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Abstract

A very important trend for studying biomolecules is computational chemistry.
In particular, nowadays it is possible to use theoretical methods to figure out the
catalytic mechanism of enzyme reactions. Quantum chemistry has become a pow-
erful tool to achieve a description of biological processes in enzymes active sites
and to model reaction mechanisms.

The present thesis uses Density Functional Theory (DFT) to investigate cat-
alytic mechanism of methyltransferase enzymes. Two enzymes were studied –
Glycine N-MethylTransferase (GNMT) and Guanidinoacetate Methyltransferase
(GAMT). Different models of the enzyme active sites, consisting of 20 to 100
atoms, are employed. The computed energetics are compared and are used to
judge the feasibility of the reaction mechanisms under investigation.

For the GNMT enzyme, the methyl transfer reaction was found to follow an
SN2 reaction mechanism. The calculations demonstrate that the mechanism is
thermodynamically reasonable. Based on the calculations it was concluded that
hydrogen bonds to the amino group of the glycine substrate lower the reaction
barrier, while hydrogen bonds to carboxylate group raise the barrier.

In the GAMT enzyme the methyl transfer reaction was found to follow a con-
certed asynchronous mechanism which includes transfer of a methyl group ac-
companied by a proton transfer taking place simultaneously in the same kinetic
step. The calculated barrier agrees well with the experimental rate constant.
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Preface

The work presented in this thesis has been carried out at Laboratory of Theoretical
Chemistry, Royal Institute of Technology, Stockholm, Sweden.

The first chapter of this thesis presents a general introduction about enzymes.
What do they do? And why are they so important for life processes?

The second chapter presents the methodology of our investigations. This chap-
ter does not contain a detailed description of Density Functional Theory methods.
Instead, there is a section explaining why this method was used. Transition State
Theory is also briefly outlined due to its fundamental role in the analysis of chem-
ical reactivity.

Chapter three quickly sets up the details of the approach adopted to build the
computational models. This chapter presents computational details and some of
their advantages and limitations in our study.

Finally, chapter four presents a brief summary of the main results produced in
the articles on which this thesis is based. The thesis finishes with some conclu-
sions for the SAM-dependent enzymes.
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Chapter 1

Enzymes and life processes. An
Introduction.

When we speak of Nature it is wrong to forget that we are ourselves a
part of Nature.We ought to view ourselves with the same curiosity and
openness with which we study a tree, the sky or a thought, because we
too are linked to the entire universe.

Henri Matisse

Enzymes are present in every living organism. These amazing nature struc-
tures are responsible for the normal undergoing of the processes responsible for
life. They are involved in every biochemical reaction, like break down the food
we eat into nutrients, they can convert one molecule to another, which is used as
a therapeutic agent. In short, we can describe the enzymes like a crucial element
of life.

What makes enzymes so special? From a structural point of view, enzymes are
defined as protein molecules. They consist of long chains of amino acids bound
together by peptide bonds [1]. The most important part of the enzyme molecule
is the active site. It is the place where the catalysis occurs. This part of the
enzymes is responsible for their physiological role. The active site of an enzyme
is designed to fit with only one type of substrate molecules which meaning that
the enzyme is selective. If the active site of an enzyme can fit with only one type
of substrate this means that there are thousands of different enzymes, as there
are a lot of substrate molecules. From this point of view, enzymes are described
as specific molecules – for every substrate molecule Nature designed an enzyme
molecule. Another property defining the enzyme functionality is their effectivity.
They catalyze biological reactions, which in normal conditions would proceed
with negligible rate.
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4

The specific properties of the enzymes can be illustrated by describing the way
an enzyme catalytic reaction goes. There are a lot of theories explaining how the
enzymes do their work. One of the most widely used is the lock-and-key theory.
The enzyme-catalyzed reaction starts with binding the substrate molecule into
the active site. The substrate molecule is oriented in a particular, optimal spatial
position and then “locked” into the active site with hydrogen bonds and electro-
static interactions. Once the enzyme-substrate complex is formed, the catalysis
occurs and the product molecule is formed. With the transformation to the prod-
uct molecule the hydrogen bonds and electrostatic interactions are destroyed and
the product molecule is free to leave the active site [2]. This is a very crude picture
which is used only for illustrational purposes.

The major driving force for studying catalytic mechanisms of enzymes is obvi-
ous: understanding the reaction pathways and enzyme structure is very helpful in
areas like drug design, designing synthetic catalysts, pharmaceutical industry, etc.
The problem is that in Nature most of the chemical reactions happen in systems of
large size including thousands of atoms, which makes accurate theoretical treat-
ment of these systems impossible. Fortunately, advances in computer technology
and quantum theory provide a possibility for carrying out research on enzyme
catalysis.



Chapter 2

How to study these remarkable
biomolecules?

Thus, the task is, not so much to see what no one has yet seen; but to
think what nobody has yet thought, about that which everybody sees.

Erwin Schr̈odinger

Talking about enzyme modeling, the first question that arises is “How can
these big molecules be studied computationally, and how precise are the calcula-
tions?” The theoretical study of the catalytic effects in enzymes needs appropriate
theory and computational methods.

Nowadays, plenty of theoretical methods exist, and choosing a relevant one for
characterization of enzyme catalytic mechanisms is an important question [6, 7].
The best way is to perform full ab initio calculations. The problem is that when
we have large systems, consisting of thousands of atoms, performing ab initio cal-
culations with the computer power of today is impossible. There are few methods,
for instance Molecular Dynamics (MD) and Molecular Mechanics (MM), which
are developed for studying models consisting of thousands of atoms. These meth-
ods are based on classical mechanics and are very cheap computationally, which
makes them able to describe the whole enzyme molecule. However, these methods
are very approximate and can not be used to study reactions, which involve bond
making and breaking. On the other hand, there are many Quantum Mechanical
(QM) methods which can be used for analyzing the enzyme catalytic mechanism
using relatively small models.

The main information obtained from a QM study is the energy of the different
structures in the investigated system. These energies are used to figure out the en-
ergy barrier of a given reaction, which is enough to exclude or allow the suggested
catalytic mechanism.

5



2.1. Choosing the theoretical method – Density Functional Theory. 6

2.1 Choosing the theoretical method – Density Func-
tional Theory.

A widely used QM method is the DFT. The foundation of this theory was laid
by Hohenberg and Kohn in 1964 [8], providing a new approach of solving the
Schr̈odinger equation for many-electron systems. Instead of wave functions, this
method puts the electron density of the system into a Schrödinger-like equation.
The energy obtained from solving the equation is a functional of the total electron
density.

A major problem with DFT is finding sufficiently accurate density functionals.
The most popular functional is the hybrid B3LYP functional [6], which in general
form can be written as:

FB3LYP
xc = (1− A)FS later

x + AFHF
x + BFBecke

x + (1−C)FVWN
c + CFLYP

c ,

where FS later
x is the Dirac-Slater exchange,FHF

x is the Hartree-Fock exchange
term, FBecke

x is the gradient part of the exchange functional of Becke [9],FVWN
c

andFLYP
c are the correlation functionals of Vosko, Wilk, and Nusair [10] and Lee,

Yang, and Parr [11] respectively. The parameters A, B and C are related to the
Hartree-Fock exchange and Coulomb correlation. They were determined empiri-
cally by Becke [9], and have the values of A=0.20, B=0.72, and C=0.81.

2.2 Why DFT (B3LYP)?

The most popular method used in quantum chemical studies of enzyme catalysis
is DFT based on the hybrid B3LYP functional. The reason for its wide popularity
can be explained with the accuracy of this method. Based on the comparison
between computational results and experimental data, the accuracy of a certain
theoretical method can be established. For enzyme catalysis, our main interest is
focused on the errors in the total electronic energies and geometrical parameters.

The accuracy of B3LYP was tested against the standard G2 benchmark [12]
set of molecules. The G2 set includes 55 molecules for which very accurate ex-
perimental data is available. Since 1998 the G3 benchmark [13] set has also been
available and B3LYP is compared to the G3 results as well. The accuracy of the
B3LYP calculations depends on the choice of basis set. The smallest basis set
which is recommended for calculations is 6-31G* or equivalent of double-zeta



7 2.3. Transition State Theory.

quality. Comparison with experimental data [14] reveals that this rather small ba-
sis set works quite well for geometry optimizations (Table. 2.1). The average error
in the atomization energies using this basis set appears to be 5.18 kcal/mol.

Table 2.1:Mean absolute error for DFT(B3LYP) method compared to the G2 benchmark set
[14, 15, 12].

error 6-31G* 6-311+G(3df,2p)
average 0.013 0.008Bond Lengths [Å]

maximum 0.055 0.039
average 0.62◦ 0.61◦Bond Angles

maximum 1.69◦ 1.85◦

average 0.35◦ 3.66◦Dihedral Angles
maximum 0.63◦ 6.61◦

average 5.18 2.20Atomization Energy [kcal/mol]
maximum 31.5 8.4

However, using a large basis set, as 6-311+G(3df,2p) [15, 12], contributes very
little in geometry accuracy when added, but the average error for the atomization
energies is much lower, 2.20 kcal/mol (Table. 2.1).

Based on the values presented inTable. 2.1and previous experience [16,
17, 18] it can be concluded that results obtained from B3LYP calculations have
enough accuracy for our purpose. The atomization energies appear to be a few
kilocalories per mole off the experimental values. This makes DFT calculations
very attractive – to get high accuracy at relatively low computational cost.

An explanation of why B3LYP is so useful for studying enzyme reaction
mechanisms is the combination of speed and accuracy provided. It is common
to consider few different hypothetical mechanisms of the same enzyme reaction.
One of these mechanism is the right one which is realized in nature. B3LYP
calculations on all mechanisms usually produce different energy barriers for the
different hypothetical mechanisms. It is then assumed that the mechanism with
the lowest energy barrier is most probably realized in the cell.

2.3 Transition State Theory.

An indispensable tool for understanding the enzyme reaction mechanism is Tran-
sition State Theory (TST) [3, 4, 5]. TST is based on the Arrhenius equation and
describes chemical transformations which convert reactants to products. These
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transformations pass through different chemically stable and unstable structures
(intermediates, transition states, etc.) with various energies. All chemical trans-
formations that happen in an enzyme active site pass through an unstable structure
called Transition State (TS). This TS structure is poised between the reactant and
the products. One of the main goals of the theoretical study of enzyme catalyzed
reactions is to calculate the Potential Energy Surface (PES) for the reaction mech-
anism which involves locating and characterizing of the TS.

TST postulates an equilibrium (Boltzmann) energy distribution at all stable
and unstable states along the reaction coordinate. Based on the equilibrium en-
ergy distribution, and taking into account the Arrhenius equation, the following
expression for the rate constantk can be derived:

k =
kBT
h

exp

(
−∆G,

RT

)
,

wherekB is the Boltzmann’s constant;h is the Planck’s constant;T is the abso-
lute temperature;R is the universal gas constant; and∆G, corresponds to the free
energy of activation. The exponential Eyring equation presented above gives a re-
lation between the experiment and the theory. Experiments measure rate constants
and calculations produce the energy barriers. When the rate constant for a certain
reaction mechanism is available, the calculated rate constant from the received
energies is good enough to exclude or allow the suggested catalytic mechanism.

Based on the Eyring equation, rate constant of ca. 1 s−1 at room temperature
corresponds to a barrier of ca. 18 kcal/mol. When the energy barrier decreases or
increases with ca. 1.4 kcal/mol the rate constant increases or decreases with one
order of magnitude, respectively.



Chapter 3

How do we do enzyme modeling?

If we knew what it was we were doing, it would not be called research,
would it?

Albert Einstein

The theoretical study of enzymes comes along with a lot of obstacles. The
main problem is that the systems studied experimentally are too large for a quantum-
chemical treatment. One way to solve this problem is using a small model con-
sisting of about a hundred atoms to represent the whole enzyme molecule which
is built from thousands of atoms. The limit on the size of the model is imposed
by the speed of today’s computers for performing calculations with the available
DFT methods. This approximation looks very crude at first sight – how is it pos-
sible to get a correct description of the reaction mechanism by neglecting a major
part of the molecule and calculating only a tiny bit of the enzyme [19, 20, 21]?
Important part of a quantum chemical study is to select a good chemical model
and also to understand its limitations.

3.1 From enzyme to “small” and good model.

An essential part of the theoretical study of an enzyme is the choice of a model.
From a computational point of view, a good model should be rather small in order
to reduce the computational cost. Nonetheless, this small model needs to contain
all the parts that are important for the catalysis.

The first step in solving the catalytic mechanism is constructing a good model
system of interest. Starting point for modeling is usually the X-ray crystal struc-
ture of the investigated enzyme. These structures are deposited at different databases,
one of the most popular being the Protein Data Bank (PDB).

9



3.2. Geometry optimization. 10

When constructing the model of interest a major part of the enzyme must be
excluded and only a small part (determined by the available computer power) is
left. Based on the investigations of many researchers in this area, the usefulness of
such modeling has been proved. It is assumed that in many cases including only
the active site residues, the substrate molecule, and the cofactor molecules into the
computational model is enough for an accurate description of the catalytic mech-
anism. The active site consists of a lot of amino acid residues and in the model it
is impossible to include all of them. The trick is that the residues directly involved
in the catalysis are just a few and these are most important in the catalytic process.
Without these amino residues in the model important electrostatic interactions can
be missed and the final calculated energies will not be comparable with the experi-
ment. On the other hand, these few important amino acid residues can be reduced
to smaller molecules. Looking at the structure of the amino acids it is obvious
that they possess the same pattern – a central, so calledα-carbon atom, amino and
carboxyl groups attached to it, a hydrogen atom and a side chain (R) attached also
to theα-carbon. In most of the cases we can keep only the side chain motif in
the model and remove the rest of the residue. Cases when the amino and carboxyl
groups attached to theα-carbon are essential for the catalysis cannot be excluded
and in this case it is important to keep them modeled as a peptide bond.

Once the model is done, different reaction mechanism can be probed. To figure
out a reaction path connecting all stable and unstable structures involved one needs
to optimize the reactants, the products, and to find the TS. The complicated part
of a theoretical study of enzyme catalysis is locating the TS. Reaction path scan
calculations are required as the best way to reach the TS structure. They are done
by systematically freezing one or more internal coordinates along the reaction
path, and optimizing the other degrees of freedom. The energy maximum in the
scanned surface provides a good guess for the TS. This point is the best starting
structure for the TS optimization.

3.2 Geometry optimization.

Geometry optimizations of the reactants, the products and the transition state are a
necessary part for any theoretical examination of reaction mechanism. During the
geometry optimizations, some atoms are fixed in order to keep the model struc-
ture closer to the available X-ray data. For all models described in this thesis, the
energy calculations were performed using the B3LYP method as implemented in
the Gaussian03 [22] program package. Geometry optimizations were performed
in gas phase with the 6-31G(d,p) basis set. According to the data presented inSec-
tion 2.2andTable 2.1this double zeta basis set is good enough to get reasonable
geometric structures, but the error in the energies is quite large.
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3.3 Single-point energy calculations.

To obtain more accurate energy, single point calculations with a large basis set,
6-311+G(2d,2p), were done.

3.4 Dielectric effects.

Geometry optimizations are usually performed in a gas phase model, but the en-
zyme reactions occur in protein environment. Thus, an important part in studying
biomolecular problems is to consider the effect of the environment. The final en-
ergies should account for the protein environment and include correction to the
gas phase energies [23].

A common way to compute the influence of the surrounding environment is
by performing a single point calculation using the polarizable continuum model
(PCM) [24]. Usually, a dielectric constant equal to 4 is used to set up the sur-
rounding environment. Based on experimental data this value for the dielectric
constant of the protein has been empirically determined.ε = 4 corresponds to a
dielectric constant of about 3 for the protein itself and 80 for the water medium
surrounding the protein [25].

In the PCM method each atom is surrounded with a spherical cavity. The sol-
vent cavity is then formed as a surface of constant charge density of the solvated
molecule. An important factor in the PCM method is the use of proper boundary
conditions on the surface of the cavity and the solute. Inside the cavity the dielec-
tric constant is the same as in vacuum, outside it takes the values of the relevant
solvent (ε = 4). Such a modeling of the solvent surrounding accounts for several
contributions to the solvation energy [26, 27]. The first one is the energy to create
the cavity. Interactions between the solvent and the solute corresponding to the
van der Waals interactions are also accounted as a dispersion energy. Between
the solute and the medium polarized by its charge distribution exists electrostatic
stabilization which is included as electrostatic energy in the PCM model.

Usually, the dielectric effect, i.e. the difference in solvation energy between
reactant and TS or between different minima is around a few kcal/mol. A large
effect is considered as a sign of a bad model. On the other hand there are cases
where larger effects can be explained. For example when we have electron or pro-
ton transfer over long distances the dielectric effect becomes large due to increased
dipole-dipole interactions with the solvent. It is important to note that the dielec-
tric continuum theory cannot account for short-range solute-solvent interactions
such as hydrogen bonds [28], these must be included explicitly.
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3.5 Frequency calculations.

Once we have an optimized stationary point, minimum or TS, a frequency is cal-
culated. The reason for doing this calculation is to confirm that the optimized TS
structure has only one imaginary frequency. The TS is defined as a structure which
has a minimal energy with respect to all coordinates except one – namely the re-
action coordinate. Along the reaction coordinate the energy takes maximum and
thus the second derivative in the Hessian is negative. In this sense the imaginary
frequency represents movement along the reaction coordinate. Also, calculation
of the molecular Hessian of the reactant, the TS, the intermediates, and the prod-
ucts, is used to estimate the zero-point vibration contributions to the total energy.

In the present thesis, frequency calculations have been performed on all struc-
tures. These were performed at the B3LYP/6-31G(d,p) level of theory to confirm
the nature of the stationary points and to evaluate the zero-point effects.



Chapter 4

SAM dependent enzymes.

I am always doing things I can’t do, that’s how I get to do them.

Pablo Picasso

Methyl transfer, or methylation, represents a simple process of adding or re-
moving a CH3 group. This simple reaction undergoing in all cells has a huge num-
ber of effects in the body. The methylation process requires methyl donor agents.
Only a few types of methyl donors are present in the body and S-adenosylmethionine
(SAM) is the most common of them. So far more than 120 different SAM-
dependent methyltransferases are known to exist in the cell, and each of them
catalyzing the synthesis of an essential product – sarcosine, creatine (important for
muscle energy metabolism), melatonine (the so called “sleep” hormone), adrenaline,
acethylcholine (a neurotransmitter), carnitine (important for fat burning in mitho-
chondria), choline (important for fat mobilization and cell membrane fluidity), etc.
Hence, irregular functioning of the methyl transferase enzymes can cause severe
diseases, such as brain disease, mental retardation, epilepsy etc. Understanding
the mechanism of these enzymes can thus aid in the development of treatment for
these diseases.

The present thesis is focused on studying the methyl transfer reaction mech-
anisms in two SAM-dependent enzymes – Glycine N-Methyltrasferase (GNMT)
and Guanidinoacetate Methyltransferase (GAMT).

GNMT is responsible for the formation of sarcosine by methylation of glycine.
So far the product sarcosine has no known physiological role. Then why does this
reaction occur in cells? A lot of biochemical and structural studies show that the
conversion of glycine to sarcosine, and from sarcosine to glycine, play an impor-
tant role in the regulation of methyl group metabolism in the liver and pancreas,
by regulating the ratio between SAM and S-Adenosylhomocysteine (SAH) [29].
Furthermore, GNMT is important for the folate metabolism [29].

13



4.1. Methyl transfer reactions catalyzed by SAM dependent enzymes. 14

In recent years there has been a huge interest in the product of the reaction
catalyzed by the enzyme GAMT – creatine. GAMT catalyzes the final step of
the creatine biosynthesis. Creatine is a natural energy compound used to supply
energy to our muscles [30, 31]. It is produced in the liver, pancreas, and kidneys,
and then transported to the body muscles through the bloodstream. Once it reaches
the muscles, it is converted into phosphocreatine (creatine phosphate), which is
then used to regenerate the muscles energy source – adenosine triphosphate (ATP)
[31]. GAMT deficiency may lead to creatine deficiency, which can cause different
mental diseases. Nowadays, ingesting creatine supplements has become a fashion
because it helps increasing fat-free mass and improve the anaerobic, and possibly
the aerobic, performance. Creatine is one of the most popular and commonly used
sports supplements available today.

4.1 Methyl transfer reactions catalyzed by SAM de-
pendent enzymes.

SAM is a natural substance present in the cells of the body. The role of this com-
pound is to donate a methyl group in variety reactions catalyzed by the enzymes
(Fig. 4.1).
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Figure 4.1:Generic mechanism for SAM dependent enzymes.

The substrate molecule enters the active site of the enzyme and bind there by
a number of hydrogen bonds to different protein residues. The nucleophilic en-
tity, having a lone pair of electrons or possessing partial negative charge, pulls the
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methyl group, while the positivly charged sulfur atom of SAM attracts electron
density from the methyl group. In this way the methyl transfer reaction can oc-
curs.Figure 4.1shows a general reaction mechanism, in which a base is needed
to abstract a proton from the substrate.

4.1.1 Glycine N-MethylTransferase.

As a SAM-dependent enzyme, GNMT follows the mechanism described above in
Section 4.1to transfer a methyl group (Fig. 4.2), [32].

COO-

NH3
+SD

HO

HO

O

adenine

CH3

COO-

NH3
+SD

HO

HO

O

adenine

N

O

O

glycine

H

H

N

O

O
H

H

CH3

SAM SAH

sarcosine

Figure 4.2:Reaction catalyzed by GNMT.

The reaction starts with the binding of SAM and the glycine substrates, in
strict order. In this particular case the glycine has a lone-pair of electrons and
binds in such a way that this lone-pair of the amino nitrogen is directed toward
to the CE methyl carbon of SAM. A single SN2 methyl transfer step occurs from
SAM to glycine, resulting in products SAH and sarcosine. In the case of GNMT,
there is no base at the active site that can abstract a proton, so one has to assume
that the glycine substrate is bound to the enzyme in a deprotoneted amine form.

To study the reaction mechanism of GNMT described above we used the re-
cent X-ray crystal structure. The structure was solved in complex with SAM and
an acetate molecule at a 2.0 Å resolution by Takataet al. (Fig. 4.3), [32].

As described inSection 3.1, one of the most important parts of enzyme model-
ing is creating a good model for investigation. Looking inside the GNMT enzyme
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Figure 4.3:X-ray crystal structure of the GNMT active site.

it can be seen that a number of hydrogen bonds are formed between the active site
residues and the substrate molecule. These bonds are non-covalent, electrostatic
interactions and they set up the substrate molecule for the reaction that the en-
zyme catalyzes. The positively charged guanidino group of Arg175 forms a pair
of hydrogen bonds with the carboxylate group of the acetate. Other groups that
form hydrogen bonds to the substrate are Tyr33, Asn138 and Gly137.

The largest model used for studying the SN2 mechanism catalyzed by GNMT
consists of 98 atoms (Fig. 4.4). This model includes the SAM molecule – trun-
cated two carbons away in each direction from the sulfur center. The glycine
substrate, which was modeled based on the structure of the acetate, to which an
amino group was added. The side chain of Arg175 forms strong hydrogen bonds
to the carboxylate of glycine and is hence essential to bind the substrate and sta-
bilize its charge. The phenol group of Tyr21 was included to test the proposal
that this group polarizes the S-C bond of SAM. Parts of Gly137 and Asn138, are
present as these groups are found to form hydrogen bonds to both the amino and
the carboxylate groups of the glycine substrate. The phenol group of Tyr194, was
included since this group forms hydrogen bonds to both the glycine substrate and
to Gly137. Hydrogen atoms were added manually.
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Figure 4.4:Optimized structure of the reactant of GNMT. Distances are given in Ångströms.
Stars indicate atoms that are fixed to their X-ray positions.

A B

Figure 4.5:Optimized transition state A, and product B, structures of the GNMT.
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It was found that the methyl group is transferred to the glycine molecule in a
single SN2 reaction that involves the displacement of the leaving group (SAH), by
the nucleophile (glycine). The structure of the optimized TS is displayed inFig.
4.5 A.

At the transition state the bond to the glycine is partially formed while the
bond to the SAM is partially broken. The critical SD–CE and CE–N bond dis-
tances are 2.28 and 2.18 Å, respectively. The barrier for the methyl transfer in
GNMT is calculated to be 15.0 kcal/mol. No experimental data for a rate constant
is available, but an energy barrier of 15 kcal/mol for enzyme reaction is consid-
ered energetically feasible (see aboveSection 2.3). The reaction was found to be
exergonic by 14.1 kcal/mol. The optimized structure of the product is shown in
Fig. 4.5 B.

A B C D

E F G

Figure 4.6:Optimized transition-state structures for models A-G.
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To investigate the role of the various active site residues, we created a small
model composed of glycine, a truncated model of SAM, and truncated residue
Arg175 (Fig. 4.6 A). The roles of the other amino acid residues were tested by
adding the residues to the small model A one at the time, in order to isolate the
contribution of each group. The optimized TS structures are shown inFig. 4.5,
and the energetic results are summarized inTable. 4.1.

Table 4.1:Calculated Barriers and Reaction Energies (kcal/mol) for the different models.

model parts included barrier reaction energy
A SAM + Glycine+ Arg175 11.2 -20.1
B A + Tyr21 13.5 -16.8
C A + Tyr21+ His 142 11.4 -21.2
D A + Gly137 9.9 -24.8
E A + Asn 138 15.1 -12.6
F A + Tyr194 17.5 -14.5
G A + Tyr194+ Gly137 10.5 -16.6

largest A + Tyr21+ Gly137+ Asn 138+ Tyr194 15.0 -14.1

Model A has a barrier of 11.2 kcal/mol and is exothermic by 20.1 kcal/mol.
Adding the phenol group of Tyr21 to this model results in a slight increase in the
barrier, to 13.5 kcal/mol, and a decrease in the exothermicity, to 16.8 kcal/mol
(Fig. 4.6 B). When both Tyr21 and the imidazole ring of His142 are added (Fig.
4.6 C) the barrier is found to be almost identical toModel A, 11.4 kcal/mol. These
results speak against the suggestion that Tyr21 polarizes the S-C bond to cause a
decrease of the barrier [32]. As also seen for the largest model discussed above
(Fig. 4.5), the phenolic proton of Tyr21 was found to point away from SAM,
despite attempts to make it point toward the sulfur center.

Adding the peptide bond of Gly137, which forms a hydrogen bond to the
amino group of the substrate (Fig. 4.6 D), results in a decrease of the barrier
by 1.2 kcal/mol to 9.9 kcal/mol. The hydrogen bond to the carbonyl moiety of
Gly137 makes the nitrogen center of the substrate slightly more negative, which
would make the transfer of the positively charged methyl group slightly easier.

Adding the side chain of Asn138, which forms a hydrogen bond to the car-
boxylate moiety of the substrate leads to a higher barrier, calculated to 15.1 kcal/mol
(Fig. 4.6 E). Adding the Tyr194 residue to Model A leads to a dramatic increase
in the barrier, from 11.2 to 17.5 kcal/mol (Fig. 4.6 F). This is easily explained if
we note that the phenolic proton forms a hydrogen bond to the nitrogen atom of
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the substrate in the reactant species. This hydrogen bond will be lost when the
methyl is transferred to the nitrogen, resulting in the barrier raise. On the other
hand, if both Tyr194 and the peptide bond of Gly137 are added at the same time
(Fig. 4.6 G), the tyrosine will form a hydrogen bond to the carbonyl of the glycine
instead and the barrier is lowered to 10.5 kcal/mol.

By adding or eliminating various groups at the active site, we showed that
hydrogen bonds to the amino group of the substrate lower the reaction barrier,
whereas hydrogen bonds to carboxylate group of the substrate raise the barrier.

4.1.2 Guanidinoacetate Methyltransferase.

The GAMT enzyme catalyzes the transfer of a methyl group from SAM to Guani-
dinoacetate (GAA), resulting in the formation of creatine and SAH (Fig. 4.7),
[33, 34, 35, 36, 37, 38]. The way how this reaction occurs is similar to the generic
mechanism described inSection 4.1
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Figure 4.7:Reaction catalyzed by GAMT enzyme.

With information about the structure of GAMT, crystallized with SAH and
GAA, (Fig. 4.8) in 2004 by Komotoet al. [39], the reaction mechanism was
theoretically investigated.
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Figure 4.8:X-ray crystal structure of GAMT active site.

The substrates are attached to the active site by a number of hydrogen bonds.
Glu45 and Asp134 form hydrogen bonds with the guanidino group of GAA. The
amide groups of Leu170 and Thr171 form hydrogen bonds with the carboxylate
group of GAA. All these hydrogen bonds facilitate the orientation of GAA in
GAMT. In the GAMT:(SAH+GAA) structure, the distance between the sulfur
center of SAH (SD) and the NE of GAA is found to be 3.9 Å. The model of SAM
was built by attaching a methyl group at SD of SAH [39]. When the CE methyl
group of SAM was added to SAH, the CE – NE distance became ca 2.2 Å, and the
SD – CE – NE centers were almost linear [39].

The model system used to reproduce the GAMT active site and to elucidate
the reaction mechanism was prepared based on the crystallographic structure and
contained 92 atoms. The model includes a part of the cofactor SAM, which was
built on the basis of the SAH structure by adding a methyl group to the sulfur
atom. Furthermore, SAM was truncated in both directions relative to the sulfur
center – at the adenine group an one side and three carbons away an the other
side. This is sufficient to model the properties of the SD – CE bond and to grant
some flexibility to the SAM-model. The GAA substrate molecule was included in
the model without any changes. Five amino acids were furthermore included in
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the model – Glu45, Asp134, Thr135, Leu170, and Thr171 (Fig. 4.8). The Glu45
group forms strong hydrogen bonds to the GAA guanidino group, and is hence
essential to bind the substrate and stabilize the positive charge of the guanidino
group. Asp134 and Thr135 are found to form hydrogen bonds to the guanidino
group of GAA. Leu170 and Thr171 form hydrogen bonds with the carboxylate
group of GAA.

The optimized structure of the reactant (Fig. 4.9) shows high resemblance to
the crystal structure. The hydrogen bonding network around the substrate GAA
molecule orients the substrate in such a way that there is nearly a straight line
between the sulfur center of SAM (SD) and the nitrogen atom of GAA (NE). The
distance between NE of GAA and CE of SAM is calculated to be 2.98 Å, and the
angle SD – CE – NE is found to be 167.7◦. The distance between OD1 of Asp134
and H – NE of GAA is also important, and it is calculated to be 1.86 Å, in the
optimized reactant structure. The guanidino group of GAA substrate is planar,
and positive charge is delocalized over three nitrogen atoms.

Figure 4.9:Optimized structure of the reactant of the active site model of GAMT.

It was previously proposed that the reaction mechanism starts with a proton
transfer from NE of GAA to the Asp134 upon which the methyl group is trans-
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ferred from SAM to the deprotonated GAA [39].

To check this hypothesis a linear transit scan of moving the proton from NE

of the substrate to Asp134 was done. The H – OD1 distance was kept fixed in
steps between 1.86 Å and 1.00 Å, while all other degrees of freedom were op-
timized. As seen fromFig. 4.10 Athe energy increases monotonously, and no
energy minimum could be found corresponding to an intermediate where the pro-
ton is transferred to the Asp134. Transferring a proton from GAA costs in gas
phase 15.9 kcal/mol, while employing protein environment yields a value of 12.6
kcal/mol. This results speaks against the stepwise mechanism, where the proton
is transferred first.

A B

Figure 4.10:Potential energy curves for: A) moving the proton from NE of the substrate to OD1

of Asp134, and B) moving the methyl group from SAM to NE of GAA substrate, the H – OD1

distance is given in brackets.

A linear transit scan to move the methyl group from SAM to GAA was used to
find the TS structure. The CE – NE distance was kept fixed in steps starting from
2.98 Å, which is the distance in the reactant, to 1.46 Å, which is the distance in the
product (Fig. 4.10 B). As the methyl approaches the nitrogen center, the energy
increases up to a distance of 2.2 – 2.0 Å, after which it starts to drop. The NE

proton moves toward Asp134 and the nitrogen center becomes more pyramidal.
At a CE – NE distance of 1.8 Å the proton has transferred completely.

The unconstrained TS for this reaction was located (Fig. 4.11 A). It shows that
the methyl and the proton transfer take place in one concerted asynchronous step.
At the TS the critical SD – CE and CE – NE distances are calculated to be 2.29
Å and 2.16 Å, respectively. The other two important distances NE – H and H –
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OD1 in the TS structure are found to be 1.05 Å and 1.73 Å, respectively. To be
sure that the suggested transition state is the right one, it was identified with one
imaginary frequency, -446 cm−1. The activation barrier for this process is found
to be 14.9 kcal/mol in gas phase, and 19.7 kcal/mol in protein environment with
ε = 4. The calculated energy barrier is in good agreement with the experimental
rate constant of 3.8± 0.2 min−1, which corresponds to ca. 19 kcal/mol. The
reaction was calculated to be exergonic by as much as 36.2 kcal/mol in gas phase
and 24.0 kcal/mol usingε = 4.

A B

Figure 4.11:Optimized transition state A, and product B, structures of GAMT enzyme model.

The optimized structure of the product is displayed inFig. 4.11 B. The proto-
nated Asp134 rotates in such a way that the hydrogen bond to the guanidino group
of GAA is broken, while a hydrogen bond to acetate of GAA is formed.

We tried to optimize the intermediate structure in which the substrate is methy-
lated, but the proton is not transferred to Asp134, i.e. corresponding to a stepwise
mechanism, but this was not possible. We tried also to optimize the intermediate
in which the proton is transferred to Asp134 before the methyl transfer, but it was
not possible either.



Chapter 5

Concluding Remarks

The investigations presented in this thesis try to shed some light on the methyl
transfer reactions in SAM-dependent enzymes. We have used DFT methods to
model two enzymes from methyltransferase family, namely Glycine N-Methyl-
transferase (GNMT) and Guanidinoacetate Methyltransferase (GAMT). The mod-
els consist of up to one hundred atoms.

For GNMT it was found that hydrogen bonds to the substrate molecule (glycine)
play an important role. The calculations show that hydrogen bonds to the amino
group of glycine lower the barrier, and hydrogen bonds to the carboxylate group
of glycine raise the barrier.

For GAMT, a concerted asynchronous mechanism of methyl and proton trans-
fers was found. The reaction proceeds with a barrier of 19.7 kcal/mol, which
reproduces very well the experimental rate constant (3.8± 0.2 min−1, ca. 19.0
kcal/mol )

Both studies show that a rather small model of enzyme active site can be very
useful for studying the reaction mechanism.
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Abbreviations and Acronyms

B3LYP Becke 3 parameter Lee-Yang-Parr functional
DFT Density Functional Theory
GAA GuanidinoAcetate
GAMT GuanidinoAcetate MethylTransferase
GNMT Glycine N-MethylTransferase
MD Molecular Dynamics
PCM Polarizable Continuum Model
PDB Protein Data Bank
PES Potential Energy Surface
QM Quantum Mechanics
SAM S-AdenosylMethionine
SAH S-AdenosylHomocysteine
TS Transition State
TST Transition State Theory
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One and three letter abbreviations
of amino acids

G Gly Glycine
A Ala Alanine
V Val Valine
L Leu Leucine
I Ile Isoleucine
S Ser Serine
C Cys Cysteine
T Thr Threonine
M Met Methionine
P Pro Proline
F Phe Phenylalanine
Y Tyr Tyrosine
W Trp Tryptophan
H His Histidine
K Lys Lysine
R Arg Arginine
D Asp Aspartic acid
E Glu Glutamic acid
N Asn Aspargine
Q Gln Glutamine
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