e. with the 

strongest interaction between the protein and tRNA as shown in Figure S3, including the entropy 

estimate lowered further the total binding free energy for model 7 relative to other models. Model 2 

demonstrated a lower binding free energy towards the end of the simulation suggesting that the MD 

simulation has not converged for this model with 30 ns. Model 9 was included in subsequent analysis 

since it represents the TyrRS binding pose. Thus, based on the preliminary calculations, MD simulations 

were continued for representative models 2, 7 and 9 for 300 ns for models 2 and 7 and 200 ns for model 

9 respectively. The binding free energy and RMS deviation shown in Figure S4 did not demonstrate 

large fluctuations after 20 ns of simulations for models 7 and 9, suggesting that these simulations 

converged. The average PB/SA binding free energies observed for models 2, and 7 in MD simulations 

were -41.0 (SD: 7 kcal·mol-1) kcal·mol-1 and -47.0 (SD 7: kcal·mol-1) kcal·mol-1 respectively. The 

average binding free energy for model 9 is -20.5 (SD: 3 kcal·mol-1) kcal·mol-1. Including the vibrational 

entropy estimate lowered the binding free energy for model 9 relative to model 7 and 2, however, model 

7 still has a total binding free energy 14.2 kcal·mol-1 lower in comparison with model 9. Thus, the 

models based on TyrRS are characterized by significantly weaker interactions with AlbC due to the 

lack of interaction with the α4 helix, since the α4 helix is one of structural elements providing the 

strongest contribution to the first tRNA binding. In contrast to NYH CDPSs, the total charge of the α4 

helix in TyrRS from Thermus thermophilus is zero (60), suggesting that the binding mode of the NYH 

CDPS and TyrRS can be different. 

Individual residue contributions to the total binding free energy for each model, given in Table 

S4 were further correlated with the experimental data. In the four best models, Glu182 contributes 

favorably to aa-tRNA binding with an average of -5.7 kcal·mol-1 through ionic interactions with the 

charged amino group of the phenylalanyl moiety (Figure S5). Glu182 is a conserved residue in all 

CDPSs and has an important role in the catalytic reaction by participating in the reaction and 

maintaining the correct orientation of the reactant groups (15, 21). In both models 2 and 7, residues 

Lys94, Arg98, Arg99 and Arg102 contribute strongly to the binding free energy, while Lys46 

contributes mostly in model 2 and Arg91 in model 7. Biochemical experiments indicate that Arg91, 

Arg98, Arg99 and Arg102 are important for cyclodipeptide formation (12, 15). The mutation of Lys46 

into an alanine does not have any significant effect on the cyclodipeptide production and protein 

expression (Table S5 and Figure S6), suggesting that this residue is not implicated in AlbC:tRNA 

interaction, however a positive residue, lysine or arginine is frequently found at this position in the 

CDPS NYH subfamily. In Model 9 based on the TyrRS:tRNA structure, suggested previously to explain 

the second substrate binding, Arg231 has the strongest contribution to the total binding free energy of 
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-8.3 kcal·mol-1 , but residues Asp163 and Asp205 do not contribute practically to interactions with the 

tRNA substrate. Importantly, biochemical experiments demonstrate that the contribution of Arg231 to 

tRNA binding is negligible and Asp163 and Asp205, both implicated in tRNA interactions (2, 15). 

Overall, this demonstrates that model 9 is unlikely for the complex with the first or second tRNA 

substrate.  

The individual residue contributions for models 2 and 7 are very similar. In model 2, residues 

94-102 of the α4 helix interact with the phosphate backbone of nucleotides 65-67, while in model 7 

interactions occur mainly between residues 91-103 and nucleotides 62-65, as shown in Figure S5. Thus, 

models 2 and 7 representative of two groups of structures predicted by rigid-body docking converged 

to similar binding modes relying on the α4:tRNA interaction.  

Interactions with the α4 helix maintain in long Molecular Dynamics simulations 

Based on the preliminary calculations described above, a model with the complete tRNA 

molecule was built using the tRNA position observed in model 7, which is characterized by the strongest 

interaction between the protein and tRNA. In the model with the complete tRNA, the orientation of the 

aminoacyl group in model 7 was improved using the information available from the experimental 

structure (PDB: 4Q24). In particular, the orientation in the model 9, where the structure of the aminoacyl 

group is close to its position in the experimental structure of AlbC complexed with the dipeptide 

analogue, as shown in Figure S1, was used as described in the Method section. The model was subjected 

to a long MD simulation of one μs with no restraints applied to the protein and tRNA atoms. The RMS 

deviation is shown in Figure S7. The average backbone RMS deviation for the protein referenced to the 

crystal structures of the protein (PDB reference code 4Q24) was of 1.8 Å with the standard deviation 

of 0.2 Å. In agreement with previous studies, tRNA demonstrates higher structural fluctuations than the 

protein with the backbone average RMS deviation of 4.0 (SD 1.8) Å referenced to the crystal structure 

of tRNAPhe (PDB reference code 4YCO). However, the position of AlbC relative to tRNA is well 

maintained during the entire simulation with the tRNA acceptor arm preserving the contact with α4 

helix (Figure 4A). Moreover, the covariance of atomic displacements of the two partners indicates that 

the AlbC catalytic site and α4 helix fluctuations are correlated with those of the tRNA during the MD 

simulations indicating that AlbC interacts strongly with tRNA through its catalytic site and α4 helix 

(Figure 4B). 
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Figure 4. A) Interactions between AlbC and tRNA observed in MD simulations of the AlbC:tRNA 

complex. Superimposed 20 snapshots are shown taken each 50 ns from one μs MD simulations. B) 

Absolute covariance for the atomic displacements of the protein backbone Cα's and tRNA backbone 

phosphate groups. Darker areas correspond to large values of the absolute covariance. 

The binding free energy of AlbC to tRNA observed in MD simulations is shown in Figure S8. 

The binding free energy fluctuates near the average value of -40.3 kcal·mol-1, but fluctuations are small 

with the standard deviation of 5.0 kcal·mol-1. Overall, small variations in the binding free energy and 

RMS deviation given above suggest that MD simulations of the AlbC:tRNA complex have mostly 

converged. The individual residue contributions to the total binding free energy of AlbC to tRNA are 

given in Table 1. Residues contributing to the total binding free energy less than -7 kcal⋅mol-1 are Arg91, 

Lys94, Arg98 and Arg99 all belong to the α4 helix. Positively charged residues of the α4 helix, Arg80, 

Arg87, Arg91, Lys94, Arg98, Arg99 and Arg102 create multiple salt bridges with the phosphate 

backbone as shown in Figure 5A. Interestingly, in MD simulations both Arg80 and Arg99 stay very 

close to the tRNA substrate (5.4 Å and 4.0 Å respectively Figure 5A), and thus can contribute through 

long-range electrostatic interactions. Arg80 interacts through long-range electrostatic interactions with 

Asp163 and Arg99 is relatively close to C72 nucleotide both involved in the second substrate binding 

(12) suggesting that second substrate binding pose could be similar to that of the first substrate.  

Asp95 belonging to the same helix makes a positive contribution to the total binding free energy 

of 4.4 kcal⋅mol-1 decreasing tRNA binding. To further study the role of Asp95 we performed 200 ns of 
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MD simulation of the Asp95Ala variant with the complete tRNA. The binding free energy of the AlbC 

Asp95Ala variant to tRNA observed in MD simulations has small fluctuations shown in Figure S9 with 

an average value of -49.2 kcal·mol-1 (SD: 6.3 kcal·mol-1). Compared to the wild type MD simulations, 

the average binding free energy of the mutant is 9 kcal·mol-1 lower suggesting that Asp95 has a 

destabilizing role in the AlbC:tRNA interaction, due to repulsive electrostatic interactions between the 

Asp95 carboxylate group and tRNA phosphates. This mutation was further tested using in vivo 

experiments. The Asp95Ala variant was shown to be approximately two-three times less efficient than 

the wild-type protein (Table S5 and Figure S6), which demonstrate that Asp95 is implicated in 

interactions with tRNA. However, the effect of the Asp95Ala mutation found experimentally is reversed 

in comparison to the simulations results. We further tested if Asp95 can affect the enzymatic activity 

through long-range electrostatic effects. In particular the electrostatic potential due to the charge of 

Asp95 was estimated as described in the Method section using MD simulations of the AlbC in the 

dipeptide state. Asp95 is far away from the catalytic center: the shortest distance in the experimental 

structure 4Q24 between the dipeptide and Asp95 (Cγ of Asp95 and C of Phe1) is 16.4 Å, and the 

distance between Cδ of the catalytic Glu182 and Cγ of Asp95 is 20.3 Å. In agreement with the long 

distance from the catalytic center and the fact that this residue is solvent exposed, the results show that 

the electrostatic effects due to Asp95 in the catalytic center are very small. For example, the interaction 

free energy between Asp95 and the bound dipeptide is just -0.04 (0.01) kcal·mol-1, while electrostatic 

potential due to Asp95 on the closest atom Oγ of Ser37, is just 0.09 (0.01) kcal·mol-1·e-1. Overall, the 

long range electrostatic effects of Asp95 can be neglected. Finally, we tested if allosteric effects can be 

implicated with the Asp95Ala mutation. Figure S10 compares average structures observed in MD 

simulation with Asp95 and Asp95Ala with AlbC in the dipeptide state and in complex with tRNA. The 

positions of the catalytic residues, surface residues participating in interactions with tRNA, as well as 

the tRNA phosphates are all practically identical demonstrating the absence of allosteric effects. Based 

on these insights, and the fact that computed effect of Asp95Ala is particularly strong, we propose that 

the Asp95Ala mutation increases the strength of interactions with Phe-tRNAPhe, but also with other 

tRNA forms including tRNA without the aminoacyl group. This can have a total negative effect on the 

cyclodipeptide production in the cellular context, where AlbC should specifically bind to the correct 

tRNAs (Phe-tRNAPhe) and dissociate from tRNA when the aminoacyl group is transferred to the protein 

to become available for the next catalytic cycles. 

Table 1. Contributions of individual residues to the binding free energy in kcal·mol-1. Average values 

over 100 frames are given. The standard deviation is given in parentheses. The energies are given only 

for residues with the absolute contribution to the total binding free energy larger than 1.0 kcal·mol-1 

(except Arg231). 

Residue Calculated Experimental 

Lys46 -1.9 (3.0) no effect* 

Arg80 -2.6 (1.2) strong 

Arg87 -3.4 (1.6) no effect 
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Arg91 -11.3 (3.3) strong 

Lys94 -9.2 (2.6) strong 

Asp95 +4.4 (0.9)/+8.9 (6.3)$ strong* 

Arg98 -7.4 (2.2) strong 

Arg99 -9.0 (2.8) strong 

Arg102 -3.1 (2.1) strong 

Glu182 -6.4 (1.2) strong 

Arg231 -0.4 (0.2) no effect 

*In vivo assay results from the current study (Table S5), while the experimental data for the remaining 

residues was compiled from the previous studies (12, 15, 20). $Results from the component analysis 

of MD simulations of the wild type protein and binding free energy difference computed using MD 

simulations with the Asp95Ala variant are given, respectively. 

 

 

Figure 5. Interactions observed in one μs MD simulation of the AlbC:Phe-tRNAPhe complex. The 

protein and Phe-tRNAPhe are colored in blue and green, respectively. The important inter-atom distances 

are shown in Å. The conformation with the binding free energy close to the average value in Figure S8 

is shown. A) α4 helix and tRNA major groove interaction. B) Close-up view of the catalytic center. C) 

Superimposed 20 snapshots taken each 50 ns from the MD simulation demonstrating two predominant 

conformations of Phe1 colored in yellow and orange respectively. The structure of the dipeptide 

intermediate in the crystal structure (PDB reference code 4Q24) is colored in pink. D) Superposition of 

the conformation from the MD simulation with the experimental structure 4Q24 (20). 

Glu182 has one of the largest contributions to tRNA binding via strong electrostatic interactions 

with the protonated amine group of Phe1 and helps orientate and stabilize the aminoacyl in the catalytic 
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pocket, shown in Figure 5B. Important catalytic residues Tyr202, His203, Tyr178, and Asn40 help 

stabilize the aminoacyl moiety through a network of hydrogen bonds. Overall, the structure of the 

catalytic center observed in the MD simulations is in good agreement with the crystal structure with the 

dipeptide substrate analogue (PDB code 4Q24). Importantly, residues Tyr178, Glu182, and His203 

essential for the catalytic function are found in a similar position as in the crystallographic structure, 

shown in Figure 5D. However, two important residues, Asn40 and Ser37 are found in different 

orientations compared to the crystallographic structure (PDB code 4Q24). In the crystal structure, 

Asn40 is solvent exposed and close to Ser37 with the Cβ-Cβ distance of 3.9 Å. Arguably, this is an 

artefact of rigid-body docking, where the protein can be trapped in a higher energy conformation, which 

cannot be relaxed in the presence of tRNA. Simulations of the dissociation of the protein and tRNA is 

complex and beyond the scope of the current study. However, the effect of the misorientation of Ser37 

and Asn40 is expected to be small, since these residues do not contribute significantly to tRNA binding, 

thus cannot change the overall binding position of tRNA relative to the protein.  

It was previously suggested (12) that residues Asn159, Arg160, Asp163 and Asp205 contribute 

to the second substrate binding. Importantly, the model proposed in this work can rationalize all these 

contributions as shown in Figure 5B. In particular, Arg160 and Asp205 create salt bridges with Asp78 

and Arg231 respectively stabilizing loops α6-α7 and β6-α8; Asn159 makes a hydrogen bond with the 

ribose of A76 and Asp163 has a repulsive electrostatic effect on G1 phosphate group. Overall, this 

suggest that the binding poses for the first and second substrate may be similar. Notably, the 

phenylalanine group of Phe-tRNAPhe occupied in MD simulations predominantly two positions, shown 

in Figure 5C. The two dominant orientations are compatible with the first and second phenylalanine 

residues of the dipeptide analogue in the crystal structure (Figure 5). This demonstrates that the first 

substrate can bind by its aminoacyl group into both binding pockets, P1 and P2. These pockets are 

occupied by the first and second phenylalanine groups respectively in the protein crystal structure with 

the dipeptide analogue. 

Overall, the new model presents an extended interaction between Phe-tRNAPhe and AlbC 

through α4 helix consistent with positive charge conservation of the helix in NYH subfamily and 

consistent with experimental data. 

Effect of tRNA interactions on the AlbC conformation  

Finally, in order to determine whether AlbC can change its conformation during its function 

cycle, 100 ns MD simulations were performed for AlbC in the apo and intermediate states to compare 

with the MD simulation of the AlbC:tRNA complex. In particular, for the apo form two intendent 

simulations were performed using the crystal structures with PDB codes 4Q24 (20) and 3OQV (15), 

respectively. For AlbC in the intermediate state with Phe1 attached to Ser37, the starting structure was 

obtained from the structure with the dipeptide analogue by deleting Phe2 of the dipeptide analogue. The 
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RMS deviation between backbone atoms of the available crystal, 4Q24 and the average structure in the 

MD simulations is given in Table 2.  

Table 2. The RMS deviation computed between the average structure from MD simulations and the 

crystal structure (PDB reference code 4Q24). The RMS deviation was computed after the structures 

were superimposed on the protein Cα atoms, excluding atoms of the N- and C-termini (residues 1-14 

and 231-239 respectively) due to their high structural fluctuations. 

 

 

The MD simulations of the apo form starting from two different crystal structures converge to 

a very similar protein conformation with 1.05 Å RMS deviation from the crystal structure with dipeptide 

analogue. Indeed, the two crystal structures of AlbC in the apo state and in the dipeptide analogue state 

used for the initial structures for MD simulations are very similar, with the RMS deviation of 0.9 Å 

compute for 169 Cα (20). The RMS deviation for AlbC in the intermediate state, with Phe1 is practically 

the same as for the apo protein demonstrating that the bound Phe1 does not perturb the protein 

conformation. However, the RMS deviation computed for AlbC in the tRNA:AlbC complex is 1.33 Å, 

higher than 1.05 Å, demonstrating that for tRNA interactions the protein adopts a slightly different 

conformation. In particular, flexible loops between α2 and β3 (CL1) and between α6 and α7 are mainly 

contributing to the RMS deviation. However, the position of the backbone of the β strands and α helices, 

including α4 is very similar. The α2-β3 loop, so called CL1 (20) contributes to the structure of catalytic 

site, and in all available crystal structures in the tRNA-free form the conformation of this loop is very 

similar, suggesting that its flexibility may be involved in tRNA binding. 

Discussion 

In this work, using a synergy of in vivo experiments and simulations, the AlbC:Phe-tRNAPhe 

complex was investigated. Eleven initial models were obtained by rigid docking and through homology 

modelling based on the sequence and structure similarity with TyrRS, without imposing strict restraints 

on possible protein:tRNA interactions. The models were classified into four groups of possible tRNA 

binding positions. In all studied models, the aminoacyl moiety interaction with AlbC was remained in 

preliminary MD simulations indicating that the AlbC:tRNA binding relies on the aminoacyl moiety 

interaction with the active site residues as suggested previously (12). Furthermore, the models from the 

two groups with the lowest protein:tRNA binding free energies converged to very similar structures of 

the AlbC:tRNA complex in MD simulations, which suggests that this binding pose is the solution to the 

binding problem. In all models with the lowest energy, AlbC interacts with the tRNA via the α4 helix 

in agreement with the biochemical experiments. Notably, the analysis of the charge conservation 

showed that the α4 helix has the total charge well conserved in the entire NYH subfamily. The average 

State RMS deviation, Å 

Apo form modelled  1.05 

Apo form 4Q24 1.05 

AlbC-Phe1 IS 1.05 

AlbC:tRNA 1.33 
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charge of the α4 helix is +5.5 e (SD: 1.5 e), suggesting that the binding mode of tRNA is shared by the 

NYH CDPSs.  

The model with the lowest binding free energy was then used to study the protein:tRNA 

complex in long 1 μs of MD simulations. The model was stable as indicated by the RMS deviation and 

the protein:tRNA binding free energy. Analysis of individual residue contributions identified residues, 

Lys46, Arg80, Arg87, Arg91, Lys94, Arg98, Arg99 and Arg102 as strongly contributing to the complex 

formation and stability. Asp95 was also identified by simulations to be implicated in tRNA interactions, 

and further validated by in vivo experiments in this work. Arg80, Arg87, Arg91, Lys94, Arg98, Arg99 

and Arg102 have been previously studied by mutations demonstrating that all, except Arg87, are 

necessary for AlbC function (12, 15). All these residues except Arg80 belong to the α4 helix. In MD 

simulations, the α4 helix makes multiple ionic interactions by positively charge residues with the 

phosphate groups of both strands delimiting major groove of the tRNA acceptor stem. Similar 

interactions were observed in other families of enzymes using aa-tRNA to form peptide bonds. Both 

FemX aminoacyl-transferases and aa-tRNA protein transferases recognize the cognate aa-tRNA via its 

acceptor stem (23, 24). Moreover, a proposed model for L/F transferase suggests that tRNA recognition 

occurs from a positive cluster located on a small solvent exposed α helix (24, 61).  

However, FemX aminoacyl-transferases and aa-tRNA protein transferases interaction with 

tRNA highly depends on tRNA sequence of the acceptor stem (23, 24). Interestingly, it was suggested 

that AlbC:tRNA interaction was different for the first or the second tRNA (12). For the binding of the 

first substrate, the interaction with the basic patch of α4 helix is essential. The binding of the second 

substrate is highly dependent on both the aminoacyl moiety and the tRNA sequence itself. It would 

involve the loop α6 – α7 delimiting the P2 pocket but not α4 helix (12). AlbC distinguishes between 

the pairs G1-C72 and C1-G72, similar to TyrRSs and FemX aminoacyl-transferases (62–64). This 

indicates that the modelled AlbC:Phe-tRNAPhe interaction corresponds to the pose of the first substrate 

as in our model, and there is no specific interaction with G1-C72 base pair, in agreement with the 

experimental evidence. However, in the 1 μs MD simulation the phenylalanine of the bound tRNA 

inside the catalytic site predominantly occupied one of two positions compatible with Phe1 and Phe2 

observed in in the crystal structure (PDB reference 4Q24 (20)) in the intermediate state. The 

conformational transitions between the Phe1 and Phe2 positions was accomplished without significant 

conformational rearrangements of the protein atoms. In MD simulations, the phenylalanyl group of 

tRNA spend around twice more time in the Phe1 position than in the Phe2 position in agreement with 

the previous suggestion that the Phe1 is more specific for the phenylalanine than Phe2, since the second 

substrate type is less strict in AlbC. This suggests that with the same tRNA binding mode, the 

phenylalanine group, in principle can be poised for the second step of the catalytic reaction, and both 

tRNA's for the first and second steps of the enzymatic reaction bind in a similar mode to AlbC. This 

conjecture will be tested in future studies.  
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Interestingly, the previous experiments demonstrate a significant decrease in the enzymatic 

activity or a complete loss for Nbra-CDPS and AlbC respectively, when the XYP and NYH motifs in 

these CDPSs were converted to the NYH and XYP motifs respectively (14). This clearly demonstrates 

that the difference in the XYP and NYH motifs is just a reflection of more profound differences between 

the two subfamilies. We could propose that this distinction may be contributed by the difference in 

interactions of CDPSs with tRNA. Indeed, the overall positive charge of the α4 helix, proposed in this 

work to be important for the NYH CDPS interactions with tRNA is not observed in the XYP family 

suggesting that the α4 helix is not significantly involved in the tRNA recognition in agreement with 

recent crystallographic and biochemical studies (14). 

Overall, the simulation results are corroborated by biochemical experiments. In particular, the 

AlbC variants with basic residues belonging to α4 helix to be important for tRNA binding identified 

through mutation and conservation in sequence alignment are also the key residues for AlbC:Phe-

tRNAPhe in our simulations. Overall, the mechanism of the tRNA recognition by CDPS AlbC discovered 

in this work is expected to be pertinent for other members of the CDPS NYH subfamily, since the 

CDPS:tRNA interaction involves the CDPS secondary structure with a conserved positive charge in the 

subfamily. This is also in line with the fact that CDPS:tRNA binding involves the tRNA acceptor stem, 

which is observed for other non-canonical enzymes such as FemX aminoacyl-transferases and aa-tRNA 

protein transferases (23, 27). 

Supporting Information. Details of homology modeling, Poisson-Boltzmann (PB) binding free 

energies for ZDOCK docking structures, force field parametrization, results for force field 

parametrization; supplementary tables S1 to S9 and supplementary figures S1 to S9; force field 

parameters. 
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