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CHAPTER 1 

INTRODUCTION 

 

 

 

1.- ENZYMES  

 

 

Enzymes are proteins that catalyze biochemical reactions and their use report multiple 

advantages, as they can be very selective, low polluting (biodegradable), cheap and 

allow working in mild conditions compared with traditional non enzymatic processes 

[1,2]. Despite their enormous benefits, their applications at the industrial level are still 

limited, mainly due to low productivity, low substrate tolerance (too specifics) and  poor 

resistance to the industrial conditions, and for this reason, developing enhanced 

enzymes is a central research field nowadays [3].  

Regarding its composition, the region (ion, aminoacid or cofactor) responsible for the 

binding and the chemical reaction, is called active site. The non-reactive part of the 

enzyme maintains the conformation of the active site and regulates some properties as 

the thermostability or pH resistance. 

From the mechanistic point of view, enzymes speed up reactions by reducing the 

reaction energy barrier, or providing an alternative reaction pathway [4]. Despite 

enzymatic reactions are sophisticated processes, the overall mechanism can be 

simplified as a sum up of two main processes: the molecular recognition between the 

enzyme and the substrate (both in its reactant and product forms), which tends to be 

governed by biophysical forces, and the chemical reaction transforming the substrate, 

for which a biochemical treatment is necessary. A description of the computational 
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techniques and a brief overview of the experimental techniques, which are feasible to 

study and engineer enzymatic processes are supplied in the following sections. 

 

 

1.1.- Applications and industry overview of enzymatic processes. 

 

As commented before, the use of enzymes in industry results very profitable since it 

allows to save money, reduce waste and water consumption, avoid hazard materials and, 

in general, allow working in safer conditions (mild pH, temperature, pressure, etc.). 

Despite promising future prospects, only about 20 enzymes are produced on a truly 

industrial scale [3,5], which are summarized in Table 1. Their use is still limited, for 

example due to low stability under operational conditions (temperature, pH, etc.) and 

low activity or specificity on a particular substrate. For this reason, the interest of both 

academia and industry is centered nowadays in enzyme engineering, aiming to improve 

existing enzymes or generate new ones combining experimental and computational 

efforts.  

 

Table 1.1. Industrial applications of enzymes in different sectors. Table extracted from Nandy 

et al.  [6], except references with (*) which are extracted from Novozymes web page. 

Source: 

(a) http://www.marketsandmarkets.com/PressReleases/protein-hydrolysis-enzymes.asp  

(b)http://www.prnewswire.com/news-releases/alcohol-and-starchsugar-enzyme-market-by-

type-carbohydrase-protease-and-lipase-by-application-industrial-specialty-geography---global-

trends--forecasts-to-2018-256229371.htmlV  

(c) (http://www.marketsandmarkets.com/PressReleases/feed-enzyme.asp) 

(d) (www.novozymes.com )  

(e) http://www.iisc.ernet.in/currsci/jul10/articles22.htm 

(f) http://www.marketsandmarkets.com/PressReleases/feed-enzyme.asp 

(g) www.marketsandmarkets.com  

*http://novozymes.com/en/about-us/positions-and-policies/Novozymes  

positions/Pages/Biofuels.aspx 

http://www.marketsandmarkets.com/PressReleases/protein-hydrolysis-enzymes.asp
http://novozymes.com/en/about-us/positions-and-policies/Novozymes
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Enzyme/s Sector/Industry Potential market value 

Lipase, Proteasa, Cellulase, 

Amylase 

Degergent (Novozymes) $2767 M by 2019 

Amylase, Glucoamylase, 

Glucose Isomerase 

Novozymes, DuPont, 

Rouquette Freres, etc.  

$2.238 M by 2018 (a)  

Protease, Phytase, Xylanase Animal feed (Royal DMS 

NV) 

$1.371 M by 2020 (b) 

Xylanase Pulp and Paper 

(Novozymes) 

$ 200 m (c) 

Arbinanase, Amylase, 

Polygalacturonanase 

Processing of fruits or 

vegetables (Novozymes, 

DSM) 

Food enzymes $2.3 B by 

2018 (d) 

Hydrolase Oil and Gas (Novozymes) $330 B by 2015 (e) 

Chymosin Dairy (Pfizer, Chr. HAnsen) Food enzymes $2.3 B by 

2018 (d) 

Urease Pectinase Wine (Carlsberg) (f) Feed enzymes $1.37 M 

by 2020 

Protease Meat (Novozymes) (f) Feed enzymes $1.37 M 

by 2020 

Amylase Textiles (Novozymes) $2.7M by 2019 (g) 

Amylase Baking $695.1 M by 2019 (g)  

Beta-glucanase Brewing (Carlsberg) (f) Feed enzymes $1.37 M 

by 2020 

Protease Tanning (Novozymes) (F) Feed enzymes $1.37 M 

by 2020 

Lipase Biofuels (Novozymes)  * 18% of total sale of 

Novozyme  

 

 

 

 

 

 

http://report2014.novozymes.com/the-big-picture/novozymes-at-a-glance 
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1.2.-Heme peroxidases  

 

Heme peroxidases are enzymes from the oxidoreductase family containing a heme as a 

cofactor, which is activated by hydrogen peroxide to catalyze a large number of 

reactions, mostly involving oxidation of substrates. The heme is constituted by a 

porphyrin ring where the iron is coordinated to four nitrogen atoms and the fifth 

coordination position is accomplished with the epsilon nitrogen atom (𝑁ε) from a 

histidine (labeled proximal), except in enzymes from the heme tiolate peroxidase 

subfamily (HTP), as Chloroperoxidase (CPO) and Unspecific peroxygenase (UPO), 

where the heme is coordinated to a cysteine sulfur instead.  

 

 

 

Figure 1.1. Panel A: general catalytic cycle of ligninolytic peroxidases, from Hollman et al. 

[29]. Panel B: specific cycle for lignin peroxidase, manganese peroxidase and versatile 

peroxidase (adapted from FJ. Ruiz-Dueñas et al.[7]). Panel C: general view of manganese 

peroxidase surface with the detail of the two channels present in ligninolitic peroxidase. Panel 

D: heme UPAC carbon numeration with detail of the regions close to the main (in the δ region) 

and the propionate (in the γ ) channels. 
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Regarding the mechanism (Figure 1.1A), which is common for all the heme peroxidases 

[8-10], the resting state of the enzyme, which comprises an iron Fe3+, is activated by 

hydrogen peroxidase, which binds at the sixth coordination position of the iron. A 

proton from the hydrogen peroxide is then abstracted by the distal histidine, forming the 

intermediate Fe(III)-OOH complex, which is stabilized by the presence of the distal 

arginine. The proton is then passed into the terminal OH group, forming a water 

molecule and leaving only an oxo atom as the axial ligand, which formally introduces a 

two-electron oxidation of the heme group. The result of this activation is a high electron 

deficient species called compound I [16,17] where the iron metal has a formal oxidation 

state of +5. However, the real existence of this intermediate has been controversial [11-

13] and is better represented as a +4 iron plus a porphyrin radical cation [17]. In this 

situation, there are two unpaired electrons in an iron-oxo moiety and a third unpaired 

electron in the porphyrin or in the protein. After the substrate's oxidation, this porphyrin 

radical recovers one electron forming the so called compound II that regenerates into 

the resting enzyme by another second substrate molecule. Moreover, in the absence of 

an oxidable substrate, the compound I might oxidize some protein residue, typically a 

Trp or Tyr on the surface [18,19], which has the ability to act as intermediate in the 

oxidation of substrates by a long range electron transfer mechanism (LRET) [20-22]. 

The features of the heme group are modulated by the aminoacids in both distal and 

proximal side of the enzyme [14]. In the proximal region, a conserved aspartic acid and 

histidine residues stabilize high oxidation states by the called push effect  [15,16] where 

the hydrogen bond between these residues increases the negative charge of the histidine, 

and then, resulting in the stabilization of the iron oxidation states in compound I and II 

[17]. In the opposite domain, we found the residues responsible for the pull effect, 

where the distal histidine and arginine are involved in the heterolytic cleavage of the 

hydrogen peroxide during the enzyme activation [18,19].  
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1.2.1.-Ligninolytic peroxidases 

 

Ligninolytic peroxidases are enzymes from fungus (class II of heme peroxidases) 

capable of degrading lignin [20-22], which is the second most abundant biopolymer on 

earth, forming part of the cell walls in plants and found in wood, agricultural wastes, 

etc. As mentioned earlier, ligninolytic peroxidases are hemoproteins which contain a 

non-covalent bonded heme as a prosthetic group. This heme is found in an internal 

cavity of the protein and is connected to the surface by two channels: the propionate and 

the main channel (Figure 1.1C). The most internal channel is placed close to the 

propionate groups, which have been reported as responsible of Mn2+ oxidation and other 

aromatic compounds. The main channel (also called solvent-accessible or exposed 

channel) is conserved in all peroxidases [8,23] and allows the entrance of the H2O2 for 

enzyme activation. This channel enters perpendicular to the plane of the heme and leads 

to the C20 and C18 carbons of the heme (Figure 1.1D).   

Ligninolytic peroxidases are divided depending on the substrates that oxidize in three 

different families [24]:  lignin peroxidase (LiP),  manganese peroxidase (MnP), and 

versatile peroxidase (VP), which specific catalytic cycles are shown in Figure 1.1B. 

Although the catalytic cycle is overall common for all the subfamilies, they present 

some particularities. For example, LiP oxidizes substrates through a catalytic Trp 

exposed at the surface of the enzyme, which is conserved in all the subfamily, except in 

the LiP from Trametopsis cervina [25], presenting a catalytic Tyr instead (which is also 

placed in a different position). MnP has a manganese oxidation site composed of three 

acidic residues, placed at the heme propionate that coordinates the Mn+2 ion. 

Phylogenetically, MnPs are subdivided into three different subfamilies according to the 

length of their C-terminal tail: short, long and extralong. Interestingly, extra long MnPs 

oxidize only Mn2+, whereas, short MnP, (which are more similar to VP than long 

MnPs), are also able to oxidize other substrates. Furthermore, VPs combine both 

catalytic sites from LiP and MnP since they can oxidize Mn2+ and other substrates 

directly by the heme or by long range electron transfer mechanism (LRET) through a 

superficial catalytic Trp [26].   
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1.2.2.1.- Lignin degradation. Industrial Applications  

 

Lignin degradation has several applications in many industrial areas, as paper pulp 

manufacturing, animal feed or production of second-generation biofuels [27], adding 

value products from agricultural waste, sawdust, vegetal organic residues, etc. However, 

this process is challenging, due to the complex lignin structure, and typically performed 

by aggressive chemical products or mechanical processes, making the procedure 

environmental aggressive and expensive. Fortunately, some of these problems might be 

overcome by using enzymes. 

For example, in industrial paper production which is one of the most contaminant 

industries regarding wasted water, air pollution and consumption of natural resources,  

the use of ligninolytic peroxidases reduces the energy consumption in the mechanical 

pulping [28] and produces more quality products when compared with traditional non-

enzymatic conditions [28,29]. Moreover, ligninolytic peroxidases remove dyes from 

industrial waste water in mild conditions, avoiding the use of organic solvents [30,31], 

and also contribute in the bioremediation of pesticides in soils and water. Finally, one of 

the most promising applications of lignin peroxidases is the production of second 

generation of biofuels from biomass plant [32,29], which has the advantage that no 

primary resources (as corn) are wasted in the process.  

However, despite their numerous advantages [33], the industrial applications of these 

enzymes are still modest due to the operational limitations [34] (thermostability, pH 

resistance, etc.) and poor efficiency. Therefore, enhancing their properties will aid 

significantly in future commercial applications. Some engineering techniques that can 

be applied to enhance lignin peroxidases will be commented in the following sections. 
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2.- ENZYME ENGINEERING        

  

 

Nowadays, industrial sectors demand more efficient, cost-effective and sustainable 

processes and in this route, enzymes pose a promising solution. For this reason, many 

efforts have been made recently in protein engineering to improve or modify enzymes, 

using both in vivo and in silico techniques [35-37].  

Enzyme engineering means modifying an enzyme or constructing a new one from 

scratch to get the desirable properties, such as high thermostability, binding specificity, 

binding affinity, pH resistance, enhanced enzymatic activity, etc. [38] The design of 

these improved enzymes can be achieved experimentally, computationally or, ideally, 

by the combination of both strategies, involving more or less degree of rational 

implication for the design [39,40]. 

 

 

2.1.- Experimental enzyme engineering 

 

Typically, there are two strategies to engineer enzymes in an experimental lab: site-

directed mutagenesis and directed evolution [41]. Both techniques are achieved by 

introducing mutations usually through methods based on the polymerase chain reaction 

(PCR). 

PCR is a routine method in molecular biology to amplify specific DNA fragments 

which is based on repeating thermal cycles to amplify a part of a DNA. The process 

requires the sample of  DNA that we want to amplify, primers (sequences of aminoacids 

that have been designed to be complementary to a part of the target DNA), nucleotides, 

and a DNA polymerase enzyme. Using the primers as a starting point, the DNA 

polymerase can construct the complementary strand of the DNA by using nucleotides as 

building blocks. The process iterates thermal cycles, each of them consisting of several 

steps (Figure 1.2) with time and temperature characteristics: initialization, denaturation, 
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annealing and elongation. The number of repetitions depends on several factors as the 

DNA sample, the enzyme, etc.  

Figure 1.2. PCR scheme. Adapted from Wikipedia.  

 

 

2.1.2.- Site directed mutagenesis 

 

In site-directed mutagenesis, specific mutations are introduced typically using PCR 

techniques in a particular part of the enzyme, which is selected usually around the active 

site or in a region suggested by previous mechanistic or evolutionary knowledge. Once 

the mutations are chosen, they are introduced in the sequence by PCR techniques using 

primers which sequences are almost complementary to the original DNA but containing 

the desirable mutations. This technique aims to provide information about the 

mechanism (for example, the role of a mutated residue) or to produce enhanced 

enzymes. Since it requires a deep knowledge of the mechanism, computational methods 

can increase the probabilities to succeed.  
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2.1.3.- Directed evolution 

 

On the contrary to rational site directed mutagenesis, directed evolution mimics nature 

by introducing random mutations and selecting best individuals for next generations. As 

a consequence of its randomness, the main advantage of this method is that neither 

structural nor mechanistic information are required to engineer enzymes. For this 

reason, it allows discovering beneficial mutations that may not have been predicted a 

priori to have a positive effect, as for example, residues localized far from the active 

site.  

The diversity required in directed evolution is generated by introducing random point 

mutations or by insertions and deletions of gene fragments [42-44], which are 

commonly achieved by error prone PCR, using the enzyme Taq DNA polymerase that 

does not have a proof-reading ability. After each mutagenic step, mutants are evaluated 

according to the desirable property (activity, thermostability, etc.) and best mutants are 

selected as parental species for the next stage, in an iterative process which is repeated 

several generations. To produce each generation, several steps should be performed, 

such as purifications or screening a vast number of variants; these steps are labor 

intensive and expensive, constituting one of the main limitations of the method. This 

obstacle is reduced when the method is combined with other techniques that guide the 

evolution, as site directed mutagenesis or computational methods [45,46]. 

 

  

2.2.- Computational enzyme engineering 

 

The increase in the computer power (Moore's law) together with the development of 

enhanced algorithms (energy functions and search algorithms, for example) have 

resulted nowadays in a remarkable increase in the use of computational tools in both 

academia and industry. In particular, their application in protein engineering is gaining 

importance, as computational studies are able not only to provide mechanistic details 

required for redesigning an enzyme, but also designing new ones from scratch or de 

novo [47,48]. In general, the effective study of a molecular system requires a multistate 
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modeling based on different scales that should be treated by diverse computational 

techniques, the election of which depends on the size of the system, the accuracy 

required and the available time and resources. Regarding a size-treatment of the system, 

arise several models (Figure 1.3), including the all-atom, electronic, and coarse grain 

models. The all-atom model relies on studying the system at atomic level where atoms 

are represented as spheres connected by bonds, and electrons are summarized as a fixed 

point charge per atom. The Coarse grain model speeds up the calculation by depleting 

some information in comparison with the all-atom approach since a bunch of atoms is 

described by a bead enclosing the properties of the aggregation. More information is 

yielded by the electronic approach, where each atom is described as a nucleus with 

spread electrons around. Such precise electronic detail is required to simulate chemical 

reactions as electron transfer, bond formation, etc. Unfortunately, even with the 

nowadays improvements in computing, calculations involving an explicit electron 

treatment are still limited to hundreds of atoms and to reduced conformational 

ensembles.  

 

Figure 1.3. Different granularity used in molecular modeling: coarse grain, all-atom and 

electronic approaches (example over the PDB 1B3T.pdb from the protein data bank) 
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2.2.1.- Computational enzyme engineering. Methods 

 

Enzymatic reactions are complex processes that might involve the participation of 

several proteins, enzymes and cofactors (as for example in the well-studied system 

Cytochrome c Peroxidase / Cytochrome c complex [49]). Despite studying the overall 

process is a difficult task, overall it can be simplified, depending on the purpose of the 

research [50]. In this thesis, the complex enzymatic mechanism is divided in two main 

steps: one physical stage (substrate migration and binding/unbinding) and another 

chemical reaction step, which are treated under different methods.  

 

 

2.2.1.1.-  Substrate migration and recognition: biophysical modeling methods 

 

The first stage in the enzymatic process consists in the ligand recognition. Within the 

molecular recognition theory arises rigid assumptions, as the lock and key hypothesis, 

and others that take into account protein dynamical effects, as the induced fit [51] or the 

conformational selection mechanisms [52]. The lock and key theory, proposed by Emil 

Fisher [53], hypothesizes that enzyme and substrate are unique and match each other 

because the protein is optimized to a unique target.  On the contrary, according to other 

theories, the recognition comprises protein structural changes, meaning that the protein 

reshapes by interaction with the ligand (induced fit) or reshapes dynamically due to 

thermal fluctuations (conformational selection), where some of the conformers match 

better with the ligand.  

Since this step does not typically involve major electronic effects, it is commonly 

studied using molecular mechanics methods.  

Molecular mechanics (MM) methods are classical approximations (all-atom or coarse-

grained models) where the atoms are represented as spheres with a predefined partial 

charge and radius, which are connected by bonds that behave like springs. The set of 

parameters and energy functions that define the potential energy of the system for MM 

methods is called force field. These parameters are derived from experimental data or 
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quantum calculations. The most popular force fields are OPLS [54], AMBER (equation 

1) [55], or CHARMM [56].  

 

𝑈 =  ∑ 𝑘𝑟(𝑟 − 𝑟0)2
𝑏𝑜𝑛𝑑𝑠  +  ∑ 𝑘𝜃(𝜃 − 𝜃0)2

𝑎𝑛𝑔𝑙𝑒𝑠 +  ∑ 𝑘𝜙[1 + cos (𝑛𝜙 +𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

𝜙0] + ∑ ∑ 4𝜀𝑖𝑗 [(
𝜎𝑖,𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖,𝑗

𝑟𝑖𝑗
)

12

] + ∑ ∑
𝑞𝑖𝑞𝑗

𝜀0𝑟𝑖𝑗
𝑗≠𝑖𝑖𝑗≠𝑖𝑎𝑡𝑜𝑚 𝑖                             (1) 

  

The energetic term in the force field includes bonding and nonbonding interactions. 

Bonding interactions comprise elements related to linked atoms as bond, angle and 

dihedral terms. Bonds and angles are described by harmonic potentials which values 

fluctuate slightly around an equilibrium value taken typically from X-ray data. The 

dihedral potential is defined by a cosine expansion, computed from ab initio methods 

(see following section for a definition of these methods). 

The nonbonding term includes long range interactions which only count for atoms three 

or more bonds apart and it is comprised of two terms: van der Waals (4th term in the 

equation 1) and electrostatic terms (5th). While van der Wall's interactions are modeled 

by a Leonard Jones potential, the electrostatic term is modeled by a Columbic potential. 

The charges of the atoms are obtained, usually, in equilibrium conformations by 

optimizing the geometry using ab initio methods. Notice that atoms have typically non-

integer charges, aiming at reflecting the electronic delocalization in molecules. Based 

on MM methods arise several computing simulations as molecular dynamics, Monte 

Carlo and docking methods. 

 

 

Molecular dynamics 

 

Molecular dynamics (MD) simulations yield a time-dependent trajectory computed 

accordingly to the classical Newton's equation. In order to achieve efficient integration 

(and larger integration times) of the Newton's law, several algorithms have been 

developed, including the Verlet  [57], leap frog [58], velocity Verlet [59] or Beeman's 
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algorithm [60]. Most of the MD software use force fields to describe the properties of 

any atom, its interactions and the forces.  

While the typical MD time scale is around hundreds of nanoseconds, the use of specific 

computers and software, as the Anton machine [61], allows describing up to millisecond 

simulations [62,63]. Since these highly efficient computers are not available to all the 

scientific community, other strategies enable to run long MD simulations, as the use of 

graphics processor units (GPUs) or accelerated methods. Some examples include  

metadynamics [64], umbrella sampling [65], replica exchange [66] and steered 

molecular dynamics [67], which are based on accelerating the landscape exploration.  

In this thesis, MD has been applied to study different phenomena, including protein 

dynamics to investigate the effect of the C-terminal tail in the reactivity of MnP, the 

alkaline stability of VP (related to the position of the distal histidine) or the protein-

ligand recognition in LiP. 

 

 

Monte Carlo 

 

An alternative to molecular dynamics methods, in Monte Carlo (MC) simulations the 

dynamic of the system is obtained by random motion, to assemble a non-time dependent 

trajectory. The overall idea is to propose new (random) trial moves, which are accepted 

or rejected based on some acceptance criterion. MC methods avoid calculating the 

equations of motion, and thus, they are computationally less expensive than MD, 

allowing (in theory) to manage a larger number of degrees of freedom. One of the most 

used Monte Carlo algorithms is called Metropolis, where the acceptance criterion of a 

step is based on the energy difference between previous and current step: if the energy 

decreases, the trial movement is accepted, whereas otherwise the step is statistically 

accepted only when the following equation complies:  

 
𝑒 

−∆𝐸
𝐾𝑏𝑇   > 𝑅 (2) 
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In equation (2) E is the energy; Kb is the Boltzmann's constant; T is the temperature; 

and R takes an arbitrary value between 0 and 1, which provides a Boltzmann 

distribution of the sample.  

In this thesis, MC simulations have been applied to study the ligand diffusion and 

recognition using our in-house program called PELE [68]. PELE (protein energy 

landscape Exploration) is a Monte Carlo based algorithm that combines protein 

structure predictions techniques with random system perturbation in a Metropolis 

acceptance frame. It has been applied to protein-ligand diffusion [69,70], DNA-ligand 

diffusion [71], normal mode exploration, binding site search, absolute free binding 

energy calculations [72], etc.  

Atom properties and charges in PELE are defined by the force field OPLS 2005 

whereas non standard residues, cofactors and ligands should be prepared using typically 

quantum mechanics methods (QM), that will be commented later. 

The sampling algorithm in PELE is composed basically of two main steps: perturbation 

(which considers both receptor and ligand) and relaxation of the system (Figure 1.4). 

The ligand perturbation step includes a random translation and rotation that can be 

defined by the user as a fix or variable value depending on a specific parameter. 

Furthermore, the exploration can be restricted to a particular area when we know the 

active site (local sampling) or the ligand can diffuse freely, in a global search to localize 

the active site. 
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Figure 1.4. PELE's algorithm schema (see also, https://pele.bsc.es.wt) 

 

On the other hand, the collective motion of the protein is modeled following a normal 

mode approach. In particular, we use the anisotropic network model, where the system 

is represented as an elastic network where alpha carbons are connected by bonds that 

behave like springs. As a result, each alpha carbon has a translation vector for each 

normal mode, aiming at describing the equilibrium backbone dynamics (fluctuations) of 

the system.  

The second step, the relaxation of the system, aims at adapting the system as a response 

to the initial perturbation. This is first accomplished by a side chain sampling procedure, 

which optimizes the side chain position of the residues around the ligand and/or those 

with higher energy increase as a result of possible backbone motion. 

The final structure is obtained after a global minimization of the system by a truncated 

Newton algorithm. This pose is then accepted or rejected according to a Metropolis 
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criteria, based on a given temperature. The overall procedure is iterated to yield a 

stochastic trajectory and the associate energy landscape. 

 

 

Docking methods 

 

Docking methods propose the preferred orientation between a protein and a ligand (or 

protein and protein) when bound to form a product. Usually, docking methods provide 

several conformations of the ligand, which are then classified by scoring functions that 

predict the strength of the intermolecular interactions [73,74]. These scoring functions 

are derived from MM force fields, empirical data or knowledge base functions. Docking 

methods are in general fast, allowing to handle thousands of different ligands, and 

resulting a convenient method for virtual screening of (large) databases with 

application, for example, in the pharmaceutical industry. Common docking methods 

include Glide, Autodock, Vina, Gold or rDock. Moreover, it is worthy remark that in 

the last blind challenge to compare prediction methodologies from the CSAR 

(community structure activity resource), our in house PELE methodology was 

satisfactory applied, showing a strong performance in the scoring and docking of 

several targets. Docking methods have some limitations as they typically require the 

user to define a grid box to make the docking and thus, involve a previous knowledge of 

the active site, which sometimes is undefined. Also, docking methods usually consider a 

unique rigid conformation of the protein, and thus, they result not convenient when the 

receptor is not in a bound conformation (as often is the case) requiring, for example, to 

describe the induced fit mechanism. This limitation can be solved by adding protein 

flexibility, using external molecular dynamics or Monte Carlo simulations to generate 

several conformations to perform different docking simulations, or by explicitly 

sampling the induced fit procedure.   

Docking methods are applied in the thesis to study the interaction between lignin 

peroxidase (LiP) and Veratryl alcohol.  
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2.2.1.2.- Biochemical modeling 

 

In the attempt to follow the description of the enzymatic process, the chemical reaction 

that takes place after the protein-ligand recognition should be treated at the electronic 

detailed level of theory. This is provided by Quantum Mechanics (QM) methods, which 

are based on solving the Schrödinger equation under an electronic model description of 

the system [75,76]. The solution of this equation describes the quantum state of the 

system and its evolution in time by means of the wave function 𝛹 (equation 3): 

 �̂�  𝛹 = 𝑖ħ  𝜕/𝜕𝑡  𝛹 (3) 

In equation 3, �̂� is the Hamiltonian operator, which represents the total energy of the 

system and 𝑖ħ 𝜕/𝜕𝑡  provides the evolution of the system in the time. For systems in 

stationary state, the time independent Schrödinger equation can be written in terms of 

energy (E): 

 �̂�  𝛹 = 𝐸 𝛹    (4) 

The solution of equation 4 delivers the wave function, which describes the system by 

providing the distribution of electrons, the energy and the gradients to describe the 

motion of the system. Since solving the Schrödinger equation is not possible for 

systems with more than one electron, some approximations have to be applied to solve 

this called many body problem. One of the most applied is the Born-Oppenheimer 

approximation where nuclear and electronic equations are solved separately due to the 

large differences into their masses.  

There are, in general, two main groups of QM methods: ab initio, where parameters are 

directly calculated from equations (under approximations), and semiempirical methods.  
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Semiempirical methods 

 

Semiempirical methods use parameters derived from experimental data or ab initio 

calculation. Although these methods are less computationally expensive (faster) than ab 

initio ones, their lack of accuracy, especially when fragments are not in the 

parameterized data set, is their main limitation.  

 

 

Ab initio methods 

 

As commented before, in ab initio methods all the parameters are obtained from first 

principles, still under approximations, but without any usage of parameterized data. Ab 

initio methods can be classified, in general, as Hartree-Fock, post Hartree-Fock and 

multi-reference methods. Post Hartree-Fock methods introduce the electron correlation 

term which considers the effect of a pair of electrons with the same spin, no treated in 

Hartree-Fock methods. In the multi-reference methods, the electronic Hamiltonian is 

expanded in a set of Slater determinants, representing excitations of the ground state 

electronic configuration, and therefore, this approach describes a more balanced 

correlation of the ground and excited states. 

As an alternative to the traditional ab initio methods, arise DFT methods (density 

functional theory), based on the premise that the energy of the system can be defined in 

terms of its electron probability density. The main advantage of DFT methods drives 

from the assumption that the electron density maintains the same number of variables, 

independently of the system size, and thus, the electronic correlations are estimated at a 

low computational cost.  

The electronic energetic term in DFT methods is split into several terms, including an 

exchange-correlation term 𝐸𝑋𝐶: 

 𝐸 = 𝐸𝑇 + 𝐸𝑉 + 𝐸𝐽 + 𝐸𝑋𝐶 (5) 
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The three first terms correspond to the classical energy of the charge distribution, where 

𝐸𝑇 is the kinetic term,  𝐸𝑉 is the potential energy of both nuclear-electron attraction and 

repulsion between pairs of nuclei, and  𝐸𝐽 is the electron-electron repulsion term.  

The 𝐸𝑋𝐶 is the exchange-correlation term, which comprises both exchange (Ex) and 

correlation (Ec) energies.  

 𝐸𝑋𝐶 = 𝐸𝑋 + 𝐸𝐶 (6) 

Furthermore, both functional can be classified as locals, if they only depend on the 

electron density, or gradient corrected functional, if they are also gradient dependent. 

Importantly, the target system and the available time and resources should guide to 

choose the appropriate functional. For example, in the attempt to describe heme 

proteins, it is convenient the use of a Minnesota functional. In particular, the M06-L 

functional [77], which has been parameterized for main-group and transition elements, 

transition metals and noncovalent interactions and thus, suitable for studying heme 

proteins.  

 

 

The QM/MM methodology 

 

Doubtless, the main limitation of QM methods is their high computational cost, which 

makes no practical the study of biological systems as enzymes. Some approaches have 

emerged to deal with this problem by combining QM and MM methods in the called 

QM/MM approach. In  these methods, one part of the system, typically the active site, is 

treated at quantum level and the other at classical MM level. The most challenging part 

of the QM/MM methodology is the way to address the frontier between both regions.  

 Assuming an additive QM/MM schema, the energy of the system is defined as the 

summation of the energies from each part (MM and QM) plus a contribution from the 

frontier:  

 E = EMM +  EQM + EQM/MM (7) 
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In the QM/MM term of the equation, bonded and van der Waals terms are handled at 

MM level whereas the electrostatic part can be treated under different embedding: 

mechanical, electrostatic and polarized (see Table 1.2). In the mechanical embedding, 

the frontier is treated at MM level and both QM and MM parts are independent of each 

other. On the other hand, in both electrostatic and polarized embedding, the QM part is 

polarized by the outer region, and the frontier is treated at QM level. The polarized 

embedding is the unique embedding where the MM region has flexible charges, which 

are modified through the QM part. 

 

Table 1.2 Electrostatic treatment of the QM/MM scheme according to different embedding.  

Electrostatic Embedding QM part MM part Frontier 

Mechanical No polarized No polarized MM 

Electrostatic Polarized (by MM part) No polarized QM 

Polarized Polarized (by MM part) Polarized QM 

 

In addition, when covalent bonds are involved in the QM/MM boundary, its description 

is more complex, as the MM atom does not satisfy the QM valence. Then, different 

boundary schemes have risen to deal with this problem [78,79]: the link-atom and the 

frozen localized orbital approaches (Figure 1.5).  In the link atom boundary, an atom 

(usually a hydrogen) is introduced to saturate the QM valence. However, in the frozen 

localized orbital approach, the QM region is fulfilled by adding hybrid orbitals at the 

boundary, keeping some of them frozen, that can be placed in both MM (in the 

generalized hybrid orbital, GHO) or QM boundary (local self-consistent field, LSCF). 
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Figure 1.5. Link atom boundaries for the QM/MM: Link atom (adapted from Wang et al. [80]) 

and Local self-consistent field (LSCF) and Generalized hybrid orbital (GHO) (figure adapted 

from Senn et al. [78]) 

 

The QM/MM calculations in this thesis were performed using the software Qsite [81] 

from the Schrödinger suite of programs, which has an additive scheme, electrostatic 

embedding and hydrogen cap (link atom) as boundary term, whereas the force field used 

to study the outer region is the OPLS-2005.   

Since QM/MM methods allow dealing with complex systems containing thousands of 

atoms, it is a powerful methodology for the study of biological problems [82-86]. In 

particular, in peroxidases, QM/MM methods allow providing the electronic detail of the 

electron transfer (ET) process involved in the substrate oxidation. Before entering in the 

definition of particular strategies (as electron coupling calculation and electron pathway 

method), some characteristics of the electron transfer process will be commented.  

 

 

The QM/MM methodology applied to heme peroxidases: the electron transfer 

mechanism  

 

As mentioned before, heme peroxidases can oxidize different substrates in a process 

involving the transference of an electron. In general, ET reactions are fundamental 

processes involved in most biological phenomena [87] such as respiration, oxidation 

[88], photosynthesis [89] or DNA processes [90]. From a mechanistic point of view, ET 

begins when diabatic states from reactants (R) and products (P) cross each other, 

according to the Frank-Condon principle (Figure 1.6). This reaction can be 
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characterized through the rate constant (kET), which is given by the Marcus equation 

[87] (Figure 1.6): 

 

Figure 1.6. Left. Diagram of electron transfer in Marcus theory, showing the potential energy 

surface of reactants (D- + A) and products (D +A-). Key parameters of the process are shown: 

reorganization energy (λ), reaction Gibbs energy (∆𝐺0) and  electronic coupling (VDA). Right. 

Rate constant equation in the Marcus theory frame.  

 

In the Marcus equation, h is the Planck's constant, 𝑘𝐵 is the Boltzmann's constant, T is 

the temperature, ∆𝐺0 is the reaction Gibbs energy, λ is the reorganization energy and 

VDA is the electronic coupling between donor and acceptor. Out of these parameters, VDA 

is the most geometrically dependent element in the kinetic constant because its value 

depends on the donor-acceptor distance and geometry of the system (orbitals 

orientation). Besides, VDA is sensitive to modifications in the system such as solvent, 

temperature, distance, etc. and thus, is a good estimator of the optimum reaction's 

conditions [91-93]. Moreover, it affects the rate of the reaction quadratically, and 

therefore, it is commonly used as an overall indication of the ET propensity, under 

approximations and considering the change in driving force and reorganization energy 

negligible. 
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The QM/MM methodology applied to heme peroxidases: the electronic coupling 

calculations   

 

For symmetric and simple systems, the effective VDA could be defined as the half of the 

splitting energy at the seam between two adiabatic states. In general, the exact 

calculation of the electron coupling is an arduous task, involving the localization and 

overlap of diabatic states, which are quite difficult to characterize. Several methods 

arise to compute this parameter from Green's functions [94,95], extended Hückel theory 

[96-98] to strict quantum mechanical methods [99,100].  

However, the electron coupling calculation in biological systems (~weak electronic 

coupling regime) is even more challenging as donor and acceptor are (typically) far 

from each other and the crossover is difficult to obtain. Hence, several approximations 

have been developed to calculate the matrix by orthogonal transformation of adiabatic 

states to diabatic states including the Generalization of Mulliken Hush (GMH) [101] 

and the Fragment Charge Difference (FCD) [102] approximations. In these methods, an 

extra operator is applied to modify the Hamiltonian of the system, which should have 

the same value for donor and acceptor in the crossover.  

The operator employed in the GMH method [101] is the adiabatic dipole moment. 

Under this approximation (and in the weak coupling regime), the coupling is calculated 

as: 

 
𝐻𝐷𝐴 =

∆𝐸12𝜇12

√(∆𝜇1 − ∆𝜇2)2 + 4𝜇12
2

 (8) 

where ∆𝐸12 is the orbital energy difference and 𝜇 is the dipole moment of the diabatic 

states.  

In the FCD method (Voityuk and Rösch, 2002), the transformation matrix is obtained 

by diagonalization of the charge difference matrix ∆𝑄 : 

 
𝐻𝐷𝐴 =

∆𝐸12𝑄12

√(∆𝑄1 − ∆𝑄2)2 + 4𝑄12
2

 (9) 
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where Q12 is the transition charge difference, ∆𝑄1, ∆𝑄2 are the charge difference in the 

adiabatic states, and ∆𝐸12 is the orbital energy difference. This method requires defining 

the acceptor and donor sites involved in the process.  

Moreover, if there are energy degenerated (or quasidegenerate) orbitals, they might 

participate in the reaction and their contribution can be considered in the calculation 

through the root mean square of the electronic coupling  (rmsHDA) [103-106]: 

 

𝑟𝑚𝑠𝐻𝐷𝐴 = √
1

𝑁1𝑁2
∑ ∑ 𝐻𝐷𝐴

2

𝑁2

𝑗=1

𝑁1

𝑖=1

 (10) 

   

Since most standard QM codes do not provide readily such a measure, additional, and 

user-friendly tools to compute and analyze electronic coupling from external wave 

functions might be of high value. In this thesis, a server to provide a friendly interface 

for evaluation and analysis of electronic couplings has been developed. The quickness 

of the server allows to work and compare multiple structures, and thus, resulting very 

convenient, for example, for the evaluation of engineered mutants. Moreover, the 

ecoupling server has been employed in this thesis to estimate the kinetic constant of the 

electron transfer reaction.  

 

 

The QM/MM methodology applied to heme peroxidases: the electron transfer 

pathways 

 

When the donor and acceptor are far away, the electron transference may take place 

through a long range electron transfer mechanism (LRET). Then, donor and acceptor 

are connected by a set of related residues which orbitals allow to host the electron/hole 

along the transfer pathway. Since these intermediate residues contribute in the 

reactivity, their modification could be useful to engineer enzymes with desirable 

properties [107,108]. 
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Typically, the identification of these key intermediate residues is achieved by site 

directed mutagenesis. Changes in activity when some residues are mutated are usually 

associated with modifications of the electron transfer process. However, the nature of 

these variations may also have other origins (as structural changes), adding uncertainty 

into the cause-effect correlation. In this regards, instead of the typical trial-error 

experiments by site directed mutagenesis, computational chemistry can shed light on the 

determination of the electron pathway.  

For example, the popular software pathways is based on empirical tunneling factors 

[109,88]. In this method, a coupling decay is assigned to every fragment of each 

putative path, taking into account a set of parameterized properties (number of hydrogen 

bonds, nature of the residues, distance, etc.) A version of the pathways method is 

implemented in the HARLEM software [110]. 

Based on ab initio calculation, it is also possible to map the LRET by the method called 

QM/MM e-pathway [111]. This method ranks a set of specified residues by its tendency 

to host the radical formed during the ET process. The procedure consists of identifying 

the residue that hosts the spin density in a QM/MM calculation, where only the 

(putative) residues involved in the transference are placed in the QM region. This 

residue is then subtracted from the QM region (to the MM part) in the following 

calculation and the process is iterated until localizing the path (Figure 1.7). 

 

 

Figure 1.7. E-pathway procedure schema. The residues from the transfer region are included in 

the QM part of the calculation (in yellow), whereas the rest (including optimized donor and 

acceptor) are in the MM region (in blue). Once one residue has been identified as a spin density 

host, is removed from the QM region in the next step (dark blue).  



INTRODUCTION 

27 

3.- COMPUTATIONAL PROTEIN ENGINEERING 

 

 

The application of the computational methods described in the previous section is a very 

promising approach for enzyme engineering [36], and especially its combination with 

experimental data is a powerful tool to get improved enzymes, resulting in a reduction 

of the number of variants to be experimentally characterized and thus, saving resources 

and time compared with only wet-lab studies. Regarding the in silico methods, these are 

focused, in general, on two different strategies: de novo and redesign.  

 

 

3.1.- De novo design    

 

De novo design consists on drawing a new enzyme with the desirable properties of the 

target reaction from scratch [112-114]. This process consists of several steps, including 

the design of the active site, the selection of the protein scaffold, the ranking of the 

resultant structures and finally, the in vivo expression and production to confirm the 

success of the design (Figure 1.8). Some of the most used programs are the Rosetta 

software suite [115] from David Baker's lab and ORBIT [116] from Stephen Mayo. 

First, the transition state (the highest potential energy state along the reaction 

coordinate), which includes the active site of the enzyme and the target substrate, is 

modeled at QM level (to assure its accuracy), resulting in a structure called theozyme. 

This theozyme is then wrapped into several scaffolds which are chosen from protein 

libraries according to their bond strength and the conservation of the previous designed 

theozyme conformation. Afterward, these resulting merged structures can be enhanced, 

for example by optimizing the surrounding residues around the active site or by the 

introduction of point or massive mutations followed by a conformational sampling to 

improve their packing. Finally, the program ranks the resulting refined structures. For 

example, Rosetta evaluates these final geometries taking into account several factors 
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[115] such as the number of hydrogen bonds, the number of buried unsatisfied polar 

atoms or non-local contacts.  

Before the in vivo validation to certify the success of the design, it might be convenient 

to refine the proposed structure by MD simulations or other computational techniques 

that allow improving and localizing some errors in the proposed structure. 

 

 

Figure 1.8. Panel A: general schema of a typical de novo design procedure from Zanghellini  

[114]. Panel B: example of de novo design using the Rosetta software. The first step consists of 

the QM design of the transition state (upper box). Then the QM transition state geometry is 

implanted into protein scaffolds obtained from the protein data bank using the utility Rosetta 

Match. Finally, Rosetta Design mutates and optimizes the amionacids surrounding the QM 

theozyme. Image from Kiss et al. [48]. 
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From the first successful de novo enzyme, have arisen multiple other examples [117-

120], including the proposal of diels-alderase [121], ester hydrolase [122], kemp 

eliminase [123] or retro aldolase [119]. Unfortunately, in the experimental validation, 

most of de novo enzymes showed to be slow catalyst compared to natural enzymes [36], 

pointing the presence of some errors in the design stage, presumably coming from 

geometrical mistakes in the proposed structure or inherent inaccuracies of the method. 

Assuming that the theozyme is correct [124,125], the source of these geometrical 

inaccuracies includes suboptimal orientation of the active site, the lack of 

preorganization, unstable folding or disregarding scaffold flexibility [126,127]. 

Moreover, neglecting electrostatic interactions, the use of implicit solvents or the 

existence of multiple transition states [36], in contrast with one unique modeled, 

contribute also to some errors in the de novo design. 

In the future, it is expected that the development of new force fields, algorithms [20] 

and solvents, together with the increase in the computational power, may improve these 

limitations [128]. But meanwhile, de novo design can be combined with other 

engineering tools, to address these troubles. In the bibliography, for example, there are 

several samples where desirable properties have been achieved after  cycles of directed 

evolution from a de novo designed structure as starting point [123,129,130]. Other 

strategies to enhance poor de novo enzymes include the use of information driven by 

MD simulations [131] and computational remodeling of the protein, that will be 

commented in the following sections. For example, Privett et al. [131] turned on the 

activity of one inactive de novo designed enzyme changing the size and hydrophobicity 

of the active site, conducted by the inspection of the MD trajectories that displayed a 

disruption of the active site due to flexible side chains and bonded water molecules. 

Another example is found in the work of Siegel et al. [121], where  de novo enzymes 

were enhanced by the combination of MD, site directed mutagenesis and QM 

calculations, resulting in the production of two successful diels-alderase enzymes (over 

50 enzymes tested in the final stage) with measurable activity. These examples pointed 

that, despite the promising applications of de novo enzymes, it is still necessary to 

combine them with other methods (in silico or in lab) to obtain satisfactory results 

[132]. 
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3.2.- Redesign 

 

While de novo enzyme engineering aims to make new enzymes from scratch, redesign 

takes advantage of the natural enzymes, which have been enhanced by natural evolution 

by millions of years. In particular, redesign an enzyme in silico means introducing 

specific modification into (ideally) a PDB crystal structure with high resolution [133] or 

an homology model [134] when the PDB is not available. These mutations are selected 

in a process that can involve a different degree of rationality from a complete rational 

study design to random or semirational design.  

 

 

3.2.1.- Rational design. 

 

In rational redesign, the enzyme is modified typically introducing only one mutation at 

each position through the information driven by mechanistic and structural data. 

Basically, rational design aims to localize significant residues that can alter the 

reactivity or stability of the enzyme where such structural and mechanistic information 

is obtained by mutagenesis studies, semirational methods, bioinformatics or molecular 

modeling methods, which will be explained in the following sections.    

 

 

3.2.1.1.- Molecular modeling methods.  

 

Molecular modeling methods help to identify key aminoacids or regions that are 

involved in the active site, in the protein-ligand recognition process, or in flexible/rigid 

parts of the enzyme. Such information is obtained by modeling and analysis of the 

enzyme and/or its interactions with the substrate at molecular and electronic level,  

using different methods which can involve different degree of information, from simple 
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structural data (based on the protein 3D geometrical structure, for example) to more 

sophisticated methods (involving QM calculations, MD simulations, etc.)  

 

 

Sequence and structure-based modeling methods 

 

Phylogenetic analysis of the secondary structure (based on bioinformatics methods) and 

structural analysis of the modeled protein are useful to identify potential aminoacids 

towards a rational enzyme enhancement.  

Bioinformatics methods can proportionate information for rational design by means of 

searching for patterns and conserved regions on primary sequences to propose mutable 

residues. For example Zebra [31], which identifies subfamily specific positions (SSPs) 

or aminoacids conserved only within functional subfamilies, was employed in the work 

of Suplatov et al. [135] to get a stable enzyme by mutation of one SSPs. Moreover, 

regarding protein stability, bioinformatics methods usually apply the consensual 

approach, which is based on the assumption that conserved residues along subfamilies 

are stabilizing ones. For example, based on that premise, Anbar et al. [136] engineered 

an endoglucase with a 14 fold improved life at high temperature. 

From structural enzyme information, HotSpot Wizard [137] integrates functional, 

geometrical and evolutionary information driven by the combination of bioinformatic 

databases and structural tools to suggest mutable residues in a protein. Recently, Xue et 

al. [138] enhanced the enantioselectivity and activity of an epoxide hydrolase by 

saturation mutagenesis of the positions predicted by the HotSpot Wizard. In a fashion 

way, 3DM [139] integrates structural and evolutionary information with literature data 

and mutagenic information to propose mutants. For example, Cerdobbel et al. [140] 

replaced flexible regions with aminoacids that frequently appear at the corresponding 

positions in related sequences to enhance the enzyme thermostability. 

 

 



INTRODUCTION 

32

Methods based on geometry or volume calculation 

 

Since some enzymes have buried active sites, and complex ligand migration pathways, 

localizing channels, tunnels and cavities that connect them to the surface may play a 

major role in protein function, and then, in protein engineering. Algorithms such as 

CAVER [141], MOLE [142] or HOLE [143] aim to localize cavities, tunnels or 

channels in the enzyme [144], identifying sometimes unexpected critical residues with 

implications in enzyme engineering [145]. For example, based on Caver studies, by 

mutagenesis of the residues localized in the tunnel that connects the enzyme active site, 

Pavlova et al. [146] and Nguyen et al. [147] enhanced the enzyme catalytic efficiency 

(32 and 3 times, respectively) and Nguyen et al. [148] the enzyme stability and 

resistance to organic solvents and high temperatures.  

Moreover, the volume of a pocket is usually a measure for binding site prediction, 

which can be explore with software as fpocket [149], VOIDOO [150], CAST [151] or 

PASS [152]. Additionally, Q-Site Finder [153] and SiteMap [154] combine geometrical 

information with energetic terms to find the active site or identify druggable sites. For 

example, SiteMap estimates the drugability of putative active sites by a scoring function 

(site score) that evaluates the number of site points (based on the volume), their 

exposure, the number of contacts, the hydrophobic and hydrophilic nature and the 

donor/acceptor character for each pocket. In the field of protein engineering, for 

instance, Madsen et al. applied Q-Site Finder, which uses the interaction energy 

between protein and a methyl probe, to guide in the design of an enzyme [155]. 

 

 

Modeling methods based on protein dynamical effects 

 

Since enzymes are not static, a valuable detail of the enzymatic mechanism is obtained 

when dynamical fluctuations are considered [156,157]. Such conformational sampling 

can be explored by classical mechanics, which analysis drives information for enzyme 

engineering. For example, enhanced thermostability is achieved by adding salt bridges 

[158], disulfide bonds [159], or through modification of flexible regions in the enzyme 
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by the introduction of contacts [160,161] and, therefore, the analysis of these structural 

modifications by the inspection of molecular mechanics simulations, might allow 

rationalizing their effects.  

Another important aspect studied by classical mechanics is the substrate diffusion and 

docking [162-167]. For example, from 80ns MD simulation, Kong et al. [168] identified 

key residues to connect three small pockets of an hydrolase, resulting in 42 times higher 

activity compared to the wild type. In the same spirit, the substrate diffusion analysis is 

of particular importance in conformational switch proteins and induced fit mechanisms. 

For example, Dagliyan et al. [169] redesigned rationally a protein which conformational 

switch is controlled by the interactions with the ligand.   

Alternative to MD simulations, ligand diffusion with MC simulations is also employed 

for the enzyme design. For example, in our group, PELE simulations are performed to 

rationalize and design enhanced enzymes [170-172], as it will be commented in this 

thesis.  

 

 

 Protein-ligand recognition modeling   

 

The step before the chemical reaction and the following after the substrate diffusion is 

the protein-ligand recognition, which characterization is also a useful way to evaluate 

and design enhanced mutants by different methods from force field based methods to 

quantum mechanics calculations. The nature of the noncovalent bonding interactions in 

this step is diverse and includes hydrogen bonding, hydrophobic forces, van der Waals 

forces, 𝜋 − 𝜋 interactions or electrostatic effects.  

Based on force field techniques, docking is a fast and cheap method to evaluate these 

interactions, which allows identifying significant contacts between enzyme and ligand 

and may result in drawing new mutants [173,174]. Binding free energy calculations can 

be also employed to estimate the effect of changing aminoacids from MD or MC 

simulations as free energy perturbation (FEP) [175], Molecular Mechanic Poisson-

Boltzmann Surface Area (MMPBSA) calculations [176,177] or Markov State Models 

(MSM) based calculations. 
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Chemical reaction modeling  

 

Following the enzymatic process, the next step is the chemical reaction, which can 

involve bond formation, electron transfer, etc. Since drawing the complete mechanism 

is complex and requires an electronic treatment at quantum (or QM/MM) level of the 

full chemical reaction coordinate, it is typically out of the scope of the rational in silico 

enzyme engineering, which aims mainly to design mutants or screen a large number of 

variants promptly. Instead, several strategies have arisen to characterize the process. For 

example, Hediger et al. [178,179] employed semiempirical methods to measure the 

reaction energy barrier of all single mutants within a defined radius of the active site in 

attempts to identify promising mutants.  

Regarding the chemical modeling of oxidoreductases, it is a complex performance that 

requires the analysis of the electron transference process (as commented before), which 

can be simplified in terms of spin transference [180,171] or electronic coupling 

calculations [170]. For example Santiago et al. [181] engineered a laccase by a double 

mutation that was certified by its spin transference improvement respect to the parental 

one. In the same engineering spirit, e-coupling calculations were employed to evaluate 

the kinetic constant of an engineered enzyme, helping in the validation and design of 

mutants [170]. Moreover, the modification of the residues comprising the electron 

pathway in a LRET mechanism may alter the properties of the enzymes, as probed 

Vidal-Limon et al. [108] by engineering the peroxidase P450BM3's against suicide 

inactivation through the mutation of some residues in the second heme coordination 

sphere. The same methodology allowed in this thesis to identify key residues involved 

in the veratryl alcohol oxidation by the versatile peroxidase, shedding light on the 

mechanism towards enhanced peroxidases. All these techniques have in common that 

they limit the number and nature of the QM (or QM/MM) calculations. 
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3.2.2.- Semirational design  

 

In contrast to the rational methods commented before, semirational designed methods 

arise in attempts to limit the conformational space to explore using libraries or virtual 

screening [182-185]. Usually, these methods consist of generating a library of mutants 

obtained by substitution to all possible aminoacids into specific positions, which are 

selected based on previous information or analysis studies [186]. Currently, our group is 

doing many efforts towards this semirational engineering approach by the design of an 

iterative experimental-computational protocol, which consists first on the massive 

automatic mutation of the residues within 10 Angstroms of the substrate, then 

relaxation, and finally, ranking of the structures by their interaction energy. Although 

this approach has shown satisfactory results (in agreement with directed evolution 

studies), I will not enter into detail of this methodology, as it was not used in this thesis.  
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4.- PERSPECTIVE 

 

 

As commented, there is a large variety of in silico methods to enhance enzymes. Since 

there is no a magical formula applicable to all the cases yet, the methods should be 

selected according to the peculiarities of the particular system. The combination of 

several in silico techniques is without any doubt very profitable, providing information 

at different levels. Moreover, the information derived from these techniques can be very 

useful to guide experimental procedures, as rounds of in vitro directed evolution [26] or 

site directed mutagenesis, speeding up the engineering process. Obviously, these 

rational computational methods can also take advantaged, at the same time, from 

experimental results.   

In this thesis, as it will be summarized in the next chapters, a combination of several 

strategies and techniques allowed us to: i) shed light on the oxidation mechanism; ii) 

rationalize the effect of mutants; and iii) engineer computationally enzymes from the 

heme peroxidase family with promising industrial applications.  
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CHAPTER 2 

OBJECTIVES 

 

 

 

The previous section summarized some of the enzyme engineering methodologies both 

at computational and experimental level. Notably, the application of computational 

chemistry in this field is nowadays increasing due to improvements in hardware and 

software. Therefore, motivated by this progress, the main goal of this thesis is the 

development of computational strategies that allow designing and evaluating 

modifications in enzymes, also aiming to obtain results quickly and inexpensively. This 

purpose was reached by the combination of different in silico methodologies that were 

further supported by experimental data in an interactive feedback process. In particular, 

this thesis is presented as a compendium of publications which aims to answer the 

following specific aims: 

 

i) Description of the enzymatic mechanism. The first objective seeks to shed 

light on the full enzymatic process, which is described in two steps. First, the 

enzyme-substrate recognition is characterized by the combination of 

different biophysical methods, where electronic effects are described 

implicitly by the force fields. The second step consists of the chemical 

reaction evaluation, which is explored by techniques that incorporate an 

explicit treatment of the electrons.  

Moreover, motivated by getting a complete assessment of the mechanism in 

a quick and easy way, emerged as sub-objective developing a tool for the 

analysis of the substrate oxidation probability, by means of the electronic 

coupling calculations.  
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ii) Rationalization of enhanced variants. Through the application of 

computational techniques, the second goal consists of rationalizing the 

enhancement of mutants obtained by rational site directed mutagenesis or 

directed evolution. The intention is to develop computational protocols 

capable of distilling the cause-effect of mutational enhancement, achieving 

valuable information towards rational in silico and in vivo enzyme 

engineering.  

 

iii) In silico rational design enzymes. Based on the techniques and experience 

developed in the previous aims, the third objective is focused on the design 

of enhanced mutants. We aim to predict the effect of some mutations and 

redesign enzymes, including their experimental validation, for potential 

industrial applications. 



 

51 

CHAPTER 3 

RESULTS   

 

As stated, this thesis is focused on applying different computational techniques in the 

field of enzyme engineering. The work is presented as a compendium of publications 

(either published or in process) according to the objectives proposed, where chapters are 

divided from the description of the enzymatic process to the rational design, as 

summarized in Table 3.1: 

 

Table 3.1. Scheme of the results and publications presented in the thesis. 

 

 
 

Description of the enzymatic mechanism 

 

-Formation of a tyrosine adduct involved in lignin degradation by 

Trametopsis cervina lignin peroxidase: A novel peroxidase activation 

mechanism. Biochemical Journal (2013) 

 

-Ecoupling server: A tool to compute and analyze electronic couplings. 

Journal of computational chemistry. Software and updates (2016) 

 

Rationalization of enhanced mutants 

 

- Unveiling the basis of alkaline stability of an evolved versatile 

peroxidase. Biochemical Journal (2016)  

 

- Structural implications of the C-terminal tail in the catalytic and 

stability properties of manganese peroxidases from ligninolytic fungi. 

Acta Crystallographica Section D: Biological Crystallography (2014) 

 

In silico rational designed enzymes 

 

-Electron transfer in Versatile peroxidase : QM/MM e-pathway 

 

-Rational Enzyme Engineering Through Biophysical and Biochemical 

Modeling. ACS Catalysis (2016) 
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3.1. Description of the enzymatic mechanism 

The first section of the thesis aims to get an atomic and electronic detailed description 

of the mechanism in heme peroxidases. First, the study of a peroxidase was performed 

in order to become familiar with the computational techniques to characterize the 

process, containing a biophysical study (the union of the ligand) and then, the 

biochemical study of the covalent product formation. The last part of this section is 

centered on the description of an application that we have developed to assist in the 

resolution of the oxidation process.  

The first work aims to characterize the reactivity of the LiP from trametopsis cervina 

(TcLiP). This enzyme contains a catalytic superficial Tyr in place of a Trp, which is 

highly conserved among the family. The singularity of this enzyme is that binds 

covalently with the substrate VA, resulting in an autocatalytic process with higher 

oxidation capacity compared to the enzyme alone. Docking methods, MD, QM/MM 

spin density and QM energy calculations allowed to clarify the mechanism in this 

project. 

Moreover, since a tool to analyze and compute electronic coupling values fast and 

automatically could suppose a positive advance in the enzymatic process description, 

we developed a server that analyzes the output generated by external software to 

compute the electronic coupling. 
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SUPPORTING INFORMATION 

 
S1. Ecoupling server snapshots  

 

 
 
Figure S1. Representative snapshots from different sections of the server. Panel A, theory tab. 
Panel B, tutorial section to prepare the input files organised by tabs according to the QM/MM 
software. Panel C, Jsmol facility included in the server for graphical orbital analysis. D) Results 
tab. 
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S2. Graphical Results for the cation Guanine-Tymine-Guanine system 

 
Figure S2. Graphical Results for the GTG system downloaded directly from the ecoupling 
server. Panel A, orbital representation where orbitals are classified as donor, acceptor or 
bridge and represented as blue, red or yellow, respectively. Panel B, EC value for each pair of 
orbitals in 3D bar representation. Panel C, EC value for each pair of orbitals in circle 
representation where areas are proportional to the EC value. Panel D, energy difference per 
orbital pairs involved in the calculation. 
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3.2.- Mutant rationalization  

The second chapter is focused on rationalizing the improvements achieved in different 

in vivo engineered enzymes where such mechanistic analysis might favor subsequent 

rational design.  

In the first work, the pH resistance enhancement of the mutant 2-1B, obtained by 

directed evolution of versatile peroxidase, was analyzed. The native enzyme is inactive 

at basic pH, which is associated with the hexacoordination of the heme to the distal 

histidine, instead of the typical pentacoordination situation. MD simulations were 

computed to analyze the evolution of the distance Fe-His (distal) for both native and 

mutant.  

The Second work aims to understand the different properties of two subfamilies of 

manganese peroxidases. Whereas the long subfamily is ABTS inactive, the short one is 

able to oxidize the substrate. For this reason, an engineered version of the long 

subfamily obtained by cutting the C-terminal tail was investigated and compared with 

the native long and short MnP. MD simulations were performed to elucidate the effect 

of the C-terminal tail over the conformations or mobility of the residues at the heme 

propionate channel entrance. Moreover, PELE simulations were performed to study the 

ligand recognition and also to score conformations for further analysis by means of the 

electronic coupling calculations.  
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3.3.- Design mutants  

The  veratryl alcohol (VA) oxidation by versatile peroxidase (VP) takes place through a 

Trp radical on the surface by a long range electron transfer mechanism (LRET). In this 

project, the VA diffusion around the catalytic Trp164 was first sampled with PELE. 

From selected frames, the residues involved in the transference region were identified 

by the QM/MM e-pathway and then, the relevance of these residues was inspected by in 

silico and in vivo mutagenesis.  

In the second part of the chapter, we aimed to design a stable and active manganese 

peroxidase. MnPs subfamilies present different behavior in the ABTS oxidation, where 

short subfamilies were active and long subfamilies (considering the C-terminal tail of 

the enzyme) inactive but stable at acidic pH at which short subfamily was instable. 

ABTS diffusion in the MnP4 (active) and the MnP6 (pH stable) were performed to 

study the differences in both proteins, focused on the active enzyme to identify putative 

residues responsible for the enzyme substrate recognition. Moreover, e-coupling 

calculations were employed to elucidate the most probable channel, distinguishing 

between the main and the propionate channels. Taking into account these calculations, 

the long MnP6 was redesigned and, after the ligand diffusion, e-coupling calculations 

allowed estimating the enhancement of the catalytic constant of the enzyme. In vitro 

expression and characterization confirmed the theoretical predictions, obtaining and 

active and pH resistance improved peroxidase for ABTS oxidation.  
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INSIGHTS INTO THE LONG RANGE ELECTRON TRANSFER IN 

VERSATILE PEROXIDASE 

 

INTRODUCTION 

Enzymes are natural catalyst with multiple advantages as they are low polluting, cheap 

and allow working in mild conditions compare with traditional non enzymatic 

processes. Nevertheless, since enzymes usually present low productivity, high 

specificity or do not resist the harsh industrial conditions, protein engineering is often 

needed to enhance their industrial properties [1-3]. 

Regarding experimental enzyme engineering, there are two main strategies for 

enhancing enzymes: directed evolution and site directed mutagenesis [4]. Directed 

evolution mimics natural evolution in terms of introducing random mutations where 

beneficial (best) individuals are selected as parental for the next generation [5,6]. On the 

other hand, based on existing knowledge, site directed mutagenesis mutates specific 

residues to either benefit the comprehension of the mechanism or design enhanced 

enzymes.  

Both strategies can be improved by the information derived from computational studies 

[7,8]. Nowadays computational techniques are increasingly being used to understand 

the mechanism and to quickly (and inexpensively) screen for faster and specificity-

adapted mutants, increasing the possibilities of success in the engineering process. In 

this work, aimed at obtaining molecular knowledge of the veratryl alcohol (VA) 

oxidation by versatile peroxidase (VP), we combine site directed mutagenesis with 

computational methods based on a molecular and an electronic modeling of the process.  

Versatile peroxidase (VP) belongs to the fungus ligninolytic enzymatic family [9], and 

is able to degrade lignin and its derivatives. Lignin degradation has multiple industrial 

applications [10], from paper pulp manufacturing to the production of biofuels from the 

second generation, adding value products from agricultural waste, sawdust, vegetal 

organic residues, etc., and therefore there is a high interest in engineering lignin 

degrading enzymes to increase their efficiency and stability. 

The catalytic cycle of VP is similar to all the ligninolytic peroxidases and involves first 

the activation by hydrogen peroxide, and then the formation of the active compound I 
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(Cpd I), which is the responsible of the substrate oxidation [11]. Cpd I contains two 

unpaired electrons in an iron-oxo moiety and a third unpaired electron in a porphyrin 

cation, which is capable of oxidizing several substrates in the vicinity of the heme. 

However, in the absence of substrate, this radical can be transferred to a superficial 

residue, usually a Trp or Tyr, through a long range electron transfer (LRET) 

mechanism; in VP, the catalytic residue has been well characterized in previous studies 

as the superficial Trp164 [12,13]. The identification of the residues involved in the 

LRET pathway could be useful to engineer enzymes with improved oxidative 

properties. Therefore, being able to control the LRET process can open the door to 

enhance the oxidation of larger substrates, as the ones involved in lignin degradation.  

In this work, based on electron transfer pathway simulations, two different paths were 

proposed in the oxidation of VA. This mechanistic knowledge drove to additional site 

directed mutagenesis and simulations that allowed discriminating the LRET molecular 

mechanism in VP.  

 

METHODS   

System setup. 

Enzymes were prepared from the VP crystal structure 3FJW with the protein 

preparation wizard [14] from the Schrödinger suite of programs, and protonation states 

were adjusted with PROPKA considering pH 3.0 (the optimum for VA oxidation).  

Partial charges for the heme and VA were obtained by quantum-mechanics/molecular-

mechanics (QM/MM) simulations at the B3LYP(lacvp*)/OPLSAA level of theory using 

Qsite [15]. 

Substrate diffusion with PELE 

Ligand diffusion and docking at the Trp164 site were performed with PELE 

[16](Protein Energy Landscape Exploration), a Monte Carlo based algorithm capable of 

accurately modeling ligand migration and its induced fit with modest computational 

cost. The sampling algorithm is basically composed by an initial perturbation of both 

receptor and the ligand, followed by the relaxation of the overall system by means of 

side chain sampling and minimization steps. The resulting movement is accepted if 

complies the Metropolis criteria.   
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QM/MM e-pathway calculations. 

The LRET was characterized by the QM/MM e-pathway method [17] a technique that 

ranks a set of specified residues by its tendency to host the radical during the electron 

transfer process (Figure 1). For the calculations, structures were first placed in an 

orthorhombic box of water, which solvent was equilibrated (keeping the VA substrate 

and all the protein alpha carbons frozen) with 0.5 ns of molecular dynamics simulation 

performed with Desmond [18]. The transfer region for the QM/MM e-pathway method, 

containing Phe186, Phe197, Phe198, Ile199, Glu200, Glu243, Trp244, Gln245, Ser246, 

Met247, Val163, Trp164, Leu165, Arg256, Arg257, Phe258, Ala259, Ala260, Thr261, 

Met262, Ser263, Lys264, Met265, was then optimized with five QM/MM geometry 

optimization steps, to reduce possible structural strain. After the optimization, iterative 

single point calculations were performed at the HF (6-31g*) level of theory (since DFT 

methods tend to delocalize in excess the spin density [19]) and the residues that hosts 

the spin in each stage were ranked.   

 

 

 

Figure 1. QM/MM e-pathway procedure. The strategy consists of identifying the 

residue that hosts the spin density in a QM/MM calculation, where only the (putative) 

residues involved in the transference are placed in the QM region. This residue is then 

subtracted from the QM region (to the MM part) in the following calculation and the 

process is iterated until localizing the path. 

 

EXPERIMENTAL PROCEDURE 

Site directed mutagenesis. 
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Mutations were introduced in the VP encoding gene (from Pleurotus eryngii) by site 

directed mutagenic PCR (polymerase chain reaction). For each mutation, both a direct 

and a reverse primers were designed complementary to opposite strands of the same 

DNA region. PCRs were performed (50μL final volume) using 10 ng of template 

DNA, each dNTP at 500 μM , 125 ng of direct and reverse primers, 2.5 units of Pfu 

Turbo polymerase (Stratagene), and the manufacturers buffer. Reaction conditions 

were as follows: (i) a hot start at 95ºC for 1 min; (ii) 18 cycles at 95 °C for 50 s, 

55°C for 50 s, and 68°C for 10 min; and (iii) a final cycle at 68° C for 10 min. 

 

Kinetics of VA oxidation. 

The kinetic of the VA oxidation was measured by absorbance changes during substrate 

oxidation in 0.1 M tartrate pH 3.0 (optimal pH), which were recorded in a UV-160 

spectrophotometer (Shimadzu). In particular, VA oxidation was followed from the 

veratraldehide (ε310 9300 M-1 cm-1) formation. All reactions were carried out at room 

temperature (using ∼0.01 μM enzyme) and initiated by addition of 0.1 mM H2O2. 

Means and standard errors for Km and kcat were obtained by nonlinear least-squares 

fitting to the Michaelis-Menten model. Fitting of these constants to the normalized 

equation v =  (kcat/Km)[S]/(1 + [S]/Km), where v is the reaction rate and S is the 

substrate concentration, yielded the catalytic efficiency values (kcat/Km) with their 

corresponding standard errors.  

 

 

RESULTS 

A combination of computational and experimental effort was done to shed light on the 

VA oxidation mechanism by the enzyme versatile peroxidase through a LRET 

mechanism. 

Regarding the computational study, the enzymatic process was modeled at a molecular 

and an electronic level of detail, mapping, respectively, the protein-ligand recognition 

and the chemical reaction, in order to identify the key aminoacids involved in the LRET 

mechanism.  
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We first aimed at studying a non-biased protein-ligand recognition event. In this 

process, the ligand is placed in the bulk solvent and allowed to explore the entire protein 

surface. For this, PELE has shown to provide accurate active site recognition and 

binding in a diverse set of studies. In this case, however, no significant minima was 

detected in the vicinity of Trp164, which is in agreement with the (very) low Michaelis 

constant observed for VA: 4130 μM (Table 2). In addition, analogous results were 

obtained when using alternative cavity detection techniques such as Sitemap. Thus, 

following the experimental evidence that identified the superficial Trp164 as the 

catalytic residue [188] (which alpha carbon is placed at 13.3 Å from the Fe atom of 

heme), VA was constrained to explore only a region within 15 Å from the tryptophan. 

As displayed in Figure 2, the diffusion simulation shows now a small local minimum 

next to Trp164, within contact distance of ~2 Å.  

 

Figure 2. Interaction energy (kcal/mol) versus the lowest distance from any VA atom to 

Trp164 (HE1) in the local PELE diffusion simulations (120 cpus x 48 h). 

Best protein-ligand binding poses in these local minima were then analyzed using 

QM/MM based methods. For this, we computed the QM/MM e-pathway calculation for 

five different snapshots (sets) in order to identify the critical residues involved in the 

LRET (Table 1). Figure 3 shows the position (rank) of residues appearing in the 

pathway calculation with their corresponding frequencies in the five sets analyzed. 
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Interestingly, there is one internal tryptophan residue, Trp244, that appears in all the 

studied sets, sometimes even before Trp164, meaning that has a high tendency to be 

involved in the LRET. The putative catalytic surface residue, Trp164, also appears in all 

runs, in several positions: first, second (twice), third and fourth. Moreover, there are two 

methionines Met262 and Met265 that frequently appear in the calculation, as well as the 

Phe198. Other frequent residues found were Arg257, Phe258 and Met247. Therefore, 

the overall inspection of the paths (Figure 4) suggests two possible routes beginning 

from the Trp164: one involving the Met262 and 265, which could also comprise the 

residues Arg257 and Phe258 (that we called the Met’s Path), and the other route (named 

the Phe’s Path) involving the Trp244 and several phenylalanine in the vicinity to the 

proximal histidine (Phe186, Phe198 and Phe197).  

 

Table 1. QM/MM e-pathway from five different snapshots taken from the PELE 

diffusion of VA close to Trp164 . 

Set1 Trp244 Trp164 Phe258 Met265 Phe198,Ile199 Met262 Arg257, 

Asn256 

Set2 Trp244, 

Phe198 Trp164 Met262 Phe258 Met265 Arg257 Met247 

Set3 Met262, 

Phe258 Trp244 Trp164,Met247 Met265 Phe198 Phe186 Arg257,Asn256 

Set4 Met265 Trp244 Phe198 Trp164, 

Met262 Arg257 Met247 Phe186 

Set5 Trp164 Trp244 Met265 Met262 Phe258,Ala259 Peh198,Ile199 Arg257 

 

 



RESULTS 

Design mutants 

  

130

Figure 3. Frequency of the positions found in the QM/MM e-pathways for the most 

common residues. 

 

 

Figure 4. Spin density for the residues identified along the QM/MM e-pathway 

analysis, underlying the two computationally suggested routes for the electron 

transference. Each spin density color represents its position (rank) in the studied 

snapshots: red, orange, green, yellow, pink, blue and purple.  

 

In order to shed light on the most probable route and verify the influence over the 

catalysis of some of the residues found in the QM/MM e-pathway, some mutants 

involved the previously suggested routes were tested in vivo and in silico: W244L, 

F198I and M262F/M265L. 

From these mutants, same in silico protein-ligand sampling procedures were performed, 

in order to elucidate if the mutation was affecting substrate docking at the protein 

surface. Thus, ligand diffusion was locally sampled close to the Trp164 showing in all 

cases very similar results to the wild type, a relative weak minimum close to Trp164 
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indicating weak substrate binding (Figure 5). Since diffusion is overall similar to all the 

mutants (and also similar to the wild type profile), we can conclude that the putative 

differences should be explained by alterations in the biochemical step of the reaction 

(rather than the biophysical diffusion step). However, since the QM/MM e-pathway is a 

qualitative methodology (based on ranking a set of a given residues), it does not allow 

to distinguish between active and inactive species, which were identified by combining 

with experimental mutagenesis.  

 

 

 

Figure 5. Interaction energy (kcal/mol) versus distance from VA to the Trp164 (HE1) 

in PELE diffusion (120 cpus x 48 h). 

 

Table 2 shows the experimental results for all three mutants, where again the high Km 

values are in agreement with the small interaction energies observed in the simulations. 

Importantly, site directed mutagenesis showed that the mutants involved in the Phe path 

(W244L and F198I), turned the enzyme inactive against the substrate VA. Additional 

kinetics were performed to oxidize Mn2+ (which takes place directly next to the heme's 

propionates) in order to check whether these mutations alter other properties of the 

enzyme rather than the transfer region, where kinetic data showed similar values as the 

wild type (Table 2) Thus, as predicted from the e-pathway calculations, where Trp244 

shows up in all computed paths in the top rank positions, this triptophan residue, which 

has never been proposed as important for the mechanism before, plays a major role in 

the electron transference. In addition, mutations in the Met's path maintain the enzyme 
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activity: kcat and Km are both decreased by 2-3 times [19], so the overall activity is 

largely maintained.  

These results clearly indicate that the ET pathway should involve Trp164-Trp244-

Phe198-Phe197, finalizing in the distal histidine which is directly bonded to the iron of 

the heme.  

 

Table 2. Steady-state kinetic constants [Km (μM), kcat (s-1), and kcat/Km (s-1 mM-1)] of 

native VP and variants for VA oxidation and Mn2+. 

 

 

 

CONCLUSIONS 

Experimental and computational efforts were made to elucidate the VA oxidation by VP 

through a LRET mechanism. In this case, computational methodologies avoid making 

an extensive trial-error mutagenic experiments in order to establish the residues in the 

path. Instead, the data obtained from the QM/MM e-pathway technique assists in 

designing an experiment to identify the pathway undertaken by the electron. From the 

computational results we first identified two possible routes for the electron 

transference, beginning both with the Trp164, which has been characterized in previous 

studies[188]. From these results, some mutants were designed involving residues from 

both paths in order to identify the most favorable route. Then, experimental evidence 

 VP [12] 
M262F/ 

M265L [19] 

W244L F198I VP(Mn2+) 
W244L 

(Mn2+) 
F198I(Mn2+) 

Km 4130 ± 320 1900 ± 300 - - 180 ± 10 90 ± 7 120 ± 2 

kcat 9.5 ± 0.2 3.6 ± 0.2 0 0 275 ± 4 200 ± 3 165 ± 8 

kcat/Km 2.3 ± 0.1 1.9 ± 0.2 0 0 1520 ± 70 
2220 ± 

160 
1340 ± 20 
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showed a lack of reactivity when residues Phe198 and Trp244 were mutated, 

maintaining, however, the reactivity for the double mutant M262F/M256L. Therefore, 

we can conclude that both Trp244 and Phe198 are essential for the VA oxidation, 

whereas blocking the Met path do not show large consequence in the activity. In 

conclusion, we clarified that the transference occurs through the Phe's path, probably 

including Trp164, Trp244, Phe198, Phe197 and His169. 
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CHAPTER 4 

SUMMARY OF THE RESULTS 

AND DISCUSSION 

 

 

 

The focus of this PhD thesis lies on the prediction and the design of engineered 

enzymes by the application of different computational techniques. In this regards, to 

gain this final goal, it is first required to understand the mechanism and validate our 

methodology, in combination with experimental data. The results are summarized 

below, classified according to the objectives that have been proposed in the thesis.  

 

4.1.- Description of the enzymatic mechanism 

Veratryl oxidation by TcLiP peroxidase 

This part of the thesis aimed to a better understanding of the enzymatic process in heme 

peroxidases. First, the study was centered on the VA oxidation process by TcLiP. The 

protein-ligand recognition process was first studied by means of docking techniques. 

Since docking by itself provides only a rigid framework of the enzyme, MD simulations 

were also performed to add some protein flexibility. From the inspection of the MD 

trajectory, we identified π-π sandwich dispositions of the VA substrate between the 

putative catalytic Tyr and a closely located Phe. Following the enzymatic process, 

several MD snapshots (and docking poses) were computed at QM/MM level, as we 

aimed at identifying the nature of the unpaired electrons in the active species, compound 

I, and the possible implication of substrate (or other active site residues) oxidation by 

the iron center. The results showed the presence of two electrons in the oxo-iron moiety, 

which have been well characterized in previous peroxidase and cytochrome studies [1,2] 

, and, interestingly, the third unpaired electron was delocalized over the VA substrate 
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and the putative catalytic Tyr. Figure 4.1 shows the presence of the spin density along 

with the sandwich conformations, pointing that the pi stacking interaction plays a role in 

substrate binding and catalysis. In this particular mechanism, after the oxidation of the 

substrate (VA), it binds covalently to the protein. The nature of this complex was also 

estimated by QM calculation (Figure 4.1) that has shown that the most favorable 

products in continuum water are the ortho and meta substitutions, involving C-C bond 

formation instead of the ether compounds, which is clearly favored by the modeled 

stacking complex.  

 

 

 

Figure 4.1. Top panel: QM/MM calculations of spin densities for the docked structure and two 

frames from a MD simulation. Bottom panel: quantum calculation of energy differences 

(kcal/mol) for ten Tyr181-VA adducts estimated in gas phase and solution. 

 

As stated along this thesis, we aim towards a characterization of the biophysical and 

biochemical processes involved in enzymatic processes. Being able to study the enzyme 

conformational changes and couple them with substrate diffusion is certainly a 
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challenging aspect in molecular modeling. For the TcLiP study, this was accomplished 

by combining docking and MD techniques. In order to become familiar with different 

sampling techniques, we also performed ligand diffusion and binding studies with 

PELE (results not published). Figure 4.2 shows the energy protein-ligand interaction 

energy profiles versus the Tyr-VA distance along the PELE simulations, clearly 

indicating the close interaction with the Tyr residue for the best interacting structures. 

We should state here that PELE simulations, allowing to study the complete (from 

solvent to the binding site) protein-substrate dynamical recognition mechanism, take 

only approximately 24 hours in a modest CPU cluster (typically 12-64 processors), a 

remarkable advance in mapping the enzymatic biophysical mechanism. 

 

Figure 4.2. Panel left: results from PELE diffusion of VA (16 CPUS and 24 hours). 

Panel right: best pose found in the PELE simulation with detail of the distance between 

Tyr(CG) and VA(C6). 

 

E-coupling server 

The biochemical step in peroxidases can also be characterized by the electronic 

coupling value, which is a measure of the oxidation probability. Since the software 

available does not provide such a measure (readily), we have designed an application to 

compute these values: the e-coupling server.  

For example, these calculations help us to shed light on the mechanism of ABTS 

oxidation by heme peroxidase VP (unpublished work). In this case, we aimed to 
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elucidate the most reactive channel of the heme (for future engineering studies) and 

therefore, e-coupling calculations under the FCD approximation were performed. First, 

the server assigns each orbital as donor (heme) and acceptor (ABTS), which is 

displayed as blue and red in the first figure proportionated by the server (Figure 4.3). 

Notice that each orbital can contain a variable percentage of donor or acceptor nature, 

and therefore, we have to define the minimum charge tolerance which is the percentage 

at which one orbital is considered in the calculation as donor or acceptor. Since we have 

to specify the number of orbitals to perform the calculation, this plot allows the user to 

inspect the orbital characteristics (the energy differences and the degeneracy), which are 

necessary to tune charge tolerance and to choose the number of orbitals involved in the 

calculation. In this particular case, the results pointed a difference of one order of 

magnitude between both channels (main 0.156e-4 eV and the propionate channel 

0.1067e-05 eV), which might be interesting for protein design, as we can focus our 

effort in this particular area.  

 

Figure 4.3. Results provided by the e-coupling server. Left: orbital energies for the reaction of 

ABTS oxidation by VP in the propionate channel of the enzyme. Donor/acceptor orbital 

character is represented in red and blue, respectively. Right: table with the results provided by 

the server containing information about the percentage of donor/acceptor for each orbital and 

their energies. and the final electronic coupling average value. 
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4.2.- Rationalization of enhanced variants 

With the experience in biophysical and biochemical modeling techniques described in 

the previous section, we wished to go further, and therefore, we tried to aid in the 

interpretation of cause-effect mutations obtained experimentally in the lab by site 

directed mutagenesis and directed evolution.  

Mechanism of alkaline inactivation resistance in the 2-1B variant of versatile 

peroxidase. 

The first study was centered on the enzyme versatile peroxidase. The variant 2-1B 

(obtained by site directed evolution) showed basic pH resistance in contrast to the native 

enzyme, which is inactive in this conditions. Since this alkaline inactivation is 

associated with the hexacoordination of the heme to the distal histidine (instead of the 

typical pentacoordinate situation), MD simlations were computed to analyze the 

evolution of the heme coordination at basic pH for both native and mutant (2-1B) 

enzymes. The results from the MD exhibit a different behavior with a higher distance 

(~1Å) for the 2-1B variant. Importantly, such significant increase is not shown in the 

crystal structure, being observed only when applying protein dynamics (at room 

temperature). Such distance elongation is the result of a new hydrogen bond between 

Arg-43 and His-47 (Figure 4.4), due to mainly the electrostatic repulsion produced by 

the introduction in 2-1B of three new positive residues in the propionate region (E37K, 

H39R, G330R), which are absence in native VP.  
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Figure 4.4. Molecular dynamics simulations. Distance profiles between the heme iron and the 

distal His-47 (A) and between the distal His-47 and Arg-43 (B); and representative snapshots, 

with the average distances, extracted from the MD simulations of 2-1B (C) and native VP (D). 

All distances are in Angstroms. 

 

Importance of the C-terminal tail in ABTS oxidation by the subvermispora extralong 

MnP6. 

We also aimed to unravel the role of the C-terminal tail in different subfamilies of MnPs 

that present different ABTS activity. Whereas the long MnP subfamily (subvermispora 

extralong MnP6) is ABTS inactive, the short subfamily is able to oxidize it. For this 

reason, an engineered version of the long subfamily obtained by cutting the C-terminal 

tail was investigated and compared with the native long MnP. Ligand diffusion by the 

PELE software displayed that the C-terminal tail of the enzyme obstructed the heme 

propionate channel partially, preventing the ABTS approaching towards an electron-

transfer distance, as it was demonstrated by e-coupling differences of about one order of 

magnitude (see Figure 4.5). Therefore, we concluded that the C-terminal tail is partially 
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responsible for the lack of the reactivity. However, cutting this part of the enzyme 

revealed experimentally an important reduction of the acidic pH stability, in a similar 

situation as found for the short family, which are inactive at pH 2, whereas the native 

long species maintain the 90% of the activity in this conditions. It is precisely this high 

stability at acidic pH what makes of this long MnP subfamily an interesting industrial 

enzyme. The aim of purposing an enzyme that combines both activity and pH stability 

inspired us for a work in the following section.  

 

 

Figure 4.5. ABTS diffusion by PELE in the vicinity of the heme propionates (A,B).  Interaction 

energy versus distance between the heme CHA and the ABTS mass center (a) of C. 

subvermispora extralong MnP6 (blue) and its in silico shortened-tail form (red), with the heme-

ABTS electron-coupling at the most favorable positions indicated (circles). (c, d) Detail of the 

ABTS location and the residues in the propionate channel (Glu35, Glu39 and Asp179) in two 

snapshots from the above substrate diffusion on the extralong MnP6 (c) and the shortened-tail 

form (d).  
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4.3.- In silico rational design enzymes   

The last part of the thesis focuses on predicting beneficial mutations from an in-depth 

knowledge of the enzymatic mechanism by applying computational techniques. 

Importantly, such prediction efforts have been combined with experimental validation 

by our collaborators at the CSIC-CIB institute in Madrid.  

Electron transfer path in versatil peroxidase. 

 The oxidation of VA by VP takes place by a long range electron transfer mechanism 

through a Trp radical on the surface. First, ligand migration was performed with PELE 

and different poses were selected (those with better interaction energies and closer 

distance to Trp164) to study the electron transference. Then, the residues involved in the 

transference region were identified by the QM/MM e-pathway technique, revealing two 

possible different paths from the catalytic tryptophan to the heme: the first one 

involving a serie of Met residues, the Met path, and the other one involving several Phe 

residues in the proximal site of the heme, the Phe path (see Figure 4.6). In order to 

clarify the mechanism and study the relevance of these residues, some mutants were 

designed and tested in silico and in vivo. From the two suggested paths, we identified 

(in combination with the experimental data) that the most probable route involves the 

residues Trp164, Trp244, Phe198, Phe186 and the proximal histidine.  
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Figure 4.6. Panel A: frequency of the residues found to host the spin in the QM/MM e-pathway 

of VP. Panel B: schema with the possible paths and the spin density found in all the paths. Table 

C: kinetic data of VA oxidation by VP wild type and several mutants suggested for elucidating 

the transference path. 

 

Engineering the subvermispora extralong MnP6 for ABTS oxidation (while keeping its 

high acidic activity) 

Probably our most remarkable result involve the full in silico engineering of the 

subvermispora extralong MnP6, where we obtained an ABTS active and high acidic pH 

stable manganese peroxidase. Interestingly, the results from the global ligand diffusion 

in the short MnP4 (ABTS active) together with e-coupling calculations displayed that 

ABTS approaches with more probability through the main channel of the enzyme 

(instead of the propionate channel, as we expected suggested by the previous C-terminal 

truncation studies). From these simulations we also identified the key residues 

responsible for the enzyme-substrate recognition (Figure 4.7). Despite that this canal is 

also accessible in the long subfamily, we probed that the absence of the critical residues 

that were identified in the short enzyme (two histidines at the entrance of the channel) 

avoids an efficient substrate approach. Aiming to enhance the ABTS activity of the 

highly stable long MnP6, two mutations were introduced to mimic the active MnP4. E-

coupling calculations were then performed to estimate the catalytic constant, which 

were in agreement with the experimental results (Table 4.2), concluding in the 

activation of the enzyme.  
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Figure 4.7. Panel Left: interaction energy of ABTS binding in the main channel for MnP4 Short 

(red), Mnp6 Long (green) and the double mutant (blue) obtained from ABTS diffusion. Panel 

right: ABTS best binding energy structure for MnP6 double mutant in the main channel. 

 

Table 4.2. ABTS Oxidation Kinetic Constants for MnP4, MnP6, and MnP6 Double Mutant 

(DM, G139H/N218H) 

 MnP4 MnP6 MnP6 G141H/N220H 

Km (μM) 1560±76 - 284±30 

kcat (s-1) 128±3 - 9.3±0.3 

kcat/Km (s-1 mM-1) 82±3 - 33 ± 3 

 

This study clearly underlines the necessity of an atomic detailed characterization of the 

protein-substrate recognition process. By doing so we revealed a different binding site 

of what was expected. Moreover we proved that, by conducting such a detailed 

biophysical in silico study, we can create transient surface binding sites for substrates in 

peroxidases, turning a complete inactive species into one with high catalytic efficiency. 
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CHAPTER 5 

CONCLUSIONS 

 

 

 

In conclusion, the aim of this thesis is proving that computational biophysics and 

biochemistry are promising and valuable tools for enzyme engineering. In particular, in 

the field of rational design, it provides relevant information about the enzymatic 

mechanism and allows designing new enzymes, as well as checking their 

improvement/worsening, in an efficient way. The process is fast and low-priced and 

therefore, profitable for the application to the real problems that face industry. From the 

results of this thesis we can conclude the following points:  

 

- The enzymatic process in heme peroxidases was satisfactory described. We 

simulated this event as divided into two steps (from the ligand diffusion to the 

chemical reaction), using a combination of different computational techniques. 

-In particular, the ligand diffusion and protein/ligand recognition were 

characterized with different molecular mechanics based techniques (MD, 

Docking and MC-PELE). 

-The chemical reaction (including bond formation and electron transfer) 

was reproduced using QM based methods by means of energy 

calculation, spin density characterization, e-coupling calculations and 

QM/MM e-pathways descriptions. 

 

- We developed a server to compute the electron coupling for the evaluation of the 

oxidation probability, under two different approximations (GMH and FCD) in a 

quick and easy way. 
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- We demonstrated that our protocol can reliably describe and predict enzymatic 

functions in mutated enzymes.  

- The structural implications over the reactivity in MnP and its 

engineered variant were identified and characterized. 

- The pH resistance in the mutant 2-1B in contrast with the wild type VP, 

were rationalized. 

 

- We engineered a peroxidase from in silico predictions to elucidate the LRET 

processes. 

- An enhanced mutant from a complete computational study was designed. 

-The ligand diffusion allowed finding the key aminoacids in the 

substrate/enzyme recognition and binding. 

-The chemical reaction in terms of the oxidation probability and kinetic 

constant for the proposed mutant were estimated, and the results were in 

agreement with experimental data.  
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CHAPTER 6 

RESUMEN EN CASTELLANO 

 

 

 

DISEÑO RACIONAL DE HEMO PEROXIDASAS MEDIANTE 

TECNICAS DE MODELADO BIOFÍSICAS Y BIOQUÍMICAS 

 

En la actualidad, la competitividad industrial demanda procesos económicos y 

respetuosos con el medio ambiente[1], y respecto a esto, las enzimas pueden suponer 

una gran solución. Las enzimas son catalizadores naturales, capaces de acelerar 

reacciones químicas, disminuyendo la barrera de energía de activación del proceso, o 

bien, modificando el camino de la reacción [2,3]. Sin embargo, las enzimas en la 

naturaleza no siempre cumplen con los requisitos que demandan los procesos 

industriales, que normalmente requieren trabajar a valores extremos de temperatura y de 

pH, y por lo tanto, es muy conveniente modificar a medida estas enzimas para cumplir 

con los requisitos del proceso de interés, mediante técnicas de ingeniería de proteínas 

[4]. 

Dentro de la ingeniería de enzimas a nivel experimental existen dos grandes vertientes, 

la evolución dirigida, donde las mutaciones se introducen al azar, y la mutagénesis 

directa, que consiste en introducir mutaciones en una posición específica, lo que 

normalmente requiere estudiar y entender el mecanismo con anterioridad [5]. Ambos 

métodos se pueden beneficiar del apoyo de técnicas computacionales, que se clasifican 

en diseño de novo (Figura 6.1) y rediseño de enzimas.  

En el diseño de novo [6-8] las enzimas se construyen desde el principio, lo que permite 

diseñarlas para procesos específicos. El primer paso de esta técnica consiste en diseñar 

el estado de transición teórico de la reacción específica que queremos catalizar (que 

normalmente se optimiza a nivel cuántico) y recibe el nombre de theozyme. Después se 
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busca en librerías de proteínas un caparazón para alojar la estructura anterior y, puesto 

que la enzyma resultante no suele ser en general muy eficiente, suele refinarse 

utilizando diferentes métodos computacionales o experimentales, por ejemplo mediante 

dinámica molecular o ciclos de evolución dirigida [9-11]. 

 

 

Figura 6.1. Esquema general del diseño de enzimas de novo. El Panel A recoge el esquema 

general propuesto por Zanhellini [8]. Panel B: Esquema general del software Roseta. El primer 

paso consiste en diseñar la theozyme, el segundo en encontrar un esqueleto apropiado para 

alojar el centro activo previamente diseñado, con la utilidad Rosetta Match. El último paso 

puede consistir en optimizar los aminoácidos que rodean el centro activo. Imagen de Kiss et 

al.[9]  
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Por otro lado, la técnica de rediseño de enzimas consiste en modificar una enzima ya 

existente para mejorar sus propiedades. Existen diferentes técnicas computacionales 

para encontrar estas mejoras, que pueden clasificarse, en general, según el grado de 

información que requieren, en métodos racionales y semiracionales.  

Aunque el futuro de la ingeniera de enzimas in silico es diseñar enzimas sin ningún tipo 

de conocimiento previo y en poco tiempo (y por tanto, con poco coste computacional), 

estamos lejos todavía de que esto sea una realidad debido a la gran cantidad de mutantes 

que se deberían explorar. Siguiendo esta motivación los métodos semiracionales utilizan 

métodos basados en librerías o en el cribado virtual [12-14] para sustituir una posición 

específica (o varias) por todos los aminoácidos para poder seleccionar la mutación más 

favorable.  

La otra vertiente consiste en diseñar enzimas racionalmente tras haber caracterizado el 

mecanismo de la reacción enzimática. Existen multitud de métodos para explorar 

posiciones susceptibles de ser mutadas, desde métodos que se basan en la secuencia y  

geometría de la enzima [15-24], hasta métodos basados en el modelado de la reacción 

enzimática, que serán comentados a continuación.  

A pesar de que las reacciones enzimáticas son bastante complejas, su modelado se 

puede dividir, en general, en dos etapas. La primera consiste en el proceso de difusión 

del ligando desde el solvente hasta el centro activo y su posterior reconocimiento por 

parte de la proteína, que suele estudiarse con métodos que hacen un tratamiento 

implícito del electrón, basados en la mecánica molecular. Por ejemplo, son métodos 

basados en la mecánica molecular las simulaciones de dinámica molecular, docking o 

simulaciones de Monte Carlo, como el algoritmo PELE, desarrollado en nuestro grupo. 

PELE combina un algoritmo de predicción de estructura de proteínas con 

perturbaciones al azar siguiendo el modelo de aceptación de Metrópolis. El esquema 

general de PELE (Figura 6.2) está compuesto básicamente por dos etapas: de 

perturbación (que incluye tanto el receptor como el ligando) y de relajación del sistema. 

.  
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Figura 6.2. Esquema general de PELE.   

 

Por otro lado, la segunda etapa consiste en la fase bioquímica o reacción química, que 

requiere un tratamiento explícito de los electrones, lo que se suele resolver con métodos 

cuánticos. Ya que no hay un protocolo fijo aplicable a todos los casos y existe una gran 

variedad de métodos computacionales para mejorar enzimas, el método se debe 

seleccionar teniendo en cuenta las peculiaridades del sistema, el tiempo y los recursos 

disponibles.  

En esta tesis, la combinación de diferentes métodos computacionales (centrados en 

modelar la reacción enzimática) complementados con los resultados experimentales 

proporcionados por nuestros colaboradores del CIB-CSIC nos han permitido i) 
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racionalizar el mecanismo de oxidación producido por hemo peroxidasas ligninolíticas; 

ii) racionalizar el efecto de diferentes mutaciones; iii) hacer ingeniería computacional de 

enzimas peroxidasas con posibles futuras aplicaciones industriales. Teniendo en cuenta 

los objetivos que nos propusimos para esta tesis, los resultados se pueden clasificar en 

consecuencia con los siguientes puntos que se resumen a continuación. 

6.1.- Descripción del mecanismo enzimático 

La primera parte de la tesis tenía como objetivo describir la reacción enzimática en 

peroxidasas ligninolíticas. El primer estudio se centró en la reacción de oxidación del 

alcohol veratrílico (VA) por medio de la enzima Trametopsis cervina lignin peroxidasa 

(TcLiP), cuya reacción tiene lugar a través de un residuo catalítico Tyr. Para estudiar el 

proceso se hizo docking del substrato alrededor del residuo catalítico y simulaciones de 

dinámica molecular, mostrando que el VA adoptaba una disposición de sándwich entre 

la tirosina catalítica y una fenilalanina. Además se tomaron varias conformaciones para 

estudiar el sistema a nivel cuántico (QM/MM), cuyos resultados mostraron dos de los 

tres electrones desapareados del hierro entre el hierro y el grupo oxo (proveniente de la 

activación de la enzima por medio de peróxido de hidrógeno) y el tercer electrón 

deslocalizado entre el alcohol veratrílico y la tirosina, revelando la viabilidad teórica de 

la oxidación. Esta enzima, además, forma un complejo covalente con el alcohol 

veratrílico después de su oxidación, que, como consecuencia, favorece la oxidación de 

un segundo substrato. La naturaleza de la formación de este posible complejo se estudió 

con técnicas QM, cuyos resultados se muestran en la Figura 6.3. Estos resultados 

mostraron que el complejo más probable en solución era aquel que implicaba el enlace 

C-C (en lugar de la formación del eter) en la posición orto y meta.  
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Figura 6.3. Panel superior: densidad de spin en cálculos QM/MM sobre el resultado de docking 

(primer panel) y de dos frames provenientes de dinámica molecular. En las imágenes se muestra 

la deslocalización del spin sobre el grupo hemo, el hierro, el grupo oxo y también sobre el 

residuo catalítico Tyr181 y el substrato VA. Panel inferior: Estructuras modelo de los posibles 

complejos covalentes formados por la unión de la tirosina catalítica y el alcohol veratrílico. Se 

muestra también en la tabla sus diferencias energéticas (en kcal/mol), calculadas a nivel 

cuántico en fase gas y en solución.   

 

Simulaciones con PELE de difusión del alcohol veratrilíco en las proximidades de la 

tirosina catalítica mostraron resultados similares a los encontrados en la dinámica 

molecular (Figura 6.4). Se observó que en las estructuras con mejor energía de 

interacción el VA adoptaba posiciones paralelas a la tirosina 181, de acuerdo con los 

resultados anteriores.    
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Figura 6.4. Panel izquierdo: energía de interacción (kcal/mol) respecto a la distancia entre la 

tirosina catalítica (Tyr181, CG) y el alcohol veratrílico (VA, C6). Panel derecho: pose con 

mejor estructura de interacción con detalle de la distancia entre la tirosina catalítica (Y181) y el 

VA (C6). 

 

 

Por lo tanto, con este primer trabajo se consiguió caracterizar la reacción enzimática de 

peroxidasas.   

La reacción bioquímica se puede caracterizar, además de mediante la deslocalización de 

spin, mediante el cálculo del acoplamiento electrónico de acuerdo con la teoría de 

Marcus. Puesto que los programas de cálculo que utilizamos no proporcionan este valor 

directamente, sino que requeren de cálculos secundarios, desarrollamos un servidor web 

para facilitar el cálculo del acoplamiento electrónico, con posibles aplicaciones en la 

racionalización y diseño de enzimas. 

 

6.2.-  Racionalización de variantes mutadas 

Como se ha comentado anteriormente, existen diferentes métodos experimentales para 

conseguir variantes mejoradas. Nuestro objetivo en esta parte de la tesis era racionalizar 

las mejoras introducidas tanto por evolución dirigida como por mutación directa. 
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En primer lugar, estudiamos el aumento de estabilidad a pH básico de la enzima 

obtenida por evolución dirigida 2-1B, respecto de la enzima nativa peroxidasa versátil. 

Puesto que la inactivación a pH básico está relacionada, en general, con el paso de penta 

a hexacoordinación en el hierro, hicimos dinámicas moleculares para estudiar la 

evolución de esta coordinación en las dos enzimas. En la nativa observamos que la 

histidina distal adoptaba una orientación hacia el hierro que explicaría la coordinación, 

mientras que en la variante 2-1B se observaba un desplazamiento de esta histidina distal 

(H47) hacia la arginina distal (R43), que había modificado su posición inicial debido a 

la repulsión con los mutantes introducidos en el canal del propionato del hemo 

(H39R,E37K) durante la evolución dirigida (Figura 6.5). 

 

Figura 6.5. Panel A: Distancia entre el hierro y el NE2 de la histidina distal durante la dinámica 

molecular de la enzima nativa (azul) y de la variante 2-1B (verde). Panel B: distancia entre la 

histidina distal (átomo NE2) y la arginina distal (R43) Paneles C y D: posiciones extraídas de la 

dinámica molecular de la enzima mutante 2-1B (izquierda) y nativa (derecha) mostrando las 

distancias entre la histidina distal (H47) y el hierro del hemo y la arginina distal (R43).  
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El segundo lugar estudiamos diferentes familias de manganeso peroxidasas que 

presentan diferente reactividad según la longitud de su extremo C-terminal, siendo la 

familia corta capaz de oxidar el substrato ABTS mientras que la familia larga es 

inactiva. Puesto que a priori esta diferente reactividad parece debida a la longitud del 

extremo terminal, se hizo un mutante modificando una enzima larga mediante la 

reducción de su extremo C-terminal. Simulaciones de dinámica molecular y de difusión 

del ligando con PELE [25] (Figura 6.6) mostraron diferencias en el comportamiento del 

extremo C-terminal, que en el caso de las enzimas largas bloqueaba parcialmente la 

entrada del canal del propionato, haciendo que el ABTS no se aproximara a una 

distancia favorable para su oxidación, tal como mostraron los cálculos de acoplamiento 

electrónico, pero que sin embargo, sí ocurría en la enzima cortada (con valores de 

acoplamiento electrónico un orden de magnitud mayor). Los resultados experimentales 

además mostraron que cortar el extremo reducía la estabilidad de la enzima a pH ácido, 

tal y como ocurre en las enzimas cortas que, a diferencia de la subfamilia larga, no son 

estables a pH 2. 
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Figura 6.6. Panel A: simulación con PELE del ligando ABTS en la enzima larga nativa (azul) y 

la variante cortada (roja), con detalle de los valores de acoplamiento electrónico para las 

posiciones con mejor energía de activación, mostradas en los paneles C (nativa) y D (cortada), 

donde se muestran también sus correspondientes energías de interacción. En el panel B se 

muestran las distancias para la misma simulación entre el aspártico y el glutámico que se 

encuentran en la entrada del canal del propionato del hemo. 

 

La motivación de conseguir una enzima activa y a la vez estable a pH ácido nos llevó a 

diseñar una enzima en la siguiente sección de la tesis.  

 

 



  RESUMEN EN CASTELLANO 

167 

6.3.- Diseño racional de enzimas   

Como se ha comentado anteriormente, los dos primeros bloques se centran básicamente 

en el desarrollo de estrategias que permitan describir el mecanismo enzimático, de 

acuerdo con las evidencias experimentales. En este bloque, aprovechando esta 

metodología, el objetivo era predecir el efecto de introducir ciertas mutaciones en la 

enzima y además diseñar variantes mejoradas. 

En primer lugar estudiamos el mecanismo de transferencia electrónica de largo alcance 

de la enzima peroxidasa versátil (VP). Primero se hicieron simulaciones con PELE para 

muestrear las conformaciones del alcohol veratrílico (VA) alrededor del residuo 

catalítico Trp164, localizado en la superficie de la enzima y a partir de estas 

simulaciones se seleccionaron algunas posiciones para evaluar el camino de 

transferencia electrónico con el método QM/MM e-pathway (Figura 6.7). Este método 

consiste en identificar los residuos que tienen mayor tendencia a alojar la densidad de 

espin mediante un proceso iterativo en el que los residuos identificados se sacan de la 

región cuántica a la clásica [26].  

 

 

 

Figura 6.7. Esquema general del método QM/MM e-pathway para calcular caminos de 

transferencia electrónica. En este método se incluyen en la región cuántica los residuos 

que presuntamente participan en la transferencia electrónica y se localiza el spin en un 

cálculo QM/MM. El residuo identificado se extrae de la región cuántica (a la clásica) y 

el proceso se repite de manera iterativa hasta localizar el camino.   

 



RESUMEN EN CASTELLANO 

168

 

Se calcularon 5 caminos y los resultados mostraron que el electrón podría transferirse a 

través de dos rutas diferentes (Figura 6.8, Figura 6.9 y Tabla 1), una que hemos 

denominado la ruta de las fenilalaninas y la otra la de las metioninas. Para tratar de 

decidir cuál era el camino prioritario, se diseñaron un conjunto de mutantes a partir de la 

información anterior; uno de los mutantes bloqueando el camino de las metioninas 

(Met262F/Met265L), mientras que los otros mutantes bloqueaban el otro canal: 

Phe198Ile y Trp244Leu, que curiosamente aparecía en todos los caminos anteriores. 

Los resultados mostraron que la enzima se volvía inactiva cuando se bloqueaba el canal 

de las Phe, mostrando que la transferencia electrónica transcurría por esta vía. 

Identificar los residuos que participan en la transferencia del electrón puede ser útil para 

modificar las propiedades de la enzima. 

 

 

Tabla 1. Caminos de transferencia electrónica para cinco posiciones extraídas de la 

difusión del VA en las proximidades del triptófano catalítico.  

Set1 Trp244 Trp164 Phe258 Met265 Phe198,Ile199 Met262 Arg257, 

Asn256 

Set2 Trp244, 

Phe198 Trp164 Met262 Phe258 Met265 Arg257 Met247 

Set3 Met262, 

Phe258 Trp244 Trp164,Met247 Met265 Phe198 Phe186 Arg257,Asn256 

Set4 Met265 Trp244 Phe198 Trp164, 

Met262 Arg257 Met247 Phe186 

Set5 Trp164 Trp244 Met265 Met262 Phe258,Ala259 Peh198,Ile199 Arg257 
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Figura 6.8. Frecuencia de los residuos encontrados en los caminos de transferencia electrónica.  

 

Figura 6.9. Caminos de transferencia electrónica obtenidos con el método QM/MM e-pathway, 

representados siguiendo el siguiente esquema de colores: rojo (posición 1), naranja (2), verde 
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(3), amarillo (4), rosa (5), azul (6) y morado (7). Se muestran también los dos caminos 

propuestos: el camino de las metioninas y el camino de las fenilalaninas.  

 

 

El objetivo del siguiente estudio era diseñar racionalmente una enzima manganeso 

peroxidasa larga (MnP6), que como se ha comentado anteriormente es muy estable a pH 

ácido, pero incapaz de oxidar el ABTS, para lo cual, se comparó con la enzima activa 

corta MnP4. Simulaciones con PELE y de acoplamiento electrónico mostraron que el 

canal más favorable para la oxidación del ABTS era el canal principal, y no el canal del 

propionato, como hasta ahora habíamos pensado. Además, la exploración de esta región 

en la enzima activa mostró que había dos residuos (histidinas) a la entrada del canal 

principal que eran inesperadamente responsables del reconocimiento enzima-substrato 

(Figura 6.10). Estudios filogenéticos mostraron que estas histidinas no se encuentran en 

ninguna de las enzimas de la subfamilia larga y por lo tanto, con el objetivo de 

mimetizar la enzima corta, se introdujeron estas dos histidinas en la enzima inactiva. 

Simulaciones con PELE y cálculos de acoplamiento electrónico mostraron que esta 

variante ahora podría ser capaz de oxidar el substrato, por lo que la enzima se produjo 

en el laboratorio, donde los resultados cinéticos mostraron una asombrosa correlación 

con los resultados computacionales de constantes de acoplamiento que habíamos 

calculado anteriormente, consiguiendo así una enzima estable y activa.   
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Figura 6.10.  Energía de interacción respecto a la distancia entre el ligando y el centro activo 

para la enzima corta (rojo), larga (verde) y la enzima larga mutada doble (azul), cuya mejor pose 

está representada en el panel de la derecha.  

 

 

6.4.- Conclusiones 

En definitiva, en esta tesis hemos demostrado cómo el empleo de técnicas 

computacionales biofísicas y bioquícas suponen una gran ayuda en el diseño racional de 

enzimas. Una de las principales ventajas de estos métodos es que permiten comprobar la 

eficiencia de las mutaciones y diseñar variantes en menos tiempo y ahorrando recursos, 

en comparación con las técnicas tradicionales de laboratorio de ingeniería de enzimas. 

De los resultados de esta tesis se pueden extraer además las siguientes conclusiones: 

 

En esta tesis mediante la combinación de diferentes técnicas computacionales se ha 

conseguido caracterizar el proceso enzimático, tanto la etapa  biofísica de difusión de 

ligando como la etapa bioquímica. 

En concreto, la etapa biofísica se ha estudiado con diferentes métodos basados en 

mecánica molecular, como dinámica molecular, docking, o simulaciones de Monte 

Carlo (PELE). Por otro lado, la reacción química, incluyendo bien la formación de 

enlaces o la transferencia electrónica se ha estudiado con métodos basados en cálculos 

cuánticos, como la identificación de la densidad de spin, el acoplamiento electrónico o 

el camino de transferencia electrónico. 

Además, hemos desarrollado un servidor para calcular y evaluar los acoplamientos 

electrónicos de una manera rápida y fácil. 

También hemos demostrado (por comparación con datos experimentales) que somos 

capaces de describir e incluso predecir el efecto de introducir mutaciones en enzimas. 

Por ejemplo, se han identificado las implicaciones estructurales y de reactividad de la 

longitud del extremo C-terminal en manganeso peroxidasas y hemos podido explicar el 

aumento en la estabilidad de pH de la enzima 2-1B, que había sido obtenida por 
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evolución dirigida. Además, también estudiamos el efecto de los residuos presentes en 

el camino de transferencia electrónico en mecanismos de transferencia de largo alcance. 

Por último, lo más interesante es que gracias a un completo estudio computacional 

hemos sido capaces de diseñar una enzima estable a pH ácido y reactiva frente al 

ligando ABTS donde además, fuimos capaces de predecir la constante de velocidad de 

la reacción antes de que la especie mutante fuera producida y evaluada. 
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