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Abstract 

γ-glutamyltransferase (GGT) is an enzyme that uses γ-glutamyl compounds as substrate and 

catalyzes their transfer to a water molecule or an acceptor substrate with varied physiological-

function in bacteria, plants and animals. Crystal structures of GGT are known for different species 

and in different states of the chemical reaction; however, structural dynamics of the substrate 

binding to the catalytic site of GGT is unknown. Here, we modeled Escherichia Coli GGT’s 

glutamine binding by using a swarm of accelerated molecular dynamics (aMD) simulations. 

Characterization of multiple binding events identified three structural binding motifs composed of 

polar residues in the binding pocket that govern glutamine binding into the active site. Simulated 

open and closed conformations of a lid-loop protecting the binding cavity suggests its role as a 

gating element by allowing or blocking substrates entry into the binding pocket. Partially open 

states of the lid-loop are accessible within thermal fluctuations, while the estimated free energy 

cost of a complete open state is 2.4 kcal/mol. Our results suggest that both specific electrostatic 

interactions and GGT conformational dynamics dictate the molecular recognition of substrate-

GGT complexes. 
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Introduction 

Molecular recognition of substrate molecules by enzymes is characterized by substrate binding 

to a catalytic site. Upon binding, the protein explores the conformational space to find a transition 

state lowering the activation barrier of a chemical reaction followed by a product release stage1. 

The timescale of this process ranges from microseconds to milliseconds2–4. Early during a substrate 

recognition, the ligand samples rotational, translational and conformational degrees of freedom in 

order to reach a bound state over several microseconds5,6. The substrate binding process is critical 

for enzyme activity and specificity. Hence, an atomistic description of the ligand entry and binding 

into the catalytic site and the protein conformational space explored upon binding is highly 

desirable both to better understand the origin of such specificity and to pursue the rational design 

of improved enzymes for chemical synthesis7. In this work, we focused our attention on γ-

glutamyltransferase, also referred to as γ-glutamyltranspeptidase (GGT, E.C. 2.3.2.2), a 

heterodimeric enzyme able to cleave amide bonds and widely distributed from bacteria to plants 

and mammals7,8. Physiological importance of GGT is also diverse, extending from a primary role 

in maintaining cysteine levels in animal and plant cells9–12, nitrogen stress response in yeast cells13, 

to a virulence factor of Helicobacter pylori, a bacteria, that enables its widespread infection 

responsible for chronic gastritis and increased risk of gastric cancer14. 
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Figure 1. Structure representation of Escherichia Coli GGT (EcoGGT) and catalytic reaction. a, 

X-ray structure of EcoGGT (PDB ID code 2DBX15). Grey and tan color ribbons represent the 

heavy and light subunits, respectively. Nitrogen, carbon and oxygen atoms are represented in blue, 

cyan and red color, respectively. b, Schematic representation of GGTs mechanism. Reaction 

between GGT and the γ-glutamyl donor 1, formation of the γ-glutamyl enzyme intermediate 2. 

The intermediate can react in two ways: with water resulting in hydrolysis and liberation of 

glutamic acid 3; or with a peptide resulting in a new γ-glutamyl derivative 4 through a 

transpeptidation reaction. 

All the members of the GGT family are autocatalytically activated through a proteolytic 

cleavage, which liberates a N-terminal nucleophilic, catalytically active residue16. GGT cleaves γ-

glutamyl compounds, e.g. glutathione, releasing the cysteinylglycine portion and forming a 

covalently bound γ-glutamyl-enzyme intermediate through formation of an ester linkage between 
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the γ-carbon atom of the glutamyl group and the oxygen atom of the catalytically active, N-

terminal Thr of the small enzyme subunit17 (Thr391 in E. coli, Figure 1a). The γ-glutamyl-enzyme 

intermediate then either reacts with a water molecule and undergoes hydrolysis, or it transfers the 

glutamyl group to an amino acid or a short peptide (transpeptidation)8,18–20 (Figure 1b). 

 

Here, we focus on Escherichia Coli GGT (EcoGGT). Its catalytic cycle has been characterized 

and it is known that the enzyme is localized in the periplasm; however, its physiological role is 

unknown21. EcoGGT found use also as a biocatalyst for the synthesis of γ-glutamyl derivatives at 

a preparative level22, accepting L- but not D-amino acids and has a preference for basic and 

aromatic acceptor amino acids23. This contrasts with its low stereo-specificity for γ-glutamyl 

substrates. Crystal structures of EcoGGT have been solved in the apo state, in complex with an 

intermediate and the corresponding hydrolysis product24,15 and, with the aid of structural 

information, light was shed on the autocatalytic process leading to enzyme maturation25 and on 

the reaction mechanism26. The N-terminal Thr of the small subunit revealed to be the key residue 

in both enzyme maturation and catalysis17,25 Based on these structures, a so-called lid-loop 

(residues 438 to 449) was found to cover the -glutamyl binding site. Tyr444 occupies a central 

position within the lid loop and forms a hydrogen bond with residue Asn411, closing the entry to 

the binding pocket. This lid-loop was also found to be conserved among other bacterial and human 

GGT sequences27, and an aromatic residue corresponding to Tyr444 in EcoGGT is also conserved 

(Phe433 in H. sapiens). The two examples are paradigmatic of an evolutionary divergence within 

the GGT family, in that the aromatic residue is Tyr in bacterial GTTs, but Phe in GGTs from higher 

organisms. It has been pointed out that the observed closed lid-loop conformations in crystal 

structures of E. Coli and Helicobacter pylori GGTs contribute to their lower activity compared to 
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human GGT15,27. Indeed, the crystal structure of the human GGT revealed an open lid-loop 

providing larger access to the active site. Moreover, the lid loop in enzymes from higher organisms 

is more mobile, having Phe instead of Tyr and thus lacking a residue capable of hydrogen bond28. 

The higher transpeptidation rate observed for mammalian enzymes with respect to bacterial ones 

has been ascribed to a faster product release associated to the higher mobility of the lid loop29. The 

involvement of the lid loop in catalysis was studied for both H. pylori and human GGTs. Often 

different outcomes have been observed for the two enzymes, leading to the conclusion that subtle 

structural differences affecting the mobility or the stability of the lid loop could contribute to the 

observed catalytic differences30. The removal of the phenolic hydroxyl group in H. pylori GGT 

(mutant Y433F, where Y433 corresponds to Y444 in E. coli GGT) resulted in a 7-fold increase in 

Km, with almost negligible effect on Vmax. On the other hand, complete removal of the aromatic 

nucleus (mutant Y433A) impacted mainly on catalysis, with little effect on substrate binding. 

Therefore, an important, but not catalytic role has been attributed to Y433 in H. pylori GGT. 

Mutational analysis introducing perturbations into the hydrogen bond network that contributes 

to lid loop positioning revealed similar effects not only in substrate binding and catalysis, but 

slightly also in enzyme maturation30. 

 Despite the research progress in understanding the catalytic stages of GGT enzymes, no 

structural and dynamical information of the substrate binding and the role of the lid-loop in GGTs 

has been obtained. Elucidation of the binding process will provide insight on the physicochemical 

principles dictating the activity and specificity of the GGT family. 

Molecular dynamics (MD) simulations are increasingly used to get insight into fundamental 

biomolecular processes such as protein folding, allostery regulation, and protein-ligand binding31–

33. Conventional MD simulations are usually limited to a few microseconds in conventional high-



 7 

performance computing clusters, which limit the modeling of multi-microsecond time scale 

processes such as protein-ligand binding. To overcome these limitations, several enhanced 

sampling methods, such as replica exchange MD34, metadynamics35, umbrella sampling36, 

transition path sampling37 and accelerated molecular dynamics (aMD)38, have been developed to 

speed up phase space exploration. In particular, aMD is an enhanced sampling technique that 

works by reducing energy barriers of the molecular potential energy surface,  adding a non-

negative boost potential when the potential energy of the system is lower than a reference energy38. 

It has been employed to simulate rare events that occurs on the microseconds to milliseconds time 

scale, such as protein folding and ligand-protein binding, with tens to hundreds of nanoseconds 

long simulations39–44. 

In this work, we performed an ensemble of short aMD repeats and focused on a subset of 

trajectories where GGT-glutamine binding was observed. Our approach allowed us to model the 

process of substrate binding by the enzyme and to identify polar residues in the binding pocket 

governing glutamine binding, from the free unbound state to its full insertion into the active site. 

The EcoGGT’s lid-loop was also found to function as a gating component during the molecular 

recognition process. Notably, no restraint was applied and no prior information or hypothesis 

concerning the enzyme-substrate interactions were used in the simulations. 

Methods 

Accelerated Molecular Dynamics Simulations 

Molecular recognition of glutamine by EcoGGT and the subsequent formation of the ligand-

protein complex was simulated with aMD. This method was first introduced by McCammon et 

al38 and designed to accelerate transition events between different conformational minima. This is 
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obtained by boosting the potential energy every time the value of the true potential is below a fixed 

threshold. 

𝑉∗(𝑟) = {
𝑉(𝑟) + ∆𝑉, 𝑉(𝑟) < 𝐸

𝑉(𝑟), 𝑉(𝑟) ≥ 𝐸
 

Where 𝑉∗(𝑟) is the modified potential, V(r) is the real potential and E is the energy threshold.  

The implementation of the method that we adopted is the “dual boost” approach45. With this 

method, two separated boosts are applied, one to the torsional terms and a separate one to the total 

potential energy. 

𝑉(𝑟) = 𝑉0(𝑟) + 𝑉𝑡(𝑟) 

𝑉∗(𝑟) = 𝑉0(𝑟) + 𝑉𝑡(𝑟) + ∆𝑉𝑡(𝑟) + ∆𝑉𝑇(𝑟) 

Where 𝑉𝑡(𝑟) is the total potential of the torsional terms, ∆𝑉𝑡(𝑟) and ∆𝑉𝑇(𝑟) are the boost 

potentials applied to the torsional term 𝑉𝑡(𝑟) and the total potential, respectively. This approach 

allows  to accelerate rare events and increase the diffusion without destroying the local water 

structure45. A more detailed explanation of the dual boost method can be found in the Supporting 

Material (SM). 

 

System Preparation 

The structure of EcoGGT was obtained from the protein data bank (PDB ID code 2DBX15).  The 

crystal structure contains a dimer of the protein and the subunits are labeled A, B, C and D. The 

resolution was 1.7 Å. Subunits C and D were removed as well as all the water molecules, two 

calcium ions, one glycerol and one glutamate molecule. The same starting structure was used for 

each aMD run, glutamine was placed 25 Å away (distance between the hydroxyl oxygen of Thr391 

and glutamine carboxyl carbon), from EcoGGT and each run has different random seed numbers 
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and initial velocities. The system was simulated in explicit water solvent employing periodic 

boundary conditions with initial box dimensions 100 Å × 101 Å × 92 Å. 

Simulation Details 

Glutamine and EcoGGT were described with the amber99SB46 force field and the TIP3P47 model 

was adopted for water. The total number of atoms was 89736, divided in 8093 protein atoms, 20 

glutamine atoms, 14 sodium counter-ions and 81608 water atoms (27203 water molecules). We 

optimized the initial system geometry with a 50000 steps of energy minimization, using OpenMM 

7.2.1 CUDA kernels48. All covalent bonds to hydrogens were constrained to their equilibrium 

values with the SETTLE algorithm49. Position restraints were imposed on heavy atoms in the 

protein with a spring force of 100 
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙Å2
 . We then carried out a 40 ps equilibration in the NVT 

ensemble, slowly increasing the temperature from 50 to 300 K in 4 steps and progressively relaxing 

position restraints from 100 to 4 
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙Å2
  in 5 steps. To control the temperature we used a Langevin 

integrator50. A time step of 2 fs was used for all the reported MD runs. The NVT equilibration 

simulation stage was followed by a second equilibration of 50 ps in the NPT ensemble, during 

which restraints were fully removed in 5 steps. Pressure control was assured through an isotropic 

Monte Carlo barostat which attempts to change the volume every 25 steps and accepts the changes 

with the Metropolis Monte-Carlo criterion51,52. This was followed by an equilibration run of 10 ns 

and a production run of 50 ns. aMD parameters were calculated using the respective total and 

dihedral averages from the 50 ns production run. Table S1 provides the values used to calculate 

aMD parameters, further described in the Supplemental Material. aMD protocol implementation 

was based on a dual-boosting aMD python script available at the OpenMM virtual repository53. 

Analysis Details 
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Phrases clustering analysis: This is a clustering method for the identification of clusters of 

protein residues making simultaneous contacts with a ligand through an MD trajectory54,55. It uses 

a distance metric based on the surprisal of a pair of residues to be in contact with a ligand: 𝑑(𝑖, 𝑗) =

−𝑙𝑜𝑔((𝑛(𝑖, 𝑗) + 1) 𝑁⁄ ), where n(i, j) is the number of simultaneous contacts for residues i and j 

over a trajectory containing N frames. Note that 𝑑(𝑖, 𝑗)~0 and 𝑑(𝑖, 𝑗) = 𝑙𝑜𝑔(𝑁) correspond to 

residues i and j always in contact with the ligand, and no simultaneous contacts throughout the 

trajectory, respectively. A ligand and a protein residue are in contact if any of their heavy-atoms 

are within 3 Å of each other. Clustering is carried out using complete-linkage hierarchical 

clustering. A heatmap plot is used to summarize the data and is truncated to values lower than 4 to 

focus on specific protein-ligand interactions. The analysis was carried out using MD frames where 

the ligand is bound to the protein, see below. The source code is available at 

https://gitlab.au.dk/Biomodelling/Phrases.git. 

Clustering analysis: Glutamine-enzyme complexes are extracted from the trajectories where a 

binding event occurs, defined as when the distance between the glutamine amide carbon and the 

reactive hydroxyl oxygen atoms on Thr391 is below 5 Å (C-O distance) and the substrate remains 

bound to the active binding site over the rest of the simulation. Trajectories, where the substrate is 

bound, are runs 10, 20 and 50 from now on referred to as R10, R20 and R50, respectively. The C-

O distance traces are shown in Figure 2. After identifying trajectories where the substrate binds to 

the protein, aMD snapshots where the substrate is near the binding pocket or bound are 

concatenated into a single data set when the root-mean-square deviation (RMSD) value between 

glutamine heavy-atoms and a model of the enzyme bound to glutamine (further described in the 

Results section), is steadily below 10 Å. This relatively large RMSD cutoff is selected such that 

substrate-protein conformations where the substrate is starting its binding process are also included 
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in all clustering studies carried out in this study. The binding pocket flexibility is studied by 

clustering analysis performed56 using the heavy-atoms of glutamine, residues in the binding pocket 

(Ser462, Asn411, Ser463, Gly484, Met464, Gly483, Asp433, Arg114, Gln430, Thr409, Thr391, 

Ser485), and residues undergoing conformational changes Pro482 and Tyr444. The 

conformational space sampled by glutamine bound in the binding pocket was analyzed by 

clustering on a substrate heavy-atom RMSD basis. The GROMOS clustering method was 

employed for all reported clustering analysis using a 1 Å cut-off distance57. The central structure 

of each cluster is defined as the structure with the largest number of neighbors. Protein graphs 

rendering was performed with VMD58. Two dimensional (2D) plots of the substrate-protein 

interactions were obtained with Ligplot+59. A VMD script used to calculate the number of water 

molecules between Tyr444 and the substrate is included in the Supplemental Material. 

Lid-loop Free Energy Profile: The accumulated data of all aMD trajectories was binned into 25 

bins such that the minimum number of aMD frames in a bin is 10. The profile was estimated by 

direct reweighting of each aMD snapshoot and the bias exponential factors were approximated 

using a Maclaurin series expansion of order 1060. 

 

Results 

The starting simulation system consists of the EcoGGT heterodimer structure in the presence of 

one unbound glutamine, while solvated in explicit solvent. We performed 60 aMD independent 

runs, each of them with a simulation length of ca. 100 ns, in high-throughput computing clusters.  

Glutamine Binding to the EcoGGT Catalytic Site 

As the nucleophilic attack of the hydroxyl oxygen of Thr391 on the glutamine amide carbon is 

the first step in the formation of the γ-glutamyl-enzyme intermediate, this C-O distance has been 
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monitored along the trajectories, in order to select those leading to potentially reactive bound 

conformations. This is in line with the near-attack conformation (NAC) theory where a substrate 

adopts a ground-state conformation, defined by the distance between reactive atoms and/or angles, 

before bond making and breaking61. In 5 out of 60 trajectories the C-O distance fell below 10 Å, 

showing that the substrate approached the protein active site. In 3 of these 5 trajectories, the 

substrate durably binds into the catalytic site until the end of the MD trajectories (trajectories 

named R10, R20 and R50 in Figure 2a). Whereas, in the other two trajectories, namely R22 and 

R30, glutamine rapidly escaped from the binding pocket region after less than 20 ns (Figure 2a). 

Trajectories R20 and R50 show similar final values, while R10 stabilizes around a larger 

nucleophilic attack distance indicating a different substrate-enzyme pocket conformation. This will 

be further analyzed in a following subsection. The small number of substrate-enzyme binding 

observations in an ensemble of short aMD runs mirrors the behavior of real-world enzymes, where 

only a small fraction of enzyme-substrate collisions has the proper steric and energetic 

requirements to evolve into a reactive encounter. 

Comparison of the five trajectories shows that a salt bridge interaction between glutamine C-

terminus and Arg114 is essential for a stable binding of glutamine into the binding pocket. The 

distance between the glutamine carboxyl carbon and the Arg114 guanidinic carbon (Figure 2b) 

steadily falls below 5 Å in successful trajectories. The abovementioned five trajectories are 

reported in detail in the rest of this article. 
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Figure 2. Substrate binding by EcoGGT. a, Distance between the glutamine amide carbon and the 

reactive hydroxyl oxygen atoms on Thr391. b, Distance between the glutamine carboxyl carbon 

and the guanidine carbon in Arg114. Trajectories named R10, R20, R22, R30 and R50 are shown. 

c, Glutamine-EcoGGT complex model built from a cocrystallized glutamate-enzyme structure. 

Lid-loop and chain B of EcoGGT are shown in green and tan color ribbons, respectively. Cα 

distance between Asn411 and Tyr444 is highlighted. Nitrogen, carbon and oxygen atoms are 

represented in blue, cyan and red color spheres, respectively.  d, RMSD traces of glutamine with 

respect to the enzyme-glutamine complex model. Trajectories were aligned with respect to the 

crystal X-ray structure and the RMSD values were calculated using only the substrate heavy atoms. 

Data series are smoothed by a moving average over 20 frames (400 ps). 
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Comparison of Simulated Glutamine Binding to the EcoGGT-Glutamate Complex 

Simulated EcoGGT-substrate bound structures are compared to EcoGGT co-crystallized with 

glutamate, the product of the enzymatic reaction as shown in the reaction scheme in Figure 1b15. 

Due to the size and shape similarity between glutamine and glutamate, it is hypothesized that the 

position and orientation of the two molecules are similar before and after the reaction takes place 

(Figure 2c). This is tested by aligning the aMD generated protein structures to the atomic 

coordinates of the crystal structure (PDB ID 2DBX15), followed by RMSD calculations using the 

substrate heavy-atoms (Figure 2d).  

Figure 2d shows that the substrate samples bound structures similar to a manually constructed 

model using the crystallographic structure of the product and chemical intuition. In R10, glutamine 

spends more than 80 ns with an average RMSD of ca. 2 Å relative to the proposed substrate bound 

conformation, while in R20 and R50 the substrate samples conformations with RMSD values ca. 

3 Å over the last 30 and 3 ns, respectively.  
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Specific Glutamine Binding Site Interactions 

Structural binding motifs are identified in our aMD simulations by identifying pairs of residues 

simultaneously in contact with the substrate followed by hierarchical clustering (see Phrases 

clustering description in Methods). Phrases is based on information theory and provides a distance 

metric of how frequently two residues form close contacts with a ligand. The smaller the distance 

metric, the more frequently a specific ligand-residues interaction is sampled. Hierarchical 

clustering using this distance metric allows for the identification of structural motifs in ligand-

protein MD simulations. Figure 3a shows a heatmap and a dendrogram plot summarizing specific 

substrate-pocket interactions obtained from the concatenated substrate-bound segments of 

trajectories R10, R20 and R50, see details in Methods. Visual inspection of the dendrogram reveals 

two groups of residues denominated I (Asn411, Ser462, Ser463, Met464, Gly483 and Gly484), 

and II (Asp433, Arg114, Gln 430, Thr409, Thr391 and Ser485). Hierarchical clustering shows a 

sub-cluster of 3 polar residues in group I (Asn411, Ser462 and Ser463), of which Asn411 and 

Ser462 frequently form ligand-coordinated contacts with residues in both groups I and II. The 

location of the residues in the binding pocket can explain this analysis, where Asn411 lies inside 

the pocket entrance close to the reactive residue Thr391 (Figures 3b-c). Meanwhile, Ser462 is 

located at the near opposite end of the pocket entrance allowing it to form simultaneous contacts 

with most residues in both groups. Group II is characterized by its highly polar nature and 

hierarchical clustering divides it into two motifs. One composed of residues Asp433, Arg114 and 

Gln430 and the other one made of residues Thr409 and Thr391. These five residues plus Asn411 

are located on one side of the binding pocket opposite to the lid-loop and stabilize the substrate 

through electrostatic interactions. This is complemented by contact analysis calculations, which 

show that Asn411, Arg114, Thr409 and Asp433 form the most frequent contacts with glutamine 
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in each of the three trajectories R10, R20 and R50 (see Contact Analysis and Figures S1-S6 in 

Supplementary Material). 
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Figure 3. Substrate binding motifs. a, Hierarchical clustering of pairs of residues forming contacts 

with glutamine. Groups I and II are further subdivided in three binding motifs, see the dendrogram 

tree. b, Structural representation of residues forming simultaneous contacts with glutamine. 

Subunits A and B in silver and tan ribbons representations. Lid loop is shown in green ribbons 

(residues 438-449). Contacting residues are highlighted: Group I (yellow and red color sidechains 

in space filling representation), and group II (blue and orange color sidechains). Residues involved 

in the initial binding process are shown in magenta color representation. c, Top view after a 90 ° 

rotation and zooming on the access pathway. 

The identification of binding motifs is coupled with further hydrogen bonding analysis for each 

glutamine binding trajectory (R10, R20 and R50). Our analysis suggests a common hydrogen bond 

pattern formation through the binding process. In all three successful trajectories, residues Thr413 

and Tyr194 form short-lived hydrogen bonds with the substrate as it approaches the binding pocket 

(Figures 3b-c, S7). Other residues such as Thr412, Asp190 and Hie87 (His neutral with a hydrogen 

on the epsilon nitrogen), are found to form short lived hydrogen bonds during the early binding 

process in some of the glutamine binding trajectories. Five contacting residues, of which two 

belong to group I (Ser463 and Asn411) and three are in group II (Arg114, Asp433 and Thr409), 

form hydrogen bonds when the substrate is deeply buried into the binding pocket (Figure S7). This 

set of five residues is hypothesized to stabilize the glutamine reactive amide carbon close to the 

catalytic site (Thr391). Overall, electrostatic interactions guide the substrate into the binding 

pocket, and phrases clustering analysis has identified three residue sub-clusters or structural motifs 

interacting with the substrate to fulfill this task. 

 

Structural Role of the Lid Loop 
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A loop, consisting of twelve residues (438-449), forms a lid over the substrate binding pocket, 

green loop in Figure 1. Note that Tyr444 on the loop tip is positioned at the pocket entrance and 

further forms a hydrogen bond with Asn411 in the crystal structure (Figure 2c). Lid-loop backbone 

conformational changes are traced through the Cα-distance between Tyr444 – Asn411 (Figure 4a). 

This shows that the lid-loop samples open and closed conformations in all aMD runs, whereas in 

the apo state the loop samples a closed conformation with short lived changes of a few nanoseconds 

over a 1 microsecond-long conventional MD simulation (Figure 4b). Note that R10 has the loop 

in a closed conformation after the substrate binding ca. 20 ns (Figure 4a). Similar lid-loop 

conformational changes are obtained by measuring the minimum distance between Tyr444 – and 

Asn411 (Figure S8). Figure 4c shows the free-energy profile of the Cα-distance between Tyr444 

– Asn411, which is estimated using all 60 aMD trajectories generated in this study. Histogram of 

all aMD frames is shown in Figure S9. The free-energy profile has a global minimum placed at 

12.6 Å and no barriers in the region between 16 to 29 Å. The region between 9 to 14 Å is within 

thermal fluctuations of the free energy minimum. The free energy cost of a complete open state 

(at 26.3 Å), of the lid-loop is ca. 2.4 kcal/mol relative to the minimum. 
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Figure 4. Lid-loop conformational changes. Cα distance between Asn411 and Tyr444 versus 

simulation time obtained a, from aMD runs and a conventional MD of apo EcoGGT. b, Extended 

conventional MD of apo EcoGGT. Data is smoothed by moving average over 20 frames – 400 ps 

for aMD runs and 800 ps for conventional MD. c, Free energy profile of the Tyr444 – Asn411 Cα-

distance obtained from 60 aMD trajectories, ca. 6 microseconds in total. Error bars and data points 

represent standard deviation and averages calculated using 400 repeats of bootstrapping with 

replacement, respectively. 

 

It is interesting to analyze the structure of the lid-loop when the substrate binding is rejected, 

namely trajectories R22 and R30, which showed near binding before repelling the substrate again 

into the solvent. R22 shows loop open conformations between ca. 15 ns to 25 ns, therefore blocking 

the substrate binding when it is near the pocket during the first 10 ns (Figures 2a-b, 4a-b, S8). In 

R30 the substrate fails to move into the pocket despite the lid-loop open conformation (Figure 4a). 

Our MD modeling indicates that the lid-loop acts as a steric barrier, enclosing the substrate in the 

pocket and points to a possible function as a gating element allowing the substrate to bind into the 

catalytic pocket. However, the lid opening is not the only condition necessary for the substrate 

binding. Favorable interactions between the pocket polar residues and the substrate that attracts 

and stabilize the substrate-enzyme complex is also essential as discussed in the previous 

subsection. 

Phrases clustering showed that lid-loop residues form infrequent simultaneous contacts with the 

substrate. Instead, bound glutamine is frequently separated from the lid-loop by water molecules, 

as evident by calculating the number of water molecules between the substrate and Tyr444 (Figure 

S10). The number of water molecules are calculated using a moving box defined by the substrate 
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and Tyr444 coordinates, further details and a VMD script are provided in Supplemental Material. 

Trajectories R20 and R50 have an average of 5.2 and 2.1 water molecules separating the substrate 

from the lid-loop over the last 15 ns, while R10 shows 0.4 water molecules. See final aMD 

snapshots in Figure S11.  

Structural Flexibility of the Glutamine-EcoGGT Binding Pocket 

The conformational heterogeneity of the bound substrate and the catalytic site is analyzed by 

structural clustering over heavy-atom coordinates of the substrate and 14 residues located in the 

binding site, see Methods. This resulted in a set of conformations where the top 6 clusters amount 

for 58 % of the data set, and the top two clusters have a combined representation of 35 % of the 

data set (Table 1). A main difference between the two top clusters is an opening of the lid loop in 

cluster 2 measured by a 7 Å increase of the Cα distance of Tyr444 – Asn411 with respect to that 

distance  (9 Å) in cluster 1, which results in a larger binding site entrance (Figures 5a-b). Note that, 

cluster 1 shows a conformational change where the N-terminus residue Thr391 is displaced by 

Pro482 (Figure 5a). Cluster 1 structures correspond to R10 trajectory. However, this 

conformational change is not observed in the second top cluster (encompassing structures from 

R20), in which the glutamine’s amide group is in close contact with Thr391. This shows that the 

different trajectories have heterogeneous substrate-bound complexes. Common interactions 

between the two top cluster representatives involve hydrogen bond interactions between Arg114 

and Asn411 with the substrate and contacts with Gly484 (Figures 5c-d). Comparison between 

representative structures of clusters 3 and 4, both containing MD snapshots from R10, shows that 

residues in the binding pocket undergo subtle conformational changes that allow residues e.g. 

Ser462 and Ser463 to form hydrogen bonds with the substrate (Figure S12). Meanwhile, the lid-

loop retains its conformation separating the binding pocket from the solvent (Figure S12). To 
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further dissect the origins of the conformational flexibility, clustering analysis of substrate heavy-

atom coordinates showed a dominant cluster accounting for ca. 80 % of the substrate-bound data 

set (Table S4). Thus, the substrate relative position and orientation and the contacting residues 

contribute the most to the substrate-pocket conformational heterogeneity, rather than the substrate 

conformational flexibility. Displacement of the lid-loop suggests that the loop acts as a gating 

entity by opening and closing the pocket entrance. Furthermore, conformational changes of pocket 

residues are possibly associated with the accommodation of different substrates into the catalytic 

reactive site. The implications of our modeling results will be further discussed in the Discussion 

and Conclusions section. 

  



 22 

 

Cluster 

ID 

Number of 

structures 

Cluster 

population (%) 

1 1842 21.7 

2 1154 13.6 

3 689 8.1 

4 640 7.5 

5 327 3.9 

6 276 3.3 

 

Table 1. Clustering analysis results of the conformational space of glutamine and binding pocket 

residues. The number of structures for each cluster is indicated. The cluster weight is calculated 

over the entire set of frames. The top six clusters represent 58.1 % of the data set. Details of 

clustering analysis are described in the Methods section. 
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Figure 5. Top two cluster representative structures of the substrate (glutamine) bound to EcoGGT. 

a, Binding pocket of the representative structure of cluster 1. b, Hydrogen bond network and 

hydrophobic contacts of the glutamine (named as Gla581), and the protein pocket of cluster 1. c, 

and d, 2D scheme of binding pocket and substrate interactions of representative structure of cluster 

1 and 2, respectively. The substrate is shown as ball and sticks and sidechains involved in hydrogen 

bonding and hydrophobic interactions are highlighted in licorice and space-filling representations. 

Lid loop (residues 439-448), is shown in green ribbon. Chain B is shown in tan ribbons. Nitrogen, 

carbon and oxygen atoms are represented in blue, cyan and red color spheres, respectively.  

 

Transient Complexes 
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We used conformational clustering on the substrate heavy-atom coordinates with the protein 

structure aligned relative to its initial conformation to identify transient complexes through the 

binding event observed in trajectory R20, selected as a representative aMD trajectory. Four cluster 

representatives out of five clusters are shown in Figure 6 and Supporting Movie S1. Cluster 2 is 

not shown since it is briefly populated after complete substrate binding (Figure S13). Clustering 

was carried out on the trajectory segment when the ligand RMSD is below 10 Å and performed 

with the GROMOS clustering method and cutoff radius of 3 Å (Figure S13). The first cluster 

(Figure 6a) attains a state common to all the five trajectories where glutamine approaches the 

binding pocket. The ligand is about 10 Å away from the catalytic residue and does not interact 

directly with the residues inside the active site. It is still able to depart from the protein surface, 

like in R22 and R30. This complex is also supported by the presence of residues that make 

hydrogen bonds with glutamine outside the binding pocket, namely Thr413 and Tyr194, as shown 

in the Specific Binding Site Interactions subsection. In the second cluster representative, glutamine 

is oriented in a way that allows it to make a stabilizing interaction between the negative charge on 

the carboxyl group and the N-terminus of Thr391. Glutamine's amino group is also oriented 

towards the polar residue Asn411 and the negatively charged Asp433 (Figure 6b). The importance 

of these two residues was similarly highlighted in the previous subsections. In the third transient 

complex glutamine amino group interacts with Asn411 and Asp433. These interactions guide 

glutamine deep into the binding pocket (Figure 6c). Finally, in the last cluster the carboxyl group 

is engaged in hydrogen bonds with Arg114, Ser462 and Ser463 (residues in group I and II 

identified by the phrases clustering). The amino group is stabilized by Asn411 and Asp433. The 

amide group is now near the hydroxyl oxygen on Thr391 in a NAC conformation before the initial 

step of the reaction (Figure 6d). 
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Figure 6. Cluster representative structures identified in the R20 trajectory segment. a, Cluster 4 b, 

cluster 5 c, cluster 3 and d, cluster 1. Glutamine (Gla581) is represented in licorice, the relevant 

residues in ball and sticks and the protein in ribbons representation. Nitrogen, carbon and oxygen 

atoms are represented in blue, cyan and red color spheres, respectively. White and magenta color 

ribbons represent the two subdomains of EcoGGT enzyme. 

 

Discussion and Conclusions 
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The process of substrate binding by enzymes may encompass key features of their activity and 

specificity. Here, a computational strategy based on a swarm of aMD simulations was employed 

to model the approach and subsequent binding of glutamine into the EcoGGT active site. Three 

binding events out of 60 independent short aMD repeats were observed, mirroring the actual 

behavior of enzymatic reactions, where only a small fraction of enzyme-substrate encounters 

results in effective binding events. Our simulated bound glutamine’s relative orientation and 

position is in good agreement with a naïvely built model of the EcoGGT bound to the substrate, 

based on a crystal X-ray structure of EcoGGT bound to the corresponding product obtained by 

Fukuyama et al.15 Based on MD postprocessing analysis, we identified transient complexes that 

could be relevant in the recognition process, imposing no restraint or knowledge based bias to the 

simulations. 

Three structural motifs consisting of polar residues were found to stabilize through electrostatic 

interactions the substrate-pocket complex. One of the motifs contains residues Asp411 and Ser462 

which form substrate contacts simultaneously with most other residues in the binding pocket. 

Based on our analysis, we hypothesize that electrostatic interactions between pocket residues and 

glutamine are the main driving force of substrate binding. This structural-dynamics insight could 

be employed for introducing polar/non-polar/aromatic substitutions in the identified binding 

motifs of EcoGGT, as further discussed below. 

Here, we summarize the relevance of the in silico identified binding motifs in EcoGGT and other 

members of the GGT family. Arg114 is highly conserved throughout the known GGTs (see 

sequence alignment in Figure S14). This residue seems to be involved mainly in substrate 

recognition in EcoGGT, as its replacement in the mutants Arg114Lys, Arg114Leu and Arg114Asp 

impacts on Km but little on kcat62. The situation is different for H. sapiens GGT, for which 
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replacement of Arg107, corresponding to Arg114 in EcoGGT, impairs severely the overall 

catalytic activity of the enzyme63. Our simulations show the substrate stabilizing role of Arg114, 

as part of a binding motif with Asp433 and Gln430, in the active binding site of EcoGGT. 

Asn411 is conserved in several GGTs (Figure S14), although other residues can be found instead 

in several microbial GGTs. Notably, GGTs from Bacillus spp. and other microorganisms have 

glutamic acid. In the crystal structure, Asn411 is hydrogen bonded to the phenolic hydroxyl group 

of Tyr444 (Figure 2c). It has been proposed that this interaction is involved in stabilizing the closed 

conformation of the lid loop covering the substrate binding site (see our MD results in the 

following subsection)15. On the other hand, results obtained from H. pylori GGT suggested that 

this residue (Asn400) may have a role in orienting Tyr433 (corresponding to Tyr444 in EcoGGT), 

in such a way to avoid the occlusion of the entrance to the active site by the lid-loop. Further 

biochemical characterization of Asn400 in H. pylori was not possible, as insoluble mutants were 

obtained upon mutagenesis of this residue30. Our simulations suggest a versatile role for Asn411 

involved during the substrate binding stage, stabilization of the bound substrate and stabilizing the 

lid-loop in a closed conformation. Not only that, clustering analysis shows that Asn411 is 

coordinated with Ser462 and Ser463 located in the opposite side of the binding site. The latter two 

residues are highly conserved among members of the GGT’s family (Figure S14). 

Ser463 is critical for proper enzyme function. Its substitution with threonine leads to an enzyme 

which retains ca 60% catalytic efficiency (kcat/Km) with respect to the wild type, while 

substitutions with lysine and aspartic acid prevent enzyme maturation, probably introducing 

structural distortions near the site of the autocatalytic cleavage64. In human GGT both Ser451 and 

Ser452, corresponding to Ser462 and Ser463 in EcoGGT, respectively, seems to be involved in 

catalysis through the proper placement of the substrate and/or transition state stabilization. 
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Replacement of these residues results in a large effect on Vmax, but only a modest increase in 

Km65. Here, Phrases clustering suggest a binding motif consisting of Asn411, Ser462 and Ser463, 

in which the former two form contacts with all residues in the binding pocket. Mutation of Ser462 

and Ser463 to residues with larger sidechains will introduce steric contacts with the carboxyl group 

of glutamine when positioned in a NAC conformation. 

Mutation of residue Asp433 with glutamic acid, glycine or lysine impaired the enzyme 

maturation. This was a quite surprising finding, as Asp433 is rather distant from the site of 

autocatalytic cleavage, which involves directly Thr391 and Gln39066. However, substitution of 

Asp433 with Asn converted the EcoGGT in a class IV cephalosporin acylase67. The new catalytic 

activity was further improved through the obtainment of the triple mutant Asp433Asn, Tyr444Ala, 

Gly484Ala68. Substitution of the corresponding residue in B. subtilis GGT (Asp445) with Ala 

provided a genuine hydrolase, lacking transpeptidase activity69. In human GGT Asp423 was 

recognized as an important binding residue, the substitution of which causes a 1000-fold increase 

in Km70. Our modelling indicates the role of Asp433 in guiding the substrate into the binding 

pocket and further stabilization in place in coordination with Arg114. Both Asp433 and Arg114 

participate in the coordinated binding of the amino and carboxyl groups of the substrate. Thereby, 

both residues have a role in substrate recognition. 

Met464 seems crucial for the overall architecture of the binding site. The mutant Met464Leu 

showed ca 50% activity with respect to the wild-type enzyme, with strongly reduced catalytic 

efficiency (kcat/Km), due to a much lower kcat (4.53 vs 34.10) and a slightly higher Km (10.80 

vs 3.91)71. Gly483 and Gly484 form the oxyanion hole and are part of a short, highly conserved 

motif among GGTs72 (Figure S14). Met464, Gly483 and Gly484 are part of the predicted group I 

of residues having pairwise interactions with the substrate, albeit to a lesser degree. Clustering of 
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the substrate bound conformations shows that Gly484 participates in the top four clusters, followed 

by Gly483 and Met464 in two of the top four clusters. Similarly, our analysis predicts Ser485, of 

group II, to have fewer coordinated interactions with the substrate. Ser485 has not been 

biochemically characterized and is conserved among several bacteria, while mammalian GGTs 

and B. licheniformis have Thr and B. subtilis has Ala (Figure S14).  

Our aMD simulations suggest that the lid-loop functions as a gating element and as a steric wall 

confining the substrate inside the binding pocket. The closed native state of the lid loop lies at the 

bottom of the free energy profile along the distance between the lid-loop tip (Tyr444) and Asp411. 

Partially open states are accessible within 1 kT of the global free energy minimum (T = 300 K), 

while a fully open lid-loop state has a free energy cost of ca. 4 kT. This energetic description helps 

to interpret experimental insights, in which the lid loop’s role was probed through a variety of 

experimental techniques73. That work indicated that the loop acts through a gating mechanism 

allowing the selection of small polar substrates such as glutamine into the binding pocket of 

EcoGGT. This observation can be explained by the large free energy cost of a fully open loop 

conformation compared to partially open conformations accessible by thermal fluctuations. 

Overall, our simulations suggest that partially open conformations of the lid-loop are a necessary 

condition, but not the only one for the substrate to enter the binding site as favorable electrostatic 

interactions guide and stabilize the substrate in the binding pocket. 

Although the role of the lid loop in substrate selection73 and catalysis30,74 has been 

experimentally demonstrated, GGTs from a number of microorganisms are devoid of the lid loop, 

still sharing sequence, structural and functional similarities with other GGTs72 (Figure S14). The 

lower transpeptidase activity of these enzymes and their ability of accepting polymeric substrates, 

differently from other GGTs, have been related to the lack of the lid loop75. Furthermore, a double 
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mutant Tyr444Ala and Asp433Asn decreased Km relative to the single Asp433Asn mutant68, 

which could be result from an increase in Kon as a hydrogen bond between Asn411 and Tyr44 is 

removed. Our conventional MD and aMD simulations suggest that removing the hydrogen bond 

between Tyr444 — Asn411 could further decrease the free energy cost of opening the lid-loop, 

thereby facilitating the entry of the substrate. Further simulations of EcoGGT containing a 

Tyr444Ala mutation could test this hypothesis. 

Another aspect revealed by our aMD simulations are conformational changes of residues in the 

pocket, which suggests pocket flexibility over longer timescales. Note that hundred-nanoseconds 

long aMD simulations were shown to reproduce protein fluctuations observed at millisecond 

timescale for several other proteins76–78. Furthermore, our cMD simulation of the apo state of 

EcoGGT showed a closed lid-loop conformation with short-lived displacements over 1 

microsecond. This limited sampling obtained with conventional MD simulations justifies the use 

of swarm aMD simulations, an enhanced sampling method, to accelerate open/closed lid-loop 

transitions during the substrate binding and sample substrate-GGT bound structures. 

Based in our molecular modelling, we propose a mixed model that explains key features of the 

GGT catalyzed reaction. Electrostatic interactions between the pocket amino acids and substrate 

govern the specificity of the enzymatic reaction and a conformational selection model that controls 

the binding through the relatively longer timescale of the enzyme conformational changes with 

respect to the protein-ligand diffusion79,80. A hypothesis is that the lid-loop gating mechanism is a 

general feature of GGT enzymes containing this conserved lid-loop and that specific site mutations 

on this loop may affect the enzyme selectivity. Targeting the flexibility of GGT’s lid-loop offers 

a strategy for the design of inhibitors that stabilize the loop81 or for the use of a mutational approach 

to enhance activity through single-, multiple-site, insertion and deletion of loop residues82. In 
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conclusion, we proposed complexes of the glutamine-GGT molecular recognition process, and we 

also provided computational modeling evidence that supports a lid-loop gating mechanism 

governing substrate binding to EcoGGT. Even more, our all-atom simulations provide structural 

and dynamical insights for both the interpretation of GGT’s structure-function studies and the 

design of strategies targeting GGT’s activity and specificity features. 

Finally, in this work we have introduced a computationally affordable protocol using the swarm 

aMD method to evaluate substrate binding, which could be used to study binding during the more 

complex GGT catalyzed transpeptidation reaction and potentially other ligand-protein systems. 
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