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Abstract
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Molecular association is part of many important processes in living cells. Computational
methods for calculating binding free energies allows for a quantitative examination of
biomolecular structures and hypotheses drawn from biochemical experiments. Here, binding
free energy calculations for tRNAs and release factors binding to mRNA codons on the
ribosome, sugars binding to lectins and purine analogs binding to the purine riboswitch are
presented.

The relative affinities between cognate and non-cognate tRNAs for different states involved
in codon reading on the ribosome were determined. The calculations show that tRNA
discrimination varies between different conformations of the 30S subunit, where the existence of
both low and high selectivity states provides an efficient common mechanism for initial selection
and proofreading. The simulations reveal a desolvation mechanism for the 30S conformational
switch with which the accuracy of peptide bond formation can be amplified.

When an mRNA stop codon (UAA, UAG or UGA) is located in the ribosomal A-site release
factors bind to the ribosome and the synthesized protein is released. RF1 is specific for UAA and
UAG whereas RF2 is specific for UAA and UGA. The free energy calculations and an analysis
of the performed simulations show the mechanisms for how RF1 and RF2 are able to read the
stop codons with different specificities. Also mitochondrial release factors were investigated.
Vertebrate mitochondria have four stop codons, UAA, UAG, AGA and AGG and two release
factors mtRF1 and mtRF1a. The calculations show how the specificities of both mtRF1 and
mtRF1a agree with RF1 and that none of them are likely to read the non-standard stop codons
AGA and AGG.

The linear interaction energy method has also been examined for the RSL and PA-IIL lectins
and for the purine riboswitch. The standard parameterization of the method works well for RSL,
but fails for PA-IIL and the purine riboswitch due to compositions of the active sites in these
systems. The development of new parameterizations to overcome these problems leads to a
better understanding of both the method and the binding mechanisms in these systems.
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Introduction 

 
Non-covalent molecular binding is of critical importance for the function of 
living cells. It is involved in many biological processes including signaling, 
catalysis and structure formation. Theoretical methods have therefore been 
developed to be able to predict binding affinities between biomolecules. This 
thesis presents binding free energy calculations for sugars binding to lectins, 
purine analogs binding to the purine riboswitch and tRNAs and release fac-
tors binding to the ribosome. 

The idea of being able to make predictions has always been fascinating to 
me. It allows you to see into the future. The progress of structural biology 
and computational science has increased the possibility to use computational 
chemistry for dissecting biological processes, but the methods must be used 
with care. There are a large number of assumptions needed to be made be-
fore a calculation can begin and if anyone is wrong the prediction may fail. 
This is, however, also the beauty of the methods as it allows you to test your 
hypothesis if you know the expected outcome of the calculation. During the 
work with the projects presented in this thesis I have most often started with 
a hypothesis that later has been shown to be wrong after performing the ap-
propriate calculations. It has been frustrating, but most importantly it has led 
to a deeper understanding of the underlying mechanisms behind the function 
of the biomolecules.  

The structures of biomolecules dictate their function. 3D-structures are 
therefore used to explain and predict experimental data. This is often done 
by visual inspection of the structures. Although the data from such studies 
most often is correct the conclusions have in many cases been shown to be 
wrong. Free energy calculations allow for a quantitative evaluation of both 
biochemical data and structures and can thus be used as a bridge between the 
structures and biochemical experiments.  
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RNA and the genetic code 

What are we and where do we come from? These are two philosophical 
questions that have been asked throughout the history of mankind. Answers 
have been found in religions and philosophy, but the only rational way to 
approach these questions is to study life in a systematic way. This is done in 
biology. Biology is a broad science that can be studied on different levels, 
from single atoms to molecules, cells, organisms, populations and large eco-
systems, where each level is connected to the other and all levels are needed 
to be able to understand life. 

Our heritage is closely related to the questions above and has been thor-
oughly studied in biology. This field reached the molecular level in 1953 
when James Watson and Francis Crick discovered the structure of deoxyri-
bonucleic acid (DNA) (Watson & Crick, 1953) that gave a logical explana-
tion to how genes can be copied by base pairing between the nucleic acid 
bases adenine (A) and thymine (T) and between guanine (G) and cytosine 
(C). Although DNA carries our genes proteins are the molecules that can be 
linked to gene expression. Proteins are chains of amino acids and may act as 
building blocks, transporters of molecules and ions, receptors of signals and 
they catalyze most chemical reactions in the cells.  

 
Figure 1. The central dogma of molecular biology. 

Genes are expressed as proteins in a process known as the central dogma 
of molecular biology. DNA can be copied to DNA, but also to ribonucleic 
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acid (RNA) that can be translated into a protein with a certain sequence of 
amino acids (Figure 1). RNA contains the bases A, G, C and uracil (U) and 
is very similar to DNA in its chemical structure. Only a hydroxyl group of 
the sugar backbone and a methyl group between T and U differ. This seem-
ingly minor difference has large structural implications. While DNA forms a 
stable double helix, RNA is able to form a large variety of molecular scaf-
folds with diverse functions. During the 1960s the importance of RNA for 
life was evident when the genetic code was deciphered. In a series of ex-
periments with synthetic RNA the bases were systematically altered and the 
protein production observed (Nirenberg & Mathei, 1961). Repeats of U gave 
proteins with only the amino acid phenylalanine. Repeats of C gave only 
prolines and repeats of A lysines (Lodish et al., 2000). Altering of the bases 
gave the possibility to identify the RNA code words for protein synthesis. It 
was concluded that each codon coding for an amino acid consisted of three 
RNA bases and a table of the genetic code could be composed (Table 1).  

Table 1. The standard genetic code. Codons investigated by binding free energy 
calculations in paper I, II and III are highlighted in red.  

 2pos  

1pos U  C  A  G  3pos 

UUU Phe UCU Ser UAU Tyr UGU Cys U 
UUC Phe UCC Ser UAC Tyr UGC Cys C 
UUA Leu UCA Ser UAA Stop UGA Stop A 

U 

UUG Leu UCG Ser UAG Stop UGG Trp G 
CUU Leu CCU Pro CAU His CGU Arg U 
CUC Leu CCC Pro CAC His CGC Arg C 
CUA Leu CCA Pro CAA Gln CGA Arg A 

C 

CUG Leu CCG Pro CAG Gln CGG Arg G 
AUU Ile ACU Thr AAU Asn AGU Ser U 
AUC Ile ACC Thr AAC Asn AGC Ser C 
AUA Ile ACA Thr AAA Lys AGA Arg A 

A 

AUG Met ACG Thr AAG Lys AGG Arg G 
GUU Val GCU Ala GAU Asp GGU Gly U 
GUC Val GCC Ala GAC Asp GGC Gly C 
GUA Val GCA Ala GAA Glu GGA Gly A 

G 

GUG Val GCG Ala GAG Glu GGG Gly G 

 
The translation of genes into proteins occurs on the ribosome, a large mo-

lecular complex. It involves the interplay of several different RNA mole-
cules including messenger-RNA (mRNA), transfer-RNA (tRNA) and ribo-
somal RNA (rRNA). mRNAs are transcribed from DNA and carry the ge-
netic code. Three consecutive nucleotides in an mRNA form a codon, coding 
for a certain amino acid. On the ribosome mRNA codons are “read” in a 
repetitive manner where amino acids are added to a growing protein with a 
sequence dependent on the sequence of the codons. Each amino acid is 
brought to the ribosome attached to a tRNA with an anticodon matching the 
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mRNA codon (or codons) coding for the amino acid.  The ribosome is built 
up of rRNA and ribosomal proteins and consists of a large and a small sub-
unit. During translation mRNA, tRNAs and translation factor proteins bind 
to the complex and knowledge about the detailed energetics is of major im-
portance to be able to get a thorough understanding of the mechanisms of 
how the genetic code is read. The translation process can be divided into 
initiation, elongation, termination and recycling. Initiation involves the asso-
ciation of the mRNA, the large and the small ribosomal subunits and the 
binding of an initiator tRNA to the start codon. Elongation is the cycle where 
the repetitive incorporation of amino acids occurs. It involves decoding, 
peptide bond formation and translocation of the tRNAs. The elongation cy-
cle terminates when release factors bind to stop codons and the bond be-
tween the finished protein and the last tRNA is hydrolyzed. To allow for 
new initiation the ribosomal complex needs to be split in a recycling process 
requiring a recycling factor. 

During the last decade structures have been solved of the ribosome in 
many of its states during translation. This makes it possible to study codon 
reading on the atomic level and explore the mechanism with which it is per-
formed. In paper I of this thesis codon reading by tRNAPhe (codons UUU and 
UUC) are investigated by binding free energy calculations. Paper II focuses 
on stop codon reading. The standard genetic code contains three stop codons 
UAA, UGA and UAG that are read by proteins called release factors (Scol-
nick et al., 1968). The release factors bind to the stop codons on the ribo-
some and trigger the release of the protein. There are, however, deviations 
from the standard genetic code. One such deviation occurs in human mito-
chondria, the organelles that provide the cell with energy, where there are 
four stop codons UAA, UAG, AGA and AGG (Anderson et al., 1981). The 
stop codon reading by release factors in mitochondria is examined closely in 
paper III. 

In the central dogma mRNA is considered to be a passive messenger of 
the genetic code. This has been shown to be a vast simplification. The im-
portance of RNA that are not coding for proteins is now clear and the scien-
tific field progresses rapidly. One fascinating type of RNA structures are 
riboswitches. These molecules have the ability to change the gene expression 
of certain genes at special physiological conditions, e.g. at different metabo-
lite concentrations. The purine riboswitches that are covered in paper V are 
examples of such RNA molecules. They bind either to A or G and change 
the fold of the mRNA molecule and thereby also either the transcription or 
the translation of the gene. 

The central role of RNA in the central dogma and the fact that RNA has 
the ability to catalyze chemical reactions has led to the popular hypothesis 
that RNA was the dominating biomolecule at the origin of life (Gilbert, 
1986). In the RNA world RNA would function both as gene storage, like 
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DNA, and a catalyst for chemical reactions like proteins. The hypothesis 
illustrates the versatility of RNA and its central role for life. 
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Methods 

Gibbs’ Free Energy 
Heat is a property of immense interest when studying chemistry. Heat is 
closely connected to the driving force of chemical reactions. Heat will for 
example be released in a fire where organic material burns and water and 
carbon dioxide are formed. In the mid 1800s scientists still held the view that 
a chemical reaction only would be spontaneous if heat was formed (Hägg, 
1963). This was shown to be wrong, but demonstrates the importance of heat 
as a driving force for chemical reactions. Many spontaneous reactions occur 
in fact under the uptake of heat. One typical example is the melting of ice, 
where heat is taken up as ice turns to water (Zumdahl, 1998). 

Depending on how the experiment is conducted heat (q) can either be 
measured as the change in internal energy (ΔU) of the system, or the change 
in heat content, known as the enthalpy (ΔH) of the system. Internal energy is 
the sum of all energies building up the system. Enthalpy also includes the 
energy associated with the pressure (P) and the change in volume (ΔV) of the 
system. 

 VPUH Δ+Δ=Δ  (1) 

The heat of a reaction can easily be determined by measuring the tempera-
ture before and after the reaction in a calorimeter. If this is performed in a 
closed container, where the volume is constant, the heat will be a measure of 
ΔU. If, on the other hand, it is performed in an open container, where the 
atmospheric pressure makes the pressure constant, but the volume can 
change, it is a measure of ΔH. The main source of pressure-volume work in 
chemical reactions is gas expansion. Most biochemical experiments are per-
formed under atmospheric pressure with negligible volume changes, which 
means that q=ΔU=ΔH.  

To describe the spontaneity of a process the concept of entropy (S) is re-
quired. It was introduced by Rudolph Clausius and rationalized by Ludwig 
Boltzmann to be a measure of disorder connected to probabilities (Boudenot, 
2005) with his definition 

 WkS b ln=  (2)  
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where kb is Boltzmann’s constant and W is the weight of the dominating 
configuration of a system. 

The second law of thermodynamics states that the entropy of the universe 
(Suniv), which is the sum of the entropy of a given system (Ssys) and the en-
tropy of the surrounding (Ssurr), increases. A process will thus be spontane-
ous if ΔSuniv is positive (Zumdahl, 1998). 

 surrsysuniv SSS Δ+Δ=Δ  (3) 

When heat is formed in a reaction the disorder of the surrounding will in-
crease and ΔSsurr will get larger according to 

 

T

H
S surr

Δ−=Δ  
(4) 

where T is the temperature. Heat formation will in this case thus increase the 
entropy of the universe. ΔSuniv can, however, also be positive if ΔSsys is posi-
tive. This is the case when ice is melting, where the ordered ice will turn into 
the more disordered water when heat instead is taken up from the surround-
ing. 

The relation between spontaneity, enthalpy (H) and entropy (S) of a sys-
tem is connected in the formula for Gibbs free energy (G). 

 STHG Δ−Δ=Δ  (5) 

It was presented in the 1870ies by Josiah Willard Gibbs and describes the 
work that can be retrieved from a chemical reaction under constant pressure, 
but ΔG also contains information about the driving force of the reaction as 
ΔG will be negative for a spontaneous process.  

Non-covalent molecular binding is often described by the association and 
dissociation of the molecules involved. For a complex of molecule A and 
molecule B this can be described by 

 A+B ⇄ AB (6) 

If ΔG is negative the association occurs spontaneously. The concentrations 
of the free compounds and the complex will for reversible binding, however, 
with time reach equilibrium where ΔG will be 0. At any disturbance of the 
balance ΔG will change and move the reaction spontaneously towards equi-
librium. The equilibrium can be described by an equilibrium constant (Kd) 
for the dissociation, which describes if the equilibrium is shifted to the right 
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or left. It can be calculated from the concentrations of the complex AB and 
the free compounds A and B 

 [ ] [ ]
[ ]AB

BA
K d

×=  
(7) 

where a low Kd will mean high concentration of the complex and thus strong 
binding. Kd is connected to the free energy with the expression 

 







−Δ=Δ
0

0 ln
c

K
RTGG d  

(8) 

where c0 is the standard state concentration and ΔG0 the standard free en-
ergy, the free energy for a reference state with the concentration of 1 M of 
molecule A, 1M of molecule B and 1M of complex AB. At equilibrium ΔG=0 
and ΔG0 will be 

 







=Δ
0

0 ln
c

K
RTG d  

(9) 

ΔG0 thus also contains information of the binding strength of a complex. A 
lower (larger negative) number corresponds to stronger binding.  

Predictions of ΔG0 and Kd make it possible to obtain the affinity between 
two molecules, which can be used to solve many biological problems. They 
can be used to predict the affinity between an enzyme and a substrate, which 
can give information about catalysis of chemical reactions in living cells, 
they can be used in studies of the function of hormones and neurotransmit-
ters when binding receptors and they can be used for evaluating potential 
drug molecules by ranking them after binding strength to the drug target. 
Calculations of binding free energies are used in all projects presented in this 
thesis. 

Boltzmann’s Statistical Thermodynamics 
The test tubes in experimental binding studies contain billions of molecules 
that give the bulk properties of free energy, enthalpy and entropy. Computer 
simulations that take all molecules into account are not feasible. But it is 
possible to calculate the bulk properties from microstates of single molecules 
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using the laws of statistics. This field of chemistry is called statistical ther-
modynamics.  

In statistics expectation values, μ, are used calculate the expected out-
come for a property, A. It is the mean value expected to be approached when 
a measurement is performed a large number of times. It can be calculated 
from the summed probabilities of the possible outcomes using a probability 
density function P(x) (Leach, 2001). 

 == dxxPxAA )()(μ  (10) 

The expectation value for a thermodynamic bulk property is in statistical 
thermodynamics called the ensemble average ( A ). It can be calculated 
using the Boltzmann distribution for the configuration of a molecular system 
can be written 
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−
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==


 

(11) 

where β is a constant consisting of the temperature and Boltzmann’s con-
stant (β=1/kbT), R is the positions of all  atoms in the system and Z is know 
as the configurational integral. A molecular system can form many different 
configurations. Each configuration in a system with N atoms can be de-
scribed by the positions R=(r1, r2,…,rN) of the atoms in a three dimensional 
coordinate system that dictate the potential energy Upot. The configurations 
will not occur with the same probability. Configurations with low potential 
energy will occur more frequently than configurations higher in energy. But 
the probability for the configurations higher in energy will increase at higher 
temperatures as the motions of the atoms increase.  

For biochemical experiments, where the pressure-volume work can be re-
garded to be small and thus ΔH=ΔU, equation 2, 5 and 11 can be used to de-
rive an expression for the free energy difference between state A and state B. 

 

A

B

Z

Z
RTG ln−=Δ  

(12) 

This is the basic expression used to derive the methods for free energy calcu-
lations used in this thesis. One such useful expression for free energy calcu-
lations can be derived directly from equation 12 (Zwanzig, 1954): 
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A

UU ABeRTG )(ln −−−=Δ β  (13) 

The formula shows that the free energy difference between two states can be 
calculated if the difference in potential energy of state B and state A is 
known  and if you are able to generate and ensemble average sampled using 
only the potential energy function of state A (< >A). 

Sampling of Ensemble Averages 
Calculation of free energies according to equation 13 requires the sampling 
of potential energies. In this thesis molecular dynamics (MD) simulations 
have been used to generate time averages. An MD simulation gives a trajec-
tory of how the atoms in a molecular system move with respect to time. Ac-
cording to the ergodic postulate a time average will equal the ensemble aver-
age when time goes to infinity.  

 

=

∞→
=

τ

τ τ 0

)(
1

lim
t

dttAA  
(14) 

By collecting the property of interest at certain time steps along the trajec-
tory a time average can be calculated. If we start at a conformation low in 
energy and simulate for a time long enough the relevant parts of the confor-
mational space will be sampled and the time average will approach the en-
semble average.  

Molecular dynamics simulations performed here use the leap-frog version 
of Verlet’s algorithm (Hockney, 1970). For an atom i with a position ri the 
algorithm is used to generate new positions (ri(t+Δt)) that can be calculated 
from the old positions (ri(t)) and the velocities in between (vi(t+½Δt)): 

 
t

t
tttt iii ΔΔ++=Δ+ )

2
()()( vrr  

(15) 

where Δt is a time step. The equation is simple and intuitive. Imagine a per-
son travelling from Strängnäs to Uppsala with the velocity of 80 km/h it is 
possible to calculate that he after 30 min will be close to Enköping 40 km 
from Strängnäs and in Uppsala after 1 h. In this example the time step is 30 
min. For molecules the time step must be ~1fs to be able to sample the vibra-
tions in the molecule.  

The algorithm uses Newton’s second law of motion 



 19 

 )()( tmt iii aF ⋅=  (16) 

where F is the force, m is the mass and a is the acceleration. The forces act-
ing on the atoms each time step can be calculated as the negative partial de-
rivative of the potential energy. 
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The velocities at t+½Δt can then be calculated from equation 16 and 17 as 
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which is used in equation 15. Several software packages exist for MD simu-
lations. In all papers presented in this thesis the software Q (Marelius et al., 
1998) has been used. 

Both in the MD algorithm and as direct input to free energy calculations a 
potential energy function is required. For biomolecules several potential 
energy functions have been developed where expressions from classical 
mechanics are used to describe their bonds and interactions. They usually 
have the form of 
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(19) 

and are called force fields. Molecules are here built up of atoms with a cer-
tain partial charge that together sum up to the formal charge of the molecule. 
The atoms in the molecule are connected with covalent bonds that are mod-
eled with a harmonic potential (bonds term), also used to describe springs in 
mechanics, to be able to model the vibrations of the molecule. Harmonic 
potentials are also used for the vibrations from the bending of the angle be-
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tween two covalent bonds (angle term) and the bending of an atom out of the 
plane in planar parts of the molecule (improper term) while the rotation of 
atoms around a covalent bond (torsion term) is modeled with a periodic 
function. The last two terms express the electrostatic and van der Waals in-
teractions between two atoms as well as the repulsion if the atoms are too 
close. The constants in equation 19 can be derived from quantum mechanics 
calculations and data from experimental methods like spectroscopy and crys-
tallography. In this thesis the force fields OPLS-AA (Jorgensen et al., 1996), 
Charmm22 (Mackerell et al., 1995) and Amber99_bsc0 (Perez et al., 2007) 
have been used.  

Free Energy Calculations 
Consider two molecules associating to a complex (equation 6). To calculate 
the binding free energy (ΔGbind) it would have been convenient to use equa-
tion 13 directly and define state B as the complex and state A as the free 
molecules in water. This is, however, not possible as state A and state B must 
be similar for equation 13 to be practically useful. Instead ΔΔGbind for two 
different compounds can be calculated if a thermodynamic cycle is used and 
the calculations are divided into several steps. As the free energy is a state 
function the difference between two states will be the same no matter of 
what path is taken to get from one state to the other. This is used in a ther-
modynamic cycle. With a thermodynamic cycle (Figure 2) it is possible to 
calculate ΔΔGbind for two molecules A and B binding to the active site of a 
receptor C by transforming A into B in complex with C and transforming A 
into B in water.  

 water
BA

complex
BAbind

A
bind

B
bind GGGGG →→ Δ−Δ=ΔΔ=Δ−Δ  (20) 
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Figure 2. Thermodynamic cycle for the calculation of ΔΔGbind. 

The transformation of A into B will be a small change if the molecules do 
not deviate too much. In the free energy perturbation (FEP) method 

complex
BAG →Δ and water

BAG →Δ are calculated using equation 13 and dividing the 
calculations into several small intermediate calculations. The intermediate 
calculations are performed on combinations of UA and UB using a coupling 
parameter, λ, between 0 and 1. 

 
BiAii UUU )1( λλ −+=  (21) 

Equation 13 can then be used to derive the FEP expression for n λ-steps: 
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RT
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BA

ii

eRTG  

(22) 

Each λ-step requires one MD-simulation to generate the ensemble average in 
equation 19. If for example n=5, four of the five simulations can be used to 
calculate BAG →Δ , which would for the special case of evenly distributed λ’s 
give 
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BBABABA

BABABAABA

GG

GGG

→→

→→→

Δ+Δ+
+Δ+Δ=Δ

%75,%25%75,%25%50,%50

%50,%50%25,%75%25,%75
 

(23) 

or ABG →Δ  

 

AABABAB

ABABABBAB

GG

GGG

→→

→→→

Δ+Δ+
+Δ+Δ=Δ

%75,%25%75,%25%50,%50

%50,%50%25,%75%25,%75
 

(24) 

The forward calculations BAG →Δ  and the backward calculation ABG →Δ  
should agree fairly well but are calculated from different simulations and 
will deviate. BABAG %50,%50%25,%75 →Δ is for example sampled on a potential 
energy function where λ=0.75, but the corresponding backward calculation 
for ABABG %75,%25%50,%50 →Δ  is sampled on λ=0.5. The simulation where λ=1 
will furthermore only be used for the forward calculation and the simulation 
where λ=0 will only be used for the backward calculation. Either BAG →Δ , 

ABG →Δ  or an average of BAG →Δ  and ABG →Δ  can then be used to calcu-
late bindGΔΔ . 

Several studies have shown that the best way to combine forward and 
backward calculations is by using Bennett’s acceptance ratio (BAR) (Ben-
nett, 1976, Radmer & Kollman, 1997, Shirts & Pande, 2005, Lu et al., 2004).  
For two states A and B the BAR method uses sampling on both A and B 
together with a constant C to calculate ΔG  
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The optimal value of C will be when it is equal to ΔG and can iteratively be 
optimized to convergence. The calculation can, as with equation 22, be di-
vided into intermediate λ-steps where each intermediate ΔG will be calcu-
lated using two simulations on different λ-values and BAR. 

Another expression that can be derived from equation 12 and 21 is: 

 
λλ dUUG BABA  −=Δ →

1

0

 
(26) 
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It is used in the thermodynamic integration method (TI). Here the potential 
energy difference between state A and state B is calculated at different λ-
values and a numerical integration method can be used to integrate the func-
tion between λ=0 and λ=1 (Brandsdal et al., 2003). Figure 3 shows a curve 
for a transformation of uracil (U) into cytosine (C) with UC-UU as a function 
of λ. The free energy is here the area under the curve. The graph illustrates 
well how the free energy is calculated as the area under the curve. More λ-
steps will give a better integration. The largest difficulty here is the end-
points of the graph where UA-UB will be large if the potential energies of 
state A and state B deviate too much. 

 
Figure 3. A graph used for TI-calculations. This example is for the transformation of 
uracil (U) into cytosine (C). Uc-Uu is the difference between the potential energies 
for C and U sampled at the simulations performed on six λ-values. The free energy 
(area under the curve) is calculated from the trapezoids connecting the data points. 

The three methods FEP (equation 22), BAR (equation 25) and TI (equa-
tion 26) can all be calculated from the same set of MD-simulations. FEP, 
with an average between forward and backward calculations, has been the 
standard method in the Q software (Marelius et al., 1998) used in the pro-
jects presented here. BAR-results were used in paper II as it has been shown 
to use the sampling from forward and backward calculation in an improved 
manner compared to a simple average. TI was used in paper V to illustrate 
how a free energy calculation can be approximated with a straight line. With 
enough λ-values and no large differences between the end states, the differ-
ence will be minimal and a very small source of error compared to the errors 
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arriving from structure and force field. The calculations in paper II were all 
calculated using all three methods and the differences were ~0.01 kcal/mol, 
which can be compared with differences of up to several kcal/mol for differ-
ent starting conditions for the simulations. 

The use of λ-steps in FEP, BAR and TI requires simulations on non-
physical states. The methods are also limited to transformations between 
similar molecules. Approximate methods have therefore been developed. 
One such method is the linear interaction energy (LIE) method (Åqvist et al., 
1994), which calculates the absolute binding free energy (ΔGbind) for a mole-
cule to an active site. Unlike FEP, LIE only samples on the physical state of 
the ligand. By sampling the van der Waals and electrostatic interaction ener-
gies between the ligand molecule and the surrounding (l-s) both for the 
ligand free in water and bound in complex with a receptor the differences 
between bound and free can be calculated as 

 
free

vdw
slbound

vdw
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vdw
sl UUU −−− −=Δ  (27) 
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The interaction energy differences are then scaled with two factors, α and 
β , and a third parameter, γ, is used to set the absolute binding free energy 
scale in the LIE formula. 

 γβα +Δ+Δ=Δ −−
el

sl
vdw

slbind UUG  (29) 

In paper IV and V the LIE-method has been used for binding free energy 
calculations for sugars binding to lectins and purine analogs binding to the 
purine riboswitch.  

Consider the solvation of a ligand (lig) in water and in the active site of a 
receptor (rec). By the use of a thermodynamic cycle (Figure 4) the absolute 
binding free energy ΔGbind can be calculated as the difference in solvation 
free energy. The solvation of the ligand, starting in the gas phase, can be 
divided into different contributions (Åqvist et al., 1994). First waters must be 
displaced to form a cavity yielding a cavity creation contribution (ΔGcav). 
This involves the desolvation of the active site of the receptor. A second 
contribution would be to turn on the van der Waals interactions (vdw) be-
tween the ligand and the surrounding (lig-surr). Finally a contribution from 
the electrostatic ligand surrounding interactions must be taken into consid-
eration. In the thermodynamic cycle in Figure 4 these three contributions are 
included. 
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Figure 4. Thermodynamic cycle used to describe the LIE method.  

The cycle end up in the following terms needed for calculating bindGΔ  

 el
surrlig

vdw
surrligcavbind GGGG −− ΔΔ+ΔΔ+ΔΔ=Δ  (30) 

where  

 el
sl

el
surrlig UG −− Δ=ΔΔ β  (31) 

and 

 γα +Δ=ΔΔ+ΔΔ −−
vdw

slcav
vdw

surrlig UGG  (32) 

The value of β has a clear physical meaning as it gives an approximation 
of ΔΔG for the difference between charging a molecule in complex and in 
water. This calculation can also be performed using FEP, with λ-steps sam-
pling on unphysical states taking the partial charges of the molecule from 0 
to fully charged. α and γ are empirical parameters that are usually considered 
to model the non-polar part of the free energy, but they will also contain 
information about electrostatic parts involving cavity creation. The γ pa-
rameter has for example been shown to reflect the properties of the binding 
site (Almlöf et al., 2004) with negative values for hydrophobic sites and 
positive values for polar binding sites. At ligand binding water molecules 
must be displaced from the active site to make space for the ligand. If the 
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binding site is very hydrophilic γ will be a penalty term for the loss of favor-
able water interactions at desolvation. In paper IV one example of a system 
with a large γ-term is found where the active site is extremely polar with two 
Ca2+ ions coordinated by the ligand. 

LIE uses an α-value of 0.18, a β-value that depends on the properties of 
the ligand and a γ-value optimized to experimental values. The original LIE 
parameterization (Åqvist et al., 1994) used a β-value of 0.5, based on the 
linear response approximation (LRA) that previously had been used for 
binding free energy calculations (Lee & Warshel, 1992). In LRA the electro-
static part of the charging free energy can be calculated as 

 

{ }
On

el
slOff

el
sl

el UUG −− +=Δ 5.0  

(33) 

where the < el
slU − >off-term is el

slU −  sampled in a simulation where the electro-
static interactions are turned off (the ligvdw-state in Figure 4) and < el

slU − >on –
term is from a simulation with all interactions turned on (the end state in 
Figure 4). In LIE the Off-term is approximated to zero. This is a good ap-
proximation in water where the dipoles of the water molecules will orient 
randomly around a ligand, in a simulation where the electrostatic ligand-
water interactions are turned off. The approximation has also been shown to 
be valid for several protein-ligand complexes (Almlöf et al., 2006). In paper 
IV is, however, an example of a system observed where the Off-term is 
needed to take into account.  

The β-value of 0.5 was investigated in a study on the validity of LRA 
(Åqvist et al., 1996). It was shown that a lower value in many cases gave a 
better approximation to FEP results depending on the functional groups pre-
sent in the molecule. This was taken into account in the parameterization 
from 1998 (Hansson et al., 1998) where β has a value of 0.5 for charged 
molecules, 0.43 for most neutral molecules, 0.37 for alcohols with one hy-
droxyl group and 0.33 for alcohols with two or more hydroxyl groups. More 
sophisticated schemes for calculating β from the functional groups of the 
ligand have also been developed (Almlöf et al., 2007). 

When an LIE model is derived it is important to verify the performance of 
the model. Measures that have been used in paper IV and V are R2, the coef-
ficient of determination  
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and the predictivity measure Q2 (cross-validated R²) 
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where expt
iGΔ is the experimental binding free energy for a ligand i,  

calc
iGΔ is the binding free energy calculated with the LIE-model and 
loo
iGΔ is the binding free energy calculated with a model where ligand i is 

kept out of the parameterization (leave one out). For a good model with a 
small difference between the experimental and predicted values R2 and Q2 
will be close to 1. If R2 and Q2 are negative it corresponds to a model with 
low performance where the predicted values will be further away from the 
experimental values than the average of the experimental values.  
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Codon Reading on the Ribosome 

Codon Reading by tRNAPhe 
Translation of the genetic code from mRNA to proteins occurs on the ribo-
some, which is an organelle consisting of a complex of rRNA and protein 
molecules. The ribosome catalyzes formation of peptide bonds that connect 
amino acids to proteins where the order of the amino acids is dictated by the 
mRNA codons.  The amino acids reach the ribosome connected to a tRNA. 
The tRNAs are designed to carry a certain amino acid for which codon they 
are specific for. The specificity is accomplished by the interactions between 
the codon and a matching anticodon in the tRNA.  

Bacterial ribosomes have two subunits, the larger 50S subunit where the 
peptide bonds are formed and the smaller 30S subunit where the tRNA anti-
codons bind to the mRNA codons. There are three binding sites for tRNAs 
on the ribosome, A (aminoacyl), P (peptidyl) and E (exit) (Figure 5). tRNAs 
carrying amino acids enter the ribosome in the A-site. After peptide bond 
formation the tRNA in the A-site moves to the P-site where it will carry the 
growing protein and the tRNA in the P-site will move to the E-site ready to 
exit.   

15 years ago the structural understanding of the ribosome mechanisms 
was rather limited. In year 2000 a breakthrough occurred when crystal struc-
tures with atomic resolution were solved (Wimberly et al. 2000, Ban et al 
2000, Schluenzen et al. 2000) and there are now crystal structures of the 
ribosome trapped in many of its functional states and also of eukaryotic ri-
bosomes (Rabl et al., 2011, Ben-Shem et al., 2010, Klinge et al., 2011). The 
structures have had an enormous impact on the understanding of the ribo-
some function. They have also made it possible to perform free energy cal-
culations (Åqvist et al., 2012). Although the crystal structures exist it is not 
always clear how to connect them with results from biochemical experi-
ments. Free energy calculations offer the possibility to connect structures 
and experiments and evaluate hypotheses made from visual inspection of the 
structures. The calculations are, however, not straightforward. The size of 
about 156000 heavy atoms for the bacterial ribosome makes it difficult to 
include the whole molecule in a simulation. Although the gain of knowledge 
from the structures has been enormous they are solved with a resolution 
where most often small errors occur and where ions and waters are not visi-
ble or difficult to distinguish from one another. The structures are also 
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locked in different functional states. This is often done with mutations, anti-
biotics or other small molecules that are known to also alter the function of 
the ribosome. This makes the simulations difficult, but gives at the same 
time the opportunity to make predictions of structural aspects not present in 
the crystal structures. 

 
Figure 5. Functional states of the ribosome during codon reading known from crys-
tal structures.  

Codon reading on the ribosome is divided into two steps, initial selection 
and proofreading (Ruusala et al., 1982) (Figure 5). A tRNA carrying an 
amino acid enters in bacteria the ribosome bound to elongation factor Tu 
(EF-Tu). In the initial selection the amino acid-tRNA-EF-Tu complex binds 
to the ribosome and the mRNA codon in a bent conformation known as the 
A/T state (Valle et al., 2002). On EF-Tu guanosine triphosphate (GTP) is 
hydrolysed to guanosine diphoshate (GDP), which enables EF-Tu to leave, 
and the tRNA can either be rejected or accommodate in the A-site to the 
straight A/A state. In the A/A state peptide bonds can be formed between the 
amino acid on the A-site tRNA and the last amino acid on the P-site tRNA. 
The mechanism with an initial binding step and the accommodation/rejection 
step separated by the irreversible GTP-hydrolysis reaction is known as 
proofreading and allows the reaction to occur with high accuracy, as the 
binding free energy is exploited twice. 

The codon-anticodon interactions on the ribosome are limited to Watson-
Crick base pairing (A binding to U and G binding to C) in the two first 
codon positions, but not in the third codon position (see Table 1) where for 
example G-U (wobble) mismatches are allowed (Crick, 1966). Modifications 
of the tRNA nucleotides in or close to the anticodon are also present in many 
tRNAs making codon reading on the ribosome much more diverse than base 
pairing in DNA (Weixlbaumer et al. 2007).  

In a project at the department codon reading was studied experimentally 
(Johansson et al., 2012) and the idea that the results could be rationalized to 
structural detail by free energy calculations was proposed. Codon reading of 
tRNAPhe was thought to be a good test case as it had been extensively studied 
by crystallography (Ogle et al., 2001, Selmer et al., 2006, Voorhees et al., 
2009, Jenner et al., 2010), in biochemical experiments (Gromadski et al., 
2006, Ogle et al., 2002) and also computationally in our group using the LIE 
method (equation 29) (Almlöf et al., 2007).  
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The project, which later led to paper I, involved binding of tRNAPhe with 
the anticodon GAA to the cognate codons UUU and UUC and to the non-
cognate codons CUU and UCU. This involves an A-C mismatch in the first 
and second codon positions and an allowed G-U wobble interaction in the 
third position. The small difference between U and C made it possible to use 
the FEP-method (equation 22) in this case. The LIE project with tRNAPhe  
(Almlöf et al., 2007) involved other mutations and was also based on 
truncated tRNAs only consisting of the anticodon stem loops binding to the 
small ribosomal subunit (Ogle et al., 2001, Ogle et al., 2002). Now new 
structures existed of tRNA in complex with the 70S ribosome and one of 
these (accession number 2WDG) (Voorhees et al., 2009) was used as the 
starting structure in the project (Figure 6). 

 
Figure 6. Codon-anticodon interactions in the tRNAPhe structure 2WDG with the 
monitoring rRNA bases G530, A1492 and A1493 included. mRNA codon bases are 
in cyan, tRNA anticodon bases are in magenta and rRNA monitoring bases are in 
yellow.  

As expected, ΔΔGbind calculated for the cognate to cognate UUU to UUC 
mutation turned out to be small (0.3 kcal/mol), but to our surprise ΔΔGbind 
for UUC to CUC and UUC to UCC was large (7.8 and 8.2 kcal/mol). 
According to the biochemical binding experiments performed for tRNAPhe 
(Gromadski et al., 2006) the ΔΔGbind results both between UUU and CUU 
and between UUU and UCU were 4.3 kcal/mol. G-U mismatches in the first 
and second positions had also been shown to be smaller in binding 
experiments for anticodon stem loops (Ogle et al., 2002) and the LIE 
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calculations based on the structures of the anticodon stem loops (Almlöf et 
al., 2007). 

To exclude any error from the simulation protocol new simulations were 
setup in a completely different manner based on a new crystal structure, 
3I8H (Jenner et al., 2010), with a larger simulation sphere and with a 
different set of counter ions for neutralization of the system. This led only to 
minor differences in the results (Table 2) and it could be concluded that one 
of the initial assumptions must be wrong.  

Table 2. ΔΔGbind in kcal/mol for transformations to an A-C mismatch in the first and 
second codon positions and between the cognate G-C and G-U base pairs in the 
third codon positions calculated with two different setups with either the 2WDG or 
the 3I8H crystal structures used for initial coordinates.  

Transformation 2WDG 3I8H 

1pos A-C mismatch 7.8 9.2 
2pos A-C mismatch 8.2 7.2 
3pos cognate 0.3 1.5 

 
The structures of the anticodon stem loops binding to the small 30S 

ribosomal subunit had shown that three bases of the rRNA, A1492, A1493 
and G530, are able to form hydrogen bonds to the sugar backbone of both 
the codon and the anticodon for cognate codon-anticodon base pairing but 
not for non-cognate (Ogle et al. 2002). More recent crystal structures of full 
length tRNAs in the A/A state on the 70S ribosome have, however, shown 
that A1492, A1493 and G530 also form hydrogen bonds to non-cognate 
tRNAs (Demeshkina et al., 2012).  

To address the role of the monitoring bases A1492, A1493 and G530 new 
calculations were performed with these nucleotides either in an “On” 
conformation with the bases forming hydrogen bonds to the codon and 
anticodon or in an “Off” conformation where they are turned away from the 
codon and anticodon as is known from crystal structures of the empty 
ribosome (Wimberly et al., 2000). The calculations showed a remarkable 
difference in ΔΔGbind between the monitoring bases in the On and Off 
conformations (Table 3).  

Table 3. ΔΔGbind in kcal/mol for transformations to an A-C mismatch in the first and 
second codon positions and between the cognate G-C and G-U base pairs in the 
third codon positions calculated in the A/A state of the tRNA with the monitoring 
bases A1492, A1493 and G530 turned On or Off. 

Transformation A/A On A/A Off 

1pos A-C mismatch 9.2 5.0 
2pos A-C mismatch 7.2 4.4 
3pos cognate 1.5 0.8 
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The tRNAPhe calculations were performed with a tRNA in the A/A state 
(Figure 5). Initial selection, however, occurs in the A/T state with EF-TU 
bound to the tRNA. As no crystal structure of tRNAPhe in the A/T state was 
available a bent tRNA with the tRNAPhe anticodon was modeled from the 
crystal structure of a tRNATrp molecule in the A/T state (Voorhees et al. 
2010). The calculations were performed with the modeled A/T state both 
with the monitoring bases turned On and Off and the same large effect on 
ΔΔGbind was shown (Table 4). The On state thus seems to increase ΔΔGbind 
and make codon reading more selective. Simulations of the On and Off 
states show how the non-cognate base pair is protected from water molecules 
in the On state, but is able to be stabilized by water molecules in the Off 
state, which explains the large difference in ΔΔGbind. 

Table 4. ΔΔGbind in kcal/mol for transformations to an A-C mismatch in the first and 
second codon positions and between the cognate G-C and G-U base pairs in the 
third codon positions calculated in the modeled A/T state of the tRNA with the moni-
toring bases A1492, A1493 and G530 turned On or Off. 

Transformation A/T On A/T Off 

1pos A-C mismatch 8.4 5.6 
2pos A-C mismatch 8.3 6.0 
3pos cognate 2.1 1.6 

 
The binding experiments for the anticodon stem loops, where the non-

cognate structures are in the Off states, and the LIE calculations based on 
these structures are thus likely to have smaller ΔΔGbind –results than for full 
length tRNAs in the A/A state, for which the On state exists for both cognate 
and non cognate tRNAs (Demeshkina et al., 2012). The question is when the 
monitoring bases are turned to On.  

Interestingly, the comparison with the experimental ΔΔGbind results for the 
A-C mismatches in the first and second codon positions (4.1 and 4.3 
kcal/mol) can give one hypothesis. These experiments were performed with 
an EF-Tu unable to hydrolyze GTP. Experiments on GTP hydrolysis show 
an additional difference in ΔΔG‡ of 3-4 kcal/mol arriving from “GTPase 
activation”. The monitoring bases are thus likely to be involved in stabilizing 
the tRNA-EF-TU-ribosome complex in a conformation enabling GTP-
hydrolysis. The requirement for G530, A1492 and A1493 to be in the On 
conformation for GTP-hydrolysis has also been proposed based on cryo-EM 
structures and single single-molecule FRET experiments, where a movement 
of the GTPase center from an open to closed form was observed (Frank et 
al., 2005, Geggier et al., 2010). 

The initial hypothesis that the calculated results in the A/A On state 
should agree with the experimental results for binding before GTPase 
activation could be rejected. Instead the project has gained valuable insights 
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in the role of the monitoring bases and the energetics of codon reading on 
the ribosome. 

Stop Codon Recognition on the Ribosome 
When an mRNA stop codon enters the A-site of the small ribosomal subunit 
a class-1 release factor will bind and trigger the release of the finished pro-
tein. In bacteria there are three stop codons, UAA, UGA and UAG and two 
class-1 release factors RF1 and RF2. It has for a long time been known that 
RF1 reads UAA and UAG and RF2 reads UAA and UGA (Scolnick et al., 
1968). RF1 and RF2 are proteins and will thus differ in their interaction with 
mRNA compared to the tRNA interactions. At the start of this project the 
mechanism with which this could be achieved was unknown. Low resolution 
(5-6 Å) X-ray crystal structures of RF1 and RF2 in complex with the ribo-
some had been solved (Petry et al., 2005) and biochemical experiments sug-
gested a tripeptide motif to act as an anticodon (Ito et al., 2000). The struc-
tures had only the approximate path of the release factor amino acid se-
quence visible in terms of an α-carbon trace (Figure 7A) and the mRNA was 
modeled as in the tRNA complexes.  

In a previous project in the group these structures had successfully been 
used together with a molecular docking method to predict the atomic details 
of the release factor interactions in the peptidyl transfer center (Trobro & 
Åqvist, 2007). This approach was also used here to examine the details of 
stop codon reading by RF1 and RF2. The hypothesis was that the tripeptide 
motif, which is PVT (proline, valine, threonine) in RF1 and SPF (serine, 
proline, phenylalanine) in RF2, after the docking would form hydrogen 
bonding patterns that would give a logical explanation to why it was consid-
ered to be a tripeptide anticodon. The docking failed, however, to give any 
reasonable solution despite attempts with several different approaches.  
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Figure 7. Two structures of the RF1-ribosome complex. The low resolution struc-
ture (A) (Petry et al., 2005) has a different fold of the mRNA than the high resolu-
tion structure (B) (Laurberg et al., 2008). The mRNA stop codons are in yellow RF1 
in cyan. The Cα-carbon atoms in the low resolution structure (A) are represented by 
spheres.  

In 2008 crystal structures, with higher resolution showing near-atomic de-
tails of RF1 and RF2 interactions with the ribosome, were published (Laur-
berg et al., 2008, Korostelev et al., 2008). The structures clearly showed that 
the molecular docking approach was doomed to fail as the mRNA in the A-
site, which was considered rigid in the docking, in fact had a completely 
different conformation (Figure 7B). The base of the third stop codon position 
was flipped out from the stacking with the first two stop codon bases. The 
structures showed that the PVT/SPF motif was in contact with the stop 
codons, but not in a way that clearly could explain the difference in specific-
ity between RF1 and RF2. The PVT/SPF motif was for example ~15Å away 
from the base of the third stop codon position. A new approach to examine 
the details of stop codon recognition with free energy calculations based on 
the new crystal structures could now be initiated. The system is very suitable 
for FEP as RF1 and RF2 specificities relies on different reading of G com-
pared to A. A and G are similar and a transformation of A into G can thus 
easily be made computationally where a thermodynamic cycle (Figure 2) can 
be used to calculate ΔΔGbind for binding of a release factor when mutating A 
into G. The discrimination of UGA by RF1 and UAG by RF2 has experi-
mentally been shown to be large and a significant difference between UAA 
reading and UGA reading by RF1 and UAG reading by RF2 was thus ex-
pected.  

To examine the stop codon specificities MD simulations and free energy 
calculations were performed for the UAA→UAG, UAA→UGA and 
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UAA→CAA transformations for both RF1 and RF2 and also for the ribo-
some with empty A-site. The release factors must also discriminate against 
the tryptophan codon UGG and also UGA→UGG calculations were per-
formed for both RF2 and a tRNA with the tRNATrp anticodon. The results, 
calculated with the BAR method (equation 25), show that the free energy 
calculations indeed give the same pattern as expected from experimental 
results (Freistroffer et al., 2000, Cochella & Green, 2005) (Figure 8), which 
gave the opportunity to study the MD simulations in detail to determine the 
origin of the differences in discrimination between RF1 and RF2. Average 
structures from the simulations of the end states were constructed and aver-
age interaction energies between the stop codon bases and amino acids of the 
release factor were calculated for all stop codon positions using the non-
bonded terms of equation 19. The average structures from the simulations 
contain additional information compared to the crystal structures as they 
contain water molecules and hydrogens that were not visible in the crystal 
structures, but as it turned out are of major importance for stop codon read-
ing. The results give a quantitative description of the differences between 
RF1 and RF2 important for their stop codon specificity in all three positions.  

 
Figure 8. General scheme for the stop codon specificity (A) together with experi-
mental results (B) (Freistroffer et al., 2000, Cochella & Green, 2005) and calculated 
(A) results. No experimental results were available for the cognate to cognate RF1 
UAA→UAG mutation and the cognate RF2 UAA→UGA mutation. 
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A U in the first stop codon position can form two hydrogen bonds with 
the tip of a α-helix present in both RF1 and RF2. A second position A can 
form a hydrogen bond to Thr186 in RF1 and Ser193 in RF2. Interestingly 
RF2 showed a strong interaction with a second position G by hydrogen 
bonds with Glu128, which was not seen for the corresponding Glu119 in 
RF1. Here the PVT/SPF motif is important as it directs the conformation of 
Glu128/119 to different positions. PVT in RF1 will through the interactions 
with a bridging water molecule hold Glu119 away from a G, whereas SPF in 
RF2 will protect Glu128 from water and direct it towards a G. The position-
ing of Glu128/119 is furthermore directed by a network of charged amino 
acids that differs between RF1 and RF2. Here Glu128 can be viewed as a G-
specific switch (Figure 9A, B) that can turn on and off for RF2, but not for 
RF1. In the third stop codon position a different G-specific switch is present 
in RF1 but not in RF2. The average structures show a water molecule in RF1 
complexes which has the possibility to interact both with A and G (Figure 
9C, D). In RF2 the space is occupied by Arg201, which only can form favor-
able interactions with A and not G. Gln181 in RF1 stabilizes G further where 
RF2 in this position has Val190, which is hydrophobic and shield a G from 
water interactions.  

 
Figure 9. Guanine recognition switches for 3rd position RF1 (A and B)  2nd position 
RF2 (C and D).   
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The initial hypothesis that the interactions of the PVT/SPF motif would 
interact with the stop codon in an anticodon fashion could through the com-
putations be rejected as several other residues of major importance interact 
directly with the stop codons. The PVT/SPF motif is nevertheless crucial for 
the specificity at the second stop codon position. The experiments that iden-
tified these amino acids as a tripeptide anticodon were based on the growth 
of bacteria with the genes of RF1 or RF2 knocked out, while containing hy-
brids of RF1 an RF2. The identification of the motif in the recognition loop 
must be considered to be a tremendous achievement although the title “A 
tripeptide 'anticodon' deciphers stop codons in messenger RNA” was some-
what misleading. In fact the hybrid release factors showed omnipotent func-
tion with bacterial growth when both RF1 and RF2 were knocked out, but 
with a hybrid included with RF1-like residues close to the third position and 
RF2-like residues close to the first and second stop codon positions (Ito et 
al., 2000).  

The free energy calculations resulted in a small difference between UGG 
and UGA for the tRNATrp anticodon. According to experiments this differ-
ence is indeed expected to be smaller than for release factors. A mutant of 
tRNATrp known as the Hirsh suppressor, which is able to read UGA has also 
been reported (Hirsh, 1971). The simulations of the UGA codon and the 
tRNATrp CCA anticodon involve an A-C mismatch, for which the interac-
tions were unknown. Two years after the simulations were performed a crys-
tal structure of the Hirsh suppressor in complex with UGA was published 
(Schmeing et al., 2011) showing the same interaction pattern as seen in the 
MD simulations.  

Human Mitochondrial Release Factors 
The energy required for driving processes in human cells is to a large extent 
produced in mitochondria in the form of adenosine triphosphate (ATP). Mi-
tochondria are organelles within the human cells often referred to as “the 
power plants of the cells”. They have a double folded membrane where the 
inner membrane contains five protein complexes taking part in a process 
called the electron transport chain, which ends with the production of ATP 
(Lodish et al., 2000). Mitochondria have their own DNA and translation 
systems and are thought to have their origin in a bacterium that was once 
integrated into the eukaryotic cell (Andersson et al., 1998).  

The human mitochondrial DNA contains only 37 genes (Anderson, 1981), 
where two are for the ribosomal RNA, 22 are for tRNAs and only 13 are for 
the proteins included in the complexes of the electron transport chain. All 
other proteins in mitochondria, including ribosomal proteins and translation 
factors, are produced by the eukaryotic ribosome and imported into the mi-
tochondrion from the cytosol. 
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Vertebrate mitochondria have several deviations from the standard ge-
netic code. One example is the stop codons where UAA, UAG, AGA and 
AGG code for stop and the UGA codon code for tRNATrp. Two release fac-
tors, mtRF1 and mtRF1a, have been found in human mitochondria 
(Soleimanpour-Lichaei et al., 2007). Both are homologous to bacterial RF1, 
but no crystal structures exist of these proteins. Neither is any crystal struc-
ture available for the human mitochondrial ribosome, although some struc-
tural information is available from the cryo-EM structure of the mammalian 
ribosome (Sharma et al., 2003). Biochemical experiments on bacterial ri-
bosomes have shown that mtRF1a is able to give peptide release on UAA 
and UAG, but that mtRF1 is unable to give release at any of the stop codons 
(Soleimanpour-Lichaei et al., 2007; Nozaki et al., 2008). It was, however, 
reported that mtRF1 could have the characteristics to read AGA and AGG, 
as the sequence is similar to bacterial RF1 close to the third stop codon posi-
tion, but different close to the first and second position (Young et al., 2010). 
The reason for the low activity of mtRF1 on AGA and AGG in the bio-
chemical experiments was proposed to be that the bacterial ribosomes used 
are different from vertebrate mitochondrial ribosomes, for which no experi-
mental system exists.  

The problem how the genetic code in human mitochondria is read could 
not be solved experimentally. Computational modeling and free energy cal-
culations would thus be valuable for the understanding of how stop codons 
are read in human mitochondria. In the project that led to paper III models of 
mtRF1a and mtRF1 were created using homology modeling with bacterial 
RF1 as template. The models are very similar to RF1, but mtRF1 contains 
two insertions compared to RF1 close to the stop codon binding region. One 
is an arginine and a threonine (RT-insertion) short before the α-helix, which 
for bacterial RF1 is reading the first stop codon position. The other insertion 
is glycine, leucine and serine (GLS-insertion) in the loop containing the 
PVT-motif in bacterial RF1. mtRF1a on the other hand contains all structural 
elements identified to be important for RF1-specificity in paper II.  

The initial hypothesis in this study was that UAA and UAG were read by 
mtRF1a and that AGA and AGG were read by mtRF1. One initial model of 
mtRF1 was in fact modeled with an AGG codon included. The initial models 
of mtRF1 did, however, show several clashes with the bacterial ribosome 
when the structures were aligned. One clash was close to the codon reading 
site, where the RT-loop clashed with an adenine (A1913) nucleotide of the 
rRNA. When examining the sequences of the mitochondrial rRNA it could 
be concluded that parts where the mtRF1 structure is clashing with the bacte-
rial ribosome are absent in human mitochondria and that A1913 corresponds 
to a C. The differences between the bacterial ribosome and the mitochondrial 
ribosome are likely to be the reason for the low activity of mtRF1 on bacte-
rial ribosomes. 
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A new homology model of mtRF1 was created with parts of a ribosome 
with the A1913 mutation included in the modeling. On the mtRF1a and 
mtRF1 models MD-simulations and FEP calculations were performed for 
UAA→AAA, UAA→UGA, UAA→UAG and UGA→AGA. New simula-
tions of RF1 and RF2 were also performed with the same setup as with the 
homology models to function as controls. The results are shown in Figure 
10. Both mtRF1 and mtRF1a show the same discrimination pattern as RF1. 
The hypothesis that mtRF1 would read AGA and AGG could thus be re-
jected. No sign of AGA or AGG reading could be identified. Average struc-
tures from the simulations of mtRF1 in complex with AAA and AGA show 
how an adenine in the first position is pushed away from mtRF1 and no con-
sistent binding pattern could be found. mtRF1 show also a large discrimina-
tion against a G in the second position. mtRF1 is here different from RF2 
where Glu128 enables G-reading (Figure 9). mtRF1 has in this position a 
hydrophobic isoleucine which can not form any hydrogen bond with gua-
nine.  

 
Figure 10. Results from free energy calculations for RF1, RF2, mtRF1a and mtRF1. 
Both mtRF1a and mtRF1 show similar codon specificity as bacterial RF1. 

The simulations of mtRF1 in complex with UAA were generally very sta-
ble. Calculations of the nonbonded interaction energies between the codon 
bases and mtRF1, mtRF1a, RF1 and RF2 also show similar stabilization of 
UAA. mtRF1 does according to calculations appear to read UAA and UAG. 
The structural differences between RF1 and mtRF1 seem to be an adaption 
of mtRF1 to the structure of the mitochondrial ribosome rather than a change 
in specificity. Interestingly the serine of the GLS-insertion in mtRF1 during 
the simulations is positioned in the same position as the threonine in the PVT 
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motif in RF1 and able to form the same interactions with a uracil in the first 
position and an adenine in the second position. The position of the serine 
was predicted to this position also by the initial homology models both with 
UAA and AGG as the codon although the serine and threonine did not align 
in the sequence alignment.  

If mtRF1 can not read AGA and AGG how are they then read? The free 
energy calculations performed here can unfortunately not answer this ques-
tion, but it is possible to form a hypothesis based on the experimental results 
available. Two more homologs of RF1, ICT1 and C12orf65, exists in mito-
chondria (Richter et al., 2010, Antonicka et al., 2010). In both of these pro-
teins the stop codon binding domains are missing. ICT1 has nevertheless 
been shown to be able to induce release at UAA, UAG, UGA, UGG, AGA 
and AGG on bacterial ribosomes (Richter et al., 2010). ICT1 has further-
more a homolog in the bacterium E. coli, YaeJ, which has been shown to be 
able to give peptide release when ribosomes are stalled due to absence of 
mRNA in the A-site. AGA and AGG code for arginine in E. coli, but are rare 
and repeats of AGG can also give stalled ribosomes that can be rescued by 
YaeJ (Handa et al., 2011). A simple mechanism, given in paper III, where 
mitochondrial ribosomes are stalled at AGA and AGG, where no tRNAs are 
available, and then rescued by ICT1 would explain the mystery of the non 
standard stop codons in vertebrate mitochondria. The hypothesis is in paper 
III backed up with a homology model of ICT1 in complex with the ribo-
some.  
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Lectins 

Lectins are proteins that without any catalytic function reversibly bind car-
bohydrates (Gabius et al., 2011). After translation on the ribosome proteins 
undergo modifications of different types, known as posttranslational modifi-
cations. One such is the addition of carbohydrate chains to proteins to form 
glycoproteins. Glycoproteins are incorporated into the membranes of cells 
and important for cell-cell-signaling. Lectins can recognize carbohydrates on 
the cell walls and thereby participate in signaling. Lectins are usually built 
up by several subunits where each subunit has an active site for carbohydrate 
binding. They can in this way bring cells together by binding to carbohy-
drates from different cells. The strong sugar affinity and the cell recognition 
properties make lectins interesting for use in biochemical methods and can-
cer diagnostics, but also as cancer therapeutics, anti-microbals, anti-virals 
and anti-insect agents (Oliveira et al., 2013).  

The project resulting in paper IV was in collaboration with a computa-
tional chemistry group in Czech Republic with interest in carbohydrate bind-
ing by lectins. Inspired by earlier work in our group (Carlsson et al., 2008) 
they were interested in using molecular docking of carbohydrates to lectins 
followed by free energy calculations with the LIE method (equation 29) as a 
protocol for predicting the carbohydrate affinity of lectins. The hypothesis 
was that the standard LIE parameterization (Hansson et al., 1998) would be 
able to rationalize the experimental results.  

Two lectins, the Ralstonia solanacearum lectin (RSL) and the Pseudomo-
nas aeruginosa lectin-II (PA-IIL), were examined where monosaccharides 
already had been docked in another project (Mishra et al., 2012). The bacte-
rium Ralstonia solanacearum is a pathogen which causes severe problems in 
agricultural production of crops. RSL is known to bind the monosaccharide 
L-fucose with high affinity. L-fucose is also present in carbohydrates in the 
cell walls of plants and their recognition offers the possibility for attachment 
and invasion for the pathogen (Kostlanova et al., 2005). The bacterium 
Pseudomonas aeruginosa cause on the other hand disease in animals, includ-
ing humans (Wimmerova et al., 2009). PA-IIL is also a fucose-binding pro-
tein and it is known to be involved in the infection. 

Crystal structures of both proteins in complex with several monosaccha-
rides are available (Kostlanova et al., 2005, Mitchell et al., 2005, Adam et al. 
2007) where important interactions can be identified. RSL has a polar bind-
ing site where the monosaccharides have the possibility to form hydrogen 
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bonds with a glutamate and an arginine. The sugar ring can also form stack-
ing interactions with a tryptophan. The PA-IIL binding site is even more 
polar, where the hydroxyl groups of the monosaccharides coordinate two 
Ca2+ ions and also form hydrogen bonds with two aspartates and one termi-
nal glycine (Figure 11). 

 
Figure 11. Interaction of fucose (yellow) with the Ca2+ ions (green) and charged 
residues in the binding site of PA-IIL (cyan). 

The LIE calculations (equation 29) performed on RSL worked very well 
already from the beginning of the project. The standard parameterization 
with β=0.33 and an optimized γ gave good correlation with experimental 
results. The model was optimized further by separating β into one factor βp 
for the simulations of the monosaccharide in complex with the protein and a 
second factor βw for the simulations of the water.  

 γββα +−+Δ=Δ −−− free

el
slwbound

el
slp

vdw
slbind VVVG  (36) 

This optimization gave βp = 0.28 and βw = 0.29 and γ = -0.5. The optimized 
parameters agrees very well with previous LIE-parameterizations with a low 
β for molecules with many hydroxyl groups (Hansson et al. 1998, Åqvist et 
al. 1996), a small γ-value and βp=βw (Hansson et al., 1998, Carlsson et al., 
2008). RSL is thus another example of a system where the standard parame-
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terization (Hansson et al., 1998) performs very well for predicting absolute 
binding free energies.   

Encouraged by the RSL-results LIE calculations on PA-IIL were per-
formed. This time the standard parameterization failed.  An R2 of -1.57 and a 
Q2 of -1.90 showed that the model was unable to predict the binding free 
energies. The extremely strong interaction between the monosaccharides and 
the Ca2+ ions (non bonded interaction of about -170 kcal/mol) led us to try to 
scale the Ca2+-interactions with a separate β.  
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This model was shown to work very well. Also for three mutants of PA-IIL 
the model was able to give good results. Originally the hypothesis behind 
this separation was that βion would scale down the Ca2+ interactions, but to 
our surprise βion was larger than β. The large electrostatic interactions be-
tween the Ca2+ ions and the monosaccharides are crucial for ligand binding, 
but the large values will make equation 29 sensitive to any error in the force 
field parameters (equation 19). If for example the Lennard-Jones parameters 
give a slightly too large separation between the ions and the monosaccha-
rides the electrostatic interactions will be underestimated in equation 29. 

Another rather unusual feature of the model is the large positive γ-value 
of 18.83. This value will to some extent be dependent on the unusual treat-
ment of β, but the γ−values have been observed to be dependent on the hy-
drophobicity of the binding site (Almlöf et al., 2004) and desolvation is 
known to be important for ligand binding (Wang et al., 1999). Short simula-
tions of PA-IIL without any monosaccharide showed that two water mole-
cules coordinate the Ca2+-ions, with interaction energies about -60 kcal/mol 
each. Upon ligand binding these interactions must be lost. The free energy 
penalty for removing these waters will be the same for all monosaccharides 
and show up as the large ligand independent penalty term γ. A theoretical 
question would here be if equation 37 would work for other ligands than 
monosaccharides. If for example a ligand would only coordinate one of the 
Ca2+-ions the model is likely to fail as both βion and γ would be different. For 
the RSL system on the other hand equation 29 is likely to work well for most 
molecules as γ is small and β is in agreement with theoretical results. 

The initial hypothesis that equation 29 would work for the PA-IIL system 
failed, but instead our knowledge about the difficulties involving ion coordi-
nation, how the difficulties can be overcome and the nature of the β− and 
γ−terms has improved. Paper IV also contains a detailed discussion about 
structural aspects of monosaccharide binding to the two lectins.   
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The Purine Riboswitch 

In the central dogma of molecular biology (Figure 1) mRNA is attributed to 
be a passive carrier of the genetic code. The progress of RNA research has 
shown that the RNA molecules many times take an active part in gene regu-
lation (Blouin et al. 2009). The field opens up new possibilities to target 
RNA molecules in the search for new pharmaceutical drugs. One RNA drug 
target is the bacterial ribosome, to which many of the commercially avail-
able antibiotics are binding. These antibiotics are small organic molecules 
that by binding to the ribosome hinder translation of new proteins. Computa-
tional tools for predicting ligand binding of small molecules has to a large 
extent been focused on the binding to protein active sites and binding to 
RNA has been lagging behind (Foloppe et al., 2006, Fulle & Gohlke, 2010). 
The LIE method can here be a useful tool for computational prediction of 
binding free energies of small molecules to active sites of RNA molecules. 
In paper V LIE is tested on an RNA system which has been extensively stud-
ied, the purine riboswitch. As in paper IV the hypothesis was that the stan-
dard LIE parameterization would work also for the purine riboswitch. 

Riboswitches are mRNA molecules that can regulate their own gene ex-
pression depending on the concentration of small molecules or ions in the 
cell. Purine riboswitches bind to purine analogs, which changes the fold of 
the mRNA, affecting either transcription or translation of the mRNA. Purine 
analogs are key elements in the metabolism of DNA and RNA in the cells. 
The nucleic acid bases adenine and guanine and the important metabolites 
xanthine and hypoxanthine are all purine analogs. A number of genes in-
volved in the metabolism and regulation of these molecules have been 
shown to be regulated by purine riboswitches (Mandal et al., 2004).  

The first purine riboswitch identified (Mandal et al., 2003) showed bind-
ing to guanine with high affinity, but not to adenine. It was called the gua-
nine riboswitch (GR). Soon after an adenine riboswitch (AR) binding spe-
cifically to adenine but not to guanine was found (Mandal et al., 2004). The 
sequences of GR and AR are very similar, but differ in one key residue. C74 
in GR, which is interacting with the ligand, is in AR a uracil. The importance 
of C74 for guanine recognition was proven in an experiment where it was 
mutated to a uracil. The mutation (C74U) caused alone a change in specific-
ity from guanine to adenine (Mandal et al. 2004). Both GR and the adenine 
binding GR C74U mutant (GRA) have been extensively studied both by X-
ray crystallography and in binding studies with several purine analogs in-
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cluded (Gilbert et al., 2006, Gilbert et al. 2009). These data were used in 
paper V for evaluation of the LIE-method. The method was tested for 4 GR 
binders and 7 GRA binders. Adenine was also included as a non-binder in 
the GR data set and guanine and hypoxanthine were included as non-binders 
in the GRA data set. 

 
Figure 12. Correlation of calculated vs experimental free energies using the FEP 
method (A), standard LIE (B), model D (C) and model E (D). 

The standard parameterization of LIE (model A in paper V) with β=0.43 
gave poor results both for GR and GRA with low correlation with the ex-
perimental results (Figure 12B). To examine the β-parameter FEP calcula-
tions for charging the binders both in water and in complex were performed 
to calculate theoretical β-values. This resulted in β-values in water between 
0.42 and 0.39, not far away from the standard value. The β-values calculated 
in the complex did, however, show a remarkably difference with β-values 
between 0.56 and 0.64. A new parameterization based on the equation 36 
and the average values of 0.4 for β in water and 0.61 for β in the complex 
was performed. This parameterization (model D in paper V) shows indeed 
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much better correlation with experimental results (Figure 12C). When the 
model was used on the non-binders one significant problem was identified. 
The non-binders guanine and hypoxanthine had profoundly exaggerated 
binding free energies. Guanine was, in fact, predicted to be a stronger binder 
than any of the true binders.  

Also FEP calculations for predictions of ΔΔGbind were performed. These 
calculations show in GRA a strong discrimination (6.61 kcal/mol) of guanine 
compared to the high affinity binder diaminopurine. FEP is thus able to sort 
the non-binder guanine from the binders, but not LIE. 
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Figure 13. TI-plots for the charging of diaminopurine (A) and guanine (B) in GRA. 
3D-structures for the end states are shown for diaminopurine in yellow (C and E) 
and guanine in cyan (D and F) where E and F are for the simulations of the ligands 
with the electrostatic ligand-surrouding interactions turned off. GRA residues are 
colored green.  

The source to the problem was concluded to be the Off-term in equation 
33, which cannot be excluded in the calculations. This can be illustrated by a 
TI-calculation where the electrostatic interactions between the ligand and its 
surrounding are turned on. This is shown the shown in Figure 13A where a 
plot of < el

slU − >λ as a function of λ for the high affinity GRA binder dia-
minopurine is shown.  ΔGel will here be the area under the plot. It can clearly 
be seen that the graph do not cut the y-axis in origo indicating a significant 
Off-term. In figure 13A also straight line approximations based on β=0.43 
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and β=0.61 are shown and it can clearly be seen that β=0.61 will give a bet-
ter approximation of the free energy as it compensates for the missing Off-
term with a larger slope. In Figure 13B a plot for the non binder guanine in 
GRA is shown. Here the graph cuts the y-axis close to 0 and β=0.61 will be 
an overestimation of the free energy as no Off-term is present.  

A model E was then tested where the only difference from model D is 
that the electrostatic part ΔΔGel is calculated using FEP. The model showed 
worse correlation with experimental values than model D, but was able to 
classify guanine and hypoxanthine as non-binders for GRA. 

The initial hypothesis, that the standard LIE parameterization would be 
able to predict binding free energies for the purine riboswitch, failed, but 
exactly this shows that the adenine specific riboswitches have preorganized 
active sites to be able to discriminate against guanine and hypoxanthine. The 
fact that adenine shows low affinity to GR by all LIE-models shows that the 
GR discrimination against adenine has a different mechanism than the GRA 
discrimination against guanine. 
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Summary in Swedish 

Bindning av molekyler till varandra ingår i många processer i levande celler. 
Hormoner och signalsubstanser binder t.ex. till receptorer som inducerar 
förändringar i cellerna eller fortplantning av nervimpulser, kolhydrater och 
fett binder till proteiner som katalyserar deras nedbrytning i metabolismen 
och läkemedelsmolekyler binder till proteiner och påverkar därmed deras 
funktion i cellerna. 

Bindningsstyrka kan uttryckas som en skillnad i fri energi ΔG mellan mo-
lekylerna fria i vatten och associerade till ett komplex. Bindningsstyrkan kan 
mätas med flera olika experimentella metoder. Den kan även beräknas med 
hjälp av datorsimuleringar. Genom att använda formler som direkt kan här-
ledas till statistisk termodynamik kan skillnaden i bindningsstyrka, ΔΔGbind, 
mellan två molekyler till en receptor beräknas. ΔΔGbind kan t.ex. visa hur 
mycket starkare ett bra läkemedel binder till ett protein än en molekyl som 
aldrig blev något läkemedel eller med vilken specificitet ett enzym binder till 
ett substrat jämfört med andra molekyler. Det går även att förutsäga hur 
mycket starkare eller svagare hypotetiska molekyler skulle binda jämfört 
med varandra. För att beräkna ΔΔGbind med hjälp av datorsimulerinar behövs 
dock 3D-strukturer av molekylerna med en upplösning på atomnivå. Detta 
kan tas fram genom experimentella metoder som t.ex. röntgenkristallografi. 

Strukturer från röntgenkristallografi används för att förklara resultat från 
biokemiska experiment. Detta görs ofta genom en visuell inspektion av en 
strukturen som leder till en rad hypoteser. Frienergiberäkningar ger möjlig-
heten att testa hypoteser från sådana strukturstudier och biokemiska experi-
ment med ett kvantitativt tillvägagångssätt och kan på så sätt överbrygga det 
mellanrum som finns mellan strukturer och experiment.  

De tre första artiklarna i denna avhandling (Paper I, II and III) behandlar 
läsningen av den genetiska koden. Den genetiska koden, som finns lagrad 
som DNA i cellerna, översätts till en aminosyrasekvens i ett protein. DNA 
kopieras till mRNA som fungerar som mall för proteinsyntesen. Tre på var-
andra följande nukleotider i mRNA bildar ett kodord (kodon) för en amino-
syra. Proteinsyntesen sker på ribosomen, ett stort molekylkomplex som kata-
lyserar bildandet av peptidbindningar mellan aminosyror. Genom att en 
tRNA-molekyl som bär rätt aminosyra binder till kodonet med sitt antikodon 
kan en korrekt aminosyrasekvens syntetiseras på ribosomen och ett funktio-
nellt protein bildas. Första artikeln (Paper I) behandlar bindningen av tRNA 
till mRNA på ribosomen. Strukturer för tRNA, laddat med aminosyran feny-
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lalanin, bunden till mRNA-kodonen UUU och UUC på ribosomen finns 
lösta med röntgenkristallografi. Med utgångspunkt från dessa strukturer 
genomfördes frienergiberäkningar där skillnaden i bindning till UUU jäm-
fördes med de felaktiga kodonen CUU och UCU. Beräkningarna visade sig 
dock ge ΔΔGbind-värden betydligt högre än experimentella resultat pekat mot 
tidigare. Strukturella studier har tidigare visat att tre nukleotider som tillhör 
ribosomen A1492, A1493 och G530 kan anta olika konformationer. Beräk-
ningarna genomfördes med dessa nukleotider både ”påslagna” i konforma-
tioner nära mRNA och tRNA (i enlighet med startstrukturerna) och  ”avslag-
na” i konformationer som vänder sig bort från tRNA och mRNA. Dessa 
beräkningar visade att  ΔΔGbind var betydligt större med nukleotiderna i 
påslaget tillstånd. Hypotesen om att strukturerna som användes skulle ge 
ΔΔGbind-värden överensstämmande med experimenten kunde förkastas. Istäl-
let kunde en ny modell för kodonläsningen antas där A1492, A1493 och 
G530 först är avslagna för att sedan slås på och därmed bidra till en ökad 
diskriminering mot felaktiga tRNA-molekyler. 

När en fullständig amiosyrakedja är klar finns ett kodon i mRNA-
molekylen som kodar för stopp. Till ett sådant stoppkodon (UAA, UGA eller 
UAG) binder proteiner som kallas frisättningsfaktorer, som inducerar hydro-
lys av aminosyrakedjan från den sista tRNA molekylen på ribosomen och 
därmed frisätter det färdiga proteinet. Bindningen av dessa fristättningsfakto-
rer till stoppkodon behandlas i andra artikeln (Paper II). Hypotesen innan 
projektet startade var att tre aminosyror i frisättningsfaktorerna skulle funge-
ra likt ett antikodon för tRNA. Denna hypotes kunde under arbetets gång 
förkastas och en ny modell för mekanismen bakom läsningen av stoppkodon 
tas fram.  

Den genetiska koden överensstämmer i många organismer, men undantag 
existerar. Människans mitokondrier, som är små organeller i cellerna där 
energi i form av ATP bildas, har sitt eget DNA och sina egna ribosomer. De 
har även en avvikande genetisk kod. Där kodar UAA, UAG, AGA och AGG 
för stopp. Hur detta sker är ännu oklart eftersom experimentella system för 
mätning av bindning till mitokondrieribosomer saknas. Två frisättningsfak-
torer existerar i mitokondrierna. En av dessa har föreslagits kunna läsa AGA 
och AGG. Strukturer av dessa frisättningsfaktorer saknas dock. Genom att 
skapa modeller av mitokondriens frisättningsfaktorer med hjälp av beräk-
ningar och därefter genomföra beräkningar av fria energier för bindningen 
till flera kodon, inklusive stoppkodonen, kunde hypotesen om läsningen av 
AGA och AGG förkastas i den tredje artikeln (Paper III). Istället kunde en 
ny hypotes bildas baserad på strukturmodellering och tidigare experimentella 
resultat.   

De två sista artiklarna (Paper IV, V) behandlar LIE-metoden som används 
för beräkningar av absoluta fria bindningsenergier (ΔGbind). Fjärde artikeln 
(Paper IV) behandlar bindningen av sockermolekyler till lektiner. Lektiner 
binder till kolhydrater som finns på cellernas ytor. De kan därmed föra celler 
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i kontakt med varandra, vilket är viktigt för cellernas signalering. LIE meto-
den fungerade väl för den ena av lektinerna, men sämre för den andra där två 
kalcumjoner koordineras av sockermolekylerna i lektinets aktiva säte. Där 
kunde nya parametrar för LIE tas fram som klarade av kalciumjonernas star-
ka interaktion med sockermolkeylerna. 

Femte artikeln (Paper V) handlar om en riboswitch. Riboswitchar är 
mRNA molekyler som reglerar sitt eget genuttryck när t.ex. små molekyler 
binder till dem. I detta fall är det purinriboswitchar som binder specifikt till 
puriner som adenin eller guanin. Beräkningarna visade dock att standardpa-
rameteriseringen av LIE inte fungerade för detta system beroende på att pu-
rinerna är plana molekyler som omsluts helt av ribswitcharna och bildar 
många vätebindningar. Detta innebär att riboswitcharna är preorganiserade 
för purinerna. Frienergiberäkningar som tar bättre hänsyn till preorganisering 
visade sig i detta fall fungera bättre.  
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