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Abstract: We propose a computationally efficient approach for evaluating the individual 

contributions of many different residues to the catalytic efficiency of an enzymatic reaction. 

This approach is based on the fragment molecular orbital (FMO) method and it defines the 

energy of a deletion form, i.e. the energy of the system when a particular residue is deleted. 

Using this approach, we found that among ten investigated residues, three, Tyr14, Asp99, and 

Tyr55, in this order, significantly reduce the activation energy of the proton abstraction from 

a substrate, cyclopent-2-enone, catalyzed by ketosteroid isomerase (KSI). The relative 

activation energies estimated in this study are in good agreement with available previous 

experimental and theoretical data obtained for the similar proton abstraction with a native 

substrate and substitution mutants of KSI. It was thus indicated that the new approach is 

efficient for rationally evaluating the catalytic effects of multiple residues on an enzymatic 

reaction. 

 

Keywords: enzyme design, enzymatic catalysis, fragment molecular orbital method, deletion 

form, activation energy 
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Introduction 

 Enzymes catalyze chemical reactions in vivo at high rates with substrate specificity and 

stereoselectivity. These properties, together with the benefits of biocatalysts from a green 

chemistry perspective, make enzymes of potential interest for manufacturing of specialized 

chemicals, and particularly for synthesis of building blocks for the pharmaceutical industry. 

There have been many experimental1-5 and theoretical studies6-10 aimed at designing enzymes 

to produce efficient catalysts for targeted reactions. Although this research area has seen 

significant progress in recent years, there is a great need for the development of new and 

improved methods to aid the design process.  

 In a recent theoretical study11 with the aim to design a catalyst for the Diels-Alder reactions, 

it was found that a native enzyme, ketosteroid isomerase (KSI), has the potential to catalyze 

an acid-base induced Diels-Alder reaction, and it was indicated that its catalytic efficiency 

can be improved further by rational design. This is an attractive finding, since Diels-Alder is 

an important reaction for synthesis of cyclic compounds, and cyclic structures are common 

motifs in drug candidates. 

 In order to rationally modify KSI with the objective of improving the catalytic efficiency for 

the acid-base induced Diels-Alder reaction, the residues which are most important for the 

catalysis should be identified. As a first step of our study, we focused on a prerequisite step 

(Figure 1) of the KSI-catalyzed Diels-Alder reaction, and tried to devise an efficient method 

for rationally performing quantitative assessment of the influence of different residues on the 

catalytic efficiency. In the prerequisite step, Asp38 serves as a general base and abstracts a 

proton from a substrate, cyclopent-2-enone, inducing the change in the structure of the 

substrate from an enone form (cyclopent-2-enone) to an enolate form (cyclopenta-1,4-

dienolate); the two residues Tyr14 and Asp99 stabilize the enolate form of the substrate (The 
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residues are numbered according to the sequence of Pseudomonas testosteroni KSI 

throughout the text.). Which are the key residues among the residues surrounding the 

reactants (the substrate and Asp38) in this proton abstraction step? You can easily guess that 

residues, like Tyr14 and Asp99, which have direct interactions with the substrate should be 

most important for the catalysis. However, also residues which do not interact directly with 

the substrate could have significant effects on the catalytic efficiency. 

 Unfortunately there are no reference experimental data on the key residues of the KSI Diels-

Alder reaction, since this is a novel reaction designed in the previous theoretical study11,  

which has not yet been examined experimentally. Fortunately, the initial step of the designed 

KSI reaction and the initial step of the native KSI reaction, which is isomerization of 

ketosteroids, are almost identical, i.e. proton transfer from a substrate to an Asp. The catalytic 

reaction and the active site structure of KSI have been studied extensively by experimental 

techniques12-21 and by theoretical computations22-28. It has been shown that KSI works by a 

preorganized active site which electrostatically stabilizes the intermediate state and the 

transition states via hydrogen bonds to the substrate.19,23,27,28 

 In an experimental study17, the native KSI reaction, in which Δ5-3-ketosteroid (5-androstene-

3,17-dione) is transformed into Δ4-3-ketosteroid (4-androstene-3,17-dione) via a dienolate 

intermediate, was examined, and rate constants obtained with wild-type (WT) KSI and some 

of its mutants were determined. In that study, Tyr14 and Asp99, which are hydrogen bonded 

to the substrate, and also Tyr55, which does not form a hydrogen bond with the substrate, 

were targeted for mutations. The rate constants of the Tyr14Phe, Asp99Leu, and Tyr55Phe 

mutants are about 3 orders, 2 orders, and 1 order of magnitude, respectively, smaller than the 

rate constant of the WT, indicating that Tyr14, Asp99, and Tyr55 are important for the KSI 

catalysis. However, it is not obvious from the experimental study whether these residues have 
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important roles in the initial proton transfer step, because the rate constants were determined 

for the whole reaction, which includes two proton transfer steps. The individual steps of this 

reaction in the WT were examined in an earlier experimental study20, and it was shown that 

the rate constants of the two proton transfer steps of the forward reaction in the WT are likely 

to be similar, where activation free energies of the first and second proton transfer steps were 

estimated to be 10.3 and < 10.6 kcal/mol (at 25 °C), respectively. In another experimental 

study21, it was shown that these two rate constants of the same reaction in the Asp38Glu 

mutant are similar, where activation free energies of the first and second steps were estimated 

to be 13.9 and 13.7 kcal/mol (at 25 °C), respectively. This study further showed that the 

activation enthalpy of the first step (7.6 kcal/mol) is much lower than that of the second step 

(15.5 kcal/mol). Rate constants of the individual proton transfer steps in the Tyr14Phe, 

Asp99Leu, and Tyr55Phe mutants have not been reported. 

 In a theoretical study27, the same native KSI reaction was analyzed by molecular dynamics 

(MD) simulations with a two-state empirical valence bond (EVB) potential and the potential 

of mean force. Rate constants of each proton transfer step of the reaction catalyzed by WT 

KSI and its Tyr14Phe and Asp99Leu mutants were calculated. This study showed that the 

rate constants of the first and second proton transfer steps of the forward reaction in the WT 

are very similar. Furthermore, the rate constant of the first proton transfer is significantly 

decreased by the Tyr14Phe and Asp99Leu mutations whereas the rate constant of the second 

proton transfer is increased by these mutations. It is thus indicated that the main cause for the 

decrease in the experimental rate constants due to the Tyr14Phe and Asp99Leu mutations is 

lowered rate constants of the first proton transfer step. In theoretical studies26,27, structural 

features of the WT were also analyzed, and hydrogen bond distances from the substrate to 

Tyr14, Asp99, and Tyr55 and a hydrogen bond distance between Tyr14 and Tyr55 were 

calculated. This analysis showed that, similarly to the substrate-Tyr14 and substrate-Asp99 
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hydrogen bonds, the Tyr14-Tyr55 hydrogen bond was strengthened during the first proton 

transfer steps and weakened during the second proton transfer. The substrate does not form a 

hydrogen bond with Tyr55 during either of these steps. It is clear from these and earlier 

studies that Tyr14 and Asp99 catalyze the reaction by stabilizing the negative charge on the 

substrate oxygen that is built up during the formation of the intermediate. The hydrogen bond 

analysis indicates that the rate enhancing effect of Tyr55 can be explained by the 

strengthening of hydrogen bond to Tyr14 during the first proton transfer. However, it has 

been suggested that the main catalytic contribution of Tyr55 comes from the positioning of 

Tyr14 for hydrogen bonding to the substrate oxygen 17. 

 Together with the experimental study, the theoretical studies show that not only Tyr14 and 

Asp99 but also Tyr55 are important for the catalysis of the initial proton transfer step of the 

native KSI reaction. However, also other residues may be of importance for reducing the 

reaction rate of this step. 

 Generally, the importance of particular residues in enzymatic reactions has been analyzed by 

site-directed mutagenesis. It takes a lot of time to generate mutants by experimental means. 

Similarly, the computational time increases linearly with the number of mutations in a 

theoretical analysis. Consequently, the number of mutants often has to be limited, and only a 

few residues located at positions adjacent to or close to a substrate are targeted for mutation. 

Hence, it is easy to miss key residues that are located outside the direct vicinity of the 

substrate. Additionally, it is known that different mutations can give different effects on an 

enzymatic reaction; in the case of the KSI isomerization, the decrease in the rate constant 

caused by the Tyr14Phe mutation is about 2 orders of magnitude larger than the decreases 

caused by the Tyr14Ala and Tyr14Gly mutations.18 It was suggested that substituting Tyr14 

with smaller residues results in the formation of a water cavity that stabilizes the negative 
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charge on the substrate oxygen via hydrogen bonds.18 This example shows that it is not 

always straightforward to analyze the catalytic contributions of individual residues using site-

directed mutagenesis. An alternative is to delete the residues, one by one, from the structure 

in order to evaluate their function. Experimentally, this is applicable only to residues of N- 

and C-termini, because deletion of residues of middle regions, where active sites of enzymes 

are usually located, destroys the structures and functions of proteins. On the other hand, these 

problems can be overcomed in theoretical modeling by freezing the structure to that of the 

native enzyme. Still, deletions are time consuming and computationally demanding to 

analyze theoretically, e.g. if one wants to analyze the effect of deletions on a kinetic rate 

constant it would be necessary to do at least two computations (reactant and transition state) 

for each deletion to analyze. Thus, the computational time increases essentially linearly with 

the number of deletions. Furthermore, in a quantum chemical study deletions of covalently 

bonded residues can create problems due to the necessity to break bonds. In this study we 

will demonstrate that it is possible to overcome these problems by using the fragment 

molecular orbital (FMO) method29-32.  

 The FMO method is an approximate molecular orbital (MO) method for calculating large 

molecules with thousands of atoms. It is known that conventional MO and FMO calculations 

give almost identical results when used at the same theoretical level and that the 

computational cost of an FMO calculation for a large molecule is much lower than that of an 

MO calculation for the same system.33,34 The FMO method has been applied to biomolecular 

systems aiming at better understanding of biological phenomena including enzymatic 

reactions35-38 and at rational drug design etc.. In many FMO studies, binding modes of 

protein-small molecule (ligand or substrate), protein-protein, and protein-nucleic acid 

complexes have been investigated by analyzing mostly the following energy aspects: binding 

energies and energies of interactions between components of the complexes (for example, 
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residue-residue interactions) at the molecular, atomic, and orbital levels.39 Based on the data 

on these energy aspects, amino acid residues or nucleic acid bases which are important in the 

binding modes can be found. However, key residues that are important in accelerating 

reactions in enzymes may not be found by these types of approaches, because binding 

energies and interaction energies may not correlate well with activation energies, which are 

related to reaction rates.  

 In our FMO approach, we use an original form of an active site model and its deletion forms 

in which particular residues are virtually deleted, and we calculate the energies, such as 

activation energies, heats of reaction, etc., of the original form and the deletion forms by 

using only one active site model of WT KSI. This approach enables us to evaluate individual 

contributions of many residues to the catalytic efficiency simultaneously, and does not 

require an initial guess of which residues are most likely to influence the catalytic efficiency. 

In order to examine the reliability of this new approach, we estimate the rate enhancing 

effects of the catalytic residues, and compare them to available experimental and theoretical 

rate constants obtained for the similar KSI proton abstraction. In addition, we apply another 

approach which is based on the conventional MO method to see if the same key residues can 

be identified by the MO and FMO approaches and to demonstrate the rationality of the FMO 

approach. In the MO approach, we build several small active site models, and compare their 

properties to the properties of a large active site model. This approach is applicable to the 

cases like the KSI proton abstraction, where one can guess a few key residues so as to build 

several small active site models. Otherwise, numerous models of small and medium sizes 

would be needed, and a lot of time to perform MO calculations for the models would be 

required. Through this study, we demonstrate that our novel FMO approach is powerful for 

rationally identifying the influence of individual residues on the enzymatic reaction, and 
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suggest that this approach can be useful in identifying key residues in other enzymatic 

reactions.   
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Methods 

MO Calculations 

 Conventional Kohn-Sham density functional theory (DFT)40 calculations were performed for 

five small and one large active site models (Figure S1). The one large model (Model6), which 

consists of the substrate (cyclopent-2-enone), the general base (Asp38), and ten surrounding 

residues including Tyr14, Asp99, and Tyr55 was built using the X-ray crystal structure of 

Pseudomonas testosteroni KSI (PDB code 1QJG)16 in the previous theoretical study11, and 

the five small models (Models 1-5), which consist of the substrate, the general base (Asp38), 

and zero-three surrounding residues (Tyr14, Asp99, and Tyr55), were built using the 

structure of the large model (Model6). In these models, only the side chains of the residues 

were considered and ends of the side chains were capped by an H atom or a CH3 group 

mimicking the backbone. Geometry optimizations were carried out for the active site models 

using the M06-2X functional41 with the 6-31G(d) basis set in the gas phase. In the geometry 

optimizations, two atoms (a C and an H atoms) at the end of each residue were fixed to keep 

the position of the corresponding backbone of the KSI active site, because it is known that the 

KSI has a preorganized active site28 and that the backbone of the KSI active site hardly 

moves during the two proton transfer steps of the isomerization27. Frequency calculations 

were performed for all stationary points to verify that they are minima or transition states. 

Energies were calculated for the optimized structures at the M06-2X/6-311++G(d,p) level in 

the gas phase, water (ε = 78.4), and a nonaqueous solvent, diethyl ether (ε = 4.2). Diethyl 

ether was used to simulate the environment of the protein interior, whose dielectric constant 

(ε) is considered to be low (about 2-5)42-46. Free energies in solution, computed as sums of 

gas phase energies and solvation free energies, were obtained by the polarizable continuum 
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model (PCM)47,48 using the SMD parameterization49. All MO calculations were carried out 

with the Gaussian09 program50.  

FMO Calculations 

 FMO calculations were performed for the large active site model (Model6). Energies were 

calculated for the M06-2X optimized structures using the Grimme’s SCS-MP2 method51,52 

with the 6-31G(d,p) basis set in the gas phase. Diffuse s- and p-functions were added to the 

basis set for anionic oxygen atoms. The substrate-Asp38 pair was assigned as a single 

fragment, and all other residues were assigned as single fragments. All FMO calculations 

were carried out with the PAICS program53.  

 In the proposed approach, we used the deletion forms, where in each a particular residue is 

virtually deleted from the model system. To obtain the energy of the deletion form, the 

energy of the residue targeted for deletion and the energies of all the interactions between this 

target residue and the remaining components of the model system were subtracted from the 

total energy of the model system. The deletion form corresponds to a special mutant in which 

a mutated residue does not interact with other residues and a substrate. This leads to a 

straightforward method for identifying the key residues of a native enzyme. The energy of the 

deletion forms can be calculated by taking advantage of the FMO procedure, which divides a 

large molecule into small fragments. It is not possible to obtain the energy of a deletion form 

by the regular MO theory in the case where the deleted residue is covalently bonded to other 

parts of the model system.  

 The energy of the deletion form was defined as follows using the FMO description of the 

total energy of a system. When a system is divided into N fragments, the total energy of the 

system (Etotal) is expressed with the energies of a fragment (EI) and a fragment pair (EIJ), 

which include the environmental electrostatic potential (ESP),29,30 as  
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where the residue targeted for deletion is assigned as fragment I.  

 In this study, the energies of R, TS, and INT of the original (no deletion) form and the ten 

deletion forms of the model system, that is 33 different energies in total, were obtained from 

the FMO calculations for only the 3 (R, TS and INT) structures of the original form. Using a 

conventional MO approach, calculations for 33 structures would be needed to obtain the 33 

different energies. Thus, significant saving of computational time was obtained by the FMO 

approach.  

 To estimate the individual energy contributions of the residues to the reaction, the energies 

of TS and INT relative to the energy of R, which are the activation energy (ΔE‡) and the heat 

of reaction (ΔE), respectively, were calculated for the each deletion form, and were compared 

to those energies of the original form. In order to relate computed energies to kinetic rate 
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constants we applied the transition state theory54,55. According to this theory, the rate constant 

(k) for a reaction is given as  

RT
H

R
S

BRT
G

B ee
h
Tk

e
h
Tk

k
‡‡‡ Δ−ΔΔ−

== κκ , 

where κ is the transmission coefficient (κ ≈ 1), h is the Planck constant, kB is the Boltzmann 

constant, T is the thermodynamic temperature, R is the gas constant, ΔG‡ is the activation free 

energy, S‡ is the activation entropy, and ΔH‡ is the activation enthalpy. In our calculations, 

the activation energies (ΔE‡) that we obtain for the deletion forms do not include effects due 

to zero-point vibrations and enthalpy and entropy corrections, and thus the ΔE‡ are not 

directly comparable to ΔH‡  or ΔG‡. However, it can be expected that such effects show small 

variations upon deletions or mutations, and thus that the relative values ΔΔE‡ and ΔΔG‡ 

should be comparable. The entropic contributions to the free energies are assumed to be 

relatively small, since it is known that KSI has a preorganized active site28 and that the KSI 

active site exhibits highly restricted motion during the two proton transfer steps of the 

isomerization27.  
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Results and Discussion 

Results from MO Calculations 

 Geometry optimizations of the reactant state (R) and intermediate state (INT), where the 

substrate adopts the enone and enolate forms, respectively (Figure 1), were carried out for the 

five small active site models (Models 1-5) (Table 1, Figure S1). In the case of Model1, which 

consists of only the substrate and the general base (Asp38), a stable INT structure was not 

obtained, since all attempts at optimizing the enolate form resulted in transfer of a proton 

from Asp38 to the substrate and formation of the enone form. For Models 2-5, stable INT 

structures, as well as stable R structures, were obtained (Figure S2), though the substrate 

adopts an enol form instead of the enolate form in the INT structure for Model3 due to 

transfer of a proton from Asp99 to the substrate. This indicates that Tyr14 hydrogen bonded 

to the substrate is needed to stabilize the enolate form in INT. Geometry optimizations of the 

transition state (TS) were carried out for Models 2-5, and their TS structures were obtained 

(Figure S2). Optimized structures of R, TS, and INT for Model6 (Figure S2) were taken from 

the previous theoretical study11.  

 The relative energies (Table 1) of Model2 and Model3 show that Tyr14 and Asp99 have 

similar effects on the stabilization of TS, and that the effect of either Tyr14 or Asp99 is not 

sufficient to make INT more stable than R. The INT of Model3 is more stabilized than that of 

Model2, which most likely is an effect of the proton transfer in Model3. The combined effect 

of the two residues in Model4 stabilizes TS and INT further, and results in INT being higher 

in energy than R by only 0.6 kcal/mol. The calculations on Model5 show that also Tyr55 has 

a substantial effect on the stabilization of TS and INT, and with the inclusion of Tyr55 INT 

becomes more stable than R by -3.6 kcal/mol, even though there is no hydrogen bond 

between Tyr55 and the substrate. The observed effects are most probably due to the hydrogen 
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bond between Tyr55 and Tyr14, which becomes stronger along the reaction coordinate. The 

relative energies of TS and INT for Model5 are similar to those for Model6, indicating that 

the remaining active site residues have minor effects on the catalytic reaction.  

 Additional analyses of structures and energies were performed for Model5. The hydrogen 

bond distances of Model5 (Figure 2) show that the Tyr14-Tyr55 hydrogen bond, as well as 

the substrate-Tyr14 and substrate-Asp99 hydrogen bonds, is strengthened in TS and INT 

compared to R. This structural feature of Model5 is also seen in Model6, and the hydrogen 

bond distances of Model5 are similar to those of Model6. The relative free energies in 

solution of TS and INT for Model5 (Figure 3) show that TS and INT are more stable in 

diethyl ether than in water. The reason for this is probably that, in contrast to the delocalized 

negative charge of the substrate in TS and INT, the negative charge of Asp38 in R is 

localized and less stabilized in diethyl ether than in water. A similar effect is found for 

Model6, and the relative free energies in solution of TS and INT for Model5 are similar to 

those for Model6.  

 It is thus suggested that the main catalytic effects come from the three residues (Tyr14, 

Asp99, and Tyr55) among the ten residues that were considered in our study. To confirm this 

assumption, we need to estimate the energy contributions from all the ten residues. As we 

will demonstrate, the FMO method is very useful for such an analysis.  

Results from FMO Calculations 

 The FMO calculations were performed for Model6. The relative energies of TS and INT 

calculated by the FMO method at the SCS-MP2 level are similar to those calculated by the 

MO method at the M06-2X level (Figure 4). Due to the favorable scaling of computer time 

with molecular size for the FMO method, the large Model6 could be analyzed using the 

computationally demanding SCS-MP2 method at a reasonable computational cost. The 
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activation energies for the proton abstraction from the substrate (cyclopent-2-enone) are 8.0 

and 7.2 kcal/mol at the SCS-MP2 and M06-2X levels of theory, respectively. According to an 

experimental study20, the activation free energy for the first proton transfer step in the 

reaction of WT KSI with the native substrate (5-androstene-3,17-dione) is 10.3 kcal/mol (at 

25 °C). According to another experimental study21, the Asp38Glu mutant, which is believed 

to react by the same mechanism, has an activation free energy of 13.9 kcal/mol (at 25 °C) and 

an activation enthalpy of 7.6 kcal/mol for the same step. On the basis of the assumption that 

the entropy effects are similar for the two proteins, the activation enthalpy for the WT can be 

estimated to be around 4 kcal/mol. This value is circa 4 kcal/mol lower than our SCS-MP2 

activation energy. However, vibrational effects, and in particular the zero point effect, are 

expected to lower the theoretical barrier further by around 2 kcal/mol. Furthermore, the 

substrate used in our study is slightly different in structure. Thus, there is satisfactory 

agreement between experiment and theory.  

 The interaction energies between the central fragment, which consists of the substrate and 

the general base (Asp38), and the fragments of the surrounding residues were calculated 

(Figure 5). The interactions of Tyr14 and Asp99 with the central fragment are quite strong 

compared to those of the other residues. This is because Tyr14 and Asp99, unlike the other 

residues, are hydrogen bonded to the substrate. The interactions of Tyr14 and Asp99 are 

strengthened as the reaction proceeds. This is consistent with the changes in the hydrogen 

bond distances (Figure 2). The interaction of Tyr55 with the central fragment is relatively 

weak. This is expected, since Tyr55 is hydrogen bonded neither to the substrate nor to Asp38. 

It is noteworthy, though, that the interaction of Tyr55 becomes strengthened as the reaction 

proceeds.  
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 The energies of TS and INT relative to the energy of R were calculated for the original form 

and the deletion forms. The deletions of Tyr14, Tyr55, and Asp99 destabilize TS and INT 

(Figure 6) in line with the observed effects from the MO computations. It should be noted 

though that the deletion of residues results in larger energy changes in the FMO computations 

than in the MO models. This is particular true for the reaction energies (formation of INT), 

where deleting Tyr14 and Asp99 increases the reaction energy by 18.7 and 11.5 kcal/mol, 

respectively in the FMO computations (Table 2). These unphysically large energy differences 

are due to an effect of the lack of structure relaxation in the FMO approach. The deletions 

Tyr14 and Asp99 will significantly affect the structure of the INT intermediate and this will 

result in overestimation of the corresponding INT energies. This effect is particularly large 

for the Tyr14 deletion, where the MO model indicates that the INT exists in the enol form 

and the FMO method uses the unrelaxed enolate structure. The problem is less severe for the 

activation energy, since deletions has a smaller effect on the transition state structure.  

 In contrast to the deletions of the residues Tyr14, Tyr55 and Asp99, the deletion of Phe54 

slightly stabilizes TS and INT (Figure 6). However, this effect is rather small as are the 

effects of deleting other residues (Figure 6). It is thus confirmed that the main energy 

contributions to the catalysis come from the Tyr14, Tyr55 and Asp99 residues.  

 The relative activation energies (ΔΔE‡) of the Tyr14, Tyr55, and Asp99 deletion forms 

calculated by the FMO method were compared to the relative activation free energies (ΔΔG‡) 

of the Y14F, Y55F, and D99L mutants calculated by the transition state theory using the rate 

constants obtained in an MD study27 as well as from an experimental study17 (Table 2). Note 

again that the substrate (cyclopent-2-enone) used in our study is different from the native 

substrate (5-androstene-3,17-dione) used in the other studies. However, the proton abstraction 

reactions for these substrates are similar in the sense that a proton bonded to a carbon atom 
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which is adjacent to the carbonyl group of the cyclic substrate is transferred to Asp38. In 

addition, one should be careful when comparing the uncorrected Born-Oppenheimer 

activation energies with free energies of activation. Still, it is likely that the zero-point 

vibrational effects and the thermal effects (including entropy effects) are similar in the wild 

type and the mutants and thus they should have relatively small effects on the relative 

barriers. 

 We first compare our FMO results with the results of the MD study (Table 2), which refer to 

first proton transfer step of the native reaction. The results of the MD study show that the 

Tyr14Phe and the Asp99Leu mutations lower the activation free energy by 4.9 and 3.4 

kcal/mol, respectively. These results are in relatively good agreement with the corresponding 

deletions with the FMO method that lower the barrier by 5.1 and 4.3 kcal/mol, respectively. 

The results of the experimental study are not directly comparable to our FMO results since 

the experimental activation free energies are computed from the kcat rate constant and refer to 

the overall reaction. However, a comparison can be justified considering that kcat is similar in 

magnitude to k1 and the MD study27 showed that the mutations have a significant effect on 

only the rate constant of the first step. There is also a good agreement in the relative 

activation free energies of the Tyr14Phe and the Asp99Leu mutants between the two studies. 

The experimental results for all three mutants agrees well with the corresponding FMO 

results, though the FMO approach consistently predicts slightly larger effects by 0.7-1.5 

kcal/mol (Table 2). The latter result is most likely an effect of the lack of structure relaxation 

in the FMO approach, as was discussed earlier. It is particularly interesting that the FMO 

approach predicts a relatively large effect of the Tyr55 deletion. It has previously been 

suggested based on structural data that the main effect of Tyr55 is to position Tyr14 for 

hydrogen bonding with the oxygen of the substrate. However, our results rather indicate that 

the catalytic effect of Tyr55 is of electronic character, as the positioning effect is not 
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accounted for by the FMO approach due to the lack of structure relaxation. To our 

knowledge, there has been no previous attempt to quantify the catalytic contribution of Tyr55 

based on theoretical calculations.   
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Conclusions 

 In this study we have presented a new method for evaluating the effects of deleted residues 

on reaction rates and energies of enzymatic reactions using the FMO method. The great 

advantage of using FMO compared to regular MO theory is that it significantly reduce the 

computational effort. The effects of all possible single-deletions on a particular reaction rate 

can be estimated from two single point calculations on the wild-type protein, i.e. one 

calculation on the reactant structure and one on the transition state. In contrast, using regular 

MO theory the wild type calculations would have to be supplemented with two additional 

calculations for each single-deletion. Considering that single-point calculations on large 

systems, which consists of hundreds of atoms, are faster with the FMO method compared to 

regular MO method, the computational savings can become very large and they increase 

linearly with the number of deletions. In addition, the regular MO method cannot, without 

modifications, handle deletions that involve the breaking of covalent bonds.  

 In order to investigate the usefulness of this new approach we have performed MO and FMO 

calculations on the KSI-catalyzed proton abstraction of the cyclopent-2-enone substrate. 

Active site models of differing sizes have been used to analyze the catalytic effects of a few 

selected residues with conventional MO theory. In the FMO calculations we have used a 

large active site model to simultaneously investigate the effects of all possible single 

deletions. The data from both MO and FMO calculations indicate that not only Tyr14 and 

Asp99, which form hydrogen bonds with the substrate, but also Tyr55, which does not form a 

hydrogen bond with the substrate, are the key residues for stabilization of TS and INT in the 

proton abstraction. Moreover, the data from the FMO calculations clearly show that Tyr14, 

Asp99, and Tyr55, in this order, are important in the stabilization of TS and INT, and that the 

main catalytic effects come from these three residues among the ten residues which were 
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considered in this study. The relative activation energies for the different deletions are in 

good agreement with relative activation free energies for substitution mutants involving the 

same residues that were analyzed in an experimental study of the native reaction. It is 

particularly interesting that the FMO study reproduces the effect of mutating the Tyr55 

residue considering that this residue is not directly interacting with the substrate, and since it 

has been suggested that the main effect of Tyr55 is to position Tyr14 for forming a hydrogen 

bond to the substrate. The latter is an effect that is not considered by our FMO approach. 

Thus, our calculations have provided physical insight into the catalytic function of Tyr55.  

 This study has demonstrated that our new approach, which is based on the FMO method, is 

useful for quantitatively evaluating the individual contributions of many residues to the 

enzymatic catalysis at the same time. This rational evaluation cannot be done by either the 

conventional MO method or site-directed mutagenesis. It could be argued that the kind of 

analysis we have presented is of limited value for rational design, since this study has 

provided little information on how to improve the catalytic efficiency of the enzyme. After 

all, the deletions that had significant effects in all cases raised the activation energy. 

However, it should be remembered that this is a reaction that is optimized by evolution and it 

is expected to be very difficult to improve the catalytic properties of the enzyme. The new 

method may be useful when attempting to change the reaction-specificity of an enzyme and 

for improving the catalytic efficiency of promiscuous reactions.  
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Figure 1. Proton abstraction catalyzed by KSI. The substrate, the general base (Asp38), and 

three surrounding residues (Tyr14, Asp99, and Tyr55) in the reactant state (R) and the 

intermediate state (INT) are displayed. The substrate changes from cyclopent-2-enone (in R) 

to cyclopenta-1,4-dienolate (in INT) by the proton (H in red) abstraction. 
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Figure 2. Optimized structures of R, TS, and INT obtained for Model5 at the M06-2X/6-

31G(d) level by the MO method. Hydrogen bond distances (in Å) between the substrate O 

atom and the Tyr14 H atom, between the substrate O atom and the Asp99 H atom, and 

between the Tyr14 O atom and the Tyr55 H atom calculated for Model5 and Model6 (in 

parentheses) are shown. The transferring proton is marked with a blue circle. 
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Figure 3. Free energy diagram along the intrinsic reaction coordinate of Model5 and Model6 

(in parentheses) in diethyl ether (red) and water (blue) obtained at the (SMD-PCM)-M06-

2X/6-311++G(d,p) level by the MO method. Gas phase free energy corrections due to 

translation, rotation and vibration are not included. 
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Figure 4. Energy diagram along the intrinsic reaction coordinate of Model6 in the gas phase 

obtained at the SCS-MP2/6-31G(d,p) level by the FMO method and at the M06-2X/6-

311++G(d,p) level by the MO method (in parentheses).  
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Figure 5. Interaction energies between the fragment of the substrate-Asp38 pair and the 

fragments of the surrounding residues calculated at the SCS-MP2/6-31G(d,p) level by the 

FMO method.  
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Figure 6. Energies of TS (red) and INT (blue) relative to energies of R (black) for the 

original form and the deletion forms calculated at the SCS-MP2/6-31G(d,p) level by the 

FMO method. No residue is deleted in the original form (the first data points), and the listed 

residues are deleted in the deletion forms. The relative energies of TS and INT of the original 

form are indicated with red and blue dotted lines, respectively.  
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Table 1. Energies of TS and INT Relative to Energies of R for the Model Systems 

  
      TS       INT 

model contents        ΔE‡a       ΔEa 

Model1 substrate, Asp38          —b          —b 
Model2 substrate, Asp38, Tyr14 10.8 8.6 
Model3 substrate, Asp38, Asp99 10.5 5.3 
Model4 substrate, Asp38, Tyr14, Asp99 7.4 0.6 
Model5 substrate, Asp38, Tyr14, Asp99, Tyr55 5.9 -3.6 
Model6 substrate, Asp38, 10 surrounding residues 7.2 -3.0 

 
aThe relative energies (in kcal/mol) were calculated at the M06-2X/6-311++G(d,p) level by 

the MO method. bThe relative energies of TS and INT for Model1 are not listed, because the 

stable TS and INT structures were not obtained for Model1.  
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Table 2. Theoretical Activation Energies (ΔE‡), Heats of Reaction (∆E), and Relative 
Activation Free Energies (ΔΔG1

‡) for the Initial Proton Transfer Step, and Experimental 
Relative Activation Free Energies (ΔΔGcat

‡) for the Overall Reaction in KSI 

This work 
cyclopent-2-enone substrate 

Previous studies 
native substrate 

 
TS INT 

 
TS 

deleted residue    ΔE‡a    ΔΔE‡b    ΔEa    ΔΔEb enzyme ΔΔG1
‡c ΔΔGcat

‡d 

No deletion 8.0 0.0 -4.2 0.0 WT 0.0 0.0 
Tyr14 13.1 5.1 14.5 18.7 Tyr14Phe 4.9 4.4 
Tyr55 10.1 2.1 2.2 6.4 Tyr55Phe   ‒ 1.1 
Asp99 12.3 4.3 7.3 11.5 Asp99Leu 3.4 2.8 

 
aΔE‡ and ΔE (in kcal/mol) were calculated for the original (no deletion) form and the Tyr14, 

Tyr55, and Asp99 deletion forms with the cyclopent-2-enone substrate at the SCS-MP2/6-

31G(d,p) level by the FMO method. bΔΔE‡ and ΔΔE are relative to the ΔE‡ and ΔE of the 

original form, respectively. c∆G1
‡ (in kcal/mol) were calculated for WT KSI and its Tyr14Phe 

and Asp99Leu mutants with the native substrate (5-androstene-3,17-dione) by the transition 

state theory using the rate constants for the initial proton transfer step obtained from MD-

EVB-simulations (k1 = 1.7 × 105, 44, and 5.7 × 102 (s-1), respectively, at 25 °C)27. ΔΔG1
‡ are 

relative to the ΔG1
‡ of WT. d∆Gcat

‡ (in kcal/mol) were calculated for WT KSI and its 

Tyr14Phe, Tyr55Phe, and Asp99Leu mutants with the native substrate (5-androstene-3,17-

dione) by the transition state theory using the experimental rate constants for the overall 

reaction (kcat = 21230, 13.3, 3510, and 220 (s-1), respectively, at 25 °C)17. ΔΔGcat
‡ are relative 

to the ΔGcat
‡ of WT.  
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