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Abstract 

Cyclodipeptide synthases (CDPSs) are enzymes that synthesize cyclodipeptides using two 

aminoacyl-tRNAs as substrates, but their mechanism remains unclear. This study aims to 

elucidate the mechanism of AlbC, a CDPS that produces cyclo(L-Phe-L-Phe). We employed 

small-model quantum mechanics (QM) calculations to propose an intrinsic pathway and 

molecular dynamics (MD) simulations to identify key catalytic residues involved in this 

process. The mechanism involves three main steps: activation of Ser37 and the first tRNAPhe 

to form a Phe-enzyme intermediate, binding of the second tRNAPhe to form a dipeptidyl enzyme 

intermediate, and intramolecular cyclization to yield the cyclodipeptide. Our QM calculations 

suggest that Ser37 can be activated through direct transfer of its hydroxyl proton to the O3’ 

atom of the first substrate. MD simulations highlight the roles of Gly35, Asn40, and His203 in 

stabilizing the Phe-enzyme intermediate, thus lowering the calculated intrinsic barrier. In the 

second step, the dipeptidyl enzyme intermediate is favored over the nucleoside intermediate 

and is stabilized by Asn40, Gln182, and His203 in the AlbC active site, where Gln182 may act 

as a catalytic base. Additionally, Asn159 and His203 contribute to lowering the significant 

energy barrier observed in QM calculations for intramolecular cyclization, with Glu182 

potentially serving as a catalytic base during this process. Overall, our results support the roles 

of Asn40 and His203 throughout all mechanistic steps, while highlighting Glu182's 

involvement in the formation of the dipeptidyl enzyme intermediate and intramolecular 

cyclization steps. These insights can guide future enzymatic modeling studies of AlbC and 

potentially other CDPS enzymes using similar approaches. 
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1. Introduction. 

Cyclodipeptide synthases (CDPSs) are a recently identified family of enzymes that use two 

aminoacyl-tRNAs (aa-tRNAs) as substrates to synthesize the two peptide bonds of 

cyclodipeptides (CDPs).1,2 These CDPs are precursors of many natural products, such as 

diketopiperazines with antibacterial, antifungal, antiviral, antitumor and immunosuppressive 

functions.3,4 Should their mechanism be better understood, CDPSs could be engineered for 

chemoenzymatic5,6 synthesis of currently inaccessible cyclodipeptides, providing access to a 

variety of new peptide scaffolds for the further development of peptide-associated 

therapeutics.2,7  

Seven CDPSs have been structurally characterized in their apo form using X-ray 

crystallography.8-11 These include AlbC from Streptomyces noursei (PDB code: 3OQV),8 

Rv2275 from Mycobacterium Tuberculosis (2X9Q),9 YvmC from Bacillus Licheniformis 

(3OQI),10 Shae-CDPS from Staphylococcus Haemolyticus (6EZ3),11 Nbra-CDPS from 

Nocardia Brasiliensis (5MLQ),11 Rgry-CDPS from Rickettsiella Grylli (5MLP)11 and Fdum-

CDPS from Fluoribacter Dumoffii (5OCD).11 However, two complexes ― one involving AlbC 

bound to the N-carbobenzyloxy-L-Phe-methyl ketone (ZPK) ligand that mimics the 

diphenylalanyl-intermediate of CDP synthesis (4Q24), and the other involving Phe-tRNAPhe 

bound to Cglo-CDPS of Glomeribacter gigasporarum (6Y4B)12― have been crystallized in 

their holo forms. Common among all CDPSs is a conserved Rossmann-fold domain similar to 

the catalytic domain of the two class Ic AA-tRNA synthetases (TyrRS and TrpRS).8-10,13  

CDPSs can be classified into two subfamilies (NYH and XYP), depending on the 

identities of the conserved catalytic residues at positions 40, 202 and 203 (numbered according 

to the AlbC crystal structure).11,14 AlbC,8 Rv2275,9 YvmC10 and Shae-CDPS,11 belong to the 

‘NYH’ subfamily; Nbra-CDPS,11 Rgry-CDPS11 and Fdum-CDPS11 belong to the ‘XYP’ 

subfamily. Tyr202 is strictly conserved in both subfamilies, but the XYP subfamily replaces 

the Asn40 and His203 of the NYH subfamily by a non-conserved residue (X40) and Pro203, 

respectively. Structurally, the two subfamilies mainly differ in the positioning of the first half 

of their Rossmann fold, although the catalytic residues retain similar relative positioning as the 

active sites are very similar.11  

The catalytic mechanism of the NYH enzyme AlbC has been studied using 

experimental methods.8,15,16 These studies suggest that the catalytically-active Rossmann-fold 

domain of AlbC consists of two pockets ― P1 and P2― which accommodate the first and 

second aa-tRNA, respectively (Figure 1).8,15 There are eight residues lining P1, whereas P2 is 

delineated by two loops, CL1 (residues 36−43) and CL2 (residues 202−207), that bear catalytic 
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residues and the C-terminal regions of the 6 and 7 helices (Figures 1 – 3). The first tRNAPhe 

that enters the hydrophobic pocket P1 of AlbC, is stabilized by basic residues located in the 4 

helix of AlbC.16,17 The Phe moiety of this tRNA is transferred from its terminal adenine (Phe-

A76) to the conserved Ser37 residue of AlbC to form the phenylalanyl enzyme intermediate.8 

For this transfer, Ser37 activation is believed to be achieved by a concerted proton shuttling 

mechanism that involves two vicinal hydroxyls (i.e., 2-OH and 3-OH) of the ribose sugar of 

amino acylated A76 nucleoside of tRNA moiety. This proposal is based mostly on supposition 

as there is no suitable amino-acid residue present in the AlbC active site to mediate proton 

transfer.11 The second AA-tRNA, enclosed in the relatively wider P2 cavity, then reacts with 

the phenylalanyl enzyme intermediate through its aminoacyl moiety. This reaction transfers 

the Phe moiety from Phe-A76 of second tRNAPhe to phenylalanyl enzyme intermediate to form 

an intermediate8 which then undergoes intramolecular cyclisation to form the dipeptide 

(Figures 2 and 3).18 Since catalytic residues involved in the formation of reaction intermediates 

are conserved across CDPSs, similar steps are believed to be used by all NYH and XYP family 

CDPSs. 

Despite the availability of X-ray crystallographic data,15 the mechanistic details of CDP 

synthesis by the CDPSs are not well understood. Although the mechanism has been proposed 

based on the identification of a few near-intermediates,15 there is no experimental support 

available in terms of kinetic or biochemical studies. Furthermore, despite previous 

computational analysis of a single (i.e., intramolecular cyclization of the dipeptidyl 

intermediate) step of AlbC catalysis,18 plausible mechanistic details of the other required steps 

in the proposal are not available. A systematic computational analysis of each step of the 

proposed reaction mechanism will help identify structural features of intermediates that may 

likely form within the active site of enzyme, as well as identify key active-site residues involved 

in AlbC catalysis. This provides a clear rationale for the mechanism, and also makes 

predictions that can be experimentally tested using site-directed mutagenesis to support the 

proposed mechanisms. 

The present work couples quantum mechanical (QM) methods on chemically relevant 

tractable models with molecular dynamics (MD) simulations on full enzyme models to provide 

preliminary insight into the mechanism of AlbC catalysis, specifically using Phe-Phe as the 

model CDP. We employ small model QM calculations to analyse the formation of the first 

phenylalanyl enzyme intermediate resulting from the transfer of the Phe moiety from tRNAPhe 

to Ser37 of AlbC (Figures 3 and 4, step 1). Subsequently, the attack of the Phe-A76 residue of 
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the second tRNA is considered (Figures 3, 5 and 6, steps 2 and 2ʹ). Finally, the intramolecular 

cyclization of dipeptide is analysed (Figures 3 and 7). Although the focused QM models may 

not fully provide a complete description of the chemical reactions occurring in the AlbC active 

site as they cannot model the entire protein in this detail, when coupled with MD simulations, 

this approach will, nevertheless, reveal intrinsically preferred mechanisms of the main steps, 

and identify key interacting residues in the vicinity of the reaction centre. This workflow has 

proven accurate in the description of other enzymatic mechanisms of action.19-21 Specifically, 

whereas simple QM models may help characterize different pathways for the cyclodipeptide 

formation reaction, MD simulations will help identify reaction-ready substrate and 

intermediate conformation in the active site of AlbC, along with interactions of the surrounding 

amino acid residues. The identified routes can be used as a guide for large-scale enzymatic 

modelling of AlbC using large QM/MM methods. Further, despite our focus on the AlbC 

enzyme, similar models can be employed to understand the mechanism of other enzymes with 

CDP synthesis activity (e.g., Rv2275,9 YvmC,10 Shae-CDPS,11 Nbra-CDPS,11 Rgry-CDPS11 

and Fdum-CDPS11).   

 

2. Computational Details. 

2.1. QM Calculations. 

To investigate the AlbC catalysed mechanism of CDP synthesis (Figures 2 and 3), the 

crystal structure of AlbC bound to ZPK ligand (PDB code: 4Q24)22 was used as a starting point. 

For modelling the first step of CDP synthesis, the crystallographic location of ZPK was used 

to position the phenylalanyl (Phe-) moiety of the Phe-A76 residue of tRNAPhe, which was 

previously proposed to directly interact with AlbC.8,15 The O5 of Phe-A76 was capped with a 

methyl group in order to prevent non-native interactions of 5-OH group in absence of rest of 

the tRNA chain. Furthermore, the Cys37 present in the crystal structure was modified to the 

native, catalytically important Ser by replacing its side chain sulphur atom with oxygen. A 

reduced model of Ser37 was employed which replaces the main chain amino and carbonyl 

groups of Ser37 with hydrogen atoms thereby avoiding spurious interactions that can 

potentially occur during geometry optimizations in absence of rest of the protein chain. After 

retaining this reaction centre, the rest of the enzyme skeleton was removed in accordance with 

previous small-model quantum chemical studies on enzymatic reactions.19,20,23 

Since Phe-A76 was not originally present in the crystal structure, the preferred 

conformation of the initial O5-methylated Phe-A76 nucleoside substrate was determined. An 
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internal-coordinate Monte Carlo conformational search was carried out across all rotatable 

dihedral angles of Phe-A using the AMBER force field (HyperChem 8.0.3).24 More than 100 

conformers were obtained from this conformational search. The ten lowest-energy conformers 

were selected for full optimization using B3LYP/6-31G(d), in accordance with a previous 

study.25 Zero-point vibrational energy (ZPVE) corrected B3LYP/6-311+G(2df,p) single-point 

energy calculations were carried out on the resulting optimized conformations to identify the 

lowest energy conformation. This was used for further studies. 

The stationery points (reactants, transition states, intermediates and products) were 

subjected to gas-phase geometry optimizations using B3LYP/6-31G(d,p). ZPVE-corrected 

single-point energies were then calculated using B3LYP/6-311+G(2df, 2pd). The stationary 

points on the reaction surfaces were characterized as minima (reactants, intermediates, and 

products) or first-order saddle points (transition states) using the sign of the calculated 

vibrational frequency. Further B3LYP/6-31G(d,p) intrinsic reaction coordinate (IRC) scans 

were carried out to confirm the viability of the pathways connecting the calculated transition 

states to the reactants, intermediate, and/or product of each step. Subsequently, to understand 

the effect of dispersion corrections, calculations were re-performed at B3LYP-D3BJ/6-

311+G(2df, 2pd)//B3LYP-D3BJ/6-31G(d,p) on all optimized geometries (Tables 1 and 2). 

Furthermore, the calculations were reperformed using additional functionals (i.e., B97D26 and 

M06-2X27) to understand method-dependence of the derived results. Additionally, all gas-

phase calculations using these functionals were repeated in implicit water to study the influence 

of the solvent on reaction mechanism, using the integral equation formalism variant polarizable 

continuum model (IEFPCM) method (Figures S1 – S15). All quantum chemical calculations 

were carried out using the Gaussian 16 (rev. B.01) suite of programs.28 

2.2. MD simulations 

2.2.1. Initial Models. For MD simulations, the initial model for the substrate-bound enzyme 

was built using the structure of AlbC bound to ZPK (PDB code: 4Q24). The crystal structure 

was reverted to the natural protein, changing the Cys37 to the correct Ser37 residue, and 

replacing ZPK with Phe-A76 which represents terminal 3 aminoacylated nucleotide of 

tRNAPhe, thereby serving as the reduced model of tRNAPhe. The structure was relaxed in water 

box (vide infra). 

The “statistics” command as implemented in the cpptraj module29 of AMBER 2030 was 

used to analyse the distribution, over the simulation, of the distance between Oγ of Ser37 and 

C10 of Phe-A76, as well as the distance between O3' of Phe-A76 and Hγ of Ser37. These atoms 
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directly participate in forming transition state in QM calculations (Figures 2 and 3). The 

resulting simulation frames were clustered with respect to location of these atoms (i.e., Oγ, Hγ 

of Ser37 and O3', C10 of Phe-A76, Figures 2 and 3), using the K-means clustering algorithm 

as implemented in the cpptraj module of AMBER 20.30 The chosen representative structure, 

that with the conformation at the reaction center most similar to the QM model (Table S1), was 

used as the starting geometry for the simulation of the complex containing the phenylalanyl 

enzyme intermediate (Figures 2 and 3). The frames from this simulation were then clustered 

with respect to the location of Oγ, Hγ, C10 and O3' atoms of the phenylalanyl enzyme 

intermediate, and a representative structure was obtained which was used as an initial model 

for simulation that involves the second molecule of Phe-A76 and phenylalanyl enzyme 

intermediate. The distribution of the distances between N11(1) and C10(2) (Figure 3) as well as 

distances between O3'(2) and HN11(1) (Figure 3) was then analysed using the ‘statistics’ 

command and the resulting trajectory was clustered with respect to location of these atoms (i.e., 

N11(1), C10(2), O3'(2) and HN11(1), Figure 3). The optimal cluster was used to prepare initial 

model for simulation of the complex containing dipeptidyl enzyme intermediate (Table S2). 

After simulation, the simulation frames were then clustered with respect to location of N11(1), 

C10(2), O3'(2) and HN11(1) atoms of the second Phe moiety of dipeptidyl enzyme intermediate 

to obtain the representative structure which was used as initial model for simulation of the 

complex containing final CDP product. The representative structure was obtained from 

simulation of the complex which was then clustered with respect to location of N11(1), N11(2), 

C10(1) and C10(2) atoms (Figure 3), to analyse structural properties.  

2.2.2. Simulation Details. A consistent methodology was employed for the MD simulations 

of the complexes belonging to each step of the enzymatic CDP synthesis. MD simulations were 

performed using the ff14SB force field31 with AMBER 20.30 Each complex was neutralized 

using three sodium ions and solvated in a 10 Å octahedral box filled with TIP3P water 

molecules.32 Partial atomic charges required for parametrization of different intermediates 

formed in each step of the reaction were obtained (Table S4 – S8) using RED server 2.0,33 and 

HF-6-31G* optimized geometry was used as starting structure for charge calculation using the 

RESP-A1 method.34 Furthermore, the antechamber module35 of AmberTools was used to 

assign AMBER atom types. Na+ ions were simulated using Joung and Cheatham’s ion 

parameters.36 The particle mesh Ewald (PME) method37 and Lennard-Jones potential were used 

to approximate electrostatic and van der Waals interactions respectively and a 10 Å cut off was 

used to approximate all nonbonded interactions.  
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The solvent and Na+ ions were first minimized using 10,000 steepest descent (SD) steps 

and 10,000 conjugate gradient (CG) steps with a restraint of 500 kcal mol-1 Å-2 on the protein 

and substrate. This was followed by an unrestrained minimization of the entire system using 

same number of SD and CG steps. The system was then heated to 300 K with 60 K incremental 

steps, using a restraint of 10 kcal mol-1 Å-2, through the Langevin temperature equilibration 

scheme.38,39 Finally, a 500 ns unrestrained production simulation was run using an NPT 

ensemble and the cuda version of the PMEMD module of AMBER 20.30 The temperature was 

maintained at 300 K using the Langevin temperature scheme and pressure was maintained at 1 

atm using a Monte Carlo barostat.40 The bonds involving hydrogen atoms were constrained 

using the SHAKE algorithm.41 Hydrogen mass repartitioning42 was used for the heating and 

production simulation steps with a 4 fs time step. In total, five 500 ns simulations (one for 

substrate bound complex, three for intermediate complexes, and one for the product complex), 

amounting to 2.5 μs of total simulation time, were conducted.  

2.2.3. MD Simulation Analysis. The visualization of the simulation data was done using 

PyMOL.43 All MD simulation analysis, including the calculation of the backbone root mean 

square deviation (rmsd), the average interatomic distances, the stacking interaction energies 

and the hydrogen-bonding occupancies were carried out using the cpptraj module of AMBER 

20.30 The hydrogen-bonding occupancies were determined by imposing a cutoff value of 3.4 

Å for the donor−acceptor distance, and 120° for the donor−hydrogen−acceptor angle, using the 

“hbond” command of cpptraj and inserting these values as parameters. The “lie” command of 

cpptraj was used to calculate average and standard deviation in the hydrogen-bonding and 

stacking interaction energies.  

 

3. Results and Discussion. 

Following substrate association, AlbC initiates CDP synthesis by activating the catalytically 

active site by deprotonating its Ser37 with O3 of Phe-A76 of the aminoacylated tRNAPhe 

substrate. The Phe residue is then transesterified to the now highly nucleophilic Ser37 (Figure 

3). The next step involves attack of Phe-A76 of the second aminoacylated tRNAPhe at Ser37 

bound to phenylalanine moiety, which is followed by last step that involves intramolecular 

cyclization of the resulting peptide, releasing Ser37, and dissociation of the CDP from the 

active site. We have modelled this pathway using DFT, and it appears plausible (Figure 3). The 

geometries of the distinct species along the pathway, and the transition states, were optimized 

at the B3LYP-D3BJ-6-311+G(2df, 2pd)//B3LYP-D3BJ/6-31G(d,p) level, and the energies 
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were calculated using three different commonly employed QM functionals (Tables 1 and 2). 

We will look in detail at each mechanistic step in turn. 

 

3.1. Ser activation step.  

3.1.1. QM calculations. A previous biochemical study on AlbC revealed that no enzyme 

residue in the vicinity of Ser37 is likely responsible for its activation as a nucleophile.8 

Therefore, direct transfer of proton from Ser37 to Phe-A76 of tRNAPhe seems to be the only 

viable alternative. In this context, the activation of Ser37 is suggested to occur via a proton 

shuttling mechanism, that involves the 2- and 3-hydroxyls of the ribose sugar of Phe-A76.8 

However, our calculations revealed that any proposal involving 2-OH mediation does not lead 

to a viable transition state. Alternatively, we propose that the activation of Ser37 can occur 

through direct transfer of its hydroxyl proton to the O3ʹ of the ribose moiety of Phe-A76 

through a concerted pathway that likewise involves transfer of the Phe residue to Ser37, 

concomitant with elimination of A76 (TS1, Figure 4A, B). In this pathway, reactant complex 

(RC1) adopts a syn conformation about the glycosidic bond, a C3ʹ-endo pucker of Phe-A76’s 

sugar moiety, and an anti-positioning of Ser37 with respect to the adenine moiety of Phe-A76. 

During this shift, the O of Ser37 weakly interacts with the ribose O3ʹ of Phe-A76 (r(OH–

O3ʹ(1)) = 2.229 Å and (O3ʹ(1)‧‧‧H–O)) = 152.9°, Figure 4A, B) and the amino group of Phe 

forms an intramolecular hydrogen bond with the 2-OH group of ribose moiety of Phe-A76 

(r(N11(1)‧‧‧HO2ʹ(1)) = 2.035 Å and (O2ʹ(1)–H‧‧‧N11(1)) = 176.4°, Figure 4A, B). This forms a 

complex bicyclic two hydrogen bond closed transition state that greatly facilitates the concerted 

transesterification. 

This TS1 locates the hydrogen atom midway between O of Ser37 and O3 (r(O–H) = 

1.202 Å, r(O3ʹ(1)–H) = 1.200 Å and (O3ʹ(1)‧‧‧H‧‧‧O)) = 137.0°, Figure 4A, B). The carbonyl 

carbon of the Phe moiety is also positioned midway between the O3 of Phe-A76 and O of 

Ser37 (r(C10(1)–O3ʹ(1)) = 1.805 Å and r(C10(1)–O) = 1.757 Å, Figure 4A, B). Furthermore, 

geometrical characteristics of hydrogen bond between the amino group of Phe and 2-OH of 

ribose of A76 improve in the TS1 compared to RC1 (r(N11(1)‧‧‧H2ʹ) = 1.918 Å and (O2ʹ(1)–

H‧‧‧N11(1)) = 161.0°, Figure 4A, B) contributing to a lower energy barrier. More importantly, 

although the previously-proposed proton abstraction from Ser37 by 2-OH of Phe-A76 is not 

possible,8 2-OH still participates in the mechanism by stabilizing TS1 through hydrogen 

bonding with amine group of Phe moiety.  
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The predicted barrier to Ser activation and release of A76 is 148.2 kJ mol−1 at the 

B3LYP-D3BJ level, although inclusion of solvent slightly raised the energy barrier by 2.2 kJ 

mol−1 (Table 2). Compared to gas phase B3LYP-D3BJ, the barrier to intermediate formation is 

raised (by up to 18 kJ mol−1) using M06-2X, whereas B97D functional decreases the predicted 

barrier by 32 kJ mol−1. However, inclusion of solvent slightly increases the barrier (by 13.7 kJ 

mol−1) using the B97D functional and decreases the barrier (by 4.1 kJ mol−1) using M06-2X. 

Regardless, no significant change in structural parameters of the RC1, TS1 and IC1 were 

observed using different functionals in gas phase or on inclusion of solvent (Figures S1 – S5). 

This is an admittedly high barrier, although not forbidden since these are the small QM models 

which convey what an intrinsic pathway would be if there is minimal enzymatic catalysis. 

However, in amalgamation with MD studies (vide infra), our study offers valuable clues for 

understanding the likely features of the AlbC active site in the holo form, and the associated 

catalytic pathways.   

The activation of Ser37 and its attack on Phe-A76 finally results in the formation of 

first intermediate (IC1) with completely cleaved O3ʹ(1)–C10(1) bond (Figures 4A, B and S1 – 

S5) which leads to formation of phenylalanyl enzyme intermediate (IC1a) that contains a 

C10(1)–O bond (1.335 Å) and release of A76 (Figure 4A, B). This intermediate is stabilized 

by intramolecular hydrogen bonding between 2-OH group of A76 ribose and the amino group 

of Phe (r(N11(1)–HO-2) = 1.820 Å and (N11(1)‧‧‧H‧‧‧O2ʹ)) = 160.7°, Figures 4A, B and S1 – 

S5). It is calculated to be only very slightly uphill from the reactants. 

3.1.2. MD simulations. MD simulation of the reactant complex containing AlbC and Phe-A76, 

built based on structural information obtained from QM calculations, reveals a catalytically 

important conformation of AlbC that accommodates the amino-acid side chain of Phe-A76 

(Figure S16), and positions O of Ser37 (RC1a) in proximity to the carbonyl group of Phe-A76 

(RC1b) substrate. Furthermore, the carbonyl oxygen of RC1b forms a hydrogen bond with 

hydroxyl group of active site Tyr202 (35.1% occupancy and –6.7 kcal mol-1 average interaction 

strength, Table S3) which is previously known to play a role in last (cyclization) step of the 

reaction.[18] Similarly, the carbonyl oxygen of Ile36 shows hydrogen bonding with the amino 

nitrogen (N11) of Phe-A76 (34.4% occupancy and –5.3 kcal mol-1 interaction energy, Table 

S3), and O2' of Phe-A76 (34.7% occupancy and –5.3 kcal mol-1 interaction energy, Table S3). 

Additionally, the A76 moiety is stabilized through hydrogen bonding between sp2 nitrogen 

(NE2) of the imidazole ring of His203 and N7 atom of adenine moiety of RC1b (26.8% 

occupancy and –6.6 kcal mol-1 interaction energy, Table S3). This network of interactions may 
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help stabilize the substrate in the reaction-ready conformation and may hence lower the high 

intrinsic reaction barrier observed in QM calculations. 

To better understand the features of the reaction-ready conformation within the enzyme 

active site, the simulation frames were binned according to distance between atoms that directly 

participate in the reaction i.e., the distance between Oγ of Ser37 and C10 of Phe-A76, and 

distance between O3' of Phe-A76 and Hγ of Ser37 (Figure 3). A total of six distinct 

conformational clusters were obtained. Representative structure of cluster with the closest 

distance between Oγ and C10 (3.6 Å, Table S1), and O3' and Hγ (2.8 Å, Table S1) and thereby 

the most optimal conformation at reaction centre, reveals involvement of O2' in hydrogen 

bonding with Oγ of Ser37 (r(O'–HOγ) = 1.7 Å and (O2ʹ‧‧‧H–Oγ) = 167.7°, Figure 4C). 

However, in synchrony with QM calculations, this conformation does not support the 

previously-proposed participation of O2' in proton shuttling to O3’, since the H of O2' of Phe-

A76 is not in an accurate position to interact with O3' of Phe-A76 (r(O'(1)H–O3ʹ(1)) = 2.8 Å 

and (O3ʹ(1)‧‧‧H–O'(1))) = 17.1°, Figure 4C).8 Thus, both QM and MD analysis suggests that 

Ser37 directly transfers its hydroxyl proton to the O3ʹ of Phe-A76. 

 Simulation of the structure containing the phenylalanyl enzyme intermediate obtained 

after removal of A76 reveals hydrogen-bonding mediated stabilization within the AlbC pocket 

(Figure 4C). Specifically, the carbonyl oxygen of the Phe moiety of IC1a hydrogen bonds with 

side chain amide nitrogen (ND2) of Asn40 (92.3% occupancy and –7.0 kcal mol-1 interaction 

energy, Table S3) whereas the amino group of IC1a is stabilized through hydrogen bonding 

with the sp2 nitrogen (NE2) of the imidazole ring of His203 (31.7% occupancy and –3.4 kcal 

mol-1 interaction energy, Table S3) and carbonyl oxygen of Gly35 (15% occupancy and –5.9 

kcal mol-1 interaction energy, Table S3).   

Simulations suggest that the Phe-A76 substrate (RC1b) is stabilized in the AlbC pocket 

through hydrogen bonding with Ile36, Ser37, Tyr202 and His203 (Table 3) whereas the 

phenylalanyl intermediate (IC1a) is stabilized through hydrogen bonding with Gly35, Asn40 

and His203 (Table 3). The differences between the substrate and intermediate interactions 

suggest that the enzyme-active site undergoes slight reorganization after the first step to better 

accommodate the intermediate following the release of A76. 

3.2. Attack of the second Phe-A of the tRNA.  

3.2.1. QM calculations. Following the first step, the Phe-A76 moiety of the second tRNAPhe 

attacks the phenylalanyl enzyme intermediate (IC1a, Figures 4). As previously proposed,15 this 

step involves two mutually-exclusive mechanistic possibilities. In the first mechanism, the O3ʹ 

https://doi.org/10.26434/chemrxiv-2024-79nfb ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-79nfb
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

of Phe-A76 of the second tRNAPhe (denoted as RC2b, Figure 5) faces N11–H of the 

phenylalanyl enzyme intermediate (denoted as RC2a) formed in step 1 [r(O3ʹ(2)–HN11(1)) = 

2.876 Å and r(C10(2)–N11(1)) = 3.197 Å, Figure 5A, B]. Thus, N11(1) of RC2a (Figure 5A, B) 

acts as an H donor to O3ʹ of the ribose of RC2b forming the dipeptidyl enzyme intermediate 

(IC2a), and releasing the A76 nucleoside of tRNA (IC2b). Consideration of the geometry of 

the associated transition state (TS2) reveals how N11 delivers H to O3ʹ (r(N11(1) – H) = 1.089 

Å, (H – O3ʹ(2)) = 1.531 Å and (O3ʹ(1)‧‧‧H‧‧‧N11(1)) = 128.5°, Figure 5A, B) and reacts  with 

C10 (r(O3ʹ–C10 = 2.036 Å, Figure 5A, B) in a concerted manner by crossing a barrier of 126.0 

kJ mol–1 to form the intermediate complex (IC2) that includes two species ― the dipeptidyl 

enzyme intermediate (IC2a) with the newly formed N11(1)–C10(2) bond (r(N11(1)–C10(2)) = 

1.356 Å, Figure 5A, B) and the A76 nucleoside (IC2b) formed as result of complete cleavage 

of the O3ʹ(2)–C10(2) bond between A76 and Phe (r(O3ʹ(2)–C10(2) = 3.832 Å), Figure 5A, B and 

Table 1).  

In contrast, in the alternate mechanism, N11 of RC2b serves as the H-donor to the O of 

Phe-Ser37 (RC2ʹa, Figure 6), thus forming the dipeptidyl nucleoside intermediate (IC2ʹa, 

Figure 6) which cleaves the bond between Ser37 (IC2ʹb, Figure 6) and the Phe residue (Figure 

6). This is achieved through a concerted pathway that involves a transition state (TS2ʹ, Figure 

6) in which the amino group of RC2b delivers one of its hydrogens to the O of Ser37 

((O‧‧‧H‧‧‧N11(2)) = 127.8°, r(N11(2)–H) = 1.104 Å and d(H–O) = 1.485 Å, Figure 6). 

However, formation of this dipeptidyl nucleoside intermediate involves a slightly higher barrier 

(by 5.3 kJ mol–1 for TS2ʹ, Table 1 and Figure 6) compared to the other proposed dipeptidyl 

enzyme intermediate (TS2, Table 1 and Figure 5) although gas phase calculations using other 

functionals reveal similar (within 2 kJ mol–1, Table 1) barriers for IC2 and IC2ʹ. More 

importantly, solvent phase calculations reveal up to 14 kJ mol–1 higher barrier for IC2ʹ 

compared to IC2, using varied DFT functionals (Figures S6 – S10 and Tables 1 and 2). In 

alignment with a previous experimental study,15 this reiterates that formation of dipeptidyl 

enzyme intermediate will be preferred over the dipeptidyl nucleoside intermediate. Therefore, 

we use the dipeptidyl enzyme intermediate (IC2a) for understanding the next step of the CDP 

reaction pathway (i.e., intramolecular cyclization). 

3.2.2. MD simulations. MD simulation of the complex containing RC2a and RC2b 

representing the reactants of the second step within AlbC active site, reveals that the 

introduction of RC2b into the AlbC structure results in a significant decrease in interactions of 

the first intermediate (RC2a) with surrounding residues. Specifically, occupancy of the 
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hydrogen bond between RC2a and Asn40 decreases significantly (from 92.3% to 15.3%, Table 

S3). Similarly, hydrogen bonding occupancies of RC2a with His203 and Gly35 are also 

reduced (from 31.7% to 8% for His203 and from 15% to 10.2% for Gly35, Table S3). Instead, 

a network of interacting residues stabilizes RC2b within the AlbC active site. Specifically, the 

carbonyl oxygen of RC2b interacts with amino nitrogen of Ile-36 (35.4% occupancy, Table S3) 

whereas amine group (N11, Figure 3) of RC2b interacts with carbonyl oxygen of Ile-36 (55.6% 

occupancy and –8.6 kcal mol-1 interaction energy, Table S3). Furthermore, the O2' atom of 

RC2b hydrogen bonds with Tyr178 (26.3% occupancy and –2.9 kcal mol-1 interaction energy, 

Table S3) as well as Glu182 (15.4% occupancy and –12.2 kcal mol-1 interaction energy, Table 

S3). 

Analysis of the distribution of distance between N11(1) and C10(2) (Figure 3) as well as 

O3' and HN11(1) (Figure 3) atoms that participate in the reaction reveals six distinct peaks. A 

representative structure of the most relevant cluster (r(N11(1)–C10(2)) = 3.8 Å and r(N11(1)–

O3ʹ(2)) = 3.8 Å, Table S2) reveals hydrogen bonding between OE2 of Glu182 and 2'OH of Phe-

A76(2) (r(OE2–O2ʹ(2)) = 2.1 Å, Figure 5C). Thus, as previously suggested,15 Glu182 may 

possibly act as catalytic base by deprotonating the O2' of RC2b; this allows the oxygen to in 

turn extract a proton from N11(1) (Figure 3), making this amine ready for nucleophilic attack 

on the carbonyl group of the phenylalanyl enzyme intermediate. Participation of Glu182 might 

help the proton transfer from O2' to O3' of RC2b. Furthermore, as observed in the first step of 

the reaction (vide supra), the O2' atom of RC2b interacts with amino group N11(1) (r(N11(1)H–

O2ʹ(2)) = 2.0 Å, Figure 5C) which may help further lower the intrinsic barrier observed in the 

QM calculations. 

Simulation of the AlbC complex bound to the dipeptidyl enzyme intermediate (IC2a) 

obtained as a product of second reaction step reveals that the carbonyl oxygen of Phe(1) 

hydrogen bonds with side chain amide nitrogen (ND2) of Asn40 (47.7% occupancy and –8.3 

kcal mol-1 interaction energy, Table S3) as well as the sp2 nitrogen (NE2) of the imidazole ring 

of His203 (26.9% occupancy and –4.6 kcal mol-1 interaction energy, Table S3) whereas amino 

group (N11(2), Figure 3) interacts with theside chain carboxylate oxygen (OE2) atom of Glu182 

(4% occupancy and –6.0 kcal mol-1 interaction energy, Table S3). Overall, RC2b interacts with 

Ile36, Tyr178 and Glu182 through hydrogen bonding, whereas the dipeptidyl enzyme 

intermediate is stabilized by Asn40, Gln182 and His203 residues (Table 3). 

The representative structure obtained after clustering with respect to N11(1), C10(2), O3' 

and HN11(1) (Figure 5C) involving IC2a shows that the carbonyl group of Phe(1) and the amino 

group of Phe(2) are at an optimal distance (r(C10(1)–N11(2)) = 4.7 Å, Figure 7C) in the 

https://doi.org/10.26434/chemrxiv-2024-79nfb ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-79nfb
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

intermediate for the formation of the new bond. Glu182 is in proximity with N11(2) which may 

likely deprotonate it, thereby forming a nucleophile that subsequently attacks carbonyl carbon 

C10(1) of IC2a to form the peptide bond (Figure 7C). This attack may cleave the C10(1)-Oγ 

bond and eject Ser37 (Figure 7C).   

3.3. Intramolecular cyclization and release of the cyclic dipeptide product.  

3.3.1. QM calculations. Following the second step and release of A76, an intramolecular 

cyclization of the dipeptidyl intermediate completes the CDP synthesis. Previous studies, and 

geometric reality, have shown that for intramolecular cyclization to proceed, the dipeptide 

needs to be in a cis conformation.15,44 In this vein, we observed a cis conformation in our 

calculations that involves proximal arrangement of the amino hydrogen of Phe and O of 

dipeptidyl ester intermediate (denoted RC3 in Figure 7A, B). Furthermore, N11(2)H–O(1) and 

N11(2)– C10(1) distances (3.171 Å and 2.721 Å, respectively) meet the structural conditions 

required for cyclization (Figure 7A, B).  

The cyclization occurs in a concerted manner and involves a 157.9 kJ mol–1 energy 

barrier (TS3, Table 1 and Figure 7A, B). Specifically, the O–C10(1) distance increases from 

1.496 Å in RC3 to 1.906 Å in TS3 (Figure 7A, B), and N11(2) delivers a proton to O (r(N11(2)–

H) = 1.163 Å, r(H – O) = 1.365 Å and O ‧‧‧H‧‧‧N11(2) = 127.5°, Figure 7A, B) which 

coincides with decrease in N11(2)–C10(1) distance (1.551 Å, Figure 7A, B). In addition, TS3 

prefers a near-tetrahedral geometry around C atoms which occurs regardless of the identity 

of the DFT functional used. The intramolecular cyclization step finally leads to the desired 

cyclodipeptide product complex with N11(2)–C10(1) distance of 1.356 Å (Figure 7A, B), and 

free Ser37 moiety which represents enzyme component of the biochemical reaction (Figure 

7A, B).  

Compared to the B3LYP-GD3BJ gas phase calculations, the energy barrier of the 

cyclization step increases by 11.3 kJ mol−1 using M06-2X methods while B97D functional 

decreases the barrier by 35.4 kJ mol−1 in gas phase calculations (Table 1). However, the barrier 

generally increases by 2.4 kJ mol−1 in B3LYP-GD3BJ and 33.5 kJ mol−1 in the M06-2X solvent 

phase although B97D leads to a small (12.6 kJ mol−1) decrease in barrier compared to gas phase 

(Table 2). However, no significant change in structural parameters of RC3, TS3 and PC were 

observed using different functional groups in both gaseous and solvent phases (Figures S11 – 

S15 and Tables 1 – 2), except for PC in solvent phase B3LYP-GD3BJ calculations where Phe2 

moiety bends towards Phe1 moiety relative to the reactant and TS3.  
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3.3.2. MD simulations. The last step (cyclisation) leads to the formation of the dipeptide where 

the Phe(1) and Phe(2) side chains are present in cis conformation (Figure 7C). Simulation reveals 

that N11(1) of the final cyclodipeptide interacts with the side chain amide nitrogen (ND2) of 

Asn159 (49.4% occupancy and –7.8 kcal mol-1 interaction energy, Table S3) and that the 

carbonyl oxygen of Phe(1) interacts with the sp2 nitrogen (NE2) of the imidazole ring of His203 

(47.4% occupancy and –4.5 kcal mol-1 interaction energy, Table S3). Likewise, the 

representative structure obtained from this simulation also shows hydrogen bonding between 

the N11(1) of the cyclodipeptide and ND2 of Asn159, and between the carbonyl oxygen of the 

cyclodipeptide and the NE2 atom of His203 (Figure 7C). Overall, Glu182 plays an important 

role in the intramolecular cyclisation, whereas Asn159 and His203 are involved in stabilizing 

the cyclodipeptide formed (Table 3).  

 

4. Conclusion and Biochemical Significance.   

The present work couples computationally tractable, yet chemically relevant, QM 

models with MD simulations to explore a possible pathway for AlbC-catalyzed Phe-Phe CDP 

synthesis. The overall process is comprised of three steps ― activation of Ser37 and its attack 

of Phe-A76 of a tRNAPhe to form the covalent phenylalanyl enzyme intermediate, 

transamidation of this intermediate by Phe-A76 of the second tRNAPhe, and intramolecular 

cyclization and release of the enzyme to form the cyclodipeptide.  

In the first step, we deduced that the Phe transfer to the enzyme proceeds in a concerted 

manner. We can rule out a previous proposal involving 2-OH mediated proton shuttling 

between Ser37 and 3-OH of Phe-A76;8 instead the activation of Ser37 occurs through direct 

transfer of its hydroxyl proton to O3ʹ through the aid of an intramolecular hydrogen bond of 

2-OH group with amino group of Phe that helps attain the reaction-ready conformation. 

Although the (116.1 kJ mol−1 – 166.7 kJ mol−1) range of barriers observed in our calculations 

is significant, analysis of our MD simulations reveals that when Phe-A76 of first tRNAPhe binds 

AlbC, its phenylalanyl side chain accommodates within the catalytic pocket through the aid of 

hydrogen bonding with Ile36, whereas the amino acyl part of Phe-A76 is stabilised by 

interaction with His203. These interactions may lower the apparent transition state barriers 

observed in our reduced-model calculations. Our prophesized geometries also correlate with 

the available crystal structure data which suggest that an incoming Phe-A76 nucleotide may be 

anchored through a network of hydrogen-bonding interactions involving active-site residues, 

including Tyr178.8,15 MD simulations reinforce that the direct transfer of hydroxyl proton of 
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Ser37 to O3' of Phe-A76 may involve hydrogen bonding support of 2'-OH group, without its 

direct involvement in the reaction. Finally, although the phenylalanyl enzyme intermediate 

formed after removal of A76 moiety loses its interaction with Tyr178, the retained hydrogen 

bonding with His203 and Asn40 and additional hydrogen bonding with Gly35 helps in its 

stabilization within the AlbC active site. 

In the second step, the Phe-A76 moiety of a second tRNAPhe attacks the phenylalanyl 

enzyme intermediate which generates the dipeptidyl enzyme intermediate. Alternatively, as 

previously proposed,9,15 a dipeptidyl nucleoside intermediate may be formed, which can be 

attacked by a conserved enzyme residue that can act as a nucleophile through attack on O3ʹ, 

causing removal of nucleoside and formation of dipeptidyl intermediate which can ultimately 

undergo intramolecular cyclization prior to expulsion of the nucleoside moiety. However, our 

QM calculations reveal a higher energy barrier for the dipeptidyl nucleoside intermediate 

formation over dipeptidyl enzyme intermediate. This in turn correlates with the previous 

experimental detection of  dipeptidyl enzyme intermediate trapped in Tyr202F modified 

enzyme using liquid chromatography–mass spectrometry and peptide mass fingerprinting 

analysis.15  

 Although this mechanism again requires overcoming a significant barrier (74.0 kJ mol−1 

– 126.4 kJ mol−1), the anchoring of residues within the enzyme scaffold may help lower the 

barrier at active site of the enzyme. Specifically, as proposed in the literature, proton transfer 

assisted by a general base (e.g., Glu182)8,9,15 may lower the barrier observed in direct hydrogen 

transfer reaction pathway within our model. Indeed, our simulation data suggests that His203 

and Glu182 residues interact with HO2' of Phe-A76(2) which may help Glu182 fulfil the role 

of a catalytic base by deprotonating the O2' of Phe-A76(2). The O2'(2) atom may further 

deprotonate amino group of phenylalanyl enzyme intermediate which may in turn perform 

nucleophilic attack on carbonyl group of Phe-A76(2), leading to cleavage of the carbonyl 

carbon-oxygen ester bond and formation of dipeptidyl enzyme intermediate with release of 

A76 moiety of second tRNAPhe. Our simulation suggests that the dipeptidyl enzyme 

intermediate formed is stabilized by Asn40 and His203, since they form hydrogen bonds with 

carbonyl oxygen of Phe(1) whereas amino group of Phe(2) forms hydrogen bond with Glu182. 

  Our QM calculations further reveal that intrinsic barrier for the final (intramolecular 

cyclization) step is again significant (122.5 kJ mol−1 – 191.4 kJ mol−1). However, MD 

simulations reveal that the conformation of dipeptidyl enzyme intermediate is such that 

distance between the amino group and carbonyl group is optimal (r(C10(1)–N11(2)) = 4.7 Å) for 

attack. Therefore, the enzyme can catalyse this step. Indeed, as previously proposed,8,15,18 
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several active site residues of CDPSs, including Tyr178, Glu182 and Tyr202 can interact with 

the substrate and may provide this critical stabilization, hence lowering the barrier. More 

importantly, the hydroxyl group of the conserved Tyr202 is proposed to act as a proton relay 

and favour nucleophile attack at the ester bond of dipeptidyl enzyme, leading to the final CDP 

formation.15,18 However, our simulation points to the role of Glu182 as a catalytic base that can 

abstract the amino proton of Phe(2), resulting in its nucleophilic attack on carbonyl group of 

Phe(1). This will lead to release of Ser37 moiety and formation of CDP product in cis 

conformation as reported in previous studies15,18. The CDP thus formed interacts with His203 

through its carbonyl oxygen and with Asn159 through its amino nitrogen in MD simulations.  

 Overall compiling the interactions observed, amino-acid residue Ile36 interacts through 

hydrogen bonding with both Phe-A76(1) present as substrate in first step of reaction and with 

second molecule of Phe-A76(2) introduced in the second step of reaction. Furthermore, Phe-

A76(1) interacts with Ser37, Tyr202 and His203 through hydrogen bonding and with Asn159 

and Tyr178 through hydrophobic interactions, whereas Phe-A76(2) interacts with Tyr178 and 

Glu182 through hydrogen bonding. Furthermore, both the phenylalanyl enzyme intermediate 

and the dipeptidyl enzyme intermediate interact with Asn40 and His203 residues through 

hydrogen bonding. Additionally, the phenylalanyl enzyme intermediate interacts with Gly35 

and the dipeptidyl enzyme intermediate interacts with Glu182, both through hydrogen bonding. 

The cyclodipeptide obtained after intramolecular cyclization of the dipeptidyl enzyme 

intermediate interacts with Asn159 and His203 through hydrogen bonding. Therefore, we 

suggest that Glu182 plays an important role in nucleophilic attack and Asn40, His203 are 

required for accurate positioning of substrate and intermediates during the entire catalytic 

process.  

 The energy barriers identified in the article are generated from small QM models, and, 

as we note, do not consider additional stabilization provided by movement of the active site 

more broadly. Consequently, although they are useful for relative comparison, they likely 

overestimate the size of the barriers. A far larger QM/MM model would be required to provide 

a more accurate model. Regardless, our large, calculated barriers indicate that AlbC must 

actively catalyze the three main phases of the overall reaction, where MD simulations provide 

clues about how this can be achieved. 

Together, our QM calculations successfully locate the reaction centre and estimate 

intrinsic barriers to CDP synthesis by AlbC, whereas MD simulations identify the surrounding 

residues that may play important role in different reaction steps. However, future studies are 

required to compare feasibility of alternate pathways and their relevance in comparison to 
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direct transfer pathways proposed in our work and to investigate the effect of interactions with 

active site residues on reaction pathways to verify our reported mechanisms and elucidate roles 

of other CDPS enzyme–tRNA contacts. Therefore, future hybrid QM/MM methods may help 

delineate the role of these residues in lowering the barrier and verify steric effects of the enzyme 

scaffold on the feasibility of proposed concerted mechanism. 
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Figures and Tables 

 

Figure 1. Molecular surface of the AlbC enzyme complexed with ZPK ligand (yellow) (PDB 

ID, 4Q24).[15] Loops bearing the catalytic residues (CL1 and CL2) are in red and blue 

respectively.  helices,  strands, and catalytically active residues in green are labelled. 

https://doi.org/10.26434/chemrxiv-2024-79nfb ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-79nfb
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

 

 
Figure 2. Reaction catalysed by CDPSs. CDPSs use activated amino acids, in the form of aa-tRNAs, as substrates to catalyse formation of 

cyclodipeptides. The mechanism involves aminoacyl enzyme intermediate formation, which further attacks the second molecule of substrate and 

forms dipeptidyl enzyme intermediate. The intramolecular cyclisation occurred in this intermediate leads to the formation of cyclodipeptide. 
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Figure 3. Proposed chemical steps of the formation mechanism of phenylcyclodipeptide (cyclo(L-Phe-L-Phe) at AlbC active site. Step 1 involves 

activation of Ser37 through direct proton transfer to O3ʹ hyroxyl of Phe-A76, followed by attack of Ser37. Step 2 and 2ʹ show two possibilities of 

the attack of second Phe-A, followed by formation of the second intermediate. Step 3 involves intramolecular cyclization of dipeptidyl 

intermediate. The first (1) and second (2) incorporated phenylalanyl moieties are highlighted in blue and red color respectively. 
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Figure 4. (A) Structures characterized along the pathway of step 1 for the direct proton transfer 

reaction associated with the activation of Ser37, at the B3LYP-GD3BJ/6-311+G(2df, 

2pd)//B3LYP-GD3BJ/6-31G(d,p) level. Important distances (Å), angles (deg, in parentheses) 

and relative energies with respect to the reactant (kJ mol−1, square brackets) are provided. (B) 

Line drawings representing the reaction pathways along the step 1. (C) Representative structure 

obtained from MD simulation of the substrate and intermediate of step 1 in the AlbC active 

site, showing the important residues.   
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Figure 5. (A) Structures characterized along the pathway of step 2 for the attack of second (2) 

phenylalanyl nucleotide moiety forming dipeptidyl enzyme intermediate at the B3LYP-

GD3BJ/6-311+G(2df, 2pd)//B3LYP-GD3BJ/6-31G(d,p) level. Important distances (Å), angles 

(deg, in parentheses) and relative energies with respect to the reactant (kJ mol−1, square 

brackets) are provided. (B) Line drawings representing the reaction pathways along the step 2. 

(C) Representative structure obtained from MD simulation of the substrate and intermediate of 

step 2 in the AlbC active site, showing the important residues.   
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Figure 6. (A) Structures characterized along the pathway of step 2ʹ for the attack of second 

phenylalanyl nucleotide moiety forming dipeptidyl nucleoside intermediate at the B3LYP-

GD3BJ/6-311+G(2df, 2pd)//B3LYP-GD3BJ/6-31G(d,p) level. Important distances (Å), angles 

(deg, in parentheses) and relative energies with respect to the reactant (kJ mol−1, square 

brackets) are provided. (B) Line drawings representing the reaction pathways along the step 2ʹ.  
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Figure 7. (A) Structures characterized along the pathway of step 3 for the intramolecular 

cyclization associated with the dipeptidyl enzyme intermediate at the B3LYP-GD3BJ/6-

311+G(2df, 2pd)//B3LYP-GD3BJ/6-31G(d,p) level. Important distances (Å), angles (deg, in 

parentheses) and relative energies with respect to the reactant (kJ mol−1, square brackets) are 

provided. (B) Line drawings representing the reaction pathways along the step 3. (C) 

Representative structure obtained from MD simulation of the intermediate and product of step 

3 in the AlbC active site, showing the important residues.   
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Table 1. Gas phase relative energies (ΔEg, kJ mol–1) for stationary points characterized along 

the reaction pathway for each step of CDP formation.   

Reaction step 
Stationary 

point 

B3LYP-

GD3BJ 
B97D M06-2X 

Ist phenylalanyl 

attack  

(Ser activation) 

RC1 0.0 0.0 0.0 

TS1 148.2 116.1 166.7 

IC1 1.8 0.6 11.6 

2nd phenylalanyl 

attack  

(dipeptidyl 

intermediate) 

RC2 0.0 0.0 0.0 

TS2 126.0 102.6 126.4 

TS2' 131.3 102.6 125.6 

IC2 0.5 11.0 4.4 

IC2' –18.1 29.2 38.7 

Intramolecular 

cyclization 

RC3 0.0 0.0 0.0 

TS3 157.9 122.5 169.2 

IC3 9.0 56.6 80.1 
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Table 2. Solvent phase relative energies (ΔEs, kJ mol–1) for stationary points characterized 

along the reaction pathway for each step of CDP formation. 

Reaction step 
Stationary 

point 

B3LYP-

GD3BJ 
B97D M06-2X 

              ΔEs 

Ist phenylalanyl 

attack  

(Ser activation) 

RC1 0.0 0.0 0.0 

TS1 150.4 129.8 162.6 

IC1 –3.5 –0.8 –1.8 

2nd 

phenylalanyl 

attack  

(dipeptidyl 

intermediate) 

RC2 0.0 0.0 0.0 

TS2 81.4 100.1 74.0 

TS2' 91.3 113.8 74.2 

IC2 –55.5 –17.9 –27.3 

IC2' –59.7 –24.7 –7.6 

Intramolecular 

cyclization 

RC3 0.0 0.0 0.0 

TS3 160.3 145.3 191.4 

IC3 12.8 9.2 26.1 
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Table 3. AlbC residues interacting with the substrate, intermediates and product along the 

reaction pathway of CDP formation. 

Reaction step Interacting Residues 

Ist phenylalanyl attack  

(Ser activation) 

Introduction of first molecule of 

Phe-A76 

Ile36, Ser37, Asn159, 

Tyr178, Tyr202, His203 

Formation of the phenylalanyl 

enzyme intermediate 
Gly35, Asn40, His203 

2nd phenylalanyl 

attack  

(dipeptidyl 

intermediate) 

Introduction of the second molecule 

of Phe-A76 
Ile36, Tyr178, Glu182 

Formation of the dipeptidyl enzyme 

intermediate 
Asn40, Glu182, His203 

Intramolecular 

cyclization 

Formation of the cyclodipeptide 
Asn159, Glu182, His203 
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