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ABSTRACT. The results of studies on the structure and properties
of DNA-RNA hybrids and complexes of oligo(poly)nucleotides
containing non-canonical base pairs or unpaired bases both within
and at the ends of the double helix are surveyed. The methods
used in the study of such systems are briefly characterised: X-ray
diffraction analysis, NMR and UV spectroscopy, circular dichroism,
scanning microcalorimetry, etc. A comparative analysis of the
influence of the non-canonical pairs on the structure and the
energetic and kinetic parameters of the formation and dissociation of
the oligonucleotide complexes has been carried out. The question
of the stability of the non-canonical pairs as a function of their
nature and position in the double helix is considered. The
mechanisms of the formation of the hydrogen bonds between the
bases of non-complementary pairs are discussed.

The bibliography includes 171 references.
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of different RNAs.6"8 The development of the site-specific muta-
genesis served as a powerful stimulus to the study of the spatial
disposition and energetic parameters of the non-canonical pairs
incorporated in the regular double helix structure. The use of the
site-mutagenesis technique makes it possible to achieve point
substitutions of nucleotides, deletions, and insertions in specified
positions in DNA. The appearance of interest in the study of
structures of this type coincided with the development of synthetic
nucleotide chemistry and the improvement of modern methods for
structural studies. This made it possible in recent years to obtain
and to study in detail sets of DNA duplexes with non-canonical
pairs and "superfluous" nucleotide units in specified positions.
Such compounds are convenient models for the investigation of
various cell processes—replication, transcription, translation, and
mutagenetic processes. In addition, they are of interest as instru-
ments for the study of enzymes of NA metabolism and the structure
and conformational possibilities of NA. The available information
about the thermodynamics and kinetics of the formation and dis-
sociation of DNA-duplexes with non-canonical pairs is used widely
for the diagnosis of genetic diseases.9

The data for the geometry of the pairing of certain types of non-
complementary bases and their influence on the parameters of the
double helix have been analysed in review articles published in

1 9 8 7 10,11 T h i s r e v j e w considers the structure of the DNA-RNA
hybrid structures and NA complexes containing all the investigated
combinations of the non-complementary pairs and "superfluous"
nucleotide units; the influence of structural anomalies on the
thermodynamic and kinetic parameters of complex formation and on
the secondary structure of the double helices is considered. The
structural anomalies induced by minor or modified bases are not
included in the review.

I. Introduction

The interest in the double helix complexes of nucleic acids with
various structural anomalies arose in connection with the study of
the mechanism of the transmission of genetic information. Thus it
has been established that hybrid DNA-RNA duplexes are formed as
intermediates in key biological processes—replication, transcription,
and reverse transcription.1'2 The correct "reading" of genetic
information is known to be ensured by the complementation inter-
actions of the nucleic acid (NA) bases and is controlled by the corre-
sponding enzyme systems. However, the inclusion of "erroneous"
nucleotides, forming non-complementary pairs, nevertheless occurs,
although extremely rarely, leading to substitutional mutations.3'4

On the other hand, non-canonical pairs are formed fairly frequently
in codon-anticodon interactions (in the third position of the codon
triplet)5 and also on formation of the secondary or tertiary structures

II. Methods used to investigate double helix nucleic
acids with structural anomalies

X-Ray diffraction analysis of single crystals (XRDA) and X-ray
diffraction in oriented fibres (XRDF). The most complete
information about the structure of oligonucleotide duplexes
independent of conceptual models can be obtained with the aid of
XRDA; high-resolution XRDA (~ 1.5-2 A) makes it possible to
determine the coordinates of all the non-hydrogen atoms, to observe
experimentally the influence of modifications of the local and overall
structures of the double helix, and to investigate its hydration
shell.10'12"14 XRDF is used to characterise the double and triple
helices formed by polynucleotides15 and yields much less information
than XRDA.

High resolution NMR spectroscopy. Such spectroscopy has been
widely used recently to investigate oligomeric duplexes.16 From the
*H NMR spectra, one can infer the local environment of each
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proton, which makes it possible to follow the variation of the
conformations of the individual nucleotide pairs as the temperature,
pH, etc. are varied. Two groups of resonance proton signals are
analysed.

(a) The signals of non-exchanging protons—H(5) and H(6) of the
pyrimidine bases, H(2) and H(8) of the purine bases, and the protons
of the CH3 group of thymine and the carbohydrate rings. The
thermal dissociation of the duplexes leads to a downfield shift of the
signals. The thermodynamic parameters of the helix-coil transition
can be calculated from the curves for the temperature dependence of
the chemical shifts δ of these proton signals and it is possible to
follow the dissociation of each nucleotide pair of the duplex.

(b) The signals of the slowly exchanging protons of the imino-
groups N(l)-H of guanine and N(3)-H of thymine (uracil), parti-
cipating in the formation of hydrogen bonds, are recorded in
aqueous solutions. The presence of signals in the region of low
fields indicates unambiguously the formation of hydrogen-bonded
nucleotide pairs. With increase in temperature, an upfield shift,
broadening, and disappearance of the signals take place owing to the
increase in the relative content of the open-chain forms and the
rapid exchange of the imino-group protons in the open-chain forms
with water. The temperature of the disappearance of the signals is
not related to the thermodynamic stability of the duplexes and
merely yields a comparative characteristic of the stability of the
individual nucleotide pairs. The study of the kinetics of the
exchange of the imino-protons with water makes it possible to
estimate the lifetimes τ of the individual base pairs in the helical
complex. The activation energies and the rate constants for the
dissociation and formation of individual nucleotide pairs are
calculated from the temperature variation of τ.1 7

Measurement of the vicinal spin-spin coupling constants of the
protons of the C(l') and C(2') atoms makes it possible to estimate
the conformation of the carbon rings. Information about the
distances between the atomic nuclei can be obtained with the aid of
the nuclear Overhauser effect (nOe);18 the nOe is observed for pairs
of nuclei separated by distances not greater than 4 A.

3 1 P NMR spectra contain data about the conformation of the
sugar phosphate skeleton of the oligonucleotide constituting the
double helix.

Scanning microcalorimetry (SMC). This is used to determine the

thermodynamic parameters of the conformational transition.19 The
enthalpy of the helix-coil transitions AH0 can be obtained directly
from the curve for the temperature variation for the heat capacity
of the system by calculating the area bounded by this curve. The
van't Hoff enthalpy AHy.u can be calculated simultaneously from
the same experimental data.20 It has been suggested that AHV.H

corresponds to the enthalpy of the helix-coil transition when the two
states model is valid. The difference between the experimental AH0

and AHv.ii is evidence that on fusion the system passes through a
series of partially bound structures and makes it possible to estimate
the length of the cooperatively melting section of the duplex.

UV spectroscopy. The curves for the temperature variation of the
UV absorption by the system permit the determination of the
melting point (T^ of the double helix and the calculation of the
thermodynamic parameters of the complex formation process. The
temperature jump method,21 based on the analysis of the change in
the UV absorption after an abrupt increase in temperature, is widely
used to obtain the kinetic characteristics of the helix-coil transition.

Circular dichroism (CD) and optical rotary dispersion (ORD). The

interpretation of CD (ORD) data, based mainly on the empirical
assignment of the spectra to the known conformations of the
polymers, permits conclusions concerning the similarity of the
geometrical parameters of the double helix structures and their
inclusion in a particular study of Na forms (A, B, Z^).

Raman spectroscopy (RS). This spectroscopy makes it possible to
estimate the secondary structure of double helix oligo(poly)nucleo-
tides both in solution and in the crystalline states.22

Theoretical estimation of the conformation of the oligonucleotide

duplexes. This is done by calculating the energies of the non-
valence interactions by the method of atom-atom potential functions
(AAPF).23 The minimisation of the energy of the non-valence
interactions in terms of different variables (parameters determining
the geometry of the pairing of bases and the positions of the pairs
relative to the axis of the helix, parameters of the helix, torsional
angles, etc.) makes it possible to establish the most probable con-
formation of the non-canonical pairs and of the duplexes containing
such pairs. It is noteworthy that the accuracy of calculations of this
kind depends on the number of independent variables considered.

III. Hybrid DNA-RNA complexes

1. The secondary structure of the DNA-RNA hybrids

Natural DNA and synthetic polydeoxyribonucleotides are known
to exist in aqueous solution and in fibres with a high relative
moisture content in the form of the Β family; forms belong to the A
family are characteristic of the double helix RNA. Although both
conformational families refer to right-hand helices, they differ
sharply in their helix parameters. A significant factor determining
the type of secondary structure is the conformation of the sugar:
C(3')-endo(iV) in the Τ family and C(2')-endo(S) in the IT family.
The only form in which the double helix RNA exists is the A-form.
The conformational possibilities for DNA are much wider: depend-
ing on the conditions in the medium and the nucleotide sequence,
the DNA duplexes can exist in the form of the Β and A~ families, the
alternating 5-form, and the left-hand Z-form. It has also been
shown that the local parameters of the nucleotide pairs vary within
wide limits.24

By analysing the available literature data, it is possible to
conclude that the DNA-RNA hybrids belong most typically to
the Λ-family of conformations. However, depending on the nucleo-
tide composition and sequence and also on the complex formation
conditions, the hybrid complexes can form structures of a new
type—B- and Z-complexes as well as dimorphous complexes con-
taining elements of both forms (Table 1).

We shall consider in greater detail some of the data presented in
Table 1. The conformations of the hybrid heptameric complexes!

d (C Τ Τ Τ Τ Τ G)
(GAAAAAC)r

"rA.dT" complex

d(CA5G) + r(CU5G)

"dA.rU" complex

t Here and henceforth the structure of the duplexes is formulated in
the direction (5'-3' )-upper strand and (3'-5' Hower strand.
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were analysed simultaneously with the study of their ribo- and
deoxyribo-analogues:29·30

d(CTTTTTG)
(GAAAAAC)d

"dA.dT" complex

r(CUUUUUG)
(GAAAA AQr

"rA.rU" complex

Table 1. The structure of the DNA-RNA hybrid complexes.

Complexes

Polymeric DNA-RNA complexes
with an irregular nucleotide
sequence

polyld(AC)-poly[r(GU)]
poly[r(AC).poly[d(GT)]
r(CA,G).d(CT6G)
<J(CA5G)-2r(CU6G)
poly (dG)·poly(rC)
poly(rG).poly(dC)
poly(dA)-poly(rU)

poly(dl) ***.poly(rC)
poly(rI)-poly(dC)
poly(rA).poly(dT) (fibres)
poly(rA).poly(dT) (in solution)

poly(dA)-2poly(rU)
poty(rA)-2poly(dT)
d ( T C A C A T ) - r ( A U G U G A )
poly(rG-dC)-poly(rG-dC)
r(GCG)d(CGC) -r(GCG)d(CGC)

Form of helix

Λ-DNA, Λ-RNA

closer to Λ-RNA
closer to /1-RNA
Λ-RNA
Λ-RNA
Λ-DNA·, Λ-RNA··
Λ-DNA
A'-KNA*, dimorphous structure·*
A DMA
dimorphous structure
Λ-DNA·, Λ'-RNA··
Λ'-RNA·, dimorphous structure·*
5-DNA,
dimorphous structure
Λ-RNA
dimorphous structure
B-DNA
Λ-RNA, Z-, B-iotm
Λ-DNA

•Relative humidity below 80%.

** Relative humidity above 80%.
***! = inosine.

Method of
analysis

XRDF, ORD

CD
CD
CD, Ή NMR
CD, Ή NMR
XRDF
XRDF
XRDF
CD
XRDF
XRDF
XRDF, 31P NMR
Ή NMR
CD
XRDF
CD
Ή NMR
CD, 3 1P NMR
RS

Refs.

[25—27]

[28]
[28]

[29. 30]
[29. 30]

[15]
[15]
[15]
131]
[15]
[15]

[32, 33]
[34]
[31]
[35]
[31]
[36]

[37—39]
[22]

On the basis of the spin-spin coupling constants for the protons
of the carbohydrate residues, it has been established that the
furanose rings in the "rA.rU" and "rA.dT" complexes are in the
JV-conformation (Λ-form), while the deoxyribose residues in
"dA.dT" are in the S-conformation (5-form). The complex
formation reaction between d(C A5G) and r (C U5G) leads to the
preferential formation of the triple helix d(C A5G).2r(C U5G), which
belongs to the Λ-family according to CD data.

Under the conditions of a high relative humidity, the polymeric
complexes poly(dA).poly(rU) and poly(dI).poly(rC) (in the form of
fibres) have unusual diffraction patterns representing a superposition
of the reflections corresponding to the A- and 5-forms of the helix.15

It has been suggested that the carbohydrate residues of the polymeric
strands in these complexes have different conformations—of the
Ν-type for ribose and of the 5-type for deoxyribose. A similar
dimorphous structure of the DNA-RNA hybrid complex can play
an important role in the functioning of the DNA- and RNA-
polymerases.

Interesting data have been obtained in studies of poly(rA).
.poly(dT). This ribo-deoxyribonucleotide hybrid is an analogue of
the DNA-duplex poly(dA).poly(dT). The latter retains the 5-form
of the helix even under conditions where the natural non-regular
DNA exists in the Λ-form. Apparently the "B affinity" is retained
also in the hybrid complex despite the presence in the latter of the
conformationally rigid polyribonucleotide chain. The poly(rA).
.poly(dT) fibres form a helix belonging to the A~ family only for a

relative moisture content below 90%.32 With increase in moisture
content, there is a conformational transition to a structure similar to
the B-form of DNA in terms of geometrical parameters but the
structure is dimorphous according to the conformation of the carbo-
hydrate residues.32·33 It has been shown by ! H NMR, using nOe
studies, that in an aqueous buffer solution poly(rA).poly(dT) exists
in the Β-ΐοτα\ and the carbohydrate residues in both strands have the
same S-type conformation.34 However, owing to the steric hin-
drance generated by the 2'-hydroxy-group of ribose, the geometry of
the hybrid helix differs little from that of the classical 5-form of the
DNA. In particular, the inclination and twist of the bases as well
as the distances between the bases and the axis of the helix have
increased. It has been found that the B-ioxm of the helix in
solution is characteristic also of the duplex with the heterogeneous
composition d(TCACAT).r (AUGUGA).36

The study of the structure of the double helix complexes whose
composition includes covalently bound DNA and RNA fragments is
of special interest. The mixed composition hybrid with the alter-
nating ribodeoxyribonucleotide sequence poly(rG-dC).poly(rG-dC) is
an analogue of the DNA-duplex poly(dG-dC).poly(dG-dC); the
latter undergoes a transition into the left-hand Z-form at a high
ionic strength.40 At a moderate NaCl concentration, the structure
of poly(rG-dC).poly(rG-dC) is analogous to Λ-RNA in terms of
geometrical parameters and the conformation of the carbohydrate
residues.37 The transition of the hybrid helix to the Z-form occurs,
in contrast to its DNA-analogue, both with increase and with
decrease in the ionic strength with average A-Z transition points at
25 mM NaCl in the low salt region and at 1500 mM NaCl in the
high salt region.37'38 In the presence of tetrabutylammonium ions
(> 30 mM) an additional conformational transition of the hybrid
complex to the 5-form is observed.39

The hexanucleotide mixed composition duplex

r(GCG)d(CGC)
(CGQd(GCG)r

forms a helix in the 4̂-form in the crystalline state according to RS
data22 and all the carbohydrate residues (both ribose and deoxy-
ribose) have the same iV-conformation. In aqueous solution, the
geometry of the complex is in the main retained, but the deoxyribose
rings of the terminal cytidine residues assume an S-type confor-
mation, which is associated, according to the authors, with the lower
stability of the end pairs and hence their greater conformational
mobility.

The secondary structure of the decameric duplex

1 2 3 4 5 6 7 8 9 10
r(GCG)d(TATA— CGC) ,
(CGC—ATAT)d(GCG)r

in which the double helix tetranucleotide DNA fragment (d.d) is
flanked by hybrid sections on both sides, has been investigated.41'42

According to XRDA data, in the presence of a low water content,
this duplex forms a helix which is similar, in terms of geometrical
parameters, to the A-iorm of DNA with the same iV-conformation
of the carbohydrate ring.41 According to the authors, the presence
of hybrid sections at the end of the duplex stimulates the transition
of the central d.d fragment to the A-iorm. In aqueous solution, the
situation is somewhat different.42 According to ! H NMR data,
which made it possible to estimate the ratio of the conformers for
each nucleotide unit, all the ribose rings of the above duplex have
the Ν-conformation. The existence of the 5- and ΛΓ-conformers is
characteristic of all the deoxyribose residues located in both the
hybrid and d.d sections of the duplex, the equilibrium constant
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depending on the local environment of the individual nucleotide unit
(Fig. 1). The carbohydrate residues dC (in the 8-position), dG (in
the 9-position), and dC (in the 10-position), belonging to the hybrid
fragment, contain respectively 52, 37, and 33% of the TV-type
conformers. This sequence in the variation of the percentage
contents of the iV-conformers is caused by the greater conforma-
tional freedom of the terminal deoxynucleotides. The data obtained
permit the conclusion that a conformational transmission effect
(the influence of the RNA fragment on the conformation of the
carbohydrate rings of the DNA sequence linked to it) is observed
with covalently bound DNA-RNA hybrid molecules. In the duplex
considered, the effect is extended mainly to the two nucleotide
residues dT (in the 4-position) and dA (in the 5-position) and to a
lesser extent DT (in the 6-position) and dA (in the 7-position).
Consequently there is a smooth transition from the iV-conformation
to the predominatly ^-conformation. The occurrence of the
stacking interaction between the bases along the entire molecule,
with the predominance of the "stacking" characteristic of the Λ-form
in r(GCG) and the "mixed" type in the d(TATACGC) section, has
been demonstrated by XH NMR spectroscopy.

The structures of the hybrid polymeric-oligomeric duplexes
dGn.rCiidCi6 and dG^.rCodCn (« > 70) have been investi-
gated.43'44 The systems investigated are indicated below in a
conventional schematic form.

Duplex
d C 2 2

ι

dG n

Duplex

r~——·
dG,,

Duplex

(1)

—ι

(Π)

—ι

(III)

Duplex

ι
dGn

Duplex

1 — —

Duplex

(IV)

1

(V)

—ι

(VI)

It follows from the analysis of the ! H NMR spectra of the
duplexes (I)-(III) that the two fragments of the duplex (I) form
helices with different conformations—the hybrid section of the
molecule is in the v4-form characteristic of the duplex (III) and the
(d.d) section is in the B-iona, like the duplex (II).43 The CD
spectra of the duplexes (IV)-(VI) have led to the analogous
conclusion that the A- and informs coexist in the hybrid duplex
(IV).44 Analysis of the fusion curves (UV spectroscopy) shows that,
despite the presence of two forms, the helix-coil transition in the
duplex (IV) is cooperative and single-phase. According to the

authors,44 the existence of two adjoining conformations in the
covalently bound hybrid duplexes (I) and (IV) leads to geometrical
distortions—the bending of the axis of the helix at the boundary
between the two forms; the transitional region between the A and Β
forms then includes only one nucleotide pair, belonging to the DNA
fragment, and the phosphodiester linkages adjoining it. Analysis of
the geometrical structure of the hybrid duplex (Fig. 2), obtained by
computer modelling,44'45 showed that in the region of the bend in the
helix the complementation and interplanar interactions between the
bases are retained.

5' 3'

Y/ZZZ/ZZV,
Y7ZVZ,

dOrG

Ο3 50 50

content of 7V-conformer, %

roo

Figure 1. Conformation of the carbohydrate rings of the duplex
formed by r(GCG)d(TATACGC) in aqueous solution (according to
! H NMR spectroscopic data).42

The conclusions concerning the structure of the covalently bound
DNA-RNA hybrid duplexes reached in this series of studies differ
from the conclusions arrived at by Mellema et al.42 for the

axis of 2?-form boundary

axis of A -form

Figure 2. A molecular model of the complex dGB.rCndCi6.
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decameric duplex, which can be accounted for by the differences
between the lengths of the r.d and d.d sections, the nature of the
nucleotide pairs (A.T or G.C) at the "junction" between these
sections, and certain assumptions in the interpretation of the data.

2. Thermodynamic and kinetic aspects of the formation of
DNA-RNA hybrid complexes

A comparative analysis of the thermodynamics and kinetics of the
formation of hybrid double helices and of their DNA and RNA
analogues has been performed on the model heptameric complexes
"rA.dT", "dA.rU", "dA.dT", and "rA.rU" (see above).17'30'46 The
following duplex stability sequence has been established with the aid
of UV and XH NMR spectroscopy: "dA.dT" > "rA.dT" >
"rA.rU" » "dA.rU", which agrees with the stability series for
polymeric complexes formed by poly(rA), poly(dA), poly(rU), and
poly(dT) in analogous combinations.47 Comparison of the equi-
librium constants (K25o) for the formation of the heptameric double
helices (Table 2) shows that the duplex "dA.dT" is 10 and 4 times
more stable than "rA.rU" and "rA.dT" respectively, while the
hybrid duplex "dA.rU" is almost 200 times less stable than "rA.dT".
It has been suggested30 that the ^-conformation is preferred for the
dA clusters and the latter cannot therefore form stable DNA-RNA
hybrids. According to the authors, the presence of such clusters
facilitates the termination of transcription.

Table 2. Thermodynamic and kinetic parameters of the formation of
hybrid oligomeric duplexes and the corresponding ribo- and
deoxyribo-nucleotide analogues.

Parameter

Ta,"C
Aijs litre mol"1

ΔΗ °, kcal mol"1

*>.12·. litre mol"1 s"1

E*ji, kcal mol"1

Etj, kcal mol"'

<<rA-dT»

22.9

5,5·103

—48
6.6-10'

—
—
50

«dA-rU»

<o
<3-101

—
—
—
—

—

«dA-dT»

27.5
1.8-104

—41
8.3-10"8

43
—0.5

9.fi

«rA-rU»

19,1
2.2-103

—44
6.2-10»

39
0

38

Refs.

[30]
[30]
[30]
[46]

[46]
[46]
[46]

Note. Complex formation conditions: 0.01 Μ phosphate buffer, pH 7,
0.1 mM EDTA, 0.2 Μ NaCl, c0 = 2 χ 10"* Μ; the structures of the
duplexes are shown in the text.

Kinetic parameters17'46 have confirmed the thermodynamic data
concerning the stability sequence of the duplexes "dA.dT", "rA.rU",
and "rA.dT". The rate constant (KT) for the formation of the
duplex "dA.dT" is a little greater than the approximately equal
corresponding constants for the duplexes "rA.rU" and "rA.dT"
(Table 2). It has been suggested that this can be accounted for by
the slower formation of the stacking-conformation in the ribonucleo-
tide chain.46'48 On the other hand, the approximate quality of the

activation energies (ΕΑ,Τ) for the formation of the above duplexes
(Table 2) suggests identical mechanisms of the association of the
ribo- and deoxyribo-nucleotide strands. The kinetic parameters
characterising the dissociation of the double helices differ appreciably
(Table 2). The rate constant (JQ for the dissociation of the duplex
"dA.dT" is appreciably lower than the corresponding values
determined for the duplexes "rA.rU" and "rA.dT". This feature
has been confirmed by the results of studies of the kinetics of the
exchange of the imino-protons with water:17 it has been established
that the values of τ for the non-terminal pairs of the duplexes
"rA.rU" and "rA.dT" are approximately the same and significantly
lower than τ for "dA.dT".

According to *H NMR data, the end "fraying" effect, i.e. the
rapid formation and breakdown of hydrogen bonds between the
bases at the end of the duplex under the conditions of the thermo-
dynamic stability of the double helix, is observed for these duplexes.
It is essential to emphasise that the "fraying" of the end pairs is
characteristic of RNA, DNA, and hybrid duplexes to approximately
equal extents.

Overall, the data concerning the comparative stabilities of the
hybrid, ribonucleotide, and deoxyribonucleotide complexes are
ambiguous. For the majority of systems investigated, it has been
shown that the hybrid duplexes are less stable than DNA and RNA
of the same composition. For polymeric complexes, the difference
is very small and amounts to 2-4 °c.25'26>2SA7'49 In oligomeric
systems, the difference is more clear cut. Thus Tm for the com-
plexes rAn.pdT9 (n = 6-9) is on average lower by 7 °C than Tm for
dAn.pdT with the same «.50

On the other hand, other relative stabilities of the hybrid
duplexes have been established in a number of studies. For example,
the stability of the polymeric complexes, formed by different com-
binations of poly[d(r)I] and poly[d(r)C], varies in the sequence
poly(rI).poly(rC) > poly(rI).poly(dC) > poly(dI).poly(dC) >
poly(dI).poly(rC),51 while for covalently bound DNA-RNA hybrids
of the type dC.rQ-dCfc, the following stability series has been deter-
mined: dG^.dC30 < dG^rCndCn < dGn.rCso·44

Analysis of the rates of exchange of the imino-proton duplexes
poly(rA).poly(dT), poly(dA).poly(rU), poly(rA).poly(rU), and
poly(dA).poly(dT) for deuterium52 makes it possible to determine the
ratios of the rates of dissociation of these complexes and hence their
relative stabilities—poly(dA).poly(dT) > poly(dA).poly(rU) >
poly(rA).poly(rU) > poly(rA).poly(dT). The relative stabilities of
the hybrid complexes and their DNA and RNA analogues appa-
rently depend on the nucleotide composition.

Generalising the literature data on the DNA-RNA hybrid
complexes, the following conclusions can be reached:

1. The conformationally more rigid ribonucleotide chain has a
dominant influence in the majority of systems investigated on the
geometrical structure of the duplex as a whole and also on the
conformation of the carbohydrate rings of the deoxyribonucleotide
residues (complementary with respect to the ribo-fragment or
covalently bound to it).

2. A dimorphous structure, i.e. different conformations of the
ribo- and deoxyribo-nucleotide strands of the helix, is characteristic
of a series of hybrid duplexes and triplexes formed by homo-
polymers.

3. According to thermodynamic and kinetic properties, the hybrid
complexes are closer to the double helix RNA than to the DNA.
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IV. Complexes of nucleic acids with non-canonical
base pairs

In the analysis of the literature data on complexes of NA contain-
ing non-canonical base pairs, attention has been concentrated on the
following questions:

1. The mechanism of the pairing of the bases in the non-canonical
pairs.

2. The influence of modification on the interplanar interactions of
the bases and on the conformation of the sugar phosphate skeleton;
the influence of the non-complementary pair on the secondary
structure of the double helix.

3. The thermodynamic and kinetic parameters of the formation
and dissociation of the modified oligomeric duplexes.

1. The dG.dT(G.U) pair

The possibility of the existence of the non-canonical G.U pair,
stabilised by hydrogen bonds, was first postulated by Crick to
account for the degeneracy of the genetic code.53 He also put
forward a mechanism of the formation of hydrogen bonds between
the guanine and uracil residues:

W

t
N NH,

G (anti) U (anti) .

Subsequently the study of various model systems, containing
G.U(T) pairs, by modern experimental and theoretical methods
confirmed the validity of the proposed mechanism.

Calculation of the conformations with the aid of AAPF and the
construction of molecular models23'54'55 showed that the bases of the
dG.dT pair are in the usual tautomeric forms and have the anti-
orientation relative to the carbohydrate rings. The inclusion of the
dG.dT pair in the double helix does not reduce the interatomic
contacts and induces only a small increase in the energy of the non-
valence interactions and a slight deviation of the angles of the sugar
phosphate skeleton from the standard values characteristic of the
Watson-Crick helix.

An experimental study of the molecular structure of the dG.dT
pair and of its influence on the conformation and the thermo-
dynamic and kinetic parameters of the DNA double helix has been
carried out by Patel and co-workers56"60 in relation to the
dodecameric duplex "GT":

I 2 3 4 5 6 6' 5' 4' 3' 2 Ί '
d(CG

GC
GAATTClGl CG)
C T T A A G | T | GC)d

duplex "GT" .

The unmodified duplex "GC", 6 1 formed both in solution and in a
crystalline state, having the helix in the 5-form,62·63 was used as a
control:

1 2 3 4 5 6 6'5'4'3'2' Γ
d(CGCGAATTCGCG)

(GCGCTTA AG C GC)d
duplex "GC" .

The presence in the *H NMR spectrum of the duplex "GT" of
two signals due to imino-protons corresponding to the dG.dT pair,
which are located in a stronger field than the signals due to the

dG.dC pair in the same position in the duplex "GC", indicates
unambiguously the existence of two hydrogen bonds with carbonyl
acceptor groups between the guanine and thymine residues. This
confirms the structure of the dG.dT(G.U) pair presented above and
rules out interactions with participation of rare tautomeric forms of
the bases. The inclusion of the dG.dT pair leads to the breakdown
of the interplanar interactions of the bases of this pair, in particular
the thymine residue, with the neighbouring bases. According to 3 1 P
and lH NMR data, the conformation^ perturbations introduced by
the dG.dT pair are localised in the modifcation section and involve
only the nearest nucleotide pair from the 3'-end.

The replacement of two dG.dC pairs in the duplex "GC" by the
dG.dT pairs induces a decrease in the Tm of the duplex by 20 °C,
but the enthalpy of the transition from the double helix state to the
single helix state does not then change (see Table 4 below).
Accoring to the authors, this is associated with a slight breakdown
of the stacking interactions in the duplex "GT". The closeness of
the AH0 and the difference between the Tm for the duplexes " G C "
suggest that the destabilising influence of the dG.dT pair is entropic
in nature. It has been established on the basis of the difference
between the values of AH°.K and AH0, determined from the
heat absorption curves (SMC), that the cooperatively melting
section, both in the duplex " G C " and in the duplex "GT",
comprises 9 nucleotide pairs, i.e. it embraces the modification
sections. According to lH NMR data, the end "fraying" effect,
involving the nucleotide pairs in the 1- and 2-positions, is observed
in the duplexes " G C " and "GT". The presence of the dG.dT pair
increases this effect, as a result of which a broadening and dis-
appearance of the signals due to the imino-protons of the dG.dC
pairs (in the 1- and 2-positions) in the duplex "GT" takes place at
lower temperatures than in the duplex "GC". Comparative analysis
of the kinetic data for the exchange of the imino-protons of the
duplexes "GT" and "GC" confirms this conclusion that the region
corresponding to the spreading of the structural perturbations
introduced by the dG.dT pair is limited only by the pair adjoining
the non-canonical pair [at 35 °C, τ for the dG.dT pair and the
neighbouring dG.dC pair (position 4) of the duplex "GT" are
smaller by factors of 10 and 2 respectively than τ for the pairs in the
same positions in the duplex "GC"]. The activation energy for the
formation of the duplex "GT" has been determined by the tempera-
ture jump method64 and proved to be much higher (22 kcal mol"1)
than the same parameter of the unmodified double helix.65 On this
basis, the authors suggested that the formation of the dG.dT and
dG.dC pairs (in the 4-position) in the duplex "GT" can be accom-
panied by conformational adjustments requiring additional energy.

The influence of non-canonical pairs on the thermodynamic
and kinetic parameters of the formation of the hexadecameric
duplex has been investigated.66 The hexadecanucleotide
d(CAACTTGATATTAATA), which corresponds to the fragment of
the bacteriophage ΦΧ174, was adopted as a basis. Together with
the complementary sequence, it forms the protein binding section of
the gene A. The structure of the initial complementary complex and
the studied replacements of the canonical pairs by the dG.dT pair
are presented below:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

d ( C A A C T T G A T A T T A A T A )

( G T T G A A C T A T Λ Α Τ Τ Α T ) d

n
duplex "6TG" duplex "7GT" duplex "12TG
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All the duplexes containing the dG.dT pair have Tm lower than
that of the duplex " O " (see the duplexes 6-8 and 12, Table 4), the
destabilising effect being greater for the substitution of the dG.dC
pair by a non-complementary pair compared with the analogous
substitution of the dA.dT pair and also when the substituted pair is
located closer to the centre of the duplex. The dG.dT pair, substi-
tuting the dA.dT pair in the 12-position (the duplex "12TG"),
indicates the smallest destabilisation. The smaller difference
between the free energies of formation (AG) of the duplex " O " and
the duplexes "6TG", "7GT", and "12TG" (AAG ^ 3 kcal moF1,
Table 4) indicates an insignificant disturbance of the stacking
interactions of the bases by the dG.dT pair. The study of the
kinetics of the formation and association of the duplexes " O " and
"7GT" shows that the perturbations introduced by the G.T pair
increase the rate constant for the dissociation of the duplex, while
the formation rate constants remain almost the same. The
destabilisation of the "7GT" duplex is apparently associated with the
increase in the rate of dissociation.

Using the nOe technique, the A.T-rich duplex, containing the
inner dG.dT pair, has also been investigated:67

d(AAATT Τ
(TTTAA G

TCAAA)
AGTTT)d

Apart from determining the geometry of the dG.dT pairing,
information was obtained in the above study about the degree of
hydration of the small groove in the vicinity of the non-comple-
mentary pair.

A recent X-ray diffraction study of a synthetic dodecamer in the
Β form with two dG.dT pairs,

d(CGC
(GCG

AATTT
TTAAG

GCG)
CGQd,

confirmed that the structural changes induced by these non-
complementary pairs are local in character and hardly disturb the
overall conformation of the duplex.68 Nevertheless, precisely this
combination of bases (the dG.dT, dA.dC, and dA.dG pairs were
compared) forms the most asymmetric pair (a characteristic feature
of the Watson-Crick pairs is the presence of a twofold pseudoaxis
located in the plane of the bases). This can be the cause of the
effective repair of the dG.dT pair by the corresponding enzyme
systems "recognising the deviations from the pseudosymmetry.10'68

It is noteworthy that the dG.dT pair is also effectively discriminated
by a restriction enzyme. Thus the replacement of the dG.dC pair
by dG.dT or dG.dU in the recognition section of a series of
restriction endonucleases leads to a sharp decrease and in some cases
to a complete inhibition of the cleavage of the modified DNA
duplexes.69'70

Two octameric duplexes having identical compositions but
differing in the positions of two dG.dT pairs served as the object of
study of the influence of the local environment of the dG.dT pairs
on the conformation and stability of DNA in the A form:12·71"73

d(GG G
(CC

GC
CG

CC) d(GGG|G
GG)d (CCC|T

CCC)
GGG)d .

A characteristic property of the DNA duplexes containing GG
and CC clusters is that in the crystalline state they form a helix in
the A form.74 It has been demonstrated by XRDA that the
inclusion of the dG.dT pairs leads merely to a slight distortion of the
sugar phosphate skeleton of the molecule and that the deformation
generated is localised in the modification section and is limited to the

nearest phosphodiester linkages. The stacking interactions in the
region of the non-canonical pair are disturbed mainly by the
decrease in the overlap of the bases of the dG.dT pair with those of
the neighbouring pair from the 3'-end, while the "stacking" with the
nearest "neighbour" in the 5'-position is retained in almost the same
form as in the unmodified duplex. The thermodynamic stabilities of
the crystal structures of the duplexes (I) and (II) differ appreciably—
the crystals of the duplex (II) are stable at room temperature while
those of the duplex (I) melt at 6 °C. According to the authors, one
of the causes of the difference between the stabilities of the duplexes
is the reduced contribution of the stacking interactions to the
stabilisation of the structure of the duplex (I). In the duplex (I), the
dG.dT pairs are separated by two dT.dC pairs and the stacking
interactions are then disturbed in four out of the seven sites of the
interplanar contacts between the base pairs, while in the duplex (II),
where the dG.dT pairs are located next to each other, such pertur-
bations occur at only three sites. The different destabilisations of
the duplexes (I) and (II) can also be associated with the different
states of the hydration shells. In particular, it has been shown that
in the duplex (I) there are no bridging hydrogen bonds stabilising the
dG.dT pairs. On the basis of these data, it is concluded that the
consecutively arranged dG.dT pairs destabilise the double helix less
than the isolated pairs.12'71"73 The influence of the dG.dT pairs on
the structure of DNA in the Ζ form has been investigated by the
XRDA method in relation to the hexameric duplex75

d(CGCGTG)
(GTGCGC)d.

Despite the smaller flexibility of the sugar phosphate skeleton of
Z-DNA compared with 2?-DNA, the non-complementary pair is
incorporated in the Z-helix virtually without distorting it. It has
been shown that the alternation of the conformations of the
glycosidic linkage (syn-, anti-) and of the furanose ring (N- and S-) is
virtually preserved in the nucleotide residues of the duplex, although
in the dG.dT pair the deoxyribose of guanosine has the non-charac-
teristic C(4' )-e«ifo-conformation. The dG.dT pair, incorporated in
the Z-helix, not only does not impair the interplanar interactions,
but actually stabilises them to some extent, because a more complete
overlap of the guanine and thymine residues with the bases of the
neighbouring pairs is observed compared with the dG.dC pair
located in the same position in the unmodified duplex. It has been
established that the hydration shell of the duplex plays an important
role in stabilising the dG.dC pair. Bridging hydrogen bonds are
formed with participation of water molecules between N(2) and O(6)
of guanine and between O(2) and 0(4) of thymine respectively,
compensating partly for the absence of such a bond in the dG.dT
pair compared with the dG.dC pair.

It is noteworthy that the structure of the hydration shell in the
vincinity of the non-complementary pair hardly depends on the form
of DNA (Λ, £, orZ). 1 0 ' 6 8

We shall also note briefly certain studies in which the influence of
the dG.dT pairs on oligomeric duplexes has been analysed. Accord-
ing to ! H NMR data, the dinucleotides pd(GT) and pd(TG) do not
form complexes in solution under conditions where the self-comple-
mentary dinucleotides are associated with formation of mini-
duplexes.76'77 On the other hand, the polymer poly[d(GT)] can exist
in solution in the form of a double helix.78"80 This has been
demonstrated by UV, CD, and *H NMR spectroscopy, and also on
the basis of the binding of ethidium bromide.

Data characterising the destabilising influence of the dG.dT pairs
on oligomeric duplexes have been published.50·81·82
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A series of studies have been devoted to the ribonucleotide

complexes containing the G.U pair. According to XRDA data, the

terminal G.U pairs in the tetrameric duplex

(GGCJU
( U CGO

hardly disturb the stacking interactions of the bases.83

Table 3. Thermodynamic parameters of the varied nucleotide pair in

the octadecameric DNA duplex.127

Varied base pair
(X.Y)

G C
C-G
A-T
T-A
G-T
T-G
A-G
T-T
C T
G-G
G-A
T-C
A-A
A-C
C-A
C C

Γ · of duplex, °C

09. 0
68.1
C7.7
04.9
60. '
60. η
59.3
58,7
58.6
50.7
50,(5
56.0
55.6
54.4
53.2
51.5

AHQi.Y),
kJ mol"'

70.6
68.3
67.8
55.5
30.6
60.8
59.1

0
0

57.0
30.0

0
55. C
30.8
54.1

0

AS(X.Y),
kJ mol"1 K"1

0.208
0.208
0.208
U. 208
0.116
0.208
0.208
0.031
0.031
0.208
0.128
0.035
0.208
0.133
0.208
0.045

Type of structure of
X.Y pair

Watson-Crick

"
weak
bound
bound
open-chain
open-chain
bound
weak
open-chain
bound
weak
bound
open-chain

* Tm was measured in 1 mM cacodylate buffer (pH 7.1) containing

0.5 Μ NaCl, 0.1 Μ EDTA, and nucleotide at a concentration of

0.3 A26o/ml.

The influence of the G.U pair and of its local environment on the

stability of pentanucleotide double helices has been investigated.84'85

The series of duplexes investigated are presented below:

r(C A
(GU

UG)
AC)r

r(AG
(UC

CU)
GA)r

duplex "5GU" duplex "5*GU'

r(CAAUG)
(GUUA C)r

duplex "5AU"

r(CAGUG)
(GUCAC)r

duplex " 5 G C

series I

r(AGACU)
(UCUGA)r

duplex "5*AU"

r(AGGCU)
(UCCGA)r

duplex "5*GC"
series II .

In the series I duplexes, the central pair is flanked by the A.U

pairs, while in the series II duplexes it is flanked by G.C pairs. It

has been shown that all the series II complexes are more stable than

the corresponding series I complexes. According to lH NMR data,

the Tm of the G.U pair in the duplex "5GU" is lower by 4 °C than

the Tm of the remaining pairs, i.e. the G.U pair is a region of local

instability of the duplex, while in the duplex "5*GU" the G.U pair

has the same Tm as the remaining pairs. The substitution of the

central complementary pair by G.U in the series I duplexes reduces

their stability the destabilisation being greater on replacing the G.C

pair (the Tm of the duplexes "5GU", "5GC", and "5AU" are

respectively 23, 38, and 28 °C). In the series II duplexes, the

destabilising influence of the G.U pair is much smaller and is

manifested solely on substitution of the G.C pair; the replacement

of A.U by G.U hardly affects the stability of the double helix (the

Tm of the duplexes "5*GU", "5*GC", and "5*AU" are respectively

44, 54, and 45 °C). According to the authors,85 the different effects

accompanying the inclusion of the G.U pair between the A.U or

G.C pairs are associated with the fact that the interplanar inter-

actions between the bases of the G.U pair and the pairs flanking it

are disturbed to a greater extent in the duplex "5GU" than in the

duplex "5*GU".

A comparative analysis of the thermodynamic parameters of the

formation of oligomeric duplexes containing G.U pairs and of the

unmodified duplexes containing A.U pairs in the same positions

(see the duplexes 34-49 in Table 4) has been carried out8 6 and it has

been established that the substitution of the A.U pair by G.U

reduces the stability of the complex, such decrease depending on its

composition, nucleotide sequence, and the position of the G.U pair

in the oligomer chain and its local environment. The destablisation

of the complexes induced by such substitution is mainly enthalpic in

nature, although a decrease in the stability of duplexes containing

adjoining G.U pairs is associated with the unfavourable alteration of

the entropy of complex formation (Table 4).

The destabilisation effect of the replacement of the canonical

pairs by the G.U pair has also been pointed out in a number of

others studies.5>87~89 However, the formation of the G.U pair is

thermodynamically more favourable than the appearance of other

non-canonical pairs under the same conditions. Thus the

pentaribonucleotide AGGCU forms on self-association the duplex

" G U " with two G.U pairs and not the duplex " G G " with a single

G.G pair:85

r(A Ul)
G|A)r

duplex " G U "

( U
GC
CG

r(AG|GiCU)
(UqGjGA)r

duplex " G G "

A similar conclusion concerning the preferential formation of the

G.U pairs before the G.G pairs was reached by Uhlenbeck et al.90

The study of the influence of the terminal G.U pairs on the

thermal stability of RNA duplexes showed that the contribution of

the free energy of the G.U pair, flanking the tetrameric GC-contain-

ing core, is approximately equal to the contribution of the terminal

A.U pair and is smaller by ~ 1 kcal moF1 than the contribution of

the G.C pair.91 Other terminal non-complementary pairs (A.A,

A.C, A.G, and U.U) are less stable than the corresponding Watson-

Crick pairs. Furthermore, it has been shown that the terminal G.U

pair is more stable if it contains 5'-G and 3'-U but not conversely.91

The thermal stabilities and conformational characteristics of the

polymeric complexes of the ribo- and deoxyribo-series, consisting of

the G.U or dG.dT pairs, i.e. poly[r(GU)] and poly[d(GT)], have been

compared on the basis of CD data.79 It was established that the

DNA duplex is formed at a higher ionic strength (0 °C, 0.1 Μ NaCl)

than its ribo-analogue (0 °C, 0.02 Μ NaCl). In the NaCl concen-

tration range from 0.1 to 1 M, the poly[d(GT)]2 helix undergoes

conformational rearrangements (within the limits of the 2?-form),

which entails a smooth variation of the CD spectrum. The relative

stabilities of the duplexes depend on the ionic strength of the buffer:

the ribonucleotide duplex is more stable in 0.1 Μ NaCl, the Tm for

poly[r(GU)] and poly[d(GT)] being 14 and 3 °C respectively, while

the deoxy-analogue is more stable in 1 Μ NaCl (the Tm are 23 and

30 °C). However, these duplexes are much less stable than the

duplexes formed by the self-complementary polymers—poly[r(AU)]

and poly[d(AT)] (the Tm for the latter in 0.1 Μ NaCl are 65 and

57 °C respectively).
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Table 4. Thermodynamic parameters of the formation of oligonucleotide complexes with non-canonical base pairs and unpaired nucleotide
units.*

No.

1

2

3

4

5

G

7

8

9

10

11

12

13

14

15

1G

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Oligomeric complex

d(CGCGAATTCGCG)
(GCGCTTAAGCGC)d

d(CG
(GC

d(CG
(GC

d(CG
(GC

τ
G

A
G

c
A

GAATTC
CTTAAG

G A A T T C
C T T A A C

GAATTC
CTTAAG

G

ϊ
G
Α

CG)
GC)d

CG)
GC)d

AJCG)
C|GC)d

d(C G C A G Α Α Τ Τ C - G C G)
(GCG-CTTAAGACGC)d

d(CAACTTGATATTAATA)
(GTTGAACTATAATTA T)d

d(C A A C Τ
(GTTGA

d(C A A C Τ
(GTTGA

T G A T A T T A A T A )
G C Τ Α Τ Α Α Τ Τ A T)d

T"G
A l

d(C A A C Τ Τ G
(GTTGAAC

Α Τ Α Τ Τ Α Α Τ Α )
TATAATTATJd

Α
Α

Τ Α Τ Τ Α Α Τ Α )
Α Τ Α Α Τ Τ A T)d

d(C A A C Τ Τ GlAIT Α Τ Τ Α Α Τ A)
(GTTGAAC|c|ATAATTAT)d

d(C A A C Τ Τ G A
(GTTGAACT

Τ
C

Α Τ Τ Α Α Τ A)
Τ Α Α Τ Τ A T)d

d(CAACTTGATAT
(GTTGAACTATA

Τ
G

A A T A )
Τ Τ A T)d

d(C A A A A A A G)
(G Τ Τ Τ Τ Τ Τ C)d

d(C A A A C A A A G)
( G T T T - T T T C ) d

d(CCCAGGG)
(GGGTCCC)d

d(CCCGGG)
(GGGCCC)d

d(CCC
(GGG

d(CCC
(GGG

T G
T C

A"C
AC

GG)

CC)d

GG)

CC)d
d(GATGGGCAG)

(C Τ A C C C G Τ C)d
d(G A T G G G - C A G)

(CTACCCCGTC)d
d(GATGGG-CAG)

(CTACCC AGTQd
d(C A A A C A A A G)

(GTTTG TT TC)d

d(C A A A G A A A G)
(GTTT CTT TC)d

d(CAAAAAAA'G)
(GTT T T T T TC)d

d(CA AATA AAG)
(GTTTATTTC)d

d(CAAAl
(GTTH

il(CAAAC
(GTTT]

"A AAG)
i Τ Τ Τ C)d

ϊ,\ Λ Λ G)
" Τ Τ Τ C)d

d(C A A AlGiA AAG)
(GTT T|G|TT Τ C)d

d(CAAA|G[AAAG)
(GTTT|A|TTTC)d

d(CAAAlXlAAAG)
(GTTT|G|TTTC)d

d(C A A AICIA AAG)
(GTT Τ]Τ|Τ Τ Τ C)d

d(CAAAl
(G Τ Τ Τ C

]Α A A G)
|TTTC)d

d(CAAAJAJAAAG)
(GTTT|A|TTTC)d

Conventional
designation
of complex

«GC»

«GT»

«GA»

«AC»

«A»

«0»

«6TG»

«7GT»

«8AA»

«8AC»

«9TC»

«12TG»

_

«C»

_

_

_

«ΛΤ»

tCN*

*AN*

—

—

-

—

—

-

-

Complex formation conditions

.01 Μ phosphate buffer, pH 7.0,
0.1 mM EDTA, 0.1 Μ NaCl,
eg··=0.65 mM

ditto

»

.025 Μ phopsphate-1 mM cacodylate
buffer, pH 7.0, 0.1 mM EDTA,
1 MNa + ,Co-17.5uM

ditto

»

»

»

0.01 Μ phosphate buffer, pH 7.0
0.1 mM EDTA, 1 Μ N a d ,
co"0.2mM

ditto

0.01 Μ phosphate buffer, Co- 0.4 mM
for self-complementary oligonucleo-
tides and 0.1 mM for non-self-com-
plementary oligonudeotides

ditto

»

»

0.01 Μ phosphate buffer, co = l l . 52 μΜ

Co-10.14 μηι

co-7.20uM

0.01 Μ phosphate buffer, c o-0.4 mM

ditto

»

»

»

»

0.01 phosphate buffer, co-0A mM

ditto

Ta,°C

71.3

51.3

55.0

40.0

52,0

52.0

45.1

42.9

42.1

40.6

43.0

40 9

37

22

48

43

3i

27

41.53

29.21

23.15

48

50

45

41

31

27

30

30

24

24

22

21

A rjO

-Δ/τ,
kcal mol"1

102(74)·*

106(76)**

_

_

104 (70)**

102.0

92.6

9 1 3

92.0

90.9

98.4

95.5

59

53

03

62

60

60

68.04

60.39

51.07

64.5

62.8

68.0

58.6

55.6

46.7

53.5

52.6

39.9

53.2

50.0

36.9

-AS0, e.u.

_

_

_

.. .

2S9

230

204

269

205

28G

274

172

161

177

176

179

180

191

174

146

183

179

196

168

165

137

158

156

116

161

151

107

-AG° («, °C)
kcal mol"1

—

—

—

15.8(25°)

13.2(25°)

12.7(25°)

12.6 (25C)

•12 .1 (25°)

13 1. (25°)

14.U(25°)

7,8(25°)

4.9(25°)

10-0(25°)

9 (25°)

6.7(25°)

5.9(25°)

—

—

—

10,1(25°)

9.5(25°)

9.6(25°)

8.5(25°)

6.5(25°)

5.8(25°)

6.3 (25°)

6.2(25°)

5.3(25°)

5.3(25°)

5.0(25°)

5.0 (25°)

ΔΑΰ0·***

kcal mol"'

_

_

—

—

—

2.6(25°)

3.1(25°)

3.2(25°)

3,7(25°)

2.7(25°)

1.8(25°)

_

—

—

—

—

-

—

—

—

—

-

—

—

—

—

—

—

—

—

—

Refs.

[61]

[56]

[99]

[92]

[129]

[66]

[GO]

[00]

[66]

[60]

[66]

[00]

[138]

[138]

[103]

[103]

[103]

(103]

[144]

[144J

[144]

[110]

[110]

[110]

[110]

[HOI

IHOl

[110]

[110]

[110]

[110]

[110]

[HO]
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Table 4 (continued)

No.

34

35

36

37

38

39

40

41

42

•W

4'.

45

46

47

48

49

Oligomeric complex

r(A
p(U

r(A
PlU

U
A

D
G

QCA
CGL

GCG
CGU

L U ) P

Air

U)p
A)r

r ( A U G C G C A U ) p
p(UACGCGUA)r

r(A
P(U

U
G

GCC
CGC

>CG
GU

U)p
A)r

r(A U A C G U A U)
( U A U G C A U A ) r

r(AU
p(UA

GCC
U G (

r(AUGU
p(U Λ C A

r(AUuU
p(U A C G

JUAU)p

: C H J i>r

A C A U)p
LJ G U A)r

G C Λ U)p
U G U A)r

r(GCUAGC)
( C G A U C G)r

r(GC
(CG

UG
GU

GC)
CG)r

r(G Λ C G U C)
(C U G C A G)r

r(G
(C

G
U

CG
GC

UC)
GG)r

r(CUGCAG)p
p(G A C G U C)r

r(C
(G

U
G

GC"
CG

QG)
UC)r

r f C A G C U G)p
p(GUCGAC)r

r(C
(G

G
U

GCIUIG)
CG|G|C)r

Conventional
designation
of complex

:

-

-

—

—

—

—

—

—

—

—

-

-

—

Complex formation conditions

0.01 Μ phosphate buffer, pH 7.0,
0.1 mM EDTA, 1 Μ NaCl,
co-O.l mM

ditto

»

»

0.01 Μ phosphate buffer, pH 7.0,
0.1 mM EDTA, 1 Μ NaCl,
co=-0.1 mM

ditto

»

»

»

»

»

Tm, °C

30.2

20.3

GO. 5

58.7

42.0

34.6

41.8

39.7

49.3

41.7

40.3

29.6

45.4

27.1

43.6

35.8

-AH°,
kcal mol"1

38,4

24.3

38.4

54 Λ

55.0

44.7

53.7

54.2

03.0

59.1

57.3

37.7

54.5

38.7

50.2

44.3

-AS", e.u.

108.4

64.5

108.4

145.8

158.1

127.1

152.1

155.0

177.1

10Π. 5

1G1.0

106.1

153.0

110.5

140.0

125.0

-AG° (t, -C)
kcalmor1

_

—

-

-

—

—

—

—

—

—

—

—

—

—

(<,°C)
kcalmor1

0.52 (37J)

0.88 (37c)

1.3(37°)

0.32(37°)

—

1-42(37°)

—

2.58(37°)

—

2.72(37°)

—

1.08(37°)

Refs.

[80]

ISO]

[86]

[86]

[SO]

[86]

[86]

[86]

[86]

[86]

[86]

[86]

[86]

[86]

[80]

[80]

T h e parameters of the formation of the unmodified complexes are quoted for comparison.
**The values of Δ77ν-Η are given in brackets.
***co is the concentration of oligonucleotides.
****AA(?(t, °C) is the difference between the values of AG°(t, °C) for the fully complementary and defective complexes.

2. The A.C pair

The structure of the dA.dC pair and its influence on the confor-

mation and stability of the DNA duplex "AC"

12 3 4 56 6' 5' 4' 3' 2 T
d(CG
(GC

GAATT C
CTTAAG

CG)
GC)d

duplex "AC"

have been investigated.92

The theoretically possible ways in which the bases can be paired
are illustrated below:

NH, Ν
\ /Η Η

>·Η-(

C (anti)A (anti) C (anti).A (anti)

NH,

/ \

C (anti).A(anti)

Ν—{ (4)

^ = N 7 \

C (anti).A(anti)

The λΗ NMR spectrum of the duplex "AC" contains no signals
due to the exchanging protons of the dA.dC pair and Scheme (1),
postulating the involvement of the cytosine enolic form in the
formation of the hydrogen bond, does not therefore reflect the real
structure. The absence of an nOe between the H(2) atom of the
adenine in the dA.dC pair and the imino-protons flanking the defect
in the dG.dC pairs rules out the orientation of the bases illustrated
in Scheme (2). The authors suggest that the dA.dC pair is stabilised
by one hydrogen bond between the N(6)-imino proton of adenine
and the N(3) atom [Scheme (3)] or the O(2) atom [Scheme (4)] of
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cytosine. However, one cannot rule out the possibility of the
protonation of the N(l) atom of adenine, which leads to the
formation of a second hydrogen bond between the N + ( l )-H group
of adenine and the O(2) atom of cytosine [Scheme (5)]:

; \Ν·- Η—Ν

N

C(anti).A+(anti)

The location of the H(6) and H(5) signals of the cytosine in the
dG.dC pair adjoining the non-canonical pair (4-position) of the
duplex "AC" in a stronger field compared with the signal of the
corresponding protons in the duplex " G C " (see above) is evidence of
the disturbance of the stacking interactions in the region of the non-
canonical pair. It has been suggested that one or both bases of the
dA.dC pair are outside the helix. Significant distortions of the sugar
phosphate skeleton of the duplex "AC" around the dA.dC pair have
been observed by 3 1 P NMR.

The replacement of two dG.dC pairs in the duplex " G C " by the
dA.dC pairs reduces the Tm of the duplex by 30 °C (Table 4).
According to XH NMR data, the presence of the dA.dC pair in the
third position in the duplex "AC" results in the "fraying" of the
dG.dC pairs in the first and second positions of this duplex at lower
temperatures than in the duplex "GC". The study of the kinetics of
the exchange of the imino-protons of the duplex "AC" with water
established τ for the dG.dC pair in the fourth position and for the
dA.dT pairs in the fifth and sixth positions are smaller by factors of
3 and 2 respectively than τ for the analogous pairs of the duplex
"GC". Consequently, the destabilising influence of the dA.dC pairs
is not restricted to the neighbouring pair but involves the entire
molecules of the duplex "AC".

However, different conclusions were reached concerning the
character of the influence of the non-complementary dA.dC pair on
the local and overall DNA structure after a deeper study of the
structure of the duplex "AC" and its isomer

d(CGlA'GAATTCCCG)
(GCCJCTTAAGAGC)d

by lH and 3 1 P NMR spectroscopy and after the estimation of the
interatomic distances from nOe data.93 Thus it is clear that the A
and C residues are incorporated in the double helix, participating in
stacking interactions with the neighbouring bases and inducing only
local conformational rearrangements which do not extend to the
central AATT segment. The results obtained do not permit a
choice between the two A.C pairing schemes (3) and (5).93

This interpretation agrees well with the conclusions reached in a
study94 where the defective duplex

diCGCCiGClA
(CG A|CGC

GC)
CGC)d

containing two dA.dC pairs was investigated by NMR spectroscopy
and studies95'96 devoted to the XRDA of the duplex "GA" whose
nucleotide sequence is similar to that of the duplex "AC":

d(CGC
(GCG

AlAATT
C TTAA

GCG)
CGC)d

duplex "CA" .

It has been established that, when the dA.dC pair is integrated in
the DNA, the stacking interaction with the bases of the neighbour-
ing pairs and the conformation of the sugar phosphate skeleton are

only insignificantly disturbed. According to XRDA data, Scheme (5),
involving the protonation of adenine, is preferred for the A.C pair-
ing; the important role of bridging hydrogen bonds, with partici-
pation of the water molecules incorporated in the hydration shell of
the duplex, in the stabilisation of the dA.dC pair has been empha-
sised.

A comparative analysis of the formation of complexes by 11-, 14-,
and 17-unit oligonucleotides with the DNA ΦΧ174 and a mutant
DNA in which a G-A point substitution had been carried out, has
been performed.97 The modified complexes investigated are
indicated below:

d(AACA
(...CTTTGT

CCTATG)
GGATACCC...)d

complex "11 AC"
d(AACA

(...CTTTGT
CCTATGGGA)
GGATACCCTCG...)d

d(AACA
.CTTTGT

complex "MAC"
C CCTATGGGAGCG)

GGATACCCTCGCTTT...)d
complex "17AC".

(The complexes with the non-mutant DNA containing the
complementary dG.dC pair are designated respectively by "11GC",
"14GC", and "17GC".) It was demonstrated that the degree of
binding of all three oligonucleotides to the mutant DNA is much
weaker than to the natural DNA. Furthermore, the duplexes
containing the dA.dC pair are much less stable than their comple-
mentary analogues. The replacement of one dG.dC pair by dA.dC
is equivalent as regards destabilisation to the removal of three
nucleotide pairs (the temperatures of the half-dissociation of the
complexes "17AC" and "14GC" and also "14AC" and "11GC" are
43 and 41 °C and 32 and 33 °C respectively).

The destabilising influence of the dA.dC pairs on the DNA
duplexes has also been noted in other studies.66·81'98

The replacement of dG.dC pair by dA.dC in the recognition
section of restriction endonucleases Smal, Kpnl leads to the
complete inhibition of these enzymes.70

3. The purine—purine pairs

The following schemes for the formation of hydrogen bonds in
the dG.dA pairs have been analysed in the literature:

Γ
Ν Ο-Ή—

Η

G (anti).A (syn) G (syn).A (anti)

< =/ \
NH 2

G (anti).A (anti) .

Theoretical analysis of the conformations of the DNA duplexes
showed that the structures (1) and (3) correspond to minimum
energies of non-valence interactions.54'55

The relative disposition of the bases in the dG.dA pair has been
studied experimentally in three model systems. The structure of the
dodecameric duplex "GA" has been investigated by NMR spectros-
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copy in solution:99

1 2 3 4 5 6 6'5'4'3' 2 T
d(CG

(GC
GAAT Τ C
CTTAA G

CG)
GC)d

duplex "GA" .

The nOe between the H(2) atom of the adenine in the dG.dA pair
and the imino-protons of the neighbouring dG.dC pairs indicates the
α/m-conformation of adenosine [Scheme (2) and (3)]. The absence
of an nOe between the H(2) and H(8) atoms of adenine and guanine
respectively rules out the relative disposition of the bases illustrated
in Scheme (2). On the basis of these data, the authors conclude
that Scheme (3) actually obtains. A similar conclusion concerning
the relative orientations of the bases in the dG.dA pair was reached
in a study100 where a decameric duplex containing two adjoining
dG.dA pairs was investigated by ! H NMR:

d(CCAA
(GGTT

TTGG)
AACQd

The same duplex has been investigated by XRDA.1 0 1 It was
found that in the crystalline stage too both nucleotide residues of the
non-canonical pair are in the ani/-conformation, the bases being
retained by two hydrogen bonds [Scheme (3)]. A distinct propeller
disposition of the bases (the bases are rotated relative to one another
by 24.8°) is characteristic of the dG.dA pair in this conformation,
which facilitates pairing. Despite the fact that the distance between
the C(l') atoms of adenine and guanine is greater by 2 A than in the
Watson-Crick pair, the block consisting of two dG.dA pairs is fairly
effectively incorporated in the double helix. The small changes in
the individual torsional angles of the sugar phosphate skeleton
observed under these conditions are within the limits characteristic
of canonical pairs.

A different geometry of the dG.dA pairing with the syn-
conformation of adenine [Scheme (1)] arises in the dodecameric
duplex "AG", whose primary structure is similar to that of the
duplex »GA": 1 3 · 1 0 2

d(CGC
(GCG

AATT
TTAA

GCG)
CGC)d

duplex " A G " .

This investigation was also carried out by XRDA. It is significant
that the incorporation in 2?-DNA of the pair dG.dA in which the
nucleotide residues have respectively the anti- and ^«-conformations
is accompanied by a minimal adjustment of the parameters of the
sugar phosphate skeleton. It has been postulated that the
realisation of a particular pairing scheme [(1) or (3)] may depend on
local conditions, because, according to theoretical calculations, the
energy difference between these two states of the dG.dA pair is
small.101

It has been established that the dG.dA pair, both in the state (1)
and in the state (3), is incorporated in the double helix virtually
without disturbing the interplanar interactions.13'99"102

The destabilising influence of the dG.dA pair is shown by the
decrease in the Tm of the duplex "GA" by 17 °C compared with the
duplex " G C " (Table 4). Data for the exchange of the imino-
protons of the duplex "GA" with water have shown that the
perturbations introduced by the dG.dA pair are local in character
and involve only the neighbouring dG.dC pair in the fourth
position.99

Experimental data for the molecular structure of the dA.dA pair
have been obtained recently in a NMR study of the DNA duplex:103

d(CCC
(GGG

GGG)
CCC)d

It has been shown that stable hydrogen bonds are not formed
between the bases of the non-complementary pair. The incor-
poration of the dA.dA pair in the double helix is achieved via the
stacking interaction of the adenine bases with the neighbouring bases
and is accompanied by the displacement of the adenine residues from
the plane in order to reduce the overlap of the opposite imino-
groups and also by an appreciable distortion of the sugar phosphate
skeleton.

The structure of the G.G pair in the Ν A duplexes has not been
investigated by experimental methods.

Purine-purine pairs induce a marked destabilisation of the double
helices (Table 4). Comparison of the thermal stabilities of the
oligomer-polymeric complexes dG^dCnAmC* and dGn.dCioGmCx

(n = 100, m = 0-6, χ = 5-41) having different numbers of consecu-
tively arranged dG.dA or dG.dG pairs shows104 that the destabil-
isation of the duplexes is proportional to the number of non-
canonical pairs. The inclusion of one dG.dA or dG.dG pair
induces a decrease in the Tm complex corresponding to the removal
of on average three dG.dC pairs. However, the presence of the
dG.dA or dG.dG pairs in the central section of the complex does
not disturb the cooperative nature of fusion. Such non-canonical
pairs are apparently incorporated in the regular double helix and
participate in stacking interactions both with one another and with
neighbouring dG.dC pairs.

The influence of the local environment on the destabilising effect
of the A.A and G.G pairs has been demonstrated.84'85 According
to ! Η NMR spectroscopic data, pentaribonucleotide complexes of
the type

r(CAX UG)
(GUXAQr

with central A.A and G.G pairs flanked by A.U pairs are not
formed. On the other hand, the relatively stable duplex "5*AA"
(Tm = 26 °C), in which the A.C pair is surrounded by G.C pairs, is
formed:

r(AG
(UC

CU)
GA)r

duplex "5*AA".

4. Pyrimidine-pyrimidine pairs

Conformational analysis of the DNA duplexes using AAPF
showed that the formation of a dimer stabilised by a hydrogen bond
is possible for each pyrimidine-pyrimidine pair.2 3 '5 4 '5 5

The molecular structure of the pyrimidine-pyrimidine pair has
been little investigated by experimental methods. The results of a
NMR spectroscopic study of the dodecameric duplex " C T " 1 0 5

12 3 4 56 6'5'4'3' 2 Ί '
d(CG

(GC
GAATT C
CTTAAG

CG)
G C)d

duplex "CT"

established that the dC.dT pair is retained by two hydrogen bonds:
a full hydrogen bond between the NH2 group of cytosine and the
O(4) atom of thymine and a weak hydrogen bond between the
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N(3)-H group of thymine and the electron-accepting groups of
cytosine with participation of a water molecule:

CH,

Τ (anti).C (anti).

The replacement of two dG.dC pairs in the duplex "GC" (see above)
by the dC.dT pairs reduces Tm by 30 °C (Table 4), the destabilising
influence of the dC.dT pair involving all the inner base pairs of the
duplex "CT". According to data for the rate of exchange of the
imino-protons of the duplex "CT" with water, the lifetimes of the
dG.dC (in the 4-position) and dA.dT (in the 5- and 6-positions) pairs
are respectively smaller by a factor of 10 and 6 than the values of τ
for the analogous pairs in the duplex "GC".

The destabilisation of the oligomeric complexes induced by the
replacement of dA.dT by the dC.dT pair is also indicated by the
results of other studies50'66 (see the duplexes 6 and 11 in Table 4).

The existence of U.U pairs stabilised by a hydrogen bond has not
been demonstrated experimentally. UV-photohydration and photo-
dimerisation data for the polymeric complexes poly(U).poly(A,U)
have led to the conclusion106 that the uridine residues in poly(A.U)
are outside the helix and do not participate in the stabilisation of the
secondary structure. It has been demonstrated on molecular models
that the formation of such inner loops does not induce appreciable
structural changes in the double helix.107 The increase in the
content of uridine residues in the copolymer poly(A.U) diminishes
the stability of the complex poly(U).poly(A,U),88·108'109 while the
polynucleotide poly(A,U), containing 49 mol% of uridine does not
enter at all into complementation interactions with polyuridylic
acid.107

The smallest, compared with other nucleotides, capacity of uridine
for stacking interactions, which play an important role in the
stabilisation of double-stranded structures, is the reason why the
pentanucleotide r (AGUCU) does not form a duplex in solution, in
contrast to the pentamers containing A, G, or C in the third
position.85

The geometry of the dT.dT pair has been discussed.110 According
to ! H NMR spectroscopic data, this pair is not stabilised by
hydrogen bonds,103'111 although it is effectively incorporated in the
double helix with minimum distortions of the conformations of the
bases and of the sugar phosphate skeleton.103'111'112 The study of the
characteristic features of the molecular structure of the dT.dT pair in
the duplex

d(CCCTGGG)
(GGGTCCQd

showed that equilibrium between two or more conformations is
characteristic of thyine residues in the temperature range 10 to
20 °C.110

The presence of the dT.dT pair in the duplex "TT"

d(ATCCTA
(TAGGAT

TAGGAT)
ATCCTA)d

duplex "TT" .

reduces its Tm by 11 °C compared with the dodecameric duplex

d(ATCCTATAGGAT)
(TAGGATATCCTA)d

Furthermore the dT.dT pair forms a local unstable section in
which the double helix dissociation process is initiated on raising the
temperature simultaneously with fusion, which begins at the ends.
A similar conclusion was reached113 in a study of the duplex

d(CGCGA
(GCGCT

TCGCG)
AGCGQd

The dependence of the stability of the non-complementary dT.dT
pair on the nature of the neighbouring pairs is illustrated by the
following data.1 0 3 '1 1 0 The dT.dT pair has the greatest destabilising
effect when it replaces the central dA.dT pair in the

-ATA-

sequence and has the smallest effect on replacement of the dA.dT
pair in the sequence

— C A G - .
— G T C —

It has been shown in a series of studies114'115 by NMR and tempera-
ture jump methods that the oligonucleotides d[ATCCTA(T)^.
.TAGGAT] (n = 0-7), the primary structure of which contains
palindrome elements, can form in solution both defective double
helices (I) and monomolecular "pins" (II):

A T C C Τ Α-

ΤΑ G G Α Τ.
NT)/

(I)

η Ν χ Τ A G G Τ Α

A T C C A T

A T C C Τ ΑΝ

TAQOAT/

(Π)

(T)n

Oligomers containing more than three non-complementary
thymine units form "pins" exclusively, while the coexistence of both
forms is characteristic of oligonucleotides with η < 3. A decrease
in the nucleotide concentration and in the ionic strength of the
solution promotes the preferred formation of "pins". According to
XH NMR spectroscopic data, the stabilisation of loops in the "pin"
structures containing less than three paired thymine residues is
achieved as a result of the decomposition of the nucleotide pairs
adjoining the oligo(dT) sequence. The most stable structures are
those with loops containing 4-5 nucleotide units. The enthalpies of
dissociation of the base pairs in the double-stranded section of the
molecule show that the pairs closest to the loop are more stable than
the terminal pairs, i.e. the loop stabilises to some extent the double
helix fragments. By measuring the nOe, it has been established that
the stabilisation is achieved as a result of the "stacking" of the first
(from the 5'-end) unpaired thymine residue and the base of the
neighbouring nucleotide pair.

The formation of "pin" structures analogous to (II) has also
been detected for the oligonucleotides d[CGCGCG(T)nCGCGCG]
(n = 4, 5) 1 1 6 ' 1 1 7 and d(CGCGATTCGCG).113

Experimental evidence for the formation of hydrogen bonds
between the bases of the C.C pair has not so far been obtained.
According to many workers, the absence of hydrogen bonds from
the C.C pair and also the incomplete "stacking" of the unpaired
cytosine and the bases of the neighbouring nucleotide pairs lead to
both cytidine residues "sticking out" from the helix, i.e. to the
formation of an inner loop. The destabilising effect of the C.C pair
is due to the same factors.84·85'90'118

It has been established in the study of the formation of complexes
by the oligonucleotides (A6CmU6) (m = 1-8)20·119 that the oligomers
with m = 1-3 form a bimolecular helix with an inner loop and that,
when m = 4-8, the "pin" structure becomes thermodynamically
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more favourable. Among the "pins" formed by oligoribonucleotides,
the one whose loop consists of six nucleotide units has the maximum
stability. It has been established from lH NMR and nOe data1 2 0

that the oligonucleotide d(GAATTCCCGAATTC) forms an unusual
bimolecular structure containing non-coinciding loops:

c—c

G—Α—Α—Τ—Τ C—G—Α—Α—Τ—Τ—C

C—Τ—Τ—A—A—G—C Τ—Τ—A—A—G .

I I
C— C

The protonation of one of the cytosine residues of the C.C pair
promotes the formation of hydrogen bonds between the bases.
Thus, according to CD data, the oligomer d(C4A4T4C4) forms a
duplex with terminal dC.dC+ pairs.121 The presence of the central
d(A4T4) section promotes the formation of dC.dC+ pairs between
antiparallel chains (in earlier studies122'123 it was postulated that the
C.C+ pairs can arise only between parallel strands) and that this
process occurs at higher pH than, for example, the association of
d Q with d(C + )8.

The following structure has been proposed for the dC.dC+ pair,
which can be incorporated, according to the authors,81 in the double
helix of DA without causing significant changes in the geometrical
parameters:

C (anti).C+ (anti)

It has been suggested that the dC.dC+ pairs are also formed on self-
association of poly[d(CT)] and poly[d(AC)].124

V. Comparative analysis of the influence of the
non-canonical pairs on the structure and energetic
parameters of the formation of the oligomeric
complexes

(1) The pyrimidine-purine non-complementary pairs as well as the
dG.dA pair, incorporated in nucleotide double helices, are retained
by two hydrogen bonds. The dA.dA pair is not stabilised by
hydrogen bonds. There is no rigorous experimental evidence
concerning the molecular structure of the dG.dG pair and the
pyrimidine-pyrimidine pairs. The bases in the non-complementary
pairs are in the usual tautomeric forms and as a rule in the anti-
conformation [the dG(anti).dA(syn) pair is an exception].

(2) The replacement of the A.T and G.C pairs by non-canonical
pairs alters the conformation of the sugar phosphate skeleton.

(3) Depending on the nature of the heterocyclic bases in the non-
canonical pairs and on their immediate environment, the bases of
such pairs can be incorporated in the double helix, participating in
the stacking interaction, or can be displaced from the helix, forming
a loop.

(4) The smallest perturbations of a local character are induced by
the G.U, dG.dT, and dG.dA pairs, which coexist with the comple-
mentary pairs within the double helix.

(5) The dA.dA and dC.dT pairs exert the most extensive per-
turbing influence. The bases of these pairs are arranged, at least
partially, outside the double helix.

(6) The replacement of the Watson-Crick pairs by non-canonical
pairs reduces the stability of the duplex. The degree of destabi-
lisation depends on the length of the modified duplex, the nature of
the non-canonical and replaced (G.C or A.T) pairs, the relative
number of "erroneous" pairs and their positions in the duplex, and
the local environment, as happens, for example, in the series of
DNA duplexes110

d(CAAA
(GTTT X'

AAAG)
Τ Τ Τ C)d

Χ, Χ' = A, C, G,T ·

The study of their melting profiles yielded the following stability
series (the X.X' pairs are indicated): dG.dT > dG.dG > dG.dA >
dC.dT > dA.dA = dT.dT > dA.dC = dC.dC. Computer analysis
of 100 t-RNA made it possible to estimate the relative stabilities of
the non-complementary pairs in DNA: G.U ^ G.G > C.C, U.U,
C.A, A.A > G.A, U.C.1 2 5 Measurement of the rates of dis-
sociation of a series of oligomer-polymer DNA duplexes fixed on a
dry agarose gel, i.e.

-G Τ G-

-G G G-

-GC G CG

C T C T T C A G A C G

carrier

led to the derivation of the following series based on decreasing
thermal stabilities as a function of the nature of the varied
nucleotide pair: dT.dA ~ dA.dT > dG.dT ^ dG.dA > dA.dA c*
dT.dT ~ dC.dA > dC.dT.126 The thermodynamic parameters of
the formation of oligomeric complexes with non-canonical base pairs
are summarised in Table 4.

(7) In the general case, the destabilisation of the modified duplex
compared with the "regular" duplex is associated with a decrease in
the enthalpy of complex formation (as a result of the disturbance of
the stacking interactions in the region of the non-canonical pair)
overlapping the favourable change in entropy (as a result of the
greater conformational mobility of the "erroneous" pairs).

The comparative characteristics of the influence of all the possible
combinations of non-canonical pairs on the thermodynamic
parameters of the complex formation process have been obtained127

in relation to the DNA duplex

d(CGTCGTTT
(GCAGCAAA

Χ, Υ = A, C, G, Τ

ACAACGTCG)
TGTTGCAGQd

Only the components of AH0 (X.Y) and AS0 (X.Y) (calculated per
nucleotide pair) characterising the stacking interactions of the non-
canonical pair with neighbouring pairs (the "virtual stacking"
approximation) were analysed (Table 3).

The data obtained led to a hypothesis concerning the structural
features of the non-complementary pairs. Three main types of
conformations of such pairs have been considered.

(a) Bound pairs (the so called "wobble" pairs). They are charac-
terised by the same value of AS and somewhat reduced values of AH
compared with the Watson-Crick pairs, they have paired bases, and
are incorporated in a double helix.

(b) Open chain pairs. They are characterised by low values of AH
and AS; such pairs form loops.

(c) Weak nucleotide pairs. They have intermediate (between
extremum values) thermodynamic parameters and form intermediate
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structures of different types. A direct correspondence has not been
found between the structural features of the pairs and their destabili-
sing influence. It is of interest that the Tm of duplexes with the
non-canonical pairs X.Y and Y.X, differing only in the relative
disposition of the bases in the complementary chains, are not the
same although the environment of these pairs and hence the inter-
planar contacts are not altered. This is apparently associated with
the effect of the long-range interactions of the non-canonical pairs.

Consideration of the formation and reparation of the non-
complementary pairs has led to the conclusion that the reparation
systems eliminate with the greatest efficiency the most frequently
encountered pairs. Thus the repair system of E. coli effectively
"mends" the dT.dG, dG.dG, and then dC.dA pairs and to a much
lesser extent the dG.dA, dA.dG, dT.dT, dC.dC, dT.dC, and
dC.dT pairs.128 It has been suggested that the recognition of the
"erroneous" pairs by reparation enzymes is not associated with the
degree of destabilisation but is determined by the orientation of the
bases relative to the sugar phosphate residue and the profile of the
functional groups in the grooves within the double helix.10·127

VI. Complexes of nucleic acids containing unpaired
nucleotide residues

1. Inner unpaired units

Analysis of the structure of the DNA duplexes "A" and
"A"',14'57"59'64'129'130 whose composition includes adenosine residues
without a partner on the complementary chain, i.e.

123 45 6 7 89 1011 12
d(CG C A GAATTC-G C G)

(GCG —CTTAAGA C G C)d

duplex "A"

d(CGC A GAGCTC —GCG)
(GCG —CTCGAGA CGC)d

duplex "A"'

showed that the unpaired purine base is incorporated in the helix
and particpates in the stacking interaction with the neighbouring
dG.dG pairs. However, the inclusion of a "superfluous" unit is
acompanied by an increase in the distance between the G.C pairs
and hence leads to the disturbance of the "stacking" of the bases of
the unmodified strand of the duplex. Furthermore, a distortion of
the sugar phosphate skeleton as well as a change in the length and
torsional angles of the P-O bonds of the phosphate section opposite
the "superfluous" adenosine have been observed in the modification
section ^ H NMR spectroscopic data).

The presence of an unpaired residue greatly destabilises the duplex
(Table 4). The similarity of the values of AH0 for the duplexes
"GC" (see above) and "A" [the disturbance of the stacking inter-
actions between the G(3) and C(4) bases on the unmodified strand is
compensated by the additional interplanar interactions of the "super-
fluous" adenosine] indicates the entropic nature of the destabilising
effect. On the basis of the difference between AHv.u and AH0,
determined by the SMC method for the duplex "A", it has been
established that the cooperatively melting section comprises 9 ± 1
nucleotide pairs, i.e. includes the "superfluous" unit. According to
data for the rate of exchange of the imino-protons of the duplex
"A" with water, the destabilising influence of the unpaired adenosine
involves all the inner pairs of the duplex.

An NMR spectroscopic study of a longer sequence containing the
unpaired adenosine residue, i.e.

d(CGCG-AAATTT A CGCG)
(GCGC A TTTAAA-GCGQd

duplex "A""

also showed that the "superfluous" base is integrated in the double
helix.131 However, this entails not an increase in the distance
between the bases on the opposite strand, as in the case of the
duplex "A", but some bending of the helix. Since the defects are
arranged symmetrically on different strands of the duplex, the helix
acquires an S shape. The bases of the unmodified strand opposite
the unpaired residue are then in fairly effective contacts.

It is of interest that in the crystalline state the conformation with
the disposition of the unpaired adenosine outside the helix is charac-
teristic of both duplexes—"A"132 and "A"'. 1 3 3 · 1 3 4 Despite the
palindrome sequence, both "superfluous" bases are oriented in
different ways (probably owing to the influence of the crystal
packing). Furthermore, the local structure in the region of the defect
is different for the "A" and "A"' duplexes. Thus in solution the
unpaired adenosine residue is incorporated in the double helix, while
in the crystalline state it "sticks out". The data obtained indicate
the conformation flexibility of DNA duplexes modified in this way
and their ability to pass from one conformational state to another
when the external conditions are altered.

The study of the conformational transitions in a series of
imperfect palindromes with inserts comprising superfluous adenosine
residues has shown135'136 that the distance between the insert and the
"central symmetry" determines the equilibrium between the duplex
and the single-stranded "pin". The theoretically possible confor-
mations of the oligodeoxyribonucleotides investigated are illustrated
in the scheme below:

C G C A G A A T T C - G C U

G C G - C T T A A G A C G C

C G C G - A A T T A C G C G
G C G C A T T A A - G C G C

C-T-T-

C G C A G^
A
~

Ο Γ
 G C G - C . .

C G C G

GCGC,

C G C G C G - A A T T A C G C G C G
G C G C G C A T T A A - G C G C G C

CGC G C G'

GCGCGCv

CGCG-A.AATTTACGCG *• CGCG A\

G C G C A T f ΪΑΑΑ-GCGC ·* G C G C __
T
^F '

It has been established on the basis of UV and NMR spectro-
scopic and SMC data that the introduction of additional adenosine
units does not induce a change in the enthalpy of complex formation
regardless of their positions in the sequence.

The DNA duplex137

d(GATGG — GCAG)
(CTACC G CGTQd

duplex " G "

served as a model of a double helix with a "superfluous" guanosine
residue.137 A three-dimensional model of the duplex " G " has been
constructed from ! H NMR spectroscopic data and by means of
computer modelling (incremental approach). The series of
structures differing in the length of the double helix sequence
flanking the defect proved to be very similar. The duplex " G " is a
double helix belonging to the Β -family; the axis of the helix is bent
by 18-23°. As was to be expected, the unpaired residue is
incorporated in the double helix.
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The structure and stability of the DNA duplex "C", containing a
superfluous cytidine residue, have been investigated:138

12 34 5 6 7 8
d(CAAAC AAAG)
(GTTT-TTTC)d

duplex " C " .

The occurrence of an nOe duplex " C " between the imino-protons
of the dA.dT pairs (in the 4- and 5-positions) and also the absence
of an upfield shift of the signls of the non-exchanging protons of the
unpaired cytosine as the temperature reduced indicate that the
"superfluous" cytosine residue "sticks out" from the helix and does
not participate in the stacking interaction with the bases of neigh-
bouring pairs. Cytosine is apparently "expelled" by the neigh-
bouring purine bases, which are known to possess an enhanced
capacity for stacking interactions. The position of cytosine outside
the helix destabilises the duplex (the duplexes 13 and 14 in Table 4
and in the paper of Aboul-Ela et a l . u o ) , the destabilising effect being
enthalpic in nature in this instance.

The question arises whether the unpaired cytosine always occupies
a position outside the helix. It has been found that its confor-
mation depends on temperature. Thus a study by two-dimensional
NMR spectroscopy and the analysis of nOe parameters of the DNA
duplex

d(CCG C GAATTC —CGG)
(GQC — CTTAAGCGCQd

showed139 that at low temperatures (0 °C) the "superfluous" cytosine
is outside the helix, while the adjoining bases participate in the
stacking interaction. With increase in temperature, the confor-
mational equilibrium shifts towards the formation of structures in
which the cytosine residue is built into the duplex ( > 40 °C). It is
noteworthy that the disturbances in the sugar phosphate skeleton
extend to a region remote from the site of the defect.

Even more interesting results have been obtained in a study of the
conformational characteristics of other unpaired pyrimidine bases—
thymine and uracil—in the duplexes " Τ " 1 4 0 and " U " : 1 4 1

d(CTGGT GCGC)
(GACC—CGCG)d

duplex " T "

r(CUGGUGCGC)
(GACC —CGCG)r

duplex " U " .

These duplexes, which have a similar sequence, differ only in the
nucleotide residues belonging to the deoxyribo- or ribo-series. The
set of NMR spectroscopic data, the nOe parameters, the temperature
dependence of the chemical shifts of the proton signals, etc. show
that the unpaired thymine residues are built into the duplex "T" .
According to the results of computer modelling, the insertion of the
"superfluous" thymine does not induce appreciable changes in the
structure of 2?-DNA under these conditions: the base pairing is not
disturbed and there are no appreciable distortions in the torsional
angles. We may note that, when the more bulky adenine residue is
intercalated, the structural perturbations are much more pronounced.

In contrast to thymine residues, the uracil in the duplex " U " is
preferentially located outside the helix. The regular structure of
Λ-RNA is then hardly disturbed. The authors suggest that the
difference in the behaviour of these bases in the DNA and RNA
duplexes can be accounted for by the different tendencies of thymine
and uracil to participate in stacking interactions.

If the unpaired thymine residues are not unique but are encountered
regularly and frequently in the duplex, then a position outside the
helix is more characteristic of them. Such a conformation has been

postulated for the polymeric duplex poly[d(GGAA)].poly[d(TC)]142

from data for the formation of cytosine photodimers:

—G—G—A—G—G—A—
Q Q J Q Q "J-

Τ Τ

It has been established that the "superfluous" thymine residues
do not disturb the cooperative nature of the fusion but diminish
greatly the stability of the defective helix compared with the regular
poly[d(GGA)].poly[d(TCC)].

A similar conclusion that the unpaired thymine residues are
located outside the helix has been reached on the basis of a study of
the duplex poly[d(GA)].poly[d(TTC)].143

Interesting data for the stability and dynamics of a series of
duplexes with a nucleotide sequence corresponding to the mutation
"hot spot" with a shift of the frame have been obtained by NMR

144

spectroscopy:

d(GATGGGCAG) d(G ATGGG —CAG) d(GATGGG —CAG)
(CTACCCGTC)d (CTACCCC GTC)d (CTACCC A GTQd.

duplex "N" duplex " C N " duplex " A N "

It was found that the unpaired adenine exerts a mainly local
influence on the stability of the nucleotide pairs (the duplex " A N " ) ,
while the delocalisation of the destabilising effect along the G.C
track of the duplex " C N " as a result of the migration of the defect is
characteristic of the unpaired cytosine:

d(GATGGG —CAG) -> d(GATGG —GCAG) ->-
(CTACCCCGTC)d^- (CTACCC CGTC)d+-

— d(GATG — GGCAG) -^d(GAT —GGGCAG)
•*- (CTACC CCGTQd*- (CTACCCCGTC)d

duplex " C N "

The greater thermal stability of the duplex " C N " compared with
the duplex "AN" (ATm = 5.7 °C) has been explained by the authors
in terms of the positional degeneracy of the defect (unpaired cyto-
sine) and the associated increase in entropy. It is noteworthy that
the results of the above study144 conflict with the results and con-
clusions of a number of other studies57'64'129 as regards a series of
aspects associated with the character of the influence of the "super-
fluous" adenosine on the stability of the duplex pairs and the
enthalpy of complex formation.

In the next study of the above series, the conformational dynamics
of the "superfluous" guanine residue, located in the G.C track of the
analogous duplex, was investigated.145 The presence of free imino-
protons of the unpaired guanine made it possible to follow the
migration of the defect. It was discovered that the "superfluous"
unit occupies all possible positions, although it occurs more fre-
quently at the ends of the track. One cannot say with certainty that
the rate of migration of the defect is the same for oligopurine and
oligopyrimidine sequences. As regards the location of the "super-
fluous" base relative to the duplex, experimental data show that the
unpaired purine bases are incorporated in the double helix, while the
pyrimidine bases are involved in equilibrium between the enrfo-helical
and exo-helical conformations.

Overall, one can say that the ways in which DNA neutralises
perturbations induced by unpaired bases are fairly varied and
depend on the local "stacking" of the bases, the nature of the
superfluous unit, the flexibility of the sugar phosphate skeleton, and
the nucleotide sequence.
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2. Oligonucleotide duplexes flanked by unpaired units

The influence of the terminal unpaired nucleotides on the stability
of the NA double helices has been investigated mainly on short
ribonucleotide duplexes.146"159 Analysis of the available literature
(Table 5) permits the following conclusions.

Table 5. Thermodynamic parameters of the formation of
oligonucleotide complexes flanked by unpaired nucleotide residues.*

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

2 5

Complex

r(C C G G)
(GGCC)r

r(ACCGG)p
p(GGCCA)r

r ( C C G G U ) p
p(U G G C C)r

r(CCGGA)p
p(AGGCC)r

r(GCCGG)p
p(G GCC G)r

r(UCCGG)p
p(GGCCU)r

r(CCGGC)p
p(CGGCC)r

r(CCGGG)p
p(GGGCC)r

r(G GCC)
(CCGG)r

r(AGGCC)p
p(CCGGA)r

r(CQGCC)p
p(CCGGC)r

r(UGGCC)p
p(CCGGU)r

r(GGCCC)p
p(CCCGG)r

r(GGCCU)p
p(UCCGG)r

r(GGCCG)p
p(GCCGG)r

r(GGCCA)p
p(ACCGG)r

r(G C G C)
(CGCG)r

r(GGCGC)p
p(CGCGG)r

r(U G C G C)
(C G C G U)r

r(GCGCA)p
p(ACGCG)r

r(GCGCC)p
p(C C G C G)r

r(G C G C G)p
p(GCGCG)r

r(GCGCU)p
p(U C G C G)r

d ( G A A T T C G C G )
(G C G C Τ Τ A A G)d

d(GGAATTCC)
(C CTT A A G G)d

Complex formation
conditions

0.01 Μ cacodylate buffer,
pH 7.0, 1 mM EDTA,
1 Μ NaCl,
co = 0.1 mM

ditto

»

»

0.01 Μ phosphate buffer,
pH 7.0,0.5 mM EDTA,
1 Μ NaCl,
eo = 0.1 mM

ditto

»

»

»

»

»

»

»

»

»

0.005 Μ phosphate
buffer, pH 7.0, 0.5 mM
EDTA, 1 Μ NaCl,
co=l mM

ditto

»

»

»

»

»

0.01 Μ phosphate buffer,
pH 7.0, 0.1 mM
EDTA, 1 Μ NaCl,
co=0.7 mM

ditto

rm°c

27.1

36.4

37.8

44.0

31.0

29.7

34,4

46 5

35.0

38.3

39.3

34 5

47.5

51.5

57.5

58.0

27.4

28.8

31.5

51.9

41.3

50.7

45.5

40.3

52.5

-Δ/Λ·
kcal
mol"1

34.7

39.7

42.8

47 3

34

37

40.3

48.3

30.0

37.9

35.1

35.6

41.7

48.3

52.3

51.5

32.3

35.3

29.2

50.0

39.2

47.9

45.5

00 (35)

59 (59)

•-AS",
e.u.

97.1

109.9

119.3

130.4

93

104

113

133

98

103

94

97

112

130

140

137

89.0

98.7

77.6

135.7

100.2

129.5

124.6

—

—

-AG°(f,°C),
kcal mol"1

4 41 (30')

5.44 (39')

5.60(39')

6 57(39')

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Refs.

[152|

[152|

[152|

[152]

[158|

[158]

[154]

[154]

[1541

[158]

[158]

[158]

[154]

[154]

[154]

[154]

[157]

[157]

[1571

[157]

[157]

[157]

[157]

[155]

[155]

ι are quoted for

comparison.
**The values of Δ//ν-Η are given in brackets.

***CQ is the oligonucleotide concentration.

The flanking of the double helix by an unpaired terminal residue
increases the stability of the duplex.

Stabilisation is achieved as a result of additional interplanar
interactions of the unpaired residue with the terminal paired base of
the opposite strand; this entails a decrease in the end pair "fraying"
effect.

The increase in stability is due to the favourable change in the
enthalpy of complex formation (the contribution by additional
"stacking") which exceeds the unfavourable entropic effect (the
decrease in the degree of "freedom" of the pendant residue)
compared with the fully complementary duplex.

The following sequence in the stabilisation by unpaired residues
has been established: G c~ A > U cz C, i.e. purine bases are more
effective than pyrimidine bases. A similar dependence of the
stability of the duplexes also on the nature of the base involved in
overlapping with the unpaired residue has also been observed.

In helices of the ribo-series, the 3'-terminal base increases stability
to a greater extent than the base located at the 5'-end. On the other
hand, in deoxyribonucleotide duplexes, the 5'-terminal unit makes a
greater contribution to stabilisation,112 which is apparently associated
with the differences between the structures of the A- and 2?-forms.

Conversely, the presence of more than one unpaired residue at the
ends of the duplex reduces the stability of the double helix.155

o0o

During the preparation of the manuscript for the press, a number
of communications on the subject of the review were published.

It was shown that1 6 0 by the RS method that the non-comple-
mentary G.T pair induces a greater disturbance of B-DNA (solution)
than of Z-DNA (crystalline state). Arguments are put forward in
support of the hypothesis that this method in fact yields most infor-
mation required to determine the geometry of the phosphodiester
linkages near the non-complementary pairs.

A comparative study of the fine structure of the DNA duplexes in
the Λ-form, one of which contains two adjacent G.T pairs while the
others are unmodified analogues, has been carried out by XRDA
(1.7 A).161 The thermal stability of imperfect and fully comple-
mentary double helices has also been studied (UV spectroscopy).

The structural features of the pyrimidine-pyrimidine non-
complementary pairs C.C and T.T forming part of the composition
of the 12-unit DNA duplexes have been studied by NMR spectros-
copy:162

and

d(CGC
(GCG

d(CGC
(GCG

τ A G C T ; T [ G C G )

Τ Τ C G A TJ C G C)d

C ! A G C T ! O G C G )

CJTCGA G CGQd

It was shown that the two imino-carbonyl hydrogen bonds,
stabilising the T.T pair, are weaker than the corresponding bonds in
the G.T pair. As regards the C.C pair, the experimental data did
not permit a correct choice between several pairing schemes. It was
only evident that one of the bases of the pair must be protonated.

A study has been made 1 6 3 of the stability of the formation of the
C.C+ pairs in 2-, 3-, or 6-unit cytosine tracts localised within an
antiparallel DNA duplex. It had been shown earlier that such pairs
are formed at the ends of an antiparallel duplex.121 According to
CD data, the pairing of cytosine residues does not occur in any of
the duplexes studied.
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The interrelation between the thermodynamic parameters of the
fusion of defective duplexes, formed by the matrix DNA and
decanucleotide primers containing non-complementary bases at the
3'-end (variants of the non-complementary pairs—G.T, C.T, and
T.T), on the one hand, and the accuracy of the DNA replication, on
the other, has been analysed.164 The causes of the ambiguous
relation are discussed.

The influence of the nucleotide sequence of the matrix DNA on
the type of the non-complementary pair has been observed in the
DNA-polymerase reaction.165 The frequency of errors counted was
artificially increased by using only three out of the four deoxyribo-
nucleotide triphosphates.

The additional possibility of the formation of non-canonical pairs
has been discussed in a theoretical study.166 According to calcu-
lations of the energies of the intermolecular interactions (AAPF), in
alternative pairing schemes one of the bases is in the jyn-orientation
and a water molecule participates in the formation of hydrogen
bonds. According to the authors, such pairs are closer to the
Watson-Crick pairs in terms of geometrical parameters.

The influence of the terminal non-complementary pairs (A.C,
A.A, and A.G) on the thermal stability of oligoribonucleotide
duplexes has been discussed.167

The dimorphous structure of poly(rA).poly(dT) has been con-
firmed by Raman spectroscopy.168

Comparative studies have been made of the thermal stabilities
and of the secondary structures (by UV and CD spectroscopy) for
a series of oligomeric DNA, RNA, and hybrid RNA.DNA
duplexes.169 It has been shown that the ribonucleotide duplex is the
most stable, the hybrid duplexes occupying an intermediate position.
The yi-form of the double helix is characteristic of the latter but it is
not fully identical with Λ-RNA.

The influence of two unpaired thymine residues, flanking the
hexanucleotide duplexes [d(GC)3k o r [d(CG)3]2 at the 3'- or 5'-end,
on the thermodynamic and structural characteristics of the double
helices has been studied.170 It has been observed with the aid of
UV, NMR, and CD spectroscopy and by computer modelling that
the presence of thymidine residues stabilises the double helix as a
result of the stacking interaction of the unpaired bases, the effect
being greater in the case of 5'-terminal substituents.

The individual thermodynamic contriution of the four-unit loop
and of the unpaired base in the double helix section has been
determined for 14-pin ribonucleotide structures.171 It has been
shown that the destabilising effect of the unpaired purine is greater
than that of pyrimidine and depends on the nucleotide sequence of
the section adjoining the defect.
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