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Abstract
Prolyl-tRNA synthetases (ProRSs) catalyze the covalent attachment of proline onto cognate 
tRNAs, an indispensable step for protein synthesis in all living organisms. ProRSs are modular 
enzymes and the “prokaryotic-like” ProRSs are distinguished from “eukaryotic-like” ProRSs by 
the presence of an editing domain (INS) inserted between motifs 2 and 3 of the main catalytic 
domain. Earlier studies suggested the presence of coupled-domain dynamics could contribute to 
catalysis; however, the role that the distal, highly mobile INS domain plays in catalysis at the 
synthetic active site is not completely understood. In the present study, a combination of 
theoretical and experimental approaches has been used to elucidate the precise role of INS domain 
dynamics. Quantum mechanical/molecular mechanical simulations were carried out to model 
catalytic Pro-AMP formation by Enterococcus faecalis ProRS. The energetics of the adenylate 
formation by the wild-type enzyme was computed and contrasted with variants containing active 
site mutations, as well as a deletion mutant lacking the INS domain. The combined results 
revealed that two distinct types of dynamics contribute to the enzyme’s catalytic power. One set of 
motions is intrinsic to the INS domain and leads to conformational preorganization that is essential 
for catalysis. A second type of motion, stemming from the electrostatic reorganization of active 
site residues, impacts the height and width of the energy profile and has a critical role in fine 
tuning the substrate orientation to facilitate reactive collisions. Thus, motions in a distal domain 
can preorganize the active site of an enzyme to optimize catalysis.
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INTRODUCTION
Aminoacyl-tRNA synthetases (AARSs) are a family of enzymes that catalyze the covalent 
attachment of a specific amino acid onto the 3′-end of its cognate transfer ribonucleic acid 
(tRNA). This process is an indispensable step in genetic code translation, where the twenty 
canonical amino acids and their respective AARSs produce the aminoacyl-tRNA or charged 
tRNA for protein synthesis.1–2 The aminoacylation of tRNA by AARSs is catalyzed by a 
two-step reaction. In the first step, an amino acid (AA) is activated in the presence of 
adenosine triphosphate (ATP) to form an enzyme-bound aminoacyl-adenylate with the 
release of pyrophosphate (PPi) (eq. 1). The second step is the transfer of the activated amino 
acid to its cognate tRNA (eq. 2).3–4

AARS + AA + ATP AARS ⋅ (AA−AMP) + PPi (1)

AARS ⋅ (AA − AMP) + tRNAAA AA − tRNAAA + AARS + AMP (2)

AARSs face the challenge of accurately identifying the specific amino acid through 
distinguishing similar sizes and chemical structures of amino acid side chains. In response, 
proofreading and/or editing mechanisms evolved in these enzymes to prevent and/or correct 
misacylation of tRNAs with noncognate amino acids.5 Prolyl-tRNA synthetases (ProRSs) 
belong to the AARS family that catalyze the covalent attachment of proline to its cognate 
tRNAPro through covalent bond formation between an oxygen of the proline carboxylate and 
the α phosphate of the ATP. In many organisms, ProRSs have been found to misactivate 
alanine and cysteine.6–8 ProRSs in the “prokaryotic-like” group, consisting of prokaryotic 
and putative eukaryotic mitochondrial enzymes,7 have developed a post-transfer editing 
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mechanism involving an insertion domain (INS, ~180 amino acids) located between the 
conserved motifs 2 and 3, which functions to hydrolyze Ala-tRNAPro.9–10 In contrast, the 
“eukaryotic-like” ProRSs, consisting of eukarya, archaea and a few bacteria, do not possess 
the INS domain.7 In some cases, a homologous free-standing editing domain is encoded and 
appears to function as the post-transfer editing domain in “eukaryotic-like” ProRSs.11

Earlier studies have focused on uncovering the molecular mechanism of the post-transfer 
editing reaction catalyzed by the INS domain,9, 12–13 but the role of the INS domain in Pro-
AMP formation and tRNA aminoacylation remains only partially understood. The residues 
of the INS domain do not participate directly in the aminoacylation reaction and are not 
adjacent to the active site. Additionally, circular dichroism measurements demonstrated that 
the deletion of the INS domain has no significant effect on the overall fold of the deletion 
mutant.5 However, in Escherichia coli (Ec) ProRS, the INS domain (residues 232–394) was 
found to significantly impact amino acid binding and activation; the deletion of the INS 
domain resulted in a significant change in the efficiency of substrate binding resulting in a 
200-fold increase in the KM. Furthermore, the overall proline activation efficiency was 
reduced by ∼1200-fold relative to that of the wild-type (WT) enzyme.5 Previous studies 
have also shown that the covalent connectivity and coupled-domain dynamics between the 
INS and the catalytic domain are important for Ec ProRS function.11, 14 However, the 
molecular mechanism by which the INS domain affects catalysis is still unclear.

We hypothesize that the INS domain may play an indirect role in the aminoacyl-adenylate 
formation reaction that is related to its intrinsic dynamics. To explore this hypothesis, the 
INS domain, the entire protein matrix, and a number of catalytic residues were probed using 
a combination of theory and experiment. The energetics of the Pro-AMP formation were 
determined using hybrid quantum mechanical/molecular mechanical (QM/MM) simulations 
and validated by site-directed mutagenesis and enzyme kinetics. The interplay of dynamics 
and electronic effects were probed in detail and the role of various types of motions and their 
relation to energetics were explored. Taken together, these studies provide new insights into 
how motion of a distal protein domain can impact catalysis at an enzyme’s active site.

MATERIALS AND METHODS
Materials.

Primers for site-directed mutagenesis and polymerase chain reaction were purchased from 
Integrated DNA Technologies, Coralville, IA.

Enzyme Preparation.

All experimental kinetic studies were conducted with Ec ProRS as it possesses considerable 
sequence identity (56%) to Enterococcus faecium (Ef) ProRS. Besides the full-length WT 
enzyme, a truncated enzyme (constructed by the deletion of the INS domain, hereafter 
termed as ΔINS) and a number of active site mutants were prepared. Plasmids encoding 
E111A, E111D, R140A, R151A, R450A, and R450D (the corresponding residue is R447 in 
Ef ProRS) Ec ProRS were generated by site-directed mutagenesis of pCS-M1S2 using 
primers listed in Table S1. DNA sequencing performed by the University of Wisconsin 
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Biotechnology Center, Madison confirmed successful mutagenesis. WT and mutant Ec 
ProRSs, tagged with six histidine residues (His6) at the N-terminus, were overexpressed and 
purified as previously described.15–16 Briefly, 0.1 mM isopropyl β-D-thiogalactoside was 
used to induce protein overexpression in Ec SG13009 (pREP4) competent cells for 4h at 
37°C. Purification of histidine-tagged proteins was carried out using Talon cobalt affinity 
resin; proteins were eluted from the column with 100 mM imidazole and concentrations 
were initially determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories).17

Enzyme Assays.

The ATP-PPi exchange assay was performed at 37 °C according to the published method.18 

The concentrations of proline ranged from 0.025 – 2.0 mM. The Ec ProRS concentrations, 
as determined from active site titrations19 were 100 nM and 1 μM for WT and mutant 
ProRS, respectively. Kinetic parameters were determined from Lineweaver-Burk plots 6, 20 

and represent the average of at least 2 determinations.

Computational Setup.

All protein systems for QM/MM simulations were prepared starting with the X-ray 
crystallographic structure of Ef ProRS [PDB entry 2J3M (“open” state)]21, which contains 
the bound ATP and prolinol. The substrate proline was reconstructed to be in the 
zwitterionic form and introduced into the active site. The Mn2+ ions, which were used in 
place of Mg2+ ions for protein crystallization, were replaced with Mg2+ ions. The ΔINS 
enzyme was constructed by replacing INS residues 232–394 with a 16-residue Gly12Ser4 
linker5 generated with the Mutator plug-in of Visual Molecular Dynamics (VMD).22 The 
mutants E111A, E111D, R140A, R151A, R447A, and R447D were constructed by using a 
script in VMD as well. All enzyme and aqueous systems were constructed using procedures 
described earlier.23–26 Briefly, after obtaining the atomic coordinates from crystal structures, 
the hydrogen atoms were added using HBUILD utility of CHARMM.27 The protonation 
state of all side chains was modeled at pH 7. All histidine residues were modeled as neutral. 
The protonation state of each histidine was judged based on the surrounding residues in the 
crystal structure, where potential hydrogen bonding was the primary consideration. The 
protonation state of Nε and Nδ atoms of the imidazole moiety was further verified by 
computing the pKa using Propka.28–29 Only the substrates in the active site of chain A were 
kept for simulations. The active site-bound ATP and proline were solvated by placing the α-
phosphorus of the active site-bound ATP of chain A as the origin in a sphere (radius of 60 Å) 
of explicit water. All residues outside the water sphere of 60 Å radius were truncated, and no 
special treatment was applied to the open valences of residues at the surface of the sphere. In 
the process of truncation, all residues of the enzyme subunit containing the active site was 
preserved and only the residues in the INS domain of the second subunit was removed. The 
solvated enzyme system was neutralized with additional Mg2+ ions placed randomly 
throughout the entire spherical region. The solvated system was equilibrated by 500 ps MD 
simulations.

Simulation Conditions.

Hybrid quantum/classical (QM/MM) simulations were carried out following simulation 
conditions described earlier.23–24 The triphosphate group of the ATP and proline were 
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treated using self-consistent charge-density functional tight-binding (SCC-DFTB).30–32 The 
remaining atoms of the system, including the entire enzyme and all water, were treated 
classically using the CHARMM27 all-atom force fields33 with grid-based cross-term energy 
map corrections for protein backbone atoms34 (Figure 1a). Unlike ATP hydrolysis, where 
Mg2+ ion is known to activate water, 35 the role played by the Mg2+ ions in the prolyl-
adenylate formation is to stabilize the charges on phosphates. Since an explicit role in the 
bond breaking/forming process was ruled out, a fixed-charged model of Mg2+ ions was 
deemed to be sufficient in the present case. Therefore, Mg2+ ions were not included in the 
QM region. The link atom method was used to define the QM/MM boundary,36 where a 
hydrogen-like atom was used to saturate the bond between the QM frontier atom C5′ of ATP 
and MM-treated atom C4′ of ATP shown in Figure 1b. Stochastic boundary conditions were 
employed to simulate the enzymatic-solvent interactions.37 Water molecules of all systems 
were represented using the three-point-charge TIP3P model.38 Bond lengths and bond 
angles of water molecules were constrained by the SHAKE algorithm.39 Langevin dynamics 
were employed in the 48–60 Å region for the 60 Å spherical system, with increasing 
frictional forces as approaching the circumferential boundary.40 An overall visual 
representation of the simulation conditions is shown in Figure 1. Non-bonded interactions 
were truncated using a switching function between 11 and 12 Å. In all molecular dynamics 
(MD) simulations, a time step of 1 fs was used in the leapfrog Verlet algorithm for 
integration.41–42

Umbrella Sampling-Guided Potential of Mean Force Calculation.

The adenylate formation reaction in each system was simulated using multiple-window 
adaptive-bias umbrella sampling techniques.43 In this technique, the change in Gibbs free 
energy for each system was obtained as a potential of mean force (PMF)44 along the reaction 
coordinate defined as

ξ(Å) = rbreak  − rform  (3)

where rbreak represents the bond breaking in the reaction and is r PA‒O3A, and rform, the bond 
forming, is rOTX‒PA, both representing internuclear distances shown in Figure 1b. The range 
of the reaction coordinate was chosen to be from –3.0 Å to +3.0 Å, which was divided into 
20 individual simulation segments of 0.3 Å. In each segment, sampling was done by 
applying a harmonic biasing potential, which acts as a restraining force centered at the mid-
point (ξo) of that bin. Biased conformations were sampled within the range of ξo ± 0.5 Å to 
allow sufficient overlap between neighboring bins. Simulations in each bin was propagated 
by taking two random conformations and observing the conformational distributions of the 
continued parallel simulations (Figure S1). The convergence was judged manually from the 
occurrence of the Gaussian distributions of the propagated simulations. A total of 2 ns of 
configurations along ξ were sampled. The combined sampling of the entire reaction 
coordinate of each parallel simulated system was then collected and analyzed by the 
weighted histogram analysis method (WHAM)45 to produce a plot of the reaction coordinate 
ξ (Å) versus PMF (kcal/mol) to obtain the unbiased free energy profile for the reaction. The 
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overall barrier height in the iterated PMFs differed by less than 0.5 kcal/mol indicating 
convergence.

Measurement of Active Site Volume.

The active site volume was measured using the computational program POCASA.46 Briefly, 
a 3D grid system was first generated with heavy atoms of protein using their van der Waals 
radii. Next, using a probe sphere to roll over the protein surface, a “probe surface” was 
generated. The generated probe surface was compared to the protein surface to detect 
binding pockets. For the WT and mutants, the % change in the active site volume were 
calculated for the precursor complex (PC) and successor complex (SC) states. In each case, 
the coordinates of protein atoms were prepared by removing ions, solvent, ATP, and proline 
and the volume of the active site was averaged on five conformations. The estimated errors 
of the calculations were obtained from the average value of the standard deviations of these 
measurements.

Essential dynamic analysis (EDA).

Essential dynamics47 of the protein was analyzed using the program CARMA.48 The 
procedure involves the calculation of principal component of motions as discussed earlier.11 

Briefly, the overall translational and rotational motions was removed and a modified 
trajectory was prepared by retaining the information of only Cα atoms’ fluctuations. The 
principal components (or modes) of the motion were obtained as eigenvectors by 
diagonalizing the covariance matrix computed for Cα atoms. Based on the projections of the 
backbone fluctuations along the first three principal components,48 the conformations were 
clustered into groups. The most populated cluster (highest number of frames per unit of 
displacement) was used to calculate the backbone displacement, which represents the 
predominant backbone flexibility49 of the enzyme.

RESULTS AND DISCUSSION
The role of a protein matrix on catalysis includes electronic and dynamic effects as well as 
other structural and proton transfer effects.50–54 The electronic effect is observed in the 
electrostatic response of the active site induced by the changing charge distribution during 
the course of a reaction.55–57 The dynamic effects are manifested through protein motions of 
diverse timescales assisting substrate binding and catalytic rate enhancements.50, 53–54, 58–66 

Here, we studied the combined electronic and dynamic effects of the protein matrix on 
catalytic Pro-AMP formation (eq. 1) by bacterial ProRSs. The simulations were performed 
using SCC-DFTB/MM method, which has been previously validated by Hou et al. for a 
monomethylphosphate ester hydrolysis reaction.67 In their study, the computed activation 
barrier was within 1–3 kcal/mol of the experimental results. A detailed analysis of the 
structural and dynamical changes allowed us to tie together the role of enzyme dynamics and 
charge stabilization on the overall catalytic process.

Wild-type Ef ProRS.

As for all class II ARSs, the synthetic active site of Ef ProRS, whose crystal structure has 
been determined in complex with ATP and a proline analog to 2.3 Å resolution (PDB code: 
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2J3M),21 is located in the antiparallel β-sheet fold of the catalytic domain and contains 
consensus motifs 1, 2, and 3 (Figure 2). The editing active site is a distinct domain of the 
enzyme, inserted between motifs 2 and 3 of the synthetic active site. Following an 
equilibration step outlined in the methods section, the dynamically equilibrated synthetic 
active site shows that the ATP molecule forms a ‘U’-shaped conformation (Figure 2), which 
is another conserved feature of class II ARSs. Analysis of the active site surface further 
reveals that electrostatic interactions play a significant role in binding; ATP and proline are 
tightly bound in the crevice formed by several charged/polar residues. Three arginine 
residues, namely R140, R151, and R447, form strong interactions with the negatively 
charged phosphate groups of ATP (Figure 2). Additionally, the ATP coordinates with two 
Mg2+ ions. Deep in the active site cavity, a π-stacking interaction between F155 and the 
adenine group of ATP is also observed (Figure 2).

Precursor complex (PC).—Following the umbrella sampling-guided simulation, the free 
energy profile for the WT enzyme exhibited a shallow (~1 kcal/mol) but well-formed free 
energy well at a reaction coordinate (ξ) of –2.5 Å (Table 1, Figure 3). During the formation 
of the PC, the carboxylate of the zwitterionic proline was found to be pointing towards the 
α-phosphate of ATP poised for a nucleophilic attack (Figure 4, top panel). Notably, R140 
interacts with both the α-phosphate and the proline carboxylate group indicating that R140 
plays a key role in facilitating the nucleophilic attack. The other two arginines, R151 and 
R447, interact with the γ-phosphate. The significantly bent shape of the ATP molecule is 
maintained throughout the simulation, amidst extensive hydrogen bonding interactions 
between the three arginine residues with oxygens from the three phosphate groups. The 
amide protons of proline are stabilized by nearby residues, T109 and E111. In addition, a 
strongly bonded water molecule is located near the proline and forms a hydrogen bonding 
network with T109, proline, and E111 (Figure 4).

Transition state (TS).—The TS in the WT enzyme occurs at ξ = −0.1 Å indicating that 
the breaking and forming bonds are about equal in length. The Gibbs free energy of 
activation (Δr

‡ Go) was calculated to be ~ 18 kcal/mol (Table 1, Figure 3). This activation 
barrier is within 1 kcal/mol of the experimentally determined rate constant kcat, which 
corresponds to an activation barrier of 17 kcal/mol.25

The equilibrated conformation of the TS further showed that the α-phosphorous forms a 
trigonal bipyramidal structure (Figure 4, middle panel); one of the oxygen atoms of the 
proline carboxylate group occupies an axial position, while the other axial position is 
occupied by the oxygen bridging the β-phosphate. The penta-coordination of phosphorous in 
the TS is a common observation in enzymatic phosphate-transfer reactions.68 The TS 
geometry shows that the central phosphorus atom has a trigonal plane consisting of 3 shorter 
(~1.5 Å) equatorial bonds with two longer axial (~1.8 Å) bonds perpendicular to the plane. 
The dissimilar bond distances are indicative of a sp2 type of hybridization of the central 
phosphorous, which according to previous density functional theory-based studies, is due to 
the poor contribution of the d-orbitals to the molecular orbitals formed during the TS.69–70
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The shape of the ATP molecule remained significantly bent amidst extensive hydrogen 
bonding interactions between three arginine residues and phosphate oxygens (Table S2). 
R140 plays a significant role in stabilizing the TS as its guanidium group is involved in 
strong hydrogen bonding with the α-phosphate of ATP as well as the carboxylate of the 
proline (Table S2). Significant interactions are also present between R151/R447 and the γ-
phosphate oxygens of the ATP. Visual analysis of the trajectory of the TS revealed that the 
zwitterionic proline, although advanced closer towards the α-phosphate continued to interact 
with T109 and E111. A water molecule is retained by the same hydrogen bonding network 
as in the PC (Figure 4).

Successor complex (SC).—The computed PMF in the WT enzyme, generated a plateau 
region in the SC around ξ = 1.3 Å (Table 1). A further decrease in energy of ~1 kcal/mol was 
observed beyond this point with the formation of a second plateau region at ~1.9 Å (Figure 
3). The reaction in the WT enzyme environment is endergonic, with a computed Gibbs free 
energy of reaction (Δr Go) of ~ 2.6 kcal/mol. The diphosphate drifted further away from Pro-
AMP and continued to interact with R447 and R151 (Figure 4, bottom panel). Pro-AMP is 
stabilized by a number of electrostatic interactions. Near the central part of Pro-AMP, the 
newly formed phosphoester moiety is hydrogen bonded to the guanidinium group of R140. 
On the proline end of the molecule, the hydrogen bonding network involving T109 
(hydroxyl group), proline (amide group) and E111 (carboxylate group) is found to be 
preserved.

Enzyme-free Condition (Aqueous) and ΔINS Ef ProRS.

The PMF of the prolyl-adenylate formation in an aqueous, enzyme-free system did not 
exhibit a discernible PC (Figure 5a), consistent with the absence of active site interactions 
identified in the PC of the WT enzyme. The absence of an enzyme matrix is most prominent 
in the TS; the computed Δr

‡ Go  was ~30 kcal/mol (Table 1 and Figure 5a), which is 12 
kcal/mol higher than what is observed for the WT enzyme. This finding indicates that Pro-
AMP formation in the enzyme-free system is kinetically inert. Compared to the WT enzyme, 
the PMF shows a much broader energy profile. Additionally, the reaction is exergonic in 
water, with a Δr Go  of −2.9 kcal/mol (Table 1, Figure 5a). Delayed formation of a stable SC 
was observed for the aqueous case with a ξ of ~2.3 Å (Table 1, Figure 5a).

The deletion mutant (ΔINS) lacking the complete INS domain (residues 220–400) is also 
observed to have a high activation barrier (Δr

‡ Go = 22.4 kcal/mol) (Table 1). A stable SC 
was located at ξ = ~1.9 Å (Table 1, Figure 5a). In contrast to the full-length enzyme, the 
reaction is found to be exergonic with a Δr Go  of −3.7 kcal/mol. The exergonicity for the 
ΔINS Ef ProRS is similar to the aqueous system indicating that the products (PPi and Pro-
AMP) are stabilized by solvation in both cases.

E111A and E111D Ef ProRS.

Mutation of the glutamate at position 111 to alanine appears to have a destabilizing effect as 
the PMF for E111A does not show a well-formed PC (grey line, Figure 5b), which confirms 
that the key role of this residue is in stabilizing the PC in the native state. In contrast, upon 
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E111D mutation, a successful recovery of the PC formation was accomplished (dotted line, 
Figure 5b). However, large activation barriers (29–32 kcal/mol) were observed for both 
mutants (Table 1, Figure 5b) indicating that the enzyme will likely be functionally inactive. 
The endergonic nature was retained for both mutants, with a much larger Δr Go  (Table 1) 
indicating that SC will be much less stabilized.

R140A and R151A Ef ProRS.

Mutation of R140 and R151 are predicted to have a severe impact on the catalysis. In the 
WT enzyme, R140 bridges the carboxylate and the α-phosphate acting as a facilitator of the 
nucleophilic attack, while R151 forms interactions with the γ- phosphate in the TS. For both 
mutants, no discernible PC was observed in the energy profiles (Figure 5c). The impact of 
the lack of electrostatic interactions was most pronounced in the TS; a functionally inactive 
enzyme is evident from the very high Δr

‡ Go values of 34 and 38 kcal/mol, for R140A and 
R151A Ef ProRS, respectively.

R447A and R447D Ef ProRS.

The R447A mutant exhibits a PMF with a Δr
‡ Go  value 2 kcal/mol higher than WT. The 

PMF suggests a delayed formation of the SC for this mutant with a of ~2.5 Å (Table 1), and 
in contrast to WT, the reaction was exothermic with a Δr Go  of −1.5 kcal/mol (Table 1, 
Figure 5d). Therefore, based on the computed PMF, R447A mutant is predicted to be active 
but less efficient than the WT enzyme due to the charge neutralization.

In contrast, a large Gibbs free energy of activation (Δr
‡ Go = 29.1 kcal/mol) was observed in 

the computed PMF of the R447D mutant. Based on the structural analysis of the WT 
enzyme, R447 was observed to interact with the γ-phosphate in the TS. Therefore, the 
destabilization of the TS in the R447D mutant is due to the reversal of electrostatic charges 
on the side chain, which resulted in strong repulsion between the γ-phosphate and 
carboxylate of the aspartic acid.

Kinetic Studies of the Prolyl-adenylate Formation.

WT Ec ProRS (a close homolog of Ef ProRS) and the six mutant enzymes, namely, E111A, 
E111D, R140A, R151A, R450A, and R450D, were examined for their catalytic efficiencies 
in Pro-AMP formation. As mentioned earlier, R450 is the residue that corresponds to R447 
in Ef ProRS. Using the ATP-PPi exchange reaction, we found that all of mutations have a 
significant impact on catalysis (Table 2). The proline activation efficiency (kcat/KM) of 
E111D and R450A was reduced by 300- and 500-fold, respectively, similar to the ΔINS 
variant. No activity was detected for E111A, R140A, R151A, or R450D mutants. The 
decrease in catalytic efficiencies or loss of enzyme activity suggested that these four charged 
residues are critical for proline activation. As evident from Figure 4, these residues are 
involved in anchoring the substrates in proper orientation and stabilizing TS in the WT 
enzyme. The neutralization of their charges or charge reversal prevents the required 
interactions needed to bind substrates or stabilize TS and SC. Among the three arginines, 
mutations of R140 and R151 were found to have a greater impact on the catalysis. As 
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supported by hydrogen bonding analysis, both residues strongly interact with the three 
phosphates of ATP in the TS (middle panel of Figure 4 and Table S2), demonstrating their 
roles in TS stabilization. Furthermore, they also interact with PPi and Pro-AMP during 
product formation (Figure 4, bottom panel) and hence are likely to play a role in PPi release. 
Overall, the results of enzyme kinetics are consistent with the computational findings.

Conformational Change during Catalysis.

In a recent study of Ec ProRS in the absence of bound substrates, we observed a large 
conformational change of the INS domain in a 70-ns MD simulation.71 Using EDA,47 we 
observed a principal mode of motion of the INS domain during the ‘closed’ to ‘open’ 
transition.71 Our focus in the present study was to detect whether a similar conformational 
change also occurs for the INS domain during the adenylate synthesis reaction catalyzed by 
Ef ProRS. For all the full-length proteins investigated (WT and six mutants), the INS 
domain moves towards the catalytic domain during catalysis (Figure 6a). The comparison of 
INS domain movement for WT and mutants was further scrutinized by performing EDA and 
computing the backbone displacements that occurs along the first three principal 
components of motions. The relevance of the motions is discussed below in the broader 
context of catalysis. In each case of EDA, the displacement is calculated with respect to the 
starting conformation, for four states: (1) the apo-enzyme lacking both substrates (ATP and 
proline); (2) the substrate-bound PC; (3) during the entire course of catalysis; (4) the 
product-bound SC. In each of these states, the RMSDs, averaged over all backbone Cα 
atoms, were calculated (Table 3).

There was a significant reduction in the displacement (by 0.8 − 2.0 Å) going from the apo 
state to the PC state (Table 3) indicating substrate binding-induced changes in the overall 
dynamics of the active site. This is consistent with the strong interaction between the ATP 
and several residues at the synthetic active site (see Figure 4). The pattern was maintained 
for all proteins alike indicating that the motion is intrinsic to the protein. Interestingly, the 
backbone fluctuations of the WT enzyme are higher during catalysis, than the SC state 
(Table 3). The occurrence of a compact (i.e. closely packed) structure at the completion of 
the reaction may have a functional significance. For example, the product of the first step is 
an intermediate in overall tRNA aminoacylation; the compact structure may slow down Pro-
AMP release from the active site.

Preorganization and Reorganization in Ef ProRS.

An enzyme is known to employ two types of motions in catalysis: preorganization and 
reorganization.53, 59–60, 66, 72–73 Preorganization encompasses the movement of protein 
segments including distant domains forming an active site that favors substrate binding in 
proper orientation and proximity. These slow time-scale dynamics produce an active site that 
provides thermodynamic stability to the PC and the TS.59–60 In contrast, reorganization 
involves faster movement of active site atoms facilitating reactive collisions between 
substrates thereby decreasing the activation barrier. 53, 58

Conformational Motion of the INS Domain and Preorganization.—The INS 
domain is located proximal to the synthetic active site in the WT enzyme and full-length 
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mutants (Figure 6a). Although the region near the γ-phosphate of ATP is wide open, the 
proline-binding pocket is quite compact due to the presence of the PBL (residues 199–206) 
(Figure 6a). The INS domain interacts with the PBL through a well-formed hydrogen 
bonding network consisting of polar residues and several water molecules.11 This includes 
the conserved “GED” motif (residues 217–219) at the inter-domain interface, N232, and 
K306.11 Two strong hydrogen bonding interactions were noted: N232(INS domain) - 
E209(PBL) and K306(INS domain) - D198(PBL). These interactions were present in all 
full-length mutants during the formation of the PC (Table S3) and thus the presence of the 
INS domain creates a compact synthetic active site that presumably restricts solvent 
accessibility from one end (Figure 6b). This compact active site facilitates tighter substrate 
binding, which is demonstrated by the 200-fold decrease in KM for the full-length compared 
to the deletion mutant.5 In contrast to the full-length enzyme, the active site is open and 
readily exposed to the solvent in the ΔINS mutant (Figure 6c). The PBL was found to be 
dangling above the active site indicating that proline binding was partially impaired because 
of the deletion of the INS domain. This is also evident in the higher value of the RMSD of 
the PBL during catalysis for the ΔINS mutant (Table S4).

Changes in the width of the open end of the active site cleft were measured by taking the 
distance between the alpha-helix (318 to 327, subunit A) of the INS domain and the loop 
region (98 to 102, subunit B) of the catalytic domain (Figs. 6b and 6d). As evident in Table 
4, the open end of the active site cleft shrinks as the reaction progresses in all enzyme 
systems. As discussed earlier, the active site near the proline is closed (Figs. 6a and 6b), thus 
the INS domain dynamics is likely to make the active site more compact facilitating contacts 
between the two substrates. This is evident from the change in volume of the active site 
during catalysis, measured using the POCASA program.46 The analysis of the active site 
volume suggests that all but R447A (lacking the arginine that provides electrostatic 
stabilization of the γ-phosphate) mutants exhibit a decrease in active site volume during 
transition from PC to SC states (Table 4). The observed compactness upon substrate binding 
is also consistent with the sharp decrease in RMSD as discussed earlier (Table 3).

The role of INS domain in substrate binding is also revealed in the PMF profile of ΔINS 
(Figure 5a), where the formation of PC occurs at ξ = −3.0 Å (Table 1). Recall that the PC 
occurs at −2.5 Å in WT enzyme, but at a higher negative value (< −3.5 Å) in aqueous 
(enzyme-free) system. Therefore, the lack of INS domain causes an impairment of substrate 
binding, which otherwise promoted preorganization in the WT enzyme. This theoretical 
observation is also aligned with the experimentally observed higher KM for the ΔINS 
mutant.5 In summary, the analysis of the conformational change and energetics portrays a 
role of INS in preorganizing the active site during Pro-AMP formation.

Active site Reorganization.—Fast reorganizational motion of active site atoms are 
believed to be responsible for decreasing the distance between reacting molecules in 
enzymes thereby favoring catalysis.70 In order to probe the protein motion along the bond-
breaking and bond-forming direction during the adenylate formation reaction, a distance 
variation plot was generated by choosing the two ends of the active site. On one end of the 
active site, E111 that interacts with the proline amino group was selected. On the other end, 
R151 was chosen as it interacts with the γ-phosphorous of the ATP. In particular, the 
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distance between E111(Cα) and R151(Cα) vs. the reaction coordinate, defined as ξ in eq. 3, 
was plotted for the catalytic reaction using a 2 ns MD simulation data. For the WT, a 
compressing motion, along the direction of the nucleophilic attack by the proline 
carboxylate to the phosphate, was observed. In particular, there was a gradual decrease in the 
E111(Cα) - R151(Cα) distance, which is ~ 2 Å as the reaction passes through the transition 
state (Figure 7). The distance gradually increases by the same amount after the conclusion of 
the reaction. The decrease is slightly less (~ 1.5 Å) for ΔINS ProRS, but the pattern was 
maintained. However, the pattern was completely lost for E111 and R151 mutants, 
demonstrating that these residues are actively involved in the active site reorganization. 
Other mutants also exhibited patterns indicative of impaired reorganization dynamics 
(Figure 7). In summary, this analysis demonstrated the existence of compressing motion in 
the synthetic active site of WT Ef ProRS, which likely facilitates the nucleophilic attack of 
the ATP by the proline.

Dynamics and Reorganization Energy.—Pro-AMP formation is an SN2 type of 
reaction. It can also be treated as an enzyme-catalyzed group transfer reaction, wherein an 
adenosine monophosphate (AMP) group is covalently attached to proline, resulting in the 
release of PPi (Figure 8a). Following the original theoretical framework of Marcus74–77 and 
later modified by Warshel,78 the Gibbs free energy of activation (Δr

‡ Go) can be expressed as 

a quadratic function of the Gibbs free energy of a reaction (Δr Go):

Δr
‡Go = ΔrGo + λ 2

4λ ... (4)

where, λ is the reorganization energy, defined as the hypothetical amount of energy needed 
to deform the potential energy surface (PES) of the reactant (i.e. the PC) to become that of 
the product (i.e. the SC). Thus, λ represents the work done by the enzyme57 to respond to 
the change in charge distribution during the reaction. The reactant and product free energy 
curves are depicted as two parabolas in Figure 8b, where the x-axis represents the change in 
the nuclear coordinate and the y-axis is the Gibbs free energy. We note that eq. 4 is the result 
of a harmonic approximation of the change in Gibbs free energy to that of the nuclear 
coordinates. Therefore, for an enzyme-catalyzed group transfer reaction, the free energy 
change can still be considered as a quadratic function of the nuclear coordinate, which is a 
combination of bond vibrational coordinates of participating atoms and solvent dipoles 
within the active site.79

A plot of Δr
‡ Go  vs. Δr Go  was generated for Pro-AMP formation by WT and mutant 

variants (Figure 8c). The energetics of the adenylate formation reaction by the mutants fitted 
nicely to a quadratic equation. A non-linear trend, as expected for a group transfer reaction 
that follows the Marcus model,80 was obtained for the single-point mutants as well as for the 
ΔINS variant (black triangles in Figure 8c). From the fitted curve, a reorganization energy 
value of 90 kcal/mol was computed for mutants according to eq. 4. The free energy values 
  i . e .    Δ rGo  and Δr

‡ Go) in the aqueous system (i.e. enzyme-free, red triangle in Figure 8c) 
and WT (Figure 8c, green triangle) did not fall on this trendline and eq. 4 yielded 
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reorganization energies of 117 and 61 kcal/mol (Figure 8c), respectively. Thus, compared to 
the WT enzyme, the reorganization energy increased by 30 kcal/mol for the mutants. This 
indicates a substantially reduced catalytic power due to active site mutations or the INS 
domain deletion, which also resulted in elevated activation free energy barriers (Table 1). 
The higher reorganization energy for the enzyme-free system compared to the WT enzyme 
is indicative of the native active site’s catalytic power.57 Since the width of the PMFs are 
different in the WT and in the enzyme-free system, the work term to bring the reactants 
together can partly explain the difference in the computed reorganization energy as 
described by Tu et al. in the context of proton transfer in carbonic anhydrase.81

Dynamics and Catalysis.—The conformational change observed for INS domain 
(Figure 9a) is completely consistent with the observed long-duration (70 ns) MD simulations 
with Ec ProRS.71 The EDA-derived displacements depicted in the first principal mode 
(Figure 9b) demonstrate that the entire INS domain moving towards the catalytic domain 
during catalysis. Although the INS domain motion was present in WT ProRS and all full-
length mutants, the missing electrostatic interaction in the synthetic active site was found to 
impair the motion within the active site (Figure 7). A comparison plot of the PMF width and 
the displacement of the protein Cα atoms (with respect to the starting conformation) during 
catalysis is shown in Figure 9c. The displacement of the entire protein backbone, as well as a 
region within 20 Å of the proline, were used in the analysis. Compared to the WT enzyme, 
all mutants had larger PMF width (Figure 9c, green diamonds) indicating larger nuclear 
displacement along the reaction coordinate (Figure 8b). These mutants also exhibited larger 
reorganization energies compared to WT ProRS (Figure 8c). Thus, the widening of PMFs 
for mutant variants is in full agreement with the increase in reorganization energy. 
Furthermore, Figure 9b demonstrates an inverse relationship between the backbone 
displacements and the width of the PMF. For example, the fluctuations in these mutants 
during catalysis were notably less for the active site Cα atoms (within 20 Å of the substrate). 
In summary, higher PMF width and lower backbone fluctuations corresponded to a higher 
reorganization energy for the adenylate formation reaction. This is consistent with the role of 
the enzyme to bring substrates in proximity and orient them to facilitate reactive collisions, 
thereby decreasing the width and height of the energy profile.

Analysis of water.—Being involved in the preorganization, the INS domain is expected to 
restrict solvent accessibility into the active site of full-length enzymes. To examine this 
effect, the radial distribution function (RDF) around the phosphorous atom undergoing the 
nucleophilic attack (i.e. Pα) was plotted for a distance up to 10 Å for the WT and its mutants 
(Figure 10). Compared to WT, all mutants exhibited a larger presence of water, most 
prominently in ΔINS and R140A. The trend is also in agreement with the general concept 
that the presence of more mobile water molecules indicates less preorganization and hence 
correlate to a larger reorganization energy.57 Taken together, the present study provides a 
deeper insight into how preorganization and reorganization dynamics influence the free 
energy landscape of enzyme catalysis.
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CONCLUSIONS
Here, we used computational and experimental approaches to probe the role of intrinsic 
protein domain dynamics on enzyme catalysis by bacterial ProRS. The results revealed the 
role of preorganization and reorganization on Pro-AMP formation by Ef ProRS. INS/editing 
domain dynamics play a distinct role in the structural preorganization for effective catalysis. 
The swinging motion of the INS domain appears to be intrinsic to the folded protein and is 
present even in the absence of the substrates. The dynamics remained unaffected by 
mutations of charged residues in the active site. However, deletion of the INS domain had a 
significant impact on catalysis. The compact preorganized active site, observed in the full-
length enzyme, consists of hydrogen bonding interactions between the PBL and INS 
residues. In the ΔINS mutant, the active site was partially exposed, and these interactions 
were missing resulting in a dangling PBL. Scrutiny of the active site in the PC suggests that 
the proximity of the two substrates were also not optimum and the computed PMF 
demonstrated a higher activation barrier implying the impact of the INS domain on kinetics.

One of the major findings of the present study is that the INS domain deletion and other 
single-point mutations produced an active site that follows characteristics of the Marcus 
model of group transfer reactions. The plot of Δr

‡ Go   vs. Δr Go (Figure 8c) revealed that the 
favorability of the catalysis exhibited a quadratic relationship with the activation barrier, 
which is a characteristic of the Marcus model (eq. 4). There are only a few reports of 
enzymatic group transfer reactions that exhibit this relationship between the equilibrium and 
kinetic free energy differences.80 The present study is the first report of this observation in 
an enzymatic adenylate formation reaction, involving transfer of an AMP group to an amino 
acid.

The catalytic power of an enzyme originates from the preorganized and reorganized 
electrostatics of its active site.57, 60, 72–73 The present study established the combined role of 
the preorganizational motion of the distal INS domain (slow motion) and the 
reorganizational fluctuations of active site residues (fast motion) on catalysis. Loss of the 
preorganizational motion contributed by the INS domain diminishes the enzyme’s catalytic 
power by approximately half. A similar loss of catalytic power was also observed for the 
single-point mutants that disrupted reorganizational dynamics. Although there was a reduced 
overall backbone displacement in the full-length mutants compared to WT enzyme, as 
evident from the EDA-derived motions, they exhibited a larger number of mobile water 
molecules and hence less preorganization in the active site during catalysis. This observation 
corresponds to a larger reorganization energy than the native active site. The combined effect 
of these dynamics in the WT enzyme contributes to a lowering of the activation barrier 
(Δr

‡ Go) by ~11 kcal/mol (Table 1), which translates into an ~ 108-fold rate-enhancement 
relative to aqueous solution.

In summary, the results of this study demonstrate that the catalytic power of a modular 
enzyme like bacterial ProRS originates from concerted preorganizatioal and reorganizational 
effects involving both electrostatics and dynamics. This observation reasserts that these two 
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effects are conjoined factors for the catalytic power of an enzyme and, as described by Marti 
et al.,73 can be viewed as “two faces of the same coin”.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED
AARS aminoacyl-tRNA synthetase

EDA Essential dynamics analysis

Ef Enterococcus faecium

Ec Escherichia coli

INS insertion domain

MD molecular dynamics

MM molecular mechanical

PC precursor complex

PMF potentials of mean force

ProRS prolyl-tRNA synthetase

QM quantum mechanical

QM/MM quantum mechanical/molecular mechanical

RMSD root-mean-square-deviation

SCC-DFTB self-consistent charge-density functional tight-binding

SC successor complex

tRNA transfer ribonucleic acid

TS transition state
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Figure 1. 
Solvated protein system used for molecular dynamics simulations: a) Ef ProRS catalytic 
pocket with ATP and proline at the center. The QM-treated atoms, i.e., the three phosphate 
groups and the proline, are shown within the rectangle. All other atoms belong to the MM 
region, which has an outer buffer region of 12 Å treated by Langevin dynamics; b) a 
molecular representation (zoomed-in) of the QM-treated atoms of ATP and proline shown in 
red shading. The link atom separates the QM and MM-treated regions. The reaction 
coordinate is defined as ξ = rbroken - rformed.
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Figure 2. 
The zoomed-in active site of WT Ef ProRS and the full-length protein. In the cartoon 
representation of the ProRS dimer (right), the editing (INS) domain is colored in red, the 
catalytic domain in cyan, and the anticodon-binding domain in purple. The synthetic 
reaction site is located in the catalytic domain, between the antiparallel β-sheet fold and the 
INS domain for the monomer shown on top. The key active site residues are shown in the 
zoomed insets. The top inset highlights the ‘U-shaped’ ATP and proline in the active site 
surrounded by several charged residues, color coded as red for negative and blue for positive 
in the bottom inset.
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Figure 3. 
The Gibbs free energy profile for prolyl-adenylate formation by WT Ef ProRS obtained 
from potential of mean force calculations. A is the reactant state, which crossed a small 
barrier (of ~ 1 kcal/mol of free energy) to form a local minimum that defines the precursor 
complexes, B. The transition state C is defined as the maximum of the free energy, while the 
successor complex D is defined by the shoulder, an inflection point on the free energy curve. 
After a further reduction (~ 1 kcal/mol) of free energy, the product state E was formed.
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Figure 4. 
Hydrogen-bond interactions at the WT Ef ProRS active site during the prolyl-adenylate 
formation for PC (top panel), TS (middle panel), and SC (bottom panel). The magnesium 
ions present in the active site are represented by purple-colored spheres.
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Figure 5. 
The potentials of the mean force (PMF) during the prolyl-adenylate formation reaction 
plotted with respect to the reaction coordinate, ξ (Å): a) − d) illustrating the PMFs in 
aqueous, WT, and its various mutants as labelled.
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Figure 6. 
Conformational changes of the INS domain during proline adenylate formation by Ef 
ProRS: a) the synthetic active site cleft formed at the interface of INS and CD domains is 
shown with blue tinge with INS positioned right above it. The cleft has the “Open” end on 
the left, while the other end is “Closed” by the proline-binding loop (PBL); b) the wider 
“Open” end of the active site cleft in the precursor complex, measured from the distance of 
separation of the α-helix (residues 318–327) of the INS domain (subunit A) and the loop 
region (residues 98–104) of the catalytic domain (subunit B), both of which are highlighted 
in purple. The active site volume, measured using POCASA is visually represented as 
clusters of green space-filling models of hydrogen atoms; c) the ΔINS mutant with the open 
space above the active site and the dangling PBL; d) the INS domain moves closer to the CD 
in the successor complex shrinking the active site as measured using the same inter-domain 
distance and space as in c).
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Figure 7. 
Results of a 2-ns MD simulation showing the E111(Cα)-R151(Cα) distances plotted against 
the reaction coordinate during the catalytic reaction for WT and mutant Ef ProRS.
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Figure 8. 
Illustration of the effect of the enzyme matrix on the reorganization of the active site: a) the 
adenylate formation (AMP group transfer) reaction catalyzed by ProRS; b) the potential 
energy surfaces of reactant and product species for exergonic and endergonic reactions; the 
reorganization energy (λ), the Gibbs free energy of reaction (Δr Go), and the Gibbs free 

energy of activation (Δr
‡ Go) are labelled; c) the plot of the Δr Go and Δr

‡ Go for mutants 
(black triangles) with a fitted quadratic curve that corresponds to eq. 4 yielding a λ value of 
90 kcal/mol. The λ values for the aqueous (red triangle) and WT enzyme (green triangle) 
systems are 117 and 61 kcal/mol, respectively.
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Figure 9. 
The interplay of conformational dynamics and the width of the Gibbs free energy profile: a) 
the conformational change observed in Ef ProRS during catalysis from the MD simulation 
with the ‘red’ and ‘blue’ indicating the ‘start’ and the ‘end’ conformations. The 
preorganization dynamics of the INS domain towards the active site is shown using a single 
curved arrow. The reorganization compressing motion of the active site containing ATP and 
proline (in green vdW spheres) is illustrated by two small green arrows; b) the predominant 
motion along the first principal component during catalysis, with backbone and arrows 
shown in same colors as used in Figure 9a; c) a plot of the width of the PMF and the EDA-
derived backbone (Cα atoms) displacements observed in the most populated cluster during 
catalysis in the WT and mutant variants. The active site consists of all Cα atoms within 20 Å 
of the Cα atom of the proline.
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Figure 10. 
The radial distribution function (RDF) of water molecules around the Pα in WT and its 
mutants during the catalytic prolyl-adenylate formation: a)−d) depicts the comparative RDFs 
for the WT and various mutants as labelled.
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Table 1.

The Gibbs free energies of reaction (Δr Go) and activation (Δr
‡ Go) computed by SCC-DFTB/MM calculations 

for the prolyl-adenylate formation by Ef ProRS and its mutant variants. The progress of the reaction is 
represented by the reaction coordinate,ξ, defined as rbreak – rform and illustrated in Figure 1. The generic short-
hand notation for the precursor complex, the transition state, and the successor complex are PC, TS, and SC, 
respectively. The computed free energy quantities have an uncertainty of < 0.5 kcal/mol.

ProRS variants ξPC (Å) ξTS (Å) ξSC (Å) Width of PMF (Å) Δr Go   (kcal/mol) Δr
‡ Go (kcal/mol)

WT −2.5 −0.1 1.3 3.8 3.6 18.9

Water < −3.5 −0.3 2.3 > 5.8 −2.9 29.6

ΔINS −3.0 −0.3 1.9 4.9 −3.7 22.4

E111A −3.0 −0.2 1.3 4.3 15.7 31.8

E111D −2.7 0.0 1.9 4.6 17.5 33.2

R140A −2.8 −0.1 1.4 4.2 17.6 34.2

R151A −2.8 0.2 1.6 4.4 26.3 39.5

R447A −3.0 −0.1 2.5 5.5 −1.5 20.8

R447D −3.0 0.1 1.6 4.6 14.8 29.1
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Table 2.

Catalytic efficiency of wild-type and mutant Ec ProRS for prolyl-adenylate formation. The corresponding 
residues in Ef ProRS are given in parenthesis.

ProRS variant kcat/KM (sec−1mM−1)

WT 114 ± 56

ΔINS 0.24 ± 0.09

E111D 0.367 ± 0.21

E111A Not active

R140A Not active

R151A Not active

R450D (R447D) Not active

R450A (R447A) 0.236 ± 0.12
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Table 3.

The predominant conformational transition, observed in the essential dynamics analysis, for the Ef ProRS WT 
and the mutant variants. The most populated cluster representing the first three principal components of 
motion was used for the substrate free state, PC state, during catalysis, and SC state. In each case, the 
aggregated backbone displacement was computed from the root mean square deviations (RMSD) with respect 
to the starting conformation in the cluster. The average displacement and its uncertainty were computed using 
the last 6 conformations in each case.

ProRS variants Without ATP and proline (Å) Precursor Complex (Å) During Catalysis (Å) Successor Complex (Å)

WT 3.16 ± .01 1.94 ± .01 1.43 ± .01 0.80 ± .01

E111A 2.87 ± .02 0.99 ± .01 1.22 ± .01 1.41 ± .01

E111D 2.68 ± .02 1.28 ± .01 1.23 ± .03 0.60 ± .02

R140A 4.30 ± .02 2.27 ± .01 0.85 ± .01 0.98 ± .01

R151A 2.80 ± .01 1.31 ± .01 1.28 ± .02 0.84 ± .01

R447A 3.06 ± .02 1.77 ± .01 1.33 ± .02 1.52 ± .01

R447D 2.47 ± .01 1.68 ± .01 0.95 ± .01 1.48 ±.01
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Table 4.

Conformational change of Ef ProRS and its variants studied by monitoring the width of the open end of the 
active site cleft and the volume of the cavity. The estimated error calculated in the measurements were < 0.2 Å 
for the width and < 20 Å3 for the volume.

ProRS variants Precursor width (Å) Complex volume (Å3) Successor width (Å) Complex volume (Å3)

WT 19.7 1110 14.5 1044

E111A 17.0 1109 13.2 1067

E111D 13.1 1287 10.9 977

R140A 19.0 1569 14.2 927

R151A 19.5 1104 14.5 995

R447A 18.5 1127 16.4 1524

R447D 16.0 1163 11.9 1091
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