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1 Introduction 
Stability and properties of DNA and RNA double strands are determined by a 

complex interplay between hydrogen bonds, stacking interactions, solvent effects, 

and steric restrictions arising from the double helix topology.1 An exact knowledge of 

this interplay is not only of considerable interest because of the central role of DNA 

and RNA in living organisms, but also because of the catalytic properties of RNA with 

non-canonical nucleobase recognition.2,3,4,5,6 The hydrogen bonds between the 

nucleobases were formerly considered as the most important interaction since higher 

stability for guanine-cytosine rich duplexes compared to the double strands based on 

adenine-thymine pairing was found. However, recent investigations revealed the 

importance of stacking interactions,7,8,9,10,11 especially in aqueous solution, where 

hydrogen bonds are weakened.12 Kool et al. documented that the stacking interaction 

affect the fidelity of the DNA synthesis in significant degree.7 To investigate the 

interplay between the various interactions stabilizing the double strand the DNA itself 

is only moderately useful. The restrictions imposed by the helix topology of the 

deoxyribosyl-phosphodiester backbone allows only pyrimidine-purine base pairing in 

the Watson-Crick mode.13 Purine-purine base pairs or other pairing modes become 

only possible if the influence of the backbone is lifted. The stability and importance of 

such systems are underlined by many examples in RNA chemistry.14 Another 

drawback of using DNA to study and differentiate the above mentioned interactions is 

its highly dynamic behavior.15

To better understand the complex interplay between the different interactions, model 

systems are needed, in which the strong limitations induced by the backbone are 

lifted, so that a wider spectrum of possible pairings can be studied. One such model 

system is Peptide Nucleic Acid (PNA), in which the ribosyl phosphodiester backbone 

is replaced by a peptide chain as it is shown in Scheme 1.1. PNA received 

considerable interest in 1991 when Nielsen et al.16 proposed aminoethylglycine-PNA 

as an antisense agent. The basis of the pharmaceutical activity of aminoethylglycine-

PNA is the formation of double strands with messenger-RNA which inhibits the 

expression of the corresponding proteins. Another PNA system, which, however, 

does not bind to DNA or RNA, is PNA with a regular alanyl backbone17 (alanyl-PNA). 

Even though at the present time alanyl-PNA has no prospects of serving as a 
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pharmaceutical agent, it presents an even better model system to study base pairing 

processes, because of its particular structural properties. 
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Scheme 1.1 Structures of DNA, Aminoethylglycine-PNA and Alanyl-PNA 

In alanyl-PNA, the distance between each nucleobase unit in the backbone is about 

3.6 Å, which is close to the ideal stacking distance of 3.4 Å.18,19 If the nucleoamino 

Scheme 1.2 Assumed geometrical structure of an idealized linear xanthine-xanthine pairing 
alanyl-PNA hexamers with antiparallel strand orientation. The regular peptide strand has 
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alternating configuration and the nucleobases are attached to the alanyl side chains. The 
model shown depicts an asymmetric pairing mode of N7-linked xanthine-xanthine base pairs. 

acids in the backbone of alanyl-PNA have alternating configurations, alanyl-PNA 

forms linear instead of helical double strands (Scheme 1.2). The backbone is then 

forced into a half -sheet conformation. 

The linear backbone topology allows a wide variety of different pairing modes. 

Examples for the canonical and noncanonical nucleobases are given in Table 1.1.20

The noncanonical nucleobases play a major role in the mutation of the DNA. One 

major cause for erroneous replications and in consequence for point mutations is the 

transformation of the nucleobases due to chemical stress. Reactive oxygen species 

like the free radicals OH and NO21,22, or nitrous acid23 for example lead to the 

deamination of the nucleobases carrying amino groups. Cytosine is transformed into 

uracil and 5-hydroxyuracil. Guanine and adenine are deaminated to N9xanthine and 

hypoxanthine (Scheme 1.3).24 Xanthine and hypoxanthine are for example found to 

be the major lesions in epidermal skin or calf thymus after exposure to cigarette 

smoke25
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Scheme 1.3 Deamination of guanine and adenine leading to N9xanthine and hypoxanthine, 
respectively. 

Besides pyrimidine-purine pairings, the possible combinations also include purine-

purine base pairs, which are of considerable interest, since they are often observed 

in RNA chemistry. Pyrimidine-pyrimidine pairings have not been found to form stable 

double strands in alanyl-PNA.26,27,28.
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The oligomers, which were synthesized by Diederichsen, are shown in Table 1.1. 

Besides the listed oligomers in Table 1.1 Diederichsen et al. have built up a lot of 

other oligomers.20

 Adenine Thymine Guanine Cytosine N7Xanthine

Adenine 21°C     

Thymine 25°C no Tm

Guanine 32°C 28°C 41°C   

Cytosine 22°C no Tm 58°C no Tm

Diaminopurine --- 28°C --- --- 54°C 
N7Xanthine --- --- --- --- 48°C 

Table 1.1 UV-melting temperature (Tm) of alanyl-PNA hexamers of the sequence XXYXYY or 
XXXXXX.20

A correlation of these variations in comparison to the DNA with the various structural 

arrangements would allow a deep insight into the interplay of the above mentioned 

interactions. However, while the overall stability of the various aggregates could be 

determined by measurements of melting temperatures, the small solubility of -alanyl 

PNA oligomers hampers the determination of other properties, e.g. the determination 

of their geometrical arrangements by X-Ray or NMR-measurements. Even reliable 

differentiations between enthalpic and entropic contributions to the stability were 

rarely possible. 20,26,29,30
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Scheme 1.4 Retro-Inverso principle of the peptides: The orientation does not change, if the 
configurations and the strand orientation are changed at the same time. 
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Ideas about the realized pairing mode and the geometrical arrangement of the 

dimers were obtained from the retro-inverso principle developed for peptides.31,32,33,34

It states that the change of the strand orientation and the configuration of all amino 

acid units at the same time leads to no change in the side chain geometry (Scheme 

1.4). This allows a limitation of the possible pairing modes. Depending on the pairing 

mode the strand orientation (parallel or antiparallel) and the base pair configuration 

(heterochiral or homochiral) can be predicted. The retro-inverso principle only 

enables the exclusion of the pairing modes while quantitative and qualitative 

differentiations between the stability of allowed pairing are not possible. Therefore, to 

explain variations in the melting temperatures the strength of the interstrand binding 

motifs was estimated based on the number of the hydrogen bonds realized in the 

pairing mode. In these considerations, it was assumed that stacking interactions 

influence the stability of the various dimers more uniformly so that such effects are 

very important for the absolute stability of the dimers but less important for trends in 

the melting temperatures. The same was conjectured for strain effects in the -alanyl

PNA backbone. Such effects will arise if the backbone has to be distorted to improve 

the interstrand binding. To detect similarities in the pairing modes the CD spectra of 

the various dimers were compared. 
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1.1 Goals of the Present Work 

Due to their properties -alanyl-PNAs can provide a deep insight into the interplay 

between the various interactions which stabilize oligonucleotide systems. For an 

exploitation of this advantage, however, more detailed information about their 

geometrical arrangements and stability in combination with a critical test of the above 

mentioned body of rules are necessary. It is the goal of the present work to provide 

such information. 

To achieve this goal an existing force field in this case the Amber4.1 force field35

implemented in the SYBYL7.0 program package36 was calibrated to the present 

problem. The force field had to be used, because other methods are not appropriate 

due to the size of the investigated system. For this reason new parameter (atom 

charges, bond length, and bending angle) for missing noncanonical nucleobases of 
N7xanthine, N9xanthine, 2,6-diaminopurine and hypoxanthine were added to the 

parameter set of the existing Amber4.1 force field, and a reparameterization of the 

atom charges for the guanine-cytosine base pair in solution was done in order to 

describe the hydrogen bond strength properly. The results of the parameterization of 

the Force Field were checked by further DFT and MP2 calculations to ensure that the 

calculated hydrogen bond and stacking interaction were described in a proper way. 

By means of this modification of the Amber Force Field a reliable tool was 

established for the future work.  

A further goal of the present work is to use the modified Amber4.1 force field to 

provide information, which of the possible pairing modes between the involved 

nucleobases allow the formation of a stable -alanyl PNA hexamer dimer. These can 

be obtained by force field simulations of complete -alanyl PNA hexamer realizing 

various possible binding motifs.  

To predict all possible pairing modes all options to realize a stable aggregate were 

built up. For some pairing modes a construction of the aggregates was not possible. 

For example the construction of a dimer IX···IX in pairing mode 25 failed, because of 

the geometrical arrangement of the nucleobase dimer in combination with the 

restrictions of the peptide backbone (marked green in Scheme 1.5). To achieve a 

stabile dimer the binding angles had to be distorted in such a way that the marked 

with a brown circle hydrogen atoms in Scheme 1.5 would fit to the second peptide 
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backbone. Such a distortion in the peptide backbone is not possible, since it would 

induce a very high strain. 

Scheme 1.5 Example of a pairing mode for which a constriction of a hexamer dimer was not 
possible due to the arrangement of the two N7xanthines in pairing mode 25 

For all other pairing modes the dimers were built up and tested by MD simulations. 

Due to these simulations it is possible to calculate the stability of the dimer and give 

an insight into the corresponding geometrical arrangements. Computations of the 

stabilization energies of the various dimers were performed to determine the pairing 

modes leading to the most stable dimer of a given pair of single strands. These 

stabilization energies additionally allow an analysis of the various binding effects. It is 

important to note that the present investigation aims to understanding of differences 

between the various dimers, i.e. only their stability is of interest. An understanding of 

all effects that determine their absolute stability is out of scope. It turned out that the 

computed stabilization energies of the respective most stable dimers correlate 

astonishingly well with the corresponding experimentally measured melting 

temperatures. This stabilization-energy melting-temperature correlation indicates that 

our approach should be able to give a qualitative to semi-quantitative description of 

the trends. This should also hold for the geometrical arrangements and the binding 

motifs, which are important for the variations in the melting temperatures.  
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1.2 Synthesis of Alanyl-PNA 

Information about the syntheses of the -alanyl-PNA oligomers is important because 

it allows an estimation of the spatial arrangement of the system. The geometrical 

attributes of the -alanyl-PNA oligomers are primarily responsible for their pairing 

properties. For this reason it is important to know which is the conformation of the 

nucleobase in the -alanyl-PNA oligomers. 

In the following chapter the synthesis of the basis module, the alanyl nucleoamino 

acids involving the canonical as well as the non-canonical nucleobases are 

discussed. Afterwards a short description of the solid-phase peptide synthesis, which 

builds up the whole -alanyl-PNA oligomer, is given. The chapter is concluded by 

temperature depending UV-spectroscopy and its possibility to provided 

thermodynamic information like the enthalpy and the entropy of the system, which 

are hidden in the melting curve. 

1.2.1 Synthesis of Canonical Nucleobase Acids 
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Scheme 1.6 Synthesis of canonical L-alanyl nucleoamino acids. 1, 2, 3, 4, 5
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Starting form Boc-serinelacton 2, which is available from Boc-serine 1 under 

Mitsunobu conditions37,38 the enantiomerically pure amino acid N-Boc-

thyminylalanine (Boc-AlaT-OH) 3, N-Boc-cytosinylalanine (Boc-AlaC-OH) 4 and N-

Boc-adeninylalanine (Boc-AlaA-OH) 5 are synthesized (Scheme 1.6).39,40 The yields 

of the serine lactone ring opening are quite poor which can be attributed to the low 

nucleophilicity and solubility of the nucleobases, the parallel occurring polymerization 

of the serine lactone and the lacking regioselectivity. For the purine and the 

pyrimidine nucleobases both regioisomers (N7 and N9 alcylation product for purine 

bases and N1 and N3 for pyrimidine bases) for the alcylation can be found, but a 

separation by chromatographic methods is possible in both cases. The synthesis of 

N-Boc-guaninylalanine (Boc-AlaG-OH) 6 fails if guanine is used for the reaction, but if 

2-amino-6-chloropurine nulceo acid is used, the reaction takes place with a satisfying 

yield of 65%. To obtain the guanine derivate the N-Boc-nucleobase has to be treated 

with TFA/H2O and protected again with Boc2O.

For the synthesis of alanyl-PNA, both L- and S-configured alanyl nucleoamino acids 

are required, which can be obtained by enzymatic racemic cleavage via acylase41

and hydantoinase.42
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Scheme 1.7 Racemic synthesis of N-Acetyl-adeninyl-alanine and racemic cleavage. 6,7,8,9,10

The first step of the synthesis of N-Acetyl-adeninyl-alanine is a Michael addition of 

the nucleobase to 2-Chloro acryl acid ester 7 (Scheme 1.7). It is followed by an acid-
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ester cleavage and the treatment with liquid ammonia to introduce an amino-function. 

To protect the ammonia group during the racemic cleavage with acylase I,41 8 is 

acylated to 9. After the racemic cleavage with a total rate of 50% of Ac-D-AlaA-OH

(10) and H-L-AlaA-OH (11), it is possible to isolate equimolar quantities via HPLC. 

The reaction of 11 with Boc2O leads to Boc-L-AlaA-OH 5. A change in the protection 

is achieved by a reaction with Boc2O and a cleavage of the acyl residue. The product 

of the reaction is Boc-D-AlaA-O 5.

1.2.2 Synthesis of Non-canonical Nucleobases Acids 

N7Boc-L-AlaX-OH* 13 and its regioisomer N9Boc-L-AlaX-OH 14 can be synthesized by 

a direct ring opening of serine lactone 3 and xanthine 12 in the presence of the base 

DBU.43 The yield of this reaction is 51% for the N7 and poor 11% for N9 regioisomer. 

Using a column chromatographic reprocessing both regioisomers can be isolated.  
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Scheme 1.8 Synthesis of N7Boc-L-AlaX-OH 12 and its regioisomer N9Boc-l-AlaX-OH 13. 

13. 11, 12, 13 

The synthesis of N7Boc-L-AlaD-OH 16 and its regioisomer N9Boc-L-AlaD-OH 17 can 

be achieved in an analogous way like the xanthine derivates. The only difference is 

that the base for the ring opening of the serine lactone 2 is not DBU but K2CO3.

Again both regioisomers are obtained, which can be also separated by a column 

chromatographic reprocessing.

                                           
* N7Boc-xanthinylalanine 
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1.2.3 Solid-Phase Peptide Synthesis (SPPS) 

The oligomers of PNA are obtained by a manual solid-phase synthesis44,45 depicted 

in Scheme 1.12. MBHA-PS-resin  acts as the solid phase shown in Scheme 1.10 

which is occupied by Boc-Lys(Z)-OH and Boc-Lys(Z)-OH respectively. An underlined 

lysine represents an R-configured unit, while the S-configured is not underlined. 

NH2

N
H

H
N

NHZ

O

Boc

Scheme 1.10 Unoccupied MBHA-PS resin (Left hand side) and MBHA-PS resin occupied by Z†-
protected N-Boc-Lysine.

                                           
 4-Methylbenzylhydrylamine-polystyrene 

† Benzyloxycarbonyl 
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HATU  (Scheme 1.11) is an activation reagent that is used in the coupling step of 

the solid-phase peptide synthesis. It increases the coupling velocity, leads to very 

good yields and a low racemization at the same time.46,47,48
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PF6

Scheme 1.11 (O-(7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophospahte HATU 

The first step in the synthesic cycle is the deprotection of the resin-amino-acid 

complex by a solution of 5 Vol-% m-Kresole in TFA (Step1 in Scheme 1.12). The 

demerged protection group is captured by m-Kresole. The treatment of the solution 

with DCM/DMF in relation of 1:1 (Step 2) and with pyridine neutralizes the acid rest 

and unstacks the aggregates. 
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Final Step

Scheme 1.12 Scheme of a solid phase peptide synthesis of PNAs. 

The coupling is carried out with a fivefold excess of amino acid and HATU, DIEA as 

base and DMF as solvent. To start the synthesic cycle again, the resin has to be 

washed with 1:1 mixture of DMF/DCM and a 5 percent solution of piperidine in DMF 

                                           
 (O-(7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophospahte 
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(Step 3). A mixture of TFA/m-Cresol/TFMS 8:1 leads to the cleavage of the complete 

oligomer (Final Step). 

From the stand alone synthesis of the oligomers no direct prediction of the 

geometrical arrangement of the nucleobase in the -alanyl-PNA system can be 

made. To achieve this further NMR spectroscopy experiments had to be done.

1.2.4 Temperature Depending UV-Spectroscopy 

The method to determine the stability of the Alanyl-PNA double strand is the well-

known temperature depending UV-Spectroscopy.49 The desegregation of the double 

strand to single strand comes along with a loss of stacking interaction of the 

nucleobases, which is connected with a rise of the UV absorption (Hyperchromicity) 

of the formerly stacked nucleobases. The absorption is measured at a wavelength of 

260 nm to be sure that only a UV absorption of the nucleobase is measured. The 

maximum of the backbone UV absorption appears at a wave length of 220 nm.  

Scheme 1.13 Melting curve of natural occurring DNA. 
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The point of inflection of the temperature curve indicates the melting temperature 

(Tm) which is the measure for the stability of the pairing complex.  

It also indicates that at this point 50% of the hexamer duplex has fallen apart. For the 

DNA shown in Scheme 1.13 the melting temperature is determined to be about 88°C. 

Beyond this information of the melting temperature, Tm, the melting curve implies 

important thermodynamical information.50,51 When dealing with an association 

reaction like the dissociation of two different oligomers, the melting temperature 

depends on the concentration of the oligomers. This correlation can be used to 

determine the enthalpy H0 of the reaction. Assuming that the heat capacity does not 

change with the temperature ( Cp
0 = 0), it follows for the reaction type A + B  C

2
ln1 0

00

0 C
H
R

H
S

Tm .
(1.1)

If the reaction type 2A  C is investigated (Scheme 1.14), it is written as 

000

0

ln1 C
H
R

H
S

Tm
. (1.2)

Scheme 1.14 Concentration dependency of the Tm for a reaction of 2A  C. The slope of the 
curve corresponds to R/ H0, the y-axis intercept represents S0/ H0.
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If the slope of the resulting curve is flat, it results that the H0 has a very negative 

value, which also indicates that the concentration dependency of the reaction is very 

small. For this case a study over a large concentration range is necessary to 

determine H0 accurately. This is not always possible, since for small concentrations 

it is difficult to determine Tm properly because of the poor signal and for high 

concentrations one may obtain too high absorbance values.

For this reason it is recommended to determine the enthalpy and the entropy also by 

the second available method, which analyzes the shape of the melting curve.51,52

This method is valid for intra- and intermolecular reactions, because it is a 

concentration independent method. This approach is also often used to determine 

the thermodynamical values for the folding of a molecule. A sharp transition of the 

melting curve indicates that the affinity constant Ka is strongly temperature 

dependent. The affinity constant Ka is related to the Gibbs free enthalpy by the simple 

relation of 

00ln STHKRTG a (1.3)

It is possible to determine the equilibrium-affinity constant Ka from a single melting 

experiment. The observed absorbance vs. temperature plot of a melting curve is 

converted into a fraction associated (folded) vs. temperature representation. 

should be a number between 0 and 1. For T>>Tm, the fraction associated is =1 and 

for T<<Tm the fraction associated (folded) should be =0. A value of 0.5 marks the 

melting temperature Tm. The conversion of the absorbance At to T at a given 

temperature follows the expression: 

TT

TT
T LL

AL
10

0
(1.4)

L0T and L1T correspond to the baseline volumes of the associated (folded) and 

unassociated (unfolded) species, respectively, shown in Scheme 1.15. The affinity 

constant ln(Ka) can be set in relation to T by the following equations. Therefore it is 

necessary to know the reaction type. 
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C

Ka (1.7)

Scheme 1.15 Fraction folded as a function of temperature. 

For example, it is possible to determine the enthalpy H0 and the entropy S0 from 

the slope (- H0/R) and the y-axis intercept ( S0/R) via the equation (1.8). In most 

cases G0 is a relative small number, whereas H0 may be strongly negative and 

partially compensated by an entropic factor T S0. This corresponds to the enthalpy-

entropy compensation.53,54,55,56

R
S

TR
HKa

00 1ln (1.8)
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Scheme 1.16 Determination of the H0 and the S0,  values are extracted from the melting 
curve from Scheme 1.15. 
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2 Theoretical Basics 

Many problems which occur in organic theoretical chemistry are simply too large to 

be treated by quantum mechanics. The major bottleneck in a quantum chemical 

calculation is that the computational cost rises by the factor of n4 for a DFT and the 

Hartree-Fock approach, to n5 for a MP2 calculation, to the n7 for a QCISD (T), where 

n is the number of the basis functions. For large systems (more than 300 atoms) 

more simple models like semi-empiric and molecular mechanical methods (MM 

methods) are used. The MM method is a classical approach, in which the interactions 

which lead to the molecular structure are approximated by classical forces, e.g. the 

electron motion that is properly treated by the quantum chemical methods is not 

solved in MM methods. The parameters that are used by the MM method are fitted to 

experimental or higher-level theoretical data. In this method, a molecule is described 

as a collection of atoms that interact with one another by simple analytical functions 

and the atomic motion is described with equations of classical mechanics. In the 

following work only the MM methods are described, since the quantum chemical 

approaches were only used for calibration of the parameters of the force field. For 

further information about quantum chemical methods refer to textbooks and existing 

PhD thesis.57,58,59,60

2.1  Molecular Mechanics 

In molecular mechanics molecules are considered as ensembles of balls that 

represent the atoms and springs as the bonds that hold the molecules together. The 

mass of the balls and the stiffness of the bonds are adopted in the way to properly 

describe the bonding situation in the molecule. Every bond has its equilibrium 

distance. Deviation of the bond length from its equilibrium distance causes an 

increase of the energy. This is only one energy expression of the total force field 

energy, which can be written as a sum of terms. In the simplest approximation the 

quantum chemical many body problem is divided into a sum of two body interactions. 

For more sophisticated approaches also higher order terms (three body, four body, 
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etc.) are taken into account. The standard form of a force field energy can be written 

as

crosselvdwtorsbendstrFF EEEEEEE
. (2.1)

Estr represents the energy function for the stretching of a bond between two atoms, 

Ebend is the energy function for the bending of an angle, Etors is the energy function of 

a rotation around a bond, Ecross describes coupling between the former terms and 

Evdw and Eel characterize atom-atom interaction.57

2.1.1 The Stretch Energy 

Estr describes the energy function for the stretching of a bond between two atoms. 

The energy expression for that function can be written as a Taylor expansion (2.2).
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The simplest form (2.3) is obtained, if the expansion is terminated after the second 

order, which is the form for a harmonic oscillator (2.3). At the equilibrium bond length 

(R = R0) E(0) is normally set to zero, which is just the zero point for the energy scale. 

The second term is zero as the expansion is around the equilibrium values. The 

parameter R0 does not represent the equilibrium bond length of a specific bond but 

an average equilibrium bond length of a specific bond type 

2ABAB2AB
0

ABABAB
0

AB , RkRRkRREstr . (2.3)
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The potential is quadratic in the displacement from the minimum. This stretching 

energy is sufficient for displacements of about 0.1 Å around the equilibrium distance 

(Scheme 2.1). A calculation further away from the equilibrium distance leads to 

enormous errors in the stretching energy, because dissociation does not exist in the 

harmonic approximation. An improvement for a correct description of a wider range of 

binding distances can be achieved if more terms of the Taylor expansion are applied 

(2.4). If the cubic anharmonictiy constant is taken into account, the Taylor expansion 

leads for long bonds to huge negative bond energies. If the Taylor expansion is 

terminated after the quadric term, the energy gets again very positive for long bond 

distances

4ABAB
4

3ABAB
3

2ABAB
2

AB
0

AB RkRkRkRREstr . (2.4)

The force constants k2
AB, k3

AB and k4
AB include the prefactor 

!2
1 ,

!3
1  and 

!4
1  which 

occur in the Taylor expansion ((2.2)). A correct behavior of bond dissociation is given 

by the Morse Potential (2.5) 

2
Morse 1 ReDRE . (2.5)

For that potential the bond energy converges towards the dissociation energy limit if 

the bond distance is extended. The constant D is the dissociation energy and  is 

related to the force constant ( Dk 2/ ). The Morse potential reproduces the real 

curve quite accurately even for quite large elongations.

Each pair of bounded atoms (e.g. Csp2-Csp2, Csp3-Csp3, Csp3-H, Csp3-O) is attributed to 

a bond specific value for the force constant kb and equilibrium distance R0.
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Scheme 2.1 Harmonic potential (dashed line), Potential of a Taylor expansion terminated after 
the fourth order (doted line) and the Morse Potential (solid line). 

2.1.2 The Bending Energy 

Similar to the bond stretching, the bending energy can be also described by means 

of a harmonic oscillator. The potential of the bending angle depends on the 

equilibrium angle 0
ABC, the deformation angle ABC, and the force constant, kABC,

2ABCABC2ABC
0

ABCABCABC
0

ABC , kkEbend . (2.6)
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Scheme 2.2 Bending potential of ethane (Csp3-
Csp3-H) 

Scheme 2.3 Comparison of the bending 
potential of Csp3-Csp3-H (solid line) and 
Csp2-Csp2-H (doted line) 

Scheme 2.2 displays the dependence of the potential on the bending angle which 

has a parabolic form. In Scheme 2.3 it can be seen, that the deformation potential of 

the bending angle gets flatter if the force constant k  is smaller (k  (Csp2-Csp2-H)=0.535)

and steeper if k is larger (k  (Csp2-Csp2-H)=0.636).

2.1.3 The Torsional Energy 

The torsion potential represents the energy change due to the rotation around bond 

B-C in a sequence of four atoms A-B-C-D. The torsion energy is a periodic potential 

that has the same energy, if the bond is rotated 360°. The Taylor expansion used 

before is not appropriate in this case, but a Fourier series can be a helpful tool to 

solve this problem of periodicity (2.7) 

1
cos

n
ntors nVE

.
(2.7)
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The term n=1 reflects a rotation which is periodic by 360°, a periodicity of 180° is 

given by the term n=2 while the term n=3 possess a periodicity of 120° (2.8). The 

constant Vn displays the rotation barrier for the respective rotation term.  

Scheme 2.4 shows the potential for a rotation around a C-C bond in a sequence of 

H-C-C-H (parameters for V1
HCCH, V2

HCCH, V3
HCCH are taken from the MMFF94 force 

field parameter set) for the three different torsion potentials of (2.8). For an H-C-C-H 

unit, the potential minimum is at the angle of 90° ( ABCD=90°)(Scheme 2.5). The well 

know potential of ethane does not rise until the potential of all three hydrogen atoms 

bonded to the carbon are superposed (Scheme 2.6).

-2
0 90 180 270 360
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0 90 180 270 360
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Scheme 2.4 Torsion energy functions of (2.8);  

solide line:        HCCH
12

1 cos1HCCHV ;

dashed line: HCCH
22

1 2cos1HCCHV ;

doted line: HCCH
32

1 3cos1HCCHV .

Scheme 2.5 Torsion energy potential Etors (2.8).
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Scheme 2.6 Torsion potential of ethane. 

For a single bond the potential ABCD
32

1 3cos1ABCDV  dominates the torsion energy, 

while for a double bond the ABCD
22

1 2cos1ABCDV term contributes most to the 

torsion energy. 

2.1.4 The van der Waals Energy 

In comparison to the chemical or ionic bond the van der Waals energy is a weak 

interaction. It arises from asymmetric charge distributions which are due to the 

motion of the electrons. The resulting temporary dipoles polarize neighbored atoms 

i.e. they induce a dipole moment on other atom.

These dipole moments cause an attractive interaction between atoms which is, 

however, very small. Thus, the resulting force is very weak and short ranged. It is 

generally represented by an R-6 term 
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6AB
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ABAB

R
CRERE repulsivevdw

.
(2.9)

The attractive part in the van der Waals term is very negative at small distances, but 

due to the repulsive part in (2.9), which gets even more positive the potential is 

repulsive for distances smaller than the minimum. The minimum of EvdW is reached at 

the point when electron clouds are (slightly) touching each other. A popular potential 

for the van der Waals energy is the Lennard-Jones potential (2.10).61

6
0

12
0 2)(

R
R

R
RRELJ (2.10)

The repulsive term is represented by an R-12 term. This ensures that Erepulsive

(Scheme 2.7, doted line) is more repulsive for small R than the attractive R-6 term for 

the attractive part of the van der Waals expression (Scheme 2.7, dashed line). 

-3

3

0,9 2rAB

Scheme 2.7 Lennard-Jones Potential in dependency of rAB (solid lined); doted line: repulsive 
term; dashed line: attractive term (2.10).  
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2.1.5 The Electrostatic Energy 

The Lennard-Jones potential (2.10) that was discussed in previousl is an important 

part of the non-bonded interaction between molecules. The second part of the 

interaction is due to forces between electric charges. Although the molecules are 

electrically neutral, the positive and negative charges are not uniformly distributed. 

The result is that in addition to the induced dipole moment that is important for the 

Lennard-Jones potential, the atoms have partial charges, so that some parts of the 

molecule attract or repel other parts. The interaction energy between the point 

charges is given by the Coulomb potential (2.11) 

AB

BA
AB )(

R
QQREel

.
(2.11)
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Scheme 2.8 Electrostatic potential, doted line: repulsive term; solid line: attractive term. 
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2.1.6 Solvation Models 

The incorporation of solvent effects is very important since the potential energy, the 

geometry and many other properties of a given molecular system depend on the 

surroundings. So far, in all considerations about electrostatic interactions the 

dielectric constant  was set to be the permittivity of the free space 0. A very simple 

way to mimic solvent effects is to introduce a relative permittivity (i.e. = 0 r) in order 

to reduce the long range charge-charge interactions. A value of 1 corresponds to a 

vacuum, whereas values between r=1-4 are used for simulating a solvent.58 A 

second approach to include solvation effects is to make the dielectric constant 

distance depend. A crude way to implement this model is to change the Coulomb 

interaction but since no physical basis can be assigned to this approach other 

distance-dependent functions are applied which consider the shape of the dielectric 

medium in a more appropriate way 

For example, a relative permittivity which is low at small distances and rises to the 

permittivity value of the solvent at large distances has been proposed by Smith and 

Pettit.62

rSr
reff erSrS 22

2
1 2 (2.13)

The value of eff starts with 1 at zero separation and changes to r in an S-shaped 

curve determined by an additional parameter S.

Another way to treat the solvent effects is to regard the solvent as a perturbation of 

the gas phase behavior of the system by means of implicit models. A great amount of 

models have been developed. A widely used approach is the Conductor-like 

Screening Model (COSMO).63,64 The COSMO approach is a variation of the Apparent 

Surface Charge method which divides the cavity surface into small surface elements 

2AB
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AB )(

R
QQREel (2.12)
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and calculates the total electrostatic potential by means of the polarization charges 

on the cavity. 

rrr (2.14)

(r) represents the electrostatic potential energy surface due to the solute and (r)

is the potential invoked by the surface charges of surface increments. In the COSMO 

model the solute is embedded in an ideal conductor with infinite dielectric constant. 

The advantage of this model is that on the surface of the ideal conductors the 

electrostatic potential vanishes and an appropriate boundary condition can be 

derived. Only small corrections are necessary to adapt this model to other solvents 

with high dielectric constant, for example, water. 
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2.2 Molecular Dynamics 

A molecular dynamics simulation samples the phase space of a molecule by 

integrating Newton’s equations of motion.65,66,67,68 The available energy for the 

molecule is distributed between potential and kinetic energy, and the molecules are 

thus able to overcome barriers separating minima if the potential energy at the barrier 

is less than the total energy of the system. Given a sufficient high energy, the 

simulation will scan the whole surface, but this will require an impractical long 

simulation time. For the numerical integration of Newton’s equations of motion only 

small time steps (typically 1 fs) can be used. Thus even if 106 time steps can be 

performed the simulation time is still short. As a consequence only the local area 

around the starting point is sampled and only relatively small barriers (few kcal/mol) 

can be overcome.

2.2.1  Basics 

A MD simulation is started from an initial set of coordinates, which can be obtained 

from X-ray crystallographic or NMR investigations. To avoid strongly repulsive 

contacts, the initial structure has to be geometry-optimized using the same potential 

function as in the subsequent MD-simulation. After assigning a certain starting 

velocity v to each atom, the motion of the molecule is evaluated according to 

Newton’s equation of motion 

2

2

t
xmamF i

iiii
.

(2.15)

In (2.15), mi is the mass of atom i, xi defines the position of atom i for i = 1, …, 3N for 

the N atoms in the molecular system and Fi is the force which acts on atom mi at the 

position xi.

The total energy of the system is the sum of the total kinetic (½ mv2) and the potential 

energy of the molecular system. In most cases the potential energy is taken form a 
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force filed calculation (EPot = EFF, (2.1)) but approaches in which it is taken from 

quantum chemical calculations also exist.

xE
t
xmE Pot

2

2
1 (2.16)

2.2.2 Finite Difference Methods 

An analytical solution of a many-body problem like in the MD simulation does not exit, 

so the integration of the equations of motion (2.15) has to be carried out numerically 

by using finite difference methods. The essential idea of such a technique is that the 

integration is broken up in many small steps, separated by the same time step t.

The total force on each atom in the configuration at a time t is calculated as a sum of 

its interactions with other atoms. From the force it is possible to determine the 

acceleration of the atoms, which are used to evaluate the positions and velocities at 

the time t+ t. The forces on the atoms are then determined in their new positions, 

leading in the next step to new positions and velocities at t+2 t.

All algorithms used in molecular dynamics simulations assume that the positions, 

velocities, and accelerations can be approximated in a Taylor expansion. 

...
24
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1 432 tcttbttatttvtrttr (2.17)

..
6
1

2
1 32 tcttbtttatvttv (2.18)

...
2
1 2 tctttbtatta (2.19)

...ttcvtbttb (2.20)

The first derivative of the position with respect to the time is the velocity v, the second 

derivative is the acceleration a and b is the third derivative.
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2.2.2.1 Verlet Algorithm  

The Verlet algorithm69,70 is one of the most widely used algorithms in molecular 

dynamics simulations. It uses the accelerations and positions at a time t and at the 

time t – t to predict the positions at a time t+ t. The relationship between the 

positions, the accelerations, and the velocities at time t can be written as follows 

...
2
1 2 tatttvtrttr (2.21)

...
2
1 2 tatttvtrttr

.
(2.22)

By adding equation (2.21) and (2.22) it is obtained 

22 ttattrtrttr . (2.23)

The velocities, which do not show up in the Verlet algorithm, can be calculated with a 

simple approach by dividing the difference in positions at time t+ t and t- t by 2 t.

tttrttrtv 2/ (2.24)

One major problem of the Verlet algorithm is that for the starting point t=0 no 

preceding t- t exists, so this algorithm is not a self starting one. One way to obtain 

the position r for t- t is to use the Taylor expansion, truncated after the first term 

00 tvrtr .
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2.2.2.2 Leapfrog Algorithm 

One widely used variation of the Verlet algorithm is the Leapfrog algorithm.71,72 This 

algorithm uses the following working equations (2.25) and (2.26).

tttvtrttr
2
1

(2.25)

ttattvttv
2
1

2
1

(2.26)

The Leapfrog algorithm displayed in Scheme 2.9 calculates the velocity v(t+½ t) from 

the velocity at time t-½ t and the acceleration a at time t. The positions r(t+ t) are 

then calculated from the velocity (2.26) together with the position r at the time t using 

equation (2.25). 

Scheme 2.9 Schematic picture of the leapfrog algorithm. 

The velocities at time t can be calculated form the velocities at time t- t and t+ t

(2.27).

ttvttvtv
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2
1

2
1

(2.27)

The leapfrog and the Verlet algorithm are computationally less expensive than other 

approaches and require less storage. Therefore, the computation time could be 
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greatly decreased when this algorithm is used. This could be an important advantage 

in the case of large scale calculations. Moreover, the conservation of energy is 

respected, even at large time steps. However, when more accurate velocities and 

positions are needed, another algorithm should be implemented, like the Predictor-

Corrector algorithm, which gives more accurate positions and velocities than the 

leapfrog algorithm, and is therefore suitable in very sophisticated calculations. 

However, it is computationally expensive and needs significant storage 

2.2.3 Molecular Dynamics Ensembles 

Two of the most common ensembles are the canonical (NVT) and the isothermal-

isobaric (NPT) ensemble. A constant temperature simulation (NVT) can be used to 

determine how the behavior of the system changes with the temperature, such as 

unfolding of a protein or the formation of glass. The observed energy of the canonical 

ensemble corresponds to the free energy or Helmholtz free energy A. The NPT 

ensemble simulates the laboratory conditions quite well, so simulations in the 

isothermal-isobaric ensemble are more directly relevant to experimental data. Certain 

structural arrangements may be achieved more easily in an isobaric simulation than 

in a simulation with the canonical ensemble. The pressure and the temperature stay 

constant and the systems react in changing the volume of the simulated cell. 

Energies obtained from a MD simulation in the NPT ensemble can be attributed to 

the free enthalpy, which is also known as the Gibbs free energy G

2.2.3.1 Molecular Dynamics at Constant Temperature (NVT) 

The temperature of the system is related to the time average of the kinetic energy, 

which for an unconstrained system is given by: 
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(2.28)
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Woodcook et al. proposed an obvious way to alter the temperature of the system by 

scaling the velocities.73 By multiplying the temperature T(t) and the velocities at the 

time t with the factor , the associated temperature can be varied (2.29) 
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(2.29)

tTT 12 (2.30)

tT
Tnew

.
(2.31)

The simplest way to control the temperature is to multiply the velocities at each time 

step by the factor currreq TT / . Treq represents the adjusted temperature of the 

simulation run while Tcurr is attributed to the current energy of the system. 

Berendsen et al. introduced a method to control the temperature of the system by 

coupling it to an external heat bath, which is able to supply or remove heat from the 

system.74,75 The rate of the change of the temperature is proportional to the 

temperature difference between the bath (T0) and the simulated system 

tTT
dt
tdT

T
0

1

.
(2.32)

T(t) stands for the actual temperature of the system at the time t, T0 represents the 

temperature of the external heat bath and T is a parameter which represents the 

strength of the coupling of the bath and the system. The change in temperature 

between successive time steps is 

tTTtT
T

0

.
(2.33)
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The scaling factor of the velocities v is the factor . This factor ensures that the 

temperature of the system T(t) comes close to the temperature of the external heat 

bath T0.  is given by 

11 0

tT
Tt

T .
(2.34)

The coupling of the system to the heat bath is weak if T is chosen large. If T is small 

the coupling will be very strong. For the special case in which the coupling constant 

T equals the time step t the algorithm is identical to the above mentioned velocity 

scaling method.

2.2.3.2 Molecular Dynamics at Constant Pressure (NPT) 

A macroscopic system maintains constant pressures and changes its volume, which 

also takes place in an isobaric-isothermal simulation. The amount of the volume 

fluctuation is related to the isothermal compressibility , which is the pressure 

analogue of the heat capacity 

TP
V

V
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.
(2.35)

A large value of  results in a lower compressible substance, so larger fluctuations 

occur at a given pressure than in a more incompressible substance. The pressure 

stays constant by the change of the volume of the system. The isothermal 

compressibility is related to the mean square volume displacement 

2
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1

V

VV
TkB .

(2.36)
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The pressure control of the system, which is used in many of the method, is 

analogous to those which are used for the temperature control. One alternative 

method to keep the pressure constant is to couple the system to a pressure bath, 

analogous to temperature bath (2.38)  

The rate of change of the pressure is given in (2.37). P(t) stands for the actual 

pressure of the system at time t, P0 represents the pressure of the external pressure 

bath and P is a parameter which represents the strength of the coupling of the 

pressure bath and the system.74,75 The simulated volume is rescaled by the factor µ

at each time step t of the simulation.

tPPt

p
01 (2.38)

The positions of the atoms are scaled by a factor 1/3.The new positions are given by:

ii rr 3/1' (2.39)

The constant  can be combined with the relaxation constant P as a single constant. 

If the scaling factor is equal in all three directions the expression is called isotropic, is 

the scaling factor calculated independently for the three axes, it is an anisotropic 

expression.  

tPP
dt
tdP

P
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.
(2.37)
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3 Description of the 
Computational Methods 

3.1 Computational Details 

As an example one of the systems investigated in the present work can be seen in 

Scheme 1.2, the -alanyl PNA hexamer dimer with an anti-parallel strand orientation 

and the idealized linear xanthine-xanthine pairing. Approximated systems which do 

not include the -alanyl backbones are not helpful in achieving the goals of the 

present work since the backbone strongly influences the geometrical arrangements 

and the strength of the interstrand bonding. Therefore our model systems consist of 

the -alanyl backbones and the attached nucleobases. Only the terminal lysine 

groups (in bold in Scheme 1.2) were replaced by hydrogen atoms. This represents a 

valid simplification since their influence on the melting temperature was proven to be 

small.76

As a consequence, the investigated systems consist of up to 200 heavy atoms 

(Scheme 1.2). Their treatment would be possible with DFT or Hartree-Fock 

approaches, but both methods are unable to account for the dispersion interaction 

which is very important for the stability of systems with stacked heterocycles as DNA 

or PNA. These effects can be described with perturbational or coupled cluster 

approaches but even the cheapest method (2. order Møller-Plesset-Perturbation 

Theory) would already be too expensive for such systems. Additionally, the lack of 

distinct data about geometries necessitates extensive geometry optimizations. 

Due to the size of the systems and the involved interactions only force-field 

computations are able to achieve the goal of the present work in reasonable time. In 

the present work the Amber 4.1 force field35 implemented in the SYBIL 7.0 program36

was employed to predict structures and stability of -alanyl PNA hexamer duplexes. 

The influence of an aqueous environment was included by a distance depending 

dielectric constant of =4. This value was chosen since the resulting values agreed 

best with corresponding DFT computations. All systems were modeled with canonical 
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NVT simulations with a time step of 1 fs and a cutoff distance of 8 Å. During the 

simulations all hydrogen bond lengths were fixed to a range of 1.6 to 2.3 Å. In a final 

step the geometries obtained from the MD simulations were optimized without any 

constraints. Such optimizations were started from various MD geometries, however, 

the obtained optimized geometries were in all cases identical. Pairing modes which 

fell apart in this optimization were looked upon as instable. 

To check the influence of explicit water molecules various pairing modes were also 

simulated in a water box with periodic boundary conditions. Except for the guanine-

cytosine hexamer in the Watson-Crick mode, the results agreed to those obtained 

with a distance dependent dielectric constant of =4. For the determination of 

stabilization energies also the monomers were simulated in a water box with periodic 

boundary conditions. Simulations of the monomers in which the distance depending 

dielectric constant of =4 was used failed since interactions between the backbone 

atoms and the centers of the attached nucleobases are strongly overestimated 

resulting in strongly distorted monomers. If water is explicitly taken into account such 

interactions are more strongly diminished and the reasonable monomer structures 

are obtained.

The Amber force field was chosen because it is optimized for canonical nucleobase 

pairs in DNA systems. However, its accuracy for non-canonical base pairs in 

geometries determined by the -alanyl PNA hexamer backbone is unknown. To 

ensure its accuracy the results obtained for smaller model systems were compared 

with ab-initio data. For this instant the computations performed by Hobza and 

coworkers were exploited.77,78,79,80,81 For base pairs not investigated by Hobza and 

coworker additional MP2,82 B3LYP,83,84,85 and PW9186,87,88,89,90 calculations were 

performed. All quantum chemical computations were carried out with TURBOMOLE91

and Gaussian0392 program package. All interaction energies were corrected for 

BSSE according to Boys and Bernardi.93

To test the accuracy of the Amber4.1 force field,35 for geometries determined by the 

-alanyl PNA backbone, ab-initio computations were also performed for nucleobase-

pairs occurring in the -alanyl PNA hexamer duplex. In these model computations 

one of the inner nucleobase pairs of the corresponding -alanyl PNA hexamer dimer 

was cut out. The connectivity to the -alanyl backbone was saturated with hydrogen 

and the stability of the pair was determined without geometry optimization. The 
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geometries of the -alanyl PNA hexamer dimer were obtained by the MD simulations 

described above. 

All measurements were performed in aqueous solution. This had to be taken into 

account since the strength of hydrogen bonds is largely diminished in polar solvents. 

To test the accuracy of force field computations for this situation the results obtained 

for small model systems were again tested by a comparison with the corresponding 

DFT results. In the DFT calculations the influence of an aqueous solution on the 

hydrogen bonds was included by using the COnductor like Screening MOdel 

(COSMO)94 with   = 78 (water). 

A comparison of the hydrogen bond strength obtained with ab-initio and force-field 

computations proves that the Amber Force Field delivers quite accurate binding 

energies for nearly all hydrogen bondings appearing in the present work (see below). 

For N7xanthine and diaminopurine which are not parameterized in the Amber Force 

Field the charges were fitted with respect to the ab-initio situation. Problems also 

appeared for the guanine-cytosine base pair in the Watson-Crick modus. A 

comparison with the corresponding B3LYP/TZVP95 values shows that its binding 

energy is too small in comparison to the other base pairs, e.g. the guanine-guanine 

base pair in a reverse Watson-Crick modus. Therefore, the parameters used for the 

guanine-cytosine base pair were fitted so that the resulting binding energies reflect 

the relations predicted by DFT computations. 

Hobza and coworkers79 showed that the RIMP2/aug-cc-pVDZ method predict 

reasonable binding energies for stacked heterocycles. Consequently, this approach 

was used to evaluate the accuracy of the Amber 4.1 force field for those interactions. 

The model systems consisted of two stacked nucleobases in the geometries 

predicted by MD simulations of -alanyl PNA hexamer duplexes. 
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3.2 Determination of the Stability Parameter 
of the -alanyl-PNA Dimers 
A very accurate determination of absolute stability of -alanyl PNA hexamer 

duplexes deserved the computation of the free energy along the dissociation 

coordinate. In such an approach even the entropy could be handled on a high level of 

sophistication since it changes only little from step to step, i.e. the assumptions of 

thermodynamic perturbation or integration methods96 are fulfilled. Such an approach 

would also include dynamic effects. Unfortunately it is too elaborate to study a large 

number of different -alanyl PNA hexamer duplexes. Additionally, it is not necessary 

for the goal of the present work since many effects which are important for the 

absolute stability cancel out for the relative stability in which we are interested. 

Entropic effects are one example. They surely influence the absolute stability but 

their influence on the trends may be significantly smaller since for all -alanyl PNA 

hexamer duplexes the number of involved monomers and water molecules is very 

similar. Another example are dynamic effects, which also seem to be very similar for 

the various systems. Both influences are therefore neglected. A posterior justification 

of the neglection is given by the astonishingly well correlation which is obtained 

between computed stabilities and experimentally determined melting temperatures. 

An estimate for the stability of the various -alanyl PNA double strands would be the 

energy difference between that of the double strand and that of the two separated 

single strands in their optimal geometries. This stabilization could be obtained either 

by using a distance dependent dielectric constant or a water box with periodic 

boundary conditions. However, in both approaches difficulties appear. In the first 

approach the monomers are not stable since the interaction between the backbone 

and the nucleobases are strongly overestimated. The second approach is hampered 

by the strong influence of the number of water molecules and the density in the water 

box. Here the main problem arises since dimers and monomers require considerably 

different spaces. Computations with explicit water molecules but without periodic 

boundary conditions turned out to depend too strongly on the water shell itself. 

Difference in the stabilization energy of the various dimers mainly results due to the 

difference in the total binding energy (ETBE) of the dimer, which summarizes all 

interactions between its nucleobases (hydrogen bonding and stacking effects). An 
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estimate for ETBE, can be obtained by the following procedure. Starting point is the -

alanyl PNA hexamer dimer in its optimized geometry. In the second step, both 

peptide backbones are deleted and the connections of the nucleobases to the 

backbone are saturated by hydrogens. 

To indicate the missing backbone the resulting system will be called Hexamer Dimer* 

(HD*) in the following. An estimated ETBE is now obtained if the sum of the energies 

of the single nucleobases in the geometries, which they take in the dimer, is 

subtracted from the total energy of HD* (Scheme 3.1).

+   

+    

   

 + … +  

+

   +

-

-

   

Scheme 3.1: Determination of the intrastrand interaction (EInter).

121* MonoMonoHDTBE EEEE (3.1)

A distortion of the PNA backbone takes place if the resulting increase in the binding 

energy over-compensates the induced backbone strain energy, EBS. Difference in the 

total binding energies, ETBE, should therefore lead to difference in EBS. The induced 

strain, EBS, can be estimated as difference between the energy of the backbone in 

the dimer geometry and in a relaxed geometry. To prevent double counting the 

nucleobases have to be replaced by hydrogen atoms in these calculations. The 

interaction energy of the double strands, EIEDS, is then obtained as 
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BSTBEIEDS EEE (3.2)

Already within the monomers the nucleobases interact with each other. The 

interaction is expected to be considerably smaller than in the dimer but since some of 

the monomers solely contain pyrimidine bases while other enclose a combination of 

purine and pyrimidine bases the resulting difference seems to be important. 

Therefore, the interaction energy of the single strands, EIESS, was obtained in similar 

fashion as EIEDS. The final stabilization energy of the dimer, EStab, is then given as the 

difference between the interaction energy of the dimer, EIEDS, and those of the both 

monomers (EIESS(1), EIESS(2))

21 IESSIESSIEDSStab EEEE (3.3)

Please note that EStab neither accounts for entropic effects nor for variations resulting 

from the dynamical behavior of the systems. Both could be incorporated by 

extensions of the present approach but the computational effort would increase 

dramatically. We therefore postponed such extensions for further work, since as first 

step we were only interested in qualitative insights. 

It is of interest to split the total binding energy, ETBE, of a dimer into the inter- and 

intra-strand contributions. The interstrand interaction, EInter, can be approximated by 

the energy difference between the double strand and both single strands computed 

at the geometry of the dimer. By subtracting EInter from the total binding energy (ETBE)

an estimate of the intrastrand interaction, EIntra, is also obtained. The intrastrand 

interaction (EIntra) comprises the stacking interaction between the nucleobases of the 

respective strands. The interstrand interaction consists of hydrogen bondings and 

stacking interactions between the nucleobases of one strand with the nucleobases of 

the other. The stacking interaction arises since the nucleobases of the different 

strands often overlap within the dimer. 
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4 Validation and Calibration of 
the Amber4.1 Force Field 

4.1 Estimation of the Accuracy of the 
Amber4.1 Force Field for the Hydrogen Bonds 

To estimate error bars for the Amber4.1 Force Field in the description of -alanyl

PNA systems 53 different pairing modes between the four canonical and the four 

non-canonical nucleobases N7xanthine, N9xanthine, hypoxanthine, and diaminopurine 

were investigated. To ensure the applicability of the Amber4.1 Force Field for 

unusual geometries some of the pairing modes were also computed for geometries 

determined by the PNA backbone. The different pairs are summarized in Scheme 

4.1.
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To test the accuracy for hydrogen bonds between the canonical nucleobases the 

extensive investigations of Hobza and coworkers can be exploited. These results are 

summarized in Table 4.1 together with the corresponding Amber4.1 results. All 

computations are performed for gas phase at fully optimized geometries. MP2(aug-

cc-pVDZ, aug-cc-pVTZ) indicates that the basis sets aug-cc-pVDZ and aug-cc-pVTZ 

are used to extrapolate to the basis set limit according to the approach developed by 

Helgaker.97,98 Table 4.1 indicates that the MP2(aug-cc-pVDZ, aug-cc-pVTZ) 

approach delivers excellent results since remaining deficiencies due to the basis sets 

seem to cancel with higher correlation effects.

Table 4.1: Hobza values 

pma RIMP2
aDZb

RIMP2
aTZb

RIMP2
aQZb D Tc T Qd

CCSD(T)e B3LYPf PW91g Amber
4.1

1 -12.2 -12.8 --- -13.1 --- --- -10.6 -12.3 -13.1 

2 -11.5 -12.0 --- -12.3 --- --- -10.1 -11.5 -13.1 

3 -10.2 -10.7 --- -10.9 --- --- -  9.1 -11.4 -13.1 

4 -14.9 -15.6 --- -15.9 --- --- -13.7 -14.9 -15.5 

14 -16.4 -17.2 --- -17.5 --- --- -14.5 -16.8 -15.4 

15 -15.8 -16.5 --- -16.8 --- --- -14.4 -15.8 -16.3 

6 -13.8 -14.7 -15.1 -15.0 -15.4 0.0 -12.3 -14.5 -15.1 

19 -25.6 -27.0 -27.7 -27.5 -28.2 0.6 -25.5 -27.7 -28.6 

17 -17.4 -18.1 --- -18.4 --- --- -15.8 -17.4 -19.0 
apairing mode, baDZ. aTZ and aQZ mean aug-cc-pVDZ. aug-cc-pVTZ and aug-cc-pVQZ energies. 
cHelgaker’s extrapolation to the CBS limit using aug-cc-pVDZ and aug-cc-pVTZ energies. 
dHelgaker’s extrapolation to the CBS limit using aug-cc-pVTZ and aug-cc-pVQZ energies. 
eDifferences between CCSD(T) and MP2 interaction energies determined with the 6-31G*(0.25) 
basis set. fB3LYP/6-31G**// B3LYP/6-31G**, gPW91/6-31G**// B3LYP/6-31G** 

Compared to this method the considerably less expensive PW91/6-31G** approach 

slightly underestimates the binding strength (absolute mean deviation -0.77 kcal/mol; 

coefficient of determination 0.9881). The B3LYP/6-31G** method possesses a larger 

absolute mean deviation of 2.38 kcal/mol. However, as indicated by coefficient of 

determination value of 0.9942 the error is uniform and can be easily corrected by a 

constant shift. The Amber4.1 also performs quite well. Its absolute mean deviation 

with respect to the MP2(aug-cc-pVDZ; aug-cc-pVTZ) values is 0.87 kcal/mol. 
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However, it disperses wider than the DFT approaches (coefficient of determination 

0.9404).

Due to good agreement between the MP2(aug-cc-pVDZ; aug-cc-pVTZ) and the 

PW91/6-31G** approach the latter was used to examine all other pairing modes, 

shown in Scheme 4.1. The quality of the PW91/6-31G** method can be assigned to a 

favorable error composition. The description of the hydrogen bond properties with 

larger basis sets like the TZVP basis set result in an overestimation of the hydrogen 

bond strength. The results obtained for the fully optimized geometries of the 

nucleobase pairs are summarized in Table 4.2. In comparison to PW91/6-31G** the 

Amber4.1 force field possesses an absolute mean deviation of 1.5 kcal/mol if 

optimized geometries are investigated. The B3LPY/6-31G** approach 

underestimates the PW/6-31G** approach by an average of -2.2 kcal/mol, which is 

also the value of the absolute mean deviation.

-30

-25

-20

-15

-10

-5

-30 -25 -20 -15 -10 -5

B3LYP/6-31G**

PW
91

/6
-3

1G
**

Scheme 4.2 Correlation of the B3LYP/6-31G** and the PW91/6-31G** approach. 

If the 2.2 kcal/mol deviation of the two approaches were added to the B3LPY values 

the absolute mean deviation error shrinks to 0.5 kcal/mol, which represents an 

excellent accordance.
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The mean deviation error of the MMFF94s Force Field is calculated to a value of 2.8 

kcal/mol and is nearly twice as high as the deviation observed for the Amber4.1 

Force Field. With this result it is clear that for the purpose of the present work the 

Amber4.1 Force Field is the better choice to investigate the -alanyl-PNA problem 

and the MMFF94s Force Field can be excluded from further considerations. 

Table 4.2 Hydrogen bond strengths in the gas phase 

Edim [kcal/mol];  = 1 Pairing 
mode DFT1a DFT2b DFT3c MP2d AMBER4.1 MMFF94s 

1 -11.3 -10.8 -14.1 -11.3 -13.1 -6.8 

2 -10.8 -9.8 -13.8 -10.7 -13.1 -7.4 

3 -9.6 -8.6 -12.4 -9.9 -13.1 -7.6 

4 -14.1 -13.4 -16.9 -13.9 -15.5 -8.6 

5 -14.1 -12.9 -16.8 -13.5 -16.1 -9.5 

6 -12.2 -12.1 -14.9 -12.4 -15.1 -11.6 

7 -11.8 -11.6 -14.5 -12.2 -15.1 -11.6 

8 -12.8 -12.8 -15.4 -13.4 -16.1 -12.6 

9 -12.8 -12.8 -15.4 -13.4 -16.1 -12.7 

10 -14.7 -14.1 -17.7 -13.4 -19.2 -14.5 

11 -14.7 -14.1 -17.7 -13.7 -19.2 -14.6 

12 -12.8 -12.7 -15.5 -13.2 -15.1 -12.6 

13 -12.8 -12.6 -15.6 -13.1 -15.1 -12.6 

14 -14.6 -14.0 -17.6 -15.1 -15.4 -11.0 

15 -13.8 -13.3 -16.6 -14.7 -16.3 -12.4 

16 -23.4 -23.5 -25.8 -20.3 -23.5 -21.2 

17 -16.6 -16.6 -18.6 -14.7 -19.0 -16.1 
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18 .12.7 -12.0 -14.4 -10.0 -16.6 -18.2 

19 -26.0 -25.0 -28.7 -26.3 -28.6 -22.6 

20 -13.0 -12.0 -14.2 -11.6 -19.0 -14.5 

21 -13.3 -12.9 -15.1 -11.8 -17.0 -14.5 

22 -14.6 -14.3 -16.7 -12.8 -17.5 -14.7 

23 -10.1 -10.0 -11.8 -9.8 -14.6 -12.5 

24 -9.2 -9.8 -10.1 -9.7 -13.1 -13.6 

25 -9.9 -9.8 -11.6 -9.8 -13.0 -12.7 

26 -11.3 -11.1 -13.0 -11.2 -13.8 -11.8 

27 -11.1 -10.9 -13.0 -10.6 -13.6 -11.5 

28 -12.7 -12.5 -14.5 -12.3 -14.6 -10.1 

29 -13.2 -13.1 -15.5 -14.3 -13.5 -13.8 

30 -12.4 -12.1 -14.5 -12.9 -13.9 -11.9 

31 -11.4 -11.4 -13.4 -12.1 -13.5 -12.7 

32 -11.7 -11.7 -13.7 -12.2 -13.5 -13.8 

33 -9.6 -9.0 -12.3 -10.9 -11.6 -7.5 

34 -14.6 -14.0 -17.5 -13.1 -18.5 -14.6 

35 -14.4 -14.0 -17.3 -13.1 -18.5 -14.8 

36 -15.4 -14.7 -18.8 -14.4 -17.3 -14.0 

37 -14.2 -14.7 -16.2 -14.4 -17.3 -14.0 

38 -10.0 -9.8 -11.7 -9.9 -14.5 -12.2 

39 -10.0 -9.8 -11.7 -9.9 -14.5 -12.2 

40 -10.4 -10.0 -12.5 -9.9 -14.7 -12.1 

41 -9.6 -9.5 -11.1 -9.9 -14.5 -12.2 
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42 -18.3 -17.9 -21.2 -18.2 -17.9 -14.9 

43 -11.4 -9.5 -13.7 -11.6 -14.9 -10.4 

44 -10.5 -9.5 -12.5 -11.0 -14.7 -10.4 

45 -18.4 -18.2 -19.3 -16.2 -16.4 -19.5 

46 -13.4 -13.1 -15.0 -11.4 -15.1 -14.5 

47 -9.9 -8.7 -11.7 -9.2 -12.2 -13.4 

48 -9.1 -9.0 -10.5 -9.2 -13.1 -12.8 

49 -9.2 -8.9 -10.7 -8.8 -12.5 -12.6 

50 -13.0 -13.0 -15.0 -13.3 -15.6 -13.8 

51 -16.0 -16.0 -18.1 -15.8 -15.6 -16.6 

52 -20.1 -20.3 -22.3 -20.6 -18.7 -17.1 

53 -19.4 -19.1 -21.2 -19.2 -19.1 -18.7 
aB3LYP/6-31G**//B3LYP/6-31G**, bB3LYP/TZVP//B3LYP/TZVP, c PW91/6-31G**//B3LYP/6-31G**, 
dMP2/TZVP//B3LYP/TZVP,

For the geometries determined by the PNA backbone the absolute mean deviation of 

the Amber Force Field in comparison the  PW91/6-31G** approach adds up to 1.87 

kcal/mol. This value is only slightly higher than for fully optimized structures (1.50 

kcal/mol). This finding shows that the hydrogen bond properties are properly 

described by the Amber4.1 force field even for geometry taken in the PNA systems. 

The underestimation of the PW91/6-31G** values of the hydrogen bond strength by 

the B3LYP/6-31G** approach decreased to 1.6 kcal/mol in comparison to the fully 

optimized geometries. 

Table 4.3: Hydrogen bond strengths of dimer taken out of the duplex 

Pairing mode PW91/6-31G**a B3LYP/6-31G**a Amber4.1a

1 -12.3 -10.3 -11.9 

4 -16.4 -14.4 -14.6 
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7 -9.3 -7.5 -11.4 

11 -13.0 -11.0 -15.2 

14 -8.0 -6.5 -8.0 

16 -26.6 -25.3 -21.6 

19 -30.8 -28.3 -30.0 

22 -5.5 -4.6 -6.7 

24 -9.4 -8.8 -11.2 

27 -9.4 -8.5 -7.0 

28 -10.1 -13.2 -13.1 

31 -7.2 -5.4 -8.9 

35 -11.0 -8.8 -13.5 

36 -16.6 -14.4 -15.6 

40 -10.6 -9.6 -12.7 

42 -20.7 -19.1 -17.3 

45 -17.1 -14.2 -15.5 

47 -10.9 -5.4 -10.1 

48 -3.9 -2.4 -5.6 

49 -9.9 -8.9 -10.9 
asingle point calculations 

The strength of hydrogen bonds is considerably diminished within a polar 

environment. This can be seen from Table 4.3 which compares B3LYP/TZVP 

computations with Amber4.1 force field results. A Computation of the hydrogen 

bonds with the PW91/6-31G** method was not possible since in the Gaussian03 

program package a BSSE correction was not possible if solvent effects were taken 

into account. The 6-31G** basis set was not available in the TURBOMOLE program 

package and the usage of other basis set like TZVP leaded to too high hydrogen 

bonding energies.
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It shows that with respect to the gas phase the bond strength decreases by roughly a 

factor of 3. It also shows that the deviations between both approaches decrease by 

about the same factor. These computations indicate that the error bar of the 

Amber4.1 force field for the present problem can be estimated to be less than 1 

kcal/mol for each base pair. Taking into account that the B3LYP/TZVP method 

underestimates the binding energies in the gas phase the error may be even smaller. 

Problems could arise for individual cases, because of the dispersion of the Amber4.1 

force field results around the ab initio data. 

Table 4.4 Hydrogen bonds strengths in the water surrounding 

Edim [kcal/mol] 
Pairing mode 

DFT2a DFT4b AMBER4.1c

1 -10.8 -3.7 -4.0 

2 -9.8 -3.2 -4.3 

3 -8.6 -2.8 -5.1 

4 -13.4 -3.5 -4.7 

5 -12.9 -3.3 -4.5 

6 -12.1 -3.8 -4.8 

7 -11.6 -3.9 -4.8 

8 -12.8 -4.0 -4.9 

9 -12.8 -4.1 -4.8 

10 -14.1 -4.7 -5.9 

11 -14.1 -4.7 -5.9 

12 -12.7 -3.8 -4.8 

13 -12.6 -3.8 -4.8 

14 -14.0 -3.4 -4.8 

15 -13.3 -3.7 --- 

16 -23.5 -4.9 -7.0 

17 -16.6 -4.6 -6.0 

18 -12.0 -3.9 -4.8 
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19 -25.0 -7.8 -10.5d

20 -12.0 -4.6 -4.9 

21 -12.9 -3.7 -5.2 

22 -14.3 -4.5 -5.5 

23 -10.0 -3.5 -4.5 

24 -9.8 -3.5 -4.3 

25 -9.8 -3.5 -4.3 

26 -11.1 -3.9 -4.4 

27 -10.9 -3.9 -4.4 

28 -12.5 -4.3 -4.4 

29 -13.1 -4.8 -4.3 

30 -12.1 -4.4 -4.3 

31 -11.4 -3.8 -4.3 

32 -11.7 -3.9 -4.3 

33 -9.0 -2.6 -4.2 

34 -14.0 -4.5 -5.8 

35 -14.0 -4.5 -5.8 

36 -14.7 -4.8 -5.7 

37 -14.7 -4.9 -5.7 

38 -9.8 -3.5 -4.5 

39 -9.8 -3.5 -4.6 

40 -10.0 -3.8 -4.5 

41 -9.5 -3.4 -4.5 

42 -17.9 -3.3 -5.3 

43 -9.5 -2.8 -5.1 

44 -9.5 -2.8 -5.1 

45 -18.2 -4.6 -4.8 

46 -13.1 -4.1 -4.6 

47 -8.7 -3.0 -4.1 
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48 -9.0 -3.2 -4.2 

49 -8.9 -3.3 -4.1 

50 -13.0 -4.1 -5.1 

51 -16.0 -4.2 -5.2 

52 -20.3 -5.2 -6.2 

53 -19.1 -4.8 -5.8 
aB3LYP/TZVP//B3LYP/TZVP, =1; bB3LYP/TZVP//B3LYP/TZVP, =78; c =4, 
dfitted to this value 
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4.2 Estimation of the Accuracy of the 
Amber4.1 Force Field for Stacking Interaction 

In their investigation about stacking interaction between canonical nucleobases 

Hobza  et al. showed that the RIMP2/aug-cc-pVDZ approach nicely reproduces the 

values of the complete basis set (CBS) limit which was corrected by the difference 

between CCSD(T) and MP2 stabilization energies evaluated with basis sets smaller 

than those of the MP2 level (6-31G(0.25)). The CBS limit was extrapolated from the 

MP2 energy valuated at the aug-cc-pVDZ and aug-cc-pVTZ level. 79 The reason for 

the use of the 6-31G(0.25) basis set is, besides the enormous computer requirement 

of the CCSD(T) method, the fact that the respective difference converges to the CBS 

limit faster than the MP2 and CCSD(T) stabilization energies themselves.99 The 

absolute mean deviation between both approaches is only 0.34 kcal/mol (Table 4.5). 

Due to this success the RIMP2/aug-cc-pVDZ approach was used to evaluate the 

reliability of the Amber4.1 force field for the description of the stacking interactions in 

-alanyl PNA hexamer duplexes. 

Table 4.5: Stacked Cytosine-Cytosine by Hobza  

 MP2a CCSD(T)b

 SVc aDZd aTZd CBSe (T)f SVc CBS(T)g

cc 1 2.20 1.56 0.87 0.58 1.87 4.07 2.45 

cc 2 -3.10 -4.48 -5.14 -5.40 1.55 -1.55 -3.84 

cc 3 -7.19 -9.05 -9.72 -9.99 1.11 -6.08 -8.88 

cc 4 -8.26 -10.15 -10.78 -11.03 1.11 -7.15 -9.93 

cc 5 0.24 -0.60 -1.26 -1.52 1.84 2.08 0.32 

cc 6 0.52 -0.27 -0.95 -1.24 1.88 2.40 0.64 

cc 7 -0.52 -1.46 -1.83 -1.98 1.00 0.48 -0.98 

cc 8 -7.26 -9.07 -9.58 -9.81 0.71 -6.55 -9.10 

cc 9 -7.58 -9.38 -10.03 -10.31 1.20 -6.38 -9.11 
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cc 10 -6.63 -8.42 -9.11 -9.39 1.12 -5.51 -8.27 

cc 11 -7.59 -9.44 -10.05 -10.29 0.86 -6.73 -9.43 

cc 12 -5.47 -7.20 -7.45 -7.55 0.12 -5.35 -7.43 

cc 13 -7.38 -8.45 -9.37 -9.71 0.91 -6.47 -8.80 

cc 14 -7.04 -9.02 -9.71 -10.00 0.89 -6.15 -9.11 
aMP2 interaction energies bHigher order electron correlation energies evaluated with the 
6-31G*(0.25) basis set c6-31G*(0.25) basis set daDZ and aTZ mean aug-cc-pVDZ and 
aug-cc-pVTZ basis set. eExtrapolation to the CBS limit using aug-cc-pVDZ and aug-cc-pVTZ 
energies. fDifferences between CCSD(T) and MP2 interaction energies determined with the 
6-31G*(0.25) basis set. gMP2 stacking energy corrected for the CCSD(T) term with the 
6-31G*(0.25) basis set. 

For this purpose two nucleobases were cut out of the -alanyl PNA hexamer duplex 

and the interaction between both were determined by single point computations, i.e.

at the geometries determined by the interplay between strain effects in the PNA 

backbone and the interaction between the nucleobases (Scheme 4.3). The 

computations were performed in the gas phase. The computed arrangements are 

summarized in Scheme 4.3 and results in Table 4.6. 

I···I, paring mode 1 II···II, pairing mode 4 III···III, paring mode 7

IV···IV, pairing mode 11 V···V, pairing mode 1 + 16 VI···VI, paring mode 16
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VII···ent-VII, pairing mode 19 VIII···VIII, pairing mode 22 IX···IX, pairing mode 31

X···X, pairing mode 36 XI···XI, pairing mode 45 XII···XII, pairing mode46

XIII···XIII, pairing mode 47

Scheme 4.3 Geometrical arrangements of the investigated stacked dimers 

The agreement between both approaches is reasonable. The absolute deviation is 

about 1 kcal/mol and the standard degression gave 1.29 kcal/mol. However, to 

estimate the uncertainties of the Amber4.1 force field for the stability of the pairing 

modes one has to take into account that already in the monomers the nucleobases 

adopt stacked geometries. Since our simulations describe the situation at T=0, 80-

95% of the stacking energy remains in the monomers if both strands fall apart. This is 

also expected from the measurements of the benzene dimer at low temperature in a 

molecular beam. For this situation even the benzene dimer interacts. The most stable 

configuration found for a benzene dimer is the T-shaped form, followed by a 

sandwich form of the dimer.100 In our investigation a T-shaped form the nucleobases 

is not possible, since there a too high steric restrictions.
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Considering the various effects of the whole duplexes an uncertainty of 0.2 – 0.8 

kcal/mol can be expected. The Guanine – Guanine stacking represents the worst 

example. The Amber4.1 force field underestimates the RI-MP2/aug-cc-pVDZ results 

by about 3.0 kcal/mol for one stacked pair. Considering the error propagation for the 

stacked pairs and the stacking which remains in the monomer (83%) an uncertainty 

of approximately 1.6 kcal/mol for the whole duplex can be estimated for the gas 

phase. For aqueous solution a comparison was not possible since continuum models 

are not available for the RIMP2 method. Within the Amber4.1 force field, the stacking 

interaction is only slightly shifted due to the solvent effects.

Table 4.6 Stacking interaction of the stacked dimer from -alanyl-PNA 

Stacked dimer RIMP2a Amber4.1b Amber4.1+c

I···I, paring mode 1 -8.5 -7.5 -8.9 

II···II, pairing mode 4 -7.2 -7.2 -8.0 

III···III, paring mode 7 -6.6 -7.2 -7.8 

IV···IV, pairing mode 11 -7.2 -8.4 -8.7 

V···V, pairing mode 1 + 16 -7.3 -6.3 -8.9 

VI···VI, paring mode 16 -14.7 -11.7 -11.1 

VII···ent-VII, pairing mode 19 -6.6 -7.8 -7.4 

VIII···VIII, pairing mode 22 -8.6 -7.9 -9.1 

IX···IX, pairing mode 31 -7.8 -9.4 -8.7 

X···X, pairing mode 36 -10.0 -10.5 -10.3 

XI···XI, pairing mode 45 -12.0 -10.5 -9.9 

XII···XII, pairing mode46 -8.6 -9.7 -9.4 

XIII···XIII, pairing mode 47 -9.9 -9.5 -9.5 
a aug-cc-pVDZ,  = 1; b =1; c =4
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4.3 Limits of Quantum Chemical Approaches 

To test the accuracy and the limitations of the quantum chemical approach the 

binding properties of the N9xanthine dimer were investigated and compared to the 

experimental results. Weisz et al. characterized the hydrogen bonding properties of 

xanthosine (the ribosylated derivatives of) by NMR spectroscopy.101 The stabilities of 

xanthosine dimers is determined by concentration dependent 1H NMR experiments 

which allow the determination of accurate association constants. Through 

measurements under slow exchange conditions at very low temperatures can provide 

a structural characterization of individual complexes formed in solution. For the 
N9xanthine dimer six possible two dentate dimerization modes of diketo xanthine are 

formed (Scheme 4.4) 
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Scheme 4.4 Possible hydrogen-bonded base pairs of N9-xanthine 

Using the 2D NOE spectroscopy the most likely conformation of the molecule could 

by found (Scheme 4.5).
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Scheme 4.5 Molecular model of xanthosine with a syn glycosidic torsion angle. Arrows indicate 

strong NOE cross peaks observed experimentally.

Due to these findings three of the six possible pairing modes can be withdrawn from 

consideration (pairing modes 50, 51, 52), because the sugar rest blocks the binding 

position at the hydrogen atom at position N3 However, the presence of at least two 

resolved H1 protons of approximately equal intensity is only compatible with the 

formation of the asymmetric dimer 49 and/or a mixture of the symmetric dimers 47 

and 48. 

Based on the NMR-experiments alone an unequivocal determination of the pairing 

geometry for the xanthine dimers is not possible. However, the computed stabilities 

of the various pairing modes may be used for an assignment if the differences in 

stability between these pairing modes are larger than the error bars of the method of 

calculation. Consequently, the stabilities of the pairing modes must differ by at least 

1-2 kcal/mol to unambiguously interpret the experimental data. However, in addition 

to an assignment of the experiment an analysis of the energetics of the formation 

process also allows the characterization of those pairing modes which are not 

accessible to the experiment.

Table 4.7 summarizes the stabilities of pairing modes 47-52 in the gas phase. 

Although all cases represent two-dentate pairing modes, the dimerization energies 

( E) for the gas phase range from -10 to -22 kcal/mol (MP2). Those of the reverse 

Watson-Crick pairs 47 and 48 and Watson-Crick pair 49 (-10.9, -10.6 and -10.5 

kcal/mol, respectively) lie in the lower range of the stabilization energies known for 
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two-dentate base pairs, but the dimerization energy of the strongest bonded base 

pair 52 is twice as large ( E = -22.0 kcal/mol in the MP2/TZVPP approach). Please 

note that for predictions of the relative stabilities both theoretical approaches already 

differ by 1-2 kcal/mol.102

Table 4.7 Energetic characterization of xanthine dimers (gas phase) at T=128K. All values in 

kcal mol-1 except for S, which is given in cal mol-1 K-1. 
a E

MP2/TZVPP

b E

B3LYP/TZVPP
c E H d H e E G d G

47 -10.9 -9.6 +0.8 -8.8 +6.1 -3.5 

48 -10.6 -8.8 +0.7 -8.1 +6.0 -2.8 

49 -10.5 -8.8 +1.2 -7.6 +6.8 -2.0 

50 -14.8 -13.0 +1.2 -11.8 +6.7 -6.3 

51 -17.1 -15.7 +0.9 -14.8 +6.3 -9.4 

52 -22.0 -20.2 +1.4 -18.8 +7.2 -13.0 
a Dimerization energies were obtained from MP2/TZVPP computations in the gas phase. 
Counterpoise corrections were applied. 
b Dimerization energies were obtained from B3LYP/TZVPP computations in the gas phase. 
Counterpoise corrections were applied. 
c Thermodynamic corrections for enthalpy within the gas phase (B3LYP/TZVPP computations). 
They were obtained with the SNF program of the TURBOMOLE-Suite. 
d Based on B3LYP/TZVPP 
e Thermodynamic corrections for the free energy computed for the gas phase (B3LYP/TZVPP 
computations). They were obtained with the SNF program of the TURBOMOLE-Suite. 

The thermodynamic corrections leading from dimerization energies to dimerization 

enthalpies ( E H) or to dimerization free energies ( E G) of the various 

xanthine dimers are quite large (0.7 – 1.4 kcal/mol and 6.0 – 7.2 kcal/mol, 

respectively). Although the corrections are considerably more uniform than the 

dimerization energies, a correlation between the size of the dimerization energies 

and the thermodynamic corrections exists. While for pairing mode 52 the corrections 

leading to the dimerization free energy G are 7.2 kcal/mol, the weaker pairing 

modes 47, 48 and 48 possess corrections of about 6.0 kcal/mol. 
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Table 4.8 Estimated dimerization enthalpies for xanthine dimers in freon ( =40) at T=128K. All 

values in kcal mol-1.

a E bn.e. E+n.e.

c H

(gas)

d E H

( =40)

d H

( =40)

47 -3.4 -1.5 -4.9 -4.1 +0.8 -4.1 

48 -2.9 -1.5 -4.4 -3.7 +0.9 -3.5 

49 -3.0 -1.5 -4.5 -3.3 +0.8 -3.7 

50 -3.9 -1.5 -5.4 -4.2 +0.9 -4.5 

51 -4.5 -1.5 -6.0 -5.1 +0.7 -5.3 

52 -4.8 -1.5 -6.3 -4.9 +0.8 -5.5 

a Dimerization energies obtained in a polarizable medium with =40 (COSMO) employing the 

B3LYP functional in combination with a TZVPP basis set. Counterpoise corrections were 
applied.
b Non-electrostatic interactions (free energy of cavity, dispersion-repulsion interaction between 
solute and solvent). Since freon is not parameterized the parameterization of acetonitrile was 
used. The calculations were performed with GAUSSIAN98. 
c The thermodynamic corrections for enthalpies were taken from gas phase calculations. The 
respective values of the thermodynamic corrections are given in table 1 column 4. 
d Thermodynamic corrections were taken from calculations in which the influence of a polar 

medium is taken into account via the COSMO model ( =40). The computations were performed 

with the SNF program of the TURBOMOLE-Suite. 

Gas phase computations predict that the stabilities of the experimentally accessible 

pairing modes 47, 48 and 49 are very similar. Pairing mode 47 is computed to be the 

most stable ( G = -3.5 kcal/mol) whereas 48 and 49 are predicted to be only 0.7 

kcal/mol and 1.5 kcal/mol (B3LYP/TZVPP) less stable, respectively. If the MP2 

approach is used differences are even smaller. Due to such small differences, gas 

phase calculations are not sufficient for an unequivocal interpretation of the 

experiments in freon matrices, since solvent effects are known to be crucial for the 
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energetics of dimerization. Computations, which estimate the influence of a solvent 

on the basis of continuum approaches, are summarized in Table 4.8 (for the 

dimerization enthalpies) and Table 4.9 (for the dimerization free energies). 

Generally, the solvation energy is dissected into several contributions. Important 

effects arise from the so-called electrostatic contributions103,104,105,106, which are in the 

present work are estimated by employing the COSMO approach with  = 40 to model 

the influence of a freon matrix at 128 K. Their influence is included in the dimerization 

energies ( E) given in Table 4.8. The absolute values of these dimerization energies 

are smaller by a factor of 3 or 4 compared to the values obtained in the gas phase 

(Table 4.7, column 2). The relative order of the various pairing modes remains, but 

the difference of up to 12 kcal/mol in the gas phase shrink to only 1.8 kcal/mol.  For a 

polar solvent the computed difference between the pairing modes 47, 48, and 49 are 

only around 0.5 kcal/mol. 

The second contribution to the solvation energy includes the energies necessary to 

form the cavity for the solute and the dispersion-repulsion forces between solute and 

solvent molecules. They are often summarized as non-electrostatic contributions 

(abbreviated as n.e. in Table 4.8). 103-106 Since for freon no parameters exist we used 

the most appropriate parameterization available (acetonitrile). Altogether the non-

electronic interactions lead to a stabilization of the dimers with respect to the 

monomers (-1.5 kcal/mol). However, within the approach implemented in the 

GAUSSIAN program package the values computed for the different pairing modes of 

xanthine differ by less than 0.1 kcal/mol. Please note, that computations for other 

solvents (nitromethane, water) lead to slightly different absolute values (between -1.0 

and 2.0 kcal/mol), but also for these solvents the corrections do not differ for the 

various pairing modes. The small differences are expected since all pairing modes 

are quite similar in size and shape. 

Employing the thermodynamic corrections obtained for the gas phase, we compute 

dimerization enthalpies between -3.3 and -5.1 kcal/mol ( H(gas) in Table 4.8, column 

5) and positive dimerization free energies ( G(gas) in Table 4.9, column 2), i.e., in 

this approximation the computations fail to describe the pairing. Consequently, the 

influence of a polar medium on the thermodynamic corrections was evaluated. 

Initially, the TURBOMOLE program was used to estimate thermodynamic corrections 

in a polar solvent employing the COSMO approach ( =40). While for the gas phase 

the size of the contributions leading to G varied between 6.0 and 7.2 kcal/mol ( H: 
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0.7 -1.4 kcal/mol), the values for a polar medium ranged from 6.1 – 6.4 kcal/mol, i.e., 

the effects became considerably more uniform.

By employing a continuum ansatz to estimate thermodynamic corrections, the 

influence of a polar solvent on the terms associated with vibrations (zero point energy 

contribution, Svibr etc.) is approximately taken into account, however, the 

translational entropies do not change since the gas phase equations are used. For a 

rough estimate of the solvent effects on the translational entropy we employed a 

thermodynamic cycle proposed by Williams and coworkers.107,108 In this approach the 

change in entropy when going from gas to a 1 M solution is broken down to a 

condensation to a pure liquid and to the subsequent dilution to a 1 M concentration. 

gas phase:
Strans=2*36.74 cal K-1 mol-1

         =73.48 cal K-1 mol-1

Monomere

Strans
=2*(-20.30) cal K-1 mol-1

=-40.60 cal K-1 mol-1

Strans=32.88 cal K-1 mol-1

Strans
=2*R*ln(1000/152.03)
=7.48 cal K-1 mol-1

solution
Strans=40.36 cal K-1 mol-1

gas phase:
Strans=38.80 cal K-1 mol-1

Monomere

Strans
=(-20.30) cal K-1 mol-1

Strans=18.50 cal K-1 mol-1

Strans
=2*R*ln(1000/304.07)
=4.72 cal K-1 mol-1

solution
Strans=23.23 cal K-1 mol-1

Strans=-34.7 cal K-1 mol-1

Strans=-17.1 cal K-1 mol-1

1

2

1 Reducing due to condensation to a pure liquid (Trouton's rule)
2Dilution to a concentration of 1M (Williams and coworkers)

2

1

Scheme 4.6 Computation of a corrected Strans for the xanthine dimerization within a solution 

according to Williams and coworkers 
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Transferring this approach to our problem the thermodynamic corrections leading to 

G reduce to 3.9 – 4.2 kcal/mol and the dimerization free energies become negative 

Please note that this approach is not able to distinguish between the terms of 

thermodynamic correction for different pairing modes. 

Table 4.9 Estimated dimerization free energies for xanthine dimers in freon ( =40) at T=128K. 

All values in kcal mol-1 except for S, which is given in cal mol-1 K-1.

a G
(gas)

b Srot
( =40)

b Svibr
( =40)

b,c S
( =40)

d Scor
( =40)

d E G
( =40)

d G
( =40)

47 +1.2 -22,12 15,11 -41.7 -24,14 +3.9 -1.0 

48 +1.6 -22,21 15,38 -41.5 -23,96 +4.0 -0.4 

49 +2.3 -22,12 15,31 -41.5 -23,93 +3.9 -0.6 

50 +1.3 -22,15 14,78 -42.0 -24,50 +4.0 -1.5 

51 +0.3 -22,10 11,67 -45.1 -27,56 +4.2 -1.8 

52 +0.9 -22,14 14,12 -42.7 -25,15 +4.0 -2.3 

a Based on the E values from table 3 column 2 and the corresponding non-electrostatic 

contributions (table 3, column 3). The thermodynamic corrections for Gibbs free energies were 
taken from gas phase calculations (table 1, column 6). 
b Thermodynamic corrections taken from calculations in which the influence of a polar medium 

is taken into account via the COSMO model ( =40). The computations were performed with the 

TURBOMOLE-Suite.
c In addition to Srot and Svibr S contains the contribution of Strans (-34,68 cal mol-1 K-1 for all 

pairing modes) obtained from the equations for the gas phase. This is the standard approach 
in most programs. 
d In addition to Srot and Svibr obtained from the COSMO computations, Scor contains the 

contribution of Strans obtained from the approach by Williams and coworkers. For the xanthine 

dimers a value of Strans = -17.13 cal mol-1 K-1 is obtained for all pairing modes.  

Overall, our studies clearly show that the inclusion of the electrostatic interactions is 

most important for an understanding of the absolute and relative stabilities of the 
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pairing modes. Other effects are more subtle but need to be considered for an 

analysis of absolute stabilities. Despite their small magnitudes they seem to be 

important for the relative stabilities of the pairing modes 47, 48 and 49. Unlike 47 and 

48, dimer 49 can be formed in two different ways (asymmetric pairing mode). Due to 

the influence on the entropy this effect will favor pairing mode 49 to some extent. 

However, since stability differences of the three pairing modes are only around 0.5 

kcal/ mol at the present level, theory seems to be unable to predict the order of their 

stabilities.

Due to the impreciseness of the theoretical binding energies computed NMR 

chemical shifts had to be used for an assignment of the NMR experiments.59,101

Table 4.10 Computed and measured 1H NMR chemical shifts.

 H1 H8 H3 

47 12.14 7.33 6.46 

48 11.36 7.34 6.60 

49 11.61/11.71 7.35/7.38 6.54/6.44 

Exp. (Xanthosine) 11.68/11.88 7.47 10.69 

Table 6 compares the computed 1H NMR chemical shift values for the pairing modes 

47, 48, and 49 with the experimental ones. The calculated spectrum for pairing mode 

49 shows a very good agreement with the spectrum measured at 123 K. Calculated 

and experimental 1H chemical shifts for the two H1 and the H8 hydrogen atoms differ 

by less than 0.2 ppm. Only the measured chemical shift for H3 of 10.69 ppm 

significantly differs from the computed chemical shifts of 6.54 and 6.44 ppm. This 

difference, however, can be attributed to the intramolecular hydrogen bond involving 

the ribosyl sugar moiety (see Scheme 4.5) which is not included in the computed 

dimers. Overall, although the excellent agreement between theory and experiment 

seems to be somewhat fortuitous, the computations support the formation of pairing 

mode 49 for the xanthosine dimers.
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4.4 Construction of an -alanyl-PNA Dimer 

In the first step of the construction of a -alanyl-PNA dimer the two nucleobases of 

the respective pairing mode are associated to each other by a bond. It is important to 

note that the nitrogen which is the binding position to the backbone, is already 

methylated. It simplifies the construction if the connected dimer is nearly planar, 

which can be achieved by changing the torsion angles. In the next step the 

nucleobase dimer is connected to the peptide backbone. The backbone is 

represented by a hexaglycine, for which the terminal amino group as well as the 

carboxy group are replaced by hydrogen atoms (Scheme 4.7). The two molecules 

are connected by joining the two green marked atoms of the first two molecules in 

Scheme 4.7. This is done by the Build/Edit>>Other Tools>>Join Molecules function in 

the SYBYL program package. In the resulting joined molecule the also green marked 

torsion angle is set to 180°, to get to the orthogonal alignment of the nucleobases to 

the peptide backbone (Build/Edit>>Modify>>Torsion).

Scheme 4.7 Connecting the bonded nucleobases to the peptide backbone. Atoms which are 
used as connection atoms are marked with green colored balls (left hand side). Torsion angle 
(green marked) which is set to a value of 180° (right hand side). 

After this the second peptide backbone is connected to the complex of the peptide 

backbone and the nucleobase dimer. The torsion angles of the resulting twisted 
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backbone are again changed to value of 180°, so that the resulting molecule looks 

like in Scheme 4.8. Special care has to be taken of the backbone orientation and the 

configuration of the introduced stereo centers, marked with R and S in Scheme 4.8. 

For an antiparallel heterochiral -alanyl-PNA dimer the two nucleobases bonded to 

the backbone are connected with different configuration of the stereo center to the 

peptide backbone. A further self pairing can be found for a parallel homochiral -

alanyl-PNA dimer. For this system the configuration of the stereo centers are the 

same.

Scheme 4.8 Both backbones added to the nucleobase dimer (left hand side), nearly completed 
-alanyl-PNA dimer, only connecting bonds of the nucleobase to the backbone are missing 

(right hand side). 

An antiparallel homochiral or a parallel heterochiral -alanyl-PNA dimer indicates a 

formation of an enatiomeric pairing, which can only be realized with two different 

configured oligomers e.g. H-(AlaA-AlaA-AlaA-AlaA-AlaA-AlaA)-Lys-NH2 and H-(-

AlaA-AlaA-AlaA-AlaA-AlaA-AlaA)-Lys-NH2.

In a further step all five missing nucleobase dimers were connected to one of the 

peptide backbones. In most of the construction it was necessary to change the 

binding angles of the connecting bonds of the nucleobase and the peptide backbone 

to realize an appropriate binding angle for the missing bond of the second 

nucleobase to the second backbone. The hydrogen atoms of the nucleobases which 

point to the peptide backbone and the corresponding hydrogen atoms of the 
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backbone are deleted. At the end the missing bonds are added 

(Build/Edit>>Add>>Bond) and the auxiliary bonds between the nucleobases are 

deleted (Build/Edit>>Delete>>Bond)(Scheme 4.8, left hand side). After this stepThe 

completed -alanyl-PNA dimer as showed in Scheme 4.9 is obtained. 

Scheme 4.9 Completed -alanyl-PNA dimer. 
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4.5 Charge Fit of Nucleobases not Know by 
AMBER4.1

The derivation of charges for a new structure is an important step in molecular 

mechanics simulations based on AMBER force fields. To get such atom-centered 

charges one proceeds in three steps. 

First, the molecule studied is optimized to determine a stable minimum, using 

quantum chemistry software. Then, this minimized structure is used to calculate a 

Molecular Electrostatic Potential (MEP) on a three-dimensional grid (using again 

quantum chemistry software). Finally, this grid is exported into the RESP program 

which is used to fit atom-centered charges to the MEP. All charges derived in this 

chapter were obtained using

the R.E.D program package,109 which is a tool that combines the quantum chemical 

program, in the following the Gaussian98 package and the RESP program. By 

means of this method the charges for the N7xanthine, N9xanthine, diaminopurine and 

hypoxanthine were fitted. 
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Scheme 4.10 Charges and AMBER atom types of compounds used in calculations. 
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Because its chemical structure is similar to that of adenine or guanine, the AMBER 

atom types for each atom could easily be assigned for all nucleobases. The missing 

parameters (req, eq, Kr, K ) were taken from Gouda et al.110 or were chosen in 

analogy with already existing entries in the force field parameter set (Table 4.11). 

Table 4.11 Additional Force Field Parameters for N7xanthine, N9xanthine, diaminopurine and 
hypoxanthine. 

Bonds Kb (kcal mol-1 Å-2) req (Å) 

CB-NA 436 1.379 

CK-NA 440 1.332 

CA-C5 367 1.07 

Angles K (kcalmol-1rad-2) eq

N*-C-N* 70 118.01 

C-N*-CB 70 119.19 

N*-CB-NB 70 127.97 

CK-NA-C 30 127.87 

CB-CB-NA 70 104.93 

NA-CK-NB 70 113.48 

H5-CK-NA 35 122.36 

CB-C-N* 70 111.29 

CB-NA-C 30 126.14 

CB-NA-CK 70 105.99 

C-CB-NA 70 131.34 

C-N*-C 70 126.28 

C-CB-NA 70 131.34 

C-N-C 70 126.28 

NA-CB-NB 70 126.6 
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C-NA-CB 70 121.2 

C-CB-N* 70 131.5 

NB-CB-NC 70 125.7 

H5-CA-NC 35 119.7 

H5-CA-NA 35 114.7 

NA-C-NA 70 114.9 

C-NA-CB 70 121 

Dihedrals K  (kcal mol-1 rad-2) Phase(deg) Periodicity 

X-CB-NA-X 10.2 180 2 

X-CK-NA-X 40 180 2 

Additionally it was necessary to parameterize the charges of the guanine-cytosine 

dimer in solution ( =4). A comparison with the corresponding B3LYP/TZVP values 

showed that its binding energy is too small in comparison to other base pairs, e.g. the 

guanine-guanine base pair in a reverse Watson-Crick modus. The charges were 

fitted in such a way, that the dimerization energy showed a value of -10.5 kcal/mol, 

which is in good correlation with the guanine-guanine pairing (16). The resulting 

charges are shown in Scheme 4.11. 
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Scheme 4.11 Fitted charges of the guanine-cytosine dimer in pairing mode 19, the changed 
charges are marked red (left hand side), Original charges from the parameter set of the 
Amber4.1 force field of guanine-cytosine dimer in pairing mode19.

The main part of the hydrogen bond energy comes from the electrostatic attraction 

between lone pairs, especially from oxygen or nitrogen to hydrogen atoms attached 
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to electronegative atoms. So it is clear that the hydrogen bond strength of a 

nucleobase pairing can be regulated by changing the partial charges.
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5 Results and Discussion 

The sequences of alanyl-PNA investigated are summarized in Table 5.1, whereas the 

computed energies of the single strands at T=0 K are given in Table 5.2. Due to their 

linear double strand topology alanyl-PNA duplexes are expected to allow all kind of 

pairing modes. Therefore all possible pairing modes were computed (Scheme 4.1). 

The stabilization energies at T=0 K determined for stable dimers and a detailed 

characterization of the various interactions are summarized in Table 5.3, which 

Table 5.1 Description of all investigated alanyl-PNA oligomers 

Oligomera

H-(AlaA-AlaA-AlaA-AlaA-AlaA-AlaA)-Lys-NH2 I

H-(AlaA-AlaA-AlaC-AlaA-AlaC-AlaC)-Lys-NH2 II

H-(AlaA-AlaA-AlaT-AlaA-AlaT-AlaT)-Lys-NH2 III

H-(AlaD-AlaD-AlaT-AlaD-AlaT-AlaT)-Lys-NH2 IV

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 V

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 ent-V

H-(AlaG-AlaG-AlaG-AlaG-AlaG-AlaG)-Lys-NH2 VI

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 VII

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 ent-VII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 VIII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 ent-VIII

H-(AlaN7X-AlaN7X-AlaN7X-AlaN7X-AlaN7X-AlaN7X)-Lys-NH2 IX

H-(AlaD-AlaD-AlaN7X-AlaD-AlaN7X-AlaN7X)-Lys-NH2 X

H-(AlaH-AlaH-AlaH-AlaH-AlaH-AlaH)-Lys-NH2 XI

H-(AlaH-AlaH-AlaT-AlaH-AlaT-AlaT)-Lys-NH2 XII

H-(AlaN9X-AlaN9X-AlaN9X-AlaN9X-AlaN9X-AlaN9X)-Lys-NH2 XIII
a AlaA = -(9-adeninyl)alanine, AlaC = -(9-cytosinyl)alanine, AlaD = -(9-diamino-
purinyl)alanine, AlaG = -(9-guaninyl)alanine, AlaH = -(9-hypoxanthinyl)alanine, AlaT = -(1-
thyminyl)alanine,AlaN7X = -(7-xanthinyl)alanine, AlaN9X = -(9-xanthinyl)alanine 



5 Results and Discussion  

80

also contains the measured melting temperatures and indicates the pairing modes of 

the respective dimers. As introduced by Diederichsen et al. enantomeric forms are 

indicated by the prefix ent. Within the sequence, underlined units represent the 

R-configured -alanyl units while the S-configured units are not underlined.  

Table 5.2 Characterization of the various contributions to the stability of the single strands 

Oligomer EInter EBS EIESS

I -40.9 8.2 -32.7 

I twist -38.0 12.4 -25.6 

II -35.4 9.0 -26.4 

III -37.3 11.4 -25.9 

IV -37.8 8.6 -29.2 

V, ent-V -48.3 13.1 -35.3 

VI -45.7 7.1 -38.6 

VII, ent-VII -33.7 12.6 -21.1 

VIII, ent-VIII -36.3 7.7 -28.6 

IX -49.9 9.9 -40.1 

X -46.5 9.1 -37.4 

XI -41.3 10.9 -30.4 

XII -40.8 10.8 -30.0 

XIII -47.9 9.5 -38.4 
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Table 5.3 Characterization of the various contributions to the stability of the dimers. If not 
otherwise noted the dimers posses an antiparallel strand orientation. The experimental melting 
temperatures are also given. 

Double

strand Tm
a Pairing modeb EInter

c EIntra
c EBS

c EIEDS
c EStab

c

I···I 1 RWC -35.6 -92.4 10.7 -117.2 -51.9 

I-t···I-td 3 RH -36.1 -88.0 28.2 -95.9 -44.7 

I···I

21

3 RH -49.2 -48.7 10.0 -87.1 -21.8 

II···II 22 4 RWC -38.1 -78.2 12.8 -103.5 -50.7 

III···III 7 RWC -40.8 -82.9 19.9 -103.9 -52.2 

III···III
25

8 H -33.4 -67.3 7.2 -93.5 -41.8 

IV···IV 28 11 RWC -50.2 -85.9 23.7 -112.4 -54.0 

V···ent-Ve 14 WC -49.9 -98.4 14.3 -134.0 -63.5 

V···V 15 RH -54.3 -74.1 6.8 -120.7 -50.3 

V···Vd

33

1 + 16 RWC + RWC -48.7 -100.3 15.5 -133.5 -63.0 

VI···VI 16 RWC -55.0 -109.6 17.2 -147.3 -70.2 

VI···VI
41

17 H -43.7 -102.1 5.4 -140.4 -63.3 

VII···ent-VII 58 19 WC -89.3 -67.3 29.3 -127.2 -85.0 

VII···VII 19 + 20 
WC + one 
dentate + 

RWC
-57.1 -65.9 12.8 -110.1 -67.9 

VII···VII 19 + 20 WC + RWC -48.8 -78.0 32.9 -93.9 -51.7 

VII···VII 20 RWC -46.1 -72.0 29.5 -88.6 -46.4 

VIII···ent-VIII 28 21 WC -39.2 -87.5 14.4 -112.3 -55.1 

VIII···VIII 21 22 RWC -39.5 -93.0 11.4 -121.1 -63.9 

aall melting temperature (Tm) in °C, bPairing modes can be found Scheme 4.1, call energies 
given in kcal/mol dtwisted conformation edimer posses parallel mode. 
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5.1 Dimer I···I Connected via Adenine-
Adenine Base Pair 

Adenine possesses three acceptor and one donor positions for hydrogen bonds. This 

allows the formation of adenine-adenine base pairs in the reverse Watson-Crick 

(RWC, pairing mode 1 in Scheme 4.1), in the Hoogsteen (H, pairing mode 2), and the 

reverse Hoogsteen (RH, pairing mode 3) pairing mode. The -alanyl-PNA-hexamer 

dimer I···I with an antiparallel strand orientation and a heterochiral pairing can only be 

realized in two of these modes. The geometrical structure of the -alanyl backbone 

prevents the formation of a dimer in which the nucleobases of both single strands are 

connected via the H mode.

For the RH mode, two different alanyl-PNA hexamer duplex structures were stable 

under computational conditions. They differ in the orientation of the adenine unit with 

respect to the peptide backbone. In the first possible conformation (I, Table 5.2) the 

adenine is oriented with the proton at C8 pointing towards the peptide backbone 

(Scheme 5.1, left hand side). For the self pairing duplex of alanyl-PNA H-(AlaG-AlaG-

AlaC-AlaG-AlaC-AlaC)-Lys-NH2 (VII, Table 5.2) this nucleo acid conformation was 

also experimentally confirmed via ROESY NMR spectroscopy.20
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Scheme 5.1 Possible conformations of the nucleobase. 

A second possible orientation of the adenine is obtained by a  rotation of 180°around 

N7-C11 bond (Scheme 5.1, right hand side) indicated by the suffix twist further on. 
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 In the following the strands with this configuration will be marked by the ending twist 

(e.g. I twist in Table 5.2). In this configuration, the N3 atom of the adenine points to 

the pocket discussed above while the nonpolar proton of the C8 atom is directed into 

the solvent. The twisted conformation is stabilized by an attractive interaction 

between the N3 unit and the amino group of the peptide linkage but destabilized by a 

repulsive interaction to the carbonyl group of the peptide linkage. In total this leads to 

a considerably less stable conformer (Table 5.2 I vs. I twist). Since I is considerably 

more stable than I twist only I should be present in solution. A transformation of I to I
twist is not possible at room temperature since the conformational barriers are too 

high for the inner nucleobases. A rotation around the N7 C11 bond may only happen 

for both terminal nucleobases. 

As already mentioned by Diederichsen et al. I···I dimers with parallel strand 

orientation cannot be excluded apriori. They assumed an antiparallel orientation only, 

since many other dimers adopted this strand orientation. In contrast to the antiparallel 

orientation, dimers with parallel strand orientation possess a homochiralic pairing. 

Within our model (neglection of the terminal lysine and amino groups), both dimers 

have the same stabilization energy. For the complete system, difference between the 

both strand orientations will arise from the relative orientation of the terminal lysine 

groups, which within all likelihood are positively charged. The difference in the 

stabilization energies can be expected to be small since already the backbones are 

separated by about 14 Å. 

The computed stabilization energies indicate that the I···I dimer with the RWC pairing 

mode (pairing mode 1) represent the most stable dimer. The dimer built up with 

twisted nucleobases interacts by a reverse Hoogsteen pairing (RH pairing mode 3) 

and is the second most stable dimer. Despite the stability of this pairing, such dimers 

are not likely to be formed due to lower stability of the nucleo amino acids 

conformation.

The dimer I···I with RH pairing is considerably less stable. The difference between 

dimers pairing in RWC modes and those with RH modes mainly result from EIntra,

which is closely connected to stacking interactions, which can be also observed by 

the stacked geometry from the nucleobases taken from both -alanyl-PNA dimers. 
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I···I, pairing mode 1 I···I, pairing mode 3 
Scheme 5.2 Stacked dimers taken from -alanyl-PNA dimers 

A destabilization of the RH paired dimers also results from the strain within the 

backbone. Our predictions support the approach developed by Diederichsen et al. for 

the prediction of pairing modes. It predicted that an antiparallel strand orientation 

combined with a heterochiral base pair mode can only be realized with a RWC or a 

RH pairing mode. In accordance to our results, the RWC mode was favored.

Scheme 5.3 Geometrical arrangement of antiparallel dimer I···I in pairing mode 1 (left hand side) 
and of parallel dimer I···I in pairing mode 1 (right hand side). 

It can be seen from Scheme 5.3 that the inner nucleobase dimers have a nearly 

planar alignment, while the terminal dimers are distorted from the planar structure 

towards an angled alignment. The inner dimers are held in the planar geometry, 

because of the interactions to the nucleobases which lie below and above the 

observed nucleobases. For the outer dimer only one interaction can be observed, so 
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they tend to bend towards the inner nucleobases, because of the one-sided 

interaction.

5.2 Dimer II···II Connected via Adenine-
Cytosine Base Pair 

The nucleobases adenine and cytosine can pair in a RWC (pairing mode 4 in 

Scheme 4.1) and in a reverse Hoogsteen mode (RH, pairing mode 5 in Scheme 4.1) 

but dimers with an antiparallel strand orientation can only be realized with a RWC

mode. This is again in agreement with the proposition of Diederichsen et al..20 The 

computed stabilization energy for II···II in the RWC mode is -51 kcal/mol. The small 

difference to the computed stabilization energy of I···I (-52 kcal/mol) agrees nicely 

with the small difference in the measured melting temperatures (21°C vs. 22°C).

II···II, pairing mode 4 

Scheme 5.4 Geometrical arrangement of the II···II dimer in the RWC mode (pairing mode 4, left 
hand side), stacked dimer taken from -alanyl-PNA dimers 
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An idealized dimer with perfect planar hydrogen bond structure of the nucleobases is 

distorted during the geometry optimization to the structure, which is displayed in 

Scheme 5.4. 

5.3 Dimer III···III Connected via Adenine-
Thymine Base Pair 

The acceptor/donor pattern of adenine and thymine allows four different pairing 

modes (Scheme 4.1: WC: pairing mode 6; RWC: pairing mode 7; H: pairing mode 8; 

RH: pairing mode 9). Nevertheless, duplexes of oligomer III with an antiparallel 

strand orientation can only be realized in the RWC and the H mode. Based on the 

computed stabilization energies (RWC -52 kcal/mol; H -42 kcal/mol) the RWC modes

should be favored for self pairing of oligomer III.

Scheme 5.5 Geometrical arrangement of the III···III duplexes in the RWC mode (pairing mode 7, 
left hand side) and H mode (pairing mode 8 , right hand side) 
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Reasons for the stronger binding for the stronger binding in the RWC mode are 

indicated in Table 5.3. Stronger intra and interstrand interactions can be obtained 

with a slightly higher backbone strain. The computed stabilization energy of about 

-52 kcal/mol which has to be correlated with a melting temperature of 25°C fits nicely 

to the previously discussed I···I (-52 kcal/mol  vs. 21°C) and II···II (-51 kcal/mol vs.

22°C) data.

III···III, pairing mode 7 III···III, pairing mode 8

Scheme 5.6 Stacked dimers taken from -alanyl-PNA systems. 

5.4 Dimer IV···IV Connected via 
Diaminopurine-Thymine Base Pair 

The duplex formation by oligomers IV···IV is based on 2,6-diaminopurine-thymine 

recognition. Their acceptor/donor pattern allows the formation of the WC (pairing

mode 10), RWC (pairing mode 11), H (pairing mode 12), and the RH (pairing mode 

13) pairing. Within the gas phase the three-dentate WC and the RWC pairing modes 

are slightly more stable than the two-dentate Hoogsteen mode. This is indicated by 

quantum chemical methods (Table 4.2: PW91/6-31G** about -18 kcal/mol for the 

three-dentate pairing modes vs. -16 kcal/mol for the two-dentate pairing modes) as 

well as by the AMBER4.1 force field (Table 4.2: Amber4.1 about -19 kcal/mol vs. 

-15 kcal/mol). Both three-dentate pairings are considerably less stable than the 

guanine-cytosine WC pairing (pairing mode 19; PW91/6-31G** about -29 kcal/mol). 
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Similar relations are also predicted for a polar solvent mode (Table 4.4). This strongly 

indicates that the strength of the three-dentate hydrogen bond of the 2,6-

diaminopurine-thymine base pair is only in the range of a strong canonical two-

dentate recognition. The weak bonding results since secondary effects which 

strengthen the guanine-cytosine pairing weaken the diaminopurine-thymine pairing 

(Scheme 5.7).
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Scheme 5.7 Secondary cross interactions in diaminopurine-thymine (left hand side) and 
guanine cytosine (right hand side) base pair.  

The guanine-cytosine pairing (Scheme 5.7, right hand side) possesses two stabilizing 

(black arrows) and one destabilizing (red arrows) secondary cross interactions, while 

for the diaminopurine-thymine pairing only two destabilizing cross interactions exist 

(Scheme 5.7, left hand side). 

The investigation of the various pairing modes showed that it was only possible to 

realize the RWC mode in a IV···IV antiparallel strand orientation (Scheme 5.8). The 

construction of other pairings failed since their formation induced too much strain in 

the backbone. A parallel strand orientation as discussed for the respective I···I dimer 

can be excluded, since it would require the formation of purine-purine and pyrimidine-

pyrimidine pairs within the linear double strand topology. The considerably different 

base pair size would result in strong double strand deformations. The computed 

stabilization energy of -54 kcal/mol for the IV···IV dimer in a RWC mode correlates 

nicely with the data obtained for the other dimers. 
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IV···IV, pairing mode 11.

Scheme 5.8 Geometrical arrangement of the IV···IV dimer in RWC mode (pairing mode 11, left 
hand side), stacked dimer taken from -alanyl-PNA (right hand side). 

While our predictions for the pairing modes for I···I and II···II agree with those of 

Diederichsen et al., for III···III and IV···IV they disagree.111 Our computations indicate 

the RWC mode for both hexamer dimers, while Diederichsen et al. proposed the 

Hoogsteen mode in both cases. Their proposition is based on similarities in the CD 

spectra and the melting temperature of both compounds. From the similarities in the 

CD spectra, they concluded that both compounds should form the same pairing 

mode. From small differences in the melting temperatures they deduced that in both 

dimers pairing modes with two dentate hydrogen bondings are realized. This is only 

possible if both dimers are bonded by the Hoogsteen mode. The RWC mode was 

excluded since it represents a three dentate mode for diaminopurine-thymine but only 

a two-dentate mode for adenine-thymine pairing. Within our explanation also both 

III···III and IV···IV possess the same paring mode (RWC) which agrees well with the 

similarities in the CD spectra. The small differences in the melting temperature, 

however, result since the RWC mode of diaminopurine-thymine represents a weak 

three dentate pairing. Additionally the single strand IV is slightly more stable than the 

single strand III which also reduces the stability of the IV···IV dimers in comparison to 

III···III. The intrastrand effects in both dimers are quite similar.
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5.5 Dimer V···V Connected via Guanine-
Adenine Base Pair 

For the self pairing of guanine/adenine alanyl-PNA V can be observed with a stability 

of 33°C.20 In an equimolar mixture with its enantiomer ent-V a slightly smaller melting 

temperature of 31°C was measured. However, since such small difference can result 

from concentration effects it remained unclear wether the V···ent-V dimers were really 

formed. To investigate this question both dimers were simulated.

The guanine-adenine base pair can be formed in a WC (pairing mode 14) or a RH

mode (pairing mode 15). Within the usual antiparallel strand orientation the V···V
dimer can be realized with the RH mode, while the V···ent-V can be build in the WC

mode While the stabilization energies of V···ent-V dimer, -64 kcal/mol, fit 

Scheme 5.9 Geometrical arrangement of V···V in pairing mode 14 (left hand side) and pairing 
mode 15 (right hand side). 

perfectly to the stabilization-energy melting-temperature correlation found for other 

dimers, the computed energy of the V···V dimer in RH mode with antiparallel strand 

orientation, -50 kcal/mol, is far too low. Therefore as additional option hexamer 
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double strands were investigated which were based on G-G and A-A base pairs in a 

parallel strand orientation. From the geometrical point of view this is possible since 

both purine-purine base pairs possess similar space requirements. 

Scheme 5.10 Geometrical arrangement of the V···V dimer with parallel strand orientation in 
pairing mode 1 and 16 (left hand side) and of V···ent-V dimer in pairing mode 14 (right hand 
side).

As already discussed in connection with the I···I dimer, repulsive interactions with the 

positively charged terminal lysine and amino units should be small, since already the 

backbones are separated by about 14 Å. Indeed a stable V···V dimer with parallel 

strand orientation and G···G and A···A pairings in the RWC modes (pairing mode 1 

and 16) could be realized. Its computed stabilization energy of about -64 kcal/mol fits 

perfectly into the stabilization-energy melting-temperature correlation obtained for the 

previous by discussed dimers. The main differences between the V···V dimer with 

antiparallel strand orientation and the RH mode for the G···A pairs and the V···V with 

parallel strand orientation and RWC mode for the G···G and A···A base pairs is EIntra

which mainly comprises stacking interactions (Scheme 5.11). 
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V···V, pairing mode 1 and 16 V···V, pairing mode 15

Scheme 5.11 Stacked dimers taken from -alanyl-PNA dimers 

The interstrand energies (mainly hydrogen bonding) are similar. The computed 

stabilization energies of V···V in the parallel strand orientation and V···ent-V in 

antiparallel strand orientation are too small (-63 kcal/mol vs. -64 kcal/mol) to prove 

the latter because of the accuracy of the present approach. 

5.6 Dimer VI···VI Connected via Guanine-
Guanine Base Pair 

For the dimer VI···VI connected via guanine-guanine pairings Diederichsen et al.

measured a melting temperature of 41°C. In systems with linear topology it is quite 

difficult to determine the respective G-G pairing mode or to exclude higher 

aggregation of guanine rich oligomers.20 However, a melting temperature for the 

alanyl-PNA hexamer of around 40°C together with moderate hyperchromicity points 

to double strand formation in the RWC mode. This is the only mode in which the 

guanine oligomer does not tend to build up higher aggregates. Within our approach 

H-(AlaG-AlaG)3-NH2 dimers (VI···VI) with guanine-guanine base pairings could be 

realized in the RWC (pairing mode 16) and in the H paring mode (pairing mode 17). 

The stabilization energy of the RWC mode adds up to -70 kcal/mol, while 
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Scheme 5.12 Geometrical arrangement of the VI···VI dimer in pairing mode 16 (left hand side) 
and pairing mode 17 (right hand side) 

only -63 kcal/mol was computed for the H mode. The differences between both 

modes mainly result from EInter (mainly hydrogen bonding). The higher stability of the 

RWC mode also results from a slightly higher contribution of EIntra. The computed 

stabilization energy of the RWC mode fits nicely into the stabilization energy melting 

temperature correlation obtained for the other dimers. Please note that its backbone 

strain is considerably higher than the one computed for the H mode. The feature that 

for a given single strand the dimer with the stronger binding energy possesses the 

higher strain energy in the backbone is found in most cases. This agrees nicely with 

the expectation that only strong binding effects can distort the backbone if necessary. 
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5.7 Dimer VII···VII Connected via Guanine-
Cytosine Base Pair 

Guanine and cytosine in the WC pairing mode form a three-dentate hydrogen pairing 

(Scheme 4.1, paring mode 19) which represents the strongest hydrogen bond pattern 

considered in the present work. Within the polar solvent the B3LYP/TZVP and the 

Amber approach predict binding energies of about -10.5 kcal/mol. The RWC mode

(Scheme 4.1, paring mode 20) only represents a two dentate hydrogen pairing. With 

a dimerization energy of about -5 kcal/mol (polar solvent) it is considerably weaker. 

For the VII···VII dimer a melting temperature of 40°C was measured experimentally 

while 58°C was obtained for the WC pairing duplex VII···ent-VII. This indicates that 

the WC mode can only be formed in the VII···ent-VII dimer while the weaker bonded 

RWC mode has to be realized in the VII···VII dimer. This assumption is indeed 

supported by our computations. The VII···ent-VII dimer can be realized with the WC

pairing mode. The computed stabilization energy (-85 kcal/mol) indicated that it is the 

most stable pairing so far. It fits well into the correlation between computed 

stabilization energies and measured melting temperatures found for the previously 

discussed dimers. As expected, the VII···ent-VII dimer possesses the highest 

absolute value for EInter but relatively low intrastrand interactions (Scheme 5.13). As 

already mentioned for other strongly bounded dimers the induced backbone strain is 

also quite high for the G-C double strand. 

VII···VII, pairing mode 19

Scheme 5.13 Stacked dimer taken from -alanyl-PNA dimers 
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The stabilization energies of VII···VII double strands based on a RWC pairing mode 

turned out to be too small using the same approach for the dimer construction as for 

all other alanyl-PNA double strands (Table 5.3). The highest stabilization energy 

computed for a VII···VII dimer with RWC mode was -46 kcal/mol, which is too low to 

fit into the trend described by the other alanyl-PNA duplexes. Double strands with two 

different pairing modes were not stable since the induced strain in the -alanyl PNA 

backbones became too strong. For the dimer based only on the RWC mode the EBS

is already about 30 kcal/mol and the value still increases if some connectivities 

realized the RWC pairing while other bind via the WC mode. A relaxation of the -

alanyl PNA backbone was only possible if two central base pairs were based on one 

hydrogen bond only (Scheme 5.14). In this case both terminal base pairs were found 

with strong WC pairing, whereas the two neighboring base pairs were realized with 

the RWC pairing mode (Scheme 5.15). For this dimer a stabilization energy of about 

-68 kcal/mol was computed which was considerably stronger than all other possible 

arrangements for the self pairing dimer VII···VII tested so far. 

NH

N

HN N

O

N

N NH

N

O

H

HH

H

Scheme 5.14 One dentate guanine-cytosine base pair occurring in the VII···VII dimer 

Furthermore, the computed stabilization energy also correlates well with the 

measured melting temperature of 40°C. To illustrate the unusual geometry of the 

VII···VII dimer it is given in Scheme 5.15 together with the VII···ent-VII dimer in which 

the WC pairing is realized. 
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Scheme 5.15 Geometrical arrangement of alanyl-PNA double strands VII···VII and VII···ent-VII. 

5.8 Dimer VIII···VIII Connected via Guanine-
Thymine Base Pair 

For the guanine-thymine pairing -alanyl PNA hexamer both the self pairing VIII···VIII
and the double strand formation by enantiomers VIII···ent-VIII can be detected with 

stabilities of pairing 21°C and 28°C, respectively. Guanine and thymine can form the 

WC (Scheme 4.1, pairing mode 21) and a RWC mode (Scheme 4.1: pairing mode 

22). For the VIII···ent-VIII duplex, which can only be realized in the WC mode, a 

stabilization energy of -55 kcal/mol was computed. This value fits well into the 

stabilization-energy melting-temperature correlation found for the -alanyl PNA 

double strands. Nevertheless, for the VIII···VIII dimer realized in the RWC mode a 

stabilization energy of -64 kcal/mol was computed. This value is far too high if 

VIII···VIII is compared with the VIII···ent-VIII dimer, which possesses a higher melting 

temperature but an absolutely lower stabilization energy. It also does not fit in the 

melting-temperature stabilization-energy correlation found for the other dimers. The 

reason for this outlier is unclear at the moment. 
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Scheme 5.16 Geometrical arrangement of the VIII···VIII in pairing mode 21 (left hand side) and 
22 (right hand side) 
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5.9 Stabilization-Energy Melting Temperature 
Correlation

Besides VIII···VIII dimer, all other ten dimers discussed so far, provided an excellent 

correlation between the computed stabilization energies of the respective most stable 

dimer arrangement and the experimentally determined melting temperature (Scheme 

5.17). Considering that entropic effects are neglected in the computations of EStab the 

correlation seems astonishing well. Therefore, a reason could be that entropic are 

quite similar for all alanyl-PNA double. The entropy seems to influence only the 

absolute not the relative stability of alanyl-PNA dimers. 
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Scheme 5.17: Correlation between the computed stabilization energies and measured melting 
temperatures. For the linear smoothing function VIII···VIII dimer is looked up as an outlier.
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To investigate if only the interplay of all contributions of EStab lead to for a precise 

correlation, correlations of the particular contribution of EStab are shown in the 

following.

If only EInter is taken into account for the correlation with the melting temperature, it 

can be seen from Scheme 5.18 that its coefficient of determination decreases from 

0.9819 for the EStab to 0.9156. However, the relation of the melting temperature to the 

interstrand interaction is still displayed in a reasonable way. 
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Scheme 5.18 Correlation between the computed EInter and measured melting temperatures. 

A completely different picture can be observed if the EIntra (mainly stacking 

interaction) of the double strand systems is set in relation with the melting 

temperature. For this correlation no trend at all can be found in Scheme 5.19. This 

worse description of the correlation does not change if the EIntra of the two separated 

single strands is subtracted from EIntra of the double strand system (Scheme 5.20). 

The overall influence of EIntra is relatively small, if the remaining intrastrand energy 

(EIntra) of the two separated single strands are taken into account. The comparison of 
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Scheme 5.18 and Scheme 5.20 also shows that for the overall stabilization energy 

(Scheme 5.17) the interstrand energy is the dominating interaction. 
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Scheme 5.19 Correlation between the computed Eintra of the double strand systems and 
measured melting temperatures. 
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A correlation of the combination of the EInter and EIntra of the double strand systems 

with the melting temperature improves in comparison to correlation of EIntra (Scheme

5.20 and Scheme 5.21), but it is still inferior than the correlation of the EInter with the 

melting temperature. 
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Scheme 5.21 Correlation between the computed EInter and EIntra of the Double strand with the 
measured melting temperatures. 

An improvement of the correlation can be achieved if the contribution of EIntra of the 

single strands is taken into account (Scheme 5.22), but the accuracy of the 

correlation of the EInter and EStab with the melting temperature can not be obtained. 

This result shows that the contribution of the backbone strain of the single and 

double strains also contributes to correlation in a not negligible way. However, a 

correlation of the EInter and the contributions of the backbone strain of the dimer as 

well as the single strand systems do not achieve the accuracy of the correlation of 

the EInter alone as it can be seen from Scheme 5.23 
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Scheme 5.22 Correlation between the computed EInter and EIntra of double strand subtracted by 
EIntra of the both single strands with the measured melting temperatures. 
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Scheme 5.23 Correlation between the computed EInter and EBS of double strand subtracted by 
EIntra of the both single strands with the measured melting temperatures 
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Due to these results it is clear that only the combination of EIntra and EBS lead to a 

further improvement of the correlation. The result of the various correlations shown in 

this chapters that a reliable correlation can only be observed if the interplay of all 

possible contributions to EStab (EInter, EIntra, EBS for the single and double strand 

systems) are considered.  

5.10 Dimer IX···IX Connected via N7Xanthine-
N7Xanthine Base Pairs 

For the remaining systems IX and X, quite high lying melting temperatures (48°C and 

54°C, respectively) were measured, but for IX a reduction of the hyperchromicity just 

before the melting point is reached which indicates the formation of higher 

aggregates.112 The N7isomer of xanthine is about 7 kcal/mol more stable than the 
9Nisomer so that a synthesis of the -alanyl-PNA hexamers should lead to hexamers 

with the 7Nisomers. For IX this is proven by NMR spectroscopy.112 Therefore all 

simulations for IX and X were performed with the 7Nisomer of xanthine. The 

alternating donor-acceptor pattern of xanthine allows the formation of the xanthine-

xanthine dimer in ten different pairing modes. It is possible to form three different WC 

(pairing mode 25-27) and three RWC modes (pairing mode 23, 24 and 28). 

Additionally two RH (pairing mode 29 and 30) and two H modes (pairing mode 31 

and 32) can be formed. IX···IX dimers with an antiparallel strand orientation can be 

still realized in seven pairing modes (23-26, 28, 29 and 31). The computations 

indicate that the IX···IX dimer coupled by pairing mode 31 is the most stable one 

(EStab = -54 kcal/mol) followed by the dimer which is coupled by pairing mode 28 

(-45 kcal/mol). The difference in the stabilization energies occur from the stronger 

hydrogen and less strained backbone bonds for pairing mode 31. Dimers that adopt 

the twisted conformation were also tested but the computed stabilization energies are 

in the same range (IX-t···IX-t: -53 kcal/mol). Parallel strand orientations also did not 

lead to more stable dimers (Table 5.4). 

Table 5.4 Characterization of the various contributions to the stability of the dimers and 
trimers. If not otherwise noted the dimers posses an antiparallel strand orientation. The 
experimental melting temperatures are also given. 
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Double

strand Tm
a Pairing modeb EInter

c EIntra
c EBS

c EIEDS
c EStab

c

IX···IX 23 RWC -53.4 -64.1 46.8 -64.7 15.3 

IX···IX 24 RWC -34.3 -101.2 35.1 -100.3 -20.3 

IX···IX 27 WC -36.1 -100.1 23.1 -113.0 -32.9 

IX···IX 28 RWC -41.5 -94.9 11.6 -124.8 -44.7 

IX···IX 29 RH -70.4 -57.0 35.2 -92.1 -12.1 

IX···IX 31 H -46.3 -94.8 7.1 -133.9 -53.9 

IX-t···IX-t 26 WC -36.9 -108.1 14.7 -130.4 -50.3 

IX-t···IX-t 30 H -44.3 -102.8 14.3 -132.8 -52.7 

IX···IX···IX

48

Trimer1 --- -97.5 -135.6 17.8 -215.3 -95.2 

IX···IX···IX  Trimer2 --- -94.5 -147.2 35.4 -206.3 -86.2 

IX···IX···IX  28 RWC -48.2 -155.5 18.4 -203.7 -65.1 

IX···IX···IX  31 H -49.4 -149.6 14.0 -199.0 -64.8 

X···X 35+ 36 WC + H -54.8 -99.0 12.5 -141.2 -66.4 

X···X 35 RWC -41.5 -107.5 28.1 -104.8 -29.9 

X···X 35 + 36 RWC + H -42.8 -94.3 28.5 -108.6 -33.7 

X-t···X-t 34 WC -55.3 -92.0 14.5 -132.9 -58.0 

X···Xe 28 + 33 RWC + RWC -37.4 -101.2 14.6 -124.0 -49.2 

X···X···X

54

Trimer --- -102.9 -139.9 23.5 -219.3 -107.0

aall melting temperature (Tm) in °C, bPairing modes can be found Scheme 4.1, call energies 
given in kcal/mol dtwisted conformation edimer posses parallel mode. 

To fit into the correlation between stabilization energies and melting temperatures 

observed for the other dimers the computed stabilization energies of IX···IX dimer 

had to be around -75 kcal/mol, i.e. about 20 kcal/mol lower than computed. Therefore 

we tried to realize unusual pairings, e.g. similar to those found for VII···VII dimer. 

However, all tests did not succeed. This could have been expected since the single 

contributions do not differ too strongly from values obtained for the comparable 
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systems. To test if IX tends to form higher aggregates as indicated by experiment112

trimers were tested. Indeed, it was possible to build up quite stable trimers for which 

the stabilization energies of -65 to -95 kcal/mol were computed.

There are two possible geometrical arrangements to realize a trimer aggregation, a 

vertical (Scheme 5.24) and a horizontal (Scheme 5.25) band structure. 

Scheme 5.24 Vertical band structure of three oligomers IX in pairing mode 31

Scheme 5.25 Horizontal band structure of three oligomers IX, left hand side: Top view; right 
hand side: Side view, the peptide backbone is displayed in the line view, because of overlook 
resaons.  
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The highest stabilization energy that could be obtained for a horizontal band structure 

(Trimer1) was the stabilization energy of -95 kcal/mol. The vertical band structure 

showed considerably less stable aggregates in the range of -65kcal/mol, which is 

also too weak bonded to achieve a melting temperature of 48°C.

The stabilization energy computed for the trimer1 is considerably lower than 

expected from the stabilization-energy melting-temperature correlation obtained for 

the dimers. However, a fit into this correlation would be completely unexpected since 

entropic effects connected with the formation of trimers should considerably differ 

from those connected with the formation of dimers. 

5.11 Dimer X···X Connected via Diamino-
purine-N7Xanthine Base Pair 

Single strand X combines the non-canonical nucleobases xanthine and 

diaminopurine. As shown experimentally it builds aggregates with a melting 

temperature of 54°C. The high melting temperature could result since the donor-

acceptor pattern of both nucleobases allow the formation of four different three-

dentate hydrogen bonding pattern (pairing mode 34-37). However, as already 

discussed for the diaminopurine-thymine pairing the computed dimerization energies 

of the diaminopurine-xanthine nucleobases pairs in gas phase (Table 4.2 

PW91/6-31G**: -16 to -19 kcal/mol) or in polar solvent (Table 4.4: Amber4.1: -5.7 to  

-5.8 kcal/mol) are much lower than the computed values for the guanine-cytosine 

base pair (gas phase -29 kcal/mol; polar solvent -10.5 kcal/mol). The reasons for the 

weakness of the bonding are again repulsive cross interactions which destabilize the 

pairing. The weakness in the hydrogen bonding is reflected in the computed 

stabilization energies of the X···X dimers. Such dimers can only be realized with 

pairing modes 35 (RWC), a combination of the pairing modes 35 and 36 (RWC + H)

and a combination of 35 and 36 (RWC + H). The computed stabilization energies 

vary between -34 kcal/mol and about -60 kcal/mol. All of them are absolutely too low 

to explain the high melting temperature of 54°C. To investigate reasons for these 
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deviation dimers with parallel strands orientations (pairing mode 28 and 33) were 

built up. The same is found for the dimers with the twisted conformation (X-t···X-t).

Scheme 5.26 Geometrical arrangement of the X···X dimer in pairing mode 35 and 36 (left hand 
side) and the X···X dimer in pairing mode 28 and 33. 

The most stable dimer is bound via a combination of the pairing mode 35 (RWC) for 

the terminal pairings and 36 (H) for the four inner pairings. In this pairing all 

contributions EInter (-55 kcal/mol), EIntra (-99 kcal/mol) EBS (12.5 kcal/mol) and EIESS of 

the single strand (-37 kcal/mol) are in ranges expected for pyrimidine-pyrimidine 

pairings. Therefore, stronger bonded dimers are more unlikely. To investigate if X
also tends to form higher order aggregates, it was tested if it can form stable trimers. 

Indeed it was possible to built up a trimer (EStab=-107 kcal/mol) which possesses a 

higher stabilization per monomer (-36 kcal/mol) than the most stable dimer 

(-33 kcal/mol). As found for IX the computed stabilization energy of this trimer is 

lower than predicted on the basis of the stabilization-energy melting-temperature

correlation found for the dimers. Again similar to IX this is expected due to difference 

in the entropic effects.
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Scheme 5.27 Horizontal band structure of three oligomers X, left hand side: Top view; right 

hand side: Side view, the peptide backbone is displayed in the line view, because of overlook 
resaons. 
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5.12 Prediction for Unknown Systems 

5.12.1   Dimer XI···XI Connected via Hypoxanthine-
Hypoxanthine Base Pair 

Up to now, only synthesized dimers with a measured melting temperature were 

investigated. Due to the good correlation found for these dimers (I to VIII, dimer 

VIII···VIII seemed to be an outlier), it is possible to predict a melting temperature for 

unknown and up to now not synthesized oligomers.

Table 5.5 Characterization of the various contributions to the stability of the dimers. If not 
otherwise noted the dimers posses an antiparallel strand orientation. The experimental melting 
temperatures are also given. 

Double

strand Pairing modea EInter
b EIntra

b EBS
b EIEDS

b EStab
b

XI···XI 45 RWC -33.3 -101.7 11.7 -123.3 -62.6 

XII···XII 46 RWC -34.7 -104.4 11.1 -111.9 -51.9 

XIII···XIII 47 RWC -35.9 -106.2 12.8 -129.3 -52.5 

XIII···XIII 48 RWC -39.4 -102.8 15.6 -126.6 -49.7 

XIII···XIII 51 WC -46.0 -72.7 32.2 -86.5 -9.7 

XIII···XIII 52 RWC -93.0 -22.0 17.7 -97.3 -20.5 

XIII-t···XIII-tc 49 WC -35.8 -101.8 8.4 -129.2 -52.3 

aPairing modes can be found Scheme 4.1, ball energies given in kcal/mol ctwisted 
conformation 

Possible oligomers including the important hypoxanthine base, which is a major 

deamination product derived from adenine, can be theoretically build up. A self 

pairing of the oligomer XI can only be achieved by a reverse Watson-Crick pairing 

(Scheme 4.1, pairing mode 45). Other pairing modes are not possible for a 

hypoxanthine-hypoxanthine pairing due to its limited donor-acceptor pattern (only 

one donor position). The stabilization energy of the XI···XI dimer was calculated to be 
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-63 kcal/mol (Table 5.5), which would lead to a melting temperature of around 35°C, 

if it is extrapolated from the melting-temperature stabilization energy correlation. 
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Scheme 5.28 Correlation between the computed stabilization energies and measured melting 
temperatures. The predicted values of the dimer XI, XII and XIII are marked wit a red dot. 

This high result for the melting temperature is quite astonishing, since the XI···XI
dimer possesses the lowest interstrand interaction energy (EInter=-33 kcal/mol). The 

low value for the hydrogen bonds is compensated by the gain in intrastrand 

interaction compared to two separated strands ( EIntra= -19kcal/mol). The XI···XI
dimer represents in the series of the pyrimidine-pyrimidine pairing a quite stable 

dimer. Its stabilization energy is 11 kcal/mol more stable than that of the most stable 

I···I dimer but 7 kcal/mol less stable than the VI···VI dimer. The difference in the 

stabilization energy of XI···XI dimer in comparison to I···I dimer arises mainly from the 

stacking interaction, which is 9 kcal/mol higher than for the I···I dimer. The higher 

stabilization energy of the VI···VI dimer is mainly determined by the stronger 

hydrogen bond of the VI···VI dimer.
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Scheme 5.29 Geometrical arrangement of the XI···XI dimer in pairing mode 45.

5.12.2  Dimer XII···XII Connected via Hypoxanthine-Thymine 
Base Pair 

This hypoxanthine-thymine pairing occurs in the DNA after the deamination of 

adenine, which leads to the mutation during the DNA replication because 

hypoxanthine prefers a base pair formation to cytosine instead of adenine, which 

pairs only with thymine in the DNA. The acceptor and donor pattern of hypoxanthine 

and thymine allows four different pairing modes, two in the Watson-Crick mode and 

two in the reverse Watson-Crick mode, but for only one paring mode (46) an -

alanyl-PNA dimer can be realized (Scheme 5.30). The observed stabilization energy 

amounts to -52 kcal/mol, which would correspond to a melting temperature of about 

25°C (Scheme 5.28). 
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Scheme 5.30 Geometrical arrangement of the XII···XII in pairing mode 46

5.12.3  Dimer XIII···XIII Connected via N9Xanthine-N9Xanthine
Base Pair 

For the oligomer XIII also no experimental data is available. In contrast to the 
N7xanthiene, the N9xanthine cannot build a Hoogsteen pairing mode, because the 

Hoogsteen side possesses only two donor positions, while there are no neighbored 

donors available for N9xanthine (Scheme 5.31). 

N

N
N

N

O

O

H

H
H3C

D

A
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D

D

Scheme 5.31 Donor-acceptor pattern of N9xanthine 
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This allows the formation of N9xanthine- N9xanthine base pairs in three Watson-Crick 

(pairing mode 49, 50 and 51 in Scheme 4.1), and three reverse Watson-Crick (48, 49 

and 52) pairing modes. The investigation of the XIII···XIII dimers showed that a stable 

dimer can be realized in pairing mode 47, 49, 51 and 52. For pairing mode 48 only a 

twisted form could be built. The XIII···XIII dimer was the most stable investigated 

system with a stabilization energy of -53 kcal/mol (Scheme 5.28). The stabilization 

energy of -53 kcal/mol point to a melting temperature of about 24°C kcal/mol. An 

aggregation beyond the double strand system would lead to higher melting 

temperatures like for the N7xanthine, but in comparison to the N7xanthine the 

probability for it should be smaller because the paring via the Hoogsteen side is not 

possible for the N9xanthine. 

Scheme 5.32 Geometrical arrangement of the XIII···XIII dimer in pairing mode 48 
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6 Summary 
The functionalities of DNA and RNA are mainly determined by the various 

interactions between the pairing nucleobases. To understand the complex interplay 

of the various interactions model systems are needed in which the interstrand pairing 

is less restricted by the backbone. Such systems are peptide nucleo acids (PNA) in 

which the sugar phosphate backbone of DNA or RNA is replaced by a peptide 

backbone. Diederichsen et al. were able to synthesize a large number of systems 

with an -alanyl backbone to which canonical and non-canonical nucleobases were 

attached ( -alanyl-PNA). These systems formed aggregates with various binding 

motifs which do not appear in DNA or RNA. Especially the unusual binding motifs 

would allow a deep insight into the complex interplay of the interactions between 

nucleobases but the small solubility of -alanyl PNA oligomers hampers the 

experimental determination of the geometrical arrangement by X-Ray or NMR. Only 

the overall stability of the various aggregates could be determined by measurements 

of melting temperatures via UV spectroscopy. 

Since a detailed knowledge about the geometrical structure and bonding motifs are 

necessary to obtain insight into the interplay of the various interactions it is the goal 

of the present work to achieve such information with the help of theoretical 

approaches. Additionally we are interested in the effects which govern the trends in 

the stabilities of the systems. This task should be simpler than an investigation of the 

absolute stabilities since many contributions (e.g. entropic and dynamic effects) can 

be expected to be similar for similar systems. Consequently, such effects are less 

important for our goal. 

Due to the size of PNA duplexes the application of quantum chemical approaches is 

inhibited, so that the investigations had to be performed by force field methods. 

Quantum chemical approaches were used to validate and adjust the applied force 

field to the problem at hand. Since only trends in the stabilities are the main goal in 

the present work the systems are investigated at T=0 conditions, e.g. both dynamical 

and entropic effects are neglected.

For reliable predictions for the systems, one has to ensure that the employed force 

field is accurate enough to achieve the goal. For this propose a validation of the 

Amber4.1 force which was chosen for the investigations field was carried out. To 

determine the accuracy of the Amber4.1 force field for hydrogen bond and stacking 
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interaction, its predictions were compared to ab initio calculations. Very accurate 

calculations were carried out by Hobza et al. showed that the MP2 ansatz precisely 

predicted the binding properties of the nucleobases, if an extrapolation to the basis 

set limit is performed. Due to the large number of investigated nucleobases (53), the 

huge time requirement of the above mentioned method prevented its use for the 

present work. However, the investigation of Hobza et al. also revealed, that the 

considerably less expensive PW91/6-31G** also represent a reliable tool for the 

determination of the hydrogen bond strength. It only slightly underestimates the 

binding properties (mean absolute deviation from MP2 method 0.77 kcal/mol). Due to 

this finding 53 different pairing modes between the four canonical nucleobases and 

four noncanonical nucleobases were investigated with the PW91/6-31G** method. In 

comparison to the PW91/6-31G** the Amber4.1 force field possesses an absolute 

mean deviation of 1.45 kcal/mol in the gas phase if fully optimized geometries are 

investigated. The B3LYP/6-31G** approach systematically underestimates the 

PW91/6-31G** values by 2.2 kcal/mol, but if all B3LYP results are shifted by this 

value a good agreement of both approaches can be observed (absolute mean 

deviation = 0.5 kcal/mol).

Gas phase computations were also performed with the MMFF94s force field. Its 

absolute mean deviations in comparison to the PW91/6-31G** approach is 2.8 

kcal/mol. This value is nearly twice as large as the value of the Amber4.1 Force Field 

deviation showing that the Amber4.1 Force Field results the more appropriate 

approach for the present work.

For geometries of the nucleobase dimers determined by the -alanyl-PNA backbone 

the mean deviation of the Amber4.1 force field with respect to the PW91/6-31G** 

approach gave a value of 1.8 kcal/mol for the stabilization energies. This deviation is 

only slightly higher than that for the fully optimized geometries of the nucleobase 

dimer. So it can be concluded that the Amber4.1 force field describes the hydrogen 

bond strength in a proper way even when the geometries are distorted by the strain 

of the backbone of the -alanyl-PNA. For the comparison between the B3LYP/6-

31G** method and the PW91/6-31G** approach an absolute mean deviation of 1.9 

kcal/mol was calculated. It is a slightly lower value than obtained for the fully 

optimized systems. 

If solvent effects were taken into account only the B3LYP/TZVP approach in the 

TURBOMOLE program package could be used. In the DFT calculations the influence 
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of an aqueous solution on the hydrogen bonds was included using the COnductor 

like Screening MOdel (COSMO) adopting   = 78 (water). Due to the simulated 

solvent the hydrogen bond strength of all pairing modes decreased by about a factor 

of 3. The absolute deviation of the Amber4.1 results from the ab initio data declined 

to 0.95 kcal/mol. This indicates that the error bar of the Amber4.1 force field for the 

present problem can be estimated to be about 1 kcal/mol or less for each base pair. 

Taking into account that the B3LYP/TZVP method underestimates the binding 

energies in the gas phase the error may be even smaller. 

Hobza et al. showed that the RIMP2/aug-cc-pVDZ method is a very exact ansatz for 

the determination of the stacking interactions. The mean absolute error of the 

Amber4.1 force field in comparison to this approach was calculated to be 1 kcal/mol, 

whereas the highest deviation was about 3 kcal/mol. Taking into account that for T=0 

80-95% of the stacking interaction of the PNA duplexes is already found in the 

separated single strands, a maximal error of 2 kcal/mol for the whole PNA dimer can 

be estimated by means of the error propagation.

For the investigation of all experimentally tested -alanyl-PNA oligomers it was 

essential to parameterize the noncanonical nucleobases since they were not 

implemented in the standard version of the Amber4.1 force field. This was achieved 

by adding the missing parameters (req, eq, Kr, K ) to the Amber Force Field. The 

charges of each nucleobase were determined by the R.E.D program package.

The investigation started with the construction of all possible pairing modes for -

alanyl-PNA dimer. It could be observed that certain pairing modes were not realizable 

due to the geometrical arrangement of the dimer and the restriction of the backbone. 

For other pairing modes a construction was possible, but due to the geometrical 

restrictions of the backbone the strain in the system is so high that they fall apart 

during a first geometry optimization. Stable systems were then simulated by various 

molecular dynamics (MD)-runs. Information about their geometrical arrangements for 

T=0 K were obtained from geometry optimizations which were started from various 

points of the MD-run. The resulting geometries were found to be virtually identical. 

Information about the interactions within a dimer at T=0 K were obtained from a two 

step procedure in which the effects connected with the nucleobases and the 

influence of the backbone are determined separately. It was performed for the 

optimized geometries. In a first step the backbone was removed and the resulting 

dangling bonds were saturated by methyl groups. The total interaction energy 
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between the nucleobases (ETBE) can now be estimated by the difference between the 

energy of the complete system and the sum of the energies of the single 

nucleobases computed at the geometries they take in the whole system. In the 

second step the influence of the backbone is estimated. The -alanyl-backbone will 

be distorted if a strong enforcement of the bonding between the nucleobases results. 

The resulting strain has to be taken into account since it reduces the stability of the 

dimer. It size was estimated from the energy difference of the backbone within its 

geometry in the dimer and in a relaxed arrangement. To avoid double counting this 

calculation were performed without nucleobases. The interaction energy of the PNA 

dimer (EIEDS) is now given by the sum ETBE – EBS. Information about the interactions 

within a single strand at T=0 K (EIESS) were obtained in an analogous way.  

The stabilization energy EStab of the PNA duplexes is finally obtained from the 

difference of the interaction energies of the PNA duplex (EIEDS) and from those of the 

separated single strands (EIESS).

21 IESSIESSIEDSStab EEEE

For the investigated systems displayed in Table 6.1 a very good correlation between 

the calculated stabilization energies of the respective most stable pairing modes of 

the dimer formed by the various oligomers and the measured melting temperatures is 

found (Scheme 6.1). This indicates that our T=0 model captures the main effects 

which determine the trends in the investigated systems. This supports our 

assumption that the entropic and enthalpic effects are important only for the absolute 

stabilities of the PNA dimer but not for the relative ones.

In Table 6.2 the results of the present work are compared with the available 

experimental data. In many cases the theoretically determined pairing modes agree 

with the suggestions made by Diederichsen et al. which are based on considerations 

about geometrical restrictions resulting from the PNA backbone. The computations 

for oligomer I indicates that the reverse Watson Crick mode leads to the most stable 

I···I dimer. This is in agreement with Diederichsen suggestion. He could not exclude 
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Table 6.1 Investigated oligomers 

Oligomerea

H-(AlaA-AlaA-AlaA-AlaA-AlaA-AlaA)-Lys-NH2 I

H-(AlaA-AlaA-AlaC-AlaA-AlaC-AlaC)-Lys-NH2 II

H-(AlaA-AlaA-AlaT-AlaA-AlaT-AlaT)-Lys-NH2 III

H-(AlaD-AlaD-AlaT-AlaD-AlaT-AlaT)-Lys-NH2 IV

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 V

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 ent-V

H-(AlaG-AlaG-AlaG-AlaG-AlaG-AlaG)-Lys-NH2 VI

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 VII

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 ent-VII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 VIII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 ent-VIII
a AlaA = -(9-adeninyl)alanine, AlaC = -(9-cytosinyl)alanine, AlaG = -(9-guaninyl)alanine, 
AlaH = -(9-hypoxanthinyl)alanine, AlaT = -(1-thyminyl)alanine 

the Hoogsteen mode as a possible pairing mode, but the calculated stabilization 

energies show that a dimer with this pairing mode is considerably less stable than a 

I···I dimer in the reverse Watson-Crick mode. 
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Scheme 6.1 Correlation between the computed stabilization energies and measured melting 
temperatures. For the linear smoothing function VIII···VIII dimer seems to be an outlier.
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Experimental and theoretical findings also agree for the self pairing of the oligomers 

II, VI and VIII and for the pairings of the VII and VIII with their enantiomeric 

counterparts ent-VII and ent-VIII.

Table 6.2 Characterization of the most stable dimers with the predicted paring mode by theory 
and experiment. 

Double
strand Tm

a Experiment Theory EStab
c

I···I 21 RWC/H RWC -51.9

II···II 22 RWC RWC -50.7

III···III 25 RH RWC -52.2

IV···IV 28 RH RWC -54.0

V···Vd 32 H RWC + RWC -63.0

VI···VI 41 H RWC -70.2

VII···ent-VII 58 WC WC -85.0

VII···VII 40 RWC WC + one dentate 
+ RWC -67.9

VIII···ent-VIII 28 WC WC -55.1

VIII···VIII 21 RWC RWC -63.9
aall melting temperature (Tm) in °C, ball energies given in kcal/mol 

For the oligomers III and IV the experimental predictions do not agree with the 

theoretically determined pairing mode. Diederichsen et al. favored the Hoogsteen 

mode for both systems. His interpretation is based on similarities in the CD-spectra of 

the both dimers indicating similar pairing modes. From the small differences in the 

melting temperature it was concluded that both dimers pair via modes possessing the 

same number of hydrogen bonds. This is only fulfilled for the reverse Hoogsteen 

mode. The reverse Watson-Crick mode was excluded since it represents a two-

dentate mode for the adenine-thymine pairing but three-dentate one for the 

diaminopurine-thymine pairing. However, the theoretical investigation of the 

diaminopurine-thymine base pair in reverse Watson-Crick mode showed that its 

stability only corresponds to that of a strong two-dentate pairing. Its weakness results 
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from destabilizing secondary interactions. Due to this finding a reverse Watson-Crick 

mode should lead to a comparable melting temperature in combination with similar 

CD spectra as indicated by the simulations. 

For the self pairing of oligomer V Diederichsen et al. predicted a Hoogsteen mode. 

The force field showed a stable dimer for that pairing mode, but the stabilization 

energy does not correlate with the experimentally measured melting temperature.  

Due to this finding, a parallel homochiral dimer was build up, in which adenine and 

guanine pair with themselves. The computed stabilization energy of this dimer is 

much lower than that of the dimer with antiparallel strand orientation and it perfectly 

fits into the stabilization-energy melting temperature correlation found for the other 

pairing modes (Scheme 6.1). This finding indicates that for single strands dimers in 

which only pyrimidine-pyrimidine base pairs are formed a parallel strand orientation 

cannot be excluded apriori.

For the enantiomeric dimer VII···ent-VII both experiment and theory are in perfect 

agreement. Both predict the Watson-Crick pairing mode between guanine and 

cytosine bases. In experiment and theory the dimer VII···ent-VII is the most stable 

dimer of the systems summarized in Table 6.2 (EStab = -85 kcal/mol, Tm=58°C). While 

a perfect agreement exists for the dimer VII···ent-VII theory and experiment differed 

for the VII···VII dimer. For this dimer a melting temperature of 40°C was measured. 

For the self pairing Diederichsen et al. predicted the reverse Watson-Crick pairing 

mode. The calculations for this dimer gave a stabilization energy of only -46 kcal/mol 

which does fit into the correlation displayed in Scheme 6.1. To investigate reasons for 

this deviation dimers with a combination of different pairing modes were built. The 

most stable dimer for the self pairing of VII was obtained if the inner nucleobase pairs 

are connected only via one-dentate pairing mode (see Scheme 5.14). Due to this 

unusual binding the strain of the systems is released to a large extent so that the 

outer bases can form quite strong pairings (Watson-Crick and reverse Watson-Crick). 

The sequence of the bonding motifs in this dimer is Watson-Crick, reverse Watson-

Crick, one-dentate pairing, one-dentate pairing, reverse Watson-Crick and Watson-

Crick. The stabilization energy for this dimer added up to -68 kcal/mol which is 

considerably lower than the value obtained for dimers with other binding motifs. It 

also fits perfectly into the melting-temperature stabilization-energy correlation. 

As already mentioned our approach and the considerations of Diederichsen predict 

the reverse Watson-Crick pairing mode for the VIII···VIII dimer. Despite this 
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agreement the computed stabilization energy does not fit into the stabilization-energy 

melting-temperature correlation found for the other pairings. The reason for this 

outlier is unclear at the moment. 

Table 6.3 Characterization of the most stable dimers with the predicted paring mode 

Double

strand Tm
a Pairing modeb EStab

c

IX···IX 31 H -53.9

IX···IX···IX
48

Trimer1 --- -95.2 

X···X 35+ 36 WC + H -66.4

X···X···X
54

Trimer --- -107.0

XI···XI --- 45 RWC -62.6

XII···XII --- 46 RWC -51.9

XIII···XIII --- 47 RWC -52.5

aall melting temperature (Tm) in °C, bPairing modes can be found Scheme 4.1, call
energies given in kcal/mol  

Also for the oligomers IX and X it was not possible to correlate the measured melting 

temperature with the observed stabilization energies. An explanation could lie in 

higher aggregations. Higher aggregations are also experimentally indicated by a 

reduction of the hyperchromicity just before the melting point is reached. For this 

reason -alanyl-PNA trimers were built up. They indeed showed significantly higher 

stabilization energies than the dimer. The finding that these stabilization energies 

computed for the trimers do not fit to the melting temperature correlation found for the 

dimers is not astonishing since the entropy effect should significantly differ.  

The nice agreement between theory and experiment encouraged us to investigate 

three so far unknown systems. For the not yet synthesized oligomers XI (H-(AlaH-

AlaH-AlaH-AlaH-AlaH-AlaH)-Lys-NH2), XII (H-(AlaH-AlaH-AlaT-AlaH-AlaT-AlaT)-Lys-

NH2) and XIII (H-(AlaN9X-AlaN9X-AlaN9X-AlaN9X-AlaN9X-AlaN9X)-Lys-NH2) all possible 

pairing modes were simulated and the stabilization energies of the most stable dimer 

were calculated.
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For the oligomer XI the duplex could only be realized in a reverse Watson-Crick 

mode. On the basis of the above mentioned stabilization-energy melting-temperature

correlation the computed stabilization energy of -63 kcal/mol would correspond to a 

melting temperature of about 35°. The dimer of oligomer XII could also only be built 
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Scheme 6.2 Correlation between the computed stabilization energies and measured melting 
temperatures. The predicted values of the dimer XI, XII and XIII are marked wit a red dot. 

up in the reverse Waston-Crick mode. On the basis of the above mentioned 

correlation found for the other dimers the calculated stabilization energy (EStab=-53

kcal/mol) corresponds to a melting temperature of about 24 °C. Nearly the same 

melting temperature (Tm=23°C) could be determined for the oligomer XIII (EStab=-52

kcal/mol). Like for the N7xanthine higher aggregated forms (e.g. trimers) can not be 

excluded for oligomer XIII. Such forms are less probable, however, since the 
N9xanthine can not pair via the Hoogsteen side.

According to the carried out investigation and the resulting correlation of the melting 

temperature with the calculated stabilization energies the presented method seems 

to represent a reliable tool for the description of the PNA systems. Despite this 

success additional experimental verifications of our method are necessary to ensure 

its applicability. Such verifications could be based on geometrical information 
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obtained via X-Ray or NMR investigations. More detailed data about entropic an 

enthalpic contribution to the stability of the various complexes would also be very 

helpful to verify and improve our approach. Such information could be either obtained 

from a careful analysis of shape of the melting temperature curve or from 

microcalorimetric investigations. If such tests confirm our predictions the approach 

could be extended and applied to neighboring fields as for examples -alanyl-PNA, 

DNA or RNA systems with unusual nucleobases. Such information is also necessary 

to extend our approach in a way that dynamic and/or entropic effects are also taken 

into account. 
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7 Zusammenfassung 
Die Funktionalitäten der DNA oder RNA werden hauptsächlich durch die 

verschiedenen Wechselwirkungen der paarenden Nucleinbasen bestimmt. Um die 

komplexen Zusammenhänge dieser verschiedenen Wechselwirkungen zu verstehen, 

werden Modellsysteme benötigt, die weniger Restriktionen durch das Rückgrat 

besitzen. Ein Beispiel für solche Systeme sind Peptidnucleinsäuren (PNA), in denen 

das Zuckerphosphatrückgrat der DNA oder RNA durch ein Peptidrückgrat ersetzt 

wird. Diederichsen et al. gelang es, eine große Anzahl solcher Systeme mit einen -

Alanyl-Rückgrat zu synthetisieren, an das kanonische und nicht-kanonische 

Nucleinsäuren gebunden sind. Diese Systeme aggregieren in verschiedenen 

Bindungsmotiven, die nicht in der DNA oder RNA auftauchen. Diese ungewöhnlichen 

Paarungsmotive könnten einen tiefen Einblick in das Zusammenspiel der 

Wechselwirkungen der Nucleinbasen geben, aber die geringen Löslichkeit der -

Alanyl-PNA Oligomere verhinderte eine experimentelle Charakterisierung der 

geometrischen Anordnung durch Röntgenstruktur- oder NMR-Experimente. Lediglich 

die absolute Stabilität der verschiedenen Aggregate konnte durch Messungen der 

Schmelztemperatur mit Hilfe der UV-Spektroskopie bestimmt werden.  

Da die Kenntnis der geometrischen Strukturen sowie der ausgebildeten 

Bindungsmotive wichtig ist, um einen Einblick in das Zusammenspiel der einzelnen 

Wechselwirkungen zu erlangen, besteht das Ziel der vorliegenden Arbeit darin, 

solche Informationen mit der Hilfe von theoretischen Methoden zu erlangen. 

Zusätzlich sind Effekte von Interesse, aus denen sich Trends bezüglich der Stabilität 

bestimmen lassen. Solche Untersuchungen sind einfacher zu realisieren als die 

Berechnung der absoluten Stabilitäten, da viele Beiträge zur absoluten Energie für 

ähnliche Systeme (entropische und dynamische Effekte) in etwa gleich groß sind. 

Somit sind diese entropischen und dynamischen Effekte für das Ziel dieser Arbeit 

weniger wichtig. 

Die Größe der PNA-Dimere verhindert den Einsatz von quantenchemischen 

Ansätzen. Folglich wurden die Untersuchungen ausschließlich mit weniger 

aufwendigen Kraftfeldmethoden durchgeführt. Quantenchemische Methoden wurden 

nur zur Validierung bzw. zu Kalibrierung des verwendeten Kraftfelds angewandt. Die 

Systeme wurden unter T=0 K Bedingungen untersucht, da die Trends der Stabilitäten 

das Hauptziel dieser Arbeit sind.  
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Um verlässliche Aussagen über die Wechselwirkungen innerhalb der der 

PNA-Dimere zu treffen, wurde zuerst eine Validierung des Amber4.1 Kraftfelds 

durchgeführt. Hierzu wurden Bindungstärken verschiedener Wasserstoffbrücken und 

unterschiedlichen Dispersionswechselwirkungen, die sich aus den 

Kraftfeldberechnungen ergeben, mit den Werten aus ab initio Rechnungen 

verglichen. Sehr genaue Berechnungen zu diesen beiden Wechselwirkungen wurden 

von Hobza et al. durchgeführt. Aus diesen Arbeiten ergab sich, dass der MP2-Ansatz 

exzellente Ergebnisse für die Bindungsstärken von Nucleinbasen liefert, falls auf das 

Basissatzlimit extrapoliert wird. Da diese Berechnungen zu zeitintensiv sind und um 

den notwendigen großen Satz von 53 Paarungsmodi zu untersuchen, wurde die 

PW91/6-31G** Methode verwandt. Auch für diese Methode hatten die 

Untersuchungen Hobzas ergeben, dass sie trotz einer leichten Unterschätzung der 

Wasserstoffbindungsstärke ein sehr verlässliches Werkzeug zur Bestimmung dieser 

Wechselwirkung darstellt. (mittlere absolute Abweichung = 0.77 kcal/mol). 

Auf Grund dieser Tatsachen wurden die 53 Paarungsmodi, die durch die vier 

kanonischen und vier nicht kanonischen Nucleinbasen gebildet werden, mit der 

PW91/6-31G** Methode untersucht. Im Vergleich zur PW91/6-31G** Methode ergab 

sich für frei optimierte Systeme für das Amber4.1 Kraftfeld eine mittlere absolute 

Abweichung von 1.45 kcal/mol. Die zudem untersuchte B3LYP/6-31G** Methode 

unterschätzte die PW91/6-31G** Werte durchschnittlich um 2.2 kcal/mol. Allerdings 

korrelieren beide Methoden erstaunlich gut, sodass ein konstanter Shift der B3LYP/6-

31G** Werte um 2.2 kcal/mol nur noch eine absolute mittlere Abweichung von 0.5 

kcal/mol ergibt. Des Weiteren wurden die Wasserstoffbindungsstärken der gesamten 

Paarungsmodi mit dem MMFF94s Kraftfeld bestimmt. Die Berechnungen ergaben 

eine deutlich schlechtere Übereinstimmung der Wasserstoffbrückenbindungsstärke 

im Vergleich zur PW91/6-31G** Methode. Die absolute mittlere Abweichung 

(PW91/6-31G** zu MMFF94s) ergab einen Wert von 2.8 kcal/mol, der annähernd 

doppelt so hoch ausfiel wie die mittlere Abweichung des Amber4.1 Kraftfelds. 

Dadurch konnte gezeigt werden, dass das Amber4.1 Kraftfeld das deutlich 

geeignetere Kraftfeld zur Untersuchung der -Alanyl-PNA Systeme darstellen. Um 

sicher zu stellen, dass die Wasserstoffbrückenbindungen auch für verzerrte 

Geometrien vom Kraftfeld richtig beschrieben werden, wurden zusätzliche 

Rechnungen an Geometrien durchgeführt, die durch den Einfluss des Rückgrats im 

-Alanyl-PNA Dimer aus ihrer Gleichgewichtslage verzerrt wurden. Es ergab sich 
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eine leicht höhere mittlere Abweichung des Amber4.1 Kraftfeld von den PW91/6-

31G** Berechnungen (mittlere absolute Abweichung = 1.8 kcal/mol). Dies zeigt, dass 

die Wasserstoffbrückenbindungseigenschaften auch von verzerrten Geometrien 

angemessen beschrieben werden.  

Die mittlere absolute Abweichung von B3LYP/6-31G**-Berechnungen im Vergleich 

zum PW91/6-31G** Ansatz wurde zu 1.9 kcal/mol bestimmt, was geringfügig 

niedriger ist als für die geometrieoptimierten Strukturen. 

Eine korrekte Beschreibung der Paarungseigenschaften der -Alanyl-PNA Aggregate 

erfordert eine Berücksichtigung von Lösungsmitteleffekten. Für diese Berechnungen 

stand nur die B3LYP/TZVP-Methode zur Verfügung. Der Einfluss des Lösungsmittels 

wurde mit Hilfe der COnductor-like-Screening-MOdel-Methode (COSMO) für  = 78 

(entspricht der Dielektrizitätskonstante von Wasser) bestimmt. Durch die Simulation 

des Lösungsmittels reduzierte sich die Stärke der Wasserstoffbrückenbindung 

ungefähr um den Faktor 3. Der mittlere absolute Fehler des Amber4.1 Kraftfelds 

unter Berücksichtigung einer distanzabhängigen Dielektrizitätskonstante (  = 4) sank 

auf einen Wert von 1.0 kcal/mol oder kleiner.

Zur Bestimmung der Genauigkeit der Dispersionswechselwirkungen wurde die 

RIMP2/aug-cc-pVDZ-Methode gewählt, die sich in den Untersuchungen von Hobza

et al. durch sehr genaue Vorhersagen der Stacking-Wechselwirkungen auszeichnete. 

Der mittlere absolute Fehler des Amber4.1 Kraftfelds lag bei den untersuchten 

Dimeren bei 1 kcal/mol, wobei der größte Fehler 3 kcal/mol betrug. Zieht man in 

Betracht, dass für die T=0 K Bedingung 80-95% der Stacking-Wechselwirkungen 

bereits im Einzelstrang ausgebildet werden, ergibt sich unter Annahme statistischer 

Fehlerfortpflanzung ein maximaler Fehler von weniger als 2 kcal/mol für das gesamte 

Hexamer. 

Zur Untersuchung der Bindungseigenschaften und der Stabilitäten von -Alanyl-PNA 

Oligomeren war es notwendig, bis dato nicht parametrisierte Nucleinbasen in den 

Parametersatz des Amber4.1 Kraftfelds zu integrieren. Die fehlenden Ladungen 

wurden durch Berechungen mit dem R.E.D-Programm-Paket ermittelt. Das 

Programm bestimmt aus dem elektrostatischen Potential einer optimierten Struktur 

die atomzentrierten Ladungen. Die fehlenden Bindungsparameter (req, eq, Kr, K )

wurden der Literatur entnommen.  

Die Untersuchungen der einzelnen Dimere begannen jeweils mit der Konstruktion der 

-Alanyl-PNAs für alle möglichen Paarungsmodi. Es konnte gezeigt werden, dass 
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bestimmte Paarungsmodi aufgrund der geometrischen Gegebenheiten der Dimere 

und des Rückgrats nicht realisierbar waren. Für andere Dimere war ein Aufbau der -

Alanyl-PNA-Dimere zwar möglich, jedoch zerfielen die Dimere wieder während einer 

ersten Geometrieoptimierung aufgrund der hohen Spannung im Rückgrat. Die 

stabilen Systeme wurden zunächst in verschiedenen Molekulardynamik-(MD)-Läufen 

simuliert. Informationen über die Geometrie bei T=0 K wurden durch 

Geometrieoptimierungen erhalten, die an verschieden Punkten der MD Läufe 

gestartet wurden. Die resultierenden Geometrien aus den verschiedenen 

Anfangspunkten waren identisch.  

Für die geometrieoptimierten Strukturen wurden für das T=0 K Modell die 

Wechselwirkungsenergien zwischen den Nucleinbasen und der Einfluss der 

Rückgrats auf die Stabilität der Dimer in zwei separaten Schritten bestimmt.

Im ersten Schritt wurde das Rückgrat entfernt und die Schnittstellen mit 

Methylgruppen abgesättigt. Die Wechselwirkungsenergie E(TBE) zwischen den 

Nucleinbasen wurde durch die Differenz der Energien des gesamten Systems und 

der Summe der Energien der einzelnen Nucleinbasen in der Geometrie des Dimers 

bestimmt.

Das -Alanyl-Rückgrat wird durch den Einfluss von starken Wechselwirkungen 

zwischen den Nucleinbasen verzerrt. Die sich hieraus ergebende Spannung muss 

berücksichtigt werden, da sie die Stabilität des Dimers verringert. Das Ausmaß der 

Spannung wurde durch die Energiedifferenz des Rückgrats in der Geometrie des 

Dimers und in einer relaxierten Geometrie bestimmt. Die Wechselwirkungsenergie 

(EIEDS) der PNA Dimer ergibt sich somit aus der Differenz ETBE – EBS. Die 

Wechselwirkungsenergien E(IESS) der Einzelstränge werden in analoger Weise 

bestimmt.

Die Stabilisierungsenergien EStab der PNA Dimere ergibt sich dann aus der Differenz 

der Wechselwirkungsenergien der Dimere und der getrennten Monomere.

21 IESSIESSIEDSStab EEEE .

Für die in Tabelle 7.1 angegebenen Oligomere wurde eine sehr gute Korrelation 

zwischen den berechneten Schmelztemperaturen und den Stabilisierungsenergien 

gefunden (Tabelle 7.2). Daraus lässt sich folgern, dass das vorgestellte T=0 K-Model 

alle wichtigen Effekte, die zur Beschreibung des Trends entscheidend sind, 
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beinhaltet. Diese Tatsache unterstützt unsere Annahme, dass die Entropie und die 

dynamischen Effekte nur für die absoluten Stabilitäten der Dimere, nicht aber für 

relative Stabilitäten wichtig sind. 

Tabelle 7.1 Untersuchte Oligomere 

Oligomerea

H-(AlaA-AlaA-AlaA-AlaA-AlaA-AlaA)-Lys-NH2 I

H-(AlaA-AlaA-AlaC-AlaA-AlaC-AlaC)-Lys-NH2 II

H-(AlaA-AlaA-AlaT-AlaA-AlaT-AlaT)-Lys-NH2 III

H-(AlaD-AlaD-AlaT-AlaD-AlaT-AlaT)-Lys-NH2 IV

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 V

H-(AlaA-AlaA-AlaG-AlaA-AlaG-AlaG)-Lys-NH2 ent-V

H-(AlaG-AlaG-AlaG-AlaG-AlaG-AlaG)-Lys-NH2 VI

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 VII

H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys-NH2 ent-VII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 VIII

H-(AlaG-AlaG-AlaT-AlaG-AlaT-AlaT)-Lys-NH2 ent-VIII
a AlaA = -(9-adeninyl)alanin, AlaC = -(9-cytosinyl)alanin, AlaG = -(9-guaninyl)alanin, AlaH = 

-(9-hypoxanthinyl)alanin, AlaT = -(1-thyminyl)alanin 

In Tabelle 7.2 werden die Ergebnisse der Arbeit mit den verfügbaren experimentellen 

Daten verglichen. In vielen Fällen stimmen die theoretischen bestimmten 

Paarungsmodi mit den Vorhersagen von Diederichsen et al. überein. Letztere 

basieren auf Überlegungen zu den geometrischen Restriktionen, die sich durch das 

PNA Rückgrat ergeben. 

Die Berechnungen als auch das Experiment sagen für die Dimere des Oligomer I
eine reverse Watson-Crick Paarung vorher. Der von Diederichsen nicht 

ausschlossene Hoogsteen Paarungsmodus zeigte eine deutlich niedrigere 

Stabilisierungsenergie für die ausgebildeten Dimere als für die I···I Dimere in der  

reverse Watson-Crick Paarung.

Die experimentellen und die theoretischen Vorhersagen stimmen auch für die 

Selbstpaarungen der Oligomere II, VI und VIII als auch für die Enantiomerenpaarung 

der Oligomere VII und VIII überein. 
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Abbildung 7.1 Korrelation der berechneten Stabilisierungsenergien mit den 
Schmelztemperaturen. Dimer VIII···VIII wurde für die Regression nicht berücksichtigt. 

Für die Oligomere III und IV unterschieden sich die experimentellen Vorhersagen 

jedoch von den theoretisch bestimmten Paarungsmodi. So wurden von Diederichsen 

für die Dimere der Oligomere III und IV der Hoogsteen Paarungsmodus 

vorhergesagt. Seine Interpretation basiert auf Ähnlichkeiten in den CD-Spektren der 

beiden Dimere, die auf ähnliche Paarungsmodi hindeuteten. Durch die geringen 

Unterschiede der Schmelztemperatur der beiden Dimere wurde geschlussfolgert, 

dass die Dimere in einem Paarungsmodus mit gleicher Anzahl von 

Wasserstoffbrückenbindungen aggregieren. Dies wird nur erfüllt, wenn beide Dimere 

(III und IV) den reverse Hoogsteen Modus annehmen. Der reverse Watson-Crick 

Modus wurde ausgeschlossen, da er für die Adenin-Thymin Paarung einen 

zweizähnigen, für die Diaminopurin-Thymin Paarung aber einen dreizähnigen Modus 

darstellt. Jedoch zeigten die theoretischen Untersuchungen, dass die Stabilität der 

dreizähnigen Diaminopurin-Thymin Basenpaarung nur im Bereich einer starken 

zweizähnigen Paarung liegt. Der Grund hierfür liegt in den destabilisierenden 

sekundären Wechselwirkungen. Auf Grund dieser Tatsache führt eine reverse



7 Zusammenfassung  

131

Watson-Crick Paarung zu vergleichbaren Schmelztemperaturen in Kombination mit 

ähnlichen CD-Spektren. 

Tabelle 7.2 Charakterisierung der stabilsten Dimere mit den vorhergesagten Paarungsmodi der 
Theorie und des Experiments. 

Doppelstrang Tm
a Theorie Experiment EStab

b

I···I 21 RWC RWC/RH -51.9

II···II 22 RWC RWC -50.7

III···III 25 RWC RH -52.2

IV···IV 28 RWC RH -54.0

V···V 32 RWC + RWC H -63.0

VI···VI 41 RWC H -70.2

VII···ent-VII 58 WC WC -85.0

VII···VII 40 WC + einzähnig + 
RWC RWC -67.9

VIII···ent-VIII 28 WC WC -55.1

VIII···VIII 21 RWC RWC -63.9
aalle Schmelztemperaturen (Tm) sind in °C angegeben, balle Energien in kcal/mol 

Für die Selbstpaarung des Oligomers V wurde von Diederichsen et al. eine 

Hoogsteen Paarung vorgeschlagen. Die Kraftfeldergebnisse zeigen zwar ein stabiles 

Dimer, jedoch korreliert die berechnete Bindungsenergie nicht mit der gemessenen 

Schmelztemperatur. Da es sich hier um ein Oligomer handelt, das nur aus Purin-

Nucleinbasen aufgebaut ist, ist es möglich, ein stabiles Aggregat in paralleler 

Strangorientierung aufzubauen. Die Stabilisierungsenergie des strangparallelen 

Dimers ist deutlich niedriger als die der anderen berechneten Dimere und fügt sich 

zudem perfekt in die Korrelation der Stabilisierungsenergien mit den 

Schmelztemperaturen ein. Dies zeigt, dass für Dimere, in denen nur Purin-Purin-

Paarungen auftreten, eine strangparallele Orientierung nicht a priori ausgeschlossen 

werden kann. 

Für die Enantiomerenpaarung des Oligomers VII stimmen die experimentellen Werte 

wiederum mit den theoretischen Vorhersagen überein. Beide sagen den Watson-
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Crick Modus vorher. Das Dimer VII···ent-VII ist zudem im Experiment als auch in der 

Theorie das stabilste Dimer aller untersuchten Systeme (Tabelle 7.2 ). 

Während für die Enantiomerenpaarung des Oligomers VII eine perfekte 

Übereinstimmung von Theorie und Experiment gefunden wurde, stimmen beide 

bezüglich der Vorhersagen für die Selbstpaarung von VII nicht überein. Für die 

Selbstpaarung des Oligomers VII bevorzugt Diederichsen den reverse Watson-Crick 

Modus, der jedoch in den theoretischen Berechnungen nicht mit der ermittelten 

Schmelztemperatur korreliert (EStab = -46 kcal/mol vs. 40°C). Auf Grund dessen 

wurden Dimere aufgebaut, die verschiedene Bindungsmodi beinhalteten (Scheme 

5.14). Die stabilste Selbstpaarung ergab sich für ein Dimer, in dem die inneren 

Nucleinbasenpaare einen einzähnigen Paarungsmodus ausbilden. Aufgrund dieser 

ungewöhnlichen Paarung verringerte sich die Spannung im System, sodass die 

äußeren Nucleinbasen relativ starke Wasserstoffbrückenbindungen ausbilden 

konnten. Die Sequenz des Dimers setzt sich wie folgt zusammen: Watson-Crick, 

reverse Watson-Crick, einzähnige Paarung, einzähnige Paarung, reverse Watson-

Crick und Watson-Crick. Die Stabilisierungsenergie für dieses Dimer korreliert perfekt 

(EStab =  -68 kcal/mol) mit der gemessenen Schmelztemperatur von 40°C.

Theorie und Experiment stimmen darin überein, dass die Selbstpaarung des 

Oligomers VIII nur im reverse Watson-Crick Modus realisiert werden kann. Jedoch 

korreliert in diesem Fall die theoretische Stabilisierungsenergie nicht mit der 

gemessenen Schmelztemperatur. Der Grund für diesen Ausreißer ist zurzeit noch 

unklar.

Für die Oligomere IX und X konnten keine Dimere gefunden werden, deren 

Stabilisierungsenergien mit den hohen Schmelztemperaturen korrelieren. Jedoch 

konnte Diederichsen et al. eine höhere Aggregation über den Doppelstrang hinaus 

aufgrund der Reduktion der Hyperchromizität kurz vor dem Erreichen des 

Schmelzpunkts, nicht ausschließen. Der Aufbau und die Berechnung von trimeren 

Strukturen zeigte deutlich stärkere Wechselwirkungen für beide Oligomere, jedoch 

fielen die Stabilisierungsenergien entschieden zu hoch aus. Dieser Befund ist nicht 

verwunderlich, da sich die Entropieeffekte in einem Trimer deutlich von denen einer 

Dimerbildung unterscheiden sollten. 

Die gute Übereinstimmung von Theorie und Experiment ermutigte zusätzlich 

unbekannte Systeme zu untersuchen. Für die bis dato nicht synthetisierten 

Oligomere XI (H-(AlaH-AlaH-AlaH-AlaH-AlaH-AlaH)-Lys-NH2), XII (H-(AlaH-AlaH-



7 Zusammenfassung  

133

AlaT-AlaH-AlaT-AlaT)-Lys-NH2) und XIII (H-(AlaN9X-AlaN9X-AlaN9X-AlaN9X-AlaN9X-

AlaN9X)-Lys-NH2) wurden alle möglichen Paarungsmodi aufgebaut und deren 

Stabilisierungsenergien bestimmt.

Tabelle 7.3Charakterisierung der stabilsten Dimere mit den vorhergesagten Paarungsmodi

Doppelstrang Tm
a Paarungsmodus EStab

b

IX···IX 31 H -53.9

IX···IX···IX
48

Trimer1 --- -95.2 

X···X 35+ 36 WC + H -66.4

X···X···X
54

Trimer --- -107.0

XI···XI --- 45 RWC -62.6

XII···XII --- 46 RWC -51.9

XIII···XIII --- 47 RWC -52.5
aalle Schmelztemperaturen (Tm) sind in °C angegeben, balle Energien in kcal/mol 

Das Dimer des Oligomers XI konnte nur im reverse Watson-Crick Modus realisiert 

werden. Die berechnete Stabilisierungsenergie von -63 kcal/mol entspricht laut der 

oben ermittelten Korrelation einer Schmelztemperatur von ungefähr 35°C. Für das 

Dimer des Oligomers XII konnte wiederum nur die reverse Watson-Crick Paarung 

ausgebildet werden. Durch den Vergleich mit der Korrelation der anderen 

berechneten Dimere ergab sich aus der Stabilisierungsenergie von -53 kcal/mol eine 

theoretische Schmelztemperatur von ungefähr 24°C. Eine ähnliche 

Schmelztemperatur (Tm=23°C) wurde für das Dimer des Oligomers XIII gefunden 

(EStab=-52 kcal/mol). Jedoch kann für das Oligomer XIII auf Grund des Donor-

Akzeptor Musters des N9Xanthin, ähnlich wie für das N7Xanthin, eine Aggregation 

über das Dimer nicht ausgeschlossen werden. Die Ausbildung von höheren 

Aggregaten sollte hingegen unwahrscheinlicher sein, da keine Wasserstoffbrücken 

über die Hoogsteen Seite des N9Xanthins gebildet werden können.

Aufgrund der durchgeführten Untersuchungen und die sich daraus ergebenen 

Korrelation der berechneten Stabilisierungsenergien mit der Schmelztemperatur 

konnte gezeigt werden, dass mit der vorgeschlagenen Methode eine verlässliche  
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Abbildung 7.2 Korrelation der berechneten Stabilisierungsenergien mit den 
Schmelztemperaturen. Die vorhergesagten Werte von Oligomer XI, XII and XIII sind durch einen 
rot ausgefüllten Kreis markiert.

Beschreibung der PNA Systeme möglich ist. Für eine weitere Verbesserung des 

vorgestellten Modells bedarf es zusätzliche Röntgenstruktur- oder NMR-

Experimente, die zur  Strukturaufklärung der -Alanyl-PNA Dimere entscheidend 

beitragen. Weitere detaillierte Daten über die Enthalpiebeiträge zur absoluten 

Energie der verschiedenen Komplexe wären sehr hilfreich, um die vorgestellte 

Methode zu bestätigen und zu verbessern. Diese Informationen könnten zum einen 

durch die Auswertung der Form der Schmelzkurve sowie durch Mikrokalorimetrie 

erhalten werden. Für den Fall, dass die Vorhersagen durch die experimentellen 

Befunde bestätigt würden, könnte der Ansatz auf verwandte Systeme wie zum 

Beispiel - alanyl-PNA, DNA oder RNA angewandt werden. Durch diese weiteren 

Informationen könnte unser Ansatz zusätzlich durch die Berücksichtigung von 

dynamischen und/oder entropischen Effekte erweitert werden. 
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