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Abstract.  A model for the information transfer from DNA to protein using quantum information 

and computation techniques is presented. DNA is modeled as the sender and proteins are modeled 

as the receiver of this information. On the DNA side, a 64-dimensional Hilbert space is used to 

describe the information stored in DNA triplets (codons). A Hamiltonian matrix is constructed for 

this space, using the 64 possible codons as base states. The eigenvalues of this matrix are not 

degenerate. The genetic code is degenerate and proteins comprise only 20 different amino acids. 

Since information is conserved, the information on the protein side is also described by a 64-

dimensional Hilbert space, but the eigenvalues of the corresponding Hamiltonian matrix are 

degenerate. Each amino acid is described by a Hilbert subspace. This change in Hilbert space 

structure reflects the nature of the processes involved in information transfer from DNA to protein.  
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1. Introduction 

 

 Quantum mechanics have been used to explain and describe many phenomena in molecular 

biology. The importance of the quantum mechanical phenomenon of proton tunneling has been 

recognized and studied (Lowdin, 1963). Tautomeric mutations are caused by proton tunneling and 

have been studied extensively (Kryachko, 2002; Douhal et al., 1995). Quantum mechanics have 

also been used in the study of biomolecule structure and function (Wagner et al., 1998; Home and 

Chattopadhyaya, 1996; Aspuru-Guzik et al., 2005; Galino et al., 2006; York et al., 1998; 

Hackermuller et al., 2003). Several attempts have been made to explain the structure of the genetic 

code using quantum mechanical methods (Eduardo et al., 1993; Balakrishnan, 2002; Forger and 

Sachse, 2000; Bashford et al., 1998; Frappat et al., 1998).  The successful use of quantum 

mechanics in molecular biology has raised the following question: Can quantum mechanics be used 

to describe the information storage, processing and transfer by biomolecules? (Davies, 2005; 

Davies, 2004; Matsuno and Paton, 2000). The work presented in this paper is a contribution towards 

the construction of a general quantum mechanical model for information processing in biosystems.  

A model for the information transfer from DNA to protein using quantum information and quantum 

computation techniques (Nielsen and Chuang, 2000; Karafyllidis, 2003; Karafyllidis, 2004; 

Karafyllidis, 2005) is developed and presented here. 

 In living systems information is stored in DNA using a four nucleotide alphabet. This 

information is copied to mRNA and is transferred to the ribosomes. The tRNA Synthetases 

recognize the anticodons carried by the tRNA molecules and associate them with the corresponding 

amino acids. The tRNA molecules reach the ribosomes, where they are associated with the 

corresponding codon of mRNA and the amino acid they carry binds to the polypeptide chain to 

form proteins (Wolfe, 1993). 

A model for the information transfer from DNA to protein using quantum information and 

computation techniques is presented in this paper. The model is based on the assumption that 
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genetic information is conserved, and models DNA as the sender and proteins as the receiver of this 

information. Genetic information for protein synthesis is encoded in nucleotide triplets (codons). 

Since 64 possible codons exist, a 64-dimensional Hilbert space, for which the codons are the base 

states, is used to describe the information stored on the sender (DNA) side.  

The aim of this work is to device a quantum model for the information transfer from the 

DNA to protein amino acids, so that the genetic code structure and function can be analyzed using 

the forthcoming quantum computers. The first and most crucial step in formulating a quantum 

description a system is to construct its Hamiltonian. Since all codons are different, the 

corresponding 64X64 Hamiltonian matrix has 64 different (non-degenerate) eigenvalues. The 

genetic code is degenerate and proteins comprise only 20 different amino acids. Genetic 

information is conserved and, therefore, the information on the protein side is also described by a 

64-dimensional Hilbert space, but the eigenvalues of the corresponding Hamiltonian matrix are 

degenerate. Each amino acid is described by a Hilbert subspace. The hydrogen bonds of the 

nucleotides are taken into account in order to raise this degeneracy. The structures of the two 

Hamiltonian matrices (on sender and on receiver side) are compared and discussed. 

In section 2 of this paper an outline of the model and a schematic representation are 

presented. In section 3 the detailed quantum mechanical model is described, the eigenvalues of the 

protein Hamiltonian matrix are calculated and the corresponding eigenvectors are determined. The 

conclusions are presented in section 4. 

  

2. Model outline 

 

 Genetic information is stored in the DNA molecule using a nucleotide alphabet. There are 

four elements in this alphabet, the nucleotides, A, C, G and T. The last nucleotide is replaced by U 

in RNA. DNA stores information for protein synthesis in the form of nucleotide triplets, which are 

called codons. This information is located in specific parts of the molecule, the genes. According to 
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the central dogma of molecular biology, the information contend of a gene is copied to mRNA 

molecules, which move and bind to ribosomes. Amino acids and tRNA molecules are assembled 

together by tRNA Synthetases. The amino acids are carried to the ribosome by the tRNA molecules, 

which bind to the corresponding codon of mRNA and the amino acid they carry binds to the 

polypeptide chain to form proteins. Many enzymes and enzymatic reactions are involved in this 

genetic information transfer.  

 It is very difficult to describe all the biochemical processes involved in (1) using quantum 

mechanics and quantum chemistry. A “high-level” description of genetic information processing 

using quantum information and quantum computation techniques will be developed in this paper. 

The outline of this description is shown in Figure 1. 

 

 

 

 
Figure 1.  Outline of the quantum mechanical model. DNA is the sender of genetic information and 

protein is the receiver. All the other processes are modeled as the communication channel. HDNA 
and HPROT are the Hamiltonial matrices on the two sides. 

 

 

 In the quantum mechanical model presented here, DNA is the sender of information, which 

is stored in the form of codons. The 64 different codons are used to label the 64 base states of the 

Hilbert space associated with the information stored in DNA. A base state has the form: ZYX , 

where X, Y and Z are the nucleotides A, C, G and T.  The Hamiltonian matrix for the information 

contend of DNA, HDNA , is: 
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The rows and columns are labeled with the base states. EXYZ is the eigenvalue associated with base 

state (codon) ZYX . There are 64 different eigenvalues and since HDNA is diagonal, the base 

states are also the eigenstates (eigenvectors) of the Hamiltonian.  

 Information copy from DNA to mRNA, and tRNA-amino acid recognition and matching 

process, carried out by tRNA Synthetase, are modeled as the communication channel between DNA 

and protein.  

 On the protein side, each one of the twenty amino acids is encoded by a set of codons.  Two 

(Met and Trp) are encoded by one codon, nine (Asn, Asp, Cys , Gln, Glu, His, Lys, Phe and Tyr) by 

two codons, one (Ile) by three, five (Ala, Gly, Pro, Thr and Val) by four and three (Arg, Leu and 

Ser) by six codons. Three codons (UAA, UAG and UGA) are the stop codons.  Taking only this 

into account the Hamiltonian matrix on this side, HPROT, would have only 64 non-zero elements 

located at its diagonal: 
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The base states are labeled by the codons, but nucleotide T has been replaced by U.  These 64 

elements are the eigenvalues of the matrix. Two of them, E1 and E2 correspond to the base states 

AUG  and UGG which encode the amino acids Met and Trp and are not degenerate. E3 

corresponds to the base states AAA  and AAG  which both encode the amino acid Lys and is two-

fold degenerate. Following this line of thought, there are two non-degenerate eigenvalues E1 and E2, 

corresponding to the codons which are encoding the amino acids  Met and Trp, nine two-fold 

degenerate eigenvalues, E3 – E11 corresponding to the codons encoding the amino acids Asn, Asp, 

Cys , Gln, Glu, His, Lys, Phe and Tyr, one three-fold degenerate eigenvalue E12 corresponding to 

the codon encoding Ile, five four-fold degenerate eigenvalues E13-E17 corresponding to the codons 

encoding the amino acids Ala, Gly, Pro, Thr and Val and three six-fold degenerate eigenvalues E18 -

E20 corresponding to the codons encoding the amino acids Arg, Leu and Ser. Eigenvalues ES1, ES2 

and ES3 correspond to the three stop codons.  

 The structure of the Hamiltonian matrices HDNA and HPROT reflects the action of the channel 

on the information. In the next section a more detailed model for HPROT will be constructed.   

 

3. The quantum mechanical model 

 

The Hamiltonian matrix, HPROT, which describes the information received on the protein 

side is in diagonal form and has 64 eigenvalues, from which only five (E1, E2, ES1, ES2 and ES3) are 

not degenerate. A more detailed description of the information on this side, which is encoded by the 

amino acids, will be given below. 

tRNA molecules comprise an anticodon which is used for their recognition from tRNA 

Synthetases, which bind the corresponding amino acid to the tRNA molecule. In most of the cases 

of the anticodon-amino acid recognition and matching process, amino acids are matched with more 

than one anticodons and hence with more than one codons. The same is true for the anticodon-

amino acid assembly and transport process. Only Met and Trp are matched with codons AUG and 
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UGG. During the recognition and matching of a specific anticodon, the recognising and matching 

system goes to a state that corresponds to this specific anticodon. For example, to recognize the 

anticodon ACG the system goes to a state we label by UGC . The same is true for the anticodon-

amino acid assembly and transport system. Since a set of anticodons are recognized and matched 

with the same amino acid, it is reasonable to assume that there are transition probability amplitudes 

between the corresponding set of states. From now on, transition probability amplitude will be 

referred to as amplitude.  For example, since anticodons UUG and UUA are matched with Asn, it is 

reasonable to assume that there is an amplitude between the states AAC  and AAU . This 

assumption is incorporated into the Hamiltonian matrix by entering off-diagonal elements. The new 

form of the Hamiltonian matrix, H’PROT, is block-diagonal, with a block corresponding to each 

amino acid:     
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Blocks B3 – B20 correspond to the 18 amino acids that are encoded by more that one codons.       

The next step is to determine the off-diagonal elements of H’PROT . To do this, we take into account 

the hydrogen bonds of thee four nucleotides.  
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Figure 2.  Schematic representation of the four nucleotides and their bond sites. Donor sites are 
marked with “1” and acceptor sites with “0”. 

 

Nucleotides C, G and U (T on the DNA side) have three hydrogen bond sites, whereas A has two. 

Hydrogen bond sites are characterized as “donors” or “acceptors” of hydrogen. Figure 2 shows a 

schematic representation of the four nucleotides and their bond sites. Donor sites are marked with 

“1” and acceptor sites with “0”. The upper bond is the first bond. 

The following three assumptions about the process that will be described are made:   

 

1. There is no amplitude between any two states corresponding to different amino acids. 

 

2. There is an amplitude between two states that correspond to the same amino acid if they differ 

in one or two continuous nucleotides and have the rest in common.   

For example, for the set of states that correspond to Ser, there is a transition amplitude between  

UCC  and UCU  because they differ only in one nucleotide in the third place. There is also an 

amplitude between  UCC  and AGC  because they differ in the two first places, but both have C 

in the third place. In the set encoding Leu there is no amplitude between  UUA  and CUC , 

because they differ in two non-continuous nucleotides (in the first and third place).  

 

3. Since nucleotide A has only two hydrogen bond sites, we take into account only the first and 

second bond sites of all nucleotides. If there is an amplitude between two states and the 

donor/acceptor pattern of the different nucleotides is the same, then the amplitude is ia, where 
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i is the imaginary unit ( i 2= -1 ). If the donors and acceptors are interchanged, then the 

amplitude is a.   

 For example, in the set of states corresponding to Ser, the states UCG  and UCU  differ in 

the third place. The bond pattern of G is (0,1,#) and that of U is (0,1,#), therefore, the amplitude 

between them is ia. In the same set, the states UCC and AGC differ in the first and second place. 

The bond pattern of  UC is (0,1,#,1,0,#) and that of AG is (1,0,#,0,1,#) ,therefore, the amplitude 

between them is a. Since H’PROT must be Hermitian, if the amplitude from UCG  to UCU  is ia, 

the amplitude from UCU  to UCG  is –ia.  

 Each group of blocks of H’PROT, will be studied separately.  

 

3.1 Amino acids encoded by one codon 

 Two amino acids are encoded by one codon, namely (Met and Trp), which are encoded by 

AUG and UGG, respectively. The eigenvalues corresponding to both amino acids are not 

degenerate neither on DNA or protein side. Although obvious, Table 1 shows the corresponding 

eigenvalues and eigenvectors on protein side. 

Table 1. Eigenvalues and eigenvectors for amino acids encoded by one codon 

Protein side,   H’PROT  
Amino  
Acid Eigenvalue Eigenvector 

Met E1 AUG  

Trp E2 UGG  

 

3.2 Amino acids encoded by two codons 

 There are nine amino acids encoded by two codons, Asn, Asp, Cys , Gln, Glu, His, Lys, Phe 

and Tyr. For example Asn is encoded by AAC and AAU. Following the three assumptions, 

described above, the nine blocks in (3) that correspond to these amino acids have the form: 
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where N = 3, 4, 5 ,6, 7, 8, 9 , 10, 11 for Asn, Asp, Cys , Gln, Glu, His, Lys, Phe and Tyr 

respectively. The eigenvalues and eigenvectors corresponding to blocks B3 – B11, i.e. to these amino 

acids, on protein side are shown in Table 2. 

 

Table 2. Eigenvalues and eigenvectors for amino acids encoded by two codons 

Protein side,   H’PROT  
Amino 
Acid Eigenvalue Eigenvector 

E3 - a ( )( )AAUAAC −2/1   
Asn 

E3 + a ( )( )AAUAAC +2/1  

E4 - a ( )( )GAUGAC −2/1   
Asp 

 E4 + a ( )( )GAUGAC +2/1  

E5 - a ( )( )UGUUGC −2/1   
Cys 

E5 + a ( )( )UGUUGC +2/1  

E6 - a ( )( )CAGCAA −2/1   
Gln 

E6 + a ( )( )CAGCAA +2/1  

E7 - a ( )( )GAGGAA −2/1   
Glu 

E7 + a ( )( )GAGGAA +2/1  

E8 - a ( )( )CAUCAC −2/1   
His 

E8 + a ( )( )CAUCAC +2/1  

E9 - a ( )( )AAGAAA −2/1   
Lys 

E9 + a ( )( )AAGAAA +2/1  

E10 - a ( )( )UUUUUC −2/1   
Phe 

E10 + a ( )( )UUUUUC +2/1  

E11 - a ( )( )UAUUAC −2/1   
Tyr 

E11 + a ( )( )UAUUAC +2/1  
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The eigenvalues associated with each amino acid are not degenerate and the corresponding two 

eigenvectors are orthogonal and span a 2-dimensional Hilbert subspace. The action of the channel 

was to associate with each amino acid a 2-dimensional Hilbert subspace. 

 

3.3 Amino acids encoded by three codons 

 There is only one amino acid that is encoded by three codons, Ile. Following the 

assumptions the block B12 is: 
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The rows and columns are labeled with the base states on the DNA side. The eigenvalues and 

eigenvectors corresponding to this amino acid, on the protein side are shown in Table 3. 

 

 

Table 3. Eigenvalues and eigenvectors for the amino acid Ile encoded by three codons 

 

Protein side,   H’PROT 
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The eigenvalues associated with this amino acid are not degenerate and the corresponding three 

eigenvectors are orthogonal and span a 3-dimensional Hilbert subspace. The action of the channel 

was to associate this amino acid with a 3-dimensional Hilbert subspace. 

 

3.4 Amino acids encoded by four codons 

 Five amino acids are encoded by four codons, Ala, Gly, Pro, Thr and Val.  For example 

Ala is encoded by GCA, GCC, GCG and GCU. 

The five blocks in (3) that correspond to these amino acids have the form: 

 

17,16,15,14,13, =

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−
−

= M

Eaaia
aEaai
aiaEa
aaiaE

B

M

M

M

M

M                                                         (6) 

 

where M = 13, 14, 15, 16, 17  for Ala, Gly, Pro, Thr and Val, respectively. The eigenvalues and 

eigenvectors corresponding to blocks B13 – B17,  on protein side are shown in Tables 4 - 8. 

 

Table 4. Eigenvalues and eigenvectors for the amino acid Ala encoded by four codons 
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Table 5. Eigenvalues and eigenvectors for the amino acid Gly encoded by four codons 

 

 

 

Table 6. Eigenvalues and eigenvectors for the amino acid Pro encoded by four codons 
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Table 7. Eigenvalues and eigenvectors for the amino acid Thr encoded by four codons 
  

 

 

 

Table 8. Eigenvalues and eigenvectors for the amino acid Val encoded by four codons 
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The eigenvalues associated with each amino acid are not degenerate and the corresponding four 

eigenvectors are orthogonal and span a 4-dimensional Hilbert subspace. The action of the channel 

was to associate with each amino acid a 4-dimensional Hilbert subspace. 

 

3.5 Amino acids encoded by six codons 

 Three amino acids are encoded by six codons, Arg, Leu and Ser. Each one will be studied 

separately.   

Arg is encoded by CGA, CGC, CGG, CGU, AGA and AGG. The block B18 in (3) that 

correspond to this amino acid is: 
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 The rows and columns are labeled with the base states on the DNA side. The eigenvalues and 

eigenvectors corresponding to this amino acid, on protein side are shown in Table 9. 
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Table 9. Eigenvalues and eigenvectors for the amino acid Arg encoded by six codons 
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The rows and columns are labeled with the base states on the DNA side. The eigenvalues and 

eigenvectors corresponding to this amino acid, on protein side are shown in Table 10. 

Protein side,   H’PROT 
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Table 10. Eigenvalues and eigenvectors for the amino acid Leu encoded by six codons 

 

Ser is encoded by UCA, UCC, UCG, UCU, AGC and AGU. The block B20 in (3) that 
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20

20

20

20

20

20

20

000
000

0
00
0
00

Eaa
aEa
aEaiaa

aiEaa
aaaEai

aaaiE

AGU
AGC
UCU
UCG
UCC
UCA

B

AGUAGCUCUUCGUCCUCA

                                                  (9) 

The rows and columns are labeled with the base states on the DNA side. The eigenvalues and 

eigenvectors corresponding to this amino acid, on protein side are shown in Table 11. 

Protein side,   H’PROT 
 

 
Amino  
Acid Eigenvalue Eigenvector 

 
aE −19  UUGUUACUUiCUCi

3
1

3
1

32
1

32
1

+−
+

+
−−  

aE +19  UUGUUACUUiCUCi
3

1
3

1
32

1
32

1
++

+
−

+−  

 
( )aE 3119 +−  

UUGUUACUUi

CUGCUCiCUA

12
1

12
1

12
1

12
3

12
1

12
3

+−
+

−−
+

+
 

 
( )aE 3119 −+  

UUGUUACUUi

CUGCUCiCUA

12
1

12
1

12
1

12
3

12
1

12
3

++
−

+−
−

+−
 

 
( )aE 3119 −−  

UUGUUACUUi

CUGCUCiCUA

12
1

12
1

12
1

12
3

12
1

12
3

+−
+

−+
+

+−
 

 
 
 
 
 
 
 
 
 
 

Leu 

 
( )aE 3119 ++  

UUGUUACUUi

CUGCUCiCUA

12
1

12
1

12
1

12
3

12
1

12
3

++
−

++
−

+
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Table 11. Eigenvalues and eigenvectors for the amino acid Ser encoded by six codons 

 

 

The eigenvalues associated with each one of these three amino acids are not degenerate and the 

corresponding six eigenvectors are orthogonal and span a 6-dimensional Hilbert subspace. The 

action of the channel was to associate with each amino acid a 6-dimensional Hilbert subspace. 

 

 

 

 

 

Protein side,   H’PROT 
 

 
Amino  
Acid Eigenvalue Eigenvector 

 
aE −20  AGUAGCUCGiUCAi

3
1

3
1

32
1

32
1

+−
−

+
+−  

aE +20  AGUAGCUCGiUCAi
3

1
3

1
32

1
32

1
++

+
−

+
−  

 
( )aE 3120 +−  

AGUAGCUCU

UCGiUCCUCAi

12
1

12
1

12
3

12
1

12
3

12
1

+−

−
+−

++
−

 

 
( )aE 3120 −+  

AGUAGCUCU

UCGiUCCUCAi

12
1

12
1

12
3

12
1

12
3

12
1

++

−
+

+−
+

 

 
( )aE 3120 −−  

AGUAGCUCU

UCGiUCCUCAi

12
1

12
1

12
3

12
1

12
3

12
1

+−

+
+−

+−
−

 

 
 
 
 
 
 
 
 
 
 

Ser 

 
( )aE 3120 ++  

AGUAGCUCU

UCGiUCCUCAi

12
1

12
1

12
3

12
1

12
3

12
1

++

+
+

++
+
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4. Discussion  

  

 Classical information theory has been extensively used for the analysis and description of 

biological systems (Yockey, 2005). Furthermore, search and recognition theory has been used to 

reveal the information processing abilities of biological molecules (Hu and Shklovskii, 2006). It is 

well known that biological molecules such as DNA and proteins exhibit quantum mechanical 

properties (Home and Chattopadhyaya, 1996; Hollenberg, 2000). Since these molecules behave 

quantum-mechanically and since the world is quantum mechanical it is natural to attempt to use 

quantum information theory to study and describe information transfer between biological 

molecules.  

The aim of this paper is to develop a quantum mechanical model for information transfer 

from DNA to protein. The steps to develop such a model are to construct the Hamiltonian matrix, 

calculate is eigenvalues and then calculate its eigenvectors. We followed the Occam’s razor 

principle, i.e. the problem was to find the minimum number of parameters required to construct the 

Hamiltonian matrix. After several attempts, we finally used only one parameter namely “a”, to 

construct the Hamiltonian of equation (2) from the diagonal (classical) Hamiltonian of equation (1). 

We also used the donor-acceptor patterns of nucleotide bonds, which have been used for the 

consideration of the composition of the nucleotide alphabet from the perspective of error-coding 

theory used in computer science (Mac Dónaill, 2002; Mac Dónaill, 2003).   

The main biological consequence of this model is that Hamiltonian matrix has 61 non-

degenerate eigenvalues, that correspond to the twenty amino acids, which are encoded by 61 

codons. We do not examine the stop codons.  A different eigenvalue corresponds to the same amino 

acid matched and assembled with different anticodons. Therefore, it is possible for the same amino 

acid to participate in protein synthesis with different molecular energies. Two proteins with exactly 

the same series of amino acids may have different total energies during synthesis, if the same amino 
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acids are encoded by different codons. If this energy difference is large enough, it may lead to 

different protein foldings.     

5. Conclusions 

A model for the information transfer from DNA to protein using quantum information and 

computation techniques was presented in this paper. The model is based on the assumption that 

genetic information is conserved, and models DNA as the sender and proteins as the receiver of this 

information. The Hilbert space that describes the genetic information on the sender (DNA) side is 

spanned by 64 eigenvectors that are labeled with the 64 codons. The biochemical channel, through 

which the information is transferred, acts on the Hilbert space and separates it into subspaces. The 

Hilbert space that describes the genetic information on the receiver (protein) side has 18 different 

subspaces that are associated with the 18 amino acids that are encoded by more than one codon. 

Each subspace is spanned by the eigenvalues given in Tables 2 – 11. These subspaces are 

orthogonal to each other. The two amino acids that are encoded by only one codon are associated 

with the same eigenvalues and eigenvectors in both (DNA and protein) sides. Many questions 

remain open and the model presented here should be further expanded and elaborated, but this is a 

first step towards the construction of a complete model for information processing in biosystems, 

which will be based on quantum information and quantum communication. 

 

 

 

 

 

 

 

 



 21

References 

 

Aspuru-Guzik, A., Dutol, A. D., Love, P. J. and Heard-Gordon, M., 2005. Simulated quantum 
computation of molecular energies. Science 309, 1704-1707. 

Balakrishnan, J.,2002. Symmetry scheme for amino acid codons.  Physical Review E. 65, 021912. 

Bashford, J. D., Tsohantjis, I. and Jarvis, P.D., 1998. A. supersymmetric model for the evolution of 
the genetic code”, Proceedings of the National Academy of Sciences. 95, 987-992. 

Davies, P.C.W., 2004. Does quantum mechanics play a non-trivial role in life? Biosystems. 78, 69-
79.  

Davis, P., 2005. A quantum recipe for life. Nature, 437, 819 (essay).  

Douhal, A., Kim, S. K. and Zewail, A. H., 1995. Femtosecond molecular dynamics of 
tautomerization in model base pairs. Nature. 378, 260-263. 

Eduardo, J. , Hornos, M. and  Hornos, Y.M.M., 1993. Algebraic model for the evolution of the 
genetic code.. Physical Review Letters.  71, 4401-4404.  

Forger, M. & Sachse, S., 2000. Lie superalgebras and the multiplet  structure of the genetic code. I. 
Codon representations. J. Math. Phys. 41, 5407-5422. 

Frappat, L., Sorba, P. and  Sciarrino, A., 1998. A crystal base for the genetic code. Physics Letters 
A. 250, 214-221. 

Galino, J.F., Bermudez, C. I. and Daza, E. E., 2006. tRNA structure from a graph and quantum 
theoretical perspective. Journal of Theoretical Biology. 240, 574-582. 

Hackermuller, L., Uttenthaler,  S., Hornberger, C., Reiger, E., Brezger, B., Zeilinger A. and  Arndt, 
M., 2003. Wave nature of biomolecules and fluorofullerenes.  Physical Review Letters. 91, 
090408. 

Home, D., and Chattopadhyaya, R., 1996. DNA molecular cousin of Schroedinger’s cat. Physical 
Review Letters. 76, 2836 - 2839. 

Hollenberg, L. C. L., 2000. Fast quantum search in protein sequence comparisons: Quantum 
bioinformatics. Physical Review E. 62, 7532-7535.  

Hu, T., and Shklovskii, B. I., 2006. How does a protein search for the specific site on DNA. 
Physical Review E. 74, 021903.  

Karafyllidis, I. G., 2003. Cellular quantum computer architecture. Physics Letters A. 320, 35-38. 

Karafyllidis, I.G., 2004. Definition and evolution of quantum cellular automata with two qubits per 
cell. Physical Review A, 70, 044301.  

Karafyllidis, I. G., 2005. Quantum Computer Simulator based on the Circuit Model of Quantum 
Computation.  IEEE Transactions on Circuits and Systems I. 52 , 1590-1596.  

Kryachko, E. S., 2002. The origin of spontaneous point mutations in DNA via Lodwin Mechanism 
of proton tunneling in DNA base pairs. International Journal of Quantum Chemistry. 90, 910-
923.  



 22

Lowdin, P. O., 1963. Proton tunneling in DNA and its biological implications. Reviews of Modern 
Physics. 35, 724-732. 

Mac Dónaill, D. A., 2002. A parity code interpretation of nucleotide alphabet composition. 
Chemical Communications. 18, 2062-2063. 

Mac Dónaill, D. A., 2003. Why nature chose A, C, G and U/T: An error-coding perspective of 
nucleotide alphabet composition. Origins of Life and Evolution of the Biosphere. 33, 433-455. 

Matsuno, K., and Paton, R. C., 2000. Is there a biology of quantum information?  Biosystems. 55, 
39-46.  

Nielsen M.A. and Chuang I. L., 2000. Quantum computation and quantum information, Cambridge 
Univ. Press, Cambridge.  

Wagner, H., Baake, E. and Gerisch, T., 1998. Ising quantum chain and sequence evolution. Journal 
of Statistical Physics. 92, 1017-1052.  

Wolfe, S. L.: Molecular and cellular biology, Wadsworth, Belmond, California, 1993.  

Yockey, H. P., 2005. Information theory, evolution and the origin of life. Cambridge Univ. Press, 
Cambridge.  

York, D. M, Lee, T. S. and Yang W., 1998. Quantum mechanical treatment of biological 
macromolecules in solution using linear-scaling electronic structure methods. Physical Review 
Letters. 80, 5011-5014. 


