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Abstract
Computer modeling of enzymes is a valuable complement to experiments. Quantum chemical studies of enzymatic
reactions can provide a detailed description of the reaction mechanism and elucidate the roles of various residues in the
active site. Different reaction pathways can be analyzed, and their feasibility be established based on calculated energy
barriers.

In the present thesis, density functional theory has been used to study the active sites and reaction mechanisms
of three different enzymes, cytosine deaminase (CDA) from Escherichia coli, ω-transaminase from Chromobacterium
violaceum (Cv-ωTA) and dinitrogenase reductase-activating glycohydrolase (DraG) from Rhodospirillum rubrum. The
cluster approach has been employed to design models of the active sites based on available crystal structures. The
geometries and energies of transition states and intermediates along various reaction pathways have been calculated, and
used to construct the energy graphs of the reactions.

In the study of CDA (Paper I), two different tautomers of a histidine residue were considered. The obtained reaction
mechanism was found to support the main features of the previously proposed mechanism. The sequence of the events was
established, and the residues needed for the proton transfer steps were elucidated.

In the study of Cv-ωTA (Paper II and Paper III), two active site models were employed to study the conversion of two
different substrates, a hydrophobic amine and an amino acid. Differences and similarities in the reaction mechanisms of
the two substrates were established, and the role of an arginine residue in the dual substrate recognition was confirmed.

In the study of DraG (Paper IV), two different substrate-binding modes and two different protonation states of an
aspartate residue were considered. The coordination of the first-shell ligands and the substrate to the two manganese ions
in the active site was characterized, and a possible proton donor in the first step of the proposed reaction mechanism was
identified.
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Abstract

Computer modeling of enzymes is a valuable complement to experiments.
Quantum chemical studies of enzymatic reactions can provide a detailed
description of the reaction mechanism and elucidate the roles of various
residues in the active site. Di�erent reaction pathways can be analyzed,
and their feasibility be established based on calculated energy barriers.

In the present thesis, density functional theory has been used to study
the active sites and reaction mechanisms of three di�erent enzymes,
cytosine deaminase (CDA) from Escherichia coli, !-transaminase from
Chromobacterium violaceum (Cv-!TA) and dinitrogenase reductase-
activating glycohydrolase (DraG) from Rhodospirillum rubrum. The clus-
ter approach has been employed to design models of the active sites based
on available crystal structures. The geometries and energies of transition
states and intermediates along various reaction pathways have been cal-
culated, and used to construct the energy graphs of the reactions.

In the study of CDA (Paper I), two di�erent tautomers of a histidine
residue were considered. The obtained reaction mechanism was found to
support the main features of the previously proposed mechanism. The
sequence of the events was established, and the residues needed for the
proton transfer steps were elucidated.

In the study of Cv-!TA (Paper II and Paper III), two active site models
were employed to study the conversion of two di�erent substrates, a
hydrophobic amine and an amino acid. Di�erences and similarities in the
reaction mechanisms of the two substrates were established, and the role
of an arginine residue in the dual substrate recognition was con�rmed.

In the study of DraG (Paper IV), two di�erent substrate-binding modes
and two di�erent protonation states of an aspartate residue were con-
sidered. The coordination of the �rst-shell ligands and the substrate to the
two manganese ions in the active site was characterized, and a possible
proton donor in the �rst step of the proposed reaction mechanism was
identi�ed.

iii



iv



List of Publications

The results in this thesis are based on the following papers, referred to in
the text by their Roman numerals I-IV.

I. Reaction Mechanism of Zinc-Dependent Cytosine Deaminase
from Escherichia coli: A�antum-Chemical Study
Bianca Manta, Frank M. Raushel and Fahmi Himo
J. Phys Chem. B, 2014, 118, 5644–5652
DOI: 10.1021/jp501228s

II. A �antum Chemical Study of the !-Transaminase
Reaction Mechanism
Karim Engelmark Cassimjee, Bianca Manta and Fahmi Himo
Org. Biomol. Chem., 2015, 13, 8453–8464
DOI: 10.1039/c5ob00690b

III. �antum Chemical Study of Dual-Substrate Recognition
in !-Transaminase
Bianca Manta, Karim Engelmark Cassimjee and Fahmi Himo
ACS Omega, 2017, 2, 890–898
DOI: 10.1021/acsomega.6b00376

IV. Insights from �antum Chemical Calculations into Active Site
Structure and Reaction Mechanism of Manganese-Dependent
Dinitrogenase Reductase-Activating Glycohydrolase
Bianca Manta and Fahmi Himo
Manuscript

Reprints were made with kind permission from the publishers.
Paper I: Copyright 2014 American Chemical Society.
Paper II: Published by The Royal Society of Chemistry. This article is licensed

under a Creative Commons Attribution 3.0 Unported License.
Paper III: Copyright 2017 American Chemical Society.

v

http://dx.doi.org//10.1021/jp501228s
http://dx.doi.org//10.1039/c5ob00690b
http://dx.doi.org//10.1021/acsomega.6b00376
https://creativecommons.org/licenses/by/3.0/


The contribution by the author to the papers is as follows:

Paper I: Performed the calculations, analyzed the results and
wrote a major part of the article.

Paper II: Contributed to the calculations, analyzed the results,
and took part in writing the article.

Paper III: Performed the calculations, analyzed the results
and wrote the article.

Paper IV: Performed the calculations, analyzed the results
and wrote the article.

Parts of this thesis are based on the following licentiate thesis:

�antum Chemical Studies of Enzymatic Reaction Mechanisms –
Investigations of Cytosine Deaminase and !-Transaminase
Bianca Manta, Licentiate Thesis, Department of Organic Chemistry
Stockholm University (2014)

vi



Contents

List of Publications v

Abbreviations ix

1 Introduction 11

2 Basic Theory 13
2.1 Density functional theory . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 The B3LYP functional . . . . . . . . . . . . . . . . . . . . 14
2.1.2 Dispersion correction . . . . . . . . . . . . . . . . . . . . . 15

2.2 Energy graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Transition state theory . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4 Enzyme catalysis and kinetics . . . . . . . . . . . . . . . . . . . . 17

3 �antum Chemical Modeling of Enzymatic Reactions 21
3.1 Designing an active site model . . . . . . . . . . . . . . . . . . . . 21
3.2 Modeling the surroundings . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Computational details . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Cytosine Deaminase (Paper I) 27
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Reaction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.3 Alternative scenario . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.4 Kinetic isotope e�ect . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5 !-Transaminase (Paper II and Paper III) 35
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 Reaction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.3 Dual substrate recognition . . . . . . . . . . . . . . . . . . . . . . 41
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

vii



Contents

6 Dinitrogenase Reductase-Activating Glycohydrolase (Paper IV) 45
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.2 Characterization of the active site . . . . . . . . . . . . . . . . . . 47
6.3 Possible proton donors in ring-opening . . . . . . . . . . . . . . . 49
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7 Concluding Remarks 53

Sammanfa�ning på svenska 55

Acknowledgements 57

References 59

viii



Abbreviations

ADP Adenosine DiPhosphate
BJ Becke-Johnson

Cv-!TA Chromobacterium violaceum !-TransAminase
CDA Cytosine DeAminase

CPCM Conductor-like Polarizable Continuum Model
DFT Density Functional Theory

DraG Dinitrogenase reductase-activating Glycohydrolase
HF Hartree-Fock
KIE Kinetic Isotope E�ect

L-Ala L-Alanine
LSDA Local Spin Density Approximation
PCM Polarizable Continuum Model
PDB Protein Data Bank
PLP PyridoxaL-5’-Phosphate
PMP PyridoxaMine-5’-Phosphate
!TA !-TransAminase

(S)-1-PEA (S)-1-PhenylEthylAmine
(S)-!TA (S)-selective !-TransAminase

TS Transition State
TST Transition State Theory
vdW van der Waals
ZPE Zero-Point Energy

ix



Amino acid abbreviations

A / Ala Alanine
C / Cys Cysteine
D / Asp Aspartate
E / Glu Glutamate
F / Phe Phenylalanine
G / Gly Glycine
H / His Histidine
I / Ile Isoleucine

K / Lys Lysine
L / Leu Leucine
M / Met Methionine
N / Asn Asparagine
P / Pro Proline
Q / Gln Glutamine
R / Arg Arginine
S / Ser Serine
T / Thr Threonine
V / Val Valine

W / Trp Tryptophan
Y / Tyr Tyrosine

x



Chapter 1

Introduction

Enzymes are naturally occurring catalysts that provide rate enhancement
to chemical reactions in biological systems. They are complex macro-
molecules that contain an active site, which is a small region in the enzyme
where the conversion of substrates to products takes place. The amino acid
residues in the active site contribute to the binding of the substrate or take
part in the chemical reaction. Some enzymes also require cofactors to be
active, such as metal ions or small organic molecules. Enzymes are usually
selective as to what reaction they catalyze andwhich chemical compounds
they accept as substrates.

Enzymes catalyze a vast variety of chemical transformations inside liv-
ing organisms. They are also increasingly used as biocatalysts for indus-
trial applications.1,2 As a consequence, there is a great interest in under-
standing the reaction mechanisms of enzymatic reactions. A detailed
description of the reaction steps and the involvement of various active
site residues provide means to alter the activity of the enzyme. This is
often desirable in order to, for example, make the enzyme accept a broader
substrate range or develop inhibitors for medical treatment.

Using the quantum chemical cluster approach and density functional
theory when studying enzymatic reaction mechanisms has proven to be a
fruitful modeling approach.3–6 On the basis of available crystal structures,
models of the active sites are designed, including only a limited number of
residues believed to be important for the substrate binding and catalysis.
The rest of the enzyme is approximated by a coordinate-locking scheme
and an implicit solvent model. Using this protocol, the geometries and
energies of transition states and intermediates can be calculated, and used
to evaluate the plausibility of di�erent reaction pathways and di�erent

11



1. Introduction

mechanistic scenarios.
This modeling strategy is in this thesis applied to study the active sites

and reaction mechanisms of three di�erent enzymes, cytosine deaminase
(CDA) from Escherichia coli, !-transaminase from Chromobacterium vio-
laceum (Cv-!TA) and dinitrogenase reductase-activating glycohydrolase
(DraG) from Rhodospirillum rubrum.

The thesis is organized as follows: In Chapter 2, a brief introduction
to density functional theory, transition state theory and enzyme kinetics
is given, as well as the basics of energy graphs. In Chapter 3, the quan-
tum chemical cluster approach is described and computational details are
summarized. The results from the calculations on the speci�c enzymes
are presented in Chapter 4 (CDA), Chapter 5 (Cv-!TA) and Chapter 6
(DraG). Finally, the main conclusions are summarized in Chapter 7.

12



Chapter 2

Basic Theory

This chapter gives a brief overview of density functional theory, the
method used for the calculations presented in this thesis. Additionally,
the basics of energy graphs, transition state theory and enzyme kinetics
are presented, which are the concepts that relate theoretically-determined
energy barriers with experimentally-determined reaction rate constants.
These topics are presented more thoroughly in standard textbooks.7–12

2.1 Density functional theory
The foundation of modern density functional theory (DFT) methods are
two theorems by Hohenberg and Kohn13 and the Kohn-Sham formalism,14
which introduced an orbital-based scheme. According to the Hohenberg-
Kohn theorems, the ground-state electronic energy of a system is uniquely
de�ned by its electron density ⇢(r), and there exists a variational principle
such that any trial density ⇢0(r) will result in an energy higher than or
equal to the exact ground-state energy:

E[⇢0(r)] � E[⇢(r)] (2.1)

The electronic energy is expressed as the sum of three di�erent terms,
namely the kinetic energy of the electrons (T ), the nuclear-electron
attraction (Vne) and the electron-electron repulsion (Vee):

E[⇢(r)] = T [⇢(r)] + Vne[⇢(r)] + Vee[⇢(r)] (2.2)

13



2. Basic Theory

The last term (Vee) contains two components, the classical Coulomb
repulsion (J ) and all non-classical contributions to the electron-electron
repulsion. Within the Kohn-Sham formalism,14 the density is expressed in
terms of orbitals �i (equation 2.3), and the kinetic energy of the
electrons (T ) is divided into two parts. One part represents the kinetic
energy of a �ctitious system of non-interacting electrons (Tni), and
another part represents the di�erence in kinetic energy between the
�ctitious non-interacting system and the real system. The latter is thus
a correction term, which has been grouped together with all non-classical
contributions to the electron-electron repulsion into an exchange-
correlation energy term (Exc). The resulting energy functional (equation
2.4) is the general expression for the electronic energy in DFT.

⇢(r) =
NX

i=1

|�i(r)|2 (2.3)

E[⇢(r)] = Tni[⇢(r)] + Vne[⇢(r)] + J [⇢(r)] + Exc[⇢(r)] (2.4)

Although DFT is an exact theory, only approximate solutions to the
electronic energy can be obtained, because the exact expression of the
exchange-correlation functional Exc[⇢(r)] is unknown. Various DFT
methods have been developed in the search of a functional that accurately
describes the exchange-correlation energy.

2.1.1 The B3LYP functional
One of the most commonly used exchange-correlation functionals is the
B3LYP functional15–17 (equation 2.5), which has been employed for the
calculations presented in this thesis.

EB3LYP
xc = (1� a)ELSDA

x + aEHF
x + b�EB

x + (1� c)EVWN
c + cELYP

c (2.5)

The functional is composed of di�erent terms as follows. ELSDA
x is the

exchange functional according to the local spin density approximation
(LSDA) derived for the uniform electron gas, and �EB

x is the gradient
correction to the LSDA exchange, as proposed by Becke.18 EVWN

c andELYP
c

are two correlation functionals, developed by Vosko, Wilk, and

14



2.1. Density functional theory

Nusair,19 and Lee, Yang and Parr,17 respectively. Finally, EHF
x is the

exact Hartree-Fock (HF) exchange energy. The parameters a, b and c were
determined to 0.20, 0.72 and 0.81, respectively, by �tting to experimental
data. The B3LYP functional is called a hybrid functional, which indicates
that it includes some percentage of exact HF exchange energy.

2.1.2 Dispersion correction
Dispersion interactions result from electron correlation e�ects, and are de-
�ned as the attractive component of the van derWaals (vdW) interactions,
existing through space between atoms and molecules not directly bonded
to each other. Many DFT methods, including B3LYP, fail to describe the
long-range dispersion interactions, since they have a local dependency on
the electron density. Over the years several methods have been developed
that incorporate dispersion interactions into density functional theory.20,21
One popular approach is to add a dispersion energy contribution to the
energy obtained with existing DFT methods:20,21

EDFT-D = EDFT + Edisp (2.6)

In the present thesis, dispersion corrections (Edisp) were calculated using
the DFT-D222 (Papers I-III) or DFT-D323,24 (Paper IV) methods, which are
based on an atom-pairwise additive treatment of the dispersion energy:

ED2
disp = �s6

X

AB

CAB
6

R6
AB

f Fermi
dmp (RAB) (2.7)

ED3
disp = �

X

AB

X

n=6,8

sn
CAB

n

Rn
AB

fn
dmp(RAB) (2.8)

The dispersion correction is retrieved as a sum over all atom pairs in the
system, where RAB is the interatomic distance, and CAB

6 and CAB
n are

dispersion coe�cients for the atom pair AB. s6 and sn are scaling fac-
tors that are chosen for each density functional, while f Fermi

dmp and fn
dmp are

damping functions that determine the behavior at short interatomic dis-
tances. In DFT-D2, f Fermi

dmp is used, which reduces the dispersion energy to
zero at smallRAB . For DFT-D3, two damping functions are available. One
that, similar to f Fermi

dmp , reduces the dispersion energy to zero at small RAB ,

15



2. Basic Theory

and one that damps the dispersion energy to a �nite value at small RAB .
The latter is called the Becke-Johnson damping, and the method is there-
fore referred to as the DFT-D3(BJ) method.23,24 This variant was used for
the calculations in Paper IV.

The addition of dispersion corrections to B3LYP-calculated energies
has been shown to provide signi�cant improvement of the accuracy for
various types of energies,25–28 as well as being in many cases necessary
to reproduce experimentally observed selectivities.29,30 Improvement in
accuracywith the B3LYP-Dmethods has also been demonstrated in bench-
mark tests with very large data sets, covering areas such as thermo-
chemistry, kinetics and noncovalent interactions.31–33 Against the
GMTKN24 database, the overall average absolute error was found to be
5.4 kcal/mol for B3LYP and 3.6 kcal/mol for B3LYP-D2,31 and against the
extended GMTKN30 database, the overall average absolute error was
found to be 5.8 kcal/mol for B3LYP and 3.7 kcal/mol for B3LYP-D3.32,33

2.2 Energy graphs
An essential part in quantum chemical studies of reaction mechanisms is
the construction of energy graphs from calculated energies. Such graphs
can visualize di�erent reaction pathways of a chemical reaction, and the
energy barriers that are associated with each pathway.

The energy graph of a reaction is a simpli�cation of the multidimen-
sional energy hypersurface that describes the energy of a molecular sys-
tem as a function of the nuclear coordinates. Reactants, intermediates and
products are energy minima on the energy surface, while transition states
are �rst order saddle points that connect twominima on the lowest energy
path between them. They are stationary points where the �rst derivatives
of the energy with respect to the nuclear coordinates are zero. The na-
ture of a stationary point is con�rmed by the second derivative matrix,
also called the Hessian matrix, whose eigenvalues are the force constants.
Energy minima are stationary points with all force constants positive,
while transition states are stationary points with one, and only one,
negative force constant. In the vibrational analysis of a transition state, the
negative force constant gives rise to an imaginary frequency. The normal
mode corresponding to the imaginary frequency re�ects the geometrical
changes (e.g. bond breaking or bond forming) that take place during the
speci�c reaction step.

16



2.3. Transition state theory

By performing geometry optimizations of stationary points, transition
states and intermediates along various reaction pathways can be located
computationally. An energy graph of the investigated reaction is then
constructed from the relative energies of the optimized structures.

2.3 Transition state theory
Transition state theory (TST) provides a mathematical relationship that
relates the rate constant k of a chemical reaction to the free energy of
activation �G‡ for that reaction,

k =

✓
kBT

h

◆
e(��G‡/RT) (2.9)

where T is the temperature,R is the gas constant, h is the Planck constant
and kB is the Boltzmann constant.

In the energy graph of a reaction,�G‡ corresponds to the barrier from
the lowest energy point to the highest transition state along a speci�c
reaction pathway, which is de�ned as the rate-limiting step. According to
TST, a rate constant of 1 s�1 at room temperature corresponds to a barrier
of ca 17.5 kcal/mol, and for every change of the barrier by 1.4 kcal/mol
the rate constant changes by a factor of 10. Using this theory, di�erent
pathways of a chemical reaction can be compared on the basis of their
calculated barriers, and unlikely mechanisms can be ruled out.

It should be noted that entropy is neglected in the cluster approach.
Consequently, only the enthalpy part (�H‡) of the free energy (�G‡ =
�H‡ � T�S‡) is used in the calculated energy barriers. For enzymatic
reactions this is a rather good approximation, since the entropy e�ects
in the chemical steps are in general quite small,34–36 see discussion in
Chapter 3.

2.4 Enzyme catalysis and kinetics
Enzymes, being catalysts, provide rate enhancement to chemical reactions
by lowering the free energy of activation (�G‡). The catalytic power of
an enzyme is de�ned as��G‡ = �G‡

uncat��G‡
cat, where the uncatalyzed

reaction is in solution. The origin of the catalytic power of enzymes is still
debated. One proposal is that the amino acid residues in the active site are

17



2. Basic Theory

pre-organized to stabilize the transition state by electrostatic e�ects.37,38
In solution, there is a cost associated with the reorientation of the solvent
molecules, such that the electrostatic stabilization of the transition state is
smaller.37,38

The Michaelis-Menten equation provides a simple model to describe
the kinetics of enzyme-catalyzed reactions, which are represented by the
following scheme:

E+ S k1��*)��
k�1

E · S kcat��! E+ P (2.10)

In the �rst step, a substrate (S) binds reversibly to an enzyme (E) to form
an enzyme-substrate complex (E · S). In the second step, the enzyme-
substrate complex (E · S) is converted to product (P), regenerating the free
enzyme. The rate of product formation is de�ned by theMichaelis-Menten
equation (2.11), where KM is called the Michaelis constant and [E]T is the
total concentration of enzyme.

v =
d[P]
dt

= kcat[E · S] = kcat[E]T[S]
KM + [S]

(2.11)

KM =
(k�1 + kcat)

k1
(2.12)

If the substrate concentration is low, [S] << KM, the Michaelis-Menten
equation becomes:

v =
kcat
KM

[E]T[S] =
kcat
KM

[E][S] (2.13)

Under these conditions [E]T ⇡ [E], because most enzymes do not have
a substrate bound in the active site. kcat/KM is called speci�city con-
stant, and can be used to measure the enzyme’s preference for di�erent
substrates. kcat/KM also indicates the catalytic e�ciency of the enzyme
under non-saturating conditions, where the upper limit is the di�usion-
controlled encounter between the enzyme and its substrate.

18



2.4. Enzyme catalysis and kinetics

If the substrate concentration is high, [S] >> KM, the Michaelis-Menten
equation becomes:

v = Vmax = kcat[E · S] = kcat[E]T (2.14)

Under these conditions [E ·S] = [E]T, because all enzymes have a substrate
bound in the active site, i.e. the enzyme is saturated. The reaction rate
is equal to the maximum rate, where kcat is the overall rate constant. By
using transition state theory, a theoretically-determined energy barrier for
a particular enzymatic reaction can be compared with an experimentally-
determined kcat, when available.

19
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Chapter 3

�antum Chemical Modeling
of Enzymatic Reactions

Computer modeling of enzymes is always associated with a computational
cost. Enzymes, being large macromolecules, are today too large to be
studied using pure quantum chemical methods, such as density functional
theory. In the modeling approach applied in this thesis (Figure 3.1), a
limited number of residues are selected to represent the active site of the
enzyme. This active site model is then treated quantum mechanically to
obtain geometries and energies of transition states and intermediates along
the investigated reaction pathways. The e�ects of the rest of the enzyme,
that is excluded from themodel, are approximated by a coordinate-locking
scheme and an implicit solvent model. This modeling strategy, called the
quantum chemical cluster approach,3–6 is described in this chapter along
with the computational protocol used for the calculations presented in this
thesis.

3.1 Designing an active site model
Active site models are designed on the basis of crystal structures made
available, for example, in the protein data bank (PDB). It is important to
include amino acid residues that are essential for the chemical transforma-
tions and the substrate binding. Knowledge about the active site residues
may be obtained from experimental studies, e.g. site-directedmutagenesis,
which can identify residues that are important for catalysis. If the crys-
tal structures contain inhibitors or substrate analogues, they can provide
information about the interactions, e.g. hydrogen bonds, that can form

21



3.�antum Chemical Modeling of Enzymatic Reactions

Figure 3.1. The quantum chemical cluster approach: Amino acid residues and other
groups (e.g. cofactors, water molecules and inhibitors) are selected from a crystal struc-
ture. The residues are truncated by removing some backbone atoms and in some cases
also parts of the side chains. Substrates are added using an inhibitor as guideline if
possible. Hydrogen atoms are then added to the various groups, but in this �gure non-
polar hydrogens have been omitted for clarity. A number of atoms, indicated by asterisks,
are kept �xed during the geometry optimizations. The rest of the enzyme is treated as a

homogeneous polarizable medium with a dielectric constant " = 4.

between the enzyme and the substrate.
Thus, by visual analysis of a crystal structure, the amino acid residues

(and an inhibitor or a substrate analogue if present) are selected, along
with any cofactors and water molecules considered important for cataly-
sis, see Figure 3.1. The coordinates of these groups are taken from the
PDB �le. Residues that de�ne the binding pocket, but do not have explicit
interactions with the substrate, may also be included in the model. This

22



3.2. Modeling the surroundings

is especially important when studying enantioselectivity, since the model
has to properly account for the chiral environment of the active site.

In the next step the amino acid residues are truncated by removing
some backbone atoms and sometimes also parts of the side chains, see
Figure 3.1. This is done to keep the size of the model to a minimum. Then
the substrate or substrates are added, and usually di�erent conformations
and positions of the substrates inside the model are evaluated. If present,
an inhibitor or a substrate analogue may be used as guideline to place the
substrates inside the model, as shown in Figure 3.1. Sometimes superposi-
tion of several crystal structures is performed, for example, if one crystal
structure contains the cofactor and another contains a substrate analogue,
as is the case in Paper IV. In cases where the substrates or cofactors are
very large molecules, they may also be truncated, keeping the part where
the reaction takes place, which has been done in Papers II-IV.

Finally, since the positions of hydrogen atoms cannot be determined
accurately in crystal structures obtained by X-ray crystallography,
hydrogens are added manually to the various groups in the model. Some-
times di�erent protonation states or di�erent tautomers of certain residues
are explicitly investigated in order to evaluate the e�ects on the reaction
mechanisms, as is the case in Paper I and Paper IV.

3.2 Modeling the surroundings

The part of the enzyme that is excluded from the model can be considered
to a�ect the energetics of the reactions in two ways, namely by imposing
steric restrains and by providing long-range polarization. These e�ects
are approximated by a coordinate-locking scheme and an implicit solvent
model, respectively.

Coordinate-locking means that a number of atoms are kept �xed to
their crystallographic positions during the geometry optimizations, see
Figure 3.1. The intention is to preserve the overall structure of the active
site model, so that arti�cial movements, as compared to the crystal struc-
ture, are avoided. The atoms to be �xed are usually chosen on the basis of
initial geometry optimizations of the active site model, where movements
and rotations of the residues are evaluated. The model should however
still allow enough �exibility to the residues, so that they are able to adapt
to the geometrical changes that occur during the reaction.
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3.�antum Chemical Modeling of Enzymatic Reactions

In polarizable continuum models (PCMs), the environment surround-
ing the solute is treated as a homogeneous polarizable medium with a
given dielectric constant ("). Typically " = 4 is used for a protein environ-
ment. The active site model is considered as the solute, which is placed
in a cavity inside the homogeneous polarizable medium, which is de�ned
as the solvent, see Figure 3.1. The solvation e�ect is then calculated by
single-point calculations conducted on structures optimized in gas phase.
The calculation is an iterative process where the solute and the solvent
polarize each other until convergence is reached.

Constructing an active site model for the DraG enzyme in Paper IV
was not possible utilizing the standard coordinate-locking scheme pre-
sented above. The basis for themodel was the holo structure of the enzyme
(PDB 2WOC39), which contains two manganese ions in the active site.
In this structure, the metal–metal and metal–ligand distances are unusu-
ally long, which could be due to the fact that one of the metal ions was
re�ned at half occupancy39 (i.e. the metal ion was only present in half of
the enzymes in the crystal), or the fact that the substrate or a substrate ana-
logue is not bound in the active site. The initial geometry optimization of
the active site model indicated that keeping the ↵-carbons of the residues
�xed to the their crystallographic positions did not provide enough �exi-
bility to the amino acid side chains, since some residues were not able to
adapt to the movements of the metal ions. During the geometry optimiza-
tion, the various groups moved such that coordination bonds of reason-
able lengths were formed, however, only to the residues that were granted
enough �exibility. To construct an active site model of the enzyme, a
series of geometry optimizations were instead performed, where di�er-
ent metal–ligand distances were kept �xed. In one of the optimizations,
the ↵-carbons were released for 10 optimization steps, while keeping all
metal–ligand distances �xed. Then, a subsequent optimization was per-
formed, in which the ↵-carbons were again �xed and the metal–ligand
distances were released. In the �nal optimized active site model, the posi-
tions of the ↵-carbons had not deviated signi�cantly from the crystallo-
graphic positions, but the amino acid side chains were granted enough
�exibility to adapt to the movements of the metal ions.

24



3.3. Computational details

3.3 Computational details

Using DFT, with the B3LYP functional15–17 as implemented in the Gaus-
sian0340 and Gaussian0941 software packages, the calculations presented
in this thesis were conducted as follows. Geometry optimizations of
stationary points were performed using the 6-31G(d,p) basis set for the
C, N, O and H elements, and the LANL2DZ pseudopotential42 for Zn
(Paper I) and Mn (Paper IV). On the basis of the optimized structures,
frequency calculations and single-point calculations, as listed below, were
conducted at the same level of theory, unless otherwise stated.

Frequency calculations were performed to obtain zero-point energy
(ZPE) corrections. In Paper I, ZPEs were calculated using the masses of
hydrogen or deuterium for the two water molecules in the model, and
these ZPEs were then used to estimate the kinetic isotope e�ect (KIE).

Frequency calculations were also used to con�rm the nature of the
stationary points. Keeping atoms�xed during the geometry optimizations,
as described above, leads to a number of small imaginary frequencies.
These frequencies do not have any signi�cant impact on the calculated
ZPE corrections, but make calculated entropy corrections unreliable, and
therefore entropy was not included. Nonetheless, to neglect entropy in
the cluster approach is a valid approximation, since the entropy e�ects in
the chemical steps of enzymatic reactions are in general quite small.34–36
In the case some molecules bind or are released during the reaction, such
as small gas molecules, special treatment is needed.43–45

Solvation e�ects of the protein surrounding were calculated by
performing single-point calculations using the conductor-like polarizable
continuummodel (CPCM)46–49 and the value of " = 4 for the dielectric con-
stant. The cavity was speci�ed using the UAKS radii (Paper I) or the UFF
radii (Papers II-IV) as implemented in the Gaussian0340 and Gaussian0941

software packages, respectively.

More accurate energies for optimized structures were obtained by per-
forming single-point calculations with the larger 6-311+G(2d,2p) basis set
for the C, N, O and H elements and LANL2DZ for the metals.

Dispersion interactions were accounted for by including dispersion
corrections according to the DFT-D222 (Papers I-III) or DFT-D3(BJ)23,24
(Paper IV) method.
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Thus, using the computational protocol described above, an energy of
a stationary point is retrieved by performing the geometry optimization
in the gas phase with a medium-sized basis set. To this energy, the correc-
tions (large basis set, ZPE, solvation and dispersion) are then added, which
are calculated on the basis of the optimized geometry. A shortcoming of
this methodology is that the �nal energy of a low-energy transition state
can in some cases be found to be lower than one or both of its connecting
intermediates. This artifact was observed in some of the reactions studied
in this thesis, mainly for very fast proton transfer steps. In this case, the
energy of the resulting intermediate can be considered as the barrier for
the proton transfer step, and consequently the transition state energy is
not indicated in the energy graph of the reaction.

In the calculations of Paper IV, ferromagnetic spin coupling was
assumed between the metal ions of the dimanganese active site. Since the
experimentally-determined exchange coupling constant for this enzyme
is very small (J = – 3 ± 1 cm�1),50 this is a rather good approximation.

26



Chapter 4

Cytosine Deaminase (Paper I)

4.1 Introduction
Cytosine deaminase (CDA) from Escherichia coli belongs to the amido-
hydrolase superfamily, and catalyzes the deamination of cytosine to uracil
and ammonia (Scheme 4.1).51

Scheme 4.1. CDA catalyzes the deamination of cytosine.
(Scheme adapted from Paper I.)

The crystal structure of this enzyme (PDB 3O7U) has been solved in
complex with phosphonocytosine, which is an inhibitor that resembles a
tetrahedral intermediate that is assumed to form during the reaction with
cytosine.52 In the active site (Figure 4.1), a Zn2+ ion is bound by coor-
dination to three histidine residues and the inhibitor. Close by are four
second-shell ligands (Gln156, Glu217, His246 and Asp313), that by muta-
genesis experiments have been shown to be catalytically important.52
Gln156 is suggested to contribute to the binding of cytosine, and Glu217
and His246 are proposed to participate in the initial activation of a metal-
bound water molecule.52 The reaction mechanism is suggested to proceed
through a nucleophilic attack by the metal-bound hydroxide ion at the
C4 carbon of cytosine and protonation of the N3 nitrogen by Glu217, to
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4. Cytosine Deaminase (Paper I)

generate a tetrahedral intermediate, which, after a �nal proton transfer
assisted by Asp313, collapses to generate the products.

Figure 4.1. Crystal structure of the zinc active site in CDA from Escherichia coli
complexed with an inhibitor (phosphonocytosine). Distances are given in angstrom (Å).

(Figure adapted from Paper I.)

The reaction mechanism of CDA was investigated using an active site
model, that was designed on the basis of the above-mentioned crystal
structure. The model includes the zinc ion, the three �rst-shell histidine
residues, the four catalytically important second-shell ligands, and addi-
tionally two residues constituting the enzyme binding pocket (Leu81
and Trp319). A crystallographically observed water molecule was also in-
cluded, which in Figure 4.1 can be seen between Glu217 and the carbonyl
oxygen of the inhibitor. The substrates, a metal-bound water molecule
and cytosine, were manually placed inside the active site model, replacing
the inhibitor. The reaction mechanism was investigated for two di�erent
scenarios based on two di�erent tautomers of the neutral His246, i.e. the
⌧ and ⇡ tautomers, where the proton is on the "2-nitrogen or the �1-
nitrogen, respectively.

4.2 Reaction mechanism
We found that the scenario with the ⌧ tautomer of His246 resulted in the
lowest energies. In the mechanism (Scheme 4.2) obtained by the calcu-
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4.2. Reaction mechanism

Scheme 4.2. Proposed reaction mechanism of CDA from calculations.
(Scheme adapted from Paper I.)

lations, His246 does not participate in the activation of the metal-bound
water molecule. Instead it is hydrogen-bonded to Asp313 at the beginning
of the reaction (Re! Int1a), to then shift and become hydrogen-bonded
to the nucleophile, where it remains for the rest of the reaction (Int1b
! Prod). The metal-bound water molecule is activated only by Glu217,
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Figure 4.2. Optimized structures of TS1 and Int3 in the CDA reaction mechanism.
Some residues (Leu81, Trp319, and the rings of His61, His63 and His214) and non-polar
hydrogens have been omitted for clarity. (This �gure is a part of Figure 3 in Paper I.)

which then rotates and protonates the N3 nitrogen of the substrate (Re
! Int2). Using a single glutamate residue for these steps is similar to
the mechanisms of other deaminases, such as yeast cytosine deaminase
from Saccharomyces cerevisiae, 53,54 cytidine deaminase from E. coli 55 and
adenosine deaminase from Mus musculus. 56

In the next step (Int2 ! Int3), the metal-bound hydroxide ion per-
forms a nucleophilic attack at the C4 carbon of the substrate (TS1, Figure
4.2), generating a tetrahedral intermediate (Int3, Figure 4.2) that remains
bound to the zinc ion, in a similar fashion as the inhibitor in the crystal
structure (Figure 4.1). Comparing the optimized structure of Int3with the
crystal structure reveals a close resemblance, especially in the hydrogen-
bonding network of residues such as Glu217 and His246. This provides
support to the mechanism obtained by the calculations, since the inhibitor
bound in the active site of CDA is regarded as a mimic of the tetrahedral
intermediate.52

In the subsequent step (Int3 ! Int4), the hydroxyl group is deproto-
nated and the amine leaving group protonated, and this takes place in one
concerted step assisted by Asp313 (TS2, Figure 4.3). In a quantum chemi-
cal study on adenosine deaminase fromMus musculus, a similar transition
state was found for the corresponding step in the deamination of adeno-
sine.56 The last step (Int4! Prod) is the C–N bond cleavage (TS3, Figure
4.3) that generates the products, uracil and ammonia.
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4.2. Reaction mechanism

Figure 4.3. Optimized structures of TS2 and TS3 in the CDA reaction mechanism.
Some residues (Leu81, Trp319, and the rings of His61, His63 and His214) and non-polar
hydrogens have been omitted for clarity. (This �gure is a part of Figure 4 in Paper I.)

The energies of the intermediates and transition states along this
reaction pathway are summarized in Figure 4.4. It shows that TS1, TS2
and TS3 have similar energies. Their calculated energies are +14.2, +13.4
and +12.6 kcal/mol relative to Re (i.e. the enzyme-substrate complex),
respectively. These values suggest thatTS1 is rate-limiting, although based
on the current calculations it cannot be excluded that TS2 and TS3 might
be rate-limiting, since the energy di�erence between these three TSs is
small. Nonetheless, the overall barrier of 14.2 kcal/mol is in good agree-
ment with a barrier of ca. 15 kcal/mol, determined from the experimental
rate constant (kcat) of 132 s�1 for CDA.52

Figure 4.4. Calculated energy graph for the CDA-catalyzed deamination of cytosine.
(Figure adapted from Paper I.)
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4.3 Alternative scenario
The scenario with the ⇡ tautomer of His246 turned out to be associated
with higher energies. Moreover, the calculations showed that His246 does
not participates in the activation of themetal-boundwatermolecule in this
case either. In the previously suggested mechanism, His246 is attributed
the role of a proton shuttle, abstracting a proton from the metal-bound
water molecule as the �rst step.52 However, the resulting intermediate of
this step, i.e. the protonated His246, could not be located. All attempts
to optimize this structure resulted in the proton going back to the metal-
bound hydroxide ion, reforming the reactant structure.

4.4 Kinetic isotope e�ect
The mechanism proposed by the calculations is further supported by the
reproduction of the experimentally-determined inverse solvent deuterium
isotope e�ect. Kinetic studies on CDA show that deamination of cytosine
is faster in D2O than H2O, with a measured inverse isotope e�ect of 0.62
± 0.01 on kcat. 52 Considering Re as the resting state of the catalytic cycle
and TS1 as the rate-limiting step, as indicated by the energy graph (Figure
4.4), an inverse KIE was indeed calculated with a magnitude of 0.86, thus
in line with the experimental value. However, the inverse isotope e�ect
was suggested to be caused by the presence of a low-barrier hydrogen
bond between Glu217 and the N3 nitrogen of the substrate prior to the
nucleophilic attack,52 which would require Int2 to be the resting state.
Assuming this, an inverse KIE was also calculated with a magnitude of
0.74, thus also in good agreement with the experimental result. Since Int2
and Re are relatively close in energy, one cannot exclude that Int2 is the
resting state of the cycle. Short hydrogen bonds can be observed in the
optimized structures of both Int2 and Re, where the OGlu217–N3 distance
is 2.62 Å and the OGlu217–Owater distance is 2.64 Å, respectively. These
distances are only slightly longer than the expected distance for a low-
barrier hydrogen bond, which is ca 2.55 Å.57

4.5 Conclusions
The calculations give general support to the previously proposed mecha-
nism, con�rming the roles of Glu217 andAsp313 as proton shuttles. His246
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is found to be in the ⌧ tautomer form, and unlikely to function as a proton
shuttle. The calculated barrier of ca. 14 kcal/mol is in good agreement
with the experimental data, and the inverse solvent deuterium isotope
e�ect was reproduced by the calculations.
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Chapter 5

!-Transaminase
(Paper II and Paper III)

5.1 Introduction
!-Transaminases (!TAs) catalyze the interchange of amino and keto
groups.58,59 They are attractive biocatalysts for the production of optically
pure amines, due to their stereospeci�city and broad substrate range.58–64
The (S)-selective !TA ((S)-!TA) from Chromobacterium violaceum
(Cv-!TA) is one such example. Cv-!TA converts hydrophobic amines and
ketones, as well as amino and keto acids.65,66

!TAs require the coenzyme pyridoxal-5’-phosphate (PLP), which in
the holo enzyme is covalently bound to an active site lysine residue as
a protonated Schi� base, referred to as the internal aldimine (E-PLP).67
The complete catalytic cycle consists of two half-transamination
equilibria, see Scheme 5.1. In the �rst half-transamination reaction, an
amino donor is converted to the corresponding ketone, while E-PLP is
converted to pyridoxamine-5’-phosphate (PMP).59,68,69 In the second half-
transamination reaction, an amino acceptor is converted to the correspond-
ing amine, while PMP is converted back to E-PLP.59,68,69 As illustrated
in Scheme 5.1, !TAs can be applied either for the kinetic resolution of
racemic amines or for the stereoselective synthesis of amines.58–64,66

The ability of !TAs to recognize and convert two di�erent substrates
using the same active site is called dual substrate recognition or dual speci-
�city.67,70–72 On the basis of molecular docking and molecular dynamics
simulations, it has for (S)-!TAs been suggested that a �exible arginine
residue facilitates the dual substrate recognition by functioning as an
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Scheme 5.1. Cv-!TA-catalyzed transamination applied for the production of optically
pure amines. In the forward reaction, (R)-1-phenylethylamine can be isolated through
the kinetic resolution of racemic 1-phenylethylamine. In the reverse reaction, i.e. start-
ing with L-alanine and acetophenone, (S)-1-phenylethylamine may be produced through

stereoselective synthesis, represented by the box. (Scheme adapted from Paper III.)

arginine switch.73 It is proposed that the side chain of this residue is
positioned inside of the active site when converting acidic substrates, such
as L-alanine (L-Ala), and outside of the active site when converting
hydrophobic substrates, such as (S)-1-phenylethylamine ((S)-1-PEA).73 In
this way, the arginine residue may participate in the binding of acidic
substrates by forming a salt bridge to the carboxylate moiety.

For !TAs, a reaction mechanism similar to that of aspartate trans-
aminase had been assumed in the literature.74–76 The mechanism consists
of four steps for each half-reaction, but the details of each step were not
known. In the �rst half-reaction, step one is the conversion of the internal
aldimine (E-PLP) to an external aldimine, in which the amine substrate
has replaced the active site lysine residue and formed a new Schi� base
with PLP. In steps two and three, the active site lysine residue (formerly
bound to PLP) abstracts a proton from the substrate and delivers it to PLP,
generating a quinonoid and a ketimine intermediate, respectively. The
fourth and �nal step involves addition of a water molecule and proton
transfer events which generate the half-transamination products, i.e. the
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ketone and PMP (E:PMP). The exact reverse of this mechanism constitutes
the mechanism of the second half-reaction.

In this study, the conversion of both hydrophobic amines and amino
acids in Cv-!TA was studied by investigating the reaction mechanisms of
the half-transamination of (S)-1-PEA to acetophenone and L-Ala to pyru-
vate, respectively. The aim has been to provide a detailed description of
the mechanisms and examine the di�erences and similarities in the con-
version of the two substrates. Additionally, the role of the �exible arginine
residue in the dual substrate recognition was investigated.

An active site model was designed on the basis of the crystal structure
of the holo enzyme (PDB 4A6T77). The model consists of a part of the PLP
coenzyme and the active site lysine residue, Lys288, to which PLP is cova-
lently bound, as well as residues that make up the binding site. A second
model was also designed which, in addition to the above, also includes the
�exible arginine residue, Arg416. The substrates, a water molecule and
the amine (modeled in the deprotonated state), were added manually to
the active site models. The conversion of (S)-1-PEA to acetophenone was
investigated utilizing the �rst model (without Arg416), while the conver-
sion of L-Ala to pyruvate was investigated utilizing both models.

5.2 Reaction mechanism
We found that the deaminations of (S)-1-PEA and L-Ala follow essentially
the same mechanism (Scheme 5.2), and the resulting energy graphs are
shown in Figure 5.1. In the conversion of L-Ala to pyruvate, it turned out
that the active site model which includes Arg416 resulted in the lowest
energies. Thus, Arg416 contributes to the binding of L-Ala, as previously
suggested.73 The calculations show that a salt bridge between Arg416 and
the carboxylate moiety of L-Ala is maintained throughout the entire
reaction pathway. Without Arg416, the deamination of L-Ala is associated
with a higher overall barrier, as will be presented in the next section.

The reaction mechanism obtained from the calculations, shown in
Scheme 5.2 for the L-Ala substrate, provides a very detailed description
of the transformations in the previously assumed mechanism.74–76 The
conversion of the internal aldimine to the external aldimine (ES ! Int3)
is initiated by the nucleophilic attack by the substrate nitrogen on the
iminium carbon of the internal aldimine, followed by a stepwise proton
transfer from the amine group of the substrate to the amine group of
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Figure 5.1. Calculated energy graphs for the Cv-!TA-catalyzed half-transamination
of (S)-1-PEA to acetophenone (black), and L-Ala to pyruvate, with Arg416 (blue) and

without Arg416 (red). (Figure adapted from Paper III.)

Lys288 via the PLP oxygen, and �nally the cleavage of the C–N bond
between Lys288 and PLP. The �rst two steps (ES ! Int1a and Int1a !
Int1b) can also take place as a single step accompanied by a concerted
proton shuttling by the water substrate. This pathway is only 0.5 kcal/mol
higher in energy than the stepwise case, and therefore the two scen-
arios are indistinguishable. Similarly, in the reaction with (S)-1-PEA, there
are also two alternative pathways, with the concerted nucleophilic attack
and proton transfer utilizing the water molecule as proton shuttle being
the one with lowest energy. In the energy graphs, the pathway associated
with the lowest energies is reported for each substrate. As can be seen in
Figure 5.1, the conversion of the internal aldimine to the external aldimine
(ES! Int3) proceeds through transition states of low energies (less than
11 kcal/mol relative to ES) in both reactions.

The conversion of the external aldimine to the quinonoid intermediate
(Int3 ! Int5) involves deprotonation of the external aldimine by Lys288
utilizing the water molecule as proton shuttle (TS4, Figure 5.2), and a
proton transfer from the iminium nitrogen to the PLP oxygen. Here, the
�rst step (Int3! Int4) is associated with a relatively high energy barrier.
In the reactions with L-Ala and (S)-1-PEA, the calculated energy of TS4 is
+21.3 kcal/mol and +19.3 kcal/mol, respectively, relative to Int3. This step
can also take place without the assistance of the water molecule as proton
shuttle. The barrier for the direct proton abstraction by Lys288 was found
to be only 0.2 kcal/mol and 0.5 kcal/mol higher than TS4, in the reactions
with L-Ala and (S)-1-PEA, respectively. Thus, the two scenarios for the
proton abstraction are indistinguishable from an energetic point of view.
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Scheme 5.2. Reaction mechanism for the Cv-!TA-catalyzed half-transamination of
L-Ala to pyruvate as obtained by calculations. (Scheme adapted from Paper III.)
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Figure 5.2. Optimized structures of TS4, TS6 and TS7 in the Cv-!TA reaction
mechanism, with L-Ala as the substrate in the active site model including Arg416. For
clarity, some residues and most non-polar hydrogens have been omitted. Distances are

given in angstrom (Å). (This �gure is a part of Figure 4 in Paper III.)

In the conversion of the quinonoid intermediate to the ketimine inter-
mediate (Int5! Int6), Lys288 delivers the proton to the PLP carbon that
is adjacent to the pyridine ring (TS6, Figure 5.2). In the reactions with
L-Ala and (S)-1-PEA, the calculated energy of TS6 is +21.7 kcal/mol and
+15.3 kcal/mol, respectively, relative to Int3.

The conversion of the ketimine intermediate to the half-transamination
products (Int6 ! E:PMP) is initiated by the nucleophilic attack by the
water molecule on the imine carbon of the substrate, accompanied by
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concerted proton transfers assisted by Lys288 (TS7, Figure 5.2). This is
followed by the cleavage of the C–N bond between the product and the
coenzyme, also accompanied by concerted proton transfers assisted by
Lys288. In the reaction with (S)-1-PEA, the latter was found to be a step-
wise process, where the proton transfers in the hemiaminal and the cleav-
age of the C–N bond are two separate steps. The �nal steps of the reaction
(Int7 ! E:PMP) proceed through transition states of low energies (less
than 8 kcal/mol relative to ES), while the addition of water (Int6! Int7)
is associated with a relatively high energy barrier. The calculated energy
of TS7 is +20.2 kcal/mol relative to Int3 in the reaction with L-Ala, and
+14.6 kcal/mol relative to Int6 in the reaction with (S)-1-PEA.

According to the energy graphs (Figure 5.1), the three TSs of similar
heights, TS4, TS6 and TS7, are very close in energy in the reaction with
L-Ala. Therefore, it is not possible on the basis of the current calculations
to determine which step is the rate-limiting one. The overall barrier for
the forward reaction (L-Ala ! pyruvate) is 21.7 kcal/mol (Int3 ! TS6),
while the overall barrier for the reverse reaction (pyruvate ! L-Ala) is
18.7 kcal/mol (Int6 ! TS6). Hence, in the half-transamination of
L-Ala/pyruvate, the amine is kinetically favored. In the reaction with
(S)-1-PEA,TS4 is the rate-limiting step. The overall barrier for the forward
reaction ((S)-1-PEA ! acetophenone) is 19.3 kcal/mol (Int3 ! TS4), and
the overall barrier for the reverse reaction (acetophenone ! (S)-1-PEA)
is 21.1 kcal/mol (Int6 ! TS4). Hence, in the half-transamination of
(S)-1-PEA/acetophenone, the ketone is kinetically favored. These results
are consistent with experimental data, which have shown that the kinetic
resolution of racemic 1-PEA with pyruvate as amino acceptor is governed
by a high deamination rate from (S)-1-PEA and a high amination rate to
pyruvate.78 However, it should be added that, although the experimental
rate constants have not been determined for these substrates, the calcu-
lated barriers are somewhat overestimated to what can be expected for an
enzymatic reaction.

5.3 Dual substrate recognition
By employing two active site models, with and without Arg416, the e�ect
of the �exible arginine residue on the energetics of the reaction could be
assessed. As seen in Figure 5.1, the enzyme–substrate complex (ES) is the
lowest energy point in the reaction of L-Ala without Arg416, which results
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in an overall barrier of 25.2 kcal/mol (ES ! TS6). This is 3.5 kcal/mol
higher than the overall barrier for L-Ala with Arg416 (Int3 ! TS6), and
corresponds to a more than 100-fold slower reaction.

As seen in Figure 5.3a, Arg416 forms a salt bridge to the carboxylate
moiety of L-Ala when it is present in the active site. This salt bridge
is maintained throughout the entire reaction pathway. When Arg416 is
absent, the carboxylate moiety of L-Ala is oriented toward PLP and the
watermolecule, see Figure 5.3b. Although this is an energetically favorable
conformation, it is non-productive, since repositioning of the substrate is
required before the transamination reaction can proceed.

Figure 5.3. Optimized structures of the enzyme–substrate complex (ES) with the L-Ala
substrate in the active site model (a) with Arg416 and (b) without Arg416. Non-polar
hydrogens have been omitted for clarity. (This �gure is a part of Figure 2 in Paper III.)

The conversion of L-Ala to pyruvate is thus feasible in the presence
of Arg416, while the conversion of (S)-1-PEA is feasible in the absence of
Arg416. These results support the proposal that the arginine residue in
(S)-!TAs functions as an arginine switch, which positions its side chain
inside or outside of the active site depending on the substrate.

5.4 Conclusions
The mechanism proposed by the calculations provides a detailed descrip-
tion of the transamination reaction in Cv-!TA. It is shown that Lys288
participates in several steps as a proton shuttle after its dissociation from
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the PLP coenzyme. It is also shown that the water substrate may be used
as a proton shuttle before it is added to the ketimine intermediate. The
mechanism for the half-transamination of L-Ala/pyruvate is essentially
the same as that for the half-transamination of (S)-1-PEA/acetophenone,
but the energetics of the two reactions di�er signi�cantly. The amine is
found to be kinetically favored in the former, while the ketone is kine-
tically favored in the latter. The calculations further con�rm the need
of Arg416 in the conversion of L-Ala, which supports the proposal that
a �exible arginine residue governs the dual substrate recognition in
(S)-!TAs.
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Chapter 6

Dinitrogenase Reductase-
Activating Glycohydrolase
(Paper IV)

6.1 Introduction
Dinitrogenase reductase-activating glycohydrolase (DraG) is a manganese
dependent enzyme that participates in the ADP-ribosylation cycle, which
regulates the activity of nitrogenase in bacteria.79–83 Nitrogenase is
inactivated by the ADP-ribosylation of an arginine residue in one of its
functional components, called dinitrogenase reductase.79–83 DraG cata-
lyzes the removal of the ADP-ribose group from the arginine residue, and
thereby reactivates nitrogenase.79–83

The crystal structure of DraG from Rhodospirillum rubrum in the holo
form, PDB 2WOC, indicates that the active site contains two Mn2+ ions
(denoted MnA and MnB), coordinated by seven residues, a bridging sol-
vent molecule and an unidenti�ed ligand (assigned as a formate ion).39
As shown in Figure 6.1, the metal–metal and metal–ligand distances are
unusually long in this structure, and the coordination number of MnA
is unusually high. The long distances might be a result of the fact that
MnB was re�ned at half occupancy,39 and the high coordination number
could re�ect that the bidentate carboxylate ligands (Asp243, Asp245 and
the unidenti�ed ligand) are coordinating with one or the other oxygen at
any given time.39
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Figure 6.1. Crystal structure of the dinuclear manganese active site in DraG from
Rhodospirillum rubrum. Distances are given in angstrom (Å). (Figure adapted from

Paper IV.)

Two additional crystal structures have been solved, PDB 2WOD and
2WOE, in complex with a ring-opened ADP-ribosyl-lysine reaction inter-
mediate analogue and the ADP-ribose product, respectively.39 Since these
structures lack MnB, they are poor descriptions of the dinuclear metal
site, but they do reveal that MnA is the binding site for the �anking
ribose ring of ADP-ribose. In the substrate of DraG, the �anking ribose
of ADP-ribose is covalently bound to an arginine residue of dinitrogenase
reductase, see Scheme 6.1a. In PDB 2WOD and 2WOE, two di�erent coor-
dinations to MnA are observed, that is, the ring-opened reaction inter-
mediate analogue coordinates with OH4’ (the former ring-oxygen) and
OH3’, and the ADP-ribose product coordinates with OH3’ and OH2’.

A proposal for the non-redox mono-ADP-ribosyl-hydrolysis reaction
mechanism has been put forward on the basis of the crystal structures and
mutagenesis studies.39 The �rst step of the reaction is the opening of the
ribose ring through the protonation of the ring-oxygen, which generates a
protonated Schi� base intermediate, see Scheme 6.1b. It is suggested that
the substrate coordinates to MnA with OH3’ and OH2’, and then moves
to coordinate with OH4’ and OH3’ as the ribose ring is opened.39

The aim of the computational study was to characterize the active site
of DraG with regard to metal coordination and substrate-binding mode,
and also to investigate possible proton donors in the �rst step of the pro-
posed reaction mechanism. The opening of the ribose ring was studied in
four di�erent scenarios based on two di�erent substrate-binding modes
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6.2. Characterization of the active site

Scheme 6.1. a) The substrate of DraG, an ADP-ribosylated arginine residue of dini-
trogenase reductase. b) The �rst step in the proposed mechanism for DraG-catalyzed

mono-ADP-ribosyl-hydrolysis. (This scheme is a part of Scheme 2 in Paper IV.)

(denoted A and B) and two di�erent protonation states of Asp243 (neutral
and ionized). For this, an active site model was designed on the basis of
the holo structure, which includes the two manganese ions, the bridging
solvent species, seven �rst-shell ligands and four second-shell ligands. The
bridging solvent species was modeled as a hydroxide ion and the substrate
wasmodeled as a ribose-argininemolecule with a protonated guanidinium
group. The ADP ribose ligand and the reaction intermediate analogue in
PDB 2WOE and 2WOD, respectively, were used to guide the placement of
the model substrate inside the active site model, in binding modes A and
B, respectively.

6.2 Characterization of the active site
The optimized reactant structures of the four scenarios (Figure 6.2) pro-
vide characterization of the active site structure. We found that both man-
ganese ions have six metal–ligand contacts in a distorted octahedral coor-
dination geometry. MnA has only one ligand bound bidentally, that is,
either Asp245 in A-Re and B-Re, the model substrate in A-Re’ or Asp243
in B-Re’. The MnA–MnB and the metal–ligand distances were signi�-
cantly shortened as compared to the holo structure (Figure 6.1). They are
in the range 3.4–3.6 Å and 2.1–2.6 Å, respectively, in line with distances
observed for other manganese enzymes with dinuclear active sites.84–86
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6. Dinitrogenase Reductase-Activating Glycohydrolase (Paper IV)

Figure 6.2. Optimized reactant structures in DraG, with the model substrate in two
binding modes (A and B), and Asp243 in the neutral (Re) and ionized (Re’) state. Non-

polar hydrogens have been omitted for clarity. (Figure adapted from Paper IV.)

InA-Re and B-Re, with neutral Asp243, the substrate is monodentally
bound to MnA with OH2’ or OH3’, respectively. Both hydroxyl groups
of the ribose are hydrogen-bonded to active site residues in the two
structures, that is, to Asn126 and Asp60 in A-Re and to Asp60 in B-Re,
while the ring-oxygen is hydrogen-bonded to the protonated Asp243. The
guanidinium group is further hydrogen-bonded to Asp97 and the bridging
hydroxide ion. B-Re was calculated to be 3.0 kcal/mol higher in energy
than A-Re.

InA-Re’ and B-Re’, with ionized Asp243, the substrate is bidentally or
monodentally bound to MnA, respectively. Asp60, Asp97 and the bridging
hydroxide ion are hydrogen-bonded to the substrate in a similar fashion as
in A-Re and B-Re. The ionized Asp243 is hydrogen-bonded to Asn126 in
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6.3. Possible proton donors in ring-opening

the two structures, as well as OH3’ in A-Re’. B-Re’ was calculated to be
6.6 kcal/mol higher in energy than A-Re’. Thus, also in this case, binding
mode A is favored over binding mode B.

6.3 Possible protondonors in ring-opening
Starting from the four reactant structures (Figure 6.2), we evaluated two
possible proton donors in the opening of the ribose ring by locating the
corresponding transition states and intermediates. In the case of neutral
Asp243, this residue was evaluated for the role as proton donor. In the case
of ionized Asp243, we considered the possibility that the substrate itself,
more speci�cally the guanidinium group, can act as the proton donor. The
optimized transition state structures are shown in Figure 6.3.

Figure 6.3. Optimized transition state structures for the opening of the ribose ring in
DraG, with the model substrate in two binding modes (A and B), and Asp243 in the
neutral (TS2) and ionized (TS2’) state. Three second-shell ligands and backbone elements

have been omitted for clarity. (This �gure is a part of Figure 4 and 6 in Paper IV.)
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6. Dinitrogenase Reductase-Activating Glycohydrolase (Paper IV)

Scheme 6.2. Investigated mechanisms for the opening of the ribose ring in DraG,
depicted for substrate-binding mode A. The steps are the same in substrate-binding

mode B. (Scheme adapted from Paper IV.)

We found that a proton transfer occurs prior to the ring-opening
process in all four scenarios. That is, a proton moves from the guani-
dinium group to the bridging hydroxide ion, as shown in Scheme 6.2. This
proton transfer is somewhat surprising since it is expected that the pKa
of a metal-bridging water molecule is signi�cantly less than the pKa of a
water molecule in bulk solvent.87–89 It does, however, remove the positive
charge from the guanidinium group, which lowers the barrier for the sub-
sequent ring-opening step. According to the energy graphs (Figure 6.4),
the barrier for the ring-opening process is relatively lowwhen utilizing the
protonated Asp243 as the proton donor. The calculated energies of A-TS2
and B-TS2 are +4.9 and +6.3 kcal/mol, respectively, relative toA-Int1. For
binding mode B, a transition state could be located for the ring-opening
step without a preceding proton transfer. This was calculated to be +19.7
kcal/mol relative to A-Int1, hence, much higher than A-TS2 and B-TS2.
This pathway is not favorable since it leads to a ring-opened intermediate
with two positive charges on the guanidinium group.

The calculations also show that the barrier for ring-opening is signi�-
cantly higherwhen utilizing the protonated guanidinium group of the sub-
strate as the proton donor. The calculated energies of A-TS2’ and B-TS2’
are +23.7 and +28.6 kcal/mol, respectively, relative to A-Re’. Hence, the
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6.4. Conclusions

Figure 6.4. Calculated energy graphs for the opening of the ribose ring in DraG, utilizing
two di�erent proton donors. The reactant structure of lowest energy is de�ned as the zero

on the energy scale, A-Re and A-Re’, respectively. (Figure adapted from Paper IV.)

substrate is not likely to act as the proton donor in the ring-opening step.
The energies of A-TS2 and B-TS2 are quite close, indicating that the

ribose ring may be opened in either binding mode using Asp243 as the
proton donor. However, this conclusionmight be model-dependent. In the
present study, the substrate was modeled as a ribose-arginine molecule,
thus excluding the ADP moiety of the substrate. The position of the ADP
moiety inside the active site appears to be relatively �xed (as observed in
PDB 2WOD and 2WOE), which could a�ect the energetics of the reaction
di�erently in the two binding modes.

6.4 Conclusions
To summarize, we found that the substrate is bound in the active site of
DraG by coordination to MnA with one or two hydroxyl groups of the
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6. Dinitrogenase Reductase-Activating Glycohydrolase (Paper IV)

ribose ring, as well as hydrogen bonds to residues such as Asp60 and
Asp97. The �rst-shell ligands and the substrate coordinate to MnA and
MnB so that each manganese ion has a distorted octahedral coordination
geometry. The calculations showed that the guanidinium group of the
substrate is not likely to act as the proton donor to open the ribose ring.
Instead, Asp243 in the neutral statemay be utilized. It is not possible on the
basis of the current calculations to distinguish between the two substrate-
binding modes in the ring-opening process.
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Chapter 7

Concluding Remarks

This thesis comprises quantum chemical studies of three di�erent enzymes,
cytosine deaminase (CDA) from Escherichia coli, !-transaminase from
Chromobacterium violaceum (Cv-!TA) and dinitrogenase reductase-
activating glycohydrolase (DraG) from Rhodospirillum rubrum. Density
functional theory and the quantum chemical cluster approach have been
used to model the active sites and investigate the reaction mechanisms.

For two of the enzymes, a detailed description of the entire reaction
mechanism was obtained and the roles of important active site residues
were established. In CDA (Paper I), it was found that His246 is not needed
for the activation of the metal-bound water molecule, as previously
suggested. The proton transfer events in the deamination of cytosine are
assisted only by Glu217 and Asp313. In Cv-!TA (Paper II and Paper III),
it was found that Lys288 functions as a proton shuttle in several steps in
the half-transamination of (S)-1-phenylethylamine to acetophenone and
L-alanine to pyruvate. It was also found that Arg416 is needed for the
conversion of L-alanine, to form a salt bridge to the carboxylate moiety
of the substrate, which supports the proposal that this residue is responsi-
ble for the dual substrate recognition in (S)-selective !-transaminases. In
CDA (Paper I), the calculated overall barrier was found to be in good agree-
ment with the experimentally-determined rate constant, and the inverse
solvent deuterium isotope e�ect was reproduced by the calculations. In
Cv-!TA (Paper II and Paper III), it was found that the ketone is kinetically
favored in the half-transamination of (S)-1-phenylethylamine to acetophe-
none, and that the amine is kinetically favored in the half-transamination
of L-alanine to pyruvate, in line with experimental data on transamination
between (S)-1-phenylethylamine and pyruvate.
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7. Concluding Remarks

For the third enzyme, DraG (Paper IV), the coordination geometry of
the metal ions in the dinuclear manganese active site was characterized.
The initial step of the reaction mechanism was investigated, and it was
found that Asp243 in the neutral state may be utilized as a proton donor.
Future studies could be directed to the investigation of the entire reaction
mechanism. In this case, a larger active site model is desired, such that the
binding mode of the substrate can be properly assessed.
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Sammanfa�ning på svenska

Modellering av enzymer med hjälp av datorer utgör ett värdefullt kom-
plement till experiment. Kvantkemiska studier av enzymatiska reaktioner
kan bidra till en detaljerad beskrivning av reaktionsmekanismen och klar-
göra aminosyrornas roller inom det aktiva centret. Olika reaktionsvägar
kan analyseras med hjälp av beräknade energibarriärer och osannolika
reaktionsmekanismer kan uteslutas.

I denna avhandling har täthetsfunktionalteori använts för att stud-
era det aktiva centret och reaktionsmekanismen hos tre olika enzymer:
cytosindeaminas (CDA) från Escherichia coli, !-transaminas från Chromo-
bacterium violaceum (Cv-!TA) och dinitrogenasreduktas-aktiverande
glykohydrolas (DraG) från Rhodospirillum rubrum. Utifrån tillgängliga
kristallstrukturer har modeller av de aktiva centrerna konstruerats med
den så kallade klustermetoden. Geometrier och energier av övergångs-
tillstånd och intermediärer längs med olika reaktionsvägar har beräknats
och sedan sammanställts i energidiagram för reaktionerna.

I studien av CDA (Artikel I) har två olika tautomerer av en histidin-
aminosyra utvärderats. Den erhållna reaktionsmekanismen ger generellt
stöd till den tidigare föreslagna reaktionsmekanismen. Ordningen på de
olika delstegen och aminosyrorna som behövs för protonöverförings-
stegen har klarlagts.

I studien av Cv-!TA (Artikel II och Artikel III) har två modeller av det
aktiva centret använts för att studera omvandlingen av två olika substrat,
en hydrofob amin och en aminosyra. Skillnader och likheter hos reak-
tionsmekanismerna för de två substraten har klarlagts och behovet av en
argininaminosyra för att omvandla aminosyrasubstratet har bekräftats.

I studien av DraG (Artikel IV) har två olika bindningssätt av substratet
och två olika protoneringstillstånd hos en aspartataminosyra utvärderats.
Koordinationen av liganderna och substratet till de två manganjonerna
i det aktiva centret har beskrivits och en potentiell protondonator i det
första steget av den föreslagna reaktionsmekanismen har identi�erats.
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