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Molecular modelling applications in metalloenzyme design are still scarce due to a series of challenges. In top of that, the 
simulations of metal-mediated binding and the identification of catalytic competent geometries requiring both large 
conformational exploration and simulation of fine electronic properties. Here, we demonstrate how the incorporation of new 
tools in multiscale strategies, namely substrate diffusion exploration, allow taking a step further. As a showcase the 
enantioselective profiles of the most outstanding variants of an artificial Rh2-based cyclopropanase (GSH, HFF and RFY) 
developed by Lewis and co-workers (Nat. Commun., 2015, 6, 7789 and Nat. Chem., 2018, 10, 318–324) have been rationalized. 
DFT calculations on the free-cofactor-mediated process identify the carbene insertion and the cyclopropanoid formation as 
crucial events, being the latter the enantiodetermining step, which displays up to 8 competitive orientations easily altered by 
the protein environment. The key intermediates of the reaction were docked into the protein scaffold showing that some 
mutated residues have direct interaction with the cofactor and/or the co-substrate. These interactions take form of a direct 
coordination of Rh in GSH and HFF and a strong hydrophobic patch with the carbene moiety in RFY. Posterior molecular 
dynamics sustain that the cofactor induces global re-arrangements of the protein. Finally, massive exploration of substrate 
diffusion, based on the GPathFinder approach, defines this event as the origin of the enantioselectivity in GSH and RFY. For 
HFF, fine molecular dockings suggest that it is likely related to local interactions upon diffusion. This work shows how modelling 
of long-range mutations on the catalytic profiles of metalloenzymes may be unavoidable and software simulating substrate 
diffusion should be applied. 

Introduction 
Molecular modelling has become a major ally in chemical biology with outstanding contributions in drug design 

and biocatalysis amongst others.1–3 It has also reached a prominent position in bioinorganics as demonstrated by a 
plethora of studies dedicated to study the catalytic mechanism of metalloenzymes or their inhibitions.4–11 
Nowadays, modelers count on a wide variety of methods whose applicability depends on the system to treat and 
the molecular variables to analyse. Accurate representations of electronic properties (e.g., for studying catalysis, 
any formation of bonds or spectroscopic simulations) are resolved by quantum mechanical based approaches (QM). 
Large conformational explorations (e.g., conformational transitions of a protein) are generally solved based on 
classical molecular mechanics methods (MM) that are, for systems of similar size, far more rapid than QM 
approaches. From a biochemical point of view, though, the counterpart of QM accuracy is to limit the study to 
systems of small dimensions. Hybrid methods like QM/MM can partially solve the problem by allowing “full size” 
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modelling although the conformational sampling remains limited.12 Modelers need to balance between accuracy, 
sampling and computational power to select the best method for a given study. In some cases, they cannot rely on 
one unique method but need to combine several. These multi-level pipelines can be necessary when looking for 
the origin of the enantioselective profiles of metalloenzymes for which it may need to identify the best arrangement 
of protein and substrate for the reaction to occur and simulate the transition paths between reactant and products. 
Prototypical systems with such multi-scale demands are artificial metalloenzymes (ArMs), a family of new-to-
Nature biocatalysts obtained by the insertion of homogeneous catalysts into proteic hosts.13,14 
 

Artificial metalloenzymes have received increasing attention in the last decades because of several advantages 
with respect to other de novo enzyme designs. This includes: 1) a long list of homogeneous catalysts and protein 
scaffolds available as demonstrated by more than 40 different artificial metalloenzymes reported to date,15 2) the 
homogeneous catalyst brings a stable and well-defined first coordination sphere of the metal and avoids creating 
from scratch a metal binding site based purely on natural amino acids. 3). The protein can be handled with the same 
protein engineering techniques as other enzymes (e.g., mutagenesis, directed evolution, etc.) to control substrate 
specificity and enantioselectivity. In many aspects, molecular modelling can be particularly interesting to shed light 
on ArMs mechanisms and help in their design.13,14 What makes them more challenging though is the lack of 
structural information on the orientation and/or location of the cofactor in the protein host and how this relates to 
other aspects of the catalysis (orientation of the substrate, impact on the first coordination sphere of the metal, 
etc.). In this area, molecular modelling can be particularly informative. 

 
The way our group has been dealing with the computational study of artificial metalloenzymes stands on multi-

scale protocols.16 Those protocols are generally three folded: 1. They start with QM studies on models with reduced 
dimensions of the catalytic centre. They tend to include the first coordination sphere of the metal with a 
prototypical substrate, the cofactor and eventually few candidate amino acids in the vicinity of the putative active 
site. The presence of metals in these systems ultimately implies that the quantum level should reach at least density 
functional theory (DFT). 2. Then, key structures extracted from the step 1 (i.e., pre-catalytic michaelis complexes, 
transition states, reactive intermediates, etc.) are incorporated in the protein binding site by protein-ligand 
dockings. This part has required developments of optimized strategies to predict metal-protein interactions.17–19 3. 
The best models from 2 are consequently refined by classical Molecular Dynamics and/or QM(/MM) approaches to 
finally identify transition states and reactive paths inside the protein scaffold. Although tedious to set up, these 
multi-scale approaches have been efficient in decoding the mechanisms and ultimately guide the design of several 
artificial metalloenzymes.  
 

Molecular modelling has been particularly successful in predicting how mutations of the protein impacts on the 
enantioselective profiles of several ArMs. However, these mutations are generally close to the metal, and impact 
on its first or second coordination sphere which in turn can alter the electronic properties of the metal or the 
binding of the substrate.20 Nonetheless, like in other enzymatic systems, some mutations further from the active 
site can also affect the catalytic profile. How long-range mutations impact on the enzyme activity is still 
controversial and can relate to numerous variables like electrostatic patterns, conformational dynamics of pre-
catalytic structures, substrate diffusion, and any global motions of the protein that can influence cofactor and/or 
substrate binding.21 These aspects are the most challenging to study with today's computational standards. One 
excellent example to assess how molecular modelling could deal with this problem is the cyclopropanase that Lewis 
and co-workers developed recently.22,23  

 
The cyclopropane core is one of the most important strained rings in chemical intermediates and part of many 

natural compounds and drug molecules.24,25 Its synthesis is intensively investigated with some striking successes 
obtained by enzyme engineering.26 The artificial metalloenzymes developed by Lewis and co-workers catalyse the 
enantioselective cyclopropanation of styrene and result from the inclusion of a dirhodium homogeneous catalyst 
by covalent linkage (Figure 1C) into Pyrococcus furiosus prolyl oligopeptidase (POP). POP is a protein with a two-
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domain architecture: a peptidase domain with an ⍺/ꞵ-hydrolase fold capped by a seven-bladed ꞵ-propeller domain 
(Figure 1A).27 In optimizing this scaffold, Lewis et al. played both with cofactor anchoring and amino acid mutations. 
The variants with the highest enantioselective profiles mutations are called (Figure 1B) GSH (with mutations 
Ser301Gly, Tyr326His and Gly99Ser, with 92% ee for the S,R enantiomer), HFF (with mutations Leu328His, Gly99Phe 
and Gly594Phe, with 92% ee for the S,R enantiomer) and RFY (with mutations Gln98Arg, Gly99Phe and Pro239Tyr, 
with 80% ee for the R,S enantiomer). In these variants the cofactor is linked to the protein by replacing Ser477 in 
GSH and HFF, and Phe413 in RFY.  In their work, Lewis et al. suggest that the global motion of the protein scaffold 
could drive the changes in the enantioselective profile between the different mutants by altering the dynamics of 
the opening of the interdomain region. 27–29 Due to its scientific and methodological interest, we decided to apply 
our multiscale philosophy on this system, also integrating new approaches that can deal with collective motions 
and substrate diffusion. We believe this study could provide an interesting material in the context of this Faraday 
Discussion. 

Computational methods 
The methodology used in this work is a multi-scale computational pipeline. It is inspired by our previous work 

on artificial metalloenzymes,16,30–33 although adapted for the particular problem of the dirhodium cyclopropanase. 
Up to 5 different methods are used in this workflow. All computational details are presented in the Supplementary 
information of this manuscript. Here, we provide the most important information and the general scheme (Figure 
2). The overall workflow consists in: 

- Determination of the lowest energetic pathways for the cyclopropanation of (4-
methoxyphenyl)methyldiazoacetate (1) and styrene (2) mediated by the artificial cofactor of the enzyme 
Rh2-(OAc)2(esp-CO2Ac). Calculations are performed in water model in absence of any contribution of the 
protein environment. This model consists of the dirhodium cofactor (Figure 1C) and the two substrates. 
Calculations were performed at the DFT level of theory with the Gaussian09 software, using the B3LYP 
functional combined with the Grimme’s D3 correction for dispersion and the SMD continuum solvent 
model.34–43 This study identifies that the determining steps of the cyclopropanation that could be influenced 
by the protein scaffold are two intermediate structures (namely II and III). 

 
 

 

Figure 1. (A) POP protein scaffold (PDB code 6can27), propeller domain shown in blue and peptidase domain shown in orange. First and last blades of the propeller 
domain are highlighted in darker blue and labelled as b1 and b7, respectively. (B) Location of the mutations of the three variants studied here: GSH in purple (Ser301Gly, 
Tyr326His, Gly99Ser, Ser477Z), HFF in green (Leu328His, Gly99Phe, Gly594Phe, Ser477Z) and RFY in red (Gln98Arg, Gly99Phe, Pro239Tyr, Phe413Z); mutations in the 
pore of the propeller domain are not shown for clarity. (C) Structure of the dirhodium cofactor (named Z in the mutation scheme).  
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 Figure 2. Computational pipeline employed in the study of the POP-Rh2 cyclopropanase. Methods are shown in blue, while inputs and outputs of each stage are shown in dark red. 

- Docking of the intermediates to POP. First, we carried out an exploratory docking with the multi-objective 
genetic algorithm GaudiMM,17,19 to assess whether the dirhodium cofactor has the possibility to form a 
coordination bond with an amino acid donor in the vacant site of the Rh cofactor. Dockings were performed 
on a series of POP structures with wide global conformational changes as extracted from the Protein Data 
Bank (codes 5t88 and 6can27) and displacements along low-energy normal modes. This allowed us to 
efficiently explore the large conformational space of the protein.44–47 Second, a refinement docking was 
performed on the best-scored structures to evaluate the affinities, relative orientations and interactions of 
the Rh2-cofactor into the biohybrid binding pockets. For this stage, we used the Gold5.8 software48 with 
our recent version of GoldScore accounting for binding with coordination.18,49 As a result, the best 
structures of each variant were selected as initial frames for the further Molecular Dynamics (MD) 
simulations. 

- Molecular dynamics simulations on the carbene intermediate. The system was solvated with a cubic box 
of pre-equilibrated water molecules. The AMBER14SB force field46 was used for the standard residues, 
while the GAFF force field was adopted for the remaining atoms. Rh-bonding force constants and 
equilibrium parameters were obtained through the Seminario’s method.34,50–52 The convergence of the 
trajectories was assessed by RMSD, all-to-all RMSD and cluster counting analyses,53,54 considering all the 
atoms of the cofactor and the carbene (Figures S1-S3). In light of the analyses, it was decided to extend the 
MD simulations under periodic boundary conditions55 up to 300 ns, 400 ns and 200 ns for GSH, HFF and RFY 
variants, respectively. This step allowed us to obtain a pool of representative orientations of the carbene 
for each POP variant, as well as analyses56–59 of the relevant carbene-protein interactions and the POP 
scaffold dynamics. 

- Simulation of the styrene diffusion pathways. Calculations to assess the binding route of the styrene and 
the possibility to arrive either to Re or Si faces of the carbene were carried out with GPathFinder.60 Each 
representative orientation of the carbene (obtained in the previous MD section) was tested for the 
possibility to bind the styrene at its Re and Si faces by ubicating the final point of the binding route at the 
corresponding coordinates. The resulting binding pathways, further validated with Non-Covalent 
Interaction (NCI) analyses,61,62 allowed to rationalize the influence of the styrene binding route in the 
enantioselectivity of the different POP variants. 
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- Docking of the styrene. For the HFF variant, we had to extend the work to evaluate the interactions of the 
intermediate III in the catalytic site. We employed a procedure analogous to that for the intermediate II 
docking. This two-step docking study (exploratory with GaudiMM17,19,63 and refinement with Gold5.818,48,49) 
allowed to rationalize the enantiomeric preference of the HFF variant. 

Results and discussion 
Determinant steps of the cyclopropanation 

With the aim to define the main features of the catalytic events, a full DFT (B3LYP-D3) analysis of the potential 
energy surface has been carried out for the isolated Rh2-cofactor mediated cyclopropanation of (4-
methoxyphenyl)methyldiazoacetate (1) and styrene (2) in water (Scheme 1). 

 
The general Rh2-cofactor catalysed cyclopropanation mechanism is the result of two subsequent events: i) 

carbene formation through the Rh2-mediated N2 extrusion from the co-substrate 1; and ii) approach of the styrene 
to the carbene intermediate with concomitant cyclopropanation of its double bond. The second step, depending 
on the face which the styrene approaches the co-substrate, is responsible for the stereo-selectivity of the process. 
The complete profile is depicted in Scheme 2 and it is in general agreement with the previous work by Autschbach 
and co-workers.64 

 

The carbene formation and concerted N2 extrusion display an activation barrier of 19.1 kcal·mol-1 (TSI-II), which 
results as the rate determining step of the reaction. The reaction proceeds falling at -15.7 kcal·mol-1 to intermediate 
II (rhodium carbenoid). The styrene approach requires ~1.0 kcal·mol-1 forming the supramolecular aggregate III 
(rhodium carbenoid-styrene). It must be highlighted that intermediate II shows eight different energetically 
accessible conformations deriving from the C2 axis rotation of the carbene and on the methylester flip giving four 
and two orientations, respectively (Scheme 2, angles 𝛝 and ɸ). The enantiodetermining and final step is the CC 
bond formation by cyclopropanation upon approach of the styrene to one of the faces of the plane defined by the 
(4-methoxyphenyl)methyldiazoacetate. In the case of the isolated achiral cofactor, the symmetric environment 
prevents any enantiomeric preference. The eight possible transition states display energy barriers from 
intermediate II + separated styrene ranging from 10.1 up to 12.7 kcal·mol-1 (Scheme 2). 

 
 
 
 

 

 

 

Scheme 1. Rh2-(OAc)2(esp-CO2Ac)-mediated cyclopropanation of (4-methoxyphenyl)methyldiazoacetate (1) and styrene (2) in water.23 
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Scheme 2. Gibbs energy profile for the reaction of the complete cofactor in water. All Gibbs energy values are given in kcal·mol-1. For intermediates II and III only the lower energy 
conformations are reported for clarity. 

Considering the low yield of the reaction in aqueous media (Scheme 1), we further expanded our analysis to the 
competitive reaction (carbene insertion into the O-H bond of water), where a water molecule acts as a nucleophile 
toward the coordinated carbene forming the α-hydroxyester byproduct (4). From intermediate III’ -the 
supramolecular adduct analogue to III with H2O instead of styrene- the water nucleophilic attack gives rise to 
intermediate IV’. The following 1,3 proton migration leads to the 1-methoxy-2-phenyl-1,2-ethandiol, evolving into 
the 4 byproduct throughout a keto-enolic tautomerism (Scheme S1). The nucleophilic attack was particularly 
sensitive to microsolvation effects. Increasing the number of explicit H2O molecules from one to three, the energy 
barriers decrease by 3.2 kcal·mol-1. Although the side reaction barrier results higher by 1.7 kcal·mol-1 compared to 
the main process, a full solvated model would be necessary to properly reproduce the experimental yield. 
Nevertheless, this is out of the scope of this work for which the obtained qualitative trend is enough to define the 
role of microsolvation: a less microsolvated environment would prevent the formation of the byproduct. 
 

Carbene intermediate inside the POP protein 

As seen in the DFT study, the formation of the intermediate II (cofactor + carbene adduct) is the rate determining 
step and slowest part of the reaction. Therefore, most of the reaction time is required for the carbene formation, 
whereas the cyclopropanation occurs almost instantaneously. With that in mind, we modelled the structure of the 
POP protein + intermediate II. First, by employing docking techniques, we focused on the possibility of finding a 
coordination bond between a Rh atom of the cofactor and an amino acid of the POP protein. The existence of a Rh-
His coordination bond was previously hypothesised in the case of the GSH and HFF variants.22,23,29 Its presence 
would confer greater stability to the structure and could be a factor to justify the enantiospecificity of the different 
variants of the enzyme. 

 
The POP protein is known to explore a wide range of the interdomain angle between the propeller and peptidase 

domains (named θ),27 making it unavoidable to take this into consideration in the modelling protocol. Also, the 
cofactor flexibility and the different intermediate II conformations should be considered. To achieve so, we applied 
a two-step docking protocol. In a first exploratory step with the GaudiMM software,19 we considered several 
structures of the POP protein covering the whole range of θ (Figure 3), together with allowing full flexibility to the 
intermediate II, the candidate sidechains to form a coordination bond and the mutated amino acids of each variant 
(see Computational methods for further details). This first exploration discarded the possibility of a Rh-POP 
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coordination bond for the RFY variant, whereas suggested the feasibility of His326-Rh for the GSH variant and 
His328-Rh for the HFF variant (noticeably in both cases are implicated one of the mutated amino acids of the 
variant). In addition, we observed that coordination in the GSH variant is only possible for intermediate values of θ 
(29º and 32º, see Figure 3), whereas for the HFF case the “closed” conformation is also viable. This suggests that 
the presence of the His-Rh bond constrains the conformations allowed for the protein scaffold. 
 

The best solutions obtained from the exploratory docking were submitted to a further refinement docking 
procedure using our recently updated version of GoldScore and providing fine evaluation of metal-amino acid 
interactions.18,48 While the previous exploratory step allowed to test mainly the geometric feasibility, the main 
objective in this refinement stage was to obtain the best possible structures in terms of an energy-based score. The 
His326-Rh and His328-Rh coordination were confirmed for the GSH and HFF variants, whereas interactions between 
the intermediate II and Arg98/Phe99 (two of the mutated amino acids) were found for the RFY case among the 
best-scored solutions (Figure 4). 
 

The location and relative orientation of intermediate II inside POP could influence the enantiodetermining step 
of the reaction. We therefore performed first classical Molecular Dynamics simulations on the three variants loaded 
with intermediate II. The simulations started from the best structures obtained in the previous docking stage (GSH  

 
Figure 3. Different conformations of the POP protein (shown in surface representation) used in the first exploratory docking experiment, allowing to cover the whole range of POP 
interdomain angles. Interdomain angle θ (as defined in 27) is indicated in each case. (A) Closed conformation (θ = 16º), generated by displacements along low-energy normal modes 
on the PDB code 5t88.27 (B) θ = 29º, PDB code 5t88. 27 (C) θ = 32º, PDB code 6can.27 (D) Open conformation (θ = 48º), generated by displacements along low-energy normal modes 
on the PDB code 5t88.27 

Figure 4. Best-scored structures obtained from the refinement docking stage. (A) GSH variant. Intermediate II is shown in purple sticks, while His326 is highlighted in grey sticks. (B) 
HFF variant.  

θ=32º θ=48ºθ=29º
θ=16º

A B C D

PDB 5t88 PDB 6can
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and HFF with Rh-His coordination and RFY without Rh coordination bond). Along the simulations, changes in the 
relative orientation of the carbene to the cofactor are observed in all three variants. A clustering study taking into 
consideration the carbene atoms revealed three representative orientations of the carbene for the GSH variant, 
whereas each HFF and RFY variants account for two representative structures (Figure 5). The residues interacting 
with the carbene along the simulations are also dependent on the variant (Tables S1-S3). In the GSH case, the 
carbene mainly interacts with amino acids ubicated at blades b1, b2 and b3 of the propeller domain, including the 
mutated Ser99, as well as with some residues of the flexible loop at the peptidase/barrel interface. For the HFF, 
however, the residues interacting with the carbene are mainly located at the loop linking the third and fourth beta 
strands of the peptidase domain. Interestingly, in the GSH and HFF variants, the cofactor is anchored at the same 
residue 477 but the Rh ions coordinate different histidine residues (His326 for GSH and His328 for HFF).  This 
drastically impacts on location of the carbene in the binding site. Although the cofactor is at position 413 in RFY, in 
this variant, the carbene interacts with residues ubicated at blades b7, b1 and b2 of the propeller domain; in a quite 
similar manner than for the GSH variant. This shows the importance of the second coordination sphere of the metal 
to define cofactor and substrate location and orientation. In agreement with the docking results, the interaction of 
the carbene with Arg98 and Phe99 is maintained, suggesting that these two mutations of the RFY variant are mainly 
involved in stabilizing the intermediate II. 

 
Regarding the analysis of the protein scaffold dynamics, the interdomain angle θ remains stable in the GSH 

variant (standard deviation of 1.5º), whereas is more flexible for the HFF and RFY variants with a standard deviation 
of 3.7º and 4.3º, respectively (Table 1, Figure S4). In all cases, the range of θ observed in the simulations is narrower 
than in a previous computational study27 on the apo POP, where a range from ~10º to ~40º was reported. Our 
findings are supported by a very recent study29 on a novel enzyme derived from the GSH variant that catalyses diazo 
cross-coupling. In this study, the MD simulations show a wider range of θ for the apo (i.e. without cofactor) 
structure than for the holo (i.e. with the cofactor) ones (Table 1). Altogether both studies show that the metallic 
cofactor constrains the POP scaffold and favours tighter conformations of the protein. 
 

 

Figure 5. Representative orientations of the carbene obtained from the MD simulations. The carbene molecule is shown in sticks. The cofactor conformations are shown in wires. 
Only one conformation of the POP protein backbone is shown in grey ribbon for clarity. (A) GSH variant, three representative carbene orientations, His326 is highlighted in grey 
sticks. (B) HFF variant, two representative carbene orientations, His328 is highlighted in grey sticks. (C) RFY variant, two representative carbene orientations, Arg98 and Phe99 are 
highlighted in grey sticks. 
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Table 1. Values of the interdomain angle θ along the MD simulations of this study and the ones reported in 29 

Variant Mean and standard deviation 
of θ (degrees) 

Maximum of θ (degrees) 
 

Minimum of θ (degrees) 
 

GSH with Rh-His 24.6 ± 1.5 30.1 19.8 

HFF with Rh-His 23.9 ± 3.7 30.0 11.3 

RFY no Rh-His 25.7 ± 4.3 36.3 17.4 

5-G apo29, a Not reported ~39 ~10 

5-G no Rh-His29, b Not reported ~30 ~17 

5-G with Rh-His29, c Not reported ~25 ~13 

a Enzyme without the dirhodium cofactor 

b  Enzyme with the dirhodium cofactor and without a Rh-His coordination bond 

c Enzyme with the dirhodium cofactor and a Rh-His coordination bond 

Catalytically competent geometries of styrene  
Diffusion of the styrene (2) is key in GSH and RFY variants. Once the intermediate II is formed, the next step in the 
reaction pathway is the approach of the styrene to the carbene to form the intermediate III. To this step to success, 
the styrene should find a binding route from the solvent to carbene’s site. What faces of the carbene (Re, Si or both) 
are accessible for the styrene would ultimately determine the chirality of the product. Two factors may influence 
the binding routes of the styrene. First, the conformations and orientations of the intermediate II, which limit the 
space available inside the binding pocket of the enzyme. Second, the POP itself, which presents two possible 
entrance channels,27 the first one through a pore located at the propeller domain and the other through the 
interdomain region (Figure S5). A preference for the interdomain entrance has been reported for non-modified 
POPs,65 but the access through the pore cannot be discarded depending on the substrate or the presence of the 
cofactor. With the uncertainty about the entrance channel and conformational variability of POP in mind, we opted 
for an extensive sampling with our ligand pathway simulator GPathFinder.60 GPathFinder is based in our multi-
objective genetic algorithm (GA) GaudiMM and models the entrance of chemicals into proteins using a 
conformational selection approach. At the starting of the simulation, the GA is fed with representative structures 
of the protein that are extracted from a molecular dynamics run or displacements along collective motions (e.g., 
from Normal Mode analysis). During the evaluation process, the best solutions of successive displacements of the 
ligand are collected and classified to form continuous diffusion paths. Because of the multi-objective philosophy of 
GPathFinder, different evaluation functions can be used, very wide sampling can be performed, and channelling 
pathways found without any previous knowledge. It is a very interesting alternative or complementary tool to 
steered- or meta- dynamics approaches that require previous knowledge about the channel and much higher 
computational resources. 
 

Here, we sampled the styrene binding routes from the solvent to the Re and Si faces of the carbene for each 
orientation of the carbene obtained in the MD simulations of the previous step. GPathFinder was instructed to 
optimise two objectives along the styrene binding process; the steric clashes and vina score.66 For every 
representative orientation of the intermediate III, 240 possible binding routes were obtained. Their quality was 
analysed based on both objectives. The analysis for the clashes was done with standard filtering (threshold of 100 
Å3,19,60) and post-processing the best pathways with the QM-based method to analyse noncovalent interactions in 
biomolecules NCIPLOT462 (Figure 6). Interestingly, in all three variants, routes for the styrene were found through 
the interdomain entrance and the pore channel indicating that both routes are possible. However, striking 
differences are observed between variants. For the GSH, GPathFinder shows a preference for routes leading to S,R  
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Figure 6. Example of NCIPLOT analyses over a valid and an invalid binding route for the styrene. All plots show the integral of the interactions for the whole trajectory of the styrene, 
from the solvent (highest frame number) to the binding site (frame number 0). (A) Example of valid route. The module and sign of Van der Waals interactions are shown in green 
and yellow, respectively. (B) Example of invalid route. The module and sign of Van der Waals interactions are shown in green and yellow, respectively. (C) Example of valid route. 
Attractive and repulsive interactions are shown in blue and red, respectively. (D) Example of invalid route. Attractive and repulsive interactions are shown in blue and red, respectively.  

 
enantiomer catalytically competent geometries (64% for S,R and 36% for R,S), in agreement with the experimental 
observation (Figure 7A). For the RFY variant, the trend is almost completely inverted with 66% leading to 
catalytically competent geometries with the R,S product and 34% for the S,R enantiomer, also in agreement with 
experiments (Figure 7C). However, no such clear tendency was observed for the HFF variant, with much more 
equilibrated values (54% for S,R and 46% for R,S; Figure 7B). Similar predictions are reached with the analyses of 
the vina score objective. Considering the maximum vina score of every binding route, which can be understood as 
a raw estimation of the barrier that the styrene must overcome in its binding process, (Table 2) it appears that: i) 
in the GSH variant, routes leading to S,R enantiomer are favoured by a difference of ~17 kcal/mol; ii) in the RFY 
variant, routes leading to R,S enantiomer are favoured by a difference of ~12 kcal/mol; and iii) in the HFF variant, 
the average of the vina-score barriers is similar for the S,R and R,S enantiomers (difference of ~1 kcal/mol). Looking 
at the number of best-scored routes (those with vina score < 0 kcal/mol along all the trajectory) instead of the 
average scores of the whole pool of solutions, the same conclusion is obtained.  
 

Altogether, the modelling of the styrene pathways shows that the GSH and RFY mutants, both coming from a 
directed evolution approach, apparently gain their enantiospecificity by controlling substrate channelling and 
consequently the pre-organization of the binding site towards different isomeric catalysis. However, the HFF 
mutant, which comes from a former series of structure-based optimization, does not produce such differential 
behaviour. Other molecular reasons have to be responsible for the catalytic preference in this case.  
 
 
 
 

A B

C D

In
te
gr
al

Frames

6

4

2

0  
60      50        40       30        20       10         0 

In
te
gr
al

6

4

2

0
90  80    70    60   50    40    30 20    10     0

Frames

Frames Frames
60      50        40       30        20       10         0 90  80    70    60   50    40    30 20    10     0

6

4

2

0

In
te
gr
al

6

4

2

0  

In
te
gr
al



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11 

Please do not adjust margins Please do not adjust margins 

Figure 7. Schematic representation of the best-scored styrene binding routes. Trajectories favouring the S,R enantiomer are shown in orange, whereas trajectories favouring the R,S 
enantiomer are shown in cyan. Only one conformation of the POP protein backbone is shown in grey ribbon for clarity. (A) GSH variant. Intermediate III and His326 are highlighted 
in purple wires. (B) HFF variant. Intermediate III and His328 are highlighted in green wires. (C) RFY variant. Intermediate III is highlighted in red wires. 

 

Table 2. Average of vina-score barriers and number of best solutions for the styrene binding routes in the three studied POP variants. 

Variant Mean and standard 
deviation (all solutionsa) 
of vina-score barrier for 

S,R enantiomer 
(kcal/mol) 

Mean and standard 
deviation (all solutionsb) 
of vina-score barrier for 

R,S enantiomer 
(kcal/mol) 

 

Difference of vina-score 
barriers (S,R - R,S for 

the mean of all 
solutionsb) 
(kcal/mol) 

 

Number of best-scored 
solutionsc for S,R 

enantiomer 

Number of best-scored 
solutionsc for R,S 

enantiomer 
 

GSH 24.1 ± 21.7 41.0 ± 25.9 -16.9 32 0 

HFF 37.7 ± 18.8 38.8 ± 22.2 -1.1 0 0 

RFY 36.4 ± 19.5 24.1 ± 18.5 12.4 0 14 

a Average and standard deviation calculated for 720 solutions. 

b  Average and standard deviation calculated for 480 solutions. 

b  Number of solutions with a vina score < 0 kcal/mol along all the route. 

 
Local interactions in the active site are key in HFF variant. We hypothesized that a more local network of 
interactions could explain the enantioselective profile of the HFF variant. To check this assumption, we used a two-
step docking protocol similar to the procedure employed with the intermediate II: a first exploratory docking 
considering all the flexibility shown in the MD study, followed by GOLD48 calculations on the most promising 
combinations to obtain reliable energetic scores with GoldScore for metals.18,49 The results of the docking 
experiments (Table S4) show a preference for catalytically competent geometries for the S,R enantiomer, with a 
difference of GoldScore of ~4, accounting for the experimental enantiomeric excess. Interactions between the 
styrene and amino acids of the blades b3 and b4 (Asn143, Phe156, Ser196) were found in the case of best-scored 
pose leading to the S,R enantiomer, whereas interactions between the styrene and the cofactor were dominant in 
the best-scored pose leading to the R,S enantiomer. As both structures were found almost equally accessible for 
the styrene from the solvent, the enantiospecificity in the case of the HFF mutant is apparently more related to 
local interactions in the active site which makes the substrate to preferentially adopt a good orientation to produce 
the S,R enantiomer. 
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As a final remark regarding the search of catalytically competent geometries of the styrene, our findings show 
that the study of interactions away from the catalytic site is sometimes necessary to ascertain key aspects of the 
reaction (in this case, the determinants of enantioselectivity). An analysis of the substrate binding process could 
become unavoidable in those cases. However, different methodologies could be used depending on whether the 
binding channel is known beforehand or not. Indeed, massive conformational exploration is required when no clear 
route has been identified while more expensive (ergo accurate) methods could be used for a specific channel and, 
in the best-case scenario, lead to energetic magnitudes. 

Conclusions 
Mutagenic profiles can influence biocatalytic activities in a variety of ways. In metalloenzymes, mutations can 

impact on the first coordination sphere of the metal and alter, for example, its electronic features. They can also 
modify substrate binding affinity or how the substrate and cofactors organize for pre-catalytic geometries. The 
study of the effects of protein mutations on the first and second coordination spheres of the metal is something 
quite standard in nowadays computational bioinorganics. They can be analysed by the combination of 
computational methods like QM or classical MD. However, the organization of the pre-catalytic geometries may 
not be only due to the vicinity of the metal but the result of a cascade of more global events. Such behaviours are 
still challenging to identify by computational means.  

 
Here, we choose the di-rhodium POP cyclopropanase from Lewis and co-workers as a case study because the 

most interesting variants in terms of enantioselective profiles, namely GSH (ee 92% S,R), HFF (ee. 92% S,R) and RFY 
(ee 80% R,S) have mutations far from the metallic site.  We got a better picture of their mechanisms thanks to the 
incorporation of a ligand pathway modelling tool into a multi-scale framework and could hypothesize on the 
molecular role of long-range mutations. 

 
From the start, cluster models studied with DFT calculations show that the carbene and the cyclopropanoid 

formations have barriers about ~ 19 and ~ 10 kcal/mol respectively. The DFT intermediate structures were docked 
a posteriori into the protein scaffold and refined by classical molecular dynamics. This part of the modelling process 
shows that some residues mutated in the variants have a direct interaction with the cofactor and/or the substrate 
either in form of a coordination bond (His326 and His328 for GSH and HFF, respectively) or a strong hydrophobic 
patch between Phe99 and Arg98 and the carbene in RFY. Differences between variants also highlight global re-
arrangements of the protein scaffold, in particular regarding the interdomain region. Based on the hypothesis that 
those motions could affect substrate (styrene) binding, we performed GPathFinder calculations in the three variants 
and analysed their propensity to lead to S,R and R,S pre-reactive geometries. This hypothesis appears valid for GSH 
and RFY, where the enantioselective trends agree with those observed experimentally. For HFF, though, styrene 
binding pathways are not explicative and additional dockings were necessary to show that the experimental ee may 
relate to the organization of the second coordination sphere. 

 
Multi-scale modelling applied to ArM has shown massive successes in the last decade although some limitations 

still exist. These procedures work by sustaining that the best solutions at one level are the most appropriate for the 
next level. By combining different methods, it is not possible to provide a unique energetic framework for the entire 
study. It could, moreover, in the worst-case scenario, stay blind when the protein scaffold alters drastically the 
mechanism of the first coordination sphere of the metal.  Another challenge, common to other enzymatic systems, 
is to understand the impact of certain kind of mutations, especially those that are not in direct contact with the first 
coordination sphere of the metal. In this work, in the absence of clear identification of the substrate diffusion paths, 
we incorporated an atomistic model (GPathFinder) to explore the large conformational space related to ligand 
channelling. Strikingly, this approach shows that each variant provides better routes for a given enantiomeric pre-
catalytic geometry although this may not be a general case (as shown for the HFF variant). Two challenges remain 
at least. One is to be able to assess the more efficiently possible those systems where substrate channels may be 
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affected by mutations from those who are not. Another relates to the modelling of substrate diffusion. Indeed, 
when no routes are known beforehand, massive conformational explorations are needed hence requiring methods 
that calculate rapidly the energy (i.e., those based on docking approaches). It is only with clear knowledge of the 
location of the diffusion path that one would eventually embark in accurate energetic methods although still 
expensive by today’s standards. Researchers still have room for improvement in balancing between time and 
accuracy in their studies on how long-range mutations could impact catalytic profiles. 
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