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Abstract
Nuclear DNA of metazoans is organized in supercoiled loops anchored to a proteinaceous substructure

known as the nuclear matrix (NM). DNA is anchored to the NM by non-coding sequences known as
matrix attachment regions (MARs). There are no consensus sequences for identification of MARs and
not all potential MARs are actually bound to the NM constituting loop attachment regions (LARs).
Fundamental processes of nuclear physiology occur at macromolecular complexes organized on the
NM; thus, the topological organization of DNA loops must be important. Here, we describe a general
method for determining the structural DNA loop organization in any large genomic region with a
known sequence. The method exploits the topological properties of loop DNA attached to the NM
and elementary topological principles such as that points in a deformable string (DNA) can be position-
ally mapped relative to a position-reference invariant (NM), and from such mapping, the configuration of
the string in third dimension can be deduced. Therefore, it is possible to determine the specific DNA
loop configuration without previous characterization of the LARs involved. We determined in hepato-
cytes and B-lymphocytes of the rat the DNA loop organization of a genomic region that contains four
members of the albumin gene family.
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1. Introduction

In the interphase nucleus of metazoan cells, the
DNA is organized in supercoiled loops anchored to a
nuclear substructure commonly known as the nuclear
matrix (NM) which is a non-soluble complex of ribonu-
cleoproteins obtained after extracting the nucleus with
non-ionic detergents, high salt and treatment with
DNase.1,2 The exact composition of the NM is a
matter of debate as some 400 proteins have been
associated with this structure.3 The DNA is anchored

to the NM by means of non-coding sequences of vari-
able length known as matrix attachment regions
(MARs). Yet, there is no consensus sequence for a
priori identification of MARs, although they are gener-
ally rich in AT and repetitive sequences, and map to
regions where the DNA is intrinsically curved or
kinked and has a propensity for base unpairing.4

MARs are operationally classified into structural-
constitutive, resistant to high-salt extraction and func-
tional-facultative, non-resistant to high-salt extrac-
tion.5,6 Therefore, not all potential MARs are actually
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bound to the NM constituting true loop attachment
regions (LARs).5 There is evidence that when multiple
copies of a specific MAR are present, these are used in
a selective fashion, indicating the adaptability of the
MAR sequence to serve as anchor only under certain
conditions.7 The higher-order structure of interphase
and metaphase chromosomes is likely to be maintained
by constitutive MARs.4,8 It has been suggested that the
dynamic selectivity in the use of MARs as DNA
anchors would modulate both the DNA loop average
length and the stability of the topological relationships
between DNA and the NM during development and
cell differentiation.9,10 Only a very limited number of
proteins have been identified that participate in
sequence-specific binding of DNA to the NM.2,4

However, saturation experiments indicate the existence
of some 150 000 salt-resistant DNA-binding sites per
NM in rat hepatocytes,11 whereas the average DNA
loop size in adult rat hepatocytes is 80–90 kb,12 and
this figure is compatible with roughly 66 000 DNA
loops per rat diploid genome.13 Therefore, given that
there are no MAR consensus sequences, these facts
imply that such DNA–NM interactions are the result
of indirect readout effects between DNA and NM pro-
teins and thus not equivalent to the direct readout
interactions between transcription factors and specific
DNA sequences.14 Such sequence-independent DNA–
protein interactions depend on DNA shape and overall
DNA mechanical properties such as curvature, helical
twist and bending and torsional flexibilities,15 therefore
the local topology (spatial configuration) of the DNA
involved must be a determining factor.16 Fundamental
processes of nuclear physiology such as DNA replication,
transcription and processing of primary transcripts
occur at macromolecular complexes or factories orga-
nized on the NM.17–19 Thus, the topological relation-
ship between the DNA loops and the NM appears to
be very important for appropriate nuclear physiology.
Indeed, correct repair of DNA damage must include
the recovery of both the double helix integrity and the
complex three-dimensional DNA topology; otherwise,
the cell will not survive.20,21

Varied approaches have been used for establishing
the DNA loop organization in a given region of
the genome, based on the experimental22–26 or the
in silico identification of MARs27 which has been
shown to be quite unreliable in the absence of exper-
imental confirmation,28 and more recently on a
combination of both approaches coupled to high-
throughput analytical techniques.29,30 All these
methods have their specific advantages and pitfalls,
but all of them have as priority the identification of
the actual MARs (LARs) in a given DNA region so as
to infer from such data the possible DNA loop organ-
ization. However, considering that DNA is a continu-
ous helical string that becomes looped by binding to

the NM, thus establishing a topological higher-order
in third-dimensional space, it follows from elemen-
tary topological considerations that by mapping the
relative positions to the NM of several points (i.e.
DNA sequences) along a given string of DNA whose
whole sequence is known, it will be possible to estab-
lish the spatial configuration of the loops formed by
such a DNA string without the need of characterizing
the LARs involved. We have previously developed a
method for mapping the position of any DNA
sequence relative to the NM based on the direct use
of PCR on NM-bound templates.31 An extension of
this method, described hereunder, was used for deter-
mining the structural DNA loop organization in a
region of 162 kb in chromosome 14 of the rat
where four closely related genes that are members
of the albumin gene family are located. Such a
characterization was done in nucleoids which consist
of the NM plus the naked DNA loops attached to it,
obtained from freshly isolated hepatocytes and naı̈ve
B-lymphocytes from the rat and so the resulting
DNA loop organization very likely corresponds to the
actual in vivo organization.

2. Materials and methods

2.1. Animals
Male Wistar rats weighing 200–250 g were used in

accordance with the official Mexican norm for pro-
duction, care and use of laboratory animals (NOM-
062-ZOO-1999).

2.2. Primary cells
Primary rat hepatocytes were obtained from livers

of male Wistar rats, using the protocol described pre-
viously.6 Briefly, the livers were washed in situ by per-
fusion with PBS without Ca2þ and Mg2þ (PBS-A) at
378C for 5 min at 15 ml/min. Next, the tissue was
perfused with a solution of collagenase IV, Sigma
(0.025% collagenase with 0.075% CaCl2 in HEPES
buffer, pH 7.6) for 8 min. Viable hepatocytes were
counted in a haemocytometer and used immediately
for preparing nucleoids (see below). Primary naı̈ve B-
lymphocytes were obtained from the spleen of male
Wistar rats. Briefly, the spleen was fragmented and fil-
tered in PBS-A. Total lymphocytes were isolated in
preformed gradients of isotonic Percoll (25%) by cen-
trifugation at 2100 rpm 15 min at room tempera-
ture. Subsequently, naı̈ve B-lymphocytes were
purified by magnetic separation (MACS Separation
columns, Miltenyi Biotec) with anti-CD43-specific
beads (rat CD43 microbeads, Miltenyi Biotec)
according to the manufacturer’s instructions. Viable
B-lymphocytes were counted in a haemocytometer
and used immediately for preparing nucleoids.
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2.3. Preparation of nucleoids
The DNA loops plus the nuclear substructure consti-

tute a ‘nucleoid’, a very large nucleoprotein aggregate
generated by gentle lysis of a cell at pH 8 in non-ionic
detergent and the presence of high-salt concen-
tration. Nucleoids were prepared as described pre-
viously.21,31 Briefly, freshly isolated and washed
hepatocytes and naı̈ve B-lymphocytes are suspended
in ice-cold PBS-A, and aliquots of 50 ml containing
3 � 105 hepatocytes or 5 � 105 lymphocytes are
gently mixed with 150 ml of a lysis solution containing
2.6 M NaCl, 1.3 mM EDTA, 2.6 mM Tris, 0.6% Triton-X
100 (pH 8.0). After 20 min for hepatocytes and
15 min for native B-lymphocytes (at 48C), the
mixture is washed in 14 ml of PBS-A at 48C for
4 min at 3000 rpm (1500 g). The pellet is recovered
in a volume ranging from 200 to 300 ml.

2.4. DNase I digestion of nucleoid samples
The washed nucleoids are pooled for setting up the

DNase I digestion curves (1.8 � 106 nucleoids of hep-
atocytes or 2.5 � 106 nucleoids of naı̈ve B-lympho-
cytes in 1.2 ml of PBS-A) and mixed with 5 ml of
DNase I digestion buffer (10 mM MgCl2, 0.1 mM
dithiothreitol, 50 mM Tris at pH 7.2). Digestions were
carried out at 378C with 0.5 U/ml DNase I (Sigma).
Each digestion time-point aliquot contains 3 � 105

nucleoids of hepatocytes or 5 � 105 nucleoids of B-
lymphocytes. Digestion reactions were stopped by
adding 200 ml of stop buffer (final EDTA concentration
of 30 mM). The stop buffer contains 0.2 M EDTA and
10 mM Tris at pH 7.5. After digestion with DNase I,
the NM-bound DNA was determined by spectrometry
on aliquots of partially digested nucleoid samples that

were washed and further handled as described pre-
viously.31 The final nucleoid pellet was re-suspended
in 200 ml of double-distilled H2O to be used directly
as a template for PCR.

2.5. Genomic DNA primers
Distinct sets of primers were designed for estab-

lishing the topological positions relative to the NM
of 15 small DNA sequences located along 162 kb
of the genomic region containing four members of
the rat albumin gene family. Primer pairs were
designed approximately 10 kb each in order to
establish rather regular intervals along the region
studied. We took into account important consider-
ations in the oligonucleotide design so as to get
primers with high specificity but able to perform effi-
cient DNA amplification under the same PCR con-
ditions (reactants concentrations, temperatures,
times of each step and number of cycles). It is
important to remark that MARs are not suitable
targets for high-quality primer design, because their
characteristic composition (richness of A-T tracks
and repetitive DNA) prevents an acceptable design.
Therefore, both potential and actual MARs within
the chosen region are likely to be excluded by our
primer-design algorithms. All primer sets were
designed with a length of 20–25 bp, G-C content
between 50% and 55% (with a difference ,3%),
Tm of 55–608C (with a difference ,28C), and PCR
products of 250–550 bp (Table 1). Secondary struc-
tures with DG , 21 kcal/mol and dimmers/duplexes
with DG , 22 kcal/mol were avoided. Additionally,
the specificity of each primer set was confirmed by
the NCBI BLAST algorithm.

Table 1. Sets of primers and corresponding amplicon sizes defining 15 target sequences along the 162-kb genomic region containing
members of the rat albumin gene family

Amplicon Forward primer Reverse primer Amplicon length (bp)

a TGGCAAACATACGCAAGGGA GCGAAACACACCCCTGGAAA 275

b GAGGACAGTTAGTGCTGTAGGGTTG CCTCCAACGAAGTTCCCAGAAT 547

c TCCTTTGTAACCAGGCAAGTGG CCCATTTCCCAGATCCTTCACTCT 374

d CCCAGGGTCAGAGTATATCAGTGC CGCTGAACGTATGTCTGAGTCA 305

e TGGTAGGCAGAGATGTGAGGAAAG CCTGTTGTCCTAATGCTGGTCCTA 382

f CTGATCTTCAGGCAATATGGCAGG TTGGCTGATGTCGTCTGGACA 393

g AAGGATAGGTGCTTGGCTGACA GCCCTAACCCTGTGTGTGTATCTTG 504

h GATCACGTAACAACCCTGTCAGCT CCTTCACAGCACCCGTCATACA 263

i GGTGCTGGGAATTTGACTAAGGC TAAACTCAGGTGACAGGCTACGGC 465

j AGGAACCAGGGAATCGAGTGCT AACTTGCGGGTGTTCTCTCCTT 392

k TGTCAGCATGATGGTGGCTCA CTCGATTTGCCATGTCCTGTCT 252

l GGGCTGGGTCCATATTGCTTGA ATGCTTTGGGCTTGCCTGAAG 373

m ACGACTTCCCTTCCTATCCACAG GTAGAAAGTCGTTCTGGTTGCCAC 234

n CCCTAATCTTGCTGTGGTTTGG TGAGAGCTGGGCAGACATCAA 355

o GGTGACAGTTGACAGAGAGCCTTC GCTCCATGCTGACCTTGAAGTCTA 272
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2.6. PCR amplification
Fifty nanograms of NM-bound DNA was used as a

template for PCR. PCR was carried out using 0.7 U
GoTaq DNA polymerase (Promega), 2.5 mM MgCl2,
0.2 mM of each dNTP and 0.1 mM of each primer.
Amplification was performed in an Applied
Biosystems 2720 thermocycler and the same amplifi-
cation program was used for all pairs of primers: initial
denaturising step at 948C for 5 min, denaturising step
at 948C for 45 s, annealing at 568C for 30 s and
extension at 728C for 1 min for 35 cycles, with a
final extension at 728C for 10 min. The identity of
all the amplicons was confirmed by restriction analy-
sis with the appropriate restriction enzymes.
Amplicons were electrophoresed on 2% agarose gels
and visualized using ethidium bromide staining
(0.5 ml/ml), recorded and analyzed using a Kodak
1D Image Analysis Software 3.5 system. Amplicons
were scored as positive or negative on partially
digested nucleoid samples, depending on whether
they are detectable by the software using the
default settings.

2.7. Computer-aided prediction of MAR sequences
The potential MARs in the region studied were

identified by in silico prediction using four different
freely available software: MarFinder,32 MARScan,33

ChrClass34 and SMARtest.27

3. Results and discussion

3.1. Rationale of the method
Our method exploits the topological properties of

the average DNA loop that result from the fact that
such loops are topologically constrained by being
anchored to the NM, thus being equivalent to closed
DNA circles. Under such a condition, the DNA mol-
ecule undergoes structural stress resulting from two
factors: the covalently linked backbones of the DNA
strands are helicoidal but rigid, and the low-energy
hydrogen bonds between the stacked bases are
quasi-statistical unions that continuously break apart
and form again; such a situation poses the risk that
the nucleotide bases may gyrate away from the
double-helix axis and become exposed. DNA naturally
solves this structural-stress problem by further coiling
upon its own axis, thus avoiding the exposure of the
nucleotide bases, but becoming negatively super-
coiled in a similar fashion to a pulled house-telephone
cord.35,36 Thus, the naked DNA loops display a gradi-
ent of supercoiling that goes from lower to higher
from tip to base of the loop,36 save for the fact that
the structural properties of MARs are such that they
also function as buffers or sinks of negative supercoil-
ing37,38 thus avoiding maximal supercoiling at the

base of the loops. The NM plus the naked DNA
loops anchored to it constitute a nucleoid. Under
the conditions of lysis employed to generate
nucleoids, the DNA remains essentially intact,
although it lacks the nucleosome structure because
of the dissociation of histones and most other
nuclear proteins usually associated with DNA; yet,
the DNA loops remain topologically constrained and
supercoiled as depicted in Fig. 1. Indeed, nucleoids
are also known as nuclear halos since the exposure
of such structures to DNA-intercalating agents like
ethidium bromide leads to unwinding of the DNA
loops that form a DNA halo around the NM periphery
(Fig. 1C). A typical DNA loop can be divided into four
topological zones according to their relative proximity
to the NM. Each of these zones would manifest an
identifiable behaviour when exposed to non-specific
nucleases that are sensitive to the local DNA topology
(Fig. 1A). We have previously shown that in nucleoid
preparations, the relative resistance of a given loop-
DNA sequence to a limited concentration of DNase I
is directly proportional to its proximity to the NM
anchoring point.31,39 Two main factors determine
this property. (i) Steric hindrance resulting from the
proteinaceous NM that acts as a physical barrier rela-
tively protecting the naked loop DNA that is closer to
the NM from endonuclease action. (ii) The local
degree of loop DNA supercoiling that is lower in the
distal portions of the loop and higher in the regions
proximal to the NM. Supercoiling is a structural
barrier against the action of non-specific endonu-
cleases, such as DNase I, that hydrolyze the DNA
backbone by a single-strand cleavage (nicking) mech-
anism.40 Both factors only confer relative but not

Figure 1. Properties of naked DNA loops attached to the NM. (A)
Drawing illustrating the local topology along a typical
supercoiled DNA loop that correlates with both distance
relative to the NM and sensitivity to DNase I. (B) Phase
contrast micrograph showing the NM of a hepatocyte
nucleoid. (C) Fluorescence micrograph showing the DNA halo
around the NM of a hepatocyte nucleoid caused by the
unwinding of the supercoiled DNA loops by treatment of the
nucleoid with the DNA-intercalating agent ethidium bromide
(80 mg/ml). Scale bars 10 mm.
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absolute DNase I resistance to loop DNA. However, in
a large sample of nucleoids exposed to a limited con-
centration of DNase I, there is a consistent trend in
which the loop-DNA sensitivity to the enzyme is
inversely proportional to its distance relative to the
NM and so distal regions of the loop are digested
first whereas the regions closer to the NM are digested
later. Indeed, it is known that the DNA embedded
within the NM is very resistant to DNase I action,
and there is a fraction corresponding to some 2%
the total DNA that is basically non-digestible even
when exposed to high concentrations of the
enzyme. This fraction corresponds to fragments with
an average length of 1.6 kb in rat hepatocytes,12

likely to represent the regions that include the
actual MARs (LARs) anchored to the NM. This
pattern of sensitivity to DNase I holds provided that
the DNA is basically devoid of histones and most
other proteins that form chromatin. Indeed, whole
chromatin attached to the NM shows an inverse
pattern of nuclease sensitivity compared with that of
naked loop DNA. In looped chromatin, those
sequences closer to the matrix attachment point are
preferentially cleaved by nucleases.41

3.2. Differential kinetics of loop DNA digestion
as a function of proximity to the NM

Treatment of nucleoids from quiescent, freshly iso-
lated rat hepatocytes, with a limited concentration
of DNase I (0.5 U/ml) produces a highly reproducible
kinetics of digestion of loop DNA (Fig. 2A). It is poss-
ible to identify three different phases in the digestion
curve: the first corresponds to a very fast kinetics of
digestion that removes almost 60% the total DNA
associated with the NM within the first 5 min. Such
a DNA corresponds to the loop fraction distal to the
NM; in such a fraction, relatively minor DNA supercoil-
ing is the only barrier to the endonuclease action.
Moreover, as the DNase I nicks the loop DNA, each
nick becomes a point of further DNA unwinding,
thus increasing the reduction in loop supercoiling in
time and so making more accessible the loop DNA
to the action of the endonuclease. The second phase
that lasts �10 min shows a reduced kinetics of diges-
tion in which some further 10% loop DNA is removed.
This slower kinetics is the result of the slower rate of
supercoiling loss in the loop DNA proximal to the
NM (originally highly supercoiled) that slows down
the action of the enzyme. The third and slowest
phase, lasting 45 min, shows the removal of some
further 10% total DNA associated with the NM. This
very slow kinetics results from two factors: the effect
of any residual DNA supercoiling and principally of
the proximity between the loop DNA and the NM pro-
teins that act as physical barriers against the action of

DNase I on the loop DNA that is very close to the NM.
Finally, there is about 20% total DNA that remains
bound to the NM even after 60 min of treatment
with DNase I. This fraction corresponds to the DNA
that is actually embedded within the NM, and so it
is rather inaccessible to the limited concentration of
DNase I used.

Nucleoids from naı̈ve B-lymphocyte treated with
the same limited concentration of DNase I display a
faster kinetics of loop-DNA digestion, and so after
60 min of treatment with the enzyme, the amount
of total DNA embedded within the NM is very small

Figure 2. Kinetics of nucleoid DNA digestion. Nucleoids were
digested with DNase-I (0.5 U/ml). Each time-point value is the
average of separate experiments with samples obtained from
separate animals (n ¼ 9 for hepatocytes, n ¼ 4 for naı̈ve B-
lymphocytes). Bars indicate the corresponding SD. The
topological zones relative to the NM correspond to decreasing
percentages of total DNA bound to the NM. (A) For
hepatocytes: distal to NM (100–42% total DNA), proximal to
NM (42–30% total DNA), very close to NM (30–19% total
DNA) and embedded within NM (19–0% total DNA). The
corresponding slopes are the following: 0–5 min ¼ 29.80;
5–15 min ¼ 21.70; 15–30 min ¼ 20.47 and 30–
60 min ¼ 20.17. Hence, the slope of the digestion curve
became close to zero by 60 min of DNase I treatment and
remained like that even after 120 min of incubation with the
enzyme (slope 60–120 min ¼ 20.17). (B) For naı̈ve B-
lymphocytes: distal to NM (100–33% total DNA), proximal to
NM (33–7% total DNA), very close to NM (7–4% total DNA)
and embedded within NM (4–0% total DNA). The
corresponding slopes are the following: 0–5 min ¼ 211.46;
5–15 min ¼ 22.84; 15–30 min ¼ 20.61 and 30–
60 min ¼ 20.06 (slope 60–120 min ¼ 20.03). Hence, the
slope of the digestion curve also became close to zero by
60 min of DNase I treatment.
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(�4.0%), yet the digestion of further loop DNA stalls
and becomes negligible afterwards (Fig. 2B). The
average DNA loop size in naı̈ve B-lymphocytes is
rather similar to that in hepatocytes, yet the DNA–
NM interactions are more fragile in B-lymphocytes
when compared with hepatocytes, and comparative
PAGE analysis shows that the relative amount of
typical NM proteins is significantly reduced in naı̈ve
B-lymphocytes, in particular the three nuclear
lamins (A, B and C) that are major components of
standard NM preparations (our unpublished results).
Hence, the presence of a less dense NM in the
nucleoids from naı̈ve B-lymphocytes explains why
the fraction of total DNA that is relatively protected
from DNase I action is significantly smaller than that
in nucleoids from hepatocytes. Depending on the
cell type of the nucleoids studied, preliminary exper-
iments must be carried out so as to define the con-
centration of DNase I suitable to produce consistent
tri-phasic digestion curves (Fig. 2A and B). On the
basis of our experience working with several cell
lines31 and different types of primary cells, the
range of DNase I concentrations to be considered is
between 1.0 and 0.05 U/ml. Indeed, extensive
damage to DNA due to incorrect nucleoid preparation
and handling, or the natural presence of nicked DNA
in some terminally differentiated cell types (such as
non-naı̈ve, activated lymphocytes) produce bi-phasic
nucleoid-DNA digestion curves since the loop-DNA
supercoiling is either absent or severely reduced.
Nevertheless, in all nucleoid preparations treated
with a limited amount of DNase I, there is a fraction
of total DNA that is resistant to the enzyme by
being embedded within the NM, such a DNA is
easily identifiable in the digestion curves as the frac-
tion that is digested very slowly so that the local
slope becomes close to zero and remains like that
even after very long incubation times (Fig. 2A and B).

3.3. Mapping the relative position to the NM of DNA
sequences along the genomic region containing
the rat albumin locus

On the basis of the above considerations and
results, we used the general strategy depicted in
Fig. 3 in order to map the position relative to the
NM of 15 small DNA sequences located along a
region corresponding to 162 kb of chromosome 14
in the rat, which includes the loci of the following
gene members of the albumin gene family: albumin
(Alb), alpha-fetoprotein (Afp), afamin (Afm) and the
pseudo-gene similar to Afp (Afp-L). Such small DNA
sequences were spaced some 10 kb apart (Fig. 4).
Therefore, nucleoids prepared from freshly isolated
hepatocytes or naı̈ve B-lymphocytes (Fig. 3A) were
incubated with DNase I (0.5 U/ml) for different

times so as to obtain nucleoid samples with differen-
tial amounts of DNA associated with the NM (Fig. 3B
and C), and such samples with partially digested NM-
bound DNA were used for PCR amplification of the
chosen target sequences located along the 162-kb
genomic region under study (Fig. 3A). By correlating
the amplification data (Fig. 3A) with the kinetics of
the nucleoid-DNA digestion (Fig. 3B), it is possible to
locate each target sequence within a topological
zone relative to the NM (Fig. 2). Previous studies
have shown that the average size of the nuclear DNA
fragments liberated by non-specific nucleases in rat
hepatocytes is 0.8 kb.12 Thus, the DNA sequences to
be mapped are ,550 bp in length (Table 1), and so
likely to be cut as whole units by the endonuclease
instead of being progressively eroded by partial diges-
tions. Therefore, in our mapping protocol, we score
the specific templates as either present (amplifiable)
or absent (non-amplifiable) as a function of endonu-
clease-digestion time (Fig. 5 and Supplementary Fig.
S1). This was scored without considering the intensity
of the amplicon signals, but just whether such signals
are detected or not by an image-analysis program
(Kodak 1D Image Analysis Software 3.5), using the
default settings. We established these criteria

Figure 3. Procedure for mapping the position of DNA sequences
relative to the NM. (A) Nucleoids prepared from freshly
isolated rat primary cells were incubated with DNase I so as to
progressively digest the loop DNA, obtaining a tri-phasic
kinetics of digestion (B). Nucleoid samples with partially
digested NM-bound DNA, as shown in the drawing and
fluorescent micrographs, (C) were used for PCR amplification
of target DNA sequences located along the genomic region
containing members of the rat albumin gene family. The
amplicons were run in agarose gels and scored as present (þ)
or absent (2) by an image-analysis software (A) as a function
of nucleoid-sample digestion time (C).
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because in our topological-mapping approach, it is
the average relative position to the NM anchoring
point and not the actual template length the critical
parameter that determines the average sensitivity to
DNase I of each sequence mapped. Nevertheless, the
chosen amplicons were also selected on the basis
that all of them may be amplified with similar effi-
ciency using the same amplification program (see
Section 2). Thus, the absence of amplified product

at a given digestion time-point indicates that the rela-
tive abundance of the target template has fallen to a
non-amplifiable level within the large nucleoid popu-
lation analysed in each sample.6

It is important to emphasize that the method
described here is not intended for identification and
characterization of actual MARs (LARs) in a given
genomic region. Indeed, some general properties of
MARs such as the presence of A-T tracts and repetitive

Figure 4. The 162-kb genomic region containing members of the rat albumin gene family (chromosome 14): Alb (albumin), Afp (alpha-
fetoprotein), Afm (afamin), Afp-L (pseudo-gene similar to Afp). The letters indicate the location of the target DNA sequences to be
positionally mapped relative to the NM.

Figure 5. Positional mapping relative to the NM of specific target DNA sequences by PCR. Rat-hepatocyte nucleoids were treated with
DNase-I (0.5 U/ml) for different times. The residual NM-bound DNA was directly used as template for PCR amplification of the
target sequences (a–o). The specific amplicons were resolved in 2% agarose gels stained with ethidium bromide (0.5 ml/ml). C,
control. Topological zones with respect to NM: D, distal; P, proximal; VC, very close; E, embedded within NM. (2), negative control
(no template); (þ), positive control (pure genomic DNA as template). The amplification patterns were consistently reproduced in
separate experiments with samples from independent animals (n ¼ 4).
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sequences make them unsuitable for efficient PCR
amplification under stringent conditions for achieving
highly specific amplification of most other non-
repetitive genomic sequences. Thus, primer-design
programs will grant a low score to any set of primers
targeting amplicons containing potential MARs, even
more if such amplicons are meant to be highly specific
and small-sized (�500 bp), as those targeted in the
present protocol.

3.4. Determination of the structural DNA loop
organization in the region of the rat albumin locus

By coupling the highly reproducible amplification
experiments (Fig. 5 and Supplementary Fig. S1),
together with the consistent kinetics of loop DNA
digestion by DNase I (Fig. 2), we were able to locate
each mapped sequence within a given topological
zone relative to the NM (Tables 2 and 3). Such data
were used to draw the most likely DNA loop organiz-
ation relative to the NM of the 162-kb region studied,
by considering the distance (in kb) between the sep-
arate sequences mapped and the topological pos-
itions of such sequences relative to the NM. The
data suggest that in the hepatocytes, the region is
organized in five loops anchored to the NM

(Fig. 6A). The resulting size from tip to base of such
loops is not bigger than 20 kb; thus, the largest loop
of the set, containing both Afp and Afm sequences,
would be some 40 kb in length. The genomic region
studied is a high-gene-density region. Through evol-
ution, a series of duplications formed the genes
within the Alb family that includes the vitamin D-
binding protein (DBP) gene located almost 1 Mb
upstream of the Alb gene.42 Nevertheless, such a
gene family has been travelling as a cluster within
the mammalian genomes. The fact that the region
studied is organized into five rather compact struc-
tural DNA loops whose size (40–20 kb) is smaller
than the estimated average rat-hepatocyte DNA loop
size (80 kb) may be relevant to the functionality of
such a genomic region, since fundamental processes
of nuclear physiology occur at macromolecular com-
plexes organized on the NM.17–19 It remains to be
explored whether high-gene-density regions are
usually organized into relatively small-sized structural
DNA loops; at least another report suggests that such
may be the case.26 However, despite the fact that the
average DNA loop size in naı̈ve B-lymphocytes is quite
similar to that in hepatocytes (our unpublished
results), in naı̈ve B-lymphocytes the corresponding

Table 2. Location of the target sequences (amplicons) in the
specific topological zones relative to the NM from rat
hepatocytes

Amplicon Topological zones relative to the NM

Distal to
NM

Proximal to
NM

Very close
to NM

Embedded
within NM

a þ þ 2 2

b þ 2 2 2

c þ 2 2 2

d þ þ 2 2

e þ 2 2 2

f þ 2 2 2

g þ 2 2 2

h þ þ 2 2

i þ 2 2 2

j þ 2 2 2

k þ þ 2 2

l þ 2 2 2

m þ þ 2 2

n þ 2 2 2

o þ þ 2 2

The amplicons were scored either as positive or as negative
as a function of nuclease digestion time and for each topo-
logical zone relative to the NM, depending on whether or
not they were detected by a digital image-analysis system
(Kodak 1D Image Analysis Software 3.5) using the default
settings.

Table 3. Location of the target sequences (amplicons) in the
specific topological zones relative to the NM in naı̈ve B-
lymphocytes

Amplicon Topological zones relative to NM in B-lymphocytes

Distal to
NM

Proximal to
NM

Very close
to NM

Embedded
within NM

a þ þ þ 2

b þ þ þ 2

c þ þ þ 2

d þ þ þ 2

e þ þ þ 2

f þ þ þ 2

g þ þ þ 2

h þ þ þ þ
i þ þ þ 2

j þ þ þ 2

k þ þ þ 2

l þ þ 2 2

m þ þ þ 2

n þ þ þ 2

o þ þ þ 2

The amplicons were scored either as positive or as negative
as a function of nuclease digestion time and for each topo-
logical zone relative to the NM, depending on whether or
not they were detected by a digital image-analysis system
(Kodak 1D Image Analysis Software 3.5) using the default
settings.
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162 kb region is very close to the NM as most
sequences map within the VC topological region.
Moreover, the target sequence h consistently maps
to the DNase-resistant fraction of NM-bound DNA,
and so it must be embedded within the NM. Only
the l sequence remains proximal to the NM (Table 3
and Supplementary Fig. S1). This means that in
naı̈ve B-lymphocytes the 162-kb region is organized
in numerous but tiny (,14 kb) DNA loops (Table 3
and Fig. 6B). This is quite interesting since the genes
within the region studied are not known to be
expressed in B-lymphocytes as it was confirmed by
RT–PCR (data not shown), suggesting that packaging
of genes in truly small DNA loops may be correlated
with the stable transcriptional silencing of such
genes (see below).

3.5. Predicted MARs in silico do not fully correspond
to actual MARs in vivo

We used four different available computer pro-
grams for predicting the location of potential MARs
along the 162-kb region studied. All these programs
have been quoted as MAR-prediction or even as
MAR-identifying devices in several published

papers.27,28 However, each program uses different cri-
teria so as to define the respective MAR-searching
algorithms. This can be appreciated as not all pro-
grams coincide in their predictions (Table 4).
Moreover, the mapping results in hepatocytes indi-
cate that loop-DNA regions containing actual MARs
(LARs) are located next to the following sequences
mapped: a, d, h, k, m, o. However, only the region
next to the d sequence is consistently identified as a
MAR-containing region by the four programs,
whereas the other experimentally defined LAR-con-
taining regions are only partially identified by some
of the four MAR-searching programs used and all pro-
grams predict rather inconsistently the presence of
MARs in regions that according to the experimental
results are unlikely to be bound to the NM in hepato-
cytes (Supplementary Fig. S2). The programs detect
potential MARs close to most of the sequences
mapped along the region studied, but even sequences
such as b and c that lack any program-identified MAR
nearby (Supplementary Fig. S2) are located very close
to the NM in naı̈ve B-lymphocytes, suggesting that
there are actual MARs (LARs) that cannot be detected
by any of the MAR-identifying programs. Only the
sequence l that also lacks any program-identified

Figure 6. Experimentally determined structural DNA loop organization of the 162-kb region containing members of the rat albumin gene
family in hepatocytes (A) and naı̈ve B-lymphocytes (B). The letters indicate the position of the target sequences within the DNA loops.
The bold lines indicate the position of the whole named genes. The dashed lines indicate projected loop regions outside of the region
studied. The left bar indicates the relative DNA loop size from tip to base; hence the whole DNA loop length is approximately the double
of such value. The right bar indicates the topological zones relative to the NM according to the kinetics of nucleoid DNA digestion. The
illustration is according to scale in kb along the x and y axis.
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MAR nearby is consistently far from the NM in naı̈ve
B-lymphocytes. These results suggest that MAR-
finding programs are highly unreliable tools for
actual MAR identification, a fact that has already
been shown by others.28

3.6. Conclusions
The method described in this paper makes it poss-

ible to determine the organization in structural DNA
loops of any long segment of genomic DNA with
known sequence, provided that such a DNA is
attached to the NM as is the case in nucleoid
preparations of freshly isolated hepatocytes and
naı̈ve B-lymphocytes. The procedure used for isolating
the nucleoids only preserves DNA–NM interactions
that are resistant to high-salt extraction, therefore,
facultative non-structural attachments to the NM
that may result from some transient functional
process such as active transcription are eliminated.43

Our method exploits the topological properties of
naked DNA attached to the NM as well as elementary
topological principles such as that points in a deform-
able string (DNA) can be positionally mapped relative
to a position-reference invariant (NM), and from such
mapping, it can be deduced the configuration of the
string in third dimension. Moreover, both the intrinsic
persistence length of mixed-sequence DNA, estimated
at some 240 bp, and negative supercoiling confer
relative rigidity to the naked DNA loops,36 thus limit-
ing their deformability in such a way that the deter-
mined positions of loop-DNA sequences relative to
the NM are highly reproducible among experiments,
indicating limited fluctuation of the DNA loop mor-
phology over time. Nevertheless, some sequences

that happen to lie close to the boundary between
two topological zones may display some variability
in their relative position to the NM, such is the case
of sequence e in hepatocytes that in one of four
experiments it was detected in the proximal zone,
whereas in three experiments it was only detectable
in the distal zone relative to the NM (Fig. 5). It must
be stressed that the presence of the corresponding
amplicons in a given topological zone was determined
by an image-analysis system using its default settings
independently of the apparent intensity of the ampli-
con signal in the corresponding gel photograph. Thus,
for example, in one of four experiments with hepato-
cytes, the k amplicon was barely apparent in the prox-
imal region; nevertheless, it was consistently detected
in such a region by the image-analysis software in the
four separate experiments (Fig. 5).

The present protocol works with NM-bound DNA
templates and so the actual MARs (LARs) present in
such preparations are deeply embedded within the
NM, thus being poorly available to the action of any
externally added enzyme. Most LAR-identifying proto-
cols depend on the proteolytic destruction of the NM
so as to liberate the NM-bound DNA fragments that
may be further characterized by a number of tech-
niques.22,24,26,30,44 Thus, our protocol addresses the
problem of determining the configuration of struc-
tural DNA loops in a given, large enough genomic
region without the need of mapping or characterizing
the actual MARs (LARs) present in such a region as a
precondition for determining the possible loop con-
figuration. Nevertheless, our protocol delimits the
genomic regions where such LARs are more likely to
be found. Yet, pinpointing the actual extension of
such LARs depends on applying further techniques

Table 4. Location of potential MARs in the 162-kb genomic region studied as predicted by four different MAR-searching computer
programs

MarFinder MARScan ChrClass SMARtest

Start End Length
(bp)

Start End Length
(bp)

Start End Length
(bp)

Start End Length
(bp)

36 380 36 580 201 1762 1824 63 5035 5595 561 36 686 37 120 435

62 080 62 580 501 2980 3002 23 35 884 36 384 501 47 786 48 090 305

76 480 76 880 401 36 939 37 003 65 51 284 51 584 301 51 306 51 640 335

88 480 89 580 1101 55 573 55 589 17 59 884 60 284 401 78 281 78 580 300

102 380 102 980 601 69 392 69 513 122 88 984 89 884 901 88 811 89 300 490

141 901 142 601 701 84 791 84 806 16 90 784 91 084 301 108 916 109 295 380

88 179 88 232 54 102 561 102 861 301 138 866 139 280 415

102 643 102 669 27 141 301 141 801 501 141 341 141 650 310

131 451 131 487 37 142 101 142 601 501 142 106 142 570 465

142 475 142 491 17 153 801 154 601 801

142 773 142 788 16

The numbers indicate the nucleotide start and ending position number along the genomic region studied. The length of the
predicted MARs is indicated in bp.
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beyond the present protocol. So far, there is only one
published protocol that directly maps LARs on NM-
bound DNA; this protocol depends on the activation
of endogenous, NM-bound topoisomerase II that
releases DNA loops by cutting along MARs embedded
within the NM.23,45

The in vivo, local spatial configuration of DNA into
structural loops, as determined by the present proto-
col, constitutes the starting point for any further
refinement or modification of such a configuration
by chromatin proteins and epigenetic mechanisms
affecting chromatin structure. However, chromatin
as such plays no role in determining the structural
DNA loop organization since chromatin proteins are
completely eliminated by the high-salt extraction,
and yet stable DNA–NM interactions persist. In any
case, the organization of the genome into structural
DNA loops must be highly relevant for the nuclear
physiology. Indeed, current evidence suggest that the
structural DNA loops may correspond to the actual
replicons,5,6,19,39 yet the pattern of such structural
loops may also determine the limits of further local
structural changes that may be related to transient
chromatin modifications resulting in functional inter-
actions (related to transcription) between loop DNA
and protein complexes located upon the NM.18,46,47

The genomic region studied contains classical
examples of developmentally regulated genes.
Indeed, Alb, Afp and Afm are primarily expressed in
the liver, yet while Afp and Alb are highly expressed
in the fetal liver, the transcription of Afp is rapidly
reduced after birth, but Alb and Afm continue to be
expressed in the adult liver.42,48 There are three
enhancers in the intergenic region between Alb and
Afp whose action is required for Afp and Alb activation
early in liver development and for Afp reactivation
during liver regeneration, yet later during fetal devel-
opment Alb expression becomes independent of such
enhancers due to the action of an Alb-specific enhan-
cer that lies between 8.5 and 10 kb upstream the Alb
transcription-start site.42,49 Interestingly, the inter-
genic enhancers are located in the region between
the sequences corresponding to amplicons c and d48

which is clearly detached from the NM in the adult
rat (Fig. 6A). We actually mapped the position relative
to the NM of enhancer 1 (E1) which is located 2 kb
upstream of sequence d that belongs to the Afp pro-
moter region (Fig. 4). E1 mapped within the region
proximal to the NM (data not shown) the same as d
(Table 2). So far the Alb-specific enhancer has not
been formally characterized in the rat. However, com-
parison of the mouse Alb-enhancer sequence indi-
cates that a closely related sequence is present in
the rat in a 1.3-kb region located 8.3 kb upstream
of the Alb transcription-start site. Our results suggest
the presence of a LAR some 5 kb upstream of

sequence a that belongs to the Alb promoter (Figs 4
and 6A and Supplementary Fig. S2). Hence the puta-
tive rat Alb-enhancer is located some 2 kb upstream
of the possible LAR and so the enhancer could be
very close to the NM, although this needs to be exper-
imentally verified.

It is known that replication and transcription occur
at factories organized upon the NM.18,50 However,
replication and transcription factories never co-loca-
lize since they occupy distinct but rather fixed sites
that are conserved throughout several cell gener-
ations.17,51,52 In mammalian lymphocytes it is
known that genes separated by tens of mega-bases
in cis and genes that belong to separate chromosomes
somehow migrate to preassembled transcription fac-
tories for their actual transcription.50,53 Such a
process requires that the genes undergoing active
transcription loop out away from their respective
chromosome territories so that distant genomic
regions are brought together within one nuclear
complex for transcription.54 Hence the fact that in
naı̈ve B-lymphocytes the genomic region studied is
very close to the NM, suggests that the genes
present in the region are prevented from looping
out towards a transcription factory, since the genes
are included into numerous tiny loops tightly bound
to the NM (Fig. 6B).

The high-salt-resistant LARs that determine
structural attachments to the NM constitute
long-term interactions between DNA and the NM.
Nevertheless, as predicted by some models, there is
evidence that under the influence of a combination
of mechanical, biochemical and thermodynamical
factors the pattern of such attachments may be modi-
fied during development and aging leading to stable
changes in cell differentiation.10,13,55,56 Varied and
important evidence suggests that the high-salt resist-
ant structural DNA loops correspond to the actual
replicons in vivo.5,19 Thus it is remarkable that in toti-
potent blastomeres the cell cycle consists of overlap-
ping S and M phases with no G1 or G2, the rapid
DNA replication observed involves the use of high
numbers of closely spaced attachments between
DNA and the NM and so the average DNA loops are
very small, yet this is compatible with very active
DNA replication but not with active transcription as
genes in the chromosomes of blastomeres are
largely inactive during cleavage.57 Therefore in naı̈ve
B-lymphocytes the presence of tiny loops in the
region studied may contribute to the transcriptional
silencing of the corresponding genes without prevent-
ing such a region from being replicated after B-lym-
phocyte activation.

The nucleotype has been defined as those charac-
ters of nuclear DNA that may affect the phenotype
independently of the information encoded in such a
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DNA,58 and it has been suggested that besides
species-specific nucleotypic characters such as karyo-
type, and the C-value for nuclear DNA that correlates
with overall cell-cycle length, there could be tissue-
specific nucleotypic characters, such as the pattern
of structural DNA loops, that correlate with cell differ-
entiation.10 Our results support the existence of such
tissue specific nucleotypic characters.

Supplementary Data: Supplementary data are
available at www.dnaresearch.oxfordjournals.org.
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