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Multiple Collagen | Gene Regulatory Elements Have Sites
of Stress-Induced DNA Duplex Destabilization and
Nuclear Scaffold/Matrix Association Potential
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Abstract The availability of the complete nucleotide sequences of numerous prokaryotic and eukaryotic
organisms should stimulate the development and application of computer-based approaches for studying genome
organization and function. Earlier work has shown that distinct regulatory DNA elements can be identified by
computational analysis as sites of stress-induced DNA duplex destabilization (SIDD). Here we report the results of
computational and experimental analyses of previously identified regulatory elements in the murine a1(l) collagen
(Col1al) gene domain. We found that several distal 5 DNase I-hypersensitive sites (HSs) which function in the
chromatin loop organization of the ColTal gene are characterized by strongly destabilized SIDD profiles. Elements in
the proximal 5 promoter and first intron which differentially regulate Col7al promoter activity in different collagen-
producing cell types also contain SIDD sites. All 5" elements associated with destabilized sites are shown to have nuclear
matrix binding activity in an in vitro binding assay. Other putative regulatory elements in the transcribed and 3’-flanking
regions of the Col1a1 gene, including both of its polyadenylation sites, are also associated with SIDD peaks. The human
COLT1AT gene has periodic SIDD peaks within the transcribed region, suggesting that abundantly expressed genes may
require SIDDs acting as topological sinks during transcription. The 5" ends of the murine Col1a1 and the homologous
human gene revealed similar SIDD profiles, but limited DNA sequence similarity, indicating that some DNA functions
are evolutionarily conserved by preserving higher order DNA structural properties rather than nucleotide sequence. Our
results show that destabilized SIDD profiles are a common feature of eukaryotic regulatory DNA elements with such
diverse functions as chromatin organization, cell-specific transcriptional enhancement, and initiation and termination of
transcription. They demonstrate the usefulness of computational analyses that predict SIDD properties in reliably
identifying DNA elements involved in the structural organization of the eukaryotic genome and the regulation of its
expression. J. Cell. Biochem. 84: 484-496, 2002. © 2001 Wiley-Liss, Inc.
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Eukaryotic genomes are thought to be orga-
nized into independently regulated chromatin
loop domains which contain coding and non-
coding sequences as well as cis-regulatory DNA
elements important for the regulation of DNA
replication and transcription. Some of these
elements are located in close proximity to the
coding sequences, whereas others can be tens of
thousands of base pairs (bp) away. Relatively
little is known about the molecular mechanisms
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by which proximal and distal regulatory ele-
ments cooperatively regulate stage-and tissue-
specific gene activity. One reason for this is that
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the identification and functional analysis
of distal regulatory elements is tedious and
time-consuming. Conventionally, regulatory
elements are identified in laborious analyses
as DNase I-hypersensitive sites (HSs) or other
sites of unusual chromatin structure before
they can be analyzed in reporter gene constructs
in transfection experiments or transgenic ani-
mals. The availability of the complete nuc-
leotide sequences of numerous prokaryotic
and eukaryotic organisms, including the hu-
man genome (International Human Genome
Sequencing Consortium, 2001), should now
allow the development of fast, computer-based
approaches to identify different kinds of reg-
ulatory elements and facilitate their functional
analysis.

The various processes involved in nucleic acid
metabolism must occur in a spatially ordered
manner within the eukaryotic nucleus. There is
evidence that the nucleus has a distinct sub-
structure, that interphase chromosomes occupy
discrete territories and that DNA transcription
and replication occur in defined “speckles” or
“factories” [for recent reviews see Berezney and
Wei, 1998; Lamond and Earnshaw, 1998; Cook,
1999; Stein et al., 1999]. However, the exact
nature of the intranuclear architecture neces-
sary for these processes to occur is at present not
well understood. A large body of evidence sup-
ports the notion that eukaryotic chromatin
interacts with replication, transcription, and
processing machineries through special DNA
sequences called nuclear scaffold or matrix
attachment regions (S/MARs). S/MARs are
operationally defined as DNA sequences that
can bind to the nuclear scaffold or matrix, the
residual structure remaining after high salt
extraction of nuclei [Berezney and Coffey, 1974]
or after nuclear extraction with the mild
detergent lithium 3,5-diiodosalicylate (LIS) at
physiological ionic strength [Mirkovitch et al.,
1984]. There appear to be at least two types of
S/MARs: constitutive S/MARs are usually
extended sequences which are located at the
ends of DNase I-sensitive chromatin domains
and can function both as boundary elements
and to protect genes from position effects [Stief
et al., 1989; Phi-van et al., 1990; reviewed in
Bode et al., 1998]. Shorter S/IMARSs occur within
transcribed regions, for example in introns of
the human immunoglobulin (Ig) 2 and u genes
where they are found in close proximity to
transcriptional enhancer elements and affect

DNA methylation and transcription [Kirillov
et al., 1996; Jenuwein et al., 1997; Oancea et al.,
1997; Forrester et al., 1999; Dang et al., 2000].

Several attempts have been made to identify
the DNA sequence requirements of S/MARs.
While no readily identifiable consensus sequ-
ences have been found, several motifs have been
biochemically characterized, each of which
occurs in some, but not in all S/MARs [reviewed
in Boulikas, 1995]. The observation that several
of the S/MAR-associated motifs, such as AT-
rich regions and topoisomerase II binding sites,
could affect higher order DNA structure,
together with the fact that specific consensus
sequences are not found, suggests that topo-
logical or structural properties could determine
S/MAR activity. In particular, S/MARs have
been demonstrated to contain base-unpairing
regions (BURs) [Kohwi-Shigematsu and Kohwi,
1990; Bode et al., 1992; Paul and Ferl, 1993].
Previous studies have shown that such topolo-
gical properties of DNA are amenable to com-
putational analysis and that S/MARSs coincide
precisely with sites of predicted extensive
stress-induced DNA duplex destabilization
(SIDD) [Benham, 1993, 1996; Benham et al.,
1997].

We are using the murine a1 type I collagen
(Collal) gene as a model system to investigate
molecular mechanisms of gene regulation. The
type I collagen genes are large genes with > 50
exons and introns and are probably the most
abundantly expressed genes in vertebrates.
Although numerous studieshaveidentified both
cis-regulatory elements and #¢rans-acting fac-
tors involved in the regulation of type I collagen
genes in various species, many details of the
regulation of these important genes remain
elusive [reviewed in Vuorio and de Crombrug-
ghe, 1990; Slack et al., 1993; Brenner et al., 1994
Bornstein, 1996]. In addition to proximal cis-
regulatory elements located in the promoters
and first introns, other elements have recently
been identified that are located both in the distal
5 and 3'-flanking regions of the murine o1 and
a2 type I collagen (Collal and Colla2) genes
[Bou-Gharios et al., 1996; Rippe et al., 1997,
Salimi-Tari et al., 1997; Krempen et al., 1999].
In the work presented here, we have tested
several different regulatory elements, most of
them with well defined functions in the stage
and tissue-specific regulation of Collal gene
expression, for the presence of SIDD sites by
computational analyses and for the ability to
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bind to the nuclear matrix in an in vitro binding
assay. We found that a common feature of all
known or putative Collal regulatory elements
analyzed are destabilized sites in their SIDD
profiles. This includes regulatory elements with
such diverse functions as chromatin organiza-
tion, cell-specific transcriptional enhancement,
and initiation and termination of transcription.
We found furthermore that all distal and proxi-
mal 5 elements analyzed so far show nuclear
matrix binding potential, and that the calcu-
lated SIDD properties of a DNA fragment pre-
dict its matrix binding activity and vice versa.
Our results highlight the importance of DNA
duplex destabilization properties, which are
structural attributes not directly tied to the
presence of consensus sequences or motifs, in
the physiological functioning of DNA. And they
further document the usefulness of computa-
tional methods in the analysis of structure and
function of eukaryotic genomes.

MATERIALS AND METHODS
Cell Lines

Murine F9 embryonal carcinoma cells, Balb/c
3T3 fibroblasts and Os50K8 osteoblasts (a kind
gift from Joérg Schmidt) were all grown at 37°C
in a humidified atmosphere of 5% CO3in DMEM
with Glutamax-I (GibcoBRL) supplemented
with 10% fetal calf serum, 100 U penicillin/ml,
and 100 pg streptomycin/ml. F9 cells were
cultivated on gelatinized culture dishes.

DNA Sequences

The DNA sequences of the murine Collal
gene 5 and 3’ ends and of the human COL1A1
gene are accessible in the GenBank data base
(accession numbers X54876, U38307, U38544,
U50767, and X98705). The sequences of the
Collal upstream HSs have not yet been deter-
mined with sufficient confidence to deposit
them in the GenBank data base but are
available upon request.

SIDD Calculations

Previously developed theoretical techniques
to analyze stress-induced destabilization of the
DNA double helix [Benham, 1992] were used to
calculate the equilibrium statistical mechanical
distribution of a population of identical super-
helical molecules among its available states.
Briefly, a molecule of N base pairs has 2V
possible patterns of denaturation. The energy

associated to each pattern (i.e., state) depends
on the precise base pairs that denature, and the
amount of residual stress that remains after the
change of helicity consequent on the denatura-
tion. The fractional occupancy of any individual
state at equilibrium decreases exponentially as
the state energy increases. This enables one to
calculate the equilibrium distribution, once the
free energy of each state has been specified.
From this distribution one can calculate the
equilibrium ensemble average value of any
parameter of interest. In particular, the prob-
ability P(x) of denaturation of the base pair at
each position x along the DNA sequence can be
computed this way. However, a more informa-
tive measure of destabilization is given by the
incremental free energy G(x) needed to separate
the base pair at each position x [Benham, 1993,
1996]. A value of G(x) near or below zero indi-
cates an essentially completely destabilized
base pair, which is predicted to denature with
high probability at equilibrium. Positive values
of G(x) occur for base pairs where incremental
free energy is needed to assure separation.
SIDD profiles, plots of G(x) versus x, show re-
gions of the sequence where superhelical stres-
ses destabilize the duplex. The calculations
whose results are reported here have been
performed at linking differences that corre-
spond to a superhelix density of —0.055, which
corresponds to a moderate physiological value.
(The superhelix density is a measure of the
torsional strain on a region of DNA. If the
molecule is planar, the superhelix density is the
fractional change of its total helical twist away
from its unstressed B-form value. Negative
superhelix densities correspond to undertwist-
ing of the DNA, which can drive denaturation.)

Nuclear Matrix Preparation
and DNA-Binding Assays

Nuclei were subjected to the LIS-extraction
procedure of Mirkovitch et al. [1984] follow-
ing our previously published protocol [Kay
and Bode, 1995]. Specifically, 5 x 107 cells of
each cell line were washed once in ice-cold
isolation buffer (3.75 mM Tris-HCIl, pH 7.4,
0.05 mM Spermine, 0.125 mM Spermidine,
0.5 mM EDTA/KOH, pH 7.4, 1% Thiodiglycol,
0.1 mM PMSF), scraped off the plate in ice-cold
isolation buffer containing 0.1% digitonin
(Sigma), and homogenized using a B-type pestle
in a Dounce-homogenizer. Nuclei were washed
once in the same buffer and then stabilized for
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20 min at 42°C in 500 pl nuclear buffer (5 mM
Tris-HCI, pH 7.4, 0.05 mM Spermine, 0.125 mM
Spermidine, 20 mM KCl, 1% Thiodiglycol,
0.1 mM PMSF, 1% Aprotinin). Non-scaffold
proteins were then extracted using 25 mM
lithium 3,5-diiodosalicylate (LIS) (Sigma) in
an ice-cold buffer containing 100 mM lithium
acetate, 20 mM Hepes-NaOH, pH 7.4, 1 mM
EDTA, and 0.1% digitonin. The mixture was
carefully homogenized in a Dounce-homoge-
nizer applying four strokes of a loosely fitting
A-type pestle. Resulting nuclear halos were
centrifuged (1,000g, 5 min, 4°C) and the result-
ing soft pellets were carefully washed three
times in restriction buffer (20 mM Tris-HCl, pH
7.4, 0.05 mM Spermine, 0.125 mM Spermidine,
20 mM KCI, 70 mM NaCl, 10 mM MgCl2).
The halo DNA was then digested with 1,000 U
Eco RIin 1 mlfor 1 h at 37°C, 600 pg sonified E.
coli genomic DNA was added as a non-specific
competitor, and the mixture was then filled
up with restriction buffer to a final volume of
1.5 ml. A 150 pl aliquots were then provided
with a probe mixture (~10 ng of 3*S-end-labeled
restriction fragments) and incubated over night
at 37°C under gentle agitation. Samples were
then separated into a pellet (P) and supernatant
(S) fraction by centrifugation (14,000g, 10 min),
DNA was purified by Proteinase K-digestion
and analyzed by agarose gel electrophoresis,
and subsequent blotting onto a Nylon mem-
brane and autoradiography. Quantification of
autoradiographs was achieved with a phosphoi-
maging system (Molecular Dynamics). Under
these experimental conditions the relative
matrix affinity of specific fragments can be
expressed as the per cent band intensity in the
bound (P) fraction as compared to total input
DNA (band intensities in P and S lanes).

RESULTS

Distal 5' Col1a1 DNase-HSs Contain
Regions of SIDD

Previous work has shown that several types of
functional DNA elements contain SIDD regions
[Benham, 1993, 1996; Benham et al., 1997;
Sheridan et al., 1998; He et al., 2000; Leblanc
et al., 2000]. Here we have applied a computa-
tional method to predict SIDD sites in super-
helical DNA sequences [Benham, 1992] to
assess whether regulatory elements in the
murine Collal gene are associated with SIDD
sites. We have analyzed several different types

of regulatory elements; their localization with-
in the Collal domain are shown in Figure 1
[Breindl et al., 1984, Salimi-Tari et al., 1997].
The first type of elements was a cluster of
DNase I-hypersensitive sites (HSs 6-9) in the
distal 5'-flanking sequence 15—20 kb upstream
of the start site of transcription (region I in
Fig. 1) which have properties of a locus control
region (LCR) [Krempen et al., 1999]. For uni-
formity, the computational analyses of plas-
mids containing the Collal upstream HSs
were performed under standard conditions.
Each sequence was computationally inserted
into the pBluescript plasmid, and analyzed
at a standard superhelical density of —0.055.
Figure 2 shows the SIDD profiles that were
found. The vector portions of the plasmids
show three characteristic destabilized sites
coinciding with the promoter and terminator
of the B-lactamase gene, and with the f1 origin
of DNA replication [Benham, 1996]. When a
plasmid containing HS 8 and HS 9 was
analyzed, a sequence adjacent to HS 9 showed
a very pronounced SIDD peak (Fig. 2A) coin-
ciding with a 120 bp very AT-rich (>90%)
sequence. The destabilization at this site was
so strong that other sites, both in HS 8 and in
the vector, could not compete and their desta-
bilization was barely detectable (Fiig. 2A). When
HS 8 was analyzed without HS 9, two destabi-
lization peaks occurred in the insert and all
vector sites were destabilized (Fig. 2B). The
main SIDD peak in HS 8 is associated with a
shorter AT-rich sequence (60 bp, 81% AT) and
an in vivo cleavage site for topoisomerase II
[unpublished observation]. HS 7 showed seve-
ral SIDD peaks (Fig. 2C). The strongest is
associated with a 50 bp, 84% AT-rich sequence
whereas the other peaks do not coincide with
any apparent sequence motifs. HS 6 also
showed several SIDD peaks (Fig. 2D). HS 6
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Fig. 1. Schematic representation of 55 kb of the mouse Col7al
gene domain showing the location of the coding region (striped
box), of upstream and intragenic DNase I-HSs (open arrows:
constitutive sites, closed arrows: transcription associated sites),
of restriction sites (E, Eco RI; B, Bam HI), and of the various
regions analyzed in this report (I-1V).
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lacks AT-rich sequences but shows several
unusual DNA motifs, predominantly micro-
satellite sequences such as several (GA),, dinu-
cleotide repeats and consecutive (GAAA),,
(GGAA),, and (GGGA), tetranucleotide re-
peats. The plasmid designated 1.7 was initially
found to have matrix binding activity in an
in vitro binding assay (see the next paragraph)
and subsequently sequenced and found to
contain two SIDD peaks (Fig. 2E), one of which
coincides with a 50 bp 94% AT-rich sequence.

Col1a1 Upstream HSs 6-9 Bind to Nuclear
Matrices In Vitro

Because the Collal upstream HSs 6-9
showed strong destabilization in their SIDD
profiles, we have used plasmids containing
these sites in biochemical nuclear matrix bind-
ing assays to determine whether they indeed
have affinities to lithium 3,5-diiodosalicate
(LIS)-extracted nuclear matrices as described
[Kay and Bode, 1995]. We used nuclear matrix
preparations from collagen-producing fibro-
blasts and osteoblasts and non-collagen-produ-
cing F9 embryonal carcinoma cells. Northern
analysis showed an about 50-fold higher steady
state levels of Collal mRNA in the osteoblast
cell line than in fibroblasts (Fig. 3). In pre-
liminary experiments we had observed a size-
correlated decrease in the affinity of HS-
containing DNA fragments for the nuclear
matrix, i.e., under the conditions used large
fragments containing too much non-destabi-
lized DNA adjacent to destabilized sites bound
less well than smaller fragments. We therefore
designed for these assays restriction digests
that created two or more similarly sized restric-
tion fragments from each plasmid which, when
possible, contained centrally located unwinding
elements (UEs) represented by SIDD peaks.
The results of the matrix binding assays for the
upstream HSs 6-9 are shown in Figure 4. A
strongly binding 800 bp S/MAR fragment of the
human B-interferon gene [fragment “IV” in

Fig. 2. Distal 5’ Col1al regulatory elements contain regions of
SIDD. DNA fragments containing the indicated regulatory
elements (horizontal bars) were cloned into the circular
pBluescript plasmid and their SIDD profiles calculated as des-
cribed in Materials and Methods. p and t indicate the promoter
and terminator of the ampicillin resistance gene and o the origin
of DNA replication in the pBluescript vector, which are
associated with characteristic SIDD peaks. 1.7 is a plasmid
containing a region with S/MAR-binding activity and SIDD peak
but no DNase-hypersensitive site. For details see the text.
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Fig. 3. Northern blot analysis of total RNA from embryonal
carcinoma cells (F9), fibroblasts (3T3), and osteoblasts (Os). The
ethidium bromide stained gel in the lower panel served as
loading control.

<4m

B S Bg E  Hi Bg Bg HiBg BgN B
lafolefal ¢ | ¢ Jel w fIilli]
1 kb

Ved.
- e e

VEC, |- f— S [T

Sepsrew i'i?'ﬁgﬁ

Fig. 4. Sequences associated with Col7al upstream HSs 6-9
bind to nuclear matrices in vitro. Plasmids containing the
human B-interferon S/MAR (A), HS 9 (B), HS 8 (C), and HSs 6
and 7 (D) were analyzed for their affinities to LIS-extracted
nuclear matrices as described in Materials and Methods.
Nuclear matrix preparations from collagen-producing fibro-
blasts (3T3) and osteoblasts (Os), and non-collagen-producing
embryonal carcinoma cells (F9) were used. T, total input
mixture; P, pellet fraction containing matrix-bound fragments;
S, supernatant fraction containing unbound fragments. The
location of used restriction fragments and HSs (comp. region | in
Fig. 1) is indicated in the top panel. B, Bam HI; Bg, Bgl II; E, Eco
RI; Hi, Hind Ill; S, Stu 1; X, Xba l.
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Mielke et al., 1990] served as positive control
and bound to matrices from all three cell types
with equally high affinity (Fig. 4A). The HS
9-containing plasmid was digested into vector
sequences and two insert fragments of 460
and 590 bp, respectively. The smaller fragment
containing the AT-rich sequence and a very
strong SIDD peak (Fig. 2A) bound to the matrix
preparations from all cell types, whereas the
larger HS 9-containing fragment and the vector
did not show any binding (Fig. 4B). Similarly,
the HS 8-containing plasmid insert was di-
gested into fragments of 674 and 536 bp,
respectively. The smaller fragment containing
HS 8 including the AT-rich sequence and SIDD
peak (Fig. 2B) bound to all matrices, whereas
the larger fragment did not (Fig. 4C). To test
matrix binding potential of HSs 6 and 7, we used
a plasmid digested into vector and six insert
fragments with sizes between 467 and ~1500 bp
(Fig. 4D). A 1 kb fragment containing HS 7 and
the 467 bp fragment containing HS 6 bound
to the matrices (fragments e and g in Fig. 4D).
In addition, a 727 bp fragment located down-
stream of HS 6 which is not associated with a HS
also bound to the matrices (fragment i in
Fig. 4D). This fragment was subsequently
sequenced and found to contain two strong
SIDD peaks (plasmid 1.7, Fig. 2E). Our results
show that all investigated Collal upstream
HSs either have strong affinity to nuclear
matrices or are located adjacent to DNA frag-
ments that do. Furthermore, the calculated
SIDD properties of a DNA fragment predict
its biochemical matrix binding activity, and
vice versa.

SIDD Profiles and Nuclear Matrix Binding
Potential of the Region Surrounding the Start Site
of Col71a1 Gene Transcription

The second type of regulatory sequences
analyzed were derived from the region sur-
rounding the start site of transcription of the
murine Colal gene spanning 2.5 kb of proximal
promoter sequence and exons and introns 1-5
(region Il in Fig. 1). As shown in Figure 5A, the
entire region has an extensively destabilized
SIDD profile with several peaks in the promo-
ter as well as the transcribed region. Because
this region of the gene lacks extended AT-rich
sequences, other sequence properties must be
responsible for the destabilization potential.

The results of an analysis of the nuclear ma-
trix binding potential of the area surrounding
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Fig. 5. The promoter and other potential regulatory elements
in the murine Collal gene show extensive SIDD potential.
SIDD profiles of DNA fragments containing the promoter and
exons and introns 1-5 (A), HS 1 (B), and the 3’-flanking region
(C) of the Col7al gene. The 5" end and 3’-flanking region were
analyzed in the absence of plasmid sequences. The HS 1 insert
is indicated by the horizontal bar. The start site of transcription
in A is indicated by the arrow. The locations of the first five
exons and introns are shown in Figure 8. For details see the text.

the Collal start site of transcription is shown
in Figure 6. The relative matrix binding
strengths of DNA fragments from this region
of the gene were determined by averaging
results from several independent binding
experiments. We found a very good correlat-
ion between biochemical matrix affinity and
computer-predicted destabilization potential
(Fig. 6F). In most cases, when a SIDD peak
was located in the center of a small fragment,
a strong potential to bind to the nuclear mat-
rix was seen (e.g., fragments c, e, g, j, and | in
Figure 6D,E), while similar sized fragments
lacking SIDD features did not bind to the matrix
preparations (e.g., fragments i in Figure 6C,E).
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Fig. 6. The region surrounding the start site of Collal gene
transcription shows complex interactions with the nuclear
matrix. A: Gel-purified Bgl Il-fragments representing ColTal
5'-flanking sequences from —219 to —3435 or the proximal
promoter and exons (black boxes) and introns 1-5 from —219 to
+2362 were further cut with the indicated restriction enzymes
(Bg, Bgl II; Bs, Bst Ell; Bt, Bst SFI; By, Bst YI; H, Hinfl; H, Hpa |;
Xb, Xba 1), and analyzed for their affinities to LIS-extracted
nuclear matrices as in Figure 3 (B-D). F: Shows a summary of
relative matrix affinities for these fragments, as determined in
multiple binding experiments, juxtaposed with the SIDD profile
of the region. The regions analyzed in B—D are indicated in
parenthesis in A and F, and subfragments are labeled in
alphabetical order.

Importantly, matrix binding was detected only
when relatively small DNA fragments with
centrally located SIDD peaks were used in the
binding assay but was lost when too much non-
destabilized sequence was present. For exam-
ple, fragments k in Figure 6C or I in Figure 6E
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both were marked by a prominent SIDD peak
and bound to the matrix, while corresponding
larger fragments (1 in Fig. 6C and k in Fig. 6E)
bound less well. This shows that in the in vitro
binding assays applied here, the matrix binding
of regulatory elements is easily masked by
neighboring sequences. This is in striking
contrast to the observation that “classical” S/
MARs require a minimum length for high-
affinity binding [Mielke et al., 1990].

Other Potential Regulatory Elements in the
Col1a1 Gene Are Associated With SIDD Peaks

Previous studies have shown that several
relatively short eukaryotic genes display tri-
partite patterns in their SIDD profile: destabi-
lization in the promoter and terminator but no
destabilization in the coding regions [Benham,
1993, 1996; Benham et al., 1997]. To deter-
mine whether the Collal gene shows a similar
pattern, we analyzed several Collal sequences
in addition to the promoter/first intron region
shown in Figure 5A. Plasmid HS 1 (region III
in Fig. 1) contains exons and introns 6-—10,
including a HS of unknown function in intron
5 of the Collal gene [HS 1; Breindl et al., 1984].
A strong SIDD peak was found at the 5’ end of
the insert next to, but not coinciding with, HS 1
(Fig. 5B). Figure 5C shows an analysis of the 3'-
untranslated and flanking region of the Collal
gene (region IV in Fig. 1). Strong SIDD peaks
were associated with the two polyadenylation
signals [pA; Mooslehner and Harbers, 1988].
One additional strong SIDD peak was located
between the two polyadenylation sites and
coincides with a very T rich stretch of DNA
(T, Fig. 5C). Another strong peak was located
further downstream and co-localizes with a
(TTAA)g tetranucleotide repeat next to a distal
3’ regulatory element that stimulates Collal
gene expression in transfection experiments
[Rippe et al., 1997]. Our results so far indi-
cate that DNA destabilization appears to be a
general property associated with promoter and
terminator regions of eukaryotic genes and
with many other known or potential regulatory
elements. The matrix binding potential of the
fragments showing SIDD peaks in Figure 5B,C
has not yet been analyzed.

Human COL1A1 Gene Shows Periodic SIDD
Peaks Throughout the Transcribed Region

One potential function of SIDD sites and/or S/
MARs is that they may act as topological sinks

to facilitate the release of superhelical stress
introduced into DNA during transcription or
replication [Benham, 1996; Mielke et al., 1996;
Bode et al., 1999]. If that were the case one
would expect SIDD regions to be present at
periodic intervals in long transcribed regions.
To test this hypothesis we analyzed the SIDD
profile of 17 kb of DNA sequence containing
the promoter and exons and introns 1-43 of
the human COLIAI gene. We used the human
gene because much less DNA sequence informa-
tion is available for the murine gene. As shown
in Figure 7, strong SIDD peaks occurred in the
promoter region, similar to the ones seen in the
murine gene (Fig. 5A). In addition, SIDD peaks
appeared throughout the transcribed region at
intervals of approximately 5 kb. The peak at
sequence position 5 kb (Fig. 7A) is located at the
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Fig. 7. The human COLTAT gene shows periodic SIDD peaks
throughout the transcribed region. Panel A shows the SIDD
profile of 2 kb of the promoter and the first 4 kb of the gene; the
start site of transcription is indicated by the arrow. Panels B and
C show the SIDD profiles of additional 11 kb of transcribed
COLT1AT sequences for which sequence information is available
(exons 1—44). For details see the text.
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same position as the SIDD peak next to HS 1 in
intron 5 of the murine gene (Fig. 5B), and the
SIDD peak at sequence position 10.5 kb (Fig. 7B)
is located at a similar position as a previously
mapped but not further studied HS in the
murine gene [Breindl et al., 1984]. This suggests
an evolutionary conservation of the position of
regulatory elements in homologous genes, as
has been suggested before [Salimi-Tari et al.,
1997]. Another region with very high destabili-
zation potential is located at sequence position
15-17 kb (Fig. 7C), a region with no known
function. These results indicate that genes as
large and abundantly expressed as the type I
collagen genes may require periodic SIDDs to
act as topological sinks to allow high rates of
transcription.

5’ Ends of the Human and Mouse Col7a1 Genes
Show Similar SIDD Profiles but Only Limited
Nucleotide Sequence Homology

The SIDD profiles of the promoters of the
human and murine Collal genes shown in
Figures 5A and 7A showed peaks at similar
positions. In a more detailed analysis we com-
pared the SIDD profiles of identical portions of
the 5’ ends (2.5 kb of promoter sequence and
exons and introns 1-5) of the murine and
human genes. As shown in Figure 8, the murine
sequence was more destabilized than the human
sequence when analyzed at a superhelix density
of —0.06 (compare Fig. 8A,C). However, both
genes showed an unusually high destabilization
potential, with the main SIDD peaks located at
similar positions. The similarity became even
more striking when the human profile at a
superhelix density of —0.055 was compared to
the murine profile at —0.06 (compare Fig. 8B,C).
Intriguingly, this similarity between the SIDD
profiles is not reflected in the nucleotide se-
quence. As indicated by the horizontal bars in
Figure 8E there are only a few segments of
nucleotide sequence similarity, most of which
coincide with transcription factor binding sites
[Rhodes et al., 1994; Bedalov et al., 1995; Slack
et al., 1995; Rossert et al., 1996]. Our results
strongly suggest that some DNA functions may
be evolutionary conserved by preservation of
higher order DNA structural properties rather
than primary nucleotide sequence.

DISCUSSION

We have performed computational and bio-
chemical analyses of previously identified and
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Fig. 8. The 5’ ends of the human and mouse Col7al genes
show similar SIDD profiles but only limited nucleotide
sequence homology. The SIDD profiles of the regions surround-
ing the start 5" ends of the human (A, B) and murine (C) Col1al
genes were analyzed at the indicated superhelix densities.
D: The positions of exons 1-5 of the genes are indicated in the
schematic drawing at the bottom by the vertical bars. E: Areas of
sequence homology as determined by BLAST sequence
comparison are shown as horizontal bars.

characterized regulatory elements within the
domains of the murine Collal and the homo-
logous human COL1A1 genes. The sequences
we analyzed contain regulatory DNA elements
with a variety of different functions. First, we
analyzed a cluster of distal 5" HSs (region I
in Fig. 1) which presumably functions in the
chromatin loop organization of the Collal
domain. This assumption is supported by the



Computer Analysis of Gene Regulatory Elements 493

following observations: these HSs enhance the
position-independent expression of a reporter
gene in transgenic mice [Krempen et al., 1999].
One of the sites (HS8) contains an in vivo
topoisomerase II cleavage site [unpublished
observation]. A sequence within HS 8 was
found to specifically interact in a yeast one-
hybrid assay with Smarcel-related protein
[Wu, 2001]. Smarcel, a matrix-associated regu-
lator of chromatin, is aunique addition to higher
eukaryotic SWI/SNF chromatin remodeling
complexes [Wattler et al., 1999]. A cluster of
HSs located at a similar position in the murine
Colla2 gene has strong transcriptional enhan-
cer activity and confers position-independent
expression in transgenic mice [Bou-Gharios
et al., 1996]. The second type of regulatory
sequences analyzed here are derived from the
region surrounding the start site of transcrip-
tion of the murine Colal gene. This region spans
2.5 kb of proximal promoter sequence and exons
and introns 1-5 (region II in Fig. 1). While the
function of the first intron sequences remains
controversial [Bornstein, 1996; Hormuzdi et al.,
1998], the proximal promoter sequences have
been shown in numerous experiments using
transfections and transgenic animals to contain
a modular arrangement of elements regulating
Collal promoter activity in different collagen-
producing cell types including skin, fascia and
tendon fibroblasts, osteoblasts and odontoblasts
[Bedalov et al., 1995; Rossert et al., 1995, 1996;
Krempen et al., 1999]. Another region analyzed
was an intragenic region (exons and intron 6—
10; region III in Fig. 1) containing a HS of
unknown function. Finally, we analyzed se-
quences derived from the 3’ end of the Collal
gene (region IV in Fig. 1), including the 3'-
untranslated region, the two polyadenylation
sites [Mooslehner and Harbers, 1988], and a
distal 3’ stimulatory element [Rippe et al., 1997].
All known or putative regulatory elements were
found to exhibit regions of DNA duplex desta-
bilization which could be localized in SIDD
profiles (Figs. 2 and 5). The distal as well as
proximal 5 regulatory elements that were
associated with destabilized sites also had
experimental nuclear matrix binding acti-
vity in an in vitro binding assay (Fig. 4 and 6).
Taken together with other results [Benham,
1993, 1996; Benham et al., 1997; Salimi-Tari
et al., 1997; Sheridan et al., 1998; Krempen
et al., 1999; He et al., 2000; Leblanc et al., 2000]
the experiments described here show that

destabilized sites in SIDD profiles are a com-
mon and may be universal feature of regulatory
DNA elements with such diverse functions as
chromatin structure organization, cell-specific
transcriptional enhancement, and initiation
and termination of transcription. Furthermore,
one DNA fragment that had matrix-binding
activity but was not associated with a HS
(Fig. 4D) was subsequently found to have des-
tabilized sites (Fig. 2E). This shows that the
analyses used here detect sites that may or may
not be associated with DNase I-hypersensiti-
vity, and that the calculated SIDD properties of
the sequences we analyzed reliably predicted
their matrix binding activity, and vice versa.
While further experimentation will be required
to determine the matrix-binding properties
of the destabilized sites in the transcribed
region and the 3'-flanking region, it appears
that computational analyses that predict
SIDD properties are reliable and powerful
tools for identifying regulatory DNA elements
with a wide variety of functions. As more
and more complete nucleotide sequences of
prokaryotic and eukaryotic organisms become
available, including the human genome (Inter-
national Human Genome Sequencing Consor-
tium, 2001], this structure-based approach
should greatly facilitate the identification of
regulatory DNA elements and their functional
analysis.

A comparison of the SIDD profiles of the
promoters of the human and murine Collal
genes showed that they share unusually high
destabilization potentials with the main SIDD
peaks localized at similar positions. Perhaps
surprisingly, the nucleotide sequences of these
regions do not have extensive similarity. The
regions of sequence similarity that are present
occur mainly at positions that interact with
transcription factors (Fig. 8). This suggests that
two distinct requirements may influence the
evolution of non-coding DNA sequences. The
nucleotide sequence of some sites must be con-
served to preserve their abilities to participate
in specific DNA-protein interactions, while at
other sites only the ability to adopt certain
higher order structures must be retained. This
latter requirement does not depend on a strict
conservation of primary nucleotide sequence.
Our study demonstrates that a comparison of
the SIDD properties of homologous eukaryotic
genes from different species provides a powerful
technique to test this concept.
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The results presented here show that multi-
ple regulatory elements within a single chro-
matin domain have S/MAR functions. This is in
support of a chromatin loop model in which
proximal and distal regulatory elements can be
juxtaposed by their affinity to the nuclear scaf-
fold or matrix, allowing their cooperation in
regulating promoter activity. It should be
emphasized, though, that the matrix binding
properties of the regulatory elements analyzed
here differ, in certain aspects, from those we
have previously assigned to “prototype” attach-
ment regions such as the 800 bp standard in
Figure 4A. The S/MARsin HS9, HS 8, and HS 7
are “classical” as far as they coincide with AT-
rich sequences, although relatively short ones.
However, S/MAR sequences in HS 6, the pro-
moter and the first intron are not AT-rich at all,
underlining the complexity of S/MAR functions.
Furthermore, while the S/MAR fragments from
the human B-interferon gene and the Collal
upstream HSs bound equally well to nuclear
matrix preparations from collagen-producing
and non-producing cells (Fig. 4), a somewhat
different behavior was observed for some of the
fragments derived from the promoter. For
example, fragments b, e, and g in Figure 6B
had much higher affinities to matrices from
collagen-producing 3T3 fibroblasts and osteo-
blasts than to matrices from non-producing F9
cells. Fragment e is particularly interesting
because it only binds to matrices from osteo-
blasts and contains a regulatory element neces-
sary for Collal gene expression in osseous
tissues that binds a protein selectively present
in osteoblasts [Rossert et al., 1996]. The larger
fragment e in Figure 5D, which binds to mat-
rices from all cell types, contains additional
sequences that are bound by ubiquitous tran-
scription factors [Rossert et al., 1996]. This
fragment contains a binding site for the nuclear
matrix architectural transcription factor NMP4
[Alvarez et al., 1997]. Thus, our results reveal,
atleastin some instances, a correlation between
in vitro S/MAR-binding activity and cell-specific
transcriptional control elements. The exact
nature and composition of the nuclear matrix
is still controversial [Pederson, 1998; Hancock,
2000], and a future task will be to characterize
more precisely the structures different S/MARs
attach to in vivo and the intranuclear architec-
ture that mediates their respective functions.
However, the in vitro matrix binding activity
revealed by the assays employed in this and

other studies are a unique, reproducible, and
mathematically treatable biochemical property
of a specific subset of DNA sequences found in
close association with diverse regulatory ele-
ments and therefore seem to faithfully reflect S/
MAR function in vivo. The strong correlation
between this biochemical property and destabi-
lized sites in SIDD profiles found in this, as well
as our previous studies [Benham et al., 1997],
corroborates the usefulness of this type of
computational analyses in reliably identifying
DNA elements involved in the structural orga-
nization of the eukaryotic genome and the
regulation of its expression.
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