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Abstract 
The nature of specific protein-nucleic acid interaction 
between restriction endonucleases (RE) and their 
recognition sequences (RS) was studied by bioinformatics 
methods. It was found that the frequency of 5-6 residue 
long RS-like oligonucleotides is unexpectedly high in the 
nucleic acid sequence of the corresponding RE (p<0.05 
and p<0.001 respectively, n=7). There is an extensive 
conservation of these RS-like sequences in RE 
isoschizomers. A review of the seven available 
crystallographic studies showed that the amino acids 
coded by codons that are subsets of recognition sequences 
were often closely located to the RS itself and they were 
in many cases directly adjacent to the codon-like triplets 
in the RS. Ten examples of this codon - amino acid co-
localization are presented. The distance between the 
nitrogen and oxygen atoms of the co-localized molecules 
is short, 3.74+/-0.46 Å (mean +/- S.E.), indicating that an 
interaction between the nucleic- and amino acids might 
occur.  
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1 Introduction 
The nature of specific protein – nucleic acid interactions 
is not well understood. The interaction between 
transcription factors and promoters has been studied most 
extensively. However, that system is very complex and 
there has been, so far, no simple, general conclusion 
drawn from these studies. The interaction of restriction 
enzymes (REs) with their recognition sequences (RSs) is 
also highly specific. Furthermore, the protein-binding site 
is often short (5-7 nucleotides) and simple (tandem 
repeat, where the sense and anti-sense strands are 
identical). The RE-RS system is also extensively studied 
because of its great biotechnological importance. These 
circumstances makes the RE family an interesting case 
study of specific nucleic acid – protein interactions.  

Our previous study [1] convinced us that the codon 
translation table is not random and that there is a common  
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periodicity in the codon structure and the physico-
chemical properties of the amino acids. We interpreted 
those results in favor of Woese who argued [2] that the 
genetic code developed in a close connection to the 
amino acid repertoire and that this close biochemical 
connection is fundamental to specific protein – nucleic 
acid interactions. This consideration led us to ask whether 
the genetic code could be somehow the bridge between a 
nucleic acid sequence (here the RS) and the amino acid 
sequence (here the RE) that specifically recognizes it.  

2 Materials and methods 
Restriction enzyme data was collected from REBASE [3], 
GenBank [4], SwissProt [5] and the Protein DataBank 
(PDB) [6].  Nucleic acid and protein sequences were 
aligned and compared to each other using ClustalW [7] 
and the similarities were visualized using Jalview [8]. In 
some cases the nucleic acid sequences were 
overlappingly translated into virtual protein-like 
sequences [9]. We found that overlappingly translated 
sequences (OTS) are especially useful for detecting and 
visualizing short sequence similarities (in contrast to 
regularly translated proteins, unpublished) because they 
retain all the information present in the nucleic acid 
sequences, while the regular, non-overlapping translation 
looses as much as 2/3rd of information because of codon 
redundancy.  

This study was limited to those restrictions endonucleases 
whose recognition sequence was unambiguous and where 
sequence and structure data of the DNA-enzyme complex 
was publicly available. One thousand residue long 
repeating sequences were constructed from the RS-s. 
These artificial repeats were compared to the RE nucleic 
acid sequences using ClustalW to find RS-like 
oligonucleotides. This method found most, but not all, 
RS-like sequences. In some cases it was necessary to 
complete this approach with searching using text search 
tools and counting of 4-8 nucleic acid long, RS-like 
oligonucleotides. 

The crystallographic structures were visualized and 
analyzed using Swiss-PdbViewer [10]. The student’s t–
test was used for statistical evaluation of the results [11]. 

3 Results 
The restriction enzyme PstI has 11 cloned and sequenced 
isoschizomers (restriction enzymes that recognize the 
same DNA sequence; the cut sites may or may not be 
identical.). They all specifically recognize the sequence 
CTGCAG in direct (D) reading;  this is identical to its 
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reversed and complemented (RC) sequence. The reverse 
(R) and complementary (C) readings are GACGTC. 
These short sequences were repeated 167 times to form 
two about 1000 residue long repeats of this recognition 
site, called CTGCAG-ND-1000 and GACGTC-NR-1000. 
When RS-repeats were aligned to the RE, using the 
ClustalW program, many short RS-like sequences were 
found in the RE-coding DNA (Figure 1). However the 
nucleic acid alignment turned out to be very “noisy” 
because of many identical single nucleotides. Therefore 
both the RE and RS nucleic acids were overlappingly 
translated and the OTS sequences were aligned using 
ClustalW. This approach effectively filtered the single 
nucleotide similarities. Neither the nucleic acid nor the 
OTS alignment found all RS-like residues and the two 
approaches gave slightly different results (different 
nucleotides in the last wobble positions are often 
interpreted to code for the same amino acid).   

 
Figure 1:ClustalW Alignment of PstI Coding Sequences and the 
PstI Recognition Sequence. The PstI nucleic acid sequence was 
compared to PstI RS repeats (direct, D and reverse, R readings) as 
nucleic acids (N) and as Overlappingly Translated Sequences (P). The 
result of the alignments is visualized by Jalview where the shaded areas 
emphasize sequence identity. The consensus calculations are also shown 
above and below the sequences (Quality). Only residues 801-850 of the 
enzyme are shown. 

Multiple sequence alignment (MSA) of the 11 PstI 
isoschizomers showed that these enzymes are similar to 
each other, as was expected. A simultaneous MSA 
involving the RS-like repeats showed that a substantial 
number of the similarities between enzymes are caused 
by common short sequence similarities to their common 
RS (Figure 2). It was found that even the reverse RS-like 
sequences are represented in the REs. A large number of 
RS-like sequences are present in the majority of the RE 
sequences at the same position. This conservation 
indicates that the involved residues are significant even if 
they are only 1-2 OTS letters (3-4 nucleic acids) long.  

It was necessary to study the known three-dimensional 
structures of the RS-RE complexes to understand the 
biological meaning of the presence of RS-like sequences 
in the REs and its possible effects on the specific DNA-
protein interaction. Crystallographic data for seven 
different REs was available in July 2003 (Table I). 

These enzymes (except two) are not isoschizomers. The 
nucleic acid sequence of each was aligned to its own RS 

Figure 2.: Recognition Sequence – like Sites in the Restriction 
Enzymes: Multiple Sequence Alignment (MSA) of 11 REs (PstI 
isoschizomers) and their common RS. The coding sequences of the 
enzymes and the direct (Dir, D) and reverse (Rev, R) readings of the 
poly-RSs were Overlappingly Translated before the MSAs were 
performed. The first and last alignments include all 13 sequences 
(colored by ClustalW colors, first and by conservation, last) while the 
middle 11 alignments indicate individual comparisons of the enzymes to 
their common RS (colored by conservation).  The section of the 
alignments seen corresponds to residues 1601-1904 of PstI . 

Table I 

 
– repeat. (OTS were not used in this study.) The results 
ofthe ClustalW alignments were manually checked and 
completed. The number and position in the RE sequence 
of each RS-like oligonucleotide longer than 3 residues 
was counted and recorded. The amino acids that 
corresponded most closely to these oligonucleotides 
(using the regular, 3-letter, non-overlapping codon table) 
were localized in the protein sequences and 3D structures 
of the enzymes. The RS-like sequences found using this 



method are summarized in Table I. The locations of the 
corresponding amino acids are illustrated in Figure 3.   

The statistical evaluation of the results was based on the 
calculation of the number of strings which are expected 
(E) to be found in a L residues long sequence only by 
chance and compare this number with the number of the 
same strings that are really found (F). The formula 
E=L/4n  was used, where n is the number of residues in 
the string. The result of this statistical evaluation is shown 
in Figure 4. The first 2 bars of the figure (marked by *) 
require additional explanation ; this also gives an example 
of our calculations. We have found one 7-residue and one 
8-residue long RS-like sequence in Nael, which is 954 
residues long. The expected values are 954/47=0.058 and 
954/48=0.014 respectively, whereas F=1 in each case. 
Thus the F/E ratios are 17.2 and 71.4 respectively, 
indicating that these findings are significant although it 
was not possible to use the student’s t-test on these single 
values.  

 
Figure 3: The Location of  RS-like Sequences in the 3D Structure of 
REs. The figure shows the characteristic structure of REs: two identical 
subunits around dsDNA (the RS). One subunit is left intact (continuous 
solid 3D rendering of the backbone). The other subunit is used to 
indicate the amino acids that are coded by nucleic acids corresponding 
to the RS-like sequences in their coding DNA (interrupted ribbon 
structure). The color code of the ribbon backbone indicates the length of 
the RS-like strings: yellow = 3, orange = 4, pink = 5, red >= 6 (strings 
<3 residues long are not indicated ).  The solid spirals indicate the 
dsDNA;  the red and blue lines are the RSs while the white parts are not 
RSs. (The EcoRI structure is an exception, there is only a single DNA 
strand and only one enzyme subunit). 

Figure 4.: Expected (E) vs. Found (F) RS-like Oligonucleotides in 
the REs. Expected and observed  numbers (N) of RS-like nucleotides 
from 4 to 8 residues long are shown.  Statistically significant E - F 
differences are indicated. NS: not significant, *: single value. For details 
see the Results 

The distribution of amino acids related to 3-4 residue 
long RS-like sequences in the REs seems to be rather 
even, however there is a tendency for the amino acids that 
are related to longer (5-8 long) RS-like oligonucleotides 
to be located close to the DNA. A substantial number of 
the amino acids that are located in grooves of the RS-
DNA are  coded by RS-like codons (Figure 5). 

Figure 5.: Amino Acids in REs Coded by RS-like Codons and Co-
located with RSs.  The color code of the ribbon backbone indicates the 
length of the RS-like strings: yellow = 3, orange = 4, pink = 5, red >= 6. 
The solid spirals indicate the dsDNA (with the phopho-deoxyribosyl 
backbone); the red and blue lines are the RSs while the white lines are 
not RSs. (EcoRI is an exception, there is only a single DNA strand). 
a.a.: amino acid 



 

It was possible to find many examples where an amino 
acid was co-located with its codon–like triplet in the RS 
(Figure  6).  

 

Figure 6.: Co-location of Codon-like Triplets and Amino Acids in 
RE-RS Complexes.  Examples are taken from Figure 5. 

In ten cases the nitrogen (N) or oxygen (O) atoms in the 
amino acid residue were within direct or indirect 
hydrogen bonding distance to an O or N atom in the first 
or second nucleotide residue of its codon-like triplet in 
the RS. These amino acids, the codon-like triplets and the 
distance between the closest atoms are listed in the Table 
II. The average distance between the  atoms indicated is 
3.74+/-0.36 A (mean+/- S.E., n=10). These distances are 
short enough to indicate interactions (probably through 
H-bridges) between the molecules. We have found many 
examples where an amino acid was co-located with its 
codon-like triplet in the RS but without interaction with 
the nucleic acid bases. In these cases the amino acid 
residues were aligned along the phopho-deoxyribosyl 
backbone of the DNA, close to the O atoms in the 
phosphate groups. A rather interesting example for this 
type of molecular alignment was found in EcoRI (part of  
Figure 6).  

In this example all the four theoretically possible 
overlappingly translated amino acids of the sequence 
CGAATT were co-located with the RS (GAATTC). 

Only examples of supposed interactions between the 
amino acid residue and nucleic acid bases are listed here 
and the numerous examples of interactions involving the 
nucleic acid phosphate–deoxyribose backbone are not 
shown. 

Table II 

 

4 Discussion 
Specific DNA-protein interactions are very important in 
the regulatory network of the genome. The exact rules of 
these interactions are not well understood. The known 
forms of  DNA (the Double Helix) are closed, inverted 
structures where the molecular information is not directly 
exposed on the surface [12]. However the major groove is 
rich in chemical information. The edges of each base pair 
are exposed in the major and minor grooves, creating a 
pattern of hydrogen bond donors (D) and acceptors (A) 
and of van der Waals surfaces (methyl group, M; 
nonpolar hydrogen, H) that identifies the base pair [13]. 
There is a unique and logical link between  1., the 
nucleotide sequence of the DNA that specifically 
interacts with a protein; 2., the pattern of D, A, M, H 
properties in the grooves of that DNA sequence; 3., the 
physicochemical properties of the protein that interacts 
with it and 4., the DNA coding the amino acids of  that 
protein.  The question is whether this unique and logical 
link is the genetic code itself.  



 

This question was already formulated in the 1960s and 
there are basically two distinct opinions. Francis Crick 
could not see any logical connection between the 
structure of the genetic code and the physicochemical 
properties of the amino acids and he regarded it just a 
“frozen accident” [14]. On the other side, Woese [2] 
propagated the theory of the coevolution of proteins and 
nucleic acids and argued for a specific stereochemical 
connection between the amino acids and their codons. We 
succeeded in constructing a “Common Periodic Table of 
Codons and Amino Acids” [1] (Biro et al, 2003) and so 
became fellows of Woese. 

The REs are known to interact very specifically with their 
RSs. We tried to find RS-like oligonucleotides in the 
coding sequences of the REs. The RSs are usually simple, 
short sequences, and it is not possible to find 3-6 residue 
long sequences by using conventional sequence similarity 
searching methods such as BLAST or FASTA. However, 
an unconventional method, the multiple sequence 
alignment of overlappingly translated sequences,, seems 
to be useful for finding and visualizing short sequence 
similarities. The method is rapid and informative. A 
disadvantage is that there are no methods developed for 
exact statistical evaluation of the results. We were able to 
confirm that PstI isoschizomers are rather similar to each 
other and contain conserved sequences (as expected). 
However, we also made the new observation, that many 
of these sequence conservations are short, conserved, RS-
like sequences.  Even if some of the shortest (3-4 nucleic 
acid long) RS-like sequences could easily have been 
found by chance, the conservation indicates biological 
significance. 

This indication was further strengthened by our second 
study of seven REs with  known 3D structures. A 
statistically significant overrepresentation of 5-8 residue 
long  RS-like sequences were found in the coding 
sequences of these enzymes. Conservation and 
overrepresentation do not automatically confirm a 
biological role, however it is a strong argument for one 
[15].  Codons for alanine, glycine, valine and aspartate 
have relatively high frequency in the acceptor stems of 
their respective tRNAs [16]. The tRNAs with 
complementary anticodons also had some kind of 
complementarity with their acceptor stems [17]. Such 
relationships could support the hypothesis that one or 
more anticodon nucleotides were historically related to an 
acceptor stem nucleotide needed for aminoacylation, i.e. 
they are signs of codon – amino acid co-evolution.  

Even more convincing evidence is, of course, the 
visualization of a stereochemical relationship between a 
particular codon and its amino acid. The increasing 
amount of freely available crystallographic data, 
including structures of DNA-protein complexes, might 
give us this type of evidence and we show here an 
example of it. We were able to find ten examples where a 
nucleic acid was co-located with its own codon in such a 
way that it might indicate a stereospecific interaction. In 
each example atoms with opposite partial charge (N, O) 
were involved, they were close enough to each other to 
interact, and the first or second bases but never the third 
(wobble) base of the codon were co-located with the 

amino acid side-chain. However, the number of examples 
is few, the majority of the involved amino acids are 
charged and there is a particular over-representation of 
Arginine. We are aware of some early model studies [18, 
19] indicating stereochemical relationship between 
coding triplets and amino acids, as well as the error in 
that model building [20]. We don’t want to repeat that 
mistake while searching for a fallen apple close to its tree.  
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