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ABSTRACT

Theoretical conformational analysis using classical potential functions
has shown the possibility of incorporation of nucleotide mispairs with the
bases in normal tautomeric forms into the DNA double helix, Incorrect purine~
pyrimidine, purine-purine and pyrimidine-pyrimidine pairs can be incorporated
into the double helix existing both in A~ and B-~conformations, The most ener-
gy favourable conformations of fragments containing a mispair have all the
dihedral angles of the sugar-phosphate backbone within the limits characte-
ristic of double helices consisting of Watson—Crick nucleotide pairs. Incor-
poration of mispairs is possible practically without the appearance of re-
duced interatomic contacts. Mutual position of bases in the incorporated
mispair does not differ much from their position at the energy minimum of
the corresponding isolated base pairs. Conformational parameters of irregular
regions of double-stranded polynucleotides containing G:U, I:A, I:A*(syn) and
U:C pairs are presented. Distortion of the sugar-phosphate backbone is the
least upon incorporation of the G:U pair, Formation of mispairs in the pro-
cesses of nucleic acid biosynthesis and spontaneous mutagenesis is discussed.

INTRODUCTION

Transfer of genetic information from one generation to another and its
realization are ensured by exclusiveness of Watson-Crick adenine-thymine
(uracil) and guanine-cytosine pairs, The fact that in the processes of
nucleic acid biosynthesis only these pairs are usually formed is due both
to the properties of nitrogen bases (coincidence of dimensions of A:U (A:T)
and G:C pairs, their adjustment to the sugar-phosphate backbone in the double
helix, specificity of intermolecular interactions) and to the effect of
enzymes which increase accuracy of nucleic acid biosynthesis. The formation
of any other base pairs at biosynthesis leads to point mutations,; transi-
tions (if guanine~thymine or adenine~cytosine pairs are formed) or trans-
versions (if any of purine-purine or pyrimidine-~pyrimidine pairs is formed).
To elucidate the mechanism of transfer and realization of genetic information,
the ways in which mutagenic base analogs act and the effect of chemical modi-

fication of nucleic acids on their role as carriers of genetic information,
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it is necessary to construct a detailed molecular model of nucleic acid
fragments containing mispairs.

The formation of G:U (G:T) and A:C pairs allowing their incorporation
into the double helix without its deformation is possible when one of the
bases is in a minor tautomeric form. Such a mechanism of spontaneous mutations
(transitions) was proposed by Watson and Crick in 1953 (1) and has been re-
peatedly discussed since then. Topal and Fresco (2) applied this mechanism to
transversions suggesting that they are induced by the formation of purine-
purine pairs, The authors assumed that one base must be in a minor tautomeric
form while the other nucleotide is in the syn-conformation. However, in two
of four such pairs one base must be in the imino-lactim tautomeric form, the
probability of whose formation is extremely low, i.e. in a "twice minor"
form,

In papers (3-4) a molecular mechanism of all spontaneous transitions
and transversions leading to mispairing of bases in normal tautomeric forms
has been proposed and energy of such pairs has been calculated. The analysis
of experimental data and the results of calculations led to formulation of a
concept of enzyme-nucleotide recognition in the processes of nucleic acid
biosynthesis and the recognizing site of the enzyme of template directed
synthesis (3-5), According to this concept, the interaction of the enzyme
recognizing site with structural invariants of complementary nucleotide pairs
increases the probability of such pairs formation and prevents mispairing.

The difference in mutual position of bases in incorrect pairs from that in
A:T and G:C pairs is a constraint for incorporation of incorrect bases into
the double helix at biosynthesis because of the strain in the sugar-phos-
phate backbone and disturbance of the interaction of nucleotide pairs with the
enzyme recognizing site, This difference and the energy of interaction of
bases in pairs affect the probability of such pair formation at nucleic acid
biosynthesis,

Calculations (3-4) have shown that the mutual position of bases in mis-
pairs corresponding to the energy minimum differs from that in Watson-Crick
pairs but for many base pairs there are minima in which this difference is
not large enough. There is a qualitative agreement between the relative pro-
babilities of mispairing predicted by calculations (3,4) and the experi-
mentally observed frequencies of base replacements.

Theoretical conformational analysis of regular double-helical polynucleo-
tides has shown that there are regions of minimum energy values of intramo-

lecular interactions corresponding to A- and B-families of nucleic acid con-

5206



Nucleic Acids Research

formations (6-8). Within these regions different mutual positions of the base
pairs at rather close values of dihedral angles of the sugar-phosphate back-
bone are possible (8), On the other hand, a search for low-energy conforma-
tions of complexes of dinucleoside phosphates has shown that considerable de-
viations of the double-stranded structure from regularity are possible with-
out noticeable energy increase (9)., This conformational freedom permitted us
to hope that incorporation of incorrect base pairs in normal tautomeric forms
into the double helix is possible without any considerable distortion of the
sugar-phosphate backbone.

The present study is devoted to elucidation of such a possibility and
determination of conformational parameters of DNA fragments containing mis-
pairs in normal tautomeric forms., Calculating the energy of nonbonded inter-
actions and searching for the minimum of such energy as a function of con-
formational variables we found conformations of double helices consisting of
Watson=Crick pairs and containing incorporated pairs G:U, I:A, I:A*(syn) and
C:U, This incorporation practically does not result in reduction of inter-
atomic contacts and the angles of the sugar-phosphate backbone remain within
the limits characteristic of regular double helices, As a result, we have
constructed models of nucleic acid fragments containing nucleotide mispairs.
Computations confirm the earlier suggestion (3-5) that recognition of cor-
rect nucleotide pairs by the enzymes is necessary to ensure the experimental-

ly observed high accuracy of nucleic acid biosynthesis.

METHODS

Energy of nonbonded interactions has been calculated by the method of
atom-atom potential functions., Details of the method application to the
problems of structure and functioning of nucleic acids and the choice of
parameters of potential functions were described earlier (10,11).

Energy was calculated as a sum of electrostatic and van-der-Waals atom-
atom interactions, torsional energy of rotation about sugar-phosphate back-
bone bonds and energy of distortion of variable bond angles.

The energy of interaction between i and j atoms was calculated according
to the equation

e,.e 6 _12

- i3 _ - .
Uij(r) = ke ps Aijr + Bij r

where r is the interatomic distance, ei and ej are charges of i and j atoms,

k is the coefficient depending on the chosen system of units, Aij and Bij are

the parameters depending on the type of i and j atoms, € is the effective
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dielectric constant, All bond lengths and bond angles (except internal angles
.

3
meters for calculating energy as well as bond length and bond angles are the

of the sugar ring and the C_-O-P angle) are presumed to be rigid. The para-
same as in our paper dealing with regular double-helical polynucleotides

(8) « The search for minimum energy values was performed by the method of
parallel tangents. In the minimization process electrostatic interactions
only between bases in the pairs were taken into account. When the minimum was
found with such an assumption, further minimization was performed taking into
account electrostatic interactions between all atoms, but this did not lead
to a considerable shift of the minimum, The found low energy conformations
were examined for the presence of reduced interatomic contacts, then they
were visualized with the help of a plotter according to the programs making
use of the complex of GRAFOR subroutines. The criteria for evaluation whether
an interatomic contact is reduced were taken from (12). Some interatomic
distances were also considered if they corresponded to the van-der-Waals
energy more than 0.4 kcal/mole though they were somewhat larger than the
reduced interatomic contacts as defined in (12). Computations and visualiza-
tion were done using a ES 1040 computer (Computer Research Center, Scientific
Center of Biological Research, Academy of Sciences of the USSR).

Fragments of double-helical polynucleotides consisting of two subsequent
Watson-Crick A:U pairs and one of the G:U, A:I, I:A* or C:U mispairs were con-
sidered, Energy of nonbonded interactions has been calculated as a function
of the following variables: 1) parameters which determine the mutual posi-
tion of bases in pairs (all pairs are presumed to be planar, the position of
bases in canonical pairs is fixed); 2) parameters determining the position
of pairs relative to the helix axis; 3) helix parameters (the distance 4
between neighbouring pairs along the helix axis and rotation angles T);

4) angles x determining mutual positions of bases and sugars in nucleosides
according to Arnott (13); and 5) angles determining conformations of sugar
rings (two valent and two dihedral angles for each ring). Coordinates of
atoms and dihedral angles of the sugar-phosphate backbone have been determ-
ined from independent conformational parameters using an algorithm similar
to that described earlier for regular double-helical polynucleotides (6).

First, to reduce the number of independent variables, calculations
were performed with the assumption that the conformational parameters of all
four nucleosides constituting Watson-Crick pairs and the parameters determ-
ining the position of these pairs relative to the helix axis are equivalent

while the parameters of the mispair nucleosides can differ from each other and
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from the corresponding parameters of canonical fragment pairs. In this case the
sugar-phosphate backbone is distorted only between the incorrect and the near-
est canonical pairs and the regular helix can be constructed by repeating the
fragment consisting of two canonical pairs. Thus we have obtained conformations
of the fragments containing the G:U pair (A- and B-forms), For other fragments
the attempts to incorporate incorrect pairs lead, at such assumptions, to a
considerable increase of energy and to a great deviation of the angles of the
sugar-phosphate backbone from their values for the regular Watson-Crick heli-
ces, Therefore for I:A, I:A* and C:U pairs we calculated the energy as a func-
tion of more variables assuming that the parameters of nucleosides of an in-
correct pair and the neighbouring correct pair differ while the parameters of
two nucleosides of the next correct pair are equivalent, Then we found confor-
mations of regular double-stranded polynucleotides which could continue these
fragments from the side of canonical pairs. The parameters characterizing the
position of bases in pairs, that of pairs relative to the helix axis, mutual
positions of sugars and bases as well as sugar ring conformations are the same
as for the nucleotide pairs situated on the boundary of irregular regionms.
Helical parameters 4 and T of regular conformations can slightly (no more than
by 0.15 R and O.So) differ from the corresponding parameters of the two cano-
nical pairs of an irregular fragment. Conformations of regular helices continu-
ing each of irregular conformations are close to the bottom of the correspoﬂd—
ing valley of minimum energy values, but can be less favourable by 1+3 kcal/mole
and somewhat differ by conformational parameters.

For each incorrect X:Y pair we considered two fragments dApdApdX:dYpdUpdU
and dXpdApdA:dUpdUpdY containing the incorrect pair on one or another side of
the successive correct pairs. One of these fragments results from incorpora-
tion of the incorrect base X during synthesis of Y-containing template and the
other from incorporation of the incorrect base Y during synthesis on the X-
containing template, At DNA synthesis on a template one fragment corresponds
to incorporation of an incorrect base and the second one to elongation of
synthesis after this incorporation,

When searching for low-energy conformations we took as the starting para-
meter values those for regular polynucleotides consisting of canonical A:U
pairs (8). Then the bases in the incorrect pair were gradually shifted in small
steps to the position corresponding to the energy minimum of interaction of
isolated bases constituting this pair. At each step the mutual position of bases
in the incorrect pair was fixed and energy was minimized by other independent

variables, When the bases achieved the position close to that for the energy
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minimum in the isolated incorrect pair, minimization was done Ly all independ-
ent variables. For all low-energy conformations found (except that with the

C:U pair) the energy of interaction of bases in the incorrect pair is only
0.1%40.5 kcal/mole higher than the minimum and the mutual position of bases in
these pairs is similar to that at the energy minimum for isolated pairs differ-
ing by no more than 0,3 8 ana 50.

Conformations with the parameters of sugar-phosphate backbone and glyco-
side bond positions characteristic of regular polynucleotides consisting of
A:U pairs are sterically allowed for the fragments containing coplanar uracyl
and cytosine., The energy of such conformations is about 6 kcal/mole higher
than for the most favourable conformations of fragments with U:C pairs, mainly
owing to a worse interaction between U and C bases. The most favourable con-
formations of fragments with the U:C pair correspond to the mutual position
of bases when the distance between U and C is about 0.5 g larger and the in-
teraction energy in the pair 2 kcal/mole higher than in the isolated base
pair having the minimum energy. Conformations of fragments containing the
U:C pair with two hydrogen bonds and the energy close to the minimum which
will be discussed in the next section are only 0.5:1.0 kcal/mole less favour-
able energetically.

For low-energy conformations of fragments dApdApdX:dYpdUpdU and
dXpdApdA:dupdUpdY the difference in conformational parameters of the nucleo-
side X:Y pair is a few degrees by the angle variables and some tenths of g
by the variables characterizing shifts. The energy of the two sequences can
differ by 1+3 kcal/mole., Then the conformational parameters of nucleoside
mispairs of the two fragments were made equivalent by shifting them gradual-
ly towards each other and minimizing by other variables at each step. The
total energy of nonbonded interactions of each fragment increases by 1%+3
kcal/mole, Thus, we have found possible conformations of dApdApdXpdApdA:
:dUpdUpdYpdUpdU, i.e, conformations of fragments of double-chain polynucleo-
tides containing a mispair incorporated between correct pairs. These con-

formations will be discussed below,

RESULTS AND DISCUSSION

Conformational parameters of fragments

Characteristics of the obtained conformations of irregular DNA fragments
containing mispairs are listed in Tables 1-4., It should be noted that the
given values of the parameters correspond in each case to one low-energy con-

formation, to one point within an extended region of minimum energy values.
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Table 1. Conformational parameters of DNA fragments containing mispairs

(B=form)
a®) t p (%) v N v ® £
oal 336 369 9.79.7 184184 249249 -70-70 182182 60 6O
vial 3.3¢ 333 9593 205177 228252 -71 -73 165192 6l 59
val 3-42 411 9697 177177 260257 72 -70 184 188 63 58
ooal 339 363 9797 180180 252 252 -67 -67 185185 57 57
oial 3.5 39.2 939.2 187190 241246 -66-74 175180 62 63
Jia] 3.43 32,4 9.810.2 168210 272226 =73 -75 200 161 53 64
o3| 3.47 35.0 9.810.0 213168 225272 -80 -73 158 197 68 55
Uinb 351 39.2 9.39.2 191187 245 241 73 -69 179175 62 65
o] 3.42 364 969.6 186180 253254 -68 -70 185186 57 58
T 3.39 31,5 9.5 9.6 186177 245257 -74 -62 185 1% 60 51
oAl 3.50 42,1 9.79.4 184177 250 258 -73 =70 179 186 65 61
ol 3.27 371 o696 179178 253 253 -67 -68 187 187 56 56
o] 3.3¢ 383 9.4 9.4 182185 246247 -71-74 181 180 64 65
vel 3.63 38.4 9.08.9 216168 224273 =73 ~76 154 201 66 55
ool 3.58 37.6 9.18.8 170222 271 220 =-74 =73 200 150 53 64
oi®l3.33 38.4 9,4 9.3 186181 246 245 71 =71 178 180 64 65

‘ .

For each fragment the table gives four 4 and 1 values corresponding to the

distances and rotation angles between each two successive base pairs as

well

as eight values for all angles of the sugar-phosphate backbone and the phos-

phour atom - helix axis distance (D). The arrows indicate the direction

of

the sugar-phosphate backbone from C! to Cg. For each angle the left value
corresponds to the sequence dUpdUpdYpdUpdU and the right one to the sequence
dApdApdedApdA The dihedral angles are measured as follows- w (C4-C3-03-P),

® (C3=03-P-08), ¥ (03-P-05=C5), 8 (P-05—Cz~C,), EO5-C5=Cp=C3).

As in the case of regular double-stranded polynucleotides (6-8), the fragments

considered have extended regions of minimum energy values, i.e. valleys cor-

responding to A- and B-families of conformations. Since for irregular regions

the number of independent conformational variables is large (more than 40

for each three successive nucleotide pairs), the whole region of minimum

energy values has not been studied as this would require too many calcula-

tions, Conformations of regular double-stranded polynucleotides which could

continue these fragments in both directions have been found for each conforma-

tion presented.

Fig. l. represents poly-dA:poly—dU double helices with incorporated
I:A mispairs and demonstrates similarity of conformations of regular and
gular fragments. Such resemblance was revealed for other mispairs, Figs.

3 represent irregular fragments consisting of 3 pairs (with a mispair on

irre-
2 and
the
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Table 2, Conformational parameters of DNA fragments containing mispairs

(B-form) .
6 X v VAt P
03-C3-C4—CS

iy -3.2 127.4 140.6 155,1
u:G ~4.1 128.2 128.2 141.2 140.5 156.3 155.1
U:A

hot -4.4 128.4 139.6 155.0
u:A -5.6 126.4 143.8 160.6
u:a -5.2 126,9 130.2 133.2 140.7 144.9 160,0
1:a -3.6 128.0 128,3 141.3 139.4 159,3 153.6
u:a -4.9 129.7 127.2 140.8 134.0 158.1 146.1
u:A -4.9 126,7 143.6 160.1
u:A -4.2 127.4 138.8 155.4
u:A ~4.1 127.4 127.7 138.9 138,1 155.7 154.6
1:a4 -3.6 128,0 306.8 142,5 133.0 154.1 144.6
u:a -3.3 129.2 129,2 141,3 141.4 158.6 155.6
u:a -3.2 129,0 141.3 158,5
u:a -4.7 126.8 143.5 159.1
u:a -4,9 128.8 126.2 139.4 143.0 153,8 157.8
u:c 7.8 128.5 128,4 137.1 136.7 151.0 150.2
u:a -5.0 125.4 129.3 142,9 139.1 157.8 152.9
u:a -4.2 127.0 143.4 159,1

Each base pair has its tilt value 6y (angle between the base pair plane and
that perpendicular to the helix axis). Each nucleoside of incorrect and neigh~
bouring correct pairs has its own value of angles yx (CB(Pu) or CG(Py)-N-C'-C
o and P, the pseudorotation angles of sugar (14), For the fragment with the
G:U pair the parameters of the two nucleosides of each correct pair are equiva-
lent, Conformations are the same as in Table 1,

2

boundary) . The mutual position of bases in each conformation corresponds to
the formation of two practically linear hydrogen bonds in mispairs.

The data of Tables 1 and 3 suggest the existence of an unfolding effect
for I:A and U:C pairs, i.e. the mean values of the helical angle between a
mispair and the neighbouring canonical pairs is somewhat smaller than for re-
gular polynucleotides, The distances between base pairs (d) in the irregular
fragments are, as a rule, slightly larger, especially between a mispair and
the neighbouring pairs, than the optimal distance for the conformations of the
corresponding family of regular polynucleotides consisting of Watson-Crick
pairs. A decrease of d and an increase of T without an essential energy in-
crease would be, however, observed when moving along the bottom of the corres-
ponding valley.

The values of x angles are within a rather narrow range. It is even nar-
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Table 3, Conformational parameters of DNA fragments containing mispairs
(A~-form) . Designations are the same as in Table 1.

ak = p®) w © v o £
gf: 2,98  30.5 9.6 9.6 205 205 -69 —69 =74 =74 180 180 60 60
ol 3.2 273 9,697 210198 -84 -64 -77 -72 169 188 65 56
via] 3.09 32.2 10.110.1 212207 -70 -66 75 =71 174 173 63 62
DAl 3.08 29.7 lo.ll0.1 207 207 =71 -71 =77 =77 176 176 67 67
o] 3.28 30,1 9.69.6 203201 -71-66 =-72-73 179182 60 58
Si®| 3.35 2806 9.7 9.8 203227 =50 -98 74 -69 193 149 53 69
siR] 3.46  26.2 10.0 10.0 242 202 -103 -56 74 74 133 189 79 57
o8] 3.25 30.0 9.89.8 203203 -69 =71 -76 -71 180 177 62 60
ooal 3011 307 9494 205205 -70-70 -75-72 180179 6L 58
2% 3-31 24,5 9.49.5 209205 -73 =71 =75 -64 178 183 60 56
03] 3009 35.4 9,597 210203 74 -61 =73 ~74 171180 65 €0
Ui} 3.21 30,1 9.6 9.6 203203 -68-69 ~74 72 180.180 60 59
o] 2.95 318 9.49.3 208207 -72-69 -75-79 177177 6L 62
ool 3.46 201 9.2 9.4 242205 -108 ~61 -64 ~71 134 188 €8 56
o] 3446 28,6 9.3 9.3 204 242 -60 -l10 =73 ~66 189 134 56 68
Uial 2494 317 9.49.3 209209 =72 -72 =78 -75 177 177 63 6l

Table 4, Conformational parameters of DNA fragments containing mispairs
(A-form) , Designations are the same as in Table 2,

61 X [P N 11—t P
037C37C4=C5

U:a

U:A 11.4 76.4 78.9 17.5
U:G 8.6 75.7 76.2 80,2 78.2 18,2 20.0
U:a

U:h 7.1 72,5 78.4 23,9
U:A 7.4 77.8 79,5 17.9
U:A 7.1 76,5 78.2 78.3 79.6 19.8 17.5
I:A 11.6 71.7 75.9 80.0 81.7 17.4 13.0
U:A 7.1 77.0 75.9 79.5 77.9 20.9 23.5
U:A 6,7 76.2 79.6 21.0
U:A 9,7 76,1 79.5 15,5
U:A 9.4 76,5 76.1 79.4 79,5 15.6 15.3
I:A% 9,1 74.1 257.9 80,6 75.9 15.9 24.3
U:A 8.4 77.4 77,2 79.3 78.4 17.1 18.4
U:aA 8.3 77.2 79.4 17.0
ju:a 13,1 76,0 80.1 16,2
U:A 12,7 75.6 74.8 79.0 79.0 17.3 17.4
u:C 7.9 76.6 76,6 78.6 78,5 20.2 20.4
U:A 12,9 75.0 75.7 79.4 80.2 17,1 16.2
U:A 12,6 75.1 79.9 16.7
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Fig. 1. Double-helical polynucleotides containing I:A mispairs, Projection
on the plane of the helix axis., Left, the A-form, right, the B-form.
C-H bonds in the sugar-phosphate backbone are not shown. The arrows
indicate the mispair positions.

rower than that reported by us (8) for the constraints imposed on the two
bases of the pair to lie in one plane. Conformations of sugar rings correspond
to C;-endo forms for the B-family and to C;-endo forms for the A-family. Many
fragments have a small displacement of the second of Cé and Cé atoms from the
cioica plane in the same direction, i.e. Cé—endo—cé-endo puckering for the
B-family and C'-endo—Cé-endo puckerina for the A-family.

Table 5 simmarizes the ranges within which the dihedral angles of the
sugar-phosphate backbone change at incorporation of mispairs. For the B-family
the table gives the limit values of these angles in a synthetic dodecanucleo-
tide crystal (15) and for the A-familv - the limit values of the corresponding
angles of pherylalanine tRNA double-helical fragments in crystals of two dif-
ferent classes (16,17). Ranges of these angles changes as calculated by Zhur-
kin et al. (7) are given for comparison. The ranges of values of dihedral
angles in regular double~helical polynucleotides are less extended accordina

to other authors and our data (8) because they were estimated for a smaller
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Fig, 2. Fragments of double~helical polynucleotides containing mispairs,
A-form., Projection on the plane perpendicular to the helix axis.
C-H bonds in the sugar—phosphate backbone are not shown. Bold lines
designate the mispairs: a, G:U; b, I:A; c, I:A*; 4, C:U, For each
pair fragment dApdApdX:dYpdUpdU is on the left, fragment dXpdApdA:
dupdupdY is on the right.

energy deviation from the minimum values, A comparison shows that all con-~
formations obtained have the angles of the sugar-phosphate backbone within
the limits or slightly deviating from the angles characteristic of crystals
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Fig. 3. Fragments of double-helical polynucleotides containing mispairs.
B-form. Designations are the same as in Fig. 2.

and calculated theoretically for polynucleotides consisting of Watson—Crick

pairs,
Reduced interatomic contacts
Analysis of the short interatomic distances for conformations whose

characteristics are given in Tables 1-4 shows that deviation of the double
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Table 5, Ranges for dihedral angles of the sugar-phosphate backbone.

Ci-Cé-ga-P Cé-OégP-Oé Os-P?Oé-Cé P—OégCé-Ca Og-Cg-iz-Cé

B-form This
168 ; 222 220 3273 -62 : =80 150 ; 201 51 ¢ 68 paper
171 . 260 150 : 274 -51 & -82 139 :+ 190 40 + 66 (3)
170 . 240 200 : 260 -35 :-85 135+ 200 25% 75 (7)

A-form This
198 . 242 =56 :-111 -64 + =79 133 ¢ 193 53 ¢+ 78 paper
191 233 -61 . -83 -65 : =99 164 ¢+ 186 50+ 75 (16)
l€e2 271 =27 £~-125 -30 + =95 119 ¢+ 200 41 + 56 (17)
175 .240 -40 :-100 -40 :+ -110 140 ¢+ 215 30¢ 80 (7)

helix from regularity produced by incorporation of a mispair leads to the
appearance of a rather small number of new reduced contacts.

Regular double helices consisting of A:U planar pairs obtained from our
calculations have interatomic contacts which can be considered as reduced.

For the A~family of conformations these are contacts within nucleoside Oi

of purine (down to 2,82 R), c!

with Cg of pyrimidine (down to 2,64 £) and c ;

8
with C2 of pyrimidine (down to 3.16 R), H! with Nl of pyrimidine and N_ of

2 9
purine (down to 2,55 X) and Hi with C2 of pyrimidine (down to 2,59 X) as well

as contacts P...Hé (down to 2.75 X). For conformations found without the

assumption that the pair is planar, i.e. introducing an additional degree of
freedom corresponding to a twist of bases in the pair these distances increase.
Incorporation of the G:U pair practically does not lead to the Appearance of
the new and reduction of the existing contacts in regular polynucleotides, At
incorporation of other mispairs these contacts may become sometimes reduced
(only by 0,01%0.03 X) and a few new contacts may appear. At incorporation of

U:C and I:A pairs P...Hé reduced contacts (down to 2.62 X) appear in the sugar-
phosphate backbone. Besides, incorporation of the I:A pair results in contacts
Oi...Oé (2.64 g), Oi...Cs (2.89 g) and Oi...Hé (2.41 R). Incorporation of

the U:C pair leads to contacts of Hé atoms of sugar rings of the incorrect

 Of uracil (2.54 £) and with Cg Of adenine (2.55 2

of neighbouring pairs. At incorporation of the I:A* pairs contacts within the
Ll Ll
5++0) (2.61 R), N,...0

(2,65 g) and C4...0i (2,76 R). These contacts may be related due to the fact

nucleotide pair with C

nucleoside in the syn—conformation are formed: N
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O

that the values of the x angle for the obtained conformations do not corres-
pond to the optimal mutual position of adenine and sugar in the syn region
(Just as for the B-family conformations obtained by us). Incorporation of a
more favourable syn—~nucleotide conformation into a double-helical polynucleo-
tide requires a shift of mispair bases from coplanarity. Incorporation of
mispairs into polyribonucleotides was not performed; however, replacement of
deoxyribose by ribose in the obtained conformations of the A-family gives
only the following contacts within the sugar-phosphate backbone: C
(down to 2.8 £) and 0}...H! (down to 2.24 R).

2 5
For the B-~family of conformations of regular polydeoxynucleotides con-

jooeO)

4 2

sisting of planar A:U pairs there are reduced contacts of uracil atoms with

deoxyribose atoms C&...C6 (down to 3.03 8), Hi...C2 (down to 2.47 g) and
Hi"'OZ (down to 2,24 X) as well as contacts Cé...Hi (down to 2.59 X),
P...Cé (down to 3,24 R) and that of phosphate oxygen with CS (down to 2,81 g).

Just as for the A-family, these distances are not smaller than in the models
constructed from X-ray data (18) and increase with the addition of a degree
of freedom corresponding to the twist., Incorporation of the G:U pair almost
! (down to 2.76 §) and

5
P...Hi (2,75 R) are newly formed. For conformations of fragments containing

does not.reduce these contacts and only contacts P,..H

I:A, I:A* and C:U pairs the P...Hi contact (down to 2,68 R) is formed, con-

tacts P...ci can be reduced to 3,17 X and all other contacts observed for
poly=dA:poly-dU can be reduced by no more than 0.04 R. Besides, for conform-
! (down to 2,72 X)

3
and P,..H! (down to 2,71 R) are formed in the sugar-phosphate backbone as

5
well as H!...C_ of uracil (2,59 X) and the N

2 6 3

mispair with Oi of neighbouring pairs (dowm to 2.75 g). Conformations of

fragment with a C:U pair have contacts P...Hé (down to 2,68 R), P...Hg (down

to 2.68 %), H}...0, of cytosine (2,2 %, H...C

ations of the fragment with the I:A pair contacts P...H

atom of purines of nucleotide

2 of cytosine (2.5 R) and

Oi of sugars of the nucleotide mispair with N3 of adenine (2.76 X) and 02 of

uracyl of neighbouring pairs (2,67 R). At incorporation of the I:A* pair

contacts of N3 of adenine of the mispair with Hi of two sugar rings (2,41 3

and 2,5 R) and that of 02 of this adenine with Hi of the neighbouring
nucleotide (2.5 R) are formed. Minimization of energy for polynucleotides
containing thymine was not performed, but substitution of uracil for thymine
in the conformations obtained shows that reduced contacts of the thymine CH3-
groups with Cé (down to 3,04 R) and Hi (down to 2.5 X) are formed., The

amino group of guanine in the obtained conformations of fragments containing

I:A and I:A* pairs does not create additional steric constraints. In all
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structures calculated the distance between hydrogen atoms is no less than
2 8,

The contacts considered above characterize conformations of fragments
consisting of five nucleotide pairs obtained by adjustment of low-energy
conformations of two fragments consisting of three nucleotide pairs. In
these low-energy conformations the contacts mentioned above are not so
close or are even absent., It should be noted that many reduced interatomic
contacts pertain to type l.,.4, i.e, contacts of atoms divided by three
bonds and their small reduction as compared to contacts of the corresponding
type of atoms in crystals is admissible, Besides, a number of reduced cont-
acts are those with hydrogen atoms whose small deviations do not induce a
considerable energy increase. An increase of the degrees of freedom and
sometimes a search for another conformation within the limits of minimum
energy values can yield other conformations which are no less favourable
energetically and have more distant interatomic contacts,

Incorporation of mispairs and accuracy of nucleic acid biosynthesis

Incorporation of mispairs in normal tautomeriic forms into DNA as a me-
chanism of spontaneous mutations has been also considered by Rein et al,
(19,20) , It has been shown (20) that purine-purine (syn) pairs with bases
in ordinary tautomeric forms are energetically more favourable than those
with a base in a rare form proposed by Topal and Fresco (2). It has been
noted, however, that purine nucleosides in the syn-conformation cannot be
incorporated into B-DNA because of too short interatomic contacts (down to
0,5 g). Assuming that the mutual position of bases in DNA is fixed, the
authors of paper (19) could adjust the sugar-phosphate backbone only for
pairs U:U and G:U, but even then they obtained a too large increase of ener-
gy of the sugar-phosphate backbone., As a result, the authors made an erro-
neous conclusion that the small probability of formation of such pairs in
DNA synthesis is completely determined by the interactions of nucleic acid
components, i,e. without the participation of enzymes of template synthesis.

The results of our calculations show that incorporation of mispairs is
practically possible without the appearance of reduced interatomic contacts
and without a considerable distortion of the sugar-phosphate backbone. In
other words, the sugar—-phospahte backbone possesses a sufficient flexibility
to allow incorporation into the double helix of nucleotide pairs having the
dimensions (i.e. distances between Ci atoms) of about 2 b4 larger (I:A pair)
and 2 8 smaller (U:C pairs) than the canonical Watson-Crick pairs as well

as incorporation of pairs in which one base is shifted relative to the other
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by about 2 S along the dyad axis (G:U pair)., Almost all distortions of the
backbone occur in the part connecting the mispair with the neighbouring
correct pairs.

The analysis of calculations shows that G:U pairs are most easily in-
corporated into the double helix, Their incorporation does not involve the
formation of new reduced contacts, requires a small increase of energy of
nonbonded interactions and, as seen from Tables 1 and 3, causes a smaller
than for other pairs deviation of angles of the sugar-phosphate backbone
from their values for double-stranded polynucleotides consisting of A:U
pairs., It should be noted that these deviations could be smaller if calcula-
tions for the G:U pairs took into account more degrees of freedom as done
for the fragments containing other mispairs (see METHODS). X-ray data (16,
17) have shown the existence of a G:U wobble pair in the helical tRNA frag-
ment, IR and Raman spectroscopy were used to demonstrate the formation of
such pairs at complexation of poly(A,G) with poly(U) (21) and their formation
in oligonucleotide complexes was shown by NMR (22), Recently the formation
of double helices by selfcomplementary deoxydodecanucleotide with two wobble
G:T pairs was demonstrated by nuclear magnetic resonance and differential
scanning calorimetry technique (23), The incorporation of G:T mispair results
in changes in base pair overlaps and phosphodiester torsion angle changes
at the mismatch site only, This finding is in agreement with our prediction.

Calculations show that the incorporation of U:G, I:A and I:A* pairs
changes the energy of nonbonded interactions of the fragment by no more than
3 kcal/mole as compared to the energy of fragments consisting of A:U pairs
and having a conformation belonging to the same family. This result as well
as those mentioned above indicate that mainly such pairs (and not those with
rare tautomers) are most likely formed at biosynthesis of nucleic acids as
the probability of rare tautomeric forms is no more than 10-4. The experi-
mentally observed decrease of probability of mispair formation in template
synthesis seems to be due to enzymes which increase the accuracy. As ment-
ioned in the INTRODUCTION, according to the concept of enzyme-nucleotide
recognition (3-5) this increase is achieved owing to interaction of the
enzyme recognizing site with structural invariants of complementary nucleo-
tide pairs, These invariants are the position and conformation of the

sugar-phosphate backbone, position of N, atoms of purines and o2 of pyri-

3
midines, According to our calculations, the formation of mispairs is
possible when the sugar-phosphate backbone conformation changes no more

than it is possible for polynucleotides consisting of Watson—Crick pairs;
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therefore, to increase the accuracy of biosynthesis, the enzyme recogniz-—
ing site should interact with nitrogen bases, Interaction only with the
sugar-phosphate backbone is not sufficient since for fragments with G:U,
I:A, C:U and I:A* pairs it is impossible to clearly differentiate the back-
bone conformation and the position of phosphate groups from the corresp-—
onding characteristics of polynucleotides consisting of Watson-Crick pairs.
It is known that spontaneous transitions occur more often than spon-
taneous transversions, This fact correlates well with our conclusion that
among all mispairs it is the G:U pair that is the most easily formed in
the double helix, thus leading to transitions.
Our calculations do not give enough ground to choose between I:A and
I:A* pairs as an intermediate leading to transversions. The energy of non-
bonded interactions in fragments containing these pairs is approximately
the same, though its components can differ. Incorporation of the I:A* pair
leads to small distortions of the sugar-phosphate backbone, but the syn-
nucleoside has a conformation 1-2 kcal/mole less favourable than the optimal
syn-conformation, Consideration of more degrees of freedom would probably
allow one to determine which pair is more likely to be formed.
Conformations of fragments with the C:U pair (3 nucleotide pairs)
have the energy of nonbonded interactions of about 8 kcal/mole higher than
for the fragments with other pairs considered, which belong to the same fa-
mily of conformations, This unfavourability is due to a smaller (by the
absolute value) energy of interaction in the mispair and between pairs and
to the increase of energy of the base-sugar interaction when purine is
replaced by pyrimidine. It has been shown recently that frequencies of
formation of pyrimidine-pyrimidine pairs in DNA synthesis are considerably
lower than those of purine-pyrimidine and purine-purine formation (24).
The results of our calculations help to clarify this experimental fact.
Conformations of the sugar~phosphate backbone considerably differing
from A- and B-conformations seem to be possible for double-stranded poly-
nucleotides containing mispairs as well as for regular helices with Watson-
Crick pairs. In this study we consider only conformations with the
sugar—-phosphate backbone angles lying in the same region as for A- and B-
conformations of nucleic acids. Therefore our results cannot be compared
directly with the experimental data on interaction of two tRNAs having
mutually complementary or almost complementary anticodons (25). The authors
of paper (25) suggest a considerable change of dihedral angles of the
sugar-phosphate backbone upon formation of pyrimidine-pyrimidine pairs.
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Realization of such conformations in the processes of nucleic acid biosyn-

thesis would probably be considerably hampered by the enzymes of biosynthe-

sis,
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