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Multitude of Inverted Repeats Characterizes a Class 
of Anchorage Sites of Chromatin Loops 
to the Nuclear Matrix 
Teni Boulikas and C.F. Kong 
Institute of Molecular Medical Sciences, Palo Alto, California 94306 

Abstract In order to understand the nature of DNA sequences that organize chromatin into domains or loops, we 
have cloned the nuclear matrix DNA (1.7% of the total DNA) from human myelogeneous leukemia cells in culture. 
Nuclear matrix is  formed by interactions between specific stretches of DNA of about 0.1 to 5.0 kb with protein 
transcription factors, nuclear enzymes, and structural proteins. Nuclear matrix is believed to be the exclusive nuclear 
microenvironment in which initiation of DNA replication, transcription, and repair take place. The matrix attachment 
regions (MARs) of DNA have transcriptional enhancer activity, harbor the origins of replication of the human genome, 
and define the borders between neighboring chromatin loops. In this study we report the sequence of the human MAR 
fragment 19.2 of a size of 542 bp. Hum. MAR 19.2 is  composed of TG-, CA-, CT-, and GA-rich blocks and shows 8 
perfect and imperfect inverted repeats. Thus, we have identified a novel class of MARs with sequence characteristics 
divergent from the AT-rich class of MARs. The inverted repeats of the 19.2 sequence might be stabilized into their 
cruciform configuration by torsional strain and by specific transcription/replication protein factors. This MAR might 
function in the initiation of replication of the flanking chromatim domain and in the regulation of the transcriptional 
activity of the gene(s) that reside in this domain. c- 1993 Wiiey-Liss, Inc. 
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MAR sequences (matrix attached regions) rep- 
resent the attachment points of chromatin loops 
to the nuclear matrix [see Hancock and Bou- 
likas, 1982; He et al., 1990; Berezney, 19911. 
Thus MARs define the borders between chroma- 
tin domains, each harboring one gene or seg- 
ment of a gene or groups of related genes [Mirk- 
ovitch et al., 1984; Cockerill and Garrard, 1986; 
Bode and Maass, 1988; Phi-Van and Stratling, 
1988; Levy-Wilson and Fortier, 19891. In addi- 
tion to  their structural involvement in the forma- 
tion of the chromatin domain, MARs fill two of 
the most important functional roles: that of 
acting as sites of initiation of DNA replication 
[Berezney and Coffey, 1975; Pardoll et al., 1980; 
Carri et al., 1986; Vaughn et al., 19901 and that 
of acting as transcriptional enhancers [Blasquez 
et al., 1989; Xu et al., 19891. Significant changes 
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in the nuclear matrix protein pattern during 
osteoblast differentiation suggested that the nu- 
clear matrix is involved in the developmental 
decision of cell type formation [Dworetzky et al., 
19901. The similarity of stretches of DNA in 
AT-rich MARs to the homeodomain protein rec- 
ognition and binding site suggested that MARS 
are involved in differential gene expression, cell 
memory, and body plan formation in develop- 
ment [Boulikas, 1992al. 

Inverted repeats (or palindromes or dyad sym- 
metry motifs) can be detected by sequence anal- 
ysis of the DNA, by electron microscopy, and 
from their rapid reassociation kinetics [e.g., 
Schmid et al., 19751. The linear form of the 
inverted repeat may convert into the cruciform 
configuration, which could then act as initiation 
site for DNA replication [Hobom et al., 1979; 
Meijer et al., 19791. Inverted repeats are found 
in replication origins (ORIs) of Escherichia coli 
[Meijer et al., 19791 and bacteriophages X and 
$80 [Hobom et al., 19791. In addition, inverted 
repeats are found at the ORIs of mammalian 
viruses, including SV40 [Subramanian et al., 
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1977; Deb et al., 19861, polyoma [Soeda et al., 
1978; Prives et al., 19871, the human papovavi- 
rus BKV [Dhar et al., 19781, HSVl [Stow and 
McMonagle, 1983; Weller et al., 19851, Epstein- 
Barr virus [Reisman et al., 19851, HSV2 [Lock- 
shon and Galloway, 19861, and JC virus [Fris- 
que, 19831. Lin and Meyer [19871 have shown 
that DNA replication in the plasmid R1162 is 
initiated from two positions flanking a large 
(40-bp stem, 40-nt loop) inverted repeat, and 
have suggested that initiation is triggered from 
the cruciform structure. The cruciform configu- 
ration of the inverted repeat would be promoted 
and stabilized by the protein replication initia- 
tion complex [Lin and Meyer, 19871. In addition, 
palindromes are found in the origins of replica- 
tion of the monkey genome isolated and cloned 
by extrusion of newly synthesized DNA from 
replication forks (ors sequences) [Zannis-Hadjo- 
poulos et al., 1985; Rao et al., 19901, the c-myc 
OR1 [Iguchi-Ariga et al., 19881, and the myc and 
CAD genes origin of amplication [Ford and Fried, 
19861. The potential to form a cruciform also 
seems to be essential for the function of the OR1 
of the ColE1 [Masukata and Tomizawa, 19841 
and the OR1 of the Brome Mosaic Virus [Pogue 
and Hall, 19921. 

Monoclonal antibodies, directed against cruci- 
forms occuring in ors sequences supposed to 
represent monkey origins of replication from 
unknown genes were shown to enhance DNA 
replication in permeabilized monkey cells [Zan- 
nis-Hadjopoulos et al., 19881. This was inter- 
preted to be a consequence of stabilization of the 
inverted repeats into their cruciform configura- 
tion by the antibody; such cruciforms were 
thought to be located at or near replication 
origins, resulting in multiple initiations of DNA 
replication from a single origin. Using mono- 
clonal antibodies directed against cruciform and 
quantitative fluorescence flow cytometry, 3-5 x 
lo5 cruciforms/nucleus were estimated for mon- 
key CV-1 and human colon adenocarcinoma 
SW48 cells throughout the S phase; however, no 
cruciform-like structures could be detected dur- 
ing GO, G2/M or in metaphase chromosomes 
[Ward et al., 1990, 19911. An increase in the 
number of the single-stranded DNA-specific S1 
nuclease cutting sites was found during the S- 
phase by Collins [19791 and by Collins and co- 
workers 119821. These data support a model of a 
transient conversion of inverted repeats into 
cruciform structures during initiation of DNA 
replication. 

A fundamental question in understanding 
MAR function concerns the type of DNA SP- 
quences used by eukaryotic nuclei to set the 
borders between chromatin domains while us- 
ing the same sequences or nearby motifs to 
initiate replication of the domain and to en- 
hance the transcriptional activity of the genes 
nested in this particular domain. In the present 
study we analyze the nature of the DNA se- 
quences of a MAR fragment cloned from human 
myelogeneous leukemia cells. This DNA se- 
quence identifies a novel type of MAR enriched 
in inverted repeats. 

MATERIALS AND METHODS 
Cell Culture 

K562 human erythroleukemia cells (Ameri- 
can Type Culture Collection) were cultured in 
DMEM medium supplemented with 7% fetal 
bovine serum and antibiotics as described [Bou- 
likas, 19881. 

Nuclei Isolation and Nuclear Matrix Preparation 

Nuclei were isolated using the ultrarapid pro- 
cedure of Boulikas [19881. According to this 
method, cultured cells were lysed in 1% Triton 
X-100 and nuclei were collected by centrifuga- 
tion through a 60% glycerol cushion at 1 3 , 0 0 0 ~  
for 4 min in Eppendorf tubes [Boulikas, 19881. 
Nuclei isolated from 2.5 x lo7  cells were di- 
gested with 1,000 units micrococcal nuclease 
(MNase) a t  37°C for 10 min in 0.5 ml 50 mM 
Tris . HC1, pH 7.5, 25 mM KCl, 1 mM CaCI,, 4 
mM MgC12. Nuclear matrices were isolated by 
an adaptation of the methods of Cockerill arid 
Garrard [1986] and Boulikas [19861. All proce- 
dures were at 0°C in the continuous presence of 
0.1 mM N-p-tosyl-L-lysine chloromethyl ketone 
to minimize proteolysis and in Eppendorf tubes 
using short-time spins to avoid nuclear matrix 
disassembly. According to this method, digested 
nuclei were centrifuged in Eppendorf tubes for 2 
min in a Microfuge (13,OOOg) to yield a superna- 
tant fraction S1, enriched in active chromatin 
[Rose and Garrard, 1984; Garrard et al., 19881. 
The digested nuclei pellet (P1) was then lysed in 
0.5 m12 mM EDTA, 3 mM Tris, pH 7.5, followed 
by a centrifugation at 1 3 , O O O g  for 3 min. The 
supernatant fraction, S2, contained the bulk of 
nucleosomes mainly as mononucleosome parti- 
cles due to the extensive treatment with MNase. 
The pellet fraction, P2, containing the residual 
of the chromatin loops and the nuclear matrix, 
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was resuspended in 0.5 ml 2M NaC1, 2 mM 
EDTA, 10 mM Tris, pH 7.5, and immediately 
centrifuged (microfuge 3 min) to  separate the 
residual histones from the nuclear matrix (NM) 
fraction. The DNA content of the nuclear matrix 
fraction that can be monitored by the extent of 
digestion of nuclei by MNase [Boulikas, 19851 
represented 1.7% of total DNA and had frag- 
ments ranging in size from 0.1 to 5.0 kb. The 
nuclear matrix fraction was resuspended in 0.2 
ml5M urea. Then 0.2 ml2% SDS was added and 
the nuclear matrix proteins were removed with 
proteinase K (0.1 mg/ml), at 37°C for 16 h. DNA 
was extracted twice with phenol/chloroform and 
precipitated with 70% ethanol. NM DNA prepa- 
rations were size-fractionated on low-melting 
agarose gels for cloning. 

Agarose Gel Electrophoresis 

The various nuclear fractions were adjusted 
to 1% SDS, 10% glycerol, 0.05% bromophenol 
blue in TBE buffer (89 mM Tris, 89 mM boric 
acid, pH 8.5, 1 mM EDTA) and loaded directly 
onto 1% low-melting agarose gels containing 10 
pgiml ethidium bromide, 0.1% SDS in TBE 
buffer. The electrophoresis buffer was TBE 
buffer containing 0.1% SDS. 

Cloning of the Nuclear Matrix DNA 

Pieces from the low-melting agarose gel con- 
taining 100-700 bp or 0.7-5.0 kbDNA frag- 
ments and about 3 pg of nuclear matrix DNA 
were excised under low-energy UV light. Expo- 
sure to  UV was minimized to avoid formation of 
cyclobutane dimers and (6-4) photoproducts on 
the DNA that cause C + T transitions during 
replication [Vrieling et al., 1989; see Boulikas, 
1992bl. 

One volume of TE buffer (10 mM Tris, pH 8.0, 
1 mM EDTA) was added to the gel piece, melted 
at 65"C, extracted once with phenol, once with 
phenol/chloroform, once with chloroform, and 
precipitated by the addition of 2 vol ethanol and 
0.1 vol of 3M sodium acetate at - 70°C overnight 
in Eppendorf tubes. DNA was collected by cen- 
trifugation at 0°C for 20 min (13,OOOg, mi- 
crofuge), washed in 70% ethanol and resus- 
pended in 20 pl TE. In some experiments the 
DNA fragments were phosphorylated at  their 5' 
ends using T4 polynucleotide kinase (BRL) and 
ATP as described [Wu et al., 19871. The 3' 
recessed ends generated by MNase [Sollner- 
Webb et al., 19781 were filled in with 1 pl (4 
units) Klenow fragment of DNA polymerase 

(Amersham) in TE buffer, extracted with 1 vol 
phenol, once with phenol/chloroform and etha- 
nol-precipitated. The DNA pellet was dried in a 
Speedvac for 5 min, resuspended in 7 p1 H,O, 1 
p 1 1 0 ~  ligation buffer, 1 ~1 Bluescript vector cut 
with EcoRV, and 1 p1 T4 ligase (USB) and 
incubated at 14°C for 16 h. DNA was directly 
transformed in JM109 competent E. coli cells 
and plated on LB/agar with ampicillin (100 p,g/ 
ml), X-gal, and IPTG. Plates were incubated at  
37°C overnight and screened for white colonies. 
Individual colonies were picked and grown in 3 
ml LB + ampicillin (100 pg/ml). Plasmid mini- 
preps digested with EcoRI + Hind111 were ana- 
lyzed for the size of the insert on l% agarose 
gels. About 150 colonies were screened in total. 
About 90 colonies had an identical size of insert 
(Hum. MAR 191, and upon partial sequencing 
(at least five of them) were found to have identi- 
cal sequences. About 10 clones were determined 
to represent different sequences, and sequenc- 
ing was pursued. 

DNA Sequencing 

DNA sequencing was performed using the 
dideoxy method and the Sequenase I1 kit (USB). 
For this purpose, double-stranded DNA plasmid 
was denatured, mixed with universal or reverse 
primers (USB), and DNA strand synthesis was 
performed according to provider's instructions 
and to the method of Mierendorf and Pfeffer 
[19871. Synthesized DNA was analyzed on gels 
(4% acrylamide, 50% w/v urea, 60 cm long, 0.4 
mm thick) and run at 65 Watts for 2.5-3 h. Gels 
were dried on Whatman 3 MM filter paper and 
exposed for autoradiography for about 24 h at  
room temperature using X-Omat film. 

RESULTS 

We have isolated the nuclear matrix DNA 
(MAR) from human K562 cells comprising 1-2% 
of nuclear DNA, after removal of bulk polynucle- 
osomes with micrococcal nuclease. The MAR 
DNA was cloned in E. coli. In this article, using 
random cloning of the nuclear matrix DNA, we 
report a novel class of MAR sequences that 
diverge from the known AT-rich class of MARS 
[e.g., Mirkovitch et al., 1984; Cockerill and Gar- 
rard, 1986; Levy-Wilson and Fortier, 19891. The 
new class of MARs, represented by the fragment 
Hum. MAR 19.2, is composed of TG-rich 
stretches and of polypurine stretches (shown in 
bold face) alternating on the same strand of 
DNA with polypyrimidine stretches (outlined) 
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(Fig. 1). This human MAR fragment is 542 bp in 
length derived from a large MAR locus of about 
3.6 kb. The TG-rich (or their complementary 
CA-rich) motifs shown in larger characters in 
Figure 1 resemble sequence motifs found in 
recombination sites, in telomeres, in transcrip- 
tion and replication protein factor recognition 
and binding sequences, and in the 3' untrans- 
lated region of a great number of genes (Table I). 

The 19.2 sequence contains only a single ATTA 
motif (shown enlarged and underlined in Fig. l), 
characteristic of homeodomain protein binding 
sites. The CCAATTAGCC stretch (position 92 
in Fig. 1) that comprises the ATTA motif is a 
characteristic binding site of homeobox proteins 
with a glutamic acid at position 50 [Hanes and 
Brent, 19911 and represents a perfect recogni- 
tion and binding site of the Drosophila engrailed 
protein occurring within intron 1 of the en- 
graded gene [Desplan et al., 19881. Several ATTA 
motifs, properly spaced, signal the presence of a 
homeodomain protein-controlled regulatory re- 
gion [e.g., Boulikas, 1992al. Thus, if a homeodo- 
main protein interacts in vivo with this stretch 
of DNA, it, no doubt, needs to interact with 
other transcription protein factors bound to vic- 
inal sites on the 19.2 sequence. 

The CAGAGATG motif occurs four times as a 
direct repeat. GA-rich blocks and TC-rich blocks 
on the same strand of DNA favor the occurrence 
of inverted repeats. We have manually screened 
the Hum. MAR 19.2 fragment for the presence 
of inverted repeats, shown in their cruciform 
structures in Figure 2. Some of these cruci- 
forms, like those at positions 114,158,255,354, 
and 440, might exist in vivo, provided that pro- 
teins able to  stabilize these sequences in their 
hairpin structure are present. Several laborato- 
ries have postulated the presence of such pro- 
teins interacting with the stem, with the loop, or 
with the base of the cruciform that might func- 
tion in the initiation of DNA replication (see 
Introduction and Discussion?. 

We have shown that the Hum. MAR 19.2 
fragment and all other fragments of the 3.6-kb 
Hum. MAR 19 locus can be crosscomplexed with 
nuclear matrix proteins in vitro to form insolu- 
ble complexes easily removed by centrifugation 
(not shown?. This in vitro assay has been widely 
used to show, €or example, specific interaction of 
a fragment from the mouse K immunoglobulin 
gene with nuclear matrix [Cockerill and Gar- 
rard, 19861. Under the same conditions of ma- 
trix protein/DNA ratio, only specific fragments 

of the human Ha-ras oncogene disappear from 
the solution (Boulikas and Spandidos, in prepa- 
ration). All fragments of our MAR clones are 
expected to bind to  nuclear matrix proteins from 
K562 cells in vitro. 

Contradictory data were reported concerning 
the copy number of MAR sequences in the ge- 
nome. Some studies have determined that highly 
repetitive DNA is enriched in the nuclear matrix 
whereas others found that the DNA of the nu- 
clear matrix is in single copies [see Boulikas, 
1992a and references cited therein]. For this 
purpose we have screened the 19.2 MAR se- 
quence for the presence of Alu repeats, L1, and 
the newly discovered medium reiteration fre- 
quency repeats such as MER [Kaplan et al., 
1991; Jurka et al., 19921 using a program writ- 
ten by Jerzy Jurka. This search showed that the 
Hum. MAR 19.2 fragment does not contain any 
high or medium reiteration repeats. 

DISCUSSION 
Cruciforms and MARs 

Two independent lines of evidence suggest 
that cruciform structures might be highly en- 
riched in MARs. First, HMG1, which specifically 
binds to the single-stranded loop region of the 
cruciform [Bianchi et al., 1989, 19921, is a com- 
ponent of the nuclear matrix [Ivanchenko and 
Avramova, 19921. Second, origins of replication, 
characterized by an enrichment in cruciforms 
(see Introduction) are nested in matrix an- 
chored regions [Aelen et al., 1983; Buongiorno- 
Nardelli et al., 19821. However, there is one 
experiment arguing against an enrichment of 
cruciforms in MARS: in an attempt to detect 
cruciform structures in the nuclear matrix, Price 
and collaborators [Ward et al., 19911 have used 
DNase I digestion of nuclei treated with anticru- 
ciform monoclonal antibodies; the fraction of 
the DNA associated with the nuclear matrix was 
found to be resistant to DNase I, and it was thus 
concluded that cruciforms either are not present 
in the nuclear matrix or are buried in the scaf- 
fold remaining inaccessible to DNase I [Ward et 
al., 19911. The present work, usingrandom clon- 
ing of the nuclear matrix attached regions from 
human cells has identified a novel class of non- 
AT-rich MARs; these sequences are highly en- 
riched in inverted repeats with the potential to 
form cruciform structures under torsional strain 
[Dayn et al., 19921. Our data support the model 
according to which inverted repeats are highly 
enriched in the attachment regions of chroma- 
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Hum MAR 19.2 

GGGAAAGCTT GCATGCCTGC AGACCCGAGA 

CTGCCTAGGT CACAACG 

CAGAGBCTZ C q  T G t X  ;TGGCC ACAGGCAG 

GE AATTAGC CCAGATGCA- 
Dros. eng horneo site 

AGGGCCT"AA AGG GTC", APT CACCCACGCA 

TGCATTCCW TCC X ACC AACGGAGTGA 

2 ACC AGAGATG 

TGGCCGGAAT GCAGAGATGA AGTCACTGAG 

CACAGTAGGT ATGGTCTTAC GAGAAG 

CTAGTGGGAA AGAGAGAGTT TGATTGGcAA 

AGCACIUATG T ATTGGG c AGGCAGGAA 

CAAAGGCAGC ACTT GCAGC AA Z- 3 (2 E G G T  

GGATTTGGAT TGCCCAGGGT GGTCAAGTCT 

GGCTTAGCAG TTGACAACAG ACTCATGAGA 

TGCAGASCTA 5 AGGAA C C A 3  

GATATGGGCC AGAGAGACAT GTGTCAGCAC 

GTACAGTGAG TAGAGACTGG TCACGTGCAT 

GAGACCTATA ST G AT 

GG 

5 

30 

60 

90 

120 

150 

180 

21 0 

240 

270 

300 

330 

360 

390 

420 

450 

480 

51 0 

540 

542 

Fig. 1. Sequence of the human MAR fragment 19.2. Polypurine stretches of more than four nucleotides 
are in bold face; polypyrimidine stretches of more than four nucleotides are outlined. Three purines 
separated by a single pyrimidine from a block of three or more purines and vice versa are also considered. 
The TC boxes, i.e., stretches of TG (or its complementary CA) of more than six nucleotides, are enlarged. 
The CCAAmACCC motif, recognition and binding site of the Drosophila engrailed homeotic protein, is 
enlarged and underlined (position 92). 
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TABLE I. General Occurence and Function of TG Boxes 

SEQUENCE 

CACAAC 
CACCCAC 
CCACCAAC 
CCACACCA 
GmGaTTGG 
T G G G l l  
AACAAA 
CAACCCCTGGTGG 
l l T G G  
GGGTGGT 
ACAACA 

GTGTCAC 
GTGACAC 

TGTTTTTGG 
CCAAAAACA 

G T m  
AAAAC 

G l l T  
or 
AAAAC 

ACACCCAAATATGGCGAC 
GTCGCCATATTTGGGTGT 

TGGTATGATITGTAATGGGG 
CCCCATACAAMTCATACCA 

AACAAACACAAA 
l l T G T G T l T G T  

T R T G Y  
RCAAAYA 

GGGTGGG 
CCCACCC 

TCTGTGGTTAA 
TTAACCAC AG A 

GGGTGTGG 
CCACACCC 

AAGTGTlTGC 
GCAAACAC'IT 

AAGATAAAACC 
GGTmATCTT 

T T G l l T G  
GTGTGT 
TGTGGGG 
GGGGTTG 

(TGTGTG)" 

Z-DNA 
or 

GCTGGTGG 

5' TTATCCTAAACCA 

3' AATAGGATTGGT 
) 

FUNCTION or OCCURENCE 

Hum. MAR 19.2 sequence 

Heptamer consensus sequence in 
immunoglobulin gene 
rearrangement 

Nonamer consensus sequence in 
immunoglobulin gene 
rearrangement 

Telomeres of Oxy?richa nova 
macronuclear chromosomes 

Core pentanucleotide recognized 
by the general transcription/ 
replication factor GFI in yeast 

Core recognition sequence of FP4, 
zeste 3, GAGA2 and protein B 
within the Drosophila Ultrabithotax 
promoter. 

chicken CBF 

rat DBP 

human HlTF1 

rat HNF-5 

human PuF 

mouse SEF-1 

human TEF-2 

human TGT3 

human, mouse, rat, RVF 

Frequently occurring in the 3' 
untranslated region of genes 

Recombination hot spot 

chi recombination sequence in E. 
coli 

Palindromic sequence, hixC 
consensus recombination site of all 
known invertase systems related to 
Hin 
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tin loops to  the nuclear matrix and these se- 
quences, in their cruciform configuration, play 
an important role in the initiation of DNA repli- 
cation. 

MARs as Markers in Genome Mapping 

Mapping of genomes makes use of sequence 
markers that help define the location of the 
various genes along the DNA molecule, such as 
Alu sequences, restriction fragments with length 
polymorphisms, and some polymorphic microsat- 
ellites [e.g., Baron et al., 19921. Such markers 
need to be polymorphic, very common (105-106 
copies per mammalian genome) and evenly dis- 
persed. We propose that MAR sequences can 
provide markers for mapping genomes. One ma- 
jor class of MAR sequences was inferred to be 
polymorphic because of the unusual stretches 
they contain, such as Z-DNA, palindromes, AT- 
rich DNA, and repetitive motifs [Boulikas, 
1992~1. These unusual sequences are damaged 
at higher rates by mutagens, seem to be refrac- 
tory to repair enzymes and prone to  a higher 
rate of errors during DNA replication than aver- 
age sequences [reviewed by Boulikas, 1992b,cl. 
Our estimate of MAR sequences is about 60,000 
permanent MARs per nucleus, which together 
with the facultative class of MARS may amount 
to a total of 100,000 or more MARs per mamma- 
lian nucleus. This gives an average spacing of 
one MAR every 30,000 bp of DNA. Thus, MARS 
may fulfill the three criteria for their potential 
use as markers. 

Random Cloning of MARs 

We suggest that MARs are underrepresented 
in genomic libraries because of the relative resis- 
tance of their complexes with chromosomal pro- 
teins to  solubilization by proteinase K. Our 
method for random cloning of the nuclear ma- 
trix DNA, undertaken on a large scale, is ex- 
pected to  identify the sequences that are used as 
borders between chromatin domains and are 
expected to harbor transcriptional enhancers 
and the origins of replication of the human 
genome. 

Methods for MAR Identification 

Two different methods have been devised to  
study the presence of MARs within a gene locus. 
According to the first method, isolated nuclei 
were treated with lithium diiodosalicylate to 
extract all histones and several nonhistone pro- 

teins, giving “nuclear halos” where extended 
chromatin loops puffing out of nuclei were still 
attached to the insoluble matrix. DNA was then 
cleaved with a restriction enzyme giving soluble 
loop fragments ( -  75% of DNA) and insoluble 
fragments (-25% of DNA) attached to the nu- 
clear scaffold. DNA fragments from the two 
fractions were electrophoresed in equal amounts 
on agarose gels and blotted with specific gene 
probes [Mirkovitch et al., 1984; Cockerill and 
Garrard, 1986; Jarman and Higgs, 19881. How- 
ever, prolonged incubation of “nuclear halos” at 
37°C for restriction enzyme digestion may cause 
partial disassembly of nuclear matrix. Also, the 
restriction enzyme digestion may often be incom- 
plete; furthermore, some restriction sites might 
be “masked” by matrix proteins bound to them. 
Furthermore, the fragments remaining bound 
to the nuclear matrix or scaffold are rather long 
and therefore do not immediately reveal the 
actual attachment sites of the DNA to the ma- 
trix. 

According to the second method, a mixture of 
DNA restriction fragments from a cloned gene 
were incubated with isolated nuclear matrix or 
scaffold proteins and the bound DNA fragments 
were separated from the unbound DNA by a 
simple centrifugation step [Cockerill and Gar- 
rard, 19861. The second method also suffers 
from the fact that entire restriction fragments 
of DNA, rather than the actual attachment sites, 
are identified as MARS. The actual MAR sites 
were proposed to include binding sites of protein 
transcription factors [Boulikas, 1992a,c]. 

Our method does circumvent the problems 
associated with the other methods for MAR 
identification. First, micrococcal nuclease 
(MNase), an enzyme able to digest DNA in nu- 
clei to a very high extent, has been used. This 
nuclease attacks linker DNA between nucleo- 
somes, initially giving a nucleosome ladder. The 
precise structure of the nuclear matrix, espe- 
cially at its borders with nucleosomes, is un- 
known. However, our experiments on nuclear 
matrix [Boulikas, 1985; this study] suggest that 
a protection similar to that conferred by nucleo- 
soma1 histones to DNA, is conferred by nuclear 
matrix protein to  DNA toward digestion by 
MNase. Thus, using MNase and monitoring the 
extent of digestion, we can end up with a small 
percentage of the total DNA remaining in the 
insoluble NM, representing about 0.5-2% of the 
total DNA. This approach may reveal the actual 
attachment points of the chromatin loops to  the 
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matrix. Second, the time of nuclease digestion 
used here is short (37"C, 10 min), compared to 
that of other methods (3 h, 37"C, in Mirkovitch 
et al. [19841) and avoids nuclear matrix disassem- 
bly into protein and DNA components. Third, 
the nonspecificity of MNase toward DNA se- 
quences, which is in contrast with that of restric- 
tion endonucleases, can reveal the true nature 
of the bases of chromatin loops. MNase does 
display an initial preference for AT-rich se- 
quences [Horz and Altenburger, 19811 and ac- 
tive chromatin fractions [Bloom and Anderson, 
19781, but we believe that this property of the 
enzyme does not substantially interfere with its 
ability to reveal the true matrix anchoring sites 
in nuclei. 

Types of Nuclear Matrix Structures 

Two types of nuclear matrix structures have 
been described. The first is the peripheral ma- 
trix, lining the interior of the nuclear envelope, 
with lamins as principal components, appar- 
ently mediating the topological compartmental- 
ization of the peripheral chromatin [see Han- 
cock and Boulikas, 1982; Boulikas, 1987; 
Berezney, 19911. Direct contacts between lam- 
ins and DNA, as determined by crosslinking 
with W [Boulikas, 19861, seem to be the major 
determinants of this rather unspecific chroma- 
tin loop anchoring to  the peripheral nuclear 
matrix. DNA sequence specificity could be con- 
ferred by the interaction of lamins andlor nearby 
DNA sequences with transcription factors. The 
second type is an internal nuclear matrix compo- 
nent containing thick, highly branched polymor- 
phic fibers that might serve as the core struc- 
ture for the internal matrix architecture [e.g., 
He et al., 19901. Extraction of nuclease-digested 
nuclei with high salt in the presence of 2-mercap- 
toethanol yields empty shells of nuclei depleted 
of their internal nuclear matrix and composed 
only of nuclear pore-lamina complexes [Kauf- 
mann et al., 19831. This finding suggests that 
disulfide bonds stabilize the internal matrix. We 
do not know whether the non-AT-rich type of 
MAR described here arises from the peripheral 
or from the internal nuclear matrix. 

Types of MAR Activity 

Two types of MAR activities have been de- 
scribed with respect to their functional role: The 
permanent or constitutive MAR activity, pres- 
ent in all cell types, and the facultative or tran- 

sient MAR activity that relates to the tran- 
scriptional or repair activities of a cell and that 
appears, for example, in active or damaged genes 
but is absent from the same gene in a cell type 
not expressing or repairing this gene [Boulikas, 
1992a,bl. The MARs described here were de- 
rived from human chronic myelogenous leuke- 
mia K562 cells that have been dedifferentiated 
[Lozzio et al., 19811 and are thus expected to 
have a higher number of active origins of replica- 
tion with a smaller replicon size than normal 
human lymphocytes [Hatton et al., 19881. Con- 
sequently, since MARs have OR1 activity [e.g., 
Vaughn et al., 1990; Boulikas, 1992a1, a greater 
number of MARs per nucleus are expected to be 
found in K562 cells than in normal lympho- 
cytes. It remains to be determined whether or 
not the Hum.MAR19.2 fragment described here, 
which is recognized by matrix proteins from 
K562 cells, is also recognized by matrix proteins 
from normal human lymphocytes. If it is, then 
this sequence ought to be classified as a constitu- 
tive MAR. If not, it should be classified as a 
facultative MAR specific to  the dedifferentiated, 
tumor state. 

Sequence Characteristics of MARs 

MARS may also be classified into at least three 
different types with respect to their DNA se- 
quence characteristics: (1) most MAR sequences 
identified in other laboratories fall into the AT- 
rich class of MARS [e.g., Levy-Wilson and Fort- 
ier, 1989; Blasquez et al., 1989b; reviewed by 
Boulikas, 1992al; (2) one example of a GC-rich 
type of MAR has been identified in the promoter 
region of the ribosomal RNA gene of Xenopus 
[Marilley and Gassend-Bonnet, 19891; and (3) 
our present study identifies a third type of MAR 
sequence containing homopurine and homopy- 
rimidine blocks as well as TG (or its complemen- 
tary CA) -rich blocks. This third type of MARS is 
also enriched in inverted repeats. The potential 
role of this MAR fragment as a human origin of 
replication, its chromosomal location, copy num- 
ber and the particular human gene it is linked to 
are under investigation. 
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