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Sequence specificity of curved DNA
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Anomalously slow migration of DNA fragments on polyacrylamide gels is interpreted as resulting from

curvature of the DNA fragment. Different models have been suggested to explain DNA curvature. In this

work a number of DNA fragments were synthesized, cloned, and electrophoretically characterized to dis-

tinguish between these models. Strong anomaly of migration is found for sequence stretches (dA), repeated

in phase with the helix turn with n at least 4. For » smaller than 4 only negligible anomaly is observed.

The results contradict the purine-clash hypothesis. The data can be explained by assuming longer stretches
of As to be in a B’-form, and that tilt of this structure might be the reason for its curvature.

DNA structure DNA bending

1. INTRODUCTION

A restriction fragment of a minicircle of
mitochondrial DNA of Leishmania tarantolae
(kinetoplast DNA) exhibits unusually low elec-
trophoretic mobility in acrylamide gels, whereas in
agarose gels migration is observed in accordance
with fragment size [1—4]. Migration anomalies of
this kind have been observed before [5,6] but the
magnitudes were not as pronounced as for the
kinetoplast DNA. Physicochemical measurements
suggest that this abnormal electrophoretic mobility
is due to a curve DNA structure [3,4,7-9] (review
[10]). In the kinetoplast DNA fragment 2 par-
ticular subfragments are important for its abnor-
mal gel electrophoretic behaviour [11], One com-
mon feature of their sequences is the periodic
presence of short runs of As (4—6 As in each) with
a period of about 11 bp [11]. Here it is shown that
such recurring stretches of As repeated with the
period of the helix turn, are indeed the origin of
anomalous gel migration.

Several models have been suggested to explain
this abnormal behaviour [3,7-9]. In general,
dinucleotide wedge angles would impose a cur-
vature on the helix axis. The AA dinucleotide and,
for symmetry reasons, the TT dinucleotide were
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DNA curvature

kinetoplast DNA Poly(dA )} poly(dT)

found to have large wedge angles [12,13]. If these
dinucleotides are positioned periodically every
helix turn, their wedge angles may sum up to pro-
duce a detectable curvature, explaining the ob-
served effect [3,11]. A different origin of curvature
might be the steric hindrance of neighbouring
purines on opposing strands (‘purine-clash’)
[9,14~16]. Furthermore, the stretches of As might
have a non-B-form structure with curvature
resulting from a kink at the junction of the dif-
ferent helix types [8]. Here evidence is presented
that the purine-clash hypothesis does not explain
the observed altered gel electrophoretic mobility.
A “tilt’ model is suggested.

2. MATERIALS AND METHODS

A series of 10 bp long oligonucleotides have
been kindly provided by Ott and Eckstein [17] and
Preuss and Scheit. These precursors 1-5 (se-
quences see sections 3 and 4) were kinased, ligated
and cloned into the Clal site of pJW200 [11]. The
plasmid pJW200 is derived from pBR322 {18] by
the deletion of the sequence in between 2 Haell
sites at bp 236 and 2352. The obtained plasmids
were transformed into E. coli HB101 cells, The
cells were grown to saturation, the plasmids
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alkaline extracted and purified by HPLC on
Nucleogen 4000 columns [19] (Machery and
Nagel). The sequence of each insert was deter-
mined following the protocol of Maxam and
Gilbert [20].

The altered mobility of the analysed fragments is
measured in 10% polyacrylamide gels (30:1
acrylamide to bis; 45 mM Tris-borate, 1.25 mM
EDTA at 20°C, 5 V/cm, pH 8.6) relative to
marker fragments (pBR322 cut by the restriction
endonucleases Haelll and Hinfl [21], both from
New England Biolabs) and a 123 bp ladder (BRL).
The abnormal behaviour is presented by the ‘k fac-
tor’ defined as the ratio of the gel electrophoretic
mobility of a fragment to that expected of a ‘nor-
mal’ DNA fragment of the same sequence length.
A reduced mobility results in a & factor larger than
unity, while normal migrating fragments have a &
factor of 1.00. The experimental error of the k fac-
tors is estimated to about + 0.02.

3. RESULTS

To determine the sequence specificity of DNA
curvature and the validity of the different models
explaining the effect, a series of 10 bp long
oligonucleotides were synthesized [17]. After an-
nealing they form the following double-helical
precursors:

(1) 5 dCGACAGGACT 3’ family 1A10
3’ dTGTCCTGAGC 5’ containing no
A, dinucleo-
tide (‘Ay’)

2) 5 dCGACAAGACT 3’ family 2A10
3’ dTGTTCTGAGC 5’ containing one
A; in a repeat
of 10 bp

(3) 5 dCGACAAAGCT 3’ family 3A10
3 dTGTTTCGAGC 5’ containing A;

4 5 dCGACAAAACT 3’ family 4A10
3 dTGTTTTGAGC 5’ containing Ay

(5) 5 dCGAAAAAGCT 3’ family 5A10
3’ dTTTTTCGAGC 5’ containing As

The synthetic oligomers above are denoted ac-
cording to the number of As in a row. The precur-
sors were ligated to each other and cloned into the
Clal site of pJW200. However, the 5 types were
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Table 1

Plasmid Insertion Insert k factor
arrangement length Haelll

(see legend) (bp)

Family

pK1A107 1A10 1AIT1IA3TIA 70 1.023

pK1A109 1A10 1T8A 90 1.025
pK2A104 2A10 1A3T 37 1.017
pK2A107 2A10 —6A 70 1.011
pK3A101 3A10 1A 10 1.020
pK3A107 3A10 3TIAIT2A 70  1.025
pK3A108/1  3A10 4T4A 79 1.042
pK3A108/2 3A10 1A-3T2AIT 80 1.051
pK4A101 4A10 1A 10 1.005
pK4A102 4A10 2A 20 1.023
pK4A104 4A10 4T 41  1.094
pK4A106/1  4A10 2T4A 60 1.254
pK4A106/2  4A10 2A2TIAIT 60  1.290
pK4A107/1  4A10 2TSA 70 1.324
pK4A107/2  4A10 4AIT2A 70 1.360
pK4A108 4A10 4AI1T3A 80 1.386
pK4A1010 4A10 1A-8A 100 1.524
pK5A101 5A10 1A 10 1.020
pK5A102 5A10 2A 20 1.038
pK5A105 5A10 3T2A 50 1.080
pK5A106/1  5A10 ITSA 60 1.250
pK5A107/1  5A10 5T2A 70 1.260
pKSA107/2  5A10 2TS5A 70 1.220
pK5A108 5A10 5T3A 79  1.188

The table presents the k factors of fragments containing
the indicated insert cut out of the given plasmids by the
restriction endonuclease Haelll. The clones have to be
classified not only due to their sequence family (see
sequences 1-5) and to the insert length, but also due to
the repeat arrangement of the insert. This is done by
reading the sequence 5' to 3’ (starting at the EcoRlI site)
and representing the 10 bp of the repeat by an ‘A’ if the
As are read, or ‘T’, if the Ts are in this strand. For
example, the insert

EcoRI 5' dGAGTTTTGTC' GAGTTTTGTC'
T T

GACAAAACTC'GACAAAACTC’
A A

GACAAAACTC 3’ Hindlll
A

(only one strand shown) belongs to the family 4A10 (4

As in a repeat of 10 bp) and has the arrangement 2T3A

(with the total insert length 50 bp). A dash in the

sequence arrangement (for example, pK2A107 or

pK4A1010) indicates the presence of 10bp but a
mutation in the A stretch
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not mixed together so that each precursor is ligated
to its own type only. For all § sequences a number
of plasmids is obtained (belonging to one sequence
‘family’) each of which contains an insertion at the
Clal site built up of a different number of 10 bp
precursors. Each 10 bp long precursor can be
ligated to the next either head-to-head, tail-to-tail,
or in tandem. According to its insert, each plasmid
is classified not only by the total length of the in-
sert and the number of As within its precursor se-
quence but also by the arrangement of the repeats
within the insert (see table 1).

The migration anomaly of the fragments is
measured on acrylamide gels by determining the
apparent length of these fragments relative to
marker fragments. It is presented as the & factor
[11] (i.e. apparent divided by sequence length, see
section 2). For a series of clones, the family, inser-
tion arrangement, and the corresponding k factors
are presented in table 1. The results clearly show
that clones of the families 1A10, 2A10 and 3A10
(i.e. up to 3 As in a repeat of 10 bp) do not show
migration anomaly (k factors close to 1.00) for any
insertion length and arrangement. Strong anomaly
is observed for the families 4A10 and 5A10. The
anomaly does not increase going from 4 to 5 As per
precursor (instead, it slightly decreases, for exam-
ple compare pK4A107/1 with pK5A107/2 in table
1). Short insertions do not show migration anoma-
ly for any clone family indicating either a low sen-
sitivity of the gel matrix to small degrees of cur-
vature or thermally driven bending of the normal
marker fragments. High symmetry of the insert
(runs of tandem repeats) as well as nearly random-
ly arranged inserts show similar degrees of migra-
tion anomaly (cf. pK4A106/1 with pK4A106/2).
This might be due to 10 bp not being exactly the
helix repeat [11].

4. DISCUSSION

The sequences 1—4 are designed in such a way
that they all have the same purine-pyrimidine se-
quence. Following the purine-clash hypothesis all
insertions should lead to comparable curvature in-
dependent of the family, clearly in contrast to the
experimental finding. Thus, obviously purine-
clash is not the origin of the observed migration
anomaly. But repeated A, stretches with n = 4 in
phase with the helix turn are a sufficient sequence

FEBS LETTERS

January 1986

element. However, the effect does not seem to be
continuously built up by AA dinucleotides.
Following this explanation, the retardation should
continually increase in the order 2A10-5A10. In-
stead, migration anomaly is observed for the
families containing A, with n = 4 only. In addi-
tion, no increase of the effect is observed going
from 4 to 5 As. It should be noted, however, that
the ‘jump’ in migration behaviour between longer
inserts of the families 3A10 and 4A10 might be an
artifact of the detection system: the gel matrix
might detect curvature only beyond a threshold
value too high for the 3A10 family. DNA
fragments containing homopolymer stretches of
poly(dA) - poly(dT) (42 and 71 bp length) do not
show anomalous gel migration (S. Diekmann, un-
published). Thus, not the presence of this sequence
but its alteration with other DNA sequences seems
to be the origin of gel migration anomaly.

Those sequences in the kinetoplast fragment
responsible for the curvature have a helical repeat
of 10.4 bp [11], between 10.1 bp for poly(dA)-
poly(dT) and 10.6 bp for normal B-form DNA
[22,23]. This suggests that the stretches of A4_g,
which constitute half a helix turn within these se-
quences, have the typical structure of poly(dA)-
poly(dT) {22—24]. This conclusion is supported by
other experimental evidence: the kinetoplast DNA
fragment injected into rabbits gives rise to im-
munoglobulins which specifically recognize
poly(dA)- poly(dT) [25]. Thus, I propose that the
A, with n = 4 is in a B’ -form structure which can-
not form for n =< 3. The negligibly small anomaly
of the families 1A10, 2A10, and 3A10 might be
due to curvature caused by repeated dinucleotide
wedge angles or purine-clash. However, this effect
is too small to explain the strong anomaly observed
for the 4A10 and SA 10 families, as well as for the
kinetoplast DNA fragment. A recent 500 MHz
NMR study [26] using one-dimensional NOE con-
cluded that poly(dA)- poly(dT) adopts the classical
B-form, however, other experimental evidence ac-
cumulates from Raman [27,28], linear dichroism
[29], enzyme digestion [30] and X-ray diffraction
[31] studies suggesting a B’-form structure for
poly(dA)- poly(dT).

The results show that 4 or 5 consecutive As with
a repeat distance in phase with the helix turn lead
to strong abnormal mobility in acrylamide gels.
Perhaps, neighbouring influences of the B-form
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sequences do not allow A stretches shorter than A4
to be in the B'-form structure. A sufficiently long
stretch of As is assumed to adopt a B’ structure,
possibly an A-B hybrid structure [24,28,31].
Linear dichroism [29] and theoretical energy-
minimization studies [32] indicate that this hybrid
structure has a tilt, which, by normal base stacking
at the junction of this structure (with tilt) to B-
form (roughly without tilt), might give rise to the
curvature of the helix axis [8,33]. This tilt model
which assumes a smooth transition [33] between
the structures, is distinguished from a junction
bending model [8] which suggests a base stacking
disruption (kink) at the junction. In the kinetoplast
sequence no kink could be detected by DNase I
digestion {7].
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