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Abstract 
 

 

Quantum chemical studies of enzymatic reactions are able to provide detailed insight 
into mechanisms and catalytic strategies. The energetic feasibility of proposed 
mechanisms can be established, and new possible reaction pathways can be put 
forward.  The role of the involved active site residues can be analyzed in detail and the 
origins for experimentally observed selectivities can be investigated. Density 
functional theory (DFT), in particular the hybrid functional B3LYP, is the method of 
choice in this kind of studies. 
In this thesis, the reaction mechanisms of several enzymes have been explored using 
the B3LYP functional. The studied enzymes include limonene epoxide hydrolase 
(LEH), soluble epoxide hydrolase (sEH), haloalcohol dehalogenase (HheC), and 
nitrile hydratase (NHase). Transition states and intermediates along various reaction 
pathways were optimized and evaluated.  
For the three epoxide-transforming enzymes, the role of the proposed catalytic 
residues could be confirmed. Analysis of in silico mutations helped to quantify the 
effect of various functional groups on the barriers and regioselectivities of epoxide 
opening. A detailed analysis of the factors governing the enzymatic regioselectivities 
is given.  
For nitrile hydratase, various putative first- and second-shell mechanisms have been 
studied. Active site models based on both the Co(III)-NHase and the Fe(III)-NHase 
were employed. The studied mechanisms include general base-catalyzed reaction 
pathways with water as nucleophile as well as two pathways involving cysteine-
sulfenate as nucleophile. Several computed mechanisms exhibit similar barriers, 
making it difficult to pinpoint the true NHase mechanism.   
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Chapter 1    

Introduction 
 

 

 

Enzymes are complex macromolecules that function as catalysts for diverse 
biochemical reactions. There is significant interest in understanding the details of 
enzymatic processes in order to explain observed rates and selectivities and to 
improve or alter catalytic activities. Enzymes are increasingly employed as 
biocatalysts in industrial processes and a thorough understanding of their reaction 
mechanisms can help to improve reaction conditions. If the role of the various active 
site residues is well understood, possible mutations can be suggested that will alter 
selectivities and reaction rates. Furthermore, knowledge about the geometrical 
features of the involved transition states can be used to design enzymatic inhibitors.  
 
Theoretical modeling of enzymatic reactions is a very useful approach to obtain deep 
and detailed insight into a given reaction pathway. However, enzymatic mechanisms 
often involve concerted action of multiple functional groups, including amino acids, 
organic cofactors, metals, and water molecules. Modeling of an enzymatic reaction 
thus is not straightforward and requires careful consideration of chemical, 
methodological, and technical aspects. One approach that has been applied 
successfully for many enzymatic reactions involves quantum chemical modeling of 
enzymatic active sites. The active site models include the residues involved in 
substrate binding and conversion, but the effect of the remaining part of the enzyme is 
approximated by employing continuum solvation models. The preferred method for 
studying quantum chemical active site models is density functional theory (DFT) and 
in particular the hybrid functional B3LYP. With B3LYP and the computational 
resources of today, active site models of more than 100 atoms can be treated at 
reasonable speed and accuracy. This allows detailed analysis of enzymatic properties 
and reaction mechanisms.  
 
In this thesis, density functional theory studies of several enzymatic reactions will be 
presented. The studied enzymes include two epoxide hydrolases, a haloalcohol 
dehalogenase, and two variants of the metalloenzyme nitrile hydratase (Table 1.1). 
The two epoxide hydrolases catalyze conversion of epoxides into vicinal diols through 
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very different mechanistic pathways. Limonene epoxide hydrolase employs a 
concerted, general acid/general base-catalyzed mechanism with intriguing 
regioselectivity. The human soluble epoxide hydrolase instead exhibits a stepwise 
mechanism, in which the substrate is covalently linked to an active site residue. The 
haloalcohol dehalogenase catalyzes both epoxide-opening and epoxide-forming 
reactions. The azidolysis, cyanolysis, and dehalogenation reactions of HheC will be 
discussed here. For all three epoxide-transforming enzymes, both reaction 
mechanisms and regioselectivities have been studied in detail. The active site models 
are able to explain experimental results and give deeper insight into the factors 
governing enzymatic regioselectivity.  
The nitrile hydratases (NHases) are metalloenzymes that transform nitriles into 
amides. They have peculiar active sites, harbouring low-spin metals with very unusual 
ligands, including cysteine-sulfenic and cysteine-sulfinic acid. Their reaction 
mechanism is unknown, although a number of proposals have been put forward. We 
have investigated a variety of possible first- and second-shell mechanisms 
theoretically. These include general base-catalyzed reactions with water as 
nucleophile, as well as two pathways involving cysteine-sulfenate as nucleophile.     
Before the results of the quantum chemical studies are presented, a brief outline of 
DFT and B3LYP (Chapter 2) and the computational approach (Chapter 3) is given. 
The epoxide-transforming enzymes are discussed in Chapter 4, followed by the 
nitrile hydratases in Chapter 5. Chapter 6 provides some conclusions, followed by 
the References and the included Papers I-VIII.  

Table 1.1 Enzymes and reactions studied in this thesis.  

Enzyme  Organism Reaction(s) 

1. Limonene Epoxide Hydrolase R. erythropolis DCL14 

2. soluble Epoxide Hydrolase Homo sapiens 

R1 OHO

R2R1
OH R2

H2O

3. Haloalcohol Dehalogenase    
    HheC  

A. radiobacter AD1 
 

O

R

OH

Nu R

OH

Cl R

O

R-HCl

Nu = N3
-/CN-, H+

4. Fe(III)-Nitrile Hydratase  R. erythropolis N-771 

5. Co(III)-Nitrile Hydratase     P. thermophila JCM3095

O

C NR C
NH2R

H2O
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Chapter 2    

DFT and B3LYP 
 

 

 

Properties and energies of molecules can be analyzed quantum mechanically by 
employing different methods. Traditional ab initio methods involve obtaining a wave 
function describing the system. However, for large molecules this approach becomes 
computationally very demanding. An alternative approach for determining molecular 
properties is based on employing density functional theory (DFT). In DFT, the 
properties of the system are extracted from the electronic density. The work presented 
in this thesis has been performed with the hybrid DFT method B3LYP. A brief 
discussion of DFT and B3LYP will be given here.a  
 
 
2.1 The Hohenberg-Kohn Theorems  
Employing the electron density to extract information about a given system can appear 
physically more intuitive than a wave-function based approach. However, it is not 
obvious that there is a unique relationship between the electron density of a system 
and its properties. In 1964, Hohenberg and Kohn published a paper, in which they 
presented a density functional for the ground state energy of an electron gas in an 
external potential.4 In their paper, Hohenberg and Kohn included two fundamental 
proofs, which now are referred to as the Hohenberg-Kohn Theorems. The first 
theorem shows that the ground state electron density ρ(r) of a system uniquely 
determines the external potential, v(r)b. The proof for this is obtained by showing that 
it is impossible that two different external potentials can correspond to the same 
ground state density.4 In their paper, Hohenberg and Kohn conclude:  
 

Thus v(r) is (to within a constant) a unique functional of ρ(r); since, in turn, 
v(r) fixes H [the Hamiltonian] we see that the full many-particle ground state 
is a unique functional of ρ(r).4 c  

 

 
a For a more comprehensive discussion of quantum chemical methods and DFT, refer to Koch and 
Holthausen1, Cramer2 or Jensen3. 
b The external potential includes applied fields and for molecules, the electrostatic potential provided by 
the nuclei. 
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The second Hohenberg-Kohn theorem shows that the density-dependent functional 
obeys the variational principle. This implies that any calculated energy is always 
higher than or equal to the true ground state energy.4 These theorems laid a rigorous 
foundation for DFT as it is known today. 

 
2 .2 The Density Functional 
The Hohenberg-Kohn theorems allow us to write the energy of a given system as a 
functional of the density. The density-dependent functional for the total electronic 
energy (Etot) can be written as1: 
 
(2.1)     Etot[ρ] = T[ρ] + Vee[ρ] + Vne[ρ] 
 
where ρ is the electron density, T is the kinetic energy of the electrons, Vee is the 
electron-electron repulsion, and Vne is the nuclear-electron attraction. The first two 
parts of (2.1) are independent of the nuclear positions and can be grouped together 
into the density functional F[ρ]:  
 
(2.2)     Etot[ρ] = F[ρ] + Vne[ρ] 
 
If one could obtain the precise F[ρ], one would operate with exact DFT. However, 
exact determination of F[ρ] is not straightforward, which was already realized by 
Hohenberg and Kohn: 
 

“If F[ρ] were a known and sufficiently simple function of ρ, the problem of 
determining the ground-state energy and density in a given external potential 
would be rather easy since it requires merely the minimization of a functional 
of the three-dimensional density function. The major part of the complexities 
of the many-electron problems are associated with the determination of the 
universal functional F[ρ].” 4  c 

 
Early attempts to approximate F[ρ] were not particularly successful. Kohn and Sham 
realized that the failure of certain density functionals is in large part due to the way the 
kinetic energy of the electrons is calculated.1 They developed an orbital-based scheme 
in which the total kinetic energy (T) is divided into two parts, the kinetic energy (TS) 
of a non-interacting system of N electrons (with the same density as the real 
interacting system) and a residual part, TC (which is the part missing to accurately 
describe the real interacting system) 

5:   

                                                 
cIn the original notation by Hohenberg and Kohn, the density was referred to as n. This has been 
replaced with ρ here, for sake of clarity.  
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(2.3)     T[ρ] = TS[ρ]  + TC[ρ] 
 
The second part of the F[ρ] functional, the electron-electron repulsion (Vee), can also 
be divided into two parts: the classical Coulomb interaction (J) and a non-classical 
part containing correlation and exchange (Encl): 
 
(2.4)     Vee[ρ] = J[ρ]  + Encl[ρ]   
 
With this approach, the F[ρ] functional can be written as:  
 
(2.5)     F[ρ] = TS[ρ] + J[ρ] + EXC[ρ]  
 
where EXC is the exchange-correlation functional, which combines the residual part of 
the kinetic energy TC[ρ]  and the correlation and exchange part Encl[ρ]. The total 
energy can now be written as:  
 
 (2.6)     Etot[ρ]  = TS[ρ] + J[ρ] + Vne[ρ]+ EXC[ρ] 
 
The first three terms, the kinetic energy of the non-interacting system, the classical 
Coulomb repulsion, and the nuclear-electron attraction can be calculated explicitly. 
The exchange-correlation term, EXC[ρ], incorporates all unknown contributions to the 
total energy. The quest of density functional theory is to accurately describe EXC[ρ].   

   
2 .3 Approximating the Exchange-Correlation Functional   
One approach to calculate the exchange-correlation energy is based on assuming that 
the density only varies slowly and locally can be treated as a homogenous electron 
gas.3 This is referred to as the Local Spin Density Approximation (LSDA).2 The 
exchange energy of an uniform electron gas can be computed exactly.2 Different 
functionals have been developed to compute the correlation energy in the uniform gas 
model. One popular correlation functional is the Vosko-Wilk-Nusair (VWN) 
functional.6 However, while the assumed homogenous electron distribution works 
well for certain systems, it is not useful for most molecules, where the electron 
distribution is far from uniform.2  

  
A major improvement to LSDA was the introduction of the Generalized Gradient 
Approximation (GGA), which considers not only the density in a given point, but also 
its derivative.2 Becke has introduced a gradient-corrected functional for the exchange 
energy referred to as B88.7 The B88 functional contains one semi-empirical 
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parameter, which was fitted to the Hartree-Fock exchange of six noble gas atoms 
(helium through radon).7 A popular gradient-corrected correlation functional has been 
developed by Lee, Yang, and Parr, and is referred to as LYP.8 The combination of 
B88 and LYP results in the widely used BLYP functional.1 Becke argued that further 
improvement to the GGA scheme could be achieved if a certain amount of exact 
Hartree-Fock exchange is also included in the functional.9 This leads to the so-called 
hybrid functionals. One popular hybrid functional is B3LYP, which has been 
employed for the work in this thesis.  

 
2 .4  B3LYP 
The B3LYP functional incorporates the correlation and exchange functionals 
introduced above, B88, LYP, and VWN.6,7,8 In addition, 20% exact HF exchange is 
included:  
 
(2.7)      VWN

C
LYP
C

B88
X

HF
X

LSDA
X

B3LYP
XC c)E(1E cE bE aa)E(1E −++++−=

 
The coefficients a = 0.20, b = 0.72 and c = 0.81 were taken from the B3PW91 hybrid 
functional.1,9 Their values were optimized for B3PW91 through a linear least-square 
fit to 116 experimentally determined energies (56 atomization energies, 42 ionization 
potentials, 8 proton affinities, and 10 first-row total atomic energies).9    

 
2 .4.1  Performance of B3LYP 
Various benchmark tests have been performed with B3LYP to establish its accuracy 
with respect to geometries and energies. Before these will be discussed in detail, a few 
words on basis sets are necessary. 
 
2 .4.1.1  Basis Sets 
The accuracy of a calculation depends not only on the method but also on the basis set 
that is employed. The basis set is a set of functions to describe the molecular orbitals. 
Most basis sets in use are composed of contracted Gaussian functions (Gaussians). If a 
single basis function is used for each orbital, this is referred to as a minimal basis set. 
The most used basis sets have a single contracted basis function for the core orbitals, 
while the valence orbitals are described by several basis functions (these are referred 
to as split-valence basis sets). Additionally, diffuse and polarization functions might 
be added to allow for more flexibility. This is for example required to describe 
polarized bonds well. A typical basis set employed in geometry optimizations in this 
thesis is the Pople double-ζ basis set 6-31G(d,p). Here there is one basis function for 
core orbitals (composed of 6 Gaussians) and two functions for the valence orbitals, 
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composed of respectively 3 and 1 Gaussians. Additionally, there are p functions added 
on hydrogen and d functions on heavy atoms to describe polarization.  
In calculations on metals, one often describes the core orbitals by an Effective Core 
Potential (ECP) instead of explicit Gaussians. One such basis set that has been used 
here is LANL2DZ, which corresponds to the double-ζ basis set D95V on first row 
elements, and the Los Alamos ECP plus DZ on elements beyond.  
In general, increasing the basis set will increase the accuracy of a calculation. At some 
point, a convergence with respect to the basis set may be achieved, i.e. further increase 
does not result in improved results.3 For geometry optimizations, double-ζ basis sets 
often yield sufficiently good results.10 For energies, larger basis are required and 
typically triple-ζ basis sets with diffuse and polarization functions are employed.10,11   

 
2 .4.1.2  B3LYP Accuracy on Geometries 

The accuracy of B3LYP in regard to structural parameters has been evaluated on 53 
molecules from the G2 test set.10 This set comprises 71 bond lengths, 26 bond angles, 
and 2 dihedral angles. The mean absolute errors at the B3LYP/6-31G(d) level of 
theory are 0.013 Å for bond lengths, 0.62º for angles, and 0.35º for dihedral angles.10 
The errors in bond lengths and angles were slightly reduced if a larger basis set was 
used. At the B3LYP/6-311+G(3df,2p) level of theory, the average errors were 0.008 Å 
for bond lengths and 0.61º for angles. Increasing the basis set also resulted in an 
increased error for the dihedral angles of 3.66º. However, as only two dihedral angles 
were included in the test set, the result should be evaluated with caution.10 The overall 
results indicate that B3LYP has good accuracy in respect to geometrical parameters, 
already with a medium-sized basis set.     

 
2 .4.1.3  B3LYP Accuracy on Energies 

The accuracy of B3LYP with respect to various absolute and relative energies has 
been evaluated. Atomization energies for 41 molecules, 26 diatomics from the G2 test 
set plus 15 other molecules, yielded an average error of 2.2 kcal/mol at the B3LYP/6-
311+G(3df,2p) level.10 Atomization energies calculated with B3LYP/6-311+G(3df,2p) 
for the entire G2 set (55 molecules) showed the same average error, 2.2 kcal/mol, 
independent if geometries were optimized with a medium or large basis set.11  
An extensive evaluation has been done by Curtiss et al., who tested a number of 
density functionals on the G3/05 test set.12 This set includes 454 energies, all of which 
have experimental uncertainties less than ±1 kcal/mol. The computed results are based 
on single-point B3LYP/6-311+G(3df,2p) energies at MP2/6-31G(d) geometries with 
scaled (0.89) HF/6-31G(d) zero-point energies. Table 2.1 shows that B3LYP achieves 
high accuracy for certain energies in the G3/05 set such as proton affinities, while it 
performs less well for enthalpies of formation.  
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Table 2.1 Mean Absolute Deviation (kcal/mol) of B3LYP on the G3/05 set.12  

Energies (# of test-set energies)         Mean Absolute Deviation 

Enthalpies of formation (270) 4.63 
Ionization energies (105) 3.83 

Electron affinities (63) 2.99 

Proton affinities (10)  1.39 

Hydrogen-bond strength (6) 1.19 

All (454) 4.11 
 
 
The work in this thesis involves transition state optimizations and investigation of 
reaction barriers. It is thus of particular interest how B3LYP performs in this respect. 
A number of benchmarks have been performed, mostly on small organic reactions. 
Kang and Musgrave have investigated a variety of hydrogen atom transfer and non-
hydrogen abstraction reactions.13 Optimizations and energy determinations were 
performed at the B3LYP/6-311+G(3df,2p) level and include zero-point vibrational 
effects. The barriers of 29 hydrogen-atom transfer reactions were compared to 
experimental valuesd, resulting in a mean absolute deviation of 3.3 kcal/mol for 
B3LYP.13 For all except two reactions, B3LYP underestimated the barrier. For 11 
non-hydrogen abstraction reactions, comparison to experimental values results in a 
mean absolute deviation of 4.2 kcal/mol for B3LYP.13 For seven of these, the barrier 
was underestimated, while four reactions exhibited an overestimation of the barrier. 
Truhlar and coworkers have studied the barrier heights of 38 hydrogen-transfer 
reactions as well as the forward and backward barriers for 19 non-hydrogen transfer 
reactions (including heavy atom transfer, nucleophilic substitution and association 
reactions). B3LYP exhibited mean errors of 4.3 and 4.2 kcal/mol, respectively 
(B3LYP/MG3S energies were determined on QCISD/MG3 geometries).14 A 
systematic underestimation of barriers by B3LYP was observed.   
For 9 pericyclic reactions, the enthalpies of activation at the B3LYP/6-31G level of 
theory show a mean absolute deviation from predictede ΔH‡ values of 1.7 kcal/mol.15 
 
It can be concluded that the average error of B3LYP on reaction barriers for small 
organic reactions is a few kilocalories per mole. Considering that the parameters of 
this functional were fitted to atomization energies and ionization potentials and not to  

                                                 
d The experimental barriers were corrected for tunneling effects.  
e The predicted ΔH‡ values were derived from experimental ΔH‡ values by subtracting theoretically 
derived thermal corrections. 
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barrier heights, B3LYP performs surprisingly well. Unfortunately, for enzymatic 
reactions, no extensive benchmarks exist. Siegbahn concludes that using B3LYP, the 
error in relative energies of enzymatic reactions is in general about 3 kcal/mol for 
molecules containing first- and second-row atoms.16 For systems involving transition 
metals, the error appears to be larger, but rarely more than 5 kcal/mol.16 As two of the 
enzymes studied in this thesis harbour transition metals (Co(III)-NHase and Fe(III)-
NHase), it is of interest to evaluate the general performance of B3LYP for models 
including transition metals.  

 
2 .4.1.4 Transition Metals and Open-Shell Systems  

The three parameters included in the B3LYP functional were fitted to energies of 
atoms and molecules from the first three rows of the periodic table up to argon. It is 
thus interesting to see how B3LYP performs with heavier elements such as transition 
metals. Yanagiswa et al. have computed the equilibrium distances of 9 homodimers 
from the first transition metal row (Sc to Cu) with B3LYP and the Wachters+f basis 
set (relativistic and ZPV corrections included) and find a mean absolute deviation 
from experiment of 0.164 Å.17 For metal hydrides from this row, the mean absolute 
error in bond lengths is 0.019 Å with B3LYP and the TZVP basis set.18 Geometrical 
parameters of various transition metal compounds (tetraoxides, carbonyl compounds, 
sandwich complexes with Cr, Mn, Fe, Co, Ni, Os, Ru) show mean absolute deviations 
of around 0.01 Å with the 6-31G(d) basis set and 0.02 to 0.04 Å with LANL2DZ.19  
 
While the accuracy of B3LYP in respect to geometrical parameters of transition metal 
complexes appears reasonable, the accuracy on energies seems to be significantly 
reduced compared to the lighter systems studied above. Atomization energies for 9 
transition metal homodimers (Sc to Cu) have a mean absolute deviation of 15.9 
kcal/mol.17 Computed 4s and 3d ionization energies for the first transition metal row 
exhibit a mean absolute deviation of 5.3 kcal/mol, with the Wachters+f basis set.17 4s 
ionization energies for the same set of atoms with the TZVP basis set exhibit a mean 
absolute error of only 1.1 kcal/mol.18 Bond dissociation energies of metal hydrides 
from the first transition metal row have a mean absolute error of 10 kcal/mol, while 
for transition metal methyl and methylene complexes, mean absolute errors of 3.1 and 
3.7 kcal/mol, respectively, are computed.18  
 
Another important aspect concerning transition metal complexes is the correct 
description of the preferred spin state. If the energy gap between a low-spin state and a 
high-spin state is not predicted correctly, this might lead to an incorrect assignment of 
the ground state multiplicity. This can in turn lead to incorrect barriers and reaction 
energies. Harvey notes that pure DFT often overstabilizes low-spin states, while HF 
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theory in general overstabilizes high-spin states.20 Hybrid functionals, composed of 
DFT functionals with a certain amount of HF exchange, appear to exhibit a favourable 
error cancellation.20 However, the performance of B3LYP in assigning the correct spin 
state seems to be case-dependent. Yanagisawa et al. find that the energy gap between 
very different spin states for a number of transition metal complexes is predicted 
incorrectly by B3LYP.17 Ghosh notes that B3LYP is unable to assign the correct spin 
state of different Fe(III) porphyrin complexes.21 Richards and coworkers, however, 
find that B3LYP correctly predicts the different spin state preferences of several 
Fe(III) complexes with nitrogen and sulfur ligands.22 Reiher et al. show that a variant 
of B3LYP incorporating only 15% of HF exchange (referred to as B3LYP*) gives 
better results than the conventional B3LYP with 20% HF exchange.23 However, 
Harvey concludes that while B3LYP* might achieve better spin state splittings, 
description of other properties might be less accurate.20 It appears that no general 
conclusions can be made here. Testing the spin state splitting of a given complex 
using different methods might be helpful to estimate whether the results are stable.    
 
A final remark concerns the concept of spin contamination. Many transition metal 
complexes are open-shell systems, which are computed using unrestricted methods. 
This implies that α and β spins are allowed to occupy different spatial orbitals (in 
contrast to restricted methods, where each spatial orbital is forced to be occupied by 
two electrons).3 Unrestricted calculations can suffer from spin contamination, i.e. 
instead of a pure spin state, a mixture of spin states is obtained. The degree of spin 
contamination is often assessed by computing the expectation value of the S2 operator:  
 
(2.8)    )1S(S2 +=S  
 
where S is the sum of the spins of unpaired electrons. For example, for a doublet (S = 
½) the expectation value should be <S2> = 0.75, while for a triplet (S = 1) it should be 
<S2> = 2.00. While this is a typical method of assessing spin contamination in ab 
initio methods, it is a matter of debate if it can also be employed for DFT functionals 
(because the wave function computed in DFT describes the non-interacting system of 
particles and does not correspond to the true wave function).1 However, the <S2> 
value is nonetheless often considered in DFT calculations to evaluate the degree of 
spin contamination.22 
 

 
2 .4.1.5 Self-Interaction and Near-Degeneracy  

As noted above, B3LYP exhibits good accuracy for systems from the first three rows, 
while for transition metals the error appears to be somewhat larger. It would be of 
interest if one would be able to find ways to improve the performance of B3LYP on 
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relative energies. At this point, there is no systematic way to achieve such an 
improvement. However, certain explicit errors have been recognised, which will 
briefly be addressed below.   
If one computes the Coulomb repulsion of a one-electron system in Hartree-Fock 
theory, a non-zero result is obtained, although such a system obviously cannot exhibit 
any electron-electron repulsion. This is generally referred to as the self-interaction 
error. However, the computed exchange for this system has the same magnitude but 
opposite sign, thus resulting in cancellation of the self-interaction.1 In exact DFT, the 
exact exchange-correlation functional corrects for the introduced error. However, in 
approximate DFT functionals, such as B3LYP, a certain amount of self-interaction 
error remains.1 One consequence of the self-interaction error can be illustrated with 
the dissociation of H2

+. If the H-H bond is stretched, the system converges to a 
delocalized H0.5+ + H0.5+ state, instead of the correct localized H + H+ situation. The 
artificial stabilization of the former state occurs, because the delocalized electron 
exhibits less self-interaction. The error in dissociation becomes as large as 55 kcal/mol 
(B3LYP/6-311+G(d,p) energies without thermal or solvent corrections).24 For larger 
systems, the error is smaller, but still significant. For C6H14

+ the error is computed to 
17.3 kcal/mol.24 Solvent corrections stabilize the localized state and reduce the error 
for C6H14

+ to 5.4 kcal/mol.24   
The delocalization effect can also be assumed to be observed in transition states of 
certain reactions. In the reactants, the separate fragments have an integer number of 
electrons, but as the reaction proceeds to the transition state, some electron transfer 
occurs, resulting in the formation of systems with a fractional number of electrons.25 
The self-interaction error artificially stabilizes the delocalized transition state, leading 
to an underestimation of the barrier. For example, with B3LYP the barrier height for 
the hydrogen abstraction reaction H2 + H → H + H2 is calculated to be 4.1 kcal/mol, 
which is 5.6 kcal/mol lower than the experimental value.26 If the functional is 
corrected for the self-interaction, a barrier of 11.1 kcal/mol is obtained, which is only 
1.4 kcal/mol from the experimental value.26 Also for a set of nine reactions (proton 
transfer, hydrogen abstraction, and radical dissociation reactions) studied with LDA 
(VWN) and GGA (revised-PBE) functionals, the average absolute deviation from 
experimental and accurate ab initio energies was found to be 14 and 12 kcal/mol, 
respectively.27 The inclusion of self-interaction corrections reduced the average 
absolute deviation to 5.4 and 3.4 kcal/mol, respectively.27 It can be noted that reaction 
energies in general are unaffected by the self-interaction error and no improvement is 
observed upon inclusion of self-interaction corrections.27  
Interestingly, the self-interaction error also affects spin state splittings of transition 
metals. The self-interaction can lead to a poor description of the energy of d orbitals, 
which can result in a predicted preference of the wrong electronic state.20 Self-
interaction corrections appear to improve the results.20  
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As noted above, the self-interaction error leads to a systematic underestimation of 
barriers. Siegbahn has pointed out another error, which can lead to an overestimation 
of barriers.16 The non-dynamical correlation error, also referred to as the near-
degeneracy effect, becomes of importance, when multiple determinants are required to 
describe the wave function of a system correctly.16 For example, the molecule 
trimethylenemethane exhibits degenerate frontier orbitals.2 To describe the closed-
shell singlet of trimethylenemethane correctly, two determinants are necessary, since 
the electron pair can reside in any of the two degenerate orbitals.2 Two determinants 
are also necessary to describe the dissociation of H2 correctly, each with equal weight. 
If only one determinant is used, a wrong potential energy curve emerges, at least if a 
restricted approach is used.1 The energetic problem can often be solved by employing 
an unrestricted approach.1,16  
There are many attempts at designing new functionals, which will resolve at least 
some of the problems discussed here, in order to improve the overall accuracy. 
However, as Siegbahn points out, B3LYP appears in many cases to experience a 
favourable cancellation of errors, as self-interaction effects tend to underestimate 
barriers, while the near-degeneracy effects over-estimate barriers. Removing just one 
of these errors thus will not result in a systematic improvement of results.16 

 
2.5 Some Conclusions 
 
The concepts of DFT have been presented briefly, and the performance of the hybrid 
functional B3LYP has been discussed. It is concluded that B3LYP has very good 
accuracy with respect to geometrical parameters, while it appears reasonable for 
energies. Considering the good trade-off between speed and accuracy for B3LYP, it 
appears as a good choice for our study of enzymatic reaction mechanisms. While these 
are general conclusions, it is always of importance to evaluate the results for each case 
individually and to analyze if known experimental properties are reproduced correctly.   
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Chapter 3    

Modeling Enzymatic Reactions 
 

 

 

Enzymes are large and complex molecules, and the reactions they catalyze can be very 
complicated processes involving concerted action of multiple residues, metals, 
cofactors and prosthetic groups. At first glance it therefore seems daring to try to 
model an enzymatic reaction with a quantum chemical model that comprises only a 
very small number of the atoms found in the native enzyme. However, normally the 
enzymatic reaction takes places in a well-defined area of the enzyme (the active site) 
and the chemical step is usually catalyzed by a handful of functional groups only. In a 
somewhat simplified approach, one can consider the remainder of the enzyme as the 
matrix, in which the active site is embedded. This matrix provides structural 
stabilization and solvation to the active site. To study an enzymatic reaction quantum 
mechanically, one approximation is to build a chemical model of the active site only, 
while the stabilization and solvation that the surrounding would provide is modeled 
using other cruder approaches. This methodology has been employed throughout the 
present thesis. Before the results will be presented, an introduction of the methodology 

ill be given in this chapter.   w 
 
3 .1 Building an Active Site Model 
To study an enzymatic reaction, some structural information about the active site is 
normally a prerequisite. This implies that the crystal structure of the enzyme or a close 
homologue should be available. Enzymatic reactions are often catalyzed by a number 
of residues and it is important to know their positions with respect to each other and to 
the substrate. For the systems studied in this thesis, a crystal structure of the enzyme 
was available in all cases. The residues that were proposed to be important for a given 
reaction mechanism were extracted from the PDB file, including other possibly 
important elements of the active site, such as water molecules, inhibitors or substrate 
analogues, and metal ions (see Figure 3.1 for an example). In cases where the 
potential catalytic residues were not identified, examination of the active site was 
performed to identify residues which might participate in the chemical transformation.  
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Figure 3.1 Example of building an active site model of an enzyme, in this case the 
human soluble epoxide hydrolase. A) X-ray crystal structure with the active site 
highlighted (PDB 1VJ5). B) Important active site residues, a water molecule, and the 
CIU inhibitor, were extracted from the PDB file. C) Final quantum chemical model of 
the sEH active site with truncated residues. The substrate MSO was modeled instead 
of the inhibitor. Asterisks indicate atoms that were kept fixed to their crystallo-
graphically observed positions in the calculations.   
 
 
3 .1.1 Truncations 

Typically, the extracted residues were truncated, in order to reduce the size of the 
model. In the calculations presented here, most residues were truncated so that in 
principle only their side chains were included. For example, tyrosine and 
phenylalanine were typically modeled by phenol and phenyl, respectively, aspartate 
and glutamate by acetate, asparagine and glutamine by acetamide, and serine by 
ethanol. However, in some calculations, parts of the backbone were also included, for 
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example if this was suspected to be involved in important interactions with the 
substrate. The overall size of the employed active site models varies from around 70 
to 160 atoms.   
 
3 .1.2  Substrates 
The substrate to be studied was chosen based on the substrate specificity of the given 
enzyme. The substrates were modeled manually in the model, based on substrate 
analogues or inhibitors present in the crystal structure. In several cases, different 
substrate orientations were tested to establish if the position is critical for the 
mechanism or energetics of the reaction.   
 
3 .1.3 Protonation States 
Protein X-ray crystal structures only reveal the position of heavy atoms, while 
hydrogen atoms have to be added manually to the model. This is a straightforward 
procedure except in cases where the protonation state of a group is unknown. General 
considerations about the pKa value of a residue in aqueous solution can provide a 
guideline. However, the pKa value of a residue in the enzyme active site can be 
affected by the surroundings and might be lower or higher than its corresponding 
value in aqueous solution. It is thus not always straightforward how a given residue 
should be modeled. One possibility is to build two models, one with the given group 
in the neutral state and one where it is charged, and then to assess the effect on the 
reaction mechanism. Another possibility is to calculate the relative pKa value of a 
residue by computing its proton affinity and comparing it to the proton affinity of a 
similar compound with known pKa value. Both strategies were employed for some of 
the enzymatic models discussed in this thesis.   
 
3 .1.4 In Silico Mutations 

For several of the enzymes studied here, multiple models were built, in order to assess 
the importance of different groups for the energetics or selectivity of the reaction. In 
some cases, the group in question was removed from the model, in others it was 
mutated into another residue or functional group. Some of the in silico mutations were 
analogous to experimental mutations, such as replacing one natural amino acid with 
another. However, also non-natural mutations were studied, for example mutations of 
the backbone to assess the importance of a backbone hydrogen bond-donor or  
-acceptor. The mutations were normally introduced into the wild type model, i.e. it 
was assumed that the overall structure of the active site is not affected significantly by 
the mutation. This appears as a reasonable assumption for mutations that involve 
replacement of one or a few atoms only. 
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3 .2  Computational Details  
For all calculations presented here, the DFT functional B3LYP was employed, as 
implemented in the Gaussian03 program package.28 
 
3 .2.1 Geometry Optimizations 
All geometry optimizations were performed with the 6-31G(d,p) basis set for models 
without metals, and LANL2DZ for models including metals (see section 2.4.1.1). As 
noted above, the quantum chemical active site models were composed of parts of the 
active site residues only. The geometrical constraints that would be imposed by the 
backbone and other residues are thus not present. To preserve the spatial arrangement 
of the extracted active site residues during the geometry optimization step, certain 
atoms were fixed to their crystallographically observed positions. This also prevents 
the molecular groups from rearranging too much, resulting in unrealistic interactions. 
Normally, the atom that was fixed was located several carbons away from the given 
residues functional group, so that the latter retained its flexibility.   
The first step in modeling a reaction pathway is optimization of a reactant structure 
composed of the active site model including the substrate. From here, intermediates 
and transition states along a proposed reaction pathway can be modeled. The 
transition state corresponds to the transition from one local minimum to another and 
will hence be located at a saddle point. To optimize a transition state is not always 
straightforward but there are different techniques, for example a linear transit scan can 
be employed. Here, one systematically changes a reaction coordinate, for example the 
length of a bond that is suspected to be involved in the reaction, and optimizes the 
geometry with this reaction coordinate fixed (i.e. all other degrees of freedom are 
allowed to minimize). This enables location of an energy maximum, from which a 
transition state optimization can be started. An example is given in Figure 3.2, which 
shows a linear transit scan for attack of sulfenate on a nitrile carbon (as part of the 
study of the reaction mechanism of Nitrile Hydratase, Chapter 5). The O-C distance 
was systematically changed in steps of 0.1 Å and was kept fixed during optimizations. 
The highest point on the potential energy diagram is seen at 1.80 Å. A transition state 
optimization without constraints was started from here and the transition state was 
located at 1.77 Å.   
The optimization criteria of a transition state are similar to those of an energy 
minimum. The first derivative of the energy has to be zero for all coordinates at a 
saddle point. Only analysis of the second-order derivatives (the Hessian matrix) can 
verify that a transition state has been found and not a local minimum. One (and only 
one) eigenvalue of the Hessian matrix has to be negative, indicating that this 
coordinate (the reaction coordinate) is at an energy maximum.  
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Figure 3.2 Linear transit scan for attack of sulfenate on a nitrile ( ). The O-C 
distance was kept fixed in optimizations. The optimized transition state (TS) was 
located at 1.77 Å ( ). The shown energies are relative to the reactant (B3LYP/lanl2dz 
level of theory). 
 
 
3 .2.2 Computing Corrections 
Finally, all optimized structures are subjected to additional calculations to compute 
corrections. Three fundamentally different corrections have been computed here, basis 
set effects, zero-point vibrational (ZPV) effects, and solvation effects. The reported 
final energies include all three corrections. In certain cases, the energies are reported 
with and without solvent corrections, this will be indicated explicitly.  
 
3 .2.2.1 Basis Set Effects 

While a medium-sized basis set usually is accurate enough for geometry 
optimizations, it is often necessary to compute final energies with a significantly 
larger basis set. For the work presented in this thesis, single-point calculations were 
performed on the optimized geometries employing a triple-ζ basis set with one diffuse 
function and extra polarization functions, 6-311+G(2d,2p). The magnitude of the basis 
set effect can vary, but is typically on the order of a few kcal/mol.  
 
3 .2.2.2 Zero-Point Vibrational Effects 

The vibrational energy of a molecule is not zero, even at zero Kelvin. The zero-point 
vibrational (ZPV) energy corresponds to the minimum vibrational energy that a 
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molecule will have. To obtain the ZPV effects, frequency calculations were performed 
on the optimized geometries at the same level of theory as used in optimizations. The 
frequency calculations were additionally employed to confirm the nature of the 
stationary points. The computed Hessian eigenvalues should all be positive for an 
energy minimum, while transition states should exhibit one negative eigenvalue. 
Freezing some atoms to their crystallographically observed positions can lead to 
introduction of a few small negative eigenvalues for the optimized structures. 
However, these are usually only on the order of -10 to -20 cm-1, and do not affect the 
results significantly.     
Computationally it is demanding to compute the ZPV energy. Therefore, for very 
large quantum chemical models, the ZPV effect is sometimes estimated from a 
smaller model describing the same reaction.  
 
3 .2.2.3 Solvent Effects 

The solvation effects that the protein environment surrounding the active site would 
provide are modeled by employing a conductor-like polarizable continuum model 
(CPCM)29. Single point calculations are performed on the optimized structures at the 
same level as optimizations. In a CPCM calculation, the active site model is placed in 
a cavity, which is embedded in a homogeneous dielectric medium. The cavity is built 
of interlocking spheres, whose radii are typically derived from the van der Waals radii 
of the atoms that make up the model.30 The overall cavity shape is also affected by the 
choice of solvent molecules, whose radius will determine the solvent-accessible area. 
In our calculations, the default UAOf model of Gaussian03 was employed, with water 
as solvent. The dielectric constant of the surrounding medium was typically set to ε = 
4 for calculations on enzyme active site models. This corresponds roughly to a 
mixture of a proteinaceous medium (ε = 2-3) and water (ε = 80).31 In several cases, 
different dielectric constants were tested to evaluate the effect on the energetics.  
 
In the described methodology it is assumed that the heterogeneous protein 
environment can be modeled with a homogenous polarizable medium. This approach 
might seem crude at first but has nonetheless shown to be a reasonably accurate 
method in determining enzymatic reaction mechanisms. The explicit effect of various 
surrounding groups of course can not be assessed with this method. However, care is 
usually taken to ensure that explicit interactions between the catalytic groups and the 
surrounding protein are included in the quantum chemical model. 
Another implicit assumption made in these calculations is that the geometries 
optimized in vacuo will not differ substantially from the geometries that would be 
optimized in presence of solvent, and that it therefore is sufficient to compute the 
                                                 
f United Atom Topological Model with atomic radii of the Universal Force Field (UFF). 
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solvent effect by performing single point calculations on the gas-phase geometries. 
This assumption is usually valid, except in certain cases, for example for geometries 
with a high degree of charge separation, where the solution structure might differ 
significantly from the gas phase-optimized geometry.  
In general, as the size of quantum chemical models tends to increase, the calculated 
solvation corrections on the reaction energetics become smaller, because most of the 
solvation effects are already present in the quantum model itself.  
  
3 .3 Output Analysis 
The focus of this thesis is on enzymatic reaction mechanisms and their feasibility. The 
geometries along a suggested reaction pathway were thus optimized and the results 
were analyzed. The following provides a list of the components that were analyzed in 
the presented studies:   
 

• Analysis of structural parameters of the optimized geometries. 
 
• Evaluation of barriers and reaction energies.  
 
• Analysis of the regioselectivity and its origin for a given reaction.  
 
• Characterization of in silico mutants to assess the importance of a certain 

residue or functional group for the reaction mechanism.  
 
• Analysis of various properties of the active site, such as preferred spin states, 

spin and charge distributions, proton affinities, etc.   
 
The obtained results were compared to available experimental data and it was assessed 
if the quantum chemical model reproduced these values satisfactorily. This includes 
experimental results about reaction barriers, effects of mutations, regioselectivities, 
and preferred spin states.  
One of the most important parameters to evaluate the feasibility of a given enzymatic 
reaction mechanism is the calculated barrier. If there exists an experimentally 
determined reaction rate, this can be compared to the computed barrier using classical 
transition state theory. The relationship between the rate constant k of a reaction and 
the free energy of activation (∆G≠) can be expressed as: 3 
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where k is the rate constant (s-1), kB is Boltzmann’s constant (1.38 × 10−23 J/K), T is 
the temperature (in Kelvin, 298.15 at room temperature), h is Planck’s constant (6.626 
× 10-34 Js), ΔG≠ is Gibbs free energy difference between the reactant and the transition 
state, and R is the gas constant (8.314 J K-1mol-1). 
It is important to note the exponential relationship between the rate and the barrier in 
the above equation. At room temperature, for every 1.4 kcal/mol change in barrier, the 
rate changes with a factor of 10. As the error in computed barriers is estimated to 
around 3 kcal/mol, it is therefore not possible to predict accurate reaction rates from 
computed barriers. However, the calculated barrier can still be compared to an 
existing experimental rate to evaluate if the result is in the expected range.   
    
It should be noted that the barriers calculated in this work only correspond to the 
enthalpy part (∆H≠) of the free energy of activation (∆G≠ = ∆H≠ - T∆S≠). The entropic 
part could not be calculated, due to the freezing scheme employed in geometry 
optimizations. The small negative eigenvalues that are generated in this approach 
render the entropy calculations unreliable. It is therefore assumed here that ∆G≠ ≈ 
∆H≠. This is in many cases a valid assumption, because the change in entropy (∆S≠) in 
going from the reactant to the transition state often is small.   
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Chapter 4    

Epoxide-Transforming Enzymes 
 

 

 

In the present thesis, one member from each of three different classes of epoxide-
converting enzymes was studied computationally. These are:  
 

• The Limonene Epoxide Hydrolase (LEH) from Rhodococcus erythropolis 
DCL14, which is the founding member of a new class of epoxide hydrolases.  

 

• The human soluble Epoxide Hydrolase (sEH), which belongs to the 
superfamily of α/β-hydrolase fold proteins. 

 
• The Haloalcohol Dehalogenase HheC from Agrobacterium radiobacter AD1, 

which belongs to the superfamily of short-chain dehydrogenase/reductases.  
 
For all three enzymes, we analyzed different aspects of enzymatic epoxide conversion 
(and also epoxide formation in case of HheC). The reaction mechanisms were studied 
in detail, and the roles of different active site residues were analyzed. The importance 
of certain residues for a given reaction step was investigated through in silico 
mutations. Another major topic of our study was the regioselectivity of epoxide 
opening. Factors that influence the regioselectivity were identified and quantified. 
Before we discuss the results, a brief introduction on epoxides will be given below.  

 

 
4 .1 Epoxides   
Epoxides are versatile intermediates in organic chemistry. They generally exhibit high 
reactivity due to the strain of the three-membered ring and can relatively easily be 
converted into various substituted alcohols.32 In solution, epoxide ring opening can 
occur with a large variety of nucleophiles, such as water, azide, cyanide, halides, 
alcohols, or amines.33 However, regioselective and enantioselective considerations 
have to be taken into account to ensure formation of the desired product (Scheme 4.1). 
A brief introduction of these concepts will be given below.  
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Scheme 4.1 Enantioselectivity and regioselectivity of epoxide conversion. (Nu = 
nucleophile) 
 
 
4.1.1 Enantioselectivity of Epoxide Conversion 
 
Synthesis of epoxides often leads to the formation of racemates, i.e. equal mixtures of 
two enantiomers. Although the two isomers are identical expect for a single 
stereogenic center, they are fundamentally different compounds, which will exhibit 
different properties and functionalities. Separation of the racemates is thus of high 
interest. The principle of kinetic resolution is based on finding conditions that will 
mediate fast conversion of only one of the enantiomers, while the other remains 
basically untouched and can be isolated in pure form. However, the reactivities of 
epoxide enantiomers with a free nucleophile are often identical, making this a difficult 
task. One approach is the use of chiral catalysts, which can mediate enantioselective 
conversion of a racemic mixture. Enzymes are especially useful for this approach, 
because they provide a chiral environment and often exhibit large affinity differences 
for epoxide enantiomers. Enzymes also have additional advantages, such as mild 
reaction conditions, and there is thus high interest in identifying enzymes that can be 
used as biocatalysts in for example industrial applications. All three epoxide-
transforming enzymes that will be discussed in this thesis exhibit properties that could 
make them useful in biocatalytic applications.  
 
4 .1.2  Regioselectivity of Epoxide Opening  
Conversion of epoxides can in many cases lead to formation of multiple products, 
even when the starting material contains only a single epoxide enantiomer. The 
problem is the ambident nature of epoxides, i.e. attack can occur at both carbon 
centers of the oxirane ring. If the epoxide is substituted asymmetrically, the outcome 
will be a mixture of products.32 However, in some cases the reaction conditions can be 
fine-tuned in such a way that epoxide opening occurs at one carbon center only. To 
achieve this, it is important to understand the factors that influence the 
regioselectivity. These include for example the acidity of the medium, the size of the 
nucleophile, and the substitution pattern on the epoxide. One approach is to divide 
these into steric and electronic factors. If there is a large substituent at one 
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epoxide carbon, this might sterically hinder the nucleophile, which therefore 
preferably will attack the less substituted carbon (Scheme 4.2). Under conditions with 
neutral or basic pH values, steric factors often dominate, and the reaction occurs 
through an SN2 attack of the nucleophile at the less substituted epoxide carbon.32 
However, electronic effects can revert this regioselectivity, especially under acidic 
conditions. During epoxide opening, when the carbon-oxygen bond is dissociating, a 
partial positive charge will evolve at the epoxide carbon. This charge is better 
stabilized at the more substituted carbon, due to electron donating effects. Additional 
polarization of the oxygen-carbon bond through protonation or hydrogen bonding can 
enhance the preference for the more substituted carbon (Scheme 4.2). Protonation and 
epoxide opening can in some cases occur prior to nucleophilic attack, which is 
referred to as an SN1 mechanism. However, an SN2 mechanism is often observed, in 
which nucleophilic attack, ring opening and epoxide protonation occur concertedly.32   
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Scheme 4.2 The regioselectivity of epoxide opening is determined by competing 
lectronic and steric factors.  e

 
 
While the above considerations are useful for epoxide conversion in solution, they are 
not easily applied to predict enzymatic regioselectivities. The epoxide-transforming 
enzymes discussed here all exhibit high regioselectivities with certain substrates, 
while with other substrates, a mixture of products is obtained. In our study of epoxide-
transforming enzymes, we have tried to identify the factors governing enzymatic 
regioselectivities and to provide an explanation for experimentally observed results. 

 
4.2  Limonene Epoxide Hydrolase 
 
The limonene epoxide hydrolase (LEH) originates from the bacterium Radiobacter 
erythropolis DCL14.34,35 LEH is part of a limonene degradation pathway, where it 
catalyzes the conversion of limonene-1,2-epoxide (LE) to limonene-1,2-diol (LD, 
Scheme 4.3).34,36,37 
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4 .2.1 Characteristics of LEH 
The crystal structure of LEH revealed a novel fold and a novel active site.38 Due to the 
fundamental differences between LEH and other known epoxide hydrolases, LEH was 
suggested to be the founding member of a new protein family.34 A few members of 
this family have been identified meanwhile.39,40 
LEH displays relatively narrow substrate specificity and accepts only few substrates. 
These include limonene-1,2-epoxide, 1-methylcyclohexene oxide, and indene oxide.35 
The conversion of the four stereoisomers of the natural substrate, limonene-1,2-
epoxide, occurs in an enantioconvergentg fashion. Conversion of the diastereomeric 
mixture of (1S,2R,4R)-LE and (1R,2S,4R)-LE leads to enantioconvergent formation of 
(1S,2S,4R)-LD, while conversion of (1S,2R,4S)-LE and (1R,2S,4S)-LE leads to 
enantioconvergent formation of (1R,2R,4S)-LD.35 The ability to catalyze formation of 
optically pure products makes LEH interesting from a biocatalytic point of view.  
 
 

O OH
OH

2
1 1 2

4 4

Limonene-1,2-epoxide (LE) Limonene-1,2-diol (LD)

H2O

 
Scheme 4.3 Epoxide hydrolysis reaction catalyzed by LEH.  

 
  
4 .2.2 The Proposed Mechanism of LEH 
LEH constitutes a novel enzyme and clues about its possible reaction mechanism were 
limited. A putative active site was identified from the crystal structure and mutational 
studies were performed on several of the active site residues.38 Tyr53, Asn55, Arg99, 
Asp101, and Asp132 were identified as being important for the catalytic activity of 
LEH.38 Based on the combined results, a possible Asp-Arg-Asp catalytic triad was 
suggested (Scheme 4.4).38 Asp132 is proposed to activate the nucleophilic water 
molecule, which attacks the oxirane ring. Asp101 is suggested to donate a proton to 
the emerging oxyanion of the substrate. Arg99 is proposed to interact with and orient 
the two aspartate residues. Tyr53 and Asn55 are suggested to be important for binding 
of the nucleophilic water molecule. In the X-ray crystal structure of LEH, an ordered 
water molecule is observed close to these two residues.38  

                                                 
gEnantioconvergent reactions lead to formation of a single enantiomer/stereoisomer from a 
racemic/diastereomeric mixture.  
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Scheme 4.4 Proposed epoxide hydrolysis mechanism of LEH.38 

 
4 .2.3 Quantum Chemical Studies of LEH (Paper I) 
We studied the reaction mechanism and regioselectivity of LEH with a quantum 
chemical model based on the crystal structure of LEH in complex with the inhibitor 
valpromide (PDB 1NU3)38. The model was composed of the catalytically important 
residues Tyr53, Asn55, Arg99, Asp101, and Asp132 (Figure 4.1). Also included was 
the crystallographically observed water molecule. The overall charge of the model 
was 0. With this model, we studied the conversion of the two enantiomers of 1-
methylcyclohexene oxide and the four stereoisomers of LE. 

 
4 .2.3.1  Modeling the Mechanism of LEH 

Hydrolysis of one stereoisomer of LE, (1R,2S,4R)-LE, in the LEH active site model is 
shown in Figure 4.1. For formation of the experimentally observed diol, (1S,2S,4R)-
LD, a barrier of 14.9 kcal/mol was computed, and a reaction energy of -9.7 kcal/mol. 
The experimental activation energy for LEH-mediated conversion of (1R,2S,4R)-LE is 
12.4 kcal/molh, which is close to the computed value.36  
Our results show that the suggested catalytic triad indeed is able to catalyze the 
conversion of LE to LD. Asp132 abstracts a proton from the nucleophilic water 
molecule, which attacks the substrate. Asp101 donates a proton to the epoxide oxygen 
in concert with epoxide opening. Arg99 stabilizes and orients the two aspartate 
residues. It could also be important for transferring a proton from Asp132 to Asp101 
in a subsequent step to restore the active site for the next catalytic cycle. Tyr53 and 
Asn55 bind and orient the catalytic water molecule.  
 
                                                 
h The activation energy was determined with a diastereomeric mixture of (1R,2S,4R)- and (1S,2R,4R)-
LE. However, as their hydrolysis occurs sequentially, it is assumed that the determined value only is 
based on the substrate that is converted first, that is, (1R,2S,4R)-LE. 
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Figure 4.1 Conversion of (1R,2S,4R)-limonene-1,2-epoxide (helicity 3,4 P) in the 
LEH active site model. Two possible reaction pathways are shown. Only the product 
(1S,2S,4R)-limonene-1,2-diol is observed experimentally. Insets show the substrate 
conformation. Asterisks indicate atoms, which in calculations were fixed to their 
crystallographically observed position. 
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Scheme 4.5 Conversion of the two enantiomers of 1-methylcyclohexene oxide and the 
four stereoisomers of limonene-1,2-epoxide by LEH.  
 
 
4
 

.2.3.2  Analysis of the Regioselectivity of LEH 

The regioselectivity of LEH has been studied experimentally with different substrates.  
Studies with the enantiomers of 1-methylcyclohexene oxide (1 and 2, Scheme 4.5) 
revealed preferred attack at the methyl-substituted oxirane carbon, C1, with a 
regioselectivity of 85(C1):15(C2).41 This indicated an acid-catalyzed mechanism, 
which would result in preferred attack at the more substituted carbon.41 However, 
conversion of LE did not support this conclusion and showed somewhat intriguing 
results. Exclusive attack at the more substituted carbon (C1) is seen for the 
stereoisomers 4 and 5, while exclusive attack at the less substituted carbon (C2) is 
observed for stereoisomers 3 and 6 (Scheme 4.5).37,35 Interestingly, the two LE 
stereoisomers with the same stereochemistry at the oxirane ring, (1R,2S) for 3 and 5 
and (1S,2R) for 4 and 6, exhibit attack at opposite carbons (Scheme 4.5). A suggested 
explanation for the differences was differential binding of the substrates in the active 
site, which would lead to attack at different carbons.38  
We investigated the regioselectivity of epoxide opening with the LEH active site 
model. This model is able to reproduce the experimentally observed regioselectivity 
for all studied substrates (Paper I). Our results show that it is not differential binding 
of the substrate that causes the differences in regioselectivity, but that the decisive 
factor is the conformation of the substrate. Both 1-methylcyclohexene oxide and
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LE are cyclic epoxides. While a cyclohexane ring typically prefers to be in a chair 
conformation, the presence of the oxirane ring in cyclohexene oxide forces the 
epoxide into a half-chair conformation (Scheme 4.6). The half-chair conformation can 
exist in two different forms, which are best described by the helicity about the 3,4 
bond. These will here be referred to as the P and the M helicity, respectively (Scheme 
4.6). The two helicities are in equilibrium and are present in ratios depending on the 
energy difference between the two conformers. While unsubstituted cyclohexene 
oxide can be expected to exist in an equal mixture of the two helicities (Scheme 
4.6A), this is different for epoxides with large substituents, such as the isopropyl 
substituent of LE (Scheme 4.6B).  
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Scheme 4.6 A) Cyclohexene oxide adopts a half-chair conformation that exists in two 
different helicities. B) The isopropyl substituent of limonene-1,2-epoxide makes one 
of the two half-chair conformations energetically more favourable.  
 
 
A second important observation regards the reactivity of the epoxide carbons of a 
cyclic epoxide. In a given half-chair conformation, one of the two carbons will display 
higher reactivity than the other. This is due to the conformational changes that are 
required to proceed through the transition state. Attack at one of the two carbons will 
result in a chair-like conformation, while attack at the other carbon will distort the 
half-chair into a twist-boat conformation (Scheme 4.7). The chair-like conformation is 
energetically preferred and the transition state proceeding through this conformation is 
hence lower in energy (Paper I). This is independent of the substitution at the oxirane 
carbons, i.e. the preferred carbon can be the more or the less substituted carbon. These 
two observations, the half-chair conformers and their intrinsic reactivity, are sufficient 
to explain the regioselectivity of LEH-mediated epoxide conversion. 
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Scheme 4.7 Attack of water on (1R,2S)-1-methylcyclohexene oxide. A) Attack at C2 
leads to a chair conformation,  B) Attack at C1 leads to a twist boat.  
 
 
Regioselectivity of 1-Methylcyclohexene Oxide Hydrolysis 
Of the two stereoisomers of 1-methylcyclohexene oxide, the (1R,2S) isomer (1, 
Scheme 4.5), is the preferred substrate of LEH.41 The two helicity conformers of 1 
have almost the same energy and can be assumed to exist in equal amounts (Paper I). 
For each conformer, attack is preferred at the carbon that will lead to a chair transition 
state, for 1 in the M-helicity this is C2 and for 1 in the P-helicity this is C1. The two 
helicity forms of 1 are competing substrates of LEH, but because attack at the more 
substituted carbon C1 of the P-helicity has a lower barrier (14.9 kcal/mol, Table 4.1) 
than attack at C2 of the M-helicity (15.9 kcal/mol, Table 4.1), attack occurs 
preferentially, but not exclusively, at C1 of the P-helicity (Paper I). A mixture of 
products is thus expected, with preferred attack at C1 (of the P-helicity) and minor 
attack at C2 (of the M-helicity). The difference in barrier of 1 kcal/mol corresponds 
well to the experimentally observed regioselectivity of 85(C1):15(C2) for 1-
methylcyclohexene oxide.41   
 
 
 
Table 4.1 Calculated barriers and reaction energies (kcal/mol) for LEH–mediated 
conversion of 1-methylcyclohexene oxide to 1-methylcyclohexane-1,2-diol. 

Substrate a Attack at 
b

TS b Product c Barrier Reaction 
(1R,2S), 3,4 M C1 twist-boat (1S,2S) 17.5 -3.4 
(1R,2S), 3,4 M C2 chair-like (1R,2R) 15.9 -9.9 
(1R,2S), 3,4 P C1 chair-like (1S,2S) 14.9 -9.5 
(1R,2S), 3,4 P C2 twist-boat (1R,2R) 19.2 -4.0 
(1S,2R), 3,4 M C1 chair-like (1R,2R) 16.0 -9.0 
(1S,2R), 3,4 M C2 twist-boat (1S,2S) 19.1 -3.2 
(1S,2R), 3,4 P C1 twist-boat (1R,2R) 19.0 -2.8 
(1S,2R), 3,4 P C2 chair-like (1S,2S) 15.7 -9.5 

a Epoxide stereochemistry and helicity around the 3,4 bond.  b Conformation of the substrate in the 
transition state. c Stereochemistry of resulting diol. 
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Table 4.2 Calculated barriers and reaction energies (kcal/mol) for LEH–mediated 
conversion of limonene-1,2-epoxide to limonene-1,2-diol. 

Substrate a Attack at 
b

TS b Product c Barrier Reaction 
(1R,2S,4S), 3,4 M C1 twist-boat (1S,2S,4S) 17.6 -3.5 
(1R,2S,4S), 3,4 M C2 chair-like (1R,2R,4S) 16.5 -9.7 
(1S,2R,4S), 3,4 M C1 chair-like (1R,2R,4S) 16.1 -9.5 
(1S,2R,4S), 3,4 M C2 twist-boat (1S,2S,4S) 19.0 -3.6 
(1R,2S,4R), 3,4 P C1 chair-like (1S,2S,4R) 14.9 -9.7 
(1R,2S,4R), 3,4 P C2 twist-boat (1R,2R,4R) 19.5 -4.1 
(1S,2R,4R), 3,4 P C1 twist-boat (1R,2R,4R) 19.0 -2.8 
(1S,2R,4R), 3,4 P C2 chair-like (1S,2S,4R) 16.3 -9.4 

a Epoxide stereochemistry and helicity around the 3,4 bond.  b Conformation of the substrate in the 
transition state. c Stereochemistry of resulting diol. 

  
Regioselectivity of Limonene-1,2-Epoxide Hydrolysis 
For LE, the natural substrate of LEH, the situation is less complex than for 1-
methylcyclohexene oxide. The isopropyl substituent at C4 of limonene-1,2-epoxide 
determines the preferred helicity of the half-chair, and for each stereoisomer, only the 
helicity with the substituent in an equatorial position will be observed (Paper I, 
Scheme 4.6). For this helicity, attack is preferred at the carbon that leads to a chair-
like transition state. The transition states for attack at either C1 or C2 of the 
stereoisomer (1R,2S,4R)-LE (P helicity, 5) are shown in Figure 4.1. Attack at C1 of 5 
leads to a chair-like transition state and exhibits a barrier of 14.9 kcal/mol. Attack at 
C2 of 5 results in a twist-boat transition state and exhibits a barrier of 19.5 kcal/mol 
(Table 4.2). The computed barriers indicate that exclusive attack at C1 is expected, in 
perfect agreement with experimental results.35,36 Calculated regioselectivities for the 
other stereoisomers also agree with experimental results, with 4 exhibiting preferred 
attack at C1, and 3 and 6 exhibiting preferred attack at C2 (Table 4.2).35,36 The 
regioselectivity of limonene-1,2-epoxide opening is thus not determined by binding of 
the substrate in the LEH active site, but by intrinsic conformational factors. 
 
 
4.3  Soluble Epoxide Hydrolase  
 
The soluble epoxide hydrolase enzyme catalyzes the hydrolysis of various epoxides to 
their corresponding diols. Homologues of sEH have been identified in almost all 
organisms, including bacteria, fungi, plants, insects, and mammals. The different sEHs 
are closely related, but exhibit different biological functions, substrate specificities, 
and regio- and enantioselectivities.  
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Scheme 4.8 Epoxide hydrolysis mechanism of soluble epoxide hydrolase (residue 
numbering as in human sEH). Step A is referred to as the alkylation half-reaction, 
while steps B and C comprise the hydrolytic half-reaction. 
 
 
4 .3.1  Characteristics of Human sEH   
The human sEH is an interesting enzyme that possesses two different active sites, one 
for epoxide hydrolysis and one for phosphate ester hydrolysis.42 In humans, sEH is 
mainly found in the liver, where it converts various xenobiotic epoxides into their 
corresponding vicinal diols.43,44  
sEH belongs to the superfamily of α/β-hydrolase fold enzymes.

42,45  These enzymes do 
not only share structural but also mechanistic similarities. The mechanism of human 
sEH was proposed based on studies of sEH homologues from other organisms as well 
as the closely related microsomal EH. Epoxide hydrolysis is proposed to occur 
through a covalent mechanism, where an active site aspartate becomes covalently 
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bound to the substrate (Scheme 4.8).46,47,48,49 The formed ester bond is subsequently 
hydrolyzed by water, which is activated by a His-Asp charge relay, similar to the 
charge relay in serine hydrolases.50,51,52,53,54,55 The sEHs also contain two active site 
tyrosines that seem to be of importance for stabilization and protonation of the 
emerging epoxide oxyanion.42,56,57,58,59,60,61 A conserved HGXP motif (X = any 
residue) was also identified, which is implicated in formation of the oxyanion hole 
that stabilizes the tetrahedral intermediate formed in the hydrolytic half-reaction 
(Scheme 4.8).62  
 
4 .3.2 Quantum Chemical Studies of Human sEH  (Papers II and III) 
We studied the mechanism of sEH using a quantum chemical model based on the X-
ray crystal structure of the human sEH in complex with the inhibitor cyclohexyl-N´-
(iodophenyl) urea (CIU), PDB 1VJ542 (Figure 3.1). The model is composed of parts of 
the residues Gly264, Phe265, Asp333, Trp334, Tyr381, Tyr465, Asp495, Val497, and 
His523. Also included are a crystallographically observed water molecule and parts of 
CIU, which was remodeled into the substrate (1S,2S)-β-methylstyrene oxide (MSO) 
(Paper II). The model was used to study the full reaction pathway for attack at C1 and 
C2 of MSO (Figure 4.2).  
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Figure 4.2 Potential energy curves for hydrolysis of (1S,2S)-β-methylstyrene oxide 
(MSO) in the human sEH active site model.  
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Figure 4.3 Optimized transition states for hydrolysis of (1S,2S)-β-methylstyrene oxide 
(MSO, attack at C1) in the sEH active model. A) Schematic representation of the 
model, B) Transition state of the alkylation step, C) Transition state for water attack, 
D) Transition state for dissociation of the product. 
 
 
Our results give general support to the suggested sEH mechanism (Scheme 4.8), with 
some minor modifications. The optimized transition states for the pathway involving 
attack at C1 are shown in Figure 4.3. The calculations indicate that the alkylation half-
reaction occurs in two steps. In the first step, the Asp333 carboxylate attacks the 
epoxide ring, resulting in formation of a covalent enzyme-substrate intermediate 
(Figure 4.3B). The barrier for this step is 7.8 kcal/mol (Figure 4.2). The emerging 
epoxide oxyanion is stabilized by the two tyrosine residues, but a proton transfer to 
the substrate occurs in a second, subsequent step. Experimental results for the sEH 
homologue from potato, StEH, give support to a scenario in which alkylation and 
protonation do not occur concertedly.63  
Also the hydrolytic half-reaction occurs in two steps. In the first part, Asp495 and 
His523 act in concert to activate a water molecule, which attacks the Asp333-substrate 
bond (Figure 4.3C). The barrier for this step is 18.1 kcal/mol. The formed tetrahedral 
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intermediate is stabilized by the hydrogen bonds from the backbone nitrogens of 
Trp334 and Phe265. In our calculations, dissociation of the tetrahedral intermediate 
occurs in concert with proton transfer from Nε of His523 to the forming diol (Figure 
4.3D). The barrier for this step is 5.5 kcal/mol. The calculations thus indicate that 
His523 has a dual role in sEH-mediated epoxide hydrolysis, acting first as a general 
base and then as general acid. The energetics computed for conversion of MSO show 
that the hydrolytic half-reaction is rate-limiting (Figure 4.2). This is in line with 
experimental results for the sEH homologues EchA and StEH.64,65  
We also tested another mechanistic proposal, in which His523 was protonated at Nε 
during the first step of the reaction (Paper III). It has been suggested that the 
protonated His523 would orient and activate Asp333 for nucleophilic attack.66 
Protonation of His523 during the alkylation half-reaction was found to be unlikely 

ased on the calculated energetics (Paper III). b
 

Table 4.3  Calculated barriers (kcal/mol) for MSO hydrolysis with the wild type and 
tyrosine mutant models of human sEH (pathway involving attack at C1).  

Model TS 
alkylation  

TS 
Dealkylationa

TS water 
attack  

TS 
dissociation 

Overall 
barrier 

WT 7.8 16.4 18.1 5.5 22.6 
Y381F 15.7 15.7 16.1 6.2 20.9 

Y465F 13.2 16.2 16.6 4.7 19.8 

Y381F/Y465F 24.8 11.7 - - - 
a The reverse reaction of the reversible alkylation step 

 
4  .3.2.1   Tyrosine Mutants of sEH   

The roles of the two active site tyrosine residues of sEH were investigated by in silico 
mutations to phenylalanine (Paper III). Full reaction pathways were calculated for the 
single mutants Y381F and Y465F, while only the alkylation step was investigated for 
the double mutant Y381F/Y465F.  
The barrier of 7.8 kcal/mol observed for Asp333 attack at C1 of MSO in the wild type 
sEH model increased to 13.2 and 15.7 kcal/mol in the Y465F and Y381F models, 
respectively (Table 4.3). If both tyrosines are mutated, a barrier of 24.8 kcal/mol is 
obtained. The results indicate that the single mutants would remain catalytically 
active, while the double mutant would not. This is in agreement with experimental 
results for the mouse sEH and the EHs from A. radiobacter and potato, EchA and 
StEH.59,60,65 It should be noted that the effect of the single mutations appears to be 
overestimated in our model. For EchA, the alkylation rate of (R)-styrene oxide 
changed from 1100 s-1 in the wild type to 60 s-1 in the Y215F mutant (Tyr215 in EchA 
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is equal to Tyr465 in human sEH).59 This corresponds to a barrier increase of about 
1.8 kcal/mol, while in our calculations, we observe an increase of 5.4 kcal/mol for 
mutation of Tyr465. It is possible that in the EchA active site, other polarization 
effects compensate for loss of the tyrosine hydrogen bond and thus reduce the effect 
of the mutation.  
The barriers for the subsequent steps of the reaction mechanism, i.e. for attack by 
water on the Asp333-ester and for dissociation of the tetrahedral intermediate, 
changed only 1-2 kcal/mol compared to the wild type model (Table 4.3). The major 
effect of the tyrosine residues is thus in the first step of the reaction, the alkylation.  

 

Table 4.4 Regioselectivity of MSO attack in different sEH active site models. 
Barriers (in kcal/mol) for the alkylation TS for attack at C1 or C2 of MSO.  

Model Barrier C1 (benzylic) Barrier C2 (homo-benzylic) Regioselectivitya

WT 7.8 11.0 +3.2  
Y465F 13.2 16.9 +3.7  
Y381F 15.7 20.1 +4.4 
Y381F/Y465F 24.8 27.7 +2.9  
aDefined as difference in barrier, (barrier C2 – barrier C1).

 
4
 
.3.2.2  Studies of the Regioselectivity of sEH  

We used the sEH model to investigate the regioselectivity of epoxide opening for two 
substrates, (1S,2S)-β-methylstyrene oxide (MSO) and (S)-styrene oxide (SSO). 
Regioselectivities were studied with both the wild type and the tyrosine mutant 
models (Paper II and III). The results are summarized in Tables 4.4 and 4.5.  
The MSO substrate is singly substituted at each oxirane carbon, with a methyl group 
on C2 and a phenyl group on C1. As discussed in section 4.1, opening of the epoxide 
ring leads to formation of a partial positive charge at the attacked carbon. The phenyl 
ring can be expected to be superior in stabilizing the evolving positive charge, and 
attack will thus be preferred at C1. In addition, the epoxide oxygen forms hydrogen 
bonds with the two active site tyrosines, Tyr381 and Tyr465, which will polarize the 
oxygen-carbon bond of the epoxide further and might enhance attack at the benzylic 
carbon. The calculated regioselectivity of the wild-type model (defined as the barrier 
difference, barrier C2 - barrier C1), is 3.2 kcal/mol, i.e. significantly in favour of 
attack at the benzylic carbon (Table 4.4). The mutant models exhibit a slightly 
increased regioselectivity, 3.7 kcal/mol for Y465F and 4.4 kcal/mol for Y381F. While 
this seems puzzling at first, it is explainable with the concerted nature of the alkylation 
step in the single mutants. As discussed above, in the wild type sEH model the 
epoxide  oxygen  is  hydrogen-bonded  to  Tyr465  and  Tyr381,   but  alkylation  does  not 
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occur in concert with proton transfer (Paper II). In the single mutants, proton transfer 
occurs concertedly with alkylation, and the interaction of the substrate with the proton 
is thus stronger at the transition state than it is in the wild type model, where no proton 
is transferred (Paper III). This will enhance polarization and increase the preference 
for the benzylic carbon in the single mutants. In the double mutant, Y381F/Y465F, the 
computed regioselectivity is 2.9 kcal/mol, which is similar to wild type 
regioselectivity (Table 4.4). It can be concluded that the preference for nucleophilic 
attack at the benzylic carbon of MSO is intrinsic to the substrate, but that it can be 
enhanced in presence of the active site tyrosines.  
For SSO, the results are somewhat different (Table 4.5). Removal of the methyl group 
from C2 reduces the steric hindrance for attack at this carbon and the barrier for 
opening of SSO at C2 is thus only 7.0 kcal/mol, compared to 11.0 kcal/mol for 
opening at C2 of MSO. However, the steric advantage for attack at C2 is still lower 
than the electronic advantage for attack at C1 of SSO, and attack at C1 remains 
preferred, albeit only with 0.7 kcal/mol. The small difference in barriers suggests that 
a mixture of products would be formed. The single tyrosine mutants also exhibit 
preferred attack at C1 of SSO, while in the double mutant, steric factors dominate, 
resulting in preferred attack at C2 (Table 4.5).  
 

Table 4.5  Regioselectivity of SSO attack in different sEH active site models. 
Barriers (in kcal/mol) for the alkylation TS for attack at C1 or C2 of SSO. 

Model Barrier C1 (benzylic) Barrier C2 (terminal) Regioselectivitya

WT 6.3 7.0 +0.7 
Y465F 14.0 14.8 +0.8 
Y381F  13.7 15.5 +1.8 
Y381F/Y465F 24.2 23.6 -0.6 
aDefined as difference in barrier, (barrier C2 – barrier C1).

 
To our knowledge, the regioselectivities of MSO and SSO opening have not been 
studied experimentally with human sEH. However, studies have been performed with 
a number of homologues. Conversion of (1S,2S)-β-methylstyrene oxide by the A. 
terreus EH leads to 95% attack at the benzylic position.67 Conversion of the same 
substrate by the EH from R. glutinis, the rabbit sEH or the mouse sEH yield virtually 
exclusive attack at the benzylic position.68,69,70 These regioselectivities are very much 
in line with the energetics calculated for MSO.  
Hydrolysis of styrene oxide with different sEH homologues has yielded a range of 
regioselectivities. Conversions are often performed on racemic mixtures of (S)- and 
(R)-styrene oxide, but in certain cases, stereoisomers are tested individually. Several 
EHs exhibit formation of a mixture of products for the transformation of SSO alone, 
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as suggested from the calculated energetics. For example, the rabbit sEH exhibits a 
regioselectivity of 45%(C1):55%(C2) for conversion of SSO,69 while for the A. niger 
EH, it is 15%(C1):85%(C2).71 Exclusive attack at the benzylic carbon of SSO is 
mediated by the B. sulfurescens EH71 while EchA from A. radiobacter AD1 seems to 
mediate exclusive attack at the terminal carbon.64 The potato S. tuberosum StEH 
converts styrene oxide in an enantioconvergent manner, with preferred attack at C1 
for (S)-styrene oxide (98%) and preferred attack at C2 for (R)-styrene oxide (92%).72 
A possible explanation of the experimental variations in regioselectivity can be given 
based on the computed energetics. The steric preference for C2 and the electronic 
preference for C1 of SSO seem to be comparable in magnitude, with a computed 
barrier difference for attack at either center of only 0.7 kcal/mol. The results indicate 
that the regioselectivity of SSO can easily be influenced by interaction in the active 
site. Binding that reduces the steric advantage for attack at C2 could thus increase the 
amount of benzylic attack, while binding that reduces the stabilization through the 
active site tyrosines would enhance attack at the terminal position. 

 
4.4  Haloalcohol Dehalogenase HheC  
 
Haloalcohol dehalogenase HheC is a bacterial enzyme, which was isolated from 
Agrobacterium radiobacter AD1.73 Its natural reaction is the conversion of 
halohydrins into epoxides (Scheme 4.9). However, HheC is also able to catalyze the 
reverse reaction, the transformation of epoxides into various substituted alcohols. 
Irreversible epoxide opening can occur with a number of interesting non-halide 
nucleophiles, including CN¯, N3¯, and NO2¯.74,75,76,77,78,79  
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Scheme 4.9 Haloalcohol dehalogenase reaction.  

 
4 .4.1 Characteristics of HheC 
Structural and biochemical studies of HheC revealed that it is related to the super- 
family of NAD(P)H-dependent short-chain dehydrogenase/reductases (SDRs).73,80 
However, the HheC reaction is cofactor-independent and instead of the NAD(P)H 
binding site in the SDRs, HheC exhibits a halide-binding site.80 SDRs possess a Lys-
Tyr-Ser catalytic triad and based on mutual similarities, HheC was proposed to 
employ an Arg145-Tyr149-Ser132 catalytic triad. Mutational studies confirmed the 
importance of these residues for the activity of HheC.73,80 
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HheC has the potential to become a useful biocatalyst due to its broad substrate 
specificity and its regio- and enantioselective properties. HheC displays high 
enantioselectivity for both aromatic and non-aromatic halohydrins.79,81,82 HheC and a 
HheC mutant (W249F) have successfully been used in the kinetic resolution of 
various bromo- and chloroalcohols.79,81,82 HheC also displays high enantioselectivity 
with epoxide substrates, and the epoxide-opening reaction of HheC has been 
employed to mediate kinetic resolution of epoxides.76,78 An interesting feature of the 
irreversible epoxide opening with the non-halide nucleophiles CN¯, N3¯, and NO2¯ is 
the high β-regioselectivity of HheC with various 1,2-epoxides.75,76,78 In certain cases, 
the regioselectivity of the HheC reaction differs from the regioselectivity of the non-
enzymatic reaction in water. For example, azidolysis of styrene oxide and p-chloro-
styrene oxide in water results in, respectively, 98% and 97% attack at the benzylic α-
carbon of the substrate.78 Using HheC, this regioselectivity is changed to 79% and 
89% attack at the terminal β-carbon.78  
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Scheme 4.10 Proposed dehalogenation mechanism of HheC. 

 
 
4.4.2 Proposed Mechanism of HheC 
 
The putative Arg149-Tyr145-Ser132 catalytic triad in HheC is proposed to mediate a 
concerted dehalogenation reaction (Scheme 4.10). Tyr145 is suggested to function as 
the catalytic base, which abstracts a proton from the halohydrin substrate. The alcohol 
oxygen of the substrate then attacks the vicinal carbon, resulting in displacement of 
the halide ion. Arg149 is suggested to activate Tyr145. The role of Ser132 is 
suggested to be primarily substrate binding.73,80 Mutational studies also indicated an 
important role for Asp80.80 The carbonyl backbone of Asp80 might be important for 
positioning of Arg149 (Scheme 4.10). Additionally, the Asp80 side chain might 
possibly function as a proton relay between Arg149 and the solvent.80  
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Figure 4.4 Optimized transition states for dehalogenation of RCPE. A) HheC Model 
A (83 atoms), B) HheC Model B (112 atoms). 
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.4.3 Haloalcohol Dehalogenation (Paper IV) 

We have studied the dehalogenation mechanism of HheC with active site models 
based on the crystal structure of HheC in complex with (R)-styrene oxide (RSO) and 
chloride (PDB 1PWZ, resolution 2.50Å). RSO and chloride can be considered the 
product state of the HheC-mediated dehalogenation of (R)-2-chloro-1-phenylethanol 
(RCPE). We studied the conversion of RCPE using models of different size, varying 
from 83 to 161 atoms. All models include the proposed catalytic triad and the 
backbone of Asp80, which is interacting with Arg149 (Scheme 4.10). The halide-
binding site was modeled differently in the three models. In the smallest model, here 
referred to as HheC Model A, only the backbone amide of Leu178 and a crystallo-
graphically observed water molecule were included (Figure 4.4A). In HheC Model B, 
the halide-binding site was extended, including parts of Pro175, Asn176, Tyr177, 
Leu178, Phe12, and Phe186 (Figure 4.4B). In HheC Model C, the halide-binding site 
was modeled fully, including the side chains of the residues Pro175, Asn176, Leu178, 
Phe186, Tyr187 and Phe12, and the backbone part of Tyr177 (Figure 4.5).  
Calculations with all three models show that the reaction proceeds as proposed 
through a concerted proton abstraction by Tyr145 and an intramolecular attack of the 
epoxide oxygen on the carbon-halide bond. Ser132 seems to be involved in stabilizing 
the transient oxyanion of the substrate. All three models support this reaction 
mechanism (Paper IV).  
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Different dielectric constants were employed to compute the energetics for the three 
models (Table 4.6). Relatively large solvent effects are observed for Model A and B, 
while the energies computed for Model C are only slightly affected when the 
dielectric constant is increased (Table 4.6). Model C thus provides adequate explicit 
solvation of the chloride ion. 
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Figure 4.5 HheC Model C (161 atoms). A) Schematic representation, B) Optimized 
transition state for dehalogenation of (R)-2-chloro-1-phenylethanol. 
 
 
Using the typical value of ε = 4, barriers of 14.6 to 17.4 kcal/mol are obtained for the 
three models (Table 4.6). Experimental results show that the rate-limiting step in the 
dehalogenation reaction is halide release, and the barrier of the chemical step should 
thus be equal to or below the overall barrier.83 Dehalogenation of RCPE has an 
experimental rate constant of 48.5 s-1, corresponding to a barrier of around 15.5 
kcal/mol.73 The models thus appear to have relatively good agreement with the 
experimental barrier. However, the computed reaction energies are all positive for 
Model B and C, indicating that epoxide opening would be more favourable than 
epoxide formation. Although the HheC reaction with halides is reversible, the 
equilibrium of HheC is towards epoxide formation and a slightly negative reaction 
energy should thus be expected.78 Halide release to the solvent could be energetically 
favourable and might thus be the driving force. However, it is noteworthy that HheC 
has been successfully co-crystallized with RSO and chloride, indicating that already 
the enzyme-bound product state is more favourable than the reactant state (as 
formation of the haloalcohol otherwise would be expected). It is possible that release 
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of the proton from Tyr145 to the bulk is exothermic, thus reducing the reaction 
energy. Another possibility is that the freezing scheme employed in our calculations 
makes the halide-binding site too rigid, i.e. the product state is not allowed to relax as 
much as it would in the enzyme active site, thus resulting in a positive reaction energy 
for Model B and C.   
 
 
Table 4.6 Summary of the calculated energetics (kcal/mol) for the HheC-catalyzed 
transformation of RCPE to RSO. 

 Model A (83 atoms)  Model B (112 atoms)  Model C (161 atoms)
 

Barrier Reaction 
energy  Barrier Reaction 

energy  Barrier Reaction 
energy 

No solvation 23.0 +17.5  17.9 +14.1  18.2 +5.5 
ε = 2 17.8 +8.2  15.8 +8.3  17.7 +4.9 
ε = 4 15.0 +3.4  14.6 +5.2  17.4 +4.5 
ε = 8 13.5 +1.0  14.0 +3.6  17.1 +4.3 
ε = 16 12.8 -0.3  13.7 +2.8  17.0 +4.2 
ε = 80 12.2 -1.2  13.5 +2.2  17.0 +4.2 
 

 
4 .4.4  The Epoxide-Opening Mechanism of HheC (Paper V) 
The epoxide-opening reaction of HheC can be assumed to operate in reverse fashion 
with respect to the dehalogenation mechanism. We studied epoxide opening of (R)- 
styrene oxide (RSO) with the nucleophiles cyanide and azide. The quantum chemical 
models were based on the X-ray crystal structure of HheC in complex with (R)-1-
para-nitro-phenyl-2-azido-ethanol, (PDB code 1PXO).80 The model includes the 
catalytic triad, and parts of the residues comprising the halide-binding site, Phe12, 
Pro175, Asn176, Tyr177, Leu178, Phe186, and Tyr187. The overall size including 
substrate is 130 atoms for the azide model and 129 atoms for the cyanide model.  
For both azidolysis and cyanolysis of RSO, we find a one-step mechanism, where 
attack of the nucleophile on the epoxide and proton transfer from Tyr145 occur in 
concert. The transition state for nucleophilic attack of azide at the β-carbon of RSO is 
shown in Figure 4.6A. Attack of azide at the terminal carbon occurs at a distance of 
2.16 Å. The Cβ-O bond is elongated to 1.79 Å. No proton transfer from Arg149 to 
Tyr145 was observed, and in the product geometry, a tyrosinate has been formed 
(Paper V). Arg149 stabilizes the tyrosinate through hydrogen-bonding. The computed 
barrier for the concerted proton transfer from Tyr145 and epoxide opening at Cβ is 8.1 
kcal/mol. The overall reaction energy is calculated to -25.2 kcal/mol, which agrees 
well with the observed irreversibility of HheC-mediated azidolysis.78 

The transition state for attack at the β-carbon of RSO by cyanide is shown in Figure 
4.6C. The optimized distances are similar to the transition state for azidolysis, with the 
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main difference being the nucleophile-Cβ distance, which is slightly longer (2.32 Å). 
The computed energies for cyanolysis are somewhat different than for azidolysis. The 
barrier for nucleophilic attack of cyanide at Cβ is calculated to 7.0 kcal/mol, while the 
overall reaction energy is -46.0 kcal/mol. The computed energies clearly show that the 
proposed epoxide opening mechanism is energetically feasible. 
 

Figure 4.6 Optimized transition states for cyanolysis and azidolysis of RSO in the 
HheC active site model. A) Attack of azide at Cβ, B) Attack of azide at Cα, C) Attack 
of cyanide at Cβ, D) Attack of cyanide at Cα. 
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Figure 4.7 Phenol-catalyzed azidolysis and cyanolysis of RSO. A) Attack of azide at 
Cα, B) Attack of azide at Cβ, C) Attack of cyanide at Cα, D) Attack of cyanide at Cβ. 
 
 
4.4.5 Regioselectivity of HheC-Mediated Epoxide Opening (Paper V) 
 

Experimental studies show that HheC mediates attack at the less substituted carbon of 
various epoxides with the nucleophiles azide, cyanide, and nitrite.74,75,76,78,79 For 
azidolysis of styrene oxide, the observed regioselectivity is different from that in 
solution. While chemical conversion of styrene oxide with azide results in 2% attack 
at the terminal carbon (Cβ), HheC-mediated azidolysis increases this value to 79%.78 
This observation made us interested in studying the regioselectivity of HheC-mediated 
epoxide opening and to investigate the factors controlling it.  
As a reference reaction, we first studied the regioselectivity of azidolysis and 
cyanolysis of RSO in a small phenol-catalyzed model (Figure 4.7). The calculated 
barriers for attack of azide at Cα and Cβ of RSO are 10.7 and 13.5. kcal/mol, 
respectively (Table 4.7). The observed regioselectivity is in line with the strong 
preference for the Cα in the chemical azidolysis of styrene oxide.78 With the HheC 
wild type active site model of 130 atoms, the barriers for azidolysis were computed to 
8.6 and 8.1 kcal/mol for attack at Cα and Cβ, respectively (Figure 4.6 A and B, Table 
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4.7). The regioselectivity (defined as barrier Cβ – barrier Cα) has thus changed 
significantly, from +2.8 kcal/mol in the phenol-catalyzed model to -0.5 kcal/mol in the 
HheC active site model. The slight preference for Cβ in the HheC active site model is 
in line with experimental results.78  
For cyanolysis of RSO, we calculated a similar pattern. With the phenol-catalyzed 
model (Figure 4.7), the barriers for attack at Cα and Cβ are 10.5 and 11.0 kcal/mol, 
i.e. a slight preference for the Cα is observed. With the HheC active site model, the 
barriers for cyanolysis are 10.6 and 7.0 kcal/mol respectively, for attack at Cα and Cβ 
(Figure 4.6C and D, Table 4.7). The regioselectivity has thus changed from +0.5 in the 
phenol-catalyzed model to -3.6 kcal/mol in the HheC active site model (Table 4.7). 
The above results shows that for both the azidolysis and the cyanolysis of RSO, HheC 
promotes attack at Cβ with several kcal per mole compared to the phenol-catalyzed 
epoxide opening. The agreement with experimental results indicates that the HheC 
active site model captures the elements, which influence the enzymatic regio-
selectivity. Analysis of the optimized structures for the wild type HheC model indicate 
that there are multiple effects that might cause the preference for attack at the β-
carbon of the substrate. These include the relative positions and orientations of the 
nucleophile and the substrate, steric effects mediated by surrounding residues, and 
also electrostatic stabilization of attack at Cβ. These possible effects were analyzed by 
making individual in silico mutations of several groups (Figure 4.8).  
 

 
Figure 4.8 Individual in silico mutations studied in the HheC active site model. 

 
The effect of the hydrogen bonding to the substrate and the nucleophile were 
investigated by mutating respectively Ser132 to alanine and the Leu178 backbone 
amide to an ester (Figure 4.8). The results indicate that these two groups have 
moderate effect on the regioselectivity of epoxide opening. For both cyanolysis and 
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azidolysis, the preference for the β-carbon was reduced by 0.6 to 1.2 kcal/mol in the 
Ser132→Ala and the Leu178NH→CO mutants, respectively (Table 4.7).  
The optimized structures of the wild type model indicated an interaction between the 
Pro175 backbone carbonyl and one of the β-hydrogens of the substrate. This could 
stabilize the evolving positive charge at the β-carbon and might thus enhance the 
preference for attack at this center. To evaluate this hypothesis, a C=O→CH2 mutation 
of the proline backbone was performed. The results indicate that this interaction 
contributes by 0.8 to 1.3 kcal/mol to the β-regioselectivity of HheC (Table 4.7). 
 

Table 4.7   Calculated barriers (kcal/mol)a for azidolysis and cyanolysis of RSO.  

Model (# atoms) Nucleophile Barrier Cα Barrier Cβ Regioselectivity b

Phenol-catalyzed (33) N3¯ 10.7 13.5 +2.8 
HheC wild-type  (130) N3¯ 8.6 8.1 -0.5 
HheC Ser132→Ala (129) N3¯ 13.1 13.8 +0.7 
HheC Leu178NH→O (129) N3¯ 10.4 10.5 +0.1 
HheC Pro175CO→CH2 (131) N3¯ 11.2 11.5 +0.3 
HheC RmTyr187 (117) N3¯ 9.2 11.6 +2.4 

Phenol-catalyzed (32) CN¯ 10.5 11.0 +0.5 
HheC wild-type  (129) CN¯ 10.6 7.0 -3.6 
HheC Ser132→Ala (128) CN¯ 12.1 9.2 -2.9 
HheC Leu178NH→O (128) CN¯ 9.1 6.5 -2.6 
HheC Pro175CO→CH2 (130) CN¯ 10.8 8.5 -2.3 
HheC RmTyr187 (116) CN¯ 7.9 7.8 -0.1 
aSolvation corrections were calculated with ε = 80 for phenol-catalyzed models and ε = 4 for HheC 
active site models. bDefined as the difference in barriers, (Barrier Cβ) – (Barrier Cα). 
 
 
One additional residue that was suspected to affect the regioselectivity of epoxide 
opening is Tyr187. The position and interactions of this residue indicated that it might 
impair attack of the nucleophile at the benzylic carbon of the substrate. We prepared 
an HheC active site model in which Tyr187 was removed. In the RmTyr187 model, 
the regioselectivity for azidolysis is +2.4 kcal/mol, which is close to the +2.8 kcal/mol 
observed for the phenol-catalyzed model (Table 4.7). A similar result is obtained for 
cyanolysis, where the regioselectivity of the RmTyr187 model is -0.1 kcal/mol, which 
is close to the +0.5 kcal/mol of the phenol-catalyzed model (Table 4.7). For both 
azidolysis and cyanolysis, Tyr187 is thus identified as being critical for the observed 
change in regioselectivity in going from the phenol-catalyzed to the HheC active site 
model. It can be argued that the effect of Tyr187 in the active site model is 
exaggerated due to the freezing scheme employed. In our model, Tyr187 is truncated 
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and fixed at Cγ, while in the native enzyme, the side chain would be extended and 
might exhibit larger flexibility. However, the interaction of Tyr187 with Asn176 (and 
also with Trp249) observed in the HheC crystal structure indicates that Tyr187 has 
little flexibility also in the native enzyme.80,81   
 
 
4.5 Conclusions on Epoxide-Transforming Enzymes  
 
The theoretical study of several epoxide-transforming enzymes opens the possibility 
to identify common strategies and differences between these enzymes. Also some 
conclusions regarding the employed methodology can be made.  
 
4.5.1  Mechanistic Strategies of Epoxide-Transforming Enzymes  
At first glance, the catalytic strategies employed by the studied enzymes appear very 
different. LEH exhibits a concerted mechanism mediated by an Asp-Arg-Asp triad. 
The nucleophile in LEH is an activated water molecule (Paper I). sEH exhibits an 
Asp-His-Asp catalytic triad in combination with two tyrosine residues and employs a 
covalent reaction mechanism. The nucleophile in sEH is the side chain of Asp333 
(Paper II and III). HheC employs an Arg-Tyr-Ser catalytic triad, which mediates a 
concerted general acid-catalyzed reaction mechanism. Different nucleophiles are 
accepted by HheC (Paper V). Despite these differences, it is possible to identify a 
number of mechanistic features that are shared by all three enzymes:  
 

• In all cases, epoxide-opening takes place through an SN2 mechanism, in which 
opening and nucleophilic attack occur concertedly. An SN1 mechanism, in 
which epoxide-opening and nucleophilic attack occur stepwise, is not observed 
for any of the studied enzymes or substrates.  

 
• For all three enzymes, a general acid donates a proton to the emerging 

oxyanion. If the general acid is eliminated, the barriers for epoxide-opening 
increase dramatically. For LEH, removal of the general acid results in a barrier 
increase from 14.9 to 44.1 kcal/mol (Paper I). In silico Tyr→Phe mutation of 
both tyrosines in sEH increases the barrier for MSO opening from 7.8 kcal/mol 
to 24.8 kcal/mol (Paper III).  

 
• A feature shared by HheC and sEH is the presence of an additional hydrogen 

bond-donor to the epoxide oxygen, besides the general acid. In HheC, this is 
an optimally positioned serine residue, and in sEH, it is a second tyrosine 
residue. Calculations support the usefulness of this catalytic strategy. If the 
additional hydrogen bond-donor is eliminated, barrier increases of several kcal 
per mole are observed for both sEH and HheC (Paper III and Paper V).   
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Scheme 4.11 Intrinsic and enzymatic effects that affect the regioselectivity of 
enzymatic epoxide opening (AH/BH = enzymatic proton or hydrogen bond donor).  
 
 
4.5.2  Regioselectivities of Epoxide-Transforming Enzymes 
 
Analysis of the regioselectivities mediated by the above enzymes show that enzymatic 
regioselectivity is a complex process, which is governed by the interplay and 
competition of very different effects. In sEH, electronic factors dominate the opening 
of MSO and SSO. The stabilization provided by the phenyl substituent of the substrate 
results in attack at the benzylic carbon, a preference that is further enhanced by the 
two tyrosine residues (Paper II and III). When both tyrosines in sEH are mutated to 
phenylalanine, steric factors become more important and preferred attack at the 
terminal carbon of SSO is observed (Paper III). For LEH, the regioselectivity of 
limonene-1,2-epoxide and 1-methylcyclohexene oxide conversion is dominated by 
conformational factors inherent to the substrate (Paper I). The structure of the formed 
transition state determines if attack occurs at either the more substituted (C1) or the 
less substituted (C2) carbon (Paper I). For HheC, azidolysis and cyanolysis of RSO 
yield preferred attack at the terminal carbon, while the non-enzymatic epoxide 
opening yields preferred attack at the benzylic carbon (Paper V). Several factors can 
be identified that enhance attack at the terminal carbon of RSO in the enzyme active 
site. They include steric effects caused by Tyr187 and electronic effects caused by the 
Pro175 backbone. The observed factors can be classified as effects intrinsic to the 
substrate/nucleophile and effects mediated by the surroundings (Scheme 4.11). 
Intrinsic effects include: 

• The conformation of the substrate (as for the cyclohexene oxides, Paper I)  
• The substitution patterns at the oxirane carbons (SSO versus MSO, Paper III)  
• The nature and size of the nucleophile (N3⎯ and CN⎯ yield different 

regioselectivities, Paper V) 
 
Enzyme-mediated effects include: 

• Hydrogen bond donors/general acids to the epoxide oxygen (Paper III) 
• Electrostatic effects (e.g. the backbone carbonyl of Pro175 in HheC, Paper V) 
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• Interactions with the enzyme surroundings, which affect the relative position 
of the nucleophile or substrate (e.g. Tyr187 in HheC). 

 
4 .5.3 Conclusions Regarding the Methodology 
The mechanisms and regioselectivities of the above enzymes were studied with active 
site models that are relatively small compared to the size of an enzyme. It is not a 
priori obvious that such models are able to describe an enzymatic reaction correctly. 
By comparing to available experimental results, it is possible to judge how well the 
models perform.  
The epoxide hydrolysis reaction of LEH was studied with a model of 73 to 80 atoms 
(depending on the size of the substrate, Paper I). The very good agreement with 
experimental energies and regioselectivities for conversion of LE and 1-
methylcyclohexene oxide indicates that the model to a high extent captures the effects 
that govern LEH-mediated epoxide hydrolysis (Paper I). The reaction mechanism of 
sEH was studied with different models of 82 to 99 atoms (Papers II and III). The wild 
type model agreed well with experimental results on a number of issues (Paper II). 
The model correctly describes a stable covalent intermediate and does also show that 
the hydrolytic half-reaction is rate-limiting. However, the overall barrier is somewhat 
larger than the experimental values (Paper II) and the effects of the tyrosine mutations 
appear to be overestimated (Paper III). This indicates that additional elements are 
required to accurately describe the energetics of the sEH mechanism. For HheC, the 
dehalogenation of RCPE was investigated with models of varying size, from 83 to 161 
atoms (Paper IV). The reaction results in generation of a free chloride ion, which can 
be challenging to model. Our results show that the smallest model agrees well with 
experimental energies. However, the very large solvent effect computed for this model 
indicates that the halide binding site is described poorly. The two larger HheC models 
exhibit significantly reduced solvent effects, but they agree less well with 
experimental results. It is possible that the freezing scheme employed does not allow 
the product state in these models to relax fully, thus resulting in a positive reaction 
energy. The epoxide opening reaction of HheC was studied with different models of 
116 to 131 atoms (Paper V). Both the mechanism and regioselectivity for RSO 
conversion could be explained in detail and very good agreement with experiment was 
obtained. Analysis of the solvent effect and the basis set effect on the barrier and 
regioselectivity of RSO cyanolysis in the wild type HheC model showed that these 
effects are fairly small for this model (Paper V, Supporting Information).    
It can be concluded that if the active site model is chosen well, reliable results can be 
obtained. Comparisons to experimentally known properties show that our models to a 
high degree capture the elements that govern the enzymatic mechanisms and 
regioselectivities.  
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Chapter 5    

Nitrile Hydratase 
 

 

 

Nitrile Hydratases (NHases) are bacterial metalloenzymes that catalyze the conversion 
of nitriles to their corresponding amides (Scheme 5.1). They are used industrially in 
the production of nicotinamide and acrylamide, the latter on a scale of more than 
30 000 tons per year.84 There is particular interest in synthesizing a biomimetic 
complex that is able to mimic the NHase reaction, but so far with little success.85 One 
serious obstacle is the lack of detailed understanding of the NHase mechanism. In this 
chapter, we will present investigations of various NHase active site models and 
mechanisms, in order to shed light on NHase-mediated nitrile hydration.  
 

R C N
R NH2

O
+ H2O

NHase

 
Scheme 5.1 Nitrile hydration reaction catalyzed by NHases. 

 
  
5 .1 Characteristics of NHase 
Two different classes of NHases exists, harbouring either a cobalt or an iron ion in the 
active site (here referred to as Co(III)-NHases and Fe(III)-NHases, respectively). In 
each case, the metal ion is found in a low-spin ground state (S = 0 for Co(III) and S = 
½ for Fe(III)).87,86 The two NHases exhibit very high sequence and structural 
similarities.87,88 The first X-ray crystal structure of the Fe(III)-NHase from 
Rhodococcus sp. R312 revealed an octahedrally-coordinated metal ion with three 
cysteine residues and two deprotonated backbone amides as ligands.89 Deprotonated 
backbone amides are rare but have been observed in other metal-binding motifs, e.g. 
in the Prion protein.90 The 6th metal ligand in NHase could not be identified.89 
Subsequent crystal structures revealed that in both NHase classes, two of the cysteine 
ligands are posttranslationally oxidized, one to cysteine-sulfenic and one to cysteine-
sulfinic acid (Figure 5.1).91,92 The biological significance of the asymmetric oxidation 
is not known, but it appears to be essential for catalytic activity.93,94,95,96 
Reconstitution of NHase under anaerobic conditions (resulting in lack of oxidation),93  
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Arg141´

Arg56´

NO

Cys109

Cys114-SO

Cys112-SO2
Ser113

Figure 5.1 Active site of the NO-inactivated Fe(III)-NHase from Rhodococcus 
erythropolis sp. N-771 (from X-ray crystal structure 2AHJ).91   
  
or oxidation of both  cysteines to cysteine-sulfinic acid renders NHase inactive.95 The 
oxidized cysteines might be important for increasing the Lewis acidity of the metal 
ion,85 or could be actively involved in the reaction.97 Stable cysteine-sulfenic or 
cysteine-sulfinic acids have been observed in a few other enzymes, where they seem 
to be involved in regulation mechanisms or are part of a catalytic redox center.98,99  

The identity of the 6th metal ligand of NHase remains elusive. It has been established 
that the Fe(III)-NHase can exist in an inactive form, in which the 6th ligand is an NO 
molecule. Upon exposure to light, the NO molecule dissociates from the 
metal.100,101,102,103 It is not clear if in the active form of Fe(III)-NHase, the 6th ligand 
site remains empty or is occupied by either water or a substrate molecule. In the 
crystal structure of the Co(III)-NHase from P. thermophila JCM 3095, a water 
molecule or hydroxide ion is observed in the 6th ligand site.92  
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Scheme 5.2 Two general NHase mechanisms. A) First-shell mechanism, involving 
direct metal-coordination of the substrate, B) Second-shell mechanism, in which a 
metal-coordinated hydroxide attacks the substrate in the second-shell.  
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5 .2 Mechanism of NHase 
The details of the reaction mechanism of NHase remain to be determined. The very 
negative reduction potential of NHase and various metal complexes mimicking the 
active site indicates that nitrile hydration occurs through a non-redox reaction 
mechanism.104,105,106 It is generally assumed that the role of the metal is to either act 
as a Lewis acid to activate the metal-coordinated substrate by polarizing the carbon-
nitrogen bond, or to function in the activation of a nucleophilic water molecule. A 
number of different reaction pathways have been put forward in the literature.87,89, 

97,107,108,109 These can be placed in two different categories, first-shell mechanisms and 
second-shell mechanisms. In the first-shell mechanisms, the substrate coordinates 
directly to the metal ion and is then attacked by an activated water molecule (Scheme 
5.2A). In the second-shell mechanisms, the substrate does not interact with the metal, 
but is converted by a metal-bound ligand (Scheme 5.2B). This could be a metal-bound 
water (or hydroxide) molecule or one of the oxidized cysteine ligands. It should be 
noted that most of the proposals have been of a very general nature and do not indicate 
which active site residues should function in the role of general acid or base.  
We have investigated the NHase mechanism theoretically and have explored the 
proposed reaction pathways. During the course of our work, we have put forward and 
investigated additional possible mechanisms. In total, six reaction pathways have been 
studied (Scheme 5.3). Models of both the Fe(III)-NHase and the Co(III)-NHase have 
been devised. The following will give an overview of the performed work.  
 

H O
H

O
H

N M

C

N

R

H O
H

M

C

N

R
O

C

N

R

M S

O

O

H

H

C

N

R

M S

O

C
N

R

O

M S

H

OH

C
N

R
OH

M S

H

O

Tyr

-

- - -

3+ 3+3+

3+ 3+ 3+

A B C

D E F

-

-

 
Scheme 5.3 NHase mechanisms that were studied computationally. A) Serine-assisted 
first-shell mechanism, B) First-shell mechanism with Cys-SO־ as base, C) First-shell 
mechanism with tyrosinate as base, D) First-shell mechanism with Cys-SO־ as 
nucleophile, E) Second-shell mechanism with a metal-bound hydroxide as 
nucleophile, F) Second-shell mechanism with Cys-SO־ as nucleophile.  
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5 .3 Theoretical Study of Non-Enzymatic Nitrile Conversion 
In order to obtain a reference reaction for the enzymatic reaction, we first studied 
nitrile hydration in absence of enzyme. Two small models were studied, one 
consisting of acetonitrile and one water molecule, and one of acetonitrile and two 
water molecules (Paper VI). Our calculations showed that the non-enzymatic 
hydration of acetonitrile takes place in two steps (Scheme 5.4).  
 

CH3 C N
CH3

C
NH

O
H

CH3

C
NH2

O

+ H2O

Nitrile Iminol Amide
 

Scheme 5.4 Hydration of acetonitrile occurs in two steps. 
 
In the first step, addition of water to the nitrile occurs, resulting in the formation of an 
iminol molecule. In the second step, the iminol tautomerizes to give the desired amide. 
In the smaller model, only comprising acetonitrile and one water molecule, the first 
step has a computed barrier of 60.8 kcal/mol. The highly strained transition state  
could be alleviated through introduction of a second water molecule, which assists in 
the proton transfer step. The barrier for the first step was reduced to 35.6 kcal/mol 
(Figure 5.2). The barrier for tautomerization in this pathway was only 4.7 kcal/mol.  
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Figure 5.2 Water-assisted hydration of acetonitrile to acetamide (Paper VI). 
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Several conclusions can be drawn from these results. First, the experimentally- 
determined reaction rates show that NHase-mediated nitrile hydration has an overall 
barrier of 13-15 kcal/mol (rates are converted using classical transition state 
theory).110,111,112 It can thus be estimated that NHase needs to provide a catalytic 
effect of around 20 kcal/mol to reduce the barrier for nitrile hydration to the 
experimentally observed values. Another conclusion concerns the low barrier for 
tautomerization of iminol, which indicates that that this step could proceed in water in 
absence of enzyme. It is therefore possible that NHase only catalyzes the first step of 
the reaction, the formation of the iminol intermediate.  
 
 
5 .4 Quantum Chemical Studies of Nitrile Hydratase 
The possible NHase mechanisms have been studied with a number of different active 
site models. All iron-NHase models are based on the X-ray crystal structure of the 
nitrosylated Fe(III)-NHase from R. erythropolis N-771 (PDB 2AHJ, resolution 1.7 
Å).91 Models vary from 46 to 100 atoms and have a total charge of 0 (except for 
models including tyrosinate, these have a total charge of -1). Computations on the 
Fe(III)-NHase models were performed in the doublet state.  
All cobalt-NHase models are based on the X-ray crystal structure of the Co(III)-
NHase from P. thermophila JCM 3095 (PDB 1IRE, resolution 1.8 Å).92 Models vary 
from 71 to 103 atoms and also have a total charge of 0 except for models involving 
tyrosinate, which have a total charge of -1. Computations on the Co(III)-NHase 
models were performed in the singlet state.   

 
5 .5 First-Shell Mechanisms  
One possible catalytic strategy of NHase is substrate activation through metal binding. 
The metal could act as a Lewis acid and accept electron density from the nitrile, which 
would facilitate nucleophilic attack on the substrate. The difficulties to establish the 
identity of the 6th metal-ligand of NHase indicate that this is a labile ligand site, where 
the substrate could bind upon entering the active site. We will here discuss a number 
of reaction mechanisms, in which the substrate coordinates directly to the metal.  
 
5 .5.1 Simple First-Shell Mechanism (Paper VI) 
First, we investigated how coordination of the substrate to the metal ion affects the 
barrier for nitrile hydration compared to the non-enzymatic reaction. The first Fe(III)-
NHase model was composed of the metal ion and its first-shell ligands (Figure 5.3A). 
In this model, we studied essentially the same reaction pathway as for the non- 
enzymatic water-assisted reaction discussed above, but with the nitrile coordinated to 
the  metal  (Scheme  5.5).  It  was  shown  that  the  barrier  for  nitrile  hydration  in  this 
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Scheme 5.5 A) Non-enzymatic water-assisted nitrile hydration, B) Water-assisted 
first-shell mechanism, C) Serine-assisted first-shell mechanism.  
 
 
model is as high as 42.9 kcal/mol (Paper VI). Thus, coordination of the nitrile to the 
iron atom did not reduce the barrier compared to the non-enzymatic reaction. A 
somewhat larger model was also tested, which in addition included the side chain of 
Ser113 and the second-shell residues Arg56 and Arg141 (Figure 5.3B). In this model, 
the serine side chain fulfils the role of the second water molecule and mediates proton 
transfer to the substrate (Scheme 5.5C). The barrier in this model is 38.7 kcal/mol, 
which also is slightly above the non-enzymatic barrier.  
The results for the simple first-shell mechanism indicate that the low-spin Fe(III)-ion 
does not function as a Lewis acid to mediate substrate activation. This does not 
exclude a first-shell mechanism per se, but indicates that additional activation of the 
substrate or the nucleophile would be required to reduce the barrier for nitrile 
activation. One possible strategy would be to activate the attacking water molecule 
through abstraction of a proton by an active site base. This possibility is explored 
below.  
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Figure 5.3 Optimized transition states for nitrile hydration in two different Fe(III)-
NHase models. A) Water-assisted first-shell mechanism, B) Serine-assisted first-shell 
mechanism (Paper VI).  
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5 .5.2 Cysteine-Sulfenate as Base (Paper VI) 
It has been suggested that cysteine-sulfenate could function as the catalytic base of 
NHase.113 We tested this proposal with the same Fe(III)-NHase active site model as 
for the serine-assisted first-shell mechanism. The computed mechanism is shown in 
Scheme 5.6. The transition state for attack of water on the metal-coordinated substrate 
in concert with cysteine sulfenate-mediated proton abstraction is shown in Figure 5.4. 
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Scheme 5.6 Computed NHase mechanism involving cysteine-sulfenate as base. 

 
 
The barrier for this reaction is calculated to 20.2 kcal/mol, which is significantly lower 
than the previous mechanism. Activation of the water molecule through a general base 
is thus a likely strategy to reduce the barrier for nitrile hydration. As noted above, 
experimentally-determined rates indicate that the barrier for NHase should be in the 
range 13-15 kcal/mol. The computed value is thus about 5 kcal/mol too high 
compared to the experiments. For systems containing transition metals, B3LYP has an 
estimated error on relative energies of 3-5 kcal/mol,16 and it is therefore possible that 
this mechanism is the correct NHase mechanism.  
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Figure 5.4 Optimized transition state for Fe(III)-NHase-mediated nitrile hydration 
employing cysteine-sulfenate as catalytic base.  
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Several variations of the above mechanism were also examined. First, it was tested if 
the barrier for the reaction could be lowered if the water molecule is placed in a 
bridging position, in which it interacts with both Cys114-SO⎯ and Cys112-SO2⎯ 
(Figure 5.5A, data not published). One can speculate that the additional interaction 
could lead to an increase of the nucleophilicity of the water oxygen. However, the 
computed barrier for this model is 20.5 kcal/mol, i.e. the Cys112-SO2⎯ interaction did 

ot affect the barrier. n 
 

 
Figure 5.5 Optimized transition states for Fe(III)-NHase-mediated nitrile hydration 
employing cysteine-sulfenate as base. A) Model with bridging water molecule, B) 
Model with bridging water molecule and the Leu111-Cys112 backbone, which forms 
a hydrogen bond with the Cys109 sulfur.  
   
We also tested the effect of adding the backbone amide of Leu111-Cys112 to the 
model (Figure 5.5B, data not published). This amide is suggested to form a hydrogen 
bond to the Cys109 thiolate. The idea that this interaction might be of importance for 
NHase was put forward by N. Richards,114 and is based on the observation that a 
similar interaction in cytochrome p450 is essential for a correct description of the 
reactive radical species of p450, Compound 1 (Cpd1).115 p450 is a heme protein, but 
the iron ligand field in p450 is similar to NHase, exhibiting four nitrogens and an axial 
cysteine as ligands. Computations by Shaik and coworkers showed that the spin 
distribution in Cpd1 is affected by the hydrogen-bonding interaction of the axial 
cysteine, and that the hydrogen bond to the thiolate is essential to obtain a dominant 
porphyrin radical species, instead of the otherwise dominant sulfur radical species.115    
We have tested what effect the hydrogen bond to the axial thiolate in NHase has on 
the barrier of nitrile hydration. The optimized transition state (Figure 5.5B) exhibited 
critical distances similar to the model without Leu111-Cys112 backbone (Figure 
5.5A). The final barrier computed for this model is 21.4 kcal/mol. Addition of the 
backbone hydrogen bond thus did not result in a barrier reduction.  
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We also tested if addition of another second-shell residue would affect the barrier for 
nitrile hydration (data not published). It has been shown that mutation of the 
conserved second-shell tyrosine Tyr68 in the Co(III)-NHase from P. thermophila 
JCM 3095 to phenylalanine results in a decrease of the kcat for acrylonitrile conversion 
from 1910 s-1 to 15.2 s-1.111 This corresponds to a barrier increase of about 3 kcal/mol. 
The X-ray crystal structure of NHase revealed that the second-shell tyrosine interacts 
with the side chain of Ser113.91,92 We speculated that addition of this residue could 
enhance the interaction of Ser113 with the substrate, and in this way stabilize the 
negative charge on the intermediate that is formed during water attack. Calculations 
were performed with an Fe(III)-NHase model, which in addition to the first-shell 
ligands and the second-shell arginines also included two tyrosine residues, the 
conserved second-shell tyrosine residue Tyr72 (corresponding to Tyr68 in Co(III)-
NHase) and a non-conserved tyrosine residue, Tyr37, which in the X-ray crystal 
structure seems to interact with Tyr72 (Figure 5.6A). The barrier computed for this 
model is 19.5 kcal/mol. Addition of the two tyrosines to the model did thus not result 
in a significant reduction of the barrier for nitrile hydration.  
 

 
Figure 5.6 Optimized transition states for nitrile hydration employing cysteine-
sulfenate as catalytic base. A) Fe(III)-NHase model including Tyr72 and Tyr37 
(mechanism with bridging water molecule), B) Co(III)-NHase model.  
  
We also investigated the first-shell mechanism involving cysteine-sulfenate as base in 
a active site model based on the Co(III)-NHase (data not published). The model is 
composed of the first-shell ligands Cys108, Cys111-SO2⎯, Ser112, and Cys113-SO⎯ 
(corresponding to Cys109, Cys112-SO2⎯, Ser113, and Cys114-SO⎯ in Fe(III)-NHase), 
and the second-shell ligands Arg52, Arg157, Tyr68 and Trp72 (corresponding to 
Arg56, Arg141, Tyr72 and Tyr76 in Fe(III)-NHase). The optimized transition state for 
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nitrile attack in concert with proton abstraction by Cys113-SO⎯ is shown in Figure 
5.6B. The critical distances are similar to the Fe(III)-NHase model with a non-
bridging water molecule (Figure 5.4). The barrier computed for this mechanism is 
18.6 kcal/mol, which is similar to the results obtained for the Fe(III)-NHase models. 
The results indicate that the effect of the metal-substrate interaction and the reactivity 
of the cysteine-sulfenate are comparable in the two models. 
 
 
5 .5.3 Tyrosine as Catalytic Base (Paper VIII) 
Mitra and Holz have recently put forward the suggestion that the conserved second-
shell tyrosine residue discussed above could be the catalytic base of NHase.116 It was 
proposed that Tyr68 in the Co(III)-NHase from P. thermophila JCM 3095 might exist 
in its deprotonated form, stabilized by hydrogen-bonding from the conserved residues 
Trp72 and Ser112 (these residues correspond to Tyr72, Tyr76, and Ser113 in Fe(III)-
NHase).116 The tyrosinate residue could then act analogously as suggested above for 
cysteine-sulfenate, by activating a water molecule, which performs a nucleophilic 
attack on the metal-bound substrate.116  
We have investigated this proposal with active site models based on both the iron- and 
the cobalt-NHase. The models contain the first-shell ligands, the second-shell 
arginines, the conserved second-shell tyrosine and the conserved hydrogen bond 
donor to tyrosine (Tyr76i in Fe(III)-NHase and Trp72 in Co(III)-NHase). The second-
shell tyrosine was modeled in its deprotonated form to allow it to act as a catalytic 
base. The optimized transition states are shown in Figure 5.7. The reaction proceeds in 
similar fashion in both models, and the optimized structures show similar critical 
distances. Water attack occurs at 1.84 Å in the Fe(III)-NHase model and at 1.85 Å in 
the Co(III)-NHase model. The computed barriers are 18.0 kcal/mol for the Fe(III)-
NHase model, and 20.9 kcal/mol for Co(III)-NHase model.j The results indicate that a 
mechanism of this kind would be slightly more favourable for Fe(III)-NHase. As the 
computed barrier of 18.0 kcal/mol is only about 3 kcal/mol above the experimental 
barrier, it seems possible that the second-shell tyrosine is the catalytic base of NHase. 
However, several questions arise at this point. For example, how likely is it that the 
second-shell tyrosine is deprotonated in the enzyme active site? And another question, 
simultaneously affecting all first-shell mechanisms, how will the cost of ligand 
exchange affect the results? A brief discussion of these issues is provided below.  

                                                 
i Note that this is not the same tyrosine as included in the calculations involving cysteine-sulfenate as 
base (Section 5.5.2). In the Fe(III)-NHase crystal structure (PDB 2AHJ), there are three tyrosine 
residues in close vicinity, Tyr37, Tyr72, and Tyr76. Tyr72 is the conserved second-shell residue, which 
interacts with Ser113. Two residues hydrogen bond to Tyr72, the non-conserved Tyr37 and the 
conserved Tyr76 (conserved in all Fe(III)-NHases and corresponding to Trp72 in Co(III)-NHase). 
j These values are computed employing the typical value of ε = 4 for solvent corrections. Tests show 
that the choice of dielectric constant has little effect on the barrier (Paper VIII).  
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Figure 5.7 Optimized transition states for NHase-mediated nitrile hydration 
employing tyrosinate as catalytic base. A) Fe(III)-NHase, B) Co(III)-NHase.  
 
  
Experimental studies on the Co(III)-NHase from P. thermophila JCM 3095 identified 
an ionizable group in the enzyme, with a pKa value of 5.8.116 It was suggested that this 
corresponds to the second-shell tyrosine Tyr68.116 However, the obtained pKa value 
might also be assigned to other ionizable groups, such as the cysteine-sulfenate or  
-sulfinate. We have analyzed the relative pKa value of the second-shell tyrosine in 
both the Fe(III)-NHase and Co(III)-NHase models to evaluate the likelihood that it 
exists in a deprotonated form in the NHase active site. The proton affinity (PA) was 
computed for free phenolate and for the tyrosinate residue in each model. The 
difference in PA was correlated with the experimental pKa value of phenol (9.9) to 
obtain an estimate of the pKa value of the second-shell tyrosine (see Paper VIII for 
details). The calculated pKa values turn out to be highly dependent on the dielectric 
constant used to compute solvent corrections. Employing the typical value of ε = 4 
results in a pKa of 9.9 for Tyr72, which is the same as for the free phenol in water. 
However, if ε = 20 is employed, a pKa of 3.5 is obtained, which indicates that Tyr72 
easily could be deprotonated. For Tyr68 in the Co(III)-NHase model, similar results 
are obtained (Paper VIII). Richards and coworkers have discussed that the NHase 
active site appears to be well-solvated, and they therefore suggest that ε = 20 is a 
better choice for computing solvent corections.117 The results indicate that 
deprotonation of the second-shell tyrosine might be facile.  
If NHase employs a first-shell mechanism, then one important consideration regards 
binding of the substrate to the metal. If the nitrile molecule has to replace another 
ligand from the metal-coordination shell, then this might be associated with a cost for 
ligand exchange, which might make a first-shell mechanism less feasible. At this 
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point, the most likely ligand in the 6th coordination site is a water molecule. Greene 
and Richards have previously computed a cost of 7.2 kcal/mol for exchanging a metal-
bound water molecule for acetonitrile in an Fe(III)-NHase active site model 
(B3LYP/LACV3P++ energies, including zero-point energy, thermal corrections, and 
solvation free energies. A dielectric constant of ε = 20 was employed for active site 
models).117 We have performed similar calculations for both an Fe(III)-NHase and a 
Co(III)-NHase model (Scheme 5.7). Our results show that the cost of ligand exchange 
also is dependent on the employed dielectric constant. For an Fe(III)-model, we 
compute an energetic cost for ligand exchange of 3.9 kcal/mol at ε = 4 and 6.5 
kcal/mol at ε = 20. For the Co(III)-NHase model, these values are 2.7 kcal/mol and 
5.1 kcal/mol, respectively (Paper VIII).  
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Scheme 5.7  Exchange of a metal-bound water ligand with acetonitrile. 

 
    
These results indicate that the second-shell tyrosine could be the catalytic base of 
NHase. The computed barriers for the two NHase models are a few kcal/mol above 
the experimental values (13-15 kcal/mol), but it is possible that this error is due to the 
employed method. If a cost for ligand exchange has to be paid, it would possibly raise 
the barrier by 3-7 kcal/mol, but at this point it is not clear whether this will occur. 
While the computational results thus cannot give a conclusive answer, an important 
objection to the proposal of Mitra and Holz has to be brought forward. As noted 
above, mutation of Tyr68 in P. thermophila JCM 3095 to phenylalanine results in a 
126-fold decrease in the kcat for acrylonitrile conversion,

111 which corresponds to an 
approximate barrier increase of 3 kcal/mol. This is considerably less that one would 
expect for the mutation of a catalytic base, which acts in the rate-limiting step of the 
reaction. The results point more towards a role of tyrosine as a stabilizing residue, but 
makes it unlikely that it should function as the catalytic base.  

 
5 .5.4 Cysteine-Sulfenate as Nucleophile 
One very interesting proposal is the suggestion that the nucleophile in NHase-
mediated nitrile hydration is not water but cysteine-sulfenate. Heinrich et al. 
suggested this based on experimental results with a Co(III)-NHase biomimetic 
complex (Scheme 5.8), which exhibited slight catalytic activity (18 turnovers in 17 
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hours at 4 C° and pH 4.8).97 Labelling studies showed that the sulfenate oxygens of 
the complex are replaced during the reaction, indicating that the sulfenate group is 
involved in the catalytic step.97 Acidic conditions are a requirement for the reaction to 
proceed,97 possibly because the substrate nitrogen needs to be protonated.  
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Scheme 5.8 Catalytically active complex mimicking the Co(III)-NHase active site.97 

 
The results for this complex indicate a second-shell mechanism, because there are no 
labile ligands that easily can be displaced.97 However, the complex has low activity, 
which might indicate that its mode of action is not identical to the NHase mechanism. 
We have speculated that the emerging negative charge on the nitrogen atom might be 
better stabilized in a first-shell mechanism, which hence would make the reaction 
more feasible. We thus investigated a first-shell NHase mechanism with cysteine-
sulfenate as nucleophile as shown in Scheme 5.9. Figure 5.8A displays the optimized 
transition state in an Fe(III)-NHase model composed of the first-shell ligands and the 
second-shell arginines. The barrier for sulfenate attack on the substrate is only 9.0 
kcal/mol. The intermediate has a relative energy of +6.2 kcal/mol and exhibits an 
interesting 5-membered heterocycle composed of sulfur, oxygen, nitrogen, carbon, 
nd iron (Figure 5.8B). a
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Scheme 5.9 First step of an NHase mechanism involving cysteine-sulfenate attack on 
a metal-bound substrate.   



 62 
 

Cys109

Cys114

Cys112

Ser113

Arg141

*

*

Arg56

1.91
1.91

2.44
1.90

1.75

1.59
1.75

1.54

1.66 1.05

1.91

1.47

2.33

2.44

1.81

1.271.01

Cys109

Cys114

Cys112

Ser113

Arg141

*

*

Arg56

1.92
1.97

2.32
1.90

2.03

1.60
1.82

1.63

1.49 1.09
1.77

1.96

2.46

2.43

1.83

1.20

A B

Figure 5.8 Optimized geometries for the first step of a first-shell mechanism 
involving sulfenate as nucleophile. A) Transition state, B) Cyclic intermediate.  
 
 
The above energetics indicate that this mechanism could be feasible. They are also 
consistent with experimental results, which show that cysteine-sulfenate is essential 
for NHase activity.93,95,118 However, one important question to be answered is how to 
proceed from the cyclic intermediate. In order to obtain the iminol intermediate, the 
link between the substrate and cysteine-sulfenate has to be broken. The process should 
preferably also result in regeneration of the cysteine-sulfenate. We speculated that the 
carbon center of the substrate might be more reactive in the cyclic intermediate than in 
the free nitrile, facilitating attack by water. We therefore computed a pathway as 
shown in Scheme 5.10.  
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Scheme 5.10 Computed mechanism for formation of the substrate from the cyclic 
intermediate.  
 
Attack of water results in formation of a tetrahedral intermediate, which subsequently 
dissociates to give the free substrate and sulfenate. The two optimized transition states 
are shown in Figure 5.9. The barrier for the first step is as high as 38.0 kcal/mol, while 
the second step has a barrier of 29.7 kcal/mol. This pathway is thus not feasible.  
The obtained results show that the first step of the computed mechanism, attack of 
sulfenate on the metal-bound substrate, would be very feasible. However, the high 
barriers for formation of the substrate and regeneration of cysteine-sulfenate indicate 
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that the overall mechanism would not be feasible. It remains a possibility that there 
exists an alternative pathway for formation of iminol from the cyclic intermediate. 
The labelling studies of the biomimetic complex discussed above indicate that water 
might attack the sulfur atom directly, resulting in dissociation of the product and 
regeneration of the sulfenate.97 While this is a second possible pathway for formation 
of the free substrate, it is not clear how this will occur in the enzyme active site and 
what the barrier for such a step will be. It is therefore not possible to evaluate the 
feasibility of such a mechanism here.   
 
 

 
Figure 5.9 Optimized transition states for formation of the substrate from the cyclic 
intermediate. A) Attack of water on the cyclic intermediate, B) Proton transfer and 
dissociation of the sulfenate-carbon bond.   
 
 
The first step of the above mechanism has also been studied in an Co(III)-NHase 
active site model (identical to the model in Figure 5.7B, data not published) to 
evaluate its feasibility. The barrier for formation of the cyclic intermediate is 8.4 
kcal/mol, while the intermediate itself has a relative energy of +5.7 kcal/mol. The 
energetics are close to the energies of the Fe(III)-NHase model (9.0 and 6.2 kcal/mol, 
respectively, see above). As above, it can be concluded that despite the difference in 
metal ions, the reactivity and stabilization effects seem to be similar in the Fe(III)-
NHase and Co(III)-NHase models, leading to very similar energetic profiles.  
 
 
 
5 .5 Second-Shell Mechanisms (Paper VII) 
As noted above, direct coordination of the substrate to the metal center might be 
associated with a cost for ligand exchange. One can therefore imagine that a second-
shell mechanism, in which the substrate does not interact with the metal, might be 
more feasible. The metal ion might then instead be involved in activation of the 
nucleophile. We have explored two second-shell mechanisms computationally.   
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5 .6.1 Metal-Bound Hydroxide as Nucleophile (Paper VII) 
The first second-shell mechanism to be discussed here involves attack of a metal-
bound hydroxide ion on the substrate (Scheme 5.2B). This mechanism was first put 
forward by Huang et al. and is often quoted in the literature,85,89 but no proposals have 
been made regarding the formation of the hydroxide ion or the identity of the 
necessary proton donor to the nitrile substrate. We proposed that the cysteine-
sulfenate might fulfil both roles, by first abstracting a proton from the water molecule 
and then donate the proton to the nitrogen of the nitrile (Scheme 5.11). This 
mechanism was studied with an active site model based on the Fe(III)-NHase.  
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Scheme 5.11 Second-shell mechanism with a metal-bound hydroxide as nucleophile.  
 
The optimized transition state involves attack of hydroxide on the substrate in concert 
with proton transfer from cysteine-sulfenic acid (Figure 5.10A). The computed barrier 
is 22.7 kcal/mol (Paper VII). This is 8-10 kcal/mol above the experimentally 
determined barrier, making it somewhat unlikely that this is the correct NHase 
mechanism. However, the barrier is not so high that this mechanism can be excluded.  
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5 .6.2 Cysteine-Sulfenate as Nucleophile (Paper VII) 
We also considered a second-shell mechanism in which cysteine-sulfenate is the 
nucleophile, similar to the first-shell mechanism discussed above. We proposed that in 
such a mechanism, a metal bound water molecule could be the acid that protonates the 
substrate (Scheme 5.12, Paper VII). The proposal was tested with an active site model 
based on the Fe(III)-NHase. The optimized transition state for attack of cysteine-
sulfenate on the nitrile substrate in concert with proton transfer from water is shown in 
Figure 5.10B. The barrier for this step is 22.2 kcal/mol, which is similar to the second-
shell mechanism involving hydroxide as nucleophile. The subsequent steps involving 
dissociation of the substrate and regeneration of cysteine-sulfenate were not 
considered.  
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Scheme 5.12 Second-shell mechanism involving cysteine-sulfenate as nucleophile. 

  
The second-shell mechanism involving cysteine-sulfenate as nucleophile was also 
studied in an Co(III)-NHase model (the same model as in Figure 5.7B, data not 
published). The optimized transition state distances are similar to the Fe(III)-NHase 
model (Figure 5.10B), with an oxygen-carbon distance of 1.78 Å, while the water 
proton is located at 1.26 Å from the nitrile nitrogen and 1.21 Å from the metal-bound 
water oxygen. The computed barrier for this step is 29.1 kcal/mol, which is around 6 
kcal/mol higher than for the Fe(III)-NHase model. A mechanism of this kind thus 
appears to be less likely for Co(III)-NHase.  
 
 
5 .7 Summary and Conclusions  
A variety of possible NHase mechanisms have been discussed above. Table 5.1 
provides an overview of the barriers computed for the different Fe(III)-NHase and 
Co(III)-NHase models.  
Four of the investigated reaction pathways are first-shell mechanisms. Our 
calculations show that coordination of the substrate to the metal ion in itself does not 
result in any reduction of the barrier for nitrile hydration, indicating that the Fe(III)- 
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ion is a poor Lewis acid (Paper VI). However, this does not exclude a first-shell 
mechanism. Coordination to the metal center might instead provide electrostatic 
stabilization to the intermediate, for example in a mechanism in which substrate attack 
occurs without concomitant protonation of the nitrile nitrogen.   
  
The computed energetics show that the serine-assisted first-shell mechanism can be 
ruled out, since the barrier is too high (Table 5.1). The first-shell mechanisms 
employing either cysteine-sulfenate or tyrosinate as general base all exhibit barriers in 
the range of 18-21 kcal/mol, indicating that they might be energetically feasible 
(Table 5.1). The feasibility of these mechanisms would be reduced if a cost for ligand 
exchange of 3-7 kcal/mol has to be added to the barrier. The first-shell mechanism 
involving nucleophilic attack of cysteine-sulfenate on the substrate has a very low 
barrier for the first step (9.0 kcal/mol for Fe(III)-NHase and 8.4 kcal/mol for Co(III)-
NHase), but it is currently unknown how to proceed from the obtained cyclic 
intermediate.  
Two second-shell mechanism were computed, which show very similar barriers for 
nitrile hydration (Table 5.1). Although the reaction barriers are higher than for the 
first-shell mechanisms, they are not that high that it is possible to exclude them.   
 
 
Table 5.1  Summary of Computed Barriers for Various NHase Mechanisms.a  

Mechanism Type Nucleophile Barrier (kcal/mol) 

Fe(III)-NHase Active Site Models 
Ser113-assisted  1-shell Water 38.7 

Cys114-SO⎯ as base 1-shell Water 19.5-21.4b  

Tyr72 as base  1-shell Water 18.0 

Cys114-SO⎯ as nucleophile 1-shell Cys114-SO⎯ 9.0c  

Metal-bound OH⎯ as nucleophile 2-shell OH⎯ 22.7 

Cys114-SO⎯ as nucleophile 2-shell Cys114-SO⎯ 22.2c 

    
Co(III)-NHase Active Site Models 

Cys113-SO⎯ as base 1-shell Water 18.6 

Tyr68 as base  1-shell Water 20.9 

Cys113-SO⎯ as nucleophile 1-shell Cys113-SO⎯ 8.4c    

Cys113-SO⎯ as nucleophile 2-shell Cys113-SO⎯ 29.1c 
a Solvent corrections computed with ε = 4, bDepends on model and water position, cBarrier for the 
first reaction step, fornation of the sulfur-linked intermediate. It is not clear how the reaction would 
proceed and what the barriers for subsequent steps would be.  
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It is noteworthy that the results for the Co(III)-NHase and Fe(III)-NHase active site 
models in general are similar. Several first-shell mechanisms and one second-shell 
mechanism were compared and the optimized critical distances are very similar in all 
cases. Also the computed proton affinities and ligand exchange energies are similar 
for Co(III)-NHase and Fe(III)-NHase. The barriers for the first-shell mechanisms are 
close for the two models, although the barrier for tyrosinate-mediated nitrile hydration 
is 3 kcal/mol higher in the Co(III)-NHase model. For the second-shell mechanism 
involving cysteine-sulfenate as nucleophile, the barrier for the Co(III)-NHase model is 
around 6 kcal/mol higher than for the Fe(III)-NHase model (Table 5.1). Overall it can 
be concluded that the effect of the metal ion on the surrounding residues and the 
substrate appears to be similar in the two NHases. At this point it is not known why 
some NHases prefer Fe(III) and others Co(III), despite the otherwise very similar 
active sites.  
Unfortunately, it cannot be concluded here, which of the computed reaction pathways 
is the most likely NHase mechanism. However, based on our results, we can suggest 
likely roles of the different active site residues in NHase. In this context it is 
interesting to note that all first-shell ligands and most of the second-shell ligands of 
NHase are fully conserved, indicating that they are essential. These include Cys109, 
Cys112-SO2⎯, Ser113, Cys114-SO⎯, and Tyr72 (numbering as in Fe(III)-NHase). Also 
a hydrogen-bond donor to Tyr72 is conserved in all NHases.  
The results suggest that Cys114-SO⎯ can function as either base or nucleophile (Paper 
VI and VII). Activation of a water molecule by Cys114-SO⎯ resulted in a large barrier 
reduction, compared to the serine-assisted mechanism (Table 5.1). The first- and 
second-shell mechanisms involving nucleophilic attack of Cys114-SO⎯ on the 
substrate indicate that this residue is a good nucleophile. A role as nucleophile in the 
nitrile hydration mechanism is supported by results for the biomimetic complex by 
Heinrich et al.97 The importance of Cys114-SO⎯ for the NHase mechanism is also 
consistent with experimental studies that show that lack of cysteine oxidation results 
in an inactive enzyme.93  
The interaction between Tyr72 and Ser113 indicates that they have a combined 
function. We suggest that they are important for stabilization/protonation of the 
substrate or another metal-bound ligand. In the second-shell mechanisms, Ser113 
appears to faciliate formation of a metal-bound hydroxide molecule (Paper VII). In 
several of the first-shell mechanisms, Ser113 forms a hydrogen bond to the substrate 
nitrogen, stabilizing the evolving negative charge (Paper VI and VIII). The hydrogen-
bonding network around Tyr72 appears to lower the pKa value of this residue, thus 
possibly allowing it to function as a general acid. It might donate a proton to Ser113, 
which in turn could deliver the proton to a metal-bound ligand. The experimental 
results for the tyrosine mutant of Co(III)-NHase indicate that Tyr72 functions as a 
stabilizing residue, but that it is not critical for NHase-mediated nitrile hydration.111  
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The likely role of Cys112-SO2⎯ is less clear. Several attempts to use Cys112-SO2⎯ as 
base or nucleophile in our calculations were unsuccessful. Cys112-SO2⎯ might instead 
be important for stabilizing and fine-tuning the electronic state of the metal ion.  
The axial ligand Cys109 is likely to be important for metal binding. A double mutant 
of the Co(III)-NHase from R. rhodochrous J1, in which Cys102 and Cys105 were 
mutated to alanine (corresponding to Cys109 and Cys112 in Fe(III)-NHase), did not 
exhibit any metal binding.118 Kovacs and coworkers have suggested that Cys109 is 
essential to stabilize the 3+ oxidation state of the metal ion.119  
The two conserved arginine residues are involved in binding and orientation of the 
oxidized cysteines, but they could also have additional roles. The hydrogen-bond 
between Arg56 and the Cys114-SO⎯ might be important to keep cysteine-sulfenate in 
an ionic state, allowing it to function as either nucleophile or base. Mutational studies 
have shown that Arg56 is essential for the NHase-mechanism.120 
Final conclusions regarding the roles of the NHase active site residues cannot be made 
here. Several of the computed mechanisms have barriers that are only a few kcal/mol 
above experimental values, making it difficult to pinpoint which of these (if any) is 
the true NHase mechanism. Nonetheless, the presented calculations are likely to add 
another bit to the puzzle that eventually will give us a clear picture of the elusive 
nitrile hydratase mechanism.  
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Chapter 6    

Conclusions 
 

 

 

Density functional theory studies of a number of enzymatic mechanisms have been 
presented here. Five enzymes were studied, including two epoxide hydrolases, (sEH 
and LEH), a haloalcohol dehalogenase (HheC), and two nitrile hydratases, Fe(III)-
NHase and Co(III)-NHase. Different reactions were analyzed, including epoxide- 
opening reactions (hydrolysis, cyanolysis, azidolysis), dehalogenation, and nitrile 
hydration reactions.  
The presented calculations support the proposed mechanisms of the three epoxide-
transforming enzymes. The roles of individual active site residues were analyzed and 
in silico mutations were performed to quantify their importance. Our results are able 
to explain the puzzling regioselectivity of limonene epoxide hydrolase and to provide 
insight into the factors governing the regioselectivity of sEH and HheC. The analysis 
of several epoxide-transforming enzymes made it possible to identify mechanistic 
similarities and to obtain a detailed understanding of the various effects involved in 
determining enzymatic regioselectivities.  
The reaction mechanism of nitrile hydratase turned out to be a particularly challenging 
case. A variety of mechanisms were studied, and somewhat surprisingly, several of 
these exhibit very similar barriers. The computed barriers are only a few kcal/mol 
above the experimental values, and therefore it is not possible at this point to exclude 
any of these. Further theoretical and experimental studies will hopefully help to 
conclusively clarify the true NHase mechanism. It remains a possibility that this will 
be different than any of the mechanisms discussed here.   
 
Finally, the overall results support the usefulness of a quantum mechanical approach 
for studying enzymatic mechanisms. Although the quantum chemical models are 
small compared to the size of the enzyme, the chemical transformations can be 
described well, and important mechanistic questions can be answered. Computational 
enzymatic catalysis is thus gradually becoming a routine tool alongside experimental 
methods to predict and investigate enzymatic mechanisms.  
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