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Abstract Cyclin-dependent protein kinases (Cdks) are key
regulatory proteins of the eukaryotic cell cycle. The product of
the cdc2 gene, p34cdc2 (cdk1), is the catalytic subunit of a serine/
threonine protein kinase that is expressed in S phase and
functions in the G2 to M phase transition. Previous studies
indicate that the human cdc2 gene expression is dependent on cell
growth, and is transcriptionally regulated in a complex manner
involving multiple transcription factors binding to specific sites in
the promoter. One possible mechanism by which these transcription factors regulate transcription is that by binding to their
cognate sites they induce bends in the DNA helix, thereby
allowing their interaction with the basal transcription machinery
through protein-protein contacts. Such protein-induced DNA
bending is also influenced by intrinsic bends in the regulatory
region. Using both theoretical and experimental approaches, the
study reports that the human cdc2 promoter has an intrinsic
DNA bend with a broad locus of curvature.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
The conformation of DNA is a function of its nucleotide
sequence [1,2]. The existence of such sequence-dependent
structural forms was ¢rst observed in certain DNA restriction
fragments derived from kinetoplast DNA of Leishmania torentolae which exhibited anomalous electrophoretic mobility
in gel [3]. This sequence dependence of DNA structure which
refers to the net (time-averaged) de£ection of the helix axis
from linearity has since been a subject of intense theoretical
and experimental investigation [1^5] and is now an established
fact. There are mainly two classes of models that have been
proposed to explain the sequence-directed structural deformations in DNA. The wedge model, originally proposed by Trifonov [6^8], is based on the assumption that dinucleotide segments have non-coplanar base pair planes, which gives rise to
the formation of wedges between base pair planes, and is
particularly signi¢cant for the AA sequence. The repetition
of wedges in phase with the DNA helix repeat (V10.5 bp)
produces macroscopic curvatures which result from additive
local e¡ects. This hypothetical wedge forms the basis of one of
the two main classes of models that are used to describe DNA
curvature, known as nearest-neighbor models. The second
major class of models, known as the junction bending model
[9,10], ascribes DNA curvature to the distortions at the interface between conformationally distinct forms of DNA (e.g. BDNA and A-DNA). Both models require the phasing of [A]n
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tracts, which assures that the curvature of individual bending
elements additively produces a large overall bend. DNA curvature is not limited to sequences containing poly-A runs,
since a number of DNA fragments whose sequence contains
no poly-A tracts are known to be curved [11]. DNA curvature
can be conveniently studied by polyacrylamide gel electrophoresis [3,12]. Theoretical investigations of Lerman and Firsh
[13] and Zimm and Levene [14] evince the presence of a correlation between DNA curvature and its anomalous migration
in polyacrylamide gel. Based on the reptation model [15] they
predict that the DNA mobility is directly related to the mean
square end to end distance. De Santis et al. [16,17] have theoretically investigated the physical basis of sequence-dependent DNA curvature. They found that the nearest-neighbor
di¡erential interaction between base pairs [6] was su¤cient
to explain the origin of superstructures in DNA.
There have been numerous reports on the biological relevance of DNA curvature and on the importance of the loci of
curvature in functionally important regions (e.g. promoters,
replication origin) [1,2]. Intrinsic DNA curvature and proteininduced bending is thought to contribute to the activation of
transcription by enhancing the interaction between upstream
transcriptional activators and the basal transcription machinery [18,19]. Further, functional equivalence between proteininduced DNA bending and intrinsic DNA curvature has been
shown in the case of the protein-induced DNA bending locus
of the gal promoter [20] and the lac promoter [21] by substituting synthetically curved DNA. Synthetic curved DNA has
also been shown to functionally replace bending induced by
integration host factor (IHF) or catabolite activator protein
(CAP), thus assigning functional signi¢cance to curvature per
se [21^23]. DNA structural features has also been shown to be
important in being recognized by a particular protein [24,25].
In the present study, the higher order DNA structure associated with the promoter region of the human cdc2 gene which
encodes a 34 kDa protein [p34cdc2 ] has been analyzed. The
[p34cdc2 ] is the catalytic subunit of a serine/threonine protein
kinase that phosphorylates key substrates that regulate the
cell cycle progression. The activity of cdc2 kinase is controlled
post-transcriptionally, and is linked to the growth state of the
cells [26^28]. The human cdc2 promoter has multiple binding
sites for transcription factors [29^31], suggesting that the transcriptional regulation of the cdc2 gene is complex. Further,
the human cdc2 promoter does not contain a classical TATAlike element, but has two TTTGAAA elements located upstream of the transcription start site [29,30]. The human
cdc2 promoter has been examined for the presence of higher
order structures using the theoretical models proposed by
Trifonov [6,7] and De Santis et al. [16], and experimental
methods involving cyclic permutation gel mobility shift assay
[23] with a view to understanding the transcriptional regulation of this important member of the eukaryotic cell cycle.
The results indicate that the human cdc2 promoter, the bio-
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logical activities of which have been previously analyzed in
detail [29,30,32], has an intrinsic DNA curvature.
2. Materials and methods
2.1. Materials
pCDC-PstI was a generous gift from Bruno Calabretta to R. Padmanabhan [30]. Agarose, acrylamide, bis-acrylamide, TEMED, ammonium persulfate, Tris, boric acid, EDTA and MgCl2 were purchased from Sigma Chemical Co. Ltd. Restriction enzymes, Klenow
fragment of DNA polymerase, T4 DNA ligase and T4 polynucleotide
kinase were from New England Biolabs. The enzymes were used according to the suppliers' speci¢cations. [Q-32 P]ATP (3000 Ci/mmol)
and NEF-495 X-ray ¢lm were from DuPont NEN. Extraction of
DNA fragments from agarose gel was done using QIAEX II gel extraction kit from Qiagen. Unincorporated label was removed using
the QIAquick nucleotide removal kit from Qiagen. The CURVATURE program was a generous gift from Trifonov and Shpigelman
[33].
2.2. Circular permutation assay
The 645 bp fragment corresponding to the 5P £anking sequence of
the cdc2 gene from residue 3677 (NsiI restriction site) to residue 328
(ApaI restriction site) was analyzed by circular permutation assay.
This fragment was gel extracted after digesting pCDC2-PstI with
NsiI and ApaI. It was further treated with Klenow DNA polymerase
and self-ligated to generate multimers of the fragment. The ligation
product was then digested with di¡erent restriction enzymes, each of
which cut once within the insert to generate cyclically permutated
fragments. The permutated fragments were dephosphorylated by
treatment with calf intestinal alkaline phosphatase for 1 h. The reaction mixtures were then heated to 70³C for 15 min and extracted once
with phenol and twice with chloroform, and ethanol precipitated.
DNAs were subsequently labeled with 32 P by incubation with [Q32
P]ATP and T4 polynucleotide kinase [34]. The unincorporated label
was removed with the QIAquick nucleotide removal kit from Qiagen.
These DNA fragments were analyzed on a non-denaturing 6% polyacrylamide gel in 0.5UTris-borate-ethylenediaminetetraacetic acid
bu¡er (pH 8.3) at a constant voltage of 4^5 V/cm at 4³C, which
was pre-run for several hours before applying the sample. After the
run the gel was dried and autoradiographed.
2.3. Trajectory plots and curvature map of the cdc2 promoter
The curvature map and the DNA path have been calculated using
the CURVATURE program [33], a generous gift from Trifonov and
Shpigelman. The program uses the experimentally determined 16
DNA wedge angles [11]. The trajectory plots thus generated provide
both the degree of curvature and its orientation.
2.4. Theoretical permutation analysis
The theoretical permutation analysis was done using the De Santis
model [16]. The model is based on the theoretical evaluation of local
deviations from the standard B-DNA structure of the 16 di¡erent
dinucleotide steps using conformational energy calculations [16]. The
superstructures are predicted by integrating the theoretical deviations.
The curvature is represented using a pair of diagrams in which both
the modulus and the relative phase calculated from the ¢rst nucleotide
residue of the curvature vector C(n, X). The curvature vector represents in the complex plane the directional change of the double helix
axis between sequence number n and n+X. The curvature dispersion c2
for a given DNA fragment is calculated as the second moment of the
angular deviation of the local helical axis from the average direction.
c2 has also been shown to be linearly correlated with gel electrophoretic retardation. Calculating c2 , by cyclically permutating the sequences, allows the calculation of an analog of the permutation assay [35^
37]. The model is described in detail in the original work of De Santis
et al. [16,17]. The programs for the model were developed in FORTRAN.

Fig. 1. Curvature map of the human cdc2 promoter NsiI-ApaI fragment expressed in DNA curvature units, which is the average curvature of DNA in the nucleosome core particle, 1/42.8 A.

retical approaches. The nucleotide sequence of the cdc2 promoter [29,30] region revealed the presence of several `A'
tracts; some of these were separated from each other by approximately 10 bp. Earlier studies had revealed that AA dinucleotide segments have non-coplanar base pair planes and
this could lead to distortion of the helix axis [3,8]. The distortions would be signi¢cant if the `A' tracts were separated
by one turn of the helix (V10.5 bp/turn). With a view to
understanding the distortion induced in the cdc2 promoter
as a result of its sequence distribution, this region was theoretically analyzed using the models proposed by Trifonov [6]
and De Santis et al. [16]. The curvature map of the cdc2
promoter region as evaluated by the CURVATURE program
is reported in Fig. 1. The window used in the calculation of
the curvature map was 20. The regions with high curvature
correspond to regions which are maximally curved. The curvature pro¢le evaluated using the De Santis model also revealed the presence of regions which are curved. The curvature was evaluated over three turns of the helix, and the
curvature dispersion c2 calculated as the second moment of
the curvature vector is shown in Fig. 2. The curvature dispersion c2 retains the overall characteristic of the curvature pro¢le, but in this method the noise caused by £uctuation of the
curvature along the sequence is canceled and it allows individuation of sequences with high curvature. A linear correlation between the curvature dispersion c2 and gel electrophoretic retardation permits the calculation of an analog of the

3. Results and discussion
Sequence-directed structure associated with the cdc2 promoter has been analyzed using both experimental and theo-

Fig. 2. Curvature dispersion (c2 ) of the NsiI-ApaI fragment calculated using the De Santis model [16].
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experimental permutation assay, by calculating c2 for the cyclically permutated sequences. The simulation results of the
theoretical permutation assay are given in Fig. 3. It is important to realize here that only the trend in the mobility behavior versus the sequence is necessary to identify the molecular
bend locus.
The analysis of the cdc2 promoter using the theoretical
models revealed that most of the regions corresponding to
high curvature lie between the NsiI and ApaI restriction sites.
Analysis of the region downstream of the ApaI site did not
reveal the presence of highly curved structures. The molecular
bend locus as obtained by the simulation was also found to lie
within the NsiI-ApaI region.
The 5P £anking region of the cdc2 gene corresponding to
the NsiI (3677) and ApaI (328) restriction sites was further
experimentally analyzed following the permutation assay developed by Wu and Crothers [23]. The assay moves the sequence elements in a circularly permutated fashion. The resulting set of DNA fragments possess varying degrees of
curvature as a result of the permutated sequences. The magnitude of conformation-induced migration increases with increasing gel concentration. This phenomenon results from the
increased frictional coe¤cient due to decreased pore size [3].
The permutated fragments of the cdc2 promoter did not show
any di¡erence in mobility in a 4% non-denaturing polyacrylamide gel (Fig. 4A). However, these fragments migrated to
di¡erent degrees in a non-denaturing 6% polyacrylamide gel
(Fig. 4B). The mobility of these permutated fragments plotted
as a function of the restriction site is shown in Fig. 4C. The
maximum and minimum of the resulting curve correspond to
molecules having the locus of curvature nearest to their center
and end respectively. The permutated fragment generated as a
result of TaqI digestion migrates with maximum mobility (see
lane 3 of Fig. 4B), this corresponds to the fact that the TaqI
site is at or nearest to the bending locus of the cdc2 promoter
fragment. Digestion at the bending locus results in linear and

Fig. 3. Curvature dispersion (c2 ) calculated by a cyclic permutation
of the sequence. The minimum corresponds to the molecular bend
locus.

faster migrating DNA fragments. On the other hand, NarI
digestion results in fragments that are maximally retarded
(see lane 4 of Fig. 4B). This corresponds to the fact that these
fragments have their bending loci in the center. The bending
locus as determined experimentally corresponds to the region
around the TaqI site (3359).
It is important to note that the permutation approach used
in determining the molecular bend locus is an approximate
one. The accuracy of the circular permutation approach
largely depends on the precision with which the minima and
maxima of the curve can be de¢ned experimentally. In other
words, in order to determine the putative locus of curvature
with a reasonable degree of accuracy, it is important for the
fragment of interest to contain enough unique restriction sites
which are conveniently distributed throughout the fragment.
The presence of other minor loci of curvature within the molecule would also a¡ect the accuracy of the permutation approach [4].

Fig. 4. Circular permutation assay. The circular permutation assay was carried out as described in Section 2. The ligation product of NsiI and
ApaI, after blunt ending by treatment with E. coli Klenow enzyme, was digested with various restriction enzymes, the fragments were end-labeled and analyzed by 6% polyacrylamide gel at 4³C. A: Mobility of the permutated fragments in 4% polyacrylamide gel at 4³C. Lane 1, lambda BstEII marker; 2, StyI; 3, TaqI; 4, NarI; 5, StuI. B: Mobility of the permutated fragments in 6% polyacrylamide gel at 4³C. Lane 1, lambda BstEII marker; 2, StyI; 3, TaqI; 4, NarI; 5, StuI. C: Plot of the relative mobility vs. the location of cut for the permutated fragment.
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Comparing the results of the theoretical permutation with
that of the experimental permutation, one ¢nds that the minimum as obtained by the simulation is slightly shifted towards
the transcription start point as compared to that obtained
experimentally. This shift in the minimum can be explained
by analyzing the DNA path of the cdc2 promoter shown in
Fig. 5. The DNA path calculated using the parameters derived
by energy minimization [16,17] as well as those derived experimentally [11] reveals the presence of a broad locus of curvature. The curvature locus also seems to be uneven. However,
it is interesting to note that the curvature loci as obtained by
the theoretical simulations also fall within this broad locus.
Further, the theoretical simulations are able to capture the
trend in the mobility of the fragment with a reasonable degree
of accuracy.
With a view to further understanding the mobility behavior
of the permutated fragments, they were further analyzed theoretically. The DNA path shown in Fig. 6 also distinctly
demonstrates that NarI is maximally curved as compared to
the other permutations. It is also noteworthy that the permutated fragment resulting from NarI digestion has a rather
sharp locus of curvature as compared to the other permutations.
The results of our analysis reveal that the cdc2 promoter is
intrinsically curved and has a broad locus of curvature. Recent studies provide evidence that intrinsic DNA curvature is
likely to play a role in transcriptional regulation. Cress and
Nevins [38] reported that the transcription factor E2F recognition site is intrinsically bent, and binding of free E2F to this
site resulted in DNA bending in the opposite orientation to
the intrinsic DNA bend. Furthermore, the ability of free E2F
to reverse the orientation of the intrinsic DNA bend was
abrogated by the retinoblastoma susceptibility gene product,
RB, which is a negative regulator of E2F-mediated transcription. Conformational changes in DNA are also known to
increase speci¢city [39] and cooperativity [40] within operator
regions. Interaction of factors bound to separate sites on
DNA can be regulated by protein-induced DNA bending
[41,42]. Further, DNA bending by proteins can select among
di¡erent potential protein-protein interactions in a region containing multiple factors bound to DNA. This may be achieved

Fig. 5. DNA path of the cdc promoter NsiI-ApaI fragment calculated (a) using the experimentally determined parameters [11] and
(b) using the energy-minimized values of roll, tilt and twist [16].
Also shown in the ¢gure is the approximate location of the binding
sites for cis-acting factors viz. C-Myb, ATF, Sp1, E2F [29,30] and a
CCAAT box binding factor (CBF) [32].

Fig. 6. DNA path of the permutated fragments of the cdc2 promoter calculated using the experimentally determined parameters
and plotted on the maximum curvature plane [11].

by changing the orientation and magnitude of the bend [43].
These results, implicating the role of DNA structure in transcription regulation, suggest that the intrinsically curved region of the cdc2 promoter may also be functionally important.
Moreover, the cdc2 promoter harbors the binding sites for
numerous cis-acting factors, viz. C-Myb, ATF, Sp1, E2F
[29,30] as well as a CCAAT box binding factor [32]. Earlier
analysis also revealed that deletion of sequences upstream of
the TaqI site (3359) increased the promoter activity, while
deletions between the NarI and ApaI sites (3171 and 328)
decreased promoter activity [32]. Recent evidence from in vivo
DNase footprinting analysis of the human cdc2 promoter indicates that there are 11 sites that were protected by protein
binding along the cdc2 promoter in quiescent ¢broblasts and
at di¡erent periods after serum stimulation. These results suggest that the transcriptional regulation of cdc2 gene expression
is complex [31]. The results reveal an interesting possibility
that this broad locus of curvature associated with the cdc2
promoter may serve as a binding pocket for these transcription factors and help in selective interaction with the basal
transcription machinery by changing the degree and orientation of the bend.
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