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A theoretical method to predict DNA permutation gel electrophoresis
from the sequence
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The gel clectrophoretic permutation assays of DNA fragments experimentally investigated by different authors were theoretically reproduced using

our theoretical model of sequence-dependent curvature. The general pattern of agreement obtained suggests that our method can be uscfully adopted

as an alternative to the experimental assay. in particular where the lack of a sufficient aumber of unique restriction sites in the fragment prevents
the correct localization of the main bend site.

Theoretical prediction: DNA curvature: DNA permutation; Gel electrophoresis

1. INTRODUCTION

After the detection of sequencs “=pendent curvature
in K-DNA, a kinetoplast DNA fragment of L. tg-
rentelae [1], many DNA tracts were shown to be in-
trinsically curved, as indicated by their anomalously
slow electrophoretic mobility throsgh polyacrylamide
gels {1-12].

This superstructural aspect of the double heiix has, in
fact, been found in biologically relevant DNA tracts
implicated in regulation, recombination and replication
processes, and seems to be involved in the phasing of
nucleosomes {13].

While it appears to be relatively easy to detect the
presence of curvature in DNA fragments from their
electrophoretic anomalies, it is, however, more difficult
to locatc bend sites. Scveral years ago Wu and Crothers
[3] devised an ingenious electrophoretic assay to map
the bending site (where a unique m. in curvature is pres-
ent) in a DNA fragment. The technique involves digest-
ing tandem dimer fragments at unique restriction en-
donuclease sites and plotting the gel electrophore’ .
retardation of the fragmeits against their base-pur
position. The possible bend sit2 should correspond to
the interpolated minimum of this retardation plot.

Curvature sites of several DNA tracts have been
identified using this technique., and permutation gel
electrophoresis has become a powerful tool to investi-
gate the implications of curvature in biologically re-
levant DNA fragments when a suitable set of single
restriction sites is present. The technique, however, can
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fail where two or more bend sites in contrast of phase
are present in the DNA tract.

A few years ago we theoretically investigated the
physical basis of the sequence-dependent curvature in
DNA and found that the nearest-neighbour differential
interaction between base pairs could suffice to explain
the origin of superstructures in DNAs [14-19], as ori-
ginally suggested by Trifonov [20,21].

Among these investigations, we found electrophoretic
retardation to be linearly correlated in first approxima-
tion with the dispersion of cutvature (o°) along the
sequence. This is proved by the good agreement
{correlation factor = 0.98) between ¢° and the corre-
sponding electrophoretic retardation (ranging in value
between 1.0 and 3.3). of about 450 multimeric synthetic
DNA oligomers which differ in periodicity. sequence
and length (50~200 bp) {i6-19].

This suc~css pruinpted us to theor... ally reproduce
the permutation assays of DNA tracts expcrimentally
investigated. even if their lengths might overcome the
molecular complexity of the synthetic DNAs inves-
tigated and the clectrophoretic conditions used (per-
centage of acrylamide and temperature) were not stand-
ardized. In fact it must be considered that in permuta-
tion gel clectrophoresis only the trend of retardation
against the restriction sites along the sequence is re-
quired for locating the main bend site.

2. EXPERIMENTAL

Modulus and phase of the differeatial curvature were
calculated per tura of B DNA as the angular deviation
of the double helica! axis on a DNA tract of g bp around
sequence numbes
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Fig. L. General pattern of the permutation assays of SV40 fragments

investigated by Milton and Gesteland [11] compared with the curva-

ture diagram of the whole sequence calculated over recurrent tracts
of 100 bp. as well as with the pattern of theoretical assays.

Qn = v'ig 'S dis) exp (2rishv®)
se-gd

where: g is the integration grid. v* = 10.4 is the perio-
dicity of B-DNA, and d(s) = {p—ir* is the deviation of
the dinucleotide step at sequence number s from the
canonical D-DNA, as theoretically evaluated by con-
formational energy calcuiations.

Curvature was evaluated over 3 recurrent turns of
B-DNA (g = 31 bp) to reduce the noise and reported
versus the sequence number n as *curvature function’,
This diagram allows an easy visualization of curvature
sites along DNA corresponding to the maxima of the
curvature profile,

Starting from this representation of the superstruc-
tural features of DNA it is casy 1o reproduce a suitable
three-dimensional representation of the DNA super-
structure as a writhing of the helix axis. assigning the
modulus of curvature as a bending angle and the phase
increment as a torsional angle around the comespond-
ing local helical axis,

The dispersion 6° of the curvature in a given fragmem
of DNA was caloutated as the sccond momen: of the
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where: w
Qn) = v°ig }.:1 d(s) exp (2ris/v®)

is the integral curvature between the first and the n-th
nucleotide step (n is the total number of bp in the con-
sidered tract).

We found ¢° to be linearly correlated with gel elec-
trophoretic retardation, quantified as the ratio between
apparent and real lengths. This allows the easy calcula-
tion of an analog of the permutation assay by plotting
o° for the cyclic permuted sequences.

3. RESULTS AND DISCUSSION

We have adopted our theoretical model to predict the
experimental permutation assays of several DNA frag-
ments (180-750 bp in length) investigated by different
authors. The experimental points were obtained from
the corresponding illustrations of the original papers by
visual interpolation.

A general pattern of agreement is obtained, in parti-
cular as the common trends of ¢’ and retardation
profiles are concerned, whercas the absolute values are
not always reproduced because of the lack of stand-
ardized cxperimental conditions (percentage of acry-
lamide and temperature), as well as of the high molecu-
lar weight which plausibly amplifies the approximation
defects of the modcl. Nevertheless, the positions of the
curved regions along the sequence were correctly
predicted in all the cases.

Fig. 1 show the five trzcts corresponding to some
anomalous fragments of restricted SV40 investigated by
Milton and Gesteland {11]. The trends of cxperimenial
and theoretical permutation assays aie repoiied along
the sequence. In the same figure the positions of the bent
regions are represented in the curvature diagram,
averaged over recurrent tracts of 100 bp. It is easy to
observe that the minima of permutation assays cor-
respond to the maxima of the curvaiare diagram which
also shows the presciive of some regions of SV40 DNA
not considered by the cited authors,

Fig 2 illustrates the case of the curved DNA at the
upstream activation sites (1JAS) of a-cell-specific gencs
in yeast, investigated by Inokuchi et al. [12] using cir-
cular permutation analysis of the 513 bp fragment.
which contains two UAS rcgions around the main
curvature site. The two diagrams of the right panel
show the direct comparison between the relative mo-
bility and the change of the dispersion of curvature
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Fig. 2. (Left panel). C}xwamre diag_mm _of a 5.13 bp fragment of the upstream activation site in yeast and the corresponding stereoprojections of
the writhing of the helix axis. (Right pancl) Comparison between experimental {12] and theoretical permutation assays.

resulting from the cyclic permiuiaaon of the sequence.
The trend of the two diagrams is practically the same
and the position of the minimum corresponds to the
center of the curved tract as represented in the
stereoprojection as well as to the main maximum of the
curvature diagram, both reported at the left panel of the
figure.

Fig. 3 shows the case of the ori region of 4 bacte-
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riophage 178 bp fragment investigated by Zaha and
Blatter [5]. In spite of the lack of restriction sites over
more than two thirds of the sequence, the authors local-
ized the maximum of the curvature at about n = 51.
Such a position in fact should be shifted by one turn of
a double helix, as clearly shown by the theoretical
diagrams.

Finally, Fig. 4 illustrates «he case an electrophoreti-
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Fig. 3. (Left pancl) Curasture diagram of a 178 bp fragment of the o regivn of 4 hacicriophagy amd the mrr‘:f.p‘,‘ndimz stercoprogeciton of the
writhing of the helis snis. (Right panch) Comparison between experimental {5] and theorctical permulation assiys,
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Fig. 4. (L=% panel) Curvaiure diagram of a 537 bp fragment of the Polyoma virus and the corresponding stereoprojection of the writhing of the
heiix axis. (Right pancl) Comparison between experimental [22] and theoretical permutation assays.

cally anomoulous tract of Polvoma virus (1761-2298
tract) investigated in our laboratory [22]. The fragment
was restricted with Accl. Pyull. Sphl. Avall and Tagl
after dimerization and cloning in pUCIS. Also in this
casz, in spite of the rather uniform curvature as shown
by the stereoprojection, the retardation gel permutation
diagram is theoretically reproduced.

Apart from the cases illustrated in this paper, we
analyzed all the permutation assays appearing in the
literature and we generally found satisfactory results.
However, a deeper analysis of experimental data shows
that in most c.ses the limited number of unigue restric-
1ion sites bars the possibility of precisely locating curva-
ture sites. In some cases the interpolation of experimen-
tal data locates the hypothetical curvature centre on an
incorrect DNA region with a consequent misonderstan-
ding of the sequences responsible for DNA curvature.

As a general conclusion. the main result of this paper
is that our theoretical method is a valid alternative to
permutation gel clectrophoresis in order to locate the
curved regions of DNA fragments.
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