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Introduction

Nylon-6 is a synthetic fiber with a wealth of applications from textiles to electronics industry and, as such, increasingly produced by chemical companies worldwide. The fundamental reaction exploited is the ring-opening polymerization of ε-caprolactams. 1,2 However, this has a non-negligible environmental impact, since it amounts to industrial-scale production of non-biological amide bonds in long fibers containing more than 100 units of 6-aminohexanoate (Ahx). In this respect, an unprecedented discovery dating back to the 1940's is the existence of Nylon-oligomer hydrolases, found in the Arthrobacter sp. KI72, able to degrade the nylon-6. This discovery brought to the attention of the scientific community that this bacterium was able to adapt to the presence of these non-biological compounds and, through natural selection, to develop a new functionality suitable to degrade the artificial Nylon-6 fibers at least for a relatively short period.

Nowadays, three different types of the Nylon-oligomer hydrolases have been identified, namely Ahx-cyclic-dimer hydrolase (NylA), Ahx-liner-dimer (Ald) hydrolase (NylB), and endo-type Ahx-oligomer hydrolase (NylC). [3][4][5][6][7][8] Each one of these hydrolase has its own inherent substrate specificity. Specifically, NylA degrades the amide bond present in a cyclic Ahx dimer to produce a 6-aminohexanoate-liner-dimer (Ald). NylB degrades the amide bond formed in a linear Ahx oligomer, especially Ald, from the N-terminal of the oligomer. NylC degrades amide bonds of both cyclic and linear oligomers. Moreover, NylC is also able to revert nylon-6 into Ahx oligomers. 7,8 Among these three Nylon-oligomer hydrolases, NylB has received special attention in a series of biochemical experiments. According to the reported genetic analyses, NylB has a closely resembling enzyme, NylB * , characterized by a 88% sequence identity. Nonetheless, despite this close similarity, the reactivity to the substrate (Ald) of NylB * is lower than that of NylB by about a factor of 1/200. 3 In an attempt at enhancing the reactivity and to overcome the difficulty in their crystallization, hybrid enzymes of both NylB and NylB * were made by replacing some amino acid residues in NylB * . 9 This resulted in a set of 24 different structures labeled from Hyb-1 to Hyb-24 which were subsequently structurally analyzed by X-ray crystallography or crystallization. A noticeable example of this extensive investigation is represented by Hyb-24; this specific hybrid enzyme contains five amino acid residue substitutions with respect to the pristine NylB * : T3A, P4R, T5S, S8Q, and D15G. Analogously, in the recently obtained Hyb-24DN and Hyb-24DNY a double mutation (G181D and H266N) and a triple mutation (G181D, H266N, and D370Y) with respect to Hyb-24 were realized by one of us. [10][11][12][13] The specific mutational sites were deduced by a comparison of the amino acid sequences of NylB and NylB * (Asp181 and Asn266 in NylB, as opposed to Gly181 and His266 in NylB * ). 9,10 It is also worthy to note that polymerase chain reaction (PRC) applied in random mutagenesis experiments, accidentally resulted in the discovery of the D370Y mutation mentioned above; nonetheless, its role was a matter of debate. Only later 12,13 kinetics analyses allowed to establish that the actual role of D370Y is a stabilization of enzyme substrate complex. At the present state of knowledge, Hyb-24DNY possesses the highest activity among all the known mutants. 12,13 For this reason, hereafter, we shall assume Hyb-24DNY as our reference system and indicate it as the "wild type" (WT) for simplicity. Judging from the similarities in the overall structure and the amino acid sequence, NylB belongs to the class C of the β-lactamase family, which is characterized by the presence of a catalytic triad, Ser, Tyr, and Lys, having the ability to promote the hydrolysis of amide and/or ester bonds. 9 According to X-ray crystallographic analyses, 11,13 the WT can assume two different conformations, (i) a substrate-free form (open form) and (ii) a substrate-bound form (closed from) (see Fig. 1 (a) for details). At variance with the other enzymes of the same family, the distinctive feature of NylB is the presence of a unique amino acid residue, Tyr170, near the catalytic triad, which forms a hydrogen bond (H-bond) with Ald, only in the closed form as sketched in Fig. 1

(b).

Site-directed mutagenesis investigations were conducted on Hyb-24DN, the mutant in which the Tyr170 residue is replaced by a phenylalanine. These studies revealed that the hydrolytic activity of Ald is nearly suppressed, becoming only about 1.4%, and its kinetics parameter values 14,15 , namely the Michaelis constant ( K M ) and the rate constant ( k cat ) could not be determined because of such a low activity. 11 This is an additional difficulty with respect to other mutants such as, for instance, Hyb-24Y (one mutation of D370Y from Hyb-24), Hyb-24DY (double mutation of G181D and D370Y from Hyb-24), Hyb-24DN, and Hyb-24DNY, for which the relevant kinetic parameters could be determined. 13 This can again be ascribed to the fact that the Tyr170 residue is present both in Hyb-24 (NylB * type) and in the WT (NylB type). On these grounds, it can be inferred that Tyr170 is a crucial actor in the hydrolytic activity promoting the cleavage of non-biological amide bonds.

Yet, the atomic-level elucidation of the underlying mechanism and the actual role of Tyr170 present still unclear issues. Part of these unresolved points could be recently addressed by our group 16 by resorting on hybrid quantum mechanics / molecular mechanics (QM/MM) dynamical simulations complemented with free energy sampling methods, allowing to unravel the reaction mechanism in NylB and addressing one of the possible roles of Tyr170 during the acylation process. The latter is the rate limiting step of the series of enzymatic reactions operated by NylB. We also noticed that the residue Asp181 does not contribute directly to the acylation process, because of its relatively distance from the active site (Fig. 1 (c)). Despite being a considerable step forward in the understanding of the uncommon enzymatic activity of NylB, several points remain obscure and a comprehensive picture of the whole mechanism leading to the degradation of amide bonds of non-biological origin has still to be reached. Indeed, several processes are involved, which can be schematically summarized in four principal steps: (1) substrate binding, (2) induced-fit, (3) catalytic (enzymatic) reaction, and (4) final detachment of the substrate. Since the introduction of mutations is expected to affect several processes at the same time, it is necessary to analyze at least the steps (2) and (3), representing the main core of the overall reaction and involving directly the amino acid residues present in the pristine system or substituted upon the mutations. What is left out in the present study are then the initial docking (1) and the final release of the substrate (4), which, however, do not involve chemical reactions. On the other hand, we focus here (i) on the induced-fit of a specific loop region in NylB to the substrate and (ii) on the acylation processes of both the WT and the Y170F mutant. Our purpose is to shed some light into the peculiar hydrolytic activity of NylB and to address the open question about the absence of such an activity in other peptidases and lactamases. Coming to the issue of the docking of the enzyme onto the substrate, we pay special attention here to the mutational effects of D181G on the stabilization of the enzyme-substrate binding aimed at the enhancement of the substrate specificity in comparison with NylB and NylB * . This paper is organized as follows. In section 2 we review the computational approaches used for the reactive QM/MM Car-Parrinello dynamics (CPMD), 17,18 for the Parallel Cascade Selection MD (PaCS-MD) scheme, 19,20 and for the inter-fragment interaction energy (IFIE) analyses based on the fragment molecular orbital (FMO) method. [21][22][23] In the Section 3, we discuss in detail the results of each simulation performed and, on the basis of structural homology analyses, we propose a computationally supported answer to the question concerning the origin of the hydrolytic activity of NylB. Finally, in Sec. 4 we draw our conclusions. 

Computational details 2.1 Preparation of target systems

We started the preparation of the prototype structure for the WT enzyme-substrate complex from the X-ray coordinates available at the Protein Data Bank (PDB entry: 2zma). In this system the Ser112 residue is replaced by Ala to crystallize the complex. To revert back to the system targeted in this study, we replaced Ala112 with the original Ser112 residue and added all the missing amino acid residues to obtain an appropriate WT model. Analogously, the structure of the Y170F mutant was reconstructed by replacing Tyr170 with Phe170 in the WT modeled as explained above, whereas the Hyb-24 was obtained by substituting Asp181, Asn266, and Tyr370 with Gly181, His266, and Asp370 in WT, respectively. The target WT system used in the simulations consists of the above enzyme-substrate complex solvated in water (described by a TIP3P force field) 24 plus Na + counter-ions to neutralize the system; such a model amounts to 41403 atoms.

The system was prepared by first equilibrating the solvated complex via classical molecular dynamics (MD) for about 10ns in an NPT ensemble, by setting the target temperature and pressure at 300 K and 1 atm, respectively. To this aim, the PMEMD module (SPFP precision model) of the AMBER 25,26 program suite was used. The force field adopted for the amino acid residues was a standard Amber ff99, while for Ald the force field was generated ad hoc with the AMBER GAFF tool (see Ref. 27) for details using the Antechamber program of the AMBER package. 25 The solvated system is placed in a simulation cell of 77.57 x 76.62 x 69.30 Å 3 where periodic boundary condition are applied and the SHAKE algorithm 28 was used all across MD simulations to satisfy bond geometry constraints. The long-range interactions are evaluated by means of the particle mesh Ewald method with a cutoff of 12.0 Å. 29 The protonation states adopted here for each amino acid residue are the ones originally determined by the group of J. H. Jensen [30][31][32][33] and partly the ones deduced by direct inspection of their local hydrogen bonding environments. In particular, Lys115, which is one of the fundamental amino acid residues in the active site, was set to be deprotonated (-NH2) to promote the hydrolysis.

Reactive QM/MM Car-Parrinello simulations for the acylation

The acylation reaction, which involves cleavage and formation of chemical bonds, was simulating within a reactive hybrid QM/MM approach 34,35 complemented with metadynamics [36][37][38][39][40] in which the QM driver is the Car-Parrinello molecular dynamics (CPMD) 41 based on the density functional theory. 42,43 The aim is the investigation of the reaction mechanism of the Y170F mutant and the estimation of the free energy difference between WT and Y170F. This approach has already been extensively used and benchmarked many biological systems. [44][45][46][47][48][49][50][51] In our specific systems, the embedded QM region is composed of 103 atoms in the case of the WT and 102 atoms in the case of the Y170F mutant (Fig. 1 b). The total net charge for the QM subsystem equal to -1 e and monovalent hydrogen-like link atoms are used to saturate dangling bonds at the interface between the QM and the MM regions. Further details concerning the QM subsystems can be found in the supporting information (SI-1). The CPMD package 52 was used for all these simulations. The exchange correlation functional used here is the one proposed by Hamprecht, Cohen Tozer and Handy (HCTH), 53 the core-valence interaction is described by Martins-Troullier pseudopotentials 54 and valence electrons are represented in a plane wave basis set with an energy cut off of 70 Ry. All QM/MM CPMD simulations were done in a canonical NVT ensemble at a target temperature of 300 K. The fictitious electron mass for the integration of the CPMD electronic equations of motion was set to 400 a.u. and the time step adopted was 4 a.u. (0.096 fs). Classical MM interactions were described by an Amber ff99 force field. Before moving to the reactive metadynamics 36,37 simulations, the system was equilibrated via classical MD in an NVT ensemble set-up for 1 ns, then, subsequently, and unbiased QM/MM CPMD dynamics of the same type was performed to equilibrate also the newly added electronic degrees of freedom for about 2 ps. After the equilibration, metadynamics simulations were done with the purpose of understanding whether or not the role of the catalytic triad Ser112-Lys115-Tyr215 is identical both in the WT and in the mutant. Although the reaction mechanism for the WT has already been reported elsewhere, 16 we repeated this simulation using one single collective variable as explained later. On one hand, this provides a further and independent check of our former results and, on the other hand, the identical scheme applied to the Y170F mutant allows for a direct comparison of the relative reactivity of the two systems. To the benefit of the explanation of the parameters adopted, we recall that, in its Lagrangean formulation, the metadynamics scheme is summarized by the extension of the Car-Parrinello Lagrangean L CP to include the selected reaction coordinates, referred to as collective variables (CVs) hereafter, namely ,

Concerning the single CV, s, used in the present case, we selected the distance between O g atom (OG) of Ser112 and carbonyl carbon (C1) of Ald393 (indicated by a green arrow in Fig. 1 c), which properly represents the nucleophilic attack of Ser112 to the amide carbon present in the substrate.

The history dependent potential V t, s a ( ) was constructed by accumulation of small Gaussian penalty functions having height width of 0.5 kcal/mol and 0.3 au and a new Gaussian function was added every 140 steps (13.44 fs), which will be referred to as one meta-step hereafter (Details of other parameters are shown in SI-2). The history-dependent term in principle converges asymptotically to the free energy surface (FES) F s a ( ) which can then be computed as the average

( )     simul diff , 1 ) ( diff simul t t dt t s V t t s F a a , (3) 
to reduce statistical errors 55 , tsimul being the total simulation time and tdiff the time at which CVs start diffusing in all the sampled phase space. For the present purpose, this can be assumed to be the completion of the acylation. Indeed, in this case, we followed the simulation until the first reaction occurs, since we focus specifically on the relative free energy barriers in WT and Y170F for this specific process. Because of the specific choice of collective variable, the system is unable to realize the reverse reaction unless reflecting walls able to reverse the momenta of the leaving atoms are used (as e.g. in Ref. 45). Since this would result in a lack of momentum conservation, we avoided it to prevent any further biasing. However, this procedure is sufficient to estimate, at least approximately, free energy differences. Results were analyzed with our own program and visualized by VMD. 56 

PaCS-MD simulation for induced-fit process

To investigate the difference between the WT and the Y170F mutant in the induced-fit processes, we resorted on the PaCS-MD approach, which generates reactive trajectories from a reactant (open form) to a product (closed form) by combining a series of short-time simulations. 19,20 Each one of the two structures was extracted from a 10 ns classical MD simulation. The induced-fit mechanism concerning the WT has already been discussed in a former work 20 and we refer to those results for the ongoing discussion. Instead, for the Y170F mutant PaCS-MD was done for 25 cycles starting from 10 different initial configurations sampled on the basis of the same selection rule formerly adopted, specifically the root mean square displacement (RMSD) of the loop-segment (Asn166-Val177) except for all hydrogen atoms, invisible to X-ray crystallographic inspection, and Cα atoms of the 111 th to 116 th residues. This specific selection rule has been shown to efficiently trigger the induced-fit for WT. 20 To evaluate the free energy change due to the induced-fit, we adopted the weighted histogram analysis method (WHAM) [START_REF] Hankins | [END_REF] , where 2000 reference structures (200 frames randomly selected selection in each one of 10 independent reactive trajectories) were used for the WHAM inspection. A biased umbrella potential with a coupling parameter k = 0.5 kcal/mol Å 2 was imposed on the loop-segment, apart from H atoms, the nitrogen atom of the amide bond of Ald, and the Cα atoms of the 111 th to 116 th residues. The free energy obtained in this way was then projected onto two specific distances: The separation between C d atom (CD) of Glu168 and Cα atom (CA) of Ser217, d1, and the one between H z atom (HH) of Phe170 (replacing O z atom (OH) of Tyr170 in the WT) and nitrogen atom in amide bond (N3) of Ald393, d2, which clearly correspond to the reaction coordinates previously adopted for the WT. 20 

FMO calculations of enzyme substrate bound state of Hyb-24 and Y170F

To better quantify the interaction between ALD and the specific amino acid residues involved, namely Asp181 in Hyb-24 and Tyr170 in the Y170F mutant, we made use of an inter-fragment interaction energy (IFIE) analyses based on the fragment molecular orbital (FMO) method. 21 The total energy, E, in FMO framework is expressed as

E  E I I å  E IJ  E I  E J ( ) I >J å , (4) 
where EI and EIJ represent the fragment energies of I-th monomer and IJ-th dimer, respectively. 53 The IFIE value is defined as 59

DE IJ  E IJ '  E I '  E J ' + Tr ∆ P IJ V IJ [ ] , (5) 
where ∆ P IJ is the matrix constructed by computing the difference between the IJ-th dimer and two I-th and J-th monomers, while V IJ is the environmental electrostatic potential of the IJ-th dimer with respect to all the other remaining fragments. The superscript on E ' indicates the bare fragment energy without the inclusion of the environmental electrostatic potential.

All FMO calculations were carried out as implemented in the ABINIT-MP program suite 60 at the FMO2 MP2/6-31G(d) level. To reduce the computational costs, we limited the calculations to one single snapshot extracted from a 10 ns trajectory obtained upon classical MD. Moreover, explicit solvent effect on the stability of the enzyme-substrate bound form was accounted for by the inclusion of all water molecules included in a region of 15 Å around the substrate. 61,62 The results obtained by IFIE were visualized with the BioStation Viewer. 63 Tyr215 protonates the nitrogen atom of the amide bond (r3~1.0 Å). Such a reaction mechanism for the Y170F mutant is consistent with that of WT, 16 (see SI-3) and the estimated free energy barrier is reported in Table 1. We recall that a typical error bar of 1-2 kcal/mol affects these values. Errors can be kept under control in the variational formulation of metadynamics used in our approach, which allows collective variables to oscillate around the "exact" solution in a way identical to the one in which the Car-Parrinello fictitious electron kinetic energy fluctuates around the exact BO trajectory.

Results &Discussion

The dynamics of these extra degrees of freedom can be explicitly controlled by tuning the fictitious mass (kinetic term) and spring constant (harmonic term) and/or by suitable thermostats 55 and, thus, can be smoothened. Nothing, instead, can be done for the underlying DFT level. 83 The most remarkable feature is the larger value of this barrier for the Y170F mutant with respect to the WT, namely 11 kcal/mol above the analogous barrier for the WT, 16 in qualitatively good agreement with experiments in which mutations of Y170F resulted in a dramatic decrease in the Ald degradation activity to about 1.4% with respect to WT. 11 Table 1 Fig. 3 To elucidate the differences between the WT and its Y170F mutant during the acylation, the structural changes, especially when Tyr215 provides the H atom to the amide N atom of the substrate, we compared the evolution of the mutant with respect to the WT system as sketched in the panels of Fig. 3. Before the acylation, the amide bond and the neighboring atoms are all located on an amide plane. Then, when the acylation occurs, the O atom belonging to the side chain of Ser112 attacks the amide bond forming an sp 3 bonding configuration which includes the amide carbonyl C atom, resulting in the breaking of the initial planar symmetry mentioned above.

Simultaneously, the amide N atom also assumes an sp 3 . In addition, it is expected that hydrogen bond might contribute the acceptance tendency of hydrogen atom from Tyr215 as well as the control of direction of NH group considering the Fig. 3 (a). This indicates rather unambiguously that the formation of an H-bond to the amide NH group is indispensable to trigger the H transfer from Tyr215 and that Tyr170 provides the fine control needed to keep the local geometry in a condition suitable to give rise to an efficient breaking of the amide bond. We can then infer that Tyr170 is the fundamental additional residue that must complement the catalytic triad to realize the acylation in this enzyme.

Its absence, as in the case of the mutant, results clearly in the suppression of this specific activity or in a larger activation barrier that makes acylation highly improbable. For amines, two different sp 3 configurations are in general allowed, as shown in Fig. 3-(e), and the conformational change between them is well known as an umbrella inversion, whose barrier is about 6 kcal/mol for an ammonia molecule in the gas phase. 65 By reasoning on these grounds, the order of magnitude of the free energy difference between WT and the Y170F mutant in terms of activation barrier (~11 kcal/mol, according to our estimates) might be compatible with the results obtained via the umbrella inversion technique also in a protein environment.

Comparing our result with theoretical studies on general serine proteases, [66][67][68] structures like the one reported in Fig. 3-(e) were found, for instance, in Fig. 4 of Ref. 62 and discussed in the context of the stereochemistry of tetrahedral intermediates in Ref. 61. In the typical proteases, such as, for instance, chymotrypsin and trypsin, a substrate pocket able to bind to their specific substrate is always present. In the substrate pocket, the chymotrypsin and the trypsin recognize bulky aromatics and side chain in a peptide, respectively, enabling them to identify the site to be cleaved. Instead, the substrate-binding site of NylB is more like a cleft, and in principle can bind substrates so weakly that simple mechanical fluctuations in substrate and changes in the organization of water molecules around the substrates result in a decrease of the reactivity. Only after the induced-fit of Tyr170, allowing to smooth the fluctuations of the substrate in the vicinity of the catalytic triad and to prevent approaching of water molecules during the acylation phase, NylB can degrade the Nylon-oligomers.

So far, focusing on the acylation processes, we established the different behavior of the WT and the Y170F mutant, providing a solid argument for the decrease in the hydrolytic activity of the latter.

Nonetheless, a still unaddressed question is the actual role of the Tyr170 residue in the induced-fit to bind the substrate.

(A) and (B), but also the other remaining two, are rather wide and characterized with not very steep slopes with respect to the WT. Although Glu168 is a residue common to both the WT and the mutant, in the first case it forms an H-bond with the substrate and Ser217; conversely fluctuation of Phe170 in the Y170F mutant prevents Glu168 from forming any H-bond with Ser217. Despite this important structural difference, the highest free energy difference in the FES of the Y170F mutant is nearly identical to that of the WT. These findings indicate that the mutational (structural) effect due to the induced-fit on the FES landscape is remarkable, while the stabilization energy is small from a kinetic point of view.

Substrate binding stability of Hyb-24 and Y170F mutants

In an attempt at quantifying the effect of each residue on the overall stability of the enzyme-substrate bound form, such as Hyb-24, in particular the so-called D181G mutant, and the Y170F mutant, we performed IFIE analyses based on the FMO method. More precisely, we focused on the IFIE values between each ALD fragment and the most relevant amino acid residues, such as Tyr170 and Asp181 (see Fig. 5). In order to analyze contributions of IFIE in more detail, we further divided the substrate into three distinct fragments: the C-terminal (Ald(1)), the amide group (Ald(2)), and the N-terminal(Ald(3)), as shown in Fig 5 . The result of this analysis is summarized in Table2.

The IFIE values for the WT have been already elsewhere 56 and shown in SI-5. According to Table 2, Asp 181 is characterized by an attractive interaction with Ald(3) stronger than that of Tyr170 with Ald(2). Conversely, in Hyb-24 the interaction between NylB and ALD(3) is lacking. Although the IFIE value to Ald(2) of Phe170 in the Y170F mutant becomes weaker than that of Tyr170 in the WT, the decrease of the IFIE is less pronounced than that to Ald(3) of the Hyb-24. These results suggest that Asp181 is quantitatively, energetically speaking, an amino acid residue more important than Tyr 170 for the specific substrate binding. Indeed, available kinetics data on Hyb-24DY, resulting from a double mutation of G181D and D370Y from Hyb-24,

( k cat K M  0.35 s 1 mM 1 , K M  7.1 ±1.28mM 1
) and of Hyb-24Y, in which a single mutation of D370Y from Hyb-24 is present, ( k cat K M  0.016 s 1 nM 1 , K M  39.1 ± 6.73mM 1 ), 13 indicate rather clearly that Asp181 contributes to enhance the substrate specificity. 

Homology analyses on NylB and possible molecular evolution route for Ald hydrolytic activity

Our computational results, corroborated by experiments, suggest that, from the evolutional point of view, the introduction of Y170 in the loop region is at the origin of the acquisition of the hydrolytic activity from NylB. To bring support to our assumption, we completed our study by investigating any homologous enzyme exists possessing a similar evolution for the substrate binding. To this purpose, we performed structural homology searches for the WT (PDB id: 2zma) by using the DALI program 69 and selected structures preserving the local configuration around Tyr170 similar to NylB. This search, performed by using MultiSeq2.0 with the STAMP algorithm. [70][71][72] , brought to our attention the EstU1 system, having a high homology to NylB, as shown in Fig. 6 (a). The specific substrate of EstU1 is a cephalothin, which has bulky functional groups. Around the binding site of the substrate, EstU1

presents three amino acid residues, Tyr172, Phe174, and Phe190, which correspond to Glu168, Tyr170, and Asp181 in NylB, respectively. These three aromatic amino acid residues recognize the thiophene ring of cephalothin cooperatively by hydrophobic interactions (see Fig. 6 (b)). The remarkable difference between NylB and EstU1 is the location of the helix structure and the loop-segment evidenced in Fig. 6. In addition to the similarity in the structure, the side chain of Phe174 in the loop-segment of EstU1 undergoes a conformational change during the substrate binding process. This property is resembles closely the one of NylB. We can then infer that, upon acquiring Tyr170, NylB might have undergone a natural selection process to adapt to a nylon-oligomer-rich environment by skillfully using the loop region for the induced-fit to the substrate and by catalyzing the acylation via a decrease if the activation barrier.

Fig. 6 Towards a rational design of enzymatic activities

Having unraveled the role of Tyr170 in the WT, which contributes mainly to the acylation step to regulate the direction of a hydrogen bond, we have now a convincing set of results allowing to proceed further. All our results concur to support the notion that NylB * needs not only the catalytic triad Ser-Tyr-Lys, like the class C β-lactamase family, but also Tyr170 to degrade non-biological amide bonds present in nylon-oligomers. In particular, acquiring Tyr170 in NylB * is the key factor for triggering the reaction by decreasing the activation barrier, in other words by decreasing the rate constant k cat . This is confirmed by a comparison with Hyb-24 (nearly identical to NylB * ), which possesses as well a weak reactivity to Ald. In the change from NylB * to NylB, Asp181 provides the required substrate specificity, resulting in the decrease of k cat .

Recent advances in computer facilities and related theoretical methods allow nowadays for a de novo design of functional proteins. 73 In the last decade, researchers working in this field have succeeded in producing new enzymes called "theozymes", which were entirely designed on a computer by inserting a suitably selected transition state structure into protein scaffolds. [74][START_REF] Privett | Proc. Natl. Acad. Sci[END_REF][START_REF] Mills | [END_REF][77] Unfortunately, for these theozymes, the resulting catalytic proficiency, defined as

Catalytic proficiency  k cat / K M ( ) k uncat in M 1 ( ) , (6) 
was still inferior to the natural one. In this expression k uncat is the rate constant in the absence of the enzyme, 78 while k cat is the rate constant of the theozyme, lower than the natural one. 79 The lesson to be retained is that looking just at the structure of the building block (transition state in this case) to be inserted inside a given scaffold is insufficient to obtain an enhancement of the catalytic activity. In this respect, in our study we have shown that Tyr170 and Asp 181 play an important role in direct and indirect decrease of k cat by stabilizing both the transition state and the substrate binding structure, thus allowing for an efficient degradation of the non-biological amide bond. Compared with the strategy followed for the theozyme, the change realized in the passage from Hyb-24 (NylB * type) to WT or Y170F (NylB type) could resemble the processes of the transition state design and the active site re-design briefly summarized above. Nonetheless, the theozyme was designed and realized in a laboratory and never underwent any natural selection process. Its absence in nature might be ascribed to its relative rigidity, which, contrary to other enzymes, implies a lack of dynamic motions of the flexible loop regions. We can then expect that taking into account also the response of the system to natural selection, as in the case of NylB, can be the key for a rational design of enzymatic reactions with appreciable catalytic proficiency, although we have to acknowledge that a major difficulty is still represented by the prediction of the possible conformational changes an enzyme could assume. 80 Some hints could be obtained by the development of integrated schemes making use of coarse grained MD 81 or Fluctuation Flooding Method 82 jointly with quantum chemical transition state design not too far from the strategy adopted for the theozyme.

Conclusions

A combination of different theoretical methods was used to inspect in detail a series of enzymatic reaction representing the fundamental stages in the degradation of non-biological amide bonds operated by the nylon oligomer hydrolase NylB. To this aim a comparative study of the WT enzyme and its closely related mutant was conducted, unveiling the crucial role of two evolutionally important amino acid residues, Tyr170 and Asp181, in (1) the enzymatic reactions, (2) the induced-fit process, and (3) the stability of the enzyme-substrate binding. We found at which steps of this complex process Tyr170 and Asp181 are involved and which are their respective net effects on the overall process. Specifically, Tyr170 mainly contributes to the acylation step and plays a subsidiary role in the stabilization of the enzyme-substrate complex. According to the free energy changes during the acylation and the induced-fit steps upon the mutation, in the mutant the former process requires the overcoming of an activation barrier which is 11 kcal/mol higher with respect to the WT case. This is clearly a stumbling block to acylation that makes the reaction very unlikely for the Y170F system. Conversely, for the induced-fit process of the Y170F mutant, although the free energy landscape changes drastically with respect to the WT case, the free energy barrier is nearly unchanged, suggesting that the kinetics of the induced-fit is barely affected by the mutation or, at least, this mutation. Although the inter-fragment interaction energy (IFIE) of Phe170 in the Y170F mutant is lower than that of Try170 in the WT, such a decrement is smaller than that of Hyb-24.

Based on all these results, we can conclude that Tyr170 is the essential crucial amino acid residue to promote the degradation of non-biological amide bonds by forming a novel type of a catalytic quad, as opposed to standard catalytic triads, responsible for both the stabilization of the transition state and the restraining of fluctuations in the substrate binding structure. On the other hand, Asp181 mainly contributes to the stabilization of the enzyme-substrate complex (substrate specificity), while the influence on the hydrolytic activity is negligible. Each substrate is shown as yellow sticks.

Table 1. Maximum free energy differences in the acylation step for the WT and the Y170F mutant.

We recall that typical error bars of 1-2 kcal/mol from the underlying level of DFT adopted affect 
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  geometry. During this process, in the case of the WT, the Tyr170 contributes to the reaction with its own -OH group: This -OH forms one H-bond with the -NH moiety of the amide bond of Ald and this, in turn, forces the nitrogen atom in Ald to keep its lone pair oriented toward Tyr215. In such a configuration, the amide N pointing toward Tyr215 is ready to accept the H atom from Tyr215, as confirmed by the formation of a new and tight H-bond between the phenol OH and the amide NH group. At variance with the WT case, in the Y170F mutant (Fig.3-(b)) the absence of Tyr170 and its H-bond does not allow the amide NH group to assume a configuration suitable to accept the H atom from Tyr215, thus suppressing the amide bond cleavage activity. This picture is perfectly consistent with the fact, recently demonstrated64 , that the specific orientation of the lone pair of the nitrogen of the scissile amide bond during catalysis is a crucial feature of enzyme catalyzed amide bond hydrolysis. After a few additional meta-steps, a water molecule from the surrounding solvent approaches to form an H-bond with the amide NH group as shown in Fig3-(c), thus replacing the role of Tyr170 in the WT. From the point of view of the local H-bond environment only, this conformation resembles closely the one of the WT shown (Fig3-(d))

Fig. 5
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Figure 1 .

 1 Figure 1. Structure and main amino acid residues of NylB. (a) Induced-fit process: Superposition of the NylB structures in the open form (black) and in the closed form (yellow). A large movement of the loop-segment N166-V177 toward the substrate occurs, indicated by the red arrow enclosed in the dotted red circle. (b) The QM region, located inside the red circle in (a), used in our hybrid QM/MM simulations. QM atoms are shown as balls and sticks, whose colors code, here and in the all the following figures, are gray for C, red for O, blue for N and white for H, and the yellow ribbon shows the secondary structure. (c) The reaction coordinate (red arrow) and other fundamental distances (green, blue and magenta) used to drive and monitor the acylation reaction. Details are given in the text and in Fig. 2.

Figure 2 .

 2 Figure 2. Evolution of the reaction coordinate r1 and the most relevant distances during the metadynamics simulation for the Y170F mutant: r1 = N3(Ald393)-C1(Ald393) (red), r2 = OG(Ser112)-C1(Ald393) (green), r3 = HH(Tyr215)-N3(Ald393) (blue), and r4 = HG(Ser112)-NZ(Lys115) (magenta). Panel (a) shows whole simulation, while panels (b), (c), and (d) are the magnifications of the three crucial events inside the dashed circles in (a).

Figure 3 .

 3 Figure 3. Local structures and related differences between Y170F and WT relevant to the acylation process. Panels (a), (b), and (c) correspond, respectively, to the events (b), (c), and (d) in Fig. 2. Panel (d) shows the WT for comparison. A schematic picture of the difference between Y170F and WT is shown in (e).

Figure 4 .

 4 Figure 4. Free energy landscapes for the induced-fit process in the Y170F mutant(a) and the WT (b), according to the results of Ref. 20.

Figure 5 .

 5 Figure 5. (a) Schematic view of the interactions between the most relevant amino acid residues and the substrate. For clarity, the ALD is divided into three fragments, the C-terminal, the peptide site, and the N-terminal, labeled as ALD(1) (blue), ALD(2) (pink), and ALD(3) (green), respectively. These fragments are the ones used in the FMO analysis shown in panel (b).

Figure 6 .

 6 Figure 6. Result of the structural homology search (a) and details of the surrounding substrate (b) Using the DALI program and selecting only structures preserving the local environment around Tyr170 in WT (pdb id 2ZMA), EstU1 (pdb id 4IVK) was discovered. For the structural aliment, we adopted the STAMP algorithm. The corresponding analogous main regions between WT and EstU1 are shown in the two adjacent panels in (a). The semi-transparent elliptical region on the top left of each structure indicates the two segments of 4IVK, and 175-185 of 2ZMA, respectively.
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Table 2 .

 2 The computed IFIE values between the 170 th and the 181 st amino acid residues and each fragment in Ald.

				IFIE a		
	System	Residue				
			ALD(1)	ALD(2)	ALD(3)	Total
	WT b	Tyr170	-2.07	-6.01	0.73	-7.35
		Asp181	18.31	-2.63	-115.27	-99.59
		Phe170	-4.69	0.33	-1.44	-5.80
	Y170F					
		Asp181	20.19	-3.05	-118.21	-101.07
		Tyr170	-4.87	-4.79	-4.34	-14.00
	Hyb-24					
		Gly181	-0.52	0.13	1.22	0.83

a unit of kcal / mol, b From Ref.
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Induced-fit process

To complete the picture about the overall role of Tyr170, we investigated the induce-fit process.

To this aim, the free energy surface (FES), projected onto two reaction coordinates d1 and d2, was estimated by WHAM making use of a set of reactive trajectories generated via PaCS-MD simulations (Fig. 4 The highest free energy barrier is the one separating (C) from (D) and its value is about 2.4 kcal/mol. Additional information can be found in the supporting information (SI-4). Fig. 4 To elucidate the mutational effects of Y170F on the induced-fit process (Fig. 4 (a)), we compared the present results with the previous ones for the WT. 20 Focusing on the FES landscape of both systems, two major features are worthy of note. The first one is the number of (meta-) stable structures realized by the two systems, namely six in the case of the WT, as opposed to four for the Y170F mutant. The second one is the size of each basin where these local minima are located. In the case of the Y170F mutant, the areas of the free energy landscape around the minima, especially