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To identify artificial DNA segments that can stably express transgenes in the
genome of host cells, we built a series of curved DNA segments that mimic a
left-handed superhelical structure. Curved DNA segments of 288 bp (T32)
and 180 bp (T20) were able to activate transcription from the herpes simplex
virus thymidine kinase (¢k) promoter by approximately 150-fold and 70-fold,
respectively, compared to a control in a transient transfection assay in
COS-7 cells. The T20 segment was also able to activate transcription from
the human adenovirus type 2 E1A4 promoter with an 18-fold increase in the
same assay system, and also activated transcription from the tk promoter on
episomes in COS-7 cells. We also established five HeLa cell lines with
genomes containing T20 upstream of the transgene promoter and control
cell lines with T20 deleted from the transgene locus. Interestingly, T20 was
found to activate transcription in all the stable transformants, irrespective of
the locus. This suggests that the T20 segment may allow stable expression of
transgenes, which is of importance in many fields, and may also be useful
for the construction of nonviral vectors for gene therapy.

DNA is packaged into chromatin in eukaryotes, thereby
maintaining genes in an inactive state by restricting
access to the general transcription machinery. Proteins
that turn on or activate gene transcription are called
activators, and these proteins recruit the chromatin
remodeling complex to facilitate transcription [1-3}.
Activators can bind to a target element in a regulatory
promoter or enhancer [4], even when the target is
adjacent to or actually within a nucleosome [5-9]. The
regulatory promoter is typically located immediately
upstream of the core promoter, which is positioned
immediately adjacent to and upstream of the gene {4].
Regulatory promoters often include intrinsically
curved DNA structures and poly(dA-dT) sequences
{10,11]. Recent studies have shown that such struc-
tures are used to organize local chromatin structure to
allow activator-binding sites to be accessible [11]. This

Abbreviations

suggests that engineering of chromatin structure for
gene expression may be possible using these promoter
structures or artificial mimics. This new technology,
which might be referred to as ‘chromatin engineering’,
would also permit stable expression of transgenes,
which is of importance in many areas of the biological
sciences. Moreover, such technology could lead to the
development of useful nonviral vectors for gene ther-
apy. Therefore, the goal of the current study was to
construct artificial bent DNA segments that can stably
express transgenes in the genome of living cells, as a
first step in chromatin engineering.

We have reported that a 36 bp left-handed curved
DNA segment, which we refer to as T4 in the present
study (T indicates a dT-dA tract and the numeral indi-
cates the number of tracts), activates the herpes sim-
plex virus thymidine kinase (HSV tk) promoter in a

Ad2, adenovirus type 2; EBV, Epstein—Barr virus; HSV, herpes simplex virus; mcs, multiple cloning site.
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Designed DNA as an activator of transcription

transient transfection assay system, at a specific rota-
tional phase and distance between T4 and the promo-
ter [12]. We concluded that T4 formed part of the
nucleosome, leaving the TATA box in the linker DNA
with its minor groove facing outwards, which led to
activation of transcription by approximately 10-fold.
Here, we investigated the effect on transcription of
curved DNA segments that are longer than T4, using
episomes and stable transformants, in addition to a
transient transfection assay system. We show that a

N. Sumida et al.

180 bp left-handed curved DNA segment (T20) causes
marked activation of transcription, irrespective of the
assay system employed.

Results

Plasmid constructs

The constructs used in this study are shown in Table 1
and Fig. 1. The periodicity of A-tracts determines the

Table 1. Reporter constructs used in this study. The ‘drive unit’, which is shown in detail in Fig. 1, indicates the segment containing a pro-
moter and an upstream synthetic DNA with a defined geometry. fuc, luciferase gene; CMV-IE, cytomegalovirus immediate-early gene; pgk.
mouse phosphoglycerate kinase gene; neo, neomycin phosphotransferase gene; EBVori, Epstein-Barr virus replication origin; EBNAT,

Epstein—-Barr virus nuclear antigen 1 gene.

Group Name Drive unit Vector
| pSTO/TLN-7% 1
| pLHCA/TLN-6 2
! pLHCB/TLN-6 3
| pLHC12/TLN-6 4 Sall—
i pLHC16/TLN-6 5 ori
| pLHC20/TLN-6 6
| pLHC24/TLN-6 7
] pLHC28/TLN-6 8 Juc
| pLHC32/TLN-6 9
| pLHC36/TLN-6 10
| pLHC40/TLN—6 " Pst | ——
It pRHC4/TLN?® Dr!ve 3
1 pRHC4/TLN+40 12 unit amp’
I pRHCB/TLN+40 13 Kenl —'1
i pRHC12/TLN+40 14
i pSTO/ELN 15
i pL.HC20/ELN 16
% pSTO/TLN-7/EBVorf 1
I\ pLHC20/TLN-8/EBVori 6 . ori
v pLHC32/TLN-6/EBVori 9 neo'/kan
Sv40 CMV-IE promoter
promoter
BamH | —-l
EBNA1
luc 1
Drive Psti—x_ EBVori
unit |
\ pLHC20/IoxP/TLN-6 17 neo’ non
Vv pL.HC20/IoxP/-2/TLN-6 18 pgk s
v pLHC20/IoxP/-4/TLN-6 19 promoter 1
\ pLHC20/loxf/-5/TLN-6 20
\Y pLHC20//oxP/-8/TLN-6 21
v pLHC20/ IoxP/-10/TLN-6 22 lue
Drive Pst | = am pr
unit ) e

2Plasmids reported previously [12,14].
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Drive unit
Nru | 1
t tk promoter |r>
1 |STO Ao rCACToACTCAGTCAGTCASTCAGTOAGIGAGTOAGTC ]
5 T 4 ICAS TTTTT(CATGITITT X 36 bp
T4

3 T8 [MIgsTa 72bp
4 T12[T4] msrsc T4' G'.l‘Gc 108 bp
5 T16 T4 CBCG T4l GTGC T4' GTGC T4’ 144 bp
6 T20 m oL T4 |heE[ T 1G0eE TAISheE T4 180 bp
7 T24 [TA1EEE mmm m&gw-m 216 bp
8 T28 [T4 1588 T4' G'l‘GC (T4 1R T4 RS A T4 252 bp
9 T32 [T418 G'rc;c T47] %cssm G T4 T4]  288bp
10 T36 [T2 &8 T4' G'.EGC GTGC L T4'] Grscm//‘m 324 bp
11 T40 [TA 1R TAIREE T‘V Greal T4 )GREE T4 163/ T4'] 360 bp

Nrul 1

tkpromoter
12 M(%%)m 480p
T4-R
13 T8-R [TARGGGTAR" 96 bp
14 TARISESITA-R &5 T4-R 144 bp
PmaCl 1
STO |mcs E1Apromoter
15 { L |
bl +1
-

16 |

Fig. 1. Structure of the 'drive unit’ shown in

Tabie 1. 'mes’ and ‘loxP indicate the mul-

tiple cloning site and the foxP sequence 17
[18], respectively. The complete nucleotide 18
sequences of drive units 1 and 2 are given 19
in Nishikawa et al. [12]. The ETA promoter 20
spans the region from nucleotides 357 to 21
498 of human Ad2 DNA. 22

three-dimensional architecture of DNA: that is, periodi-
cities smaller than 10.5 bp give left-handed curves, and
those larger than 10.5 bp give right-handed curves
[12,13]. Based on this knowledge, left-handed or right-
handed curved DNA segments were prepared. The plas-
mids pSTO/TLN-7, pLHC4/TLN-6, pRHC4/TLN and
pSTO/TLN-7/EBVori have been reported previously
[12,14]. In the construct names, ‘ST, ‘LHC’ and ‘RHC’
indicate straight, left-handed curved and right-handed
curved, respectively, and the numerals following these
indicate the number of (T/A)s tracts in the construct.
‘TL’ in ‘TLN’ refers to the tk promoter and the
luciferase gene, and ‘EL’ in ‘ELN’ refers to the ElA4

FEBS Journal 273 (2006) 5691-5702 © 2006 The Authors Journal compilation © 2006 FEBS

loxP  tk promoter r”

CICGACTGTTTC
GAGCTGACAAAG
CTCGACTGTC
GACAG
CTCGACTC
GAG

promoter of human adenovirus type 2 (Ad2) and the
luciferase gene. In the tk promoter-based constructs, the
best position of the left-handed curved segment for tran-
scriptional activation was determined to be 125 bp
upstream from the center of the TATA box [12]. Thus,
we inserted longer curved DNA segments into that posi-
tion. For convenience, the constructs were divided into
five groups. Groups 1, II and III were used in transient
transfection assays: group I constructs each contained a
left-handed curved DNA, except for the control con-
struct pSTO/TLN-7; group II constructs each contained
a right-handed curved DNA; group III constructs
contained the Ad2 EIA promoter instead of the tk

5693
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promoter. The group IV constructs were replicable in
host cells, and the group V constructs were prepared for
the examinination of transcription levels on the genome
of stable transformants. In the group II constructs,
‘+ 40’ indicates an insertion of a 40 bp DNA fragment
within the multiple cloning site (mcs). In the group Vv
constructs, a number between two slashes indicates the
number of base pairs that were deleted from the region
between the downstream loxP sequence and the tk
promoter.

Marked activation of transcription by left-handed
curved DNA segments in a transient expression
system

Promoter activity was studied by introducing each
construct into COS-7 cells by electroporation and
performing a luciferase assay after 21 h in culture. The
results are shown in Fig. 2. The promoter activity of

N. Sumida et al.

pSTO/TLN-7, which has a straight DNA segment
upstream of the tk promoter, was used as a control, and
the data are presented as a fold increase over the
control. The previously reported activity of pLHC4/
TLN-6 [12] is also shown. As shown in Fig. 2A, all left-
handed curved DNA segments (named Tn, where n = 4,
8,12, 16, 20, 24, 28, 32, 36 and 40; Fig. 1) activated tran-
scription from the tk promoter, although the extent of
activation differed among these segments. For the seg-
ments from T4 to T32, the extent of transcriptional acti-
vation correlated with the length of the curved segment;
however, T36 was less effective than T32, and T40 was
less effective than T36. Thus, the most effective segment
for transcriptional activation was T32, which activated
the tk promoter in COS-7 cells by approximately 150-
fold, relative to the control comstruct. The fragment
length itself might generate some positive effects on
transcription. To examine this possibility, we substituted
the Tn region with a 196 bp straight DNA fragment

A Fold increase of promoter activity
over control construct
01 20 40 €0 80 100 120 140 160 180 200 220
pSTO/TLN-7 i ' ' | ' ' I '
pLHC4/TLIN-6 [ T4
pLHCB/TLIN-6 [+ T8
pLHCI2TIN-6 [ H T12
pLHCi6/TLN-6 [ +— Ti6
pLHC20/TLN-6 1— T20
pLHC24/TLN-6 T— T24
pLHC28/TLN-6 }——— T28
pLHC32/TLN-6 s T32
pLHC36/TLN-6 ~}—— T36
pLHCAO/TLN-6 —}— T40
PRHC4/TLN b T4-R
pRHCA/TLN+40 [} T4-R
pRHCS/TLN+40 [} T8-R
pRHC12/TLN+40 [} T12-R
B Fold increase of promoter activity
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Fig. 2. Effect of curved DNA segments on transcription, as examined in a transient transfection assay. (A) Effect on transcription from the
HSV tk promoter. The promoter activity was determined in a luciferase assay, with the activity of pSTO/TLN-7, which includes a straight
DNA segment, used as a standard. The promoter activity of pLHC4/TLN-6 is cited from Nishikawa et al. [12]. Values are shown as
means + SD (n = 6 or 4). {B) Effect of T20 on transcription from the human Ad2 E1A promoter. The activity of pSTO/ELN, which includes a
straight DNA segment, was used &s a standard. Values are shown as means = SD (n = 6}.
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derived from pUCI19 (spanning nucleotides 1619-1814).
The transcription level of this construct was almost the
same as that of pSTO/TLN-7 (not shown). Thus, it was
confirmed that the fragment length was irrelevant to the
transcriptional activation.

The effects of right-handed curved segments on trans-
criptional activation were also investigated. In a pre-
liminary test, insertion of a 40 bp DNA fragment into
the mcs slightly increased the promoter activity com-
pared to that of pRHC4/TLN (but the effect was only
slight). Therefore, the effect of longer right-handed
curved segments was examined in constructs with a
40 bp insertion. However, the effects of all these seg-
ments on transcriptional activation were very slight,
compared with the activity of the pSTO/TLN-7 control
construct (Fig. 2A).

We also investigated the effect of T20 using the
human Ad2 EIA4 promoter. Control promoter activity
was obtained using pSTO/ELN, which carries a
straight DNA segment upstream of the EJ/A promoter.
As shown in Fig. 2B, T20 was able to activate the El4
promoter by 18-fold over the control, showing that
this segment can activate another eukaryotic promoter,
in addition to the tk promoter.

Effects of left-handed curved DNA segments on
transcription on episomes

Chromatin structures formed on DNA templates that
can replicate in the nucleus are likely be more uniform
than those formed on nonreplicable DNA templates.
To examine whether the phenomenon observed in
Fig. 2A was reproducible on replicable DNA tem-
plates, the episomes pLHC20/TLN-6/EBVori and
pLHC32/TLN-6/EBVori were constructed (group IV
constructs in Table 1). They were introduced into
COS-7 cells and allowed to replicate, and then promo-
ter activities were assayed 21 days after transfection
(Fig. 3). Although both T20 and T32 activated the ¢k
promoter, the extent of activation was greatly reduced
in each case, compared with the results obtained in the

Designed DNA as an activator of transcription

transient transfection assay. The T20 segment activated
transcription five-fold and T32 did so approximately
four-fold, relative to control data. In contrast to the
results for transient transfection, T32 gave less activa-
tion of transcription than T20 in episomes.

Effect of left-handed curved DNA segments on
transcription in genomic chromatin

As T20 gave greater activation of transcription than
T32 in episomes (Fig. 3), we studied the effect of the
T20 segment on transcription in the context of genomic
chromatin. The reporter constructs used for this pur-
pose are shown in Table 1 and Fig. 1.. The T20
sequence was placed between two loxP sequences, and
this region was placed upstream of the tk promoter.
The loxP sequences were included to allow establish-
ment of control cell lines containing genomes in which
T20 is deleted, as described below. The rotational ori-
entation of the upstream curved DNA relative to the
promoter has previously been shown to influence the
promoter activity [12]. Therefore, to optimize the effect
of T20, we initially constructed several derivatives with
T20 oriented differently relative to the tk promoter
(group V in Table 1), and investigated the resulting
effects on transcription in the transient transfection
assay used in Fig. 2. A deletion of two nucleotide pairs
from the region between the downstream JoxP sequence
and the tk promoter generated pLHC20/loxP/-2/
TLN-6. As the deletion generates a rotation of 69°
[(2710.5) x 360°] between both sides of the deletion, the
rotational phase between T20 and the promoter in the
construct differs by 69° from that in pLHC20/
loxP/TLN-6. Deletions of four, five, eight and 10
nucleotide pairs generated differences of 137°, 171°,
274° and 343° [(4/10.5) x 360°,. (5/10.5) x 360°,
(8/10.5) x 360° and (10/10.5) x 360°, respectively]
in the rotational phase, compared with the pLHC20/
loxP/TL.N-6 construct.

Although the promoter activity of pLHC20/loxP/
TLN-6 was slightly higher (2.2 + 1.3-fold) than that of

Fold increase of promoter activity
over control construct

4 5 6 7 8

pSTO/TLN-7/EBVori [ ]

T T

pLHC20/TLN-6/EBVori

p—————  T20

pLHC32/TLN-6/EBVori

— T32

Fig. 3. Influence of template DNA replication on transcriptional activation by left-handed curved DNA segments. The promoter activity was
determined in a luciferase assay performed on day 21 after transfection, with the activity of pSTO/TLN-7/EBVori used as a standard. Values

are shown as means + SD (n = 3}.
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Fold increase of promoter activity
over control consiruct

01 1|0 20 30 40 50
pSTO/TLN-7 1
pLHC20/loxPITLN-6 [
pLHC20/loxF/-2/TLN-6 I
pLHC20/loxPl-4/TIN-6 [ 1+
pLHC20/loxP-5/TLN-6 [ F——
pLHC20/loxP/-8/TLN-6 —

pLHC20/loxPI-10/TLN-6 |

Fig. 4. Optimization of the position of the T20 segment, as examined in a transient transfection assay. The promoter activity was deter-
mined in a luciferase assay, with the activity of pSTO/TLN-7 used as a standard. Values are shown as means = SD (n =5 or 4}.

the control plasmid pSTO/TLN-7 (Fig. 4), it was much
lower than the promoter activity of pLHC20/TLN-6
(Fig. 2A). This was presumably because the downstream
loxP sequence located between T20 and the tk promoter
interfered with the position of T20 relative to the pro-
moter. Alteration of the rotational phase between T20
and the tk promoter by 69° (pLHC20/loxP/-2/T LN-6)
and 274° (pLHC20/loxP/-8/TLN-6) increased promo-
ter activation significantly (24.9 + 4.4-fold and 20.6 *
1.5-fold, respectively); the activity of the former con-
struct was 11-fold (calculated from the mean values;
24.9/2.2) higher and that of the latter was nine-fold
(20.6/2.2) higher than the activity of pLHC20/loxP/
TLN-6.

The constructs pLHC20/loxP/TLN-6 and pLHC20/
loxP/-2/TLN-6 were used to test the effect of T20 on

transcription in the context of genomic chromatin.
These comstructs were selected to determine whether
the difference in transcriptional activation found for
transient transfection is maintained in the genome.
After the constructs were cleaved at the Kpnl site, they
were introduced into the HeLa genome as described in
Experimental procedures. Among the cell lines with a
genome that harbored the linearized pLHC20/loxP/
TLN-6 or linearized pLHC20/loxP/-2/TLN-6, we
screened for those that harbored a single copy of each
plasmid using Southern blot analysis (Fig. 5). Five cell
lines were finally established: HLB8/T20, HLB10,/T20,
HLB15/T20, HLB13n3/T20 and HLB13n5/T20; the
first three of these contain a single copy of linearized
pLHC20/loxP/TLN-6, and the other two contain a
single copy of linearized pLHC20/loxP/-2/TLN-6. By

HLB8/T20 HLB10/T20 HLB15/T20 HLB13n3/T20 HLB13n5/T20
M1 BG B! M BG B! MBaB! HBG B! M 8G B!
23130 — o
6557 9416 — )
5904 — O o= cosy _SM8= - o7 M = o
- 4361 — - 481 —
4391 — 4391 -
. iy 2322 —
3342 — » hd 3342 ) 2027 — B 2322._.” 2322 — e
2201 201— - 2027 — 2027 — _
Hirfi
Bgfli HindHl Hinfl BsrGl

A—l-(::::]-w I
/ loxP T20 loxP tkpromoter

J/
7
/

luc

probe

Fig. 5. Southern blot analysis of genomes of the established cell lines. Genomic DNAs from HLB8/T20, HLB10/T20, HLB15/T20,
HLB13n3/T20 and HLB13n5/T20 were restricted with Hinfl (H), BsrGl (BG) or Bgli (B). After separation by gel electrophoresis and blotting,
each digest was hybridized with a probe that is indicated below the autoradiograms.
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AN

Fig. 6. Demonstration of the absence of the
T20 segment in control celt lines. The target
region for PCR amplification is illustrated at

loxP  T20 loxP tk promoter luc /
1017 bp = primer ’
i Cre recombinase

S

the bottom of the figure. ‘M’ indicates the
size marker.

expressing the bacteriophage P1 Cre recombinase in
these cell lines, we established control cell lines in
which T20 was deleted from the reporter locus in the
genome (Fig. 6).

The sites of reporter integration were determined by
isolating the genomic DNA adjacent to the down-
stream end of the reporter comstruct and subsequent
sequencing of this DNA (Fig. 7A). In the cell lines
HLBS8/T20, HLB10/T20, HLB15/T20 and HLB13n5/
T20, each reporter was found to be integrated into an
intergenic region, whereas in HLB13n3/T20, the
reporter was integrated into the coding region of a
gene. Interestingly, T20 was found to activate tran-
scription irrespective of the position of the reporter
construct (Fig. 7B). The difference in promoter activa-
tion observed between pLHC20/loxP/TLN-6 and
pLHC20/loxP/-2/TLN-6 with transient transfection
(Fig. 4) was not observed for transcription in the
Hel.a genome.

Discussion

We constructed several synthetic left-handed curved
DNA segments that are able to activate eukaryotic
promoters; in particular, the T32 and T20 segments
activated transcription from the HSV tk promoter with
approximately a 150-fold and a 70-fold increase over a
straight control, respectively, in a transient transfection
assay. T20 also activated transcription from the human
Ad2 EIA promoter with approximately a 20-fold
increase in the same assay system. In addition,

7/
T 7
- primer /

770 bp =i

T20 activated transcription in an EBVori-containing
episome and, most interestingly, in the genome of all
stable transformants established in the study.

In our earlier study, we showed that a T4 segment
has high affinity for the histone core in a transient
transfection assay using pLHC4/TLN-6; nucleosome
formation on this segment arranges the TATA box in
the linker DNA with its minor groove facing out-
wards, which facilitates initiation of transcription [12].
The left-handed curved structure of T20, which is illus-
trated in Fig. 8, is five times longer than that of T4.
Therefore, T20 seems to have higher affinity for the
histone core, compared with T4. Compressing T20
along the superhelical axis easily allows formation of
1.75 turns of a left-handed supercoil that mimics nucle-
osomal DNA. Indeed, nucleosome formation on T20
was detected in chromatin formed on both transiently
transfected constructs and constructs integrated into
the HeLa genome (data not shown). Thus, T20-medi-
ated activation of tramscription may have occurred
through the same mechanism reported for T4-contain-
ing constructs. However, the nucleosome-deposited
population may not have been implicated in the tran-
scriptional activation. As T20 seems to be compatible
with the stabilization of an apical loop within a negat-
ively supercoiled plectoneme, the promoter DNA
sequence might be highly exposed in chromatin, or
an altered promoter architecture might be effective in
transcription. In addition, COS-7 and Hela cells may
contain proteins that preferentially bind to the left-
handed curved DNA and activate transcription. Thus,
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< -
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interacting protein
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chromosome 19 chromosome 8

several explanations are possible for the mechanism of
the observed transcriptional activation. We are cur-
rently examining the activation mechanism further.

We found a clear relationship between the length of
Tn (n=4,8, 12, 16, 20, 24, 28, 32, 36, 40) and promo-
ter activity, with optimum promoter activation being
achieved with T32 (Fig. 2A). However, the effects of
T20 and T32 were reversed in transcription on epi-
somes (Fig. 3). This difference was presumably caused
by differences in local chromatin structures formed
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on nonreplicable and replicable constructs. The posi- -
tioning of nucleosomes seems to be less uniform,
differing from construct to construct, on nonreplicable
constructs than on replicable constructs. In addition,
nucleosome density was presumably lower on the non- .
replicable constructs. These differences seem to have
been reflecied in the ‘nakedness’ of the promoter,
which may in turn have influenced transcription.

The T20 segment caused greater activation of:
transcription in pLHC20/loxP/-2/TLN-6 than in
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Fig. 8. Three-dimensional architecture of T20. The figure was
drawn using a combination of biamop [19] and rasmoL [20]. The
modeling algorithm was based on that of Bansal et al. [21]. The
bold line indicates the superhelical axis.

pLHC20/IoxP/TLN-6 (Fig. 4). However, this difference
was not observed in stable transformants; that is, the
effect of T20 seemed to be about the same in transform-
ants when either of the two constructs was used
(Fig. 7B). The difference in the rotational phase between
T20 and the promoter may have generated a more pro-
nounced effect in a closed circular plasmid than in a lin-
ear genome, or alternatively the local chromatin
structure formed in the promoter region may have dif-
fered between the plasmids and the genome. Whichever
is the case, an important finding in this study is that T20
(and presumably the other Tn constructs) can activate
transcription in the context of genomic chromatin, irres-
pective of the locus of integration. To our knowledge,
this is the first designed DNA segment that can stably
activate transcription in the genome of host cells; there-
fore, T20 seems to be a promising tool for high-level and
stable expression of transgenes, and may also be useful
in the construction of nonviral vectors for gene therapy.

Experimental procedures

Plasmid construction
Group 1

A synthetic double-stranded (ds) oligonucieotide (T4”),
obtained by annealing oligonucleotides 5-GTTTTTCATG
TTTTTCATGTTITITCATGTTTTTCAC-3" and 5-GTG
AAAAACATGAAAAACATGAAAAACATGAAAAAC-Y,

Designed DNA as an activator of transcription

was inserted into the PmaCl site of pLHC4/TLN [12] by
blunt-end ligation. After a conventional cloning and screen-
ing procedure, a plasmid with a tandem-repeated T4” was
selected. A unique PmaCl site was created in the plasmid,
and the number of T4” segments was increased one by one,
using the same procedure. Finally, each resulting construct
was digested with PmaCl and Pwull, and these ends
were closed to genmerate pLHC8/TLN-6, pLHCI12/TLN-6,
pLHC16/TLN-6, pLHC20/TLN-6, pLHC24/TLN-6,
pLHC28/TLN-6, pLHC32/TLN-6, pLHC36/TLN-6 and
pLHC40/TLN-6, respectively.

Group II

Synthetic oligonucleotides 5-TCAGTTTTTCAGTCAG
TTTTTCAGTCAGTTTTTCAGTCAGTTTTTCAC-3" and
5-GTGAAAAACTGACTGAAAAACTGACTGAAAAAC
TGACTGAAAAACTGA-3 were annealed to generate a
dsDNA fragment, which we named T4-R”. T4-R” was
inserted into the PmaCl site of pRHC4/TLN [i2] to
produce pRHC8/TLN. Subsequently, T4-R” was inserted
into a newly created unique PmaCl site in pRHC8/TLN
to generate pRHCI2/TLN. A DNA fragment from
pUCI9 (positions 672-711) was inserted into the PmaCl
site in the mcs in each construct to generate pRHC4/
TLN+40, pRHC8/TLN+40, and pRHCI2/TLN+40,
respectively.

Group 1

The construct pSTO/ELN was prepared as follows. A
DNA fragment containing the EI4 promoter (nucleotides
357-498 in buman Ad2) was obtained by digesting the
plasmid pEKS (a gift from Y. Kadokawa, Fujita Health
University, Toyoake, Japan) with FcoRI and BamHI.
The fragment was then blunted and ligated to phosphor-
ylated PstI linkers (5-GCTGCAGC-3"). Subsequently, the
resulting fragment was digested with Sacll, and blunted
and digested with PstI. Using the resulting product, the
Nrul-Pst1 region of pSTO/TLN [12] was replaced. To
construct pLHC20/ELN, the upstream straight region of
pSTO/ELN was removed by digestion with Kpnl and
PmaCl, and this region was filled with the T20-contain-
ing Kpnl-PmaCl fragment of pLHC20/TLN.

Group IV

The construction of pSTO/TLN-7/EBVori has been reported
previously [14]. Construction of the other plasmids was per-
formed as follows. pEB6CAGFP [15] was digested with Sspl,
and a phosphorylated BamHI linker (5-CGGATCCG-3")
was ligated to the linearized plasmid. The resulting product
was digested with Spel, treated with T4 DNA polymerase,
and subsequently digested with BamHI. The fragment
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containing an Epstein-Barr virus (EBV) replication origin
(oriP) and the EBV nuclear antigen 1 (EBNAI) gene
was purified and ligated to the Xmnl-BamHl fragments
of pLHC20/TLN-6 and pLHC32/TLN-6 to generate
pLHC20/TLN-6/EBVori and pLHC32/TLN-6/EBVori,
respectively.

Group V

The loxP sequence was derived from pLNX (a gift from
S. Noguchi, Meiji Institute of Health Science, Odawara,
Japan, and Y. Kadokawa). The plasmid was digested with
Sall, blunted with S1 nuclease, and digested with Xhol. A
resulting fragment containing a loxP site was isolated and
inserted between the PmaCl and Xhol sites of
pLHC20/TLN. Then, the Kpnl-Dral region of the resulting
comstruct was isolated and inserted between the Kpnl and
Nrul sites of pLHC20/TLN-6. Finally, to generate
pLHC20/loxP/TLN-6, the Bglll-EcoRl fragment, which
also contains a loxP sequence, and the BglI-EcoRV frag-
ment, which contains the mouse pgk promoter and the neo-
mycin phosphotransferase gene, of pLNX were isolated and
inserted into the Kpnl site and Sall site, respectively, of
the pLHC20/TLN-6 derivative described above. The vari-
ant plasmids pLHC20/loxP/-2/TLN-6, pLHC20/loxP/-4/
TLN-6, pLHC20/loxP/-5/TLN-6, pLHC20/loxP/-8/TLN-6
and pLHC20/loxP/-10/TLN-6 were made by deleting the
indicated number of nucleotide pairs between the down-
stream JoxP sequence and the tk promoter of pLHC20/
loxP/TLN-6. The procedure was as follows. Initially, PCRs
were carried out using pLHC20/loxP/TLN-6 and the
following sets of primers: for pLHC20/loxP/-2/TLN-6,
5"-TAACCCGGGAGAATTCGAGC-3’ (P-del) and 5-AC
AGTCGAGATAACTTCGTA-3; for pLHC20/loxP/-4/
TLN-6, P-del and 5-AGTCGAGATAACTTCGTATA-3;
for pLHC20/loxP/-5/TLN-6, P-del and 5-GTCGAGATA
ACTTCGTATAG-3; for pLHC20/loxP/-8/TLN-6, P-del
and 5-GAGATAACTTCGTATAGCAT-3"; and for
pLHC20/loxP/-10/TLN-6, P-del and 5-GATAACTTCG
TATAGCATAC-3'. The PCR conditions were as follows:
95 °C for 5 min; 30 cycles with 1 min for denaturation at
95 °C, 1 min for annealing at 57 °C and 1 min for exten-
sion at 72 °C; and a final extension at 72 °C for 10 min.
All amplified products were digested with Kpnl and inserted
between the Kpnl and Nrul sites of pLHC20/TLN-6.
Finally, each of the resulting constructs was cleaved with
Sall, and the BglI-EcoRV fragment of pLNX, which car-
ries the neomycin phosphotransferase gene, was inserted
into the site. All constructs were sequenced for verification.

Generation of HelLa cell lines

HeLa cells were grown in Eagle’s MEM containing 5%
fetal bovine serum at 37 °C in 5% CO,. They were trans-
fected with 1 pg of Kpnl-digested pLHC20/loxP/TLN-6
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or pLHC20/loxP/-2/TLN-6 using FuGENES transfection
reagent (Roche Diagnostics, Basel, Switzerland) and cul-
tured for 8-10 days in medium containing 0.4 mgmL™!
G418 (Sigma-Aldrich, St Louis, MO, USA). Surviving cells
were then plated at limiting dilution and recultured for
8-10 days in the presence of 0.4 mgmL™' G418, and
finally, several colonies were isolated.

Integration of the transgenes was confirmed by PCR using
primers  5-GACAATCGGCTGCTCTGATG-3" and 5-
TGCGATGTITTCGCTTGGTGG-3’, which are specific for
the neomycin phosphotransferase gene, and colonies harbor-
ing a single reporter were selected by Southern blot analysis,
as described below. Finally, we established five cell lines,
which we named HLB8/T20, HLB10/T20, HLB15/T20,
HLB13n3/T20 and HLB13n5/T20. The first three of these
contain a single copy of pLHC20/loxP/TLN-6, and the
other two contain a single copy of pLHC20/loxP/-2/TLN-6
in their genomes. To establish control cell lines, the cells were
transfected with pBS185 (Invitrogen, Carlsbad, CA, USA),
which expresses “Cre recombinase. After cell cloning, T20-
deletion clones were selected based on PCR analysis using
primers 5-GCGCCGGATCCTTAATTAAG-3" and 5-GG
AGGTAGATGAGATGTGACGAACG-3'. The established
cell lines were named HLBS, HLB10, HLB15, HLB13n3 and
HLBI13n5, respectively.

Southern blot analysis

Genomic DNA was isolated using a standard method [16].
DNA was digested with Bg/Il, BsrGI or Hinfl, electrophore-
sed on a 1.2% (w/v) agarose gel, and blotted onto a nylon
membrane, which was then hybridized with the 402 bp
BglI-HindIIl fragment of pLHC20/loxP/TLN-6 labeled
with [o-32P}dCTP (3000 Ci-mmol™!) by random priming.

Determination of transgene loci

Loci of transgenes in the cell lines HLB8/T20, HLB10/T20,
HLB15/T20, HLB13n3/T20 and HLB13n5/T20 were deter-
mined by ligation-mediated-PCR, which was performed
according to the method described by Pfeifer et al. [17].
Briefly, genomic DNAs of the above cell lines were digested
with either Haelll, Hincll, Hinfl, Hinfl or Spel. Samples of
3 pug were then annealed with 5-GTACTGTAACTGAGC
TAACATAACC-3. Primer extension reactions were per-
formed using a mixture of Ventg DNA polymerase and
Ventg (exo”) DNA polymerase (New England Biolabs,
Hitchin, UK) [17] at 95 °C for 5 min, 58 °C for 30 min,
and 76 °C for 10 min. The products were purified and
ligated to the linker DNA obtained by annealing of oligo-
nucleotides 5-GCGGTGACCCGGGAGATCTGAATTC-
3’ (oligo A) and 5-GAATTCAGATC-3. The resulting
products were purified and amplified by PCR with oligo A
and oligonucleotide 5-ACTGAGCTAACATAACCCGG-
3, using the following PCR conditions: 95 °C for 5 min;
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20 cycles with 1 min for denaturation at 95 °C, 2 min for
annealing at 60 °C and 3 min for extension at 72 °C; and a
fnal extension at 72 °C for 10 min. One-tenth of the vol-
ume of the PCR products was used for a nested PCR with
primers 5-TAACCCGGGAGAATTCGAGC-3" and oligo
A, under the following conditions: 95 °C for 5 min; 20
cycles with 1 min for denaturation at 95 °C, 2 min for
annealing at 65 °C and 3 min for extension at 72 °C; and a
final extension at 72 °C for 10 min. All amplified products

were purified on a 1.5% (w/v) agarose gel and sequenced.

Luciferase assay

Transcription occurring on transiently transfected plasmids
or on episomes that replicated in the nucleus was assayed
as described previously [12,14]. Quantification of episomes
in puclei was performed using primer extension analysis.
The DNA was recovered from 3 x 10° cells, digested with
EcoRI, and subjected to primer extension analysis using a
5'-32p_labeled primer: 5-GGAATGCCAAGCTTACTTAG-
3’. The reaction products were resolved on 6% polyacryl-
amide-7M urea gels, and the radioactivity was analyzed
using a Fujix BAS2000 Bio-image analyzer (Fuji Photo
Film, Tokyo, Japan). These data were used for normaliza-
tion of template molecules. Transcription occurring in the
genome of each stable transformant was assayed using
1.0 x 105 cells. The cells were lysed with lysis buffer from
the Promega luciferase assay system (Promega, Madison,
WI, USA), and luciferase activity was measured according
to the manufacturer’s instructions.
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o Bent DNAs are known to migrate slower than ordinary DNA in non-denaturing polyacrylamide
gel electrophoresis. In contrast, several satellite DNAs have been shown to migrate fast. The structural
property that causes the fast migration, however, is not clarified so far on molecular basis. We have
investigated the structural property of a satellite DNA, which contains consecutive purine sequences
and migrates faster in gel, by CD spectroscopy. Partial formation of an A-form—like structure has
been suggested. Reduction in DNA length due to the formation of the A-form—like structure may be
responsible for the fast migration. The pronounced rigidity of DNA may also contribute to the behavior.
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INTRODUCTION

Eukaryotic genomes contain tandemly repeated DNA sequences known
as satellites.!?) The satellites cover a few percent to >50% of mammalian
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genomes.[?! Satellites are usually associated with regions of constitutive het-
erochromatin. Intrinsically bent structure has been found for many satel-
lite DNAs and has been suggested to function in folding of DNA into
chromosomes.>~8 DNA curvature may aid tight winding of DNA in con-
stitutive heterochromatin.

It is known that bent DNA migrates slower than ordinary DNA in non-
denaturing polyacrylamide gel electrophoresis. In contrast, some satellite
DNAs of box turtle, Komodo dragon, vulture, and cow migrate fast.19] Fast
migration is reported for DNA fragments from yeast centromeres!!® and
those found in a study of illegitimate chromosomal recombination in mam-
malian cells.['}] Bovine satellite I DNA localizes in the centromeres of all
autosomes.!'?) Predominance (>80%) of purine—purine (or pyrimidine-
pyrimidine) sequence over purine-pyrimidine (or pyrimidine—puriné) se-
quence throughout the entire satellite I was noted.['3] Furthermore, it
contains many runs of three or more consecutive purine (or pyrimidine)
residues. It is found that one half of bovine satellite I DNA, an F fragment
(704 bps), migrates faster, while the other half, an N fragment (710 bps),
migrates normally.!!3! The phenomenon of the fast migration of the F frag-
ment is pronounced at lower temperature and the phenomenon disappears
completely above 50°C.[13] Although it is well established that bent DNA
structure causes slow migration, the structural property that causes fast mi-
gration is not clarified on molecular basis. The elucidation of the structural
property will give us a clue to understand biological roles of DNA fragments
that exhibit faster migration. ,

Here, we have studied structural properties of F and N fragments,
together with another non-related fragment with a similar size (692 bps),
by CD spectroscopy. It is suggested that the F fragment partially forms an
A-form-like structure. The length of an A-form is known to be shorter than
that of a B-form. Thus, the reduction in DNA length due to the partial for-
mation of the A-form-like structure may account for the fast migration of
the F fragment.

MATERIALS AND METHODS
Preparation of DNA Fragments

The F and N fragments of bovine satellite I DNA were prepared as de-
scribed previously.!!3! Briefly, the construct carrying the F fragment and that
carrying the N fragment were digested with Psf. Each digest was extracted
with phenol, precipitated with ethanol, rinsed with 70% ethanol, and dried.
A control fragment (692 bps), which is not related to the bovine satellite
I DNA was obtained through digestion of a plasmid pUC19 with Dral, and
prepared in a similar way.
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CD Analysis

Each fragment was dissolved in the solution containing 10 mM Tris-HCI
(pH 7.4) and 1 mM EDTA. The concentration of each fragment was 0.66 uM.
CD spectra and thermal CD melting curves of each fragment were recorded
with a Jasco J-720 spectropolarimeter. For melting, the temperature of the
solution was raised from 5’ to 95°C at the rate of 1°C/min. The melting
temperature was determined by the use of derivative of the melting curve.

RESULTS AND DISCUSSION

Characteristics of Nucleotide Sequences of F, N, and Control
Fragments ' i

Figure 1 shows nucleotide sequences of F, N, and control fragments.
Predominance of purine-purine (or pyrimidine—pyrimidine) sequence over
purine—pyrimidine (or pyrimidine-purine) sequence is seen for the Fand N
fragments.!'®) Furthermore, these fragments contain many runs of three or
more consecutive purine (or pyrimidine) residues, as revealed by shading in
Figure 1. This characteristic is less pronounced for the control fragment.

Temperature-Dependent Spectral Change of the F Fragment
Related to the Dissolution of a Certain Structure Responsible
for the Fast Migration

It was reported that the F fragment migrates fast in non-denaturing poly-
acrylamide gel at low temperature.[!3] Relative size, Ry, defined as (apparent
size)/(actual size) was ca. 0.9 at 5°C. R, gradually approached 1.0 when tem-
perature was raised, and reached 1.0 at 50°C. Thus, the phenomenon of fast
migration of the F fragment disappears at 50°C. In contrast, both N and con-
trol fragments migrate normally at any temperature between 5° and 50°C, an
R, value being ca. 1.0.1'®) Therefore, it is expected that the difference in tem-
perature dependency of mobility among three fragments may be reflected
on their CD spectra.

Figures 2A-2C show CD spectra of each fragment at 5-80°C. For the
F fragment, a gradual change of the CD spectrum was observed up to 50
(or 65)°C. When temperature was further raised to 80°C, the CD spectrum
changed drastically, which implied melting of the F fragment duplex into
single strands. In fact, the melting temperature of the F fragment was de-
termined to be 73.4°C (Table 1). The spectral change up to 50 (or 65)°C,
in turn, is supposed to reflect a structural change of the F fragment in the
duplex state. A rate of the spectral change between 5 and 50°C ([8]s.c—
[0150:c) /[6]150:c * 100 was 15% for the F fragment, as monitored at 265 nm. It
is supposed that the gradual spectral change of the F fragmentin the 5-50°C
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50
100
150
200
250
300
350
400
450
500
550
600
650

jﬁéGACAGTTACCAATG

:/NTTGGCCGCAGTGTTA%GGTTATGGCAGCACTGCAT

A@GT RPN G TCACTGG

651 GGCGTCAATAC  TAATACCGCGCCACATAG

FIGURE 1 Nucleotide sequences of F, N, and control fragments. Runs of three or more consecutive
purine or pyrimidine residues are shaded with gray and black, respectively.
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FIGURE 2 CD spectra of the F fragment (A), the N fragment (B), and the control fragment (C).

range correlates with the gradual disappearance of the phenomenon of the
fast migration in the same temperature range. Temperature-dependentspec-
tral change may reflect the disappearance of a certain structure that is re-
sponsible for the fast migration.

For the N fragment, in contrast, a spectral change is quite limited up
to 50°C. The rate of the spectral change between 5 and 50°C is only 2%.
At 80°C, a drastic change of the spectrum corresponding to melting of the
N fragment duplex was observed, as observed for the F fragment. The melt-
ing temperature of the N fragment was determined to be 70.6°C. A very
limited change of the spectrum up to 50°C suggests that the N fragment
undergoes almost no structural change up to this temperature. A spectral
change was comparatively modest also for the control fragment up to 50°C,
the rate of the spectral change between 5 and 50°C being 6%. The melting
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TABLE 1 Summary of Properties of the F, N, and Control Fragments

F fragment N fragment Control fragment
Origin One half of bovine The other half of bovine pUCI19 plasmid
satellite I DNA satellite I DNA

Size (bps) 704 710 692
Mobility in gel

at5°C Fast Normal Normal

at 50°C Normal Normal Normal
Melting temperature (°C) 73.4 70.6 65.7
Rate of CD spectral change 15 2 6

between 5 and 50°C (%)

temperature of the control fragment was determined to be 65.7°C. The
modest spectral changes suggesting modest structural changes, if any, of
N and control fragments in the 5-50°C range are consistent with the obser-
vation that these fragments exhibited an almost constant R value of 1.0 in
this temperature range.

Partial Formation of an A-Form-Like Structure for the F Fragment
at Low Temperature

For the temperature range of 5 to 50°C, F, N, and control fragments all
gave CD spectra basically characteristic of Bform, a positive peak around
at 275 nm and a negative peak at around 245 nm with the comparable
intensity.l'¥~18] This indicates that not only the N and control fragments,
but also the F fragment mainly takes on B-form, even at 5°C. It is supposed
that the population of a certain structure that is responsible for fast migra-
tion is small even at 5°C, although the phenomenon of the fast migration of
the F fragmentis pronounced at this temperature. In order to extract the CD
spectrum corresponding to the structure responsible for the fast migration,
a difference spectrum was obtained by subtracting the CD spectrum at 50°C
from that at 5°C (Figure 3). It should be remembered that the phenomenon
of the fast migration of the F fragment becomes less pronounced at higher
temperature and disappears at 50°C. The difference spectrum is different
from the spectrum of a canonical B-form. The difference spectrum gives a
positive peak around at 265 nm and a comparatively rather weak negative
peak around at 240 nm. These features are characteristic of the spectrum
of an A-form.[1*~18] Thus, it is suggested that the F fragment may partially
take on an A-form-like structure at low temperature and that this structure
is responsible for the fast migration in gel. Partial formation of the A-form—
like structure for the F fragment which contains many runs of three or more
consecutive purine (or pyrimidine) residues is consistent with the claim that
runs of consecutive purine sequence have a tendency to set up an A-form-like
structure. 1718
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FIGURE 3 A CD difference spectrum for the F fragment between 5 and 50°C.

On the addition of 10 mM of Mg?*, R, value of the F fragment changed
from 0.9 to ca. 1.0.['*) We have tried to examine the effect of Mg?* on the CD
spectrum of the F fragment. Under the CD conditions, however, the addition
of Mg?* caused some kind of precipitation and qualitative CD analysis was
not possible. Higher DNA concentration applied for the CD experiment,
compared to that applied for the gel electrophoresis experiment, may be
responsible for the precipitation, although the exact reason of the precipi-
tation is not clear.

Possible Explanation on the Fast Migration of the F Fragment
from the Structural Viewpoint

The length of A-form DNA is ca. 30% shorter than that of B-form DNA
with the same base pairs.1'%! Thus, reduced length of the F fragment DNA
due to the partial formation of the A-form-like structure may account for
the fast migration in gel. It should be noted that a complete switch to the
A-form-like structure is not required to explain the observed R, value of
0.9. Partial formation of the A-form-like structure is enough to achieve the
reduction of the length to 90% of ordinary B-form DNA. This is qualitatively
consistent with the result that the spectral change of the F fragment between
5 and 50°C is not so drastic.

The F fragment contains many runs of three or more consecutive
purine (or pyrimidine) residues, as described above. It was proposed that
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purine—purine stacking interactions provide most of the mechanical rigidity
of the DNA helix.!?9 A stiff and rod-like molecule may exhibit minimal fric-
tional drag as it passes through tight pores of polyacrylamide gel. The rigidity
or the narrowness of allowed conformational space of the F fragment might
also contribute to the fast migration.

Interpretation of the Mobility of the N Fragment

It was found that a part of the N fragment forms bent structure that
causes slow migration.!'3! The center of the curvature locates approximately
between positions 600 and 610 of the N fragment. It was suggested that
periodically spaced (dT)q_5 tracts between positions 570 and 640 are re-
sponsible for the formation of the bent structure. In spite of the existence
of the bent structure at a part of the N fragment, however, the N fragment
migrates normally, Ry being 1.0 at any temperature. In order to interpret
this phenomenon, it was proposed that like the F fragment, the N fragment
containing many runs of three or more consecutive purine (or pyrimidine)
residues also possesses the A-form-like structural property which causes fast
migration and that the tendency of this fast migration cancels the tendency of
the slow migration caused by the bent structure.!!3! The CD spectral change
for the N fragment between 5 and 50°C was very limited compared to those
for the F and control fragments. The result may imply that both of the bent
structure and the A-form-like structure remain in this range of temperature,
which would resultin the continuation of the cancellation. This may account
for the observation that Ry of the N fragment is kept at 1.0 in this range of
temperature, although further research is needed to clarify the behavior of
the N fragment.
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ABSTRACT: Some proteins have the property of self-assembly, known to be an important mechanism in
constructing supramolecular architectures for cellular functions. However, as yet, the ability of double-
stranded (ds) DNA molecules to self-assemble has not been established. Here we report that dsDNA
molecules also have a property of self-assembly in aqueous solutions containing physiological concentrations
of Mg?*. We show that DNA molecules preferentially interact with molecules with an identical sequence
and length even in a solution composed of heterogeneous DNA species. Curved DNA and DNA with an
unusual conformation and property also exhibit this phenomenon, indicating that it is not specific to
usual B-form DNA. Atomic force microscopy (AFM) directly reveals the assembled DNA molecules
formed at concentrations of 10 nM but rarely at 1 nM. The self-assembly is concentration-dependent. We
suggest that the attractive force causing DNA self-assembly may function in biological processes such as
folding of repetitive DNA, recombination between homologous sequences, and synapsis in meiosis.

Protein molecules make assemblies by intermolecular
interactions, and various molecular machines and subcellular
structures are formed by these assemblies. When a molecule
or a few kinds of molecules assemble, “protein polymers”
which have regular structures are formed. Tobacco mosaic
virus (TMV)! is an early example of such a phenomenon.
TMYV is decomposed into an RNA and proteins at acidic
pH, and the virus is reformed by forming a protein polymer
on the RNA with rising pH (Z). In this case, polymerization
occurs toward the state of minimum free energy, which is
determined by such conditions including the chemical
potentials of molecules and ions, temperature, and pH (2).
This kind of protein polymerization has been called “self-
assembly” (2, 3). Actin, myosin, and tubulin in eukaryotic
cells and flagellin found in bacterial flagella are also well-
known examples of the molecules that exhibit a self-assembly
phenomenon (4—7).

Two single-stranded DNA or RNA strands with comple-
mentary nucleotide sequences form double-stranded helices,
which may be considered to be the simplest form of the
assembly of nucleic acids. It is also known that nine GGA
sequence repeats form a parallel-stranded DNA homoduplex
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in the presence of 50 mM NaCl at pH 4, 7, and 9 (8).
Furthermore, DNA and RNA molecules can also assemble
to form multistranded structures such as triplex and quadru-
plex structures in a nucleotide sequence-dependent manner,
through base pairing [e.g., Watson—Crick, Hoogsteen, and
reverse Hoogsteen (9, /0)]. In very concentrated solutions,
even dsDNA molecules assemble regularly, which finally
results in generation of DNA crystals (/7). However, the
ability of dsDNA molecules to assemble at nanomolar
concentrations has not been demonstrated.

We have previously reported that electrophoresis using
physiological concentrations of Mg?™ can cause a mobility
shift of restriction fragments in nondenaturing polyacryla-
mide gels as the overhangs interact (/2). Theoretically, this
phenomenon can be used to detect preferential intermolecular
DNA interactions, if any, in aqueous solutions. Using a facile
method, we studied the intermolecular DNA interactions and
found that DNA molecules with an identical sequence and
length preferentially interact with each other and self-
assemble even in a solution composed of heterogeneous
DNA species. In this report, we show for the first time that
dsDNA molecules have the property of self-assembly.

MATERIALS AND METHODS

DNA Preparation. Fragments A and AR, B and BR, and
C and CR originated from Hind[II—Hincll, HindlII—BamHI,
and HindllI—EcoRV fragments of pBR322, respectively. The
HindIII site of the plasmid was converted to a Miul site in
constructs A, B, and C. In the construction of fragments AR,
BR, and CR, the Hincll, BamHI, and EcoRV sites, respec-
tively, were converted to Mlul sites. Fragment D originated
from the EcoRV—EcoT141 fragment of pGL2-Basic Vector

10.1021/bi061539y CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/15/2006
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FIGURE 1: Selective interaction between dsDNA molecules as detected by electrophoresis. (A) Mixing procedure of DNA fragments. X,
Y, and Z symbolize DNA fragments. Sample solutions each contained 1 mM MgCl,, and electrophoreses were carried out at 10 °C. (B)
Preferential interaction between identical or quasi-identical DNA molecules in the mixture of DNA fragments. The radiolabeled fragments
(600 pM each) are denoted with anasterisk. Concentrations of added cold DNAs were as follows: lanes 1, 5,9, 13, 17, and 21, no cold
DNA added; lanes 2, 6, 10, 14, 18, and 22, 1 nM cold DNA added; lanes 3, 7, 11, 15, 19, and 23, 6 nM cold DNA added; and lanes 4, 8,
12, 16, 20, and 24, 30 nM cold DNA added. M lanes contained markers (mixture of Haelll digest of phage ¢X174 DNA and the 1748 bp
Hincll—Scal fragment of pUC19). (C) Interaction between nonidentical DNA molecules with approximately the same length: lanes 1 and
5, no cold DNA added; lanes 2 and 6, 1 nM cold DNA added; lanes 3 and 7, 6 nM cold DNA added; and lanes 4 and 8, 30 nM cold DNA
added. (D) Demonstration of the superiority of the sameness in the selective interaction: lanes 1, 5, 6, 10, 11, and 14, no cold DNA added,
and the other lanes, 10 nM cold DNA added. (E) Effect of DNA conformation and property on the interaction: lanes 1, 5, and 9, no cold
DNA added; lanes 2, 6, and 10, 1 nM cold DNA added; lanes 3, 7, and 11, 6 nM cold DNA added; and lanes 4, 8, and 12, 30 nM cold DNA
added. (F) A control experiment conducted in the absence of MgCla.
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FIGURE 2: Electrophoretic detection of assembled DNA molecules with blunt ends. Cold fragment EL (743 bp) or ES (277 bp) was added
to the mixture of radiolabeled fragments EL and ES (600 pM each) according to the procedure shown in Figure 1A. In panel A, the
electrophoresis was carried out at 7.7 V/em and 5 °C in the presence of 20 mM MgCl.. In panel B, using a 4% polyacrylamide gel, the
electrophoresis was carried out at 5 °C in the presence of 25 mM MgCl,. The other conditions were the same as those used in Figure 1.
In each panel, concentrations of the added cold fragment were as follows: lane 1, no cold DNA added; lane 2, 1 nM cold DNA added; lane
3, 6 nM cold DNA added; and lane 4, 30 nM cold DNA added.

DNA molecules in a sample solution; i.e., only a single
species was contained in the samples in the previous study,
while multiple species were contained in the samples in this
study. We can reinterpret the phenomenon observed in the
previous study as follows. DNA first self-assembled in the
presence of MgCly; then, the assemblies were stabilized by
end-to-end base pairings between constituent molecules.
To substantiate this hypothesis, we need to prove that DNA
molecules can self-assemble irrespective of the form of
fragment ends. Thus, we scrutinized the electrophoretic
behavior of a mixture of blunt-ended DNA fragments. By
increasing the concentration of surrounding Mg?* ions, we
could detect a selective (or preferred) interaction between
the EL molecules in the mixture of fragments EL and ES
(Figure 2A, lanes 3 and 4). When a rectangle, formed by
the bandwidth of EL* (the long side) and its half-length (the
short side), was placed on the EL* in lane 1, it contained
most of the radioactivity of the fragment. Therefore, we
quantified the smear in the upstream of this rectangle. The
increases of the smear were 1.8-fold in lane 2, 1.3-fold in
lane 3, and 6.4-fold in lane 4. We also analyzed lanes 1—4
in Figure 1B with the same method. The obtained values
were 7.2-fold in lane 2, 23.8-fold in lane 3, and 41.2-fold in
lane 4. Thus, the smear (band-shift rather than smear in
Figure 1B) was quantified as being much greater in the case
of the DNA fragments with a cohesive end. Using a gel with
a lower polyacrylamide concentration (4%) and a further
increasing MgCl, concentration (25 mM), a trace of the
selective interaction between ES molecules was also narrowly
detectable (Figure 2B, lane 4). Thus, the same phenomenon
as that shown in Figure 1 could be shown by using the
mixture of blunt-ended DNA fragments. However, the
assemblies of blunt-ended DNA fragments and especially
those of short DNA fragments seem to be fragile. The data
from this experiment also suggest that the electrophoretic
condition used in the previous study, in which shorter DNA
fragments (~140—180 bp) were electrophoresed at a lower
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concentration of MgCl, (1 or 10 mM) by using 7.5%
polyacrylamide gels (/2), was not suitable for the elctro-
phoretic detection of assemblies of blunt-ended DNA
molecules. Accordingly, we conclude that self-assembly of
DNA molecules occurs in a Mg?t-containing solution
irrespective of the form of the fragment ends.

Kinetics of DNA Self-Assembly. The preparation and
loading of multiple samples for electrophoresis normally take
several minutes. To investigate the kinetics of self-recogni-
tion, we performed ligation reactions. A DNA concentration
of 10 nM allowed interaction between nonidentical molecules
A* and DRA and also between B* and DB (Figure 1D). In
contrast, a concentration of 1 nM allowed, although only to
a very limited extent, only the interaction between identical
molecules (Figure 1B; broadening of bands A* and B* was
observed in lanes 2 and 6, respectively). Thus, the ligation
reaction was performed under conditions similar to this so
preferential interactions could be detected. For this experi-
ment, we used fragments A and C. As shown in Figure 3,
the reactions were very inefficient (lanes 3—5 and §—10).
However, the results were largely consistent with those
obtained in the electrophoretic experiments; i.e., although
molecules A—C were generated in detectable amounts,
greater amounts of both A—A and C—C molecules were also
detected. Digestions of the ligation products with Mlul or
Hincll showed that they were ligated at Mlul ends (not
shown). The electrophoretic assay thus appears to be more
selective than the ligation assay. One possible reason for this
is that the ligation assay traps the more transient interactions
that would be too labile to be detected by electrophoresis.

AFM Images of the Assembled Molecules. The self-
assembly of DNA fragments was confirmed by AFM. The
representative images are shown in Figure 4. Initially,
fragment A which has 631 bp (~210 nm) was used in the
observation. Some thick DNA fibers with a height of >1
nm were observed when a 10 nM DNA solution was used
(Figure 4A.D). Since the height of a single dsDNA observed
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FIGURE 3: Time required for the selective interaction as measured by DNA ligation. Experimental conditions are summarized at the bottom.
Ligation products were separated on 1% agarose gels, and densitometric analyses were performed. Shown are the results. A and C represent
fragments A and C, respectively, and A* and C* represent 5’-end-labeled fragments A and C, respectively. The positions of fragments are
denoted with arrowheads. (A-A)*, (C-C)*, and (A-C)* represent ligated molecules. The dashed lines in parts 3—5 were drawn on the basis
of the line in part 2, and those in parts 9 and 10 were based on the line in part 7.

by AFM in air was reported to be less than 1 nm (/7), these
thick DNA fibers were possibly made of multiple (several)
dsDNA molecules. Most of them have an approximate length
of 200 nm, which is almost the same as the length of
fragment A, indicating that very neat bunches of fragment
A formed. Interestingly, a Y-shaped fiber, which indicates
a decomposing (or forming) bunch, is observed near the
center of the upper half in Figure 4A. Furthermore, in several
bunches, one end is thicker than the other. The bulged ends
may have been caused by the end-to-end base pairings, for
such base pairings should require bowed ends of DNA
molecules. We can also observe the thick and long fibers of
an approximate length of 400 nm, which are considered to
be dimers of the bunched dsDNAs. They were presumably
formed through end-to-end base pairings between constituent

fragments in any two DNA bunches. Fragment EL of 743
bp (~250 nm) that has two blunt ends also formed thick
fibers (Figure 4B,E), confirming that the DNA self-assembly
1s independent of the form of the fragment ends. In contrast,
when a 1 nM DNA solution was subjected to AFM
observation, as shown panels C and F of Figure 4, the heights
of DNA fibers were usually less than 1 nm, indicating that
each fiber was a single dsDNA.

Because of the narrow observation area, the observed DNA
type (bunched or single) was sometimes “region specific”’;
for example, even on the mica of Figure 4A, some areas
exclusively contained thick DNAs assumed to be the bunched
forms, and some areas had only fine DNAs (single mol-
ecules). However, the ratio of thick DNAs to fine DNAs in
the 10 fmol/uL solution was much higher than that



170 Biochemistry, Vol. 46, No. 1, 2007

Inoue et al.

FIGURE 4: AFM observation of DNA at high and low concentrations. (A) Topographic image of fragment A at a high concentration (10
fmol/uL). The scan range was 1 x 1 um? The height range was 5 nm. (B) Topographic image of fragment EL at a high concentration (10
fmol/uL). The scan range was 2 x 2 um? The height range was 3 nm. (C) Topographic image of fragment A at a low concentration (1
fmol/uL). The scan range was 2 x 2 um?. The height range was 1 nm. (D) Section profiles along the colored lines (red, green, and white)
in panel A. (E) Section profiles along the red and green lines in panel B. (F) Section profiles along the red and green lines in panel C.

in the 1 fmol/uL solution. Furthermore, the image in which
almost all DNAs were bunched was only obtained when we
used a 10 fmol/uL solution of fragment A (having a cohesive
end). Thus, the microscopic fields shown in Figure 4 were
chosen as the representative images under the respective
conditions.

DISCUSSION

This study clearly demonstrates that the self-assembly of
DNA molecules occurs at nanomolar concentrations in the

presence of physiological concentrations of MgCl,, irrespec-
tive of the form of fragment ends. The self-assemblies seem
to be considerably stabilized when the molecules can base
pair between the ends. The mechanism underlying the
phenomenon in Figure 1 can be explained as follows; at first,
the identical DNA molecules self-assemble with the aid of
Mg?* ions; second, end-to-end base pairings form between
the fragments in each assembly, and finally, the base pairings
stabilize DNA assemblies to such an extent that they resist
decomposition caused by the electrophoretic friction. If the
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self-assembly had not occurred, all combinations of base-
paired DNA fragments should have been detected in Figure
1.

A Putative Mechanism of DNA Self-Assembly and Its
Biological Relevance. What is the molecular basis of self-
recognition? Our results indicate that this phenomenon most
strongly favors identical lengths and sequences. Furthermore,
this phenomenon needs magnesium ions, which is clearly
shown in Figure 1. Magnesium ions normally alleviate
electrostatic repulsive interactions between phosphates,
thereby both stabilizing the sugar—phosphate backbone of
DNA (79) and allowing the close approach of DNA duplexes.
The favored sites for direct coordination to magnesium are
the phosphate oxygen and N7 and O6 of guanosine (20, 21).
This kind of coordination may be possible in intermolecular
interactions. If intermolecular phosphate coordination were
preferred over intramolecular coordination, the assembly of
DNA molecules of equal length would be favored. Neverthe-
less, such a phenomenon would be insufficient to explain
the dependence on DNA sequence. However, even in the
presence of magnesium ions, the DNA duplex is labile on a
millisecond time scale, allowing local bubble formation as
well as base flipping (22). One possibility is that the
magnesium-dependent alignment of DNA molecules of
identical sequence and length could be stabilized by such
perturbations occurring simultaneously (and transiently) at
identical positions in the sequence. These transient perturba-
tions would tend to be suppressed at higher magnesium
concentrations, and under these conditions, the interactions
would exhibit a lower specificity. Indeed, in the electro-
phoretic analysis at higher magnesium concentrations, we
also detected a slight retardation of band B* in the presence
of 30 nM cold fragment A (not shown), indicating that the
molecules with different sizes began to assemble under the
condition. Thus, the self-assembly of DNA without con-
tamination of different DNA species seems to occur in a
limited range of magnesium and DNA concentrations.
Interestingly, the concentration required for DNA self-
assembly is far below that for polymerization of flagellin
(5).

Do the fragment ends play a role in interfragment
interactions? As shown in Figures 2 and 4 (B and E), the
end structure of DNA is irrelevant to the self-assembly per
se. Furthermore, the following point strengthens this conclu-
sion. If the end-to-end interaction between cohesive ends
functioned to trigger the molecular assembly, we would have
expected to observe nonbunched dimer molecules that were
simply composed of two dsDNA molecules. However, we
did not observe such molecules in the atomic force micro-
scope.

Large structures may most efficiently be built by repetition
of smaller ones. The attractive force working between the
same sequences may be used in various biological processes,
including DNA. For example, it may be used, in part, to
construct centromeres and telomeres by folding repetitive
DNA sequences. Furthermore, the force may be used in DNA
recombination between homologous sequences and synapsis
in meiosis.
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We have shown previously that a left-handed curved DNA segment of 180 bp (T20) can activate
eukaryotic transcription. Here, the local chromatin structure around the promoter was investigated in a
Hela cell line HLB10/T20 harboring the T20-containing reporter and in its control cell line HLB10 in
which T20 was deleted from the same reporter locus. An analysis of translational positioning of
nucleosomes indicated that the nucleosome density in the region spanning from about -500 to +200
relative to the transcription start site (+1) was lower in HLB10/T20 cells than in HLB10 cells. The results
of the chromatin analyses also indicated that the histone core may slide within the T20 region, and the
ability of T20 to capture and reposition histones may increase the accessibility of both the TATA box and
other cis-DNA elements. These effects seem to be responsible for facilitation of transcription by T20.
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I. INTRODUCTION

Curved DNA structures often occur in or around
origins of DNA replication,'™
and DNA
irrespective of the origin of the DNA. This suggests
that DNA curvature is important in many basic
genetic processes (for reviews, see refs. 9-12). In
bacterial promoters, curved DNA structures have a
range of functions: facilitating RNA polymerase
binding to the promoter, promoting the transition

promoters and

- 7-8

enhancers, recombination  loci,

from closed to open promoter complexes, and
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enhancing binding of transcription factors."?

Curved DNA structures are also likely to function
in eukaryotic transcription in several ways. These
include acting as a conformational signal for
transcription factor binding; juxtaposition of the
basal machinery with effector domains on
upstream-bound factors; regulation of transcription
in association with transcription-factor induced
bending of DNA;
chromatin structure to increase the accessibility of

cis-DNA elements. '

and organization of local
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We have shown that a 36-bp curved DNA with a
close structural resemblance to part of a negative
supercoil is able to preferentially bind a histone core.
curved DNA can
eukaryotic promoters when it is introduced upstream

Furthermore, this activate
of a promoter at an appropriate distance and with
proper spatial positioning.15 Mechanistically, this
curved DNA (referred to as T4 in the present study;
where T indicates a dTedA tract and the numeral
indicates the number of tracts) facilitates nucleosome
formation and the TATA box is thereby positioned in
the linker DNA with its minor groove facing
outwards; we note that this finding explains why
curved DNA is often located near transcriptional
control regions.

We have also shown that a left-handed curved
DNA segment of 180 bp (referred to as T20) can
activate transcription from the herpes simplex virus
(HSV) thymidine kinase (k) promoter by about
70-fold compared to a control segment, using a
transient transfection assay in COS-7 cells.”® The
T20 segment was also able to activate transcription
from the human adenovirus type 2 EIA promoter
with an 18-fold increase in the same assay system,
and also activated transcription from the tk promoter
on episomes in COS-7 cells.'® In addition, T20 was
found to activate transcription in all of five stable
transformants of HeLa cells, irrespective of the
locus.'® Here, we have investigated the chromatin
structure formed on or around the T20 segment in the
nucleus, in order to examine the mechanism of
transcriptional activation induced by the T20
segment.

. METHODS AND MATERIALS
lI-A. Cell culture and nuclei preparation

Hel.a cells were grown according to the standard
method. Nuclei described
previously. 1
{I-B. Chromatin digestion

For digestion of chromatin with MNase, aliquots
of 100 pl of nuclei suspension (1 x 10" nuclei/ml for
indirect end-labeling analysis and 4 x 10’ nuclei/ml
for analysis of

were prepared as

nucleosomal arrays) were

pre-incubated at 25°C for 1 min. Micrococcal
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nuclease (MNase, Worthington Biochemical) was
added at 1 U or 2 U for indirect end-labeling analysis,
and at 2 U, 5 U and 8 U for analysis of nucleosomal
arrays. Digestion was performed at 25°C for 5 min.
For indirect end-labeling analysis, naked DNA was
digested in the same way using 0.1 U or 0.2 U of
MNase. The subsequent steps were carried out as
described previously.'®

For digestion of chromatin with DNase I, aliquots
of 100 pl of nuclei suspension (1 x 10" nuclei/ml)
were pre-incubated at 37°C for | min and
subsequently 0.14 U, 0.6 U or 2.4 U of DNase I
(TaKaRa Bio) was added. Digestion was then
performed at 37°C for 2 min. Naked DNA was
digested in the same way using 0.1 U, 02 Uor 0.3 U
of DNase I. The subsequent steps were carried out as
described previously."

[I-C. Preparation of a G-ladder

Genomic DNA (3pg) was treated with Dimethyl
sulfate and piperidine to prepare a G-ladder."”
[I-D. Ligation-mediated PCR

Ligation-mediated PCR (LM-PCR) was performed
to amplify the nuclease-digested DNA fragments.18
For the indirect end-labeling analysis, 3pg of MNase
digests were phosphorylated and ligated with linker
DNA. The resulting products were digested with
BsrGl and amplified by PCR with oligo A
(5°-GCGGTGACCCGGGAGATCTGAATTC-37)
and oligonucleotide
5’-TCGACTGAAATCCCTGGTAATCCGT-3"using
the following PCR conditions: 95°C for 5 min; 20
cycles at 95°C for 1 min, 65°C for 2 min and 72°C
for 3 min; and 72°C for 10 min.

To detect DNase I cleavage sites, primer extension
reactions were carried out with the following
primers: 5’-TCTGCGTGTTCGAATTCGCC-3’ for
analysis of the T20 region; and
5’-GTCTTCCATTTTACCAACAG-3’ for analysis of
the tk promoter. The PCR conditions were as
follows: 95°C for 5 min, 58°C for 30 min and 76°C
for 10 min. After ligation with linker DNA and
subsequent purification, PCRs were performed with
the following sets of primers; oligoA and
5’-CCAATGACAAGACGCTGGGC-3" to detect
signals in the T20 region; and oligoA and
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5. TAAGGCCATGACAACCATTT-3" to detect
signals in the tk promoter region. The PCRs were
carried out under the following conditions: 95°C for
5 min; 20 cycles at 95°C for 1 min, 60°C or 58°C for
2 min and 72°C for 3 min; and 72°C for 10 min.
II-E. Analysis of cutting sites

MNase cleavage sites were detected as follows.
Purified DNA was electrophoresed on a 1.2%
agarose gel in Tris-borate-EDTA buffer and then
transferred onto nylon membranes. For detection of
nucleosomal arrays, the membrane was hybridized
with a 203-bp probe specific for T20 that spanned
from -367 to -164 relative to the transcription start
site, or with a 97-bp probe specific for the &
promoter that spanned from -81 to +16. In indirect
end-labeling analysis, the membrane was hybridized
with a 336-bp probe that spanned from the BsrGI site
to position +217. The probes were labeled with
[a->2P]dCTP (3000Ci/mmol) by random priming.

DNase I cleavage sites were detected by the
PCR-based primer extension method,” using a
(5°-*2P)-labeled primer
5’-AAGACGCTGGGCGGGGTTTGTGTC-3>  for
detection of cleavage sites in the T20 region or a
5’-GGAATGCCAAGCTTACTTAG-3’
detection of cleavage sites in the tk promoter region.
The PCR conditions were as follows: 95°C for 5 min;
13 cycles at 95°C for 1 min, 65°C or 60°C for 2 min,
and 72°C for 3 min; and 72°C for 10 min. All
samples

primer for

were purified and resolved in 6%

polyacrylamide-7M urea gels.

. RESULTS

To investigate the underlying mechanism of
T20-mediated activation of transcription,16 we
studied the chromatin structure formed on and
around T20 in the nucleus. Initially, nuclei were
isolated from a Hela cell line HLB10/T20
containing a single copy of a reporter gene within its
genome (Fig. 1). MNase digestion of the nuclei was
then performed; this enzyme digests the linker
regions between nucleosomes. A Southern blot of the
digest was probed using fragments corresponding to
the T20-containing
DNA(Fig.2).

region and the promoter
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Fig. 1. Locus of the T20-containing reporter gene
in the genome of HL.B10/T20 (a) and the structure of
the reporter gene (b).
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Fig. 2. MNase digests of HLB10/T20 chromatin
and HLB10 chromatin using probes for T20 and
promoter DNA. DNA fragments spanning from -367
to -164 and from -81 to +16 relative to the
transcription start site (+1) were used as probes: lane
1, 20 U/ml; lane 2, 50 U/ml; lane 3, 80 U/ml. ‘M’
indicates the marker lane.
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As shown in the figure, both probes detected a
canonical ladder pattern for chromatin digestion with
MNase; i.e., probe 1 detected regularly spaced DNA
bands of approximately 180, 430, 630, 830, 1000,
1180 and 1400 bp, and probe 2 detected bands of 180,
380, 565, 775, 980, 1170 and 1380 bp. The distance
between these bands ranged from 170 to 250 bp,
consistent with the presence of nucleosomal arrays.
This result indicates that nucleosomes were formed
on the region spanning from T20 and the tk promoter.
A similar analysis of the control cell line HLB10, in
which the T20 segment was deleted from the reporter
locus of HLLB10/T20, showed that nucleosomes were
also formed in the promoter region (Fig. 2).

Translational and rotational positioning of

HLB10/T20

M_—~" _—~" MNase

Fig. 3.

nucleosomes  plays an role in

19-22

important

transcription. Thus, we analyzed translational

positioning (sequence-specific localization) of the
nucleosomes using indirect end-labeling analysis.23’24
Bands observed at -430, -370, -65, -35, +1, +85,
+150 and +210 in digestion of naked DNA
disappeared or became fainter in digestion of
chromatin from the HLB10/T20, indicating that these
sites were protected from MNase cleavage in the
chromatin (Fig. 3). On the other hand, bands at -410,
-300, -250, -130, -75, -20, +50, +105 and +180 either
newly emerged or became clearer in digestion of
HLB10/T20 chromatin, indicating that these sites
were more susceptible to MNase cleavage in
chromatin.

HLB10
DNA ch
M _—~" " MNase

promoter . - ¥ loxP

+1 ! g tk
| promoter
. +1

Analysis of translational positions of nucleosomes formed on the reporter locus. Nuclei of HLB10/T20

cells and HLBI10O cells were subjected to MNase digestion. After deproteinization, the genomic DNA was
digested with BsrGI and MNase-sensitive DNA sequences were detected using indirect end-labeling analysis.
The relative extent of MNase digestion is indicated on the top of the autoradiogram. ‘DNA’, ‘Ch’ and ‘M’
indicate naked DNA, chromatin DNA and size marker lanes, respectively. Distinct cleavage sites and protected

sites in chromatin are indicated with black and white arrowheads, respectively, and the sites are numbered

relative to the transcription start site. Possible nucleosomal arrays are shown schematically on the right of each

autoradiogram.
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Although a region from —410 to -130 in naked
DNA was protected from MNase digestion (this was
presumably due to the intrinsic nature of the T20
segment), the bands described above suggest that the
regions between -410 and -250, -300 and -130, -130
and +50, -75 and +105, and -20 and +180 harbored
translationally positioned nucleosomes. Thus, as
illustrated in Fig. 3, six possible alignments of
nucleosomes (a-f) were assumed, with each
nucleosomal array containing two nucleosomes with
a wide spacing. Using the same procedure, the
position of nucleosomes on the genome of HLB10

cells was analyzed. Bands at -530, -315, -130, -80,
HLB10/T20

upstream
DNA Ch
e = DNase |

1

promoter
DNA Ch
G =~ DNase |

CCAAT

~12  TATA

~1

|12

-15, +40, +115, +170 and +265 seem to reflect the
linker centers and these data suggest three possible
alignments (g-1); therefore, in the control cells, three
to four nucleosomes appear to be deposited in the
region of interest.

Using the
investigated the rotational orientation of the region
from T20 to the tk promoter. DNase I digestion of
chromatin from the HLBI10/T20 nuclei gave a
specific “10-bp ladder” cleavage pattern (with rung

same nuclei fraction, we then

spacing of 9-21 bp) in the region spanning from the
upstream end of T20 to the CCAAT box (Fig. 4).

HLB10

upstream
DNA Ch
G =" DNase!

promoter
DNA Ch
G=" .= DNase|

onP{

19
11
10
10

GC

CCAAT 20

loxP

Fig. 4. Rotational positioning of the DNA on the surface of the histone core. Nuclei of HLB10/T20 cells and
HLBI10 cells were subjected to DNase I digestion. After deproteinization, cleavage sites were detected by linear
amplification with a radiolabeled primer and a thermostable DNA polymerase. ‘DNA’ and ‘Ch’ indicate DNase
I cleavage sites in naked DNA and chromatin DNA, respectively. A “G-ladder” was obtained according to the
conventional method (METHODS AND MATERIALS) using part of the sample recovered from DNase
I-untreated nuclei. Chromatin-specific DNase I cleavage sites are indicated on the right of each autoradiogram.
The distances between the cleavage sites (bp) are indicated for gaps between 8 and 12 bp, or near-multiples of
10 bp. The small filled triangles on the right of each autoradiogram indicate the overlap points of signals.
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This indicates that this region was positioned on
the surface of a histone core. Interestingly, in the T20
region, the positions and intensities of the cleavage
signals were almost the same for DNase I cleavage
of naked DNA and chromatin, indicating that the
in the
chromatin context. In contrast, DNase I digestion of
HLB10 nuclei resulted in a very short ladder

conformation of T20 was maintained

corresponding only to the region from the unique
loxP site to the CCAAT box.

IV. DISCUSSION

Investigation of the chromatin structure formed on
a T20-flanked tk promoter was performed to
basis for T20
transcription. This region was found to harbor
nucleosomes in HLB10/T20 cells (Fig. 2). An
analysis of translational positioning of nucleosomes

determine the activation of

indicated that in each alignment two nucleosomes
were implicated in the case of HLB10/T20cells,
while three or four nucleosomes were implicated in
HLB10 cells (Fig. 3). Thus, the nucleosomes density
in the region from about -500 to +200 was lower in
HLB10/T20 cells than in HLB10 cells. Based on the
data, the accessibility of the TATA box was
presumably higher in HLB10/T20 cells, and this may
be one reason why the promoter activity is higher in
HLB10/T20 cells than in HLB10 cells. In the next
paragraph, we address how the T20 segment may
contribute to organization of the chromatin structure
in HLB10/T20 cells.

We recently showed that a 36-bp curved DNA
segment (T4) that mimics part of a left-handed
superhelical structure can attract a histone core and
activate eukaryotic promoters when introduced
upstream of the promoter at an appropriate distance
and with proper spatial positioning.15 T20 may
behave in a similar manner but have a more
pronounced effect, since the T20 segment of 180 bp
is much longer than T4. Indeed, T20 seems to have a
high affinity for histone cores: i.e., two translational
nucleosome locations were identified in the T20
“10-bp
cleavage pattern much longer than ~150 bp,

region (Fig. 3). In addition, a specific
ladder”
the canonical length of usual 10-bp ladders, was

27 Journal of Advanced Science, Vol.19, No.1&2, 2007

detected in the region from the upstream end of T20

to the CCAAT box (Fig. 4). The ladder length of
~290 bp suggests that a long DNA region was
rotationally positioned on the surface of histone
cores that were not translationally positioned on the
region. In other words, these results suggest a
dynamic feature of the relevant nucleosomes; i.e., the
histone core may slide within the T20 segment, with
a slight preference for the two indicated positions.
These
properties of T20 may function statically and
dynamically to increase the accessibility of the TATA
box and other cis-DNA elements in the promoter,

putative histone-capturing and -sliding

thereby facilitating transcription.
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Abstract

The intranuclear disposition of a plasmid is extremely important for transgene expression. The effects of a left-handedly curved sequence
with high histone affinity on plasmid expression were examined in vivo. A naked luciferase-plasmid was delivered into mouse liver by a
hydrodynamics-based injection, and the luciferase activities were quantitated at various time points. The location of the left-handedly
curved sequence determined the transgene expression, without affecting the amount of intranuclear exogenous DNA. The plasmid
containing the curved sequence at the location that results in the exposure of the TATA box out of the nucleosome core showed the highest
expression. These results suggest that sequences with high histone affinity could control transgene expression from plasmids in vivo.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Left-handedly curved DNA; Histones; Exogenous DNA,; Intranuclear disposition; Hydrodynamics-based injection

Plasmid DNAs are used for transgene expression with
nonviral vectors in gene therapy and biotechnology, in
either a naked or complexed form. Nonviral vectors are
quite attractive, due to their excellent safety profile [1-5].
However, their low transgene expression efficiency, in com-
parison to that of viral vectors, is a major problem. To
overcome this problem, contro! of intracellular DNA
trafficking, particularly nuclear entry, has been studied in
many laboratories.

In addition, the intranuclear disposition of the delivered
plasmid is also a factor in efficient transgene expression {5].
The intranuclear disposition is also related to the transient
transgene expression from the plasmid. Recently, the intra-
nuclear disposition of a plasmid delivered into mouse liver
by a hydrodynamics-based injection was examined [6]. The

' Corresponding author. Address: Faculty of Pharmaceutical Sciences,
Hokkaido University, Kita-12, Nishi-6, Kita-ku, Sapporo 060-0812,
Japan. Fax: +81 11 706 4879.
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major reason for the transient transgene expression is the
dramatic decrease in the expression efficiency from one
copy of the exogenous DNA over time, and this phenome-
non proceeds without promoter methylation. The decrease
in the expression efficiency was also observed in cultured
cells [7]. These results suggest that histones, which have an
important function in chromosomal gene regulation, are
involved in the phenomenon, since nucleosomes are formed
on nonintegrated plasmids [8]. The binding of histones lim-
its the access of transcriptional factors to their recognition
sites in the plasmid, and thus, the binding mode of histones
to the plasmid would affect transgene expression and its
decrease. In addition, histone modifications could cause the
decrease. Therefore, the interaction(s) between the plasmid
and the histones are quite important for efficient transgene
expression, and are one of the keys for controlling the
intranuclear disposition.

We focused on DNA sequences that affect the histone
binding. Previously, Nishikawa etal. reported that
[CATGTTTTT], (left-handedly curved DNA), with the
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appropriate combination of distance and spatial position-
ing, could activate a eukaryotic promoter when delivered
in a naked form into cultured COS-7 cells [9]. They also
showed that histones bound to the left-handedly curved
DNA, and that the TATA box was exposed out of the
nucleosome core when the curved DNA was located at
appropriate positions [9]. This finding prompted us to
examine the effects of this left-handedly curved sequence
in vivo. In this study, we investigated the in vivo effects of
this sequence on plasmids when delivered in a naked form
into mouse liver. We found that the position of the left-
handedly curved sequence affected the transgene expres-
sion by one order of magnitude, without altering the
amount of the exogenous DNAs, suggesting the different
accessibility of transcriptional factors to the plasmids
in vivo. Similar results were observed when plasmids com-
plexed with cationic lipids were delivered into mouse liver.
These results indicate that the left-handedly curved
sequence on plasmids also determined transgene expres-
sion in vivo, and that controlled interactions between the
plasmid and the histones are important for the intranu-
clear disposition.

Materials and methods
Materials

Oligodeoxyribonucleotides were purchased from Sigma Genosys
Japan (Ishikari, Japan) in purified forms. The pLHC4/TLN-6, pLHC4/
TLN-16, pLHC4/TLN+47, and pSTO/TLN-7 plasmids, containing the
thymidine kinase (tk) promoter and the luciferase gene (Fig. 1) [9], were
amplified in Escherichia coli strain DH5a and purified with a Qiagen
(Hilden, Germany) EndoFree Plasmid Mega kit.

a

Hydrodynamics-based injection

Plasmid DNA (20 ug in 2 ml of saline) was injected into the tail vein of
male 6-week-old Balb/c mice within 5s [10,11]. The livers were harvested
from the injected mice at various time points, and the luciferase activity
and the amount of the exogenous DNA were measured, as described
below.

Luciferase activity

Livers were minced with scissors and homogenized completely in lysis
buffer (100mM Tris-HCl, 2mM EDTA, 0.1% Triton X-100, pH 7.8).
After centrifugation at 13,000 g for 10min at 4 °C, the supernatant was
examined for luciferase activity, using a Luciferase Assay Systems kit
(Promega, Madison, Wisconsin, USA).

Isolation of nuclear DN A and quantitative PCR

Livers were homogenized in phosphate-buffered saline (PBS). After
centrifugation at 2500g for 5 min at 4 °C, the pellet was washed three times
with PBS. The pellet was resuspended in DNA lysis buffer (100 mM Tris—
HCl, 10mM NaCl, 3mM MgCl,, 0.5% (w/v) IGEPAL-CA630, pH 74)
[12). After centrifugation at 1400g for 5 min at 4 °C, the pellet was washed
three times with DNA lysis Buffer. The intranuclear DNA was extracted
with the SepaGene reagent (Sanko Jun-yaku, Tokyo, Japan).

Quantitative PCR (Q-PCR) was performed using an ABI 7500
real-time PCR system, and SYBR-Green chemistry (Applera, Norwalk,
Connecticut, USA). A 100-ng portion of the recovered DNA was analyzed
by Q-PCR. The luciferase gene in the mouse liver was detected using the
following primers: Luc (+), 5-GGTCCTATGATTATGTCCGGT
TATG; Luc (=), 5'-ATGTAGCCATCCATCCTTGTCAAT.

Hydrodynamics-based injection of lipoplex
Plasmid DNA (50 pg) was mixed with 216.3 pl of Lipofectin Reagent

(Invitrogen, Carlsbad, California, USA) in Hepes-buffered glucose
(10 mM Hepes, 277.5 mM glucose, pH 7.4), and the mixture was incubated

pLHC4/TLN+47

pLHC4/TLN-16

pLHC4/TLN-6

156 bp

pSTO/TLN-7

Fig. 1. Luciferase-plasmids used in this study. (a) Structure of the plasmid containing the left-handedly curved sequence and the tk promoter. LHC,
left-handedly curved sequence; GC, GC box; CCAAT, CCAAT box; TATA, TATA box; luc, luciferase gene; amp’, E. coli ampicillin resistance gene; ori,
E. coli replication origin. (b) Distances between the 5'-end of the TATA box and the 5'-end of the left-handedly curved sequence. The pSTO/TLN-7

plasmid containing straight sequence is also shown.
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at room temperature for 15 min. Hepes-buffered glucose was then added to
the mixture to a total volume of 2ml. The DNA-lipid complex was
injected as described above.

Statistical analysis

Statistical significance was examined by the Mann-Whitney test.
Levels of P <0.05 were considered to be significant.

Results

Luciferase-plasmids containing the sequence with high
histone affinity

Previously, Nishikawa et al. compared luciferase expres-
sion from various plasmids containing the left-handedly
curved sequence ([CATGTTTTT],) in the upstream region
of the tk promoter, when they were electroporated into sim-
ian COS-7 cells [9]. The expression depended on the dis-
tance and the spatial positioning of the curved sequence.
The luciferase expression was enhanced when the curved
sequence was located at appropriate positions, due to
nucleosome formation at the curved sequence, resulting in
the exposure of the TATA box in the linker region. The
pLHC4/TLN-6 and pLHC4/TLN-16 plasmids were the
best and second best ones in the above experiments, using
COS-7 cells (Fig. 1). In contrast, the expression from the
pLHC4/TLN+47 plasmid was the least efficient among the
plasmids containing the left-handedly curved sequence,
possibly due to the binding of the TATA box to the nucleo-
some adjacent to that formed at the curved sequence. We
examined pLHC4/TLN-6, pLHC4/TLN-16, and pLHC4/
TLN+47 as model DNAs in this in vivo study. We also
examined the pSTO/TLN-7 plasmid containing the straight
instead of left-handedly curved sequence as a control
(Fig. D).

Effects of the left-handedly curved sequence on gene
expression from plasmids delivered in a naked form

A rapid, high-volume injection method (hydrodynamics-
based administration) [10,11] was used for the delivery of
naked plasmids to the livers of male Balb/c mice. This
method enables the delivery of the plasmid into the nuclei
of the liver, without the aid of cationic compounds, which
could potentially affect the quantitation of the intranuclear
exogenous DNA. The livers were harvested after 8, 24, 48,
and 72h, and the luciferase activities were measured. The
amounts of exogenous DNA at the same time points were
examined by Q-PCR after isolation of the nuclei.

At 8h after injection, the luciferase expression from
pLHC4/TLN-6 and pLHC4/TLN-16 seemed to be higher
than that from pLHC4/TLN+47, although the difference
was statistically insignificant, due to data variations, as
often reported for hydrodynamics-based administrations
(Fig. 2a) [10,11]. At 24 and 48 h, the luciferase activity was
significantly higher for pLHC4/TLN—-6 than for pLHC4/
TLN+47 (Fig. 2b and c). The expression from pLHC4/

TLN-16 was comparable to that from pLHC4/TLN-6 at §
and 24 h, but was ~1/2 of that from pLHC4/TLN-6 at 48 h
(Fig. 2a~c). Importantly, the luciferase expression from
pLHC4/TLN-6 was ~10-fold more efficient than that from
pLHC4/TLN+47 and pLHC4/TLN-16 at 72h. Thus, the
expression levels were in the order of pLHC4/TLN-
6>pLHC4/TLN-16>pLHC4/TLN+47 at the time points
examined. These results are similar to those obtained with
COS-7 cells [9]. The luciferase expression from pSTO/TLN--
7 was significantly lower than that from pLHC4/TLN-6 at
24 and 48 h, and seemed lower at 72h (Fig. 2b—d).

We then quantitated the amounts of the exogenous
DNAs by Q-PCR (Fig. 2e~h). The amounts of the DNAs
were broadly equal at each time point, although the data
are variable possibly due to variations of introduction
efficiency of plasmid DNA by the hydrodynamics-based
administrations, and we could observe no tendency for the
amounts of the DNAs. These results suggest that the loca-
tion of the left-handedly curved sequence did not affect the
amounts of plasmids in the nucleus.

Effects of the left-handedly curved sequence on decrease in
expression

We then focused on the time courses of the luciferase
expression and the amounts of exogenous DNA. As shown in
Fig. 2a~d, the transgene expression was transient, and the
luciferase activity decreased over time. The luciferase activities
at 72h were hundreds-fold less than those at 24 h for pLHC4/
TLN-16 and pLHC4/TLN+47 (Table 1). In contrast, the
decrease in the expression was smaller (1/56) for pLHC4/
TLN—-6. On the other hand, the amounts of these DNAs in
the nuclei decreased similarly (Table 1). The amounts of the
DNAs at 72h were 12- to 20-fold less than those at 24 h. Thus,
the decrease in the expression was one order of magnitude
more rapid than the decrease in the amount of exogenous
DNA for pLHC4/TLN-16 and pLHC4/TLN+47.

Ochiai etal. found that the transgene expression
efficiency per copy of intranuclear plasmid rapidly
decreased when the plasmid was delivered by the hydrody-
namics-based administration method [6]. We calculated the
expression efficiencies for the plasmids used in this study.
The luciferase activities at 24 and 72h were divided by the
amounts of the exogenous DNAs at the same time points.
As shown in Table 1, the expression efficiencies, the ratios
of the luciferase activities, and the amounts of the exoge-
nous DNA decreased from 24 to 72h. The expression
efficiencies at 72h were 1/24, 1/15, and 1/19 of those at 24h
for pLHC4/TLN-16, pLHC4/TLN+47, and pSTO/TLN-7, -
respectively. Thus, the expression from the plasmid was
suppressed over time. In the case of the luciferase-plasmid
containing the cytomegalovirus promoter, the expression
efficiency at 72h was 1/32 of that at 24 h [6]. In contrast, the
expression efficiency at 72h was only 1/2 of that at 24h, in
the case of pLHC4/TLN-6. This result suggests that the
inactivation of pLHC4/TLN-6 proceeded more slowly
than that of other plasmids.
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Fig. 2. (a-d) Expression of the luciferase gene and (e-h) amounts of luciferase-DNA in the nucleus, examined by hydrodynamics-based injection of the
naked plasmid. Plasmid DNA (20 pg) was injected into the tail vein of male Balb/c mice (6-weeks old). The livers were harvested, and the luciferase activi-
ties and the amounts of the exogenous DNA were measured. The values represent the averages of at least three separate experiments. (a,¢) 8 h; (b,f) 24 h;
(c,g) 48 h; (d,h) 72 h. White columns, pLHC4/TLN+47; gray columns, pLHC4/TLN-16; black columns, pLHC4/TLN-6; hatched columns, pSTO/TLN-T7.

Bars indicate SE (standard error) (*P <0.05 and **P <0.01).

Luciferase gene expression from plasmids delivered as
complexes with cationic lipids

Next, we delivered the plasmids as complexes with cat-
ionic lipids into mouse liver. The hydrodynamics-based
administration was also used in this case. Plasmids (50 ng)

were mixed with Lipofectin reagent, and the luciferase
expression in liver was monitored at 48 h after injection.

As shown in Fig 3a, the luciferase expression from
pLHC4/TLN-6 was higher than that from the other plasmids
at 48h. In contrast, the amounts of the exogenous DNAs
were broadly equal (Fig. 3b). Thus, the effects of the sequence
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Table 1
Decrease of luciferase activity and exogenous DNA from 24 to 72 h after
administration®

Plasmid Luciferase Exogenous Ratio (luc/exogenous
DNA DNA)®

pLHC4/TLN+47  0.0070 0.0812 0.067

pLHC4/TLN-16 0.0023 0.0695 0.042

pLHC4/TLN-6 0.0177 0.0493 0.476

pSTO/TLN-7 0.0121 0.1533 0.052

2 The luciferase activity and the amount of exogenous DNA at 72h
after administration were divided by those at 24 h.

b The luciferase activities at 24 and 72 h were divided by the amounts of
exogenous DNA at the same time points. The quotient at 72 h was divided
by that at 24 h.

with high histone affinity were similar between the cases of
lipoplexes and plasmid DNASs delivered in the naked form.

Discussion

The objective of this study was to examine the effects of
the left-handedly curved sequence, with high histone affin-
ity, on transgene expression from plasmids in vive. Naked
plasmids containing the sequence at different positions rela-
tive to the TATA box were delivered into mouse liver. As in
the previous report using cultured cells [9], pLHC4/TLN-6
produced the luciferase protein most efficiently (Fig. 2a—d).
The luciferase gene was expressed in the order of pLHC4/
TLN-6>pLHC4/TLN-16>pLHC4/TLN+47 at every
time point. Nishikawa et al. showed that a nucleosome was
generated on the left-handedly curved sequence, and that
the TATA box was located in the linker region for pLHC4/
TLN-6 [9]. In the case of pLHC4/TLN-16, the TATA box
was located at the edge of the nucleosome, making the
access of the TATA box binding protein more difficult. The
results obtained in this study also agreed with the findings
of Nishikawa et al. Thus, the binding of histones to the left-
handedly curved sequence seemed to affect transgene
expression from plasmid DNA in the mouse liver. In addi-
tion, these results indicated that the location of the left-
handedly curved sequence affected the transgene expression
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in nondividing cells, such as mouse hepatocytes, as well as
in dividing COS-7 cells.

Alternatively, the effects of the left-handedly curved
sequence in mouse hepatocytes might be attributed to bind-
ing of transcription factor(s) to the sequence. If the binding
of the factor(s) influences transcription efficiency depending
on distance from the TATA box, the results shown above
could be obtained. In addition, the left-handedly curved
sequence bends the DNA and this might affect the lucifer-
ase expression.

The position effects of the left-handedly curved sequence
were observed at 8 h after the injection (Fig. 2a). The results
may suggest that histones bound to the plasmids at least in
part at 8h after their introduction. When we consider that
the amount of the luciferase protein reflects the transcrip-
tion efficiency at earlier time points, the binding of histones
to plasmids may occur at an early stage after the
administration. However, analysis on the histone binding is
necessary for correct interpretation.

Liposomes are expected to be one of the vehicles for
plasmids that will be used clinically in the near future. Lipo-
somes have also been used as nonviral vectors in biological
experiments. Thus, we examined the effects of the curved
sequence on the expression from plasmids delivered in the
lipoplex form in vivo. In general, transgenes are expressed
mainly in the lung by the intravenous administration of
lipoplexes, depending on the lipid composition [13-16].
Alternatively, the spleen is a transgene-expressing organ in
the case of Lipofectin [17]. In this study, the hydrodynam-
ics-based administration was also used for plasmid-Lipo-
fectin complexes, since we could deliver the complexes into
the mouse liver, the same tissue examined for the naked
plasmids. The luciferase gene was expressed in the order of
pLHCA4/TLN-6>pLHCA/TLN-16>pLHC4/TLN+47 as
naked plasmids (Fig. 3). Thus, the sequence with high his-
tone affinity affected the expression similarly for naked
plasmids and lipoplexes. This result suggests that the his-
tones bound to the plasmids delivered in the complexed
form. We presently do not know the actual pathway(s) by
which the DNA-lipid complexes are converted to the
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Fig. 3. Expression of the luciferase gene, examined by hydrodynamics-based injection of plasmid complexed with cationic lipids. Plasmid DNA (50 pg)
complexed with Lipofectin (charge ratio = 1:1) was injected into the tail vein of male Balb/c mice (6-weeks old). The livers were harvested, and the lucifer-
ase activity was measured. The values represent the averages of at least three separate experiments. White columns, pLHC4/TLN+47; gray columns,
PLHC4/TLN-16; black columns, pLHC4/TLN-6; hatched columns, pSTO/TLN-7. Bars indicate SE (standard error) (*P < 0.05).
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DNA-histone complexes in the mouse liver. In cultured
cells, it is possible that the lipids are replaced directly by
histones [18].

In conclusion, the left-handedly curved sequence at the
appropriate position could enhance the in vivo expression
of transgene delivered in naked and complexed forms. The
‘controlled intranuclear disposition’ of the delivered DNA
is quite important for achieving practical gene therapy and
efficient transfection [5). Properly controlled interaction(s)
of the plasmid with histones by the introduction of
functional DNA sequence(s) would allow transcriptional
factors to recognize their binding sites in the plasmid. The
left-handedly curved sequence is one of the candidates of
the functional sequences to control nucleosome formation
on plasmids and transgene expression in vivo.
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been roughly understood. They seem to comstruct chromatin structures that
leave target elements exposed, permitting activators to recognize them and bind.
Concerning the mechanical properties of DNA, a surprising finding was recently
made for eukaryotic class II gene promoters. They have common mechanical
properties irrespective of the promoter type. These properties are suggested to
function as general markers in promoter recognition by transcription factors.
Here, we discuss genetic information carried in DNA conformation and
properties.

Introduction

Owing to the remarkable progress in genome science, nowadays, we have
easy access to genome sequence databases for various organisms. However,
we are still far from a clear understanding of how genomic DNA is packaged
into a nucleus without entanglement, how chromatin structure is faithfully
inherited from mother to daughter cells, how the differential expression of
genes is enabled in a given cell type, and how transcriptional activators find
their target sites embedded in the highly compacted genomic DNA. The aim
of this review is to get a clue to these questions.

Multifarious DNA structures are found in the genome. Their implication
in DNA packaging and gene expression has long been argued. In the
meantime, much circumstantial evidence and several lines of direct evidence
have been presented [1]. Among these structures, the biological role of curved
DNA structures has been most intensively studied, for they often occur in or
around origins of DNA replication [2-7], promoters and enhancers [8-11] and
DNA recombination loci [12, 13], irrespective of the origin of the DNA (for
reviews, see refs. 1, 14-17). At first, this review will focus on the genetic role
of curved DNA structures.

Flexibility (rigidity) and deformability are representative mechanical
properties of DNA. They are also considered to play important roles in DNA
packaging into the nucleus and DNA recognition by sequence-specific DNA
binding proteins [18]. Recently, we found interesting mechanical properties of
eukaryotic promoters, which will be described in the second part of this review.

I. DNA conformation as a source of genetic

information

I.1. Curved DNA and DNA packaging in chromatin

Both intrinsic DNA curvature and anisotropic DNA bendability influence
the formation, stability and positioning of nucleosomes [19-41]. It seems
thermodynamically favorable to form nucleosomes on DNA sequences that are
already appropriately curved. With this logic, Crick and Klug hypothesized
the presence of curved DNA structures to explain the mechanism underlying
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DNA packaging into nucleosomes, which dates back to 1975 (seven years before
the finding of naturally occurring curved DNA structure) [42]. This was the first
reference to the intrinsically curved conformation of DNA. Later, it was
revealed that indeed, nucleosomes often preferentially associate with curved
DNA fragments [25, 27-29, 34, 36, 37, 40]. Nucleosome formation is a genome-
wide phenomenon. Therefore, if curved DNA is implicated in nucleosome-
mediated DNA packaging into the nucleus, the curved DNA loci should
frequently occur on eukaryotic genomes. Indeed, they frequently occur.

The repetitive DNA sequences, including satellite DNAs, very often
contain one or more curved DNA structures [43-50]. Satellite DNA sequences
are universally associated with regions of constitutive heterochromatin and
comprise anywhere from a few percent to > 50% of mammalian genomes [51,
52]. Interestingly, repeatedly occurring curved DNA sites are not restricted
to satellite DNA, but are also reported for human e-, Gy-Ay-yp-, 6-,
and B-globin, c-myc, and immunoglobulin heavy chain p loci, and in mouse
BT _globin locus [53-56]. Furthermore, considering that most findings of
naturally occurring curved DNA structures have been based on detection of
retarded migration in gel electrophoresis and that this phenomenon can be
suppressed by another structural property that causes rapid migration [49],
there seem to be many more curved DNA loci on eukaryotic genomes than
expected. Thus, curved DNA structures seem to be implicated in the genome-
wide nucleosome-mediated DNA packaging.

1.2. Why curved DNA structures frequently occur in control

regions of transcription
Curved DNA structures and nucleosome positioning

As described above, curved DNA structures are presumably implicated in
nucleosome formation. Then, how can we explain the reason why curved
DNA structures often occur in transcriptional control regions irrespective of
the promoter type (Table 1)? One hypothesis is that they may regulate
positioning of nucleosomes in these regions so as to allow the binding of
transcription factors [17, 57]. It is known that positioning of nucleosomes on a
DNA sequence plays an important role in controlling the access of specific
DNA-binding proteins to regulatory DNA elements [58-63]. Since the target
DNA elements could become accessible by making the relevant region free of
nucleosomes, or by exposing the target element toward the environment on a
nucleosome (Fig. 1), curved DNAs may play these functions.

In making the regulatory region free of nucleosomes, the easiest way
is presumably to make the DNA dissimilar to the negative supercoil. The
adenylate kinase gene promoter of Saccharomyces cerevisiae may be an
example of this. This promoter has a curved DNA of this type and is free of
nucleosomes [64]. In addition, in the yeast GAL80 promoter, an intrinsic DNA
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Table 1. Curved DNA-containing promoters, enhancers and regulatory sequences’. |

Gene Class  Origin Locus

rRNA 1 human promoter

rRNA 1 Rattus norvegicus promoter

rRNA 1  mouse promoter

RNA 1 Xenopus lagvis promoter

rRNA 1 Xenopus borealis promoter

rRNA 1 Drosophila melanogaster promoter

RNA 1 Paracentrotus lividus promoter

rRNA 1 Tetrahymena pyriformis promoter

rRNA I Dictyostelium discoideum promoter

RNA | Arabidopsis thaliana promoter

rRNA 1 Arabidopsis thaliana around position 270
rRNA 1 Pisum sativum promoter

rRNA 1 Triticum aestivum promoter

rRNA 1 Zea mays promoter

rRNA 1 Physarum polycephalum both sides of transcription start site
rRNA 1 Physarum polycephalum promoter

B-actin Il human promoter

cde2 Il human promoter

c-myc II  human promoter

E2F1 I human E2F binding site
erythropoietin receptor II  human promoter

e-globin 1 human promoter

Gy-globin [I  human promoter

Ay-globin I human promoter

wB-globin I human promoter

§-globin 1 human promoter

B-globin I human promoter

IFNB I  human enhancer

pmajor-globin I  mouse promoter

A2 vitellogenin I Xenopus upstream regulatory region
BhC4-1 I Bradysia hygida promoter

AaH T toxin I Androctonus australis promoter

DNA polymerase 8 11 Plasmodium falciparum promoter

ElA I human adenovirus type 2 enhancer

ElA 11 human adenovirus type 5 enhancer

E2 Il adenovirus E2F binding site

E6-E7 11 human papillomavirus type 16 E2 protein binding site
1E94 11 simian cytomegalovirus upstream of the enhancer
rbeS-34 I pea light responsive elements
rbeS-3.6 II  pea light responsive elements
MFal 1l Saccharomyces cerevisiae upstream activation site
STE3 Il Saccharomyces cerevisiae upstream activation site
GALI-10 Il yeast promoter

GALS8O Il yeast promoter

AKY2 Il Saccharomyces cerevisiae promoter

aReports on the TATA box conformation are not involved. Reproduced with permission from ref. 1,
©2005 Eurekah.com and Springer Science + Business Media, Lnc.

DNA elements

DNA elements

Activator

Figure 1. Two possible mechanisms to make a chromatin structure that permits
activator binding: either by inhibiting nucleosome assembly on the target element, or by
putting the target element on a nucleosome and displaying it toward the environment.
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curvature seems to exclude nucleosome formation on the UASgarge [65]. In
contrast, high nucleosome-forming ability of neighboring DNA can also make
the DNA elements free of nucleosomes. For example, the yeast GALI promoter,
which has two strong DNA curvatures [65], is incorporated into a nucleosome
(referred to as nucleosome B) under inactivated (non-inducing) conditions.
The UASg, which is the element involved in the induction of transcription, is
located in the non-nucleosomal region just upstream of the nucleosome B.

If the helical axis of DNA intrinsically resembles the negatively
supercoiled DNA seen on a nucleosome, it would recruit core histones easily
like the case of the GALI promoter. Furthermore, if a cis-DNA element is
involved in, or is located near, this curved region, rotational position of the
element on the histone core (or even in linker DNA region in some cases)
would be restricted by the DNA curvature. When its recognition site is
displayed toward the environment by the curvature, the recognition step would
be facilitated. An example is seen in the nucleosome structure formed on the
long terminal repeat of the mouse mammary tumor virus (MMTV-LTR). In
this case, a left-handedly curved DNA seems to play the role described above
[17, 66]. Four glucocorticoid receptor recognition elements (GREs) are
located on the surface of a positioned nucleosome, and the major grooves of
two GREs are exposed towards the environment [58]. These sites can be
recognized by the receptor (a zinc finger protein), which initiates transcription.
A synthetic left-handedly curved DNA was also found able to generate the
effect of this type. When it was linked to the herpes simplex virus thymidine
kinase promoter at a specific rotational phase and distance, it attracted a
nucleosome and the TATA box was thereby left in the linker DNA with its
minor groove facing outwards [63]. As the result, the segment activated the
promoter approximately 10-fold in COS-7 cells. Neither planar DNA
curvature, nor right-handedly curved DNA, nor straight DNA, had this effect
[63]. How easily the DNA can be incorporated into nucleosomes seems to be
determined by similarity or dissimilarity between a given DNA and the
negatively supercoiled DNA seen on a nucleosome.

The other effects generated by DNA curvatures

Histone modifications such as acetylation, methylation and
phosphorylation are implicated in transcription activation and gene silencing
[67-72]. The major sites of these modifications are N-terminal tail domains.
Interestingly, interactions between N-terminal domains and intrinsic DNA
curvature could influence nucleosome positioning and stability [73, 74].
Furthermore, it is known that interactions between intrinsically curved DNA
and the histone tails stabilizes the formation of nucleosomes by ca. 250 cal/mol
[74]. Thus, curved DNA structures may also influence local chromatin
through their interaction with histone N-terminal tail domains.
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Curved DNA may deform nucleosomes to allow transcription factors to
bind to their target DNA elements on them. An interesting result was obtained
in an experiment that used the TG motif [(A/T);NN(G/C);NN] and a curved
DNA segment. The repeatedly occurring TG motifs are anisotropically
flexible and have a high nucleosome-forming ability [26]. Blomquist et al.
constructed DNA fragments composed of the TG-motifs and the binding site
for the NF-1 with an As tract on both sides, and examined the NF-1 binding
affinity to its target sequence on the nucleosome [75]. When nucleosomes
were reconstituted on the fragments, the NF-1 binding affinity was higher
when the flanking A-tracts were out-of-phase with the TG-motifs, than when
they were in-phase.

In conclusion, curved DNA structures can organize local chromatin so as to
allow the DNA binding proteins to bind to their target sites easily.
Mechanically, they can enhance the accessibility of cis-DNA elements in
chromatin by exposing them to the milieu while on the nucleosome or by
preventing nucleosome formation. Thus, the curved DNA conformations seem
to be a source of the genetic information that is used to package genomic DNA
into chromatin and especially to reproduce functional chromatin in daughter
cells.

1.3. Effects of the other unusual DNA structures on local
chromatin
Poly(dAedT) sequences and nucleosome positioning

In eukaryotic genomes, there are more (dAedT), sequences present than
would be expected if the DNA sequence were random, while in prokaryotes,
no difference is observed between actual and expected occurrences [76].
These sequences are rigid and adopt a unique DNA conformation [77-79].
Also, (dAedT),-rich sequences, where several (dAedT), sequences are
connected by other short sequences, have frequently been found in or around
eukaryotic promoter regions. In HIS3, PET56, DEDI, ARG4, and URA3, the
(dAedT),-rich sequences act as upstream promoter elements [80-82].

In some cases, the poly(dAedT) sequences are incorporated into
nucleosomes, with either the original conformation, or with an altered
conformation [83-86], while in other cases they are not incorporated [85, 87].
Therefore, the effect of poly(dAedT) sequences may be essentially the same as
the proposed effect of curved DNA. Interestingly, it was reported that the
HMG-I(Y) family of “high mobility group” proteins can preferentially bind to
certain types of poly(dAedT) sequences on the surface of nucleosomes and
alter the local setting of DNA on the nucleosomes [88]. The poly(dAedT)
sequences may also function as a signal to introduce structural changes into
nucleosomes.
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Effects of Z-DNA, triplex DNA and cruciform DNA

Eukaryotic gene promoters sometimes contain, or are flanked by, Z-DNA
forming sequences. In the transcription of the human CSFI (colony-
stimulating factor 1 gene), Z-DNA seems to be implicated in gene activation
coupled with chromatin remodeling: i.e., BAF (the SWI/SNF-like BRGI-
associated factor)-induced Z-DNA formation at the CSFI promoter stabilizes
an open chromatin structure [89]. However, we do not yet know whether Z-
DNA can regulate nucleosome position. Triple-stranded DNA seems unable to
be accommodated within nucleosomes [90, 91]. Nucleosome assembly and
triplex formation are presumably competing processes. Cruciform structures
are located mainly on internucleosomal DNA [92], perhaps because they
cannot associate with histone cores [93]. Eukaryotes may use triplex structures
and cruciforms to form open chromatin structures.

II. Genetic information carried in mechanical
properties of DNA

Key genetic processes, such as DNA replication, transcription and
recombination are regulated by DNA-protein interactions. However, how
protein factors find their target sites efficiently is not yet understood. Our
recent study strongly suggested that mechanical properties of promoter DNA
sequences are implicated in the target-site selection [94, 95]. This section
discusses the mechanical properties of DNA as a source of information.

It is generally known that the TATA box, the initiator (Inr) element and
the downstream promoter element (DPE) are core promoter elements of the
class II genes that are transcribed by RNA polymerase II. The TATA box is
usually located ~25-31bp upstream of the transcription start site (+1) and has a
consensus sequence TATAWAW (W, A or T) [96, 97]. The Inr is located
around the transcription start site, with consensus sequence PyPyANWPyPy
(Py, pyrimidine; N, any nucleotide) [98, 99], and the DPE, which has a
consensus PuGWCGTG (Pu, purine) sequence, is centered at ~+30 [100].
There is also a group of class I gene promoters that comprise G/C-rich
sequences and contain multiple GGGCGG sequences for the transcription
factor Sp1[101, 102]. We have heretofore believed that many eukaryotic class
II gene promoters have either a TATA box, Inr or G/C-rich sequence, or a
combination of them. However, in human and mouse promoter sequences in
the EPD (eukaryotic promoter database), which is a non-redundant collection
of eukaryotic class II gene promoters [103, 104], the population of promoters
that contain a canonical TATA box was found to be small in each case (the
analysis was performed using EPD releases 76 and 78, which contained 1871
human and 196 mouse class II gene promoters) [94]. Concretely, the TATA-
only, TATA- and Inr-containing, or TATA-, Inr- and DPE-containing human
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promoters accounted for only 6, 1 and 0 %, respectively. Screening of the
database using TATAWA resulted in only slight increases in these populations.
Since the population of TATA-containing promoters in yeast is also small [105],
the population of eukaryotic promoters that contain a TATA box seems to be
small. Also found was that the populations of Inr-containing human and mouse
promoters are very small [94]. Although the GC box-containing human
promoters accounted for ~20% [95], it was clarified that more than 50% of the
human class II gene promoters do not contain any elements. Based on these
data, the population of ‘core-less’ promoters seems to be high in all eukaryotes.

Then, how are core-less promoters recognized as promoters?
Interestingly, they were revealed to have characteristic mechanical properties:
i.e., (i) the region around the transcription start site contains a distinctively
flexible sequence and a considerably rigid sequence, compared with other parts
of the promoter region, (ii) the upstream region of the transcription start site is
slightly more rigid than the downstream region, and (iii) the region around
position -25 is relatively rigid (Fig. 2). The GC box-only promoters have the
same profile [95]. The ‘signal’ described in (i) was not observed in the further
upstream region spanning from -151 to -498. More interestingly, it was
clarified that the TATA box-containing promoters and the Inr-containing
promoters have common characteristic mechanical properties and these are
strikingly similar to the properties of the core-less and GC box-only promoters:
i.e., both of the TATA box and Inr comprise distinctively flexible and rigid
sequences when compared with other parts of the promoter region and DNA
region upstream of the TATA box or the Inr sequence is more rigid than region
downstream of each element (Fig. 3).
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Figure 2. Average flexibility profiles of human core-less promoters, as calculated from
DNase I-derived flexibility parameters [108] (A) or from the tetranucleotide potential
energy surface model [109] (B). Values are shown as means = SD. Lower values
correspond to more flexible sequences in (B). Flexibility is plotted against the position
of the center nucleotide (A) or the second nucleotide (B). The data around the
transcription start site are magnified on the right. Reproduced with permission from
ref. 95, ©2005 Oxford University Press.
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The mechanical properties of the class II gene promoters may function as
general markers in recognition by transcription factors. The difference in
flexibility between upstream and downstream regions may be recognized at
first as regional features. Then, transcription factors may find their target sites

by searching the short sequence comprising of unusually rigid and flexible
segments.

Conclusions

The ‘genetic information’ is generally defined as “the information
contained in a sequence of nucleotide bases in a nucleic acid molecule” [106]
or “the information carried in a sequence of nucleotides in a molecule of DNA
or RNA” [107]. However, as we discussed in this review, DNA conformation
and properties also carry genetic information that are used for the construction
of functional chromatin and presumably for the target-site selection. To

understand such information is one of the next frontiers in the biological
science.
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Curved DNA: How Activator Binding Sites
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10-1.1 Introduction

A single somatic cell of humans contains DNA fibers of a total length of
approximately 2 m, which are compacted, without entanglement, into the
nucleus of approximately 1x10~ m in diameter. To greater or lesser de-
grees, all organisms compact their DNA. Biologically important DNA re-
gions, such as the origins of DNA replication, regulatory regions of tran-
scription, and recombination loci, must all be compacted. The tightly
constrained DNA, however, presents the appropriate environment for rep-
lication, transcription, and recombination to take place.

In eukaryotes, the DNA fiber is packaged into chromatin. In the
last decade, much progress has been made in understanding how transcrip-
tion is initiated in chromatin (Workman and Kingston 1998; Peterson and
Workman 2000; Aalfs and Kingston 2000; Vignali et al. 2000; Wu and
Grunstein 2000; Becker and Horz 2002; Narlikar et al. 2002). In the first
step, transcription activators bind to their target DNA elements and recruit
chromatin remodeling or modifying activities, to alter chromatin structure.
We know that activators can bind to their targets, even when those DNA
elements are adjacent to nucleosomes, or actually within nucleosomes
(Almer et al. 1986; Archer et al. 1992; Zhu and Thiele 1996; Wolffe 1998;
Nishikawa et al. 2003). Until recently, however, it was unclear what struc-
tures of chromatin allow activator binding, or how those structures are
constructed. Several recent studies have shed light on the significance of
curved DNA structures for this (Blomquist et al. 1999; Ohyama 2001; Ni-
shikawa et al. 2003). This essay describes some recent advances.
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10-1.2 Three-Dimensional Architecture of Naturally
Occurring Curved DNA Structures

A DNA bend can be generated either by an exterior force such as a protein
binding, or by the nucleotide sequence per se. The former is called (pro-
tein-) induced DNA bend or simply DNA bending; and the latter is called
curved DNA, bent DNA, or intrinsic DNA curvature. This essay concen-
trates on the latter. Generally, regularly distributed runs of adenines or
thymines (A-tracts or T-tracts), with a periodicity of one run per helical re-
peat, form bent DNA structures (Trifonov and Sussman 1980; Marini et al.
1982; Wu and Crothers 1984; Hagerman 1986; Diekmann 1986; Ula-
novsky and Trifonov 1987; Koo and Crothers 1988; Barbic et al. 2003).
The periodicity of the tracts relative to the helical repeat length of DNA
(about 10.5 bp) determines the DNA’s three-dimensional (3D) architecture
(Calladine et al. 1988). When the A- or T-tracts occur with a periodicity
almost equal to 10.5 bp, the helical trajectory of DNA becomes planar
(Fig. 1), that is to say, a flat curved structure (plane curve or 2D curve) is
formed. However, if the tract periodicity is other than this, then a 3D
curved structure is formed, like a corkscrew, with either a right- or a left-
handed writhe. When the periodicity is less than 10.5 bp (e.g., 9 or 10 bp),
DNA adopts a left-handed curved structure, and when the periodicity is
larger than 10.5 bp (e.g., 11 or 12 bp), it adopts a right-handed curved
structure (Calladine et al. 1988; Hirota and Ohyama 1995; Brukner et al.
1997; Nishikawa et al. 2003). These are sometimes called “space curves.”
Periodicities of 5—7 bp result in a nearly straight (actually a zigzag) trajec-
tory of the helical axis. Naturally occurring DNA adopts various 3D
shapes by combining these basic structures.

10-1.3 Curved DNA and Packaging of Genomes into
Chromatin

The structure and mechanical properties of DNA influence the formation,
stability and positioning of nucleosomes (Zhurkin et al. 1979; Trifonov
and Sussman 1980; Satchwell et al. 1986; Shrader and Crothers 1989;
Toshikhes et al. 1992; Sivolob and Khrapunov 1995; Ioshikhes et al. 1996;
Olson et al. 1998; Fitzgerald and Anderson 1998). DNA has to be bent
around the histone core, and it therefore seems thermodynamically favor-
able to form a nucleosome on a DNA sequence that is already appropriate-
ly curved (Drew and Travers 1985; Zhurkin 1985; Anselmi et al. 1999).
Indeed, nucleosomes often preferentially associate with curved DNA



10-1. Chromatin Regulation by Bent DNA 229

Plane curve

feien]  OHreRvEd

YZ

Space curve Space curve ’

(left-handed (right-handed
superhelical) superhelical)
Xy Xy
YZ{ZX YZizX
| @ e | 8

Fig. 1. Intrinsic DNA curvatures with superhelical and circular conformations.
The figure shows the structures formed by the nucleotide sequences (AsCATG)g
(left), (AsCAGTCAsCAGTCG), (fop), and (AsCAGTCAG), (right). They were
drawn by a combination of DIAMOD (Dlakic and Harrington 1998) and
RASMOL (Sayle and Milner-White 1995).

fragments (Pennings et al. 1989; Costanzo et al. 1990; De Santis et al.
1996; Widlund et al. 1997). By screening a library of DNA fragments from
nucleosome cores from the mouse, Widlund et al. (1997) showed that
among the fragments that form the most stable nucleosomes, a curved
DNA structure is the most common feature.

This suggests that curved DNA structures may frequently occur on
eukaryotic genomes in order to package them. Indeed, the repeating units
of satellite DNA sequences frequently contain one or more curved DNA
structures (Martinez-Balbas et al. 1990; Pasero et al. 1993; F itzgerald et al.
1994). The satellites are universally associated with regions of constitutive
heterochromatin, and comprise anywhere from a few percent to >50% of
mammalian genomes (John and Miklos 1979; Singer 1982). Also, curved
DNA sites occur repeatedly in human -, Gy-Ay-¢yB-, 8-, and B-globin, c-
myc, and immunoglobulin heavy chain p loci, and in mouse B™¥*"-globin
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locus (Wada-Kiyama and Kiyama 1994, 1995, 1996; Ohki et al. 1998).
Most of these findings have been based on retardation of DNA fragments
during electrophoresis in non-denaturing polyacrylamide gels. Fragments
that migrate at normal speed are not usually thought to contain a curved
DNA structure, but an “unseen DNA curvature” was found in one such
DNA fragment, in which another structural property, that caused rapid mi-
gration, had suppressed the effect of the curved DNA (Ohyama et al.
1998). Thus, there could be many more curved DNA structures in the ge-
nome than we have previously thought.

10-1.4 Curved DNA Is Often Located in the Control
Regions of Transcription

In both prokaryotic and eukaryotic genomes, curved DNA occurs frequent-
ly in regions that control transcription (Ohyama and Hashimoto 1989;
Ohyama et al. 1992; Ohyama 1996; Ohyama 2001; Asayama et al. 2002;
and references therein). In the class II genes of eukaryotes, both TATA-
box-containing and TATA-box-less promoters often contain this structure.
Moreover, curved DNA may be common to all class I gene promoters
(Marilley and Pasero 1996). Despite the many reports of curved DNA in
promoters, the role of curved DNA is not fully understood. As described
above, nucleosomes often preferentially associate with curved DNA frag-
ments. However, it is generally thought that if nucleosomes assemble over
a promoter region, they would inhibit access and/or assembly of transcrip-
tion factors. How do eukaryotes circumvent this problem? They appear to
use the DNA curvature cleverly.

10-1.5 Chromatin Structure That is Permissive to the
Activator Binding

Structures That Encourage Nucleosome Formation

To make target DNA elements accessible, there are logically two
options: expose the region toward the environment on the surface of a nu-
cleosome; or make the region free of nucleosomes (Fig. 2). As argued
above, it seems thermodynamically favorable to incorporate into a nu-
cleosome a DNA sequence that is already appropriately curved. Thus the
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Fig. 2. A chromatin structure that permits activator binding can be formed in two
ways: by inhibiting nucleosome assembly on the target element; or by putting the
target element on a nucleosome, and displaying it towards the environment.

first option could occur with DNA that has an intrinsic conformation simi-
lar to the writhing of DNA in nucleosomes, namely, when it mimics left-
handed (negative) supercoils. The second option could occur when the
DNA’s intrinsic structure is different from this.

Unusual DNA Structures That Inhibit Nucleosome Formation

In Saccharomyces cerevisiae, the adenylate kinase gene promoter has a
curved DNA structure which is dissimilar to the negative supercoil. This
promoter was shown to be free of nucleosomes (Angermayr et al. 2002).
Also, in the yeast GAL80 promoter, intrinsic DNA curvature close to the
upstream activator sequence (UASgaLso) may play the same role. Nu-
cleosomes are not formed on this curved DNA, or on UASgarso (Bash et
al. 2001). Other unusual DNA structures such as poly (dAedT) sequences,
triple-stranded DNAs, and cruciform DNAs, may also keep DNA free of
nucleosomes. Using in vivo UV photo-footprinting and DNA repair by
photolyase, Suter et al. (2000) demonstrated that poly (dAedT) sequences
in yeast promoters such as HIS3, URA3, and ILV1 were not folded into nu-
cleosomes. Formation of triple-stranded DNA and nucleosome assembly
are competing processes. For example, Espinas et al. (1996) studied in vi-
tro assembly of mononucleosomes onto 180 bp DNA fragments containing
(GA*TC),,, or onto 190 bp fragments with (GA*TC);o. Nucleosome as-
sembly was strongly inhibited when triple-stranded DNA was formed at
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the (GA*TC), site, while the formation of triple-stranded DNA was inhib-
ited when the (GA°TC), site was incorporated into a nucleosome. The
(GA*TC), sequences themselves had no influence on nucleosome forma-
tion. Similarly, it is known that cruciform structures are unable to associate

with core histones, and are located mainly on inter-nucleosomal DNA
(Battistoni et al. 1988).

Left-Handedly Curved DNA Can Expose cis-DNA Elements in
Nucleosomes

When curved DNA structures mimic part of the negative supercoils seen in
nucleosomes, they seem to be very effective in recruiting histone cores.
Even though the target DNA elements of activators are incorporated into
nucleosomes, if they can display their recognition sites on the surface of
the nucleosomes, recognition would be facilitated (Ohyama 2001). Curved
DNA is implicated in the formation of such structures, and the nucleosome
structure formed on the long terminal repeat of the mouse mammary tumor
virus (MMTV-LTR) is a good example. Four recognition elements
(GRE1-4) of the glucocorticoid receptor, a zinc finger protein, are located
within a positioned nucleosome. Two GREs expose their major grooves
towards the environment on the surface of this nucleosome, and are recog-
nized by the receptor (Pina et al.1990a; Fletcher et al. 2000; and references
therein). An early study revealed the presence of a curved DNA structure
between GRE2 and GRE3, and proposed that this may determine the rota-
tional setting of the nucleosomal DNA (Pina et al. 1990b). This curved
DNA has a left-handed curved trajectory (Ohyama 2001).

Recently, by creating 35 reporter constructs with the herpes sim-
plex virus thymidine kinase (HSV tk) promoter, we studied the relationship
between the geometry of DNA upstream of the promoter, nucleosome po-
sitioning, and promoter activity (Nishikawa et al. 2003). Left-handed
curved, right-handed curved, planar, zigzag, and straight DNA segments
were studied. A lefi-handed curved DNA of about 40 bp activated tran-
scription by about 10-fold when it was linked to the promoter at a specific
rotational phase and distance. The other DNA conformations did not have
this effect. Transcription was activated by the following mechanism: the
histone core was attracted by the left-handed curved DNA; the TATA box
was thereby left in the linker DNA with its minor groove facing outwards;
this structure enhanced accessibility of the TATA box; and presumably the
enhanced interaction between the TATA box and the TFIID activated tran-
scription (Fig. 3).
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Fig. 3. A left-handed curved DNA structure that is appropriately introduced up-
stream of a promoter can activate transcription, by modulating local chromatin
structure. The figure shows an example using the HSV ¢k promoter as a test sys-
tem. Curved DNA can attract histone octamers, and depending on the distance be-
tween it and the TATA box, can position the box either in the linker DNA region
(pLHC4/TLN-6) or at the edge of the nucleosome (pLHC4/TLN-16) with its minor
groove facing outwards. Both make the box more accessible to transcription fac-
tors, and activate transcription, although the first structure is more active than the
second. The symbols al, a2, and a3 are nucleosomes formed on the promoter re-
gion. Reprinted, with permission, from Nishikawa et al. 2003.

Another Role of DNA Curvature

Even when DNA geometry is dissimilar to the negative supercoils on his-
tone octamers, neighboring DNA sequences may allow a nucleosome to
form. In this case, however, the nucleosome structure may be altered. This
mechanism also seems to construct nucleosomes that permit activators to
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bind to DNA. Using the repeated (A/T);NN(G/C);NN motifs (TG-motifs)
that are anisotropically flexible and have a high nucleosome-forming abil-
ity (Shrader and Crothers 1989), Blomquist et al. (1999) constructed DNA
fragments composed of the TG-motifs and the binding site for the nuclear
factor 1 (NF-1) with an As-tract on both sides. They then reconstituted nu-
cleosomes on these DNA fragments, and studied NF-1 binding affinity.
Binding affinity was more elevated when the flanking A-tracts were posi-
tioned out-of-phase with the TG-motifs than when the tracts were in-phase.
The formation of altered nucleosome structures, and the enhanced accessi-
bility of a cis-DNA element on a nucleosome, have also been reported for
a poly (dA+dT) sequence (Zhu and Thiele 1996).

10-1.6 Concluding Remarks

In eukaryotic genomes, many DNA structures are present. Among them,
curved DNA structures play an important role in nucleosome formation,
stability, and positioning. The reason why curved DNA is frequently locat-
ed in transcriptional control regions is presumably that it constructs chro-
matin structures that leave target elements exposed, permitting activators
to recognize them and bind. Right-handed curved DNA seems to inhibit
nucleosome formation, which is similar to its putative role in prokaryotes,
inhibiting assembly of nucleoid structuring proteins (Ohyama 2001). In
prokaryotes, the DNA located in the promoter regions frequently has a
right-handed curved path of helical axis (Travers 1990; Ohyama et al.
1992; Asayama et al. 1999), which helps open promoter complexes to
form (Hirota and Ohyama 1995), and could inhibit association of nucleoid
proteins (the effects of left-handed curved DNA structures have not yet
been clarified). In eukaryotic chromatin, left-handed curved DNAs ensure
the accessibility of target sites of activators, by regulating the rotational
setting of neighboring DNA on the surface of histone octamers, or in the
close vicinity of the nucleosomes. Although this essay has highlighted the
role of DNA curvature in the organization of chromatin infrastructure,
DNA curvature may also play other roles, after local chromatin structure
has been remodeled.
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TIE, HEOMENFT b, ZhIEFOFEEBED
BoplihoTEbNbds. AEFROBAIDL, &
BENEHRFUTICEHT .

2. XVFDNAEZOTF

A, BEEE
ANV FDNAE—#8IC, HEERFIFIICA-TONTZ

F*2ASBEIDNA O 52 AR TH 5% 105 bp (I ERE
THETFLLAHF LTS L) RBEIIERENS. L
T, FEANIF105 bp DHAIIIFEICHED o 7-4EE
(plane curve) 2R SN 525, 105 bp &Y A7 EE
HETRET2BEICREEEA-—Tf VDL IIh
Uiz ), 105 bp &) HEVWEEMBTORET
3% E A== T VIROBE L 25 (F1). 3RTHIC
BAS o 745 1E, LiIZLIER— 2% —7 (space curve)
rrighg. EHIOHIEDHA05 bp » S8R B LIz
5T, NvFDNA OBRIFERIGEINTHE, XYk
DNA IEEBRYTZ)NVT I FFrVvEAV-ERIKE
T, FFHAZPOTRINIAFELVEETKEIENS
EWnHRERFEHE L.
B. #/LEDX7 LAY —LOEBEZRDDIEHR
BRAEMOES, 7/ LDNABZOTF Y ERELT
MBI SN Tw A, 7avF yOEREMEX 7 L
FV—LThb. X7 VFV—LEBRTHERICE, DNA
Fa7eA by (EA V8B DT NICEBEODRIT
NEhbiuv. LihoT, TTICHN>TWADNADY)
ATRI LAV —LETET B BBNFNIENTS
BrEZHLND, EBIZ, IT7EX YAV FDNAIKE
WEHIEATRTEVIREIRE HD. TLAE, X7
LA V=2l EENBDNADTA 75— ERLEER
Xo LA ) —LEDLBDNARRAIY -2V LIt lh,
FRdAY MEEF Do TV EWIIBENH LY. N
FDNA I, 7 O=F > OREBHEETEET H700DERN
BTy RT— 7o Th DA REEVH 5.
NRYMDNAMXZ LAV —LER LT 2DIY I
HIIESLTWLOTHNE, 7/ 2ARICEERICFRET
BT THD. LT, 0L REEAVORHbh
Twa., UEoid, ¥ FDNA #EMEFINICLD, KE
BIF|DMEBTH D (F1). ¥7 74 FDNA B HIEER
~AFTZa<F VEBICRET 2 RERFT, WO
BA, A L0 BT %ELDS. 751 FDNA
SEIECIZAN Y FDNA 2/ L TR 7 LA Y — A0 RAIRYICE
Ban, FhrERELTAFOZURTFUPEEINTY
207 Livey, BIRELI LI, “RENY MEE"
#5754 FDNAMSHI O HEETS. KRilinid, erDfs
OV VEETE, cmycR{zTEE, RE/O7) Y HEE

%1 SROBEES  EERFICEShAREERLENT 5700, FHRTIE, DNA O REE I SN BERRE ) LEI LTS,
*2 RS FUEEHASES LAAMEROZ . XY FDNA TR, (A-T) 29352 6 6 HERT 25 &4 5.
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T, 7R ™ Jue Y RIETFRE &tu,ﬁ@«
v MEEFRWELTWB 1,
EELIE, 10FEIEIEFRI
L DODNAL, FORFELLFHENE L DE K

7] VIRENER L 7‘: gl

BEhdIexRBRLA FRAKRIOL) 2FEE LD
ML, Ny MEE (KEEEAET 2E5) & o788
EVRETHE, MEOHRVER SN TERKEITLD
NV }DNA OFEERETELRVWZ ENDDL. 74T
4%1DNA@~%@%&1%@~%T ~X v} DNA
ETH00b5T, BITEEZEE TR L,
ﬁ%,E%K%@éhéDNAhiA/F%miﬁEL&
WEEZ LN TV I Ens, E5E, NV FDNADEE
FTHRILPPbOLTREAINTLE o727y —X258FEITE L
HoleDTRRVHIEEBHELTWE., £/, Y754 F
DNAZIESTNY FDNAFFETLHOTIR 2D, 256
12, XY FDNAEY /) LKl blo TEEEILEET S
DTV, EEBLTWAE. &b, &L, VY4735
A FIDNADKERE*BEOHEHIT, HoHICAR
DNABRD IV 74 A—T 3 /%c‘:o’Cb‘%uc‘:ﬁHHBﬁ‘C:
Tz,
C. BERIEEROIOYF &8

AN} DNA BESHI#EERICEEEICADH 5 1519
(FR2). £ 04, BEEEDNAEAUOEEFHHETF
BruwF Y AOEMEIIEETAILTIHLES. L
2o T, ruxFrEEEHEEFIEWENIEET
EBLH)LMBEL LDLENHL. FLTEOZDIE, D

1 BEESINICARY hDNA 5 DRIERRIOE 4

EHE ASECS DR

T TTFS5A
3/(Bos taurus) PasEis

S I~ (Rsttus norvegicus) HFSA R
TR PravE

=7 U (Gattus gatlus) YTFS5A ~
J\IN(Cotumba risoria) Prass i
J\I(Cotumba livia) Prara i

OF RAF 5734 (Varanus komodoensis) BFS5A -

F7A N34 (Varanus dumereliaddi) Parils

TR 77 (Boa constrictor) * YFSA

F1 LU Xenopus laevis) TTS5A ~
F—E—)URT b= (Panagreilus redivirus) 7oA~
2212 (Artemia franciscana) Alu 1 772 —
EAw! BEREET

* BBICT AU KRBT T DARBIONE

EDLEL0DRA N ALDVLETHS. OEMES] I
X LA VU—LEBEER SR, T2, QX 7Vt —
AR TENEFIRORHMAFHESEMNECA b Y HlTIE%
CHRIEE (GMED 12017 5. EEE, TOCEL0%RICH
NV FDNABEL HdboTW5D &S RS % 2001 412
RIEL 72 (KH2). DLOMET, ZORFASELWI E
PR LPIT o TE T,

5, OOBBEIIOVWTERTS. 3Tl k91,
a7 EAPMVERY PDNAKEVEMEZRT. LiL,

TIOFN—R—
BOZ—/—I1 L >

7avFL)EFULTRF

EDOX—)s—a1 )L
~NI-FDNA

ERAGERFHIV
RNAKYXF—+

ﬁ 4 ZDNABZF

2 ESHESEEOIOVF U RBEICBITBIRU
DNA DIEE|'"

EEDORERERIBITR U,
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*2 N)hmmﬁﬁﬁéﬂij—Q*,Iyﬂyﬁ—,ﬁﬁﬁ,%mﬁﬁmﬂﬂﬁﬂm

BT “iE i
B-TOF b JOt—5—
cdc2 bk JOE—5—
c-myc i JOE—9—
E2F1 zh E2F #E&BMI
TURDRIF/LETS— i JOE—5—
B-7OK b~ JOE—5—
IFN 8 [l TUNT—
R ] b TR JOE—5—
nEFOr=y FIUAYALIIV TR e
DNATRUXS—ES TIUTRER TOE-5—
EIA E NPT/ OAIVA 2R TUINIT—
Eé-E7 B RO OAIVA16E E2 iEEERMU
1E94 HILHA " AFODAIVA TN\ T—LER
rbeS-3A IVRY HITEET!
rbcS-3.6 ITVRD FREES!
MFa1 RS EREMERES
STE3 IR N osield el
GAL1-10 R TJOFE—-5—
GAL8O HEFES JO0E—5—
AKY2 HEEEE JOE—5—

TNETOBREO—H (L. sSAMBEFICETLHORT) LOT LWL ETER

FRTHONRY FDNA K L TEMEITE VDI TR,
S EXIERAR Doz, XY FDNAOESITRA MY
rOBMERRETAEELRERIIZE. A7 VAV L
HTDNAITLER PV IZESERC (DY), BOA—/S
— O ViEER EoT) BEDOVTWA. LA oT, N
F DNA 2D A —/8— 2 4 VTP EEE & o Tweihid,
I7 R RO FDNAICECEMEEZ O LA
FHEND. —F, N FDNADEDA— =T VI
TWHRWESIE, FOEBICIEX 7 LAY —LPERSN
RupSiusd weBERING, HFBREOT TVEF
F—BEEFOTOE—F =21, BEDIATONY T
DNAMHEHET S, ZLT, FOBEBUILRX I VAV —A4
PR ENEVIELDbhoTwE® . GALSO 7T E—
y—DEad, ERiEEIES (upstream activation
sequence ; UAS) DEBEIZHFET LY FDNADLIT
DRI LFY—LOBHEEBEL TS5 LY, DNase
I BRSO (2 0w Y RTDNA D B 2% o<
WAEML) A%, LI LIREEHIEERAIC AL I LR
(HIBENTWS, FROBINLHIZ, XY FDNAIKKL-T

DL BB bRTWwAr—Ri3P R B LR
EX 7R

Do, EWRFIFEET ABRBEX 7 LAYV —4
DR VIREEC T 248 T, BENENI~OEEHEETOT
Y ARER T AL LTREZRT. DEIL, @0
i Thbb, X2 L4V —LRTHEEDDNA Y ZER
ST BRI OV TE RS, JOWETIE, ANA—
)8 T4 VBRI Y P DNABERIC RS, 2DX)
EW% ko728 f DNA OB TE DNA BFIAHFET
2r, FOEFIOLEFIGEEICZ S LAY —LHTER SN
2L B BIETTRL, X7 LAV—LORHP (E2E, €
DFEEE) TEH DNA RFIOEEMAE 3 PRESNS EE
oA, FLTEFOEE, ZORFIBRAIZITLY LI
i#, DNA A HEOEEHHET L OMEERAYERIC 2
TEHEERBOPESENEEEZLNS.

< ZEEY 4 VADOLTR (long terminal repeat) THE
I AEECR, ITOBESEDRTWATRENEV. o
OLTR FICREBENX 7 LAV —Ld KT va =T L,
ZO0 LD, A00FVITNFIL FLi 7y —HER

x3 EEGHHHE | DNA 2 LR ABMO I H ) CHESR/HEORE - ma. 23, EOBENEOHBELVTEP L) L.
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B3 LHCEIANYNDNARIOYFUZER
FICIRETER

LHC BN | DNA [FO7E A M AT S 23RAED
B, UehoT, JOE—5—&-DENNEBHE
LIFEE, BSREENEXT A — LANEEE
DREFECERAICOII 2 ENTE, ERICH5TD
CERTED. TTTRUKpLHCA/TLN-6 &
pLHC4/TLN-16 DS, LHCEINY MDNAICEKD
TATARY O ADBIBHEHR UIcCET, GBEAVEHR
{E Uz (BB DBLVETIF pLHCA/TLN-6 DIEDHE
B CORRICE, BHEAVRADAIVADTE
JoFF—-ETO0E-5F—FERVTWVNS. al, a2,
a3, FRYVY3ZVILRIAIUA VL.

+1 7

O EFEIChUhENLRDNA

|~FDNA ~LFDNA --
- L L
10 bp [ (agssznmasesss=m=s=—-1 | a3 DNA (146 bp)
23 DNA (147 bp) P 5 E
H
1 TATA H i
TATA @ GCRy I
Hy -

= CCAAT A7 X
3 TATAR YT X

FlEEBEICRAUNANY FDNAY O LICERESE. #
LT, TOXZVAYV—LHTI2OO7VaaLFaqd N
L7y —EERNOFESREMICG T o TEY, &
NBIZV 74 v H—EF—T b DN IaANF IS N
Ve 7y —WREETHLEENRHBEINLGD, ZORTHE,
XY FDNAE2o0 7 vaanFaf FLe7y—FEEE
Fle b A by ETREACOTA2EREzH- TR EE R
5han?,

WEZ LI, BOA—/—If4 VEEEL L o7/ox
v FDNA (LHCEIAXRY FDNA*4) 252D L 9 et ZH
BELTwh I LA EBRWICEER L. 9, TOLHCEN
¥ FDNA % 70 E— ¥ — LR O E OB 4 E ORISR
AT EOETRETA L, BEMNEGHILT LI L 2HR
L7228 ir R, ZoEEE, <> FDNA I
TEAMRVDEDIFAIET, TATARY ZADY %
—DNAMICETA L) iIcknr s, £2T, TATA
Ry 7 ADREIBREAICGITORAZETRIAI LD
oMoz (F3).

ZDFA, 27 LAV —LDNA DDA AR E
L OTIHEILH, 27 LAV —ANOEN DNA BFIZER
ERFIEELLTL I EBBESNTWEY, DL
PORLPRE I, BEEHEERIEET S FDNA
D% L, TOBEEBO s uYF v EAREEFHE T A1RE

(BEwix iUz, BH) 2HoTWwEEEZLNS
3. KU (dA-dT) &v@~=F

A T/ LICBITBRY (dA-dT) ECFIDHIRERE

7 JIBITS (dA-AT) . DHIEEEZ, HERTIOHM
EEDPLHEMIZTFHENAHBAEELRE TS E, T,
BHE, Yo XFXF, BFEBRETRHEOIEZIPIEREI
BV, KBHE, SEETREEICEZR2VI EXH L2
o Twa®, F7z, BERELI L, (dA-dT) 21a
v FDNA LR, BEEEYOTOE—5—FHIIE RS
na., 277L, LT LADEDTEDEFIDEZ N EVS bt
TR%LC, EPOEVR 7 LEF R THfshizbnb%
W, 7ok 2L, HIFEERTIL, HIS3:EfzF, PETS6#1{E
F, DEDI#IZ¥, CBS2#&{z¥, ARG4:#&=F, URA3
BZF, ADH2BEFOTUE—¥ —4ERIZFD LD E
Fldesb. ZLT, HIS3&{5T, PET56:&1=¥, DEDI
BIZTF, ARG4EIRZT, URAZEMETOHEITIE, (dA-
dT) « PERICEEHIHES] & L THEEL T» 250,

B. KU (dA-dT) EXU LAV —LRY Y azZd
R (dA-dT) FBVE VI FEE b D0, EOLICX
ZUA V= LERE IS W EBBEINEY, ORI
BMLTIEEFEZE 220 LTw R, nvitroTOXZ LAY
—LEBROERDL, MR 7 LE Y —LOBFERD,

k4 LHCH# ! left-handedly curved {ZHET 5.
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2ol INT VA, 72& 21, (dT-dA)wu(dA-dT)uds
X7 LAY —AOFRBICEENZZbVwz L) RED
HIuE, —HT, (dA-dT)-(niE32, 34, 41) 2b2k b
4 ) LDNA ORFF %, (dT-dA)s& (dT-dA)s (2+5 7
K & (AT dA)e &L HFEEE O DEDI BZF 70 E—
y—l2Xr LA V—sAER SN BRELHEY.
DXL, FY (dA-AT) OES, B, FHHoOR
BBl o TELADYS L,
C. KU (dA-dT) BB D1EHR

A1) (dA-dT) 1FX > b DNA LA, &EHERRO Y
UvF v HEETRETARREE -T2 EEXONA.
F—TFrrueFy BATKEED s OTF V) OFEHKIZHE
FT2EFELTIE, K (dA-dT) DEAICLD X7 LAY
— AOHRAFHEE S NEENEEL LIV BEYFD
329, R (dA-dAT) 2SR 7 LAV —LAE I ZDEE
HDNA BFOEENHEEZBEET LI MEIILR
Vs, XY FDNA OBE LRI, F0L) 2BEICINE
BIIE5 LTWwATREERSHL. Z0iEd, BELOEE
Tit, KV (dA-dT) H'HMGI(Y) GEe X +F Y BERE
DEERFELTHAONEHMGEHENTUED) L7
y Oy OMEERICES LTV AT REIER SN T
W, 72 xiE, HMGT(Y) BX 27 Lty — LROFEED
A1 (dA-dT) IERRWISHEEL, a7 A MY EODNA
DRFMLEES L2 VI BENHZ. wihild
I, AZ7ULAV—LCEYRAENREERY (dA-dT) EEY A
FhinE) (dA-dT) OEVERE, FREAAZAIEV.

4. 7OvF & ZEDNA, =EHDNA,
+FLHiE

MAINODNA W, BEAEY - EHEME LT, #E,
BOA—N—a L MEEF Lo TS, BOA—/N—21
VIZDNA MROY—D—FET, )y F U IBORE (2
3y, “ELTAMEEAE)ICEINAEL, DNAKR, &
B, iy, 2K DNA ORESELE L THEECE
5Tx5. EREYOHE, —RIS, BORX—3=34
R LAY —AICREBENRTLE) 2o, Bl (RO
B) TEEMIIORYVEETAILEH TN k. Ll
X7 VLAYV —Lh6aFT AN VAANIEER, BEF
DORNAKY AT —E¥DBF R, —@8rCELS. £
LT, BOA—1—af VORENEWE, ZEIDNA, =
FEHDNA, TFEEELREIHREINPT L5,

AERPAIZZ B DNA ST 528 BERVHWIERH
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Thot. LoL, 10FEIFEFZIE, ADARIEVWS TT
Yy FET I F—EO—FENZ I DNA RIS M2
£ vhLoTWAI Db, EERNTHINL ) 2iE
EREBICEETAEEAONL LI o7, 2R
DNA RITE L7 BRI % b0l (7)) Vi e ¥
IV UBEEDREIEETAEE) T A0z hELS
WCEET D, XHICERENI LI, XV FDNARRY
(AA-dT) KR, ZRDNA#ERTA2TRREDSH HE
i, BEEREAEEICULILIEFET .

BUERT, s u=F ) EFY L IENLIRETRRAOE
AL Z BIDNA 25 b o T b &) BERIEWVBIAERE
xn7=% . v b CSFI (colony-stimulating factor 1) &f&
FOTOE—F—IZIRZRDNA #2005 5 TG DRIER
Bl s, ZORIEESIE, BAF (BRGl-associated fac-
tor, SWI/SNF #ZHH) &5 2 G THRICZE
DNAMEER L o TFDEWALEIT TV S I LD L
fro72 . ZEIDNAOEFKIZE L R->T, BOA—/3—1
£ MTERSICAEE B, CSFIBEF/RE—F—IIB
Wik, BAFICX D FR a2 ZE DNA OFEEA, X7
LAY — 20k, SR, A—TrruxFr ol
REFELTVWEOPL Ly, ZofHElR, ToE—-5
—SEI I ORI ZE DNA A LI LISHET 2 HH
RHBAL TV A EEEYH .

ZEDNA & HFEEBEDL, A—TrruvxFroR
BICFIE SN T VAT EENSHS. ZEHDNAE, R
7 VEE - K ¥ IV VR EENIRIE LB
TREIShI B, & 21E, 5 -GGAGAGGAGAA-T-
AAGAGGAGAGG3 (FEEDOMER) 0L ) REHTH .
—7, TEEBEE, EARRERFISFETALIAT
BREh) 3. ThooElE, LbICaTeRA YRR
ETERVEVDIRTWVAY, L7zd-T, ZEHDNA D
FEEEEL, REMSNISEEIES -7y ouv Ty
RO DL EZ LNDA, TNOLOEYFENE
FHIZVEERETHS.

3 DNA o¥EftEichr < Shic
BinlF
1. DNA O & BIRER

A. DNA OZ#E
7 7 ADNA R, AHcE S WEED SISV E
Wb Hs, 2612, EHI (anisotropic) IZFHPWVEED



HBH. FoPVEEEE, HEMAEEICHIDRT
(2T, EIFReTWEE) EEATLWw, BWHEEE
BEOEDOHELRTHEEE ST, 2LC, BAMICES
POVEE LR, HEIFEDHFITHEID LTV, Fh
PAHOFFNEEMA NI WEBOZ L TH A, B - &
LAE (Llg, FEM*5 LR 5) 13, DNA O HENE
HDOTEDTH W AVFE (mechanical property) O
X THABH. DNA OFEMEIZ, BHITT/ 22 3EEAICH
D770l FHA SN TH DO TIER WP L BBINTE
oS, FOEMKMREMEIEEBOATH R, 540
PARTERE & OREIZ S 2D T vds, DWEE, DNAD
CORFEICEEERS LELOMELOTHD» 7278,
B. DNAOZEMHEHEINT 275%

W DD T NV—TH, 2 A8 DNA O BYFRERE
RFHROMIILTHA,. 2& Z21E, Brukner 51, 3bp D&
DNA (32785) OFMEL ERINIRD®, Packer 513,
4 bp DEDNA (136 1848) NFEEHEL TRV F—FHIZ X
DRSTHBEIL L, 4B, DNA OFHMITEEAT]
Lo TRT B, MEOHRIE—xt—Tidkv. I,
BHRODNADE LERERZ O OHEVH L0 HTH 5,

ST, DRbIPER L0, TATLE+TbpIth
122 THS. LrL, 10 bp 572 DNA TEZEH
T524800EHDH Y, B4 ORKMEZEBRITRDEZ
LIZHIERTTETHS. BT bp b8 Ebp, HBHWIE
FNUEDF A X2 L ODNAOEEHMEZ EDL S IZEHE L
RHLEVDES) D, 0L REE, 2Lz, FUX
JVLAFFERET IR VAT OB TERTL, £
DEREELIIGMTHEVIFiEER L L, 728 212,
5 -AGCTTAAGCCG-+-+-3" £\ EH|TId, AGC,
GCT, CTT, TTA, TAA, AAG, AGC, GCC, CCG,
CG+, Gy oov, BV ZABIER, HIELL, Z0F
E70y by ALY FEEALT A0 LCERET 5.

C. 7OT—4—IHBOEBIIEEEED

EPD*6 L JIENAHRNARY AT —E L T OE—F—D
T N—R2iE, 1871 Ok M OE— ¥ —OEEET
VEF - REINTHS, 551, BEMICEOLET]
2L, TATARY A, A=vx—%—, THRIOE
— % —Bg%l| (downstream promoter element ; DPE) 7z &

£3 OVESIRNCHEE RO TOT—5—DEIS

J7E & (%)

TATATRY U2 6.09
A =T - 9.30
TRIOE—5—E5] 0.43
TATARY D2+ A 2 T—5— 1.02
TATA Ry O 2+ TR TOE—5—E5 0.05
A =V I—5—+FRIOT—5—E5! 0.05
TATAR YO R+ A ZV I—5—+ T JOE—5—&5 0
GCRwIRX 20.4
TEL** 53.7

EPD [CAMENTLSTNTOL b SR REF JOE—5—, 1871 %
SRRV

*OVERE LTI, BRICRSNEEDIEIESDTOE—5—2BEKT D

** RPOEIZEV > TVRIEWIOE—5—OBEE. TATARY D0
DRVTREINEBIIEVNRTATA EWST MR LA F FEERIFED, &
Wz 7OE—5—&, "TATARY IR OFEEICE "L OEBICBAN
dhofc. JOE—5—DRIGESETLTE 100 %ITESHELDIE, HBICT
DEHBICED

DaTTaE—F—EHELT, Lard, GCEyZAD
bl TOE—F— (&FLIE, a7 LVATUE—F—L
FATVE) 50 %L ESFHET 5T LIZRDW (R3).
RUADTOE—F— 196 AER D, ZIZFRHTH
ofz BmVALBEBICENDYS, HEBBOBED TATA
Ry 7 A% DDTUE—F—DEEIILHN®, Lizdis
T, EREYEHROERE LT, TATAXy 2 2%327
OE—F— 3R/, LvorbLlhlhn, Lddhh, 2
DEIRZEPELICRDE, TTLATTE—§—(3F
WENDIDOIZEDL I BFEE Lo TBBDELI 1, &
V) EAN R A LB,

EELIF, TUE—S—DOFHREEFHBITL, T0OKZS
LEDDEARDIT™, I, BITEEZENTS.
Q@a7LATUE-5—DHE, EERBESEROEE
ENOEREFEDLDTHET, GERBIZEICILT,
EHRBIOBIEERN AR - TER L2, TRBloEEN
JEEITREN - TRV (B 4).

@I EIFIFE UL bo/NEED, foTuE—7¥
—IIHFETSH. aTEFILE LTTATAR Y 2 27250, &
HViE, {2V r—5—7iF b oTuE—F DB,

* 5 M FEBRTTIZEIC"DNA flexibility” £ WA ERBVHAVSNWABENE VDT, KETLFRICE S -7,
#6 EPD ! eukaryotic promoter database. EfZEY 7 FANIBEFOTUE-F—DF—FRN—2AT, EFENLZVIEE, EBRNICESHERISEDLN
TWETUE—F /AT HEDTVWE I E M E LT, URL % hitp://www.epd.isb-sib.ch/.
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ZOBF| B AEFFEBROREREEE LD, GCHRy 7 A70T DDNA FTHODNA L h, TP TiEdH HHHHIIHE
2L OTOE—F—DEA, ITLVATOE—F DA WDNA TTETWA (FUE—¥ -2 oTHA, BiFs
LR, EEREAEEIYEE R ET O,

EARLLN, IT7LVATOE—Y—|ZELTIE, LR

@LEROEDS 4 THTUE—F—b, HEEHO LR - 500 T, THE+ 100 F TOMFFER).

Ed (k]

-150 -100

(b)

-50 +1 +50 +100

Ed g

-0.1F
-0.2+
-0.3}+

-0.4

-100 -50

-30 -24 +1 +60

&

0.3
02r
0.1 H

Ed (i

-0.1}
-0.2+¢
-0.3}¢
-04

-100 -50

0.2

-2 +1+5 +60

&

0.1

Ed /4

-0.2

~150 -100

-50 +1 +50 +100

4 b RISRDBGETIOE—Y—ORMISE ™S

ESRMSHSNI FUBE, FOMBOESNEEE (x+s) OEFERUL. HEFKEVEERSHMNCEZERTD.
(8) P UVARATOE—5—(n=1004).
(b) TATA TR W RIZFEE D TOE—5—(n = 26). TATATRY I RADMIBERECGRUR. 1H8, -30 ~- 24 BADUEIC TATAR OB DTIOE—5Y—
B, BUBEGEETRULE".
(0) AZVI—9—RIFREDTIOE—5—(n=97). AZVI—I—-DUBEBTRTRUIC.
(d) 6C Ry 2 ARFTEHDIOE—F—(n=382).

8
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2FD, FHELVIBRETARDE, TRTOTTE-
T BB Lo TWAI LEPRHLNI -7 &

DICEE LI, JOFBEELAALODNAY, EERIC
EEXEBTELIERFHOMILEY.

IOERNS, AT VATHE—Y -3 FORKEDSE
BB ST VLTV ARSI EEHEE SRS,
LH»L, SE0OERIZ, IT7LVATOE—F—DF#EE
WLEEFHT, TRTCODTUE—F —ORBIBBICEE,

Br5 2 Twa00b Lhzn. wihildl, FuE

— I DNA OEMIVEEL L2 A SHhOBEERY
HoTwhZLZTbPniznkEZILNS.

2. DNAOHCE A LEAIRFER

HAEOELEIL, BLRELTESFEELRETS.
BEREMOTIFY, IFAVY, Fa-—-TN) R, BEHE
Mn759 ) YR EEERRAITHS. LIANINE
T, 2R DNAICHCESRENH LI EIZAMoTnih
ol EELIE, &, 2A#DNAMg FET TCEC
EETHIEERERL® (B5). Zofigd, —EO&
EEHE L THRAEL TV BT REE S 5.

2 DNA DHCEEHRFIE, oM LU LD DNA A

ETAHRCHE A MPoHmM (bbb, £HEALE
BE) OMg* HHFETHERI S, %szmﬁ%u

DNA OREBHEFTLEIS. 2%, RiEIha, B
CEFUDNAZ “RaigT %é‘@"ébw')ﬁ%{ﬁ“ﬁ?‘i’g“
BOTHAHY. BFMABEMEOT—5051%, £4EFIZ
FTICEARE G FODNADNSLRD Z EARE S
(E5b,c). TOEKI, FUEEEIN%*LODNADTFD
BV, BRALPO BN A6 T EERELTY
b, KHIMg* W r7=r THNOERRFL, 6MDKE
A LABERT) CRETAIE2s, 5T, Mg¥
AINL Y F o THTFEDTT = ES LEEUDITT
WABDTIE RV EEZELTWEST (D EoDGFDLHh
T, AUEICNETA 7o vBRELBE, iO5Foxt
BT ARE-BE, FhFhFESETHTDIT WA E
BBRLTWS).
BIEEHROBANOIE, Z0“51h" BE—0RY| %40
AR ZZXLEEERE LTRHASL T SO TE R
‘c‘:*af%éi’tzo 7o& 23, MRAARZICFEIhTYS
REESEZ OGNS, T/, RIERFIOITD 7272HIZ0F]
ﬁéﬂfw%#%bh&w.;mi#&%,éiéi&ﬁ
SIS LTWD I LSRG NS,

DNAMEE
nM

(nm)

K5 27484 DNADECES

(a) BB, DNADFETFILI 7w RCRUIE.
(b) BFREHEMEEE. 25 MM DMgCLZSH
KBHED, 10 M DBEETCECEE LI DNAZER
=40y ral

(c) (b) ITBVT, FREDIR. FEOE, BEOR
TRUEIEICHITD DNADEH (o370
T7A)0) . 2488 DNA BIRTRAISNDEHE1
nm AT THED. Lo T, CORTREBHEOTFD
E5ENZVTENDDD.
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M SrEEEEEIES I 2T 1 YA

1. DNA ERIEE - SRS L
IEDxRTF14T7 R

2 F ALY, FoFTHDNADHA KD, X
Y DNA O EDLo/NTEREFH L LIE, —ED
MEEOHVIETIIEICHMOR TR Y. MIEAND BT
B4 VIBEODLT I EVRLEE A, DNA OB KEER
BREREOEEFEL, FhdyuxF VHEEDEL
rUEEIL, twTid, BEFRRAONY—VIELE
76T LV AAZAXLANFEEL T THOARERETIES
v, 2%, DNASKEEPLHEBNFEL, MR
BRI A A Y REISEEICERA LT, MERTICRE 2
NIBIEFREBRSS - V2T A20E2OERIIE-T
WATREEY S 5.

2. DNADHCESEIE T2 T4V R

T URTF OGN - WMBOBREN S F 4 L OBREIKE
LTRELEDLZILEEPLHONT5%®, DNADE
CEADIOHERIIEES LTV LT NS5, DNA OF
—BHDBHNIETIE L FIANR I LAV =L DHNIET
LERIEZ DTS, FOFIINIHEFIE - SEEE DT
REEFEDZXZ7VFV—LE) LERDITARRELD
ZEiIhD, ZOFINOESIEIM OBREICIVEHTS
LEZONLDT, ¥ORERIINTA—y—LLTIuxF
VERDEROBENIEML, FAPIEV AT AT A
BROVEODDEENIZRZEWIHIERSEZ ONS (=¥
YrRF A7 AR LEVETY, $774 FDNAZE
DI 2T 7O F Y ERRTABICEHRBTHA
9). DNAOHEEE YT 2 25 4 7 AOBFKRTIE, 7k,
AFALDNA 723 MRT O R Lo TE 729, Lk DR
HEL R OBEIH 2R RICoRAH LB DNS.
WFNIZE L, O8I BIPHEET S EOEYFHE
KIS BOMEIFEZQER O wA, ERESKEOBR
BRECHD LR LT3,

sHYIC

AN FDNA®RY (dA-dT) % EHSHHEDDNA BXHE
EiX, 7uvF U OEBEEAHRE A THERT LD,
Thbb, X7VFV—-LOERNREZ RDOLODE
BOFEIL L > T B EHESND. DNA O ERIFFED
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FEAEDEE 237 LT as BB ENED, THERE
WELsN TV, 72720, TuE— 7 —HEEOBREY
R, BEICLERZZALPOBERVHINTHEZ L
B Y R LoV A

A7 VAV —LOBEBEXRODERIIT/ LI INT
V5, EW)RABEDRIA 2006 FEITRR SN, &
i, &2 NiL, KDELBXZZEHIL, ZoBEHRE
DNA OFREECYENFHICHISh TR EZE LT
5. EBELIE, Bk, M/ aH308bp DERIZD
% DNA OBMPREE Gl o~y 72felk L7z £0
AT, 5%, Lo oBEZETHERDNED,
INETILAON T LD o BIEFRVADOP B DT
WHEEFEL TV, wWIhIZE X, BROBERERTH
BIAMREEZLEBLT, "EWEIEDLHICLTEETFEH
BRI axF ORIl 272 ATw S, “Eid
EDXHIILTruxFrofEritRE A TEEILHE
BLTwRD Evoiz, HAMLDDNWERMIEHITH L
ENFOPBETNLEFELTHS, 612, ZTDL)
GRIEIZL D, FILORAEEINHSZ L HFTSE
b, 7ok, BEFERCEMNLR 7 uF U BET AL
BICHE T 7 uxF Y THEEIZEDOHT, ERIZ, XU b
DNA %KY (dA-dT) BZOEMIERTHAZ LHTT
IR ST LT B B840

Carl Sagan B{EOME [Contact] DT A F ¥ — T,
Jodie Foster @3 2 EALOI ) =2 F #7512, “Are
there other people out there in the universe?” & R4
1, “Universe is a pretty big place. ---. So, if just us,
seems like awful waste of space.” E&FZ AV —r3H 5.
BEEYOT ) L EEEEROBRLINEFALTHS.
BARIGREERTZ2TICE#RZEDEL LI b oo
ZEELTwRNnESS,
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