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NUCLEOSIDES & NUCLEOTIDES, 3 ( 5 ) ,  445-483 (1984)  

COVALENT INTERACTION OF PROTEZNS AND NUCLEIC ACIDS. 
SYNTHETIC AND NATURAL NUCLEOTIDE-PEPTIDES 

B. A. Juodka 

Vilnius State University, Vilnius, Lithuanian SSR, USSR 

Abstract. The review reports data on the occurrence, structure 
and functions of covalent nucleotide and NA-protein complexes. 
Methods of synthesis of model nucleotide-peptides with phosphoester 
and phosphoamide bonds and their hydrolytic properties are discussed. 
Separate sections are devoted to methods of specific cleavage of 
phosphoamide and phosphoester bonds in nucleotide-peptides and their 
application in biochemistry. 

In recent years covalent NA-protein structures have been isolated from 
various prokaryotic and eukaryotic sources. On the functioning of certain 
enzymes, covalent nucleotide-protein complexes are formed. Researchers are 
interested in their structure, including the interbiopolymer bond type, and 
functions. Synthetic nucleotide-peptides with different covalent bonds between 
the components can play an important role in solving these problem. It has been 
found that in practically all natural nucleotide- and NA-protein structures, with 

the exception of compounds containing activated amino acid, the protein part of 
the molecules is linked to the NA or the nucleotide through the phosphate residue. 
Therefore, various derivatives of nucleotides and oligonucleotides were studied, 
where the amino acids (peptides) are linked just through the phosphoric acid 
residue. On the other hand, the protein molecule can be linked to the phosphate 
residue through any functional group of its own. Therefore, the properties of 
models with the phosphoester bond, in the formation of which amino acids 
containing the hydroxyl group are involved, have been studied, as well as those of 
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446  JUODKA 

models with the phosphoamide bond, in the formation of which the imidazole ring 
of histidine, the c-amino group of lysine and the a-amino group of various amino 
acids are involved. Of particular importance was a detailed study of the effect of 
the structure of nucleotide and amino acid components and of the functional 

environment on the behavior of a particular nucleotide-peptide linkage in 

synthetic nucleotide-peptides. On isolation and various treatment of NA-protein 

structures, functional groups of the N A  and the protein can find themselves near 
the interbiopolymer bond linking the individual components of covalent nucleic 
acid and nucleotide-protein complexes. It is necessary to know how they will 
affect the properties of this bond. Migration of the NA- or the nucleotide residue 
from one functional group of amino acids to another is especially dangerous. Such 
migration can lead to an erroneous conclusion about the nature of the nucleotide- 
peptide linkage in the native complex. A study of model compounds can help to 
avoid the danger. The purpose of the present review is to summarize data on the 
occurrence, structure and functions of natural covalent nucleotide- and NA- 

protein complexes, as well as data on the synthesis, the study of properties, and 
the application of synthetic nucleotide-peptides of the phosphoamide and the 
phosphoester type. The results concerning synthetic nucleotide-peptides, obtained 
before 1968, were published in Review.' Some data on natural covalent 
nucleotide- and NA-protein complexes were reported in Review.' 

1. NATURAL NUCLEOTIDE- AND NA-PROTEIN COMPLEXES 
Biological functions of nucleic acids manifest theinselves in direct contact 

with proteins. Nearly all nucleic acids in vivo are found in the form of complexes 
with proteins. The interaction of nucleic acids and proteins in such complexes is 
mainly non-covalent. However, in the process of protein biosynthesis, under the 
action of a number of enzymes, as well as on the synthesis and functioning of 
certain nucleic acids, covalent nucleotide- and NA-protein structures (natural 
nucleotide-peptides) are also formed. In recent years a number of works dealing 
with the structure and functions of natural nucleotide-peptides have appeared. 
The aim of the present section of the review is to consider the occurrence, 
structure and functions of nucleotide- and NA-protein complexes. 

1.1. Nucleotide-protein complexes 
A number of enzymes forming covalent complexes with nucleotides are 

known at present. These are enzymes, catalyzing different chemical reactions 
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NUCLEOTIDE-PEPTIDES 447 

according to the ttping-pong't mechanism, such as DNA and RNA ligases, glutamine 
synthetase, aspartylkinase, galactose-1-phosphate uridylyltransferase, a number 

of phosphodiesterases, RNA-polymerase and, possibly, aminoacyl-tRNA 
synthetase. 

1.1.1. Complexes of NA ligases and adenylic acid. In 1967 new enzymes, 
DNA ligases (EC 6.5.1), were isolated from Escherichia coli and E. @ infected 
with phages. The DNA ligases catalyze NAD' or ATP-dependent linking of 
oligonucleotides (polynucleotides) on the complementary matrix and play an 
important role in the reparation, replication and genetic recombination (see 
Reviewstd). 

The DNA ligase has been found in or isolated from various prokaryotic and 
eukaryotic sources (see which indicates the  universality of the 
enzyme. Shortly after the discovery of the DNA ligase, there appeared works 
discussing the mechanism of its action. It was shown (see Review ) that one of 
the substrates of the g. &i DNA ligase (EC 6.5.1.2) is the coenzyme NAD', 

which breaks down into AMP and nicotinamide mononucleotide as a result of the 

reaction. The DNA ligase from E. coli infected with phages (see Review ), from 
animals and plants (see Review 1 (EC 6.5.1.1) requires the presence of ATP to put 
the ligase in action. In the course of the reaction the ATP breaks down into AMP 
and pyrophosphate. In the first step of the DNA ligase reaction, the ligase-AMP 

7 complex, which was discovered in 1967, is formed in all cases.6 I t  was found 
that, in the complex from E. coli and g. & infected with T4 phages, the AMP is 
linked to the enzyme through the c-amino group of lysine by a phosphoamide 
bond. In the case of eukaryotes the fine structure of the adenylate-DNA ligase 
complex has not been determined. 

In 1972 a new enzyme, R N A  ligase (EC 6.5.1.3) (see Review ), catalyzing 
ATP-dependent cyclization and linking of oligonucleotides, was isolated from E. 
- coli infected with T4 phages. It was shown (see Review ) that, in the first step of 

9 the RNA ligase reaction, the enzyme-AMP complex is also formed. Apparently, 
in this case, the AMP is also linked to the ligase through the c-amino group of 
lysine by a phosphoamide bond. 

5 

5 
4 

8 

8 

1.1.2. Nucleotide-peptides formed on regulating the action of glutamine 
synthetase. Glutamine synthetase (EC 6.3.1.2) catalyzes important metabolic 
amino acid and nitrogen reactions-biosynthesis of glutamine from glutaminic acid 
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448 JUODKA 

and ammonia in the presence of ATP. The enzyme was found in most various 
prokaryotic and eukaryotic sources (see References ). Glutamine synthetase, 
which is a very complex enzyme, has been studied most thoroughly in the case of 
- -  E. coli. I t  was found" that, under the action of adenylyltransferase, adenylic 
acid is linked to  glutamine synthetase t o  form the  AMP-glutamine synthetase 
complex, which lacks enzymatic activity. It was shown" that t he  AMP is linked 
t o  the tyrosine residue of glutamine synthetase by a phosphodiester bond. The 
activity of adenylyltransferase turned out t o  be regulated by protein Pll  ( M  
44,000).12 Uridylylation and deuridylylation of protein Pll, in their turn, regulate 
its activity. I t  was found13 that in the UMP-protein Pll  complex the nucleotide 
is linked to  the tyrosine residue of the protein by a phosphodiester bond. 

Thus, on regulating the action of glutamine synthetase, two covalent 
nucleotide-protein complexes are formed. In both cases the nucleotide is linked 
t o  the tyrosine residue of the proteins by a phosphodiester bond. 

2 

1.1.3. The AMP-aspartylkinase complex. Aspartylkinase (EC 2.7.2.4) 

catalyzes the ATP-dependent conversion of aspartic acid t o  4-phosphoaspartic 
14,15 acid. In E. &i three aspartylkinases have been found. 14,15 I t  was shown 

that aspartylkinase I11 in vivo is found both in the active and in the inactive forms. 
The inactive form of the enzyme is characterized by the presence of the AMP 
residue linked t o  it. The nature of t h e  covalent bond by which the  AMP is linked 
to  the protein is unknown. 

Adenylylation of aspartylkinase I11 is connected with the regulation of i ts  
15 act ion. 

1.1.4. U MPgalac tose-lphosphate uridylyltransf erase. Galactose-l- 
phosphate uridylyltransferase (EC 2.7.7.12) catalyzes the reversible 
transformation of UDP-glucose into UDP-galactose. The enzyme was found in 

2 microorganisms, animals and plants (see References ). The enzyme from E. coli 
has been studied most extensively. I t  was shown" that  the reaction proceeds 
through the UMP-galactose 1-phosphate uridylyltransferase complex (UMP-E). I t  
has been found recentlyl'l that  the UMP is linked to  the protein by a 
phosphoamide bond through the imidazole ring of histidine. 

1.1.5. Other nucleotideenzyme complexes. From various sources a 
number of other enzymes have been isolated, the functioning of which leads to  the 
formation of stable complexes with nucleotides. To such enzymes belong 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



NUCLEOTIDE-PEPTIDES 449 

nucleotide phosphodiesterases (EC 3.1.4.1). It has been shown or discussed that, 
at one of the stages of the action of 5'-nucleotide phosphodiesterase from bovine 
intestines, l8 snake venom, certain plants, guanylyltransferase from HeLa 
cells,21 3'-nucleotide phosphodiesterase from spleen,22 exonuclease A5,23 a 
covalent nucleotide-enzyme complex is formed. However, the nature of the bond 
has not been determined with certainty. 

It is assumed24 that, on the functioning of aminoacyl-tRNA-synthetases, a 
covalent complex with AMP is also formed. It has been found that adenylylation 
and deadenylylation is one of the ways of regulating the action of g. @ RNA 
p o l y m e r a ~ e . ~ ~  It has been shown recently that the AMP is covalently bonded to 
the a-subunit of RNA polymerase. 

In conclusion it may be said, that under the action of a number of enzymes, 
the nucleotides are covalently bonded to the protein. In some cases nucleotide- 
protein complexes are formed as intermediates of enzymatic reactions, while in 
others the linking of the nucleotide to the enzyme plays the regulating role. 
However, the nature of the covalent bond in nucleotide-enzyme complexes has 
been determined only in a few cases. 

26 

1.2. DNAprotein structures 
In cells of all organisins DNA are specifically linked to proteins, peptides 

and other natural compounds, forming a complex functioning genetic apparatus. 
The interaction of DNA and proteins is mainly non-covalent. However, it has long 
been found that DNA of various origin contain about 0.1-3% residual protein, the 
functions of which have not been found (see References 1. The first attempt to 
determine the structure of this type of DNA-protein complex were made with 
DNA from rat liver nuclei.27 The authors have shown that the bond between the 
DNA and the protein is labile in acid. They failed, however, to determine the 
nature of the bond. With DNA from bovine sperm and human leucocytes, the 

28 amino acid composition of the residual peptide has been determined, 
aminohydroxy acids accounting for the greater part of them. It might be thought 
that it is the aminohydroxy acids that Dlav a particular role in the formation of 
the DNA-peptide complex and are linked directly to the polynucleotide chain. 
The discovery of 0-phosphoserine in acidic hydrolyzates of DNA and a change in 

the molecular weight of DNA under the action of hydroxylamine led to the 
assumption2* that peptides or proteins bind individual single- and doublestranded 
fragments of DNA into a native molecule. Analogous protein linkers were also 
assurned in the case of DNA from E. @.29 A further study of the DNA-peptide 
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450 JUODKA 

complex from E. has shown that under the action of pronase there is no 

decrease in the molecular weight of DNA. This fact allowed the authors to 
abandon the hypothesis about protein binding in the DNA and led them to assume 

that the peptides are linked to the DNA through the internucleotide phosphate 
residue by a phosphoamide bond. 

Similar DNA-peptides have been isolated from Ehrlich ascites cells, 
animals 33-35 and plants.36 Under the action of pronase on DNA from Ehrlich 
ascites cells, a decrease in the sedimentation constant from 70 to 26 s was 
observed.30 The authors assume that the DNA under consideration has protein 
linkers. Their molecular weight is 54,000-68,000. The molecular weight of the 
DNA, isolated after alkaline denaturation and treatment of the DNA-protein 
complex with proteases, is 8.5 -10 [311. I t  is interesting to note that incubation 
of the complex with nuclease S has led to DNA with the same molecular weight. 
The whole complex of experimental data made it possible to conclude that the 
DNA-protein complexes concerned contain protein linkers in both chains of the 
DNA and that there is no overlap. Recent data on the nature of the chemical 
bonds between the individual fragments of the DNA suggest that they are linked 
by a phosphodiester bond. 

The functions of protein linkers are unknown. It is possible that they impart 
flexibility to the rigid D N A  molecule and facilitate its packing in the virus 
particle2* or in chromatin.34 It is assumed31 that peptide linkers are initiation 
points of replication of eukaryotic DNA. 

In E. coli infected with phage P1, transducing particles consisting of phage 
P1, E. coli DNA and protein have been found.38 They were labile in alkali, which 
led the authors to assume the presence of the ester bond. 

Covalently bound proteins have recently been found in DNA from human and 
simian adenoviruses (see References2939), bacteriophages $29 (see 
References39940), $15, M2,42 GA-1. 43’44 These DNA, isolated by extraction in 
the presence of proteolytic enzymes, have a linear double-stranded structure with 

7 7 a molecular weight of about 1-1.2 -10 in the case of bacteriophages and 2.3 - 10 
in the case of adenoviruses. The DNA isolated in the absence of proteases was 

shown to have a circular multistrand focus or, with a high virus concentration, an 
oligomeric structure (see References ). Most of such structures are resistant to 
various chemical agents.2 However, proteases or sodium dodecylsulphate readily 
convert all these forms of DNA to linear bihelical molecules.2 The formation of 

these DNAs was found to be determined by non-specific interaction of the 
proteins linked to both ends of linear bihelical DNA (see References ). 

30-32 

6 

1 

37 

2 
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DNA-protein structures have been studied more extensively in the case of 
DNA from type 2 and type 5 human adenoviruses (Ad2, Ad51 and from 
bacteriophage $29. It has been found45 that the amount of protein in such DNA- 

protein complexes does not exceed 2% of the total weight of the complex. The 
45 molecular weight of the protein fragments is about 55,000 with adenoviruses 

and in the range of 28,000-31,000 with bacteriophage +29.39 The stability of the 
complexes to a number of chemical agents made it possible to conclude that the 
protein is linked to the DNA by a covalent bond (see References 1. Recent 

2 research has shown (see References ) that the protein is linked to both 5' ends of 
the DNA. It has been found4' that the 5' ends of Ad5 DNA, to which the proteins 
are linked, are non-hybridized. The length of the single-stranded fragment is less 
than 10  nucleotides. Elucidation of the nucleotide sequence of the terminal 
fragments of DNA from ~ d 2 , ~ ~ , ~ ~  Ad549 and phage +2950,51 has shown that DNA 
from adenoviruses have dCMP at the 5' ends of both chains, while $29 DNA has 
dAMP at these sites. In both cases the protein was found to be linked to the DNA 
by a phosphoester bond through the hydroxyl group of serine. 

The functions of the protein in the DNA-protein complex are unknown. I t  is 
assumed that the protein can protect the DNA from the action of exonucleases 
and participate in transfection (see References ). There exists a view48 that the 
protein can play a structural role in DNA packing in the virus particle. The 
functions of this protein are most probably connected with DNA r e p l i ~ a t i o n . ~ ~  A 
model has been proposed,45 that involves the DNA-protein complex in the 
replication mechanism and does not require cyclization and concatamerization of 
DNA. It has been shown recently (see Review5') that adenoviruses have an 
enzymatic system catalyzing the formation of a covalent deoxycytidylate - 
protein complex. The molecular weight of the protein is not 55,000 but 80,000. 
The linkage in the deoxycytidylate-protein complex is analogous to that in the 

DNA-protein complex. All this implies that the linking of the protein with a 
molecular weight of 80,000 to dCMP is t h e  first step in adenovirus DNA 
replication. An analogous mechanism of initiation of replication has been 
proposed in the case of phage $29. 

The above examples of covalent DNA-protein structures are not isolated 
cases. It was found in 197555 that on treatment of DNA from SV 40 or from 
virus-infected cells with 1M NaC1, two or three proteins remain firmly bound to 
it. It has been shown recently56 that, on isolation of SV 40 DNA in the presence 
of sodium dodecylsulphate, one of two complementary strands of circular DNA is 

broken, and a covalent DNA-protein complex is formed. The protein was found to 

2 

40,52 

2 
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4 5 2  JUODKA 

be linked to one end of the broken strand of the circular DNA. However, i t  is not 
known to which end of the polynucleotide chain and by what bond it is linked. 
Practically nothing is known about the functions of the protein complex. I t  is 
possible that the  protein plays a certain role in the initiation of DNA replication, 
as well as a t  early stages of transfection. 55,56 

A number of other covalent DNA-protein complexes formed under the  

action of protein on supercoiled DNA have been described. One of such proteins 
57,58 is specific endonuclease in the case of the relaxation complex of Helinsky. 

The relaxation complex from plasmids Col E l  was shown to consist of a 
supercoiled circular DNA and three proteins with molecular weights of 60,000, 
16,000 and 11,000. In the complex these proteins are linked to the DNA by non- 
covalent bonds. The action of proteases or sodium dodecylsulphate on the 
complex induces DNA r e l a ~ a t i o n , ~ ~  which results in the breakage of its heavy 
strand. The DNA molecule is converted to its open-circular form, and the protein 
with a molecular weight of 60,000 remains lirlked to the broken heavy strand by a 
covalent bond.57 The protein was found to be linked to the 5'-terminal nucleotide 
of the broken strand of the  DNA.58 Neither the nature of the chemical bond 
between the DNA and the protein nor the biological functions of the DNA-protein 
complex are known. It is assumed5* that the protein of the  complex may function 
as nicase and be a signal for the beginning of replication. The first experimental 
evidence has recently been obtained5' confirming that the DNA-protein complex 

from the plasmids Col E l  is closely connected with their transport during 
conjugation. 

Another group of proteins cleaving supercoiled DNA are relaxing proteins. 
In the literature they are also referred to as w-proteins, nicking-closing proteins, 
swivelases, DNA topoisonerases. They have been isolated from a number of 
prokaryotes and eukaryotes (see Reviews 60-65). All  topoisomerases may be 
divided into two groups: type I topoisomerases, which break only one strand of 
supercoiled doublestranded DNA and do not require any cofactors, and type I1 
topoisomerases, which break both chains of supercoiled DNA. DNA gyrase also 
belongs to the latter group. Topoisomerases of both types catalyze the  breaking 
and rejoining of DNA backbone bonds. Thus, topoisonerases act  both as 
endonucleases and as DNA ligases. A detailed study has been made of E. coli 
topoisomerases I, which can also, under certain conditions, interact with single- 
stranded DNA, forming a covalent complex. Topoisomerase I also catalyzes the 
formation of duplex circular DNA from complementary single-stranded rings (see 
R e v i e w ~ ~ l - ~ ~ ) .  Eukaryotic topoisomerases also interact with singlestranded 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



NUCLEOTIDE-PEPTIDES 453  

DNA.66 Prokaryotic topoisomerases are very much alike in their effect and 
partly in their structure. All of them partially eliminate only negative supercoils 
of DNA, require Vg2+, are inhibited by 0.2M NaCl or KCI. However, the degree 
of relaxation and the inolecular weight of proteins varies with proteins from 
different sources. 

All eukaryotic type I topoisomerases relax both positively and negatively 
supercoiled DNA and, unlike the analogous proteins from prokaryotes, require 
monovalent ions but not Mg . The only exception is rat liver mitochondria 
topoiso~nerase,~~ which relaxes only positively supercoiled DNA. It has been 
found (see R e ~ i e w s ~ O - ~ ~ )  that DNA relaxation with the participation of proteins 
from any source proceeds through the formation of a DNA-protein structure, 
where the protein is covalently bonded to the cleavage site, as was the case with 
certain plasmids. It  has been determined that in prokaryotic DNA-protein 
complexes the protein is linked to the 5' end of the broken DNA strand, whereas in 
the case of eukaryotes it is linked to the 3' end. It has been found 68969 that in all 
cases the DNA and topoisomerases are linked by a phosphoester bond, in the 
formation of which the hydroxyl group of tyrosine is involved. 

transcription, recombination and packing of virus particles (see 
other biochemical processes in which DNA are involved. 

2+ 

The functions of topoisomerases are connected with replication, 
and 

It has been shown recently 70-72 that 4x174 gene A product shows a 
property similar to that of topoisomerase I. It breaks the viral (+) strand of a 
superhelical RF DNA molecule in cistron A between nucleotides 4305 (G) and 4306 
(A) and is linked to 5'-deoxyadenylic acid.71 It is interesting to note that protein 
A also cleaves the singlestranded 4x174 DNA at  the same site as in the case of 
RF I.73 I t  has been found recently 73-75 that the 4x174 gene A* protein also 
shows endonuclease activity. Unlike protein A, it cleaves only singlestranded 
DNA at a great number of sites. After the cleavage protein A* also remains 
covalently bonded to the 5'-terminal nucleotide. The nature of the chemical bond 
between the DNA and protein A is unknown. Apparently, proteins A and A* from 
bacteriophage G4 also have similar properties.76 It has been found that protein A 

performs a number of functions in DNA replication. By contrast, protein A* acts 
as an inhibitor of 4x174 DNA replication77 and is apparently necessary for DNA 

74 packing in virus particles. 
The discovery of topoisomerases and nucleases similar to them in 

microorganisms, yeast, animals and plants indicates that they occupy an 
important place in the biochemistry of DNA. However, in  many cases neither the 
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functions of these proteins nor the fine structure of t h e  DNA-protein complexes 
formed in the course of their action are known. 

1.3. RNA-protein structure 
In most of the known ribonucleoproteins the proteins are linked to the R N A  

by non-covalent bonds. It has been found, however, that RNA from yeast, calf 
pancreas, E. &i, rat  liver and other sources (see References ) contains firmly 
bound peptides. 

RNA-protein complexes from yeast, E. coli and a number of viruses have 
been studied most extensively. It has been shown78 that in yeast the protein is 

apparently linked to the ribose residue of RNA by an ester bond. Neither t h e  
exact structure of the RNA-protein complex nor the functions of the covalently 
bonded protein have been determined. 

2 It has been found (see References ) that, in RNA-peptides from pancreas 
and E. coJi, the  peptides are linked to the internucleotide phosphorus by a 
phosphoamide bond. The functions of the peptides are unknown. 

RNA-protein complexes have recently been isolated from type I and type 
118 5p encephalom yocardi tis 
virus, 86,89-91 cowpea mosaic virus, 92,93 caliciviruses, 94995 tobacco ringspot 
virus,96 southern bean mosaic virus,g7 pea enation mosaic viruses,98 tomato black 
ring viruses,gg potato leafroll viruses,"' pancreatic necrosis viruses,"' tobacco 
etch virus,lo2 n e p o ~ i r u s e s ~ ' ~  and other viruses.*04 It has been suggested" that 
analogous complexes are also formed in rhinoviruses. Apparently, such covalent 
complexes are characteristic of all picornaviruses (see Reviews 
Treatment of dl these R N A  protein complexes with a number of denaturing 
agents did not cause their breakage. Pronase treatment resulted in a complete 
breakdown of the protein part of the complex. All this suggests that the protein 
is linked to the RNA by a covalent bond in all the above-mentioned viruses. 
Interestingly, both cowpea mosaic virus and tobacco ringspot virus have two 
different RNAs, each of them containing covalently bound proteins. In 
foot-and-mouth diseaselo8 and encephalomy~card i t i s~~ viruses, two different 
proteins covalently bonded to RNA have been found. In all the  above-mentioned 
viruses the proteins were found to be linked to the  5'-terminal nucleotide 
residue. 87-959104 In most cases the nucleotide is uridine-5'-monophosphate. It 

has been found recently that, in the case of polioviruses, 82984 encephalo- 
rn yocardi tis 86990991 and, apparently, foot-and-mouth diseaselo8 viruses, the 

2 

polioviruses, f oot-and- mouth disease virus, 7 9  

104-107). 
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NUCLEOTIDE-PEPTIDES 455  

protein is linked to the RNA by a phosphodiester bond, in the  formation of which 
the hydroxyl group of tyrosine is involved. Apparently, 83y849108 there is only one 
tyrosine residue in the protein. Recent research has shown that the protein in the 
RNA-protein complex from poliovirus I consists of 22 amino acidsY1" and the 
R N A  contains 7,433 nuc1eotides.l" At the 3' end of RNA there is a poly A 
sequence averaging 60 residues of adenylic acid. 

79-82,111 

though during replication each newly formed RNA and even the (-1 virus RNA 

strand contains a protein. It was assumed 80981 that ,  before the RNA gets into the 
ribosome, the protein or nucleotidyl (oligonucleotidy1)-protein should be split off 

110 

Interestingly, poliovirus mRNA has no covalently bonded protein, 

the RNA-protein complex of the virion. It has been shown recently 80,81,110 that 

the R N A  of the virion and its mRNA have the same 5'-terminal sequence. This 
means it is only the protein that is split off the RNA-protein complex during 
mRNA formation. Enzymatic activity cleaving the bond between the protein and 

the poliovirus R N A  has been revealed recently. '12 This is a new type of 
processing of virus macromolecules. The presence of protein in the poliovirus 
genome is apparently its only difference from mRNA. Interestingly, in the case 
of p o l i o v i r u ~ ' ~ ~  and foot-and-mouth disease virus114 in vitro, both mRNA and 
the RNA-protein complex can serve as a matrix on translation. However, mRNA 
is incapable of forming the virus particle. It follows that the functions of the 
protein linked to the RNA of viruses are connected with morphogenesis of virus 
particles. 809829839111 It has been suggested (see Review"') that the protein also 

82,111 takes part in the initiation of poliovirus RNA replication. It has been found 
that it is not required for transfection. With RNA-protein complexes from other 
viruses, the functions of proteins are unknown. It has been showng3 that, in the 
case of cowpea mosaic virus, the protein is not necessary for infection and for 

viruses 94p95 and southern bean mosaic virus,104 the protein of t h e  complex is 
necessary for infection. Reovirus has recently been found to contain polyadenylic 
acids containing a covalently bonded protein with a molecular weight of 
10,000.115 Neither the nature of the chemical bond between the components nor 
the functions of such complexes have been determined. 

translation in vitro. Conversely, with tobacco ringspot virus, 96997 calici- 

In conclusion of the present part it may be said that covalent RNA-protein 
complexes are widely distributed in nature. They represent a new phenomenon in 
the molecular biology of viruses. 
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2. SYNTHESIS AND PROPERTIES OF MODEL NUCLEOTIDE-PEPTIDES 
It  follows from the first part of the review that covalent nucleotide- and 

NA-protein structures are common in nature. However, their fine structure, 
including the covalent bond type, has not been studied sufficiently. Model 
nucleotide-peptides with particular chemical bonds between the nucleotide and 

the peptide fragments can play an important role in solving this problem. In 
studying all model nucleotide-peptides, of particular interest was the question 
about the effect of the nature of amino acids and nucleotides directly forming the 
nucleotide-peptide bond, of the length and composition of peptide and 

oligonucleotide chains, the position of the phosphoric acid residue in the 
nucleotide (oligonucleotide), i.e. the functional environment of the nucleotide- 
peptide, on the properties and mechanism of nucleotide-peptide bond cleavage. 
These questions are of concern not only from the biochemical but also from the 
chemical point of view. The mechanism and stereochemistry of nucleophilic 
substitution at the tetrahedral phosphorus atom have not been studied 
sufficiently. Nucleotide-peptides are also interesting compounds in this respect. 
Having functional groups near the centre linking the individual components, 
nucleotide-peptides must be of interest to enzymologists, too. Enzymes speed up 

chemical reactions partly due to the fact that, with the help of enzymes, 
approach and certain orientation of the substrates takes place, while the 
functional groups of active centres participate directly in acid-base catalysis. 
Making use of model structures, in which the approach and orientation of the 
reacting groups takes place as a result of covalent bonding of the components 
containing these groups within one molecule, is a convenient approach to solving 
these problems. Nucleotide-peptides containing free carboxyl, hydroxyl and 
amino groups can also serve as such models. 

The present part of the review deals with the synthesis, the study of 
properties of nucleotide-peptides with phosphoamide and the phosphoester bonds 
between the components and with their application in biochemistry. 

2.1. Synthesis of nucleotide-peptides 
2.1.1 Synthesis of nucleotidyl4P+ O h m i n o  acids (peptided and their 

esters. Model nucleotide-peptides of the phosphoester type are of interest from 
the point of view of organic chemistry of phosphorus and from the biological 
standpoint. To diesters of phosphoric acid belong a number of lipids and the 
nucleic acids. It has been found recently (see the first part of the present review) 
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NUCLEOTIDE-PEPTIDES 457 

tha t  in some nucleotide- and NA-protein complexes individual components a re  
also linked by a phosphoester bond. 

The synthesis of nucleotidyl-(P + 0)-N-acyl amino acid (dipeptide) esters was 
carried out by the  DCC and pyrophosphate methods (Scheme 1). 

In the  case of the  pyrophosphate method, t he  phosphoric acid residue of the  
nucleotide is  activated by diphenylchlorophosphate.12' Addition of N-acyl amino 
acid (dipeptide) es te rs  with a f r e e  hydroxyl group t o  P -nucleoside-5'-P -diphenyl- 
pyrophosphate leads to the formation of nucleotidyl-(5'+ 0)-N-acyl amino acids 
(dipeptides). The yields of reaction products did not exceed 20%. Addition of 
pyridine or trialkylamine increased the yield up to 60%. However, t he  
pyrophosphate method is labor-consuming and is not always reproducible. The 
DCC method turned out to  be the best method of synthesis of nucleotidyl-(5'+0)- 

116-12 0 

1 2 

amino acid esters. Boiling of the  reaction mixture for  1 h in abs. pyridine in the  
presence of DCC leads to the  formation of reaction products in yields up to 80%. 
Esters of uridylyl-(5'+ 9)-N-Z-DL-serine (11, -DL-threonine (2), -2-methyl-DL- 
serine (31, -DLseryl-glycine (4), -DL-threonyl-glycine (51, -DL-alanyl-DL-serine 
(61, N-Z-DL-serine phosphoesters of 5'-deoxythymidylic (7), 5'-deoxycytidylic (81, 

5'-deoxyadenylic (9) acids, methyl es te rs  of uridylyl-(5'+ 0)-N-Z-L-oxyproline (10) 

and -N-Biz-L-tyrosine (11) have been synthesized by the pyrophosphate and the  
DCC methods. The DCC method was also used for the  synthesis of the  methyl 
es te r  of deoxythymidylyl-(3'+ 0)-N-Z-DLserine (12). 

The benzyloxycarbonyl group in uridylyl-(5'+ 0)-N-Z-amino acid (dipeptide) 
es te rs  was eliminated by reduction over platinum oxidel" o r  by HBr in abs. 
dioxane. 1179119 The latter method is especially good and gives 80-95% yields of 
reaction products. Esters of uridylyl-(5'+ 0)-DL-serine (13), -DL-threonine (14), 

-DL-seryl-glycine (15) and -DL-threonyl-glycine (16) were obtained in this way. 
Uridylyl-(5'+ 0)-N-Z-amino acids (dipeptides) with a f r ee  carboxyl group 

were prepared by sof t  saponification of the es te r  analogues. Optimal reaction 
conditions have been determined.119*120 Uridylyl45' + 0)-N-Z-DL-serine (171, 
-DL-threonine (181, -2-methyl-DL-serine (191, -DL-seryl-glycine (ZO), -DL- 
threonylzlycine (21), -DL-alanyl-DLserine (22) and -L-oxyproline (23) were 
obtained in this way. 

The synthesis of nucleotide-peptides with a longer peptide chain was carried 
out by stepwise elongation of the  peptide chain.120 Here  the  elongation of the  
peptide chain may proceed from the  C- o r  N-terminals of aminohydroxy acids. In 
the former case, N-Z-AlaSer(0pU)-Gly-OEt (24) was obtained from H-Ser(OpU)- 
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N H  

I 

I 
CH2CGH40H 
C H - C O O C H 3  0 

I I  ii' 8 CH 1 2 6 4  C H 0-pN I 

CH-NH-BZ OH 

( CGH5012POC1 
' (C6H50)2P0?U 

+ I  OH 
M e O - T y r - N - B z ;  D C C  COOCH3 (11) 

JUODKA 

R -  CH -OH 

R1-C-CO-R 
I 

I 
N H - R 3  

0 

I I 

0 0  
(C6H50)2POC1 I 1  II 

' (CGH50)  ~ P O Y U  R - C H - 0 - p N  It 
O H  

R - CII -OH 
I 

NH-R3 N H - R 3  (1-9) 
R - C - C O - R 2 ;  D C C  + R 2 0 C - C - R 1  OH 

1 1  I 

c 

0 0  H3COOC &) 
, c6H50)2p0c1+ ( C 6 H 5 0 ) 2 ~ O f U  11 6, '1 0 

M e O - H y p - N - Z ;  D C C  H 3 C O 0  C 

( 10, Z \ 

NH-BZ 

1, R = H ;  R = H ;  R = OCH3;  R = Z ;  N = U 
1 2 3 - 

2 ,  R = C H 3 ;  R1 = H ;  R 2  = OCH3; R = 2; N = u 3 
3 ,  R = H ;  R = CH3;  R 2  OCH3; R = 2;  N = U 

1 3 
4 ,  R = H ,  It1 = H; R 2  = NHCH COOC2H5;  R 3  = Z ;  N = U 

5 ,  R = C H 3 ;  R1 = H ;  R 2  = NHCH COOC2H5;  R 
6 ,  R = H ;  H = H ;  R = O C H 3 ;  R = 2 - A l a ;  N = U 1 2 3 
7 ,  R = H ;  R = H ;  R 2  = OCH3;  R 1 3 
8,  R = H ;  R1 = H ;  R = OCH3; R 2 3 
9 ,  R = H ;  R = H ;  R 2  = OCH 

- 
- 

2 - 

= 2; N = U 2 3 - 
- 

= Z ;  N = d T  

= Z ;  N = d C  

R = Z ;  N = d A  

- 
- 

- 1 3; 3 

0 
II 
I 2 1  

d T p - O C H  -CH-NH-Z 

(12) O[I COOCH3 

Scheme 1 
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Gly-OEt (15) and N-Z-Ah-OH, while N-Z-Ala-Thr(0pU)-Gly-OEt (25) was 
synthesized from H-Thr(OpU)-Gly-OEt (16) and N-Z-Ala-OH. The yield was 80%. 

In the  l a t t e r  case, N-Z-Ser(OpU)-Gly-OEt (4) was  obtained from N-Z-Ser(OpU)-OH 
and H-Gly-OEt, while N-Z-Thr(0pU)-Gly-Leu-OEt (26) was synthesized from N-Z- 
Thr(0pU)-Gly-OH (21) and H-Leu-OEt. The yield was 60%. In both cases DCC 
was used as ac t iva tor  of the carboxyl group, and the  reaction was carried out  in 
abs. dimethylformamide. Higher yields of reaction products and smaller losses 
during the  preparation of original substances permit giving preference to peptide 
chain elongation from t h e  C-terminal. 

2.1.2. Synthesis of nucleotidyl-(P-+ N)- and (3' -+N)amino acids (peptides) 
and their esters. The phosphite method has been used for t he  first  t ime  for t he  
synthesis of nucleotidyl-(P +N)-amino acid esters.122 However, it is  a multistage 
method giving low yields of reaction products. A t  present the pyrophosphate, 
DCC and carbonyldiimidazole (CDI) methods a r e  employed for the  synthesis of 
nucleotide-peptides of the  phosphoamide type (Scheme 2) (see Review 

In the  case of the  pyrophosphate method, of diphenyl-, di (p-nitrophenyl) and 
di (trichloroethyl) chlorophosphates, i t  is  more rational to use the  l a t t e r ,  since 
this dialkylchlorophosphate is more stable and the yields of reaction products are 
higher. 125 The carbonyldiimidazole method and the  DCC method in organic 
solvents a r e  suitable only for readily soluble pyrimidine nucleotides.126 The best  
method for the  synthesis of nucleotidyl-(P -+ N)-amino acid (peptide) e s t e r s  is the 
DCC method in a tert-butyl alcohol-water (3:l) mixture. On boiling the  reaction 
mixture for 1 h the  reaction goes t o  completion. These conditions are unsuitable 
for t he  synthesis of amino acid derivatives of purine deoxynucleotide, since 
partial  cleavage of the  glycoside bond takes place. In this way were prepared: 
esters of uridylyl-(5' + N)-glycine (27), -alanine (28), -valine (29), -1eucine (30), 
-6-alanine (31), aspartic acid (32), -phenylalanine (33), -tyrosine (34), -histidine 
(351, -serine (361, -threonine (371, -glycyl-serine (381, -glycyl-threonine (391, 
-seryl-glycine (40), -alanyl-glycine (4l), -alanyl-alanine (421, -alanyl-leucine (431, 
-glycyl-glycine (44), -glycyl-phenylalanine (451, -a-lysine (461, -tryptophan (411, 
-meth ionhe  (481, -a-arginine (491, phenylalanine derivatives of adenylic (501, 
cytidylic (511, guanylic (52) acids, histidine derivatives of adenylic (53) and 
cytidylic (54) acids, adenylyl-(5' -+ Na)-lysine (551, -arginine (56), deoxythym idylyl- 
(5'+N)-glycine (5'0, -phenylalanine (581, -alanine (59), -glycyl-phenylalanine (601, 
deoxyadenylyl-(5' -+ N)-phenylalanine (61), deoxyuridylyl-(5' +N)-phenylalanine 

1,12 3-12 7). 
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HOCH2CH2N11-pN 65, N = C 
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OH 

I1 H0CH2CHZNH2;  DCC 

Z-NH-CH-COOC H 
H3COOC-CH-NH-Z 

; DCC I 

\ - 6 8 ,  
O=DN 

PN 

0 
II -y 
OH 
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n =  
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l i ;  N = 

O H ;  N 

- u  

-1 
OH 

l 1 2 N  -R-COOR,  -.--I 
0 

I 
OH 

R1OOC-K-NH-pN I1 
_- I OH 

-. 27 ,  R - CH.,; R1 - CH3;  N = U .  

- 2 Y .  K - C I I I C I I ( C I I J ) , l ;  i t l  = CH3;  N = U .  

R 1  = CH ; N = U. 
CUOCII.  ) ;  H I  = CH3; N = U.  

- 3 4 .  I{ 1 CH(CH2C6H4011),  H1 = CH3;  N = U .  

2. H 7 CII(CH 3 J ;  R I  CII  3 ; N = 11. 

- 30, R = CH[CII,CH(CH 3 2  ) I :  
2, R = (CH ) ; R = CH ; N = U. 32,  R : C H ( C H , , ~  

33 ,  R = CH(CH C H ) ;  R, = C H 3 ;  N - U .  
3 2 2  1 3 

J 2 6 5  
- 35, R = CtI(CH 

K : C H  ; s = c .  36, R = C H ( C H  O H ) ;  I~ = CH ; s = u .  -. 37,  n - C H -  1 3  - 2 1 3  
I C H ( C H 3 ) 0 H l ;  R I  = C H 3 ;  N = U .  

C l 1 3 .  N = U .  

4 0 .  ~~ R = CH(CH20H)CONHCH2;  R ,  CH3;  N = U .  41, R C H ( C H 3 ) ~  

CONHCH2; R ,  = CH3;  N = U .  42, R : CH(CH3)CONHCH(CH3);  H I  = 

CH 3 ; N = U .  

N = U.  

C 6 H 5 ) ;  R ,  = CH ; N = U .  

4 7 .  ~~ H = ClI(Ctl . ,  -a); It1 = C H , ;  J N = U. e. H : CH(CH2CH2-  

S C H 3 ) ;  H I  = CH. J ; N = U .  

N = U .  

C H ( C H 2 b ; ;  R 1  = CH 3 ; N = A .  - 54. R C H ( C H 2 m  ); R 1  = CH3;  

N = C.  

NHC(liH)NH I ;  R, = CH ; N = A .  

R = CH(CH C H ) ;  R 

Js, R = CH,,CONHC11(CH20H): It 1 : 

KY, R = CH,CONtICH[CH(CH,)OH]; R1 = C l l , ;  J N = U .  

3. R = CH(CH3)CONHCH[CH2CH(CH3)2] ; R 1  = CH3;  

44, R = Cti2C0NHCH ; R1 = CH3; N = U .  5,  CH2CONHC11(CH,,- 2 
4 6 ,  R = CtlL(Ct12)4NHZI;  K 1  = CH 3 ; N - U .  

H 
- 49. R = CH[(CH2)3NHC(N11)NH21;  R 1  - CH3;  

g, R = CH(CH2C6H5) ;  R 1  = CH3; N = A .  Ll, ti = CH(C11.C 2 6 5  H ) :  

R - C H  ; N = c .  g, R = C H ( C H  c H 1; n1 = C H ~ ;  K = G .  53, it = 1 2 6 5  

N-H 
56. .- ~ R = C H [ ( C H 2 j 3 -  

s. 
55, R = C H [ ( C H 2 ) 4 N H 2 1 ;  R l  = CiI ; N = A .  

3 
51, R = CH ; R 1  = CH ; N = d T .  2 3 2 3 

d T .  60. R CH2CONHCH(CH2C6H5); R 1  - CH3; N d T .  z, R = C H -  

( C H 2 C 6 H 5 ) ;  R ,  - CH ; N CH 3 ; N = 
d U .  E, R 

R = C H  ; N = A .  1 3  

= CH ; N = dT. 59, R = C H ( C H 3 ) ;  R ,  = CH3; N 2 6 5  1 3 

d A .  - 62,  R = CH(CH 2 6 5  C H );  R I  3 
( C H 2 ) 4 C H ( N H 2 ) ;  R1 = CH ; N = U .  - 64. R = ( C H 2 ) 4 C H ( N H 2 ) ;  3 

0 e, R - CH3 

I I 
0 H R - 71, R - CH2C6H5 

- 70, n = C H ( C H ~ ) O H  d T p - S H - C H - C O O C 2 H 5  II 

Scheme 2 
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(62), uridylyl-(5' +N' )-lysine (63), adenylyl-(5' +N ')-lysine (64), uridylyl45' +N)- 

ethanolamine (65), -N-Z-histidine (66), -proline (67), -hydroxyproline (68), 

deoxythymidylyl-(3' +N)-alanine (69), -threonine (70), -phenylalanine (71). 
Nucleotidyl-(5' + N)-peptides with the  peptide f ragment  consisting of more 

than two amino acids have been synthesized by stepwise or block elongation of the  
peptide chain. 128 The carboxyl group of nucleotidyl-(5' +N)-amino acids 
(dipeptides) was activated by DCC and their reaction with amino acid (dipeptide) 
esters was carried out  in the  abs. dimethylformamide. I t  has  been found tha t  i t  i s  
more expedient to use dipeptide derivatives of the  nucleotide as t h e  s ta r t ing  
compound, as the  a-carboxyl group of t he  monoamino acid analogue causes 
secondary processes leading to partial  decomposition of t h e  s ta r t ing  compound. 
This method was used to prepare MeO-Phe-Gly-Thr-pU (72) from HO-Gly-Thr-pU 
and H-Phe-OMe, MeO-Gly-Phe-Gly-Thr-pU (73) from HO-Gly-Thr-pU and H-Phe- 
Gly-OMe, EtO-P-Ala-Leu-pU (74) from HO-Leu-pU and H-0-Ala-OEt, EtO-P-Ala- 
Gly-pU (75) from HO-Gly-pU and H-0-Ala-OEt, EtO-0-Ala-Phe-Gly-pU (76) from 
HO-Phe-Gly-pU and H-0-Ala-OEt, EtO-6-Ah-Gly-Gly-pU (77) from HO-Gly-Gly- 
pU and H-P-Ala-OEt, EtO-Ala-Ala-Ala-Ala-pU (78) from HO-Ala-Ala-pU and II- 

Ala-Ah-OEt, EtO-Val-Ah-Leu-Ala-pU (79) from HO-Leu-Ala-pU and H-Ala-Val- 
OEt, and EtO-Phe-Gly-Gly-pdT (80) from HO-Gly-pdT and H-Gly-Phe-OEt. 

Deoxyadenylyl43' + Na)-lysine (81) and deoxyadenylyl-(3' --t N ' 1-lysine (82) 
were synthesized from the anhydride of rnesitylene carboxylic acid and nucleotide 
and lysine at pH 1 0  as described.12' HO-Gly-pU (83), HO-Ala-pU (84), HO-Val-pU 
(85), HO-Leu-pU (86), HO-P-Ala-pU (87), HO-Phe-pU (88), HO-Tyr-pU (89), HO- 
His-pU (go), HO-Gly-Gly-pU (91), HO-Phe-Gly-pU (92), HO-Ala-Ala-pU (93), HO- 
Leu-Ala-pU (941, HO-Gly-pdA (95), HO-PheTA (96), HO-Phe-pG (911, HO-Phe-pC 
(981, HO-Pro-pU (991, HO-Hyp-pU (loo), dTp-Phe-OH (1011, dTp-Ala-OH (1021, 
dTp-Thr-OH (103) were prepared by saponification of their  ester 
analogues. 130,131 

2.1.3. Synthesis of oligonucleotidyl-(P+ N)amino acids. The synthesis of 
oligonucleotidyl-(P -+ N)-amino acids can  be carried out in two  ways: by linking 
the amino acid component to the  prepared oligonucleotide or by oligonucleotide 
chain elongation in the  mononucleotide derivative of amino acid. In the  synthesis 
of oligonucleotidyl-(P -+ N)-amino acids by the  former method, the  phosphoric acid 
residue of the  oligonucleotide was activated by DCC. 1269128 The reaction was 

carried out  on boiling in a tert-butyl alcohol-water mixture. EtO-Phe-pdTpdT 
(104) and EtO-Phe-pdTpdTpdT (105) were obtained in 60-80% yield. The method is 
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not applicable for the synthesis of purine deoxyribooligonucleotide-peptides. 
Using the chloroanhydride of rnesitylene carboxylic acid128 or the DCC method in 
organic solvents132 turned out t o  be the best method of activation of the terminal 
phosphate in purine oligonucleotides. This method was used t o  prepare 
dApdApdAp-a-Lys (106) and dApdApdAp-f -Lys (107) (the yields were 12 and 40% 

respectively) as well as some other compounds. 
In the synthesis of oligonucleotidyl-(P -+ N)-amino acids by stepwise 

elongation of the oligonucleotide chain, chemical and enzyna t i c  methods have 
been employed.128 Incubation of EtO-Phe-pdT and pdT(.4c) in the presence of 
triisopropyl benzosulphochloride (TPS) gives EtO-Phe-pdTpdT(Ac) (108) in 65% 

yield. Treatment of the la t ter  compound with acid results in pdTpdT(Ac), which is 
subsequently used for the next s tep in chain elongation. EtO-Phe-pdTpdTpdT(Ac) 
(109) was obtained in 40% yield. The method of stepwise elongation of the 

oligonucleotide chain apparently has an  advantage over direct linking of amino 
acids to  the prepared oligonucleotide. 

Pancreatic ribonuclease and polynucleotidephosphorylase from E. coli have 
128 been used for the synthesis of amino acid derivatives of oligoribonucleotides. 

By means of pancreatic ribonuclease EtO-Phe-pUpC (110) was synthesized from 
EtO-Phe-pU>p and cytidine, and by means of polynucleotidephosphorylase EtO- 
His-pApU (111) was prepared from EtO-His-pA and UDP. 

2.1.4. Synthesis of oligonucleotidy14Pm-+N)amino acids. For activation 
of internucleotide phosphate were used: diphenylchlorophosphate, TPS and 
carbonyldiimidazole (Scheme 3). 133-135 

The carbonyldiimidazole method appears t o  be the best method, as i t  makes 
possible t o  obtain oligonucleotidyl-(Pm-N)-amino acids in up t o  80% yield. 

The above methods were used t o  synthesize EtO-Phe-(Pm+N)-d(TpT) (112); 
EtO-Ser-(Pm+N)-d(TpT) (113); EtO-Ser-(Pm*N)-d(TpC) (114); EtO-Lys-Nu- 
(Pm-+N)-d(TpT) (115); EtO-Lys-Nc -(P,-+N)-d(TpT) (116) and EtO-Phe-(Pm+N)- 
d(TpA) (117). HO-Phe-(Pm-+N)-d(TpT) (118) and HO-Phe-(Pm+N)-d(TpA) (119) 

were prepared by saponification of their ester analogues. 135 

2.1.5. Modeling of protein linkers in nucleic acids. Recent research has 
shown 30-36 that proteins can link individual fragments of nucleic acids by 
covalent bonds. The type of chemical bond in such mixed biopolymers is unknown; 
however, they were stable in alkali. For modeling protein linkers, puromycin has 
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d ( T p N ) -  

463 

+ d ( T p N )  

II 
0 

I 
O - P ( O C 6 H 5 )  

0 
II 
I 

HZN-R-COOC2H5;  TPS d ( T p N )  

NH-R-COOC2H5 

(112-  117)  -- 
0 H2N-R-COOC2H5 

c II 

- 112,  R = C H ( C H 2 C 6 H 5 ) ;  N = dT 

__ 113,  R = C H ( C H 2 0 H ) ;  N = dT 

- 114,  R = C H ( C H 2 0 H ) ;  N = d C  

- 115,  R = C H ( C H 2 ) 4 N H 2 ;  N = dT 

- 1 1 6 ,  R = ( C H 2 ) 4 C H ( N H 2 ) ;  N = dT 
- 1 1 7 ,  R = CH(CH2C6H5) ;  N = d A  

Scheme 3 

been used (unpublished data  by B. A. Juodka). On incubation of puromycin with 
UMP in a tert-butyl alcohol-water mixture in the presence of DCC, uridylyl- 
(5'-+N)-puromycin (120) was formed in 75% yield (Scheme 4). 

Scheme 4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
7
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



464 JUODKA 

+ C H ( C H 3 ) 2  

Y H 3  iJ DCC 

I 
y 2  

NH- CO - CH -NH2 HOOC - CH -NH - C O  - CH -NH -p __c 

I I 
CH2C 6H 4 0 C H 3  O H  

C H ( C H 3 ) 2  
I 

NH-CO-CH-NH-CO-CH-NH-CO-CH-NH-p 
I I 
CH 2C6H 4O CH OH 

YH2 

(121) 
Scheme 5 

Compound (121), where the linking peptide consists of three amino acids, 
was synthesized analogously from puromycin and HO-Leu-Ala-pU in 32% yield 
(Scheme 5). 

The nucleotide-peptides, in which lysine and the peptide link two nucleotides 
by phosphoamide bonds, a r e  also stable in alkali. The synthesis of such compounds 
was carried out by the DCC method in abs. DMF (unpublished data  by B. A. 

Juodka) (Scheme 6) 

The yield of compound (122) was up t o  50%. Compound (123) was 
synthesized analogously from deoxythymidylyl-(3'-+N)-alanyl-leucine and 
deoxythymidylyl-(5'-+N ' )-lysine, ethyl ester. The yield was 60-70% (Scheme 7). 

2.2 Hydrolytic stability of nucleotide-peptides 
2.2.1. Hydrolytic stability of nucleotidyl4P-t O h m i n o  acids (peptides). 

Nucleotide-peptides of t he  phosphoester type have practically not been 
investigated. The problem became particularly urgent in view of the  discovery of 

- p - N H - C H ( C H 2 )  4NH-p 
p I - N H- CH I ( CH ) 4NH + P fi D C C  li OH I COOC2H5 I 

OH OH COOC2H5 

(122) 
Scheme 6 
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CH C H 2  I I  I I 
p-NH-CH-CO-NH-CH-COOH 

b H  

Thy 
+ 

N H 2-C H ( CH2) 4N H-p ;i+ 
I I 
COOC2H5 OH 

the phosphoester bond in some natural nucleotide- and NA-protein structures. A 

study of the hydrolytic stability of some uridylyl-(5'+O)-N-acylamino acids 
(peptide) esters has shown that their phosphoester bond is stable in acid. The 
behavior of this bond in alkali depends greatly on the nature of amino acids 
containing the hydroxyl group. The hydroxyproline and tyrosine derivatives of 
uridylic acid are stable even in 2 N  NaOH. The serine (1, 4, 6, 24) and threonine (2, 

5) analogues are readily cleaved in alkali. However, the efficiency of their 
cleavage depends greatly on the state of the carboxyl group of serine and 
threonine. 

The difference in the behavior of the tyrosine and the hydroxyproline 
derivatives of uridylic acid in alkali as compared to that of the 0-aminohydroxy 
acid analogues is accounted for by different mechanisms of phosphoester bond 
cleavage. 'l8-l2' I t  has been found that in the case of the former two 
compounds, under rigid alkaline conditions (2N NaOH, 100°C, 1 h), phosphoester 
bond cleavage takes place by the mechanism of nucleophilic substitution at the 
tetrahedral phosphorus atom with the participation of the hydroxyl anion, whereas 
the serine and threonine derivatives of nucleotides are cleaved by the 0- 
elimination mechanism (Scheme 8) 

The presence of intermediate ftA7T (A,,, = 241 nm) as well as of the final 
product of cleavage, pyruvic acid, was evidence in favor of such a reaction 

mechanism. The total amount of these compounds was always equal to the 
amount of uridylic acid, which indicates that 0-elimination is the only mechanism 
of cleavage of nucleotidyl-(5'-+0)-N-Z-~-aminohydroxy acid (peptide) esters in 
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0 0 0- 

CH 2O -p U 
I 

II \\ 1 
OH - CH-COO- 

/c 2O - I 
Z-NH-CH OH 

I 
'COOCH, NH-Z 

1 1 -OH 2 I - O H  

UMP + Z-NH-C=CH2 - Z-NH-C=CH2 - Z-NH2 + CH3COCOOH 
I I 

COOCH, coo - 
IIAII 

+ 
UMP 

Scheme 8 

alkali. The appearance of a free carboxyl group of amino acids inhibits 0- 
elimination to a great extent. It is interesting to note that the threonine 
derivatives are slightly more stable than their serine analogues. Recent research 
has shown 1199120 that the nature of the nucleotide has no influence on the 0- 
elimination efficiency. The presence of a blocked amino group of aminohydroxy 
acids is an indispensable condition of 0-elimination of the nucleotide in 
nucleotidyl-(5'-tO)-N-acylamino acids (peptides). If the amino group is free, in 
alkali, O+N migration of the nucleotide residue takes p1a~e . l '~  Further evidence 
for the fl-elimination mechanism was obtained on studying N-Z-Ser(Me)(OpU)- 
OMe (3) lacking hydrogen at the a-carbon atom of serine. The compound is stable 

in alkali and behaves analogously to the tyrosine and hydroxyproline analogues. 
A study of the properties of model nucleotide-peptides of the phosphoester 

type suggests that if the functional groups (-COOH, -NH2, etc.) find themselves 
in the vicinity of the phosphoester bond, conversions will  take place, which may 
hinder the identification of bond type. 

2.2.2. Hydrolytic stability of nucleotidyl(oligonucleotidyl)-(P--cN)-amino 
acids (peptides) and their esters. that nucleotidyl- 

(P+N)-amino acids are stable in neutral and alkaline media and are cleaved in 
acid. The isotope effect and linear dependence of the hydrolysis rate constant of 
nucleotidyl~5'-tN)-amino acids on acid concentration suggest that, in acid, 

1 I t  has been shown earlier 
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protonation of the phosphoamide centre takes place. 127 I t  is assumed127 that 

phosphoamide nitrogen is protonated and the amino group ready to leave is 
formed. The reaction of hydrolysis of the phosphoamide bond in nucleotide- 
peptides was found to be a bimolecular first-order reaction. 

2.2.2.1. Influence of the nature of amino acid and nucleotide on the 
hydrolytic stability of the phosphoamide bond in nucleotidyl45'+N)-ami~, acid 
esters. A study of methyl esters of uridylyl-(5'+N)-amino acids differing in the 
nature of amino acid has shown that the methyl ester of uridylyl-(5'+Nim)-N-Z- 
histidine (66) (unpublished data by B. A. Juodka) is the most labile of them. Even 
on elution with water from the chromatogram it is cleaved completely to the 
nucleotide and its symmetric pyrophosphate. This implies that if the nucleotide 
or the nucleic acid is linked to the protein by such a phosphoamide bond, 
compounds of this type must be unstable. Nucleotide-peptides in which uridylic 
acid is linked to the a-amino group of various amino acids have been studied more 
e~ tens ive1y . l~~  The rate of phosphoamide bond cleavage in nucleotide-peptides 
has been shown to be dependent on the structure of the amino acid residue. The 
glycine derivative of uridylic acid is the most labile, the alanine, valine, leucine, 

phenylalanine and tyrosine derivatives belong to the average group, and the Na- 
histidine, Na-lysine and Na-arginine analogues turned out to be the most stabIe. 
It is assumed127 that the efficiency of phosphoamide bond cleavage determines 

the induction and steric effects of amino acid residues. It is interesting to note 
that it is the compounds having in their amino acid residues functional groups 
which can be protonated (the imidazole ring of histidine, the c-amino group of 

lysine and the guanidine group of arginine) that turned out to be stable. Possibly, 
in the present case, in addition to the induction and steric effect of the amino 

acid residues, there is competition between the above functional groups for 
protons of the medium as well as electrostatic repulsion of protons of the medium 
as well as electrostatic repulsion of protons from the phosphoamide centre. 

In natural nucleotide- and NA-protein complexes any of the four main 
nucleotides can be involved in the formation of the bond with the protein. The 
influence of the nature of heterocyclic base on the efficiency of hydrolysis of the 
phosphoamide bond in methyl esters of nucleotidyl-(5'-+N)-phenylalanine has been 

It has been shown that at  pHll (0.1-0.5N HC1) all the compounds 

studied have the same hydrolytic stability. At pH21.5 (0.05-0.005N HC1) some 
differences are observed. The guanylic and uridylic derivatives are the most 
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labile. The influence of the added nucleosides on the  efficiency of phosphoamide 
bond cleavage has been studied.127 I t  is  assumed127 tha t  t he  influence of 
heterocyclic bases on the  hydrolytic stabil i ty of the  compounds in a weakly acidic 
medium manifests itself in the competition between P - + N  nitrogen and 
heterocyclic bases for protons of the medium. The appearance of the  cationoid 
cent re  in  t he  derivatives of adenylic and cytidylic acids possibly hinders the 
access of protons t o  the  phosphoamide nitrogen, which accounts for the  increased 
stability of these compounds in a weakly acidic medium. 

2.2.2.2. Influence of elongation of the peeptide and the oligonucleotide 
fragments on the efficiency of phosphoamide bond cleavage in nucleotide-peptides. 
Covalent N A-protein complexes have complex polypeptide and polynucleotide 
components. I t  was interesting to determine the  e f f e c t  of the elongation of the  
peptide and the nucleotide chains in the  hydrolytic stability of t he  phosphoamide 
bond in model nucleotide-peptides. To elucidate these  problems, t he  hydrolytic 
stability of a number of model compounds has been studied. 1,128 

I t  was shown tha t  peptide and oligonucleotide chain elongation stabilizes the  
phosphoamide bond. The stability of the  phosphoamide bond depends not only on 
the  peptide and oligonucleotide chain length but also on i t s  amino acid or 
nucleotide composition. I t  is  assumed128 tha t  t he  stabilizing influence is 
accounted for by the  steric e f f ec t  of t h e  peptide and oligonucleotide chains. 

A study of the  hydrolytic stability of adenylyl-(5'-+Nc )-lysine and adenylate 
- DNA and RNA ligase complexes (unpublished d a t a  by B. A. Juodka), in which 
adenylic acid is linked to the protein through the  c-amino group of lysine, in acid 
has shown tha t  the protein molecule stabil izes the  phosphoamide bond only half as 
much again. This indicates tha t  the elongation of t he  peptide chain in nucleotide- 
peptides shows the stabilizing e f f ec t  only up to a cer ta in  length of the  peptide 
chain. 

2.2.2.3. Influence of the carboxyl group of amino acids on the mechanism of 
cleavage of the phosphoamide centre in nucleotidepeptides. I t  has been shown 

earlier t ha t  n~cleotidyl-(5~+N)-amino acid esters are cleaved in acid to 
nucleotides and amino acid esters. A study of the  analogues with a f r e e  carboxyl 
group has shown 130,131 tha t ,  in addition to nucleotides and amino acids, there  a re  
nucleosides and an  inorganic phosphate in their  acid hydrolyzates. Thus, 
n~cleotidyl-(5~--cN)-amino acids in acid a r e  cleaved in two directions. The f i r s t  
direction i s  phosphoamide bond cleavage by the  SN2(P) mechanism, which also 
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o=c ' H A  

'0  H 

IIAII 

Scheme 9 

took place in the case of the ester analogues. The second direction, leading to the 
appearance of nucleosides, amino acids and phosphoric acid, is determined by the 
free carboxyl group of amino acids. A study of the reaction kinetics and carrying 

out experiments on the phosphoamide centre in a water-ethyl alcohol mixture and 
in H2 l80 made it possible to conclude131 that the effect of the carboxyl group 
on the mechanism of cleavage of nucleotidyl~5'-+N)-amino acids manifests itself 

through intramolecular nucleophilic catalysis (Scheme 9). It should be noted that 
the a-carboxyl group of glycine, proline, hydroxyproline, as well as the remote 
carboxyl groups of 6-alanine and the peptide analogues have no effect on the 
mechanism of cleavage of nucleotide-peptides, with the exception of nucleotidyl- 
(5I-N' blysines, whose acid hydrolyzates were found to contain small amounts of 
nuc1eo~ ide . l~~  All these data indicate that the distance of the carboxyl group is 
not the only factor determining its intramolecular effect. 

It has been found 1309131 that the efficiency of intramolecular nucleophilic 
catalysis with the participation of the carboxyl group of amino acids depends on 
the nature of amino acids and heterocyclic bases. It is possible that in the former 
case the amino acid residues affect the orientation of the free carboxyl group 
with respect to the phosphoamide centre. On the other hand, the induction 
effects of amino acid residues may have a direct influence on the nucleophilic 
capacity of the carboxyl group of amino acids and the electrophilic capacity of 
phosphorus. 

The efficiency of intramolecular catalysis with the participation of the 
carboxyl group of amino acids was found to depend greatly on the position of the 
amino acid residue.137 It was shown that, in acid, deoxythymidylyl-(5'--+N)- 
phenylalanine is cleaved at the phosphoamide bond twice as readily as the 3'- 
analogue. A conformational study of 3'- and 5'-phenylalanine derivatives of 
deoxythymidylic acid by n.m.r. spectroscopy has shown (unpublished data by B. A. 

Juodka) that in the case of HO-Phe-pdT there is interaction between the plane of 
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R - C H - O H  
I 
C H - N H 2  + UMP 
I 

COOCH3 H 3COOC - CH- 
I 

R - C H -  

+ 
.NH2 

.OH 

U 

OPO 3H 
I 
CH-R 

I 
C O O C H 3  

C H - N H 2  I 

Scheme 10 

thymine and that of the phenylalanine residue. 
convenient position of the carboxyl group at  the phosphorus atom. 

Possibly, this accounts fo r  a 

2.2.2.4. Influence of the hydraxyl group of aminohydroxy acids on the 
mechanism of cleavage of nucleotidyl<S'-tN)-amino acids (peptides). A study of 
the  hydrolytic stability of uridylyl-(5'+N)-aminohydroxy acid (peptide) esters has 
shown that  the hydroxyl groups of serine and threonine take part  in the 
intramolecular catalysis in acid and in alkali. 138,139 While esters of nucleotidyl- 

(5'--cN)-amino acids (peptides) having no functional groups in the amino acid 
fragment were hydrolyzed in acid only at the  phosphoamide bond, the 
hydrolyzates of esters of uridylyl-(5'--cN)-~-aminohydroxy acids (peptides) were 
found t o  contain uridine and esters of 0-phosphoamino acids (peptides) besides 
UMP and esters of P-aminohydroxy acids (peptides). The nature of the cleavage 
products suggests that, in acid, the compounds investigated a r e  cleaved 
simultaneously in two directions (Scheme 10). 

The first direction is phosphoamide bond cleavage by the SN2(P) mechanism 
analogous to  that for acid hydrolysis of nucleotidyl-(5'--tN)-amino acids. The 
cleavage of the phosphoamide centre  in uridylyl-(5'--tN)-P-aminohydroxy acid 
(peptide) esters in the second direction proceeds without t h e  participation of 

water at  the first stage and results from intramolecular nucleophilic substitution 
involving the hydroxyl groups of p-aminohydroxy acids. 

Uridine, amino acids (peptides) and inorganic phosphate have been found in 
138 alkaline hydrolyzates of uridylyl-(5'--cN)-aminohydroxy acid (peptide) esters. 

The cleavage of the phosphoamide centre  in alkali is caused by the hydroxyl group 
of 0-aminohydroxy acids. I t  is assumed that  the influence of the hydroxyl group 
manifests itself through intramolecular nucleophilic catalysis. 

The remote hydroxyl groups in esters of uridylyl-(5'+N)-tyrosine, 
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Phe + d(TpT) 

Phe-(P,--N)-d(TpT) dT + Phe-pdT * dT + pdT + Phe 

dT + dTp-Phe -* dTp + dT t Phe 

Scheme 11 

-hydroxyproline and -glycylserine have no effect on the mechanism of 
phosphoamide centre cleavage. 138 

2.2.2.5. Oligonucleotidyl-(Pm-*N)-amino acids. Oligonucleotidyl- 
(Pm--cN)-amino acid esters are known to be far more stable than their mono- 
nucleotide analogues and to be hydrolyzed only in acid to oligonucleotides and 
amino acid esters.' In recent years the main attention has been given to studying 
the influence of the functional environment on the mechanism of phosphoamide 
centre cleavage. 133-136 A study of the hydrolytic stability of HO-Phe-(Pm+N)- 
d(TpN) (where N is deoxythymidine or deoxyadenosine) has shown that their acid 
hydrolyzates contain dT, dN, 3'- and 5'-deoxynucleotide, deoxynucleotidyl- 
(5'")- and -(3'-+N)-phenylalanine, d(TpN) and phenylalanine. The reaction 
products suggest that three parallel processes take place (Scheme 11). 

Route 'a' is hydrolysis of the phosphoamide bond, which also takes place in 
the case of the ester analogue. This reaction proceeds only 5-8%. The main way 
in acid is phosphoester bond cleavage (routes 'b' and 'c'). As a result of these 
reactions, deoxynucleotides and deoxynucleotidyl-(5'+N)- and -(3'-+N)- 
phenylalanine are formed. The compounds are subsequently cleaved to 
nucleosides and nucleotides. The cleavage of HO-Phe4Pm-N)-d(TpN) in the 'b' 

and 'c' directions is caused by the free carboxyl group of phenylalanine. It is 
assumed 1339135 that intramolecular nucleophilic catalysis takes place, as it was 
proved in the case of mononucleotidyl-(P +N)-amino acids. 

It has been found13* that the hydroxyl group of serine in EtO-Ser(Pm-+N)- 
d(TpN) (N-deoxythymidine or deoxycytidine) also has the intramolecular effect. It 
turned out that, in acid, N-0 migration of the oligonucleotide residue takes 
place, and EtO-Ser(NHp)-(Pm-O)-d(TpN) is formed from EtO-Ser(Pm+N)- 
d(TpN). The hydroxyl group of serine also causes the cleavage of the 
phosphoamide centre in alkali. HOSer(Pm +N)-d(TpN), d(TpN), dT, HO-Ser-pdN, 
ammonia and pyruvic acid have been found in alkaline hydrolyzates of EtO- 

Ser(Pm-+N)-d(TpN). The main process in alkali is phosphoamide bond cleavage. 

131 
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This is a very rare case in the chemistry of phosphoamides. It is assumed134 that, 
in alkali, 0-elimination takes place. 

The data on the hydrolytic stability of nucleotide-peptides of the 
phosphoamide type suggest that the behavior of such a bond in natural nucleotide- 
and NA-protein complexes will depend on the nature of the N-terminal amino 
acid, the nucleotide, on the length and composition of the peptide and the 
oligonucleotide constituents of molecules, on the position of the protein 
component of the complex (terminal or internucleotide phosphate of NA)  and the 
functional environment of t h e  phosphoamide centre. 

A study of the hydrolytic stability of model nucleotide-peptides of all types 
makes it possible to conclude that, in solving structural problems of mixed 
biopolymers, one cannot use their chemical treatment and, the more so, judge of 
the bond type between the components by the products of chemical 
decomposition. It follows from the studies presented above that it is necessary to 
cleave polymer parts of a complex by enzymes, to isolate the nucleotide-peptide 
unit and then to determine the bond type in it. At this level data on the 
reactivity of model nucleotide-peptides must be most useful. Methods of specific 
cleavage of particular nucleotide-peptide bonds can play a prominent role in the 
investigation. 

2.3. 
Natural nucleotide- and NA-protein complexes can be cleaved by nucleases 

and proteases. The question arises how the nucleotide fragment will affect the 
action of proteases and how the polypeptide fragment will affect the action of 
nucleases. The hydrolytic activity of pronase B, carboxypeptidase A, pancreatic 
ribonuclease and phosphodiesterases with respect to some nucleotidyl 

128 (oligonucleotidyl)-(P +N)-peptides and their esters has been studied recently. 
The binding of amino acids to the 3'- or 5I-terminal phosphoric acid residues of 
oligonucleotides was found to have no influence on the efficiency of the action of 
nucleases and phosphodiesterases. 1289140 The linking of nucleotide to the amino 
group of N-terminal amino acid of peptide does not affect the efficiency of the 
action of pronase B but hinders the action of carboxypeptidase A to some extent. 
The data obtained suggest that treatment of covalent nucleotide- and NA-protein 
complexes with nucleases and proteases is a mild method of cleavage of polymeric 
fragments of the complex and it can be used for isolation of the nucleotide- 
peptide unit. This approach has already found a wide application (see Review ). 

Cleavage of nucleotide-peptides by enzymes. 

2 
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NUCLEOTIDE-PEPTIDES 4 7 3  

2.4. 

In determining the bond type in nucleotide-peptides isolated after treatment 
of nucleotide- or NA-protein complexes with enzymes, methods of specific 
cleavage of particular bonds can play an important role. Hydroxylamine (pH 4.5- 
5) has been proposed earlier for phosphoamide bond cleavage (see Review 1. Data 
on the influence of the structure of the nucleotide and peptide fragments on the 
efficiency of the reaction concerned and on its specificity have been 
obtained. 12*,140 It has been shown that, of hydroxylamine, N-methyl- and 0- 
methylhydroxylamines, N-methylhydroxylamine is the most effective. I t  is also 
evident that the elongation of the peptide and the oligonucleotide chains in 
nucleotide-peptides stabilizes the phosphoamide bond. I t  should be noted that 
hydroxylamine also cleaves the phosphoarnide bond, in the formation of which the 
internucleotide phosphate is involved, but it does not cleave the phosphoester 
bond in nucleotidyl-(P -t 0)-amino acids. Phosphodiesterases turned out to be 
specific agents of phosphoester bond cleavage. 1199120 Snake venom phospho- 
diesterase cleaves the phosphoester bond in nucleotidyl-(5' --+ 0)-amino acids, and 
spleen phosphodiesterase cleaves the phosphoester bond in nucleotidyl-(3' + 0)- 
amino acids. Thus, the cleavage of nucleotide-peptides by specific phosphodi- 
esterases not only suggests the bond type but aIso shows whether the protein is 
linked to the 3' end or to the 5' end of NA. A study of the behavior of nucleotidyl- 
(P-+O)-amino acids (peptides) with respect to chemical agents makes i t  possible 
to determine the nature of arninohydroxy acid to which the nucleotide is linked. 
If the nucleotide-peptide is cleaved by diesterases, its stability in 2 N  NaOH (1 h, 

37'C) will indicate that the nucleotide is linked through the hydroxyl group of 
tyrosine or hydroxyproline. The lability of nucleotide-peptide in alkali makes it 
possible to conclude that serine or threonine is involved in the formation of the 
phosphoester bond. The presence of pyruvic acid in alkaline hydrolyzates suggests 
that the N-terminal amino acid is serine. 

Specific methods of cleavage of nucleotide-peptides. 

1 

3. DETERMINATION OF BOND TYPE IN THE RNA LIGASE-ADENYLATE 
COMPLEX 
For the approbation of the applicability of all recommendations concerning 

ways of determining the nature of the interbiopolymer bond in natural nucleotide- 
and NA-protein structures and the use of data on the properties of synthetic 
nucleotide-peptides, the nature of the nucleotide-peptide bond in the  intermediate 

of RNA ligase reaction has been revealed.' A t  the first stage the RNA ligase 
reacts with ATP to form a covalent RNA ligase-adenylate complex (see Review 1. 8 
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141 Optimal conditions of the formation of the complex have been determined. 
The labelled [ Cl AMP-ligase complex was isolated by gel filtration, cleaved by 
proteinase K, and adenylyl-peptide was isolated. I t  was stable with respect to 
snake venom phosphodiesterase but was readily cleaved by hydroxylamine. All  

these findings make i t  possible to conclude that adenylic acid is linked to RNA 
ligase by a phosphoamide bond. The application of the method of modification of 
RNA ligase and its adenylate complex by means of 2,4-pentanedione made i t  
possible to suggest tha t  adenylic acid is linked to the protein through t h e  E -  

amino group of lysine. 

14  

9 

4. THE APPLICATION OF SYNTHETIC NUCLBOTIDE-PEPTIDES 

Some synthetic nucleotidyl-(P-+N)-amino acids have been employed for 
modeling enzymatic reactions. Adenylyl-(5' +N '1-lysine was used for modeling 
three steps of t h e  DNA ligase reaction,142 and methyl ester of uridylyl- 

(5'-+Nim)-N-Z-histidine was used for modeling two steps of the galactose-l- 
phosphate uridylyltransferase reaction (unpublished data by B. A. Juodka). The 
data obtained suggest that in some cases model nucleotide-peptides can heIp to 
identify intermediate enzymesubstrate complexes. 

Some nucleotidyl- and oligonucleotidyl-(P- N)-lysines were immobilized on 
sepharose activated by cyanogen Immobilization of oligonucleotides 
through the internucleotide phosphate is of particular interest. This principle of 
immobilization has the  advantage over other methods that heterocyclic bases and 
the hydroxyl groups of monosaccharide remain free and can interact with certain 
parts of proteins or NA without steric hindrance. 

It has been found144 that some nucleotidyl-(5'-+N)-amino acids and their 
esters show inhibiting activity with respect to lipoamide dehydrogenase from 

yeast Saccharomyces cerevisiae. p15,, ranges from 2.5 to 3.5, depending on t h e  
structure of inhibitor. It makes the impression that the inhibiting properties of 
nucleotidyl-(P +N)-amino acids depend greatly on the nature of heterocyclic base 
and on the  state of the  carboxyl group of amino acid. However, no clear-cut 
correlation has been found between the structure of the compounds studied and 
their inhibiting function. MeO-Phe-pU and HO-P-Ala-pU have been studied more 
extensively. The former compound has a blocked carboxyl group, and the latter 
has a free carboxyl group. A detailed study of inhibition kinetics, its dependence 
on the concentration of inhibitors, substrates, activator of the lipoainide 
dehydrogenase reaction N A D  made it  possible to  conclude that the inhibiting + 
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X I  - H o r O H ;  
R1 - O H  or nucleotide residue 
R - amino acid residue 

R 
I 

CH 3 0 0 C  - CH - N H -p 
I 

OH 

I 

Scheme 12 

effect of MeO-Phe-pU manifests itself at t h e  level of complex formation between 
lipoamide dehydrogenase and NAD , whereas that of HO-P-Ala-pU manifests 
itself at the level of interaction of the enzyme and lipoic acid.144 Interestingly, 
these compounds are quite ineffective with respect to glucosed-phosphate 
dehydrogenase and alcohol dehydrogenase. This suggests that the inhibitors 
concerned are specific for lipoamide dehydrogenase. 

The amino acid derivatives of mono- and oligonucleotides (Scheme 12)  are 
especially convenient model systems for elucidating the elementary processes of 
protein-nucleic acid interaction ('single' interactions of protein and nucleic acid 
fragments), which are of great interest in connection with creating a general 
theory of protein-nucleic acid interaction and recognition. 

In studying the secondary structure of these compounds or their complexes 
with complementary oligo(po1y) nucleotide matrices in solution by physical 
methods, one can obtain information on noncovalent interactions of the residues 
of individual amino acids with certain heterocyclic bases or nucleic acid helices. 

Using models (I), where R = H, containing 4 natural heterocyclic bases and 
l , N  -ethenoadenine (rAde) and all aromatic amino acids, and employing methods 
of circular dichroism (CD), optical rotatory dispersion, n.m.r. spectroscopy and 
fluorescence, the existence of a secondary structure, stabilized by hydrophobic 
interaction of the aromatic systems of the amino acid and the nucleotide 
fragments of the molecule, has been shown. 1457146 Four conformational models 

+ 
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have been proposed, showing the  relative position of the aromatic systems in 
compounds (I), which allowed to present a geometric pattern of interaction of 
nucleotide residues and aromatic amino acid residues. 147,148 

The main regularities of interaction of aromatic amino acids and 
heterocyclic bases of nucleotides remain on transition to  amino acid derivatives 

145,149-152 In of oligonucleotides (I), where R' is the oligonucleotide residue. 
amino acid (Phe, Tyr and Trp) derivatives of d(pA)n, d(pG)n (n = 2-4), d(pC)2, 
d(pGGT) and d(pc APT) the aromatic amino acid residue interacts wi th  the nearest 
base of the  oligomer without disturbing the  "stacking" of bases in it, the 
interaction being independent of oligomer chain length. 149-152 I t  has been shown 
by the example of Trp-d(pTp6A) that the possibility of interaction of t he  aromatic 
amino acid residue and the remote heterocyclic bases is not ruled out either. If 

141,151 or the amino acid is linked to the oligomer with a weak "stacking" of bases 
bound to the internucleotide phosphate,145 the interplanar interactions of bases 
are disturbed. 

Important information was obtained in studying trihelical complexes (111) of 
amino acid (Phe, Tyr and Trp) amides of homogeneous oligonucleotides d(pA), and 
d(pG), with poly (U) and poly (C) respectively 149-151 as well as in studying 
bihelical (11) complexes of tryptophan derivatives of heterogeneous oligomers 
d(pGGT) and d(pTGG) with d(pCCA)2 and d(pACC)g. 15' It was found that t h e  

Phe, Tyr and Trp residues are fixed in a narrow grove of t h e  Watson-Crick part of 

the trihelix and interact in it with bases without changing the  geometry of the 
helix and without intercalation. In addition, they destabilize complexes 
containing (A,U).152 The destabilizing effect of Trp without introducing i t  into 
the helix was also observed in t h e  case of heterogeneous double-stranded 
complexes (11). 

Thus, characteristics have been obtained concerning elementary interactions 
of all possible pairs of aromatic amino acids and heterocyclic bases, which form a 
constituent part of gradually complicated structures: mononucleotides, oligo- 
nucleotides and nucleic acid helices. These data have been successfully used for 
determining the position of the Tyr and Phe residues of phage f l  gene 5 protein in 
its complex with oligonucleotides. 153p154 In addition, they formed the basis of the 
hypothesis about the participation of aromatic amino acid residues in reducing Tm 
of DNA by phage f l  gene 5 protein and by other DNA-linking (helix-destabilizing) 
proteins. 153,154 

The obtained data on synthetic nucleotide-peptides suggest that they are 
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in te res t ing  new organic  compounds, which h a v e  found d i r e c t  a n d  indirect  
appl icat ion in a number of f ie lds  of molecular  biology. 
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