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Abstract 

  In this thesis, quantum chemical methods have been used to shed light on the 

reaction mechanisms of several dinuclear zinc enzymes. The enzymes studied are 

involved in the hydrolysis of phosphates, amides, and carboxylic esters, namely 

RNase Z, Dihydroorotase (DHO), and N-acyl homoserine lactone hydrolase (AHL 

lactonase). The density functional method B3LYP, together with quite large active site 

models, was used to investigate these enzymatic reactions. Several plausible proposed 

mechanisms, involving protonation states of important active site residues (DHO), 

substrate orientations (AHL lactonase), have been considered. The calculated 

energetics can be used to assess the feasibility of the suggested reaction mechanisms. 

Based on the calculations and also on other related dinuclear zinc enzymes studied 

previously, some general mechanistic features have been uncovered. 

  For all three enzymes, the nucleophilicity of the bridging hydroxide is shown to be 

sufficient to perform the nucleophilic attack on the substrates. During the attack, the 

negative charge is transferred from the bridging hydroxide to the substrate oxygen 

(P=O or C=O). For phosphate hydrolysis, an in line attack have been suggested for 

RNase Z. In addition, the two zinc ions in RNase Z are directly involved in stabilizing 

the negative charge in the penta-coordinated transition states. For carbonyl substrates, 

only one zinc ion participates in the oxygen anion stabilization in the transition states 

and the tetrahedral intermediates. Furthermore, the enzymes always use the zinc ion 

with less negatively-charged ligands to play such role. 

  All the substrates investigated have poor leaving groups. Therefore, either the zinc 

ions or some active site residues help the cleavage of the scissile bond. For RNase Z, 

a Glu-His diad was suggested to protonate the leaving group. For DHO, an Asp 

residue was shown to transfer a proton from the bridging hydroxide to the leaving 

group nitrogen. For AHL lactonase, a zinc ion was also observed to stabilize the 

leaving oxygen anion.  
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Chapter 1 

Introduction 

  Enzymes are biological molecular machines that catalyze most reactions in living 

cells. The most important part of the enzyme is the active site, where the reaction 

occurs. A lot of enzymes need co-enzymes for their activity, which can be organic 

molecules or metal ions, like Fe2+, Cu2+, and Zn2+. Zn2+ has an electronic 

configuration of 3d10 and no redox activity. In addition, it can be reversibly 

coordinated to soft ligands, with flexible coordination numbers (4, 5 or 6) and 

structures. Furthermore, Zn is the second most abundant transition metal, existing in 

all six classes of enzymes, i.e. oxidoreductases, transferases, hydrolases, lyases, 

isomerases, and ligases. In hydrolases, zinc enzymes can catalyze the hydrolysis of 

peptides, amides, carboxylic esters, phosphates, sulfates, etc. The detailed mechanistic 

understanding of enzymatic processes, especially the origin of high efficiency and 

selectivity, will be helpful for scientists to seek for inspiration to mimic the power and 

efficiency of natural processes.  

  The methods and techniques of computational chemistry have become a very 

fruitful approach to acquire profound insight into the properties of enzymes, 

especially reaction pathways. In recent years, with the development of density 

functional theory (DFT) methods, in particular the hybrid functional B3LYP, quantum 

chemical cluster modeling of enzyme active sites has been successfully applied for a 

large number of enzymatic reactions. Along with the advancement of computer power, 

it is today possible to treat systems with 150 atoms or even more at reasonable levels 

of accuracy and speed. For zinc enzymes, the active site models usually contain the 

zinc ions together with their first-shell ligands, and some important second-shell 

residues. The effect of the protein environment is approximately estimated by 

employing polarizable continuum model methods. This protocol provides deep insight 

into the geometric change of the substrate-enzyme along all reaction pathways, which 
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can be used to deduce the role of various parts in the active site.  

  In this thesis, density functional theory is used to investigate the reaction 

mechanisms of three dinuclear zinc hydrolases. The studied enzymes are 

Dihydroorotase (DHO), N-acyl homoserine lactone hydrolase (AHL lactonase), and 

RNase Z. The modeling strategies and methodologies are able to explain experimental 

results and rationalize factors governing the enzymatic catalysis.  

  The thesis is organized in the following way. First, a brief outline of theoretical 

background is given Chapter 2, followed by a short description of the methodology 

used (Chapter 3). The dinuclear zinc enzymes are discussed in Chapter 4, and some 

general mechanistic features and conclusions for these enzymes are summarized in 

Chapter 5. 
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Chapter 2 

Quantum chemistry background and 

methods 

  Quantum chemistry is a discipline lying on the border of chemistry and physics, 

namely to apply quantum mechanics and quantum field theory to solve problems in 

chemistry. In principle, all fundamental behaviors and properties can be obtained 

mathematically by solving the time-dependent Schrödinger equation 

( ( , ) ( , )i x t H x
t

∧∂
Ψ = Ψ

∂
t ), which describes the time evolvement of the quantum state of 

a physical system. If the Hamiltonian operator does not explicitly contain the time 

variable, like ground state chemistry, the separation of spatial coordinates and time 

can reduce the time-dependent equation to a time-independent form ( H Eψ ψ
∧

= ). 

Unfortunately, the exact solution to Schrödinger equation for complex systems is so 

far unreachable. However, many reasonable and efficient approximations have been 

adopted, and some of these are briefly introduced in this chapter. An in-depth 

theoretical picture is available in classic textbooks.[1-7]

2.1 Wavefunction methods 

  For a system with M nuclei and N electrons, the Hamiltonian in atomic units can be 

written as: 

2 2

1 1 1 1 1 1

1 1 1
2 2

N M N M N N M M
A A B

i A
i A i A i j i A A BA iA ij AB

Z Z ZH
M r r

∧

= = = = = > = >

= − ∇ − ∇ − + +∑ ∑ ∑∑ ∑∑ ∑∑ R
   (2-1) 

Where i, j refer to electrons, and A, B to nuclei. 

The Schrödinger equation can be written as: 

             (2-2) ( , ) ( , )i A i AH r R E r R
∧

Ψ = Ψ

  Where ri, RA are the coordinates for electrons and nuclei.  

 11



Due to the high ratio of nuclear and electronic masses, the nuclei, enjoying the 

electrostatic forces in the same order of magnitude as those acting on the electrons, 

move much more slowly than the electrons. Therefore the motion of nuclei and 

electrons can be approximately separated, known as Born-Oppenheimer 

approximation. In this approximation, the wavefunction of the system can be 

decoupled into electronic and nuclear components.  

( , ) ( , ) ( )i A elec i A nucl Ar R r R Rψ ψΨ =           (2-3) 

The electronic wavefunction and energy, which is dependent on the nuclear 

coordinates, can be solved from the Schrödinger equation of electrons. 

           (2-4) ( , ) ( , )elec elec i A elec elec i AH r R rψ ε ψ
∧

= R

Where 2

1 1 1 1

1 1
2

N N M N N
A

elec i
i i A i jiA ij

ZH
r r

∧

= = = = >

= − ∇ − +∑ ∑∑ ∑∑
i

R

 

Then the nuclear wavefunction and the total energy ε can be solved from the 

Schrödinger equation of nuclei. 

           (2-5) ( , ) ( , )nucl nucl i A nucl i AH r R rψ εψ
∧

=

 Where 2

1 1

1 ( )
2

M M M
A B

nucl A e
A A A BA AB

Z ZH R
M R

ε
∧

= = >

= − ∇ + +∑ ∑ ∑ lec A  

Calculating the electronic energies for different nuclear conformations gives rise to 

a potential energy surface (PES), in which the minima define the equilibrium 

geometries of a molecule.  

In the electronic Hamiltonian, the electron-electron repulsion term is not separable, 

therefore an orbital approximation is used, which assumes each electron moves in its 

own orbital and ignores correlation of an electron with other electrons. In this 

approximation, the wavefunction of an N electron system is written as a product of 

one-electron spin orbitals. 

Ψ=φ1(1) φ2(2)…φN(N)             (2-6) 

φi(i)=ψiσi                (2-7) 

ψi is space orbital and σi is spin function (α, β). 

Furthermore, the wavefunction has to satisfy Pauli principle, that is, it must be 
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antisymmetric to exchange of any two electrons. For closed shell species, 

antisymmetric wavefunction can be a “Slater determinant” of spin orbitals:  

Φ=|φ1(1) φ2(2)…φN(N)|            (2-8) 

Optimization of the orbitals and minimization of the energy, based on the 

variational principle lead to: 

Fφi(i)=εiφi(i)               (2-9) 

F is called Fock operator and equals to hi+∑i(2Ji-Ki), φi(i) is the eigenfunction and 

εi is the orbital energy. This is the basic wavefunction method, called Hartree-Fock 

method. The Hartree-Fock equations (2-9) form a set of pseudo-eigenvalue equations, 

which can only be solved iteratively, with the procedure called the self-consistent 

field (SCF) method. In practice, solving HF equation starts by expanding each 

molecular orbital in terms of basis functions χ, conventionally atomic orbitals; this 

procedure is known as the linear combination of atomic orbitals (LCAO) method.  

In the HF treatment, electron-electron treatment is handled by an average 

electrostatic field, which is an idealized description. In reality, however, each electron 

moves under the repulsion of individual electrons. Therefore HF method 

overestimates the electron-electron repulsion, the energy of which is called electron 

correlation energy, defined by the difference between the exact eigenvalue of the 

Hamiltonian and its expectation value in the HF approximation. It should be specified 

that the correlation between electrons with the same spin, called the Fermi correlation, 

has already been fully accounted in HF scheme. The missing part in HF approach is 

the correlation between electrons with the opposite spin, called the Coulomb 

correlation. Furthermore, the “instant” correlation between electrons occupying the 

same spatial orbital is called dynamic correlation, which can be recovered by 

Many-Body Perturbation methods, Coupled Cluster (CC) methods, and Configuration 

Interaction (CI) methods; while the “permanent” correlation between electrons 

occupying different spatial orbitals is called static correlation, which can be calculated 

based on multireference SCF method, e.g. complete active space SCF (CASSCF)), 

and further accounted by multireference CI (MRCI) or multireference perturbation 

theory.  
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   With wavefunction method, chemical accuracy (about 1-2 kcal/mol in Gx 

theory[8-11]) can be achieved, however, computationally very time demanding, and 

thus only relatively small system can be handled. To study much larger systems (up to 

100 atoms or more) with good accuracy, an alternative method is used.  

2.2 Density functional Theory 

  The basic variable of the wavefunction methods outlined briefly above is the 

electronic wavefunction, which depends on 4N coordinates (3N spatial and N spin) 

for an N-electron system. In density function theory, the electron density ρ(r) is used 

as the basic variable, depending on only 3 spatial coordinates regardless of the 

number of electrons. The electron density function ρ(r) can be obtained from the 

integration of the electronic wavefunction over all coordinates, except the spatial 

coordinate of one electron that we are looking at, 
2

1 2 1 2( ) ( , , )Nr N x x x d dx dxρ = Ψ∫ ∫ Nσ         (2-10) 

ρ(r) determines the probability of finding any of the N electrons within volume dr1 

regardless of the other N-1 electron positions. 

The idea of using the electron density to calculate atomic and molecular properties 

dates back to the works of Thomas and Fermi in the 1920s, and a quantum statistical 

model was used to approximate the distribution of electrons. The theoretical pillars of 

DFT were built by Hohenberg and Kohn, who published two Hohenberg-Kohn 

theorems.[12] The first theorem states that “the external potential v(r) is (to within a 

constant) a unique functional of ρ(r); since, in turn, v(r) fixes , the full 

many-particle ground state is a unique functional of ρ(r)”. The proof proceeds based 

on reductio ad absurdum and shows that it is impossible that two external potentials 

that differ by more than an additive constant can give the same ground state density. 

According to this theorem, the ground state electronic energy can be expressed as a 

sum of terms from the nuclear potential (V

H
∧

ne), kinetic energy (T), and electron-electron 

interactions (Vee): 
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[ ] [ ] [ ] [ ]ne eeE V T Vρ ρ ρ= + + ρ            (2-11) 

The second theorem provides the energy variational principle, similar to that used 

in wavefunction methods. It implies that for trial density ρ(r), such that ( ) 0rρ ≥  

and ,  ( )r dr Nρ =∫

0 [ ( )]E E rρ≤               (2-12) 

Although the Hohenberg-Kohn theorems are extremely powerful, they do not offer 

a practical way of determining the mathematical form of the universal functional. Just 

one year later, Kohn and Sham[13] introduced an orbital-based scheme, in which a 

non-interacting reference system was built from a set of one-electron orbitals, called 

Kohn-Sham orbitals ( ). In this approach, the kinetic energy (T) is divided into 

two parts, the kinetic energy (T

( )KS
i rφ

S) of a non-interacting reference system (with the same 

density as the real system), and a small correction term TC due to electron-electron 

interaction: 

T[ρ]=TS[ρ]+TC[ρ]              (2-13) 

The third term in (2-11), Vee[ρ], accounting for the electron-electron repulsion, can 

also be divided into two parts: the classical charge-cloud Coulomb repulsion (J) and a 

non-classical part containing exchange and correlation (Encl): 

Vee[ρ]=J[ρ]+ Encl[ρ]             (2-14) 

1 2
1 2

12

( ) ( )1[ ]
2

r rJ
r

dr drρ ρρ = ∫∫   (2-15) 

In Kohn-Sham scheme, all unknown terms (TC[ρ] and Encl) are incorporated into 

the exchange-correlation functional Exc[ρ], which can be separated into a pure 

exchange Ex[ρ] and a correlation Ec[ρ]: 

Exc[ρ]= Ex[ρ]+ Ec[ρ]             (2-16) 

Constructing a Slater determinant of the Kohn-Sham orbitals ( ) and 

minimizing the total energy under the normalization constraints leads to the 

Kohn-Sham equation: 

( )KS
i rφ
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( ) ( )
KS

KS KS
i i irh φ ε φ

∧
= r   (2-17) 

2 [ ]1 ( ')( ) '
2 ( ')

KS
xcErr drh

r r r( )
δ ρρυ
δρ

∧
= − ∇ + + +

−∫   (2-18) 

KS

h
∧

 is a one-electron operator, depending explicitly on the electron density, and 

equation (2-17) can be solved iteratively. This equation would give the exact energy 

and electron density, if the exact form of Exc is known. Hence, the inherent accuracy 

of a DFT method depends on the quality of the exchange-correlation functional. 

The popularity of DFT for chemistry started with the introduction of the 

Generalized Gradient Approximation (GGA), which addresses the inhomogeneity of 

the electron density through considering both the density (ρ) at a given point and its 

first derivative ( ρ∇ ). Later, Becke suggested hybrid methods, mixing a fraction of 

the exact exchange from the HF picture and introducing a few empirical 

parameters.[14,15] The most successful hybrid functional in practice is B3LYP, which 

can be written as: 

3 88(1 ) (1 )B LYP Slater HF B VWN LYP
xc x x x c cE a E aE bE c E cE= − + + + − +   (2-19) 

Where is the Dirac-Slater exchange corresponding to the uniform electron 

gas, 

Slater
xE

HF
xE is the Hartree-Fock exchange, 88B

xE is the gradient correction to 

exchange[16], and VWN
cE LYP

cE are the correlation functionals of Vosko, Wilk and 

Nusair and Lee, Yang, and Parr[17], respectively. The three parameters, a, b, and c were 

determined by Becke from a fit of experimental data (56 atomization energies, 42 

ionization potentials, 8 proton affinities, and 10 first row total atomic energies), using 

the correlation functional PW91[18] instead of LYP in (2-19). This led to a=0.20, 

b=0.72, and c=0.81.  

2.3 Performance of the hybrid functional B3LYP  

  In the present thesis, the hybrid functional B3LYP is used to study the reaction 

mechanisms of dinuclear zinc enzymes. Currently, B3LYP is the most popular choice, 
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because of its high accuracy combined with computational efficiency. Various 

benchmark tests have been performed to assess the performance of B3LYP with 

respect to geometries and energies, which are the most important properties for the 

study of reaction mechanisms.  

2.3.1. Accuracy on geometries 

  The performance of B3LYP is usually very good in the prediction of geometrical 

parameters. Within the standard G2 set, involving 55 small molecules (71 bond 

lengths, 26 bond angles, and 2 dihedral angles), the average absolute errors at the 

B3LYP/6-31G(d) level of theory are 0.013 Å for bond lengths, 0.62° for bond angles, 

and 0.35° for dihedral angles.[19] Increasing the basis set from 6-31G(d) to 

6-311+G(3df,2p) reduces the average errors further to 0.008 Å for bond lengths, 0.61° 

for bond angles, and, increases the average error to 3.66° for dihedral angles.  

  Redfern et al.[20] have assessed the accuracy of B3LYP for 32 species containing 

third-row elements (38 bond lengths, 12 bond angles). The average absolute 

deviations at the B3LYP/6-311+G(3df,2p) level are 0.030 Å for bond lengths, and 

0.53° for bond angles. 

  Schultz et al.[21] have compared 42 density functionals in the determination of 13 

metal ligand bond lengths. The lowest average mean unsigned error (MUE) was 

obtained with MPW3LYP, X3LYP, TPSSh, and TPSS1KCIS functionals (0.013 Å), 

closely followed by B3LYP (MUE=0.014 Å).  

  Zhao and Truhlar[22] have analyzed the performance of 22 density functionals in 

hydrogen bonding description by considering a dataset of four hydrogen-bonding 

dimers. In their test, MPW3LYP gave the lowest MUE for hydrogen-bonding 

distances (0.01 Å), while B3LYP had a MUE of 0.02 Å.  

  Rayón et al.[23] have tested the performance of five density functionals in the 

prediction of Zn-Ligand distances (19 complexes) with a dataset obtained with the 

MP2 and CCSD(T) wavefunction methodologies. B3LYP gave a standard deviation of 

0.019 Å with an aug-cc-pVTZ basis set. Finally, Amin and Truhlar[24] have evaluated 
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the performance of 39 density functionals in the determination of Zn-Ligand bond 

distances, considering a dataset of 10 Zn-Ligand bond distances (obtained by coupled 

cluster nonrelativistic calculations). In this study, the best results were obtained with 

X3LYP (MUE=0.0069 Å), and B3LYP also rendered very good results (MUE=0.0080 

Å).  

These results indicate that B3LYP is generally sufficient for geometric description 

in the modeling of zinc enzymes in this thesis.  

2.3.2. Accuracy on Energies 

  Various assessments of B3LYP on energies have been made with respect to 

atomization energies, bond dissociation energies, ionization energies, electron 

affinities, proton affinities, hydrogen bond strengths, barrier heights, and so on. 

  Within G2 set, the average error for atomization energies at the B3LYP/6-31G(d) 

level is 5.2 kcal/mol, which is further reduced to only 2.2 kcal/mol using a larger basis 

set 6-311+G(3df,2p).[19] Based on the G3/05 test set (454 energies with experimental 

uncertainties less than ±1 kcal/mol), Curtiss et al.[25] have evaluated the performance 

of a number of density functionals. The calculations are at the 

B3LYP/6-311+G(3df,2p) level based on MP2/6-31G(d) geometries, and corrected by 

scaled (0.89) HF/6-31G(d) zero-point energies. It was shown that B3LYP still 

performs quite well, with a mean absolute deviation of 4.11 kcal/mol. Tirado-Rives 

and Jorgensen[26] have tested the performance of B3LYP for 622 neutral, closed-shell 

organic compounds containing C, N, O, and H. The mean absolute error in the heats 

of formation is 2.7 kcal/mol at the B3LYP/6-31+G(d,p) level.  

  Riley et al.[27] have evaluated the performance of 37 density functionals in the 

determination of the binding energies for 10 hydrogen-bonding systems, whose 

interaction energies had been well-characterized by high level calculations. It was 

shown that with the aug-cc-pVTZ basis set MPWLYP gave the best results 

(MUE=0.31 kcal/mol), while B3LYP had a MUE of 0.65 kcal/mol.  

  Schultz et al.[21] have analyzed the performance of 42 functionals in the calculations 
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of 21 bond dissociation energies for transition metal compounds. The most accurate 

results came from TPSS1KCIS (MUE=5.4 kcal/mol), while B3LYP performs 

relatively well (MUE=6.5 kcal/mol). 

  Rayón et al.[23] have tested the performance of five density functionals in the 

prediction of binding energies of 19 Zn-Ligand complexes with a dataset obtained 

with the MP2 and CCSD(T) wavefunction methodologies. With an aug-cc-pVTZ 

basis set, B3LYP gave a standard deviation of 2.79 kcal/mol for complexes with 

neutral ligands, and 3.27 kcal/mol with mono-anionic ligands. Amin and Truhlar[24] 

have evaluated the performance of 39 density functionals in the determination of bond 

dissociation energies, considering a dataset of 12 Zn-Ligand complexes (obtained by 

coupled cluster nonrelativistic calculations). In this study, the best results were 

obtained with M06-2x (MUE= 3.30 kcal/mol), while B3LYP also performed relatively 

well (MUE= 5.41 kcal/mol). 

  The present thesis deals with modeling of enzymatic reactions. Therefore it is of 

great importance to know how B3LYP performs with respect to barrier heights. Zhao 

and Truhlar[22] have compared the performance of 15 density functionals considering 

a dataset of 42 reactions, mainly open shell hydrogen-transfer processes. In their study, 

BB1K was shown to give the best results (MUE=1.16 kcal/mol), while B3LYP had a 

MUE of 4.31 kcal/mol. They have also evaluated the ability of 25 functionals in the 

calculations of barrier heights for 38 non-hydrogen-transfer reactions, including 12 

heavy-atom-transfer reactions, 16 nucleophilic substitution reactions, and 10 

non-nucleophilic unimolecular and association reactions.[28] B3LYP was found to 

systematically underestimate the barrier heights with an average MUE of 3.08 

kcal/mol.  

The data shown above indicates that B3LYP performs quite well for small organic 

reactions with an average error of a few kcal/mol. However, it is impossible to 

undertake extensive benchmark tests for enzymatic reactions. Siegbahn[29] has 

concluded that B3LYP gave an error of about 3 kcal/mol for enzyme modeling with 

first- and second-row atoms, and a slightly larger error (seldom more than 5 kcal/mol) 

involving transition metals.  
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2.4 Deficiencies of approximate exchange-correlation functionals 

  Despite the great success of DFT in computational chemistry, approximate density 

functionals still suffer from large pervasive errors in predicting some properties. The 

failures of current DFT calculations can be traced to delocalization errors and static 

correlation errors of the approximate functionals.[30-33]  

  For a one-electron system, there is no electron-electron interaction, therefore the 

exchange energy Ex[ρ(r)] must exactly cancel the Coulomb energy J[ρ(r)]. This is 

exactly satisfied in any wavefunction theory, however, approximate density 

functionals can not properly cancel the errors. This is referred to as the self-interaction 

error. For many-electron systems, it reflects the delocalization error, referring to the 

tendency to spread out the electron density artificially. Yang and co-workers[30-32] have 

analyzed the physical nature of this error from the incorrect description of systems 

with fractional charges. The delocalization error emerges from the deviation of 

linearity of the energy as a function of fractional charges. Most approximate 

functionals give an incorrect convex behavior. For chemical reaction, this error tends 

to predict lower transition state energies and hence barrier heights because the 

transition state has electrons delocalized over more than one center. However, HF 

method gives an opposite concave behavior and suffers from localization error. 

Hybrid functional, like B3LYP, may thus benefit from some error cancellation.  

  A covalent bond is well described by approximation functionals, however, the 

energy is always overestimated for bond dissociation behavior. This failure is 

attributed to static correlation error, characterized by the presence of degeneracy or 

near degeneracy. Approximate functionals can not describe the interaction of 

degenerate states properly, which can also be seen as fractional-spin states.[32,33] The 

static correlation error originates from the deviation of constancy of the energy as a 

function of fractional spins. In contrast to delocalization error, this error tends to raise 

barrier heights. B3LYP appears in many cases to balance these errors quite well.  
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2.5 Transition state theory and reaction rates 

  Transition state theory (TST), developed by Eyring, Polanyi and Evans, is the 

paradigm for interpreting the reaction rates and reactivity of chemical processes. In 

this theory, it is postulated that: (a) there exists a hypersurface which divides space 

into a reactant region and a product region and trajectories passing through this 

dividing surface in the products direction will not come back, (b) the distribution of 

energy in the reactant and transition state follows the Boltzmann distribution law, (c) 

the nuclear motion along the reaction coordinate is electronically adiabatic and can be 

described by classical mechanics.[34] The reaction rate (k) can then be expressed as 

follows: 

  /G RTBk Tk e
h

≠−Δ=   (2-20) 

  Where kB is the Boltzmann’s constant (1.38×10-23 J K-1) and h is the Planck’s 

constant (6.626×10-34 J s), is the Gibbs free energy difference between transition 

state and reactant, R is the gas constant (8.314 J K

G≠Δ

-1 mol-1) and T is the absolute 

temperature. From eq. (2-20), we can see that at room temperature (298.15 K), a rate 

of 1 s-1 corresponds to a barrier of 17.4 kcal/mol, and an increase of by 1.4 

kcal/mol leads to a decrease by one order of magnitude in reaction rate.  

G≠Δ

  In general the free energy barrier is used to derive the reaction rate according to eq. 

(2-20). However, in this work only the enthalpy part H ≠Δ  ( G H T≠ ≠ SΔ = Δ − Δ ) is 

considered. Accurate entropy determination using pure quantum chemical methods is 

quite difficult. It should be noted that this approximation works quite well, because 

for many cases the entropy effect is quite small.  
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Chapter 3 

Enzyme kinetics and modeling approach 

  Enzymes are biocatalyst, mediating a vast array of chemical transformations under 

mild conditions. Enzymes can produce rate enhancements of up to 1019-fold. Beside 

their efficiency, enzymes possess remarkable specificity. These two features make 

enzymes indispensable for all living organisms. It is of great importance to understand 

how enzymes work in detail. Nowadays quantum chemical methods can easily handle 

systems up to about 150 atoms, however, it is still far from the size of enzymes, 

usually containing thousands of atoms. The reactions are normally catalyzed in the 

active site, with several well-defined functional groups, like amino acids, cofactors, 

metal ions, and so on. The effect of enzyme is thus to a large extent local in the active 

site, and the surrounding effects are usually of lower order. In the approach adopted in 

this thesis, only a model of the active site is considered and the rest of the enzyme is 

treated as a homogeneous medium with some assumed dielectric constant. Such 

methodology has been found to be very useful and been successfully applied to a 

large number of enzymes. Before the discussion of the enzymes studied, a brief 

introduction of enzyme kinetics and the modeling approach will be given in this 

chapter. 

3.1 Enzyme kinetics 

  During the catalytic process, the substrate (S) first binds into the active site of an 

enzyme (E) forming a enzyme-substrate complex (ES), followed by passing through 

TS with its conversion to an enzyme-product complex (EP), subsequently releasing 

the product (P).  

1 32

1

k kk
k

E S ES EP E P
−

+ ⎯⎯→ ⎯⎯→ +   (3-1) 

  Assuming steady state conditions, Michaelis and Menten proposed the following 
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equation: 

    (3-2) 1 1 2[ ][ ] ( )[ ]k E S k k ES−= +

  The concentrations of free enzyme and of the enzyme-substrate complex are 

unknown, however, the total concentration is equal to its initial concentration [E]0. 

  [E]0=[E]+[ES]  (3-3) 

  From (3-2) and (3-3), we can get: 

  1 0

1 2 1

[ ] [ ][ ]
[ ]

k E SES
k k k S−

=
+ +

  (3-4) 

  The reaction rate can be expressed as: 

  1 2 0 2 0
2

1 21 2 1
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−−
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  (3-5) 

  The Michaelis constant KM is defined as: 

  1 2

1
M

k kK
k

− +
=   (3-6) 

Which represents the dissociation constant of the enzyme-substrate complex when 

k-1>>k2. For high substrate concentrations ([S]>>KM), the reaction rate is zeroth order 

and reaches maximum (Vmax=k2[E]0). Hence the reaction rate can also be expressed 

as:  

  max[ ]
[ ]M

V Sv
K S

=
+

  (3-7) 

  When KM=[S], v=Vmax/2, then the catalytic constant can be defined as: 

  max

0[ ]cat
Vk
E

=   (3-8) 

  It should be noted that the steady state kinetics just provide a phenomenological 

description of enzyme catalysis but without any information about the catalytic 

mechanism. However, the proposed mechanism must satisfy all the kinetic data 

measured.  

  The proficiency of enzyme catalysis is defined as (kcat/KM)/kuncat, which is formally 

the ratio of the second-order rate constant for the enzymatic reaction (kcat/KM) and the 
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Figure 3.1. Free energy profile for uncatalyzed and enzymatic reaction.  

 

rate constant of the same reaction in neutral aqueous solution in the absence of 

enzyme (kuncat).[35] The proficiency can also be envisaged from the free energy profile 

for uncatalyzed and enzymatic reaction as illustrated in Figure 3.1.  is the 

free energy barrier for the uncatalyzed reaction, while 

uncatG≠Δ

catG≠Δ  is the free energy 

barrier for the enzymatic reaction. 0GΔ  is the reaction energy, which is also called 

driving force for enzymatic reaction. G≠ΔΔ represents the catalytic power of enzyme, 

which is generally seen as originating from transition state stabilization. Therefore 

one crucial mission of mechanistic investigations of enzymes is to find out how 

enzymes interact with their substrates in the transition state complex.

The actual reason for the catalytic power of enzymes is still a vigorously debated 

issue. The central question is how the different binding can be achieved and what the 

actual catalytic groups are. Historically, the first hypothesis is the familiar “lock and 

key” model, which proposed that enzyme can activate the substrate to a reactive 
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conformation. Warshel has proposed that the electrostatic effects are the key catalytic 

contribution, and the enzyme active sites provide a preorganized polar environment 

that stabilizes the transition state much more than the corresponding environment in 

water.[36] A wide array of alternative proposals and factors have also been put forward: 

(a) ground-state destabilization.[37-42] (b) dynamical effects.[43-45] (c) near attack 

conformations.[46-48] (d) entropic guidance.[49] (e) desolvation effects.[50] (f) 

low-barrier hydrogen bond.[51] (g) covalent catalysis.[52] It seems that it is impossible 

to explain the catalytic power of all enzymes using one proposal. The best way to 

understand the efficiency is to use a clear energy-based analysis, which satisfies the 

laws of physics and chemistry.[36]  

  In order to examine the origin of enzymatic power and to discriminate between 

different mechanistic proposals, it has been shown that quantum chemical methods 

are a very useful tool. By calculating the potential energy surface with transition states 

and intermediates characterized, one can locate the preferred catalytic pathway and 

analyze the role of various residues in the active site contributing to the catalytic 

power.  

3.2 Quantum chemical modeling of enzymes 

3.2.1. Construction of active site model  

  To model a catalytic reaction computationally, one must construct a proper 

quantum chemical cluster model, reflecting all chemically important aspects in the 

real process. For enzymatic reaction, the structural information about the active site is 

very crucial for understanding and modeling the reaction mechanisms. In the present 

studies, we start from crystal structures deposited in the Protein Data Bank (PDB). 

The PDB file can be visualized using several softwares, like VMD and YASARA for 

example. Based on the structures, important residues, water molecules, cofactors, and 

some other essential chemical compounds can be extracted from the PDB file (Figure 

3.2). In order to reduce the size of model, the residues were usually truncated, so that 
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Figure 3.2. Example of constructing an active model of an enzyme, the case of Dihydroorotase 

(PDB entry: 1J79). From the X-ray crystal structure, all important residues, together with zinc 

ions, water, and substrate dihydoorotate were extracted. Then a final quantum chemical cluster 

model was constructed with truncated residues. Hydrogen atoms were added manually. Asterisks 

indicate atoms that were fixed at their crystallographically observed positions in the calculations.  

 

in principle only their side chains or important backbone peptide chains were included. 

For example, histidine was typically modeled by methyl-imidazole, aspartate and 

glutamate by acetate, arginine by N-methyl-guanidine, asparagine and glutamine by 

acetamide. Finally, a model of the substrate is added manually in the active site model, 

based on the crystal structure of enzyme complex with substrate, substrate analogue 

or inhibitors. However, sometimes it is critical to consider all possible binding modes 

in order to dig out the most feasible reaction mechanism.  
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3.2.2. Effect of surroundings  

  The active site surrounding that is not included in the model could provide 

electrostatic polarization effects. To a first approximation, the surrounding can be 

approximately modeled with a homogenous polarizable medium, which can be 

modeled by dielectric cavity techniques. The solvation effects are usually calculated 

as single points on top of the optimized geometries. In addition, the ignored 

surrounding could also impose steric effect on the active site, preventing various 

groups from making certain movements and rotations. In order to mimic these 

features, certain atoms in the model, typically where the truncation is made, are kept 

fixed during the calculations. This approach can ensure the structural integrity of the 

model, with enough flexibility. In general, these two approximations become more 

accurate with the increase of the quantum chemical cluster models. Furthermore, the 

enzyme surrounding can provide friction effect, which doesn’t need to be modeled 

explicitly, but is of great importance in analyzing the rate-limiting step and total 

barrier. As seen in Figure 3.3, TS1 is the rate-limiting step in gas phase. However, 

TS2 becomes the rate-limiting step in enzyme in solution. This is because from TS1 

to Inter, the system instantaneous loses kinetic energy due to its vibrations and 

collisions with surroundings.  

This modeling scheme have been proven to be accurate enough for distinguishing 

different mechanistic proposals and been successfully applied to a wide array of 

enzymes.[53-57]  
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Figure 3.3. A representative potential energy surface for a chemical reaction.  
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3.2.3. Computational details  

  All calculations presented in this thesis were performed using the hybrid DFT 

functional B3LYP as implemented in Gaussian03 program package.[58] For the 

geometry optimization, the 6-31G(d,p) basis set was used for the C, N, O, and H 

elements, 6-311+G(d) for P, and the LANL2DZ pseudopotential for zinc ions. Based 

on these geometries, more accurate energies were obtained by performing single-point 

calculations using the 6-311+G(2d,2p) basis set for all elements.  

To estimate the energetic effects of the protein environment, solvation effects were 

calculated at the same theory level as the geometry optimizations by performing 

single point calculations on the optimized structures using the conductor-like 

polarizable continuum model (CPCM) method, where the solvent cavity is formed as 

a surface of constant charge density of the solvated molecule.[59-62] The dielectric 

constant (ε) was chosen to be 4, which is the standard value used in modeling protein 

surroundings. 

Frequency calculations were performed at the same level of theory as the geometry 

optimizations on all the stationary points along the reaction path, to establish their 

characters and to evaluate the zero-point energy (ZPE) corrections. A number of 

atoms, where truncations were made, were kept fixed to their crystallographically 

observed positions. This procedure leads a few small imaginary frequencies typically 

on the order of 10i-40i cm-1. These do not affect the obtained energetic results 

significantly, but render the evaluation of the harmonic entropy effects unreliable. 

Therefore, entropy was not considered in the present thesis.  
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Chapter 4 

Dinuclear zinc enzymes 

  In the present thesis, the reaction mechanisms of three dinuclear zinc enzymes have 

been studied using the approach discussed in Chapter 3. The enzymes are 

Dihydroorotase from Escherichia coli, N-acyl-L-homoserine lactone hydrolase (AHL 

lactonase) from Bacillus thuringiensis, and RNase Z from Bacillus subtilis. The 

results will be summarized below. 

4.1 Dihydroorotase 

  Dihydroorotase (DHO) is a member of the amidohydrolase superfamily  of 

enzymes,[63] catalyzing the reversible interconversion of dihydroorotate and 

carbamoyl aspartate as illustrated in Scheme 4.1.[64-66] This transformation is a key 

step in the de novo biosynthesis of pyrimidine nucleotides and DHO is thus an 

attractive target for inhibitor design and mechanistic studies.[67] 

 

 

Scheme 4.1. Reaction catalyzed by DHO. 

4.1.1. Crystal structure and proposed mechanism 

  The X-ray crystal structure of DHO from Escherichia coli has been determined to 

high resolution with a binuclear zinc cluster at the active site (Figure 3.2).[68,69] 

Interestingly, dihydroorotate was found bound to the active site of one monomeric 

unit of the dimeric protein while carbamoyl aspartate was bound to the adjacent 

monomer.[68] In DHO one zinc ion is coordinated to His16 and His18 while the other 

zinc ion is coordinated to His139 and His177. In addition, the two zinc ions are 
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bridged by a carboxylated lysine (Kcx102). In the monomer with the bound 

dihydroorotate, the two zinc ions are further bridged by hydroxide and the carbonyl 

oxygen of the dihydroorotate is orientated towards Znβ.  

In the hydrolysis reaction it was proposed that upon the binding of dihydroorotate 

the carbonyl group of the substrate was polarized by an interaction with Znβ.[70] As the 

hydroxide attacked the carbonyl carbon, the hydrogen bonded proton was transferred 

from the hydroxide to the Asp250 and a tetrahedral intermediate was formed. In the 

final step the tetrahedral intermediate collapsed through a concerted proton transfer 

from the Asp250 and cleavage of the carbon-nitrogen bond.  

4.1.2. Active site model 

A quantum chemical cluster model of the Dihydroorotase active site (see Figure 

4.1) was constructed based on the crystal structure of the enzyme in complex with 

dihydroorotate (PDB code: 1J79).[68] The model consists of the two zinc ions along 

with their ligands: His16, His18, His139, His177, Asp250, and the bridging 

carboxylated Lys102 and hydroxide (OμH-). In addition, three important second-shell 

residues, Arg20, Asn44, and His254, were also included in the model. The resulting 

active site model is thus composed of 118 atoms and has a total charge of +1.  

The overall geometric parameters obtained from the geometry optimization 

reproduce the experimental structure quite well. For example, the distance between 

the two zinc centers is calculated to be 3.41 Å, in excellent agreement with the 

crystallographic distance of 3.46 Å, and the hydrogen bond between the bridging 

hydroxide and Asp250 is well-reproduced. 

As seen from Figure 4.1, no significant interaction is observed between the 

substrate and the zinc ions. Instead, the substrate interacts with the side chains of the 

Arg20, Asn44, and His254 residues through a number of hydrogen bonds to the 

α-carboxylate group of dihydroorotate. These interactions help orient the substrate 

such that it is ready for nucleophilic attack. The distance between the bridging 

hydroxide and the carbon of the amide bond is 2.99Å. 
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Figure 4.1. Optimized structure of the DHO active site model with dihydroorotate bound (Re). 

Atoms marked with asterisks were fixed at their X-ray structure positions. Distances are given in 

angstrom. 

4.1.3. Nucleophilic attack  

The optimized transition state for the nucleophilic attack (TS1) and the resulting 

tetrahedral intermediate (Int1) is displayed in Figure 4.2. The barrier is calculated to 

be the very feasible 13.5 kcal/mol, and Int1 is found to be at +11.5 kcal/mol. We find 

that the nucleophilic attack happens directly from the bridging position, which might 

be a common mechanistic feature for dinuclear zinc enzymes. The resulting oxyanion 

of the carbonyl binds to Znβ, demonstrating that Znβ provides electrostatic 

stabilization to the transition state and the intermediate, thereby lowering the barrier 

for this step. In addition, the decrease in the hydrogen bond distance between Asp250 

and the bridging hydroxide implies that Asp250 also plays an important role in 

stabilizing the tetrahedral intermediate. Thus, in contrast to previous suggestions,[70] 

no proton transfer occurs during the nucleophilic attack step. Instead, the calculations 

suggest that this proton transfer takes place in a separate step. 
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Figure 4.2. Optimized geometries for the transition states, intermediates, and product along the 

reaction pathway. For clarity, Arg20, Asn44, and His254, the histidine rings, and unimportant 

hydrogen atoms are omitted 

4.1.4. Proton transfer 

We have managed to optimize a transition state in which the proton is transferred 

from the bridging oxygen to Asp250, coupled with the rotation of the latter to form a 

hydrogen bond to the amide nitrogen (TS2 in Figure 4.2). The nature of TS2 was 

confirmed to have an imaginary frequency of 137i cm-1, corresponding mainly to the 

swinging of the OH in Asp250. TS2 is 7.0 kcal/mol higher than Int1 (+18.5 kcal/mol 

relative Re) and the resulting new intermediate Int2 is only 0.1 kcal/mol lower than 

TS2. The proton transfer from the hydroxide to Asp250 weakens the coordination of 

Asp250 with Znα as evidenced by the longer Oδ2–Znα distance.  
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Figure 4.3. Calculated potential energy curve for the hydrolysis of dihydroorotate by 

Dihydroorotase.  

4.1.5. C-N bond cleavage 

The next step is the protonation of the nitrogen, which turns out to be coupled with 

C–N bond cleavage. The transition state for this step was located (called TS3, see 

Figure 4.2). This step is calculated to be the rate-limiting step of the whole reaction, 

with an accumulated barrier of 19.7 kcal/mol relative to Re (see Figure 4.3). This 

finding is consistent with the experimental solvent deuterium isotope effects that were 

measured to be around 2.1 for both directions of the reaction, indicating a proton 

transfer in the rate-limiting step.[70] These results are also consistent with the 13C and 
15N heavy atom isotope effects that have been measured for the hydrolysis of 

dihydroorotate from Bacillus caldolyticus.[71]

The resulting product (Pr, see Figure 4.2) corresponds to the enzymatic binuclear 

zinc cluster in complex with the product carbamoyl aspartate. The energy of Pr is 

calculated to be 2.8 kcal/mol higher than Re. Experimental rate constants for this 

reversible reaction are found to be 160 s-1 with carbamoyl aspartate as substrate at pH 

= 5.8, and 100 s-1 with dihydroorotate as substrate at pH = 8.0.[70] This small 

difference in rate constants between the forward and backward reactions indicates that 

the reaction is very close to thermoneutral.  
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Figure 4.4. Optimized geometries for the reactant (Re-pt), and transition state (TS-pt), and the 

product (Pr-pt) along the reaction pathway with Asp250 protonated.  

4.1.6. Protonation state of Asp250   

The above calculations assume that the Asp250 residue is deprotonated. It can 

however be envisioned that this residue is protonated. We have explicitly considered 

this possibility. Accordingly, the reaction mechanism was investigated with Asp250 in 

the protonated form. The total charge of the active site model becomes +2.  
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Figure 4.5. Calculated potential energy curve for the hydrolysis of dihydroorotate with active site 

Asp250 in the protonated form.  

 

It turned out that with an extra proton residing on Asp250, the entire reaction takes 

place in a concerted step, in which the bridging hydroxide performs the nucleophilic 

attack on the amide carbonyl, the proton of Asp250 transfers to the amide nitrogen, 

and the C–N bond is cleaved simultaneously at the same transition state (called TS-pt 

and shown in Figure 4.4). Frequency analysis confirmed the nature of the transition 

state to have an imaginary frequency of 961i cm-1. Most importantly, the barrier for 

this mechanism is calculated to be 34.0 kcal/mol (Figure 4.5). This is 14.3 kcal/mol 

higher than the mechanism with Asp250 deprotonated and thus rules out the 

possibility of performing the hydrolysis reaction with a protonated Asp250. 

4.1.7. Conclusions 

Based on these calculations, the following conclusions can be drawn about the 

reaction mechanism of DHO. First Dihydroorotate binds the active site mainly 

through hydrogen bond interactions with Arg20, Asn44, and His254, and it is not 

coordinated to Znβ prior to nucleophilic attack by the bridging hydroxide. The 

bridging hydroxide is capable of performing the nucleophilic attack from its bridging 

position without the need to become terminal. Znβ catalyzes the reaction by stabilizing 

the transition state and the resulting oxyanion, thereby lowering the barrier for the 

nucleophilic attack. The rate-limiting step is the protonation of the amide nitrogen 
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coupled with C-N bond cleavage. The energetic barrier for the forward reaction is 

calculated to be 19.7 kcal/mol, while for the backward reaction it is 16.9 kcal/mol. 

The barrier of the reaction is much higher when the active site Asp250 is protonated 

relative to when it is deprotonated. This result rules out the possibility of a protonated 

Asp250 prior to the binding of dihydroorotate. 

4.2 N-acyl homoserine lactone hydrolase 

N-acyl-L-homoserine lactone hydrolase (AHL lactonase), catalyzes the hydrolytic 

ring opening of AHLs (Scheme 4.2),[72-75] and impede AHL activity, which is 

important for bacteria to monitor their own population density and to modulate gene 

expression.[76-78] Amino acid sequence alignments reveal a conserved HXHXDH 

motif, similar to the metallo-β-lactamase superfamily of enzymes.[79] 
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Scheme 4.2. Reaction catalyzed by AHL lactonase.  

4.2.1. Crystal structure and proposed mechanism 

  The X-ray crystal structure of AHL lactonase has been solved at 

high-resolution.[80,81] It shows an active site containing a dinuclear zinc center bridged 

by an aspartate (Asp191) and an oxygen species, presumably a hydroxide (see Figure 

4.6). In addition, the first-shell coordination sphere of the di-zinc center includes five 

histidines (His104, His106, His109, His169, and His235) and an aspartate (Asp108). 

In the structure of AHL lactonase in complex with L-homoserine lactone (HSL), a 

second shell residue, Tyr194, forms a hydrogen bond with the inhibitor ester 

oxygen.[81] The structure of AHL lactonase from Agrobacterium tumefaciens reveals 

an almost identical active site arrangement, with the exception of the substitution of 

Asn114 for Phe107 in AHL lactonase from Bacillus thuringiensis.[82] 
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Figure 4.6. X-ray structure of the dinuclear zinc active site in AHL lactonase from Bacillus 

thuringiensis in complex with the inhibitor L-homoserine lactone. (coordinates taken from PDB 

2BR6[81])  

 

On the basis of crystallographic, mutational and kinetic studies and of data 

concerning related enzymes of the metallo-β-lactamase superfamily, the following 

reaction mechanism has been proposed for AHL lactonase.[80,81] After substrate 

docking, the bridging hydroxide performs a nucleophilic attack at the carbonyl carbon 

to form a tetrahedral intermediate, followed by C−O bond cleavage. Tyr194 could 

then act as a general acid protonating the leaving group. In the above-mentioned 

structure of AHL lactonase in complex with HSL, the inhibitor carbonyl oxygen 

interacts with Zn2 while the ring oxygen is sandwiched between Zn1 and the Tyr194 

residue (see Figure 4.6).[81] However, it is possible that the substrate binding mode 

shown in Figure 4.6 represents a nonproductive complex.[80] It has been argued that 

the full substrate, with its long acyl chain, would fit poorly and clash with the walls of 

the binding pocket.[80] Another binding mode was proposed in which the carbonyl 
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oxygen instead coordinates to Zn1 and the ring oxygen to Zn2.[80] Very recently, 

support to this substrate binding mode was obtained from high-resolution crystal 

structures of the enzyme with products bound.[83] Furthermore, QM/MM MD 

simulations show a stable ES complex only for this mode, with the less hindered re 

face of the lactone facing the dinuclear zinc site.[84]

4.2.2. Model of active site 

A quantum chemical cluster model of the AHL lactonase active site was 

constructed based on the crystal structure solved for the enzyme complexed with 

L-homoserine lactone (PDB code 2BR6).[81]The model contains the two zinc ions 

along with their first-shell ligands and the bridging hydroxide. Tyr194, an important 

second-shell residue, was also included. As a model substrate, we chose N-acetyl 

homoserine lactone (see Figure 4.7). The total size of the model is thus 113 atoms 

and the total charge is +1. 

As briefly discussed above, two different substrate orientations have been 

suggested (called A and B here).[80,81] In orientation A, the substrate binds with its 

carbonyl oxygen coordinated to Zn1 and the leaving oxygen coordinated to Zn2, 

while in the alternative orientation B the coordination is reversed. In this study we 

consider both of these options. 

The optimized structures of the active site model in complex with the model 

substrate, corresponding to the Michaelis complex in the two different orientations 

(here called reactants, A-React and B-React) are displayed in Figure 4.7. We first 

note that none of the substrate oxygens coordinates to any of the zinc ions in the 

Michaelis complexes of any of the two substrate orientations.  

In B-React, we note that the substrate amide forms a weak hydrogen bond to 

Asp108, an interaction that is not present in A-React (see Figure 4.7). Since the 

substrate does not coordinate to the zinc ions in the Michaelis complexes, the 

calculated energies for the two substrate orientations are very similar. Orientation A is 

favored by only 0.5 kcal/mol over orientation B.  
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Figure 4.7. Optimized structures for the active site model of AHL lactonase. Two different 

substrate orientations are considered. For clarity, some hydrogen atoms are omitted in the figures. 

Atoms marked with asterisks were fixed at their X-ray positions during the geometry optimizations. 

Distances are given in angstrom (Å).  

4.2.3. Hydrolysis through substrate orientation A. 

Starting from A-React, we have optimized the structures of the transition state for 

the nucleophilic attack (A-TS1) and the resulting tetrahedral intermediate (A-Int) for 

orientation A (shown in Figure 4.8). The barrier is 16.4 kcal/mol and A-Int lies 14.1 

kcal/mol higher than A-React. We find that the nucleophilic attack occurs directly 

from the bridging position, which might be a common feature for dinclear zinc 

enzymes. The bond distance between the carbonyl oxygen and Zn1 is shortened 

considerably, indicating that the Zn1 ion provides electrostatic stabilization to the 

transition state and the tetrahedral intermediate, thereby lowering the barrier for the 

nucleophilic attack. In addition, the hydrogen bond from Tyr194 to Oα becomes 

stronger, showing that the Tyr194 residue provides further stabilization to the TS and 

the tetrahedral intermediate, in line with previous suggestions based on the crystal 
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structure.[80] The shortening of the hydrogen bond between Asp108 and the bridging 

hydroxide A-React to A-Int implies that also this residue plays a role in stabilizing 

the tetrahedral intermediate. We furthermore notice that during the nucleophilic attack 

the interaction between Zn2 and the oxygen of the five-membered ring (Oβ) becomes 

stronger. This interaction will be important for the dissociation of the C−Oβ bond in 

the next step. 

The second part of the reaction is the C−Oβ bond cleavage, resulting in the opening 

of the five-membered ring. The transition state for this (called A-TS2) was optimized 

and is also shown in Figure 4.8. It was found that, simultaneously with the C−Oβ 

bond cleavage, a proton is transferred from the bridging oxygen to Asp108. The 

calculated energy of A-TS2 is 2.9 kcal/mol higher than A-Int. The resulting structure 

corresponds to the dinuclear zinc cluster in complex with the deprotonated product 

(A-Prod, Figure 4.8). The energy of this complex is calculated to be 14.8 kcal/mol 

higher than A-React. In A-Prod, the newly-formed carboxylate coordinates to Zn1 in 

a bidentate fashion. Due to the negative charge at the alkoxide Oβ, the Zn2−Oβ bond 

distance decreases from A-Int to A-Prod. The Zn2 ion thus plays an important role in 

stabilizing the emerging alkoxide, facilitating thereby the ring opening step. 

To complete the reaction, the product has to be released from the active site and a 

water molecule has to enter and regenerate the bridging hydroxide ligand. The product 

can either be released in the anionic form or possibly receive a proton from the 

Tyr194[81] or the Asp108 residues. One way to estimate the overall energetics involved 

in this process is to calculate the overall driving force involved in the AHL lactonase 

reaction. We have calculated that the hydrolysis reaction of Scheme 4.2 is exothermic 

by 3.8 kcal/mol. Since the enzyme does not alter this energy, one full enzyme cycle 

should also be exothermic by the same amount. Thus, one can estimate that the steps 

involved in the product release, active site regeneration, and the binding of a new 

substrate to the active site are in total exothermic by c:a 18.6 kcal/mol (which is the 

energy of A-Prod added to the overall exothermicity, i.e. 14.8 + 3.8 kcal/mol). The 

calculated energy profile for the reaction mechanism is displayed in Figure 4.9. The 

overall barrier of 17 kcal/mol is in very good agreement with the experimental 
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Figure 4.8. Optimized geometries of the transition states and intermediates along the reaction 

pathway for substrate orientation A. For clarity, the imidazoles ligands are represented by only a 

nitrogen atom in the figures. 

 

kcat, which was found to lie in the range of 20-650 s-1 for AHLs with different length 

of the acyl chain.[82-86] Using classical transition state theory, these rate constants can 

be converted to barriers of 14-16 kcal/mol. 

As seen from Figure 4.9, the calculated energy difference between A-TS1 and 

A-TS2 is too small (0.6 kcal/mol) to be able to unambiguously distinguish which one 

of them is the rate-limiting step. However, the fact that transition state for ring 

opening is slightly higher is consistent with the experimentally observed 

thio-effect.[86] Hydrolysis of N-hexanoyl-L-homoserine lactone and its corresponding  
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Figure 4.9. Calculated potential energy profiles for N-acyl-L-homoserine lactone hydrolysis in the 

two different substrate orientations. 

 

thiolactone by AHL lactonase disubstituted with Mn2+, Co2+, Zn2+ and Cd2+ indicated 

a kinetically significant interaction between the metal and the leaving group.[86]

4.2.4. Hydrolysis through substrate orientation B. 

The calculated energetics of substrate orientation A described above agrees quite 

well with the available experimental kinetic information, such as the kcat and the 

thio-effect. It is also in line with the very recent results obtained from the 

enzyme-product crystal structures[82] and from the QM/MM simulations.[83] The 

enzyme-inhibitor structure, however, suggests that the substrate docks to the active 

site according to orientation B (see Figure 4.7).[81] We therefore optimized the 

stationary points of the hydrolysis reaction for this orientation, in a similar fashion as 

for orientation A above.  

The optimized transition state for nucleophilic attack (B-TS1) and the resulting 

tetrahedral intermediate (B-Int) are displayed in Figure 4.10. The local structure of 

the transition state is quite similar to A-TS1; the nucleophilic attack occurs from a 

bridging position. However, the barrier is calculated to be 22.3 kcal/mol, which is 5.8 

kcal/mol higher than the corresponding barrier in mode A. The resulting tetrahedral 

intermediate B-Int lies at +14.7 kcal/mol relative to B-React. We can see two reasons 
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Figure 4.10. Optimized geometries of transition states and intermediates along the reaction 

pathway for substrate orientation B. 

 

for the higher barrier observed in this substrate orientation. The main reason is that, 

since the binding is reversed, Zn2 is now providing electrostatic stabilization to the 

transition state and the tetrahedral intermediate. However, because of the different 

ligand fields, Zn1 and Zn2 are not symmetric. In particular, the negatively charged 

Asp108 ligand makes Zn2 slightly less positively charged than Zn1, reducing thereby 

its catalytic effect. Another reason is the hydrogen bond between Tyr194 and the 

carbonyl oxygen, which is stronger in orientation A than that in orientation B.  
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For the following ring opening step, we found that the proton transfer from μ-OH 

to Asp108 occurs as a separate step. We located a distinct intermediate (B-Int2, 

Figure 4.10), in which the proton resides on Asp108 and the hydrogen bond from the 

amide of the substrate to Asp108 is broken. B-Int2 lies only 0.9 kcal/mol lower than 

B-Int. The transition state for the ring opening was located, with a C-Oβ distance of 

1.82 Å (B-TS2, Figure 4.10). The barrier is calculated to be 4.7 kcal/mol higher than 

B-Int2 (Figure 4.9). The resulting enzyme-product complex, B-Prod, is 15.9 

kcal/mol higher than B-React. In B-prod, the newly-formed carboxylate binds to 

both zinc ions, in contrast to A-Prod, where the carboxylate binds bidentately to Zn1.  

For orientation B, the nucleophilic attack is clearly the rate-limiting step (see 

Figure 4.9). The high barrier, however, shows that this substrate orientation is not 

productive, which explains why the HSL inhibitor itself is not hydrolyzed.  

4.2.5. Conclusions 

Following previous proposals,[80,81] two possible mechanisms based on two 

different substrate orientations were considered (see Figure 4.7).  

 

 

Scheme 4.3. Reaction mechanism of AHL lactonase.  

 

Our calculations show that the reaction mechanism shown in Scheme 4.3 

(corresponding to substrate orientation A) is energetically more feasible, and is in 

agreement with available experimental kinetic and structural data. In this mechanism, 

the substrate binds to the active site without direct coordination to any of the zinc ions. 

The bridging hydroxide then acts as a nucleophile, attacking the carbonyl carbon of 
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the substrate. The Zn1 ion, along with Tyr194, stabilizes the oxyanion of the 

tetrahedral intermediate, thereby lowering the barrier for the nucleophilic attack. Zn2, 

on the other hand, facilitates the ring opening step by stabilizing the leaving group.  

The alternative substrate orientation B, which corresponds to the x-ray structure 

solved for the enzyme in complex with the L-homoserine lactone inhibitor, is shown 

to be a nonproductive binding mode.

4.3 RNase Z 

RNase Z is a dinuclear zinc-dependent endoribonuclease responsible for the 

processing of the 3’ extremities of tRNA (Scheme 4.4).[87-88] Amino acid sequence 

comparisons have demonstrated that RNase Z is a member of the metallo-β-lactamase 

superfamily.[89] These enzymes fold into a four-layer αβ/βα sandwich fold and possess 

the characteristic ‘histidine motif’ (HxHxDH) for metal coordination.[90] However, 

RNase Z has a unique exosite inserted in the metallo-β-lactamase domain, which is 

essential for tRNA recognition but not responsible for the catalytic activity. [91-94] 
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Scheme 4.4. Reaction catalyzed by RNase Z. 

4.3.1. Crystal structure and proposed mechanism 

The X-ray structures of RNase Z from Bacillus subtilis have been solved and reveal 

a dinuclear zinc cluster at the active site.[95] The dinuclear zinc center is bridged by an 

aspartate (Asp211) and an oxygen species (see Figure 4.11). Znα is liganded by His63, 

His65, and His140, while Znβ is liganded by His68, His269 and Asp67. Mutational 

studies of these first-shell ligands show that all of them are functionally 

important.[96-99] A Glu231-His247 diad is located close to the dinuclear core and forms 

a hydrogen bond to one of the phosphate oxygen atoms.  
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Figure 4.11. X-ray structure of the active site of RNase Z from Bacillus subtilis complexed with 

phosphate (coordinates taken from PDB entry 1Y44). 

 

On the basis of the crystallographic studies and mechanistic data concerning the 

related metallo-β-lactamase superfamily, the following mechanism for RNase Z has 

been proposed.[95] Asp67 acts as a general base to remove the proton from the 

bridging water molecule to generate a hydroxide, which performs an in-line 

nucleophilic attack on the phosphorus moiety. Then, the 3’-oxygen takes up a proton 

from the nearby water molecule. However, the substitution of Glu630 or His646 with 

alanine in D. melanogaster RNase Z (corresponding to Glu231 and His247 in Bacillus 

subtilis RNase Z, see Figure 4.11) causes dramatic decrease in kcat, indicating that the 

Glu-His diad might act as a general acid involved in the protonation of the leaving 

group.[98] This proposal has also been put forward for another dinuclear 

zinc-dependent phosphodiesterase, namely CPSF-73 (73-kDa subunit of cleavage and 

polyadenylation specificity factor) involved in pre-mRNA 3’-end processing, with 

identical disposition and coordination of the dinuclear zinc core in the active site.[100]  
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Figure 4.12. Optimized structure of the RNase Z active site model with a methyl 

2-tetrahydrofuranyl phosphate bound. Atoms marked with asterisks were fixed at their X-ray 

structure positions. Distances are given in Å. 

4.3.2. Active-site model 

A quantum chemical cluster model of the RNase Z active site was prepared 

based on the crystal structure of the enzyme complexed with phosphate (PDB entry 

1Y44).[95] The model consists of the two zinc ions along with their first-shell ligands, 

His63, His65, Asp67, His68, His140, Asp211, His369 and bridging hydroxide. 

Glu231 and His247, which are possibly involved in protonating the leaving group, 

were also included in the model. Additionally, parts of the Asp211-Thr212 and 

Ala232-Thr233 units, forming hydrogen bonds with Glu231, were included. A simple 

model substrate, methyl 2-tetrahydrofuranyl phosphate, was used to explore the 

phosphodiesterase activity of this enzyme (see Figure 4.12). The resulting model is 

composed of 139 atoms and has a total charge of 0.
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4.3.3. First-half reaction 

The optimized structure of the RNase Z active site with the methyl 

2-tetrahydrofuranyl phosphate substrate bound (here termed React) is shown in 

Figure 4.12. The overall geometric parameters obtained from the geometry 

optimization reproduce the X-ray structure quite well. The geometry optimization was 

initially started with neutral His247 and Glu231 residues. However, during the 

optimization, a proton was transferred automatically from Glu231 to His247 creating 

a Glu¯−HisH+ ion pair. The resulting Glu231 anion is stabilized through hydrogen 

bonds to the Ala232-Thr233 and Asp211-Thr212 moieties. The substrate is 

coordinated to the two zinc ions with two of its phosphate oxygens, where Oa binds to 

Znα stronger than Ob to Znβ. This is because the Znα ion is more positively-charged. 

These interactions help orient the substrate so that there is a nearly straight line 

between Oμ-P-OL, with an angle of 178.1°.  

The optimized transition state (TS1) and the resulting intermediate (Inter1) are 

shown in Figure 4.13. We find that the nucleophilic attack occurs directly from the 

bridging position, similar to other previously studied dinuclear zinc enzymes, 

phosphotriesterase[101], aminopeptidase from Aeromonas proteolytica[102], DHO[103], 

AHL lactonase[104], and Glyoxalase II[105]. The barrier is calculated to be 13.6 

kcal/mol and Inter1 is 6.6 kcal/mol lower than React. The Znα-Oa and Znβ-Ob bonds 

become somewhat shorter, which indicates that the zinc ions provide electrostatic 

stabilization to the transition state, thereby lowering the barrier.  

Downhill from TS1, a proton transfer from the bridging hydroxide to Asp67 occurs 

simultaneously with the dissociation of the leaving group (Inter1, Figure 4.13).  The 

potential energy surface (PES) for this step can be represented by a More O’Ferral 

Jencks (MFJ) plot,[106,107] which defines the PES in terms of two reaction coordinates, 

bond orders of P-Oμ and P-OL (Figure 4.14). In the MFJ plot, React is located at the 

bottom left corner while Inter1 at the top right corner. We found that TS1 almost lies 

at the line between React and Inter1, indicating a concerted pathway for this step.  
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Figure 4.13. Optimized geometries for the transition states, intermediates and product along the 

reaction pathway. For clarity, the zinc coordinated histidine rings, Ala232-Thr233, part of 

Asp211-Thr212, and unimportant hydrogen atoms are omitted.  
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Figure 4.14. More O’Ferral Jencks (MFJ) plot for the first-half reaction. 

 

The leaving alcohol in Inter1 can easily be released to the solution as it is only 

hydrogen-bonded to His247. However, the direct release of the phosphomonoester 

from Inter1 will require much more energy since it is strongly bound to the dinuclear 

center. An alternative pathway is that a water molecule makes the reverse attack on 

the phosphorus center regenerating the bridging hydroxide, which then can start a new 

catalytic cycle. Accordingly, we manually replaced the alcohol in Inter1 by a water 

molecule and reoptimized the geometry (called Inter2, Figure 4.13). The energy 

difference between Inter1 and Inter2 can be roughly estimated by the following 

equation: 

Inter1 (ε=4)    +    Η2Ο (ε=80) Inter2 (ε=4)    +    Alcohol (ε=80)  

  According to this equation, the step is calculated to be exothermic by 4.7 kcal/mol.  

4.3.4. Second-half reaction 

  From Inter2, we have optimized the transition state for the water attack at the 

phosphorus center (TS2, Figure 4.13). The barrier is calculated to be 18.1 kcal/mol 

relative to Inter2. In TS2, His247, facilitated by the negative charge of Glu231, 

abstracts a proton from the water molecule. The geometry of TS2 is found to be very 

similar to that of TS1. This water attack results in the formation of the product (Prod, 
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Figure 4.15. More O’Ferral Jencks (MFJ) plot for the second-half reaction. 
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Figure 4.16. Calculated potential energy curve for the hydrolysis of methyl 2-tetrahydrofuranyl 

phosphate by RNase Z.  

 

Figure 4.13) with the regeneration of the bridging hydroxide. The MFJ plot for the 

second-half reaction is shown in Figure 4.15. It can be seen that TS2 becomes 

slightly associative, but still concerted.  

  The obtained potential energy curve for the phosphodiester hydrolysis reaction is 

shown in Figure 4.16. It can be seen that the second half-reaction determines the 

reaction rate, with a barrier of 18.1 kcal/mol. Experimental rate constants are found to 

be in the range of 0.003-0.09 s-1,[96-99, 108,109] which can be converted to barriers in the 

range of 19-21 kcal/mol using classical transition state theory. Our calculations are 
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thus in good agreement with the experimental kinetics results.  

4.3.5. Conclusions 

  Based on these calculations, the following conclusions can be drawn about the 

reaction mechanism of RNase Z. (Scheme 4.5). The phosphate group of the substrate 

binds to the active site mainly through direct bidentate coordination to the dinuclear 

zinc center and hydrogen bonding to His247. The bridging hydroxide, coordinated to 

the two zinc ions, performs the nucleophilic attack directly from bridging position. 

The nucleophilic attack on the phosphorus center results in the concerted departure of 

the leaving group, which accepts a proton from His247. Subsequently, a water 

molecule, activated by His247, makes the reverse attack resulting in the regeneration 

of the bridging hydroxide. The second step is rate-limiting and the energetic barrier is 

calculated to be 18.1 kcal/mol, in good agreement with experimental kinetic studies. 

Both zinc ions provide catalytic power by the electrostatic stabilization of the 

penta-coordinated transition states. 

  
Scheme 4.5. Suggested RNA hydrolysis mechanism by RNase Z.

 52



Chapter 5 

Concluding Remarks 

  In this thesis, quantum chemical modeling methodology has been used to gain 

mechanistic insight into three dinuclear zinc enzymes, namely Dihydroorotase, 

N-acyl homoserine lactone hydrolase, and RNase Z. From our calculations, we found 

that density functional theory together with models of the active sites is an excellent 

tool to answer mechanistic questions concerned with enzymes. Different hydrolytic 

reactions were analyzed, including amide C-N cleavage, ester C-O cleavage, and 

phosphate P-O cleavage.  

  Our calculations have established that the bridging hydroxide performs the 

nucleophilic attack directly from the bridging position, without the need to become 

terminal. For carbonyl substrates, like dihydroorotate and N-acyl homoserine lactone, 

the zinc ion with less negatively-charged ligands provides electrostatic stabilization 

on the oxygen anion during the nucleophilic attack, thereby lowering the barrier. For 

phosphate substrates, like RNA, both zinc ions participate in the stabilization of the 

penta-coordinated transition states. 

All three enzymes catalyze the hydrolysis of substrates with poor leaving groups, 

and require therefore help from some functional groups in the active site. In DHO, a 

first-shell residue, Asp250, shuttles a proton from the bridging hydroxide to the 

leaving group, facilitating the C-N bond cleavage. In AHL lactonase, one zinc ion 

stabilizes the leaving oxygen anion and assists the ring cleavage. In RNase Z, a 

Glu-His diad acts as a general acid to protonate the leaving group.  

  Furthermore, it has been demonstrated that quantum chemical cluster models are 

able to distinguish between different binding modes (AHL lactonase) and between 

different protonation states of important residue (DHO) from accurate energies of 

chemical steps obtained with DFT methods. 
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