FEBS Letters 351 (1994) 321-324

FEBS 14493

On the mobility behavior of a curved DNA fragment located in
circular permutation’

T. Murlidharan Nair®, K. Madhusudan®, V. Nagaraja®, B.D. Kulkarni**, H.K. Majumdar®,
Rajan Singh*

*Chemical Engineering Division, National Chemical Laboratory, Pune-411 008, India
Center for Genetic Engineering, Indian Institute of Science, Bangalore-560 012, India
“Indian Institute of Chemical Biology, 4, Raja S.C. Mullick Road, Jadavpur, Calcutta-700 032, India

Received 20 May 1994; revised version reccived 28 July 1994

Abstract  Experimental and theoretical investigations on the mobility behavior of a set of permuted fragments with a K-DNA insert is reported.
The fragments with the permuted flanking sequences have the K-DNA insert located differentially with respect to the fragment ends. The fragment
wherein the insert is located in the center showed maximum retardation as compared to fragments where the insert was at the end. The experimental

analysis is also in accord with the theoretical investigation.
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1. Introduction

The functional role of sequence-dependent DNA curvature
in replication, transcriptional regulation and chromatin struc-
ture has been found in a4 number of different biological systems
[1]. Since biological-events are regulated at the molecular level
by site-specific association between specialized proteins and
DNA (e.g. Lac and trp operon regulation; see reviews [2-4] and
references therein), it is believed that sequence-specific protein—
DNA recognition and the ability of certain proteins to compete
for multiple binding sites is regulated at several levels by local
structure and conformation of the binding partners. Some of
the defined protein structural elements that bind to specific
DNA sequences include helix—turn—helix motif found in eukar-
yotic regulatory proteins; zinc finger motif found in DNA and
RNA binding proteins; a structure found in EcoRI; and anti-
parallel S-strands as in the E. coli met repressor. A number of
specific systems corroborating this have been extensively re-
viewed (see [2-4]).

The observation that certain dinucleotides in chromatin
DNA sequences in general, and AA and TT in particular, tend
to occur at multiple distances of the DNA helical repeat was
made some years ago [5]. DNA was also thought to possess a
sequence-dependent intrinsic curvature and anisotropic benda-
bility [6]. The sequence-dependent curvature has since been
subjected to intense theoretical and experimental investigation
and is now a well established fact [7-10].

Essentially two classes models that explain the superstructu-
ral features of DNA which have stood the test of time are: the
nearest neighbor wedge model [6,10]; and the junction bending
model [11.12]. The wedge model was originally proposed by
Trifonov [6]. and is based on the assumption that different
stacks of neighboring base pairs have different dihedral angles
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between them, as if some small sequence-dependent wedge were
inserted between them. The axial deflection of the successive
wedges combine to form a planar curve and is particularly
significant for the AA sequence. The junction model assumes
that AA tracts containing more than three adenines would
adopt a helical conformation different from the canonical B
structure. The net curvature in this case is caused by the axial
deflection that arises from the structural discontinuities at the
junction between locally some what different sequence depend-
ent forms of DNA, like inclination of DNA axis at the junction
between B-form and A-form [13]. The latter having base pairs
appreciably tilted towards the axis. The junction bend model
has been explained in terms of the wedge model. In both models
the phasing of the [A], tract plays an important role and the
curvature of individual bending elements add coherently to
produce a larger overall bend. The wedge presentation is able
to provide a general description for any succession of stacked
elements irrespective of the formation of any local unusual
DNA structure, or whether the wedge elements are constant or
variable. Such an equivalence has been demonstrated in the
case of constant wedges [14]. The recent experimental estima-
tion of wedge angle values for the 16 possible dinucleotide
stacks in DNA [15], which is a complete formulation of the
wedge model, describes the contribution made to DNA curva-
ture by all dinucleotide steps along the double helix.

We report here the mobility behavior of a set of permutated
fragments wherein the insert (which is intrinsically curved) per
se is not permuted while only the flanking sequences are per-
muted and the insert only slides from one end of the fragment
to the other.

2. Materials and methods

Agarose, acrylamide, Bis-acrylamide, TEMED, APS, Tris-boric
acid, EDTA and MgCl, were purchased from Sigma Chemical Co Ltd.
Restriction enzymes were from Pharmacia, Boerhinger Mannheim or
New England Biolabs; Klenow fragment of DNA polymerase, T4 DNA
polymerase and T4 DNA ligase were from Pharmacia. The enzymes
were used according to the suppliers specifications. The plasmid
pBend2 was a generous gift from Sankar Adhya [16].

0014-5793/94/S7.00 © 1994 Federation of European Biochemical Societies. All rights reserved.

SSDI0014-5793(94)00880-9



322

2.1. DNA manipulation

The minicircle fragment comprising the universal minicircle sequence
were cloned into pBend2. The EcoRI-Ps¢I ends of fragment E3B from
the minicircle pLAKE3 (from 1-222 bp, EMBL access no. X68026) were
repaired with T4 DNA polymerase in the presence of dNTPs and
cloned into filled Xhal ends of pBend2 to obtain pMMN32.

2.2. Analysis of the permuted fragments

Cyclic permutation of the DNA sequence makes it possible to study
the effect of relative location of the wedge sequence, while keeping the
total length of the molecule constant. A set of such molecules were
obtained by digesting the recombinant plasmid pMMN32 using a suit-
able set of enzymes. These DNA fragments were analyzed on a non-
denaturing 12% polyacrylamide gel in 1 x Tris-borate-ethylenediamine-
tetraacetic acid buffer (pH 8.3) at constant voltage of 4-5 V/cm at 4°C.
The gels were stained with ethidium bromide and then photographed.

2.3, Trajectory plots and curvature maps of permuted fragments

The plots of Figs. 4 and 5 were calculated using the curvature pro-
gramme [17] based upon the 16 DNA wedge angles which have been
determined experimentally [15]. These generated trajectories provide
both the degree of curvature and its orientation.

3. Results and discussion

We present here the results of our experiments on the mobil-
ity behavior of a set of constant length permuted fragments
with a K-DNA (E3B) insert. The nucleotide sequence of the
minicircle pLdKE3 (EMBL access. no. X68027) revealed the
presence of several *A’ tracts surrounding the universal minicir-
cle sequence (UMS), GGGGTTGGTGTAA. The minicircle
was analyzed for regions with high curvature using the CUR-
VATURE programme [17]. Fig. 1 shows the curvature ex-
pressed in DNA curvature units [18] of the entire minicircle.
The regions with high curvature values correspond to regions
which are maximally curved. Hence this region. E3B (EcoRI-
Pstl; 1-222 bp) containing the UMS were subcloned into
pGEMA4Z, for further analysis. The E3B fragment moved
anomalously in polyacrylamide gel at room and at lower tem-
perature. The mobility of the E3B fragment was studied under
different conditions and it was found to be retarded in every
case (data not shown).

We were interested to learn about the mobility behavior of
a curved DNA fragment when it gets differentially located on
a straight piece of DNA fragment. In order to study this, the
subfragment E3B was cloned into pBend2, a vector which con-
tains two identical DNA segments containing 17 restriction
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Fig. 1. Curvature profile of the entire minicircle pLdKE3 expressed in
DNA curvature units, which is the average curvature of DNA in the
nucleosome core particle,1/42.8 A (see [18]).
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Fig. 2. DNA path of the pBend?2 fragment without the K-DNA insert.

sites in a direct repeat spanning a central region containing
cloning sites. The plasmid can generate a large number of DNA
fragments of identical length in which the K-DNA fragment is
located in circular permutation.

The analysis of the pBend2 fragment revealed that it had no
intrinsic curvature associated with it. This is clearly evident
from Fig. 2 which depicts the DNA path evaluated by the
programme. Since curvilinearity of the DNA axis can be visual-
ized as the cumulative effect of small, permanent deflections
associated with every base pair, the unbent nature of the
pBend2 fragment can be explained on this basis. The effects of
the individual base pair wedges cancel each other out, resulting
in a straight fragment. This also corroborates with the mobility
behavior of the pBend2 fragment as it did not show any
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Fig. 3. Analysis of permuted fragments of pMMN32. (a) The permu-
ted fragments generated by different restriction enzymes. (b) Mobility
of these fragments in 12% polyacrylamide gel electrophoresis at 4°C.
Lanes 1, Mlul; 2, Nhel; 3, Spel; 4, Xhol. 5. EcoRV; 6, Smal; 7, Stul,
8, Nrul; 9, Rsal; 10, BamHI; and 11, pBR322 Hinfl digest fragments
as markers.
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Fig. 4. Curvature map of the permuted fragments of pMMN32. The curvature is given in DNA curvature units and is defined as the average curvature

of DNA in the nucleosome core particle, 1/42.8 A (see [18}).

anomalous behavior in gel. This is unlike in a bent DNA frag-
ment where the wedges are in phase with each other, i.e. for two
wedge elements (non parallel base pair stacks) to achieve con-
certed unidirectional deflection of the DNA axis, they must be
positioned at specific distances along the double helix.

Permuted fragments were obtained by digesting the recombi-
nant plasmid (pMMN32) with suitable restriction enzymes
such that the restriction enzyme does not cut within the K-
DNA insert. Fig. 3a shows the position of the insert with re-
spect to the ends of the fragment obtained after digestion. Such
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Fig. 5. DNA path of the permuted fragments of pMMN32.

fragments have their wedges at different relative positions, as
a result of which these fragments have different degrees of
intrinsic curvature. An investigation to this effect was carried
out by electrophoresing these fragments in polyacrylamide gel
and observing the different degrees with which these reptate.
Since their mobility difference is a function of their intrinsic
curvature, the fragments with maximum curvature have maxi-
mum retardation and minimum mobility. These permuted frag-
ments have conformations that differ because of the variation
in the position of the bend relative to the molecular ends. When
the bend is near the middle of the molecule, the strongly bent
overall shape should encounter more difficulty in snaking
through the pores of a polyacrylamide gel than is experienced
by a more linear fragment; this is in agreement with the theories
of gel electrophoresis [19,20]. Fig. 3b shows the varying degrees
with which these permuted fragments reptate. It should be
noted that the EcoRV is the slowest moving fragment. This is
because the insert which itself is intrinsically curved is exactly
in the center and the flanking sequence is of the same length
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on either side. Thus the £coRV fragment is maximally curved
and encounters more difficulty in reptating through the pores
of the gel during electrophoresis.

Further, with a view to understand the structural features
associated with these permuted fragments, they were analyzed
theoretically. The curvature map (Fig. 4) of each of these indi-
vidual fragments clearly shows the curvature shifting from one
end of the fragment to the other end. Comparing the curvature
maps of the fragments M/ul through BamHI it can be clearly
seen that the curvature maximum is shifting from one end to
the other. The curvature profile of the EcoRV fragment which
is maximally retarded shows the curvature maximum to be in
the center of the fragment. The DNA path shown in Fig. 5
allows an easy visualization of the different degrees of curva-
ture associated with these fragments. All the fragments shown
are projected on the X--Z plane.

Finally we would like to conclude by saying that these obser-
vations elegantly demonstrate the effect of the curved insert
relative to its position and its effect on the overall curvature of
the DNA. The observations provide some explanation to the
mobility behavior of these fragments, since gel migration of
DNA is a rather complicated phenomenon which is not yet fully
understood and lacks satisfactory quantitative description.

Acknowledgements: We would like to thank Drs. E.N. Trifonov and Ed
Shpigelman for the generous gift of the CURVATURE programme
and also for tailoring it according to our requirements. We also thank
Prof. Sankar Adhya for providing us with the pBend2 vector. TMN
also thanks his colleague Anand for useful discussions. This work is
supported by the Council of Scientific and Industrial Research, India.

References

[1] Hagerman, P.J. (1990) Annu. Rev. Biochem. 59, 755-781.

[2] Travers, A.(1993) DNA-Protein Interactions, Chapman and Hall.
London.

[3] Steiz, T.A. (1990) Quart. Rev. Biophy. 23, 205-280.

[4] Travers, A. {1989) Annu. Rev. Biochem. 58, 427-452.

[5] Trifonov, E.N. and Sussman, J.L. (1980) Proc. Natl. Acad. Sci
USA 75, 3815-3820.

[6] Trifonov, E.N. (1980) Nucleic Acids Res. 8. 4041-4053.

[7] Marini, J.C., Levene, S.D., Crothers, D.M. and Englund, P.T.
(1982) Proc. Natl. Acad. Sci USA 79, 7664-7668.

[8] Ulanovsky, L.E., Bodner, M., Trifonov, E.N. and Choder. M.
(1986) Proc. Natl. Acad. Sci. USA 83, 862-866.

[9] Griffith, J., Blemyman. M., Ranch, C.A., Kitchin, P.A. and
Englund, P.T. (1984) Cell 46, 717-724.

[10] Ulanovsky, L.E., Bodner, M., Trifonov, E.N. (1987) Nature 326.
720-722.

[11] Koo, H.-S., Wu, H.-M. and Crothers, D.M. (1986) Nature 320.
501-506.

[12] Levene, S.D. and Crothers, D.M., (1986) J. Biomol. Struct. Dyn.
1, 429-435.

[13] Selsing, E., Wells, R.D., Alden, C.J. and Arnott, S. (1979) J. Biol.
Chem. 254, 5417-5422.

[14] Prunell, A., Goulet, L., Jacob, V. and Goutorbe, F. (1984) Eur. J.
Biochem. 138, 253-257.

[15] Bolshoy, A., McNamara, P., Harrington, R. and Trifonov, E.N.
(1991) Proc. Natl. Acad. Sci USA 88, 2312-2316.

[16] Kim, J., Zwich, C., Wu, C. and Adhya, S. (1989) Gene 85, 15-23.

[17] Shpigelman, E.S., Trifonov, E.N., Bolshoy, A. (1994) CABIOS, in
press.

[18] Trifonov, E.N. and Ulanovsky, L.E., (1988) in: Unusual DNA
Structures (Wells, R.D. and Harvey, S.C., Eds.) pp. 173-187,
Springer, New York.

[19] Lerman, L.S. and Frish, H.L. (1982) Biopolymers 21, 995-997.

[20] Lumpkin, O.J. and Zimm, B.H. (1982) Biopolymers 21, 2315-
2316.



