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ABSTRACT

There is little information on chromatin structure
that allows access of trans-acting transcription
factors. Logically, the target DNA elements become
accessible by either exposing themselves towards
the environment on the surface of the nucleosome,
or making the regulatory region free of the nucleo-
some. Here, we demonstrate that curved DNA that
mimics a negative supercoil can play both roles in
the promoter region. By constructing 35 reporter
plasmids and using in vivo assay systems, we
scrutinized the relationships between upstream
DNA geometry, nucleosome positioning and pro-
moter activity. When the left-handedly curved DNA
was linked to the herpes simplex virus thymidine
kinase (HSV tk) promoter at a specific rotational
phase and distance, the curved DNA attracted the
nucleosome and the TATA box was thereby left in
the linker DNA with its minor groove facing out-
wards, which led to the activation of transcription.
Neither planar curving, nor right-handedly curved
DNA nor straight DNA had this effect. Our results
seem to provide a clue for solving the problem of
why curved DNA is often located near transcrip-
tional control regions.

INTRODUCTION

DNA having a curved trajectory of the helix-axis is called bent
or curved DNA. It has been found in a wide variety of
genomes, often in or around the origins of DNA replication,
transcriptional control regions, DNA recombination loci,
matrix attachment regions and satellite DNA repeating units
(reviewed in 1-5). Thus, it has long been suspected that DNA
curvature is of functional importance in a wide variety of
biological processes. Many studies have been carried out, and
the function of curved DNA in prokaryotic transcription and

the mechanism by which it functions have been gradually
revealed (1,5 and references therein). Interestingly, the three-
dimensional architecture of curved DNA appears to be
important. In Escherichia coli promoters, curved DNA with
a right-handed superhelical writhe stimulates not only RNA
polymerase binding to the promoter, but also the promoter
complex’s transition from closed to open. Curved DNA with a
left-handed superhelical writhe negatively influences these
processes (4,6).

Despite many reports showing the presence of curved DNA
structure in transcriptional control regions of eukaryotic genes
(7-12), the function of curved DNA in eukaryotic transcrip-
tion is still obscure. Computational analysis suggests that
intrinsic DNA curvature may be one important criterion for
the recognition of the TATA box by the TATA-binding
protein (TBP) (11). However, in several TATA-box-contain-
ing promoters, the curved DNA is upstream of the TATA box.
For example, the promoters of the human B-actin gene (13),
Xenopus A2 vitellogenin gene (14), scorpion AaH 1’ toxin
gene (15), pea rbcS-3A and rbcS-3.6 (16) and yeast GALI (17)
are in this category. Furthermore, many promoters other than
RNA polymerase II (Pol II) promoters and TATA-less Pol 11
promoters also frequently contain a curved DNA structure
(8,10,18). This indicates that curved DNA may play a role
common to many promoters, irrespective of the promoter type.
Experimental attempts have also been made to clarify the
function of curved DNA. Kim ef al. (19) showed that an
AgCGTG repeat could activate eukaryotic transcription.
Subsequently, the evidence showing that DNA conformation
per se affects transcription was obtained in 1996 (20). The
mechanism by which curved DNA can activate transcription
in the nucleus, however, remains unclear. Considering that (i)
in the nucleus, regulatory regions of transcription must also be
packaged into chromatin keeping definite cis-DNA elements
accessible and (ii) curved DNA structure has been suggested
to influence nucleosome positioning (12,17,21), it is hypothe-
sized that the significant function of curved DNA is to
organize local chromatin infrastructure in order to help the
very first interaction between cis-acting DNA elements and
trans-acting transcription factors (1).
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In order to substantiate the hypothesis, we synthesized
various curved DNA structures, experimentally assessing the
relationship between upstream DNA geometry, transcription
efficiency and local chromatin structure. We now report that a
curved DNA with a close resemblance to a part of a negative
supercoil attracts a histone core. We show that this curved
DNA can activate eukaryotic promoters when it is introduced
into the upstream region of the promoter with appropriate
combination of distance and spatial positioning. We discuss
the mechanistic role of the curved DNA in chromatin
organization and transcription.

MATERIALS AND METHODS
Plasmid constructions

The constructs pSTO/TLN, pST4/TLN, pLHC4/TLN,
pTDC4/TLN and pRHC4/TLN (basic constructs) were pre-
pared as follows. The multiple cloning site (mcs) of the
pUC19 was replaced with that of Bluescript II SK(-)
(Stratagene) by exchanging the Pvull-Pvull region of each
plasmid to produce pUBImcs. Then, the EcoRI-Pstl fragment
of the tk promoter was inserted between corresponding sites of
pUBImcs to generate pUBlpartrk. Subsequently, a synthetic
double-stranded oligonucleotide, obtained by annealing
oligos 5-GACGTCATATGGGCCCTCGAGGGCCCTCGC-
GACACAAACCCCGCCCAGCGTCTTGTCATTGGCG-3’
and 5-AATTCGCCAATGACAAGACGCTGGGCGGGG-
TTTGTGTCGCGAGGGCCCTCGAGGGCCCATATGAC-
GTC-3’, was inserted between EcoRI and Hincll sites of
pUBIpartzk to generate pUBlcomprk. Then, the synthetic
double-stranded oligonucleotides, each with unique DNA
configuration (Fig. 1), were cloned between Kpnl and Hincll
sites of pUBlcomptk. Finally, the Kpnl-BamHI fragment
containing the tk promoter and the synthetic DNA segment
was cloned into pGL2 Basic vector (Promega). By manipu-
lating the structure of the mcs of the basic constructs, the
variant plasmids were constructed. All constructs were
sequenced for verification.

Luciferase assay

Simian COS-7 cells were grown in Eagle’s minimal essential
medium containing 5% fetal bovine serum at 37°C in 5% CO,.
Each construct was introduced into the cells by electroporation
at 300 V/300 WF, in cuvettes containing 1.25 X 10° cells and
5 ug of construct in a 260 pl volume. After electroporation, the
cells were cultured for 21 h. The cells were then washed and
lysed with lysis buffer from the Promega luciferase assay
system and luciferase activity was measured according to the
manufacturer’s instructions.

Nuclei preparation

The introduction of plasmid DNAs into COS-7 cells and
culture of the cells were carried out as for the luciferase assay.
Nuclei were isolated as described by Masumoto et al. (22)
with a modified isolation buffer. Our buffer contained, unless
otherwise indicated, 0.5% (v/v) NP-40 (Sigma) instead
of 0.1% digitonin and the buffer was supplemented with
0.1 pg/ml pepstatin, 0.2 pug/ml leupeptin and 1 mM NaHCO;,
Nuclei were finally suspended in the washing buffer (22)
supplemented with 1 mM NaHCO; (for hydroxyl radical

footprinting), with 1 mM NaHCO; and 3 mM CaCl, (for
MNase digestion), or with 1 mM NaHCO;5; and 5 mM MgCl,
(for DNase I digestion).

Digestion of chromatin with MNase

Aliquots of 100 pl (6 X 10 nuclei/ml) were prepared from the
pLHC4/TLN-6-harboring nuclei suspension. They were pre-
incubated at 37°C for 1 min. MNase (Worthington
Biochemical Corporation) was added at 0.1 or 1.0 U/ml for
indirect end-labeling analysis, and at 2.4, 3.2 or 6.4 U/ml for
the analysis of nucleosomal arrays. The digestion was done at
37°C for 2 min. For indirect end-labeling analysis, using 0.008
or 0.02 U of MNase, naked DNA (supercoiled plasmid DNA)
was digested in the same way. The reaction was stopped by the
addition of 3 ul of 0.1 M EGTA and placing on ice.
Subsequently, 200 ul of the washing buffer without PMSF and
DTT, 6 pl of 20 mg/ml Proteinase K (TaKaRa) and 6 pl of a
solution containing 5% (w/v) SDS and 60 mM EDTA were
added to each sample. The resulting mixture was incubated at
37°C for 30 min. DNAs in the mixture were extracted three
times with phenol, once with phenol/chloroform (1/1, v/v) and
once with chloroform/isoamyl alcohol (24/1, v/v), precipi-
tated, dried and resuspended in 4 or 8 pl of TE (10 mM Tris—
HCIL, pH 7.5; 1 mM EDTA, pH 8.0). In the detection of
nucleosomal arrays, the untreated aliquot was used as an
undigested control sample. We added 3 pl of 0.1 M EGTA to it
instead of adding MNase. The subsequent steps were carried
out as described above.

Digestion of chromatin with DNase I

Digestions of the chromatin DNA with DNase I were
performed in parallel with the digestions of protein-free
DNA controls (supercoiled plasmid DNA). Four aliquots of
100 ul (3 X 10° nuclei/ml) were prepared from the nuclei
suspension. Three were pre-incubated at 37°C for 1 min and
subsequently 3.5 U of DNase I was added to each aliquot.
Then, one aliquot was incubated for 2 min, another for 8 min,
and the third for 32 min. Using 0.35 U of DNase I, naked DNA
was digested in the same way. The reaction was stopped by the
addition of 3 ul of 0.5 M EDTA and placing on ice. The
subsequent steps were performed using the same procedure as
described in the above section. The recovered sample was
resuspended in 5 pl of water. The fourth aliquot, to which we
added 3 pl of 0.5 M EDTA instead of DNase I, was used as an
undigested control sample.

Hydroxyl radical footprinting

Aliquots of 140 ul (2 X 10 nuclei/ml) were prepared from the
pLHC4/TLN-6- or pSTO/TLN-7-harboring nuclei suspension.
The reaction was carried out using 0.5 mM Fe(EDTA),, | mM
sodium ascorbate and 0.06% (v/v) hydrogen peroxide (final
concentrations). For the digestion of supercoiled DNA alone,
50 uM Fe(EDTA),, 1 mM sodium ascorbate and 0.03% (v/v)
hydrogen peroxide were used. The reaction proceeded for
1 min and was quenched by the addition of glycerol to 5%.
DNA recovery was carried out as described above.

Analysis of cutting sites

MNase cleavage sites were detected as follows. Purified
DNAs were used directly to detect nucleosomal arrays or
restricted to completion with Eco811 to determine nucleosome
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Figure 1. The reporter plasmids used in this study. (A) Structure of the plasmids. The symbols ‘mcs’ and ‘luc’ indicate the multiple cloning site and the luci-
ferase gene, respectively. Positions of the (T/A)s tracts are indicated with bold bars. The deleted nucleotides in the mcs are indicated by lines. The nucleotides
inserted into the mcs are shaded. The centers of curved DNA and the TATA box are marked with asterisks. (B) Three-dimensional architecture of the curved
and straight DNA segments in the plasmids. They were drawn by a combination of softwares DIAMOD (50) and RASMOL (51). The modeling algorithm
was based on that of Bolshoy ef al. (52) with the twist angles from Kabsch et al. (53). For left-handedly and right-handedly curved DNA structures, the super-
helical axis is drawn.
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positions in the rk promoter region. Samples and marker
fragments (the latter were prepared by digesting pSTO/TLN-7
variously) were electrophoresed on 1% agarose gels in
Tris-borate—-EDTA buffer, and the DNAs were transferred to
nylon membranes. In the detection of nucleosomal arrays, the
membrane was hybridized with the 171 bp probe that spanned
from —137 to +34 relative to the transcription start site of the tk
gene. In the indirect end-labeling analysis, the membranes
were hybridized with the 250 bp probe that spanned from the
Eco811 site to the position +427. The probes were labeled with
[0-3?P]dCTP (3000 Ci/mmol) by random priming.

Both of the DNase I cleavage sites and hydroxyl radical
cleavage sites were detected by PCR-based primer extension,
using a CircumVent™ Thermal Cycle Dideoxy Sequencing
Kit (New England BioLabs). To detect the sites, the (5’-32P)-
labeled primer (5’-GGAATGCCAAGCTTACTTAG-3’) was
used and the reaction contained 208 UM each of dATP, dGTP,
dCTP and TTP instead of the sequencing mixes in the Kkit.
Sequence ladders for the DNase I footprinting were prepared
by sequencing plasmid DNAs recovered from DNase
[-untreated nuclei. The reaction products were resolved in
6% polyacrylamide—7 M urea gels.

RESULTS
Plasmid constructs

The constructs employed in this study are shown in Figure 1
and Table 1. We constructed 35 luciferase reporter plasmids
each containing a HSV rk promoter, a piece of synthetic DNA
with a defined geometry, and a mcs of variable length in
between. It is known that left-handedly curved DNA (intrinsic
DNA curvature with left-handed superhelical configuration),
right-handedly curved DNA (intrinsic DNA curvature with
right-handed superhelical configuration) and two-dimensional
DNA curvature can be prepared by manipulating the
periodicity of the A-tracts (6,23). In addition, in the study of
Brukner ef al. (24), it was experimentally proved that these
curvatures were actually formed in solution. Based on this
knowledge, synthetic DNAs with different geometries were
constructed by changing the number of base pairs between
each of four (T/A)s repeat tracts (Fig. 1A). The mcs allowed us
to manipulate the distance and the rotational phase between
the curved DNA and promoter, by removing up to 20 bp or
alternatively inserting up to 89 bp. Further variations of 1 or
2 bp were due to random deletions, which occurred during the
construction of the plasmids. For the study, plasmids were
grouped according to the shape of synthetic DNA (Table 1). In
the constructs STO, ST4, LHC4, TDC4 and RHC4 the
nomenclature is derived thus: straight, straight (zigzag), left-
handedly curved, two-dimensionally curved and right-hand-
edly curved, respectively (Fig. 1B). The number of (T/A)s
tracts in the construct is indicated by ‘0’ and ‘4’. Finally, the
number at the end of each plasmid name indicates the number
of base pairs that were deleted from or inserted into the mcs.

Left-handedly curved DNA activates transcription

Promoter activity was studied by electroporating each con-
struct into COS-7 cells and performing a luciferase assay after
21 h in culture. The hybrid 7k promoter was most activated in

the pPLHC4/TLN-6 that contained a left-handedly curved DNA
and this activity was ~9-fold higher than the corresponding
straight controls in pSTO/TLN-7 and pST4/TLN-6 (Fig. 2A).
The promoter of pLHC4/TLN-16 was also activated. Thus, the
left-handedly curved DNA seems to be important for
activation of transcription. Although distances between the
left-handedly curved DNA and the TATA box are similar
among the constructs pLHC4/TLN-6, pLHC4/TLN-16,
pLHC4/TLN, pLHC4/TLN-10 and pLHC4/TLN-20, the latter
three constructs showed low promoter activities. This reason is
indicated in Figure 2B. These three constructs were quite
different from the pLHC4/TLN-6 and pLHC4/TLN-16 for the
parameter of the rotational orientation (the spatial positioning
of the curved DNA is reversed between two groups). Thus, the
importance of the rotational orientation is indicated. However,
despite the orientations being the same among pLHC4/TLN-
16, pLHC4/TLN+47 and pLHC4/TLN+89, promoter was not
activated in the latter two constructs (Fig. 2B), indicating that
the distance between the curved DNA and the promoter is also
important. For the two parameters, the pTDC4/TLN-7,
pRHC4/TLN, pRHC4/TLN-10 and pRHC4/TLN-21 are simi-
lar to the activated constructs. However, the tk promoter was
not activated in these four constructs. This strengthens the
importance of the shape of the curved DNA again. In
conclusion, activation of the promoter seems to be optimized
when the left-handedly curved DNA is introduced with
appropriate combination of distance and spatial positioning.

Nucleosomes are formed ir vivo on the region containing
the tk promoter

To know why pLHC4/TLN-6 showed high tk promoter
activity, the in vivo structure of pLHC4/TLN-6 was investi-
gated by electroporating the plasmid into COS-7 cells,
isolating nuclei and performing MNase digestions and
electrophoretic analyses. This enzyme cuts the linker regions
between nucleosomes. A Southern blot of the digest was
probed with a promoter DNA fragment (Fig. 3). The large part
of the DNA molecules stayed at positions of nicked and
linearized forms in the gel (lanes 2—4), indicating that the
majority of the pLHC4/TLN-6 molecules were protected
against the digestion. A small fraction was, however,
fragmented and regularly spaced DNA bands of sizes ~200,
~360, ~530, ~710 and ~880 bp were generated. The distance
between these bands ranged from 160 to 180 bp, consistent
with the presence of nucleosomal arrays. When we used nuclei
that were prepared in the presence of 5% NP-40, the digestion
proceeded more efficiently and the ladder of the bands
emerged more clearly (lanes 5 and 6). The linker DNA regions
of the plasmid chromatins were presumably covered with
various proteins in cells, such as transcription factors,
chromatin modifying enzymes, DNA topoisomerases, HMG
proteins and non-specific DNA binding proteins. We speculate
that at low concentrations of NP-40 they protected the plasmid
chromatins against the digestion. However, presumably, high
concentrations of the detergent could considerably remove
such proteins and allow the MNase access to the linker DNA
regions. Aside from the speculation, it seems safe to conclude
that the nucleosomal arrays were formed, at least, on the
promoter region.

Translational and rotational positionings of nucleosomes
play an important role in transcription (25-28). Subsequently,
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Table 1. Structural characteristics of the reporter constructs

Construct Helix axis? Rotational orientation® (°) Distance® (bp)
pSTO/TLN Straight - 131
pSTO/TLN-7 Straight - 124
pSTO/TLN-10 Straight - 121
pSTO/TLN-17 Straight - 114
pSTO/TLN-21 Straight - 110
pSTO/TLN+46 Straight - 177
pSTO/TLN+87 Straight - 218
pST4/TLN Straight (zigzag) - 131
pST4/TLN-6 Straight (zigzag) - 125
pST4/TLN-10 Straight (zigzag) - 121
pST4/TLN-16 Straight (zigzag) - 115
pST4/TLN-20 Straight (zigzag) - 111
pST4/TLN+47 Straight (zigzag) - 178
pST4/TLN+89 Straight (zigzag) - 220
pLHC4/TLN Left-handedly curved -17.1 131
pLHC4/TLN-6 Left-handedly curved 137.1 125
pLHC4/TLN-10 Left-handedly curved 0 121
pLHC4/TLN-16 Left-handedly curved 154.3 115
pLHC4/TLN-20 Left-handedly curved 17.1 111
pLHC4/TLN+47 Left-handedly curved 154.3 178
pLHC4/TLN+89 Left-handedly curved 154.3 220
pTDC4/TLN Two-dimensionally curved 343 131
pTDC4/TLN-7 Two-dimensionally curved 154.3 124
pTDC4/TLN-10 Two-dimensionally curved 514 121
pTDC4/TLN-17 Two-dimensionally curved 171.4 114
pTDC4/TLN-21 Two-dimensionally curved 343 110
pTDC4/TLN+47 Two-dimensionally curved -154.3 178
pTDC4/TLN+89 Two-dimensionally curved —-154.3 220
pRHC4/TLN Right-handedly curved 137.1 131
pRHC4/TLN-7 Right-handedly curved -102.9 124
pRHC4/TLN-10 Right-handedly curved 154.3 121
pRHC4/TLN-17 Right-handedly curved -85.7 114
pRHC4/TLN-21 Right-handedly curved 137.1 110
pRHC4/TLN+47 Right-handedly curved 514 178
pRHC4/TLN+89 Right-handedly curved -51.4 220

aTrajectory of the helical axis of the curved DNA or straight DNA region.

"The rotational angle of the curved DNA center relative to the center of the TATA box. The angle is
calculated as [(D/10.5) — n]360, where D is the distance between the centers (bp) and n is the integer nearest
to the value of D/10.5. The minus sign corresponds to the leftwards rotation relative to the center of the

TATA box.

‘Distance between the center of the TATA box and the nucleotide at the downstream end of the synthetic

curved DNA or straight DNA.

potential sequence-specific localization (translational pos-
itioning) of the nucleosomes on pLHC4/TLN-6 was investi-
gated by indirect end-labeling analysis (29,30). Some bands in
the chromatin lanes also emerged in DNA lanes (Fig. 4). This
is often the case (31,32), and is caused by the high selectivity
of MNase for some sequences (33,34). However, the intensity
of bands is strikingly different in chromatin and in DNA. If the
nucleosomes were not formed, we would observe the same
bands with a similar intensity in chromatin and in naked DNA.
Therefore, we conclude that some of the MNase-specific sites
in naked DNA are protected by histones in nuclei. The regions
between —470 (relative to the tk Cap site) and —670, and
between —250 and —470, were clearly protected from the
MNase attack in nuclei (position number indicates the center
of each band). This result indicates that translationally
positioned nucleosomes were formed in these regions. We
named these nucleosomes ol and 02, respectively. A smear
pattern was observed in the promoter region. However, the
position —80 was considerably protected in chromatin.
Considering the result that the promoter is involved in the
nucleosome structure (Fig. 3), these results indicate that

multiple populations of nucleosomes with different position-
ing were present on this region. Among them, we may
recognize two relatively major populations, one located
between approximately —30 and —250 and the other between
approximately +30 and -140, which were more clearly
detected in DNase I footprinting (described later). The same
analysis was carried out using the control constructs such as
pSTO/TLN-7, pST4/TLN-6, pTDC4/TLN-7 and pRHC4/
TLN-7. Each has a different DNA segment in the same
locus where the pLHC4/TLN-6 has the left-handedly curved
DNA. However, almost the same patterns as observed for the
pLHC4/TLN-6 were obtained (data not shown). Thus, we
could not clarify the reason why pLHC4/TLN-6 showed high
promoter activity in this low resolution analysis.

The left-handedly curved DNA can expose the TATA
box in chromatin

Using the plasmid-containing nuclei, then, the rotational
setting of the pLHC4/TLN-6 promoter on a histone core was
investigated by in vivo DNase I footprinting (Fig. 5A). The
pSTO/TLN-7, pST4/TLN-6, pTDC4/TLN-7, pRHC4/TLN-7
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Figure 2. Effect of DNA architecture on the activity of the tk promoter. (A) Activities plotted against distance of the synthetic DNA from the TATA box.
The data are grouped according to the shape of the upstream DNA. The distance is measured between the center of the TATA box and the nucleotide at the
downstream end of the curved DNA, or straight DNA (Table 1). Values represent the mean = SD (n = 7 or 8). Constructs are indicated with the last numbers
that appear in the plasmid names. The constructs with the complete mcs are indicated with ‘*=0’. (B) Activities plotted against the rotational orientation of the

curved DNA’s center relative to the center of the TATA box.

and pLHC4/TLN-16 were used as controls. The pLHC4/TLN-
16 harbors the same left-handedly curved DNA as the pLHC4/
TLN-6 in the locus 10 bp closer to the TATA box. This
construct showed the second highest promoter activity (Fig. 2).
A small fraction of each construct recovered from the nuclei
had been already nicked or cleaved by endogenous DNases

(‘=" lane within ‘Ch’ lanes in each autoradiogram), though
most was intact (see the gel top). Interestingly, most of these
cleavage sites coincided with those generated by DNase L.
Thus, the endogenous DNases seem to have attacked the
chromatin either in the nuclei or during the DNA recovery
process. The chromatin-specific DNase I cleavages formed
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two 10 bp ladders in the promoter region of each construct,
indicating that each promoter was rotationally positioned on
the surface of a histone core in two different ways. In one
ladder, cleavages emerged within each of four cis-DNA
elements (also see Fig. 5B), indicating that they all faced
outwards from the nucleosome surface. We named the
nucleosomes of this type the active (AC)-form nucleosomes.
In the other ladder, the cleavages occurred outside (or at the
edge of) the cis-DNA elements. These elements were thought
to face inwards, towards the histone core. Thus, we named the
nucleosomes of this type as the inactive (IA)-form. Using the
nucleosomes reconstituted on the pLHC4/TLN-6 fragment
in vitro, we also performed DNase I footprinting. Although the
TA-form ladder was short, these two ladders were also
observed clearly (Supplementary Material, Fig. S1). Thus, it
seems safe to conclude that the ladders shown in Figure 5 were
actually derived from nucleosomes.

A notable difference was observed for the AC-form ladders.
The lengths of the ladders differed: i.e. pPLHC4/TLN-6, 165
bp; pLHC4/TLN-16, 155 bp; pSTO/TLN-7, 135 bp; pST4/
TLN-6, 126 bp; pTDC4/TLN-7, 167 bp; pPRHC4/TLN-7, 136
bp (Fig. 5A). The difference in the ladder length originates in
the curved/straight DNA region. The lengths of 165, 155 and
167 bp indicate that multiple nucleosomes with the same
rotational but different translational positioning were impli-
cated in the formation of the respective ladders. The ladders of
pLHC4/TLN-6 and pTDC4/TLN-7 measure 147 and 149 bp
from the upstream end to the third step from the bottom,
respectively. Importantly, their TATA boxes are out of these
spans. Although this is a common feature between pLHC4/
TLN-6 and pTDC4/TLN-7, the cleavage signals in the curved
DNA region of the former were considerably stronger than the
corresponding signals of the latter. This indicates that
the population of the AC-form nucleosomes that formed on
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Figure 4. Analysis of translational positions of nucleosomes formed on the
pLHC4/TLN-6. Plasmid-containing nuclei and naked supercoiled plasmid
DNA were subjected to MNase digestion. After deproteinization, DNAs
were digested with Eco811 and MNase-sensitive DNA sequences were
detected with the indirect end-labeling technique. The relative extent of
MNase digestion is indicated on the top of the autoradiogram. Labels
‘DNA’, ‘Ch’ and ‘M’ indicate naked DNA, chromatin DNA and the size
marker, respectively. The distinctive cleavage sites and the protected sites
in chromatin are indicated with black and white arrowheads, respectively.
The sites are numbered relative to the transcription start site. o1 and o2 are
translationally positioned nucleosomes.

the curved DNA region was less abundant in the case of
pTDC4/TLN-7. In contrast, the constructs pLHC4/TLN-6 and
pLHC4/TLN-16 showed very similar 10 bp ladders (Fig. SA).
It seems that the populations of the curved-DNA-containing
nucleosomes were almost the same between pLHC4/TLN-6
and pLHC4/TLN-16. This was confirmed by a densitometric
analysis (data not shown). The AC-form ladder of pLHC4/
TLN-16, however, measures 146 bp from the upstream edge to
the second step from the bottom. Since this step corresponds to
the center of the TATA box, it seems that the TATA box was
located at the edge of the relevant nucleosome. Concerning the
IA-form nucleosomes, no clear qualitative or quantitative
difference was observed among the constructs.

We also performed hydroxyl radical footprinting to map
contacts between proteins and pLHC4/TLN-6 more finely.
Nuclei harboring the construct and the plasmid alone (super-
coiled form) were treated with hydroxyl radicals, respectively.
In this experiment, pSTO/TLN-7 was used as a control. Except
for the loci of synthetic DNA and the TATA box, no notable
difference was observed between them. The cleavage patterns
in and around the TATA box are shown in Figure 6 (for the
whole data set, see Supplementary Material, Fig. S2). The
hydroxyl radical footprint clearly indicated that the TATA box
region was considerably open in the pLHC4/TLN-6 chroma-
tin. Most nucleosomes were presumably located in the region
upstream of the TATA box and only a minor population
covered the TATA box region. On the other hand, the TATA
sequence was incorporated into nucleosomes in the case of
pSTO/TLN-7 chromatin. The DNase I footprints indicated that
the pLHC4/TLN-6 chromatin and the other chromatins
somewhat differed as to the DNA conformations of the
distal GC box and the CCAAT box (Fig. 5B). However, this
point was not clear in the hydroxyl radical footprints
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(Supplementary Material, Fig. S2). Even a very minor change
occurring in nucleosomal DNA may have influenced the
accessibility in the DNase I footprinting because the enzyme is
much larger than the chemical reagent.

DISCUSSION

In the present study, we scrutinized the relationship between
upstream DNA geometry, nucleosome positioning and pro-
moter strength. Curved DNA with a left-handed superhelical
writhe activated promoters at a specific rotational phase and
distance. It was found that the left-handedly curved DNA
could expose the TATA box in chromatin by influencing
nucleosome positioning.

The mechanism underlying curved DNA-mediated
transcriptional activation observed in this study

The pLHC4/TLN-6 and pLHC4/TLN-16 showed the highest
and the second highest promoter activities among the 35
constructs, respectively. Judging from the lengths of their
AC-form ladders (Fig. 5), the left-handedly curved DNA of
the former certainly generated a chromatin population in
which the TATA box was located in the linker region (Fig. 7).
We named the nucleosome adjacent to the TATA box 3. In
the pLHC4/TLN-6 chromatin, all nucleotides of the TATA
sequence were well cleaved by hydroxyl radicals (Fig. 6),
indicating that the a3-containing population was not small. On
the other hand, DNase I could not adequately cleave them,
except one center nucleotide (Fig. 5). This is explained as
follows. Rotational setting of the TATA box was presumably
regulated by the a3 to expose its minor groove towards the
environment even in the linker DNA region, for the TATA box
was located in close vicinity to this nucleosome. This structure
and large size of the enzyme presumably limited the cleavage.
The TBP recognizes the minor groove of the TATA box
(35,36). Therefore, it is thought that the access of TBP to this
sequence was facilitated by these structural advantages.
Viewed in this light, the pLHC4/TLN-6 chromatin containing
the a3 seems to be the very chromatin that generated a large
quantity of the transcripts. Also, the pPLHC4/TLN-16 gener-
ated a similar chromatin population. In this case, however, the
TATA box was most probably located at the edge of the
nucleosome (Fig. 7). In other words, it was less accessible.
Concerning the population of the a3-containing chromatins,
there was no difference between pLHC4/TLN-6 and pLHC4/
TLN-16 (Fig. 5A). Thus, the position of the TATA box
presumably made the latter promoter less active.
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It seems that the pTDC4/TLN-7 molecules also formed the
a3-type nucleosomes. However, judging from the result that
the cleavage signals in the curved DNA region were faint
(Fig. 5A), their population was presumably small. In the cases
of pSTO/TLN-7, pST4/TLN-6 and pRHC4/TLN-7, the pres-
ence of the o.3-type nucleosomes was not obvious (Fig. 5A). It
is thought that in major populations of the pTDC4/TLN-7,
pSTO/TLN-7, pST4/TLN-6 and pRHC4/TLN-7 chromatins,
the TATA box was located in nucleosomes. This point was
clarified for the pSTO/TLN-7 chromatin (Fig. 6). All these
things make it clear that the presence of the o3-type
nucleosomes and their population played a key role
in transcription. Actually, the transcription level of
pTDC4/TLN-7 was considerably lower than those of the
pLHC4/TLN-6 and pLHC4/TLN-16, but it was slightly higher
than those of pSTO/TLN-7, pST4/TLN-6 and pRHC4/TLN-7
(Fig. 2).

The general observation is that frans-acting factors often
have access to promoters that are organized into chromatin in
living cells, even when cis-DNA elements are adjacent to
nucleosomes or actually incorporated into them (37-40).
Compared with the TATA box, the other cis-DNA elements
were presumably less accessible in the pLHC4/TLN-6
chromatin because they were completely incorporated into
3. Furthermore, two GC boxes displayed only their minor
grooves towards the environment on the surface of the
nucleosome (Fig. 6). A zinc-finger protein Spl interacts with
the major groove of the GC box (41). Thus, it seems that they
were not involved in the very first step of transcription. The
efficient interaction of Spl with CTF (CCAAT box transcrip-
tion factor) and TFIID is, however, indispensable for optimal
transcription from the tk promoter (42). It is speculated that
this interaction occurred after the chromatin was locally
remodeled.

Structural basis in the formation of the nucleosome o3

It appears that the a3-type nucleosomes were generated based
on the geometrical continuity between the following two
supercoils: the promoter DNA on the nucleosome and the
intrinsic DNA curvature in the upstream region. However, the
nucleosomes assembled on the pLHC4/TLN-6 may have
adopted a slightly altered nucleosome structure. Helical axis
trajectory of the rk promoter per se is not perfectly straight
(data not shown). Thus, in order to let two structures (curved
DNA and tk promoter) get along with each other on the same
nucleosome, a slightly altered nucleosome structure may have
been constructed. The minor difference in the DNase I
footprints that was observed between the pLHC4/TLN-6

Figure 5. Rotational positioning of the nucleosomes formed in vivo on the promoters. (A) Footprints of the pLHC4/TLN-6, pLHC4/TLN-16, pSTO/TLN-7,
pST4/TLN-6, pTDC4/TLN-7 and pRHC4/TLN-7 chromatins. The nuclei harboring each construct were isolated and treated with DNase 1. The cleavage sites
were detected by linear amplification with a radiolabeled primer and a thermostable DNA polymerase. Lanes labeled ‘DNA’ and ‘Ch’ show DNase I cleavage
sites in naked DNA (supercoiled plasmid) and in chromatin DNA, respectively. The lanes labeled ‘-~ indicate DNase I-untreated samples. A sequence ladder
was obtained by PCR-based cycle sequencing of part of the sample recovered from DNase I-untreated nuclei. The major cleavage sites in chromatin DNA,
and lesser sites of cleavage that did not appear in the plasmid DNA (chromatin-specific DNase I cleavage sites), are indicated on the right of each
autoradiogram. The distances between the cleavage sites (bp) are indicated where they were between 8 and 12 bp, or near multiples of 10 bp. ‘AC” and ‘IA’
indicate active and inactive forms of nucleosomes, respectively. The small filled triangles on the left of each autoradiogram indicate overlap points of the
signals. In the sequence of pSTO/TLN-7, the region containing the 5-TCAG-3" repeat apparently lacked one repeat unit. However, we propagated the same
sample in E.coli cells and sequenced it again, verifying that it has 10 repeat units. (B) The DNase I cleavage sites in the tk promoter. These sites are indicated
by black arrows or arrowheads. The cleavage sites in the CCAAT and distal GC boxes on the active form nucleosomes were slightly different between
pLHC4/TLN-6 and the other constructs, and those of pLHC4/TLN-6 are shown with black arrowheads alone.
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population, the nucleosome o3 was positioned on the left-handedly curved DNA. The TATA box was located outside (pLHC4/TLN-6) or at the edge
(pLHC4/TLN-16) of the a3. The distance between the centers of the distal GC box and the TATA box of the tk promoter is 74 bp and the CCAAT box lies
close to this GC box (separated by only one helical turn). Thus, these three elements must be spatially very close to each other. For ol and o2, see Figure 4.

chromatin and the other chromatins (Fig. 5B) may suggest this
‘adaptation’. A similar example has been reported (43). In the
case of pTDC4/TLN-7, it seems that a certain geometrical
discontinuity existed between the two, which presumably
lowered generation of the a3-type nucleosomes. For pRHC4/
TLN-7, pSTO/TLN-7 and pST4/TLN-6, the more pronounced
geometrical discontinuity and/or a difference in DNA
bendability were presumably present. In the low resolution

analysis of translational positioning of nucleosomes, one
signal was observed at approximately position—30 for pPLHC4/
TLN-6 (Fig. 4). Certainly, it corresponds to one border
(downstream border) of the AC-form nucleosomes detected by
in vivo DNase I footprinting (Fig. 5). In these analyses,
however, we could not obtain any information on the o.3-type
nucleosomes from the cleavage signals that emerged in and
around the downstream border. This seems simply due to the



resolution of the enzymatic analyses. Actually, a high-
resolution chemical method showed a difference between
the TATA box regions as described above (Fig. 6).

Then, what was the driving force to position a histone core
on that locus? It is known that nucleosomes often preferen-
tially associate with curved DNA structures (21,44-47). Also,
short range sliding of nucleosome seems to be a general
phenomenon that is dependent on the underlying DNA
sequence (48). Thus, two possibilities are raised: (i) the core
had a high affinity for the left-handedly curved DNA or (ii)
nucleosome sliding occurred from the promoter towards the
curved DNA. TBP binding to DNA can induce nucleosome
sliding (49). Thus, the left-handedly curved DNA segment
may have functioned as an acceptor of the sliding nucleosome
and helped a dynamic process of transcription. We speculate
that the two effects raised as possibilities worked synergistic-
ally to activate transcription in the case of pLHC4/TLN-6 and
pLHC4/TLN-16.

Curved DNA with a left-handed superhelical writhe acti-
vated eukaryotic transcription. Interestingly, it is a rightwards
superhelical writhe that activates transcription in prokaryotes
(6). It seems that the principal role of curved DNA structures
in prokaryotes is to modulate the interaction between a
promoter and RNA polymerase (1,5), while in eukaryotes it
may organize local chromatin infrastructures appropriate for
transcription initiation as suggested by this study.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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