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Abstract

p53 is a 53 kDa nuclear phosphoprotein. Its function as a tumor suppressor critically lies in its ability to recognize
its target DNA response elements as a tetramer. Here, we report the structural theme intrinsic to the response element
DNA that governs this recognition phenomenon. The intrinsic flexibility or dynamic bending between two distinctly
different, but naturally occurring p53 response elements has been compared by ring closure. Results show that DNA
binding sites containing helically phased@ATG.CATG) tetra-nucleotide sequences at the centerguafii-dyad
symmetry in each half-response site are mareinsically flexible (i.e. preferentially bent under axial streghan
their dCTTG.CTTG counterparts. Intriguingly, p53 binding sites containing these more flexi@@ATG.CATG)
sequence elements also exhibit a stronger tendency for tetrameric binding of the p53 DNA binding domain peptide.
Examination of the shapes of DNA microcircles obtained by circularization of oligomers constructed from such
flexible p53 target DNA sequences in tandem using MacMode atomic force microscopy directly revealed sequence-
specific kinks in solution. The tetra-nucleotide sequen@AT G.CATG) is highly conserved in most functional p53
response elements. Consequently, we propose that the sequence-specific kinks originatingCitdiG.G@ATG)
sequences could be a common structural theme in p53 response elements and as evident from the results reportec
here, could be a determinant of binding site recognition by the p53 protein and the subsequent stability of the p53—
DNA complex.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tion, either through mutations or by its association

. ) with other viral or cellular proteins, is common in

key role in tumor suppressioli—4]. Its inactiva- growth, DNA repair, differentiation and pro-
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gadd4s, cyclin G, mdm2, bax, 14-3-3r, FAS/
APO1, KILLER DR5, PIG3, Tspl and IGF-BP3
whose gene products interfere with global cellular
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Studies from this laboratory showed that the
DNA binding domain of wild type p53p53DBD)
itself is capable of assembling as a tetramer on its

events such as growth, arrest, and cell death ortarget DNA response elements in the absence of

apoptosis[7]. There are more than 100 functional
p53 binding sites in the human genoni8,9]
located either upstream of the’-8TR as in
p21¥a1 [6,7] or in the intronic gene promoters as
in the mdm2 gene[10,11. The ability of p53 to
bind sequence-specifically to such DNA response
elements is critical to its functionn9,12. Wild-
type p53 consists of three major functional
domains [1], the C-terminal tetramerization
domain, the N-terminal transactivation domain and
the central DNA binding domain(p53DBD)
encompassing amino acid residues from 96 to 208.
In more than half of human cancers, a direct
inactivation of p53 through point mutations has
been reported13]. Many of the tumorigenic point
mutations are mapped to its central DNA binding
domain[14] and result in the complete or partial
loss of its DNA binding activity[1]. Therefore, it

is becoming increasingly important to understand
the structural principles underlying this recognition
event.

Most of the p53 response elements consist of
two contiguous decameric half sites. The half sites
fall into a subset consensus RRROA /aGYYY,
in which the pentameric ‘quarter sites’ are sepa-
rated by apseudodyad symmetry indicated by a
vertical bar[8,9]. Several studies have shown that
wild type p53 binds to its 20 bp response element
DNA, predominantly as a tetramét5] with each
molecule of p53 making specific contacts with a
pentameric quarter site6,17. A co-crystal struc-
ture of a single DNA binding domain of wild-type
p53 (p53DBD) specifically bound to a pentameric
‘quarter site’ embedded in a DNA fragment, pro-
vided significant insights into the protein—DNA
contacts critical for recognitiori1l4]. This high-
resolution structure revealed a high incidence of
direct correlation between amino acid residues
critically involved in the protein—-DNA contacts
and their mutation frequency in human cancers.
However, the exact nature of the interactions
between the tetrameric p53 bound to a full 20 bp
target DNA site could not be precisely extrapolated
from this high-resolution crystal structure.

the tetramerization domaifl6,17. Recent AFM
studies from this laboratory showed that the exis-
tence of p53 as a preformed tetramer in solution
enhances the binding specificity of p53 to its target
DNA several fold as compared to p53DB(Bal-
agurumoorthy et al., unpublished resplt either
case, with or without the tetramerization domain,
p53 binding to the target DNA was accompanied
by substantial bending and twisting of the response
element DNA[16—-19. Detailed molecular mod-
eling and energy minimization studig20] corrob-
orated the conclusions drawn on the bending and
twisting detected in the p53—DNA complexes from
cyclization [16], phasing analysi§l19] and atomic
force microscopy[21] (Balagurumoorthy et al.,
unpublished resulls The molecular modeling
studies suggested that the DNA benditvgsting
relieves steric clashes between adjacently bound
p53 moieties in the tetrameric p53—DNA complex
[20,29. These studies also suggested that such
bending occurs through kinking at the unique
flexible sites found at thepseudo-dyad junction
between the two pentameric quarter sites
[16,17,20 and in addition,over-twisting of the
DNA by p53 was shown to act synergistically with
DNA bending in stabilizing the p53 tetramer—
DNA complex[19,2d. Recently, using MacMode
AFM in solution, we showed that such over-
twisting could be intrinsic to the p53 response
element DNA itself[21].

In this paper, we present direct experimental
evidence for the kinks resulting from the aniso-
tropically flexible dCATG.CATG) sequences in
the p2¥2™ p53 response element. These results
are consistent with the ability of such sequences
to roll either into a major or minor groove that
emerged from molecular modeling studi¢20],
which to date provide the only available structural
model for the tetrameric p53—DNA complex. The
experiments described here, address a number of
important questions concerning the importance of
sequence-dependent DNA structure in p53 binding
specificity. These results, when combined with
other studies which demonstrate correlation
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5’'tccgaTGAACATGTCCATGAATTAATCAACATGTTGggcctt 3’ WAFS

3’ taCTTGTACAGGTACTTAATTAGTTGTACAACccggaaaggc 5’

5'tccgatTGCCTTGCCTATGAATTAATGGACTTGCCTggcctt 37 RGCS

3’ taACGGAACGGATACTTAATTACCTGAACGGACCcggaaagge 5’

Fig. 1. Precursor oligonucleotide duplexes used in this study 321 and RGC response elements were incorporated into 42 bp
oligonucleotide sequencésxactly four helical turns WAFS and RGCS, respectively, with a helical tuit0 bp of spacer DNA

between the decameric half sites, indicated in bold. The flanking sequences are shown in lower case and the spacer DNA is indicated
in italics. Cohesive ends that are four bases long in WAFS and RGCS ensure efficient head-to-tail ligation of precursor units to
form microcircles.

between these critical sequences and p53 bindingDTT. The soluble fraction was loaded onto a
affinity [22], suggest that the intrinsic DNA flex- Resource SPharmacia column in 40 mM Mes-
ibility inherent and critically positioned in the p53 Na, pH 6.85 mM DTT, and was eluted by a 0—
binding half sites is important to specific tetrameric 400 mM NaCl gradient. The fractions containing
binding of p53 to its DNA response elements, and p53DBD were pooled together and precipitated by
may serve as a structural means by which the adding ammonium sulfate to 80% saturation. The
various p53 response elements are differentiatedprecipitated protein was further purified on a
from each other in their biological functions. With  Superdex 75 HR gel filtratioGPharmacia column

a view towards the many recently discovered in 50 mM bis-Tris propane—HCI, pH 6.8, 100 mM
chromatin remodeling factors, we speculate that NaCl/1 mM DTT. The purified p53DBD ran as a
such sequence-specific structural microheteroge-single band on an SDS-polyacrylamide ¢&6].

neity and distortion in the DNA sequences in

chromatin supramolecular assemblies might be rec-2.2. Electrophoretic mobility shift assay

ognized by transcription factors such as p53. o o o
The qualitative determination of the binding

affinity of p53DBD to the oligonucleotide probes
WAFS and RGCS shown in Fig. 1, were carried
out as previously describe6]. Ten nanograms

of 5 end-labeled DNA probe was incubated on

N ) ice for 40 min with varying concentrations of
The PCR amplified region of human p53 cDNA p53DBD in 10wl of 50 mM bis-Tris propane—

encoding amino acids from 96 to 308 was cloned yc| pH 6.8, 100 mM NaCl, 1 mM DTT and 100
in a pET12a expression vectdiNovagen and ng of poly (dI-dC). Two microliters of 30%
transformed into aEscherichia coli BL21 (DE3)  gjycerol was added to the binding reaction and the
strain. The cells were grown at 3T until they samples were analyzed on a 5% non-denaturing

reached an Of, of 0.6—1.00. Then, isoprofyl- polyacrylamide gel in 0.3X TBE.
p-thiogalactoside(IPTG) was added to a final

concentration of 0.25 mM to induce the expression 2.3. DNA cyclization or ring closure

of p53DBD. After 2 h of induction, the cells were

lysed in a French press and sonicated for 2 minin  DNA flexibility and bending in the p53 binding
40 mM Mes-Na, pH 6.8, 100 mM NagZb mM sequences WAFS and RGCS were quantified by

2. Experimental

2.1. Expression and purification of the p5S3DBD
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T4 ligase mediated cyclization as described previ- two dimensions using Kaleidagraph software and
ously [16]. The microcircles from the second- these plots were aligned on the top of each other
dimensional chloroquine gels were eluted out, and using Adobe Photoshofgversion 5.)2. The dis-
their sizes were determined on a denaturing poly- tances between the kinks were measured using
acrylamide gel with the ligation ladder of the same NIH Image software using the experimentally
oligonucleotide and Msp | digest of pBR322 DNA observed average contour length as the perimeter
as size markers. The microcircles of 168(dp< 42 of the averaged—y scatter plot.

bp) were pooled together from several gels and

passed through a NAP1QPharmacia column 3. Results and discussion

equilibrated with water. Microcircles were dis-

solved in 0.1 mM Tris—HCI, pH 8.0 at a concen- 3.1. Sequence-dependent DNA binding specificity
tration of 0.5ug/ml and stored at-20 °C. of tetrameric p53DBD

2.4. Mica modification and AFM imaging It is known that wild type p53 binds to DNA
response elements in which the decameric half
3-Aminopropyltriethoxysilane(APTES) (98%; sites are separated by a spacer DNA of length
Sigma Chemical Co., St. Louis, MO, U3Avas varying from 0 to 21 bp[8,9,23,24. Such p53
distilled once under vacuum prior to use. One part response elements occur naturally in the human
of this reagent was mixed with 10 000 parts of genome and have been shown to be functional in
water. Ten microliters of this suspension was a few caseqd23]. We have used two functionally
placed on a freshly cleaved mica and washed awayimportant p53 response elements, ¥4 and
after 5 min with 200wl of water. Then, the mica RGC, with 10 bp of spacer inserted between the
surface was blown dry with argon. Three hundred half sites. Using this as a model system, we
microliters of solution containing DNA microcir- demonstrate the influence of DNA flexibility on
cles (0.5 wg/ml) in 0.1 mM Tris—HCI, pH 8 was  the binding specificity of p53DBD. Two 42 bp
added onto the mica clamped with AFM liquid oligonucleotidesSt WAFS and RGC$ used in this
cell and imaged under the Tris buffer after 15 min. study are shown in Fig. 1. The first of these has a
The AFM imaging was carried out using a d(CATG.CATG) sequence at the pentameric pseu-
PicoSPM from Molecular ImagingPhoenix, AZ, dodyad junctions in the half sites, whereas the
USA). This instrument utilizes a top-down scanner second has @TTG.CTTG. These two tetranu-
with a lightweight sample plate suspended below cleotide sequences are representative of two
it magnetically. The liquid cell is a one-piece extreme degrees of anisotropic flexibility on the
Teflon well, which clips onto the mica on the basis of their ability to roll into either major or
sample plate. Images were collected with a mag- minor grooves25-27.
netic AC drive (MacMode using silicon cantile- The gel mobility shift assay used to determine
vers of nominal spring constant 0.6/M. The the binding ability of p53DBD to these sequences
drive frequency was 25 kHz. The free operating is shown in Fig. 2. WAFS exhibits two shifted
amplitude was set at 5 nm/p with a 10% bands rbl and rb2 at the lower p53DBD concen-
reduction set point. The instrument was calibrated trations of 0.042 and 0.209 nM. A further increase
at regular intervals using a @m? grating from in the p53DBD concentration to 1.05 nM, resulted
Silicon MDT, Moscow, Russia and checked by in the complete shift of the entire labeled DNA to

measuring the contour length of pUC19 DNA. rb2, accompanied by the complete disappearance
of rbl. These observations suggest that the band
2.5. Analysis of the AFM images rb2 corresponds to the tetrameric p53DBD—-DNA

complex and rbl a dimer bound to the DNA. The

The x—y coordinates of the microcircles were tetrameric binding of p53DBD to WAFS takes
extracted from AFM images using NIH Image place in two stages in a non-cooperative manner
software. These coordinates were scatter-plotted inin contrast to the cooperative binding observed for
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Fig. 2. Electrophoretic mobility shift assays used to qualita-
tively determine the difference in binding affinity between
WAFS and RGCS to p53DBD. A fixed amoufitO ng) of a

5 end-labeled oligonucleotide duplex probe was titrated with
increasing concentrations of p53DBD, as indicated on the top.
The resulting p53DBD—DNA complexes were analyzed on a
5% non-denaturing polyacrylamide gel, along with the same
amount of unbountdree DNA as a control.

the unspacedvafl response elemerftl6]. How-
ever, from lane 4, it can be noted that WAFS binds
tetrameric p53DBD at or above 0.42 nM p53DBD.
Interestingly, this is not the case with RGCS, which
exhibits only one shifted band even at 1.05 nM
p53DBD. The mobility of this shifted band match-
es with that of rbl, indicating that RGCS only
binds a dimer of p53DBD. The inability of RGCS
to bind a tetrameric p53DBD is evidenced by the
absence of a shifted band, whose mobility would
match with the retarded band rb2. Furthermore,
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tetrameric binding of p53DBD to the ‘split’
response elements.

These observations are consistent with the
results reported by Miner and Kulesz-Mar{ia3]
in which it was shown that tetrameric p53 binding
to response elements with a spacer DNA up to 23
bp in length, occurs preferentially to half sites
containing {CATG.CATG). Thus, we wanted to
understand these differences in p53 binding pref-
erence, since earlier studies from this laboratory
[16,19,22 and elsewherd18] on unspaced p53
response elements, showed that bending of the
DNA helical axis in the p53—DNA complex is
required for nucleoprotein complex formation and
stability. We had speculated earligh6,19,20 that
such DNA bending could promote favorable pro-
tein—protein contacts between bound dimers on
either side of the spacer DNA and hence, would
be necessary for complex stability.

The sequence elemen{@A-TG) is known to
possess unusual anisotropic flexibility and has a
propensity to kink into either the major or minor
grooves[25—2§. Several nucleoprotein complexes
are known to exhibit kinking at @A-TG) dinu-
cleotide step$29—-34. In the context of the results
reported here, it is worthwhile mentioning that the
X-ray crystal structure of the oligonucleotide
d(AGGCATGCCT-AGGCATGCCT), which falls
under the subset consensus RRRTCA/AGYYY
defined for p53 binding half sites, displayed a
large roll angle towards the minor groove at the
d(CA-TG) steps, resulting in a non-linear helical
axis [35]. Using ring closure method86], Lyub-
chenko et al. showed that thephageCro protein
complexed with its OR3 binding site is bent by
45° [31], with the putative assignment of the
bending locus to the flexible(€A-TG) dinucleo-
tide step. The results from ring closure experiments
have been corroborated by X-ray crystallography
[37] and scanning force microscog$8], and the

when the spacer DNA was replaced by a GC rich magnitudes of DNA bending obtained from these
DNA sequence in WAFS and RGCS, the protein different methods are in relatively good agreement
binding properties to these spaced response ele-with each other. The DNA cyclization experiments

ments remained unalteréBalagurumoorthy et al.,

unpublished. Therefore, this remarkable differ-
ence in the protein binding ability between WAFS
and RGCS suggests that
d(CATG.CATG) in the half sites is required for

are carried out entirely in solution and are well
understood theoretically, in contrast to other gel
mobility based techniques. Therefore, we opted for

the presence ofa T4 DNA ligase mediated ring closure method to

investigate whether there may be an unusual struc-
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Fig. 3. Second dimensional polyacrylamide gels used to quantitate the intrinsic flexti®litsting in the 42-mers WAF&) and

RGCS(b) containing p2%® and RGC response elements, respectively. 1D, first dimeéB&i®rand 2D, second dimensidi8%).

The central row of spots represent covalently closed microcircles and the nicked microcircles of the corresponding sizes appear
above this. The bottom diagonal consists of linear ligamers. A second dimension was run in the presepag/ il 80 chloroquine

to enable the separation of linear ligamers from the covalently closed and nicked microcircles. The sizes of the microcircles and
linear ligamers are indicated in terms of the number of basic precursor(enits4 representsx42=168 bp.

tural property associated with thé@ATG:CATG) a single precursor unit of 42 bp. It is apparent
containing p53 binding sites, that can account for from the spot intensities that WAFS circularizes
the observed difference in p53-tetrameric binding well without p53DBD and microcircles as small
specificity between the WAFS and RGCS response as 168 bp(4x42 bp made up of four precursor

elements. 42-mers can be detected. The microcircles of 168
bp and 210 bp are well below the size range
3.2. DNA flexibility in WAFS and RGCS expected due to thermal cyclizati¢83].

These observations suggest that the p53 binding

Fig. 3 shows the second dimension chloro- half sites in WAFS are intrinsically flexible or
quine_p0|yacry|amide ge|s for WAF$a) and dynamically bent. Flg 3b shows the result of the
RGCS(b). Cyclization reactions on these 42-mers same experiment carried out for RGCS under
containing p2¥@ and RGC p53 response elemen- identical conditions. Intriguingly, ligation of RGCS
ts were carried out in the absence of p53DBD. In did not yield a comparable amount of microcircles
Fig. 3a, the second row of spots from the top detectable under identical conditions. This indi-
represent covalently closed microcircles. These cates that RGCS containing @ TG-CTTG) in
microcircles retain the topology and writhe intro- the p53 binding half sites is not intrinsically
duced due to the sequence-dependent DNA struc-flexible. It is evident from the above experiments
tural deformations intrinsic to the p2¥* response that the presence of(@ATG-CATG) at the pen-
element in the precursor unit WAFS during the tamer junctions in the half sites imparts intrinsic
ring closure by T4 DNA ligase. Corresponding flexibility to the response element DNA. This
sized nicked microcircles appear above these. Thecould account for the enhanced ability of p53
linear ligamers lie on the bottom diagonal. The response elements with such flexible half sites to
adjacent spots or bands differ from each other by bind the p53DBD tetramer as shown in Fig. 2.
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Fig. 4. MacMode AFM images of microcircles made up of four head-to-tail ligamers of WAFS containing fotifp21

elements. Tha—y scale is shown by a horizontal white bar and the vertical bar indicates the hglghimage field obtained on
a larger scan area on AP-mica in 0.1 mM Tris—H@H 8.0). (B) High-resolution image showing the finer structure of the
microcircles obtained by scanning a smaller area selected ffomin (B), the kinks on the DNA microcircles are indicated by

white arrow heads. Pairs of kinks are visible on the highest and lowest sides facing each other, in the microcircles with chair-like

conformation.

Thus, there exists a direct correlation between the odic kinking, unlike the random kinks observed

ability of WAFS to bind tetrameric p53 and its
intrinsic flexibility. This interpretation is further
supported by computer modeling of the DNA
trajectory[39]. The ends of a linear DNA sequence
with four WAFS precursor units in tandem come
close enough to readily form microcircles only if
a positive or a negative roll angle of 153
allowed at each of the(€A)-d(TG) dinucleotide
steps. The resulting curved DNA trajectory appears
to have hingegkinks) wherever such a roll angle
was permitted(Balagurumoorthy et al., unpubli-
shed results

3.3. Periodically spaced kinks in p21"“" microcir-
cular DNA

Fig. 4 shows the MacMode AFMA40] images
of the 168 bp microcircles derived from WAFS,
obtained in 0.1 mM Tris—HCI, pH 8.0. We inten-
tionally did not include any mono or divalent
metal ions in the buffer, as alkaline earth and
transition metal ions are known to alter the struc-
ture of the DNA adhered to a surfa¢4l]. As can
be seen in Fig. 4a, the overall structure of the
microcircles is remarkably uniform throughout the
scan area. The DNA trajectory in these microcir-
cles is not smooth but rather shows regular, peri-

for microcircles containing statically bent alternat-
ing A-tract/ GGGCCC sequence$4l]. Fig. 4b
shows a high resolution scan of a small area from
Fig. 4a. It is apparent that the majority of the
present circles have four corners, implicating four
visible kinks, indicated by arrowheads in Fig. 4b.
The discontinuity visible in the DNA contour
suggests that, unlike the alternating A-tract
GGGCCC sequences reported earlier which were
clearly topologically flat, these microcircles con-
taining p2%4? binding sites are not perfectly
planar but are puckered. The puckered circles
adopt a chair-like conformation with one highest
side opposite to the lowest side, and two arms of
intermediate elevations between these positions
facing each other. The fact that these two arms are
not in a single plane led to the identification of
two equally populated topoisomers with slightly
different magnitudes of positive and negative
writhe. On the basis of these structural features,
we performed calculations to quantify the absolute
twist in WAFS [21]. Consistent with the armchair-
like topology of these microcirclel1], two kinks

are observed on the highest side, opposite to the
other two kinks located on the lowest side with
the arms of intermediate elevations connecting
these two sides in Fig. 4b.

p53 response
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The images obtained with the above character- sole origin of their unusual flexibility. Since these
istics were quite stable from scan to scan and circles are puckered rather than planar, we expect-
reproducibly much broader at certain points along ed that kinks could also lie below the plane of the
the contour. This effect could be accounted for by contours visible in the images shown in Fig. 4a,b.
the finite radius of the imaging tip, if the broader The discontinuities seen in the contours support
points were also the highest points, and this is this idea. Alternatively, the energetic cost of kink-
clearly the case as seen in the images. Nonethelessing four d(CATG.CATG) sites by 90 will be
the overall shape and the sharp kinks indicated by much lower than that of kinking eight flexible
arrowheads cannot be a tip or surface-induced sites by 48 as suggested by calculations by Zhur-
artifact because the orientation of the finer features kin et al. [25]. In this case, four properly phased
varies within a single scan, though there seems to kinks might be sufficient to allow ring closure. In
be a preferred orientation. However, since the any event, a more sophisticated analysis is required
contour including the inner rim of the microcircles to locate the positions of these four major kinks
are clearly revealed in the images of individual on the 168 bp microcircles.
microcircles, we rule out any artifact due to tip-
convolution effects.

The visible features of these images are highly
reproducible over many preparations and many In order to localize the kinks to specific sites
imaging sessions, and did not seem to depend onon the microcircle containing the p®f*  response
either the tip—surface interaction or subtle details element, we have extracted the and y-coordi-
of the sample deposition procedure. In this con- nates along the contour circumferences of 125
nection, we developed a new procedure to loosely individual microcircles from Fig. 4a and similar
adhere the DNA microcircles onto AP-treated image fields, and have reconstructed their three-
mica, which is quite different from that usually dimensional DNA trajectories. The shapes of these
done in tapping mode-air AFM imaging of soft two-dimensional projections on &y plane are
biological sampled42]. This method eliminates similar and all of them exhibit approximately a
the drying and hence, the possible dehydration of rectangular shape, with four major kinks and two
the substrate DNA after deposition on mica and minor kinks at the center. A few of these-y
hence, maintains solution conditions for the sample scatter plots are shown in Fig. 5a. The 125 indi-
throughout the deposition process. In the presentvidual x—y plots are aligned on the top of each
studies, the DNA solution at 046g/ml concentra- other to get an average statistid@catter plox
tion was placed directly onto the AP-mica with no picture of the microcircle conformation, and the
further treatment and imaged under the liquid. result is shown in Fig. 5b. The thick arrows
Thus, it is unlikely that adhesion of the microcir- numbered 1, 2, 3 and 4 represent the positions of
cles to the surface alters the essential conforma-four kinks observed in the AFM images shown in

3.4. Locus of kinks in the p21"“" response element

tional features they would have in solution prior
to deposition.

The 168 bp microcircles contain four p53 tet-
rameric full sites, derived from four precursor 42-
mer units; each of these in turn, has two
d(CATG-CATG) stretches separated by 20 bp.
The adjacent pair of anisotropically flexible
d(CATG:-CATG) sites are separated from each

Fig. 4b. Thin arrows indicate the positions of
minor kinks that could lie below the plane con-
necting the major kinks 1, 2, 3 and 4 and hence,
could be one of the dyad symmetry axes of the
microcircle structure. The mean contour length of
these 168 bp microcircles was found to be 57 nm,
as measured directly from the images shown in
Fig. 4b. Using this as a perimeter of the statistically

other by 24 and 26 bp in an alternating fashion averaged—y plot, the distances between the kinks

over the 168 bp microcircle, depending on whether along the rim are measured and indicated in Fig.
they are derived from the same precursor unit or 5b. From these distances the exact separation
not. However, we would expect these microcircles between these kinks in base pairs is calculated.
to exhibit eight kinks if CATG-CATG) is the The separation between kinks 1 and 4, or 2 and 3
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Fig. 5. (a) Representative—y scatter plots of the contours of individual microcircles. Thendy-axis are in nanometers and the

points represent théx, y) coordinates at selected places on the contour of a DNA microcircle, measured directly from an image
field using NIH Image software(b) Statistical average contour of 125 individual microcircles. The coordinates were extracted

from microcircles and scatter plotted as showr{ah These two-dimensional projections of the DNA trajectory were superimposed

on each other and aligned by free transformation. The individual contours could be aligned in only one particular orientation, in
order to augment the additive effect of the kinks found in the individual contours. The resulting average contour of the microcircles
was calibrated using the experimentally observed contour length of 57 nm and the distance between the kinks was measured. The
four major kinks were numbered 1, 2, 3 and 4 and indicated by solid arrowheads. Thin arrows represent one of the several dyad
symmetry axis and could be the out-of-plane positions along the molecular cgiguirhe separation between kinks 1, 4 and 2,

3 corresponds to 28 bp, which is in reasonable agreement with the actual 24 bp spanning the region over the neighboring
d(CATGeCATG) stretches in a precursor unit.

turns out to be 28 bp. It can be noted from Fig. 1 copy under conditions of minimal tip-induced
that in the WAFS, the number of base pairs stresses. We can interpret these results as follows
spanning the region from the CATG in the first with reference to Fig. 5b. On the basis of the
half site to the CATG stretch in the next half site analysis (Fig. 5b), the two possible isomers of
equals 24 bp. Thus, the agreement between thel68 bp p212® microcircles consistent with the
actual separatiofi24) and experimental separation experimentally-derived distances between the
obtained from the above image analy$28 bp kinks, are schematically shown in Fig. 6. In the
is remarkably good considering the present reso- first possibility (Fig. 63, kinks 1 and 4, and 2
lution limits of solution-based atomic force micros- and 3 are assigned to the pairs of successive
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‘ CCATGAATTAATC. ﬁTGGGCCTTTCCGATG
- - - -

III

Tevorvvrivvorvod

Fig. 6. Schematic diagram displaying the DNA sequence and conformation of the 1685} p21  microcircle. Two possible kinked
isomers consisting of a 168 bp microcircle, consistent with the distance constraints obtained in Fig. 5b. The spacer DNA between
the 10 bp half sites is indicated by a heavy dashed line and the flanking sequences shown in gray color by a thin solid line. In half
sites that are shown in bold indicated by a heavy solid line, the DNA sequence spanning, the loci of the kinks are shown in boxes
at the corners of the microcircle. The following assignments of the kinks to the specific sites in the microcircle are based on the
distance constrainté~ig. 5b), in conjunction with the differences between WAFS and RGCS in their p53DBD binding properties
(Fig. 2) and circularization efficiencieéFig. 3). (a) The kinks were assigned to pairs of adjace(EATG:-CATG) stretches, in
alternating precursor units. The separation between the nearest kinks in this isomer is(B) Bach precursor unit has a kink

either in its first or second half site. Alternating half sites are kinked in a cyclic fashion. The number of basepairs separating the
nearest kinks is 26, and is closer to the experimentally derived separation of 28 bp from Fig. 5b.

CATG sequences present ilternating 42-mer or Il and IV are kinked at any given time.
precursor units in the microcircles comprised of Alternatively, as depicted in Fig. 6b, each precursor
four such precursor units. In other words, if the unit could harbor a kink and alternating half sites
precursor units in the 168 bp microcircle are are kinked in a cyclic fashion. In this second
numbered 1-IV arbitrarily, two neighboring possible isomer, if the first half site is kinked in
d(CATG:CATG) stretches either in units | and Ill,  precursor unit |, then the second half site has to
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be kinked in the next precursor unit Il and vice

versa, in order to accommodate the distance con-

621

tetranucleotide sequences in the {241 response
element DNA as proposed in the original molec-

straints shown in Fig. 5b. The separation between ular model[17,2Q.

the nearest neighboring kinks is 24 and 26 bp in
the isomers shown in Fig. 6a,b, respectively. The
isomer shown in Fig. 6b is more likely to exist

than that shown in Fig. 6a due to the fact that in

More fundamentally, in addition to stabilizing
the nucleoprotein complex, kinks play a role in
the recognition of response elements by p53, as
suggested by the enhanced ability of WAFS to

this isomer each precursor unit has a kink, and the bind tetrameric p53DBD as compared to unkinked

separation between the kink&6 bp is closer to

RGCS. It has recently been shown that p53 binds

the experimentally-derived distances between theto nucleosomal DNA[43], but it is likely that
kinks. Thus, the above analysis of images leads some of the many naturally occurring p53 response

directly to the assignment of the four experimen-
tally observed kinks to the tetranucleotide
d(CATG-CATG) sequences in the 168 bp p2t
microcircle.

4, Conclusions

The present studies directly implicate for the
first time the direct involvement of specific flexible
DNA sequence elements in the recognition of
target DNA by p53. Although p53 response ele-
ments are diverse in their sequence,
d(CATG-CATG) is highly conserved at thgseu-
dodyad junctions in the majority of p53 binding
decameric half sites[8,9]. A comprehensive
molecular model proposed for the tetrameric p53—
DNA complex required the response element DNA
to bend in order to avoid steric clashes between
the adjacently bound p53 moleculd®0]. To
achieve this, it was found to be energetically less
expensive to kink the DNA at (CATG:-CATG)
steps, as found in many other nucleoprotein com-
plexes [30,32,37. DNA flexibility and kinks
observed in the p2'¢™?
ed here, provide a direct experimental evidence
for the rationale used in the molecular modeling
for a tetrameric p53DBD—-DNA complex in the
absence of a detailed X-ray crystal structure.

The x- and y-coordinates of 125 microcircles
were obtained directly from the MacMode AFM

image files, and were scatter plotted and superim-

posed on each other. It was found that the individ-

elements are excluded from nucleosome formation,
and differences in response element flexibility such
as those noted here may play a role in this.
Alternatively, chromatin remodeling factors and
architectural proteing44—44 such as SWISNF,
may loosen the association between histones and
nucleosomal DNA and create a free DNA bubble
on the nucleosome by local DNA exclusion in the
region of a p53 binding site. This could in turn,
permit structural properties of the response element
DNA such as flexibility and kinks to be recognized
by p53, and could play a direct role in the specific
binding of p53 to the response element. In the
present work, we have shown that one of the
several biologically important p53 response ele-
ments is kinked. This element is typical of many
others in having specifically positioned flexibility
sites. Given the sequence diversity of p53 binding
sites and the functional diversity of the protein, it
is likely that these positioned sites play an impor-
tant role in the selectivity of binding to its various
response elements that this remarkable protein
shows. For example, architectural proteins such as

response element as report-HMG1 bind and bend the DNA in a non-sequence

specific manner[47-49. HMG1 has also been
shown to increase the ability of p53 to bind its
response element DNA and transactivate a target
gene [50]. It is possible that HMG1 and other
architectural proteins, in the context of a large
transcriptional complex, could beykink p53
response element DNAs having less flexible
sequences than(@ATG:-CATG) at the response

ual contours could be superimposed on each otherelementpseudodyads, thus providing a pre-kinked

only in one particular orientation, due to periodi-
cally spaced kinks. Although there is no marker

conformation, similar to that of the p2a* site
reported here. This could provide an additional

on these microcircles, the present analysis confirmsrationale for binding selectivity in p53 and its

that the kinks originate from the(@ATG:CATG)

requirements for additional protein factors. All
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these ideas are likely to be significant in under-
standing the multifacetet vivo function of p53.
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