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1. Introduction

Recombination of genomic DNA is of profound significance not
only for the generation of diversity of immunoglobulins but also for the
maintenance of genome diversity and molecular evolution of genes.
Rare and illegitimate recombination events could lead to cellular
transformation, as seen in the lymphoma cells in which c-myc oncogene
is juxtaposed to one of the immunoglobulin loci, causing deregulation of
transcription of the c-myc gene (1-3). Mechanisms of homologous
recombination, site-specific recombination, transpositional
recombination and illegitimate recombination have been the subjects of
extensive studies in the last decades (4, 5). These studies have been
mainly carried out by employing genetic engineering methodologies to
elucidate molecular mechanisms of recombination in vivo as well as in

vitro. Recently, mechanisms of recombination have been discussed with
respect to dynamic behavior of the chromatin structure (6, 7). As the
studies on transcription have been focusing upon the chromatin
structure (8, 9), it is reasonable to assume that studies on the molecular
mechanism of recombination may lead to new insights if we take the
dynamic behavior of the chromatin into account. In this study, I have
investigated possible involvement of the chromatin structure,
particularly nucleosomal structure in the process of genetic
recombination in human cells.

1-1. Recombination in higher eukaryotes
Recombination in higher eukaryotes have been studied in a number
of experimental systems. Among these, somatic recombination has been
described in detail for the immunoglobulin and T cell receptor loci (10-

13). There exist organized and elaborate mechanisms in order to ensure
cell type specific and developmentally regulated recombination. The
rearrangement of immunoglobulin genes starts with recombination in
the variable region, known as V-(D)-J recombination, where the
nonamer and heptamer sequences act as recombination signal sequences.
In this process, it is known that the recombination activating genes,
RAG-1 and RAG-2, are involved and the regulated expression of these
genes correlates perfectly with the V-D-J recombination activity (14). It
has also been reported that a cell-type specific chromatin structure is
required for the V-D-J recombination (15). For example, accessibility
to the recombination signal sequence within the chromatin structure
changes during developmental stage of B cells, which is followed by the
activation of the V -D-J locus for recombination. After V -(D)-J
recombination is completed, switch recombination of the constant
region occurs by rearranging S regions (sequence features of S region is
shown in Table 1). Despite these extensive studies, however, several
questions, for example, what is the molecular mechanism causing the
change in the chromatin structure and how allelic exclusion proceeds,
are still open for discussion.
Another type of recombination in higher eukaryotes that has been
extensively studied is homologous recombination. RAD5l, a eukaryotic
homologue of RecA, and meiosis-specific DCMl have been reported to
be responsible for homologous recombination in higher eukaryotes (16,
17). They were first found in yeast as proteins that share similarities
both in structure and function with RecA. Although it has been
established that these proteins are involved in the search for homologous
sequences in the early stage of recombination process and are
subsequently responsible for DNA double-strand exchange, the entire
process of homologous recombination in the higher eukaryotes still

2

Table 1. Nucleotide sequences of repeating units in switch regions .
Switch sequences located on the 5' region of the CH genes consist of
long stretches (ranging from 1 kb to 9 kb) of simple repetitive
sequences.
S region

Prevalent unit sequencea

GAGCTGAGCTGGGGTGAGCT
Sy3

PGGACCAGGCTGGGACAGCTCTGGG
GAGCTGGGGTGGGTGGGAGTGTGG

Syl

GPPTCCAGGCTGAGCCAGCTACAGGG
GAGCTGGGGYAPPTGGGAPTPTPG

Sy2b

GGGACCAG(T/A)CCT AGCAGCTPTGGGG
GAGCTGGGGA(A!T)GGTPGGAPTPTGA

Sy2a

GGGACCAGGCAGTACAGCTCTGGGT
PGGGPNCAGGCAGTACAGCTCTGNGTG

S£

GGGCTGGGCTGAGCTGPGCTGA
GCTGPGCTGAGCTGPPNT

Sa

ATGAGCTGGGATGAGCTGAGCTAGGCT
GGAATAGGCTGGGCTGGGCTGGTGTGA
GCTGGGTTAGGCTGAGCTGAGCTGGA
(G)AGCT(G) , TGGG(G)

common sequences

acommon sequences are in italic. P; purine, T; pyrimidine, N; any
nucleotide.
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remains to be elucidated.
Much less is known for other types of recombinations in higher
eukaryotes. It has been supposed that translocation involving c-myc
(located on chromosome 8q24) and one of the immunoglobulin loci (IgK
gene on chromosome 2q 12, IgH on 14q32 and IgA. on 22q 11) depends
upon the B cell-specific recombination mechanisms (18, 19). The
breakpoints on chromosome 8 are located upstream, downstream or
within the c-myc gene, and those on chromosome 14 are in the switch
regions, J regions or in the upstream of J regions. The mechanism of
how the breakpoints are scattered over such different chromosomal
regions was not well documented. Furthermore, more than one
mechanism seem to take place in this process. Many events have also
been advanced for the deregulation of the expression of the c-myc gene,
which occur in all the cases so far studied (20). Involvement of the
immunoglobulin heavy chain enhancer located 5' to the S)l region or a
locus control region located 3' to the Ca gene, have been reported to be
responsible for the translocation (21, 22).
Translocations and chromosomal aberrations (including
amplifications, deletions and LOH) observed in many locations on the
chromosomes have also been studied with respect to tumorigenesis (2326). Chromosomal gaps or breaks, known as the fragile sites, have been
reported to be involved in the generation of human malignancy such as
leukemias, lymphomas and malignant solid tumors (27, 28) . These sites
tend to be located at the junctions of Giemsa-negative and positive bands
where specific T-rich sequences are often located . The molecular
mechanism leading to the formation of the fragile site seems to be
closely related to the chromatin structure.
Extrachromosomal (EC) DNA have also been studied as a model
for more frequent recombinational events as they exist in a considerable
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copy number in cells (29-32) . The recombination juncti ons for the
formation of EC DNA have been studied in detail (33-35).

1-2. Recent studies on the chromatin structure
Owing to the recent progress in the research of the chromatin
structure, it has become more feasible to study biological events
associated with a complex chromatin structure under more natural
environment. Chromatin comprises multiple levels of compaction of
nuclear structures . The most basic unit of compaction that leads to the
macroscopic nuclear architecture is nucleosomes (36-38). DNA of 146
bp long is wrapped in 1.75 left-handed turns around an octamer of core
histones (consisting of a tetramer of H3 and H4, and two dimers of
H2A/H2B) to form a nucleosome core. Upon formation of a
nucleosome, the double helical structure of DNA is known to change
(39-43). Usually , DNA has a pitch of 10.5 bp per helical tum in
solution , but within a nucleosome, the pitch is 10.2 bp on average.
Furthermore, DNA within a nucleosome is divided into two distinct
regions that have pitches of 10.0 bp or 10.7 bp per tum, respectively.
The junction between the two different structures is about 60 bp away
from the core-linker junction and has the most severe distortion within
the nucleosome. The molecular structure of DNA within a nucleosome
differs where on the nucleosome DNA is associated to.
The mechanism of nucleosome phasing (or positioning) has been
drawing a considerable attention among molecular biologists with an
expectation that it may play an important and critical role in gene
expression and recombination. Nucleosome phasing can be induced by
specific DNA sequences (44-46) . For example, in the 5S ribosomal
RNA gene, a periodic sequence exists that confers DNA an intrinsic
curvature, and this curved DNA is favored to be incorporated into

5

nucleosomes (47, 48). On the other hand , the rigid stru cture of
poly(dA)·poly(dT) sequences and left handed Z-ONA are not favored
for incorporation into the nucleosomes (49 , 50). The intrinsic DNA
structure formed by these DNA sequences affects nucleosome phasing
which are subsequently recognized by H3/H4 tetramer (51).
The understanding of chromatin compaction relies mostly on the
studies on the nucleosomallevel and not much is known for the higher
levels of the structures. Nucleosome arrays are constrained by linker
histones (Hl or H5) (52, 53) and further compaction occurs, by an
irregular packing of the nucleosome arrays, to form a chromatin fiber
(30-nm fibre), finally leading to formation of a chromosome (54).
Several specific nuclear structures are involved in this process. These
include MARs (matrix-attachment regions) (55) or SARs (scaffoldattachment regions) (57) , which divide chromosomes into distinct
regions, and periodically-appearing DNA bend sites as a possible signal
for nucleosome phasing (58-60).

1-3. DNA bend sites and the chromatin structure
One of the candidates that are responsible for the compaction of
chromosomes in the nucleosomallevel is DNA bending. DNA bending
is classified into two types. One is the bending caused by protein-DNA
interaction (61) and the other is the intrinsic sequence-directed bending.
One of the well-known examples for DNA bending caused by protein
binding is the one caused by the TAT A-box binding protein (62). This
protein generally binds 30 bp 5' to the transcription start site of genes in
mammals. Binding of the protein causes bending in DNA molecules by
an angle of approximately about 90· , which presumably facilitate
interactions with other proteins to form a multi-protein complex. The
intrinsic DNA bending may also have the same function, as it is
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suggested by that some of the proteins which cause DNA bending could
be functionally replaced by specific seque nces which cause intrinsic
DNA bending (63). Intrinsic DNA bending is also important for the
chromatin structure. DNA bend sites are known to have a high affinity
to histone cores, and furthermore, chromatin assembly proteins such as
high mobility group (HMG) proteins (64) and SAR binding proteins
bind to the bend sites . On the other hand, there are several reports that
intrinsic bending is associated with recombination. For example, DNA
bend sites are found within 1 kb of recombination junctions in many
illegitimate recombinations (65, 66), and HIV and ML V retroviruses
favor to integrate at bend sites (67) .
Although intrinsic DNA bending is caused by specific DNA
sequences, the specific sequences which cause DNA bending are not yet
fully understood. Sequence including short poly(dA) tracts at four to ten
base intervals exhibits extensive bending but there are bend sites without
such sequences (68) . Thus, it is difficult to predict the location of DNA
bend sites by DNA sequences alone. Kiyama eta/ . examined the human
0-globin gene locus for DNA bend sites by the circular permutation
assay developed by Wu and Crothers (58), and found that the bend sites
appeared periodically at an interval of 680 bp on average , which is
roughly four nucleosomes long (59). These bend sites were also
conserved during molecular evolution of the globin genes and seem to
play an important role in nucleosome phasing or chromatin folding
(60).

1-4. Experimental approaches
The studies described above suggest that recombination is greatly
affected by the chromatin structure like other biological reactions . To
further examine and explore this possibility, I have investigated two
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types of recombination, which differ each other in their aspects as
shown below.
One is the recombination of the Sau3A family DNA which occurs
at the excision of the DNA to form an extrachromosomal circular DNA
(70). EC DNA is a good source for naturally occurring recombination
products as described previously. Particularly, the Sau3A family DNA
is quite useful because it is highly concentrated in the EC DNA fraction
of HeLa cells (approximately 1% of this family DNA is present
extrachromosomally as circular DNA). The Sau3A family has an 849 bp
unit sequence which is divided into five homologous subunits of -170 bp
in length. From the previous study of seven recombination junctions
including two extrachromosomal and five chromosomal recombinants,
it has been suggested that recombination for circularization occurs
between any of the two subunits with a homology of 68.4 to 77.2% and
does not require a long stretch of homology (71 ).
The other recombination that I describe here is the translocation
between the c-myc and the immunoglobulin loci in lymphoma cells (1-3,
20). This type of recombination is different from that in EC DNA in the
stability of the recombination products. The translocated chromosomes
are usually stably maintained in the cells after cellular transformation.
Approximately 90% of the translocation events observed in Burkitt's
lymphoma take place between chromosomes 8 and 14 (20). In Fig. I, the
translocation sites studied at the DNA sequence level in the c-myc gene
and the immunoglobulin J3 to SJ..l regions are summarized (72-76).
In th is thesis which aims to elucidate the possible relationship
between the chromatin structure and recombination, I especially
emphasized nucleosome phasing because it is a very essential step of
chromatin assembly. Furthem1ore, I examined DNA bend sites in the
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Sau3A family, the c-myc and the immunoglobulin loci, which would
provide basic information of nucleosomal phasing.
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Fig. 1. Translocation sites of lymphoma cell lines in the c-myc

gene region and the immunoglobulin 1-l locus.
The translocation sites are indicated by arrows and the ir positions
(relative to the P2 cap site in the c-myc gene region and, fo r the
immunoglobulin locus , the positions are arranged so that the J6 coding
regions are from I 482 to 1541) are shown next to their names. The
names of the cell lines are indicated only for those desc ribed in this
thesis.

2. Materials and Methods
2-1. Reagents
Restriction enzymes were purchased from Takara or New England
Biolabs. All other reagents without reference were the reagents grade
and purchased from Wako Pure Chemical.

2-2. Oligonucleotides
Oligonucleotides were synthesized using a Milligen Cyclone plus
DNA synthesizer by the beta-cyanoethyl-phosphoramidite method and
purified with Milligen Oligo-Pak columns.

The oligonucleotides used for amplification of chromosomal and EC
DNA are as follows:
S-T, GA TCCGCGGCCGCCCGAT
S-G, ATCGGGCGGCCGCG
B-C, GATCCGCGGCCGCCCGTC
B-G, GACGGGCGGCCGCG
The Sau3AI adaptor, S-TG, was made by annealing S-Tand S-G, and
the Bfai adaptor, B-GC, by anneal ing B-G and B-C.

The Sau3A family-specific primers used to clone recombination
junctions are as follows:
TTCCTCTTGACAGAGCAGCTCT and
AGTTCAATTCTTGAAGTGGAAC for PCRI,
GAAAGTGGGTTTGGAAACTGCG and
AACCTTGCTTTCATAGTTCAGC for PCR2, and
GTGGTGGAAAAGGAAAATCCandTTCAAAACTGCTCCATCAGC
for PCR3.
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Oligonucleotides used for inverse PCR to determine the in vivo
nucleosomal phases are as follows:
c-myc sense-I; 5' -TCG CCT GTG TGA GCC AGA TCG- 3'
c-myc sense-2; 5' -AGC CAG ATC GCT CCG CAG CC- 3'
c-myc reverse-!; 5' -TAT GCG GTC CCT ACT CCA AG- 3'
c-myc reverse-2; 5' -CCA AGG AGC TCA GGA TGC AAG- 3'

Igmu sense-I; 5' -TGA TGG AGT AAC TGA GCC TG- 3'
Igmu sense-2; 5' -CTT GGG GAG CCA CAT TTG GAC- 3'
Igmu reverse-!; 5' -CAA CCT GAG TCT CCA TTT TC- 3'
Igmu reverse-2; 5' -CTC CAT TTT CCA AAG GCA TCG- 3'
Double-stranded oligonucleotides used for bending assay are as follows:
Thrity one-nucleotide long oligonucleotides SAUB-ls, SAUB-2s,
SAUB-3s, SAUB-4s, and SAUB-5s were annealed with the
complimentary oligonucleotides SAUB-la, SAUB-2a, SAUB-3a, SAUB4a, and SAUB-5a, respectively, which were designed to create two-base
5'-protruding ends. Thrity-nucleotide long oligonucleotides LA and RA
were also annealed with the comp limentary oligonucleotides LT and
RT, respectively, which were designed to create two-base 5'-protruding
ends. (dA)31 or (dA)30 were annealed with (dT)30 or (dT)31,
respectively.

SA UB-1 s; CTGTCCTCCAAAAGGAAAA TCCTTCACAAAA
SAUB-2s; CTACTGTAGTAAAGGAAATAACTTCATCTAA
SA UB-3s; TTTCGTTGCAAACGGGATAAACTTCCCAGAA
SAUB-4s; CTTCCTTCGAAACGGGTATATCTTCACATCA
SA UB-5s; TTTCGTTGGAAACGGGTTCATCTTCACAGAA
SAUB-la; GATTTTGTGAAGGATTTTCCTTTTGGAGGAC
SAUB-2a; GATTAGATGAAGTTATTTCCTTTACTACAGT
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SAUB-3a; AA TTCTGGGAAGTIT ATCCCGTITGCAACGA
SAUB-4a; GATGATGTGAAGATATACCCGTITCGAAGGA
SAUB-5a; AA TTCTGTGAAGATGAACCCGTITCCAACGA
LA;GGAGGGAGGGATCGCGCTGAGTATAAAAGC
LT;CCGCTTTTATACTCAGCGCGATCCCTCCCT
RA;GTATAAAAGCCGGTTTTCGGGGCTITATCT
RT;ACAGATAAAGCCCCGAAAACCGGCTTTTAT

2-3. DNA Isolation and Purification
EC DNA was prepared from human (HeLa) cells by the method
described by Hirt. Briefly, cells (6 x 109) were washed 3 times with
phosphate-buffered saline and suspended in 120 ml of 10 mM Tris-HCl,
10 mM EDTA (pH 8.0). After the cells were lysed with 3.6 ml of 10%
SDS and 32 ml of 5 M NaCl, the sample was incubated overnight at 4

·c, and centrifuged at 30 krpm for 2 hr at 4 ·c. The supernatant was
treated with proteinase K (final concentration 100 11g/ml) for 2 hr at 37

·c, followed

by phenol extraction, chloroform/isoamylalcohol

extraction and ethanol precipitation. The samples were further purified
by three successive CsCI/ethidium bromide centrifugations at 55 krpm
for 19 hr at 22

·c,

to completely remove chromosomal DNA from the

covalently closed circular DNA fraction. Circular mitochondrial DNA
was removed by linearization with Pacl, followed by treatment with

Micrococcus lweus ATP-dependent deoxyribonuclease (0.0175 units/11!)
for 1 hr at 37

·c. Chromosomal

DNA was prepared from the pellets

obtained by Hirt extraction by the conventional phenol method.

2-4. PCR Amplification of EC DNA
EC DNA was first digested with Sau3AI or Bfai. Then, their 3'ends were filled with dNTPs by the Klenow fragm ent, and Sau3Al
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adaptor S-TG or Bfai adaptor B-GC was liga ted. The DNA fragments
were amplified by PCR in 50 mM KCl, 10 mM Tri s-HCl (pH 9.0) ,
0.1% (w/v) Triton X-100, 1.5 mM MgC12, 0.2 mM dNTPs and 0.2 mM
of the primerS-Tor B-C in a total volume of 100 111 with 0.05 unitS/Ill
of Taq DNA polymerase. The PCR program used was : 1 min at 92 ' C
for denaturation, 2 min at 50 'C for annealing and 3 min at 72 ' C for
extension in each amp li fication cycle, with a final extension at 72 'C for
10 min.

2-5. Cloning of Recombination Junctions from the Extrachromosomal

Sau3A Family DNA
The Sau3A family DNA was amplified by PCR (PCRI, 2 and 3)
with specific primers from EC DNA or chromosomal DNA digested
with Sau3AI (PCR1 and 3) or Bfai (PCR2) in advance. Therefore, only
the fragments lacking the respective restriction site can be amp lified,
removing most of the canonical PCR products. The positions of the PCR
primers and the canonical PCR products are illustrated in Fig. 2. The
PCR conditions we re the same as those described above . The fragments
from EC DNA with sizes different from those of chromosomal DNA
were recovered from a 1.5% agarose gel and cloned into the EcoRV site
of the pBluescript SK(-) vector (S tratagene) . The nucleotide sequences
of the recombination junctions were determined by the
dideoxynucleotide chain termination method using 24mer reverse
sequenc ing primer #1233 (New Eng land Biolabs) or 17me r seq uenc ing
primer KS (Stratagene).

2-6. Southern Blot Analysis
DNA samples were electrophoresed in a 1.5 % agarose gel and
transferred onto Hybond-N+ nylon membranes (Amersham ).

14

Subunit Number

5

2

SalfJA I site

Bfa I site

tIt
B(X)

B

+

3

4

I+
ts It
B

2

5

tIt
B(X)

B

+

t
s

3

4

~

It
B

~

PCR 1
~

.....--

PCR 2
PCR 3

Stui·Sphl Probe
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family probe (Stui-Sphl probe) used for Southern hybridization is also
indicated.
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Hybridization was performed overnight at 65

·c with probes prepared

with a random priming DNA labeling kit (Boehringer Mannheim) and,
after hybridi zation, the membranes were washed 3 times in 2

X

SSC

(SSC; 15 mM sodium citrate, 0 .15 M NaCI), 0.1% SDS for 30 min at
65

·c and twice in 0.2 X sse, 0.1% SDS for 20 min at 65 ·c. and

autoradiographed .

2-7. Clones for Bending Assay
DNA fragments containing the human Sau3A family DNA we re
obtained from a plasmid clone, pXR-4, containing 4 units of the repeat ,
and those containing the human immunoglobulin

~.Llocus

gene from a

phage clone Ch. H. Ig myu-24, containing 12 kb of immunoglobulin
heavy chain Cl.l. region. The human c-myc gene was obatained by PCR
amplification from HeLa cell genomic DNA. The DNA fragments to be
duplicated were recovered from low-melting point agarose gels after
digestion with restriction enzy mes to obtain the regions of interest and
cloned into the vector (pBluescript SK (-), Stratagene). The clones with
tandem duplicat ion of the inserts were screened after transformation of

E. coli DH5a. Restri ction sites were obtained from the GenBank or
EMBL databases (entryname : HSRSSAU for the Sau3A family DNA ,
HSMYCC for the c-myc locus, HSJHCMU , HUMTGJEN , HSTGHJ6, and
HUMIGHBP for the Ig

~.Llo c us)

and also by sequ ence analysis of the

phage clone Ch. H. Tg myu-24.

2-8. Assay for DNA Bend Sites
The circular permutation assay for DNA bend sites was originally described by
Wu and Crothers (77). The priciple is shown in Fig. 3. Plasmid DNAs that
contain regions of interest were linerlized with a series of restriction enzymes
which cut at a sing le si te and produce fragments of the same size but with the
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Fig. 3. Principle of the circular permutation assay.
Plasmid DNAs containing duplicates of the regions of interest were linearlized
with a series of restriction enzymes which cut the regions at a single site and
produce the fragments of the same size but with the permuted order of
nucleotide sequences. Each sample was then electrophoresed at 4'C on 8%
polyacrylamide gels (mono: bis = 29 : 1). DNA fragments containing a DNA
bend site in the middle of the fragments show a low mobility while those
containing the site close to either end show a high mobility.
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permuted order of nucleotide sequences. DNA fragments that have bend
sites in the middle will show a low mobility and the ones that have them
at their ends will show a high mobility. One 11-g of plasmid DNAs that
contained duplicates of the regions of interest were linearized with the
restriction enzymes that cut at a single site within the regions. After
mixing with an internal calibration marker (Pvuii digests of M13mp18)
the DNAs were electrophoresed at 4 'C on 8% polyac rylamide gels
(mono: bis = 19:1) in 50 mM Tris-borate, 5 mM EDTA (TEE) buffer
under the following conditions: 1 V/cm for 60 to 70 hrs for fragments
of over 600 bp or 1.5 V/em for 30 to 40 hrs for those smaller than 600
bp. Electrophoresis at 55 'C (3V/cm, for 7 hrs) was performed with at
least one clone for each bend site to confirm that the bending was
abolished at a high temperature.

2-9. Oligonu cleotide Bending Assay
The duplex oligonucleotides (0.2 mg/ml) of 30 bp or 31 bp long
(detailed in 1-2) were incubated with T4 polynucl eotide kinase in the
presence of 1 mM ATP at 37'C for 30 min, followed by the reaction
with T4 DNA ligase at 4' C overnight. The ligation products were
resolved by an 8% polyacrylamide (29: 1= mono: bis) gel in 45 mM
Tris-borate , I mM EDTA buffer at 4' C for 23 hr.

2-10. Preparation of Nucleosome Core Particles
Nucleosome core particles were prepared as follow s. Nuclei were
prepared from I x J010 HeLa cells and suspended in 0.34 M sucrose, 60
mM KCl, 15 mM NaCl, 15 mM 2-mercaptoethanol, 0.5 mM
spermidine, 0.15 mM spermine, 15 mM Tri s-HCI (pH 7.5) and 1 mM
CaCI2. They were then treated with 40 units/m l micrococcal nuclease
for 2 min at 37'C. Core parti cles were reco vered from nuclei by
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centrifugation for 2 min at 8,000 x g as a supernatant after elution with
0.2 mM EDTA (pH 8.0). Core particles were depleted of histone H1
with 0.6 M NaCI, 0.2 mM 2-mercaptoethanol and 5 mM Tris-HCI (pH
7.5) and purified by gel filtration with Sepharose CL-6B in the same
buffer, which was followed by dialysis against 20 mM ammonium
acetate, 0.2 mM EDTA, 2 mM 2-mercaptoethanol and 5 mM Tris-HCI
(pH 7 .5). Core particles were stored at 4 ' C.

2-11. In vitro Reconstitution of Nucleosomes
Nucleosome core particles were mixed with DNA in 100 ).J.l ofTEP (10
mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 0.1 mM PMSF) supplemented
with 2 M NaCl. The samples were first dialyzed against 1 liter of TEP
with 0.4 M NaCl for 3 hr at 4' C and then against 1 liter of TEP with 16
mM NaCI for overnight at 4' C. For micrococcal nuclease digestion to
recover 146 bp fragments , 10 ).J.g of core particles were mixed with 20
)lg of plasmid DNA (pBluescript and its derivatives) linearized with

Xmnl, Bam HI (pHmBAB31) or Sac! (pH).J.D 16).

2-12. Mapping of Nucleosomal Boundaries with Restriction Enzymes
Reconstituted core particles were treated with 20 units/ml micrococcal
nuclease for 40 min on ice followed by incubation at 37 'C for 3 min.
The 146 bp fragments protected by core particles were recovered from
a 6% polyacrylamide gel (19 :1= mono: bis) and treated with bacterial
alkaline phosphatase. The fragments were then end-labeled with [y-32p]
ATP by T4 polynucleotide kinase, digested with restriction enzymes and
resolved by 6% polyacrylamide-7M urea gels under denaturing
conditions. The scheme for mapping the in vitro phases is shown in Fig.

4.
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Plasmid DNA + histone core particles

Dialysis (2M to 16 mM NaCI)

~

Micrococcal nuclease digestion

Recovery of 146 bp core fragments

End-labeling with T4 polynucleotide kinase

Restriction digestion

~

-

146 bp

A
B

Sequencing gels

A+ B = 146 bp

~

Mapping the restriction site

Fig. 4. Analysis of nucleosomal phases by restriction digestion of
reconstituted chromatin.
The analysis of in vitro nucleosomal phases is schematically illustrated. The
nucleosomal phases were determined according to the length of the restriction
fragments of the nucleosomal core DNA.
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2-13. Analysis of in vivo Nucleosomal Phases
For analysis of in vivo nucleosomal phases, the 146 bp
mononucleosomal core DNA was recovered from the histone core
particles and used as template for inverse PCR. In advance to inverse
PCR, the core DNA was bunt-ended by treatment with 1.5 units/).11 of
f\
mung-bean nuclease for 1 hr at 37'C and with 0.4 units/).11 of Klenow
fragment supplemented with dNTPs for 30 min at room temperature.
The samples were then self-ligated using Ligation Kit version 2
(Takara) and used for PCR. For the first and second round PCR, 35 or
15 cycles of the following program was applied using primer set I or
primer set II, respectively; 0.5 min at 92'C, 0.5 min at 50'C and 0.5
min at 72'C. PCR products were cloned into the pGEM T-vector
(Promega) and subjected to sequence analysis.

2-14. Assay for DNA Bend Sites Using Deletion Constructs
DNA fragments containing serial deletions encompassing -452 to +49
were constructed by PCR and cloned into pBluescript SK(-). The clones
pHmNa, pHmSb, pHmMc and pHmLd contained regions -452 to -102,
-452 to -52, -452 to -2 and -452 to +49, respectively. Each clone was
designed to have Bam HI site at their ends. The three latter plasmids
containejd a portion (Sb and Me), or all (Ld) of the bend site (cMB+ 1),
whereas the site was completely deleted in pHmNa. Each of the plasmids
was digested with BamHI or Smal and resolved by electrophoresis at
4'C to detect the region responssible for DNA bending.

2-15. Assay for DNA Bend Sites within the S).l Region
S).l region contains a highly repetitive sequence, and therefore, lacks
restriction sites that can be used for the circular pem1utaion assay. After
roughly determining the bend sites by the cicular permutation assay, the
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potential regions of DNA bending were cloned into vector pBlVHD8
(shown in Fig. 5), which contained duplicated 466 bp £coR V -Hi nell
fragment of pBR322 at both HincTl and Smal sites of pBluescript. The
fragments to be assayed were blunt-ended by T4 DNA polymerase and
cloned into the EcoRV site of the vector located between the duplicated
fragments. Each clone was digested with Nhei, BamHI or £coNI, which
cut uniquely within the duplicated 466-bp fragments, and
electrophoresed on an 8% polyacrylamide (mono: bis= 29: 1) gel at

4·c.
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pBIVHD8
3890 bp

Nhel759

Fig. 5. Plasmid construct of vector pBIVHD8
The 466 bp fragment from pBR322 was inserted into pBiuescript at the Smal
and HincH sites. The fragments for the bending assay were cloned into the
EcoRV site which is located between the inserted 466 bp fragments.
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3. Results

3-1. Preference of the Recombination Sites involved in Excision of the
Human Alphoid Sau3A Repeat Family

3-1-1. Recombination Junctions in the Extrachromosomal Sau3A Family
DNA
Fig. 6A shows the results of Southern blot analysis of the Sau3A
family in the EC as well as chromosomal DNA. A typical ladder-like
pattern was observed with purified uncut EC D NA (Fig. 6A, lane 4),
indicating the presence of circular molecules with one, two, or more
unit(s ) of the family sequence . There exi sted four minor bands between
the major bands (multimers of the 849 bp unit), indicating the presence
of a composite subuni t. After digestion with Bfal o r Sau3A I, most of
the bands converged to a 500 bp or 850 bp band (Fig. 6A, lane 3 or 5,
respectively), whose patterns were identical with that of the
chromosomal DNA di gested with the respective enzymes (lanes I or 7).
To ensure that the PCR procedure could be applied for am plifi cation of
the repetitive sequence, we first examined th e Sau3A fam il y DNA after
PCR amplification from ch romosomal and EC DNA to see whether
there is any difference o f th e DNA fragments before and after PCR. As
shown in Fig. 7, lanes I , 2, 4 and 5, the pattern of th e restriction
fragments of the ge nomic DNA (between the lengths of 300 bp and 1.5
kb) was identical before and after PCR amplification. On the other
hand, the pattern obtained with the PCR produ cts of the EC DNA
indicated the presence of the fragments that were not present in the
chromosomal DNA (Fig. 7, lanes 3 an d 6) . Since these fragments should
contain recombinati on juncti ons, I cloned these fragments and anal yzed
thei r nu cleotide seque nces.
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Fig. 6. Cloning strategy of recombination junctions from the

extrachromosomal Sau3A family DNA. (A) Southern blot
patterns of the chromosomal and extrachromosomal Sau3A family

DNA. The EC DNA purified from 3 x 108 cells (lanes 3 to 5) and 2 ~g
of genomic DNA (lanes 1, 2, 6 and 7), either digested with restriction
enzymes (Bfal for lanes 1 and 3 and Sau3Al for lanes 5 and 7) or uncut
(lanes 2, 4, and 6) , were electrophoresed on a 1.5 % agarose gel and
used for Southern blot analysis with a Sau3A family probe containing
the whole unit. Monomers , and the multimers of the unit, exhibiting a
ladder-like pattern in the uncut EC DNA (lane 4), were indicated by
dots . (B) Map of the Sau3A family repetitive sequence. Sau3AI (S),

Bfal (B) and Xbal (X) sites are indicated by vertical arrows . PCR
primers used to amplify the Sau3A family seq uence are shown by
horizontal arrows with the expected canonical PCR products. The
positions of the primers were as follows: PCR I , 77 -98 on subunit 5 and
99-120 on subunit 5; PCR2, 112-133 on subunit 2 and 95-117 on
subunit 3; PCR3, 4-23 on subunit I and 104-123 on subunit 4. (C)
Cloning strategy. Circular EC DNA was first treated with the
restriction enzymes which cut the unit. The produ cts were then
subjected to PCR amp lification with the prime rs (horizontal arrows)
I
located in both s}tles of the restriction site. Therefore , only the
fragments lacking the site by recombination or point mutation can be
amplified . Composite subunits are shown by shadowed lines and
restriction sites by filled boxes.
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A

B
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1
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3
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Fig. 7. PCR amplification of the extrachromosomal Sau3A
family DNA.
(A) One )lg of the PCR products amplified from the EC DNA (lane 3)

and those from chromosomal DNA (lane 2), both digested with
Sau3AI, and Sau3AI·digested chromosomal DNA (lane 1) were
electrophoresed on a 1.5 % agarose gel and hybridized with the Stui-

Sphi probe (indicated in Fig. 2). (B)Bfal-digested PCR products
amplified from the EC DNA (lane 6) and those from chromosomal
DNA (lane 5), Bfal-digested chromosomal DNA (lane 4) were
electrophoresed and hybridized with the Stui-Sphl probe as in A.
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3-1-2. Molecular Cloning of the Recomb ination Junctions
To clone the fragments containing the recombination junctions, I
amplified the Sau3A family DNA with three different pairs of PCR
primers (detailed in Fig. 6B) and obtained different size classes of
fragments (PCRI to 3). I first employed PCR amp lificatio n of EC DNA
using adaptors (S-TG or B-GC, detailed in Materials and Methods) in
order to supply enough materials for the analyses by Southern
hybridization and others, and eventually for the clon ing procedure . I
then amplified the PCR products again, but this time, using Sau3A
specific primers (PCRl -3). The PCR products in each scheme contained
the fragments of the canonical length (shown in Fig. 6B) as well as
fragments containing a composite subunit. As shown in Fig. 6C, circular
EC DNA was digested with the restriction enzyme (Sau3AI, Bjai or

Xbai) before PCR amplification, which prevents amplification of most
of the canonical fragments. Note that the canonical fragments without
the restriction sites could be amplified, although they are minor species
(see Fig. 6A).
Fig . 8 shows that the products from EC DN A (Fig. 8, lanes 2, 4
and 6) contained additional fragments that were not observed in the
products from chromosoma l DNA (Fig. 8, lanes I , 3 and 5). These
additional fragments were cloned and their nu c leotide sequ ences were
determined. All of the 32 clones analyzed (16 , 9 and 7 clones for PCRlA, 2-A and 3-A, respectively) contained at leas t one composite subunit.
Fig. 9A shows the subunit structure of three clones. Clone I-ll
contained subunits 5 and I, and a 2/5 composite. C lones II-17 and II-36
similarly contained the who le subunits and a compos ite, 3/5 or l /2,
respecti ve ly. The nucleo tide sequences of th eir recombination junctions
are shown in Fig. 9B. Reco mbination seems to have occurred
somewhere be twee n positions 23 and 27 for I-ll, 127 and I 52 for
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Fig . 8. PCR amplification of the fragments containing

recombination junctions.
PCR-amplified EC DNA (lanes 2, 4 and 6) and chromosoma l DNA
(lanes 1, 3 and 5) were used for PCR amplification with specific
primers shown in Fig. 6B, and the PCR products were electrophoresed
in a 1.5 % agarose gel. PCR amplifica ti on was perfonned with Sau3A I
fragmen ts for PCR I (lanes I and 2) and PCR3 (lanes 5 and 6), and Bfai
fragments fo r PCR2 (lanes 3 and 4) in a total vo lu me of 100 ).11
containing 300 ng of DNA. Arrows indicate the PCR prod ucts with
recombination juncti ons. The bands at 850 bp and 1700 bp (d ime r) in
PCR1, 680 bp in PCR2 , 630 bp or 1480 bp (dimer) in PCR3 we re
derived from the canonical fragments.
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II-17, and 12 and 19 for II-36.

3-1-3. Distribution of Recombination Junctions
I also employed direct amplification of recombination junctions
from purified EC DNA di gested with Sau3AI, Bfai or Xba! (PCR1-B,
2-B , 3-B and 3-C) and added to the data shown above. The positions of
recombination junctions observed in each PCR scheme (a total of 67
clones containing 68 junctions) are shown in Fig. I 0. The resu lts of
three PCR schemes were combined and are summarized in Fig . 11 A.
The distribution of the rec ombination ju nctions showed a marked
centering at four reg ions , positions 10 to 25 (A), 40 to 50 (B), 85 to 90
(C) and 135 to 160 (D). When this was compared with the deg ree of
sequence homology between subunits (shown as a dashed line in Fig.

11 A), regions B and C overlapped the regions with a high sequence
homology between the subu nits, while regions A and D showed less
apparent association between them, indicating that some facto r other
than sequence homology has a dominant effect on the events (see
Di scuss ion). I included reg ion D in the latter case because, although the
region is correlated with the homologous regions, the recombination
frequency is apparently hi gher than expected when compared with
regions B and C. Table 2 and Fig. I I B is the summary of the
recombination events within the unit stru cture. The re was a strong
prefe ren ce for ±2 subunit shift (87%), especially for 2/4 or 4/2 (22%),
3/5 o r 5/3 (22%), or 2/5 or 5/2 (19 %), whil e 13% of the cases occurred
between the adjoining subunits (± 1 shift) .
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CTGTAGTAAAGGAAATA TTCA AGAAAAACTAAACAGAAGCATTCTCAGAAACTACTC
** * * * **** *
I
CGTTGGAAACGGGTTCA TTCA AGAAAAACTAAACAGAAGCATTCTCAGAAACTACTT

Subunit 3

TCAAAC~TCTATTTGTAGAATCTGCAAGTGGAIATTTGGACCACTTTGTGGCCTTCCTT
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*
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TCAAAC TCTTTTTGTAGAATCTGCAAGTGGA ATTTGGAGGGCTTTGGAGGGCTTTGA
*
*
*
TGAAAC TCTTTTTCTAGAATCTGCAAGTGGA ATTTGGAGGGCTTTGGAGGGCTTTGA

Subunit 1

GGGCTTTGAGGCCTGTGGTGG

11-17

11-36
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170 1
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-AAGGAAA TCCTTCACAAAAAAACTAGATGGAAGCAT
I
**
***
* * *
GGGCTTTGAGGCCTGTGGTGGtAAAGGAAA AACTTCATCTAAAAACCAAACGGAAGCAT
**
*** * * I
CTGCTTTGAGGCCTACTGTAG -AAGGAAA AACTTCATCTAAAAACCAAACGGAAGCAT

Fig. 9. Clones containing a composite subunit (A), and the
nucleotide sequences of their recombination junction (B).

Clones containing a composite subunit (A), and the nucleotide sequences
of their recombination junction (B). (A) Three clones, I-ll, II-17 and
II-36, contained composite subunits 2/5, 3/5 and I /2, respectively.
Composite subunits are indicated as striped boxes. (B) The sequences of
the clones are aligned with those of the parental subunits and the region
from which the sequence was derived are shadowed. A vertical bar
represents a mismatch to both of the parental subunits and an asterisk
represents a mismatch to either of them. Accession numbers of the
nucleotide sequences of these recombination junctions in
OOBJ/GenBank/EMBL databases are: I-ll, 049597;11-17, 049591; II36, 049595.
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Fig. 10. Distribution of the recombination junctions from

Sau3AI, Bjai and Xbai digested EC DNA observed in PCRl3.
The recombination junctions of the 67 clones (68 junctions) containing
composite subunits are shown as horizontal bars. Clones in PCR 1-A (16
clones), PCR2-A (9 clones), PCR3-A (7 clones) and PCR3-B (2 clones)
were obtained by two-step amplification using primers S-Tand S-G
(PCR1-A and PCR3-A) or B-C and B-G (PCR 2-A and PCR3-B) for the
first step after Sau3AI (PCR1-A and PCR3-A) or Bfal (PCR2-A and
PCR3-B)digestion, respectively, and primers shown in Fig. 6B for the
second step. Clone I-74 contained two recombination junctions. Clones
in PCR 1-B (12 clones), PCR2-B (18 clones) and PCR3-C (3 clones)
we re obtained by direct amplification with primers for PCR 1 through 3
after digestion with Sau3AI (PCR1) or Xbal (PCR2-B and 3-C).
Recombination frequenci es were calculated by adding the probabilities
of recombination for every 5 bp of the subunits for each recombination
event. If the clone has the recombination juncti on between 21-27, its
probabilities for the regions between 21-25 and 26-30 a re 0.714 and
0 .286. The nucleotide sequences of the recombin ation junctions are
available through OOBJ/GenBank/EMBL databases: accession numbers
049585 to 049652 .
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Fig. 11. Summary of recombination junctions arranged by the
subunit (A) or the whole unit (B) structure.
(A) The frequencies of recombination within the subunits for PCR1

through PCR3 were combined and are shown by a solid line. Four
recombination hotspots are indicated as A to D (A: 10 to 25, B: 40 to
50: C: 85 to 90 and D: 135 to 160). The number of common nucleotides
(common for at least 3 subunits) among 5 subunits are shown as a
dashed line. (B) The recombination events are arranged accord ing to
the type of the subunit shift: ±1 (upper) or ±2 (lower) subunit shift. The
frequencies (%)of each type of recombination are shown above .
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Table 2. Subunits involved in recombination classified by the type of
subunit shift.

Type of
recombination a

Type of
subunit shiftb

Number of junctions
Each

(%)

1 12 or 2/1

±1

2/3 or 312

±I

(1)

314 or 4/3

±1

( 1)

4 15 or 514

±1

5/1 or 1 I 5

±1

1 I 3 or 3/1

±2

10

(15)

2 14 or 412

±2

15

(22)

3 I 5 or 5 /3

±2

15

(22)

1 I 4 or 4 I 1

±2

6

(9)

215 or 512

±2

13

(19)

68

(100)

4

2

Subtotal (%)

(6)
9

(13)

59

(87)

68

(100)

(3)
(1)

Total

a poss ible combination of s ubunits.
bGain or loss of indicated numbe rs of sub un it.
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3-2. Nucleosome phasing and DNA bend ing in the Sau3A family DNA

3-2-1. Mapping of DNA Bend Sites
The DNA bend sites in the human Sau3A family were determined
by the circular permutation assay. Clones containing tandem dupli cates
of regions 79 to 517 (pHSAU438, 438 bp) and 517 to 79 (p HS A U411,
411 bp) were constructed from the parental clone pXR-4. These
plasmids were digested with a series of restriction enzymes th at cut the
unit sequence once and thus produces fragments with identical lengths
but have sequences of the unit in the permuted order. The restriction
fragments were e lectrophoresed on polyac rylamide ge ls at 4

·c. The

bend sites were defined as the regions between the two restriction sites
located on both sides of the restriction site th at produces the fragments
of the highest mobility. Fig. 12 shows the resu lts of the circula r
permutation assay with plasmid pXR-4, pHSAU4 11 and pHSAU438.
The bend site within pHSAU411, shown in Fig. 12C, was likely to be
located between Mwoi and Tsp509I sites, and close to Ava!! site. The
summary is shown in Fig . 13. Two bend si tes were likely to be located
between positions 282 to 499 (between Hin PI and PflMI sites) and 613
to 768 (between Mwoi and Tsp509I sites), from rough mapping. As
shown in the figure, the retardation of th e fra gments carry ing the bend
sites in the middle ranged from 4.3 to 6.5 % upon electropho res is. It
was surprising that, even within the repetitive seq uence, DNA bend sites
existed and they were not located in every subunit (s ubunits 2 or 3 and
4 or 5). Since the sequence diversity in the Sau3A family subu nits was
mostly observed in th e positions 1-22, these positions in rhe respective
subunit we re the candidates for DNA bending.
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Fig. 12. Mapping of the DNA bend sites in the Sau3A family.
The circular permutation assay was performed at 4 'C using the plasmid pXR-4
(A), pHSAU438 (B) and pHSAU411 (C) that contained either of four repeats of
the whole unit, the region between 79 to S17 or the region between S17 and 79,
respectively, according to the databases (entryname; HSRSSAU). By this assay,
the bend center was likely to be located between Mwoi and Tsp509I sites and
close to A vaii site. The positions of the fragm ents of the unit length are shown
as U and the position of the marker is shown as M.
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Fig. 13. Summary of the DNA bend sites in the human Sau3A family
DNA.
The plasm ids containing duplicates of the region shown as the thick horizontal
line in each panel were digested with the enzymes shown below. The vertical
bars in the panel show the average thickness of the bands relative to the
migration distance, indicating a deviation of mobility. TI1e bend sites, tentatively
defined as the regions between the two restriction sites located on both sides of
the restriction site that produces the fragments of the highest mobility, are
shown as shadowed boxes.
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Further mapping of DNA bend sites we re perform ed by using uni directionally-concatenated oligonucleotides (the pos iti ons of the
oligonucleotides are shown in Fig. 14A). These reg ions were also
correlated with the CENP-B binding site which was located within
subunits 3 and 5 (the consensus sequence for CENP-B binding site is
TTTCGTTGGAAACGGGA, where a 100% match is required for the
core motif shown in bold) and with the recombination hotspot. As
shown in Fig. 14B, SAUB-2 and SAUB-4 did not show retardation
compared to (dA)31 +(dT)31. On the other hand, SA UB-1, SA UB-3 and
SAUB-5 showed retardation indicating the presence of the bend sites in
these regions (summarized in Fig. 14C).
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CctG:tCtrC:CA'AA:A~GGAlAA'T.Cr:r:tCA:CA:«A:NAAA CT AGAT GGAA GCA TT
CGTACTGrAGTAAAGGAAA!AAOOCATtli'fAA!AAAC CAAAC GGAAGCA TT
ATIICGlTGtAAACGGGAIAAACTtttCJBtA'G'Aft:tT ACAC GGAAGCATG
Cct:ttuir:n.:tiAAAI'GGG:tALAICTl\:KCA;l{tltAA CCT AGA CA GAA GCATT
'tL'ttGlttGJ:;AI\jf('GGttc'ttAfp:ttXt'A'GAAAAA CT AAA CA GAA GCA TT

1-22; region of a high sequence diversity
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CTCAGAAACTACTTTGTGATGATTGCATTCGACTCACAGAGTTGAACATT
CACAGACAATTCTTAGTGATCATTGCATTGAACTAACAGAGCTGAACATT
CTGAGAAACTTCTTTGTGATGTTTCCATTCAACTCACAGAGTTGAACCTT
CTCAGAATGTTTCCTGTGATGAGTGCATTCAACTCACAGAGGTGAACAAT
CTCAGAAACTACTTTGTGATGTTTGTGTTCCACTTCAAGAATTGAACTTT

101
101
101
101
101

CCTATAGATAGAGCAGGTTGTAAACAATCTTTTTGTAGAATCTGCGATTG
GCTTTAGATGGCGCAGTTTCCAAACCCACTTTCTGTAGAATCTGCAAGTG
GCTTT CATAGTTCAGCTTTCAAACACTCTATTTGTAGAATCTGCAAGTG
CCTGCTGATGGAGCAGTTTTGAAACTCTCTTTCTTTGGATTCTGCAAGTG
CCTCTTGACAGAGCAGCTCTGAAACCCTCTTTTTCTAGAATCTGCAAGTG

151
151
151
151
151

GAGATTTGGACTGCTTTGAGG
GATATTTGGACCTCTCTGAGG
GATATTTGGACCACTTTGTGG
G ATATGGACCTCTGTGAAG
GACATTTGGAGGGCTTTGAGG

Fig. 14. Fine mapping of the bend sites in the Sau3A family.
(A) The positions of the oligonucleotides used for the bending assay are
shadowed. Each subunit was aligned according to the sequence homology and
the oligonucleotides were located at the same position in the subunit structure.
(B) Double-stranded oligonucleotides, 31 nucleotides long SAUB-1 , SAUB-2,
SAUB-3, SAUB-4 and SAUB-5, were electrophoresed after unidirectional
ligation. Oligonucleotides (dA)3I+(dT)31 were used as a control. (C) The
relative mobilities of the multimers of (dA)31 +(dT)31 to that of the multimers
SAUB-1 to SAUB-5 are shown. RL values are the ratio of apparent length to
real length.
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3-3. Nucleosomal phases around the trans location sites in th e c-myc and
IgJ.lloci

3-3-1. In vitro nucleosomal phases in the c-myc and immunoglobulin
loci
I described the preference of the recombination sites in the subunit
structure of the Sau3A family DNA ( described in 2-1 ). Since the family
DNA has subunits of 171 bp long, which correspond to the nucleosomal
unit, this result suggests that the recombinati on pre fe rentially takes
place at specific locations in the nucleosomal phases . To examine this
hypothesis for other types of recombination, for example, chromosomal
translocation observed in lymphoma cell lines, I have determined the
nucleosomal phases on both the c-myc and immunoglobulin loci.
Nucleosomal phases were first determined with reconstituted
nucleosomes (in vitro phases). After nucleosome s were reconstituted
with plasmids pHmBAB40, pHmPS10, pHmBAB3l , pHmHAN24 and
pHmRRV8 for the c-myc locus, and pHig5, pHig6-l , pHigXS, pHigHT,
pHig-0.9 and pHig-0.8 for the immunoglobulin loc us, they were
subjected to micrococcal nuclease digestion and th e protected 146 bp
fragments were recovered. The fragments were di gested with
restriction enzymes and the nucleosomal phases we re de te1mined
(detailed in Materials and Methods) . For example , 33 bp and 114 bp
fragments appeared after digesting the 146 bp core DNA with Sacii
(Fig. 15, lanes 1 and 2), indicating that the nucl eosomal boundaries
were located at 33 bp and 114 bp from the sire. Nucleos omal phases in
the region surrounding exon l of th e c-myc gene (Fig. 15) and J5 to SJ.l
region of the TgJ.l locus (Fig. 17) were dete rmined acco rdin g to this
strategy and are summarized in Figs. 16 and 18.

uc leoso mes we re

aligned in a coordinated manner in both reg ions and the ir pe ri odi city
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Fig. 15. Mapping of the boundaries of

reconstituted nucleosomes in

the c-myc -1500 to 2000 region.
Nucleosomes were reconstituted on the clones pHmBAB40, pHmPSlO,
pHmBAB31, pHmHAN24 and pHmRRV8 (shown in Fig. 22) and pBluescript (a
control). The reconstituted nucleosomes were then subjected to micrococcal
nuclease digestion and the protected 146 bp fragments were recovered. Each
sample together with the control pBluescript was labeled with 32p, digested
with the restriction enzymes shown at the top of the figure and e lectrophoresed
under denaturing conditions.
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0
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EcoN160...S 7 HNIII 102....,18
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n .n

Fig. 16. Summary of the nucleosomal phases in the c-myc locus.
Nucleosomes are shown as open circles (minor ones are shown as shadowed
circles behind) and their positions were determined from the lengths of the
pairs of the fragments generated with each restriction enzyme (sizes are shown
below the nucleosomes) . Shadowed circles on the lower line are the putative
nucleosomes with the 146 bp core and 24 bp linker regions .
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Fig. 17. Mapping of the boundaries of reconstitut ed nucleosomes in
the immunoglbulin ).! locus.

Nucleosomes were reconstituted on the clones pHigS (lanes 3, 9, 11 and 13),
pHig6-1 (lanes 2, 5 and 7), pHigXS (lanes 15, 17, 19 and 22) , pHigHT (lanes
20, 24 and 29), pHig-0.9 (lane 26) and pHig-0.8 (lane 28) (shown in Fig. 23)
and pBluescript (a control: lanes 1, 4, 6, 8, 10, 12, 14, 16, 18, 2 1, 23,25 and
27). The reconstituted nucleosomes were analyzed accord ing to the same
strategy used in the c-myc locus.
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Fig. 18. Summary of the nucleosomal phases in the IgJ.L locus.
Nucleosome phases in the lgJ.L locus are summarized as in Fig. 16.
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closely resembled the putative phases shown below the figure . One bend center
mapped at the P2 promoter the of c-myc gene was mapped to 10 to 40 bp from
the nucleosomal boundary .

3-3-2. In vivo nucleosomal phases at the translocation junctions

In vivo nucleosomal phases were then determined by in ve rse PCR
using HeLa mononucleosomal DNA as template. The scheme of
determining the in vivo phases is shown in Fig. 19. First, the
mononucleosomal DNA obtained by digesting the nuclei with
micrococcal nuclease was blunt-ended by mung-bean nuclease and
Klenow fragment. Then the samples were self-ligated and used as
templates for inverse PCR. The primers were designed to be located
inside of the nucleosomal core region according to the in vitro phases
and to fac e each other on ly after se lf-circu larization. Therefore, the
PCR products obtained should contain both boundaries derived from the
same nucleosomal cores.
By thi s method, detem1ination of the in vivo nucleosomal phases is
now in progress for two regio ns, each from the c-myc and
immunoglobulin loci , containing the translocation junctions in a nonHodgkin lymphoma cell line Manca (da ta not show n).
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Inverse PCR using primer sets I and II
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Fig. 19. The scheme of the analysis of in vivo nucleosomal phases.

3-4. DNA bend sites and nucleosomal phases in the c-myc and Tg)..lloci

3-4-1. DNA bend sites in the c-myc and Ig)..lloci
Fig. 20A shows the result of a circular permutation assay using the
plasmid, pHmA20, which contained tandem duplicates of the region between the
positions +2184 and +3020 relative to the P2 cap site of the c-myc gene. The
plasmid DNA was digested with restriction enzymes which cut the region at a
single site. The restriction fragments of identical length were resolved by
electrophoresis on polyacrylamide gels at 4 'C (left) or SS'C (right). Anomaly
of migration was observed at 4'C indicating the presence of a rigid DNA
structure around the M sei
site, which caused retardation of the fragm ents with Msel site at the
center (Pvuii fragments). The anomaly was lost at SS'C, indicating that
it was due to DNA bending (Fig. 208). The bend sites were tentatively
defined as the regions between the two restriction sites located on both
sides of the restriction site that produced the fragments of the highest
mobility. The bend site in this region was therefore mapped between

Avai (position +2733) and Saci (+2913) sites. According to this
strategy, I mapped the bend sites that appeared in the c-myc gene region
(total 8082 bp) and the immunoglobulin J..l region (total 7427 bp).
Although most sites were mapped by the circular pennutation
assay, the bend sites in the S)..l region could not be mapped to a small
region by this method because the region consisted of highly repetitive
sequences and thus lacked restriction sites that cut at a single site within
the unit. Instead, the bend sites of thi s region were analyzed after they
were cloned into pBlVHD8 (Fig. 5), which contained duplicated 466 bp
fragments from pBR322 . Each clone was digested either with Nhei,
BamHI or EcoN!, which cut at a single site within the 466 bp fragment
but placed the insert in different orders . The Nhe l and £coN I fragments
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::::J U
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1

pHmA20

- U

Fig. 20. Mapping of the DNA bend site in pHmA20.
The circular permutation assay was performed at 4"C (A) or SYC (B)
using the plasmid pHmA20 containing the region between 2174 and
3010 relative to the P2 cap site of the c-myc oncogene. By this assay,
the bend center was likely to be located between Msef and Apof sites
and close to Saci s ite. The results are summarized below the pattern of
the gel. The anomaly of migration was abolished at SST, confirming
that the anomaly was due to DNA bending.
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have the insert close to the ends and the BamHI fragment has the insert
close to the center. Therefore, if the insert contains a bend site,
migration of the BamHl fragm ent will be retarded compared to the
Eco NI and Nhel fragments upon electrophoresis at 4•c (Fig . 21). The
BamHl fragments of the vector (a control) and pH!g0.8Nci showed
relative migration rates of 0.97 to 0.98 com pared to the Nhe l and
EcoNI fragments indicating that there was no bend site in th e cloned
fragments. In contrast, the BamHI fra gments of pHig0.9S and
pHig0.45S showed 0.95 to 0.96 migration rates, indicating the presence
of bend sites in these regions. It should be noted that the retardation
caused by the bend sites in the S region was sma lle r (approximately 5%)
than those in other regions.
Figs. 22 and 23 show summaries of th e bend si tes in th ese reg ions
(12 sites in the c-myc re gion and 11 sites in the lg!J. region) . They
appeared continually as observed in the human

~- g lobin

locus. The

average
interval of the bend sites were 693

± 282.3

bp in th e c-myc and 650

±

206.8 bp in the lg!J. region. However, the period icity was disturbed
around the exons and no bend sites appeared within the cod ing regions.

3-4-2. Sequence features of DNA bend sites
Previous studies regarding the seq uence fea tu re of DNA bend sites
indicated the involvement of shOit (dA)n (n 2. 2) tracts appeared at
intervals of roughly ten, or multiples of ten nucleotides . T herefore, I
focu sed upon the appearance of the short poly(dA) and po ly(dT) tracts
within the bend sites in th e c-myc and immun og lobulin ,u loc i. As shown
in Fig. 24, these tracts were frequently observed w ithin the bend sites.

In the S region, AA or TT dinucleotides appeared at imerva ls of 10 bp
or its multiples . Since th ese tracts were not included in the conserved
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Fig. 21. Mapping of the DNA bend sites within the Sjl region.
Mapping of the bend sites were performed using the vector pBlVHD8. The
pattern of the gel is shown.
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Fig. 22. Summary of the DNA bend sites in the human c-myc gene
locus.
The plasmid containing duplicates of the region shown as the thi ck horizontal
line in each panel was digested with the enzymes shown below. The vertical bars
in the panel show the average thickness of the bands relative to the migration
distance, indicating a dev iation of mobility. The bend sites, tentatively defined
as the regions between the two restricti on si tes located on both sides of the
restriction site that produces the fragm ents of the highest mobility, are shown as
shadowed boxes. Boxes with stripe indicate putative 150 bp bend sites at 680 bp
intervals. The restriction enzymes used are: 1; A eel, 2; Af/II, 3; Af!III, 4; Alui,
5; AlwNI, 6; Apal, 7; ApaLI, 8; Apol, 9; Asel, 10; A va l , 11; Avail, 12;
BamHI, 13; Bani, 14; Banii, 15; Bbvl, 16; Bell, 17; Bfai, 18; Bg!I, 19; BsrG I,
20; BssHII, 21; Bst71I, 22; BstXI , 23; BstYI, 24; Cla l , 25; Ddei , 26; Drai, 27;
Draiii , 28; Eagi, 29; Earl, 30; Eco0 109I, 3 1; EcoNI, 32; EcoRV, 33; Foki, 34;
Haeiil, 35; Hhal, 36; Hincil , 37; Hinji , 38; HinP I, 39; Hp a l, 40 ; Hpaii, 41;
Hphi, 42; Kpni , 43 ; Mb oi , 44; M sci , 45; Msei, 46; Ms!I, 47; M sp i , 48; Muni,

49; Nael, 50; Narl, 51; Nhei, 52; NlalV, 53; Not !, 54; Nm i , 55; Nsil, 56; Nspi,
57; Pstl , 58; Pvuii , 59; Rsa i , 60; Saci, 61; Sau3A l , 62; Sea l , 63; Ssp!, 64; Sspi,
65; Sfci, 66; Styl, 67; Stul, 68; Taqi , 69; Xbal, 70; Xhoi, 7 1; Xmni.
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Fig. 23. Mapping of the DNA bend sites in the Ig).l locus.
DNA bend sites were determined by the circular permutation assay as described
for the c-myc locus. Additional restriction enzymes used are: 72; Aatii, 73;
Acil 74;Bg!Il, 75;8/pi, 76;Bsai, 77;BsaHI, 78;Bsml, 79;BspHI, SO;BspMI,

81;BsrBI, 82;Cac8I, 83;EcoRI, 84;Haell, 85;Hindlli, 86;Maeiii, 87;Ncil,
88;N/alii, 89;Paci, 90;PjlMI, 91 ;Sau96l, 92;Smal , 93;Sphi. The restriction sites
derived from the cloning vector are in parentheses.
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sequences of the S!l region (GAGCTGAGCTGGGGTGAGCT), the
nucleotide sequence of the bend sites were not conse rved. Howeve r, the
sequence diversity of the region occurred so as to retain the DNA
structure.

3-4-3. Molecular basis of DNA bending
As I mentioned in Introduction, the molecular basis for DNA
bending is not fully understood. To examine the sequences that cause
DNA bending in the region between -452 and +49 of the c-my c locus, I
constructed four clones that contained serial deletions encompassing this
site and determined the bend center within this region. Fig. 25A shows
the map of the region in pHSR0.5-1 containing the bend site cMB+ 1.
The clones pHmNa, pHmSb, pHmMc and pHmLd contained the regions
-452 to -102, -452 to -52, -452 to -2 and -452 to +49, respectively. The
whole bend site was retained in the plasmid pHmLd and a portion in
pHmMc and pHmSb, while the site was compl etely de leted in pHmNa.
When each of the plasmid DNA digested with BamHI or Smai was
resolved by electrophoresis at 4' C, plasmids pHmLd and pHmMc
exhibited lower migration rates for the Smai fragments (S) than the
BamHI fragments (B), indicating the presence of the bend site in the

cloned fragments (Fig. 4B). On the other hand, both of the Smai and
BamHI fragments derived from pHmSb and pHmNa migrated equally,

demonstrating that the bend site was absent in these clones. As
summarized in Fig. 25C, the Smai fragments derived from the plasmids
containing the positions -53 to -2 (plasmids pHmMc and pHmLd) were
retarded by- 7 % compared to the BamHI fragm e nts, indicating the
presence of the bend center in this region.
To further determine the DNA bend center in this region, DNA
bending was examined using 30-mer, unidirectionall y concatenated
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oligonucleotides containing sequ ences -51 to -22 (LA+L T) and -31 to -2
(RA+RT). The pattern of the polyacrylamide gel is shown in Fig. 25C
and the summary of the results is shown below, where the RL values
(ratio of apparent length to real length) of each band were plotted
against their real length. As shown in the figure, only RA+RT marked
showed retardation compared to (dA)30+(dT)30, suggesting that the
DNA bend center of cMB+1 was located within the positions -31 to -2.
The A4N5T4N6T3 sequence was likely to be the bend center, becau se it
contained poly(dA) and poly(dT) tracts at intervals of roughly 10 bp.
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cMB-4
.2461TTTTITI

GAA
Tf(GTCTATG
TACTIGTGAA
TTAffiCACG
TfTGCCATTA
ccGG -24os

cMB-3
·1859

ACATGCTATA
CACACACCCC
TTICCCCCGA
ATTGTTTTCT
CTITTGGAGG
TGGTGGAGGG
AGAGAAAAGT
TTACTTAAAA
TGCCTTIGGG
TGAGGGACCA
AGGATGAGAA
GAATGTTTTI
TGTTITTCAT
GCCGTGGAAT
AACACAAAAT
AAAAAATCCC
GAG ·1697

cMB-2
·1501

AAATTTTAAT
TAGCTCAAGA
CTCCCCCCCC
CCCCCAAAAA
AAGGCACGGA
AGTAATACTC
CTCTCCTCTT
CTTTGATCAG
AATCGATGCA
TTITTIGTGC
ATGACCGCAT
TTCCAATAAT
AAAAGGGGAA
AGAGGACCTG
GAAAGGAATT
AAACGTCCGG
TTIGTCCGGG
GAGGAAAGAG
TTAAC -1317

cMB-1
·953

GGCCCCACGG
AAGCCTGAGC
AGGCGGGGCA
GGAGGGGCGG
TATCTGCTGC
TTIGGCAGCA
AATTGGGGGA
CTCAGTCTGG
GTGGAAGGTA
TCCAATCCAG
ATAGCTGTGC
ATACATAATG
CATAATACAT
GACTCCCCCC
AACAAATGCA
ATGGGAGTTT
ATTCATAACG
CGCTCTCCAA
GTATAC ·767

cMB+1
-97

CTCGAGAAGG
GCAGGGCTTC
TCAGAGGCTT
GGCGGGAAAA
AGAACGGAGG
GAGGGATCGC
GCTGAGTATA
AAAGCCGGTT
TTCGGGGCTT
TATCTAACTC
GCTGTAGTAA
TTCCAGCGAG
AGGCAGAGGG
AGCGAGCGGG
CGGCCGGC s1

cMB+2
434

CACTTIAATG
CTGAGATGAG
TCGAATGCCT
AAATAGGGTG
TCTTTICTCC
CATTCCTGCG
CTATTGACAC
TTTTCTCAGA
GTAGTTATGG
TAACTGGGGC
TGGGGTGGGG
GGTAATCCAG
AACTGGATCG
GGGTAAAGTG
ACTTGTCAAG
ATGGGAGAGG
AGAAGGCAGA
GGGAAAACGG
GAATGGTTTT
TAAGACTACC
CTTICGAGAT
TTCTGCCTTA
TGAATATATT

c 664

cMB+3
953

GATCCTTTTA
AGAAGTTGGC
ATTTGGCTTI
TTAAAAAGCA
ATAATACAAT
TTAAAACCTG
GGTCTCTAGA
GGTGTTAGGA
CGTGGTGTTG
GGTAGGCGCA
GGCAGGGGAA .
AAGGGAGGCG
AGGATGTGTC
CGAITCTCCT
GGAATCGTTG
AC 11o4

cMB+4
1555

GGGCCCCGGC
GCGGAGCGGG
GTTCACGCAG
CCGCTAGCGC
CCAGGCGCCT
CTCGCCTTCT
CCTTCAGGTG
GCGCAAAACT
TTGTGCCTTG
GATITTGGCA
AATTGTTTTC
CTCACCGCCA
CCTCCCGCGG
CTTCTTAAG
1693

cMB+S
2860

TTAACGGGCC
ACTCTTATTA
GGAAGGAGAG
ATAGCAGATC
TGGAGAGATT
TGGGAGCTCA
TCACCTCTGA
AACCTTGGGC
TTIAGCGTTT
CCTCCCATCC
CTTCCCCTTA
GACTGCCCAT
GTTIGCAGCC
CCCCTCCCCG
TTIGTCTCCC
ACCCCTCAGG
AATTT 3024

cMB+6
3252

CAGGGCCTGC
CTGAGTGCGG
GAGCCAGTGA
ACTGCCTCAA
GAGTGGGTGG
GCTGAGGAGC
TGGGATCTTC
TCAGCCTATT
TTGAACACTG
AAAAGCAAAT
CCTTGCCAAA
GTTGGACTTT
TTITTITCTT
TTATTCCTTC
CCCCGCCCTC
TTGGACTTTT
GGCAAAACTG
CAATTITTIT
TTITTIATTI
TTCATTICCA
GTAAAATAGG
GAGTTGCTAA
AGTCATACCA
AGCAATTIGC
AGC 3494

cMB+7
4087

TGTACAGCAT
TAATCTGGTA
ATTGATTATT
TTAATGTAAC
CTTGCTAAAG
GAGTGATTIC
TATTICCTTT
CTTAAAGAGG
AGGAACAAGA
AGATGAGGAA
GAAATCGATG
TTGTTICTGT
GGAAAAGAGG
CAGGCTCCTG
GCAAAAGGTC
AGAG 4245

cMB+8
5047

GAATTICAAT
CCTAGTATAT
AGTACCTAGT
ATTATAGGTA
CTATAAACCC
TAATTITTIT
TATTTAAGTA
CATTTIGCTT
TTIAAAGTTG
ATTITTITCT
ATTGTITTIA
GAAAAAATAA
AATAACTGGC
AAATATATCA
TTGAGCCAAA
TCTTAAGTTG
TGAATGTITT
GTTTCGTTIC
5335

lgB+1
381

CCGGCCCGGG
ACAGTCGGAG
AGTCAGGTIT)
TTGTGCACCC
CTTAATGGGG
CCTCCCACAA
TGTGGCTACT
TTGACTACTG
GGGCCAAGGG
ACCCTGGTCA
CCGTCTCCTC
AGGTGAGTCC
TCACAACCTC
TCTCCTCCti''
TAACTCTGAA
.GGGTfffGTT
GACITTfGGG
GGAATAAGGG
TGCTGGGGGC
CTGCCAAGAG
AGCCCCGGAG
CAGCCCTGGG
GGCTGCAGGA
GGCCTGAGGC
AACAGCGGCA
CACACAGACG
AGGGGCAAGG
GTCTCCAGAT
GCTCCTTCCT
CCTGAGCCAG
CAGCACGGGT
TCGTCTCGGC
GCCAGGGCCA
CCC 714

lg8+2
1167

CAGGGGCTGT
CGTGATGATT
GCGTGGTGAC
TCTGTCCCGC
TCCAAGACCC
GCTCTCTGGG
CGGGTGCCCC
CCGGGGTTIT

lg8+3
1890

AATATTTTCT '
ITAGAATTAT
GA.GGTGCCTT,
TGCACTGCAT
CTAATCTAT
1938

T~GACTCCTG
GGGGTAACTT
GCGGCCGTCT
GCTTGCGGTT
GGACTTCCCA
GCCGACAGTG
GTGGTCTGGC
TTCTGAGGGG
TCAGGCCAGA
ATG 1339

lg8+4
21 0 9

GCATGCTTAC
TGTTAAAAGA
CAG GATATG"(,
TTGAAGTGGC
TTCTGAGAAA'
AATGGTTAAG
AAAATTATGA
CTTAAAAATG
TGAGAGATTT'
TCAAGTATAT

'rM.rrirfrij
AACTGTCCAA
GTATTTGAM
TTCTTATCAT
TTGATTAACA
Cc'CATGAGTG
ATATGTGTCT
GGAATTGAGG
CCAAAGCAAG
CTCAGCTAAG
.AAATACTACA
GTGCTGTCGG
CCCCGATGCG
GGACTGCGTT'
rjGACCATCA
TAAATCAAGT
,T TArrrT.TJ

lgB+6
3666

CTAAGTCATT
GACTGTAGGT
CATCATCGCA
CCCTTGMAG
TAGCCCATGC
CTICCMAGC
GATTTATGGT
AAATGGCAGA
AUITAAGTG
GCAAATTCAG
ATAAAATGCA
TTTCTTGGTT
GTTTCCAATG
ATGACTGTTA
TCTAGA 3806

2377

lg8+7

lg8+8

lg8+9

lg8+10

lg8+11

4027

4699

5703

6014

6973

CCAGCCTGGC
TGTGCAGGAA
CCCGGCAATG
AGATGGCTIT ]
AGCTGAGACC
AAGCAGGGTC
TGGTGGGCTG
ACAffiCTGG
CCATGACACT
CATCCAGCTT
TCAGMATGG
ACTCAGATGG
CTAMCTGAG
CCTAAGCTGA
GCCTAGACTA
ACAGGCTGAA
CTGGGCTGAG
CTGAGCTGAA
CTGGGCTGAG
TTGAACTGGG
TTGAGCTGAG
CTGAGCTGAG
CTGGGCTAAG
TTGCACCAGG
4266

CGGGI"GAGC
GTGCTGTGCT
GGGCTGAGCC
Ji'.GCT AGGCT
GAGCTGAGCC

J:di!frGAGC~
GCTGGGCT

GAG~CCT
GGGCAGGGCT
GAGCTGGGCT

GAGCT~CCT

GGACTGGGCT
GAGCllUCCT
GGGCAGAGCT
GAGCTGGGCT

GAGCT~CCT

GGGCTGGGCT
GAGCI;.UCCT
GGGCTGGCGT
CAGCTGAGCT
GACGTACGCT
GGGCTGGGCT
GGGCTGAGCC

GAGCTG~CT

GGGCTGAGCA
GGCTGTGTCG
GGCTGAGC(j
1-GCTGG 4974

ACTGAGCTGA
CCTAGGCTGA
GCTGAGCTGA
GC 5724

~~GCT.tlG

CTGAGCTG~
CTGGGCCTGT
GCTGAGCTAG
GCTGGGCTGG
GCTGAGCTGG
GCTGGGCTGG
GCTGAGCCAG
.GTGCCTG
GCTGAACTGA
GCTGGGCTt;$
GCTGAGCTGG
GCTGAGCTGG
GCTGAGCTGA
GCTGGGCTGA
GTGGGGCGGG
GCTGAGCTGA
GCCGGACTGG
GCTGGGCTGG
GCTC 6207

GCTCTGCTGT
GCTGTGCTGA
GCAGGGCTGA
GCTGWTGG
GCTGAGCTGG
GCTGAGCCGG
GCT GA Gi\tGA
GCAGAGCTGG
G'f;ltGAGCAGA
GCTGGGCTGG
GCTGGGCTGA
<refGAGCCAG
GCTGACCTGG
GCTGAGCC4W
GCT GGG'iit<;A
GCCWCTGG
GCTGGGCTGG
GCTGAGCCAG

GCTGGA~GA
GCTGGG TGG
GCTGGGCT!m
GCTGGGCTGT
GCT 7195

Fig. 24. Sequence features of DNA bend sites in th e c-myc and lgJ.l

loci.
Nucleosome sequences of the DNA bend sites cMB-4 to cMB+8 from the c-myc
locus and IgB+ I to IgB+ II form the lgJ.llocu s are shown to highlight the
presence of short poly(dA) or poly(dT) tracts. Poly(dA) or po ly(dT) tracts of
more than or equal to three nu cleotides long are lightly shadowed fo r cMB -4 to
cMB+8 in the c-myc locus and IgB+ I to IgB+ II in the lgJ.l locus. For the bend
sites in the S region , poly(dA) or poly(dT) tracts of more than or equa l to two
nu cleotides long are heavily shadowed.
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Fig. 25. Fine mapping of the bend center near the P2 promoter.
(A) Deletion constructs near the DNA bend center cMB+ I (positions -97 to
51). Each clone containing tandem dimers of the regions between -458 and -102
(pHmNa), -52 (pHmSb), -2 (pHmMc), or +49 (pHmLd) were created by PCR
using 28-nucleotide primers containing BamHI site at the 5' end and cloned into
the BamHI site of pBiuescript. Therefore, th e Bam HI digestion produces
fragments of one unit long. (B) The circular permutation assay. Each clone was
digested either with BamHI or Smai and electrophoresed on a polyacrylamide
gel at 4 ·c. Since each clone has Bam HI site at both ends and Smai site in
between, the BamHI fragment of the clone which has the bend center near the
ends show a higher mobility than that of the Smal fragment. The relative
mobilities of the Smai to BamHI fragment were calculated and are shown.
Clones pHmMc and pHmLd showed differences in mobilities between the
BamHI and Smai fragments while pHmSb and pHmNa showed no difference,

indicating that the bend center was located somewhere between -51 and -2. (C)
The bend assay using oligonucleotides. Double-stranded oligonucleotides, 30
nucleotides long LA+L T and RA+RT (shown in A), were electrophoresed after
unidirectional ligation . Oligonucleotides (dA)30+(dT)30 were used as a control.
The relative mobilities of the multimers of (dA)30+(dT)30 to that of the
multimers of LA+L T or RA+RT are shown below.
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4. Discussion

4-1. Preference of the recombination sites involved in excision of the
human alphoid Sau3A repeat family
I described here the nature of the recombination in volved in the
rearrangement of a human repetitive sequence family, the alphoid

Sau3A family. To efficiently clone the fragments conta ining the
recombination junctions, I used PCR amplification (Figs. 6 to 8). The
PCR products were then cloned and subjected to the seque nce analysis.
To avoid the amplification of the fra gments with complete units, EC
DNA was first di ges ted with Sau3AI, Bfal or Xba l which c ut the family
sequence, and the fragm ents without th ese sites were amplified by PCR
with the primers loca ted on both sides of the restriction sites.
Therefore, only the fragments which lacked the sites by rearrangement
or point mutation could be amplified. As shown in Fig. 8, all the cases
of PCR amplification of EC DNA showed at least one addit ional band
which was not prese nt in the PCR products from chromosoma l DNA .
Since the amounts used fo r PCR were same between EC DNA and
chromosomal DNA in Fig. 8, the additional bands observed in the
products from EC DNA were not th e artifacts genera te d by PCR with
specific primers. These bands were also observed in a se para te
experiment using th e unamplified EC DN A as a source of PCR (Fig.
10).

Since only fra gments including recombinati on junctions derived
from the reg ion without th e rest ricti on s ite (Sau3A I, Bfal or Xbal) or
fragments that lost the s ites by point mutati on were e nri ched, there
might be a case of representing the recombination junctions from too
small numbers of DNA fragments. To exclude this possib ilit y, I used
three restri ction enzymes (Sau3AI , Bfai or Xhal) which cu t different
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sites, and three pairs of specific prime rs (PCR 1 to 3 ). When the
recombination junctions were analyzed, clones obtained by PCR 1
contained many types of recombination junctions (Fig. 10), indicating
that they represented a wide variety of recombin ation junctions. On the
other hand, clones from PCR2-A and especially PCR3 we re likely to be
derived from a few major species in the population, probably because
both of the PCR schemes amplify a smaller region, and therefore,
reduce the number of recombination events that could be detected.
Sequence analysis of the recombination junctions revealed that the
subunit structure was retained throu gh the homo logous recombination
and, based on comparison of scattered mismatches between th e subunits,
I mapped the recombination junctions (Fi gs. 9 and I 0). The distribution
of the 68 junctions showed that most (55/68) of the s ites were centered
at positions 10-25 (A), 40-50 (B), 85-90 (C) and 135- 160 (D) . As
expected , re gions with hi gh sequence homol ogy be tween subunits
exhibited hi gher recombi nation frequencies (reg ions B, C and D).
Interestingly , region A did not correspond to those with high seq uence
homology between the subunits and reg ion D showed hi ghe r
recombination frequency compared with reg ions B and C, s uggestin g
that another factor(s) affects the recombinat io n frequency. The higher
recombination frequency compared with the regio nal homo logy (shown
in Fig. llA) in both regions A and Dis statistically s ignificant as judged
by p <0.05. This tendency was absent in the reg ions B and C.
It has been shown that the alphoid (or a for primates) satel lite
DNA has severa l sequence features characteristic of protein binding
motifs. Strauss and Varshavsky (78) reported th at a protein binds
preferentially to three regions (I to III ), which are located close to each
other spatial ly on the nucl eoso mes, and regi ons II and Ill are loca ted
next to the linker region. Thi s prote in is presumably essemial for the
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function o f positioning nu c leosomes along the subunits. On the other
hand, there are sequence motifs for CENP-B (79, 80), a protein which
is a part of kinetochore structure and binds specifically to a lpho id
satellite DNA, at positions 2 to 18 of subunits 3 and 5. This protein
mi ght play an important role in aligning the subunits. The preference of

±2 over ±1 subunit shift (Table 2) could be explained by this specificity.
Meanwhile , the recombination hotspots described here were located next
to the linker reg ion and overlapped with these protein binding sites
(Fig. 26). Furthermore, ana lysis of the recombination s ites in the
chromosoma l DNA also indicated one of th ese regions (positions 135160) to be recombinogenic (81). Therefore, these regions are not onl y
susceptible to binding proteins such as ex protein and CENP-B , but also
to the protei ns which mediate DNA re arrangements. Such preference of
the recombin ati on events at the linker regio n has been suggested from
nonrandom size distribution of EC DNA in several cell types (32) . In
contrast, Kawasaki eta/. (82) reported that no such preference of the
recombination sites was observed for a1tificially constructed tandem
repeats of the primate a sate llite DNA. This could be exp lained by th e
involvement of a protein specific to the hum an alphoid DNA which
enhances the reg ional recombinati on frequency, or by differences
between the artificial and th e intact repea t constructs.

4-2. DNA bend sites and the chromatin structure in the Sa u3A family
DNA bend sites have been studied with respect to reco mbin ation ,
transcription , replicati on and the chromatin stru cture including
nucl eoso me phasing (58-67). I hav e demonstrated here the presence of
DNA bend sites within th e Sau3 A family repeats. Although nucleosome
phasing in alphoid DN A was well doc ume nted (83, 84), it has not been
discussed in assoc iati on w ith DNA bending. Several satellite DNAs,
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Fig. 26. Schematic illustration of the recombination hotspots
and the potential binding sites of a protein and CENP-B (A)
and their map in the subunit structure (B). (A) Recombination

hotspots (shadowed) are illustrated along with the a protein binding
sites (striped) and the CENP-P box (solid) on the nucleosome structure.
(B) Position of the a protein binding sites (74-80 for I, 151-157 for II
and 17-23 for III), the CENP-B box (2-18) and the recombination
hotspots are mapped on the Sau3A family subunits. The linker DNA of
the nucleosome (positions 157 -17) is located between the sites II and III.
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including a-satellite, have repeat units of multiples of the length of
DNA in a nucleosome. For example, the 119 bp repeat from Drosophila
, the 372 bp repeat from rat and the a-satellite from primates (172 bp
repeat) have nucleosome repeat lengths of 240 bp, 174 bp and 172 bp,
respectively (85), which are roughly the same size (primates), or half of
(rat) or twice (Drosophila) the size of the nucleosome units. This
suggests that a nucleosome phasing signal, possibly a sequence-directed
specific DNA structure, exists in the satellite DNAs. By performing the
circular permutation assay and the assay using oligonucleotides (detailed
in Materials and Methods, and in Results), I have mapped three DNA
bend sites, which could be a candidate for the nucleosome phasing
signal, within the Sau3A family unit (discussed below).
Unexpectedly, they did not exist in every subunit but appeared
only in subunits 1, 3 and 5 (Figs. 13 and 14). The distances between any
two of the bend sites are, therefore , 170 bp or 340 bp. In contrast, DNA
bend sites appear at intervals of 680 bp in the human ~-globin locus and
other loci (58-60). This difference in the interval of the bend sites
probably reflects on the difference in the chromatin structure between
the centromere region (fo r the Sau3A family) and other regions. Since
the bend sites generally exhibit a high affinity to histones (86), one
could assume that a higher frequency of the bend sites could facilitate a
specific condensation of the nucleosomes at the centromere by tight
association of DNA to the core histones.
Fitzgerald et al. demonstrated by a computer analysis that
conserved patterns of DNA bending exist in the satellite DNAs (85).
They studied 57 types of satellites from a number of species and found a
conserved structure in the satellite units . This structure, in which two
bending elements of 50-60 bp long are separated by a 20-30 bp nonbending element, resembled the structure exhibited by the DNA within
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the nucleosomes. One of the two bending elements determined by the
computer analysis included the region of the bend sites shown in Figs.
12 to 14.

4-3. DNA bend sites and recombination in the Sau3A family
There were reports that suggest involvement of bend sites in
recombination. For example, human immunodeficiency virus (HIV) and
murine leukemia virus prefer to integrate at DNA bend sites, and the
IHF protein, which functions at the integration of A. phage, introduces
DNA bending at the integration site (65, 67). One of the recombination
hotspots (A; positions 10 to 25) of the Sau3A family DNA described
above, overlapped with the bend sites (Figs. llA and 14), suggesting
that the bend sites are also favored for the recombination of the Sau3A
family. Furthermore , there were also reports that a specific position
within the nucleosome structure is exposed to recombination machinery.
HIV prefers to integrate into nucleosomal DNA rather than naked DNA ,
with a significant preference for the integration site (67). HIV integrates
into the nucleosomal DNA at the distorted major groove which is
located at the positions approxi mately 15 , 35 and 55 bp away from the
dyad axis. Hence , these studies support the idea that recombination is
affected by the chromatin or nucleosome structure. The recombination
observed in the Sau3A family occurs frequently at the nucleosomal
linker-core region so as to retain the subunit structure, whereby
reta ining the nucleosomal phases. This indicates a close relationship
among recombination , nucleosomal phases and DNA bend sites.
Recombination of the Sau3A family discussed above was also
shown to have a preference in the subunit usage (shown in Table 2 and
Fig. liB). The interva ls of the bend sites in the Sau3A family are 340
bp (between the subun it s 1 and 3 and between the subunits 3 and 5) or
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170 bp (between the subunits 5 and 1). Among the combinations of the
subunits used in recombination, most of them positioned the bend sites
after recombination at the intervals of 340 bp or 170 bp. However, in
the case of recombination using subunit combinations 2/1, 2/3, 4/3 and
4/1, one of the intervals between the bend sites after the recombination
is 510 bp. Although 13 or 14 cases were expected to occur in 68
recombination events for the combinations of 2/1, 2/3 4/l and 4/3 if
they occur randomly, only two such cases were shown to occur (X-120
and X-122; although the recombination in clone X-125 involved
subunits 4 and 1, it did not create a 510 bp interval) (Fig. 10) . This
indicates that creating a 510 bp distance was not favored in these
recombination events. The interval of the bend sites observed in the
human ~-globin locus was 680 bp on average (58-60). The computer
ana lysis also revealed that the intervals of the potential bend sites are
about 700 bp with a minor peak at 350 bp (87). It seems, therefore, that
the interval of 510 bp may cause a structural instability and would not
be favored in the cells.

4-4. Nucleosomal phases around the translocation sites in the c-myc and
IgiJ. loci
In Burkitt's lymphoma, the c-myc oncogene located on
chromosome 8 is frequently translocated into the immunoglobulin heavy
chain locus located on chromosome 14 (20). This tranlocation causes
deregulation of the c-myc gene expression, driven by the adjacent
elements on the immunoglobulin locus, including the locus control
region located 3' of Ca gene, or by disruption of the transcriptionregulatory elements present in the 5' region and in the first intron of the
c-myc gene (20). I have determined the nucleoso mal phases in the c-myc

and IgiJ. regions using reconstiruted nu c leoso mes (Figs. 15 to 18). The
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nucleosomes were phased continually, nearly as the hypothetical phases,
in both regions . Nucleosomal phases at the translocation sties in these
regions are summarized in Fig. 27. Surprisingly , the translocati on
junctions within the nucleosomes were likely to be centered at three
distinct positions . Positions I and II were located near the nucleosomal
core-linker junction and overlapped with the recombination hotspots
observed in the recombinat ion of the Sau3A family to form EC DNA,
which are shown by shadowed arrows in Fig. 27. (A and D, shown in
Fig . 11 A). On the other hand, positions II and III we re located at those
preferred by HIV integrase within the nucleosome structure, which are
shown by solid arrows in Fig. 27 (67). The observation that the specific
positions within the nucleosome were preferred in translocation further
strengthens the idea th at the recombination is influenced by the
chromatin structure.

4-5. DNA bend sites in the c-myc and IgJlloci
He re, I mapped the DNA bend sites in the c-myc and the IgJlloci
(Figs. 22 and 23). A total of 12 bend sites in the 8082 bp c-myc ge ne
region and 11 sites in the 7427 bp IgJl region were mapped by the
circular pe rmutation assay. The average intervals of the be nd sites were

693 ± 282.3 bp for th e c-myc locus and 650 ± 206.8 bp for the
immunoglobulin Jll oc us. These valu es were close to those obtained in
the £-globin (682.5 ± 132.0 bp), ~ -g lobin (685. 5 ± 267 .7 bp) and ljl~
globin ge ne (642 ± 178.8 bp) regions (60), indicatin g that th e
pe ri odicit y of DNA be nd si tes at inte rvals of approximately 700 bp on
av e ra ge also ex ists in th ese regions. However the periodicity was
disturbed a round th e exo ns and no bend si tes were mapped within the
coding regions. Ana lys is of the sequence features of th e bend sites
revealed that short poly(dA)·poly(dT) trac ts appeared invariably.
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Fig. 27. Summary of translocation junctions within the

nucleosome structure.
(A and B) The positions of the translocation sites within the
nucleosome structure were mapped according to the nucleosomal phases
shown in Figs. 16 and 18 and to the reports of trans locations junctions
(3-u). The positions (shown by solid arrows) and the names of the cell
lines are indicated for the translocation junctions observed in both the cmyc and Ig)..l loci. For the junctions between the c-myc or the Ig)..l and

other locus, only the positions are shown by shadowed arrows. (C) The
summary of the translocation sites within the nucleosomal structure.
Three peaks (I to III ) indicate the hotspots for translocation. Shadowed
arrows indicate the positions of the recombination hotspot (A and D)
observed in the recombination of the Sau3A family, while the so lid
arrows indicate the sites where HIV integration preferentially occurs.
The positions shown below the graph indicate the distance from the
dyad axis of the nucleosome structure.
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Detailed analysis of a bend site, cMB+ 1, by the ol igonucleotide bending
assay reveal ed the bend center at the P2 promoter of the c-myc gene
(Fig. 25). The A4N5T4N6T3 sequence observed in this region was most
likely to cause bending. This bend center was mapped inside the
nucleosomal core region, 10 to 40 bp away
from the core-linker junction. Interesting ly, these pos itions in the
nucleosome structure were very similar to those observed in the ~
globin locus (12 to 33 bp inside from the core-linker junction) (60).
This further supports the hypothesi s that the bend sites function as a
signal for phas ing nu c leosomes, which has also been suggested by th e
observation that both of the DNA within the phased nucleosome and
bent DNA share a common sequ ence feature of shon po ly(dA)·po ly(dT)
tracts (42, 47, 68 , 69) .
In Fig. 28, I schematicall y illu strated the nu cleoso mal array a long
with the bend sites based on the hypothes is th at four nucleosomes can be
placed between the periodically appearing bend sites a t 680 bp intervals.
As shown in Fig . 28, 5 out of 6 trans location even ts (83 %) in vo lved the
nucleosomes co nta ining the bend s ite in at leas t one of the loci .
However, when these events occu r randomly between these loci, th e
probability of such cases wo uld be 44% (7/ 16, provided th at eve ry four
nucleosomes in each locus contain s the bend site). The higher frequency
of the events suggests t11at although th e bend sites a re not req uired on
both loci , th ey are needed in the translocation process. On the other
hand , there we re no cases th at res u !ted in the bend s ites located nex t to
each other. Such constructs may not be favored in th e process.

4-6. DNA bend s ites and DNase I hypersensitive sites
In the rece nt studi es on the chromatin st ru cture in assoc iation with
transc ripti on and re plication, the assays were mainly based on th e accessibi lity
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Fig. 28. A scheme of the translocation between the c-myc and
immunoglobulin heavy-chain )1. loci.
The derivative 14 chromosome (above) and derivative 8 (below) are shown.
The translocation junctions are shown by solid arrows in the intact Ig)l and cmyc loci and by vertical bars in the derivative chromosomes. The positions of

the nucleosomes (shown by circles) were deduced by the hypothesis that bend
sites are the signal for nucleosome phasing and phases four nucleosomes at a
680 bp intervaL Although most of them are hypothetical , some were
experimentally demonstrated (Figs. 16 and 18). The nucleosomes including the
bend sites are shown as shadowed circles.
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of the enzymes, such as micrococcal nuclease, DNase I and S I nuclease
(88-93). The deve lopmental and ce ll-type specific changes in the DNase

I hypersen sitive sites have been extensively stud ied and the implication
as to their relationship with the transcription and replication activities
has been elucidated (89-93). The DNase I hypersensi tive sites are ofte n
located at critical regions for gene expression such as the bind ing site of
transcription factors. Seven developm entally and transcrip ti ona ll y
regulated DNase I hypersensitive sites (positions -2012, -1 54 1, -91 2,
-285, -70 +639 and +1639 relativ e to the P2 cap site) exist in the 5'
region and the first in tron of the c-myc gene (3-r). Among them, five
sites (Ill, , IIIl , III2, IV and V) were mapped within the ON A bend
sites (Fig . 22), while the remaining two sites (I and 11 2) were mapped in
the middle of the two bend sites. The same results were obtai ned in the
human ~- g lobin locus, where four minor hypersensitive sites we re
mapped within the DNA bend s ites and other four major sites were
localized in the middle of the two be nd sites. In the ~-g l obin locu s, the
sites that were located at the bend sites were the majo r hypersensitive
sites where protein binding motif is located, and those located in the
middle we re located in the promoter region and exhib ited an open
chromatin structure. The re were seve ral repo rt s that hypersensitive sites
appear either at th e binding sites for specific lran.Hlc tin g factors o r at
the positi ons whe re tightly -phased nucleosomes exist (93). Thu s , one
could speculate th at th e hyperse nsitive sites located in between the two
bend sites and tho se located at th e bend sites are formed by the different
mol ec ular mec hani sms.
There are several repo rts th a t demonstrated th e stabil it y of th e
chro matin st ru c ture after transloca tion. For example. DNase I
hype rse nsitive sites of th e c-myc locus were conserved in the lymphoma
cell lines co nt aining th e translocation points in the upsu·eam or
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downstream of the c-myc gene . No changes in the pattern were
observed in all hypersensitive s ites which are associated with the c-myc
gene after translocation, even though the translocation occurred in the
promoter region of the c-myc gene (91). This further supports the idea
that a mechanism of stabilizing the chromatin structure, by keeping the
bend sites at appropriate distances for example, exists in the
translocation process.

4-7. Conclusions and future prospects
In this thesis , I described two types of recombination with respect to
the chromatin structure. One is the homologous recombination that occurs at
the excision of the Sau3A family DNA to form EC DNA. The other is the
recombination observed in the translocation of the c-myc locus into the
immunoglobulin 11locus, which occurs in the process of neoplastic
transformation of lymp hocytes. The results described here revealed that the
chromatin structure plays a crucial role in both types of recombination. The
stability of the chromatin structure should be precisely controlled to maintain
the hierarchy of the genome st ructure in the nuclei. Further studies on the
chromatin structure in other regions also critical for recombination would
provide more evidence for this hypothesi s.
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