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Abstract

The changes of gel electrophoretic retardation due to single base substitutions in a 173 bp fragment of Sv40
DNA were predicted by using a theoretical model based on conformational energy calculations. As described
in previous papers, this model allows successful prediction of the gel electrophoretic retardation of synthetic as
well as natural DNAs reported in literature. The experimental retardations related to 195 point-mutated
DNAs were reproduced with a standard deviation of .05 comparable with the experimental one of 0.04. This
result, which represents a very critical test for the proposed model, indicates that DNA superstructures can be
satisfactorily predicted on the simple physical basis of the integration of the nearest-neighbour perturbations
in the dinucleotide steps. Thus, cooperative effects appear, in the majority of cases investigated, to play a

second order role.
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1. Introduction

Since the first hypothesis on the possible exis-
tence of an anisotropic sequence dependent
bendability of DNA [1] and the initial detection
of an actual intrinsic DNA bend (2], curved DNA
fragments have been identified in a variety of
DNA sequences. The possible biological implica-
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tions of the virtual and actual DNA curvatures
are currently examined in different laboratories;
from these investigations the concept that the
intrinsic superstructural features of DNA have
biological implications appears at present to be
widely accepted.

In contrast, the physical origin of the DNA
curvature is currently subject still open for de-
bate. Basically, two classes of models have been
advanced: the first class derives from Trifonov’s
original proposal of the “wedge model” [1] which
represents the first nearest-neighbour model; the
other one, firstly advanced by Crothers et al. [3],
identifies the origin of the curvature at the con-
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formational transition between the canonical B-
DNA and a non-standard structure characteriz-
ing the tracts of repeated A-residues.

In fact, the majority of curved regions of DNA
contains A-tracts {or the complementary T-tracts)
helically spaced, providing additive effects on the
helical axis, Further, A-tracts characterize also
the inner regions of induced curvatures in DNAs
by cyclization as well as by nucleosome formation
[4].

Different authors provided arguments favour-
ing one or the other of the models [1,3,5-15]. A
few years ago [16), with the aim to clarify such a
problem using the methods of the theoretical
conformational analysis, we first introduced a
model for predicting the structures of linear
macromolecules [17-22], and later a theoretical
model for the sequence dependent curvature of
DNA. The model is based on integration along
the sequence of the deviations from the canonical
B-DNA structure relative to the 16 different di-
nucleotide steps as obtained by conformational
energy calculations. The model was subsequently
refined [23-26] in order to improve the correla-
tion with the experimental data.

We showed that the smallness of the local
deviations allows a useful reduction of the repre-
sentation of the DNA superstructure in terms of
curvature diagram, namely of the complex fun-
tion C(n) which quantifies the local deviations of
the helical axis (in modulus and phase) after a
turn of the double helix along the sequence:

n+g/2

Cln)=v/g L d e (1)
s=g/2

where » is the average periodicity of B-DNA and
d,=p,—ir,, the deviation from the B-DNA in
terms of the roll (p) and tilt (r) angles at the
dinucleotide step, s, along the sequence. The
integration grid, usually a tract of 21 or 31 bp
corresponding to 2 or 3 turns of double helix, is
represented by g. A similar definition of the
curvature, as a graphic vectorial summation of tilt
and roll angles, was later proposed by Ulanovsky
and Trifonov [11] on an empirical basis.

The deviations d (p, —7) for the 16 possible
dinucleotide steps are reported below as a Her-

mitian matrix. Such a form easily assures that the
same curvature is obtained when using the se-
quence of strand I or I1, alternately:

d(deg) A T G C
T ( 80, 00){(-54,-05 ( 68,04 ( 20,-17
A (=54, 05)(-73, 00y {(-10,16) (=25 27
C ( 68 -04) (=10, -16) { 46,00 { 13, -06)
G (20, LN(=25-27( 1306 (=37, 00

From the curvature diagrams it was casy to ob-
tain the superstructure of tracts of DNA in good
agreement with experiment [16,23-27].

2. Electrophoretic retardation

As a result of these investigations, we found
that the gel electrophoretic retardation, which is
the most sensitive technique for detecting the
presence of bends in DNA, is related to the
central dispersion of the integral curvature, o2,
namely, to the angular dispersion of the local
helical axes (practically, of the base pair orienta-
tions):

o2 ={C(n)1C(n)} = 1(C(m))|? ()

where

C(n) _ idjelwis/v (3)
s=1

represents the integral curvature; practically, the
angle between the first and the nth base pair
planes.

The curvature dispersion, o2, shows good cor-
relation (correlation coefficient 0.98) with gel
electrophoretic retardation for a large collection
of biosynthetic multimeric oligonucleotides with
different sequences, molecular weights (50-200
bp) and periodicities [24,26,27). Furthermore, it
reproduces very satisfactorily all the experimental
data of permutation gel electrophoresis which is
the favoured technique currently adopted for lo-
calizing the position of the principal bend region
in DNA tracts [28].

In fact, current theories on the gel elec-
trophoretic behaviour of linear DNA are based
on the reptation model firstly advanced by De
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Gennes [29]. Such a model was recently adopted
by Levene and Zimm [30], for understanding the
anomalous electrophoretic behaviour of bent
DNA molecules. It does not, however, appear to
be of an easy usage and requires large computers
for time simulations of the DNA motions and a
priori knowledge of the gel elasticity as well as of
the DNA bendability.

Our model is, on the contrary, formally and
physically very simple; it is based on the thermo-
dynamic theory of reaction kinetics. The mobility
of a DNA chain under an electric field in a tight
polyacrylamide gel matrix is controlled by the
overcoming of potential energy barriers caused by

stochastic deformations of the DNA chain as
well as of the gel fibers. Thus, the mobility ratio
between a curved and an equivalent straight-chain
DNA tract, can be expected to be proportional to
exp{ —AE"/RT), where AE™ is the difference in
average deformation energy between curved and
straight chain-DNA required for the elec-
trophoretic transport. We adopted for such a
difference a quantity proportional to the straight-
ening energy of the curved DNA which can be
represented by the dispersion of the curvature o2
[26]. Since the relative mobility of straight-chain
DNA with respect to its equivalent curved tract
can be, to close approximation, represented by
the relative molecular weight, R:

log R=ko? (4)

with k depending on the gel characteristics and
temperature.

3. Application to point mutations

Recently, Milton et al. [31], following on their
previous paper [32], mutagenized a 60 bp region
of a Sv40 tract (1836-2008) in order to obtain all
the possible base pair substitutions, and analyzed
the changes of the gel electrophoretic mobility
resulting from each single mutation. They con-
cluded that “base steps other than ApA are
involved in sequence directed DNA bends and
that the changes observed due to single base pair

substitutions are inexplicable even by the most
recent models”.

We have calculated the values of o2 of all the
point mutations relative to the Sv40 tract investi-
gated by Milton et al. [31] and obtained the
diagrams illustrated in Fig. 1 following the same
drawing style the cited authors used for their
experimental data; these are shown, for direct
comparison, in the same figure. The degree of
correlation is very satisfactory if one takes into
account that our model predicts the gel elec-
trophoretic retardation changes induced in a tract
of 173 bp by a single base pair substitution. The
standard deviation is (.06 against an experimental
standard deviation of 0.04 [31].

We tried to improve the agreement between
theoretical and experimental data using a steep-
est descent optimization but allowing the roll and
tilt angles to change in the limited range of +1
degree and relaxing the assumed constant DNA
periodicity, » = 10.3. Such changes are fully com-
patible with the expected accuracy of the confor-
mational calculations. Thus, we obtained a better
correlation between experimental and theoretical
retardation with a standard deviation 0.05, only
0.01 greater than the experimental standard devi-
ation as estimated by Milton et al. [31]. This slight
difference contains the non nearest-neighbour ef-
fects as well as those deriving from the more
complex nature of the gel electrophoresis as com-
pared with the adopted simple dependence on
the dispersion of the curvature, o2, Given the
complexity of the system, this result probably
represents the best one obtainable by a physical
model.

Figure 2 shows the correlation between the
original roll and tilt angles and their values after
the optimization process (standard deviation 0.5%
correlation coefficient 0.98). It should be noted
that the average DNA periodicity decreases from
the initial value of 10.3 to 10.2 in account of the
relatively high AT content (68%). The correlation
diagram between the experimental and theoreti-
cal retardation factors is illustrated in Fig. 3 for
all the 184 point mutations; in addition, also the
five double and triple base substitutions investi-
gated by Milton et al. [31] are represented as well
as seven supplementary single substitutions (out
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5' CAAAAAACTCATGAAAATGGTGCTGGAAAACCCA TTCAAGGGTCAAATTTTCATTTITTTTG -3
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Fig. 1. Comparison between the central dispersion of curvature (o%) and the relative length measurements of the single base-pair
substitutions within the 60 bp curved region of the Sv40 tract (1836-2008) reported. Each diagram shows the theoretical and the
observed data when an adenine (A), cytosine (C), guanine (G) or thymine (T) residue is substituted at each residue position. The

experimental data were obtained from the original paper of Milton et al. [31].
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Fig. 2. Correlation diagram between the original roll (*) and
tilt (0) angles and their values after the optimization process
(standard deviation 0.5°)
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Fig. 3. Correlation diagram between the experimental and
theoretical retardations corresponding to the Milton et al,

data [31,32].
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Fig. 4. Stereoprojection of the theoretical superstructure of

the Sv40 tract (1863-2008) as fitted along the phosphodiester

chains. The base pair 84 is on the plane of figure with its
minor groove facing to the curvature.

of the central 60 bp fragment) reported by the
same authors in their previous paper [32]. Whilst
it is difficult to give detailed analysis of each
substitution effect on the electrophoretic mobility
(which depends on both phase and position of the
base mutation, as well as on the overall super-
structure of the DNA tract—see Fig. 4), never-
theless, some basic considerations in terms of
curvature can be made.

The curvature diagram, as shown in Fig. 5,
indicates that the most relevant decreases in re-
tardation, resulting from substitutions are local-
ized in regions of high local curvature; whereas,
the central tract, which is characterized by a
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Fig. 5. Curvature diagram (modulus and phase) of the Sv40
tract (bp 1836-2008; integration grid g = 21 bp).

lower curvature, gives both increases and de-
creases in retardation. Further, the tract about
the sequence number 70-90 is the most sensitive
to substitutions because it is localized in the
center of the whole DNA fragment; the changes
of the local curvature in this region therefore
yield the most pronounced effects in gel elec-
trophoresis. In fact, the permutation gel assay is
based on this effect [28].

The distribution of the deviations between the-
oretical and experimental retardation, is practi-
cally Gaussian and possibly reflects the distribu-
tion of random experimental errors: the standard
deviations are in fact, 0.05 and 0.04, respectively,
Finally, the majority of the largest deviations from
the experimental data is coincident with the
largest decreases in retardation and plausibly
contains the effects of the non-linearity of the
retardation against the curvature dispersion. On
the other hand, it could also be the result of
cooperative contributions on the curvature due to
the repeating AA or TT base steps.

4. Conclusions

Whilst based on the simple nearest-neighbour
interactions hypothesis, the proposed theoretical
model is capable to translate the deterministic
fluctuations of base sequence in pieces of infor-
mation on DNA superstructures and on their
electrophoretic manifestations in surprisingly
good agreement with experiment. This is clearly
illustrated by the experimental data presented in
this paper, which appear to be very critical as a
validity test for the proposed theoretical model.
Such a general pattern of agreement between
theoretical and experimental data convincingly
proves the dominant role of nearest-neighbour
interactions at the origin of DNA curvature and
allows to adopt the theoretical calculations with a
large degree of confidence as a valid alternative
to the experiments for the detection and localiza-
tion of superstructural features of DNA. A simi-
lar conclusion was very recently reached by
Dalma-Weiszhausz et al. [33] about the induced
curvature in DNAs by the CAP protein.
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Finally, it is worthy of discussion that the large
majority of the point mutations decreases the
curvature of this biologically relevant DNA tract,
suggesting that the curvature could be evolution-
ary selected.
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