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Nowadays, with the power of supercomputers, a lot of labor extensive work especially in 

scientific research can be accomplished efficiently. Such a good example is the application of 

computational simulations into chemistry and biology research, e.g., protein folding, high 

throughput virtual screening and so on. In fact, due to the limitation of experimental instruments 

or techniques, many aspects of enzyme and their associate enzymatic reactions have not been 

understood completely or even clearly, therefore, the advantage of computational simulation 

makes itself an excellent candidate to solve these problems. In our group, computational studies 

have been conducted on a variety of enzymes and biological systems, such as human carbonic 

anhydrase, β-lactamase, prenyltransferase and even interactive enzyme-RNA systems. Among 

these functional important enzymes, prenyltransferase has attracted more and more attention in 

recent years. As an important candidate for anti-cancer drug design, protein prenyltransferases 

play a role in the posttranslational modification of Ras superfamily of enzymes and many others 

that have appeared in about 30% of human cancers
1
. In this dissertation, we focus on our effort 

of conducting computational study to obtain knowledge from various prenyltransferases and 

corresponding enzymatic reactions catalyzed by them. 



 

16 

Chapter one gives an overall introduction of terms such like prenyltransferase, prenylation, 

as well as the prenyltransferase enzymes that will be discussed in this dissertation. The 

background and (pharmaceutical) significance of this class of enzymes will also be explained. 

Chapter two is the method section, where computational theories, techniques mentioned in this 

dissertation, along with difficulties of our approach and the strategy employed to tackle the 

problem will be introduced. 

The next three chapters describe the work we have already accomplished in this big 

project, including our prediction of magnesium ion binding in the FTase and related validation, 

the catalytic mechanism of FTase catalyzed farnesylation along with impact of key mutation and 

the prenylation mechanism and the proton transfer pathway of NphB. 

With computational modeling and sampling, we have solved these chemical/biological 

problems that experiments cannot explain and revealed a lot of interesting facts of how enzymes 

adopt different strategies based on different environments or situations.  
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CHAPTER 1 

INTRODUCTION 

1.1 Prenylation and Prenyltransferase 

Prenylation, also called isoprenylation, refers to a type of attachment of a hydrophobic 

function group called isoprenoid or terpenoid. Isoprenoid group is the derivative of a five-carbon 

isoprene unit. Such a group is usually called a prenyl group (Fig. 1-1) and commonly appears in 

this king of lipid modification reactions. The prenylation is of great importance to researchers 

because this reaction enables certain enzymes, such like Ras superfamily of enzymes, to anchor 

into the inner side of plasma cellular membrane
2
, as well as modifies the biological activity of 

certain aromatic complexes
3-5

. 

 

 

Figure 1-1. Chemical structure of isoprene and prenyl group. 

Ubiquitous in natural products, isoprenoids are very important chemicals that can be found 

in almost every class of living things, including plants, fungi, animals and organisms
6
. Among 

them, plant terpenoids are extensively used because of their aromatic qualities. A number of 

plant terpenoids are well known, such as citral, menthol, camphor, cannabinoids and Salvinorin 

A. Their contributions to nature, such as the color of yellow flowers and the flavor of cinnamon 

and ginger, have been well recognized and studied. In addition, this kind of plant terpenoids 

plays an important role in traditional herbal remedies. Recently, investigation showed that some 

isoprenoids have certain pharmaceutical desired characteristics, such like antibacterial, 

antineoplastic, anticancer effects, making this king of chemicals more important. 
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More importantly, several members of this isoprenoid family play a crucial role in the 

signal transduction pathway. Examples of these terpenoids include the 15-carbon farnesyl and 

the 20-carbon geranylgeranyl
2,7

. The prenylation that attaches one of these two groups to a 

cysteine residue at or near the C terminus of the target intracellular enzyme is usually referred to 

as protein prenylation. Many proteins including various members of Ras superfamily require 

such a posttranslational attachment for certain functions. 

1.2 Protein Prenyltransferase 

Commonly, enzymes that catalyze the prenylation reaction are called prenyltransferase. 

Consequently, the enzyme that catalyzes the protein prenylation is usually termed as protein 

prenyltransferase
2,8-14

. There are three members in this family: protein farnesyltransferase 

(FTase)
7,15-18

, protein geranylgeranyltransferase type I (GGTase I)
19-23

 and type II (GGTase 

II)
8,23-25

. Protein prenyltransferases can be further categorized into two subclasses: the CaaX 

prenyltransferase subclass that includes FTase (Figure 1-2) and GGTase I (Figure 1-3), and Rab 

GGTase subclass, which contains GGTase II. Suggested by the name, CaaX prenyltransferases 

are in charge of the catalysis of attaching a farnesyl group or a geranylgeranyl group to a 

structurally fixed cysteine residue at the fourth position from the C terminus of the target 

enzyme. In this four-letter term, C stands for cysteine, letter „a‟ refers to aliphatic AA, while X is 

usually taken by alanine, serine, methionine or phenylalanine in FTase targets and occupied by 

either leucine or phenylalanine for GGTase I catalysis
26,27

. On the other hand, GGTase II is 

distinct from both FTase and GGTase I due to the fact that it mainly attaches two geranylgeranyl 

groups to two C-terminus cysteine residues in a Cys-Cys, Cys-X-Cys or Cys-Cys-X-X motif in 

Rab family of enzymes
13,28

. 
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Figure 1-2. Protein farnesyltransferase (FTase) catalyzed farnesylation.  

 

 

Figure 1-3. Protein geranylgeranyltransferase (GGTase) catalyzed geranylgeranylation. 
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Many experimental studies, in particular those sequence studies, has uncovered some 

secrets of the CaaX motif: first, Reiss and coworkers made further classification of Ca1a2X and 

revealed that a charged residue at a1 position would slightly reduce the affinity while at a2 

position or X position would be associate with more drastic reduction
29

; later Troutman and 

coworkers have discovered that different Ca1a2X motifs would give different stimulate to the 

product release, which would further give FTase different target selectivity
30

; more recently, 

Hougland and coworkers investigated the dependency of FTase catalysis rate constant on variant 

Ca1a2X motifs and claimed the recognition of target substrate by FTase is not invariant but 

context-dependent
31

. In addition, although FTase and GGTase I primarily target on the Ras 

superfamily of enzymes possessing this CaaX motif, various short peptides with this same motif 

can also be recognized and catalyzed by these two prenyltransferases
2,9

. 

Because of their important pharmaceutical potential, many studies have been conducted to 

disclose the nature of these enzymes. As a result, a great deal of useful structural information of 

these PPTases has been exposed. FTase is a heterodimer composed of a 48-kDa α subunit and a 

46-kDa β subunit. GGTase is also a heterodimer composed of two subunits. Interestingly, it 

shares an identical α subunit with FTase while possesses a β subunit of 43-kDa that is slightly 

smaller than FTase β subunit. GGTase II is distinctly different to FTase and GGTase I, although 

it is a heterodimer too. This enzyme possesses a much bigger α subunit which is 60-kDa and the 

smallest β subunit which is only 38-kDa. 

All of three transferases are metalloenzymes, however, with different metal dependency. 

FTase requires a zinc ion for substrate binding and chemical reactivity, and a second magnesium 

cation for optimal reactivity
18,32

. GGTase I also requires a zinc ion for substrate binding and 

catalysis activity, but does not need a magnesium ion, which is possibly due to the substitute role 
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played by Lys311β
18,20,21

. GGTase II, on the other hand, appears to require a single Mg
2+

 for 

reactivity but not showing any dependency on Zn
2+

, making the metal dependency of this family 

of enzymes more intricate and complicated. 

Each of three prenyltransferases binds a corresponding isoprenoid substrate and an enzyme 

(or peptide) substrate prior to catalysis. The substrates in FTase are farnesyl diphosphate (FPP) 

and an enzyme among Ras GTPases, β lamins or several enzymes involved in the visual signal 

transduction pathway, or short peptides with the CaaX motif. GGTase I adopts geranylgeranyl 

diphosphate (GGPP) as isoprenoid substrate and an enzyme substrate of either a Ras related 

GTPase or one of the γ subunit of heterotrimeric G proteins. GGTase II has the same isoprenoid 

substrate as GGTase I but targets primarily on Rab family of enzymes that possess those specific 

double Cys motifs. 

Although the binding of diphosphate substrate does not require the binding of zinc ion in 

both FTase and GGTase I, such a metal binding is the prerequisite condition for either enzyme in 

order for the binding of enzyme or peptide substrate
19,33

. Therefore, it explains why a zinc ion is 

indispensible to the activity of CaaX prenyltransferase, despite the fact that FTase also requires a 

magnesium ion to fully restore its activity. However, from experimental results, it is still not 

clear whether Zn
2+ 

has the same function in both enzymes. It is also unclear that whether the zinc 

ion play a solo structural role or it also directly involves in the catalysis. An assumption is made 

that the zinc ion activates the sulfur or sulfhydryl of the substrate cysteine residue in CaaX motif, 

making it more nucleophilic, as observed in Ada, an enzyme that is known for DNA repair via a 

catalysis similar to the prenylations discussed here.
34

. 

In this dissertation, effort will be made focusing on FTase and GGTase I. GGTase II, on 

the other hand, will not be widely discussed. 
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1.3 Aromatic Prenyltransferase 

An incredible increase in the amount of studies focused on prenylation has been seen in the 

past ten to twenty years. Though a fairly large portion attributed to PPTases that catalyzed the 

posttranslational S-prenylation required by certain enzymes in order for the later penetration into 

the plasma membrane, other prenyltransferase, such as those capable of the lipidic modification 

of various aromatic substrates, have also been identified and investigated
5,35

. This type of 

prenyltransferases is known as aromatic prenyltransferases (APTase)
36-40

. Examples of such 

APTase include NphB (also called Orf2 before rename), a 33 kDa soluble monomeric bacterial 

prenyltransferase with 307 residues expressed in Escherichia coli
3
, and FtmPT1, a 464-residues 

fungal indole prenyltransferase
4
. 

1.3.1 Bacterial Aromatic Prenyltransferase NphB 

 

 

Figure 1-4. NphB (middle up) catalyzed geranylation. C5-prenylation corresponds to the major 

product. C2-prenylation represents the minor product, which is in a product ration of 

1:10 to the major product. C4-prenylation refers to the extra-minor product. 

NphB (Figure 1-4) is obtained from Streptomyces sp. Strain CL190
3
. It is originally called 

Orf2 that is named after being revealed as one of three new open reading frames (ORFs) in the 
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upstream region of MVA pathway genes containing gene clusters. It shows fairly high degree 

homologies to three other bacterial prenyltransferases: HypSc (GenBank accession # 

AF939130), CloQ (GenBank accession # AF329398) and NovQ (GenBank accession # 

AF170880)
5
. However, with regard to 3-dimensional (3-D) structure, substrate selectivity, and 

metal catalyst dependency, it exhibits distinct difference to the other three APTases mentioned 

above, not to mention any other PPTases
7,18,41-45

. 

CloQ, NovQ and HypSc display strong selectivity of five-carbon DMAPP substrate but 

show little activity for isoprenoid diphosphate with longer carbon chain, such like ten-carbon 

geranyl diphosphate (GPP) or fifteen-carbon FPP. In addition, all three are independent to 

magnesium catalysis
3,5

. To the contrary, NphB shows significant Mg
2+

 dependency. It exhibits 

no reactivity to dimethylallyl diphosphate (DMAPP), but strong activity to GPP and relative low 

but observable reactivity to FPP. Additionally, NphB also displays flexible aromatic substrate 

selectivity. Its known substrates include flaviolin, 1,6-dihydroxynaphthalene (1,6-DHN), 2,7-

DHN, apigenin and many others. 

Structurally, NphB consists of a single domain. The 3-D structure highlights a novel barrel 

fold, which is termed as prenyltransferase barrel (PT barrel), consisting of ten anti-parallel β-

sheets surrounded by a circle of α-helices that are exposed to solvent. Although this barrel looks 

similar to the TIM barrels, secondary structure of NphB shows no sharing with TIM barrels
46-49

. 

The ternary complexes of NphB with Mg
2+

, GSPP, a GPP analog and 1,6-DHN or other aromatic 

substrate reveals a solvent accessible core and a spacious binding pocket inside provided by this 

PT barrel. Such a voluminous binding pocket allows the binding of a large variety of aromatic 

substrates, thus partially explaining the flexible substrate selectivity exhibited by NphB. 
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Although this spacious binding pocket is capable of binding various prenyl diphosphates 

including DMAPP, GPP and FPP, NphB displays highest reactivity to GPP
3
. Inside the binding 

pocket, GPP is encircled by several positively charged residues, including Lys119, Arg228 and 

Lys284. These positive charge residues, along with Tyr216 and Asn173, tether the diphosphate 

group through hydrogen bond interactions, helping to anchor the isoprene substrate. Magnesium 

provides additional stabilization to GPP by interacting with a non-bridge α-diphosphate oxygen 

atom through an octahedral coordination. The coordinating ligands also include Asp62 and four 

water molecules. However, a (N/D)DXDD signature motif observed in many other Mg
2+

-

dependent isoprenoid diphosphate containing enzymes is absent in NphB. 

Unlike CloQ, NovQ and HypSc, NphB shows significant Mg
2+ 

dependency. Whether this 

metal cation directly involved in the catalysis is yet known. What has not been explained well 

also is the regioselectivity displayed in the system of NphB complexed with Mg
2+

, GPP and 1,6-

DHN. Two products were originally isolated with the isoprenoids group attaching to different 

carbon atoms each neighbouring to one of the hydroxide connecting carbon atoms. Under the 

condition that each substrate reaches its saturation, the production ration is 10:1. Later, more 

geranylation location of 1,6-DHN has been discovered, although the production ratio was even 

lower. 

Evidences showed that certain polyketide-based aromatic complexes, such as the anti-

oxidant natural product naphterpin, have quite different biological activities to their isoprenoid-

modified derivatives
50-53

. In addition, these aromatic derivatives that possess either a 5-carbon 

dimethylallyl, a 10-carbon geranyl or 15-carbon farnesyl displayed desired pharmaceutical 

properties such as anti-microbial, anti-oxidant, anti-inflammatory, anti-viral and anti-cancer 
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effect. Therefore, it is of great importance to study NphB chemistry computationally to complete 

our knowledge of this enzyme. 

1.3.2 Fungal Indole Prenyltransferase FtmPT1 

FtmPT1 (Figure 1-5) is another APTase that has just been purified from Aspergillus 

fumigatus in recent years
4
. Unlike NphB or CloQ that was obtained from bacteria, FtmPT1 and 

several other indole prenyltransferases were characterized from fungi, thus they were usually 

referring to as fungal indole prenyltransferase. In general, these fungal indole prenyltransferases 

share very few sequence similarities with other APTases and show no divalent metal ion 

dependency
54,55

. This type of prenyltransferases catalyzes the isoprenoid attachment of 

tryptophan and its derivatives. The product of such catalysis, such like tryprostatin B and 

tryprostatin A, display high cytotoxicity for several cancer cell lines, making themselves 

promising anti-tumor agents
56-58

. 

 

 

Figure 1-5. Indole prenyltransferase FtmPT1 (middle up) catalyzed attachment of dimethylallylic 

group to brevianamide F (left bottom). The product is tryprostatin B (right). 



 

26 

The recently characterized 3-D structure of FtmPT1 features a PT barrel consisting 10 anti-

parallel β-strands surrounded by 10 α-helices, similar to that observed in NphB. The secondary 

structure of FtmPT1 conforms a classical (ααββ)5 representation with two α-helices coupled two 

β-sheets in each (ααββ) turn. Two substrate, dimethylallyl diphosphate (DMAPP) and 

brevianamide F, situate in the center of the PT barrel. Similar to NphB, the active site in FtmPT1 

is also spacious and solvent accessible. 

Despite similarities in the core structures, the active sites of FtmPT1 and NphB are distinct 

from each other. A signature “tyrosine shield” in the center of PT barrel has been observed in 

FtmPT1. The hydroxyl groups of Tyr203, Tyr296, Tyr382 and Tyr450 make up a hydrophobic 

circle therein binds brevianamide F and DMAPP. Although NphB also possesses an aromatic 

rich environment inside its binding pocket, this “tyrosine shield” seems more interesting. With 

the dimethylallyl group completely embedded, it seems like specifically designed to stabilize and 

engineer the potential carbocation through cation-aromatic π interaction. 

Comparing AA sequence of FtmPT1 and homologue enzyme FgaPT2, which is another 

fungal indole prenyltransferase possessing a PT barrel and represents an excellent superposition 

(RMSD of Cα based on 402 residues measures 1.3) with FtmPT1, differences at several key 

residues are discovered and worth noting. For instance, Gly115 and His279 (in FtmPT1) are 

replaced by Thr102 and Arg244 in FgaPT2, respectively. These two substitutions spare more 

space in the binding pocket of FtmPT1, allowing the enzyme to bind larger indole substrate, such 

like brevianamide F. On the other hand, Glu102 of FtmPT1 has been found conserved in nearly 

all fungal indole prenyltransferases. This negative charged residue forms hydrogen bond with 

indole nitrogen, stabilizing the substrate. It also possibly functions to abstract the abundant 

proton after the prenylation step, in order to reestablish the aromatic qualify of the prenylated 
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indole substrate. In addition, it is interesting to notice that a small modification of AA sequence 

can result in the attachment of dimethylallyl group from a different DMAPP carbon to a different 

carbon atom in indole substrate. 

Fungal indole prenyltransferases display interesting diversity and play an important role in 

biosynthesis of a variety of chemically important compounds
54,55

. In this dissertation, progress in 

the study of FtmPT1 is reported. 

1.4 Computational Chemistry/Biochemistry 

The past 30 years have seen significant improvement in computer science and technology. 

The introduction of workstations and supercomputers has opened the door to „huge‟ calculations, 

generating a new branch of chemistry that utilizes the assistance from computer science to solve 

chemical problems. Such branch of chemistry is usually known as computational chemistry. 

Computational chemistry has been well known for its capability of calculating properties 

such as absolute or relative energies, electronic charge distributions and vibrational frequencies, 

based on the application of quantum mechanics (QM). Back into the 1940s, the idea of solving 

complicated and labor-intensive wave functions for atomic systems has already come out. In the 

1950s the first semi-empirical atomic orbital calculation and Hartree-Fock (HF) calculation of 

diatomic molecule have been carried out. Later, in the 1960s, the empirical methods based on 

Hückel method were introduced. Coming into the 1970s, methods of molecular mechanics (MM) 

were developed. As of today, more advanced QM calculations and more complex hybrid 

QM/MM simulations have been widely implemented resulting in many exciting results. 

The implementation of computational chemistry used to be strictly limited by several 

factors such as the size of the system, due to the rapidly increasing in computational expense 

associated with the implementation of higher level theory or the calculation of larger system. In 

present, with supercomputers and parallel computing, it is common to perform highly accurate 
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coupled cluster calculations on large organic molecules, or carry out molecular dynamics (MD) 

simulations on large enzymes, DNA‟s, RNA‟s and even bigger systems. The implementation of 

graphics processing unit (GPU) allows 100 ns simulation per day for classical MD simulations of 

a system composed of tens of thousands atoms, making in silico investigation of microsecond 

level or even bigger time scale biological activity possible. Moreover, with super fast machines 

specifically optimized for MD simulation, such as Anton introduced by D. E. Shaw Research 

Lab, a 10 μs/day of classical simulation of a 20,000+ atoms system has become feasible
59

. 

More and more powerful computer techniques have pushed computational chemistry into 

diverse research areas, such as bioinformatics. The ability to build and analyze huge databases 

with high efficiency has made computational approach a very important part of modern drug 

design in pharmaceutical industries. By providing an alternative and more environmental way to 

study the properties of drug molecules, the correlations between structures and properties, as 

well as the possibility of finding or even designing a more suitable substrate, computational 

chemistry has saved countless labors and other lab expenses, making huge impact in industry. 

Today, with less expensive computational expense and higher accuracy, computational 

chemistry has already become an indispensable branch of chemistry and biochemistry. It is able 

to investigate many areas that are not accessible by traditional experimental approaches. In 

addition, it can also make valuable predictions that can in turn guide experiments designing. 

In this dissertation, computational effort has been made on mechanistic study of several 

important prenyltransferases. Great results and interesting predictions are reported. 
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CHAPTER 2 

THEORY AND METHODS 

Before computers became popular in scientific research, molecular modelling was used to 

associate with the utilization of pens and paper to make simple calculations of small molecules 

mimicking their behaviors. In present, with the rapid development of computer science and 

technologies, molecular modelling becomes rarely independent to computational chemistry. 

Utilizing the power of supercomputers and parallel computing, molecular modelling has been 

able to apply onto macromolecules and even bigger systems like enzymes. Thus it becomes more 

and more important in the researches of chemistry, biology, drug design and many other areas. 

Today, molecular modellers have implemented all available computational chemistry methods, 

including QM, MM, MD, minimizations, simulations, conformational analysis, protein-ligand 

interactions, chem/bioinformatics and other computer-based techniques, to elucidate and predict 

molecular behaviors. 

In the rest of this chapter, many important concepts and methods in molecular modelling 

will be discussed. 

2.1 Quantum Mechanics and the Born Oppenheimer Approximation 

The fundament and heart of computational chemistry based molecular modelling is QM, 

which was introduced to describe the behavior of microscopic particles. Today, although 

molecular modelling does not necessarily mean QM, every successful model must be able to find 

its basis in quantum mechanics. 

It is well known that in classical world, macroscopic systems obey Newtonian mechanics. 

Thus, the change of their energies is continuous. However, rules in the microscopic world are 

quite different: particles that form matter have a characteristic of quantization. As a result, their 

energies are discrete. In fact, microscopic systems possess both wavelike and particle-like 
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properties. This characteristic makes no pre-existing theory, including wave mechanics that 

possesses the quantization characteristic, capable to explain their behavior. Therefore, a new 

mechanics capable to interpret this dichotomy is required. It was under such a circumstance that 

QM was introduced. 

The base of QM is the assumption that wave functions can be applied to microscopic 

systems and can describe all their properties. In detail, the properties are characterized by 

applying corresponding operators onto the wave functions. Each observable physical property is 

assumed to have one such operator. 

The most important operator in QM theory is the Hamiltonian operator, H, which describes 

and returns the system energy. The mathematical equation of such a relationship is 

 EH           (2-1) 

Equation 2-1 is commonly known as Schrödinger equation. Hamiltonian operator generally 

consists of five parts: the 1
st
 and 2

nd
 part describes the kinetic of electrons and nuclei, the 3

rd
 part 

accounts for the attraction between electrons and nuclei, the 4
th
 part attributes to interelectronic 

repulsion while the 5
th

 part corresponds to the internuclear repulsion. 

Simply speaking, by solving the Schrödinger equation, the energy of the system will be 

obtained. However, in practice, this is difficult to accomplish since Schrödinger equation cannot 

be exactly solved for any molecular systems due to the interdependency between electronic 

motion and nuclear motion. Therefore, another fundamental postulate is required to simplify the 

case, which is the famous Born-Oppenheimer approximation. 

Considering the fact that either protons or neutrons are more than 1000 times heavier than 

electronics, it is rational to assume that the motion of electrons is instantaneous compared to 
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nuclear motion. Thus, to calculate the electronic energies is possible since the nuclear motion 

“has been fixed” and the electronic Schrödinger equation has a reform of: 

ELELELNEL EVH  )(         (2-2) 

Here, the subscript „EL‟ and „N‟ mean electronic and nuclear, respectively. 

As Born-Oppenheimer approximation is unconditionally applied in any case of molecular 

modelling, a system‟s energy of its ground electronic state can be considered as a function of the 

nuclear coordinate. In such a case, any change of nuclei positions varies the energy of the 

system. The changes of energy against the all of the possible nuclear or atomic positions 

construct a hyper surface denoted as potential energy surface (PES). The stationary points on the 

PES are of particular interest to computational chemists because at those points the first 

derivative of energy with respect to the coordinate is zero, the physical meaning of which 

demonstrates the forces at certain points are zero. Both local minima and saddle points are 

stationary points, however, in different types. 

2.2 Molecular Mechanics 

QM deals with electrons in molecular system, usually giving the highest accuracy among 

all molecular modelling methods. However, it is not occasional for molecular modellers to find 

that the problems they are going to solve are too large to be considered quantum mechanically. 

Molecular mechanics (also called force field methods) are introduced in such a situation to 

handle those “oversized” systems. 

With the implementation of Born-Oppenheimer approximation, it is possible to compute 

the energy of a system as a function of nuclear coordinates with electronic motion ignored, 

which is the basis of MM. Comparing with QM, obviously MM uses a simpler model to mimic 

interactions with generally five components included, amongst bonding stretching, angle bending 
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and bond torsion that all represent the energy penalties associated with deviation from their 

reference position are considered bonded interactions, whereas the other two terms, van der 

Waals (VDW) and electrostatics are categorized into non-bonded interactions. Thus, the 

potential energy of a MM modeled system can be written in the following form: 
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In equation 2-3, the first three terms on the right are bond stretching, angle bending and 

bond torsions separately, while the latter two terms are VDW and electrostatics, respectively. 

The schematic representations of these five terms are given in Figure 2.1. 

 

 

Figure 2-1. Schematic representations of five components in general MM force field: bond 

stretching, angle bending, bond torsion, non-bonded VDW and electrostatic. 
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Today, more advanced MM force field such as MM4
60-62

 have been introduced, however, 

the five contributions above nearly exist in every known MM force field. It is very important to 

bear in mind that all MM force fields are empirical, which means there is absolutely no correct 

form for any force fields. Also, it is worth noting that the transferability, which means whether 

the same set of parameters can be extended to successfully model a set of different molecules or 

enzymes, is the most important feature for every force field. Otherwise, although a certain force 

field can well model the system that it was parameterized against, another desired function of 

molecular modelling, the ability to make predictions (to other systems), is lost. 

2.2.1 Bond Stretching 

Taking a careful examination at equation 2-3 again, the bond stretching term is in the form 

of Hooke‟s law, as shown in equation 2-4, however, it is in fact the second order truncation of 

Taylor expansion about the potential energy function a bond at length li based on the assumption 

that the potential at equilibrium bond length li0 is zero. 

 20
2

ii
i

bond ll
k

U           (2-4) 

This truncation makes the energy function working excellent to bond stretching near the 

reference points but brings physically unrealistic energy when the bond is largely stretched. A 

practical solution is to include the cubic term: 

   200
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2

1
iiiiiibond llllkkU         (2-5) 

Here the superscript „(3)‟ refers to the cubic force constant. The negative cubic force constant 

can then counteract the unrealistic high potential energy associated with large stretching. 

However, equation 2-5 also leads to a chaotic result that the lowest potential energy represents 

bonds dissociation. Again, the solution is to include the quartic term in the Taylor expansion: 
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Equation 2-6 is used in the general organic force field MM3
63-65

. However, including 

higher order terms in Taylor expansion increases the accuracy as well as the computational cost 

distinctly, thus equation 2-4 is still very popular in today‟s MM force fields. 

In fact, there is an alternative way to provide higher accuracy of describing potential 

energy contribution associated with bond stretching, the Morse function, 

  201 iii ll
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        (2-7) 

Here Di is the dissociation energy of bond and αi is a fitting constant. However, this approach has 

been proved much computationally less efficient than those truncations of Taylor expansion. 

2.2.2 Angle Bending 

The second term in equation 2-3 is to calculate the potential energy deviation associated 

with angle bending. 

 20
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u             (2-8) 

Again, in spite of the form of Hooke‟s law, equation 2-8 indeed comes from another 

second order truncation of Taylor expansion. It is worthy noting that the force constant of angle 

bending is significantly smaller than that of bond stretching, due to the energy required to disturb 

an angle away from its equilibrium pose is much less than to compress or withdraw a bond. Like 

any other truncation of Taylor expansion, including higher order terms associates with greater 

accuracy. One such example is MM3, which includes up to sextic term in the expansion for 

certain angles. Certainly, the computational expense increases when more terms in the expansion 

are included. 
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2.2.3 Torsion and Improper Torsion 

The third term in equation 2.3 reflects the potential energy change associated with the 

deviation of dihedral angles or torsion angles, as shown in equation 2-9. 
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ω in equation 2-9 is the torsion angle; n is the multiplicity that means how many energy 

minimum can be located through a 360° scan; γ is called the phase factor, defining the location 

of energy minimum; and Vn is the barrier height, which refers to the relative barrier of rotation. 

The torsion term might be considered as the most important term among the bonded 

interaction components, because a large amount of energy is required to alter the reference 

conformation for both bond stretching and angle bending terms while torsion term and non-

bonded interaction terms accounts for most variation in potential energy and system structure. 

Sometimes, another type of torsion is also required to computationally reproduce 

experimental structures. This type of torsion is always defined as improper torsion (as shown in 

equation 2-10, which means a torsion angle is not bonded in the order of 1-2-3-4. One good 

example is cyclobutanone. Experimental results exhibited that the oxygen atom is in the same 

plane as the cyclobutane ring, whereas computing without such an improper torsion results in an 

out of plane oxygen atom. The reason for this discrepancy is simple, in real world the C-C=O 

angle is 133° in order to have oxygen atom in the plane, however, in calculation this angle still 

adopts a value close to its reference value of 120°. 

  2cos1)(  ku improper         (2-10) 

In proteins, dihedrals play very important role in determining their structures. There are 

three torsion angles in protein structure (Figure 2.2): the dihedral of C-N-Cα-C is called φ, the 

dihedral of N-Cα-C-N is called ψ, while the dihedral of Cα-C-N-Cα is denoted as ω. Among them, 
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ω is usually referred as the rigid peptide dihedral angle since its value is always close to 180°, 

while the other two torsions have certain range of values thus they can control the protein‟s 

conformation. 

 

 

Figure 2-2. Torsion (or dihedral) angles in protein structure. 

2.2.4 Van der Waals Interaction 

The interatomic force is usually divided into two parts: the long-range attractive force and 

the short-range repulsive force. The former is commonly known as dispersive forces, as well as 

London force in order to honor London‟s achievement on explaining the dispersive force with 

quantum mechanics
66

. 

The origin of such a dispersive force is the instantaneous electrical dipole moments 

developed by atoms. In general, without a permanent charge, the dipole-dipole interaction 

resulted from the attraction between an instantaneous dipole and another dipole in the neighbor 

atoms induced simultaneously by the first dipole, is the strongest interaction of such a dispersive 

force. Drude‟s model provides a simple description of such a dispersion interaction with the 

Schrödinger equation of this model is in the same form as that of a simple harmonic oscillator. 

Thus the dispersive interaction energy can be approximately given by equation 2-11, 
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Obviously, the dispersion energy is dependent on 1/r
6
. 

The dispersion force describes the attractive interaction when two atoms (or particles) are 

quite away from each other. When they approaching each other into a certain range, for example, 

within 3 Å, even a very small decrease in distance will result in large increase in potential 

energy. The quantum mechanical basis of this phenomenon is any two identical fermions may 

not occupy the same set of quantum numbers, as described in Pauli exclusion principle (though 

some people believe it is actually attribute to nuclear repulsion). Thus the repulsive force in short 

range is usually known as exchange force. 

It is possible to calculate the dispersive force and exchange force quantum mechanically, 

however, certainly with a high computational cost since electron correlation must be included in 

the treatment. In MM, the VDW potential is modeled using a much simpler empirical expression, 

the Lennard-Jones 12-6 function. 
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In equation 2-11
*
, ζ is the collision parameter that physically corresponds to the distance 

associated with a zero potential energy, and ε is referred to the well depth that represents the 

minimum potential energy. Clearly the sixth power term inside the square bracket is referring to 

the dispersive force that has been shown to have an exponentially dependence of 1/r
6
,
 
and the 

other term is corresponding to the exchange repulsive force that varies as 1/r
12

. However, it is 

worth noting that this twelfth exponential does not have a significant physical meaning, but 

instead has a favor in calculation since it is simply the square of 1/r
6
. 
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There are other VDW energy functions introduced to improve on reproducing the 

experimental data, such as Halgren buffered 14-7 potential
67-72

. However, Lennard-Jones (LJ) 6-

12 potential remains the most popular choice of calculating potential energy associated with 

VDW interactions. 

2.2.5 Electrostatic Interaction 

The electrostatic interaction is caused by the unequal distribution of charge in a molecular 

system. By sacrificing the accurate electron-electron interactions, MM usually adopts a so-called 

point charges approach to represent the charge distribution of a molecule. Restricted to atomic 

centers, the point charges are commonly known as partial atomic charges or net atomic charges. 

Then it is straightforward to apply Coulomb‟s law to calculate the electrostatic energy, as shown 

in equation 2-12, where NA and NB are the number of points charges in two molecules. 
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Central multipole expansion provides another way to calculate intermolecular electrostatic 

interaction energy. This method considers a molecule as an entity and separate electrostatic 

interaction into different electric moments such as charge, dipole, quadrupole, octopole and so on 

(Figure 2-3). With multipole can be described as a proper distribution of charges, dipole, 

quadrupole and octopole can be represented by two, four and eight charges correspondingly, 

making calculations simpler. One good example of using such an expansion is the benzene 

model
73

, which demonstrates significant advantage of including quadrupole. However, on the 

other hand, this kind of multipole expansion can be troublesome when it is applied to large 

systems and cannot be employed to describe intramolecular interactions. 

The implementation of fixed point charges provides a rather simple and straightforward 

electrostatic function based on Coulomb‟s law. However, it is important to notice that the change 
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of distribution of an atom or a molecule can induce dipole to neighboring atoms or molecules. 

Therefore, in order for better description of electrostatic interactions, it is necessary to include 

not only interactions between fixed charge distributions but also interactions caused by 

polarization. To describe polarization is not a straightforward task, but somewhat tricky and 

complex, because one must bear in mind that when a molecule‟s induced dipole affects the 

charge distribution of a neighbored molecule its own charge distribution is in turn be modified 

by the induced dipole of the neighboring molecule. Many approaches have been proposed to 

model polarization effect
74-77

. However, due to the significant increase of computational cost, the 

polarization effect is not included in all force field but instead considered only in the case that it 

is indispensible. 

 

 

Figure 2-3. Schematic representation of some multipole examples. 

2.2.6 Cross Terms 

It has been mentioned that in electrostatic interaction, the charge distribution of two 

molecules are „coupled‟ and affect each other. Similar to that, in bonded interactions, the 
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deviations of bond stretching, angle bending or bond torsion are not independent but in fact 

„coupled‟ as well. The nomenclature of  „cross terms‟ represents these coupling terms. 

Mathematically, the cross terms can be revealed by expanding the potential energy of a 

molecular system in a multi-dimensional Taylor expansion. For example, if we consider the 

bonds stretching when an angle is closing, as shown in Figure 2-4. 

 

 

Figure 2-4. Schematic representation of angle closing coupling with bonds stretching. 

Such a scheme can be formulated in the following form. 
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Equation 2-13 has been applied in MM force field MM2, MM3 and MM4. Besides this 

example, there are many others cross terms, such as stretch-stretch, stretch-bend, stretch-torsion, 

bend-torsion and so on. 

Hwang and coworkers have proposed an interesting categorizing scheme for MM force 

fields
78-80

: based on whether a force field includes cross terms, force fields are divided into class 

I that does not have cross terms integrated or class II that should have both anharmonic terms 

and cross terms. Later, Allinger and coworkers further proposed that more advanced class III 
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force field should also have electronegativity, hyperconjugation and other features taken into 

account
81,82

. 

2.2.7 Force Field Parameterization 

A force field is not simply a function but a potential energy function coupled with a set of 

parameters. Developing force field parameters, or force field parameterization, is always an 

intricate task requiring a great deal of effort. 

Once the function form of a force field is chosen, the next step is to choose a series of data. 

The parameters will then be developed to reproduce, or fit, these data. Ideally, experimental data 

are preferred, however, they are not always available. Thus, QM calculations using higher level 

ab initio theory is required to provide missing data. When both force field function and selected 

set of data are decided, the next step is to carry out the parameterization. Two major approaches 

have been reported, one is the traditional „trial and error‟ which gradually refine the parameters 

round by round, the other is the „least squares approach‟ that uses least-squares fitting to obtain 

the parameters that best fit to the selected data
83-85

. 

An important implementation of MM force field is to model large biological systems such 

as proteins, DNA‟s and RNA‟s. It is not rare to see these systems have more than 10,000 atoms, 

especially when explicit solvents are included. Therefore, to parameterize against the entire 

system is almost prohibitive. In fact, most popular force fields today, such as AMBER
86-89

, 

CHARMM
90-92

, GROMOS
93,94

, OPLS
95,96

 and AMOEBA
97-99

 are all parameterized against small 

organic molecules. In this manner, the transferability of such force fields is very important. 

2.3 Energy Minimization and Molecular Simulation 

In molecular modelling, one of the major goals is to calculate the potential energy and 

reproduce the PES. With potential energy and/or PES available, many molecular properties and 
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thermodynamic properties can thus be computed. There are two totally different approaches to 

achieve this goal: energy minimization and molecular/computational simulation. 

2.3.1 Energy Minimization 

Ideally, with a PES available, it is simple and straightforward to locate energy minimum of 

a molecular system. However, in practice, this is only working with very simple molecules. For a 

large system with N atoms, there are 3N Cartesian coordinates and (3N – 6) internal coordinates; 

thus, this system‟s potential energy represents a function of many coordinates and the PES is 

complicated. In such a case, locating the minimum points along the entire PES, which is referred 

to as global minimum, can be troublesome. Energy minimizations are designed to search the 

global minimum and other energy minimums along the PES. 

Considering the potential energy as a function F of a set of variables r1, r2, ⋯⋯, ri, the 

energy minimums have the following mathematical characteristics, 
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Equation 2-14 means the first derivative of function F with regard to any variables equals to zero, 

while the second derivatives are positive. It is worthy noting that saddle points, representing 

those stationary points on the PES but not local extremum points, also have their first derivatives 

equal to zero.  

Although minimization algorithms with no derivatives of potential energy considered, 

most of today‟s popular minimization engines prefer to use such derivatives since they can 

provide many useful information such as the shape of PES. In fact, experienced molecular 

modeler might find the application of energy derivatives can boost the efficacy of locating the 

important points. Examples of most common minimization algorithms includes, but not limited 

to, the steepest descent method, conjugated gradient method and Newton-Raphson method. 
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2.3.1.1 Steepest descent method 

This algorithm calculates the first derivative of energy function, determining the direction 

of force. Then the coordinates of the system are gradually modified to make the system move in 

a direction that is parallel to the net force to approach the minimum point. In this method, the 

structure of the system obtained at one step is used as the starting structure for the next step. 

Also, it is important to note that both the gradients and the direction of two connecting steps are 

orthogonal. Practically, steepest descent method is good at rapidly finding out a structure that is 

very close to the minimum but rather inefficient in the final approaching, thus, this method is 

always carried out in the beginning stage of minimization if multiple minimization methods are 

carried out in order to accurately locate the minimum. 

2.3.1.2 Conjugated gradient method 

This algorithm also approaches the minimum by consequently moving the system just like 

what steepest descent method does. However, different to steepest descent method, conjugated 

gradient method does not require the orthogonal directions for two consecutive steps. In fact, 

within this approach, the gradients of two successive steps are orthogonal but the directions are 

rather „conjugated‟. 

Generally speaking, this method is better at locating the exact minimum and in some cases 

can achieve this goal with fewer steps than steepest descent method when a rather good structure 

is given. However, it is interesting to notice that the move of first step of both steepest descent 

method and conjugated gradient method should be identical. 

2.3.1.3 Newton-Raphson method 

Different to steepest descent or conjugated gradient method that only use the gradient (the 

first derivative), Newton-Raphson method uses both the first and the second derivatives to search 

the minimum. The inclusion of the second derivatives provides more information, e.g. the 
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curvature of the energy function, however, on the other hand, increases computational cost by 

possibly a significant margin because within this algorithm the Hessian matrix must be 

calculated and inverted. 

Newton-Raphson method is always applied to small systems due to the high computational 

expense. In addition, this approach might not be a good choice given a structure not even close to 

its minimum. On the other hand, this method is able to move „uphill‟ as both steepest decent and 

conjugated gradient method can only deal with „downhill‟ move. One important application of 

such feature is to search for saddle points. 

2.3.2 Molecular/Computational Simulation 

Although energy minimization can discover the minimum points along a PES and thus 

provide information for predicting properties of a system, it is not reliable that the information 

provided is sufficient to make predictions especially to those thermodynamic properties. This is 

especially true given a large biological system with thousands of atoms. In such cases, the huge 

number of degrees of freedom and multiple minima separated by energy barriers make it 

extremely difficult to gather information covering the entire energy surface. In addition, most 

experimentally measurable properties especially those thermodynamic properties are indeed time 

average (equation 2-15), which cannot be theoretically reproduced or predicted using only 

energy minimizations. Thus, it is clear that a technique different to energy minimization is 

required to accompany those attempts to understand the nature of the PES of a system. 

Computational simulation, or call it molecular simulation, is a good candidate for better 

understanding of the intrinsic characteristics of energy surface of molecular systems. Integrated 

Newton‟s second law, it is possible for computational simulation to study the motion of a system 

evolving in time and thus to calculate those properties averaged over time using certain 

numerical equations. However, the biggest problem encountered is that it is rarely possible to 
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find the initial configuration. To solve this problem, statistical mechanics was introduced by 

Boltzmann and Gibbs in order to convert studying a time evolving system into investigating a 

large number of system replicas simultaneously. Whereafter in associate with the ergodic 

hypothesis, ensemble average properties (equation 2-16) can substitute time average properties. 

 dtttP
t

P
t

NN

t
etimeaverag 


0
)(r),(p

1
lim        (2-15) 

)r,p()r,p(rp NNNNNN PddP           (2-16) 

In both equations, p and r corresponds to momentum and coordinate separately, while in 

equation 2-16 the angle bracket means ensemble average and ρ(p
N
,r

N
) is the probability density. 

Monte Carlo (MC) method and molecular dynamics (MD) method are the two most 

popular simulation techniques applied in today‟s computational simulations. 

2.3.2.1 Phase space 

For a classical system containing N atoms, each of its conformation has 3N coordinates and 

3N momenta for. Hence, the state of this system can be characterized by a set of 6N values. Such 

a state that is defined by these 6N values is called phase space. All computational simulations 

sample the phase space of the given molecular system. Sampling enough phase space is the key 

to calculate important system properties especially thermodynamic properties. 

2.3.2.2 Monte Carlo method 

In MC simulation, each configuration is generated by making a random modification, such 

like moving an atom or rotating a bond to its predecessor, thus this kind of simulation stores no 

time information. For each configuration, the potential energy is calculated. By applying a 

certain criteria, usually Metropolis criterion
100

 in today, whether the new configuration is 

accepted or rejected is decided. 
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After sufficient simulation of configurations, a certain property can be calculated using 

equation 2-17, 
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where M refers to the number of configuration simulated. 

It is noteworthy that traditional MC simulations are carried out in canonical ensemble. In 

such ensemble, the number of particles (N), the volume (V) and the temperature (T) remain 

constant. 

2.3.2.3 A brief introduction to molecular dynamics 

Unlike MC, MD derives new configurations based on Newton‟s second law (equation 2-

18). In detail, the force of each particle is first calculated by differentiating the potential energy 

function, then applying the equation 2-18 will give in the acceleration and velocity information, 

thus a real trajectory over time is generated. 
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In MD simulations, thermodynamic properties can be obtained via averaging over time, as 

shown in equation 2-19. Comparing equation 2-19 and equation 2-17, clearly the only difference 

is that the function of a certain property in MD simulations has momentum dependence that is 

absent in the function of MC simulations. 

2.4 Molecular Dynamics 

MD generates a series of continuous configurations based on Newton‟s equation of 

motion, propagating the system in phase spaces and generating a trajectory varies with time. For 
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a simple system such as an one dimensional classical harmonic oscillator or a hard-sphere model 

moving straightly with a constant velocity
101

, the position and momentum information can be 

obtained analytically as functions of time. However, for more realistic molecular models, the 

force on each atom (or particle) is not changing independently and the motion of the system can 

hardly be solved analytically. Hence, in such situation, the equation of motion must be solved 

using certain integration algorithms. 

2.4.1 Finite Difference Method: Verlet and Leap-frog Algorithm 

Finite difference method is commonly used to integrate the equation of motion when 

dealing with large and complicated molecular systems. The basic idea of this technique is that 

the integration can be separated into different small parts with a very small time interval of Δt 

and the force on each particle is assumed to be constant during interval. Thus, the force, 

coordinate, velocity and acceleration can be solved for each step and the simulation can be 

propagated. 

One popular integrator based on finite difference method is the Verlet algorithm
102

. The 

central idea of this algorithm is to use the position and acceleration information at time t and the 

position information from previous step (t – Δt) to determine the position of new step at (t + Δt), 

as demonstrated in equation 2-20. 
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However, there are several clear disadvantages of this algorithm: the possible precision 

loss associated with the use of 2r(t) and r(t- Δt) along with much smaller term a(t) Δt
2
, the lack of 

an explicit velocity term and the trouble of getting positional information of r(0- Δt). 

Leap-frog algorithm is actually a variant form of Verlet method
103

. The mathematical 

expression is shown as: 
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Here a(t) can be solved using Newton‟s second law. Thus, v(t) can be calculated from 
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The major advantage of leap-frog algorithm over Verlet algorithm is that velocity term in 

included explicitly, however, the coordinates and velocities are unsynchronized, making this 

method unable to count the kinetic energy contribution at the same step that the coordinates are 

defined. 

2.4.2 Time Step and SHAKE 

The time interval mentioned in 2.3.3.1 is usually referred to as time step. Choosing a 

proper time step is clearly important for setting up a MD simulation, giving the fact that an 

inappropriate time step choice can make the simulation either unable to sample sufficient phase 

spaces (when it is too small) or instable (when it is too large). Most biological systems are fairly 

flexible. In such systems, the highest frequency vibration corresponds to the bond stretching, 

especially for those heavy-atom-to-hydrogen bond. This kind of vibration is usually at 10 fs 

level. Hence, the appropriate time step should not exceed 1 fs. With such a small time step, it is 
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time consuming to carry out long MD simulation in order to understand a system‟s behavior at 

large time scale, e.g. ns or ms. 

In order to accelerate MD simulations without making it instable, constraint dynamics are 

introduced. In such a scheme, bonds or angles are forced to adopt specific values thus the 

degrees of freedom associated with those terms are totally removed. The most popular constraint 

technique is SHAKE introduced by Berendsen and coworkers
104

. Oppositely equal forces are 

applying on each of the two atoms of a constraint bond. Thus, a constraint ζij that freezes the 

bond length between atom i and j can be expressed as, 

  0rrr
22
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Here dij denotes the constraint distance. The force on each involving atom resulting from this 

constraint can be calculated base on, 
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Here λ is the Lagrange multiplier. Applying equation 2-23 into equation 2-24, it is easy to get 
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In application, the constraints are applied iteratively, consequently, the Lagrange 

multipliers following incorporating equation 2-23 and 2-24 into propagating function such like 

equation 2-20 or 2-21. Practically, the SHAKE algorithm is usually applied on those bonds 

involving both heavy atom and hydrogen. Removing the degrees of freedom associated with 

such bonds will not affect the remaining degrees of freedom since they are only weakly coupled. 
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By doing so, the time step can be set to up to 2 fs that is twice as fast as simulation without 

invoking SHAKE. 

2.4.3 Molecular Dynamics at Constant Temperature 

In general, MD simulations are carried out in microcanonical ensemble where the number 

of particles N, the volume of system V and the total energy E remain constant. Ideally, 

thermodynamic properties obtained in NVE ensemble are able to transfer to other ensembles 

such as canonical (constant NVT) ensemble. However, the prerequisite condition of such 

transferability is that the size of system should be infinite. Therefore, it is important to apply MD 

in other ensembles such as constant NVT ensemble. For this reason, different thermostats for 

MD simulations are developed. 

Kinetic energy in a MD simulation is closely related to its temperature, thus temperature 

can be calculated base on, 
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Here kB is the Boltzmann constant, N is the total number of particles and nc is the degrees of 

freedom being constraint. Obviously, temperature can be written as a function of momentum or 

velocity. Therefore, rescale velocity is the simplest way to regulate temperature
105

. 

Multiplying the velocities at time t by a factor of λ, the corresponding change in 

temperature can be expressed in the following form: 
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Now, the scaling factor λ can be written as. 
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Thus, the temperature of a system can be controlled. 

There are several alternative approaches to regulate the temperature for MD simulations. 

One of them is the Berendsen thermostat that is acting like weakly coupling to an external heat 

bath
106

. The mathematical expression of such algorithm is given in equation 2-29. 
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Here variable η is actually functioning as a coupling constant. Bigger η results in weaker coupling 

while smaller η brings tighter coupling. Empirically, good performance is achieved by setting 

coupling constant to 40 times of the time step (Δt in equation 2-29). 

The advantage of Berendsen thermostat is that the temperature of a system is allowed to 

fluctuate, however, there is no guarantee that the temperature is canonical averaged over the 

entire system that sometimes results in the temperature of solute is lower than that of solvent. In 

fact, this is the biggest disadvantage of any velocity scaling thermostats. 

Stochastic collisions method is one of the thermostat algorithms developed to improve the 

temperature distribution thus to reach the canonical ensemble. Langevin dynamics
107

 is classified 

into this category
108

. By mimicking the Brownian movement, the force on each particle in 

Langevin dynamics is composed of three components, as shown in equation 2-30. 
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The first component Fi is resulting from interaction between particle i and other particles 

thereby depends on positions of particles, the second component is due to the frictional drag on 

particle i from solvent with a collision frequency of γi, while the third part Ai is a random force 

arisen from random fluctuation of particle i due to interactions with solvents. The random force 

Ai obeys Gaussian probability distribution with correlation function, 
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)'(2)'(A)(A ttTktt ijBji          (2-31) 

Here δij is the Kronecker delta function while δ(t-t’) is the Dirac delta function. With equation 2-

31, clearly the equation of motion of Langevin dynamics is temperature dependent, thus it can be 

applied to temperature regulation. 

2.4.4 Pressure Regulation in Molecular Dynamics 

In molecular modelling, it is frequently desired to simulate in isothermal-isobaric ensemble 

in which the number of particles N, the system temperature T and the system pressure P are 

reversed. This ensemble is actually very close to the real lab condition under which most 

experimental measurements are made. Pressure fluctuation is usually large cause by rapid change 

of virial, rdU(r)/dr, with r. The relation of system pressure and virial is demonstrated in equation 

2-32. 
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U(rij) is the interaction energy between atom i and j. Pressure regulation in MD simulation is 

usually accomplished by controlling system volume, because of clear dependence of pressure on 

volume from equation 2-32. While on the other hand, since N is fixed, regulating density can 

also be applied to barostat. 

Volume fluctuation can be quantified by introducing isothermal compressibility κ defined 

by equation 2-33. 
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Under isobaric condition, κ can be expressed in another form. 
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Similar to Berendsen thermostat, by coupling the system to an external „pressure bath‟ it is 

possible to use Berendsen barostat to regulate system pressure using equation 2-35. 

 )(
1)(

tPP
dt

tdP
bath

P




        (2-35) 

Here ηp is the pressure coupling constant. Supposing the volume is scaled by a factor of λ, which 

corresponds to scaling the coordinates by a factor of λ
1/3

. Then the mathematical solution of λ can 

be expressed as: 
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Constant NTP ensemble is widely used in MD simulations of biological systems. 

Important thermodynamic properties such as Gibbs free energy can only be determined under 

this ensemble (whereas under constant NTV canonical ensemble Helmholtz free energy is 

instead measured). 

2.4.5 Solvent Effects and Water Models 

Simulation in the gas phase is straightforward because of its simplicity. However, most 

chemical reactions and biological activities are taken place in solution. One good example is the 

Menschutkin reaction of ammonia and chloromethane, which will take place in solution (water) 

but instead show no reactivity in gas phase. Therefore, it is of great importance to including 

solvent effects into molecular simulations. 

In MD simulations, the most important solvent model is the water model. In present, there 

are two very different types of approaches developed: the implicit solvent models that apply a 
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so-called reaction field to the simulation, while the explicit water model that impends a water 

box to the system. 

2.4.5.1 Implicit solvent models 

In implicit solvent models, solution water is treated as a dielectric continuum and the 

solvent effect is incorporated into the simulation as a reaction field, which is actually a 

continuous electric field. The free energy required to build the charge distribution can be 

calculated based on equation 2-37. 
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ϕ(r) is the electrostatic potential and ρ(r) is the charge density. Depending on different models, 

the latter can be written in the form of either continuous functions of r or discrete charges. 

The Poisson-Boltzmann (PB) model is based on Poisson equation (equation 2-38), but 

practically the linearized PB equation (equation 2-39) is always used
109

. 
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Here κ denotes Debye-Hückel parameter and I is the ionic strength of the electrolyte solution. It 

is worthy noting that the linearized PB equation cannot be solved analytically, thus, it has to be 

calculated iteratively, which is time consuming. 

Suppose a charge q is diffused uniformly to a conducting sphere surface with a radius of d, 

then, at any point on the surface, the charge density is 
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Since the dielectric constant of a conductor is infinite and at anywhere inside the conductor 

the electrostatic potential is zero, the electrostatic potential at r on the surface can only be 

determined from outside by using equation 2-41. 
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Thus, equation 2-37 can be written as 
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Since the solvation free energy Gsolvation is the difference of free energy in gas phase and in 

solution, it can thus be calculated. 
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Equation 2-43 is the Generalized Born (GB) equation, which is the basis of GB model
110-

114
. Comparing to PB model, GB equation can be calculated analytically and thus 

computationally more efficient. By extending the GB equation to polyatomic system, equation 2-

43 becomes 
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Variable di is the effective Born radius of charge qi. 

2.4.5.2 Explicit water models 

Under certain circumstances, for instance, no water or other solvent molecule directly 

involve in interactions with solute system, implicit solvent models are popular choices. However, 

in most cases, if computational expense is affordable, using explicit water models is more 

desired, since the essential nature of chemistry lies on molecules and atoms. 
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There are several types of explicit water models developed. The basic type of models 

adopts a rigid geometry with three to five interaction sites (Figure 2-5), thus it is also referred to 

as simple interaction site model. Because of rigid geometry, their potential energy functions have 

no bonded term. In addition, only VDW interactions between oxygen atoms are calculated. 

TIP3P
115

 is one of the most popular water models in present. It falls into 3-site category 

with a 0.9572 Å O-H distance and a 104.52° H-O-H angle. The 4-site model has an extra „M‟ 

position with the negative charge transferred from oxygen. One such example is TIP4P
115

, which 

has exactly the same bond length and angle as TIP3P. ST2
116

 is the most commonly used 5-site 

water model, with negative charge of oxygen put on two lone pair sites. It is notable that two 

models within same number of sites do not have to have identical parameters, as demonstrated in 

Table 2-1. 

 

 

Figure 2-5. Simple interaction site water models. 

Parameters developed for each water model should allow bulky water to reproduce their 

natural properties, such as to give a maximum density at 4 °C. Unfortunately, the most widely 

used TIP3P model failed to reproduce this property, but its successors TIP4P and TIP5P
117

 are 

capable of doing so. The implementation of rigid geometry in these water models is able to save 

computational cost, however, on the other hand unable predict some properties, such as 

vibrational spectrum due to the lack of internal flexibility. More advanced water models that 
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allow flexible geometry
118

 or include polarization effect
77,119

 have been developed to improve the 

simulation of water solvent effect in biological systems. 

2.4.5.3 Periodic boundary conditions and particle-mesh Ewald 

When explicit solvents are employed, it is important to set “boundaries” to keep the 

solvents away from diffusing into „vacuum‟. Periodic boundary conditions (PBC) are one of such 

applications that allow measurable properties to be obtained from simulations with much smaller 

numbers of particles
120

. The central idea of PBC is that a box is duplicated in all direction and a 

particle leaving the box from one side will „enter‟ the box from the opposite side, like shown in 

Figure 2-6. In practice, a two-dimensional (2-D) PBC application will have 8 duplicated boxes 

while a 3-D application will have 26 such boxes. The duplicated box is also called image box 

and coordinates of a particle in the image box can be determined based on that of the 

corresponding in the original box. Today, there are several box choices with different shapes, 

amongst the rectangular and truncated octahedral box are the most widely used. The latter is 

especially good for simulating enzymes/proteins because its spherical shape is close to the real 

shape of enzymes. 

 

Table 2-1.  Parameters of several water models. 

 SPC/E
121

 TIP3P BF
122

 TIP4P ST2 

# of sites 3.0000 3.0000 4.0000 4.0000 5.0000 

dOH (Å) 1.0000 0.9572 0.9500 0.9572 1.0000 

HOH (°) 109.4700 104.5200 105.7000 104.5200 109.4700 

q(O) -0.8476 -0.8340 0.0000 0.0000 0.0000 

q(H) 0.4238 0.4170 0.4900 0.5200 0.2375 

q(M)/q(L) 0.0000 0.0000 -0.9800 -1.0400 -0.2375 
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In MM simulations, electrostatic decays as r
-1

, thus it is important to extend the calculation 

to distant. However, to calculate this kind of long-range forces can be very time-consuming. 

Ewald summation
123

 was developed to speedup such calculations by divide the original 

summation into two series, as demonstrated in equation 2-45 and Figure 2-7. 
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Figure 2-6. Part of 2-D periodic boundary conditions (PBC). Note in 2-D 8 image boxes should 

surround the original box while in 3-D this number should go up to 26. 

By represent function f(r) by using complimentary error function (equation 2-46). 
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Both terms on the right side of equation 2-45 converge faster than the original form 1/r. 

Therefore, the summation is expedited. More recently, several variants of Ewald summation has 



 

59 

been developed, including particle-mesh Ewald (PME)
124

 and particle-particle-particle-mesh 

Ewald
125,126

. Amongst PME is more popular a choice at present. 

 

Figure 2-7. Schematic representation of Ewald summation. 

2.5 Free Energy Calculations in Molecular Dynamics 

As one of the most important property in thermodynamics, free energy calculation is 

always of computational chemist‟s great interest. However, it is not straightforward to calculate 

free energy in molecular simulations due to the insufficient sampling of certain phase spaces. In 

macromolecular of enzymatic systems, many energy minimums exist, separated by different 

energy barriers. MD (or MC) is usually unable to sample those barrier areas, therefore making it 

impossible to obtain an accurate free energy that requires sufficient sampling through the entire 

phase space. 

In particular, people are interested in the potential of mean force (PMF), which represents 

the free energy surface along certain internal coordinates. Such an internal coordinate is also 
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known as reaction coordinate (RC). PMF provides valuable information with regard to the 

reaction. For example, the location of the free energy barrier on the surface usually corresponds 

to the transition state while the barrier height can be used to calculate the rate constant, an 

important kinetic property. 

Various sampling techniques have been developed for such purposes. Umbrella sampling 

(US) and steered-MD (SMD) are two of them that are heavily implemented in studies discussed 

in this dissertation. 

2.5.1 Steered Molecular Dynamics 

The basic idea of SMD is that by putting an additional force onto the system, the 

simulation will be able to overcome the free energy barrier and sample the entire phase space. 

The force applied is usually in the form of a harmonic restraint (equation 2-47). 
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Here, k denotes the restraint force constant, while x is the RC that could be distance, angle, 

dihedral or more complexed linear combination of coordinates. By integrating the force over RC, 

the work, W, is obtained, however, it is from a non-equilibrium process. Jarzynsky relationship 

(equation 2-48) can convert this generalized work to an “equilibrium” free energy difference 

between the initial and final state. 

A

Tk
W

Tk

G

BB ee







 








 

          (2-48) 

Many factors have been proved to play important roles in successful SMD simulations. It 

is particularly important to notice that if applied solo, several parallel SMD simulations must be 

carried out using different starting structures obtained from an equilibrium simulation
127,128

. In 

addition, the „speed‟ of moving the external force over RC is vital to SMD. For instance, fast 
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moving could result in higher barrier height than reality. SMD has been a perfect way to set up 

subsequent umbrella samplings throughout all the studies discussed in this dissertation. 

2.5.2 Umbrella Sampling 

Another popular choice to construct the PMF is USP. The implementation of USP also lies 

on an external potential term that in general in quadratic form, 
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However, unlike SMD, the external potential W here functions to bias the potential energy 

surface, making it „flat‟ thus able to be sampled sufficiently. The biased potential energy can be 

expressed as equation 2-50. 
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In practice, the first step is to divide the RC into a series of „windows‟. Then, in the second 

step, an appropriate force constant kw is chosen for each window to guarantee enough sampling 

of phase spaces through the RC covered by the window. The kw for adjacent windows should be 

able to provide sufficient overlap that is required for collecting distribution information. The 

obtained distribution is certainly a non-Boltzmann distribution. Next, in the third step, the 

unbiased PMF as a Boltzmann average, can be extracted from the non-Boltzmann distribution by 

using equation 2-51
129

 (Figure 2-8). 
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The advantage of USP over SMD is that the obtained PMF obtained from a series USP 

usually does not have the „artificial‟ effect on the barrier height increasing associated with an 

improper SMD moving speed. However, the success of USP strongly relies on the choice of 
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force constant kw for each window: a too small kw usually is not able to bias the energy surface 

enough for sufficient sampling over all phase spaces, while on the other hand, a too large kw 

always results in a „narrow‟ shape of distribution thus requires much longer time of simulation to 

converge (Figure 2-9). 

 

Figure 2-8. Schematic representation of building PMF with umbrella samplings. 

 

Figure 2-9. The effect of kw on umbrella sampling (US). 
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The weighted histogram analysis method (WHAM)
130

 is routinely used to extract the non-

Boltzmann distribution information from USP followed by constructing the unbiased PMF. The 

WHAM equation is, 
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      (2-52) 

Both equations in equation 2-52 must be solved self-consistently, which is achieved by 

iteratively solving them in turn until both are satisfied. 

2.6 Simulating Chemical Reactions and QM/MM 

The implementation of USP or SMD in MM MD simulations enables computational 

chemists to study the free energy associated with certain transition processes, such as the trans 

and gauche conformational transition of butane
131,132

. However, the limitation of MM force field 

impedes the free energy studies associated with chemical reactions. While on the other hand, the 

large size of molecular system always keeps pure QM calculations away from simulating such 

scenarios. As a result, hybrid QM/MM method arises as the promising candidate to handle the 

modelling of chemical reactions. 

2.6.1 QM/MM 

In general, QM/MM simulation divides the system into two parts: a small part that is of 

great important to research interest will be modeled using QM methods, while the large part of 

the system (most times including the solvent) will be modeled using MM force field. Thus, the 

Hamiltonian can be rewritten as: 

MMQMMMQMsys HHHH /         (2-53) 
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Here the first two parts on the right side apply to QM region and MM region separately while the 

third part, HQM/MM is in charge of the interactions between QM particles and MM nuclei. Since 

HMM is governed by potential energy function of chosen force field only but not sensitive to QM 

particles at all, the energy of the system can be represented as: 

MMMMQMQM EHHE  /
       (2-54) 

The HQM is controlled by chosen QM theory, while the HQM/MM is the most complicated 

part, as demonstrated in equation 2-55. 
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In equation 2-55, q is the charge while the subscript i, j, e refer to QM nuclei, MM nuclei 

and QM electrons, respectively. 

When partition the system into QM and MM regions, it is often necessary to cut a covalent 

bond (although one can also cut polarized bond, it is not recommended). In such scenarios, the 

HQM/MM becomes even more complicated and requires special treatments. Approaches to tackle 

this problem include link atoms, frozen orbitals and others, amongst the link atoms is most 

closely related to this dissertation. 

In implementation, a hydrogen atom will be placed on the boundary QM atom at default 

1.09 Å along the QM-atom-MM-atom vector, as depicted in Figure 2-10. 

For QM part, this hydrogen is „real‟ hydrogen, but it interacts with MM region via only 

electrostatic interaction. The MM „link‟ atom (Cα in Figure 2-10) will have zero charge in order 

to avoid double counting the electrostatics. 1-2 and 1-3 VDW interactions between QM and MM 

atoms are set to zero that means only non-bonded VDW interactions are considered, in addition, 

1-4 interaction is sometimes rescaled to reproduce physical properties. Bond stretching, angle 



 

65 

bending and bond torsions with at least one atom from each side included are calculated with 

MM force field. 

 

 

Figure 2-10. QM and MM regions are defined by cutting the covalent bond between Cα (MM) 

and Cβ  (QM). The hydrogen in pink is the capping link atom added to Cβ along QM-

atom-MM-atom vector. 

In QM/MM simulation, when the PBC is applied, the number of interactions between QM 

and MM will be infinite. To handle such a case, a PME approach similar to that of MM has been 

developed. While for non-periodic system, such a worry is not necessary, but a large QM cutoff 

is always recommended. 

2.6.2 Semiempirical Theory in QM/MM 

The implementation of QM/MM in molecular simulations can provide greater accuracy at 

chemically interested area with moderate computational cost. However, even as of today, the 

application of ab initio level QM/MM simulation is still very expensive, thus prohibiting this 

approach to be extended to large molecular systems. For instance, the popular density functional 

theory (DFT) B3LYP coupled with MM potential has been rarely reported to apply on biological 

systems. Under such circumstances, semiempirical QM theories have become popular choices 

for QM/MM simulation of macromolecules and proteins. 
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Comparing to ab initio theories, apparently semiempirical methodologies have made 

several approximations. The first approximation is that the two-electron part is not explicitly 

included in the Hamiltonian. Instead, Hückel theory is employed to describe π-electrons while 

extended Hückel theory is applied on all other valence electrons where the core electrons are 

considered ignorable. The second approximation made is that the development of each 

semiempirical method includes some parameterizations to reproduce experimental data, thus 

these theories partially corrects the HF energy by including some electron correlation effects. As 

a result, the semiempirical methods usually have speed advantage over those ab initio theories 

and can provide comparable accuracy to those molecular systems that are similar to which the 

method is parameterized against. However, it is important to bear in mind that semiempirical 

methods could also lead to very wrong results on those systems that are not in the dataset used 

for parameterization. 

There have been various semi-empirical methodologies developed. Amongst AM1 and 

PM3 are perhaps the most popular methods at present and they have been tested through a large 

variety of calculations. However, the transferability and the lack of d orbital are the major 

shortcomings of these two theories. 

2.6.3 Semiempirical DFT – SCC-DFTB 

Recently, a new semi-empirical theory called self-consistent charge density functional tight 

binding (SCC-DFTB) based on DFT has been developed and shown promising future. 

Starting by picking up a reference density ρ0, the energy can be expressed as,  
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Here HKS is the Kohn-Sham (KS) Hamiltonian, 
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ρ0 is considered as the sum of neutral atomic densities, 
atom

atom

00  . 

In order to expedite the computation, the KS orbital Ψi can be expanded as 
i

u

i

ui c  . 

By applying this basis to the first term of equation 2-56, it can be rewritten as, 
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Here εμ is the KS eigenvalue of neutral, unperturbed atom, veff is the effective KS potential 

consist of Coulombic and exchange-correlation parts, while A and B define two neutral atoms. 

The three-center terms are neglected, thus the off-diagonal elements are evaluated by the two-

center terms. The Hamiltonian matrix element Hμν
KS

 and overlap matrix element 

 S  are calculated with respect to interatomic distance between A and B and 

tabulated, thus making DFTB calculation faster. 

However, with above assumption, the charge density of a system is expressed as the sum 

of the charge density of its component atoms, which is in contradict to the reality that 

polarization should occur. To address this issue, the contribution regarding to the second order 

density variation should be included, 
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And, 
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In equation 2-60, q
A
 is the Mulliken charge while q0

A
 is the number of valence electrons of 

neutral atom A. Equation 2-59 can also be written as. 

 
atoms
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         (2-61) 

γAB can be expressed by either Hubbard parameter UA or chemical hardness ηA. With equation 2-

59 or 2-61 included in the total energy term, the approach is now self-consistent in charge. With 

the repulsive potential, Erep, is defined as, 
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Thus, the total energy of SCC-DFTB can be rewritten as, 
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It is worthy noting that strictly speaking SCC-DFTB is not a semi-empirical method 

because the parameterization includes no fitting to empirical data as other semi-empirical 

theories do. In addition, SCC-DFTB employs non-orthogonal basis set, which is the key for the 

improved transferability
133

. Also, it is important to include an explicit dispersion term when 

apply SCC-DFTB, since it has been well known that most LDA and GGA classes of DFT 

functionals have a poor record on dispersion force. 

With parameters for more and more atoms developed, SCC-DFTB has been widely applied 

to numerous molecular modelling and sampling studies and given good results. 

2.6.4 Transition State Theory 

Transition state theory (TST) was developed to help people qualitatively and quantitatively 

understand the process of chemical reactions. In order to understand TST, it is important to make 

clear several concepts first. 
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Consider the reaction described in Figure 2-11, to illustrate the reaction path of a single set 

of molecules involved, the PES is a good choice. For such a SN2 type reaction, the PES has a 

similar shape to the free energy surface (FES): the two minimums correspond to the reactant and 

product separately, while the saddle point implies the transition state structure (TSS). The paths 

that connect the TSS downward to the reactant or product are called the minimum-energy path 

(MEP) or intrinsic reaction coordinate (IRC). However, in macroscopic world, the equilibria and 

kinetics of reacting systems are consisted of copies of single set of reacting system, and the rules 

are governed by free energy instead of potential energy. The free energy path is not necessarily 

the MEP, while the point associated with the highest free energy on the FES, the transition state 

(TS), may not exactly be the TSS on the PES. 

 

 

Figure 2-11. Reaction coordinate diagram for the biomolecular nucleophilic substitution (SN2) 

reaction between bromomethane and the hydroxide anion. (Source: 

http://en.wikipedia.org/wiki/File:Rxn_coordinate_diagram_5.PNG) 



 

70 

TST invokes a so-called quasi-equilibrium assumption that considers a quasi-equilibrium 

is reached between the TS and the reactant even the reactants and products are not equilibrium 

with each other. Hence, the quasi-equilibrium constant K
‡
 for the reaction in Figure 2-11 is 

Br]CH][HO[Br]CHHO[      
Br]CH][HO[

]BrCHHO[
33

3

3 




 


 KK     (2-64) 

Therefore the rate equation of product formation can be expressed as 

Br]CH][HO[Br]CHHO[
]BrOHCH[

33
3 






Kkk
dt

d
   (2-65) 

While the rate constant of product formation can be written as 

 Kkk           (2-66) 

Statistical mechanics provides us a temperature dependent relationship between the 

equilibrium constant and free energy, which is 
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Since k
‡
 is proportional to the vibrational frequency associated with converting TS 

complex to product, rate constant of product formation, k, can be rewritten as 

Tk
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B Be
h
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           (2-68) 

Here κ denotes the transmission coefficient referring to how much vibration contributes to the 

formation of product. 

TST has several major drawbacks, such as it does not account for quantum tunneling and it 

fails at high temperatures. There are several variants of TST, for example, variational transition 

state theory (VTST) is a popular method that employs a variationally optimizing procedure to 

reach more accurate rate constant. 
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2.6.5 Kinetic Isotope Effect 

The rate constant of product formation under certain circumstances can be altered. One 

such example is the quantum tunneling effect mentioned above, which allows the system to 

tunnel through the barrier even when the system does not have an energy higher than the saddle 

point. Hence, such an effect can increase the reaction rate constant. Another example is the 

kinetic isotope effect (KIE), which refers to the difference in the observed reaction rate constants 

of two differently isotopically labeled reactants. 

There are two types of KIE. When the isotopical substitution is involved in a bond that will 

brake or form in the rate-limiting step (RLS), it is referring to as primary KIE (PKIE); while in 

all other situation, the effect is denoted as secondary KIE (SKIE). Based on the location of 

substitution, SKIE can be further classified into α-SKIE, which means the isotope connects one 

of the reacting center, β-SKIE, which refers to isotope connecting to the neighbor atom to the 

reacting center and so on. 

On a PES, the electronic energies of stationary points are independent of atomic mass, thus 

the difference of zero point energies (ZPE) associated with two isotopically labeled reactions is 

the origin of KIE. For PKIE, the ZPE is dominant by the zero point vibrational energy (ZPVE). 

This is easy to understand because in the case of either a bond is broken or formed, there is no 

such a vibrational mode in the TSS. If KIE is mathematically defined as the ratio of klight and 

kheavy, as shown in equation 2-69 (assume it is a first order reaction), 

heavy
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k

k
KIE            (2-69) 

Thus, the PKIE can be expressed as, 
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The proportionality symbol can be replaced by an equal sign if the bond is fully broken or 

formed in the TSS. In the case of SKIE, however, there is no such vibrational mode disappearing 

associated with bond broken for formation, thus the ZPVE difference of the TSS also plays an 

important role in determining the klight/kheavy, making the situation more complicated. 

Numerically, the PKIE measurements in general are significantly larger than that of SKIE, while 

in SKIE, the measurements for SN1 reactions are usually larger than SN2 reactions. The former is 

easy to understand because of the contribution from ZPVE difference of TSS cancelling the 

ZPVE difference of reactants, while the latter is somewhat tricky. 

Consider an SN1 reaction of 3-chloro-3-methylhexane and iodide ion, as illustrated in 

Figure 2-12. The RLS is the formation of the carbocation intermediate. This process is associated 

with the hybridization of chloride connecting carbon change from sp
3
 to sp

2
, which results in a 

variety of vibrational modes affected, especially the in-plane and out-of-plane bending. The 

typical SKIE measurement of an sp
3
 to sp

2
 hybridization change is 1.1 to 1.2, while that of an sp

2
 

to sp
3
 change is typically 0.8 to 0.9. 

For SN2 reactions, such like bromomethane and hydroxide yielding ethanol and bromide as 

shown in Figure 2-11 and Figure 2-13, features a TSS with both the nucleophile (hydroxide) and 

exiphile (bromomethane) being present. Thus, the energies with regard to the old bond breaking 

and the new bond forming compensate each other, maintaining the ZPE difference throughout 

the reaction process. Depending on how well the nucleophile attacking and the exiphile 

retreating are synchronized, the magnitude of SKIE varies slightly, in general between 0.95 and 

1.06. If the hydroxide entry and bromide removal take place exactly simultaneously, the 

measured SKIE could be close to a unity value. However, it is important to notice that a less than 

1.07 of SKIE measurement should not be automatically linked to an SN2 reaction. For instance, 
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in enzymatic reactions, a unity SKIE value could be implying that the RLS is other than the 

chemical step.  

 

 

Figure 2-12. Reaction mechanism of SN1 reaction between S-3-chloro-3-methylhexane and 

iodide ion that yields both R- and S- 3-iodo-3-methylhexane. (Source: 

http://en.wikipedia.org/wiki/File:SN1Stereochemistry.png) 

KIE measurement provides useful insights of determining the reaction mechanism, 

especially for enzyme-catalyzed reactions. Several computational packages have been developed 

to enable computational chemists to reproduce experimental KIE values. 

 

 

Figure 2-13. Reaction mechanism of SN2 reaction between bromomethane and hydroxide that 

yields ethanol and bromide. (Source: 

https://secure.wikimedia.org/wikipedia/en/wiki/File:BromoethaneSN2reaction-

small.png) 
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CHAPTER 3 

APPLY MOLECULAR DYNAMICS SIMULATION TO PREDICT THE BINDING OF 

MAGNESIUM CATION IN FANESYLTRANSFERASE ACTIVE SITE 

3.1 Background 

FTase catalyzed the posttranslational attachment of a 15-carbon farnesyl group to a 

cysteine residue at a conserved CaaX motif at or near the carboxyl-terminus (C-terminus) of 

certain biological systems, enabling them to be recognized by the inner side of the plasma 

membrane. For many small G proteins including the Ras superfamily of enzymes, such a 

modification is essential to their attachment to the cell membrane prior to play their important 

roles in the signal transduction
134-138

. Mutations in Ras enzymes are responsible for nearly 30% 

of human cancers. Therefore, the potential of inhibiting mutant Ras activity makes FTase 

catalyzed farnesylation a popular research area. 

FTase is a metelloenzyme that requires a zinc ion for activity and a second magnesium ion 

for optimal reactivity. The location of zinc binding site has been determined at the edge of β 

subunit near the subunits interface: the metal ion forms a tetrahedral coordination with three 

enzyme AA side chains, namely Asp297β, Cys299β and His362β, while either a water molecule 

(before target peptide or enzyme binding) or a cysteine residue (Cys1p) from the substrate 

biological systems makes up the fourth coordination. Results from pKa experiments reveal that 

Cys1p interacts with zinc via a form of thiolate (Zn-S
-
) instead thiol (Zn-SH). In fact, a weak 

zinc-thiolate interaction is believed to a key to the catalysis cycle as such a bond can enhance the 

nucleophilicity of the bound thiolate
139

. In contrast to its important role in chemical step, the zinc 

ion plays little role in the FPP binding, which is required for the later peptide binding. Thus, the 

substrate binding scheme for FTase can be described as follows: zinc ion first binds into FTase 

with coordinating to 3 AA side chains and a water molecule, then FPP binds into the highly 

positively charged pocket surrounded by Lys164α, Arg291β, Lys294β and possibly a magnesium 
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ion if present, finally the peptide or enzyme substrate localizes itself with the Cys1p replacing 

the water molecule to fill up Zn
2+

 tetrahedral coordination. However, the resolved ternary crystal 

structure of FTaseFPPCaaX complex shows an approximate 7 Å distance between the thiolate 

and another reacting center, C1 atom of FPP. (The active site snapshot is given in Figure 3-1.) In 

order to bring two reacting atoms close enough into reacting range, a conformational 

rearrangement features two substrate approaching each other is necessary. Unfortunately, 

experiments could not give further support to reproduce this procedure. 

 

 

Figure 3-1. Snapshot of FPP binding pocket. Two reacting centers are labeled as C1 (C1 of FPP) 

and SG (Sϒ  of Cys1p). 

Magnesium cannot restore the full reactivity of FTase without zinc. However, its existence 

enhances the rate of product formation by up to 700-fold. In terms of Gibbs free energy, the 

bound of Mg
2+

 causes approximate 4 kcal/mol difference. Additionally, recent study reveals that 

(1) Mg
2+

 is interacting with Asp352β and at least a non-bridging oxygen atom from β-phosphate 

group and (2) such a coordination can also contribute to the physical step that makes required 

conformation transition. However, unlike many other Mg
2+

 metalloenzymes, a rich aspartate 
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DDXXD motif is not present in FTase, making the localization of this ion somewhat difficult. In 

catalysis, a millimolar of Mg
2+

 is enough to make the huge impact on reaction rate enhancement, 

resulting in the lack of this ion in any of currently available FTase structures. 

Computational effort has already been made to analyze the FTase structure and illustrate 

its conformational transition mechanism
140,141

. With the Mg
2+ 

ion excluded, the results showed 

the monoprotonated form of FPP (FPPH
2-

) is capable of making such a transition, while the fully 

deprotonated FPP (FPP
3-

) needs a very high energetic cost thus is unlikely able to undergo this 

procedure. Due to the limitation of classical MD simulation, this PMF study was carried out to 

move the RC (dC1-Sγ) from 8 Å to 4.5 Å. Such a range is sufficient to cover the transition from 

the resting state and also able to avoid drastic VDW clashes associated with closely placing two 

atoms. In the light of this success, a computational modelling of Mg
2+

 in FTase active site and a 

series of consequent validations have been conducted and will be presented here. 

Also included in this chapter is the modelling and simulation of GGTase I. GGTase I and 

FTase share a great deal of similarities: a common α subunit and their β subunits are highly 

homologues, with approximately 25% of residues identical and 32% of similar AA‟s. The active 

sites of two zinc metalloenzymes are particularly similar. In FTase, FPP
 
possesses a binding 

pocket surrounded by Lys164α, His248β, Arg291β, Lys294β and Tyr300β. While in GGTase I 

(Figure 3-2), the binding pocket of GGPP is circled by Lys164α, His219β, Arg263β, Lys266β 

and Tyr272β. In fact, these residues are highly conserved in CaaX prenyltransferases.  

An interesting fact is that GGTase I shows no Mg
2+

 dependency for reactivity, whereas 

FTase requires this second metal ion for optimal activity. Experimental study of GGTase I 

revealed that Lys311β plays a similar role to Mg
2+ 

in FTase. Consider also this place in FTase is 

taken by Asp352β, the proposed most important Mg
2+

 binding ligand, this fact becomes more 
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interesting since in such highly related enzymes this change may relate to important functional 

switch. In fact, in mutagenesis studies, the Kβ311D mutant displayed Mg
2+

 dependency, 

indicating that Mg
2+

 binding site could be restored with an aspartic acid replacing the lysine. 

Nevertheless, in the crystal structure of GGTase I complex, this lysine is over 5 Å away from the 

nearest diphosphate oxygen, making its role in the catalysis process unclear. It is also unclear 

whether GGTase I binds a monoprotonated GGPP (GGPPH
2-

), as FTase does in the absence of 

Mg
2+

, or a fully deprotonated GGPP (GGPP
3-

) due to the existence of Lys311β. Therefore, it is 

also of great interest to perform simulation with GGTase I and make comparison with FTase. 

 

 

Figure 3-2. Active site snapshot of GGTase I. C1 of GGPP and Sϒ  of Cys1p are labeled as C1 

and SG. 
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3.2 Methods and Theories 

3.2.1 Building Initial Model 

Two crystallographic structures of FTase complex from protein data bank (PDB), PDB 

code 1QBQ and 1FT2, are superimposed to give an active FTase complex composed of FTase, 

FPP and acetyl-CVIM peptide
140

. Crystal water molecules from PDB code 1QBQ are completely 

retained in the new complex. All charged AA‟s natural protonation states under physiological pH 

are adopted. Histidine residues are all modeled in the neutral form and Cys1p is modeled as 

thiolate, as suggested based on experimental observations
142

. Zinc ion is coordinated with Cys1p, 

Asp297β, Cys299β and His362β. The enzyme and peptide are modeled with AMBER force field 

ff99SB
89

 while the zinc site is modeled using the parameters developed by Cui et al. based on a 

bonded approach (Table 3-1). The zinc VDW parameters, ε=1.10 and r0=0.00125, developed by 

Merz et al., are adopted
143

. FPP is modeled in its fully deprotonated state (FPP
3-

). FPPH
2-

 is 

excluded from this study since the protonation of diphosphate unit leads to a loss of magnesium 

binding affinity
144

. Force field parameters applied to FPP are obtained from generic AMBER 

force field (GAFF)
145

 for organic molecules, the torsion parameters for the farnesyl group 

developed by Merz and coworkers and the diphosphate parameters developed by Carlson lab are 

adopted
146

. In order to obtain the atomic charges for FPP
3-

, a geometry optimization of FPP
3- 

is 

first performed using B3LYP/6-31G* level of theory, then the electrostatic potential derived 

atomic charges are computed using HF/6-31G* level of theory, finally the atomic charges are 

derived using a two stage restrained electrostatic potential (RESP) fitting procedure
147,148

. Within 

such a procedure, both QM calculations are conducted with Gaussian 03
149

 while the fitting 

process is performed using ANTECHAMBER integrated in the AMBER 10 suite of programs
150

. 

AMBER 10 is also chosen to carry out all MD simulations.  
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3.2.2 Modelling and Simulating Mg
2+

 in FTase 

 

 

Figure 3-3. Snapshots of FTase active site from A) initial structure with 10 Mg
2+

 placement loci; 

B) WT1 model; C) WT2 model; D) WT3 model; E) MUT model and F) SWAP 

model. In each model, Zn
2+

 and Mg
2+ 

are represented as grey sphere and green sphere 

separately. Mg
2+

 coordination is labeled in bolded dashed line. Zn
2+

 coordination is 

shown in light dashed line. Important hydrogen bond interactions are labeled in red 

dashed lines. Residue from  and  subunit are labeled with a and b separately. 

By carefully examining the FPP
3-

 binding pocket, three aspartate residues, namely 

Asp196α, Asp297β and Asp352β separately, are determined as suitable candidates for 

magnesium binding. The latter two have been recognized as the most possible Mg
2+

 binding 

ligands based on available experimental evidence
151

. A total of 10 guess starting structures are 

created (Figure 3-3A). In each of them, Mg
2+

 is placed close to negatively charged diphosphate 

moiety and one of three candidate aspartic acid residues. Neighbouring crystal water molecules 

make up the octahedral coordination of Mg
2+

, which has been identified in many Mg
2+
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metalloenzymes. AMBER default VDW parameters for magnesium ion, ε=0.7926, r0=0.8947
152

, 

is applied. Unlike Zn
2+

 which parameters are derived through a bonded approach, Mg
2+

 is 

modeled as a free ion, since success has been achieved with such a strategy in previous MD 

simulations of NphB
153

. 

Each of new generated FTase/CVIM/FPP
3-

/Mg
2+

 complexes is solvated in a truncated 

octahedron periodic water box. Each side of the box is at least 10 Å away from the closest solute 

atom. The TIP3P water model is employed and counter ions are added to neutralize the system. 

PME method
124

 is applied to compute long-range electrostatic interactions with 8 Å and 1 Å set 

as cutoff of the nonbonded interactions in real-space and reciprocal space grid spacing 

separately. The translational movement of the system is removed. The motions of covalent bonds 

with at least one hydrogen atom involved are constrained with SHAKE algorithm. 

Each system is first relaxed with 5000 steps of steepest descent minimization followed by 

5000 steps conjugate gradient minimization in order to remove any close contacts. Within both 

stages of minimization, a weak positional restraint is applied to the enzyme, peptide and zinc, 

while free movements of magnesium and FPP
3-

 are allowed. Then the system is slowly heating 

up to 300 K over 100 ps time period using Langevin dynamics with a 1 ps
-1

 collision frequency 

in canonical ensemble. A 1 fs time step is used in this stage to improve the stability of MD. All 

restraints are gradually removed over the same period of time. Finally, a 6 ns production MD 

simulation is carried out in an NPT ensemble with a 2 fs time step. For every picosecond, a 

snapshot is saved. The last 4 ns trajectory is used for analysis, validating the corresponding Mg
2+ 

binding pose. 

One of the Mg
2+

 binding scheme, which features the Asp297β bridged Zn-Mg site (WT1 

model in Figure 3-3B), proposed by Fierke and coworkers
151

 is artificially constructed by applied 
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strong NMR restraint in the minimization stages to force the Mg
2+

-Asp297β coordination in 

place of a Mg
2+

-water coordination. The remaining stages of simulations are carried out using 

the same strategy as described previously.  

 

Table 3-1.  Zinc parameters used in MD simulations
140

. 

Atom/Bond/Angle 

     Types 

Atomic Mass/Force Constant       

(kcal/molÅ
2 

/ kcal/molradian
2
) 

Atomic Charges (e)/Equilibrium 

Value (Å/degree) 

ZN 65.3700 0.6928 

S1 32.0600 -0.6797 

S2 32.0600 -0.6666 

ZN-O2 180.9400 1.9000 

ZN-NB 94.8200 2.2400 

ZN-S1 167.6000 2.2100 

ZN-S2 154.5300 2.4800 

CT-S1 237.0000 1.8100 

CT-S2 237.0000 1.8100 

ZN-O2-C 88.0300 101.5300 

ZN-S1-CT 80.8800 111.2800 

ZN-S2-CT 77.3400 124.2400 

ZN-NB-CV 42.2900 112.6900 

ZN-NB-CR 41.8300 133.6800 

O2-ZN-S1 12.5700 99.9500 

O2-ZN-S2 10.5400 90.7300 

S1-ZN-NB 34.4800 131.5900 

S2-ZN-NB 25.1500 97.1700 

S1-ZN-S2 11.8400 111.2900 

 

An extend MD simulation in addition to the 6 ns MD simulation has been performed later 

with the most successful model to evaluate the FPP
3-

 interactions and Mg
2+

 coordination. With 

such a purpose, canonical ensemble that allows more flexible conformational change is adopted, 
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while Langevin dynamics with a 1 ps
-1

 collision frequency is again selected. This simulation 

lasts 10 ns. The time step is 2 fs. 

3.2.3 Modelling Dβ352A Mutation 

Based on experimental evidences, the mutation of Asp352β to Ala352β in the presence of 

Mg
2+

 would result in significant loss in reactivity. In the light of this, a Dβ352A mutant (MUT 

model in Figure 3-3E) is prepared based on the final snapshot of a successful Mg
2+

-Asp352β 

binding motif. All counter ions along with water molecules that are more than 6 Å away from 

FPP
3-

 or Mg
2+

 are removed.  The side chain of Asp352β is modified to represent an alanine 

residue. Such a change leaves Asp297β the only Mg
2+

 binding candidate. The resulting system is 

then simulated following the same strategy as described in Chapter 3.3.2. 

3.2.4 Modeling Removal of Mg
2+ 

from Active Site 

A good tactic to validate the Mg
2+

 binding motif is to test whether the removal of Mg
2+ 

from FPP
3-

 binding site will restore the behavior of FTase/CVIM/FPP
3-

 complex. To achieve this 

goal, the most straightforward approach is to switch the position of Mg
2+

 and a solute water 

molecule far away from the biding pocket (SWAP model in Figure 3-3F). The advantage of this 

approach over the „authentic‟ removal of Mg
2+ 

from the system is the avoidance of rebuilding the 

system (topology) thus any associated artificial impacts will also be avoided. As a result, the 

optimal comparability between SWAP model and original Mg
2+ 

binding model is reached. In 

practice, the coordinates and velocities of bound Mg
2+

 and a water oxygen atom are exchanged. 

The involved water is referred to as H2Oswap. The coordinates of two hydrogen atoms of H2Oswap 

are modified accordingly and the velocities are maintained. The remaining portions of the system 

are totally preserved. This approach also saved much effort such like re-minimization and re-

heating up. However, a longer equilibration (4 ns) is required to allow the system to fully relax 

itself. This is followed by a 4 ns production MD under NPT ensemble. 
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3.2.5 PMF Validation 

In order to further validate the binding motifs, PMF for each reasonable binding motif is 

calculated as a function of C1-Sγ, which is referred to as RC. To compare to previous results from 

Cui and Merz
141

, the same coverage of RC, from 8.0 Å to 4.5 Å, is chosen in this study. A MD 

scanning process is performed first to generate a set of initial structures for US. 15 such 

structures are prepared with an interval of 0.25 Å between adjacent two windows. A harmonic 

potential of 20 kcal/molÅ
2 

is applied to each window throughout 2 ns simulation with a 2 fs 

time step. Data are collected every 5 steps for the latter 1 ns simulation, resulting in 100,000 data 

per window. More windows, longer samplings, and larger force constant (100 kcal/molÅ
2
) are 

employed upon necessity, in order to improve overlaps. Dr. Grossfield‟s WHAM code
154

 is 

utilized to unbias the distribution of RC and reconstruct the FES. 

3.2.6 Modelling and Simulation of GGTase I 

PDB ID 1N4S represents a heterohexamer of GGTase I complexed with GGPP and a 

LCVIL peptide
20

. A monomer is select from the original PDB file and prepared as the initial 

structure. Two models are generated, adopting GGPP
3-

 and GGPPH
2-

 separately. Each of the 

resulting models is solvated into a truncated octahedron water box. TIP3P water model is 

adopted. AMBER force field ff99SB is applied to model the protein while GAFF is employed to 

model the isoprenoid substrate. The charge of GGPP is derived following the two-stage RESP 

fitting procedure, as described in Chapter 3.2.1. Long-range electrostatic potential is handled by 

PME method and SHAKE is applied to constraint hydrogen involve bond motion.  

The resulted structures are minimized carefully with a weak harmonic positional restraint 

applied. After that, each of the systems is heating to 300 K over 100 ps time span with 1 fs time 

step. Langevin dynamics is employed as thermostat. Positional restraint is gradually removed 
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during this process. Then each system is equilibrated in NPT ensemble for 900 ps with 1 fs time 

step, followed by a 4 ns production run. 

3.3 Results and Discussion 

3.3.1 Modeling and Simulation of FTase/CVIM/FPP
3-

/Mg
2+

 Complexes 

A set of 10 possible Mg
2+

 binding motifs are generated by manually placing magnesium 

ion at different loci in the FPP
3+

 binding pocket. All binding schemes are tested through MD 

simulations, resulting in three possible Mg
2+

 binding models, namely WT1, WT2 and WT3, 

respectively (Figure 3-3B,C,D). Each of three candidate aspartate residues, Asp196α, Asp297β 

and Asp352β has been detected involving in the Mg
2+

 coordination at least once in three models. 

In WT1, an Asp297β bridged bimetal site is identified. Mg
2+

 is found to interacting with a 

pair of oxygen atoms each from α- and β-diphosphate, a single carboxylic oxygen atom from 

Asp297β, a single carboxylic oxygen atom from Asp352β, and two oxygen atoms from two 

water molecules.  

In WT2, Mg
2+

-Asp352β is the featured coordination. The other two candidate aspartates 

are not participating in the binding scheme. A single carboxylate oxygen atom from Asp352β, a 

phosphate oxygen atom from α-subunit and a phosphate oxygen atom from β-subunit of FPP
3-

, 

along with three oxygen atoms from three water molecules make up the octahedral coordination 

with Mg
2+

.  

In WT3, Asp196α becomes the featured aspartic acid in the Mg
2+ 

coordination. In such a 

model, Asp196α donates a single carboxylate oxygen atom to Mg
2+

. An α- diphosphate oxygen 

atom four water molecules fill up the remaining of the octahedral coordination.  

Each of these three binding motifs appears rational upon visual inspection. Octahedral 

coordination is observed in all three models, in agreement the natural preference of such a cation 

in many biological systems. Each motif includes at least one Mg
2+

-Asp interaction with an 
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exception of WT1 model which has two such interactions. Despite the absence of an aspartate-

rich DDXDX motif identified in many Mg
2+

 metalloenzymes, a solvent accessible FPP
3- 

binding 

pockets allows multiple water molecules to make up the coordination. In fact, not only crystal 

water molecules, but also those from solvent box, are identified in the Mg
2+

 coordination in three 

possible binding schemes.  

Recently, locally enhanced sampling (LES) method has become popular in determining 

such binding locations
155-157

. However, we are not able to achieve success with such an 

approach. A rational explanation is that Mg
2+

 carries a fairly strong positive charge thus it is 

rather difficult to move it around.  

All three binding schemes are validated through MD simulations. Stable octahedral 

coordination of Mg
2+

 is observed in each of these simulations. Hence, at least one other 

important characteristic is required for further validation. Such an example is the distance of C1-

Sγ. It is experimentally determined that FTase complexes possess an over 7 Å distance between 

two reacting centers and require a conformational transition prior to the chemical step. Under 

such circumstances, dRC becomes an important property to „grade‟ the binding motifs, because it 

represents the level of difficulty to perform such a transition. The dRC is measured throughout 

MD simulations and an average value is calculated for each of three binding poses in order for 

comparison. In WT1 and WT2 models, such an average distance is below 6.5 Å. Comparing to 

the 7.2 Å of dRC measured in FTase/CVIM/FPPH
2-

 system from previous studies
140,141

, it is 

reasonable to draw a conclusion that both WT1 and WT2 models represent more favorable 

structures than the same FTase and peptide complex with Mg
2+ 

in absence, since less distance in 

RC is required to overcome to reach the reacting range. On the other hand, however, in contrast 

to WT1 and WT2 models, the average distance of C1-Sγ is found to be over 10 Å for WT3 
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model. Such a distance represents an approximately 50% increasing in length from the 

FTase/CVIM/FPPH
2-

 complex, indicating WT3 is unlikely an active complex. In addition, Mg
2+

 

coordination in WT3 features a Mg
2+

-Asp196α interaction via an α-subunit non-bridging oxygen 

atom of FPP, although a similar Mg
2+

 scheme has been identified in aromatic prenyltransferase 

NphB, the absence of a β-subunit FPP oxygen atom in the octahedral coordination is contradict 

to the model proposed by Fierke and coworkers
151

. Therefore, further effort has been more 

focused on WT1 and WT2 models, though the possibility of WT3 binding scheme cannot be 

completely excluded.  

In nearly every crystallographically resolved FTase complex structures, Asp297β and 

Asp352β have been found highly conserved. Such a conservation somewhat implies the possibly 

important roles of these two aspartates in the chemistry of FTase. Amongst, Asp297β has been 

found at least responsible for the localization of the indispensable zinc ion, while Asp352β has 

been found particularly important for the magnesium chemistry in this prenyltransferase. 

Mutagenesis experiments has revealed an approximate 27-fold decrease in catalytic activity 

associated with Dβ352A mutation, hence it is fair to say Asp352β is essential for the 700-fold 

increase in catalytic activity associated with Mg
2+

 binding
151

. Based on experimental 

observations, the assumption has been proposed that Mg
2+

 plays an active role not only in the 

chemical step but also in the physical step
151

. With the chemical step remaining unclear, results 

from this study support the presumption that including Mg
2+

 in the FPP
3-

 binding pocket makes a 

contribution towards closing the 7 Å gap between two reacting centers. Both α- and β-subunit 

diphosphate oxygen atoms involve in the Mg
2+

 coordination in both models, consisting with the 

model proposed by Fierke et al
151

. Furthermore, the involvement of Mg
2+

 in FPP
3-

 binding 

pocket provides extra stabilization to the big negative charge on diphosphate moiety in addition 
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to the hydrogen bond interactions between diphosphate oxygen atoms and side chains of 

Lys164α, His248β, and Tyr300β, presenting great potential of decreasing the free energy barrier 

of chemical step by stabilizing the developing 4 units of negative charge of the leaving group. In 

summary, it is reasonable to regard the Mg
2+

-Asp352β interaction observed in both WT1 and 

WT2 models as our best estimate of the Mg
2+

 binding motifs in the FTase/CVIM/FPP
3-

/Mg
2+ 

complex. 

Similarities have been discovered in both models. The active site conformations from both 

WT1 and WT2 share great similitude. The key hydrogen bonds between diphosphate moiety and 

surrounding functionally important AA residues including Lys164α, His248β and Tyr300β are 

well preserved, and a key hydrogen bond is identified between Sϒ  of Cys1p and a Mg
2+

 bound 

water molecule in both models. In addition, Lys353β, one of the neighbouring residues of 

Asp352β, is found to move into FPP
3-

 binding pocket, localizing itself within hydrogen bond 

interaction range with β-subunit of diphosphate moiety and carboxylate group of Asp352β in 

both cases (as well as one Mg
2+

 bound water in WT2 model). Such a movement brings an extra 

stabilization to the Mg
2+

 binding site. Another metal site, the tetrahedral coordination of Zn
2+

 

maintains fairly well in both models. The bound of Mg
2+

 introduces strong electrostatic 

interactions with diphosphate moiety, disrupting the salt bridge interactions between the 

diphosphate moiety and Arg291β and Lys294β temporarily. However, in the extend MD 

simulations with WT2 model, these two salt bridges have been restored (Figure 3-5). An 

estimation of approximate 5 kcal/molÅ
2
 free energy penalty associated with breaking these 

interactions has been made by Cui and Merz
141

, while experimental results revealed a binding 

free energy of  approximate 3-4 kcal/mol provided by these interactions. Thus, it is necessary to 

identify the exact roles these two positively charged residues played in the chemical step.  
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Based on results from mutagenesis experiments, Tyr300β is functionally important to the 

catalysis process by forming a hydrogen bond interaction with α-subunit of diphosphate. In 

previous FTase/CVIM/FPPH
2- 

and FTase/CVLM/FPPH
2-

 studies, such a hydrogen bond was 

clearly identified. However, in the 6 ns MD simulation of both models, this hydrogen bond is not 

found. Instead, Tyr300β moves a little bit away from the diphosphate and forms a hydrogen bond 

with the acetyl capping group. Another positively charged residue that acts as a hydrogen bond 

donor to the α-subunit of diphosphate, Lys164α, maintains a stable salt bridge interaction with a 

non-bridging α-subunit oxygen atom throughout entire simulation for each model. It is 

interesting to note that these two residues change roles from previously FTase/CVIM/FPPH
2-

 

study, in which Lys164α forms a hydrogen bond with acetyl cap while Tyr300β forms a 

hydrogen bond with α-subunit of diphosphate moiety. With such a roles exchange, the total 

contribution from these two residues to the system is maintained, as each of the peptide and the 

α-subunit of diphosphate moiety are stabilized by one of two residues.  

Comparing WT1 and WT2, obviously the main difference is the function of zinc bound 

Asp297β. WT1 model also adopts it as a Mg
2+ 

binding ligand, which resembles the Mg
2+ 

binding 

scheme proposed by Fierke and coworkers, while in WT2 model it functioning as only a zinc 

bound ligand. In WT1 model, the two metal centers are 3.3 Å apart, and the equilibrium dRC is 

5.8 Å, which suggests this scheme might represent the energetically more favored FTase/CVIM 

complex than either FTase/CVIM/FPP
2-

 or FTase/CVIM/FPP
3-

 studied previously. With two 2+ 

charged metal ions on each side, the bridging Asp297β might constrain the system, making the 

active site less flexible. Such an assumption is supported by the evidence that dRC only fluctuates 

in a fairly small range in WT1 simulation. In this sense, despite the short equilibrium dRC, the 
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bridged bimetallic site may result in increased difficulty in performing required conformational 

transition to make two reacting atoms further approaching each other.  

In WT2 model, there is no such an aspartic acid bridge. The two metal ions are around 5.1 

Å separated in space. A water molecule takes the place of Asp297β to fill up the octahedral 

coordination of Mg
2+

. The equilibrium distance of C1-Sϒ  is fluctuating around 6.1 Å, which is 

0.3 Å longer than that found in WT1 model. A magnesium bound water molecule has been found 

to form a stable hydrogen bond with Cys1p in the peptide, resembling a substitute bridge 

connecting two metal sites. It is rational to suppose with this water „bridge‟, the strain between 

two metal binding sites is less than that in WT1 model thus a more flexible active site in WT2 

model can be expected. As expected, a larger fluctuation in dRC is observed in the simulation of 

WT2 (Figure 3-4), making it easier for two reacting centers to further approach each other and 

reach a pre-organized state prior to the chemical step. 

In contrast to the model proposed by Fierke and coworkers, either WT1 or WT2 model 

does not adopt a double Mg
2+

-Asp352β interaction. Instead, the aspartic acid side chain only 

donates a single carboxylate oxygen atom to Mg
2+ 

coordination. Attempts were made to test the 

possibility of Mg
2+ 

interacting with both carboxylate oxygen atoms of Asp352β. Nevertheless, a 

stable structure cannot be obtained.  

In the 10 ns extended MD simulations carried out with WT2 model, the interactions of 

Arg291β and Lys294β to the β-subunit of diphosphate moiety are restored (Figure 3-5). The 

Lys353β, on the other hand, is pushed away accompanied by Lys294β moving back into the 

FPP
3- 

binding pocket. On the other hand, side chain residues of Lys164α, His248β and Tyr300β 

are all back into range to form hydrogen bond interactions with diphosphate. The distance 

between Zn
2+

 and Mg
2+ 

is greatly relaxed to approximate 7.6 Å, allowing higher degree of 
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flexibility in the active site. The Asp352β is less than 3 Å away from Asp297β, while the 

backbone nitrogen of Asp352β is within hydrogen bond range to either zinc bound Cys1p or 

Asp297β, indicating the close relationship between two metal sites. Finally, the equilibrium dRC 

is maintained as 6.1 Å, in support of Mg
2+

 playing active role in conformational transition step. 

 

 

Figure 3-4. Distribution of dRC in the original 6 ns MD simulation of WT2 model. 

 

 

Figure 3-5. Snapshot of active site from the extend 10 ns MD simulation of WT2 model. 
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3.3.2 Dβ352 Mutant and Mg
2+

/H2O Swap Simulation 

An approximate 30-fold difference in the rate of product formation has been observed 

associated with Dβ352A mutation in mutagenesis experiments. In the mutant system, the most 

desired binding coordinating candidate, Asp352β, is missing, thus another aspartate ligand, 

Asp297β that is also a zinc bound ligand, becomes the substitute.  

MD simulations are also conducted to study the impact of this mutation. The initial 

structure is taken from and modified based on a snapshot from the simulation of WT2 model. 

Through the new series of simulations, a substitute Mg
2+

 binding motif is observed and 

validated. Because of the involvement of Asp297β, a bridging bimetallic site is restored, similar 

to that in WT1 model. However, different to WT1, a water molecule picks up the role of 

Asp352β, filling up the octahedral coordination. A distance of 3.4 Å between two metal centers 

is observed, marginally longer than that observed in WT1 but significantly shorter than that in 

WT2. It is worthy noting that Asp297β, as a substitute of sequence conserved Asp352β, is also 

sequence conserved.  

Several important hydrogen bond interactions observed in WT2 are well preserved in this 

MUT model, including the α-diphosphate to Lys164α, β-diphosphate to Lys353β and Tyr300β to 

the capping acetyl group. Water molecules play important roles in stabilizing both substrates. 

Several solvent water molecules form hydrogen bonds with oxygen atoms on the β-diphosphate 

moiety, while a couple of Mg
2+

 bound water molecules interacting with Cys1p via hydrogen 

bonds. In the equilibrium state, His248β is found to forming hydrogen bond interaction with 

Tyr300β instead of α- diphosphate, although it is still within a range to form hydrogen bond with 

the nearest α-diphosphate oxygen. On the other hand, Lys294β has moved back forming a salt 

bridge with β-diphosphate oxygen, while Arg291β is also back to within 4 Å away from the 

closest oxygen atom of FPP
3-

.  
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The equilibrium dRC is approximate 6.5 Å, slightly longer than that of both WT1 and WT2 

model. However, it is still clearly shorter than that observed in FTase/CVIM/FPPH
2-

 complex in 

the absence of Mg
2+

. The value of dRC somehow can be interpreted as a measure of difficulty 

level to undergo a conformational transition required by the system prior to the chemical step. In 

this sense, the predicted order of difficulty is: FTase/CVIM/FPPH
2-

 > MUT > WT1/WT2. 

Nevertheless, this trend is not obtained based on free energy, thus it is necessary to carry out 

PMF studies to determine the real trend.  

Another series of MD simulations are carried out to study the SWAP model, in which the 

Mg
2+ 

has been switched with an outside water molecule. Such a switch mimics the effect of 

removal Mg
2+

 from the enzyme complex, resulting in the system relaxing itself. Ideally, such a 

relaxation should give the same conformation of FTase/CVIM/FPP
3-

 without Mg
2+

 from 

previous study. Through the MD simulation, a similar FPP
3-

 binding pocket as that observed in 

the resting state of FTase/CVIM/FPP
3-

 complex is obtained. More importantly, key interactions 

are all restored as expected. In the resulting structure, Lys164α, His248β, Arg291β and Lys294β 

all form salt bridge or hydrogen bond interactions with diphosphate while Tyr300β is also within 

the hydrogen bond range to the nearest diphosphate oxygen. Asp352β, on the other hand, moves 

away from the binding pocket accompanied with the disappearance of Mg
2+

. Also moved away 

is Cys1p, leaving the equilibrium dRC back to approximate 7.4 Å, well represent its status without 

Mg
2+

 binding.  

3.3.3 PMF Studies 

Another good approach to validate these Mg
2+

 binding models is the PMF study. However, 

it is not a straightforward task to study free energy in MD simulations due to the difficulty to 

sample certain phase spaces, in particular those associated with high energies, along the RC. In 

order to achieve this goal, special techniques must be implemented in order to obtain distribution 
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information over all phase spaces required by free energy calculation. In this study, USP method 

is adopted. For each model, a set of at least 15 simulations is carried out with a harmonic bias 

potential placed between 4.5 and 8.0 Å. For WT1 model, in order to achieve better overlap 

between adjacent windows, a much stronger bias potential is employed and trajectories are 

propagated at 29 points along the same range of RC with an interval of 0.125 Å.  

The most important observation is that the inclusion of Mg
2+

 clearly alters the free energy 

profile (Figure 3-6). For instance, the global minimum, which represents the resting state, shifts 

from 7.4 Å in FTase/CVIM/FPPH
2-

 complex to 5.8 Å in WT1 model. The 1.8 Å decrease in the 

equilibrium dRC implies WT1 model energetically more favored than FTase/CVIM/FPPH
2-

 

system, since less distance is required to bear a conformational transition. However, the free 

energy profile suggests that it might not be a correct Mg
2+

 binding model.  

In fact, the free energy curve of WT1 model represents steep increases on both side of the 

global minimum, in accordance with the small fluctuations of dRC observed in the MD 

simulation. The system, as a result, seems locked into the conformation associated with this 

resting state. A reasonable explanation is that the bridged bimetallic Zn
2+

-Asp297β-Mg
2+ 

site is 

too rigid for the two substrates to get closer. Another possibility is that the zinc parameters based 

on a bonded approach are not good enough. In fact, the bond parameters to describe Zn
2+

-

Asp297β coordination are 180.94 kcal/mol for force constant and 1.90 Å for equilibrium bond 

length. However, a set of newer fashioned parameters built with MTK++
158

 that is based on 

bonded approach and Seminario method gives a 51.96 kcal/mol force constant and a 2.01 Å 

equilibrium bond length. Obviously, the latter set of parameters represents more flexibility. 

However, this discussion is not relevant to this study thus will not be further expanded here. 
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Figure 3-6. Free energy profiles of the modeled systems.  

WT2 model, on the other hand, shows a global minimum at 6.1 Å along the RC and a 

second minimum at around 5.0 Å corresponding to an intermediate state during conformation 

transition. Although there is an about 0.3 Å increase in equilibrium dRC the free energy curve 

appears more reasonable than WT1 model. The highest barrier of the transition is approximate 

0.8 kcal/mol at around 5.6 Å, and the intermediate on the other hand is about 0.5 kcal/mol higher 

in free energy than the resting state. Furthermore, the curve on the left side of the global 

minimum is fairly flat, indicating it is easy for the system to undergo a conformational transition 

to close the gap between two reacting atoms and bring them into reacting range. During the 

transition, FPP
3+

 approaches the peptide substrate via the rotation of its first and second isoprene 

unit (Figure 3-7), which is also in agreement with the isoprene-rotation mechanism. Comparing 

to the free energy profile of FTase/CVIM/FPPH
2-

 complex that has a global minimum at around 

7.4 Å and an 0.5 kcal/mol transition intermediate at around 5.0 Å separated by a barrier of about 

1.0 kcal/mol at around 5.8 Å, clearly WT2 possesses a much shorter dRC at equilibrium and a 
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lower transition barrier. In addition, the free energy at 4.5 Å is lower than 1.0 kcal/mol for WT2 

model, which is nearly only a half of that observed for FTase/CVIM/FPPH
2-

 complex. However, 

due to the strong VDW clashes possibly at distances shorter than 4.5 Å, a QM/MM level PMF 

study is required to further validate the last point. 

  

 

Figure 3-7. Comparison of FPP
3-

 orientation found in WT2 MD simulation and from previous 

FTase/CVIM/FPPH
2-

 (without Mg
2+

) MD simulation. 

The free energy profile computed for MUT model possesses a global minimum at around 

6.6 Å, approximately 0.5 Å longer than that before mutation. No second minimum has been 

found for this mutant, while the free energy penalty to bring two reacting centers from 6.6 Å to 

4.5 Å is approximate 6 kcal/mol. From mutagenesis study, such a mutation results in a loss of 

reactivity by nearly 30-fold. In terms of free energy, the difference is approximate 2 kcal/mol. 

Apparently this value is much lower than the 5 kcal/mol difference between WT2 and MUT 

found from PMF study. However, by breaking down the profile of MUT into two parts, clearly a 

large portion of the free energy penalty comes with the 4.5 – 5.5 Å part, while from 5.5 Å to the 

resting state the transition requires only less than 1.0 kcal/mol free energy. This interesting fact 
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once again lifts the discussion on the quality of currently employed zinc parameters and the 

limitation of MM force field at the edge of potential VDW clashes. Nevertheless, it appears that 

this Dβ352A mutation significantly impacted the physical step thus it is of great interest to 

further determine its impact in the following chemical step. 

The PMF of SWAP model finds great similarity with the profile obtained from previously 

studied FTase/CVIM/FPP
3-

 complex in the absence of Mg
2+

. Both models find the global 

minimum at around 7.5 Å, and both systems require an approximate 3 kcal/molÅ free energy 

penalty to close the big gap between two reacting centers. The excellent agreement between 

these two models further confirms the validity of our Mg
2+

 binding models complexed with 

FTase, in particular the WT2 model.  

3.3.4 Modelling and Simulation of GGTase I 

The independency of GGTase I reactivity on Mg
2+

 is interesting if one considers the great 

homologous shared by GGTase I and FTase. In the absence of Mg
2+

, the most important question 

is whether there is an AA side chain can play a substitute role. Experimental results reveal that 

Lys311β is functionally important to the catalysis of GGTase I
21

. However, from the simulations 

carried out with both GGTase/CVIL/GGPP
3-

 and GGTase/CVIL/GGPPH
2-

, it is revealed that this 

residue will approach the β-diphosphate after around 5 ns of simulation and forms salt bridge 

interaction to stabilize that moiety together with Arg263β and Lys266β. Such an approach 

associates with the decrease of dC1-Sγ (see Figure 3-8). This correlation is particularly evident in 

GGTase/CVIL/GGPPH
2-

 complex. Another question of the same importance is whether GGTase 

I adopts a monoprotonated GGPPH
2-

 like the FTase does in the absence of Mg
2+

 or it possesses a 

fully deprotonated GGPP
3-

. This question cannot be answered based on current results from 

regular MD simulations at present. Although the present of positively charged Lys311β near the 

β-diphosphate may prefer a more negatively charged diphosphate moiety, the possibility of 
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GGPPH
2-

 cannot yet be totally excluded. Hence, the best solution to these two questions is the 

PMF study, which is still ongoing currently. 

 

 

 

Figure 3-8. Distances variation in the simulation of GGTase/CVIL/GGPP
3-

 (top) and 

GGTase/CVIL/GGPPH
2-

 (bottom). X-axis represents frames. Y-axis represents 

distance in Å. Blue line represents the distance between Lys311β and diphosphate 

while red line represents dC1-Sγ. Highlighted are the processes that Lys311β approach 

the diphosphate. 

On the other hand, MD simulations provide useful information to evaluate important 

ligand-substrate interactions. GGPP shares very similar binding pocket with FPP in FTase, the 

salt bridges between diphosphate and Lys164α, Arg263β, Lys266β, as well as the hydrogen 

bonds between diphosphate and His219β and Tyr272β, are all well preserved during the 
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simulations for both models, making it impossible to determine a more favorable model based on 

these interactions. Tyr272β corresponds to Tyr300β in FTase, which is also found interacting 

with β-diphosphate in the resting state simulation but switch to stabilize α-diphosphate via 

hydrogen bond interaction after the conformational transition. Thus it is reasonable to assume 

Tyr272β shall move away from β-diphosphate to α-diphosphate accompanied by system bearing 

conformational transition. 

The 8.2 Å equilibrium dRC represents more challenge for the conformation transition 

preformed by GGTase I than that conducted by FTase. A reasonable explanation of this 

increasing in dRC lies on GGTase I possessing a binding pocket that „locks‟ the terminal isoprene 

unit of GGPP thus making the rotation of this substrate to peptide cysteine more difficult. Kinetic 

experiments reveal that the kcat for GGTase I is (0.18 ± 0.02) s
-1

, corresponding to 18.6 kcal/mol 

in Gibbs free energy. This value is lower than FTase complexes without Mg
2+

 but higher than the 

FTase/Mg
2+

 complexes. It is yet clear to say whether the difference attributes to the longer 

distance of RC or the less stabilization Lys311β provides. Furthermore, GGTase I can also 

accept FPP and catalyze the farnesylation. A QM/MM study is needed to elucidate the nature of 

GGTase I chemistry. 

3.4 Summary 

Mg
2+

 binding schemes are modeled and validated through regular MD simulations and 

PMF studies with umbrella sampling. Among the three possible binding motifs, only WT2 is 

found to match all the existing experimental observations. Asp352β is coordinating with Mg
2+

, 

as proposed based on mutagenesis results, however, another proposed Mg
2+

 bound ligand, 

Asp297β is found not directly involved in Mg
2+ 

binding. The Zn
2+

-Asp297β-Mg
2+

 bridged 

bimetallic site appears incapable of lowering the free energy barrier associated with 

conformational transition, thus making itself an unreasonable choice for Mg
2+

 coordination. A 
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hydrogen bond formed between Cys1p and Mg
2+

 bound water molecule is detected and proposed 

to contribute to reduce the dRC.  

Dβ352A mutant is also studied. In this system, the Asp297β is detected to bridge the 

tetrahedral Zn
2+ 

site and octahedral Mg
2+

 site. However, difficulty in closing the distance gap 

between two reacting atoms is found in this model, although the bridge seems increasing the 

connection between two binding sites thus shortened the dRC.  

USP method is employed to study the PMF of both models. WT2 possesses a flat free 

energy curve with less than 1.0 kcal/mol difference between the resting state and 4.5 Å. 

However, an approximate 6 kcal/mol free energy penalty is observed for the MUT system, 

making it much more difficult for FPP
3-

 to approach Cys1p in this case. 

Introducing Mg
2+

 into the FPP
3-

 binding pocket enables the fully deprotonated FPP to the 

zinc bound peptide cysteine residue via isoprene rotation mechanism. It also disturbs the active 

site structure. For example, diphosphate moiety is obviously pulled away from Arg291β and 

Lys294β, at least temporarily. The loss of interactions between negatively charged diphosphate 

and these two positively charged residues is compensated by Mg
2+ 

itself via coordinating to both 

a α- and a β-diphosphate oxygen atom. However, with longer relaxation time, the salt bridges 

between diphosphate and Arg291β and Lys294β are restored, along with the increasing distance 

between Mg
2+ 

and Zn
2+

.  

After removing Mg
2+

 from the active site, the system relaxes itself back to a configuration 

represents the model of FTase/CVIM/FPP
3-

 without Mg
2+

. The equilibrium dRC is also reverted 

to 7.4 Å. Such a complete restoration strengthens our conclusion that Mg
2+ 

binding is the solo 

reason for the conformational change.  
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GGTase I, a highly homologous system to FTase, has also been modeled and simulated. 

Comparisons are made between two systems. Clearly, in GGTase I, Lys311β, which takes the 

place of Asp352β in FTase, reduces the Mg
2+

 affinity and at least partially plays a substituting 

role in GGTase I chemistry. However, during MD simulations of GGTase/CVIL complexed with 

both GGPP
3-

 and GGPPH
2-

, the distance between this lysine and its nearest diphosphate oxygen 

is more than 5 Å. Thus it either reaches in during the conformation transition or stabilizes the 

diphosphate indirectly via interaction with water molecule in between. Both protonation states 

give stable MD simulations, thus PMF study seems the only way to identify the substrate 

preference of GGTase I.  
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CHAPTER 4 

SYSTEMATICALLY MECHANISTIC STUDY OF FTASE COMPLEXED WITH 

DIFFERENT PEPTIDE SUBSTRATES 

4.1 Background 

Conformational transition step is required by FTase complexes to close the big distance 

gap between two reacting atoms. However, this step does not account for the highest free energy 

barrier in FTase chemistry. Kinetic studies reveal that the rate-limiting step for FTase catalysis is 

the product release step
159,160

. With single turnover kinetics, it is feasible to measure the free 

energy barrier for the product formation that covers both the conformational transition and the 

chemical reaction step
139,161

. It is understandable the chemical step draws more attention, since 

reaction is the real essence of chemistry. In addition, as an important pharmaceutical target 

enzyme, more efficient FTase inhibitors are always of great interest to researchers
23,162-176

. In 

drug discovery, more than often the enzyme inhibitor is designed to adopt or mimic the pose of 

transition state or intermediate state of enzyme catalyzed reactions. In this sense, it is of great 

importance to study the chemical step of FTase catalyzed farnesylation.  

Many useful information and interesting facts have been uncovered by experimental 

approaches. Long, Casey and Beese have resolved the crystal structures of FTase complex at 

several key steps of its catalysis process. By analyzing the active site configuration of reactant 

complex and product complex, they proposed a transition state configuration which resembles a 

SN2 reaction TS
18

. This assumption is supported by various experimental evidence, such as the 

observance of „invention‟ configuration in FTase catalysis
177

 and the nearly unity measurement 

of α-SKIE by Weller and Distefano
178

. However, not only SN2 characteristics were found for 

FTase chemistry. Harris, Derdowski and Poulter have proposed a zinc dissociation mechanism 

featured the break of Cys1p and Zn
2+

 coordination before the chemical step
179

. Nevertheless, this 

is inconsistent to the product complex structure resolved by Long, Casey and Beese
18

, thus 
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making itself irrelevant to the discussion. Also, several experimental groups have proposed a 

carbocation invoked dissociative mechanism for farnesylation
139,180,181

. To explain the existence 

of both nucleophilic and electrophilic characters identified in FTase chemistry
139,144,182-184

, 

another mechanism has been proposed. This new mechanism possesses an SN2-like TS with 

dissociative characters. More evidence in support of this combined mechanism came from a 

computational approach conducted by Klein and coworkers. QM/MM MD simulations coupled 

with PMF study was employed and as a result a clear SN2-like TS with SN1-like dissociative 

characteristics was identified
185

. Unfortunately, the energetic parameters obtained from their 

simulation are fairly off track, partially attributed to the use of FPP
3-

 instead of FPPH
2-

 as 

isoprenoid substrate in the absence of Mg
2+

. In addition, the QM theory they adopted in the 

study, BLYP, has been proved problematic with transition metals especially zinc
186

. 

Kinetic studies under single turnover condition provide valuable information regarding to 

the rate of product formation. One such example is the approximate up to 700-fold difference in 

rate of product formation observed in the presence or absence of Mg
2+

. FTase complexed with 

Dns-GCVLS peptide gives a kchem
 
of 8.1 ± 0.3 s

-1
 at saturating concentration of MgCl2 and a kchem 

of 0.025 ± 0.001 s
-1

 in the absence of MgCl2
151

. Such kchem values correspond to 16.3 kcal/mol 

and 19.8 kcal/mol Gibbs free energy with Mg
2+

 present or absent, respectively. This kind of 

energetic information, coupled with TST, could efficiently guide theoretical studies to illustrate 

the nature of FTase catalysis.  

Some recent interesting experiment results made FTase catalytic mechanism more 

fascinating. Fierke and coworkers carried out 
3
H α-SKIE experiments to examine the reaction 

mechanism for FTase complexed with GCVLS and TKCVIF peptide separately. The 

measurement for TKCVIF peptide reads 1.154 ± 0.004, while the GCVLS peptide gives a kH/kT 
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ratio of 1.00 ± 0.04
184

. Based on the α-SKIE measurement for analogues enzymatic system, the 

first value falls well into the so-called associative mechanism with dissociative characteristics
187

. 

However, the second value, which is nearly unity, is not straightforward to interpret. Fierke and 

coworkers proposed that such a value indicates the switch of the RLS from the chemical step to 

the conformational transition step. Later, the same group has also systematically analyzed the 

recognition of different Ca1a2X motifs by FTase
31

 and proposed an interesting context-dependent 

a2 and X selectivity of the substrate recognition. The impact of different a2 and X could occur 

either at or before the chemical step. Combining these two studies a very interesting scheme with 

regard to the nature of FTase chemistry is given. 

Despite the large amount of studies carried out on FTase, it is unfortunate to say that the 

study of farnesylation mechanism, in particular the transition state configuration, has not gone 

far away from proposals and hypotheses on paper. This is partially resulted from the limitation of 

current experimental techniques. However, computational study at QM/MM level can provide 

valuable insight into the catalytic mechanism of this important enzyme.   

4.2 Methods and Simulation Details 

4.2.1 FTase/CVIM/FPPH
2-

 and Yβ300F Mutant 

FTase/CVIM/FPPH
2-

 system has been well studied in our lab
141

. This complex will be 

referred to as FPPH model in this chapter. It is reasonable to adopt one of the configurations 

extracted from the production simulation performed previously as the initial structure for this 

study. Because the system has been well equilibrated, any more classical simulation with this 

model is redundant.  

The structure is partitioned into two parts: QM region and MM region. In order to limit the 

QM region to a moderate size, only those residues, ligands, or parts of them that functionally 

important to the chemical reaction are included. In this sense, the diphosphate group, the first 
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isoprene unit, the side chain of Cys1p, Asp297β, Cys299β and His362β, all of which are zinc 

coordinating ligands, along with Zn
2+

 itself are selected as QM atoms (Figure 4-1). All the side 

chains are cut at the covalent bond between Cα and Cβ, thus there is no polarized bond cut.  

 

 

Figure 4-1. QM region selection: side chains of Asp297β, Cys299β, His362β, Cys1p, Zn
2+

 and 

diphosphate and the first isoprene unit of FPPH. Note only labeled carbon and their 

hydrogen atoms in the farnesyl group are considered in QM. 

Due to the existence of diphosphate, in particular the phosphor, traditional semiempirical 

methods such as PM3 and AM1 cannot handle the simulation properly
188

. Therefore, SCC-

DFTB
189,190

 becomes the best, if not the only, choice.  

The system is first minimized using steepest descent method for 1000 steps to fully relax 

the system with hybrid SCC-DFTB/ff99SB potential
191

. A 100 ps Langevin dynamic with a 0.5 

fs time step is employed to heat the system temperature back to 300 K in the canonical ensemble. 

Followed is an equilibration of 500 ps in NPT ensemble with a 1 fs time step. A cutoff of 8 Å is 

selected for both QM and MM portion of the system. SHAKE is applied to MM part to constrain 
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the motion of bond with hydrogen involved. Long-range electrostatic interactions in MM region 

are computed using PME method with the default settings. In QM region, SHAKE is turned off 

so that the free motion of hydrogen involved covalent bond is allowed, and a modified PME 

implementation designed for QM region is employed.  

A couple of SMD simulations with a 5000 kcal/molA force constant are conducted to 

propagate the trajectory along the RC to both 1.8 Å (product state) and 8.0 Å (reactant state). The 

RC is still defined as the dC1-Sγ. Although at present a RC in the form of dRC = dC1-Sϒ  - dC1-O1 is 

more popular, our preliminary results showed this selection will lead to a very unreasonable 

dissociative pathway, in accordance with the claim given by Klein and coworkers
185

. 63 

structures are extracted with an interval of 0.1 Å along the RC in order for the subsequent US. A 

set of 63 windows of USP is carried out to obtain the free energy profile. Each window is 

sampled in NTP ensemble for 150 ps wherein the first 50 ps is for equilibration purpose while 

the latter 100 ps is used for date collection. A harmonic force constant of 100 kcal/molÅ is 

applied to bias all the windows. An approximate 10 ns total simulation is performed for US. 

Grossfield‟s WHAM code is employed to unbias the distribution and construct the PMF.  

In order to study the impact of Yβ300F mutation, a single modification of replacing the 

hydroxyl group with a hydrogen atom at Tyr300β is made. The resulting system, denoted as 

Yβ300F model in this study, is partitioned and treated in the same way as FPPH model, except 

the QM/MM study for this model does not cover the 4.5 Å to 8.0 Å range that has already been 

studied classically. As a result, 28 windows, instead of 63, are simulated with USP method. 

4.2.2 FTase/CVLM/FPPH
2-

 

FTase/CVLM/FPPH
2-

 system (denoted as CVLM model in this chapter) is another 

complex that has been well studied by Cui and Merz
141

. The original purpose of this study is to 

testify the possibility of a switch of RLS from chemical step to physical step, as observed in 
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TKCVIF and GCVLS complexes. The computational results show an increase of conformational 

transition barrier, which is, however, too small to cause a RLS switch. Considering the context-

dependent selectivity of both a2 and X position in the Ca1a2X motif, it is not surprising to see this 

result, since only one position of the motif is changed in the simulation thus it is insufficient to 

reproduce the impact of double change studied in the experiment. 

On the other hand, a complete mechanism of both the chemical and physical step will help 

to understand the substrate dependency at a2 position of this four-unit peptide and provide useful 

information to illustrate the more complicated context-dependent substrate selectivity.  

In this sense, a QM/MM PMF study is carried out to energetically study the chemical step. 

In the structure preparation step, isoleucine in the peptide is modified to leucine within the FPPH 

model. Thereafter all the procedures and treatments are exactly identical to that applied on 

Yβ300F model. 

4.2.3 FTase/CVLS/FPPH
2-

 

The most interesting mutational effect associated with FTase chemistry seems related to 

the FTase/CVLS complex. In nature, GCVLS motif represents the C-terminus of human Ras 

enzyme, making this complex more attractive.  

A crystal structure (PDB code: 1TN8)
22

 obtained at 2.25 Å resolution is adopted to prepare 

the initial structure. This structure represents FTase enzyme complexed with GCVLS peptide. In 

order to focus our study on the context-dependent of a2 and X position, the glycine is modified to 

an acetyl capping group, in order to be consistent with our previous study. The result acetyl-

Ca1a2X motif is consistent with all the models investigated in this chapter. The modified system 

is then solvated in an octahedral box with a distance of 8 Å to separate the edge of box and 

closest solute atom. The resulting model is denoted as CVLS in this study. 
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CVLS model is first treated classically. A cutoff of 8 Å is applied, while SHAKE and PME 

method are employed to improve the simulation. A series of minimizations with a combination 

of steepest descent method and conjugated gradient method is performed in the first stage to 

remove possible close contacts in the system. A weak positional restraint is applied to all of the 

non-water components. In the next stage, the system is slowly heating to 300 K with Langevin 

dynamics in NVT ensemble. During this state the restraint potential gradually removed. Then the 

model is allowed to fully relax in the NPT ensemble followed with a 10 ns production run.  

A snapshot extracted from the last 1 ns of production simulation is chosen as the starting 

structure for the following MM PMF study and QM/MM simulations. The MM PMF study 

adopts the same strategy as described for WT2 model in Chapter 3.2.5. The QM region and MM 

region are selected following the same procedure described before. The subsequent treatment is 

identical to that applied to FPPH model.  

4.2.4 QM/MM Validation of FTase/CVIM/FPP
3-

/Mg
2+

 Model 

Mg
2+

 plays an important catalytic role in the FTase chemistry. Based on the available 

evidence, this divalent metal cation does not cause the approximate 3.5 kcal/mol difference in 

free energy during the conformational transition. Thus, it is rational to suppose the difference in 

rate of product formation only comes from the chemical step.  

An approach is made to study the chemical step of our WT2 model from chapter 3 with 

QM/MM potential. Due to the lack of Zn-Mg parameter, Mg coordinating ligands with the 

exception of FPP
3-

 are not modeled with SCC-DFTB. This leaves the QM selection of WT2 

model identical to that of FPPH except one less hydrogen from diphosphate group.  

The starting structure of WT2 model is extracted from the trajectory of the extra 10 ns 

relaxation instead of the original 6 ns simulation. This is a reasonable move since it is found that 

during the extra 10 ns, the system relaxed itself more deeply. Thus the strain associated with the 
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inclusion of Mg
2+

 will be minimal. The Mg
2+ 

and Zn
2+

 are more than 6 Å apart, adding less extra 

trouble to the troublesome SCC-DFTB convergence procedure.  

The WT2 model is partitioned and treated with QM/MM potential in the same way as 

applied to FPPH and other systems.   

4.3 Results and Discussions 

4.3.1 A Glimpse of Entire Product Formation Process of FTase/CVIM/FPPH
2-

 

In FTase complex, two reacting atoms, C1 of FPP and Sϒ  of Cys1p are more than 7 Å away 

in the resting state
18

. In order to complete the catalysis, both a physical step that closes the 

distance gap and a chemical step that attaches the farnesyl moiety to the target cysteine are 

required. Thus, a comprehensive understanding of the catalytic mechanism requires a PMF study 

to cover both steps.  

To accomplish this goal, we carried out a couple of SMD simulations to force the RC 

moving from the resting state to the product state and reactant state, respectively. The obtained 

free energy profile reveals a resting state at approximate 7.0 Å, an intermediate state at about 5.3 

Å, a second intermediate state at approximate 3.9 Å that is very likely represent a pre-organized 

state of the complex, and a TS at approximate 2.6 Å as well as a product state at 1.8 Å. Although 

the barrier predicted by SMD simulation is frequently less accurate than that computed with 

USP, it usually provides a free energy curve with the „right‟ shape. In this sense, an SN2-like TS 

is found, however, with a unusual long C-S bond observed that strongly implies „dissociative‟ 

characteristics.  

4.3.1.1 Transition state and free energy barrier  

With the structures extracted from SMD trajectories, a set of 63 windows USP is then 

conducted in order to refine the results. The generated free energy profile (Figure 4-2) is similar 

to that gathered from SMD simulations. The resting state is located at 6.90 Å, while the first 
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intermediate state is identified at 5.32 Å, separated by an approximate 1.0 kcal/mol barrier. 

These results are in excellent agreement with the MM PMF results obtained by Cui and Merz
141

. 

In the region that has not been covered in their previous study, a second intermediate is found at 

3.90 Å, associated with an approximate 6.5 kcal/mol free energy. It is worthy noting that at this 

point, O1 and C1 of FPPH
2-

 and Sϒ  of Cys1p start to align linearly. Such evidence can be well 

explained by the pre-organized state theory. The TS is located at 2.63 Å and the barrier height is 

approximate 20.6 kcal/mol. The experimental measurements are 21.1 kcal/mol for TKCVIF and 

20.0 kcal/mol for GCVLS
184

. Obviously, our result perfectly falls into this range. The product 

state is detected at 1.82 Å, associated with a free energy of approximate 4.5 kcal/mol higher than 

the resting state.  

Upon reaching the transition state (see Figure 4-3), the C1-O1 bond starts to break and the 

distance between them starts to explode. The Sϒ  of Cys1p, C1 of FPPH
2-

 and O1 of FPPH
2-

 still 

stay linearly, however, with C1 slightly out of plane. The H1-H2-C1-C2 (see Figure 4-1 for atom 

specification) dihedral is giving the highest value at this point, reading 168° that is very close to 

the ideal value of 180° for a typical SN2-like TS. Moreover, such a dihedral changes sign after 

this point, meaning the two hydrogens bend out of plane in a different direction. The distance of 

C1-Sϒ  is 2.63 Å, approximately 0.2 Å longer than dC-S observed in a SN2 reaction calculation 

carried out at MP2/6-31+G**//MP2/6-31+G* level
192

. The difference in TS C-S bond length 

might be a good indicator of the dissociate characteristic. Also, the distance of Zn-Sϒ  elongates 

to about 2.45 Å from its equilibrium value 2.38 Å, implying a weaker coordination of zinc.  

After carefully examining the structure of each window along the RC, it is conspicuous 

that the distance gap between two reactants is closed by FPP rotating its first and second 

isoprenoid units, which has been proposed by several experimental groups. AA‟s in the FPP 
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binding pocket play important roles in the catalysis process. Lys164α and Tyr300β help 

stabilizing the α-diphosphate, His248β forms hydrogen bond with the bridging oxygen atom, 

while the β-diphosphate is stabilized via salt bridges formed between its non-protonated oxygen 

atoms and the side chains of Arg291β and Lys294β.  

 

 

Figure 4-2. Free energy profile of FPPH model obtained from a set of 63 windows of umbrella 

sampling. Active site snapshots are given at key points. From right to left, (1) resting 

state; (2) first transition intermediate; (3) second transition intermediate; (4) transition 

state and (5) product state. 

Zinc coordinates the peptide cysteine throughout the entire process. An increase of 

approximately 0.3 Å of dZn-Sϒ  from the FTase reactant complex (2.4 Å) to the product complex 

(2.7 Å) has been observed though comparing the crystallographic structures
18

. Such a difference 

results in a weaker Zn-Sϒ  coordination, which has been proposed to increase the nucleophilicity 
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at Sϒ  thus improving the reactivity. From our simulations, a change of about 0.2 Å has been 

detected. Furthermore, the Zn-Sϒ  starts elongating when the C1-O1 bond is about to break. Such 

observations seems in support to the hypothesis of weak zinc-sulfur interaction improve the 

nucleophilicity at Sϒ
139

.  

 

 

Figure 4-3. Snapshot of the active site of FPPH at the transition state. O1 and C1 of FPPH, and Sγ 

of Cys1p are labeled in red. 

4.3.1.2 Comparison of QM/MM and MM PMF of conformational transition step  

The difference between our QM/MM PMF results and MM PMF results of Cui and Merz 

in regard to the conformational transition step is fairly marginal, expect at close to 4.5 Å of RC 

where the potential of VDW clashes becomes significant (due to the sum of carbon and sulfur 

VDW radius is about 4 Å). The little discrepancy at the resting state location, 6.9 Å of QM/MM 



 

112 

prediction and 7.2 Å of MM results, as well as at the intermediate state, 5.3 Å from QM/MM and 

5.0 Å from MM, are acceptable, since QM and MM are totally different approaches. In fact, the 

energy barrier separating the two states predicted by QM/MM and MM matches fairly well.  

The biggest difference is the free energy value at 4.5 Å, which QM/MM gives around 2.7 

kcal/mol while MM shows only 1.8 kcal/mol. As mentioned before, at this point, results from 

MM is suspicious due to the potential of VDW clashes. Whereas QM method does not have this 

limitation, therefore the difference is generated. In our following studies of Yβ300F, CVLM and 

WT2, the QM/MM PMF studies do not cover the 4.5 Å to 8.0 Å region, instead, MM results are 

used to predict the total reaction barrier based on the difference between corresponding value at 

4.5 Å and that of CVIM at 4.5 Å. This is a reasonable approach, since the MM error at this point 

for each model will very likely cancel. Hence, a great deal of computational cost is saved. 

4.3.2 Effect of Mutations 

Mutagenesis study plays a very important role in the mechanistic study of enzymatic 

catalysis. For example, it helps to determine the function of key AA residues. Hence, it is of 

great importance to reproduce the results from such experiments in computational simulations. 

Tyr300β is determined to stabilize the α-diphosphate in the chemical step of FTase 

catalysis. The kcat measured for the product formation changes from 0.016 ± 0.008 s
-1

 of wild 

type (WT) FTase/GCVLS complex to 0.0002 ± 0.00004 s
-1

 of its Yβ300F mutant (both in the 

absence of Mg
2+

). A nearly 80-fold loss of activity accompanies by the mutation, which 

corresponds to 2.6 kcal/mol difference in Gibbs free energy
182

.  

The mutation in the peptide substrate plays more important role. It not only alters the free 

energy barrier height, but also appears to disturb the reaction mechanism. One good example is 

the α-SKIE experiment of FTase/TKCVIF complex and FTase/GCVLS complex
184

. The kH/kT 

measurement of the former system is 1.154 in the absence of Mg
2+

 while for the latter is nearly 
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unity, 1.00 ± 0.04, under same condition. Such a phenomenon has been explained as the RLS 

switches from the chemical step (for TKCVIF) to the physical step (for GCVLS). However, 

consider the free energy barrier of FTase/GCVLS complex in the absence of magnesium ion is 

approximate 20.0 kcal/mol, it is rather unusual to see such high a energy barrier accompanies 

with the conformational transition.  

4.3.2.1 Impact of Yβ300F mutation 

Yβ300F mutant is prepared by manual changing Tyr300β residue to Phe300β. The 

resulting system is decently minimized and then simulated in the same manner as applied to 

CVIM model. However, PMF study has not been applied to the 4.5 Å – 8.0 Å range of RC due to 

the reason explained before.  

 

 

Figure 4-4. Free energy profiles of all five models included in this study.  
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The result free energy profile (see Figure 4-4) shows a TS at 2.61 Å associated with a free 

energy of 22.5 kcal/mol (see Table 4-1). Comparing to the 20.6 kcal/mol free energy barrier of 

CVIM model covering the same range of RC, the 0.7 kcal/mol discrepancy between calculated 

difference and experiment observation is almost within the chemical accuracy (1.0 kcal/mol) to 

the experimental observed difference.  

 

Table 4-1.  Free energy parameters obtained from QM/MM and MM PMF studies. 

 
ΔGTS-CONF

 

(kcal/mol)1 
ΔG4.5Å-MM 

(kcal/mol)2 
ΔG4.5Å-QMMM 

(kcal/mol)3 
ΔGTS-QMMM 

(kcal/mol)4 
ΔGTS-PROD 

(kcal/mol)5 

FTase/FPPH/CVIM 1.0 (1.0
6
) 1.8 2.7

6
 17.9 20.6

6
 

FTase/FPPH/CVLM 2.7 3.0 3.9
7 

19.3 22.7 

FTase/FPPH/CVLS 2.5 2.8 3.7
7 

18.3 22.0 

Y300F/FPPH/CVIM 1.5 2.3 3.2
7 

19.3 22.5 

FTase/FPP/Mg/CVIM 0.8 1.0 1.9
7 

16.5 18.4 
1
 ΔGTS-CONF refers to the free energy barrier associated with the conformational transition taken 

play in 4.5-8.0Å region. It‟s obtained from MM PMF calculations. 
2
 ΔG4.5Å-MM refers to the free energy at 4.5Å obtained from MM PMF calculations. 

3
 ΔG4.5Å-QMMM refers to the free energy at 4.5Å obtained from QM/MM PMF calculations. 

4
 ΔGTS-QMMM refers to the free energy barrier of the chemical step, obtained from QM/MM 

calculations in 4.5-8.0Å region. 
5
 ΔGTS-PROD refers to the free energy barrier of the entire product formation, covering reaction 

coordinate of 1.8-8.0Å. 
6
 These values are directly produced from QM/MM PMF in 1.8-8.0Å region. 

7
 These values are calculated as follows: ΔG4.5Å-QMMM = ΔG4.5Å-MM + ΔΔG4.5Å-FTase/FPPH/CVIM, where 

ΔΔG4.5Å-FTase/FPPH/CVIM = ΔG4.5Å-QMMM - ΔG4.5Å-MM = 2.7 – 1.8 =0.9 kcal/mol. 

 

Analyzing the TS structure (see Figure 4-5), it is not surprise to see similarities to that of 

CVIM model. The biggest difference is the loss of hydrogen bond interaction between α-

diphosphate and the side chain of 300β residue. This change allows more flexibility of FPPH
2-

 

and later developed diphosphate leaving group (PPi). The shorter length of the forming C1-Sϒ  

bond at TS seems resulting from this extra flexibility, so does the longer distance between C1 and 

O1 after the bond broken. Phe300β might also play a role in the catalysis by stabilizing the 
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farnesyl group via cation-π interaction, since shortest distance between the C1, C2 or C3 atom of 

farnesyl (where based on the dissociative characteristic the delocalization of positive charge 

should take place) and the aromatic ring od Phe300β is always within 4.0 Å throughout the 

transition from TS to the product state. However, more analysis such as higher level QM 

calculation is needed to validate this assumption. 

 

 

Figure 4-5. Snapshot of the active site of Y300F mutant at the transition state. O1 and C1 of 

FPPH, and Sγ of Cys1p are labeled in red. Note the position and orientation of mutant 

Phe300β makes it possibly able to interact with partial positively charged farnesyl 

moiety via cation-π interaction. 

It seems that the loss of hydrogen bond interaction between the α-diphosphate and β300 

residue cause the increase of free energy barrier. The 1.9 kcal/mol difference between the WT 

and mutant is divided into two parts, approximate 30% (0.5 kcal/mol) in the physical step and 
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70% (1.4 kcal/mol) in the chemical step. With experimental measurements of other enzyme 

residue mutation avaialbe, it will be interesting to find out what is the impact associated with 

those residue mutations.   

4.3.2.2 Interesting context-dependent effect 

The most interesting mutational effect of FTase complex might be the so-called context 

dependent selectivity of the a2 and X in the Ca1a2X motif
31

. Such an effect does not only impact 

the free energy barrier height but also alters the reaction pathway
184

. The most solid evidence 

came from the α-SKIE experiments of FTase/TKCVIF and FTase/GCVLS complexes.  

The most straightforward effort based on our previous study would be to simply substitute 

CVIM with CVLM. CVLM model is prepared and studied with the same strategy as applied to 

Yβ300F model. The result free energy profile features a TS at 2.68 Å and a barrier height of 22.0 

kcal/mol. The experimental value with regard to this motif in the absence of Mg
2+

 is yet 

available, while a peptide with this motif in the presence of Mg
2+

 gives a Gibbs free energy of 

16.6 kcal/mol, 0.3 kcal/mol larger than that measured for the CVIM motif (16.3 kcal/mol) under 

identical experimental condition. Thus the difference of calculated free energy difference 

between CVLM and CVIM model, 1.4 kcal/mol (22.0 – 20.6), is again in excellent agreement 

with the experimental evidence and almost reaches the chemical accuracy requirement.  

The TS active site configuration (see Figure 4-6) once again represents great similarity to 

the CVIM model. The biggest difference this time is the longer C1-Sϒ  bond. The 2.68 Å bond 

length corresponds to a 0.05 Å increase, possibly resulting from the increased hydrophobic 

interaction between the side chain of a2 residue and the farnesyl group of FPPH
2-

. In addition, the 

mutation of Ile to Leu results in bulkier side chain terminal, thus possibly also increasing the 

steric effect of the residue to the surrounding enzyme AA side chains. 
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In spite of increased barrier height and dC1-Sϒ  at the TS, the RLS remains unchanged. 

Hence, it seems a single change at a2 position is not sufficient to result in mechanism change. In 

order to further illustrate this fascinating context-dependent effect, another mutant, CVLS model, 

is then prepared and studied. 

 

 

Figure 4-6. Snapshot of the active site of CVLM mutant at the transition state. O1 and C1 of 

FPPH, and Sγ of Cys1p are labeled in red. 

4.3.2.3 Interpretation of α-SKIE results of FTase/CVLS complex 

The double mutation at both a2 and X position of the peptide substrate accompanies bigger 

change in peptide conformation, therefore simply modifying the existing CVIM model might not 

be as good as utilizing a crystal structure of FTase/GCVLS complex. The preparation and 

simulation detail has already been described in 4.2.3. The free energy curve of MM PMF study 
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clearly locates the resting state at approximate 7.65 Å (Figure 4-7), which is significantly longer 

than the WT of either CVIM or CVLM, and a transition intermediate state at around 5.0 Å. The 

free energy barrier associated with the transition is around 2.75 kcal/mol. Although this value is 

inarguably higher than either WT CVIM or WT CVLM, it is definitely unable to cause the RLS 

switch. This finding leads to the necessity of another interpretation of the nearly unity α-SKIE 

result observed on this system. An explanation of such observations might be the chemical 

reaction mechanism alters from an associative mechanism with dissociative characteristics to a 

more „independent‟ SN2 mechanism. 

 

 

Figure 4-7. Free energy profile associated with the conformational transition step of CVLS 

model. 

The QM/MM PMF study results provide more support to this conclusion. The free energy 

profile represents a 2.50 Å of TS C1-Sϒ  distance and a 22.7 kcal/mol free energy barrier. 

Comparing to CVIM model, markedly the dC1-Sϒ  is 0.13 Å shorter and more close to the results 
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of SN2 reaction computationally studied at MP2/6-31+G**//MP2/6-31+G* level
192

. Moreover, 

the Sϒ  of Cys1p, C1 of FPPH
2-

 and O1 of FPPH
2-

 are almost linearly aligned, despite C1 is 

slightly out of the plane (see Figure 4-8). Unlike in CVIM model, where the H1-H2-C1-C2 

dihedral remains fluctuating around 160° for a period of time corresponding to the RC change 

from 2.65 Å to 2.50 Å, the same dihedral in CVLS model reaches a peak at TS, which reads 

178.6° (see Figure 4-9), and changes rapidly on both sides of the peak. All of this structural 

information strongly pushes toward the conclusion of a more independent SN2 reaction 

mechanism is adopted by FTase/CVLS complex.  

 

 

Figure 4-8. Active site snapshot of CVLS model at the transition state. O1 and C1 of FPPH, and 

Sγ of Cys1p are labeled in red. 
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On the other hand, the experimentally observed free energy difference for FTase 

complexed with CVLS (16.8 kcal/mol) and CVIM (16.3 kcal/mol) in the presence of Mg
2+

 is 0.5 

kcal/mol, while the barrier for FTase/GCVLS without Mg
2+

 is about 20.0 kcal/mol, both of 

which are in excellent agreement with our results.  

Before reaching the TS, there is another intermediate state with regard to the 

conformational transition is identified at approximate 3.7 Å. Like in CVIM model, the three 

atoms involved in bond formation and broken, namely O1 of FPPH
2-

, C1 of FPPH
2-

 and Sϒ  of 

Cys1p, appear to align linearly upon this point, suggesting this intermediate state can be referred 

to as the pre-organized state. 

 

 

Figure 4-9. H1-H2-C1-C2 dihedral variation in the farnesylation of FTase/FPPH/CVIM (red) and 

FTase/FPPH/CVLS (green) complexes. X-axis of the figure represents number of 

frames, Y-axis of the figure represents the dihedral in degree. 
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Comparison between CVLS and CVIM reveals structural information of interactions 

between peptide substrate and enzyme active site residues. In CVIM, the sulfur of methionine 

side chain forms stable hydrogen bond interaction with side chains of S99β and W102β. In 

CVLS, the side chain of terminal serine only forms hydrogen bond with W102β while the 

backbone of serine forms water mediate hydrogen bond interactions with A98β and S99β. These 

observations are supported by crystal structures of FTase/KKKSKTKCVIM complex (PDB 

1D8D)
193

 and FTase/CVLS complex (PDB 1TN8). Thus, despite less bulky in terminal residue 

size, the peptide of CVLS model shows the same level of stabilization as CVIM model.  

 

 

Figure 4-10. Ramachandran plot of a2 residue of the Ca1a2X motif throughout the farnesylation 

of FTase/FPPH/CVIM (red), FTase/FPPH/CVLS (blue)  and FTase/FPPH/CVLM 

(green) complexes. 
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The Ramachandran plots
194

 of the peptide a2 residue of CVIM, CVLM and CVLS model 

during the chemical step (see Figure 4-10) provide more interesting facts about the context-

dependent a2-X selectivity. In CVIM or CVLM model, either the isoleucine or the leucine stays 

in the α region throughout the entire process, while the leucine in the CVLS model appears 

fluctuating in the transition area connecting the α and β region. This implies that the peptide 

CVLS might sacrifice stability to help two reactants approaching. Furthermore, the closest 

contact between leucine side chain and farnesyl moiety in CVLM model is around 3.5 Å while 

nearly remains over 3.9 Å in CVLS. Such a difference might result in an extra flexibility for 

FPPH
2-

 to rotate its farnesyl group due to the less steric stain from peptide leucine side chain.  

To further validate our assumption about unity α-SKIE measurement of FTase/GCVLS 

complex, calculations to address the ZPE difference at TS and resting state of both CVLS and 

CVIM model are undergoing, since ZPE difference dominates the free energy difference resulted 

from isotope substitution. Moreover, what role that the residue before Ca1a2X plays in the 

catalysis and what impact the length of the peptide does to the reaction pathway are of great 

interests to us and needs to be clarified in future studies. 

4.3.3 Mg
2+

 in Chemical Step 

In Chapter 3, a reasonable Mg
2+

 binding model of FTase/CVIM complex has been 

proposed. Although results from MM level simulations match experimental observations fairly 

well, it is necessary to carry out QM/MM level studies, in particular the PMF study, to further 

testify this binding scheme and illustrate how this metal ion alters the free energy barrier.  

The preparation and simulation strategy is identical to that applied to CVIM model. The 

original simulation fails because of the difficulty of convergence possibly resulting from the 

complex electrostatic interactions associated with the close distance between two metal ions. 

However, freezing water molecules at least 10 Å away from the active site ligands seems 



 

123 

improving the electrostatic interaction calculation and thus solving the convergence problems. 

This approximation is not unusual to see in many other successful QM/MM simulations. Thus, 

the restraint has been applied throughout all simulations with regard to this model. 

The QM/MM PMF study of WT2 model gives a free energy profile featuring an 

approximate 18.3 kcal/mol at approximate 2.69 Å along the RC. It is interesting to notice the TS 

dC1-Sϒ  increases about 0.06 Å from an identical complex without Mg
2+ 

present. Consider the 

Yβ300F simulation reveals a -0.02 Å from the same complex with a single mutation at β300 

residue, it seems the inclusion of Mg
2+

 coordination introduces extra degree of inflexibility as 

well as extra degree of stabilization to the diphosphate moiety.  

The TS active site configuration looks somewhat different to that of the CVIM TS (Figure 

4-11). The major difference is of course the Mg
2+

 binding throughout the reaction process. Mg
2+

 

coordinates to two diphosphate oxygen atoms from each subunit, a carboxylate oxygen atom of 

Asp352β and three water molecules. This coordination appears strongly limiting the flexibility of 

diphosphate moiety. Tyr300β has been found interacting with the capping acetyl group in MM 

PMF study, however, in this study it appears to form a hydrogen bond with the peptide cysteine 

stabilizing .the peptide substrate. His248β does not interact with diphosphate directly but helps 

stabilizing the -4 charged PPi leaving group via water mediated hydrogen bond interaction. 

Lys164α, Arg291β and Lys294β all function as hydrogen bond donors to the diphosphate. The 

Mg
2+

 and Zn
2+

 are more than 7 Å apart throughout the process, however, the two metal sites are 

correlated via a hydrogen bond interaction between the side chain of zinc bound Asp297β and 

the backbone of magnesium bound Asp352β.  

The computed free energy barrier is 18.4 kcal/mol. It is approximately 2.2 kcal/mol lower 

than the barrier height of CVIM model but about 2.1 kcal/mol higher than the experimental 
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measurement. This discrepancy is significantly bigger than any other model studied in this series. 

A rational explanation to this increased discrepancy might be the implementation of freezing 

water 10 Å away from the substrates. However, unless an improved set of SCC-DFTB Mg
2+ 

parameters including the most important Zn-Mg interaction parameters is introduced, to simulate 

this system with SCC-DFTB/AMBER level QM/MM theory would remain challenging thus the 

freeing outside water approach would still be necessary. Other approaches, such as ab initio level 

of QM/MM simulation, should also be able to contribute to the mechanistic study of FTase 

chemistry in the presence of Mg
2+

, nevertheless, the computational cost almost prohibits the 

implementation of such methods coupled with USP approach. 

 

 

Figure 4-11. The active site snapshot of WT2 at the transition state. C1 and O1 of FPP, and Sγ of 

Cys1p are labeled in red. 
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4.4 Summary 

In this series of studies, the chemical step of FTase catalyzed farnesylation has been 

systematically studied. The resulting TS active configuration of CVIM model with Mg
2+

 absent 

is in perfect agreement with experimental evidence, both structurally and energetically. In 

particular, the 20.6 kcal/mol free energy barrier is impressively falling into the range of 20.0 

kcal/mol for FTase/GCVLS complex and 21.1 kcal/mol for FTase/TKCVIF complex with zero 

concentration of MgCl2. On the other hand, the 2.63 Å TS dC1-Sγ is significantly longer than the 

computed TS dC-S of a SN2 reaction in gas phase at MP2/6-31+G**//MP2/6-31+G* level, 

indicating this reaction adopts an associative mechanism with dissociative characteristics. In 

addition, the QM/MM PMF study of the conformational transition step finds its results and the 

results from MM PMF study match excellently. 

The impact of key residue mutation is then studied. The PMF study of Yβ300F, CVLM 

and CVLS model in the absence of Mg
2+

 all give excellent free energy predictions. Additionally, 

the difference in TS distance of C1-Sϒ  varies among these models. Although the exact reason 

remains puzzle, the trend seems related to the level of flexibility possessed by FPPH
2-

 and/or the 

peptide substrate. The recognition of peptide residue as a2 and X position in the Ca1a2X motif 

exhibits fascinating context-dependent selectivity. Amongst, the FTase/CVLS model is 

particularly important since it seems making impact not only on the free energy barrier height, 

but also on disturbing the reaction mechanism. The α-SKIE experiments reveal a nearly unity 

measurement for FTase/GCVLS complex while a value of 1.154 for FTase/TKCVIF complex. 

The latter obviously falls into the range of an associative mechanism with dissociative 

characteristics, while the former has been explained as the RLS switches from the chemical step 

to the physical step. However, our results lead to an alternative interpretation of the nearly unity 

3
H α-SKIE result of CVLS model that the chemical step remains the RLS but the mechanism 
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changes to a more „independent‟ or „pure‟ associative (or SN2) mechanism. This assumption is 

being further tested with ZPE and α-SKIE calculations at MP2/6-31+G** level. The 

Ramachandran plot of a2 residue shows great difference between CVLS and CVIM/CVLM 

models. The leucine in the CVLS model flexibly fluctuates in the transition area connecting α 

and β region, while either the isoleucine in CVIM or the leucine in CVLM stably remains in the 

same α region.  

Finally, the WT2 model obtained from studies described in Chapter 3 is validated through 

QM/MM PMF simulations. The result free energy barrier features a free energy barrier of 18.4 

kcal/mol corresponding a TS dC1-Sϒ  of 2.69 Å, which is the longest through this study. Tyr300β 

and His248β are discovered to play different roles in the presence of Mg
2+

 than in the absence of 

such a metal ion. With an approximation of freezing water molecules 10 Å outside any substrates 

applied, the resulted free energy barrier shows the biggest discrepancy among all the models 

discussed in this chapter. Therefore, an improved simulation of this model is still required. 
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CHAPTER 5 

COMPUTATIONAL APPROACH TO UNDERSTAND AROMATIC 

PRENYLTRANSFERASE CATALYTIC MECHANISMS 

5.1 Background 

Prenyltransferases include not only three members of protein prenyltransferases that are 

famous for their important roles in G-proteins regulated signal transduction pathway but also 

aromatic prenyltransferase such as bacterial prenyltransferase NphB
3
 (or Orf2 before rename) 

purified from Streptomyces sp. Strain CL190 and fungal indole prenyltransferase FtmPT1
4
 

extracted from Aspergillus fumigatus.  

This kind of aromatic prenyltransferase makes great contribution to the biosynthesis of 

terpenoid in addition to a variety of terpenoid synthase
195

. The products of such a prenylation, 

the terpenoids, are very widely distributed in a large variety of natural products, such as in fungi, 

animals and plants. Amongst these terpenoids products, plant isoprenoids have been well known 

for their application into traditional herbal remedies because of their aromatic qualities6. Some 

isoprenoids and their derivatives have been revealed to possess certain pharmaceutically desired 

characteristics such as antiviral, antioxidant as well as anticancer effect
196-205

. In addition, the 

low cellular toxicity and excellent ability to penetrate cell membrane associated with this kind of 

compounds have made them desired drug templates. The biosynthesis of these terpenoids has 

been of great interest and importance to biochemistry and medical chemistry researches
195

.   

NphB, identified recently from Streptomyces, possesses a rather interesting 3-D structure 

that features a novel α/β barrel fold termed PT-barrel. Inside the barrel a spacious binding pocket 

is provided to two reacting substrates, the isoprenoid substrate GPP and the aromatic substrate 

1,6-DHN. GPP is stabilized via interaction between negatively charged diphosphate and several 

AA side chains, including Lys119, Lys169, Arg228, Tyr216 and Lys284, in addition to a Mg
2+

. 
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The magnesium ion is found coordinating the side chain of Asp62, a α-diphosphate oxygen atom 

and four water molecules, in spite of the missing of a DDXDX motif usually found in Mg
2+

 

metalloenzymes. Asp110 situates within 3.5 Å to a Mg
2+

 bound water molecule, provide extra 

stabilization to the metal site.  

NphB exhibits interesting substrate selectivity and product regioselectivity
3,153,206

. In the 

catalysis of geranylation of 1,6-DHN, at least 3 products have been identified. The major product, 

a trans-5-geranyl-1,6-DHN, and the minor product, a 2-geranyl-1,6-DHN, are originally 

characterized, while recently a extra-minor product has been purified and identified as a 4-

geranyl-1,6-DHN. Previous computational study has revealed that the different orientation of 

1,6-DHN causes the product diversity. The major product is defined as S1 state, the minor 

product is defined as S3 state, while an intermediate state referred to as S2 state connects them in 

the FES. Unfortunately, no binding orientation has been found responsible for the extra-minor 

state. We will call this extra-minor state the S4 state in this study.  

Indole prenyltransferase FtmPT1 has been only recently identified from Aspergillus 

fumigatus. This family of indole prenyltransferases catalyzes the attachment of isoprenoid 

moiety to tryptophan and its derivatives. The product of FtmPT1 complexed with Brevianamide 

F, the Tryprostatin B, shows high cytotoxicity to a number of cancer cells, making this enzyme a 

promising anticancer target
56-58,207-210

.  

The 3-D structure of FtmPT1 also exhibits a α/β barrel fold composed of 10 anti-parallel β-

strands. Outside the barrel situated 10 solvent accessible α-helices. However, this barrel is 

slightly different to the one observed in NphB at one of the αβ repeat. FtmPT1 prefers DMAPP 

as isoprenoids substrate. The active site consists of a highly positive charged binding pocket for 

DMAPP and a tyrosine-rich environment. The diphosphate is anchored by the salt bridge 
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interactions between itself and two positively charged residues, namely Arg113 and Lys294. The 

side chains of Tyr203 and Tyr450 help stabilize the diphosphate via hydrogen bond interactions.  

These two tyrosine residues, along with Tyr296 and Tyr382, circle a ring-shaped „shield‟. The 

DMAPP binding site and brevianamide F binding site appear to be separated by such a „shield‟. 

Hence, this „shield‟ has been proposed to be essential for the catalysis since it seems able to 

provide stabilization to the dimethylallylic cation via cation-π interactions. Additionally, the 

reaction between DMAPP and brevianamide F very likely includes a rotation of the 

dimethylallylic cation due to the large separate between two reacting atoms. Therefore, the 

tyrosine „shield‟ might also serve as a steer to engineer such a rotation.   

FtmPT1 also exhibits interesting regioselectivity. However, it is activated by a single 

mutation at Gly115. Mutating it to Thr115 results in the dimethylallylic cation connecting to the 

C3 (C3A) instead of C2 (C2A) position of the brevianamide F via its own C3 (C3P) atom instead of 

C1 (C1P) atom. However, G115A mutant does not show the same regioselectivity.  

The reaction mechanism of NphB has been proposed to be an associative pathway featured 

an SN2-like TS or a dissociative mechanism featured a carbocation invoked electrophilic capture. 

Although the dissociative mechanism is more preferred, the possibility of an associative 

mechanism cannot be totally excluded without further study. On the other hand, the catalysis of 

FtmPT1 has been assumed to adopt a dissociative pathway. Three steps mechanism has been 

proposed: in the first step the hydrolysis takes place to form a PPi leaving group and a 

carbocation, next in the second step the carbocation rotates then attaches either C1P or C3P (in 

G115T mutant) to the indole nucleus forming a new C-C bond, consequently the proton transfer 

occurs in the third step to restore aromatic quality of the indole substrate. KIE experiment has 

determined that both the hydrolysis and bond forming steps are partially rate limiting. Consider 
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the rate constant of product formation (kcat) is 5.57 s
-1

 under single turnover condition, the KIE 

result is reasonable since the time scale for such a rotation is usually not in this order of 

magnitude.  

5.2 Methods and Simulation Details 

5.2.1 QM/MM Study of NphB Prenylation 

The initial structure of NphB is obtained from the QM/MM X-ray refinement conducted in 

the previous study
153

. The S1 state structure is selected and then solvated in a truncated 

octahedron box filled with TIP3P water models. The edge of the box is at least 8 Å away from 

the nearest solute atom. The enzyme is modeled using AMBER force field ff99SB, while the 

substrates are modeled using GAFF. The atomic charges of two substrates from previous study 

are adopted here. PME is applied to describe the long-range electrostatic interactions. An 8 Å 

cutoff of the real-space nonbond interaction and an approximately 1 Å for the reciprocal space 

grid spacing are used. All hydrogen-involved bonds are constrained with SHAKE algorithm.  

The resulting system is first fully minimized with a weak, harmonic restraint applied to 

remove any possible close contacts. The temperature of the system is slowly heated to 300 K 

using Langevin dynamics during a 100 ps time period. During this heating process, the positional 

restraints are gradually removed. Consequently, the system is simulated in the NPT ensemble for 

900 ps with a 1 fs time step to further equilibrate the density. After that, a 4 ns NPT simulation 

with a 2 fs time step is performed to obtain a descent starting point for QM/MM simulations.  

A snapshot of the final 1 ns simulation is taken to serve as the initial structure for QM/MM 

simulation. The system is then partitioned into QM region and MM region. Only two substrates 

are included in the QM region since preliminary results showed this selection produces the most 

stable simulation while does not sacrifice accuracy (Figure 5-1). The system is quickly 

minimized with the SCC-DFTB/ff99SB hybrid potential followed by re-heating to 300 K in 
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NVT ensemble during a 50 ps period with a 0.5 fs time step. The pressure regulation is then 

turned on to have the system equilibrated in the NPT ensemble for 450 ps with a 1 fs time step.  

 

 

Figure 5-1. QM partition of NphB: GPP and 1,6-DHN. Important atom specifications are given. 

O1p in figure denotes O1P in text (which means O1 from diphosphate substrate), and 

C5a denotes C5A in text (which means C5 in aromatic substrate). 

The resulting system is then used for a SMD scan to access a quick view of the FES shape. 

The RC is defined as the distance between C1 (C1P) of GPP and C5 (C5A) of 1,6-DHN. The linear 

combination of RC, which defined as dRC = dC1P-O1P – dC1P-C5A, appears bringing instability into 

the PMF study, possibly due to the existence of multiple reacting-capable atoms in 1,6-DHN. 

While a 2-D PMF study, where the RC‟s defined as dRC
1
 = dC1P-O1P and dRC

2
 = dC1P-C5A, increases 

the computational cost significantly but does not provide additional accuracy. A set of 26 starting 

structures are extracted from the trajectory of SMD covering the RC from 1.5 Å (product state) 

to 4.0 Å (resting state), with a 0.1 Å interval. Another 14 windows are prepared to cover the 

middle points of two originally generated windows for the reaction important area, namely 1.6 Å 
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to 3.0 Å. A set of resulting 40 windows of USP is then carried out with each windows simulated 

for 250 ps, thus a total of 10 ns QM/MM simulation is accomplished for this study. The last 150 

ps simulation of each window is used for data collecting. The results are then processed with Dr. 

Grossfield‟s WHAM code to reconstruct the free energy profile after unbias the distribution.  

The S3 state is reached by applying the following NMR restraints (C1P-C5A: 5.9 Å, 10 

kcal/molÅ; C1P-C2A: 4.0 Å, 10 kcal/molÅ) to an extended QM/MM simulation after the 

already-mentioned 4 ns simulation. A SMD scan is then carried out with the new generated S3 

state structure with the new RC defined as dC1P-C2A. The same strategy as described for the S1 

state is adopted into the QM/MM PMF study of S3 state coupled with USP method. WHAM 

code is utilized again to generate the free energy profile. 

The S4 state is also studied. The initial structure is obtained from a snapshot of QM/MM 

equilibration of S3 state. The reason of such a selection will be explained later. A SMD scan is 

carried out with the resulting structure to propagate the trajectory over the RC, where RC is 

defined as dRC = dC1P-C3A. A following QM/MM PMF study coupled with USP technique, 

however, has not yet been performed. 

5.2.2 Modelling and Simulation of Proton Transfer Step in NphB Catalysis 

After the prenylation, a proton transfer step is required to remove the redundant hydrogen 

from the prenylated 1,6-DHN, thus restoring its aromatic quality. The proton transfer is usually 

much more complicated than other reactions due to the highly possible quantum tunneling effect 

resulting from the small atomic mass of hydrogen atom. In this study, we still adopt the SMD-US 

strategy to study this reaction with QM/MM simulation. However, ab initio level calculation will 

be conducted later to study the tunneling effect. 

The initial structure (see Figure 5-2) is a snapshot taken from the S1 QM/MM USP at dRC 

= 1.5 Å that corresponds to the product state. After carefully examine the resulted structure, two 
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candidates to perform such a proton abstraction have isolated. One of them is the Tyr216 and 

another one is a crystal water molecule.  

 

 

Figure 5-2. Active site configuration of the initial structure selected for proton transfer step 

simulation. WAT refers to the water molecule that is included in QM region at this 

stage. 

Tyr216 stabilize the PPi by donating a hydrogen bond to the α-diphosphate, and it situates 

within 4.5 Å away from C5A of 1,6-DHN. A reasonable tyrosine mediate proton transfer process 

would be the diphosphate first abstracts the hydroxyl oxygen and then consequently the tyrosine 

compensates itself by capturing the extra proton from geranylated 1,6-DHN. However, our 

preliminary results show the first step associates with an unreasonably large free energy barrier 

(45+ kcal/mol from SMD scan). Therefore, this hypothesis has not been further studied.  
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On the other hand, a crystal water molecule has been observed approaching 1,6-DHN 

when the new C-C bond starts to form. This water molecule interacts with the hydroxyl group at 

C6A, thus staying close to the redundant proton at C5A. An equilibration of 250 ps is first 

performed to validate that this water molecule remains its position during longer simulation. 

Within this equilibration, this water molecule is added into QM region. Then a snapshot is 

extracted from the trajectory resulted from the last 50 ps of such equilibration. The resulting 

structure is scanned with a SMD simulation with RC defined as dRC = dOW-H5A. A following 

QM/MM USP study has not been performed yet. 

5.2.3 Classical and QM/MM study of FtmPT1 

The FtmPT1 model is prepared based on the structure of PDB 3O2K (Figure 5-3). The 

system is first gone through MolProbity (at http://molprobity.biochem.duke.edu/) to improve the 

structure. Several flip are taken place at a couple of glutamines and an asparagine residue. The 

resulting system is then prepared with LeaP in the AMBER suite of programs. AMBER force 

field ff99SB and GAFF are used to model the enzyme and substrates, respectively. The atomic 

charge of DMAPP and brevianamide F and derived following a two-stage RESP fitting 

procedure. After that, the system is solvated into a truncated octahedron water box with TIP3P 

water model applied. The edge of the box situates at least 8 Å away from the closest solute atom. 

Long-range electrostatic interactions are computed using PME method. SHAKE algorithm is 

implemented to apply constraints to all bonds with hydrogen atoms. This model is termed as 

DPP in the following text. 

Another system is prepared in the same way for FtmPT1 complexed with monoprotonated 

DMAPPH
2-

, in order to testify the substrate preference of this enzyme. This new model will be 

called DPH in this study. 
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Figure 5-3. Active site configuration of PDB ID 3O2K. DMAPP and Brevianamide F are treated 

with QM in QM/MM simulation. Important atoms are labeled in red. 

Two resulting systems are first fully minimized. A weak, harmonic force is applied to 

restrain the coordinates of protein and ligand atoms. Then the systems are heated to 300 K during 

a 100 ps period with a 1 fs time step in canonical ensemble. The positional restraints are 

gradually removed during the heating processes. The resulting systems are equilibrated in the 

NPT ensemble for 900 ps with a 1 fs time step, followed by a 4 ns simulation for each system.  

A snapshot of the final 1 ns simulation of DPP is extracted for each system and served as 

the initial structure for the following QM/MM study. The QM/MM study of DPH has not yet 

been conducted. Similar to NphB, only two reactants are selected in the QM partition of the 

system, while all remaining system is modeled with MM potential. The resulting two systems are 

then minimized with hybrid QM/MM potential and re-heating to 300 K during a 50 ps time 
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period in NVT ensemble with a 0.5 fs time step. Then both systems are equilibrated with 

QM/MM potential for 450 ps with a 1 fs time step. A snapshot from the last 50 ps simulation for 

each system is chosen as the initial structure for the PMF study.  

Due to the large separation between C1P and C2A, a 2-D PMF study would be very 

computationally consuming. Thus a two-stage 1-D PMF study is applied to each system. In the 

first-stage, the RC is defined as dC1P-O1P while in the second state dC1P-C2A denotes the RC. A 

first-stage SMD scan for each model is conducted to simulate the hydrolysis of DMAPP. The 

resulting structures are then undergoing another SMD scan at the second-stage to study the bond 

forming process. A two-stage study of USP method coupled PMF is also required. Such a study 

is currently undergoing in our lab. 

After obtaining knowledge of the RC variation from two-stage 1-D PMF studies, it is 

possible to carry out 2-D PMF studies with a „reduced‟ number of windows that only cover those 

important areas while leaving physically unfavorable areas out of study. In such a study, the two 

RC‟s are defined as dRC
1
 = dC1P-C2A and dRC

2
 = dC1P-O1P. This study would provide additional 

support to the conclusion drawn from 1-D PMF study. 

5.3 Results and Discussions 

5.3.1 Orientation of Substrate Orientation in QM/MM Equilibration of NphB 

A QM/MM X-ray refined structure of NphB S1 state has been adopted as the initial 

structure and solvated into a water box in truncated octahedron shape. The resulting system is 

first fully relaxed through MM equilibration. During this procedure, dC1P-C2A and dC1P-C5A 

fluctuates as the system is transforming between the major product of S1 and the minor product 

state of S3. A snapshot from the last 1 ns MM simulation that best represents the S1 state is 

extracted to serve as the initial structure of the consequent QM/MM simulations. 
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During QM/MM simulation, GPP and its binding pocket are fairly stable. The salt bridge 

interactions between negatively charged side chains of Lys119, Arg228 and Lys284 help 

stabilizing the isoprenoids substrate. In addition, Tyr216 functions as a hydrogen bond donor to 

the α-diphosphate, while Lys169 reaches into hydrogen bond range with the β-diphosphate.  

Tyr121 situates on the opposite side of geranyl group to the aromatic substrate thus it looks 

like the lipid group being sandwiched by the two aromatic units. Such a pose would be essential 

to the catalysis if the reaction adopts a dissociative pathway, since two aromatic groups could 

stabilize the developing carbocation through cation-π interactions
211-218

. Carefully examining the 

relative positions of Tyr121 and 1,6-DHN, it is found that the aromatic ring of the tyrosine 

residue points to the C3P position of the geranyl moiety while the aromatic group of 1,6-DHN (in 

the S1 state orientation) is in a perfect position to interact with C1P. Considering the fact that the 

positive charge will be delocalized between C1P and C3P, this staggered arrangement of two 

aromatic units is particular interesting and important.  

The orientation of 1,6-DHN fluctuates between S1 and S3 state through the QM/MM 

equilibration (see Figure 5-4). The side chains of Ser214 and Tyr288 play important role to help 

stabilize the S3 state orientation via hydrogen bond interactions. A configuration of 1,6-DHN 

that leads to the C4A closer to C1P of GPP
3-

 than either C5A or C2A has been observed during the 

orientation transition, however, is fairly unstable as it nearly instantly transforms to other 

orientations. That finding leads to an assumption that the 4-prenyl-1,6-DHN is an associated 

product of either S1 state or S3 state orientation. This assumption makes sense if one considers 

the fact that at the equilibrium conformation of S3 state C4A is quite accessible to the C1P, since 

the distance between C1P and C4A is fluctuating between approximately 1.0 Å shorter to 1.2 Å 

longer than that dC1P-C2A. 
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Figure 5-4. 1,6 DHN orientation in S1 (left) and S3 (right) State.  

5.3.2 Free Energy Surface of NphB Catalyzed Prenylation 

5.3.2.1 S1 state 

QM/MM PMF studies are carried out to study the FES associated with different product 

formation processes of NphB catalysis. A snapshot from the final 50 ps QM/MM equilibration of 

S1 state that best represents the resting state of such an orientation (dC1P-C5A ≈ 4.0 Å; and dC1P-C2A 

≈ 7.0 Å) is prepared as the initial structure for the future PMF study. 

A SMD scan is performed with the resulting structure. 40 structures are consequently 

extracted from the SMD trajectory to serve as starting structures for the following US. After 

unbiasing the distribution of each windows using WHAM code, a free energy profile is 

generated. An intermediate is identified on such a FES at approximate 2.10 Å along the RC. Two 

free energy barriers, at 2.55 Å and 2.00 Å respectively, separate the intermediate state to either 

the reactant state or the product state. The barrier at 2.55 Å (TS1) is the highest barrier, 

corresponding to 12.35 kcal/mol free energy (see Figure 5-5), while the second barrier at 2.00 Å 

(TS2) is fairly small (about 5.55 kcal/mol) comparing to the intermediate state (approximately 

5.10 kcal/mol).  
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Figure 5-5. Free energy profile associated with prenylation step for both S1 and S3 model. The 

profile of S3 does not start from 0 kcal/mol, instead, it starts at 2.3 kcal/mol, which is 

the free energy difference between S1 and S3 orientation. 

The intermediate features a carbocation (Figure 5-5). The H1P-H2P-C1P-C2P (see Figure 5-1 

for atom specifications) dihedral reads nearly 180° upon the forming of such a carbocation, 

which strongly indicating the generation an sp
2
 carbon at C1P. Moreover, this dihedral stays 

above 160° during the RC moving from approximately 2.6 Å to 2.3 Å and fluctuates above 150 

Å until the intermediate state is passed. Comparing to the fluctuation of such a dihedral in the 

farnesylation of FTase/FPPH/CVIM complex (see Figure 5-7), the characteristic of a carbocation 

in this geranylation is more evident. Therefore, we propose this NphB catalyzed geranylation 

adopts a typical SN1 reaction mechanism. 

Tyr121 sandwiches the developing carbocation along with 1,6-DHN via cation-π 

interactions. The staggered arrangement of two aromatic groups guarantees that the positive 

charge is stabilized by at least one cation-aromatic π interaction despite the delocalization of the 

charge. In fact, after the C1P-O1P bond breaks, the generated carbocation immediately „slips‟ into 
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the pocket „sandwiched‟ by these two aromatic units. On the other hand, Tyr216, which forms 

stable hydrogen bond interaction to an oxygen atom from α-diphosphate, is within 4.0 to 4.8 Å 

away from the C1P atom after the carbocation forms. In spite of the distance significantly longer 

than that between the carbocation and either Tyr121 or 1,6-DHN, it is still within the interaction 

range of such a cation-aromatic π interaction. Thus, an interesting T-shaped cation-aromatic π 

interaction pocket is formed and possibly steers the carbocation to electrophilic attack the C5A of 

1,6-DHN. 

 

 

Figure 5-6. Active site configuration at the intermediate state of S1 model. O1P of PPi, C1P of 

carbocation and C5A of 1,6-DHN are labeled in red. Note Tyr121 and 1,6-DHN are 

staggered „sandwiching‟ the carbocation. 

The diphosphate leaving group, with a big 4 units negative charge, is stabilized by Lys119, 

Asn173, Arg228, Lys284 and Tyr216 via hydrogen bond interactions. Lys169 might also 
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contribute to the stabilization via a water mediate hydrogen bond to the β-diphosphate moiety. 

Upon passing the TS2, the C1P-C5A bond starts forming. At the same time, a crystal water 

molecule reaches in to within reacting range to the 1,6-DHN. Such a water molecule might 

function to abstract the extra proton at C5A.  

 

 

Figure 5-7. H1(P)-H2(P)-C1(P)-C2(P) dihedral variation in the chemical reaction of NphB catalyzed 

5-prenylation (red) and FTase/FPPH/CVIM catalyzed farnesylation (blue). 

The computed free energy barrier is 12.35 kcal/mol, while the experimentally measured kcat 

for this reaction is 4200 ± 200 s
-1

, corresponding to 12.6 kcal/mol in barrier height associated 

with the product formation. In addition to the excellent agreement between our calculation and 

experimental observation, this value suggests that the hydrolysis step is the RLS for this NphB 

catalyzed geranylation. Although the possibility of the proton abstraction step being the RLS 

cannot be totally excluded, it is very unlikely that the free energy barrier associated with such a 
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proton transfer will be larger than 12 kcal/mol, leave alone the highly possible accompanied 

quantum tunneling effect due to the small mass of hydrogen atom.  

5.3.2.2 S3 state and S4 state 

The initial structure of S3 state for the QM/MM simulation is obtained by artificially 

building such a configuration with NMR restraints applied. One of the snapshots during last 10 

ps of such a restraint simulation is then extracted and prepared for the QM/MM PMF study.  

Like S1 study, a SMD scan is first conducted to propagate the trajectory along the RC from 

4.0 Å (reactant state) to 1.5 Å (product state). A set of 40 structures are then extracted from the 

trajectory and prepared for the consequent US. After 40 windows of simulations finish, data is 

collected from each window and processed with WHAM code to generate the unbiased free 

energy profile. The resulting profile once again implied a dissociative mechanism (Figure 5-5). 

Similar to S1, TS1 is identified at approximate 2.5 Å with a barrier height of about 13.50 

kcal/mol, and TS2 is found at approximate 1.95 Å with a barrier height of around 11.35 

kcal/mol. Two TS are connected by an intermediate state at approximately 2.10 Å with a free 

energy approximately 10.40 kcal/mol higher than the S1 resting state.  

Comparing to the profile previously obtained for S1. An interesting note is the difference 

at the RLS barrier height. S1 gives a 12.35 kcal/mol barrier while S3 produces a barrier of 13.50 

kcal/mol, which is 1.15 kcal/mol higher. Experimental results show an approximate 4 fold-

difference in their corresponding kcat that results in a 0.8 kcal/mol difference (S3 higher than S1). 

Such a value is perfectly within chemical accuracy comparing to the experimental measurement.  

In previous MM PMF study, S1 state is found approximately 2.3 kcal/mol energetically 

more favorable than S3 state. Put this energetic difference into consideration, a 11.15 kcal/mol 

barrier height for S3 chemical step is obtained.  
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S3 clearly has a much higher free energy than S1 with regard to the second barrier and the 

intermediate state. Structural analysis provides usually information to help understanding this 

difference. In their corresponding resting state, 1,6-DHN seems orienting „horizontally‟ in S1 

model while „vertically‟ in S3 state. Thus, the resting state of S3 provides more surface area for 

the hydrophobic interactions with geranyl group. The resulted dispersion might be the source of 

an easier hydrolysis, or C1P-O1P bond broken. However, the orientation of 1,6-DHN in the 

product state is more similar to the orientation in S1 resting state. One possible explanation of 

this orientation change is in its original orientation the repulsion between aromatic groups and 

the attaching geranyl group is too strong thus 1,6-DHN has to adopt a pose similar to S1. Such a 

repulsion force or the reorientation of 1,6-DHN possibly causes the energy increase associated 

with the intermediate state and TS2. 

The active site configuration of the intermediate state (see Figure 5-8) represents a very 

similar look to S1 state with the exception of a different orientation of 1,6-DHN. The carbon 

atoms in the first isoprene unit almost situate in the same plane, while the H1P-H2P-C1P-C2P 

dihedral is nearly 180°. The carbocation is sandwiched between the aromatic moiety of Tyr121 

and „vertically‟ oriented 1,6-DHN. C1P, C2P and C3P, where the charge delocalization could take 

place, all have close aromatic moiety available to provide cation-aromatic π interactions. The 

side chains of Lys119, Lys169, Asn173, Tyr216 Arg228 and Lys284 help stabilized the PPi via 

hydrogen bond interactions, in addition to the stable Mg
2+ 

coordination. Tyr288 forms a 

hydrogen bond with the hydroxyl group at C6P of 1,6-DHN, by serving as either a hydrogen bond 

donor or acceptor. When the C1P and C2A reach into the reacting range, a couple of crystal water 

molecules, one of which is exactly the possible proton acceptor in S1, approach to the hydroxyl 

group of 1,6-DHN at C1A and possibly serve as the proton abstractor. 
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Figure 5-8. Active site conformation in S3 model at the intermediate state. O1P of PPi, C1P of 

carbocation, and C2A of 1,6-DHN are labeled in red. Notice 1,6-DHN starts to rotate 

counter-clockwise in order to reduce steric repulsion for the following attachment.  

The free energy profile obtained from SMD simulation (see Figure 5-9) also supports a 

dissociative mechanism for this model. The active site configuration after carbocation forming 

looks very similar to that of S3 state (Figure 5-10). 1,6-DHN is nearly „vertically‟ oriented thus 

able to stabilize the carbocation via cation-aromatic π interactions that cover C1P, C2P and C3P 

positions. Tyr121, although still cooperates with 1,6-DHN sandwiching the carbocation, seems 

moving away from C3P. Thus it is unclear whether it still helps stabilizing the carbocation 

through cation-π interactions. The free energy barrier associated with this product is more than 

15.0 kcal/mol. Qualitatively, this value is in agreement with the experiment evidence that S4 

associated with a free energy higher than both S1 and S3. Quantitatively, however, this value is 
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not conclusive enough since several other important factors still need to be considered, such like 

SMD usually produces a free energy barrier than USP as well as the free energy difference 

associated with the orientation of 1,6-DHN between S1 or S3 and S4 remains unknown. 

 

 

Figure 5-9. Free energy profile associated with S4 model prenylation. This profile starts at 2.3 

kcal/mol, which is the free energy difference between S1 and any observed state 

orientation state of 1,6-DHN. 

5.3.3 Proton Transfer Step of NphB Catalysis 

The NphB chemistry includes both a prenylation step and a proton transfer step that 

restores aromatic quality of prenylated 1,6-DHN.  

Proton transfer is usually a tricky reaction in computational simulation. The quantum 

tunneling effect is usually strong in this kind of reactions because hydrogen possesses such a 

small atomic mass. Therefore, QM calculation is required to fully understand such a scenario. In 

this study, we mainly focus on whether or not the deprotonation of geranylated 1,6-DHN is the 

RLS of NphB catalyzed prenylation reaction. Regarding this question, our previous analysis of 

the prenylation step has strongly implied that the deprotonation step is not the RLS. In addition, 

KIE experiment results of indole prenyltransferase system also disaffirm the deprotonation step 
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in a similar catalysis as the RLS. However, a more persuasive conclusion still requires QM/MM 

simulation coupled with PMF study. 

 

 

Figure 5-10. Active site snapshot of S4 prenylation. O1P of PPi, C1P of carbocation and C4A of 

1,6-DHN are red labeled.  

The initial structure is first equilibrated with QM/MM potential for 250 ps in NPT 

ensemble. During the last 50 ps simulation, the water oxygen (Ow) remains in the middle of 

diphosphate group and geranyl-1,6-DHN (Figure 5-2). The distance between Ow and H5A 

fluctuates around 3.0 Å, while the closest distance between water hydrogen (Hw) and O1P stays 

around 3.5 Å. In addition, this water molecules forms hydrogen bond with both the hydroxyl 

group of geranyl-1,6-DHN and a non-O1P α-diphosphate oxygen atom, thus making itself able to 

maintain its position and serve as a proton capturer as well.  
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Figure 5-11. Free energy profile associated with the S1 proton transfer step. This profile is 

obtained from a SMD scan. Note the starting point (2.6 Å) corresponds to the end 

point (1.5 Å) in Figure 5-5.  

A SMD scan is then taken to propagate the trajectory along the RC, dOW-H5A, from 3.0 Å to 

0.95 Å, which is the default O-H bond length of TIP3P water model though this water is no 

longer a TIP3P water model. The resulting free energy profile gives an approximate 13.6 

kcal/mol free energy barrier (see Figure 5-11). However, consider (1) the start point that is the 

end point of prenylation step (of S1 state) corresponds to a -6.0 kcal/mol free energy difference 

to the resting state and (2) the SMD free energy barrier height is usually higher than the USP 

result and (3) the existence of quantum tunneling effect will significantly drops the real barrier 

height, it seems the prenylation step is indeed the RLS of the NphB catalyzed geranylation. 

The resulting product structure, 5-prenyl-1,6-DHN, displays a relaxed configuration 

(Figure 5-12). Tyr288 help stabilize this product by donating a hydrogen bond to one of the 

carboxyl groups of 5-prenyl-1,6-DHN. The H3O resulted from the proton abstraction forms 

hydrogen bond with the hydroxyl group of Tyr216 as a hydrogen bond donor, while the tyrosine 
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serves as a hydrogen bond donor to interact with the PPi leaving group. Such a configuration 

implies there might be a context proton transfer scheme between these three residues, however, it 

is out of our discussion. 

 

 

Figure 5-12. Active site configuration after proton abstraction from 5-prenyl-1,6-DHN to H3O 

(WAT in Figure 5-2). O1P of PPi, C1P of geranyl moiety and C5A of aromatic product 

are labeled in red. 

5.3.4 Substrate Protonation State Preference of FtmPT1 

The MM simulation of FtmPT1 complexed with brevianamide F and DMAPP has been 

simulated with two models with two different protonation state of DMAPP adopted. In the first 

model, fully deprotonated DMAPP (DMAPP
3-

) is selected while in the second model the 

monoprotonated form of such an isoprenoid diphosphate (DMAPPH
2-

) is chosen.  
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Both models have been equilibrated with MM potential in NPT ensemble for several nano 

seconds. The resulting trajectories are examined and compared carefully. RMSD (root mean 

square deviation) and RMSF (root mean square fluctuation) information of two models in the last 

2 ns of simulation are extracted. Both simulations appear stable over this period of time, though 

the fluctuation of DPP appears slightly bigger than DPH. The same trend has been observed in 

the RMSF plot, whereas the important areas appear stable in both models. The distances between 

two reacting atoms, C1P of DMAPP and C2A of brevianamide F, have also been pulled out. The 

result shows that DPH adopts a much shorter RC than DPP. In previous computational study of 

FTase
141

, the monoprotonated form the FPP seems the only form able to steer the conformational 

transition in the absence the magnesium. In FtmPT1 chemistry, however, Mg
2+

 dependency is 

not observed, thus whether the enzyme prefers DMAPPH
2-

 or its deprotonated form, DMAPP
3-

, 

is of great interest to us. 

The active site configurations of two models are examined separately. In DPH model, side 

chains of positively charged residues such as Arg113, Lys201 and Lys294 anchor the negatively 

charged diphosphate moiety via salt bridges. In addition, the side chains of Tyr203, Gln380, 

Thr448 and Tyr450 help stabilize the diphosphate group via hydrogen bond interactions. Four 

tyrosine residues, including Tyr203, Tyr296, Tyr382 and Tyr450 (see Figure 5-3), surround the 

binding pocket of DMAPPH
2-

. These four aromatic AA‟s, along with Phe280 and brevianamide 

F itself, form an aromatic rich environment, which is proposed to function as a steer to engineer 

the rotation of developing carbocation required by the new bond forming. Two reacting atoms 

are approximately 4.5 Å apart, while C3P of DMAPPH
2-

 is also within 4.5 Å to the C3A atom of 

brevianamide F, where an alternative reaction will take place upon the G115T mutation. 
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On the other hand, in DPP model, the diphosphate moiety is also anchored by Arg113, 

Lys201 and Lys294 via salt bridge interactions, and the side chains of Tyr203, Gln308 and 

Tyr450 still form hydrogen bond interactions with diphosphate, providing additional support. 

The distance between C1P and C2A fluctuates around 5.0 Å while the C3P-C3A distance is 

approximate 4.0 Å. The tyrosine shield and aromatic environment are stable throughout the 

simulation as well. 

Different to FTase, which requires a conformational transition step prior to the chemical 

step, no evidence shows that FtmPT1 requires such a physical step, although the two reacting 

atoms are at least 4.5 Å apart (in DPH
 
model, more than 5 Å away in DPP model). Therefore, a 

PMF study at MM level might be unnecessary and useless. As a result, QM/MM PMF study is 

the only way to testify the substrate preference of this enzyme. 

5.3.5 A Look at FtmPT1 Catalysis  

The chemical reaction of FtmPT1 catalysis is studied by dividing the PMF into two parts. 

The first part is the hydrolysis step that adopts dC1P-O1P as the RC, while the second part is the 

bond formation step that a RC of dC1P-C2A is employed. Such a strategy is a compromise of a 1-D 

PMF study with a RC of either dC1P-O1P or dRC = dC1P-O1P - dC1P-C2A and a 2-D PMF study with 

dRC
1
 = dC1P-O1P and dRC

2
 = dC1P-C2A. The former case fails to give a reasonable FES because the 

simulations tend to move the DMAPP close to brevianamide F before breaks the C1P-O1P bond 

thus the free energy barrier is mistakenly raised due to the huge steric effect associated with the 

movement of DMAPP. On the other hand, the 2-D PMF will be a very expensive and time-

consuming approach without gaining any knowledge about the reaction pathway. The adopted 

strategy is rational because within each step the free energy is described as a function of the most 

important property.  
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Figure 5-13. Carbocation formed in FtmPT1 catalysis. Important atoms are labeled in red. H1p 

corresponds to H1P in text where p means „from diphosphate substrate‟. C2a denotes 

C2A in text where a means „from aromatic substrate‟. 

A QM/MM SMD scan is conducted to study the hydrolysis step first. The RC is moved 

from 1.5 Å (reactant state) to 3.5 Å where C1P and O1P are sufficiently apart thus a carbocation 

should have already formed. The resulted free energy profile features a steadily increase before 

dRC = 2.7 Å and a flat curve thereafter. Such a FES implies the formation of a carbocation after 

the two bonding atoms are forced sufficiently apart. The active site configuration extracted from 

the trajectory provides addition support to the existence of a carbocation as five carbon atoms of 

dimethylallylic group nearly situate in the same plane, while the dihedral of H1P-H2P-C1P-C2P 

remains nearly 180° after 2.7 Å point (Figure 5-13). The resulted dimethylallylic cation is 

sandwiched by two aromatic units: brevianamide F and a tyrosine residue involved in the 
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tyrosine shield. Strong cation-aromatic π interactions are expected from both sides of the 

carbocation. In addition, the shape of the tyrosine shield enables the steer of the carbocation 

rotation in order to approach another reactant, since continuous cation-aromatic π is provided by 

at least one of four tyrosine residues regardless the orientation of dimethylallylic cation inside 

the pocket.  

An initial structure of the second step is extracted from the SMD trajectory with dRC = 2.8 

Å upon where a carbocation is already generated. The resulted structure is then undergoing 

another QM/MM SMD scan with a RC of dC1P-C2A. In the configuration of such an initial 

structure, C1P and C2A are 5.8 Å apart, thus the trajectory is propagated to move the RC from 5.8 

Å to 1.5 Å. The resulted free energy curve (data not shown) indicates the existence of an 

intermediate state after the carbocation rotates its orientation slightly. Another free energy barrier 

is observed at dRC = 2.1 Å, due to the strong repulsion generated in the approaching of two 

carbon atoms. The hydrogen at C2A position distinctly bends out of the aromatic plane, indicating 

a proton removal step is required to restore the aromatic quality of the aromatic substrate. 

Despite the qualitatively understanding of FtmPT1 catalyzed prenylation, the quantitative 

properties, such as free energy barrier height or the exact location of important state, obtained 

from SMD simulation are not sufficiently conclusive. In fact, it is not unusual to find 

distinguishable difference between SMD generated free energy profile and USP resulted free 

energy curve. Therefore, a set of QM/MM USP is still required to complete our understanding of 

this catalysis. In addition, effort should be also made to study the proton abstraction step and the 

impact of key residue mutation such as G115T. These works are currently undergoing in our lab. 

5.4 Summary 

In this study, effort is made to illustrate the reaction mechanism catalyzed by two aromatic 

prenyltransferases: NphB and FtmPT1.  
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NphB is determined to catalyze the geranylation via a dissociative pathway. A stable 

carbocation is observed for each of three models leading to there different products. The free 

energy parameters obtained from QM/MM USP (12.35 kcal/mol for S1 and 13.50 kcal/mol for 

S3) are in excellent agreement with results from kinetic experiments (12.6 kcal/mol for S1 and 

13.3 kcal/mol for S3). Although the free energy barrier obtained for S4 thought a QM/MM SMD 

simulation qualitatively matches the experimentally observed trend, quantitatively it is not 

convincing enough. The proton transfer step is studied with S1 model, the given free energy 

profile suggests a barrier height lower than the hydrolysis of GPP, therefore, the RLS is 

determined to be the hydrolysis step in the prenylation.  

Indole prenyltransferase FtmPT1 is also studied. In the MM simulation of both FtmPT1 

complexed with DMAPPH
2-

 and FtmPT1 complexed DMAPP
3-

, stable simulations are reached. 

The distance between two reacting atoms is slightly smaller in DPH model than in DPP model. 

Except that, everything looks similar in two active site configurations. QM/MM PMF is required 

to identify which protonation state of DMAPP is more favorable to FtmPT1. However, due to the 

large separation between two reactants, traditional 1-D PMF study fails because the system 

prefers to move the reactants into a close range before forcing bond cleavage. A 2-D PMF 

without preliminary knowledge of reaction pathway requires a huge number of sampling 

windows, thus making itself not an ideal implementation. As a compromise, a two stage 1-D 

PMF strategy is adopted and gives exciting results. The 2-stage 1-D SMD scan reveals a stable 

carbocation and an intermediate state associated with the rotation of such a carbocation. Tyrosine 

rich environment in DMAPP biding pocket plays an important role to stabilize the lipid group 

and furthermore engineer its rotation via cation-aromatic π interactions.  



 

154 

The aromatic rich environment in the active sites of aromatic prenyltransferases makes 

huge impact on the mechanism selection of this type of enzymes. Their ability to stabilize the 

developing carbocation via cation-aromatic π interactions is essential to the SN1-like mechanism. 

Such findings make an interesting argument about the target-dependent mechanism selectivity of 

prenyltransferases, in addition to the mechanism switch associated with the fascinating context-

dependent substrate selectivity across different FTase/peptide complexes.  
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